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1.1
Expressions of Earth’s Heat Sources

1.1.1
Introduction to Earth’s Heat and Geothermics

Scientific background concerning the heat flow and the geothermal activity of the
earth is of fundamental interest. It is established that plate tectonics and activities
along plate margins are controlled by thermal processes responsible for density con-
trasts and changes in rheology. Thus, any attempt to better understand the earth’s
thermal budget contributes to the knowledge of the global dynamics of the planet.
Information on the sources and expressions of heat on earth since its formation
can be deduced from combined analyses of seismic studies with mineral physics,
chemical composition of primitive materials (chondrites), as well as pressure—
temperature—time paths reconstituted from mineralogical assemblages in past and
eroded orogens.

Knowledge of heat transfer processes within the earth has greatly improved
our understanding of global geodynamics. Variations of surface heat flow above
the ocean floor has provided additional evidence for seafloor spreading (Parsons
and McKenzie, 1978), and improved theoretical models of heat conduction within
oceanic plates or continental crust helped to constrain mantle dynamics (Sclater,
Jaupart, and Galson, 1980; Jaupart and Parsons, 1985). When deeper heat trans-
fer processes are considered, thermal convection models explain a number of
geophysical and geochemical observations (Schubert, Turcotte, and Olson, 2002).
It must be, however, noted that at a smaller scale (closer to the objective of this
chapter), say within the few kilometers of the subsurface where water is much more
present than at depths, a number of geological and geothermal observations are
not well understood. As emphasized by Elder (1981), crustal geothermal systems
may appear as liquid- or vapor-dominated systems, where physics of water—rock
interactions greatly differs from one case to the other. Actually, as soon as hy-
drothermal convection arises among the active heat transfer processes, everything
goes faster since heat exchanges are more efficient than without circulating water.
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It is thus important to delineate which type of heat transfer process is dominant
when geothermal applications are considered. Examples of diverse geothermal
systems are given below.

Within the continental crust, a given heat source can be maintained for distinct
time periods according to the associated geological system. Hydrothermal fields
seem to be active within a temporal window around 10*~10° years (Cathles, 1977),
whereas a magma reservoir would stay at high temperatures 10-100 times longer
(Burov, Jaupart, and Guillou-Frottier, 2003). When radiogenic heat production is
considered, half-lives of significant radioactive elements imply timescales up to
107 years (Turcotte and Schubert, 2002). At the lower limit, one can also invoke
phase changes of specific minerals involving highly exothermic chemical reactions
(e.g., sulfide oxidation and serpentinization) producing localized but significant
heat excess over a short (10°~10* years) period (Emmanuel and Berkowicz, 2006;
Delescluse and Chamot-Rooke, 2008). Thus, description and understanding of
all diverse expressions of earth’s heat sources involve a large range of physical,
chemical, and geological processes that enable the creation of geothermal reservoirs
of distinct timescales.

Similarly, one can assign to earth’ heat sources either a steady state or a transient
nature. High heat producing (HHP) granites (e.g., in Australia, McLaren et al.,
2002) can be considered as permanent crustal heat sources, inducing heating of
the surrounding rocks over a long time. Consequently, thermal regime around
HHP granites exhibits higher temperatures than elsewhere, yielding promising
areas for geothermal reservoirs. On the contrary, sedimentary basins where heat is
extracted from thin aquifers may be considered as transient geothermal systems
since cold water reinjection tends to decrease the exploitable heat potential within
a few decades.

Finally, regardless of the studied geological system, and independent of the
involved heat transfer mechanism, existence of geothermal systems is first con-
ditioned by thermal regime of the surroundings, and thus by thermal boundary
conditions affecting the bulk crust. Consequently, it is worth to understand
and assess the whole range of thermal constraints on crustal rocks (phys-
ical properties as well as boundary conditions) in order to figure out how
different heat transfer mechanisms could lead to generation of geothermal
systems.

The following subsections present some generalities on earth’ heat sources and
losses in order to constrain thermal boundary conditions and thermal processes
that prevail within the crust. Once crustal geotherms are physically constrained by
the latter and by rock thermal properties, distinct causes for the genesis of thermal
anomalies are discussed.

1.1.2
Cooling of the Core, Radiogenic Heat Production, and Mantle Cooling

The earth’s core releases heat at the base of the mantle, through distinct
mechanisms. Inner-core crystallization, secular cooling of the core, chemical
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separation of the inner core, and possibly radiogenic heat generation within
the core yield estimates of core heat loss ranging from 4 to 12TW (Jaupart,
Labrosse, and Mareschal, 2007). Precise determinations of ohmic dissipation and
radiogenic heat production should improve this estimate. Independent studies
based on core—mantle interactions tend to favor large values (Labrosse, 2002),
while according to Roberts, Jones, and Calderwood (2003), ohmic dissipation
in the earth’s core would involve between 5 and 10TW of heat loss across the
core—mantle boundary. The averaged value of 8 TW (Jaupart, Labrosse, and
Mareschal, 2007) is proposed in Figure 1.1.

Total heat loss =46 TW

Heat production within the crust and mantle lithosphere =7 TW

Heat loss from the mantle = 39 TW

Heating from Heating source

the core within the mantle Mantle cooling

8TW 13TW 18 TW

Figure 1.1 Heat sources and losses in the earth’s core and
mantle. (After Jaupart, Labrosse, and Mareschal, 2007.)

The earth’s mantle releases heat at the base of the crust. Radiogenic heat
production can be estimated through chemical analyses of either meteorites,
considered as the starting material, or samples of present-day mantle rocks.
Different methods have been used; the objective being to determine uranium,
thorium, and potassium concentrations. Applying radioactive decay constants
for these elements, the total rate of heat production for the bulk silicate earth
(thus including the continental crust) equals 20 TW, among which 7TW comes
from the continental crust. Thus, heat production within the mantle amounts
to 13TW (Figure 1.1, Jaupart, Labrosse, and Mareschal, 2007). Since total heat
loss from the mantle is larger than heat input from the core and heat generation
within it, the remaining heat content stands for mantle cooling through earth’s
history.

