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Abstract: The objective of this study is to provide a snapshot of the 

quality of surface runoff and tile drainage in sludge-amended soil in 

terms of 57 microcontaminants, including pharmaceuticals, hormones and 

fragrances, and 5 different species of bacteria. It also discusses the 

main factors affecting their occurrence (soil characteristics, applied 

sludge load and rate, sludge application method, rain intensity and 

frequency). It is based on 38 investigations carried out by different 

research groups in Canada, Australia, the USA and Ireland. The most 

frequently investigated compounds were hormones, the antiseptics 

triclosan and triclocarban, the analgesics and anti-inflammatories 

acetaminophen, ibuprofen and naproxen, the antibiotic sulphamethoxazole, 

the lipid regulator gemfibrozil and the psychiatric drug carbamazepine. 

Of all the bacteria, E. coli was the most monitored species. It was found 

that concentrations of the studied pollutants in surface runoff and tile 

drainage may vary, depending on many factors. They are generally lower 

than those observed in the secondary municipal effluent and in surface 

water, but their contribution to the deterioration of surface water 

quality might be relevant, mainly in wide rural areas. In this context, 

the reported data or their ranges represent an attempt to provide 

reference thresholds and bands of observed concentrations for a rough 

estimation of the contribution made by the release of the selected 

pollutants into surface water bodies via surface runoff and tile 

drainage. 

 

Response to Reviewers: Replies to comments and suggestions by the 

reviewers 

 

We thank you the reviewers for their comments and suggestions which have 

all been considered in revising our manuscript. We think that the revised 

version of the paper has greatly improved its quality and could be of 

interest for scientists working in different fields. 

 

 



Reviewer #1: This review article summarizes data concerning transport of 

a number of contaminants from the point to sewage sludge application to 

adjacent water via runoff or tile flow.  

 

Rather than exhaustively reiterating all the results from these studies, 

the authors need to synthesize the key points according to the variables 

an management practices that determine or mitigate transport risk. These 

could include climate, soil characteristics, sludge application method, 

sludge moisture content, etc.  

For each element draw on the reviewed studies to make key conclusions.  

The analysis was carried out and reported in the section 3.3: Influence 

of the main factors affecting runoff and tile drainage quality. Moreover 

section 4. Lessons learned was changed in order to better highlight the 

main results and the good practices leading t a reduction of  the 

concentrations of micropollutants in surface runoff and tile drainage. 

 

 

Distinguish studies where the sludges were spiked with chemicals from 

those where the sludges were not.  

There are only two studies where sludges were spiked with chemicals: 

Lapen et al., 2008b, Topp et al., 2008b. In the manuscript this is 

remarked (section 4) and in the supplementary materials in Table S2. 

 

There is probably not enough microbiology data to consider, likely more 

useful to deal with micropollutants only. 

Collected data are those available in the literature. As the contribution 

by surface runoff and tile drainage to the surface water quality is 

important, it emerges from this review that there is the necessity to 

carry on further investigations on the microbiological content of surface 

runoff and tile drainage. 

 

Graphical abstract. Why no tile? 

Changed 

 

l.124- not sure why irrigation water discussed, would seem outside the 

scope of the review.  

We also cited reclaimed water used for irrigation in order to have a 

comparison with another source that in some places is used for rural 

needs and represents a basic source. For this reason we also added the 

column in Table S5 (additional information) with the runoff in case of 

reuse of reclaimed water. 

 

Figure 2 is a nice idea. 

Thank you! 

 

Reviewer #2: Summary 

The authors reported a review of selected microcontaminants and 

microorganisms in surface runoff and tile drainage in sludge-amended 

soil. The frequent detected microcontaminants and studied microorganisms 

were identified and some of the main factors affecting their occurrence 

and fate was discussed in this manuscript. 

Microcontaminants have frequently detected in the sludge during 

wastewater treatment process but their occurrence and fate in the runoff 

and tile drainage in sludge-amended soil have been less discussed from my 

point of view. 

Although the dataset in this manuscript is a little small with 38 

investigations from 16 published papers in total, the authors seem to 



exam the exiting data carefully and their interpretation and discussion 

are reasonable in general. 

Overall, a revision is needed before considering for publication and my 

detailed comments are present below. 

 

General comments: 

1. Graphical abstract. The graphical abstract is too simple and not 

meaningful. Actually, I think figure 1 contains a lot of the key 

information from this manuscript and will suggest the authors make 

something similar but more concise as the graphical abstract. 

We agree with the reviewer and we changed the graphical abstract 

 

2. Table 2. The information here is a little tedious. Most of the key 

findings and conclusions from these papers have been mentioned in the 

section 3 and I will suggest moving it to the supplementary materials. 

We prefer to mantain table 2 in the manuscript as this table collects the 

charcateristics of each studies which are discussed in section 3 and 

compared or cited in other sections. We think that the presentation of 

the studies in the manuscript can be of great support for the the reader 

while looking at this review paper.  

 

3. Section 2.5. The authors stated that "If a value was reported below 

its limit of detection (LOD) it was assumed equal to the LOD…". In my 

opinion, below LOD means not detected but providing a certain value (> 0) 

usually implies a specific detection. I think it is more accurate to use 

"0" instead of the actual value of LOD to represent the below LOD 

scenario for the data analysis. I will suggest the author rerun the data 

analysis in tables S1 and S5 and check the plots in figures 3 and 4 as 

well as. 

Thank you for the suggestion. We know that LOD is like a threshold 

between presence and absence of a compound, but we prefer to mantain a 

very low value (compound present in trace in the sample) different from 

0. For this reason, we mantain the same tables and figures.  

Table S2 in the supplementary data also specifies LOD.LOQ and RL 

(reporting limit). 

 

 

4. Section 4. The title of this section is "Lessons learned from past 

investigations" but a lot of the sentences are more likely repeating the 

conclusions form previously papers. For example,  

line 762-771, the authors rephrased the five key conclusions from Gray et 

al., 2017;  

line 780 - 782 and line 792 - 795 are repeating the viewpoints from 

previous studies as well.  

I will suggest the authors combine the findings from different papers and 

focus more on the discussion of the statistical analysis data summarized 

in this manuscript. 

We changed “lesson learned” and we only focussed on the main findings and 

avoiding repetition. 

 

 

Specific comments: 

1. Keywords. I will suggest changing the keyword "pharmaceuticals" to 

"microcontaminants" to match the title. 

Done 

 

2. Line 103 - 108. This super long sentence seems confusing and I will 

suggest to split into two or several sentences. 



Done 

 

3. Line 119. Change "pharmaceutical and personal care products" as 

"PPCPs" here as it has been defined in line 104. 

done 

 

4. Figure 1. The captions in some of the circles are not readable. Please 

make them bigger. I will also suggest adding some legends to present 

microcontaminants and microorganisms here. 

 

Changed accordingly with the suggestions. 

 

 

5. Line 267. It is not necessary to define "heavy metals" as "HMs" since 

"heavy metals" has been used throughout the whole manuscript. 

Thank you: I erased it in this position, but I added HM at line 274 in 

the unit of measure for more clarity. HM was also included in the list of 

abbreviations and acronyms at the beginning. 

 

6. Line 364. Please correct "ethynil estradiol" as "ethinyl estradiol" 

here. 

Done 

 

7. Lines 360, 372, 402, 415, and so on. "background concentration" has 

been insistently described as "BC" or giving its full name. I will 

suggest keep using "background concentration" throughout the whole 

manuscript as this abbreviation is not so widely used. 

Done 

 

8. The use of "PPCPs", "microcontaminants", and "micropollutants" is 

random across the whole manuscript. Micropollutants and most of the PPCPs 

can be replaced by microcontaminants and I will suggest the authors keep 

using the terminology consistently. 

done 

 

9. Lines 570 and 646. "PhC" and "PhCs" have never been defined in this 

manuscript and I suggest giving the full names or using 

microcontaminants. 

corrected 

 

10. Tables 4 and 5. The definition of "Num = graphically estimated; Num = 

below LOD; Num = below LOQ)" is confusing and misleading. I will suggest 

using footnotes in the bottom of the tables instead. 

Changed accordingly 

 



Ferrara, October, 12th 2018 
Dear Editor  
Prof. Damia Barcelò 
Science of the Total Environment 
 
referring to the manuscript we submit to your Journal: 
 
A review of selected microcontaminants and microorganisms in land runoff and tile drainage in treated 
sludge-amended soils. 
 

by 

Andrea Ghirardini and Paola Verlicchi  

I would like to make the following remarks:  
 
- the work described in this paper has not been previously published and it is not under 

consideration for publication elsewhere, 
 

- the Corresponding Author is PAOLA VERLICCHI 
 

- Her address is: 
 

Department of Engineering 
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Via Saragat 1 
I-44122 Ferrara 
Italy 
Tel +39.(0)532.974938 
Fax +39.(0)532.974870 
mail paola.verlicchi@unife.it 

 
UNIQUE FEATURES OF THE STUDY 
 
The paper we propose is an overview of the concentrations of micropollutants and 5 bacteria species 
in surface runoff and tile drainage in case of sludge-amended soil. The topic is new and original but a 
debate is ongoing among the scientific community. Not only secondary effluents or combined sewage 
overflows may contribute in deteriorating the quality of a receiving water body, but also land runoff 
in those areas where treated municipal sludge is disposed in soil for agricultural benefits.  The 
manuscript presents and compares the concentrations of the investigated pharmaceuticals, 
hormones and fragrances as well as bacteria species found in land runoff and tile drainage in 
different investigations carried out in Europe, the USA and Canada. It also discusses the influence on 
their occurrence of the characteristics of the contaminants, the soil, the sludge treatment, way and 
rate of application and rainfall intensity and frequency, 
It highlights the main lessons learned from these investigations and the areas requiring further 
research and perspectives.  
I think that Stoten is a suitable journal for this kind of topic and the most interested readers are 
environmental and sanitary engineers, biologists, chemists, scientists, researchers working in sludge 
management sector. 

 

Sincerely Yours 

 

Paola Verlicchi 
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Replies to comments and suggestions by the reviewers 
 
We thank you the reviewers for their comments and suggestions which have all been considered in revising 
our manuscript. We think that the revised version of the paper has greatly improved its quality and could 
be of interest for scientists working in different fields. 
 
 
Reviewer #1: This review article summarizes data concerning transport of a number of contaminants from 
the point to sewage sludge application to adjacent water via runoff or tile flow.  
 
Rather than exhaustively reiterating all the results from these studies, the authors need to synthesize the 
key points according to the variables an management practices that determine or mitigate transport risk. 
These could include climate, soil characteristics, sludge application method, sludge moisture content, etc.  
For each element draw on the reviewed studies to make key conclusions.  
The analysis was carried out and reported in the section 3.3: Influence of the main factors affecting runoff 
and tile drainage quality. Moreover section 4. Lessons learned was changed in order to better highlight the 
main results and the good practices leading t a reduction of  the concentrations of micropollutants in 
surface runoff and tile drainage. 
 
 
Distinguish studies where the sludges were spiked with chemicals from those where the sludges were not.  
There are only two studies where sludges were spiked with chemicals: Lapen et al., 2008b, Topp et al., 
2008b. In the manuscript this is remarked (section 4) and in the supplementary materials in Table S2. 
 
There is probably not enough microbiology data to consider, likely more useful to deal with micropollutants 
only. 
Collected data are those available in the literature. As the contribution by surface runoff and tile drainage 
to the surface water quality is important, it emerges from this review that there is the necessity to carry on 
further investigations on the microbiological content of surface runoff and tile drainage. 
 
Graphical abstract. Why no tile? 
Changed 
 
l.124- not sure why irrigation water discussed, would seem outside the scope of the review.  
We also cited reclaimed water used for irrigation in order to have a comparison with another source that in 
some places is used for rural needs and represents a basic source. For this reason we also added the 
column in Table S5 (additional information) with the runoff in case of reuse of reclaimed water. 
 
Figure 2 is a nice idea. 
Thank you! 
 
Reviewer #2: Summary 
The authors reported a review of selected microcontaminants and microorganisms in surface runoff and 
tile drainage in sludge-amended soil. The frequent detected microcontaminants and studied 
microorganisms were identified and some of the main factors affecting their occurrence and fate was 
discussed in this manuscript. 
Microcontaminants have frequently detected in the sludge during wastewater treatment process but their 
occurrence and fate in the runoff and tile drainage in sludge-amended soil have been less discussed from 
my point of view. 
Although the dataset in this manuscript is a little small with 38 investigations from 16 published papers in 
total, the authors seem to exam the exiting data carefully and their interpretation and discussion are 
reasonable in general. 

*Responses to Reviewers Comments



Overall, a revision is needed before considering for publication and my detailed comments are present 
below. 
 
General comments: 
1. Graphical abstract. The graphical abstract is too simple and not meaningful. Actually, I think figure 1 
contains a lot of the key information from this manuscript and will suggest the authors make something 
similar but more concise as the graphical abstract. 
We agree with the reviewer and we changed the graphical abstract 
 
2. Table 2. The information here is a little tedious. Most of the key findings and conclusions from these 
papers have been mentioned in the section 3 and I will suggest moving it to the supplementary materials. 
We prefer to mantain table 2 in the manuscript as this table collects the charcateristics of each studies 
which are discussed in section 3 and compared or cited in other sections. We think that the presentation of 
the studies in the manuscript can be of great support for the the reader while looking at this review paper.  
 
3. Section 2.5. The authors stated that "If a value was reported below its limit of detection (LOD) it was 
assumed equal to the LOD…". In my opinion, below LOD means not detected but providing a certain value 
(> 0) usually implies a specific detection. I think it is more accurate to use "0" instead of the actual value of 
LOD to represent the below LOD scenario for the data analysis. I will suggest the author rerun the data 
analysis in tables S1 and S5 and check the plots in figures 3 and 4 as well as. 
Thank you for the suggestion. We know that LOD is like a threshold between presence and absence of a 
compound, but we prefer to mantain a very low value (compound present in trace in the sample) different 
from 0. For this reason, we mantain the same tables and figures.  
Table S2 in the supplementary data also specifies LOD.LOQ and RL (reporting limit). 
 
 
4. Section 4. The title of this section is "Lessons learned from past investigations" but a lot of the sentences 
are more likely repeating the conclusions form previously papers. For example,  
line 762-771, the authors rephrased the five key conclusions from Gray et al., 2017;  
line 780 - 782 and line 792 - 795 are repeating the viewpoints from previous studies as well.  
I will suggest the authors combine the findings from different papers and focus more on the discussion of 
the statistical analysis data summarized in this manuscript. 
We changed “lesson learned” and we only focussed on the main findings and avoiding repetition. 
 
 
Specific comments: 
1. Keywords. I will suggest changing the keyword "pharmaceuticals" to "microcontaminants" to match the 
title. 
Done 
 
2. Line 103 - 108. This super long sentence seems confusing and I will suggest to split into two or several 
sentences. 
Done 
 
3. Line 119. Change "pharmaceutical and personal care products" as "PPCPs" here as it has been defined in 
line 104. 
done 
 
4. Figure 1. The captions in some of the circles are not readable. Please make them bigger. I will also 
suggest adding some legends to present microcontaminants and microorganisms here. 
 
Changed accordingly with the suggestions. 
 



 
5. Line 267. It is not necessary to define "heavy metals" as "HMs" since "heavy metals" has been used 
throughout the whole manuscript. 
Thank you: I erased it in this position, but I added HM at line 274 in the unit of measure for more clarity. 
HM was also included in the list of abbreviations and acronyms at the beginning. 
 
6. Line 364. Please correct "ethynil estradiol" as "ethinyl estradiol" here. 
Done 
 
7. Lines 360, 372, 402, 415, and so on. "background concentration" has been insistently described as "BC" 
or giving its full name. I will suggest keep using "background concentration" throughout the whole 
manuscript as this abbreviation is not so widely used. 
Done 
 
8. The use of "PPCPs", "microcontaminants", and "micropollutants" is random across the whole manuscript. 
Micropollutants and most of the PPCPs can be replaced by microcontaminants and I will suggest the 
authors keep using the terminology consistently. 
done 
 
9. Lines 570 and 646. "PhC" and "PhCs" have never been defined in this manuscript and I suggest giving the 
full names or using microcontaminants. 
corrected 
 
10. Tables 4 and 5. The definition of "Num = graphically estimated; Num = below LOD; Num = below LOQ)" 
is confusing and misleading. I will suggest using footnotes in the bottom of the tables instead. 
Changed accordingly 
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 11 

Abstract 12 

The objective of this study is to provide a snapshot of the quality of surface runoff and tile drainage in 13 

sludge-amended soil in terms of 57 microcontaminants pollutants, including pharmaceuticals, hormones 14 

and fragrances, and 5 different species of bacteria. It also discusses the main factors affecting their 15 

occurrence (soil characteristics, applied sludge load and rate, sludge application method, rain intensity and 16 

frequency). It is based on 38 investigations carried out by different research groups in Canada, Australia, 17 

the USA and Ireland. The most frequently investigated compounds were hormones, the antiseptics 18 

triclosan and triclocarban, the analgesics and anti-inflammatories acetaminophen, ibuprofen and naproxen, 19 

the antibiotic sulphamethoxazole, the lipid regulator gemfibrozil and the psychiatric drug carbamazepine. 20 

Of all the bacteria, E. coli was the most monitored species. It was found that concentrations of the studied 21 

pollutants in surface runoff and tile drainage may vary, depending on many factors. They are generally 22 

lower than those observed in the secondary municipal effluent and in surface water, but their contribution 23 

to the deterioration of surface water quality might be relevant, mainly in wide rural areas. In this context, 24 

the reported data or their ranges represent an attempt to provide reference thresholds and bands of 25 
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observed concentrations for a rough estimation of the contribution made by the release of the selected 26 

pollutants into surface water bodies via surface runoff and tile drainage. 27 

 28 

Keywords:  29 

Surface runoff, tile drainage, microcontaminants, pharmaceuticals, bacteria, sludge-amended soil, rainfall 30 

intensity  31 

 32 

Graphical abstract 33 

 34 

 35 

List of abbreviations:  36 

AOX adsorbable organic halides;  37 

AWI anthropogenic waste indicators; 38 

BC Background concentration,  39 

CEC Cation exchange capacity;  40 

dm dry matter;  41 

DMB dewatered municipal biosolids;  42 

Dow octanol-water distribution coefficient;  43 

WWTP

treated
effluent

Treated sludge

Landfill Incineration

Others

Disposal
options

urban
wastewater
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water

Land disposal for agricultural benefit

sludge-amended soil
(residues of microcontaminants
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tile drainage

Are there microcontaminants?
What is known and what unknown?

microcontaminants and microorganisms

Treated sludge
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FC Fecal coliforms;  44 

HM heavy metal;  45 

Kow octanol-water partition coefficient;  46 

LAS Linear Alkylbenzene;  47 

LMB liquid municipal biosolids;  48 

LOD limit of detection;  49 

LOQ limit of quantification;  50 

MEC measured environmental concentration;  51 

MW molecular weight;  52 

PAH Polycyclic aromatic hydrocarbons; 53 

PCB Polychlorinated biphenyl;  54 

PCDD/F dioxins and furans;  55 

pKa dissociation constant 56 

PPCPs pharmaceutical and personal care products;  57 

RL reporting limit; SD standard deviation;  58 

TC Total coliforms; 59 

 u.o.m. unit of measure 60 

 61 

 62 

1 Introduction 63 

Intense rainfall events detach and transport fine and low-density particles in land runoff, which may 64 

contain different kinds of pollutants. In addition, rain infiltrating dry soils can also leachate natural and 65 

anthropogenic substances (contaminants) retained and accumulated in the soil matrix and convey them to 66 

other environmental compartments, including groundwater and surface water bodies.  67 

Contaminant accumulation in/on soil can be due to different routes. The most important contributions 68 

come from the disposal of treated sludge (Torri and Cabrera, 2017), the disposal of manure (Segat et 69 

https://en.wikipedia.org/wiki/Polychlorinated_biphenyl
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al.,2015), land irrigation with reclaimed wastewater (Dodgen and Zheng 2016; Pedersen et al., 2003,2005, 70 

Xu et al., 2009), and land irrigation with surface water containing these contaminants (Calderon-Preciado et 71 

al., 2011).  72 

Land disposal of treated municipal sludges is a common practice in many countries worldwide (Ingleziakis 73 

et al., 2014; Kelessidis and Stasinakis, 2012). In the following the term biosolids will be used as an 74 

alternative of treated sludges: the term biosolids was introduced in 1991 in the USA by the Water 75 

Environment Federation (WEF, 2005) to distinguish raw, untreated sewage sludge from treated and tested 76 

sewage sludge, which could legally be used for agricultural benefits.  77 

This method of disposal can positively contribute to the improvement of soil properties and fertility (Clarke 78 

and Smith, 2011) due to the presence of nutrients and other substances in the sludges able to improve soil 79 

porosity or permeability (amendant effects), to favor aggregation of the main soil constituents 80 

(conditioning effects), to change chemical and physical soil properties (corrective effects) and/or to provide 81 

elements in assimilable or available form for plants (fertilizing effects).  82 

Sewage sludge not only provides soil with organic matter, but it also increases infiltration, reduces the 83 

possibility of soil erosion (Lucid et al., 2014) and increases agronomic productivity (Samaras et al. 2008, 84 

Tsadilas et al. 2005, Zartman et al. 2012). Its use for agricultural benefits also addresses European Union 85 

policy on sustainability and the recycling of resources (COM, 2014).  86 

In the case of intense rain events, surface runoff could seriously impact on near surface water bodies and 87 

affect their quality in terms of suspended solids, nutrients, and bacteria, as well as other emerging 88 

contaminants. 89 

In addition, in those regions where natural field drainage can adversely affect crop production activities, it 90 

may interfere with the groundwater if the groundwater system is near the surface on a year round basis, as 91 

could be the case in any of the poorly drained soils in eastern Ontario (Lapen et al., 2008a,b,2018). There, 92 

tile drains are placed on agricultural areas within 1 m of the soil surface in order to collect draining water 93 

and short-circuit it to the adjacent surface water streams or rivers. This stream is then conveyed to a 94 

surface water body. 95 
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In the last few years, issues related to land runoff as well as tile drainage quali-quantitative characteristics 96 

have caused increasing concern. For the most part, attention has been paid to macro-pollutants 97 

(suspended solids, organic substances, nitrogen and phosphorus compounds) (Paule et al., 2014), heavy 98 

metals (Hosseini Koupaie and Eskicioglu 2015), and pesticides (Torri and Cabrera, 2017). Some 99 

investigations have strongly focused on the environmental risks posed by the presence of nutrients and 100 

heavy metals due to the land application of treated sludge, as well as manure (Eldridge et al., 2009; Peyton 101 

et al., 2016; Jia et al.,2015; Bai et al., 2016). Some studies have also addressed mobilization in the runoff of 102 

bacteria applied to soil with the treated sludge. It has been highlighted that the soil environment is hostile 103 

for their development and that their survival time, following land application, is around 2-4 months 104 

(Brennan et al., 2012). As a consequence, bacteria are more likely to be transported into receiving water 105 

courses after rainfall events. 106 

Recent studies have highlighted the occurrence of micro-contaminants, mainly pharmaceuticals and 107 

personal care products (PPCPs) in treated sludges and underlined the importance of more thorough 108 

investigations into the fate of these pollutants once spread on soil (Verlicchi and Zambello, 2015). In this 109 

way, contaminants could reach surface water bodies and in some cases they could pose a potentially acute 110 

and chronic risk for aquatic life (Clarke and Cummins, 2015), or could deteriorate the quality of freshwater 111 

reserves used for potable needs (Clarke et al., 2016). 112 

 113 

From a legislative view point, different scenarios exist. The reuse of biosolids is not allowed in Belgium, 114 

Romania and Switzerland (Healy et al., 2017). In other countries it is possible (many European countries, 115 

New South Wales-Australia, Ontario-Canada, and the USA) and the current legal requirements regarding 116 

sludge disposal on soil commonly concern maximum sludge concentrations and/or maximum sludge loads 117 

for organic matter and nutrients, heavy metals, selected pesticides, and organic microcontaminants 118 

pollutants such as AOX, PCB, PCDD/F, as well as chemical-physical characteristics of the receiving soil, and 119 

the maximum quantity of sludge to be disposed on soil on a yearly basis (Mininni et al. 2015; Kelessidis and 120 

Stasinakis 2012; Le Blanc et al. 2008). 121 
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To date, no legal requirement has been set concerning the maximum permitted concentrations or loads for 122 

PPCPs pharmaceuticals and personal care products (Kelessidis and Stasinakis, 2012; Lu et al., 2012, Leblanc 123 

et al., 2008). With regard to microorganisms, only a few States have standards regarding the maximum 124 

concentrations in sewage sludge to be disposed of on soil, and these mainly concern Salmonella and E. coli 125 

(Lu et al., 2012; Minnini et al., 2015). 126 

 127 

As reported above, reclaimed water reuse for irrigation purposes may also contribute to the introduction of 128 

residues of microcontaminants of emerging concern into the soil (Kinney et al., 2006; Martinez-Piernas et 129 

al., 2018). The benefits due to the reduced demand for fresh water and the supply of nutrients (occurring in 130 

reclaimed water) are counterbalanced by the potential contamination risk to water and plants by still 131 

unregulated pollutants (Christou et al. 2017; Wu et al. 2015). This reuse practice is of great interest, 132 

principally for regions characterized by water scarcity (among them Spain, Cyprus, Lybia, and Jordan) 133 

and/or frequent periods of drought (Morocco, Algeria, and Tunisia). The contribution may be relevant but 134 

also limited to specific case studies. 135 

 136 

This review aims to provide a snapshot of the chemical characteristics of surface runoff and also the 137 

leachate in sludge-amended soil with regard to investigated PPCPs and bacteria species. A further objective 138 

is to investigate the main factors affecting them (compound properties, soil characteristics, applied sludge 139 

load and flow rate, sludge application method, rain intensity and frequency). The idea is to provide reliable 140 

data on the quality of surface runoff and tile drainage leading to an assessment of the potential 141 

contribution of these streams to the quality of the surface water body during intense rain events. This 142 

review also underlines the strengths and weaknesses of available studies, the gaps in  current knowledge 143 

and the research fields requiring further investigation. The reported data or their ranges could represent 144 

reference thresholds or bands of observed concentrations for a rough estimation of the contribution made 145 

by the release of the selected pollutants into surface water bodies via surface runoff. 146 

 147 
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1.1 Framework of the study 148 

This study provides an overview of chemical characteristics in terms of concentrations of a selection of 149 

microcontaminants pollutants and microorganisms (Table 1) in the water streams (surface runoff and tile 150 

drainage) which, due to rain events, leave agricultural soils where treated sludge (= biosolids) has 151 

previously been applied. The review is based on a collection of 16 papers, published between 1980 and 152 

2017, referring to 38 investigations into the occurrence of 57 PPCPs and 5 species of microorganisms (E. 153 

coli, Fecal coliform, Total coliform, Fecal streptococcus, and Clostridium perfringens), in land runoff or in tile 154 

drainage after the disposal of treated municipal sludge onto soil.  155 

Selected investigations differ in at least one of the following issues: (i) soil type, (ii) municipal sludge type 156 

(depending on the treatment it was subjected to), (iii) sludge application method, (iv) sludge application 157 

rate, (v) investigated water stream (runoff or tile drainage), and (vi) rainfall frequency pattern. One study 158 

may include more than one investigation. 159 

The 38 investigations were carried out in Ireland (8), the USA (15), Canada (11) and Australia (4) and most 160 

of the research groups belong to agricultural research centers. Investigations into land runoff in the case of 161 

manure applied on soil were not included, since manure disposal on rural land is subject to specific 162 

regulations from country to country and many types of manures are available depending on the animals 163 

(cattle, pigs, chickens, sheep, etc.). Table 2 reports the main characteristics of the studies included in the 164 

review with the number of investigations specified for each study. Their aims and scope and the principal 165 

issues addressed are also underlined.  166 

Figure S1 shows how these studies are temporally and spatially correlated and whether they include 167 

common research groups; Table S1 details the main characteristics of the reviewed 38 investigations with 168 

regard to field/plots, soil, sludge, rainfall, sampling strategy and the main findings. Investigations referring 169 

to the spiking of soil with specific microcontaminants (among them Davis et al., 2006) were not included, as 170 

according to Al-Rajab et al., 2009, the effect of the presence of treated sludge (the matrix containing 171 

microcontaminants pollutants) strongly influences the fate and behaviour of such contaminants in the soil. 172 
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Bearing in mind the definition sets in chemical engineering manuals, leachate is the liquid stream obtained 173 

from a leaching process, that is a unit operation consisting of a mass (and energy) transport from a solid 174 

phase (the soil) to a liquid one (the water leaving the soil) when they come into contact. With regard to 175 

Figure 1, once the rain starts, dry soil begins to retain water within its macro- and micro-pores. Water tends 176 

to percolate (generating the leachate or percolate) and in the case of prolonged rain events, when the soil 177 

becomes saturated, the water starts moving (flowing) on the soil surface, according to its slope, generating 178 

the so-called surface runoff. Sludge retained on the land surface is also subject to light exposure and 179 

phodegradation processes may occur, changing the characteristics of the sludge.  180 

With regard to percolation of the water through the soil, if this stream is intercepted by pipes (drains), the 181 

water flow which spills out is called tile drainage. Figure 1 shows the different water flow paths on soil in 182 

the case of precipitation and it also shows the potential degradation/removal mechanisms pollutants and 183 

microorganisms occurring in the soil may undergo. Figure 1 is the conceptual scheme this study will refer 184 

to. In particular, it will investigate surface runoff and tile drainage characteristics in treated municipal 185 

sludge-amended soil: the two streams which can rapidly reach the receiving water stream, affecting its 186 

quality. 187 

Section 2.2 deals with sludge application on soil in terms of sludge types based on the treatment before 188 

application, sludge application methods (compared in Table 3), the maximum loads allowed by the 189 

different regulations, and a brief overview of the legal requirements (standards for specific pollutants and 190 

in particular for microorganisms, section 2.2.3, with further details provided in Tables S3 and S4). 191 

 192 

This study goes on to present the characteristics of the soil which can affect the runoff/tile drainage quality, 193 

the size of the plots and the characteristics of the rainfall events of the investigations. Special attention was 194 

also paid to data reliability and accuracy (section 2.5), and an analysis of the reviewed studies can be found  195 

in Table S1. The results are reported in graphs which show measured concentrations of selected PPCPs and 196 

bacteria in surface runoff and tile drainage as well as background concentrations in the absence of sludge 197 

application (when available). In the Supplementary Materials section, details are available in terms of a 198 
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descriptive statistical analysis of the concentrations observed in surface runoff (Tab S5) and tile drainage 199 

(Tab S6). 200 

Discussion of the results focuses mainly on the influence of the factors affecting runoff/tile drainage 201 

concentrations:  202 

 compound characteristics; 203 

 soil characteristics (matrix, pH, organic matter, organic carbon, cationic exchange capacity); 204 

 sludge properties (CEC, moisture, pH, chemical composition) and its application rate; 205 

 applied pollutant load; 206 

 application method; 207 

 application depth; 208 

 applied water volume. 209 

 210 

(to be replaced by the 211 

following) 212 
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213 
Figure 1. The two water streams leaving soil in the case of rain events (surface runoff and tile drainage) and 214 

the main removal mechanisms for microcontaminants (PPCPs and microorganisms) occurring within the 215 

soil. 216 

 217 

Moreover, discussion of the collected results also refers to the ranges of measured concentrations of 218 

selected contaminants in secondary effluents, anaerobically digested sludges, runoff of rural soil irrigated 219 

with reclaimed water and surface water. The literature ranges to which the comparison refers are reported 220 

in Tables S2 and S5. 221 

The study concludes with a list of the lessons learned from past investigations, the main gaps in the 222 

investigations and the issues requiring further study. 223 

 224 

2 Materials and Methods 225 

2.1 Compounds included in the review and main investigations 226 



11 
 

Investigated chemical compounds belong to 11 different therapeutic classes or groups: analgesics and anti-227 

inflammatories (class A including 3 compounds); antibiotics (class B with 7 compounds); antifungals (class C, 228 

1 compound); antihistamines (class D, 1 compound); antiseptics (class E, 2 compounds); beta-blockers 229 

(class F, 1 compound); fragrances (class G, 5 compounds), hormones (class H, 22 compounds), lipid 230 

regulators (class I, 1 compound); stimulants (class J, 2 compounds) and psychiatric drugs (class K, 12 231 

compounds). 232 

Table 1 compiles all of these with the main chemical characteristics (molecular weight MW, chemical 233 

formula, pKa, LogKow), which are useful for analyzing or predicting their fate/behaviour once on the soil 234 

following sludge disposal, the number of related studies and corresponding references are also provided. 235 

The last group refers to bacteria commonly monitored in municipal wastewater treatments: Clostridium 236 

perfringens, Escherichia coli, Fecal coliforms, Fecal streptococci and Total coliforms. 237 

 238 

Table 1 Pharmaceutical compounds, hormones, fragrances and microorganisms included in this study 239 

Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

Analgesics/ 

anti-

inflammatories 

(A) (3) 

Acetaminophen 

151.2 C8H9NO2 9.38 

0.46 – 0.49 5 Edwards et al. 

