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Abstract

The worldwide increasing energy demand triggered studies focused on defining the underground
energy potential even in areas previously discharged or neglected. Nowadays, geological gas
storage (CO; and/or CHy4) and geothermal energy are considered strategic for low-carbon energy
development.

A widespread and safe application of these technologies needs an accurate characterization of the
underground, in terms of geology, hydrogeology, geochemistry and geomechanics. However,
during pre-feasibility study-stage, the limited number of available direct measurements of
reservoirs, and the high costs of reopening closed deep wells must be taken into account.

The aim of this work is try to overcome these limits, proposing a new methodology to
reconstruct vertical profiles, from surface to reservoir base, of: i) thermal capacity, ii) thermal
conductivity, iii) porosity and iv) permeability, through integration of well-log information,
petrographic observations on inland outcropping samples and, flow and heat transport modelling.
As case study to test our procedure we selected a deep-structure, located in the medium
Tyrrhenian Sea (Italy). Obtained results are consistent with measured data, confirming the
validity of the proposed model.

Notwithstanding intrinsic limitations due to manual calibration of the model with measured data,
this methodology represents a useful tool for reservoir and geochemical modellers that need to
define petrophysical input data for underground modelling before the well reopening.

1 Introduction

The Intergovernmental Panel on Climate Change [/PCC, 2014] has recently outlined the
essential role, among other technologies, of CO, geological storage and geothermal energy, to
mitigate the effects of climate change and satisfy the worldwide increasing energy demand.

A-widespread employment of these technologies requires a low-cost and rapid resource
evaluation also in areas previously discharged or neglected because not considered economically
favourable. In these areas, an accurate characterization of the potential reservoir in terms of
geology, hydrogeology, geochemistry and geomechanics is a pre-requisite in order to optimize
the available resources while minimizing the possible associated risks.

Several methodologies allow to estimate reservoir capacity and potentiality for energetic
purposes;. and among those, the most used methods are static and dynamic methods. Static
approaches use algorithms, based on reservoir parameters as volume and porosity to evaluate the
available pore space and the recoverable heat at regional scale; or more in general the class of
“volume ‘methods” perform a Monte Carlo sensitivity check on an exploitation function (e.g.,
heat recovery) based on reservoir properties [Williams, 2014]. Dynamic methods are based on
both analytical and numerical modelling to predict the fluid and heat behaviour within the
reservoir, over the time. In this framework, thermal and hydraulic properties of rocks constitute
the key parameters to assess the storage capacity [Bachu et al., 2007; Goodman et al., 2011,
Blondes et al., 2013; Cantucci et al., 2016] and the geothermal potential [Nathenson, 1975;
Muffler and Cataldi, 1978; Muffler, 1979; Williams, 2014] of identified reservoirs, for both static
and dynamic approaches.

Thermal capacity and thermal conductivity of rocks represent the capacity of material to
accumulate and transfer heat, respectively. Their values are an intrinsic material property and
strictly depend on mineral composition of rocks, fluid content, temperature and degree of

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to Geochemistry, Geophysics, Geosystems

isotropy of the rock. These parameters are required in evaluating the regional heat flow, the heat
transfer for investigating engineering solutions, and the potential of geothermal reservoirs.

Porosity and permeability are the key parameter controlling the fluid flow and the
transport processes in porous media. Porosity is a measure of the pore space available to the
fluids and is used to estimate e.g., potential storage volume for gas. Permeability is a rock
property controlling the rate at which fluids can move inside the reservoir and allows an estimate
of the ability to extract or inject fluids in/from the available volume.

Porosity, permeability and thermal properties of rocks strictly depend on the tectonic
history and the evolution of a specific area and should be measured directly in the laboratory on
core drilled rock samples or in situ thought accurate well testing. The ranges of these parameters
given in compilations of rock properties [e.g., Birch, 1966; Cermdk and Rybach, 1982; Haenel et
al., 1988; Clauser and Huenges, 1995; Clauser, 2006] are too wide to be useful to constrain
properties at a specific site.

Unfortunately, during the pre-feasibility stage of a project, economic resources are
limited, and the reopening of closed deep wells may be very expensive, precluding the possibility
to obtain direct measurements. Moreover, information reported in public well logs, often report
only stratigraphic and physical parameters measured during the drilling such as temperatures,
pressures, mud-loss and, rarely, fluid chemistry of the geological formations.

This research aims at developing a procedure that allows to estimate petrophysical
properties, of the rock formations when no direct measures of thermal capacity, thermal
conductivity, porosity and permeability are available.

The presented methodology employed well known indirect methods to define total
thermal capacity and thermal conductivity of a rock formation as a function of thermal properties
of all rock-forming mineral phases with respect to their abundances and their relative fabric as
obtained by petrographic analyses [Rosen and Hashin, 1970; Berryman, 1995; Clauser and
Huengesn, 1995; Clauser, 2006].

Afterward, the obtained thermal properties of rocks were expressed as a function of
porosity assuming that: i) all pores were water-filled, and ii) increasing of porosity would modify
proportionally both thermal capacity and thermal conductivity. On the basis of well-known
porosity-permeability relationships, with a trial-and-error procedure, vertical profiles of porosity
and permeability were reconstructed by simulations of heat and mass transport using well log
measured temperatures as boundary condition. Numerical modelling was performed by means of
SHEMAT software package [Clauser, 2003].

An offshore carbonatic reservoir located in central Italy, already identified as potential
target for geological storage of gas (CO, and/or CHy) [Procesi et al., 2013; Buttinelli et al., 2014;
Cantucci et al., 2015] was selected as case study to test this approach.

2 The case study area

The study area is constituted by a deep structure (about 1900 m b.s.1.) located offshore in
the eastern side of the Tyrrhenian Sea back-arc basin (i.e., central Italy) where, over a stretched
crust, a horst (mainly made up by limestone and Paleozoic metamorphic rocks) and graben
(where thick silico-clastic units accumulated) architecture developed.

The structural setting of the study area and its tectonic evolution are characterized by
alternating structural highs and lows (narrow elongated basins), with preferential NW—SE and
subordinate N—S and E-W alignments.
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The interpretation of the available well (Figure 1) and seismic reflection data [e.g.,
Buttinelli et al., 2014] shows the presence of a massive caprock of about 1800 m of thickness,
constituted by the marly calcarenites and clayish marls of the Liguride complex, above a deep
reservoir hosting a regional saline aquifer belongs to the Tuscan Nappe.

