Environ Sci Pollut Res (2016) 23:10317-10334
DOI 10.1007/s11356-015-5641-x

@ CrossMark

RECENT SEDIMENTS: ENVIRONMENTAL CHEMISTRY, ECOTOXICOLOGY AND ENGINEERING

Modeling the dynamics of DDT in a remote tropical floodplain:

indications of post-ban use?

Annelle Mendez' - Carla A. Ng' - Jodio Paulo Machado Torres* - Wanderley Bastos® «
Christian Bogdal"* - George Alexandre dos Reis” - Konrad Hungerbuehler'

Received: 29 June 2015 / Accepted: 18 October 2015 /Published online: 27 October 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Significant knowledge gaps exist regarding the fate
and transport of persistent organic pollutants like dichlorodi-
phenyltrichloroethane (DDT) in tropical environments. In
Brazil, indoor residual spraying with DDT to combat malaria
and leishmaniasis began in the 1950s and was banned in 1998.
Nonetheless, high concentrations of DDT and its metabolites
were recently detected in human breast milk in the community
of Lake Puruzinho in the Brazilian Amazon. In this work, we
couple analysis of soils and sediments from 2005 to 2014 at
Puruzinho with a novel dynamic floodplain model to investi-
gate the movement and distribution of DDT and its transfor-
mation products (dichlorodiphenyldichloroethylene (DDE)
and dichlorodiphenyldichloroethane (DDD)) and implications
for human exposure. The model results are in good agreement
with the accumulation pattern observed in the measurements,
in which DDT, DDE, and DDD (collectively, DDX) accumu-
late primarily in upland soils and sediments. However, a sig-
nificant increase was observed in DDX concentrations in soil
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samples from 2005 to 2014, coupled with a decrease of DDT/
DDE ratios, which do not agree with model results assuming a
post-ban regime. These observations strongly suggest recent
use. We used the model to investigate possible re-emissions
after the ban through two scenarios: one assuming DDT use
for IRS and the other assuming use against termites and leish-
maniasis. Median DDX concentrations and p,p"-DDT/p,p’-DDE
ratios from both of these scenarios agreed with measurements in
soils, suggesting that the soil parameterization in our model was
appropriate. Measured DDX concentrations in sediments were
between the two re-emission scenarios. Therefore, both soil and
sediment comparisons suggest re-emissions indeed occurred
between 2005 and 2014, but additional measurements would
be needed to better understand the actual re-emission patterns.
Monte Carlo analysis revealed model predictions for sediments
were very sensitive to highly uncertain parameters associated
with DDT degradation and partitioning. With this model as a
tool for understanding inter-media cycling, additional research
to refine these parameters would improve our understanding of
DDX fate and transport in tropical sediments.

Keywords DDT - Malaria - Tropics - Multimedia modeling -
Environmental fate - Pesticides - Floodplain - POPs

Introduction

As one of the original persistent organic pollutants (POPs)
listed under the Stockholm Convention, DDT
(dichlorodiphenyltrichloroethane) use is currently restricted
to indoor residual spraying (IRS) for malaria vector control
in countries where other locally affordable, safe, and effective
options are not available or insecticide resistance has devel-
oped against alternative pesticides (WHO 2012). In 2014,
nearly 3.3 billion people worldwide were at risk of malaria,
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which is endemic to tropical countries, including Brazil. In
Brazil, DDT has been used since 1945 in agriculture and for
indoor residual spraying (Torres et al. 2009). Agricultural use
in Brazil was banned in 1985, and DDT use for vector control
was reduced in the mid-1990s and definitively prohibited by
2009 (Ferreira et al. 2011). However, because of its associated
health risks (Bouwman et al. 2011) and persistence, DDT
remains an important issue in areas with former use. In a
traditional Amazonian settlement around Lake Puruzinho, in
the Madeira River Basin, biomonitoring studies in 2004 de-
tected high concentrations of DDT and its transformation
products (referred to hereafter as total DDX) in human breast
milk (Azeredo 2007). These concentrations were nearly ten
times higher than those measured from 2001 to 2003 in 20
other communities in the Madeira River Basin with a similar
history of IRS, but within the range of values found for wom-
en living in houses with ongoing IRS treatment in the tropics
worldwide (Ritter et al. 2011; WHO 2011). When this DDT
content is transformed into infant daily intakes as described by
Marién and Laflamme (1995), the mean intake at Puruzinho is
40 pug kg ' day ' (range 14-53 ug kg ' day "), which is four
times higher than the WHO acceptable daily intake for DDT
(FAO and WHO 2000). Mothers in Puruzinho traditionally
breastfeed for up to 2 years, increasing infant exposure to
DDT. This is worrisome given the growing body of literature
documenting the potential adverse health effects of DDT and
its metabolites, which include the disruption of neural and
physical development of children, breast cancer, diabetes,
and spontaneous abortion (Bouwman and Kylin 2009;
Eskenazi et al. 2009; Longnecker 2005).

Human exposure to DDT used for IRS can occur through
multiple pathways: through inhalation and dermal exposure to
the indoor air and dust and also through direct and indirect
interactions with DDT that has reached the outdoor environ-
ment, such as dietary items grown in contaminated soils.
Indigenous riverine communities in the Amazon subsist on
manioc and fruit cultivated around the houses and gathered
from the surrounding forest and fish from local water bodies
(Azeredo et al. 2008; Oliveira et al. 2010). Thus, it is important
to characterize the level of contamination in the soils, water, air,
and sediments in the environment around the IRS-treated hous-
es and to understand the fate and transport of DDT in this local
environment. In Brazil, only a few studies are available with
DDT measurements in multiple media (soils and sediments) in
areas with a history of IRS. However, usually only one data
point is given at a single location (Torres et al. 2002), or mul-
tiple data points are available for only one time point (Saldanha
etal. 2010) or for time points that are too close to observe trends
in DDX concentrations and the effects of changes in emissions
on environmental concentrations (Vieira et al. 2001). This
scarce information results in an incomplete understanding of
the fate and transport of DDT used in IRS for malaria vector
control in rural communities in Brazil. In Puruzinho, only one
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study assessing DDX contamination was carried out in 2005,
which found DDX residues in soils, sediments, and fish
(Saldanha et al. 2010). Therefore, here, we develop a novel
multimedia model for the Puruzinho environment and combine
it with additional DDX measurements to gain insight into the
pathways that have led to DDT accumulation in different envi-
ronmental media in Puruzinho and have potentially contributed
to high DDT levels in humans.

Although several multimedia models have been developed
to describe the fate of persistent organic pollutants in lakes and
lagoons (Hollander et al. 2006; Sommerfreund et al. 2010;
Whelan 2013), most of these models describe temperate envi-
ronments and are at steady state. Those that are dynamic ne-
glect the seasonality of the hydrological cycle (Wania et al.
2006; Xia et al. 2011) or do not explicitly model the water
body involved in flooding (Camenzuli et al. 2012). We devel-
oped a dynamic multimedia environmental model that in-
cludes floodplain and water compartments whose volumes
change continuously throughout the year. The goal of this
model is to capture the highly variable environmental condi-
tions, particularly rainfall and dramatic changes in water
levels, that characterize tropical floodplain lakes and to assess
their effects on the distribution and mobilization of DDT and
its metabolites. The model describes the degradation of DDT
into DDE (dichlorodiphenyldichloroethylene) and DDD
(dichlorodiphenyldichloroethane) and tracks the fate of these
transformation products. We measured DDX concentrations
in soil samples collected in 2005, 2011, and 2014 and sedi-
ment samples from 2011 to 2012 and compared them to model
predictions. By coupling the multimedia environmental model
with field measurements, our aim is to describe DDT accumu-
lation in different media and identify the most important pro-
cesses governing the fate and transport of DDX. This work
will also add to a small but growing body of literature that
seeks to improve our understanding of the fate and transport of
persistent organic pollutants in tropical ecosystems.

