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A B S T R A C T   

Microbial transport in fractured carbonate rock using enhanced solutions is a significant and neglected research 
topic in the literature. We propose an extended colloid filtration theory (CFT) combined with a particle-tracking 
following streamlines (PTFS) model for the rapid prediction of breakthrough curves (BTCs) and plumes of 
pathogens in three-dimensional (3-D) discrete fracture networks (DFNs). We adapted CFT in porous media to 
pathogen transport in fractures containing Terra Rossa (soil) deposits. As an example of the model capability, a 
simulation was used to predict the 3-D motion field and Escherichia coli count in groundwater originating from 
the Forcatella managed aquifer recharge (MAR) Facility (Brindisi, Italy) using a DFN composed of 3,900 frac
tures. In arid regions, MAR facilities are significant for sustaining basic human needs, such as freshwater supply 
for drinking and crop production. The Markov chain Monte Carlo (MCMC) technique was applied to E. coli counts 
in the collected water samples to increase data representativeness. The pathogen transport coefficients were 
further supported by batch filtration tests carried out in the CNR/IRSA Laboratory (Bari, Italy). The mean E. coli 
attachment rate coefficient of 0.15 × 10− 8 m2 d–1 (sticking efficiency = 1.1 × 10− 8 m) resulted in a 2.1 log10 
removal in 600 m of reclaimed water filtration. The simulation output visualized the E. coli 3-D pathways in 
groundwater and the positions of contaminated groundwater spring outflows on Forcatella Beach. The simula
tion results agreed with the mean MCMC output of E. coli concentrations in bathing water under unperturbed 
geochemical and environmental flow and transport conditions. However, results indicate that concentrations of 
pathogenic strains, parasites, and enteric viruses may enter the marine environment of MAR sites during flood 
periods.   

1. Introduction 

The study of pathogen transport in fracture-dominated water reser
voirs characterized by quasi-impermeable rock matrices should address 
the preferential fluxes and specific spatial heterogeneity owing to 
geochemical characteristics that affect the pathogen/collector in
teractions in the fractures (Rodrigues and Dickson, 2015; Rodrigues 
et al., 2012). Moreover, the theory of colloid attachment to and 
detachment from soil surface collectors during wastewater filtration in 
fractured media remains poorly understood (Zhang et al., 2012). The 
colloid filtration theory (CFT) applied to biocolloids (i.e., microbiota or 
biotic particulate matter fractions) is a subspecialty that deserves 
up-to-date research to support the development of a similar theory 
regarding biocolloid transport in fractures. Furthermore, the develop
ment of new and effective models to predict the three-dimensional (3-D) 

transport of suspended pathogens in wastewater flowing through 
discrete fracture networks (DFNs) is needed. In such cases, stochastic 
flow modeling and “advective” 3-D particle-tracking (PT) techniques 
can perform effective and not computationally intensive simulations of 
pathogen transport in 3-D DFNs. The US EPA CANVAS (Park et al., 1993) 
groundwater flow and virus transport model linked a two-dimensional 
(2-D) PT flow output with a one-dimensional (1-D) transport solution 
for biocolloids along flow pathlines utilizing a CFT term in the governing 
transport equation. PT techniques can be utilized to trace the hydro
dynamic pathogen 3-D particle displacements in the DFNs of fractured 
aquifers. Moreover, when using PT via random walk transport solutions 
in 2-D channel networks of fractured aquifers, Kang et al. (2015) have 
proposed stochastic solutions based on a truncated power-law velocity 
distribution and three suitable parameters that can capture the main 
properties of the spatial correlation of the velocity field relevant to 
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transport. 
In this study, a new Lagrangian model was developed to study the 3- 

D pathogen displacements in fracture networks, accounting for path
ogen time-dependent reduction rates owing to straining (Gerba and 
Goyal, 1985), attachment, and inactivation. Straining refers to a process 
that may differ by physical particle size for removal of viruses, bacteria, 
and pathogenic protozoa-sized particles (Tufenkji, 2007; Bradford et al., 
2004; Tufenkji and Elimelech, 2004; McDowell-Boyer et al., 1986). The 
pioneering publication of Ma and Johnson (2010), Johnson et al. (1996) 
appears to advocate retention in pore throats as a straining process for 
porous media at a specific colloid/collector size ratio in the presence of 
an energy barrier to the deposition of colloids, termed “wedging” (Li 
et al., 2006). The proposed CFT-based model is an extension to the 
previous 2-D time-dependent pathogen reduction rate (Masciopinto 
et al., 2011) theory to address pathogen transport in a 3-D framework of 
fracture networks in groundwater. Straining was considered negligible 
in large fracture apertures (> 1 mm) concerning bioparticle size 
groupings, i.e., viruses (< 0.5 µm), bacteria (< 5 µm), and parasitic 
protozoa (< 20 µm) (LibreTexts, 2022). Bhattacharjee et al. (2000) 
showed that the roughness of collector/bioparticle surface fracture walls 
causes a significant reduction in the repulsive interaction energy con
cerning smoothed fracture surfaces. Hydrogeological and geochemical 
characterization of transport considers the charge/potential of pathogen 
soil collector surfaces (e.g., oxide coating soil grains and fracture walls), 
with ionic strength (IS), pH, velocity, and temperature of flowing water 
being the key factors for estimating effective pathogen attachment 
reduction during filtration in groundwater (Bhattacharjee et al., 2002). 
The governing equations of pathogen flow and transport thus include 
the non-equilibrium kinetic equation for attached and detached (i.e., 
suspended) pathogens in the presence of a specific energy barrier for 
colloid/collector interaction and natural inactivation (i.e. die-off) rates. 
Li and McLandsborough (1999) tested negatively charged E. coli strains 
in 150 mM PBS buffer (pH 7.4) as measured by zeta potentials ranging 
from − 4.9 to − 33.9 mV. Typically, geochemical heterogeneities can 
produce patch-wise attachment and detachment during unperturbed 
and perturbed pathogen transport in wastewater in fractures (Bradford 
et al., 2012; Molnar et al., 2015). Masciopinto and Visino (2017) tested 
somatic coliphage viruses with negatively charged surfaces with zeta 
potentials between − 32 and − 29 mV at pH 7.1 in flowing wastewater in 
limestone fractures partially filled with Terra Rossa (soil) deposits. Terra 
Rossa forms by residual karstic dissolution of limestone and 
clay-for-calcite (CaCO3) replacement (Merino and Banerjee, 2008). The 
clay chemical elements of Terra Rossa, i.e., Al and Fe oxides and sili
cates, affect the soil collectors’ surface charge, leading to unfavorable 
conditions for pathogen attachments. The interaction-free energy be
tween E. coli (as spherical bioparticles) and soil collector surfaces can be 
quantitatively determined using the Derjaguin, Landau, Verwey, and 
Overbeek theory (Bhattacharjee et al., 2000; Trefalt et al., 2013). The 
interaction-free energy between bioparticles and soil collector surfaces 
includes van der Waals forces (always attractive) and double layer (DL) 
interaction energy (attractive and repulsive), both of which depend on 
the separation distance between bioparticles and soil (or fracture) sur
faces. Due to the positive calcite charge at pH < 9.5 (Molnar et al., 
2015), the surfaces of limestone rock collectors lead to asymmetrically 
charged E. coli (or virus) interactions between bioparticles in flowing 
water and the limestone mineral surfaces, resulting in favorable 
attachment conditions at neutral pH. In the proposed model, the hy
drodynamic shearing stress (and torque balance) (Pazmino et al., 2014) 
acting on bioparticles at the fracture walls is indirectly considered by the 
attachment coefficient equation, as a function of bioparticle sticking 
efficiency, i.e., the DL interaction pathogen-collector energy and the 
kinetic energy of the bioparticles (Bradford et al., 2012), flow velocity, 
and available free surface for bioparticle attachment. 

