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a b s t r a c t

The environmental fate of organic waste-derived trace organic contaminants is a recent focus of research.
Public awareness of this issue and concern about the potential risks are increasing, partly as a result of
this research. Knowledge remains sparse but, due to growing waste volumes and contaminant con-
centrations, situations are arising where decisions are urgently needed and the stakes are high. We
present an approach to provide stakeholders with the soundest possible information on relevant risks in
specific situations where local experimental data are scarce or inexistent. With accuracy taking prece-
dence over precision in such situations, the quantitative fate assessment aspect of the approach con-
siders uncertainty at all levels in order to estimate best-to-worst-case (cumulative uncertainty) fuzzy fate
ranges. The approach was applied to conditions that prevail on the island of R�eunion. Contrasting
possible organic residue recycling scenarios are considered in which trace organic contaminants origi-
nate either from pig slurry or sewage sludge. The stakeholders' concerns targeted are leaching, soil
persistence and crop (sugarcane) shoot translocation. The fate assessment results in soil removal dy-
namics that vary over a wide range, even for a particular chemical in a particular scenario. For 3 out of 27
chemicals residual soil concentrations after one sugarcane crop cycle could possibly exceed the 100 ng/g
dry weight mass fraction range, only in a worst case situation. Substances predicted to be of the highest
mobility (erythromycin, ofloxacin, ciprofloxacin) might produce appreciable leaching only in the event of
substantial rainfall shortly after a high rate decadal application. And only the higher bound sugarcane
shoot concentration estimates of 17 a-ethinylestradiol and tris(chloropropyl)phosphate are significant.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Humanity is not outstanding in its respect of the precautionary
principle when adopting innovations. The chemical industry is one
sector where environmental concerns are traditionally (the Euro-
pean Union REACH regulation, which entered into force in 2007,
represents a landmark change) only voicedwhen adverse effects on
the environment, and on humanity itself, become apparent or
when technological progress enables their monitoring. It is
believed that some 50,000e100,000 chemicals are currently being
produced commercially in a range of quantities, with
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approximately 1000 chemicals (mostly organic) being added each
year (Mackay et al., 2006). The fact is that we know very little about
the vast majority of the chemicals we use. In the EU, more than
100,000 chemicals were reported to be on the market in 1981,
which was the first and only time that chemicals used in the EU
were listed. Information on the properties, uses and risks related to
99% of chemicals (by volume) is sketchy (Smital, 2008).

In the late 1990s, Daughton and Ternes (1999) pointed out that,
since its advent in the 1970s, environmental chemistry has focused
almost exclusively on persistent organic pollutants, and they
denounced the “paucity of information on the fate … of pharma-
ceuticals and personal care products”. At the same time, Halling-
Sorensen et al. (1998) noted that “very little is known about the
environmental fate of medical substances. Only a few in-
vestigations have reported findings on medical substances in field
samples other than sediment or treated waste water samples.”
Bibliometrics (Fig. 1) indicate that since the turn of the century
there has been a boom in scientific interest in this field, although
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Fig. 1. Number of publications per year with the indicated keywords in their topic.
Extracted from Thomson Reuters' Science Citation Index Expanded. Web of Knowledge, accessed on 31/01/2014.

T. Wassenaar et al. / Journal of Environmental Management 147 (2015) 140e151 141
few studies have been focused to date on complex matrices like
sewage treatment plant (STP) sludge and soil (Fig. 1a).

Sewage sludge application in crop fields is an important
pathway via which chemicals enter the environment. Trace organic
contaminants (TOC) contained in municipal STP sludge nearly all
belong to the category generally designated as pharmaceuticals and
personal care products (PPCP), broadly defined as “products used to
improve the quality of daily life” (Boxall et al., 2012). Within these
categories, there is currently a strong biased focus on antibiotics,
with a steady increase in contributions concerning antibiotics that
reach the soil through manure and sludge applications (although
less marked for sludge, see Fig. 1b). Municipal sewage antibiotics
are mainly studied at the STP level. There has been a substantial rise
in the number of studies on antibiotics in field-applied sludge over
the last 10 years, including the emergence of the first few studies
more broadly looking at PPCPs in such situations (Fig. 1a).

The sudden increase in attention illustrated in Fig. 1 gives rise to
significant concerns by society. Science so far remains insufficiently
equipped to respond to the many emerging, but pressing, concerns
(Smital, 2008). Only a limited number of substances have been
studied in a few situations. Although models that enable robust
prediction in unstudied environments are being developed (i.e.
validated level IV fugacity models, Mackay and Webster, 2006),
there is generally very little information on the required parame-
ters. As normal science proceeds, a post-normal (Funtowicz and
Ravetz, 1991) approach is required to generate information for so-
ciety in such situations where “facts are uncertain, values in
dispute, stakes high and decisions urgent”. In Section 2 we present
such an approach, while considering problem-solving aspects like
uncertainty, value loading, and a plurality of legitimate perspec-
tives (Funtowicz et al., 1999).

The goal of this paper is to present a quantitative fate assess-
ment method, constituting an integral part of the approach, and its
application to a situation where stakes and uncertainties around
sludge spreading are high. The situation selected for application is
one where sludge spreading has yet to be introduced: the island of
R�eunion is a tropical French overseas territory with volcanic soils, a
system where the little information obtained so far on the fate of
sludge-derived TOCs in soil cannot easily be transposed and where,
due to the absence of land spreading, the environmental fate
cannot be studied experimentally. Given the rise in sludge pro-
duction due to STP rehabilitation and construction, science ur-
gently needs to “translate” its sparse knowledge into information
for society. While landfilling is prohibited, the acceptance of land
spreading plans by regional authorities and the production of
sludge-containing fertilizer are impeded by the information void
around possible TOC-induced risks. We report fate assessment
results that aim at filling this void as accurately as is currently
possible.

2. Material and methods of the Reunion post-normal
assessment

The inquiry methodology proposed is part of a larger theoretical
framework described in Wassenaar et al. (2014): Hard science is
involved from an ‘involved actor’ stance (Alrøe and Kristensen,
2002) in a social science facilitated participatory research effort
based on negotiation theory, thus providing that facilitator with
credibility, insight and the capacity to fill knowledge gaps (Leeuwis,
2000). It is within this participatory research setting that the group
of participating stakeholders is taken through a sequence consist-
ing of the following five steps (see Supplementary information A
for a succinct description of all steps): (step 1) creating aware-
ness, in order to make sure that the discussion will differentiate
contamination from pollution; (step 2) identifying areas of concern,
to assure the provision of information most suited to unlocking the
local decision-making process; (step 3) selecting indicator chem-
icals; (step 4) assessing their fate; and (step 5) interpreting and
communicating results, with the aim to focus discussion on the
acceptability of concentrations and on adaptive management. This
sequencedmore than an information production and provision
processdis a necessary and inseparable whole that allows stake-
holders to: (a) agree on objectively addressing a polemic issue; (b)
agree on the assessment end-points; and (c) draw common con-
clusions. This paper is mainly concerned with the fate assessment
results (step 4). PPCP fate is addressed through an as good as
currently possible (AGAP) assessment, using simple existing
models and data on aspects known to influence them. Such simple
methods all have marked limitations. An important characteristic
of post-normal appraisals is that accuracy matters more than pre-
cision for decision making. Uncertainty is therefore considered at
all levels in order to estimate best-to-worst-case (cumulative un-
certainty) fuzzy fate ranges. Although the accuracy is unknown, it is
reasonable to suppose that the precision reduction of the range
method curbs possible systemic errors. Lastly, for each fate, such
baseline calculation results are then put into perspective by com-
parison with reported findings.