Mantle cooling corresponds to the difference between total heat loss from the
mantle (39TW) and heat input (from the core, 8 TW) plus internal generation
(13TW). This 18 TW difference can be converted into an averaged mantle cooling
of 120°C Gy~ !, but over long timescales, geological constraints favor lower values
of about 50°C Gy~!. Knowledge of the cooling rate enables one to draw a more
accurate radial temperature profile through the earth (Jaupart, Labrosse, and
Mareschal, 2007). However, as it is shown below, precise temperature profile
within the deep earth does not necessarily constrain shallow temperature profiles
within the continental crust.
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1.1.3
Mantle Convection and Heat Loss beneath the Lithosphere

Heat from the mantle is released through the overlying lithosphere. Spatially
averaged heat flow data over oceans and continents show a strong discrepancy
between oceanic and continental mantle heat losses. Among the 46 TW of total
heat loss, only 14 TW is released over continents. In terms of heat losses, two major
differences between continental and oceanic lithospheres must be explained.
First, oceanic lithosphere can be considered as a thermal boundary layer of the
convective mantle since it does participate in convective motions. Actually, oceanic
heat flow data show a similar decrease from mid-oceanic ridges to old subducting
lithosphere as that deduced from theoretical heat flow variation from upwelling-
to downwelling parts of a convecting system (Parsons and Sclater, 1977). Second,
heat production within the oceanic lithosphere is negligible when compared to that
of the continental lithosphere, enriched in radioactive elements. It follows that the
oceanic lithosphere can be considered as a “thermally inactive” upper boundary
layer of the convective mantle. In other words, the appropriate thermal boundary
condition at the top of the oceanic mantle corresponds to a fixed temperature
condition, which is indeed imposed by oceanic water.

Contrary to oceanic lithosphere, continental lithosphere is not directly subducted
by mantle downwellings and behaves as a floating body of finite thermal conductivity
overlying a convective system (Elder, 1967; Whitehead, 1976; Gurnis, 1988; Lenardic
and Kaula, 1995; Guillou and Jaupart, 1995; Jaupart et al., 1998; Grigné and
Labrosse, 2001; Trubitsyn et al., 2006). Even if atmospheric temperature can be
considered as a fixed temperature condition at the top of continents, it does not
apply to their bottom parts (i.e., at the subcontinental lithosphere—asthenosphere
boundary) since heat production within continents create temperature differences
at depths. Depending on crustal composition, heat production rates can vary from
one continental province to the other, and lateral temperature variations at the
conducting lithosphere—convecting asthenosphere boundary are thus expected. It
follows that thermal boundary condition at the base of the continental lithosphere
may be difficult to infer since thermal regime of continents differs from one case
to the other. However, as it is suggested below, some large-scale trends in thermal
behavior of continental masses can be drawn and thus a subcontinental thermal
boundary condition may be inferred.

1.1.3.1 Mantle Heat Flow Variations

Since radiogenic heat production is negligible in oceanic lithosphere, heat flow
through the ocean floor corresponds to mantle heat flow at the bottom of the
oceanic lithosphere. This suboceanic heat flow varies from several hundreds of
milliwatts per square meter at mid-oceanic ridges to about 50mW m~2 over
oceanic lithosphere older than 80 Myr (Lister et al., 1990). When thermal effects
of hydrothermal circulation are removed, this variation is well explained by the
cooling plate model.
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Beneath continents, mantle heat flow variations do not follow such simple
physical consideration since large contrasts exist for both crustal heat production
and lithospheric thickness. However, at the scale of the mantle, heat loss is
mainly sensitive to large-scale thermal boundary conditions at the top of the
convecting system, and not to the detailed thermal structures of the overlying
lithospheres. Beneath continents, the earth’s mantle is not constrained by a fixed
temperature condition as is the case beneath oceanic lithosphere (see above), and
thus large-scale temperature and heat flow variations are expected at the top surface
of the subcontinental convecting system.

Surface heat flow measurements over continents and estimates of associated heat
production rates have shown that mantle heat flow values beneath thermally stable
(older than about 500 Myr) continental areas would be low, around 15 & 3 mW m—2
(Pinet et al., 1991; Guillou et al., 1994; Kukkonen and Peltonen, 1999; Mareschal
et al., 2000). On the contrary, mantle heat flow would be significantly enhanced
beneath continental margins (Goutorbe, Lucazeau, and Bonneville, 2007; Lucazeau
et al., 2008) where crustal thickness and heat production rates decrease. Old central
parts of continents would be associated with a low subcontinental mantle heat
flow while younger continental edges would receive more heat from the mantle.
The so-called “insulating effect” of continents is described here in terms of heat
transfer from the mantle to the upper surface, where most of mantle heat flow is
laterally evacuated toward continental margins and oceanic lithosphere. The term
insulating should in fact be replaced by blanketing since thermal conductivity values
of continental rocks are not lower than that of oceanic rocks (Clauser and Huenges,
1995).

1.1.3.2  Subcontinental Thermal Boundary Condition

A fixed temperature condition applies to the top of oceanic lithosphere while a
low subcontinental heat flow is inferred from surface heat flow data over stable
continental areas. As shown by laboratory experiments, this low mantle heat flow
beneath continents cannot be sustained if continental size is small (Guillou and
Jaupart, 1995). Indeed, a constant and low heat flux settles beneath a continental
area for continental sizes larger than two mantle thicknesses. For smaller sizes,
subcontinental heat flow is increased.

In the field, it was shown that mantle heat flow beneath stable continents may be
as low as 10mW m~2 (Guillou-Frottier et al., 1995), whereas beneath continental
margins, values around 50 mW m~2 have been proposed (Goutorbe, Lucazeau, and
Bonneville, 2007; Lucazeau et al., 2008). Beneath young perturbed areas, similar
elevated values have been suggested, such as the mantle heat flow estimate of
60-70mW m~2 beneath the French Massif Central (FMC) (Lucazeau, Vasseur,
and Bayer, 1984).

At large scale, one may infer a continuous increase of mantle heat flow from con-
tinental centers to continental margins, but laboratory and numerical simulations
of thermal interaction between a convecting mantle and an overlying conducting
continent have shown that the mantle heat flow increase is mainly focused on
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Mantle heat flow (mW m~2)
300

50

Continent

Mid-oceanic
Continental ridge

margin

Figure 1.2 Sketch of mantle heat flow variations from con-
tinental center to mid-oceanic ridge, emphasizing a low sub-
continental heat flow with a localized increase at continental
margin, corresponding to a lateral decrease in crustal heat
production.

continental margin areas (Lenardic et al., 2000). In other words, the low and con-
stant heat flow beneath the continent can be considered as the dominant large-scale
thermal boundary condition applying above the subcontinental mantle (Figure 1.2).

1.1.4
Fourier’ Law and Crustal Geotherms

Heat transfer within the continental crust occurs mainly through heat conduction.
Heat advection may occur during magmatism episodes (arrival of hot magma at
shallow depths enhancing local temperatures), intense erosion episodes (uplift of
isotherms), and periods of hydrothermal convection. All these phenomena can
be considered as short-lived processes when equilibrium thermal regime of the
crust is considered. In steady state and without advective processes, the simplest
form of Fourier law, with a constant thermal conductivity, a depth-dependent
temperature field, and with appropriate boundary conditions for continental crust,
can be written as

Tz=0)=T, (1.1)
KLz =h) = Qn

where k is the crustal thermal conductivity, A heat production, Tj surface tem-
perature, h the thickness of the crust, and Q,, the mantle heat flow. Temperature
profile within the crust thus can be written as

A,  (On+Ah)

T(z) = ;—kz Lt Ty (1.2)
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Crustal geotherms with varying Q,, and A
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Figure 1.3 Synthetic simple temperature profiles as inferred
from Equation 1.2, where mantle heat flow and bulk crustal
heat production are varied.