2009;  

Gottschall et al. 

2012; Lapen et 

al. 2008b; 

Sabourin et al. 

2009; Topp et al. 

2008b 

Ibuprofen 

206.3 C13H18O2 4.94 

3.97 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 

et al. 2009; Topp 

et al. 2008b 
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Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

Naproxen 

230.3 C14H14O3 4.15 

3.18 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 

et al. 2009; Topp 

et al. 2008b 

Antibiotics (B) 

(7) 

4-Epitetracycline 
444.4 C22H24N2O8 3.3 

-1.37 1 Gottschall et al. 

2012  

Ciprofloxacin 
331.3 C17H18FN3O3 6.09 

0.28 1 Gottschall et al. 

2012 

Ofloxacin 
3614. C18H20FN3O4 

pKa1: 5.97 

pKa2: 9.28 

-0.39 1 Gottschall et al. 

2012 

Oxytetracycline 
460.4 C22H24N2O9 3.27 

-0.9 1 Gottschall et al. 

2012 

Sulfamethoxazole 

253.3 C10H11N3O3S 
pKa1: 1.60 

pKa2: 5.70 

0.89 5 Edwards et al. 

2009; Lapen et 

al. 2008b; 

Pedersen et al. 

2005; Sabourin 

et al. 2009; Topp 

et al. 2008b 

Sulfapyridine 
249.3 C11H11N3O2S 8.43 

 

0.35 - 0.9 1 Lapen et al. 

2008b;  

Tetracycline 
444.4 C22H24N2O8 3.3 

-1.37 1 Gottschall et al. 

2012 

Antifungals 

(C) (1) 

Miconazole 
416.1 C18H14Cl4N2O 

 

6.1 1 Gottschall et al. 

2012 

Antihistamines 

(D) (1) 

Diphenhydramine 
255.4 C17H21NO 8.98 

3.27 1 Gottschall et al. 

2012 

Antiseptics (E) 

(2) 

Triclocarban 

345.6 C13H9Cl3N2O 12.7 

4.9 5 Edwards et al. 

2009; Giudice 

and Yang 2011; 

Gottschall et al. 

2012; Healy et al. 
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Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

2017; Sabourin 

et al. 2009 

Triclosan 

289.5 C12H7Cl3O2 7.9 

4.76 8 Edwards et al. 

2009; Giudice 

and Yang 2011; 

Gottschall et al. 

2012; Gray et al. 

2017; Healy et al. 

2017; Lapen et 

al. 2008b; 

Sabourin et al. 

2009; Topp et al. 

2008b 

Beta-blockers 

(F) (1) 

Atenolol 

266.3 C14H22N2O3 9.6 

0.16 4 Edwards et al. 

2009; Lapen et 

al. 2008b; 

Sabourin et al. 

2009; Topp et al. 

2008b 

Fragrances 

and PCPs 

ingredients 

(G) 

(4) 

Galaxolide (HHCB 

AHTN) 
258.4 C18H26O 

 

5.9 1 Gray et al. 2017 

Indole 117.2 C8H7N -2.4 2.14 1 Gray et al. 2017 

Menthol 156.3 C10H20O 
 

3.2 1 Gray et al. 2017 

Skatole (3-Menthyl-

1H-Indole) 
131.2 C9H9N 

 

2.6 1 Gray et al. 2017 

Tonalide (AHTN 

HHCB) 
258.4 C18H26O 

 

5.7 1 Gray et al. 2017 

Hormones (H) 

(22) 

11-

Ketotestosterone 
302.4 C19H26O3 

 

1.92 1 Yang et al. 2012  

17-α-estradiol 

(Alfatradiol) 272.4 C18H24O2 
 

3.94 – 4.01 2 Gottschall et al. 

2013; Yang et al. 

2012 

17-beta-estradiol 

(or Estradiol) 272.4 C18H24O2 
 

3.94 – 4.01 2 Gottschall et al. 

2013; Yang et al. 

2012 
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Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

α-Dihydroequilin 
270.4 C18H22O2 

 

 1 Gotschall et al. 

2013 

Androstenedione 

286.4 C19H26O2 
 

2.75 – 2.76 2 Gottschall et al. 

2013; Yang et al. 

2012;  

Androsterone 
290.4 C19H30O2 

 

3.69 1 Gotschall et al. 

2013 

Cis-androsterone 290.4 C19H30O2 
 

3.07 – 3.69 1 Yang et al. 2012 

Desogestrel 
310.5 C22H30O 

 

5.65 1 Gotschall et al. 

2013 

Diethylstilbestrol 268.4 C18H20O2 
 

5.07 – 5.64 1 Yang et al. 2012 

Dihydrotestosterone 

(Stanolone) 
290.4 C19H30O2 

 

3.07 – 3.55 1 Yang et al. 2012 

Epitestosterone 288.4 C19H28O2 
 

3.27 – 3.32 1 Yang et al. 2012 

Equilenin 

266.3 C18H18O2 
 

3.93 2 Gottschall et al. 

2013; Yang et al. 

2012 

Equilin 

268.4 C18H20O2 
 

3.35 2 Gottschall et al. 

2013; Yang et al. 

2012 

Estradiol Benzoate 
376.5 C25H28O3 

 

 1 Gotschall et al. 

2013 

Estriol 

288.4 C18H24O3 10.54 

2.45 - 3.67 2 Gottschall et al. 

2013; Yang et al. 

2012 

Estrone 

270.4 C18H22O2 
 

3.13 - 3.43 2 Gottschall et al. 

2013; Yang et al. 

2012 

Ethinyl Estradiol 

296.4 C20H24O2 10.4 

3.67 – 4.15 3 Giudice and 

Yang 2011: 

Gottschall et al. 

2013; Yang et al. 

2012 

Mestranol 
310.4 C21H26O2 

 

4.61 – 4.68 2 Gottschall et al. 

2013; Yang et al. 
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Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

2012 

Norethindrone 

298.4 C20H26O2 
 

2.97 – 2.99 2 Gottschall et al. 

2013; Yang et al. 

2012 

Norgestrel 

(Levonorgestrel) 
312.5 C21H28O2 

 

3.48 1 Gottschall et al. 

2013 

Progesterone 

314.5 C21H30O2 
 

3.67 – 3.87 2 Gottschall et al. 

2013; Yang et al. 

2012 

Testosterone 

288.4 C19H28O2 
 

3.27 – 3.32 2 Gottschall et al. 

2013; Yang et al. 

2012 

Lipid 

regulators (I) 

(1) 

Gemfibrozil 

250.3 C15H22O3 4.5 

4.77 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 

et al. 2009; Topp 

et al. 2008b 

Stimulant (J) 

(2) 

Caffeine 
194,. C8H10N4O2 10.4 

-0.07 1 Sabourin et al. 

2009 

Cotinine 

176.2 C10H12N2O 
 

0.07 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 

et al. 2009; Topp 

et al. 2008b 

Psychiatric 

drugs (K) 

(12) 

Bupropion 
239.7 C13H18ClNO 8.22 

3.85 1 Gottschall et al. 

2012 

Carbamazepine 

236.3 C15H12N2O 13.9 

2.45 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 
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Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

et al. 2009; Topp 

et al. 2008b 

Citalopram 
324.4 C20H21FN2O 

 

3.5 1 Gottschall et al. 

2012 

Desmethyl 

Citalopram 
310.4 C19H19FN2O 

 

2.8 1 Gottschall et al. 

2012;  

Desmethyl 

Sertraline 
320.2 C17H15Cl2NO 

 

4.5 1 Gottschall et al. 

2012 

Desvenlafaxine 
263.4 C16H25NO2 

pKa1: 9.45 

pKa2: 10.66 

2.72 1 Gottschall et al. 

2012 

Fluoxetine 

309.3 C17H18F3NO 9.5 

4.05 3 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b 

Norfluoxetine 
295,. C16H16F3NO 

 

3.5 1 Gottschall et al. 

2012 

Norvenlafaxine 
263.4 C16H25NO2 

 

3 1 Gottschall et al. 

2012 

Paroxetine 
329.4 C19H20FNO3 9.6 

1.23 1 Gottschall et al. 

2012 

Sertraline 
30.,2 C17H17Cl2N 

 

5.1 1 Gottschall et al. 

2012 

Venlafaxine 
277.4 C17H27NO2 10.09 

3.2 1 Gottschall et al. 

2012 

Group Species     
# 

papers 
Ref 

Bacteria 

(5) 

Clostridium 

perfringens 
   

 2 Gottschall et al. 

2013; Lapen et 

al. 2008a 

Escherichia coli 

   

 5 Atalay et al. 

2007; Eldridge et 

al. 2009; 

Gottschall et al. 

2013; Lapen et 
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Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

al. 2008a; Peyton 

et al. 2016 

Fecal Coliforms 

   

 2 Dunigand and 

Dick, 1980; 

Wallace et al. 

2014 

Faecal 

Streptococcus    

 1 Gottschall et al. 

2013 

Total Coliforms 

   

 3 Atalay et al. 

2007; Gottschall 

et al. 2013; 

Peyton et al. 

2016 

 240 

Table 2. A brief presentation of the studies included in this review, in terms of their main characteristics, 241 

aims, scope of the investigations and number of investigations (see Table S1 for details).  242 

Reference  Main characteristics of the investigations 

Atalay et al. 

2007 

USA Lab investigations were carried out into the occurrence of 2 microorganisms (E. coli and Total 

coliforms), nutrients and heavy metals in surface runoff after treated sludge applications. Air-

dried sludge was applied at a rate of 2,240 kg/ha and mixed with the top 5 cm of the soil bed, on 

two different soils (a clay loam soil and a sandy loam soil called, respectively, Cullen and Bojac, 

see Table S1) to compare the influence of soil on runoff quality. 

Investigation fields consisted of 12 microplots (2 soils x 2 treatments x 3 replicates) - tilted 

aluminium beds (0.8 m x 1.9 m = 1.62 m
2
 each) set up in an environmentally controlled 

greenhouse and used both for treatment and to control the investigation. Rainfall simulation 

(deionized water at a rate of 65 mm/h for 45 min) took place immediately before the sludge 

application (control investigation) and immediately after (treatment investigation), resulting in 2 

samples (each with 3 replicates) per plot available for chemical and microbiological analyses.  

Number of investigations: 2  

Dunigan and USA On-field investigations were carried out on the occurrence of nutrients and Fecal coliforms in 
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Dick, 1980 surface runoff in sludge-amended soil. Treated municipal sludge was applied at different rates 

(14.8, 16.2, and 28.9 tons/ha) and the concentrations of bacteria were monitored during the 

following weeks in order to evaluate their temporal variations.  

Investigation fields consisted of triplicate plots and a control one. 

Rainfall was simulated by applying deionized water at a rate of 1.11 cm/h for 2 hours. 

Number of investigations: 3 

Edwards et al. 

2009 

Canada On-field investigations were carried out on the occurrence (concentrations) and mass loads of 

11 PPCPs in agricultural tile drainage systems following sludge application. Monitoring lasted 

approximately 162 d. Dewatered (centrifugated) anaerobically digested sludge was applied to 

loam soil at a rate of 8,000 kg/ha and mixed with the soil bed using two different methods (to 

compare the results): tilling with the top 10 cm of the soil and direct injections at a depth of 11 

cm. The aim was to test the capacity to break DMB solid/aggregates apart and the effect of the 

atmosphere exposure and the soil environment on the PPCPs. 

Investigation fields consisted of 8 plots (100 m x 15 m= 1,500 m
2
 each) in a field with tiles placed 

0.8 m below the soil surface and spaced 15 m apart; 2 of them were hydraulically isolated and 

used for the control investigation (they never received DMB). Sampling occurred after a real rain 

event (in the case of a rainfall depth of 5 mm/h in summer and 7 mm/24 h in fall gathered in a 

rainwater collection vessel) which took place in the study period, with a total depth of 413 mm. 

Samples were collected with an automatic water sampler when a rainfall with a depth of 5 

mm/h (summer) and 7 mm/d (fall) was gathered in a rain collection vessel. Samples were taken 

more frequently near the trigger followed by a gradual reduction (sample intervals were initially 

every 15 min, then every 30, 60, 90 and 120 mins)  

Number of investigations: 2 

Eldridge et al. 

2009 

Australia On-field investigations were carried out into the occurrence of E. coli and nutrients in surface 

runoff after surface spreading of 2 types of dewatered sludges (irradiated, non-irradiated and 

granulated biosolids) and a manure (poultry) on a silty clay loam soil covered by turf. Sludges 

and manure were spread on the surface. The applied sludges were a high temperature dried 

sludge (at a rate of 4,500 kg/ha, DMB1), a high temperature dried sludge that received gamma 

irradiation (pathogen free, at a rate of 4,500 kg/ha, DMB2), and a poultry litter (at a rate of 

5,150 kg/ha). 

Investigation fields consisted of three replicate plots for four scenarios, resulting in 12 

microplots (1 m x 2 m= 2 m
2
 each) in a field with a slope of 10%. The four scenarios were an 
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untreated control plot; poultry application, DMB1 application and DMB2 application. Rainfall 

simulation (potable water at a rate of 90 mm/h for 30 min) took place 7 days after application; 2 

samples were collected for each plot - one for the first 3 L of runoff (first flush) and another for 

the total runoff volume. 

Number of investigations: 3 

Giudice and 

Yang 2011 

USA Investigations were carried out into the occurrence of endocrine-disrupting compounds and 

heavy metals in surface runoff after sludge application for approximately 31 d. Dewatered (and 

thermally dried) anaerobically digested sludge was applied to sandy loam soil at a rate of 22,500 

kg/ha and mixed with the top 7÷15 cm of the soil bed.  

The investigation fields consisted of 3 replicated plots (2m x 1m x 0.38m depth each) which 

were built in a field with a slope of 3,5÷4% and used for control (before sludge application) and 

for runoff analysis (after sludge application, for three different simulated rain events) as well as 

leachate analysis. Rainfall simulations (carbon filtrated well water at a rate of 60 mm/h until 

runoff occurred) took place 5 days before application (control) and 3, 9, and 24 days after 

application in the three plots. Six runoff samples (4 L) were collected after each rainfall 

simulation and their cumulative volume was investigated for the analytes of interest. A single 

2.5-L leachate sample was withdrawn at the end of each simulation from the composite 

reservoir collecting the generated leachate (tile drain depth = 0.38 m; space between tiles = 

0.025 m).  

Number of investigations: 2 

Gottschall et 

al. 2012 

Canada An on-field investigation into the occurrence of 26 PPCPs in tile drainage (PPCPs in soil matrix, 

groundwater and wheat grain grown on the field) after sludge application was carried out for 

approximately 365 days. Dewatered (centrifugated) anaerobically digested sludge was applied 

to loam soil at a rate of 22,000 kg/ha and mixed with the top 20 cm of the soil bed. 

Investigation fields consisted of 2 macroplots (3 ha each) in an agricultural field located in 

Ontario, Canada, which was fallow the year before the investigation. Tiles were placed 1.1÷1.2 

m below the soil surface and spaced 15 m apart. The first macroplot represents the control 

system and the second the treatment system (where sludge was applied). Real rainfall occurred 

in the study period with a total depth of 1,070 mm. Samples were time-proportionally collected 

at the bottom of the tiles when a trigger (adjusted depending on weather and soil water 

content) occurred. A total of 10 hydrograph event samples were selected for analysis. 

Number of investigations: 1 
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Gottschall et 

al. 2013 

Canada A commercial field-scale investigation was carried out into the occurrence of 17 PPCPs 

(hormones), 3 pathogens and 10 sterols in tile drainage, in the surface soil core, DMB 

aggregates mixed with soil, groundwater and wheat grain after sludge application in a real 

agricultural field (the same as that of Gottschall et al., 2012) for approximately 365 days. The 

aim was to study the long-term persistence of the selected compounds in the environmental 

matrices and to correlate the occurrence of fecal bacteria with sterols. Dewatered 

(centrifugated) anaerobically digested sludge was applied to loam soil at a rate of 22,000 kg/ha 

and mixed with the top 20 cm of the soil bed. 

Investigation fields consisted of the same 2 macroplots (3 ha each) as in the agricultural field 

described in Gottchall et al. (2012), with tiles positioned 1.1÷1.2 m below the soil surface and 

spaced 15 m apart. 1 of them was isolated and used for the control investigation. Real rainfall 

occurred in the study period with a total depth of 1,070 mm. Samples were time-proportionally 

collected at the bottom of the tiles when a trigger (adjusted depending on weather and soil 

water content) occurred. A total of 8 hydrograph event samples were selected for analysis. 

Number of investigations: 1 

Gray et al. 

2017 

USA On-field investigations were carried out into the occurrence of a wide spectrum of 

anthropogenic waste indicators (including 6 PPCPs) in surface runoff after sludge application on 

an agricultural field in Colorado for approximately 40 d. The site had not previously been treated 

with biosolids. Dewatered anaerobically digested sludge was applied on loamy sand soil at a rate 

of 3,500 kg/ha and mixed with the top 15 cm of the soil bed.  

The investigation fields consisted of 5 microplots (6 m
2
 each) in a field with a slope of 2.1÷3%; 

each one was used both for treatment and control investigations. Rainfall simulations 

(application of hormone-free well water at a rate of 65 mm/h, corresponding to a 100-year 

simulated rain event) took place 5 days before (control plot) and 1, 8, and 35 days after 

application in the three plots. In the remaining two plots, rainfalls were conducted only on day 

35 in order to evaluate the fate of compounds in the absence of repeated rainfall events. The 

same plots and similar operational conditions were used in a previous investigation by Yang et 

al., 2012 

Number of investigations: 2 

Healy et al. 

2017 

Ireland 

 

Investigations were carried out into the occurrence of 2 PPCPs (TCS and TCC) in surface runoff 

after sludge application in a field experiment lasting approximately 15 d. In order to compare 

different types of behaviour, three differently treated sludges were spread on the surface of 



21 
 

loam soil: an anaerobically digested sludge (at a rate of 6,727 kg/ha), a thermally dried sludge 

(at a rate of 2,683 kg/ha), and a lime stabilized sludge (at a rate of 29,536 kg/ha). 

The investigation fields consisted of replicated (n=3) hydraulically isolated microplots (0.4 mx 

0.9 m= 0.36 m
2
 each) in a field with a slope of 2.8÷3.7% (without controls). Each microplot was 

equipped with a channel collecting all the runoff during a rain event. Rainfall simulations (at a 

rate of 11 mm/h) took place 1, 2, and 15 days after sludge application in the same plots. Each 

rainfall lasted 30 minutes from the time of the first occurrence of surface runoff. 

Number of investigations: 3 

Lapen et al. 

2008b 

Canada On-field investigations carried out on the occurrence of 11 PPCPs in tile drainage after sludge 

application were performed in Ontario, Canada, for approximately 46 d. Liquid anaerobically 

digested sludge was applied on silty clay loam soil at a rate of 9,3500 L/ha and mixed with the 

soil bed with two different approaches (in order to compare the influence on tile drain quality): 

tilling with the top 10 cm of the soil (subsurface spreading) and one-pass aeration tilling with the 

top 11 cm (surface spreading). Most of the selected PPCPs were spiked in the sludge before soil 

application as their concentration was found to be below the detection limits. 

The investigation fields consisted of three plot replications for each application type with one 

control bed, giving a total of 8 plots (740 m
2
 each) in a field with tiles positioned 0.8 m below 

the soil surface and placed 15 m apart. Real rainfall occurred in the study period with a total 

depth of 124 mm. Samples were time-proportionally collected at the bottom of the tiles when a 

trigger occurred. 

Number of investigations: 2 

Lapen et al. 

2008a 

Canada On-field investigations into the occurrence of E. coli and C. perfringens as well as nutrients in tile 

drainage after sludge application were carried out in Ontario, Canada, for approximately 46 d. 

Liquid anaerobically digested sludge was applied on silty clay loam soil at a rate of 93,500 L/ha 

and mixed with the soil bed using two different methods (in order to compare the influence on 

the loss of microorganisms): tilling with the top 10 cm of the soil and one-pass aeration tilling 

with the top 11 cm. 

The investigation fields consisted of three plot replications for each application type with one 

control bed, for a total of 8 plots (740 m
2
 each) in a field with tiles positioned 0.8 m below the 

soil surface and placed 15 m apart. Real rainfall occurred in the study period with a total depth 

of 124 mm. Samples were time-proportionally collected at the bottom of the tiles when a trigger 

occurred. 
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Number of investigations: 2 

Peyton et al. 

2016 

Ireland 

 

Investigations into the occurrence of 2 microorganisms, nutrients and metals in surface runoff 

after sludge application were carried out in Ireland, for approximately 15 d. Five different 

sludges were applied on the surface of  loam soil  and the resulting runoff was compared: an 

anaerobically digested sludge from the UK (at a rate of 6,775 kg/ha), an anaerobically digested 

sludge from EIRE (at a rate of 6,727 kg/ha), a thermally dried sludge (at a rate of 2,683 kg/ha), a 

lime stabilized sludge (at a rate of 29,536 kg/ha) and a dairy cattle slurry (at a rate of 80,000 

kg/ha). 

The investigation fields consisted of 30 microplots (0.9mx0.4m=0.36 m
2
 each) in a field with a 

slope of 2.8÷3.7% in order to compare six different scenarios (treatment with one sludge type + 

control). For this reason, 6 of them were isolated and used for the control investigation. Rainfall 

simulations (at a rate of 11 mm/h) took place 1, 2, and 15 days after application in the same 

plots. The first and the last 50 mL of runoff occurring on each plot were collected (2 samples per 

plot). 

Number of investigations: 5 

Sabourin et al. 

2009 

Canada An on-field investigation into the occurrence of 13 PPCPs in surface runoff after sludge 

application was carried out in Ontario, Canada, for approximately 36 d. Dewatered 

(centrifugated) anaerobically digested sludge was applied on silt loam soil at a rate of 8,000 

kg/ha and mixed with the top 15 cm of the soil bed.  

The investigation fields consisted of 30 microplots (2 mx 3 m=6 m
2
 each) in a field with a slope 

of 7 %. 5 of them were isolated and used for a control investigation (no sludge applied on them). 

A group of 5 (+1 control) microplots was considered for each rain event which took place 1, 3, 7, 

21 and 36 d after sludge application. Rainfall simulations consisted of ozonated groundwater at 

a rate of 4.1 mm/min. One runoff sample was collected for each plot. 

Number of investigations: 1 

Topp et al. 

2008b 

Canada Investigations into the occurrence of 9 PPCPs in surface runoff after sludge application were 

carried out in Ontario in a real field for approximately 266 d. Liquid anaerobically digested 

sludge and ozonated groundwater spiked with pharmaceuticals were applied on silt loam soil 

(slope 5 %) at a rate of 93,500 L/ha and mixed with the soil bed. Sludge was amended to soil 

using two different approaches: by tilling with the top 15 cm of the soil and by subsurface 

injections at a depth of 10 cm. Spiked ozonated groundwater was added to the plots only by 

subsurface injection at a depth of 10 cm. 
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The investigation fields consisted of 75 microplots (2 m x 1 m =2 m
2
 each) in a field with a slope 

of 5%. The “control” plots were the 25 receiving spiked water but none of the plots were tested 

without PPCPs sources.  

Rainfall simulations (ozonated groundwater) took place 1, 3,7,21, 36 or 266 days after 

application in plots that had never received rainfall before to investigate the 

degradation/adsorption effects. Rainfall simulated events lasted until a minimum of 10 l of 

runoff had been collected in each microplot. 

Number of investigations: 3 

Wallace et al. 

2014 

USA Investigations into the occurrence of microorganisms and nutrients in surface runoff after 

dewatered anaerobically digested sludge application were carried out in Missouri for 

approximately 54 d. Sludge and mineral fertilizer were applied (to compare results) on silt loam 

soil and on the same soil but with a vegetation strip buffer (to compare the buffer ability in 

reducing key compound losses in runoff) with surface spreading applications. Four investigations 

occurred: untreated control plot; low rate (1,664 kg/ha) of biosolids with 1 m of vegetative 

filter; low rate (1,664 kg/ha) of biosolids without filter, and high rate of biosolids with 1 m of 

vegetative filter (3,328 kg/ka).  

The investigation fields consisted of operating and control plots (1.5mx2x=3 m
2
 each) in a field 

of a slope of 3÷6%. For each experiment, four replicates were conducted. Rainfall simulations 

(deionized water at a rate of 70 mm/h) took place immediately after application. One sample 

per plot was collected. 

Number of investigations: 5 

Yang et al. 

2012 

USA An on-field investigation was carried out in Colorado into the occurrence of 17 PPCPs 

(hormones) and 2 sterols in surface runoff after sludge application for approximately 40 d. 

Dewatered anaerobically digested sludge was applied on loamy sand soil at a rate of 3,500 kg/ha 

and mixed with the top 15 cm of the soil bed. An analysis of the hormone partitioning between 

the dissolved phase and suspended-particle bond phase was reported. 

The investigation fields consisted of the microplots (6 m
2
 each) in a field with a slope of 2.1÷3%; 

used both for treatment and control investigations. Rainfall simulations (hormone-free well 

water at a rate of 65 mm/h) took place 5 days before (control) and 1, 8, and 35 days after 

application in the same plots. 3 composite samples (early, middle and late rain events) were 

collected per plot for the control (5 days before sludge application) and on the first, 8
th

 and 35
th

 

day. Since on day 35 only two plots were monitored, a total of 33 composite samples were 
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available. 

