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The Valco S. Paolo site may be regarded as representative of the main Tiber
valley in the urban area of Rome, which is located 2 km south of the city center. In
recent years, as per level, temperature and electrical conductivity measurements
conducted in gravel and sand aquifers have notable variations. For this purpose,
heads observed from 15 piezometers and physical characteristic data of sand and
gravel agquifers were monitored in 5 piezometers in the Tiber river by dataloggers
during 4 months and integrated with available geological and hydrogeological
information to develop a conceptual model of the system. These fundamental
information are required to characterize the existing groundwater system in this area
in order to establish a groundwater flow model.

The validation of the conceptual model by a steady-state numerical
groundwater flow model reveals that minimum change occur in the center. Trial and
Error calibration method has been applied to this model. Before and after the model
calibration the average of residuals were 0,6 m and 0,15 m, respectively. After the
calibration stage; the model verified with additional measurements and the average
of residuals reduced to 0,18 m. The calibrated model had been used to smulate a
different set of field measurements and the verification showed a good degree of
confidence.

Key Words: Tiber river, groundwater, modeling, Modflow-2005, calibration
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VALCO SAN PAOLO (ROMA-ITALYA) BOLGESININ HIDROJEOL OJiSI:
MODFLOW-2005iLE YERALTI SUYU MODELLEMESI
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: Dog. Dr. I.Altay ACAR
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: Yrd. Dog. Dr. Ziibeyde H. BAGCI

Roma sehir merkezinin 2 km giineyinde bulunan Valco San Paolo bolges,
Tiber vadisini temsil edecek ©rnek vyerlerden biridir. Son yillarda, taban
konglomerast ve kum akiferinde olcllen seviye, sicaklik ve elektriksel iletkenlik
degerlerinde dikkate deger degisimler gozlenmistir. Bu nedenle bolgede 15 adet
piyezometrede Olgiimler yapilmis ayrica Tiber nehri ile birlikte bu kuyulardan 5
tanesi 4 ay boyunca izlenmis sonug olarak ise elde bulunan veriler, jeolojik ve
hidrojeolojik veriler ile birlestirilerek sistemin bir kavramsal modeli olusturulmustur.
Bu temel veriler, bolgedeki yeralti suyu sistemi karakterinin gegerli bir sayisal akis
modelini olusturmak igin gerekli gorilmustir.

Kavramsal modelin gegerliligi acisindan, dengeli durumda calistirilan model,
minimum degisimlerin ¢alisma alamt merkezinde, bdlgedeki maksimum dustmlerin
ise dusik hidrolik iletkenlikli bolgelerde meydana geldigi ortaya Gikmustir.
Kalibrasyon asamasinda deneme - yanilma metodu uygulanmistir. Kalibre edilmeden
Once ve edildikten sonraki hata ortalamasi sirasiyla 0,6 m ve 0,15 m olgulmstir.
Model saglamasinda, kalibrasyonu yapilmis simulasyon, farkl: bir giine ait arazi
olcimleriyle tekrar calistirihip karsilastirilmas: yapildiginda benzer sonuglar verdigi
gordlmistar.

Anahtar Kelimeler:  Tiber nehri, yeralt: suyu, modelleme, Modflow-2005,
kalibrasyon
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1. INTRODUCTION Zeynep DEMIRAY

1. INTRODUCTION

The study area, Valco San Paolo district, is located in the south of Rome
urban area along the Tiber River, and the development of a groundwater model has
made necessary to study the groundwater circulation because of the new construction
of important buildings. The aim is to analyse the hydrogeological setting of the
Valco San Paolo area and to realize a preliminary steady state groundwater model in
order to verify the goodness of the conceptual model of circulation.

The proposed preliminary model can be used as a starting point for projects to
be conducted in the Tiber River alluvium or for defining a specific approach to
technical problems linked to these projects. Moreover, recently the Department of
Geology of RomaTRE University is working on an important low enthalpy
geothermal project, and the Valco San Paolo has been selected as a test-site.

Valco S. Paolo area, which is crossed by the Tiber River, is located about 2
km southwest of Rome's historical centre. The ~6,5 km*large study area; 3 km long
and 1.5 km wide, at mogt is situated between 41'5035,761'N and 41'5038,2'N
|latitudes and 12°2723,855 E and 12°2727,277 E longitudes (Figure 1.1) The main
aluvial deposits lie in an area with smoothly undulating topography together with
deposits of a left-bank tributary of Tiber valley.
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Figure 1.1. Location map of the study area
1.1. Geological Setting of Roman Area

The oldest sediments outcropping in the city are represented by the “Monte
Vaticano Unit”, which is characterised by Middle-Upper Pliocene grey-blue clays
(Marra and Rosa 1995; Carboni and lorio 1997) with decimetric-scale intercalations
of sands. The Monte Vaticano Unit affects the whole structural setting of the city of
Rome and outcrops predominantly in the right bank of the Tiber River, at the base of
the hills of Monte Mario, Vaticano and Gianicolo and represents the continuous
bedrock of the Rome area (Bozzano et al, 2000).
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Figure 1.2. Central coastal Latium paleogeography, about in the late Pliocene time
(view northward) (Progetto strategico Roma capitale. C.N.R., Design of
M.Parotto, 1990)

Lower Pleistocene “Monte Mario”, “Monte Ciocci” and “Monte delle Piche”
Units are overlying this substratum (Fig.1.2). The first and last units are marine
sediments, whereas the middle is a 10- to 20-m-thick epicontinental deposit of
gravels and sands whose stratigraphical unit is still being debated in the literature
(Ambrosetti and Bonadonna, 1967; Marra,1993; Bellotti et a. 1994). The dominant
feature on the Tiber River's right bank is the “Monte Mario” ridge. It lies parallel to
the Tiber valley and reaches nearly 140 m as.l.; to the south, it is 60 m a.s.|. Monte
Mario is made up of Plio-Pleistocenic marine deposits pertaining to the “Monte
Vaticano” and “Monte Mario” Units (Funiciello et al., 2004).

These marine deposits are exposed at the base of the “Monte Mario” ridge.
To the east and west of the ridge the Monte Vaticano Unit lies at various depths in
paleogeomorphologic depression in tectonically deformed bedrock (Campolunghi et
al, 2007). Above those marine sequences, can be followed the change from marine to
coastal, then to continental sedimentation. This is an effect of the Apennine and its

Tyrrhenian margin uplift.
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The continental and coastal facies trace the flow of an old river called
Paleotiber, which was parallel to the coast running SE along a continuously
subsiding belt, producing conglomerate deposits tens of metres thick. From the
Middle Pleistocene pyroclastic deposits erupted from an intense volcanic activity of
the SMVD (Sabatini mountains volcanic district-30 km north west of Rome) and
AHVD (Albani hill volcanic district-25 km south east of Rome) reached the area of
Rome and overlie the sediments. The city of Rome has been developed in an area of
the lower Tiber River valley between the Alban Hills Volcanic District (AHVD) to
the southeast and the Sabatini Mountains Volcanic District (SMVD) to the northwest
(Campolunghi et al., 2007).

The geomorphological and hydrogeological setting was deeply modified by
this volcanic activity. The Paleotiber's course was deviated until arrived the present-
day position within the boundary between the Albani and Sabatini products. The last
glacial lowstand was 120 m below today's level. This event produced a deepening of
the Tiber's course and its tributaries' as they eroded first the volcanic deposits,
followed by the continental Paleotiber's deposits then, carving deeply into the
underlying and well-consolidated “MonteVaticano” Unit (Campolunghi et a., 2007).

When the sea level rose, the deep gorges were infilled by alluvial deposits
(Funiciello, 1995), which are the main units of our study area. (Figure 1.3.)
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Figure 1.3. Pleistocene evolution of the Roman area (Progetto strategico Roma
capitale. C.N.R.,M.Parotto, 1990)

As a conseguence, the Lower Pleistocene sediments are absent on the left
bank of the Tiber River in the Roman area and the Middle Pleistocene continental
deposits (Paleo-Tiber unit 2) directly overlie the erosional surface of the Pliocene
substratum (i.e. the Monte Vaticano Unit) (Bozzano et al., 2000).

The succession of these events created the present-day terrain of the city of
Rome: the area consists of a central plain, which is the Tiber's alluvial plain; the
relief on the river's right bank is the “Monte Mario”-“Monte Vaticano” structural
high; at the Tiber's left bank lies an articulated area that, in the historical city center,
corresponds to the famous “ Seven Hills” of Rome (Funiciello et al., 2004).

The urban area of Rome is therefore characterised on the left bank of the
Tiber River alluvial plain by volcanic products overlying the continental deposits of
the Paleo-Tiber and on the right bank almost exclusively by marine Pliocene-
Pleistocene deposits (Figure 1.4).
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Figure 1.4. Geological map of Rome (Giordano et al.,2004)
(for legend see Fig.1.5)
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Figure 1.5. Lithostratigraphic units of the study area
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1.2. General Hydrogeological Setting of Rome

The hydrogeologic framework of the Monte Vaticano Unit, which is the
major regional aquiclude underlying the shallow hydrogeologic units, is hundreds of
meters thick and has a very low permeability (Ventriglia, 1971, 1990, 2002; Albani
et a., 1972; Boni et al., 1988; Corazza and Lombardi, 1995; Funiciello and
Giordano, 2005; Capelli et al., 2005). The nearly impermeable bedrock is overlain by
Lower to Middle Pleistocene marine to continental sediments (claystones,
sandstones, and thick sequences of conglomerates), which are in turn overlain by and
partly interfingered with Middle to Upper Pleistocene volcanic deposits from the
Sabatini volcanic complex to the north and the Colli Albani volcanic complex to the
south (Funiciello and Giordano, 2005; Capelli et a., 2005).

Moreover on a regional scale, the Pliocene - Lower Pleistocene marine
claystone aguiclude overlies a deep aquifer in highly deformed Mesozoic - Cenozoic
carbonates (Boni et al., 1988), which is recharged from the Apennine region.
Tectonic and volcano-tectonic discontinuities control groundwater flow on a local
scale, as well as gas and fluid leakage from the deeper Mesozoic - Cenozoic
carbonate reservoir, as evidenced by the presence of several low - to medium -
enthalpy hydrothermal springs in Rome's surroundings (eg., Tivoli) (Funiciello et al.,
2003; Carapezza et al., 2003; Tuccimei et a., 2006).
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Figure 1.6. Hydrogeologic map of the Roman area (Boni et al, 1986)

Major aquifers around Rome can be found in interbedded pyroclastic deposits
(ignimbrites, surge and fall deposits, and reworked pyroclastic materials) and lavas.
The volcanic aquifers are characterised by good permeability as a whole (primary
permeability in tuffs and secondary in lavas, although considerable variation in
permeability may be found among different deposits (Capelli et al., 2000; 2005).
Fractured lavas embedded in generally lower-permeability tuffs represent
preferential groundwater drainage pathways.
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The volcanic deposits host many aquifers at different depths. The main
aquifer is located at the base of the volcanic pile, and is confined by either the oldest
low-permeability volcanic products or by the Pliocene - Pleistocene marine
sediments. Above the main aquifer, many local perched aguifers can be found
confined at the base by low-permeability pyroclastics and thick paleosoils. Aquifers
are generally unconfined because of the lateral discontinuity of impermeable layers,
although confined aquifers, especially thick lava-flow units, can be found locally
(Capelli, et ., 2005).

