1. INTRODUCTION

The High Enbalpy Geothermal Energy for the production of electric enengsg,
got a growing projection of the 27.9 % for 2035 at a global level, in agreement with

data of the International Energy Agency (IEA).

The same IEA, established that in 2012, two thousands of millions of dokaes

invested in this activity.

Among themost relevant advantages of geothermihs, lbw technology codor

power generatignwith respect of others RE$ worth to mention. In fact, an
average cost of 52 dollars for each MWh has been determined, opposite to the 280
dollars required by solaenergy, the 100 dollars of maringeolian energy
generation and the 131 dollars required by biomass energy production. (SENER,
2012).

A number of technologies have existed for almost a century to extract this virtually
inexhaustible source of power, andlay many countries in the world are investing
heavily in developing higitemperature geothermal plants. Countries around the
Pacific Rim are especially well placed geographically for Heghperature
geothermal power, and the United States, Indonesiahten@hilippines are world

leaders in this field.

In this context, Mexico is ranked fourth in geothermal power generation worldwide,
with the 2.02 % of electric energy generated with this technplagyich
corresponds to about 7,047 GWh per year (Gutiddegin, 2010). The total
national consume of electric energy reacH22b,318 GWhin 2011, which
represented a 7.2% increase with respect of 2010. (SENER, 2012).

As a matter of factin Mexico the geothermal resources have become more and
more important withthe passing of timeThere, the geothermal resources are
present all around the country, ahdeothermal Fikls are operating since decades.
For the Mexicans, Geothermal resources represent a strategic opportunity for
supporting the national energy cons Therefore, researches and applications on
this energy sector have been developing and improving with the passing of time,



making Mexico to become one of the best developed countries in the Geothermal

energy sector.

In 2014, a collaboration program watarted between the main electric energy
company of Mexico, the Com& Federal of Electricidad (CFE), and the
University of Padua, in order to share knowledge and information about the
exploitation in Geothermal Fields.

On this purpose, the present wdrive been realized, in collaboration with CFE
personal, at the Los Azufres Geothermal Field in Mexico, for the developing and
improvement of the local geothermal reservoir exploitation. The goal of the work
was to verify how the multidisciplinary methoflwork that is adopted there (which
includesgeological structural,geophysicalpetrographicgeochemical and engineer
skills), for theidentification of the drilling deptlof a new production well, has the
capacity of reducing the drilling risk, and @pplicability in other geothermal fields

of the World.



2. RENEWABLE ENERGY RESOURCES AND GEOTHERMICS MARKET

2.1GLOBALENERGY SUPPLY

According to the US Energy Informatighd mi n i s 201krepory the cairrent
global electricenergy consumption is estimated at 478x@joules(EJ = 1*10'® J)

with fossil fuels supplying 78% (oil, coal and natural gas) [1]. The largest
consumption of fossil fuelvolves thePacific Region, especially @ta, Japan,
India and South Koreavherethe 35 % of theworldwide total electrical energy

COﬂSUfﬂptiOI’DCCUI’S

Howeverthe fossil fuels reserves are limitadd their exploitation contributes more
or less directly to the worsening of environmental cond#iosuch as acid

precipitation, depletion of stratospheric ozone barrier and global climate change.

In this global context, Renewable Energy Resources (RES) play a major role in
sustaining the global energy demand, supplying aboutdf3®e requesin 2011,
and in the environmemtrotection as they are defined aastainable resources
available over the long term, at a reasonable cost, that can be used without
negative effectAlemanNava et al., 2014). RES include biomass, hydropower,
wind, solar, geottrmal and biofuels. (Figurke- AlemanNava et al., 2014).
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Figure 1: Global energy supply diagram, showing the dominance of fossil fuels compared with
renewable energy sourcéwodified from Alemé&iNava et al., 2014).



The amount 0fl9% suppliedby RESis divided as followstraditional biomass
accountsfor 9.3%, while modern renewable resouréasthe remaining9.7%. In
this 9.7% they are otuded hydropowe(3.7% andwind, solar, geothermal and
biofuels(6%).

In terms of power generation installed capacity, RES contribution on a global scale
reached about 1470 GW in 2012. Hydropower stations accounts for 67% of the total
installed capacityof RES and 33% is accounted by the Hoydro renewable
sources, includig Geothermics (AlemaNava et al., 2014)..

The RES sector has developed a lot in the last years, thanks to global new
investments and research in renewable sources (FRJurand it is expected to
continue growing while the cost of production is expedieddecrease due to
accelerated technologies development and scientific progresses in the research of
renewable energy sources and equipment improvements. (Alméan et al.,

2014).
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Figure 2: Diagram showing the trend of investments in renewable ressui@ each area of the
World, during the period 2002012 (from AlemaNava et al., 2014).



2.2 MEXICOO S GLOBAL ENERGY SUPPLY

In 2011 inMexico, the use of hydrocarbon fuels accounted for 88.7% of the total
primary energy supply, whilthat ofrenewablesnergysourcesabout6.7% (Figure
3- Aleman-Nava et al., 2014).
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Figure 3: Pie chart showing Mexicobs percentages in t

type of sourceffrom Alenén-Nava et al., 2014).

