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Abstract 
This study discusses the contamination potential for groundwater of four herbicides and 
their metabolites, which was evaluated by numerical modeling of unsaturated flow and 
reactive transport using H Y D R U S - 1 D . The herbicides were applied to a lysimeter 
vegetated with maize located in Wielenbach, Germany. The core of the soil of the 
weighable lysimeter contained a sandy gravel soil. Four models (the two models of the 
terbuthylazine and metolachlor branches with and without root water uptake) were set up 
to study the fate of the herbicides, simulating transport as well as biodegradation, 
metabolite production, sorption, and the influence of root water uptake. The considered 
herbicides were metolachlor, terbuthylazine, nicosulfuron and prosulfuron., The 
formation of two metabolites was simulated for (metolachlor ethanesulfonic acid, M E S A , 
and metolachlor oxanilic acid, M O X A ) , and four metabolites of terbuthylazine (desethyl-
terbuthylazine, M T 1 , 2-hydroxy-terbuthylazine, MT13 , terbuthylazine 2 C G A 324007, 
L M 5 , and terbuthylazine 1 S Y N 545666, L M 6 ) . Concentrations of these compounds were 
monitored in lysimeter discharge. Reactive transport models have been set up on available 
soil hydraulic parameters. The results of the modelling were correlated with the measured 
data and calibration of biodegradation and sorption parameters was performed using 
PEST. Calibrated parameters of sorption, biodegradation, and percentages of produced 
metabolites 'daughters' agree well with literature findings. Consideration root water 
uptake did not show high differences compared to the approach without root water uptake. 
Observations could be described overall well by modelling; however, concentration peaks 
partly under- or overestimated sometimes three to fivefold so that improvements are 
recommended in future studies. 

Keywords: Agrochemical Pollution, Groundwater, H Y D R U S - 1 D , Lysimeter, Maize, 
Metabolites, Modelling, Numerical Simulation, PEST, Pesticides, Unsaturated Zone, 
Vegetation 

v 

Český Abstraktní 
Tato studie pojednává o kontaminačním potenciálu podzemních vod obsahující čtyři 
herbicidy a jejich metabolity, kdy tento potenciál kontaminace byl hodnocen numerickým 
modelováním nenasyceného proudění a reaktivního transportu pomocí H Y D R U S - 1 D . 
Herbicidy byly aplikovány do lysimetru porostlého kukuřicí a tento experiment byl 
realizován ve Wielenbachu v Německu. Kontinuálně vážený lyzimetr obsahoval písčitou 
štěrkovou půdu. Pro studium osudu vybraných herbicidů, simulujících transport 
biodegradaci, produkci metabolitů, sorpci a vl iv příjmu kořenové vody, byly vytvořeny 
dva modely (s a bez příjmu kořenové vody). Uvažovanými herbicidy byly metolachlor, 
terbuthylazin, nicosulfuron a prosulfuron. Tvorba dvou metabolitů byla simulována pro 
metolachlor (kyselina ethansulfonová, M E S A a kyselina metolachloroxanilová, M O X A ) 
a čtyři metabolity terbuthylazinu (desethyl-terbuthylazin, M T 1 , 2-hydroxy-terbuthylazin, 
MT13 , terbuthylazin 2 C G A 3254007, a terbuthylazin 1 S Y N 545666, L M 6 ) . Koncentrace 
těchto látek byly sledovány ve výluhu z lyzimetrů. Modely reaktivního transportu byly 
sestaveny na základě dostupných půdních hydraulických parametrů. Výsledky 
modelování byly korelovány s naměřenými daty a kalibrace degradačních a sorpčních 
parametrů byla provedena pomocí PEST. Kalibrované parametry sorpce, biodegradace a 



procenta produkovaných metabolitů dobře souhlasí s nálezy v literatuře. Zvažování příjmu 
kořenové vody neprokázalo velké rozdíly oproti přístupu bez příjmu. Pozorování lze 
celkově dobře popsat modelováním, avšak vrcholy koncentrací jsou částečně 
podhodnocené nebo nadhodnocené (někdy trojnásobně až pětinásobně), takže v 
budoucích studiích se doporučuje zlepšení. 

Klíčová slova: Agrochemické znečištění, Podzemní voda, H Y D R U S - 1 D , Lysimetr, 
Kukuřice, Metabolity, Modelování, Numerická simulace, PEST, Pesticidy, Nenasycená 
zóna, Vegetace 
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1. Introduction 
Groundwater, as an important source of drinking water, is frequently contaminated 

with herbicides used for agricultural purposes and their degradation products. These may 
reach groundwater by surface runoff and leaching through the soil profile. It is a 
widespread problem affecting different aquifers in many countries (Fenoll et al., 2015; 
Lopez-Pineiro et al., 2014; Postigo & Barcelo, 2015; C. P. Rice et al., 2016; Sidoli et al., 
2020; Toccalino et al., 2014). The fate and transport of pesticides have been studied 
intensively in the last years to know their effect on the chemical, physical and hydrological 
conditions of the soil (Ulrich et al., 2021; Wolejko et al., 2020). As a part of sustainable 
development adopted by the European Union States, the production of biofuel, biogas, 
and biodiesel is one of the most important sources of renewable energy (European Union, 
2009). Maize production is the second most cultivated crop in the E U where the grain 
maize area is estimated at 8.7 million ha while the green maize (silage) is 6.2 million ha 
(Eurostat, 2022). Silage maize is one of the most important plants for biogas production 
(Andert, 2021; Herrmann, 2013). Maize silage {Zea mays L.) is preferred in biogas 
production because of its high yielding energy and it is also growing fast. It has been 
accounted for 73% of the mass substrate of the renewable materials in biogas plants in 
2012, which explains why maize cultivation increased in Germany until it changed the 
landscape (Zeitbild Wissen, 2013). About 2300 biogas plants out of 7000 in Germany are 
in Bavaria, where the amount of cultivated biogas maize is the second in Germany after 
Lower Saxony. The percentage of biogas maize cultivated lands increased by 14.5 % 
between 2008 to 2013 (Deutsches Maiskomitee e.V. ( D M K ) , 2022). 

The extensive cultivation of Zea mays L . can severely affect the environment due to the 
application of herbicides that control weed such as terbuthylazine and metolachlor 
( M T L C ) that can be leached to the groundwater or their metabolites and contaminate it 
(Schuhmann et al., 2019). Since around 70 percent of drinking water used in Germany is 
dependent on groundwater and springs, that was a critical topic extensively studied to 
prevent contamination against soil nitrate and pesticide applications. That is why the 
German Environmental Agency name groundwater as the water body type of the year 
2022 (Umwelt Bundesamt, 2022). 

The European directive on the water framework has set some rules to be followed to 
protect groundwater (Scuri et al., 2006). Many answers about the transport and fate of 
herbicides and their metabolites, the time required for those compounds to reach 
groundwater and their mobility in the vadose zone, especially after they have been 
discovered in groundwater many years after applications in some studies (Arias-Estevez 
et al., 2008; Dubus et al., 2003). Herbicides and their metabolites leached to the 
groundwater aquifer wi l l not be widely adsorbed to the aquifer material because of the 
lack of organic carbon. Some studies show that they can react with the aquifer material 
(Baran & Gourcy, 2013; Papiernik et al., 2006; Sidoli et al., 2016). According to the 
European directive 98/83/EEC, the allowed limits of pesticides in water for human 
consumption are 0.1 (xg / L for the single compound concentration and 0.5 (xg / L for all 
concentrations of pesticides (EC, 1998). 
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Metolachlor is one of the chloroacetanilide groups used for controlling the annual grass 
and broad leave weeds in crops like corn, sunflower, soybeans, and potatoes (EFSA, 
2012). It has been found that metolachlor is a contaminant in agricultural areas in 
Mediterranean countries like Italy, Greece, and Spain (Konstantinou et al., 2006). 
Metolachlor ethane sulfonic acid ( M E S A ) and metolachlor oxanilic acid ( M O X A ) are the 
degradation products of metolachlor, they have been detected, as well as their parent 
compound, in groundwater (Chen et a l , 2017). 

The frequency of detection of herbicide in the environment is dependent on some factors: 
the amount of herbicide applied, its mobility, degradation, adsorption, volatilization, 
precipitation, and persistence (Gilliom et al., 2006). The fate of the herbicide is determined 
by some processes like adsorption, degradation, and leaching. The amount of organic 
matter in the soil can affect the adsorption, and the amount of precipitation can affect the 
leaching and mobilization (Sanchez-Martin et al., 1995). The adsorption of metolachlor is 
moderate and improved by increasing the organic matter, while it decreases downward in 
the soil profile (Ghosh et al., 2016). M E S A is found in groundwater after the application 
of metolachlor (Baran et al., 2004; Bayless et al., 2008; Domagalski et al., 2008; Krutz et 
a l , 2006) and is even more mobile than metolachlor (Bayless et al., 2008; Rose et al., 
2018). The concentration of M E S A is reported to be five times the amount of M O X A 
(Eckhardt et al., 1999). Little information is known about the adsorption of metolachlor 
and almost no data are available on the adsorption of M E S A and M O X A in the vadose 
zone (Sidoli et a l , 2020). Both metabolites ( M E S A and M O X A ) are considered 
nonrelevant with a threshold of 3 ug/L in groundwater ( B M G , 2014; Umweltbundesamt, 
2015). 

The terbuthylazine (TBA) chemical family is s-triazine, which includes a large number of 
herbicides used in weed control (Guzzella et al., 2003). There are many degradation 
products of terbuthylazine (TBA) , but the ones of interest to be modelled in this study and 
compared with measured data are four of them, which are desethyl-terbuthylazine (MT1), 
hydroxy terbuthylazine (MT13), 6- (tert-butylamino) -l,3,5-triazine-2,4-diol (LM5) and 
4-(tert-butylamino)-6-hydroxy-l-methyl-l,3,5-triazin-2(lH)-one (LM6), as named in 
(EFSA, 2019). Terbuthylazine (TBA) is highly persistent on the surface of the soil where 
it degrades into M T 1 which is one of the most abundant metabolites in groundwater 
aquifers of the E U (Loos et al., 2010). Terbuthylazine (TBA) is a toxic chemical that 
affects living organisms at low doses (Brumovský et al., 2017). Terbuthylazine (TBA) 
with its metabolite desethyl-terbuthylazine (MT1) has been found in surface and 
groundwater to raise environmental concerns when its levels are getting higher than 0.1 
ug/L which is the limit of toxicity determined by the E U in drinking water (Guzzella et 
al., 2006). The European Food Safety Authority (EFSA) reported that terbuthylazine 
(TBA) poses a high risk to aquatic organisms, mammals, plants, and earthworms (EFSA, 
2019; E F S A , 2011b). 

H Y D R U S - 1 D is a reliable software to simulate pesticide transport and fate in soil 
(Šimůnek et al., 2018). Numerous models have been established to simulate the fate and 
transport of agricultural chemicals (Jacques et al., 2000; Kohne et al., 2009; Ladu & 
Zhang, 2011; Šimůnek et al., 2013a). The H Y D R U S - 1 D code applies to different models 
of flow and transport in both saturated and variably saturated conditions due to the 
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flexibility of the code to a large number of processes that helps to solve different 
environmental and agricultural problems (Šimůnek et al., 2013a). It is free software 
available that is used to describe different processes in soil columns, it can also be used 
for modelling the metal transport in soil columns and accumulation as in (Trakal et a l , 
2013). The H Y D R U S - 1 D code considers the transport of multiple solutes and the 
degradation chain which can be a first-order degradation chain or diverge and become 
independent (Šimůnek et al., 2013a). But H Y D R U S - 1 D does not consider the divergence 
and convergence in the degradation chains in the same model (Jacques et al., 2000; 
Schaerlaekens et al., 1999), that is why two models were established in this work to 
simulate the divergent metabolites. 

This work aims to numerically model the transport and fate (the biodegradation and 
metabolite production pathways of metolachlor and terbuthylazine) using H Y D R U S - 1 D 
software (Šimůnek et al., 2018). As well as comparing the modeled results with the 
measured data for better understanding the biodegradation, sorption, and root water uptake 
effect on the herbicides applied and metabolites of metolachlor ( M E S A and M O X A ) and 
terbuthylazine (MT1, MT14, L M 5 , and L M 6 ) . Also, fitting parameters of first-order 
biodegradation (u), first-order chain production (u') and linear sorption isotherm (Kd) 
using parameter estimation (PEST) (Doherty, 2020b, 2020a) as a calibration tool. After 
many trials to get the best fit between the measured and modelled data with the assumption 
of physical equilibrium and chemical one-dimensional nonequilibrium transport where 
the herbicides are involved in first-order decay production chains to form their metabolites 
(Šimůnek & van Genuchten, 1995). 
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2. Objectives and aims of this thesis 
The main idea of this study was to investigate the transport and fate of the 

previously mentioned four herbicides and their metabolites. Metabolites of metolachlor 
are, metolachlor ethanesulfonic acid ( M E S A ) and metolachlor oxanilic acid ( M O X A ) and 
of terbuthylazine are desethyl-terbuthylazine (MT1), hydroxy terbuthylazine (MT13), 
desethyl-terbuthylazine-2-hydroxy (MT14), 6-(tert-butylamino)-l,3,5-triazine-2,4-diol 
(LM5) and 4-(tert-butylamino)-6-hydroxy-l-methyl-l,3,5-triazin-2(lH)-one (LM6). This 
was done using the H Y D R U S - 1 D reactive solute transport model to track the 
biodegradation chains of the herbicides (Šimůnek et al., 2018). In a trial to combine the 
numerical model and the observed data from one lysimeter (Ly l ) , to determine the 
influence of biodegradation, sorption, and root water uptake. The study is interested to 
optimize and calibrate the first-order biodegradation parameter (u) and first-order 
production parameter (u') which is the most important parameter responsible for showing 
the daughters of the herbicides as discussed in the methodology chapter (Jacques et al., 
2000; Schaerlaekens et al., 1999; Šimůnek et al., 2018). 

Four H Y D R U S - 1 D models have been set up because the biodegradation of the herbicides 
metabolites takes two different pathways (branches) with and without root water uptake 
in each branch for both metolachlor and terbuthylazine. H Y D R U S - 1 D cannot deal with 
branching in the biodegradation chains of degradants; therefore, there must be two 
different models to model the biodegradation chain in each branch independently (Jacques 
et al., 2000). It has been noticed that the leachate observed data from the measurements 
fit the modelled data from the modeled. Accordingly, the model calibration process using 
Parameter Estimation suit 17.2 (PEST) by Doherty, (2020a, 2020b) was the solution to 
reduce the gap between the measured and modeled data. The two herbicides 
terbuthylazine and metolachlor and their metabolites that have been detected in leachate 
are of interest in this work, as they have been degraded and their biodegradation products 
were tracked. Unlike the other two herbicides porosulfron and nicosulfuron, which 
appeared in the leachates but their metabolites did not. 
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3. Literature review: background and state of the art 
The vulnerability of groundwater to contamination is high to the extent that some 

herbicides applied to the soil can affect it, especially in areas with intensive agriculture 
(Sidoli et al., 2016). The characteristics of the compounds and the soil can define the 
leachability of the compounds (Fenoll et al., 2015; Lopez-Pineiro et al., 2014; Weber et 
al., 2003). The fate of the herbicide depends on many factors: adsorption of the soil 
particles, transfer in the soil, biotic and abiotic degradation, production of metabolites and 
volatilization (Crisanto et al., 1995; Kohne et a l , 2004; Navarro et a l , 2007; Weber et al., 
2003). Some studies proposed that some herbicides can react in the unsaturated zone 
(Baran & Gourcy, 2013; Papiernik et al., 2006; Sidoli et al., 2016). The difference in 
physical and chemical properties between herbicides and the soil can determine how the 
reaction wi l l be (Sidoli et al., 2020). The degradation process is highly affecting the 
transport and fate process in the soil by the production of metabolites (Caracciolo et al., 
2005; Vischetti et al., 1998). The plant root can also uptake those herbicides or their 
metabolites with water from the soil which can affect their concentrations either with 
passive or active uptake (An et al., 2022; Brunetti et al., 2022; Rein et al., 2011; Sur et al., 
2022). There is no doubt that numerical modelling has become a promising tool for 
studying the transport and fate in the soil (Groh et al., 2022; Imig et al., 2022a; Imig et al., 
submitted-a; Imig et al., submitted-b; Imig et al., 2022b; Ladu & Zhang, 2011; Stumpp et 
al., 2009b). There are some studies on the modeling of fate and transport of herbicides in 
the vadose zone (Anlauf et al., 2018; Boivin et al., 2006; Hou et al., 2016). Other studies 
investigated the modelling of pesticide degradation and adsorption in the vadose zone 
using H Y D R U S - 1 D . Non-volatile pesticides were studied in three soils using the dual 
porosity and transient mobile immobile approaches to model the degradation and 
adsorption of pesticides (Cheviron & Coquet, 2009). Another study of transport modifying 
the hydraulic functions to account for preferential water flow and transport of pesticides 
in three cultivated fields using H Y D R U S - 2 D (Boivin et al., 2006). Five pesticides were 
applied to the soil with a conservative tracer (bromide) in a field in northern New Zealand 
using the models of H Y D R U S - 1 D , L E A C H M , G L E A M S , and S P A S M O in comparison 
to the measured data. Optimization of leaching parameters, degradation and partition 
coefficient of the pesticides using PEST optimization package have been carried out 
(Sarmah et al., 2005). In another study, the pesticide transport model was set up to study 
the degradation kinetics of reactive solute transport and the fate of atrazine in the soil 
using H Y D R U S - 1 D (Cheyns et al., 2010). A pesticide model for leaching and 
accumulation fate was established using H Y D R U S - 1 D with ArcGIS using a python code 
to realise both tools (Anlauf et al., 2018). 