Number of investigations: 1 

 243 

2.2 Sludge application on soil – Sludge types, application methods, authorized loads, and 244 

legal requirements 245 

2.2.1 Sludge types 246 

Based on the studies under review, it was found that sludge intended for land disposal was generally 247 

anaerobically digested and, in many cases, dewatered. In a few cases it was subjected to further 248 

treatments: high temperature drying (Eldridge et al., 2009; Giudice and Young 2011, Healy et al., 2017, 249 

Peyton et al., 2016), gamma irradiation (Eldridge et al., 2009), centrifugal dewatering (Gottschall et al., 250 

2012) or lime stabilization (Healy et al., 2017; Peyton et al., 2016). With regard to the selected micro-251 

contaminants and bacteria, the concentrations in the applied sludge were included in the ranges reported 252 

in Table S2, even in the case of sludges spiked with micro-contaminants, with just two excpetions referring 253 

to acetaminophen and ibuprofen (in both cases final concentration was higher than the maximum 254 

literature value). 255 

According to Sabourin et al. (2009) it was assumed that the sludge is considered liquid (often called liquid 256 

municipal biosolids LMB) if its solid content is less than 18 %, and dewatered (dewatered municipal biosolid 257 

DMB) if its solid content is higher than 18 %. In the different investigations, the sludge had a largely 258 

different solid content; on the basis of 11 of the 16 studies which reported sludge composition in detail, the 259 

solid content varied between < 18 % and 91.6 % (granulated high temperature dried sludge in Eldridge et 260 

al., 2009).  261 

 262 
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2.2.2 Application methods 263 

Four different disposal methods were followed according to the collected studies. Table 3 shows the main 264 

sludge disposal strategies followed in the investigations under review, with a diagram and description for 265 

each of them, along with information regarding the papers dealing with them. 266 

Table S1 includes many details referring to sludge application in the different investigations. In particular, 267 

as well as compiling sludge properties (pH, CEC, moisture/solid content) and treatment, it also details the 268 

application rate (dry matter kg/ha), application method and application depth. 269 

 270 

 271 
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Table 3. The application strategies for sludge disposal in agricultural soils considered in this review, the typical application depth, and relative references. 272 

Application 

method 
Graphical description 

Application 

depth 
Description References 

Land or 

Surface 

spreading 

 

0 cm With land or surface spreading, biosolids 

are deposited on the land surface without 

other operations. 

Dunigan and Dick, 1980; 

Eldridge et al. 2009;  

Healy et al. 207;  

Peyton et al. 2016;  

Wallace et al. 2014 

Tilling  

5÷20 cm In the case of tilling, sludge is spread on 

soil and then it is amended with the first 

20 ÷ 30 cm of soil within 20-24 h. 

Atalay et al. 2007;  

Edwards et al. 2009;  

Giudice and Young 2011;  

Gottschall et al. 2012; 2013 

Gray et al. 2017;  

Lapen et al. 2008a,b 

Sabourin et al. 2009;  

Topp et al. 2008b;  

Yang et al. 2012 
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One-pass 

aeration 

tilling 

 

13÷15 cm In the case of one-pass aeration tilling, 

just before receiving the sludge, the soil is 

tilled. It is generally performed by a 

specific mechanical system that applies 

the sludge close to the ground, 

immediately following the passage of 

rolling tines which affect aerator-type 

tillage of the soil. 

 

Lapen et al. 2008a;b 

 

Subsurface 

injections 

 

10÷13 cm 

(typical 

application 

depth, as 

reported in 

the cited 

studies) 

Subsurface injection consists of the 

injection of biosolids within 50 cm of the 

top of the soil surface. 

Generally, injection can be used for LMB 

application or DMBs that have a low solid 

content and can be easily shovelled 

Edwards et al. 2009;  

Topp et al. 2008b 
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 273 

2.2.3 Authorized concentrations and loads and other legal requirements 274 

Regulations in force place great attention on the concentrations of heavy metals (HMs), microorganisms, 275 

some organic microcontaminants pollutants (including AOX, PAH, PCB, PCDD/F) and define limits of their 276 

concentrations in the treated sludge intended for land disposal.  277 

In addition, they set maximum rates of sludge to be applied on soil (kg/ha year), maximum rate of nutrients 278 

(kg nutrient/ha year) and heavy metals (kg HM/ha year) in sludge. Some of them also set the maximum 279 

concentrations of heavy metals in soil (mg HM/kg dm).  280 

Table S3 summarizes the main characteristics of the regulations in the European Community and in 281 

countries including those where most of the investigations under review took place (Ireland, Italy, New 282 

South Wales-Australia, Ontario-Canada, and the USA).  283 

Table S4 compares the limits for the different microorganisms in treated sludge to be fulfilled in the case of 284 

land disposal in many European countries, as well as in New South Wales (Australia), Ontario (Canada) and 285 

the USA. 286 

It is important to highlight that most of the current regulations clearly define spreading and tilling 287 

procedures, the maximum slope values, and pH and CEC in soil. In addition, some legislations require that a 288 

minimum distance from waterways and a minimum depth from the aquifer is respected with regard to the 289 

plot size where sludge is applied (Table S3).  290 

Limits referring to new contaminants of emerging interest, including pharmaceuticals, hormones, and 291 

fragrances of interest in this review have not yet been set.  292 

 293 

2.3 Characteristics of the soils in the investigations included in the review  294 

The texture of the soils where investigations took place are reported in Figure 2 in the well-known texture 295 

triangle. A rapid glance shows the percentage of the main soil components (sand:silt:clay) in each case 296 

study. The legend on the right reports the studies shown in the diagram.  297 
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 298 

 299 

Figure 2 Characteristics of the soil texture in the investigations included in this review in the soil textural 300 

classification triangle. 301 

 302 

2.4 Plot size, precipitation and sampling strategy 303 

Plot size - Concerning land runoff, investigations took place in plots whose size was in the range 0.36-6 m2 304 

(0.36 m2, 1.62 m2, 2 m2, 3 m2, 4.5 m2, and 6 m2). Tile drainage experiments were carried out in wider 305 

surface plots: 740 m2, 1,500 m2 and 3 ha, with the only exception being the investigation carried out by 306 

Giudice and Young (2011), which was carried out in 3 plots of 2 m2. 32 of the 38 investigations included a 307 

control plot where sludge was not amended in order to compare the quality of surface runoff/tile drainage 308 

without sludge application - only the investigations carried out by Healy et al. (2017) and Topp et al. 309 

(2008b) did not include such a plot. 310 

 311 

Legend

Studies monitoring surface runoff

1.   |        - | Atalay et al. 2007
2.   |        - | Atalay et al. 2007
3.   |        - | Dunigan et al. 1980
4.   |        - | Eldridge et al. 2009
5.   | 60:26:14 | Giudice and Young 2011
6.   | 82:12:06 | Gray et al. 2017, Yang et al. 2012
7.   | 86:09:05 | Gray et al. 2017, Yang et al. 2012
8. | 88:08:04 | Gray et al. 2017, Yang et al. 2012
9.   | 46:39:15 | Healy et al. 2017, Peyton et al. 2016
10. | 47:38:15 | Healy et al. 2017, Peyton et al. 2016
11. | 48:37:15 | Healy et al. 2017
12. | 49:36:15 | Healy et al. 2017, Peyton et al. 2016
13. | 18:67:15 | Sabourin et al. 2009, Topp et al. 2008
14. |        - | Wallace et al. 2014

Studies monitoring tile drainage

15. | 60:26:14 |* Edwards et al. 2009
16. | 60:26:14 |* Gottschall et al. 2012, Gottschall et 
al. 2013
17. | 60:26:14 |* Lapen et al. 2008a, Lapen et al. 
2008b
5. Giudice and Young 2011

* = average in depth
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Rainfall type, intensity, duration and frequency - In 30 of the 38 investigations, rainfall was artificial 312 

(ozonated groundwater, carbon filtrated groundwater, deionized water, or drinking water) and after the 313 

simulated rain event, runoff samples were collected. The rain intensity was in the range of 11-90 mm/h and 314 

the chosen intensity corresponded to ain with a specified return period, typical of the country where the 315 

investigation was being carried out -  2 years in Missouri (Wallace et al., 2014) and 100 years in Canada and 316 

in the USA (Sabourin et al., 2009, Gray et al., 2017).  317 

The duration of the rain events was clearly defined in some studies (30 min by Eldridge et al., 2009; 45 min 318 

in Atalay et al., 2007), whereas in others it was a defined period from the first occurrence of runoff (for 319 

instance 30 min in Healy et al., 2017, Peyton et al., 2016) or related to the desired runoff volume to be 320 

collected during the investigation (Giudice and Young 2011; Topp et al., 2008b, Sabourin et al., 2009, 321 

Wallace et al., 2014). 322 

With regard to frequency, artificial rainfall was applied on different days - : often some days before sludge 323 

application (control step) and then after sludge application with a different frequency pattern, covering a 324 

period ranging from a few days to one year. In the case of only one investigation was the interval as long as 325 

266 days (Topp et al., 2008b), while in all the others it was < 54 d (Table S1).  326 

Rain was applied in the same plot to assess pollutant mobilization following rain events (Atalay et al., 2007; 327 

Eldridge et al., 2009; Giudice and Young 2011; Gray et al., 2017; Healy et al., 2017; Peyton et al., 2016; 328 

Wallace et al., 2014, and Yang et al., 2012) or in different plots with different frequencies to evaluate the 329 

contribution of degradation and sequestration of the investigated compounds after different prolonged dry 330 

periods (Sabourin et al., 2009; Topp et al., 2008b). 331 

In only 5 studies, all referring to tile drainage tests, (Edward et al., 2009; Gottschall et al., 2012, 2013, Lapen 332 

et al., 2008a,b), was the rainfall real, with its total depth varying  between 124 mm (Lapen et al., 2008a,b) 333 

and 1,070 mm (Gottschall et al., 2012, 2013). Investigations lasted from 46 days (Lapen et al., 2008a,b) to 334 

365 days (Gottschall et al., 2012, 2013). 335 

Many other details for the different investigations are reported in Table S1. 336 

 337 
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Sampling mode and frequency  338 

Different sampling strategies were applied in surface runoff and details are reported in table S1. Not all the 339 

studies clearly reported the description of the sampling mode and frequency,and analysis may refer to grab 340 

or composite samples.  341 

In other studies, composite samples were collected and derived from the mixture of samples withdrawn 342 

from different plots (Sabourin et al., 2009; Giudice and Young, 2011). In Yang et al. (2012) analyses were 343 

performed on composite samples referring to different phases of the runoff (early, medium and late 344 

runoff).  345 

Regarding tile drainage, analyses were on grab samples - water samples were collected during real rainfall 346 

events by means of in-line water flow control structures on the tile drain headers for each field section 347 

under study (Edward et al., 2009; Gottschall et al., 2012, 2013, Lapen et al., 2008a,b). 348 

 349 

2.5 Accuracy and uncertainty of the collected data 350 

The collected data reported in graphs and tables in the manuscript and in the supplementary material 351 

section come not only from tables, but also graphs and in this case, the uncertainties associated with the 352 

values add to the uncertainties due to sampling and analysis (as discussed in Verlicchi and Zambello 2016), 353 

even in cases where the reading of the data was quite accurate. If a value was reported below its limit of 354 

detection (LOD) or its reporting limit (RL) it was assumed equal to the LOD or the RL and if it was reported 355 

below its limit of quantification (LOQ), it was assumed to be half its LOQ value. Table S1 reports the details 356 

provided referring to the experimental campaigns and a rough estimation (good, modest or poor) of the 357 

accuracy/reliability of the reported data, the description of sampling strategies and the adopted 358 

equipment. 359 

 360 
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3 Results  361 

3.1 Ranges of the concentration of selected compounds in land runoff and tile drainage 362 

samples 363 

A rapid glance at Table S1 highlights that 29 of the 38 investigations refer to surface runoff monitoring, only 364 

9 investigations monitored tile drainage, 21 investigations dealt with bacteria and 17 with pharmaceuticals, 365 

hormones and fragrances. 366 

Figures 3 and 4 report the measured concentrations found for the selected pollutants in land runoff and in 367 

tile drainage samples in the case of sludge-amended soil. Where available, the background concentrations 368 

BC (control concentrations related to runoff or tile drainage from soil where sludge was not applied) of the 369 

compounds are also reported for comparison and analysis. Generally, these concentrations refer to water 370 

samples resulting from artificial rainfall applied some days before sludge application. 371 

With regard to land runoff, it emerges that 33 compounds were monitored in the different investigations. 372 

The most studied compounds were hormones (class H), with ethynil ethinyl estradiol at the top with 37 373 

measures, followed by all the other hormones with 33 values. The antiseptics triclosan and triclocarban and 374 

the analgesic ibuprofen were frequently monitored (values of 26 and 20, respectively), while fewer than 10 375 

values were recorded for the remaining 14 compounds. MECs referring to hormones were collected in 376 

investigations tackling the application of dewatered anaerobically digested sludge on loamy sand and sandy 377 

loam soils. The data comes from the studies by Giudice and Young (2011) and Yang et al. (2012), which 378 

correspond to investigation numbers 4,5,6 and 7 in Figure 2. Table S5 reports the number of data for each 379 

compound, together with the minimum, maximum, average and standard deviation values for MECs and 380 

where possible, the minimum and maximum for background concentration BC values in case of surface 381 

runoff. 382 

It emerges that variability ranges vary from 1 to 3 orders of magnitude and concentrations were found 383 

between <LOD to 1,477 ng/L (ibuprofen according to Topp et al., 2008b). Average values varied between < 384 

LOD and 707 ng/L (ibuprofen). The highest concentrations (ibuprofen, tonalide, and gemfibrozil) were 385 
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found in the investigation by Topp et al. (2008b) in which a liquid anaerobically digested sludge was applied 386 

on silt loam soil (point 12 in Fig. 2).  387 

The intervals emerging from Figure 3 also depend on the fact that some studies presented measured 388 

concentrations of PPCPs in different events after the sludge had been applied. As remarked by several 389 

authors (among them Topp et al., 2008b; and Sabourin et al., 2009), the temporal patterns of runoff 390 

exports (aqueous+particulate) were different from the investigated compounds. Concentrations varied, and 391 

for some compounds (triclosan, atenolol, acetaminophen, and sulphametoxazole) the highest values 392 

correspond to the first rainfall after sludge application, for others they may occur during subsequent events 393 

(for naproxen during the second event, on the third day following application; for triclocarban, 394 

carbamazepine and caffeine after seven days, during the third rain event). 395 

With regard to background concentrations (the red stars in Figure 3), these were found to be < LOD for all 396 

compounds with the sole exceptions of estrone, androstenedione (with 2.2 ng/L and 1.54 ng/L respectively, 397 

Yang et al. 2012), caffeine and triclosan (21, 27, 49 ng/L and 35, 37, 47 ng/L respectively, Sabourin et al. 398 

2009,). All studies reported that no previous sludge application on soil had occurred before their 399 

investigation. The occurrence of compounds in soil could thus be due to other sources, for instance 400 

irrigation with surface water containing residues of the compounds under study (Ma et al., 2018). In this 401 

context, Table S5 shows the measured concentrations for the selected compounds in surface water. 402 
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 403 

Figure 3. Measured concentrations of selected compounds in land runoff with (MEC, ) or without 404 

(background concentration BC,  ⃰) sludge application on soil. 405 

Data from: Giudice and Young 2011, Gray et al. 2017, Healy et al. 2017, Peyton et al. 2016, Sabourin et al. 2009, Topp 406 

et al. 2008b, Yang et al. 2012 407 

 408 

With regard to tile drainage samples, 46 compounds were analyzed, but for 13 hormones (17-α-estradiol, 409 

17-β-estradiol, α-dihydroequilin, androstenedione, equilenin, equilin, estradiol benzoate, estriol, 410 

mestranol, norethindrone, norgestrel, progesterone and testosterone), Gottschall et al. (2013) only 411 

reported background concentrations (always below the corresponding LOD, as shown by the red stars in 412 

Fig. 4) and this is the reason why these are not included in Figure 4, which shows the remaining 33.  413 

Among all these PPCPs, the most studied belong to different classes: the antiseptic triclosan (90 values), the 414 

stimulant cotinine (85 values), and the psychiatric drug carbamazepine (80 values). For 8 compounds, the 415 

collected data vary between 33 and 75, and for the other compounds the available data are less than 5. 416 
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Measured concentrations varied between 1.5 and 4,117 ng/L and, for each compound, the range of 417 

variability was equal to 2 or 3 orders of magnitude, with the exception of sulfapyridine, estrone and 418 

fluoxetine whose range was of 1 order of magnitude.  419 

The highest values (> 1,000 ng/L) are related to ibuprofen (4,117 ng/L), naproxen (1,045 ng/L), triclosan 420 

(3,676 ng/L), gemfibrozil (1,040 ng/L), and carbamazepine (1,136 ng/L). All these values were collected by 421 

Lapen et al. (2008b), whose investigation dealt with the application of liquid anaerobically digested sludge 422 

on silty clay loam (number 15 in Figure 2).  423 

Average concentrations varied between 1.5 ng/L (ofloxacin and miconazole) and 551 ng/L (triclosan). 424 

The background concentrations were investigated for all the compounds (Lapen et al., 2008b; Edwards et 425 

al., 2009, Giudice and Young, 2011; and Gottschall et al, 2013) and they resulted below LOD or below LOQ, 426 

with four exceptions. As reported in Figure 4, these refer to naproxen (35 ng/L), triclosan (95 ng/L), atenolol 427 

(135 ng/L) and cotinine (5 ng/L) and were reported by Edwards et al. (2009), who investigated the 428 

application of dewatered anaerobically digested sludge on loam soil (number 13 in Figure 2), which had 429 

previously received sludge. 430 

Further details regarding these collected data are reported in Table S6, in particular the number of data for 431 

each compound, together with the minimum, maximum, and average values and standard deviation (SD) 432 

for MECs and, where possible, the minimum and maximum for background concentration BC values in the 433 

case of tile drainage. 434 

 435 
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 436 

Figure 4. Range of concentrations for a selection of compounds in drainage samples with (MEC, ) or 437 

without (background concentration BC,  ⃰) sludge application on soil. Data from: Edwards et al. 2009, Giudice 438 

and Young 2011, Gottschall et al. 2012, Lapen et al. 2008a 439 

 440 

Observed concentrations for the selected compounds in both runoff and tile drainage are generally lower 441 

than the values found both in the municipal WWTP secondary effluent, in surface water as well as in runoff 442 

in case of reclaimed water reuse. The corresponding range of concentrations found in literature (Verlicchi 443 

et al., 2012, Ben et al., 2018; Chalew and Halden 2009; Metcalfe et al., 2003; and Pedersen et al., 2005) are 444 

reported in Tables S5 and S6.  445 

Moreover, the observed concentrations for hormones are unlikely to result in any significant pulse 446 

environmental exposure impact, from a pure tile effluent concentration perspective (Gottschall et al., 447 

2013). In addition, once released into surface water, the dilution effect and photodegradation of 448 
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microcontaminants pollutants due to UV exposure contribute to a further reduction of their 449 

concentrations. Sabourin et al. (2009) remarked that the runoff concentrations of the selected PPCPs were 450 

lower than the reported acute toxicological endpoints, and for most compounds a thousand times lower. 451 

 452 

3.2 Range of concentrations for the bacteria included in the review 453 

Few papers tackle the monitoring of bacteria in surface runoff and tile drainage after sludge disposal. Four 454 

studies have investigated surface runoff (Dunigan and Dick, 1980; Atalay et al., 2007; Eldridge et al., 2009; 455 

Peyton et al., 2016; Wallace et al., 2014) and two tile drainage (Gottschall et al., 2013; Lapen et al., 2008a). 456 

Moreover, different units of measures were sometimes used and thus analyses are not easy to perform.  457 

Figure 5 reports the collected concentrations and background concentration for bacteria species with more 458 

than 12 reported measures, with the exception of Fecal coliforms as they are in another unit of 459 

measurement. A descriptive statistical analysis was carried out for all of the bacteria (Table 4).  460 

Investigations by Peyton et al. (2016) with 5 differently treated sludges applied on rural land showed that 461 

there is no correlation between sludge treatment and runoff concentration of Fecal and Total coliforms.  462 

 463 
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 464 

Figure 5. Collected data for bacteria in surface runoff and tile drainage 465 

Data from Eldridge et al. 2009, Gottschall et al. 2013, Peyton et al. 2016; 466 

 467 

The profile of bacteria content in runoff after three different simulated rain events (1 d, 2 d and 15 d after 468 

application; same rain intensity) strictly depends on the sludge type (differently treated) applied on the soil, 469 

(Peyton et al., 2016) and the maximum concentrations vary in different cases. This could be explained by 470 

the fact that once sludge is applied on the soil, UV light and desiccation are responsible for the decay of 471 

occurring bacteria (Lang et al., 2007), but in some cases, bacteria could also find soil conditions which 472 

favour their development.  473 

A comparison with TC and FC concentrations in runoff in the case of dairy cattle slurry application shows 474 

that they were always 1 order of magnitude higher than in the case of treated sludge application (Peyton et 475 

al., 2016). 476 

It emerges that investigations report a variable number of values - from 3 (Atalay et al., 2007) to 46 477 

(Gottschall et al., 2013); background concentration was measured once in the studies by Atalay et al., 478 
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(2007), Eldridge et al. (2009) and Wallace et al. (2014) for surface runoff and Gottschall et al. (2013) for tile 479 

drainage.  480 

 481 

Table 4. Main findings in monitoring bacteria occurrence in surface runoff and tile drainage. 482 

 Microorganism (u.o.m.)  Background 

Conc. 

min max mean SD # data 

Surface runoff 

Total coliforms [CFU/ml] 0 63.1 79.4 71.3 11.5 3 

E. coli [CFU/ml] 0 1.8 2.4 2.1 0.4 3 

Fecal Coliforms [CFU/100ml] 

Fecal Coliforms [MPN/mL] 

100 

0-70 

5,000 

60 

36,000 

55,000 

16,167 17,222 4 

12 

Total coliforms [MPN/100ml] -- 15858 980,600 344,622 280,808 12 

E. coli [MPN/100ml] 251,188 15 31,622 5,009 10,191 15 

Tile drainage 

C. perfringens [cts/100 mL] 4.0 10 185 50 49 46 

E. coli, [cts/100 mL] 100 100 30000 3504 6363 46 

Fecal coliforms, [cts/100 mL] -- 100 30000 3568 6963 45 

 483 

Wallace et al. (2014) highlighted the low content of FC in control plots (116 CFU/100 mL) and a wide 484 

variability in the case of sludge application on soil with or without a vegetative filter, from 4,880 to 35,720 485 

CFU/100 mL. These values are higher than the maximum amount allowed in Missouri (where the 486 

investigation took place) for whole body contact recreation use (maximum of 206 CFU/100 mL). 487 

 488 

Sludge disposal always led to an increment in the bacteria concentrations in surface runoff and tile 489 

drainage with concentration ranges as wide as 3-5 orders of magnitude depending on many factors, as will 490 

be discussed later. 491 

The investigation by Eldridge et al. (2009) was the only scenario in which this phenomenon did not occur. 492 

They found a background concentration for E. coli equal to 251,188 MPN/100 mL and after sludge 493 

application, MECs in surface runoff were always lower, between 25,000 and 31,000 MPN/100 mL.  494 
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Measured concentrations are strictly correlated to the sampling procedure followed in the investigations. 495 

As reported in Table S1, water samples were instantaneous or (time or volume) composite, and in some 496 

cases (Yang et al., 2012) water samples were related to early, middle and late rain events corresponding to 497 

the mix of different collected samples. Lapen et al. (2008a) found that LMB application-induced 498 

contamination starts some minutes after sludge application. E. coli and C. perfringens were still high 24 h 499 

after application while over a study season basis, E. coli showed a significant decline in mass loads, whereas 500 

C. perfringens presented some peaks during the observation periods and did not follow a similar pattern of 501 

decay. 502 

Unfortunately, it is not possible to compare the observed concentration ranges for surface runoff and tile 503 

drainage, as data are reported in different units of measurement. 504 

 505 

 506 

3.3 Influence of the main factors affecting runoff and tile drainage quality – PPCPs 507 

Once in the soil, a micropollutant may be subject to different phenomena: it may be sequestered, sorbed 508 

on the soil matrix (depending on its organic carbon content, CEC, pH, etc.), biodegraded (due to 509 

microorganisms present in the soil as well as in the applied sludge), photodegraded (due to light exposure), 510 

it may take part in chemical reactions with other compounds, or it may be transported away by a liquid 511 

phase. Prediction of its behaviour is complex, as environmental and matrix conditions may rapidly change, 512 

and intense rain events may enhance its vertical mobility through soil pores. The following sections will 513 

discuss the main factors affecting the occurrence of microcontaminants pollutants and bacteria in runoff 514 

and tile drainage in sludge-amended soil. 515 

 516 

3.3.1 Influence of Kow 517 

The partitioning between solid and liquid phases was not always addressed by the authors, as it requires 518 

lengthy investigations, as shown in Yang et al. (2012). More frequently, coefficients derived from literature 519 
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were used. In this context, the octanol-water partition coefficient Kow, describing the distribution between 520 

the octanol and water of a compound, is commonly used to assess the sorption potential on a solid phase 521 

by a compound. As a rule of thumb, if Log Kow > 4 it could be expected that the compound is highly 522 

adsorbed due to hydrophobic partitioning, while if Log Kow < 2.5 the compound has a low level of sorption 523 

(Verlicchi and Zambello, 2015). The graphs shown in Figures 5 and 6 report MECs in runoff and tile drainage 524 

vs. Log Kow for the investigated compounds. For quick reference, Table S7 compiles Log Kow values for the 525 

compounds investigated in surface runoff or tile drainage analysis.  526 

In Figures 5 and 6, values are dispersed in a wide cloud and it emerges that no clear correlation exists 527 

between the sorption potential of a compound and its measured concentration in runoff or in tile drainage. 528 

It is important to bear in mind that the reported data refer to different investigations, in terms of soil 529 

characteristics, rain fall intensity, sludge application rate, and concentration for the different compounds in 530 

the applied sludge and the MECs depend on these factors.  531 

 532 

 533 

Figure 5 Runoff concentrations versus Log Kow for the investigated compounds  534 

Data from: Giudice and Young 2011, Gray et al. 2017, Healy et al. 2017, Peyton et al. 2016, Sabourin et al. 2009, Topp et al. 2008, 535 

Yang et al. 2012 536 
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 538 

Figure 6 Tile drainage concentrations versus Log Kow for the investigated compounds 539 

Data from: Edwards et al. 2009, Giudice and Young 2011, Gottschall et al. 2012, Lapen et al. 2008 540 

 541 

Limiting attention to single investigations where soil characteristics, sludge properties and rainfall intensity 542 

are defined and are the same for all the compounds, it seems that Log Kow may be correlated with the 543 

pharmaceutical mass load (or concentration) in the runoff. Sabourin et al. (2009) found that chemicals with 544 

Log Kow less than 2.45 (atenolol, carbamazepine, cotinine, caffeine and acetaminophen) were rapidly 545 

transported in runoff and those with Log Kow greater than 3.18 tended to be retained in the soil 546 

(gemfibrozil, naproxen and ibuprofen). The same behaviour is confirmed by the investigations and results 547 

obtained by Gottschall et al. (2012) referring to fluoxetine, miconazole, tetracyclines and fluoquinolones 548 

(with Log Kow > 4). These compounds were not found in tile drainage and they may have been more 549 

strongly bound to DMB, which can also explain their long-term detection in incorporated DMB.  550 

Sabourin et al. (2009) also found that although sulfametoxazole had a Log Kow equal to 0.89, it was not 551 

largely exported in runoff (only 0.51 % was found on a mass basis). Triclosan and triclocarban have similar 552 

Kow, but in the study by Sabourin et al. (2009), it was found that about 40-times more triclosan was 553 

exported than triclocarban, and that even their concentrations in the sludge applied on the soil were 554 
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similar (around 7,000 and 8,000 ng/g dm, respectively). This different behaviour could be explained by the 555 

different values of pKa (the dissociation constant, reported in Table 1) of the two antiseptics (8.1 for 556 

triclosan and 12.7 for triclocarban) and the ionic forms at the pH of the soil/runoff, as discussed in Giudice 557 

and Young (2011). They also remarked that in their study conditions (soil pH at 8 and runoff pH variable 558 

between 7.8 and 8) half of the triclosan present in the sludge is ionized and as a result, it is much more 559 

prone to leachate and to be exported in the runoff than the neutral molecules of triclocarban. 560 

The study by Yang et al. (2012) thoroughly investigated the fractioning between dissolved and suspended-561 

particle bound phases for a wide spectrum of steroid hormones and found that Log Kow values were not 562 

correlated with estrogen sorption to colloids.  563 

According to Cunningham (2008), the octanol-water distribution coefficient Dow is more adequate in 564 

studying microcontaminants pharmaceuticals, as it is pKa-dependent at environmental pH. 565 

Dow is defined by Equation (1), and, according to Schwarzenbach et al. (2003), evaluated through Equation. 566 

(2) for acidic compounds and Equation (3) for basic ones: 567 

 568 

     
                          

                      
       Eqn. (1) 569 

 570 

                     
 

             
 (acidic compound)   Eqn. (2) 571 

                     
 

             
 (basic compound)   Eqn. (3) 572 

where                   . 573 

 574 

In the case of neutral moieties, the two previous correlations result in Equation (4): 575 

                         Eqn. (4) 576 

 577 

The rule of thumb when using Log Dow to predict PhC PPCP behaviour in aquatic compartments is good 578 

sorption if Log Dow >3 and low sorption if Log Dow < 1. 579 
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 580 

3.3.2 The influence of soil characteristics 581 

On the basis of the lab investigations by Topp et al. (2008b), Cha and Cupples (2009), and Al-Rajab 582 

(2010a,b, 2015), soil characteristics (soil texture, pH, moisture content and temperature) seem to have a 583 

relevant influence on the quality of the runoff/tile drainage of studied microcontaminants pollutants.  584 

As expected, runoff and tile drainage flows depend on the level of soil saturation. In loose and 585 

uncompacted soil, percolation is higher than land runoff, whereas when the soil becomes compact, 586 

percolation is lower than surface runoff (Giudice and Young, 2011).  587 

Moreover, all studies agree with the consideration that moisture content and temperature in the soil 588 

mostly influence the fate of microcontaminants pollutants (sorption, degradation, and mineralization) and 589 

soil texture does not seem to influence leaching (that is the passage in the liquid phase due to rain events). 590 

