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EXTENDED ABSTRACT

La modellazione idrogeologica gioca un ruolo cruciale nello studio delle acque sotterranee e soprattutto nella relativa gestione
e protezione. La realizzazione di modelli numerici di flusso delle acque sotterranee e di trasporto di contaminanti permette di rico-
struire e comprendere dinamiche sotterranee pit 0 meno complesse. Ottenere un modello numerico delle acque sotterranee assume
notevole importanza soprattutto nei casi di contaminazione ambientale, dove la modellazione permette di riscostruire i meccanismi
di trasporto dei contaminanti all’interno dei sistemi idrogeologici. L’obiettivo del presente lavoro ¢ quello di studiare il flusso sot-
terraneo nell’ambito di un acquifero sotteso ad una zona altamente industrializzata, dove il possibile sversamento di contaminanti
nel sottosuolo rappresenta un rischio per le numerose opere di captazione presenti, per valutare il trend di trasporto di una ipotetica
contaminazione in fase disciolta e la relativa interazione con pozzi in emungimento.

L’area di studio ricade nella piana alluvionale del fiume Simeto, a sud della citta di Catania, che rappresenta la porzione orientale del
bacino idrografico piu esteso della Sicilia. Nello specifico, questo si estende tra il margine settentrionale dell’ Altopiano Ibleo e le propa-
ggini meridionali dell’Etna ed ¢ caratterizzato dalla presenza di tre principali corpi idrici che la solcano in direzione E-W, ossia i fiumi
Simeto, Dittaino e Gornalunga. L’acquifero alluvionale della Piana di Catania ¢ un acquifero assai complesso ed eterogeneo, sede di corpi
idrici in parte separati ed in parte interconnessi con caratteristiche di falde libere o semi-confinate. L’alimentazione di tale acquifero deriva
principalmente dagli apporti del Simeto che, a sua volta, riceve il contributo dei deflussi sotterranei derivanti dal versante occidentale
dell’Etna. La direzione generale dei deflussi sotterranei ¢ da ovest verso est, parallelamente al reticolo idrografico. In questo scenario si in-
serisce 1’intensa presenza antropica della zona industriale di Catania. Questa zona ¢ ricca di attivita commerciali ed industriali che possono
senza dubbio aumentare la vulnerabilita dell’acquifero, che ¢ sfruttato in maniera intensa. Cid comporta locali condizioni di accentuata
depressione delle falde, con conseguenze sul regime idrodinamico e sulla qualita delle risorse idriche. In questo studio, al fine di modellare
I’evoluzione di un possibile scenario di contaminazione ambientale, si ¢ ipotizzato lo sversamento accidentale di un contaminante oleoso
a bassa densita. Sulla base di un dettagliato modello concettuale geologico ed idrogeologico sono stati impostati sia un modello di flusso,
sia un modello di trasporto della fase disciolta della contaminazione.

I risultati mostrano che I’andamento delle acque sotterranee, e nello specifico di un potenziale plume di contaminazione, sono
fortemente influenzati dai parametri idrodinamici dell’acquifero, dalla concentrazione del contaminante e dalla presenza di pre-
lievi antropici. Il modello di flusso mostra che I’andamento delle acque sotterranee in condizioni statiche prosegue da ovest verso
la costa orientale della Sicilia; il modello di trasporto ha permesso di definire il trend di un potenziale contaminante, in base alle
caratteristiche idrodinamiche dell’acquifero ed all’interazione con diverse opere di captazione ipotizzate. Queste ultime, da una
parte accelerano il deflusso della contaminazione e, dall’altra, ne determinano una maggiore incidenza in corrispondenza di campi
di pozzi in emungimento. I risultati conseguiti evidenziano I’efficacia dell’approccio adoperato nel fornire una valutazione su larga
scala del flusso delle acque e del trasporto di un contaminante.