In previous work the water flow in the unsaturated zone was studied in two lysimeters 
with different soil textures. Using stable water isotopes (5 1 8 0, 5 2H) as tracers, water flow 
was tracked together with lumped-parameter model application which was originally for 
the steady state. After improving the model using input functions, flow conditions were 
modelled and environmental tracers were interpreted using the data of two lysimeters in 
an experimental site in Wielenbach, Germany (Shajari et al., 2020). Another study 
extended the lumped-parameter model and subdivided the simulation period into several 
small periods as a trial to simulate the transient flow in the two lysimeters. The study 
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implemented the dual permeability approach to allow consideration of preferential flow 
and considered the implementation of different input functions. The results of the study 
were compared to numerical simulations in unsaturated conditions and isotope transport 
in H Y D R U S - 1 D (Imig et al., 2022b). H Y D R U S - 1 D was used to simulate water flow and 
solute transport in the lysimeters. Also, to compare the simulation results to the observed 
values from the lysimeters, we consider a single porosity approach with one lysimeter and 
a dual porosity approach with the other. It was observed that the low isotopes amount that 
has been improved using the immobile portion in the dual porosity approach. It has been 
concluded that the different soil hydraulic parameters between the two soils affect the 
water flow (Imig et al., submitted-a; Imig, et a l , submitted-b). The H Y D R U S - 1 D model 
was used to study the contamination potential of four herbicides (terbuthylazine, 
metolachlor, nicosulfuron, and prosufuron) in the soil of two lysimeters in Wielenbach, 
Germany. The study is interested in the determination of the reactive transport parameters, 
such as the sorption and biodegradation of herbicides. The percentage of the herbicides in 
the lysimeter drainage varies between 0.5 and 15.9 %. The rest was assumed to be 
adsorbed, taken through the roots of the cropped maize, or biodegraded, where the high 
carbon isotopes in the leachate indicate the biodegradation of the herbicides. The high 
number of leached herbicides after high precipitation seasons was assumed to indicate the 
preferential flow influence. 

3.1 Study site description and data availability 

The lysimeter facility is located 48 km southeast of Munich near Wielenbach, 
Germany at an elevation of 549 meters above sea level. It is operated by the Bavarian 
Environmental Agency (Bayerisches Landesamt fur Umwelt, LfU) since 2002 as 
described in detail by Shajari et al. (2020). The measured data are provided from lysimeter 
1 (Ly l ) , which is one of eight lysimeters over the facility in a time from 2013 to 2017. 
The lysimeter has a surface area of 1 m 2 and a length of 2 m, and is made of a cylinder of 
High-Density Polyethylene (HDPE). The lysimeter was grown with biogas maize in a 
pattern of 12 plants per m 2 during a period from 2013 to 2017 except in 2014 it was 9 
plants per m 2 . The seeds was at the end of Apr i l / beginning of May, and harvesting was at 
the end of September/ October. The lysimeter is automatically weighed every half hour. 
The lysimeter was lower-boundary controlled to permit seepage in case of water saturation 
of the soil but no inflow upward. 

3.1.1 Measurements 

The lysimeter system automatically measures and monitors the volume of seepage 
water, the volume of precipitation, the seepage water volume, precipitation volume, 
outflow, and the weight of the lysimeter with a precision of 0.5 h. Because of a lack of 
information about precipitation in the area before 2013, precipitation, temperature, and air 
humidity data were provided by the meteorological weather station which is operated by 
the German Meteorological Service (Deutscher Wetterdienst D W D ) . Wind velocity and 
incoming short-wave solar radiation data were provided from the D W D weather station 
near HohenpeiBenberg, 15 km to the southwest as they are not measured at the lysimeter 
area, where solar radiation was provided from the satellite observations of the Climate 
Monitoring Satellite Application Facility (Shajari et al., 2020). 

6 



The concentrations of the herbicide outflow have been measured using high-performance 
liquid chromatography (HPLC) using tandem mass spectrometric detection with direct 
injection (detection limit: 0.01 - 0.03 ug/1) in the period from Apr i l 2013 to November 
2017. The frequency of sampling increases after application on a two-weekly basis 
depending on the amount of leachate. The solutes detected in the leachate are the applied 
herbicides which are metolachlor ( M T L C ) and its two metabolites, metolachlor ethane 
sulphonic acid ( M E S A ) and metolachlor oxanilic acid ( M O X A ) , terbuthylazine (TBA) 
and its four metabolites, desethyl-terbuthylazine (MT1), 2-hydroxy terbuthylazine 
(MT13), terbuthylazine 2 C G A 324007 (LM5), and terbuthylazine 1 S Y N 545666, (LM6), 
as well as prosulfron and nicosulfron as studied by Strauß et al., (2017). 

3.1.2 Soil characteristics 

Regarding lysimeter 1, soil samples cannot be taken from the soil in the lysimeter 
as it should stay undisturbed. Therefore, the sample was picked from an area 1 kilometer 
from the original place of the soil on the lysimeter because that area was not accessible 
due to infrastructure and constructed buildings. 

The soil type in lysimeter 1 is sandy gravel from the Munich gravel plain from a shooting 
area near Garching, Germany. The description of the soil is a calcareous regosol over 
calcareous sand, silt, and gravel that forms the A-horizon with a thickness of 50 cm. C-
horizon consists of sandy gravel as described in Table 1 below: 

Table 1: Soil characteristics of lysimeter 1 after Shajari et a l , (2020) 

Depth (m) Horizon description <2 mm (%) >2 mm 
(%) 

0-20 A Humic upper soil 51 49 
20-30 A Humic upper soil 49 51 
30-40 A Humic upper soil 67 33 
40-50 A Humic upper soil 34 66 
50-100 C Sandy gravel 19 81 
100-200 C Sandy gravel 21 79 

3.1.3 Herbicide application 

The application of herbicides to the lysimeters was once a year in late May or early 
June, 2014 to 2017. This corresponded to common agricultural practice. Metolachlor and 
terbuthylazine have been applied every year. Nicosulfuron was not applied in 2014 and 
2015 as it is not allowed to apply it in the same area every year, and prosulfuron was 
applied in 2015, 2016, and 2017. The amounts of applied herbicides are shown in Table 
2. 

7 



Table 2: Applied herbicides with their concentration between 2013 and 2017 after Strauß et al. 
(2017) 

Applied amount (mg/m2) 

Product Herbicide (Between brackets: the concentration of the applied solution (g/1)) Product Herbicide 
28/05/2013 06/06/2014 03/06/2015 15/06/ 

2016 
01/06/2017 

Gardo 
Metolachl 

or 
46.1 

(0.69) 
117.3 
(1.76) 

96.0 
(1.44) 

81.0 
(1.22) 

70.0 
(1.05) 

Gold Terbuthyl 
azine 

33.2 
(0.50) 

80.7 
(1.21) 

78.0 
(1.17) 

45.0 
(0.68) 

30.0 
(0.45) 

Milagro 
forte 

Nicosulfur 
on 

7.6 
(0.11) - -

5.1 
(0.08) 

5.6 
(0.08) 

Prosulf uro 2.5 1.7 1.4 
n (0.04) (0.03) (0.02) 

3.1.4 Sampling at the Study site 

The collection of samples of precipitation and outflow at the study site is weekly 
which can be -in longer or shorter intervals- depending on the dry or wet conditions, 
respectively, as described in detail by Shajari et al. (2020). The precipitation was collected 
from a meteorological station at the study site which is operated by the German 
Meteorological Service (Deutscher Wetterdienst D W D ) . A heatable precipitation gauge 
(Pluvio, OTT Hydromet) was used for recording the precipitation amount automatically 
with a resolution of 0.5 h. Daily average air humidity and temperature data were collected 
from the station at the site. The daily average measurements of wind velocity and solar 
radiation were made at the D W D station located 15 km southwest of the lysimeter site in 
HohenpeiBenberg, Germany, as data were not available at the time of study at Wielenbach. 
Satellite observations for longwave radiation were collected from the Satellite Application 
Facility on Climate Monitoring ( C M S A F , product C L A R A - A 2 ) . The water seepage 
collection sampling period is from the end of May 2013 until the middle of October 2017. 

3.2 Herbicides and their metabolites 

3.2.1 Metolachlor 

3.2.1.1 Environmental fate 

Metolachlor is an herbicide applied to control broadleaf and annual grassy weeds. 
It has been widely used in agriculture since 1978 as an herbicide on corn, soybeans, 
sorghum, cotton, peanuts, beans, potatoes, tomatoes, and other crops. It is usually applied 
to the surface of the soil before planting. Metolachlor requires rainfall or irrigation to 
move it into the soil to make it available for uptake by plant roots. Due to degradation, a 
fraction of the herbicide may not get to its target, and most wil l be degraded. Some of the 
metolachlor or its metabolites can be leached from the field and transported to 
groundwater, surface water, or the atmosphere. Studies showed that metolachlor and its 
metabolites were observed in many hydrologie bodies (McCarty et a l , 2014). 

The degradation half-life of metolachlor is between 7 and 14 days, as proved by Ismail & 
Quirinus, (2000), where the soil composition was (organic carbon 2%, clay 10%, silt 

8 



3.7%, sand 86.3%, pH 4.8). Metolachlor degradation was studied in an aqueous sediment 
environment using sandy loam for 112 days, the detected degradation rate of metolachlor 
was 0.008 d"1 and the half-life time was 34 days. The values were different in water where 
the degradation rate was 0.012 d"1 and the half-life time was 8 days. Although the 
degradation rate and half-life time in soil with and without switchgrass were found to be 
0.53 d-1 6 days,, 0.52 d"1, and 9.6 days respectively (Mersie et al., 2004). 

The dissemination of metolachlor in clay loam soil was studied by measuring the decline 
in residues, leachability, movement into drainage water, and contamination of 
groundwater by metolachlor. The studies show that the amounts of decrease in the 
metolachlor was in the first 15 cm for 332, 364, and 370 days respectively in 1987, 1988, 
and 1989, and the half-lives of 80, 99, 142 days were calculated. Metolachlor was found 
in groundwater between the fall of 1988 and the summer of 1989 at a depth of 1.2 to 4.6 
m. It has been estimated that by the end of the fall the percentage of metolachlor is 0.06 
and 0.19% for depths of 1.2 and 4.6 m, respectively (Frank et al., 1991). 

3.2.1.2 Soil adsorption/mobility 

Metolachlor is dependent -in its mobility- inversely on soil organic matter and clay 
content. It tends mainly to be leached with preferential flow in clay soils rather than silty 
soils. Adsorption of metolachlor is higher in clay soils than in soils with low organic 
matter and clay content and adsorbs more readily to organic matter than to clay (Alhajjar 
et a l , 1990; Weber et al., 2003). When soil organic matter is >2%, leaching of metolachlor 
is not expected (Ahrens & Edwards, 1994). It has been found that the applied metolachlor 
is leached -after two precipitation periods with the intensity of 400 mm and 24 hours each 
step is 12 hours- with a concentration of 0.2 ug/L after the first event to 74.50 ug/L after 
the last 12 hours in a soil profile of 50 cm where clay content increasing in the base of 
sandy clay loam soil and sandy clay in the first 20 cm (Dores et al., 2013). Another study 
shows that metolachlor leaching was accompanied by an increase in the herbicide and its 
metabolites in the subsoil and leachate and depends on the half-life and the herbicide/soil 
bending factor (Kd). Mobility also depends on the amount of input water (which can be 
described with the variable K s ) and longevity (DT50) (Weber et al., 2006). 

3.2.1.3 Environmental biodegradation 

Metolachlor degrades extensively by complex metabolic reactions in soil, plants, 
and animals (Ahrens & Edwards, 1994). Herbicide biodegradation occurs due to 
mineralization of such herbicides by microorganisms. The mineralization process is the 
ability of microorganisms to use the chemicals as a source of carbon and energy to grow 
(Zabaloy et al., 2011). B y measuring 1 4 C 0 2 , the study showed that the mineralization 
percentages of metolachlor after 35 days in anaerobic and aerobic conditions are 31 and 
20 % respectively (Kanissery et al., 2018). The metolachlor half-life time of degradation 
ranges from 37.9 to 49.5 days in unsterilized soils. The rate of degradation increases 
directly with increasing the soil organic matter. Other soil properties affect the degradation 
rate like cation exchange capacity, pH, and clay content (Wu et al., 2011). The aerobic 
aquatic biodegradation of the half-life of metolachlor is 47 days. Metolachlor disappear 
in the groundwater free of aquifer material is so slow. It may take a lag period after which 
metolachlor starts to degrade in a half-life of 548-1074 days (Cavalier et al., 1991). It has 
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been found that the sterilization of the soil affects the degradation of the metolachlor. In 
the sterilized soils, the degradation process of metolachlor decreased in comparison with 
the unsterilized soils (Long et al., 2014). A study shows that the soil microbes decrease 
by many orders of magnitude with depth in the soil profile that is because the surface of 
the soils is richer in organic matter. Some of the microbiological populations can adapt 
and degrade metolachlor due to the repetitive application (Wu et al., 2011). 

3.2.1.4 Environmental abiotic degradation 

The half-life time of the aqueous photolysis is 70 days in case it was directly under 
sunlight and 0.17 days when the source is artificial. For example, for a mercury arc lamp 
with an intensity of 1600-2400 uW/sq cm, the half-life time wi l l be 37 days. The 
photodegradation half-life of metolachlor in the sand soil is around 8 days with the natural 
light source. It is also one of the major reasons for the dissipation of metolachlor on the 
soil surface especially when there is a lack of rain (Ahrens & Edwards, 1994). Photolysis 
of metolachlor in water is impeded by humic substances. The half-life of metolachlor in 
distilled water, seawater, river water, and lake water were 8, 17, 24, and 29 days, 
respectively (Chesters et a l , 1989; Dimou et al., 2005). 

The increase in temperature during irradiation may volatilize an amount (5%) of the 
applied metolachlor. Photodegradation of metolachlor in the organic free, lake, in 
comparison to a 0.5 mg/L organic matter water is 8 to 11 and 22 days in the summer 
sunlight and 54, 77, and 231 days in winter natural light respectively (Kochany & 
Maguire, 1994). The major four transformation products of metolachlor due to 
photodegradation in water are [2-hydroxy-N(2-ethyl-6-methylphenyl)-N-(2-methoxy-l-
methylefhyl) acetamide]; [N-(2-ethyl-6-methylphenyl)-N-(2methoxy-l-methylethyl) 
acetamide]; [4-(2-ethyl-6-methylphenyl)-5-methyl-3-morpholinone]; [2-hydroxyN-(2-
ethyl-6-methylphenyl) acetamide] (Kochany & Maguire, 1994). 