2.1. Target substances and fates following from steps 2 and 3

In the case of R�eunion, for both situations described in Section 1
(land spreading and fertilizer production), the only crop to consider
as a possible receptor is sugarcane, i.e. the island's geographically
and economically dominant crop, which is grown on permeable
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land with deep lying aquifers. Local authorities are concerned
about drinking water quality. Two other stakeholders have
different concerns with high stakes. As voiced by the Agricultural
Board, sugarcane farmers are concerned about soil con-
taminationdare there substances that could, under the scenarios
concerned, become chronically present and could they affect soil
quality? The sugar industry hasmarketing concerns related to plant
uptakedunder the present scenarios, what are the chances of up-
take of the substances into above-ground sugarcane stalks? These
three midpoint fates thus constitute the assessment targets more
than human and ecological health effects. It was also agreed that
organic contaminants in livestock manure should be assessed in
parallel with STP sludge (subsequently designated as ‘sludge’) and
following a similar procedure. Pig slurry (subsequently designated
as ‘slurry’) was selected as a ‘livestock effluent indicator’ material,
since veterinary product use is common, farming practices are
homogeneous and slurry is widely applied on sugarcane fields,
while also being included in one of the scenarios of the prospective
study. For both matrices, the indicator chemicals selected for
analysis in Step 3 are classified according to their industrial purpose
(Table 1). They can thus be linked to their usage, which in turn
facilitates communication to the general public.

Samples were taken from the three activated sludge STPs on the
western side of the island of R�eunion, the study area of the
participatory study, and sent for analysis following lyophilisation.
Routine analytical capacities of any research laboratory, be they
well equipped, rarely exactly fit the result of the substance selec-
tion. The few substances not covered are taken along in the sub-
sequent appraisal on the basis of a literature and expert based
estimation of concentration. Pig slurry was sampled from concrete
storage pits on three farms in western R�eunion. Following lyophi-
lisation, they were sent for analysis of veterinary antibiotics based
on knowledge of local veterinary practices. The basic characteristics
of all samples were analytically determined. Dry matter, organic
matter and major nutrient contents (see Supplementary
information B) proved to be homogeneous and within a common
range for both types of material.

Sludge samples were analyzed using pressurized liquid extrac-
tion and offline solid-phase extraction followed by ultra-
performance liquid chromatography tandem mass spectrometry
using a hybrid triple quadrupole-linear ion trap mass spectrometer
(Jeli�c et al., 2009). Pig slurry samples were analyzed by accelerated
solvent extraction and solid-phase extraction using an OASIS HLB
cartridge followed by liquid chromatography-tandem mass
spectrometry.

2.2. Substance flows from source to fate

Substance trajectories differ significantly according to the
envisaged use (Fig. 2). The conditions of land spreading of raw
sludge or pig slurry are specified inwastemanagement regulations.
Participatory research designed scenarios concerning pig slurry or
activated sludge are geared towards the production of commercial
fertilizer products based on co-composting with poultry litter and
green waste (for pig slurry) and on co-composting with vinasse
(from sugarcane molasses) and green waste followed by com-
plementing and pelletizing before conditioning (for activated
sludge). Allowed or recommended application rates are known for
all situations. The amount of sludge/slurry that ends up in a sug-
arcane field soil can thus be estimated for each scenario (see
Supplementary information C).

The substance flows presented in Fig. 2 indicate the chain of
biophysical processes that may influence the fate of individual
PPCPs, through degradation or by partitioning them away from
their sludge/slurry matrix. Sludge/slurry adsorbed PPCPs are
known to be of low volatility (Daughton and Ternes, 1999). Soil
volatilization is only considered in our appraisal for the “A” sce-
narios: In the “B” scenarios, all possible volatilization is supposed to
have taken place during composting as an effect of high tempera-
ture during its thermophilic phase and compost turning. AGAP
assessment of these and other processes, i.e. degradation, soil
sorption, plant uptake and leaching, is based on simple existing
models and data on aspects known to be of major influence (Beck
et al., 1996): physicochemical characteristics of soil and sludge/
slurry, environmental conditions, and the specific properties of the
chemicals.

2.3. Degradation during processing

In commercial fertilizer scenarios, most compounds will be
affected by the aerobic digestion based nutrient concentrating and
product stabilizing process. According to the scant literature con-
cerning PPCP degradation during composting (see Supplementary
information B), relatively broad degradation rate ranges are pro-
posed (Table 2) that account for the combined effect of biotic
degradation (i.e. biodegradation), abiotic degradation and volatili-
zation. In the Sludge B scenario, additional pelletizing heat related
abatement is applied to compounds where degradation has been
shown to be partly the effect of abiotic, temperature induced hy-
drolysis (see Supplementary information B). PPCP doses applied to
soil can be estimated while assuming that no further degradation
takes place during storage of the dried (80% dry weight) product.

2.4. Soil concentration

As proposed by ECB (2003) and Eriksen et al. (2009), expected
PPCP residual soil concentrations are estimated at fixed time ho-
rizons. Assuming that the background concentrations are negli-
gible, the initial soil concentration (wc, Soil, t0) range is calculated
from the sludge concentration extremes, composting degradation
rate range, application rates, known soil bulk density variation in
the area and mixing depth. Starting from wc, Soil, t0, wc, Soil, t1 is
estimated as a residual in a balance calculation based on first-order
kinetics that consider first-order rate constants for volatilization
(scenarios “A” only), plant uptake, leaching and biodegradation.
These simple calculations (see Supplementary information C) are
based on the assumption that the compounds are neutral while it is
well known that a significant proportion of PPCPs are ionizable
substances. No models are currently available for estimating
ionizable chemical partitioning in soil (Boxall et al., 2012; Boxall
and Ericson, 2012). Our calculations assume a crisp ‘dominantly
neutral’ to ‘dominantly ionized’ transition. For the latter state,
neutrality-based parameter value ranges are tentatively adjusted
(see Supplementary information C).

2.5. Soil volatilization

The purely physical process of volatilization after application to
soil (scenarios “A” only) is estimated using the classical two-film
resistance model, as recommended by the European Chemicals
Bureau (ECB, 2003). See Supplementary information C for details on
parameter estimation and resulting value ranges.

2.6. Soil biodegradation

In addition to chemical partitioning and the resulting possible
removal pathways from soil, degradationwithin soil itself is a major
‘removal’ process. When organic fertiliser is added to soil, the
contained chemicals are readily accessible to soil organisms. The
rate of biodegradation in soil is influenced by a wide range of



Table 1
Selected compounds and product categories they belong to.