The stratigraphy of this structure is constrained by well log information of a deep well
(Matilde 1, more than 3600 m deep) drilled in 1975 for hydrocarbon exploration and closed soon
after because unproductive. The log data were provided by the Vi.D.E.P.I. geodatabase
[http://www.videpi.com] of the Italian Ministry of Economic Development (UNMIG) which
contains information about public mining permits and concessions archived since 1957.

The stratigraphic setting comprises from bottom to top: Upper Triassic evaporites,
Jurassic to Cretaceous, mainly calcareous, successions and Cretaceous-Oligocene flyschoid
sediments [Fazzini et al., 1972]. Two major sedimentary cycles close the sequence: the Miocene
to Middle Pliocene Lower (with subordinate semi-autochthonous units) and the Middle Pliocene
to Quaternary Upper cycles [Bartole, 1984, 1990, 1995; Buttinelli et al., 2014].

In addition to the stratigraphy, the data provided by log information of well Matilde 1
(Figure 1), only include measured temperatures, pressure (following the hydrostatic gradient
from seell bottom), and salinity (NaCl) of the formation waters collected in carbonate formations
(24 gL™).

3 Reconstruction of mineralogical composition and petrographic analysis

The properties of rocks depend primarily on their mineral composition and microfabric
i.e., their structural and textural features [Rzhevsky and Novik, 1971]. Consequently, accurate
petrographic analyses are a pre-requisite for a correct evaluation of thermal capacity, thermal
conductivity, porosity and permeability.

Cuttings and cores of Matilde 1 well are not available. Therefore bulk mineralogical
composition was obtained by analysing the inland outcropping samples representative of
formations recognized by the well log data (third column in Figure 1). Three areas between
Latium and Tuscany Regions (Central Italy) were sampled to obtain analogues of: i) Calcare
Massiccio, Calcari Selciferi (c.f. Calcari a Lamellibranchi) and Maiolica (Figure 2; Monte delle
Fate); 11) Carbonatic Flysch (c.f. “Flysch della Tolfa”), Arenaceous Flysch (c.f. Pietraforte);
Argilloscisti Varicolori (Figure 2; “Cave di Pietra” e Monti della Tolfa); iii) Calcare a
Rhaetavicula contorta, Diaspri, Scisti P. (c.f. Scisti Policromi) (Figure 2; Monte Cetona).

The Quaternary Clay, the Rosso Ammonitico and the Anhydriti di Burano formations do
not outcrop in the contiguous areas. The mineralogy of Rosso Ammonitico was inferred by the
marly facies of Calcare Massiccio [Morettini et al.,, 2002]. Analysis of Burano were instead
carried out on core fragments of the Sabatini 8 well, drilled in-shore for geothermal exploration
about 50 km far from Matilde 1. Sabatini 8 cuttings were selected after checking the agreement
between Burano core descriptions reported in both well logs. Analysis of Quaternary Clay was
performed on core samples kindly provided by Dep. of Science — Roma Tre University.

3.1 Fabric of rock formations

Fabric of representative samples and semi-quantitative analysis of their constituents were
determined on polished thin sections integrating polarized light microscopy (Nikon Eclipse E600
Polarizing Microscopy equipped with a Nikon Coolpix 4500 camera; Figure 3).

Fabric classification of clays, claystones and limestones are after Picard [1971], Potter et
al. [1980], Folk et al. [1970], Folk [1959, 1962], Dunham [1962].
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Quaternary Clay (c.f. “Argille Azzurre” Fm.)

Quaternary sedimentary rocks are here represented by fine-grained siliciclastic clay-rich
mudstones [e.g., Boggs, 2009] greyish to green in colour. Considering: the relative low amount
of silt-size particles (<35%), with respect to clay-size ones, and the texture described by
indurated beds, these rocks could be defined as claystones to silty claystones. Clay minerals are
the main constituent, silt-size grains of calcite, quartz and alkali-feldspar are observed.

Carbonatic Flysch (c. f- “Flysch della Tolfa”)

This flyschoid unit is constituted by calcareous turbiditic sequences characterized by fine
granulometry with rare arenaceous strata. Marls and clay layers are present. The base of the
sequences is generally characterized by fine detrital limestones and marly limestones. Diagenised
layers of carbonatic mudstones are observed. At thin section, the sample is near totally composed
by carbonatic (calcite) mud. Rare microcrystals (< 5%) of quartz and clay minerals are observed.

Arenaceous Flysch (c. f- “Pietraforte”’Fm.)

This thick arenaceous flyschoid unit is composed of dark grey turbidite sandstones
presenting; fine to medium particle-size, with subordinate conglomerate beds. Intercalation of
laminated clayshales and marls are recognized. Pietraforte, in general, show a major lithic
character with abundant carbonatic rocks (> 70%, dolostones, limestones, cherts, claystones and
siltstones); and minor metamorphic (10-15%, quartz-phyllades) rock fragments. Cement and
matrix are present and are both constituted by calcite and clay minerals. Combining the fine
matrix parameter with composition (in QFL model) [after Williams et al., 1982] the Pietraforte
sample analysed can be classified as lithic arenite to lithic wacke.

Argilloscisti Varicolori (c.f. Argilloscisti Varicolori Fm.)

A lithologically heterogeneous unit, mainly constituted by gray-to-green laminated
claystones with non-regular interbeds of grey carbonatic sandstones, silicic marls and marly
limestones. Thin section analyses pointed to a microfabric characterized by a fine carbonatic
micritic mudstone presenting rare fine sand, angular to sub-rounded, grains of quartz (= 5%) and
calcite (=<10%) together with clay minerals (<10%).

Scisti P. (c.f. “Scisti Policromi” Fm.)

This unit is mainly composed by decimetric to metric packed micritic limestone strata,
with intercalation of graded calcarenite layers, micritic marls and claystones. Fabric is strongly
dependent on granulometry variability, nevertheless it is possible to define this unit as a clay
mudstone with rare intercalation of wackestone-packstone. Sparry calcite is not uncommon.
Fragments of cherts and limestone are recognized. Analysed sample shows, locally, silicified
mudstone textures and presence of clay minerals. Modal composition is here defined: carbonatic
material (£60-65%), quartz (=30-35%) and clay minerals (<5%).

