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porewaters. The study’s aim was to explain the different degradation efficiencies of organotin com-
pounds (OTC) in contaminated sediments. The transformation processes of OTC in sediments and
porewaters were investigated in a field experiment using species-specific, isotopically enriched
organotin tracers. Sediment characteristics (organic carbon content and grain size) were deter-
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in oxic and anoxic porewaters, respectively. By controlling the desorption process, organic matter influ-
ences the TBT degradation efficiency and consequently defines its persistence in contaminated sediments,
which thus increases in sediments rich in organic matter.

© 2015 Published by Elsevier B.V.

1. Introduction

Tributyltin (TBT), and triphenyltin (TPhT), have found appli-
cation as biocides in antifouling paints and have therefore been
directly introduced into the marine environment. As TPhT is also
used as pesticide in agriculture, land run off could additionally con-
tribute to its introduction to the coastal waters. Both compounds,
acting as endocrine disruptors, provoke toxic effects to various
non-target marine organisms, the most adverse toxic effect being
occurrence of imposex in gastropods even at very low concentra-
tions in seawater (1-2ng/l) [1,2]. Nowadays, TBT is declared as
one of the most toxic anthropogenic pollutants in the marine envi-
ronment [1]. Consequently, the use of TBT-based paints has been
banned in many countries worldwide, including all of Europe, and
they have been banned in Croatia since 2006. However, an overview
of the existing data in recently published papers demonstrates that
the marine environment is still polluted with TBT, especially in
countries where the usage of TBT-based paints is not yet regulated
[3]. Preliminary data on butyltin (BuTs) contamination along the
Croatian Adriatic coast also showed widespread pollution with TBT

Q4 and suggested that those paints are still in use despite their ban [4].

100
101

Once introduced into the water column, TBT and TPhT are subjected
to biotic (degradation governed by microbial activity) and abiotic
degradation with half-lives of several days to weeks [1,2,5,6]. Abi-
oticdegradation includes photodegradation (i.e., degradation by UV
irradiation), thermal and chemical degradation. Among all abiotic
degradation mechanisms, photolysis has the mostimportantrole in
BuTs and PhTs degradation in environmental compartments where
light is available (water column and the thin surface sediment layer
inshallow waters)|[7,8].Both TBT and PhT are stable up to 200 °C[9],
and thus are not prone to thermal degradation under environmen-
tal conditions, while little is known about chemical degradation of
OTC in natural environment, especially aquatic sediments. Because
TBT and TPhT have both a high affinity for adsorption onto partic-
ulate matter (log Kd>3.5 [10,11]), they accumulate in sediments
where their degradation occurs at considerably slower rates, with
half-lives of several years to decades [1,2,12,13]. Due to the persis-
tence of BuTs and PhTs in sediments and their possible desorption
back into the water column [10,14,15], contaminated sediments
represent a long-term source of pollution. Therefore, TBT and TPhT
degradation in sediments can be considered to control the over-
all persistence of BuTs and PhTs in the marine environment. Since
their degradation products (di- and mono-butyl and phenyl deriva-
tives) are far less toxic than initial trisubstituted compounds [16],
degradation can be considered as a form of sediment remediation.

During the past decades, numerous papers regarding TBT degra-
dation in the marine environment have been published. Most of
them have been macrocosm [17,18] or microcosm [19,20] experi-
ments or other laboratory setups in which complex environmental
conditions could never be completely simulated [21,22]. The stud-
ies performed in situ were primarily based on the modelling of
TBT concentration reduction with sediment depth [12,23,24,25].
This approach has several disadvantages because it assumes undis-
turbed sediment and continuous input, whereas the sedimentation
rate has to be known. Additionally, it does not provide the com-
plete interpretation of the degradation mechanisms because the
kinetics of each degradation step cannot be determined. There-

fore, more data are required to establish a better understanding
of butyltin degradation processes in sediments, especially those
that occur under anoxic conditions; meanwhile, the degradation
of phenyltins (PhTs) in sediments is rarely experimentally studied
and still not well explained.

Sediment characteristics such as organic matter and grain size
have been demonstrated many times to have an influence on the
adsorption of TBT onto sediment particles [10,11,26], but their role
in BuT degradation in the sediment remains unclear. By control-
ling the adsorption of TBT, organic matter is considered to define
its bioavailability because only the TBT present in porewater is
believed to be available to microorganisms and actually prone to
biodegradation [27]. In spite of this, OTC degradation in porewater
has not been studied thus far while only a few papers have reported
the levels of BuTs in porewater [13,10,28].

