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Abstract

This work presents an estimation of the geothenpadéntial of the Nevado del Ruiz (NDR)
volcano, bridging the knowledge gap to develop lgewhal energy in Colombia and improve
resource estimates in South America. Field workhofdatory measurements, geological
interpretations, 2D numerical modeling, and unéetyaanalysis were conducted to the northwest
of the NDR to assess temperature at depth anded#igrmal energy content. About 60 rock
samples were collected at outcrops to measure gheromductivity with a needle probe. A 2D
numerical model, built from an inferred geologicaioss-section, was developed with the
software OpenGeoSys to simulate the undergroungdgature distribution and then estimate the
geothermal potential of a 1 Knarea with sufficient temperature, assuming a regovyactor
equal to 2.4% and a 30 years exploitation time.gimligroundwater flow and heat transfer were
simulated in steady-state considering two diffetietmal conductivity scenarios. Results show
that the average estimated potential is 1.5 % MW, m™* of the reservoir thickness, considering
temperatures greater than 150 °C located at a ddpdipproximately 2 km, in a selected area
situated outside of the Los Nevados National Natiark (NNP), to avoid any direct
intervention on this protected area. According thlente Carlo analysis considering pessimist
and optimist scenarios of thermal conductivity, &stimated geothermal power wh&4 x 1
MW/m (6 = 2.91 x 1 MW/m) and 1.88 x 18 MW/m (c = 2.91 x 1G MW/m) for the two

modeling scenario considered.

Keywords:

Nevado del Ruiz, Colombia, geothermal potentiarial conductivity, OpenGeoSys
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1. Introduction
Estimation of the worldwide geothermal potential daschallenging task, with pitfalls due to
uncertainties and knowledge gaps (Bertani, 2008 Worldwide potential is usually determined
by adding up the estimates for individual countwesegions, but the task is difficult, since the
geothermal energy potential is unknown in many tes (StefAnsson, 1998; Fridleifsson, 2003;
Stefansson, 2005). This lack of information is ieatarly important for developing countries of
Latin America such as Colombia, where field data sparse, if not non-existent. In the recent
report published by Bertani (2016), Colombia isd¢ated as a country where there is no geothermal
development yet and no additional information isvided. This situation is not unique to Colombia
but common to South America where untapped geotlleresources still need to be defined.
Recent studies on the estimation of the geothepwoi@ntial have been conducted in few countries
of South America, where there are no operatinghgeotal power plants. Aravena et al. (2016)
estimated the geothermal potential of high enthajppthermal areas of Chile to 659 MWe,
applying numerical methods and including inferredaurces. Invernizzi et al. (2014) described a
preliminary assessment of the geothermal poteati®osario de la Frontera area to the northwest
of Argentina, indicating 5.6xtBJ of heat stored in the rock and 0.8¥1Din the geothermal fluids.
Ongoing exploration has taken place in Boliviatet Laguna Colorado Field, while an estimation
of 150 MWe has been indicated for two geotherneddi§ in Peru (Bertani, 2016).
Such geothermal resource assessment depends oniety wd aspects that can be grouped as
follows: geological, physical, technological, andoeomical (Muffler and Cataldi, 1978). The
choice of a method for reservoir assessment depemdbe available data, the purposes of the
assessment and the accuracy needed (Barylo, 200jler and Cataldi (1978) grouped the
methods for geothermal resource assessment incitegories: 1) surface heat flux method, 2)
volume method, 3) planar fracture method, and 4ymaic budget method. The volumetric
method is commonly used for geothermal potentitilmedion at the early stage of geothermal
resource assessment. This method can be used hdrenare no or not enough exploratory wells
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nor permeability data and is thus a preferred opfio early stage assessment. A recovery factor is
considered by the volumetric method to calculate static heat reserve in the reservoir and
estimates the extractable energy (Barylo, 2000)clg&tstic simulations and risk analysis are
frequently used in conjunction with the volume noethto estimate the range and the probable
distribution of stored heat reserves and explaitadiergy. These analyses have been borrowed
from the oil industry, where they have been used dolong time to estimate probabilistic
hydrocarbon-in-place and oil and gas reserves iimsmntary basins (Ofwona, 2008). Such
stochastic simulations, commonly based on the M&@#do method, are particularly beneficial
where data is scanty and uncertainties high (Ofw26@8).

This work is an attempt to bridge the knowledge igaPolombia and South America by describing
the geothermal potential assessment of an areaedfiévado del Ruiz (NDR) volcano located in
the Colombian Central Cordillera. Similar geologjisettings can be expected for geothermal fields
of the Colombian Central Cordillera, where the dést method could be applied. The geothermal
resource assessment of the NDR volcano was actugdigd on 1) thermal conductivity laboratory
measurements on rock samples collected at outcB)pan inferred geological cross-section, 3)
coupled groundwater flow and heat transfer numernuwadeling with the OpenGeoSys software
(Bottcher et al., 2016), 4) volumetric resourceinestion method, and 5) uncertainty analysis
conducted with the @RISK software (Ofwona, 2008;18Wa2013; Yang et al., 2015). The NDR
volcano is the best known geothermal area of Colamivhere the interest of several entities
converge (Alfaro, 2015). However, geothermal demelent in Colombia is incipient in comparison
with other Latin America countries with similar eahic environments (Bertani, 2016). This case
study of the NDR area contributes to fill this lasfkinformation and to help develop the geothermal

potential in Colombia.
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2. Geological settings

