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SUMMARY 

Determining hydraulic parameters of aquifers, their associated uncertainties and spatio-

temporal variation is important to characterize groundwater flow and mass transport. Of 

these hydraulic parameters, hydraulic conductivity, effective porosity, and dispersivity are the 

most crucial ones. Several ex-situ methods such as grain size analysis, and permeameter tests 

of drilled core samples, and in-situ methods including pumping tests, slug tests, and 

flowmeter tests, and tracer studies have traditionally been applied for estimating hydraulic 

conductivity. Effective porosity has been typically estimated by ex-situ and in-situ methods 

such as mercury intrusion porosimetry, Helium gas pycnometry, magnetic resonance imaging 

and tracer tests. Compared to the standard drilled core analysis and geophysical methods, 

groundwater tracer tests have been used for broader applications including in-situ direct 

hydraulic parameter estimation, transport velocity determination, spatio-temporal variation 

of hydraulic parameters, and establishing aquifer connectivities. Inorganic salts and 

fluorescent dyes are the most commonly used groundwater tracers due to their no or low 

reactivity with sediments, cost efficiency and non-toxicity. In addition to salt and dye tracers, 

particulate tracers including microspheres, bacteria and bacteriophages have been widely 

used for characterizing groundwater flow paths, and pathogen migration. Transport 

behaviour of these microparticle tracers, depending on physico-chemical properties such as 

size and surface charge, and process variables including ionic strength and particle 

concentration, can differ from the conservative tracers in terms of transport velocity, mass 

distribution, and recovery.  

This dissertation focuses on the applicability of silica encapsulated DNA tagged microparticles 

(SiDNA) in determining hydraulic parameters (hydraulic conductivity, effective porosity, 

longitudinal, and transverse dispersivities) of homogeneous and heterogeneous saturated 
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medium grain and coarse grain sand. SiDNA particles are ~200 nm spherical silica particles 

encapsulating double stranded DNA (dsDNA) molecules. The uniqueness of the base pair 

sequences of the dsDNA, synthesized through combinations of nucleotides, overcomes the 

general limiation of lack of distinctiveness within a group of solutes (eg. salt) or particulate 

tracers (e.g. microparticles, bacteria). In laboratory column (1D) and sand tank (3D) 

experiments, SiDNA with a superparamagnetic core (SiDNAmag) was subjected to retention 

through first order kinetic attachment, resulting in 1-3 log less mass recovery as comapared to 

conservative tracers. Chapter 2 of this dissertation demonstrated that SiDNA retention was 

concentration dependent and decreased with increasing injection particle concentration. The 

removal efficiency, therefore, decreased with increasing particle injection concentration. 

Besides SiDNAmag concentration, ionic strength (IS) of injection water influenced the particle 

attachment and therefore, SiDNA transport. An increase in IS from 1mM to 5mM phosphate 

buffer injection water increased SiDNA transport with decreased attachment rate, possibly 

due to competitive adsorption of phosphate onto the collector grains. An increase in IS from 

5mM to 20mM, however, increased SiDNA attachment attributing to the compression of 

electrostatic double layer. In chapter 3, we demonstrated that under experimental conditions 

free from particle aggregation, the hydraulic parameters (hydraulic conductivity, effective 

porosity and dispersivities) and associated uncertainties estimated from SiDNA transport 

experiments were statistically similar to the parameters estimated from salt tracer 

breakthrough data. Further, the hydraulic parameters and associated uncertainty 

distributions were not influenced by IS of injection water.  

In a homogeneous sand tank, packed with medium grain sand, multipoint SiDNA injection 

experiments demonstrated that the stochastically (Monte Carlo simulation) determined 

hydraulic parameters and associated uncertainties estimated from SiDNA breakthrough 
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curves were statistically similar to the hydraulic parameters estimated from salt tracers. This 

indicated that the transport velocity and 3D dispersion behaviour of SiDNA were not 

significantly different than salt tracers, despite significant SiDNA mass loss due to particle 

attachment on the solid phase. Further, we investigated the applicability of SiDNA in 

identifying and estimating hydraulic conductivity, effective porosity, dispersivity and 

associated uncertainties in a heterogeneous sand tank with a lens shaped no conductivity 

zone and, separately, a same lens shaped high conductivity zone. Multipoint injection and 

multilevel sampling approach were specifically advantageous in identifying no conductivity 

lens heterogeneity. The effect of the high conductivity lens was reflected on the bi-peaked 

breakthrough curves of both the salt and SiDNA. The hydraulic parameters and associated 

uncertainties stochastically determined from SiDNA breakthrough curves were statistically 

not significantly different from those determined from salt tracer breakthrough data in both 

cases (no conductivity and high conductivity). However, longitudinal and transverse 

dispersivities could not be determined distinctively, possibly due to the small scale of lens 

heterogeneity and because transverse dispersivities were determined as a ratio of transverse 

and longitudinal dispersivity.  

Overall, this thesis demonstrated that under our experimental conditions, SiDNA was a 

suitable particle for determining hydraulic parameters (hydraulic conductivity, effective 

porosity, and dispersivitiy) of saturated, unconsolidated, medium and coarse grained, 

homogeneous and heterogeneous sand systems. However, we acknowledge that our findings 

are based on controlled laboratory scale experiments. Therefore, further systematic 

experiments on SiDNA transport as a function of physical variables such as sand grain size, pH, 

complex heterogeneity, and chemical factors including major ions (Ca2+, Mg2+ etc.), and 

dissolved organic matter would be a requisite prior to large or field scale applications. In this 
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research, the primary limitation of SiDNA was the first order kinetic attachment onto the 

collector grains resulting in 1-3 orders of magnitude of reduced SiDNA recovery as compared 

to the salt tracer, a potential hindrance in SiDNA application in experiments with longer 

transport lengths.  
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SAMENVATTING: 

Het bepalen van hydraulische parameters van watervoerende lagen, hun bijbehorende 

onzekerheden en ruimtelijke-temporele variatie is belangrijk om de grondwaterstroming en 

massatransport te karakteriseren. Van deze hydraulische parameters zijn hydraulische 

geleidbaarheid, effectieve porositeit en dispersiviteit de belangrijkste. Verschillende ex-situ 

methoden zoals korrelgrootteanalyse, permeametertesten van geboorde kernmonsters, en 

in-situ methoden zoals pompproeven, slugtesten, flowmetertesten en tracerstudies zijn 

traditioneel toegepast voor het schatten van de hydraulische geleidbaarheid. Effectieve 

porositeit is meestal geschat door ex-situ en in-situ methoden zoals kwikintrusieporosimetrie, 

heliumgaspycnometrie, magnetische resonantiebeeldvorming en tracerstudies. In vergelijking 

met de standaard geboorde kernanalyse en geofysische methoden zijn 

grondwatertracerstudies gebruikt voor bredere toepassingen, waaronder in-situ directe 

schatting van hydraulische parameters, bepaling van transportsnelheid, ruimtelijke-temporele 

variatie van hydraulische parameters en het vaststellen van watervoerende verbindingen. 

Anorganische zouten en fluorescerende kleurstoffen zijn de meest gebruikte 

grondwatertracers vanwege hun geen of lage reactiviteit met sedimenten, kostenefficiëntie 

en niet-toxiciteit. Naast zout- en kleurstoftracers zijn deeltjestracers, waaronder microsferen, 

bacteriën en bacteriofagen, veel gebruikt voor het karakteriseren van 

grondwaterstroompaden en pathogeenmigratie. Het transportgedrag van deze 

micropartikeltracers, afhankelijk van fysisch-chemische eigenschappen zoals grootte en 

oppervlaktelading, en procesvariabelen zoals ionsterkte en deeltjesconcentratie, kan 

verschillen van de conservatieve tracers in termen van transportsnelheid, massaverdeling en 

herstel. Dit proefschrift richt zich op de toepasbaarheid van silicium ingekapselde DNA-

getagde micropartikels (SiDNA) bij het bepalen van hydraulische parameters (hydraulische 
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geleidbaarheid, effectieve porositeit, longitudinale en transversale dispersiviteiten) van een 

homogeen en heterogeen verzadigd mediumkorrelig en grofkorrelig zand. SiDNA-deeltjes zijn 

~200 nm bolvormige siliciumdeeltjes die dubbelstrengs DNA (dsDNA) moleculen inkapselen. 

De uniciteit van de basenpaarvolgordes van het dsDNA, gesynthetiseerd door combinaties 

van nucleotiden, overwint de algemene beperking van gebrek aan onderscheidend vermogen 

binnen een groep opgeloste stoffen (bijv. zout) of deeltjestracers (bijv. micropartikels, 

bacteriën). In laboratoriumkolom (1D) en zandtank (3D) experimenten werd SiDNA met een 

superparamagnetische kern (SiDNAmag) onderworpen aan retentie door middel van 

kinetische hechting van de eerste orde, resulterend in 1-3 log minder massa-herstel in 

vergelijking met conservatieve tracers. Hoofdstuk 2 van dit proefschrift toonde aan dat 

SiDNA-retentie concentratieafhankelijk was en afnam met toenemende 

injectiedeeltjesconcentratie. De verwijderingsefficiëntie nam dus af met toenemende 

deeltjesinjectieconcentratie. Naast SiDNAmag-concentratie beïnvloedde de ionsterkte (IS) van 

injectiewater de deeltjeshechting en dus het SiDNA-transport. Een toename van IS van 1 mM 

tot 5 mM fosfaatbufferinjectiewater verhoogde het SiDNA-transport met een afgenomen 

hechtingssnelheid, mogelijk als gevolg van competitieve adsorptie van fosfaat op de 

verzamelaarskorrels. Een toename van IS van 5 mM tot 20 mM verhoogde echter de SiDNA-

hechting, toe te schrijven aan de compressie van de elektrostatische dubbellaag. In hoofdstuk 

3 hebben we aangetoond dat onder experimentele omstandigheden vrij van 

deeltjesaggregatie, de hydraulische parameters (hydraulische geleidbaarheid, effectieve 

porositeit en dispersiviteiten) en bijbehorende onzekerheden geschat uit SiDNA-

transportexperimenten statistisch vergelijkbaar waren met de parameters geschat uit 

zouttracerdoorbraakgegevens. Verder werden de hydraulische parameters en bijbehorende 

onzekerheidsverdelingen niet beïnvloed door IS van injectiewater. 
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In een homogene zandtank, gevuld met middelgrote zandkorrels, toonden multipoint SiDNA-

injectie-experimenten aan dat de stochastisch (Monte Carlo-simulatie) bepaalde hydraulische 

parameters en bijbehorende onzekerheden geschat uit SiDNA-doorbraakkrommen statistisch 

vergelijkbaar waren met de hydraulische parameters geschat uit zouttracers. Dit gaf aan dat 

de transportsnelheid en het 3D-dispersiegedrag van SiDNA niet significant verschilden van 

zouttracers, ondanks een aanzienlijk SiDNA-massaverlies als gevolg van deeltjeshechting op 

de vaste fase. Verder onderzochten we de toepasbaarheid van SiDNA bij het identificeren en 

schatten van hydraulische geleidbaarheid, effectieve porositeit, dispersiviteit en bijbehorende 

onzekerheden in een heterogene zandtank met een lensvormige zone zonder geleidbaarheid 

en, afzonderlijk, eenzelfde lensvormige zone met hoge geleidbaarheid. Multipoint-injectie en 

multilevel-bemonsteringsaanpak waren specifiek voordelig bij het identificeren van 

lensheterogeniteit zonder geleidbaarheid. Het effect van de lens met hoge geleidbaarheid 

werd weerspiegeld in de bi-piekige doorbraakkrommen van zowel het zout als het SiDNA. De 

hydraulische parameters en bijbehorende onzekerheden stochastisch bepaald uit SiDNA-

doorbraakkrommen waren statistisch niet significant verschillend van die bepaald uit 

zouttracerdoorbraakgegevens in beide gevallen (geen geleidbaarheid en hoge 

geleidbaarheid). Longitudinale en transversale dispersiviteiten konden echter niet 

onderscheidend worden bepaald, mogelijk als gevolg van de kleine schaal van 

lensheterogeniteit en omdat transversale dispersiviteiten werden bepaald als een verhouding 

van transversale en longitudinale dispersiviteit. Over het algemeen toonde dit proefschrift 

aan dat onder onze experimentele omstandigheden SiDNA een geschikt deeltje was voor het 

bepalen van hydraulische parameters (hydraulische geleidbaarheid, effectieve porositeit en 

dispersiviteit) van verzadigde, ongeconsolideerde, middelgrote en grofkorrelige, homogene 

en heterogene zandsystemen. We erkennen echter dat onze bevindingen gebaseerd zijn op 
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gecontroleerde laboratoriumschaalexperimenten. Daarom zouden verdere systematische 

experimenten over SiDNA-transport als functie van fysische variabelen zoals 

zandkorrelgrootte, pH, complexe heterogeniteit en chemische factoren, waaronder 

hoofdionen (Ca2+, Mg2+ etc.), en opgeloste organische stof een vereiste zijn voorafgaand aan 

grootschalige of veldschaaltoepassingen. In dit onderzoek was de belangrijkste beperking van 

SiDNA de kinetische hechting van de eerste orde op de verzamelaarskorrels, resulterend in 1-

3 ordes van grootte van verminderd SiDNA-herstel in vergelijking met de zouttracer, een 

mogelijke belemmering voor SiDNA-toepassing in experimenten met langere 

transportlengtes. 
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PREFACE 

This thesis explores the transport of DNA tagged silica microparticles (SiDNA) through 

saturated sand, and applicability of the SiDNA in determining hydraulic parameters. The 

objective of this work was to evaluate the suitability of SiDNA in estimating hydraulic 

conductivity, effective porosity, and dispersivities and associated uncertainties in saturated, 

homogeneous and heterogeneous sand. Through this research, I have got the opportunity to 

learn and explore the subject of microparticles and colloids, colloid transport through 

saturated porous media and stochastic estimation of hydraulic parameters.   

The motivation of taking up this research was my interest to delve deeper into groundwater 

contamination, aquifer characterization, reactive transport, and groundwater remediation. 

During this thesis, I not only gained knowledge and experience of the subject, but also learnt 

how to overcome practical challenges that comes with research.  

I would like to express my gratitude to many individuals for their kind support, and 

encouragement throughout the journey. Foremost, my promoter Prof. Jack Schiven and co-

promoter Dr. Jan Willem Foppen for their critical guidance, and persistent support. I would 

also like to thank Dr. Thom Bogaard, the PI of the project, for his guidance and invaluable 

support.  

I am also indebted to my family and friends for their moral support and understanding, 

without which this journey would have been tougher. 

Swagatam Chakraborty 

Delft, April 2024 
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CHAPTER 1: GENERAL INTRODUCTION 

Groundwater, accounting for more than 97% non-frozen freshwater resources on earth, has 

been severely compromised in terms of quality pertaining to natural or anthropogenic 

contaminations, over extraction and climate change. Natural contaminants are primarily of 

geogenic origin such as dissolution of natural mineral deposits or rocks (Li et al., 2021; Devic 

et al., 2014), whereas the anthropogenic pollutants are the offshoots of urbanization, 

agricultural practices, and industrial operations (Li et al., 2021; Khatri and Tyagi, 2015). 

Anthropogenic contaminants range from pharmaceutical and personal care products like 

antibiotics, lipid regulators (Silori et al., 2022; Li et al., 2021), colloids and microparticles (Ren 

et al., 2021; Żychowski and Bryndal, 2015), to pesticides and fertilizers from agricultural 

applications (Pradhan et al., 2023). While some of the contaminants are ionic such as nitrate 

and fluoride (Zhao et al., 2022; Abascal et al., 2022; Kimambo et al., 2019), some are 

particulate such as bacteria and nanoparticles (Dibyanshu et al., 2022; Grisey et al., 2010; 

Ferrer et al., 2020). Once the contaminants reach the aquifer through stormwater infiltration 

(Pitt et al., 2023), landfill leachates (Abiriga et al., 2021), or wastewater leakage (McCance et 

al., 2018) pathways, the transport and fate of these pollutants depend on the hydraulic 

properties (hydraulic conductivity, effective porosity, and disersivity) of the aquifers (Guo et 

al., 2021). Therefore, it is critical to well characterize the hydraulic parameters, associated 

uncertainties, and spatio-temporal variations within the aquifers. In addition to contaminant 

transport, and risk analysis, a high-resolution characterization of hydraulic properties of an 

aquifer is also important for optimizing remediation technologies using chemical or 

nanoparticles (Hilton et al., 2005; Mobbs et al., 2012; Reginatto et al., 2020) 

1.1 Aquifer characterization 



19 

Page 19 of 200 
 

Hydraulic conductivity, and effective porosity are the most critical hydraulic parameters to 

characterize of an unconsolidated or semi-consolidated sedimentary aquifer (Bridge and 

Hyndman 2004), because these two parameters define the aquifer capacity and average 

groundwater velocity and mass transport through saturated porous medium. Hydraulic 

conductivity has been typically determined either through ex-situ methods such as empirical 

correlation with grain size distribution (Rosas et al., 2013; Boadu, 2000), constant or falling 

head permeameters (Maliva, 2016), or in-situ methods like pumping and slug tests analysed 

through Theim solution, Theis solution or hydraulic tomography (Cardiff et al., 2013; Walton, 

2019), borehole flowmeter (Genereux and Guardiario, 2001; Jain et al., 2006), electrical 

resisting profiling (Slater, 2007; Butler , 2007), cone penetration profiling (Voyiadjis and Song, 

2003; Chai et al., 2011), vertical electrical sounding (Sattar et al., 2016; Almeida et al., 2021), 

and tracer tests (Kleipikova et al., 2016; Sutton et al., 2000). Similarly, several ex-situ and in-

situ methods such as mercury intrusion porosimetry (Ma., 2014), Helium gas pycnometry 

(Robin et al., 2016), magnetic resonance sounding (Vouillamoz et al., 2012), and tracer tests 

(Kim et al., 2005; Fernandez-Garcia et al., 2004; Davis et al., 2000) have been applied for 

estimating effective porosity. In comparison with the standard physical or geophysical 

methods, tracer tests have been used for broader applications of direct in-situ measurements 

of hydraulic and transport parameters of aquifers, groundwater or contaminant flow paths, 

transport velocities, and investigating specific physical or chemical processes by applying 

different types of tracers (Divine and McDonnell, 2005). In addition, application of tracers also 

provides an insight into the fundamental transport process such as longitudinal and 

transverse dispersion, contributing to the 3-dimensional transport of solute or particulate 

materials (Sarris et al., 2018).  

1.2 Groundwater tracers 
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Groundwater tracers are either existing or introduced energy (e.g. heat), solute (e.g. salt, 

dyes) or particulate (e.g. bacteria, spores) variations in the water properties to determine 

groundwater flow and transport properties, and the hydraulic parameters (Maliva, 2016; 

Davis et al., 1980). An ideal groundwater tracer is stable, nonreactive, nontoxic, detectable in 

trace amounts, migrates identically to the water, and according to Davis et al., (1980), does 

not exist. Tracers are generally categorized based on their origin (i.e. environmental and 

artificial), and physico-chemical properties (i.e. heat, ion, isotopes, dyes, radioactive, and 

particles) (Maliva, 2016; Davis et al., 1980). Environmental or passive tracers, such as stable 

isotopes, microorganisms and major ions, are existing substances in groundwater, either 

naturally produced or introduced over long period of time, and are used for estimating 

groundwater residence time, flow and mixing dynamics, and groundwater – surface water 

interactions (Baskaran et al., 2009; Elliot, 2014; Banks et al., 2021; Stauffer, 1985; Widory et 

al., 2004). Artificial tracers are ionic, solute (e.g. salts and dyes) or particulate substances 

introduced in saturated or unsaturated subsurface zones for specific objectives such as 

groundwater transit time distribution (Lauber and Goldscheider, 2014; Saar, 2010), 

microorganism transport and removal (Hassanizadeh and Schijven, 2000; Harvey, 1997), 

determining hydraulic parameter distributions (Molz et al., 1988; Niemann and Rovey, 2000; 

Worthington, 2022), and aquifer heterogeneity assessment (Larocque et al., 2009; Ptak et al., 

2004). Based on the objectives, tracer tests are categorized into qualitative and quantitative 

tests. Qualitative tests are usually conducted to establish hydrologic connections between 

surface and groundwater or different aquifer compartments, whereas, quantitative tracer 

tests are designed to estimate hydraulic parameters, transit or residence time, and physico-

chemical attributes (e.g. heterogeneity) of an aquifer (Maliva, 2016).  
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Salts (e.g. NaCl, KCl, KBr) are the most commonly applied, near ideal, unretarded tracers due 

to their hydrophilic character (Mastrocicco et al., 2011; Alcala and Custodio, 2008) for both 

qualitative and quantitative aquifer tracer tests. A number of studies have applied salt tracers 

to establish groundwater flow dynamics, and hydraulic parameter characterization (e.g. Lile et 

al., 1997; Doetsch et al., 2012; Davis et al., 2004; Pollock and Cirpka, 2010), or used as 

reference to demonstrate transport characteristics of bacteria (Becker et al., 2004; Torkzaban 

et al., 2008), viruses (Chu et al., 2003; Zhuang and Jin, 2003), or other nanoparticles (Bradford 

et al., 2002; Keller et al., 2004; Shuhua et al., 2023). However, as salt concentrations are 

commonly measured as total ionic concentration (EC), not considering processes such as 

cation exchange, surface complexion, or physical mass transport might lead to biased 

estimation of aquifer hydraulic parameters (Mastrocicco et al., 2011). Like salt tracers, dyes 

(e.g. Uranine, Rhodamine WT) are non-toxic, cost-efficient groundwater tracing agents and 

have distinctive wavelength of detection and concentration measurement (Maliva, 2016). A 

number of studies have used dye tracers to demonstrate surface water – groundwater 

interaction (Otz et al., 2003; Dujardin et al., 2014), assessment of flow paths and transport 

(Assari and Mohammadi, 2017; Joun et al., 2023), and collate transport characteristics of 

nano/microparticles (Goeppert and Goldscheider, 2021; Thomas and Chrysikopoulos, 2007; 

Kosakowski, 2004). Though often dye tracers had been used as conservative tracer (Goeppert 

and Goldscheider, 2021; Geyer et al., 2006; Joun et al., 2023), however, low sorption of dyes 

onto sand or soil grains had been reported (Kasteel et al., 2002; Sabatini, 2000; Sutton et al., 

2001), and therefore, should be considered for breakthrough curve modelling and aquifer 

parameter estimation. Careful field application and sample storage of dye tracers should also 

be considered because fluorescein dye tracers are also susceptible to photolytic 

transformation (Maliva, 2016). In addition to salt and dye tracers, natural and engineered 
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nano/microparticles had also been used for assessing important subsurface bio-physico-

chemical characteristics such as aquifer heterogeneity (Harvey and Harms, 2002), 

biogeochemical processes involved in bacterial transport (Hosono et al., 2014), and intra-

aquifer connectivities (Cary et al., 2015). As nano/micro/colloidal particle transport 

behaviours through saturated porous medium reportedly differ from solute or conservative 

tracers due to the differences in physico-chemical properties such as size and surface charge 

(Sirivithayapakorn and Keller, 2004; Bradford et al., 2002), and process variables such as 

particle concentration and ionic strength (Zevi et al., 2009; Torkzaban et al., 2008; Bradford 

and Bettahar, 2006), it is important to briefly describe the particle transport processes and 

modelling approach.  

1.3 Colloid transport through saturated aquifer medium 

Colloidal particles are particles with a diameter range of ~1 – 1000nm (Everett, 2007; 

Cosgrove, 2010) or alternatively 10nm - 10μm (DeNovio et al., 2004; Bradford and Torkzaban, 

2007), which include natural, such as bacteria, viruses, clay particles or engineered 

nanomaterials. However, instead of such strict size delineation, literature endorse colloid 

definition in terms of their dissolution properties and properties influencing transport 

behaviour (Molnar et al., 2019; Deichmann, 2007), falling between a true solution and bulk 

material (Hassan et al., 2015).  

The fundamental processes controlling the transport of colloids through porous media are 

advection, dispersion, and colloid retention through attachment onto and detachment from 

the collector grains (Loveland et al., 2003; Liu et al., 2017; Qi et al., 2014). Colloid attachment 

had traditionally been explained through Classical Colloid Filtration Theory (CFT). The 

fundamental product of the CFT is an analytical model predicting the single collector removal 

efficiency (ƞ) representing the efficiency of a single collector surface to remove colloids from 
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aqueous phase (Kamai et al., 2015). Under physico-chemical transport conditions 

unfavourable to colloid attachment, the ƞ is the product of single collector contact efficiency 

(ƞ0), and attachment efficiency (α). The first filtration model, given by Yao et al., (1971), 

considered the diffusion, gravitational sedimentation, and interception to calculate ƞ0, 

however, did not consider hydrodynamic interactions (Tufenkji and Elimelech, 2004). The 

classical CFT was also derived based assumptions such as (a) absence of straining and size 

exclusion, (b) irreversible attachment, and (c) uniform surface charge on colloids and 

collectors. Several modifications have been made to improve the prediction colloid deposition 

by incorporating hydrodynamic interaction and van der Waal forces in Eulerian (Tufenkji and 

Elimelech, 2004), or Lagrangian (Rajagopalan and Tien, 1976; Nelson and Ginn, 2005) 

framework.  

Overall, transport and fate of colloids in saturated porous medium, with an attention to 

colloid attachment (or retention or filtration), is generally focused at three different scales, 

namely, the interface scale, the collector scale and the pore scale. Under saturated condition, 

the interface scale deals with interfacial energy of a colloid at the solid – water interface and 

colloid – colloid interface predicting the colloid attachment onto the collector grains and 

colloidal stability, respectively, through DLVO (electrostatic double layer, van der Waals) and 

non-DLVO (hydrogen bonding, hydrophobic interactions, steric and Lewis acid-base 

interactions) forces (Torkzaban et al., 2007; Yuan and Shapiro, 2012; Bradford and Torkzaban, 

2008). Whereas the pore scale approach, in addition to interaction forces, also considers size 

exclusion and straining as important processes for colloid deposition, the collector scale 

considers colloid capture through surface attachment. Depending on the physico-chemical 

and process variables, understanding and numerically simulating colloid transport through 

saturated porous media often requires additional parameters to be considered such as 
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straining (Bradford et al., 2006; Porubcan and Xu,2011), blocking (Johnson et al., 1996; 

Vitorge et al., 2013; Treumann et al., 2014), or size exclusion (Sirivithayapakorn and Keller, 

2004; Bradford et al., 2003). Straining of colloids is colloid retention in the pore constriction 

and dependent on the colloid to collector diameter (Bradford et al., 2003). Straining is 

facilitated through colloid to collector diameter ratio, ranging approximately between 0.001 - 

0.008 (Bradford et al., 2003; Shen et al., 2008; Xu et al., 2006) and solution chemistry (Shen et 

al., 2008) through processes such as aggregation (Qi et al., 2014). Blocking is characterized by 

progressive filling up of colloid attachment sites resulting in gradual increase in the effluent 

colloid concentration (Johnson and Elimelech, 1995; Liu et al., 2009), and is dependent on 

colloid and collector surface physico-chemical properties (Loveland et al., 2003; Johnson et 

al., 1996). Another colloid size dependent process contributing to colloid transport is size 

exclusion where colloids are excluded from the smaller pore aperture sizes (Sirivithayapakorn 

and Keller, 2003), leading to colloid advection velocity enhancement (Harter et al., 2000). 

Colloid transport could also be influenced by wedging where colloids are retained between 

two bounding surfaces (Johnson et al., 2007).   

1.4 Groundwater flow, and mass transport modeling 

Groundwater flow in the saturated zone is generally expressed using Darcy’s law as 

𝑞 =  
𝑄

𝐴
=  −𝐾 

ℎ2− ℎ1

𝑙
                                                                                                                         (1.1) 

where q is the specific discharge [m/min], A is the cross-sectional area [m2], Qis the 

volumetric water flow per unit time [m3/min], K is the saturated hydraulic conductivity 

[m/min], and (h2 – h1)/l is the hydraulic head gradient [-].  

