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Abstract

Goal, Scope and Background. Global multi-media box models
are used to calculate the fate of persistent organic chemicals in a
global environment and assess long-range transport or arctic
contamination. Currently, such models assume substances to
degrade in one single step. In reality, however, intermediate deg-
radation products are formed. If those degradation products have
a high persistence, bioaccumulation potential and / or toxicity,
they should be included in environmental fate models. The goal
of this project was to gain an overview of the general impor-
tance of degradation products for environmental fate models,
and to expand existing, exposure-based hazard indicators to take
degradation products into account.

Methods. The environmental fate model CliMoChem was modi-
fied to simultaneously calculate a parent compound and several
degradation products. The three established hazard indicators of
persistence, spatial range and arctic contamination potential were
extended to include degradation products. Five well-known pes-
ticides were selected as example chemicals. For those substances,
degradation pathways were calculated with CATABOL, and par-
tition coefficients and half-lives were compiled from literature.

Results. Including degradation products yields a joint persis-
tence value that is significantly higher than the persistence of the
parent compound alone: in the case of heptachlor an increase of
the persistence by a factor of 58 can be observed. For other sub-
stances, the increase is much smaller (4% for a-HCH). The spa-
tial range and the arctic contamination potential (ACP) can in-
crease significantly, too: for 2,4-D and heptachlor, an increase by
a factor of 2.4 and 3.5 is seen for the spatial range. However, an
important increase of the persistence does not always lead to a
corresponding increase in the spatial range: the spatial range of
aldrin increases by less than 50%, although the persistence in-
creases by a factor of 20 if the degradation products are included
in the assessment. Finally, the arctic contamination potential can
increase by a factor of more than 100 in some cases.

Discussion. Influences of parent compounds and degradation
products on persistence, spatial range and ACP are discussed.
Joint persistence and joint ACP reflect similar characteristics of
the total environmental exposure of a substance family (i.e.,
parent compound and all its degradation products).

Conclusions. The present work emphasizes the importance of
degradation products for exposure-based hazard indicators. It
shows that the hazard of some substances is underestimated if
the degradation products of these substances are not included
in the assessment. The selected hazard indicators are useful to
assess the importance of degradation products.

Recommendations and Perspectives. It is suggested that degra-
dation products be included in hazard assessments to gain a
more accurate insight into the environmental hazard of chemi-
cals. The findings of this project could also be combined with
information on the toxicity of degradation products. This would
provide further insight into the importance of degradation prod-
ucts for environmental risk assessments.

Keywords: Arctic contamination potential; degradation products;
environmental fate modeling; hazard assessment; organochlorine
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pesticides; persistence; spatial range; transformation products

Introduction

Persistent organic pollutants (POPs) are chemicals that are
persistent in the environment, subject to long-range trans-
port, bioaccumulate in humans and animals, and impact
human health and the environment. In the Stockholm Con-
vention on Persistent Organic Pollutants (UNEP 2001), some
of the most dangerous POPs are regulated.

Multi-media box models have been developed to understand
and possibly predict the behavior of existing and new chemi-
cals in the environment (Mackay & Paterson 1991, Wania
& Mackay 19935, Scheringer 1996). Such models simulate
how chemicals behave in the different environmental me-
dia, and aim at predicting how long such substances will be
present in the environment. Degradation in such models is
generally the main removal pathway, and is usually assumed
to take place in one step. In reality, however, degradation is
known to occur in a series of transformations. Intermediate
degradation products are formed and often have similar prop-
erties as the original substances (persistence, bioaccumulation
potential, toxicity). Depending on the dynamics of the dif-
ferent transformation processes, such intermediate degra-
dation products may accumulate in the system. If a degra-
dation product is, at the same time, present in the environ-
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ment in relevant quantities, has high bioaccumulation po-
tential and toxicity, not taking this degradation product into
account might lead to an underestimation of the hazard and
risk of the parent compound (Boxall et al. 2004).