This kind of geotherms show parabolic profiles where the curvature is controlled
by A/k value. Temperature difference at depth greatly depends on both A and Qp,
values. Figure 1.3 shows three crustal geotherms for a 35-km-thick crust, where
surface temperature equals 20 °C, with an averaged thermal conductivity of 3 W
m~! K~! and with different (A, Qy,) values.

As emphasized by curve 3 in Figure 1.3, a high mantle heat flow does not
necessarily involve high crustal temperatures. Curvature of geotherms is indeed
controlled by bulk heat production of the crust, as shown by curves 1 and 2.
However, this curvature is not visible at shallow depths since the fixed temperature
condition at the surface forces linear variation. These simple examples demonstrate
that construction of crustal temperature profiles is strongly dependent on both
estimates of mantle heat flow and of bulk crustal heat production.

At shallow depths, temperature anomalies may thus be due to anomalous HHP
rocks. Likewise, other lateral heat transfer effects such as those due to thermal
conductivity contrasts may lead to strong temperature differences at a given depth.
In the following sections, a series of synthetic temperature profiles are built and
discussed based on the geological examples.
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1.1.5
Two-dimensional Effects of Crustal Heterogeneities on Temperature Profiles

1.1.5.1 Steady-state Heat Refraction

The two-dimensional heterogeneity of the upper crust is outlined by geological
maps, where, for example, each rock composition is assigned one color. However,
it must be emphasized that thermal properties are not necessarily correlated with
rock composition, except for extreme cases (Clauser and Huenges, 1995). On one
hand, one may record similar temperature profiles through distinct areas where
small-scale lithological differences are observed, because the averaging effect of
heterogeneities smoothes out small-scale variations. On the other hand, when
large bodies with significantly distinct thermal properties are present, temperature
profiles may differ by several tens of degrees at shallow depths. In other words,
the horizontal geometry of anomalous bodies shall play a significant role in the
establishment of temperature differences at depth.

As far as surface heat flow is concerned, small-scale lithological contrast may
create large differences. For example, subvertical mineralized bodies can be rich
in highly conducting minerals (e.g., volcanic massive sulfides deposits, Mweni-
fumbo, 1993), which may result in large surface heat flow variations, whereas

Large aspect-ratio Small aspect-ratio
insulating body conducting body
(e.g., sedimentary basin, (e.g., Quartzites, volcanic

ash-flow caldeira) massive sulphide deposit)

z
o
=
S -
()
<
Q
[$)
I}
€
)
n
— Heat flow variations focused — Heat flow variations above the
at boundaries anomaly
— Strong temperature variations — No temperature variations

H /
//

Isotherms

Figure 1.4 Heat refraction in two dimensions, leading to
opposite effects according to the conductivity contrast or the
anomaly geometry.
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differences in subsurface temperatures may be negligible. These subtle effects
are illustrated in Figure 1.4, where two scenarios of heat refraction effects are
illustrated. The objective here is to show that high surface heat flow variations
do not necessarily correlate with large subsurface temperature differences since
geometrical effects have to be accounted for. Indeed, above a large aspect-ratio
insulating body, isotherms are uplifted so that surface heat flow above the anomaly
center corresponds to the equilibrium one. On the contrary, isotherms cannot be
distorted for a small aspect-ratio conducting body but the resulting surface heat
flow is enhanced.

In sedimentary basins, presence of salt may also induce heat refraction effects
since thermal conductivity of halite may be four times greater than surrounding
sediments (e.g., 1.5 W m~! K~! for sediments and around 6—7 W m~! K~! for rock
salt and halite, according to Clauser, 2006). Consequently, temperature gradient
within a thick evaporitic layer may thus be decreased by a factor of 4, leading to a
cooling effect of several tens of degrees centigrade for a 2—3-km-thick layer.

High heat producing

granite: A=10-20 yW m™

(a) Mantle heat flow = 25 mW m=2
700 T T T T T T
—aQ=iopwme
600 = D SR e .......... ........ o
§ 500 ....................................... e s ......... .........
Q 400 b A 7 A T T
S 400 : : : : : :
3 : : ; : : :
8 300
S
(0]
= 200
100 g
0 1 1 1 1 1 |
0 5 10 15 20 25 30 35
(b) Depth (km)

Figure 1.5 Two-dimensional effect of a high heat producing
granite on temperature field (a) and geotherms (b). Here, a
fixed mantle heat flow of 25 mW m~2 is imposed, as well as
an averaged thermal conductivity of 3Wm™' K~! and a bulk
crustal heat production of TuWm™3.
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Apart from thermal conductivity contrasts, heat production rates may also vary by
a factor of 10 or more between two lithologies (Sandiford, McLaren, and Neumann,
2002; McLaren et al., 2002). In the case of HHP granites, radiogenic content is
so high that heat production rates may reach 10-20uW m™3, as it is the case
of the synthetic example of Figure 1.5, where embeddings have an averaged heat
production rate of 1uW m~3. At 5km depth, a temperature difference of 42°C
(90°C) is obtained for a high heat production of 10 (20) uW m~3.

In the case of Figure 1.5, the obtained temperature anomaly depends on several
other parameters such as the emplacement depth of the anomalous body. For
example, same granite of Figure 1.5 emplaced at 10 km depth would involve a 30 °C
anomaly at 5km depth. This temperature difference also corresponds to the case
of a shallow emplacement of 500 m below the surface. This nonobvious result can
be explained by detailed analysis of geotherm curvature, as presented by Sandiford,
Fredericksen, and Braun (2003).

1.1.5.2 Transient Effects

A number of studies have demonstrated the role of transient geological processes
on crustal temperatures. Large-scale tectonic processes (thrusting events, erosion,
and sedimentation) can result in temperature differences reaching several tens
of degrees centigrade at a few kilometers depth (England and Thompson, 1984;
Ruppel and Hodges, 1994). Magma emplacement or presence of hydrothermal
convection at shallow depths may also explain disturbed temperature profiles
(Cathles, 1977; Norton and Hulen, 2001).

Because thermal diffusivity of rocks is low, transient thermal evolution of
rocks undergoing conducting processes is very slow, and return to equilibrium
temperatures may last several tens to hundreds of million years. Figure 1.6
illustrates some examples of large-scale thermal evolution of the crust undergoing
tectonic events. One may note that in the case of a thrusting event, the equilibrium
thermal field (with a maximum temperature of 820 °C) is reached 120 Myr after the
onset of thrusting. On the contrary, when convective processes are involved around
intrusive bodies, heat transfer mechanisms through fluid circulation are acceler-
ated, and typical timescales are lower than 1 Myr (Cathles, 1977). When smaller
scale systems are considered, thermal equilibrium is reached faster. For example,
serpentinization of oceanic crust may result in large amplitude thermal signatures
lasting less than a few thousands of years (Emmanuel and Berkowicz, 2006).

