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Abstract 18 

A field tracer test using DNA-labelled silica encapsulated nanoparticles was conducted in an arenitic 19 

fractured aquifer. The hydrogeological context involves a primary discharge outlet of the Pantano 20 

Formation, a shallow marine arenite serving as a crucial groundwater reservoir for the mountainous 21 

region of the metropolitan area of Bologna (Northern Apennines, Italy). The aquifer's characteristics, 22 

including calcarenite composition prone to karstification and the enlargement of sedimentary and 23 

tectonic discontinuities, were conducive to showcasing the ability of nanoparticles ability to trace 24 

preferential flow pathways within a dual-porosity aquifer. Nanoparticles were introduced into a 25 

borehole and retrieved from three sampling points: two spring-boxes and another borehole. The 26 

distances between injection and retrieval points ranged from 5-15 m in planar projection and 12-63 m 27 

in linear depth. Additionally, a NaCl tracer test with similar boundary conditions was conducted during 28 

a borehole dilution test. DNA concentration was determined through quantitative polymerase chain 29 

reaction (qPCR) following the dissolution of the silica shell using a buffered fluoride etch solution. 30 

Complete breakthrough curves for nanoparticles were observed in all three sampling points, with early 31 

detection and nearly symmetrical curves at the two closest points, suggesting minimal dispersion 32 

effects. In contrast, salt tracing resulted in more dispersed and delayed breakthroughs. The median 33 
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effective groundwater velocity from the tracer tests was one order of magnitude higher compared to 34 

literature data on siliciclastic turbiditic sandstones in the Northern Apennines. These findings hold 35 

significance for implementation of protection measures around the spring head. 36 

 37 

1. Introduction 38 

The DNA molecule presents numerous potential advantages in tracing groundwater flow systems compared to 39 

classical tracers such as ionic solutions or fluorescent dyes (Leibungdut et al. 2009). These advantages include: 40 

specificity (i.e. minimizing effects from background noise particularly for use of synthetic DNA), full 41 

compatibility with environment (Mora et al. 2015), ultra-sensitivity to analysis with much lower detection limits 42 

compared to ionic or dye tracers, and potential for multi-tracer tomography-like assessment (Sharma et al. 2012; 43 

Liao et al. 2018). DNA-based tracer tests, utilizing the molecule as an organic solute dissolved in groundwater, 44 

have demonstrated numerous advantages in tracking water flow pathways, either from the first applications in 45 

column experiment in the lab (Grindrod et al. 1996; Mikutis et al. 2018) or across various hydrological 46 

compartments, from septic pollution sources in sewers system (Georgakakos et al. 2019; Pang et al. 2017) to 47 

surface waters (Foppen et al. 2011, 2013) and glaciated systems (Dahlke et al. 2015). Nonetheless, the application 48 

of the technology for hydrogeological purposes in field conditions is still at the stage of a novelty, due to some 49 

significant drawbacks that hinder its widespread application: degradability of DNA molecule, with a half-life of 50 

less than 10 h at 20°C in aquatic environment, and possible absorption/retardation processes, a feature that is not 51 

entirely compatible with long transit times in the porous medium (Mikutis et al. 2018).  52 

In the rapidly evolving field of applied hydrogeology, the advent of nanotechnology has ushered in a new era of 53 

possibilities. Nanoparticles offer unprecedented tools for a better comprehension and management of groundwater 54 

resources through their application in tracer tests, resulting in significantly enhanced specificity and sensitivity 55 

(Divine & McDonnell 2005; Sharma et al. 2012). Nanoparticles can be designed, produced and utilized not only 56 

to act as tracers by themselves, as seen in the case of zero-valent iron particles (Chuang et al. 2016), but also to 57 

enhance the capabilities of organic molecules such as synthetic DNA which can be encapsulated and protected 58 

within nanoparticles (McNew et al. 2018; Mikutis et al. 2018; Wang & He 2010). The encapsulation of DNA 59 

within a silica nanoparticle shell, facilitated by nanotechnology, has recently improved the application potential of 60 

tracer tests in porous and fractured media. The main advantage associated with this technology includes the 61 

resistance of the DNA molecule to physical and chemical stresses thanks to the protection offered by the outer 62 

silica shell. Moreover, there is no experimental evidence of negative interference with other classical tracers used 63 

concurrently. Finally, the slightly negative surface charge of the particles enhances their mobility thanks to an 64 

attenuation of surface effects along pore walls (Zhuang et al. 2009). 65 

Silica-encapsulated nano particles must indeed be considered as colloidal tracers, typically in the size range 10-66 

1000 nm (Matthess 1982); the hydrodynamic behavior of nanoparticles in a porous medium thus resembles 67 

contamination by viruses or bacteria more than contaminants in solute phase (Harvey & Garabedian 1991). 68 

Nanoparticles behave as an advection dominated tracer, transported more rapidly and spending less time in the 69 

porous medium compared to a solute tracer (Albarran et al 2013; Dahlke et al 2015; Kittilä et al 2019; McKay et 70 

al. 2000; Mikutis et al 2018). As macroclastics are transported in high velocity channels throughout rivers so 71 
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nanoparticles, acting as a selective tracer, provide specific information on larger flow conduits. Also the low 72 

recovery rate of nanoparticles is an indicator of preferential transport only along high-permeability flow paths. 73 

