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ABSTRACT

We apply outcrop-based structural and in-situ petrophysical properties measurements for the construction of flow and mass transport calibrated numerical models in a
porous sandstone aquifer. The hydraulic conductivity in this aquifer is influenced by the presence of deformation bands and related carbonate nodules. These
heterogeneities are shown to decrease the hydraulic conductivity of the host rock by 2-3 orders of magnitude. The result obtained is robust, given that the models
were calibrated with hydrologic field data. Our upscaling methodology for hydraulic conductivity allows inclusion of outcrop-scale structures and diagenetic features
by means of inversion of the advective velocity for conservative particles. This approach can be used for easily implementing field data in aquifers or other geofluids
reservoir simulators. Our experiments show that the use of an equivalent isotropic hydraulic conductivity approach fails to correctly account for mass transport in
porous sandstone aquifers and we recommend implementing, as much as possible, the local heterogeneities and anisotropies in hydraulic conductivity within the
model to be able to have a more realistic and conservative estimate of advection and dispersion. Our findings should be helpful to those scientists dealing with

geofluids modeling and groundwater pollution.

1. Introduction

Deformation bands and related diagenetic features such as pore-
filling cement affect the textural properties of porous reservoir rocks
as well as their petrophysical and mechanical properties (Aydin and
Johnson, 1978; Antonellini et al., 1994; Antonellini and Aydin, 1994).
Such heterogeneities influence fluid flow in terms of anisotropy,
compartmentalization, and flow rate. Also, it is still a matter of debate
where these structures could be pathways and where they could be
barriers for fluids (Antonellini and Aydin, 1994; Aydin, 2000; Shipton
et al., 2005; Fossen et al., 2007; Torabi and Fossen, 2009; Ballas et al.,
2015; Zuluaga et al., 2016; Rotevatn et al., 2017; Awdal et al., 2020;
Romano et al., 2021; Del Sole et al., 2020b; Souza et al., 2022).

Deformation bands are small “fault-like” mm-thick tabular structures
that commonly develop in granular or porous sediments and sedimen-
tary rock (e.g., Antonellini and Aydin, 1994). They may result from
non-destructive granular flow (i.e., translation, grain rotation; Rawling
and Goodwin, 2003), or cataclasis, (Aydin et al., 2006; Fossen et al.,
2007; Nogueira et al., 2021). The impact that these structures have on
fluid flow within porous reservoirs depends on specific factors including
the permeability contrast with respect to the host rock, their frequency,
thickness, spatial and geometrical distribution, segmentation, and con-
nectivity (Antonellini and Aydin, 1994, 1995; Gibson, 1998; Manzocchi
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et al., 1998; Sternlof et al., 2004; Shipton et al., 2005; Fossen and Bale,
2007; Del Sole et al., 2020a; Pourmalek et al., 2021; Aydin et al., 2023).
In high porosity rocks, cataclasis accompanied by grain crushing and
rearrangement due to shearing generates deformation bands with
compacted fabric called compactive shear bands (CSBs from now on),
which imply an important reduction in porosity and permeability. For
this reason, CSBs associated with cataclasis inhibit or buffer the fluid
flow (Antonellini and Aydin, 1994; Antonellini et al., 1994, 1999;
Mollema and Antonellini, 1996; Aydin, 2000; Bense et al., 2003; Fossen
et al., 2007; Del Sole and Antonellini, 2019). On the other hand,
deformation bands with a component of dilation may enhance and
channel fluid flow (Du Bernard et al., 2002; Bense et al., 2003).

In general, permeability in an aquifer is influenced by all sorts of
structures besides deformation bands, for example joints, veins, reac-
tivated or sheared older structures and more. Therefore, the upscaled
permeability refers to an “equivalent” or “effective” permeability, which
accounts for the combined effect of matrix and all types of fractures
present at specific spatial scale (e.g., Bisdom et al., 2016a; Bisdom et al.,
2016b; Dewandel et al., 2012; Medici et al., 2023). Typically, joints
increase the equivalent permeability by two orders of magnitude (Taylor
et al.,, 1999). CSBs, instead, reduce permeability by 1-6 orders of
magnitude (Antonellini and Aydin, 1994; Matthai et al., 1998; Taylor
and Pollard, 2000; Jourde et al., 2002; Del Sole et al., 2020a; Aydin

E-mail addresses: m.antonellini@unibo.it (M. Antonellini), leonardo.delsole@unibo.it (L. Del Sole).

https://doi.org/10.1016/j.marpetgeo.2025.107406

Received 7 February 2025; Received in revised form 26 March 2025; Accepted 3 April 2025

Available online 4 April 2025

0264-8172/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-8345-1370
https://orcid.org/0000-0002-8345-1370
mailto:m.antonellini@unibo.it
mailto:leonardo.delsole@unibo.it
www.sciencedirect.com/science/journal/02648172
https://www.elsevier.com/locate/marpetgeo
https://doi.org/10.1016/j.marpetgeo.2025.107406
https://doi.org/10.1016/j.marpetgeo.2025.107406
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpetgeo.2025.107406&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Antonellini et al.

et al., 2023). This implies that small-scale geological features like CSBs,
which accommodate only small sub-seismic resolution offsets from a few
mm up to 1.5 m, affect subsurface fluid flow, promoting reservoir
compartmentalization, anisotropy and causing buffering or sealing
during production (Harper and Moftah, 1985; Edwards et al., 1993;
Antonellini and Aydin, 1994; Fowles and Burley, 1994; Gibson, 1998;
Manzocchi et al., 1998; Antonellini et al., 1999, 2014; Rawling et al.,
2001; Sternlof et al., 2006; Fachri et al., 2013a, 2013b; Zuluaga et al.,
2016; Pourmalek et al., 2021; Romano et al., 2021). In addition to
deformation structures, sandstone reservoirs are often associated with
pore-filling cement in the form of nodules of different shapes and ar-
rangements (McBride et al., 1995; Mozley and Davis, 2005; Del Sole
et al., 2020a). Porosity within nodules (or concretions) may be entirely
filled with cement strongly affecting fluid circulation.

The outcrops we worked on show several sets of CSBs, aligned with
cement precipitation zones in the pore space. Similar outcrops were also
described previously in the area (Antonellini and Mollema, 2002; Del
Sole and Antonellini, 2019; Del Sole et al., 2020a). In this paper, how-
ever, we want to establish the influence of the presence of CSBs and
nodules on the equivalent permeability and general hydraulic behavior
of a heterogeneous sandstone aquifer.

