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Abstract This work provides a preliminary study of the
destination, mobility, and availability of tributyltin (TBT),
dibutyltin (DBT), and monobutyltin (MBT) in contami-
nated sediments and water column within Puerto Rosales

Port, located in the middle zone of the Bahía Blanca
Estuary (Argentina). Therefore, this study presents the first
comprehensive results of the role of several physicochem-
ical parameters (temperature, pH, Eh, salinity, turbidity,
organic matter, chlorophyll, and macronutrients) in behav-
ior of organotin compounds (OTCs) in a marine-coastal
ecosystem. The samples were collected seasonally inMay,
August, andNovember during 2014. Levels of OTCswere
determined in sediments and water column samples by
means of gas chromatography–mass spectrometry analy-
sis. Degradation index analyses suggested not recent inputs
of TBT at the area of study. However, results submitted a
continuous input of TBT into the column water; further, its
distribution and degradation pattern were shown to be
influenced by salinity, turbidity, particulate organic matter,
chlorophyll, and nitrates. These last two parameters, chlo-
rophyll and nitrates, also were very important for sediment
samples. Chlorophyll together with high temperatures re-
corded in the surface sediments triggers biodegradation
process of TBT and DBT resulting in high MBT levels
while nitrates seemed to promote debutylation process.
Furthermore, pH appeared to influence drastically the
adsorption/desorption activity of TBT and DBT in sedi-
ment. Finally, the Eh obtained suggested a degradation of
TBT thanks to the presence of Fe (III) in this compartment.
In addition, in fact, the results outlined a possible MBT
additional input that contributes to the pollution observed
in the study area.
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Highlights
● OTCs were analyzed in sediment and estuarine water from
Rosales Port (Argentina) where a continuous input of TBTwas
assessed.
● MBT inputs were demonstrated to be originated apart from the
rest of the OTCs.
● Several physicochemical parameters appeared to be critical in
OTCs behavior.
●Butyltin Degradation Index analyses suggested aged TBT inputs
possibly under a general degradation process.
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Introduction

Prior to its regulation and complete prohibition in January
2008 (IMO2005), tributyltin (TBT)was extensively used
as additive in antifouling paints during the 1960s and
1970s. TBT is a highly toxic biocide that prevents the
attachment and growth of algae, barnacles, tubeworms,
mollusk, and other marine organisms on the hulls of large
ships and boat, sewage pipe systems, docks, fishnets, and
buoys (Shue et al. 2014; Ogbomida and Ezemonye
2016). In addition, TBT as well as dibutyltin (DBT) and
monobutyltin (MBT) has been used in other industrial
and agricultural applications mainly as insecticides, fun-
gicides, and bactericides (Cruz et al. 2015; Fang et al.
2017). Furthermore, these compounds—mainlyDBTand
MBT—have also been used extensively in the PVC
industry (Hoch 2001). This large-scale utilization led to
the release of high amounts of organotin compounds
(OTCs) intomany estuarine andmarine ecosystems caus-
ing lethal effects on target and non-target organisms
(Sabah et al. 2016; Zhang et al. 2017).

Once in the aquatic environment, via both biotic and
abiotic degradations, TBT goes under a sequential re-
moval of organic groups from the tin atom
(debutylation) to produce DBT and MBT (Furdeck
et al. 2016). Despite the fact that TBT exhibits the
highest toxicity to aquatic organisms, a high toxicity
has also been reported for its breakdown products while
no control to these compounds has been introduced up
to now (Fang et al. 2017; Zhang et al. 2017). A key
environmental importance of these products relies on
their persistent nature and bioaccumulative potential
(Hoch 2001); in consequence, since 2001, TBT has
been classified as a persistent organic pollutant by the
European Commission Parliament list of priority haz-
ardous substances (Amending water policy directive
2000/60/EC) (Castro and Fillmann 2012; Ogbomida
and Ezemonye 2016).

While abiotic degradation of TBT includes thermal,
chemical, and photodegradation, several microorgan-
isms (bacteria, algae, and fungi) govern biotic degrada-
tion (Hoch 2001). The latter appears to be the most
important pathway for the decomposition of TBT in
the environment (Ayanda et al. 2012; Filipkowska
et al. 2014); therefore, microorganisms play an impor-
tant role in the biodegradation of organotin compounds
and their diffusion mechanism (Point et al. 2007). Mac-
ronutrients are an essential requirement of microorgan-
isms to grow and develop (Sakultantimetha et al. 2011b).