3.2.1.5 Volatilization from water/soil 

Volatilization was found to occur at high temperatures; however, it is not so 
effective in the fate process of metolachlor. Some losses can occur due to volatilisation by 
sunlight from the soil surface (Chesters et al., 1989). Metolachlor is supposed to be 
nonvolatile depending on the results of Henry's law constant (9.0* 10"9 atm-m3/mole) in 
soil with high water content and water surfaces (Chesters et al., 1989). However, 
volatilization may occur at high-temperature degrees 40 to 50 °C which is a good 
indication of the direct proportion of Henry's law constant with temperature (El-Nahhal et 
a l , 1999). Metolachlor was applied to different soils with different moisture content, and 
it has been observed that the volatilization increases with increasing soil moisture content 
(Gish et al., 2009). Metolachlor is not likely to volatilize from the dry soil when the vapor 
pressure is 3.1*10"5 mm Hg (Wauchope et al., 1992). A study showed that the 
volatilization of metolachlor after application ranges from 5-20 % after application to soil 
(Prueger et al., 2017). In another study by Prueger et al., (2005) in which the volatilization 
of metolachlor was measured through the years from 1998 to 2002, it was clear that 
volatilization was high in the first 12-24 hours after application and then fades after 48-
72 hours. 
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3.2.1.6 Transformation products of metolachlor 

Metolachlor transforms into metabolites through abiotic and biotic processes 
(Zemolin et al., 2014). Two of these metabolites are biologically degraded, metolachlor 
ethane-sulfonic acid (MESA) (2-([2-ethyl-6 methylphenyl] [2- methoxy-l-methylethyl] 
amino) -2-oxoethanesulfonic acid) and metolachlor oxanilic acid ( M O X A ) (2-([2-ethyl-
6-methylphenyl] [2- methoxy-l-methylethyl] amino)-2-oxoacetic acid) as in Table 4 and 
Figure 1 (Graham et a l , 1999) 

The water solubility of M E S A is higher than that of M O X A and metolachlor, which are 
equal to 212,000 mg / L 967 mg / L„ and 540 mg/L respectively (Rose et a l , 2018). 
However, the two transformation products are persistent and can also accumulate in soil 
and water. Aerobic bacterial degradation is crucial in soil. The degradation opportunity of 
metolachlor depends on the flow direction of water in the soil, residence time, redox 
potential, microbiological activity, and aerobic and anaerobic conditions. The log 
exposure rate of metolachlor to micro-organisms results in a higher potential of 
degradation to M E S A and M O X A (Graham et a l , 1999). Around 10 percent of 
metolachlor applied in the soil are volatilized, 0.3% are from rainfall and less than 0.02% 
seep into groundwater, the remaining 90% of the applied metolachlor were taken up by 
plants or transformed (Rose et al., 2018). In Table 3, the properties of the two metabolites 
of metolachlor, M E S A and M O X A . 

Table 3: Degradation properties of metolachlor and its metabolites (MESA and M O X A ) (Rose 
et a l , 2018) NA: means not available 

Compound Koc( Soil half- Hydrolysis Avg. field Aerobic Anaerobic 
mL/g life at half-life dissipati soil soil 
OC) 25 °C (days, at on half- degradati degradati 

(days) 30 °C) life on half- on half-
(days) life (days) life (days) 

Metolachlor 180 10 >200 114 26 37 
MESA 13.5 70 NA NA NA NA 
MOXA 17 50 NA NA NA NA 

The high mobility of transformation products threats the water resources such as 
groundwater, which renders delineation of the pathways of metabolites in the subsurface 
and usage of groundwater quality monitoring programmes (Farlin et al., 2018). Modelling 
studies of transport and fate performed under different agricultural conditions demonstrate 
the seepage of M E S A into groundwater (Bayless et al., 2008). There is a successful 
simulation of the behavior of M E S A in the groundwater aquifers, but other deep studies 
are still needed for different aquifers showing the variability of degradation rates of 
metolachlor as well as the sorption properties (Dubus et al., 2003). 
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Figure 1: Biodegradation reactions of metolachlor herbicide and its major metabolite MESA 
and M O X A with a sum formula (Rose et a l , 2012) 
Note. From " A Holistic Assessment of the Occurrence of Metolachlor and 2 of its Degradates 
Across Environmental Settings Metolachlor Uses Pesticides in Surface Water and Groundwater 
Purpose of Study," by C. E. Rose, H. L. Welch, R. H. Coupe, & P. D. Capel, 2012, In abstracts 
of papers of the American Chemical Society. 

There are concentration differences of the metolachlor metabolites ( M E S A and M O X A ) 
in groundwater and springs where M E S A can reach tenfold the concentration of M O X A . 
The sorption strength can also control the predominance of M E S A over M O X A in soil 
(Farlin et al., 2018). 

3.2.2 Terbuthylazine 

Terbuthylazine is one of the s-triazine herbicides used for selective weed control. 
But due to the high risk of using triazine in soil and its related metabolites, its use and 
production have been banned in European countries (Sass & Colangelo, 2006). That is 
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why terbuthylazine has been introduced instead as a substitute for triazine due to its 
favorable physicochemical properties like its lower solubility and higher adsorption. For 
such reasons, it poses a lower risk of groundwater contamination (EFSA, 2011a). 
However, the extensive use of this herbicide at levels exceeding the regulated limits is a 
source of contamination (Bottoni et al., 2013). 

Terbuthylazine is weakly basic and in soil p H conditions is neutral and moderately 
hydrophobic (log KoW= 3.4, Table 5). The half-life in the soil is 167 days (Scherr et al., 
2017). The transformation process of terbuthylazine is governed by two processes which 
are soil microbiology and chloro-hydrolysis abiotic degradation is of minor effect 
(Mandelbaum et al., 2008; Satsuma, 2010). The studies of atrazine were useful to the 
understanding of the biodegradation mechanisms of s-triazines. The two main pathways 
of degradation are oxidative N dealkylation and hydrolytic mineralization (Udikovic-
Ko l i ce t a l . , 2012). 

Transformation in soil and water through the biodegradation pathway (N-dealkylation) of 
terbuthylazine results in the formation of the metabolite desethyl-terbuthylazine (MT1) or 
detertbutyl-terbuthylazine, and the dichlorination pathway results in hydroxy 
terbuthylazine (MT13) (Karanasios et al., 2013). Hydroxy-dealkylated metabolites result 
in hydroxy-detertbutyl-terbuthylazine (Caracciolo et al., 2005). 

Dealkylated metabolites are more soluble, therefore they are more mobile and more 
supposed to contaminate groundwater (Guzzella et al., 2003). The metabolites resulting 
from the hydroxylation process are less soluble and accordingly wi l l be ready to be 
adsorbed to soil particles (EFSA, 2011a). The degradation rate of terbuthylazine is 
dependent on the treatment terbuthylazine history and soil self-remediation potential. 
Many factors can also affect the degradation of terbuthylazine like soil depth, soil pH, 
water content, temperature, organic matter, and soil texture (Kodešovi et al., 2011). 

3.2.2.1 Degradation and metabolism of terbuthylazine 

In a study carried out on sterilized and non-sterilized soils, terbuthylazine was 
applied to both. It was noticed that the half-life of terbuthylazine was much higher in the 
sterilized soil than in the non-sterilized soil because of the absence of bio-organisms that 
significantly affecting the degradation process. In the non-sterilized soils, it was found 
that the half-life of terbuthylazine of the soils amended by corn straw amended soils (55.5 
days) is lower than that of the urban sewage sludge (73.7 days) and was generally higher 
than all other non-sterilized treatments. The lower degradation rate in the non-sterilized 
soils -amended by urban sewage sludge- could be due to the high amount of organic 
carbon in it and accordingly the high adsorption potential in it. The longest half-life was 
recorded in the sterilized soil samples. Those results give us an indication that using 
poultry compost and urban sewage sludge retards the degradation process of 
terbuthylazine in sterilized soils which indicates that they stimulate microbial activity, but 
they also increase the adsorption and reduce availability. The metabolism of 
terbuthylazine has been also observed, the parent compound degraded to desethyl-
terbuthylazine which is the major product of metabolism (Dolaptsoglou et al., 2007). It 
has been proved that desethyl-terbuthylazine forms twice the amount of all other 
metabolites of terbuthylazine that have been found in the leachate together with desethyl-
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terbuthylazine-2-hydroxy (MT14) after application of terbuthylazine in the soil which is 
considered potential pollution of groundwater (Guzzella et al., 2003). 

3.2.2.2 Bioavailability of terbuthylazine 

It has been found that the concentration of terbuthylazine in soils that are not 
amended is higher than soils amended by urban sewage sludge and a little higher than 
those amended by corn straw and poultry compost. This could be because of the high 
organic carbon and high sorption of terbuthylazine in urban sewage sludge-treated soil 
and the low availability of terbuthylazine (Dolaptsoglou et al., 2007; Guzzella et al., 
2003). 

3.2.2.3 Mobility, leaching, and adsorption 

The leaching potential of terbuthylazine through the soil with water is high. But it 
has lower water solubility and tends to be absorbed by soil and organic matter particles 
(Kronvang et al., 2003). The metabolite desethyl-terbuthylazine shows more mobility than 
its parent compound (EFSA, 2011a). The ground ubiquity scores of the parent and its 
metabolite are 3.07 and 3.9 respectively, which means that they have high leaching ability. 
In a leaching test, it has been found that 70% of the applied terbuthylazine are in the 
leachate (Calderon et al., 2016). It was found in a study that terbuthylazine and its 
metabolites are not in the leachate of the 2 m deep lysimeter except for desethyl-
terbuthylazine was found frequently in the leachate after the repeated application of 
terbuthylazine. The estimated half-lives of metolachlor -applied in the study with 
terbuthylazine- are 26 and 37 days, respectively, which indicates that terbuthylazine 
mineralizes faster than metolachlor (Schuhmann et al., 2019). 

3.2.2.4 Metabolites of terbuthylazine 

Terbuthylazine metabolism and transformation depend on soil microbes and 
chloro-hydrolysis. Its chlorine atom is influenced by the clay content and pH in the soil. 
This process forms the metabolite hydroxy terbuthylazine but the other process which 
depends on the biotic reaction and dealkylation of s-triazine forms the metabolite desethyl-
terbuthylazine. Desethyl-terbuthylazine-2-hydroxy (MT14) results from the 
hydroxylation of desethyl-terbuthylazine (MT1) or the deethylation of hydroxy-
terbuthylazine (MT13) (Guzzella et a l , 2003). 

The dealkylated metabolites like desethyl-terbuthylazine-2-hydroxy (MT14) and 
hydroxy-deterbytyl-terbuthylazine are found to be more water-soluble than 
terbuthylazine, hence, they have more potential to contaminate the aquatic environment. 
But on contrary, terbuthylazine tends to be retained and adsorbed to the soil due to the 
lower water solubility (EFSA, 201 la). 

Results of the experiment on the terbuthylazine in a liquid medium under two different 
conditions. It was noticed that terbuthylazine was converted to triazine, which is a more 
soluble species, and they mix in the dissolved portion. L C - M S analysis showed that there 
are five intermediates of terbuthylazine during transformation. The study revealed that the 
M3-T bacterial culture is effective in the degradation of terbuthylazine (within 3 days). 
The first compound to be produced from this transformation by dichlorination is hydroxy-
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terbuthylazine (MT13) as a dominant metabolite that wi l l be transformed into L M 5 which 
is subsequently transformed into L M 6 (Jurina et al., 2014). 

This study is interested in studying the transport and fate of four terbuthylazine 
metabolites that are desethylterbuthylazine (MT1), 2-hydroxy-terbuthylazine (MT13), 6-
tert-butylamino-3-methyl-lH-[l,3,5]triazin-2,4-dion terbutylazin (LM6), 6-tert-
butylamino-[l,3,5]triazin-2,4-diol terbutylazin (LM5) see Table 4. The metabolism 
reaction scheme is shown in Figure 2. 

Table 4: Names, chemical SMILES, chemical formula and CAS identifier for the herbicides 
metolachlor, terbuthylazine, and their metabolites 

Name IUPAC Name SMILES Molecular 
Formula CAS 

Metolachlor 
(MTLC) 

2-chloro-N-(2-ethyl-6-
methylphenyl)-N-( 1 -
methoxypropan-2-yl) 

acetamide l l a l 

CCclcccc(C)clN( 
C(C)COC)C(=0)C 

C I l 2 a l 

C15H22C1N02 
[la] 51218-45-2 l 2 a l 

Metolachlor 
ethanesulfonic 
acid (MESA) 

2-[2-ethyl-N-(l-
methoxypropan-2-yl)-6-

methylanilino] -2-
oxoethanesulfonic acid l l b l 

N(C(CS(=0)(=0)0 
)=0)(C(COC)C)Cl 
=C(CC)C=CC=C1 

C[2b] 

C15H23N05S 
[ib] 171118-09-5 

[2b] 

Metolachlor 
oxanilic acid 

(MOXA) 

2-[2-ethyl-N-(l-
methoxypropan-2-yl)-6-

methylanilino] -2-
oxoacetic acid l l c l 

N(C(COC)C)(C(C( 
0)=0)=0)C1=C(C 
C)C=CC=C1C l 2 c | 

C15H21N04 
[lc] 

152019-73-3 
[2c] 

Terbuthylazine 
(TBA) 

2-N-tert-butyl-6-chloro-4-
N-ethyl-l,3,5-triazine-

2,4-diamine l l d l 

N(C(C)(C)C)C=1N 
=C(NCC)N=C(C1) 

N l l 2 d l 

C9H16C1N5 l l d l 5915-41-3 l 2 d l 

Desethylterbut 
hylazine 
(MT1) 

2-N-tert-butyl-6-chloro-
l,3,5-triazine-2,4-di amine 

[le] 

N(C(C)(C)C)C=1N 
=C(C1)N=C(N)N1 

[2e] 
C7H12C1N5 l l e l 30125-63-4 l 2 e l 

2-hydroxy 
terbuthylazine 
(TBA-2-OH) 

(MT13) 

6-amino-4-(tert-
butylamino)-1H-1,3,5-

triazin-2-one l l f | 

N(C(C)(C)C)C=1N 
C(NCC)=NC(=0) 

N l m 

C7H13N50 l l f l 66753-06-8 l 2 f | 

terbuthylazine 
2 CGA 324007 

(LM5) 

6-(tert-butylamino)-3-
methyl-1H-1,3,5-triazine-

2,4-dione l l g l 

OCl=NC(0)=NC( 
NC(C)(C)C)=N1131 

C8H14N402 
[ig] H 

terbuthylazine 
1 SYN 545666 

(LM6) 

6-(tert-butylamino)-1H-
1,3,5-triazine-2,4-dione 

[ih] 

0=C1N(C)C(0)=N 
C(NC(C)(C)C)=N1 

[3] 

C7H12N402 
[ih] H 

Table 5: Physical and chemical properties of the herbicides terbuthylazine and metolachlor and 
their metabolites 
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Name 
Molecula 
r weight 
[g/mol] 

log Kow 
[-] 

Melting 
point 
[°C] 

Vapor 
pressure 
[mm Hg] 

Water 
solubility 
[mg/L] at 

25 c 

Kaw (Kh) pka [-] 

Metolachlor 
(MTLC) 283.79 l l a l 3.13 l l a l -62°C 

[2a] 
3.13*10"5 

[la] 488 l l a l 9.0*10"9 l l a l 

No 
dissocia 
-tion l 5 a l 

Metolachlor 
ethanesulfon 

ic acid 
(MESA) 

279.33 l l b l 1.3 1 4 1 H 
1.99*10"5 

[4] 238 1 3 1 1.06*10"6 

[4J 
3.21 1 7 1 

Metolachlor 
oxanilic acid 

(MOXA) 
329.4 l l c | -1.24 1 4 1 H 

1.99* 10 s 

[4] 212.461 1 4 1 1.13*10"8 

[4J [-] 