In the present study, the CFT-based pathogen transport solution was 
applied to the 3-D motion field given by the numeric solution of a 
particle-tracking following streamlines (PTFS) simulation in the DFN of 

the studied aquifer. The model simulation investigated E. coli transport 
in the groundwater originating from the Forcatella managed aquifer 
recharge (MAR) Facility, Fasano village (Brindisi) in the Salento region 
of Italy, 600 m from the Adriatic coast (Masciopinto et al., 2020). The 
data collected under MAR operational environmental conditions 
increased the model output significance on the efficiency in the path
ogen removal concerning model results from a well-designed recharge 
plant. However, this choice has limited the collection of specific data, i. 
e., breakthrough curves (BTCs) of tracing pathogens for appropriate 
validation/calibrations of the proposed model. 

The Salento region is a semiarid region and, owing to water scarcity, 
more than 30 MAR facilities have been operating in the coastal area 
since 2009. By recharging groundwater via reclaimed water infiltration 
derived from municipal wastewater treatment plants, these facilities 
recover freshwater groundwater and preserve aquifers threatened by 
seawater intrusion. At the Forcatella site, E. coli counts in 24 bathing 
water samples obtained during the summer of 2019 were elaborated via 
Markov chain Monte Carlo (MCMC) Bayesian statistical inference to 
determine the impact of MAR practices on the microbial water quality of 
the bathing water using the most probable pathogen count reaching the 
target using a minimal number of water samplings (Schmidt et al., 
2013). E. coli was selected among other fecal indicators of reclaimed 
water (Lieberman, 2002) as a target bioparticle because of the avail
ability of data. Moreover, the presence of E. coli in water samples may 
also indicate the occurrence of Giardia and Cryptosporidium spp. pro
tozoa that are commonly found in wastewater effluents from livestock 
and farms in the region, as well as the occurrence of pathogenic E. coli 
O157: H7. 

2. Materials and methods 

2.1. Study area 

The selected study area is near Fasano village (Brindisi) in the south 
of Italy, where the Forcatella MAR Facility is located (Fig. 1). Annual 
reclaimed water production (1 − 2.6 million liters per day) is supplied 
for irrigation and groundwater recharge to reduce seawater intrusion 
into fresh groundwater. 

The MAR Facility covers an area of approximately 6 ha, with a total 
water-storage capacity of 50,000 m3 in an artificial basin. Here, the 
recharge is continuously operated via reclaimed water infiltration in 
groundwater by two underground ditches positioned all around the 
basin border and supplied by six spillways similar to S1 in Fig. 1. The 
permeable bottoms of the ditches are approximately 3 m above the 
groundwater piezometric surface (Masciopinto et al., 2020). The elapsed 
time of vertical seepage flow in groundwater is less than 2 h due to the 
high permeability (≅ 0.1 cm/s) of the fractures (Masciopinto and 
Caputo, 2011). The 2-D flow simulations using an in-house PT model 
(Masciopinto et al., 2008; Masciopinto and Palmiotta, 2012) provided 
piezometric contour head and groundwater water velocity vectors in the 
fractures (see Fig. 1) during artificial recharge operations. In the aquifer, 
water flows under pressure through the fractures under an average 
horizontal gradient of 0.1 % in the N–E direction, before reaching the 
Adriatic coast approximately 600 m away. A total of 30 water samples 
from 14 positions were collected along the coast and inland during the 
summer of 2019. At the IRSA Bari Laboratory, the E. coli and total 
coliform counts in the water samples were determined using the rapid 
Colilert®− 18 method, and the fecal enterococci count was estimated 
following the Enterolert®-E approach (IDEXX Laboratories Inc, 2023) 
according to the manufacturer’s protocols (Eckner, 1998). The Enter
olert method required the former Colilert®− 18 steps, except for the 
incubation process that was carried out at 41 ◦C for 24 h. The total viable 
bacteria count was determined using the APAT-CNR/IRSA (2003) most 
probable number (MPN) method. Although standard methods have been 
developed, there is no single universal heterotrophic plate count (HPC). 
The most used method in Europe # ISO6222 is the pour plate method on 
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water plate count agar (WPCA) at 36 ◦C (44 h) to 22 ◦C (68 h). The 
APAT-CNR/IRSA (2003) and 9215 (D) U.S. EPA (2014) HPC methods 
suggest the MPN method using membrane filtration for water turbidities 
< 1 nephelometric turbidity units (NTU) or tubes > 1 NTU. 

The AP1, AP2, AP3 (see Fig. 1), and other bathing water sampling 
locations are seasonally monitored by the Regional Environmental 
Protection Agency (ARPA) for E. coli and fecal enterococci concentra
tions. ARPA E. coli bathing water concentrations in AP1, AP2, and AP3 
during 2019 were considered together with the results of IRSA 2019 
samplings (S4–S8) to determine the steady (target) bathing water con
centration potentially affected by MAR Facility for a constant recharge 
initiated during 2009. Moreover, ARPA mean E. coli bathing water 
concentrations of the coastal water sampling at Edil Marmi (Fig. 1) and 
Sirenetta (not shown in Fig. 1) located 1.7 and 2.7 km from Forcatella 
Beach, respectively, provided the background bathing water E. coli 
concentration not influenced by MAR practices. 