Essential elements as carbon, nitrogen, and phosphorous
are required by all microorganisms, and their availability
critically influences bacterial biodegradation (Jin et al.
2011). OTCs degradation also depends on several envi-
ronmental conditions, such as salinity, temperature, and
redox conditions (O2) (Sakultantimetha et al. 2011a, b).
In regard to the matrix, OTCs degradation in the water
column is considered to be faster than in sediments, with
a half-life about of days to weeks and several years to
decades, respectively (Furdeck et al. 2016). Consequent-
ly, sediments emerge as a secondary and persistent
source of OTCs in affected coastal environments, turn-
ing in a potential threat to them (Pougnet et al. 2014).
Moreover, in recent years, it has also been evidenced the
occurrence of OTCs fluxes at the sediment–water inter-
face (Point et al. 2007).

In comparison with the northern hemisphere, informa-
tion concerning the dynamic of OCTs in South American
coasts is lacking. Highly fragmented data has been re-
ported for OTCs in selected Argentinean marine environ-
ments (Delucchi et al. 2011; de Castro et al. 2012;
Commendatore et al. 2015; Laitano et al. 2015; Quintas
et al. 2016, 2017; Del Brio et al. 2016; Martínez et al.
2017). In Argentina, there are no precedents of assessing
the distribution of OTCs between sediment and water
(column and porewater) but there are only a few in other
regions of the world (Furdeck et al. 2016; Briant et al.
2016; Cole et al. 2018). Considering the hypothesis that
the OTCs concentration dynamics is independent of the
variation of physicochemical parameters at different ma-
trices, themain aim of this studywas to investigate for the
first time the role of physicochemical parameters on
OTCs distribution/degradation in water column and sed-
iments in field samples of an impacted South American
coastal environment. Then, efforts are oriented to assess
the relationships among the environmental temperature,
pH, Eh, salinity, turbidity, organic matter, chlorophyll,
macronutrients, and the OTCs distribution in coastal
sediments and water. Results will fill a gap in the knowl-
edge of OTCs dynamics in the South American environ-
ments and set the basis for future studies.

Material and methods

Study area and sampling site

Bahía Blanca estuary (BBE) (Fig. 1) is the second
largest estuary of Argentina, South America, located in
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the southeast coast of the country (38° 45′–35° 10′ S and
61° 45′–62° 30′ W). This estuary extends over about
2300 km2 and could be described as a series of major
NW-SE tidal channels separated by extensive tidal flats
(1150 km2) with patches of low salt marshes, and islands
(410 km2) (Piccolo et al. 2008). The principal energy
input is produced by a quasi-stationary, semidiurnal tidal
wave (Perillo et al. 2001).

Two freshwater tributaries enter the estuary from the
northern shore: Sauce Chico River (drainage area of
1600 km2 with a mean flow of 1.9 m3 s−1) and Napostá

Grande Creek (drainage area of 1240 km2 with a mean
flow of 0.8 m3 s−1) (Carbone et al. 2016). However, the
largest input nutrients and contaminants are provided by
the sewage discharges from Bahía Blanca, General
Cerri, Punta Alta, and Ingeniero White cities. Further-
more, in the northern coast, the Canal Principal houses
the largest and deeper port system in South America,
which discharges processing residues into the streams or
directly into the estuary without pre-treatment (Severini
et al. 2009; La Colla et al. 2017). This Channel requires
regular dredging because of the frequent shipping of

Fig. 1 Map of Bahía Blanca Estuary showing the location of Rosales Port, in the study area
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cargo and transport vessels. This practice favors the
mobilization of tons of sediment. The tidal oscil-
lations of 4 m and the prevailing northwest winds
create a strong tidal current, which facilitates the
mixing of water resulting in a vertically uniform
distribution of oceanographic parameters (Ferrer
et al. 2000). BBE shows an important anthropo-
genic impact, including eutrophication, chemical
pollution, riverine habitat loss, hypoxia, and intro-
duction of invasive species (López Abbate et al.
2017). Moreover, BBE is characterized by high
levels of dissolved inorganic nutrients especially
ammonium nitrogen species, high levels of organic
matter, a winter phytoplankton bloom, and an im-
portant pelagic-benthonic coupling (Guinder et al.
2015; Spetter et al. 2015).

In the current study, the sampling site is located at the
middle zone of this estuary, in Rosales Port (RP) (38° 55′
S; 62° 03′W), in the northeast coast of BBE. It is a system
conformed by extensive tidal flats (~ 1000 m wide) with a
very soft slope (~ 0.4°) and composed of sandy to muddy
siliciclastic sediments, which vary between fine sand and
silty clay (Gelós et al. 2004; Fernández et al. 2016). The
intertidal and supratidal area are vegetated by Spartina
alterniflora and Sarcocornia perennis, patchily distributed
along the tidal flat. The studied area is characterized by a
dry temperate climate with a mean annual air temperature
of 15.6 °C, a low mean rainfall (460.5 mm), high rate of
evaporation, and a salinity about 30 to 35 (Perillo et al.
2001; Piccolo and Diez 2004). Extensive areas of the tidal
flats (supra- and upper intertidal zone) are colonized by
biofilms andmicrobial mats (Cuadrado et al. 2011; Spetter
et al. 2015), as well as by the burrowing crab Neohelice
granulata (Iribarne et al. 2003). It is also important to
emphasize that the sampling site is in the vicinity of dry
docks located in Belgrano Port, the most important mili-
tary harbor of Argentina. Currently, in RP, the Free Trade
Zone–South Zone operates, which aims to promote trade
and industrial export activity that originates continuously a
significant number of vessels transport in the study area
(ZS-ZF 2007. http://www.zfzonasur.com.ar/).