Volcanism in the Colombian Central Cordillera idided by a complex tectonic framework, since

the country is located at the intersection of ScMtierica, Nazca, and Caribbean tectonic plates.
The subduction of the Nazca below the South AmariPdate is the governing mechanism

triggering volcanic activity due to the rapid conyence of 58 mm/year occurring at the Colombia-
Ecuador trench (Trenkamp et al., 2002). The NDRrisactive stratovolcano enclosing the Los
Nevados National Natural Park (NNP)covering an arkapproximately 58300 hectares in the
middle of the Colombian Central Cordillera (4 °&3“N, 75 ° 19'21” W), between the limits of

Caldas and Tolima departments of Colombia (Figyre 1

CARIBBEAN SEA

vado del Ruiz

VENEZUELA

Los Nevados
National Natural Park

Nevado EICisne neyado Santa Isabel

PACIFIC
OCEAN

ECUADOR (Nevado del Tolima

A
N

a) b)
Figure 1. a) Location of the Los Nevados NNP indbdbia and b) its neighboring Colombian

departments (Risaralda, Caldas, Tolima, Quindid)tha main volcanoes (modified from Parques

Nacionales Naturales de Colombia, 2007)

The NDR is part of the volcanic complex Ruiz-Tolirmad contains three craters: the Olleta, the
Pirafia, and the Arenas. The Arenas crater has theesource of the most recent activity: an

explosive eruption occurred in November 1985 (Nmraet al., 1986), while variations in the
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volcanic activity and ash emissions have been tergid since October 2010 until these days
Based on seismicity, geochemistry and geology @f/tsicano, Londofio and Sudo (2002) presented
a conceptual model of its activity, identifying ¢lerheat sources located at different depths: tie fi
one from 2 to 3 km, the second one from 5 to 10dmal, the deepest zone from 10 to 15 km. Stix et
al. (2003) presented a conceptual view of magmarastrough a plexus of cracks in the crust,
from the source main reservoir located at depthprmad between 9 and 15 km.

The geological situation of the Ruiz region is teat by several Tertiary and Quaternary volcanic
edifices and by a number of thermal springs. Thenstruction of the stratigraphic sequences is
difficult because the oldest metamorphic and sexdiarg rocks located at the base of the volcanic
complex are often crossed or covered by igneoussribrat obliterate contacts (Arango et al., 1970).
Among all geological units described by Gonzale20@, those that are identified in the inferred
geological cross-section described later, are tlagar@arca metamorphic complex (Pes), the
Quebradagrande Complex (Kvc and Ksc), the Andesiite(NgQa), pyroclastic rocks (Qto), glacial
deposits (Qg), volcanic mud flows or lahars (Qf#d recent alluvial deposits (Qar). The
Cajamarca metamorphic complex, which makes updagmmnal basement of the Colombian Andes,
encloses a wide range of lithological types. Thitipecomplex (Pes) includes phyllites, sericite,
and mica schists. There is evidence that this cexplas undergone a greenschists facies
metamorphism, while, locally, some rocks belongioghe amphibolites facies can be observed.
The Quebradagrande Complex is composed of sedingertaks (Ksc), such as black shales,
sandstones, conglomerates, limestones, with dynam@tamorphism and occasionally fossils.
Volcanic rocks (Kvc), such as basalts, pyrocladiitevs and diabasic dykes, have undergone
prehnite-pumpellyite facies metamorphism. The Aitdesnit (NgQa) has a composition ranging
from andesitic to dacitic, and basaltic at fewaralions. The andesitic flows are macroscopically
homogenous and have a porphyritic texture. Ther¢abiavolcanic mud flows (Qfl) include blocks

of andesitic-dacitic lava with variable diameteonfr few centimeters to more than 5 m. The

! http://Iwww2.sgc.gov.co/Manizales.aspx
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pyroclastic rocks (Qto) may reach a thickness of80The recent alluvial deposits (Qar) cover
older rocks close to rivers and creeks and havar@hble thickness, which is generally less than
20 m. The glacial deposits (Qg) are associatechéo Rleistocene glaciations that covered the

Colombian Central Cordillera above 3000 m a.s.l.

3. Previous studies on the Nevado del Ruiz geother mal resour ces

The first geothermal study on the Nevado del Ritlé&zwgas conducted towards the end of the 1960s
by the Italian company ENEL (Ente Nazionale peEtergia Elettrica) in collaboration with the
CHEC (Central Hidroeléctrica de Caldas) and desedrilitho-stratigraphic features, volcanology,
structural events and hydrogeology of the NDR cexgArango et al., 1970). Based on isotopic
analysis, Arango et al. (1970) proposed a firstat@re hypothesis of a shallow hydrothermal
system clearly separated from a deep regional mystdey identified the presence of a thick
caprock, formed by the upper part of the metamaormliimplex and separating the two major
circulation-systems to the west, northwest and maft the Ruiz edifice. CHEC subsequently
published a technical report describing the geckdgtontext of the NDR with details about the
volcanology, geochemistry and geophysical charesties of the area (CHEC et al., 1983). Two
years after, the NDR volcano erupted during Novenil®85 (Melson et al., 1990; Thouret, 1990;
Vatin-Pérignon et al., 1990), causing the Armeeagédy with about 25 000 casualties and leaving
aside the geothermal explorations.