Concerning the mere production of electricity (including both internal use and
export use),dat updated to 2011 show total of 76.47% of electric energy
produced with fossil fuels, while the 4.44% is produced with charcoal and nuclear
sources, and the 19.09% is produced with RES. In partjaggamthermalenergy
contributes for the.17%0 f t h e Me xenergy preductid(@-E,t2011).c

Definitely, the dependence on fossil fuels is really problematic for Mexico, because
the national reserves of hydrocarbon2007were consideredufficientto support

the annual oil and gas production jimt9.6 and 8.9 yars respectively (that is why
Mexico increased the energy imports, which in 2008 was 15% of Diesel, 40% of
gasoline and 15% for natural gab),addition, fossil fuels contributes to annual
nonbiogenic @, emissions of4.3% in Mexico, that is one of th highest in the
world (Aleman-Nava et al., 2014).



The good thing for Mexico, which had an estimated population of 112.3 million in
2010 with a growth rate of 0.9%, is that about 56.5% of all public investment is
directed to energy projects, employing ardu250,000 workers. The CFE
(Comisibn Federal de Electricidyds the &' largest power company in the world
and electricitygeneratiorcovers about 95% of national population. Mexico itself is
the 16" producer of electricity (Aledn-Nava et al., 2014).

In fact, Mexico experienced a series of reforms in the energy sector since the
19906s. Recently the Congress of the Uni on
articles 25, 26 and 27 of the Constitution were modified to allow the participation of
private canpanies in the energy sec{onainly power generationjn orderto share
technology andexpertise Indeed, in the recent presidential period from 2006 to
2012, renewable resources were given an important role in the National Strategic
Plan for DevelopmenNDP). Mexico adopted the Law for Climate Change in May
2012, setting the goal of 35% of energy generation coming from renewable
resources by 2024. Furthermore, the Law for the Use of Renewable Energy and
Finance of the Energy transition was recently rfiediand approved, establishing

the legal aspects for the use of renewable sources and clean technologies, and
creating a Fund for the support of energy transition, energy saving, clean
technologies and renewable energy. So, Mexico has the legal instsufoerd

future green economy (Alen-Nava et al., 2014).

Power generation installed capacity from RES in Mexico was 14357 MW in 2012.
From this capacity, 80.8% belongs to hydropower, 8.5%to wind energy, 6.7% to
geothermal energy and 0.2% to solar eneAdgroan-Nava et al., 2014).

Concerning Geothermal energy, Mexico ranKsim geothermal power generation
worldwide. Thegeothermalnstalled capacityt present time i859.50MW (CFE
2011) butits potential in Mexico has not been fully evaluated.

It is worth saying that for example an installed capacity of 228 MW,
approximately generates 1736 G\Wéquivalent t06250 TJ) which saves about 3

millions of equivalent oil barrels each year (CFE, 2011).



In 2000, The Electric Investigation Instituflnstituto de Investigacion Edéica)
published the Geothermal Chart of Mexico at scale 1:2,000,000 (TRock$guez,

2000), as the result of geological and geochemical analysis of 1451 thermal sources
known until 1999 in Mexico (Figuré).
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Figure 4: the geothermal chart of Mexicrdm TorresRodriguez, 2000)

In Figure 4 i is possible toobservethat the highest concentration of geothermal
sites is, without any doubt, in the geothermal province called Avimxscan
Volcanic Belt (see Chaptédr3).

There are in Mexico four geothermal fields in operation (Cerro Prieto, Las Tres
Virgenes, Los Azufres and Los Humeraal) managed by CFBEwvhile another one
(Cerritos Colorados), is still under study (Ormad, 2014) (Figure 5). The Cerro Prieto
field, the bggest and oldest in Mexico, still has an installed capacity of 720 MW,
but the two oldest units of 37.5 M\&re currentlyout of operation.
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In table 1 geothermal projects planned by CHE2011, referred tothree of the

geothermal &lds at disposalsuch as Los Humeros, Los Azufres and Cierro Brieto

are shown(Tablel

- GutierrezNegrin, 2012.

. q | q Under Construction or Planned
Field B;‘;J:gtf Céam”missiz rﬁg”)e Capacity (net MW)
9 New | Retirements | Additional
Cerro Prieto | Cerro Prieto V (2017) 100 |75 25
Los Azufres Los Azufres 111a(201415) | 50 20 30
Los Azufres IlIb (2018) 25 15 10
Los Humeros Los Humeros Il (2013) 50 15 35
Los Humeros Il (2016) 50 25 25
Total 275 | 150 125
Table 1: Geot her mal projects reported in t

Obras elnversiones del Sector Eléctrico, 2011) (fr@utierrezNegrin, 2012.

he

The unit Los Humeros Il was completed in 2013 with the installation of a 50 MW

unit of electric power generation. The projects named Los Azufres llla (50 MW)
and Los Humeros III (50 MWAvill be completed by 201and 2016 respectively
Further, Cerro Prieto V (100 MWill be built by 2017 and Los Azufres llIb (25
MW) by 2018. Totally 275 MW will be installed, anal, the same timesome of the

oldest and technologically underdeveloped geothermal plants would be dismantled,

subtracting 150 MW. So, as a whole, 125 MW would be added to the national

electric line.

CFEOGs



3. GEOTHERMAL ENERGY

3.1THE GEOTHERMAL ENERGY RESOURCE

The term Geothermalroi gi nates from two Greek words
The Greek word 6égeod can be transl ated a
means Oheat 6. So, I n gener al ter ms, Geot h

heat which exists inside the Earth.

To form a Geothermal systems are essentially required heat, a permeable rock
formation and water. The heat is transmitted to the water and rock forming what is

call ed a nGeot her mal Reservoiro.