Conservative mass transport through saturated porous media is defined through advection 

and dispersion responsible for bulk mass movement and spread of the mass plume, 
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respectively. The general conservative mass transport in saturated porous media is expressed 

as (Yang et al., 2019) 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2 − 𝑣
𝜕𝑐

𝜕𝑥
                                                                                                                            (1.2) 

where c is the dissolved solute concentration in water as a function of space and time, i.e. x 

and t, respectively. D is the hydrodynamic dispersion coefficient [m2/min], and v is the pore 

water velocity [m/min]. The term on the left denotes the change in mass concentration with 

time, whereas the first term on the right-hand side denotes dispersion and second term 

represents the advective transport. While the advection – dispersion equation (eq 1.2) 

represents 1D conservative mass transport, modified versions are required to simulate 3D, 

conservative and reactive mass transport processes. In 3D mass transport equation, D is 

modified to Dij representing the longitudinal, horizontal transverse and horizontal vertical 

dispersivities as is expressed as (Zheng and Wang, 1999) 

𝜕𝑐

𝜕𝑡
= 𝐷𝑥

𝜕2𝑐

𝜕𝑥2 + 𝐷𝑦
𝜕2𝑐

𝜕𝑦
+ 𝐷𝑧

𝜕2𝑐

𝜕𝑧2 − 𝑣
𝜕𝑐

𝜕𝑥
                                                                                           (1.3)         

Dx, Dy, and Dz are the respective hydrodynamic dispersion coefficient as a function of space in 

three-dimension (i.e. x, y, and z), c is the dissolved (for salt and dyes) or suspended (for 

SiDNA) tracer concentration as a function of space and time (i.e. x, y, z, and t, respectively). To 

interpret colloid mass transfer from aqueous to solid phase, the first order kinetic attachment 

– detachment terms (Zheng and Wang, 1999) are incorporated in eq 1.3 and is presented in 

chapter 2 for 1D mass transport, and chapters 3, 4, and 5 for 3D mass transport.  

Groundwater numerical models are a simplified representation of real systems with the 

capability to explain empirical observations through a set of state variables, and flow and 

mass transport equations. Groundwater numerical models are either deterministic or 

stochastic. In deterministic groundwater mass transport models, the hydraulic and mass 
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transport parameters are uniquely determined (Renard et al., 2013), or with limited 

parameter uncertainty (Pool et al., 2015). However, unless the boundary conditions and 

parameters governing the mass transport equation are known, the deterministic solutions are 

less reliable because the real-world aquifers are intrinsically heterogeneous (Renard et al., 

2013) and non-unique. Stochastic groundwater mass transport modelling does not consider 

that the aquifer hydraulic parameters, such as hydraulic conductivity and effective porosity, 

are unique values, rather a distribution of values and combination of parameter value sets 

resulting in equifinality (Yidana et al., 2016; Beven and Binley, 1992). Application of statistical 

Bayesian framework using Monte Carlo approach is one of the common methods to perform 

stochastic modeling for estimating hydraulic parameter values and associated uncertainties 

(Radle et al., 2022; Hassan et al., 2009). The overall workflow of the Monte Carlo approach for 

estimating hydraulic parameters and associated uncertainties involves, (a) generating 

multiple parameter realization sets, (b) solving the groundwater flow and mass transport for 

each parameter realization sets, and (c) statistically inferring predictive outputs (Refsgaard et 

al., 2012), which in case of mass transport, is concentration as a function of time. Monte Carlo 

modeling approach in combination with tracer transport experiments have been widely 

implemented for flow path analysis (Assari and Mohammadi, 2017; Fernandez-Garcia et al., 

2010), hydraulic and mass transport parameter uncertainty estimation (Yoon et al., 2013; 

Wheater et al., 2000; Fu and Gomez-Hernandez, 2009; Saley et al., 2016), and contamination 

risk analysis (Acar et al., 2013; Alberti et al., 2018).  

There are a number of groundwater and reactive transport modelling programs capable of 

simulating 1D and 3D transport simulations such as HPx, OpenGeoSys, PFLOTRAN, 

HYDROGEOCHEM, MT3D and PHT3D (Steefel et al., 2015). While few programs are process 

specific, such as PHREEQC for geochemical modeling, few are coupled to enhance the 
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versatility in process simulation, e.g. HPx is a reactive transport code coupled between 

HYDRUS and PHREEQC, or PHT3D coupled with MT3DMS. The program applicability can vary 

based on the modeling objectives, and required physico-chemical processes, because the 

codes differ in capabilities, e.g. PHT3D and PHREEQC do not simulate unsaturated flow in 

contrast to OpenGeoSys or HYDROGEOCHEM. There are also time and computation efficient 

programming language packages, e.g. Flopy (Bakker et al., 2016), for stochastically simulating 

and post-processing groundwater flow and mass transport. 

1.5 DNA tagged microparticles in hydrogeology 

As discussed in the section 1.2, a wide variety of inorganic or organic solutes (e.g. salt, dyes) 

or particulate (bacteria, clay, bacteriophage, nanoparticles) tracers have been applied to 

characterize aquifer hydraulic parameters, aquifer connectivities, contaminant transport and 

risk analysis. Each tracing candidate suffers from certain limitations. For instance, for salt 

tracers, a limitation is the possible bias in estimation of aquifer parameters using electric 

conductivity as a proxy of total ions disregarding cation exchange between aqueous and solid 

phase (Mastrocicco et al., 2011), low sorption of often-used conservative dyes tracer (Kasteel 

et al., 2002; Sabatini, 2000), limited in-situ survival or viability knowledge of bacterial tracers, 

and change in attachment dynamics due to engineered surface modifications (Taylor et al., 

2004; Harvey and Harms, 2002), or high sedimentation rates of larger particles such as yeast 

or protozoa (Harvey and Harms, 2002). However, the general and an important limitation of 

the conventional solute and particulate tracers is lack of distinctiveness within the same 

group of tracers hindering their application in characterizing physico-chemical variability, the 

most salient feature of subsurface. Therefore, efficient characterization of the flow and mass 

transport complexity in subsurface require tracer candidates that are uniquely identifiable 

with low detection limit, rendering them free from natural background concentration 
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interference and low particle detection limit. Synthetic deoxyribonucleic acid (DNA) molecules 

comply with these requirements (Liao et al., 2018; Foppen, 2023). Four nucleotides, namely 

adenine, guanine, cytosine and thymine, combined in different arrangements impart the 

distinctiveness in the DNA sequence. The DNA specificity and avoidance of background 

concentration interference are achieved through subjecting the designed DNA sequences to a 

public domain software, BLAST, for sequence similarity match (Liao et al., 2018). In 

hydrological applications, the artificially synthesized DNA molecules are often encapsulated in 

protective layers such as clay, silica, polylactic-co-glycolic acids (PLGA) or polylactic acids (PLA) 

to stabilize the DNA molecules against physico-chemical stressors such as nuclease enzyme, 

radiation, temperature, pH, and ionic strength (Chandrasekaran and Haloversen, 2020; 

Garnett et al., 2009; Mikutis et al., 2018; Pang et al., 2020, Liao et al., 2020, Paunescu et al., 

2013). 

In the last 20 years, a number of studies have demonstrated the applicability of DNA particles, 

in naked or in encapsulated microparticle form, in surface water (Foppen et al., 2011; 

McCluskey et al., 2021; Pang et al., 2020), in saturated, unsaturated, and variably saturated 

porous media studies (Mikutis et al., 2018; Sabir et al., 1999; Pang et al., 2017; Aquilanti et al., 

2013, Wang et al., 2022), and in glacial flow pathways (Dahlke et al., 2015). As the use of 

naked or free DNA and transport in surface water is out of the scope of this thesis, only the 

applications of encapsulated DNA tagged particles in saturated subsurface as yet are 

described further.  

Pang et al., (2020) investigated transportability of alginate-chitosan encapsulated DNA 

particles (diameter of 312 ± 132 nm) in alluvial sand aquifer. Though encapsulated particles 

were detectable at a transport distance of 37m, the retentions were higher than free DNA 

and therefore comparably less applicable in subsurface. Mikutis et al., (2018) applied silica 
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encapsulated DNA particles (diameter 159 nm) to determine the hydraulic conductivity of an 

unconsolidated aquifer, where the particles exhibited size exclusion and velocity 

enhancement as compared to sulforhodamine B dye tracer. As such phenomena are 

dependent on particle size (Sirivithayapakorn and Keller, 2004; Auset and Keller, 2004), 

therefore, for 2D or 3D subsurface characterization it is important to use DNA particles with 

unique sequences, but identical size (Mikutis et al., 2018). In a sandy aquifer, Kong et al., 

(2018) applied silica coated DNA particles (diameter 141 – 159 nm) to determine 2D hydraulic 

conductivity field through tomographic inversion. Though the particles yielded higher mass 

recovery rates and lower dispersion as compared to dye tracers, tomographically inverted 

hydraulic conductivity fields from estimated from DNA particles and dye tracers were similar. 

Kittila et al., (2019), in a crystalline rock aquifer, observed higher transport velocity of silica 

encapsulated DNA particles (diameter 166 nm) with lower mass recovery as compared to 

uranine and sulphorhodamine dye tracers. Georgakakos et al., (2019) investigated the 

applicability of biodegradable plastic-coated DNA particles through silt loam soil to track 

potential contamination pathway from septic system.   

1.6 Research questions 

The broader research question addressed in this work was:  

Can DNA tagged microparticles be used for determining hydraulic parameters (e.g. hydraulic 

conductivity, effective porosity, dispersivity) of a homogeneous and heterogeneous sand 

medium? 

The secondary questions were (a) how physico-chemical variables (e.g. particle concentration, 

ionic strength) influence the DNA-particle transport in comparison with conservative salt 

tracer and, (b) how the DNA particle transport behaviour difference or similarity with salt 

tracers influence hydraulic conductivity, effective porosity and dispersivity estimations in a 
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homogeneous and a heterogeneous system? Overall, this dissertation explored the 

application of DNA tagged microparticles in estimating hydraulic parameters, e.g. hydraulic 

parameters of unconsolidated homogeneous and heterogeneous sand media.  

1.7 Research objectives and thesis outline 

The general objective of this study was to contribute to the application of silica encapsulated 

DNA tagged particles in the quantitative characterization of hydraulic parameters and 

associated uncertainties of a homogeneous and heterogeneous systems. The specific 

objectives were  

a) To investigate the transport characteristics of silica encapsulated double stranded DNA 

tagged particles (SiDNA) in homogeneous sand columns as a function of SiDNA 

concentration. 

b) To evaluate the effect on injection water ionic strength on the SiDNA transport, 

hydraulic parameters and associated uncertainties estimation of an unconsolidated 

saturated sand media. 

c) To investigate the applicability of the SiDNA in determining hydraulic conductivity, 

effective porosity, longitudinal and transverse dispersivities of saturated sand medium  

d) To statistically compare the hydraulic parameters and their associated uncertainties 

estimated from SiDNA transport with conservative salt tracers (i.e. NaCl and 

Fluorescein). 

Chapter 2 describes the quantitative effect of 7 orders of magnitude injection concentration 

variation of silica encapsulated DNA tagged silica core microparticles (SiDNASi) on transport 

and retention such as SiDNA attachment rate and removal efficiency through saturated sand 

columns. 
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Chapter 3 describes the applicability of silica encapsulated, superparamagnetic DNA particles 

(SiDNAmag) in determining aquifer hydraulic conductivity, effective porosity, and 

dispersivities for injection water with different ionic strengths (1mM, 5mM, and 20mM 

phosphate buffer). In contrast to 1D column experiments conducted in chapter 2, 

experimentation, analysis, and numerical modelling conducted in this chapter involved multi-

point injection and sampling in a three-dimensional sand tank. The injection concentrations of 

SiDNAmags at different injection points were consistent with each other.   

Chapter 4 focuses on determining 3D dispersion of colloids, i.e. longitudinal dispersivity, 

transverse horizontal and transverse vertical dispersivities. Thereto, in a saturated, 

homogeneous sand tank two uniquely sequenced SiDNAmag were injected and sampled 

through multi-point and multi-plexed sampling points. Dispersivity distributions were 

determined using a Monte Carlo modelling approach and output was compared with 

dispersivity distributions obtained from conservative salt tracer breakthrough curves for the 

same sand tank. 

While the applicability of SiDNAmag in a homogeneous medium grained sand system was 

established in the previous chapters, in chapter 5 the use of SiDNAmag in identifying ‘no 

conductivity’ and ‘high conductivity’ heterogeneous zones through multi-point injection and 

sampling is dealt with. In addition, through stochastic modelling, this chapter determines the 

hydraulic parameters and associated uncertainties of each of the heterogeneous domains 

containing medium and coarse grain sand. 

Finally, in chapter 6, a summary and overall conclusion of the study are presented. In 

addition, the limitations of the use of silica encapsulated DNA tagged microparticles in 

medium and coarse grain sand, and recommendations for further research are summarized.   
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CHAPTER 2: EFFECT OF CONCENTRATION OF SILICA ENCAPSULATED DS-DNA COLLOIDAL 

MICROPARTICLES ON THEIR TRANSPORT THROUGH SATURATED POROUS MEDIA 

Chakraborty, S., Foppen, J. W., & Schijven, J. F. (2022). Effect of concentration of silica encapsulated ds-DNA 

colloidal microparticles on their transport through saturated porous media. Colloids and Surfaces A: 

Physicochemical and Engineering Aspects, 651, 129625. https://doi.org/10.1016/j.colsurfa.2022.129625   

https://doi.org/10.1016/j.colsurfa.2022.129625
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Abstract: 

We investigated the transport and retention kinetics of silica encapsulated – silica core double 

stranded DNA particles (SiDNASi) through 15 cm saturated quartz sand columns as a function 

of wide range of colloidal injection concentrations (C0 = 8.7x102 - 6.6x108 particles ml-1). The 

breakthrough curves (BTCs) exhibited an overall 2-log increase of maximum relative effluent 

concentration with increasing C0. Inverse curve fitting, using HYDRUS1D, demonstrated that a 

1-site first order kinetic attachment (katt) and detachment (kdet) model sufficed to explain the 

C0-dependent SiDNASi retention behaviour. With increasing C0, katt log-linearly decreased, 

which could be expressed as an overall decrease in the single-collector removal efficiency (ƞ). 

The decrease in ƞ is possibly due to increasing electrostatic repulsion between aqueous 

phase- solid phase colloids, formation of shadow zones downstream of deposited colloids and 

removal of weakly attached colloids from the solid phase (quartz sand) attributing to 

increasing aqueous phase-solid phase intercolloidal collisions as a function of increasing 

SiDNASi concentration. Our results implied, firstly, that the aqueous phase colloid 

concentration should be carefully considered in determining colloidal retention behaviour in 

saturated porous media. Secondly, the colloidal transport and retention dynamics in column 

studies should not be compared without the consideration of the colloid influent 

concentration. Thirdly, our results implied that the applicability of SiDNASi as a conservative 

subsurface tracer was restricted, because transport distance and retention was colloid 

concentration dependent.  

[Keywords: silica encapsulated – silica core dsDNA particles, injection concentration, 

saturated porous media, attachment rate, single collector removal efficiency] 
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2.1. Introduction 

An understanding of the physicochemical processes governing the transport and retention of 

colloidal particles through saturated porous media is imperative due to their importance in 

carrying subsurface contaminants such as radionuclides, organic compounds, tracer elements 

(Amme, et al., 2004; Lu & Mason, 2001), in-situ contaminated site remediation (Sangani, 

Owens, & Fotovat, 2019), use as hydrological tracers (Mikutis et al., 2018; Zhang et al., 2021) 

or being contaminant themselves (Honeyman, 1999).  

Physical and chemical factors, such as collector size, injection solution chemistry, colloidal 

size, flow velocity, have been widely documented to significantly influence subsurface 

transport of inorganic (e.g. fullerene, graphene oxide, latex, titanium dioxide, silica) or 

(bio)colloids (e.g. bacteria, viruses) (figure 1.1). The colloidal input concentration ranges used 

in these studies, however, vary over 10 orders of magnitude (figure 1.1) with little or no inter-

study overlapping. This complicates comparing the outcomes and their applicability of the 

colloidal transport behaviour over a large spectrum of colloidal concentrations. In comparison 

with the physicochemical parameters mentioned, regardless of multiple researches indicating 

the significance of colloidal injection concentration on colloidal deposition and retention 

behaviour, a systematic investigation to this end is still limited. A careful consideration of 

colloidal injection concentration and its influence on the colloidal transport behaviour, 

therefore, is imperative. Additionally, implications of colloidal concentration dependent 

transport and retention kinetics could be even more significant when colloid facilitated 

contaminant or microorganism transport is considered (Gentile & de Cortalezzi, 2016; Yang, 

Tong, & Kim, 2013), specifically when contaminant transport have been observed to be 

hindered or facilitated depending on colloidal concentration (Qin et al., 2020).  
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Figure 2.1.: Injection particle concentrations (particles/ml) used for different colloid transport 

experiment studies under saturated flow conditions. The approximated ‘particles/ml’ 

concentration for the asterisked (*) references were calculated by dividing the estimated 

particle weight (from particle diameter and particle density) by injected W/V concentration 

information provided by the authors (Sashidharan et al., 2017; Bai et al., 2016; Beryani et al., 

2020; Chowdhury et al., 2011, Godinez and Darnault, 2011; Wang et al., 2012, Song et al., 

2019; Lecoanet and Wiesner, 2004; Johnson et al., 1996; Xiu et al., 2008; Xu et al., 2006, Yuan 

et al., 2020; Bradford et al., 2002; 2003; 2006; 2007; 2009; Elimelech et al., 2000; Liu et al., 

2010; Torkzaban et al., 2006; 2008; 2010; Pelley and Tufenkji, 2008; Salerno et al., 2006; Sun 

et al., 2015; Shang et al., 2013; Rahman et al., 2013; Roychoudhury et al., 2012; Hou et al., 

2017; Vitorge et al., 2013; Bradford and Bettahar, 2006; Haznedaroglu et al., 2009; Chen and 
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Walker, 2012; Schijven and Simunek, 2002; Schijven et al., 2000; 2002; Gross et al., 1995; 

Foppen et al., 2007). 

In light of that, a few studies (Vitorge et al., 2013; Wang et al., 2012, Bradford et al., 2006, 

2009) have investigated concentration dependent colloidal transport and retention behaviour 

under unfavourable deposition condition (in the presence of an energy barrier to deposition). 

Retention of colloids is generally explained as single collector removal efficiency (η), the 

product of concentration independent single collector contact efficiency (η0) and single 

collector attachment efficiency (α), dealing with intercolloidal and colloid-collector grain 

interactions and subsequent attachment probability (Tufenkji & Elimelech, 2004). α and η0 are 

individually influenced by chemical conditions of the experimental system, transport solution 

chemistry and collector surface properties (Elimelech, 1992; Hahn & O'Melia, 2004). However, 

while a few researchers considered a concentration independent η0 and reported α to be 

concentration dependent due to increased probability of aggregate formation with increasing 

colloidal concentration resulting in higher deposition (Roychowdhury, Tufenkji and Ghosal, 

2012; Rahman et al., 2013), Phenrat et al., (2010) modified the equation for predicting η0 

considering that aggregation alters the effective particle size, an important variable for 

predicting η0. A trend of a declining attachment coefficient (katt) and a declining attachment 

efficiency (α) leading to decreased retention with increasing colloidal input concentrations 

(C0) was observed by Wang et al., (2012). Lower mass retention with increasing input colloidal 

concentration was reported by Bradford and Bettahar (2006) as well. Vitorge et al., (2013), 

while investigating transport of colloids within a concentration range of 7.7 x 108 – 2.9 x 1012 

particles/ml for four different colloidal sizes (110, 260, 450 and 660 nm) identified a critical 

injection concentration, below which katt increased with injection concentration denoting the 

onset of blocking. Contrasting colloidal transport behaviour, where deposition and 
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attachment increased with colloidal injection concentration due to formation of particle 

aggregates leading to pore plugging or straining, have also been reported (Esfahani et al., 

2014; Chowdhury et al., 2011; Phenrat et al., 2010). However, such aggregation is only 

possible when the energy barrier between colloidal particles is diminished.  

The widely observed and accepted explanation of enhanced colloidal mobility at higher 

injection concentrations, colloidal deposition on or removal from solid matrix have also been 

attributed to inter-colloidal collisions resulting in aggregation or re-entrainment of weakly 

deposited colloids in the aqueous phase. Bradford et al., (2009) hypothesized intercolloidal 

collision to be an important mechanism for removal or “knocking off” of solid phase particle. 

The authors considered η0 to be concentration independent and the relative reduction in 

aqueous-to-solid phase colloidal mass transfer with increasing C0 was due to enhanced inter-

colloidal collision at higher concentrations, leading to increased detachment of colloids, 

weakly attached (i.e. at secondary energy minima) to the collector grains. Linear increase in 

inter-colloidal collision frequency (Fc) with increase in colloidal number concentration (n) is 

expressed as (Crowe et al., 1998):  

 𝐹𝐶 = 𝑛𝜋𝐷2𝑣𝑟                                                                                                                                 (2.1) 

Where D is the diameter of the particles and vr is velocity of one particle relative to other 

particles.  

Increasing the injection concentration of nanobubbles (gas containing bubbles used for water 

treatment, soil remediation of organic chemicals etc.) for enhancing nanobubbles-deposited 

latex colloidal collision probability and therefore removal of attached latex colloids on porous 

media has been suggested by Sugimoto et al., (2021). 
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Aqueous phase colloid-solid phase colloid collisions had been suggested to be a probable 

mechanism for reversal of nanoscale arsenic thiosulphate aggregation and detachment from 

porous media (Zhang et al., 2021). A similar mechanism was proposed by Sun et al., (2015) to 

remove zinc oxide (ZnO) nanoparticles from soil particles deposited at weak secondary energy 

minima with an energy barrier of only -1.2kBT at pH 8.5. However, extended release of 

deposited ZnO nanoparticles under acidic pH condition was attributed to dissolution of the 

particles due to increasing ZnO solubility with decreasing pH (Han et al., 2016). The effluent 

concentration of ZnO nanoparticles showed an increase with increasing injection 

concentrations, with no obvious trend of attachment and detachment coefficients, from 82 to 

430 mg/L in soil system. Depending on the depth of existing energy barrier between the 

particles, colloids were reported to aggregate due to higher collision frequency with 

increasing injection concentration as well, resulting in higher deposition (Ersenkal et al., 

2011).  

Collectively, though the aforementioned investigations provide an overview of the 

parameters (katt, kdet, α, η0) and processes (e.g. blocking, aggregation, knocking off) 

responsible for colloidal retention and transport as a function of C0, however, we identified an 

investigation limitation of bridging the colloid concentration effect over a wide a range of C0  

on the deposition and retention of colloidal particles, because most of the concentration 

ranges investigated lies within only 2-3 order of magnitudes with little or no inter-study 

overlap.  

The choice of the colloidal particles for this study was directed by the advantage of SiDNASi 

being environmentally nontoxic, uniquely sequenced, low detection limit and no background 

noise in natural environment (Kong et al., 2018; Mikutis et al., 2018, 2019). Silica 

encapsulation is advantageous for its capability of acting as a physical barrier between 
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delicate DNA molecules and chemical (e.g. metal ions) and physical (e.g. pH, temperature and 

ionizing radiation) environmental stresses, high chemical and thermal stability, nontoxicity, 

ability to be synthesized and dissolute at room temperature and chemical compatibility with 

nucleic acid analysis (Mora et al., 2015; Paunescu et al., 2013; Puddu et al., 2014). Use of 

these particles is also gaining increasing attention as a potential hydrological tag for 

investigating subsurface (Aquilanti et al., 2016; Mikutis et al., 2018; Pang et al., 2017; Sabir et 

al., 1999), surface (Foppen et al., 2011, 2013; Liao et al., 2018, Tang et al., 2021) and glacial 

(Dahlke et al., 2015) hydrological systems. The concentration range was selected based on its 

relevance in natural subsurface systems. 

The objective of this study was to investigate the quantitative effect of a broad spectrum (7 

orders of magnitude) of silica encapsulated deoxyribonucleic acid particles (SiDNAp) injection 

concentrations on colloidal transport and retention parameters through saturated sand 

columns. We hypothesized that if removal of colloids weakly associated with collector grains 

would depend on colloidal injection concentration (C0), then in systems free of clogging, site 

saturation, with constant water quality, and where particle collector interactions were 

predominantly determined by the presence of a secondary energy well, the single collector 

removal efficiency (η) would remain constant as a function of C0. 

2.2.  Materials and methods:  

2.2.1. Silica encapsulated DNA colloidal particles (SiDNASi) 

4mg/ml (~4×1010 particles/ml) SiDNASi dispersions (Silica encapsulated 80 bp dsDNA) were 

obtained from ETH, Zurich, prepared at Functional Materials Laboratory at the Institute of 

Chemical and Bioengineering, ETH, Zurich, Switzerland, produced using the protocol detailed 

in Mikutis et al. (2018). The particle number concentration was calculated by dividing the W/V 

concentration (4mg/ml) of stock suspension by approximated particle weight (obtained from 
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W/V particle concentration and particle number concentration information at the 

manufacturing lab). A calibration curve was prepared (qPCR) from the stock suspension to 

determine the DNA concentration and SiDNASi/ml concentrations used for injection 

experiments. Zeta potential (ζ) and hydrodynamic diameter (Øh) (Malvern Panalytical 

Zetasizer Nano-Zs ZEN 3600, the Netherlands) were measured with a concentration of ≈4x107 

– 4x108 particles/ml dispersed in 5mM phosphate buffer using dynamic light scattering (DLS) 

method (1730 backscattering). 5mM phosphate buffer prepared using 0.77gL-1 of 

Na2HPO4•7H20 (0.0029M) (EMSURE®, Merck KgaA, Germany) and 0.29gL-1 of NaH2PO4•H20 

(0.0021M) (J.T.Baker, Spain) dissolved in demineralized water. The pH was adjusted to 7.0-7.1 

using 100mM NaOH (J.T. Baker, Poland). 

2.2.2. Column preparation 

To remove surface associated metal oxides (e.g. K+, Ca2+, Mg2+, Fe3+) and chemical 

nonidealities (Godinez & Darnault, 2011; Liu et al., 2010; Xu et al., 2008), 355-425µm 

diameter grain size quartz sand (Sibelco, Soignes, Belgium), with a median diameter of 

400µm, was acid washed by soaking in 4N 65% nitric acid (HNO3) for 2 hours. The acid-soaked 

sand was further washed with demineralized water till an electric conductivity of <2µS/cm 

was achieved. The wet sand was then dried at 1050C in drying oven (TERMAKS, series TS8000, 

Germany). 

The acid washed sand was packed in duplicate Polyvinyl chloride columns (15cm long and ID 

2.1cm; Milder B.V., Rotterdam, the Netherlands) in 1-cm increments under constant vibration 

in order to avoid air entrapment and layering. The sand volume was treated with carbon-di-

oxide (CO2(g)) in a closed lid container to eliminate air pockets in the saturated column 

because CO2(g) has a higher solubility in water than air. Injection suspension was injected at 
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the bottom of each column using a peristaltic pump for suspension injection (WATSON 

MARLOW 101U/R and BT100-2J) and samples were collected using an automatic fraction 

collector (OMNICOLL Fraction Collector, Lambda Laboratory Instruments) from the top of the 

columns (figure 2.1). Prior to each experiment, the columns were equilibrated with at least 

10-12 pore volumes of 5mM phosphate buffer. The porosity (ε) of the sand packed columns 

were measured gravimetrically using: 

𝜀 =
𝑊𝑆𝑆−𝑊𝐷𝑆

𝑣𝑐
                                                                                                                                         (2.2)                         

Where WDS is dry sand weight [gram], WSS is saturated sand weight [gram], vc is the total 

volume of the column [cm3]. Under completely saturated conditions, the difference between 

WDS and WSS was considered for determining total void volume (Flint & Flint, 2002).  

 

Figure 2.2.: Schematic set up of the column experiments. Sand packed (Ø 355-425µm) PVC 

columns (l=15cm; ID=2.1cm) in duplicate were fed with SiDNASi suspension of different 

injection concentrations using a peristaltic pump (bottom-top direction). 

2.2.2.1. Column injection experiments 

Following the equilibration of the columns with 5mM phosphate buffer, 66-70ml (ca. 3 pore 

volumes) of seven SiDNASi injection concentrations ranging from 8.72x102 to 6.6x108 
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particles/ml (table 1) were injected at a flow rate of 0.3ml/min. Then, 4-5 PVs of particle free 

solution was injected with subsequent injection of demineralized water (low IS solution) in 

order to obtain an insight into the type of colloidal-collector kinetic interaction and 

reversibility of colloid retention process. An overview of the experimental episodes has been 

summarized below (table 1). The pH of the column influent and effluent were monitored to 

be stable between 7 – 7.2. Prior to particle injection, conservative salt tracer transport tests 

were conducted with 3 pore volumes (PVs) of NaCl to check the column packing as well as 

obtaining ε and D. Particle injection suspensions were well mixed using a magnetic stirrer 

throughout the injection period and 3-5 samples were collected to determine the stability of 

injection concentration throughout the injection duration. Samples were collected every 5 

minutes in 15-ml polypropylene tubes. NaCl injection experiment samples were analysed 

using an electric conductivity sensor (WTW-Portable conductivity meter ProfiLine Cond 3310, 

Germany) and SiDNAp samples were quantified using quantitative polymerase chain reaction 

(qPCR) as described in the next section.  