However, drawbacks are also evident, including gravity settling (James & Chrysikopoulos 2011) and pore size 74 

exclusion effects due to the colloidal nature of the particles and the constraint that pore throats must be at least 1.5 75 

times larger than the particle size to permit their passage (Sirivithayapakorn & Keller 2003). The preferential 76 

migration along the flow paths with higher groundwater velocity could lead to a poor representativeness of the 77 

bulk dispersion properties of the porous medium. Additionally, the high cost of this particles compared to classical 78 

tracers and the need for interdisciplinary facilities that merge field hydrogeology and molecular biology 79 

approaches must be considered. Table 1 provides a synthetic review of DNA-based tracer hydrogeological 80 

applications in field conditions either as solute DNA molecules or encapsulated in nanoparticles. 81 

 82 

This research is based upon a collaboration among hydrogeologists and molecular biologists to provide the first 83 

application of a tracer test utilizing DNA-labelled silica-encapsulated nanoparticles in an arenitic fractured aquifer. 84 

The investigated aquifer is characterized by a peculiar karst-like enlargement of primary or secondary 85 

discontinuities and represents a strategic groundwater reservoir for public water supply. As demonstrated by the 86 

results of the investigation, properties of nanoparticles proven as well suited to put in evidence some specific 87 

features of the investigated aquifer. 88 

 89 

2. Hydrogeological setting and reasons for tracing 90 

The tracer test was performed in a fractured sedimentary aquifer located in the central sector of the Northern 91 

Apennines (Northern Italy) around 40 km to the south west of the city of Bologna (Fig. 1a). The Apennines are a 92 

Neogenic fold-thrust belt formed from the collision between the African and Eurasian tectonic plates during the 93 

Alpine orogenesis (Carminati & Doglioni 2012). The Northern branch of the chain extends along a front 94 

approximately 350 km long, defining the divide between watersheds draining toward the Adriatic sea to the north 95 

and those ones draining toward the Ligurian sea to the south (Fig. 1a). The chain is formed by piles of rock units 96 

(nappes) overthrusted between each other. From a lithological standpoint, the orogenic structure is underlain by a 97 

metamorphic Paleozoic bedrock and is made up by a Mesozoic calcareous succession, followed by pelagic shales 98 

and turbidites and, at the structural top, by the Ligurid units, primarily composed by mudstones, clayey complexes 99 

and scattered arenitic slabs deposited in “piggyback basins” over the Ligurid units themselves (Castellarin 2001). 100 

Unlike the Central and Southern Apennines, extending farther south along the italian peninsula and where the 101 

Mesozoic limestones outcrop at the structural culmination of the chain due to the erosion of the overlying 102 

sedimentary units, in the Northern sector which is characterized by relatively lower altitudes the shallowest and 103 

outcropping geological portion consists of turbidites, arenites and clayey complexes. 104 

Table 1 Main parameters of DNA tracer tests performed on the field in different hydrogeological settings. The 105 

depth is reported in m below ground level (bgl). The meaning of ve-max (first arrival) and ve-p (peak arrival) is 106 

explained in the main text. The Gradient indicates with N (No) an active pumping of groundwater at the sampling 107 

site; with Y (Yes) not perturbed conditions. The DNA indicates with Y (Yes) encapsulation of molecule, whereas 108 

N (No) indicates free DNA molecule as solute.  109 
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 110 

 111 

Due to this geological differentiation, hydrogeological research in the Northern branch of the Apennines is 112 

primarily focused on sedimentary aquifers, while karst limestone massifs are the primary objects of investigation 113 

in the rest of the chain (Petitta et al. 2022). The most common groundwater reservoirs in Northern Apennines are 114 

turbidites, either siliciclastic or calcareous, or ophiolites (peridotites and basalts embedded inside the Ligurid 115 

units), which are mainly used to provide water supply for local communities or small villages. Significant spring 116 

discharges (i.e. between 1 and 0.01 L/s in low flow condition, corresponding to a Meinzer’s flow rate magnitude 117 

classes VI-VII; Meinzer 1923) are rare and are typically related to very localized geological and geomorphological 118 

settings (Gargini et al. 2008; Segadelli et al. 2021).  119 

Within this context of relatively limited groundwater resources, some springs discharge at higher rates (up to Class 120 

IV Meinzer’s flow rate magnitude, between 10 and 100 L/s), attracting the interest of water companies and 121 

hydrogeological researchers (Filippini et al. 2024). These springs discharge from the Pantano Formation (“PAT” 122 

in official geological maps), an arenite pertaining to the Epiligurian succession. The Epiligurian succession is a 123 

series of Cenozoic marine formations deposited, from the Middle Eocene to the Upper Miocene, in settings ranging 124 

from shallow shelf to slope, within “piggyback basins” (Ori & Friend 1984) formed above the predominantly 125 

argillaceous Ligurid units. The PAT unit forms high standing slabs ranging from 2 to 25 km2, surrounded and 126 

hydrogeologically limited by permeability barriers, thus forming separate aquifer reservoirs. One of these slabs, 127 

called “Arpolli”, is the focus of this investigation, showing a total outcropping area of approximately 3 km2 128 

Reference 
Aquifer 

porosity 
Litology 

Injection 

depth 

(m bgl) 

Traced 

distance 

range (m) 

Test 

duration 

range 

(h) 

ve-max 

velocity

(m/d) 

ve-p 

velocity

(m/d) 

Gradient 
DNA 

 

Mass 

Recovery 

(%) 

Colleuille & 

Kitterød 

(1998) 

