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A B S T R A C T

Identifying and determining hydraulic parameters of physically heterogeneous aquifers is pivotal for flow field 
analysis, contaminant migration and risk assessment. In this research, we applied a novel uniquely sequenced 
DNA tagged superparamagnetic silica microparticles (SiDNAmag) to quantify hydraulic parameters and associ-
ated uncertainties of a heterogeneous sand tank. In the sand tank with lens shaped heterogeneity, 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). 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. The estimated parameters and associated un-
certainties for each of the heterogeneous sections were further statistically compared (distribution non-specific 
Mann Whitney U test) these parameter distributions with parameter distributions estimated from the conser-
vative salt tracer. While the time of arrival and time to peak concentration of SiDNAmag and salt in effluent were 
comparable, peak concentration of SiDNAmag was 1–3 log reduced as compared to the salt tracer due to first 
order kinetic attachment. Nonetheless, the parameters and associated uncertainty distributions (5 %–95 %) of K, 
ne, αL, αTV, and αTH, determined from SiDNAmag BTCs were statistically equivalent to the salt tracer in all three 
experiment systems. Through our experimental and modelling approach, our work demonstrated that in a coarse 
to very coarse grain sand medium, with lens shaped heterogeneity, the uniquely sequenced SiDNAmag were a 
promising tool to identify heterogeneity and determine hydraulic parameters and associated uncertainty 
distributions.

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, individually or 
in combination with geological descriptions (Cardiff et al., 2013; Maier 
et al., 2022; Song et al., 2023; D’Oria and Zanini, 2019; Zha et al., 2019; 
Mohammaddost et al., 2024), and application of tracers (Müller et al., 
2010; Moeck et al., 2017; Song et al., 2023; Hartog et al., 2010; Hoff-
mann et al., 2019; Assari and Mohammadi, 2017) are the common ap-
proaches to assess aquifer physical heterogeneities.

In laboratory and field scales, conservative tracers (e.g. tritium, 
chloride, dye tracers) have been applied to determine the spatial vari-
ations in hydraulic conductivity (Salamon et al., 2007; Ronayne et al., 
2010; Danquigny et al., 2004), dispersivity (Vereecken et al., 2000; 
Castro-Alcalá et al., 2012; Jose et al., 2004), and colloids (e.g. bacteria, 
virus, microspheres) have been widely used 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 trans-
port 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-Alcalá et al., 2012; 
Jose et al., 2004; Baumann and Werth, 2005), or hydraulic tomography 
(Illman et al., 2012). The variety of investigated physical heterogeneities 
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in laboratory 3D models, in existing literatures included discrete or 
clustered lenses (Salamon et al., 2007; Ronayne et al., 2010; Illman 
et al., 2012), sand blocks (Levy and Berkowitz, 2003; Castro-Alcalá 
et al., 2012; Danquigny et al., 2004), and variably conductive channels 
(Vereecken et al., 2000; Dann et al., 2008; Derouane and Dassargues, 
1998; Wang et al., 2013). Columns were typically constructed with 
contrasting permeability at the core, surrounded by a contrasting matrix 
(Morley et al., 1998; Baumann and Werth, 2005). Though laboratory 
sand tank models can oversimplify the complexity of real heterogeneous 
system, however, as compared to columns, laboratory 3D sand tank 
models impart more advantages and flexibilities of controlled boundary 
conditions with varying sink or source terms, multiple hydraulic tests, 
and tracer tests with horizontally and vertically distributed tracer in-
jection and sampling locations (Mohammadi et al., 2021). 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 - 800 μm 
(Urumović and Urumović Sr, 2014). Based on the scale of heterogeneity, 
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 since 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 solutes or colloids by higher flow ve-
locity (Mohammadi et al., 2019) and larger voids to migrate through 
(Zhang et al., 2015; Bradford et al., 2009). In columns, colloid deposi-
tion 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).

