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Abstract

Updated data for 1417 localities have been assembled for purposes of assessments of geothermal
resources in South America. Analyses of these data sets have allowed improved estimates of geo-
thermal resource base and recoverable resources for thirteen countries in the continent. The re-
sults obtained have also allowed identification of more than 20 crustal blocks where the resource
base per unit area (referred to the accessible depth limit of 3 km) is in the range of 100 to 1000
Giga Joules, while the recoverable resources per unit area are in the range of 1 to 100 Giga Joules.
Most of the high temperature resources occur within regions of recent tectonic activities in south-
ern and central Chile, highlands regions in Bolivia, and several localities along the magmatic arc
covering western Ecuador, central volcanic belt of Colombia and northern Venezuela. In addition,
isolated pockets of geothermal resources have been identified along the eastern Andean belt of
Peru. There are indications of occurrence of medium and low temperature geothermal resources
at depths of 1 to 3 km in several regions in the eastern sectors of the continent, mainly in the nor-
theastern and central parts of Brazil. In addition, considerable progress has been made in assess-
ments of low temperature resources associated with deep fracture systems in Precambrian ter-
rains. Progress has also been achieved in assessment of low temperature resources in deep aqui-
fers of Paleozoic sedimentary basins. The results of such estimates are currently being considered
for planning large-scale exploitation of the Guarani aquifer system, which spans over large areas
of western Uruguay, northern Argentina and southern Brazil.
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1. Introduction

Assessment of resources constitutes an important part of activities not only in the initial stages of geothermal
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exploration (reconnaissance and feasibility studies) but also during advanced stages of exploitation and devel-
opment. Compilations of data sets on subsurface temperatures, heat flux, thermal spring discharges and geotec-
tonic characteristics of subsurface strata are essential ingredients in assessments of geothermal resources. De-
pending on data density, the assessments may be carried out either on regional or on local scales. Evaluations of
geothermal resources have also been carried out on continental [1] [2] and global scales (see for example [3]-[5]).

Several attempts have been made in the past few decades for assessments of geothermal resources on local
scales in specific regions of South American continent. The results of some of such assessments have been re-
ported as parts of updates of geothermal project works in Argentina [6]-[9], Bolivia [10], Brazil [11]-[16], Chile
[17]-[19], Colombia [20] [21], Ecuador [22]-[24], Peru [25] [26] and Venezuela [27] [28]. A major weakness of
these earlier studies is that resource estimates are based predominantly on information gathered on near surface
geothermal manifestations and compilations on subsurface temperature data from geothermal areas. Very few
attempts seem to have been made in incorporating complementary information on regional geologic and geo-
physical characteristics of subsurface strata in resource assessments.

Reference [1] presented a summary of geothermal development projects in South and Central America. Ref-
erence [2] presented a new approach in which crustal structure and geothermal data averaged over 2 x 2 degree
grid elements were employed in assessment of geothermal resource base for the South American continent. The
results revealed that blending geothermal and crustal structure data sets did indeed lead to improvements in
quality of resource assessments. However, averaging of temperature and heat flow data over 2 x 2 cells lead to
considerable loss of spatial resolution in resource assessments. In the present work, we adopt an approach which
avoids smoothing of near surface temperature and heat flow data but takes into take into consideration the in-
fluence of regional lithologic and hydrologic characteristics of subsurface strata that have direct bearing on local
variations of geothermal resources. It is argued that the hybrid approach in integration of geothermal and crustal
data sets is capable of providing better insights into the specific features in the occurrence and distribution of
resources on regional scales.

2. Sources of Data

The sources of data assembled for the present work may be considered as falling into two main groups, desig-
nated here as: Near-Surface Geothermal and Deep Crustal Structure. The Near-Surface Geothermal group is
comprised of observational data sets on temperatures and thermal gradients, heat flow, physical properties and
thermal springs. The Deep Crustal Structure group is comprised of data sets on thicknesses, density and seismic
velocities of the main crustal layers. Given below are brief descriptions of these two groups of data sets.

2.1. Near-Surface Geothermal

The temperature and heat flow data and related information on geothermal systems, employed in the present
work, are derived from the geothermal database for South America, maintained by the National Observatory,
Brazil. Major difficulties in organizing this database arise from large variations in the quality of observational
data and limitations in the availability of basic information on subsurface strata. Nevertheless, information that
compose the present compilations have been useful in determining representative values of temperature gradient
and heat flow over large parts of the continental area. Systematic updates of compilations and improvements in
the database for the grid system have been useful in the past in deriving heat flow maps of the South American
continent [29] [30]. Observational data are currently available for slightly more than 50% of such grid elements.