This paper provides a comprehensive study of the persistence
of BuTs and PhTs in contaminated marine sediments. The aim
was to explain the apparent, different TBT degradation efficien-
cies in different sediments and to verify whether the degradation
of BuTs and PhTs in sediments occurs mainly in porewater. The
study was performed as follows: (i) TBT persistence in various
types of contaminated sediments was assessed by a determina-
tion of butyltin depth profiles in sediment cores; (ii) sediment
characteristics (organic carbon and grain size) were determined
to study their influence on the TBT degradation efficiency;
and (iii) butyltin and PhT degradation processes in sediments
and porewaters were studied using species-specific, isotopically
enriched tin tracers (117Sn-enriched TBT (117TBT), 118Sn-enriched
DBT (1'8DBT), 116Sn-enriched TPhT (!16TPhT)). This multi-isotopic
labeling methodology enables any degradation route to be followed
individually, despite the simultaneous formation and degradation
processes of certain compounds, thereby enabling the determi-
nation of the kinetics of each degradation step and consequently
helping to characterize the overall degradation mechanism.

2. Materials and methods
2.1. Sediment sampling

The sediment cores were collected in 2011 at 8 locations
(M1-M8), mainly marinas, located along the Croatian Adriatic
coast, while the incubation experiments were performed in 2012
using sediments from the locations M1, M2 and M6 (Fig. S1, Sup-
plementary information). The marinas differed in size based on the
number of berths that varied from 200 to 800 (M1-350; M2-190;
M3-800; M4-450; M5-300; M6-city port; M7-200; and M8-630).
The depth of the water column at the sampling locations var-
ied between 2 and 35m (M1-15m; M2-2m; M3-35m; M4-5m;
M5-6 m; M6-144 m; M7-6 m; and M8-3 m). The sampling was per-
formed using a UWITEC gravity corer. The sediment cores (M1-M8)
used for the determination of BuTs and sediment characteristics
were frozen after sampling, cut in the laboratory into 2 cm lay-
ers, freeze-dried and homogenized by milling (except for grain size
analysis). The samples were kept at —20°C, and the OTCs were
measured within 3 months. The sediment cores used for the incu-
bation experiment were cut into layers, spiked and incubated in
the field within 3 h after sampling. Additional cores were taken to
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Fig. 1. Depth distributions of butyltin concentrations, percentage of each species towards XBuT, BDI index, TOC and granulometric composition in sediment cores M1-M4

(first group).

determine the OTC depth profiles in porewaters and calculate the
Kd values. Porewaters were isolated from the sediments imme-
diately after sampling by centrifugation and filtered through a
0.45 pm-size acetate filter. To determine the oxic/anoxic condi-
tions in sediments, the redox potential (Eh) was measured by InLab
Redox electrode.

2.2. OTC determination in sediments

The extraction of OTC (BuTs and PhTs) from the sediments was
performed by the method developed by Milivojevi¢ Nemanic¢ et
al. [29]. Briefly, OTCs were extracted from the sediment by acetic
acid and ultrasonic stirring. Then, simultaneous derivatization with
NaBEt4 and extraction into hexane were performed in a sodium
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Fig. 2. Depth distributions of butyltin concentrations, percentage of each species towards XBuT, BDI index, TOC and granulometric composition in sediment cores M4-M7

(second group).

acetate-acetic acid buffer (pH 4.8). The detection of OTCs was per-
formed on a gas chromatograph (GC, Varian CP3800) with a pulsed
flame photometric detector (PFPD, Varian) [4]. The quality control
was performed by the analysis of standard reference material certi-
fied for BuTs in the marine sediments (PACS 2, Ottawa, Canada), or
by spiking the sample with phenyltins standard solution of known
concentrations. The limits of method detection ranged from 1.5 to
6.1ng (Sn)g~! (d.w.).

