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Abstract

Recently, superparamagnetic silica encapsulated DNA microparticles (SiDNAFe) were

designed and in various experiments used as a hydrological tracer. We investigated the

effect of bed characteristics on the transport behaviour and especially the mass loss of

SiDNAFe in open channel injection experiments. Hereto, a series of laboratory injec-

tion experiments were conducted with four channel bed conditions (no sediment, fine

river sediment, coarse sand, and goethite-coated coarse sand) and two water qualities

(tap water and Meuse water). Breakthrough curves (BTCs) were analysed and mod-

elled. Mass loss of SiDNAFe was accounted for as a first-order decay process included

in a 1-D advection and dispersion model with transient storage (OTIS). SiDNAFe BTCs

could be adequately described by advection and dispersion with or without a first-

order decay process. SiDNAFe mass recoveries exhibited a wide range, varying from

50% to 120% from sediment-free conditions to coarse (coated) sediment. In 6 out of

8 cases, SiDNAFe mass recovery was complete. Retention of SiDNAFe was 1–2 orders

of magnitude greater than gravitational settling rates, as determined in Tang et al.

(Hydrological Processes, e14801, 2023). We reason this was due to grain-scale hypor-

heic flows and coupled water-sediment-particle interactions. The dispersive behaviour

of SiDNAFe generally mimicked that of NaCl tracer. We concluded that SiDNAFe can

be used in tracing experiments. However, water quality and sediment characteristics

may affect the fate of SiDNAFe in river environments. SiDNAFe is a promising tool for

particulate multi-tracing in large rivers.

K E YWORD S

breakthrough curve, deposition, DNA, magnetic microparticle tracer, particle retention, riverbed

1 | INTRODUCTION

DNA tracers for hydrological investigations have received an

increased interest over the past decade (Zhang & Huang, 2022).

Synthetic DNA tracers enable multi-tracing with virtually infinite num-

bers of unique DNA sequences which are distinguishable from the

environmental background (Liao et al., 2018). Therefore, engineered

nano- or micro-particles with DNA barcodes could serve as an
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alternative for particle contaminant environmental tracing, where syn-

thetic ds/ss DNA strands are well protected from DNA degradation

due to environmental stressors. To date, hydrologists have explored

several engineered particle variants with DNA tags, in which DNA

was encapsulated or associated with desired materials, for example,

clay particles (Mahler et al., 1998), silica (Paunescu et al., 2013), iron

oxides (Puddu et al., 2014; A. Sharma et al., 2021), and organic mate-

rial (Garnett et al., 2009; McNew et al., 2018; Pang et al., 2020; A. N.

Sharma et al., 2012). Such DNA-tagged micro-composites have been

proven to be detectable and could survive significantly longer than

‘naked’ DNA strands for tracing small-scale surface and subsurface

geographic settings (Bovolin et al., 2014; Dahlke et al., 2015; Foppen

et al., 2013; McCluskey et al., 2021; Mikutis et al., 2018; Pang

et al., 2020, 2022; Sabir et al., 1999). One of the main purposes of

using magnetic DNA-tagged microparticles as a hydrological tracer is

to be able to resolve the dilution factor and subsequently the detec-

tion limits of hydrological tracers in larger-scale hydrological systems.

By collecting water samples in large volumes and subsequently apply-

ing magnetic separation to up-concentrate SiDNAFe, hydrologists

could use a small amount of SiDNAFe mass (e.g., a few grams) to trace

large-scale water bodies, such as big rivers. To this end, a superpara-

magnetic silica encapsulated DNA microparticle (SiDNAFe) was

designed to be efficiently up concentrated prior to analysis (A. Sharma

et al., 2021; Tang et al., 2023). The micro-sized DNA-tagged tracers

seem to have more tracing potential for applications in surface water

than in subsurface porous media, mainly because they are subject to

filtration removal in porous media (Pang et al., 2020). Nevertheless,

DNA-tagged microparticles also experience mass loss of varying

degrees compared with conservative tracers in fast-flowing water

environments (Kittila et al., 2019; Pang et al., 2020). To be able to

design river tracing experiments with DNA-tagged tracers, quantita-

tive analysis of the microparticle behaviour in river water and upon

contact with the riverbed is a prerequisite.

In rivers, transport of waterborne constituents can be divided into

two parts, a fast-flowing region where constituents are carried by the

average fluid velocity and dispersive mixing, and a low-velocity region

where a mass exchange occurs between the fast- and the low-flowing

regions (Bencala et al., 2011; Boano et al., 2006; Briggs et al., 2009;

Karwan & Saiers, 2009; Kerr et al., 2013; Paul & Hall Jr, 2002;

Wagener et al., 2002). Near the riverbed is a low-velocity region and

the riverbed acts as a significant sink for particle retention due to a

process known as “hyporheic exchange”, which traps a wide range of

particles, including lightweight plastics (Drummond et al., 2020, 2022;

Frei et al., 2019). Complex is the interaction between fluid motion,

particulate matter being transported, and the flow within the stream-

bed (Ho & Gelhar, 1973; Ruff & Gelhar, 1972). A shallow hyporheic

flow can be induced by hydrodynamic forces when it is triggered by

sand ripples, dunes, or grain clusters on a small spatial scale (Käser

et al., 2013; Stonedahl et al., 2013), whereas a deeper and larger

hyporheic flow is typically caused by hydrostatic forces beneath topo-

graphic features, for example, steps and cascades, riffles, and even

larger meanderings (Boano et al., 2006; Revelli et al., 2008; Tonina &

Buffington, 2009). Additionally, flow velocity (Elliott & Brooks, 1997;

O'Connor et al., 2012), pH, temperature, chemistry of the flowing

water (Ren et al., 2002; Westhoff et al., 2011), permeability and sur-

face roughness of the streambed (e.g., biofilm) (Battin et al., 2003;

Roche et al., 2017), and, finally, bed mobility (Harvey et al., 2012),

working in concert, regulate the interfacial interactions where surface

water overlies permeable sediments.