2.1.1. Geology and geostructural characterization 
The geological description of the Fasano coastal area (Maggiore and 

Pagliarulo, 2004) shows a Cretaceous-age sedimentary limestone suc
cession of karstified limestone sequence formation mapped as “Calcare 
di Bari”. The geodynamic evolution of the stratigraphy of the region was 
subjected to geotectonic pressure caused by the Apennine Mountain’s 
eastward movement and subsequent subsidence phenomena. Moreover, 
at the end of the Pleistocene, post-glacial and tectonic uplift movement 
caused the emersion of a carbonate platform and the formation of a 
sequence of sea terraces degrading and descending toward the coast 
with wave-cut scarps from 160 to 10 m above mean sea level in height. 
The limestone bedrock hosts an aquifer characterized by good perme
ability due to intense rock karstification processes. Geological analysis 
shows that the neotectonic (sub-vertical) fractures in the limestone of 
the Mesozoic rock are relatively frequent and often discontinuous in the 
NW–SE and W–E directions. The karstic solution cavities and 
solution-enhanced fractures are often open and partly filled by calcspar 
and Terra Rossa (1.26±0.1 g/cm3 bulk density), constituting an average 
of 0.25 % of the total mass per cubic meter of aquifer. Terra Rossa is an 
aggregate of sand (15 %), silt (20 %), and clay (65 %). The geochemical 

composition includes 35 %–45 % silica (quartz, feldspar, and calcite), 
25 %–30 % aluminum oxides (kaolinite), 10 %–15 % iron oxides (he
matite, magnetite, and goethite), and trace amounts of calcium, potas
sium, titanium, magnesium, sodium, manganese, and phosphorus oxides 
(Grassi et al., 1975). 

Rock permeability measurements carried out on groundwater lime
stone cores (Bortolotti et al., 2004) have demonstrated that this rock 
matrix has a porosity of up to 0.1 % and permeability inferior to 24 mD 
(millidarcy) leading to a rock matrix hydraulic conductivity (2.4 × 10− 5 

cm/s for water at 20 ◦C) that is 1000-times less than fracture conduc
tivity (0.05–0.1 cm/s, on average). 

By affecting aquifer permeability, fracture density, and their aper
tures and interconnections are key factors for modeling effective 
groundwater flows. Geotectonic surveys of a 50 × 600 × 600 m3vol of 
the coastal limestone aquifer indicated the following DFN fracture data: 
200 horizontals with a dip angle and direction of 90◦ and –45◦, 
respectively; 1750 sub-verticals with a dip angle and direction of 45◦

and 15◦, respectively; and 1950 verticals with a dip angle and direction 
of 10◦ and –15◦, respectively. The maximum fracture length ranged from 
50 %− 80 % of the 3-D rock block border size. The variability of field 
fracture hydraulic conductivity was investigated by inverting the radial 
flow solution using data from 40 pumping wells of the coastal aquifer 
with 0.35 % effective secondary porosity. The obtained parameters of 
the indicator variogram (exponential) model of equivalent fracture ap
ertures indicated a mean log10 b value of 3.1 µm, variance σ2

b of 0.16 µm2 

and a spatial correlation length of 2000 m. 

2.2. DFN and water flow 

We can address the fluid flow throughout rock aquifers characterized 
by impermeable rock matrixes in 3D networks of channels settled along 
the fluid flow pathway (Fig. 2a). The particle-tracking method can then 
be applied to the flow solution from the channel network to obtain 
pathogen displacements in each stream tube of the DFN. Data from 
geological characterizations of fracture networks and their connectivity 
have been used in the equivalent DFN. Field measurements of the 
fracture properties and pumping tests on wells are essential for 

Fig. 1. Forcatella managed recharge basin (blue) Facility (Fasano, Italy) showing sampling positions (red circles) of groundwater (S3 and S10), surface water (S1, S2, 
and S9), and bathing water (AP1-AP3; S4-S8) during the summer of 2019, a contour map of groundwater pressure heads (meters above sea level), and groundwater 
flow vectors using an in-house 2-D fracture flow model (Masciopinto and Palmiotta, 2012). 
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developing suitable flow and transport model solutions. Moreover, when 
thousands of fractures are necessary for the DFN, some authors (Hyman 
et al., 2018; Karra et al., 2018) have proposed applying computational 
methods to a sub-network of DFN, named the backbone. A topological 
representation of the backbone in tubes using the GRAPH function can 
greatly simplify the model computations. Backbones are subsets of DFNs 
that do not include fluid flow recirculation and dead-end fractures, 
enabling flow model solutions in large DFNs composed of many (< 10, 
000) fractures. 

A DFN flow solution can be obtained using the open-source MATLAB 
(R2019b) code ADFNE 1.5 (Fadakar Alghalandis, 2017) (Fig. 2b) or 
similar, e.g., dfnWorks (Aldrich et al., 2017), using data input described 
in Section 2.1.1. Specifically, the flow solution was obtained via the 
following mass-conservation equations system at every intersection 
node of the DFN backbone tubes, excluding sources or sinks: 

∑M

1
Qij = 0, (1)  

where M is the number of inflow and outflow tubes converging and 
diverging from the considered node. For every single tube in direction ij, 
the parallel flowrate velocity was defined using the Hagen− Poiseuille 
equation: 

Uij = − γ
(
bij
)2
(12μ)− 1

∇
(
ϕi − ϕj

)
(2)  

where ϕi (xi, yi, zi; t) and ϕj (xj, yj, zj; t) denote the pressure head at each 
of the extremity nodes of tube ij, and γ/µ (1/L⋅t) is water specific- 
weight/dynamic viscosity ratio. 

Fig. 2b shows the groundwater piezometric pressure heads computed 
for every node of the DFN backbone at the study area using the 
ADFNE1.5 code. 

2.3. Extended CFT theory behind pathogen transport in the DFN 

Mathematical models treating pathogens in groundwater flow as 
suspended biocolloids rather than dissolved compounds (Mondal and 
Sleep, 2013) have been proven to be valuable tools for predicting 
pathogen migration in groundwater (Bradford et al., 2012). The ability 
to predict subsurface pathogen migration using the CFT (Tufenkji and 
Elimelech, 2004; Tufenkji, 2007) requires a complete understanding of 
the numerous pore-scale factors that induce favorable and unfavorable 
attachment/detachment interactions between bioparticles and collector 
surfaces. For example, the attachment and subsequent release of path
ogens from specific collector surfaces may result in a reduction in the 
removal rate of both viruses and bacteria (Pedley et al., 2006; p. 66–67), 
which is instead explained by the change to less favorable geochemical 
and environmental conditions (i.e., IS, dissolved organic carbon, 

temperature, pH, water velocity, and soil and rock chemical mineral 
compositions) for biocolloid attachment by the increasing in distance 
from the source of pollution. 