To the east and south of the Tiber River, volcanic deposits belong to the Colli
Albani volcanic complex, and the main aquifer flows radially outward from the
volcano reaching the southern and eastern suburps of Rome. The river system and
springs in the area, which supply much of the potable water in the Roman area, gain
water from the main aguifer. Examples include the Acqua Vergine spring, which
presently has a discharge of 600 L/s (and was 1200 L/s during classical Roman
times) and drains water from lavas, or the many springs utilized by the Appio and
Augusto aqueducts of the ancient Romans, which discharged more than 1000 L/s
(presently ~600 L/s). In the city center, a number of small springs are fed by water
from a localized shallower aquifer (important for the local history and economy)
(Coppa et d., 1984; Pisani Sartorio and Liberati, 1986; Corazza and Lombardi,
1995). North of the Aniene River, some springs with few liters per second of
discharge gain water from the aquifer that flows toward the Tiber and Aniene Rivers.

West of the Tiber River, volcanic deposits mainly belong to the Sabatini
volcanic complex, and thin southward toward Rome. The aquifer flows radially away
from the volcanic comple, i.e., from the northwest (where it reaches the surface at
the Bracciano and Martignano lakes) to the south-southeast (Boni et al., 1988;
Ventriglia, 1990; Capelli et al., 2005). Some important springs are located in the
northern sector of the Roman area, where the volcanic pile is thickest and the main
aquifer is more substantial. Smaller springs (<0,5 L/s) are related to perched, local
aquifers. Many water wells have been drilled in the area that drain water from the
main aquifer, with resulting specific capacity of up to tens of liters per meter of
water-table drawdown.
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In the western sector of the city, the structural high of M. Mario can be
observed which is NW-SE oriented and influences the underground circulation. This
structura  high is composed of sandy-clay sediments having low hydraulic
conductivity, and it obstructs the natural drainage of the M. Sabatini, oriented
towards the Tyrrhenian Sea and R. Tiber deflecting to the southwest towards the F.
Arrone (discharge 300 I/s) and to east towards F.della Mola-Cremera-Valchetta
basins (total discharge 770 I/s).

On the contrary, the recharge of Galeria and Magliana streams is principally
due to the supplies of the gravely-sandy aquifers belonging to the PaleoTiber Unit 1.

Holocene alluvial sediments cap the stratigraphic sequence along the present-
day river systems (Corazza et al., 1999; Funiciello and Giordano, 2005). Holocene
eolian sand dunes cover a narrow area along the present-day Tyrrhenian coastline.

All rock sequences overlying the Monte Vaticano Unit have different
permeabilities, the geometry and circulation of which are controlled by both the
evolution of the paleotopographic setting and the vertical - lateral variations of
lithologies (Capelli et al., 2005).

The Tiber river basin can be divided into four sectors (carbonate, volcanic,
aluvial and flysch) where circulation networks behave in different ways depending
on hydrogeological characteristics, groundwater- surface water interaction (Di
Domenicantonio et al, 2009).

Other locally important hydrogeologic units, only present in the urbanized
areas are backfill deposits accumulated during 3000 years of human civilization in

the Roman area.

1.3. Specific Geology of Valco San Polo

Above the aluvial unit, about 1.5 m of man-made filling (level R) is present;
below this unit, about 7.5 m of historical alluvial sediments, i.e., clay silt evolving
into sandy silt and into weakly silty sand with diffuse organic matter (level A);
roughly 10 m of yellowish to black sand with a gravelly basal layer having
millimeter-scale elements in a sandy matrix (level B); approximately 30 m of silty

11
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clay with diffuse organic matter and scarce sandy intercalations (level C); gray sand
gradually passing to gravel downwards (level D); about 12.5 m of prevalently
calcareous-marly gravel with heterometric centimeter-scale elements (level G)
(Bozzano et al, 2008). Starting from about 63 m from ground level, this alluvial
succession of Holocene age (14,000 a to present) rests, with erosional contact, on
consistent clay of Pliocene age (Monte Vaticano Unit); these clays represent the
geological bedrock of the Roman area (Figure 1.7).

Tibew Bivver Valea # Faaln Marconi Cmarter

m [asl}

O 150 S 430 G

Figure 1.7. Geological section of the Tiber valley at Vaco S.Paolo and location of
hole S1. 1) man-made fills; 2) level A; 3) level B; 4) level C; 5) level D;
6) level G; 7) Plio-Pleistocene bedrock (Bozzano et al, 2008)
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The Grottaperfetta valley is a left bank stream of the Tiber River (Figure
1.8.). The alluvial plain reaches a maximum width of 300 m in the section proximal
to the junction with the Tiber River (Cinti et al., 2008). It is 8.5 km long and 2 km
wide, a most and nowadays the original stream-bed is no more visible, since it has
been completely channelled and connected to the sewer system of the city
(Campolunghi et al., 2007). The alluvial plain itself is mostly urbanized and covered
by buildings and roads. The valley, like most of the Tiber River's hydrographic
network, originated since the times of upward movement and continentalization of
the area of Rome, and was deepened during each glacial epoch until the last one
(Wirm, 18-20 ka) (Marra, 2001).
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Figure 1.8. Geological sketch of Grottaperfetta valley (Stramondo et al, 2008)
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1.4. Hydrogeological Setting of Valco San Paolo

The Valco San Paolo area is characterized by the alluvial series of the Tiber
River. The base of the local hydrogeological system is formed by the clayey Pliocene
sediments of the Monte Vaticano Unit, which acts as a very low-permeability
(k=10"° m/s) substratum throughout the entire Rome area. Characteristic with its low
permeability, this unit has been considered as “Aquiclude” under all aguifer
formation. The principal aquifer of the area occurs in the basal gravel (lithotype G),
with flows towards the south of the highly mineralised water (Corazza and Lombardi
1995) occurring from a recharge area north of Rome. In the overlying alluvial
deposits it is possible that bodies of lithotypes B and D (k = 10° and 107 nvs,
respectively) may represent local aquifers within the low-permeability lithotypes A
and C (10°°%/10™° and 107° Vs, respectively) (see Figure 1.7).
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Figure 1.9. Lithotypes in the study area 1) Lithotype R; 2) Lithotype A; 3) Lithotype
B; 4) Lithotype C; 5) Lithotype D; 6) Lithotype G; 7) Monte Vaticano
Unit (UMV) (Bozzano et al, 2008)
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This framework is more complicated on the north side of the section due to
the presence of more frequent, relatively coarser levels (lithotypes B and D). It is
probable that the nearby hills provide the recharge for these aquifers, at least since
urbanisation of the alluvial plain began to impede direct infiltration.

Regarding the connections with the Tiber River, the aquifer within lithotype
B appears to feed the river when the Tiber is in alow to normal flow regime, but
during high flow periods the gradient is reversed and the river recharges the aquifer
(Bozzano et a, 2008). Data regarding the surface anthropic fill sediments (lithotype
R) indicate an unconfined aquifer bounded by a low permeability base formed of
lithotypes A and C. Given the high level of urbanisation in the area, this aquifer is
more likely to be fed by loss from the sewer and aqueduct systems and/or by ancient,
buried springs than by direct infiltration (Bozzano et al., 2000).
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Figure 1.10. Hydrogeological units of the area
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1.5. Groundwater modelling

Groundwater modelling is one of the main tools used in the hydrogeological
sciences for the assessment of the resource potential and prediction of future impact
under different circumstances/stresses (Spits and Moreno, 1996). Its predictive
capacity makes it the most useful tool for planning, design, implementation and
management of the groundwater resources. Application of existing groundwater
models include water balance (in terms of water quantity), gaining knowledge about
the quantitative aspects of the unsaturated zone, simulating of water flow and
chemical migration in the saturated zone including river-groundwater relations,
assessing the impact of changes of the groundwater regime on the environment,
setting up/optimising monitoring networks, and setting up groundwater protection
zones (Spits and Moreno, 1996).

The term “groundwater model” is used equivalently to the term “numerical
model”, which is the combination of the mathematical description, the numerical
computer code, and its application to the specific groundwater problem. Today
numerical models dominate the study of complex groundwater problems. In
particular numerical models solve the equations describing water flow through a
porous medium by means of discretization (Spits and Moreno, 1996).

By means of numerical modelling the results of a case study concerning the
Holocene alluvial deposits of the Tiber River valley, in the city of Rome is presented.
In the case of alluvial aquifers the simulation target consists of the piezometric heads
within a reasonable estimate of the balance and of the range of the hydrodynamic
parameters.

It is important to note that around 35% of the historical centre of Rome is
built on the alluvial plain of the Tiber River or its tributaries and that several new
structures are being built, or will soon be built, on or within these deposits,
sometimes affecting the groundwater circulation (personal communication with La
Vigna, 2009).
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2. PREVIOUS STUDIES

The selected studies from the large quantity of bibliography concentrate on
Tiber river sediments dealing with mostly geotechnical, geomorphological and
hydrogeological characteristics of these deposits.

Bonini (1997), presented the chronology of deformation and analogue
modelling of the Plio-Pleistocene Tiber basin; implications for the evolution of the
Northern Apennines. The data presented, provide some important insights for the
Plio-Quaternary evolution of the Northern Apennines, since the Tiber basin extends
in the central part of the chain and allows to date the main deformational phases

Bozzano et a. (2000), presented a geological model of the buried Tiber River
valley beneath the historical centre of Rome from a multidisciplinary approach
including a detailed geological, hydrogeological, mineralogical and defining the
geomechanical behaviour of Tiber alluvial system lithotypes by means of
information regarding the geology, geomorphology, climate, hydrographic network,
urban development and history of the Rome area.

Campolunghi et al. (2007), identified the highly compressible units, which
may be responsible for subsidence and settlement phenomena below urban structures
and a yield hazard zoning for urban structures related to recent alluvial deposits has
also been defined related with Grotta Perfettatributary.

Bozzano et al. (2008), presented the engineering-geology and geophysical
study of the Valco S. Paolo test site by the analysis of seismic noise records then
simulations were made with the SHAKELD software to reconstruct the vertical
trends of the maximum shear deformations that could be obtained in the Tiber
alluvium in response to the maximum expected earthquake for the city of Rome.

Cinti et al. (2008), focused on chronostratigraphic study of the Grottaperfetta
aluvial valley (left bank tributary of Tiber river) in the city of Rome and
investigating possible interaction between sedimentary and tectonic processes.

Calvo and Savi (2008), proposed an adaptive, conceptual model for real-time
flood forecasting of the Tiber river in Rome. The model simulates both rainfall-
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runoff transformations, to reproduce the contributions of 37 ungauged sub-basins that
covered about 30% of the catchment area, and flood routing processes in the
hydrographic network. The adaptive component of the model concerns the rainfall-
runoff analysis: at any time step the whole set of the model parametersis recalibrated
by minimizing the objective function constituted by the sum of the sguares of the
differences between observed and computed water surface elevations (or discharges).

Stramondo et al. (2008), described subsidence induced by urbanisation in the
city of Rome detected by advanced INSAR technique and geotechnical
investigations. The velocity maps evidenced that a general subsidence affects the
buildings that are founded over the alluvial terrains of the Tiber River hydrographic
network.

