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Abstract: The use of marginal water, such as reclaimed wastewater or effluent, for irrigation can
reduce the pressure on existing freshwater resources. However, this can cause contaminants to
accumulate in compartments such as the soil, crop, air, surface- and groundwater, which may harm
the public health and the environment. Environmental quality standards for these compartments are
generally considered separately. However, the compartments are related to each other by the fluxes
between them, and the concept of sustainability should hold for all compartments simultaneously. An
integrated approach is therefore required for the sustainability assessment of irrigation with marginal
water. Since such an approach has not been provided yet, we develop an integrated framework in this
study. We provide sustainability indicators by comparing the long-term contaminant concentration
and fluxes with quality standards for each environmental compartment. These indicators give
comprehensible information on which contaminants will cause problems, which environmental
compartments are threatened, and on what timescale this will occur. This allows for the prioritization
of mitigation and preventive measures for better sustainability management. We illustrate the use of
the framework by means of a case study.

Keywords: wastewater irrigation; contaminants of emerging concern; sustainability

1. Introduction

Freshwater scarcity is a growing global problem due to population growth, urbaniza-
tion, and climate change [1,2]. The population in water-stressed regions was estimated at
700 million in 2006, and growing [3]. Alternative water resources are needed to reduce
the pressure on existing freshwater resources. Using reclaimed wastewater or effluent for
irrigation is such an alternative. As a comprehensive general term, we will use ‘marginal
water’ in this study to denote water resources that have quality issues, such as domestic
and industrial effluent, or return flows. Since agriculture is responsible for 70% of freshwa-
ter use [4], irrigating with marginal water significantly reduces the pressure on freshwater
sources. Besides agriculture, marginal water is also re-used for irrigating urban greens as
parks and sport fields [5]. Irrigation with marginal water is common practice in arid and
semi-arid areas around the world where freshwater is scarce, including the Middle East,
Australia, Mexico, and southern Europe [5]. However, wastewater irrigation has recently
also received increased attention in temperate climates to mitigate future water stress due
to climate change [6].

While freshwater scarcity is the main driving force for irrigation with marginal water,
there are additional benefits. Firstly, irrigation with marginal water may prevent pollution
of coastal and riverine systems, as marginal water is otherwise often discharged directly
into surface waters [5,7]. Secondly, the presence of nutrients and organic matter in marginal
water is reported to improve crop yields [8], which is particularly a benefit in developing
countries where fertilizers are not always an economically feasible option [5].

However, marginal water poses a risk to human health and the environment due to
the contaminants it contains. The composition of marginal water depends on its source
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and treatment before re-use, and therefore varies from case to case. Current treatment
technologies are not designed to remove contaminants of emerging concern (CECs) [9].
The removal efficiency of wastewater treatment systems therefore strongly depends on
the contaminant, ranging from 2 to 99% for different contaminants [10,11]. Additionally,
wastewater is applied directly without treatment in some regions. Commonly found
contaminants in marginal water include heavy metals [12–14], alkali and earth alkali
salts [15–17], nutrients [18–20], organic chemicals [21–23], and pathogens [7]. The presence
of these contaminants makes it unclear whether long-term irrigation with marginal water
is sustainable. In this paper, we consider a practice sustainable if it will not lead to violation
of appropriately defined quality standards for the environment (e.g., for soil, crop, water).
Quality standards for irrigation water are required for this purpose.

Quality standards for irrigation with marginal water have already been developed
for some contaminants such as heavy metals, nutrients, and microbes, as well as chemo-
physical properties such as the electric conductivity and pH. The most commonly used
standards are those proposed by the Word Health Organization [24], the United States
Environmental Protection Agency [25], and the European Union [26], which are used in
many countries. However, regulations for many chemical hazards, including CECs, are
still missing [27].

Regulations for contaminants in marginal water should be based on all potential risks
to human health and the environment. In an attempt to devise irrigation water quality
standards, risk assessment methodologies were proposed for chemical hazards in the
context of irrigation with marginal water [28,29]. However, these studies neglected several
exposure pathways, such as pollution of the groundwater. This highlights the issue that
quality standards for the various environmental compartments (e.g., soil, crop, groundwa-
ter) are generally considered independently from each other. However, the contaminant
fluxes between the different compartments obviously coupled. Thus, neglecting one or
more compartments might lead to erroneous predictions of the contaminant concentration,
fluxes, and potential problems. Furthermore, the concept of sustainability should hold for
all compartments simultaneously: that the quality standard of one compartment may not
be exceeded, does not ascertain that the quality standards of other compartments will not
be exceeded. Therefore, there is need of a tool that considers all threatened environmental
compartments in an integrated manner.

Current frameworks to assess the sustainability of wastewater irrigation are lacking,
as not all environmental pathways and contaminants are considered. We will therefore
develop such a framework which can account for all threatened environmental compart-
ments and potential risks to the public health on the farm level in an integrated manner. To
our knowledge, a framework which integrates these pathways has not yet been provided.
We develop sustainability indicators to translate the complex processes that occur in the
soil into comprehensible and manageable information. The framework is applied to a case
study in the Netherlands for illustration.