Nonostante si tratti di scenari ipotetici, I’approccio ¢ generalizzabile a diversi contesti geologici. In questo caso studio la mod-
ellazione numerica ¢ servita per identificare, su un’area significativamente estesa, potenziali zone a rischio di inquinamento (campi
pozzi) e conseguentemente sospettare una potenziale intrusione salina nell’area costiera.
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ABSTRACT

The hydrogeological numerical simulation represents a tool
for the protection of aquifers and for modeling the groundwater
flow and transport. This study aims to build numerical models
of a porous aquifer located in the alluvial plain of Catania
(eastern Sicily, Italy), to evaluate groundwater flow and
hypothetical contamination plume trends, even in interaction
with pumping activity. To implement the flow and transport
simulations, geological and hydrogeological conceptual models
were defined using borehole and well data. The studied aquifer
is semi-confined, with the presence of alluvial sediments mixed
with sandy clays and silts. Because of the presence of anthropic
activities in the area, the accidental spill of a contaminant would
represent a social problem in the frame of the environmental and
health risk. In this regard, we carried out numerical simulations
that consider the hydrodynamic parameters of the aquifer, the
contaminant concentration, and the presence of pumping wells.
The model shows that groundwater flow is directed towards east,
and that the presence of wells locally affects it. The transport
model shows that a hypothetical dissolved contamination plume
mainly follows the groundwater flow path, and that the presence
of pumping well accelerates its flow towards elements at risk.

KeywoRrps: numerical model, groundwater, aquifer, environmental

pollution.

INTRODUCTION

Groundwater is a precious natural resource used for various
purposes such as domestic, agricultural, and industrial. Numerical
modeling of groundwater is useful for simulating different flow
scenarios, especially in highly industrialized areas, and for taking
corrective measures for the sustainable use of water resources.
Several studies have been conducted on this topic in the past,
investigating the impact of pumping activities on groundwater
exploitation using MODFLOW (ONTA & GUPTA, 1995; ZUuME &
TARHULE, 2008; AL-SALAMAH et alii, 2011; GAUR et alii, 2011).
This work aims to study the impact that pumping activities have on
groundwater flow and dissolved contamination transport in a porous
medium through numerical simulations. In particular, the modeled
aquifer represents one of the most important hydrogeological units
in eastern Sicily (Italy) and falls within the Simeto River basin. The
study area is characterized by the presence of numerous commercial
and industrial activities that may represent a risk for water resources
in case a contamination occurs. Considering stratigraphic and
borehole data, conceptual geological and hydrogeological models
were designed and used to define numerical models. In detail, the
accidental release of a contaminant was hypothesized and, through
the simulation of different scenarios, flow and transport models
were built. These were run by considering both the absence of
withdrawal activities and the effects of pumping wells, which were
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placed throughout the area both as isolated wells and as clusters. In
fact, it is known in literature that pumping wells can alter groundwater
flow, accelerating or slowing the spread of pollutants (MUSTAFA et alii,
2016, 2020; AHMADI et alii, 2021, MINEO et alii, 2022).

To build the models, the QGIS platform (https:/qgis.
org/) and the FREEWAT plugin (ROSSETTO et alii, 2018) were
used. The approach of this study, based on a hypothetical
contamination scenario, can be used as a reference to be
applied to different case studies, e.g., to assess the impact of
withdrawals, formulate sustainable water resource management
strategies, and provide risk mitigation plans.

GEOLOGICAL AND
CONCEPTUAL MODELS

The study area falls within the Simeto River basin, located

HYDROGEOLOGICAL

in the central-eastern part of Sicily. It is a 430 km? wide alluvial
plain (Catania Plain) that represents an important element from
both the geomorphological and hydrogeological points of view.
It is bounded by the sedimentary rock outcrops of the Hyblaean
Foreland to the south, by the Etna volcano to the north, by the
outcrops of the Apennine-Maghrebid Chain to the west, and
by the lonian Sea to the east (LABAUME et alii, 1990; GRASSO,
1993). The thick alluvial cover gives the Plain a generally flat
or sub-flat morphology, that is interrupted to the south by NE-
SW trending rocky outcrops. The stratigraphic setting of Catania
Plain is characterized by four main units (TORELLI et alii, 1998;
LoNGHITANO & CoOLELLA, 2002; GUASTALDI et alii, 2014),
described as follows from bottom to top (Fig. 1):