Maiolica (“Maiolica” Fm.)

Maiolica (Figure 3A) is a pelagic limestone and consists of white calcilutites (with the
typical conchoidal fracture) bearing thin layers and nodules of whitish-grey cherts. Minor marls
layers and rare black shales beds are also present. In thin section, the sample can be classified as

biomicritic-pelmicritic lime-mudstone, with sparry calcite in micrometric veins and replacing
microfossils elements. A minor volume of veinlets is sutured by quartz (<5%, on total rock
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observed). Stylolites (pressure-solutions structure, suturelike seams with irregular and
interlocking penetration of the two sides), characterized by the presence of clay minerals, are
observed. Quartz-microveinlets and stylolites are typical structures of Maiolica in the whole
Apennine belt.

Diaspri (¢f. “Diaspri* Fm.)

This unit is enriched in carbonatic compound and is characterized by rare laminate
claymud layers together with chert nodules. Based on thin section observation, the sample is
classified as radiolaritic marly mudstone-wackestone with strong heterogeneity in the
radiolarian/mud ratio, moreover radiolarian fossils are often substituted by sparry calcite. Modal
composition is here defined: carbonatic material (up to 95%) and quartz + clay minerals (=5%).

Calcari Selciferi (cf- “Calcari a Lamellibranchi ) [after Sturani, 1967]

Observed samples represent a typical, from hazel-brown to white in colour, mudstone-
wackestone (Figure 3B) with dark grey nodular to thin layered jasperoid cherts. Allochem
composition is mainly represented by compacted bioclasts and fossils (radiolarians, pelagic
lamellibranches, sponge spicules, crinoids and ammonite embryonal shells). Interlayers of lime-
mud materials are commonly recognized in respect to clay minerals—rich ones. Sparry calcite —
sealed fractures are common for this formation. Considering the jasperoid cherts, the modal
composition could be proposed as follow: carbonatic material (=65%), silica/quartz (=<35%) and
clay minerals (< 1%).

Rosso Ammonitico (cf. “Rosso Ammonitico” Fm.)

Rock samples are not available. Description from literature [ISPRA, 2007] report minor
levels of compacted nodular reddish lime-mud wackestone typified by the presence of
ammonites, embryonal ammonite shells and aptychus. Occasionally Rosso Ammonitico shows a
bioclastic packstone/grainstone microfabric.

Calcare Massiccio (cf. “Calcare Massiccio” Fm.)

This limestone formation derives by carbonatic organic buildups in a shallow neritic
environment [Wilson, 1975]. In the study area, Calcare Massiccio is constituted by whitish
fossiliferous packstone-grainstone with presence of oncoid and peloid elements. Strata enriched
in fossil. allochems (Thaumatoporella parvovesiculifera, Paleodasicladus mediterraneus,
Solenoporaceae, gastropods, echinoderms and brachiopods) show a boundstone fabric typical of
intertidal reef [Wilson et al., 1975]. Selected sample in thin section (Figure 3C), shows a nearly
total carbonatic composition with very rare quartz grain (=1%).

Calcare a Rhaetavicula contorta (cf. “Calcari a Rhaetavicula contorta” Fm.)

This unit usually shows a strong vertical variability and lateral facies heteropies. The
upper part shows an intraclastic packstone fossil-rich texture with a black to dark greyish colour.
Lamellibrach (Rhaetavicula contorta) and bivalve (Megalodon spp., Conchodon spp.) shells
represent the major fossiliferous marker. Sparry calcite, together with lime mud, totally fills
microfractures and replaces fossil fragments. A lime mud constitutes the matrix. Central portion
of the sampled section is a fossiliferous lime-mudstone with intercalation of packstone-
grainstone partially recrystallized and dolomitised. Rare vertical unsealed-microfractures are
locally reported. Basal portion shows a high grade of dolomitization. Fabric is described by an
association of calcareous dolostone and dolomitised saccaroid mudstone with calcite- and
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anhydrite- sealed fractures and cavities. Dolomitization, sealed fractures and cavities are typical
features of this formation and are interpreted as widespread consequence of late diagenetic
process [Stefani and Trombetta, 1989]. Analysed thin section (Figure 3D) shows a modal
composition described by calcite/dolomite ratio = 3:1 with quartz and clay minerals always
minor than 5%.

Burano (cf. “Anidriti di Burano” Fm.)

Burano anhydrites is constituted by an evaporitic succession of anhydrites, dolostones
and calcareous dolostones. Anhydrites are variable in colours (white, hazelnut brown, pinkish),
well crystallized and locally could contain clay minerals and organic matter. Dolostones
(brownish to dark greyish) are ultra-fine saccaroid microcrystalline; while calcareous limestones
facies are variable from mudstone to grainstone with a variable allochems (intraclasts, ooids,
fossils, and pellets). Polarized light observation of sample selected for thin section indicates
anhydrites as major constituent (<95%) associated with dolomite and calcite elements.

3.2 XRD and calcimetric analyses

Bulk mineralogical compositions were obtained by combining calcimetric determination
(carried out with a Dietrich—Fruhling apparatus) and a XRD Rietveld analysis after applying a
correction for dolomite to the calcimetry determination.

Clay minerals were determined by XRD on the clay fraction (<2 um) after reaction with
EDTA by analysing oriented-, glycol-, 450 and 600°C treated samples, through the methodology
of Cipriani and Malesani [1972].

A Rietveld refinement was performed by using the diffraction/reflectivity analysis
program Maud 2.2 (Material Analysis Using Diffraction) [Lutterotti et al., 1999] in order to
obtain a semi-quantitative analysis. Rietveld quantification procedure permits to calculate the
reciprocal ratios among present phases and normalize them (Table 1).

Performed analyses show that the caprock is composed by allochtonous marly
calcarenites and clay marls, made up of about 75 and 25% by total volume of carbonates and
silicate (quartz, smectite, muscovite, K-feldspar and chlorite) minerals, respectively (Table 1).
The reservoir is constituted by pure limestone and marly limestone deposits with calcite and
dolomite ranging from 60 to 90% by total volume, respectively, and subordinate quartz and clay
minerals (illite, chlorite and Ca-montmorillonite) (Table 1). Triassic evaporites, mainly
consisting of anhydrite and dolomite, represent the bottom of the sedimentary sequence.