Sampling methodology

Sampling was done in RP during low tide, in the day-
time hours, every 3 months during May, August, and
November 2014. Sediment and seawater samples were
immediately transported to the laboratory in iceboxes
and stored at − 20 °C prior to analysis. All the glassware

used for OTCs was suitably conditioned, both for the
collection and storage of the samples and as for the
analysis of these. First, it was washed with non-ionic
detergent and rinsed carefully with tap water and then
double-distilled water. Next, it was submerged in 5%
nitric acid (v/v) for 24 h. Finally, the material was rinsed
again with distilled water and brought to dryness, as
indicated by international protocols to avoid contamina-
tion of the sample (Michel and Averty 1999; Bancon-
Montigny et al. 2000). In the case of the material used
for the determination of particulate organic matter
(MOP), the washing was performed with sulfochromic
solution instead of nitric acid (also for 24 h). For mac-
ronutrient determination, all materials usedwerewashed
with non-ionic detergent (1% v/v), rinsed with main
water, and then were submerged in 10% HCl (v/v) for
24 h. Next, at least three rinses with distilled water were
made. For Chl-a, material washing was done with non-
ionic detergent, magnesium carbonate (1%), and finally
distilled water.

Sediment samples

Surface sediment layer (approximately 1 cm) was col-
lected at RP intertidal flats. For OTCs determination,
composite samples of sediments were collected using a
stainless steel sampler and stored on solvent-cleaned
amber glass containers avoiding exposure to light.

For determination of moisture content and organic
matter, sediment samples were collected in duplicate
with small cores of PVC (35 mm i.d.; 120-mm length)
(Simpson et al. 2005).

Triplicate sediment samples for chlorophyll a (Chl-a)
analysis were collected using mini corers (11 mm i.d.;
40-mm length) avoiding exposure to light (Gómez et al.
2009).

Simultaneously, temperature, pH, and Eh in surface
sediment were in situ measured by means of a probe
(Hanna Instruments, model HI991003).

Water samples

Seawater samples for OTCs were obtained from a dock,
using 1.5-L amber glass bottles, previously washed and
conditioned. They were submerged 0.50m down, rinsed
three times before filling, double bagged, and
transported to the laboratory in refrigerated boxes.

For the analysis of dissolved inorganic nutrients,
particulate organic matter (POM) and Chl-a, seawater
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samples were collected near the surface (approximately
0.50 m depth) with a 2.5-L Van Dorn bottle. Porewater
samples (~ 30-mm depth) were in situ extracted
employing a manual vacuum pump (Adams 1994; Di
Bonito et al. 2008) coupled to a PVC pipe (35 mm i.d.;
150-mm length) with a pore size of 500 μm (Martin
et al. 2003). In addition, physicochemical parameters
(salinity, pH, turbidity, and temperature) were measured
in situ using a Horiba U-10 multisensor probe.

Sample treatments and analysis

Organotin compounds

In a first step, all the composite samples from sediment
obtained in each sampling were lyophilized during 48 h;
then, they were powdered and sieved through stainless
steel meshes (250mesh). The lower particle size fraction
(< 63 μm) was used for OTCs analysis. According to
Buggy and Tobin (2006), the effects of variable grain
size are negligible working with a grain size less than
63 μm since sample variance is markedly reduced.

The extraction and determination of OTCs in sedi-
ments were carried out following the procedure pro-
posed by Quintas et al. (2016). Water samples were
immediately filtered through a polycarbonate membrane
(Millipore HTTP 04700) with a pore size of 0.4 μm and
47 mm in diameter. Filtered fractions were acidified to
pH 2 with concentrated analytical quality HCl, placed in
amber conditioned glass bottles by triplicate, bagged
and stored at 4 °C in darkness until the corresponding
analyses were carried out. Briefly, the extraction of
OTCs in water samples consisted of placing 500 mL
of sample in a separating funnel and then adding
tripropyltin chloride—as recovery control standard,
methanolic NaOH solution, hexane, and finally, NaBH4.
Afterwards, funnels were stirred for 5 min at 0 °C in an
orbital shaker and then the aqueous residues were re-
moved by adding anhydrous sodium sulfate. The hex-
ane layer was transferred to an amber glass vial and the
volume was reduced by applying a gentle stream of pure
nitrogen. Lastly, tetrabutyltin standard solution (internal
standard) was added and immediately injected into the
gas chromatograph. OTCs in both samples, sediment
and water, were quantified by capillary gas chromatog-
raphy (Agilent 7890 B) coupled with a mass spectrom-
eter (Agilent 5977A), using an HP-5MS fused silica
column (30 m; 0.25 mm i.d.; 0.25-μm film thickness).
GC-MS instrumental condition was the same as detailed

in previous works carried out in our laboratory (Quintas
et al. 2017).