Field work restarted only in 1997 when the only plgeothermal exploration well in Colombia
(Las Nereidas well) was drilled to a depth of 146®n the western side of the NDR, at 3450 m
a.s.l.. In this borehole, seven lithological unitgh hydrothermal alteration were identified. The
measured bottom hole temperature was about 200t@galve et al., 1998). Recent studies were
conducted from 2011 to 2013: Rayo-Rocha and Zul@2@41) indicated, through petrographic and
geochemical analysis of lava samples, the exist@ica deep magmatic chamber feeding a

shallower chamber. Rojas (2012) presented the textyve profiles measured in three 300 m deep
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wells that were drilled in 2011 with the objectieemeasure the geothermal gradient. Forero (2012)
provided a characterization of hydrothermal alierato the northwest of the volcano that led to a
simple conceptual model of the geothermal resendinaguer (2013) presented the results from a
magnetotelluric study conducted to the North of Widcano, where high electrical conductivity
areas confined by sections of moderated resistiwvitye interpreted as a possible reservoir and
caprock, respectively. After this renewed intergstbe Colombian ISAGEN company then applied
for an environmental license following the realiaatof the environmental impact study to drill the
first of five planned exploratory wells on the werst flank of the NDR volcano (Alfaro, 2015).
Gonzalez-Garcia and Jessell (2016) published & 3ibs geological model for the Ruiz-Tolima
volcanic massif, using the Monte Carlo method tarahterize geological uncertainty. Their model
represents the probability of occurrence of gealalgunits, suggesting where future exploratory

work should be conducted.

4. Material and methods
4.1 Rock sampling and geological cross-section
Field work was conducted in November 2014 over itiveeraries with an approximate length of
26 km (Villamaria and Enea route) outside of thes IMevados NNP (Figure 2). The objective of
rock sampling was to collect the main lithologiésu@cterizing the study area. Three rock samples
were collected at each sampling locations (Tahl&'hg geological cross-section AA’ (Figure 2)
starts from the NDR peak (A’) and goes up to theemps of the Quebradagrande Complex (Ksc
and Kvc), located on the northwest of the NDR peEhe cross-section is drawn close to the
sampling points and hot springs located along tii&araria route and crosses the Cajamarca
Complex (Pes), which is one of the lithologies afsiinterest, because this metamorphic complex
might be part of a potential geothermal reservam@guer, 2013), together with the
Quebradagrande Complex (CHEC, 1983). Although Myidrothermal system has been studied
since the seventies, the location of a porous vesds not publicly known, but it is suggestedttha

8



145  faults provide structural control of the hydrotheinflow (Gonzéalez-Garcia et al., 2015).
146  Geological observations indicate that the primaopity of potential reservoir units is low and the
147  potential to find natural hydrothermal systemsdkated to secondary porosity. However, faults
148  were not considered in this work since the objects/to provide a quantitative methodology to
149  estimate the geothermal resource potential basdteanstored in the basement rock. Fault zones
150  shall be considered in further studies as strucfggalogy information becomes available together

151  with 3D geological models to provide a more acauestimation of this geothermal potential.
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INGEOMINAS geological maps sheet Nos. 206 and 22asquera et al., 1998a; Mosquera et al.,
1998b).
4.2 Thermal conductivity measurements

Thermal conductivity measurements were made alngtéut national de la recherche scientifique
Centre Eau Terre Environnement (INRS-ETE) in QuéBédyg (Canada), following the ASTM
methodology (ASTM, 2008). Thermal conductivity wagasured inserting the KD2 Pro transient
needle probe RK- 1 (Decagon Devices Inc., 2008 8199 mm diameter hole previously drilled in
each rock sample that has been previously satusatezh having visible porosity. The hole,
approximately 6 cm deep, was drilled with a rotaaynmer in the middle of a flat side of each rock
sample, to ensure uniform heat transfer in evergction in the sample during the measurement.
The space between the needle and the hole wakilt thermal grease to ensure thermal contact.
The heating needle had a temperature sensor. Heatrnyected through the needle for 5 minutes,
while temperature was monitored, and a 5 minutesvezy period was considered after the heating
pulse. The thermal conductivity was determined ftbmanalysis of the temperature incremght
which depend®n the distance from the source and on the tirheaccording to the infinite line

source equation (Carslaw and Jaeger, 1947):

AT(r 1) =%5 (%2) 1)

whereq (W m™) is the heat input per unit length,(m? s?) is the thermal diffusivityr (m) is the
needle radius; is the exponential integral that can be develogsea Baylor seried, (W m* K?) is
the thermal conductivity of the rock sample, ar{d) is the time. From Eq. 1, the temperature can
be approximated to a linear equation in a semitittgaic plot, where the slope is related to the

thermal conductivity.:

T(t) :%m(t)m )
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Thermal conductivity measurements were performddraatically at time intervals of 1 hour to
ensure that temperature returned to the equilibtiefore doing a new measurement. Before and
after each measurement, calibration was requiredetermine the correction fact@F (Eqg. 3),
which compares the thermal conductivity of a knawaterial . ueia), @ Standard plastic cylinder
supplied with the KD2 Pro thermal properties anatyzwith the one obtained experimentally
(Ameasured), t0 adjust the measured thermal conductivity (MS2008):

CF - /‘n‘alerial (3)

measured
4.3 Heat capacity estimation
Heat capacity was estimated according to the mepascharacterization of each rock sample
based on the values provided by Waples and Wap@e1j. Although approximate, this estimation
is suitable since heat capacity does not show leagiation within different rock types. The great
majority of the specific heat capacities of minsratl +20 °C is between 600 to 900 (J' kg"), with

a strong preference for values between 800 andBRg§" K™).