Methods
Study site

Puruzinho is a remote, rural village located in the municipality
of Humaitd, in the southern part of the State of Amazonas,
Brazil. The area of study is around 8 km long and is inhabited
by 170 people living in 20 houses scattered around a lake of
approximately 3.5 km?. Lake Puruzinho is fed by three black-
water tributaries; outflow from the lake goes through a small
channel to the Madeira River, a primary tributary of the
Amazon River. A map of the site is presented in the
Supplementary Material (SM), Fig. S1.

As a result of precipitation and interactions with the
Madeira River, the water level of Lake Puruzinho varies from
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1 m during low water season (June to October) to 12 m during
high water season (December to May) (Almeida 2006;
Azevedo e Silva 2011). As water levels rise, a floodplain area,
consisting of bare soil and low-lying forest, floods. The hous-
es are located on upland (“terra-firme”) soils that are rarely
inundated. Lake Puruzinho behaves like a lentic aquatic sys-
tem during extreme low and high water events and like a lotic
system during the transition periods (Saldanha et al. 2010).

Model setup and parameterization
Environmental description

A dynamic multimedia environmental fate model was de-
veloped based on the fugacity approach (Mackay 2001).
The Puruzinho environment was characterized using six
well-mixed compartments: air, water, sediment, flooded
floodplain soil, aerated (non-flooded) floodplain soil,
and upland terra-firme soil. Chemicals are transported
across the compartments through intermedia exchange
processes and are lost within each compartment as a result
of advective processes and degradation, as depicted in
Fig. 1. Intermedia transfer processes and advective re-
moval processes are described by mass transfer coeffi-
cients, while degradation processes are described by
first-order rate constants. Time-dependent mass balances
for each compartment were solved through numerical in-
tegration to take into account variability in environmental
input parameters and DDT emissions through time. Lake
Puruzinho is a floodplain lake whose water levels change
dramatically throughout the year, which affects pesticide
transport processes such as runoff and aerosol deposition,
and results in a dynamic floodplain whose area and com-
position changes seasonally. Thus, in the model, the
floodplain was characterized as two compartments: a
flooded floodplain whose area increases as water levels
rise and an aerated floodplain whose area increases as
water levels fall. It was assumed that, when aerated, the
floodplain behaves like a soil compartment and, when

flooded, like a sediment compartment. Details on the
mathematical description of all processes and mass bal-
ances are found in SM section S2.4.

Model input parameters describing the environment, mass
transfer processes, and chemical loss processes included
values measured or calculated specifically for Puruzinho
whenever possible or default values sourced from literature
otherwise. Values for all parameters are given in Table S4. It
was assumed that runoff from the terra-firme soil went directly
to the water compartment, bypassing the floodplain
(Camenzuli et al. 2012). The organic carbon content of the
entire floodplain was estimated to be between that of the
terra-firme soil and that of the sediment. We measured the
concentration of organic carbon in soil and sediment as well
as the water level of the lake (see “Field measurements” sec-
tion). An average of water level measurements from October
2011 to June 2013 was used in the model for the time during
which data were not available. The concentration of
suspended particles in water was available from a previous
study carried out in the dry season (Almeida 2006). Seasonal
changes in turbidity in floodplain lakes in the Brazilian
Amazon have been attributed to changes in suspended solids
concentrations (Alcéntara et al. 2010; Moreira-Turcq et al.
2004). High turbidity during low and decreasing water levels
is attributed to a higher influence of the wind on sediment re-
suspension and to bioturbation. As water levels rise, particle
settling is less disrupted and turbidity decreases. We correlated
turbidity measurements (transparency using a Secchi disk)
from Puruzinho in the wet and dry seasons to the concentra-
tion of suspended solids in order to represent this seasonal
variability. The atmospheric aerosol load in the Brazilian
Amazon also depends on the season. Higher aerosol concen-
trations are observed in the dry season as a result of lower
precipitation and biomass burning (Artaxo et al. 1998). As
Puruzinho is a remote site in Southern Amazonas, close to
the border with the state of Ronddnia, aerosol concentrations
measured in the wet and dry season in the Jaru Biological
Reserve in Rondonia were used in the model (Artaxo et al.
2002). We used 10-day average rainfall data and monthly
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average wind speed and direction data available from 1940 to
1990 for Humaita, the nearest large settlement (located ap-
proximately 13 km away from lake Puruzinho) (INMET
2012). Daily, intermittent rainfall was simulated by distribut-
ing the 10-day averages based on the rain pattern in 2009 in
Humaita, for which daily resolved data were available
(INMET 2015). The median monthly temperature in all sta-
tions in the state of Amazonas monitored by the Brazilian
Meteorological Services from 1961 to 1990 was 25.6 °C,
ranging from 24 to 28.5 °C (INMET 2012). A constant tem-
perature of 25 °C was used in the model.

The lake dimensions at minimum water level and the width
of the terra-firme soil were based on a map created from NASA
Landsat Images for the dry season by the Program for the
Estimation of Deforestation in the Brazilian Amazon
(Fig. S1). These parameters were combined with water level
measurements and local observations regarding the lake geo-
morphology to define the areas of the floodplain that were
aerated and flooded and the changing volume of the lake
(SM section S2.1). The volumes of the sediment and terra-
firme soil remained constant throughout the model run. Since
discharge data were not available for the tributaries feeding
lake Puruzinho, the water advection was calculated based on
the changes in the water volume, which were characterized by
a filling period, when the lake volume increases and there is no
advection out of the lake, and an emptying period, when the
lake volume decreases and advection out of the lake occurs.

Emissions

Concentrations of DDT in background (remote and rural) sites
in Brazil are generally low, as evidenced by monitoring cam-
paigns that yield air concentrations ranging from 0.001 to
10 pg/m* (Bogdal 2012; Bogdal et al. 2013; Meire et al.
2012; Pozo et al. 2008). Therefore, it was assumed that back-
ground DDT inputs into the study site were negligible com-
pared to inputs through in situ emissions from IRS. In
Puruzinho, DDT was only used for malaria vector control
(Azeredo 2007). Since the Campaign for the Eradication of
Malaria began in 1965 (Loiola et al. 2002) and the earliest data
available on DDT production and imports in Brazil were from
1959 to 1962 (Almeida et al. 2007; Barra et al. 2006; GEF
2006), we assumed that starting in 1960, 2 g/m? of active
ingredient were applied to the inside walls of the houses twice
per year, as recommended by the WHO (WHO 2013). The
houses in Puruzinho have a wooden structure, with spaces
between the floor boards, which can result in direct contami-
nation of the soil (Azeredo 2007; Loiola et al. 2002). It was
assumed that when DDT was sprayed, 10 % of the emissions
occurred into the soil and the rest remained on the walls, based
on a WHO generic model for exposure during IRS (WHO
2011). DDT was then continuously released from the walls
into the air until the next application. In 1992, use of DDT
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for vector control was restricted to leishmaniasis (Azeredo
et al. 2008). Although the final ban of DDT use, production,
commercialization, and import occurred in 2009 (Ferreira
et al. 2011), DDT use for vector control was prohibited in
Brazil between 1997 and 1998 (Almeida et al. 2007; Ferreira
et al. 2011; GEF 2006). Thus, in our baseline scenario, we
assume that IRS in Puruzinho ceases after 1998.

There is substantial uncertainty regarding the possibility of
continued use after 1998. Therefore, we created two additional
scenarios to investigate possible DDT re-emissions after a
peak in malaria incidence in the Amazon in 2005, with most
cases occurring in rural communities and indigenous areas in
the state of Amazonas (Oliveira-Ferreira et al. 2010; SVS
2013). The first re-emissions scenario assumes that DDT is
applied in the same manner as it was used for IRS (90 % of the
emissions occur into the air and 10 % into the soil). The
second re-emission scenario assumes greater inputs into the
soil as a result of potential spraying of DDT on the outside
walls to control leishmaniasis (Vieira et al. 2001) and direct
application of DDT on the soil to control termites (Kenneth
2003; Su et al. 1999). In this scenario, it was assumed that
90 % of the emissions occurred into the soil and 10 % into the
air. This is a default value used in the Netherlands for regis-
tration of pesticides that are sprayed on crops in the soil
(Linders et al. 2000), and its use has resulted in good agree-
ment between multimedia model results and measured data
(Becker et al. 2011; Linders et al. 2000; Schenker et al. 2008).