Table 2.1: Column injection experiment concentrations and episodes 

Particles/ml 
Porosity 

[-] 

Dispersivity 

(Std err.) [cm] 
Episode 1 Episode 2 Episode 3 Episode 4 

6.6x108 

≈0.40 
6.24 x10-2 

(1.9 x10-3) 

Equilibrate 

with 

phosphate 

buffer 

(5mM) for 

10-12 PVs 

2.5-3 PV 

particle 

suspension 

4-5 PVs of 

particle 

free 

suspension 

5-6 PVs of 

lower ionic 

strength 

solution 

(demineralized 

water) 

4.7x107 

3.2x106 

4.2x105 

4.8x104 

3.7x103 

8.7x102 

 

2.2.3. Sample analysis 
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20µL sample was mixed with 1µL of buffered Oxide Etch (BOE) for dissolving silica and 

releasing DNA in suspension, followed by addition of 100µL of TRIS-HCl to stabilize pH. 5µL of 

this suspension was mixed with 1µL of sequence specific, 17 base pair long reverse and 

forward primers (40-45% GC content) obtained from Biolegio (Biolegio B.V, Nijmegen, the 

Netherlands) and 13 µl of KAPA SYBR FAST qPCR enzyme master mix (KAPA SYBR® FAST, 

KK4601 07959389001, South Africa). BOE comprises equal proportions of Ammonium 

hydrogen Difluoride (NH4FHF) (Mikutis et al., 2018) (Sigma Life Sciences, the Netherlands) and 

Ammonium Fluoride (NH4F) (J.T.Baker®, Holland). Diethyl-pyrocarbonate (DEPC)-treated and 

sterile filtered water was used for sample preparation. All mixing was done using a QIAgility 

high-precision automated PCR set up (QIAgility System HEPA/UV, Cat No. /ID: 9001532). 

The DNA amplification protocol in MiniOpticonTM detector Real-Time PCR system (Bio-Rad 

laboratories, USA and Singapore) started with one-time sample treatment at 950 C for 280 

seconds followed by 41 cycles of 900 C for 14 seconds, 580 C for 27 seconds and 720 C for 25 

seconds. The outputs, obtained as quantification cycle (Cq) values, were converted to particle 

concentrations using a standard dilution curve. A positive control and no template controls 

(NTCs) were included in sample series analysis for quality control. All positive controls were 

similar and the negative controls were sufficiently high (Ct>30 amplification cycles) to warrant 

for the detection specificity of the DNA sequences at low concentrations and contamination 

free analysis. 

2.2.4. Breakthrough curve analysis and 1D modeling 

One-dimensional advective transport, longitudinal dispersivity, first-order kinetic attachment 

and detachment are the processes considered to be major for our experimental conditions. In 

this study, upon comparing the goodness of fit for the curve fitting and Akaike Information 
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criteria for one-site and two-site attachment/detachment model, one-site 

attachment/detachment model (equation 3) was used for experimental curve fitting and 

parameter optimization. The overall transport equation (Simunek et al., 1998) used was as 

follows: 

𝜕𝜃𝑐

𝜕𝑡
+ 𝜃𝑘𝑎𝑡𝑡𝛹𝑐 − 𝑘𝑑𝑒𝑡𝜌𝑠 =

𝜕

𝜕𝑥
(𝜃𝐷

𝜕𝑐

𝜕𝑥
) −

𝜕𝑞𝑐

𝜕𝑥
                                                                               (2.3)                                

Where c is the colloid concentration in liquid phase [particles/ml], t is transport time [min], 

katt, kdet are the first order kinetic attachment and detachment rate coefficient, respectively 

[min-1], Ψ = (1-s/smax) is the dynamic blocking function [-] applied for the highest injection 

concentration, s is kinetically attached particle on solid phase [number of particles/g of sand], 

smax is the maximum solid phase concentration [number of particles/g of sand], θ is the 

volumetric water content [-],  q is the Darcy flux [cm/min], D is the longitudinal dispersion 

coefficient [cm2/min], and x is the spatial coordinate along the transport length [cm]. 

To consider the effect of blocking on attachment rate we used the product of blocking 

function and first order kinetic attachment rate coefficient, denoted by kattΨ, instead of using 

only first order kinetic attachment coefficient (katt),  where s tends to smax (Li et al., 2008). The 

D and the estimations of kattΨ, kdet, s, and smax were obtained by fitting experimental 

breakthrough curve with a one-site kinetic attachment-detachment, non-equilibrium particle 

transport model using an open source, widely used software package HYDRUS1D (v.4.17.014). 

Briefly, in HYDRUS 1D, a Galerkin-type linear finite element method was used to spatially 

discretize with finite difference methods for estimating the temporal derivatives. A Crank–

Nicholson finite difference scheme was used for solving the advection–dispersion equation. 

Initially an objective function was defined (Šimůnek et al., 1998), and further minimized using 

the Levenberg-Marquardt non-linear minimization method, a weighted least-squares 
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approach based on Marquardt’s maximum neighborhood method (Marquardt, 1963). 

HYDRUS1D was chosen for parameter optimization and estimation because the model was 

open source, well documented and widely used.   

D and ε were optimized by fitting salt tracer breakthrough curve to the solute transport code. 

Then ε was then compared with the gravimetric method.  

The single collector contact efficiency (η0,CFT), for calculating  the single collector sticking 

efficiency (α), was determined by Tufenkji-Elimelech (TE) correlation equation (Tufenkji and 

Elimelech, 2004) considering a Hamaker constant of 5x1020 J. The katt and η0,CFT, obtained from 

equation 3 and TE correlation equation, respectively, were further used to compute  α, using 

equation 4 (Tufenkji and Elimelech, 2004). However, in order to evaluate the effect of 

blocking function for the highest colloidal injection concentration, kattΨ was used instead of 

katt: 

𝛼 =
4𝑘𝑎𝑡𝑡𝑎𝑐

3(1−𝜀)𝑣𝑝𝜂0,𝐶𝐹𝑇
                                                                                                                                (2.4) 

Where ac is the collector sand grain radius [cm], vp is the pore water velocity [cm/min]. 

In addition to kinetic attachment and detachment, as concluded by many researchers, 

colloidal mobility can also be influenced by filling up of maximum available attachment sites 

on the collector grains, by reaching a jamming limit (Adamczyk et al.,2013; Johnson & 

Elimelech,1995). In order to check whether attaining such limit is critical for any changes in 

katt observed, the s and smax obtained from the inverse fitting of experimental breakthrough 

curves were used to determine the fractional filling of favourable attachment sites or 

possibility of blocking. In order to determine whether a jamming limit had been reached for 

the injected concentrations, fractional collector surface coverage (θ) was determined as a 
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ratio of collector surface covered by the maximum solid phase attached particles per gram of 

sand (scov) and maximum possible coverage of sand grains per gram of sand (smax.cov). To 

calculate scov, the maximum particle number deposited s, was selected by comparing 

deposited particle number at different time steps throughout the experiment. This maximum 

was typically found to be at the immediate end of a loading phase. smax.cov was estimated by 

multiplying the total surface area of spherical collector grain per gram of sand and maximum 

surface coverage (θ∞) possible for sphere-on-sphere deposition, given by Adamczyk et al. 

(2013):   

𝜃∞ = 0.547 (1 +
𝑎𝑐

𝑎𝑝
)

2

                                                                                                                   (2.5) 

2.2.5. DLVO interactions  

DLVO interaction energy profiles based on the equation given by Loveland et al., (1996) 

between colloid-colloid and colloid-collector grains were calculated in order to determine the 

strength of the interactions in terms of depth of secondary minima (Φsec.min) and primary 

energy maxima (Φpri.max) and therefore possibility of colloidal aggregation or deposition on 

collector grains (see S1 for the equation and figure S1 for the DLVO profile). 

2.3. Results:  

2.3.1. SiDNASi characterization   

The hydrodynamic diameter and zeta potential (ζ) were found to be 280-300nm and -47.2±7.6 

mV at pH 7-7.1 and 230C, respectively. The ζ was well above the accepted value (≥30mV for 

electrostatic and ≥20mV for steric stabilization) for which the inter-particle repulsion is large 

enough to overcome the van der Waal forces, therefore remaining well dispersed in the 

aqueous phase rendering the colloidal suspension stable (Alves Júnior & Baldo, 2014; 

Bhattacharjee, 2016; Patel & Agrawal, 2011). Because the ζ measurement was restricted to a 



47 

Page 47 of 200 
 

concentration of ≈4Ex107 to 4Ex108 due to instrument limitation, evaluating the particle 

concentration dependent change in Øh and ζ due to phosphate buffer was not feasible. 

However, such changes were not expected because the phosphate ions were in well excess 

(3x1021 ions/ml) as compared to the particle number concentration (phosphate ions: particles 

of ≈7x1012).  

2.3.2. NaCl breakthrough   

The effective porosity (ε) determined gravimetrically (≈0.39-0.40) and from iteration based 

HYDRUS1D code (0.42) were in good agreement with each other. The longitudinal dispersivity 

(D) was estimated to be ≈6.24x10-2 ± 1.9x10-3 cm for the duplicate columns. Symmetrical salt 

tracer breakthrough curves indicated the absence of dual porosity and sink pockets inside the 

columns. These values were further used for curve fitting of SiDNASi breakthrough curves 

considering that the dispersion behaviour for the conservative tracer and the colloidal 

particles are comparable because the peclet number of the experimental conditions were 

high (Pe >1) indicating an advection dominated transport. The coefficient of determination 

(R2) between observed and fitted salt breakthrough curves was 0.99±0.002. 

2.3.3. Particle breakthrough curve from saturated sand columns 

Breakthrough curve behaviour – The maximum effluent colloidal particle concentrations 

(Cmax/C0) (figure 3.1) differed within one order of magnitude between experiments and 

increased with increasing particle injection concentration(C0), apparently due to less retention 

of particles at a higher injection concentration. There was no delayed or early breakthrough 

observed for any of the concentrations relative to the conservative NaCl tracer. This agreed 

with the assessment that there was no preferential flow domain or retardation of the 

SiDNASi. The plateau phase for the SiDNASi breakthrough curves were attained between 1.2-
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1.5 pore volumes of injection and remained till 3-4 pore volume of injection following similar 

trend of salt injection solution, however, the declining limb showed significant tailing as 

compared to a sharp decline for NaCl injection solution. Prior to demineralized water (low IS 

solution) injection, similar to maximum effluent colloidal particle concentration, mass 

recovery also showed pronounced differences among concentrations. Mass recoveries were 

estimated to be 10, 33, 65, 67, 62, 74, and 83% with increasing injection concentration, 

respectively. The complete set of breakthrough curves in figure 3.1 showed that injection of 

lower ionic strength water removed most of the retained particles, supported by the total 

mass recoveries of nearly 100%. Regression analysis between the observed and model 

estimated data demonstrated >85% agreement for all concentrations, but 8.7x102 

particles/ml (table 2). Low injection concentration as well as high colloidal retention led to 

effluent particle concentration near to detection limit, in turn, higher measurement errors. 

2.3.4.First order kinetic attachment (katt) and detachment rate (kdet)   

At first, we tried both one-site and two-site attachment/detachment. However, a comparison 

between one-site and two-site revealed the two-site model was not better than the one-site 

in terms of goodness of curve fitting and Akaike Information Criteria (data not shown). 

Therefore, we chose to further use optimized parameters from the one-site model. The katt 

ranged between 4.4x10-2 and 1.7x10-3 min-1 (figure 2.4, table 2), log-linearly decreasing within 

one order of magnitude with increasing injection particle concentration. The kinetic 

attachment rate for the highest SiDNASi injection concentration, is considered to be a product 

of attachment rate and blocking function because Ψ<0.1. In contrast, the kdet increased with 

increasing injection concentration from 7.4x10-4 to 9.8x10-3min-1 (table 2.2), combinedly 

indicating higher relative retention with lower injection particle concentration. The estimation 
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errors at 95% confidence interval ranging within one order of magnitude of the estimated 

values indicate high and comparable accuracies of the estimated values among different 

injection concentrations. 

 

Figure 2.3.: Relative SiDNASi particle concentrations observed in column effluent in duplicate. 

Figures a and b-h represent the breakthrough curves for conservative tracer (NaCl) and 

different SiDNASi injection concentrations ranging from 8.7x102 to 6.5x108 particles/ml with 

one site kinetic attachment-detachment model fitted breakthrough curve (solid red line), 

respectively. The white blocks denote the injection of SiDNASi particle suspension followed by 

background solution injection (episode 2 and 3) and the yellow blocks denote the 

demineralized injection episode (episode 4)Table 2.2: SiDNASi injection concentration 
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dependent effective attachment (kattΨ) and detachment rate (kdet) coefficients [min-1] 

obtained from one site attachment-detachment model curve fitting, smax and s [Particles/g of 

sand] denotes maximum solid phase and maximum number of attached SiDNASi particles at 

the end of loading phase, respectively. Calculation of η0,exp considers αmax.exp= 9.42x10-2 [-] 

C0 

[Particles/

ml] 

HYDRUS1D 

katt (Std 

error) 

[min-1] 

Kdet (Std error) 

[min-1] 

R2 

[-] 

smax  (Std error) 

[particles/g of 

sand] 

s [particles/g 

of sand] 

6.6x108 

‡1.7x10-3 

(3.6x10-4) 

9.8x10-3 

(3.4x10-3) 
0.92 

6.5x107 

(1.1x107) 
5.9x107 

4.7x107 
6.2x10-3 

(8.5x10-4) 

6.9x10-3 

(1.9x10-3) 
0.90 

3.9x1012 

(4.8x10-17) 
4.7x106 

3.2x106 
6.5x10-3 

(3.5x10-4) 

1.8x10-3 

(5.6x10-4) 
0.88 

4.3x1012 

(4.9x10-17) 
4.2x105 

4.2x105 
7.5x10-3 

(4.8x10-4) 

3.8x10-3 

(5.2x10-4) 
0.87 

3.1x1012 

(3.3x10-17) 
5.6x104 

4.8x104 
1.1x10-2 

(6.1x10-4) 

2.1x10-3 

(2.7x10-4) 
0.80 

7.3x1010 

(5.5x10-17) 
2.9x104 

3.7x103 
1.8x10-2 

(1.3x10-3) 

7.4x10-4 

(1.9x10-4) 
0.83 

4.8x1012 

(6.8x10-17) 
1.3x103 

8.7x102 
4.4x10-2 

(2.9x10-3) 

1.3x10-3 

(3.4x10-4) 
0.17 

3.9x1011 

(1.4x10-16) 
6.5x102 

 

‡ First order kinetic attachment rate for the highest SiDNASi injection concentration is kattΨ 

(attachment rate * blocking function) 
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Figure 2.4.: Log-linear correlation of first order kinetic attachment rate (katt) [min-1] with 

SiDNASi injection concentration. The kinetic attachment rate corresponding to the highest 

SiDNASi injection concentration is kattΨ (attachment rate * blocking function 

2.3.5. Blocking function (Ψ) and fractional surface coverage (θ)  

The maximum surface coverage (smax) was found to be 6.5x107 particles/g of sand, (table 2.2). 

The surface coverages (s) ranged from 6.5x102 to 5.9x107, increased with increasing SiDNASi 

injection concentration. The blocking function (Ψ) estimated from s and smax, being s<<smax 

and therefore Ψ→1, indicated that time-dependent retention of SiDNASi particles due to 

filing up of favourable particle retention sites did not play a significant role in the particle 

retention. However, for the highest injection concentration (6.6Ex108 particles/ml), s was 

0.91smax, indicating maximum colloidal retention sites to be filled up slightly over 90% of the 

total available retention sites. In view of SiDNASi size (ac=2.8x10-5cm) and collector (ap=4x10-

2cm) radius, the maximum fraction of surface coverage (θ∞) of the spherical collector grain by 

SiDNASi particle possible was 5.47x10-2. The fractional surface coverage (θ), as a ratio of 

collector surface coverage by SiDNASi particles (scov) and maximum possible collector grain 

surface coverage (smax.cov), ranged between 1.7x10-8 to 6.2x10-2, with increasing injection 
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concentration. Even though θ log-linearly increased with increasing injection SiDNASi 

concentration, the values were low (θ<<1) enough to be insignificant. 

2.3.6. Sticking (α), single collector contact (η0) and removal efficiency (η) 

The sticking efficiency (α) determined using TE correlation equation was found to be ranging 

between 2.16x10-1 and 8.58x10-3, and decreased with increasing injection concentration. The 

single collector contact efficiency (η0) was 4.52x10-2 [-], using the TE correlation equation.  

2.3.7. DLVO calculation   

The depth of secondary energy minima (Φsec.min) for inter-colloidal interaction (figure S1) was -

0.86kBT. The energy barrier (Φpri.max) for irreversible deposition for both the scenarios was at 

least one order of magnitude higher than 300kBT, indicating that deposition in the primary 

minima was unlikely and deposition in the secondary minima energy well is the primary 

mechanism of colloidal retention.   

2.4. Discussion 

With an increasing colloidal injection concentration of SiDNASi under saturated conditions, 

the maximum effluent concentration (Cmax/C0) increased, which was in agreement with Wang 

et al. (2012), Bradford and Bettahar (2006), Bradford et al. (2009) and Vitorge et al. (2013). 

The first order kinetic attachment rate (katt) decreased log linearly with increasing injection 

concentration, which was consistent with Wang et al., (2012), though the underlying 

mechanism had been attributed to blocking by the authors. Under current experiment 

conditions and analysing SiDNASi breakthrough curves, blocking was not found to be the 

primary mechanism controlling the differences in transport behaviour as a function of 

injection concentration. However, for the highest injection concentration blocking function 

was estimated to be <0.1, indicating the attachment rate could be influenced by gradual filling 
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up of the available colloidal retention sites. The correlation equation between katt and C0 

indicated that at a given SiDNASi injection concentration, attachment rate was inversely 

dependent on the fifth root of injection concentration. This correlation was true if 0 < C0 < 

blocking concentration, as in this work, because blocking is expected to further enhance the 

transport possibly resulting in a different trend in attachment rate. On the other hand, the 

detachment rate coefficient (kdet) declined with increasing injection concentration leading to 

reduced retention at higher injection concentrations.  

The concentration dependence of first order katt , kdet and overall colloidal retention under 

consistent physico-chemical experiment conditions could have been arisen either due to 

changes in α or the η0. The α estimated applying the attachment rate coefficient obtained 

from the curve fitting method in equation 4 indicated an inverse relation with the SiDNASi 

injection concentration, considering that η0 is constant. However, because α was dependent 

on the injection solution chemistry and collector surface properties, it is constant under 

current experimental conditions. Therefore, alternatively we considered α to be constant and 

propose that the concentration dependent variation of colloidal retention is possibly due to 

the effect of injection concentration on the single collector collision efficiency (η0). 

Considering a value of 9.42x10-2 [-] for αmax, corresponding to the injection concentration 

3.7x103 particle/ml, both the η0 and η showed a log linear inverse dependence on the injection 

SiDNASi particle injection concentration, decreasing with increasing injection concentration. 

The constant value of α represented maximum attachment efficiency observed in our 

experimental condition assuming the intercolloidal interaction was relatively negligible (e.g. 

pH ∼7.0, IS 5mM, Temperature 230 C). Injection concentration 3.7x103 was preferred over 

8.7x102 particles/ml, because the lowest concentration did not show a well-formed 

breakthrough curve, effluent concentrations were near detection limit with a low coefficient 
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of determination (R2=0.17) for curve fitting, indicating low confidence of the parameters 

estimated.  

According to TE correlation equation, η0 is colloidal injection concentration independent 

considering that the injection concentration does not significantly alter the colloid size due to 

aggregation, porosity or approach fluid velocity (Tufenkji and Elimelech, 2004). Because 

different underlying attachment and detachment mechanisms could not be distinguished 

through the numerical model, we propose to attribute the effect of increasing SiDNASi 

injection concentration as overall log linear reduction in η. η log linearly reduced from 9.7x10-

3 to 3.9x10-4 with increasing SiDNASi injection concentration. However, a systematic porous 

scale observation needs to be conducted to determine the underlying mechanism of such 

concentration dependent changes in colloidal removal efficiency.  

Because the physicochemical conditions for all the column experiments were consistent, site 

saturation as well as pore clogging or straining were not relevant (particle to collector grain 

ratio ranges from 7.05x10-4 to 8.45x10-4 in our experiments, which is more than one order of 

magnitude than the threshold value (Porubcan & Xu, 2011)), we attributed the colloidal 

deposition were either weak and at the shallow secondary energy minima or at nanoscale 

surface charge heterogeneities. Increasing kdet and enhanced mobility of SiDNASi with 

increasing colloidal concentration could be attributed to electrostatic double layer repulson 

between the aqueous phase and deposited colloidal particles (Johnson, Sun and Elimelech, 

1996; Adamczyk et al., 1992, Kuhnen et al., 2000) and by developing a shadow zone 

downgradient of the deposited particles restricting the probability of subsequent colloidal 

deposition (Ko and Elimelech, 2000; Sashidharan et al., 2014). Release of weakly attached 

colloidal particles (deposited in secondary energy minimum or nanoscale surface asperities) 



55 

Page 55 of 200 
 

could also be attributed to the enhancement of electrostatic colloid-collector repulsion or 

charge reversal of surface charge heterogeneities due to adsorption of phosphate onto both 

collector grains and colloid particles (Chen et al., 2015; Wang et al., 2019; Wang et al., 2020; 

Xu et al., 2018). Another possible explanation of the concentration dependent changes in katt 

and the η could be colloidal re-entrainment due to aqueous phase-solid phase inter-colloidal 

collision. Intercolloidal collision, being a linear function of particle number density, as in 

FC=nπD2vr (Crowe et al., 1998), increased with increasing SiDNASi injection concentration 

(Sheng-Hua et al., 2005; Sun et al., 2019; Tourbin & Frances, 2009). Increase in the aqueous 

phase-solid phase colloidal collision frequency with increasing injection concentration 

resulted in higher percentage of weakly attached SiDNASi removal from collector grains at 

higher concentration than in subsequent lower concentrations, a mechanism hypothesized by 

Bradford et al., (2009) for polystyrene latex microparticles. Increase in ‘knocking off’ and 

therefore removal of particles from the collector grain was also observed in the increasing 

effluent mass recovery with increasing injection concentration. The concept of increased 

colloid-colloid collision leading to removal of weakly deposited colloids had also been 

mentioned for zinc oxide nanoparticles (Sun et al., 2015) under alkaline pH condition from soil 

particles or removal of latex colloids (Sugimoto et al., 2021). Though inter-colloidal collisions 

have been reported to cause colloidal aggregation and therefore higher deposition (Ersenkal 

et al., 2011; Roychowdhury et al., 2010). However, at higher concentration (≈106 - 107 

SiDNASi/ml) of the particles used in this study, did not exhibit time dependent change in 

hydrodynamic diameter in 5mM phosphate buffer within the injection interval, either in 

quiescent or mixing condition (Tang et al., 2021) suggesting that aggregation did not occur. 

However, a detailed pore scale investigation would be required to distinguish between 
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different attachment and detachment mechanism contributing the mobility of SiDNASi and 

the effect of injection concentration on the processes.  

Under current experiment conditions, the attachment-detachment model demonstrated that 

the attachment theory suits well to explain the observed breakthrough curves. However, in 

general, the numerical model is limited regarding the distinction between attachment and 

retention due to straining. Specifically, when colloid to collector grain mean diameter ratio 

exceed 1.7x10-3 (Bradford et al., 2002), and straining is dominant for colloidal retention (Ryan 

and Elimelech, 1996), the attachment theory would not be able to explain the colloidal 

transport.  

In addition, the correlation between katt, kdet and C0 might be specific to the up-flow direction 

as adopted in this work because injection flow direction had been reported to significantly 

influence colloidal deposition. The down-flow direction had been reported to have reduced 

particle deposition for kaolinite and montmorillonite (Chrysikopoulos and Syngouna, 2014). 

Basha and Culligan, (2010) observed similar phenomena attributing the particle retention to 

straining and collector surface asperities during downward flow direction. Surface roughness 

had comparatively limited influence on particle deposition in up-flow orientation. 

2.5. Conclusion 

• The current work illustrates a systematic investigation of the influence of injection 

concentration of silica encapsulated silica core DNA colloidal microparticle (SiDNASi) 

on their migration characteristics and interaction with one dimensional saturate 

porous media, under unfavourable deposition conditions. 

• The mass recovery, prior to the injection of low ionic strength water (DI water), 

increased with increasing in injection concentration. However, no correlation between 
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the increase in recovery with subsequent increasing injection concentration were 

found.    

• Colloidal attachment onto collector grain could be explained well using a one-

dimension model considering first order kinetic attachment and detachment. 

Attachment and detachment rate coefficients respectively decreased and increased 

with increasing injection SiDNASi concentration. 

• The katt reduced with increasing SiDNASi injection concentration, indicating an overall 

decrease in single collector removal efficiency. The increased SiDNASi mobility with 

increasing injection concentration could be due to electrostatic repulsion between 

aqueous phase and deposited colloids, enhanced colloid-collector electrostatic 

repulsion due to phosphate adsorption and/or increase in aqueous phase-solid phase 

colloidal collision leading to removal of deposited particles. 

• The connotations of these findings are two-fold. Firstly, the significance of 

understanding the colloidal retention trend and probable processes as a function of 

injection SiDNASi concentration and secondly, considering the effect of wide ranged 

colloidal concentration while comparing studies with non-overlapping injection 

concentrations. 

• The primary limitation of this approach could be that the numerical relationship 

between single collector removal efficiency and injection concentration might be 

experimental system specific and might alter depending on physicochemical 

parameters such as flow velocity, ionic strength, flow orientation etc. Therefore, 

possibility of proposing a generalized numerical correlation is limited. 
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Supplementary information: 

S1: The total DLVO interaction energy profile [kBT] were calculated as a sum of van der Waal 

force (φtot
(x)), electrostatic double layer repulsion (φdl

(x)) and Born potential (φBorn
(x)) using 

equation S1, as given by Loveland et al., (1996) 

𝜑𝑡𝑜𝑡(𝑋) =
𝐴𝑠−𝑤−𝑞𝑟𝑐

6𝑋
[1 + (

14𝑋

𝜆
)]

−1

+ 𝜋𝜀𝜀0𝑟𝑐 [2𝜓𝑐𝜓𝑠 ln (
1+𝑒−𝐾𝑋

1−𝑒−𝐾𝑋) + (𝜓𝑐
2 + 𝜓𝑠

2) ln(1 −

𝑒−2𝐾𝑋)] +
𝐴𝑠−𝑤−𝑞𝜎6

7560
[

8𝑟𝑐+𝑋

(2𝑟𝑐+𝑋)7 +
6𝑟𝑐−𝑋

(𝑋)7 ]                                                                                          (eq S1) 

Where X is the colloid-collector distance [nm], rc is the colloid radius [m], λ is the 

characteristic wavelength [m], ε is the dielectric constant of water (78.58 [-]), ψc and ψs are 

the surface potential of colloid and sand [mV], K is the inverse debye length [m-1], A(s-w-q) is 

the Hamaker constant of 6.3E-21J for SiDNAmag-collector interaction (silica-water-quartz 

system) (Bergstrom, 1997). A di-electric constant of water and permittivity of free space were 

considered to be and 8.84E-12 [C Vm-1], respectively. The commonly used value of 5Å was 

used for the born collision parameter (σ).  

 

Figure S1: DLVO energy profile of colloid-collector interaction with shallow secondary energy 

minima and overall DLVO profile (inset) 
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CHAPTER 3: DISPERSION OF SILICA-ENCAPSULATED DNA MAGNETIC PARTICLES IN A 

HOMOGENEOUS SAND TANK 

Chakraborty, S., Elhaj, R., Foppen, J. W., & Schijven, J. Dispersion of silica-encapsulated dna magnetic particles in 

a homogeneous sand tank. (Under review).  
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Abstract:  

In this study, we focused on the 3D dispersion of colloids. To our knowledge, we were the first 

to do so. Thereto, we injected silica encapsulated DNA tagged superparamagnetic particles 

(SiDNAmag)in a homogeneous coarse grain sand tank. At four downstream locations, 

SiDNAmag concentrations were determined as a function of time. Longitudinal and transverse 

dispersivity values and associated uncertainties of SiDNAmag were determined using Monte 

Carlo modelling approach. The dispersivity uncertainty ranges were then statistically 

compared with the salt tracer (NaCl, and fluorescein) dispersivities. Our results indicated that 

time to rise, time of peak concentration and shape of the breakthrough curves of SiDNAmag 

were similar to those of the salt tracer breakthrough curves. Despite the size difference 

between the salt tracer molecules and SiDNAmag, size exclusion did not occur, probably due 

to the large pore throat diameter to SiDNAmag diameter ratio. The median longitudinal 

dispersivity (αL) of salt tracer and SiDNAmag were 4.9 and 5.8 x 10-4 m, respectively. The 

median ratio of horizontal and vertical transverse dispersivities to αL, (αTH /αL and αTV /αL, 

respectively), for salt tracer and SiDNAmag ranged between 0.52 to 0.56. Through the 

statistical tests, we concluded that the longitudinal and traverse dispersivities of SiDNAmag 

were not statistically significantly different from salt tracer in 3 dimensions and could be used 

to characterize the hydraulic properties of the medium we used. Our work contributes to a 

better understanding of 3D dispersivity of SiDNAmag in saturated porous media. 