Colloidal particles in water columns are subject to advection, dis-

persion, aggregation, settling, and deposition (Besseling et al., 2017;

Kooi et al., 2018; Li et al., 2019; Xu et al., 2019). Tang et al. (2023)

showed that interactions with suspended particulate matter

(i.e., hetero-aggregation) in river waters was an insignificant factor in

first-order gravitational settling of SiDNAFe in water columns at a

30-h time scale. However, rates of fine particle deposition by hypor-

heic exchange could be up to hundreds of times greater than those

for gravitational settling (Roche et al., 2017; Thomas, et al., 2001). For

example, flat-bed grain-scale flows can induce greater particle deposi-

tion than gravity and are comparable to rippled bed particle deposition

(Fries & Taghon, 2010).

Therefore, in this work, we studied the effect of channel bed sedi-

ment on the transport behaviour and mass loss of SiDNAFe in open

channel injection experiments using different water qualities. Hereto,

a series of laboratory injection experiments were conducted with four

channel bed conditions (no sediment, fine sediment, coarse sand, and

goethite-coated coarse sand) and two water qualities (tap water

and natural river water). This research establishes a methodological

foundation for field application of SiDNAFe in river tracing and char-

acterizes the fate and transport of SiDNAFe in riverbeds. This draws a

bottom line for applying such DNA-based tracer in future real-world

river tracing experiments. With its magnetic properties and the up-

concentration scheme, SiDNAFe possess promising potential as a sur-

rogate for multi-tracing micro-contaminants (e.g., microplastics) in

large rivers, which could be a promising tool for enhancing under-

standing of hydrological processes.

2 | MATERIALS AND METHODS

2.1 | SiDNAFe and sample analysis

SiDNAFe was prepared by the Norwegian University of Science and

Technology (NTNU, Trondheim, Norway). Sharma et al. (2021)

described in detail the synthesis procedure and physicochemical prop-

erties of SiDNAFe. Briefly, SiDNAFe was synthesized by silica encap-

sulation of iron oxide nanoparticles which had been previously bound

to double-stranded DNA (67 base pairs dsDNA). To quantify SiDNAFe,

dsDNA was released by dissolving the protective silica shell followed

by DNA quantification using quantitative polymerase chain reaction

(qPCR) (Figure 1c). Before DNA analysis, SiDNAFe was up-

concentrated five times after magnetically separating the sample twice

with a 16-Tube SureBeads™ Magnetic Rack (Bio-Rad Laboratories,

Inc., USA) (Figure 1b), and replacing the sample fluid (i.e., tap water or

river water) with MilliQ. For DNA quantification, the same protocol

was used as described in Tang et al. (2023). Firstly, the silica shell of

SiDNAFe was dissolved by a buffered oxide etch solution (BOE, 2.3 g

of NH4FHF (Sigma Aldrich) and 1.9 g of NH4F (J.T. Baker)). In previous
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studies, dilute BOE solutions have shown to dissolve both the silica

shell and the iron oxide core effectively, without affecting DNA

(Paunescu et al., 2013; Puddu et al., 2014). After pH adjusted with

0.1 M Tris–HCl, 5 μL of sample mixture was added to 15 μL PCR mix

which consisted of 10 μL SYBR green master mix (KAPA SYBR FAST

qPCR MasterMix (2X) Universal, Kapa Biosystem), 1 μL 10 μM For-

ward Primer, 1 μL 10 μM Reverse Primer (Biolegio B.V, Nijmegen, the

Netherlands), and 3 μL qPCR water. Nucleotide sequence of dsDNA

and primer sequences are given in the Supporting Information

(SI) (Table S1). For contamination control and to avoid manual pipetting

errors, all mixing was conducted by a QIAgility high-precision auto-

mated PCR setup (QIAgility System HEPA/UV, Cat No. /ID: 9001532).

The released and intact dsDNA was quantified using qPCR on a

Bio-Rad CFX96 Touch System (96 wells), whereby the amplification

of dsDNA was initiated by one-time heating at 95�C for 6 min and

40 s and followed by 42 cycles of a three-step thermal profile (20 s at

95�C, 40 s at 58�C, 35 s at 72�C). A standard curve of 10-fold dilution

series was prepared from the stock SiDNAFe suspension to convert

measured DNA concentrations to SiDNAFe concentrations of samples

in each qPCR assay (the standard curve in Figure 1c).

The zeta potential (ζ) of SiDNAFe was obtained using a ZetaSizer

Nano S (Malvern Instr., UK), whereby ζ was calculated using the Smo-

luchowski equation from the measured electrophoretic mobility of

SiDNAFe dispersed in tap water and filtered river water (0.45-μm

glassfibre filter), respectively. The hydrodynamic radius of SiDNAFe

was measured using Dynamic Light Scattering (DLS) method (173�

backscattering).

2.2 | Open channel injection experiments

2.2.1 | Open channel setup and the bed sediment
characteristics

For the injection experiments, two small, identical, horizontally placed,

open channels (PVC gutters with dimension 1.3 m L � 0.06mW)

were used in parallel (Figure 1a). Flow was generated with a peristaltic

pump (Watson-Marlow pumps, Falmouth, Cornwall). A rotor was set

7 cm from the inlet to homogenize the cross-sectional concentration

of the entering tracer mass with little disturbance to the flow path

downstream. Through the outlet point, out-flowing water was caught

by sample containers. To investigate the effect of channel bed sedi-

ment characteristics on the fate and transport behaviour of SiDNAFe

during injection experiments, four types of channel bed were selected

(Figure 1a): an impermeable channel bed without sediment (IP) as a

control, a clean quartz coarse sand bed (CS), a goethite-coated coarse

sand bed (GCS), and a natural fine sediment bed (FS), respectively.