Nutrients and particulate organic matter

Seawater samples (~ 250 mL) for dissolved inorganic
nutrients and particulate organic matter (POM) determi-
nation were filtered through muffled (450–500 °C, 1 h)
glass fiber membranes (47 mm diameter and 0.7 μm)
and frozen at − 20 °C in plastic bottles until analyzed
(Grasshoff 1976; APHA 1998). Porewater samples for
nutrient determination were treated in the same way as
seawater samples. Both types of samples were immedi-
ately filtrated in the laboratory to avoid the oxidation–
reduction processes.

Samples for ammonium were preserved with a spe-
cific chemical reagent (APHA 1998), kept in the dark,
and frozen.

Nitrate (NO3
−) (Treguer and Le Corre 1975a), nitrite

(NO2
−) (Grasshoff et al. 1983), ammonium (NH4

+)
(Koroleff 1969; Treguer and Le Corre 1975b), dissolved
inorganic phosphorous as PO4

3− (Eberlein and Kattner
1987), and dissolved silicates (DSi) (Technicon 1973)
concentrations were determined using an automatized
and five channels upgraded Technicon Autoanalyzer II.
The limits of quantification (LOQ) were 0.10 μmol L−1,
0.02 μmol L−1, 0.01 μmol L−1, 0.01 μmol L−1, and
1.00 μmol L−1 for NO3

−, NO2
−, NH4

+, PO4
3−, and

DSi respectively. POM content was analyzed following
the Strickland and Parsons method (1968) (range 10–
4000 mgC m−3) using a Jenway 6715 UV–vis
spectrophotometer.

Chlorophyll a

Surface sediments were separated and seawater samples
were filtered through glass fiber membranes (47 mm
diameter and 0.7 μm). Sediment samples and filters
were kept at − 20 °C in foil envelopes until analysis.
Chl-a was extracted with acetone 90%, immersed in an
ultrasonic bath at a controlled temperature, and then
refrigerated in the dark at − 4 °C for 24 h (APHA
1998; Gómez et al. 2009). Chl-a concentrations were
determined spectrophotometrically (Jenway 6715 UV–
vis) by means of the equations of Lorenzen (1967). The
results were expressed in micrograms per gram and
micrograms per liter for sediment and seawater samples,
respectively.
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Organic matter and moisture content

The organic matter content (%OM) in sediments was
calculated from weight loss of ignition (LOI), in sam-
ples previously dry at 105 ± 5 °C for 12–24 h or up to
constant weight (Santisteban et al. 2004), calcining
samples at 450 ± 50 °C for 1 h in a muffle furnace (Dean
1974; Buhl-Mortensen 1996).

Quality control

For sediment samples, the method traceability for OTCs
determination was evaluated using a certified reference
material (PACS-2). Precision was evaluated under re-
peatability conditions and was estimated as percent rel-
ative standard deviation, RSD (%), n = 3 and was found
to vary between 1.1 and 1.9%. Trueness was assessed in
terms of recovery of extraction/derivatization reaction.
The recoveries varied between 82.5 and 97.0%
(Table 1). For water samples, in order to estimate the
accuracy of the applied method, selected samples were
spiked with known concentrations of TBT, DBT, and
MBT and passed through the entire analytical proce-
dure. Recoveries ranged between 82.1 and 105.7%,
whereas precision—evaluated under repeatability con-
ditions and estimated as RSD (%)—ranged between 2.2
and 19.3%. Overall results were in agreement with
international analytical validation recommendations
(EURACHEM 1998; IUPAC 2002).

Detection limits (LODs) were calculated as three
times the baseline noise of chromatograms (signal to
noise ratio, S/N) (Cassi et al. 2008; Choi et al. 2014;
Dominguez et al. 2014; Vidal et al. 2003) and the limit
of quantif icat ions (LOQs) as ten t imes the
abovementioned ratio. In sediment samples, LODs were
0.78, 1.08, and 3.5 ng Sn g−1 dry weight for TBT, DBT,
andMBT, respectively. In addition, LOQs were 2.7, 3.7,
and 11.7 ng Sn g−1 dry weight for TBT, DBT, andMBT,

respectively. In water samples, LODs were 2.1 ng Sn
L−1 for TBT, 5.4 ng Sn L−1 for DBT, and 8.4 ng Sn L−1

for MBT. While LOQs were 7.0 ng Sn L−1 for TBT,
17.7 ng Sn L−1 for DBT, and 28.0 ng Sn L−1 for MBT.