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 ground-
water flow or solute transport predictions. Therefore, stochastic 
methods are required to acknowledge and identify the simulation, pre-
diction and hydraulic parameter uncertainties (Ptak et al., 2004; Var-
ouchakis and Hristopulos, 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 con-
current 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 encapsu-
lated 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 hy-
draulic parameters estimation of a homogeneous system (Chakraborty 
et al., 2023). In this study, our objective 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 sections 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-
geneous sections of a heterogeneous aquifer using Monte Carlo simu-
lation method. 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 small scale coarse 
grain to very coarse grain sand medium, 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 sections in an aquifer.

2. Materials and methodology

2.1. SiDNAmag

Sharma et al. (2021), synthesized the SiDNAmag by binding nega-
tively 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 ± 86 nm, respectively. The zeta potentials (ζ) 
were – 14 and − 11 mV, when dispersed in demineralized water.

2.2. Conservative salt tracer and SiDNAmag suspension

We prepared the injection NaCl (J. T. Baker, the Netherlands) salt 
solution at a concentration of 1.8 g/l (pH ~7; EC ~2950 μS/cm; 0.03 M) 
to ensure sufficient contrast against the background tap water (EC ~480 
μS/cm) in the sand tank. SiDNAmag injection suspensions were pre-
pared as detailed in Chakraborty et al. (2023). In brief, we diluted the 
SiDNAmag stock suspensions with 5 ml demineralized water and treated 
with 1 μl commercial bleach to digest any non-encapsulated DNA pre-
sent 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 SiDNA-
mags in 500 ml of 5 mM phosphate buffer (~106 particles/ml) and used 
as injection suspensions. 5 mM phosphate buffer was prepared by dis-
solving 0.77 g/L of Na2HPO4⋅7H2O (2.9 mM) (EMSURE®, Merck KgaA, 
Germany) and 0.29 g/l of Na2HPO4⋅7H2O (2.1 mM) (J. T. Baker, Spain) 
in demineralized water. We used 100 mM 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 5 mM phosphate buffer using Smo-
luchowski’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 SiD-
NAmag and sand, we also measured the ζ – potentials of the ground sand 
fractions dispersed in 5 mM phosphate buffer at a w/v of 0.1 g/ml for 
both the sand fractions (500–700 μm and 1300–1600 μm) used to create 
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the heterogeneity.

2.3. Sand tank experiments and sample analysis

We wet packed a PVC tank (1.3 m × 0.7 m × 0.4 m) 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 embedded 
a ~ 6 cm thick and ~ 28 cm long solid lens, shape adopted from Lu et al. 
(2018), at a height of ~14 - 20 cm from the bottom of the tank (Fig. 1). A 
wireframe of the same lens as zone 1 filled with very coarse (1300–1600 
μm) sand grains, was embedded at a height of ~14 - 20 cm from the 
bottom of the tank to create a high conductivity zone (zone 2). In the 

heterogeneous systems, the zone 1 and 2 were installed in the middle of 
the transport length, flanked by a strip of 0.15 m of 500–700 μm sand (i. 
e. zone 0). We installed two fully penetrating injection wells (WO and 
WA) 0.4 m downstream of the inflow chamber. We placed a multi-level 
sampling well at 0.6 m downstream of the injection point on the same 
flowline as WO. WA was installed ~0.05 m transverse - perpendicularly 
distant from WO (Fig. 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 ~ 0.35 m and ~ 0.3 m 
the inflow and outflow chambers, respectively, with an overall hydraulic 
gradient of 0.037. At first, we injected 500 ml of the salt tracer into each 

Fig. 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).
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of the injection wells at a rate of ~83 ml/min for all three set ups. Since 
concurrent multi – point salt injection would interfere with the electric 
conductivity measurements injected at individual wells, we carried out 
the injections at WO and WA sequentially, after the first salt break-
through had reduced to background concentration. After the salt 

injection experiments at both the injection wells were complete and the 
electric conductivity measurements returned to background conditions, 
we carried out SiDNAmag injection experiments. Due to the advantage 
of SiDNAmags being uniquely sequenced, we injected the SiDNAmag in 
both injection wells concurrently.