Our flow simulations help to quantify the contrast in permeability
between CSBs associated with nodules and host rock. Moreover, trans-
port simulations permit to upscale the field permeability from the scale
of structures in the outcrop (cm) to the scale of model cells (10 m). The
investigation of the petrophysical properties of these structures is crucial
in the evaluation of their impact on the subsurface fluid flow. Petro-
physical data collected at the scale of deformation bands are important
in the characterization of the aquifer and they are a good starting point
in the construction of regional numerical flow models. In a flow model,
the hydraulic properties of the rock are defined at each cell (or node) of
the grid, typically represented by a permeability (or hydraulic conduc-
tivity) tensor K and effective porosity (e.g., Antonellini et al., 2014). In
the case of field permeability measurements, they give information only
at the mm to cm scale of a single CSB or zones of a few to tens of CSBs. It
is difficult to construct a regional model (scale of kilometers) with a cell
size characterized by this fine resolution, for computational reasons. It is
therefore important to up-scale the permeability measured in the field to
the cell size of the model (Antonellini et al., 2014).

Several numerical flow models considering the effects of deforma-
tion bands have been published starting from the early work of Matthai
et al. (1998) both considering an Equivalent Porous Medium (EPM)
approach (Zuluaga et al., 2016; Awdal et al., 2020; Berge et al., 2022;
Souza et al., 2022) and/or a Discrete Fracture Network (DFN) approach
(Antonellini et al., 2014) but, to the best of our knowledge, there have
not been systematic attempts to calibrate the models with field data.
More recently, Berge et al. (2022) explicitly used fine-scale numerical
simulations that include deformation bands for a wide range of sto-
chastically generated networks to upscale the permeability at that of the
reservoir cell block at the CO4 storage site of Smeaheia in the North Sea.
By using this methodology, they show that deformation bands with a
permeability contrast higher than three orders of magnitude with
respect to the host rock may strongly reduce fluid flow through faults.

The scale at which the published models have been applied ranges
from the size of a small hand sample or core plug (cm-scale; Zambrano
et al., 2018; Zambrano et al., 2021) to that of field reservoirs (km-scale;
Berge et al., 2022). The models that we present in this paper go from the
scale of a single flow simulator cell (outcrop model of 10 m in our case)
to that of a field scale aquifer (km-scale) and, therefore, span the scales
of most models presented in the literature. Furthermore, the upscaling
procedure by particle tracking and advective transport appears to be a
fast and reliable process to directly import field permeability data at
micro/meso-scales into models at increasingly larger observation scales.

Our numerical simulations provided insight into the effects that CSBs
and carbonate nodules have on dispersion, which is important for
evaluating the movement of pollutants within an aquifer or the
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sweeping capacity of injected fluids during enhanced geofluids recov-
ery. This is a novel theme that we deal with in our work.

In summary the specific objectives of our work are the following: (i)
Establish quantitatively the effect that deformation bands and associ-
ated diagenetic structures have on the aquifer (or reservoir) scale by
using calibrated numerical models. (ii) Develop an upscaling method-
ology that allows effectively and easily import in-situ petrophysical
measurements at mesoscale into an aquifer (or reservoir) model. (iii)
Explore the effects that CSBs and diagenetic nodules have on macroscale
dispersion driven by the interaction of advective velocity with hetero-
geneities in hydraulic conductivity.

2. Study area

The study area (Fig. 1) includes well-exposed outcrops of Loiano
sandstone in the Northern Apennines (Emilian Apennines), 20 km south
of the city of Bologna. The Loiano Sandstones are considered a mountain
aquifer with poor hydraulic characteristics (Sorgenti e unita geologiche
sede di acquiferi nell’ Appennino emiliano-romagnolo - Geologia, suoli e
sismica - Ambiente, 2009). The Northern Apennines are a fold-and-
thrust belt composed of NE verging tectonic units and developed dur-
ing the Cenozoic collision between the European plate (Corso-Sardinian
Block) and the Adria plate (Boccaletti and Guazzone, 1974; Marroni and
Treves, 1998; Boccaletti et al., 2011).

This work focuses on the Loiano Sandstones that are exposed be-
tween the Savena Valley in the west and the locality of Loiano in the east
(Cibin et al., 2001; Antonellini and Mollema, 2002). The Loiano Sand-
stones are part of the Monte Piano Fm which, in turn, is part of the
Epiligurian Monte Piano-Loiano-Ranzano (MLR) Sequence, deposited
from the Middle Eocene to the Upper Oligocene (Fig. 1; Valloni and
Zuffa, 1984; Cibin et al., 2001; Antonellini and Mollema, 2002; Conti
et al., 2016). The Epiligurian Succession is a complex sedimentary
sequence deposited into piggy-back basins resting, discordant, on top of
Ligurian thrust sheets, (Ori and Friend, 1984; Bettelli and Vannucchi,
2003; Remitti et al., 2012; Piazza et al., 2016; Conti et al., 2020; Sten-
dardi et al., 2023). These basins migrated passively to the NE during the
Apennines Orogeny (Ricci Lucchi, 1986; Vai and Martini, 2001). The
complete stratigraphic succession spans in age from the Middle Eocene
to the Late Miocene or the earliest Pliocene (Conti et al., 2020). The
sedimentation in the Epiligurian basins was continuous and they were
only mildly affected by multiple tectonics events during the NE migra-
tion of the accretionary wedge (Cibin et al., 2001; Antonellini and
Mollema, 2002).

The Loiano Sandstones are a 300-1000 m thick lenticular body, late
Lutetian-Bartonian in age, representing proximal turbiditic deposits of
poorly consolidated, immature, and high porosity arkosic sandstones
and conglomerates (49-60 % quartz, 39-48 % feldspar; Ricci Lucchi,
1986; Cibin et al., 1993; Del Sole and Antonellini, 2019). The maximum
burial depth of the Loiano Sandstones is estimated to be 3 km, which is
typical for low-depth diagenetic processes such as compaction and
intergranular cementation (Cibin et al., 1993; Antonellini and Mollema,
2002). The structures in the upper and lower stratigraphic sections of
these sandstones are characterized by multiple sets of CSBs associated
with carbonate nodules generated by local precipitation of calcite
cement in the interstitial pore space of the host rock (Del Sole and
Antonellini, 2019). Most nodules (75 %) are parallel to CSBs, whereas
the remaining are bedding-parallel (25 %). The elongation of nodules,
along and parallel to CSBs or their presence at the intersection between
two different sets of CSBs, demonstrates the geometrical association
between nodules and deformation structures.