2.3. Sediment and porewater incubation experiments

2.3.1. Sediment incubation

The surface sediment layers (0-2 cm) from three locations (M1,
M2 and M6) and deeper sediment layers (10-12 cm) from two loca-
tions (M1 and M2) were incubated following the experimental
procedure previously described by Rodriguez-Gonzalez et al. [5].
The slurry was prepared by mixing approximately 4 g of surface
sediments (Eh=-50-(—-100)mV) with 4ml of the oxic overlay-
ing seawater (Eh=136-288 mV) in a 40 ml glass vial. The spiking
solution containing '7TBT, 118DBT and !'6TPhT was added to
obtain the final concentrations of approximately 200, 200 and 20 ng
(Sn)/g(d.w.), respectively. Because the slurry consisted of suboxic
sediments and oxic waters while the spiking was performed in the

presence of oxygen, these samples were termed as oxic sediments
in which OTC degradation in oxic conditions was studied. Deeper
anoxic sediment layers (Eh=-292—(-397) mV) were mixed with
seawater from which dissolved oxygen was removed by purging
with N, ; meanwhile, the whole procedure and sample manipula-
tion were performed in a glove bag under a nitrogen atmosphere.
These samples were considered as anoxic sediments in which the
degradation in anoxic conditions was investigated. The vials with
the spiked sediments were incubated directly in the field (dark,
19-21°C) for one (t=24h) and three (t=72h) days. Control incu-
bations (t=0) were performed by freezing the samples in liquid
nitrogen immediately after the spike addition. All incubations were
performed in triplicate.

2.3.2. Porewater incubation

Porewaters were isolated from two sediment layers
(0-2cm—oxic porewater; 10-12cm—anoxic porewater) of
sediment cores M1 and M2. Isolated porewaters (10-15ml) from
each location were spiked and incubated in the same manner
described for the sediments. The final concentrations of the
added, isotopically enriched tin tracers were approximately 2,
2 and 0.2 wg(Sn)/1 for 1'7TBT, 1'8DBT and !'STPhT, respectively.
The control incubations (t=0) were performed by adding high
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anoxic incubated sediments. The uncertainty values correspond to 1s standard deviation of three independent incubation experiments.
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purity HNO3 (65%, v/v) immediately after the spike addition. All
incubations were performed in triplicate.

2.4. Determination of OTC transformation yields in sediment and
porewater

The measurement of the isotopic composition of OTCs in the
incubated porewater and sediment samples was performed by GC
(Trace GC, Thermo Fisher) coupled with inductively coupled plasma
mass spectrometry (ICPMS, XSeries 2, Thermo Fisher) as described
in detail elsewhere [5,30]. Briefly, the sediment samples were sub-
jected to open microwave extraction in a mixture of acetic acid and
methanol (3:1) followed by ethylation with NaBEt, and extraction
into isooctane by shaking. In the case of porewaters, only the sec-
ond step (derivatization and extraction to isooctane) was required.
Because the incubation was performed with isotopically enriched
tracers, the quantification of OTCs was performed by reverse iso-
tope dilution analysis by adding an adequate amount of natural
abundance standards. The final OTC concentrations derived from
each isotopic tracer at the end of incubation were determined
by a mathematical approach based on the deconvolution of iso-
topic patterns, as previously developed and precisely described by
Rodriguez-Gonzalez et al. [5]. This multi-isotopic labeling method-
ology enables the determination of the degradation kinetics of each
compound under study by following the degradation route of each
isotopic tracer as shown in the equation (1). The half-lives (t1;3)
were calculated from the transformation rate constants determined
from the degradation yields assuming first-order transformation
reactions.

6TPHT

","Jnssn ( IV] ."1“

HIDBT <=5 1IMBT  116DphT <y MSMPhT (1)

2.5. Determination of sediment characteristics

Total organic carbon (TOC) analyses were performed by a
high-temperature catalytic oxydation method with non-dispersive
infrared (NDIR) detection on a TOC-Vcpy Shimadzu carbon ana-
lyzer. The inorganic carbonate fraction was removed with 2 M HCl
followed by drying at 50 °C overnight. The grain size analysis was
performed using a laser diffraction particle size analyzer LS 13320
(Beckman-Coulter).

3. Results and discussion
3.1. Butyltin depth distributions

OTCs were found in all investigated sediment cores with the
total butyltin concentrations (3 BuT=TBT+DBT+MBT) ranging
from 30.1 to 2059.9 (average 553.1+433.9)ng(Sn)/g(d.w.). The
butyltin depth distributions, as well as the percentage of each
species, are shown in Figs. 1 and 2. The level of pollution in mari-
nas varied significantly but was not related to the size of marina,
number of berths, or the sampling depth. Phenyltins, mainly TPhT
and MPhT (monophenyltin), were detected in several layers at all
locations (except M7) at concentrations ranging from 12.4 to 313.6
(average 98.6 +£90.7) ng(Sn)/g(d.w.) (data not shown). Their pres-
ence was associated with the layers containing the highest butyltin
concentrations, while their concentrations were always 2-20 times
lower than those of BuTs. This is in accordance with a much lower
use of TPhT in antifouling paints. Generally, the level of OTC con-
tamination in sediments from the Croatian Adriatic Coast can be

evaluated as similar or even higher than those recently reported in
the literature for coastal sediments [6,31,32].