2. Materials and Methods
2.1. Contaminant Balance

Marginal water often contains a large number of contaminants which show great
diversity in behaviour, adverse effects, and fate in the environment [5]. To assess if
such water can be used for irrigation on longer time scales requires an approach that
is valid for a large range of contaminants. For our integrated approach, we need to
identify how humans and the environment are exposed to contaminants, in this case
focused on contaminants introduced by irrigation water. Contaminants can threaten the
soil quality [30–34], crop quality [35–37], groundwater quality [20,38,39], surface water
quality [40], and air quality [28,41]. The most important environmental compartments and
contaminant pathways are summarized in Figure 1.
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Figure 1. A schematic representation of various environmental compartments relevant to irrigation with
marginal water, indicating the possible contaminant pathways between compartments. Accumulation
of contaminants in each end compartment can cause risks for public health and the environment.

As Figure 1 illustrates, many processes and pathways of contaminants complicate
the soil system. To provide an integrated tool for assessment of the sustainability of using
marginal water for irrigation, we make the assumption that this irrigation water is the sole
source of contaminant. In that case, the contaminant mass balance for soil is given by the
difference of input by irrigation water and removal via other processes given in Figure 1, or

dM
dt

= A − L − D − B − G − V (1)

where M is the total contaminant mass in the root zone [µg/cm2], A is contaminant mass
input [µg/cm2/y], L is loss by leaching to the groundwater [µg/cm2/y], D is loss by
degradation [µg/cm2/y], B is loss by plant uptake [µg/cm2/y], G is loss by soil erosion
[µg/cm2/y], and V is loss by volatilization [µg/cm2/y]. The contaminant input A is
a combination of various contaminant sources. Naturally, this includes poor quality
irrigation water, but this may not be the only source of contaminants. For example, in
regions with shallow groundwater tables and poor groundwater quality, capillary rise may
also transport contaminants from the groundwater towards the root zone. However, in this
paper we will consider irrigation as the only contaminant source. This also includes surface
runoff that infiltrates into the soil. Note that interception does not introduce contaminants
to the soil, and is therefore not included in this mass balance. The contaminant input A
thus denotes only the soil input, not the total input.

This mass balance can be considered in various levels of detail, and we focus on longer
time and non-acute contamination. For acute contamination problems, sustainability is less
an issue, as those situations are often recognized immediately to involve unacceptable risks.
Instead, we consider situations where contaminants may pose environmental risks, but
which risks are of real concern and at which time scales is not apparent. For contamination
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problems of our interest, we may regard the top soil as a perfectly mixed reservoir, in view
of regular soil tillage [42], by which high frequency (daily, weekly) variation of boundary
conditions (rainfall, irrigation water quality) will be filtered out [43].

Many CECs in marginal water exhibit linear adsorption to the solid phase [44,45]. We
therefore consider only linear adsorption within this framework, although other adsorption
expressions are feasible as well [43,46]. In our case, all removal processes are first-order
rates with respect to concentration in solution, and Equation (1) can be written as

θZR
dC
dt︸ ︷︷ ︸

accumulation

= ICi︸︷︷︸
input

− qC︸︷︷︸
leaching

− λθZRC︸ ︷︷ ︸
degradation

− αTC︸︷︷︸
plant uptake

− EkC︸︷︷︸
soil erosion

− βθZC︸ ︷︷ ︸
volatilization

(2)

where R = 1 + (ρbk)/θ is the retardation factor [-], with ρb being the soil dry bulk density
[g/cm3], k the adsorption coefficient [cm3/g], θ is the soil water content [-], C is the
contaminant concentration in the pore water [µg/cm3], I is the effective irrigation rate
[cm/y], Z is the root zone depth [cm], Ci is the contaminant concentration in the irrigation
water [µg/cm3], q is the drainage rate [cm/y], λ is the degradation rate constant [1/y], α is
the plant uptake coefficient [-], T is the evapotranspiration rate [cm/y], E is the soil erosion
rate [g/cm2/y], and β is the first-order removal coefficient for volatilization [1/y]. The first
term on the right-hand side describes input through irrigation, the second term describes
leaching to the groundwater, the third is removal by (bio)degradation, the fourth is plant
uptake, the fifth is removal by soil erosion, and the last term is loss by volatilization and all
right-hand side terms are proportional with C. Therefore, making the substitutions

a =
ICi
θZ

(3a)

b =
q + αT + Ek

θZ
+ λR + β (3b)

the contaminant mass balance equation can be simplified to

R
dC
dt

= a − bC (4)

This equation is linear in C, which enables a systems analysis approach. Integration
yields for the contaminant concentration as a function of time

C(t) =
a
b
+
(

C0 −
a
b

)
exp

(
− bt

R

)
(5)

where C0 is the initial concentration. If the irrigation regime and water quality are known,
the most severe violation of environmental quality standards (if any) occurs at steady state,
i.e., if this regime is continued for a long time. The steady state concentration is obtained
by taking the limit of time to infinity in Equation (5), or by setting the time-derivative term
equal to zero in Equation (2), yielding

Css =
a
b

(6)

where Css is the contaminant concentration at steady state [µg/cm3]. The different contami-
nant fluxes can also be calculated at steady state, by using Equation (6) and the expressions
from Equation (2).