3. Methods
3.1. Outcrop characterization

The study area extends along a 2-km-wide E-W-oriented belt around
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Fig. 1. Location of the study area (red rectangle) where the Loiano Sandstones are outcropping in the Northern Apennines. The Loiano sandstones belong to the
Monte Piano-Loiano-Ranzano Sequence, which is the lowermost (stratigraphically) Epiligurian unit (light green). The cross section below shows the fold and thrust
belt structural setting of the study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the village of Loiano (Fig. 2). The offsets of CSBs and their frequency
within the Loiano Sandstones were evaluated by measuring structural
and frequency data along nine several meters long transects distributed
over the study area, some of which were combined to have data in two
perpendicular directions (Fig. 2). The position of the transects was
recorded through a GPS mobile device. At each transect, the orientation
of CSBs was measured using a Brunton geological compass, and data
were reported in a topographic map (scale 1: 2,000) using the Clino™
App. Stereographic projections and azimuthal analysis of structural data
were then made using the Daisy3 software (Salvini, 2002). CSBs were
characterized into those oriented along calcite nodules and those that
were not. CSBs and nodule patterns, as well as their characteristics and
spatial relationships, were also documented in field digital photographs,
drone imagery (Fig. 3), and high-resolution orthophoto mosaics.

A detailed geologic field map of DBs was constructed (original scale
1:5000). The traces of CSBs planes were extrapolated with geometric
projection techniques. The map was then digitized in QGIS (QGIS
Development Team, 2021), and a shapefile was created for further in-
clusion into MODFLOW (Harbaugh, 2005).

The free water surface of tributary streams to the nearby Savena
River was measured using a GPS mobile device. These points represent
control points for calibration in the modeling phase.

3.2. Numerical modeling

We say up front that in this study we will use hydraulic conductivity

instead of permeability, because we work with aquifer numerical
models.

The numerical modeling methodology consists of two independent
workflows, which are schematically explained in Fig. 4.

In the first workflow (upper part of Fig. 4), regional flow models (R)
for the Loiano Sandstones at the km-scale were constructed in
MODFLOW-2005, a three-dimensional finite difference water flow
simulator developed by the U.S. Geological Survey (Harbaugh, 2005;
Harbaugh et al., 2017). The models are then calibrated with field data
(reported in Table 1 and published in Del Sole et al., 2020a) in a way to
obtain the equivalent hydraulic conductivity (or upscaled K) of a single
cell (10 m x 10 m x 500 m). The vertical length of the cell (500 m) comes
from the choice of using an average vertical conductivity due to the
homogeneity of the section and by being the structures sub-vertical; this
reduces also computation times. These models provide information on
the hydraulic head distribution and once imported into MODPATH
(Pollock, 2016, 2017), allow to evaluate the flow field and mass trans-
port within the aquifer (advection and dispersion).

In the second workflow (lower part of Fig. 4), the numerical
modeling is performed on a domain, which corresponds to the single cell
of the first, regional, model (R). This is done to upscale the in-situ
measured-petrophysical properties. The single cells of these models
(LMU - local models for upscaling) are 0.1 m x 0.1 m x 10 m. The
measured in-situ petrophysical properties (Del Sole et al., 2020a,
Table 1) of the host sandstone, the carbonate nodules, and the CSBs are
set to the individual cell scale. In this way, the individual cells have the
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Fig. 2. Position of the transects measured in the study area. Where two numbers are present, two transects perpendicular to each other have been measured.

properties of nodules and zone of bands measured in-situ. These local
flow models are then used to derive particle advective velocities using
MODPATH and in turn, these are used to calculate the average hydraulic
conductivity of the model domain. This is the upscaled hydraulic con-
ductivity obtained from the outcrop data. We compare this with the
equivalent hydraulic conductivity for the whole regional model (R).

3.2.1. Regional models settings

The regional models (R; Fig. 5a and b) were set up in ModelMuse
(Winston, 2019, 2020), that is a graphical user interface (GUI) devel-
oped by U.S. Geological Survey for MODFLOW-2005 (Harbaugh, 2005).
The models domain was generated based on a shapefile polygon im-
ported from QGIS (QGIS Development Team, 2021) and extrapolated
from the geological map. It outlines a section of the Loiano Sandstones
from the watershed-divide to the bottom of the valley with a surface area
of 6 km? and a thickness of 500 m, which is the total thickness of the
Loiano Sandstones. The models have 61.000 cells of 10 x 10 x 500 m
each. The choice of cell dimensions was decided to avoid long compu-
tational times and to maintain a good spatial resolution even within a
large area. A 5-m resolution Digital Elevation Model (DEM) was im-
ported and interpolated at the models surface.

The northern and southern boundaries of the regional models are
lithological contacts, modeled as no-flow boundaries. The Loiano
Sandstones are in lithological contact with the Monghidoro Fm at their
base, and the Monte Piano and Antognola Fms at the top. Both units are
rich in clay and act as aquicludes or aquitards. The eastern side of the
model is a no-flow boundary as it represents a topographic watershed-
divide. The western boundary of the model is a drain boundary condi-
tion with a conductance of 100 m3/d. This corresponds to the river with
its free surface at 320 m.

The amount of recharge applied at the topographic top of the models

is based on precipitation data downloaded from the webapp Dext3r of
ARPAE (“Agenzia per la Protezione Ambientale”; https://simc.arpae.
it/dext3r/) — Emilia Romagna for the years 2022 and 2023 (periods of
water level measurements in the creeks). Considering evapotranspira-
tion and runoff, recharge was assumed to be 50 % of the total amount of
precipitation in one year (0.001 m/d; ARPAE ; https://webbook.arpae.
it/).

In regional models R case 1, 2, 3, and 4, the shapefile of CSBs was
imported into ModelMuse as a polyline object, and the hydraulic con-
ductivity and porosity of the host rock and upscaled CSBs (procedure
explained in 3.2.3) were assigned. In this way, all cells intersecting CSBs
get the same upscaled hydraulic conductivity value.

