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Abstract

The present work provides a new look into the reatamnd distribution of geothermal
resources of South America, on the basis of regévdinces in data analysis and regional
assessments. Notable in this context is the pregrebieved in the use of a procedure
termed as magmatic heat budget (MHB) that allowredton of heat flux in areas of recent
volcanic activity. In addition, an updated compdat of temperature gradients and heat
flux have been completed. Such advances have alloaw resource assessments for 6526
sites. These span over more than 100 crustal hldgtsibuted in thirteen countries of the
continent. Following this, a°22° grid system with homogenized data sets were eragloy
for calculating the in-situ heat content. Deterrtioas of resource base based on
observational data are now available for 253 owt taftal of 418 cells in this grid system.
Values of resource base based on estimated heatwéye calculated for the remaining
165 grid elements. The data and model results mpeeatures of subsurface strata at
depths less than three kilometers have been englimyelassifying the resources, into
three general categories: hot dry rock (HDR), het reck (HWR) and low enthalpy (LE).
HDR type resources, classified as those with teatpegs higher than 130, occur in 318
localities mainly in the Andean regions. SimilatHyVR type resources, classified as those
with temperatures in the range of 90 to @50o0ccur in 352 localities. Low enthalpy (LE)
resources, with temperatures <°@p are numerous mainly in the eastern parts of the
continent. The total resource base (RB) of HDRaystis estimated to be 1329%10and
the corresponding resource base per unit area (RB&JB13GJ/A The HWR systems
have a total resource base of 586%10while the corresponding value for RBUA is
409GJ/M. The low enthalpy systems, with temperatureséréimge of 60 to 9C, have a
total resource base of 240G3/iwhile those with temperatures less thaf(s® estimated

to be 210GJ/fh

1. Introduction

2005; 2010), Chile (Lahsen, 1988; Lahsen et al,5200
Colombia (Alfaro et al, 2000; 2011), Ecuador (Aloesi 1988;

Compilation of data sets on subsurface temperathezst  Beate and Salgado, 2005; 2010), Peru (Parodi, I9%%;and
flux, thermal spring discharges and geotectonicaxtaristics Guillermo, 1988) and Venezuela (Urbani, 1987; Alden
of subsurface strata constitute essential stepssessments of and Rojas, 1988).

geothermal resources. Evaluations of geothermalress on

The resource estimates in much of these earligtiestu

global scale have been reported by Huttrer (200dnd and made use of information concerning near surfacehgemal
Freeston (2001) and Barbier (2002), among otherthd past manifestations and subsurface temperature datas Thi
few decades, several attempts have also been nmadeapproach implies variable degrees of spatial réisolwhich
assessments of geothermal resources of South AameridS @ major problem in assessments of resourcesgions of
continent (Battocletti,1999; Cardoso et al, 201@&iN4 and low data density. Cardoso et al (2010) and Vierd Hamza
Hamza, 2014). Results of regional assessmentsdtswéeen (2014) adopted a hybrid approach in which crustaicture
reported on local scales for specific sub-regiohsSouth ~and geothermal data were averaged over grid element
America. Most of such works have been carried sytaats of Results of this hybrid approach has provided bettsights
updates of geothermal projects in Argentina (Miarahd into the assessments of geothermal resources donegg
Pesce, 1997; Pesce, 1995; 2000; 2005; Sigismondi)2 Scales. A major weak point of the previous works ibeen the
Bolivia (Delgadillo, 1997), Brazil (Hamza et al, 2® Hamza absence of resource assessments for areas of kedesnic
and Eston, 1983; Eston and Hamza (1984); Hamza¥2g0; activity, a consequence of the lack of a suitalote@dure for
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estimating deep crustal heat flux in magmatic pross. Inthe Hamza (2014). A number of different methods havenbe
present work, a procedure, based on consideratifns employed in determinations of geothermal gradiant$ heat
magmatic heat budget (MHB), has been introduced fdlux. In accordance with the practice adopted inliea

estimating deep crustal heat flow in areas of regeltanic
activity. This approach has led to considerablerovpments
in assessments of resources of the type classifieldot dry
rock (HDR) and hot wet rock (HWR), improving theyeb
reliability of resource estimates in areas of magmrasions.

2. Geologic Context

The occurrence and distribution of geothermal resesiin
South American continent is intimately relatedtsgeologic
framework. The western side of this continent is\n to host
large number of localities with notable volcanitiétes. The
geologic context of such magmatic activities hasrbe
discussed in detail for the region of Western &rr
Pampeanas of Argentina by Rapela et al (2010%dutilleran
regions in Peru by Myers (1975) and orogenic systém
central-northern Ecuador by Guillier et al (2002 the other
hand, the interior parts of the continent are coseploof low-
lying platform areas which are tectonically quiegcand
where basement rocks are of Precambrian to Pratieraz
age. It also hosts a large number of intracratbagins. Some
regions on the eastern parts are affected by akkalitrusions
of Tertiary age, but active volcanism is absengufé 1
provides a simplified view of the age provincestwd south

American region.

Figure 1 — Digital representation of age provinéesSouth America
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(Adapted from Vieira and Hamza, 2014).

