.

Exploring groundwater viral transport:
Modelling viral emissions from pit-latrines.
Karen Eugenia Meza Constantino
MSc Thesis in Environmental Sciences
September 2019

Supervised by: Nynke Hofstra
Course code: ESA-70424
Environmental Systems Analysis group

Exploring groundwater viral transport:
Modelling viral emission from pit-latrines.
Karen Eugenia Meza Constantino
MSc Thesis in Environmental Sciences
Environmental System Analysis group
September 2019

Supervisor:

1) dr. ir. Nynke Hofstra (ESA)
Lumen building (100), room A.245,

Examiners:

1st: dr. ir. Nynke Hofstra (ESA)
2nd: prof. dr. Rik Leemans (ESA)

Droevendaalsesteeg 3, 6708 PB
Wageningen, the Netherlands
+31 (0)317 485121 nynke.hofstra@wur.nl.

Disclaimer: This report is produced by a student of Wageningen University as part of his/her
MSc-programme. It is not an official publication of Wageningen University and Research and
the content herein does not represent any formal position or representation by Wageningen
University and Research.

Copyright © 2018 All rights reserved. No part of this publication may be reproduced or
distributed in any form or by any means, without the prior consent of the Environmental
Systems Analysis group of Wageningen University and Research.

1

Contents
Chapter 1

Introduction .................................................................................................................................................. 7

1.1

Background............................................................................................................................................................. 7

1.2

Objective and research questions. ................................................................................................................ 8

1.3

Thesis outline......................................................................................................................................................... 9

Chapter 2

Factors influencing viral survival and transportation in groundwater. ............................ 10

2.1

Introduction ......................................................................................................................................................... 10

2.2

Methodology......................................................................................................................................................... 10

2.3

Results..................................................................................................................................................................... 10
2.3.1

Water, Soil and Viral Characteristic ............................................................................................. 10

2.3.2

Water characteristics ......................................................................................................................... 10

2.3.3

Soil characteristics .............................................................................................................................. 11

2.3.4

Viral characteristics ............................................................................................................................ 12

2.4

Discussions ........................................................................................................................................................... 12

2.5

Conclusion ............................................................................................................................................................. 13

Chapter 3

Modelling for viral decay and retention in groundwater......................................................... 15

3.1

Introduction ......................................................................................................................................................... 15

3.2

Methodology......................................................................................................................................................... 15

3.3

Results..................................................................................................................................................................... 15
3.3.1

Viral decay rate in groundwater.................................................................................................... 15

3.3.2

Temperature decay rate coefficient ............................................................................................. 16

3.3.3

Total decay rate coefficient.............................................................................................................. 17

3.3.4

Adsorption rate..................................................................................................................................... 18

3.3.5

Viral adsorption model...................................................................................................................... 18

3.4

Discussions ........................................................................................................................................................... 20

3.5

Conclusion ............................................................................................................................................................. 20

Chapter 4

MODFLOW-MT3DMS Viral transportation model ...................................................................... 21

4.1

Introduction ......................................................................................................................................................... 21

4.2

Methodology......................................................................................................................................................... 21

4.3

Results..................................................................................................................................................................... 22
4.3.1

MODFLOW-MT3DMS.......................................................................................................................... 22

4.3.2

Conceptual model ................................................................................................................................ 23

4.3.3

Base case results .................................................................................................................................. 26
2

4.3.4

Sensitivity analysis .............................................................................................................................. 29

4.4

Discussion ............................................................................................................................................................. 34

4.5

Conclusion ............................................................................................................................................................. 35

Chapter 5

Risk of contamination ............................................................................................................................. 36

5.1

Introduction ......................................................................................................................................................... 36

5.2

Methodology......................................................................................................................................................... 36

5.3

Results..................................................................................................................................................................... 36
5.3.1

Virus travel distance ........................................................................................................................... 36

5.3.2

Risk assessment approach ............................................................................................................... 38

5.4

Discussions ........................................................................................................................................................... 41

5.5

Conclusion ............................................................................................................................................................. 41

Chapter 6

Discussion .................................................................................................................................................... 42

Chapter 7

Conclusion ................................................................................................................................................... 43

List of tables
Table 1. Overview of characteristics affecting virus survival and transportation. ................................... 14
Table 2. Virus survival time depending on temperature. ..................................................................................... 16
Table 3. Freundlich adsorption isotherms for viruses reported in Literature (Jin & Flury, 2004). .... 19
Table 4. Kumasi Pit-latrines emissions. ....................................................................................................................... 25
Table 5. Conceptual model input data. ......................................................................................................................... 26
Table 6. Base case viral loading. ...................................................................................................................................... 27
Table 7. Viral load at 145 m from source after 30 days for the six different source and extraction pairs.
....................................................................................................................................................................................................... 28
Table 8. Viral emission range of variability. ............................................................................................................... 30
Table 9. Variables values for los, base and high scenarios. .................................................................................. 30
Table 10. Viral load transportation results for low and high variable values. *NC no viral
concentration was found. ................................................................................................................................................... 31
Table 11 log-12 reduction distances from injector well. ..................................................................................... 37
Table 12. Comparison of risk assessment approaches to support water safety management (WHO,
2016). ......................................................................................................................................................................................... 38
Table 13. Risk assessment matrix for viral transportation in groundwater. Measuring risk of virus
reaching water intakes for human consumption. .................................................................................................... 40

3

List of figures
Figure 1. Schematic representation of viral transportation in porous media.............................................. 10
Figure 2. Decay rate and time regression to calculate temperature dependent coefficient kT. ........... 17
Figure 3. Cell to cell horizontal and vertical connections. .................................................................................... 22
Figure 4. Schematic representation of groundwater viral transportation conceptual model. ............ 24
Figure 5. Hydraulic head levels across the model after calibration. ................................................................ 27
Figure 6. Viral transportation in groundwater. ........................................................................................................ 28
Figure 7 Viral movement from viral emissions source to water extraction well........................................ 29
Figure 8. Viral transportation tornado plot for 145m distance after a)30, b)60 and c) 100 days....... 32
Figure 9. Viral transportation tornado plot for 290m distance after a)30, b)60 and c) 100 days...... 33
Figure 10. Viral log reduction with respect to distance (base case). ............................................................... 37
Figure 11. Semiquantitative risk matrix (Bartram et al., 2009). ........................................................................ 39

4

Abstract
Groundwater viral contamination strongly contributes to large waterborne diseases through human
consumption of contaminated groundwater. The use of pit-latrines represents a constant hazard to
groundwater.
This study aims to develop a conceptual model to quantify viral concentrations in groundwater
stemming from pit-latrines viral emissions and identifying the most influential factors in viral
transportation in groundwater. Results can be used to identify areas at risk of viral contamination
from pit-latrines. Moreover, my research is a starting point to mitigate these risks in the future.
First, the scientific literature was reviewed to assess the available knowledge on viral survival and
transportation through groundwater. Different approaches were identified to study both virus
survival and viral transportation in groundwater. Then, factors that influence viral survival and
transportation, were identified and their relation to the viral survival and transportation were
qualitatively described. Water soil and viral characteristics influence viral survival and transport.
Temperature likely affected virus decay rates most.
Second, approaches to model viral decay rate and adsorption processes were established. The
standard decay equation was selected to mimic decay rates which depend on three factors:
temperature, pH and dissolved oxygen concentrations. Unfortunately, no data was found for pH and
dissolved oxygen concentrations. Therefore, the viral decay coefficients were estimated only on
temperature data, which most strongly affects decay rates. For the adsorption process I use the
empirical Freundlich equation.
Third, a three-dimensional model that provides a mathematical representation of hydrogeological
processes, was developed. The MOdular finite-difference FLOW model (MODFLOW) and Mass
Transfer 3-Dimensional MultiSpecies (MT3DMS) models were selected due to their versatility in
pollutant modeling and their capacity to integrate pathogen movement through saturated and
unsaturated media.
The resulting model was based on hydrogeological and demographic conditions of Kumasi, Ghana.
Its results were reported at three timesteps: 30, 60 and 90 days and were measured at three different
distances from the pit-latrines: 145m, 290m and 495m. I found that viral loads decrease with distance
at all simulated time steps and beyond 495m distance, viral concentrations are reduced to
insignificant levels. Moreover, concentrations increase over time at any distance below 495 m.
Processes like viral decay rate, virus adsorption rate and virus dispersion determine the
transportation and prevalence of virus though water flow. Distances between viral source and
extraction point were varied; to represent extraction influence on viral movement. On one hand,
simulated concentrations show that at shorter distances between viral source and the water
extraction point, viral travel velocity increases and this increases viral loads. On the other hand, the
farther extraction wells are placed from the source area, the lower the effect on flux velocities closed
to the viral source area is. Therefore, viral transportation is slowed down allowing abortion and
decay processes to occur.
A sensitivity analysis was performed on my 3-D model to identify the most sensitive factors in the
model. The three most sensitive factors in the model at any distance and time were the hydraulic
conductivity in the extraction point direction, recharge and the adsorption coefficient.
5