The size distribution of the used sand/sediment was obtained through

wet sieving (Figure S7). The roughness ks (mm) of the channel bed has

been empirically estimated as ks ≈3:5�D84, where D84 represents

the grain size for the 84th percentiles of the grain size distribution

(Figure S7) (Clifford et al., 1992).

For CS, 1.2–1.5 mm (average 1.36 mm) quartz sand (Figure S7)

was washed sequentially with tap water, nitric acid (10% v/v), and

deionized water until an Electrical Conductivity (EC) of <2 μS/cm was

reached. After that, the wet sand was oven dried at 70�C overnight.

After cooling down, 210 g CS was laid evenly in the open channel to

form a visually uniform layer with a thickness of �3 mm (1–2 grains,

Figure 1a). Retrieved from the CS series of injection experiments, the

CS was coated with Goethite (GCS) using a coating procedure

adapted from Scheidegger et al. (1993) and Schwertmann and Cornell

(2008) (details are in the SI) and used as channel bed sand. To deter-

mine iron concentrations, the goethite coating was dissolved by add-

ing 1 g GCS in 50 mL 10% (v/v) HNO3 with heating for 0.5 h, the

measurements were conducted in triplicate. Total Fe concentration

was 0.9 mg/g using Inductively Coupled Plasma Mass Spectrometry

(ICP-MS) (Analytic Jena, Jena, Germany) (Table 1). FS was collected

from a top layer (�3–5 cm) of the channel bed of Merkske river

F IGURE 1 Schematic figure of open channel injection
experiments and sample analysis. (a) Open channel injection
experiments in duplicate: four different channel bed were tested: no
sediment (IP), coarse sand (CS), goethite-coated coarse sand (GCS),
and natural river fine sediment (FS), respectively (see photos in
Figure S9). (b) Magnetic separation and up-concentration: 1 mL of
river water or tap water was gradually diluted and replaced with MQ
over two rounds of pipetting, while the SiDNAFe particles were
magnetically attracted to one side of the tube. Finally, 0.2 mL of MQ
was left within the tube containing the magnetically separated
SiDNAFe (details shown in Figure S4a in the SI). (c) DNA analysis and
sample quantification: dsDNA was released from SiDNAFe by
dissolving the silica shell with BOE, and then dsDNA was amplified
and quantified by qPCR with positive controls (POS) and negative
controls (NTC) included in each assay. A standard curve of DNA
concentrations as a function of Cq was produced in each qPCR assay

for sample quantification.

TANG ET AL. 3 of 13
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(51�24057.100 N, 4�50048.500 E), which is located on the border of the

Netherlands and Belgium. The sediment was very homogeneous. It

consisted of 80.6% fine sand (125–250 μm), 5.0% very fine sand

(<125 μm), and 14.4% medium sand (250–500 μm). After acid-

digestion of FS, the organic matter (OM) content of FS was measured

to be �0.5 mg-C/g, as dissolved organic carbon (DOC, in mg-C/L)

using the combustion technique with a total organic carbon analyser

(TOC-VCPN (TN), Shimadzu, Japan).

2.2.2 | Flume hydrodynamics

The flow rate was set constant by a peristaltic pump (100 series cased

pump 120 U, Watson-Marlow). The water depth was measured after

a steady flow was reached. The mean flume velocity, u, was calculated

as follows,

u¼Q
A

ð1Þ

where Q is the flow rate (cm3/s), A is the cross-sectional area perpen-

dicular to the flow direction (cm2). Flume Reynolds number was calcu-

lated as,

Re ¼4uRh

ν
ð2Þ

where ν is the kinematic viscosity of water (cm2/s), and Rh is the

hydraulic radius of the channel. The Froude number was calculated as,

Fr¼ uffiffiffiffiffiffi
g A
w

q ð3Þ

where w is the flume width (cm), and g is the gravitational con-

stant (cm/s2).

2.2.3 | River water

The river water was collected in March 2021 from the Meuse at Kei-

zersveer, The Netherlands (51�43005.700 N, 4�53027.500 E), and was

stored at 4�C in polyethylene sample containers and filled and tight-

ened with double-sealed plastic caps. The river water sample was

treated with 1 ppm iodide to minimize microbial activity during sam-

ple storage. The OM content of Meuse water was measured as

dissolved organic carbon (DOC, in mg-C/L) using the combustion

technique with a total organic carbon analyser (TOC-VCPN (TN), Shi-

madzu, Japan). EC and pH were measured in situ using an EC meter

(Multi 3620 IDS, Xylem Analytics Germany GmbH, Germany) and a

pH meter, respectively. The total suspended solids (TSS) in river water

samples were calculated by drying the filtrate (>1.2 μm) at 105�C and

weighing the dry weight of the filtrate.

2.2.4 | Injection experiments

SiDNAFe injection experiments were performed in duplicate in Tap

water and Meuse water, respectively. First, the sand/sediment was

laid evenly across the channel. After that, Tap/Meuse water

was pumped into the open channel setup until a steady outflow was

reached (the volumetric flow rate, Q = 0.83 cm3/s; Table 1). At the

beginning of an injection experiment, SiDNAFe was suspended in

the same water type used for the injection experiment to reach a con-

centration of �10�4 mg/mL. Then, 45 mL of SiDNAFe suspension

was pumped into the channel setup at the same flow rate as the inlet

flow generated by the pump. After the tracer injection, the inlet

source was immediately switched back to the water type used for the

injection experiment. Meanwhile, at the outlet point of the open

channel, 25 mL samples were taken according to the schedule

depicted in Table S2 (in SI). For each 25-mL sample, a sub-sample of

1 mL was taken in duplicate for magnetic separation and up-

concentration, and DNA quantification (Figure 1b,c). Before taking the

subsample, the sample was vortexed for 1 min to ensure sample

homogeneity. Breakthrough curves (BTCs) of SiDNAFe were obtained

from qPCR data against a standard curve of 10-fold diluted known

sample concentrations. Following an injection experiment of SiD-

NAFe, the sediment from the channel bed was collected and washed

with deionized water to quantify any SiDNAFe previously retained.