Terbuthylazi 
ne (TBA) 229.71 l l d l 3.4 l l d l 177-179 

OQ [Id] 

1.12*10"6 

[Id] 
9 [Id] 2.3*10"8 l l d l 2 lid] 

Desethylterb 
uthylazine 

(MT1) 
201.66 l l e l 2.0*102 

[5bJ H 
2.63* 10"6 

[5bJ 327.1 l 5 b | [-] [-] 

2-hydroxy 
terbuthylazi 
ne (TBA-2-

OH) (MT13) 

211.26 [ l f J 1.82 1 6 1 

H H 7.1915c] [-] ~5 1 6 1 

Terbuthylazi 
ne 2 CGA 

324007 
(LM5) 

198.22 H H H 143 1 8 1 [-] [-] 

Terbuthylazi 
ne 1 SYN 
545666 
(LM6) 

184.2 [ l h I H H H 398 1 8 1 [-] [-] 

[la] (PubChem, 2022a), [lb] (PubChem, 2022b), [lc] (PubChem, 2022c), [Id] (PubChem, 2022d), [le] 
(PubChem, 2022e), [If] (PubChem, 2022f), [lg] (PubChem, 2022g), [lh] (PubChem, 2022h), [2a] (CAS, 
2022a), [2b] (CAS, 2022b), [2c] (CAS, 2022c), [2d] (CAS, 2022d), [2e] (CAS, 2022e), [2f| (CAS, 2022f), 
[3] (EFSA, 2019), [4] (Bayless et al., 2008), [5a] (PPDB, 2022a), [5b] (PPDB, 2022b), [5c] (PPDB, 2022c), 
[6] (Schmitt et al., 1996), [7] (Gomis-berenguer etal., 2021), [8] (ECPR, 2015) 
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1GD™ 

I 4 - 14 
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CSAA03S47B. CGA04S571 

A -
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-
2.8-DihydrD!!y-7.7-di nnelhyl-e. 3-
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E .:-: : li 

CQ2 bound rasidu as and minor me-jbolitas 

Figure 2: Schematic degradation reaction of terbuthylazine and its metabolites, metabolites 
marked in red are detected and measured in the leachate of the lysimeter and are compared with 
the modelled (ECPR, 2015) 
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4. Methodology 
4.1 Numerical model setup 

Determination of the transport and fate of metabolites of the concerned herbicides 
is the main idea behind this work. That was possible using the one-dimensional numerical 
model H Y D R U S - 1 D (Šimůnek et al., 2018) for water and solute transport in a lysimeter 
vegetated with maize. The model describes the vertical motion of precipitation water 
carrying herbicides and related metabolites downward through the soil column. The 
software works to solve Richard's equation for the unsaturated water flow. The model 
domain is discretized into 201 nodes 1 cm distance each. Parameter estimation suit 17.2 
(PEST) by Doherty, (2020b, 2020a) was used to calibrate the models and perform 
numerical automated optimization using the Jacobian matrix (Doherty, 2020b, 2020a). 

4.1.1 Water flow in the unsaturated zone 

The H Y D R U S - 1 D software package works to solve Richard's equation for 
variably saturated flow and advection-dispersion equations for solute and heat transport 
(Hopmans, 2011; Šimůnek et al., 2008, 2013, 2016, 2018): 

where h is the water pressure head [L], 9 is the volumetric water content [ L 3 / L 3 ] , s is the 

sink term to account for root water uptake, Z is the spatial coordinate in the vertical 
direction and k is the unsaturated hydraulic conductivity [ L / T 1 ] which can be calculated 
from the relationship: 

where kr is the relative hydraulic conductivity, and Ks is the saturated hydraulic 
conductivity. To determine the soil hydraulic parameters in the soil, the van Genuchten-
Mualem approach has been used, where the soil hydraulic conductivity functions are used 
by van Genuchten (1980) together with the statistical pore-size distribution model of 
Mualem (1976) to formulate the equation of unsaturated hydraulic conductivity as shown 
below: 

(1) 

K(h,x) = Ks(x)krQi,x) (2) 

h > 0 

h< 0 
(3) 

(4) 

se = -
6S — 6r 

o - er (5) 

m = 1 — 1/n, n > (6) 
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where the parameters 9r, and 6S are the residual volumetric water content [ L 3 L~ 3], 
saturated water content [ L 3 L" 3] respectively; a and n are fitting parameters in soil water 
retention curve, Ks is the unsaturated hydraulic conductivity [ L T 1 ] , Se is the effective 
saturation in the soil [-], I is the pore-connectivity parameter which has estimated value 
of 0.5 as an average in many soils (Mualem, 1976). 

4.1.2 Solute transport 

The metabolite transport and fate model was set up using the H Y D R U S - 1 D 
package. The model represents the variably saturated movement of water and solutes and 
the decay process of the herbicides applied in the soil under the effects of biodegradation. 
There are many orders of decay that can describe the fate of such compounds, such as 
zero-order, half-order, and first-order decay reactions. A simple assumption wi l l be 
adopted in the case of solute transport and biodegradation in the soil, which is first-order 
kinetic biodegradation. Sequential first-order biodegradation for the herbicides to get the 
metabolites. The transformation rate is dependent on the amount of the chemicals present 
and the first-order biodegradation rate is calculated as follows: 

d(0c) 
— = -noc, a: 

where pL is the first order biodegradation rate constant [d 1 ] , multiplying c by 0 converts 
the concentration to a volume of soil. The unit of the equation is the mass loss rate per 
volume of soil [ M L " 3 T - 1 ] . The equation shows the only solution phase of solute in soil 
undergoes decay. The half-life time of a chemical is T1/2 which is the time required for 
the chemical to decrease to half of its original concentration [T]. The half-life time of the 
chemical is also inversely proportional to the first-order biodegradation rate (fi) of the 
chemical which is shown in the relationship (David E. R. & Šimůnek, 2018): 

ln{2) 
V- = -= (8) 

ll/2 

the advection and dispersion solute transport equations are generally formulated to include 
non-linear and non-equilibrium reactions between solid and liquid phases. Consider also 
zero-order production, first-order biodegradation, and first-order production to allow the 
modelling of solutes in a sequential first-order chain. 

Instantaneous sorption is the most common way to figure out the relationship between the 
liquid and soil phase in the soil which can be expressed by different models of isotherms 
like the linear sorption isotherm represented by the linear equation (Šimůnek et al., 
2013a): 

s = Kdc (9) 

where s is sorption [ M M" 1 ] , Kd is the sorption coefficient and c is the concentration in 
liquid pore space [ M L" 3 ] . Although sorption is in most cases non-linear which can be 
represented by the non-linear models like Freundlich and Langmuir isotherms which are 
used in H Y D R U S - 1 D shown in the formula (Šimůnek et al., 2008; Šimůnek et al., 2013a): 
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1 + 7}CP 
where kf [L 3 / J M~P], /? [-] and r] [L 3 M" 1] are isotherm coefficients. When 77 = 0, the 
equation wi l l be for Freundlich isotherm and when /? = 1, it wil l be for Langmuir isotherm. 
This work considers the solid phase of solutes and the products of biodegradation. The 
soil column in the lysimeter is composed of four layers which are considered in this work 
as a single homogeneous layer. Four different models are set up depending on the solute 
biodegradation chain scenarios and the percentage of production into metabolites and 
biodegradation into other products. As been shown before in the literature review chapter 
that the herbicide metolachlor has two main metabolites metolachlor ethano-sulphonic 
acid ( M E S A ) and metolachlor Oxanilic acid ( M O X A ) which are formed in two chains 
with two degradation percentage. The same goes to terbuthylazine, where two chains are 
produced the first is hydroxy-2-terbuthylazine (MT13) and the second chain is desethyl-
terbuthylazine (MT1), Desethyl-terbuthylazine-2-hydroxy ( M T U ) , T B A 2 C G A 324007 
(LM5), T B A 1 S Y N 545666 (LM6). 

To simulate the transport and fate of the multiple solutes of sequential first-order decay 
chain reaction some parameters need to be considered to get the concerned results. 
H Y D R U S - 1 D code made it possible to consider this in the model via entering the values 
of biodegradation and production parameters together with sorption parameters as shown 
in Figure 3 below where the symbols c, s, and g represent the concentration of the solute 
in the liquid, solid, and gas phases. pLw, pLs, and pigare the biodegradation constants of the 
parent in the gas, liquid, and solid phases respectively. fiW:1', \is\ and figl' are the 
parameters responsible to produce daughters in a sequential first-order decay reaction 
where figl' for the gas phase, fiwl' for liquid phase, and pisl' for solid phase. Kd and Kg 

are the distribution coefficients between liquid and gaseous phases respectively. The 
symbols K 5 . i > Kw.i > and ysl are representing the zero-order rate reaction for the gas, liquid, 
and solid phases respectively. The biodegradation process in Figure 3 shows the 
production of one solute (B), (C)... from the other (A) in a decay chain reaction developed 
codes in H Y D R U S - 1 D was proven their efficiency to model the transport and fate of 
different solutes like pesticides, radionuclides, chlorinated aliphatic hydrocarbons, 
antibiotics, and explosives (Mallants et al., 2003). 
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Products Products 

3 ' 
0 • . . 

Products 

Figure 3: Biodegradation process of (solute A ) and production of daughters (solute B, C ...) and 
the parameters governing the whole biodegradation process which are [iwl, [isl, and [igl and 
production parameters are iiWi\, iis,i and [igl' (Jacques et al., 2000; Šimůnek et al., 2013b; 
Šimůnek & van Genuchten, 1995) 

The partial differential equations governing one-dimensional, non-equilibrium chemical 
transport of solutes in sequential first-order decay chain during transient water flow in a 
variably saturated porous medium are represented by the following equations: 

dOCl dpst davg1 

dt + dt + dt 
d / wdCi 
dx\ 1 dx 

gdgi dqC1 

- r, dx J dx 
~ ( / V í + M w , l ) ň c l - (Ms,1 + M s , l ) P S l 

- ( % i + Vg,i)avgi + Yw.lQ + Ys.lP + Yg.lO-v 

a,l 

( I D 

d6c dpsk davgk 

+ — — + 
dt dt dt 

d ( ,.,dCk 
dqCk 

dx J dx 
~ {^w,k + li'w,k)^ck ~ {^s.k + lJ-'s,k)Psk 

+ flg,k^ck-l + Mg,fcP s fc- l + ^g^vdk-l + Yw.k^ 
+ Ys.kP + Yg.kQ-v ~ ra.k k £ (2 , nk) 

(12) 

where the symbols c, s, and g are the solute concentration in the liquid [ M L 1 ] , solid [ M M " 
l ] , and gaseous [ M L 3 ] phases respectively; q is the volumetric flux density [ L T 1 ] , piw, fis, 
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and (Jig are the first order rate reaction constants for solutes in the liquid, solid and gas 
phases [T 1 ] respectively; fiw', fis' and fig' are the first order rate constant for production 
of the metabolites in the chain reaction in liquid, solid and gad phases respectively; yw, ys 

and yg are the zero order rate constant for liquid [ M L 3 T 1 ], solid [T 1 ] and gas [ M L 3 T 1 

] phases respectively; p is the soil bulk density [ M L" 3 ] , av is the air content [L 3 L" 3 ], s is 
the sink term, ra is the root nutrient uptake term [ M L 3 T 1 ], Dw, Dg is the dispersion 
coefficient [L 2 T 1 ] for the liquid and gas phases respectively; the subscripts w, s, and g 
represent the liquid, solid and gas phases respectively; k subscript is the chain number, n 
is the number of solutes in the chain reaction. The nine zero- and first-order rate constants 
are used to show different reactions (biodegradation, volatilization, and precipitation). 
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Model 1 with and 2 without RWU Model 3 with and 4 without RWU 

Metolachlor 

(IV) 21 % (uj 79 % 

MESA 

(Mw) 100% 

Terbuthylazine 

(IV) 44 % (Uw) 56% 

MT1 

(11*1 28 % (Mw) 72% 

MT14 

(Mw') 47 % (Mw) 53% 

LM5 

(Mw") 41 % (Mw) 59% 

LM6 

(Mw) 100% 

Metolachlor 

(Mw') 21% (Mw) 79% 

MOXA 

(Mw) 100% 

Terbuthylazine 

(Mw') 17 % (Mw) 83% 

MT13 

(Mw) 100% 

Figure 4: Biodegradation paths and production reaction of the metabolites from their parent 
herbicides with the percentage of biodegradation \iw and production \iw' with percentages of 
degradation and production after (ECPR, 2015) 

The applied biodegradation chain of the herbicides is interrupted, where two independent 
reaction paths are considered. Since H Y D R U S - 1 D does not consider the divergent and 
convergent reactants in the same path, the branching in the single path wi l l be considered 
as a path by itself (Jacques et al., 2000). Four different models needed to be run to model 
the biodegradation. Two models are composed of a chain of terbuthylazine metabolites 
(MT1, MT14, L M 5 , L M 6 ) and a chain of metolachlor metabolite ( M E S A ) , with and 

23 



without root water uptake. Similarly, the other two models are composed of the second 
chain of terbuthylazine and its metabolite (MT13) together with the other metolachlor 
chain in which the metabolite ( M O X A ) , with and without root water uptake. As discussed 
in the previous chapter, the reaction chains of both herbicides terbuthylazine and 
metolachlor are diverging forming branches that cannot be modelled in H Y D R U S - 1 D in 
one model. The measured study results do not show the metabolite (MT14), but it was 
included in the model to complete the reaction chain to model the metabolites behind it 
(LM5 and L M 6 ) . The diagram in Figure 4 shows the arrangement of the scenarios 
followed to obtain the metabolites (daughters). In Table 6 and 7, the parameter values 
from the literature used to set up the four H Y D R U S - 1 D models. 

Table 6: Fitted parameters of biodegradation and production for model (1) before running 
PEST. 

kd faotal 
Solutes (Linear (Half-Life (Total (Biodegradation (Biodegradation 

sorption of biodegra rate for the rate of the solute 
isotherm biodegrad dation solute in soil) standing for 

rate) ation) rate) (d"1) chain reaction) 
(cm3/mg) (d) (d"1) (a"1) 

(Metolachlor) 0.004 [ 1 ] 10 1 2 1 0.069 1 2 1 0.0416 1 3 1 0.015 1 3 1 

( M E S A ) 0.00073 m 70 1 2 1 0.0099 1 2 1 0.0099' 2 1 0 
(Terbuthylazine) 0.00231 1 4 1 57.8 1 4 1 0.012 1 4 1 0.0067 1 4 1 0.0053' 4 1 

(MT1) 0.00285 1 5 1 61.8 1 5 1 0.0112 1 5 1 0.008 1 5 1 0.003 1 5 1 

( M T 14) 0.0044 1 5 1 115 1 5 1 0.006 1 5 1 0.003 1 5 1 0.003 1 5 1 

(LM5) 
0.000549 241 1 5 1 0.0029 1 5 1 0.0017 1 5 1 0.0012 1 5 1 

(LM5) [5] 

(LM6) 
0.000485 47 1 5 1 0.0147 1 5 1 0.0147 1 5 1 0 

(LM6) [5] 

Table 7: Fitted parameters of degradation and production for model (2) before running P E S T 

Dso faotal 
Solutes (Linear (Half-Life (Total (Biodegrada (Biodegradation 

sorption of biodegradatio tion rate for rate of the solute 
isotherm biodegrad n rate) the solute in standing for 

rate) ation) (d"1) soil) chain reaction) 
(cm3/mg) (d) (d"1) (d-1) 

(Metolachlor) 0.004 [ 1 ] 10 1 2 1 0.069 1 2 1 0.0416 1 3 1 0.015 1 3 1 

( M O X A ) 0.00075 1 1 1 50 1 2 1 0.0138 1 2 1 0.0138 1 2 1 0 
(Terbuthylazine) 0.00231 1 4 1 57.8 1 4 1 0.012 1 4 1 0.01 1 4 1 0.002 1 4 1 

( M T 13) 0.02 1 5 1 462 1 5 1 0.0015 1 5 1 0.0015 1 5 1 0 

[1] (Sidoli et al., 2020), [2] (Rose et al., 2018), [3] (Baran & Gourcy, 2013; Maillard et al., 2016; 
P. J. Rice et a l , 2002; Rose et al., 2018; S A N C O , 2004), [4] (Mister et al., 2011; Dolaptsoglou 
et al., 2007; ECPR, 2015; EFSA., 2019; PPDB, 2022d), [5] (ECPR, 2015) 
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4.2 boundary conditions 

The composition of the soil in lysimeter 1 is differentiated into four layers due to 
the grain size distribution. In this study, the consideration is one layer, as the differences 
are not big and to make it easier in modelling. The values of the fitted soil hydraulic 
parameters which are manually fitted by Imig et al., (2022b), from modeling stable water 
isotope transport are shown below in Table 8: 

Table 8: Manually fitted soil hydraulic parameters by Imig et al. (2022b) 

Depth er 6S a n I DL 

[cm] [cm 3 cm"3] [cm 3 cm"3] [cm _ 1 ] [-] [cm d"1] [-] [cm] 
One-layer consideration 

0-200 0.0176 0.23 0.30 1.25 6040 0.5 12 
Four-layers consideration 

0-30 0.023 0.2 0.094 1.1 19148 0.5 15 
30-40 0.023 0.21 0.163 1.12 24970 0.5 8 
40-50 0.018 0.23 0.1 1.24 21845 0.5 6 
50-200 0.01 0.214 0.069 1.2 38880 0.5 10 

The adopted consideration is the single layer consideration due to the uncertainty in the 
soil hydraulic parameters of the four-layer consideration. The parameters used in this work 
are optimized using PEST to obtain the best fit between the measured and modelled values 
of the hydraulic parameters are shown in Table 9. 