Selected class Selected compounds Information communicated to stakeholders on …

Usage/origin (in the EU if different
from elsewhere)

Possible agricultural and water
background contamination

Pharmaceuticals
Analgesics/anti-inflammatories Diclofenac, piroxicam, ketoprofen Generic drugs Possible water contamination from

STP effluents and septic systems
Lipid regulators and cholesterol

lowering drug
Pravastatin Prescribed and generic drugs Possible water contamination from

STP effluents and septic systems
Histamine antagonist Loratadine Generic drugs Possible water contamination from

STP effluents and septic systems
Diuretic Furosemide Prescribed drugs Possible water contamination from

STP effluents and septic systems
Antibiotics Erythromycin, ofloxacin,

ciprofloxacin, sulfamethoxazole,
trimethoprim, doxycycline

Prescribed curative drugs Possible water contamination from
STP effluents and septic systems

Veterinary antibiotics Spiramycin, lincomycin,
tetracycline, oxytetracycline,
sulfadiazine, marbofloxacin

Curative or prophylactic/
metabolism enhancing use

Probable contamination of OM-rich
soils receiving regular applications
of rawmonogastric manure (e.g. pig
slurry on pasture)

Personal care products
Oestrogenic compounds/

xenoestrogen
b-Estradiol Natural human oestrogen also used

in pharmaceutical preparations
Possible water contamination from
STP effluents and septic systems

17 a-Ethinylestradiol (EE2) Contraceptive pills

Preservatives/antibacterial and
antifungal agents

Methylparaben Widely and heavily used in
cosmetics, toiletries,
pharmaceuticals. Also used as a
food preservative.

Possible water contamination from
STP effluents and septic systems

Triclosan Common in household liquid hand
soap, toothpaste, plastics, footwear

Corrosion inhibitor/polisher Tolyltriazole Originates to a large extent from
dishwasher formulations

Strong background pollution in
water downstream of STP and
septic systems (present in a vast
majority of EU rivers). Agricultural
contamination possible from
triazole fungicides, but insignificant
use in R�eunion (INERIS-ONEMA,
2011).

Surfactants/plasticiser Alkylphenols: octylphenol,
nonylphenol

Degradation product of non-ionic
industrial and laboratory
detergents and some pesticides
(limited to less than 0.1% by mass
since 2003: EU directive 2003/53/
EC)

Although being phased out in the
EU, the use of nonylphenol
ethoxylates in pesticide
formulations can constitute a direct
release of nonylphenols into the
terrestrial compartment. Ground-
and surface water contamination
from STP effluents and septic
systems is possible.

Flame retardant Tris(chloropropyl)phosphate
(TCPP)

Widely present in a large range of
consumer products and
construction materials

Ubiquitous presence in the
environment. Highest background
pollution in domestic and aquatic
environment. Humans ingest and
inhale flame retardants and their
presence in our tissue has been
demonstrated. Significant presence
in protein-rich food.

Water and oil repellant Perfluorinated compounds:
Perfluorooctane sulfonate (PFOS)
Perfluorooctanoic acid (PFOA)

Broad range of domestic products
and packaging

Ubiquitous in humans,
environment and wildlife
worldwide. Virtually all people
living in the industrialized world
have many PFCs in their blood
serum in the ng/mL range.

Fragrances Nitro-/polycyclic musks: galaxolide
tonalide

Widely used in cosmetics, perfume,
soap, detergents. Also used as food
additive.

Freshwater and fish are commonly
contaminated

Other
Polycyclic aromatic hydrocarbons Benzo[a]pyrenea, benzo[b]

fluoranthenea
No intentional manufacturing,
natural occurrence and by-products
of fuel burning

Atmospheric deposition induced
background contamination in the
environment is common.

Compounds in italics were not part of the chemical analysis and are considered on the basis of recent and relevant literature findings (see Section 3). Columns on the right
summarize qualitative, literature based information on usage and background pollution communicated to stakeholders.

a Denotes regulated chemicals, thus routinely analyzed by local STPs (PCBs, the regular analysis of which is imposed by law, are not identified in local sludge and thus
excluded).

T. Wassenaar et al. / Journal of Environmental Management 147 (2015) 140e151 143



Fig. 2. Pathways from source to target fates under the four scenarios Slurry A and B and Sludge A and B, indicated on the right. wc, X indicates the mass fraction of contaminant c in
compartment X. D indicates degradation and V volatilisation of a given fraction of the contaminant. t0 indicates wc right after application and t1 wc at the target time horizon. mc

indicates the mass of a contaminant (in a non-dimensionable compartment).
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factors, with the most well-known being the chemical structure of
substances, microbial activity, organic carbon content, and tem-
perature. The bioavailable fraction of a substance in soil depends on
the partitioning of the substance between the soil particles and the
pore-water. Bioavailability of ionic substances is therefore surely
influenced by soil parameters other than the carbon content. These
parameters may be of particular importance in R�eunion tropical
soils (high oxide mineral content). These properties spatially vary
and an accurate estimate of the biodegradation rate is very difficult
even when laboratory or field data are available (which for the vast
majority of the compounds considered is not the case). Fate and
exposuremodels normally assume that the biodegradation kinetics
are pseudo-first order. Converting soil half-life estimates (see
Supplementary information C) to rate constants is the only proxy
that can currently be used.

Hydrolysis and particularly photolysis (given the high insolation
rate affecting the soil surface of the R�eunion sugarcane fields at the
time of fertilization) may be important for some chemicals con-
tained in surface applied fertilizer. No single method is currently
available to assess the possible magnitude of these abiotic pro-
cesses under such environmental conditions. The large uncertainty
in estimating degradation in soil contrasts with the acknowledged
importance of these processes in soil CTO fate. Even more than for
the other soil fate pathways, comparison with literature findings
(where available) is therefore an essential and integrative part of its
assessment.

2.7. Plant uptake

The transfer of contaminants from the rhizosphere to the roots
is primarily mediated by the regular water uptake in plants. Pre-
dicting plant uptake based on measured soil concentrations is
therefore not straightforward. An additional challenge is that soil
conditions in the rhizospheremight be quite different from those in
bulk soil due to root-induced alteration of the physical, biological
and physicalechemical properties in the rhizosphere (Hinsinger
et al., 2009). Subsequent transport of contaminants from the root
system to the stem (i.e. translocation, one of the target endpoints of
our assessment), leaves and storage organisms occurs via the
vascular transport system. The contaminants have to penetrate
several plant tissues during translocation. The translocation and
accumulation of contaminants in above-ground plant parts there-
fore depends on a combination of their aqueous solubility, which
promotes their transport via water in the vascular system, and their
lipophilic properties, which promote their transport across the
lipidic plasma membrane of cells (McFarlane, 1995).