Fig. 2. 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 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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At the multi – level sampling well, as a function of time, we deter-
mined 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 concen-
tration enumeration was as described by Chakraborty et al. (2022). 
Briefly, we treated 20 μL of sample with 1 μl 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 con-
trols with each set of sample analysis. In Fig. 2, the salt tracer break-
through curve datapoints, normalized by injection concentration, were 
background concentration subtracted as 

EC
EC0

=
EC − ECBG

EC0 − ECBG
(1) 

where EC, EC0 and ECBG represented the observed, injected, and, 
background electric conductivity. The normalized SiDNAmag break-
through curves present the datapoints only above NTC.

2.4. Breakthrough curve analysis

We compared the salt and the SiDNAmag breakthrough curves ob-
tained at all three sampling locations (WU, WM, and WL) from both the 
injection points (WO and WA) with regard to the shape of the break-
through 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 break-
through shapes between homogeneous, heterogeneous with NCZ and 
heterogeneous HCZ sand tanks.

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 SiD-
NAmag 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) (2) 

Where ne is the effective porosity of the sand [− ], C is the concen-
tration of the salt tracer or SiDNAmag in the water [kg/m3], 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 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 since injection [min]. katt 
and kdet are the attachment rate coefficient and detachment rate co-
efficients [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.

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

(3a) 

and 

kdet =
β

ρb*kd
(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 insig-
nificant since the SiDNAmag to Sand ratios for the coarse grain and very 
coarse grain sand were 0.0003, and 0.000013, 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 model-
ling exercise.

2.6. Model description

We spatially discretised a 1.3 m × 0.7 m × 0.36 m model grid (res-
olution of 1 cm × 1 cm) into 12 layers with the first layer as unconfined 
and other layers as unconfined/confined. The thickness of each of the 12 
layers was set to 2–3 cm in order to represent the height of the sampling 
screens used in the experiments. Layer 8 was set to ~1 cm to accom-
modate 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 1 cm × 1 cm grids and embedded within zone 
0, spanning over three layers corresponding to the height of the lens (~6 
cm). We temporally discretized the total mass transport simulation time 
into three stress periods for hydraulic head stabilization (50 min), in-
jection (6 min), and sampling period (200 min). Since 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) equalled to the total injec-
tion rate (QTot) (Konikow et al., 2009), according to 

QTot =
∑12

L=1
QL (4) 

The sampling screens were specified at layer 5, 7, and 9. However, 
we did not specify any pumping rate for the sampling points since the 
sampling was done intermittently without constant pumping.

2.7. Parameter estimation (Monte Carlo simulation)

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 (Fig. 3). 
Thereto, the convection – dispersion equation (Eq. (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 (~0.13 m/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/ 
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Fig. 3. 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 perpen-
dicularly away from the sampling flowline experiments. Zone 0 and Zone 2 represent the background sand (500–700 μm) and high conductive lens (1300–1600 μm).
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αL were set to a wide range of 0.01–1 [− ]. The input ranges have been 
summarized in Table 1. Since 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 since 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. Since 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 sta-
tistically (Mann Whitney U test) compared the distributions estimated 
from the salt and the SiDNAmag breakthrough curves.

3. Results

3.1. SiDNAmag and sand characterization

The hydrodynamic diameters (Dhyd) of the SiDNAmag1 and SiDNA-
mag2 dispersed in 5 mM phosphate buffer were 644 ± 101, and 660 ±
108 nm, respectively. Throughout the experiment interval of 240 min, 
under quiescent condition, the Dhyd of SiDNAmag1 varied between 644 
and 691 nm, and 660–698 nm for SiDNAmag2. Time dependent Dhyd had 
been detailed in our previous work (Chakraborty et al., 2023). The 
SiDNAmag1 and SiDNAmag2, dispersed in 5 mM 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 - 700 μm; used in 
zone 0) and very coarse grain (1300–1600 μm; used in zone 2) sand 
were − 50.7 ± 11.5 and − 48.3 ± 13.3 mV, respectively.