In particular, Topp et al. (2008a), Cha and Cupples (2009), and Al-Rajab (2010a,b,2015) mainly refer to 591 

triclosan, triclocarban and naproxen, and in-depth investigations on the fate of all the compounds under 592 

review are not available for different soil characteristics.  593 

Macropores, due to worm burrows, soil cracks and abandoned root channels, can favor the rapid gravity 594 

flow of contaminant-laden material in the vadose zone towards tile and shallow ground water depth (Lapen 595 

et al., 2008a). The pore size and distribution of the soil also affects the mobility of PPCPs within the 596 

medium. Hormones in a soil characterized by macropores rapidly move downwards (and may be collected 597 

in tile drainage), whereas in the case of soil with micropores, they move slowly and to  a lesser extent 598 

(Gottschall et al., 2013). 599 

It is important to highlight that at the modest slope of the investigations under review, surface runoff 600 

generally occurs when the soil is saturated, otherwise rain drops enter the sludge-amended soil and 601 

percolates. During their passage through the solid phase, rain drops meet compounds (including 602 

microcontaminants pollutants) sorbed on the soil which may be transported to the liquid phase (leaching) 603 

according to the compound-specific equilibrium conditions at the occurring environmental conditions 604 

(temperature, pH, etc.).  605 
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From a microscopic view point, the soil environment is continuously changing and surface runoff/tile 606 

drainage following two different rain events may have different characteristics. This is confirmed by Gray et 607 

al. (2017), who analyzed and compared the surface runoff in the same plot 1, 8 and 35 days after sludge 608 

application and the surface runoff in another plot 1 and 35 days after sludge deposition, in order to 609 

evaluate the fate of a wide spectrum of microcontaminants pollutants (triclosan, menthole, indole, skatole, 610 

galaxolide and tonalide) under different rainfall patterns, and Sabourin et al. (2009) who analyzed the 611 

surface runoff quality in five different plot sets that received rainfall after 1, 3, 7, 21 and 36 days, 612 

respectively. 613 

As already highlighted in section 3.3.1 for triclosan and triclocarban, soil pH influences the ionization of a 614 

compound and thus its partition between soil and liquid (runoff/leachate). 615 

 616 

3.3.3 Influence of sludge treatment 617 

Liquid or dewatered sludge has different behaviour once applied on a soil. Topp et al. (2008a,b) and 618 

Sabourin et al. (2009) thoroughly investigated these issues and found in particular that LMB applied to 619 

unsaturated (also called uncompacted) soil behaves as a liquid, filling the available pore space. In this way, 620 

the exposure of PPCPs to soil microorganisms is favored and their biodegradation promoted. In contrast, in 621 

the case of dewatered sludge, the diffusion of oxygen into DMB aggregates, as well as the diffusion of 622 

PPCPs out of the DMB aggregates into the surrounding soil matrix are limited, resulting in greater 623 

persistence of PPCPs.  624 

If an LMB is applied on a soil, PPCPs have a greater potential to transport within and over the soil at the 625 

time of application. Dewatered biosolids require an external source (rainfall or irrigation water) to favor the 626 

mobilization of pollutants within the soil/biosolids. 627 

The highest concentrations of PPCPs in tile drainage following the application of biosolid slurry (i.e. liquid 628 

municipal biosolids) were detected immediately after application (Lapen et al., 2008b). In contrast, large 629 

cohesive DMB aggregates remain at the point of deposition on the soil. The concentrations of PPCPs in tile 630 

drainage following the application of dewatered biosolids were generally lower than those following LMB 631 
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application, and, in contrast to LMB applications, the highest concentrations were only measured some 632 

time after application (Edwards et al., 2009). 633 

Presumably, the slower release of residues from the DMB aggregates, and drying and physical deterioration 634 

of the aggregates was extending the period of availability for transport in runoff, compared to LMB where 635 

the PPCPs were applied in a more uniform matrix. 636 

It is important to highlight that in the case of tile drainage in LMB-amended soil, the time the LMB took to 637 

reach the tiles (around 80 cm below) ranged between 3 and 39 min in unsaturated soil (Lapen et al., 638 

2008b), whereas in the case of DMB-amended soil, contaminants due to dewatered sludge application 639 

reached the tile at least 8 days after sludge application (Edwards et al., 2009). 640 

The maximum concentrations of the selected PPCPs in tile drainage were higher in the case of application 641 

of LMB than that of DMB. 642 

Anoxic conditions in soils (vadose zone) do not favor the degradation of contaminants, in particular 643 

persistent ones, and this could have contributed to the persistence of some LMB-derived PPCPs in the tile 644 

drainage in the soils investigated by Edwards et al. (2009) in 2006, which had previously been used for 645 

another investigation by Lapen et al. (2008b), who applied LMB on the same plots. 646 

 647 

3.3.4 Influence of sludge application rate and of pharmaceutical load 648 

In the different investigations, the applied sludge ranged between 2,683 kg/ha (Healy et al., 2017) and 649 

29,536 kg/ha (Peyton et al., 2016) (see Tab. S1). Some investigations used extremely high quantities of 650 

sludge on soil in order to enhance the behaviour of the microcontaminants pollutants under study (Giudice 651 

and Young, 2011 and Gottschall et al., 2012). Current regulations allow a maximum rate which can be 652 

expressed in terms of kg/ha year or kg/ha over a longer period, for instance 3 years in Italy. Sometimes the 653 

maximum sludge rate to apply depends on the N and P maximum applied rate, as reported in Table S3. 654 

Table 4 reports PPCPs PhCs concentrations in runoff after sludge application. Attempts to correlate the 655 

available data were carried out, but no clear correlation was found for the studied compounds between the 656 

applied load and resulting concentrations. 657 
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A factor which seems to affect runoff concentration is the solid content of the applied sludge. Sabourin et 658 

al. (2009) used dewatered sludge (the so-called solid sludge, with a solid content of > 18 %) on the same 659 

soil where Topp et al. (2008b) carried out their studies with liquid biosolids. They found that with 660 

dewatered sludge, the concentrations of microcontaminants pollutants were in general lower than in the 661 

case of liquid biosolid application and only some days after application they may be found. This delay in the 662 

release of PPCPs may be explained by the fact that in dewatered sludge, PPCPs are more retained in the 663 

aggregates.  664 

 665 

Table 4 Runoff concentration as a function of the applied load of pharmaceuticals. 666 

  Sludge 

concentration 

Application 

rate 

load 

[mg/ha] 

Runoff concentration 

[ng/L] 

Reference 

Acetaminophen 28.6 ng/g 8,000 kg/ha 229 20,3 Sabourin et al. 2009 

  100,000 ng/L 93.5 m
3
/ha 9,350 47; 114; 146 Topp et al. 2008b 

Naproxen 394 ng/g 8,000 kg/ha 3,152 18,1 Sabourin et al. 2009 

  10,000 ng/L 93.5 m
3
/ha 935 509 Topp et al. 2008b 

Sulfamethoxazole 12.4 ng/g 8,000 kg/ha 99 3.2 Sabourin et al. 2009 

  10,000 ng/L 93.5 m
3
/ha 935 7,15

c
; 35,4; 93 Topp et al. 2008b 

Triclocarban 50 ng/g 2,683.3 kg/ha 134 6
b
; 10 Healy et al. 2017 

  8,194 ng/g 8,000 kg/ha 65,552 3,4 Sabourin et al. 2009 

  17,600 ng/g 22,500 kg/ha 396,000 6,3; 13,1; 17,3 Giudice and Young 2011 

Triclosan 270 ng/g 6751.4 kg/ha 1,823 90
b
 Healy et al. 2017 

  4,900 ng/g 2683.3 kg/ha 13,148 90
b
 Healy et al. 2017 

  7,066 ng/g 8,000 kg/ha 56,528 109.7 Sabourin et al. 2009 

  9,140 ng/g 3,500 kg/ha 31,990 310
a, b

; 500
a
; 600

a
 Gray et al. 2017 

  15,900 ng/g 22,500 kg/ha 357,750 51
 b
; 282.1; 309.6 Giudice and Young 2011 

Atenolol 1.6 ng/g 8,000 kg/ha 13 39.6 Sabourin et al. 2009 

  10,000 ng/L 93.5 m
3
/ha 935 70 Topp et al. 2008b 

Gemfibrozil 31 ng/g 8,000 kg/ha 248 8 Sabourin et al. 2009 

  10,000 ng/L 93.5 m
3
/ha 935 597 Topp et al. 2008b 

a
 values graphically estimated; 

b
 < LOD; 

c
 < LOQ 667 

 668 
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Table 5 Tile drainage concentrations as a function of the applied load of pharmaceuticals (Num = graphically estimated; Num = below LOD; Num = below LOQ) 669 

Compound Concentration 

[ng/g] 

Application 

rate 

[kg/ha] 

Load 

[mg/ha] 

Tile drainage concentration, [ng/L] reference 

Acetaminophen 18.7 22,000 411.4 13 Gottschall et al. 

2012 

 24 8,000 192 17,5
a
; 36

a
, 38

a
, 40

a
, 42

a
, 48

a
, 5

 a
, 53

a
, 60

a
, 62

a
, 87

a
, 105

a
, 220

a
, 233 Edwards et al. 

2009 

Ibuprofen 63.6 22,000 1399.2 24 Gottschall et al. 

2012 

 750 8,000 6,000 11,5
a
; 22

a
; 28

a
; 30

a
; 5

 a
; 73 Edwards et al. 

2009 

Naproxen 6 22,000 132 4 Gottschall et al. 

2012 

 470 8,000 3,760 7,5; 18; 29 Edwards et al. 

2009 

Triclocarban 4,940 22,000 108,680 40 Gottschall et al. 

2012 

 8,000 8,000 64,000 2.5 Edwards et al. 

2009 

Triclosan 10,900 22,000 239,800 73 Gottschall et al. 

2012 

 14,000 8,000 112,000 9,5
 a
; 20

 a
; 22

 a
; 22,5

 a
; 23

 a
; 24

 a
; 25

 a
; 30

 a
; 31

 a
; 32

 a
; 34

 a
; 35

 a
; 36

 a
; 37

 a
; 45

 a
; 46

 a
; 48

 a
; 52

 a
; 56

 a
; 57

 a
; 59

 a
; 63

a
; 

68
 a
; 75

 a
; 82

 a
; 95

 a
; 101

 a
; 140

a
; 185

a
; 190

a
; 230

a
; 240 

Edwards et al. 

2009 
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Gemfibrozil 24 8,000 192 8 Edwards et al. 

2009 

 57 22,000 1,254 5 Gottschall et al. 

2012 

Cotinine 1.3 8,000 10.4 1,5; 3,9; 4,8; 5,5; 5,7; 6,5; 8,2; 9,5; 11 Edwards et al. 

2009 

 9.4 22,000 206.8 1 Gottschall et al. 

2012 

Carbamazepine 9 8,000 72 2,5; 6; 7; 7,5; 7,6; 8,5; 13; 14; 19; 24; 30; 32; 38; 44; 49 Edwards et al. 

2009 

 183.6 22,000 4039.2 13; 5 Gottschall et al. 

2012 

a
 values graphically estimated; 

b
 < LOD; 

c
 < LOQ 670 

 671 
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 672 

3.3.5 Influence of the sludge application method 673 

Edwards et al. (2009) remarked that the investigated application mode (direct injection, surface spreading 674 

and tilling) may influence the quality of tile drainage and surface runoff, due to the resulting different 675 

capacities of breaking dewatered sludge solids/aggregates apart and the fact that the microcontaminants 676 

and microorganisms have different types of exposure to the atmosphere (mainly UV and oxygen).  677 

Moreover, the moisture content of the applied sludge may also greatly influence the behaviour of PPCPs, as 678 

remarked by Edwards et al. (2009). In the case of dewatered sludge, microcontaminants pollutants present 679 

a more modest level of mobility and potential to biodegrade than in the case of liquid sludge, and 680 

differences may be more likely to occur in PPCPs associated with aggregate interiors rather than exteriors. 681 

According to the cited study, there is no significant difference in the concentrations of PPCPs in tile 682 

drainage in the case of surface spreading and direct injection of dewatered sludge. 683 

Surface spreading allows a faster degradation of the most degradable PPCPs. 684 

Topp et al. (2008b) found that through the injection of liquid sludge into the soil, surface runoff presents a 685 

lower concentration of selected microcontaminants pollutants in a short time as direct injection promotes 686 

pollutant contaminant sequestration and reduces the surface mobility of pollutants contaminants. Analysis 687 

of surface runoff after a prolonged period showed that the release of microcontaminants pollutants may 688 

occur later for the most persistent compounds retained within the soil, whereas for those which are more 689 

biodegradable, degradation processes take place and their concentration is low or they are not detected 690 

(Al-Rajab et al., 2015). 691 

In their investigation comparing sludge application approaches (surface spreading and subsurface 692 

spreading) on the quality of tile drainage in terms of a selection of different PPCPs, Lapen et al. (2008b) 693 

remarked that microcontaminants pollutants rapidly move downwards, reaching the tile drains in a few 694 

minutes, regardless of the application method: the larger the soil macropores, the shorter their transport 695 

time. Applied sludge fluidity also influences the gravity-based flow of occurring pollutants: liquid municipal 696 

biosolids can be considered similar to diluted wastewaters and thus they rapidly move downwards. In this 697 
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context, the sorption to the macropore walls is limited, as the rapid vertical motion of the leaching stream 698 

is the dominant process. The sludge is subsurface spread by means of an applicator which applies slurry 699 

close to the ground immediately following the passage of rolling tines that affect aerator-type tillage of the 700 

soil (Lapen et al., 2008a,b). This application method leads to the reduction of soil macropore size and 701 

fosters the sorption of microcontaminants pollutants and liquid biosolids in the tilled surface layers. 702 

 703 

3.3.6 Influence of rainfall intensity, frequency and volume 704 

Giudice et al. (2011) analyzed the composition of the surface runoff during three storm events of the same 705 

intensity occurring on the same plot (2 m2) 3, 9 and 24 days after sludge application. Data reported on 706 

triclosan and triclocarban show that for each rain event, micropollutant concentration in surface runoff 707 

remains constant in the first 4, 8, 12, 16, 20 and 24 liters. They also found that in the three rain events, 708 

measured concentrations varied. This could be attributed to the sequestration of the compounds, and their 709 

scarce biodegradation within the soil rather than to the increasing water volume applied to the plot in the 710 

three events. 711 

In Yang et al. (2012) and Gray et al. (2017) the concentration of a selection of anthropogenic waste 712 

indicators (fragrances and hormones) in runoff due to three replicated 100-year rainfall events was 713 

investigated. After 35 days the runoff concentration decreased with respect to previous rain events (1 and 714 

8 days after sludge application) but remained at comparable values. This suggests that hormones may 715 

persist in the soil even if leaching and, possibly, onsite transformation may occur. That study compared the 716 

runoff quality in the case of frequent heavy rain events and after only one intense rainstorm, 35 days after 717 

sludge application. It was found that onsite attenuation was minimal and that natural weathering processes 718 

may make some compounds more easily leachable from the sludge amended soil even in the case of dry 719 

periods. In addition, they also found that once the soil becomes saturated, an increase in runoff rate leads 720 

to an increment in hormone load. 721 
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In tile drainage, the concentrations of investigated compounds decreased in the rain events occurring many 722 

days after sludge application on the soil (Lapen et al., 2008b) compared to the events nearly immediately 723 

after the application. 724 

 725 

3.4 Influence of the main factors on the concentrations of microorganisms in runoff and tile 726 

drainage 727 

Sludge treatment – No specific investigation compared the quality of runoff and tile drainage in terms of 728 

microorganisms in the case of LMB and DMB application. It can be expected that a “liquid” biosolid could 729 

lead to a higher concentration in tile drainage than a dewatered one, as it quickly crosses the layer through 730 

the macropores and reaches the tile drain (Lapen et al., 2008a,b). 731 

Referring to surface runoff, similarly to PPCPs, there could be a slower release of microorganisms adherent 732 

to DMB aggregates, and they become available to the runoff over a longer period (Sabourin et al., 2009). 733 

Thermal drying, gamma irradiation and disinfection greatly reduce microorganism content in sludge and 734 

thus, in the case of land reuse, the risk of microbial contamination of the receiving waters due to surface 735 

runoff or tile drainage is reduced. 736 

 737 

Application methods – If the sludge is spread on the surface, the major removal mechanisms are due to 738 

desiccation and ultraviolet light (Lu et al., 2012; Gondim-Porto et al., 2016), whereas if the biosolid is 739 

incorporated into the soil, microorganism survival is strictly related to soil pH, organic matter content, 740 

texture, temperature, and competitive organisms developed in the soil.  741 

In tile drainage, investigations by Lapen et al. (2008a) showed that one-pass aeration tilling mode (Table 3) 742 

enhances contaminant sorption/retention in the soil as it disrupts surface macropores and increases 743 

sorptivity. In their investigation, they reported that the average mass load ratios between tilling mode and 744 

one-pass aeration tilling application were 6 for E. coli and 12 for C. perfringens. Unlike the case of PPCPs 745 

investigated by Edwards et al. (2009) (see section 3.3.5), Gottschall et al. (2009) found differences in the 746 

concentrations of bacteria in tile drainage in the case of surface spreading and direct injection of 747 
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dewatered sludge: concentrations of E. coli, Enterococci, C. perfringens were higher in the case of direct 748 

injection. 749 

 750 

Soil characteristics: Interesting findings were reported by Atalay et al. (2007) in their investigation of the 751 

content of E. coli and Total coliform in runoff and percolate in two different sludge-amended soils -  sandy 752 

loam and clay loam. They found that in the case of clay loamy soil the concentrations of E. coli were higher 753 

than in the sandy loam. With regard to the Total coliforms, no significant differences were found when the 754 

sludge was amended to the two soils. They also found that sludge incorporated into the first 5 cm of soil 755 

instead of the first 10 cm may lead to a higher occurrence of microbes in the surface runoff. 756 

 757 

Rainfall – Unfortunately, little data is available for evaluating the effect of rainfall on microbial occurrence 758 

in surface runoff. According to Peyton et al. (2016), there could be a regrowth of Fecal coliform after a rain 759 

event on dry soil. Earlier studies (Dunigan and Dick, 1980) found that Fecal coliform indicator bacteria 760 

counts in surface runoff waters from sewage-treated plots were very high during the first days of sludge 761 

application, but they rapidly decreased as the soil became drier. 762 

 763 

4 Lessons learned from past investigations 764 

Importance of sludge type (liquid or dewatered) on the runoff and tile drainage quality and quantity - Soon 765 

after land application, liquid municipal sludge moves more rapidly through the available pores in 766 

unsaturated soil, ensuring a greater exposure of contaminants to soil microorganisms, which may 767 

accelerate degradation processes. On the other hand, in the case of application of dewatered sludge, the 768 

degradation of contaminants is hampered by the modest diffusion of oxygen into the aggregates and of 769 

microcontaminants out of the aggregates towards the soil environment. In addition, when liquid sludge is 770 

applied, microcontaminant concentrations in surface runoff and tile drainage are higher than in the case of 771 

DMB (Sabourin et al., 2009). 772 
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Phenomena occurring within the soil. They are quite complex and affected by many parameters (Gray et al. 773 

2017; Gottschall et al. 2013; Topp et al. 2008a; Healy et al. 2017, Lapen et al., 2008a). Different scenarios 774 

have been highlighted:  775 

- the mass of microcontaminants which leachates after biosolid application is small with regard to the 776 

quantity present in the soil due to sludge application, and runoff concentrations are generally low and 777 

similar after different rain events;  778 

- the release of microcontaminants could be minimal and occur in many successive events;  779 

- rain events tend to wash down biosolid particulates and the microcontaminants are associated with 780 

the suspended solids rather than being leached in the dissolved phase (and chemical analysis does not 781 

detect them);  782 

- microcontaminants are not released in the dissolved phase but persist in the soil and their mass 783 

reduction is only due to soil erosion, washed out by heavy rain events via solid aggregates, 784 

- natural weathering processes may make some compounds more easily leachable from the sludge-785 

amended soil even in the case of prolonged dry periods. 786 

- referring to microorganisms, due to the unfavorable soil conditions for microorganisms, in the sludge-787 

amended soil, they are immediately subject to dessication, irradiation, competition with other species 788 

already present, etc. Their concentration in runoff and tile drainage is also affected by rain event 789 

characteristics: rain duration, intensity and frequency. 790 

 791 

Persistence of microcontaminants in the soil - Some compounds persist in the soil environment within 792 

sludge aggregates for a long time: up to 1 year after sludge application. Their runoff concentrations 793 

generally decrease, following first order kinetics but, sometimes they may also remain constant. This means 794 

that even for long periods of time, these compounds do not seem to deplete within the soil. The reason 795 

could be due to the fact that  sludge is the end product of a series of mechanical and above all biological 796 

treatments under different conditions (aerobic, anoxic, and anaerobic) within wastewater treatment 797 
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plants. Macro- and micro-contaminants still present in the treated sludge are thus resistant to the different 798 

environments and for these reasons are still present even after many weeks or months. 799 

Some hormones can interconvert via microbial activities within the soil. As a result, their runoff 800 

concentration may increase after multiple rainfall events and exposure to environmental conditions due to 801 

the biodegradation of a related compound. 802 

 803 

Environmental risk posed by the release of microcontaminants via surface runoff and tile drainage - Based 804 

on current findings limited to specific compounds, it seems unlikely that a significant environmental risk 805 

could be due to the release of PPCPs by tile drainage and surface runoff. However, neither mixture effects 806 

nor the chronic effects on different aquatic species have as yet been investigated.  807 

 808 

Good practices for sludge disposal - Correct sludge disposal on rural land should favor the retention of 809 

pollutants and microcontaminants in the rooting zone away from groundwater, artificial drainage and 810 

surface water sources. Bearing this in mind, good practices include (but are not limited to): (i) proper sludge 811 

rates of application, (ii) pre-application tillage of the soil to foster the disruption of continuous macropore 812 

networks and improve surface soil sorptivity, (iii) land application when soil macroporosity is reduced and 813 

when the soil sorption capacity is higher, (iv) controlling product placement and using application 814 

equipment that decreases the absolute amount of amendment available for local infiltration/surface 815 

runoff; (v) installation of a deeper tile drainage system, and application on soil characterized by a lighter 816 

texture, as it may enhance the sorption and sequestration of microcontaminants pollutants and finally, (vi) 817 

lowering temperatures, which may reduce the decomposition of DMB and the release of active ingredients 818 

of microcontaminants. 819 

 820 

Phenomena occurring within the soil. They are quite complex and affected by many parameters. The 821 

analysis outlined by Gray et al. (2017) accurately describes the potential scenarios: (i) the mass of 822 

microcontaminants pollutants which leachates after biosolid application is small with regard to the quantity 823 
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present in the soil due to sludge application, and runoff concentrations are generally low and similar after 824 

different rain events; (ii) the release of microcontaminants pollutants could be minimal and occur in many 825 

successive events; (iii) rain events tend to wash down biosolid particulates and the microcontaminants 826 

pollutants are associated with the suspended solids rather than being leached in the dissolved phase (and 827 

chemical analysis does not detect them); (iv) attenuation within the soil is negligible, microcontaminants 828 

pollutants are not released in the dissolved phase but persist in the soil and their mass reduction is only 829 

due to soil erosion, washed out by heavy rain events via solid aggregates, (v) natural weathering processes 830 

may make some compounds more easily leachable from the sludge-amended soil even in the case of 831 

prolonged dry periods. 832 

PPCP concentrations in surface runoff from a liquid sludge-amended soil decrease in sequential runoff 833 

events after the application with kinetics that approximated the first-order (Topp et al., 2008a). 834 

Due to the unfavorable soil conditions for microorganisms, in the sludge-amended soil, microorganisms are 835 

immediately subject to different removal paths (dessication, irradiation, competition with other species 836 

already present, etc.). Their concentration in runoff and tile drainage is also affected by rain event 837 

characteristics - the duration of the dry period before the rain event (that is how many days after the 838 

spreading or injection of the sludge on the soil it starts), rain duration and intensity.  839 

 840 

Mobility of the microcontaminants pollutants within the soil depends on many factors, and a high degree of 841 

vertical macroporosity seems to facilitate this mobility even though compounds could have a medium-high 842 

sorption potential as in the case of some hormones, as discussed in Gottschall et al. (2013).  843 

 844 

Referring to rainfall, it was found that although intense events (65 mm/h, simulating a rain event with 100 845 

years as a return period) were applied to the plots, compounds including triclosan, galaxolide, tonalide and 846 

indole were found in surface runoff 35 days after sludge application.  847 

 848 
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Some compounds persist in the soil environment for a long time -  antibiotics and antifungals, for instance, 849 

persist within sludge aggregates for up to 1 year after their application. Their attenuation is not due to 850 

mobilization, as they were not found in tile drainage or in groundwater, and neither can it be attributed to 851 

plant uptake, since they were not detected in the crop grown on the investigated plots.  852 

The persistence of microcontaminants pollutants seems to be correlated to the organic content of the soil, 853 

soil temperature, the physico-chemical properties of the compounds themselves and the occurrence of co-854 

contaminants, making them potentially more susceptible to loss in surface runoff during rainfall events 855 

(Healy et al., 2017). 856 

Medium term investigations, such as those by Gray et al. (2017), concerning hormones in runoff which 857 

cover a period of around 40 days after sludge application, showed that runoff concentrations for different 858 

sampling days (1, 8, and 35 days) generally decreased or remained constant for most compounds.  859 

Longer investigations such as in Topp et al. (2008b), remarked that triclosan, gemfibrozil, cotinine and 860 

carbamazepine in surface runoff are present even 266 days after sludge application.  861 

This means that even for long periods of time, these compounds do not seem to deplete within the soil. It 862 

should not be surprising, as sludge is the end product of a series of mechanical and above all biological 863 

treatments under different conditions (aerobic, anoxic, and anaerobic) within wastewater treatment 864 

plants. Pollutants still present in the treated sludge are thus resistant to the different environments and for 865 

these reasons are still present even after many weeks. Moreover, these findings suggest that investigations 866 

should cover longer observation periods, as the losses of microcontaminants may occur long after sludge 867 

application. 868 

Finally, hormones are molecules which can interconvert via microbial activities within the soil. For some of 869 

them, runoff concentration may increase after multiple rainfall events and exposure to environmental 870 

conditions due to the biodegradation of a related compound (Yang et al., 2012; Gray et al., 2017). 871 

The percentage of PPCP mass loads lost in all runoff events (in a dissolved phase as well as in sediments) 872 

considered in the experimental campaigns with regard to the applied biosolids was found to be compound-873 

specific, ranging from very low values (0.001 % for triclocarban, 0.03 % for naproxen, 0.04 % for triclosan, 874 
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and 0.27 % for ibuprofen) to 14.58 % for cotinine, 19.06 % for carbamazepine and 29.06 % for atenolol 875 

(Sabourin et al., 2009). 876 

 877 

Many authors have pointed out that data referring to lab or soil column investigations may lead to results 878 

which are not collected in field studies. Among these, Gottschall et al. (2013) found that estrogens showed 879 

greater downward mobility towards the water table than in the case of lab investigations. 880 

 881 

Some investigations represent worse scenarios, for example those involving applied sludges spiked with 882 

PPCPs at higher concentrations, to better follow the fate of the key compounds (Lapen et al., 2009b). In 883 

addition, PPCP monitoring in runoff and tile drains could be conducted over a relatively short time interval 884 

and more persistent compounds retained or adsorbed in the soil may be released into runoff or tile drains 885 

at times surpassing the end of monitoring in the investigations considered here. 886 

 887 

Based on current findings limited to specific compounds, it seems unlikely that a significant environmental 888 

risk could be due to the release of PPCPs by tile drainage and surface runoff. However, neither mixture 889 

effects nor the chronic effects on different aquatic species have as yet been investigated.  890 

 891 

Correct sludge disposal on rural land should favor the retention of pollutants and microcontaminants 892 

pollutants s in the rooting zone away from groundwater, artificial drainage and surface water sources. 893 

Bearing this in mind, good practices include (but are not limited to): (i) proper sludge rates of application, 894 

(ii) pre-application tillage of the soil to foster the disruption of continuous macropore networks and 895 

improve surface soil sorptivity, (iii) land application when soil macroporosity is reduced and when the soil 896 

sorption capacity is higher, (iv) controlling product placement and using application equipment that 897 

decreases the absolute amount of amendment available for local infiltration/surface runoff; (v) installation 898 

of a deeper tile drainage system, and application on soil characterized by a lighter texture, as it may 899 

enhance the sorption and sequestration of microcontaminants pollutants and finally, (vi) lowering 900 
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temperatures, which may reduce the decomposition of DMB and the release of active ingredients of 901 

pharmaceuticals (Lapen et al., 2008a; Gottschall et al., 2012). 902 

 903 

5 Main areas lacking in investigations, further research and perspectives 904 

In many investigations, the main scope was the occurrence of target compounds in runoff or tile drainage, 905 

and data referring to rainfall events were often incomplete. In particular, the volume of rain entering and 906 

exiting the system is not always provided and thus, neither a water mass balance nor a pollutant mass 907 

balance is possible. A complete hydrologic description of the plot where the investigation takes place is 908 

necessary because the transport of PPCPs in soil is strongly influenced by the soil saturation ratio. 909 