Result and discussion

Organotin compounds

OTCs were detected in all sediments and water samples
analyzed, suggesting a ubiquity of TBT, DBT, andMBT
in the study area, RP. The organotin compound levels
obtained are the average concentrations of three repli-
cates (n = 3; mean value ± standard deviation). In water
column, TBT levels ranged from 22.6 ± 2.4 (spring—
November) to 216 ± 16 ng Sn L−1 (winter—August),
with 105 ± 10 ng Sn L−1 in autumn (May) (Table 2).
While the levels of the first degradation product (DBT)
were quantified only during the spring season
(November) (288 ± 12 ng Sn L−1), i.e., in the other
months of sampling, the DBT levels were under the
LOQ (17.7 ng Sn L−1). MBT levels range between
289 ± 2.0 and 455 ± 5 ng Sn L−1 (Table 2). The detection
of TBT in water samples during the whole sampling
period would indicate a permanent entry of this com-
pound into the RP (Table 2). A first rationale for this
could be attributed to the main route of entry of TBT by
direct leaching of antifouling paints since there is a
shipyard in the surrounding coasts apart from the great
maritime traffic and fishing pressure. Secondly, the con-
tinuous dredging of the main navigation channel of the
estuary originates a great resuspension of sediments,
which—as a secondary source—could potentially redis-
tribute these compounds over the area (Santos et al.
2004; Buggy and Tobin 2006). Under the same envi-
ronmental conditions, di- and tributylated compounds
quickly degrade in water column, with a half-life rang-
ing between days and weeks (Ranke and Jastorff 2000;
Cruz et al. 2015). Conversely, MBT have a longer half-
life than TBTand DBTand it does not show an apparent
degradation even after 280 days (Cima et al. 2003;
Furdek et al. 2012).

As it can also be seen in Table 2, TBT levels de-
creased throughout the sampled period. A priori, it was
possible to attribute this behavior to various degradative
processes that are known to occur faster in water than in
sediment, triggered by temperature (Filipkowska et al.
2014; Furdeck et al. 2016). As previously mentioned,

Table 1 Organotin compounds expressed as ng Sn g−1 dry weight
in reference material PACS-2

OTCs Values

Certified Determined % recovery

TBT 600a 495 ± 1.1 82.5

DBT 1047 ± 64 998 ± 1.9 95.3

MBT 890 ± 105 863 ± 1.5 97.0

a For information only
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DBT could be quantified only during the spring season.
Add to that, DBT has the shortest half-life in the water
column between studied OTCs; the described behavior
could be the result of a very slow degradation of TBT at
the low temperatures in autumn and winter. Some au-
thors have reported slower TBT degradation rates in
water during these seasons due to weaker solar irradia-
tion and lower microbial activity (Furdek et al. 2012;
Tang et al. 2010). On the opposite, the observed de-
crease in TBT concentration and simultaneous increase
in DBT levels in the spring season could be the result of
a TBT extensive degradation triggered by biological
processes taking place during the late winter-recent
spring (Guinder et al. 2015). Further, as shown in
Table 2, MBT levels were much higher than TBT and
DBT. This could be the result of the TBT degradation
directly to MBT in the column water, as some literatures
suggest (Adelman et al. 1990). However, MBT concen-
tration did not increase from autumn to spring as would
have been expected. Probably, this behavior is resulting
from a degradation rate of MBT to inorganic tin
accelerated—in spring—due to high temperatures and
Chl-a levels recorded in this season. In fact, the MBT
degradation rate of almost 300 days mentioned above
has been extrapolated from in vitro studies so, a possi-
bility exists by which this rate is not achieved at the area
of study. This conduct could be attributing this to spe-
cific local conditions as pH, microbial communities, etc.
Furthermore, probably some secondary sources of MBT
were increasing these compound levels during winter.
One of them could possibly be wastewater discharges
from the city, where domestic water (sewage) is drained

without treatment (Hoch et al. 2003; Buggy and Tobin
2006). Another punctual MBT source could be the
plastic industry sewage and drainage water pipes since
MBT is used in the production process of PVC (Hoch
2001; Dong et al. 2015).