Table 9: Fitted transport parameters for lysimeter 1 without consideration of R W U used in the 
model after Imig et al. (submitted-b) 

Depth 0r Os a n Ks / DL 

[cm] [cm 3 cm"3] [cm 3 cm"3] [ cm 1 ] [-] [cm ď 1 ] [-] [cm] 

0-200 0.007915636 0.302011 0.264269 1.43667 6040.20 1.5 18.0136 

The initial conditions of the water flow were defined in pressure heads, in the range of 86 
cm between -388 cm on the soil surface and -302 cm on the base. The upper boundary 
condition was the atmospheric boundary condition with a surface ponding (h = 5 cm) 
where the water builds up on the surface of the soil when precipitation is greater than 
infiltration and evaporation. The equation (13) shows that the water layer thickness h 
increases or decreases depending on the increase of precipitation or infiltration and 
evaporation (Šimůnek et al., 2018). 

/dh \ dh (13) 
—K = — + cos a ) = q0(t) —— at x = L 

\oz J at 
The lower boundary conditions applied to the lysimeter system are the seepage face at the 
base of the lysimeter when the soil becomes saturated and the matric potential equals zero 
(no longer negative) at the bottom of the profile seepage face (h = 0) for the lower 
boundary condition. The precipitation and actual evapotranspiration (ET) were specified 
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at the upper flow boundary where actual evapotranspiration has been calculated from the 
water balance in the lysimeter as described in (Shajari et al., 2020). With respect to the 
boundary conditions for solute transport, the upper boundary is defined as a Cauchy-type 
condition. The flux concentration is controlled by the advective-dispersive fluxes which 
are active at the boundary, therefore, the concentrations of solutes are not fixed. Due to 
concentration gradient forming the fluxes, Dirichlet type is not the right boundary 
condition to be applied here where the lower boundary condition applied is the free 
drainage. 

4.3 Plant uptake 

The lysimeter is vegetated with maize plants during the soil in the period 2013 to 
2017. The plant roots take water and solutes from the soil, which can be considered in the 
H Y D R U S - 1 D model. There are processes accompanying the presence of plants which are 
water uptake, solutes uptake transpiration, and root growth. 

4.3.1 Transpiration 

A model developed by Feddes et al. (1978) is to calculate the root water uptake 
depending on the potential transpiration Tp [L T"1] root density and pressure head. In our 
case, the amount of actual evapotranspiration is already calculated from the water balance 
as detailed by Shajari et al. (2020), so the amount of actual transpiration can be calculated 
with Beer's law: 

Tp = ETp(l - e-kLAI) = ETpSCF = ETp - Ep (14) 

where k is the radiation extension constant [-] which varies depending on the sun angle 
and distribution of plant and leaf, LAI is the leaf area index which is the projected area of 
leaves over the area of land [ M 2 M" 2 ] , the average value of LAI is 1.2 as mentioned in 
Garcia et al. (2011). It also plays an essential role in generating input data to model the 
water balance of the vadose zone (Batsukh et al., 2021), ETp is the evapotranspiration 
[MM] , and SCF is the soil cover fraction [-]. Evaporation and precipitation are together 
representing the system-dependent boundary conditions of the model over the soil. 
H Y D R U S - 1 D expects that the input values entered are for potential evapotranspiration to 
estimate the actual evapotranspiration using the value of the pressure head. To handle this 
issue with H Y D R U S - 1 D , the minimum pressure head boundary condition was imposed 
at -1500000 cm (Groh et a l , 2018; Imig et al., 2022b). 

4.3.2 Root uptake of dissolved compounds 

It is an important process that can show efficient strategies for the production and 
irrigation of crops (Kuhlmann et al., 2012). Root water uptake is important to be able to 
know soil hydrology and crop growth. Some studies on the root water uptake modeling of 
maize in unsaturated soil revealed that irrigation water required for the plant increase with 
increasing the depth of water (Hou et al., 2016). From Richard's equation one can conclude 
that the sink term implies the amount of root water uptake which can be described by the 
following relationship: 

26 



SQi) = A(h)B(z)Tp 
(15) 

where A(K) is a dimensionless function, h (0 < A < /), and B(z) is the normalized water 
uptake distribution (cm 1 ) . A{K) is the effect of water stress on root water uptake, and it 
has four different values depending on the pressure head values (Feddes et al., 1978; 
Feddes & Raats, 2004) described in the following equation: 

^3 low if T <T3 i o w 

AW = \ h 3 h í g h + HySiZ^JÍSÍ, ifT3low<T<T3hig„ u « > 

I 1 low 1 3 low 
^3 high ifT>T3 h i g h 

where ht is the point in the anaerobic conditions and h4 is the pressure head at the welting 
point. Water uptake is at its optimal value between h2 and h3. The adopted model for 
modeling the root water uptake in this work is the Feddes model (Feddes et al., 1978). 
Those parameters are needed to run the model which is already in the database of 
H Y D R U S - 1 D for maize crop. The water uptake is considered optimal value between h2 

and h3. The methods of Feddes et al. (1978) aimed to calculate the amount of root water 
uptake from the soil depending on the potential transpiration. Tp is the potential 
transpiration rate (mm d"1) as shown in the equation below: 

Tp = ETp - Ep (17) 

where ETp is estimated by the Penman-Monteith equation, while Ep is the potential 
evaporation, according to Beer's law (Ritchie, 1972): 

Ep = ETpe~kLAI (18) 

where k is the plant canopy radiation attenuation coefficient which is a function of sun 
angle and distribution of plants and arrangement of leaves which has a default value of 
0.463 for maize (Zhu et al., 2018). LAI is the Leaf Area Index. 

The sink term can also be defined as the volume of water extracted from a unit volume of 
soil in a unit of time by the roots and can be calculated by the following relationship 
(Šimůnek & Hopmans, 2009): 

S(h,x,t) = a(h,x,ť)Sp(x,ť) (19) 

Sp(x,t) = b(x,t)Tp(t) (20) 

where a (h, x, t) is a dimensionless coefficient of water stress (0 < a < 1), the soil pressure 
head can be used to calculate this parameter (Feddes et al., 1978), Sp is the potential root 
water uptake rate [ T 1 ] . Tp is the potential transpiration rate while b(x, t) is the normalized 
root distribution that helps regulate the potential transpiration within the soil profile. 
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c 1.667 

b(x, ť) = < 

•x > L — 0.2L 

2.0833[1 - (L — x)/Lr] 

x > L — 0.2L 

V 0 

x G (L - Lr; L - 0.2Lr) 

x < L — Lr 

(21) 

Where Lr [L] is the maximum depth that a root can reach with time, while L is the x 
coordinate from top to bottom of the soil profile. 

The actual transpiration is calculated by the following equation where the sink term 
S(h, x, t) [T 1 ] is integrated over the zone of maximum root depth: 

Ta = j S(h,x,t) dx = Tp j a(h,x,i)b(x,t) dx (22) 

The stress function mentioned above in equation (16), is reducing the amount of potential 
root water uptake because of the water and solute stresses (Feddes & Raats, 2004) and the 
S-shape function used by van Genuchten, (1987) while a more complex function used by 
Feddes et al. (1978). Five different parameters are required for the stress response function 
used. As shown in Figure 5 the water uptake is dependent on the pressure head and the 
osmotic pressure, it is equal to zero at ht and in the case of water stress (welting point) 
h4. The values of the parameters of the stress response function are included in the 
H Y D R U S - 1 D database and can be determined from the GUI . 

Pressure Head, h [L] 

Figure 5: The parameters of the water uptake stress response function and the relationship 
between water uptake and the soil pressure head as described by Feddes et al. (1978) (Šimůnek 
& Hopmans, 2009) 

The compensated root water uptake occurs in the soil where there is not enough water to 
be transpired by the roots. The ratio between the actual and potential root water uptake 
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from that uncompensated area is (oc, which is called the water stress index or root 
adaptability, it is a value (threshold) above which the root water uptake reduces in the 
more stressed parts of the root zone and increases in the less stressed parts in 
compensation. While the root water uptake is reduced when (oc is below the threshold but 
not yet equal to zero as shown in Figure 6. 

Compensated 

A* Non-Compensated TJT, 

Figure 6: Relationship between the ratio of actual to potential transpiration and stress index (o>) 
(Šimůnek & Hopmans, 2009) 

The uncompensated root water uptake is considered a special case of compensated root 
water uptake in the case of (u>c = 1). Compensated actual transpiration (Tac) is the ratio 
between actual transpiration and stress index (TJa)), the ratio between the compensated 
actual transpiration to the potential transpiration where (co > (oc) equals: 

TaÁt) Ta(t) SaRa(h,h4t,x,z,t)b(x,z,ť)dn ^t) ^ 

Tp(t) Tp(ť)(ú(ť) 
= 1, 

Tv(t) 
Sc(h, hf, x, z, t) = a(h, h^, x, z, t)b(x, z, t)Lt -^-^ 

where the stress range is under the critical water stress (Tac = Ta/u>c) when (a) < a)c): 

Tacit) Ta(t) faRa(h,h<i)lxlzlt)b(xlzlt)dn ^ ( t ) 

7p(t) Tp(t)a)c(t) 
< l , 

(Or 
(24) 

Sc(h, z, t) = a{h,hfy,x,z,t)b(x,z,t)L{ 

TM) 

cor 

It can be concluded that the water uptake compensation is proportional to water stress 
response function as the water uptake compensation is maximum with optimum root water 
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uptake, while it is equal to zero when the root water uptake is zero (in welting or 
anaerobiosis point) (Šimůnek & Hopmans, 2009). 

4.3.3 Root uptake of dissolved compounds 

The roots of the plant work on providing the required nutrients for the plant to live 
and grow from the soil. This process can be either in an active or passive way. In other 
words, when the plant uptakes the nutrients that are already dissolved in the water this is 
the passive uptake, while the active uptake is any other possible mechanism for the roots 
that require energy against the electrochemical gradient. So, for the transpiration process 
to occur the plant needs to uptake water from the soil which is already carrying nutrients 
that is called passive process. The nutrient demand is Rp [ML" 2 T _ 1 ] which is the amount 
of nutrients needed for the plant depending on the stage of growth and can be supplied by 
active or passive processes. As assumed by Šimůnek & Hopmans, (2009), the amount of 
nutrients is supplied first by the passive uptake then i f it is not sufficient the active uptake 
takes place. The model can allow both passive and active nutrient uptake alone or both 
together. The active root nutrient uptake can be determined by the following equations: 

ra (x, z, t) = pa (x, z, t) + aa (x, z, t) (25) 

Ra(t) = Pa(t) + Aa(f) (26) 

where ra, pa, and aa are the total root nutrient uptake, passive and active nutrient uptake 
respectively, where the subscript a means actual. The lower case represents the root 
nutrient uptake from a certain point while the upper case represents the domain root 
nutrient uptake. Regarding passive nutrient uptake can be simulated by multiplying root 
water uptake carrying dissolved nutrients with the dissolved natural concentrations for 
concentrations below a defined maximum concentration (cmax) (Šimůnek & Hopmans, 
2009): 

pa{x,z, t) = s*(x, z, t) min[c(x,z,t),cmax] (27) 

where c is the dissolved nutrient concentration [ M L 3 ] , cmax is the maximum amount of 
nutrients dissolved in the solution [ M L 3 ] , when the cmax equals zero this means that there 
are no nutrients in the root water by passive nutrient uptake. The cmax parameter is a 
control parameter that does not have a physical meaning as it controls the amount of 
nutrients in passive uptake which is not real. The passive actual root nutrient uptake is pa 

[ML" 2 T _ 1 ] in the whole root zone and is calculated by integrating the passive root nutrient 
uptake locally over the whole root zone as shown below: 

Pa(t) =— f pa (x, z, t)d=—( S* (x, z, t) min[c(x, z, t), cmax] díl 
Lt JnR

 Lt JnR 

Tp(t) f 
= —— J alh,h(j),x,z,t)b(x,z,t)min[c(x,z,t), cmax]dil 

TRCLXyCúyt), Cúc\ Jqr 
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where Rp [ML" 2 T _ 1 ] is the potential nutrient demand and Ap [ML" 2 T _ 1 ] is the active 
potential nutrient uptake. 

Ap(t) = [Rp(t) - Pfl(t),0] (29) 

4.3.4 Root growth 

The root growth is described in H Y D R U S - 1 D manuals (Šimůnek et al., 2018; 
Šimůnek et al., 2013b; Šimůnek & Hopmans, 2009): 

i R ( t ) = im/r(t) <3<» 

f M = L0 + a ! - L0)e-« <31» 

where LR [L] is the root depth at the time, L0 is the initial root depth [L], Lm is the 
maximum possible root depth \L],fr(t) [-] is the root growth coefficient, t is time [T] and 
r is the root growth ratio [ T 1 ] , which equals 0.07 for maize. The maximum root depth for 
maize is 100 cm. 

Two of the used approaches to calculating the root growth are the differential equation 
describing population is used to describe root depth (Hartmann et al., 2018): 

dLr ( Lr\ (32) 
= rhr (1 — -

dt V Lm 

where Lr is the potential rooting depth [L] with no stress, r [T 1 ] is the root growth rate. 
The rooting depth can be calculated by the following equation where the stress factor is 
incorporated in the equation (32): 

where S(t) is environmental stress (dimensionless), and La is the actual rooting depth 
subjected to environmental stresses [L]. La can be calculated as follows: 

La(td = Laik-i) + r min[S1(ti),S2(ti)]La(ti_1) (34) 

(tl- ti-l) 1 -

where St and S2 are stress factors affecting vertical penetration in the soil by plant roots 
as shown by Jones et al. (1991). From that approach, the considered root growth depends 
on the whole plant development, but the growth of roots does not necessarily affect the 
shoot growth. There is another approach built on Verhulst-Pearl logistic growth function, 
this function is applied in H Y D R U S - 1 D and it is an analytical solution of the equation 
(32) (Šimůnek etal., 2016): 

L 0 \ w (35) 
L Á t i ) - { l Q + {Lm-lo)e-^Ll 
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where L0 and Lr are the initial and potential root depths [L] respectively; Lm is the 
maximum rooting depth [L], r is the root growth rate [T 1 ] and tt is the time step [T]. the 
other function describing the root growth rate [T 1 ] is a function based on the analysis of 
48 crops in 135 fields proposed by Borg & Grimes, (1986), where tm is the time required 
to reach the maximum root depth [T]. 