Interstitial 
Coarse sand 

and gravel 
13 50-300 3-12 

260-

2400 
104 N Y - 

Kitterød et al 

(1998) 
Fractured Gneiss - 180 5-20 864 - Y Y - 

Sabir et al 

(1999) 
Interstitial Sand 2 12 5 3,1 - N Y - 

Sabir et al 

(1999) 
Fractured Amphibolite 15.5 - 0.23-68 12-2074 - N Y - 

Ptak et al 

(2004) 
Interstitial 

Sand and 

gravel 
- 13 0.33 946 125 N N - 

Dahlke et al 

(2015) 

Fractured/

Karst 

Glacier 

mass 

- 

 
226-313 0.18-0.3 

25,040 – 

29,585 

6,780-

7,907 
Y Y 46-77 

Aquilanti et al 

(2016) 
Karst Limestone 0 1,800-2,000 62-417 114-702 - Y N 6-57 

Kong et al 

(2018) 
Interstitial 

Sandy 

gravel with 

finer matrix 

- 3 0.42 171.4 
57.6-

58.4 
Y Y - 

Kittilä et al 

(2019) 
Fractured Granodiorite 

- 

 
6.5-28.7 3.8-4.4 42-156 

24.4-

60.8 
N Y 2.7-59 

Pang et al 

(2020) 
Interstitial 

Coarse 

gravel 

- 

 
21-87 2-22 74-252 55-168 Y Y-N - 

Pang et al 

(2020) 
Interstitial Fine sand 

- 

 
0.5-3 36 0.01 0.01 Y N - 
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(Fig.1b). The PAT unit, being a shallow marine formation, exibits variability in lithological and textural features 129 

depending on the depositional environment, ranging from proximal one (nearshore with more calcarenitic 130 

composition) to distal at the edge with slope facies (Bettelli et al. 2002; Panini et al. 2002). Slabs formed by the 131 

more proximal facies, such the Arpolli slab, consist primarily of calcarenites made up of very fine to medium-size 132 

grey sands with gross parallel-plain layering locally including microconglomerates. The content of calcite is high 133 

both in the clasts and in the cement of the rock denoting a massive appearance in outcrop (Fig.1c). 134 

The main spring discharge outlets of the slab are located at its western edge, at a permeability threshold along a 135 

sub-vertical fault putting in contact the PAT unit to the east with a marly aquitard of Epiligurian succession 136 

(Cigarello Formation; “CIG” to the west (Fig.1 b, d). Along this boundary, two main discharge points are located, 137 

known as the Arpolli spring group (Site A in Fig.1 b, d and hereafter) and the Canevaccia spring (Site C in Fig. 1 138 

b). The two have a total mean annual discharge and a mean low flow season discharge of 28 and 14 L/s, 139 

respectively, based on a monthly monitoring performed during the hydrological year 2020/2021. The major 140 

discharge point is A site where a total of 6 spring-boxes (coded from S1 to S6 in Fig.3a) are exploited for public 141 

water supply, providing a yearly averaged discharge of 24 L/s, which is significant for the general hydrogeologic 142 

context of the Northern Apennines.  143 

The presence of the aforementioned spring-boxes and two boreholes drilled within the spring discharge area of 144 

Site A (see The tracer test: Setting, materials and methods) has provided the opportunity to conduct either a 145 

borehole/spring or a borehole/borehole tracer test (Käss 1998) within a primary discharge area of a fractured 146 

sedimentary aquifer aiming to experimentally verify the degree of hydrologeological connectivity within such a 147 

peculiar aquifer. 148 

 149 

3. The tracer test: Setting, materials and methods  150 

The six spring boxes of Site A are situated within an area of approximately 3 ha (Fig.2a). They consist of shallow 151 

vertical shafts reaching the water table at around 2 m below ground level (bgl), or of horizontal draining tunnels 152 

10-15 m long at a depth of 2 m bgl (Fig.3). The primary purpose of all spring-boxes is to facilitate groundwater 153 

drainage by gravity, from the aquifer toward a nearby reservoir building (R in Fig.2) via buried pipes. For detailed 154 

characterization of the fractured aquifer at Site A and for groundwater monitoring purposes, the company 155 

responsible for aqueduct supply (Gruppo Hera S.p.A.) drilled two boreholes, B1 and B2, in close proximity to the 156 

spring-boxes at a distance of 10 m between them and down to a depth of 80 and 33 m bgl, respectively (Fig.2, 157 

Fig.3). Prior to completion with open-stand pipe piezometers, the two boreholes underwent acoustic and optical 158 

televiewer vertical logging. As part of a parallel research effort aimed at hydrodynamically characterizing the PAT 159 

unit in the broader Bologna region, constant flow rate pumping tests lasting 8 hours were conducted inside the 160 

boreholes. Technical and hydrogeological details of the spring boxes and boreholes are provided in Table 2.  161 

 162 

 163 

 164 

 165 
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 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

Table 2 Technical features of groundwater points and relevant associated hydrogeological parameters. 177 

Explanation of terms and symbols: ID: identification code of groundwater point; Altitude is referred to ground 178 

surface; Depth to GW is referred to depth to water-table with the range of values occurring during the two tracer 179 

tests; Q: spring discharge with the range of values occurring during the two tracer tests; T: hydraulic transmissivity; 180 

K: hydraulic conductivity. Parameters T, K were obtained by pumping tests on B1 and B2. 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 