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 min at all three sampling levels. For the injection at WA the tpeaks were 
75–79 min. The tpeaks for the SiDNAmag injected at WO and WA were 
75–77 min and 75–79 min, respectively, and were similar to the salt 
tracer (Table 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 
[− ] (Fig. S1). The Cmax/C0 of the BTCs observed for the injection at WA 
were ~ 50 % reduced since 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 min as 
compared to the 56–64 min for the SiDNAmag at all three sampling 
levels (Table 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 calculated from the area under the 
curve 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 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. 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 min, respectively, reflected the effect of HCZ 
(Table 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 (Fig. 2). The tpeaks of the salt and the 
SiDNAmag BTCs at WU were 66–72 min since 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 (Fig. S1). 
The tailings observed in all the SiDNAmag breakthrough curves were 
possibly due to the SiDNAmag detachment from the collector grains. 
However, we did not consider these data points for parameter estimation 
process since the SiDNAmag concentrations at the tails were close to the 
no template control (NTC) measurements. Also, the breakthrough tail 
datapoints were of the same order of magnitude of the scattered data 
points prior to the SiDNAmag breakthrough. In order to avoid any 
possible errors in the estimated parameter uncertainties, we considered 
these datapoints as sample analysis error and excluded from the curve 
fitting and parameter estimation process.

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 heteroge-
neous sand tanks. The median values of the hydraulic parameters esti-
mated in homogeneous and heterogeneous systems have been 
summarized in Table 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 (Table 3). 
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 × 10− 5–8 × 10− 4 and 1 ×
10− 4–2.8 × 10− 3 [m]. The overall ranges of αTV/αL, and αTV/αL of the 
salt and the SiDNAmag were 0.1–0.9 [− ]. According to the Mann 

Table 1 
Input ranges of hydraulic conductivity (K), effective porosity (ne), longitudinal 
dispersivity (αL), transverse vertical (αTV/αL), and transverse horizontal (αTH/αL) 
dispersivity.

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
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
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Whitney U test (α = 0.05), 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 co-
efficients (katts) of 0.055 and 0.042 [1/min]. The SiDNAmag to salt re-
covery ratio, combined for both the injection points WO and WA, ranged 
between 0.01 and 0.02 [− ] (Table 3). The linear water flow velocity 
estimated from the K, ne distributions and hydraulic gradient from salt 
tracer ranged between 0.0061 and 0.0065 [m/min], as compared to 
0.058–0.062 [m/min] from SiDNAmag breakthrough curves. The 
average linear velocity estimated from both the salt and the SiDNAmag 

BTCs were statistically equivalent.
In the heterogeneous system (with embedded zone 1), we estimated 

the hydraulic and mass transport parameters only for the zone 0, since 
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 compar-
ison 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 ×
10− 5– 2.7 × 10− 4 [m] as compared to 1.3 × 10− 5–4 × 10− 4 [m] esti-
mated from SiDNAmag BTCs. The αL of the SiDNAmag and salt tracer in 

Table 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.

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

Salt 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

SiDNAmag 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

‘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.

Table 3 
Hydraulic parameter ranges estimated from the salt and the SiDNAmag breakthrough curves through Monte Carlo approach in the homogeneous, heterogeneous with 
no conductivity zone (NCZ) and high conductivity zone (HCZ) systems.

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)

αL [m] O 4.7 × 10− 4 (3.5 ×
10− 4– 8 × 10− 4)

2.5 × 10− 4 (1 × 10− 4– 
3.8 × 10− 4)

7.2 × 10− 5 (3 ×
10− 5– 9 × 10− 5)

5.9 × 10− 5 (1.3 ×
10− 5– 9.5 × 10− 5)

7.5 × 10− 5 (2.5 ×
10− 5– 8.6 × 10− 5)

5.5 × 10− 5 (1.8 × 10− 5– 
8.9 × 10− 5)

A 2.5 × 10− 4 (3 ×
10− 5– 2.8 × 10− 4)