This database has recently been updated with temperature gradient and heat flow values for several new local-
ities. These include the Neuquina sedimentary basin in western Argentina, system of tectonic basins (Catatumba,
Cusiana, Cupiaga, Eastern Cordillera, Llanos, Magdalena and Putumayo) in the Andean region of Colombia,
coastal areas of eastern Brazil (in the states of Ceara, Rio Grande do Norte, Bahia and Espirito Santo) and Arc-
hean areas in the S&o Francisco craton in central Brazil.

At this point, some comments on the characteristics of data compiled for the present work are in order. Values
of geothermal gradients and heat flow reported in the present work have been obtained using procedures specific
to the different experimental methods employed in field and laboratory works. Following the practice adopted in
previous works [29] [30] the methods in determinations of geothermal gradient are designated with abbrevia-
tions CVL, MGT, BHT, CBT, AQT and GCL. The CVL method refers to the procedure for calculating geo-
thermal gradients derived from results of incremental temperature logs of undisturbed boreholes [31]. The MGT
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method refers to the procedure used for determining gradients based on measurements in underground mine
galleries [32], while BHT method refers to gradient values derived from bottom-hole temperature measurements
carried out by oil industry in exploration wells [33]. The CBT method is a variant of the BHT method used for
determining gradient values based on precision temperature measurements in undisturbed sections at the bottom
parts of boreholes [34]. Similarly, AQT method refers to a procedure developed for determining temperature
gradients in flowing wells [35]. Estimates of heat flow at sites of thermal springs have also been made making
use of methods, designated here as GCL, which are variations of the procedures proposed initially by [36] [37].

For areas where observational data are not available, values of temperature gradients and heat flow may be
estimated using empirical heat flow-age relations, as has been done in global heat flow data analysis by [38]-
[41]. A variation of this method was considered by [2], in which estimated values of heat flow geothermal gra-
dients are derived from spherical harmonic coefficients of the composite global heat flow data set. In the present
work, we have adopted an updated version of the procedure proposed by [2] in deriving estimates of temperature
gradients for 2° x 2° grid system of the South American continent.

The maps of Figure 1 illustrate the distribution of experimental and estimated values. In this figure, the left
panel indicates distribution of localities of geothermal data while the right panel is a discretized representation
of the 2° x 2° grid system of data distribution. Color codes in the right panel indicate grid elements with obser-
vational data, grid elements in white color indicate areas with estimated values. Note that data density is rela-
tively better in the southwestern and northeastern parts of the continent.

2.2. Deep Crustal Structure

The data sets on deep crustal structure have been considered in the present work as a convenient means of im-
proving the framework for geothermal resource assessment of South America. For this purpose, use has been
made of crustal data compilations [42] [43]. Following the approach adopted in these earlier works, the crust is
assumed to be composed of five sequential layers, classified as: soft sediments, hard sediments, upper crust,
middle crust and lower crust. The compilations of [42] [43] provides mean values of the thickness of the crustal
layers for 2° x 2° grid elements. Mapsillustrating the regional variations in the thicknesses of the sedimentary
layers and of the upper crust in South America have been derived [2]. Soft sediments are present as layers with
thickness less than 500 m in large parts of the Precambrian cratonic areas and in the Andean ranges [2] [42].
However, in most parts of the Pre-Cordilleran and Paleozoic basins the thicknesses of sediment layers are in the
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Figure 1. lllustrations of geothermal data coverage for South America. The left panel indicates
distribution of localities of geothermal data (blue dots indicate observational data; crosses indi-
cate estimated values). The right panel is a discretized representation of the 2° x 2° grid system
of data distribution. Color codes indicate grid elements with observational data. White grids in-
dicate areas with estimated values. See text for details.
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range of 0.5 to 1.5 km. The exceptions are the northern parts of Colombia and Venezuela, where thicknesses of
sedimentary layers are in excess of 1.5 km. In the case of hard sedimentary layers the regions with thicknesses
greater than 2 km occur along an arc shaped belt extending from Venezuela to south Brazil. It is practically ab-
sent in Precambrian cratonic areas. The upper crustal layer reaches up to values of 24 km in the central Andean
region. Thickness values are in the range of 12 to 20 km in the central parts of the continent. Both the northern
and southern extremes are characterized by relatively thin upper crust, with thicknesses less than 12 km.