Keywords: longitudinal dispersivity, transverse dispersivity, colloids, sand tank   
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3.1 Introduction 

Estimation of longitudinal (αL), horizontal transverse (αTH), and vertical transverse 

dispersivities (αTV) of colloids in sand is important to predict transport of colloids through sand 

(Chrysikopoulos and Katzourakis, 2015), and colloid associated contaminant transport (Won, 

et al., 2019; McCarthy, 2018).  

In understanding colloid transport through saturated sand, a usual approach is to consider the 

αL of salt tracer and colloids to be identical (Tosco et al., 2012; Schijven et al., 2013; Wang et 

al., 2012). Where few saturated sand column studies have observed similar arrival and time to 

peak for colloids as compared to conservative tracers (Solovitch et al., 2010; Tosco et al., 

2012; Wang et al., 2012), others have reported otherwise. In a number of saturated sand 

column studies, with a collector grain to colloid diameter ratio ranging between 100 – 110000 

[-] at average linear velocities ranging between 0.1 – 1.95 cm/min (table 3.1), an earlier 

arrival, earlier time to peak and higher longitudinal dispersivity of colloids as compared to salt 

tracers, were attributed to velocity enhancement due to size exclusion of colloids and 

effective porosity reduction (Mikutis et al., 2018; Higgo et al., 1993; Keller et al., 2004; 

Bennacer et al., 2013; Chrysikopoulos and Katzourakis, 2015; Grolimund et al., 1998; 

Chrysikopoulos and Syngouna, 2014). In micromodels, Sirivithayapakorn and Keller, (2003), 

and James and Chrysikopoulos, (2003), reported a reduction in the longitudinal dispersion 

coefficient and dispersivity with increasing colloid size as compared to conservative tracers. 

The dispersivity reduction with increasing colloid size was due to smaller colloids and the 

colloids migrating near the collector grain walls tended to remain near the collector grain wall 

without migrating to the higher velocity streamlines due to negligible diffusion, therefore, 

following a more tortuous path (James and Chrysikopoulos, 2003).  
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Table 3.1: Literature overview of experimental conditions and effect on longitudinal dispersivity, size exclusion and velocity of colloids 

 

* Approximated from dp = 0.73da and dt = 0.56dp (correlation applicable to simple cubic packing) (Ren and Santamarina, 2018) 

Colloids 
Study 
type 

dc (nm) da (μm) ~dp/dc* ~dt/dc* 
Vcons 
(cm/min) 

Effect on colloid transport 

Reference 
αL (cm) 

Size exclusion 
and velocity  

Silica DNA Column 159 
200 - 
630 

918 - 
2890 

424 - 
1600 

0.75 Increased Enhanced 
Mikutis et al., 
(2018) 

Silica Colloid Field 107 600 4000 2200 - - 
Similar peak 
time 

Ryan et al., (1999) 

Silica colloid Column 30 
0.5 - 
1000 

12 - 
24000 

7 - 13000 0.17 - Enhanced Higgo et al., (1993) 

Polystyrene 
beads 

Column 50, 3000 350 5000, 150 2800, 50 0.1, 1 Decreased Enhanced Keller et al., (2004) 

Polystyrene 
microspheres 

Column 30 - 5500 2000 
50000 - 
265 

27000 - 
148 

0.5 - 2 
Increased with 
increasing size 

Enhanced 
Chrysikopoulos and 
Katzourakis, (2015) 

Kaolinite, 
Pseudomonas 
putida 

Column 

Kaolinite 
<2000, P. 
putida = 
2400(900) 

2000 

Kaolinite 
= 600, P. 
putida = 
700 

Kaolinite 
= 340, P. 
putida = 
400 

0.98 – 
1.95 

Increased 

Kaolinite 
retarded, P. 
putida 
enhanced 

Vasiliadou and 
Chrysikopoulos, 
(2011) 

E. coli Column 
2000 
(600) 

425 - 
600 

155 - 220 90 - 120 0.72 Decreased 
No 
enhancement/ 
retardation 

Syngouna and 
Chrysikopoulos, 
(2012) 
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In addition to size exclusion and velocity enhancement, colloid retention by straining or 

attachment onto the collector grains could affect the longitudinal dispersivity of colloids 

(Vasiliadou and Chrysikopoulos, 2011; Syngouna and Chrysikopoulos, 2011) and overshadow 

the effect of size exclusion and velocity enhancement by colloid retardation (Pang et al., 2021; 

Keller et al., 2004; Grolimund et al., 1998).The minimum pore throat to colloid diameter ratio 

was < 1.5 for size exclusion to occur (Sirivithayapakorn and Keller, 2003). In a pore network 

model, Meng and Yang, (2019) reported that for small diameter (100nm as compared to 

500nm) particles the effect of size exclusion was negligible and did not affect the longitudinal 

dispersivity estimation. The contrasting outcomes suggested that dispersion was not only 

dependent on the porous medium properties but also on the physical properties of colloids 

(e.g. size) and interaction with the collector grains. Because there were no trends identified as 

the effect of collector grain diameter, colloid diameter, average flow velocity, pore throat to 

colloid diameter ratio (table 1), on longitudinal dispersivity, therefore, a colloid (SiDNAmag) 

and collector grain size specific estimation of αL, and evaluation of occurrence of size 

exclusion and velocity enhancement is required.  

Horizontal transverse (αTH) and vertical transverse (αTV) dispersivities, in addition to αL, are 

also important mechanisms for mass transfer through the porous medium and overall 

concentration distribution of a plume (Bijelic and Blunt, 2007). αTV and αTH are prevalently 

considered to be an order of magnitude lower than αL, which may not be true under all flow 

and solute transport conditions and therefore, should be determined as an independent 

parameter (Zech et al., 2019). The consideration of αTV and αTH being 1 order or magnitude 

lower than αL, was valid only for advection dominated transport (Bijelic and Blunt, 2007). The 

knowledge gap that still remained unaddressed is the estimation of αTV and αTH as 

independent parameters, specifically for colloid transport, in a 3D system.  
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DNA particles, either naked or encapsulated in polylactic acid, alginate, or silica, had been 

used for investigating subsurface flow properties, contaminant transport, and aquifer 

characterization in last two decades (Foppen et al., 2023; Mikutis et al., 2018; Pang et al., 

2020; Zhang et al., 2021; Chakraborty et al., 2022). Unlike the salt or dye tracers, uniqueness 

in the DNA sequences imparts the advantage of DNA particles in concurrent injection 

experiments without background concentration interference (Pang et al., 2020; Chakraborty 

et al., 2023). The encapsulation provides stability to the DNA molecules against physico – 

chemical stressors such as pH, radiation, or enzymatic activities (Pang et al., 2020; Sharma et 

al., 2012). The additional advantages of DNA particles were high specificity of detection, and 

low detection limit in polymerase chain reaction (Dahlke et al., 2015; Foppen et al., 2011).  

In order to address this knowledge gap, our objective was to assess the αL, αTV/ αL, and αTH/ 

αL, of colloid, in the form of SiDNAmag, in a 3D, saturated, homogeneous and unconsolidated 

sand medium and evaluate the parameter uncertainty relative to the conservative salt tracer 

transport. Because our sand to SiDNAmag diameter is at least 1-2 order of magnitude larger 

than threshold of displaying size exclusion or pore clogging (Sirivithayapakorn and Keller, 

2003), and small sized colloids migrate similar to conservative salt tracer (Wang et al., 2013), 

we hypothesize that under our experimental conditions, αL, αTV/ αL, and αTH/ αL values and 

associated uncertainties estimated from SiDNAmag transport would not be statistically 

significantly different to that of conservative tracers.   

3.2 Materials and methods: 

3.2.1 SiDNAmag and injection suspension preparation 

SiDNAmags are spherical colloidal particles with an iron oxide core and silica covering, 

impregnated with double stranded DNA (dsDNA) molecules (Sharma et al., 2021). The 
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advantage of dsDNA is the low detection limit, high specificity in quantitative polymerase 

chain (qPCR), no background concentration interference and are unique in nucleotide 

sequences providing the advantage of multipoint groundwater flow tracing (Mikutis et al., 

2018; Pang et al., 2020). The superparamagnetic property of the iron oxide core imparts the 

advantage of rapid magnetic separation, therefore, there are no sample volume and up-

concentration limitations (Sharma et al., 2021).  

At first, we diluted 50μL of stock suspensions of 0.75mg/ml (~1010 particles/ml) of two 

uniquely sequenced SiDNAmags (SiDNAmag1 and SiDNAmag2) (Particle Engineering Research 

Centre, NTNU, Norway) to 5ml (~108 particles/ml) of demineralized water. We treated the 

5ml SiDNAmag suspensions with 1μL of bleach to remove any free DNA. After dividing the 5ml 

suspensions into 1ml aliquots, we washed the SiDNAmags with demineralized water twice by 

magnetic separation of the SiDNAmags to remove any traces of bleach. We further prepared 

the injection suspensions by diluting the 5ml SiDNAmag suspension into 495ml (~106 

particles/ml) of tap water (EC 550 µS/cm; pH 7.0; hardness 145.36mg/L). The diameter of 

SiDNAmag1 and SiDNAmag2 were 206.4±85.6 nm and 183.9±58.1 nm with a unimodal size 

distribution and zeta (ζ) potentials of -11mV and -14mV in demineralized water, respectively. 

We measured the hydrodynamic diameter (Dhyd) and the electrophoretic mobility of the 

SiDNAmags (at a concentration of ~107 particles/ml) in tap water using Smoluchowski’s 

equation (Malvern Panalytical Zetasizer Nano-Zs ZEN 3600, the Netherlands). The Dhyd were 

measured using 173° dynamic light backscattering.  

3.2.2. Sand tank experiments, and sample analysis 

We wet packed a 1.3 m long (1.3 m x 0.7 m x 0.4 m) PVC tank with coarse grain quartz sand 

(500 – 700 μm) to represent an unconsolidated, homogeneous aquifer system. The tank 
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dimension was determined through pre-modelling exercise using flow and solute transport 

module (MT3D) considering suitable transport length, effect of injection volume of flow, and 

interaction of injection water with tank boundaries. We ensured the homogeneity of the tank 

by settling the sand through repetitive saturation and desaturation with tap water. Prior to 

the experiments, we conducted several small scale (10 – 20 cm) salt transport experiments to 

validate the homogeneity of the system. The ζ potential of the sand was measured by grinding 

the sand and suspending the sand dust in tap water at a concentration of 0.01 g/ml. The sand 

grain size distribution was measured by dry sieve analysis (Fritsch vibrating sieve, Dijkstra 

vereenigde, the Netherlands). The d60, d50 and d10 of the sand were 665, 630, and 370 μm 

(coefficient on uniformity = d60/d10 = 1.8), respectively. The bulk density of the sand was 1623 

kg/m3. We estimated the pore diameter (dp) and pore throat diameter (dt) from sand grain 

characteristics using (Ren and Santamarina, 2018) 

dp=8
√

k

k0

β
ρwGsD50

3(Cu+7)ρm
                                                                                                                               (3.1a) 

dt=0.56dp                                                                                                                                        (3.1b) 

Where β is the sensitivity of hydraulic conductivity to void ratio, K is the hydraulic conductivity 

(m/min), k0 is the reference hydraulic conductivity at reference void ratio (e0 = 1), ρw is the 

density of sand (g/m3), Gs is the specific gravity of the sand, D50 is the media grain diameter 

(m), Cu is the coefficient of uniformity and ρm is the mass density of the sand (g/m3) (refer to 

Ren and Santamarina, (2018) for more details). The estimated mean pore diameter to 

SiDNAmag diameter ratio was ~1.24 x 103 ± 3.34 x 101. The median pore throat diameter to 

SiDNAmag diameter ratio was ~6.97 x 102 ± 1.87 x 101. 
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We installed two injection wells and one multilevel sampling well at a longitudinal distance of 

0.3 m (Inj1), 0.6 m (Inj2), and 1.1 m (W1, W2, W3) from the inflow chamber, respectively on 

single flowline. The screens of the injection wells were installed at a depth of 13 -16 cm from 

the bottom of the tank. The screens of the multilevel sampling well were installed at depths 

of 7 – 10 cm, 13 – 16cm, and 19 – 22cm from the bottom of the tank. Another sampling well 

(W4) was placed 3cm – 4cm away from the multilevel sampling well, transverse horizontally 

perpendicular to the flow line (figure 3.1).  

 

Figure 3.1: Schematic experimental setup 

At first, we conditioned the sand with flowing tap water for 14-15 hours. During the 

experiments, tap water was constantly pumped (Masterflex 7528-30, Vernon Hills, USA) into 

the inflow chamber at a rate of 511 ± 7.1 mL/min. Inflow (511 ± 7.1 mL/min) and outflow (505 
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± 7.3 mL/min) rates (water balance discrepancy <5%) were monitored gravimetrically 

(SBSPF100A1, Steinberg Systems, Germany) in order to maintain a steady inflow. We 

monitored the hydraulic heads manually at 8 different locations inside the sand tank and by 

water level data loggers at the inflow (~0.36 ± 0.002 m) and outflow (~0.31 ± 0.001 m) 

chambers (figure 1) (TD-Diver, Van Essen Instruments B. V., the Netherlands). Further, we 

injected (Dirac pulse) 100 mL of 0.017g/L fluorescein-disodium salt (Acros Organics B.V.B.A., 

Thermofisher Scientific, the Netherlands) and 500 mL of 1.8g/L of NaCl (J.T. Baker, the 

Netherlands) solution in Inj1 and Inj2, sequentially in order to avoid any influence of 

fluorescein-disodium salt on the electric conductivity, and therefore interference with the 

NaCl breakthrough curves. Because of the uniqueness of the DNA sequences in the 

SiDNAmags, we injected the different particles at the same time. The fluorescein and NaCl 

concentrations were analysed by measuring the absorbance at 489nm using UV-visible 

spectrometer (Lambda 365, PerkinElmer, USA) and electric conductivity (Cond3310, WTW, 

Wiilheim, Germany), respectively. SiDNAmag concentrations were quantified by measuring 

DNA concentrations using quantitative polymerase chain reaction (qPCR) (Biorad, USA), as 

described by Chakraborty et al., (2022). The salt tracer breakthrough datapoints (figure 3.2), 

were background concentration subtracted as 

𝐸𝐶

𝐸𝐶0
=

𝐸𝐶− 𝐸𝐶𝐵𝐺

𝐸𝐶0− 𝐸𝐶𝐵𝐺
                                                                                                                                   (3.2) 

where EC, EC0, and ECBG [μS/cm], were observed, injected and background electric 

conductivity. We presented the salt and SiDNAmag breakthrough curves with only the 

datapoints above the background concentration and No template control (NTC), respectively.  

3.2.3 Breakthrough curve analysis and 3D modelling 
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We compared the characteristics of the experimental breakthrough curves (BTC) between the 

salt tracers and SiDNAmags in terms of maximum effluent relative concentration (Cmax/C0) and 

time of Cmax/C0 for all sampling locations. Then we estimated the distributions of the αL, αTV/ 

αL, and αTH/ αL of the salt tracers and the SiDNAmags, by subjecting the BTCs to convective-

diffusive transport modelling adopting a Monte Carlo approach.  

3.2.4 Monte Carlo simulation and parameter uncertainty analysis 

We estimated the αL, αTV/ αL, and αTH/ αL distributions using a 3D block-centred finite 

difference groundwater flow model Modflow-2005 (Harbaugh et al., 2017) in combination 

with the mass transport module, MT3DMS (Zheng and Wang, 1999). We solved the 

groundwater flow (equation not shown) in conjunction with solute transport (eq 3.3) 

equation using an iteration based generalized conjugate solver in a python package, FloPy 

(Bakker et al., 2022). For the simulations, we used only the observed datapoints above 

background concentration (for NaCl and fluorescein) and above no template control (for 

SiDNAmags). Thereto, we could negate the influence of the datapoints below the background 

concentrations on the objective function. We considered first order kinetic attachment and 

detachment processes were the differences between the salt tracer and the SiDNAmag 

transport through the saturated sand (Chakraborty et al., 2022). The mass (salt and 

SiDNAmag) transport equation (Zheng and Wang, 1999) was 

ne
∂C

∂t
+ kattneC- kdetρbS =

∂

∂xi
(neDij

∂C

∂xj
) -

∂

∂xi
(neviC)                                                                         (3.3) 

Where ne is the effective porosity of the sand [-], C  is the concentration of the salt tracer or 

SiDNAmag in the water, Dij is the hydrodynamic dispersion coefficient tensor [m2/min], katt 

and kdet are the first order kinetic attachment and detachment rates of the colloids [1/min], vi 

is the linear pore water velocity [m/min], S is the SiDNAmag concentration at the solid surface 
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of the sand [kg/kg], ρb is the bulk density of the sand [kg/m3] and t is the time [min]. In the 

mass transport module for SiDNAmag transport, katt is expressed as β/ne [1/min] and kdet is 

expressed as β/ρbkd [1/min], where β is the mass transfer rate from water to sand [1/min] and 

kd is the distribution coefficient [m3/kg] (Babakhani, 2019). We did not consider straining to 

be important because the colloid to sand grain diameter ratio was well below the threshold of 

0.004 (Johnson et al., 2010) or 0.003 (Bradford and Bettahar, 2006). Though fluorescein dye is 

conventionally used as non-reactive conservative tracer, a number of studies had 

demonstrated a weak sorption capacity of fluorescein onto soils (Torrentó et al., 2017; Gerke 

et al., 2008). Therefore, we included the attachment and detachment terms for fluorescein as 

well.  

We discretized the 0.36 m high sand tank spatially in 12 horizontal and variably confined-

unconfined layers of equal thickness considering a specified constant head boundary 

condition. We temporally discretized transient mass transport simulations with a Dirichlet 

boundary condition in three stress periods (50, 1, 300 minutes) for stabilizing the hydraulic 

head distribution, solute or SiDNAmag injection and sampling period, respectively. We 

estimated the input ranges of hydraulic conductivity (k) from the Darcy flux and observed 

hydraulic gradients in observation wells. We also solved groundwater flow equation, using 

MODFLOW-2005 in FloPy, with 10000 random-uniformly distributed K and ne value sets to 

simulate the observed hydraulic heads. Based on the maximum objective function (coefficient 

of determination, R2), we considered the best 1% of the K and ne value sets as the input 

ranges. The input ranges of K and ne were 0.07 – 0.1 [m/min] and 0.2 – 0.4 [-], respectively. 

The input ranges for αL, αTV/ αL, and αTH/ αL were 10-6 – 10-1 [m], 0.01 – 1, and 0.01 – 1, 

respectively for both the salt tracer and the SiDNAmag. For SiDNAmag transport simulations, 
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we used input ranges of 0.001 – 0.1 [1/min] and 0.001 – 0.1 [m3/kg], for β and Kd, 

respectively.  

The mass transport equation was then solved for 10,000 uniformly distributed random 

parameter sets of αL, αTH /αL, and αTV /αL. The goodness of fit of the parameter sets were 

evaluated based on root mean squared error (RMSE), both for individual sampling locations 

and combined for all sampling locations and transport distances (C-RMSE) (Ward et al., 2016). 

Based on the least C-RMSE, we considered the best 1% parameter sets as the parameter sets 

to construct the distributions of αL, αTH /αL, and αTV /αL. We assessed the normality of the 

distributions using Kolmogorov – Smirnov test and Quantile – Quantile plot (QQ plot). Due to 

non-normality of few of the distributions, we evaluated the statistical significance of 

differences for each parameter, for conservative tracers and SiDNAmag using distribution 

non-specific Mann Whitney U test. The fitted breakthrough curves (figure 3.2) were based on 

the best parameter sets obtained for each parameter.  

3.3. Results 

3.3.1 SiDNAmag and sand characterization 

The ζ potential of the two SiDNAmags (at a concentration of ~107 particles/ml) were -

22.9±0.05 and -22.06±4.3 mV in the tap water, respectively. The Dhyd for the SiDNAmags were 

586±30.7 and 688±69.5 nm, respectively. Under quiescent condition, Dhyd of the SiDNAmags, 

did not alter significantly throughout the experiment interval (table 3.2), indicating SiDNAmag 

aggregation was unlikely to occur during the experiments. The ζ potential of the quartz sand 

was -26.3±7.9 mV, suggesting an unfavourable SiDNAmag – sand grain attachment condition.
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Table 3.2: Salt and SiDNAmag breakthrough curves characteristics and estimated parameter distributions for hydraulic conductivity, effective 1 

porosity, longitudinal dispersivity, vertical and horizontal transverse dispersivities. The parameter ranges are presented as median (5th – 95th 2 

percentile)  3 
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potential 

[mV] 

Dhyd [nm] 

Cmax/C0 [-] 
tpeak 

[min] 
K 

[m/min] 
ne [-] αL [m]  

αTH /αL 
[-]  

αTV / αL 
[-]  

Katt 
[1/min] 

Kdet 
[1/min] 
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0.5 

W1 

- - 

2.5 x 10-1 75 

0.078 

(0.074 - 
0.081) 

0.31 

(0.29 -
0.35) 

4.9 x 10-4 

(6.7 x 10-5 - 
9.1 x 10-4) 

0.55 

(0.12 - 

0.92) 

0.56 

(0.1 - 

0.94) 

- - 
W2 5.7 x 10-1 75 

W3 5.0 x 10-1 70 

W4 4.2 x 10-1 80 

0.8 

W1 1.1 x 10-1 120 

8.5 x 10-4 
–1.9x 10-3 

5 x 10-7 – 
1.1 x 10-6 

W2 4.4 x 10-1 115 

W3 3.9 x 10-1 115 

W4 1.9 x 10-1 125 
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D

N
A
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 0.5 

W1 

22.9±0.05 586±31 547±41 525±81 599±99 

9.5 x 10-4 70 

0.082 

(0.079 - 

0.085) 

0.31 

(0.27 

0.35) 

5.8 x 10-4 

(5.6 x 10-5 - 
9.5 x 10-4) 

0.52 

(0.09 - 

0.94) 

0.56 

(0.09 - 

0.92) 

0.063 
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0.1) 

3.2 x 10-4 

(1.5 x 10-4 

- 

1.6 x 10-3) 

 

W2 2.9 x 10-2 70 

W3 5.3 x 10-3 70 

W4 7.7 x 10-3 75 

0.8 

W1 

22.06±4.3 688±69 625±52 613±89 688±79 

5.1 x 10-4 125 

W2 1.1 x 10-2 120 

W3 5.3 x 10-4 120 

W4 1.0 x 10-4 125 

4 
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3.3.2 Conservative and SiDNAmag breakthrough curves 

The tpeaks of the salt tracer for 0.5m transport distance ranged between 70 -80 minutes, similar 

to 70 – 75 minutes for SiDNAmag. At 0.8 m transport distance the tpeaks of the salt tracer 

ranged between 115 – 125 minutes, which was similar to the tpeaks of 120 -125 minutes for the 

SiDNAmag (table 3.2).  For both the salt tracer and SiDNAmag, we observed maximum 

effluent concentration at W2, as compared to W1, W2 and W4, due to sampling at the same 

depth (0.13 - 0.16 m from the bottom of the tank) and flow line as the injection depth. A 

Cmax/C0 of <1 for salt tracer was due to αL, αTH, αTV. We observed a 1 – 3 log reduction in 

Cmax/C0 of SiDNAmag as compared to the salt tracer, and SiDNAmag to salt mass recovery ratio 

of 0.003 – 0.032, due to first order kinetic attachment in combination with αL, αTH, αTV, and 

SiDNAmag plume mixing with background water (figure 3.2).  

Except for the sampling location W1 for 0.5m transport distance, all breakthrough curves had 

breakthrough curve tailing. The tailings were possibly due to the detachment of the 

SiDNAmags from sand grains. However, we did not include the complete tail datapoints in the 

modeling and parameter estimation process because the SiDNAmag concentrations were near 

no template control (NTC) and similar to the scattered datapoints prior to the breakthrough. 

We treated the tail datapoints as sample analysis uncertainty. For fluorescein, at a transport 

distance of 0.8m, we observed breakthrough tailing, possibly due to the weak sorption 

behaviour of fluorescein.   
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Figure 3.2: Breakthrough curves of conservative (NaCl, fluorescein) and SiDNAmag for 50cm 

(left column) and 80cm (right column) transport distance at W1, W2, W3 and W4 sampling 

locations 

3.3.3 Parameter estimation 

The RMSE of the individual sampling locations for 50cm transport distance ranged between 

0.034 – 0.074 and 0.006 – 0.085 for the salt and SiDNAmag, respectively. For 80cm transport 

distance, the RMSE of the individual sampling locations ranged between 0.029 – 0.105 and 
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7.93 x 10-5 – 2.22 x 10-4 for salt and SiDNAmag, respectively. C-RMSE for both the transport 

distances and all sampling locations ranged between 0.023 – 0.025 and 1.86 x 10-3 - 1.97 x 10-3 

for the salt tracer and the SiDNAmag. Based on the best 1% parameter sets estimated from 

objective function of RMSE for all sampling points combined, the median K values for the salt 

and the SiDNAmag were 0.078 and 0.082 [m/min], respectively. The K value uncertainty (5th – 

95th percentile) for the salt tracer and the SiDNAmag were 0.074 – 0.081, and 0.079 – 0.085 

[m/min], respectively. Parameter distributions of ne for all the sampling locations combined 

ranged between 0.29 – 0.35, and 0.27 – 0.35 [-], for the salt and SiDNAmag, respectively. The 

median αL, for the salt and the SiDNAmag estimated from sampling locations combined were 

4.9 x 10-4 and 5.8 x 10-4 m, with a 5th – 95th percentile ranges of 6.7 x 10-5 – 9.1 x 10-4, and 5.6 x 

10-5 – 9.5 x 10-4 [m], respectively. The median αTH/αL, and the αTV/αL for both the salt and the 

SiDNAmag estimated from all sampling points combined ranged between 0.52 – 0.56 [-] with a 

5th – 95th percentile of 0.09 – 0.94 [-]. The 5th – 95th percentile ranges for each parameter for 

combined simulations are summarized in table 3.2. A QQ plot and Kolmogorov – Smirnov test 

analysis (data not shown) indicated non-normality of the parameter distributions of the αL, αTH 

/αL, and αTV /αL.  

The distributions of all the three parameters estimated either from individual sampling 

location or from all locations combined for SiDNAmag were not statistically significantly 

different from the parameter distributions estimated from salt tracer breakthrough curves, 

when compared using distribution non-specific Mann Whitney U test. The parameter 

distributions of k, ne, αL, αTV/ αL, and αTH/ αL, estimated from the salt and SiDNAmag 

breakthrough curves, and simulations combined for all transport distances and sampling 

locations has been shown as box plots with 5th – 95th percentile ranges in figure 3.3. For both 

the salt and the SiDNAmag, the parameter values and uncertainty ranges estimated from 
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individual sampling locations were statistically similar to the all sampling locations combined. 

Therefore, we presented only the ranges estimated from all sampling locations combined. 

 

Figure 3.3. Parameter distribution of αL [m] (a), αTH /αL [-] (b) and αTV /αL [-] (c), for 

conservative tracers (NaCl and Fluorescein) and SiDNAmag particles. (Box = quartiles; 

horizontal line = median; whiskers = 5th – 95th percentile; X = mean of the distribution 

The 1 – 3 log reduction in the Cmax/C0 of SiDNAmag, as compared to the conservative salt 

tracer was due to first order kinetic attachment of SiDNAmag onto the collector grains. The 
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katt for simulations combined for all the sampling locations and distances was 0.063 [1/min] 

with a 5th – 95th percentile ranges of 0.055 – 0.11 [1/min]. The kdet of the combined 

simulations was 3.26 x 10-4 [1/min] with a 5th – 95th percentile range of 1.48 x 10-4 to 1.58 x 10-

3 [1/min]. The kdet were approximately 3 orders of magnitude lesser than that of katt. The 

tailing of the fluorescein breakthrough curves could be explained through a low first order 

kinetic sorption ranging between 8.5 x 10-4 - 1.9 x 10-4 [1/min], indicating the weak sorption 

behaviour of fluorescein.  