3.6 × 10− 4 (1.4 × 10− 4– 
2.8 × 10− 3)

6 × 10− 5 (2.1 ×
10− 5– 2.7 × 10− 4)

9.4 × 10− 5 (4.9 ×
10− 5– 4 × 10− 4)

3.9 × 10− 5 (1.1 ×
10− 5– 7.2 × 10− 5)

6.7 × 10− 5 (1.9 × 10− 5– 
8.6 × 10− 5)

αL-het [m] O – – – – 5.9 × 10− 5 (1.9 ×
10− 5– 3.8 × 10− 4)

5 × 10− 5 (2.1 × 10− 5– 
1.2 × 10− 4)

A – – – – 5.7 × 10− 5 (2.7 ×
10− 5– 2.6 × 10− 4)

6.8 × 10− 5 (1.1 × 10− 5– 
1.6 × 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)

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 0.025–0.029

The parameter values are represented as median (5th–95th percentile range). ASiDNAmag/Salt is the SiDNAmag to salt ratio of area under the curve (recovery).
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heterogeneous (NCZ) tank were ~ 40–50 % lower than the homoge-
neous tank. The αTV/αL, and αTV/αL of the salt tracer ranged between 
0.13 and 0.88 [− ], whereas, the αTH/αL, and αTV/αL of the SiDNAmag 
ranged between 0.14 and 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 and 0.092 [− ] 
(Table 3).

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 × 10− 5 - 8.6 × 10− 5, and 1.9 × 10− 5– 3.8 × 10− 4 [m], 
respectively. The αL range of the zone 0 and 2, estimated from the 
SiDNAmag BTCs, were 1.8 × 10− 5–8.9 × 10− 5, and 1.1 × 10− 5– 1.6 ×
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 SiD-
NAmag 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 SiDNA-
mag 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 and 0.087 [− ] (Table 3). The RMSE 
ranges corresponding to each set up and injection points are summarized 
in Table 3.

Based on the minimized objective function (RMSE) and best 1 % of 
the Monte – Carlo simulation parameter sets, the parameter distribu-
tions 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 pre-
sented only the parameter distributions estimated from the sampling 
points combined. The best parameter set for BTCs observed at individual 
sampling point have been summarized in the supplementary informa-
tion (Table S1).

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 indi-
cated 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 ve-
locity of conservative tracer and colloids were reported by Chakraborty 
et al. (2023); Chrysikopoulos and Katzourakis (2015); Solovitch et al. 
(2010); and Bradford and Leij (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).

4.1. Breakthrough behaviour

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 since 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 
(Fig. S5b). Therefore, a reduction in the maximum effluent concentra-
tion 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 since 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. 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); 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 no 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 (Fig. S5c).

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 Cherry, 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 Roychowdhury 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. 
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(2023), in a homogeneous sand tank, demonstrated that hydraulic 
conductivity estimated from NaCl tracer was statistically equivalent 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-Marion et al., 2017; Leij 
and Bradford, 2013). Since 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 uncer-
tainty 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). 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 > 700–800 μm 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 of SiDNAmag were statisti-
cally not significantly different from the conservative salt tracer. Similar 
observations were also reported by Tian et al. (2010),Keller et al. 
(2004), and Chakraborty et al. (2023). This was possibly due to the small 
size of SiDNAmag, since 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 since dispersivity proportion-
ally 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 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 simi-
larity of SiDNAmag transverse dispersion with the salt tracer, a pore 
scale observation would be required (Baumann et al., 2010).

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). 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 experi-
mental 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 con-
ductivity 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.

4.4. Sensitivity to transport length and velocity

Since 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, 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 break-
through curves (Fig. S3) 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 SiDNA-
mag BTCs. Therefore, in order to identify the heterogeneity and further 
estimate hydraulic parameters of each section with different hydraulic 
properties using the current method, it is important to conduct length-
wise multi – point injection and sampling experiments.