Integrated analysis of geothermal and crustal structure data sets has been useful in determining vertical dis-
tributions of temperatures in the upper crust. Such calculations are based on a simple one-dimensional heat
conduction model, which incorporates the effects of depth-dependent variations in thermal conductivity and ra-
diogenic heat production. For layered media with constant thermal properties the relation for temperature (T;) as
a function of depth (z)) is:

doi — Aui Di2 A Di2 ~2,/D;
T(z)=Ty+ 7 Z+ P [1—e / ] (1)
where Ty; is the surface temperature, qo; the surface heat flux, Ay radiogenic heat productivity and 4; the thermal
conductivity of the i" element. This model has been employed in calculating crustal temperature distributions
and in deriving maps of basal temperatures of the principal layers. According to results of [2] temperatures in
excess of 80°C at the base of soft sediments occur only in northern Venezuela, highlands region of central An-
dean cordillera and northern Chile. In most of the remaining regions, it is in the range of 40°C to 60°C. In the
case of hard sediments the basal temperatures in excess of 80°C are found to occur in several localities lying
along an arc shaped belt extending from northern Venezuela to central Brazil, passing through southeast Ecua-
dor and highlands of Bolivia. Temperatures of less than 80°C are found along the eastern parts of the continent.
In the case of upper crust, temperature calculations were carried out for a set of thermal conductivity values rep-
resentative of the main geologic formations in the continent. Such procedures introduce some degree of uncer-
tainty in model results. However, the magnitudes errors involved are likely to be less than the uncertainties as-
sociated with errors in gradient and heat flow values. Basal temperatures in excess of 300°C are found along
most of the Andean ranges. Surprisingly the upper crust in the southern cordillera in Chile is characterized by
basal temperatures lower than 250°C. In the eastern parts of the continent, basal temperatures in excess of 300°C
are found to occur in the northeastern coastal region of Brazil, and also along a southeast-northwest trending belt
between the northern part of the state of Mato Grosso and northern parts of the state of Rio de Janeiro.

3. Methods Employed in Resource Estimates

The resource base calculations were carried out following the methodology proposed in earlier studies (see [44],
also [1]-[5]). Volumetric method was considered adequate for the present purpose. In the terminology proposed
by [44] the resource base (RB) is considered as the excess thermal energy in the layer up to a depth of 10 km,
the reference temperature value for resource calculations being the mean annual surface temperature. In gridded
data sets the resource base (Qgg;) for the i cell, of thickness d;, associated with the temperature distribution
given by Equation (1), is calculated using the relation:

Qrei = piCpiAdi (Ti _TOi) )

where p; is the average density, c,; the specific heat, A; the area of the cell, T; the bottom temperature of the cell
and Ty; upper surface temperature. It is common practice to designate last factor on the right hand side of equa-
tion (2) as the “excess temperature”. The relation for “excess temperature” (AT) over the mean surface tempera-
ture is given by the relation:

2
AT =% g o (1-e7°) (3)
k 2k

where ¢ the surface heat flux, Aq radiogenic heat productivity and k the thermal conductivity. The values of Ay

is derived from empirical relations [45] relating crustal seismic velocities with radiogenic heat productivity.
Recoverable resource (RR) is usually defined as that part of the resource base associated with pore fluids that

can be extracted using current technology (see [44], also [1]-[5]). In areas of positive geothermal gradients,

temperatures of the rock matrix and the pore fluids increase with depth. However, values of porosity and per-
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meability of most common rocks decrease with depth, which imply a corresponding decrease in quantity of cir-
culating fluids in deeper levels. The nature of opposing roles of temperature and porosity variations with depth
can be understood by considering the relation for total geothermal resource (Q) of a volume element (of area A
and thickness h) with rock temperature T, and porosity ¢:

Q=[4C, +(1-¢)C, ][T, -T,] Ah 4)

where C; and C, are the heat capacities of the fluid and rock matrix respectively. The variation of T, with depth z
depends on the local value of geothermal gradient (I'). The variation of porosity ¢ with depth z is usually
represented by a relation of the type:

¢ = ¢oeiz/n ©)

where I1 is the logarithmic decrement of porosity with depth. The substitution of Equation (5) in Equation (4)
leads to:

Q = (2rAn)[ e ™"C, |+ (zrAN)[ (1- e ") C, | ©6)

It is simple to note that the first term in Equation (6) represents the recoverable resource (RR) while the
second term represents the resource associated with the rock matrix (RM). The sum of RR and RM represents
the resource base (RB). Numerical simulations with representative estimates of the main parameters in Equation
(6) indicate that maximum value of recoverable resource occurs in the depth range of 2500 to 3500 meters.
Hence, for purposes of the present work, the estimates of resource base and recoverable resources have been set
to a reference depth limit of 3 km. Mean values of porosity adopted for the main rock types are 0.25 (soft sedi-
ments), 0.15 (hard sediments), 0.1 (fracture zones) and 0.05 (igneous and metamorphic rocks).