There are some multimedia box models currently available
that include degradation products (Fenner et al. 2000, Fenner
2001, Cahill et al. 2003). All of those are one-region mod-
els, i.e., they can be used for a regional environment only, or
look at the whole globe as one single box with homoge-
neous properties. However, many chemicals are known to
be distributed over large scales, and can be found in various
regions of the globe, in particular in the arctic (AMAP 1998).
It has been shown that the behavior of such chemicals is
strongly influenced by the variable climatic conditions on
earth: in the cold arctic climates, degradation is slower, and
vapor pressure lower, so that the chemicals accumulate in
these regions (a behavior called 'cold condensation'). To
accurately reproduce such phenomena, unit world models
are not suited, and zonally averaged models like CliMoChem
(Scheringer et al. 2000, Wegmann 2004) or GloboPOP
(Wania & Mackay 1995) and Global Circulation Models
(Koziol & Pudykiewicz 2001, Dachs et al. 2002, Leip &
Lammel 2004) have been developed.

However, none of these models take into account the im-
pact of degradation products so far. As mentioned above, it
is thus possible that the hazard and risk of such substances
are not correctly identified. This is particularly important
for substances like DDT or aldrin that are known to be glo-
bally distributed, and have degradation products that are
known to be persistent, too: DDE, a known degradation
product of DDT is frequently measured in the arctic envi-
ronment and biota, and often present at higher concentra-
tions than the parent compound. Therefore, there is a strong
need for a model that includes degradation products in the
assessment of chemicals.

Here, we have integrated degradation products into the en-
vironmental fate model CliMoChem. Three established ex-
posure-based hazard indicators have been expanded to in-
clude degradation products. With the example of five
well-known insecticides and herbicides, it is shown that deg-
radation products can contribute significantly to the overall
hazard score of the parent compounds.

1 Material and Methods

1.1 Information on degradation pathways and property data of
degradation products

Information on substance properties is generally scarce, espe-
cially when it comes to substances that have not been assessed
in detail. This is particularly true for degradation products
that are not produced and therefore less frequently studied.
To reduce problems with data availability for this study, it
was decided to rely on relatively well known substances. In
addition, the substances had to be known to be globally dis-
tributed; otherwise an assessment with a simpler unit-world
model would be sufficient. To fulfill these two conditions, we
have selected five insecticides and herbicides that have been
frequently used in the past and have been found at remote
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places in the global environment: DDT, aldrin, and heptachlor
are three insecticides that have known, persistent degradation
products (see following section for details), whereas a-HCH
and 2,4-D, an insecticide and a herbicide, are not known to
degrade into persistent degradation products.

For much of the input data used in this study we rely on
QSAR software. It has been shown that results from QSAR
models can be associated with considerable uncertainty. We
are aware that this potential inaccuracy could lead to se-
verely biased conclusions in this study if we tried to repro-
duce the exact behavior of a specific chemical in the real
environment, or quantify the importance of a specific deg-
radation product. Therefore, we do not attempt to make
statements for individual substances here: our study aims at
giving a general overview and at stressing the general im-
portance of degradation products. For these purposes, the
uncertainties of QSAR results are less problematic.

To describe the degradation pathways in the model, Fenner
et al. (Fenner et al. 2000) have introduced the notion of
'fraction of formation', ff. The ff is the amount of a given
degradation product that is formed from the degradation of
a given amount of the parent compound. If one mole of
DDT is degraded into one mole of DDE, then the ff for the
DDT - DDE degradation would be one. If DDT is equally
degraded into DDE and DDD, then the two ff would be 0.5
each. If 10% of the DDT is directly mineralized and the rest
forms DDE, then the ff for DDT — DDE would be 0.9. Fi-
nally, if a molecule is split in two (for instance the two ben-
zene rings might be separated), the sum of the fractions of
formation can also be bigger than one. For this study, sub-
stances were usually degraded into one degradation prod-
uct at a given step of the degradation, and therefore we have
assumed the ff to be 0.9. Exceptions are DTT and aldrin,
which both have ffs of 0.5 in water and soil, standing for
equal degradation into DDE and DDD and into dieldrin
and ald-deg1, respectively.

For each of the substances investigated, the degradation
pathways had to be determined. Where possible, literature
information was used. This was often the case only for the
substances with known degradation products. For the sub-
stances without known degradation products, and to comple-
ment literature information, QSAR programs were used to
predict the degradation pathways.