3.4 Discussion 

The statistically similar αL, αTH /αL, and αTV /αL parameter distributions for both the salt tracer 

and the SiDNAmag indicated that SiDNAmags had similar 3D dispersive behaviour as the salt 

tracer. The 1 – 3 log difference in maximum effluent concentration between the salt tracer 

and the SiDNAmags implied that a significant fraction of injected SiDNAmags could reach the 

sand grain surfaces, which are the low velocity regions in the parabolic Poiseuille’s velocity 

profile in pores and pore throats. Further, as observed by Auset and Kellet, (2004) in 

micromodel for smaller colloids (2μm), the SiDNAmags tended to remain in the low velocity 

streamlines and migrated along the sand grain surfaces. Therefore, SiDNAmags were not 

restricted to high velocity streamlines. Hence, as observed by Auset and Keller, (2004) and 

Guo et al., (2016) for smaller particles in microscale, in our experiments the SiDNAmags 

probably travelled through as tortuous path as the salt tracer, resulting in similar 3D 

dispersive behaviour. In addition to low diffusion, the sand – SiDNAmag repulsion (charge 

exclusion) probably was not significant enough to force the SiDNAmags to move from grain 

surface (low velocity streamlines) towards the high velocity streamlines (Puls and Powell, 

1992).  

The SiDNAmags did not exhibit an earlier breakthrough or velocity enhancement at any of the 

sampling locations. This could be due to two orders of magnitude higher pore throat size as 
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compared to the SiDNAmag diameter. This ratio was higher than the threshold of dt/dc of 1.5, 

the ratio below which colloids cannot enter the pore (Sirivithayapakorn and Keller, 2003). 

However, our results were not similar to Mikutis et al., (2018), even with similar colloid size 

(159nm) and sand grain size (200 - 630μm) used in both the studies. Unlike Mikutis et al., 

(2018), we did not observe increased colloid velocity and increased longitudinal dispersivity. 

The difference could be due to lower Darcy (0.002 m/min) and average linear velocity (0.006 

m/min) applied in our sand tank (Chrysikopoulos and Katzourakis, 2015).  

At the lowest average linear velocity (0.005m/min), which was similar to our study 

(~0.006m/min), Chrysikopoulos and Katzourakis, (2015) did not observe velocity enhancement 

for any of the colloid sizes. Also, the longitudinal dispersivity of SiDNAmag was higher than the 

conservative tracer, which could be due to the larger glass beads (2000μm) than the mean 

sand grain diameter we used (630μm). This is because smaller grain size produces less 

heterogeneity in the pore size distribution and more irregularity in grain shape increases 

continuity between medium and large pores (He et al., 2021). Heterogeneity in pore size 

distribution, in turn, influences the longitudinal dispersivity of colloids. The heterogeneity of 

sand grain diameter (0.5 - 1000 μm, whereas median diameter similar to this study) could be 

the cause why our results differ from the size exclusion observed in saturated sand columns 

by Higgo et al., (1993) as well. It was not possible to reconcile the results of this study with the 

observations of varying extent of size exclusion, velocity enhancement and longitudinal 

dispersivity alteration for colloids reported by Higgo et al., (1993); Grolimund et al., (1998); 

Keller et al., (2004); James and Chrysikopoulos, (2003) due to the differences in all the 

experimental conditions, such as, flow rate, average linear velocity, colloid size and porous 

media grain size.  

In our study, the ratio of median transverse dispersivities for both the salt tracer and the 

SiDNAmag was higher than the oftentimes accepted value of 0.1 (Bijeljic and Blunt, 2007). This 
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was possibly due to a low peclet number and a low flow velocity. Bijeljic and Blunt (2007) 

reported the αTV /αL and αTH /αL for solutes can be as high as ≈1 at low peclet number (0.5 – 1). 

To further characterize the mechanism of 3D dispersion of SiDNAmags and compare with the 

salt tracer, a pore scale modelling is required (Auset and Keller, 2004; Baumann et al., 2010). 

However, pore scale observation was not within the scope of this study.  

3.5 Conclusion 

• From the salt tracer and colloid (SiDNAmag) particle transport experiments, under our 

experimental conditions, we found that the longitudinal dispersivity, horizontal 

transverse and vertical transverse dispersivities of SiDNAmags were similar to the salt 

tracers. Therefore, we can accept our null hypothesis.  

• The parameter distributions of longitudinal dispersivity, horizontal and vertical transverse 

dispersivities estimated from the individual sampling locations were not statistically 

significantly different as compared to the distributions estimated from the simulations 

combined for all sampling distance and locations. 

• The SiDNAmags did not show size exclusion or velocity enhancement under current 

experimental conditions. Due to that, the longitudinal and transverse dispersivities for 

SiDNAmags were similar to the salt tracer. 

• The implication of this study lies in, as applied in our experiments, when the collector 

grain diameter is few orders of magnitude higher than the colloid diameter, the colloids 

have similar three dimensional dispersive behaviour and can be applied to predict the 

transport of solute tracer plumes in 3D. 
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CHAPTER 4: EFFECT OF INJECTION WATER IONIC STRENGTH ON ESTIMATING HYDRAULIC 

PARAMETERS IN A 3D SAND TANK USING SILICA ENCAPSULATED MAGNETIC DNA PARTICLES 

Chakraborty, S., Elhaj, R., Foppen, J. W., & Schijven, J. (2023). Effect of injection water ionic strength on 

estimating hydraulic parameters in a 3D sand tank using silica encapsulated magnetic DNA particles. Advances in 

Water Resources, 179, 104507. https://doi.org/10.1016/j.advwatres.2023.104507   
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Abstract 

We investigated the applicability of Silica encapsulated, superparamagnetic DNA particles 

(SiDNAmag) in determining aquifer hydraulic parameters at different ionic strengths (1mM, 

5mM, and 20mM phosphate buffer) of injection suspension. Thereto, in a homogeneous, 

unconsolidated sand tank (1.3m x 0.7m X 0.4m), we injected two uniquely sequenced 

SiDNAmag at two injection points. At 0.5m and 0.8m downstream from the injection points, 

we measured the concentration of SiDNAmags at three vertically distributed and two 

horizontally distributed sampling locations. We estimated the hydraulic parameter 

distributions from the SiDNAmag breakthrough curves through a Monte – Carlo approach and 

compared the parameter distributions with salt tracer breakthrough curves. Our results 

indicated that at all the ionic strengths, the times of peak concentrations, and the shapes of 

the breakthrough curves were similar to the salt tracer. However, as compared to the salt, the 

maximum effluent concentrations were reduced by 1 – 3 log units for SiDNAmags due to first 

order kinetic attachment. The attachment rate reduced from 1mM to 5mM phosphate buffer 

possibly due to competitive adsorption of phosphate onto the favourable attachment sites. 

SiDNAmag attachment rate further increased in 20mM buffer suspension, possibly due to the 

compression of electric double layer and reduction in energy barrier for attachment. The 

median hydraulic conductivity (k), effective porosity (ne), and longitudinal dispersivity (αL), 

estimated from the SiDNAmag dispersed in 1mM, 5mM, and 20mM and the salt tracer ranged 

between 0.072 – 0.08 (m/min), 0.34 – 0.36 (-), and 1 x 10-4 – 9.7 x 10-4 (m), respectively. The 

vertical transverse dispersivity (αTV /αL) and horizontal transverse dispersivity (αTH /αL) for 

both the salt and the sidnamag ranged between 0.06 – 0.93 [-]. Our results indicated that the 

parameter distributions of k, ne, and αL, determined from SiDNAmag BTCs, corresponding to 

5th – 95th percentile, were not statistically different from the salt tracer. Our work contributes 
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to the applicability of colloidal SiDNAmags for determining hydraulic parameters at different 

ionic strength conditions.  

Keywords: colloids, hydraulic conductivity, effective porosity, longitudinal dispersivity, sand 

tank   
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4.1 Introduction 

Encapsulated DNA particles have recently attracted significant attention in tracer experiments 

for investigating subsurface flow, contaminant transport and porous media hydraulic 

properties characterization (Mikutis et al., 2018, Pang et al., 2020; Zhang et al., 2021; Kong et 

al., 2018; Kianfar et al., 2022; Chakraborty et al., 2022). In contrast to the conventional tracers 

(e.g. salt and fluorescent dyes), DNA particles have unique sequences, therefore, can ideally 

be produced in unlimited number of distinct particles and be used in multipoint injection 

experiments for aquifer characterization and contaminant transport tracking (Pang et al., 

2020). In addition, DNA particles have low detection limit, high detection specificity in 

quantitative polymerase chain reaction (qPCR), no background noise interference due to 

uniqueness in nucleotide sequences (Liao et al., 2018). Encapsulated DNA particles have 

higher stability against environmental physico-chemical stressors (pH, UV radiation, enzymatic 

and microbial activity) (Sharma et al., 2012, Mikutis et al., 2018) as well.  

Under unfavourable condition to colloid - collector attachment, colloidal attachment 

increased with increasing ionic strength (IS) for polystyrene spheres (Nocito-Gobel and 

Tobiason, 1996; Wu et al., 2020; Tufenkji and Elimelech, 2005; Tiraferri et al., 2011; Xu et al., 

2021; Li et al., 2017) due to compression of electric double layer. Such compression led to 

weakened electrostatic repulsion between the colloid and collector grains and increased 

depth of secondary energy minimum (Xu et al., 2021; Wu et al., 2020; Bolster et al., 2001; 

Kermani et al., 2021). A fraction of heterogeneous collector surface contributing to colloid 

immobilization can induce a primary or a secondary energy minima interaction as well. 

Primary minima interaction and re-entrainment, while generally considered to be IS 

independent (Torkzaban and Bradford, 2016), may be influenced when the area of Zone Of 

electrostatic Influence (ZOI) is greater than the area of surface heterogeneity (Bradford et al., 

2012) and colloids are deposited on rough patches (Torkzaban and Bradford, 2016). In 
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contrast, Wang et al., (2011), observed an approximate 10-fold reduction in attachment 

efficiency of E. coli when IS increased from 10 to 100mM. A decrease in E. coli zeta potential 

and subsequent increase in the repulsive energy barrier (DLVO) at higher IS hindered bacterial 

deposition. In addition to the ionic strength, phosphate ions reduced colloid attachment 

efficiency (α) and attachment rate (katt), therefore, enhanced colloidal mobility (Chen et al., 

2021; Liu et al., 2017; Chen et al., 2015; Wang et al., 2019; Zhang et al., 2018; Lin et al., 2021; 

Li and Schuster, 2014; Wang et al., 2011; Wang et al., 2019). The reduction in α and katt, were 

attributed to the adsorption of phosphate onto the colloids and competitively on favourable 

deposition sites on collector grains leading to increased repulsive energy barrier and 

electrostatic repulsion. 

One important implication of IS dependent colloidal release/deposition had been reported to 

alter the hydraulic conductivity (k) of porous media (Soma and Papadopoulos, 1995; Xinqiang 

et al., 2019; Won et al., 2018; Dikinya et al., 2008; Samari-Kermani et al., 2021; Torkzaban et 

al., 2015; Ochi and Vernoux, 1999; Ye et al., 2019). Xinqiang et al. (2019) attributed the 

reduction in K to “superficial” clogging due to higher colloid attachment at higher ISs (30 and 

150mM). Similarly, in column experiments with core samples, Torkzaban et al., (2015), 

attributed the reduction in the hydraulic conductivity to the hydrodynamic bridging of colloids 

at the pore constrictions. When the colloid to collector diameter ratio ranged between 0.01 to 

0.25, at ionic strengths of 1mM – 100mM, Won et al., (2018) attributed reduction in K to 

straining due to higher detachment at lower ionic strength. Won and Burns, (2017) attributed 

the reduction of the K at lower ionic strength (1mM CaCl2) to straining due to aggregation or 

clustering of clay particles.  Similarly, higher colloid release from collector grains, a function of 

lowered IS (1mM), was reported to decrease ‘k’ due to pore clogging (Dikinya et al., 2008). In 

contrast, in 60cm saturated sand (d50 = 375 μm) column experiments, at ionic strengths 

ranging between 0 to 13.68mM, Mesticou et al., (2013), did not observe any reduction in the 
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sand hydraulic conductivity. However, with longer experiment duration, the authors conclude 

that the pore clogging and therefore, permeability reduction would have occurred caused by 

the suspended colloids at the column inlet. In addition to permeability changes due to IS, 

colloid attachment onto the collector grains could affect the dispersivity estimation of colloids 

(Vasiliadou and Chrysikopoulos, 2011; Syngouna and Chrysikopoulos, 2011). Studies on the 

quantitative effect of IS on the effective porosity and dispersivity estimation are still limited. 

Because there is no general trend of permeability, effective porosity or dispersivity 

modification as a function of IS, and the modifications are influenced by critical colloid-

collector ratio and critical deposition concentration (Bradford et al., 2002), a colloid and 

collector grain specific evaluation is required.  

Stochastic methods are required for identifying simulation errors in hydraulic parameter 

estimations in deterministic models (Yan and Ji-Chun, 2005) and to represent parameter 

uncertainties (Ptak et al., 2004).  Monte Carlo algorithm is a robust tool for uncertainty 

assessment of aquifer hydraulic parameters (Hoffmann et al., 2019; Fu and Gomez-

Hernandez, 2009), spatial variability of hydraulic parameters (Herrick et al., 2002; Yan and 

Chun, 2005; Lapcevic et al., 1999; Chen et al., 2012), and to evaluate tracer specific parameter 

sensitivity (Hoffmann et al., 2019). Saley et al., (2016) successfully adopted Monte Carlo 

approach for representing hydraulic conductivity distribution using heat tracer. Herrick et al., 

(2002) determined the correlation between hydraulic gradient, hydraulic conductivity and 

pore water velocity using Monte Carlo approach.  

A number of studies have previously investigated groundwater flow, solute and contaminant 

transport, characterized hydraulic parameters of 3D laboratory models of saturated sand 

medium (Ojuri and Ola, 2010, Fadugba et al., 2018; Danquigny et al., 2004; Illman et al., 2011), 

or Karst aquifer systems (Mohammadi et al., 2021). A limited number of studies so far have 



88 

Page 88 of 200 
 

used encapsulated DNA particles for aquifer hydraulic properties characterization (Mikutis et 

al., 2018; Kong et al., 2018). To our knowledge, we are the first to evaluate the use of 

SiDNAmag for estimating permeability, effective porosity, and longitudinal dispersivity (k, ne 

and αL, respectively) using a Monte Carlo approach under environmentally relevant and 

varying injection water quality parameters in a 3D system. The additional advantage of 

SiDNAmag over non-magnetic DNA particles is that in large scale experiments, the 

superparamagnetic property of SiDNAmags’ imparts the advantage of rapid magnetic 

separation, therefore, no sample volume and up-concentration limitations (Sharma et al., 

2021). The objectives of this study were to investigate the effect of IS perturbation of pore 

water by injection water on (1) transport of SiDNAmag microparticles in saturated porous 

media and, (2) probability distribution estimation of aquifer k, ne and αL parameters. We 

hypothesize that if the IS of SiDNAmag injection suspensions are varied between 1mM, 5mM 

and 20mM of phosphate buffer, then the differences between the estimated probability 

distributions of k, ne and αL at different injection ISs would be statistically insignificant. 

Therefore, the aquifer parameter estimation would remain uninfluenced by varying extent of 

SiDNAmag deposition and release rates.  

4.2 Materials and method 

4.2.1 Silica-encapsulated ds-DNA superparamagnetic particles (SiDNAmag)  

We obtained stock suspensions of (0.75mg/ml ~1010 particles-ml-1) of two uniquely sequenced 

SiDNAmags (SiDNAmag1 and SiDNAmag2) (Particle Engineering Research Centre, NTNU, 

Norway) in demineralized water. The diameter of SiDNAmag1 and SiDNAmag2 were 

206.4±85.6 nm and 183.9±58.1 nm and zeta (ζ) potentials were -11 and -14mV in 

demineralized water, respectively.  

4.2.2 SiDNAmag and sand  
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We suspended 50μL of the SiDNAmag stock suspensions in 5ml of demineralized water. Then, 

we treated the 5ml SiDNAmag suspension with 1μL of bleach to remove any free DNA present 

in the suspension. This was followed by washing the suspension twice by magnetic separation 

(BioRad, the Netherlands) of SiDNAmags to remove the bleach from the suspension. Finally, 

we prepared the injection suspension by resuspending the magnetically separated SiDNAmags 

in 1, 5, and 20mM phosphate buffer solutions to a final concentration of ~ 106 particles/ml. 

The stability of the suspended particles in different injection waters were evaluated by means 

of ζ-potential using Smoluchowski’s equation (dielectric constant water = 78.54) (Malvern 

Panalytical Zetasizer Nano-Zs ZEN 3600, the Netherlands), at a concentration of ~107 

particles/ml. We checked the possibility of SiDNAmag aggregation within the experiment time 

interval by measuring hydrodynamic diameter (Dhyd) (Malvern Panalytical Zetasizer Nano-Zs 

ZEN 3600, the Netherlands), as a function of time (0, 60, 120 and 240 minutes), of particles 

suspended in tap water, 1, 5 and 20 mM phosphate buffer, in quiescent condition (Tang et al., 

2021). We checked the ζ-potential of the quartz sand by dispersing 0.1g of manually ground 

sand in 10ml of tap water, 1mM, 5mM and 20mM phosphate buffer.  

4.2.2 Sand tank preparation and injection experiments 

We homogeneously wet packed the 1.3 m (1.3m х 0.7m х 0.4m) long sand tank with quartz 

sand fraction of 500-700 µm diameter (Sibelco, Belgium). The dimension of the sand tank was 

determined through pre-modelling of hypothetical solute transport experiments in 

groundwater flow model, MODFLOW (Harbaugh, 2005), and solute transport module 

MT3DMS (Zheng and Wang, 1999). The dimension of 1.3m х 0.7m х 0.4m was sufficient for 

performing multipoint and multilevel injection experiments with distinct breakthrough curves 

as outputs, and, for, parameter estimation. 
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The sand was wet packed with gradual height increment in order to minimize air entrapment 

and consolidation (Ojuri and Ola, 2010). Further, to achieve saturation, we flushed the sand 

tank for 10 – 12 hours with tap water prior to the experiments. In order to inspect the uniform 

packing throughout the sand tank, we conducted multiple small scale (20 – 30cm) salt tracer 

tests (data not shown) using the observation wells and compared the peak arrival time. In 

order to maintain constant hydraulic heads during the experiments, we pumped tap water at 

a rate of 511 ± 7.1 mL/min into the inflow chamber. We monitored the inflow and the outflow 

(~505 ± 7.3 mL/min) rates gravimetrically. The resulting hydraulic heads at the inflow chamber 

and the outflow chamber were 0.36 m and 0.32 m, respectively. The injection points, the 

sampling points and the screen depths are shown in figure 4.1.  

 

Figure 4.1: Schematic experimental setup
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We injected 400ml of salt (1.8g/L) and 100ml of SiDNAmag (~106 particles/ml) sequentially at 

injection rates of 400ml / min and 100ml/min, respectively. Further, we determined the 

concentration of the salt and the SiDNAmags as a function of time by measuring electric 

conductivity (WTW-Portable conductivity meter ProfiLine Cond 3310, Germany) and the DNA 

concentration using qPCR (Bio-Rad laboratories, USA), respectively, in samples collected at a 5 

minutes interval. The sampling was done intermittently slow abstraction using plastic syringes in 

order to avoid the effect on the flow near the well. The protocol followed for qPCR had been 

detailed in Chakraborty et al., (2022). For representing, analysing and transport modelling of the 

salt breakthrough curves, we considered the datapoints above the background salt concentration 

by subtracting the background electric conductivity (ECBG) from observed concentration (EC) and 

injection concentration (EC0) using  

𝐸𝐶

𝐸𝐶0
=

𝐸𝐶− 𝐸𝐶𝐵𝐺

𝐸𝐶0− 𝐸𝐶𝐵𝐺
                                                                                                                                  (4.1) 

For simulation of the SiDNAmag breakthrough curves, we considered only the rising limbs, time to 

peak and the declining limbs.  We did not consider the datapoints at the breakthrough tails 

because the concentrations were near the no template control (NTC) and similar to the scattered 

datapoints prior to the breakthrough. Therefore, we treated the breakthrough tail datapoints as 

uncertainty in sample analysis and did not include in the parameter estimation process (for kdet). 

For the breakthrough tails, we did not present the simulated breakthrough curves as well.   

4.2.3 Breakthrough curve analysis and 3D modelling 

We analysed the BTCs for both the salt tracer and the SiDNAmags in terms of time to peak (tpeak) 

and the maximum effluent concentration (Cmax/C0) for all the sampling locations. Then, we 

determined the k, ne, and αL parameter uncertainty, by subjecting the breakthrough curves to 3-

dimensional convective-diffusive transport modelling, adopting a Monte-Carlo inverse approach, 
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considering the first order kinetic non-equilibrium attachment and detachment processes 

primarily controlling the SiDNAmag transport through saturated porous media.  

4.2.4 Groundwater, the salt and the SiDNAmag transport modelling 

Encapsulated DNA particles and silica colloids’ transport through saturated porous media were 

descrived using classical convection-dispersion equation for solute transport with first order 

kinetic attachment – detachment process/term (Chakraborty et al., 2022). The partial differential 

equation used to simulate the (pore water flow equation not shown) convective-dispersive salt 

and SiDNAmag transport along with first order kinetic mass transfer from aqueous to solid phase 

was (Zheng and Wang, 1999) 

𝑛𝑒
𝜕𝐶

𝜕𝑡
+  𝑘𝑎𝑡𝑡𝑛𝑒𝐶 −  𝑘𝑑𝑒𝑡𝜌𝑏𝑆 =

𝜕

𝜕𝑥𝑖
(𝑛𝑒𝐷𝑖𝑗

𝜕𝐶

𝜕𝑥𝑗
) −

𝜕

𝜕𝑥𝑖
(𝑛𝑒𝑣𝑖𝐶)                                               (4.2)  

Where C  is the salt tracer or SiDNAmag concentration in the water, ne is the effective porosity [-], 

Dij is the hydrodynamic dispersion coefficient tensor [m2/min], katt is the first order attachment 

rate [1/min] and kdet is the first order detachment rate of the colloids [1/min], vi is the pore water 

velocity [m/min] and represent the hydraulic conductivity (k) as vi  = - (k / ne)* (δh/ δl), where vi is 

the pore water velocity [m/min], K is the hydraulic conductivity [m/min], ne is the effective 

porosity [-] and δh/ δl is the hydraulic gradient [-]. S is the SiDNAmag concentration of attachment 

SiDNAmags [kg/kg], ρb is the bulk density of the sand [kg/m3] and t is the time of transport [min]. 

In the SiDNAmag transport module, katt is represented by β/ne [1/min], where β is the mass 

transfer rate from water to the sand [1/min]. kdet is represented by β/ρbkd [1/min], where kd is the 

distribution coefficient [m3/kg] (Babakhani, 2019).  

We considered straining not to be an important process in the SiDNAmag transport because the 

colloid to sand grain diameter ratio was 0.0003, which was well below the threshold of 0.003 

(Bradford and Bettahar, 2006) and 0.004 (Johnson et al., 2010). Also, the salt and the SiDNAmag 
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concentration in the injection suspension did not alter the viscosity and density of the injection 

water, therefore, we did not include density effect in the modelling process. 

4.2.5 Monte Carlo simulation and parameter uncertainty analysis 

We performed the simulations using a finite difference groundwater flow model, Modflow-2005 

(Harbaugh, 2005) in conjunction with a solute transport module, MT3DMS (Zheng and Wang, 

1999) in a python package, Flopy (Bakker et al., 2016). We spatially discretized the 1.3m x 0.7m x 

0.36m tank model into 12 layers of equal thickness, each layer thickness corresponding to the 

length of the injection or sampling screen. The first layer was assigned as unconfined and rest of 

the 11 layers as unconfined/confined. We temporally discretized the mass transport in three stress 

periods for stabilizing the hydraulic heads (50 minutes), injection period (1 minute) and the 

sampling period (200 minutes). The input ranges of k, ne and αL, were 0.05 – 0.15 [m/min], 0.2 – 

0.5 [-], and 10-8 – 10-1 [m], respectively. We estimated the input K and the ne ranges as ±50% of the 

average K and ne estimated from observed hydraulic heads and Darcy’s law. The hydraulic heads 

and therefore, the hydraulic gradients were measured at the observation, injection and the 

sampling wells. Then we estimated the K by dividing the Darcy flux by the hydraulic gradients (q = -

k * i), where q is the Darcy flux [m/min] and i is the hydraulic gradient [-]. We approximated the 

initial ne by dividing q by average linear velocity (v) obtained from the initially conducted small 

scale salt tracer experiments. The input range for β was 0.001 – 0.1 [1/min] and the kd was set to 1 

[1/min]. The solute and SiDNAmag transport equation (equation 1) was solved for 20,000 

uniformly distributed random realization sets of K, ne, αL, and katt for each of the ionic strength 

conditions. The goodness of fit of the parameter sets were evaluated based on minimized RMSElog 

combined for all sampling locations and transport distance. We did not emphasize on the 

coefficient of correlation (R2) as an objective function because a higher R2 could be achieved even 

when the BTC magnitudes are not matched (Ward et al., 2016). Based on the minimized objective 
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function, we considered the top 1% as the best parameter value sets. Then, we evaluated the 

normality of the parameter distributions through Kolmogorov – Smirnov test and Quantile – 

Quantile plot (QQ plot). Because not all the distributions followed a normal distribution, we 

assessed the statistical differences of the parameter distributions using the distribution non-

specific Mann Whitney U test (significance level = 0.05). The simulated breakthrough curves 

(figure 4.2) are presented based on the median values obtained for each parameter. 

4.3 Results 

4.3.1 SiDNAmag and sand characterization  

The ζ potential of the SiDNAmags decreased with increasing IS of phosphate buffer (table 1). The ζ 

potentials of the SiDNAmag1 (injected for 0.5m transport length) were -47.7, -44.1, and -39.9 mV, 

while dispersed in 1mM, 5mM and 20mM phosphate buffer, respectively. The ζ potentials of the 

SiDNAmag2 (injected for 0.8m transport length) were -43, -40.7, and -38.5 mV, while dispersed in 

1mM, 5mM and 20mM phosphate buffer, respectively. In tap water, the ζ potentials of both the 

SiDNAmags were ~ - 22 mV. The ζ potentials indicated acceptable stability (-20mV < ζ < +20mV) in 

all water types. The ζ potentials of sand were -26.3, -37.7, -50.7, and -49.3 mV in tap water, 1, 5, 

and 20mM phosphate buffer, respectively. The negative ζ potentials of both the sand and the 

SiDNAmag under all ionic strength conditions indicated that colloid transport was conducted 

under unfavourable condition for colloid attachment onto the sand grains (repulsive double layer 

interaction). Dhyd of the SiDNAmag1 were 442.3, 644.6, and 652.3 nm, while dispersed in 1mM, 

5mM and 20mM phosphate buffer, respectively. Dhyd of the SiDNAmag2 were 516.9, 660.5, and 

655.8 nm, while dispersed in 1mM, 5mM and 20mM phosphate buffer, respectively. The Dhyd of 

the SiDNAmags did not change significantly throughout the experiment interval (240 minutes), 

indicating that particle aggregation was unlikely to occur (table 4.1).
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Table 4.1: Differently DNA-tagged injected particles (SiDNAmag1 and SiDNAmag2) characterization 

and experimental conditions. The zeta (ζ) potentials were measured at particle concentrations 

~4E+5 and 6E+5 particles ml-1, for SiDNAmag1 and SiDNAmag2, respectively  

Time 

(min) 

Injection suspension 
Sand 

Salt SiDNAmag1 SiDNAmag2 

NaCl Uranine 1mM 5mM 20mM 1mM 5mM 20mM 1mM 5mM 

 3120 517 183 860 2930 183 860 2930 
- 

 6.8 7.1 

 - - -47.7 ± 3.8 -44.1 ± 3.8 -39.9 ± 2.2 -43.0 ± 4.3 -40.7 ± 2.9 -38.5 ± 3.0 -37.7 ± 19.3 -50.7 ± 11.5 

0 - - 442.3 ± 39.1 644.6 ± 101 652.6 ± 125 516.9 ± 91.9 660.5 ± 108 655.8 ± 84.6 

- 
60 - - 591.2 ± 98 691.4 ± 41 729.3 ± 118 523 ± 56.1 656.6 ± 87.4 608.22 ± 101 

120 - - 478.6 ± 58 678.5 ± 59 698.4 ± 99 577.5 ± 77 698.1 ± 104 688.65 ± 88.2 

240 - - 505.2 ± 102 623.5 ± 121 702.5 ± 79 528.7 ± 117 602.7 ± 97.1 622 ± 98.7 

 

† injected at 0.5m transport length, ‡ injected at 0.8m transport lengthSalt and SiDNAmag 

breakthrough curves 

All the sampling locations combined, the time to peaks (tpeaks) for salt tracer at 0.5 m and 0.8m 

transport distances ranged between 75 – 80 minutes and 120 – 125 minutes, respectively (figure 

4.2).  
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Figure 4.2: BTCs of conservative and SiDNAmag at sampling location W1 (above injection depth, 

central flow line); W2 (at injection depth, central flow line); W3 (below injection depth, central flow 

line), and W4 (at injection depth, transverse horizontally perpendicular to central flow line); at 

50cm (left column) and 80cm (right column) transport distance, respectively, for injection 

suspension of 1mM, 5mM and 20mM PO4 buffer. All reported depths were measured from the 

bottom of the tank. The BTCs include the relative SiDNAmag concentrations above no template 

control (NTC) 
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The tpeaks of the SiDNAmag dispersed in 1mM suspension for 0.5 m and 0.8 m transport distances 

were 75 – 80 minutes and 130 – 135 minutes respectively. SiDNAmags suspended in 5mM 

suspension reached the   maximum effluent concentration at 70 – 75 minutes for 0.5 m transport 

distance. The tpeaks of the SiDNAmags suspended in 20mM injection suspension were 75 – 80 

minutes and 120 – 130 minutes, for 0.5m and 0.8 m transport distances, respectively. Though the 

tpeak of SiDNAmags, under all ionic strength conditions, were similar to the salt tracer, the 

maximum effluent concentrations (Cmax/C0) of SiDNAmags were 1 – 4 log units lower than the salt 

tracer. At 0.5m transport distance, the Cmax/C0 of the salt tracer, SiDNAmags in 1mM, 5mM and 

20mM ranged between 0.26 – 0.57, 0.000067 – 0.0042, 0.019 – 0.088, and 0.001 – 0.023 [-], 

respectively. At 0.8 m transport distance, Cmax/C0 for the salt, SiDNAmags in 1mM, and 20mM 

were 0.11 – 0.43, 0.000018 – 0.00015, and 0.0001 – 0.0024 [-], respectively. In comparison with 

50cm transport distance, the lower Cmax/C0, and fewer datapoints near the centre of SiDNAmag 

mass indicated that under our experimental conditions, the transport of SiDNAmag was limited. 

