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Effect of injection water ionic strength on estimating hydraulic parameters 
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A B S T R A C T   

We investigated the applicability of Silica encapsulated, superparamagnetic DNA particles (SiDNAmag) in 
determining aquifer hydraulic parameters at different ionic strengths (1 mM, 5 mM, and 20 mM phosphate 
buffer) of injection suspension. Thereto, in a homogeneous, unconsolidated sand tank we pulse - injected two 
uniquely sequenced SiDNAmag at two injection points. At 0.5 m and 0.8 m 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 break-
through 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. As compared to the salt, a 1 – 3 log units 
reduction in the maximum effluent concentration of SiDNAmag was due to kinetic attachment. The attachment 
rate reduced from 1 mM to 5 mM phosphate buffer possibly due to competitive adsorption of phosphate onto the 
favourable attachment sites. SiDNAmag attachment rate further increased in 20 mM buffer suspension, possibly 
due to the compression of electric double layer and reduction in energy barrier for attachment. The parameter 
distributions of hydraulic conductivity (k), effective porosity (ne), longitudinal dispersivity (αL), vertical trans-
verse dispersivity (αTV /αL) and horizontal transverse dispersivity (αTH /αL) estimated from the SiDNAmag and 
the salt tracer breakthrough curves were statistically similar. Our work contributes to the applicability of 
colloidal SiDNAmags for determining hydraulic parameters at different ionic strength conditions.   

1. Introduction 

Encapsulated DNA particles have recently attracted significant 
attention in tracer experiments for investigating subsurface flow, 
contaminant transport and porous media hydraulic properties charac-
terization (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 injec-
tion 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; Li et al., 2021; Xu 
et al., 2022) 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., 2022; 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 
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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 contrast, Wang et al. 
(2011), observed an approximate 10-fold reduction in attachment effi-
ciency of E. coli when IS increased from 10 to 100 mM. 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, 2015; Wang et al., 2019; Zhang et al., 
2018; Lin et al., 2021; Li and Schuster, 2014; Wang et al., 2011; Wang 
et al., 2020). 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/depo-
sition 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 150 mM). Similarly, in 
column experiments with core samples, Torkzaban et al. (2015), 
attributed the reduction in the hydraulic conductivity to the hydrody-
namic 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 1 mM – 100 mM, 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 (1 
mM CaCl2) to straining due to aggregation or clustering of clay particles. 
Similarly, higher colloid release from collector grains, a function of 
lowered IS (1 mM), was reported to decrease ‘k’ due to pore clogging 
(Dikinya et al., 2008). In contrast, in 60 cm saturated sand (d50 = 375 
μm) column experiments, at ionic strengths ranging between 0 and 
13.68 mM, Mesticou et al. (2013), did not observe any reduction in the 
sand hydraulic conductivity. However, with longer experiment dura-
tion, 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 dis-
persivity 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. Since there is no general trend of permeability, effective 
porosity or dispersivity modification as a function of IS, and the modi-
fications 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 reconstructing hydraulic conductivity distribution 
using heat tracer. Herrick et al. (2002) determined the correlation be-
tween hydraulic gradient, hydraulic conductivity and pore water ve-
locity 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 (Danquigny et al., 
2004; Fadugba et al., 2018; Illman et al., 2012; Ojuri and Ola, 2010), or 
Karst aquifer systems (Mohammadi et al., 2021). A limited number of 
studies so far have used encapsulated DNA particles for aquifer hy-
draulic properties characterization (Mikutis et al., 2018; Kong et al., 
2018). To our knowledge, we are the first to evaluate the use of SiD-
NAmag 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 satu-
rated porous media and, (2) probability distribution estimation of 
aquifer k, ne and αL parameters. We hypothesize that if the IS of SiD-
NAmag injection suspensions are varied between 1 mM, 5 mM and 20 
mM 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 estima-
tion would remain uninfluenced by varying extent of SiDNAmag depo-
sition and release rates. 

2. Materials and method 

2.1. Silica-encapsulated ds-DNA superparamagnetic particles 
(SiDNAmag) 

We obtained stock suspensions of (0.75 mg/ml ~1010 particles-ml− 1) 
of two uniquely sequenced SiDNAmags (SiDNAmag1 and SiDNAmag2) 
(Particle Engineering Research Centre, NTNU, Norway) in demineral-
ized 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. 

2.2. SiDNAmag and sand 

We suspended 50μL of the SiDNAmag stock suspensions in 5 ml of 
demineralized water. Then, we treated the 5 ml 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 sepa-
ration (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 20 mM 
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 min), 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 
0.1 g of manually ground sand in 10 ml of tap water, 1 mM, 5 mM and 
20 mM phosphate buffer. 