3. Characteristics of Data Base

publications (see for example, Hamza and Munoz6l8tese
methods are identified by three-letter abbreviatioior
determining geothermal gradients. Thus, the conveat
method, designated by the abbreviation CVL, hasbsed in
referring to the procedure employed for calculating
geothermal gradients derived from results of ina@etal
temperature logs of undisturbed boreholes (Beclg519
Similarly, the procedure used for determining geats based
on measurements in underground mine galleries dBull
1939) has been identified by the abbreviation MGie BHT
method refers to gradient values derived from bottmle
temperature measurements carried out by oil ingdustr
exploration wells (Carvalho and Vacquier, 1977)eT®BT
method is a variant of the BHT method, used foexeining
gradient values based on measurements of stabpetatares
in undisturbed sections at the bottom parts of tholes
(Gomes and Hamza, 2005). Similarly, AQT methodrsefe
a procedure developed for determining temperatradignts
in flowing wells (Santos et al, 1986). Estimatefieat flux at
sites of thermal springs have also been made malgsagof
methods, designated as geochemical (GCL), which are
variations of the procedures proposed initially(Byvanberg
and Morgan, 1978; Hurter, 1986).

In the present work, it was found convenient toadtice
some modifications in the designations of the mdshased
and also in its implementation, in previous pullmas. Thus,
CVL (abbreviation for Conventional) has been rendras
ITL (abbreviation for Incremental Temperature Lagpl CBT
(abbreviation for Conventional Bottom Temperatira3 been
changed to the more appropriate SBT (meaning SExittem
Temperature). Also, complementary procedures were
introduced in the application of the GCL methodtads of
which are provided in section (3.1). A major inntea of the
present work has been introduction of a procedure f
estimating heat flux for areas of recent volcawiivity. It has
been designated as the method of magmatic heatebudg
(MHB). Details of MHB method are provided in secti3.2).

3.1. Modifications in the GCL method

In proposing the GCL method, Swanberg and Morgan
(1978) adopted I® as the value for surface temperature in
the equation for silica heat flow method. This \eais indeed
representative for western USA, but not necessuaalig for
regions in South America. In the present work, was made
of ground surface temperature values reported irallo
meteorological records, in calculating heat fluxthg GCL
method.

Alexandrino and Hamza (2018) pointed out that tlnality
of statistical fits between temperatures and silica
concentrations can be improved by considering anseted
approach. In this case, the solubility data is sutddd into
separate sections and specific empirical relatieseloped
for each section. In the present work, the lowetrtiost for
silica concentrations was set at 6.1 ppm. The upipgts
considered for the four classes of silica concéiotta are

Geothermal data have been acquired, over the éast f47.4, 199.8, 595.3 and 763.6 ppm. The overall icelator

decades, at a number of localities in the South ricae
continent. Summaries of such data sets have beented by
Hamza and Munoz (1996), Hamza et al (2005) and &/&md

these intervals may be written as:

T,(SiQ) =A+B(SiQ)+C(SiQ)* +DInGiQ) )
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where SiQ is the concentration of silica in ppm anglok the
reservoir temperature in °C. The values of the tamis A, B,

C and D, provided in Table 1, were adopted in thesent

work.

Table 1 - Values of constants (cons) in equatifor four ranges of
concentrations of silica.

The essence of this new procedure, designated eas th
method of Magmatic Heat Budget — MHB, may be unideis
by considering the importance of residual heat iagma
emplacement. In general, the quantity of residugdthis
dependent on the magma volume emplaced and tirpsezla
after its emplacement. Smith and Shaw (1975) censdlthe
relation between magma volume (in cubic kilometesj

Range of dissolved silica (ppm) time elapsed (in years) as approximately lineaemiboth are

cons. 6.1-47 | 47-200 | 200-595| 595 -764 expressed on log scale. In the case of South Ameltids
A 4185 528 119.05 2800100 convenient to examine the nature of such relf_;ltimpmra.tely

: : - - for the eastern and western parts of the contimestording

B 0.33 0.20 0.05 -17.44 to the available information (see for example: &iland
c -6.70E-04 | -1.10E-04  6.19E-0j 6.88E-03  Francis, 1991; Stern, 2004) most of the recent arotc
D 33.09 37.04 53.95 5669.77 activities in cordilleran regions have age val@ss lthan a few

million years and the volumes of magma chamberdaaad
Another modification adopted concerns use of theieva are est|r_'nated to be in the_range Ofl.m 10 kmg.' Su_ch
information has been useful in evaluating areah pitential

for dissolved silica in thermal waters, which isestial in for development of high-temperature aeothermal uass in
calculation of heat flux by the GCL method. In many; P 9 b 9 -

" o . . South America. An example of this line of reasonisg
localities, availability of data on dissolved sdlizvas found to N S
be limited, even though corresponding data for NG& |!Iustrated in Flgur_e 3 where the domaln I|m|t_ed @g{shed
thermometry are available. There are also datardetse both Ilne_s may _be con5|dgred as representing th_e divisapween
silica and Na-K-Ca data .has been acquired. In th regions with and without residual magmatic heat.other
cases, it has been possible to examing the .relbt'mmeen words, sites falling in the region below the béltlashed lines
reser\;oir temperatures based on Na-K-Ca geotherrtﬂmmemay be _conS|d¢red as having potential for retalmeftgdgal
with that obtained using silica thermometry. Theutts point magmatic heat in subsurface layers. For the saguore sites

. . falling above the belt of dashed lines may be amrsid as
to reasonably good correlations between valuesirataby those with little residual magmatic heat
these two geochemical techniques. This correlatias used 9 '
for calculating silica temperatures which were sgoently