Based on my literature review, a log-12 reduction was set as the minimum level to ensure water
quality under viral safe levels. Log reductions were calculated from viral loads results for 30, 60 and
90 days. The distance at which a log-12 reduction is achieved for Kumasi, is at approximately 330 m
after 90 days.
Finally, risk matrices were applied to perform a risk assessment on pit-latrines viral emission to
groundwater. I found that the highest risks are given by the proximity between pit-latrines and water
extraction wells, due to their strong role in viral transportation velocity, and their high occurrence
probability.
My thesis marks an initial local approach for 3-D modelling of virus concentration in groundwater.
The approach is probably also relevant for regional and national applications and coverage. A
comprehensive understanding of viral emission from pit-latrines is important to obtain a better
overview of groundwater viral contamination risks around the world. My modeling approach can
contribute to accomplish this.
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Chapter 1 Introduction
1.1 Background
Groundwater contains by far the largest volume of unfrozen freshwater in the world (Gun, 2012), it
provides drinking water to at least 50% of the global population (Unsustainable Growth and
Increasing Global Water Demand, 2014). In some parts of the world, groundwater represents the
only source of available drinking water and supply of agricultural and industrial activities. However,
groundwater can be vulnerable to different types of contamination. One of the contaminators are
pathogens, especially waterborne viruses (WBV), causing several diseases in the human population.
According to the World Health Organization (WHO)globally, around two million deaths occurring
each year are related to such diseases (World Health Organization, 2016) . Children under the age of
5 years old are the most strongly affected (United Nations Children’s Fund, 2018). Groundwater viral
contamination has been reported in the literature as an important cause of large waterborne diseases
outbreaks (Andersson & Bohan, 2001; Craun, 1992; Gallay et al., 2006; Kauppinen, Pitkänen, &
Miettinen, 2018) through human consumption of contaminated water.
Several sources of groundwater viral contamination exist. The use of pit-latrines is one of them and
have been little studied. Pit-latrines are the simplest form of sanitation. They are on-site excreta
disposal facilities used as anaerobic retention system for human waste. These systems are used in
both urban and rural settlements in developing countries (Chaggu, 2004). Pit-latrines covered with
a concrete slab or floor with a hole are considered an improved form of sanitation, because it
separates human excreta from human contact (UNICEF, 2017). This slab or floor represents an
improvement from unimproved sanitation, such as open defecation or pit-latrines without slabs or
platforms. However, the growing use of both types of pit-latrines in developing countries represents
a strong correlation with contamination of water sources like springs, wells and boreholes (Graham
& Polizzotto, 2013). In 2013 an estimated 1.77 billion people around the world used pit-latrines as
the main mean of sanitation. Only half of these pit-latrines were improved (UNICEF, 2017).
Although pit-latrines are considered to be an improved form of sanitation (World Health
Organization, 2016), in many cases, they are not water-tight, meaning that groundwater can flow in
and out of the pit, especially in areas with high water tables (Chaggu, 2004). Moreover, excreta
filtration represents a pathway for waterborne viruses, which can leak through soil to groundwater.
Among pathogens, viruses are the most likely to infiltrate to groundwater due to their size and
survival characteristics. While protozoa and bacteria sizes range between 10-3 m to 10-6 m, viruses
size range is from 10-6 m to 10-9m, diminishing the soil attenuation system and making viruses easier
to move to groundwater (Morris, 2006). Therefore, viral contamination represents a major health
risk for populations relying on water wells without any treatment.
Currently, the changes in viral concentrations from pit-latrines in groundwater around the world are
poorly understood. Estimates for viral transport rates and spatial distribution of viral concentrations
are missing, and this leads to continuous cases of viral outbreaks in human population around the
world (Graham & Polizzotto, 2013).
Monitoring wells and sampling are some of the methods used to estimate pathogens concentrations
in groundwater (Jansons et al., 1989). Such methods can be expensive and difficult to implement in
remote regions. Moreover, one of their main limitations is that samples represent a specific location
7

at a specific time. Models, on the other hand, represent an inexpensive and flexible option to estimate
concentrations in data sparse areas. In addition, conditions can be adjusted through scenario analysis
to simulate viral concentrations.
Viral transportation and survival through groundwater has been described from different
perspectives in the literature (Anders & Chrysikopoulos, 2009; Azadpour-keeley, Faulkner, & Chen,
1989; Gerba, 2000; Katzourakis & Chrysikopoulos, 2015; Masciopinto & Visino, 2017; Zhang et al.,
2018). Nevertheless, and despite its importance, no model exists that describes viral contamination
from pit-latrines and modelling viral concentration changes through groundwater transportation.
The worldwide use of pit-latrines and the transboundary groundwater interactions is of global
concern. This increases the need for a globally applicable model describing virus movement through
aquifers. Nevertheless, the amount of resources needed in order to build a global model is unknown.
Therefore, a conceptual model can be use as first approach to achieve this goal. The construction of
a conceptual model allows to identified key elements, like, data requirements, current data
limitations and to identify the most influential factors concerning viral transportation and survival
processes. Moreover, it also provides a simpler and easier method to understand the processes
involved.
Three-dimensional models have been proven to be the best option when it comes to modeling fluids
flows through porous media. Such models seek to represent physical phenomena based on a
mathematical representation (Moosdorf et al., 2017). Therefore, to simulate viral transportation
through porous media, the most realistic approach is through a three-dimensional model. This type
of model has the capacity to incorporate soil and water properties and their interaction with viral
particles. The development of such a model can potentially estimate viral travel distances from pitlatrines, and therefore help to identify areas around the world that might be on risk of
contaminations.
The proximity between pit-latrines and water wells is a constant threat to human health (Orner,
Naughton, & Stenstrom, 2019). Thus, a model to predict viral concentration distribution can assist to
detect areas at higher risk of contamination.

1.2 Objective and research questions.
The aim of this thesis project is to develop a conceptual model to quantify viral concentration in
groundwater coming from pit-latrines viral emissions while identifying the most impactful factors in
viral transportation. The results can be used to identify risk areas and safe distances from pit-latrines.
Moreover, it can be used as a background work for future global implementation. This way, the study
contributes to better understanding on how the risk of viral contamination can be reduced.
The research questions to be address are:
Research question 1: What are the main factors influencing virus survival through groundwater
transportation?
Research question 2: How can these factors influencing virus survival in groundwater be modeled
to quantify viral concentration from pit-latrines?
Research question 3: How can the findings of questions 1 and 2 can be used to simulate viral
groundwater concentrations and what are the concentration?
8

Research question 4: What is the risk of contamination by viral emissions from pit-latrines?

1.3 Thesis outline
This thesis is organized into seven chapters. Chapter 1 covered the introduction, problem statement
and research objectives and research questions. Each of the following chapters comprises an
introduction, methodology and obtain results. Chapter 2 provides an answer to the first research
question, identifying the main factor influencing viral survival and transportation. Chapter 3
encompasses identified factors in Chapter 2, into two main processes which are decay rate and
adsorption. Such processes are represented by two equations answering the second research
equations of this thesis. Chapter 4 is then able to build from previous sections results and data
gathering a conceptual model, to simulate viral movement and prevalence in groundwater.
Responding to the third research question. The last research question is answered by Chapter 5, in
which viral risk of contamination is assess. Finally, Chapter 6 and 7 finalize this report by presenting
conclusion, main findings for each research question a long with limitations and assumptions of the
study.
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Chapter 2 Factors influencing viral survival and transportation in
groundwater.
2.1 Introduction
Once viruses percolate into the aquifer, their survival and transport will depend on virus, water and
soil characteristics. The understanding of process and interaction of such characteristics are crucial
to estimate viral movement in groundwater. This chapter describes the most significant and
influential characteristics in viral transportation in groundwater.

2.2 Methodology
To provide an answer to the first research question: What are the main factors influencing virus
survival through groundwater transportation? A literary review was conducted. The first step was to
identify what had been written on the topic and the different approaches to it. Once having a
substantial information base, three main categories were established to describe characteristics
influencing viral survival in groundwater. Those categories are water, soil and viral characteristics.
Finally, a refined literature research was performed based on the specific established categories.

2.3 Results
2.3.1

Water, Soil and Viral Characteristic

Based on the literature review, together water, soil and virus characteristics provide an environment
for virus survival and transportation, as shown in Figure 1. Once virus has reached groundwater,
water becomes a vehicle for the transmissions of viruses, allowing viral survival (Pinon & Vialette,
2018). Virus have demonstrated their ability to travel several distance through the combination of
soil characteristics such as porosity and their own characteristics like virus size (Schijven,
Hassanizadeh, Maria, & Husman, 2010).

Figure 1. Schematic representation of viral transportation in porous media

2.3.2

Water characteristics

Since groundwater is isolated from the sunlight, its effect on water temperature are eliminated,
making groundwater temperature lower than surface water (Gerba, 2000). Field studies has proven
10

that lower temperatures represent longer survival times (Jansons et al., 1989; Gerba, 2000;
Sasidharan, Torkzaban, Bradford, Cook, & Gupta, 2017). Therefore, inactivation rate increases as
temperature increases. Temperate has been proved by several authors to be one of the main
influential factors in the survival of viruses (Jin & Flury, 2004; Straub, Pepper, & Gerba, 1992; Yahya,
Galsomies, Gerba, & Bales, 1993; Yates, Gerba, & Kelley, 1985). Globally, groundwater temperature
ranges from 4ᵒ C to 30ᵒ C, therefore, survival rates will vary (Benz, Bayer, & Blum, 2017).
Temperature in addition of being a factor affecting virus survival also affects its transportation. Some
studies have shown that virus retention increases at higher temperatures. High temperatures
significantly increase probability for particles to attach in the solid media (Sasidharan et al., 2017).
Dissolved Oxygen in groundwater has similarly been studied in relation to virus survival. The result
of certain experiments suggested that dissolved oxygen in groundwater affected the inactivation rate
of viruses (Gordon & Toze, 2003; Jansons et al., 1989; Scheuerman, Farrah, & Bitton, 1991). Aerobic
conditions can increase virus inactivation rates (Jansons et al., 1989). The effect of dissolved oxygen
has been attributed to oxidation of virus components (Jansons et al., 1989). Therefore, decrease in
oxygen levels implies a decrease in virus inactivation rate. Nevertheless, experiments made by
Gordon & Toze, 2003 have shown that oxygen levels are only relevant with the presence of microorganisms.
Acidic or basic conditions of groundwater can influence viral survival. When pH ranges from 3 to 9,
enteric viruses are stable. However survival may be prolonged at near neutral Ph values (Jin & Flury,
2004). Moreover, laboratory studies have shown that pH also affects viral transportation. As the pH
decreases the transport ability of the virus decreases, increasing virus sorption to soils. Solution pH
determines the net charge of viruses influencing virus attachment to solids (Zhang et al., 2018) (Jin
& Flury, 2004).
Ionic strength is a measure of the total ion concentration in solution, and it also influences viral
transportation. As groundwater moves through soil formation, different minerals are encountered
along the flow path contributing to changes in groundwater ionic strength(Elango, 1992). As ionic
strength increased, the double layer charge on the virus surface becomes thin, reducing the repulsion
between particles, thus virus is easily deposited and absorbed by the solid phase increasing the virus
retention (Zhang et al., 2018).
2.3.3