To capture the history of DDT use for IRS in Puruzinho,
and the fate of DDT and its metabolites in the post-ban era, all
model scenarios were run from 1960 to 2014.

Chemical properties

Our model tracks the p,p’-isomer of DDT, which constitutes
75 % of the active ingredient, and its degradation products:
p,p"-DDE and p,p'-DDD. Partition coefficients for p,p'-DDT
and its metabolites and their degradation half-lives (¢, ;) in soil
were obtained from Schenker et al. (2008). Studies on DDT
dissipation in the water under tropical conditions show that
degradation can be faster (Zayed et al. 1994a, b) or slower
(Hussain et al. 1994a; Hussain et al. 1994b) in water than in
the soil. A biodegradability assessment of grab sample data
from chemicals in the BIODEG and CHEMFATE databases
also found inconclusive evidence about the relationship be-
tween aerobic degradation rates in freshwater and surface soils
and therefore suggests that when no chemical-specific infor-
mation is available, no assumption can be made as to whether
degradation in water is faster or slower than in soil (Boethling
et al. 1995). Hence, in the model, it was assumed that the
degradation rate of DDT and its metabolites in the water was
the same as in the terra-firme soil. In sediments, only scarce
measurements spanning large ranges (from 6 months to
21 years) are available for DDT degradation (Kuo-Ching Ma
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et al. 20006), and none is available for DDE and DDD. In
tropical and subtropical environments, enhanced degradation
of DDT has been observed in flooded soils and in soils with
alternating aerobic-anaerobic conditions, when compared to
unflooded soils (Foght et al. 2001; Kenneth 2003; Lawrence
Boul 1996; Wang et al. 2007). Based on these studies, we
assumed that the degradation of DDT and its transformation
products in the sediment was six times faster than in the terra-
firme soil (see SM section S2.3 for details). We also assumed
that the degradation half-lives in the flooded floodplain were
the same as in the sediments, and the degradation half-lives in
the aerated floodplain were the same as in the terra-firme soil.
Degradation half-lives in the air were estimated using the
AOPWin Program from Epi Suite v. 4.11 (USEPA 2014) for
reaction with OH radicals and annual zonal average OH rad-
ical concentrations for 5°S from Bahm and Khalil (2004).
Degradation half-lives and partition coefficients for p,p'-
DDT, p,p"-DDE, and p,p’-DDD are given in Table S3.

DDT degradation into DDE and DDD in the different com-
partments was described in terms of fractions of formation
(Fenner et al. 2000). It was assumed that the isomeric structure
was conserved during degradation (Nowell 1999). DDT is
primarily biotransformed by reductive dechlorination into
DDD under anaerobic conditions and to DDE by dehydro-
chlorination under aerobic conditions (Aislabie et al. 1997,
Eggen and Majcherczyk 2006; Foght et al. 2001; Pereira
et al. 1996; Ricking and Schwarzbauer 2012). In addition,
4C-DDT dissipation studies in tropical and subtropical soils
have found that under field and laboratory conditions, DDE is
the main product formed in non-flooded soils exposed to light
(Hussain et al. 1994c; Kadir 1988; Lalah et al. 1994; Sjoeib
etal. 1994; Stephens et al. 1994; Tayaputch 1988; Zayed et al.
1994b), while DDD is the main metabolite formed under
flooded conditions (Lawrence Boul 1996; Samuel and Pillai
1988; Xu et al. 1994). Therefore, we assume that under aero-
bic conditions, DDT degrades into 70 % DDE and 30 %
DDD, while under anaerobic conditions, DDT degrades into
30 % DDE and 70 % DDD. In the model, the terra-firme soils
are always aerobic, while sediments and flooded floodplain
soils alternate between aerobic and anaerobic states. The onset
of aerobic and anaerobic conditions in sediments and flooded
floodplains was determined based on dissolved oxygen mea-
surements in the water column available from previous mea-
surement campaigns (Almeida 2006; Azevedo e Silva 2011).
In the air, we assumed that 90 % of the DDT degrades into
DDE and the rest is mineralized, following Schenker et al.
(2007).

Sensitivity and uncertainty analysis
A preliminary one-factor-at-a-time sensitivity analysis was

carried out to identify the input parameters with the greatest
influence on the model results, so that efforts could then be

directed toward quantifying these parameters and their uncer-
tainties, as suggested by Buser et al. (2012). Each input pa-
rameter was varied by 10 %, while all other parameters
remained constant. Sensitivity factors were calculated as the
changes in output concentrations divided by the change in the
value of input parameters.

Based on the sensitivity analysis, all parameters with a
sensitivity factor greater than 0.5 were chosen for further prob-
abilistic uncertainty analysis. Monte Carlo simulations were
performed to quantify the uncertainty in the concentrations of
DDX in all media arising from the uncertainty of the selected
input parameters. 1000 Monte Carlo simulations were carried
out, and it was assumed that uncertainties in input parameters
were uncorrelated. Details on the uncertainty distributions
used in the simulations can be found in Table S7. The param-
eters with the greatest contribution to the output variance were
identified using Spearman’s rank correlations (MacLeod et al.
2002; Schenker et al. 2009).

Field measurements
Water level measurements

The water levels of Lake Puruzinho were measured from
October 2011 to June 2013 using a series of aluminum rulers
(1 m height) mounted vertically on wooden boards and placed
in the lake during the dry season. Twelve additional rulers
were installed at one meter intervals along a cross-sectional
transect of the lake.

Soil and sediment analysis

Surface soil samples collected in 2011 (#=7) and 2014 (n=8),
and surface sediment samples collected in 2011 (n=6) and
2012 (n=2) were analyzed for p,p'-/o,p’-DDT and their main
metabolites p,p’-/o,p’-DDE, and p,p'-/o,p'-DDD. Soil samples
obtained from a previous measurement campaign in 2005 (n=
7, Saldanha et al. 2010) were also analyzed. Soil samples were
collected next to the oldest houses in Puruzinho and from
forested areas near the houses. Two of the 2011 sediment
samples were collected from the flooded floodplain next to
forested area and one sediment sample was collected from
the center of the lake. The remaining sediment samples were
collected from the flooded floodplain at the edge of the lake
closest to the houses where the soil samples were taken. The
total organic carbon content (TOC) of soil and sediment sam-
ples was measured with a TOC analyzer equipped with a solid
sample combustion unit.

2011 soil and sediment samples were analyzed in the lab-
oratories at the Federal University of Rio de Janeiro. Samples
were Soxhlet extracted, desulfurized, and cleaned up with
Florisil chromatography. An internal standard (2,4,5,6-
tetrachloro-m-xylene) was added to the purified extracts and
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target analytes were detected and quantified by gas chroma-
tography with an electron capture detector.

Soil and sediment samples from 2005, 2012, and 2014 were
prepared and analyzed in the laboratories at ETH Zurich, fol-
lowing the procedure of Bogdal et al. (2008). In brief, samples
were spiked with isotope-labeled '>Cy,-p,p'-DDT as internal
standard, Soxhlet extracted and cleaned up with silica gel chro-
matography. '*C-hexachlorobenzene was added to the purified
extracts as a recovery standard and samples were analyzed for
DDX by gas chromatography coupled to electron ionization
high-resolution mass spectrometry. Additional details on sam-
ple analysis are given in SM section S1.

Statistically significant differences between DDX concen-
trations in soils from different years were confirmed with the
Wilcoxon rank-sum test, a non-parametric test deemed more
suitable for the sample size. It was not possible to apply this
test for sediments, as only a few measurements were available.
The results from all soil and sediment measurements are re-
ported on a dry weight (dw) basis.

Results and discussion

For convenience, the following conventions are used: DDX
refers to the sum of all isomers of DDT, DDE, and DDD;
p,p'-DDX refers to the sum of p,p’-DDT and its main metab-
olites p,p’-DDE, and p,p’-DDD; DDT refers to the sum of
p.,p'- and 0,p’-DDT; DDE refers to the sum of p,p'- and
0,p"-DDE; and DDD refers to the sum of p,p'- and o,p’-DDD.