As an effect of this complex situation, plant uptake models are
mainly semi-mechanistic models based on empirical studies, and
are mostly limited to neutral organic compounds. Nearly all such
models depend on the octanolewater partitioning coefficient Kow
to predict plant uptake. The general trend noted in all models
regarding predicted shoot concentrations is that uptake declines
with increasing Kow, which is consistent with the observation that
root-to-shoot transport processes are mainly controlled by passive
transpiration within the xylem (Collins et al., 2006). In addition,
lipophilic chemicals are more likely to be sorbed to soil organic
matter and less available for uptake via the soil solution. From
among these models, we selected the Stem Concentration Factor
(SCF) model of Ryan et al. (1988), see Supplementary information C,
for non-ionic organic chemicals from soils. In the assessment of
Collins et al. (2006), SCF was found to be the best performingmodel
for predicting shoot concentrations (our target end point), showing
a reasonably good performance over a broad (0e6.5) log Kow range.

Similar calculations could not be performed for ionic substances.
Trapp's (2004) model for uptake into roots and translocation of
ionic compounds is highly complex and includes processes such as
lipophilic sorption, electrochemical interactions, ion trap, and
advection in xylem. A recently proposed simple, equilibrium



Table 2
PPCP mass fraction wc analytically determined in STP sludge and pig slurry samples
(S: sludge or slurry sample; nd: not detected) and estimated in soil after raw residue,
compost or fertilizer application. A and B refer to the scenarios (Fig. 2).

PPCP chemical wc, sludge/slurry

(ng/g dry weight)
PAR (%) wc, Soil, t0 (ng/g dry weight)

S1 S2 S3 A low A high B low B high

Diclofenac 37 24 17 50e80 1.5 6.2 0.2 2.1
Piroxicam 3 12 11 40e60 0.2 2.0 0.1 0.8
Ketoprofen 228 304 209 40e60 17.4 50.7 4.6 20.1
Pravastatin 4 281 25 40e60 0.3 46.8 0.1 18.5
Loratadine 4 4 4 40e60 0.3 0.7 0.1 0.3
Furosemide 30 198 33 40e60 2.5 33.0 0.7 13.1
Erythromycin 216 192 211 70e90 16.0 36.0 1.1 7.1
Ofloxacin 329 349 399 70e90 27.4 66.5 1.8 13.2
Ciprofloxacin 358 545 583 70e90 29.8 97.2 2.0 19.2
Sulfamethoxazole 4 16 11 70e90 0.4 2.7 0.0 0.5
Trimethoprim 725 700 783 70e90 58.3 131 3.9 25.8
Doxycycline nd nd nd e e e e e

Spiramycina,b nd nd nd e e e e e

Lincomycina 35 67 16 60e80 1.7 14.1 0.1 1.5
Tetracyclinea 133 32 40 60e80 3.4 27.9 0.2 2.9
Oxytetracyclinea 1819 590 6140 60e80 62.0 1289 3.3 135.6
Sulfadiazinea nd 3687 nd 60e80 0.0 774.3 0.0 81.4
Marbofloxacina 120 931 70 60e80 7.4 196 0.4 20.6
b-Estradiol nd nd nd e e e e e

EE2 626 45 141 30e50 3.7 104 1.2 48.2
Methylparaben 140 138 89 50-80 7.4 23.3 1.0 7.7
Triclosan nd nd nd e e e e e

Tolyltriazole 16 20 39 30e50 1.3 6.6 0.4 3.0
Octylphenol nd nd nd e e e e e

Nonylphenol 18 8 28 90 0.7 4.7 0.0 0.3
TCPP 928 4640 23,200 50e80 77.3 3866 10.2 1276
PFOSc 46 0e20 3.8 7.7 2.0 5.1
PFOAc 4 0e20 0.3 0.7 0.2 0.4
Galaxolidec 8600 50e80 716.7 1433 94.6 473.0
Tonalidec 890 50e80 74.2 148 9.8 49.0
Benzo[a]pyrene 210 180 230 40e60 15.0 38.3 4.0 15.2
Benzo[b]fluoranthene 150 210 190 40e60 12.5 35.0 3.3 13.9

PAR: processing abatement range (see Supplementary information B). ‘high’ wc, Soil,

t0 estimates are based on the combination of highestwc, sludge/slurry, the lower limit of
the processing abatement range (scenarios B), and lower limit of the soil density
range. ‘low’ wc, Soil, t0 estimates are based on the combination of the opposite limits.

a Denotes chemicals analyzed in pig slurry, thus referring to the Slurry scenarios.
b Analyzed in both sludge and slurry samples.
c Indicates chemical concentrations not analytically determined but based on a

recent EU-wide survey (Tavazzi et al., 2012).
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partitioning based approach to assess plant uptake in the BASL4
organic chemical fugacity model does not generate satisfactory
results (Hughes and Mackay, 2011). An AGAP uptake indication is
proposed for some ionic substances on the basis of published
findings, while taking into consideration the “environmentally
realistic” concentrations used in experimental studies (since uptake
depends on applied concentrations: Stahl et al., 2009) and how
they compare to our scenarios. Where available and obtained
through “compatible” experiments, uptake ratios are applied and
combined with crop yield in order to obtain a realistic indication of
the ionic substance harvested tissue concentration.

When interpreting AGAP quantification results, attention should
be focused not only on a compound's hydrophobicity, but also on its
molecular size. As listed in Hughes and Mackay (2011), several
studies have shown that compounds of high hydrophobicity and
molecular size tend to be found in high concentration only on or
near the root surface. Other studies have also indicated that
translocation of chemicals from roots to above-ground plant parts
is not normally a major process for hydrophobic chemicals. Hughes
et al. (2005) summarize findings on the relation between Kow and
plant uptake (incl. internal transport). Selected published ionic
substance plant uptake findings combined with their interpreted
size and lipophilicity characteristics have been used for qualitative
appraisal of the risk of the presence of other ionic substances in
sugarcane stalk tissue, one of the endpoints of interest in our
assessment.

2.8. Leaching

As indicated in Fig. 2, one of the assessment targets is the
amount of contaminants possibly leached into deeper soil horizons,
below the root zone. This was accepted beforehand as a relevant
proxy for drinking water concentration, i.e. the ideal indicator:
sugarcane is cropped on steep slopes with highly permeable soils
and bedrock in which locally dense strata create deep and frag-
mented water tables. It is widely known that under these condi-
tions hydro-geologists are unable to assess the relationship
between infiltration and drinking water wells. Information on soil
water partitioning and water infiltration is required to estimate
contaminant leaching. Both are combined in the calculation of a
theoretic first-order daily ‘removal through leaching’ rate, while
real infiltration occurs in seasonal peak events: fields are irrigated,
with irrigation ‘mixing’ solutes in the root zone but not inducing
deep soil seepagedwhat matters is infiltration beyond the root
zone, not surface infiltration. This can be estimated but occurs
mainly during a limited number of rain storms during the rainy
season. The soil water partitioning coefficient is a dynamic
parameter as it depends on the fractions of the three soil phases
(ECB, 2003). Contrary to the average situation (as considered under
volatilisation and plant uptake, see Supplementary information C),
soil porosity in this calculation is considered to be dominated by
water in order to obtain a meaningful ‘daily’ rate estimate.