2.2. Sustainability Indices

Quality standards have been developed in many countries to constrain concentrations
of contaminants in various environmental compartments (e.g., air, soil, water, crop) or
serve as a reference for perceived risks [47]. These standards may or may not be based on
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e.g., (eco)toxicological risk assessments, as the proper functioning of the ecosystem apart
from toxic effects is also of concern; an example is soil structure deterioration in case of soil
sodicity [48]. Seldomly, standards have been developed from the perspective of internal
consistency for all environmental compartments. In fact, for many substances, standards
may be lacking, despite being suspect as is the case for CECs. If standards are lacking for
some of the environmental compartments, application of our framework is biased. As
we show later, this may in some cases be a lesser bias, but in some cases be profound, for
instance if the pathway without quality standards is of great concern.

A systems analysis approach, based on Equations (2)–(6) enables us to assess the
sustainability in an integrated way. For this purpose, we modify the sustainability indices
as proposed earlier by Moolenaar et al. [46]. Their framework was derived for the ac-
cumulation of heavy metals in agro-ecosystems, and was was founded on the work of
Boekhold and Van Der Zee [49]. The behaviour of heavy metals in soils is characterized
by strong adsorption and persistence, which allows for certain simplifications in the mass
balance equations, which may not be valid for all contaminants present in marginal water.
In this paper, we generalize their analysis, by deriving expressions which are not limited to
strongly adsorbing contaminants, and by including additional contaminant pathways or
removal rates, namely biodegradation, volatilization, and runoff to surface water. These
indices are designed to give comprehensible information for a particular irrigation regime
and irrigation water quality concerning whether or not existing quality standards will
be exceeded, on what timescale this occurs, and which environmental compartments are
at risk.

2.2.1. Critical Sustainability Factor

Our system’s analysis approach enables us to address several important issues of con-
tamination. Besides recognizing which contaminants will cause violation of environmental
standards and which of these will do so the most, we can also straightforwardly identify
which environmental compartments are at risk. For this purpose, we compare the quality
standards of each of the environmental compartments with the ‘steady state’ predicted
contaminant concentrations and fluxes. We divide the predicted contaminant fluxes by the
maximum allowed contaminant flux for each compartment. In the case of the soil quality,
we divide the contaminant mass in the root zone by the maximum allowed contaminant
mass in the soil. Within this first approach, we only look at the total crop uptake. We
disregard where in the crop the contaminant accumulates (i.e., within edible or non-edible
parts of the crop), although in a second-tier assessment this may be necessary. This results
in (coupled) sustainability factors for soil (Fs), crop (Fp), groundwater (Fgw), surface water
(Fsw), and air quality (Fa). The environmental compartment that is threatened the most will
have the largest sustainability factor, and for this reason, we define the critical sustainability
factor Fc as the largest sustainability factor of all considered environmental compartments

Fc = max
(

Fs, Fp, Fgw, Fsw, Fa
)
= max

(
Mss

Mc
,

Bss

Bc
,

Lss

Lc
,

Gss

Gc
,

Vss

Vc

)
(7)

where the subscript ss denotes the anticipated steady state value of the respective contami-
nant fluxes and the subscript c denotes the critical value of the contaminant flux as defined
by the quality standards. The other symbols have already been defined in the contaminant
mass balance (Equation (1)). Note that the term Bss here only considers contaminant ac-
cumulation in the internal parts of the crop. Contaminant accumulation on the external
surfaces of crops may be included by considering the intercepted water volume. We would
then have Fp = Bss+WCi

Bc
, where W is annual intercepted water depth [cm/y]. The critical

sustainability factor is thus an integrated index which tells us for which environmental
compartment the quality standards are exceeded and actually ranks how severe the five
risks are. The critical sustainability factor may be different for each contaminant, as it is
strongly influenced by the transport and persistence properties of the contaminant. It is
possible that not all transport parameters or even the quality standards are well available
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or defined. In that case, some fluxes or factors cannot be calculated. Since all fluxes are
coupled, this implies a bias in predictions of the sustainability. However, the error in the
mass balance itself will be small provided the unknown fluxes are much smaller than
the others.

2.2.2. Critical Sustainability Time

As illustrative calculations by Boekhold and Van Der Zee [49] revealed, time scales
for heavy metals can be quite large (i.e., hundreds of years). This implies ample time
to recognize that some standards may become violated and for mitigation measures to
be developed. However, this may not be the case for the contaminant groups that we
consider in the present framework. For these contaminants, standards may be violated
within short time periods, yet not so short to qualify as acute problems (i.e., months, years).
In such situations, it is more urgent to recognize when quality standards are exceeded to
develop mitigation or adaptation strategies. The timescale at which the quality standards
are exceeded is therefore relevant. We can estimate how much time it takes to exceed the
quality standards for each environmental compartment, if exceeded at all. By rearranging
Equation (5), we obtain the following expression for the time it takes to exceed the soil
quality standard

ts =
R
b

ln

(
C0 − a

b
Mc

θZR − a
b

)
(8)

The term Mc
θZR in Equation (8) needs to be replaced by Bc

αT , Lc
q , Gc

Ek , and Vc
βθZC for the

sustainability times for the crop, groundwater, surface water, and air compartments, re-
spectively. The critical sustainability time tc is then defined as the smallest value of all
considered environmental compartments:

tc = min
(
ts, tp, tgw, tsw, ta

)
(9)

where ts, tp, tgw, tsw, ta are the times it takes to exceed the quality standards for soil, crop,
ground- and surface water, and air, respectively [y]. This factor tells us both which quality
standard is exceeded first and how long this takes. Since we only consider linear adsorption
and therefore have a linear systems analysis situation, the environmental compartment
with the largest sustainability factor will also have the smallest sustainability time. For
nonlinearly adsorbing solutes, however, this is not necessarily the case [46].