2.3. Sand tank preparation and injection experiments 

We homogeneously wet packed the 1.3 m (1.3 m х 0.7 m х 0.4 m) 
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 
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groundwater flow model, MODFLOW (Harbaugh, 2005), and solute 
transport module MT3DMS (Zheng and Wang, 1999). The dimension of 
1.3 m х 0.7 m х 0.4 m was sufficient for performing multipoint and 
multilevel injection experiments with distinct breakthrough curves as 
outputs, and, for, parameter estimation. 

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 h 
with tap water prior to the experiments. In order to inspect the uniform 
packing throughout the sand tank, we conducted multiple small scale 
(20 – 30 cm) 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 Fig. 1. We injected 
400 ml of salt (1.8 g/L) and 100 ml of SiDNAmag (~106 particles/ml) 
sequentially at injection rates of 400 ml / min and 100 ml/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 min 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
(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 since the concentra-
tions were near the no template control (NTC) and similar to the scat-
tered 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. 

2.4. 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, considering the first order kinetic non- 
equilibrium attachment and detachment processes primarily control-
ling the SiDNAmag transport through saturated porous media. 

2.5. Groundwater, the salt and the SiDNAmag transport modelling 

Encapsulated DNA particles and silica colloids’ transport through 
saturated porous media were implicitly explained using classical 
convection-dispersion equation for solute transport with first order ki-
netic 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) (2) 

Where C is the salt tracer or SiDNAmag concentration in the water, ne 
is the effective porosity [-], Dij is the hydrodynamic dispersion coeffi-
cient 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 SiD-
NAmag transport since 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 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. 

Fig. 1. Schematic experimental setup.  

S. Chakraborty et al.                                                                                                                                                                                                                           



Advances in Water Resources 179 (2023) 104507

4

2.6. 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 1.3 m x 

0.7 m x 0.36 m 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 
min), injection period (1 min) and the sampling period (200 min). The 

Fig. 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 50 cm (left column) and 80 cm (right 
column) transport distance, respectively, for injection suspension of 1 mM, 5 mM and 20 mM 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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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 hy-
draulic 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 (Eq. (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 lo-
cations and transport distance. We did not emphasize on the coefficient 
of correlation (R2) as an objective function since a higher R2 could be 
achieved even when the BTC magnitudes are not matched (Ward et al., 
2017). Based on the minimized objective 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). Since not all the distribu-
tions followed a normal distribution, we assessed the statistical differ-
ences of the parameter distributions using the distribution non-specific 
Mann Whitney U test (significance level = 0.05). The simulated break-
through curves (Fig. 2) are presented based on the median values ob-
tained for each parameter. 

3. Results 

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 0.5 m transport length) were − 47.7, − 44.1, and − 39.9 mV, while 
dispersed in 1 mM, 5 mM and 20 mM phosphate buffer, respectively. The 
ζ potentials of the SiDNAmag2 (injected for 0.8 m transport length) were 
− 43, − 40.7, and − 38.5 mV, while dispersed in 1 mM, 5 mM and 20 mM 
phosphate buffer, respectively. In tap water, the ζ potentials of both the 
SiDNAmags were ~ - 22 mV. The ζ potentials indicated acceptable 
stability (− 20 mV < ζ < +20 mV) 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 
20 mM 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 inter-
action). Dhyd of the SiDNAmag1 were 442.3, 644.6, and 652.3 nm, while 

dispersed in 1 mM, 5 mM and 20 mM phosphate buffer, respectively. 
Dhyd of the SiDNAmag2 were 516.9, 660.5, and 655.8 nm, while 
dispersed in 1 mM, 5 mM and 20 mM phosphate buffer, respectively. The 
Dhyd of the SiDNAmags did not change significantly throughout the 
experiment interval (240 min), indicating that particle aggregation was 
unlikely to occur (Table 1). 