The classification of Geothermal Energy is basedhe temperature (&nthalpy)
of the reservoifFigure 6i IGC, 2011)

1 Very Low temperaturdéor Enthalpy) Energy is produced by extracting heat (at
a maximum of 40°C) from the subsoil or in nsarface aquifers at depths of a
few meters to 20@B00 metersin this case theunderground is used as a heat
exchanger, by means of heat pwrgrranged aslosedor opencircuit. These
applications can be used foeating, cooling and producing domestic hot water
in individual housing but also in the tertiary sector and in colleethousing.
These kinds of reservoirs may be anywhere, because their efficiency is just
determined by the underground thermal inertia in normal (average) geothermal

gradient conditions.

1 Low temperaturdor Enthalpy) The temperature of these reservoirbaswveen
100 and40 °C. They are located in areas witifaaorablegeological context
including deep aquifers; the geothermal gradient is like the average in the
region. Their exploitation involves pumping hot groundwater from the aquifer
and reinjecting it after it has delivered the heat and is cold again. These are
used in direct applications and for district heating systems and industrial

processes.
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Figure 6: Examples of different types of geothermal reservaird/ery low temperatureGround
thermal inertia is exploited through different types of buried heat exchatiggrprovide a stable

fluid temperature to heat a house or a building in winter and cold it in sun2neow temperature
Groundwater is drawn from a deep aquifereiechange heat within an urban district heating system,
and cold water is rénjected.3) Medium and High temperatureln a deep granitic basement
beneath a sedimentary cover, hot water is extracted in such a way that it directly generates hot
steam for eletricity production (High temperature). Otherwise, cold water is injected and hot water

is extracted to directly produce electric energy (Medium temperatt€&S technique) or to produce

it through the use of a secondary fluid circuit (Binary cycle teqing) (IGC, 2011).

1 Medium Temperatur¢or Enthalpy) The reservoirs usually reach teenatures
between 100 and 150 °Beat is transported by conduction through the crustal
rocks, with an average gradient of 30°C/km and peak values of 60°C/km
(Hydrothermal Conduction Systeln Those types of systems are Warm
Groundwater Basins, Deep Sedimentary Aquifers, Warm Springs Fracture and
Fault Systems, Geopressured Systems and Engineered Geothermal Systems
(Grant et Bixley., 2011)Despite these reservoirs have a éowemperature
compared to the high temperature ones, they allow extracting sufficient heat to
produce electricity (but with lower performances) using a volatile fluid.
Moreover, those tymeof reservoir can be used also ferating,and their main

applications are in district heating systems and industrial processes.
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1 High Temperaturéor Enthalpy) Heatis extractedrom subsurface areaghere
temperaturegreaterthan 156200°C, are detectedwhich made it possible to
produce elecic energy powerln this context, there is usually hegenerated
byamagma, which doesndédt reach the surfac
Earth's crust, heating nearby rock and water, and increasing the geothermal
gradient The geothermal reservas formed by hot water or steam trapped in
permeable and porous rocks under a layer of impermeable (seeselow:
Hydrothermal Convective System3his hot geothermal water can manifest
itself on the surface as hot springs or geysers, but most ohyis steep

underground, trapped in cracks and porous rock. (Figur&C, 2011).

In this work, theHigh EnthalpyGeothermal Energy Systems are taken into account.

In particular, we are dealing withlydrothermal Convective Systemghich are
geothermal systems with high temperatures, geothermal gradient higher than the
average and usually surface activity, where the flow of hot fluid goes through the
rock system and determines the temperature and fluid distribifioils ascend
through fractures towards less deep zones to form the geothermal fields. As it has
been said,High-temperature hydrothermal convective systems demand some
additional heat above the normal conductive gradient, which is usually given by

close contact with soenmagmatic body (Figure {¢rant et Bixley., 2011)

At the present time, all major geothermal power statioidexico operate on such

hydrothermal convective system, whiclcanstitutedoy:

a) The large heat source;

b) A permeable reservqir

c) A supply ofwater,

d) An overlying layer of impervious ro¢k

e) A reliable recharge mechanism

11
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Figure 7: Cold recharge water is given as rain water (point A), percolating through faults and
fractures down into the formation where it comes in contact with heatéd.rdbe permeable layer
allows water to spread into the rock formation (point B) and, as the liquid heats, it becomes less
dense and tends to rise within the formation. If it encounters a major fault (point C) it will ascend
toward the surface, losing pr&asre as it rises until it reaches the boiling point for its temperature
(point D). There it flashes into steam which can emerge as a fumarole, a hot spring, a mud pot, or a
steamheated pool (point E) (modified fro@rant et Bixley 2011).

It is not posible to havea High-Temperature Hydrothermal Convective System
without (a) and (d) and there are no artificial methods to magestible. On the
other hand, insufficienpermeability (b) can sometimes beercomeby hydraulic
fracturihgdrafad d @ldi mMg-préssule tiquidvib injected fltom g h
the surface through wells to open fractures by means of stress cracking. If little
water (c) is present in the formation or recharge is lacking, all unused geofluid from
the plant can be reirgead. Furthermore, external fluidsan be brought to theite

and injected into the formation (Di Pipp2007.

High-Temperature Hydrothermal Convectiveysg&ms are generally found in
regions of relatively recent volcanism. This explains the large nunfilgeothermal

fields associated with volcanic arc and crustal rifting. The fractures are the flow
paths for the water circulation, and they appear to be associated with structures at
regional scale, such as rift zones or caldgi@sant et Bixley, 2011l Without any

doubt, trenching or subduction is one of the most important mechanisms that give

rise to hightemperature geothermal regions. Furthermore, another important

12



mechanism is tension, and in this case the plate can relieve the stress by cracking
andrifting, by downdropping, and by thinnin¢~igure 8i Di Pippo, 2007)
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Figure 8: image showing the plate response to compression and teAiohthese responses to
compression and tension lead to anomalous geothermal regions that may be conducive to

exploitation(Di Pippo, 2007).