In regard to sediments (Table 3), TBT levels were
quantifiable only in May—autumn (29.7 ± 1.2 ng Sn
g−1). In winter and spring, TBT level were under the
LOQ. DBT concentration appeared to decrease during
the sampling period; its highest concentration was re-
corded also in autumn (67.4 ± 7.5 ng Sn g−1) while the
minimum one was in November—spring (value higher
than LOD but lower than LOQ). Finally, MBT was
found to be above the LOQ along the entire sampling
period. While the highest MBT levels were quantified in
autumn and spring (463 ± 6 ng Sn g−1 and 134 ± 5 ng Sn
g−1, respectively) winter levels were the lowest (47.0 ±
6.2 ng Sn g−1) (Table 3). Despite the high recorded
levels of MBT, no quantifiable levels of TBT were
found during winter and spring seasons. This scenario
points to a more probable MBTsource inputs to the area
vs. the TBT degradation pathway. As mentioned above,
MBT inputs could be originated from sewage dis-
charges, landfill leachates, and diverse discharges of
industrial effluents that are close to the study area
(Hoch et al. 2003; Quintas et al. 2016).

In order to estimate TBT input age, we used the
butyltin degradation index (BDI), originally proposed
by Diez et al. (2002) for sediments and used in water
samples (Choi et al. 2010):

BDI ¼ TBT½ �= DBT½ � þ MBT½ �

BDI values > 1 suggest recent inputs of TBT, while
BDI values < 1 suggest no recent inputs (Diez et al.
2002). In both, sediments and estuarine water samples,
the ratios were less than one and, in some cases, values
were closer to zero (Tables 2 and 3). In principle, these
values indicate that if the presence of DBT and MBT in
both compartments (sediment and water) comes only
from the degradation of TBT, the contamination of OTCs
is not recent or is under a strong process of degradation.

Physicochemical parameters

Temperature

The relationship between sedimentary OTCs levels and
surface sediment temperature was studied for the first

Table 2 OTC levels in water samples from the Rosales Port and
physicochemical parameters of water column

Date 13/05/14 14/08/14 11/09/14
Season Autumn Winter Spring

TBT (ng Sn L−1) 216 ± 19 105 ± 10 22.6 ± 2.4

DBT (ng Sn L−1) n.q. n.q. 288 ± 12

MBT (ng Sn L−1) 317 ± 18 455 ± 5 289 ± 2

BDI 0.68 0.23 0.04

Temperature (°C) 11.8 8.3 17.8

pH 8.0 8.1 7.9

Salinity 34.0 33.9 31.4

Turbidity (UNT) 19 35 24

POM (mg C m−3) 933 966 1429

n.q. not quantified
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time at the area of study. At first sight, there was no clear
pattern between the OTCs concentrations and tempera-
ture in both sediment and water samples (Tables 2 and 3);
however, it was possible to observe significant differ-
ences between water column temperature (average
12.6 °C ± 4.8) and surface sediment temperature (average
25.2 °C ± 5.6) during the period of study. In addition, a
second remark by which TBT levels were much lower
than their respective breakdown compounds (DBT and
MBT), even in August—winter and November—spring
when TBTwas not possible to quantify, leading to a new
hypothesis: higher temperatures in surface sediments
(21.2–29.1 °C) contribute to faster degradation of TBT
in the sediment. In agreement with this, several authors
have reported that increased temperature has been proven
to accelerate degradation on account of that the metabolic
activity of the sediment’s microorganisms increases with
the temperature (Sakultantimetha et al. 2011a, b;
Filipkowska et al. 2014; Cruz et al. 2015). Then, it is
probable that the particularly high MBT levels recorded
in the area could be originated because of the biodegra-
dation process, triggered by the high temperature values
in surface sediments.

Lastly, in water samples, when TBT degradation
takes place at a faster rate than sediment samples, a
similar trend was observed for during November—
spring: when the water column temperature increased,
TBT levels decreased (Table 2).

pH

OTCs adsorption/desorption is controlled, in other fac-
tors, by the pH (Hoch et al. 2002; Bangkedphol et al.

2009). For instance, some authors have reported that the
maximum adsorption of TBT and DBT in sediments
occurs between pH 6.0 and 6.5 (Hoch et al. 2003;
Bangkedphol et al. 2009), while that the maximum
desorption of these compounds takes place at pH 8
(Hoch et al. 2002, 2003).

During the period of study, the pH values in surface
sediments for a whole tidal flat varied from 6.2 to 8.3
(Table 3). The highest pH value was recorded in
November—spring when only MBT was quantified.
Then, the rationale could be related to the maximum
desorption of TBT and DBT at those pH values in the
sediment (Hoch et al. 2002, 2003). In this way, under
these conditions, TBT and DBT desorb from sediments
to the overlaying water, increasing these analyte’s levels
in the water column. On the contrary, the highest con-
centrations of TBT and DBTwere recorded at pH 6.2—
during the autumn season (May). In conclusion, while
pH seemed to influence drastically the distribution of
TBT and DBT between water and sediments, it did not
appear to be an influential variable on MBT partitioning
(Marcic et al. 2006).

Finally, in regard to the water column pH values
(Table 2, ranging between 7.9 and 8.1), they were in
agreement with the historical values for the area (Spetter
et al. 2015; Fernández 2017) and showed no evidence of
correlation with OTCs levels.