4.4 Numerical modeling

To provide an estimation of the geothermal potérfdiethe study area, numerical modeling was
performed, since analytical methods can difficuttbpe with irregular topography. It has long been
recognized that topography affects heat flow angogoaphic correction has been based on
identification of valleys and hills (Westaway anduhger, 2013). Nevertheless, the topography of
the geological cross-section AA’ has a saw-todtb prrofile (Figure 3) rather than a valley or 4. hil

Therefore, numerical modeling allowed consideritmast the real topography in the simulated
domain. The software OpenGeoSys (OGS), a scientifien-source initiative for numerical

simulation of thermo-hydro-mechanical/chemical @s®es in porous and fractured media
(Bottcher et al., 2016), was used to build a nuca¢ninodel to estimate underground temperature

and quantify geothermal resources. The GMSH meshbrgtor (Geuzaine and Remacle, 2009) and
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the Tecplot software were used to build the mesH #m visualize the numerical results,
respectively. Fully saturated steady-state groutelwthow and heat transfer were the physical
processes considered. Governing equations andispgons for modeling of geothermal processes

were presented in detail by Boéttcher et al. (2@i) therefore are not repeated here.

4.5 Geothermal resour ces evaluation
The quantification of geothermal resources waseaglll for an area characterized by a temperature
greater than 150 °C located outside of the Los Nes&NP, at a depth between 2 and 3 km, and at
a distance of 14 to 15 km from the left-hand sifithe geological cross-section AA’ (Figure 3). An
area of 1 krhwas considered for the estimation of the geothepuotential, since the reservoir
spatial delimitation is currently uncertain and deéurther field investigations, such as geophysica
surveys, to better identify permeable formationgthBtemperature (150 °C) and depth (3 km) are
the recommended values based on economic feasibfligeothermal exploration in Colombia
(Bernal et al., 2000). The temperature of 150 °@ &lao be used to define high enthalpy systems
according to Lee (1996).
Subsurface heat stored was evaluated in the zongeoést (Figure 3) with the following equation:

Q = pICIAT,—To) (4)
whereQ, (J m?) is the available subsurface heat per unit widtthe reservoirp (Kg m®) is the
rock density,C (J Kg* K™ is the rock heat capacit (m?) is the area surrounding each selected
point in the zone of interesty (K) is the temperature at depth in the zone ofredeandl, (K) is
the temperature at the surface. Eq. (5) givesatad &accumulated heat stored in the subsurface, but
only a part of this quantity can be actually extedc Therefore, the geothermal potential was
estimated considering a recovery fad®mwhich is related to the available and exploitadahergy
(Calcagno et al., 2014) and depends on the porasitl on the permeability of the lithological
formations of the geothermal reservoir (Walsh, 30T8e geothermal potentiak W) was finally

calculated considering resource exploitation fonet equals to 30 years:

12
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In this case study, the geothermal potential wésutated using a recovery factBr= 2.4%, which
was reported by Calcagno et al. (2014) as the mimimrecovery factor for fractured aquifers, as the
potential NDR reservoir is hosted in low perme&pibasement rocks crossed by regional faults.
Faults are expected to have an impact on the ationl of hydrothermal fluids in the NDR
geothermal reservoir (Mejia et al., 2012). Furtftadies will consider the effect of faults, whioh d
not cross the zone of interest selected in thiskvb@sed on outcrops visited during field work.
Conductive and advective heat transfer throughldlepermeability rock matrix are the main
processes considered in this study to providesadistimate of the heat content in order to caleula
geothermal resources.

Uncertainty analysis was conducted with Monte Caitoulations using the @RISK software. The
variables considered for uncertainty analysis wheetemperature at depify and the recovery
factorR. T4 depends on the thermal conductivity and on the fh@& according to steady-state heat

transfer that is conduction dominated in the nuca¢model.

5 Reaults

5.1 Laboratory measurements

The lithologic units identified at the 18 samplifggations (Table 1) were the Quebradagrande
sedimentary Complex (Ksc), the Cajamarca Comples)Pthe Andesite unit (NgQa) and the
volcanic mud flow or lahars (Qfl). The Quebradagiawolcanic complex (Kvc) was not collected
in the field since the access route did not leatstoutcrop (Figure 2).