Prior to SiDNAFe injection experiments, for reference, NaCl injection

experiments were performed. NaCl concentrations as a function of

elapsed time were measured by an EC meter (Multi 3620 IDS, Xylem

Analytics Germany GmbH, Germany). The schedule outlining the spe-

cific timing for the sequence of injection experiments can be found in

Table S8 of the SI.

2.3 | Statistical tests

One-way analysis of variance (ANOVA) and then a post-hoc Tukey's

Honestly-Significant Difference (Tukey HSD) test (Tukey, 1949) were

performed to assess the effect of the four channel-bed sand types

and the two water types on the mass recoveries of SiDNAFe in injec-

tion experiments. Data variations across different groups of bed types

and in between two water types per bed type were assessed using a

one-way ANOVA test and a Student t-test with Welch correction,

respectively. The differences were considered significant

when p < 0.05.

TABLE 1 The hydrodynamic condition of the open-channel flume
in open-channel injection experiments.

A w Q u Rh Re Fr

Unit cm2 cm cm3/s cm/s cm - -

7.75 6 0.83 0.1 0.9 34 3.0E�03

4 of 13 TANG ET AL.
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2.4 | BTC analysis and 1-D transport modelling

One-dimensional advective and dispersive transport in a main channel

with transient exchange/first-order mass loss was considered to be

the main transport process of SiDNAFe in the open-channel injection

experiments. To assess SiDNAFe BTC characteristics, One-

dimensional Transport with Inflow and Storage model (OTIS) was used

for BTC fitting and transport parameter optimization (Runkel, 1998).

The delayed delivery of tracer mass (i.e., the tailing effect/skewness

of a BTC) was treated as a first-order transient exchange between a

main channel and a lumped transient storage zone. Furthermore, in

case of mass loss of SiDNAFe, an additional first-order decay process

in the main channel was included in the OTIS simulation. The equa-

tions used for the conservative and non-conservative (terms in square

brackets) transport in our injection experiments are:

∂C
∂t

¼�Q
A
∂C
∂x

þ1
A

∂

∂x
ADL

∂C
∂x

� �
þα CS�Cð Þþ �λC½ � ð4Þ

dCS

dt
¼α

A
AS

C�CSð Þ ð5Þ

where C and CS (g/m3) are mass concentrations in the main channel

and the storage zone, respectively; Q volumetric flow rate (m3/s), A

and AS (m2) cross-sectional areas in the main channel and storage

zone, respectively; DL (m2/s) longitudinal dispersion coefficient; α

(1/s) storage zone exchange coefficient; t (s) transport time; x

(m) distance. In case of mass loss with a negligible transient storage

exchange, λ (1/s) the first-order decay coefficient in the main channel

was included (in the square brackets). The hydrodynamic conditions

for modelling setup are shown in Table 1.

The parameter optimization was automated using the Nonlinear

Least Square (NLS) algorithms of STARPAC (see details in

Donaldson & Tryon, 1987), which was implemented in OTIS-P. For

the OTIS modelling, we used one master BTC curve, which was aver-

aged from four individual observed BTCs (2 experiments; 2 samples

per time-interval per experiment). Four parameters DL, α, A, and AS

were optimized in case of conservative transport, while one more

parameter λ was estimated in case of mass loss. A visual inspection of

the BTCs and sensitivity analysis was performed to determine the

most appropriate combinations of processes to be considered. When

the transient storage parameter set (i.e., AS and α) showed negligible

sensitivity on the BTC fitting, transient storage was turned off. Mass

recovery was calculated by integrating the area underneath the BTC.

Due to the intrinsic variations caused by DNA amplifications in

qPCR (see Tang et al. (2021) for more detailed discussion), measured

mass recoveries of SiDNAFe between 80% and 120% were consid-

ered full mass recovery and were linearly scaled to 100% to balance

the input and the output mass for modelling purposes. This correc-

tion does not influence the BTC characteristics (Pang et al., 2017;

Tang et al., 2021). Furthermore, a first-order decay term was consid-

ered in the case of mass recovery lower than 80%. The optimized

parameter sets were presented with 95% confidence intervals,

whereby the statistical analyses related to the observed data and

the NLS fitting procedure were conducted by STARPAC

(Donaldson & Tryon, 1987).

3 | RESULTS

3.1 | Sand and SiDNAFe characteristics in tap
water and Meuse water

The zeta potential (ζ) of CS, GCS, and FS ranged between �15 and

�19 mV (Table 2) which was determined using a ZetaSizer Nano S

(Malvern Instr., UK). To do the analysis, abrasion of the surface of CS,

GCS, and FS was done by ultra-sonication. The total porosity of

CS, GCS, and FS was determined gravimetrically to be 0.43, 0.46, and

0.5, respectively (Table 2).

SiDNAFe was negatively charged in MQ, Tap water, and Meuse

water, with a zeta potential ranging between �22 and �24 mV. The

hydrodynamic radius (Rh) of SiDNAFe was measured to be �444–

548 nm (Table 2). With a relatively low particle concentration of

�10�5 mg/mL, SiDNAFe was well-dispersed at room temperature,

given its zeta potential in the ionic strength and pH of tap water and

of Meuse water (Tables 2 and 3).

TABLE 2 Characteristics of FS, GCS,
and CS and SiDNAFe.