*  bluish marly clay consisting of marine sediments (Lower
Pleistocene);

* sands and gravel of the San Giorgio Formation (Middle
Pleistocene), cropping out at the northern edge of the Plain;

*  polygenic gravels and conglomerates of the Monti Tiriti
Formation (Pleistocene middle — upper Pleistocene);

* recent alluvial sediments: silts and sands evolving in
organic clay eastwards (Holocene).

To define a conceptual hydrogeological model, these
lithological units were grouped into three main hydrogeological
complexes (Costa, 2008):

*  marly clays complex characterized by a very low permeability
(10" m/s) and representing the aquiclude (U3);

* sands and gravels complex characterized by a medium-
high permeability (10 m/s) (U2);

o silty-clayey and silty-sandy complexes consisting of
sediments with a medium-low permeability (medium-low
permeability (10 - 10° m/s) (U1).

In detail, the studied aquifer is represented by the hydrogeological
unit U3. According to available data (FERRARA, 1998) the groundwater
table depth is about 6 m b.g.l. at the northwestern sector of the study
area, while it approaches the sea level at the coastal sector.
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Fig. 1 - a) Geological map of the study area with trace of the hydrogeological section shown in inset b1.b; b) hydrogeological section of the studied aqui-
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METHODOLOGICAL APPROACH AND MODEL
SETTING

The methodological approach followed in this study is based
on the collection of borehole and well data, used to define the
geological and hydrogeological conceptual models, which
represent the basis for the numerical simulation. The numerical
flow and transport models were built in QGIS 2.18 environment
through the FREEWAT 1.2.0 plug-in (ROSSETTO et alii, 2018),
MODFLOW-2005 (HarBAUGH Aw, 2005) and MT3DMS
(ZHENG & WANG, 1999) modelling codes. The active domain
of the models is 800x580 m large, divided into 1,160 squared
cells, each having a 20 m side. The aquifer system was divided
into three layers (model depth 37 m), defined according to the
hydrogeological conceptual model:

*  model layer 1: 4 meters-thick silty clay level (hydraulic
conductivity in the range of 10 to 10° m/s; this layer
belongs to the Ul silty-clay complex);

e model layer 2: 3 meters-thick silty sandy layer (hydraulic
conductivity around 10-4 m/s; this layer belongs to the Ul
silty-sandy complex);

*  model layer 3: it is the sandy-gravel aquifer (hydraulic
conductivity of 10 m/s) with a surveyed thickness of
about 30 m (U2).

In detail, model layer 1 and model layer 2 are overlapped
and represent the same hydrogeological unit Ul. Specifically,
the first one represents the clay-silty part, with a lower
hydraulic conductivity, while the sandy-silty model layer
2 has a higher conductivity. Below unit Ul, the aquifer
is represented by unit U2. The temporal discretization of
the model was based on Stress Periods (SP), namely time
intervals with constant boundary conditions and sink/source
terms. Five SP were set to discretize a cumulative simulated
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period of 365 days. The first SP refers to a 1-day simulation,
to observe the short-term flow behavior, while the remaining
four SP were set to 91 days. A no flow condition was imposed
to the cells along the northern and southern edges of the
domain, while at the eastern and western edges the Constant
Head (CHD) package was used to simulate head boundaries.
Recharge to the water table was implemented by means of the
Recharge (RCH) package, and it was kept constants for all the
SP. Finally, we used the WEL package to simulate the presence
of numerous wells in the area, which were randomly placed as
both isolated wells and two well fields. These, referred to as
WF1 and WF2, were placed about 1 km and 4 km away from
the source of contamination, respectively. A pumping rate of
1,000 m*day was assigned to each well, in accordance with
the local pumping rates. For the transport model, the same
characteristics of the flow model layers were used. The USB
(Unsaturated Solute Balance) package was used to simulate
the dissolved low-density oil-like pollutant transport within
the aquifer, with a constant pollutant concentration of 700
kg/m?. The hydrodynamic parameters assigned to the three
model layers, for both the flow and transport models, are
summarized in Tables 1 and 2.