As remarked by Gray et al. (2017) and Yang et al. (2012), even if intense rain events are considered in the 910 

investigations, longer monitoring periods (greater than 40 days) should be adopted, as losses of 911 

microcontaminants may occur many days after application, especially in the case of dewatered sludge 912 

applied in the soil. 913 

Sampling strategies adopted in the investigations are not always well reported and it is not clear exactly 914 

how and with what frequency the sampling occurred. In order to have reliable data and reproducible tests, 915 

all details should be provided and analyses should be performed according to standard methodologies. In 916 

addition, concentrations should be provided in tables, as in figures they are not easily readable. In any case, 917 

a descriptive statistical analysis of the collected data should be reported in terms of the minimum, 918 

maximum and standard deviations. 919 

Environmental conditions are essential in defining the main removal mechanisms of pollutants. These 920 

parameters are rarely provided but soil temperature or at least ambient temperature should be made 921 

available. 922 

Further research should address the effect of different soil compositions and different agricultural 923 

management practices (including application methods, sludge application rate and frequency, and 924 

irrigation application rate) on the quality of surface runoff and tile drainage.  925 



60 
 

Investigations should consist of a comparative analysis of the results achieved by applying different types of 926 

sludge, different application rates, different application methods, and different irrigation frequencies on 927 

different soils in order to evaluate the most influential parameters on surface runoff. A common 928 

observation is that PPCPs tend to accumulate in soil, mainly in the case of soil characterized by micropores 929 

which do not favor the downward mobility of contaminants. Long-term investigations should also address 930 

the probability of the release of these accumulated compounds in the case of intense rain events, or 931 

drought/wet periods which could greatly influence the mobility of the contaminants by creating 932 

preferential paths within the soil. 933 

Further studies should focus on the occurrence of microbial indicators in surface runoff and in tile drainage 934 

during different rainfall events, in particular different frequencies and in different soil types. The 935 

occurrence of antibiotic-resistant genes and bacteria in sludge amended soil should also be addressed, as 936 

highlighted by Urra et al. (2019). 937 

 938 

Supplementary Materials 939 

In the Supplementary materials section, tables and figures provide further details of the reviewed studies 940 

(Table S1 in an Excel file and Figure 1 and Tables S2-S7 in a pdf file). 941 
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Abstract 12 

The objective of this study is to provide a snapshot of the quality of surface runoff and tile drainage in 13 

sludge-amended soil in terms of 57 microcontaminants, including pharmaceuticals, hormones and 14 

fragrances, and 5 different species of bacteria. It also discusses the main factors affecting their occurrence 15 

(soil characteristics, applied sludge load and rate, sludge application method, rain intensity and frequency). 16 

It is based on 38 investigations carried out by different research groups in Canada, Australia, the USA and 17 

Ireland. The most frequently investigated compounds were hormones, the antiseptics triclosan and 18 

triclocarban, the analgesics and anti-inflammatories acetaminophen, ibuprofen and naproxen, the 19 

antibiotic sulphamethoxazole, the lipid regulator gemfibrozil and the psychiatric drug carbamazepine. Of all 20 

the bacteria, E. coli was the most monitored species. It was found that concentrations of the studied 21 

pollutants in surface runoff and tile drainage may vary, depending on many factors. They are generally 22 

lower than those observed in the secondary municipal effluent and in surface water, but their contribution 23 

to the deterioration of surface water quality might be relevant, mainly in wide rural areas. In this context, 24 

the reported data or their ranges represent an attempt to provide reference thresholds and bands of 25 
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observed concentrations for a rough estimation of the contribution made by the release of the selected 26 

pollutants into surface water bodies via surface runoff and tile drainage. 27 

 28 
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List of abbreviations:  35 

AOX adsorbable organic halides;  36 

AWI anthropogenic waste indicators; 37 

 38 

CEC Cation exchange capacity;  39 

dm dry matter;  40 

DMB dewatered municipal biosolids;  41 

Dow octanol-water distribution coefficient;  42 

FC Fecal coliforms;  43 

HM heavy metal;  44 

Kow octanol-water partition coefficient;  45 

LAS Linear Alkylbenzene;  46 

LMB liquid municipal biosolids;  47 

LOD limit of detection;  48 

LOQ limit of quantification;  49 

MEC measured environmental concentration;  50 

MW molecular weight;  51 
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PAH Polycyclic aromatic hydrocarbons; 52 

PCB Polychlorinated biphenyl;  53 

PCDD/F dioxins and furans;  54 

pKa dissociation constant 55 

PPCPs pharmaceutical and personal care products;  56 

RL reporting limit;  57 

SD standard deviation;  58 

TC Total coliforms; 59 

u.o.m. unit of measure 60 

 61 

 62 

1 Introduction 63 

Intense rainfall events detach and transport fine and low-density particles in land runoff, which may 64 

contain different kinds of pollutants. In addition, rain infiltrating dry soils can also leachate natural and 65 

anthropogenic substances (contaminants) retained and accumulated in the soil matrix and convey them to 66 

other environmental compartments, including groundwater and surface water bodies.  67 

Contaminant accumulation in/on soil can be due to different routes. The most important contributions 68 

come from the disposal of treated sludge (Torri and Cabrera, 2017), the disposal of manure (Segat et 69 

al.,2015), land irrigation with reclaimed wastewater (Dodgen and Zheng 2016; Pedersen et al., 2003,2005, 70 

Xu et al., 2009), and land irrigation with surface water containing these contaminants (Calderon-Preciado et 71 

al., 2011).  72 

Land disposal of treated municipal sludges is a common practice in many countries worldwide (Ingleziakis 73 

et al., 2014; Kelessidis and Stasinakis, 2012). In the following the term biosolids will be used as an 74 

alternative of treated sludges: the term biosolids was introduced in 1991 in the USA by the Water 75 

Environment Federation (WEF, 2005) to distinguish raw, untreated sewage sludge from treated and tested 76 

sewage sludge, which could legally be used for agricultural benefits.  77 

https://en.wikipedia.org/wiki/Polychlorinated_biphenyl
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This method of disposal can positively contribute to the improvement of soil properties and fertility (Clarke 78 

and Smith, 2011) due to the presence of nutrients and other substances in the sludges able to improve soil 79 

porosity or permeability (amendant effects), to favor aggregation of the main soil constituents 80 

(conditioning effects), to change chemical and physical soil properties (corrective effects) and/or to provide 81 

elements in assimilable or available form for plants (fertilizing effects).  82 

Sewage sludge not only provides soil with organic matter, but it also increases infiltration, reduces the 83 

possibility of soil erosion (Lucid et al., 2014) and increases agronomic productivity (Samaras et al. 2008, 84 

Tsadilas et al. 2005, Zartman et al. 2012). Its use for agricultural benefits also addresses European Union 85 

policy on sustainability and the recycling of resources (COM, 2014).  86 

In the case of intense rain events, surface runoff could seriously impact on near surface water bodies and 87 

affect their quality in terms of suspended solids, nutrients, and bacteria, as well as other emerging 88 

contaminants. 89 

In addition, in those regions where natural field drainage can adversely affect crop production activities, it 90 

may interfere with the groundwater if the groundwater system is near the surface on a year round basis, as 91 

could be the case in any of the poorly drained soils in eastern Ontario (Lapen et al., 2008a,b,2018). There, 92 

tile drains are placed on agricultural areas within 1 m of the soil surface in order to collect draining water 93 

and short-circuit it to the adjacent surface water streams or rivers. This stream is then conveyed to a 94 

surface water body. 95 

In the last few years, issues related to land runoff as well as tile drainage quali-quantitative characteristics 96 

have caused increasing concern. For the most part, attention has been paid to macro-pollutants 97 

(suspended solids, organic substances, nitrogen and phosphorus compounds) (Paule et al., 2014), heavy 98 

metals (Hosseini Koupaie and Eskicioglu 2015), and pesticides (Torri and Cabrera, 2017). Some 99 

investigations have strongly focused on the environmental risks posed by the presence of nutrients and 100 

heavy metals due to the land application of treated sludge, as well as manure (Eldridge et al., 2009; Peyton 101 

et al., 2016; Jia et al.,2015; Bai et al., 2016). Some studies have also addressed mobilization in the runoff of 102 

bacteria applied to soil with the treated sludge. It has been highlighted that the soil environment is hostile 103 
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for their development and that their survival time, following land application, is around 2-4 months 104 

(Brennan et al., 2012). As a consequence, bacteria are more likely to be transported into receiving water 105 

courses after rainfall events. 106 

Recent studies have highlighted the occurrence of micro-contaminants, mainly pharmaceuticals and 107 

personal care products (PPCPs) in treated sludges and underlined the importance of more thorough 108 

investigations into the fate of these pollutants once spread on soil (Verlicchi and Zambello, 2015). In this 109 

way, contaminants could reach surface water bodies and in some cases they could pose a potentially acute 110 

and chronic risk for aquatic life (Clarke and Cummins, 2015), or could deteriorate the quality of freshwater 111 

reserves used for potable needs (Clarke et al., 2016). 112 

 113 

From a legislative view point, different scenarios exist. The reuse of biosolids is not allowed in Belgium, 114 

Romania and Switzerland (Healy et al., 2017). In other countries it is possible (many European countries, 115 

New South Wales-Australia, Ontario-Canada, and the USA) and the current legal requirements regarding 116 

sludge disposal on soil commonly concern maximum sludge concentrations and/or maximum sludge loads 117 

for organic matter and nutrients, heavy metals, selected pesticides, and organic microcontaminants such as 118 

AOX, PCB, PCDD/F, as well as chemical-physical characteristics of the receiving soil, and the maximum 119 

quantity of sludge to be disposed on soil on a yearly basis (Mininni et al. 2015; Kelessidis and Stasinakis 120 

2012; Le Blanc et al. 2008). 121 

To date, no legal requirement has been set concerning the maximum permitted concentrations or loads for 122 

PPCPs (Kelessidis and Stasinakis, 2012; Lu et al., 2012, Leblanc et al., 2008). With regard to microorganisms, 123 

only a few States have standards regarding the maximum concentrations in sewage sludge to be disposed 124 

of on soil, and these mainly concern Salmonella and E. coli (Lu et al., 2012; Minnini et al., 2015). 125 

 126 

As reported above, reclaimed water reuse for irrigation purposes may also contribute to the introduction of 127 

residues of microcontaminants of emerging concern into the soil (Kinney et al., 2006; Martinez-Piernas et 128 

al., 2018). The benefits due to the reduced demand for fresh water and the supply of nutrients (occurring in 129 
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reclaimed water) are counterbalanced by the potential contamination risk to water and plants by still 130 

unregulated pollutants (Christou et al. 2017; Wu et al. 2015). This reuse practice is of great interest, 131 

principally for regions characterized by water scarcity (among them Spain, Cyprus, Lybia, and Jordan) 132 

and/or frequent periods of drought (Morocco, Algeria, and Tunisia). The contribution may be relevant but 133 

also limited to specific case studies. 134 

 135 

This review aims to provide a snapshot of the chemical characteristics of surface runoff and also the 136 

leachate in sludge-amended soil with regard to investigated PPCPs and bacteria species. A further objective 137 

is to investigate the main factors affecting them (compound properties, soil characteristics, applied sludge 138 

load and flow rate, sludge application method, rain intensity and frequency). The idea is to provide reliable 139 

data on the quality of surface runoff and tile drainage leading to an assessment of the potential 140 

contribution of these streams to the quality of the surface water body during intense rain events. This 141 

review also underlines the strengths and weaknesses of available studies, the gaps in current knowledge 142 

and the research fields requiring further investigation. The reported data or their ranges could represent 143 

reference thresholds or bands of observed concentrations for a rough estimation of the contribution made 144 

by the release of the selected pollutants into surface water bodies via surface runoff. 145 

 146 

1.1 Framework of the study 147 

This study provides an overview of chemical characteristics in terms of concentrations of a selection of 148 

microcontaminants and microorganisms (Table 1) in the water streams (surface runoff and tile drainage) 149 

which, due to rain events, leave agricultural soils where treated sludge (= biosolids) has previously been 150 

applied. The review is based on a collection of 16 papers, published between 1980 and 2017, referring to 151 

38 investigations into the occurrence of 57 PPCPs and 5 species of microorganisms (E. coli, Fecal coliform, 152 

Total coliform, Fecal streptococcus, and Clostridium perfringens), in land runoff or in tile drainage after the 153 

disposal of treated municipal sludge onto soil.  154 
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Selected investigations differ in at least one of the following issues: (i) soil type, (ii) municipal sludge type 155 

(depending on the treatment it was subjected to), (iii) sludge application method, (iv) sludge application 156 

rate, (v) investigated water stream (runoff or tile drainage), and (vi) rainfall frequency pattern. One study 157 

may include more than one investigation. 158 

The 38 investigations were carried out in Ireland (8), the USA (15), Canada (11) and Australia (4) and most 159 

of the research groups belong to agricultural research centers. Investigations into land runoff in the case of 160 

manure applied on soil were not included, since manure disposal on rural land is subject to specific 161 

regulations from country to country and many types of manures are available depending on the animals 162 

(cattle, pigs, chickens, sheep, etc.). Table 2 reports the main characteristics of the studies included in the 163 

review with the number of investigations specified for each study. Their aims and scope and the principal 164 

issues addressed are also underlined.  165 

Figure S1 shows how these studies are temporally and spatially correlated and whether they include 166 

common research groups; Table S1 details the main characteristics of the reviewed 38 investigations with 167 

regard to field/plots, soil, sludge, rainfall, sampling strategy and the main findings. Investigations referring 168 

to the spiking of soil with specific microcontaminants (among them Davis et al., 2006) were not included, as 169 

according to Al-Rajab et al., 2009, the effect of the presence of treated sludge (the matrix containing 170 

microcontaminants) strongly influences the fate and behaviour of such contaminants in the soil. 171 

Bearing in mind the definition sets in chemical engineering manuals, leachate is the liquid stream obtained 172 

from a leaching process, that is a unit operation consisting of a mass (and energy) transport from a solid 173 

phase (the soil) to a liquid one (the water leaving the soil) when they come into contact. With regard to 174 

Figure 1, once the rain starts, dry soil begins to retain water within its macro- and micro-pores. Water tends 175 

to percolate (generating the leachate or percolate) and in the case of prolonged rain events, when the soil 176 

becomes saturated, the water starts moving (flowing) on the soil surface, according to its slope, generating 177 

the so-called surface runoff. Sludge retained on the land surface is also subject to light exposure and 178 

phodegradation processes may occur, changing the characteristics of the sludge.  179 
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With regard to percolation of the water through the soil, if this stream is intercepted by pipes (drains), the 180 

water flow which spills out is called tile drainage. Figure 1 shows the different water flow paths on soil in 181 

the case of precipitation and it also shows the potential degradation/removal mechanisms pollutants and 182 

microorganisms occurring in the soil may undergo. Figure 1 is the conceptual scheme this study will refer 183 

to. In particular, it will investigate surface runoff and tile drainage characteristics in treated municipal 184 

sludge-amended soil: the two streams which can rapidly reach the receiving water stream, affecting its 185 

quality. 186 

Section 2.2 deals with sludge application on soil in terms of sludge types based on the treatment before 187 

application, sludge application methods (compared in Table 3), the maximum loads allowed by the 188 

different regulations, and a brief overview of the legal requirements (standards for specific pollutants and 189 

in particular for microorganisms, section 2.2.3, with further details provided in Tables S3 and S4). 190 

 191 

This study goes on to present the characteristics of the soil which can affect the runoff/tile drainage quality, 192 

the size of the plots and the characteristics of the rainfall events of the investigations. Special attention was 193 

also paid to data reliability and accuracy (section 2.5), and an analysis of the reviewed studies can be found  194 

in Table S1. The results are reported in graphs which show measured concentrations of selected PPCPs and 195 

bacteria in surface runoff and tile drainage as well as background concentrations in the absence of sludge 196 

application (when available). In the Supplementary Materials section, details are available in terms of a 197 

descriptive statistical analysis of the concentrations observed in surface runoff (Tab S5) and tile drainage 198 

(Tab S6). 199 

Discussion of the results focuses mainly on the influence of the factors affecting runoff/tile drainage 200 

concentrations:  201 

 compound characteristics; 202 

 soil characteristics (matrix, pH, organic matter, organic carbon, cationic exchange capacity); 203 

 sludge properties (CEC, moisture, pH, chemical composition) and its application rate; 204 

 applied pollutant load; 205 
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 application method; 206 

 application depth; 207 

 applied water volume. 208 

 209 

 210 

Figure 1.  211 

 212 

Moreover, discussion of the collected results also refers to the ranges of measured concentrations of 213 

selected contaminants in secondary effluents, anaerobically digested sludges, runoff of rural soil irrigated 214 

with reclaimed water and surface water. The literature ranges to which the comparison refers are reported 215 

in Tables S2 and S5. 216 

The study concludes with a list of the lessons learned from past investigations, the main gaps in the 217 

investigations and the issues requiring further study. 218 

 219 

2 Materials and Methods 220 

2.1 Compounds included in the review and main investigations 221 

Investigated chemical compounds belong to 11 different therapeutic classes or groups: analgesics and anti-222 

inflammatories (class A including 3 compounds); antibiotics (class B with 7 compounds); antifungals (class C, 223 

1 compound); antihistamines (class D, 1 compound); antiseptics (class E, 2 compounds); beta-blockers 224 

(class F, 1 compound); fragrances (class G, 5 compounds), hormones (class H, 22 compounds), lipid 225 

regulators (class I, 1 compound); stimulants (class J, 2 compounds) and psychiatric drugs (class K, 12 226 

compounds). 227 

Table 1 compiles all of these with the main chemical characteristics (molecular weight MW, chemical 228 

formula, pKa, LogKow), which are useful for analyzing or predicting their fate/behaviour once on the soil 229 

following sludge disposal, the number of related studies and corresponding references are also provided. 230 
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The last group refers to bacteria commonly monitored in municipal wastewater treatments: Clostridium 231 

perfringens, Escherichia coli, Fecal coliforms, Fecal streptococci and Total coliforms. 232 

 233 

Table 1  234 

 235 

Table 2.  236 

 237 

2.2 Sludge application on soil – Sludge types, application methods, authorized loads, and 238 

legal requirements 239 

2.2.1 Sludge types 240 

Based on the studies under review, it was found that sludge intended for land disposal was generally 241 

anaerobically digested and, in many cases, dewatered. In a few cases it was subjected to further 242 

treatments: high temperature drying (Eldridge et al., 2009; Giudice and Young 2011, Healy et al., 2017, 243 

Peyton et al., 2016), gamma irradiation (Eldridge et al., 2009), centrifugal dewatering (Gottschall et al., 244 

2012) or lime stabilization (Healy et al., 2017; Peyton et al., 2016). With regard to the selected micro-245 

contaminants and bacteria, the concentrations in the applied sludge were included in the ranges reported 246 

in Table S2, even in the case of sludges spiked with micro-contaminants, with just two excpetions referring 247 

to acetaminophen and ibuprofen (in both cases final concentration was higher than the maximum 248 

literature value). 249 

According to Sabourin et al. (2009) it was assumed that the sludge is considered liquid (often called liquid 250 

municipal biosolids LMB) if its solid content is less than 18 %, and dewatered (dewatered municipal biosolid 251 

DMB) if its solid content is higher than 18 %. In the different investigations, the sludge had a largely 252 

different solid content; on the basis of 11 of the 16 studies which reported sludge composition in detail, the 253 

solid content varied between < 18 % and 91.6 % (granulated high temperature dried sludge in Eldridge et 254 

al., 2009).  255 
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 256 

2.2.2 Application methods 257 

Four different disposal methods were followed according to the collected studies. Table 3 shows the main 258 

sludge disposal strategies followed in the investigations under review, with a diagram and description for 259 

each of them, along with information regarding the papers dealing with them. 260 

Table S1 includes many details referring to sludge application in the different investigations. In particular, 261 

as well as compiling sludge properties (pH, CEC, moisture/solid content) and treatment, it also details the 262 

application rate (dry matter kg/ha), application method and application depth. 263 

 264 

Table 3. 265 

 266 

2.2.3 Authorized concentrations and loads and other legal requirements 267 

Regulations in force place great attention on the concentrations of heavy metals (HMs), microorganisms, 268 

some organic microcontaminants (including AOX, PAH, PCB, PCDD/F) and define limits of their 269 

concentrations in the treated sludge intended for land disposal.  270 

In addition, they set maximum rates of sludge to be applied on soil (kg/ha year), maximum rate of nutrients 271 

(kg nutrient/ha year) and heavy metals (kg HM/ha year) in sludge. Some of them also set the maximum 272 

concentrations of heavy metals in soil (mg HM/kg dm).  273 

Table S3 summarizes the main characteristics of the regulations in the European Community and in 274 

countries including those where most of the investigations under review took place (Ireland, Italy, New 275 

South Wales-Australia, Ontario-Canada, and the USA).  276 

Table S4 compares the limits for the different microorganisms in treated sludge to be fulfilled in the case of 277 

land disposal in many European countries, as well as in New South Wales (Australia), Ontario (Canada) and 278 

the USA. 279 
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It is important to highlight that most of the current regulations clearly define spreading and tilling 280 

procedures, the maximum slope values, and pH and CEC in soil. In addition, some legislations require that a 281 

minimum distance from waterways and a minimum depth from the aquifer is respected with regard to the 282 

plot size where sludge is applied (Table S3).  283 

Limits referring to new contaminants of emerging interest, including pharmaceuticals, hormones, and 284 

fragrances of interest in this review have not yet been set.  285 

 286 

2.3 Characteristics of the soils in the investigations included in the review  287 

The texture of the soils where investigations took place are reported in Figure 2 in the well-known texture 288 

triangle. A rapid glance shows the percentage of the main soil components (sand:silt:clay) in each case 289 

study. The legend on the right reports the studies shown in the diagram.  290 

 291 

 292 

Figure 2  293 

 294 

2.4 Plot size, precipitation and sampling strategy 295 

Plot size - Concerning land runoff, investigations took place in plots whose size was in the range 0.36-6 m2 296 

(0.36 m2, 1.62 m2, 2 m2, 3 m2, 4.5 m2, and 6 m2). Tile drainage experiments were carried out in wider 297 

surface plots: 740 m2, 1,500 m2 and 3 ha, with the only exception being the investigation carried out by 298 

Giudice and Young (2011), which was carried out in 3 plots of 2 m2. 32 of the 38 investigations included a 299 

control plot where sludge was not amended in order to compare the quality of surface runoff/tile drainage 300 

without sludge application - only the investigations carried out by Healy et al. (2017) and Topp et al. 301 

(2008b) did not include such a plot. 302 

 303 

Rainfall type, intensity, duration and frequency - In 30 of the 38 investigations, rainfall was artificial 304 

(ozonated groundwater, carbon filtrated groundwater, deionized water, or drinking water) and after the 305 
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simulated rain event, runoff samples were collected. The rain intensity was in the range of 11-90 mm/h and 306 

the chosen intensity corresponded to ain with a specified return period, typical of the country where the 307 

investigation was being carried out -  2 years in Missouri (Wallace et al., 2014) and 100 years in Canada and 308 

in the USA (Sabourin et al., 2009, Gray et al., 2017).  309 

The duration of the rain events was clearly defined in some studies (30 min by Eldridge et al., 2009; 45 min 310 

in Atalay et al., 2007), whereas in others it was a defined period from the first occurrence of runoff (for 311 

instance 30 min in Healy et al., 2017, Peyton et al., 2016) or related to the desired runoff volume to be 312 

collected during the investigation (Giudice and Young 2011; Topp et al., 2008b, Sabourin et al., 2009, 313 

Wallace et al., 2014). 314 

With regard to frequency, artificial rainfall was applied on different days - : often some days before sludge 315 

application (control step) and then after sludge application with a different frequency pattern, covering a 316 

period ranging from a few days to one year. In the case of only one investigation was the interval as long as 317 

266 days (Topp et al., 2008b), while in all the others it was < 54 d (Table S1).  318 

Rain was applied in the same plot to assess pollutant mobilization following rain events (Atalay et al., 2007; 319 

Eldridge et al., 2009; Giudice and Young 2011; Gray et al., 2017; Healy et al., 2017; Peyton et al., 2016; 320 

Wallace et al., 2014, and Yang et al., 2012) or in different plots with different frequencies to evaluate the 321 

contribution of degradation and sequestration of the investigated compounds after different prolonged dry 322 

periods (Sabourin et al., 2009; Topp et al., 2008b). 323 

In only 5 studies, all referring to tile drainage tests, (Edward et al., 2009; Gottschall et al., 2012, 2013, Lapen 324 

et al., 2008a,b), was the rainfall real, with its total depth varying  between 124 mm (Lapen et al., 2008a,b) 325 

and 1,070 mm (Gottschall et al., 2012, 2013). Investigations lasted from 46 days (Lapen et al., 2008a,b) to 326 

365 days (Gottschall et al., 2012, 2013). 327 

Many other details for the different investigations are reported in Table S1. 328 

 329 

Sampling mode and frequency  330 
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Different sampling strategies were applied in surface runoff and details are reported in Table S1. Not all the 331 

studies clearly reported the description of the sampling mode and frequency, and analysis may refer to 332 

grab or composite samples.  333 

In other studies, composite samples were collected and derived from the mixture of samples withdrawn 334 

from different plots (Sabourin et al., 2009; Giudice and Young, 2011). In Yang et al. (2012) analyses were 335 

performed on composite samples referring to different phases of the runoff (early, medium and late 336 

runoff).  337 

Regarding tile drainage, analyses were on grab samples - water samples were collected during real rainfall 338 

events by means of in-line water flow control structures on the tile drain headers for each field section 339 

under study (Edward et al., 2009; Gottschall et al., 2012, 2013, Lapen et al., 2008a,b). 340 

 341 

2.5 Accuracy and uncertainty of the collected data 342 

The collected data reported in graphs and tables in the manuscript and in the supplementary material 343 

section come not only from tables, but also graphs and in this case, the uncertainties associated with the 344 

values add to the uncertainties due to sampling and analysis (as discussed in Verlicchi and Zambello 2016), 345 

even in cases where the reading of the data was quite accurate. If a value was reported below its limit of 346 

detection (LOD) or its reporting limit (RL) it was assumed equal to the LOD or the RL and if it was reported 347 

below its limit of quantification (LOQ), it was assumed to be half its LOQ value. Table S1 reports the details 348 

provided referring to the experimental campaigns and a rough estimation (good, modest or poor) of the 349 

accuracy/reliability of the reported data, the description of sampling strategies and the adopted 350 

equipment. 351 

 352 
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3 Results  353 

3.1 Ranges of the concentration of selected compounds in land runoff and tile drainage 354 

samples 355 

A rapid glance at Table S1 highlights that 29 of the 38 investigations refer to surface runoff monitoring, only 356 

9 investigations monitored tile drainage, 21 investigations dealt with bacteria and 17 with pharmaceuticals, 357 

hormones and fragrances. 358 

Figures 3 and 4 report the measured concentrations found for the selected pollutants in land runoff and in 359 

tile drainage samples in the case of sludge-amended soil. Where available, the background concentrations 360 

BC (control concentrations related to runoff or tile drainage from soil where sludge was not applied) of the 361 

compounds are also reported for comparison and analysis. Generally, these concentrations refer to water 362 

samples resulting from artificial rainfall applied some days before sludge application. 363 

With regard to land runoff, it emerges that 33 compounds were monitored in the different investigations. 364 

The most studied compounds were hormones (class H), with ethinyl estradiol at the top with 37 measures, 365 

followed by all the other hormones with 33 values. The antiseptics triclosan and triclocarban and the 366 

analgesic ibuprofen were frequently monitored (values of 26 and 20, respectively), while fewer than 10 367 

values were recorded for the remaining 14 compounds. MECs referring to hormones were collected in 368 

investigations tackling the application of dewatered anaerobically digested sludge on loamy sand and sandy 369 

loam soils. The data comes from the studies by Giudice and Young (2011) and Yang et al. (2012), which 370 

correspond to investigation numbers 4,5,6 and 7 in Figure 2. Table S5 reports the number of data for each 371 

compound, together with the minimum, maximum, average and standard deviation values for MECs and 372 

where possible, the minimum and maximum for background concentration values in case of surface runoff. 373 

It emerges that variability ranges vary from 1 to 3 orders of magnitude and concentrations were found 374 

between <LOD to 1,477 ng/L (ibuprofen according to Topp et al., 2008b). Average values varied between < 375 

LOD and 707 ng/L (ibuprofen). The highest concentrations (ibuprofen, tonalide, and gemfibrozil) were 376 
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found in the investigation by Topp et al. (2008b) in which a liquid anaerobically digested sludge was applied 377 

on silt loam soil (point 12 in Fig. 2).  378 

The intervals emerging from Figure 3 also depend on the fact that some studies presented measured 379 

concentrations of PPCPs in different events after the sludge had been applied. As remarked by several 380 

authors (among them Topp et al., 2008b; and Sabourin et al., 2009), the temporal patterns of runoff 381 

exports (aqueous+particulate) were different from the investigated compounds. Concentrations varied, and 382 

for some compounds (triclosan, atenolol, acetaminophen, and sulphametoxazole) the highest values 383 

correspond to the first rainfall after sludge application, for others they may occur during subsequent events 384 

(for naproxen during the second event, on the third day following application; for triclocarban, 385 

carbamazepine and caffeine after seven days, during the third rain event). 386 

With regard to background concentrations (the red stars in Figure 3), these were found to be < LOD for all 387 

compounds with the sole exceptions of estrone, androstenedione (with 2.2 ng/L and 1.54 ng/L respectively, 388 

Yang et al. 2012), caffeine and triclosan (21, 27, 49 ng/L and 35, 37, 47 ng/L respectively, Sabourin et al. 389 