ζ (mV)

- FS GCS CS SiDNAFe

ζ (mV) Rh (nm)

MQ - - - �24 ± 3.9 444 ± 133

Tap �15 �19 �17 �22 ± 3.1 500 ± 164

Meuse �15 �18 �18 �23 ± 3.5 548 ± 138

DOC (mg-C/g) Tap 0.50 - - -

Meuse 0.48 - - -

Effective size (mm) 0.18 1.36 1.36 -

Roughness (mm) 0.77 5.32 5.32 -

Porosity 0.5 0.46 0.43 -

Total Fe (acid-digestion) (mg/g) 0.66 0.9 - -

TANG ET AL. 5 of 13
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3.2 | NaCl BTCs

NaCl BTC showed an asymmetry, with a flattening tendency from FS

to GCS to CS to IP. The first arrival of NaCl was similar among four

bed types (Figure 2). After the first arrival, BTCs had sharp rising limbs

followed by falling limbs with a similar range of slopes. FS and GCS

had the highest peaks followed by CS and IP. Half of the NaCl mass

arrived before one-third of the whole BTC period (between 20 and

40 min), while the other half of the mass was gradually recovered until

the end at 140 min, with a total mass recovery ranging from 94%

to 99%.

3.3 | BTC comparison between SiDNAFe and NaCl

Figure 3 shows an overview of BTC comparisons between SiDNAFe

and NaCl, in four channel bed types and each performed in two

water types. SiDNAFe BTCs are shown as master curves, using the

average of four observed BTCs (see Figure S5 for all observed

TABLE 3 Water quality characteristics of Meuse water and Tap
water.

Water quality Unit Meuse Tap

pH - 8.2 8.2

EC μS/cm 533 511

Ionic strength mM 8.5 8.1

DOC mg-C/L 5.0 2.4

TSS mg/L 2.3 0.0

Na+ mg/L 28.5 39.8

K+ mg/L 6.6 6.7

Ca2+ mg/L 73.0 51.6

Mg2+ mg/L 7.8 7.4

Cl� mg/L 38.6 56.7

NO3� mg/L 17 10

SO42� mg/L 48.0 48.0

PO43� mg/L 0.8 0.0

F IGURE 2 BTCs of NaCl and
their corresponding cumulative
distribution function (CDFs) in
open channel injection
experiments with four types of
channel bed: fine sediment (FS),
goethite-coated coarse sand
(GCS), coarse sand (CS), and an
impermeable channel without
sediment (IP). Mass recoveries are
shown in brackets. In (b), the red
horizontal line denotes 50% of
the recovered NaCl mass.

F IGURE 3 SiDNAFe BTCs in comparison with NaCl BTCs in
open-channel injection experiments with four types of channel beds
and two water types. BTCs are shown in relative concentrations (CR:
C/C0 in %) over time. GCS represents goethite-coated coarse sand, CS
coarse sand, FS fine sediment, and IP impermeable channel without
sediment. Observed SiDNAFe BTCs and OTIS-simulated SiDNAFe
BTCs are shown in blue closed circles with standard deviations and
red solid lines, respectively. NaCl series are shown in grey dots with
standard deviations and grey solid lines. Each series of injection
experiments were performed in Tap water (the left column) and in
Meuse water (the right column), respectively. Mass recovery for each
injection experiment is shown in brackets in each subplot. The red
solid line in subplot (g) shows the simulated SiDNAFe BTC fitted with
a first-order decay process in OTIS.
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SiDNAFe BTCs). SiDNAFe travelled at the same rate or faster in

comparison with NaCl. SiDNAFe arrived earlier than NaCl in FS

series (i.e., both in Tap and in Meuse water), CS series, and IP series.

However, in GCS series, SiDNAFe and NaCl arrived at the same

time. SiDNAFe had a similar or steeper rising slope than NaCl after

arrival. SiDNAFe concentration rose in IP series and CS series with a

slope steeper than NaCl, whereas in FS and GCS series, SiDNAFe

and NaCl are comparable. In all series except GCS, SiDNAFe reached

a peak significantly higher than NaCl. In GCS series, SiDNAFe had a

similar peak to NaCl in Tap water, but in Meuse water, SiDNAFe's

peak was significantly lower due to mass loss. Additionally, SiD-

NAFe's peaks were characterized by discrete pulses of data points

with relatively larger standard deviations. No generalized pattern

was found for the extent of data scatter as a function of the channel

bed types and the water types, respectively (the light blue shades of

SiDNAFe BTCs in Figure 3). The falling limbs, which were quite sym-

metrical to the rising ones, appeared over those scattered points

coming after the peak clouds in CS series, FS series, and GCS in

Meuse water (hereafter referred to as GCS-Meuse). In IP series, SiD-

NAFe's tailing effect was evident but less pronounced than NaCl's.

Further, in GCS-Tap, SiDNAFe and NaCl had almost overlapped

recession curves, despite SiDNAFe having the higher standard devia-

tions. T-test with Welch's correction analysis indicated that there

was no statistically significant difference between the BTCs of SiD-

NAFe and NaCl in GCS-Tap.

3.4 | Mass recovery of SiDNAFe

Mass recoveries of SiDNAFe ranged between 54% and 135% across

all channel bed types and water types (Figure 4). A Tukey post-hoc

test revealed that, in Meuse water, three groups of mass recoveries

(i.e., FS, GCS, and CS) were significantly different from each other

(p << 0.01). However, in Tap water, mass recoveries of SiDNAFe were

not significantly different across the four bed types we used

(p = 0.1525).

3.5 | Transport parameter estimation

Figure 5 presents transport parameter estimation for SiDNAFe and

NaCl with 95% confidence intervals (parameter values are presented

in Table S3 in the SI). DLNaCl varied between 1.51�10�5 and

2.63�10�5 (m2/s), while αNaCl varied between 4�10�4 and 10 -

�10�4 (1/s). A trade-off between DLNaCl and αNaCl was observed

across four bed types, where a higher DLNaCl was correlated with a

lower αNaCl and vice versa. AS the volume of sand/sediment in the

channel increased from a no-sediment to a sediment-laid bed type,

main channel cross-sectional area ANaCl decreased from 10�10�4 to

7�10�4 (m2). ASNaCl remained around half of the ANaCl in all four bed

types under the same hydraulic conditions.