Barberi et al. (2008), showed that the aguifer contained in the basal gravels
of Tiber river represents an important geothermal resource for a kind of direct heat
utilization in the city of Rome. The study includes Valco San Paolo and Vasca
Navale zone. Maps describing the variation along the river course of the top, bed and
hence thickness of the base gravels have been obtained by processing the
stratigraphic data of 216 wells drilled in the past in the Tiber alluvional deposits.

Capelli et al. (2008), the goal of the authors of this study was to update the
knowledge about the aquifers that are belonging to different hydrogeological units.
By means of numerical modelling using “Modflow” (Harbaugh, 2005), they
correlated georeferred stratigraphic  information, the surfaces of the main
hydrogeological complexes of the Ablan Unit, on which the city of Rome lays.

La Vigna et al. (2008), proposed a model of groundwater circulation in the
Aniene river basin area, which lies in the northeastern part of Rome, on the left bank
of the Tiber river.

LaVignaet al. (2009), presents a model calibration experience on a complex
groundwater system located in central Italy, in the subsiding Acque Albule Plain near
Rome (Italy). The calibration process applied to this model consisted in three main
steps, including numerical and trial and error methods, and also new data collection
suggested from sensitivity analysis. The model fitting shows clearly the importance
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of applying not only automatic estimation methods for calibration processes but also
the need to be prepared to change the conceptual model starting from sensitivity
analysis and from collecting new datato beter understand the system.

Raspa et al. (2009), described the spatial variability of geotechnical
characterization in the upper Pleistocene-Holocene alluvial deposits in Rome by
means of multivariate statistics of geotechnical parameters by means of multivariate
statistics.

Di Domenicantonio et al. (2009), described the quantitative hydrogeology in
the Tiber river basin management planning in central Italy. The first step was the
hydrogeological structures delimitation upon which the hydrogeological balance can
be elaborated. For each hydrogeological structure a conceptual model is then defined.
From this scale it was possible to extrapolate single aquifer detail.

Preziosi and Romano (2009), discussed the regional aquifers of central Italy
from a hydrostructural analysis to the mathematical modelling. A comparison was
made among models referring to two aquifers that differ in type of permeability,
hydrogeological framework and in the field data available for their characterization
and calibration. The aim of the present note was to show how, the different
approaches followed in reconstructing the hydrogeological configuration of the two
described aquifers, based essentially in one case on a knowledge of the water budget,
and in the other of the piezometric field, the reliability of the described numerical

model was comparable.
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3. MATERIALSAND METHODS

3.1. Materials

Interpreted geological data of the subsoil of the study area were collected
from Department of Geological Sciences of RomaTre University and from public
administrations and private companies. The collected information were archived in a
geodatabase, selecting boreholes with a reliable location, a detailed lithologic
description was made and filtered according to specific criteria.

3.1.1. Collection of thematic maps

During the data collection, a modified 1:5000-scale topographic map of
Rome has been scanned to make available on a GIS visualization (Figure 3.1).

Figure 3.1. Topographic map of the study area no® 374102
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Using the properties of several boreholes within and around the study area
which documented in Excel files under headings about name, x_and y_coordinates,
terrain elevation (sim), stratigraphic unit depths (m) with lithologic description had
been examined and imported in a new Excel file with modified terrain elevation
values and new drilled boreholes (Figure 3.2).
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Figure 3.2. Visualization of the Excel file including boreholes properties
The map of the top of Monte Vaticano Unit visualized by the analysis of

twelve boreholes in the study area and has been used as a guide whilst composing the
top bedrock surface in GIS (Figure 3.3).
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Figure 3.3. Depth of bedrock (m.asl) in the study area (Barberi et a, 2008)

The isopiezometric levels in general water table map of Rome, has provided
us to take a view about the knowledge of flow direction in the city and were used in a
future stage during the definition of flow to and within Holocene deposits of the
study area (Figure 3.4).
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Figure 3.4. General water table of Rome (Capelli et al, 2008)
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3.1.2. Groundwater monitoring instruments - dataloggers

Hydrogeological survey was started from depth and static level measurements
of piezometers with the instruments which were taken from the Laboratory of
Hydrogeology in Science Geology Department (Roma Tre University).

(b)

Figure 3.5. (a) Multiparametric instrument (with pH, Cond, T° probe) (b) Measuring
the depth of piezometer manually with line

Portable Conductivity meter to immersion post-sampling for control the
quality of the waters. It measures the electric conductivity and the temperature pH
meter. (Figure 3.6)

Figure 3.6. Measurement from a piezometer in Science Geology Department
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The monitoring of Tiber river and piezometers was performed using the
automatic dataloggers during the period between 16 Sep 2009 and 5 Feb 2010. The
CTD-diver measures water level, water temperature and conductivity. It consists of a
pressure sensor for measuring the water level, a temperature sensor, a four-electrode
conductivity cell, a non-volatile memory to store the measurements and a battery
(Figure 3.7).

Figure 3.7. CTD-diver dataloggers used in the study
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3.2. Methods

The procedure for applying a groundwater model includes these following
steps:

Define study objectives - Data collection

Develope a conceptua model

Select a computer code or algorithm

Construct a groundwater flow model

Calibrate model and perform sensitivity analysis

Make predictive simulations

These steps are generally followed in this order, however, there is substantial
overlap between steps, and previous steps are often revisited as new concepts are
explored or as new data are obtained (ASTM International, 2004).
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Figure 3.8. Flow chart of the modeling process (ASTM International, 2004)
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3.2.1. Compilation of Data

ArcMap version 9.2 personal geodatabase managed by ArcGIS® (ESRI, Inc.)
was used in every step of data collection.

Scanned maps do not normally contain spatial reference information (either
embedded in the file or as a separate file). With aerial photography and satellite
imagery, sometimes the locational information delivered with them is inadequate and
the data does not align properly with other data which may had (from the User’'s
Manual of ArcMap 9.2).

Thus, to use some raster datasets in conjunction with other spatial data, it may
necessary to align, or georeference, to a map coordinate system. When a raster
dataset is going to be georeferenced, its location using map coordinates should be
defined to assign a coordinate system. Georeferencing raster data allows it to be
viewed, queried, and analyzed with other geographic data (from the User’s Manual
of ArcMap 9.2).

The interpolation method selection is the important part of studies during the
creation of surface maps in GIS. Dataset can be arranged for interpolation
considering the depth of boreholes and features have selected in a layer or recordsin
atable by bulding a query.

The Inverse Distance Weighted (IDW) and Spline methods which performs
on a point dataset are referred to as deterministic interpolation methods because they
assign values to locations based on the surrounding measured values and on specified
mathematical formulas that determine the smoothness of the resulting surface. IDW
assumes that the surface is being driven by local variation. It is best if sample points
are evenly distributed throughout the area and if they are not clustered (from the
User's Manual of ArcMap 9.2).

28



3. MATERIALS AND METHODS Zeynep DEMIRAY

3.2.2. Conceptual model

A conceptual model is an idealization of the real world that summarizes the
current understanding of site conditions and how the groundwater flow system works
(Spitz and Moreno, 1996). It is an interpretation or working description of the
characteristics and dynamics of the physical hydrogeologic system which can be
evaluated quantitatively (ASTM International, 2004)

3.2.3. The Computer Code

A graphical user interface (GUI) has become a necessity which aids in the
creation of input files for the model code to read and for visualising the model
output. It is a type of user interface which allows people to interact with a computer
and computer-controlled devices which employ graphical icons, visual indicators or
special graphical elements called "widgets’, to represent the information and actions
available to a user. The GUIs are the future in integrated hydrogeological modelling
using modelling geomatics and expert systems.

MODFLOW-2005 is a three-dimensional finite-difference groundwater
model. It simulates steady and nonsteady flow in an irregularly shaped flow system
in which aquifer layers can be confined, unconfined, or a combination of confined
and unconfined. PHAST simulates multi-component, reactive solute transport in
three-dimensional saturated groundwater flow systems.

ModelMuse (Winston, 2009) is a graphical user interface (GUI) for
MODFLOW-2005 (Harbaugh, 2005) and PHAST (Parkhurst and others, 2004).

3.2.3.1. Groundwater flow equation

The three-dimensional movement of ground water of constant density through
porous earth material may be described by the partial-differential equation ;
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Where

Kxx, Kyy, and Kzz are values of hydraulic conductivity along the x, y, and z
coordinate axes, which are assumed to be parallel to the major axes of hydraulic
conductivity (L/T);

h isthe potentiometric head (L);

W is a volumetric flux per unit volume representing sources and/or sinks of
water, with W<0.0 for flow out of the ground-water system, and W>0.0 for flow into
the system (T™); Ssis the specific storage of the porous material (L™); and
t is time (T). Equation 3.1 describes ground-water flow under nonequilibrium
conditions in a heterogeneous and anisotropic medium, provided the principal axes
of hydraulic conductivity are aligned with the coordinate directions. Equation 3.1.,
together with specification of flow and/or head conditions at the boundaries of an
aquifer system and specification of initial-head conditions, congtitutes a
mathematical representation of a ground-water flow system.

3.2.3.2. Finite-difference approach for groundwater flow equation

Figure 3.9 shows a spatial discretization of an aquifer system with a grid of
blocks called cells, the locations of which are described in terms of rows, columns,
and layers. Ani,j,k indexing system is used. Within each cell there is a point called a
"node" at which head is to be calculated. Many schemes for locating nodes in cells
could be used; however, the finite-difference equation uses the block-centered
formulation in which the nodes are at the center of the cells.
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Figure 3.9. A discretized hypothetical aquifer system (Modified from McDonald and
Harbaugh, 1988).

In equation 3.1. the head, h, is a function of time as well as space so that, in
the finite difference formulation, discretization of the continuous time domain is also
required. Time is broken into time steps, and head is calculated at each time step.

3.2.3.3. Derivation of Finite-difference Equation
Development of the ground-water flow equation in finite-difference form

follows from the application of the continuity equation: the sum of all flows into and
out of the cell must be equal to the rate of change in storage within the cell. Under
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the assumption that the density of ground water is constant, the continuity equation

expressing the balance of flow for acell is

Al
3 Q, =SS——AV
= At

(3.2

Where
Q isaflow rateinto the cell (L3TY);
Ss has been introduced as the notation for specific storage in the finite-difference
formulation; its definition is equivalent to that of Ssin equation 3.1., that is, Ssisthe
volume of water that can be injected per unit volume of aguifer material per unit
change in head (L™); AV is the volume of the cell (L%); and
Ah isthe change in head over atime interval of length At.

The term on the right-hand side is equivalent to the volume of water taken
into storage over a time interval At given a change in head of Ah. Equation 3.2. is
stated in terms of inflow and storage gain. Outflow and loss are represented by

defining outflow as negative inflow and loss as negative gain.

i-1,.k

1) k=1

ij+1,k

'II-1IK

i

I+1,1k

Figure 3.10. Indicies for the six adjacent cells surrounding cell i,j,k (hidden).
(Modified from McDonald and Harbaugh, 1988.)
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Figure 3.11. Flow into cell i,j,k from cell i,j-1,k. (Modified from McDonald and
Harbaugh, 1988.)