Two plates may also slide past each other along what is catieshsiorm fault
Perhaps the most famous ondhie San Andreas Fault running along much of the
length of California in the United States. This fault, and others related to it, have
caused immeasurable harm and financial loss from numerous earthquakes, but also

has given rise to several commercial geathal resources.

From the viewpoint of geothermal exploitation, the most important interaction
between plates boundaries occur along the edges of the gigantic Pacifianplate,
what is called thdi Paci fi ¢ Ring of Fireo. Irh we
plates, the Cocos and the Nazca plates, as well as the western one, the Philippine
plate, then the following countries (in clockwise order) are affected: United States,
Mexico, Guatemala, El Salvador, Honduras, Nicaragua, Costa Rica, Panama,
Colombia, Euador, Peru, Bolivia, Chile, New Zealand, Micronesia, Papua New

Guinea, Indonesia, Philippines, China, Japan, and Russia. All 21 of these countries

13



have exploitable geothermal resources and 13 of them have geothermal power
plants in operation as of miDO7. Generally speaking, subduction zones exist
beneathall land masses in contact witiie Pacific, Cocos and Nazca plates, except

in the contiguousCalifornia and Baja California obnited States and Mexico

where transform boundaries exist. (FigQr®i Pippg 2007

A

= |Philippine] 4

' §

Figure 9: Collocation of main tectonic plate boundaries of the Pacific Ring of(Bir®ippo, 2007)

3.2HIGH ENTHALPY RESERVOIR EXPLOITATION

The denominationGeothermal Fieldimplies the presence of a Geothermal
Reservoir with relativelyigh heat flow, whom Profitable exploitation is practicable
or viable (Salas, 1988).

Geothermal reservoirs can produce a mixture of water and vapor (which is the most
common circumstance), dry vapor, overheated vapor, or hot water alone. So, as a
consequece, Geothermal Reservoir can be definedLigsid-Dominantor Vapor
Dominant depending on the percentages of liquid and vapor which are found in it.
Another type of reservoir is that which is call@mpressed LiquiDominang
where the water is exposeal & pressure that is greater than the saturation pressure
for the given temperature.
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In the generation of electric energy in a geothermal process, hot pressurized water
can pass to vapor phase very rapidly by artificial methods through the pipes of
geothermal wellsThe technology used for the construction of geothermal wells is
similar to that of oil wells, though in general geothermal wells are less deep and
with a larger diameter. The deapwhichgeothermal fluids are stored is variable,
from afew meters to 4500m approximately, changing from zone to @ineippo,

2007)

A Geothermal Well isa: a) Production Well if it presents optimum conditions of
Pressure and Temperature, and thus the utilization of the geothermal resource is
feasible forthe generation of electric energy; bjjection well if the residual
exhaust water produced in the geothermal field is dischaly=e;the residual
exhaustd water can derive from water separated from vagothe reservoir is
composed of a gasater nixture, from water circulating througttondensates
formed into pipelines and into thmackpressuregeneration units (see below), and
from cooling water of cooling towersondensationunits (see below)in other

words, wells which do not present appropriate conditions of pressure and
temperature to be used as producers, but are confined in deep and permeable
geological formations, connected with the geothermal reservoir, are used as
injectors c) Exploratory Well if it is utilized to investigatethe thermodynamic
characteristics of possibleexploitable zon€CFE, 201}.

In order to understand where exactly a new well wouldridked, several analyses
belonging todifferent areas of investigation (geology, geophysgexhemistry,
reservoir engineering, environmental science) havee carried out, ofivhom this
work is an example. Oncéhe location of a Production well is definethe
perforation can be done atite extraction of the geothermal fluidan startAt this
point, different engineering solution can be adoptedptoduce electrical energy.
The productioncycles employed in th&nits of Electric Bwer Generationusing

geothermabource can be summarized as follow

1 BackpressureCycle (Figure 10): this is the simplest andcheapest in initial

investmentamong all geothermalcycles. Vapor from wells, eithecoming
directly from dry wells or after having passed through a separator in the case of

wet wells, passes through a turbine and thes discharged directly in the
15



atmosphereBackpressure cycleBave their applications ipilot plant, reserve

plant, in little local supply for isolated wells and also (even though in little
degree) to cover maximum charges. In addition, this cycle Hoged if non
condensable gas content exceeds 10%, due to the high energy required to

extract those gases in a condengé&iloresAlcala, 2012)

EXHAUST

ELECTRIC
GENERATOR
WELL'S VAPOR
A VAPOR TURBINE
WELL

Figure 10: diagram of backpressurecycle(modified fromFlores-Alcala, 2012)

CondensationCycle (Figure 11): in this cycle the vapor from wells

(separated from water through a separator equipment of cyclonic type
installed in the platform of the wéll enters in the turbine and generates
electric energy, then it goes to a condenser (normalQiractContact
condenser or Surface Conderis¢o become partially liquid and finally is
pumped to the cooling tower where a pool of condensed vapor forms and it

can be reinjected.