RESULTS
Flow model

The first scenario simulation (Fig. 2a) is aimed at showing
the groundwater flow direction with no effects played by well
pumping, and it is the result of one-day simulation (first SP).
Results show that the groundwater flows towards the coastline,
from west to east. The groundwater table lays between 6 m
a.s.l. and the sea level to the west and east, respectively. In the
second scenario (Fig. 2b), simulated with activated wells, the
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Model Kx Ky Kz SS SY
Layer
1 0.0864 0.0864 0.00864 Se-05 0.15
2 8.64 8.64 0.864 8e-05 0.2
3 86.4 86.4 8.6 0.001 0.35

Tab. 1 - Hydraulic parameters of each layer used for the numerical simu-
lation; Kx, Ky and Kz are the hydraulic conductivity values ex-
pressed in m/day; SS is the specific storage coefficient expressed
in 1/m; SY is the specific yield (dimensionless). (Costa, 2008)

Model ar arH arv Dy Ne
Layer
1 20 6 1 101 0.15
2 20 6 1 1010 0.2
3 20 6 1 101° 0.35

Tab. 2 - Parameters used for the transport model. aL, is the longitudinal
dispersivity (m); aTH and aTV are the ratio of the horizontal
and vertical transverse dispersivity to the longitudinal dispersiv-
ity, respectively (dimensionless); DM is the molecular diffusion
coefficient (m2/day); NE is the effective porosity (dimensionless)
(APAT, 2008, PIcKENS & GRISAK, 1981, SPITz & MORENO, 1996)

groundwater flow keeps a general trend due east, although it is
influenced by the pumping. Isolated wells produce only local
effects on the flow, while WFs produce a greater recall effect
along with a local variation of the main outflow pathway. The
water table is lowered, with a maximum rate of about 2 meters
at WF1. At WF2, the groundwater level contours show that
the water table lays slightly below the sea level. This suggests
a possible seawater intrusion, which is a known phenomenon
occurring in the study area. (FERRARA & PAPPALARDO, 2004;
FERRARA et alii, 2007).

KEY
\ Groundwater level (m a.s.l.)—» Flow direction

Pumping well 0 U1 [ U2

v

lonian coastline

Transport model

For transport simulation, the contaminant release from a
hypothesized underground tank, buried at about 2 m b.g.l. in the
northwest part of the modeling area, was simulated with the same
SPs (Fig. 3). In the no-pumping scenario, the contamination plume
has a shape elongated towards ESE with a certain dispersion rate
southward. After 365 days, the plume has traveled 4.6 km from
the contamination source, and the lowest concentration near the
coastline is around 0.5 kg/m?. This suggests that the sea represents
an element at risk for potential contamination arising from the
study area. By considering the action of pumping wells, the plume
trend keeps the same orientation, but a change in its velocity is
outlined. In particular, after 92 days the plume reaches WF1 (Fig.
3a); after 183 days, the plume is approaching some individual wells
located about 2 km eastward from the source (Fig. 3b). In these
two cases, the plume progression towards the coastline is faster
when pumping is considered. Nevertheless, at the end of the third
SP (274 days from the spill beginning, Fig. 3c), the contamination
levels of both the simulated scenarios almost overlap. This may
be explained by a recall rate by WF1 wells, which delay the flow
towards the coast. At the end of the 365 days simulation (Fig.3d),
the plume approaches WF2, with a concentration of 0.5 kg/m?,
after having traveled about 4 km from the contamination source.