. L 4 A
employed in determination of heat flux by the GCethod. 10
An example of the relation obtained for centralditeran
region of Peru is presented in Figure 2. 8
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Figure 3 - Relation between magma volume and elapsedof
volcanic activity for the South American continent.
\. J/

The next step in implementing the method of MHBais
look into suitable procedures for calculation obswrface
temperatures and heat flux. According to Nogucld7(),
Annen et al (2006) and Suarez (2017) the emplacemen
temperature of andesitic magma at mid crustal sevsl
Andean cordilleras are characterized by widespre proximately 1200 while the depth of emplacement falls in

volcanic activity and hold prospects for developmehhot the range of 510 15 km. Similar estimates were atade by
dry rock (HDR) projects. Geological models suggtst Mamani et al (2000) and Borzotta et al (2018). FHue
possibility that andesitic magma may underlie mottthe —PUrPoses of the present work a representative défitR.5 +/-
localities of volcanic activity. This is significabecause HDR KM has been assumed for all areas of recent vefoan the
reservoirs could potentially be sited in such aréfmvever, Andean region. This is obviously a first order siifigation,
lack of suitable geothermal data has been a méjstaole in which can be improved with availability of moreiatlle data.
estimating deep crustal heat flux, which is a basimmeter Noguchi (1970) argued that magma temperatures diops
in assessment of geothermal resources. It issrctritext that about 90€C in about 60000 years after emplacement. This

attempts were made for developing a method fomesipn of ~ &lows intra-crustal ~magma chamber emplacement
heat flux in areas of volcanic activities. temperature (dnpy to be estimated for the time interval of

Figure 2 - Correlation between temperatures calcedatising Na-
K-Ca and Silica thermometric methods, for sites irthreyn Peru.

3.2. Heat Flux in Areas of Recent Volcanic Activity
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emplacement ). For the age range of 0 to 60000 years, thg, Qverview of Heat Flux Data Sets

relation is:
(2

The next step in the MHB method is determinatiohext
flux corresponding to the emplacement temperatuykg For
a crust with temperature dependent thermal condtycl )
the relevant relation for magmatic heat fluxX end)
corresponding to residual temperaturg,pfas a function of
depth (z) is (Carslaw and Jaeger, 1959; Hamza,)1982

3)

wheregm = 1 +a Temp andgo = 1 +a To, a being the
temperature coefficient of thermal conductivity afg the
surface temperature. The subscript zero indicataegaof
parameters evaluated at the surface (z = 0). Matente have
ignored the contribution of radiogenic heat, agibnly of
secondary importance in the present context. Faregaof
time elapsed larger than 60000 years it is assutmadthe
emplacement temperature magma drops to abod€5tthe
depth of 12.5km, which imply a heat flux of 80mV¢/rithe
limitations in the arguments of Noguchi (1970) &wdith and
Shaw (1975) impose constraints on calculations dyaton
(2). Thus, heat flux values obtained using MHB rmoeth
should be considered as first order approximatiassful for
assessment of resources in areas of recent magaadtitty.
On the other hand, such limitations are considéoede of
relatively minor importance in the present contafxtesource
estimates for deep crustal strata. Hence data r@ctjuising

According to the compilation of the present workt#ux
values relevant for resource assessments arelaledibs 6526
localities in South American continent. These sita®
distributed in ten out of thirteen countries in thentinent.

Table 3 provides a summary of the methods used for

geothermal data in 13 countries of South Amerideere is a
total of 6534 heat flux values. The country cod&y {n the
first column of this table are: ARG — Argentina; BG-
Bolivia; BRA — Brazil; CHI — Chile; COL — Colombi&CU

— Ecuador; FGU - French Guiana; GUY — Guyana; PAR —
Paraguay; PER — Peru; SUR — Suriname; URU — Uryguay

VEN — Venezuela.

As can be verified from data in this table, mosthef heat
flux values for South America have been obtainedgiBHT
and the closely related SBT methods (5337 valugsjne
regions have relatively high data density, as i thse of
Magdalena valleys in central parts of Colombia, éNein
basin in Argentina and areas of thermal springstha
southeastern cordillera of Peru. The high data ilegsin
Colombia and Argentina arise from the large nunidfeneat
flux values derived using BHT data in closely sphoi wells.
The high data density in southeast cordilleranaegif Peru
indicate heat flux values derived for areas ofrf@rsprings
using the GCL method. Marine heat flux method (OH&}
been used for heat flux measurements in Lake TaicReru
(Sclater et al, 1970) and Lago General Carrera lsagb
Cochrane, southern Chile (Murdie et al, 1999). Waige
areas of recent volcanic activities, Chile hadadhgest number

MHB method may be considered as capable of progidingf heat flux values derived using the MHB methoeakflux

reasonably reliable estimates of deep crustal ressu

data are available for 150 localities in Boliviagtmajority

MHB method has been employed for deriving estimates pave been acquired using BHT, GCL and MHB methads.

heat flux in areas of recent volcanism in ArgentiBalivia,
Brazil, Chile, Colombia, Ecuador and Peru. Howereliable
age data, necessary for estimation of heat flutheyMHB
method, were available for only 272 localities. [Elétands
out as the country with the largest number of voicareas,
followed by Argentina, Bolivia and Peru. Examplestioe

the case of Venezuela, the values reported are tthesved
using the GCL methods. Most of the heat flux dat8iazil
are derived using ITL, BHT and SBT methods. In¢hse of
Paraguay, BHT method was used for data acquiditiosites
in the Chaco-Pampa basin system. Heat flux in Unychas
been estimated using the AQT method for 7 localitBuitable

parameter values adopted in MHB method for selectgflarmal gradient and heat flow data are not aviildbr

volcanic areas are provided in Table 2.