2.2.3. Discrepancy Factor

A third sustainability index was proposed by Moolenaar et al. [46], namely the
discrepancy factor. At steady state, the input rate of contaminants via irrigation water
equals the removal rate by definition. The input of contaminant can be compared with the
removal that would be in agreement with the existing quality standards, and this we call
the discrepancy factor

Fd =
A − D

Bc + Lc + Ec + Vc
(10)

Equation (10) is modified from the expression given by Moolenaar et al. [46], who
disregarded biodegradation, erosion, and volatilization. When the discrepancy factor
exceeds 1, one or several of the quality standards will be exceeded. Otherwise, no standard
violation will occur, and there is no ‘discrepancy’.

In the work of Moolenaar et al. [46], this discrepancy factor served as a preliminary
assessment of potential problems, stating that mitigation measures could be prioritized
by comparing the discrepancy factors of different contaminants. However, here we argue
that rather the discrepancy factor is a coarse indicator of potential problems. There are
situations imaginable where the discrepancy factor is smaller than the critical threshold
of 1, despite one or more quality standards being exceeded. This may occur when the
quality standard of one compartment is exceeded slightly, but other compartments are not
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threatened. When the maximum output rate for one compartment is small compared to
the maximum output rates of the other compartments, this is more likely to occur. Thus,
the discrepancy factor only indicates when one or more quality standards are severely
exceeded, especially for compartments whose maximum output rates are relatively large.
Furthermore, the soil quality standard is not included in the discrepancy factor, as it is
based on fluxes, while the soil quality standard is based on the concentration. These
shortcomings are highlighted in the case study. Since its usefulness is limited, we disregard
this index in our framework.

3. Example: The Sustainability of Onion Farming in the Netherlands Using Irrigation
with Marginal Water

We illustrate the application of the sustainability indices through an example. We
assess the sustainability of irrigation with marginal water for onion farming in the Nether-
lands. The change of the contaminant concentration and fluxes in the subsurface over time
are calculated using Equations (2) and (5). For such an assessment, we require site-specific
information, like the soil properties and average annual water fluxes. Additionally, we re-
quire information on the irrigation water quality, including which contaminants are present
in the irrigation water, in what quantities they are present, their transport properties, and
their environmental quality standards.

As this case study only serves to illustrate the sustainability framework, we only
consider a few contaminants. We recognize that marginal water such as treated sewage
effluent may contain many contaminants and that water composition may differ from case
to case [50]. For actual assessments, a larger selection of contaminants may therefore have
to be considered.

3.1. Input Parameters

The soil and water parameters are listed in Table 1. The average root zone depth
for onions was obtained from the Food and Agricultural Organization of the United
Nations [51]. The porosity was estimated using Neurotheta pedotransfer functions for a
sandy clay loam soil [52]. The average soil moisture content follows from an average soil
saturation of 50%. The dry bulk density of the soil was chosen such that the density is ideal
for plant growth [53]. Information on the annual water fluxes depends on the local climate
and irrigation management. For this example, the average irrigation rate was derived from
annual irrigation data in the Netherlands [54]. The drainage flux was based on a leaching
fraction of 30% of the irrigated quantity. We averaged the reference crop evapotranspiration
estimated at De Bilt, The Netherlands [55] over the period 2010–2019 to obtain the average
annual evapotranspiration rate. The reference crop evapotranspiration is also realistic for
the evapotranspiration rate of onions [51]. A subsurface irrigation system is considered,
such that interception is negligible. We use yearly averaged fluxes and a homogeneous root
zone for the present illustration. We thus neglect temporal fluctuations in water fluxes and
contaminant input, for example due to erratic weather or seasonality. Cornelissen et al. [43]
found that the long-term average concentration could be predicted well with such relatively
simple models for a large number of parameter values. However, the agreement between
analytical and more complex models decreases when temporal variation in the water
fluxes increases, for example in strongly seasonal climates. Also, sporadic events such as
contaminant leaching were overestimated with analytical models. Since we are interested
in the long-term sustainability of irrigation with marginal water, short-term fluctuations
and aspects such as the irrigation frequency and vegetation growth period, are of lesser
importance. This framework then serves as a first indicator of potential problems, which
helps prioritize contaminants which should be analysed further in more detail.
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Table 1. Average annual water and sediment fluxes and soil parameters typical of the study area.

Parameter Symbol Value

Field area [cm2] A f 108

Irrigation [cm/y] I 26.5 [54]
Crop evapotranspiration [cm/y] T 60.1 [55]
Drainage [cm/y] q 7.95
Soil erosion [g/cm2/y] E 0.2031 [56]
Root zone depth [cm] Z 45 [51]
Soil porosity [-] φ 0.367 [52]
Soil moisture content [-] θ 0.18
Soil dry bulk density [g/cm3] ρb 1.3

We consider eight different contaminants from the list of priority contaminants of the
European Union [47] to illustrate the sustainability framework. These are the pesticides
diuron and isoproturon, the polycyclic aromatic hydrocarbon naphthalene, the nutrient
phosphate, the heavy metals cadmium and lead, and the pharmaceuticals diclofenac and
metoprolol. The contaminant parameters are summarized in Table 2. The concentration in
the irrigation water of each contaminant is taken from typical concentrations in effluent [57].
The Henry constant KH is used to calculate the first-order rate constant for volatilization
losses according to the European Commission [58] (their Equation 57). The octanol-water
partition coefficient Kow is used to estimate the plant uptake coefficient α using the empirical
relationship found by Briggs et al. [59]. Both the Henry constant and the octanol-water
partition coefficient can be obtained from public databases [60]. We assume that initially
these contaminants are not present in the environmental compartments, although this is
not a requirement for the framework. This assumption does not affect whether quality
standards will be exceeded, but it does affect the time it takes to exceed quality standards.