DISCUSSIONS AND CONCLUSIONS

The results of this study shed light on the groundwater trends
through a porous medium in an industrialized area, and on the
propagation of a hypothetical dissolved contamination plume
over time. Pumping well activity proved influencing the direction
of groundwater flow and the water table depth, according to the

lonian coastline|

Fig. 2 - Results of the numerical simulations of the groundwater flow (one-day simulation, SP1) with no pumping action (a) and under pumping
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Fig. 3 - Results of the numerical simulations of contaminant transport after a) 91 days (SP2); b) 183 days (SP3); c¢) 274 days (SP4); d) 365 days (SP5)

literature knowledge (e.g. BARACKMAN & BRusseau, 2002).
The major effects were observed at the well fields, where the
groundwater table is lowered of about 0.5-2 meters. The highest
lowering rate was observed at WF1, whereas at the coastline
(WF2) the fluctuation is less evident, although all the wells
were simulated with the same pumping rate. Single wells, on
the other hand, produce only local effects of capture (Fig. 2).
The dissolved contamination transport model shows how the
presence of a potential contaminant can travel considerable
distances from the source, first of all because of the hydraulic
characteristics of the aquifer (Fig. 3). In fact, it is shown that
the contamination level approaches the coastline after 365 days
from the spilling if no pumping is considered. In this case,
the plume shape is quite uniform, and its direction matches
with the groundwater flow trend. This behavior is justified by
the assumed homogeneity of the modelled medium, which
was set free of geological heterogeneities, such as lenses
with different hydraulic conductivity. In facts, the presence
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of spatial heterogeneity is a common cause of uncertainty in
hydrogeology and contamination modelling (e.g. DE MARSILY et
alii, 2005; ZHANG et alii, 2019a, 2019b; MINEO, 2023). When
pumping is introduced in the simulation, some differences
are outlined. It was observed that WF1 represents the main
controlling transport element, being the capture zone closest to
the contamination source, as well as an element at risk itself
(Fig. 3). In fact, after 91 days of simulation, the dissolved
contamination 0.5 kg/m’® isocone reaches WFI1, with an
approximate rate of 10 m/day. By comparing this result with
the corresponding scenario in no pumping conditions, the same
distance is covered with a rate of about 6.5 m/day (Fig. 3a).
Therefore, WF1 provides an acceleration to the upstream plume
path. On the other hand, an inverse behavior was observed when
the contamination goes beyond WF1. In fact, by considering the
plume trend downstream the well field, a slowing action played
by WF1 is suggested. After 365 days of simulation (Fig. 3d), the
0.5 kg/m? isocone approaches WF2 with a 6.7 m/day rate, which
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is lowered than its initial velocity. At the end of the simulation,
the contaminant concentration is about 2 kg/m* near WF1 and 0.5
kg/m® near WF2. Besides being considered elements affecting
the plume propagation, wells represent an element at risk for
the environment and human health, which is a debated issue
worldwide. In this frame, the results obtained from this study
gain wide scientific relevance, since the numerical modelling
proved a useful tool to understand the dynamics of an aquifer
system, in accordance with literature (e.g. VELASCO & CAPILLA,
2019; VALLEJOS et alii, 2020; BENYOUSSEF et alii, 2021; MINEO,

2023). Moreover, the numerical simulation allowed establishing
different evolution scenarios based on field data. While these
are hypothetical herein, the approach used for this study can be
applied to different cases and geological contexts worldwide. In
fact, the approach allowed us to identify areas at risk of potential
contamination (WF1 and WF2) and to focus attention on other
issues, such as the possible seawater intrusion near shorelines.
This establishes the basis for future studies applied to land use
planning, groundwater exploitation, groundwater remediation
strategies, and environmental risk prevention plans.

REFERENCES

AnMADI H., KiLANEHEI F. & NAZARI-SHARABIAN M. (2021) - Impact of pumping rate on contaminant transport in groundwater - A numerical study.
Hydrology, 8: 103.

AL-SALAMAH LS., GHAZAW Y.M. & GHUMMAN A R. (2011) - Groundwater modeling of Saq Aquifer Buraydah Al Qassim for better water management
strategies. Environ. Monit. Assess., 173: 851-860.