3.2. Salt and SiDNAmag breakthrough curves 

All the sampling locations combined, the time to peaks (tpeaks) for salt 
tracer at 0.5 m and 0.8 m transport distances ranged between 75 – 80 
min and 120 – 125 min, respectively. The tpeaks of the SiDNAmag 
dispersed in 1 mM suspension for 0.5 m and 0.8 m transport distances 
were 75 – 80 min and 130 – 135 min respectively. SiDNAmags sus-
pended in 5 mM suspension reached the maximum effluent concentra-
tion at 70 – 75 min for 0.5 m transport distance. The tpeaks of the 
SiDNAmags suspended in 20 mM injection suspension were 75 – 80 min 
and 120 – 130 min, for 0.5 m 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 0.5 m transport distance, the Cmax/C0 of the salt tracer, SiDNAmags in 
1 mM, 5 mM and 20 mM 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 1 mM, and 20 
mM were 0.11 – 0.43, 0.000018 – 0.00015, and 0.0001 – 0.0024 [-], 
respectively. In comparison with 50 cm transport distance, the lower 
Cmax/C0, and fewer datapoints near the centre of SiDNAmag mass indi-
cated that under our experimental conditions, the transport of SiDNA-
mag was limited. The maximum Cmax/C0 of salt and SiDNAmag 
concentration were observed at W2 since W2 was installed at the injec-
tion 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 1 mM, 5 mM, and 20 mM injection suspension, 
respectively. The 5th – 95th percentile ranges of the parameters esti-
mated from the salt and the SiDNAmag BTCs are summarised in Table 2. 

3.3. Estimation of parameter uncertainty 

The median k values for the salt tracers and SiDNAmags dispersed in 
1 mM, 5 mM, and 20 mM phosphate buffer injection water were 0.072, 
0.077 – 0.078, 0.074, and 0.08 [m/min], respectively. The statistical test 
showed that the parameter distributions (5th – 95th percentile) were not 
statistically significantly different from each other (Fig. 3). The median 
ne for the salt tracers, SiDNAmags dispersed in 1 mM, 5 mM, and 20 mM 
phosphate buffer injection water were 0.36, 0.34 – 0.35, 0.36, and 0.34 
[-], respectively. The ne of SiDNAmags, like k, increased slightly as 

Table 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 20mM 

EC [μS/cm]  3120 517 183 860 2930 183 860 2930 – 
pH [-]  6.8 7.1 
ζ ± Stdev 

[-mV]  
– – − 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 

− 49.3 ±
13.1 

Dhyd ± Stdev 
[nm] 

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 0.5 m transport length, ‡ injected at 0.8 m transport length. 
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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 1 mM, 5 mM, and 20 mM phosphate buffer 
injection water were 9.16 × 10− 4, 2.6 × 10− 4 – 5.5 × 10− 4, 1 × 10− 4, 
and 1.8 × 10− 4 - 9.7 × 10− 4 [m], respectively. The parameter distri-
bution 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 1 mM, 
5 mM and 20 mM, 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. Discussion 

The average velocity of salt (6.4 × 10− 3 – 6.7 × 10− 3 m/min) and the 
SiDNAmag (6 × 10− 3 - 7 × 10− 3) at both 50 cm and 80 cm 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 1 mM, 5 
mM, and 20 mM 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 1 mM – 20 mM NaCl suspension, no 
early arrival or velocity enhancement was observed for 100 nm poly-
styrene nanoparticles transporting through dessert soil (86% sand). In a 
15 cm 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 et al. (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 ve-
locity 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 the difference in the linear 
velocity used. There are other studies (Nocito-Gobel and Tobiason, 
1996; Grolimund et al., 1998; Higgo et al., 1993; 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 5 mM phosphate buffer, followed by 20 mM and 1 
mM phosphate buffer injection suspension. The slightly higher attach-
ment rate, and therefore, the 0.5 – 1 log unit reduction in the maximum 
effluent concentration for SiDNAmags in 20 mM phosphate suspension 
as compared to 5 mM injection suspension agreed with most of the 
studies on the effect of ionic strength on the colloid transport (Xu et al., 
2022; 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 5 mM 
and 10 mM. Similar decrease in the attachment efficiency was reported 
by Bolster et al. (2001) for bacterial transport upon reduction of ionic 
strength from 100 mM to 10 mM of KCl. Reduction in attachment effi-
ciency 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 

Table 2 
Breakthrough curve characteristics (Cmax/C0 and tpeak) at different sampling locations and the hydraulic conductivity (K), effective porosity (ne), longitudinal dis-
persivity (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] 