4 Thermal capacity and thermal conductivity estimation

Thermal capacity and thermal conductivity of rocks was estimated on the basis on
mineral assemblage (Table 1).

4.1 Thermal capacity

Thermal capacity of rocks was calculated as a weighted sum from the contributions of the
individual mineralogical constituents (Table 1), following the general Kopp’s law [e.g., Rosen
and Hashin, 1970; Somerton, 1992; Clauser, 2006]:

pCpm . TllcmlC’ + nzcm2C, + -+ nnCmnC, (1)
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where pC,, is the matrix thermal capacity (J m> K), n, is the fractional volume of
mineral n (Table 1), C,, is the molar heat capacity of mineral n (J mol” K™) for unit volume at
constant pressure and C’ is a conversion term (mol m™) accounting for mineral density and
molecular weight. C,,, was computed following the equations reported in Table 2.

Thermal capacity increases with the temperature [e.g., Scharli and Rybach, 2001]. Its
temperature dependence can be empirically calculated by fitting molar heat capacity (Cy,)
measured at different temperatures directly to polynomials of various degrees [Maier and Kelley,
1932; Haas and Fisher, 1976; Berman and Brown, 1985; Fei and Saxena, 1987; Robertson and
Hemingway, 1995; Holland and Powell, 1996].

In this work, polynomial proposed by Haas and Fisher [1979] was used for calcite,
dolomite, quartz, clays and anhydrite:

Cm(T) = KO + KlT + KzT_Z + K3T —0.5 + K4T2 (2)

For K-feldspar the Berman and Brown [1985] equation was used:

Cn(T) = Ky + Ky, T7%° + K,T72 + K;T73 T in Kelvin, (where K;, K, <0). (3)

Where C,(T) is in J mol'K’!, T is temperature in Kelvin and K, — K5 are the empirical
coefficients for polynomials (Table 2).

Temperature correction by polynomial functions is reported working well with error
below 10% within a range of 127 — 527°C on various clean to silty sandstones, siltstones, shale,
and limestone [e.g., Somerton, 1992].

For the purpose of this work molar heat capacity coefficients of smectite as used as proxy
of all clay minerals (i.e., montmorillonite, illite and chlorite) since they are characterized by very
similar thermo-physical properties.

The thermal capacity of fluids (air, water, gas or oil) occupying pores and fractures of
rock plays an important role in the total thermal capacity.

Thermal capacity of water (pC,,), have be considered in the bulk thermal capacity
equation (Kopp’s law) in function of porosity, assuming that all pores are filled with water:

PCop =PCpm - (1L — @) + pCpy - @ 4)

where C,; is the bulk rock thermal capacity (J mol™ K™), pCpm 1s the matrix thermal
capacity, pC,, is the thermal capacity of water, ¢ is porosity (fraction volume).

On first approximation, not knowing porosity of rocks, an initial theoretic value of 1%
was assigned to each formation (third column in Table 3) [Clauser and Huegens, 1995; Singh et
al., 2007]. This value was successively modified by a trial-and-error procedure to find the best fit
with the measured temperature of the well log.

Thermal capacity values for rock samples at in situ formation temperature are reported in
Table 3.
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4.2 Thermal conductivity

Thermal conductivities of Matilde 1 rock formations were obtained from literature data.

Although thermal conductivity, as thermal capacity, depends on mineralogical
composition, microfabric, temperature and saturating fluids [e.g., Birch and Clark, 1940;
Brigaud and Vasseur, 1996; Clauser and Huenges,; 1996; Clauser, 2006], an indirect estimation
of this parameter is subject to considerable uncertainties.

This is due to the fact that thermal conductivity of many sedimentary and metamorphic
rocks 1s anisotropic and is controlled not only by mineralogy but also by porosity, size, shape,
orientation of pores, density, structure, and fabric of the material as well as degree of
crystallization [Demirci et al., 2004; Gorgulu, 2004; Singh et al., 2007]. Literature acknowledges
for this, and there are many functions that link mineral abundance, volumetric distributions of
minerals and thermal conductivity [e.g., Torquato, 1991; Dagan, 1994]. On the other hand, it is
useful to note that a well-connected network of conductive minerals with minor not-conductive
minerals have an overall conductivity major than if the contrary happen, for the same mineral
composition. Thus the selection of function linking mineral abundances to rock conductivity
should be done after a careful investigation of the microstructure of the rocks. Moreover,
equations and models for temperature dependence [e.g., Sass et al., 1992; Funnel et al., 1996;
Zoth and Hdnel, 1988; Seipold, 1998; Vosteen and Schellschmidt, 2003; Khandelwal, 2011; Do
and Hoxha, 2013] introduce further uncertainties, since they can give quite different results for
the same rock, even though the thermal conductivity at room temperature are the same [Lee and
Deming, 1998].

Several extensive compilations of matrix thermal conductivity are available for a large
number of rocks [e.g., Birch, 1942; Clark, 1966; Desai et al., 1974, Kappelmeyer and Hanel,
1974; Roy et al., 1981; Cermak and Rybach, 1982; Robertson, 1988]. These compilations include
heterogeneous data, resulting in a great variability of thermal conductivity for each particular
rock in function of temperature and anisotropy.

Since the uncertainties in the thermal conductivity estimation, for the purpose of this
study thermal conductivities of rocks were computed using the proper equations taken, according
to the petrographic investigations, from measured values as function of temperature and pressure
listed in Robertson [1979, 1988], Kappelmeyer and Hinel [1974], Majzlan et al. [2002],
Eppelbaum et al. [2014] directly for the in situ temperatures of Matilde 1 well. For each rock
formation, we computed matrix thermal conductivity, taking into account the amount (Table 1)
and orientation of minerals such as their thermal conductivities reported in Diment and Pratt
[1988], Clauser and Huenges [1995].

Matrix thermal conductivity values for rock samples (4,,) at formation temperature are
reported in Table 3.

5 Porosity and permeability estimation

Estimated thermal capacity and conductivity of rock formations were successively
expressed in function of porosity and permeability by a flow and heat transport modelling.
Numerical simulations were carried out simultaneously modifying porosity, permeability and
dependent parameters, by a trial-and-error procedure, to find the best fit between calculated and
measured well log temperatures, thus obtaining a porosity-permeability profile along the
stratigraphic sequence of Matilde 1 well.