Table 1: Sampling points coordinates and mesosabyiracterization

Sample # Code coorél<inate* coor(;(inate* Lithologic unit Rock type
1 2014 MI'1 4.998 -75.500  Quebradagrande Complex Sandstone
2 2014 Ml 2 5.002 -75.509 Quebradagrande Complex  Sandstone
3 2014 MI 3 4.986 -75.493 Quebradagrande Complex  Sandstone

13
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266

4 2014 MI 4 4.969 -75.498  Quebradagrande Complex Schist

5 2014 MI 5 4.968 -75.497 Quebradagrande Complex Schist

6 2014 MI 6 4.968 -75.497 Cajamarca Complex Quatnidlite

7 2014 MI 7 4.960 -75.495 Cajamarca Complex Schist

8 2014 M1 8 4.986 -75.388 Andesite unit Andesitied flows
9 2014 Ml 12 4972 -75.380 Andesite unit Andesite
10 2014 MI 13 4972 -75.380 Andesite unit Andesite
11 2014MI14 4972 -75.380 Volcanic mud flow VO'Cagiecp?S‘:g flows
12 2014MI15 4971 -75.380 Volcanic mud flow VO'Cagiecp:)”S‘fg flows
13 2014 Ml 16 4.963 -75.358 Andesite unit Andesite
14 2014 Ml 17 4,949 -75.478 Cajamarca Complex Quztyllite
15 2014 MI 18 4921 -75.446 Andesite unit Andesite
16 2014 MI 19 4919 -75.447 Andesite unit Andesite
17 2014 Ml 20 4,915 -75.446 Cajamarca Complex $chis
18 2014 Ml 21 4,915 -75.446 Cajamarca Complex $chis

* WGS84 coordinate system

The thermal conductivity and the specific heat cépdTable 2) associated to each lithology were
calculated as the mean of the values obtainedIftheasamples belonging to the same unit, except
for the thermal conductivity of the Andesite (NgQa@he thermal conductivity of sample 2014
MI 16 was higher than the other samples taken atsdime location and the mean would be
significantly affected by this extreme value. Thére median was used because it was considered
to better represent the thermal conductivity o$ tithologic unit. Sample 5 of the Quebradagrande
Complex 4 = 4.26 W m' K™) was further excluded from the determination a&f thean thermal
conductivity because it was taken in a fault ztiveg did not represent the general characteriefics
this geological complex.

The thermal conductivityalues obtained for the Quebradagrande Complexalgdnic mudslides
did not show significant variation since most o thalues were close to 2.0 WK™ The
Andesiteunit showed the lowest thermal conductivity valae2(W m* K™), while the Cajamarca
Complex showed the highest value (2.9 W Ki'). Inferred heat capacity ranges from 815 to
1140 JKg K™

14
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Table 2: Measured thermal conductivitend heat capacit@ estimated from Waples and Waples

(2004)
Lithologic Sample  Rock samplé Mean] Rock sampleC MeanC
unt code  (wm'Kh) (wWm'KY) (kg KH (kg KD
2014 MI 1 1.98 775
Quebradagrande
Complex sedimentary 2014 Mi2 1.15 1.92 e 830
member (Ksc) 2014 M1 3 2.63 910
2014 MI 5 4.26 860

2014 MI 8 1.34
2014 MI 12 1.33
Andesite (NgQa) 2014 M 13 0.91 1.23* 815 815
2014 MI 16 3.29
2014 MI 18 1.12

2014 MI 19 1.08

Volcanic mud flow 2014 Ml 14 1.59

deposits (Qfl) 2014 M1 15 2.18 169 540 540
2014 M1 6 3.18 1090
Cajamarca Complex 2014 Mi 7 2.89 790
(Pes) 2014 MI 17 2.75 2.98 1090 910
2014 MI 20 2.87 790
2014 MI 21 3.22 790

*Thermal conductivity of the andesite unit was cédted as the median of the sample values.

5.2 Geological cross-section

The thickness of the lithologic units in the geadad) cross-section AA’ was based on a previous
cross-section of the NDR volcano published by Ganttidroelectrica de Caldas (CHEC et al.,

1983). Outcrops of the Quebradagrande and Cajan@mwlexes are shown on this inferred
geological cross-section (Figure 3). The Andesiti is approximately 500 m thick (CHEC et al.,

1983) and lies above the Cajamarca Complex. lbssiple to see the different superficial deposits
(Qto, Qar, Qg, Qfl) produced by the volcanic atyiviluring the Quaternary period. The two

members of the Quebradagrande Complex (Ksc y Kre)acated on the west end of the cross-

section and are dipping to the East.
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Figure 3. Inferred geological cross-section AA’ dhdrmal properties evaluated for lithological
units Pes, NgQa, Qfl, Ksc. Geological map simpiifiom INGEOMINAS geological maps sheet

Nos. 206 and 225 (Mosquera et al., 1998a; Moscetesh, 1998b).

5.3 Underground temper ature model

The simulated domain was based on the inferredogell cross-section AA’ (Figure 3), where
superficial geological deposits (Qar, Qfl, Qg, &) were neglected, since their thickness was
small enough to have a negligible influence onuhderground temperature (Figure 4) due to their
limited spatial extent. The zone of interest to mjifg geothermal resources was delimited
considering temperatures > 150°C and depth < 3dltiinough groundwater flow and heat transfer
was simulated over the whole cross section.

The triangular mesh built with GMSH has 4179 eletsewhich were refined close to the top of the

domain to properly capture the topographic vanmeidsroundwater flow boundary conditions were
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313

hydraulic heads equal to the topographic elevadiathe lateral extremities of the model, while the
top and bottom boundaries were considered imperaéBigure 4). The top heat transfer boundary
was a constant temperature determined from an t@evdependent temperature profile, varying
from +18 to -5 °C (CORPOCALDAS, 2007). Adiabaticnditions were set to the left and right of
the domain. The bottom heat transfer boundary timmdivas a linearly variable heat flux defined
considering the maximum, the minimum, and the ntezat flow values of the area. The minimum
value, 0.12 W M, was equal to the smallest heat flow in the sareya, according to the Colombian
heat flow map (INGEOMINAS, 2000); the mean valuel78 W n¥, was evaluated from the
geothermal gradient measured in the 300 m deeps wedlsented by Rojas (2012); the maximum
value, 0.366 W M, was estimated from the temperature gradient ubdeat the Nereidas well

(Bernal et al., 2000).