CATABOL (Jaworska et al. 2002) predicts possible trans-
formation products formed by biodegradation of the parent
compound. The CATABOL outputs have been very useful
to determine the degradation pathways for poorly known
substances. This information was completed by the MSU
database (Schmidt 1996, Ellis et al. 2006) which also pre-
dicts the most probable biodegradation products. A degra-
dation pathway is usually a long sequence of transforma-
tions. It would theoretically be possible to include every single
degradation step until the full mineralization. However, it
has been shown for unit world models (Fenner 2001) that,
in most of the cases, only the first two generations of degra-
dation products have a significant impact on the overall
hazard of the chemicals. Therefore, when deciding how many
substances we should include in the degradation pathway,
we have relied on the 'probabilities to be stable' output given

Env Sci Pollut Res 14 (3) 2007
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Fig. 1: Degradation Pathways for the five substances in this study

by CATABOL. In the degradation pathways that we have
selected for this assessment, we have retained only substances
for which this probability was greater than 0. This was the
case for between six (aldrin) and two (heptachlor) substances.
The selected degradation pathways in soil are shown in Fig. 1.
Degradation pathways predicted by CATABOL are subject
to considerable uncertainty. For aldrin, e.g., Paasivirta et al.
(1988) have identified transformation products that are not
indicated by CATABOL. We have, in this case, changed the
pathways predicted by CATABOL to include pentachloro-
dieldrin, as suggested by Paasivirta et al. (1988).

Biodegradation is representative for the degradation pro-
cesses in soil, and to a certain amount also in water and
vegetation. In the atmosphere, OH radical reactions are the
most important degradation pathway, and they do not nec-
essarily form the same products as biodegradation. Unfor-
tunately, there is to our knowledge no QSAR software avail-
able that would predict the substances formed after OH
radical reactions. Therefore, if no literature information was
available, we have assumed that OH radical reactions al-
ways lead to total mineralization of the substance. This leads
to an underestimation of the total hazard caused by those
chemicals. This meant that o-HCH and 2,4-D were directly
mineralized in atmosphere, and that the degradation prod-
ucts of dieldrin were mineralized in atmosphere, too. Ald-
rin, DDT, and heptachlor were degraded into dieldrin, DDE
and heptachlor-epoxide with a fraction of formation of 0.9
(Crosby & Moilanen 1977, Zepp et al. 1977, Buser & Muller
1993, Bandala et al. 2002).

In addition to the degradation pathways, degradation half-
lives for all the substances had to be found for the different
media. Sometimes such values are measured and reported
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(Mackay et al. 1997), but this is not usually the case for
degradation products. Therefore, QSAR software was used
to predict degradation half-lives if no reported values were
available. AOPWin and BIOWin from the EPIWin software
(US-EPA 2000) were used to calculate OH reaction rates
and biodegradation half-lives. The degradation classes given
by BIOWin were transformed into half-lives with the esti-
mation procedure suggested by Arnot et al. (2005).

Finally, partitioning information for all the substances had
to be found. Ky, and K, values have been measured for a
large number of substances, and such data has been as-
sembled for pesticides by various authors (Beyer et al. 2002,
Xiao et al. 2004, Shen & Wania 2005). Here, we have taken
an improved compilation of partitioning data and their tem-
perature dependency by Schenker et al. (2005). Again, par-
titioning data is usually unavailable for degradation prod-
ucts that were not known to be persistent. We have relied
on QSAR software from the EPIWin package to extract raw
values of Ky and K . Those values were adjusted with the
least-squares adjustment procedure (Schenker et al. 2005).
Temperature dependencies were estimated with a method
suggested by MacLeod et al. (2007).

Fig. 1 shows the degradation pathways of the selected sub-
stances and Table 1 gives the degradation half-lives and the
partitioning properties for the selected substances as they
were used for the calculations in this paper. As mentioned
above, DDT is simultaneously degraded into DDE and DDD
in soil and water. In atmosphere, DDT is degraded into DDE
only. Aldrin can be degraded in two different ways: either
into dieldrin and then pentachlorodieldrin, or it can be de-
graded in three steps to more polar substances (ald-degl to
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Table 1: Degradation half-lives (T,,), partition coefficients (logKq, 10gK,) and their temperature dependencies (AU, AU,y) for the substances used