1.1.5.3 Role of Anisotropy of Thermal Conductivity

Apart from steady-state heat refraction due to thermal conductivity contrasts or
variations in heat production rates, other subtle effects affecting thermal properties
may trigger thermal anomalies. Temperature dependence of thermal conductivity is
one example, as shown in Clauser and Huenges (1995). In the case of sedimentary
basins, porosity dependence of thermal conductivity is also significant, as shown
in several studies (Beziat, Dardaine, and Gabis, 1988; Waples and Tirsgaard, 2002).
Sedimentary basins correspond to interesting geothermal targets all the more
that numerous temperature measurements may be available. When thick clayey
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formations are present in a basin, the role of compaction has to be accounted
for since porosity decreases with compaction pressure and particles’ orientation
becomes horizontal with increasing pressure (Vasseur, Brigaud, and Demongodin,
1995). Both effects together with temperature-dependence effect induce important
changes in thermal conductivity. First, the decreasing porosity (and thus amount
of water) with depth tends to increase thermal conductivity, while temperature
dependence tends to decrease it (see Harcouét et al., 2007 for details). Second,
the horizontal orientation of individual clay particles develops anisotropy, favoring
lateral heat transfer and hindering vertical heat flow.

An example of the effect of thermal conductivity anisotropy on thermal field is
illustrated in Figure 1.7, where the Paris basin is modeled according to Demongodin
et al. study (1991)). Anisotropy ratio is increased with depth and thermal boundary
conditions enable to reproduce measured surface heat flow values. Figure 1.8b
shows horizontal temperature profiles at 1500 m depth, with and without anisotropy
effect. When anisotropy is accounted for, heat accumulates more efficiently within
the basin and a 20°C difference with the isotropic case is reached at basin
boundaries. Obviously, the importance of the anomaly critically depends on thermal
conductivity values and anisotropy ratios. Measurements on representative core
samples, and scaling with in situ conditions are thus of major importance when
thermal modeling of a sedimentary basin is performed (Gallagher et al., 1997).

|150m S ?6 18—
6 km
(a) 400 km
80 H— No anisotropy ! ! ! ! ! ! -
. — With anisotropy | -
© 700pes TUUIONS N ]
: 60 | - Ry P . ~— . L N
50 ......... 1 1 I. — 1 1 [ S
0 0.5 1 1.5 2 25 3 3.5 4 4.5
(b) Horizontal distance (x10°m)

Figure 1.7 (a) Chosen model for the Paris  accounted for, the first value is considered

basin (after Demongodin et al., 1991), as homogeneous. (b) Horizontal temperature
with thermal conductivity values indicated profiles at 1500 m depth across the basin
as follows: “horizontal component—vertical (see text).

component.” When anisotropy is not

1.1.6
Fluid Circulation and Associated Thermal Anomalies

In previous sections, heat transfer was described by pure conduction, where no
heat transfer by fluid motion could occur. However, shallow geological systems
are sometimes characterized by sufficiently porous layers (sedimentary units) or
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highly permeable areas (fault zones) in which crustal fluids may freely circulate.
Depending on fluid velocity, permeability, or thickness of the porous layer, heat
from several kilometers depth may be entrained by fluid circulation and thus create
temperature anomalies.

Several studies have demonstrated the possibility to detect fluid motion by
temperature measurements within boreholes (Drury, Jessop, and Lewis, 1984;
Pribnow and Schellschmidt, 2000). Small-scale water flows through a fracture
crossing the borehole may disturb locally the measured geotherm by a few degrees
centigrade (Vasseur et al., 1991), and large-scale fluid circulation (convective flows)
may lead to cooling or warming effects exceeding tens of degrees centigrade (Lopez
and Smith, 1995; Bichler, Kohl, and Rybach, 2003; Wisian and Blackwell, 2004). In
some cases, the measured temperature anomalies cannot be explained by purely
conductive processes and one must account for free convection in highly permeable
fault zones (Rithaak, 2009; Garibaldi et al., 2010).

1.1.7
Summary

Crustal temperatures are controlled by thermal boundary conditions and thermal
properties of rocks. In the pure conductive regime, knowledge of mantle heat flow
and crustal heat production enables to determine a probable averaged geotherm,
but the natural heterogeneity of crustal composition may lead to local variations
reaching several tens of degrees centigrade at a few kilometers depth. When
available thermal data are used to infer deep temperatures (as it is the case in the
next section), similar uncertainties can be assigned to extrapolated data.

Despite the fact that crustal temperatures are not easy to estimate, it is shown
in Section 1.1 that models of geothermal reservoirs depend on several other
parameters, which may be less constrained than thermal properties. In particular,
the presence of fluids, which is important in the development of geothermal
energy, may completely distort temperature field as soon as rock permeability
is high enough (Manning and Ingebritsen, 1999). Within sedimentary basins,
permeability can vary by approximately four orders of magnitude, thus allowing
or preventing fluid circulation. The detailed knowledge of temperature field in an
area is probably not sufficient to characterize a geothermal reservoir.

Before defining the concept of geothermal reservoir, heat flow data from Europe
are reviewed and presented. The objective of this second section is to illustrate
how surface heat flow and deep temperatures are not necessarily correlated, and
how significant errors in deep temperature estimates can be made when shallow
measurements are extrapolated at depth.

1.2
Heat Flow and Deep Temperatures in Europe

Independent of numerical modeling of heat transfer within geological systems,
the best way to search for thermal anomalies in the shallow crust consists first
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in compiling available thermal data that correspond to the boundary conditions,
as well as petrophysical parameters controlling heat transfer. Surface temperature
is well known, but may however show significant spatial variations as detailed
below. The few direct measurements of surface heat flow in Europe are also shown
together with temperature gradients and thermal conductivity values. At mantle
depths, indirect evidence for temperature variations in Europe has been evidenced.

1.2.1
Far-field Conditions

In order to constrain thermal regime of the shallow crust, one need to constrain
far-field thermal boundary conditions, say at the surface and at the base of the
lithosphere. Even if spatial distribution of heat producing elements within the crust
is of major importance, it is necessary to estimate the amount of heat supplied at
the base of the lithosphere (which is also the heat supplied at the base of the crust)
and that lost at the surface.