Salt tracer 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 

SiDNAmag 1mM 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 – – 

5mM 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 
W4 7e-2 75 

0.8 W1 – – – – – – 
W2 – – 
W3 – – 
W4 – – 

20mM 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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repulsion between the colloids and the collector grains (Xu et al., 2022; 
Wu et al., 2020; Bolster et al., 2001). Therefore, we attributed the in-
crease 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 5 mM injection water as compared to 1 mM was in 
contradiction with the widely reported observations (Nocito-Gobel and 
Tobiason, 1996; 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 0.5 mM phosphate 
suspension in saturated columns increased the maximum effluent con-
centration by ~3% and ~17% in clean and goethite coated sand, 
respectively. When phosphate concentration increased form 0.1 mM to 
1 mM, Wang et al. (2011), reported an increase in E. coli recovery from 
~45% to ~77% at an NaCl concentration of 10 mM. Silica colloid 
transport increased from ~11% to ~48% in a quartz sand column in the 
presence of 0.5 mM phosphate due to a reduction in zeta potential of the 
colloids (Liu et al., 2017). Such reduction in attachment and enhance-
ment 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 and 13.68 mM, with similar sand grain size 
and silica colloids of 1.3 – 22 μm diameter. Similarly, Soma and Papa-
dopoulos (1995), observed only a small (7%) reduction in k at lower 
ionic strengths (0.5 and 5 mM). 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). Since the colloid aggregation in-
creases 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 SiDNA-
mags suspended in all ionic strengths throughout the experiment in-
terval 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 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 1 mM, 5 mM and 20 mM phosphate buffer sus-
pension were statistically not different. 

However, under our experimental condition, we identified a limita-
tion of using the SiDNAmag. The particles showed limited travel at 80 
cm transport distance, reflected on the low effluent concentration. 
Therefore, only a small number of datapoints could be modelled to es-
timate the conductivity and the effective porosity. The low SiDNAmag 
injection concentration was possibly limiting our findings and should be 
considered in the future work. 

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 5 mM ionic strength injection suspension 
followed by 20 mM and 1 mM injection water ionic strength.  

• We conclude that lower attachment rate of SiDNAmags at 5 mM 
injection suspension as compared to 1 mM 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. 20 mM injection suspension, the attach-
ment 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  

• 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 dimen-
sional transport properties as the salt and can be applied for deter-
mining the hydraulic parameters of a 3D system 

Fig. 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 (1 mM, 5 mM and 
20 mM). 
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Kong, X.Z., Deuber, C.A., Kittilä, A., Somogyvári, M., Mikutis, G., Bayer, P., Saar, M.O., 
2018. Tomographic reservoir imaging with DNA-labeled silica nanotracers: the first 
field validation. Environ. Sci. Technol. 52 (23), 13681–13689. https://doi.org/ 
10.1021/acs.est.8b04367. 

Lapcevic, P.A., Novakowski, K.S., Sudicky, E.A., 1999. The interpretation of a tracer 
experiment conducted in a single fracture under conditions of natural groundwater 
flow. Water Resour. Res. 35 (8), 2301–2312. https://doi.org/10.1029/ 
1999WR900143. 

Li, L., Schuster, M., 2014. Influence of phosphate and solution pH on the mobility of ZnO 
nanoparticles in saturated sand. Sci. Total Environ. 472, 971–978. https://doi.org/ 
10.1016/j.scitotenv.2013.11.057. 

Li, M., Zhang, X., Yi, K., He, L., Han, P., Tong, M., 2021. Transport and deposition of 
microplastic particles in saturated porous media: co-effects of clay particles and 
natural organic matter. Environ. Pollut. 287, 117585 https://doi.org/10.1016/j. 
envpol.2021.117585. 

Liao, R., Yang, P., Wu, W., Luo, D., Yang, D., 2018. A DNA tracer system for hydrological 
environment investigations. Environ. Sci. Technol. 52 (4), 1695–1703. https://doi. 
org/10.1021/acs.est.7b02928. 

Lin, D., Bradford, S., Hu, L., MC Lo, I., 2021. Impact of phosphate adsorption on the 
mobility of PANI-supported nano zero-valent iron. Vadose Zone J. 20 (2), e20091. 
https://doi.org/10.1002/vzj2.20091. 

Liu, C., Xu, N., Feng, G., Zhou, D., Cheng, X., Li, Z., 2017. Hydrochars and phosphate 
enhancing the transport of nanoparticle silica in saturated sands. Chemosphere 189, 
213–223. https://doi.org/10.1016/j.chemosphere.2017.09.066. 

Mesticou, Z., Kacem, M., Dubujet, P.H., 2013. Influence of the ionic strength on the 
deposit phenomenon and transport dynamic of microparticles through saturated 
porous medium. COUPLED V:. In: Proceedings of the V International Conference on 
Computational Methods for Coupled Problems in Science and Engineering. CIMNE, 
pp. 1168–1178 http://hdl.handle.net/2117/192762. 

Mikutis, G., Deuber, C.A., Schmid, L., Kittilä, A., Lobsiger, N., Puddu, M., Stark, W.J., 
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