Moreover, PT computational techniques rely on a Lagrangian-based 
transport observation framework as opposed to the Eulerian framework. 
In Lagrangian flow fields, the observer moves in tandem with a single 
particle along its pathway x(t), i.e., the flow velocity is zero for the 
observer, and the transport equation is considered an explicit function of 
time. This enables the description of the same governing flow and 
transport equations of pathogens in a simple mathematical form. How
ever, the comprehensive theory of the fate and transport of suspended 
pathogens in fractures (Masciopinto and Visino, 2017) requires that the 
following equations for flow (Eq. [3]) and transport (Eq. [4]) be coupled 
with the kinetic differential Eq. (5) accounting for the growth and die-off 
of concentration C*(M/L2) of pathogens attached to the collector sur
faces per unit of fracture-wall area (m2). Assuming that the considered 
pathogens are spherical particles with identical < 20 µm diameters (i.e., 
monodispersed), the perturbed and unperturbed flow and transport in a 
single fracture in between an impermeable rock matrix can be described 
by the mass balance of suspended pathogens in flowing water, as 
follows: 

d[x(t)]
dt

= U[x(t)] (3)  

dC[x(t), t]
dt

= −
2
b

[
∂C∗(x, t)

∂t
+ r∗i C∗(x, t)

]

− riC(x, t), and (4)  

[
∂C∗(x, t)

∂t
+ r∗i C∗(x, t)

]

= rf
C(x, t)

b
− rrC∗(x, t) (5) 

It should be noted that the differential Eqs. (3) and (4) apply the 
ordinary derivative notation to the particle pathway position because 
the observer moves together with the bioparticle along the 3-D flow 
pathline x(t) in the DFN. Replacing the right-hand part of Eq. (5) in Eq. 
(4), we can rewrite the pathogen governing transport equation as 
follows: 

dC[x(t), t]
dt

= −
2
b

[

rf
C(x, t)

b
− rrC∗(x, t)

]

− riC(x, t), (4a)  

where C (M/L3) is the suspended pathogen concentration in flowing 
water in every tube of the DFN, b (L) is the mean fracture aperture of the 
investigated tubes (or edges) along the particle pathway, rf (L2/t) is the 
pathogen attachment rate coefficient to each fracture wall, rr (1/t) is the 
pathogen detachment rate coefficient from the surface collectors, and ri, 
and ri* (1/t), are the die-off rate coefficients for suspended and attached 
pathogens, respectively. 

The attachment rate coefficient can be defined from the CFT. At the 

Fig. 2. Three-dimensional (a) hydrogeological conceptual model and (b) discrete fracture network (DFN) with 3900 fractures of the fractured limestone aquifer at 
the Forcatella site (Fasano village, Brindisi, Italy) and pipe network (i.e., the backbone of the DFN) obtained using the open-source ADFNE 1.5 code with MATLAB 
(v. R2019b). 
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microscale (< 1 mm), beyond the maximum separation distance of the 
van der Walls always attractive and DL attractive and repulsive forces, 
the adhesion theory (Johnson et al., 1971; Pazmino et al., 2014) suggests 
further forces and factors, such as the shape, size, and physiological state 
of the pathogen under consideration (i.e., collision efficiency), and 
torque balance explaining surface friction interactions accounting for 
mean water flow velocity U (τ) along the site-specific 3-D bioparticle 
pathway. Following some authors (Anders and Chrysikopoulos, 2005; 
Bradford et al., 2011), for fracture flows, we can propose the following 
attachment equation: 

rf = ke⋅U(τ)⋅F(C∗), (6)  

where τ is the time required by every single pathogen particle to get to 
the DFN outlet following an independent 3-D pathway x(t), κe (L) is the 
specific “soil-bioparticle” sticking efficiency in pathogen attachment 
defined by CFT (Bradford et al., 2002; Yao et al., 1971) per unit of 
fracture surface area, and F(C*) is the dynamic blocking function 
explaining the effective portion of collector surface area that is free and 
available for pathogen attachment accounting for Brownian motion and 
collision efficiency. In laboratory experiments at pH values below the 
zero-charge and with limited dissolved organic matter (chemical oxygen 
demand [COD] < 11 mg O2/L), the zeta potential was estimated to range 
from +5 to +15 mV for a calcite mineral collector (Chibowski et al., 
2003) and –25 mV for iron oxides (Molnar et al., 2015) surface collectors 
(10 %–15 %) in Terra Rossa. When the IS of flowing water increases, the 
repulsive energy barrier is reduced due to compression of the diffuse 
electric DL due to the increased Debye-Hückel length (Trefalt et al., 
2013). In the case of oppositely charged (i.e., − /+) pathogen collectors, 
the forces between bioparticles and collectors are always attractive, 
leading to less favorable environmental conditions for the attachment of 
E. coli or virus bioparticles on the calcite surface collectors. In contrast, 
negatively charged collectors in Terra Rossa (mainly iron and aluminum 
oxides) produce symmetric (− /− ) electric DL repulsion of pathogen 
bioparticle surfaces with unfavorable conditions for E. coli attachment. 
In these conditions, an abrupt reduction in IS in flowing water will in
crease the repulsive energy of the diffuse DL, which would be a more 
unfavorable condition of attachment, resulting in the detachment of 
previously attached bacteria (and viruses). Furthermore, simultaneous 
changes in pH and water velocity (Ryan and Gschwend, 1994) may lead 
to strong detachment from iron-oxide-coated sand in aquifers in 
response to perturbations that cause a reduction in IS from 20 to 1 mM 
(Pazmino et al., 2014). 

2.3.1. Combined CFT-particle tracking analytical solution 
Previous studies (Masciopinto et al., 2011, 2019) have shown that 

Eq. (4a), when applied to a single pathogen pathway, can be written 
accounting for a time-dependent λ(t) (t–1) comprehensive pathogen 
removal rate, which is defined by Eq. (7) 

λ(t) =
(

2
b2 rf + ri

)

+

{
2
b2rf rr

1
rr + r∗i

exp
[
−
(
rr + r∗i

)
⋅t
]
}

(7) 

Eq. (7) was obtained by the analytical integral resolution of the first- 
order nonlinear Eq. (5) in a smoothed tube, adjusting the solution ob
tained by Sim and Chrysikopoulos (1995) for 1-D virus transport in 
porous media (see Supplementary Material SP-A). Thus, along every 
individual bioparticle 3-D pathway in a DFN, Eq. (4a) can be rewritten in 
the synthetic form 

dC[x(t), t]
dt

= − λ (τ)C[x(t), t]. (4b) 

Notably, the pathogen reduction rate in Eq. (4b) is a time and space- 
dependent coefficient because it is a function of the specific velocity and 
sticking efficiency along a single pathogen pathway in the DFN. 

The Lagrangian framework solution of Eq. (4b) requires an estab
lished flow field in every fracture of the DFN given by Eq. (3) to estimate 

the 3-D pathogen particle displacements in the DFN and predict the 
concentration at a generic position x(t). The integration of Eq. (4b) is 
required at every time interval (0, τk) along every independent pathway 
in the DFN, where k refers to the specific pathways followed by the Nk 
bioparticle number. Furthermore, with position Δak = Nk/Np × V0, 
where Np is the total number of particles released in a groundwater 
volume V0, we obtain the resulting pathogen concentration at the outlet 
by the following equation 

C[x(t), t] = C0exp[ − λ (τk)⋅t]⋅
∑nc

k=1
f [x(t)]

Nk

Np
(8)  

where nc denotes the number of particle clusters with different travel 
times collected by the DFN outlet. It should be noted that the pathogen 
reduction rate λ() changes with τk and U(τ) according to the specific rf 
value [see Eq. (6)]. Thus, at elapsed time t from pathogen release in 
groundwater, the particles entering the intersection nodes of the tubes 
are dispersed into the outflowing tubes according to values of the 
probability function f(x) of the vector of the spatial particle position in 
the DFN. 