Model (baseline scenario)
DDX distribution in the environment

Long-term trend of DDX The fate and transport of DDX in
Puruzinho is highly dependent on the total amount of DDT that
reaches the outdoor environment and the environmental media
into which DDT is emitted. Concentrations of p,p’-DDX in all
compartments follow the emissions trend (2 g DDT/m” of
indoor wall surface were applied from 1960 to 1998 and no
emissions occurred after 1998) throughout the model run
(Fig. 2). The concentration of p,p’-DDX increases rapidly after
the first DDT application. Steady state is reached within a few
days in the air and water and after 2 years in sediments, 3 years
in floodplain soils, and 15 years in the terra-firme soil. Once
steady state is reached and while emissions remain constant,
the concentrations of p,p’-DDX in all compartments oscillate
seasonally around a constant value. When emissions cease,
p,p'-DDX concentrations in all compartments decrease, with
the slowest response in the terra-firme soil.

Partitioning and distribution of DDT Even though most of
the p,p'-DDT was assumed to be emitted into the air, the
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Fig. 2 Median p,p'-DDT concentrations in the model compartments
(lines) throughout the model run from 1960-2014 and median
measured concentrations in the soils (circles) and sediments (squares).
The uncertainty bands of the model results show the 95 % confidence
intervals, while whiskers show the range in the measurements. 2005
forest soil data is from Saldanha et al. (2010), and its lower whisker
represents the LOD. Concentrations in flooded and aerated floodplains
were similar, so only the flooded floodplain is shown

model predicts the highest amounts of p,p’-DDT in soil and
sediment throughout the modeled time span. When steady
state is reached in all compartments, before the ban, 73 % of
the p,p’-DDT is in the terra-firme soil and 23 % in the sedi-
ment. Two years after the ban, the terra-firme soil remains the
main repository of p,p'-DDT, with 97 % of the DDT mass,
followed by the sediments with 1.4 % of the mass. p,p’-DDT
has a very high octanol-water partition coefficient (K=
104", resulting in a preferential partitioning into the organic
carbon in soil and sediment solids. The organic content of
soils in Puruzinho is twice as high as that of sediments; hence,
higher accumulation occurs in the soil. In addition, 10 % of the
emissions occur directly into the soil, while p,p’-DDT can only
be transported to the sediments indirectly through the settling
of suspended particles from the water column and to a lesser
extent by diffusion from the water into sediment pore water.
Much less p,p’-DDT accumulates in the air and the water
compared to the soil and sediment, as p,p’-DDT in these com-
partments is mainly associated with particles (suspended
solids in water and aerosols in air), which constitute only a
small fraction of the bulk compartment volumes and which are
ultimately deposited to the soil and sediments. Furthermore,
p,p'-DDT degradation occurs much faster in air (¢, ,=1.4 days)
and sediments (#;,=171 days) than in soil (t,,=1025 days).
We also tested the assumption that 100 % of the DDT
applied to the walls is released into the air. Under this
assumption, DDT still accumulates to a much larger ex-
tent in the terra-firme soil and sediment than in the air and
water compartment. However, DDX concentrations in
soils and sediments before the ban are nearly equal under
this scenario (Fig S4). While no data are available in
Puruzinho pre-ban, in other rural communities in Brazil,
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DDX concentrations in outdoor soils were 1-3 orders of
magnitude higher than those in sediments while emissions
were potentially ongoing (Torres et al. 2009; Torres et al.
2002). This is in much better agreement with our original
assumption that 10 % of the sprayed DDT goes into the
soil. Hence, the following discussion will refer to the sce-
nario with 90 % emissions from sprayed walls to air and
10 % emissions into the soil.

Seasonal patterns of DDT The volume of Lake Puruzinho
changes continuously throughout the year, driven by regional
rainfall. The p,p’-DDT mass in the air, water, aerated flood-
plain soil, and flooded floodplain soil follows a cyclic season-
al pattern in response to these dynamics (Fig S5). Inputs of
p,p'-DDT into the water increase with increasing rainfall and
water levels, as a larger volume and surface area of water can
interact with the air and the flooded floodplain, and thus more
p,p'-DDT can be transferred between these compartments. In
addition, wet gaseous and aerosol deposition from the air to
the surface media and soil runoff also increase with rainfall,
increasing p,p'-DDT inputs into the water and outputs from
the air compartment. As water levels rise, the area of the
flooded floodplain increases while the area of the aerated
floodplain shrinks, so the mass of DDT in the flooded flood-
plain increases. The opposite occurs as water levels decrease.
Nonetheless, the cyclical pattern of the p,p’-DDT mass is
dampened in the media with the highest p,p’-DDT accumula-
tion, given that p,p’-DDT is less mobile in the terra-firme soil
and in the sediment due to its high affinity for the organic
carbon in the solids. In comparison to the sediment, concen-
trations in the soil vary less as p,p’-DDT is constantly emitted
into this compartment from 1960 to 1998, and it has a longer
degradation half-life in the soil.

Input and loss processes of p,p’-DDT In addition to
exhibiting seasonal variability (represented by ranges in the
following discussion), fluxes in and out of each compartment
also had different contributions pre- and post-ban. Before the
ban, the main inputs (>98 %) of p,p’-DDT into the soil and air
compartments were from direct emissions. Deposition from
the air was the main source of DDT in the water column
(45-85 % of inputs) and the aerated floodplain (nearly
100 % of inputs). DDT was transported to the sediments and
flooded floodplain primarily through deposition of suspended
particles from the water column, accounting for 83-94 % of
inputs. In pre-ban years, advection with wind and deposition
are the main loss processes in the air (accounting for 50-87
and 12-50 % of losses, respectively), suspended particle de-
position is the main loss process in the water (80 % of losses),
and degradation is the main loss process in the terra-firme soil
(95-97.5 % of losses), aerated floodplain (95-97.5 % of
losses), and sediment (6379 % of losses). Diffusion from
the water and degradation alternate as the main loss process

in the flooded floodplain, accounting for 71 and 99 % of
losses, respectively.

When emissions change, the contributions of input and loss
processes to the mass in some compartments also change. As a
result, after the ban, there is a transition period during which
the mass of p,p’-DDT in each compartment decreases at a
different rate, after which concentrations in all compartments
decrease at the same rate. The fastest post-ban decrease occurs
in the air compartment, as direct p,p’-DDT emissions into this
compartment stop and instead diffusion of p,p"-DDT from the
terra-firme soil becomes the main source of p,p’-DDT to the
air, accounting for 58-98 % of all inputs. After the ban, the
main losses of p,p"-DDT in the water and air compartments are
still driven by advection and deposition, but the magnitude
decreases very sharply in the air compartment and more grad-
ually in the water. Even though much less p,p’-DDT is trans-
ferred to the water through deposition from the air post-ban
(35 % of all inputs 3 years post-ban), DDT inputs into the
water still occur through re-suspension and diffusion from
sediments (accounting for 60-95 % of all inputs 3 years
post-ban), so the mass of DDT in the water does not drop as
abruptly as in the air. Afterwards, runoff from the terra-firme
soil becomes the main source of p,p’-DDT into the water com-
partment, representing 50-80 % of yearly inputs. In the sedi-
ments and flooded floodplain, the relative contribution of
most loss and input processes to the overall mass of
p,p"-DDT remains the same as before the ban, but the magni-
tude of all fluxes decreases gradually, at a similar rate as the
water, the main source of p,p’-DDT for these compartments.
The only pre- and post-ban difference in fluxes to and from the
sediment is that losses through degradation slightly exceed
p,p'-DDT inputs from suspended solids in the water in the
transition period, while before and after this period, these
fluxes are similar. In the terra-firme soil, deposition from the
air becomes the main source of p,p’-DDT after the ban, as it is
for the aerated floodplain throughout the model run.
Degradation is still the main loss process in the terra-firme
soil and aerated floodplain post-ban, accounting for 95—
98 % of all losses, and runoff accounts for most of the remain-
ing losses. Approximately 6 years after the ban, concentra-
tions in all compartments decrease at the same rate, which is
dictated by the main loss process (degradation) in the terra-
firme soil, as secondary emissions from this compartment are
the main source of DDT for the remaining compartments.