The lithology log obtained from continuous coring revealed the presence of the arenitic unit of PAT down to 80 190 

m depth. The lithology is made up by a layered, lithologically homogeneous calcarenite with grain sizes ranging 191 

from medium to coarse sands and up to fine gravels. Downhole observations using acoustic and optical televiewer 192 

logging allowed the identification of fractures with aperture of 5-15 cm, located at depths 27.50-28.50 m depth 193 

and again in discrete clusters between 61 and 80 m depth bgl. Fractures are developed along a WNW-ESW 194 

direction (Fig.3) with a dip of 200° and a slope of 65-70°. Additionally, other enlarged fractures were observed 195 

ID 
Altitude 

(m asl) 

Inner Ø 

(inches) 

Depth  

(m bgl) 

Screen 

(m bgl) 

Depth to 

GW 

(m bgl) 

Q 

(L/s) 

T 

(m2/s) 

K 

(m/s) 

B1 796 3 80 49-80 2.18-1.16 - 

4×10-3 1×10-4 

B2 795 3 31 2-31 2.02-0.89 - 

S2 794 - 3.35 - 1.20 6.7-6.6 - - 

S3 793 - 2.80 - ~2 6.5-7.3 - - 
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along the separation surfaces of the layers (layer-parallel fractures). Enlarged fractures/conduits show a reddish-196 

brown alteration coating of precipitated material, indicating active groundwater flow enhancing rock dissolution 197 

(Barker et al, 1998). 198 

Within this setting two distinct tracer tests were conducted with a 4-month interval between them. DNA-labelled 199 

nanoparticles were utilized as tracer while the other employed NaCl. For both tests the borehole B1 served as the 200 

injection point whereas three recovery points were designated for the retrieval of the tracer breakthrough curve 201 

(BTC). These are two spring boxes (S2 and S3) and one borehole (B2). The location of all points, along with the 202 

indication of the linear distances between them, is shown in Fig.2b. Local groundwater flow is directed northward 203 

with a local hydraulic gradient of 7.8×10-2. 204 

3.1 DNA-labelled silica nanoparticles 205 

Double-stranded synthetic DNA-labelled silica nano particles were injected in borehole B1. Nanoparticles were 206 

manufactured and quality controlled, according to Paunescu et al (2013), by the Swiss Federal Institute of 207 

Technology (Zürich, CH). The used DNA is a random sequence with a length of 65 base pairs (bp): 208 

“TACTCGCTGCTGTGACTGACGACTCGACTCATAGTGAATAGTGACCGGTAGACCTGCTGAACCTA” 209 

encapsulated into amorphous silica spheres (nanoparticles) that protect the organic molecule from physical and 210 

chemical stresses. Before encapsulation the inner nucleus of silica nanoparticles was functionalized, by the 211 

producer, with N-trimethoxylsilylpropyl-N,N,N-trimethylammonium chloride (TMAPS) in order to obtain a 212 

positively charged surface on silica and non-covalently bind DNA molecule to it. In the end the DNA was coated 213 

with an outer thin layer of silica (encapsulating shell) by polycondensation of tetraethoxysilane (TEOS) (Stöber 214 

process). The DNA loading of a single particle is ≈ 0.1% in weight. The primary particle diameter is ≈ 150 nm 215 

(range 140-170 nm) with a density of around 2 mg/mm3 (2 kg/dm3), corresponding to twice the density of fresh 216 

water; consequently, a single particle has a mass of around 3.5×10-12 mg. Concerning the size, nanoparticles 217 

constitute a colloidal tracer. The original manufactured material is dispersed in water (1 mg/mL) and a total amount 218 

of 1 mg of material includes around 280 billion (2.8×1011) individual primary particles. The manufacturing 219 

procedure of Paunescu et al (2013) was found to produce agglomerated clusters of particles so about 1-2 orders of 220 

magnitude lower is the expected number of particle aggregates travelling across the porous medium after injection 221 

(Robert Grass, Swiss Federal Institute of Technology, Zürich, personal communication).  222 

3.2 Tracer injection 223 

3.2.1 DNA: a mass of 0.5 milligrams of nanoparticles, dispersed in 9.5 mL of deionized water (DNA 224 

concentration of 1 µg/mL), was introduced into borehole B1 in correspondence of the middle point of the screened 225 

sector at 65 m bgl. This quantity corresponds to an approximate number of 1.4×1011 nanoparticles, with a 226 

concentration of 1 µg/mL DNA. The total injected mass of DNA was 9.5 μg. Forcing an instantaneous pulse 227 

injection of such a small quantity of tracer at depth in groundwater was a critical issue therefore an air pressure 228 

flash pump was specifically designed for the test (Fig.3): at ground surface the pulse at 8 atm was provided by a 229 

compressed air tank (AT in Fig.3) connected down the hole, through a flexible Rilsan® tubing (4 mm inner ᴓ), 230 

with a steel injection chamber assisted with a pressure valve. The injection chamber was charged with the tracer 231 

and lowered into the borehole down to the desired depth. For the very low size of injected volume (9.5 mL) and 232 

the adopted modality the injection could be reasonably approximated to a pulse injection (Dirac Delta function).   233 
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3.2.2 NaCl: the tracer injection was performed through a borehole dilution test (BDT) following the 234 

permeable bag method (Fahrmeier et al, 2021; Piccinini et al, 2016). A non-woven fabric permeable bag filled 235 

with 1 kg of fine-grained NaCl was lowered and lifted for three times along the screened interval of B1. The 236 

complete dissolution of NaCl occurred rapidly within the borehole. Vertical logging of specific electrical 237 

conductance (SEC) was performed immediately before and during the test using a profiler probe (model: Solinst 238 