Eq. (8) provides the pathogen concentrations at the DFN outlet from 
the cumulative frequency distribution of the arrival time of the bio
particles, τk, given by the PTFS simulations, that is, the breakthrough 
histogram (BTH) under unperturbed pathogen transport geochemical 
and environmental conditions. Similarly, the solution for perturbed (at 
the microscale) pathogen transport can be obtained after imposing the 
initial boundary conditions according to the studied perturbation 
(Masciopinto and Visino 2017; Masciopinto et al., 2019). Furthermore, 
the spatial spread of pathogen pathways throughout the DFN can depict 
the 3-D map of pathogen concentrations at assigned times. Hotspots of 
spatial pathogen concentrations will occur in the DFN’s interconnected 
pipes that are most followed by bioparticles. 

3. Results 

3.1. Reclaimed water and target bathing water quality 

The MCMC technique was applied in this work to determine the most 
probable mean E. coli concentration in bathing water affected by MAR 
recharge via the infiltrated reclaimed water in the groundwater and 
spring outflows in the sea. The results of the chemical and microbial 
characterization of reclaimed water and groundwater/bathing water in 
the study area are shown in Tables 1 and 2, respectively. S1 samples 
showed the infiltrating water quality in the groundwater, whereas S3 
and S10 samples monitored groundwater in two boreholes (20–30 m 
deep and fully screened) positioned upgradient and downgradient of the 
recharge site, respectively. The reclaimed water quality was also 
detected via additional sampling at two irrigation pipes (S2 and S9), 
whereas the bathing water was monitored at eight locations along the 
coastal area (S4, S5, S6, S7, and S8; and AP1, AP2, and AP3) downward 
of the recharges ditches (see Fig. 1). The average (i.e., target) steady 
bathing water E. coli concentration of 24±9 MPN/100 ml affected by 
recharge was obtained with the Bayesian analysis of the most probable 
E. coli concentration in the bathing water (S4–S8 and AP2–AP3) by 
fitting the sampled values with the Gamma prior probability distribution 
using the open-source code OpenBUGS. The maximum number of 
100,000 iterations in OpenBUGS minimized the Monte Carlo error 
owing to minimal data availability. The most probable distribution of 
the E. coli counts at every sampling position was defined via the Poisson 
posterior probability. 

Furthermore, the E. coli concentrations in the bathing water sampled 
at locations 1.7 and 2.7 km north of Forcatella Beach showed negligible 
concentrations (< 1 MPN/100 ml) coming from other pollution sources. 

The background groundwater concentration was 3 MPN/100 ml of 
E. coli at S3. The well S3 is positioned upgradient of the recharge ditches, 
whereas S10 is a lateral well 1.6 km from Forcatella that previous studies 
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(Masciopinto et al., 2020) have shown to be unaffected by the artificial 
recharge. The concentrations in Table 1 allowed groundwater IS esti
mation for S1 (freshwater) and S10, which is affected by seawater 
intrusion electric conductance (EC) > 15 mS/cm. The microbial counts 
in bathing water in Table 2 account for groundwater exfiltration (or 
outflow) mixed with 12 % seawater. This dilution ratio was estimated 

from the increase in electric conductance of water samples to 20 mS/cm 
compared to the groundwater conductance of 15 mS/cm near the coast 
(see S10 in Table 1). The Bayesian analysis during the summer MAR 
periods provided the posterior Poisson distribution of the most probable 
constant E. coli concentration of 118±18 MPN/100 ml in infiltrating 
reclaimed water during recharge operations (Masciopinto et al., 2020). 

Table 1 
Geochemical characterization of water sampled at the Forcatella site (July 2019).   

Units Forcatella basin S1 Groundwater monitoring in boreholes (m) S3 S10 
Depth of sampling m 0.15 11.35 (0.4)c 7.50 (0.35)c 

Water temperature ◦C 24.3 18.9 20.5 
pH  7 7.5 6.8 
Specific electric conductance mS/cm 1.4 0.6 15.1 
CODa (as O2) mg/l 40 15 33 
N–NH4

þ 4.2 0.5 0.2 
N–NO2

¡ 0.67 0.035 0.016 
N–NO3

¡ 0.5 2.7 1.6 
Cl¡ 334 49 10 
SO4

2¡ 70 44 1 
Ca2þ 82 52 350 
Mg2þ 38 39 640 
Kþ 20 5 504 
Naþ 202 33 7 
Total alkalinity as HCO3

¡ 251 390 2 
Ionic strengthb molar (M)  0.018  0.012 0.344  

a Chemical dissolved oxygen demand. 
b Estimated using molar concentrations of cations and anions shown in the table. 
c Depth below the water table. 

Table 2 
Microbial characterization of sampled water at the Forcatella site.  

Sampling date ID sample Water depth of sampling (m) Total Coliforms E. coli Enterococci Total bacteria 

22 ◦C 37 ◦C    

MPN/100 ml CFU/1 ml 
July 15, 2019 S1 Forcatella basin 12,997 43 73 996 2448 

S2 Irrigation pipe > 24,200 28 > 2420 3632 5568 
S9 Irrigation pipe > 24,200 14 > 2420 5520 5216 
Bathing water 
S6 0.15 156 10 0 46 92 
S7 0.45 62 0 0 14 21 
S8 0.15 20 0 10 5 25 

July 22, 2019 S1 Forcatella basin > 24,200 210 > 2420 3390 3320 
S2 Irrigation pipe > 24,200 118 > 2420 6580 5200 
Bathing water 
S4 0.15 19,863a 5172a 145 400 11,760 
S5 0.15 1785a 228a 10 50 < 10 
S6 0.15 84 31 0 5 10 
Groundwater monitoring in wells 
S3 11.35 (0.4) > 2420 3 150 1740 640 
S10 7.50 (0.35) 3654 211 63 2300 440  

a High values may be due to algal constituents in the sampled bathing water using the Colilert®− 18 rapid method (Eckner, 1998). 

Table 3 
Mean total coliforms, E. coli, enteric virus, and mean and standard deviations of Clostridium perfringens spores and oocysts, and Giardia cysts in effluent (EW), surface 
water (SW) (i.e., runoff), bathing water (BW), and groundwater (GW) monitoring wells sampled downgradient of the infiltration (or injection) at the three managed 
recharge facilities of the Salento region (Masciopinto et al., 2011, 2019).  