E E
—_ ] Hydraulic - —_
] = . = [7]
B000— Head = Elevation  |—2000
E . Constant temperature o E
] - Hydraulic and No-flow boundary u =
3 goog— Head = Elevation —soon 3
S ] - s
o = = o
O 4000 - —4000 o
1 . / érZune nflnterestffnr - [
c - estimation o = c
s . [] | - s
% 2000 Heat flux {constant or linearly variable) deoiieril [priziis —2000 3
z -] and No-flow boundary - z
m D_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_IJ m
1] 2000 4000 6000 8000 1000012000 14000 16000 18000 20000 22000 24000 26000
(West) Distance (m) Hevado del Ruiz peak (Fast)

Figure 4. Model extension, boundary conditions, selécted zone of interest (1 Rrfor the

estimation of the geothermal potential.

An internal heat source was added to take into watcthe heat generation by the decay of
radioactive elements. Concentrations of uraniumritim and potassium for the average continental
crust were considered (Turcotte and Schubert, 2014 internal heat production was calculated

as (Bucker and Rybach, 1996):
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A=10°-p-(9.52] + 2.56[Th] +3.48 K]) (6)
whereA (UW ni®) is the internal heat productiom,(kg m®) is the average rock densitW][(ppm)
is the concentration of uraniumTH] (ppm) is the concentration of thorium, [K] (%) the
concentration of potassium. The value calculatede average continental crust was 0.866 Wm
% which was comprised within the range of commdues for this parameter (Bédard et al., 2016).
A sensitivity analysis was conducted to define progalues for domain depth and mesh size. The
domain depth has an impact because the heat tramafer the simulated conditions is dominantly
vertical and affected by the irregular topogragfy: example, if the depth is lower, the heat source
is closer to the surface, affecting the simulatechgerature and the final geothermal potential
estimation. The domain depth was defined on thetdtignd side of the cross-section, where is
located the NDR peak (Figure 3). Depths of 3, 51(7,12, 14, and 18 km were considered in the
sensitivity analysis. Mesh resolution was variedfr200 m to 600 m; since mesh is always
automatically refined close to the topography, ¢hessolutions represent the average element size.
The criterion to choose the appropriate values Wwased on the variation of the simulated
temperature between two successive simulationtsesith varying depth or mesh resolution. The
final depth and mesh resolution were chosen when nfinimum temperature variation was
observed between simulations. The selected modsl vam deep and had an average mesh
element size of 400 m.
The thermal properties of the main geological uiferred from the field characterization and
hydraulic properties estimated according to Fresmk Cherry (1979) were used as inputs for the
numerical simulations (Table 4). Since samples vmarteavailable for the Kvc volcanic complex,
values equal to those of Ksc were assumed. Thefd€atation is, however, located on the left-hand
side of the geological cross-section and was batieto have a small effect on the simulated
temperature in the area of interest, which is leda@pproximately 14 km away (Figure 4). This was

in fact verified by additional simulations whossults are not presented here.
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Table 4. Properties of material used for numesaallations

Pes NgQa Kvc Ksc
Saturated hydraulic conductivity (m s%) 1.0x10" 1x10° 1x10%° 1x10%°
Porosityn (-) 0.05 0.15 0.05 0.05
Thermal conductivity Case A (W TK™) 2.98 1.22 1.92 1.92
Layer 1:2.66
Thermal conductivity Case B (WHK™) Layer 2:2.09 122 195 1.02
(see Figure 5) Layer 3:1.81
Specific heat capacity (J Rdk™) 910 815 830 830
Density (kg i) 2700 2650 2700 2700

Two modeling scenarios were considered (Table S5joimpare a case characterized by constant
thermal conductivity in the Cajamarca Complex Ressg A), with another case characterized by a
temperature dependent thermal conductivity (Case TByee sub-layers were defined in the
Cajamarca Complex for Case B (Figure 5), based lmn temperature dependent thermal
conductivity calculated with the relation propossdClauser (2014):

A=A+—DB 0°C <T < 800C (7)
350+T

whereA (W m*K™) = 0.75 and8 (W m*) = 705 for metamorphic rocks.

Eq.(7) was applied to the simulated temperatus f€ase A to define three regions with different
thermal conductivity in the metamorphic Cajamarcamplex, since a temperature dependent
thermal conductivity was not available in OpenGenShhis approach allowed investigating the

effect of temperature on thermal conductivity, alth it is approximate.
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354 Figure 5. Triangular mesh and sub-layers 1, 2,3mithe Cajamarca metamorphic complex (Pes)
355 close to the zone of interest, for simulation scen@ase B.
356
357 Table 5. Modeling scenarios considered

Scenario Description

Case A Constant thermal conductivity for the Cajanra&Complex (Pes)

Case B Temperature dependent thermal conductimitthe Cajamarca Complex (Pes)
358
359

360 The maximum temperature simulated for Case A was°g3at the bottom right-hand side of the

361 profile, where the largest heat flux (0.366 W9nwas applied as a bottom boundary condition
362  (Figure 6a). The temperature was greater than 1590t area of interest at a distance of 14-15
363 km and at a depth of 2-3 km, indicating that higithalpy geothermal resources (Lee, 1996) are

364 located outside of the Los Nevados NNP, where thay be exploited.
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Figure 6. Simulated temperature distribution foCake A and b) Case B.