2009,). All studies reported that no previous sludge application on soil had occurred before their 390 

investigation. The occurrence of compounds in soil could thus be due to other sources, for instance 391 

irrigation with surface water containing residues of the compounds under study (Ma et al., 2018). In this 392 

context, Table S5 shows the measured concentrations for the selected compounds in surface water. 393 

 394 

Figure 3.  395 

 396 

With regard to tile drainage samples, 46 compounds were analyzed, but for 13 hormones (17-α-estradiol, 397 

17-β-estradiol, α-dihydroequilin, androstenedione, equilenin, equilin, estradiol benzoate, estriol, 398 

mestranol, norethindrone, norgestrel, progesterone and testosterone), Gottschall et al. (2013) only 399 

reported background concentrations (always below the corresponding LOD, as shown by the red stars in 400 

Fig. 4) and this is the reason why these are not included in Figure 4, which shows the remaining 33.  401 
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Among all these PPCPs, the most studied belong to different classes: the antiseptic triclosan (90 values), the 402 

stimulant cotinine (85 values), and the psychiatric drug carbamazepine (80 values). For 8 compounds, the 403 

collected data vary between 33 and 75, and for the other compounds the available data are less than 5. 404 

Measured concentrations varied between 1.5 and 4,117 ng/L and, for each compound, the range of 405 

variability was equal to 2 or 3 orders of magnitude, with the exception of sulfapyridine, estrone and 406 

fluoxetine whose range was of 1 order of magnitude.  407 

The highest values (> 1,000 ng/L) are related to ibuprofen (4,117 ng/L), naproxen (1,045 ng/L), triclosan 408 

(3,676 ng/L), gemfibrozil (1,040 ng/L), and carbamazepine (1,136 ng/L). All these values were collected by 409 

Lapen et al. (2008b), whose investigation dealt with the application of liquid anaerobically digested sludge 410 

on silty clay loam (number 15 in Figure 2).  411 

Average concentrations varied between 1.5 ng/L (ofloxacin and miconazole) and 551 ng/L (triclosan). 412 

The background concentrations were investigated for all the compounds (Lapen et al., 2008b; Edwards et 413 

al., 2009, Giudice and Young, 2011; and Gottschall et al, 2013) and they resulted below LOD or below LOQ, 414 

with four exceptions. As reported in Figure 4, these refer to naproxen (35 ng/L), triclosan (95 ng/L), atenolol 415 

(135 ng/L) and cotinine (5 ng/L) and were reported by Edwards et al. (2009), who investigated the 416 

application of dewatered anaerobically digested sludge on loam soil (number 13 in Figure 2), which had 417 

previously received sludge. 418 

Further details regarding these collected data are reported in Table S6, in particular the number of data for 419 

each compound, together with the minimum, maximum, and average values and standard deviation (SD) 420 

for MECs and, where possible, the minimum and maximum for background concentration values in the case 421 

of tile drainage. 422 

 423 

 424 

Figure 4.  425 

 426 
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Observed concentrations for the selected compounds in both runoff and tile drainage are generally lower 427 

than the values found both in the municipal WWTP secondary effluent, in surface water as well as in runoff 428 

in case of reclaimed water reuse. The corresponding range of concentrations found in literature (Verlicchi 429 

et al., 2012, Ben et al., 2018; Chalew and Halden 2009; Metcalfe et al., 2003; and Pedersen et al., 2005) are 430 

reported in Tables S5 and S6.  431 

Moreover, the observed concentrations for hormones are unlikely to result in any significant pulse 432 

environmental exposure impact, from a pure tile effluent concentration perspective (Gottschall et al., 433 

2013). In addition, once released into surface water, the dilution effect and photodegradation of 434 

microcontaminants due to UV exposure contribute to a further reduction of their concentrations. Sabourin 435 

et al. (2009) remarked that the runoff concentrations of the selected PPCPs were lower than the reported 436 

acute toxicological endpoints, and for most compounds a thousand times lower. 437 

 438 

3.2 Range of concentrations for the bacteria included in the review 439 

Few papers tackle the monitoring of bacteria in surface runoff and tile drainage after sludge disposal. Four 440 

studies have investigated surface runoff (Dunigan and Dick, 1980; Atalay et al., 2007; Eldridge et al., 2009; 441 

Peyton et al., 2016; Wallace et al., 2014) and two tile drainage (Gottschall et al., 2013; Lapen et al., 2008a). 442 

Moreover, different units of measures were sometimes used and thus analyses are not easy to perform.  443 

Figure 5 reports the collected concentrations and background concentration for bacteria species with more 444 

than 12 reported measures, with the exception of Fecal coliforms as they are in another unit of 445 

measurement. A descriptive statistical analysis was carried out for all of the bacteria (Table 4).  446 

Investigations by Peyton et al. (2016) with 5 differently treated sludges applied on rural land showed that 447 

there is no correlation between sludge treatment and runoff concentration of Fecal and Total coliforms.  448 

 449 

 450 

Figure 5 451 

 452 
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The profile of bacteria content in runoff after three different simulated rain events (1 d, 2 d and 15 d after 453 

application; same rain intensity) strictly depends on the sludge type (differently treated) applied on the soil, 454 

(Peyton et al., 2016) and the maximum concentrations vary in different cases. This could be explained by 455 

the fact that once sludge is applied on the soil, UV light and desiccation are responsible for the decay of 456 

occurring bacteria (Lang et al., 2007), but in some cases, bacteria could also find soil conditions which 457 

favour their development.  458 

A comparison with TC and FC concentrations in runoff in the case of dairy cattle slurry application shows 459 

that they were always 1 order of magnitude higher than in the case of treated sludge application (Peyton et 460 

al., 2016). 461 

It emerges that investigations report a variable number of values - from 3 (Atalay et al., 2007) to 46 462 

(Gottschall et al., 2013); background concentration was measured once in the studies by Atalay et al., 463 

(2007), Eldridge et al. (2009) and Wallace et al. (2014) for surface runoff and Gottschall et al. (2013) for tile 464 

drainage.  465 

 466 

Table 4.  467 

 468 

Wallace et al. (2014) highlighted the low content of FC in control plots (116 CFU/100 mL) and a wide 469 

variability in the case of sludge application on soil with or without a vegetative filter, from 4,880 to 35,720 470 

CFU/100 mL. These values are higher than the maximum amount allowed in Missouri (where the 471 

investigation took place) for whole body contact recreation use (maximum of 206 CFU/100 mL). 472 

 473 

Sludge disposal always led to an increment in the bacteria concentrations in surface runoff and tile 474 

drainage with concentration ranges as wide as 3-5 orders of magnitude depending on many factors, as will 475 

be discussed later. 476 
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The investigation by Eldridge et al. (2009) was the only scenario in which this phenomenon did not occur. 477 

They found a background concentration for E. coli equal to 251,188 MPN/100 mL and after sludge 478 

application, MECs in surface runoff were always lower, between 25,000 and 31,000 MPN/100 mL.  479 

Measured concentrations are strictly correlated to the sampling procedure followed in the investigations. 480 

As reported in Table S1, water samples were instantaneous or (time or volume) composite, and in some 481 

cases (Yang et al., 2012) water samples were related to early, middle and late rain events corresponding to 482 

the mix of different collected samples. Lapen et al. (2008a) found that LMB application-induced 483 

contamination starts some minutes after sludge application. E. coli and C. perfringens were still high 24 h 484 

after application while over a study season basis, E. coli showed a significant decline in mass loads, whereas 485 

C. perfringens presented some peaks during the observation periods and did not follow a similar pattern of 486 

decay. 487 

Unfortunately, it is not possible to compare the observed concentration ranges for surface runoff and tile 488 

drainage, as data are reported in different units of measurement. 489 

 490 

 491 

3.3 Influence of the main factors affecting runoff and tile drainage quality – PPCPs 492 

Once in the soil, a micropollutant may be subject to different phenomena: it may be sequestered, sorbed 493 

on the soil matrix (depending on its organic carbon content, CEC, pH, etc.), biodegraded (due to 494 

microorganisms present in the soil as well as in the applied sludge), photodegraded (due to light exposure), 495 

it may take part in chemical reactions with other compounds, or it may be transported away by a liquid 496 

phase. Prediction of its behaviour is complex, as environmental and matrix conditions may rapidly change, 497 

and intense rain events may enhance its vertical mobility through soil pores. The following sections will 498 

discuss the main factors affecting the occurrence of microcontaminants and bacteria in runoff and tile 499 

drainage in sludge-amended soil. 500 

 501 
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3.3.1 Influence of Kow 502 

The partitioning between solid and liquid phases was not always addressed by the authors, as it requires 503 

lengthy investigations, as shown in Yang et al. (2012). More frequently, coefficients derived from literature 504 

were used. In this context, the octanol-water partition coefficient Kow, describing the distribution between 505 

the octanol and water of a compound, is commonly used to assess the sorption potential on a solid phase 506 

by a compound. As a rule of thumb, if Log Kow > 4 it could be expected that the compound is highly 507 

adsorbed due to hydrophobic partitioning, while if Log Kow < 2.5 the compound has a low level of sorption 508 

(Verlicchi and Zambello, 2015). The graphs shown in Figures 6 and 7 report MECs in runoff and tile drainage 509 

vs. Log Kow for the investigated compounds. For quick reference, Table S7 compiles Log Kow values for the 510 

compounds investigated in surface runoff or tile drainage analysis.  511 

In Figures 6 and 7, values are dispersed in a wide cloud and it emerges that no clear correlation exists 512 

between the sorption potential of a compound and its measured concentration in runoff or in tile drainage. 513 

It is important to bear in mind that the reported data refer to different investigations, in terms of soil 514 

characteristics, rain fall intensity, sludge application rate, and concentration for the different compounds in 515 

the applied sludge and the MECs depend on these factors.  516 

 517 

Figure 6  518 

 519 

Figure 7  520 

 521 

Limiting attention to single investigations where soil characteristics, sludge properties and rainfall intensity 522 

are defined and are the same for all the compounds, it seems that Log Kow may be correlated with the 523 

pharmaceutical mass load (or concentration) in the runoff. Sabourin et al. (2009) found that chemicals with 524 

Log Kow less than 2.45 (atenolol, carbamazepine, cotinine, caffeine and acetaminophen) were rapidly 525 

transported in runoff and those with Log Kow greater than 3.18 tended to be retained in the soil 526 

(gemfibrozil, naproxen and ibuprofen). The same behaviour is confirmed by the investigations and results 527 
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obtained by Gottschall et al. (2012) referring to fluoxetine, miconazole, tetracyclines and fluoquinolones 528 

(with Log Kow > 4). These compounds were not found in tile drainage and they may have been more 529 

strongly bound to DMB, which can also explain their long-term detection in incorporated DMB.  530 

Sabourin et al. (2009) also found that although sulfametoxazole had a Log Kow equal to 0.89, it was not 531 

largely exported in runoff (only 0.51 % was found on a mass basis). Triclosan and triclocarban have similar 532 

Kow, but in the study by Sabourin et al. (2009), it was found that about 40-times more triclosan was 533 

exported than triclocarban, and that even their concentrations in the sludge applied on the soil were 534 

similar (around 7,000 and 8,000 ng/g dm, respectively). This different behaviour could be explained by the 535 

different values of pKa (the dissociation constant, reported in Table 1) of the two antiseptics (8.1 for 536 

triclosan and 12.7 for triclocarban) and the ionic forms at the pH of the soil/runoff, as discussed in Giudice 537 

and Young (2011). They also remarked that in their study conditions (soil pH at 8 and runoff pH variable 538 

between 7.8 and 8) half of the triclosan present in the sludge is ionized and as a result, it is much more 539 

prone to leachate and to be exported in the runoff than the neutral molecules of triclocarban. 540 

The study by Yang et al. (2012) thoroughly investigated the fractioning between dissolved and suspended-541 

particle bound phases for a wide spectrum of steroid hormones and found that Log Kow values were not 542 

correlated with estrogen sorption to colloids.  543 

According to Cunningham (2008), the octanol-water distribution coefficient Dow is more adequate in 544 

studying microcontaminants, as it is pKa-dependent at environmental pH. 545 

Dow is defined by Equation (1), and, according to Schwarzenbach et al. (2003), evaluated through Equation. 546 

(2) for acidic compounds and Equation (3) for basic ones: 547 

 548 

     
                          

                      
       Eqn. (1) 549 

 550 

                     
 

             
 (acidic compound)   Eqn. (2) 551 

                     
 

             
 (basic compound)   Eqn. (3) 552 

where                   . 553 
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 554 

In the case of neutral moieties, the two previous correlations result in Equation (4): 555 

                         Eqn. (4) 556 

 557 

The rule of thumb when using Log Dow to predict PPCP behaviour in aquatic compartments is good sorption 558 

if Log Dow >3 and low sorption if Log Dow < 1. 559 

 560 

3.3.2 The influence of soil characteristics 561 

On the basis of the lab investigations by Topp et al. (2008b), Cha and Cupples (2009), and Al-Rajab 562 

(2010a,b, 2015), soil characteristics (soil texture, pH, moisture content and temperature) seem to have a 563 

relevant influence on the quality of the runoff/tile drainage of studied microcontaminants.  564 

As expected, runoff and tile drainage flows depend on the level of soil saturation. In loose and 565 

uncompacted soil, percolation is higher than land runoff, whereas when the soil becomes compact, 566 

percolation is lower than surface runoff (Giudice and Young, 2011).  567 

Moreover, all studies agree with the consideration that moisture content and temperature in the soil 568 

mostly influence the fate of microcontaminants (sorption, degradation, and mineralization) and soil texture 569 

does not seem to influence leaching (that is the passage in the liquid phase due to rain events). In 570 

particular, Topp et al. (2008a), Cha and Cupples (2009), and Al-Rajab (2010a,b,2015) mainly refer to 571 

triclosan, triclocarban and naproxen, and in-depth investigations on the fate of all the compounds under 572 

review are not available for different soil characteristics.  573 

Macropores, due to worm burrows, soil cracks and abandoned root channels, can favor the rapid gravity 574 

flow of contaminant-laden material in the vadose zone towards tile and shallow ground water depth (Lapen 575 

et al., 2008a). The pore size and distribution of the soil also affects the mobility of PPCPs within the 576 

medium. Hormones in a soil characterized by macropores rapidly move downwards (and may be collected 577 

in tile drainage), whereas in the case of soil with micropores, they move slowly and to  a lesser extent 578 

(Gottschall et al., 2013). 579 
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It is important to highlight that at the modest slope of the investigations under review, surface runoff 580 

generally occurs when the soil is saturated, otherwise rain drops enter the sludge-amended soil and 581 

percolates. During their passage through the solid phase, rain drops meet compounds (including 582 

microcontaminants) sorbed on the soil which may be transported to the liquid phase (leaching) according 583 

to the compound-specific equilibrium conditions at the occurring environmental conditions (temperature, 584 

pH, etc.).  585 

From a microscopic view point, the soil environment is continuously changing and surface runoff/tile 586 

drainage following two different rain events may have different characteristics. This is confirmed by Gray et 587 

al. (2017), who analyzed and compared the surface runoff in the same plot 1, 8 and 35 days after sludge 588 

application and the surface runoff in another plot 1 and 35 days after sludge deposition, in order to 589 

evaluate the fate of a wide spectrum of microcontaminants (triclosan, menthole, indole, skatole, galaxolide 590 

and tonalide) under different rainfall patterns, and Sabourin et al. (2009) who analyzed the surface runoff 591 

quality in five different plot sets that received rainfall after 1, 3, 7, 21 and 36 days, respectively. 592 

As already highlighted in section 3.3.1 for triclosan and triclocarban, soil pH influences the ionization of a 593 

compound and thus its partition between soil and liquid (runoff/leachate). 594 

 595 

3.3.3 Influence of sludge treatment 596 

Liquid or dewatered sludge has different behaviour once applied on a soil. Topp et al. (2008a,b) and 597 

Sabourin et al. (2009) thoroughly investigated these issues and found in particular that LMB applied to 598 

unsaturated (also called uncompacted) soil behaves as a liquid, filling the available pore space. In this way, 599 

the exposure of PPCPs to soil microorganisms is favored and their biodegradation promoted. In contrast, in 600 

the case of dewatered sludge, the diffusion of oxygen into DMB aggregates, as well as the diffusion of 601 

PPCPs out of the DMB aggregates into the surrounding soil matrix are limited, resulting in greater 602 

persistence of PPCPs.  603 
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If an LMB is applied on a soil, PPCPs have a greater potential to transport within and over the soil at the 604 

time of application. Dewatered biosolids require an external source (rainfall or irrigation water) to favor the 605 

mobilization of pollutants within the soil/biosolids. 606 

The highest concentrations of PPCPs in tile drainage following the application of biosolid slurry (i.e. liquid 607 

municipal biosolids) were detected immediately after application (Lapen et al., 2008b). In contrast, large 608 

cohesive DMB aggregates remain at the point of deposition on the soil. The concentrations of PPCPs in tile 609 

drainage following the application of dewatered biosolids were generally lower than those following LMB 610 

application, and, in contrast to LMB applications, the highest concentrations were only measured some 611 

time after application (Edwards et al., 2009). 612 

Presumably, the slower release of residues from the DMB aggregates, and drying and physical deterioration 613 

of the aggregates was extending the period of availability for transport in runoff, compared to LMB where 614 

the PPCPs were applied in a more uniform matrix. 615 

It is important to highlight that in the case of tile drainage in LMB-amended soil, the time the LMB took to 616 

reach the tiles (around 80 cm below) ranged between 3 and 39 min in unsaturated soil (Lapen et al., 617 

2008b), whereas in the case of DMB-amended soil, contaminants due to dewatered sludge application 618 

reached the tile at least 8 days after sludge application (Edwards et al., 2009). 619 

The maximum concentrations of the selected PPCPs in tile drainage were higher in the case of application 620 

of LMB than that of DMB. 621 

Anoxic conditions in soils (vadose zone) do not favor the degradation of contaminants, in particular 622 

persistent ones, and this could have contributed to the persistence of some LMB-derived PPCPs in the tile 623 

drainage in the soils investigated by Edwards et al. (2009) in 2006, which had previously been used for 624 

another investigation by Lapen et al. (2008b), who applied LMB on the same plots. 625 

 626 

3.3.4 Influence of sludge application rate and of pharmaceutical load 627 

In the different investigations, the applied sludge ranged between 2,683 kg/ha (Healy et al., 2017) and 628 

29,536 kg/ha (Peyton et al., 2016) (see Tab. S1). Some investigations used extremely high quantities of 629 
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sludge on soil in order to enhance the behaviour of the microcontaminants under study (Giudice and 630 

Young, 2011 and Gottschall et al., 2012). Current regulations allow a maximum rate which can be expressed 631 

in terms of kg/ha year or kg/ha over a longer period, for instance 3 years in Italy. Sometimes the maximum 632 

sludge rate to apply depends on the N and P maximum applied rate, as reported in Table S3. Tables 5 and 6 633 

reports PPCPs concentrations in runoff and tile drainage after sludge application. Attempts to correlate the 634 

available data were carried out, but no clear correlation was found for the studied compounds between the 635 

applied load and resulting concentrations. 636 

A factor which seems to affect runoff concentration is the solid content of the applied sludge. Sabourin et 637 

al. (2009) used dewatered sludge (the so-called solid sludge, with a solid content of > 18 %) on the same 638 

soil where Topp et al. (2008b) carried out their studies with liquid biosolids. They found that with 639 

dewatered sludge, the concentrations of microcontaminants were in general lower than in the case of 640 

liquid biosolid application and only some days after application they may be found. This delay in the release 641 

of PPCPs may be explained by the fact that in dewatered sludge, PPCPs are more retained in the 642 

aggregates.  643 

 644 

Table 5  645 

Table 6  646 

 647 

3.3.5 Influence of the sludge application method 648 

Edwards et al. (2009) remarked that the investigated application mode (direct injection, surface spreading 649 

and tilling) may influence the quality of tile drainage and surface runoff, due to the resulting different 650 

capacities of breaking dewatered sludge solids/aggregates apart and the fact that the microcontaminants 651 

and microorganisms have different types of exposure to the atmosphere (mainly UV and oxygen).  652 

Moreover, the moisture content of the applied sludge may also greatly influence the behaviour of PPCPs, as 653 

remarked by Edwards et al. (2009). In the case of dewatered sludge, microcontaminants present a more 654 

modest level of mobility and potential to biodegrade than in the case of liquid sludge, and differences may 655 
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be more likely to occur in PPCPs associated with aggregate interiors rather than exteriors. According to the 656 

cited study, there is no significant difference in the concentrations of PPCPs in tile drainage in the case of 657 

surface spreading and direct injection of dewatered sludge. 658 

Surface spreading allows a faster degradation of the most degradable PPCPs. 659 

Topp et al. (2008b) found that through the injection of liquid sludge into the soil, surface runoff presents a 660 

lower concentration of selected microcontaminants in a short time as direct injection promotes pollutant 661 

sequestration and reduces the surface mobility of pollutants. Analysis of surface runoff after a prolonged 662 

period showed that the release of microcontaminants may occur later for the most persistent compounds 663 

retained within the soil, whereas for those which are more biodegradable, degradation processes take 664 

place and their concentration is low or they are not detected (Al-Rajab et al., 2015). 665 

In their investigation comparing sludge application approaches (surface spreading and subsurface 666 

spreading) on the quality of tile drainage in terms of a selection of different PPCPs, Lapen et al. (2008b) 667 

remarked that microcontaminants rapidly move downwards, reaching the tile drains in a few minutes, 668 

regardless of the application method: the larger the soil macropores, the shorter their transport time. 669 

Applied sludge fluidity also influences the gravity-based flow of occurring pollutants: liquid municipal 670 

biosolids can be considered similar to diluted wastewaters and thus they rapidly move downwards. In this 671 

context, the sorption to the macropore walls is limited, as the rapid vertical motion of the leaching stream 672 

is the dominant process. The sludge is subsurface spread by means of an applicator which applies slurry 673 

close to the ground immediately following the passage of rolling tines that affect aerator-type tillage of the 674 

soil (Lapen et al., 2008a,b). This application method leads to the reduction of soil macropore size and 675 

fosters the sorption of microcontaminants and liquid biosolids in the tilled surface layers. 676 

 677 

3.3.6 Influence of rainfall intensity, frequency and volume 678 

Giudice et al. (2011) analyzed the composition of the surface runoff during three storm events of the same 679 

intensity occurring on the same plot (2 m2) 3, 9 and 24 days after sludge application. Data reported on 680 

triclosan and triclocarban show that for each rain event, micropollutant concentration in surface runoff 681 
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remains constant in the first 4, 8, 12, 16, 20 and 24 liters. They also found that in the three rain events, 682 

measured concentrations varied. This could be attributed to the sequestration of the compounds, and their 683 

scarce biodegradation within the soil rather than to the increasing water volume applied to the plot in the 684 

three events. 685 

In Yang et al. (2012) and Gray et al. (2017) the concentration of a selection of anthropogenic waste 686 

indicators (fragrances and hormones) in runoff due to three replicated 100-year rainfall events was 687 

investigated. After 35 days the runoff concentration decreased with respect to previous rain events (1 and 688 

8 days after sludge application) but remained at comparable values. This suggests that hormones may 689 

persist in the soil even if leaching and, possibly, onsite transformation may occur. That study compared the 690 

runoff quality in the case of frequent heavy rain events and after only one intense rainstorm, 35 days after 691 

sludge application. It was found that onsite attenuation was minimal and that natural weathering processes 692 

may make some compounds more easily leachable from the sludge amended soil even in the case of dry 693 

periods. In addition, they also found that once the soil becomes saturated, an increase in runoff rate leads 694 

to an increment in hormone load. 695 

In tile drainage, the concentrations of investigated compounds decreased in the rain events occurring many 696 

days after sludge application on the soil (Lapen et al., 2008b) compared to the events nearly immediately 697 

after the application. 698 

 699 

3.4 Influence of the main factors on the concentrations of microorganisms in runoff and tile 700 

drainage 701 

Sludge treatment – No specific investigation compared the quality of runoff and tile drainage in terms of 702 

microorganisms in the case of LMB and DMB application. It can be expected that a “liquid” biosolid could 703 

lead to a higher concentration in tile drainage than a dewatered one, as it quickly crosses the layer through 704 

the macropores and reaches the tile drain (Lapen et al., 2008a,b). 705 

Referring to surface runoff, similarly to PPCPs, there could be a slower release of microorganisms adherent 706 

to DMB aggregates, and they become available to the runoff over a longer period (Sabourin et al., 2009). 707 
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Thermal drying, gamma irradiation and disinfection greatly reduce microorganism content in sludge and 708 

thus, in the case of land reuse, the risk of microbial contamination of the receiving waters due to surface 709 

runoff or tile drainage is reduced. 710 

 711 

Application methods – If the sludge is spread on the surface, the major removal mechanisms are due to 712 

desiccation and ultraviolet light (Lu et al., 2012; Gondim-Porto et al., 2016), whereas if the biosolid is 713 

incorporated into the soil, microorganism survival is strictly related to soil pH, organic matter content, 714 

texture, temperature, and competitive organisms developed in the soil.  715 

In tile drainage, investigations by Lapen et al. (2008a) showed that one-pass aeration tilling mode (Table 3) 716 

enhances contaminant sorption/retention in the soil as it disrupts surface macropores and increases 717 

sorptivity. In their investigation, they reported that the average mass load ratios between tilling mode and 718 

one-pass aeration tilling application were 6 for E. coli and 12 for C. perfringens. Unlike the case of PPCPs 719 

investigated by Edwards et al. (2009) (see section 3.3.5), Gottschall et al. (2009) found differences in the 720 

concentrations of bacteria in tile drainage in the case of surface spreading and direct injection of 721 

dewatered sludge: concentrations of E. coli, Enterococci, C. perfringens were higher in the case of direct 722 

injection. 723 

 724 

Soil characteristics: Interesting findings were reported by Atalay et al. (2007) in their investigation of the 725 

content of E. coli and Total coliform in runoff and percolate in two different sludge-amended soils -  sandy 726 

loam and clay loam. They found that in the case of clay loamy soil the concentrations of E. coli were higher 727 

than in the sandy loam. With regard to the Total coliforms, no significant differences were found when the 728 

sludge was amended to the two soils. They also found that sludge incorporated into the first 5 cm of soil 729 

instead of the first 10 cm may lead to a higher occurrence of microbes in the surface runoff. 730 

 731 

Rainfall – Unfortunately, little data is available for evaluating the effect of rainfall on microbial occurrence 732 

in surface runoff. According to Peyton et al. (2016), there could be a regrowth of Fecal coliform after a rain 733 



30 
 

event on dry soil. Earlier studies (Dunigan and Dick, 1980) found that Fecal coliform indicator bacteria 734 

counts in surface runoff waters from sewage-treated plots were very high during the first days of sludge 735 

application, but they rapidly decreased as the soil became drier. 736 

 737 

4 Lessons learned from past investigations 738 

Importance of sludge type (liquid or dewatered) on the runoff and tile drainage quality and quantity - Soon 739 

after land application, liquid municipal sludge moves more rapidly through the available pores in 740 

unsaturated soil, ensuring a greater exposure of contaminants to soil microorganisms, which may 741 

accelerate degradation processes. On the other hand, in the case of application of dewatered sludge, the 742 

degradation of contaminants is hampered by the modest diffusion of oxygen into the aggregates and of 743 

microcontaminants out of the aggregates towards the soil environment. In addition, when liquid sludge is 744 

applied, microcontaminant concentrations in surface runoff and tile drainage are higher than in the case of 745 

DMB (Sabourin et al., 2009). 746 

Phenomena occurring within the soil. They are quite complex and affected by many parameters (Gray et al. 747 

2017; Gottschall et al. 2013; Topp et al. 2008a; Healy et al. 2017, Lapen et al., 2008a). Different scenarios 748 

have been highlighted:  749 

- the mass of microcontaminants which leachates after biosolid application is small with regard to the 750 

quantity present in the soil due to sludge application, and runoff concentrations are generally low and 751 

similar after different rain events;  752 

- the release of microcontaminants could be minimal and occur in many successive events;  753 

- rain events tend to wash down biosolid particulates and the microcontaminants are associated with 754 

the suspended solids rather than being leached in the dissolved phase (and chemical analysis does not 755 

detect them);  756 

- microcontaminants are not released in the dissolved phase but persist in the soil and their mass 757 

reduction is only due to soil erosion, washed out by heavy rain events via solid aggregates, 758 
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- natural weathering processes may make some compounds more easily leachable from the sludge-759 

amended soil even in the case of prolonged dry periods. 760 

- referring to microorganisms, due to the unfavorable soil conditions for microorganisms, in the sludge-761 

amended soil, they are immediately subject to dessication, irradiation, competition with other species 762 

already present, etc. Their concentration in runoff and tile drainage is also affected by rain event 763 

characteristics: rain duration, intensity and frequency. 764 

 765 

Persistence of microcontaminants in the soil - Some compounds persist in the soil environment within 766 

sludge aggregates for a long time: up to 1 year after sludge application. Their runoff concentrations 767 

generally decrease, following first order kinetics but, sometimes they may also remain constant. This means 768 

that even for long periods of time, these compounds do not seem to deplete within the soil. The reason 769 

could be due to the fact that  sludge is the end product of a series of mechanical and above all biological 770 

treatments under different conditions (aerobic, anoxic, and anaerobic) within wastewater treatment 771 

plants. Macro- and micro-contaminants still present in the treated sludge are thus resistant to the different 772 

environments and for these reasons are still present even after many weeks or months. 773 