The environmental quality standards are obtained from the Dutch National Institute
for Public Health and the Environment [61], or from the European Commission [62]. For
some environmental compartments, such as ground- and surface water, constraints have
been formulated as maximum concentrations instead of fluxes. In that case, fluxes that
correspond with quality standards are calculated from the flux-concentration relationships
in Equation (2). Inherent to this choice is the assumption that the effect of dilution in the
surface- and groundwater is negligible, which is justified since we are interested in the long-
term effects of persistent irrigation water applications. The maximum plant uptake rate
was calculated by multiplying the average onion yield per hectare [63] with the maximum
allowed concentrations in onions [64]. Since the naphthalene air emission standard in the
Netherlands is prescribed as total emission per company or farm, we assumed a certain field
area of one hectare to convert the standard to flux per area. It should be noted that almost
no quality standards exist for the emerging contaminants (the pharmaceuticals), while
standards are available for most environmental compartments for the more traditional
contaminants (e.g., pesticides, heavy metals). Crop quality standards were not available for
naphthalene, diclofenac, and metoprolol, and therefore we assumed the same values as for
diuron and isoproturon. The negative effect of excess nutrients on crop growth is already
included in the soil quality standard, and therefore no crop quality standard is stated
here. No soil quality standards are currently available for the pharmaceuticals considered
here. Therefore, we used the standard for permethrin, one of the few pharmaceuticals for
which a soil quality standard is available in the Netherlands. Quality standards may also
not exist if accumulation in that particular compartment is assumed to be of negligible
concern for the public health and the environment. For example, an air quality standard is
only available for naphthalene, which is a rather volatile contaminant in our example, as
indicated by its relatively large Henry coefficient.
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Table 2. Properties of the contaminants considered in this example: the contaminant concentration in the irrigation water
Ci, the soil quality standard Mc, the groundwater quality standard Lc, the surface water quality standard Gc, the air quality
standard Vc, the crop quality standard Bc, the soil adsorption coefficient k, the degradation rate constant λ, the Henry’s
constant KH , and the octanol-water partition coefficient Kow. Data marked with an asterisk (*) denote that no crop quality
standard was available for this contaminant, and thus the values of diuron are used instead as a rough estimate.

Parameter Diuron Isoproturon Naphthalene Phosphate

Ci [µg/cm3] 4.00 × 10−4 [57] 3.20 × 10−4 [57] 1.00 × 10−4 [57] 2.2 [19]
Mc [µg/cm3] 1.04 × 10−4 [61] 6.5 × 10−5 [61] 1.3 × 10−6 [61] 10 [65]
Lc [µg/cm2/y] 3.20 × 10−5 [61] 2.40 × 10−5 [61] 8.00 × 10−5 [61] 15.9 [61]
Gc [µg/cm2/y] 1.34 × 10−3 [61] 3.00 × 10−4 [61] 2.56 × 10−2 [61] 1.53 × 10−1 [62]
Vc [µg/cm2/y] - - 1.00 × 10−6 [61] -
Bc [µg/cm2/y] 5.96 × 10−3 [64] 5.96 × 10−3 [64] 5.96 × 10−3 * -
k [cm3/g] 33 [66] 5 [44] 62.9 [67] 5.01 [68]
λ [1/y] 6.84 [69] 8.38 [70] 4.44 [71] 0
KH [-] 2.0 × 10−8 [72] 5.0 × 10−9 [72] 0.019 [72] 0
log Kow [-] 2.68 [60] 2.87 [60] 3.30 [60] -

Parameter Cadmium Lead Diclofenac Metoprolol

Ci [µg/cm3] 1.75 × 10−4 [57] 7.55 × 10−3 [57] 6.80 × 10−4 [57] 8.00 × 10−5 [57]
Mc [µg/cm3] 16.9 [61] 65 [61] 1.17 × 10−5 [61] 1.17 × 10−5 [61]
Lc [µg/cm2/y] 2.78 × 10−3 [61] 5.88 × 10−2 [61] 5.96 × 10−2 [61] 7.79 × 10−2 [61]
Gc [µg/cm2/y] 1.32 × 10−2 [61] 5.61 × 10−2 [61] 2.10 × 10−5 [62] 2.17 × 10−1 [61]
Vc [µg/cm2/y] - - - -
Bc [µg/cm2/y] 5.96 × 10−2 [73] 1.79 × 10−1 [73] 5.96 × 10−3 * 5.96 × 10−3 *
k [cm3/g] 810 [74] 230 [75] 1.03 [76] 17.2 [45]
λ [1/y] 0 0 82.40 [76] 3.19 [77]
KH [-] 0 0 1.93 × 10−10 [60] 8.6 × 10−10 [72]
log Kow [-] −0.07 [78] −0.57 [78] 4.51 [60] 1.88 [60]

There may be significant uncertainty in some of the input parameters, such as the
adsorption coefficient and degradation rate constant. Therefore, it is appropriate to inves-
tigate the sensitivity for these parameters to assess their influence on the sustainability
indices. We use the values stated in Tables 1 and 2 as a reference scenario. To assess the
sensitivity, we alter selected input parameters by a relative amount (e.g., an increase or
decrease of 10% compared to the reference scenario) and recalculate the sustainability
indices. These are then compared to the output of the reference scenario.