Environmental fate of DDT metabolites p,p-DDE and p,p'-
DDD have similar physico-chemical properties and thus ex-
hibit a similar partitioning behavior in the environment as
their parent compound (Fig. S6). Sediments and soils also
represent long-term repositories for these metabolites. The
same patterns hold here as were discussed for DDT, only
the magnitude of chemical concentrations in the different
compartments changes.
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Sensitivity and uncertainty analysis

The sensitivity of model outputs to emissions to air and soil
was evaluated through scenario testing (as described in the
“Environmental description” section). Sensitivity to the re-
maining model inputs was evaluated using Spearman’s rank
correlation coefficients (). The absolute value of  for a spe-
cific parameter is the magnitude of the influence of this pa-
rameter on the model output (Schenker et al. 2009; MacLeod
et al. 2002), while the sign indicates whether an increase in an
input value leads to an increase (+) or decrease (—) in an output
value. In sediments, terra-firme soils, and floodplain soils,
p,p'-DDX concentrations are sensitive to similar parameters
throughout each year. In the air compartment, the influence of
some parameters on p,p’-DDX concentrations varies season-
ally. In all compartments, differences in model output sensi-
tivity to specific inputs arise between pre- and post-ban years.
Overall, the most influential model inputs were the degrada-
tion half-lives in soils and sediments, whose importance gen-
erally increased as time progressed, the air-water and octantol-
air partition coefficients, and the fractions of formations of
DDE and DDD.

The five most influential parameters pre- and post-ban
are displayed in Fig. 3 for the sediments. We here show
the sediments because DDT inputs into this compartment
are influenced by interactions between the air, water, and
soil (see “DDX distribution in the environment”). The

results of the sensitivity analysis for the other compart-
ments are described in SM section S3.3. Before the ban,
the degradation half-life in the sediment is the parameter
with the highest rank correlation (negative) to concentra-
tions of all compounds in the sediments. K, also has a
moderate (positive) contribution to the variance of DDT
concentrations in the sediment, while sediment burial (—r)
and the fractions of formation (+7) have a moderate con-
tribution to the variance of DDE and DDD in the sedi-
ments. After the ban, although the magnitude of its rank
correlation coefficient decreases, the degradation half-life
in the sediment still has the highest contribution to the
variance of DDE and DDD concentrations in the sedi-
ments, followed closely by the degradation half-life in
the terra-firme soil. The degradation half-life in the
terra-firme soil becomes the most influential parameter
for DDT concentrations in sediments, followed by the
degradation in the sediments in post-ban years (both with
negative correlations).

The most influential parameters identified through the sen-
sitivity analysis were also the parameters with the highest
uncertainty (see Table S7). As shown in Fig. 2 for p,p’-DDT
and Fig S6 for p,p"-DDE and p,p'-DDD, the uncertainty range
of the model predictions increases with time, particularly after
DDT was phased out, when highly uncertain parameters asso-
ciated with degradation have the largest contributions to the
variance of DDX concentrations.

a p,p-DDT p,p-DDE p,p-DDD
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Fig. 3 Spearman’s rank correlation coefficients (r) for the five parameters with the largest contribution to variance to p,p’-DDT concentrations in the
sediment 7 years before (a) and after (b) the ban on DDT use for IRS in Brazil
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Measurements
Total DDX concentrations

Soil The DDX content of 2005 soil samples (mean=10, me-
dian=6.8 ng/g dw) measured in this study agrees with con-
centrations measured in the same samples in a previous study
(mean=16, median=2.1 ng/g dw) (Saldanha et al. 2010; n=
10), although the studies relied on different analytical
methods. Total DDX concentrations in 2005 and 2011 house
soil samples are substantially higher than concentrations mea-
sured in forest soils (n=10) in 2005 (Saldanha et al. 2010) and
2011 (this study). This difference is larger for 2011 samples.
The low levels of total DDX in background forest soils in both
studies supports the assumption that DDT inputs into the
Puruzinho environment are from local sources. p,p’-DDX
concentrations measured in 2005 house soil samples were
significantly lower than those found in 2011 house soil sam-
ples (»<0.05, see Table S8 for results of all Wilcoxon rank-
sum tests). The p,p’-DDT and p,p’-DDD content of 2005
house soils was also significantly lower from that of 2014
house soil samples. The median of DDX concentrations mea-
sured in 2011 and 2014 is three orders of magnitude larger
than those measured in 2005 and the maximum concentrations
measured are 3—4 orders of magnitude larger. The highest
concentrations measured in 2005 samples are within the lower
range of those measured in 2011 and 2014. p,p’-DDX concen-
trations were not significantly different in 2011 and 2014 sam-
ples. These findings are unusual for samples taken in a post-
ban era.

Sediment Among sediments collected in 2011, the highest
concentrations of total DDX are found in sediments collected
from the flooded floodplain next to the houses (hereafter re-
ferred to as floodplain sediments). Total DDX concentrations
in sediments collected from the flooded floodplain next to the
forested area (forest sediments) and in a sample from the lake
center are similar and one order of magnitude lower than those
in the floodplain sediments. Based on the few sediment sam-
ples available, we can observe that total DDX concentrations
in sediments in 2011 and 2012 are within the same range. A
temporal trend could not reasonably be established, as no sed-
iment samples were available from 2005 and only two were
available from 2012.

Soil vs. sediments p,p’-DDX concentrations measured in
2011 sediments were significantly lower than those found in
2011 house soil samples. 2011 sediment samples also
contained significantly lower concentrations of p,p’-DDT
and p,p’-DDD than 2014 soil samples. Overall concentrations
of DDT and its metabolites in terra-firme soil samples from
2011 (median 660 ng/g dw) and 2014 (median 403 ng/g dw)
are higher than those found in floodplain sediment samples

collected next to the houses from 2011 (median 15 ng/g dw)
and 2012 (median 13 ng/g dw). In contrast, similar total DDX
concentrations were found in floodplain sediments collected
next to the forested area and in forest soils samples in 2011.
No DDT use was reported in forest soil, which suggests that
DDT is mobilized through the air and runoff from the soil
surrounding the IRS-treated dwellings to the forest soils and
sediments.

Variability in DDX concentrations For all compounds ana-
lyzed, concentrations in soil and sediment samples span
ranges of up to three orders of magnitude (Figs. 2 and S6).
Large variability in soil samples has also been observed in
other tropical rural areas with a similar history of IRS as
Puruzinho and has been attributed to spatial variability in soil
properties (Herrera-Portugal et al. 2005; Martinez-Salinas
et al. 2011; Martinez et al. 2012; Pérez-Maldonado et al.
2010; Van Dyk et al. 2010; Yanez et al. 2002). In two rural
villages in Brazil, a spatial gradient in total DDX concentra-
tions in soil samples was observed, with decreasing concen-
trations with increasing distance from the IRS-treated dwell-
ings. The lowest sum DDX concentrations (1-2 orders of
magnitude lower than those in soil samples collected next to
houses) were found in sediments from the closest river (Torres
et al. 2002; Vieira et al. 2001) and in house soil samples with
low organic matter content (Vieira et al. 2001). In Puruzinho,
all of the soil samples were taken next to the sprayed houses
and the TOC of the samples ranged from 1 to 7 % (dry
weight), but no correlation was found between the TOC and
the concentration of total DDX found in the samples.
Although based on a small number of samples, a spatial gra-
dient is also observed in the 2011 Puruzinho sediment sam-
ples, in which higher DDX concentrations are detected in
floodplain sediments collected closer to the houses than in
forest sediments and in a mid-lake sediment sample.