in this study
Tas2 air [d] T12 water [d] Tis2 soil [d] logKow [-] logKaw [-] AUow [J/mol] | AUaw [J/mol]
2,4-D 1.6 5 11 2.62 —6.08 —20,000 88,514
2,4-dichloroanisole 4.0 19 38 3.63 -1.70 —20,000 57,855
2,4-dichlorophenol 6.0 6 12 2.80 -4.33 —20,000 63,355
2-hydroxy-4,6-dichlorophenol 0.92 18 36 2.32 -8.06 —20,000 88,614
o-HCH 18.66 664 1,327 3.88 -3.59 —20,000 73,164
1,2,3,4-tetrachlorohex-5-ene 0.32 36 71 3.68 —-1.44 —20,000 59,352
1,2-dichlorohexa-3,5-diene 0.10 16 33 3.11 -0.70 —20,000 45,828
aldrin 0.36 80 160 6.25 —2.01 —20,000 98,023
dieldrin 1.1 238 475 5.49 -3.35 —20,000 105,214
pentachlorodieldrin 0.53 228 455 4.96 -3.13 —20,000 89,768
ald-deg1 1.0 78 157 3.67 -10.33 —20,000 137,538
ald -deg2 0.30 79 157 3.72 -10.62 —20,000 138,328
ald -deg3 0.15 140 279 4.99 -5.98 —20,000 109,893
DDT 15 844 1,688 6.41 -3.31 -15,262 72,609
DDE 1.4 810 1,621 6.94 —2.77 -50,815 47,125
DDD 25 804 1,608 6.30 -3.74 -18,479 61,637
heptachlor 0.18 2,444 4,888 5.96 -1.78 —20,000 75,079
heptachlor-epoxide 2.1 1,620 3,239 5.40 -3.22 —20,000 82,382

ald-deg3). Heptachlor is degraded into heptachlor epoxide,
and a-HCH is de-chlorinated in two steps. Finally, 2,4-D
degrades into 2,4-dichloroanisole, and then in two steps into
2-hydroxy-4,6-dichlorophenol.

1.2 The CliMoChem model

CliMoChem (Scheringer et al. 2000, Scheringer et al. 2004,
Wegmann 2004, Wegmann et al. 2006) is a zonally aver-
aged multi-media box model. The model assembles a vari-
able number of zones in the North-South direction (Fig. 2).
Each of the zones represents one latitudinal band around
the globe and is composed of an ocean-water, atmosphere,
bare-soil, vegetation-soil and vegetation compartment. The
model assumes a homogeneous distribution of the chemi-
cals in the East-West direction. The model calculates envi-
ronmental processes such as diffusive exchange between
phases (partitioning), advective exchange between phases
(wet deposition, runoff), transport between zones (wind,
ocean-currents), and degradation. For each box (a compart-
ment in a zone), mass-balance equations can be written to
describe the exchange, transport, emission, and degradation
processes (for details, see (Scheringer et al. 2000)). The mass-
balance equations for a given substance in all the boxes can
be summarized in a single differential equation with a square-

i
vegetation - -

equator
acean

Fig. 2: The geometry of the CliMoChem model
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matrix S, see eq. 1. S stores all the above-mentioned pro-
cesses for all the boxes in the model and has the size (n *

zones
ncompart.ments) ¢ (nZPHCS * ncompartments); C(t) and dc(t)/dt are vec-
tors with (n *n

zones compartments) elements'

) _s o)

Fenner et al. (2000) have shown how a series of chemicals
can simultaneously be calculated with the above equations
for a unit world model. This procedure can be applied as
such for the case of a zonally averaged model and is recon-
structed briefly here. For each substance X, the mass bal-
ance equations have to be established as mentioned above,
leading to a series of Sy matrixes. To link the substances
with each other, the Sy matrixes have to be written as blocks
on the diagonal of a new Sy matrix. The non-diagonal
blocks of the Sy matrix have to be filled with source ma-
trixes. Those source matrixes contain on their diagonals the
k; degradation coefficients multiplied by the respective frac-
tions of formation ff, ; (for the degradation of the parent
compound i into the degradation product j, as described in
the previous section).

(Eq. 1)

1.3 Expanding exposure-based hazard indicators to take
degradation products into account

Exposure-based hazard indicators have been developed to
classify chemical substances according to their persistence,
long-range transport potential and probability to accumu-
late in the arctic.