Table 2 - Examples of parameter values adoptedHBM
method for selected areas of recent volcanism utlfSamerica.
(aemp— Elapsed time since magma emplacement-Depth of

magma chamber; Tm - Temperature of magma chambehespt

Guyana, French Guiana, Suriname and Trinidad.

Table 3 - Summary heat flux data for ten countoiethe South
American continent. ID — country code. For detai® text. (* The
number of ITL data for Peru and Chile include resulf
measurements in lakes, using marine heat flux iqaks - OHF).

flux in mwW/rf). " ) .
R — 2emn Dnm T q D Number of localities with heat flux determinations
Ares (Ys) (km) | (°C) (MW/m?) ITL | MGT | BHT | SBT | AQT | GCL | MHB
Copahue o5 <2 1190 160 ARG 4 165 6 197 64
(ARG) BOL | 11 9 32 43 55
C(E%Sf)on 8800 125 760 80 BRA | 10¢ 2 297 | 302 | 41 72 2
Jayu Outa CHI | 22* 1 6 35 72
(BOL) 60000 125 900 130 coL| 3 4407 36 16
Igﬁl’;a 5980 <5 | ~1170 160 Egﬂ ! 20 18 | %2
?(Z:‘glf_"’)" <10 <5 | ~1195 160 ixg =
Cotopaxi <5 <5 1200 160 PER |32 | 3 52 1 [ 234] 30
(ECUV) SUR
A(QES;O 60000 ~10 900 80 URU 7
Cabugi VEN 40
(BRA) 1900000 |  ~15 500 70 Total | 182 [ 14 [ 502¢ | 30e | 55 | 678 | 271

International Journal of Terrestrial Heat Flow angplied Geothermics. VOL.
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5. Gridding and Homogenization

The summary of heat flux measurements in Table&als
considerable variations in data density. Such tiaria are
inconvenient features in deriving maps and alseoegional
assessment of geothermal resources. Clearly, iheeed for
homogenization of data sets. In the present wo2kx&° grid
system was adopted for setting up the area elepfentshich
mean values could be calculated. This choice gistesn was
considered reasonable, taking into account theackenistics
of data set. Smaller grid systems were consideneésirable
in view of the low data density, while larger owesre found
to lead to excessive smoothing of regional vametion heat
flux.

In essence mean of experimental heat flux values
assigned to those area elements for which obsenadtdata
are available. Following this, estimated valueshe#t flux,
based on empirical heat flow-age relation (Hamzh\agrma,
1969) are assigned to area elements for which chenal
data are not available. The grid system adoptédermpresent
work consists of a total of 418 cells, out of whizb3 have
been assigned mean heat flow values derived obabis of
observational data. Estimated heat flux valuesivedrfrom
the empirical heat flow-age relation, were assigt@dhe
remaining 165 cells.

The procedure adopted for deriving estimated vafaes
grid elements without observational data is simtlarthat
employed in analysis of global heat flow (Chapmam a
Pollack, 1975; Pollack et al, 1993; Hamza et aD80A
variation of this method was considered by Cardesal
(2010) in which theoretical values of heat flux weterived
from the set of coefficients obtained in spheribatmonic
expansion of the global heat flux data set. Inpgileesent work,
we have adopted an updated version of this proeedur

The overall distribution of cells is indicated iig&re 4.
The left panel of this figure illustrate distriboti of cells,
relative to the main age provinces of the continéntolor
scheme has been employed for easy visual ideniditaf
cells associated with such features as the cecwrdlilleran
regions (orange color), pre-cordilleran regionségr color),
pre-cordilleran basins (light yellow), intracratonbasins
(bright yellow) and Precambrian fold belts and enit areas
(red). The right panel indicates distribution ofl€ehaving
observational data (blue dots) and estimated vdhedscells).

Figure 4 - The left panel indicates 2°x2° grid eystemployed in
regional assessments. The right panel indicatesilgigion of cells

with observational data (blue dots) and estimatedes (red dots).

ww 0w 0w ow

6. Geothermal gradients and heat flux

The updated data sets were employed in derivingsroép
the regional distributions of temperature gradieansl heat
flux. These are presented respectively in the deff right
panels of Figure 5. An examination of this figuexeals that
geothermal gradient and heat flux values are syatieatly
high in most of the Andean regions compared todhafshe
platform areas in the eastern sector. The widthAmidean
geothermal belt” is variable. For example, in nerth
Argentina its width is so large that it extendstladl way to the
border with Paraguay. Also, there are indicatiohst t
subsurface thermal field of Patagonian regionfiedint from
that of the Brazilian platform in the north.

ar Another notable feature is the increase in the rarna
regions with relatively high values of temperatgradients
and heat flux, relative to those indicated in thepmof earlier
works (Hamza and Munoz, 1996; Hamza et al, 2008jr&i
and Hamza, 2014). This is a consequence of theiawaldif
new values of gradient and heat flux for the voicaagions,
derived using the method of magmatic heat budgetdEM
Also, note the considerable similarities in regiona
distributions of geothermal gradients and heat .flihe
overall pattern observed is, however, similar wsthreported
in previous works.