3.2.2. Numerical experiments and calibration process

The numerical regional model (RH) simulating single-phase steady
state flow was used to obtain homogeneous hydraulic conductivity for
the aquifer, combining the effects of the matrix, of the CSBs, and the
carbonate nodules. For this purpose, calibration was carried out by
matching the heads measured in the field with the heads calculated by
the simulations. The hydraulic conductivity was changed until a best fit
was obtained (Cheong et al., 2008; Khadri and Moharir, 2016). After
each simulation, the difference between calculated and observed hy-
draulic heads as well as the percent discrepancy values in the water
budget, were recorded. During the simulations, the convergence crite-
rion was equal to 1 % (Ahlfeld and Hoque, 2008).

The next step of the regional modeling process (R cases 1, 2, 3, and 4)
included CSB zones and carbonate nodules as hydraulic conductivity
heterogeneities. The “Parameter ESTimation” (PEST) package with
MODFLOW (Doherty, 2015) was used for input generation of K. The
hydraulic conductivity was assumed to be isotropic within the matrix
and within the CSBs and their initial values were those in Table 1. PEST’s
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Calcite nodule %
CSBs

Bedding

Fig. 3. Photographs of the outcrops in the Loiano Sandstones. (a) Orthorectified photograph from drone imagery showing the alignment of nodules along CSBs. (b)
Panoramic field photographs of the outcrop in (a). The red line indicates bedding. Yellow dashed lines identify carbonate nodules. (c) Carbonate nodule along a zone
of CSBs (thin blue lines). (d) Isolated nodule associated with three different sets of CSBs. (e) Detail of the reddish silt layer shown in (b) where it is offset by a thin
CSBs up to 15 cm. The apparent sense of offset is normal. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

role is to minimize the weighted sum of squared differences between
calculated values of some property, and those observed in the laboratory
or field; this weighted sum is referred to as the “objective function”
(Doherty, 2015). The purpose of the simulations was to investigate K
combinations of host rock and CSBs, for which the “objective function”
was minimized. The calibration and simulation results are presented in
Table 3. The Regional Isotropic model obtained by manual calibration is
in the first line (RH). The following four lines report the regional models
obtained with PEST calibration; R1 allowing for Ky, and Kcsp to vary —
R2, R3, and R4 allowing only Kcsp to vary and fixing Ky, at different
values. The last three lines report the results for the local models used for
upscaling (LMU models).

3.2.3. Upscaling of hydraulic conductivity data

In this work, a numerical procedure of upscaling based on the
advective transport equation (Eq. (1)), and particle tracking is also
developed and applied, which gives an equivalent hydraulic conduc-
tivity tensor as result. The rationale to do this is to check if the hydraulic
conductivities obtained by upscaling in-situ measurements match those
obtained independently by numerical model calibration on hydrologic
data. The upscaling has been done by using advective velocity and
inverting for hydraulic conductivity to account for the complex topology
of deformation bands network and diagenetic nodules distribution.

Advection is the process by which a moving fluid (i.e., groundwater)
carries with it dissolved solutes (Fetter, 2018). The advective ground-
water velocity can be determined from Darcy’s law as

V= — EVh m
n,

where:

v = advective velocity [L/T]

K = hydraulic conductivity tensor [L/T]

n, = effective porosity [-]

Vh = hydraulic gradient [-]

Contaminants moving by advection, are traveling at the same rate as
the average linear velocity of the ground water (Fetter, 2018).

Once obtained the flow model from MODFLOW, particle tracking
was carried out with MODPATH, which requires output files from
MODFLOW simulations to compute paths for imaginary particles of
water (or conservative pollutants) moving throughout the system
(Pollock, 2016). The path of a particle is tracked based on the compo-
nents of the velocity vector at each point of the flow field. When starting
the simulation, MODPATH tracks particle movements in the model until
they reach a stopping condition, which could be a cell where a boundary
condition is applied, or the reaching of the maximum tracking time
(Pérez-Illanes and Fernandez-Garcia, 2023). The tracking time is the
accumulated time during a particle-tracking analysis (Pollock, 2016).

MODPATH allows three types of simulations, which record different
information into specific output files. These are endpoints, pathlines (i.
e., flow lines), and time-series simulations; pathlines were used for the
upscaling process. The methodology is based on the construction of a 3-
D model (LMU) with a volume equal to the cell size used for the regional
model, in this case 10 x 10 x 500 m. This volume is then populated by
structural and diagenetic structures observed in the field within the
same rock volume. For this purpose, objects such as polylines for CSBs,
and polygons for nodules, were drawn directly onto the model volume.
Representative LMU models at the location of the transects or in areas
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Fig. 4. Schematic diagram showing the methodological workflow followed in the numerical modeling.

mapped in detail were considered. The method consisted of two flow
simulations for each LMU model to generate each time flow in the X-
direction (Easting) and in the Y-direction (Northing) of the flow domain

Table 1
Input data for the simulations (data from Del Sole et al., 2020a).

Permeability (mD) Hydraulic Conductivity (m/d) in a way to compute Ky and Ky (see Fig. 9 for workflow explanation). To
Nodule 0.03 0.025 do this, during each simulation, constant-head boundaries were applied
CSBs Kx = 0.04 Kx = 0.033 at two opposite sides of the model whereas the other two remained as
Ky=Kz= 0.22 Ky=K;= 0.18

no-flow boundaries, depending on the imposed flow direction. These
boundary conditions generated a hydraulic drop (dh) of 1 m, chosen on
the base of the model dimensions. At each simulation, particles were
applied at one side of the model to trace their path towards the opposite

Host rock 42 35

Recharge boundary »
Water divide

Antognola Fm vi

Savena river

Constant
head

bétindas

Lithological limits ko | f Monghidoro Fm
Observation points
(water table)
Grid not to scale

Fig. 5. (a) ©Google Earth image reporting the extent of the numerical model domain, and the boundary conditions applied. The watershed (red line) and the contacts
between the Monghidoro and Anconella Fms are considered impermeable boundaries. The Savena River, on the other hand, is considered a drain boundary condition.
Recharge boundary conditions are applied at the top of the model. The model is shown by the grid superposed onto the image. (b) Three-dimensional representation
of the Loiano Sandstones aquifer with the boundary conditions applied. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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side (i.e., pathlines).