At the surface, the ground surface temperature has been measured for centuries
and can be considered as constant over length scales of several hundreds of
kilometers (Hansen and Lebedeft, 1987). In Europe, ground surface temperature
increases from north to south France (~1000km) by about 5°C, and by ~10°C
from Denmark to south Italy (Figure 1.8) separated by a distance of 2000 km
(Haenel et al., 1980). If thermal regime of the crustis to be studied, such large-scale
variations can thus be neglected. Apart from the effect of latitude, ground surface
temperature can be locally disturbed by surface heterogeneities such as topography
(Blackwell, Steele, and Brott, 1980) or the presence of lakes. These permanent
disturbances should be theoretically considered when subsurface temperatures
are studied, especially if representative length scale of surface features compare
with the studied depths (e.g., warm water outflows in tunnels of Switzerland,
Sonney and Vuataz, 2008). Transient changes in surface conditions such as those
induced by forest fires may also affect subsurface temperatures but only for a short
period. Long-period surface temperature changes such as climatic warming or
cooling periods affect underground temperatures as it can be deciphered through
measured temperature profiles (Guillou-Frottier, Mareschal, and Musset, 1998),
but associated thermal disturbances are damped with depth, and basically cancelled
at several hundreds of meters.

Contrary to the upper surface, there is no reason to consider the base of the
crust as an isotherm. Seismic tomography studies have indicated that this is indeed
not the case. Even if seismic velocities vary with temperature and composition,
Goes et al. (2000) suggested that the inferred variations at 100 km depth revealed
temperature differences (Figure 1.8). At shallower depths (Moho depth +20km),
Figure 1.9 shows possible large-scale temperature differences as deduced from the
shear velocity model of Shapiro and Ritzwoller (2002). Local studies of seismic
tomography also suggested anomalous hot zones at the base of the European
crust, such as beneath the FMC and beneath the Eifel area in Germany (Granet,
Wilson, and Achauer, 1995; Ritter et al., 2001). These anomalously hot zones and
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et al. (1980), after a Climatic Atlas published in 1970 by UN-
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an upper mantle shear velocity model

their surface signatures would be associated with local mantle upwellings (Goes,
Spakman, and Bijwaard, 1999; Guillou-Frottier et al., 2007), thus reinforcing the
possible increase in underlying heat flow. For the FMC area, Lucazeau, Vasseur, and
Bayer (1984) used distinct geophysical data to build a thermal model and concluded
that an additional heat flow contribution from the mantle of 25-30mW m~2 can
explain surface heat flow data. While a mantle heat flow of 40 mW m~2 is present
in the vicinity of the FMC, it would locally reach 70 mW m~2 beneath parts of the
FMC where a thin crust is seismically detected.
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1.2.2
Thermal Conductivity, Temperature Gradient, and Heat Flow Density in Europe

The global heat flow database (International Heat Flow Commission, IHFC;
http://www.heatflow.und.edu) contains almost all published heat flow measure-
ments that were available at the time of its publication (Cermak, 1993; Pollack,
Hurter, and Johnson, 1993). Each heat flow data is provided with supplementary
information such as thermal conductivity, heat production rates, and temperature
gradients that were used to estimate surface heat flow. However, there is no
information on data quality, which depends on several independent factors
(precision of measurements, depth of boreholes, stability of temperature gradient,
etc.). In order to improve the IHFC database quality, the few new published
thermal data in Europe have been added (Cermak et al., 1996; Nemcock et al., 1998;
Demetrescu and Andreescu, 1994; Aydin, Karat, and Kocak, 2005), related data have
been clustered, and a quality criterion has been applied. In addition, numerous
anomalous values have been removed (e.g., those lower than 25 mW m~2). Because
the quality criterion accounts for the number of individual boreholes used, data
close to each other (separated by less than 15 km) have been affected a single mean
value. The quality criterion accounts for (i) the number of individual boreholes
used for heat flow estimate, (ii) the standard deviation of the estimate (s.d. in Table
1.1); (iii) the minimal depth where temperature measurements are accounted
for; and (iv) the depth range where estimate is performed. These last two criteria
enable to retain only stable and undisturbed temperature profiles for heat flow
estimates. High, medium, and low quality criteria are detailed in Table 1.1.

This process of data treatment provided 1643 heat flow data, whereas 3520
original data were present in the IHFC database. More than 1000 data from
Russia had to be removed or were clustered with neighboring ones. In Austria,
the hundreds of data presented by Nemcock et al. (1998) decreased to 36 of quality
3. Numerous heat flow data in the IHFC database are deduced from individual

Table 1.1 Quality criteria assigned to heat flow data shown in Figure 1.10.

Site characteristics Quality”
Several boreholes, good s.d. (<10%), depth range of estimate >200 m 1
Several boreholes, good s.d. (<10%), unknown or shallow (<200 m) depth range 2
Several boreholes, medium s.d. (between 10 and 30%), depth range >200 m 2
Several boreholes, medium s.d. (between 10 and 30%), unknown or shallow (<200 m) 3
depth range

Several boreholes, bad s.d. (>30%) 3
One borehole, depth range >200 m 2
One borehole, depth range <200 m 3

“When one major information is missing (temperature gradient or thermal conductivity), then
quality is decreased by one unit.
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measurements where temperature gradient or thermal conductivity is not indicated,
thus involving removal of the data. At last, a total of 257 data of high quality, 869 of
medium quality, and 517 of low quality were obtained. Figure 1.10 illustrates the
newly obtained heat flow map together with thermal conductivity and temperature
gradient values.

Figure 1.10 does not present any contours of thermal data, which are simply
gathered according to their range of values. Indeed, as previously indicated,
there are many reasons to explain short-scale variations in temperature gradient
and heat flow data. It is thus somehow dangerous to assign a given thermal
regime in a geological area since even lithological changes may lead to significant
local variations. In addition, one can see that thermal conductivity data appear
surprisingly constant in some areas (Ukraine, Belorussia), revealing that the same
value was probably assumed for tens of boreholes. These maps also indicate that
heat flow values are sometimes estimated with no thermal conductivity data (e.g.,
Spain).

1.2.3
Calculating Extrapolated Temperature at Depth

Temperature measurements in mining or petroleum boreholes were used in the last
decades to construct temperature maps at different depth levels (Haenel et al., 1980;
Hurtig et al., 1992). Bottomhole temperature (BHT) measurements in petroleum
boreholes are not necessarily representative of the equilibrium temperatures, and
some corrections are needed (Goutorbe, Lucazeau, and Bonneville, 2007). However,
because of the lack of information, a statistical method is often used to infer
possible equilibrium temperatures. When temporal history of BHT measurements
is well documented, appropriate corrections for transient disturbances can yield
temperature estimates at a few kilometers depth with uncertainties of +10°C
(Bonté et al., 2010).