The maximum simulated temperature increased in (&s@-igure 6b), with a temperature

dependent thermal conductivity in the Cajamarca glex(Pes). This temperature increase was
due to the lower thermal conductivity providinguietion in the deeper region of the cross-section.
The maximum simulated temperature was now 753°@evithwas 532°C in Case A. Nevertheless,

the increase in temperature was somewhat more teder the area of interest, with an average
increase of 45°C. Simulated temperatures were maatgr than 200°C in almost all the area of
interest. This scenario was considered as moristiegkince it takes into account the decreasing o

thermal conductivity with temperature, althoughl sfproximate.
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The influence of the internal heat production doethe radioactive decay appeared not be
significant since a small value of internal heateyation was calculated (0.866 pWncompared

to the heat flux applied to the bottom boundarygmealue of 0.2 W ).

5.4 Geothermal resour ce evaluation

In order to quantify the influence of the temperatat depthly and the recovery factd® on the
geothermal resources evaluation, Case A and Cager® considered. The simulated temperatures
in the area of interest for simulation scenarioseCa and Case B are shown in Figure 7, where the
triangular mesh is also illustrated. Using Eq.fhg available subsurface he@g was estimated,
exporting the simulated temperature at points umifp distributed over the area of interest along
five 1000 m high vertical segments (from a dept2@0 m to 3000 m) located 200 m apart. Since
each segment had 10 points along its height, tha/mssociated with each point is 22,000 m
(200 m x 110 m). the density and heat capacity lif Cajamarca Complex (Table 4) were
considered to calculate with Eq.(5) the geothennmdéntial P for a 30 y exploitation period with
R=2.4% as recovery factor (Table 6). The geothepu#ntial was larger for Case B, since higher
temperatures were obtained using a temperaturendepethermal conductivity, for the same heat
flux bottom boundary condition. Nevertheless, bg#iothermal power resources were on the same

order of magnitude (1.36 x f@nd 1.67 x 18MW, m™).
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397 Table 6. Geothermal resource evaluation per &hpotential reservoir section
QR PG
Scenario Total energy (J M) Geothermal power (M\Wn'™)
(Ea.4) (Ea.5)
Case A 5.38 x 10 1.36 x 10°
Case B 6.60 x 10 1.67 x 1¢°
398
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5.5 Uncertainty analysis

Uncertainty analysis of the geothermal potentiaé wanducted for the area of interest (Figure 4),
using the temperature variatiafT and the recovery factd® as input variables with 10000 Monte
Carlo iterations. Uniform distributions were useml define the variation of the parameters.
Recovery factor varied from 2.4% to 3% and the terafure variation from 160.5 °C to 235°C.

The temperature intervals between 156 °C and 23htbetween 183°C and 301°C were obtained
for the two scenarios, Case A and Case B, respgdgtithe mean thermal energy for Case A,
considering homogenous thermal conductivity in@agamarca Complex, was 1.54 x“0aW, m*
with a standard deviation of 2.1 x A®W, m™* (Figure 8). The minimum and maximum values
were 1.08 x 18 MW, m* and 2.06 x 18 MW, m, respectively. For an approximate reservoir
width of 5 km, the mean estimated geothermal p@kemas 77 MW, while the minimum and
maximum values were 54 Mydnd 103 MW. This reservoir width corresponds to the average
outcrop width of the Cajamarca Complex, as it calbserved in the geological map (Figure 2).
The mean thermal energy for Case B, consideringpéeature dependent thermal conductivity in
the Cajamarca Complex, was 1.88 ¥ MW, m™* with a standard deviation of 2.91 x3BRIW, m’

! The minimum and maximum values were 1.28 % MW, m* and 2.59 x 18 MW, m?,
respectively (Figure 8). Considering the same wederwidth of 5km, the mean estimated
geothermal potential was now 94 MW hile the minimum and maximum values were 64 MW

130 MW, respectively.
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Figure 8. Geothermal power uncertainty analysisiooted with RISK.

6 Discussion

This paper presented an estimation of the geotHgratential of an area of approximately 1%

the northwest of the Nevado Del Ruiz (NDR) volcg§Bolombia). The work consisted in collecting
rock samples in surface outcrops, measuring thecorauctivity of the rock samples with a needle
probe in the laboratory, estimating heat capacitgeld on mesoscopic description of rock type,
inferring a geological cross-section, simulatingiperature at depth with numerical modeling of
steady-state groundwater flow and heat transfer @wtlucting an uncertainty analysis using
Montel Carlo simulations.