3.2. Results
3.2.1. Sustainability Indices

First, we consider the individual sustainability factors of each environmental compart-
ment. There is a large difference in the time it takes to reach the concentration plateau (i.e.,
the steady state situation). Figure 2 shows the change in sustainability factors on the short
term (i.e., one year). It can be observed that the plateau, is reached within a year for most
contaminants. This means that if any violation of quality standards will occur for these
contaminants, this will happen within a year. However, it takes over 20 years to reach the
steady state situation for phosphate, since phosphate removal in the root zone is slow. The
heavy metals cadmium and lead adsorb very strongly to the soil. For these contaminants,
it takes centuries to reach the steady state situation, as can be seen from Figure 3, which
shows the change of the sustainability factors over 150 years.
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Figure 2. The short-term change of the sustainability factors over time, plotted for each contaminant and environmental
compartment. Note the logarithmic scale of the y-axis.

The soil quality standard is exceeded severely for naphthalene, and less severe for meto-
prolol. Both of these contaminants tend to accumulate in the soil, because of their relatively
large adsorption coefficient (the largest of all the contaminants considered here) in combination
with a relatively large half-life. The soil quality standard for naphthalene is exceeded within
several days, while it takes over 150 days to that quality standard for metoprolol.

Only the groundwater quality standard of isoproturon is exceeded, which takes about
100 days. This contaminant has a relatively low adsorption coefficient, and is therefore
very mobile and prone to leaching. Additionally, the groundwater quality standard for
isoproturon is relatively small compared to the quality standards of the other contaminants
considered here. Diclofenac has an even lower adsorption coefficient, but its half-life is
much shorter, and thus most of it is removed by biodegradation instead of leaching.

From Figure 2, the exceedance of the surface water quality standard is not apparent
for lead, and may not seem severe when looking at the short timescale of Figure 2, since
the steady state situation is not yet reached within this timeframe. However, from Figure 3,
we observe that the surface water quality standards are exceeded severely for lead and
phosphate by a factor of 2.8 and 5.6, respectively.

Quality standards for crop and air are not exceeded by any of the contaminants. The
air compartment is omitted from Figure 2, since the air quality standard is only defined
for naphthalene. Naphthalene does not pose a risk to the air quality, as the sustainability
factor for air equals 1.92 × 10−5 at steady state.
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Figure 3. The long-term change of the sustainability factors over time in each environmental compartment, plotted for the persistent
contaminants phosphate, cadmium, and lead. Note the logarithmic scale of the y-axis.

The information of each sustainability factor is integrated into the sustainability
indices, which are shown in Table 3 for all the contaminants. The critical sustainability
factors of isoproturon, naphthalene, phosphate, lead, and metoprolol are all larger than
1, ranging from 1.10 to 10.17. This indicates that quality standards are exceeded for these
contaminants. In contrast, the critical sustainability factors of the other contaminants
are smaller than 1, which indicates that no problems are expected to occur for these
contaminants. The time it takes to exceed the quality standards depends on factors such as
the input and output rates, the quality standard, and adsorption. Therefore, the critical
sustainability time differs greatly between the different contaminants. For naphthalene,
the soil quality standard is already exceeded within 9 days, while it takes several months
to up to one year to exceed quality standards for isoproturon, metoprolol, and phosphate.
However, for lead, which adsorbs strongly to the soil and does not degrade, the critical
sustainability time exceeds 100 years. These differences are indicative of the differences in
urgency regarding mitigation interventions.

Aside from phosphate, the discrepancy factor is smaller than 1 for all contaminants,
which would indicate that no problems are expected to occur. However, the critical
sustainability factors of both isoproturon and naphthalene exceed 1, which indicates that
at least one quality standard of these contaminants is exceeded. As we mentioned earlier,
the discrepancy factor identifies mostly if quality standards are exceeded severely; it is
not a good indicator if such standards are violated slightly, such as for isoproturon in this
example. Hence, a discrepancy factor larger than 1 indicates that problems will definitely
occur, but a value lower than 1 does not mean the opposite. Additionally, the definition of
the discrepancy factor does not consider accumulation in the soil. The potential risks of
contaminants, such as the strongly adsorbing contaminants naphthalene and metoprolol in
our example, are therefore not recognized. For these reasons, we do not recommend the
use of the discrepancy factor as the only indicator of sustainability.
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Table 3. The sustainability indices for each contaminant, showing the discrepancy factor Fd, the
critical sustainability factor Fc, and the critical sustainability time tc. The latter is only defined for
contaminants whose quality standards are exceeded.

