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1. Interaction of AgNPs with porous media and delay 
Groundwater nanoparticles are dispersed, transported, and interact with the porous 

groundwater medium. Transport in this medium is usually described by a modified advection-
dispersion equation that takes into account mass exchanges between the liquid and solid phases due 
to physical and physicochemical interactions [1]: 

 𝑛 · డ௖డ௧ + ∑ 𝜌௕ · డௌ೔డ௧ +  𝑞 · డ௖డ௫ − 𝑛 · 𝐷 · డమ௖డమ௫  = 0          (S1) 
 

 
 
 
Where 𝑐 is the concentration of nanoparticles in the liquid phase, Si is the concentration of 

nanoparticles in the solid phase, fatt,i is a term that depends on the interaction mechanism (see table 
S1), 𝜌௕ is the apparent density of the porous medium, and 𝐷 is the hydrodynamic dispersion 
coefficient, 𝑘att and 𝑘det are the adsorption and desorption rate coefficients of nanoparticles.  

 
Table S1. Interaction mechanisms of particles with the porous medium. 

Models Description Equations 

Clean bed 
filtration 

This mechanism considers first-order irreversible kinetics, while the 
desorption coefficient is considered negligible: kdet = 0. It mainly 
describes the attachment to the surface of the porous medium. 

𝑓௔௧௧ = 1 

Lineal 
The linear colloid deposition mechanism is governed by the same 
principles as “clean bed filtration” but in this phenomenon, the 
desorption rate coefficient is not assumed to be negligible: 𝑘det > 0 

𝑓௔௧௧ = 1 

Blocking 

Where Smax is the maximum concentration of particles that can be 
retained in the solid phase under given chemical conditions [-], and 
is related to the surface blockage operated by already deposited 
particles. 

𝑓௔௧௧ = 1 − 𝑆𝑆௠௔௫ 

Ripening 
Where Arip [-] y βrip [-]are the maturation coefficients, where Arip > 0 y 
βrip > 0, so the deposition rate increases with increasing concentration 
of attached particles [2]. 

𝑓௔௧௧ = 1 + 𝐴௥௜௣ ·  S ஒೝ೔೛ 

Straining 
 

where L is the path length of the particles in the porous medium 
and βsrt [-] is a fitting parameter that controls the shape of the spatial 
distribution of the particles. Experimental evidence has shown that  
βsrt can be taken equal to 0.432 with good results [2]. 

𝑓௔௧௧ = ൬1 + 𝐿𝑑ହ଴൰ି ஒೞೝ೟
 

    ∑ 𝜌௕ · డೄ೔డ௧ =  ∑ 𝑛 ·  𝑘௔௧௧,௜ ·  𝑓௔௧௧,௜ · 𝑐 − 𝜌௕ ·  𝑘ௗ௘௧,௜ · 𝑆௜     (S2) 
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The desorption term (𝑘det) is linearly proportional to the concentration of adhering particles. On 

the contrary, the function fatt in the adsorption term (𝑘att) is a generic function that depends on 
adsorption mechanisms such as clean bed, blocking, ripening, linear etc. The phenomenon of the 
delay in the mobility of the NPs is produced by their interaction with the porous medium. The type 
of mechanism depends, among other factors, on the coating of the particles, their size and the type of 
porous medium. The differential equations of main mechanisms are presented in the table S1. To 
solve these equations, finite element methods can be applied [3] or analytical equations are used in 
the case of the linear model, considering equilibrium. Thus, the retardation factor, F, in the case of 
nanoparticles that respond to the linear model can be described as [4]: 

  
 
 
 
In this article, a pseudo-linear model has been chosen due to the short contact time of NPs with 

porous media and low concentration of AgNPs in groundwater (Cmax), that allows the linearization 
of the other models. As it could be seen in Table S1, if contact time is short, the S values (adsorbed 
particles in the porous media) in blocking and ripening models are low and fatt is close to 1.   

Straining model could be rejected, as the particles in the case study have a very low size (10 nm) 
compared with the pores of the porous media (sand and gravel). Clean Bed filtration model 
(irreversible attachment) could be also neglected due to short contact time. The advantage of this 
approach is that it allows to find ranges of these values for certain pairs of NPs-porous medium from 
several references and that it allows to apply the classical delay approach, already used by other 
authors [4]. 

 

2. Justification of Llobregat river flow input parameters for the Monte Carlo model  
The modeling of the river flow distribution at the point discharge in the first case study has been 

derived from open data of Catalan Water Agency [5] about daily flow river in the stations of Martorell 
and Castellbisbal (see figure 3 a)) from 01/09/2020 to 01/09/2022, that is a period without extreme 
punctual high flow and, thus, representative of the accident. The flow data were sorted from lower 
to higher and a cumulative lognormal distribution was fitted [6] using nonlinear regression. To apply 
nonlinear regression, the Solver function in Microsoft Excel™ software with the GRG nonlinear 
solving method was used to minimize the SSerr as the objective function. 