! Cyclonic Type Separatofhe mixture enters in this separator following a tangential trajectory in
relation to the equipment body, inducing a centrifugal force that allbasgs to separate. Water

gains more inertia because it has more density than vapor, and so it tends to stick on the walls of the
separator and to fall down in the lower part of the equipment.

% Direct-Contact Condensea device

in which avapor,suchassteamjs broughtinto directcontactwith a coolingliquid, suchaswater,an

d is condensedby giving upits latentheatto theliquid (from The Free Dictionary by Farlex)

Surface Condenseanapparatugor condensingteam especiallythe exhausof a steamengine

by bringingit into contactwith metallic surfacecooledby wateror air (from the Webster

Dictionary).
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Figure 11: diagram showing thEondensation Cycle tygenodified from FéresAlcald) 2012)

1 Binary Cycle(Figure 12): in this cycle, part of the heat of the geothermal
fluid is transferred to a Heat Exchanger working with a secondary fluid,
which in general is a refrigerant like isobutene or isopentghese boiling
point is low,-12 and 28°C respectively. The secondary fluid passes through
a closed circuit. After its evaporation it can pass through the turbine,
achieving Wor k an dCotdénsenuntl it reashesaganl e d
the liquid phas, in order to be pumped and-ingected again in the cycle.
Water used in the condenser is proportioned for one cooling tower, and the
geothermal fluid that lost its heat is sent to a reinjection well. In many
geothermoelectric plants of Los Azufres, ttesidual energy of hot liquid

water is utilized from those types of uniBloresAlcala, 2012)
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It is important to mention thaBackpressure cycles a technology which is
considered to be obsolete, because it can consume more or less twice the vapor (for
the same pressure of entrance and generated power) than Condensation Cycles. So,
the number of well;mecessary to produce the same amount ofrelacenergyis

higher than that for Condensation Cycles, as well as the costs for the operations. By
the way, in aCondensation cycleghe use of a condenser allows to extract more
energy from the fluid and to increase the efficientyhe plant So, this technology

is currently the most employed in Geothermal Fields. Steam temperatures necessary
for the functioning oBackpressure and Condai®n Cycles are the same, usually
above 200°CFor what concerning th&inary Cycle the advantages atbat a
watersteam mixture can be used without any separation process, chemical
aggressiveness is confined only in the heat exchanger and temperatures of the
reservoir can be lower than 200°C. On the other hand, disadvantages of this cycle
are that heagxchangers are expensive and refrigerant fluids are t{mres

Alcald, 2012)

As it has been mentioned befprihe exploitation of geothermal resources is
supported by scientifitools, and nowadays thegre easily available and routinely
used. The scientificesearch preceddise costly phase of deep well drilling, and is
based on geological, volcanological, geophysical, geochemical and reservoir
engineeringstudies. The purpose is to determine a redigdasition of drilling sites,
increasing the probability of success. For the research on new possible geothermal
fields, the ultimate exploration tool is the drilling of deep wells based on the
findings of the scientific surveysee definition aboveExploration Wel). This is

the best way to obtain precise information of the subsurface nature, plargoond a
explorationprogram that should give a reasonable estimate for the properties of the
reservoir. For the research on geothermal fields which areadgireperative,
information about a new area of study can be given by the correlation between
information of already drilled wells. (Di Pipp2007.

In this particular thesiswork, it is presented an exampté scientific research

conducted preliminarilyn geothermal resources exploitation.
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3.3 EXPLOITATION ATTHE LOS AZUFRES GEOTHERMAL FIELD

The Los Azufres Geothermal Field (Figulé) occupies the second place in
Mexican Republicrank of electric power generatiohy geothermal energy. It is
locatedin the State oMichoacan, 80 kneast fromthe city of Morelia and 16 km
northwest from Ciudad Hidalgo. The field is located above a hydrothermal

volcanic complex at an elevatioangingfrom 2500to 3000 mabove sea level

The extraction of the nature¢source for business purposes began in 1982, with the
installation and the putting into service of five bamkssion units o6 MW, and it
had been gradually growing until the activation of 4 units of 25 MW in 2003 (Los

Azufres Il Geothermoelectric Pegjt) with an annual supply of 1779 t/h of vapor.

The perforation of the first well began in august 1977 and the production in the field

has been maintaining active since that time uninterruptedly.
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Figure 13: Geographical map showing the location of the Los Azufres geothermal field within the

Mexican Republic (modified from Gutierr&mez, 2005).
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The Los Azufres geothermal field reservoir was thought ticgéd-dominantin its
natural state, but differestudies discovered that there are three thermodynamically
different zones:vapordominantin the shallowest part of the reservaiiquid
dominantin its saturation state armbmpressediquid-dominantin the deepest part;
wells that are integrateidto the electric power generation systeriract the fluid

by thesdast two zones

So far, in the Los Azufres geothermal field 82 wells have been drilled (Figure 1

32000 325000 326600 37000 328000

2192000

2191000

323000 2 326400

WELL'S SYMBOLOGY
@ Injector o Under study @ Explorer
@ Producer O ::g:‘:;t.m © PRODUCER LOS AZUFRES III (new project)

Geo|ogica| faults A INJECTOR LOS AZUFRES III (new project)

Figure 14: geographic map of the Los Azufres GeothermaleFl d 6 s ar ea, showing

geological faults (modified from CFE, 2011).
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Wells work with different objectives (explorer, producer and injector) and in the

28% of cases directional or diverted drilling have been utilized.