Metabolite pattern

Relative amounts of DDT and its transformation products can
give some insight into the source and freshness of DDT inputs
into environmental media. Low DDE/DDT ratios (smaller
than 0.5) can indicate that recent DDT was recently applied,
meaning less time was available for DDT degradation, or that
the DDT degradation is very slow (Harner et al. 1999). On the
other hand, high ratios are associated with aged DDT residues
that have been degraded (Harner et al. 1999; Qiu et al. 2004;
Zhang et al. 2002). Thus, increasing DDE/DDT ratios through
time could mean that degradation is taking place and no new
inputs have occurred, if the total amount of DDX remains the
same, or that new inputs of DDE have occurred, if the total
amount of DDX also increases. A higher percentage of DDD
than DDE in samples is usually an indicator that anaerobic
degradation is the dominant degradation pathway (Foght
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etal. 2001; Ge et al. 2013; Lawrence Boul 1996; Vieira et al.
2001; Zhang et al. 2002). However, care must be taken when
interpreting the relative amounts of DDX, particularly when
comparing data from different locations, as the rate of trans-
formation of DDT in the environment is influenced by envi-
ronmental properties such as the temperature, moisture, and
organic carbon content (Hitch and Day 1992, Vieira et al.
2001), and the relative amounts of metabolites can also de-
pend on mass transport processes.

House soils In 2005 house soil samples, with one excep-
tion, all DDE/DDT ratios were greater than 1. 2011 house
soils, on the other hand, total DDX contained 55-90 %
DDT, and hence had low DDE/DDT ratios (less than
0.7). Soil samples from 2014 contained even lower DDE/
DDT ratios (less than 0.4, except for 1 sample), with the
DDT content ranging from 68 to 97 % of total DDX in all
samples. The lower DDE/DDT ratios found in 2011 and
2014 samples compared to 2005, coupled with the high
amounts of DDT, suggest new inputs of DDT into the soil
around the houses after 2005. DDD is the compound found
in the smallest relative and absolute amounts in house soils,
constituting 610 % of the median total DDX. p,p"-DDE/
p,p'-DDT ratios were consistent with total DDE/DDT ratios
in soils and sediments, as the p,p’- isomers were the most
abundant.

Sediments Sediment samples collected in Puruzinho contain a
different metabolite pattern from soils. All floodplain sedi-
ment samples have a higher DDD content than soils (median
of 18 % compared to a median of 6 % in the soils), as expected
given that DDT is degraded to DDD under anaerobic condi-
tions. The DDD and DDT contents of Puruzinho sediments
were similar in 2011. However, in 2012, the percentage of
DDD decreased from a median of 24 to 10 %, while that of
DDT increased from a median of 25 to 36 %, once again
suggesting new inputs of DDT. This would be supported if
the total amount of DDX in the sediments also increased.
However, this is difficult to ascertain based on only two sed-
iment samples available from 2012. Nonetheless, p,p'-DDE
was the most abundant compound measured in most sediment
samples (except in forest sediments) through all years, ac-
counting for approximately 50 % of the DDX content, with
2-3 times higher concentrations than p,p’-DDD. This is con-
trary to the findings of Vieira et al. (2001), who found ten
times lower p,p’-DDE concentrations compared to p,p'-
DDD in stream sediments collected in 1997 in the vicinity
of rural houses that had been sprayed from 1960 to 1990 for
leishmaniasis control. p,p’-DDD was also the most abundant
metabolite found in sediments from lake Sibaya, in
KwaZulu-Natal, South Africa, which is located next to vil-
lages with a history of IRS spraying from 1950 until the
present (Humphries 2013).
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The low percentage of DDD measured in the Puruzinho
sediments could be caused by the variable flooding patterns
of the floodplain soils. As explained in the “Soil and sediment
analysis” section, most of the sediment samples were taken
from the flooded floodplain. The floodplain soils alternate
between flooded and unflooded stages, depending on the wa-
ter level of the lake. The onset of anoxic conditions in the
water column above flooded floodplain soils and bottom lake
sediments is also influenced by the water level. Thus, anaero-
bic conditions that favor the formation of DDD are not per-
manently maintained on the flooded floodplain and in lake
sediments. Another explanation for the high content of DDE
compared to DDD in sediments could be that most of the DDE
that ultimately accumulates in the floodplain originates from
the terra-firme soil, which is in agreement with our model
predictions. This has been observed in several other studies
on DDX in tropical sediments in a post-ban era. Zhang et al.
(2002) reported an increasing amount of total DDX and of the
DDE/DDT ratio in sediment cores from the Pearl River Delta,
in Southern China, in the 1990s, even though DDT production
was banned in 1983. The authors attribute this increase to
inputs originating mainly from weathered DDT residues in
soil, rather than from recently applied DDT, which would
contain a lower concentration of metabolites. Sediments
enriched in DDE compared to DDD have also been found in
other locations where DDT has been banned for decades, such
as in the San Joaquin River in California (Pereira et al. 1996),
in Mississippi Delta profiles (Santschi et al. 2001), and in
North African wetland profiles (Peters et al. 2001). Finally,
it should be noted that in the analysis of 2011 samples from
Puruzinho, dieldrin coeluted with DDE in the gas spectrome-
ter, so it is possible that DDE concentrations in 2011 are
overestimates.

Forest soils The metabolite profile in the 2011 forest soils was
between that found in house soils and sediments in 2011: the
DDD content (6 %) was similar to that of house soils, while
the DDE content (53 %) was similar to that of sediments, and
the DDT content (41 %) was lower than in house soils, but
higher than in sediments. Forest soil samples collected in
Puruzinho in 2005 (Saldanha et al. 2010) contained a higher
mean and median DDE/DDT ratio (4.4 and 6.9, respectively)
than the 2011 forest soil samples that we analyzed (DDE/
DDT=1.3). These differences again point toward new DDT
emissions into the forest soils in 2011.

Model versus measurements

The model results for the baseline scenario agree with DDX
levels measured in house soil samples from 2005. Most of the
2005 house soil data fall within the uncertainty range of the
model predictions for the terra-firme soil, as shown in Fig. 2
(for p,p'-DDT) and Fig. S6 (for the remaining compounds).



Environ Sci Pollut Res (2016) 23:10317-10334

10327

The medians from 1000 Monte Carlo runs for p,p’-DDT and
p,p'-DDE are in close agreement with the geometric means of
measured concentrations in house soils, while the modeled
median p,p’-DDD is slightly higher than the geometric mean
of the measurements. This suggests that the processes and
assumptions used to describe the transport of DDT from the
house walls to the terra-firme soils and the formation of DDT
metabolites in the terra-firme soil were adequate. Also in
agreement with the measurements, the model shows a larger
concentration of DDX in terra-firme soils than in sediments.
However, two important differences can be observed between
model results for the baseline scenario and the measurements.
First, while the model predicts a continuous decrease in con-
centrations in all compartments after emissions cease, DDX
concentrations measured in Puruzinho house soils increase
from 2005 to 2014. For the sediments, not enough measure-
ments are available for a discernible time trend to compare to
the model, since samples are only available for 2011 and
2012. Nonetheless, the model results are nearly three orders
of magnitude lower than DDX concentrations measured in
sediment samples. Second, the model calculates increasing
p,p'-DDE/p,p’-DDT ratios during this time period, as expected
in aging residues in a post-ban scenario, while soil measure-
ments show a p,p’-DDE/p,p’-DDT ratio that decreases from
2005 to 2014.