The butyltin depth profiles from different locations (Figs. 1 and
2) do not follow the same depth pattern: at some locations both
the TBT and total butyltin concentrations decrease while for oth-
ers they do not change with depth. The same observations were
also reported in the literature and discussed as a consequence of
different degradation efficiencies, the desorption of BuTs from sed-
iments or different butyltin inputs over time [12,24,28,33]. Some
authors have also discussed that in highly polluted sediments TBT
could have a biocide effect on bacterial activity, leading to its
slower degradation [6,33]. However, relatively efficient TBT degra-
dation was reported in laboratory studies under very high TBT
concentrations [34]. Because all sediments were collected in mari-
nas constructed before 1980, we assume that the most probable
explanation for the different butyltin depth patterns is different
TBT degradation efficiencies in these sediments. To verify this
assumption, the level of TBT degradation in each sediment core
was evaluated using the Butyl Degradation Index (BDI). This index
is considered a reliable tool for assessments of TBT degradation
efficiency and is defined as the concentration ratio of TBT and its
degradation products (BDI=(MBT + DBT)/TBT) [35]. BDI values less
than 1 indicate that TBT prevails over its degradation products, thus
indicating poor TBT degradation or recent input, while BDI values
higher than 1 imply efficient degradation or the long-term presence
of TBT in sediments. On the basis of calculated BDI values (higher
or lesser than 1) and different TBT and butyltin depth profiles, the
investigated sediments were classified into two groups: first group
(Fig. 1) and second group (Fig. 2).

The first group includes the sediments from locations M1-M4,
where the highest TBT and butyltin concentrations were detected
mainly in the surface layers and followed by their noticeable decline
with depth (Fig. 1). The proportion of TBT within the total BuTs
gradually decreased from 40 to 60% in the surface layers to less
than 10% in the bottom layers (Fig. 1). At the same time, the pro-
portion of MBT increased with depth, although its accumulation in
the deeper layers was not detected. We may speculate that MBT
desorbs from sediments to the overlaying water, or it degrades to
inorganic tin. The former is supported by several research papers
stating that MBT desorbs from sediments more readily than other
BuTs as aresult of its lower hydrophobicity [ 12,36]. We assume that
in the sediments from the first group efficient degradation occurs,
which is supported by the BDI profiles because the BDI values were
approximately 1 in the surface layers and progressively increased
with depth to 16.9 (Fig. 1). Fig. 2 shows the butyltin concentration
profiles of the sediments from locations M5-M8, which are classi-
fied as the second group. In these sediments the TBT and butyltin
concentrations in the deeper layers were similar to those at the sur-
face, showing no decline with depth. The proportion of TBT (Fig. 2)
did not fall below 40% throughout the entire core at all locations,
while the BDI values (Fig. 2) were less than 1 in all layers (or 1.5
at location M2). These observations led to the assumption that in
these sediments weak degradation occurs, which is further sup-
ported by the fact that the higher TBT concentrations detected at
certain depths (M5: 4-6 cm; M7: 16-18 cm; M8: 16-18 cm) corre-
spond to a higher proportion of TBT. It is interesting to note that in
all sediment cores, regardless of group, the proportion of DBT was
20-30% throughout the entire core (Figs. 1 and 2). This result indi-
cates that DBT does not accumulate in sediments as an intermediate
product in TBT degradation.

3.2. Sediment characteristics as parameters controlling TBT
degradation efficiency

The results presented above strongly suggest that sediments
belonging to a particular group have similar TBT degradation rates,
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Table 1

Transformation rate constants of isotopically enriched butyltin and PhT species in oxic and anoxic porewaters from sediment cores M1 and M2.