In the last decade, the extrapolation of European temperatures to 5km depth
was performed by petroleum industry using such BHT measurements (which
are unavailable), and where any uncertainty propagates and increases with depth
through a linear extrapolation. This map was reviewed and analyzed by Gen-
ter et al. (2003). Using the deepest equilibrium temperature gradients inferred
from measurements in mining boreholes (present in the IHFC database) and
from recent studies (Fernandez et al., 1998), the authors performed a critical
analysis of the temperature map presented by Hurtig et al. (1992), which was
then modified by the “heat mining Economic Interest European Group” but
only available as an unpublished map. Results of color validation are shown in
Figure 1.11. It must be emphasized that the objective of this work was simply
to use available thermal data to check the interest of some areas which was
deduced from confidential data. When one color code is not confirmed, a tem-
perature difference greater than 20°C is obtained. When it is partly confirmed,
it means that extrapolations are coherent for only a restricted area. The analysis
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was not exhaustive but it shows that differences of several tens of degrees centi-
grade at 5km depth may be easily reached when two extrapolation methods are
investigated.

1.2.4
Summary

These different data sets were used for a predictive survey to evaluate potential zones
of high heat flow where enhanced geothermal systems could be experimented. This
approach takes only the thermal aspect of the geothermal systems into account
without any geological a priori. At the scale of Europe (Figure 1.11), it reveals large
wavelength positive anomalies in Italy, Central-Eastern Europe, and Turkey, which
correspond to well-known geothermal systems located in extensional settings within
active geodynamic systems and to which Iceland could be associated although it is
not represented on the map.

In Ttaly, since Miocene, the Northern Apennine fold belt has been progressively
thinned, heated, and intruded by mafic magmas. In Tuscany, this evolution is
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the source of a granitic complex that has been emplaced between 3.8 and 1.3
Ma. A long-lived hydrothermal activity is recorded in this area by both fossil
(Plio-Quaternary ore deposits) and active (Larderello geothermal field) systems
(Dini et al., 2004). In Central-Eastern Europe, the Pannonian basin is characterized
since Middle Miocene by an upwelling of the asthenosphere and thinning of the
lithosphere, responsible for coeval rifting in the basin and compression in the
flanking Carpathian and Dinaric belts (Huismans, Podladchikov, and Cloetingh,
2001). In Turkey, the collision between the Arabian and Eurasion plates has
induced the westward escape of the Anatolian block, which is accommodated by
the right-lateral movement of the Anatolian fault network. Much of the geothermal
activity appears to be focused along kinematically linked normal and strike-slip
fault systems most commonly within E-W-trending grabens (Sengér, Gorur, and
Saroglu, 1985; Ercan, 2002).

Besides these active tectonic zones, other positive anomalies are mainly dis-
tributed along a series of intracontinental grabens that cut the western European
platform, corresponding to the west European rift system (Dezes, Schmid, and
Ziegler, 2004). These rift structures, the upper Rhine graben, the Limagne system,
the Rhone valley, a part of Provence, the Catalonia, and the Eger grabens, were
created in the Oligocene as a result of the thinning of the continental crust. Among
these structures, the Rhine graben has been intensively studied over the last 10
years for its potential. It is about 300 km long, with an average width of 40km,
limited by large-scale normal faults. The post-Paleozoic sediments of the western
European platform have overlain the Hercynian basement, which is made of gran-
ite, granodiorite, or other related basement rocks (Edel and Fluck, 1989). This area
— characterized by a thin continental crust and a Moho at 25km depth — shows
a Tertiary volcanism that occurred in the form of isolated volcanoes of alkaline
composition related to a mantle magmatic activity (Wenzel and Brun, 1991).

This preliminary analysis shows that the thermal aspect of the geothermal
systems is directly linked and controlled by the past and present geodynamic context.
This framework provides a first-order constrain on the location of favorable and
unfavorable geodynamic sites for the exploration of potential geothermal reservoirs.
In order to define conceptual models, these different contexts will be reviewed and
complemented by an evaluation of the main properties of the potential reservoir in
terms of porosity, permeability, fluid flow with respect to the stress field.

1.3
Conceptual Models of Geothermal Reservoirs

From a geological point of view, geothermal reservoirs are heated and pressurized
water and/or vapor accumulations from which heat can be extracted from the
underground to the surface. From a technical, environmental, and economic
approach, the geothermal reservoir can be defined by the cost-efficiency of this
extraction depending on the temperature, depth and size of the accumulation, the
fluid flow, and the industrial process under which it will be processed. Although
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this approach is highly dependent on economical indicators that are not linked
to geology (price of energy, incentives politics for access to renewable energies,
etc.), reference to present-day parameters will be provided for the different types of
TeServoirs.

1.3.1
The Geology of Potential Heat Sources

To get heat is the first condition for defining a geothermal reservoir. How can we
explore potential heat sources? It has been shown that thermal boundary conditions
(the mean annual surface temperature, temperatures at depth estimated from the
P and S velocity anomalies) and thermal properties of the main lithologies and
structure at depth enable the first calculation of extrapolated temperature at depth
and thus the delineation of potential zones of high-thermal gradient.

Such zones can also be determined through a geological empiric approach. Heat
is transferred within the crust through two mechanisms:

+ The main active and permanent phenomenon at the scale of the continental
crust is the conduction of heat. In conduction, heat moves through the material
from a hotter to a cooler zone. The feasibility and intensity of such transfer is
directly linked to the thermal properties of the mineral constituting the rock that
is evaluated as the thermal conductivity. As continental crust is heterogeneous
and a result of the superposition of layers with different conductivity properties
(stacked allochthonous units over autochthonous cover sequence or basement in
orogenic zones, sedimentary basins over basement within intracratonic zones,
etc.), conduction will not be homogenous at the scale of the whole continental
crust. Highly conductive zones such as fractured granites will be explored with
interest while refractory units such as mafic units will be considered as potential
thermal insulator.

+ Inconvection, heatis transported by the movement of hot material. The ascentand
emplacement of a granitic body or of a volcanic dyke network is a typical example
of convection where heat is transferred from deep source and then dissipated by
conduction in the host rocks at shallow level. Contact metamorphism is a direct
expression of the elevation of temperature with respect to extreme geothermal
gradients reaching 500 °C for granites emplaced at around 5 km depth. Globally,
convection leads to anisotropic diffusion of heat; the movement of hot material
being, most of the time, controlled by the permeability system of the continental
crust, mainly fracture network.

The past or present geodynamic context gives a first-order constrain on the loca-
tion of favorable and unfavorable geodynamic sites for high geothermal gradients.
Conduction is directly controlled by the thickness, heterogeneity, and composition
of the continental crust, whereas convection processes are mainly located within
active zones of magmatism and metamorphism.