Figure 3.10 depicts six aquifer cells adjacent to cell i,j,k — i-1,j,k; i+1,j,k; 1,j-
1k; i,j+1k; i,j,k-1; and i,j,k+1. To simplify the following development, flows are
considered positive if they are entering cell i,j,k; the negative sign usually
incorporated in Darcy's law has been dropped from all terms. Following these
conventions, flow into cell i,j,k in the row direction from cell i,j-1,k (Figure 3.11), is

given by Darcy’s law as;

HI|_'-I k. |11.1]- I

('II_I'l 1k = KRI -1 .‘.'f—\"":l—l""'-': AL
iz

(3.3)

Where

hi;x isthe head at nodei,j,k, and hi,j-1,k isthe head at node,j-1,k;

Qij-12k 1S the volumetric flow rate through the face between cells i,j,k and i,j-1,k
(L3T™;

KRij-12x 1S the hydraulic conductivity along the row between nodes i,j,k and i,j-1,k
(LT

ACiAV is the area of the cell faces normal to the row direction; and

Ari.1p2 isthe distance between nodesi,j,k and i,j-1,k (L).
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(hi g = D )
Qi jorszxe = KR ju1/2AC; AV - J;k, -
Ali1/o (3.4)
while for the column direction,
h....—h..
Qia1/25x = KCiL /0 1 A;AV, [ I I_J‘k)
AC; /2 (3.5)
{hi_ s =T )
Qicrzjx = KCio1/pj AL;AV, IAJZ L
i (3.6)
For the vertical direction,
(h, o =0, )
II‘.l'._llc-i s =K1.'-|J'I-I Zil;—h‘l; —— l 11]L v
AV (3.7)
(.., —h )
c]l 1LE=172 = K"..L]E-l :fiiljjcl u
AWz (3.9)

Each of equations 3.3 through 3.8 expresses inflow through a face of cell i,j,k

in terms of heads, grid dimensions, and hydraulic conductivity.

3.2.3.4. River - Aquifer interaction

The notation can be simplified by combining grid dimensions and hydraulic

conductivity into a single constant, the "hydraulic conductance” or, more simply, the

"conductance." The Conductance is the factor that relates the difference in head to
the rate of flow. In MODFLOW, the Conductance (CRIV) has units of Lt and is

equal to KLW/M where,
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K = the hydraulic conductivity of the sediment in the boundary condition such as a
river or drain,

L = the length of the boundary condition in the cell,
W = the width of the boundary condition, and

M = the thickness of the sediment in the boundary condition.

3.2.3.5.Condgtruct a steady-state groundwater flow model - Defining Boundary
Conditions

A model boundary is the interface between the model calculation domain and
the surrounding environment. Boundaries occur at the edges of the model domain
and at other points where external influences are represented, such asrivers, wells or
chemical spills and so forth (Spitz and Moreno, 1996).

In Modelmuse, the Time-Variant Specified-Head package is sometimes
referred to as the Constant Head package. The abbreviation (CHD) for the Time-
Variant Specified-Head package comes from this alternate name. "Constant Head"
however does not accurately describe how the boundaries in the Time-Variant
Specified-Head package actually work because the specified heads in the package
can vary with time (Arlen Harbaugh, personal communication of R.B.Winston,
2007).

A steady-state problem requires only a single solution of simultaneous
equations, rather than multiple solutions for multiple time steps. The length of the
stress period and time step will not affect the head solution because the time
derivative is not calculated in a steady-state problem. (Harbaugh, 2005).

3.2.4. Calibrating the M odel and Perform a Sensitivity Analysis
Model calibration, is the process of varying uncertain model input data over

likely ranges of values, as adjusting hydraulic parameters, boundary conditions and

initial conditions within reasonable ranges, until a satisfactory match between
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simulated and observed data is obtained (Spitz and Moreno, 1996). In practice,
model calibration is frequently accomplished through trial-and-error adjustment of
the model’s input data to match field observations (ASTM International, 2004)
which was applied to this model. The calibration is evaluated through analysis of
residuals. A residual is the difference between the observed and simulated variable
(ASTM International, 2004) (residual = observed head — simulated head).

Sensitivity analysis is performed during model calibration and during
predictive analyses. Model sensitivity provides a means of determining the key
parameters and boundary conditions to be adjusted during model calibration.
Sensitivity analysis is used in conjunction with predictive simulations to assess the
effect of parameter uncertainty on model results (ASTM International, 2004).

In model verification, the calibrated model is used to simulate a different set
of aquifer stresses for which field measurements have been made. The model results

are then compared to the field measurements to assess the degree of correspondence.
3.2.5. Make Predictive Simulations and Perform a Postaudit

Predictive simulations are the analyses of scenarios defined as part of the
study objectives. In cases where the groundwater flow model has been used for

predictive purposes, a postaudit may be performed to determine the accuracy of the
predictions (ASTM International, 2004).
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4. RESULTS AND DISCUSSION

Information from more than 280 wells within and around the study area,
including continuous coring vertical boreholes and wells, together with detailed
geological maps, measured stratigraphic logs were analysed, homogenized and
archived in ArcMap version 9.2 personal geodatabase managed by ArcGIS® (ESRI,
Inc.). Approximately 268 boreholes and stratigraphic logs were encoded and
retrieved from the database in order to reconstruct the stratigraphic, structural, and
depositional setting of the study area.

4.1. Geological interpretation

Geological interpretation was based on 268 borehole data which 12 of them
were drilled in 2009 by private companies (Figure 4.2). First of all, these boreholes
had been plotted on a 1:5000 scale topographic map of the area. Several maps
(n°374140, n°374100 and n°374102) (with elevation modified)®, which represent the
study area have been used during the process of creating the database in software
ESRI (ArcMap 9.2). All the raster datasets and vector feature classes have been geo-
referenced with the coordinate syssem ED_1950 UTM_Zone 33N.

4.1.1. Sediment survey of Tiber valley in Valco San Paolo
In both the main alluvial valley and the Grotta Perfetta left-bank tributary,

Holocene units bedded with approximately 1,5 km wide - 3 km long and 0,5 km wide
- 0,8 km long, respectively.

(2) : the urbanization processin recent years giverise to a thundering changein terms of atitude
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Figure 4.1. Holocene aluvium limit in the area with location of selected boreholes

220 boreholes exist in the alluvium, 48 borehole in volcanics which 33 of
them cross the Paleotiber unit (fluvio-lacustrine sand and clay) have been used in
geological interpretation of the 6,6 km? large study area (Figure 4.1).

The collected information was classified and filtered according to specific
criteria before being archived in the geodatabase, i.e., selecting boreholes with a
reliable location, and, possibly, a detailed lithologic description.
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Vicolo Savini

Vasca Navale

(b)

Figure 4.2. (a) Location of recent boreholes drilled by private companies
(b) A view from drillings no® SA, SB, SC
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By means of the correlation of borehole data, 7 cross-sections with several
directions to compose the subsurface geology of the site had drawn, which is more
detailed and realistic the more boreholes are close to each other (Figure 4.3).
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Figure4.3.  Location of the cross sections and the ancient Tiber River’s left-bank
tributary; Grotta Perfetta stream

Blue colored boreholes are exactly on the cross sections, the others are

projected, but inside a buffered 50 meters area for each line.
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In the cross section n°1, fifteen boreholes, (three of them exactly crossing the
section) reaching 20 to 90 m of depth, have been correlated an approximately 1850
m long, geological section across the E-W length of the Tiber valley, has been drawn
inFig 4.4.

All five main sedimentary horizons (Lithotype R, A, B, C, G) can be
identified within the alluvial body however concerning the Lithotype B, clay unit had
observed directly below the loam in borehole no® S1S584 which has been drilled in
correspondence of the joint of the main Tiber valley with the Grotta Perfetta
tributary.

The bedrock erosional surface on which the alluvial sediments are deposited
is amost horizontal and is found at an average elevation of around -50 m as.l.,
resulting in an overlying sediment thickness of about 65 m. Within the eroded valley
basal gravel found above the Pliocene bedrock along 1400 m width basis. As
illustrated in the Figure 4.4. that at the west valley wall; the erosional process
interested not only the bedrock but the Pleistocene - Paleo Tiber Unit is also present
with an average elevation of around —15 m as.| above the Monte Vaticano Unit
(UMV). Lithotype C is deposited above the basal gravel and form the major part of
the alluvial fill. Towards the interior of lithotype C, these lateral heteropic bodies
consisting of alternating sandy-silty units (Lithotype D) which has observed in some
certain circles until 25 m thick like within the borehole log no°S1S572. Lithotype C
is also found along the section outside of the full eroded valley above the PaleoTiber.

The reconstruction consists of about a variable thickness from 0,5 mto 7 m
man-made fill (Lithotype R), about 8 - 10 m of clay silt into weakly silty loam
(Lithotype A), roughly 10 m of sand (Lithotype B) which is more thick in the west
part and in connection with the river, approximately 30 m of silty clay with diffuse
organic matter (Lithotype C); abundant organic matter is also present throughout the
clay unit, either as diffuse fragments of vegetal remains, as well as mm-to-dm thick
peat levels, about 10 m of prevalently calcareous-marly gravel (Lithotype G).
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In the cross section n°2, fifteen boreholes, (four of them exactly crossing the
section), reaching 12 to 90 m of depth, have been correlated an approximately 1650
m long, geological section across the NW - SE length of the Tiber valley, has been
drawn in Fig 4.5.

The bottom of valley width; where has covered with Lithotype G is 1400 m.
Bedrock within the valley is found at an average elevation of around -53 m as.l.
resulting in an overlying sediment thickness of about 70 m however, in the west and
east hills of the valley, bedrock is found at around — 20 m a.s.l. and — 40 m asll.,
respectively.

The lithotype B overlie lithotype C along sharp, undulating contacts. Their
geometry is generally lenticular in transversal section but becomes tabular near the
southern slope of the valley. Lithotype B strongly characterises the northern part of
this section near the present Tiber riverbed and reach up to 20 m in thickness,
although thins in the center and continues starightly towards the border of the valley.

The two difference between west and east borders is the thickness of the
PaleoTiber and Volcanic unit above which has both geologically and most probably
hydrogeologically connection with lithotype A and B. Even though the amount of
PaleoTiber deposits is less than the east border, the relation with sand unit in the west
is largely than the connection in the east side.

The upper surface of lithotype A is being weakly undulating and a
homogenized thickness; less than 2 m of man-made fill continued in the center until
the urbanized southeastern part as a result of a unit at about 8,2 m thickness of
lithotype R had observed.
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In the cross section n°3, five boreholes, (one of them exactly crossing the
section), reaching 42 to 66 m of depth, have been correlated an approximately 575 m
long, geological section across the N - S length of the Grottaperfetta tributary, has
been drawn in Fig 4.6.

Locally pedogenized and/or peaty horizons where pieces of vegetation can be
observed. The sandy unit of the main valley (Lithotype B) disappears in this sector
while, stratigraphic data of boreholes n°11 and n°G1C11S1 show that volcanic origin
basal gravel of the tributary mixed with the limestone origin basal gravel of Tiber
valley.

According to the borehole log of n°11, the basal gravel deposit is
characterized by variable-colored gravel and pebbles, heterogenic and heterometric,
from little to on average thickened approximately 7 m thickness, mainly of
calcareous and volcanic nature; presence of levels centimeter of travertine. This
observation indicates a lateral relationship between these gravels in the mouth of

Grottaperfettatributary.
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In the cross section no®4, seven boreholes, (two of them exactly crossing the
section), reaching 15 to 65 m of depth, have been correlated and an approximately
2200 m long, geological section across the NE-SW length of the Tiber valley, has
been drawn (Figure 4.7).