APAT (2008) - Criteri metodologici per I'applicazione dell’analisi assoluta di rischio ai siti contaminati.

BARACKMAN M. & BRuUSSEAU M.L. (2002) - Groundwater sampling. Environmental Monitoring and Characterization. Elsevier: 121-139.

Costa N. (2008) - Modello geologico - idrogeologico dell’acquifero della Piana di Catania e valutazione delle risorse idriche sotterranee. Universita di
Catania. Tesi di Dottorato

DE MARsILY GH., DELAY F., GONGALVES J., RENARD PH., TELES V. & VIOLETTE S. (2005) - Dealing with spatial heterogeneity. Hydrogeol J, 13: 161-183.

FERRARA V. (1998) - Carta della vulnerabilita all’inquinamento dell acquifero alluvionale della piana di Catania (Sicilia NE). Atti 3° Convegno Nazionale
sulla Protezione e Gestione delle Acque Sotterranee per il IIT Millennio, 1: 1.99-1.104, CNR-GNDCI , Parma.

FERRARA V., PAPPALARDO G. & RAPISARDA F. (2007) - Salinization Factors Affecting the Coastal Aquifers in Eastern Sicily. In: PuLiDo BosH A., LOPEZ
GETAY J.A. & RaMOs GONZzALEZ, G., Eds.. Los acuiferos costeros: Retos y soluciones (TIAC *07), Almeira, 16-19 October 2007, Instituto Geologico y
Minero de Espana, Serie Hidrogeologia y Aguas Subterraneas, 23: 105-116, Madrid.

FERRARA V. & PAPPALARDO G. (2004) - Intensive exploitation effects on alluvial aquifer of the Catania plain, eastern Sicily, Italy. Geolnt, 43: 671-681.

GAUR S., CHAHAR B.R. & GRAILLOT D. (2011) - Combined use of groundwater modeling and potential zone analysis for management of groundwater. In-
ternational Journal of Applied Earth Observation and Geoinformation, 13: 127-139.

GRraASSO M. (1993) - Pleistocene structures along the Ionian side of the Hyblean Plateau (SE Sicily): Implications fot the tectonic evolution of the Malta
Escarpment. In: Max M.D. & CoLanTtoNI E. (Eds.), Geological Development of the Sicilian-Tunisian Platform. UNESCO Rep. Mar. Sci., 58: 49-54

GuASTALDI E., CARLONI A., PAPPALARDO G. & NEVINI J. (2014) - Geostatistical Methods for Lithological Aquifer Characterization and Groundwater Flow
Modeling of the Catania Plain Quaternary Aquifer (Italy). IWARP, 06: 272-296.

HARBAUGH Aw (2005) - MODFLOW-2005, The U.S. Geological Survey Modular Ground-Water Model—the Ground-Water Flow Process. U.S. Geological
Survey, Reston, Virginia

LABAUME P., CLAUDE BOUSQUET J. & LANZAFAME G. (1990) - Early deformations at a submarine compressive front: the quaternary Catania foredeep south
of Mt. Etna, Sicily, Italy. Tectonophysics, 177: 349-366.

LonGHITANO S. & CoLELLA A. (2002) - Stratigraphy and basin-fill architecture of a Plio-Pleistocene foredeep basin (Catania Plain, eastern Sicily): A
preliminary synthesis. GeoActa, 1: 111-130.

MINEO S. (2023) - Groundwater and soil contamination by LNAPL: State of the art and future challenges. Science of The Total Environment, 874: 162394.

MINEO S., DELL’AERA FMLL. & RizzoTtTO M. (2022) - Evolution of LNAPL contamination plume in fractured aquifers. Bull Eng Geol Environ, 81: 134.

MUSTAFA S., BAHAR A., Az1z Z.A. & DArRwISH M. (2020) - Solute transport modelling to manage groundwater pollution from surface water resources.
Journal of Contaminant Hydrology, 233: 103662.