4.4 Model calibration 

The applied model includes modeled data that needs to be optimized to fit well 
with the measured data. Some of the parameters are affecting the solute transport and fate 
in the soil as called the solute reaction parameters (Kd, pi, pi'). The parameter estimation 
software used for that purpose is PEST. 

4.4.1 PEST 

It is a software package that works on comparing the measured and modeled data, 
then it predicts the best values of the parameters of interest after finding the best fit for the 
modeled and measured data and this process is called (calibration). The distinct manner 
of PEST made it different from other algorithms, it works on the model input and output 
files directly to calibrate without programming. The good about using PEST is that it 
works on the model input and output files from the H Y D R U S - 1 D model without the need 
to modify it. The method behind that tool is called inversion which works on the solution 
of inverse problems. The used version in this study is version 17.2 of the PEST suite 
(Doherty, 2020b, 2020a). 

There are uncertainties in the estimated parameters with the model calibration process due 
to the nonunique status in the inversion process and due to the noise in the model data 
entered to be calibrated. Regularization is the process of simplification of the parameter 
to attain the uniqueness of finding a solution for the inverse problem. PEST suite includes 
many programs where the Bayes equation is the base of all of them. 

PEST can interact with the model through the input and output files of the model. There 
are three types of files needed to be provided for PEST to work, the template file, the 
instructions file, and the control file. The template file is written to make PEST understand 
the model input file required to be changed before running the model which are the 
parameters of interest. The instructions file contains the method of how to read the output 
file and the numbers of the measurements of the model. While the control file contains the 
names of the template and instruction files also the model input and output files of the 
model, control variables, problem size, initial parameter value, measurements values...etc 
(Doherty, 2020b, 2020a). 

PEST has four modes of operation which are estimation, predictive analysis, 
regularization, and pareto. The repetitive and iterative behavior of PEST is the calculations 
repeated many times using the Jacobian matrix to maintain the accuracy of the parameter's 
values determination. The Jacobian matrix has a column for each parameter and a row for 

m 

(36) 
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each observation. Once the Jacobian matrix is calculated after many model-runs, it can be 
used to calculate a set of parameters using different values called Marquardt lambdas. 

Parallelization was used to run the model many times calculating the Jacobian matrix, 
where the manager PEST is using many agents to work in parallel. Parallel PEST and 
B E O P E S T are being exploited for that purpose, they don't need files different from 
normal PEST but just one extra file to know where the agents' working directories wi l l 
be, although it is optional for B E O P E S T (Doherty, 2020b, 2020a). 

4.4.2 Model curve fit evaluation 

To measure the predictive capability of the method used in the work above, five 
types of statistical performance indicators have been selected; root mean square error 
(RMSE), mean error (ME), coefficient of determination (R2), and Kling-Gupta efficiency 
(KGE). 

The coefficient of determination is a term in the analysis of variance ( A N O V A ) , it is the 
measure of the proportion of the explained variance in the data. So, the higher the value 
of R2, the better the model as it could explain many of the variances in the data. 

ll-M-yd2 < 3 7 ) 

d 2 _ i _ _ t —1  

HUta - y)2 

where y i , . . . yn are the values of the data, y is the average of observations, yt is the 

predicted part of yi by the model fitting (di Bucchianico, 2008). 
The root mean square error is a statistical standard metric used to measure the model 
performance. The model prediction errors are calculated by subtracting the observations 
from the predictions et = Pt- Ot (Chai & Draxler, 2014; Willmott & Matsuura, 2005). 

1 n 

RMSE = - Y e , 2 ( 3 8 ) 
n Z—i 

\ i = 1 

The mean error (ME) is an indicator of the overestimation of the modeled values when it 
is above zero (ME > 0) or underestimation when it is below zero (ME < 0) (Chai & 
Draxler, 2014; Stump et a l , 2009a). 

n 

ME = - Y e t (39) 

i= i 

The Kling-Gupta efficiency is a combination of three components of Nash-Sutcliffe 
efficiency (NSE) of the model errors bias, correlation, and ratio of variances. The KGE 
and its extension KGE' is dominating the recent hydrological model calibration literature 
(Kling et a l , 2012; L iu , 2020). 
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KGE = 1 - V(r - l ) 2 + (a - l ) 2 + (/? - l ) 2 

= 1 - V ( r - l ) 2 + ( / ? - l ) 2 + ( r - l ) 2 

Ms 
ß = — 

j"0 

(40) 

(41) 

(42) 

tfs/Ms (43) 
K — 

where r is the correlation coefficient between simulated and observed data, ß is the bias 
ratio, y is the variability ratio, fi0 is the mean value of the observed data, fis is the mean 
value of the simulated data, a is the standard deviation (Kling et al., 2012). 

PQ 
T = ~^^^^^=^^^^^^= (44) y(P + Q + T)*(P + Q + U) 

Kendall's tau is the linear function of number of which are different pairs of items in two 
rankings. The function is 1 when the values are in the same order and equals -1 when they 
differ (Sanderson & Soboroff, 2007). 
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5. Results and discussion 
5.1 Hydrus-ID application issues 

Regarding the model run by H Y D R U S - I D , there are some issues related to the 
flow model needed to be considered and solved. For instance, H Y D R U S - I D does not 
consider the entered values of actual evapotranspiration and tends to reduce the amount 
entered because of water shortage in the system before dividing the evapotranspiration 
into evaporation and transpiration according to Beer's law mentioned in the previous 
chapter. Since actual evapotranspiration is considered an upper boundary condition, the 
value of h C r i t A which is the critical pressure head is set as a very low value (-1500000 cm) 
which prevents H Y D R U S - I D from reducing its evapotranspiration. This value of the 
critical hydraulic head is so low and does not usually occur unless there is numerical 
instability due to water stress in the soil (Imig et al., 2022b). 

The concentration of the solutes is calculated with the unit of mg/cm in the model because 
the Cauchy boundary condition is describing the solute flux which considers the amount 
of solute applied per square meter of soil surface. The amount of surface flux on the day 
of herbicide application is considered the solute flux which is calculated in mg/day. The 
evapotranspiration in the herbicide's application day is considered zero as the surface flux 
is considered solute flux and the amount of precipitation is assumed to be the applied 
herbicides, water flux is added to the day before and the day after application. While the 
root water uptake is calculated on the day of herbicides' application as well as interception 
of precipitation by plant leaves is considered. 

5.2 Results of running HYDRUS-ID models 

The models have been run in H Y D R U S - I D are four. Those are because the 
software does not model the divergent and convergent branching in the chain reaction. 
The first two models are composed of one terbuthylazine metabolites chain (MT1, MT14, 
L M 5 , L M 6 ) and one metolachlor metabolite chain (MESA) , with and without root water 
uptake. Similarly, the other two models are composed of the second chain of 
terbuthylazine and its metabolite (MT13) together with the other metolachlor chain in 
which the metabolite ( M O X A ) , with and without root water uptake. 

5.2.1 Results of the first model with and without RWU 

The model calibration needed running of PEST software many times in the power 
shell, after many trials to fit the parameters affecting solute transport and biodegradation 
in the soil which are sorption coefficient Kd, the biodegradation rate in the liquid state fiw 

and the production rate of metabolites fiw'. Using different statistical indicators to identify 
the best herbicide-model parametrization. The model is run first using the values of the 
parameters collected from literature before calibration using PEST. The soil hydraulic 
parameters were entered depending on the fitted parameters inversely using PEST (Imig 
et a l , submitted-b), those parameters are the Van Genuchten parameters (6r, 6S, a, n, Ks) 
and longitudinal dispersity (DL) as mentioned in the methodology chapter. The parameters 
of solute reaction were also being used from literature and used as initial values to model 
the biodegradation and metabolites production in H Y D R U S - I D . 
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In the previous studies on the site of Wielenbach, Germany, (Imig et al., 2022b) and 
(Shajari et al., 2020) worked on modeling the water flow using the data of two weighable 
lysimeters -one of those lysimeters is the interest of this study ( L y l ) - using lumped-
parameter model and H Y D R U S - 1 D , where they used stable isotopes as natural tracers. In 
a continuation of that, Imig et al. (submitted-b) worked on the parametrization of the 
model previously done and fitting the water flow, isotope transport, and herbicides model 
parameters using PEST after running H Y D R U S - 1 D . The results of modeling the 
herbicides together with biodegradation and production of metabolites in the soil are based 
on the results of fitted soil parameters by Imig et al. (submitted-b) and are being used in 
this work as a water flow model. The fitted solute transport and biodegradation parameters 
of the two model branches are mentioned in Table 10 and 11. 

Table 10: Fitted parameters of biodegradation and production for model (1) after running PEST. 

Kd 050 fttotal 
Solutes (Linear (Half-Life (Total (Biodegradation (Biodegradation 

sorption of biodegradation rate of solute in rate of solute 
isotherm biodegradati rate) soil) representing 

rate) on) (d 1 ) (d"1) chain reaction) 
(cm3/mg) (d) (d 1 ) 

( M T L C ) 0.008 7.7 0.0896 0.048 0.0416 

( M E S A ) 0.00093 46.2 0.015 0.015 0 

(TBA) 0.03 8 0.0853 0.08 0.0053 

(MT1) 0.0055 15 0.046 0.0325 0.0135 

(MT14) 0.1 15 0.045 0.03 0.015 

(LM5) 0.055 7 0.095 0.045 0.05 

(LM6) 0.0000005 4415 0.000157 0.000157 0 

5.2.1.1 Metolachlor (MTLC) 

The values of fitting of metolachlor biodegradation parameter is (kd = 0.008 
cm3/mg) which is in the range mentioned in B A u A , (2021) between (0.001-0.0448 
cm 3/mg), biodegradation parameter (piw = 0.048 d"1) and first-order production rate fiw' = 
0.0416 d"1), where the statistical evaluation of the modelled data with root water uptake 
(RWU) ( M E (Mean error) =-0.005, K G E (KUng-Gupta Efficiency) = -0.082) and without 
R W U is ( M E = -0.009, K G E = -0.172), where the total half lifetime simulated is calculated 
from the total biodegradation rate as used in (Stipicevic et al., 2017): 

^total — + Mm/ ( 4 5 - * 

D 5 0 = In (2) /iitotal (46) 

From the earlier equation, it can conclude that the simulated half lifetime of M T L C D50 = 
7.74 d which is in good agreement with the literature (10 d) (Bayless et al., 2008; Capel 
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et al., 2008; Rose et al., 2018). The sorption coefficient of M T L C (kd = 0.008 cm3/mg) 
fitted in the model by PEST is in the range of the previous studies 0.0013 - 0.0087 cm3/mg 
as in Alletto et al., (2013) and in agreement with the fitting results done by Imig et al. ( 
submitted-a), where the fitted parameters of M T L C (kd = 0.013 cm 3/mg and fitotai =0.1 
d"1). The statistical evaluation is not satisfying as (R2 = 0.001, with and without R W U ) , 
but ( K G E with and without R W U = -0.172 and -0.082, respectively) which can still be 
improved. The fitted production rate (piw' = 0.0416 d"1) is representing 40% of the 
biodegradation rate which agrees with previous studies (Baran & Gourcy, 2013; Maillard 
et a l , 2016; S A N C O , 2004). 

From the simulation of the M T L C curves, it can be observed that there are five peaks of 
concentration representing the five applications of M T L C to the soil in the middle of every 
year from June 2013 to June 2017, it is apparent that there is overestimation of M T L C 
output in the modelled curve after first application (June 2013) as shown in Figure 7 in 
both with and without root water uptake where the measured concentration is (0.08 
mg/cm) while the modelled (0.66 - 0.73 mg/cm with and without R W U respectively), this 
can be due to the heavy rain as the precipitation was recorded to be the heaviest in 2013 
(190 mm) in the time of application, while in measured data it is not noticed, which maybe 
because that was in the beginning of the application time where M T L C has not been 
adsorbed by soil particles which are yet to be saturated with herbicides. Regarding the low 
amount of measured M T L C , maybe because of the relatively short half-life time (7.7 d"1) 
and fast biodegradation rate of M T L C as in (Vischetti et al., 1998). 

Modelled 
• Measured 

JL 
R2=0.001 RMSE = 0,121 ME = -0.005 KGE=-0.082 tau=0.421 

— Modelled with RWU 
• Measured 

j -L . . . . . . 
R2=0.0Q1 RMSE = 0,13 ME=-0.009 KGE = -0.172 tau=0.431 

.PN & -? -s" A* ,A> »"? f !S> •& 
<v° <v° ^ 0 -v0 T° <V° T° T° <V° -V0 

Time 

^ jS" 
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Figure 7: Metolachlor ( M T L C ) concentration in the first fitting model with and without root 
water uptake (in blue line) compared with the measured in the lysimeter drainage (in red dots), 
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through the whole simulation period where right diagram with root water uptake and the left 
diagram without, with statistical parameters in the base 

In the second peak (June 2014) there is an underestimation in the modeled concentration 
(0.1 mg/cm) while modeled concentration is 0.01 and 0.012 mg/cm with and without 
R W U respectively), which can be due to the low precipitation rate (22 mm) in that year 
as it was the lowest year in precipitation rate. It can also be observed that there is no 
significant difference between the model with and without R W U for metolachlor, the 
small difference can be referred to as the simulation accuracy difference between both as 
shown by the statistical evaluation indicators. 

The peak of July 2015 is almost equal to modeled (0.23 and 0.18 mg/cm with and without 
R W U respectively) and measured (0.15 mg/cm), the difference is assumed to be due to 
the accuracy of fitting, as it is more accurate in the modeled data without R W U , the 
difference is subtle, while it is bigger in R W U model as it is less accurate ( K G E = -0.172), 
also the peak is relatively high as the rain was higher than the previous year 2014. It is 
worth noting that the measured values are peaking after application which is reasonable 
as it takes time through the soil profile to be leached, but it is interesting here that it appears 
earlier in high rain seasons as in 2013 and 2015 but it takes longer in 2014 as can be 
noticed in both models with and without R W U due to the low rain amount in that year. 
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Figure 8: Measured concentrations of metolachlor, terbuthylazine, and their metabolites in the 
output leaching water and the amount of precipitation and irrigation water summed up in every 
season in lysimeter 1 by Imig et al. (submitted-a) 

In the peak of June 2016, the modeled values are so underestimated (0.05 and 0.07 mg/cm 
with and without R W U respectively). The M T L C measured concentration is 0.64 mg/cm 
which is fivefold higher in concentration in comparison to other years, this could be due 
to the relatively high rain rate of 80 mm and the irrigation in 2016, it became the highest 
year of the amount of water in the soil as shown in Figure 8, together with the 
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remobilization of the previously adsorbed M T L C to soil particles from previous herbicide 
applications, another view can be due to preferential flow of the solute with water in the 
soil column. The first assumption is more powerful because, in comparison to the first 
year of application 2013 the peak was not so high although the rainfall was the highest 
recorded though the whole investigation period, there were no earlier applications that 
could be remobilized and appear in the outflow, plus the amount of herbicide applied was 
the lowest. In controversy in 2016, the amount of rain was half of the amount in 2013 but 
it affected the output M T L C because of the high amount of M T L C applied in the previous 
years and have been remobilized when the rain and irrigation together were high. Despite 
the high rain season in 2015, the output was two times lower than in 2016 because of the 
biodegradation of M T L C that dramatically increases after application and the sorption of 
an amount of metolachlor. 

In 2017 after the application the rainfall was not high (50 mm) which is the second lowest 
rate after 2014 and it was preceded by a moderately rainy season, hence the outflow was 
low where the measured concentration was 0.04 mg/cm, while modeled concentration was 
(0.015 and 0.02 with and without R W U respectively). 
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Figure 9: Measured concentrations of metolachlor, terbuthylazine, and their metabolites in the 
output leaching water as well as the concentration of applied "input" herbicides in lysimeter 1 by 
Imig et al. (submitted-a) 

The metabolization of M T L C is higher and faster in comparison to T B A , as has been 
studied that the biodegradation rate of M T L C is high as the half-life is short as 7-10 days 
as mentioned (Capel et al., 2008; Rose et al., 2018), those parameters, as well as sorption 
coefficient, determine the leachability of the herbicide and the contamination risk of 
groundwater (Azcarate et al., 2015). 