4. Results of Resource Assessments

In comparative analysis of spatial distributions, it is convenient to work with values of resources per unit area.
Such values are designated here as RBUA (resource base per unit area) and RRUA (recoverable resource per
unit area) respectively. The resource estimates (RBUA and RRUA) are available for 1771 sites in South Ameri-
ca. Details of resource assessments specific to the thirteen countries of the South American continent are dis-
cussed in the following items.

4.1. Argentina

The estimates of geothermal resources for Argentina are based on data acquired in 289 localities. These include
incremental temperature logs (CVL) at four sites [46] and results of aquifer temperature measurements (AQT) at
additional six sites [7]-[9]. Also included are grid-averaged BHT values for 164 sites in the Neuquina basin, in
the west central parts of Argentina. These latter ones are derived from geothermal gradient and heat flow values
for 2941 oil wells, reported by [47]. In addition, results of geochemical methods (GCL) have been used deriving
estimates of temperatures and resources at 58 sites [6]-[9] [29]. A major drawback of this data set is its highly
uneven geographic distribution, with most of the data sites located along pre-cordilleran regions in the west.
Data density is relatively poor in the Patagonian platform areas to the east. In an attempt to minimize the unde-
sirable effects of this uneven distribution use has been made of estimated values for 56 sites in the eastern parts,
derived from spherical harmonic expansion of global heat flow data [38]-[41]. The mean value of resource base
is 352 GJ while the recoverable part of this resource base is 79 GJ.

Maps of regional distributions of the resource base (RBUA) and recoverable resources (RRUA) are illustrated
respectively in the left and right panels of Figure 2. In these maps, the blue dots indicate locations of observa-
tional data while crosses indicate locations of estimated values, these latter ones derived from spherical harmon-
ic expansion of global heat flow data [38]-[41]. Referring to the left panel it is simple to note that Pre-Cordille-
ran regions in general are characterized by occurrences of resource base with values higher than 200 GJ. These
are indicated as yellow and red shaded areas in the left panel. On the other hand, the platform areas in the east-
ern parts are characterized by relatively low values of resource base. A similar trend can also be seen in the dis-
tribution of recoverable resources, illustrated in the right panel of Figure 2. In this case, the red shaded areas in-
dicate locations of recoverable resources with values higher than 80 GJ.
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Figure 2. Distribution of geothermal resource base (left panel) and recoverable resources
(right panel) in Argentina. Dots indicate locations of observational data and crosses indicate
estimated values.

4.2. Bolivia

The estimates of geothermal resources for Bolivia are based on data acquired in 82 localities. These include re-
sults of incremental temperature logs (CVL) and underground mine measurements (MGT) at 20 sites and results
of bottom-hole temperature method (BHT) at 32 sites [48] [49]. Most of the data are from the southern parts,
while data density is relatively poor in the northern parts. In an attempt to minimize the undesirable effects of
large-scale variations in data density, we have assigned estimated values for additional 30 sites. The mean value
of resource base is 245 GJ while the recoverable part of this resource base is estimated to be 41 GJ. The maps in
the left and right panels of Figure 3 illustrate respectively the regional distributions of resource base per unit
area (RBUA) and recoverable resource per unit area (RRUA). As in the previous case, the blue dots in these
maps indicate locations of observational data while crosses indicate locations of estimated values, these latter
ones derived from spherical harmonic expansion of global heat flow data [37]-[40].

Note that the southern parts of the highlands regions of Bolivia are characterized by occurrences of resource
base with values higher than 300 GJ. These are indicated as orange and red shaded areas in the left panel. On the
other hand, the eastern lowlands are characterized by relatively low values of resource base (<200 GJ). A similar
trend can also be seen in the distribution of recoverable resources, illustrated in the right panel of Figure 3. In
this case, the red shaded areas indicate locations of recoverable resources with values higher than 80 GJ.