Transformation rate constants (day ')

Oxic (0-2 cm) Anoxic (10-12 cm)
M2 M1 M2 M1
17TBT degradation 0.076+0.012 * - -
17DBT formation 1.096 +0.009 * - -
M7MVBT formation 0.426 +0.028 - - -
1178n(1V) formation 1.37440.121 * - -
18DBT degradation 0.248 +0.020 0.239+0.052 0.072+4+0.038 0.083 +0.005
M8VBT formation 0.449+0.130 * - *
1185n(1V) formation 1.182+0.184 1.298 +£0.238 0.525+0.055 0.476 +0.003
M6TPhT degradation - * - -
M6DPHT formation * * - -
M6NMPHT formation * * * -
1165 (1V) formation 0.482+0.053 * * -

which differ between those two groups. The following aim was to
evaluate if sediment characteristics may be responsible for differ-
ent TBT degradation potentials in two defined groups of sediments.
The results of the TOC analyses are shown in Figs. 1 and 2. The
values ranged from 0.62% to 6.15%. When comparing two previ-
ously defined sediment groups concerning TOC depth distributions,
two observations could be noted: (i) sediments from the second
group have significantly higher (p <0.05) TOC values with average
values of 3.70 4 0.86%, which is nearly 2 times higher than in the
first group (average is 1.96 +£0.59%), and (ii) the TOC depth dis-
tribution follows the same pattern as the TBT and total butyltin
concentrations in all sediment cores. Therefore, the decrease in TOC
with depth is observed in sediments from the locations M1-M4
(first group, Fig. 1), whereas in the sediments from M5-M8 (second
group, Fig. 2) the TOC did not change with depth or even increased.
Although many published papers have demonstrated that TBT is
adsorbed onto sediments preferably by binding with organic mat-
ter [10,11], contradictory results on the relationship between TBT
levels and TOC in natural marine sediments can be found. Some
authors stated that significant correlations exist between the TOC
and TBT concentration [3,37-39], while others found little or no
correlation [13,32]. However, most of these data refer only to sur-
face sediments; thus, they do not provide any information about
the influence of organic matter on the TBT degradation over time. In
our study, a statistically significant correlation was found between
the TBT concentrations and TOC (Pearson, r=0.63, p <0.05) when
all samples (all layers of all sediment cores) were considered. An
even stronger correlation was found between the TBT propor-
tion and TOC (Pearson, r=0.83, p<0.05) as well as between BDI
and TOC (Pearson, r=-0.87, p<0.05), thus leading to the assump-
tion that organic matter strongly affects the degradation process
of TBT in sediments in addition to adsorption. When comparing
the TBT concentration and TOC in each sediment core, apart from
their similar depth patterns, in some cases even statistically sig-
nificant correlations (Pearson, p <0.05) were found (M1-M3, M7).
Furthermore, strong and statistically significant correlations (Pear-
son, p <0.05) between the TBT and DBT, DBT and MBT, and TBT and
MBT concentrations were found in all sediment cores belonging
to the first group (M1-M4). This further supports the assump-
tion that in these sediments efficient TBT degradation occurs. On
the other hand, the correlations between TBT and its degradation
products were not found in any of the sediment cores from the
second group (M5-M8), additionally supporting poor degradation
in these sediments. Under conditions of very slow TBT degrada-
tion, the degradation products, which are less hydrophobic and
more mobile, have time to diffuse to other sediment layers, thus
resulting in the absence of correlation with TBT. From the foregoing
discussion it follows that TBT degradation is much more efficient
in sediments with lower amounts of organic matter (first group).

Therefore, it can be concluded that organic matter, in addition to
its crucial role as a TBT sorbent in sediments, also has an important
influence on the TBT degradation efficiency and its persistence in
contaminated sediments.

Organic matter could influence the TBT persistence in sediments
in two different ways. The first is the role of organic matter in redox
conditions in sediments and consequently in the composition of the
present microbial community. The second is the major influence
of organic matter on TBT adsorption onto sediments [10,11,26].
Indeed, if the TOC is higher than 0.5%, the sorption of TBT onto
mineral phases is considered to be negligible [10,11]. By controlling
the TBT adsorption, organic matter regulates TBT partitioning in the
sediment-porewater system. Because only the compounds present
in porewater are considered to be bioavailable to microorganisms
[40], the organic matter in sediments could influence the degra-
dation of TBT by defining its bioavailable fraction in porewater.
Furthermore, once present in the porewater, TBT can migrate from
deeper to surface layers, where much more efficient degradation
under oxic conditions occurs [6].