MUSTAFA S., BAHAR A, Az1z Z.A. & SURATMAN S. (2016) - Modelling contaminant transport for pumping wells in riverbank filtration systems. Journal of
Environmental Management, 165: 159-166.

OntA PR. & Gupta A.D. (1995) - Regional management modeling of a complex groundwater system for land subsidence control. Water Resour Manage, 9: 1-25.

Pickens J.F. & Grisak G.E. (1981) - Modeling of scale-dependent dispersion in hydrogeologic systems. Water Resources Research, 17: 1701-1711.

RosseTTo R., DE FiLippis G., Borsi 1., FOGLIA L., CANNATA M., CriOLLO R. & VAZQUEZ-SUNE E. (2018) - Integrating free and open source tools and distrib-
uted modelling codes in GIS environment for data-based groundwater management. Environmental Modelling & Software, 107: 210-230.

Spitz & MORENO (1996) - 4 Practical Guide to Groundwater and Solute Transport Modeling.

Italian Journal of Engineering Geology and Environment, Special Issue 1 (2024) www.ijege.uniromal.it



NUMERICAL SIMULATION ON THE GROUNDWATER CONTAMINATION EVOLUTION IN INDUSTRIAL SETTINGS

ToreLLI L., GrassO M., MazzoLp1 G. & PEis D. (1998) - Plio—-Quaternary tectonic evolution and structure of the Catania foredeep, the northern Hyblean
Plateau and the Ionian shelf (SE Sicily). Tectonophysics, 298: 209-221.

VALLEJOS A., DANIELE L., SoLA F., MOLINA L. & PULIDO-BOSCH A. (2020) - Anthropic-induced salinization in a dolomite coastal aquifer. Hydrogeochemical
processes. Journal of Geochemical Exploration, 209: 106438.

VELASCO A. & CapiLLa J.E. (2019) - Hydrogeological characterization and assessment of anthropic impacts in the Lower Piura Sub-basin Aquifer in Peru.
Hydrogeol J, 27: 2755-2773.

ZuaNG J., Lo Z., L S., WEL Q., WANG Y. & Lu L. (2019) - Study on Influence of Geological Heterogeneity on Migration of LNAPL in Contaminated
Site Through Numerical Analysis. Proceedings of the 8" International Congress on Environmental Geotechnics Volume 1, Environmental Science and
Engineering (Zhan, L., Chen, Y., & Bouazza, A. eds). Singapore: Springer Singapore: 834-841.

ZHANG T., Lowry G.V., Capiro N.L., CHEN J., CHEN W., CHEN Y., Dionysiou D.D., ELLioTT D.W., GHOSHAL S., HoFrMANN T., Hsu-Kim H., HUGHES J.,
JiaNG C., JIANG G., JING C., KAVANAUGH M., L1 Q., L1u S., Ma J., PAN B., PHENRAT T., QU X., QUAN X., SALEH N., VIKESLAND P.J., WANG Q., WEST-
ERHOFF P., WONG M.S., Xia T., XING B., YAN B., ZHANG L., ZHOU D. & ALVAREZ P.J.J. (2019) - In situ remediation of subsurface contamination: op-
portunities and challenges for nanotechnology and advanced materials. Environ. Sci.: Nano, 6: 1283-1302.

ZHENG C. & WANG P. P. (1999) - MT3DMS, a Modular Three-dimensional Multi-species Transport Model for Simulation of Advection, Dispersion and
Chemical Reactions of Contaminants in Groundwater Systems. US Army Corps of Engineers Engineer Research and Development Center. 164 pp.
ZUME J. & TARHULE A. (2008) - Simulating the impacts of groundwater pumping on stream—aquifer dynamics in semiarid northwestern Oklahoma, USA.

Hydrogeol J, 16: 797-810.

Received January 2024 - Accepted March 2024

Italian Journal of Engineering Geology and Environment, Special Issue 1 (2024) www.ijege.uniromal.it

37