Soil characteristics

Soil represents a barrier to virus transportations in contaminated aquifers (B. Morris, 2006).
Laboratory studies have shown the importance of soil composition on viral transportation (Yates et
al., 1985). Organic matter content, grain size, porosity and permeability are some soil properties
affecting virus survival and transportation(Azadpour-Keeley, 2003). All these characteristics directly
influence adsorption which plays an important role in viral removal (Schijven & Hassanizadeh,
2000). Adsorption it is the major abiotic impediment to virus migration(Bition, 1992). Through
adsorption virus mobility is limited, retaining virus in soil and stopping viral transportation (Schijven
et al., 2010). Attachment between solid surface (soil) and virus surface are ruled by electrostatic and
hydrophobic interactions (Bition, 1992). Hydrophobic interactions between viruses and solid
surfaces contribute significantly to adsorption (Gerba, Tamimi, Pettigrew, Weisbrod, & Rajagopalan,
2011) .
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Some researcher have proposed that forces leading to virus particle attachment to solid can be
divided in three groups: 1) electrostatic interactions, 2) Lifshitz-van del Waals electrodynamics
forces and polar forces (Jin & Flury, 2004) .
Aquifer geological structure is an important agent in viral transportation, virus travel velocity are
higher through fracture zones (Gerba, 2000) .
Organic matter relation with viral survival has not been studied in detailed, however the few
founding show that virus inactivation is slower in the presence of organic matter (Schijven et al.,
2010) . Organic matter may prolong survival by competitively binding to air–water interfaces where
inactivation can occur; organic matter may also retard viral infectivity (Jin & Flury, 2004).
2.3.4

Viral characteristics

Viruses are obligatory intracellular parasite: when viral particles are suspended by themselves in
water, they may only survive or die, meaning that will only decay with time (Bition, 1992).
Morphological characteristics like size, shape and density, and physiochemical properties like net
charge and hydrophobicity are relevant properties with respect to virus groundwater survival and
transportation (Jin & Flury, 2004) . Very few studies have focus in detail on the correlation between
viral characteristics and virus survival and transportation in groundwater. Nevertheless, aspects like
virus type and virus size have been refereed in literature (Gerba, 2000; Gordon & Toze, 2003; Jansons
et al., 1989; Yates et al., 1985).
Virus type may have an impact on the viral rate of decay (Gordon & Toze, 2003) (Gerba, 2000). In
some studies viral individual characteristics have shown a contribution on their survival in
groundwater(Jansons et al., 1989). Naked viruses are generally more resistant than enveloped
viruses to similar conditions(Pinon & Vialette, 2018). On the other hand, some other studies have
shown no significant correlation between virus survival and virus type (Yates et al., 1985).
Virus can be consider a colloidal particle with a ranging size from 20 nm to 350 nm (Azadpour-Keeley,
2003). Its small size is the main reason why viruses are able to infiltrate through soil and reach
groundwater(B. Morris, 2006). Transportation through aquifers it is also related to the difference
between virus sizes and connected porous sizes (Azadpour-Keeley, 2003).
As mentioned before viral transportation will depend on two main mechanisms: virus survival and
retention rates. Table 1 gives an overview of water, soil and virus characteristics and what’s their
influence on virus survival, retention or both.

2.4 Discussions
The processes related to viral survival and transportation are so interrelated that most of the
available literature was ambiguous about influence of individual factors. The available literature
focused on qualitative influence rather than quantitative ones. However, as first approach, it allowed
for a better understanding idea of the processes involved in viral transportation and survival through
groundwater, and which are the factors influencing these processes. The literature was also based on
old data and very few recent data points have been added, and data was rarely consistent. This limits
the available information. The literature availability is a limitation for my research. However, and as
it will show in Chapter 2, this factors can be grouped in two main process, where all their individual
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effects are gather. Therefore, a qualitative overview of their effect it is enough to provide a valid based
to answer RQ1.

2.5 Conclusion
The literature review enables me to understand and determine environmental characteristics that
influence virus survival and transportation in groundwater. With the literature search results, it was
possible to classify characteristics in three categories related to water, soil and the viruses
themselves. Although, available literature is considerably limited, I established a qualitative
relationship between these characteristics and survival and transport processes. Most studies agree
that isolating the effect by characteristic is highly complex and difficult to achieve. Since the effects
of various characteristics overlap, they are difficult to discern. In any case, this chapter identifies the
main characteristics and their effects available in the literature. I also like to mention that, only very
few studies used an experimental approach.
The found factors, temperature effects are the most frequently studied. Others, such as virus size and
soil type, have been poorly studied. Most studies directly focus on the phenomenon of retention
without differentiating between each factor’s individual effects.
Finally, the most important criteria for use and selection of these characteristics in the modeling of
survival processes and viral transport in groundwater is the data availability. Which will be discussed
in the next chapter.
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Table 1. Overview of characteristics affecting virus survival and transportation.

Factors

Effect

Effect on
Survival
or
Retention

Increase temperature is related to
increase in virus inactivation. This
relation has been tested both in the
laboratory and field experiments. Also
increase in temperature increases the
attachment rate coefficients

Both

Water Characteristics
Temperature (Jin & Flury, 2004; Straub,
Pepper, & Gerba, 1992; Yahya, Galsomies,
Gerba, & Bales, 1993; Yates, Gerba, &
Kelley, 1985)
Dissolved Oxygen concentration (Jansons
et al., 1989)
Flow velocity (Hijnen et al, 20015)
Ionic strength (Gutierrez et al., 2010; Kim
et al.,
2009),
pH (Gutierrez et al., 2010; Kim et al.,
2009),

Aerobic conditions can increase the
rate of virus inactivation.
As the flow rate increases, the
transportation of viruses increases and
the retention rate decreases.
Virus retentions increase with the
increase of Ionic Strength, will form
negative conditions for the migration
of Viruses
Decrease in pH will increase
adsorption in the solid phase.

Survival
Retention

Retention

Both

Soil Characteristics
Organic Matter (Schijven et al., 2010)
Geological conditions (Gerba, 2000)
(Schijven et al., 2010)

Virus inactivation is slower in the
presence of organic matter
Soil geological characteristics like
porosity and hydraulic conductivity
affect transportation of viruses
through media. Moreover, these
characteristics also affect adsorption.

Survival

Retention

Viral Characteristics
Virus type has reported by some
Type (Gordon & Toze, 2003) (Gerba, 2000) authors as influence on virus decay
rate.
The viruses size influences the
Size (Morris, 2006)
migration distances in the
groundwater

Survival
Retention
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Chapter 3 Modelling for viral decay and retention in groundwater
3.1 Introduction
The survival of viruses in groundwater has been mainly related to two phenomena: a) Viral decay
rates, indicating the complete virus removal from the system. And b) the adsorption of these by
porous media, delaying viral transportation (Anders & Chrysikopoulos, 2009) (Jin & Flury, 2004).
This chapter will focus on the description and mathematical modelling of phenomena a) and b).
Linking them with water, soil and virus characteristics mentioned in Chapter 2. The final goal is to
incorporate such models into a three-dimensional model that will be presented in the next chapter
of this document.

3.2 Methodology
The objective of this chapter is to represent viral decay rate and adsorption processes through onedimensional mathematical models. With the aim of quantifying survival of viruses in groundwater.
To understand these processes the scientific literature was reviewed to identify existing models and
data availability. The found models and data were used to stablish the final equations to be use later
in the project.

3.3 Results
3.3.1

Viral decay rate in groundwater

As viruses travel through groundwater, they can be inactivated. Their functional elements can be
degraded to a point where they can no longer be a treat to a host cell (MAYOTTE, 2016). This process
is called Inactivation or decay rate. Decay rates can be found in literature as a loss of viral
concentration over time(Yates et al., 1985).
Several media characteristics have been associated to the rate at which viruses decay in
groundwater. Water characteristics like temperature, dissolved oxygen concentrations and ph along
with soil properties like organic matter are some of few characteristics being studied and mentioned
in literature (Gordon & Toze, 2003; Jin & Flury, 2004; MAYOTTE, 2016). Nevertheless, Temperature
is by far the most studied media characteristic. And almost by unanimity the one that has the largest
impact on virus decay rates (Gerba, 2000; Gordon & Toze, 2003; Jin & Flury, 2004; Kraay et al., 2018;
Sasidharan et al., 2017; Schijven & Hassanizadeh, 2000; Yahya et al., 1993; Yates et al., 1985) .
Virus decay rates can be modelled by a standard first order decay as is shown below:

𝐶 = 𝐶 𝑒

Eq. 1

Where:
Ct is the viral concentration at time t (mass-volume-1);
t is the current time (days);
15

C0 is the initial concentration (mass-volume-1); and
K is the total decay rate coefficient (day-1).

As the total decay rate depends on several characteristics, it can have more than one term associated
to it as following (Thomann and Mueller,1987):

𝐾 =𝐾 +𝐾

Eq. 2

+𝐾

Where:
K is the total decay rate coefficient (day-1);
KT is the decay rate coefficient depending on temperature (day-1);
KDO is the decay rate coefficient depending on Dissolves oxygen (day-1); and
KpH is the decay rate coefficient depending on pH (day-1).