The simulations were performed by the Simulator for HEat and MAss Transport
(SHEMAT code V.7.1) [Clauser, 2003]. SHEMAT solves coupled problems involving fluid
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flow, heat transfer, species transport and water-rock interaction [e.g., Gessner et al., 2009; Kiihn,
2009; Kiihn and Gessner, 2009a,b] in a wide variety of thermal and hydrogeological problems
[e.g., Kiihn et al., 2002; 2006; Kiihn and Stofen, 2005; Kiihn and Giinther, 2007].

The solution algorithm uses an iterative sequential method to solve for the fluid flow,
solute and heat transport. Flow and transport are based on space discretization by finite
difference in centred blocks for 2D and 3D Cartesian domains in a saturated porous medium.

The groundwater flow equation used by SHEMAT for variable density conditions is:

9 Kk ,
prg(a+9B) 52 =V |22 (Vho + p, V)| + W (5)

where py is the fluid density (kg m™), g is the gravitational acceleration (m s?), « is the
rock compressibility (Pa™), ¢ is the porosity, # is the fluid compressibility (Pa™), &y is the
hydraulic constant density reference potential (head; m), ¢ is time (s), k is the permeability (m?),
u is the:dynamic viscosity (Pa s), p,, is the rock matrix density (kg m™), z is the elevation (m), ¥’
is the fluid sink or source term (m’ s™).

The heat transport equation used by SHEMAT in a Cartesian coordinate system (X, y, z)
is :

V(AVT — pscTv) + H = Z—:(gopfcf + (1= ®)Pmm) (6)

where 4 is the bulk thermal conductivity (Wm™ K), Tis the temperature (°C), p is the
density (kg m™), ¢ is the specific heat capacity (J k' kg™) and the subscripts fand m signify fluid
and rock matrix, respectively; v is the Darcy velocity (m s™), H is the volumetric heat production
(Wm™); ¢ is the porosity. Further details on the process capabilities can be found in Clauser
[2003].

5.1 Model properties

The stratigraphic sequence of Matilde 1 well was reconstructed in SHEMAT by means of
a simplified three-dimensional model. The conceptual model has a vertical development of more
than 3500 m, from the sea bottom to the basement of the structure, including all the stratigraphic
units identified in the well log. Laterally it extends of 1250%1250 m to reduce boundary effects.
Maiolica and Diaspri were grouped as an one rock formation since the small tick of Diaspri to
reduce the layers number and to favour numerical model convergence. The horizontal domain
was discredited using a 8125 cells Cartesian grid, with 25 rows, 25 columns and 13 confined
layers.

The system is assumed as a homogeneous porous medium, fully saturated with a NaCl
0.4M (0.24g/L) brine with density of 1005 kg m™. The limit of this procedure is the assumption
that it held only with Darcyan flow. This is true for permeability up to 10" m?.

Flow and heat transport are coupled via the dependence of the material and fluid
properties on temperature. The II’in-flux-blending scheme [Clauser and Kiesner, 1987] was
chosen from options implemented in SHEMAT for solving the equations of heat and species
transport. This scheme reduces the numerical dispersion, adapting automatically to the local
strength and direction of flow.
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The heat transport depends on flow in case of advective heat transfer and by virtue of the
pressure dependence of fluid thermal conductivity and fluid volumetric heat capacity. In our
model; thermal conductivity and thermal capacity were considered constant at specified in situ
temperature, and the coupling of the rock thermal properties on the temperature was disabled.

Matrix thermal conductivity was inserted as input, since SHEMAT internally calculates
bulk thermal conductivity (1) in function of porosity and saturating fluid density according to
arithmetic mean:

A= 1=@)+ Ay, ¢ (7

where ¢ is porosity and 4, and A,, are the thermal conductivity (Wm™ K-') of matrix and
water, respectively. Arithmetic mean was preferred to geometric mean for analogy with thermal
capacity calculation Eq. (4) and because it is more suitable for samples with conductive matrix.

Initial temperatures of rock formations were assigned by using values measured during
the well drilling (Figure 1) and a fixed sea floor temperature of 17 °C [Bossolasco, 1954].
Temperature values were permitted to change during the simulation steps.

A constant heat flow of 0.08 W m'z, obtained as results of the calibration procedure, was
set as boundary condition at the bottom layer of the model.

No heat or fluid flow across the other boundaries of the domain were allowed. Pore
compressibility was set to 1.00x'° Pa™.

Simulations were performed for a time of 100,000 years in order to achieve the natural
state condition.

As mentioned before, an initial porosity of 1% was assigned to all formations. A
corresponding initial permeability was estimated among the available and pre-defined porosity-
permeability relationships in SHEMAT. Correlation models between porosity and permeability
are well established in literature [e.g., Carman, 1956; Verma and Pruess, 1988] and they depend
on the main mineralogical composition of each layer and pore structure. In this study, the fractal
‘“‘pigeon hole’” model of Pape et al. [1982,1984,1987a,b; 1999] was used since it: i) is
particularly close to the natural appearance of pore space in sedimentary rocks [e.g., Kiihn et al.,
2002]; ii) accounts for the mineralogical constituents of rock.

A general equation is [Pape et al., 1999]:

k = A@Pri + BoPrz + CoPrs (8)

where k is the permeability (nm?®), A, B and C are parameters specific for each type of
rock, ¢ 1s porosity, and the exponent Dy, depend on the fractal dimension of the internal surface
of the pore space. The coefficients 4, B, and C need to be calibrated for each type of rock or
chemical pore-space modification.

On the basis of the mineralogical and petrographic analyses (Table 1), we used two
relationships accounting for the fraction of clay minerals (i.e., clay coating model) and for the
structure of matrix cement minerals (calcite coating and coarse anhydrite models) in the caprock
and reservoir, respectively.
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The clay coating model combines Eq. (8) with the Kozeny—Carman equation [Carman,
1956] which links permeability to the effective pore radius and the formation factor to produce
[Pape et al., 1999] a three term power series of porosity:

kclay =Agp + B(pz + C(]-O‘p)lo )

where A, B and C are parameters derived from a large set of measurements of &k and f'in
the laboratory for different ranges of clay fraction in sandstones (Table 4). The Eq. (9) was
applied to the formations constituting the sedimentary coverture above the reservoir and to the
Maiolica and Diaspri, since the latter have a limestone fabrics and a matrix particle size
characterized by lime-mud (clay-size) biolothitic mudstone (Table 1).