The results of the grain size analysis (Figs. 1 and 2) showed
that the clay fraction (<2 wm) ranged from 5% to 39% while the
<63 wm fraction varied between 52% and 98%. The grain size distri-
butions generally showed little variations with depth and did not
follow the same depth patterns as the TBT concentrations and TOC
(Figs. 1 and 2). Grain size can indirectly influence TBT adsorption
by defining the amount of adsorbed organic matter because it is
well established that fine fractions adsorb more organic molecules
[32,41]. Consequently, some authors have demonstrated that sed-
iments with a higher proportion of fine fraction (<63 wm) adsorb
more TBT [3,38,39]; however, contrasting results, i.e., showing no
correlation, can also be found in the literature [32]. In our study the
correlation between TOC and fine fraction (<2 wm or <63 wm) was
not observed; thus, the results obtained do not allow us to evalu-
ate the impact of grain size on TBT persistence in sediments either
directly or indirectly through defining the amount of the adsorbed
organic matter.

Based on our data we can postulate that TBT degradation occurs
primarily in porewater, while organic matter influences the degra-
dation process by regulating its concentration in porewater. To
elucidate this hypothesis, the transformations of BuTs and PhTs
in the sediments and porewaters were studied using species-
specific, isotopically enriched tin tracers, namely !'7TBT, ''8DBT
and 116TPhT.

3.3. Butyltin and phenyltin transformations in sediments and
porewaters

The experiment consisted of the incubation of spiked surface
(oxic) and bottom (anoxic) sediments and porewaters from three
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Fig. 5. Butyltin depth distributions in porewater from (A) location M2 (first group) and (B) location M6 (second group).

different locations (M1, M2 and M6). The transformation processes
of ""7TBT, "'8DBT and ''STPhT observed in the spiked samples
during three days of incubation are presented in Figs. 3 and 4.
The results are presented as the degradation and formation yields
of each compound at a certain incubation time, while the yields
are expressed as percentage of species enriched with a specific
isotope towards the total amount of spiked specific, isotopically
enriched tracers. Obtained standard deviations mostly represent
the environmental variability between three independant incuba-
tions, rather than originated from the mathematical and analytical
methodologies, as all samples were analyzed in triplicate and the
precision obtained were always lower than 3% relative standard
deviation (RSD). As seen in Fig. 3a, b, and c, the degradation of
117TBT, 118DBT or '6TPhT was not observed in any of the incu-
bated sediments. Only a low !17DBT degradation could be observed
under anoxic conditions. However, neither ''”MBT nor '17Sn were
formed, and no !'8DBT degradation was simultaneously observed;
thus, the DBT degradation potential in the sediment cannot be con-
firmed. Clearly, the incubation period of three days was too short
to observe some degradation in the sediments. The duration of
the incubation was set considering that the environmental con-
ditions, namely the oxygen level and microbial activity, could be
disturbed for longer incubation times. The selection of the dura-

Table 2
Sediment-porewater distribution coefficients (Kd (1/kg)).
Log Kd
Sediment core depth (cm) TOC (%) TBT DBT MBT
M2 0-3 291 4.63 4.52 4,55
3-6 2.45 4.33 4.67 4.85
6-9 2.19 4.08 4.71 4.59
9-12 1.64 4.05 4.56 3.30
12-15 1.71 / 4.34 /
M6 0-4 3.51 5.09 4.64 4.21
4-8 3.62 5.05 4.81 4.44
8-12 4.01 5.01 4.68 4.62
12-16 3.92 5.07 4.78 4.45

tion of the incubation experiment is not a simple task and should be
established considering the ability of the method to detect trans-
formations. However, previous work has shown that incubation
periods of 1 and 7 days allowed detection of low and similar degra-
dation yields for butyltin compounds [5]. Given unidirectional and
low degradation extents of butyltins in sediments, longer incu-
bation duration could be effectively more suitable. It should be
mentioned that the recoveries for '17TBT in the control incubation
(t=0) were low in 3 out of 4 samples (Fig. 3a), leading to difficult
interpretation for these data. This could be a consequence of the
lack of equilibrium between the added spike and sediment particles
in the control incubation samples (which were frozen immediately
after the spike addition), resulting in some losses of 117TBT during
the sample manipulation.