Basal gravel was found uniformly above the erosional surface, with an
undulating upper surface. Clay is deposited directly above this basal gravel and form
the major part of the alluvia fill. Toward the middle of the valley, loam unit is
getting thicker whilst sand unit undulated below the river, and ended through the east
hills.
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In the cross section no® 5, eight boreholes (one of them exactly crossing the
section), reaching 15 to 65 m depth, have been correlated and an approximately 950
m long, geological section across the SW-NE length of the Tiber valley, has been
drawn (Fig. 4.8)

The irregular basal contact of silty sand and medium-fine grained sand within
Lithotype B and the related geometry of these bodies, imply erosional activity with
the partial reincision of the alluvial body and successive filling of valleys. The
irregular setting of the alluvial deposits above the B—C contact characterises the zone
below and near the present Tiber River channel.

Lithotype B consists a larger grain size inside, it is likely that currents along
the principal channel had a higher energy than those in the tributaries.
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In the cross section n°6, eight boreholes (two of them exactly crossing the
section), reaching 30 to 75 m of depth, have been correlated and an approximately
1600 m long geological section across the NW-SE length of the Tiber valley, has
been drawn. These bodies occur as lenses (Fig 4.9) where the section is transverse to
the Tiber River valley.

The geometry isirregular and difficult to resolve on the basis of the available
borehole data; a unit consisting of slope deposits, lithotype Dv, has been inferred on
the basis of data from one borehole drilled along west valley walls and from
literature. The geometry and extent of this unit (Dy) is clearly somewhat simplified

due to the limited amount of data available.
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In the cross section n°7, six boreholes reaching 10 to 60 m of depth, have
been correlated and an approximately 950 m long, geological section across the SW-
NE length of the Tiber valley, has been drawn (Fig 4.10).

The variations in thickness of lithotype A and R on the right and the left
banks of the Tiber River almost compensate each other if their summed total
thickness is considered. In other words, it appears that the deposition of alluvial
sediments on the right bank was contemporaneous with that of the anthropic detritus
on the left — an interpretation that is supported by what is known regarding the
urbanisation of the area
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Holocene ;

- Lithotype R : anthropogenic fill material characterised by abundant,
variously sized brick fragments and blocks of tuff embedded in a brown-green silty-
sandy matrix. This horizon also contains ceramic and mortar fragments. More or less
dense and/or consistent; very variable permeability.

Lithotype A : silty and sandy deposits with brick fragments

- green-grey silty sand and silty loam, poorly dense and/or consistent, averagely
permeable
- hazel-coloured clay and clayey silty bands which contain organic matter and black-

brown pyroclastics, averagely consistent, averagely poorly permeable.

1 Lithotype B : predominantly yellow-brown, medium- to fine-grained sand

and sandy loam; loose or moderately aggregated with pieces of wood or plant
material, averagely dense, permeable.

e Tae Tue
- E— -
fue e e

Lithotype C : grey clay and silty clay with a variable organic content that

gives alocal black colour. Occasional up to 100 mm thick peat levels and rare sandy
silt layers with gravel are also present. Poorly to averagely consistent with low to

very low permeability.

Lithotype D : dternating silty-sandy, sandy-silty, clayeysilty and clayey
levels. Viewed together, this unit is grey in colour, from averagely to poorly dense,
averagely permeable.

- Lithotype G : predominantly limestone gravel in a grey, sandy-silty matrix,

very dense and very permeable.

Lithotype Dy : slope detritus located near the scarp of the Tiber paleovalley.
It consists of brown and grey, coarse-grained sand has been found (at the foot of the
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paleoscarp) to overlie a5 m thick block of lithoid tuff which is probably related to a
paleo-landslide body.

Middle Pleistocene ;

- Volcanic : Characterised by good permeability ignimbrite, made of a

massive and chaotic, scoria and ash

- PaleoTiber : Highly permeable fluvial conglomerate sand and clay

Pliocene ;

- UMV: Deep marine clay, characteristic with its very low permeability and

considered as Aquiclude under all aquifer formation.

In the layer definition respect, the point that noticed during the composition
of cross sections is the two neighbor unit which represent different base lithologies
can have similar facies inside hence lithological descriptions on cm base can not be

deemed as inconsiderable.
4.1.2. Creating surfaceswith ArcMap 9.2

After the comparison of analysed boreholes, calculated altitudes of layers had
been arranged within the database of boreholes; an attribute table that composed of

several fields about top elevation values (a.s.l.) for each layer has been developed
with ArcMap 9.2. (Table 4.1)
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The following names correspond to the field of the borehole database :

Cod_Pozzo: name of the borehole

Quotadtmsl: altitude of ground (slm). Ground elevation values of numerical flow
simulation which will be composed the model top

Bot_Riport: bottom elevation of Lithotype R. In alluvium; equal to top_limo, out of
alluvium; equal to top_volcnc

Top_Loam: top elevation value of Lithotype A. 999 means no Lithotype A or as a
result of inadequate depth of drilling.

Top_Sand: top elevation value of Lithotype B. 999 means no Lithotype B or as a
result of inadequate depth of drilling.

Top_Clay: top elevation value of Lithotype C. 999 means no Lithotype C or as a
result of inadequate depth of drilling.

Top_Gravel: top elevation value of Lithotype G. 999 means no Lithotype G or as a
result of inadequate depth of drilling.

Top_Grvl_2: appraised assigned values by considering the average thickness of
neighbouring boreholes including as a result of inadequate depth of drilling. This
field consist top_gravel values

Top_MV: top elevation values of MV unit (bedrock). 999 means as a result of
inadequate depth of drilling.

Top MV _2: appraised assigned values by considering the average thickness of
gravel from neighbouring boreholes including as a result of lack info or inadequate
depth of drilling. This field consist top_ MV values and the active domain limit of
numerical flow simulation composed by these values

Top_Volcnc: top elevation value of volcanic unit; 999 means no volcanic layer or as
aresult of inadequate depth of drilling.

Top_PaleoT: top elevation value of PaleoTiber unit. 999 means no PaleoTiber layer
or as aresult of inadequate depth of drilling.
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Concerning of having lack information about eevations, some additional
borehole points have plotted to help the interpolator according to the average
elevation of each surface from original borehole datas and bibliographic informations
about average thickness of units. The density of additional boreholes is different for
each layer and had been continued until attaining the most eligible surface map.

Both selected original and additional boreholes had been extracted in new
shape files for each layer in order to constitute the surface elevation map of every
unit through executing raster interpolation. Generally, the inverse distance weighted
(IDW) technique utilized to interpolate surfaces from points.

Terrain Elevation (Top of model); Triangulated irregular networks (tin) are a
digital means to represent surface morphology such asterrain elevation. A tin map of
the area which elevation datum derives from the 1:5000 topographic map in order to
compose one of the leading objects of modelling such as top of model has been used.
The topography is smooth at around 10 - 12 m a.s.l. within the alluvium, ~14 m as.l.
in Grottaperfettavalley and rising to 38 - 56 m a.s.l. at the hills (Fig 4.11).

Figure 4.11. Terrain elevation contour map
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The following figures show the interpolation results for every surface:

Bottom of Lithotype R; the only unit that represents the whole area on account of
being an urbanized place. Constituted by means of combining the top_loam values in
aluvial valley and top_vicnc values at the hillsides. In the North, top elevation of
Lithotype A isaround 4 m as.l. near the bank of Tiber river and spreading until 13 m
a.s.l. to the sides of alluvium and finally ended with 30 m a.s.l. as Volcanics at the
hills .

It continues with 10 m as.l. in the center of the study area however the
atitude of lithotype A is lowering about 7 m as.l. within the tributary as it is
expected to supersede a part of lithotype B which does not exist in the Grottaperfetta
valley (Figure 4.12). In the south of the study area, the altitudeis around 8 mas.l.

Figure 4.12. Boreholes displayed with bottom elevation values (m.a.s.l.) of
lithotype R

The surface has formed with the values presented, support of additional
boreholes did not consider through the lack informations in literature for lithotype R
that can quote a case about thickness (Figure 4.13).
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Figure 4.13. Contoured IDW map (m.a.s.l.) of bottom of lithotype R

Top of Lithotype B; the original top elevation database of Lithotype B has formed by
90 boreholes which disperse unevenly and have majority on some local places in the
study area. The average altitude variable within the center is about -2 m as.l.
however the altitude decreases until -8 m a.s.|. where the mouth of the crossing area
between main valley and tributary then continues with -1 m asl. in the south
(Figure 4.14).
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Figure 4.14. Boreholes displayed with top elevation values of lithotype B

129 additional boreholes have been used which decided mainly according to
the average values between boreholes, limit of sand unit in the main valley
considering the relations in cross sections (Figure 4.15)

Figure 4.15. Additional boreholes with original boreholes for lithotype B
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Additional boreholes has started from the alluvium limit and the density has
been controlled under the supply of data for interpolation as much as the interpolator
needs (Figure 4.16).

Figure 4.16. Contoured IDW top elevation map of lithotype B

Top of Lithotype C; as is understood from the cross sections, the clay unit consists
the most thick layer in the study area. 109 boreholes which were exceed in numbers
in the center and in the secondary valley, have formed the basis of the surface of
lithotype C.

The average altitude is starting at -13 m a.s.l. to -6 m as.l. with undulating
respectively from the north to the south-west. From the center of the valley to the
tributary there is a great top altitude change of lithotype C from -18 masl. to -2 m
a.s.l. as presented in the cross sections. The lack of lithotype B unit in Grottaperfetta
valley resulted with the rising of lithotype C top altitude (Figure 4.17).
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Figure 4.17. Boreholes displayed with top elevation values of lithotype C

These 109 boreholes were supported by 137 additional ones which had
started to plot from the border of the alluvium. The distribution of the additional
boreholes is homogenized within the areas where the original boreholes rarely
scattered (Figure 4.18).
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Top of Lithotype G; 58 original boreholes were used during the construction of the
top surface of basal gravel. Out of the average thickness estimation, a few boreholes
enclosed herein were perpetuated which had fall short of distance to arrive the
bedrock. Lengthwise the Grottaperfetta together with the main valley, the altitude of
top surface had been encountered about -36 m a.s.l. and -44 m as.l., respectively
(Figure 4.20).
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Figure 4.20. Boreholes displayed with top elevation values of lithotype G
(999 means no value)

In addition to original datas, 93 additional boreholes were used in order to get
the optimum result for top surface of gravel. Exploited from the cross sections for
continuity and distance relation with alluvium border to determine the locations of
invented boreholes (Figure 4.21).
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Figure 4.21. Additional boreholes with original boreholes for lithotype G
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Figure 4.22. Contoured with IDW method top elevation map of lithotype G

Top MV, top of Monte Vaticano was the surface which had been focused on
upwards the others during the interpolation phase. The Monte Vaticano unit, in other
words bedrock, constitutes the basis both for whole alluvium and Pleistocene units
furthermore underlies the active domain limit of the groundwater flow model in the
next stage. Insufficiently boreholes distributed in the south and out of the valley gave
inadequate information concerning the surface morphology of the bedrock. The
average altitude had been -53 m a.s.l. within the valley although risen up to -10 m
as.l. out of the valley (Figure 4.23).
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Figure 4.23. Boreholes displayed with top elevation values of Monte Vaticano Unit
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The distribution of 155 additionals, determined by 75 original boreholes with
the analysis of both geological and geomorphological map of the bedrock in the
literature (Figure 4.24).