The coating model assumes the presence of small channels whose tortuosity and
connectivity depend on the filling material. Therefore the general Eq. (8) reduces to a single
exponential term, with different coefficients and fractal exponents for matrix characteristics. For
the reservoir, where the matrix cement is mainly calcite, a calcite coating model was applied:

kcaicite = 42073(10§D)5 (10)

For the Burano a coarse anhydrite model was applied:

kanhydrite = 0-309(100(p)4'84 (1)

The relationships between porosity and permeability, according to the procedure just
described, allow to consider porosity as the one independent variable of model, since thermal
capacity and thermal conductivity of rock formations are also expressed as a function of porosity
(1%). With a trial-and-error procedure, porosity and the other correlated parameters were
simultaneously modified until the best fit between computed and measured temperatures was
obtained.

6 Results and discussion

Heat transport simulation results along with the input data are reported in Table 3.

The heat transport simulation in SHEMAT produces as output a temperature value for
each cell of the grid model (Figure 4a). Computed temperatures mainly depend on heat flow,
porosity and permeability, thermal capacity and thermal conductivity of rock formations. The
trial-and-error procedure was performed, changing these parameters, until the obtained
temperature profile (Figure 4b) substantially matched the measured temperatures reported in the
Matilde 1 well log (Figure 1).

As additional measured temperatures, the AGIP underground data [AGIP, 1977],
gathering all borehole temperatures achieved during the AGIP research and production of
hydrocarbon in Italy, were considered and plotted in Figure 4b. For Matilde 1 well, AGIP book
reports temperatures of 30 °C at 297 m b.s.1., 39 °C at 634 m, 88 °C at 2196 m, 86 °C at 2438 m
and-115 °C at 3076 m b.s.1..
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The goodness of fit between simulated and measured temperatures (including AGIP data)
was assessed by the coefficient of efficiency E [Nash and Sutcliffe, 1970], computed for the
same depths interpolating lacking simulated data by a polynomial fitting.

The best fit resulting from the modelled and measured temperature (including AGIP data)
shows a coefficient of efficiency E = 0.75. This value is limited by the internal correlation
between measured and AGIP data.

Figure 4a shows the computed temperatures in function of depth. Temperatures ranges
from 23 °C, at the centroid of Clay, to 144 °C at the centroid of Burano.

Well log measured temperature show wide variations, with a saw tooth shape, especially
in the reservoir. The temperature measurements during drilling is a complex function of wellbore
geometry, depth, penetration rate, duration of the shut-in intervals, pump and rotary inputs, fluid
and formation properties [Eppelbaum et al., 2014]. Then, the measured HT —hole temperatures
can significantly differ from the formation equilibrium temperature and should be corrected
[Kutasov and Eppelbaum, 2015]. Moreover, the determination of transient temperature under
circulation and shut-in conditions is complicated by the occurrence of loss circulation [Fomin et
al., 2003; 2005; Bassam et al., 2010]. If loss circulation occurs, drilling fluid would be flown
into.surrounding formation so that it becomes hard to precisely define the temperature profile of
a well. In the Matilde 1 well, the temperatures measured at 3132 m and 3492 m b.s.l. (Figure 1)
correspond to total loss of circulation. As evidence of the scattering in measured data, the
efficiency. coefficient between computed temperatures and well log measured values is 0.24,
indicating that model prediction is as accurate as the mean of the observed data.

AGIP data has a more linear behaviour with depth, displaying a high coefficient of
efficiency with computed temperate (E = 0.99). This good correlation demonstrates that the
proposed.model is valid and can be considered efficient in the evaluation of the temperature
behaviour at depth.

On the basis on both computed temperatures and AGIP data, a geothermal gradient of
about 0.0328 °C/m was estimated (first column in Table 3) and plotted in Figure 4b. This
substantially follows the temperatures calculated by the heat transport simulation. Small
variations between computed temperature and the geothermal gradient are visible in the Calcari a
Rhaetavicula contorta and Burano formations, likely due to the presence of convection processes
into the most permeable reservoir formations (Figure 4b). If convection is predominant, we
would lose the model sensitivity with respect to rock thermal properties, since convection is the
most efficient mechanism for heat transfer.

Temperature profile and the heat transport from bottom to surface depend mainly on
fluid-dynamic properties of rock formations, i.e. porosity and permeability. In the presented
model porosity is a primary variable whereas permeability is related to porosity by Pape et al.
[1982; 1984; 1987a,b; 1999] correlation model.

The choice of a suitable porosity-permeability relationship is challenging. Because of the
complexity and diversity of the pore geometry of natural geologic media, a generally valid
porosity-permeability relationship is not always valid for all porous media [Raffensperger,
1996], and in some cases different formulations may be preferable [e.g., Verma and Pruess,
1988; Steefel and Lasaga, 1994] from those applied in this model. This is true especially for
carbonatic rocks, cause to their complex faulting and fracture behaviour, the interaction between
fractures and matrix rock and the diagenetic processes. The porosity-permeability relationships
used in this study are valid for porous media with a fractal behavior such as sandstones. Their
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application to carbonatic rocks entails significant uncertainties to model results that are barely
quantifiable. However, conventional relationships are weak in carbonates, giving poor results
[Buiting and Clerke, 2013]. Consequently, the correlation model choice was done according to
the petrographic observations and to the most suitable model for such features.

Porosity (Figure 5a) in the caprock is very low, ranging from 3% of flyschoid formations
(i.e., Carbonatic and Arenaceous Flysch) and Argilloscisti Varicolori, representing the bottom of
Liguride complex, to 5% of Scisti P. that constitute the low permeability top of Tuscan Nappe in
this area. Clay at the top of stratigraphic column shows high porosity (i.e. 14%) but low
permeability (2.94x10"7 m?; Figure 5b).

The reservoir has higher porosity ranging from 5% of Maiolica and Diapri and Rosso
Ammontitico to 9% of Mesozoic limestones (i.e. Calcari Selciferi, Calcare Massiccio and Calcare
a Rhaetavicula contorta). The Burano closes the stratigraphic sequence with a porosity of 6%.