TLC 107, with compensation at 25°C). The background SEC prior to injection was 468 μS/cm (average of ten 239 

regularly spaced measures of the vertical log along the screened sector in the range 463-473 μS/cm).  240 

3.3 Tracer sampling 241 

3.3.1 DNA: sampling was performed in different ways according the typology of water point: for springs 242 

S2 and S3, samples were collected every 10 min from injection directly at the final outlet of the pipe conveying, 243 

by gravity, the uptaken groundwater to the aqueduct’s local reservoir (R in Fig.2); for borehole B2, each 15 min, 244 

by lowering a bailer down inside the water column along the screened sector. Two bailers were used alternatively. 245 

Before insertion each bailer was accurately rinsed many times with spring water (pristine aquifer water) discharged 246 

from one of the outlets located upgradient respect to the injection point. 10 mL groundwater aliquots were collected 247 

in 15 mL Falcon tubes after accurately rinsing the cap and container twice.  248 

3.3.2 NaCl: in the BDT the breakthrough of the ionic tracer was determined by measuring SEC in springs 249 

S2 and S3, and in borehole B2. In S2 and S3 a field conducimeter (Hanna HI991301 with compensation at 25°C) 250 

was used to monitor SEC at the outlet pipe conveying water from the springs in the R facility. SEC was measured 251 

every 35 min in general (lower frequency respect to the sampling of nanoparticles). In B2, SEC was monitored 252 

through five vertical logs, performed in general every 35 min with the first one after 55 min from injection, using 253 

the same profiler adopted in B1 (also in B2 the blank SEC profile was determined immediately before the 254 

injection).  The SEC values recorded immediately before injection (background) were 516 and 519 μS/cm at S2 255 

and S3, respectively; a blank value of 475 μS/cm for point B2 resulted as the average of thirteen regularly spaced 256 

measures of the vertical SEC log along the screened sector of the borehole (range between 456 and 496 μS/cm). 257 

In summary, SEC background values at the site ranged between 456 and 519 μS/cm, taking also into account the 258 

values detected in B1. 259 

3.4 Laboratory analysis of DNA 260 

Each 10 mL groundwater sample containing the DNA-labelled silica particles was concentrated by transferring 261 

1000 µL of sample into a 1.5 mL tube, centrifuging at maximum speed for 3 min at room temperature and 262 

discarding the supernatant; the procedure was repeated 10 times to exhaust the sample. Successively, the 263 

dissolution of silica shells, and the consequent release of the DNA in aqueous solution, was obtained by adding 45 264 

µL of a fluoride­containing solution (buffered oxide etch, BOE), at pH 4, obtained by dissolving 0.23 g of 265 

ammonium hydrogen difluoride (NH4FHF) and 0.19 g of ammonium fluoride (NH4F) in 10 mL of H2O inside a 266 

polyethylene container. Lastly, a dilution 1:100 of the samples in water was performed in order to minimize the 267 

tendency of the residual of etching solution to limit quantitative polymerase chain reaction (qPCR) detection 268 

(Panescu et al, 2013; Mikutis et al, 2018). The dissolved DNA was directly used for qPCR reaction without any 269 

purification.  270 
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The analysis of DNA was performed by qPCR (StepOnePlus Real-Time PCR, Applied Biosystems), an instrument 271 

that simultaneously amplifies and quantifies a specific DNA sequence, using the fluorescent dye SYBR Green as 272 

follows: 10 μL of Power SYBR Green PCR Master Mix (Applied Biosystems); 1 µl of forward primer (10 µM); 273 

1µl of reverse primer (10 µM); 3μL of Real-Time PCR water; 5 μL of DNA template. The following Real-Time 274 

PCR cycling parameters were used: 95°C for 10 min (pre-activation), 95°C for 15 s, 54°C for 30 s, and 72° C for 275 

30 s (40 cycles; Paunescu et al, 2013). The primers used were TACTCGCTGCTGTGACTGAC (forward primer) 276 

and TAGGTTCAGCAGGTCTACCG (reverse primer). As part of each experiment, three no template controls 277 

(NTC) consisting of water instead of DNA were included. Samples were analyzed using three real-time PCR 278 

replicates.  279 

The measurement obtained by qPCR for each replicate is the theshold cycle (Ct), indicating the number of 280 

amplification cycles required for the fluorescent signal emitted by the SYBR Green to be detected by the 281 

instrument (Kong et al, 2018). To ensure accuracy of the analyses, the following rules for managing Ct values 282 

were applied: if the standard deviation (SD) of the Ct values of the triplicates was less than 0.5, the mean of the 283 

three Ct values was calculated and the sample was kept for a further analysis; if the SD was greater than 0.5, the 284 

sample was subjected to a new analysis in triplicate; if a couple of replicates showed a SD of less than 0.5, the 285 

mean of the two Ct values was considered as the real value of the sample. Subsequently, the triplicate of NTC was 286 

used to establish the minimum detection threshold and filter out samples, as “no DNA detected” or “negative 287 

samples”, with a Ct mean higher than the detection threshold.  288 

In order to correlate the mean Ct value to the DNA concentration in the samples, for each experiment (sampling 289 

site) a regression line (dilution curve) was preliminarly constructed in the laboratory using serial dilutions of DNA 290 

at known concentration (0.33 ng/µL concentrated stock solution) and the mean Ct values associated to each 291 

dilution (Panescu et al, 2013). Specifically, seven 1:10 serial dilutions from the stock solution were prepared with 292 

a concentration range between 3.3×10-2 ng/µL and 3.3×10-8 ng/µL.   293 

The equation of the obtained regression line and the mean Ct value of each sample were then used to derive the 294 