3.3.2

Temperature decay rate coefficient

In order to get the temperature decay rate coefficient, Peng, Murphy & Holden (2008) work was used
as inspiration. From literature, data was collected. But, nevertheless very few experimental data
were found to perform the regression. Lefler and Kott (1974) found that it took 42 days for 99%
poliovirus was inactivated in sand at 25 ᵒC, 175 days at 18 ᵒC and more than 180 days at 4 ᵒC.
(Azadpour-keeley, Faulkner, & Chen, 1989). Badawy et al. (1990) stated that during the winter (4-10
ᵒC.), viral inactivation rates for poliovirus and rotavirus were 0.06, and 0.10 per hour, respectively.
Whereas, during the summer (36-41ᵒC), the inactivation rates for poliovirus, and rotavirus were 0.37,
and 0.20 per hour (Azadpour-Keeley, 2003; Badawy, Rose, & Gerba, 1990)

Table 2 shows all available data that were found in the literature on the relation between temperature

and virus decay rates.

Table 2. Virus survival time depending on temperature.

Temperature (ᵒC)
4
18
22
25
37

Survival time
(days)
180
175
20
42
12

Decay rate
(day-1)
0.0055
0.0057
0.0510
0.0236
0.0825

Data Source
(Lefler and Kott 1974)
(Lefler and Kott 1974)
(Schijven et al., 2010)
(Lefler and Kott 1974)
(Yeagert & Brien, 1979)
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The regression was performed with the data shown in Table 2. The results are presented in Figure 2.
0.09
0.08

Decay rate = 0.0031e0.0876T

Decay rate (day-1)

0.07
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Figure 2. Decay rate and time regression to calculate temperature dependent coefficient kT.

The R-square was calculated for the regression has a value of 0.71. This value indicates the relation
between two variables and how proximate is the regression with the input data. 0.71 is considered a
very high value for R-square (Cameron & Windmeijer, 1996). Therefore, the regression is considered
representative of decay rate- temperature correlation. KT’s approximate value for the input data is
.0876.
3.3.3

Total decay rate coefficient

The process that was carried out to calculate the temperature coefficient is very similar to the one
that would have to be applied for characteristics such as dissolved oxygen and pH. However,
insufficient data was found for either of the two properties. Therefore, in this study only temperature
effects on decay rates will be considered.

𝐾=𝐾

Eq. 3

Where:
K is the total decay rate coefficient (day-1); and
KT is the decay rate coefficient depending on temperature (day-1).
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3.3.4

Adsorption rate

In solution viruses behave and can be considered colloidal particles with a ranging size from 20 nm
to 350 nm (Azadpour-Keeley, 2003). Viruses as any colloidal particle can be attached to the surface.
Therefore, when viruses travel through the porous media of an aquifer, they can be attached to the
rock surface and this affects transportation. This process is referred to as adsorption causing a
retention effect. (MAYOTTE, 2016).
In addition to adsorption, there is also desorption, which refers to the detachment of viruses from
the surface (Schijven & Hassanizadeh, 2000). However, due to lack of data the current work will only
focus on the adsorption process.
Since virus behave in groundwater like colloidal particles, colloidal theories can also be applied to
viral transportation in groundwater. The Derjaguin-Landau-Verwey-Overbeek theory has been used
widely in literature to describe adsorption to soil surfaces. This theory is commonly mentioned as
DLVO theory (Verwey, 1948) and describes colloid, or virus, stability as the balance between van der
Waals attractive forces and repulsive electrostatic forces (MAYOTTE, 2016). The forces interactions
can be affected by pH and ionic strength (IS) changes. Distance between the particles (viruses) and
the surface also influences viral attachment. The closer the particle is to the surface, the easier it will
attach. These characteristics directly affect adsorption as mentioned in chapter 2.
Organic Matter also plays an important role in adsorption, it has been shown that the presence of
natural organic matter decreases the viral adsorption (Yates et al., 1985). Since, it is most likely that
natural organic matter will be present in adsorption areas, the overall rate of virus attachment is
governed mainly by mass transport to the solid surface and viral-surface interactions.
3.3.5

Viral adsorption model

Adsorption models, according to the available literature, are usually carried out through laboratory
experiments (batch experiments), where viruses in solution are brought in contact with a sorbent
until the system has been equilibrated (Jin & Flury, 2004). One very widely use model is the
Freundlich isotherm. Viral adsorption data is often analyzed with this model, which is described by
the following equation

𝐶

=𝐾

𝐶

Eq. 4

Where:
Cab is the adsorbed concentration;
Kab is the adsorption coefficient;
C is the Solution concentration; and
n is the adsorption exponent.
Since the Freundlich isotherm is an empirical model, it has certain limitation, such as the fact that it
is not possible to discretize adsorption mechanisms. Therefore, the adsorption coefficient K ab, and
the adsorption exponent n, account for all the possible adsorption processes and the characteristics
influencing it (Jin & Flury, 2004).
The next table summarizes the Freundlich coefficients and exponents found in literature:
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Table 3. Freundlich adsorption isotherms for viruses reported in Literature (Jin & Flury, 2004).

Virus

Soil type

pH

Equilibrium
time

Temp

Kab, n

References

Poliovirus
1

Magnetite

Unknown

20 min.

25 ᵒC

Kab= 553000,
n=0.736

Bitton et al
(1976)

φX174

Clay loam

6.9

18 h.

26 ᵒC

Kab =72.5, n=1.058

Burge and
Enriki
(1978)

Silt loam

6.2

18 h.

26 ᵒC

Kab =161, n= 0.806

Silt loam

6.0

18 h.

26 ᵒC

Kab =457, n=0.806

Silt loam

6.8

18 h.

26 ᵒC

Kab = 4.61, n=1.092

Loamy
sand

7.2

18 h.

26 ᵒC

Kab = 0

Poliovirus
1

Ottawa
sand

7.1

1 h.

4 ᵒC

Kab =505, n=1.2

Moore et al
(1981)

φX174

Ottawa
sand

7.5

3 h.

6-9 ᵒC

Kab = 0.74, n=0.88*

Thompson
et al. (1998)

Loamy
sand

7.5

3 h.

6-9 ᵒC

Kab =2.9, n=1.09**;
Kab =1.01, n=1.16*

Sandy loam

7.5

3 h.

6-9 ᵒC

Kab =11, n=1.06*

φX174 is a single-stranded DNA virus (Doore & Fane, 2016; VILKER & BURGE, 1980)
*Experiment performed in polypropylene tubes
**Experiment performed in glass tubes

Kab=4.61 and n=1.092 were selected as initial values to be included as part of the adsorption model.
Criteria selection will be mentioned in Chapter 4.
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3.4 Discussions
RQ2’s approach was mainly based on data gathering in relation to decay rate coefficient and
adsorption coefficient. Therefore, the main limitations involved limited amount of experimental and
quantitative data that related each individually factor with virus decay and adsorption. In case of the
decay rate coefficient, sufficient (quantitative) experimental data related to temperature was found.
Therefore, for practical purposes in my work, the decay coefficient is considered to be only
dependent on temperature data. Temperature has been mentioned in literature as the most
influential factor in viral decays. This add value to temperature data. Therefore, the obtained results
are considered substantially as an initial value.
In addition to the decay rate coefficient, viral adsorption has only been studied by a few scholars, as
reported on Chapter 3. Hence, the coefficients collected from literature to be use in the Freundlich
model are scarce and only available for poliovirus and φX174 virus for a couple of soil, temperature
and pH conditions (Table 3). The use of data for different viruses and conditions represents a
limitation in this model. This can be overcome through sensitivity analysis to identify how accurate
adsorption coefficients should be. Moreover, since the data referred in Table 3 is the only available
data, they can be used as a starting point. Keeping in mind that during the modeling virus are treated
as colloidal particles, and their specific viral characteristics are not specifically considered.

3.5 Conclusion

The objective of this chapter was to identified equations to model virus decay and adsorption. The
standard first order decay equation is widely used to represent decay processes, although it probably
is a very simplified way to comprises all related factors concerning virus survival. However, it gives
a useful estimate of viral removal from the system which eventually accounts for all interacting
factors. The Freundlich-Isotherm equation was used to represent adsorption process. I found that a
substantial knowledge gap exists on experimental adsorption data. Despite this, a data selection was
made among the current available data to be implemented in the next chapter.
Within these two equations: the standard first order decay and Freundlich isotherm possibly
comprise all individual factors that influence virus survival and transportation. Subsequently,
evaluating the impact of the decay rate coefficient and adsorption coefficients on the final
transportation model is necessary. This will be done in the sensitivity analysis.

20

Chapter 4 MODFLOW-MT3DMS Viral transportation model
4.1 Introduction
Three dimensional models are powerful tools that have been use in groundwater modeling for years.
They provide a mathematical representation of hydrogeological processes, enhancing the water flow
understanding of any aquifer (Elango, 1992; Frind & Verge, 1978). Nowadays, there are quite a few
computer models available for three-dimensional simulation of groundwater flows. MODFLOW
(Modular finite-difference flow model) was developed by US Geological Survey in 1988. And it has
become one of the most popular and versatile software available from groundwater modeling
(Ratnayaka et al., 2009). MODFLOW is equipped with a pollutant transportation package called
MT3DMS (Mass Transfer 3-Dimensional Multispecies model), which can be used for particle
transportation modelling. Moreover, MODFLOW enables to integrate flow of pathogens through
unsaturated soil with groundwater transportation.
This chapter describes the MODFLOW-MT3DMS model developed for the simulation of the viral
transport in groundwater. This model includes the two proposed equations at the end of chapter 3.
Describing the processes of decay and adsorption.