These discrepancies between model results and
measurements point to a pattern of DDT use that is
different from the assumptions in the baseline scenario.
Saldanha et al. (2010) reported DDT use against termites
that damage the wooden houses of the Puruzinho com-
munity after the ban, but no further details regarding this
unofficial use were given. Unofficial DDT trade for
termiticidal purposes in local markets has also been ob-
served in other countries (van den Berg 2009). Several
studies have ascribed patterns in DDX concentrations in
environmental media that deviate from those expected in
a post-ban era to unauthorized usage or to undocumented
usage patterns in a pre-ban era. In their study of organ-
ochlorines in the air of Chiapas, Mexico, Alegria et al.
(2006) found p,p’-DDE/p,p'-DDT ratios that suggest p,p'-
DDX originating from a mixture of fresh and weathered
sources. The authors learned that DDT from leftover
stockpiles or illegal purchases had been used in agricul-
ture and that it was unclear whether DDT was being used
for vector control after an official ban. In addition, stud-
ies in rural areas with a history of IRS in Mexico
(Martinez-Salinas et al. 2011; Martinez et al. 2012) and
Central America (Pérez-Maldonado et al. 2010) have also
attributed the unexpected metabolite profiles found in
soil samples from a post-ban era to unauthorized use
(p,p'-DDE/ p,p'-DDT ratios much smaller than 1). In
Brazil, according to an inventory of DDT stocks carried
out by the Ministry of Environment (MMA 2015), the

DDT stock reported in the states of Amazonas and
Ronddnia by December 2012 was 2829 kg. However,
this amount probably only partially accounts for the
existing DDT stocks in these states, as several challenges
were faced while compiling the inventory, including the
scattered location of farms in this large region as well as
underreporting. Several of the public agencies that were
interviewed to obtain data did not have any information
regarding stocks, as holders of stocks are often reluctant
to declare them as they do not want to bear the clean-up
costs (MMA 2015). Furthermore, the isomeric composi-
tion of all soil and sediment samples collected at
Puruzinho (except for one 2011 forest sediment sample),
with the p,p’- isomer constituting 68 to 100 % of the
total DDT, suggests that the technical DDT formulation
used for IRS was the source of DDT in the samples
(ASTDR 2002; Ge et al. 2013). This profile, in combi-
nation with the high DDT content in 2011 and 2014
house soils in Puruzinho, points toward potential post-
ban use of stocks.

In light of the unexpected increase in DDX concentrations
and decrease in p,p-DDE/p,p-DDT ratios in Puruzinho house
soils from 2005 to 2014, we investigated the possible effect of
DDT re-emissions after the ban through additional model sce-
narios. Re-emissions were simulated starting in 2006, after a
peak in malaria incidence in the Amazon, through two scenar-
i0s. The first scenario assumed that DDT was applied in the
same manner as it was used for IRS (90 % of the emissions
occur into the air and 10 % into the soil), while the second
scenario assumed greater emissions into the soil (90 %) as a
result of potential use against termites or leishmaniasis.

In both reemission scenarios, we scaled the DDT emissions
so that model outputs matched the geometric mean of 2011
and 2014 concentrations of p,p’-DDT in house soils. This
model-based emissions estimate indicates that 435 kg of
DDT would need to be applied from 2006 to 2014 under the
first scenario, while 65 kg of DDT would be applied under the
second scenario. These amounts correspond to 15.1 % (sce-
nario 1) and 2.2 % (scenario 2) of the reported DDT stock in
Amazonas and Rondonia in 2012.

The results of both reemission scenarios are shown in
Figs. 4 and 5, along with the field data. As the 95 % confi-
dence intervals for DDX concentrations in the sediments
overlapped with DDX concentrations in the floodplain (as
shown in Fig. 2), only sediment concentrations are shown.
Under both scenarios, adjusting re-emissions to approximate
the geometric means of p,p’-DDT concentrations in 2011 and
2014 house soil samples results in a good fit between model
results and the geometric means for p,p’-DDE and p,p’-DDD
concentrations in 2011 and 2014 house soil samples. This
suggests that the degradation half-life of DDT in the soils
and the fractions of formation used to describe the formation
of' metabolites in aerobic soils are reasonable. In addition, p,p'-
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Fig. 4 Model results (/ines) showing median p,p'-DDX concentrations soil. The shaded area represents the 95th and 5th percentiles from Monte
(ng/g dw) in soils and sediments under reemission scenario 1, in which Carlo simulations. Markers indicate p,p'-DDX concentrations (ng/g dw)
continuous emissions restart in 2006, 90 % into the air and 10 % into the measured in soils and sediments in Lake Puruzinho
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DDE/p,p'-DDT ratios predicted by the model under both re-
emission scenarios are in close agreement with the ratios
found in the field samples, as shown in Table 1. The only
reasonable explanation for decreasing ratios associated with
increasing total DDX concentrations through time is a new
source of DDT. As explained in the “Metabolite pattern” sec-
tion, the DDT isomer profile of the soil and sediment samples,
which consists mainly of p,p’-DDT and only a small percent-
age of the o,p'-isomer, suggest that the technical DDT formu-
lation used for IRS is a likely source.

In sediments, DDX concentrations measured in field
samples are between those predicted by the two reemis-
sion scenarios. Model results from scenario 1 agree with
the upper range of p,p’-DDE and p,p’-DDD concentrations
measured in sediments, which correspond to samples tak-
en from the flooded floodplain, and are higher than mea-
sured concentrations of p,p’-DDT. Model results from sce-
nario 2 are within the lower range of DDX concentrations
in the sediments, which correspond to mid-lake sediment
samples in 2011 and one (for p,p’-DDT and p,p'-DDE) or
both (for p,p’-DDD) of the 2012 sediment samples. These
observations point to a DDT usage pattern from 2005 to
2014 involving between 10 and 90 % emissions into the
soil. However, none of the scenarios accurately represent-
ed the metabolite profile observed in field measurements,
as both scenarios predict larger concentrations of p,p’-
DDT than p,p’-DDE and similar concentrations of p,p'-
DDE and p,p'-DDD, while p,p’-DDE was the most abun-
dant metabolite in the field samples. Results of the sensi-
tivity analysis showed that the concentrations of DDX in
sediments were very sensitive to the degradation half-
lives and the fractions of formation of the transformation
products in the sediment. As both of these parameters are
very uncertain, several assumptions were made regarding
their values (“Chemical properties” section). To improve
our description of the sediment compartment in the mul-
timedia model, further research is required to reduce the
uncertainty in these key parameters. Additional soil and

sediment measurements would also allow us to confirm
the 2005 to 2014 time trends observed in the soils and
better understand the likely reemission pattern.

Comparison to other tropical countries with a history
of IRS

2005 soils

The total DDX content of 2005 house soil samples from
Puruzinho is within the range of values found in 2008 in the
Limpopo Province of South Africa (Table 2), where emissions
are still ongoing and DDT was used since 1945 for IRS only
(Bornman et al. 2010), and within the lower range of those in
1997 samples from other remote communities in the Madeira
River Basin, where DDT use for IRS had stopped in the 1990s
but was still allowed for the control of leishmaniasis (Torres
et al. 2002). However, the median p,p’-DDE/p,p'-DDT ratios
measured in these South African and Brazilian communities
are nearly ten times higher than those measured in Puruzinho.
The high ratios could be due to a faster degradation of DDT in
the soils from Limpopo and the villages in the Madeira River
Basin compared to the Puruzinho soils. In contrast, while the
median p,p'-DDE/p,p’-DDT ratio in Puruzinho was higher
than in Mexican communities 1-9 years after the ban on
DDT in 2000 (Herrera-Portugal et al. 2005; Martinez et al.
2012; Yadez et al. 2002) and in a Brazilian village in the
Tapajos river basin 1 year after DDT use ceased (Torres
et al. 2002), the median DDX concentrations in outdoor soils
were much lower in Puruzinho.

2011 and 2014 soils

The mean total DDX concentration measured in 2014 soil
samples from Puruzinho is higher than that found in soil sam-
ples of two high-exposure communities in Chiapas, Southern
Mexico: Cigiiefia, where DDT was used for agriculture and
IRS from 1957 to 2000 (Herrera-Portugal et al. 2005), and

Table 1 p,p'-DDE/p,p'-DDT

ratios measured in soil and Sample Measured Modeled p,p'-DDE/p,p'-DDT
sediment samples from Lake p:p"-DDE/p,'p-DDT
Puruzinho compared to ratios Baseline Scenario 1 Scenario 2
calculated with the multimedia
environmental model under Soil 2005 1.4 13 1.3 13
different scenarios: the baseline Soil 2011 03 1.8 03 03
scenario assumes that emissions . a
cease after the 1998 ban, while the Ou.ther removed 06
other scenarios assume DDT re- Soil 2014 0.2 2 0.4 0.4
emissions beginning in 2006 Outlier removed® 0.2
(90 % emissions into the air and Sediment 2011 2.0 1.8 04 05
10 % into the soil for scenario 1, .