28 56 80 88 56
Regional distributions of geothermal dients and heat
flux in South America.

r)

80

Figure 5 -

7. Crustal Temperatures

Data sets on heat flux and crustal structure pealithe
frame work for determining vertical distributionsf o
temperatures in the upper crust. In view of theereht
uncertainties in such data sets, calculations swelly based
on simple one-dimensional heat conduction modelesé&
incorporate the effects of depth-dependent vanation
thermal conductivity and radiogenic heat productiéior
layered media with constant thermal propertiese¢hation for
temperature (Tizas a function of depthijas (Hamza, 1982):

RS s ,
o+ o & )

where T is the surface temperature; the surface heat flux,
Ao radiogenic heat productivity and; the thermal
conductivity of the ¥ element. It is common practice to
designate the difference between terms T(z) arud &quation
(4) as the excess temperaturd’). The relation for excess
temperature is:

International Journal of Terrestrial Heat Flow angplied Geothermics. VOL. 2, NO. 1 (2019); P. 46-57.



Vieira, Hamza and Munoz — New Look at Assessmergath€mal Resources of South America.

DT :q_Od . AOrad d2

_ - 2zI/D
K 2k € ) ®)

Following the usual practice in geothermal modaets,

the value of Ais derived from empirical relations (Cermak et

al, 1990) relating crustal seismic velocities witidiogenic
heat productivity. This model has been employedthia
present work for calculating temperature distribng and in
deriving maps of basal temperatures of the prinaipastal
layers. The model calculations were carried outafaet of
thermal conductivity values representative of theaimm
regional geologic formations in the continent (Hanet al,
2005). Such procedures introduce some degree eftairty
in model results. However, the magnitudes of assedierrors
are likely to be less than common uncertaintiegauient and
heat flux values.

According to results obtained in this work, exces
temperatures in the range of 90 to A5&t depths of one to

three kilometers, occur mainly in highlands regidrAndean
cordillera. These include the volcanic areas a$ agetegions
of occurrences of hydrothermal activities. On dliger hand,
much lower temperatures occur at similar depthaaline
eastern parts of the continent. One of the conmémians of
illustrating vertical distribution of excess temaemes is by
using stacks of crustal temperature maps at coemtyi
chosen depth levels, allowing a three-dimensioaedmective.
Results of such an attempt is illustrated in Figrfor excess
temperatures at depths of 3 to 6km.

450

Crustal Ter

150

Figure 6 — Stack of maps providing a 3D perspeativerustal
temperatures, for depths of 3, 4, 5 and 6 km.

Note that at depths less than 3km occurrences of
geothermal systems with temperatures higher th&Cl&re
limited to the southern volcanic complexes in Chéled
Argentina. The possibility that crustal blocks with
temperatures higher than P& can be encountered at depths
less than 3 km is important for planning explogatof HDR
and HWR systems in these regions.

At larger depth values, of more than 4km, otheraeg) of
high temperature systems appear in areas of Afkplen
Bolivia, central Peru, northwestern parts of Ecuadad
western parts of Venezuela. The two maps in thetqvarts
illustrate the distribution of temperatures at degpth range of
5 to 6km. Note that in these cases occurrencesathgrmal
systems with temperatures higher than°Csére not limited
to the Andean cordilleras. Significantly large higimperature
regions extend not only to the eastern sectorsodfileeran
regions but also spread out to wide regions iretstern stable

latform areas. Thus, Pre-cordilleran ranges, Chand

ampas plains and intracratonic basins in the nesty
stable regions of central Brazil also have tempeest
reaching up to 15C at larger depth levels.

8. Resource Estimates

The resource base calculations in the present werle
carried out following the methodology proposed arlier
studies (see for example: Muffler and Cataldi (978
Battocletti (1999), Huttrer (2001), Barbier (2002ardoso et
al (2010). Volumetric method was considered adexdiait
this purpose. In the terminology proposed by Mufféad
Cataldi (1978) the resource base (RB) is considasethe
excess thermal energy in the layer up to a specifapth. In
gridded data sets the resource basgsfQ@or the i" cell, of
thickness di, associated with the temperatureibligton is
calculated using the relation:

Qrei =i Cpi A d (Ti - TOi) (6)

where ; is the average density, idhe specific heat, the
area of the cell, the bottom temperature of the cell angl T
upper surface temperature.

Recoverable resource (RR) is usually defined asphe
of the resource base associated with pore fluids ¢an be
extracted using current technology (see Muffler &adaldi,
1978; also, Lund and Freeston, 2001). In areasosttipe
geothermal gradients, temperatures of the rockixmamd the
pore fluids increase with depth. However, valuepafsity
and permeability of most common rocks decrease deétith,
which imply a corresponding decrease in quantity of
circulating fluids in deeper levels. The nature apfposing
roles of temperature and porosity variations wiptth can be
understood by considering the relation for totabtbermal
resource (Q) of a volume element (of area A ancktigss h)
with rock temperature Tand porosity :

Q=lrc, +@- £)c. [T - To] An )

where Gand G are the heat capacities of the fluid and rock
matrix respectively. The variation of With depth z depends
on the local value of geothermal gradient (The variation of
porosity with depth z is usually represented by a relatibn
the type:
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f=foe ?"