Eh

The Eh regulates much of the biogeochemical reactions
involved in marine sediments, such as availability nutri-
ents and re-mineralization of OM. The obtained Eh
values for the area ranged from 123 to 175 mV. This
indicated that the sediments were reducing during the
study period (i.e., represent anaerobic conditions) and
the oxidation of organic matter was probably being
performed by the reduction of Fe (~ 100–180 mV)
(Spetter et al. 2015; Fernández et al. 2016 and
references therein). This assumption is based on the
reported presence of FeS (pyrite) and the accumulation
of Fe in sediments due to biofilms and microbial mats at
the area (Cuadrado et al. 2012; Fernández 2017). Briant
et al. (2016) argue that when there is a reduction of Fe in
sediments, they are released up to 40 ng Sn L−1 through
porewater to the water column. In fact, according to
several authors, the availability of Fe (III) in sediments
contributes to the abiotic degradation of TBT because
these elements act as a photocatalyst (Tessier et al. 2007;

Table 3 OTCs levels in sediment samples from the Rosales Port
and physicochemical parameters of porewater

Date 13/05/14 14/08/14 11/09/14
Season Autumn Winter Spring

TBT (ng Sn g−1) 29.7 ± 1.2 n.q. n.q.

DBT (ng Sn g−1) 67.4 ± 7.5 10.0 ± 0.6 n.q.

MBT (ng Sn g−1) 463 ± 6 47.0 ± 6.2 134 ± 5

BDI 0.06 ---- ----

Temperature (°C) 21.2 n.d. 29.1

pH 6.2 n.d. 8.3

Eh (mV) 175 n.d. 123

OM % 2.63 ± 0.30 5.33 ± 0.30 5.86 ± 0.16

n.q. not quantified, n.d. no data, —— values close to zero
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Furdeck et al. 2016). This could probably explain the
low TBT levels and simultaneous high MBT levels in
sediment samples throughout the sampling period
(Table 3).

Salinity

In seawater, the TBTand DBTaffinity to the solid phase
decreases strongly with increasing salinity (Hoch et al.
2003). Such behavior is explained in terms of the ion
exchange competition of seawater cations with butyltin
molecules for the binding sites on the clay mineral
surfaces (Hoch et al. 2003). It is possible to observe in
Table 2 that in May—autumn, when the salinity value
was maximum, TBT also reached its maximum concen-
tration in water. This fact points a positive correlation
between TBT in water vs salinity which is in agreement
with the literature. Similarly, when the lowest value of
salinity was registered (November—spring), a greater
adsorption of the TBT to the solid phase is observed and
simultaneous decrease of the TBT levels in the water
column was expected, which was in fact observed in the
field (Table 2).

Turbidity

Turbidity showed maximum values (35 mg L−1) in
June—winter and minimum during May—autumn
(19 mg L−1). In general, these values describe highly
turbid environments and are characteristic from the
study area; in concordance, with diverse authors, they
are a result of the combined effect of both winds and
tidal currents (Gómez et al. 2005; Perillo et al. 2007;
Carbone et al. 2016). During winter, when turbidity
levels were high, TBT levels in the water column were
lower than those recorded in autumn, when turbidity
decreased (Table 2). As discussed earlier, this singular
observation could be part of the general rule by which
the TBT adsorption in the particulate material gives rise
to a decrement of the TBT levels in the water column
(Hoch and Schwesig 2004).

Organic matter

Organic matter performs a significant role in the persis-
tence of OTCs within marine-coastal ecosystems in two
different ways (Hoch and Schwesig 2004). It has a great
responsibility on the TBT adsorption and in the compo-
sition of the microbial community present in the

sediments (Furdeck et al. 2016). In fact, organic matter
and dissolved organic matter content have been identi-
fied as the main adsorbent component of the matrix in
sediments and water, respectively (Tessier et al. 2007;
Quintas et al. 2016). In this sense, several authors have
related the TBT persistence in contaminated sediments
with the organic matter content (Hoch and Schwesig
2004; Pinochet et al. 2009). Other studies have also
demonstrated that in sediments, it is possible the forma-
tion of volatile methylated butyltin compounds leads to
the transference of these compounds to the aquatic
environment (Tessier et al. 2007). The natural derivati-
zation pathway that produces the potential biomethyla-
tion is through the presence of sulfate-reducing bacteria
and different natural methyl donor species in sediments,
especially humid substances. On the one side, an in-
crease in %OM for sediments can be observed during
June—winter and November—spring and a simulta-
neous decrement in OTCs levels (Table 3). Following
Tessier et al. (2007), a rationale can be found in a
probable formation of volatile methylated compounds.
On the other side, Table 2 shows a trend by which
increasing POM in the water column leads to TBT and
MBT decrement and DBT increment. This behavior
could be explained through the partition coefficient
octanol-water (Kow). Several precedents showed that
Kow value found for TBT is much higher than for DBT
and MBT (Berg et al. 2001). Thus, TBT is more lipo-
philic and shows a higher affinity for organic matter.
Further, DBT has a lower Kow, and a consequent lower
affinity for organic matter (Hongxia et al. 1996).