DLSiDNAFe ranged between 1.07�10�5 and 7.97�10�5 (m2/s),

with FS having the greatest value, followed by GCS and CS with inter-

mediate values, and IP with the lowest value. The transient storage

exchange process was included only in the IP series and GCS-Tap,

with a higher αSiDNAFe in the IP series (11�10�4�20�10�4 1/s) but

a lower one (6�10�4 1/s) in GCS-Tap. In four bed types, ASiDNAFe

40

60

80

100

120

140

IP FS CS GCS

)
%( e

F
A

N
Di

S f
o .

R.
M

Tap

Meuse

F IGURE 4 Mean mass recoveries of SiDNAFe categorized by
four channel bed types: fine sediment (FS), goethite-coated coarse
sand (GCS), coarse sand (CS), and an impermeable channel without
sediment (IP). Blue squares and red dots denote mean mass recovery,
with error bars indicating variation between four values, in Tap water
and in Meuse water, respectively. The grey dashed lines delineate
mass recoveries lower than 80% and higher than 120%.

F IGURE 5 Transport parameters estimation with 95% confidence
intervals for SiDNAFe and NaCl. SiDNAFe in Tap and in Meuse were
shown in blue bars and yellow bars, respectively, while NaCl was
shown in grey bars. λ is shown as bars with black borders in the same
plot of α, and AS is shown as a part of A (where applicable) with black
borders in the subplot of A and AS. Missing bars represent no
applicable parameters for this category.

TANG ET AL. 7 of 13

 10991085, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.14962 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [06/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



was similar in Tap water (8–9�10�4m2), but, in Meuse water, it ran-

ged from 7�10�4 to 10�10�4 [m2], with the highest value in GCS

and the lowest value in IP. ASSiDNAFe was estimated to be half of the

ASiDNAFe in IP-Tap but around 30% of the ASiDNAFe in IP-Meuse and

GCS-Tap when transient storage was considered. To account for the

mass loss in GCS-Meuse and in CS-Meuse, a first-order decay term

was included and modelled to be 3.62�10�4 and 1.70�10�4 [1/s],

respectively.

When comparing NaCl and SiDNAFe, DLSiDNAFe was higher than

DLNaCl in CS, FS, and GCS-Meuse. Notably, in these cases, the tran-

sient storage was turned off because the transient storage parameters

could not be constrained in inverse simulations (i.e., negligible sensi-

tivity of AS and α on the BTC fitting, see details in SI). When compar-

ing SiDNAFe and NaCl with transient storage included (i.e., IP and CS

series), an equivalent or a smaller portion of A was modelled as AS to

exchange mass at a similar range of α. Additionally, ASiDNAFe was

smaller than ANaCl in IP and CS. On the contrary, in GCS and FS,

ASiDNAFe was either equivalent or larger than ANaCl (i.e., in FS-Tap and

GCS-Meuse). Across two water types, SiDNAFe had similar transport

parameters when they were subject to the same transport processes.

4 | DISCUSSION

4.1 | The effect of channel beds

SiDNAFe mass recoveries exhibited a wide range, varying from 50%

to 120% from sediment-free conditions to fine sediment and to

coarse (coated) sediment conditions. SiDNAFe had mass loss in coarse

(coated) sediment series, but no mass loss in the IP series. This indi-

cated that gravitational settling was negligible in the experiments, and

mass loss was likely related to interactions with the sediment. For

effective particle retention, most studies found that two processes

have to work in concert, that is, the particle delivery from the flow to

bed, and the detainment of particles such as filtration (Fries &

Taghon, 2010; Packman et al., 2000; Ren & Packman, 2004a, 2004b,

2005; Thomas, et al., 2001; Wörman et al., 2002). However, in our

experiments, the effect of filtration was considered minor, due to a

relatively thin layer of sediment bed of �3 mm and the permeability

of the bed (Table S4). The near-boundary shear Reynolds number for

FS, GCS, and CS was calculated to be smaller than 3 (Table S4), indi-

cating a hydraulically smooth flow condition (Nikaradse, 1933), where

the laminar sublayer above the water–sediment interface was thicker

than the roughness elements of the bed. Upon approaching the

water–sediment interface (i.e., particle delivery), SiDNAFe, which was

significantly smaller than the sublayer in size, was supposed to be

entirely immersed within this viscous sublayer, where the molecular

diffusion should dominate the particle transport (Crawford &

Sanford, 2001). The same diffusion responsible for particle delivery

also transports momentum into the sediment, driving an interstitial

flow. Fries (2002) found that over a flat permeable bed such an inter-

stitial flow can be detected as a velocity slip at the interface. This slip

decreases the drag coefficient and generates a negative correlation

between drag and deposition over a flat permeable bed (Fries, 2002).

Moreover, the influence of slip in the boundary on the flow profile

was most significant at a lower grain Reynolds number (i.e., smaller

grain size or smaller shear velocity). In our experiments, the ratio of

void scale to permeability of FS, GCS, and CS was similar, indicating

an equivalent open structure of the sediment bed (Table S4). If a

mechanism like the above-mentioned diffusive transport and filtration

was in play, SiDNAFe would likely have been more deposited in FS

than in CS & GCS, due to a lower grain Reynolds number in FS. From

no-sediment to sediment conditions, we speculated that the retention

of SiDNAFe was associated with particle exchange brought by grain-

scale hyporheic flows (Packman et al., 2000; Ren & Packman, 2004a,

2004b, 2005; Wörman et al., 2002) and the nature of the boundary

layer over the bed (Hamm et al., 2011; Saffman, 1965).