where
with depth. The substitution of Equation (5) in Btan (4)
leads to:

)t %8 0 e, %2 - & 30, (9)

It is fairly simple to note that the first termaguation (9)
represents the recoverable resource (RR) whileséw®nd
term represents the resource associated with theé ak
matrix (RM). The sum of RR and RM represents tisouece
base (RB). Numerical simulations with
estimates of the main parameters in Equation @ate that
maximum value of recoverable resource occurs indéh
range of 2500 to 3500 meters. Hence, for purpo$eben
present work, the estimates of resource base aodemble
resources have been set to a reference depthdindtkm.
Mean values of porosity adopted for the main rogles are
0.25 (soft sediments), 0.15 (hard sediments), @dcture
zones) and 0.05 (igneous and metamorphic rocksg
estimates of resource base (RB) obtained on the bhdata
sets compiled in the present work and using equsif@d) and
(9) are given in Table 4 for the main countries Safuth
America.

Given in the second and third columns of this taivkethe
surface areas and numbers of localities of dataisitign for
each country. The fourth column gives the meanesbf the
resource base (RB) for each country, expresse@irjdules.
However, it is clear that resource base per ueia §RBUA)
is a better indicator of the geographic distribatiGiven in the
last column of this table are values of RBUA expegbkin units
of gigajoules per square meter (G3/mCountries of the

®)

temperature intervals of HDR and HWR systems ar th
estimates of resources. Results of numerical siioula
indicate that values of RBUA greater than 300 GJare

is the parameter specifying decrement of porosityssociated with temperatures in excess oP@50 depths of

about 3 km. Hence the localities of such resournaeg be
considered as associated with the presence of HpR t
resources at depths pf 3km.

The letter N in the third column of this table refe the
number of estimates. The three-letter codes iffitstecolumn
of refer to countries where the blocks are situatd listing
in follows the descending order of RBUA values. éating
to the results of the present compilation 318 shese
potential for developing HDR resources. The errars

represenéativresource assessments are estimated to be lesgpanThe

weighted mean value of RBUA is 513G3/m

Table 4 - Values of resource base (RB) and resdoase per unit
area (RBUA) for countries in South America.

Country Area N RB RBUA*

(1C3km?) (10%) (GJ/n?)
Chile 76C 12¢ 43€ 571
Bolivia 110 15C 46€ 42F
Th Ecuado 27¢ 91 112 41€
Argentine 279(C 43€ 114¢ 411
Venezuel 91z 40 34¢ 382
Pert 129(C 352 431 33€
Paragua 407 35 63 23¢
Urugua) 17¢ 7 61 224
Colombic 120C 4462 27C 22
Brazil 848( 82t 182: 21¢
French Guian 91 12 13 147
Surinamt 162 9 24 14¢€
Guianz 21¢F 9 31 144
Total 1785¢ 6E5€ 522¢ 294*

* Indicates weighted mean value.

Andean region has RBUA values higher than the divera
weighted mean value of 294G J/nthe only exception being

Colombia. The total number of localities where reses
assessments were carried out is 6556. It includesdition
to 6526 sites of heat flux measurements, 30 laealih British
Guiana, French Guiana and Suriname where
assessments were carried out on the basis of éstimalues.
Chile stands out as the country with the largeduevaof

resource

RBUA. Significant values of RBUA are also found for

Bolivia, Ecuador and Argentina.

As in the case of crustal temperatures it is coieverto
illustrate vertical distribution of resource basg pnit area by
stacking maps at conveniently chosen depth levEtss
allows a three-dimensional perspective of
distribution at different depth levels. Results sfch an
attempt is illustrated in Figure 7.

Though maps of Figure 7 provide an overall picofrthe
distribution of resources on continental scales¢hare of
limited use in providing quantitative informatioegarding
values resources associated with regional blocksnckl
calculations of resources were made for convenjiaritbsen
systems of blocks. In many cases, the boundariesucih
regional blocks coincide roughly with those propbse
geologic studies.

An advantage in adopting such classification scleime

that it allows for comparison of resources. In #&ddi blocks
could be chosen in such a way allowing identifaatiof

resource

Figure 7 - Stack of maps providing 3D perspectifzeesource base

conditions for hosting HDR and HWR resources. lis th per unit area (RBUA) for South America, at deptrels of 3, 4, 5

context, it is convenient explore the relation esw

and 6 km.
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The resource estimates for French Guiana, Guyada an Similar arguments may also be extended to cases of

Suriname are based on estimated values of heat Tlha
RBUA values for these countries are the lowestliersouth
American continent,
characteristics of cratonic blocks in the northaairts of South
America, which imply low heat flux values. ValuesRBUA
values for countries in the eastern platform ar@mzil,
Paraguay and Uruguay) of the continent are foundeo
intermediate between those of the western Andegiomeand
the northern cratonic region.

The two maps in the upper parts of this figuresiitate the
distribution of RBUA at depths of 3 to 4km. In tkesases,
occurrences of RBUA with values higher than 500n@Jare
limited to the southern volcanic complexes in tlardileran
region, mainly in Chile, Argentina and Bolivia. @th
regionally isolated areas of high RBUA occur in canlic
areas of central Peru, northwestern parts of Equadad
western parts of Venezuela. The two maps in thetqvarts
illustrate the distribution of RBUA for depths ofté 6km.
Note that, in these cases, high values of RBUAiared to
the Andean cordilleras.