Rift in accretionary systems are characterized by thinned crust and lithosphere, in
relation with asthenospheric doming and upwelling. This definition covers both
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mid-oceanic ridges and back arc extensional systems, immerged or emerged, and
to less extent pulls part systems developed along strike-slip faults. The geological
setting of such rift zones is then the most favorable context because of the high
mantle heat flow (Figure 1.2), the shallow depth of the mantle crust boundary,
and the periodic magmatic activity (emplacement of stocks, sills, and dykes)
and volcanic flow of hot mafic lavas. Moreover, convection of heat is enhanced
by fluid — rock interaction — intense fracturing related to extensional tectonics
favoring exchange between fluids of superficial and deep origin in the vicinity of
magma chambers. Numerical modeling of rifting processes illustrates the shift of
the isotherms toward surface depending on rifting velocities, presence of strain
softening, and time (Huismans and Beaumont, (2002), Figure 1.12).

Iceland is the best case history for illustrating this first-order parameter for
location of high geothermal gradients (Figure 1.13). A large active volcanic zone,
corresponding to the mid-oceanic ridge, is running SW-NE, and displays various
heat sources (dikes and magma chambers). Seawater, meteoric water, and volcanic
fluids are mixed in pressurized water-dominated reservoirs, often associated with
young tectonic fractures, carrying heat from several kilometers depth toward
the surface (Flovenz and Saemundsson, 1993; Arndrsson, 1995). The regional
temperature gradient varies from 50 to 150 °Ckm~! and the highest values are
found close to the volcanic rift zone.

Active margins related to subduction are sites of intense convection with respect to
magmatic activity. A computed model at the scale of the lithosphere (Figure 1.6)
shows that the subduction of cold lithosphere is accompanied by a raise of hot
lithosphere just above the main plate boundary. Thus, large crustal zones have
temperatures greater than 300 °C at very shallow depth and undergo melting con-
ditions at few kilometers depth. Generated calc-alkaline magmatism is responsible
for the intrusion of voluminous granitic suites at shallow depth and related vol-
canism of intermediate to felsitic composition. This convective phenomenon at the
scale of the lithosphere is also responsible of the concentration of U, K, and Th
radioelements in the upper crust, which will contribute to the thermal budget of
the continents over a long period.

Active margin settings are zones with almost infinite source of fluids from
meteoric origin, as generated high relief is bordered by oceanic areas, and from
deep source, in relation to magmatic and metamorphic processes.

Presently, New Zealand and Philippines are the zones where the exploita-
tion of geothermal energy is the most advanced within these subduction-related
contexts.

Collision zones and convergent plate boundaries may also be sites of high geothermal
gradients. Collision is responsible for the development of large thrust systems that
lead to a crustal thickening of several tens of kilometers. Zones situated at mid-
crustal depth within the underthrust slab will then be buried and will undergo
an immediate increase in pressure and a progressive increase in temperature.
As discussed previously (Figure 1.6), the equilibrium thermal field is reached
several ten million years after the thrusting event has ceased. This evolution is
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well documented in the European Variscan belt where high paleogradients de-
termined from mineral assemblages show that a regional geothermal system,
responsible for many ore deposits (Au, U, etc.), has been generated during the
late orogenic evolution of this collision belt (Bouchot et al., 2005). The melting
of large mid-crustal zones has been enhanced by the fertility of the crust rich
in radioelements and hydrated minerals generating large volume of migmatites
and granites over a long period, from 360 to 300 Ma (Ledru et al., 2001). This
situation reflects probably what is occurring within the Tibet Plateau — crustal
thickening resulting from the collision between Asia and India being responsible
for the development of migmatitic layers at depth. Taking this time delay related
to the progressive re-equilibration of the isotherms in the thickened crust, such
collision plate boundaries can be considered as favorable zones for high geother-
mal gradients. Moreover, like in the case of active margins, the concentration of
radioelement-rich geological units (differentiated granites, uranium-bearing sed-
imentary basins, volcanic ash flows, overthrust Precambrian radiogenic granites,
etc.) in the upper crust contributes to the thermal budget of the continents over
several hundreds of million years.

The location of high geothermal gradients in the vicinity of transform margins
and of thermal anomalies along continental-scale strike-slip faults can be related
to thickening processes inherited from an early stage of collision, or linked to
zones of pull-apart extension (that can be assimilated to the general case of rift
systems), or a combination of both processes. In the case of the San Andreas Fault
and its satellites in Nevada, it seems that the dominant feature for exploration
at the regional scale is the presence of structural discontinuities bordering such
pull-apart basins (Figure 1.14, Faulds, Henry, and Hinz, 2005; Faulds et al.,
2006).

Within plates, out of these plate boundaries, the lithosphere is considered as
stabilized and the main mechanism of heat transfer is conduction. Depending on
its composition (i.e., conductivity of its main lithologies) and thickness, geothermal
gradients vary between 15 and 25 °C km™~!. The main source of thermal anomalies
is the presence of highly radiogenic lithologies such as alkaline and aluminous
granites, uranium-bearing sedimentary basins, or highly conductive materials
(massive sulfide). The radioactive decay is the cause of heat anomalies in the
vicinity and at the apex of these radiogenic bodies, generally of small to medium
amplitude and wavelength (Figure 1.5). This is the model on which exploration
of deep geothermal resources is done presently in the Southern Australian craton
(McLaren et al., 2002; Hillis et al., 2004). Highly radiogenic Precambrian granites
(~16 mW m~3), outcropping in large ranges and found laterally at the base of
a Paleozoic sedimentary basins resting unconformably over this basement, are
considered as the source oflocal thermal anomalies that are superposed to a regional
anomaly know as the south Australian heat flow anomaly (SAHFA) (McLaren et al.,
2003; Chopra and Holgate, 2005). Paralana hot springs are observed along the main
faulted contact between the basement and cover sequences and uranium-bearing
sediments deposited during the erosion of the radiogenic Precambrian granites are
presently exploited by in situ recovery (Berveley mine). The company Petratherm
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has drilled on Paralana 1B down to 1.8 km, which suggests 200 °C at 3.6 km, that
is, more than 50°Ckm™". In that case, the reservoir should be the Infracambrian
detrital sedimentary sequences.

1.3.2
Porosity, Permeability, and Fluid Flow in Relation to the Stress Field

The permeability of the continental crust is defined by the capacity of the geological
medium to transmit fluid. It constitutes a critical geological parameter for the
definition of the geothermal reservoir as it plays a fundamental role in heat and
mass transfer (Manning and Ingebritsen, 1999). This parameter is related to two
basic properties of the rocks:

1) The porosity is the ratio of pore volume to the total volume. The intrinsic
permeability is the measure of the fluid flow through the pore network of
the rock and will be directly correlated to the porosity. These parameters are
directly linked to the packing of the minerals within the rocks, which is a result
of the nature, size, sorting of the minerals and elements, and of the compaction
and diagenetic history. Sedimentary rocks such as limestone, sandstone, or
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conglomerate are generally porous and can store large quantities of fluids
within their pore network. They constitute natural reservoirs in the crust for
all kind of fluids. The intrinsic permeability parameter is the primary control
on fluid flow as it will vary from 1072 m? in intact crystalline rocks to 10~/
m? in detrital porous sediments; meaning 16 orders of magnitude variations
(Manning and Ingebritsen, 1999).