Permeability profile varies consequently to porosity, depending from the different applied
coating models as function of mineralogical composition (Tables 1 and 3). The Liguride complex
shows the lowest permeability (7.65x10"® m* Figure 5b), whereas Calcare Massiccio and
Calcare a Rhaetavicula contorta have the highest values (2.48x10"* m?). Although Maiolica and
Diaspri belong to the reservoir, they are characterized by a clay-size matrix (i.e., crystal size < 4
um) that-affects the tortuosity of pores. Therefore the use of clay coating model for the layer
representing these formations noticeably reduces its permeability (2.04x107" m?). Similarly, the
significant micritic quartz presence as vein filler in the Calcare Selcifero produces a decreased
permeability (i.e., 2.34x 10" m?) with respect to other carbonatic formations. This decreasing is
proportional to the pore space occlusion, reducing the hydraulic section (or increasing tortuosity)
due to the vein volume occupied by quartz [e.g., Nicholl et al., 1999]. The Rosso Ammonoitico,
characterized by low porosity and permeability values (5% and 1.07x10"° m? respectively),
constitutes a permeability barrier to fluid and heat transport from bottom to the surface.

Computed permeability values of carbonatic rock formations of reservoir are consistent
with values calculated by Agosta at al. [2007] for fractured host rocks, belonging to Jurassic-
Cretaceous calcareous successions, which range between 7.12x10"° and 6.72x10™"* m”.

Porosity and permeability values of rocks are rarely reported in the well log information.
Some values are available in the VIDEPI Project [http://www.videpi.com] for carbonatic
formations belonging to Tuscan Nappe since they were among target formations for hydrocarbon
explorations. Values reported for limestones widely range from 0.4 to 25% of porosity and from
0.01 to 40 mD (1x107" to 4.0x10™* m?), depending on degree of fracturing. Unfortunately these
data refer to wells far from the Matilde 1 and they are not properly representative of Matilde 1
diagenesis.

Porosity of Matilde 1 rock formations controls the thermal capacity and the thermal
conductivity that were updated for each trial-and-error step. Final values are reported in Table 3
(fourth and fifth column) and showed in Figure 6.

Computed thermal capacity ranges from 2.17 to 2.66 MJ m” K™ for ¢ of 1% and from
2.43 t0 2.79 MJI m~ K" in wet conditions. In both cases, highest values are observed for Calcare a
Rhaetavicola contorta mainly due to the influence of the dolomite component. The lowest
thermal capacity is showed by clays for ¢ of 1% conditions and by Carbonatic Flysh for wet
conditions. In this case a major role is played by the porosity and clay content that control the
bulk thermal capacity. Thermal capacity values used in this study result in close agreement with
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values reported in Kappelmeyer and Hdnel [1974]; Proselkov [1975]; Eppelbaum et al. [2014];
ETB [2011] for clays, sandstones, marly and limestones.

Matrix thermal conductivity of Matilde rock formations was obtained from literature data
(e.g., compilation data reported in Eppelbaum et al. [2014]) for a temperature range of 20 —
200°C, after evaluating the matrix fabric according to the petrographic investigations. Fluid
effect was internally computed by SHEMAT on the basis of assigned porosity (Table 3 and
Figure 6b). Thermal conductivity at in situ temperature ranges from 1.70 Wm™ 'K of Scisti P. to
4.10 Wm 'K 'of Burano. The lowest values were set to Argilloscisti Varicolori and Scisti P.,
whereas the highest value was set to Burano. In both cases, these values are mainly due to the
influence of mineralogical components and temperature. A direct comparison of this study data
with other literature values is not easy since the published values of rocks are generally reported
at temperature of 25°C. Moreover, temperature dependency functions for thermal conductivity
are often not specified.

The proposed method presents many advantages such as the development of an internally
consistent dataset and the structured derivation of the main petrophysical reservoir parameters
from this dataset.

However, the described approach is prone to some uncertainties, also due to the
calibration method of petrophysical data with measured temperatures. The trial-and-error
procedure is highly labour-intensive and it requires fundamental knowledge of the model.
Moreover, the subjectivity of the manual calibration procedure makes it very likely that many
different solutions may lead to equally “good” results [Boyle et al., 2000].

We are aware that a manual calibration can be inefficient for a generally useable method and that
an automatic method for parameter optimisation could explore the whole parameter space more
efficiently. Although an automatic approach is able to provide objective and good parameter
estimates (in the sense that it establishes explicit rules by which the actual sequence of parameter
adjustments is made), it can also "degenerate in to pure curve fitting and produce a set of
parameters that fit the calibration reasonably well but are hydrologically unrealistic” [Peck,
1976]. To efficiently use automatic methods one should pose constrains to the available range of
parameters, thus it also would require a fundamental knowledge of the model.

Finally, the uncertainty in the automatic estimation data diminishes as sample size increases,
since the accuracy of any estimator depends on the distribution of the data.

7 Conclusions

A preliminary evaluation of the underground in terms of geological gas storage (CO; and
/ot CHy4) and geothermal energy, also in areas previously unexploited, is becoming an urgent task
to reduce anthropogenic emissions of GHG.

An accurate estimate of the underground requires the knowledge of specific parameters
compulsory to characterize the thermal and hydraulic properties of the reservoir and to define the
reservoir capacity and potentiality.

During the early stage of a feasibility study the availability of data from exploration and
development drilling are often lacking and/or inadequate. This work proposed a simple
methodology to estimate the rocks petrophysical properties of a selected site integrating
mineralogical composition of rock formations, borehole measured temperatures and flow and
heat transport modelling. A practical example of this procedure was performed in this work for
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an off-shore Italian deep structure reconstructing, from the seafloor to the bottom of the
structure, thermal capacity, thermal conductivity, permeability and porosity of rock formations.

The results show a good correlation between the vertical profile of temperature,
computed by numerical simulation, and the available borehole temperatures including the AGIP
underground data. This supports the validity and reliability of the proposed model, suggesting
the possibility of its application in other areas to evaluate their suitability for geological gas
storage or geothermal energy application.

Moreover, this simple approach presents many advantages such as the integration of
missing data in the porosity, permeability, thermal capacity and conductivity framework through
a theoretical approach, providing an internally consistent dataset.