4.2 Methodology
With the intention of giving an answer to the third question of this research: How can the findings of
questions 1 and 2 can be used to simulate viral groundwater concentrations, a literature review was
performed. The need to create two sub-models was identified. The first sub-model had to represent
water flows in the aquifers. Which in literature is describe simply as groundwater model. The second
one, had to represent viral movement and survival in water. Therefore, available groundwater
models and groundwater modelling software were evaluated for its use in this project. MODFLOWMT3DMS was selected as the modelling software due to its versatility in pollutant modeling and its
capacity to integrate pathogen movement through saturated and unsaturated media. However, no
readily available groundwater model could be used in this study. Therefore, a conceptual model was
developed to run the simulations.
The next step was to collect all the required input data to create the model. It was also an import part
of the model development to get familiar with the software to be used (MODFLOW). After these two
processes, the model was created and calibrated according to established conditions.
The base case for viral transportation was set, with the reference values for different factors.
Finally, a sensitivity analysis was performed on the model to determine the most influential factors
in its results.
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4.3 Results
4.3.1

MODFLOW-MT3DMS

MODFLOW is a groundwater flow model based on a generalized control-volume finite-difference
approach in which a cell can be hydraulically connected to any number of surrounding cells. It
possible to define a model grid through layer, rows and columns(Hughes, 2017). Figure 3 shows a
schematic overview of cell to cell process connection.

Figure 3. Cell to cell horizontal and vertical connections.

The cell to cell flow is calculated by a mathematical expression discretized from the Darcy’s Law.
Given by the following equation:

𝑄

,

=𝐾

,

∆𝑤

,

∆𝑢

,

,

,

Eq. 5

Where:
Q n, m is the flow rate into cell n from cell m;
K n, m is the effective hydraulic conductivity between cells;
Δwn, m is the width of the face through which the flow occurs;
Δun, m is the height of the face through which the flow occurs;
hm is the head at the cell m;
hn is the head at the cell n; and
L n, m is the distance from the center off cell n to its share face with the cell m.

Besides the overall flow calculation, MODFLOW uses separate modules to simulate different
processes as: aquifer recharge, wells, rivers, and solute transportation (MT3DMS: Mass Transfer 3Dimensional Multispecies model) etc. Each one of these packages deals with each single part of the
simulation(USGS Groundwater Information, 2005).
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The versatility of MODFLOW in solute transportation modeling is the reason for its implementation
in this project. Its MT3DMS module allows contaminant transport modeling. Simulating changes in
solute concentration in groundwater. The concentration changes are given by the following equation
(Bedekar, Morway, Langevin, & Tonkin, 2016; Zheng, 1999)

𝜃

+𝜌

̅

=

𝜃𝐷

−

𝜃𝑣 𝐶 + 𝑞 𝐶 − 𝑞 𝐶 − 𝜆 𝜃𝐶 − 𝜆 𝜌 𝐶

Eq. 6

Where
Ck is the dissolved concentration of species k, (Mass-Volume-1);
t is the time (Time);
xij is the distance along the respective Cartesian coordinate axis, (Distance);
Dij is the hydrodynamic dispersion coefficient tensor (Area-time-1);
vi is the linear pore water velocity (Distance-Time-1);
qs is the volumetric flow per unit volume of aquifer (Volume-Time-1);
𝐶 is the concentration of the source or sink for specie k (Mass-Volume -1);
𝜌 is the bulk density of the surface medium;
𝐶 is the concentration of species k absorbed on the solid surface (Mass-Mass -1); and
ϴ is the effective porosity (Volume-Volume-1).
The previous equation essentially represents a mass balance per cell. And the last two terms are
associated to decay and adsorption processes.
It is important to mentioned that effective porosity is the connected porous acting like a path for the
water to move, therefore is usually smaller compared to total porosity (Zheng, 1999).
4.3.2

Conceptual model

The conceptual model to simulate viral transportation in groundwater was built in MODLFOW. The
reference data used is based on Kumasi, a semi-urban area in south-central Ghana. Kumasi was
selected mainly because the use of pit-latrines is still very frequent in the region. It is estimated that
two thirds of the population in Kumasi depend on pit-latrines as their only mean of sanitation (JMP,
2019). See Figure 4.
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Figure 4. Schematic representation of groundwater viral transportation conceptual model.

Kumasi covers 254 km2 approximately, with an estimated population of 1.7 million, including urban,
semi-urban and rural areas (Earth Institute/ Columbia University, 2018; Furlong, 2015). Many areas
in Kumasi depend on groundwater as their main source of water. Available to the population through
communal boreholes/hand-dug wells or individually owned boreholes/hand-dug wells. These pump
groundwater to tanks without any previous treatment for its direct usage (Chikogu-ameso, 2016).
In order to build the conceptual model, data related to Viral emission from pit-latrines, aquifer
hydrogeological properties and boundary conditions was gathered.
To estimate viral emissions, which can be defined as the virus load that is added into the pit-latrines,
the Equation 7 was used (Joe, 2019)(Fleming & Evans, 2017):

𝐶 = 𝑃𝑟∙ 𝑆 ∙ 𝐸 ∙ 𝑃

Eq. 7

Where:
C0 is the initial viral emission (Number of virus particles);
Pr is the prevalence of virus infection (Fraction);
S is the virus shedding (-);
E is the average excreta rate per day per person (Grams); and
P is the population using pit-latrines (%)
Table 4. Summarizes input data used to calculates viral emission for Kumasi
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Table 4. Kumasi Pit-latrines emissions.

Input data
Kumasi population
Pit-latrines usage (%)
Prevalence
Virus shedding

Reference
1730000 (Earth Institute/ Columbia University, 2018)
63.5
(JMP, 2019)
0.33
(Joe, 2019)
1.00E+11

Excreta per person(g)

128

Kumasi viral emission (viral
load/day)

4.64E+18

Boundaries conditions must be always defined for any groundwater model, so that the flow equations
can be solved(Ratnayaka et al., 2009). These boundaries represent locations in the model where
water flows in and out due to external factors. Recharge and water producer wells are the main
boundary conditions in the model (Winston, 2019). Recharge in Kumasi region is mainly through
rainfall, reported of 1370 mm annually (Kankam-Yeboah, Dapaah-Siakwan, Nishigaki, & Komatsu,
2003). Water extraction in Kumasi hasn’t been reported in literature, therefore is was estimated
through water consumption per person, which is between 5 to 35 L per person per day (Bunney, P.
E., Zink, A. N., Holm, A. A., Billington, C. J., & Kotz, 2017).
Additionally, injection wells were included in the model to simulated viral emissions from pitlatrines, since MODFLOW does not have a pit-latrines option as source of contaminants.
Moreover, as part of the boundary conditions, initial hydraulic head levels need to be specified. The
aquifer supplier of Kumasi is located at a depth of 10 to 20 m, with an aquifer zone of 20 to 60 meters
thickness (Kankam-Yeboah et al., 2003).
Hydrogeological aquifer properties are also a very important part of the model. The geology of the
region indicates that the aquifer is formed by the middle Precambrian granite. This type of formation
is associated with very low primary porosity. Nevertheless, due to their high presence of fractures
(secondary porosity), which are the result of jointing, fracturing and weathering, the conductivity
capacity can be very high (Kankam-Yeboah et al., 2003).
Adsorption and decay rate coefficients needed to be established in the model as well. The decay rate
coefficient was obtained from literature, based on Kumasi land temperature and groundwater
temperature correlations (Benz et al., 2017; Kankam-Yeboah et al., 2003). An aquifer temperature of
28ᵒC was used to calculate the decay rate. Because literature does not report any data of adsorption
coefficients for granite, the criteria selection for adsorption coefficients had to be modified. As Table
3 reports, temperature is also a variable in the absorption coefficient experiments, therefore only
values for temperature of 26 ᵒC were considered. Among those values due to granite low water
retention properties, it was decided to use as the lowest reported values which are shown in Table
5, which summarizes the final input data to boundary conditions, hydrogeological properties,
adsorption and decay rate coefficients.
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Table 5. Conceptual model input data.

Recharge

Boundary Conditions
1370 mm-year-1

Water extraction rate

3661.83 m3 - day-1

Hydraulic head level

10- 20 m below surface
Hydrogeological properties

Effective porosity

0.14

Hydraulic conductivity (x)
Hydraulic conductivity (y)
Hydraulic conductivity (z)

3x10-4 m/s
3x10-4 m/s
3x10-5 m/s
Virus Survival coefficients
0.05
K=4.61e-6 n=1.092

Decay coefficient
Adsorption coefficient

4.3.3

(Kankam-Yeboah et al., 2003)
(Bunney, P. E., Zink, A. N.,
Holm, A. A., Billington, C. J., &
Kotz, 2017)
(Kankam-Yeboah et al., 2003)
(Kankam-Yeboah et al., 2003;
D. A. Morris & Johnson, 1967)

(Benz et al., 2017)
(Jin & Flury, 2004)

Base case results

With the required data collected, the base case was set up. A grid of 254 km2 representing the Kumasi
area was constructed. The grid has a total of 30,000 cells with dimension of 145m ∙145m in the X axis
and Y axis and three layers of 5m height each (Z axis). Table 5 shows aquifer properties and boundary
conditions used to initialize the model.
Moreover, the total viral emissions were divided into six sources points with a constant viral inflow
from the first timestep. The total water extraction rates were also divided into six extraction points
that were introduce to the model. Sources and extraction points were distributed along the grid by
pairs. Distance between sources and extraction points was varied to see the effect of the extraction
rate and distance on the viral transportation. See Figure 5 and Figure 7
Once all the elements from the model were arranged into MODFLOW readable files, the model was
run for 190 days, starting from January 2015, reporting results every 10 days.
In order to calibrate the model, hydraulic head levels were used, which had to be maintained between
10 to 20 m, across the model (Table 5). Calibrated water levels are shown in Figure 5.
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Figure 5. Hydraulic head levels across the model after calibration.