However, the applied experimental set up enabled us to evaluate
the degradation of OTCs in the porewaters, which was the major
focus of our experiments, since there are no studies on this subject
in the literature. The degradation of 117 TBT was observed in surface
oxic porewaters from both locations (M1 and M2) but not observed
in any of the anoxic porewaters (Fig. 4a). In the oxic porewater M2
approximately 22% of 117TBT was degraded while the formation of
17DBT(13%), 117 MBT (4%) and inorganic '17Sn (5%) was detected. In
the surface porewater M1 117TBT degradation was observed only
after 1 day, whereas after three days ''7TBT seemed to increase.
This appeared due to the decrease in the total amount of detected
178n (5 -175n="17TBT + 117DBT + 117 MBT + 117Sn), which could be
a consequence of some losses due to the adsorption of species onto
the vials or some suspended particles left in the porewater.

The degradation of ''8DBT to inorganic 118Sn was observed in
both oxic and anoxic porewaters (M1 and M2) (Fig. 4b). In pore-
water M2 51% of the 1'8DBT was degraded after three days, while
21% of the '8 MBT and 37% of the 1'8Sn were formed. In oxic pore-
water M1 the degradation of 40% of the 118DBT was detected along
with the formation of 21% of the "8 MBT and 18% of the inorganic
1185, In anoxic porewaters the observed degradations were some-
what weaker because 18% and 13% of the 1'8DBT were degraded in
M2 and M1, respectively. However, the whole amount of spiked
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18DBT in anoxic porewater M2 appeared to degrade directly to
1185n (18%) because no formation of '8 MBT was observed. A sim-
ilar result was obtained in anoxic porewater M1, where the slight
formation of 1’8 MBT was observed only after one day of incuba-
tion (6%), whereas on the third day only an increase in inorganic
1185 was quantified (18%). This suggests that in anoxic porewa-
ters MBT degraded to inorganic tin almost immediately after it was
formed, thus indicating that MBT degradation in anoxic conditions
is much faster than the degradation of DBT to MBT and faster than
the MBT degradation in oxic porewaters. Additionally, it is pos-
sible that a portion of DBT is directly degraded to inorganic tin.
This clearly explains our finding that MBT never accumulates in
the sediments where efficient TBT degradation occurs (M1-M4).
The assumption of different DBT microbial degradation mecha-
nisms in oxic and anoxic conditions is supported by the work of
Bridou et al. [42] and Yonezawa et al. [43] where total TBT degra-
dation to inorganic tin was demonstrated under anoxic conditions,
whereas the formation of MBT as an intermediate product was not
observed. Apart from the microbial degradation, the abiotic degra-
dation of BuTs in porewater could also play arole; Peeters et al. [44]
recently demonstrated great importance of abiotic DBT degrada-
tion during the incubation of landfill leachate, whereas the abiotic
degradation of TBT was not observed in their study. Zeng et al.
[45,46] in their recent study showed that chemical species natu-
rally present in anoxic sediments and porewater, such as reduced
sulfur species (HS—, Sn2-), dissolved organic matter and reactive
mineral phases, induce abiotic degradation of pesticides. Organ-
otin compounds could be also prone to such chemical degradation,
since Sn—C bond is susceptible to attack by both nucleophilic and
electrophilic reagents [47].

The degradation of ''6TPhT was not observed in any incubated
porewater after 3 days of incubation (Fig. 4c) under either oxic
or anoxic conditions. This indicates that the first step is the lim-
iting step in PhT degradation, the same as for BuTs. However, some
degradation of 1'6DPhT (5%) and ''8MPhT (12%), which were not
the products of "8TPhT degradation because they were already
present in the spike solution (ty), was observed in oxic porewa-
ter M2 with the "' MPhT degradation being approximately 2 times
more rapid than the '"8DPhT degradation. In anoxic porewaters,
only ""6MPhT (15%) degradation was observed in porewater M2
on the first day. Comparing the PhT and butyltin degradations, the
observed 116 DPhT degradation was approximately 10 times slower
than 1"8DBT degradation in oxic porewaters.

From the determined transformation yields, the degradation
and formation rate constants were calculated following a first-
order kinetic model (Table 1). They show that in oxic porewaters
DBT degradation is 3.3 times more rapid than TBT degradation,
leading to the conclusion that the first debutylation step is the
limiting step in the total TBT degradation. Because the DBT degra-
dation rate is more rapid than its formation rate, DBT should never
accumulate in surface sediments. Furthermore, the DBT degrada-
tion rate constants are approximately 3 times greater for oxic than
for anoxic porewaters in both cores; meanwhile, they are simi-
lar for both oxic and anoxic porewaters, strongly suggesting that
DBT degradation occurs at similar rates in different sediments. This
observation clearly explains the equal proportions of DBT (20-30%)
that were observed throughout the entire depth of all investigated
sediment cores. The degradation constant for PhTs could be calcu-
lated only for the inorganic 1'6Sn formation in M2 oxic porewaters,
and it was approximately 2.8 times lower than the formation of
1185 originating from '8 DBT. This suggests that in oxic porewaters
PhT degradation is slower than the degradation of BuTs. The avail-
able data on phenyltin degradation in sediments are very scarce
and all based on the evaluation of degradation rates from the ratios
between TPhT and the total PhTs [2]; thus, they do not provide any