4.3. Brazil

The estimates of geothermal resources for Brazil are based on data acquired in 930 localities. These include re-
sults of incremental temperature logs (CVL) and underground mine measurements (MGT) at 109 sites and bot-
tom-hole temperature measurements (BHT) at 301 sites. These data sets are derived from compilations dis-
cussed in earlier works [11]-[16] [29] [30]. Also included are data derived from results of geochemical methods
(GCL) for 45 sites [37] and estimated values for 131 sites. Most of the data come from southeastern and nor-
theastern parts, while the data density is poor in the north and northwestern parts. The mean value of resource
base per unit area is 178 GJ while the recoverable part of this resource base is estimated to be 10 GJ. The maps
in the left and right panels of Figure 4 illustrate respectively the regional distributions of resource base (RBUA)
and recoverable resource (RRUA), based on this data set.
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Figure 3. Distribution of geothermal resource base (left panel) and recoverable resources (right panel) in Bolivia.
Dots indicate locations of observational data and crosses indicate estimated values.
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Figure 4. Distributions of geothermal resource base per unit area (left panel) and recoverable resources (right panel) in
Brazil. Dots indicate locations of observational data and crosses indicate estimated values.

Note that resource base per unit area is higher than 200 GJ in several parts of central and northeast Brazil.
These are indicated as yellow and pink shaded areas in the left panel. The western and northern parts are cha-
racterized by relatively low values of resource base. A similar trend can also be seen in the distribution of reco-
verable resources, illustrated in the right panel of Figure 4. Recoverable resources with values higher than 30 GJ
are present in the southern state of Rio Grande do Sul. These are also present as isolated pockets along central
parts of Amazon basins in the north, Parnaiba basin in the northeast and southwestern parts of Parana basin in
the south. Note that absence of sediment cover has led to low values of recoverable resources in northeast Brazil,

even though resource base is high.
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4.4. Chile

The estimates of geothermal resources for Chile are based on data acquired in 72 localities. These include in-
cremental temperature logs (CVL) and underground mine measurements (MGT) at 19 sites [50] and bottom-
hole temperature (BHT) and aquifer temperature (CBT) data at 2 sites [18]. Also included are results of geo-
chemical methods (GCL) for 35 sites [17]-[19] [29] and estimated values for 16 sites. Most of the data are from
southeastern and northeastern parts, while the data density is poor in the northwestern parts. The mean value of
resource base is 499 GJ while the recoverable part is estimated to be 61 GJ. The maps in the left and right panels
of Figure 5 illustrate respectively the regional distributions of resource base (RBUA) and recoverable resource
(RRUA). As in the previous case, the blue dots indicate locations of observational data while crosses indicate
locations of estimated values, these latter ones derived from spherical harmonic expansion of global heat flow
data [38]-[41].

Note that resource base is higher than 200 GJ all along the eastern parts, coincident with the locations of east-
ern and southern cordilleras in Chile. These are indicated as yellow and red shaded areas in the left panel. The
northern and central parts of the eastern region of Chile are characterized by values of resource base higher than
400 GJ. The gaps in the occurrence of high resource base values are coincident also with regions where recent
magmatic activities are absent. Also, regions of occurrence of high-temperature geothermal resources in Chile
are contiguous with similar ones in western Argentina (see maps of Figure 2). These observations imply under-
lying connecting links between tectono-thermal processes in the deep crust and occurrence of high-temperature
geothermal resources in South America. Similar trends can also be seen in the distributions of recoverable re-
sources, illustrated in the right panel of Figure 5. Thus, recoverable resources with values higher than 30 GJ are
present only along a narrow belt in the northern and central parts of the eastern region in Chile.

Note that resource base is higher than 200 GJ all along the eastern parts, coincident with the locations of eastern
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Figure 5. Distribution of geothermal resource base per unit area (left panel) and
recoverable resources (right panel) in Chile. Dots indicate observational data and
crosses indicate estimated values.
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and southern cordilleras in Chile. These are indicated as yellow and red shaded areas in the left panel. The
northern and central parts of the eastern region of Chile are characterized by values of resource base higher than
400 GJ. The gaps in the occurrence of high resource base values are coincident also with regions where recent
magmatic activities are absent. Also, regions of occurrence of high-temperature geothermal resources in Chile
are contiguous with similar ones in western Argentina (see maps of Figure 2). These observations imply under-
lying connecting links between tectono-thermal processes in the deep crust and occurrence of high-temperature
geothermal resources in South America. Similar trends can also be seen in the distributions of recoverable re-
sources, illustrated in the right panel of Figure 5. Thus, recoverable resources with values higher than 30 GJ are
present only along a narrow belt in the northern and central parts of the eastern region in Chile.