9. Resource Estimates for Regional Settings

Clearly, such resources may be classified as €pitito the
Hot Dry-Rock (HDR) category. Note that values of (RSB
greater than 600 GJfnare found for five crustal blocks in
Chile, one in Peru and another one in Ecuador. RBBlaes
in the range of 300 to 600 GJraccur in three blocks in
Argentina, three in Bolivia, two in Chile, one icador and
one in Venezuela.

Results obtained in calculating resource base pieatea
(RBUA) are provided in Table 5, for systems inferte have
little fluid contents at shallow crustal levels.

Table 5 - Regions with values of resource base éRB)resource
base per unit area (RBUA), inferred to host HDRetgeothermal

systems.

Crustal Block (l'gsrlf;]g) N (lEZBl‘J) (%3}#%
Princip(z(i:ll_(':I;)rdillera 11.8 2 11 909
Weste(r(r:lﬁfrdillera 355 6 28 783

Patago?(i:al_TI)C:ordillerEL 41.4 7 27 653
Punazé—&gijrlands 71.0 12 43 612
Cen(tgl_i?;alley 106.0 18 64 601
Pun?Al—lg(gB?lands 83.1 13 438 594
Sompcian | 400 | 12| 2| s
Compex QU | 52 | 32| 52 | 540

Pri. Cordillere (ARG) 44 7 17 433

“Complex (3oL | 4030 | 55| 94| 4

Complex (ARG | 400 | 64| 68| 410
Complos (pER._| 1100 | 30| 43| 3m
Total 183: 31¢ 132¢ 51%

* indicate weighted mean value

resources associated with fluid circulation systémerustal
layers. Such resources are better classified angielg to the

a consequence of the geologicahtegory of Hot Wet-Rock systems (HWR). The didtorc

between HDR and HWR types was made after analjsieo
results of hydrogeological studies. There are ung#ies in
this procedure, which can be minimized only withtlier
advances in deep crustal studies. Table 6 prowadkst of
crustal blocks inferred to host significant crustlid
circulation systems. According to the results of firesent
compilation 352 sites have potential for developiH@/R
resources. The total resource base is estimatedeto
approximately 586x10J. The resource base per unit area
409GJ/m.

There are indications that resources of this typauoin
five regions of Peru, three in Venezuela and tw@dlivia.
The highest value of RBUA of 692 GJimas been found for
the site Shanay-Timpishka, situated at the eastlnme of
Andean mountains in Peru (Cueto et al, 2016; R2#A4H).
This is birthplace of a hot river with temperatugesater than
9(°C and discharge rate of >100 m3/h. Other similaityh
values of RBUA occur in areas of hydrothermal disges in
cordilleran regions of Ecuador and Bolivia. The éstvvalue
found is that for the Pernambuco Lineament (Brahil)this
case where acquisition of conventional geothernagh dhas
not been possible so far, the RBUA values are based
estimates derived from results of magneto-tellgticdies.
Such results have been interpreted (Santos et0ak)2as
indicative of the presence of a magma intrusiostetllow
crustal levels. The structures of this lineameet@msidered
as the westward extension of the Cameroon voladram, in
its pre-rift configuration.

Table 6 - Regions with values of resource base éRB)resource
base per unit area (RBUA), greater than 300 GJinferred to host

HWR type geothermal systems.
Crustal Block (lg;rifnz) N (1R0281J] (Zi;#g‘)
Eas(tF‘fE‘R,S'Ope 4 1 3 692
C';ﬁg?;g?g’éﬂ 54 18| 33 621
Altiplano
Hydrothermal 315 43 187 594
Complex (BOL

Chaco (PBaOmLF’aS 7.3 1 4 491
Fa'(c\j’ENE;aSi” 23 1| 1 482
Centr?Fl)gg_rdillera 208 57 82 394
South?;r;z(éprdillera 110 o5 36 392
oo | w1 | 0| ws | om
Ca“b(?/%al\rl‘) ranges 775 34| 78 362
Northe(gEclt;rdillera 194 53 69 359
Ve”ei\‘jgﬁ;‘ Andes 114 5 | 114 351
WeSI(';gR;"mb”CO 56.6 15| 195 344

Total 2221 352 58€ 409*

* indicate area-weighted mean value
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A careful examination of the regions listed in &b and
6 that there is a close spatial association betweelocalities
of occurrences of HDR and HWR resources. The natitgs
relation can be seen in the geographic distribstimfrthe two
types geothermal systems, illustrated in Figuréh& left and
right panels of this figure refer respectively tbRland HWR
systems. It appears that in many case HDR resowees
present in the core regions of HWR resources.

10. Low Enthalpy Resources

Similar approaches have also been employed inseses
of low enthalpy (LE) systems. Since the number wéhs
systems is large it was found convenient to divttEse into
two groups. The first group consists of systemshwit
temperatures in the range of 60 t8@dvhile the second group
refer to systems with temperatures in the range Z0PC.

The list of regions that have possibilities for tiog
geothermal systems, with RBUA values in the rarfg&06 to
300 GJ/r, is provided in Table 7.