 𝑆𝑆௘௥௥ =  ෍ ൣ𝑄ௗ௔௧௔ − 𝑄௙௜௧൧ଶ௡௜ୀଵ  (4) 

 
where Qdata are the flows from available open data [5] and Qfit is the fitting values given by the solver 
and n is the number of data. The graphical result of the fitting is shown in Figure S1. As it can be seen 
in Figure S1, a correct fitting was obtained and then is possible to represent the river flow as a Log 
Normal probability distribution function instead a temporal flow variation. As it could be seen, the 
distribution parameters expressed as natural logarithms are a mean of 1.887 and a standard deviation 
of 0.248. 

𝐹 =  1 + 𝐾௔௧௧𝐾ௗ௘௧ (S3) 
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Figure S1. Fitting data for the calculation of the Llobregat river flow 

 
These values representative of two years could be compared to lognormal distribution 

parameters used for Llobregat river in literature ([6]). In this reference, representative values of a 
period from 2005 to 2015, showed higher both mean and standard deviation values, that could be 
attributed to a wetter year and a higher dispersion due to 10 years period instead of the 2 years (this 
study). 

  

3. Fuzzy Model 

 
Table S2 shows the variables used in the fuzzy model presented in Figure 1 with their respective 

values. The ranges are presented for the different fuzzy sets as well as the functions used:  Z shape 
for low values; Pi shape for medium values; and S shape for high values. This table is an adaptation 
of the fuzzy logic model used by [7]. In addition, with respect to the previous model, new categories 
for toxicity and concentration (very low in both cases) have been incorporated. In the case of 
concentration, the new category corresponds to the new EU legislation COM (2022) 540 final [8] 
which establishes a Maximum Allowable Concentration (MAC) of 22 ng Ag/L. For the present paper, 
the toxicity value is calculated for a single type of nanoparticle (i.e., AgNPs spheres, citrate coated 
and with a size of 10 nm). With this particle a value of 0.65 of toxicity is achieved using the adapted 
model. This value has been used for the two case studies and comes from the combination of the size, 
shape and coating of the particle. For more information for each one of latter variables, please check  
[7]. 

Table S2. Fuzzy sets, ranges, and types of membership function (MF) of the model variables. 

Variables Fuzzy Set Ranges MF types 

Toxicity* 

Very Low 0 – 0.35 Z Shape 
Low 0.15 – 0.65 Pi Shape 
Medium 0.4 – 0.9 Pi Shape 
High 0.65 – 1 S Shape 

Concentration 

Very Low 0 – 22 ng L-1 Z Shape 
Low 18 – 250 ng L-1 Pi Shape 
Medium  150 – 500 ng L-1 Pi Shape 
High 300 – 1000** ng L-1 S Shape 

Risk* 

Very Low 0 – 0.25 Z Shape 
Low 0 – 0.5 Pi Shape  
Medium 0.25 – 0.75 Pi Shape  
High 0.5 – 1 Pi Shape  
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Very High 0.75 – 1 Z Shape 
* These variables are qualitative (without specific units). **For values higher than 1000 ng L-1 the function 
values are 1. 
 

4. Risk assessment 
Figure S2 shows the Cumulative Distribution Function (CDF) results of risk simulation with 

MATLAB for the two case studies. In S2 (a) case study 1 the CDF results of risk simulation show that 
15.85% of the cases represent a risk below 0.5 and almost the rest (82.87%) a risk equal to 0.5. In the 
upper part of the graphic, there is a very low accumulated percentage (1.28%) that has a risk from 0.5 
to 0.75.  Then in S2 (b) case study 2, the CDF results of risk simulation show that 16.04% of the cases 
represent a risk below 0.75 (medium or medium-high) and almost the rest (83.96%) a risk equal to 
0.75 (high). 

 
S2 (a) S2 (b) 

  
Figure S2. CDF results of risk simulation. S2 (a) case study 1 and S2 (b) case study 2. 

 

5. Sensitivity analysis applied to AgNPs concentration. 
 
5.1. Case study 1 

Figure S3 shows the scatter plots for two variables are presented for the case de study 1. These 
are the two variables that showed the greatest influence for the concentration Co. 

S3 (a) 

 
S3 (b) 
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Figure S3. Scatterplots case study 1. S3 (a) Hydraulic conductivity (k) 1 and S3 (b) Gradient (g). 

 
5.2. Case study 2 

Figure S4 shows the scatter plots for two variables are presented for the case de study 2. These 
are the variables that have the greatest influence for the concentration, Co. 

S4 (a) 

 
S4 (b) 

 
Figure S4. Scatterplots case study 2. S4 (a) Dilution Factor (DF) 1 and S4 (b) porosity (n). 
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