At steady-state (with continuous emissions of a parent com-
pound of m1, in kg/day), the primary persistence (PP), as de-
fined in Scheringer (1996), is the total mass of the parent
compound in the system divided by the emission rate .

Env Sci Pollut Res 14 (3) 2007
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Table 2: Overview of the indicators for parent compounds, degradation products, and combined indicators for all the substances in the degradation pathway

Indicator for the parent
compound

Indicator for a given degradation

Combined indicator for all substances

product in degradation pathway

Persistence primary persistence (PP)

contribution to joint persistence (CJP)

joint persistence (JP)

Long-range transport potential spatial range (SR)

apparent spatial range (ASR)

joint spatial range (JSR)

Arctic contamination potential eACP

contribution to eACP (CeACP)

joint eACP (JeACP)

The primary persistence represents the overall residence time
of the chemical in the system. In analogy, Fenner et al. (2000)
have defined the joint persistence (JP) as the overall resi-
dence time of the parent compound and all its degradation
products in the system. At steady-state, it can be calculated
as the sum of the mass of the parent compound and all the
degradation products divided by the emission rate 7 (of the
parent compound). The 'contribution to joint persistence'
(CJP) of the degradation products, finally, is the steady-state
mass of a given degradation product, divided by . It can
easily be seen that the sum of the contributions to joint per-
sistence of all the degradation products, plus the primary
persistence of the parent compound is equal to the joint per-
sistence (PP + X,CJP,; = JP). These concepts are equally valid
for pulse emissions that we have worked with in this project.

The spatial range (Scheringer 1997) serves to classify chemi-
cals according to their long-range transport potential. It is
defined as the 95% interquantile range of the geographical
distribution of the time-integrated mass on a north-south
transect of the earth, after an emission at the equator. A
high spatial range signifies that a substance is highly mobile
and will be transported far away from the usage areas. It
has been shown that this concept can be expanded for deg-
radation products, too (Quartier & Muller-Herold 2000).
In analogy to the joint persistence, we define here the joint
spatial range as the 95% interquantile range of the sum of
the time-integrated mass of the parent compound and all
the degradation products. In analogy to the 'contribution to
joint persistence', we define an indicator for the individual
degradation products, too: the 'apparent spatial range' is
defined as the 95% interquantile range of a given degrada-
tion product after the emission of the parent compound.
This 'apparent spatial range' of a degradation product is
not equal to the spatial range of the same substance if it
were directly emitted at the equator. It can be shown that
the joint spatial range must lie within the minimum and the
maximum of the spatial range of the parent compound and
the apparent spatial ranges of all the degradation products.

The Arctic Contamination Potential (ACP) has been intro-
duced to identify chemicals that are likely to accumulate in
the Arctic (Wania 2003). In the current project, we work
with the exposure-ACP (eACP), as opposed to the mass-
ACP (mACP); see Wania (2004). The eACP has been de-
fined as the ratio of the mass of a chemical that is present in
the arctic surface media (excluding atmosphere), divided by
the total emissions of the substance, after 1 year (eACP-1),
and after 10 years (eACP-10). The emissions of the sub-
stances occur proportionally to the latitudinal population
distribution over the globe. In analogy to the joint persis-
tence and the joint spatial range, we define the joint eACP
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as the ratio of the total mass of the parent compound and
the mass of all the degradation products, divided by the to-
tal emissions of the parent compound. Like the contribu-
tion to the joint persistence, the contribution to the joint
eACP can be calculated for the degradation products. The
joint eACP is again the sum of the eACP of the parent com-
pound and the contributions to joint eACP of all the degra-
dation products.

All described indicators are sensitive to the medium to which
the substance is emitted. In our case, all emissions were
into atmosphere. An overview of the nomenclature of the
different indicators for parent compounds, individual deg-
radation products, and entire substance families is given in

Table 2.

2 Results

2.1 Impact of degradation products on the temporal evolution
of concentrations

The temporal evolution of all the substances follows a simi-
lar pattern. As an example, Fig. 3 displays the evolution of
DDT and its degradation products DDE and DDD. It can
be seen how the concentration of DDT decreases immedi-
ately after the pulse emission, and continues to decrease ex-
ponentially. The two degradation products DDE and DDD
are present at low concentrations at the beginning and ac-
cumulate in the first years, as a result of the degradation of
DDT. After about 3—4 years, their concentration has reached
a peak, and they start to decrease, too, although at a slower
rate than DDT. Eventually (after about 10 years), DDE and
DDD are present at higher concentrations than DDT.