Hydraulic conductivity values for CSBs, nodules, and host rock, were
taken from the study of Del Sole et al. (2020a), in which the petro-
physical properties of these structures were measured in-situ using a
mini-permeameter (Table 1). In particular, we have chosen to import
into the numerical models the lower values of air permeability to avoid
those data that at the outcrop surface might have been biased by poor
sealing due to surface roughness. For the effective porosity, percentages
of 20 %, 10 % and 6 % were chosen respectively for host rock, nodule,
and CSBs.

After running the models, pathlines output files were generated, in
which the time taken for the particles to reach the opposite sides of the
model with respect to their starting position, was recorded. Considering
the velocity term of equation (1) as:

== 2
V=1 (2
where s is the space travelled by the particles (i.e. the length of the
model) and t, the arrival time of each particle, the general inverse
equation for the K horizontal components, Ky and Ky, respectively in the
X- and Y- directions, is the following:

L% n,

Kixy = t; dh

3)

where:
Kixy = hydraulic conductivity based on the i-th particle’s arrival
time
L = length of the model (considered a square in this formulation)
n, = effective porosity of the host rock
t; = arrival time of the i-th particle
Finally, the arithmetic means of K;, , and K;, was calculated as fol-

— 1 &I%n,
K,=- 4
x n =y t; dh ( )
1 &1%n,
=— 5
v n t; dh ( )

The average hydraulic conductivity in the vertical direction (K;) was
computed by using a harmonic mean of the hydraulic conductivity
measured on the lithologic units mapped in the stratigraphic section of
the Loiano Fm published by Del Sole et al. (2020a) and those reported in
the lithologic log of the well Sasso Marconi 1 [sasso_marconi_001.pdf
(videpi.com)]. The stratigraphic section of Del Sole et al. (2020a) is
30 m long (their Fig. 10) and allows to measure the harmonic mean of
hydraulic conductivity at scales ranging from 10 cm to tens of meters.
The stratigraphic section in the well Sasso Marconi 1, on the other hand
samples the whole Loiano Fm and it allows to compute a hydraulic
conductivity at a scale of hundreds of meters. Given that the bedding is
sub-horizontal and that CSBs are sub-vertical, we decided to consider
only the hydraulic conductivity of the different lithological layers pre-
sent in the section to compute the K, harmonic mean:

d

K=

(6)

=

Where d is the length (scale) at which the hydraulic conductivity is
calculated, d; is the thickness of the single layers (the sum of all d; is
equal to d), and K; is the homogeneous hydraulic conductivity of each
layer.

Once the three principal components of the hydraulic conductivity
have been computed, we can compose the tensor for input in MODFLOW
using the following form:
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K 0 0
K=|0 K 0 @)
0 0 K

3.2.4. Particle tracking for dispersion analysis

The application of particle tracking was also used to investigate the
influence of CSBs plus nodules on particle dispersion at macroscale due
to the interaction between advective velocity and heterogeneities in
hydraulic conductivity.

To inject particles, new regional model objects (RH and R2) were
created from which a fixed number of particles per cell was allowed to
move (the total number of particles was 2549). This was a polygon
object applied at the center of the models where the topography was
higher (watershed divide), To investigate fluid dispersion through par-
ticle tracking, endpoint transient simulations were carried out. A certain
number of tracking times (i.e., accumulated time for each experiment)
were used, and each simulation stopped when it reached the specified
time. In addition, steady-state simulations were carried out for pathlines
tracking, in which particles stopped when they reached sink cells (i.e.,
drain cells).

At the end of all simulations, MODPATH recorded information of the
initial and final locations of particles in an endpoint file, and the parti-
cles pathway, based on the velocity field, in a pathline file. Using the
spatial coordinates, it was possible to calculate particle dispersion
throughout the model after each step, both in presence and in absence of
CSBs.

In fact, in a flow field with nonuniform velocity, fluid particles will
tend to spread (Hsieh, 2001; Zheng, 2002). The degree of dispersion was
investigated through the concept of spatial variance (in the x- and
y-directions) of particle positions, defined as:

S —lXN:(x»—x)z ®
XX N1:O v C
1E 2
Syy:NZ(,Yifyc) (9)
1=0

where N is the total number of particles (fluid or conservative pollutant),
x; and y; are the x and y coordinates of the i-th particle, and x, and y.
represent the coordinates of the center of mass, that are defined as:

=13 10)
c N £ i
1 N
Ye=p5 DV an
1=0

The center of mass in our case represents the mean location of a
distribution of mass in space. The center of mass calculated for each time
step revealed the average trajectory of the particle cloud.

Particles position and the center of mass at each time step were then
imported into a map associated with a DEM (digital elevation model), to
determine the movement of particles, their dispersion, and to check if
there was a topographic control on the process.

4. Results
4.1. Field work

Fig. 6a shows the structural map of major CSBs zones and the sta-
tistical analysis of azimuth data for all CSBs in the study area (Fig. 6b, c)
whereas Figs. S1, S2, and S3 in Supplementary Material show data
subdivided into transects. In Fig. 6b, c orientation data are reported as
dip azimuth angles and they are subdivided into CSBs associated with
nodules and CSBs not associated with nodules. The dip azimuth


https://www.videpi.com/deposito/pozzi/profili/pdf/sasso_marconi_001.pdf
https://www.videpi.com/deposito/pozzi/profili/pdf/sasso_marconi_001.pdf
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Fig. 6. Structural data in study area. (a) Traces of CSB zones (at least 10 individual CSBs). (b) Frequency azimuth distribution for CSBs. (c) Equal area stereographic
projection for CSBs azimuth, which are associated (on the left) and not associated (on the right) with the carbonate nodules. Pole to bedding is also reported.

frequency rose diagram of all CSBs data is presented in Fig. 6b, whereas
the poles to principal directions of CSBs, subdivided based on the
presence or not of nodules, are reported into lower hemisphere equal
area projections (Fig. 6¢). In the latter, also bedding data are presented.
CSBs fall into 4 main sets, showing dip azimuth SSE, SSW, ENE, NNW.
Frequency data analysis indicates that the most represented set is the
SSE-dipping one, although characterized by a certain variability (i.e.,
standard deviation of 21°). The mean dip azimuth of all CSBs data is
180°, which means an E-W-oriented strike. The major continuous CSB
zones have a N-S strike (Fig. 6a).

Field observations show that the length of CSBs ranges typically from
1 m to 600 m. The thickness of a single CSB ranges typically from 2 to 5
mm. Zones where up to tens of CSBs are subparallel and close to one
another form a tabular structure with thickness of a few centimeters.
They may have an anastomosing pattern in three dimensions, charac-
terized by variable directions along their length, but also branching and
merging of two or more fault strands.