Table 6 shows the viral load results for the first couple of source and extraction points at 1450 m

distance. Results are show for 30, 60 and 90 days of simulation, at 145 m, 290m and 495 m distance
from the source point.
Table 6. Base case viral loading.

Distance
0
145
290
495

30 days

Virus load
60 days

90 days

2.62E+23
2.21E+17
1.16E+11
3.68E-03

2.62E+23
9.53E+17
1.78E+12
3.68E-03

2.62E+23
1.19E+19
3.02E+14
3.68E-03

Data from Table 6 are presented in Figure 6 to appreciate viral load variability with respect to
distance and time. Viral loads decrease with respect to distance at measured times. And after
approximating 500 m distance, viral levels are reduced to insignificant levels. Moreover, viral loads
increase over time at any distance below ~ 495 m. Processes like viral decay rate, virus adsorption
rate and virus dispersion are responsible of the transportation and prevalence of virus though water
flow.
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Figure 6. Viral transportation in groundwater.

As previously mentioned, distances between viral source and extraction point were varied, to
represent extraction influence in viral movement. Table 7. Shows viral loads results at 145 m distance
from source after 30 days of simulation. Measured viral loads show that at shorter distances between
the contaminant emission and the water extraction point, viral travel velocity increases, increasing
viral loads. On the other hand, the farther extraction wells are place from the source area, the lower
the effect on flux velocities closed to the viral emission area is, therefore, viral transportation is slow
down allowing abortion process and decay to take place.

Table 7. Viral load at 145 m from source after 30 days for the six different source and extraction pairs.
Distance between Injector and producer (m)

Viral Load @ 145 m from injector

145
290
435
725
870
1450

1.61E+21
1.25E+21
1.23E+21
7.80E+17
4.03E+17
2.21E+17

Figure 7 shows viral loads for the six source and extraction pairs in the model, distance between each
pair, and the viral load measured point use to build Table 7.Table 7. Viral load at 145 m from source after
30 days for the six different source and extraction pairs. It is possible to visually recognize that the

disturbance generated by the extraction point affects viral movement towards the extracting point.
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The closer the extracting points are from the viral source the faster virus moves increasing viral load
at the source vicinity.

Figure 7 Viral movement from viral emissions source to water extraction well.

4.3.4

Sensitivity analysis

Sensitivity analysis is a very useful tool to identified sensitive variables in the model. It was used in
this project to identify key variables that affect viral transportation, a higher precision on sensitive
variables is need it compare to those less sensitives. Selected factors were varied one at a time within
their range limits. Although, there might be more than one way to display a sensitivity analysis
results, the most convenient are graphical displays. They usually provide a path to visualize in a fast
way, the relationship between variables and results (Cooke & Noortwijk, 2000; Wei, 2013).
Tornado plots were selected to visualize the sensitivity analysis in this project. The first step in the
process was factors selection. Viral emissions, decay coefficient, adsorption coefficient, water
extraction rate, effective porosity, recharge and hydraulic conductivity (x, y and z) were selected as
factors to assess. Mainly, due to the uncertainty in their values, but also due to their range of variation
around the world.
Variability in viral emissions was calculated assuming a reduction and increase in input data.
Population using pit-latrines as mean of sanitation was vary from 1 % to 130%, prevalence varies
between 0.165 to 0.495, excreta per person +- 30%, and virus shedding -+ 20%. From all the viral
emissions results, the lowest and highest were selected to be included in the sensitivity analysis. Table
1Table 8 shows viral emissions results
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Table 8. Viral emission range of variability.

Variables
Population (pitlatrines)
Prevalence
Excreta per person
Virus shedding

Low

Input data
Base

High

Low

Viral emissions
Base

17300

1098550

2422000

7.308E+16

0.165
38.4
2.00E+10

0.33
128
1E+11

0.495
166.4
1.2E+11

2.320E+18
1.392E+18
9.281E+17

4.640E+18

High

1.023E+19
6.960E+18
6.032E+18
5.568E+18

To better understand the model behavior and to understand viral transportation at multiple
conditions not just Kumasi conditions, variability of each one of selected variable was researched.
Table 9 shows the ranges of variability for each variable.

Table 9. Variables values for los, base and high scenarios.

Variables
Decay Coefficient
Adsorption coefficient k
Well extraction rate

Low
0.003
0
0

Base
High
0.05
0.2
4.61E-06
0.553
3661 m3/day 6408 m3/day

Effective porosity

0.08

0.14

0.45

Recharge

0

1370 mm

2000

Hydraulic conductivity X 3.00E-14

3.00E-04

3.00E-02

Hydraulic conductivity Y 3.00E-14
Hydraulic conductivity Z 3.00E-14

3.00E-04
3.00E-05

3.00E-02
3.00E-02

References
Chapter 2
Table 3(Jin & Flury, 2004)
(D. A. Morris & Johnson,
1967)
(IGRAC, 2019; Richey et al.,
2015)
(D. A. Morris & Johnson,
1967)

18 cases were set up and run changing one variable at the time. Results are reported for 30,60 and
100 days for 145m and 290m distance from the injection well. The sensitivity analysis was only
performed for the injector and production wells at 1450 m distance from each other.
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Table 10. Viral load transportation results for low and high variable values. *NC no viral concentration was
found.
Concentration After 30 days

Variables
Viral emissions
Decay Coefficient
Absorption coefficient k
Well extraction rate
Effective porosity
Recharge
Hydraulic conductivity X
Hydraulic conductivity Y
Hydraulic conductivity Z

Low Value
2.94E+15
2.30E+17
4.53E+19
2.13E+17
2.23E+17
3.27E+16
6.99E+09
1.13E+17
4.89E+16

Low Value
1.25E+16
9.53E+17
2.20E+20
9.05E+17
9.53E+17
5.48E+16
7.36E+09
9.27E+17
6.03E+16

Low Value
2.10E+09
2.11E+11
3.00E+15
9.01E+10
1.16E+11
6.62E+09
3.68E+00
1.16E+11
1.28E+09

290 m
Base value High Value
1.16E+11 1.65E+11
1.04E+11
1.84E+09
4.99E+11
1.16E+11
1.35E+16
1.98E+19
1.16E+11
1.13E+11

Low Value
NC
NC
6.29E+10
NC
NC
NC
NC
NC
NC

435 m
Base value
NC

High Value
NC
NC
NC
1.84E+06
NC
2.68E+12
1.42E+17
NC
NC

145 m
Base value
9.53E+17

High Value
1.35E+18
9.16E+17
4.23E+16
1.29E+18
9.53E+17
7.84E+19
2.55E+21
9.27E+17
9.27E+17

Low Value
3.68E+10
3.40E+12
7.91E+16
1.53E+12
1.78E+12
2.69E+10
3.68E-02
1.78E+12
6.99E+09

290 m
Base value
1.78E+12

High Value
2.49E+12
1.92E+12
1.84E+09
6.25E+12
1.78E+12
1.43E+16
2.04E+19
1.78E+12
1.77E+12

Low Value
NC
NC
9.68E+12
NC
NC
NC
NC
NC
NC

435 m
Base value
NC

High Value
NC
NC
NC
5.15E+07
NC
2.88E+12
1.49E+17
NC
NC

Viral load After 100 days

Variables
Viral emissions
Decay Coefficient
Absorption coefficient k
Well extraction rate
Effective porosity
Recharge
Hydraulic conductivity X
Hydraulic conductivity Y
Hydraulic conductivity Z

High Value
3.26E+17
2.10E+17
4.23E+16
3.27E+17
2.23E+17
1.07E+20
2.52E+21
1.13E+17
2.21E+17

Viral load After 60 days

Variables
Viral emissions
Decay Coefficient
Absorption coefficient k
Well extraction rate
Effective porosity
Recharge
Hydraulic conductivity X
Hydraulic conductivity Y
Hydraulic conductivity Z

145 m
Base value
2.21E+17

Low Value
1.66E+17
1.18E+19
2.19E+21
1.18E+19
1.19E+19
3.02E+17
8.46E+09
1.18E+19
9.64E+17

145 m
Base value
1.19E+19

High Value
1.73E+19
1.18E+19
4.23E+16
1.47E+19
1.19E+19
9.20E+19
2.72E+21
1.19E+19
1.19E+19

Low Value
6.22E+12
5.30E+14
1.01E+19
2.83E+14
3.02E+14
6.25E+11
3.68E-05
3.02E+14
1.70E+12

290 m
Base value
3.02E+14

High Value
4.23E+14
3.18E+14
1.84E+09
6.95E+14
3.02E+14
2.14E+16
2.30E+19
3.02E+14
3.02E+14

Low Value
NC
NC
1.94E+16
NC
NC
NC
NC
NC
NC

435 m
Base value
NC

High Value
NC
NC
NC
1.55E+10
NC
5.15E+12
1.82E+17
NC
NC

Results from Table 10 were translated to tornado plots to visually identify the most influential
variables. Figure 8 and Figure 9 show the tornado plot results
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a)

Virus load
1.E+08

1.E+10

1.E+12

1.E+14

1.E+16

1.E+18

1.E+20

1.E+22

Hydraulic conductivity X
Recharge
Absorption coefficient K
Viral emissions
Hydraulic conductivity Z
Well extraction rate
Decay Coefficient
Effective porosity
Hydraulic conductivity Y

b)
1.E+09

1.E+11

1.E+13

Virus load
1.E+15
1.E+17

1.E+11

1.E+13

1.E+15

1.E+19

1.E+21

1.E+19

1.E+21

Hydraulic conductivity X
Recharge
Absorption coefficient K
Viral emissions
Hydraulic conductivity Z
Well extraction rate
Decay Coefficient
Effective porosity
Hydraulic conductivity Y

c)

Virus load
1.E+09

1.E+17

Hydraulic conductivity X
Recharge
Absorption coefficient K
Viral emissions
Hydraulic conductivity Z
Well extraction rate
Decay Coefficient
Effective porosity
Hydraulic conductivity Y

Figure 8. Viral transportation tornado plot for 145m distance after a)30, b)60 and c) 100 days.