Chlorophyll a and nutrients

Chl-a concentration was used as an estimation of
phototrophic population biomass. Chl-a contents were
the highest during November—spring (7.09 μg L−1 and
32.29 μg g−1, water and sediment, respectively) but only
in water column this maximumwas accompanied with a
decrease of all macronutrients analyzed (Fig. 2). For
sediments, this maximum could be associated with an
extensive benthonic-pelagic interaction that exists in
these types of environments (Guinder et al. 2015;
Zapperi et al. 2016; Fernández 2017). Coincidentally,
a decrease in TBT and DBT levels was recorded in
sediments during November—spring, probably due to
an accelerated biodegradation process caused for the
microphytobenthos activity (Fig. 2d). This degradation
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appeared to act to a lesser extent for MBT, which
showed a slight increase with respect to winter records.

In water column, Chl-a concentrations were lower
than those recorded for sediments; this could be proba-
bly due to the fact that in shallow environments as the
BBE, the biomass of benthic microalgae normally ex-
ceeds the biomass of phytoplankton in the water column
(Fig. 2a, d) (MacIntyre et al. 1996). In addition, during
spring (November), the increase of Chl-a levels
matched with the detection of DBT, pointing to an
accelerated TBT biodegradation by the presence of phy-
toplankton in the estuarine environment, as DBT can be

extruded from the cell and released into the medium
(Tsnag et al. 1999).

As shown in Fig. 2d, the higher the PO4
3− concen-

tration in interstitial water is, the higher the sedimentary
OTC levels are (Table 2). As it is well stated, antifouling
paints are not only a source of OTCs but also of PO4

3−.
In fact, the main organotin compound used as an indus-
trial biocide is Tris (tributylstannyl) phosphate (Clark
et al. 1988). Then, results point to a probable secondary
source of PO4

3− via the interstitial water.
In November—spring, when the environmental con-

ditions were favorable for NO3
− accumulation, the

Fig. 2 Chlorophyll a (a and d) and macronutrients (b, c, e, f) measured in water column and sediment samples in Rosales Port

127 Page 10 of 15 Environ Monit Assess (2019) 191: 127



presence of NO3
− in porewater indicated a continuous

process of nitrification (Kaspar 1983). At both samples,
pore and column water, the concentration of NO3

− in-
creased from autumn (May) to spring, while TBT levels
decreased (Fig. 2b, e). In this sense, several authors have
shown that debutylation is promoted by the nitrate-
reducing activity (Yonezawa et al. 1994; Briant et al.
2016); then, results were consistent with an active
debutylation process triggered by nitrification.

High DSi concentrations recorded in porewater
(151.4–156.3 μmol L−1) and water column (44.36–
71.69 μmol L−1) may be due to the dissolution of silica
compound present in the sediments (Fig. 2c, d), as
previously reported by Spetter et al. (2015). In this
way, the OTCs could spread to the water column via
porewater through their hydrophobic interaction with
mineral faces of sediments that include Si among other
(Huang and Matzner 2004).

Conclusions

Water TBT levels throughout the sampling period indi-
cated a continuous entry of this compound into the study
area. While relatively high levels of MBTwere found in
sediments and water samples, they could not be unique-
ly attributed to a TBT degradation pathway; in fact,
results outlined a possible MBT additional input in the
area.

Physicochemical parameters demonstrated to be crit-
ical for the fate, mobility, and availability of OTCs
within the marine-coastal ecosystem. In particular, it
was possible to outline two general processes strongly
ruled by them:

First is a general degradative process, headed by
debutylation steps. In this sense, evidence shows that
temperature triggers MBT production as a consequence
of TBT and DBT biodegradation process. In addition,
the presence of Fe (III) in sediments promotes the abi-
otic degradation of TBT while biotic debutylation is
triggered by nitrification.

In the second place, the chemical partition process is
critically affected by pH, salinity, turbidity, and organic
matter contents. Indeed, a high salinity favors the TBT
desorption from sediment particles to the water column
while pH drastically influences the distribution of TBT
and DBT between water and sediments. In addition,
POM decreases the TBT levels in the water column
while %OM in sediments favors the TBTaccumulation.

Future tiered studies are necessary; however, the
current work sets the first field evidence for OTCs fate
and mobility within a marine-coastal environment, fill-
ing a gap in the knowledge of OTCs dynamics and
increasing the awareness of the South American envi-
ronments as a part of the international OCTs burden.
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