A single CSB accommodates typically an offset of a few millimeters,
whereas CSB zones consisting of 5-30 CSBs may accommodate an offset
of up to a few centimeters. Observed offsets for CSBs zones in the study
area ranged from 10 to 15 cm. Carbonate nodules are variable in size,
ranging from less than 15 cm in diameter to tens of meters in length for
the tabular concretions. The latter show thickness ranging from 15 cm
up to 1 m.

The trend of the mean pole or mean vector to CSBs with nodules is
087° and has a plunge of 49°, whereas the trend of the mean pole to CSBs
not associated with nodules is 089° and a plunge of 41° (Fig. 6¢). In both
stereoplots, bedding azimuth is dipping ENE of 10-15°.

The surface water level measured in creeks as a function of distance
from the River Savena (see Fig. 4.4b for location of calibration points) is
shown in Fig. 7. Data were interpolated and reported in an E-W cross
section; R? = 0,946 of the interpolation).

4.2. Calibration of the regional numerical flow model

The groundwater head distribution for the regional model RH was
created by modeling the domain with a homogeneous K and boundary
conditions of recharge on top, no flow on three sides and a drain on the
eastern end (Fig. 8a and 5b). Fig. 8b, on the other hand, shows the head
distribution for the regional model (R2) that simulates an inhomoge-
neous K due to the presence of the CSBs and nodules.
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Fig. 7. Comparison between water table elevation obtained in numerical
models (solid black line), water table elevation measured in the field (solid blue
dots), and water table interpolated from the field data (Log-WT thin dashed
light blue line). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

PEST sensitivity in calibration was tested by trying different com-
binations of K in the R1-4 models reported in Tables 2 and 3. This was
done to check what PEST-derived K values were more realistic in view of
what measured in-situ. In Case R1, both CSBs and matrix hydraulic
conductivity were allowed to be adjusted by the program, and initial
values were taken from literature Table 1. In this case, given an initial
value of 35 m/d for the matrix and 0.4 m/d for CSBs, the results were,
respectively, 31.67 m/d and 0.55 m/d.

In Case R2, Case R3 and Case R4, the K of the matrix was kept
constant, while allowing the program to change the hydraulic conduc-
tivity of the CSBs. In Case R2 and Case R3, the K of the matrix was equal
to a fixed value of 35 m/d, whereas that of CSBs was, respectively, 15 m/
d and 30 m/d. Although K was allowed to vary within five orders of
magnitude, calibration gave as result Kcgp values of 0.37 m/d for Case
R2 and 0.46 for Case R3. Finally, for Case R4 it was decided to increase
the matrix input K up to 100 m/d, maintaining it fixed during simula-
tion, and a Kcgps equal to 10 m/d; the result for Kcsg was 1 m/d.
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Fig. 9. (a) Figure showing typical measurements made for several outcrops at the meter-scale by mapping and upscaling. Inclusion of heterogeneities (CSBs) in
hydraulic conductivity is shown in the construction of aquifer model cell size 10 x 10 x 500 m. (b) Map of the outcrop showing the CSBs zones and the nodules. (c)
Import of the map into the numerical model. (d) Petrophysical properties definition on cells of the model. (e) Solution of the model showing the boundary conditions
of the model computing flow in the X-direction (solid blue lines) and in the Y-direction (dashed blue lines). Equipotential lines (grey lines) are also shown. (f)
Pathlines computation and their travel time in the X-direction and in the Y-direction. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Although the K of the matrix was increased, CSBs showed again hy- hydraulic head (R models) are the following: mean error = 0.01 m;
draulic conductivity two orders of magnitude lower than that of the mean absolute error = 2.001 m; RMS (Root mean square) Error = 0.036
matrix. m. All discrepancy values were negative, meaning that the calculated

The errors between the measured hydraulic head and the simulated water budget indicated more water leaving the model with respect to
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Fig. 10. (a, b) Map view of the particle fronts moving within the aquifer. Model with (a) and without (b) CSBs. The starting point of the particles is the rectangle
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reader is referred to the Web version of this article.)

that entering. Only values of discrepancy lower than 1 (a stringent
default value), were accepted for the convergence criteria in all models
presented.

4.3. Upscaling of hydraulic conductivity data

Simulations (LMU models) with realistic geometry of CSBs were
carried out to obtain K values at the scale of the individual cells (Fig. 9)
of the regional numerical models (R). Outcrop images showing the
arrangement of CSBs (yellow lines) and nodules (light blue polygons) in
the outcrops are shown in Fig. 9a and b. Fig. 9c shows how the shapefile
of CSBs (polylines) and carbonate nodules (polygons) are imported into
a 10 x 10 x 500 m domain cell discretized on a grid with a 0.1 m side
and the petrophysical properties are assigned to the grid (Fig. 9d).
Particle pathlines (flowlines) are computed in the X-direction to eval-
uate Ky and in the Y-direction to evaluate Ky by rotating 90° the
boundary conditions (solid blue line X-direction flow; dashed blue lines
Y-direction flow in Fig. 9e and f.

Fig. 9 shows an LMU model with a 10 x 10 x 500 m domain and 10
cm side cells. The resulting equivalent (at domain scale in Fig. 9) hy-
draulic conductivity component Ky is equal to 0.7 m/d, and the
component Ky is equal to 0.9 m/d. These are average values that we have
obtained by computation in other LMUs models at the location of
transects 1, 2, 3, 4, 5, 6, and 7.

Table 3 summarizes all data obtained for the three hydraulic com-
ponents Ky, Ky, and K, and the relative scales in the LMU models.

10

4.4. Particle tracking analysis

Particle tracking analysis, based on particle tracking movement by
advective velocity, is presented in Fig. 10. Comparing the model with
(RH; Fig. 10a) and without CSBs (R2; Fig. 10 b), we can say that par-
ticles underwent less dispersion, both in the Y-direction (i.e., northing
direction) and the X-direction (i.e., easting direction), where CSBs were
present (R2); they were also faster and reached longer distances
(Fig. 10a). On the contrary, in the model without CSBs (RH), particles
moved slower, they had more dispersion in the X- and Y- directions and
travelled shorter distances (Fig. 10b). The higher particle velocity in the
model with CSBs is clear in the graph of Fig. 10c. In fact, at the same time
step, the center of mass for the particles in the CSBs R2 model (green
points) has moved further from the initial starting position than the
center of mass for the particles in the RH model without CSBs (yellow
points). The center of mass of the green particles has moved further both
in the X- and Y-coordinates with respect to the center of mass of the
yellow particles. In addition, particles followed two different paths
across the two models; the particles in the R2 model followed a more
northerly route (Fig. 10a) whereas those in the RH model followed a
more southerly route (Fig. 10b). This is because particles in the model
without CSBs are steered only by the topographic gradient, whereas in
the model with CSBs, particles are driven also by the orientation of the
CSBs in space.