DNA concentration. The minimum detectable concentration (limit of detection of DNA) was defined equal to 295 

2.64×10-11 g/L (equivalent to 2.64×10-2 ng/L or ppt), corresponding to an estimated total number of 37 particles; 296 

this limit is calculated according to the lowest Ct mean value obtained from the “negative samples”. So to any 297 

concentration lower than this limit down to “null” was assigned a label of “non detected”. 298 

 299 

4. Results and discussion 300 

In this chapter the obtained breakthrough curves (BTC) are described and interpreted along with the derivation of 301 

the main physical parameters like the components of groundwater effective velocities or the kinematic porosity, 302 

so emphasizing the observation approach to derive the hydrodynamic properties of the arenites and to make 303 

comparisons between DNA and NaCl; no modelling of the curves will be provided. The BTCs are reported in 304 

Fig.4, in comparative way, with the concentration of DNA expressed in ng/L and the SEC in μS/cm as the 305 

differential respect to the blank of each sampling site. The curves connecting the points relative to the detected 306 

concentrations in the BTCs in Fig.4 must be considered simply a graphic support to the observation and 307 

interpretation of the graphs and do not represent the actual pattern of the tracer recovery between the points. 308 
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However the high time frequency of the sampling (10 min for DNA) makes this graphic representation more 309 

realistic. The exact location of a peak or of a first detection are not precisely known and all the following estimates 310 

encompasses this intrinsic uncertainty also if we consider not altered the general conclusions about the 311 

observations of the experiment. 312 

4.1 Breakthrough curves from nanoparticles 313 

BTCs were observed at each of the three sampling points (Fig. 4). The first tracer detection occurred very early at 314 

the first sampling step at all three points (10-15 min after injection) and likewise fast was the attaining back to 315 

values below the detection limit (between 180 and 240 min after injection). A clear peak was recorded in S2 and 316 

B2, followed by a more or less decreasing tail of the BTC, with the maximum concentration (5.44 ng/L) detected 317 

in S2, the nearest point to the injection site. In S2 the main peak was followed, 80 min later, by a secondary peak 318 

around the same level of concentration of the main peak detected in B2 (respectively 1.84 and 1.31 ng/L). The 319 

peaks detected in S2 and B2 are related to transport of nanoparticles along main fractures with different velocities. 320 

The shape of the BTC registered in S3 looks notably less structured, showing scattered values above and below 321 

the detection limit with a relatively low maximum concentration of 0.19 ng/L recorded 60 min after injection; S3 322 

spring-box has a very long draining-tunnel inlet respect to the point type of S2 and B2 and this likely damps the 323 

signal.  324 

The total injected mass of DNA was 9.5 μg. Integrating the BTCs allowed estimation of a recovery of 9.9%. Mass 325 

recovery was strongly unbalanced with the dominant proportion in S2 (9.40% of the total mass) and a very low 326 

fractions at the other two points (0.5 and 0.02% in S3 and B2, respectively).  327 

4.2 Borehole Dilution Test (BDT) and breakthrough curves from NaCl 328 

The BDT in B1, acting as the injection pulse of the NaCl tracer, was monitored through nine vertical SEC profiles 329 

performed every 30-35 min. In Fig. 5 the profiles are represented, for each measuring depth, as a differential value 330 

respect to the pristine SEC. The relevant SEC drop over time (indicative of NaCl dilution) are observed along the 331 

depth intervals 53-56 and 75-80 m bgl. Both intervals correspond to or are nearby high-aperture fractures observed 332 

inside the borehole through optical and acoustic televiewer logging (as put in evidence in Fig.5). As observed by 333 

the upward inflection of SEC curves at the top of the screened sector of the borehole, the injection of NaCl did not 334 

determine the complete release of the complete mass of the tracer. Instead, a fraction of NaCl mass, during the 335 

descent phase of the permeable bag, likely was dissolved in the upper non-screened sector of the borehole so 336 

representing a continuous source by molecular diffusion toward the sector below involved in the active 337 

groundwater flow. The effect of this delayed release of NaCl was not relevant for the interpretation of BDT (after 338 

the injection the complete recovery of the original ionic concentration inside the water column was achieved in 5 339 

hours, as observed in Fig.5) but had effects on the obtained breakthrough curves at the recovery points as 340 

previously mentioned. 341 

Breakthrough curves of differential SEC values relative to background levels were observed at each of the three 342 

sampling points (Fig. 4). For NaCl, the tracer detection began at the first sampling step after injection in all three 343 

points (30 min for S2, S3 and 90 min for B2). Due to the effects of delayed NaCl release from the upper not-344 

screened sector of B1, described in Tracer injection, and to the lower temporal resolution of NaCl sampling, the 345 

pattern of BTCs are rougher than those of the nanoparticles. For S2 and S3 springs BTCs fail to represent the 346 
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whole distribution of the recovered tracer down to background SEC values and their pattern resembles more to the 347 

tracer arrival from a continuous injection stabilizing up at a sort of a plateaux. In contrast, at  the B2 borehole, the 348 

BTC returns to background SEC values. 349 

 350 

4.3 Groundwater effective flow velocities 351 

The groundwater effective flow velocity (ve), e.g. the actual velocity of water particles inside a porous medium, 352 

commonly expressed by a single bulk value (the average linear velocity, obtained by the ratio of the Darcian, or 353 

apparent, velocity q and the effective porosity ne; Fetter, 2018), should actually be expressed by a statistical 354 

distribution of values reflecting the pores/fractures size distribution. The BTC of a tracer transported by 355 

groundwater is a reliable proxy of this distribution because it is affected by the contribution of different flow 356 

velocities from the injection to the recovery point. Following the conceptual model of a generic breakthrough 357 

curve proposed by Käss (1998), the following relevant values of groundwater effective velocities can be derived. 358 