10 4
9
8 1 s DDE
7 - ——DDD
61
5
4
3

concentration [ng/kg]

2 4
1

0 T T ;

0 5 10 15 20
years

Fig. 3: Evolution of the concentration of DDT and its degradation products
after a pulse emission. The plot shows the evolution in the emission zone
at the equator in soil as a function of time (in years)
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For the other substance families, a similar behavior can be
observed: for heptachlor, for instance, the degradation prod-
uct is present at higher concentrations than the parent com-
pound already after only a few months, because the half-life
of heptachlor-epoxide is so much longer than the one of the
parent compound. Later on, the concentration of the degra-
dation product is several magnitudes higher than the con-
centration of the parent compound. In the environment, this
would mean that the degradation product would be present
in much higher concentrations than the parent compound
(a finding that is confirmed, for instance, for measurements
in arctic atmosphere (Hung et al. 2005) or in temperate ag-
ricultural soils (Harner et al. 1999)).

2.2 Persistence

Fig. 4 gives the persistence for the five parent compounds
and their degradation products, and the joint persistence. It
is clearly visible that the persistence of aldrin and heptachlor
is significantly increased if their degradation products are
included. The impact is still significant for the herbicide 2,4-D,
but for DDT and especially for o-HCH, the increase of the
persistence is of less than a factor two. This is consistent for
the case of o-HCH (a substance that is not known to have
persistent degradation products), but surprising for DDT,
as DDE is often cited as an example for an important degra-
dation product. One reason why the hazard of DDE might
be underestimated in our study is that the half-life in atmo-
sphere for DDE is based only on one QSAR value from
AOPWin (1.4 days). For DDT, in addition to the AOPWin

value, several estimated and measured atmospheric half-lives
were available (Moltmann et al. 1999, Liu et al. 2005, Miiller
2005). These alternative values suggest a much slower deg-
radation (20.9 days on average) than indicated by the
AOPWin value for DDT (that is similar to the QSAR result
of DDE: 3.1 days), and therefore the atmospheric half-life
of DDT in our study is much higher than the one of DDE,
see Tab. 1. If alternative values for the half-life of DDE were
available, they would probably be significantly higher than
the AOPWin value, too. This would significantly increase
the contribution to joint persistence for DDE.

2.3 Spatial Range

Fig. 5 shows that the apparent spatial range of many degra-
dation products exceeds the spatial range of the parent com-
pound. This effect is very significant for the a-HCH, hep-
tachlor, 2,4-D, and DDT substance families, but less pro-
nounced for the aldrin substance family. The joint spatial
range of a-HCH (and DDT) is almost uninfluenced by the
degradation products, although those have very high appar-
ent spatial ranges (especially for the case of o-HCH). This
will be analyzed in detail in the discussion part.

2.4 Arctic contamination potential

As could already be seen for the persistence, the degrada-
tion products of aldrin and heptachlor considerably increase
the eACP-10 of their parent compounds (Fig. 6). For a-HCH
and DDT, the effects are much less pronounced.

1000 -

100

persistence (days)
=]
]

0.1
24-D a-HCH

aldrin DoT heptachlor

Fig. 4: Persistence (in a log-scale) of the studied substances: parent compounds have gray bars, their degradation products white bars, and the joint

persistence of the whole substance family is given in black bars
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spatial range (%)
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24-D a-HCH

aldrin DDT heptachlor

Fig. 5: Spatial Range of the studied substances. The spatial range of the parent compound is given in gray, the apparent spatial range of the degradation
products in white, and the joint spatial range in black. The apparent spatial ranges of the two a-HCH degradation products are 96 and 98% and are not

completely displayed in the figure
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Fig. 6: Arctic contamination potential after 10 years (€ACP-10), for the parent compound (gray), the degradation products (white), and the joint ACP for
the whole substance family (black). The scale is a log-scale and gives the eACP-10 in percents