Since 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 hypo-
thetical velocity scenarios (a ratio of experimental and hypothetical 
velocity ranging between 0.16 and 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) 

where v was the Darcy velocity [m/min], α was the attachment effi-
ciency [− ], and ƞ0 was the single collector contact efficiency [− ]. We 
considered a constant α for all velocities since theoretically α is inde-
pendent of linear velocity (Tufenkji and Elimelech, 2004), and same for 
similar sand and colloid material (Bradford et al., 2004). The katt was 
only an approximation since the equation is applicable for 1D system. 
The simulated breakthrough curves show (Fig. S4) that reduction in 
velocity results in visibly smoother curves with reduced effect of the 
high conductivity zone 2 on the breakthrough shape. Therefore, a SiD-
NAmag BTC resembling a homogeneous transport path does not guar-
antee the homogeneity of the system and it is important to conduct multi 
– point injection and sampling experiments at different velocities to 
identify the heterogeneous lens and estimate parameter ranges for each 
section with different hydraulic properties.

In addition, our experimental approach and results indicated that in 
a sand tank, packed with coarse to very coarse grain sand and with lens 
shape heterogeneity, SiDNAmags were suitable for determining the 
hydraulic parameters and associated uncertainties which were not sta-
tistically significantly different than the conventional salt tracer. How-
ever, in order to expand the suitability of SiDNAmag use, further 
experiments should be conducted considering different grain size, 
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heterogeneity shape and complexity.

5. Conclusion

1. 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), het-
erogeneous (with zone 1), and heterogeneous (with zone 2) sand 
tanks were statistically not significantly different than the salt tracer.

2. Though the αL, αTH/ αL, and αTV/ αL value uncertainty ranges esti-
mated form the salt tracer and the SiDNAmag in the heterogeneous 
sand tank for both the lower conductivity zone or matrix (zone 0) 
and higher conductivity lens (zone 2) were statistically not different, 
we did not observe a clear distinction of longitudinal dispersivity 
values between the zone 0 and zone 2, in the heterogeneous sand 
tank

3. 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 conduc-
tivity zone 0

4. 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 multi – point injection approach for 
identifying aquifer heterogeneity and in turn, the advantage of 
applying uniquely sequenced SiDNAmag.

5. SiDNAmag attachment onto the collector grains resulted in lesser 
mass recovery as compared to the conservative tracer. This is a po-
tential limitation of SiDNAmag application to determine the hy-
draulic parameters and associated uncertainties for longer transport 
distances.

6. Overall, under current experiment conditions, SiDNAmag was a 
suitable candidate for identifying and determining hydraulic con-
ductivity and effective porosity values and associated uncertainty 
ranges in homogeneous and each heterogeneous section of the het-
erogeneous sand tank
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Fu, J., Gómez-Hernández, J.J., 2009. Uncertainty assessment and data worth in 
groundwater flow and mass transport modeling using a blocking Markov chain 
Monte Carlo method. J. Hydrol. 364 (3–4), 328–341. https://doi.org/10.1016/j. 
jhydrol.2008.11.014.

Ghosh, D., Das, S., Gahlot, V.K., Pulimi, M., Anand, S., Chandrasekaran, N., 
Mukherjee, A., 2022. Nano-SiO2 transport and retention in saturated porous 
medium: influence of pH, ionic strength, and natural organics. J. Contam. Hydrol. 
248, 104029. https://doi.org/10.1016/j.jconhyd.2022.104029.

Grolimund, D., Elimelech, M., Borkovec, M., Barmettler, K., Kretzschmar, R., Sticher, H., 
1998. Transport of in situ mobilized colloidal particles in packed soil columns. 
Environ. Sci. Technol. 32 (22), 3562–3569. https://doi.org/10.1021/es980356z.

Harbaugh, A.W., Langevin, C.D., Hughes, J.D., Niswonger, R.N., Konikow, L.F., 2017. 
MODFLOW-2005 version 1.12. 00, the US geological survey modular groundwater 
model. US Geolo. Surv. Softw. Release 3.