4.5. Colombia

The estimates of geothermal resources for Colombia are based on data acquired in 66 localities and 18 grid av-
eraged regions. These include data acquired using incremental temperature logs (CVL) for three sites [51] and
use of geochemical methods (GCL) for 35 sites [20]. Results of bottom-hole temperature data, acquired in 4425
oil wells, have been regrouped into grid-averaged values for 15 sub regions representing the main sedimentary
basins in central Colombia [21]. These include basins of Caguan Vaupes (CAG), Catatumbo (CAT), Cauca Patia
(CAU), Cesar Rancharia (CES), Choco (CHO), Eastern Ranges (COR), Guajira (GUA), Llanos (LLA), Lower
Magdalena Valley (VIM), Middle Magdalena Valley (VMM), Putumayo (PUT), Upper Magdalena Valley
(VSM), San Jacinto (SIN), Tumaco (TUM) and Uraba (URA). In addition, estimated values were used for 27
sites, mainly in the eastern parts. Most of the data are from northeastern and central parts, while the data density
is poor in the eastern parts. The mean value of resource base is 315 GJ while the recoverable part is estimated to
be 31 GJ.

The maps in the left and right panels of Figure 6 illustrate respectively the regional distributions per unit area
of resource base (RBUA) and recoverable resources (RRUA). In this figure, as in the previous cases, the blue
dots indicate locations of observational data while crosses indicate locations of estimated values, these latter
ones derived from spherical harmonic expansion of global heat flow data [38]-[41]. Note that resource base is
higher than 200 GJ all along the central parts, indicated as yellow shaded areas. However, the resource base with
values higher than 300 GJ are restricted to a narrow NE-SW trending belt, which is roughly coincident with the
main magmatic belt of central Colombia. These are indicated as red shaded areas in the left panel. Similar trends
can also be seen in the distribution of recoverable resources, illustrated in the right panel of Figure 6.

South Latitude
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74— 74,
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Figure 6. Distributions of geothermal resource base (left panel) and recoverable resources (right
panel) in Colombia. Dots indicate locations of observational data and crosses indicate estimated

values.
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4.6. Ecuador

The estimates of geothermal resources for Ecuador are based on data acquired in 41 localities. These include re-
sults of incremental temperature logs (CVVL) for one site [52] and bottom-hole method (BHT) for 34 sites [30].
Also included are results of geochemical methods (GCL) for additional 10 sites [22]-[24]. In addition, estimated
values were used for 8 sites, mainly in the eastern parts. Most of the data are from northeastern and central parts,
while the data density is poor in the eastern parts. The mean value of resource base is 267 GJ while the recover-
able part is estimated to be 37 GJ. The maps in the left and right panels of Figure 7 illustrate respectively the
regional distributions of resource base (RBUA) and recoverable resource (RRUA). As in the previous case, the
blue dots indicate locations of observational data while crosses indicate locations of estimated values, these lat-
ter ones derived from spherical harmonic expansion of global heat flow data [38]-[41].

Note that resource base per unit area is higher than 200 GJ in the northern parts. There are indications that
occurrence of resource base with values higher than 300 GJ are restricted to a narrow NE-SW trending belt. The
relative location of this belt is roughly coincident with the main magmatic belt that extends into the cordilleran
regions in the east. These are indicated as yellow and red shaded areas in the left panel. A similar trend can also
be seen in the distribution of recoverable resources, illustrated in the right panel of Figure 7.

4.7. Paraguay

The estimates of geothermal resources for Paraguay are based on data acquired in 34 localities. These include
results of bottom-hole method (BHT) applied to oil wells in the Chaco and Santa Cruz—~Perija basins [30] [53].
In addition, estimated values were used for 8 sites, mainly in the eastern parts. Most of the data are from nor-
theastern and central parts, while the data density is poor in the eastern parts. The mean value of resource base is
244 GJ while the recoverable part is estimated to be 24 GJ. The maps in the left and right panels of Figure 8 il-
lustrate respectively the regional distributions of resource base (RBUA) and recoverable resource (RRUA),
based on this data set. As in the previous case, the blue dots indicate locations of observational data while
crosses indicate locations of estimated values, these latter ones derived from spherical harmonic expansion of
global heat flow data [38]-[41]. Note that resource base per unit area is higher than 200 GJ in the northern parts.
There are indications that resource base with values higher than 300 GJ are restricted to a narrow NW-SE trend-
ing belt. However, the anomaly does not seem to extend into the adjacent regions in Bolivia. Also, the general
direction is different from that observed for resources in Colombia and Ecuador. Clearly, additional data is
needed for a better understanding of the tectonic context of this anomaly. These are indicated as yellow and red
shaded areas in the left panel. A similar trend can also be seen in the distribution of recoverable resources, illu-
strated in the right panel of Figure 8. However, the maximum value of recoverable resource is no more than 30

GJ.
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Figure 7. Distributions of geothermal resource base (left panel) and recoverable resources (right
panel) in Ecuador. Dots indicate locations of observational data and crosses indicate estimated

values.
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Figure 8. Distributions of geothermal resource base (left panel) and recoverable resources (right
panel) in Paraguay. Dots indicate locations of observational data and crosses indicate estimated
values.