As mentioned in the earlier chapter that H Y D R U S - 1 D models the biodegradation and 
production of metabolite branches but does not model the divergent and convergent 
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branches (Jacques et al., 2000). That was the reason there were two different models to 
model the two branches of the biodegradation chain of M T L C and T B A for the two 
approaches (with and without RWU) . 

5.2.1.2 Metolachlor ethane-sulfonic acid (MESA) 

The modeled fitted value of the biodegradation rate is fitotai = 0.015 d"1 which is 
near to the rate (0.01 d"1) (Bayless et a l , 2008; Rose et a l , 2018; Schuhmann et a l , 2019), 
while the sorption coefficient (kd = 0.00093 cm 3/mg) which is in agreement with the 
previous studies done by Krutz et al. (2004) on cultivated soil sorption estimation 
(0.00075 cm3/mg) also agreeing with the study on a loamy to sandy soil in a weighable 
lysimeter where (Kd = 0.0002 cm3/mg) (Kupfersberger et al., 2018), The metabolite of 
M T L C in the first model is M E S A , is modeled as shown in Figure 10. The first peak of 
measured concentration in 2013 looks overestimated where it equals 0.08 mg/cm and the 
modeled equal (0.57 and 0.5 mg/cm) with and without R W U respectively, this can be 
because of the high rainfall that is maybe why the modeled concentration was higher as 
predicted by H Y D R U S - 1 D . The low peak of measured M E S A in 2013 can indicate that 
in the first application of the parent M T L C on the soil was more prone to be adsorbed 
especially in the upper parts of the soil and in soils with high organic carbon (Krutz et al., 
2004), so the metabolites production is not high due to low biodegradation. 

Figure 10: Metolachlor ethanesulfunic acid ( M E S A ) concentration in the first fitting model with 
and without root water uptake (in blue line) compared with the measured in the lysimeter 
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drainage (in red dots), through the whole simulation period where right diagram with root water 
uptake and the left diagram without, with statistical parameters in the base 

The conditions of sorption are assumed to be in equilibrium, so this assumption leads to 
uncertainties in the interpretation of the gap between the measured and modeled values. 
In the first two peaks of M E S A in 2013 and 2014, the overestimation of measured data is 
noticeable, the second peak is highly overestimated where the concentration of 3.8 mg/cm 
for measured while 0.77 and 0.61 mg/cm for modeled with and without R W U 
respectively, although the amount of rain in that year was the lowest, this may be because 
of the adsorbed portion of the M T L C in the soil from the previous application so that 
amount was metabolized and remobilized. The third peak is in a rainy season when the 
M E S A is leached and recorded the highest output in the investigation time. The measured 
concentration peaks the highest for M E S A in the output recording at 0.8 mg/cm and the 
modeled concentrations are 0.75 and 0.72 mg/cm with and without R W U , respectively. 
From the whole investigation period in Figure 10, one can see that there is a lag in the 
measured peaks, they appear later than the modeled, and this lag is getting smaller with 
time through years until it is not noticed in the last two years, which supports the earlier 
assumption that M E S A has been accumulating and being remobilized after every 
application. Another notice that supports the mobilization assumption, is that the values 
are peaking continuously in a scattered manner between the two applications which is 
rain-dependent throughout the year. 

The 2016 measured peak is almost half the measured output of M E S A in 2015, maybe 
because of the heavy rain in 2015. The three small different modeled peaks in the size 
after application in 2015 are showing the condition of combination between the moderate 
rainfall and the remobilized M E S A from earlier applications. The last two peaks in 2016 
and 2017 of modeled results are also overestimating the measured values. The measured 
values are not that high (0.32 - 0.29 mg/cm for 2016 and 2017 respectively) as in 2015 
because the rain was not so high. The modeled concentrations in 2016 and 2017 are (0.69 
and 0.76 mg/cm with and without R W U , respectively) and (0.44 and 0.47 mg/cm with and 
without R W U , respectively). It is worth noting that measured values are not returning to 
zero after application through the whole period, which may also be an indicator of the 
remobilization of the metabolite. The peaks of modeled data can be bifurcated in the years 
like 2013 without R W U , 2015 with and without R W U , and 2016 with R W U this may be 
because of the high amount of rainfall in those years as mentioned before where the 
highest is 2013 but it is more obvious in 2015 because this year had two of the conditions 
affected the peaks this way, one was the high rain and second is the remobilization of 
M E S A from previous years 2013 and 2014. In comparison to M O X A , the mobility of 
M E S A is almost eightfold higher which is in total agreement with Baran & Gourcy, 
(2013), Maillard et al. (2016), Rose et al. (2018) and White et al. (2010). White et al. 
(2010) also suggested that the formation of M O X A is not the preferred pathway of 
metolachlor. 

5.2.1.3 Terbuthylazine (TBA) 

The fitted parameter of biodegradation rate is 0.0853 d"1 which lies in the range of 
measured biodegradation value of T B A 0.006 and 0.138 d"1 as documented in (ECPR, 
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2015; PPDB, 2022d), biodegradation of the model done by Imig et al. (submitted-a) equals 
(0.08 d"1) which supports the value here. The fitted linear sorption of T B A (kd = 0.03 
cm3/mg) while the range of sorption is ((loamy sand) 0.0021 - (silty loam soil) 0.01 
cm 3/mg (ECPR, 2015; PPDB, 2022d), which is lower than the fitted value, this can be 
referred to the low output value of T B A in the modelled peak (underestimation of 
measured output from 2014 to 2017) combined with the relatively low estimated half-life 
(8 d). It has been studied also in dual porosity approach giving the value of (0.01 cm3/mg) 
where it is also low in K G E value of T B A (0.06) (Imig et al., submitted-a). It also starts 
with overestimation of the measured conceuntration (0.31 mg/cm) but not so high after 
application in 2014, where the modelled concentrations after application in 2013 are 0.46-
0.5 mg/cm with and without R W U , respectively. 

The herbicide terbuthylazine on contrary to M T L C is more persistent and does not degrade 
as fast. The second peak in 2014 is small like M T L C as the amount of rain was low. The 
measured concentration equals 0.04 mg/cm, and for the modelled ones are 0.02 and 0.12 
with and without R W U . The third peak is higher as the amount of rain increased in 2015. 
The measured concentration is 0.21 mg/cm, it is also noticed that the peak of modelled 
value become sharper and nearer to application time when the precipitation increases. The 
modelled concentrations of the peak in 2015 are 0.18 and 0.22 mg/cm with and without 
R W U , respectively. There is a little underestimation of the measured data in the T B A 
without R W U as in Figure 11, but this disappears in the data with R W U in 2015 which is 
more correct as showed by the M E and K G E values. In 2016, the measured values (0.42 
mg/cm) are much higher due to the accumulation of T B A in the soil until the rainy season 
flushed it out same as what happened with metolachlor. There is big underestimation of 
the measured data in comparison to modelled due to the moderate rain amount. The values 
of the modelled concentrations are 0.04 and 0.05 with and without R W U , respectively. In 
the last year of application 2017, T B A was the lowest amount applied in all application 
period, also the rain was the second lowest rain in all investigation period, all that reduces 
the leached output of T B A . The measured concentration in 2017 is 0.015 mg/cm, while 
the modeled concentrations are 0.01 and 0.05 with and without R W U , respectively. 
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Figure 11: Terbuthylazine (TBA) concentration in the first fitting model with and without root 
water uptake (in blue line) compared with the measured in the lysimeter drainage (in red dots), 
through the whole simulation period where right diagram with root water uptake and the left 
diagram without, with statistical parameters in the base 

5.2.1.4 Desethylterbuthylazine (MT1) 

The half-life and biodegradation rate of M T 1 after fitting are (15 d, 0.046 d"1), 
which agree with the documented values range (69-15.5 d) (0.01-0.44 d"1) normalized to 
the reference conditions (20°C) (ECPR, 2015). Sorption coefficient value (0.0055 
cnrVmg) is near to the values reported (0.00028 - 0.00329 cm3/mg) (ECPR, 2015; PPDB, 
2022a). The modelling process of the metabolites of one chain of terbuthylazine starts 
with M T 1 with the highest production percentage 44%. M T 1 has also been discussed in 
chapter, it is the most popular metabolite of terbuthylazine (ECPR, 2015). It is also known 
as the high mobility and low affinity to bind to the organic matter which poses a high risk 
to pollute groundwater (Loos et al., 2010; Tasca et al., 2018). M T 1 starts with relatively 
high output -in comparison to other peaks of MT1-after first application of T B A . It is also 
apparent that the concentration of M T 1 and other metabolites of T B A in the output is 
much lower than M T L C metabolites which indicate the lower biodegradation rate of T B A , 
and longer time needed for biodegradation in the soil (Schuhmann et al., 2019; Vischetti 
et a l , 1998). 

The first modelled peak after application in 2013 is representing the measured with a little 
overestimation. The measured concentration in 2013 is equal to 0.018 mg/cm which is 
relatively high because of the high rain season, but the beginning of the application as in 
previous solutes not so high in the output due to the sorption, while the modelled 
concentrations are 0.026 and 0.031 for with and without R W U , respectively. 

43 



Modelled 
Measured 

R2=0.024 RMSE=0.009 ME=0.001 KGE=-0.Q88 tau=0.226 

^ J$" 
a ^ «> # s> 

T? -V0 1? -i? T? 

Modelled with RWU 
Measured 

R2=0.02 RMSE = 0.009 ME=0.001 KGE=-0.19 tau=0.192 

^ 0* ^ 
^' -S' 

a.0_v ^ J> A A 

Figure 12: Desetheyl-terbuthylazine (MT1) concentration in the first fitting model with and 
without root water uptake (in blue line) compared with the measured in the lysimeter drainage 
(in red dots), through the whole simulation period where right diagram with root water uptake 
and the left diagram without, with statistical parameters in the base 

The second peak of modeled data in 2014 after the application is moderately high, while 
the measured peak is the highest in the investigation period (0.039 mg/cm) which is 
controversial with T B A in the same year, precipitation and irrigation were not enough for 
the T B A to appear high in the output but was good for biodegradation and forming M T 1 
as the amount of rain in that year were the lowest, moreover, this can be referred to 
remobilization of M T 1 from previous year, while the modeled peaks of concentration are 
recorded as 0.013 and 0.014 mg/cm with and without R W U , respectively. The modeled 
concentrations are underestimating the measured data because of maybe the low amount 
of rainfall, the model could not expect the higher leaching behavior of M T 1 than T B A as 
described by Guzzella et al. (2003), where the sorption of M T 1 was studied by Ronka & 
Bodylska, (2021) and proved to be 5 times lower than other T B A metabolites and T B A 
itself, which indicates the higher mobility of that compound. 

The measured data in the third peak in 2015 (0.036 mg/cm) is almost equal to the modeled 
data (0.04 and 0.046 mg/cm with and without R W U , respectively), this time the model 
could simulate the measured output well because the high amount of rainfall. The modeled 
concentration with R W U is higher because of the difference in accuracy between modeled 
with and without R W U as shown in the statistical evaluation parameters values in Figure 
12. The peak of 2016 of the measured concentration was not that high because of the high 
leaching of T B A in that year due to the high amount of rainfall which affected the 
concentration of M T 1 because of the lack of biodegradation. The measured concentration 
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in 2016 is 0.014 mg/cm and the modeled concentrations are 0.0225 and 0.025 mg/cm with 
and without R W U , respectively. The modeled concentration is higher than the measured 
described as a small overestimation as it was supposed to have a moderate amount of rain, 
and this should have increased the leached M T 1 . The last peak of 2017 is the lowest 
measured concentration in the investigation period. This is because the low rainfall 
affected the leaching of the applied T B A . Moreover, the applied T B A in 2017 was the 
lowest amount, and that year has been preceded by two high rainy seasons in 2015 and 
2016 that removed most of the accumulated metabolite M T 1 from the soil. The measured 
concentration of M T 1 in 2017 is 0.006 mg/cm while the modeled concentrations are 0.007 
with R W U and without R W U also the same value. The measured points appear in Figure 
12 are getting higher and the data points never come back to zero after application from 
2013 until 2016 in between the application peaks. This indicates the accumulation of the 
M T 1 particles every year after application. 

5.2.1.5 Terbuthylazine 2 C G A 324007 (LM5) 

The fitted biodegradation rate (0.095 d"1) and the half-life of L M 5 (7 d) are not in 
the range of the studies (36.5-70 d) (ECPR, 2015). The sorption rate is the biodegradation 
chain of T B A that continues after M T 1 there are other metabolites in the chain which is 
MT13 but it is not of interest to this study and has not been detected in the outflow. The 
next metabolite in the chain is L M 5 as shown in Figure 13, the first peak of measured 
concentration in 2013 is not so high (0.0013 mg/cm), despite the heavy rain in that year 
as calculated by Imig et al. (submitted-a). The modeled concentrations are 0.00175 and 
0.0008 with and without R W U , respectively, where the difference between them is 
referred to as the accuracy of model calibration. In the measured data, the increase of the 
concentration can be noticed between the first application in 2013 and the second one in 
2014, it is not represented in the modeled data, refering to Figure 13, the amount of 
precipitation and irrigation is decreasing after the application at 09/2013, in meanwhile, 
the biodegradation started to increase and the L M 5 became mobile but less than M T 1 as 
discussed by (EFSA , 2019; E C P R , 2015). 

The second peak of the measured concentration in 2014 equals 0.0014 mg/cm, which is 
almost the same as in 2013. The rainfall was the lowest in 2014 which decreases the 
leachability of T B A which be more active for biodegradation and increases M T 1 which 
wil l also increase the production of L M 5 in the chain. The modeled concentrations in 
2014 are 0.0021 and 0.0013 mg/cm with and without R W U , respectively, the difference 
between them both is in the accuracy of the statistical evaluation. The third and the highest 
peak of measured concentration is in 2015 when the rainfall was high which led to 
mobilizing of L M 5 produced in 2015 and relics of previous years. The measured 
concentration is recorded to be 0.0035 mg/cm, while the modeled concentrations 
underestimate the measured, they are recorded as 0.0019 and 0.0012 with and without 
R W U , respectively. The underestimation of the measured concentrations comes from the 
model fitting accuracy as shown in Figure 13, the K G E = -0.265 and -0.348 with and 
without R W U , respectively, where the model without R W U is nearer to accuracy it can 
be noticed that the modeled peak is getting higher. In 2015, there are two modeled peaks, 
those peaks are reflecting the heavy rain events after the application of the parent T B A . 
The measured peak of L M 5 after application in 2016 is lower than the previous year at 
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0.0018 mg/cm because of the moderate rainfall, where the modeled concentrations are 
also underestimating the measured values (0.0014 and 0.0012 with and without R W U , 
respectively) which can be due to the model fitting accuracy as discussed before. 
Regarding the 2017 modeled peak, it has been recorded as 0.0013 mg/cm, which is 
compatible to a good extent with the modeled concentrations recorded as 0.0008 and 
0.0006 with and without R W U , respectively. 
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Figure 13: Terbuthylazine 2 CGA 324007 (LM5) concentration in the first fitting model with 
and without root water uptake (in blue line) compared with the measured in the lysimeter 
drainage (in red dots), through the whole simulation period where right diagram with root water 
uptake and the left diagram without, with statistical parameters in the base 