32

a)

Viral load
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b)

Viral load
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Hydraulic conductivity X
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Viral emissions
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c)

Viral load
1.E-05

1.E-02

1.E+01 1.E+04 1.E+07 1.E+10 1.E+13 1.E+16 1.E+19

Hydraulic conductivity X
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Hydraulic conductivity Z
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Effective porosity
Hydraulic conductivity Y

Figure 9. Viral transportation tornado plot for 290m distance after a)30, b)60 and c) 100 days.
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According to tornado plots (Figures 8 and 9), the three most sensitive variables in the model at any
distance and time are hydraulic conductivity in x direction, recharge and the adsorption coefficient.
It is important to highlight that water production wells are aligned in the x direction with respect to
the injectors. Therefore, the hydraulic conductivity in the x direction will directly affect the water
flow preferential path.
Since the hydraulic conductivity, recharge and adsorption coefficient are significantly factors
affecting model results, they need to be well characterized in order to have a model that properly
represent any study area.
Water extraction rate becomes relevant after certain distance (290m). This happens because
pressure disturbance created the by extraction point reaches viral concentration, accelerating the
movement of viruses. Moreover, within this model, viral emissions are not as influential as the
previously mentioned factors, but. it still plays an important role, especially at shorter distances.

4.4 Discussion
To provide an answer to RQ3, a 3D model was built. The simulation runs showed that viral travel
distances for Kumasi, Ghana, were up to 495m. This distance mainly reflects the local conditions
stablished in the model, a sum of all factors involved. As viral emissions from pit-latrines to
groundwater are limited in terms of available literature, few studies are available to compare the
model results. Nevertheless, the results are aligned to previous studies. Literature refers to fractured
rock aquifers as the most vulnerable type of aquifers, due to their high hydraulic conductivity and
prevalence of virus; and viral travel distances have been found up to thousand meter (AzadpourKeeley, 2003; Schijven et al., 2010). This statement can be confirmed through my model, where
hydraulic conductivity shows to be the most influential factor to viral concentrations.
There were certain assumptions that had to be taken during the model construction. One of them is
aquifer depth, the current model scope only considers unconfined shallow aquifers, due to time
restriction, the project focus had to be narrowed down to shallow aquifers. However, shallow aquifer
is the most vulnerable to viral emission from pit-latrines, due to its proximity with surface.
The model is mainly homogeneous in relation to soil properties. Porosity and hydraulic
conductivities remain constant across the model. For further improvements to the model, a soil map
of the region has to be created and included in the model.
One of the factors evaluated in the sensitivity analysis was viral emission, which also depends on
other variables like population, excreta rates, and viral shedding. Although the final factor to varied
within the model are viral emissions, the background variables played an important role. For the
sensitivity analysis virus shedding was vary in ± 20%, which in the lasted stage of the project was
found to be underestimated. Variation were then made in ± 2 log where only high viral emission
scenario change by +1 log. The model was not run entirely again, nevertheless it is important to notice
that the influence of viral emission is underestimated in its order of magnitude. Moreover, viral
emission changes due to shedding in the sensitivity analysis did not alter expected final results.
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4.5 Conclusion
This chapter presents a three-dimensional model developed in MODFLOW-MT3DMS, which
represents the transport and decay of viruses in groundwater. The model is conceptual allowed to
overcome barriers like data limitations. With this model it is possible to represent processes that
influence virus transport and survival. However, and although it is a model that seeks to represent
any condition in which virus transport can occur, a starting point had to be selected. Therefore, the
base case of this model is based on the characteristics of Kumasi, Ghana, a place chosen for its high
use of pit-latrines as a means of sanitation.
The results obtained in this chapter show the importance of appropriate characterization and
modeling in areas with pit-latrines use and groundwater consumption. Literature across different
countries indicate a safe distance between 15m to 75 m between pit-latrines and water
sources(Selections, 2015). But through sensitivity analysis performed to the conceptual model, it has
been observed that the distance reached by the viral load will depend highly on several conditions,
such as hydraulic conductivity and adsorption properties. Hence, to assign a standard distance is
impossible. Developing a model that allows representation of more than a unique scenario, is
necessary.
The sensitivity analysis allowed to overcome factors uncertainties and determined the ones that need
a further study in order to have a realistic model. Like adsorption coefficients, with high influence in
the model. Therefore, adsorption coefficients should require further efforts investigation. The
sensitivity analysis results allow to identified areas that need extra attention in the model.
The resolution level to model viral survival and transportation will deepened on the specific model
objective. The current resolution of 145m ∙ 145m, fits this research objective of measuring viral
concentration over distance and time. Moreover, it is possible to scale up or scale down this type of
model for different objectives. If focus is on a very specific water extraction point at small area of
interest, then the grid should be refined, while, if the objective is to get average concentrations in
determine regions around the world the model should be coarser.
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Chapter 5 Risk of contamination
5.1 Introduction
Once the viruses have reached groundwater their transportation to water sources for human
consumption produces a risk for human health. This implies the possibility of viruses being ingested
by any person. Several cases of waterborne diseases outbreaks related with groundwater viral
contamination have been reported in literature (Andersson & Bohan, 2001; Craun, 1992; Gallay et
al., 2006; Kauppinen, Pitkänen, & Miettinen, 2018). Risk assessment represent a key element to
identified unsafe conditions. In this final section, results from the conceptual model and a basic
approach to risk assessment will be combined to understand viral risk of contamination from pitlatrines in groundwater.

5.2 Methodology
Finally, to answer the last research question: What is the risk of contamination by viral emissions
from pit-latrines? The results from the 18 simulations runs obtained in Chapter 4 were used to
calculate virus transportation distances and its log reduction on virus load. Moreover, in order to
stablish safe levels conditions and to undertest in more depth the risk at which human health is
exposed due to viral emission, a literature research on viral safe levels in groundwater and risk
assessment methodologies was performed.
The first step was to determined log reductions in groundwater at which viruses do not represent a
tread to human health, and to measure in the model the distances at which those log reductions were
achieved. Secondly, a sensitivity analysis was performed to identify the most influential factor in
travel distances. Finally, based on available resources a risk assessment method was selected to
evaluated hazardous conditions.

5.3 Results
5.3.1

Virus travel distance

With the base case simulation runs from Chapter 4, virus travel distances were measured. Log
reductions were calculated from viral loads results for 30, 60 and 90 days (Table 6). Based on
literature, a log-12 reduction was set as the minimum level to ensure water quality under viral safe
levels (Gerba, Betancourt, & Kitajima, 2017). Results can be seen in Figure 10. The farther a log-12
reduction is achieved for the base case is at approximately 330 m after 90 days. Moreover, because
viral emissions are constantly emitted to groundwater and viral load increase especially closer to the
injector well, at the same distance log reductions are higher at earlier times.
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Figure 10. Viral log reduction with respect to distance (base case).

The sensitivity analysis results after 30 days are show in Table 11.

Table 11 log-12 reduction distances from injector well.

Distance until 12-log reduction (m)
Variables
Low cases High cases
Initial Concentration
Decay Coefficient
Adsorption coefficient K
Well extraction rate
Effective porosity
Recharge
Hydraulic conductivity X
Hydraulic conductivity Y
Hydraulic conductivity Z

145 m
145 m
290 m
145 m
145 m
145m
145 m
145 m
145 m

145 m
145 m
145 m
290
145 m
290m
870m
145 m
145 m

Hydraulic conductivity in the water extraction direction, recharge and well extraction rate were the
only variables with a visible impact on virus travel distance. The distances reported on Table 11 are
subject to cell dimensions, therefore the total cell length was used to report the distance at which a
12-log reduction is guaranteed.
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5.3.2

Risk assessment approach

According to WHO three approaches can be taken to study the risk assessments for water safety:
Sanitary inspection, Risk matrix and QMRA (Quantitative Microbial risk assessment). The selecting
process has to be done depending on available data and resources. Table 12 gives a summary of
strengths, limitation and resources required in each method (WHO, 2016).

Table 12. Comparison of risk assessment approaches to support water safety management (WHO, 2016).

Approach

Sanitary
Inspections

Risk
matrices

QMRA

Strength
Enables easy
identifications of ongoing
problems with the water
supply.
It can be a complement of
water quality data.
Can provide hard data on
regional or national status
of water.
Allows for a more
comprehensive
consideration of
hazardous events.
Simple prioritizations
structure that allows
different scenarios to be
compared.
Quantitative outcomes for
quantitative problems.

Limitations

Only visible
hazards.
Each sanitary
inspection is for a
single time point.

Limited precision
for comparing
hazardous events.
Based on expert
judgment
Most complex,
requiring the most
expertise and data.
Uncertainty is
difficult to
incorporate in risk
outcomes.

Resources

Site visits.
Water quality assays: fields
or laboratory.

Information for evaluating
the frequency of various
hazardous events and the
severity of hazards

Quantitative data for
exposure and health impacts.
Computational tools may be
required.