Forcatella (this study) Sept/ Nov-18 July-19 Nardò Jan-06/Feb-07 Ostuni (Br) Nov-14/July-15  

EW EW–SW BW-0.6 kmb S6, S7, S8 EW–SW GW-0.5 km EW–SW  GW-1.3 km 

Total coliform (MPN/100 ml) 9800 12,997 101 15,635 8257 21,684  < 1 
E. coli (CFU/100 ml) 10 43 7 192 66 2120  < 1 
Clostridium perfringens (spores/100 ml) 62±15 150 – 913 87 6000  0 
Cryptosporidium (oocysts/l) – – – 0.26±0.2 0 5  0 
Giardia (cysts/l) – – – 1.6 ± 2 0 117  0 
Enterovirus (gc/l)a – – – 20±15 12.5 2.49 × 105  5.07 × 104 

Adenovirus (gc/l) – – – – – 4.7 × 103  1.5 × 103 

Norovirus (gc/l) – – – 50 – –  –  

a Equivalent genomic copies/liter. 
b Setback distance from groundwater infiltration (or injection) at the recharge site. 
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3.2. Pathogens in reclaimed water from the MAR Facilities of Salento 

Protozoan Cryptosporidium oocysts and Giardia cysts, enteric viruses, 
and pathogenic E. coli may occur in reclaimed water from the MAR 
Facilities, as reassembled in Table 3. The pathogen concentrations of the 
Forcatella Facility were compared with concentrations detected in 
monitoring wells at both MAR sites at Ostuni (Brindisi) (Masciopinto 
et al., 2019) and Nardò (Masciopinto et al., 2011), which are located 13 
and approximately 90 km from Forcatella (see Fig. 1). 

Table 3 shows that at the Forcatella Facility, the estimated E. coli 
concentration in the MAR effluent is less than 118 MPN/100 ml in the 
infiltrating water, owing to the mixing of reclaimed water with surface 
runoff and irrigation return flow to the basin. Some authors have pro
posed statistical relationships between the E. coli and protozoan or 
pathogenic E. coli O157:H7; however, in the vicinity of septic tanks, 
E. coli O157 may occur even in the absence of E. coli (Olsen et al., 2002; 
Schets et al., 2005) because, for limited periods, the pathogenic strain 
prevails in the human gut and, thus, in wastewater (Andersen et al., 
2022; Martinson and Walk, 2020). Nevertheless, in the U.S., in undis
infected groundwater used for public water supply wells (n = 38,000 
PWS wells), the E. coli detection rate was estimated to be 0.5 % while the 
E. coli O157 detection rate was essentially zero (Messner et al., 2017). 

The higher concentrations of Clostridium (C.) perfringens spores in 
effluent water at Forcatella and in the effluent and groundwater at 
Nardò (see Table 3) suggest that total aerobic spore bacteria (e.g., C. 
perfringens) could be considered to trace the impact of the MAR practices 
(Berger et al., 2018). 

The results shown in Table 3 confirm that Enterovirus and Adenovirus 
can be found after 1.3 km in the groundwater and could be the best 
target enteric virus in MAR studies where there is a large component of 
treated wastewater. Indeed, applying cell methods to the February/ 
April-02 water samples from the Nardò MAR site, the Bari and Pisa 
University Laboratories estimated a viral load of 4600 infecting units in 
a monitoring well 0.32 km from the injection (sinkhole) and low counts 
of Echovirus (E-11) and/or Poliovirus (PV 2–3) (and Polio 1 Sabin during 
the 2007 sampling) in wells at setback distances of 0.5 m and 3 km, 
respectively (Masciopinto et al., 2007). Betancourt et al. (2014) used the 
cell culture method to show that Enterovirus appears to be long-lived and 
mobile in alluvial aquifers based on monitoring well with a setback 
distance of approximately 100 m from infiltration at the Tucson water 
reclamation facility in Arizona, U.S. 

3.3. Unperturbed E. coli flow and transport simulation 

Assumptions made in the E. coli simulation include i) steady one- 
directional mean flow and in the x-direction at the DFN scale; ii) ergo
dicity of the regionalized stochastic variable, i.e., aquifer local perme
ability or the equivalent fracture aperture; and iii) parallel flow in every 
smoothed tube of the DFN backbone; iv) the microscale effect of the 
variability of the apertures in each fracture plane on flow velocity was 
considered using equivalent aperture estimations (Masciopinto and 
Palmiotta, 2012); and v) the effects of local geochemical heterogeneities 
affecting the pathogen-reduction rate coefficients were mediated at the 
field scale using comprehensive pathogen coefficients rr, ri, and ri*, as 
described in Section 3.3.1. 

The DFN flow solution at the Forcatella MAR site was determined 
using ADFNE 1.5 code (see Section 2.2) by applying a constant 
groundwater flow gradient of 0.8 × 10− 4 (= Δϕ/L) in the main x-di
rection to the backbone of the 3-D DFN, with x, y, and z dimensions of 
600 × 600 × 50 m3 and comprising 3900 fractures (see Section 2.1.1). 
The GRAPH structure of the 3-D DFN backbone included 7941 fracture 
intersections (i.e., traces or edges) and 4663 nodes (see Fig. 2). 

In the transport simulations, the attachment coefficient rf changed 
according to the specific water velocity in every independent pathogen 
pathway of the DFN and the estimated values of collector/pathogen 
sticking efficiency (see Section 3.3.1). This coefficient is dependent on 

the double-layer interaction pathogen-collector energy and bioparticle 
kinetic energy (Bradford et al., 2012) in the fractures and, according to 
Bhattacharjee et al. (2000), the fracture roughness or mean aperture of 
tubes in the DFN is the essential material property for determining the 
attachment coefficient in fractures. 

The simulation output, owing to a constant injection, provided pre
dictions of the BTCs for E. coli concentrations at the DFN outlet corre
sponding to the groundwater exfiltration (i.e., spring outflows) 
originating from the Forcatella recharge site. The simulated continuous 
infiltration of 2600 m3/d of reclaimed water in groundwater yielded a 
constant E. coli concentration of C0 = 118±18 MPN/100 ml, i.e., the 
MCMC output. 

A total of 1500 particles were released in 12 inlet nodes and 1296 
were collected at 10 outlet nodes. The elapsed runtime for the PT 
simulation was 1.5 min, using a common desktop computer to obtain the 
apparent 3-D plume of E. coli pathways along the coastline, as shown in 
Fig. 3. 

The BTH showed that most bioparticles exhibited a mean velocity in 
the x-direction of approximately 33.3 m/d in the studied groundwater. 