3 Discussion

The contribution of degradation products to persistence has
previously been assessed with unit world models (Fenner et
al. 2000). Our study confirms the findings from the previ-
ous work: for some substances (such as heptachlor and ald-
rin), the impact of the degradation products is very impor-
tant, as the joint persistence is much higher than the primary
persistence of the parent compound (a factor of 20 for ald-
rin and 58 for heptachlor). For other substances, like DDT
and especially a-HCH, the impact is much lower, for o-HCH
the increase is only by 4%. This is because the two degrada-
tion products of o-HCH, 1,2,3,4-tetrachlorohex-5-ene and
1,2-dichlorohexa-3,5-diene, are chemicals that degrade quite
readily in the environment. These results show that the per-
sistence of the parent compound alone is not a good indica-
tor for the joint persistence of the whole substance family.

Many degradation products have a higher apparent spatial
range than the parent compound. This can be explained by
the fact that the parent compound is emitted as a pulse emis-
sion at the equator, whereas the degradation products occur
continuously on the whole globe, as a result of the transport
of the parent compound. The joint spatial range for hep-
tachlor and 2,4-D is much higher than the spatial range of
their parent compounds (a factor of 3.5 and 2.4). This shows
again that the spatial range of the parent compound is not a
good indicator for the long-range transport potential of the
whole substance family.

Interestingly, for aldrin, DDT, and o-HCH, the joint spatial
range is almost equal to the one of the parent compound,
although the apparent spatial ranges of the degradation prod-
ucts are much higher. This is due to the fact that the contri-
bution to joint persistence of those intermediate degrada-
tion products is very low: they are present in the system in
relatively small quantities. The joint spatial range, as it is
defined, is mainly determined by the substance that is present
at the highest concentrations, which is the parent compound
for the case of a-HCH. In the case of heptachlor, the degra-
dation product is present at much higher concentrations,
and therefore, the joint spatial range is determined by the
degradation product. It can therefore be said, if persistent
degradation products that are subject to long-range trans-
port exist, that the joint spatial range will be significantly
higher than the spatial range of the parent compound.
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The arctic contamination potential shows a behavior simi-
lar to the one for joint persistence: for aldrin and heptachlor,
an important increase of the eACP-10 can be observed, while
the difference is only minor for DDT and o-HCH. This
stresses again the fact that the eACP-10 of the parent com-
pound can, in some cases even severely, underestimate the
overall hazard of a substance family: including heptachlor-
epoxide in the eACP-10 of heptachlor increases the eACP-
10 by a factor of more than 100.

In the current study, we have heavily relied on estimation
methods to determine substance parameters and degrada-
tion pathways. Our conclusions can therefore only highlight
the general importance of degradation products, especially
with respect to the three indicators investigated. To confirm
the accuracy of the predictions of our model, and to be able
to draw conclusions on a specific substance, more thorough
studies are required that have to include a comprehensive
investigation of the degradation pathways and the substance
properties as well as detailed comparisons of model results
and measurements in various environmental media and re-
gions of the world. For DDT, we are presently working on
such a study (Schenker et al. 2007), taking into account his-
torical emissions, measured data on chemical properties and
degradation kinetics, and conducting a detailed comparison
of model results and concentrations measured in the field.
This study on DDT demonstrates that the CliMoChem model
yields results that are in good agreement with field data.

4 Conclusions

The importance of degradation products for the hazard as-
sessment of organic chemicals has clearly been shown. Tak-
ing into account only the parent compounds can lead to a
severe underestimation of the persistence, the spatial range
and also the arctic contamination potential. Furthermore,
for regulatory purposes, chemicals are often ranked accord-
ing to their score for persistence, spatial range or arctic con-
tamination potential. The goal of this is to identify the most
harmful substances. If such a ranking is uniquely based on
the score of the parent compound, it is well possible that
substances with low scores for their parent compounds, but
high scores for the degradation products would not be iden-
tified, whereas substances with a high score for the parent
compound, but very low score for the degradation products
would be flagged as problematic.
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5 Recommendations and Perspectives

It is suggested that degradation products be included in haz-
ard assessments to gain a more accurate insight into the en-
vironmental hazard of chemicals. The findings of this project
could also be combined with information on the toxicity of
degradation products. This would provide further insight
into the importance of degradation products for environ-
mental risk assessments.
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