4.8. Peru

The estimates of geothermal resources for Peru are based on data acquired in 93 localities. These include results
of incremental temperature logs (CVL) and underground mine measurements at 16 sites and bottom-hole me-
thod (BHT) for 5 sites [48] [52] [54]. Also included are geothermal gradient values reported by [55] [56] for 46
sites in the Marafion basin. Results of geothermal measurements carried out using Bullard-type probes for 19
sites in Lake Titicaca [57] are also considered as complementary data. Estimated values based spherical har-
monic coefficients of global heat flow data [38]-[41] were used for 31 sites, mainly in the eastern parts. The
mean value of resource base is 206 GJ while the recoverable part is estimated to be 10 GJ. The maps in the left
and right panels of Figure 9 illustrate respectively the regional distributions of resource base (RBUA) and reco-
verable resource (RRUA), based on this data set. As in the previous case, the blue dots in these maps indicate
locations of observational data while crosses indicate locations of estimated values.

Referring to Figure 9 note that resource base per unit area is higher than 200 GJ mainly in the northern com-
pared to southern parts. These are indicated as yellow and red shaded areas in the left panel. There are indica-
tions that resource base with values higher than 300 GJ are restricted to a narrow east-west trending belt. High
values of resources also seem to be present in the southernmost tip. A similar trend can also be seen in the dis-
tribution of recoverable resources, illustrated in the right panel of Figure 9. However, the maximum value of
recoverable resource is no more than 30 GJ.

4.9. Uruguay

The estimates of geothermal resources for Peru are based on data acquired in 14 localities. These include results
of temperature measurements in flowing wells (AQT method) in 7 localities [9] this work. Estimated values
based spherical harmonic coefficients of global heat flow data [38]-[41] were used for 7 sites, mainly in the
eastern parts. The mean value of resource base is 225 GJ while the recoverable part is estimated to be 27 GJ.
The maps in the left and right panels of Figure 10 illustrate respectively the regional distributions of resource
base (RBUA) and recoverable resource (RRUA), based on this data set. As in the previous case, the blue dots in
these maps indicate locations of observational data while crosses indicate locations of estimated values.

Referring to Figure 10 note that resource base per unit area is higher than 200 GJ mainly in the western parts.
These are indicated as yellow and red shaded areas in the left panel. A similar trend can also be seen in the dis-
tribution of recoverable resources, illustrated in the right panel of Figure 10.

4.10. Venezuela

The estimates of geothermal resources for Venezuela are based on data acquired in 64 localities. Results of
geochemical analyzes of thermal springs at 40 sites in the northern region, which were used in obtaining esti-
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Figure 9. Distributions of geothermal resource base (left panel) and recoverable
resource (right panel) in Peru. Dots indicate locations of observational data and
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Figure 10. Distributions of geothermal resource base (left panel) and recoverable resources (right
panel) in Uruguay. Dots indicate locations of observational data and crosses indicate estimated

values.

mates of heat flow by the geochemical method [28]-[30]. There are two major problems with this data set. First,
lack of observational data on subsurface temperatures makes the evaluation of the results of geochemical me-
thods (GCL) a difficult task. Second, the data density is highly variable, since most of the thermal springs are
situated along a narrow strip in the northernmost part of the country. In an attempt to minimize problems arising
from the large variations in data density estimated values based on spherical harmonic coefficients of global heat
flow data [38]-[41] were used for 24 sites, located mainly in the southern parts. The mean value of resource base
is 324 GJ while the recoverable part is estimated to be 44 GJ. The maps in the left and right panels of Figure 11
illustrate respectively the regional distributions of resource base (RBUA) and recoverable resource (RRUA),
based on this data set. As in the previous case, the blue dots in these maps indicate locations of observational
data while crosses indicate locations of estimated values.

Referring to Figure 11 note that resource base per unit area is higher than 200 GJ in the northern compared to
southern parts. These are indicated as yellow and red shaded areas in the left panel. There are indications that
resource base with values higher than 300 GJ are restricted to a narrow southwest-northeast trending belt. This
belt seems to be continuation of the similar belt identified in resource distribution of Colombia. A similar trend
can also be seen in the distribution of recoverable resources, illustrated in the right panel of Figure 11.
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Figure 11. Distributions of geothermal resource base (left panel) and recoverable resources (right
panel) in Venezuela. Dots indicate locations of observational data and crosses indicate estimated
values.