Some hormones can interconvert via microbial activities within the soil. As a result, their runoff 774 

concentration may increase after multiple rainfall events and exposure to environmental conditions due to 775 

the biodegradation of a related compound. 776 

 777 

Environmental risk posed by the release of microcontaminants via surface runoff and tile drainage - Based 778 

on current findings limited to specific compounds, it seems unlikely that a significant environmental risk 779 

could be due to the release of PPCPs by tile drainage and surface runoff. However, neither mixture effects 780 

nor the chronic effects on different aquatic species have as yet been investigated.  781 

 782 

Good practices for sludge disposal - Correct sludge disposal on rural land should favor the retention of 783 

pollutants and microcontaminants in the rooting zone away from groundwater, artificial drainage and 784 
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surface water sources. Bearing this in mind, good practices include (but are not limited to): (i) proper sludge 785 

rates of application, (ii) pre-application tillage of the soil to foster the disruption of continuous macropore 786 

networks and improve surface soil sorptivity, (iii) land application when soil macroporosity is reduced and 787 

when the soil sorption capacity is higher, (iv) controlling product placement and using application 788 

equipment that decreases the absolute amount of amendment available for local infiltration/surface 789 

runoff; (v) installation of a deeper tile drainage system, and application on soil characterized by a lighter 790 

texture, as it may enhance the sorption and sequestration of microcontaminants pollutants and finally, (vi) 791 

lowering temperatures, which may reduce the decomposition of DMB and the release of active ingredients 792 

of microcontaminants. 793 

 794 

5 Main areas lacking in investigations, further research and perspectives 795 

In many investigations, the main scope was the occurrence of target compounds in runoff or tile drainage, 796 

and data referring to rainfall events were often incomplete. In particular, the volume of rain entering and 797 

exiting the system is not always provided and thus, neither a water mass balance nor a pollutant mass 798 

balance is possible. A complete hydrologic description of the plot where the investigation takes place is 799 

necessary because the transport of PPCPs in soil is strongly influenced by the soil saturation ratio. 800 

As remarked by Gray et al. (2017) and Yang et al. (2012), even if intense rain events are considered in the 801 

investigations, longer monitoring periods (greater than 40 days) should be adopted, as losses of 802 

microcontaminants may occur many days after application, especially in the case of dewatered sludge 803 

applied in the soil. 804 

Sampling strategies adopted in the investigations are not always well reported and it is not clear exactly 805 

how and with what frequency the sampling occurred. In order to have reliable data and reproducible tests, 806 

all details should be provided and analyses should be performed according to standard methodologies. In 807 

addition, concentrations should be provided in tables, as in figures they are not easily readable. In any case, 808 
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a descriptive statistical analysis of the collected data should be reported in terms of the minimum, 809 

maximum and standard deviations. 810 

Environmental conditions are essential in defining the main removal mechanisms of pollutants. These 811 

parameters are rarely provided but soil temperature or at least ambient temperature should be made 812 

available. 813 

Further research should address the effect of different soil compositions and different agricultural 814 

management practices (including application methods, sludge application rate and frequency, and 815 

irrigation application rate) on the quality of surface runoff and tile drainage.  816 

Investigations should consist of a comparative analysis of the results achieved by applying different types of 817 

sludge, different application rates, different application methods, and different irrigation frequencies on 818 

different soils in order to evaluate the most influential parameters on surface runoff. A common 819 

observation is that PPCPs tend to accumulate in soil, mainly in the case of soil characterized by micropores 820 

which do not favor the downward mobility of contaminants. Long-term investigations should also address 821 

the probability of the release of these accumulated compounds in the case of intense rain events, or 822 

drought/wet periods which could greatly influence the mobility of the contaminants by creating 823 

preferential paths within the soil. 824 

Further studies should focus on the occurrence of microbial indicators in surface runoff and in tile drainage 825 

during different rainfall events, in particular different frequencies and in different soil types. The 826 

occurrence of antibiotic-resistant genes and bacteria in sludge amended soil should also be addressed, as 827 

highlighted by Urra et al. (2019). 828 

 829 

Supplementary Materials 830 

In the Supplementary materials section, tables and figures provide further details of the reviewed studies 831 

(Table S1 in an Excel file and Figure S1 and Tables S2-S7 in a pdf file). 832 

 833 

Conflict of interest 834 



34 
 

The authors declare that there are no conflicts of interest. 835 

6 References 836 

Al-Rajab AJ, Sabourin L, Chapman R, Lapen DR, & Topp E. Fate of the antiretroviral drug tenofovir in 837 

agricultural soil. Sci Tot Environ 2010a;408(22), 5559-5564. doi:10.1016/j.scitotenv.2010.07.074 838 

Al-Rajab AJ, Sabourin L, Lapen DR, & Topp E. The non-steroidal anti-inflammatory drug diclofenac is readily 839 

biodegradable in agricultural soils. Science of the Total Environment, 2010b;409(1), 78-82. 840 

doi:10.1016/j.scitotenv.2010.09.020 841 

Al-Rajab AJ, Sabourin L, Lapen DR, & Topp E. Dissipation of triclosan, triclocarban, carbamazepine and 842 

naproxen in agricultural soil following surface or sub-surface application of dewatered municipal 843 

biosolids. Sci Tot Environ, 2015;512-513, 480-488. doi:10.1016/j.scitotenv.2015.01.075 844 

Al-Rajab AJ, Sabourin L, Scott A, Lapen DR, & Topp E. Impact of biosolids on the persistence and dissipation 845 

pathways of triclosan and triclocarban in an agricultural soil. Sci Tot Environ ,2009; 407(23), 5978-5985. 846 

doi:10.1016/j.scitotenv.2009.08.003 847 

Atalay A, Bronick C, Pao S, Mersie W, Kalantari A, Mcnamee C, & Whitehead B. Nutrient and microbial 848 

dynamics in biosolids amended soils following rainfall simulation. Soil and Sediment Contamination. 849 

2007; 16(2), 209-219. doi:10.1080/15320380601169268 850 

Bai Z, Ma L, Jin S, Ma W, Velthof GL, Oenema O, Liu L, Chadwick D, Zhang F. Nitrogen, phosphorus, and 851 

potassium flows through the manure management chain in china. Environ Sci Technol 852 

2016;50(24):13409-18. 853 

Ben W, Zhu B, Yuan X, Zhang Y, Yang M, Qiang Z. Occurrence, removal and risk of organic micropollutants in 854 

wastewater treatment plants across china: Comparison of wastewater treatment processes. Water Res 855 

2018;130:38-46 856 

Brennan RB, Healy MG, Grant J, Ibrahim TG, Fenton O. Incidental phosphorus and nitrogen loss from 857 

grassland plots receiving chemically amended dairy cattle slurry. Sci. Total Environ. 2012;441, 132–140. 858 



35 
 

Calderón-Preciado D, Jiménez-Cartagena C, Matamoros V, Bayona JM. Screening of 47 organic 859 

microcontaminants in agricultural irrigation waters and their soil loading. Water Res 2011;45(1):221-31. 860 

Cha J, Cupples AM. Detection of the antimicrobials triclocarban and triclosan in agricultural soils following 861 

land application of municipal biosolids. Water Res,2009; 43(9), 2522-2530. 862 

doi:10.1016/j.watres.2009.03.004 863 

Chalew TEA, Halden RU. Environmental exposure of aquatic and terrestrial biota to triclosan and 864 

triclocarban. J Am Water Resour Assoc 2009;45:4–13. 865 

Christou A, Karaolia P, Hapeshi E, Michael C, Fatta-Kassinos D, Long-term wastewater irrigation of 866 

vegetables in real agricultural systems: concentration of pharmaceuticals in soil, uptake and 867 

bioaccumulation in tomato fruits and human health risk assessment, Water Res. 2017;109 24-34, 868 

https://doi.org/10.1016/j.watres.2016.11.033. 869 

Clarke BO, Smith SR. Review of 'emerging' organic contaminants in biosolids and assessment of 870 

international research priorities for the agricultural use of biosolids. Environ Int, 2011;37:226-47 871 

Clarke RM, Cummins E. Evaluation of “classic” and emerging contaminants resulting from the application of 872 

biosolids to agricultural lands: A review. Hum Ecol Risk Assess, 2015;21(2), 492-513. 873 

doi:10.1080/10807039.2014.930295 874 

Clarke R, Healy MG, Fenton O, Cummins E. A quantitative risk ranking model to evaluate emerging organic 875 

contaminants in biosolid amended land and potential transport to drinking water. Hum Ecol Risk Assess, 876 

2016;22(4), 958-990. doi:10.1080/10807039.2015.1121376 877 

Commission of the European Communities (COM), 2014. Towards a circular economy: a zero-waste 878 

programme for Europe. http://eur-lex.europa.eu/resource. html?Uri=cellar:aa88c66d-4553-11e4-a0cb-879 

01aa75ed71a1.0022.03/DOC_1&format=PDF (Accessed September 2018) 880 

Cunningham VL, Special Characteristics of Pharmaceuticals related to Environmental fate. In: 881 

Pharmaceutical in the environment- Sources, fate, effects and risks (K. Kummerer ed.), III ed. Springer, 882 

Berlin Heidelberg, 23-34, 2008 883 



36 
 

Davis JG, Truman CC, Kim SC, Ascough II JC, Carlson K. Antibiotic transport via runoff and soil loss. J Environ 884 

Qual 2006;35(6):2250-60. 885 

Dodgen LK, Zheng W. Effects of reclaimed water matrix on fate of pharmaceuticals and personal care 886 

products in soil. Chemosphere 2016;156:286-93. 887 

Dunigan EP, Dick RP. Nutrient and coliform losses in runoff from fertilised and sewage sludge-treated soil. J. 888 

Environ. Qual. 1980;9, 243–250. 889 

Edwards M, Topp E, Metcalfe CD, Li H, Gottschall N, Bolton P, . . . Lapen DR. Pharmaceutical and personal 890 

care products in tile drainage following surface spreading and injection of dewatered municipal biosolids 891 

to an agricultural field. Sci Tot Environ, 2009;407,(14), 4220-4230. doi:10.1016/j.scitotenv.2009.02.028 892 

Eldridge SM, Chan KY, Barchia I, Pengelly PK, Katupitiya S, Davis JM. A comparison of surface applied 893 

granulated biosolids and poultry litter in terms of risk to runoff water quality on turf farms in Western 894 

Sydney, Australia. Agr Ecosyst Environ, 2009; 134(3-4), 243-250. doi:10.1016/j.agee.2009.07.007 895 

Giudice BD, Young TM. Mobilization of endocrine-disrupting chemicals and estrogenic activity in simulated 896 

rainfall runoff from land-applied biosolids. Environ Toxicol Chem, 2011;30(10), 2220-2228. 897 

doi:10.1002/etc.631 898 

Gondim-Porto C, Platero L, Nadal I, Navarro-García F. Fate of classical faecal bacterial markers and 899 

ampicillin-resistant bacteria in agricultural soils under Mediterranean climate after urban sludge 900 

amendment. Sci Total Environ 2016;565:200-10. 901 

Gottschall N, Topp E, Edwards M, Payne M, Kleywegt S, Russell P, Lapen DR. Hormones, sterols, and fecal 902 

indicator bacteria in groundwater, soil, and subsurface drainage following a high single application of 903 

municipal biosolids to a field. Chemosphere, 2013;91(3), 275-286. 10.1016/j.chemosphere.2012.10.108 904 

Gottschall N, Topp E, Metcalfe C, Edwards M, Payne M, Kleywegt S, . . . Lapen DR. Pharmaceutical and 905 

personal care products in groundwater, subsurface drainage, soil, and wheat grain, following a high 906 

single application of municipal biosolids to a field. Chemosphere,2012;87(2), 194-203. 907 

doi:10.1016/j.chemosphere.2011.12.018 908 



37 
 

Gray JL, Borch T, Furlong ET, Davis JG, Yager TJ, Yang Y., Kolpin DW. Rainfall-runoff of anthropogenic waste 909 

indicators from agricultural fields applied with municipal biosolids. Sci Total Environ, 2017;580, 83-89. 910 

10.1016/j.scitotenv.2016.03.033 911 

Healy MG, Fenton O, Cormican M, Peyton DP, Ordsmith N, Kimber K, Morrison L. Antimicrobial compounds 912 

(triclosan and triclocarban) in sewage sludges, and their presence in runoff following land 913 

application. Ecotox Environ Safe 2017;142, 448-453. 10.1016/j.ecoenv.2017.04.046 914 

Hosseini Koupaie E, Eskicioglu C. Health risk assessment of heavy metals through the consumption of food 915 

crops fertilized by biosolids: A probabilistic-based analysis. J Haz Mat, 2015;300, 855-865. 916 

doi:10.1016/j.jhazmat.2015.08.018 917 

Inglezakis VJ, Zorpas AA, Karagiannidis A, Samaras P, Voukkali I, Sklari S. European Union legislation on 918 

sewage sludge management. Fresen Environ Bull 2014;23:635-9. 919 

Jia W, Yan Z, Chadwick DR, Kang L, Duan Z, Bai Z, Chen Q. Integrating soil testing phosphorus into 920 

environmentally based manure management in peri-urban regions: A case study in the Beijing area. 921 

Agric Ecosyst Environ 2015;209:47-59. 922 

Kelessidis A, Stasinakis AS. Comparative study of the methods used for treatment and final disposal of 923 

sewage sludge in European countries. Waste Manage, 2012;32(6), 1186-1195. 924 

doi:10.1016/j.wasman.2012.01.012 925 

Kinney CA, Furlong ET, Werner SL, Cahill JD. Presence and distribution of wastewater derived 926 

pharmaceuticals in soil irrigated with reclaimed water. Environ Toxicol Chem 2006;25:317–26. 927 

Lang NL, Bellett-Travers MD, Smith SR. Field investigations on the survival of Escherichia coli and presence 928 

of other enteric micro-organisms in biosolids-amended agricultural soil, J Appl Microbiol, 2007;103,(5), 929 

1868–1882. 930 

Lapen DR, Topp E, Edwards M, Sabourin L, Curnoe W, Gottschall N, . . . McLaughlin N. Effect of liquid 931 

municipal biosolid application method on tile and ground water quality. J EnvironQual,2008a;37(3), 925-932 

936. doi:10.2134/jeq2006.0486 933 



38 
 

Lapen DR, Topp E, Gottschall N, Edwards M. Land application of municipal biosolids – managing the fate 934 

and transport of contaminants of emerging concern. Detritus,2018;1, 122-127. 935 

https://doi.org/10.26403/detritus/2018.18 936 

Lapen DR, Topp E, Metcalfe CD, Li H, Edwards M, Gottschall N, Bolton P, Curnoe W, Payne M, Beck A. 937 

Pharmaceutical and personal care products in tile drainage following land application of municipal 938 

biosolids. Sci Tot Environ, 2008b; 399(1-3), 50-65. doi:10.1016/j.scitotenv.2008.02.025 939 

Le Blanc RJ, Matthews P, Richard RP. Global atlas of excreta, wastewater sludge, and biosolids management 940 

- moving forward the sustainable and welcome uses of a global resources. UN-Habitat. (2008) ISBN:978-941 

92-1-132009-1, 85-111; 181-217; 303-309; 335-349; 541-603, available at: 942 

https://esa.un.org/iys/docs/san_lib_docs/habitat2008.pdf (last access october 2018) 943 

Lu Q, He ZL, Stoffella PJ. Land Application of Biosolids in the USA: A Review, Applied and Environmental Soil 944 

Science, 2012, article ID 201462 945 

Lucid JD, Fenton O, Grant J, Healy MG. Effect of rainfall time interval on runoff losses of biosolids and meat 946 

and bone meal when applied to a grassland soil. Water Air Soil Pollut 2014;225 (8), 1–11. 947 

Ma XY, Li Q, Wang XC, Wang Y, Wang D, Ngo HH. Micropollutants removal and health risk reduction in a 948 

water reclamation and ecological reuse system. Water Res 2018;138:272-81. 949 

Martínez-Piernas AB, Plaza-Bolaños P, García-Gómez E, Fernández-Ibáñez P, Agüera A. Determination of 950 

organic microcontaminants in agricultural soils irrigated with reclaimed wastewater: Target and suspect 951 

approaches. Anal Chim Acta 2018;1030:115-24 952 

Metcalfe CD, Koenig BG, Bennie DT, Servos M, Ternes TA, Hirsch R. Occurrence of neutral and acidic drugs 953 

in the effluents of Canadian sewage treatment plants. Environ Toxicol Chem 2003;22:2872–80. 954 

Mininni G, Blanch AR, Lucena F, Berselli S. EU policy on sewage sludge utilization and perspectives on new 955 

approaches of sludge management. Environ Sci Pollut R, 2015;22(10), 7361-7374. doi:10.1007/s11356-956 

014-3132-0 957 

Paule MA, Memon SA, Lee B, Umer SR, Lee C. Stormwater runoff quality in correlation to land use and land 958 

cover development in Yongin, South Korea. Water Sci Technol 2014;70(2):218-25.  959 

https://doi.org/10.26403/detritus/2018.18
https://esa.un.org/iys/docs/san_lib_docs/habitat2008.pdf


39 
 

Pedersen JA, Soliman M, Suffet IH. Human pharmaceuticals, hormones, and personal care product 960 

ingredients in runoff from agricultural fields irrigated with treated wastewater. J Agr Food Chem 961 

2005;53(5), 1625-1632. doi:10.1021/jf049228m 962 

Pedersen JA, Yeager MA, Suffet IH. Xenobiotic organic compounds in runoff from fields irrigated with 963 

treated wastewater. J Agr Food Chem 2003;51(5), 1360-1372. doi:10.1021/jf025953q 964 

Peyton DP, Healy MG, Fleming GTA, Grant J, Wall D, Morrison L, . . . Fenton O. Nutrient, metal and 965 

microbial loss in surface runoff following treated sludge and dairy cattle slurry application to an Irish 966 

grassland soil. Sci Tot Environ 2016;541, 218-229. doi:10.1016/j.scitotenv.2015.09.053 967 

Sabourin L, Beck A, Duenk PW, Kleywegt S, Lapen DR, Li H, . . . Topp E. Runoff of pharmaceuticals and 968 

personal care products following application of dewatered municipal biosolids to an agricultural field. Sci 969 

Tot Environ 2009;407(16), 4596-4604. doi:10.1016/j.scitotenv.2009.04.027 970 

Samaras V, Tsadilas CD, Stamatiadis S. Effects of repeated application of municipal sewage sludge on soil 971 

fertility, cotton yield, and nitrate leaching. Agron J 2008;100(3), 477-483. 972 

doi:10.2134/agronj2007.0162 973 

Schwarzenbach RP, Gschwend PM, Imboden DM. Environmental Organic Chemistry, Wiley-Interscience, 974 

Hoboken, 2003.  975 

Segat JC, Alves PRL, Baretta D, Cardoso EJB. Ecotoxicological evaluation of swine manure disposal on 976 

tropical soils in Brazil. Ecotox Environ Safe 2015;122:91-7. 977 

Topp E, Hendel JG, Lapen DR, Chapman R. Fate of the nonsteroidal anti-inflammatory drug naproxen in 978 

agricultural soil receiving liquid municipal biosolids. Environ Toxicol Chem 2008a;27(10), 2005-2010. 979 

doi:10.1897/07-644.1 980 

Topp E, Monteiro SC, Beck A, Coelho BB, Boxall ABA, Duenk PW, . . . Metcalfe CD. Runoff of 981 

pharmaceuticals and personal care products following application of biosolids to an agricultural field. Sci 982 

Tot Environ 2008b; 396(1), 52-59. doi:10.1016/j.scitotenv.2008.02.011 983 

Torri S, Cabrera MN. Environmental impact of biosolids land application. In: Organic Waste: Management 984 

Strategies, Environmental Impact and Emerging Regulations, Editor: M Collins, Nova Science Publishers, 985 

Inc., Hauppauge, NY 11788, ISBN: 978-1-53610-936-8, 2017; 185-208  986 



40 
 

Tsadilas CD, Mitsios IK, Golia E. Influence of biosolids application on some soil physical properties. Commun 987 

Soil Sci Plan, 2005;36(4-6), 709-716. doi:10.1081/CSS-200043350  988 

Urra J, Alkorta I, Mijangos I, Epelde L, Garbisu C. Application of sewage sludge to agricultural soil increases 989 

the abundance of antibiotic resistance genes without altering the composition of prokaryotic 990 

communities. Sci Total Environ 2019;647:1410-20. 991 

Verlicchi P, Al Aukidy M, Zambello E. Occurrence of Pharmaceutical Compounds in Urban Wastewater: 992 

Removal, Mass Load and Environmental Risk After a Secondary Treatment-A Review. Sci Total Environ 993 

2012;429: 123-155. 994 

Verlicchi P, Zambello E. Pharmaceuticals and personal care products in untreated and treated sewage 995 

sludge: Occurrence and environmental risk in the case of application on soil - A critical review. Sci Total 996 

Environ 2015;538, 750-767. doi:10.1016/j.scitotenv.2015.08.108 997 

Verlicchi P, Zambello E. Predicted and measured concentrations of pharmaceuticals in hospital effluents. 998 

Examination of the strengths and weaknesses of the two approaches through the analysis of a case 999 

study. Sci Total Environ 2016, 565, 82-94 doi: 10.1016/j.scitotenv.2016.04.165 1000 

Wallace CB, Burton MG, Hefner SG, Dewitt TA. Sediment, nutrient, and bacterial runoff from biosolids and 1001 

mineral fertilizer applied to a mixed cool- and native warm-season grassland in the Ozark 1002 

mountains. Applied and Environmental Soil Science, 2014 doi:10.1155/2014/147818 1003 

WEF., Water Environment Federation, 2005. National manual of good practice for biosolids Available at: 1004 

http://www.wef.org/Biosolids/page.aspx?id=7767 (last access September 2018) 1005 

Wu X., Dodgen L.K., Conkle J.L., Gan J., Plant uptake of pharmaceutical and personal care products from 1006 

recycled water and biosolids: a review, Sci. Total Environ 536 (2015) 655e666, 1007 

https://doi.org/10.1016/j.scitotenv.2015.07.129. 1008 

Xu J, Wu L, Chen W, Jiang P, Chang AC. Pharmaceuticals and personal care products (PPCPs), and endocrine 1009 

disrupting compounds (EDCs) in runoff from a potato field irrigated with treated wastewater in southern 1010 

California. J Health Sci, 2009;55(2), 306-310. doi:10.1248/jhs.55.306 1011 

http://www.wef.org/Biosolids/page.aspx?id=7767


41 
 

Yang Y, Gray JL, Furlong ET, Davis JG, Revello RC, Borch T. Steroid hormone runoff from agricultural test 1012 

plots applied with municipal biosolids. Envir Sci Tech, 2012;46(5), 2746-2754. doi:10.1021/es203896t 1013 

Zartman RE, Moffet CA, Wester DB, Sosebee RE, Fish EB, Jaynes WF. Influence of surface biosolids 1014 

application on infiltration. Applied and Environmental Soil Science, 2012, 642791 1015 

doi:10.1155/2012/642791 1016 

 1017 



Tables 

Table 1 Pharmaceutical compounds, hormones, fragrances and microorganisms included in this study 

Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

Analgesics/ 

anti-

inflammatories 

(A) (3) 

Acetaminophen 

151.2 C8H9NO2 9.38 

0.46 – 0.49 5 Edwards et al. 

2009;  

Gottschall et al. 

2012; Lapen et 

al. 2008b; 

Sabourin et al. 

2009; Topp et al. 

2008b 

Ibuprofen 

206.3 C13H18O2 4.94 

3.97 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 

et al. 2009; Topp 

et al. 2008b 

Naproxen 

230.3 C14H14O3 4.15 

3.18 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 

et al. 2009; Topp 

et al. 2008b 

Antibiotics (B) 

(7) 

4-Epitetracycline 
444.4 C22H24N2O8 3.3 

-1.37 1 Gottschall et al. 

2012  

Ciprofloxacin 
331.3 C17H18FN3O3 6.09 

0.28 1 Gottschall et al. 

2012 

Ofloxacin 
3614. C18H20FN3O4 

pKa1: 5.97 

pKa2: 9.28 

-0.39 1 Gottschall et al. 

2012 

Oxytetracycline 
460.4 C22H24N2O9 3.27 

-0.9 1 Gottschall et al. 

2012 

Sulfamethoxazole 
253.3 C10H11N3O3S 

pKa1: 1.60 

pKa2: 5.70 

0.89 5 Edwards et al. 

2009; Lapen et 

Table
Click here to download Table: 01 Tables.docx

http://ees.elsevier.com/stoten/download.aspx?id=2086938&guid=10d658de-0430-49aa-89bc-e66f9b175232&scheme=1


Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

al. 2008b; 

Pedersen et al. 

2005; Sabourin 

et al. 2009; Topp 

et al. 2008b 

Sulfapyridine 
249.3 C11H11N3O2S 

8.43 

 

0.35 - 0.9 1 Lapen et al. 

2008b;  

Tetracycline 
444.4 C22H24N2O8 3.3 

-1.37 1 Gottschall et al. 

2012 

Antifungals 

(C) (1) 

Miconazole 
416.1 C18H14Cl4N2O 

 

6.1 1 Gottschall et al. 

2012 

Antihistamines 

(D) (1) 

Diphenhydramine 
255.4 C17H21NO 8.98 

3.27 1 Gottschall et al. 

2012 

Antiseptics (E) 

(2) 

Triclocarban 

345.6 C13H9Cl3N2O 12.7 

4.9 5 Edwards et al. 

2009; Giudice 

and Yang 2011; 

Gottschall et al. 

2012; Healy et al. 

2017; Sabourin 

et al. 2009 

Triclosan 

289.5 C12H7Cl3O2 7.9 

4.76 8 Edwards et al. 

2009; Giudice 

and Yang 2011; 

Gottschall et al. 

2012; Gray et al. 

2017; Healy et al. 

2017; Lapen et 

al. 2008b; 

Sabourin et al. 

2009; Topp et al. 

2008b 

Beta-blockers 

(F) (1) 

Atenolol 

266.3 C14H22N2O3 9.6 

0.16 4 Edwards et al. 

2009; Lapen et 

al. 2008b; 

Sabourin et al. 



Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

2009; Topp et al. 

2008b 

Fragrances 

and PCPs 

ingredients 

(G) 

(4) 

Galaxolide (HHCB 

AHTN) 
258.4 C18H26O 

 

5.9 1 Gray et al. 2017 

Indole 117.2 C8H7N -2.4 2.14 1 Gray et al. 2017 

Menthol 156.3 C10H20O 
 

3.2 1 Gray et al. 2017 

Skatole (3-Menthyl-

1H-Indole) 
131.2 C9H9N 

 

2.6 1 Gray et al. 2017 

Tonalide (AHTN 

HHCB) 
258.4 C18H26O 

 

5.7 1 Gray et al. 2017 

Hormones (H) 

(22) 

11-

Ketotestosterone 
302.4 C19H26O3 

 

1.92 1 Yang et al. 2012  

17-α-estradiol 

(Alfatradiol) 272.4 C18H24O2 
 

3.94 – 4.01 2 Gottschall et al. 

2013; Yang et al. 

2012 

17-beta-estradiol 

(or Estradiol) 272.4 C18H24O2 
 

3.94 – 4.01 2 Gottschall et al. 

2013; Yang et al. 

2012 

α-Dihydroequilin 
270.4 C18H22O2 

 

 1 Gotschall et al. 

2013 

Androstenedione 

286.4 C19H26O2 
 

2.75 – 2.76 2 Gottschall et al. 

2013; Yang et al. 

2012;  

Androsterone 
290.4 C19H30O2 

 

3.69 1 Gotschall et al. 

2013 

Cis-androsterone 290.4 C19H30O2 
 

3.07 – 3.69 1 Yang et al. 2012 

Desogestrel 
310.5 C22H30O 

 

5.65 1 Gotschall et al. 

2013 

Diethylstilbestrol 268.4 C18H20O2 
 

5.07 – 5.64 1 Yang et al. 2012 

Dihydrotestosterone 

(Stanolone) 
290.4 C19H30O2 

 

3.07 – 3.55 1 Yang et al. 2012 

Epitestosterone 288.4 C19H28O2 
 

3.27 – 3.32 1 Yang et al. 2012 

Equilenin 

266.3 C18H18O2 
 

3.93 2 Gottschall et al. 

2013; Yang et al. 

2012 



Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

Equilin 

268.4 C18H20O2 
 

3.35 2 Gottschall et al. 

2013; Yang et al. 

2012 

Estradiol Benzoate 
376.5 C25H28O3 

 

 1 Gotschall et al. 

2013 

Estriol 

288.4 C18H24O3 10.54 

2.45 - 3.67 2 Gottschall et al. 

2013; Yang et al. 

2012 

Estrone 

270.4 C18H22O2 
 

3.13 - 3.43 2 Gottschall et al. 

2013; Yang et al. 

2012 

Ethinyl Estradiol 

296.4 C20H24O2 10.4 

3.67 – 4.15 3 Giudice and 

Yang 2011: 

Gottschall et al. 

2013; Yang et al. 

2012 

Mestranol 

310.4 C21H26O2 
 

4.61 – 4.68 2 Gottschall et al. 

2013; Yang et al. 

2012 

Norethindrone 

298.4 C20H26O2 
 

2.97 – 2.99 2 Gottschall et al. 

2013; Yang et al. 

2012 

Norgestrel 

(Levonorgestrel) 
312.5 C21H28O2 

 

3.48 1 Gottschall et al. 

2013 

Progesterone 

314.5 C21H30O2 
 

3.67 – 3.87 2 Gottschall et al. 

2013; Yang et al. 

2012 

Testosterone 

288.4 C19H28O2 
 

3.27 – 3.32 2 Gottschall et al. 

2013; Yang et al. 