Sediment 2012 0.1 1.9 0.4 0.5

and 90 % emissions into soil and

10 % into air for scenario 2)

Ratios are based on median concentrations

#Sample with the highest total DDX is removed from the calculation
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Table 2 Total DDX in surface
sediments and soils in tropical

locations with a history of IRS
against malaria

> DDX (ng/g dw)* DDE/DDT DDT use, sampling date Location
Brazil
10.4, 6.80 (1.00-24.6) 1.7, 1.4 IRS (1960-?), 2005* Puruzinho
1049, 661, 320 (29-3620) 04,03 IRS (1960-2), 2011*
5922, 403, 226 (8-43,200) 04,02 IRS (1960-2), 2014*
12, 11.5,7.9 (1.3-28) * 39,30 IRS (1960-2), 2011?
12.5 (2.4-22.4)* 1.9 IRS (1960-?), 2012*
81, 116 (4-123) 925,10 IRS (1950s-1990s), 1997° Madeira River
Basin
0.37, 0.06 (0.01-1.1)* 375,12
684,546 (281-1220) 0.07 IRS (1950s-1993), 1994° Tapajos River
Basin
28, 26 (3.2-62)* 0.54,0.51
Mexico
1930, 1690 (1530-2560) 0.70 IRS (1955-2000), 2000° Oaxaca
5260, 4870 (5920-7110) 0.30 IRS (1955-2000), 1998° Chiapas
4760 (350-11,700) 0.34 IRS and agriculture (1957-2000), 2003¢
190 (300-840) 0.13 IRS (1957-1980), 20034
65 (2-669) 0.55 IRS (1957-2000) and agriculture, 2009° Chihuahua
88 (41-1420) 0.60
423 (64-1120) 0.68
South Africa
25, 20 (5.7-59) 16, 10 IRS (1945-present), 2008" Limpopo
24,sd 19.4 17 IRS (1945-present), 2006-2008%
50,43 (1.8-123)* (5.0-10) IRS (1946-1995, 200-present), 2012" KwaZulu-Natal

*Indicates concentration in sediment (otherwise, soil). The mean, median (italics), geometric mean (bold), and
the range (in parentheses) or standard deviation (sd) reported by the studies are shown. The DDE/DDT ratio is
calculated for the p,p'- isomers, as these were available for all studies.

nd non-detectable

# This work

® Torres et al. (2002)
¢ Yafiez et al. (2002)

4 Herrera-Portugal et al. (2005)

€ Martinez et al. (2012)
"Van Dyk et al. (2010)
€ Bornman et al. (2010)
" Humphries (2013)

Miguel Aleman, with ongoing IRS since 1955 and potential
agricultural use (Yanez et al. 2002). However, one sample in
Puruzinho had a very high DDT content, resulting in a stan-
dard deviation four times higher than that in the Chiapas sam-
ples, which also span a large range. Without this sample, the
mean and median DDX content of 2011 and 2014 Puruzinho
soils is higher than that found in a lower exposure community
in Chiapas, where DDT was used for IRS from 1957 to 1980
(Herrera-Portugal et al. 2005), but lower than in the high-
exposure communities in Chiapas and in Oaxaca, Mexico,
2 years after the ban. Soil samples collected after the ban (most

@ Springer

likely in 2009, when blood samples were also collected) in
Chihuahua, Northern Mexico, where DDT had been used for
IRS and agriculture, had a DDX concentrations between those
measured in Puruzinho in 2005 and 2014 (Martinez et al.
2012). Median total DDX concentrations in 2011 and 2014
soil samples from Puruzinho were similar to that found in
1994 soil samples from a village in the Tapajos River Basin,
in the Brazilian Amazon, sprayed with DDT for IRS until
1993 (Torres et al. 2002).

The mean p,p'-DDE/p,p’-DDT ratio of 2011 and 2014
Puruzinho soil samples is within the range of ratios
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measured in Mexico, in better agreement with the ratio
measured in the high exposure communities in Chiapas,
and one order of magnitude higher than the ratio found in
the Tapajos River Basin sample.

2011 and 2012 sediments

Total DDX concentrations in Puruzinho 2011 and 2012 sedi-
ments are much higher than those found in 1997 sediment
samples from the Madeira River Basin, and within the range
of those measured in the Tapajos River Basin in 1993. Also,
the mean p,p'-DDE/p,p'-DDT ratio in sediments from the
Tapajos River Basin is similar to that found in 2011
Puruzinho sediment samples. The DDX content of sediments
in Puruzinho was within the lower range of those measured in
the western arm of lake Sibaya, in KwaZulu-Natal, located
close to villages where DDT use for IRS is ongoing since
1946 (with an interruption between 1996 and 2000)
(Humphries 2013). However, the p,p'-DDE/p,p’-DDT ratio
of these sediments is 23 times higher than that found in
Puruzinho samples.

Conclusion

Using a novel a multimedia model that we developed to de-
scribe a dynamic tropical floodplain, we explored how vari-
able environmental conditions, particularly seasonal rainfall
patterns and changes in water levels, as well as different emis-
sions scenarios associated with IRS, affect the movement and
distribution of p,p’-DDT and its degradation products. The
model results show that p,p’-DDT accumulation occurred pri-
marily in the soil and sediment compartments, which repre-
sent long-term repositories for DDT in which concentrations
remain stable as emissions are ongoing and decrease slowly
after emissions cease. While the model results agree with 2005
house soil measurements, the significant increase in total
DDX concentrations observed in the house soils from 2005
to 2014 and the concomitant decrease of p,p'-DDE/p,p’-DDT
ratios does not agree with the model results in a post-ban era.
This observation strongly suggests that the usage pattern of
DDT in Puruzinho was different from the documented IRS
pattern, in which DDT use ceased after a ban in 1998. When
re-emissions after the 2005 peak in malaria incidence are sim-
ulated, the p,p’-DDE/p,p’-DDT ratio of the model results
agrees with ratios measured in 2011 and 2014 soils.
Through the use of uncertainty analysis, we identified impor-
tant knowledge gaps regarding key parameters such as the
fractions of formation of the transformation products, the deg-
radation half-lives of DDX in soils and sediments, and parti-
tion coefficients.

Given that 2004 DDX concentrations in breast milk were
already cause for concern, and the results of this study show

that concentrations in the soil have increased significantly
from 2005 to 2011 and 2014, there is a concern of higher
human exposure to DDT. Several studies have shown a strong
association between blood and serum levels of p,p"-DDT and
sum DDX in children and adults and DDT concentrations in
soils (Pérez-Maldonado et al. 2010; Van Dyk et al. 2010).
Highly contaminated soil represents a particular risk to chil-
dren, who play outside for long periods, have frequent hand-
to-mouth contact, and ingest non-dietary items (Van Dyk et al.
2010; Yafiez et al. 2002). A strong association has also been
found between DDX concentrations in outdoor soil samples
and food items such as chicken and fish (Pérez-Maldonado
et al. 2010; Van Dyk et al. 2010). This is particularly relevant
for the Puruzinho community, which lives in close ties with its
environment and still relies on local sources of water and food,
including fruits and legumes grown around the houses, fish,
and free-ranging poultry (Oliveira et al. 2010). Thus,
breastfeeding infants represent a high-risk group, as they can
be exposed to DDX through direct contact with contaminated
media, breastfeeding, and food. Newborn infants of mothers
living in IRS-treated dwellings have been found to have blood
concentrations of DDT and DDE that are approximately 40 %
of those found in maternal blood (WHO 2011).

Through the insights provided by a mechanistic multime-
dia model and field measurements, we have contributed to a
greater understanding of the dynamics of DDT around IRS-
treated dwellings in the tropics. Such understanding is crucial
to identify suitable precautionary actions that minimize unnec-
essary exposure and contamination of the environment arising
from indoor residual spraying (Bouwman et al. 2011).
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