Numerical modeling based on the finite element wetis recommended for the estimation of
geothermal potential (Aravena et al., 2016), siitcprovides a rigorous way to evaluate and
understand conceptual models and the system hmagfér mechanisms. Similarly, Gonzalez-
Garcia and Jessell (2016) stated that numerical etimafd of heat and mass transfer in a
hydrothermal system is a proper tool to provideuangjitative estimate of geothermal resources, as
well as to aid in the sustainable management afethesources. Therefore, numerical modeling was
used here as a tool helping to deal with topographg thermal conductivity distribution
constrained by the inferred geology, to provideeatimation of the geothermal resources in the
study area. Modeling results indicated that theaf@ajca Complex, characterized by a thermal
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conductivity of 2.9 W i K* can host potential basement reservoirs, as alggested by
Almaguer (2013), where the presence of secondamysjig will allow water circulation since the
rock matrix has a low primary porosity. The Andesitnit, characterized by low thermal
conductivity of 1.2 W if K, can provide insulation or thermal blanketing etfe

The average thermal power estimated with Monte cCaiinulations was 1.54 x MW, m*
(homogenous thermal conductivity) add38 x 10° MW, m' (temperature dependent thermal
conductivity) per meter of thickness of the poteinteservoir and for an area of 1 kiocated
outside the Los Nevados NNPhis estimation is based on thermal conductivityagueements in
surface samples and on the simulation of the gewmtilegradient with a numerical model to
anticipate temperature up to a depth of 2 km. T®eeaf these variables and the hypothesis selected
to estimate the temperature at depth can obviaffdgt the resources evaluation. However there is
currently a lack of information about the behawidrthe rock thermal conductivity at depth that
could be obtained in the future from deep welldurdher constrain temperature observations and
calibrate the numerical model. Nevertheless, withilable information in the study area facing
early exploration stage, the estimated geotheresdurce is thought to be representative of the
current state of knowledge that will be improved eaploration proceeds to verify additional
hypothesis that can influence heat transfer meshanat depth.

A utilization efficiency factor was used to evakidhe electrical generation potential. This factor
depends on the geothermal fluid temperature (Wikiat al., 2008) and is calculated by comparing
the actual power output to the maximum theoreticaber that could be produced from the given
geothermal fluid (DiPippo, 2012). An efficiency 6f4 has been reported for systems of high
temperature (above 150 °C; Muffler and Cataldi,8&9¥illiams et al., 2008).

Further research steps shall consider the heteedgeanf the lithologic units, in other to identify
and collect samples of the different type of rockmsstituting the formations and estimate its
thermal conductivity distribution. This additionabrk is important for the highly heterogeneous
formations like the Quebradagrande and the Cajar@rmplexes. Additional thermal conductivity
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measurements will further help to take into accdbatimpact of heterogeneity in the Monte Carlo
simulations and quantify its effect for the resa@uestimation. Only temperature at depth and
recovery factor were included in this work for thecertainty analysis. Petrophysical properties
could be taken into account to help scale up thepnogerties and better define their distributian i
next research steps, when further deep well datarbes available, to finally refine Monte Carlo

analysis of geothermal resources.

7 Conclusions

The thermal power estimated in this study can bmpzoed to the electric power of 50 MW
mentioned by Mejia et al. (2014), assuming a wiian factor of 0.4 and a reservoir width of 5 km.
The electric power would consequently be comprigitkin the range 30-4BIW, for the potential
reservoir considering both scenarios (Case A andtiR)s close to the estimation mentioned by
Mejia et al. (2014). Nevertheless, the currentysuvides a more detailed analysis of the NDR
geothermal resource potential by describing thepterm methodology to obtain the final power
estimates.

The uncertainty analysis allowed identifying théluence of the reservoir temperature and the
recovery factor as input variables on the geothkepoaver estimate. A change in the reservoir
temperature has a greater effect on the estimémunal power than a change in the possible
recovery factor.

An accurate measurement of the heat flow over tiuelysarea, with continuous downhole
temperature profiles and thermal conductivity measients on core samples, will help to better
estimate and model the temperature at depth toceedesource uncertainty in the future. 3D
geomodeling combined with new deep exploratory svellill further improve the inferred
geological cross-section to the benefit of the lyeahal potential estimation. Geomodeling will be
particularly useful to better characterize the ggiwal contact between the Cajamarca Complex,
potential fractured reservoirs and the Andesité sinice this contact is a key factor to evaluate th
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temperature at depth. Additionally, since the Cajara Complex is highly heterogeneous, detailed
field investigations are required to improve itssahiption. Further work will focus on the
characterization of fault systems associated withdprings and on the numerical simulation of
reservoir exploitation with production and injectiavells. Such logical steps are needed to move
forward with the development of geothermal energ{Cblombia, providing critical knowledge to
support energy decisions.

This work is a valuable contribution to geothermetource assessment that can be applied to
eventually evaluate the total resource in ColomBieothermal resources still has to be defined at
the Tufiflo-Chiles-Cerro Negro geothermal systenthat Colombia-Ecuador border, the Azufral,
Purace, and Galeras volcanoes, and the Paipa an®i8go areas, which are the regions where
exploration studies have been conducted or hydnmidlesystems have been observed (Alfaro,
2015). The same methodology can be useful for abentries of South America. Several countries
such as Bolivia, Argentina, Ecuador and Peru aokitg for geothermal resources exploitation
although no geothermal capacity was installed is thgion up to 2015 (Bertani, 2016). The first
geothermal power plant in South America startedveehg electricity to the interconnected grid
deserving northern Chile in March 2B81%ighlighting and important step in the history of
geothermal energy in South America. Geothermal uresoassessment studies are required to

support the development of such projects.
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Highlights

* A methodology to quantify geothermal potential is proposed.
» Laboratory thermal conductivity measurements on rock samples.

o Coupled groundwater flow and heat transfer modeling in geologica porous
media.