These are calculated as the ratio between the linear distance L from the injection point to the recovery point, and 359 

the tracer arrival time t at the recovery point, as detected in the BTC: (1) the maximal effective velocity (ve-max), 360 

corresponds to the first arrival time of a tracer (the first value higher than the detection limit); (2) the dominant 361 

(peak) effective velocity (ve-p), corresponds to the arrival time of the maximum detected tracer value; and (3) the 362 

median effective velocity (ve-med), corresponding to the arrival time at which half of the recovered tracer mass has 363 

been observed. For the estimation of ve-med, the complete recovery of the tracer down back to the background value 364 

is required. 365 

The obtained ranges of values of the groundwater effective velocities from the BTCs at the site, expressed in m/d, 366 

are presented (Fig.6); each component of the velocity is expressed as a range between the maximum and minimum 367 

values obtained, for each type of tracer, from the three recovery points. The value of ve-max is between 2190 and 368 

662 m/d, for nanoparticles, and between 730 and 162 m/d, for NaCl; the value of ve-p is between 970 and 221 m/d, 369 

for nanoparticles, and between 438 and 74 m/d, for NaCl (for nanoparticles the values range of ve-p relative to the 370 

second delayed peak clearly observed in all recovery points is between 199 and 60 m/d); the value of ve-med is 371 

between 380 and 170 m/d, for nanoparticles, and 105 m/d for NaCl (calculated only for B2 BTC where the SEC 372 

returns to the pristine value). 373 

In comparison with other traced sandstone aquifers in Northern Apennines, groundwater effective velocity values 374 

obtained by using fluorescent dyes by Vincenzi et al, (2009, 2014) in siliciclastic or calcareous turbidites are shown 375 

in Fig.6. These tests were performed exploiting the hydraulic connection between streams and excavated tunnels 376 

for train transportation. Tracer tests were performed where arenites are more dominate than pelites in the turbidite 377 

sequence. The velocities detected from PAT at the A site were systematically higher with respect to those obtained 378 

in turbidites, up to more than one order of magnitude. 379 

 380 

 381 

4.4 Kinematic porosity 382 
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Through the combination of the results obtained by a BDT and tracer test, a range of values for the kinematic 383 

porosity of the arenitic unit could be provided. The apparent or Darcian groundwater flow velocity (q) was derived 384 

from the BDT, according the method reported in Fahrmeier et al. (2021), obtaining a value of 8.9×10-6 m/s (0.77 385 

m/d) equal to the product of the hydraulic conductivity multiplied by the hydraulic gradient. This represents the 386 

water velocity value inside the borehole, relative to the zones with the higher salt dilution (Fig.5) and directed 387 

along the local hydraulic gradient.  The kinematic porosity (nk) value could be estimated as the ratio between q 388 

and ve-med obtained from the BTCs of adopted tracers. The nk value associated to nanoparticles is in the range 2.0-389 

4.5‰ (corresponding to the ve-med range of 380-170 m/d) whereas the one from NaCl is equal to 7.3‰ 390 

(corresponding to a ve-med value of 105 m/d). 391 

4.5 Comparison of parameters among tracers 392 

Nanoparticles were observed to move more rapidly compared to solute tracers, confirming that their migration is 393 

limited to larger flow paths associated with faster flow velocities, as previously documented by various authors 394 

(Bailly-Comte et al 2018; Chrysikopoulos & Katzourakis 2015; Mikutis et al. 2018; Zvikelsky et al. 2008; Sabir 395 

et al., 2001). The ionic tracer exhibits retarded transport: for instance the second peak of concentration detected in 396 

S2 for nanoparticles (likely related to a fracture system with lower aperture) is also replicated by the NaCl BTC, 397 

but more delayed and dispersed (Fig.4). The lower values of nk derived from nanoparticles reflect the 398 

aforementioned preference for preferential flow paths for this type of tracer, with only a small fraction of the total 399 

kinematic porosity available for effective flow. Comparable values of nk for sandstones, obtained by tracer tests, 400 

are reported by Medici et al (2016). 401 

 402 

5. Conclusions  403 

Groundwater flow in a fractured aquifer was succesfully traced by DNA-labelled silica-encapsulated nanoparticles 404 

at a scale of a few tens of meters under non-perturbed  conditions. This report represents the first documented 405 

application of this tracer test performed with such a tracer in an arenitic fractured aquifer. An injection of 0.5 mg 406 

of nanoparticles (containing 9.5 μg of synthetic DNA) was performed via air pressure at 65 m bgl inside a borehole, 407 

and resulted in breakthrough curves at three different sampling points represented by two springs and one borehole. 408 

The first tracer detection was rapid (≤10 min after injection), and background concentrations were backer-409 

established within 3 to 4 hours. The shape of the BTCs in the two nearest sampling points seem to indicate a very 410 

low dispersivity of the tracer and transport of particles dominated by secondary discontinuities. A tracer test with 411 

NaCl was performed in the same injection and recovery points. A comparison between the dynamics observed for 412 

the two tracers confirms the aptitude of nanoparticles to trace preferential flowpaths due to their colloidal nature.  413 