Another peculiarity otthe LAGF is the distinction betweearorth zoneand south
zone due to different geological, geochemical, production and reservoir
characteristics. Theouth zongresents the highest temperatures and the shallower

reservoir compared to thmorth zongMolinaMartinez, 2013)

Until December 2012, the installed capacity is accounted to be 188 MW, distributed

in the following way:

1 Threebackpressuraunits of 5SMW eachtwo condensation unit of 25MW
and50MW respectivelyand two binarycycle units of 1.5MW each, located
in the south zone, supplied with teeparatedrapor of 18 production wells;
the two binarycycle units utilize the residual brine (Figurg).1
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1 Four backpressureunits of 5SMW each and three condensation units of 25
MW each in the north zone, supplied by Separatedrapor of 22 wells
(Figure B).

The Los Azufres Il Geothermoelectric Projecs a new plan consisting in
exploiting more efficiently the geothermiflid which is currently extracted for the
generation of electric energy at Los Azufres geothermal field. In order to do so, the
CFE has planned to substitigevenbackpressurdJnits of 5 MW (U-2 (Figurel5

and ¥), U-6 and U10 of the south zone,-B (Figure15 and17), U-4, U-5, U-9 in

the north zone, for a sum 86 MW) with two condensation units of 2&xample in
Figure 18) and 50 MW(example in Figurd9) respectivelyfor a sum of 75 MW
which are more efficient in the vapor exploitatidn. fact, at Los Azufresto
generate 1 MW witlbackpressure unitsmore or less 14 tons skeparated/apor

are required, whilabout7.5 tons olseparatedapor are required to generate 1 MW

with condensation unit¢M.l.A. Projecto Geotermoelectrico Los Azufres Ill, 201

o | —

Figure 16: Unit 2, located in the south zone BAGF, producing 5 MW of electrical energy, to be
dismantled in 2015
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Figure 17: Unit 3, located in the north zone of LAGF, producing 5 MW of electrical energy, to be

dismantled in 2015.

-

Figre 18: Unit-13,in the south zones an example of a 25 MW unit.
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Figure 19: Unit-7 (Tejamaniles Centraljn the south zon@san example of a 50 MW unit.
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4. GEOLOGICAL OVERVIEW
4.1GEOLOGY OF MEXICO

A Geologic Province habeen defined as f@Athe whol e mayg
surface oflhe planet, with an extension varying frémandeds tomillions of square

kilometers, characterized for its rocks, geologic structures and for a sequence of

events such that it integrates a singular evolution history different from that of

adjacent areas, from which it is separated by stratigraphic andfooteci ¢ | i mi t s
(OrtegaGutiérrez et al., 1992)This definition is, therefore, independent from

tectonic, morphotectonic, physiographic, metalogenic, tectonostratigraphic
provinces, etcé although it could coinci
definition, and with an accurate analysis of the geological information about the
country,the Map of the Geological Provinced Mexico could havebeen produced
(OrtegaGutiérrezet al, 1992, and 35 geological provinces have been identified

(scal e 1-FR@ea).06000

For its extension, the bigge&ieological Province of Mexicas the Ignimbritic
Mexican Belt,extended tanore or less 300,000 Km1600 km of longitude and an
average width of 250 km, while thsmallest one is Juchatecayhich is a
volcanosedimentary province of submarine amcthe south of Mexico, with only

~3 hundreds square kilometers of amplitude.

The Geological ProvincedMap of Mexico, identifies 35 different geological
provinces, taking also into account age, origin andctiral features of the
territory. In detail, from a chronological point of view each geological province
belongs toPrecambrian(2), Paleozoic(3), Mesozoic (13), Cenozoic(16) and
CenozoieMesozoic(1) units Concerning theeologicalorigin, the provinces are
subdivided inplutonic (6), volcanic (5), marinesedimentary(10), continental
sedimentary(4), volcanesedimentary(5) and complex origin(5). Finally, the
structural tectonic characterization allow to recogrszdduction compless (1
province), arc rooareas(6), submarine areones(4), continental arezones(5),
platformarea (4), orogemtic area (2), geoclines(8) andcomplex structural zones
(5) (OrtegaGutiéerrez et a).1991).
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Figure 20: GEOLOGI C PROVI NCES OF MEXI CO (in brackets it
geotectonic dominant environment, with this ordér)Yucatan Platforn{C. sm, p):2, Deltaic basin
of TabascdC, sc, g):3, Folds and Faults Belt of Chiap&s, sm, or):4, Batholith of ChiapagP, p.
ra): 5. Igneous Massif of Soconus¢@. p, ra); 6. Basin of Tehuantepg, sm, g):7 Deltaic Basin
of Veracruz(C, sc, g):8, Volcanic Massif of the TuxtlagC, v, ac);9, Cuicateca(M, vs, as);10.
ZapotecapC, c, c0);11, Mixteca(PC, c, c0);12, Chalina(M, p, ra); 13, JuchatecdP, vs, as);14,
Platform of the MorelogM, sm, p);15, TransMexican volcanic Bel{(C, v, ac);16, Orogenetic
Complex of Guerrerc&olima (M, vs, as);17. Batholith of JaliscdM, p, ra); 18. Igneows Massif of
Palma SolaC, v. ac):19. Miogeocline of the Gulf of MéxicdC, sm, g):20, Folds and Faults
Mexican Belt(M, sm, or); 21, Platform of CoahuilaM, sm, p);22, ZacatecangM, c, co): 23,
Platform of San Luis Potosi Vall@yl, sm, p);24, Ignimbritic Mexican Belt (C, v. ac25. Sinaloa
Orogenic Belt(M. vs, as);26, Chihuahuens€C-M, c, co); 27, Basin of Nayarit(C, sm, g);28,
Deltaic Basin of Sonor&inaloa(C. sc, g) 29. Sonorensép-C, c, co);30. Delta of ColoraddC, sc.
0); 31. Batholith of JuarezSan Pedro MartiM, p, ra): 32, Basin of VizcainePurisima(C, sm, g):
33. CedrosMargarita Orogenic Belt(M, vs. csB4, La Giganta Volcanic Belt (C, v, ac}5, La Paz
Plutonic ComplexM, p, ra) Explication: Age: pC- Precambrian ; P- Paleozoic; M- Mesozoic: G
Cenozoic.Qrigen: m - metamorphic; p- plutonic; v - volcanic; vs- volcanosedimentary: sm
marine sedimentary; st continental sedimentary;-complex.Geotectonic Environmentes i
Subduction complex; ré Arc root; asi submarine arc; aci continental arc; g- geoclinal; or-
orogen; p- platform; co- compound(OrtegaGutiérrez et al.1991).