Table 7 - Estimates of resource base for systenmstartperatures

provided in Table 8. Such systems may be considesed
having potential for use of geothermal waters fevaloping
projects with focus on balneology and tourism. Adang to
the results of the present compilation 712 sites lpotential
for use of geothermal waters in developing agra:gtdal

projects. The total

resource base

is estimated €0 b

approximately 848x18J. The high value of RB is a
consequence of large areas assigned to LE systems.

of 60 to 96C. ] o ] )
] Ares RB RBUA Figure 8 - Geographic distributions of resourcesasated with
Region (1G kM) N 10 | (GIInd HDR (left panel) and HWR (right panel) geothermaitems.
Northern Ceara
(BRA) 149 22 43.6 Table 8 - Estimates of resource base for systentstertperatures
Southern Goias 340 47 97.7 < 60°C.
(BRA) : Region Aree N RB RBUA
Caguan Vaupes 9 9 972 (1 km?) (1?Y) | (GIm?)
Basin(COL) 5. 1 1.4 7 Cesar Rancheria 16 5 0.47
Putumayo Basin 5 109 14 64 Basin (COL ' '
(COoL) EXT basin (COL) 0.8 3 0.23
Llanos Basin (COL 16E 60€ 43 25¢ Urabe Basir (COL) 11 4 0.2 27¢
Santa Catarina 95 26 244 Area NS (COL) 0.5 2 0.13
(BRA) State of Alagoas o8 9 6.6
State of Sergipe 219 11 56 (BRA) )
(BRA) ) ' Rondonia (BRA) 238 7 56.2
Catatumbo Basin State of Roraima
(COL) 115 427 29 252 (BRA) 224 1 52
COR Basil(COL) 22.1 81 5.4 245 Eastern parts of the
Upper Magdalena State of Paraiba 57 8 12.8
Basin (COL 134 492 32 238 (BRA)
Oriente Basin State of Parana
(ECU) 119 40 28 (BRA) 150 42 45
Paraguayan Chaca 82 35 63 Western parts of
(PAR) Altiplano / Puna 7.3 2 0.073
Patagonian Urugua (PER
(URG) 211 ! 60.8 State of Sao Paulo 248 73 544
Western parts of (BRA) '
150 42 45 -
Parana (BRA State of Tocantins 278 38 56
Mato Grosso do Su (BRA)
357 8 88
(BRA) Lower Magdalena 40 145 8 214
Southern Mato Basin (COL
903 32 202 - -
Grosso (BRA Sinu Basin 125 46 27
Rio Grande do Sul (CoL) ' '
282 17 62.8 -
(BR) Southwestern Minas 587 102 124
Altiplano / Puna Gerais(BRA)
. 7.3 2 0.073 -
Highlands (PEF Western Cordillera 37 10 0.365
Total 327: 211: 84¢€ 24C* (PER )
* indicates weighted mean. State(%le\'/la\?ranhao 332 38 68.9
A similar case can be made for systems _that have Guagrgfasm 41 15 0.84 205
temperatures less than°6) at depths not exceeding three (CoL)
Total 418¢ 71z 84¢ 212*

kilometers. A list of regions that have possiklitifor hosting
geothermal systems with relatively lower RBUA vaiere

* indicates weighted mean.
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The regions listed in Tables 8 should be considexzd
approximate indications, there being some uncestas to
the area extent of LE resources with temperaturéise range

of 60 to 90C. Nevertheless, these are inferred to hold patenti

for low enthalpy (LE) geothermal systems, with uske
geothermal waters for developing agro-industriajeets.

As in the case of Table 7 the regions listed inl@ab
should be considered as first-order indicationsrahbeing
considerable uncertainties in setting limits in #real extent
of LE resources. These are inferred to host lowapy (LE)
type geothermal systems with potential for develiggourism
and balneology facilities.

11. Conclusions

The present work constitutes a new look into thanesand
distribution of geothermal resources of South Awceerit is

based on recent advances in data analysis andnedgio

assessments. Notable in this context is the pregelsieved
in the use of a procedure based on magmatic hedgebu
(MHB) that allow estimation of heat flux in areakrecent
volcanic activity. Such advances have allowed resou
assessments for 6526 sites, distributed in thirteemtries of
the continent. Following this, a®%2° grid system with
homogenized data ensembles were employed for edlogl
the in-situ heat content. Determinations of resely@se based
on observational data are now available for 253061t total
of 418 cells in this grid system. A summary of nase
estimates for geothermal systems in South Ameriga
provided in Table 9. Note that occurrences of HBMRet
resources is limited to fewer number of localitiethen
compared with those of HWR type. As expected, rnessuof
low enthalpy type are present in relatively largenber of
localities along the eastern parts of the continent

Table 9 - Summary of resource estimates for gemthkesystems in
South American continent. RB — Resource base; RBR@ésource
base per unit area; N - number of localities.

RB RBUA
(o]
Resource Type T (°C) N AY) | (G
Hot Dry Rocl > 15(C 31¢ 132¢ 51:
Hot Wet Rocl 90- 15C 352 58€ 40¢
Low Enthaipy 1 60-90 | 3273| 240 240
(agrc-indusry)
Low Enthalpy 2 <60 | 4188| 210 212
(Balneology

Maps based on results of the present work havevatio
substantial improvements in assessment of hotody (HDR)
and hot wet rock (HWR) resources for several regjidinese
include tectonically active crustal blocks in sarth and
central Chile, western Argentina, highland regiohBolivia,

southern parts of Peru, magmatic arcs of Ecuadat an

cordilleran regions of Colombia and northern Vergau
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