There was no significant difference in NaCl transport parameters

among the four series, except that with the addition of sand/sediment

volumes in the channel the effective main channel cross-sectional

area was reduced and caused an increase in NaCl BTC peak and an

earlier NaCl arrival (Figure 2). The trade-off between DLNaCl and αNaCl

indicated that the effect of the transient storage on NaCl transport

was on a similar timescale as the hydrodynamic dispersion process in

our injection experiments (Briggs et al., 2009). However, there should

be a difference in the nature of the transient exchange between with

and without channel bed sand. In addition to the exchange between

the main channel and surface transient storage where fluid moved

slowly or stagnated, a grain-scale hyporheic exchange on the water–

sediment interface was likely for the sand-laid cases (Fries &

Taghon, 2010).

4.2 | The coupled effect of water quality and
coarse sediment

We only observed SiDNAFe mass loss in coarse (coated)

sediment bed conditions (i.e., GCS and CS) in Meuse river. Interest-

ingly, this trend was not observed in Tap water under the same series

of bed conditions.

The primary differences of the water quality characteristics lay in

the dissolved organic carbon (DOC) and total suspended solids (TSS)

content (Table 3). Prior research on the settling behaviour of SiDNAFe

has demonstrated the insignificance of hetero-aggregation with sus-

pended particulate matter (SPM) in Meuse water (Tang et al., 2023).

Furthermore, the pH, ionic strength, and major cations and anions are

similar for both water types. Consequently, in our experiments we

expected the effect of water chemistry on the colloidal stability of

SiDNAFe to be similar, that is, negligible. Given the current experi-

mental results and water quality measurements, we were unable to

conclusively pinpoint the decisive water quality factor that contrib-

uted to the observed differences in mass recovery between these two

water types. While it is meaningful to delve into the controlling physi-

cochemical characteristics behind the observed mass loss in this par-

ticular case, such an investigation requires further research.

Nonetheless, our overarching message is that in real world large-scale
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tracing experiments, SiDNAFe is a promising tracer albeit that in some

environmental conditions the particle loss may hinder the

measurement.

Specifically, SiDNAFe mass retention in coarse (coated) sediment

bed conditions was 1–2 orders of magnitude greater than the esti-

mated first-order decay rate in quiescent settling conditions (Tang

et al., 2023). Similarly, Fries and Taghon (2010) found that deposition

in excess of gravitational settling could result from the grain-scale

deposition process of colloidal particles to permeable sediments

regardless of bed roughness. Furthermore, enhanced deposition and

retention of particles was associated with a greater flow-to-bed flow

as a result of a local increase in pressure-driven flows and most likely

followed by particle capture. However, this was not the case given

the flatbed condition. Thomas, et al. (2001) found that AS
A was most

strongly associated with the variation in enhanced deposition rates,

which was consistent with interstitial filtration as a significant mecha-

nism of particle deposition. However, in our experiments, transient

exchange was negligible in the two cases where enhanced SiDNAFe

mass retention occurred. This was additional indirect evidence sup-

porting that filtration did not take place as the main mechanism of

enhanced SiDNAFe mass retention in coarse (coated) sediment bed

conditions.

It is reasonable to consider that there were different mechanisms

than the above-mentioned, driving the enhanced mass loss in coarse

(coated) sediment beds with Meuse water. We think that it was

related to complex water-sediment-particle interactions. Ren and

Packman (2005) found that colloid mobility could be either enhanced

or reduced as a result of general and specific interactions between

sorbing solutes and iron oxide particles, and they suggested that the

colloidal and contaminant behaviour assessment cannot be separated

from each other in surface systems because surface-chemical pro-

cesses can cause their behaviour to be coupled. In this regard, we

speculate that some sort of coupled grain-scale water-

sediment-particle interactions, for example, kinetic attachment

between SiDNAFe and surface heterogeneities of coarse (coated) sed-

iment in the presence of river water were the driving mechanism for

enhanced SiDNAFe retention. Moreover, kinetic attachment/

detachment was concluded to be the driving deposition mechanism in

porous media for a similar silica encapsulated DNA microparticles

(Kianfar et al., 2022). Another indirect evidence supporting this was

the lower mass loss in CS, which was acid-washed and removed from

surface impurities. Compared with the surface heterogeneities of

GCS, CS would have weaker particle-particle interactions with SiD-

NAFe. Likewise, Ren et al. (2002) showed a reduced deposition of sil-

ica colloids in a sand bed that was acid- and base-washed.

Mechanisms that would otherwise enhance the retention, such as

topography and aggregation seemed unlikely, due to a flatbed condi-

tion and the constant hydrodynamic radius of SiDNAFe under similar

conditions. Moreover, diffusion across the interface seemed unlikely,

as the hydrodynamic dispersion was 10 to 11 orders greater than the

diffusion coefficients of SiDNAFe. Only in conditions of quiescent

waters with extremely low permeability sediments (clays or silts) does

diffusion tend to be the dominant transport process (Huettel &

Webster, 2001). In our experiments, SiDNAFe would likely attach to

or be deposited on the grain surfaces. Despite the unfavourable con-

ditions for attachment between SiDNAFe and coarse (coated) sedi-

ment, enhanced deposition could occur as a result of grain-scale

surface heterogeneity (Ryan & Elimelech, 1996; Schijven et al., 2002),

which had been shown to be responsible for a considerable amount

of the particle retention which occurred under repulsive electrostatic

forces (Ren et al., 2002).