In addition, since the 70s, a Geological Map of Mexico has been produced and
updated until 2007 by the UNAM (Universidad Nacio#altbnoma de México)
(Ferrari et al., 2007 Figure 2-22). Looking through this map, the national territory
shows its most distinctive features, that is almost three quarters of the national
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geologic provinces characterized by rocks of Mesozoic or Cenege (in other
words, rocks of the last 225 million years), while Precambrian rocks only outcrops
in the 12% of the country. Another distinctive characteristic of Mexican geology is
the asymmetric distribution of sedimentary and magmatic/metamorphitpesy

that are concentrated the former in the oriental part of the country, while the latter in

the western part.

The distinctive dichotomy of Mexican geology can be explained by the passive
nature owned by the oriental margin of Mexico since the JurBssiad, in contrast

with the occidental margin which has been, since the same period, convergent and
active.The convergence of oceanic plates of the Pacific against the occidental edge
of the American continent, including Mexico, has gone on from theoPaic to the
present.As a consequence of this geological history, metallic and geothermal
resources of deep origin are concentrated in the western half of the territory, while
energetic resources of superficial origin (oil, natural gas and charco#bcateed

in the eastern half.

Sedimentary rocks

Without any doubt, thepredominant Mesozoi€enozoic age of the national
territory and its geological constitution associated with the evolution of the two
continental margins of the American continent, have given a prominent role in the
generation and conservation of the sedimentary rocks, as it can be séen in
geological map of Mexico.

For a better comprehension, sedimentary stratigraphic units have been classified

into three palee@nvironmental group&rtegaGutiérrezet al, 1992) continental,

mi xed and mar i n etheir écondnsieil ampatance, dedingentary f o r
rocks are the most studied and mapped group of the country. Continental
Sedimentary Rocks units are 7, distributed as folljws c al e 1:122a0 0006000
Paleozoic age (Psc), 3 of Mesozoic age (Jc, Jmc and Ks@) ah€enozoic age

(Pgc, Csc, Qc rad Qe) (continue at page 30)
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Figure 21: Geologic Map of MexicoRerrari et al,, 2007).
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Mixed Sedimentaryocks units are 8, 1 of Paleozoic age (Psmx), 3 of Mesozoic age
(Mimx, Jmmx and Ksmx) and 4 of Cenozoic age (Tpamx, Temx, Nmx, Tpmx).
Marine Sedimentary Rocks units are 18f Proterozoic age (PTs), 3 of Paleozoic
age (Pi, P, Ps), 8 of Mesozoic age (TRJi, Js, KiJs, K, Ki, Ks) nd 5 of Cenozoic
age(Tpa, Te, To, Tm, N).

The separain between volcansedimentaryand sedimentary units was particularly

difficult where volcanic rocks exist over marine or continental sedimentary

deposits. Nevertheless, inet majority of cases, the presence of volcanic rocks like
pyroclastic materi al or | ava effusions is
adequate factor to diminish the preponderance of marine or continental
sedimentological processegich acted duringhe deposit of the units, therefore

classified as sedimentary.

Volcanic and volcanesedimetary rocks

Those groups of rockare, maybe, the most important for the country for their

extension and mineral richne#s.the geologic map of Mexicb Scal e 1: 26000600
they have been separated into ffatigraphic units, of which s of Quaternary

age, 10of Tertiary age, 6 of Mesozoic age and 1 of Paleozoic age. Regarding their

origin, 10 are volcanosedimentary of continental origin and 6 of mae origin)

and the lasB are of volcanic origin and continental environment.

Intrusive rocks

Intrusive rocks in Mexico are abundant; for the majority, they have a -&tosu
granitic character. With respect to Mafic rocks, at the scale of the Map, only three
rock bodies of gabbroic composition have been delimited: Sierra de la Trinchera, in
the Crystalline Complex of La Paza in the South Baja California (Kgb in the map),
and two little bodies, still without denomination, in the south of the State of
Guerreo (Tgb).(OrtegaGutiérrez et al., 1991)

In total, 10 intrusive units have been identified, with the following temporal
distribution: 1 Proterozoic unit (PTmgr), 1 Paleozoigt (Psgr), 4 Mesozoic units
(Ksgr, Kgb, Jgr, TRgr) and 4 Tertiary units (Tgr, Tgb, Pggr, Ngr). In the most of

cases, the volume of intrusive rocks is integrateghlutons which standn the
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occidental margin of Mexicaand the age is 980 Ma. For sca reasons, a big

number of plutonic and subvolcanintrusionsc oul dn 6t be added to
however, is important to say that those rocks are so important for metallogenic and
geothermal purposes, since a big number of metallic (FeMGuW, Zn, Pb, Ag

and Graphiteand geothermal reservoirs of the courarg associated with them.
Metamorphic rocks