5 - } % I ﬂ . 5 e
Figure 4.24. Additional boreholes with original boreholes for Monte Vaticano Unit
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Figure 4.25. Contoured with IDW method top elevation map of Monte Vaticano Unit
4.2. Hydrological and hydrogeological survey

The hydrogeological analysis was based on an interpretation of water-level
data obtained from 16 open tube piezometers and one Casagrande piezometer
installed in some boreholes drilled in the area along the section together with
permeability data for the different lithotypes from background literature information.

4.2.1. Monitoring resultsin Valco San Paolo

Water level, temperature and electric conductivity properties of two principal
aquifer were monitored by two wells in gravel aquifer (lithotype G) and two in sand
(lithotype B) during the period between 16 Sep 2009 and 5 Feb 2010. In addition to
these wells, six well in gravel with five in sand had measured eleven times in the
study period. Only one measuring point for monitoring the river had located in the
center course of Tiber (Figure 4.26.a.,b.).
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(b)
Figure 4.26. Location of (a) piezometers (b) Tiber datalogger
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The station has approximately 800 m distance from the department where the
datalogger had installed for monitoring the river. It has chosen for its easement of
access however after the flood event in december 2009, at the time of a visit for
installing data, realised that it was standing under athick amount of mud and the line
had broken loose and finally lodged while taking the datalogger from the river.

Department Tiber Datalogger

4
32m
345 m (concrete - ground)

10m {the measuring point of DL - river stage)

mo O m
[T Y

F: 0,86 m {concrete - ring)
G 047 m{ground - ring)
H:3075m

E

ground a.s.
G ]
20masl  concrete 1 C [
concrete concrete 2 Tlo cm F concrete
H E
A
Riverstage asl
D
B
River Eottam

Thickness of the Ring is 3 cm.

Figure 4.27. Installing datalogger in Tiber River (No scale)
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Figure 4.28. Monitoring wells

4.2.2. Physical Analysisof groundwater

The graphs were congtituted at aresult of four months monitoring period.

Level variations of the piezometer in the gravel
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Figure 4.29. Hourly groundwater level variation in gravel
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In both piezometers P2 and P4; water level trend is similar along 3 months,
the average values are around 1,46 m s.I.m. and 1,82 m s.I.m, respectively until the
unaccountable water level rising at the end of December 2009.
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Temperature variations of the piezometer in the gravel
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Figure 4.30. Hourly water temperature variation in gravel

Temperature in gravel aquifer varying around 17,78 °C - 17,58 °C. Except the
initial days of monitoring with the end of January, a walloping change in temperature

was not observed.
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Figure 4.31. Hourly conductivity variations of the piezometer in gravel
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Electrical conductivity is locally rather high with values slightly exceeding
1,5 mS/cm and increasing until 1,885 mS/cm whereas the pH is mostly neutral and
slightly acid (6,6 - 6,7) in some zones.

Variations due to the exact position of sonda in gravel showed the
temperature and also electrical conductivity rises because the multiparameter sonda
meets the real aquifer water in the last 10 meters.

temperature variation in well P4
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EC variation in well P4
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Figure 4.32. Log profile of well P4; a. T(°C), b. pH and c. EC(mS/cm) measurement
(Department of Geological Sciences, RomaTl RE University 16/07/2009)
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Figure 4.33. Hourly Tiber river level variation
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Figure 4.34. Hourly level variations of the piezometers in sand compared with Tiber
river variations

Tiber river could not observed after 15 December 2009 by reason of flood
affair.

Temperature variations of the piezometer in the sand
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Figure 4.35. Hourly temperature variations of the piezometers in sand compared with
Tiber variations

The variation of temperature in sand aquifer is highly similar in both
piezometers (between 17,45-17,85 °C). If comparison is needed the temperature of
sandy aquifer is 0,35°C lower than in gravel aquifer.
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Conductivity variations of the piezometer in the sand
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Figure 4.36. Hourly electrical conductivity variations of the piezometers in sand

Conductivity varies homogenically at around 1,17 mS/cm within the sand
aquifer, in another well EC isincreasing after a few time. Nonetheless, the increasing

of gravel and sand aquifer is more or less compatible (25/12/2009).

1



Zeynep DEMIRAY

NS 96a'T SEC LETE ®1 as'l 161 (wps) 1 AREIS
(AR T | GIos9n 11 OTE9n Il OTOZ 2011 QIO TT | 010290 1L | OTOZ 90 11 aup u__“:.ﬁ.“ﬁnqu
e 20°E 14°T (uns) 1 anmy
DLOT SO ET 10T 08T 10T S0HT anep ma.w_.-_“_msui
L5TE [ (ugs) 7 apeEly
OTOT S08T OT0T s0'="1 (6} MEp FTupinseay
trT £9°E 'l (uns) = 3nws
OI0T S0 L0 OI0T S0°L0 OI0Z SO°L0 | (8 MEp fulnseagy
] ] HE°T e sO°C (=) 1 anws
DLOT 6T ULOT P 6T DI0T PO 6C || (L) Ep SuLInsEajy
HETE 15°% L9E 60T (ugs) ] apEly
T oloTEuuT 0108 F0 9T Y e O10Z FO'9Z || (9) MEp Tuunsealy
] o'z VST N [ (Wis) ~1 snws
] OLOT 91 DIOT+F0 91 DIOT FO9L || (S) 21Ep GupansEa gy
IR T LOGT BE'C (wys) -1 >nms
NLOT F0 G0 O LOT +0 a0 D10 FO GO | (P) SIEp Guiinsea gy
9L £ E 09's LO'E sT'E (uns) - aners
OI0T £0°5C DIOT ENET OI0T 0T OI0T E0°ET OIOT £E0°EC || (£) MR SULINSEI LY
e O — (wgs) g apes
DLUE E0u DI el (Z) 2I0P SULINSED Y
a% T SO0°E 95T 69 T 69'C (s} 1 2nms
DLOT LIVGE OLOT 16T DI0Z LORE | OIDZ LOLE | O10Z 1O°LE | (1) 21Ep SulLnseagy
SE 06 €5 = Sl SFT rE £°6T () dag
GO FEOT FITL Zl R6C1 ZaS1 c0ol () erondy
OIRALA LLID | -7-Uel] | HS ARG O[04 | DS TOIARS OO el [ | Sal SO AN

4. RESULTS AND DISCUSSION

Jojbe pues ul S[[om JO SJUAWAINSBAW [9AJ] O1BIS [+ [qBL

78



Zeynep DEMIRAY

CL°E +2'C OL°T LT [ al'T 9L°C ¥E'T (ufs) 7 apels
| OLOZOU0 Ll | 010Z90' 11 O10T 90 11 OLOT 90 11 OIOT 9011 OIDT 9011 | OIOT 9011 QIOT 9011 | (11) Mup Supnsea gy
16T 2R'T o 1£ € 18T 80T LT 6T {wmys) 1 apeig
OIDZ 8T | 010ZS0°8¢ | O10T'S0'8E | OINTSORT | QIO0CSOEI | OIOC SO'Sc | OIOC SO SC | OIOCSORC | (01) MEp Sunsma gy
Hi'E LB'E £t OF'F [0°E or | et (ws) 71 onws
OIO0TSO8T | OIOTEOHL | OIOZTS0RT | OTOTSORL [ OIOZSO'8L | OIOTSORI | 0I0TS081 || (6) ep Supnsesy
o 6T 16'C 09°C 09'% (ups) 1 anms
GLOTE0L0 | OMOT S0 L0 | 010 S0 L0 OLOZS0°L0 | 010500 | (%) ep FJuanseay
15°¢ G0 L HT'E 10°c S C CO'Z (=) 1 anerg
DO F06T | OTOCFO0'eC | OLOZT #HY 6T DI F06E | DI0TF06T | 010TF0 6D | (L) IRp Sumansua gy
£r'c T0E £6°C h' 1 TYL (ups) " anms
DIOT'FO'9Z | O10Tro9T | OLOC FO9T OI0ZF09Z | 010TFO9Z | (9) Mwp Suninses i
UL 91€ 61°€ <H'T 06T TR'T (wns) -y apers |
QIOTFNIL [ 0TOT F0'9T DLOT FOL OLOT +0 91 O10TF0'91 O10T FOal {5) 21ep BuLinseagy
HOT |1 6TE ) £6°T LI'E (wgs) -1 anEg
DQIOTFO 60 [ aloTroren | OLOT FOGO OIOZF0'60 | OIOTFO GO | (F) I8P SULInSEa ]
Z0'e £9°c L9E CE°E ITE (ws) = apes
Ol t0ee | OLOTEDET | OTOT £0'£C OIOZ E0EE | oloTeosg | () mep Supanseapy
TS +o 6T FLE (s} 1 aneg
OLOZENDL | OTOZE0°9] | 0T0T €091 010Z°£091 | (T) ep Funnseagy
62T B0 Ir's £ECT oL £L'T Mwﬂ (ugs) -1 anwls
010Z°T0TO | OI0T10°6T | OLOTTOGZ | 0T0T 108z | 01021022 | 0102'10°LZ |Mw$ (1) mep Tuunseagpy
- cl’l Fel (ws) 7 anmns
GO0 LO"9] GOOT L0 2aep H,_..._._u..-...mﬂw—_ﬁ
09 ag'Es 09 09 =] ] 0 Ty ipdaq
LU0 FEOL oL 11 LRI S0l LBET X as'0l {wrj ejong)
oss A ,.um.-wc_n“ﬂuw 4w_w_..uw”ww mmnHMHZ zd rd ndpgeanyg :ou las

4. RESULTS AND DISCUSSION

Iajmbe [9ARIS Ul S[[OM JO SJUDWIINSBOW [IAJ] O1IBIS "7'H dqeL

79



4. RESULTS AND DISCUSSION Zeynep DEMIRAY

The water level of Tiber river had been measured in 11.06.2010 at two
location which were selected according to the rivers most measurable part from the
up-stream and down-stream. These values are 1,31 m a.s.l. and 0,8 m a.s.l. located in
the north and sufficiently south of Valco San Paolo, respectively. The course of the
river has been reflected to the hydraulic gradient calculation. The 3500 meters
between the two measured point have been divided into seven parts which conserved
a0,0728 m difference per 500 m in terms of water level. At the south part where the
river had strongly curved, the 500 m distance had decreased to 250 m in order to
represent the intensive curve, following this; the values plotted in ArcMap 9.2.

As showed in Figure 4.37., different points of water level values exist on a
line object would be deficient to explain the river flow direction in a computer based
media, consequently; to create the contour lines, several supporting points which the
same value with each measuring points had plotted astride own measuring point on a

perpendicular line to theriver. The values are valid just in the river course.

Figure 4.37. River stage gradient along the Tiber River (contour interval : 0,05 m)
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The sand unit has embodied the principal aguifer in the study area nontheless
have a hydraulic relation with the Tiber river. According to the piezometer and river
stage measurings of 11.06.2010, awater table map has been drawn (Figure 4.38).

g

watber leval in piezomater of
sand aquifer (simi

@ calculatad head {sim)

@ Ther river atage (sim)

Figure 4.38. Water table map of sand aquifer (contour interval : 0,5 m)

It is observed that, there is a significant amount of groundwater influx to the
river, when the flow directions encountered nearby the river. The intervals of water
table contours of sand became frequent where the sand aquifer is geologically in
strong relation with Paleotiber and volcanic units.