Due to resources limitations and data availability, Risk matrices were selected to perform a final risk
assessment on pit-latrines viral emission to groundwater. The main input data was taken from the
simulation runs on viral transportation.
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As mentioned in Table 11 and Chapter 4 sensitivity analysis, increases in recharge, areas with high
hydraulic conductivity and soil low adsorption capacity represent hazardous situation in location
with groundwater viral emission from pit-latrines. To determine the risk of those and other
situations, a risk matrix was establish based on Bartram et al,2009 proposed (WHO, 2016)

Likelihood or frequency

Severity or consequence

Almost
certain/once a
day-RATING:5
Likely/ Once a
week- RATING 4
Moderate/ Once a
month-RATING:3
Unlikely/Once a
year- RATING:2
Rare/Once every
5 yearsRATING:1
Risk score
Risk rating

Insignificant
or no
impact
RATING:1

Minor
compliance
impactRATING: 2

Moderate
aesthetic
impactRATING:3

Major
regulatory
impactRATING: 4

Catastrophic
public
health
impactRATING:5

5

10

15

20

25

4

8

12

16

20

3

6

9

12

15

2

4

6

8

10

1

2

3

4

5

<6
Low

6-9
Medium

10-15
High

>15
Very high

Figure 11. Semiquantitative risk matrix (Bartram et al., 2009).

Based on Figure 11, a general risk assessment using risk matrix was developed and risk of virus
reaching water sources was measured.
Table 13 gives a general overview of risk levels according to hazardous conditions obtained by
simulation runs from the conceptual model. Severity scores were stablished according to level of
influence in transportation distances in Table 12. For example, high recharge due to heavy rain is
scored 3 in severity because, although, it has an influence in virus travel distances, its impact is not
as severe as the hydraulic conductivity. But its likelihood is scored 5, because heavy rains are quite
prone to happened in several places in the world and several times a year. This process repeated for
the most influential factors in viral transportation.
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I found that the highest risk situation is given by the proximity between pit-latrines and water
extraction wells, due to its high impact in viral transportation velocity, and its high probability of
occurrence.
Table 13. Risk assessment matrix for viral transportation in groundwater. Measuring risk of virus reaching
water intakes for human consumption.

Hazardous event

Likelihood Severity Score

Risk

High recharge due
to heavy rain

5

3

15

High

Highly fractured
aquifer (High
conductivity)

3

5

15

High

Low adsorption
filtering soils

2

3

6

Medium

Increase in viral
emission due to
Increase in pitlatrines usage
population

3

2

6

Medium

High groundwater
extraction rates

5

2

10

High

High proximity
between pit-latrines
areas and water
extraction wells

5

5

25

Very
high

Justification
The sensitivity analysis has
shown that an increase in
recharge from rainfall will
considerably affect viral loads,
however the travel distance is
impacted moderately.
High conductivity aquifers are
not extremely common specially
at shallow levels, nevertheless is
impact can be very impactful in
viral transportation.
Adsorption coefficient need to be
better characterize in order to
determine the real associated
risk.
Pit-latrines as mean of sanitation
in most cases tends to reduce,
however in areas where extreme
low access to sanitation they
represent the best option of
sanitation.
Due to scarce surface water
resources and increase in
population,
groundwater
extraction rates tend to increase.
Distance between viral emission
areas and water well is quite
frequent and this represent a
high impact in health detriment.
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5.4 Discussions
Hazardous events identification in groundwater viral contamination represents a contribution to
reduce and mitigate risk of viral contamination in groundwater human intakes. Just the identification
of hazardous conditions provides an idea of risk of viral contamination, which is a step farther to the
current knowledge related this subject. The risk matrix was used as risk assessment approach for
this project based on the resource’s availability. Risk matrices are not as detailed compare to other
risk assessment methods like QMRA. However, they give a reliable identification of red flag
conditions that increases the risk of viral contamination in groundwater. Although the use if risk
matrices can be ambiguous because it relies on expert’s perception of the available information. The
methodology used in this project ensured a consistent method to score the different identified
hazardous events. The identification of critical condition for viral contamination gives a strong first
step to further risk investigation.

5.5 Conclusion
Once the viruses have reached groundwater, the risk of water intakes for human consumption that
are contaminated, will depend on the interaction of more than one conditions. One of the main
conditions to consider is the distance between the pit-latrines and the water intake. However, it is
possible to conclude for the conceptual model that at a distance less than 145 m there is always a risk
of contamination.
The risk matrix, although a simple tool, allows the evaluation of more than one hazardous situation.
The score obtained in each situation can help prioritize risk situations and to have a better risk
management. However, if have the necessary resources are available, the use of QMRA is
recommended. QRMA requires more technical knowledge and resources than risk matrix. It is a more
quantitative approach that allows for more detailed risk management, which incorporates the
relationship with human health related effects. Due to lack of time and since is not part of the main
research objective, the QMRA was out of the scope of my research.
Finally, I should be emphasized that the most important factors to monitor for viral transport in
groundwater are recharge, hydraulic conductivity, water extraction rates and distance between the
source of emissions and the point of water extraction.
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Chapter 6 Discussion
Groundwater contamination due to pit-latrine viral emission represents a constant risk to human
health. However, the viral behavior in terms of survival and transportation through groundwater has
been little research and modelled. Understanding and modelling the two main process: decay and
adsorption, will contribute to reduce and mitigate groundwater viral contamination.
In this study, a 3D model was developed to quantify viral concentration and viral travel distances in
groundwater from pit-latrines emission, including viral decay and adsorption. Through, the
identification of factors that influence viral decay and adsorption; the translation of this factor to
mathematical equations; and the 3D simulation runs, I identified viral travel distances up to 495m
from pit-latrines in Kumasi. My literature review has found viral concentration at hundreds of meter
from the emission source, specially, in aquifers with high hydraulic conductivities (Azadpour-Keeley,
2003; Schijven et al., 2010). Which is consistent with the findings of this research. Literature available
on pit-latrines guidelines, sometimes suggest a standard distance of 15m to 75 m from the emission
source to the extraction point. While this might be a reasonable distance for certain conditions, a
standardize distance should not be used. Because viral transport will depend widely in local
conditions. Prediction models must be then adjusted to the conditions of the place of study. No
standard criterion can be established for general distances, since conditions vary from region to
region.
The main challenge to overcome during this thesis was data availability. Experimental/field data
concerning the viral transportation were yet more scarce. Therefore, a pragmatic approach was
taken in relation to scare data in which I overcame data obstacles with practical but realistic
approaches. Based on the sensitivity analysis the most influential variables in the model were
identified to have a better understanding on the most important points of uncertainty.
The resolution level to model viral survival and transportation will depend on the specific model
objective. The current resolution of 145m ∙ 145 m, fits this research objective of measuring viral
concentration over distance and time. However, the grid resolution will mainly depend on the
questions to be answered. But it is possible to scale up or scale down the grid size according to
different objectives. If focus is on a very specific water extraction point at small area of interest, then
the grid should be refined, while, if the objective is to get average concentrations in determined
regions around the world, the model should be coarser.
Field sample gathering is out of the scope of this research, but its implementation on future modeling
is highly recommended. They are fundamental calibration data to be match them with the simulation
model to get representation of the real conditions.
Finally, given the restriction in the project time, it was not possible to carry out an extensive risk
assessment. Therefore, a risk matrix is presented in association with hazardous situations identified
in the sensitivity analysis. Although in a limited way, the risk matrix gives an overview of the critical
points of attention concerning viral transport in groundwater.
For further improvement to the model, field data gathering should be conducted for at least the
variables with the greatest impact indicated in the sensitivity analysis. The grid size should be
evaluated according to the model objective and area to study. Lastly, if resources are available, QMRA
as a method of risk analysis is suggested.
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Chapter 7 Conclusion
This research presented a conceptual model to evaluate viral survival and transportation in
groundwater from pit-latrines viral emission to human water intakes. The study was divided in four
parts with the formulation of four research question, that were answered each one through the
different chapters of this document.
RQ 1 was answered by a literature study, in which influence over survival and transportation was
found for the following factors: temperature, dissolved oxygen, flow velocity, ionic strength, pH,
Organic matter content, geological conditions, virus type and virus. Due to the complexity of
interrelation between these factors, usually those factors are not studied individually. Nevertheless,
the found qualitative relations for the previously mentioned factors were of significant support in
understanding ongoing processes during virus transportation and survival.
With these factors been identified, the RQ2 was answered in Chapter 3 based on literature study.
Two widely used mathematical expressions were identified to model viral decay and adsorption
processes. A standard decay equation was used to describe viral removal from the system and the
Freundlich isotherm is included for viral adsorption processes. The used coefficients for these two
equations were not entirely certain. Therefore, their proposed values had to be taken with caution
during the modeling.
MODFLOW was selected as the underlying model, because it is versatile and flexible. A threedimensional model was built in MODFLOW-MT3DMS to represent processes related to groundwater
flow and virus transportation. With this model it was possible to integrated answers from research
question 1 and 2 and answer research question 3. MODFLOW-MT3DMS was proven to be a suitable
tool for viral transportation in groundwater. The accuracy of input data directly reflects on output
uncertainties. Therefore, the sensitivity analysis performed to the model helped to understand and
identified the highest uncertainties, with a better knowledge of gaps in the model it is possible to
overcome them in future work. Hydraulic conductivity was found as the main influencing factor
The results from the sensitivity analysis focus on viral travel distance until 12 log reduction is
achieve, were used to evaluate hazardous situation and their risk associated. A risk assessment
matrix was constructed to measure risk of virus reaching water intakes for human consumption. It
was found that the most hazardous situation is given by the proximity between sources and
extraction points. But more importantly, the risk can be highly increase if more than one hazardous
situation is combined. One extreme, but, quite probable example results from combination of low
distances between source and extraction points, sever condition of recharge and high hydraulic
conductivities.
Finally, although viral transportation depends mainly on local conditions, groundwater
contamination from pit-latrines viral emissions is of worldwide interest. The global use of pit-latrines
and the transboundary groundwater interactions makes this phenomenon to be of International
concern. My thesis marks an initial approach for future work on coarser scales. Its results likely are
of great importance to get an overview of pit-latrines and viral contamination status around the
world. Moreover, this project can be seen as a contribution to achieve the sixth sustainable
development goal in relation to clean water and sanitation.
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