Nanoparticles behave as an advection-dominated tracer, transported more rapidly and spending less time in the 414 

porous medium compared to the solute tracer. Just as macroclastics are transported in high velocity river channels, 415 

nanoparticles, acting as a selective tracer, provide specific information on larger flow conduits. In addition, the 416 

low recovery rate of nanoparticles is an indicator of preferential transport along high-permeability flow paths, due 417 

to the size exclusion effect of colloidal particles from smaller fracture throats or to the effect of gravity 418 

sedimentation through pathways of irregular shape and high tortuosity. Analogous results using colloidal tracers 419 

have been reported in the literature  (Albarran et al 2013; Dahlke et al 2015; Kittilä et al 2019; Mikutis et al 2018). 420 
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The aptitude of nanoparticles to limit their effectiveness in tracing only higher permeability channels was very 421 

useful in the investigated hydrogeological setting. As one of the main groundwater discharge outlets of the Pantano 422 

Formation, this study has highlighted the key role of enlarged tectonic and layer-parallel fractures for locally 423 

enhanced hydraulic connectivity (Gellasch et al, 2013) within the aquifer. Nanoparticles arrived very rapidly at 424 

three distinct points following different directions from the injection point; the convergence of groundwater flow 425 

toward the main outlet of the system appears to be accomplished thanks to the enlargement of existing fractures 426 

in the calcite-rich aquifer unit, most likely occurring through karst dissolution processes. Therefore, the aquifer, 427 

that was previously considered to be dominated by fracture flow, based on previous knowledge of sandstones in 428 

area, is most likely behaving as a karst-like system with all the yield concentrated in relatively few conduits. The 429 

effective groundwater velocity estimated through the breakthrough curves is around one order of magnitude higher 430 

compared to previous experimental values determined in fractured turbiditic sandstones. This explains the 431 

hydrogeological relevance of PAT as a regional strategic groundwater reservoir. 432 

This research demonstrates that a tracer test using DNA labelled nanoparticles can be valuable for defining 433 

groundwater effective transport velocity in the discharge area of main aquifers. This could support the delimitation 434 

of spring-head protection zones through chronological or modelling tools. The test site ranges from 5 to 70 m in 435 

both lateral extent and depth. The applicability of nanoparticle tracers for larger scales is still questionable due to 436 

their tendency to settleand their limited mobility across low-velocity zones. Further research is needed to create 437 

more realistic expectations regarding the use of nanoparticles for the characterization of larger systems. 438 
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 593 

Fig.1 a) Location of the study site (blue dot) in the Northern Apennines, Italy; b) Oblique view (from northwest) 594 

of the Arpolli Slab relief, developed on the Pantano Formation (PAT), surrounded by marly-clayey units of the 595 

Cigarello Formation (CIGF). In the background, the main divide of the Apenninic chain is visible; c) Outcrop of 596 

PAT calcarenitic aquifer unit in a cliff nearby Site A (Photograph of Dr.Phd Stefano Segadelli); d) Hydrogeological 597 

profile along the trace A-A’ with the aquifer unit in blue. 598 

 599 

Fig.2 a) Detailed map of Site A on a Google-Earth base. Spring boxes are coded with S, boreholes are coded with 600 

B. R indicates the reservoir building, GW stands for mean groundwater flow direction, PAT and CIG stand for 601 

outcropping areas of the Pantano and Cigarello formations, respectively. Disposition of strata below the ground 602 

surface is indicated (in white) as determined in borehole B1 and B2 by lithology logs; b) Enlargement of the map 603 

a with the location of injection and sampling points for the tracer test along with the distances between them. DT 604 
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marks the trace of the drainage tunnel associated with spring S3. Symbols are consistent with those marked in map 605 

a. The line A’-A corresponds to the cross-section illustrated in Fig.3. 606 

 607 

Fig.3 Cross-sections of Site A along line A-A’ (of Fig.2). The right section is an enlargement of the left section. 608 

Disposition of strata within the PAT Formation is indicated in grey lines; tectonic and layer-parallel fractures are 609 

indicated by red lines. Vertical shaft and draining tunnel of spring boxes S2 and S3 are drawn to scale according 610 

to their real design. Explanation of symbols: AT: Air Tank; IC: Injection Chamber; S: Borehole Screen. 611 
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 612 

Fig.4 Breakthrough curves obtained in S2, S3, B2 for nanoparticles (left-hand axis, gray curve) and for NaCl, 613 

expressed as increase in specific electrical conductance (SEC) at 25°C (right-hand axis, orange curve). The lower 614 

right graph shows a comparison between the three curves for DNA. Samples resulting with a concentration of 615 

nanoparticles considered as null or lower than the detection limit (2.64×10-2 ng/L) are considered as non-detects 616 

and labelled in blue whereas detected outcomes are labelled in red. 617 
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 618 

Fig.5 Borehole dilution test (BDT) in borehole B1: vertical specific electrical conductivity (SEC) log obtained by 619 

the profiler along the screen of borehole. The depth on the y axis is in m below ground surface. The numbers from 620 

1 to 9 indicate the temporal order of the profiles from 1 (immediately after the injection) to 9 (6 hours after 621 

injection). Zones with fracture enlargement are shown in red. 622 
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 623 

Fig.6 Ranges of values for components of groundwater effective velocity (m/d) (see Groundwater effective flow 624 

velocities in the main text for further explanation) as derived from the tracer test presented in this study and from 625 

Vincenzi et al. (2014) injecting fluorescent dyes in arenitic turbidite aquifers. 626 
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