Fd [-] Fc [-] tc [d]

Diuron 5.24 × 10−3 0.33 n/a
Isoproturon 1.99 × 10−2 1.10 101
Naphthalene 1.55 × 10−4 10.17 8
Phosphate 3.63 5.63 312
Cadmium 6.13 × 10−2 0.31 n/a
Lead 0.68 2.79 36,556
Diclofenac 5.12 × 10−2 0.41 n/a
Metoprolol 1.25 × 10−4 1.24 185

In this case study, the quality of the irrigation water is thus insufficient for long-term
irrigation. Either further treatment of the wastewater used for irrigation or an alternative
irrigation regime is required. The sustainability indices comprehensibly indicate which con-
taminants harm the public health and the environment based on the irrigation water quality
and site-specific parameters. This allows for the identification of problematic contaminants,
such that these specific contaminants can be prioritized during wastewater treatment.

3.2.2. Sensitivity Analysis

We show the sensitivity of the sustainability indices to the input parameters in Table 4.
The input parameters which are expected to have the most uncertainty are the adsorption
coefficient and the degradation rate constant [79,80]. Additionally, there may also be
significant uncertainty in the drainage, evapotranspiration, and irrigation rates [79,81].

Table 4. The response of the critical sustainability factor Fc and critical sustainability time tc in response to decreases and increases of
10% of the adsorption coefficient k, the degradation rate constant λ, the drainage rate q, and the evapotranspiration rate T. The critical
sustainability time is only shown for contaminants whose standards are violated, as this parameter is otherwise undefined.

k λ q T I

Fc −10% +10% −10% +10% −10% +10% −10% +10% −10% +10%

Diuron 0.33 0.33 0.37 0.30 0.33 0.33 0.33 0.33 0.30 0.36
Isoproturon 1.22 1.01 1.23 1.01 1.10 1.10 1.11 1.10 0.99 1.22
Naphthalene 10.17 10.18 11.30 9.25 10.17 10.17 10.18 10.17 9.16 11.19
Phosphate 5.64 5.63 5.64 5.64 5.70 5.57 6.17 5.18 5.07 6.20
Cadmium 0.35 0.29 0.31 0.31 0.32 0.31 0.32 0.31 0.28 0.35
Lead 3.03 2.59 2.80 2.80 2.83 2.76 2.82 2.77 2.52 3.08
Diclofenac 0.41 0.41 0.46 0.38 0.41 0.41 0.41 0.41 0.37 0.46
Metoprolol 1.24 1.24 1.38 1.13 1.24 1.24 1.24 1.24 1.12 1.36

tc −10% +10% −10% +10% −10% +10% −10% +10% −10% +10%

Isoproturon 73 208 81 204 101 101 101 102 n/a 74
Naphthalene 8 8 8 9 8 8 8 8 9 8
Phosphate 281 342 312 312 311 312 309 315 350 281
Lead 32,255 41,046 36,556 36,556 36,431 36,682 36,479 36,633 41,830 32,478
Metoprolol 185 184 162 222 185 185 184 185 254 149

The sensitivity of the sustainability indices to the input parameters differs for each
contaminant, as it depends on factors such as the dominant transport process, the value
of the critical sustainability factor, and which environmental compartment controls the
critical sustainability factor.
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For most cases, the dominant transport process is the main factor that drives the
sensitivity of the sustainability indices to the input parameters. For all contaminants
that degrade, degradation is the dominant removal process. Therefore, all degrading
contaminants are greatly sensitive to errors in the degradation rate constant. None of the
contaminants in this case study are sensitive to the drainage rate, since leaching is a minor
removal process compared to the other removal processes. Only phosphate is sensitive to
the evapotranspiration, as this is the only contaminant where plant uptake is an important
removal process. Removal by soil erosion is the dominant transport process for cadmium
and lead, while degradation in the adsorbed phase for isoproturon. The sustainability
indices of these contaminants are therefore sensitive to the adsorption coefficient.

However, not everything can be explained by the dominant transport processes when
we look at the adsorption coefficient. For example, degradation in the adsorbed phase
is the dominant removal process for diuron, naphthalene, diclofenac, and metoprolol.
Nevertheless, these contaminants are not sensitive to the adsorption coefficient. The critical
sustainability factors of these contaminants are all determined by the soil quality standard.
On the one hand, adsorption enhances contaminant accumulation in the soil, and on the
other hand there is increased removal by degradation in the adsorbed phase and soil
erosion. These two opposing effects nearly cancel each other out.

Within our framework, irrigation water is the only source of contaminant input. The
contaminant concentration in the root zone at steady state is therefore a linear function of
the irrigation rate, as can be derived from Equation (6). Naturally, the sustainability indices
are therefore very sensitive to the irrigation rate. However, the annual irrigation rate may
be estimated with more certainty than the other parameters considered in the sensitivity
analysis. While not shown here, the sensitivity of the sustainability indices to the input
concentration (i.e., the concentration of contaminants in the irrigation water) is equal to its
sensitivity to the irrigation rate.

Additionally, the value of the critical sustainability factor also plays a role for the sensi-
tivity of the critical sustainability time to input parameters. When the critical sustainability
factor is close to one, the critical sustainability time becomes more sensitive.

Keeping these mechanisms in mind, it becomes possible to identify what the key
parameters are for each contaminant. These key parameters can then be prioritized to be
determined with great precision. Even when there are errors in the input parameters, the
key parameters can still be identified, as long as the erroneous input parameters are still on
the same order of magnitude as the correct values.