Spatial variance results are divided into variance distributions in X-
and Y- directions (Fig. 10d). The spatial variance in both directions (Sxx
and Syy) has higher values (average 700 m for Sy and 100 m for Syy) in
the model without CSBs than the one with CSBs (average 500 m for Sy
and 90 m for Syy). Where CSBs are not present, however, the variance
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Table 2
Manual calibration parameters. The best (less discrepancy) values for matrix
hydraulic conductivity are 0.2-0.3 m/d.

Manual Calibration (model with no CSBs) - RH

K matrix (m/d) Discrepancy % Residuals (m)

35 —-156
17.83
10 —23.7
17.66
1 -1.35
13.87
0.9 -0.5
13.4
0.8 -0.27
12.82
0.7 —0.46
12.07
0.5 —0.51
9.7
0.3 —0.43
4.24
0.2 —-0.49
3.03
Automatic calibration (model with no CSBs)
Input K  PEST Range of Estimated K Ratio K
(m/d) parameters variation (m/d) matrix/K
DBs
Case 1 -R1
Matrix 35 Knatrix 1.1-10 31.67 58
DBs 0.4 Kesas 1E-5-10 0.55
Case 2 - R2
Matrix 35 Fixed n/a 35 95
DBs 15 Kesgs 1E-4 - 10 0.37
Case 3 -R3
Matrix 35 Fixed n/a 35 76
DBs 30 Kcsps 1E-4 - 10 0.46
Case 4 - R4
Matrix 100 Fixed n/a 100 100
DBs 10 Kcsps 1E-4 - 10 1

has a constant trend in time, meaning that particles moved uniformly
across the area, keeping the same distances relative to each other and to
the center of mass. In the case of the model with CSBs, the variance in Y-
direction has a linear decreasing trend, whereas that in the X-direction is
more irregular, with a decreasing trend (Fig. 10d).

Table 3
Modeling results.
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5. Discussion

One of the novelties of our approach in studying the effects of
structural and diagenetic heterogeneities on saturated single phase fluid
flow in an aquifer within porous sandstones has been the calibration
with field measured water level data and boundary conditions.

The calibrated homogenous and isotropic model for the regional
Loiano Sandstone aquifer (RH) produces the best fit between computed
and measured data for a hydraulic conductivity Ky = Ky = K, = 0.2-0.3
m/d, which is much less than the hydraulic conductivity of the Loiano
Sandstone matrix (35 m/d). This means that the presence of lithological,
structural, and diagenetic heterogeneities has decreased the equivalent
permeability of the aquifer of two orders of magnitude with respect to
the host rock. As this result is in line with other numerical modeling
studies (Zuluaga et al., 2016; Souza et al., 2022; Berge et al., 2022), it is
interesting to note that an isotropic K fits well the field water level data.
This result may be since the CSB sets strike at almost 90° from each
other. In addition, the topographically driven flow in the Loiano aquifer
may also be influenced by the low average vertical hydraulic conduc-
tivity (K; ~ 0.1 m/d). A similar effect has also been observed recently by
Sutton and Zahasky (2025) when implementing small scale fracturing in
models of core size samples.

The other important objective of our study was to develop and test an
upscaling methodology that can be easily implemented by starting with
structural and petrophysical data collected at the scale of the outcrop
(detailed maps scale 1:10 to 1:100, in-situ permeability measurements,
porosity determinations from hand-size collected samples, etc.) with the
open source numerical flow model and advective transport simulators
MODFLOW and MODPATH. The use of open-source software with
respect to proprietary software as often reported in the literature (see
Zuluaga et al., 2016; Berge et al., 2022) makes the methodology avail-
able to a wide number of researchers both involved in the study of
aquifers or any other type of geofluids modeling.

Upscaling is necessary to implement in flow simulators the effect of
fine-scale geological structures such as CSBs and carbonate nodules,
because of the prohibitively high discretization of the individual cells
that would be necessary in the simulator grid to account of these features
and that would lead to expensive computational costs. The first attempts
to upscale permeability from the scale of the CSBs to that of the cells
within a reservoir were done by Antonellini and Aydin (1995) and by
Matthai et al. (1998) who used an equivalent permeability model for

Model scale Model Cell size (m) Ky (m/ Ky (m/ K, (m/ Khr K, SM K, LOI log K model with PEST
domain (m) d) d) d) (m/d) (960 m) (30m) (m/  calibration (m/d)
(m/d) d)
Regional Manual calibration 4000 x 10 x 10xZ 0.2-0.3 0.2-0.3 0.2-0.3
isotropic - RH 1800 x 400 Z = Top LOI -
Bottom LOI ~
400 m
Regional with PEST calibration 4000 x 10 x 10xZ 31.67 0.55
CSBs Case 1 1800 x 400
-R1
Regional with PEST calibration 4000 x 10 x 10xZ 35 0.37
CSBs Case 2 — 1800 x 400 fixed
R2
Regional with PEST calibration 4000 x 10 x 10xZ 35 0.46
CSBs Case 3 — 1800 x 400 fixed
R3
Regional with PEST calibration 4000 x 10 x 10xZ 100 1
CSBs Case 4 — 1800 x 400 fixed
R4
Outcrop box - 1 set CSB 10 x 10 x 0.1 x 0.1 x0.1 0.7 25.8 0.1 0.23
LMU 400
Outcrop box - Tabular carbonate 10 x 10 x 0.1 x 0.1 x0.1 0.11 19.06 0.1 0.23
LMU nodule 400
Outcrop box - 2 sets of CSB and 10 x 10 x 0.1 x 0.1 x 0.1 0.7 0.9 0.1 0.23
LMU carbonate nodules 400
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including the permeability of CSBs and slip surfaces measured at
cm-scale to a scale of a block of 1-m to tens of meters scale. The
equivalent permeability was computed by harmonic average for the flow
normal to the structural heterogeneities and by arithmetic average for
the flow parallel to the heterogeneities (Antonellini and Aydin, 1994,
1995). Other authors explored further this upscaling methodology also
testing its sensitivity in large scale simulations and implementing the
geometric characteristics of the CSBs (see Rotevatn et al., 2013 and
literature therein).