3. PPCP fate assessment results and discussion

3.1. PPCPs in organic wastes

For the vast majority of sludge PPCPs, the concentrations were
found to be quite similar among the three samples (Table 1). Var-
iations exceeding one order of magnitude are limited to 3 out of 23
chemicals, indicating that these results may be representative of
western Reunion PPCP sludge contamination. No drug consump-
tion related seasonal contamination variation is expected in the
tropical setting considered. As expected, slurry drug concentrations
from individual pig farm storage pits are more spiked, exceeding
one order of magnitude variation among the three samples for 3
out of 6 chemicals.

3.2. Soil applied PPCPs

The estimated initial soil concentrations (i.e. wc, Soil, t0) are at
least 5-fold lower than the sludge/slurry concentrations (Table 1).
However, the application scenario has a considerable impact on
initial soil concentrations, with maximum differences exceeding
one order of magnitude for all chemicals analyzed. A and B scenario
soil concentrations are clearly distinct, with the respective low-
high concentration ranges showing no overlap for 10 out of the
27 substances present at detectable levels. For the sludge scenarios,
this difference is exacerbated when accounting for the different soil
depths considered (~30 cm for Sludge A and ~10 cm for Sludge B),
but this is also related to the marked differences in application
frequency (Fig. 2).

3.3. PPCP plant uptake

With the exception of perfluorinated compounds (PFCs), all of
the non-pharmaceutical selected chemicals (Table 1) present in the



Table 3
Predicted stem concentration factors (SCFs) and resulting predicted wc, Shoot mass
fractions for non-ionic PPCPs.

Minimum soil
parameter
value SCF

Maximum soil
parameter SCF

wc, Shoot

(ng/g fresh weight)

min
Kow

max
Kow

min
Kow

max
Kow

A
low

A
high

B
low

B
high

Loratadine 0.19 0.13 0 0 0 0.1 0 0
Ofloxacin 0.23 0.32 0.05 0.07 0.9 13.5 0 0.9
Ciprofloxacin 0.44 0.65 0.15 0.22 2.9 39.6 0.1 2.6
Tetracyclinea 0.03 0.03 0 0 0 0.2 0 0
Oxytetracyclinea 0 0.08 0 0 0 22.8 0 2.4
EE2 2.25 2.72 0 0 0 178.8 0 27.5
Methylparaben 1.45 1.49 0.05 0.05 0.2 22.0 0 2.4
Tolyltriazole 1.31 1.50 0.06 0.07 0.1 6.2 0 1.0
Nonylphenol 0.05 0.03 0 0 0 0.1 0 0
TCPP 1.13 1.13 0 0 0.2 2766.0 0 304.3
Galaxolide 0.06 0.04 0 0 0.3 53.0 0 5.8
Tonalide 0.08 0.03 0 0 0 7.1 0 0.8
Benzo[a]pyrene 0 0 0 0 0 0.1 0 0
Benzo[b]fluoranthene 0.01 0 0 0 0 0.2 0 0

‘Soil parameter’ refers to all parameters of the model of Ryan et al. other than Kow:
soil bulk density, soil water content, soil organic carbon fraction, but also Koc. A and B
refer to the scenarios (Fig. 2).
Chemicals in italics are based on concentrations given in a recent EU-wide survey
(Tavazzi et al., 2012).

a Denotes chemicals analyzed in pig slurry, thus referring to the Slurry scenarios.

T. Wassenaar et al. / Journal of Environmental Management 147 (2015) 140e151146
samples (Table 2) are likely non-ionized in soils. In the absence of a
model based estimate, two peer-reviewed experimental studies
focused on crop uptake of sludge-contained PFCs provide useful
estimates. Stahl et al. (2009) showed that PFOA/PFOS concentra-
tions in plants vary greatly depending on the concentrations
applied to the soil. However, the lowest PFC concentration studied
(250 mg/kg soil) is about two to three orders of magnitude higher
than our estimated wc, Soil, t0: if we extrapolate their regressions for
maize stalks (accepting maize stalks as a proxy for cane stalks) for
our t0 PFC mass fractions, we come up with predicted cane con-
centrations that are well below the background concentrations
found in their control experiments. The uptakeesoil concentration
ratio obtained by Yoo et al. (2011) is comparable to that of Stahl
et al. Provided that no accumulationwill occur in soil at the current
loading rate, as the results presented in the subsequent sections
indeed suggest, the above findings suggest that sugarcane stalk PFC
concentrations will not be detectable.

Contrary to the situation for non-pharmaceuticals, a majority of
the pharmaceuticals present in our samples (11 out of 16) were
likely dominantly ionized in at least part of the soils studied. This
concerns all analgesics, lipid regulators and diuretics, 3 out of 5
human antibiotics and 3 out of 5 veterinary antibiotics. Peer-
reviewed experimental studies, the sole remaining source
regarding the crop uptake risk for these pharmaceuticals, so far
have largely been focused on antibiotics (reviewed by Kim et al.,
2011). From among the six mostly ionic antibiotics useful uptake
rates have been reported only for trimethoprim. Boxall et al. (2006)
calculated low (res. 0.06 and 0.08) trimethoprim soil-based uptake
factors (UF). However, trimethoprim wc, Soil, t0 was among the
highest of our substances (Table 2). If one would accept the UF of
lettuce as a proxy for the SCF of sugarcane, the high end estimates
of the A and B scenarios would be res. 5 and <1 ng/g fresh weight.
Our sulphonamide-class antibiotics sulfamethoxazole (human) and
sulfadiazine (veterinary) have the lowest molecular weights of all
of our pharmaceuticals (res. 253 and 250 g/mol). While this makes
extrapolation of the sulfamethazine findings (Dolliver et al., 2007)
tempting, their log Kows are well below 1 which, according to
Hughes et al. (2005), would make them too lipophobic to enter the
root system. Boxall and Ericson (2012) indeed concluded that
developing a clear relationship between uptake and pharmaceu-
tical properties, such as hydrophobicity, is difficult as some phar-
maceuticals are taken up by some organisms and not by others, and
uptake into similar organisms in different environments can vary.
Holling et al. (2012) suggested that the rhizosphere conditions,
particularly the presence of dissolved organic matter, might be one
of the critical factors in determining the mobilization and
bioavailability of xenobiotic compounds such as PPCPs.

Studies are currently emerging on crop uptake of pharmaceu-
ticals other than antibiotics. Dodgen et al. (2013), for example,
studied diclofenac uptake, which they found to be inferior to
nonylphenol uptake. Regarding the low SCF estimated for the latter
(Table 3), this provides an indication of a low uptake risk. Indeed,
Cort�es et al. (2013) did not observe any diclofenac uptake when
applied at 22 ng/g dry weight in sludge, which is very similar to our
values. No experimental reports are available for the other non-
antibiotic ionic pharmaceuticals.