The maximum Cmax/C0 of salt and SiDNAmag concentration were observed at W2 because W2 was 

installed at the injection depth. The SiDNAmag to salt ratio of area under the breakthrough curves 

were in the order of magnitude of 10-3 - 10-4, 10-1 – 10-2, and 10-2 – 10-3, for 1mM, 5mM, and 

20mM injection suspension, respectively.  The 5th – 95th percentile ranges of the parameters 

estimated from the salt and the SiDNAmag BTCs are summarised in table 4.2. 

4.3.2 Estimation of parameter uncertainty  

The median K values for the salt tracers and SiDNAmags dispersed in 1mM, 5mM, and 20mM 

phosphate buffer injection water were 0.072, 0.077 – 0.078, 0.074, and 0.08 [m/min], respectively 

(figure 4.3). The statistical test showed that the parameter distributions (5th – 95th percentile) 

were not statistically significantly different from each other. The median ne for the salt tracers, 
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SiDNAmags dispersed in 1mM, 5mM, and 20mM phosphate buffer injection water were 0.36, 0.34 

– 0.35, 0.36, and 0.34 [-], respectively.  
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 Table 4.2: Breakthrough curve characteristics (Cmax/C0 and tpeak) at different sampling locations and the hydraulic conductivity (K), effective porosity 

(ne), longitudinal dispersivity (αL), horizontal transverse (αTH / αL), and vertical transverse (αTV / αL) dispersivity estimated from the salt tracer and the 

SiDNAmag 

 Transport distance 

[m] 

Sampling 

location 

Cmax/C0 [-

] 

tpeak 

[min] 
K [m/min] ne [-] αL [m] Katt [1/min] 

Sa
lt

 t
ra

ce
r 

0.5 

W1 0.26 75 

0.074 

(0.074 – 

0.082)†  

0.36 

(0.31 – 0.38) 

9.16e-4 

(3.2e-5 – 9.34e-4) 
- 

W2 0.57 75 

W3 0.5 75 

W4 0.42 80 

0.8 

W1 0.11 125 

W2 0.43 120 

W3 0.39 120 

W4 0.19 125 

Si
D

N
A

m
ag

 

1
m

M
 

0.5 

W1 1.48e-4 80 

0.078 

(0.07 – 0.08) 

0.35 

(0.31 – 0.38) 

2.6e-4 

(8.8e-5 – 4.72e-4) 

0.061 

(0.055 – 0.068) 

W2 4.2e-3 70 

W3 6.77e-5 75 

W4 - - 

0.8 

W1 1.64e-4 130 

0.077 

(0.07 – 0.1) 

0.34 

(0.33 – 0.37) 

5.5e-4 

(9.9e-5 – 7.84e-4) 

0.05 

(0.041 – 0.058) 

W2 1.78e-5 135 

W3 5.47e-5 130 

W4 - - 

5
m

M
 

0.5 

W1 1.9e-2 75 
0.074 

(0.07 – 0.084) 

0.36 

(0.32 – 0.37) 

1e-4 

(6.2e-5 – 7.87e-4) 

0.019 

(0.013 – 0.022) 
W2 8.8e-2 75 

W3 2.2e-2 70 
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W4 7e-2 75 

0.8 

W1 - - 

- - - - 
W2 - - 

W3 - - 

W4 - - 

2
0

m
M

 

0.5 

W1 9.9e-4 80 

0.08 

(0.075 – 0.082) 

0.34 

(0.33 – 0.37) 

9.7e-4 

(8e-5 – 6.9e-4) 

0.035 

(0.031 – 0.042) 

W2 2.4e-2 75 

W3 2.8e-3 75 

W4 1e-2 70 

0.8 

W1 3.94e-4 125 

0.08 

(0.076 – 0.081) 

0.34 

(0.31 – 0.38) 

1.8e-4 

(3.2e-5 – 9.6e-4) 

0.054 

(0.051 – 0.063) 

W2 5.77e-4 120 

W3 3.61e-4 120 

W4 1.04e-4 130 

† 5th – 95th percentile of the parameter uncertainty 

- Not analysed 
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Figure 4.3: Estimated value ranges of (a) hydraulic conductivity, (b) effective porosity, (c) 

longitudinal dispersivity for salt tracer (NaCl, fluorescein) and SiDNAmag dispersed in phosphate 

buffer of varying ISs (1mM, 5mM and 20mM). 

The ne of SiDNAmags, like k, increased slightly as compared to the salt tracer, however, the ne 

distributions were not statistically different from each other. The median αL for the salt tracers, 

SiDNAmags dispersed in 1mM, 5mM, and 20mM phosphate buffer injection water were 9.16 x 10-
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4, 2.6 x 10-4 – 5.5 x 10-4, 1 x 10-4, and 1.8 x 10-4 - 9.7 x 10-4 [m], respectively. The parameter 

distribution of SiDNAmags within the 5th – 95th percentile for all the ionic strength condition, were 

statistically not different than those of the salt tracer. The attachment rate (Katt) of the SiDNAmags 

dispersed in 1mM, 5mM and 20mM, onto the sand grains were 0.05 – 0.061, 0.019, and 0.035 – 

0.054 [1/min], respectively, which was reflected on the order of maximum effluent concentration 

as a function of ionic strength of the injection water.  

4.4 Discussion 

The average velocity of salt (6.4 x 10-3 – 6.7 x 10-3 m/min) and the SiDNAmag (6 x 10-3 - 7 x 10-3 

m/min) at both 50cm and 80cm transport distances were similar to each other irrespective of the 

ionic strength of the injection water. The similar time of maximum concentration (tpeak) of the salt 

and SiDNAmags dispersed in the injection water of 1mM, 5mM, and 20mM ionic strengths 

indicated that size exclusion or velocity enhancement did not occur. Our observation was similar 

to Wu et al., (2020), where within a range of 1mM – 20mM NaCl suspension, no early arrival or 

velocity enhancement was observed for 100nm polystyrene nanoparticles transporting through 

dessert soil (86% sand). In a 15cm column, with similar colloid and collector grain size, Chakraborty 

et al., (2022) observed similar time of maximum effluent concentration indicating absence of 

velocity enhancement. In fine sand (180 – 250 μm) and at a linear velocity of 0.009 m/min, Harter 

and Wagner, (2000) did not observe earlier breakthrough or velocity enhancement for 4500 – 

5500 μm Cryptosporidium Parvum oocysts, though at larger grain sizes the velocity enhancement 

was apparent. Absence of size exclusion of velocity enhancement of colloids in our experiments 

was possibly due to the collector size being 3 orders of magnitude higher, and the average pore 

throat size being ~2 orders of magnitude higher as compared to the SiDNAmags. This ratio was 

much higher than the threshold of 1.5, observed by Sirivithayapakorn and Keller, (2003). In 

contrast to our observation, earlier arrival and velocity enhancement, with similar colloid size and 

grain size, as used in this study, had been reported by Mikutis et al., (2018), which could be due to 
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the difference in the linear velocity used. There are other studies (Nocito-Gobel and Tobiason, 

1996; Higgo et al., 1993; Grolimund et al., 1998; Keller et al., 2004) which reported the 

occurrences of size exclusion and velocity enhancement at varying colloid size, collector size and 

average linear velocities.  

Considering the maximum SiDNAmag concentration in the effluent, the SiDNAmags showed least 

attachment (katt) and highest mobility while dispersed in 5mM phosphate buffer, followed by 

20mM and 1mM phosphate buffer injection suspension. The slightly higher attachment rate, and 

therefore, the 0.5 – 1 log unit reduction in the maximum effluent concentration for SiDNAmags in 

20mM phosphate suspension as compared to 5mM injection suspension agreed with most of the 

studies on the effect of ionic strength on the colloid transport (Xu et al., 2021; Wu et al., 2020; 

Bolster et al., 2001). Nocito-Gobel and Tobiason, (1996), observed least attachment and maximum 

mobility of latex particles at an NaCl concentration of 0.1 and 1 mM as compared to 5mM and 

10mM. Similar decrease in the attachment efficiency was reported by Bolster et al., (2001) for 

bacterial transport upon reduction of ionic strength from 100mM to 10mM of KCl. Reduction in 

attachment efficiency and attachment rates with decreasing ionic strength were attributed to the 

compression of electric double layer leading to reduced depth of secondary energy minimum and 

weakened electrostatic repulsion between the colloids and the collector grains (Xu et al., 2021, 

Wu et al., 2020; Bolster et al., 2001). Therefore, we attributed the increase in attachment with 

increasing ionic strength of the injection suspension to the compression of electric double layer 

resulting in weakened electrostatic repulsion. However, a decrease in SiDNAmag attachment in 

5mM injection water as compared to 1mM was in contradiction with the widely reported 

observations (Nocito-Gobel and Tobiason, 1995; Wu et al., 2020, Tufenkji and Elimelech, 2005). 

This contrast with our result can be explained by the competitive attachment of phosphate ions on 

the favourable attachment sites onto the collector grains. As reported by Chen et al., (2021), 

addition of 0.5mM phosphate suspension in saturated columns increased the maximum effluent 
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concentration by ~3% and ~17% in clean and goethite coated sand, respectively. When phosphate 

concentration increased form 0.1mM to 1mM, Wang et al., (2011), reported an increase in E. coli 

recovery from ~45% to ~77% at an NaCl concentration of 10mM. Silica colloid transport increased 

from ~11% to ~48% in a quartz sand column in the presence of 0.5mM phosphate due to a 

reduction in zeta potential of the colloids (Liu et al., 2017). Such reduction in attachment and 

enhancement in colloid transport in the presence of phosphate had been attributed to the 

adsorption of phosphate onto the colloids and collector grains leading to an increased colloid – 

colloid and colloid – collector repulsion (Chen et al., 2015; Liu et al., 2017). This increase in the 

repulsion increased primary energy barrier for attachment (Wang et al., 2019; Zhang et al., 2018; 

Li and Schuster, 2014).  

Our results indicated that the hydraulic parameter (k, ne, and αL) distributions estimated from the 

salt tracers and the SiDNAmags were statistically similar and therefore, were independent to the 

ionic strengths used in this study. In this regard, our results were similar to the Mesticou et al., 

(2013), where reduction in K did not occur at ionic strengths ranged between 0 to 13.68mM, with 

similar sand grain size and silica colloids of 1.3 – 22 μm diameter. Similarly, Soma and 

Papadopoulos, (1995), observed only a small (7%) reduction in K at lower ionic strengths (0.5 and 

5mM). The K reduction had been attributed to the pore constriction clogging due to straining 

(Ochi and Vernouz, 1999; Torkzaban et al., 2015), aggregation of colloids (Won et al., 2020; 

Xinqiang et al., 2019; Dikinya et al., 2008), and colloid aggregation on the collector surface (Ye et 

al., 2019). Because the colloid aggregation increases with increasing ionic strength, therefore pore 

clogging and the reduction in K were reported to increase with increasing ionic strength as well 

(Xinqiang et al., 2019; Ye et al., 2019; Won et al., 2020). However, the highly negative ζ – 

potentials and the constant Dhyd of the SiDNAmags suspended in all ionic strengths throughout the 

experiment interval implied that SiDNAmag aggregation was unlikely to occur. In addition, the 

colloid and collector ratio (0.0003 [-]) in our experiments was an order of magnitude lower than 
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the threshold of 0.004 (Johnson et al., 2010) or 0.003 (Bradford and Bettahar, 2006) for straining. 

Overall, at the experimental conditions and the range of ionic strengths used in our work, the 3D 

transport behaviour of the salt tracers and the SiDNAmags dispersed 1mM, 5mM and 20mM 

phosphate buffer suspension were statistically not different.  

However, under our experimental condition, we identified a limitation of using the SiDNAmag. The 

particles showed limited travel at 80cm transport distance, reflected on the low effluent 

concentration. Therefore, only a small number of datapoints could be modelled to estimate the 

conductivity and the effective porosity. The low SiDNAmag injection concentration was possibly 

limiting our findings and should be considered in the future work. 

4.5 Conclusion 

• Under all ionic strength conditions, the recovery of SiDNAmags were 1 – 4 log units reduced as 

compared to the salt tracers due to colloid attachment onto the collector grains. We observed 

the maximum SiDNAmag transport under 5mM ionic strength injection suspension followed by 

20mM and 1mM injection water ionic strength.  

• We conclude that lower attachment rate of SiDNAmags at 5mM injection suspension as 

compared to 1mM injection water was due to the competitive adsorption of negatively 

charged phosphate ions on the favourable attachment sites of collector grains. At 

comparatively higher ionic strength, i.e. 20mM injection suspension, the attachment rate 

increased due to the compression of electric double layer resulting in lower energy barrier.  

• Comparing the salt tracers and colloids (SiDNAmags) transport breakthrough curves, we found 

that at all ionic strength of injection water, the estimated hydraulic parameter distributions 

(hydraulic conductivity, effective porosity, and longitudinal dispersivity) were not statistically 

significantly different. Therefore, we can accept our null hypothesis that the ionic strengths do 

not have effect on the hydraulic parameter distributions  
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• We did not observe size exclusion or velocity enhancement of the SiDNAmags resulting in 

earlier breakthrough of the SiDNAmags. This was possibly due to the three orders of 

magnitude higher grain size diameter as compared to the SiDNAmags, therefore, high pore size 

to SiDNAmag size ratio.  

• The implication of this study lies in that, under homogeneous, saturated, and unconsolidated 

sand and within the ionic strength range used in this work, the SiDNAmags have similar three 

dimensional transport properties as the salt and can be applied for determining the hydraulic 

parameters of a 3D system 
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CHAPTER 5: QUANTIFYING AQUIFER HETEROGENEITY USING SUPERPARAMAGNETIC DNA 

PARTICLES 

Chakraborty, S., Alqrinawi, F., Foppen, J. W., & Schijven, J. Quantifying aquifer heterogeneity using 

superparamagnetic DNA particles (Under review)  
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Abstract 

Determining hydraulic parameters of physical heterogeneity of aquifers is pivotal for flow 

field analysis, contaminant migration and risk assessment. In this research, we quantified 

hydraulic parameter distributions of a sand tank with lens shaped physical heterogeneity 

using Silica encapsulated DNA tagged superparamagnetic particles (SiDNAmag). We 

conducted three sets of multi – point injection experiments in unconsolidated (1) 

homogeneous (zone 0), (2) heterogeneous with a no-conductivity-zone (zone 1), and (3) 

heterogeneous with a high-conductive-zone (zone 2) sand tank. At 0.6m downstream, we 

determined the conservative salt tracer and SiDNAmag concentration at three vertically 

distributed sampling points. From the breakthrough curves (BTC), we estimated the 

parameters distributions of hydraulic conductivity (k), effective porosity (ne), longitudinal 

dispersivity (αL), transverse vertical (αTV), and transverse horizontal dispersivities (αTH) 

applying Monte Carlo simulation approach for BTC fitting. Attributing to the hydraulic 

conductivity and effective porosity, the effect of heterogeneities was reflected on the arrival 

and magnitude of maximum salt and SiDNAmag concentration and shape of the BTCs. In all 

scenarios, a significant fraction of SiDNAmag was retained in the tank due to first order 

kinetic attachment on the sand. The parameter distributions of k, ne, αL, αTV, and αTH, 

determined from SiDNAmag BTCs were not statistically significantly different to the salt 

tracer in the three individual experiment systems. Current work demonstrates the 

applicability of SiDNAmag in identifying aquifer heterogeneity and quantifying the hydraulic 

parameters of each hetero – domains of a heterogeneous aquifer. 

Keywords: Colloids, aquifer heterogeneity, conductivity, porosity, sand tank  
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5.1 Introduction 

Estimation of spatial variability of aquifer hydraulic parameters is essential to accurately 

predict groundwater flow fields, migration of contaminant plumes, design groundwater 

remediation strategies, and manage groundwater resources sustainably (Cardenas and 

Jiang, 2010; Vincent Henri and Harter, 2019; Cardiff et al., 2013; Liu et al., 2020; Torkzaban 

et al., 2019; Harvey et al., 1993). Multi-point pumping tests, hydraulic head response 

observations, flowmeter tests (Cardiff et al., 2013; Maier et al., 2022; Song et al., 2023; 

D’Oria and Zanini, 2019; Zha et al., 2019), and application of tracers (Müller et al., 2010; 

Moeck et al., 2017; Song et al., 2023; Hartog et al., 2010; Hoffmann et al., 2019) are the 

common approaches to assess aquifer physical heterogeneities.  

In laboratory and field scales, conservative tracers (e.g. tritium, chloride) have been applied 

to determine the spatial variations in hydraulic conductivity (Salamon et al., 2007; Ronayne 

et al., 2010; Danquigny et al., 2004), dispersivity (Vereecken et al., 2000; Castro-Alcala et al., 

2012; Jose et al., 2004), and colloids (e.g. bacteria, virus, microspheres) to identify the effect 

of physical heterogeneity on contaminant transport (Wang et al., 2013; Fontes et al., 1991; 

Yin et al., 2022; Sarris et al., 2018; Baumann and Werth, 2005). The effect of physical 

heterogeneity on the tracer transport were commonly analysed through moment analysis 

(Vereecken et al., 2000); deterministic or stochastic breakthrough curve fitting (Salamon et 

al., 2007; Ronayne et al., 2010; Dann et al., 2008; Levy and Berkowitz, 2003), tracer 

transport imaging (Castro-Alcala et al., 2012; Jose et al., 2004; Baumann and Werth, 2005), 

or hydraulic tomography (Illman et al., 2012). The variety of investigated physical 

heterogeneities included discrete or clustered lenses (Salamon et al., 2007; Ronayne et al., 

2010; Illman et al., 2012), sand blocks (Levy and Berkowitz, 2003; Castro-Alcala et al., 2012; 

Danquigny et al., 2008), and variably conductive channels (Vereecken et al., 2000; Dann et 

al., 2008; Derouane and Dassarhues, 1998; Wang et al., 2013). Columns were typically 
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constructed with contrasting permeability at the core, surrounded by matrix (Morley et al., 

1998; Baumann and Werth, 2005). Larger sand grains typically constituted the higher 

conductivity or velocity zones due to higher void to solid ratio (Ren and Santamarina, 2018), 

and lower effective porosity for the sand grain larger than ~700 - 800μm (Urumović and 

Urumović Sr, 2014). Based on the scale of heterogeneous domains, both the solute tracers 

and colloid breakthrough curves reflected the effect of differential flow fields in its’ 

asymmetry with long tailings (Bradford et al., 2004), or multi-peaked breakthrough curves 

(Wang et al., 2013; Yin et al., 2022). The multi – peaks were due to high velocity of solute 

and colloid through high conductivity zones followed by a second peak due to transport 

through low conductivity zones (Wang et al., 2013; Dong et al., 2019; Fontes et al., 1991; 

Torkzaban et al., 2019; Bhattacharjee et al., 2002). Dispersion coefficient of both the solute 

and colloids increased in high conductivity zones because plume expansion was directly 

proportional to the advection velocity (Sun et al., 2001). Colloid deposition coefficient, in 

most cases, were lower in high conductivity regions as compared to the low conductivity 

zones (Sun et al., 2001; Dong et al., 2019; Morley et al., 1998), due to enhanced 

hydrodynamic forces exerted on the colloids by higher flow velocity and larger voids to 

migrate through (Zhang et al., 2015; Bradford et al., 2009). In columns, colloid deposition 

profiles explained that along with the column inlet, the interface of the high and low 

conductive domains (Bradford et al., 2004; Wang et al., 2013) were pivotal for colloid 

retention. In the systems free from colloid size dependent exclusion, colloid aggregation, 

and pore clogging, which often lead to velocity enhancement, reduction in hydraulic 

conductivity and effective porosity (Oudega et al., 2021; Mikutis et al., 2018; Won et al., 

2020), hydraulic parameters (hydraulic conductivity and effective porosity) estimated from 

salt breakthrough curves could explain colloid transport velocity well (Bradford et al., 2004; 

Wang et al., 2013; Morley et al., 1998; Baumann and Werth, 2005, Maxwell et al., 2003).  
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Due to spatial variation of hydraulic parameters in a heterogeneous aquifer, a unique 

deterministic description of the system is not possible (Ptak et al., 2004; Fu and Gómez-

Hernández, 2009). Neglecting the hydraulic parameter uncertainties might lead to 

erroneous description of the system (Rojas et al., 2008), and eventually inaccurate 

groundwater flow or solute transport predictions. Therefore, stochastic methods are 

required to acknowledge and identify the simulation, prediction and hydraulic parameter 

uncertainties (Ptak et al., 2004; Varouchakis and Hristopolus, 2013; Renard et al., 2013; Pool 

et al., 2015). Monte Carlo algorithm is one such robust stochastic tool to assess aquifer 

hydraulic parameter values and associated uncertainties (Fu and Gómez-Hernández, 2009; 

Hoffmann et al., 2019, Chakraborty et al., 2023), or spatial variations of hydraulic 

parameters (Herrick et al., 2002; Liang and Zhang, 2013) to predict state variables 

(Hoffmann et al., 2019) or assess pollution risk (Neshat et al., 2015).  

Over the last fifteen years, DNA particles, encapsulated in polylactic acid, silica, or alginate 

(Foppen, 2023), had been used in determining subsurface flow properties, contaminant 

transport and characterizing aquifer hydraulic parameters (Mikutis et al., 2018; Pang et al., 

2020; Zhang et al., 2021; Kong et al., 2018; Kianfar et al., 2022). Encapsulated DNA particles, 

unlike conventional salt tracers, could be used for concurrent injection experiments due to 

the uniqueness of DNA sequences without background concentration interference (Pang et 

al., 2020; Chakraborty et al., 2023). The additional advantages of the encapsulated DNA 

particles were high detection specificity in polymerase chain reaction (Dahlke et al., 2015; 

Foppen et al., 2011), and stability against physico – chemical parameters (pH, radiation, and 

enzymatic activities) because of the encapsulation (Pang et al., 2020; Mikutis et al., 2018; 

Sharma et al., 2012). 

We previously demonstrated the suitability of SiDNAmag for hydraulic parameters 

estimation of a homogeneous system (Chakraborty et al., 2023). In this study, our objective 
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was to assess the suitability of using SiDNAmag to estimate hydraulic parameter values (k, 

ne, and αL) and associated uncertainties in a homogeneous aquifer and each of the 

heterogeneous domains of a heterogeneous sand tank, and statistically compare the 

parameter value distributions with the salt tracer. To our knowledge, this is the first attempt 

to apply SiDNAmag to quantify the hydraulic parameter distributions (k, ne, and αL) of each 

of the hetero – domains in a heterogeneous aquifer using Monte Carlo. Based on the 

observed transport behaviour of SiDNAmag in a homogeneous sand tank, with similar sand 

grain size to this study (Chakraborty et al., 2023), we hypothesize that in aquifer, with 

simple lens shaped physical heterogeneity, the hydraulic parameter distributions estimated 

from SiDNAmag breakthrough curves would be statistically similar to the salt tracer. Thus, 

SiDNAmag would be a suitable candidate to identify and determine the hydraulic 

parameters values and associated uncertainties of each of the heterogeneous – domains in 

an aquifer. 

5.2 Materials and methodology 

5.2.1 SiDNAmag 

Sharma et al., (2021), synthesized the SiDNAmag by binding negatively charged double 

stranded DNA (ds – DNA) onto positively charged iron oxide nanoparticles, followed by 

encapsulation in a silicate layer. We acquired two uniquely sequenced SiDNAmag 

(SiDNAmag1 and SiDNAmag2) stock suspensions (~1010 particles/ml) (NTNU, Norway) 

dispersed in demineralized water. The diameters of the two SiDNAmag were 184 ± 58 and 

206 ± 86nm, respectively. The zeta potentials (ζ) were – 14 and -11 mV, when dispersed in 

demineralized water.  

5.2.2 Conservative salt tracer and SiDNAmag suspension 
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We prepared the injection NaCl (J. T. Baker, the Netherlands) salt solution at a 

concentration of 1.8g/L (pH ~7; EC ~2950μS/cm; 0.03M) to ensure sufficient contrast against 

the background tap water (EC ~480 μS/cm) in the sand tank. SiDNAmag injection 

suspensions were prepared as detailed in Chakraborty et al., (2023). In brief, we diluted the 

SiDNAmag stock suspensions with 5ml demineralized water and treated with 1μL 

commercial bleach to digest any non-encapsulated DNA present in the suspension. Then, we 

magnetically separated the SiDNAmags and washed twice with demineralized water to 

remove traces of bleach. Finally, we dispersed the magnetically separated and washed 

SiDNAmags in 500ml of 5mM phosphate buffer (~106 particles/ml) and used as injection 

suspensions. 5mM phosphate buffer was prepared by dissolving 0.77g/L of Na2HPO4·7H2O 

(2.9mM) (EMSURE®, Merck KgaA, Germany) and 0.29g/L of Na2HPO4·7H2O (2.1mM) (J. T. 

Baker, Spain) in demineralized water. We used 100mM NaOH (J. T. Baker, Poland) to adjust 

the pH to 7 – 7.1. We measured the hydrodynamic diameters (Dhyd) and the zeta (ζ) – 

potentials (at a particle concentration ~107 particles/ml) of SiDNAmags in 5mM phosphate 

buffer using Smoluchowski’s equation (Malvern Panalytical Zetasizer Nano-Zs ZEN 3600, the 

Netherlands). The Dhyd were measured using 173° dynamic light backscattering. To explore 

the interaction behaviour between the SiDNAmag and sand, we also measured the ζ – 

potentials of the ground sand fractions dispersed in 5mM phosphate buffer at a w/v of 

0.1g/ml for both the sand fractions (500 – 700μm and 1300 – 1600μm) used to create the 

heterogeneity.   

5.2.3 Sand tank experiments and sample analysis 

We wet packed a PVC tank (1.3m x 0.7m x 0.4m) with coarse grain (d = 500 - 700 μm; d50 = 

630 μm) quartz sand (Sibelco, Belgium) to represent a homogeneous unconsolidated aquifer 

(zone 0) To create the no conductivity zone (zone 1) in the heterogeneous tank, we 
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embedded a ~6cm thick and ~28cm long solid lens, shape adopted from Lu et al., (2018), at 

a height of ~14 - 20cm from the bottom of the tank (figure 5.1).  