The other important aquifer of the area is within the basal gravel. Due by the
geology showed in the cross sections and by the levels measured in its piezometers
the aquifer can be considered confined. Seven piezometers were measured in
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11.06.2010 with 2,7 m a.s.l. from the north to 2,1 m as.l. to the south. As is the case
in sand aquifer, about 19 estimated points plotted in order to facilitate the
interpolator taking into account the hydraulic gradient.

Finally appeared that the study area head change varies approximately
between 4 - 2 mas.l. (Figure 4.39).

21

1 Piezometers n
gravel aquiler

km

Figure 4.39. Potentiometric level map of gravel aquifer (contour interval : 0,1 m)
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4.3. Hydrogeological Conceptual M odel

It is possible to develope a ground water conceptual model comparing all
results of the study (Fig 4.40). The Valco San Paolo area is characterized by eight
main hydrostratigraphic units;

The considerably thick (more than 800 m) deep marine clay with sand
intercalations (Monte Vaticano unit) considered as aquiclude, congtitute the bedrock.
Very low permeability (k = 10™°nvs).

The basal gravel aquifer (lithotype G) (k=10mV/s) which hosts mineralized
water (on average EC 1,540 mS/cm, T 17,67°C) is confined downward by the Monte
Vaticano aquiclude and upward by impermeable clay deposits (lithotype C).

The Grottaperfetta basal gravel (k=10°m/s) differentiated as standing on a -
47 mas.l. high bedrock with 5 m thickness.

The clay with rich organic material (lithotype C) (k=10®) represents a low
permeability unit; in the center of the area, middle permeable sandy lenses which
represented as local aquifers exist (lithotype D) (k=107).

The medium to fine grained sand unit  (lithotype B) (k=10°) is
hydrogeologically in connection mainly with Tiber river within the plain and with
Pleistocene fluvial deposits within the nearby hills which provides recharge for this
semi-confined aquifer (on average EC 0,870 mS/cm, T 17,6°C).

The low permeability silty loam unit (lithotype A) (k=10®) is deemed as
unconfined superficial aquifer; acquires the surface flow cycle within the plain and
involved with the middle-lower permeable volcanic ash deposits that bound the
valley.

The Paleotiber unit (k=10) has been supposed to be in strong relation with
sand unit through the NW-SE direction. In the northwest hills these units has a few
relation whereby the geological interpretation.

The volcanic unit (k=10°) has more relation with silty loam however in the
southwest has a serious contact with sand aquifer.
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The anthropogenic fill sediments (lithotype R) (k=107) indicate an
unconfined aquifer bounded by a low permeability base formed of silty loam
(lithotype A) in the alluvium and volcanic deposits in the nearby hills.

It is possible to identify two main circulations in the Valco San Paolo areg;
the first one is in the sandy aquifer which has feeding from the Pleistocene units
hillsides through the alluvial valley and it varies according to the regime of Tiber, the
second one is in the confined basal gravel aquifer that hydraulic gradient in the study
areais not so high, the flow pass through from north to south.

They are locally not in relation by the analysed boreholes of the area,
notwithstanding the level variation graphs of the gravel and sand agquifers show a
very similar trend after the Tiber flood event of December 2009. The hydraulic
communication probably occurs upstream to the study area.
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4.4. Numerical M odel
4.4.1. Grid construction and layer discretization

The study area which is 6,6 km?, was discretized with a finite-difference grid
that was composed of 26 rows and 25 columns with uniform cell dimensions of 100
m by 100 m. There are 2575 active cellsin all model domain. The model domain was
divided into five layers corresponding to the main geological surfaces with 562
active cells in the first four layer besides, 327 active cells in the fifth layer. The
whole sixth layer was represented inactive.

Contour maps which values of them are set by interpolation for each layer
with digital topography map prepared with ArcMap 9.2 were used to determine the
cell elevations.

Color legend

- 4004309

B cssass
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17 05179
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36, 79745
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Figure 4.41. 3D visualization of top model topography

Within the simulation, elevation of model top and the bottom topography of
the active domain limit range from 2 to 44 mand 11 to - 55 mas.l., respectively. All
the layers were mainly constructed to represent different properties of Holocene
alluvium however, on the east and west hillsides; the third layer represents the
paleofluvial unit and second layer is shared by volcanic ash besides loam.
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Bl inecive

- nctwe domain limit

Figure 4.42. Displayed active domain limit of the model

In Modelmuse, Formulas are also used to define the geometry of 3-D objects.
When a Formula is applied to a data set or boundary condition with a line, point or a
polygon, the formula will only be used for those nodes or elements that the object

affects. During the layer discretization, objects with formulas were used in several

places in order to prevent the crossing aspects between two surface.

s, Dbjec] Pra pertine

Froperties Ciata Sets |WODFLOW Fasturas | vartices |

= B Reuiresd Formula fior “Zand_Battom* data sef EditF{]. |
= Layer Dafinbion
" Madel_Top
I Tarain_Batam

Limes_E oo - 1

T Limo_Batiem
# Sand_Battom
I Clay_Hoftomn
T Gravel_Battam
WY _Eattam |
O Dt sat commeant Agscciatad madel data
o MODFLCHY IS BT

PHAST-chde interpolation

= nterpolation direction or modurs

[ (L [
: Mizturs formula

7ieb |[[ v || % Cancal |

Figure 4.43. Formula for “Sand_Bottom” data set

Layer 1 represents low permeability backfill deposits (filling). In the areas
where backfill unit did not observed in the borehole logs, the bottom surface
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contours of filling were crossing with the topographic contours of model thus
polygons were defined with formula [bottom of terrain = model top - 1].

Layer 2 represents the low permaeble silty loam units in correspondence of the
valley and the volcanic units at the borders.

Layer 3 represents the middle permeable sand unit in correspondence of the valley
and the fluvial Paleotiber unit at the borders.

Layer 4 representsthe very low permeable clay unit. Out of the alluvial valley where
the gravel is discontinuous, the continuity of the clay bottom contours can not be also
ignored. Thus, the contours of clay bottom and gravel bottom are colliding in three
notable places. Therefore, in order to bring away these crossing layer boundaries;
polygons were seated in these places with formula [clay bottom=gravel bottom+1]
Layer 5 represents the high permeable basal gravel aquifer in the area which meet
with the basal gravel of the left-bank tributary in the same layer.

[ B MoceLow Layer Groupn = | i |
I Tormain | Basics | Discretzation|
& ;':‘:'I']" Layer Group {adquler) Name
T Clay [rerrain
= Graval Layer bpa {LAYTYP, LTHUF)

MY |22 Comvertibie
s

Method of calewafing inlerbdock transemissivity (LAYAVG)

|-arm-:|r||c mean {0}

Method of specifying veracal pdraulic conductivity
(LAYWEA)

[uterti cal hydeaulic conchuctivty (0]

Horizontal amscéropy [TRPY)

|'.

i
lin
[n

7 Help JDM X Cancal |

Figure 4.44. Modflow layer groupstab

The first four layer together with bedrock were modeled as confined-
unconfined type. At the beginning, layer 6 was defined as convertible type owing to
have sand intercalations within clay however it has considered inactive in order to
simplify the model, subsequently. The fifth layer simulated as confined.
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Layer Property Flow (LPF) Package was used to smulate flow in the
saturated zone. The initial HK (horizontal hydraulic conductivity) parameters for the
first execute were based on literature information. Nine HK parameters in the LPF

package were defined by means of polygon objects to represent each lithology (Fig.
4.45).

B
LFF: Lasver Property Fiow packags
sty

= Lk oed Wik b compie vertical oondeciance i uncelined osls [COMGTARTEN]
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Figure 4.45. The values shown above were defined as HK parameters under LPF
package in MODFLOW.
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(b)

Figure 4.46. (@) Schematic view of vertical grid discretization
(b) initial general hydraulic conductivity values of the starting simple
Valco S.Paolo model

4.4.2. Boundary conditions

Direct “Recharge” was not considered because urban areas are usually very
impermeable and the rainflow goes to sewers, and then, the river effect is so high that
the recharge rate can be considered irrelevant at this scale.

The specified-head boundaries are congtituted at the outline of two category;
for the first four layer, the 10 m isopiezometer contour value of the general water
table of Rome (Fig.4.47) was defined as “Constant Head” boundary at the east and
west side of the active model domain. This boundary condition is available from the

layer 1 to layer 4.

90



4. RESULTS AND DISCUSSION Zeynep DEMIRAY

COLOUR LEGEND
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Figure 4.47. Constant head boundaries of convertible aguifers from Layer 1 to 4

In addition to the eastern specified head boundary, estimated values according
to the potentiometric water table of the confined aquifer, 4 m a.s.l. in the north and 2
m as.l. in the south together with 10 m as.l. in the east Grotta Perfetta basal gravel
zone in layer five, assigned to the northern, southern and eastern specified heads.

Caolor legend
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Figure 4.48. Constant head boundary of confined basal gravel aquifer
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The Tiber river is represented by “River” boundary conditions (simulated by
means of the River package). River bottom was assigned -6m. The measurements in
11.06.2010 were assigned to specify the Head Observation Package (HOB) (Table
4.4,4.5).

Table 4.4. Head observations of the piezometers in sand

Piezometer in Sand | Level (m)
P5 191
P1 1,89
P6 1,8
VicSavini_SC 2,57
VicSavini_SB 2,45
Vivaio 3,15

Table 4.5. Head observations of the piezometersin gravel

Piezometer in Gravel | Level (m)
Eucalipti 2,34
P4 2,26
P2 2,19
VascaNavale 2,40
VicSavini_SA 2,67
VicSavini_SBG 2,70
Vigili 2,24
Esso 3,15
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1 Color legend
l B 05686086
' B 09369609
1,005313
F "k | 1,073666
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B head observation in sand aquifer

head observation in gravel aquifer

Figure 4.49. Head observation locations with Tiber river head change
As specified flux boundary conditions, the average pumping rates had
calculated for five observed wells pumping along 4 hour per day for each of them

(simulated by means of the Well Package) (Table 4.6).