Table 3 reports SCF and wc, Shoot estimates for the non-ionic
chemicals. Clearly, the SCF value ranges are very broad for many
of the 14 compounds. The influence of Kow on SCF is overshadowed
by the value range of the component that Ryan et al. (1988) added
to the original solution concentration based KoweSCF relation to
account for the effect of soil sorption on the soil solution concen-
tration, thus allowing estimation of SCF on a total soil concentration
basis. While this value range is partly the effect of real parameter
variability (soil bulk density, soil water content and soil organic
carbon fraction respectively vary in studied soils by 2-, 3- and 2-
fold), most of its variation stems from the uncertain organic car-
bon partitioning coefficient: Koc estimates vary between minimum
and maximum by at least 20e30-fold (in the case of musks,
corrosion inhibitors, preservatives and surfactants) up around
1500-fold (synthetic oestrogen EE2 and the anti-histamine lor-
atadine). SCF estimates nevertheless provide useful insight: the
entire value range is very low to negligible for HAP, musks, non-
ylphenol, tetracycline and oxytetracycline, i.e. 7 out of the 14
chemicals. Out of the remaining 7 chemicals, two pharmaceuticals
have low to negligible minimawith maxima that remainwithin the
lowest 10% of the empirical values used to establish the original
KoweSCF relation. Ciprofloxacin has a quite constant, moderate SCF
value (0.15e0.65). The four remaining compounds exhibit highly
uncertain uptake behaviour with value ranges of negligible minima
and moderate to high maxima. The highest maximum, that of EE2
(2.7), indeed corresponds to the upper range of the empirical values
reported in Ryan et al.

The wc, Shoot estimates, one of our targets, reported in Table 3
correspond to application of the minimum and maximum SCF
values to the low and high wc, Soil, t0 values of the A and B scenarios,
respectively (Table 2), thus exacerbating the wc, Shoot estimate
range. For a number of chemicals (particularly loratadine), the low
wc, Soil, t0 values rendered the large SCF value ranges irrelevant. For
both A and B scenarios, the lower bound wc, Shoot estimates are all
negligible (less than 3 ng/g). The higher boundwc, Shoot estimate for
Scenario B is significant for EE2 and TCPP. The latter is even very
high under scenario A (2.7 mg/g), but it should be kept in mind that
this extreme concerns only the first harvest after a decadal
application.

No experimental plant uptake studies have been published for
most of the non-pharmaceutical compounds in Table 3. The sole
indication that the model estimates are not unrealistic is that two
out of the four high SCF chemicals, i.e. methylparaben and tolyl-
triazole, have log Kow values of 1.7e2.0, making them the only
chemicals of Table 3 in the 1.0e2.5 range (the most likely to be
taken up into the xylem and phloem and transported to different
parts of the plant, according to Hughes et al., 2005). The other two,
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i.e. TCPP and EE2, have a log Kow of about 3.7, but the experimental
relationship of Ryan et al. indicates that uptake only clearly di-
minishes for chemicals of log Kow > 4.5.

3.4. PPCP soil fraction dynamics

Table 4 presents the first-order rate constants k for removal
from topsoil as well as the first-order rate constants for biodegra-
dation and leaching (indicated as a percentage of k). kPlant repre-
sents 0.2% of k at most for the neutral compounds (TCPP in ‘high’
variants of the scenarios), with kPlant thus being of little significance
in the soil balance, hence its value range is not presented here. The
same accounts for kVolatilisation, contributing <0.1% except for the A
scenarios high end estimate of musks (0.2%) and the exceptionally
high perfluorinated chemical A scenarios k shares (PFOS: 52e96%;
PFOA: 96e99%). Except for the latter case of PFOS and PFOA, the k
values are identical among A and B scenarios. But the lowehigh k
value ranges are broad throughout, varying by 20- to 35-fold (for
PFOS/PFOA they are res. 300 and 183). The values are lowest for
chemicals known to be ‘recalcitrant’ (according to the Biowin 4.10
model, US-EPA, 2012; see Supplementary information C): TCPP,
loratadine, erythromycin and ofloxacin, followed by those that,
according to Biowin's ultimate biodegradationmodel, would have a
half-life of some months (EE2, ciprofloxacin, tetracycline, oxytet-
racycline, musks and HAP). Indeed, Table 4 indicates that biodeg-
radation would account for most of the removal for nearly all
substances and the entire k value range. kBiodegradation even accounts
for 94% or more of k except for antibiotics, piroxicam, furosemide
and PFOS/PFOA. Lower shares generally indicate a significant
contribution to removal by leaching (which could even come to
dominate removal in the case of ofloxacin).
Table 4
Calculated first-order soil removal rate constants k (d�1) value ranges per scenario.

k kBiodeg

A low A high B low B high A/B low

Diclofenac 0.016 0.331 0.016 0.331 98.6
Piroxicam 0.016 0.359 0.016 0.359 99.8
Ketoprofen 0.039 0.814 0.039 0.814 99.3
Pravastatin 0.039 0.831 0.039 0.831 99.0
Loratadine 0.002 0.033 0.002 0.033 100
Furosemide 0.011 0.243 0.011 0.243 92.0
Erythromycin 0.003 0.113 0.003 0.113 94.9
Ofloxacin 0.002 0.083 0.002 0.083 68.2
Ciprofloxacin 0.006 0.148 0.006 0.148 81.1
Sulfamethoxazol 0.016 0.358 0.016 0.358 99.8
Trimethoprim 0.010 0.234 0.010 0.234 98.6
Lincomycina 0.017 0.365 0.017 0.365 92.3
Tetracyclinea 0.005 0.149 0.005 0.149 95.8
Oxytetracyclinea 0.005 0.148 0.005 0.148 97.4
Sulfadiazinea 0.016 0.360 0.016 0.360 99.2
Marbofloxacina 0.010 0.248 0.010 0.248 95.4
EE2 0.005 0.101 0.005 0.101 100
Methylparaben 0.020 0.400 0.020 0.400 99.7
Tolyltriazole 0.020 0.402 0.020 0.401 99.5
Nonylphenol 0.019 0.390 0.019 0.390 100
TCPP 0.002 0.034 0.002 0.034 99.9
PFOSb 0.007 2.055 0.003 0.088 47.3/9
PFOAb 0.084 15.40 0.003 0.087 3.9/98
Galaxolideb 0.005 0.098 0.005 0.098 100
Tonalideb 0.005 0.098 0.005 0.098 100
Benzo[a]pyrene 0.005 0.098 0.005 0.098 100
Benzo[b]fluor. 0.005 0.098 0.005 0.098 100

kBiodegradation/k and kLeaching/k share are indicated as percentages. Two values are given for
(ng/g dry weight) is obtained by applying the low-end k values to the high endwc, Soil, t0 (T
at that time horizon all equal 0.

a Denotes chemicals analyzed in pig slurry, thus referring to the Slurry scenarios.
b Indicates chemical concentrations not analytically determined but based on a recent
Sugarcane has a long annual crop cycle. As fertilisation and
regrowth occur once a year, estimating wc, Soil, t1 at that time ho-
rizon (Table 4) is the most relevant ‘residual soil presence’ infor-
mation for sugarcane farmers and the industry. While low-end
residual mass fraction estimates, obtained by applying the high-
end k values to the low end wc, Soil, t0 (Table 2) values, all equal
zero after 1 year, high-end estimates exceed a couple of ng/g for
about a third of the chemicals. High-end estimates are structurally
(except for PFOS/PFOA) substantially higher (by 2e10-fold) under A
as compared to B scenarios. Note that the Sludge A scenario appli-
cation frequency differs (decadal instead of yearly), although the
same accounts for the considered soil depth (0.3 m under this
scenario, instead of 0.1 m for the others). While three out of the 27
chemicals (oxytetracycline, TCPP and galaxolide) could possibly
exceed the 100 ng/g dry weight mass fraction range under scenario
A, only TCPP could possibly exceed that level under scenario B.