 

Figure 5.1: Schematic vertical cross-section (1a) and top (1b) view of the experimental 

setup. The ~28 cm long high conductivity zone (HCZ) and no conductivity zone (NCZ) were 

embedded at the depth of ~ 14 – 20 cm from the bottom of the tank. The high permeability 

zone contained very coarse grain sand (1300 – 1600 μm diameter) surrounded by the coarse 

grain matrix (500 – 700 μm). 

A wireframe of the same lens as zone 1 filled with very coarse (1300 – 1600μm) quartz sand 

grains, was embedded at a height of ~14 - 20cm from the bottom of the tank to create a 

high conductivity zone (zone 2). In the heterogeneous systems, the zone 1 and 2 were 
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installed in the middle of the transport length, flanked by a strip of 0.15m of 500 – 700 μm 

sand (i.e. zone 0). We installed two fully penetrating injection wells (WO and WA) 0.4m 

downstream of the inflow chamber. We placed a multi-level sampling well at 0.6m 

downstream of the injection point on the same flowline as WO. WA was installed ~0.05 m 

transverse - perpendicularly distant from WO (figure 5.1). We maintained a constant flow at 

the inflow and outflow chambers by pumping in ~796 ± 18 ml/min in the inflow chamber. 

The average outflow was ~781 ± 19 ml/min (measured gravimetrically) with an overall water 

balance percentage discrepancy of 1 – 4.4%. The constant hydraulic heads were ~0.35m and 

~0.3m the inflow and outflow chambers, respectively, with an overall hydraulic gradient of 

0.037. At first, we injected 500ml of the salt tracer into each of the injection wells at a rate 

of ~83 ml/min for all three set ups, followed by the SiDNAmag injection experiments. 

Because concurrent multi – point salt injection would interfere with the electric conductivity 

measurements, we carried out the injections at WO and WA sequentially, after the first salt 

breakthrough had reduced to background concentration. Due to the advantage that 

SiDNAmags were uniquely sequenced, we carried out SiDNAmag injection concurrently. 

At the multi – level sampling well, as a function of time, we determined the salt 

concentrations as electric conductivity (WTW-Portable conductivity meter ProfiLine Cond 

3310, Germany) and the SiDNAmags as ds-DNA concentration in qPCR. The qPCR protocol 

for DNA concentration enumeration was as described by Chakraborty et al., (2022). Briefly, 

we treated 20μL of sample with 1μL of Buffered Oxide Etch (BOE) to dissolve the SiDNAmag. 

Then the sample was mixed with primers (Biolegio B.V., Nijmegen, the Netherlands) and 

qPCR enzyme master mix (KAPA SYBR® FAST, South Africa). Finally, the dsDNA amplification 

and quantification were carried out in CFX96 Touch Real Time PCR detection system (Bio-

Rad laboratories, Singapore). As quality assurance, we included No Template Control (NTC) 

and positive controls with each set of sample analysis. In figure 5.3, the salt tracer 
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breakthrough curve datapoints, normalized by injection concentration, were background 

concentration subtracted as 

𝐸𝐶

𝐸𝐶0
=

𝐸𝐶− 𝐸𝐶𝐵𝐺

𝐸𝐶0− 𝐸𝐶𝐵𝐺
                                                                                                                                  (5.1) 

where EC, EC0 and ECBG represented the observed, injected, and, background electric 

conductivity. The normalized SiDNAmag breakthrough curves present the datapoints only 

above NTC.  

5.2.4 Breakthrough curve analysis  

We compared the salt and the SiDNAmag breakthrough curves obtained at all three 

sampling locations (WU, WM, and WL) form both the injection points (WO and WA) with 

regard to the shape of the breakthrough curves, time of maximum effluent concentration 

(tpeak), and maximum effluent concentrations (Cmax/C0). In addition, we analysed the effect 

of lens heterogeneities on the salt and the SiDNAmag breakthrough shapes between 

homogeneous, heterogeneous with NCZ and heterogeneous HCZ sand tanks.  

5.2.5 Salt and SiDNAmag transport modelling  

SiDNAmag transport through saturated porous media has been explained by classical 

convection – dispersion equation for solute transport integrated with first order attachment 

– detachment term (Chakraborty et al., 2022, 2023). We simulated the salt and the 

SiDNAmag transport in a 3D block – centred finite difference groundwater flow model, 

MODFLOW-2005 (Harbaugh et al., 2017), in conjunction with the mass transport module, 

MT3D (Zheng and Wang, 1999) using the partial differential equation  

ne
∂C

∂t
+ kattneC- kdetρbS =

∂

∂xi
(neDij

∂C

∂xj
) -

∂

∂xi
(neviC)                                                                  (5.2) 

Where ne is the effective porosity of the sand [-], C  is the concentration of the salt tracer or 

SiDNAmag in the water [kg/m3], Dij is the hydrodynamic dispersion coefficient tensor 
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[m2/min], katt and kdet are the first order kinetic attachment and detachment rates of the 

colloids [1/min], vi is the pore water velocity [m/min], S is the SiDNAmag concentration at 

the solid surface of the sand [kg/kg], ρb is the bulk density of the sand [kg/m3] and t is the 

time because injection [min]. katt and kdet are the attachment rate coefficient and 

detachment rate coefficients [1/min], respectively. The hydraulic conductivity (k) [m/min] 

was incorporated in the equation through vi as vi = - (k/ne) * i, where i is the hydraulic 

gradient [-]. We used method of characteristics (MOC) scheme of advection to reduce 

numerical dispersion.  

 

Figure 5.2: Model discretization containing no conductivity amd high conductivitiy lens 

In the mass transport module MT3D, katt and kdet were expressed in terms of as β [1/min] 

and kd [m3/kg] (Babakhani, 2019) as  

katt =  
𝛽

𝑛𝑒
                                                                                                                                           (5.3a) 

and kdet =  
𝛽

𝜌𝑏∗ 𝑘𝑑
                                                                                                                            (5.3b) 

where β is the mass transfer rate from water to sand [1/min] and kd is the distribution 

coefficient [m3/kg]. We considered straining to be insignificant because the SiDNAmag to 

Sand ratios for the coarse grain and very coarse grain sand were 0.0003, and 0.000013, 
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respectively, which were well below the threshold of 0.004 (Johnson et al., 2010) or 0.003 

(Bradford and Bettahar, 2006). The salt and SiDNAmag concentration in the injection water 

were too low to alter the viscosity and density of the injection water, therefore, we constant 

density transport in the modelling exercise. 

5.2.6 Model description 

We spatially discretised a 1.3m x 0.7m x 0.36m model grid (resolution of 1cm x 1cm) into 12 

layers with the first layer as unconfined and other layers as unconfined/confined. Each layer 

thickness was set to 2 – 3 cm corresponding to the height of the sampling screens used in 

the experiment. Layer 8 was set to ~1cm to accommodate the lens height accurately. To 

simulate the homogeneous sand tank, the whole flow model was discretized as zone 0, 

which was also used as the background sand for heterogeneous sand tanks. To simulate the 

no conductivity (zone 1) and high conductivity (zone 2) lenses (we discretized the lenses into 

1cm x 1cm grids and embedded within zone 0, spanning over three layers corresponding to 

the height of the lens (~6cm). We temporally discretized the total mass transport simulation 

time into three stress periods for hydraulic head stabilization (50 min), injection (6 min), and 

sampling period (200 min). Because the injection points were fully penetrating, we 

determined the injection flow rates of each layer proportional to the thickness of the model 

layers such that the sum of the injection rates at each layer (QL) equaled to the total 

injection rate (QTot) (Konikow et al., 2009), according to   

𝑄𝑇𝑜𝑡 =  ∑ 𝑄𝐿
12
𝐿=1                                                                                                                                (5.4) 

The sampling screens were specified at layer 5, 7, and 9. However, we did not specify any 

pumping rate for the sampling points because the sampling was done intermittently without 

constant pumping.  

5.2.7 Parameter estimation (Monte Carlo simulation) 
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We simulated the groundwater, salt, and SiDNAmag transport in MODFLOW-2005 and 

MT3D using a python package, Flopy (Bakker et al., 2016). We determined the k, ne, αL, 

αTH/αL, and αTV/αL parameter distributions through Monte – Carlo simulation approach. 

Thereto, the convection – dispersion equation (eq 5.2) was solved for 5000 parameter sets 

random – uniformly drawn from predefined input ranges. The input ranges were defined for 

zone 0, and 2 individually instead of considering a resultant homogeneous system. All 

parameters for no conductivity zone (zone 1) were considered to be zero. To determine the 

input range of k, at first, we approximated the K for all three systems (homogeneous and 

heterogeneous systems with zone 1 and 2) by dividing the Darcy flux by hydraulic gradients 

measured at 6 different observation wells in the tank. Possibly due to the small scale of the 

experiments and heterogeneity, we did not observe any measurable effect of heterogeneity 

on the hydraulic heads. Therefore, for the high conductive zone, we approximated the K 

(~0.13m/min) using Kozeny – Carman equation from the grain size distribution considering a 

d10 of 1.3 mm. The gravimetric approximation of ne, for the coarse grain (zone 0) and the 

very coarse grain (zone 2) sand were 0.37 and 0.25 [-], respectively. Finally, we considered 

±25 – 30 % of averaged K and ne as the input ranges for Monte Carlo simulation. For no 

conductive zone, we set all the parameters as ‘no flow’. The input range of αL was 10-6 – 10-1 

[m] for both the HCZ and the matrix. The input of both αTH/αL, and αTV/αL were set to a wide 

range of 0.01 – 1 [-]. The input ranges have been summarized in table 5.1. 

Table 5.1: Input ranges of hydraulic conductivity (k), effective porosity (ne), longitudinal 

dispersivitiy (αL), transverse vertical dispersivitiy (αTV /αL), and transverse horizontal 

dispersivity (αTH /αL) for salt and SiDNAmag transport Monte Carlo simulations 

 Homogeneous (zone 0) Heterogeneous (NCZ, zone 0) Heterogeneous (HCZ, zone 2) 

k [m/min] 0.048 – 0.081 

k-het [m/min] - - 0.1 – 0.21 

ne [-] 0.27 – 0.46 

ne-het [-] - - 0.17 – 0.33 
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αL [m] 10-6 – 10-1 

αL-het [m] - - 10-6 – 10-1 

αTV/αL [-] 0.01 – 1 

αTV/αL-het [-] - - 0.01 – 1 

αTH/αL [-] 0.01 – 1 

αTH/αL-het [-] - - 0.01 – 1 

 

Because the number of datapoints, specifically for k, were limited and defining its’ 

distribution was not possible, we decided that the parameter sets, to be drawn for Monte 

Carlo simulation, to be uniformly distributed. In the post – processing, we selected the best 

1% parameter sets as the parameter distributions based on minimized Root Mean Squared 

Error (RMSE), both for individual sampling levels as well as for combined for all three 

sampling levels. RMSE was a preferred objective function over R2 because a higher R2 could 

be achieved even when the breakthrough magnitudes were not well matched (Ward et al., 

2017). We evaluated the normality of the parameter distributions using Kolmogorov – 

Smirnov test. Because not all the distributions were normal, we applied distribution non – 

specific Mann Whitney U test (α = 0.05) to evaluate the statistical difference between the 

parameter distributions. At first, we statistically compared the parameter distributions 

obtained from individual sampling locations with the distributions obtained from all the 

sampling locations combined. This was to confirm whether the distributions estimated from 

all sampling locations combined were good representatives of the individual sampling 

locations. Further, we compared the distributions estimated from the salt and the 

SiDNAmag breakthrough curves.  

5.3 Results 

5.3.1 SiDNAmag and sand characterization 

The hydrodynamic diameters (Dhyd) of the SiDNAmag1 and SiDNAmag2 dispersed in 5mM 

phosphate buffer were 644 ± 101, and 660 ± 108 nm, respectively. Throughout the 

experiment interval of 240 minutes, under quiescent condition, the Dhyd of SiDNAmag1 
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varied between 644 – 691nm, and 660 – 698nm for SiDNAmag2. Time dependent Dhyd had 

been detailed in our previous work (Chakraborty et al., 2023). The SiDNAmag1 and 

SiDNAmag2, dispersed in 5mM phosphate buffer were negatively charged, with ζ-potentials 

of -44 ± 3.8, and -41 ± 2.9 mV, respectively. The ζ-potential of the coarse grain (500 - 

700μm; used in zone 0) and very coarse grain (1300 - 1600μm; used in zone 2) sand were -

50.7 ± 11.5 and -48.3 ± 13.3 mV, respectively.  

5.3.2 Salt and SiDNAmag breakthrough curves  

In the homogeneous sand tank, both the salt and the SiDNAmag breakthrough curves were 

symmetric in shape. The time of maximum effluent concentration (tpeak) for the salt tracer 

and the SiDNAmags at upper (WU), middle (WM), and lower (WL), sampling levels were 

similar. For the salt tracer injected on the sampling flowline (WO), the tpeaks were 77 minutes 

at all three sampling levels. For the injection at WA the tpeaks were 75 - 79 minutes. The tpeaks 

for the SiDNAmag injected at WO and WA were 75 – 77 minutes and 75 – 79 minutes, 

respectively, and were similar to the salt tracer (figure 5.3, table 5.2).  

However, maximum effluent concentration (Cmax/C0) of SiDNAmag BTCs were 1 – 2 log units 

lower as compared to the salt tracer, for both the injection points. The ratio of SiDNAmag 

and the salt recovery, calculated by integrating the area under BTC, were 0.01 – 0.02 [-]. The 

Cmax/C0 of the BTCs observed for the injection at WA were ~50% reduced because the centre 

of the plume was beyond the flowline of the sampling points. In the heterogeneous tank 

with no conductive lens (zone 1), the tpeaks of the salt BTCs observed for both the injection 

points were 60 – 66 minutes as compared to the 56 – 64 minutes for the SiDNAmag at all 

three sampling levels (table 5.2). While the tpeaks of salt and SiDNAmag BTCs were visually 

similar, the Cmax/C0 of SiDNAmag were 2 – 3 log units lower than the salt tracer. The 

recovery ratio of SiDNAmag to the salt were 0.014 – 0.092 [-]. As compared to the 

homogeneous system, there was no prominent effect of the zone 1 on the breakthrough 
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curve observed from injection at W0. However, the maximum effluent concentration of both 

the salt and the SiDNAmag BTCs observed from injection at WA were reduced by 50 – 90% as 

compared to the homogeneous system, and was the only visible effect of the no 

conductivity lens.  

 

Figure 5.3: Observed (_obs) and model fitted (_fit) breakthrough curves (BTCs) of the salt 

and the SiDNAmag transport in homogeneous (1a – 2c), no conductivity zone (NCZ and zone 
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1) embedded (3a – 4c), and high conductivity zone (HCZ and zone 2) embedded (5a – 6c) 

sand tank. InjectionO and InjectionA represent the BTCs observed corresponding to the 

injection point On and horizontally perpendicularly Away to the flow line of sampling well, 

respectively.
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Table 5.2: Salt and SiDNAmag breakthrough curve characteristics (maximum concentration and time to peak) in homogeneous, heterogeneous medium 

with a no permeability zone (NCZ), and heterogeneous medium with a high permeability zone (HCZ) for two injection points. ‘O’ and ‘A’ represent 

breakthrough curves observed from injection on the sampling flowline and injection on horizontally perpendicularly away from the sampling flow line, 

respectively.  

 

 

 

Homogeneous Heterogeneous (NCZ) Heterogeneous (HCZ) 

Cmax/C0 [-] tpeak [min] Cmax/C0 [-] tpeak [min] Cmax/C0 [-] tpeak [min] 

O A O A O A O A O A O A 

Sa
lt

 

WU 0.45 0.17 77 79 0.65 0.03 64 60 0.5 0.09 68 72 

WM 0.52 0.25 77 75 0.57 0.04 60 62 0.57 0.12 36 42 

WL 0.48 0.24 77 75 0.48 0.02 66 62 0.48 0.25 42 46 

Si
D

N
A

m
ag

 WU 0.01 0.002 77 79 0.005 0.0006 62 62 0.01 0.002 66 68 

WM 0.007 0.002 75 75 0.007 0.001 56 62 0.03 0.006 34 40 

WL 0.005 0.002 75 79 0.009 0.0009 62 64 0.013 0.003 44 48 
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This indicated the advantage of multi – point injection scheme, especially in a 

heterogeneous system. There was an obvious effect of the high conductivity lens (zone 2) 

on the tpeak and the breakthrough shape. For both the injection points WO and WA, the tpeaks 

of salt and the SiDNAmag BTCs in the WM and WL were 34 – 42, and 42 – 48 minutes, 

respectively, reflected the effect of HCZ (table 5.2). At WO, the BTC falling limb sharply 

declined with little or no tailing, whereas, at WL, the salt and the SiDNAmag concentrations, 

at the falling limb, declined with a lower slope followed by sharper decline till the 

background concentration (figure 5.3). The tpeaks of the salt and the SiDNAmag BTCs at WU 

were 66 – 72 minutes because this sampling point was above the layers comprising the zone 

2. However, the salt BTC at WU was asymmetric with only a minor influence of the zone 2 on 

the rising limb. The SiDNAmag BTC did not capture the effect of high conductive lens at WU. 

Cmax/C0 of SiDNAmag were reduced by 1 – 2 log units as compared to salt, with recovery 

ratio of SiDNAmag to salt of 0.015 – 0.087.  

5.3.3 Parameter distributions 

In this section, we present the 5th – 95th percentile ranges of k, ne, αL, αTH, and αTV for zone 0, 

and 2 for the homogeneous and the heterogeneous sand tanks (figure 5.3). The median 

values of the hydraulic parameters estimated in homogeneous and heterogeneous systems 

have been summarized in table 5.3.  

In the homogeneous tank, estimated K range for the salt tracer were 0.06 – 0.07 [m/min] for 

the injection point WO and WA combined. The K range estimated from SiDNAmag BTCs were 

0.061 – 0.068 [m/min], and were statistically not significantly different to the salt tracer. The 

ne ranges estimated from the salt and the SiDNAmag were 0.34 – 0.41, and 0.37 – 0.42[-], 

respectively. The αL ranges estimated from the salt and the SiDNAmag ranged 3 x 10-5 – 8 x 

10-4 and 1 x 10-4 – 2.8 x 10-3 [m].  
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Figure 5.4: Hydraulic parameter (k, ne, αL, αTH/αL, and αTV/αL) ranges estimated from the 

observed salt and SiDNAmag breakthrough curves through Monte Carlo simulation 

approach. ‘O’ and ‘A’ indicate the parameter distributions estimated from the injection on 

the sampling flowline and injection on horizontally perpendicularly away from the sampling 

flowline experiments. Zone 0 and Zone 2 represent the background sand (500 - 700μm) and 

high conductive lens (1300 - 1600μm). 
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Table 5.3: Hydraulic parameter ranges estimated from the salt and the SiDNAmag breakthrough curves through Monte Carlo approach in the 1 

homogeneous, heterogeneous with no conductivity zone (NCZ) and high conductivity zone (HCZ) systems. The parameter values are represented as 2 

median (5th – 95th percentile range). ASiDNAmag/Salt is the SiDNAmag to salt ratio of area under the curve (recovery). 3 

Hydraulic 

parameters 

 Homogeneous Heterogeneous (NCZ) Heterogeneous (HCZ) 

Salt SiDNAmag Salt SiDNAmag Salt SiDNAmag 

k [m/min] 

O 0.066 (0.06 – 0.07) 
0.064 (0.061 – 

0.066) 

0.071 (0.066 – 

0.074) 

0.066 (0.063 – 

0.068) 

0.072 (0.067 – 

0.075) 

0.068 (0.064 – 

0.071) 

A 0.067 (0.064 – 0.07) 
0.063 (0.06 – 

0.068) 

0.073 (0.069 – 

0.075) 

0.069 (0.065 – 

0.075) 

0.071 (0.069 – 

0.074) 

0.068 (0.064 – 

0.073) 

khet [m/min] 

O - - - - 
0.17 (0.16 – 

0.184) 

0.16 (0.12 – 

0.187) 

A - - - - 
0.145 (0.13 – 

0.17) 

0.133 (0.11 – 

0.17) 

ne [-] 

O 0.39 (0.34 – 0.41) 0.38 (0.37 – 0.4) 0.34 (0.32 – 0.35) 0.32 (0.31 – 0.34) 0.35 (0.33 – 0.38) 
0.36 (0.34 – 

0.38) 

A 0.39 (0.34 – 0.4) 0.4 (0.38 – 0.42) 0.34 (0.33 – 0.36) 0.34 (0.33 – 0.37) 0.38 (0.38 – 0.39) 
0.37 (0.34 – 

0.39) 

ne-het [-] 

O - - - - 0.22 (0.21 – 0.26) 
0.21 (0.19 – 

0.24) 

A - - - - 0.23 (0.2 – 0.27) 0.23 (0.2 – 0.28) 
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αL [m] 

O 
4.7 x 10-4 (3.5 x 10-4– 

8 x 10-4) 

2.5 x 10-4 (1 x 10-4– 

3.8 x 10-4) 

7.2 x 10-5 (3 x 10-5– 

9 x 10-5) 

5.9 x 10-5 (1.3 x 10-

5– 9.5 x 10-5) 

7.5 x 10-5 (2.5 x 

10-5– 8.6 x 10-5) 

5.5 x 10-5 (1.8 x 

10-5– 8.9 x 10-5) 

A 
2.5 x 10-4 (3 x 10-5– 

2.8 x 10-4) 

3.6 x 10-4 (1.4 x 10-

4– 2.8 x 10-3) 

6 x 10-5 (2.1 x 10-5– 

2.7 x 10-4) 

9.4 x 10-5 (4.9 x 10-

5– 4 x 10-4) 

3.9 x 10-5 (1.1 x 

10-5– 7.2 x 10-5) 

6.7 x 10-5 (1.9 x 

10-5– 8.6 x 10-5) 

αL-het [m] 

O - - - - 
5.9 x 10-5 (1.9 x 

10-5– 3.8 x 10-4) 

5 x 10-5 (2.1 x 

10-5– 1.2 x 10-4) 

A - - - - 
5.7 x 10-5 (2.7 x 

10-5– 2.6 x 10-4) 

6.8 x 10-5 (1.1 x 

10-5– 1.6 x 10-4) 

αTH/αL [-] 

O 0.52 (0.15 – 0.9) 0.48 (0.12 – 0.76) 0.57 (0.13 – 0.88) 0.52 (0.22 – 0.81) 0.63 (0.15 – 0.88) 0.63 (0.2 – 0.88) 

A 0.64 (0.21 – 0.87) 0.54 (0.14 – 0.88) 0.48 (0.14 – 0.86) 0.47 (0.22 – 0.87) 0.49 (0.19 – 0.83) 0.41 (0.19 – 0.8) 

αTH/αL-het [-] 

O - - - - 0.63 (0.15 – 0.88) 0.63 (0.2 – 0.83) 

A - - - - 0.49 (0.19 – 0.83) 0.41 (0.19 – 0.8) 

αTV/αL [-] 

O 0.6 (0.19 – 0.93) 0.48 (0.1 – 0.9) 0.46 (0.18 – 0.85) 0.53 (0.14 – 0.88) 0.57 (0.21 – 0.88) 0.47 (0.2 – 0.88) 

A 0.53 (0.2 – 0.9) 0.48 (0.2 – 0.8) 0.49 (0.16 – 0.86) 0.53 (0.2 – 0.87) 0.58 (0.11 – 0.89) 0.49 (0.18 – 0.8) 

αTV/αL -het [-] 

O - - - - 0.57 (0.21 – 0.88) 
0.47 (0.16 – 

0.88) 

A - - - - 0.58 (0.11 – 0.89) 0.49 (0.14 – 0.8) 
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β [1/min] 

O - 
0.021 (0.02 – 

0.021) 
- 

0.023 (0.022 – 

0.023) 
- 

0.021 (0.018 – 

0.021) 

A - 
0.017 (0.015 – 

0.02) 
- 

0.025 (0.024 – 

0.028) 
- 

0.018 (0.015 – 

0.022) 

βhet [1/min] 

O - - - - - 
0.022 (0.013 – 

0.033) 

A - - -  - 
0.025 (0.013 – 

0.033) 

katt [1/min] 

O - 
0.055 (0.052 – 

0.057) 
- 

0.073 (0.07 – 

0.077) 
- 

0.06 (0.049 – 

0.071) 

A - 
0.042 (0.036 – 

0.048) 
- 

0.073 (0.067 – 

0.078) 
- 

0.049 (0.042 – 

0.065) 

katt-het 

[1/min] 

O - - - - - 
0.11 (0.058 – 

0.163) 

A - - - - - 
0.11 (0.056 – 

0.153) 

RMSE [-]  

O 0.02 – 0.042 0.0007 – 0.00072 0.034 – 0.041 0.0005 – 0.0006 0.041 – 0.055 0.0033 – 0.0043 

A 0.014 – 0.018 0.00028 – 0.00035 0.002 – 0.003 0.00009 – 0.0001 0.004 – 0.006 
0.00037 – 

0.00042 

ASiDNAmag/Salt 

[-] 

O 0.01 - 0.02  0.014 - 0.023 0.015 - 0.087 

A 0.014 – 0.02 0.029 – 0.092 0.25 – 0.029 

4 
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The overall ranges of αTV/αL, and αTV/αL of the salt and the SiDNAmag were 0.1 – 0.9 [-]. 

According to the Mann Whitney U test, the parameter distributions of ne, αL, αTH/αL, and 

αTV/αL determined from the SiDNAmag BTCs were statistically not different from the salt 

tracer. The first order mass transfer rate (β) of SiDNAmag onto the coarse grain sand were 

0.021 and 0.017 [1/min] for WO and WA, respectively, corresponding to the attachment rate 

coefficients (Katt) of 0.055 and 0.042 [1/min]. The SiDNAmag to salt recovery ratio, combined 

for both the injection points WO and WA, ranged between 0.01 – 0.02 [-].   

In the heterogeneous system (with embedded zone 1), we estimated the hydraulic and mass 

transport parameters only for the zone 0, because we considered all parameters to be zero 

for no conductivity zone 1. The K ranges estimated from salt BTCs for both injection points 

combined were 0.066 – 0.075 [m/min] as compared to 0.063 - 0.075 [m/min] estimated 

from SiDNAmag BTCs. The ne range estimated from the salt tracer BTCs for both the 

injection points were 0.33 – 0.36[-]in comparison with 0.31 – 0.37 [-] estimated from the 

SiDNAmag. The αL range of the salt tracer BTCs estimated from both the injection points 

were 2.1 x 10-5– 2.7 x 10-4 [m] as compared to 1.3 x 10-5 – 4 x 10-4 [m] estimated from 

SiDNAmag BTCs. The αL of the SiDNAmag and salt tracer in heterogeneous (NCZ) tank were 

~40 – 50% lower than the homogeneous tank. The αTV/αL, and αTV/αL of the salt tracer 

ranged between 0.13 – 0.88 [-], whereas, the αTH/αL, and αTV/αL of the SiDNAmag ranged 

between 0.14 – 0.88 [-], and were statistically not different from the salt tracer. According 

to the Mann Whitney U test, the parameter distributions of k, ne, αL, αTV/αL, and αTV/αL of 

zone 0, determined from the SiDNAmag BTCs were statistically not significantly different 

from the salt tracer. The first order mass transfer rate (β) of SiDNAmag onto the coarse 

grain sand in matrix were 0.023 and 0.025 [1/min] for WO and WA, respectively, both 

corresponding to a Katt of 0.073 [1/min]. The SiDNAmag to salt recovery ratio, combined for 

both the injection points WO and WA, ranged between 0.014 – 0.092 [-] (table 5.3).   
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In the heterogeneous tank with embedded zone 2, the K range of the zone 0 estimated from 

the salt BTCs for two injection points was 0.067 – 0.075 [m/min] The K range of the high 

conductivity lens (zone 2) estimated from salt tracer BTCs was 0.13 – 0.18 [m/min]. The K 

range of the zone 0 estimated from the SiDNAmag BTCs was 0.064 – 0.073 [m/min]. The K 

range of the zone 2 estimated from the SiDNAmag BTCs was 0.11 – 0.18 [m/min]. The ne 

range of the zone 0 and 2, estimated from the salt tracer were 0.33 – 0.39 and 0.2 and 0.27[-

], respectively. The range of ne for zone 0 and 2, estimated from SiDNAmag were 0.34 – 

0.39, and 0.2 – 0.28 [-], respectively. The median ne of the zone 2, estimated from both the 

salt tracer and the SiDNAmag, were ~40 – 50% lower than the zone 0. The αL range of the 

zone 0 and 2, estimated from the salt tracer BTCs, were 1.1 x 10-5 - 8.6 x 10-5, and 1.9 x 10-5– 

3.8 x 10-4 [m], respectively. The αL range of the zone 0 and 2, estimated from the SiDNAmag 

BTCs, were 1.8 x 10-5 – 8.9 x 10-5, and 1.1 x 10-5– 1.6 x 10-4 [m], respectively. The 5th – 95th 

range of αL of the zone 2 were in the same order of magnitude as the zone 0 and were 

statistically similar. The αTH/αL, and αTV/αL ranges of the zone 0 estimated from the salt and 

the SiDNAmag 0.11 – 0.89, and 0.18 – 0.88 [-], respectively. The αTH/αL, and αTV/αL ranges of 

the zone 2 estimated from the salt and the SiDNAmag 0.11 – 0.89, and 0.14 – 0.88 [-], 

respectively. According to the Mann Whitney U test, the k, ne, αL, αTH/αL, and αTV/αL ranges 

of the salt and the SiDNAmag, both in the zone 0 and 2, were statistically not significantly 

different. The first order mass transfer rate (β) of SiDNAmag onto the coarse grain sand in 

zone 0 were 0.021 and 0.018 [1/min] for WO and WA, respectively, corresponding to Katts of 

0.06 and 0.049 [1/min]. In the very coarse grain sand in zone 2, β were 0.022 and 0.025 

[1/min], both corresponding to a Katt of 0.11 [1/min]. The recovery ratio of SiDNAmag to salt 

tracer, combined for both the injection points WO and WA, ranged between 0.015 – 0.087 [-] 

(Table 3). The RMSE ranges corresponding to each set up and injection points are 

summarized in table 5.3.  
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Based on the minimized objective function (RMSE) and best 1% of the Monte – Carlo 

simulation parameter sets, the parameter distributions estimated from BTCs observed at 

individual sampling depth (WU, WM, and WL) were statistically similar to the parameter 

distributions estimated from all sampling depths combined. Therefore, here we presented 

only the parameter distributions estimated from the sampling points combined.  