5.2.1.6 Terbuthylazine 1 SYN 545666 (LM6) 

As a continuation of the biodegradation chain of the metabolites detected in the 
output of the lysimeter 1, the metabolite L M 6 is included in the model and compared to 
the measured points. L M 6 is peaking the highest directly after the first application of the 
parent T B A in 2013. The concentration peak of the measured data is recorded as 0.0055 
mg/cm. The relatively high peak of L M 6 in 2013 is referred to the high amount of rainfall 
in 2013. The modeled concentration peaks are recorded as 0.0049 and 0.0025 mg/cm with 
and without R W U , respectively. The modeled peaks without R W U are describing the 
measured values well with a little underestimation. From the values of K G E in Figure 14, 
(-0.388 and -0.212 with and without R W U ) are getting more correct with lowering the 
magnitude of the modeled peak indicating the real underestimation of the measured data, 
the high measured peak can be attributed to the high mobility of the L M 6 - as discussed 
in E F S A , (2019) - in the soil after being produced as represented by the measured data. 
The second measured concentration peak in 2014 appears in Figure 14 saw to be 0.0029 
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mg/cm, where the modeled concentrations are 0.0073 and 0.006 with and without R W U , 
respectively, where the accuracy of fitting increases as K G E decreases in the model with 
R W U as shown in the Figure 14. The amount of rain falls in 2014 was low but the leaching 
of M T 1 was high as in Figure 12 before it degrades in the chain forming L M 5 and L M 6 . 
The amount of leached L M 6 started to increase the entire year after application in June 
2013 which supports the assumption that the accumulation of L M 6 in the soil until the 
beginning of 2017. 
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Figure 14: Terbuthylazine 1 S Y N 545666 (LM6) concentration in the first fitting model with 
and without root water uptake (in blue line) compared with the measured in the lysimeter 
drainage (in red dots), through the whole simulation period where right diagram with root water 
uptake and the left diagram without, with statistical parameters in the base 

The measured concentration of L M 5 in 2015 is divided into two peaks which are the same 
in all earlier metabolites of M T L C ( M E S A and M O X A ) and terbuthylazine (MT1, L M 5 , 
L M 6 , and MT13). The reason behind that might be the heavy rain after different 
applications which worked on remobilization of the metabolites in the soil. The highest 
peak of measured concentrations is 0.003 mg/cm while the highest modeled concentration 
peaks are 0.0065 and 0.0075 mg/cm with and without R W U , respectively. The modeled 
peaks are getting higher with increasing the accuracy of the fitting and having the right 
K G E values, which shows that the peaks are overestimating the measured data. The lower 
measured values compared to the modeled can be due to the high leaching amount of the 
later metabolite in the chain (LM5) which produced L M 6 . The measured peak 
concentration of 2016 is low (0.0022 mg/cm) compared to the amount leached in 2015 in 
the two peaks, where the modeled concentrations are 0.003 and 0.0026 mg/cm with and 
without R W U , respectively where the modeled and measured values are compatible. The 
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measured concentration peak in 2017 is 0.001 mg/cm, which is low due to the low amount 
of rainfall. While the modeled concentration peaks are 0.0018 for both values with and 
without R W U . The values of modeled and measured data are not too distinct. 

5.2.2 Results of the second model with and without RWU 

The second model was applied in H Y D R U S - 1 D as mentioned in the methodology 
chapter because H Y D R U S - 1 D does not consider the divergence and convergence of the 
biodegradation chain. Hence, the second model was done to model the other branches of 
M T L C and T B A . As shown in Table 11, the fitted parameters using PEST. 

Table 11: Fitted parameters of biodegradation and production for model (2) after running PEST 

Kd D50 ^total r w 
jU ' 
r w Solutes (Linear (Half-Life of (Total (Biodegradation (Biodegrada 

sorption biodegradation) biodegradation rate for the tion rate of 
isotherm (d) rate) solute in soil) solute 

rate) (d 1) (d 1) representing 
(cm3/mg) chain 

reaction) 
(d 4) 

(Metolachlor) 
(MTLC) 0.00401 8.7 0.0796 0.0416 0.038 

(MOXA) 0.00093 43.8 0.0158 0.0158 0 
(Terbuthylazine) 

(TBA) 0.03 8 0.0853 0.08 0.0053 

(MT 13) 0.1 23.1 0.03 0.03 0 

5.2.2.1 Metolachlor (MTLC) 

The concentrations of the modeled M T L C in the second model are lower than in 
the first model as shown in Figure 15. Although it looks like the magnitude of the first 
model peaks, the first peak in 2013 of the modeled concentration (0.33 and 0.26 mg/cm 
with and without R W U , respectively) is overestimating the measured peak, where also the 
same interpretation of high rainfall can be the reason why it looks higher. The second 
modeled peak (0.005 and 0.001 mg/cm with and without R W U respectively) is 
underestimating the measured values which can be referred to as the low rainfall in 2014. 
The modeled peak of 2015 is (0.08 and 0.03 mg/cm with and without R W U , respectively) 
underestimating the measured data while the rainfall was the highest in 2015, this can be 
attributed to the biodegradation of M T L C which affected the output concentration which 
is apparent in all the peaks. The modeled peak in 2016 is underestimating the measured 
where the modeled data is (0.03 mg/cm for both with and without R W U ) , this can be 
attributed to the moderate rainfall. The modeled peaks of 2017 are so low due to low 
rainfall, the values of concentrations are 0.005 and 0.003 with and without R W U 
respectively. 
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Figure 15: Metolachlor ( M T L C ) concentration in the second fitting model with and without root 
water uptake (in blue line) compared with the measured in the lysimeter drainage (in red dots), 
through the whole simulation period where right diagram with root water uptake and the left 
diagram without, with statistical parameters in the base 

5.2.2.2 Metolachlor oxanilic acid (MOXA) 

The fitted biodegradation rate and half-life of M O X A are (0.0158 d"1, 43.8 d) 
which are still near to the values in Rose et al. (2018). The sorption coefficient (0.00093 
cm3/mg) is also near to the value mentioned in (Sidoli et al., 2020) (0.00075 cm 3/mg). The 
second branch of biodegradation of metolachlor is M O X A which is lower in amount and 
mobility than M E S A . The measured concentration peak in 2013 (0.025 mg/cm) is 
underestimated by the modeled peaks (0.122 and 0.155 with and without R W U , 
respectively). The reason behind the overestimation is the high rainfall in 2013, while the 
measured concentration is not so high because of the sorption of M O X A as it was the first 
year of application. The second measured peak in 2014 is low 0.01 mg/cm but it gets 
higher with time through the year and is peaking again high at the beginning of 2015 
(0.035 mg/cm) which can be attributed to the remobilization of M O X A from the last year 
also maybe because of the increase of precipitation at the beginning of 2015. The modeled 
concentration peaks of M O X A in 2014 are 0.1 and 0.06 with and without R W U , 
respectively, the peaks of the modeled values are overestimating the measured peak due 
to the remobilization from the previous year and the statistical evaluation values are less 
accurate than the other one with R W U , that made the model without R W U have a higher 
peak. 

The measured concentration in 2015 is high at 0.087 mg/cm which is due to the high 
rainfall. The modeled concentration peaks of M O X A (0.165 and 0.085 mg/cm with and 
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without R W U respectively) are overestimating the measured values in the model without 
R W U and there is almost no difference in the model with R W U in which the statistical 
parameters are more accurate. The two peaks in the model in 2015 are showing always 
through the metabolites the effect of heavy rain and remobilization. The measured 
concentration peak in 2016 is 0.067 mg/cm, where the peak is moderate because of the 
moderate rainfall in 2016. The modeled concentration peaks are (0.145 and 0.140 with 
and without R W U respectively), which are overestimating the measured values due to the 
relatively high rain and the remobilization from previous years which is not apparent in 
the measured data. There is no big difference between the effect of statistical accuracy 
with and without R W U . The measured concentration peak is 0.025 mg/cm is low because 
of the low precipitation, the modeled concentrations numerically determined are (0.055 
and 0.45 mg/cm with and without R W U , respectively) slightly overestimating the 
measured values especially in the model without R W U . 
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Figure 16: Metolachlor oxanilic acid ( M O X A ) concentration in the second fitting model with 
and without root water uptake (in blue line) compared with the measured in the lysimeter 
drainage (in red dots), through the whole simulation period where right diagram with root water 
uptake and the left diagram without, with statistical parameters in the base 

5.2.2.3 Terbuthylazine (TBA) 

The amount of the T B A concentration after application in the second model is 
noticed to be lower in comparison to the T B A modeled before in the first model. As shown 
in Figure 17, The modeled concentration peaks in 2013 after application are 0.255 and 
0.195 mg/cm with and without R W U , respectively, the modeled peaks are not 
overestimated like the first model as can be seen in the values of statistical evaluation 
parameters, the more it becomes more accurate the more it becomes near to the measured 
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values. The values of the modeled concentrations are low in 2014 (0.005 mg/cm for both 
with and without R W U ) , because of the low rainfall. The values of modeled 
concentrations in 2015 are lower than the measured peaks (0.07 and 0.04 mg/cm with and 
without R W U , respectively) when the rainfall was high which was supposed to be higher, 
but this can be attributed to the fitting statistical accuracy. 
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Figure 17: Terbuthylazine (TBA) concentration in the second fitting model with and without 
root water uptake (in blue line) compared with the measured in the lysimeter drainage (in red 
dots), through the whole simulation period where right diagram with root water uptake and the 
left diagram without, with statistical parameters in the base 

The modeled peaks in 2016 (0.02 and 0.035 with and without R W U , respectively) are so 
underestimating the measured peaks, where the measured peaks are so high maybe 
because of the remobilization of the T B A previously applied to the soil. The modeled 
values in 2017 are low and are like the measured because of the low rain. 

5.2.2.4 2-hydroxy-terbuthylazine (MT13) 

The modeled and fitted parameters of biodegradation rate and sorption for MT13 
are (0.03 d"1, 0.1 cm3/mg) respectively, which are low in comparison to values mentioned 
in E C P R , (2015) for sandy loam soil (0.008 d"1, 0.0084 cm3/mg) where those values can 
be the second branch of T B A biodegradation is represented by MT13 , which is detected 
in the outflow of the lysimeter. The measured concentration in 2013 is high (0.004 mg/cm) 
in comparison to the other years Figure 18. But is low if compared to the M T 1 because of 
the percentage of biodegradation (ECPR, 2015). The modeled concentrations are high 
(0.005 and 0.0052 mg/cm with and without R W U , respectively) and in agreement with 
the measured values, this high value is interpreted in the light of the high biodegradation 
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of the parent T B A and the high rainfall in 2013. The second measured peak in 2014 is 
moderate (0.0026 mg/cm) as the parent is not so high in the output which affected the 
biodegradation of part of the T B A sorbed, the modeled concentration with R W U (0.0005 
mg/cm) is near to the measured data which is near to the accuracy, while the modeled 
concentration without R W U is underestimating the measured data which may be due to 
the low precipitation or the lower accuracy of model fitting as indicated by the statistical 
parameters. The measured concentrations of 2015 are the highest (0.0045 mg/cm) due to 
the high precipitation, where the modeled concentrations are slightly underestimating the 
measured data which can be because of the difference in the model to describe the slight 
anomalies because of the equilibrium assumption in the sorption. The modeled peak 
values are 0.0032 and 0.003 mg/cm with and without R W U , respectively. The measured 
concentration peak in 2016 is almost the same as in 2015 (0.0028 mg/cm) because the 
effect of rain in 2016 made the concentration modeled higher in the model with R W U 
(0.004 mg/cm). On contrary, the modeled value without R W U is not high (0.0018 mg/cm) 
which can be referred to the decrease of accuracy in comparison to the model with R W U . 
The measured concentration peak in 2017 is (0.0006 mg/cm) which is not high because of 
low rain. The modeled concentrations are 0.0002 and 0.001 with and without R W U , 
respectively, where modeled values without R W U are underestimating measured ones 
because of the lower accuracy of model fitting. 
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Figure 18: 2-hydroxy terbuthylazine (MT13) concentration in the second fitting model with and 
without root water uptake (in blue line) compared with the measured in the lysimeter drainage 
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(in red dots), through the whole simulation period where right diagram with root water uptake 
and the left diagram without, with statistical parameters in the base 

5.3 Discussion of root water uptake 

The model with R W U in the modeled data can be noticed that it is not so 
significantly different than the model without R W U . The modelled solutes with R W U 
which are getting better value of K G E and higher peak values due to overestimation are 
T B A of first model ( K G E with R W U = 0.01, without = 0.01), L M 6 ( K G E with R W U = -
0.21, without = -0.38) and MT13 ( K G E with R W U = -0.19, without = -0.08), also lower 
due underestimation is M O X A ( K G E with R W U = 0.085, without = 0.23). While the other 
solutes with R W U are getting worse values of K G E with higher peaks due to 
overestimation are M T L C first model ( K G E with R W U = -0.17 , without = -0.08) and 
M T 1 ( K G E with R W U = -0.19 , without = -0.08), and with lower peaks due to 
underestimation as in T B A second model ( K G E with R W U = -0.13 , without = -0.12), 
M T L C second model ( K G E with R W U = -0.17 , without = -0.11), M E S A ( K G E with 
R W U = -0.44 , without = -0.37) and L M 5 ( K G E with R W U = -0.34 , without = -0.26). 

The values of statistical evaluation parameters are low in the model which shows a 
shortcoming in the efficiency of the model, but we can still rely on one parameter (KGE) 
in the evaluation of modeled data in this work. However, the values of K G E also need 
improvement which can be done using dual-porosity approaches. 
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6. Summary and conclusion 
This study contributes to process understanding concerning the behavior of the 

four herbicides metolachlor, terbuthylazine, nicosulfuron, and porosulforon applied to a 
lysimeter filled with sandy to loamy gravel soil ( L y l ) in four successive years from 2013 
to 2017. The applied herbicides have been applied yearly in late May or June, according 
to common agricultural practice. Throughout the whole investigation period, the 
weighable lysimeter drainage has been monitored and samples have been taken for 
analysis and concentration determination for each solute. Two numerical reactive 
transport models have been set up to track the transport and fate of the herbicides and their 
metabolites using H Y D R U S - 1 D software. The fitted parameters are the linear sorption 
coefficient (Kd), the first order biodegradation rate (fiw), and the first order metabolite 
production rate (fiw'). The models were used to determine the important processes of 
biodegradation, sorption to the soil and plant uptake of water and solute. The parameter 
fiw' is particularly important in the present study, as it is responsible for producing the 
metabolites and modeling them with the entered percentage in the chain reaction. 

Modelled results have been compared to the measured values to evaluate the goodness of 
fit. A parameter estimation software (PEST) has been used to fit the parameters of interest. 
A python code has been used to modify the code of H Y D R U S - 1 D to add the parameters 
of interest and to write the template, instructions, and control files to run PEST. Fitted 
parameters have been compared to the values mentioned in the literature to make sure of 
their plausibility. 

The contribution of biodegradation and sorption can be concluded from the peaks when 
comparing the curve characteristics of metabolites with their parent compounds. Some 
observations are over- or underestimated by the simulations, however the estimate 
contributions and rates of biodegradation and sorption appear plausible in comparison to 
literature findings. The modeled concentrations of the parent herbicides metolachlor and 
T B A are mostly underestimating the observations except for 2013 where peaks are 
overestimated because of the high rain rates. The remobilization and accumulation were 
not clear in the modelled data as in the measured data, but still, the values of the peaks are 
in the reasonable range of three- to fivefold over- or underestimating the observations. 

The model approach can be improved for future studies, e.g., by considering dual-porosity 
and dual-permeability approaches that can describe the presence of different flow domains 
and preferential flow paths. This might be able to better describe observed rapid 
concentration changes and quick appearances of chemicals in lysimeter discharge. This 
would require more frequent data measurements of the outflow - e.g., to be every two days 
instead of weekly- to reduce uncertainties. Simulations considering root water uptake did 
not show a significant difference to those without. This could be studied in more detail 
with different assumptions concerning water and chemical uptake into plants. In future 
studies, biodegradation and sorption should be distinguished in the macropores 
(preferential flow paths) and the subsurface matrix. Moreover, physical, and chemical 
nonequilibrium should be investigated and compared to the equilibrium approach applied 
in the present study. The model should be improved against model errors which can be 
possible by the identification of herbicides and metabolites concentrations and 
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information about sorption and biodegradation in the soil as well as the conditions of the 
unsaturated matrix. 

In general, pesticide leaching models studying fate and transport have been improving 
over the last years. They should be developed further to support protecting the 
environment against contaminants and to identify risks to soil ecosystems and 
groundwater (where pesticide application should be reduced or replaced by crops grown 
organically). 
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