Table 4.6. Pumping rates of wells

Well no: Pumping rate (I/9) Average pumping rate (m°/day)
Eucalipti 2,5 0,0004167
Vigili 2,2 0,0003667
Esso 0,5 0,0000833
Pian2Torri 0,5 0,0000833
Vivaio 1 0,0001667
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4.4.3. Steady-state model calibration

Temporal dimensionality has chosen as steady-state to coordinate with data
availability, a steady-state model without pumping is developed first and used to
produce a preliminary overlook before pumping is applied. At steady-state without
pumping, outflow occurs only as discharge to the river with about 1,91 x 107 L¥/T
(Figure 4.50). In the first execute of this version (without pumping), percent
discrepancy in the water budget was % 2,58 even though % 1 would be high. In
order to fix the discrepancy to %0, HCLOSE and RCLOSE had set to 1E-6 from
Preconditioned Conjugate Gradient Package (PCG) (Richard B.Winston, from
personal communication, 2010) (Figure 4.51)

DEAWDOWN WILL BE SAVED ON UNIT 38 AT END OF TIME STEFP 1, S5TRESS PERICD 1

VOLUMETRIC BUDGET FOR ENTIRE MCDEL AT END OF TIME STEP 1 IN S5TRESS FERICD 1

CUMULATIVE VOLUMES L**3 RATES FOR THIS TIME STEF L**3/T
IN IN

STOBAGE = 0.0000 STORAGE = 0.0000
CONSTANT HEAD = 8.9633E-03 CONSTANT HEAD = 8.9638E-03
RIVER LEAKAGE = 0.0000 RIVEER LERKAGE = 0.0000

TOTAL IN = B.9638E-03 TOTAL IN = 8.9638E-03
OUT: OUT:

STCRAGE = 0.0000 STORAGE = 0.0000
CONSTANT HEAD = 6.3281E-03 CONSTANT HEAD = 6.3281E-03
RIVER LEREAGE = 2.6358E-03 RIVER LERKAGE = 2.686358E-03

TOTAL OUT = 8.9641E-03 TOTAL QUT = 8.9641E-03
IN - OUT = -1.9185E-07 IN - OUT = -1.9185E-07
FERCENT DISCREPANCY = 0.00 PERCENT DISCREPANCY = 0.00

Figure 4.50. Water budget of the steady-state model without pumping
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Figure 4.51. PCG Pane dialog box

In the model with plotted pumping ratio, as expected from a steady-state
model, the volume of in-out is equal to zero (Figure 4.52).

VOLUMETRIC BUDGET FOR ENTIRE MCDEL AT END OF TIME STEP 1 IN STRESS FERIOD 1

CUMULATIVE VCLUMES L#**3 RATES FCR THIS TIME STEP L**3/T
IN IN
STORAGE = 0.0000 STORAGE = 0.0000
CCMSTANT HEAD = 5.3416E-03 CCMSTANT HEAD = 5.3416E-03
WELLS = 0.0000 WELLS = 0.0000
RIVER LEAKAGE = 0.0000 RIVER LEAKAGE = 0.0000
TCTAL IN = 5.3416E-03 TCTAL IN = 5.3416E-03
CUT: CUT:
STORAGE = 0.0000 STORAGE = 0.0000
CCMSTANT HEAD = E.1584E-04 CCMSTANT HEAD = E.1584E-04
WELLS = 1.1167E-03 WELLS = 1.1167E-03
RIVER LEAKAGE = 3.T70%0E-03 RIVER LEAKAGE = 3.T70%0E-03
TCTAL CUT = 5.3416E-03 TOTAL COUT = 5.3416E-03
IN - CUT = 0.0000 IN - CUT = 0.0000
PERCENT DISCREPANCY = 0.00 PERCENT DISCREPANCY = 0.00

Figure 4.52. Water budget of the steady-state model with pumping
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Initial hydraulic conductivity values were assigned starting from bibliography
(Bozzano, 2000) and intervals used in modified model based on literature (Spitz and

Moreno, 1996) (Table 4.7).

Table 4.7. Cdlibration parameters used in model and intervals

Parameter Calibration interval Starting | Calibrated
value value
Hydraulic conductivity (m/s)
Kx-1 (Gravel) 0,001 - 0,0001 1E-3 2E-4
Kx-2 (Sand) | 0,000001 - 0,0000007 1E-6 6E-7
Kxy-3 (Grotta) 0,00001 - 0,00006 1E-5 5E-5
Kx-4 (Clay) | 0,00000001 - 0,0000002 1E-8 1E-7
Kxy-5 (Paleo) 0,0001 - 0,00001 1E-4 1E-5
Kxy-6 (Loam) 0,00000001 - 0,0001 1E-8 1E-5
Kxy-8 (Filling) 0,0000001 - 0,00001 1E-7 1E-6
Constant Head (m)
CH of Gravel North 41-35 4 3,5
CH of Gravel South 2,1-1,95 2 1,95

The parameters to calibrate were initially chosen as horizontal hydraulic

conductivities and secondly, supported with the constant heads of confined gravel. A

decreasing occured in the southwest part of the valley when the HK of gravel was

set to alow value.

During the initial stages of calibration, it was observed that the major

deviations between the observed and simulated heads exist in the southwestern and

eastern part of the flow domain in layer 3. The well named Vivaio, which located

near the southeast hills was decreasing and became similar to observed value whilst
the HK parameter of Paleotiber had set to 1E-5. A remarkable point is while the HK
of clay had been increased, the head values of gravel in the center of the study area

was effecting from this. The average of residuals are 0,6 m (Figure 4.53).
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Figure 4.53. Comparison between observed and simulated heads of first model
execute before calibration with pumping rates

At the end of calibration, the fit between observed - simulated values had
arrived the optimum proximity to the equity line (1:1) shown in the scattered diagram
(Figure 4.54). The average of residuals are 0,15 m (Figure 4.55).
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Figure 4.54. Calibrated Valco S.Paolo model fitting
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= B&EY EE(2T ot e
HEAD AND DEAWDOWN OB3IERVATICNS
CESERWVATICON CESERVED SIMULATED

MNAME WVALTE WVALTE DIFFERENCE
Eucalipri 2.339595859142 Z2.15102358647 0.15897604942
Fa 2.2599959905% Z.4353590012 -0.17535901070
PS5 1.50935533666 1.8712331295 -6.123316287553E-02
F1l 1.5599559357 1.7031369209 0.15656300477
Pz Z2.1300000572 2.3360228539 -0.14602279663
Fo 1.739995993523 1.7939387955 6.06715672165E-03
Vasca Navale 2.4000000954 Z.6240757507 -0.22467565536
VieSavini_ 3C Z.56935933332 Z.6972467399 -0.12724685669
Vicdavini 34 Z.6700000763 Z.77AB032551 -0.10650317879
Vicdav 3BG Z.7000000477 Z.T39VE2TEET -3.97226510455E-02
Vicdavini 3B Z.7000000477 Z.3593285054 0.34067153931
Vigili Z.2400000095 Z.20476007436 3.52399349215E-02
Ezzo 2.3299959z237 Z.04194655580 0.258805303574
Vivaio 3.1500000954 3.2456562928 -9.565861972800E-02

SUM OF SQUARED DIFFERENCE:

4.15575E-01

Figure 4.55. Calibrated observed-simulated values and residuals

B well lozalians
Observed hydraulic head {m, asl)

— e Simulated hydraulic head {m, asl)

Contowr interval =05 m

Figure 4.56. Observed and simulated hydraulic heads distribution of sand aquifer
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Figure 4.57. Observed and simulated hydraulic heads distribution of gravel aquifer

The difference between observed and simulated values has been considered
acceptable considering the dimension of cells and the scale of the study.

Next stage was analysing the steady-state model verification. The simulation
had executed one more time with another day head measuings to verify whether the
quality of the calibration is similar. To do this, boundary conditions of sand have
changed by modifying the river stage and the sand level observations according to
the measuring data of a previous day (28.05.2010). The river stage values had
considered with varied from the north 2,13 m as.l. to the south 1,67 m as.l. The
average of residuals are 0,18 ma.s.l. (Figure 4.58).
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HEAD AWND DREAWDCWN CBSERVATICHS
CESERVATICH CESERVED SIMULATED

HAME VALOE VALUE DIFFERENCE

Eucalipti 2.33999958142 2.2413468361 9.86530780792E-02
P4 2.255959959305 2.5246317387 -0.26463174820
EBS 2.T7100000381 2.36994886040 0.34005117416
B2 2.1900000572 2.4244165421 -0.234416498483
Vasca Mavale 2.40000005954 2.7082657814 -0.30826568604
VicSavini 5C 3.075958959237 2.9577507973 0.12224312643
VicSavini Sh 2.6700000763 2.8569350243 -0.18693494787
VicS5av_S5BG 2.7000000477 2.8219680786 -0.12196803083
VigSavini 5B 2.59400000572 2.6574530602 0.28254699707
Vigili 2.24000000355 2.290154933%3 -5.01549243927TE-02
Ez=o 2.3299995237 2.0768260956 0.25317382812

Figure 4.58. Observed-simulated head values and residuals with measurings of date

28.05.2010 to verify the model
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5. CONCLUSION

Key elements of the conceptual model were defining the model boundaries,
simplifying the aquifer system, and determining the required model dimension to
produce meaningful conclusions. Selecting model boundaries; in the center, Tiber
river forms a natural boundary seperated the model area as a head-dependent flux
which has connection mainly with sand unit of the Holocene alluvium. Ten meter
general water table of Rome has chosen as the constant head and surrounded the
study area on the east and west sides encloses the all superficial aguifers in addition
to volcanic origin basal gravel of Grotta Perfetta tributary. Although very limited
borehole had evidence of a geologically interrelationship between the Tiber and
Grotta perfetta basal gravels, a walloping hydrogeologic relation did not thought of
among them.

Tiber river and deep aquifer systems in the investigated area are, seperated by
thick (~30m) layer of low permeability clay unit which contains organic pest levels.
In the model, should be focused on data of pumping rates in depth and having at least
one well in each layer in order to have a satisfactory resullt.

A more detailed representation of the shallow aquifer system seemed
unnecessary due to the lack of data. Moreover, there are several difficulties to work
in an urbanized area; construction of private buildings can avert to measure all the
wells around, hard to comprise in an account the real pumping rates and estimate
drawdown and another problem of Valco San Paolo in terms of urbanizing is
founded near the boundaries of Tiber river water courses which has the flood risk
especially in December-January of winter period.

The observed heads in the deep aquifer system do not correspond to the water
table in the river, however which the interesting thing is the incredible water level
rising in the gravel besides sand during the flood event of San Paolo in December
2009. At the time this modeling effort was undertaken, the hydrogeologic flow
fundamentals of the alluvium was generally well understood. Some further
development of our research are still in evaluation to understand where
is the exact local sand units within the clay unit and seek for a connection by them
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between the basal gravels and the sands. Therefore, this uncertain interconnection
would be the answer of the water level rising in gravel aquifer observed by
monitoring wells.

Results, in fact, show clearly the importance of applying not only trial-and-
error or inverse distance automatic estimation methods for calibration but also to be
prepared to change own conceptual model starting from collecting new
hydrogeologic data to better understand the system (La Vigna, 2009). The proposed
model is deemed to be avalid tool for predicting the evolution of hydraulic heads.

The most important thing should be considered that the proposed conceptual
model is “local” it is just valid for Vaco S.Paolo area. The mentioned connection
within clay unit is out of the study area and out of the conceptual model.

Currently, the results of this model can help the projects including the
geothermal investigations and new urban development plans of Valco San Paolo in
terms of a strategic place in Rome. In fact, even if Modflow doesn’t simulate heat
transport, the local conceptual model and the current simulated groundwater flow
process can help the further studies giving a base to start.

The flow model of the deep aquifer suggests a starting point for the purposes
of its detailed geologic, geomorphologic and hydrogeological features. Further
development of this study will be the automatic estimation methods for calibration
and perform a sensitivity analysis. Succesful verification of the groundwater flow
model results in a higher degree of confidence in model predictions. A calibrated but
unverified model may till be used to perform predictive simulations when coupled
with a careful sensitivity analysis.

Another possible development of the research activity on Valco San Paolo
could focus on considering transient data and transient simulations with changing the

value of the constant head in gravels with time.
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