2012 

Lipid 

regulators (I) 

(1) 

Gemfibrozil 

250.3 C15H22O3 4.5 

4.77 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 



Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

et al. 2009; Topp 

et al. 2008b 

Stimulant (J) 

(2) 

Caffeine 
194,. C8H10N4O2 10.4 

-0.07 1 Sabourin et al. 

2009 

Cotinine 

176.2 C10H12N2O 
 

0.07 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 

et al. 2009; Topp 

et al. 2008b 

Psychiatric 

drugs (K) 

(12) 

Bupropion 
239.7 C13H18ClNO 8.22 

3.85 1 Gottschall et al. 

2012 

Carbamazepine 

236.3 C15H12N2O 13.9 

2.45 5 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b; Sabourin 

et al. 2009; Topp 

et al. 2008b 

Citalopram 
324.4 C20H21FN2O 

 

3.5 1 Gottschall et al. 

2012 

Desmethyl 

Citalopram 
310.4 C19H19FN2O 

 

2.8 1 Gottschall et al. 

2012;  

Desmethyl 

Sertraline 
320.2 C17H15Cl2NO 

 

4.5 1 Gottschall et al. 

2012 

Desvenlafaxine 
263.4 C16H25NO2 

pKa1: 9.45 

pKa2: 10.66 

2.72 1 Gottschall et al. 

2012 

Fluoxetine 

309.3 C17H18F3NO 9.5 

4.05 3 Edwards et al. 

2009; Gottschall 

et al. 2012; 

Lapen et al. 

2008b 

Norfluoxetine 
295,. C16H16F3NO 

 

3.5 1 Gottschall et al. 

2012 



Therapeutic 

class 

Pharmaceutical 

compound/ 

species 

MW 
Chemical 

formula 
pKa LogKow 

# 

papers 

Reference 

Norvenlafaxine 
263.4 C16H25NO2 

 

3 1 Gottschall et al. 

2012 

Paroxetine 
329.4 C19H20FNO3 9.6 

1.23 1 Gottschall et al. 

2012 

Sertraline 
30.,2 C17H17Cl2N 

 

5.1 1 Gottschall et al. 

2012 

Venlafaxine 
277.4 C17H27NO2 10.09 

3.2 1 Gottschall et al. 

2012 

Group Species     
# 

papers 
Ref 

Bacteria 

(5) 

Clostridium 

perfringens 
   

 2 Gottschall et al. 

2013; Lapen et 

al. 2008a 

Escherichia coli 

   

 5 Atalay et al. 

2007; Eldridge et 

al. 2009; 

Gottschall et al. 

2013; Lapen et 

al. 2008a; Peyton 

et al. 2016 

Fecal Coliforms 

   

 2 Dunigand and 

Dick, 1980; 

Wallace et al. 

2014 

Faecal 

Streptococcus    

 1 Gottschall et al. 

2013 

Total Coliforms 

   

 3 Atalay et al. 

2007; Gottschall 

et al. 2013; 

Peyton et al. 

2016 

 

  



Table 2. A brief presentation of the studies included in this review, in terms of their main characteristics, 

aims, scope of the investigations and number of investigations (see Table S1 for details).  

Reference  Main characteristics of the investigations 

Atalay et al. 

2007 

USA Lab investigations were carried out into the occurrence of 2 microorganisms (E. coli and Total 

coliforms), nutrients and heavy metals in surface runoff after treated sludge applications. Air-

dried sludge was applied at a rate of 2,240 kg/ha and mixed with the top 5 cm of the soil bed, on 

two different soils (a clay loam soil and a sandy loam soil called, respectively, Cullen and Bojac, 

see Table S1) to compare the influence of soil on runoff quality. 

Investigation fields consisted of 12 microplots (2 soils x 2 treatments x 3 replicates) - tilted 

aluminium beds (0.8 m x 1.9 m = 1.62 m
2
 each) set up in an environmentally controlled 

greenhouse and used both for treatment and to control the investigation. Rainfall simulation 

(deionized water at a rate of 65 mm/h for 45 min) took place immediately before the sludge 

application (control investigation) and immediately after (treatment investigation), resulting in 2 

samples (each with 3 replicates) per plot available for chemical and microbiological analyses.  

Number of investigations: 2  

Dunigan and 

Dick, 1980 

USA On-field investigations were carried out on the occurrence of nutrients and Fecal coliforms in 

surface runoff in sludge-amended soil. Treated municipal sludge was applied at different rates 

(14.8, 16.2, and 28.9 tons/ha) and the concentrations of bacteria were monitored during the 

following weeks in order to evaluate their temporal variations.  

Investigation fields consisted of triplicate plots and a control one. 

Rainfall was simulated by applying deionized water at a rate of 1.11 cm/h for 2 hours. 

Number of investigations: 3 

Edwards et al. 

2009 

Canada On-field investigations were carried out on the occurrence (concentrations) and mass loads of 

11 PPCPs in agricultural tile drainage systems following sludge application. Monitoring lasted 

approximately 162 d. Dewatered (centrifugated) anaerobically digested sludge was applied to 

loam soil at a rate of 8,000 kg/ha and mixed with the soil bed using two different methods (to 

compare the results): tilling with the top 10 cm of the soil and direct injections at a depth of 11 

cm. The aim was to test the capacity to break DMB solid/aggregates apart and the effect of the 

atmosphere exposure and the soil environment on the PPCPs. 

Investigation fields consisted of 8 plots (100 m x 15 m= 1,500 m
2
 each) in a field with tiles placed 

0.8 m below the soil surface and spaced 15 m apart; 2 of them were hydraulically isolated and 



used for the control investigation (they never received DMB). Sampling occurred after a real rain 

event (in the case of a rainfall depth of 5 mm/h in summer and 7 mm/24 h in fall gathered in a 

rainwater collection vessel) which took place in the study period, with a total depth of 413 mm. 

Samples were collected with an automatic water sampler when a rainfall with a depth of 5 

mm/h (summer) and 7 mm/d (fall) was gathered in a rain collection vessel. Samples were taken 

more frequently near the trigger followed by a gradual reduction (sample intervals were initially 

every 15 min, then every 30, 60, 90 and 120 mins)  

Number of investigations: 2 

Eldridge et al. 

2009 

Australia On-field investigations were carried out into the occurrence of E. coli and nutrients in surface 

runoff after surface spreading of 2 types of dewatered sludges (irradiated, non-irradiated and 

granulated biosolids) and a manure (poultry) on a silty clay loam soil covered by turf. Sludges 

and manure were spread on the surface. The applied sludges were a high temperature dried 

sludge (at a rate of 4,500 kg/ha, DMB1), a high temperature dried sludge that received gamma 

irradiation (pathogen free, at a rate of 4,500 kg/ha, DMB2), and a poultry litter (at a rate of 

5,150 kg/ha). 

Investigation fields consisted of three replicate plots for four scenarios, resulting in 12 

microplots (1 m x 2 m= 2 m
2
 each) in a field with a slope of 10%. The four scenarios were an 

untreated control plot; poultry application, DMB1 application and DMB2 application. Rainfall 

simulation (potable water at a rate of 90 mm/h for 30 min) took place 7 days after application; 2 

samples were collected for each plot - one for the first 3 L of runoff (first flush) and another for 

the total runoff volume. 

Number of investigations: 3 

Giudice and 

Yang 2011 

USA Investigations were carried out into the occurrence of endocrine-disrupting compounds and 

heavy metals in surface runoff after sludge application for approximately 31 d. Dewatered (and 

thermally dried) anaerobically digested sludge was applied to sandy loam soil at a rate of 22,500 

kg/ha and mixed with the top 7÷15 cm of the soil bed.  

The investigation fields consisted of 3 replicated plots (2m x 1m x 0.38m depth each) which 

were built in a field with a slope of 3,5÷4% and used for control (before sludge application) and 

for runoff analysis (after sludge application, for three different simulated rain events) as well as 

leachate analysis. Rainfall simulations (carbon filtrated well water at a rate of 60 mm/h until 

runoff occurred) took place 5 days before application (control) and 3, 9, and 24 days after 

application in the three plots. Six runoff samples (4 L) were collected after each rainfall 



simulation and their cumulative volume was investigated for the analytes of interest. A single 

2.5-L leachate sample was withdrawn at the end of each simulation from the composite 

reservoir collecting the generated leachate (tile drain depth = 0.38 m; space between tiles = 

0.025 m).  

Number of investigations: 2 

Gottschall et 

al. 2012 

Canada An on-field investigation into the occurrence of 26 PPCPs in tile drainage (PPCPs in soil matrix, 

groundwater and wheat grain grown on the field) after sludge application was carried out for 

approximately 365 days. Dewatered (centrifugated) anaerobically digested sludge was applied 

to loam soil at a rate of 22,000 kg/ha and mixed with the top 20 cm of the soil bed. 

Investigation fields consisted of 2 macroplots (3 ha each) in an agricultural field located in 

Ontario, Canada, which was fallow the year before the investigation. Tiles were placed 1.1÷1.2 

m below the soil surface and spaced 15 m apart. The first macroplot represents the control 

system and the second the treatment system (where sludge was applied). Real rainfall occurred 

in the study period with a total depth of 1,070 mm. Samples were time-proportionally collected 

at the bottom of the tiles when a trigger (adjusted depending on weather and soil water 

content) occurred. A total of 10 hydrograph event samples were selected for analysis. 

Number of investigations: 1 

Gottschall et 

al. 2013 

Canada A commercial field-scale investigation was carried out into the occurrence of 17 PPCPs 

(hormones), 3 pathogens and 10 sterols in tile drainage, in the surface soil core, DMB 

aggregates mixed with soil, groundwater and wheat grain after sludge application in a real 

agricultural field (the same as that of Gottschall et al., 2012) for approximately 365 days. The 

aim was to study the long-term persistence of the selected compounds in the environmental 

matrices and to correlate the occurrence of fecal bacteria with sterols. Dewatered 

(centrifugated) anaerobically digested sludge was applied to loam soil at a rate of 22,000 kg/ha 

and mixed with the top 20 cm of the soil bed. 

Investigation fields consisted of the same 2 macroplots (3 ha each) as in the agricultural field 

described in Gottchall et al. (2012), with tiles positioned 1.1÷1.2 m below the soil surface and 

spaced 15 m apart. 1 of them was isolated and used for the control investigation. Real rainfall 

occurred in the study period with a total depth of 1,070 mm. Samples were time-proportionally 

collected at the bottom of the tiles when a trigger (adjusted depending on weather and soil 

water content) occurred. A total of 8 hydrograph event samples were selected for analysis. 

Number of investigations: 1 



Gray et al. 

2017 

USA On-field investigations were carried out into the occurrence of a wide spectrum of 

anthropogenic waste indicators (including 6 PPCPs) in surface runoff after sludge application on 

an agricultural field in Colorado for approximately 40 d. The site had not previously been treated 

with biosolids. Dewatered anaerobically digested sludge was applied on loamy sand soil at a rate 

of 3,500 kg/ha and mixed with the top 15 cm of the soil bed.  

The investigation fields consisted of 5 microplots (6 m
2
 each) in a field with a slope of 2.1÷3%; 

each one was used both for treatment and control investigations. Rainfall simulations 

(application of hormone-free well water at a rate of 65 mm/h, corresponding to a 100-year 

simulated rain event) took place 5 days before (control plot) and 1, 8, and 35 days after 

application in the three plots. In the remaining two plots, rainfalls were conducted only on day 

35 in order to evaluate the fate of compounds in the absence of repeated rainfall events. The 

same plots and similar operational conditions were used in a previous investigation by Yang et 

al., 2012 

Number of investigations: 2 

Healy et al. 

2017 

Ireland 

 

Investigations were carried out into the occurrence of 2 PPCPs (TCS and TCC) in surface runoff 

after sludge application in a field experiment lasting approximately 15 d. In order to compare 

different types of behaviour, three differently treated sludges were spread on the surface of 

loam soil: an anaerobically digested sludge (at a rate of 6,727 kg/ha), a thermally dried sludge 

(at a rate of 2,683 kg/ha), and a lime stabilized sludge (at a rate of 29,536 kg/ha). 

The investigation fields consisted of replicated (n=3) hydraulically isolated microplots (0.4 mx 

0.9 m= 0.36 m
2
 each) in a field with a slope of 2.8÷3.7% (without controls). Each microplot was 

equipped with a channel collecting all the runoff during a rain event. Rainfall simulations (at a 

rate of 11 mm/h) took place 1, 2, and 15 days after sludge application in the same plots. Each 

rainfall lasted 30 minutes from the time of the first occurrence of surface runoff. 

Number of investigations: 3 

Lapen et al. 

2008b 

Canada On-field investigations carried out on the occurrence of 11 PPCPs in tile drainage after sludge 

application were performed in Ontario, Canada, for approximately 46 d. Liquid anaerobically 

digested sludge was applied on silty clay loam soil at a rate of 9,3500 L/ha and mixed with the 

soil bed with two different approaches (in order to compare the influence on tile drain quality): 

tilling with the top 10 cm of the soil (subsurface spreading) and one-pass aeration tilling with the 

top 11 cm (surface spreading). Most of the selected PPCPs were spiked in the sludge before soil 

application as their concentration was found to be below the detection limits. 



The investigation fields consisted of three plot replications for each application type with one 

control bed, giving a total of 8 plots (740 m
2
 each) in a field with tiles positioned 0.8 m below 

the soil surface and placed 15 m apart. Real rainfall occurred in the study period with a total 

depth of 124 mm. Samples were time-proportionally collected at the bottom of the tiles when a 

trigger occurred. 

Number of investigations: 2 

Lapen et al. 

2008a 

Canada On-field investigations into the occurrence of E. coli and C. perfringens as well as nutrients in tile 

drainage after sludge application were carried out in Ontario, Canada, for approximately 46 d. 

Liquid anaerobically digested sludge was applied on silty clay loam soil at a rate of 93,500 L/ha 

and mixed with the soil bed using two different methods (in order to compare the influence on 

the loss of microorganisms): tilling with the top 10 cm of the soil and one-pass aeration tilling 

with the top 11 cm. 

The investigation fields consisted of three plot replications for each application type with one 

control bed, for a total of 8 plots (740 m
2
 each) in a field with tiles positioned 0.8 m below the 

soil surface and placed 15 m apart. Real rainfall occurred in the study period with a total depth 

of 124 mm. Samples were time-proportionally collected at the bottom of the tiles when a trigger 

occurred. 

Number of investigations: 2 

Peyton et al. 

2016 

Ireland 

 

Investigations into the occurrence of 2 microorganisms, nutrients and metals in surface runoff 

after sludge application were carried out in Ireland, for approximately 15 d. Five different 

sludges were applied on the surface of  loam soil  and the resulting runoff was compared: an 

anaerobically digested sludge from the UK (at a rate of 6,775 kg/ha), an anaerobically digested 

sludge from EIRE (at a rate of 6,727 kg/ha), a thermally dried sludge (at a rate of 2,683 kg/ha), a 

lime stabilized sludge (at a rate of 29,536 kg/ha) and a dairy cattle slurry (at a rate of 80,000 

kg/ha). 

The investigation fields consisted of 30 microplots (0.9mx0.4m=0.36 m
2
 each) in a field with a 

slope of 2.8÷3.7% in order to compare six different scenarios (treatment with one sludge type + 

control). For this reason, 6 of them were isolated and used for the control investigation. Rainfall 

simulations (at a rate of 11 mm/h) took place 1, 2, and 15 days after application in the same 

plots. The first and the last 50 mL of runoff occurring on each plot were collected (2 samples per 

plot). 

Number of investigations: 5 



Sabourin et al. 

2009 

Canada An on-field investigation into the occurrence of 13 PPCPs in surface runoff after sludge 

application was carried out in Ontario, Canada, for approximately 36 d. Dewatered 

(centrifugated) anaerobically digested sludge was applied on silt loam soil at a rate of 8,000 

kg/ha and mixed with the top 15 cm of the soil bed.  

The investigation fields consisted of 30 microplots (2 mx 3 m=6 m
2
 each) in a field with a slope 

of 7 %. 5 of them were isolated and used for a control investigation (no sludge applied on them). 

A group of 5 (+1 control) microplots was considered for each rain event which took place 1, 3, 7, 

21 and 36 d after sludge application. Rainfall simulations consisted of ozonated groundwater at 

a rate of 4.1 mm/min. One runoff sample was collected for each plot. 

Number of investigations: 1 

Topp et al. 

2008b 

Canada Investigations into the occurrence of 9 PPCPs in surface runoff after sludge application were 

carried out in Ontario in a real field for approximately 266 d. Liquid anaerobically digested 

sludge and ozonated groundwater spiked with pharmaceuticals were applied on silt loam soil 

(slope 5 %) at a rate of 93,500 L/ha and mixed with the soil bed. Sludge was amended to soil 

using two different approaches: by tilling with the top 15 cm of the soil and by subsurface 

injections at a depth of 10 cm. Spiked ozonated groundwater was added to the plots only by 

subsurface injection at a depth of 10 cm. 

The investigation fields consisted of 75 microplots (2 m x 1 m =2 m
2
 each) in a field with a slope 

of 5%. The “control” plots were the 25 receiving spiked water but none of the plots were tested 

without PPCPs sources.  

Rainfall simulations (ozonated groundwater) took place 1, 3,7,21, 36 or 266 days after 

application in plots that had never received rainfall before to investigate the 

degradation/adsorption effects. Rainfall simulated events lasted until a minimum of 10 l of 

runoff had been collected in each microplot. 

Number of investigations: 3 

Wallace et al. 

2014 

USA Investigations into the occurrence of microorganisms and nutrients in surface runoff after 

dewatered anaerobically digested sludge application were carried out in Missouri for 

approximately 54 d. Sludge and mineral fertilizer were applied (to compare results) on silt loam 

soil and on the same soil but with a vegetation strip buffer (to compare the buffer ability in 

reducing key compound losses in runoff) with surface spreading applications. Four investigations 

occurred: untreated control plot; low rate (1,664 kg/ha) of biosolids with 1 m of vegetative 

filter; low rate (1,664 kg/ha) of biosolids without filter, and high rate of biosolids with 1 m of 



vegetative filter (3,328 kg/ka).  

The investigation fields consisted of operating and control plots (1.5mx2x=3 m
2
 each) in a field 

of a slope of 3÷6%. For each experiment, four replicates were conducted. Rainfall simulations 

(deionized water at a rate of 70 mm/h) took place immediately after application. One sample 

per plot was collected. 

Number of investigations: 5 

Yang et al. 

2012 

USA An on-field investigation was carried out in Colorado into the occurrence of 17 PPCPs 

(hormones) and 2 sterols in surface runoff after sludge application for approximately 40 d. 

Dewatered anaerobically digested sludge was applied on loamy sand soil at a rate of 3,500 kg/ha 

and mixed with the top 15 cm of the soil bed. An analysis of the hormone partitioning between 

the dissolved phase and suspended-particle bond phase was reported. 

The investigation fields consisted of the microplots (6 m
2
 each) in a field with a slope of 2.1÷3%; 

used both for treatment and control investigations. Rainfall simulations (hormone-free well 

water at a rate of 65 mm/h) took place 5 days before (control) and 1, 8, and 35 days after 

application in the same plots. 3 composite samples (early, middle and late rain events) were 

collected per plot for the control (5 days before sludge application) and on the first, 8
th

 and 35
th

 

day. Since on day 35 only two plots were monitored, a total of 33 composite samples were 

available. 

Number of investigations: 1 

 



Table 3. The application strategies for sludge disposal in agricultural soils considered in this review, the typical application depth, and relative references 

Application 
method 

Graphical description 
Application 
depth 

Description References 

Land or 
Surface 
spreading 

 

0 cm With land or surface spreading, biosolids 
are deposited on the land surface without 
other operations. 

Dunigan and Dick, 1980; 
Eldridge et al. 2009;  
Healy et al. 207;  
Peyton et al. 2016;  
Wallace et al. 2014 

Tilling 

 

5÷20 cm In the case of tilling, sludge is spread on 
soil and then it is amended with the first 
20 ÷ 30 cm of soil within 20-24 h. 

Atalay et al. 2007;  
Edwards et al. 2009;  
Giudice and Young 2011;  
Gottschall et al. 2012; 2013 
Gray et al. 2017;  
Lapen et al. 2008a,b 
Sabourin et al. 2009;  
Topp et al. 2008b;  
Yang et al. 2012 

One-pass 
aeration 
tilling 

 

13÷15 cm In the case of one-pass aeration tilling, 
just before receiving the sludge, the soil is 
tilled. It is generally performed by a 
specific mechanical system that applies 
the sludge close to the ground, 
immediately following the passage of 
rolling tines which affect aerator-type 
tillage of the soil. 
 

Lapen et al. 2008a;b 
 

Subsurface 
injections 

 

10÷13 cm 
(typical 
application 
depth, as 
reported in 
the cited 
studies) 

Subsurface injection consists of the 
injection of biosolids within 50 cm of the 
top of the soil surface. 
Generally, injection can be used for LMB 
application or DMBs that have a low solid 
content and can be easily shovelled 

Edwards et al. 2009;  
Topp et al. 2008b 

 



 

Table 4. Main findings in monitoring bacteria occurrence in surface runoff and tile drainage. 

 Microorganism (u.o.m.)  Background 

Concentr. 

min max mean SD # data 

Surface runoff 

Total coliforms [CFU/ml] 0 63.1 79.4 71.3 11.5 3 

E. coli [CFU/ml] 0 1.8 2.4 2.1 0.4 3 

Fecal Coliforms [CFU/100ml] 

Fecal Coliforms [MPN/mL] 

100 

0-70 

5,000 

60 

36,000 

55,000 

16,167 17,222 4 

12 

Total coliforms [MPN/100ml] -- 15858 980,600 344,622 280,808 12 

E. coli [MPN/100ml] 251,188 15 31,622 5,009 10,191 15 

Tile drainage 

C. perfringens [cts/100 mL] 4.0 10 185 50 49 46 

E. coli, [cts/100 mL] 100 100 30000 3504 6363 46 

Fecal coliforms, [cts/100 mL] -- 100 30000 3568 6963 45 

 

  



 

Table 5 Runoff concentration as a function of the applied load of pharmaceuticals. 

  Sludge 

concentration 

Application 

rate 

load 

[mg/ha] 

Runoff concentration 

[ng/L] 

Reference 

Acetaminophen 28.6 ng/g 8,000 kg/ha 229 20,3 Sabourin et al. 2009 

  100,000 ng/L 93.5 m
3
/ha 9,350 47; 114; 146 Topp et al. 2008b 

Naproxen 394 ng/g 8,000 kg/ha 3,152 18,1 Sabourin et al. 2009 

  10,000 ng/L 93.5 m
3
/ha 935 509 Topp et al. 2008b 

Sulfamethoxazole 12.4 ng/g 8,000 kg/ha 99 3.2 Sabourin et al. 2009 

  10,000 ng/L 93.5 m
3
/ha 935 7,15

c
; 35,4; 93 Topp et al. 2008b 

Triclocarban 50 ng/g 2,683.3 kg/ha 134 6
b
; 10 Healy et al. 2017 

  8,194 ng/g 8,000 kg/ha 65,552 3,4 Sabourin et al. 2009 

  17,600 ng/g 22,500 kg/ha 396,000 6,3; 13,1; 17,3 Giudice and Young 2011 

Triclosan 270 ng/g 6751.4 kg/ha 1,823 90
b
 Healy et al. 2017 

  4,900 ng/g 2683.3 kg/ha 13,148 90
b
 Healy et al. 2017 

  7,066 ng/g 8,000 kg/ha 56,528 109.7 Sabourin et al. 2009 

  9,140 ng/g 3,500 kg/ha 31,990 310
a, b

; 500
a
; 600

a
 Gray et al. 2017 

  15,900 ng/g 22,500 kg/ha 357,750 51
 b
; 282.1; 309.6 Giudice and Young 2011 

Atenolol 1.6 ng/g 8,000 kg/ha 13 39.6 Sabourin et al. 2009 

  10,000 ng/L 93.5 m
3
/ha 935 70 Topp et al. 2008b 

Gemfibrozil 31 ng/g 8,000 kg/ha 248 8 Sabourin et al. 2009 

  10,000 ng/L 93.5 m
3
/ha 935 597 Topp et al. 2008b 

a
 values graphically estimated; 

b
 < LOD; 

c
 < LOQ 



Table 6 Tile drainage concentrations as a function of the applied load of pharmaceuticals  

Compound Concentration 

[ng/g] 

Application 

rate 

[kg/ha] 

Load 

[mg/ha] 

Tile drainage concentration, [ng/L] reference 

Acetaminophen 18.7 22,000 411.4 13 Gottschall et al. 2012 

 24 8,000 192 17,5
a
; 36

a
, 38

a
, 40

a
, 42

a
, 48

a
, 5

 a
, 53

a
, 

60
a
, 62

a
, 87

a
, 105

a
, 220

a
, 233 

Edwards et al. 2009 

Ibuprofen 63.6 22,000 1399.2 24 Gottschall et al. 2012 

 750 8,000 6,000 11,5
a
; 22

a
; 28

a
; 30

a
; 5

 a
; 73 Edwards et al. 2009 

Naproxen 6 22,000 132 4 Gottschall et al. 2012 

 470 8,000 3,760 7,5; 18; 29 Edwards et al. 2009 

Triclocarban 4,940 22,000 108,680 40 Gottschall et al. 2012 

 8,000 8,000 64,000 2.5 Edwards et al. 2009 

Triclosan 10,900 22,000 239,800 73 Gottschall et al. 2012 

 14,000 8,000 112,000 9,5
 a
; 20

 a
; 22

 a
; 22,5

 a
; 23

 a
; 24

 a
; 25

 a
; 

30
 a
; 31

 a
; 32

 a
; 34

 a
; 35

 a
; 36

 a
; 37

 a
; 45

 a
; 

46
 a
; 48

 a
; 52

 a
; 56

 a
; 57

 a
; 59

 a
; 63

a
; 68

 a
; 

75
 a
; 82

 a
; 95

 a
; 101

 a
; 140

a
; 185

a
; 190

a
; 

230
a
; 240 

Edwards et al. 2009 

Gemfibrozil 24 8,000 192 8 Edwards et al. 2009 

 57 22,000 1,254 5 Gottschall et al. 2012 

Cotinine 1.3 8,000 10.4 1,5; 3,9; 4,8; 5,5; 5,7; 6,5; 8,2; 9,5; 11 Edwards et al. 2009 

 9.4 22,000 206.8 1 Gottschall et al. 2012 

Carbamazepine 9 8,000 72 2,5; 6; 7; 7,5; 7,6; 8,5; 13; 14; 19; 24; 

30; 32; 38; 44; 49 

Edwards et al. 2009 

 183.6 22,000 4039.2 13; 5 Gottschall et al. 2012 

a
 values graphically estimated; 

b
 < LOD; 

c
 < LOQ 

 

 



FIGURES – CAPTIONS 

 

Figure 1. The two water streams leaving soil in the case of rain events (surface runoff and tile drainage) and 

the main removal mechanisms for microcontaminants (PPCPs and microorganisms) occurring within the 

soil. 

Figure 2. Characteristics of the soil texture in the investigations included in this review in the soil textural 

classification triangle 

Figure 3. Measured concentrations of selected compounds in land runoff with (MEC, ) or without 

(background concentration,  ⃰) sludge application on soil. Data from: Giudice and Young 2011, Gray et al. 2017, Healy et 

al. 2017, Peyton et al. 2016, Sabourin et al. 2009, Topp et al. 2008b, Yang et al. 2012. 

Figure 4. Range of concentrations for a selection of compounds in drainage samples with (MEC, ) or 

without (background concentration,  ⃰) sludge application on soil. Data from: Edwards et al. 2009, Giudice and Young 

2011, Gottschall et al. 2012, Lapen et al. 2008a. 

Figure 5. Collected data for bacteria in surface runoff and tile drainage. Data from Eldridge et al. 2009, Gottschall et 

al. 2013, Peyton et al. 2016. 

Figure 6 Runoff concentrations versus Log Kow for the investigated compounds. Data from: Giudice and Young 

2011, Gray et al. 2017, Healy et al. 2017, Peyton et al. 2016, Sabourin et al. 2009, Topp et al. 2008, Yang et al. 2012 

Figure 7 Tile drainage concentrations versus Log Kow for the investigated compounds. Data from: Edwards et al. 

2009, Giudice and Young 2011, Gottschall et al. 2012, Lapen et al. 2008. 
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Fig. 2 

 

Legend

Studies monitoring surface runoff

1.   |        - | Atalay et al. 2007
2.   |        - | Atalay et al. 2007
3.   |        - | Dunigan et al. 1980
4.   |        - | Eldridge et al. 2009
5.   | 60:26:14 | Giudice and Young 2011
6.   | 82:12:06 | Gray et al. 2017, Yang et al. 2012
7.   | 86:09:05 | Gray et al. 2017, Yang et al. 2012
8. | 88:08:04 | Gray et al. 2017, Yang et al. 2012
9.   | 46:39:15 | Healy et al. 2017, Peyton et al. 2016
10. | 47:38:15 | Healy et al. 2017, Peyton et al. 2016
11. | 48:37:15 | Healy et al. 2017
12. | 49:36:15 | Healy et al. 2017, Peyton et al. 2016
13. | 18:67:15 | Sabourin et al. 2009, Topp et al. 2008
14. |        - | Wallace et al. 2014

Studies monitoring tile drainage

15. | 60:26:14 |* Edwards et al. 2009
16. | 60:26:14 |* Gottschall et al. 2012, Gottschall et 
al. 2013
17. | 60:26:14 |* Lapen et al. 2008a, Lapen et al. 
2008b
5. Giudice and Young 2011

* = average in depth
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