3.3.1. Time-dependent pathogen-reduction rate coefficients 
The attachment and detachment coefficients and rates in the model 

simulations were derived using information from specific laboratory 
filtration experiments carried out at the CNR/IRSA Laboratory (Bari, 
Italy). We used a horizontal filter composed of limestone slabs to 
reproduce the pathogen flow and transport in parallel fractures partially 
filled with Terra Rossa, as in the aquifer investigated at the field study 
site (Chrysikopoulos et al., 2010; Masciopinto and Visino, 2017). The 
similarity between laboratory and field E. coli transport phenomena was 
determined using the same soil/collector materials and similar envi
ronmental and geochemical unperturbed conditions, that is, water flow 
velocity, pH, ionic strength, temperature, and water chemical constit
uents. After the acclimation period, in the laboratory experiment, the 
treated municipal effluent from an activated sludge treatment plant was 
recycled back into the filter at a rate of 3.0 L/h using a peristaltic pump 
to regulate the flow velocity of the treated effluent in the fractures. In the 
filter, recycling of the effluent filtration through the limestone slabs (1.8 
m in length and with a cross-sectional area of approximately 0.012 ×
0.2 m2 per slab) ensured a sufficiently long filtration time to reflect field 
conditions. Heterogeneity affected E. coli attachment and detachment 
during transport at the microscale along every bioparticle pathway due 
to the geochemically variable surface charges of the Terra Rossa deposits 
(i.e., iron and aluminum oxides) and fracture walls (i.e., calcite). 

According to Molnar et al. (2015), heterogeneities affecting bio
particle attachment/detachment at the microscale need to be simplified 
at the laboratory and field scales, employing averaging processes 

Fig. 3. Particle-tracking following the streamlines model output of the 3-D 
E. coli bioparticle spread (solid circles) through groundwater considering a 3- 
D DFN with 3900 fractures (4663 nodes and 7941 edges) after 38.4 d of 
recharge. The color of the bioparticles is associated with the specific pathway 
followed. We increased circle sizes at the predicted bioparticle 
outflow positions. 
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supported by experimental batch filtration studies. In this study, we 
obtained the mediated E. coli/collector sticking efficiency at a laboratory 
scale (2 m) from the averaged (lumped) rate of site-specific E. coli 
reduction (0.073 d–1) resulting from filtration of the treated conven
tional activated sludge municipal effluent under unperturbed condi
tions. The E. coli reduction rates were defined by the slope of the best-fit 
line shown in Fig. 4, i.e., by fitting, in the semi-log plane, the recovered 
effluent volume concentrations (Supplementary Material SP-B) vs. 
filtration time using the exponential analytical solution of the pathogen 
decay Eq. (4b). Furthermore, we determined the E. coli die-off rate co
efficients of ri = ri* = 0.057 d–1 from a three-month E. coli die-off lab
oratory static batch test using the same treated municipal effluent at 
18− 19 ◦C (La Mantia et al., 2008). 

Based on this approach, we obtained the field averaged rf = 1.5 ×
10− 8 m2/d [Eq. (7)], using rr = 3.43 × 10− 3 d–1 (Masciopinto and Vis
ino, 2017; Rodrigues et al., 2012), ri = ri* = 0.057 d–1, and mean frac
ture aperture = 1.35 × 10− 3 m; whereas the average field collector-E.coli 
sticking efficiency of ke = 1.1 × 10− 8 m was obtained by inverting Eq. 
(6) assuming F(C*) = 0.04, that is, quasi-inaccessible fracture surfaces 
for E. coli attachment with a mean travel time with an 18-d residence 

time (i.e., U = 33.3 m/d). 

3.3.2. Expected E. coli trends in bathing water 
Fig. 5 shows the BTH for the predicted counts obtained by the PTFS 

using Particle3D (Masciopinto and Fadakar Alghalandis, 2021) for a 
corresponding initial E. coli concentration of 118±18 MPN/100 ml in 
MATLAB (version R2019b). Notably, the predicted BTH was based on 
the fracture field data (Section 2.1.1) providing the 3-D motion field in 
the studied DFN backbone pipes. The expected E. coli maximum con
centration at the DFN outlet was compared to the mean E. coli concen
tration given by the MCMC bathing water output (i.e., 24±9 MPN/100 
ml) minus the groundwater and bathing water background values of 3 
(see S3 in Table 2) and 1 CFU/100 ml, respectively, which originated 
from other pollution sources. 

The predicted E. coli concentrations in Fig. 5 have to be reduced by 
12 % to account for the dilution ratio of groundwater outflow mixing in 
seawater. The mean E. coli velocity was consistent with the mean arrival 
time of 18 d as established using the histogram-based concentrations 
determined using the PTFS method (see Fig. 5). The water velocity along 
every E. coli pathway is used in Eq. (6) to estimate rf for every pathogen 

Fig. 4. E. coli concentration reduction trends during batch filtration tests of treated municipal effluents in a horizontal filter of 16 limestone slabs (0.2 × 1.8 m2) and 
Terra Rossa at mean temperatures of 17.3 ◦C (brown solid squares) and 19.5 ◦C (blue diamonds). 

Fig. 5. Breakthrough histogram of E. coli concentration predictions in bathing water during a MAR stress period (summer 2019) owing to continuous (i.e., steady) 
release of 2600 m3/d of reclaimed water in groundwater with 118±18 MPN/100 ml of E. coli; sensitivity of the model predictions (dashed lines) to the change in rf; 
and steady mean E. coli concentration of 20±9 MPN/100 ml (solid green line) from the MCMC output of bathing water samples according to E. coli background 
concentrations of 3 and 1 MPN/100 ml in groundwater and bathing water, respectively. 
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pathway in the DFN as predicted from the BTH in Fig. 5. 
Fig. 5 shows that the slowest particle concentrations at outlet 

decrease in the maximum E. coli outflow concentration occurred after 
23.8 d of recharge. This concentration “decrease” was attributable to the 
prevalent natural inactivation of the majority of E. coli fast particles (t <
23.8 d) relative to the additional concentration associated with slow 
particles with a travel time > 23.8 d 

The predicted E. coli time-dependent reduction rate λ(t) (see Fig. 5) 
was obtained using the pathogen/collector sticking efficiency derived 
from the batch filtration tests described in Section 3.3.1 and ranged from 
0.11 to 0.06 d–1 for the corresponding bioparticle arrival times between 
5.9 d (i.e., 102 m/d, fastest pathway) and 38.4 d (i.e., 15.6 m/d, slowest 
pathway). The resulting soil aquifer treatment is 2.1 log10 of E. coli 
removal in 600 m of reclaimed water filtration. This removal rate agrees 
with the 1.0–3.0 log10 of E. coli removal estimations reported by Donn 
et al. (2020) for MAR Facilities in fractured (limestone) and alluvial 
(sand and gravel) aquifers at Geraldton and Augusta, Australia. How
ever, the total 2.1 log10 E. coli removal from Forcatella groundwater is 
less than the 6–8 log10 estimate for an aquifer transfer, storage, and 
recovery (ASTR) demonstration plant in Salisbury, Adelaide, Australia 
(Sidhu et al., 2010), although this was determined for a retention time of 
35 d, which is approximatively twice that of Forcatella (i.e., 18 d). An 
increase in flow velocities leads to shorter E. coli residence times and 
lower log10 E. coli removal rates after assigned filtration distances. 
Moreover, many years of groundwater recharge at MAR Facilities (more 
than 13 years at the Forcatella site) affect soil filtration efficiency owing 
to soil-clogging effects and associated reductions in the efficiency of 
pathogen attachment to the collectors. 