The fracture permeability is linked to the discontinuities that are present within
the rock along which fluid circulation is possible. This type of permeability
is generally well developed in crystalline massifs. Thus, although granite is a
nonpermeable rock, a granitic massif will be considered as a permeable massif
as a whole — fluid circulating along the fracture network. Implicitly, such
permeability will be well developed in the vicinity of large fracture systems,
whether active or fossil. Because of the discontinuous character of the fracture
and their geometrical complexity, the intrinsic permeability of such system is
more difficult to evaluate compared to stratified permeable layers.

The range of permeability observed and measured in the continental crust can

be illustrated by a one-dimensional graph (Figure 1.15). Geothermal reservoirs
are characterized by rather large permeability, higher than 1071 m?. Analyses of
coupled groundwater flow and heat transport in the upper crust infer permeabilities
in the range of 10717-10~"* m? with a mean value greater than 10~ m? (Manning
and Ingebritsen, 1999).

The identification of potential geothermal reservoir will then focus in priority on

the exploration of both types of permeability related to the intrinsic and fracture
permeability properties. A good knowledge of the geometry of the geological units
and their physical properties, determined in situ or by geophysical methods, and
of the structural pattern is a key for successful exploration. The building of a 3D
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geometric model and the realization of 2D or even 3D seismic surveys are presently
strategies that are promoted by many exploration companies, such as ENEL in
Larderello or in the Rhine graben.

The main source of fluids is water in the ocean and meteoric water in the
continents. The infiltrated part of meteoric and sea water will migrate down within
permeable lithologies and/or fracture systems. Depending of the tectonic sites and
of the geothermal gradient, they will be heated to temperature that will already be
sufficient for direct use or even power generation. This is the case of the basin
located in thinned crust such as the Rhine graben. What is the lower boundary of
this infiltration?

Besides the first-order variation related to the intrinsic permeability of the
systems, variation of permeability is also recorded with depth. Permeability of
fractured crystalline rocks decreases with increasing pressure or effective stress.
The porosity will be also controlled by the pressure—temperature conditions, and an
increase in pressure with depth will reduce the porosity as the compaction will be
greater. Surveys performed during deep drilling programs have demonstrated this
decreasing permeability at depth, between 10717 and 10~"> m? above 4 km depth
and 107¥-1071% m? below (Huenges et al., 1997), and a paper on the variation of
permeability as a function of depth based on geothermal data and metamorphic
systems was published in 1999 by Manning and Ingebritsen (Figure 1.16). With
respect to this aspect, the brittle—ductile transition is a major decoupling surface
at the scale of the crust that marks the lower limit that meteoric water can reach at
depth and a change in fluid flow processes as it has been shown in natural analog
(Famin et al., 2004).
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Figure 1.16 Permeability as a function of depth in the con-
tinental crust based on geothermal data (solid squares) and
metamorphic systems (open squares). (After Manning and
Ingebritsen, 1999)
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If the intrinsic permeability of the continental crust is low below the
brittle—ductile transition zones, fluid flow will occur through pervasive flow in
zones of low strain rates and homogeneous lithologies while higher strains and
a more heterogeneous rheology will favor a channeled flow (Oliver, 1996). In
the case of the geothermal reservoirs, attention will be paid on the channeled
flow that will occur along active tectonic zones or on emplacement of magmatic
or volcanic suites. In such environments, hot fluids with temperature generally
greater than 250 °C will move upward and finally reach the surface if they are not
trapped by a cap nonpermeable layer or blocked within the fracture network. They
ascend through the crust and will get connected, at the brittle—ductile transition
zone, with fluids that have been infiltrated from surface. Many of the active
geothermal fields are in fact resulting from the mixing between these ascending
and descending fluids within the permeability network of the continental crust. A
loop is created at the level of the reservoir, corresponding to a convective transfer
of heat toward surface. Geysers from Iceland or from western United States are
the most visible trace of this phenomenon.

This link between the permeability of the continental crust, the potential infil-
tration of meteoric fluids and seawater, the brittle—ductile transition at depth,
and the potential connection to fluid of deep origin illustrates the need to
have a global approach for the exploration of geothermal reservoirs. Thus, nu-
merous studies dedicated to tectonic processes during prograde and retrograde
metamorphism or to transfer and trapping of hydrothermal ore deposits could
provide a lot of information about the variation of permeability in the continental
crust.

Other variations of permeability are observed laterally within one single geological
medium depending on heterogeneity, anisotropy, and time. These parameters
constrain the efficiency of the reservoir and its sustainable use. The intrinsic
permeability is a function of the heterogeneity and anisotropy of the medium.
Fluid flow will tend to be greater parallel to the main layering of the sedimentary
or volcanic rocks and foliation of metamorphic rocks rather than across them.
Permeability is also a time-dependent process as fluid—rock interactions will
provoke permanent dissolution and recrystallization phenomenon that will modify
the permeability network. The intensity and orientation of the stress field will
exert a direct control on this process by determining zones of compression and
extension, in relation to the relative position of the main stress axis and resulting
strain.

133
Summary

The review of the phenomena that control the distribution of heat and fluid at
depth shows that conventional reservoirs for high enthalpy geothermal energy are
located in zones of active volcanism or magmatism while low- to medium enthalpy
can be found in varied environment. The identification of potential reservoirs for
developing a heat exchanger is linked to our ability to evaluate the coincidence
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Figure 1.17 Sketch section showing the variety of reservoirs
that can be used for heat extraction and the different uses
of the geothermal energy.

of the following four independent parameters: heat, fluid flow, permeability, and
appropriate orientation of the stress field in relation to the permeability network.
Among these parameters, only fluid flow and permeability can be enhanced
by engineering. These parameters are summarized in one sketch section that
illustrates the variety of reservoirs that can be used for heat extraction and the
various uses of the geothermal energy (Figure 1.17).

Following chapters will analyze the different processes of stimulation that
can be applied for achieving such improvement. Lessons learned from the
Soultz EGS experiment, the sustainable development of the Larderello field
in Italy, and the Icelandic geothermal power network, among other case his-
tories, show that the concept of geothermal reservoir must not be too re-
stricted. Experiences of stimulation can be realized by extending active geothermal
fields and the development of binary plants makes possible the exploitation
of geothermal reservoirs with minimum temperatures of 85-100°C for power
generation.

A reservoir is also defined by its economic viability. Many other parameters such
as the price of the steel involved in drilling, cost of drilling depending on the
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availability of drilling companies active on the “‘exploration market,” and feed in
tariffs supporting the development of geothermal energy must then be taken into
account to evaluate the feasibility and viability of the project. These questions will

be reviewed in the following chapters.
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