4.3 | Comparison between NaCl and SiDNAFe

An evident breakthrough separation was between NaCl and SiNDAFe

in IP, CS, and FS, despite the more “chaotic” signals of SiNDAFe. In IP

and CS, SiDNAFe arrived slightly earlier than NaCl in both Tap and

Meuse water conditions. This indicated that the average velocity of

SiDNAFe was higher than that of NaCl. In many surface water tracer

experiments, researchers have observed the earlier arrival of the BTC

peak by colloids compared to solute tracers (e.g., Göppert &

Goldscheider, 2008; McCluskey et al., 2021). This suggests that col-

loids tend to preferentially travel along faster flow lines in comparison

to solutes. However, it is important to note that these differences are

generally small, as also observed in our own experiments, and are pri-

marily noticeable at lower average flow velocities (Göppert &

Goldscheider, 2008). In FS, despite an earlier arrival of SiDNAFe,

ASiDNAFe was estimated to be similar to ANaCl. This was probably

because a significantly higher DLSiDNAFe accounted for an earlier

arrival in this case. However, we argue that a significantly greater

DLSiDNAFe was a result of modelling compensation. OTIS model would

tend to increase DL to compensate for the effect of the transient

exchange when the transient storage parameters failed to constrain

the simulation (Karwan & Saiers, 2009). This also indicated that the

effect of the transient exchange of transport was on a similar time

scale as the dispersion process, which corresponds to the trade-off

effect shown earlier between DLNaCl and αNaCl in NaCl BTC

simulations.

However, in GCS-Tap, SiDNAFe behaved almost identically to

NaCl. In addition, SiDNAFe and NaCl arrived at the same time, show-

ing a symmetric BTC in GCS-Meuse. This change indicated that sedi-

ment coating and surface heterogeneity could increase the transient

interactions with the particles.

4.4 | Advantages of SiDNAFe and its associated
uncertainty

There was no significant difference between standard deviations of

SiDNAFe concentrations (σSiDNAFe) in Tap water and in Meuse water

at a 95% significance level (p = 0.5864). In addition, no significant dif-

ference was found among σSiDNAFe grouped by different sediment

conditions (i.e., FS, GCS, CS, IP). The ‘noise’ was more associated with

the lower concentrations (rising limbs and tails) rather than the higher

concentrations (peaks) (Figure 6). Most of the coefficient of variation
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(CV) were lower than 0.6. However, when the C/C0 was below 1%,

the CV ranged between 0 and 1.8, indicating a high uncertainty of the

concentration value. This high uncertainty of lower concentration was

due to having only a few particles/DNA molecules present in the sam-

ple for DNA quantification. This range of CVs was consistent with our

previous experimental results on the CV of DNA-tagged tracer BTC

(Tang et al., 2021). Further, no generic pattern was found for the sig-

nificant difference of σRC and its CV by comparing between groups of

channel beds and water types (details in SI). As discussed in Tang

et al., 2021 and other DNA-tagged microparticle tracer application

experiments (Foppen et al., 2013; Kittilä et al., 2019; Liao et al., 2018),

data variation and uncertainty was mostly bound with its discrete

nature of colloidal behaviour and qPCR reading uncertainties, water

chemistry, etc. In this research, we also assessed the influence of mag-

netic separation on particle concentrations. There was no statistically

significant difference across the Cq values of samples after up to five

times of magnetic separation (p=0.4806, see Figure S2). Additionally,

Cq values of SiDNAFe suspended in tap water were not significantly

different from those in Meuse water after up to five times of magnetic

separation (p=0.6179, Figure S2). We finalized the up-concentration

protocol which was two times of magnetic separation, followed by

one time of magnetic separation where one-fifth of the original vol-

ume of water was left to the sample tube to realize up-concentration.

After this magnetic separation and up-concentration procedure, the

slopes and R2 of the 10-fold dilution curves of SiDNAFe, which was

originally suspended in Tap water and in Meuse water, revealed that

this procedure can be reliably applied to up-concentrate SiDNAFe

(see Figure S3). This can help to minimize possible inhibition associ-

ated with varied river water quality for qPCR quantification.

Our results demonstrated that SiDNAFe could be used in tracing

experiments, as evidenced by the complete mass recoveries observed

in 6 out of 8 cases. However, apparently, certain combinations of

water and sediment can lead to mass loss, as evidenced by our Meuse

water-iron coated sand experiments. Here, more detailed research is

recommended. Extrapolating our results to tracing experiments in real

river experiments, SiDNAFe seems to have the potential to be

employed as a tracer also at kilometre scale.

5 | CONCLUSIONS

We investigated the effect of the channel bed characteristics on the

transport behaviour and mass loss of magnetic silica encapsulated

DNA microparticle (SiDNAFe) as a colloidal tracer. Natural river fine

sediment, coarse sand, Goethite-coated coarse sand, and no-sediment

were used as four different channel beds. We tested SiDNAFe in two

different water qualities (i.e., tap water and river water) and compared

SiDNAFe to dissolved NaCl by conducting pulse injection experi-

ments. SiDNAFe BTCs could be adequately described by advection

and dispersion with or without a first-order decay process. SiDNAFe

mass recoveries exhibited a wide range, varying from 50% to 120%

from sediment-free conditions to coarse (coated) sediment. In 6 out

of 8 cases, SiDNAFe mass recovery was complete. Retention of SiD-

NAFe was 1–2 orders of magnitude greater than gravitational settling

rates, as determined in Tang et al. 2023. We reason this was due to

grain-scale hyporheic flows and coupled water-sediment-particle

interactions. The dispersive behaviour of SiDNAFe generally mim-

icked that of NaCl tracer. SiDNAFe can be used in tracing experi-

ments. However, water quality and sediment characteristics may

affect the fate of SiDNAFe in river environments. With its magnetic

properties and the up-concentration scheme, SiDNAFe possess prom-

ising potential as a surrogate for multi-tracing micro-contaminants

(e.g., microplastics) in large rivers, which could be a promising tool for

enhancing understanding of hydrological processes.
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