5.4 Discussion  

The convective – dispersive flow and solute transport module could satisfactorily explain the 

salt BTCs, and the SiDNAmag BTCs with first order kinetic attachment rate coefficient 

incorporated. The similar time to peak (tpeaks), and statistically similar uncertainties of k, ne, 

αL, αTH, and αTV values estimated from the salt tracer and SiDNAmag in zone 0 and zone 2 of 

the homogeneous and heterogeneous sand tanks indicated that in our experimental 

condition, SiDNAmag and salt tracer exhibited similar convective – dispersive transport 

behaviour, and complied with our hypothesis.  

The similar tpeaks of the salt tracer and the SiDNAmag BTCs in both the homogeneous and 

heterogeneous sand tanks (with zone 1 and 2) at all sampling points indicated that the 

SiDNAmags migrated with the velocity almost identical to the salt tracer. With the sand 

grain size to colloid ratio similar to this study (3000 and 7000 [-] for coarse grain and very 

coarse grain sand, respectively), similar mean transport velocity of conservative tracer and 

colloids were reported by Chakraborty et al., (2023); Chrysikopoulos and Katzourakis, 

(2015); Solovitch et al., (2010); and Leij and Bradford, (2018). Therefore, the often observed 

phenomenon of size exclusion and velocity enhancement (Mikutis et al., 2018; Grolimund et 

al., 1998) did not occur visibly in both the coarse grain (zone 0) and very coarse grain (zone 

2) sand, possibly due to the pore throat to SiDNAmag ratio being atleast two orders of 

magnitude higher than the threshold value of ~1.5 (Sirivithayapakorn and Keller, 2003).  

5.4.1 Breakthrough behaviour  
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In the homogeneous tank, both the salt and the SiDNAmag BTCs were almost symmetric 

with little or no tailing, suggesting uniform homogeneous flow of the salt and SiDNAmag 

(Ghosh et al., 2022; Chakraborty et al., 2022). Though we measured few samples with near – 

NTC SiDNAmag concentrations in the SiDNAmag BTC tails, however, we considered these 

datapoints as sample analysis error because we observed SiDNAmag concentrations of 

similar order of magnitude prior to the breakthrough as well. The effect of heterogeneity 

(with zone 1) was not apparent on the salt and SiDNAmag BTCs observed for injection at 

WO, which was due to the re-mergence of salt and SiDNAmag plume past the no 

conductivity zone and migrating similar to the homogeneous zone. Therefore, a reduction in 

the maximum effluent concentration by 50 – 90% observed in the BTCs for injection at WA 

demonstrated the significance of conducting multi – point tracing in identifying a no 

conductivity zone. Breakthrough tailing of conservative tracers and colloids were commonly 

observed due to slow release of the tracers or back diffusion from low permeability zones 

(Chapman et al., 2012; Tatti et al., 2016; Qin et al., 2020). Breakthrough tailings were not 

observed in our experiment because the lens used in our work was ‘no’ flow lens, as also 

observed by Leij and Bradford, (2013), when low permeability lens had little or no flow 

velocity. As compared to the lower sampling screen, slightly earlier (5 – 6 minutes) 

breakthrough peaks of the salt and the SiDNAmag in the middle sampling screen was 

possibly due to the formation of preferential flow around the zone 1 (Lyon – Marion et al., 

2017; Hitzelberger et al., 2022). The flow and solute transport model showed a minor 

increase in flow velocity in the grid cells around the zone 1 as well. The effect of zone 2 on 

the BTCs, observed at WU and WL, were obvious in the breakthrough shape. In WL, the first 

peaks were due to the influence of higher conductivity and flow velocity in the high 

conductivity zone 2 followed by the second peaks due to the lower conductivity matrix. This 

was similar to the multi – peaked BTCs observed by Wang et al., (2013); Yin et al., (2022); 
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and, Dong et al., (2019) due to faster tracer transport through high conductivity zones or 

lenses. In WM, like heterogeneity with zone 1, there was not prominent effect of the high 

conductivity zone 2 on the breakthrough shape other than overall faster transport (faster 

tpeak), due to the plumes transported similar to the homogeneous system once past the HCZ. 

As compared to the homogeneous matrix, a faster arrival and slower increase in the 

breakthrough concentration in WU was possibly due to the velocity shear effect (Joodi et al., 

2010) of the high flow velocity in high conductivity zone 2  on the low conductivity matrix at 

the interface.  

5.4.2 Estimated parameter value uncertainties 

The initial input ranges and the estimated hydraulic conductivity of the coarse grain (zone 0) 

and very coarse grain (zone 2) sand were well within the realistic ranges of 0.00006 – 0.6 

[m/min] for clean sand and 0.006 – 60 [m/min] for gravelly sand (Freeze and Charry, 1979; 

Sosa et al., 2022). While a number of studies have reported enhancement or reduction in 

hydraulic conductivity due to adaptation of preferential flow paths or colloid attachment 

onto the sand grains or pore clogging (Oudega et al., 2021; Keller et al., 2004; Dikinya et al., 

2008; Won and Burns, 2017), Wang et al., (2013), demonstrated that colloids migrated more 

or less like conservative tracer when the colloid size is sufficiently small. Though Hong et al., 

(2009), and Roychoudhury et al., (2014), demonstrated that even for smaller colloids 

aggregation played a pivotal role in straining or pore clogging, we did not observe significant 

change in the DHYD throughout the experiment duration. Chakraborty et al., (2023), in a 

homogeneous sand tank, demonstrated that hydraulic conductivity estimated from NaCl 

tracer was statistically similar to SiDNAmag. Both in the homogeneous and heterogeneous 

systems, studies with ~1 order of magnitude lesser collector to colloid ratio as compared to 

the present work, could explain the colloid transport using the hydraulic conductivity 

estimated from conservative tracer (Bradford et al., 2004; Baumann and Werth, 2005; Lyon 
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– Marion et al., 2017; Leij and Bradford, 2013). Transport length could also be an important 

factor as the effect of preferential flow path, impacting the estimation of hydraulic 

conductivity, can diminish with colloid transport length (Ahfir et al., 2009). Because the 

viscosity and density of the injection suspension were not significantly different than the 

background water in the tank, a reduction in the estimation of hydraulic conductivity by 

resisting the plume movement (Li et al., 2016; Mondal et al., 2018) was not expected.  

In homogeneous, heterogeneous (with zone 1), and heterogeneous (with zone 2) sand 

tanks, the effective porosity and associated uncertainty ranges estimated from SiDNAmag 

BTCs were statistically similar to the salt tracer in both the coarse grain and very coarse 

grain sand. This agreed with the findings that, when the colloid diameter was sufficiently 

small to migrate similar to a conservative tracer (Wang et al., 2013), effective porosity 

estimated from conservative tracers could explain colloid BTCs satisfactorily (Tian et al., 

2010; Tosco et al., 2009). Though colloid attachment had been reported to reduce effective 

porosity (Li et al., 2016; Chrysikopoulos and Katzourakis, 2015), and SiDNAmag attachment 

occurred in our experiments, however, was probably not enough to influence the pore 

structure and the effective porosity (Liu et al., 2016). In our previous work as well 

(Chakraborty et al., 2023), using the same SiDNAmag and coarse grain sand as in this study, 

the effective porosity parameter distribution obtained through a Monte – Carlo approach 

from conservative tracer was statistically similar to the SiDNAmag. The estimated effective 

porosity of the very coarse grain sand (zone 2) (~0.22 [-]) was less than the coarse grain 

(zone 0) effective porosity (~0.37 [-]), which agreed with the observation that effective 

porosity reduced for sand grain diameter >700 – 800μm as per Castany, 1967 (Huysmans 

and Dassargues, 2005).    

Both in the coarse grain (zone 0) and very coarse grain (zone 2) sand, in the homogeneous 

and heterogeneous sand tanks, the longitudinal dispersivities and associated uncertainties 
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of SiDNAmag were statistically not significantly different from the conservative salt tracer. 

Chakraborty et al., (2023) reported statistically similar longitudinal dispersivity uncertainties 

of SiDNAmag and salt tracer in a homogeneous coarse grain sand tank. Similar observations 

were also reported by Tian et al., (2010) and Keller et al., (2004). This was possibly due to 

the small size of SiDNAmag, because smaller particles took more detours as compared to 

larger colloids (Auset and Keller, 2004; Keller et al., 2004; Sirivithayapakorn and Keller, 2003; 

Chrysikopoulos and Katzourakis, 2015), and migrated similar to a conservative tracer 

(Syngouna and Chrysikopoulos, 2011). The longitudinal dispersivity had been reported to 

increase in the high permeable region because dispersivity proportionally increases with 

advection velocity (Sun et al., 2001). Though we estimated the 95th percentile of the 

longitudinal dispersivity range of the salt tracer and SiDNAmag to be ~0.5 order of 

magnitude higher in high conductive very coarse grain (zone 2) sand as compared to zone 0, 

the overall value uncertainties were not statically significantly different. Therefore, our 

experimental and analysis method were inefficient to distinguish the longitudinal 

dispersivity between the lower and higher permeability regions. The αTV/αL, and αTH/αL 

associated uncertainty ranges, estimated from the SiDNAmag BTCs, in zone 0 both in the 

homogeneous and heterogeneous sand tank, and zone 2 in the heterogeneous sand tank 

were statistically not different than the salt tracer. The median αTV/αL, and αTH/αL values of 

both the salt tracer and SiDNAmag, however, were higher than the usually accepted value of 

0.1 (Bijeljic and Blunt, 2007). This was possibly due to low peclet number (0.5 – 1) and flow 

velocity conditions where the ratio of transverse and longitudinal dispersion coefficients 

could reach as high as 1 (Bijeljic and Blunt, 2007), pertaining to colloids following more 

tortuous flow path (He et al., 2014). However, to understand the similarity of SiDNAmag 

transverse dispersion with the salt tracer, and higher than usually applied value of 0.1, a 

pore scale observation would be required (Baumann et al., 2010).  
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5.4.3 SiDNAmag attachment  

First order kinetic attachment of SiDNAmag onto the coarse grain (zone 0) and very coarse 

grain sand (zone 2) resulted in 1 – 2 orders of magnitude reduction in SiDNAmag recovery as 

compared to the salt tracer, which was a limitation to overcome for subsurface application 

of SiDNAmag (Pang et al., 2020). The SiDNAmag mass transfer rate and attachment rate 

coefficient (katt) were similar in the coarse grain sand (zone 0) in homogeneous, 

heterogeneous (with zone 1), and heterogeneous (with zone 2) tanks. In the heterogenous 

tank (zone 2), katt in the very coarse grain sand was ~1.5 – 2.6 times higher as compared to 

the zone 0 with lower hydraulic conductivity. Considering our experimental conditions (e.g. 

grain size, Darcy flux) this is in accordance with the relation that particle deposition was 

directly proportional to the pore water velocity, inversely proportional to the effective 

porosity (Tufenkji and Elimelech, 2004), and directly proportional to k1/3 (Sun et al., 2001). 

Though, many studies observed lesser colloid katt in high conductivity zones with higher flow 

velocity (Dong et al., 2019; Qin et al., 2020; Wang et al., 2013; Phenrat et al., 2010; 

Torkzaban et al., 2019), due to enhanced hydrodynamic forces increasing pore voids for 

increased colloid migration (Zhang et al., 2015; Bradford et al., 2009) or by creating larger 

shadow zones (Ko and Elimelech, 2000). Probably our experimental condition was below a 

critical velocity (Ahfir et al., 2009) beyond which katt would decrease at higher flow velocity. 

Overall, the higher Katt in the high conductivity zone were possibly a combined effect of grain 

size and the flow velocity (Ren et al., 2000).  

5.4.4 Sensitivity to transport length and velocity 

Because the BTC shapes were a prominent indicator of the high conductive channel in the 

heterogeneous tank with zone 2, as also observed by Wang et al., (2013); and Yin et al., 

(2022), we evaluated the effect of different hypothetical length of zone 0 (LM) to length of 

zone 2 (LHCZ) ratio (0.33 – 2.33 [-]) on the BTC shape indicator. We used the median k, ne, αL, 
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αTH/αL, and αTV/αL for salt and SiDNAmag along with the median katt for SiDNAmag. In these 

hypothetical LM/LHCZ ratio, the LHCZ was kept constant flanked by increasing LM. The 

simulated breakthrough curves indicated that increase in LM/LHCZ results in diminished multi 

– peak behaviour of the BTCs, resembling tracer breakthrough of a homogeneous system for 

both the NaCl and SiDNAmag BTCs. Therefore, in order to identify the heterogeneity and 

further estimate hydraulic parameters of each hetero – domains using the current method, 

it is important to conduct lengthwise multi – point injection and sampling experiments.  

Because the salt and colloid transport were velocity dependent (Dong et al., 2019; Qin et al., 

2020), in addition to the transport length, we also evaluated the breakthrough behaviour as 

a function of different hypothetical velocity scenarios (a ratio of experimental and 

hypothetical velocity ranging between 0.16 – 1.32) considering the estimated median k, ne, 

αL, αTH/αL, and αTV/αL values. Though Darcy velocity can influence the large colloid 

dispersivities (Sun et al., 2001), we assumed our colloid size was small enough not to 

influence the dispersivity significantly. For SiDNAmag transport, we calculated the katt at 

different velocity using (Tufenkji and Elimelech, 2004) -  

𝑘𝑎𝑡𝑡 = 1.5 
(1−𝑛𝑒)

𝑑𝑐𝑛𝑒
 𝑣𝛼𝜂0                                                                                                                  (5.5) 

where v was the Darcy velocity [m/min], α was the attachment efficiency [-], and ƞ0 was the 

single collector contact efficiency [-]. We considered a constant α for all velocities because 

theoretically α is independent of linear velocity (Tufenkji and Elimelech, 2004), and same for 

similar sand and colloid material (Bradford et al., 2004). The katt were only an approximation 

because the equation is applicable for 1D system. The simulated breakthrough curves show 

that reduction in velocity results in visibly smoother curves with reduced effect of the high 

conductivity zone 2 on the breakthrough shape. Therefore, a SiDNAmag BTC resembling a 

homogeneous transport path does not guarantee the homogeneity of the system and it is 

important to conduct multi – point injection and sampling experiments at different 
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velocities to identify the heterogeneous lens and estimate parameter ranges for each hetero 

– domains.  

5.5 Conclusion 

• Multi – point injection and sampling approach in homogeneous, heterogeneous (with 

no conductivity lens), and heterogeneous (with high conductivity lens) sand tanks 

indicated that the convective – dispersive transport behaviour of SiDNAmag was similar 

to the salt tracer.  

• The hydraulic parameters (k, ne, αL, αTH/ αL, and αTV/ αL) and associated uncertainties 

estimated from SiDNAmag BTCs using Monte – Carlo simulations approach in 

homogeneous (zone 0), heterogeneous (with zone 1), and heterogeneous (with zone 2) 

sand tanks were statistically not significantly different than the salt tracer.  

• Though the αL, αTH/ αL, and αTV/ αL value uncertainty ranges estimated form the salt 

tracer and the SiDNAmag in the heterogeneous sand tank for both the low conductivity 

zone (zone 0) and higher conductivity lens (zone 2) were statistically not different, we 

did not observe a clear distinction of longitudinal dispersivity between the zone 0 and 

zone 2 in the heterogeneous sand tank.  

• In the heterogeneous tank, the effect of high conductivity lens (zone 2) was observed 

as a faster peak concentration for both the salt and the SiDNAmag followed by a slower 

peak due to the lower conductivity zone 0.  

• In the heterogeneous sand tank with no conductivity zone (zone 1), the effect of zone 1 

was not evident on the breakthrough time and shape observed for the injection on the 

flowline of sampling well. However, for the injection point horizontally perpendicularly 

away from the flowline, the maximum salt and SiDNAmag concentrations were ~1 log 

unit lower as compared to the homogeneous sand tank. This indicated the relevance of 
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multi – point injection approach for identifying heterogeneous domains and in turn, 

the advantage of applying uniquely sequenced SiDNAmag.  

• SiDNAmag attachment resulted in lesser mass recovery as compared to the salt tracer, 

a limitation of SiDNAmag application in long distance transport in subsurface. 

• Overall, under current experiment conditions, SiDNAmag was a suitable candidate for 

identifying and determining hydraulic conductivity and effective porosity values and 

associated uncertainty ranges in homogeneous and each heterogeneous domains of 

the heterogeneous sand tank. 
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CHAPTER 6: CONCLUSION AND FUTURE RESEARCH 

6.1 General conclusion 

In this thesis, we demonstrated theapplicability of silica encapsulated DNA tagged particles 

(SiDNASi and SiDNAmag) in determining hydraulic properties (hydraulic conductivity, 

effective porosity, and 3D dispersivities) of saturated, medium grained and coarse-grained 

sand. Overall, though SiDNA recovery, irrespective of the experimental physico-chemical 

conditions, was significantly less as compared to the conservative salt and dye tracers, the 

experimental and numerical analysis method could be successfully implemented to 

determine hydraulic properties of medium and coarse grained homogeneous and 

heterogeneous 3D sand tanks using the microparticles. However, SiDNA or colloid mobility 

was influenced by particle concentration and ionic strength of injection water.  

6.1.1 Importance of SiDNA concentration  

In controlled saturated column experiments, we demonstrated that increasing injection 

concentrations of SiDNA, when varied between ~102 – 108 particles/ml, facilitated particle 

mobility with log-linearly decreasing attachment rate coefficients, from 1.7x10-3 to 4.4x10-2 

[1/min], onto the medium diameter collector sand grains. Therefore, an overall reduction in 

the colloid removal efficiency was observed with increasing injection particle concentration. 

Though the existing literature pool had investigated the effect of particle concentration on 

the particle transport through saturated porous media, however, majority of the 

experimental conditions resulted in particle aggregation, retention at pore constriction, 

colloid straining or blocking. Our work contributed to the understanding of the 

concentration effect where colloids were stable and therefore, free from colloid aggregation 

and pore clogging, and within an injection range where blocking did not occur. For such 

concentration range and under unfavourable conditions for colloid deposition, the removal 
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efficiency was considered to be concentration independent, because the removal efficiency, 

a product of single collector attachment efficiency and single collector collision efficiency, 

depends on experimental variables e.g. colloid size, collector size, solution chemistry, and 

colloid – collector surface charges (Tufenkji and Elimelech, 2004), whereas, we observed a 

decrease in the removal efficiency with increasing injection particle concentration. Our 

breakthrough curves and estimated parameters did not indicate occurrence of blocking and 

experimental conditions did not faciliatate particle aggregation (ζ potential > -40mV) and 

pore clogging. Therefore, we speculated that an increase in aqueous phase – solid phase 

colloid collision with increasing injection particle concentration, resulting in increased 

removal of attached colloids could be a plausible explanation of decreased removal 

efficiency with increasing injection particle concentration, a mechanism hypothesized by 

Bradford et al., (2009). However, direct visualization of the effect of particle concentration 

on the pore scale mechanisms of colloid transport and retention using methods, e.g. laser 

scanning confocal microscopy (Wu et al., 2023), fluorescent dark field phase contrast 

microscopy imaging (Lanning and Ford, 2002), or synchrotron X-ray tomography (DiCarlo et 

al, 2006) would be required to determine the underlying mechanisms of the particle 

concentration dependent SiDNASi retention.  

 

6.1.2 Significance of ionic strength of injection water 

In controlled laboratory sand tank steady state experiments with multi-point injection and 

sampling, we demonstrated that ionic strength of the injection water significantly impacted 

the SiDNAmag mobility at a transport distance of 0.5 and 0.8m. Highest SiDNAmag transport 

with least attachment rate was observed at an ionic strength of 5mM followed by 20mM 

and 1mM. The widely observed effect of ionic strength on colloid transport was an increase 
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in attachment rate with increasing ionic strength (Espinasse et al., 2007; Compere et al., 

2001) due to compression of electrostatic double layer thickness promoting favourable 

deposition and aggregation (Bradford et al., 2002; Torkzaban et al., 2008). We hypothesize 

that our observation of enhanced SiDNAmag transport at 5mM as compared to 1mM was 

possibly due to competitive adsorption of phosphate onto collector grain and phosphate 

adsorption onto SiDNAmags enhancing colloid-colloid and colloid-collector electrostatic 

repulsion, and in turn, facilitating SiDNAmag transport. Similar observations and 

explanations were reported for different types of colloids in the presence of phosphate (Xu 

et al., 2018; Guo et al., 2018; Chen et al., 2015). The advective – dispersive transport 

parameters and associated uncertainties of SiDNAmag, however, were not statistically 

influenced by the ionic strength of the injection water. The hydraulic parameter and 

associated uncertainty distributions of SiDNAmag were also statistically not different 

compared to conservative tracers. Our results connotate that under environmentally 

relevant ionic strength conditions (~1 – 20mM) and in medium grain sand, SiDNAmag can be 

applied for determining the hydraulic parameters of a homogeneous system. However, the 

ionic strength dependent SiDNAmag attachment limits the transport distance as we 

observed in SiDNAmag breakthrough at 0.8 m transport distances, where maximum effluent 

concentrations were significantly reduced with higher DNA concentration uncertainty. 

Therefore, for longer transport distances an optimum injection concentration must be 

adapted.  

6.1.3 SiDNAmag applicability in hydraulic parameter estimation 

6.1.3.1 Homogeneous sand system 

In a homogeneous medium grain sand system, the hydraulic parameters responsible for 

mass transport velocity (hydraulic conductivity, and effective porosity) and mass spread 
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(longitudinal dispersivity, transverse horizontal, and transverse vertical dispersivities) could 

be successfully estimated using SiDNAmag breakthrough curves (Chapter 3) by using the 

advective – dispersive transport equation and incorporating first order, one site kinetic 

attachment – detachment term. Though mass loss of SiDNAmag was present throughout, 

the hydraulic parameters and associated uncertainties were statistically similar to the 

conservative salt tracers. Our results indicated that SiDNAmag is a suitable candidate for 

characterizing a medium grain homogeneous aquifer where the pore water chemistry does 

not facilitate colloidal instability and aggregation. Highest SiDNAmag mobility was achieved 

at 5mM phosphate buffer injection suspension, and depending on the transport distance 

the injection concentration must be optimized.  

6.1.3.2 Heterogeneous system with lens shape heterogeneity 

In addition to a homogeneous system, we demonstrated the applicability of SiDNAmag in 

identifying and characterizing lens shaped heterogeneity through multi-source and multi-

plexed sampling. The applicability of SiDNAmag was tested both in case of the no 

conductivity lens and high conductivity lens, respectively. In heterogeneous sand tank with 

embedded high conductivity lens, and packed with coarse grain sand, the hydraulic 

conductivity and effective porosity and associated uncertainties of both the lens and 

background zone were successfully estimated using advective – dispersive transport model 

with first order kinetic attachment – detachment through stochastic Monte – Carlo 

approach. In contrast to the homogeneous system, the bi-peaked breakthrough curves for 

both the salt tracers and the SiDNAmag indicated the presence of a preferential flow zone 

resulting in a faster, higher concentration peak followed by a second peak. However, our 

current experimental and modeling approach was ineffective in distinctively determining 

longitudinal dispersivities and transverse dispersivities for the high conductivity lens and the 
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background zone. Similarly, in the heterogeneous system with no conductive lens, 

application of SiDNAmag could successfully estimate the hydraulic conductivity, effective 

porosity and dispersivities and associated uncertainties, and were statistically similar to the 

salt tracers. Unlike the high conductive lens, the SiDNAmag multi-point injection approach 

was more effective in identifying the no conductivity lens, because the breakthrough curves 

observed from injection on the sampling flow line did not differ from the breakthrough 

curves of the homogeneous zone.       

6.2 Challengesand  limitation 

6.2.1. Particle mass lossOne of the most important limitation was the SiDNA mass loss due 

to first order kinetic attachment onto the collctor grains under all experimental conditions. 

The recovery of SiDNAmag was 1 – 3 order of magnitude lesser as compared to the 

conservative salt and dye tracers, as presented in chapter 3, 4, and 5. At the highest 

injection concentration of SiDNASi, i.e. ~108 particles/ml, with highest particle mobility 

through medium grain sand column, was 83%. Such mass losses indicate a significant 

hindrance for hydrogeological applications of SiDNA for longer transport distances (and field 

scale) to obtain breakthrough curves which could be subjected to numerical modelling for 

parameter estimation process, as we observed in medium grain sand for a 0.8m transport 

distance (chapter 3, and 4). Based on our experiment conditions and observation, this 

limitation of obtaining SiDNA breakthrough curves suitable for hydraulic parameter 

estimation process can be addressed by adjusting the injection concentration of SiDNA 

(chapter 2).   

6.3 Future research trajectories 

Several research directions can be developed further in terms of underlying SiDNA transport 

processes under different physico-chemical conditions and investigating the applicability of 
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the SiDNA particles in varied homogeneous and heterogeneous systems in order to 

standardize and validate the real world applications of the particles.  

6.3.1 Physico-chemical variables  

In order to determine the diverse environmental conditions where SiDNA application would 

be suitable for determining hydraulic parameters, systematic studies are required to 

investigate the transport characteristics of SiDNA under different physico-chemical 

environments such as sand grain size (Bradford et al., 2002; Xie et al., 2018; Zhang et al., 

2022; Sun et al., 2015), groundwater inorganic ions (Zhang and Selim, 2007; Torkzaban et 

al., 2015), flow velocity (Zhang et al., 2022; Kermani et al., 2020), salinity (Magal et al., 2011; 

Pierve et al., 2019), and dissolved organic matter (Morales et al., 2011; Yang et al., 2015; 

Cheng and Siers, 2015; Kianfar et al., 2023). Transport characteristics of diverse natural or 

engineered colloids as a function of different physico-chemical conditions have been 

extensively reported in literature, however, SiDNA specific investigations under 

environmentally relevant varying physico-chemical conditions are required in order to 

broaden the spectrum of environmental conditions, e.g. lithology, groundwater chemistry, 

physical and chemical heterogeneity etc. where SiDNA can be successfully applied for 

aquifer hydraulic parameter estimation.  

6.3.2 Aquifer heterogeneity  

In this thesis, we demonstrated the applicability of SiDNAmag in characterizing hydraulic 

parameters and associated uncertainties in heterogeneous system with no conductive and 

high conductive lens in order to contribute to the methodology of SiDNAmag application in 

identifying a preferential flow zone embedded in otherwise a homogeneous system. 

However, physical heterogeneity of an aquifer can be of wide variety e.g. multiple 

heterogeneous lenses (Berg and Illman, 2011), or layers (Sommers et al., 2013), and 
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therefore, require further experimentations under those complex heterogeneous systems in 

order to demonstrate the applicability of SiDNAmag for hydraulic parameter estimation of 

each of the heterogeneous domains, i.e. preferential flow paths, multiple lenses, and 

heterogeneous layers. 
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