information about the degradation mechanism. Therefore, these
are the first data on the PhT degradation routes and kinetics in
porewaters.

The TBT degradation routes have been discussed many times
in literature but with contrasting conclusions; some authors have
demonstrated that TBT degradation occurs as a stepwise loss of
one butyl group [24,28], whereas others have claimed that direct
TBT degradation to MBT occurs [17,18,48]. The results of our study
strongly suggest that the formation of MBT was the result of DBT
debutylation and not of direct TBT degradation to MBT because
the formation constants of ''7MBT (originated from!''7TBT) and
T8VBT (originated from!''8DBT) were similar. Furthermore, the
similar 117Sn and !18Sn formation constants suggest that inorganic
tin came from DBT, thus rejecting a possibility of direct TBT degra-
dation to inorganic tin as the main degradation process.

On the basis of the degradation rate constants determined, the
half-lives (t1,) of TBT and DBT in porewaters were calculated. They
were 9.2 days for TBT and 2.9+0.1 days for DBT in porewaters
under oxic conditions and 9.140.9 days for DBT in porewaters
under anoxic conditions. Because the most common half-lives of
TBT in sediments reported in the literature range from 1 to 10
years [1,12,24], our results demonstrate that once TBT is desorbed
from the sediment to the porewater, its degradation occurs rather
fast. Furthermore, the determined half-life of TBT in oxic porewa-
ter was similar or faster than those commonly reported for surface
waters, which range from several days to weeks [1,6]. In the work
of Rodriguez-Gonzales et al. [5] the same experimental design was
used to study TBT transformations in oxic surface waters. Compar-
ing the results of their work with those obtained in our study and
considering similar incubation conditions (oxic conditions, absence
oflight), the rate of TBT degradation in porewater and surface water
is comparable. However, the DBT degradation rate is up to ten times
higher in oxic porewaters than in oxic surface waters.

With the aim of further interpretation of our results, the natu-
ral concentrations of BuTs in porewaters from two locations were
determined (Fig. 5a and b). Location M2 (Fig. 5a) refers to the
sediment where butyltin concentrations and TOC decreased with
sediment depth (first group), while location M6 (Fig. 5b) refers
to the sediment where they were constant with depth (second
group). The butyltin concentrations in porewaters ranged from 0.2
to 7.8 ng(Sn)/1, and they were comparable to those determined in
the overlying water [4] as well as to those few reported in the lit-
erature [10,13]. From the presented profiles the following can be
observed: (i) the TBT concentrations in porewaters followed the
same depth pattern as in sediments; (ii) DBT did not accumulate in
porewaters at both locations, and its proportion was never higher
than 30%, the same as was observed for DBT behavior in sedi-
ments; and (iii) the butyltin concentrations were similar in both
porewaters despite the concentration of BuTs in sediments being
5-25 times higher at location M6 than at M2, thus indicating that
the concentration of bioavailable BuTs in porewater is not directly
proportional to the concentration in the solid phase.

The distribution coefficients (Kd) were calculated and are shown
in Table 2. They are defined as the ratio between the butyltin
concentrations in sediment and porewater, thus describing the
sorption capacity of the particular sediment. The calculated Kd val-
ues (presented as log Kd (1/kg)) ranged from 4.05 to 5.09 for TBT,
4.52-4.81 for DBT and 3.30-4.85 for MBT, similar or higher than
those reported in the literature [10,11,13]. The Kd values for TBT
were generally higher for sediment M6, which had a higher TOC
content (Table 2) and lower degradation efficiency (BDI< 1), all of
which support our previous discussion on the stronger TBT adsorp-
tion and consequently weaker TBT degradation in sediments with
a higher TOC content. Therefore, in contaminated sediments rich in
organic matter, less BuTs will be desorbed, and a higher persistence
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of toxic TBT can be expected than in sediments with lower organic
matter content.
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