Zuluaga et al. (2016) followed a different approach in upscaling DBs
permeability to reservoir scale by using a methodology initially pub-
lished by Durlofsky (1991, 2005) for upscaling and gridding of fine-scale
geological models for flow simulation in fractured reservoirs. The
method consists in assigning a unit drop in pressure across the DBs and
computing its permeability by knowing the flow rate through the cell.
This methodology, however, cannot account for the fine scale topology
of the DBs network.

In our upscaling methodology, we can implement the fine scale
structure of deformation bands and carbonate nodules at the cm-scale.
Furthermore, using an outcrop box (LMU) with an area of 10 x 10 m
it allows to capture the changes along strike of the zones of CSBs and of
the nodules, their eventual termination within the box, the presence of
steps across which the flow may easily occur, and/or their interaction
with differently oriented sets. Another novelty in our upscaling meth-
odology is to use the advective velocity to obtain hydraulic conductivity
via experiments on individual reservoir cells (10 x 10 x 500 m). These
reservoir cells contain the exact geometry and location of the CSBs and
carbonate nodules in the outcrops mapped. The equivalent hydraulic
conductivities obtained in the different cells can then be assigned in the
regional models (R models). To decrease the computational time and to
put more emphasis on the high dip angle structural heterogeneities,
which are prevalent in the outcrop studied, the vertical hydraulic con-
ductivity was upscaled by harmonic averaging using the stratigraphic
logs available (Del Sole et al., 2020a and videpi.com).

The validity of the upscaling methodology is tested using the results
of the calibrated numerical models (RH and R1-4). By comparing the K
obtained for the calibrated isotropic regional model RH (Ky = Ky =K, =
0.2-0.3 m/d) and the calibrated regional models with structural het-
erogeneities R1-4 (Kcsg = 0.37-0.55 m/d) with the results of outcrop
upscaling (LMU - Ky = 0.11-0.7 m/d, Ky = 0.9-25.8 m/d, and K, =
0.1-0.23), we conclude that these latter are in good agreement with K
obtained from model calibration.

The possibility of having calibrated flow models offered us the op-
portunity to explore also the effects of CSBs on mass transport in satu-
rated flow within a porous aquifer. In the models that we present in
Fig. 10, the effects of CSBs and nodules on advective velocity and
dispersion of conservative pollutants within an aquifer are rather
interesting. Confronting the regional isotropic model (RH) with the
regional model including the CSBs (R1-4), in fact, shows that the models
with CSBs increase the advective velocity and decrease the dispersion in
X (Sxx) with respect to the model without CSBs. Despite being the two
models similar in terms of flow, they are not in terms of mass transport.
The higher K in the host rock of the model with CSBs (R2) helps keep
advective velocity high with respect to the model without CSBs (RH).
This has important implications, because the advective velocity of pol-
lutants in an aquifer with CSBs where the K has been implemented at the
scale of the structures and therefore is closer to reality, move faster than
in a model where an equivalent homogeneous K has been adopted
(Fig. 10a—c). Dispersion, at least in the X-direction, is more pronounced
in the RH model than in the R2 one. This could be due to the topo-
graphic effect that is more pronounced under slow advective velocity or
to the containment effect of CSBs on advective flow. This, however, is
something that needs to be investigated further.

The numerical methodologies that we have used could be further
improved by using a more detailed vertical stratigraphic description of
the aquifer and the implementation of heterogeneities in hydraulic K
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due to bed-parallel carbonate nodules, as well as the implementation of
three-dimensional nodules geometries. Furthermore, the seasonal vari-
ability of recharge could be implemented to obtain a calibration at finer
temporal scale. All this, of course, comes with a computational cost that,
on the other hand, may become feasible soon.

6. Conclusions

The results that we have obtained are important because they show a
practical approach to the upscaling problem, especially where there are
large differences in scale between the size of the heterogeneities and the
size of the numerical model cells. This is important for hydrogeological
characterization of aquifers and the management of their resources.
Similarly, the methodology could be applied as an outcrop analog for
reservoir modeling of any geofluid in the subsurface and may be bene-
ficial for a spectrum of environmental issues and industrial operations
(e.g., geologic CO4 sequestration, waste fluid disposal, groundwater
contaminant transport and remediation; energy appraisal). The novelty
of our work is that, to the best of our knowledge, for the first time we try
a calibration of the model with data collected in the field in the contest
of heterogeneities due to deformation and diagenesis in porous
sandstones.

The major findings of our work may be summarized as follows.

i. The presence of diagenetic (carbonate nodules) and structural
heterogeneities in a porous sandstone aquifer may decrease 2-3
orders of magnitude the hydraulic conductivity of the pristine
host rock. The result of our calibrated model is in line with other
results from the literature that, however, were not calibrated with
field data.

ii. The upscaling methodology for hydraulic conductivity that al-
lows inclusion of structures and diagenetic features measured at
the outcrop-scale by means of inversion of the advective velocity
of conservative particles has been successfully validated by
comparison with results of the calibrated model. This method-
ology, therefore, could be used for easily implementing field data
in aquifers or other geofluids (e.g., Hydrocarbons, Hy, CO5)
reservoir simulators.
Structural and diagenetic heterogeneities effects on mass trans-
port are for the first time explored. From our experiments, the use
of an equivalent isotropic hydraulic conductivity approach fails
to correctly account for mass transport in porous sandstone
aquifers both in terms of advective velocity and dispersion. Our
recommendation is to implement, as much as possible the local
heterogeneities in K within the model to obtain a more realistic
and conservative estimate of advection and dispersion.

iii.

Our findings should be helpful to all those geoscientists that are
trying to include more of the real geologic world in numerical simula-
tions. Our methodology is robust and will be further extended by
including a more detailed account of the stratigraphy of the aquifer and
of how the properties of the CSBs may change from one layer to the other
according to variation in clay content, sorting, and carbonate cement
precipitation properties that, so far, are not yet included but are
important for the refinement of the hydraulic conductivity values used
in numerical simulations.
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