While even for high-end estimates the removal after 1 year is
nearly complete for a large majority of the PPCPs considered, Fig. 3
also indicates that the removal dynamics in the first months vary
over a very wide range. There is even some overlap between the
high-end removal dynamics estimation domain and the low-end
domain, indicating that at its lowest removal rate estimate, the
most quickly removed PPCPs still dissipate faster than the most
recalcitrant PPCPs at their highest removal rate estimate.

Chemicals that would be most persistent in soil also were ex-
pected to be relatively persistent upon processing (see
Supplementary information B: e.g. oxytetracycline (Combalbert
et al., 2010), EE2 (Bruchet et al., 2005; Cajthaml et al., 2009)). The
same holds for those supposed to be efficiently removed (e.g.
nonylphenol (Soares et al., 2008)). The predicted ‘ultimate’
biodegradation (complete mineralization) cannot be readily
radation/k kLeaching/k wc, Soil, t1

A/B high A/B low A/B high A high B high

94.4 1.2 5.4 0.02 0.01
87.0 0.2 12.9 0.01 0.00
95.8 0.6 4.1 0.00 0.00
93.8 0.9 6.1 0.00 0.00
99.0 0.0 0.9 0.37 0.15
80.4 7.8 19.5 0.69 0.27
57.6 4.9 41.9 10.3 2.05
39.1 31.7 60.9 27.9 5.53
65.8 18.8 34.2 10.9 2.15
87.2 0.2 12.7 0.01 0.00
83.5 1.3 16.5 3.56 0.70
85.5 7.7 14.5 0.03 0.00
65.5 4.2 34.5 4.37 0.46
66.0 2.6 34.0 208.0 21.9
86.8 0.8 13.2 2.50 0.26
78.6 4.6 21.4 4.72 0.50
96.4 0.0 3.5 17.6 8.15
97.4 0.3 2.5 0.02 0.01
97.2 0.5 2.8 0.01 0.00
100 0.0 0.0 0.00 0.00
94.6 0.1 5.2 2138 705.4

9.5 3.2/73.9 0.2/0.4 1.1/25.3 0.63 1.54
.7 0.4/74.9 0.0/1.1 0.1/24.2 0.00 0.13

99.6 0.0 0.2 242.2 80.0
99.6 0.0 0.2 25.1 8.28
100 0.0 0.0 6.48 2.57
100 0.0 0.0 5.92 2.34

PFOS and PFOA, representing res. the A and B scenario shares. The high-endwc, Soil, t1

able 2) values. The values presented correspond to t1 ¼ 1 year. The low-endwc, Soil, t1

EU-wide survey (Tavazzi et al., 2012).



Fig. 3. High-end (textured area bounded by solid grey lines) and low-end (grey area bounded by dashed grey lines) 1 year topsoil removal dynamics domains of all PPCPs
considered. Thick black (solid and dashed) lines are the median values of each domain.
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compared to experimental results because the mere disappearance
of the parent compound indicates biotransformation of an un-
known degree, and not necessarily mineralization. However, the
predicted predominant role of biodegradation in PPCP depletion in
soil has been widely confirmed in the literature (Boxall et al.,
2004a,b; Boxall and Ericson, 2012), although the process is not
well understood (Boxall and Ericson, 2012). Looking at specific
molecules, published findings on antibiotics highlight a broad
range of dynamics that both in relative and absolute (semi-quan-
titative) terms mostly prove to be compatible with the predicted
dynamics, e.g. “moderate degradation of various tetracyclines
within 180 days” (Du and Liu, 2012), “only a small proportion of …
ciprofioxacin, ofloxacin, … degrade even after 30 to 80 days”
(Kumar et al., 2005). These studies confirm the influence of tem-
perature on biodegradation rates. Our predicted dynamics may be
conservative in some cases, e.g. erythromycin was found to
completely biodegrade within 30 days at 20e30 �C temperatures
by Kumar et al. (2005), and Cajthaml et al. (2009) cite several ref-
erences giving evidence of rapid degradation of EE2 on temperate
agricultural land. Stumpe and Marschner (2009) offer a more in-
depth understanding of EE2 biodegradation and highlight the fact
that EE2 degradation follows a specific mineralization pathway,
largely involving phenol degraders. Degradation results may thus
depend on agricultural practices. If organic residues are left on the
(tropical) soil surface, fungi dominate the microbial activity, while
bacteria play a greater role when substrates are mixed into the soil
(Juo and Franzluebbers, 2003). Fungi prevail over bacteria when the
soil pH is low, but Lienhard et al. (2013) demonstrated that in
tropical soils agricultural practices that generate environmental
stress (tillage) decrease fungal richness and diversity while
increasing bacterial richness and diversity. Regarding the very low
tillage frequency in sugarcane fields, our predicted EE2 dynamics
may well be conservative for low pH soils.

In the light of recent research results on pharmaceuticals, the
fact that in most cases the predicted removal dynamics are domi-
nated by the biodegradation factor indicates that the term ‘removal’
should be qualifieddabiotic process may contribute to the soil's so-
called ‘biodegradation’ (Kim et al., 2011; Xia et al., 2005), but
particular sorption mechanisms could preclude a chemical's
biodegradation (Boxall and Ericson, 2012; Kim et al., 2011; Kumar
et al., 2005; Soares et al., 2008). It may well be that in the volca-
nic soil studied, the predicted ‘removal’ will include a portion that
has become what Boxall and Ericson call “irreversibly bound” to
soil, echoing the interesting discussion on bioavailability (as well as
outright analytical extractability) in Hughes and Mackay (2011).
Although perhaps not as significant for other chemicals, this is of
interest for pharmaceuticals since, according to Boxall and Ericson,
it is one of the predominant end pathways since residues become
either potentially depleted and/or inactivated as they are incorpo-
rated into humic acids during the mineralization and stabilization
of soil organic matter. Though still debated, evidence suggests that
such bound residues are essentially removed (Boxall and Ericson,
2012). This yet unquantifiable aspect should nevertheless not be
overlooked when reporting on the sheer presence of PPCPs in soil.