Hartog, N., Cho, J., Parker, B.L., Annable, M.D., 2010. Characterization of a 
heterogeneous DNAPL source zone in the Borden aquifer using partitioning and 
interfacial tracers: residual morphologies and background sorption. J. Contam. 
Hydrol. 115 (1–4), 79–89. https://doi.org/10.1016/j.jconhyd.2010.04.004.

Harvey, R.W., Kinner, N.E., MacDonald, D., Metge, D.W., Bunn, A., 1993. Role of 
physical heterogeneity in the interpretation of small-scale laboratory and field 
observations of bacteria, microbial-sized microsphere, and bromide transport 
through aquifer sediments. Water Resour. Res. 29 (8), 2713–2721. https://doi.org/ 
10.1029/93WR00963.

He, K., Retterer, S.T., Srijanto, B.R., Conrad, J.C., Krishnamoorti, R., 2014. Transport and 
dispersion of nanoparticles in periodic nanopost arrays. ACS Nano 8 (5), 4221–4227. 
https://doi.org/10.1021/nn404497z.

Herrick, M.G., Benson, D.A., Meerschaert, M.M., McCall, K.R., 2002. Hydraulic 
conductivity, velocity, and the order of the fractional dispersion derivative in a 
highly heterogeneous system. Water Resour. Res. 38 (11). https://doi.org/10.1029/ 
2001WR000914, 9–1. 

Hoffmann, R., Dassargues, A., Goderniauxf, P., Hermans, T., 2019. Heterogeneity and 
prior uncertainty investigation using a joint heat and solute tracer experiment in 
alluvial sediments. Front. Earth Sci. 7, 108. https://doi.org/10.3389/ 
feart.2019.00108.

Hong, Y., Honda, R.J., Myung, N.V., Walker, S.L., 2009. Transport of iron-based 
nanoparticles: role of magnetic properties. Environ. Sci. Technol. 43 (23), 
8834–8839. https://doi.org/10.1021/es9015525.

Huysmans, M., Dassargues, A., 2005. Review of the use of Péclet numbers to determine 
the relative importance of advection and diffusion in low permeability 
environments. Hydrogeol. J. 13, 895–904. https://doi.org/10.1007/s10040-004- 
0387-4.

Illman, W.A., Berg, S.J., Yeh, T.C.J., 2012. Comparison of approaches for predicting 
solute transport: sandbox experiments. Groundwater 50 (3), 421–431. https://doi. 
org/10.1111/j.1745-6584.2011.00859.x.

Johnson, W.P., Pazmino, E., Ma, H., 2010. Direct observations of colloid retention in 
granular media in the presence of energy barriers, and implications for inferred 
mechanisms from indirect observations. Water Res. 44 (4), 1158–1169. https://doi. 
org/10.1016/j.watres.2009.12.014.

Jose, S.C., Rahman, M.A., Cirpka, O.A., 2004. Large-scale sandbox experiment on 
longitudinal effective dispersion in heterogeneous porous media. Water Resour. Res. 
40 (12). https://doi.org/10.1029/2004WR003363.

Keller, A.A., Sirivithayapakorn, S., Chrysikopoulos, C.V., 2004. Early breakthrough of 
colloids and bacteriophage MS2 in a water-saturated sand column. Water Resour. 
Res. 40 (8). https://doi.org/10.1029/2003WR002676.

Kianfar, B., Tian, J., Rozemeijer, J., van der Zaan, B., Bogaard, T.A., Foppen, J.W., 2022. 
Transport characteristics of DNA-tagged silica colloids as a colloidal tracer in 
saturated sand columns; role of solution chemistry, flow velocity, and sand grain 
size. J. Contam. Hydrol. 246, 103954. https://doi.org/10.1016/j. 
jconhyd.2022.103954.

Ko, C.H., Elimelech, M., 2000. The “shadow effect” in colloid transport and deposition 
dynamics in granular porous media: measurements and mechanisms. Environ. Sci. 
Technol. 34 (17), 3681–3689. https://doi.org/10.1021/es0009323.
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