Although the uncertainties of manual calibration, the parameters obtained represent a
possible representation of the investigated system and can be an useful tool for both reservoir
engineering and geochemical modellers in the assessing of reservoir storage capacity in a first
stage of pre-feasibility studies.
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Table 1.Mineralogical composition of rock formations.

Sedimentary Coverture Reservoir
. . . . .o Calcare a
Formation™. Clay Carbonatic ~ Arenaceous Argll.losms.tl Scisti Ma1lohca. Calgare ROSS.O. . Calgarg Ractavicola  Burano
Flysh Flysh Varicolori P. & Diaspri ~ Selcifero =~ Ammonitico®  Massiccio .

Mineral Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.% Vol.%
Calcite 25.5 95.20 70.41 83.8 61.20 95.4 66.10 96.10 99.30 74.78 0.20
Quartz 7.0 3.07 15.58 536  36.00 3.36 31.40 3.67 0.59 0.60 -
Dol.-dis 1.4 - 1.76 - - - - - - 23.98 0.80
K-feldspar 6.2 - - - - - - - - - -
Na- 18.5

smectite ) ) ) i ) ) i ) ) )
Ilite 4.0 1.3 5.13 3.50 1.10 1.23 0.2 - - - -
Chlorite 6.1 0.12 2.02 3.24 0.21 - 0.2 - - - -
Kaolinite 2.5 - - - - - - - - - -
Muscovite 7.9 - - - - - - - - - -
Ca ) 0.28 4.04 4.10 1.40 - 2.0 0.20 - 0.64 -
Montm.

Anhydrite - - - - - - - - - - 98.9

Dol.-dis: disordered dolomite. Ca-Mont.: Ca-montmorillonite. *: Marly facies of Calcare Massiccio, mineralogical composition was
inferred by composition of Calcare Massiccio (Morettini et al., 2002).
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Table 2. Equations for mineral molar heat capacity (C,,) calculation in function of temperature.

Temperature Cu(T)

Mineral range (K) (7 mol K™ Reference
Calcite 298-775 —184.79 + 0.32322T — 3688200T 2 — (1.2974 x b L1
10-4)T? + +3883.572 Jacobs et al., 1995
Dolomite 298-650 547.88 — 0.16759T + 2.84 x 10°T 2 4+ 7.7076 x 107°T? Krupka et al., 1985
Quartz 298-1000 81.1447 + 0.0182834T + 5.4058 x 107°T? . 198
— 698.458T "5 — 18098672 Hemingway, 1987
Clay 298-1000 491.66 + 0.74053T + 2400072 Gailhanou et al.,
minerals* 2012
K-feldspar 250-370 381.37 — 1941T7%5 — 1203730072 + 18364300007 3 Openshaw et al.,
1976
i - _ -2 2
Anhydrite 300-1000 372.80 0.1574’1;-;313609;;)1(_)8;" + 0.00007993T Robie et al., 1989

T: Temperature (K). * Molar heat capacity coefficients of smectite as used as proxy of all clay
minerals.
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Table 3. Petrophysical properties of geological formations at in situ temperature, used in the
numerical simulations

Formation T pC, (T) pC, (T) A (T) (0] k o-k

(°C) MIm”°K") (MIm°K") (Wm'K™") (%) (m?) correlation model

¢ =1%  Final profile Final profile Final profile

Clay 23 2.17 2.43 2.09 14 2.94x10™" clay coating
Carbonatic Flysh 31 2.31 2.34 225 3 7.65x107"* clay coating
Arenaceous Flysh 62 2.45 2.48 2.56 3 7.65x107"* clay coating
Argilloscisti V. 95 2.59 2.62 1.71 3 7.65x107"® clay coating
Scisti P. 98 2.44 2.51 1.70 5 2.04x10"7 clay coating
Maiolica & Diaspri 100 2.48 2.55 2.15 5 2.04x10"7 clay coating
Calcare Selcifero 103 2.46 2.61 2.23 9 2.34x10™ calcite coating
R. Ammonitico 106 2.59 2.66 2.14 5 1.07x10"°  calcite coating
C. Massiccio 113 2.55 2.69 2.14 9 2.04x10™ calcite coating
C. Raetavicula 128 267 2.80 2.05 9 2.04x10™  calcite coating
Burano 137 2.60 2.70 4.10 6 1.84x10"°  coarse anhydrite

T: Temperatures in the centroid of each formation following a geothermal gradient of 0.0328
°C/m and a sea temperature of 17°C [Bossolasco, 1954], estimated on the basis on both
simulated temperatures and AGIP data. pCpy(T): bulk thermal capacity at in situ temperature;
Am(T) matrix thermal conductivity at in situ temperature. @: bulk porosity; k: permeability.
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Table 4. Coefficients A, B, C for Eq. (9) for different clay fraction volume

Clay fraction volume A B C

>0.02 31 7463 191
0.02=0.10 155 37315 630
0.10-0.30 6.2 1493 58
>0.50 0.1 26 1
From Clauser (2003).
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Captions

Figure 1. Simplified Matilde 1 well-log. Depths (m) are referred to sea level.

Figure 2. Location map of in-shore outcrop rock samples and Matilde 1 well (yellow star).
Quaternary clay and Rosso Ammonitico do not outcrop in the contiguous areas. For Burano,
cuttings from Sabatini 8 well were used.

Figure 3. Representative Mesozoic limestone fabrics as observed in thin sections at polarized
light. A) Maiolica mudstone characterized by minor bioclastic elements dispersed in a very fine
lime-mud matrix. B) Calcari Selciferi mudstone typified by a centimetric jasperoid chert nodule
(in dark grey). C) Calcare Massiccio biolithitic pakstone-grainstone characterized by the typical
biosparitic texture. D) Calcare a Rhaetavicula contorta fossiliferous saccaroid packstone.

Figure 4. a) Computed temperature profile vs depth. b) Comparison among computed
temperatures, well log measured temperatures, AGIP data (AGIP, 1977) estimated geothermal
gradient for the study area vs depth (m). Depths are referred to sea level.

Figure 5. a) Porosity and b) permeability profile vs depth (m) for Matilde 1 well. Depths are
referred to sea level.

Figure 6. a) Thermal capacity and b) thermal conductivity profiles vs depth (m) for Matilde 1
well. Depths are referred to sea level.
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