4. Discussion and Conclusions

In this study, we proposed a framework for the integrated sustainability assessment
of irrigation with marginal water based on the work of Moolenaar et al. [46]. At this point,
it is worthwhile to mention that the overall framework would also be applicable to other
situations, such as the application of (bio)sludges or bulk waste materials at the soil surface.
However, in those cases, the processes involving changes to those sludges and materials
such as the mineralization of organic matter and subsequent changes in soil bulk density,
soil hydraulic properties and related effects, need to be accounted for also. Since these are
modifications of the root zone, this complicates the framework, but do not alter its essence.

Currently, quality standards for the various environmental compartments have been
developed and are often applied separately. However, the contaminant fluxes to each
compartment are coupled. Therefore, the benefit of the developed framework is that we
comprehensively integrate the quality standards of different environmental compartments.
This framework is made operational by two sustainability indices, that give information
on which contaminants will violate quality standards, which environmental compartments
are at risk, and on what timescale standards will be exceeded.

The results of the case study show that the time scales at which problems occur varies
tremendously between different contaminants. The different time scales to reach the maxi-
mum values illustrate that reactivity plays a central role in how fast deterioration occurs, and
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that exceedance of quality standards differs for different environmental compartments. This
is of direct importance for the urgency to take measures for better sustainability management.

The uncertainty in the input parameters, especially the adsorption coefficient and
degradation rate constant, can potentially significantly affect the results of the sustainability
assessment. However, the sensitivity of the sustainability indices to these parameters
differs per contaminant species, and mostly depends on the dominant transport process
for the contaminant. It is therefore valuable to determine the dominant transport process
beforehand. This can be estimated from the transport parameters, for example with the use
of Damköhler numbers [43].

The current framework is an extension to the work of Moolenaar et al. [46], which
focused on and illustrated the benefit of integrating compartments for heavy metals. By
adding transport processes such as biodegradation, erosion, and volatilization, the framework
is applicable to a much broader range of contaminants. Another difference with the work of
Moolenaar et al. [46] is that we de-valued the discrepancy factor. The discrepancy factor was
originally meant to be a first indicator of potential problems, which could be estimated with
relatively few assumptions and simple calculations. However, we have shown here that the
discrepancy factor is an indicator that is appropriate for severe violations of environmental
standards, but mild violations of quality standards may be masked.

The core of the framework consists of comparing contaminant fluxes to quality stan-
dards of the relevant environmental compartments. However, in many countries, quality
standards for the environmental compartments have not been defined, or have been de-
fined despite recognized flaws. Moreover, quality standards are lacking at all for many
CECs, as awareness of these contaminants is recent and quantification of their pathways
in the environment is still limited [82]. The framework cannot be applied in such cases,
but these shortcomings do not invalidate its concept. Rather, a limited application to
those compartments where constraints have been defined emphasizes where additional
environmental quality standards are needed. In the example application, soil quality stan-
dards were not available for diclofenac and metoprolol. Therefore, we used the soil quality
standard of permethrin instead, which is also a pharmaceutical. However, diclofenac is
a non-steroidal anti-inflammatory drug, and metoprolol is a beta-blocker, while perme-
thrin is an insecticide. Therefore, quality standards for diclofenac and metoprolol may be
expected to be less toxic, and thus the quality standards in this example may be too strict.
The same applies to the crop quality standard, for which no information was available for
naphthalene, diclofenac, and metoprolol. Instead, we used the same quality standards as
for the pesticides diuron and isoproturon, which might be more strict than necessary for
the pharmaceuticals considered here. Naturally, with disputable quality standards as in
our example, the framework will give a disputable outcome, but may help to identify gaps
and weaknesses and give a rational basis for improvement.

Though our work aims to indicate how different standards of different environmental
compartments as soil, crop, and groundwater may be used to assess sustainability of soil
and water management in an integrated fashion, we already mentioned that this requires
that such standards are available. The development of such standards and their foundation
(whether (eco)toxicological or otherwise) is, of course, an active field of research [83].
For instance, synergistic and antagonistic effects of contaminant mixtures on biota may
affect the associated hazards [84]. Particularly for treated waste water, this may reflect
on how quality standards for compartments such as soil or water should be adjusted
to appropriately account for those hazards. Though relevant for this investigation, the
development of environmental standards as such is not the aim of this paper. Rather,
if appropriate standards have been agreed upon, we show how to harmonize them for
different compartments. As we showed, also uncertainty of other model parameters
affects the outcome. The involved uncertainty in our framework’s results, as in other
environmental assessments, remains a persistent and hard to tackle issue in environmental
management. As current environmental standards reveal, management cannot wait until
such issues are satisfactorily resolved.
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Recognizing that absent or flawed environmental standards and uncertainty or bias in
parameters affect the value of our integrated sustainability framework, as indeed environ-
mental assessments in general, the framework has several benefits. It gives an integrated
perspective to appreciate environmental contamination of different compartments and
inspires where mitigating interventions might be most effective and have the highest
priority. Where appropriate standards are missing or flawed, it may help to recognize
how important that is, compared with the impacts on other compartments which can be
quantified to satisfaction. Even so, the integrated framework is no panacea, but a useful
ingredient to assessment of our management choices.
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