3.5. PPCP leaching

While a substantial portion of some compounds have been
predicted to leach to the deeper soil (>4% of total removal after 1
year at minimum to 20% or more at maximum for 6 out of 27
chemicals), Table 4 indicates that, for 12 chemicals, 5% or less may
leach to below the root zone. Given these uncertain estimates, the
absence of an operational model to quantitatively simulate chem-
ical leaching and the unconsidered importance of (erratic) rainfall
timing (with respect to fertilizer application), we did not attempt to
transform kLeach into mc, Seepage. However, compounds that are
predicted to be present in the highest relative initial soil concen-
trations (Table 2) belong to the latter low leaching potential group,
with the exception of pig slurry bound oxytetracycline, frequently
present in substantial concentrations and for which leaching may
represent up to a third of removal. Regarding their relatively
modest concentration, substances predicted to be of the highest
mobility (erythromycin, ofloxacin, ciprofloxacin) might produce
appreciable mc, Seepage only in the event of substantial rainfall
shortly after a high rate decadal Sludge A application (correspond-
ing to 5 t/ha DW of sludge, see Supplementary information C),
when other, more gradual, removal processes would yet have had
little effect.

Hardly any of our chemicals have so far been studied in leaching
experiments. Oxytetracycline, the one compound studied in several
reported experiments, is either not detected in leachates (Blackwell
et al., 2009; Kumar et al., 2005) or only in scant concentrations
(Kwon, 2011). This sheds some doubt on our projections for
oxytetracycline and tetracycline leaching, as further put in question
by Boxall et al. (2004b) who conclude, on the basis of experimental
findings, that tetracyclines, macrolides and sulphonamides have a
low potential to leach to groundwater, while other authors (Kwon,
2011; Zhang et al., 2011) report higher leaching of the smaller



Fig. 4. Interpretation of upper and lower bounds based removal dynamics. Solid lines indicate high and low k TCPP dynamics, recalcitrant when compared, for instance, to
nonylphenol (dashed lines). The histogram on the right indicates the frequency distribution that would be obtained between these high and low removal limits from a hundred
samples after 1 year if the k distribution would be uniform.

T. Wassenaar et al. / Journal of Environmental Management 147 (2015) 140e151 149
sulphonamides. These latter observations contrast with the rela-
tively low predicted kLeach fractions of the two sulphonamides we
considered (Table 4). A local experimental study on herbicide
leaching (Bernard et al., 2005) documented leaching below pre-
dicted values, and the strong sorption characteristics of the tropical
volcanic soils was identified as one explanatory factor. The present
projections are therefore unlikely to underestimate the extent of
leaching.

3.6. Quantitative PPCP fate assessment

This study is a first attempt to obtain quantitative estimates on
PPCP fate indicators deemed relevant by decision makers and
which consider the specific system characteristics as far as possible.
Given the currently very limited extent of knowledge, just
providing best- and worst-case possibility ranges at all levels
seemed to be a sound approach, despite the obvious drawback
related to the difficult interpretation of the resulting often broad
value ranges. Much of the informative value of results resides in the
relative differences predicted among chemicals: despite broad
possibility ranges, such differences remain very appreciable for all
three assessment targets.

While beyond the scope of this paper, interpretation of the
target value estimates in absolute terms requires reference values
whose choice depends on the stakeholder to be informed. Are in-
dicator values that prove high in relative terms (i.e. with respect to
that of other substances) to be valued as high in absolute terms?
Scenario A's TCPP wc, Shoot was labelled ‘very high’ because of its
detectability, which is the interpretation criterion for this target's
most concerned stakeholder. As the detection limit of current
analytical equipment is roughly a couple of ng/g, at most only two
out of the 27 chemicals considered would possibly exceed their risk
criterion under the B scenario. Although far from being precise, this
constitutes clear and useful information and helps to design follow-
up andmonitoring decisions. However, such a stakeholder criterion
should not preclude (1) an objective fate assessment down the
industrial processing chain, or (2) the appreciation of a human
health risk this could represent. For TCPP and others (see Table 1)
this would require putting such risks into perspective with respect
to possible background concentrations. Such STEP 5 aspects are
beyond the scope of the present paper.
Our work was focused on establishing the extremes in order to
grasp the possibility range induced by uncertainty and variability.
The distribution of values between these extremes remains un-
known, andmuch care should be taken in interpreting these values.
This especially concerns the soil removal dynamics. While inter-
pretation of the first-order k value ranges is, for example, quite
straightforward, Fig. 4 shows that the log transform of the calcu-
lation of wc, Soil, t1 on the basis of wc, Soil, t0 and k leads to a distri-
bution between the extremes that is far from uniform or normal.
The histogram on the right of Fig. 4 illustrates the 1 year wc, Soil, t1

‘residual fraction’ distribution for TCPP that would result from a
hypothetical uniform distribution of k between its extremes: ¾ of
the frequency distribution is located in the 1st 5% bin (up to 2.8 in
the TCPP 0e55% residual fraction range), with more than 90% of the
distribution having a residual fraction of less than 20%.

4. Conclusion

While the above results indicate that there would be little
reason for concern about accumulation in soil under the given
scenarios, they also indicate that the conclusions could change
substantially when considering other sludge/slurry based fertilizer
use scenarios, particularly short crop cycle market gardening. The
same accounts for crop uptake regarding the predicted and re-
ported proportionality with soil concentrations. Interpretation of
PPCP leaching ‘risk’ is far less clearcut, because: (1) the uncertainty
is such that no meaningful quantification can be produced as yet;
(2) leaching cannot be meaningfully related to groundwater
contamination in our hydrogeologic conditions; and (3) concerned
stakeholders do as yet not dispose of reference values for
interpretation.

The estimated indicator value ranges resulting from the pro-
posed possibility rangemethodmay be expected to correctly reflect
the cumulative effect of uncertainty and variability of each of the
individual parameters considered. This of course is not the case for
properties that are not explicitly considered, but whose variation
may limit the conditions under which the individual models
employed are valid. While the results constitute useful ‘best
possible’ indications that may be appreciated by stakeholders,
there are at least two sets of properties that are known to be of
great influence, while theywere only considered to a limited extent
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in the development of the models used: plant and soil properties.
25 years ago, Ryan et al. (1988) already noted that “there has been
no systematic examination of plant responses to organic chemicals
in soil”, while citing studies that since the 1960s demonstrate that
variations in uptake between species, as well as between varieties
of a single species, are high. While various species were considered
in the development of their model, in its assessment by Collins et al.
(2006) and in the recent experimental results cited in this paper, its
validity for sugarcane has yet to be confirmed. Only one other
tropical C4 plant (maize) has so far been considered by some au-
thors. The same accounts for soil properties. Soil sorption proper-
ties are known and acknowledged to result from a complex set of
processes and properties. They hence vary to a very large extent
among soil types, whereas the still limited number of studies have
so far of course not been able to assess them broadly, experimen-
tally, or to untangle them analytically. Given the very strong min-
eral sorption properties of some R�eunion soils, it cannot be
excluded that some of the ‘best possible’ indicator value ranges are
not broad enough to be accurate. These observations constitute a
call for future experimental studies to focus on relevant yet con-
trasting situations.

Clearly, research still has a long way to go before providing
reliable ex-ante indicator estimates for specific situations. In the
meantime, and despite its obvious shortcomings, appraisals like the
one presented provide useful approximations: by informing and
objectively discussing the TOC presence and fate, it could poten-
tially unlock development which is held back by mistrust and
ignorance.
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