4.11. French Guiana, Guiana and Suriname

Results of geothermal studies have not been reported for French Guiana, Guiana and Suriname. Hence, maps of
resources distributions are not presented for these countries. Nevertheless, resource estimates based on estimated
values are included in the data base for overall assessment.

5. Discussion and Conclusions

A summary of values obtained in assessments of resource base and recoverable resources is presented in Table
1, for the thirteen countries of the continent. Estimates of total resource base can be obtained as product of val-
ues of areas in column 2 and resource base in column 4. The highest value found for resource base per unit area
(RBUA) is 499 GJ, for Chile. Relatively high values are also found for Argentina (352 GJ), Venezuela (324 GJ)
and Colombia (315 GJ). Intermediate values of resource base are found for Ecuador (264 GJ), Bolivia (245 GJ),
Uruguay (225 GJ) and Peru (206 GJ). The estimate for RBUA in Peru is lower than that expected for cordilleran
regions. It is in contrast with evidences of extensive magmatic emplacements at shallow crustal levels and
probably reflects lack of adequate observational data. The estimate of mean RBUA for Brazil is 178 GJ but there
are considerable regional variations. The remaining three countries in the northern part of the continent (French
Guiana, Guiana and Suriname) are found to have values of RBUA less than 150 GJ.

Similar trends can also be observed for estimates of recoverable resources. Thus high values of recoverable
resources are found for Argentina (79 GJ) and Chile (61 GJ). Values of recoverable resources in the interme-
diate range are found for Venezuela (44 GJ), Bolivia (41 GJ), Ecuador (37 GJ) and Colombia (31 GJ). Relative-
ly low values of recoverable resources are found for Uruguay (27 GJ), Paraguay (24 GJ), Brazil (10 GJ) and Pe-
ru (10 GJ). The estimates of recoverable resources are found to be less than 10 GJ French Guiana, Guiana and
Suriname where geothermal manifestations have not been reported.

Integrated analysis of the results obtained for the different countries is useful in understanding the regional
distribution of geothermal resources. The maps of Figure 12 illustrate the distributions of resource base (left
panel) and recoverable resources (right panel) for the South American continent. Referring to the left panel of
this figure, it is noted that resource base with values higher than 400 GJ occur in areas comprising central and
northern parts of Chile, southwest of Bolivia, west-central Argentina, southern Colombia and northwestern parts
of Venezuela. Resource base with values in excess of 300 GJ is present only in small isolated localities in the
interior parts of the continent. In the context of tectono-thermal characteristics of the South American continent,
this observation implies that high enthalpy resources in the western parts of the continent are almost all of deep
crustal origin [58] [59].

The distributions of recoverable resources illustrated in the right panel of this figure reveal a quite different
pattern. Recoverable resources, with values in the range of 20 to 40 GJ, are significant in several regions in the
eastern parts of the continent. These include the sedimentary basins of the Amazon region in the north, Parnaiba
basin in the northeast and western parts of Parana basin in the south. As mentioned earlier recoverable resources
are also significant in the southern state of Rio Grande do Sul. Low enthalpy resources are also present along
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Table 1. Estimates per unit area of resource base (RBUA) and recoverable resources (RRUA), for the thirteen countries in
South America. N refers to number of localities used in resource assessments (numbers in brackets refer to wells with ob-
servational data).

Resource (GJ/m?)

Country Area (10° km?) N
RBUA RRUA

Argentina 2790 233 (2941) 352 79
Bolivia 1100 52 245 41
Brazil 8480 930 178 10
Chile 760 56 499 61
Colombia 1200 57 (4425) 315 31
Ecuador 270 51 267 37
French Guiana 91 - 147 7
Guiana 215 - 144 7
Paraguay 407 35 244 24
Peru 1290 87 206 10
Suriname 163 - 146 9
Uruguay 178 7 225 27
Venezuela 912 40 324 44
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Figure 12. Distributions of geothermal resource base (left panel) and recoverable resources
(right panel) in the South American continent. Dots indicate locations of observational data
and crosses indicate estimated values.

narrow strips bordering the Parana River in Uruguay and Argentina, in the eastern parts of the continent.

It is clear that the results of the present work have led to improvements in evaluation of the spatial distribu-
tions of both low and high enthalpy geothermal resources in the South American continent. In particular, it is
now possible to understand better the relations between the crustal layer of origin of surface manifestations of
geothermal fluids and the resource base in geothermal areas. The integrated resource base for upper crust is es-
timated to be of the order of 10 TJ. This value is significantly different from that obtained in previous studies.
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