4. Discussion 

4.1. Model calibration/validation 

The steady-state solution of the considered pathogen transport 
equations (i.e., continuous steady infiltration) allowed a comparison of 
the model results with the measured maximum (steady) concentration of 
E. coli BTC in the bathing water of 20±9 MPN 100/ml (see green line in 
Fig. 5). The proposed modeling theory reliably provided the 3-D E. coli 
pathways in groundwater and the BTH of the concentrations in bathing 
water. A maximum bathing water concentration of 18.4 MPN 100/ml, 
that is, 20.9 minus 2.5 (12 %) MPN 100/ml for the seawater dilution, 
was predicted approximately 22.8 d after the simulated restart of aquifer 
recharge. The match between the BTH and BTC of the E. coli maximum 
bathing water concentrations had minimal errors (< 4 %) for rf (mean) 
= 0.15 × 10− 8 m2 d–1. 

One major peculiarity of the proposed modeling validation/calibra
tion approach was the necessity of working in actual MAR Facilities with 
operational reclaimed water treatment plants. The model results, along 
with actual data input, provided more significant information on envi
ronmental conditions for investigating MAR removal efficiency 
compared to well-designed recharge plants. However, the limited 
number of monitoring wells and data at the MAR Facility did not allow 
the determination of E. coli BTCs in groundwater to control recharge 
quality during MAR Facility operation. Moreover, data collected in 
monitoring wells S3 and S10 also led to difficult differentiation between 
the effects of recharge via ditches and irrigation runoff infiltration on the 
quality of the studied groundwater. Future studies could aim to trace the 
transport pathways of pathogens, such as the C. perfringens spores as a 
marker for E. coli, protozoans, and Enterovirus, in groundwater to better 
evaluate the model results and soil aquifer treatment performance. 

4.2. Perturbed environmental conditions 

Health risks from perturbed artificial recharge conditions cannot be 
neglected owing to their significant impact on pathogen attachment/ 
detachment in fractures associated with changes in the geochemical and 

environmental conditions of flowing water. Typically, Terra Rossa, 
which is not uniformly distributed in fractures, may lead to significant 
heterogeneity in pathogen attachment and detachment at the microscale 
because of changes in geochemical (mainly pH, water temperature, 
dissolved organic carbon, and IS) and flow conditions during reclaimed 
water filtration in groundwater. Perturbed conditions may occur, for 
example, during floods (Masciopinto et al., 2019). Under such condi
tions, the abrupt increase in recharge rate, the fracture flowrate at low 
salinities (e.g., IS = 0.012 M; see S3 in Table 1) pushes back the intrusion 
of saline water into the fractures, which has a higher IS (0.344 M; see 
S10 in Table 1), pH, and temperature. The decrease in IS and the in
crease in fracture water flow lead to more unfavorable conditions for 
pathogen attachment to the surfaces of Terra Rossa grains in the frac
tures of this coastal area. Here, E. coli, protozoan, and viruses that pre
viously attached during a long period of unperturbed reclaimed water 
recharge can abruptly be resuspended in the flowing groundwater, 
similar to supplementary sources of step injections of E. coli with an 
initial concentration more than two times higher than the C0 
steady-state value (i.e., 118/100 ml) for IS decreases > 20–25 mM 
(Pazmino et al., 2014). Consequently, pathogenic strains, parasites, and 
enteric viruses can enter the marine environment during floods. 

5. Conclusions 

The proposed theory for 3-D time-dependent pathogen reduction 
transport is a new advance in CFT with broader implications for the 
development of innovative pathogen transport models. The predicted 
E. coli counts in this study were comprehensively performed by tracking 
the flow paths followed by suspended bioparticles in flowing water in 
the 3-D DFN. Laboratory filtration tests and field data collection enabled 
the calibration of the model of an “averaged” soil collector-E. coli 
attachment rate coefficient, which was applied to estimate the time- 
dependent E. coli count reduction rate at the field scale. Notably, the 
absence of specific geochemical and microbiological data is a limitation 
of the modeling approach adopted in this study. 

The proposed extended CFT is suitable for reliable exposure studies 
of quantitative microbial risk assessment during the management of 
water reservoirs because it can accurately estimate human exposure to 
pathogenic E. coli strains, protozoa, and enteric viruses that may infil
trate groundwater from managed artificial recharges. 

The predicted E. coli concentrations at the MAR study site agree with 
time-dependent die-off rates derived from laboratory estimates, ranging 
from 0.062− 0.057 d–1, and the corresponding “averaged” attachment 
rate coefficient of 0.15 × 10− 8 m2/d with an E. coli-collector sticking 
efficiency of 1.1 × 10− 8 m and a 4 % dynamic blocking function. The 
fracture wall roughness (or mean aperture of tubes in the DFN) proved 
the essential material property for determining the attachment coeffi
cient in fractures. The resulting E. coli removal rate during soil aquifer 
treatment was 2.1 log10 in 600 m of reclaimed water filtration, which 
tallies with results for other MAR sites (Donn et al., 2020). Nevertheless, 
this is approximately half the E. coli removal rate reported for the 
demonstration ASTR plant at Salisbury, Adelaide, Australia (Sidhu et al., 
2010). Many years of recharge practice at the studied MAR Facility 
might have affected the groundwater filtration efficiency owing to soil 
clogging and lower soil-collector pathogen attachment compared to the 
Salisbury demonstration ASTR plant. The lower pathogen removal rate 
increases the MAR Facility’s potential impact on bathing water quality 
under perturbed environmental conditions, such as during floods, by 
triggering pathogen release into groundwater from Terra Rossa grain 
surfaces in fractures affected by seawater intrusion. 

Supplementary information 

SP-A provides mathematical developments and detailed descriptions 
used to determine the analytical solution of the differential equation for 
wastewater bioparticle flow and transport in the 3-D pathways of a 
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fractured aquifer with an impermeable rock matrix, and the time- 
dependent removal rate λ(t) based on the extended colloid filtration 
theory. 

SP-P provides E. coli concentrations collected at the outlet of a 
horizontal filter during two wastewater filtration experiments carried 
out at 17.3 ◦C and 19.5 ◦C in the Bari CNR/IRSA Laboratory. 
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