The geodynamicandtectonicvigor that the country suffered, had meant that rocks
transformedoy heat, pressure, stress and chemical activity of the fluids that persist
within the Earth, ariséo the surface as extensive metamorphic formations, whose
age in Mexico is comprised from Precambrian to Tertiary. To express properly
those fundamental ents of the Mexican geologic evolution, it has been necessary
to utilize 11 stratigraphic unit§OrtegaGutiérrez et al., 1991)distributed as
follows: 3 of Proterozoic age (PTimetl, PTimetl, PTmmet), 3 of Paleozoic age
(Pimet, Pmet, Psmet), 4 of Mesozaige (TRmet, kmet, Mmet, Mmil) and one of
Cenozoic age (Tme{PDrtegaGutiérrez et a).1991).

4.2THE TRANSMEXICAN VOLCANIC BELT (TMVB)

The TransMexican \blcanic Belt (TMVB) o Cinturén Volcanico Transmexicano

(CVT) is a crustal fractures system, where volcanic rocks coming from the fusion of

the Cocos Platebds oceandc drtst mar e r e Xxmma
activity manifested during the Pliocefq@uaternary. However, there are evidences

of a previos volcanism in different sector of the volcanic complex itg@lfuayo

et Trapaga, 1996).
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Figure 23: Diagram showing the TrarBlexican volcanic Belt (TMVB) o Cinturdn Volcanico
TransmexicangCVT) within the Mexican territory. In it, there can be seen the movements of
plates which originated the TMVB, which are: a) the North American, toward the-Btash

b) The oriental Pacific, toward the NorilWest; c) the Cocos Plate, toward Noeihast; d) the
Carribean Plate toward the EagAguayo et Trapaga, 1996).

In a recent publication, an integrative review of the main geophysical, geological and
geochemical features of the Tra¥gxican Volcanic Belt (TMVB) has been carried out
(Ferrari et al.2012).

First of all, it is certain that the TMVB is the largest Neogene volcanic arc in North

America, covering 160,000 kmnd a | ength of al most 1000 km
21A30NN in central Me xi co. Mor e ov eand it has
230 km, and east of 102°W is not parallel to the Middle America trench (Figts) 2

Furthermore, it has been confirmed that the TMVB is built upon Cretaceous and
Cenozoic magmatic provinces (Figurd)2and a heterogeneous basement made of
tectonostatigraphic terranes of different age and lithology (Figiie [ a geodynamic
frame, the TMVB is built on the southern edge of the North America plate, which

overrideshe Rivera microplate and the northern part of the Cocos plate.

So, the TMVB represds the most recent episode of lelagting continental magmatic
activity that, since the Jurassic, produced a series of partially overlapping arcs as a
result of the eastward subduction of the oceanic plate beneath western Mexico. Since
the Late Cretaceouarc magmatism was entirely continental and the geographic
distribution of the arcs has been reconstructed with reasonable precision. (Ferrari et al.,

2012).
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Figure 25: Satellite image of central Mexico outlining the Traktexican Volcanic Belt (yellow line)

with the main stratovolcanoes (red triangles) and calderas (red circles)edisas itsfour sectors

(thin dashed white lines). The main crustal units are outlined with thick white lines. The Jalisco
block is part of the Guerrero composterrane and might be also underlain by pkesozoic crust
according tothe ages of its Cretaceougranitoid batholiths. MC: Mexico City; Gdl: Guadalajara
(from Ferrari et al., 2012)
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As a whole, the magmatic belt$ the TMVB maintained a general NNW orientation
until the Eocene but since Oligocene began a cowhtekwise rotation, eventually
reaching its present transversd W orientation typical of the TMVB in the middle

Miocene.

Because the TMVB is oriented oblique to the trend of Mexican tectonic provinces, its
pre-Cretaceous basement is highly heterogeneous (F&fiyrelThe eastern half of the
TMVB, east of 101° W, is built on Precambrian terrarggsuped into the so called
Oaxacamicrocontinent, as well as on the Mixtetmraneof Paleozoic age. West of
101°W, the TMVB is underlain by the Guerrero compos#igane an assemblage of
Jurassido Cretaceous marine marginal arcs built on Tria$sely Jurassic siliciclastic
turbidites. The westernmost Guerrero compadsiteaneis the Jalisco block, dominated

by a late Cretaceous to Paleocene batholith intruding mid to late Jurassic schists, and

covered by Late Cretaceous to Eocene subaerial ignimbrites and lavas.

In order to know in detailsither the thickness of the upper plate (Fige8g the depth
of the subducting plate (Figug®) and itsgeometry(Figure30), three joint USMexico

seisnic experiments have been accomplishetiveen 2006 and 201the Mapping the
Rivera Subduction Zone (MARS), the Middle America Subduction Experiment
(MASE) and the VeraruzOaxaca seismic line (VEOX(Figure 26) (Ferrari et al.,
2012)

: Viiq s 1 S vy 7 Y 17 WA ’ e i
Figure 26: Location of broadband seismic stations used in the MARS experiment (black squares), MASE
and VEOX prtiles (open circles). The boundaries of the RacRivera and Cocos oceanic plates, as well
as the age of the subducting plate at the trench, are indicated| &maks show direction and relative
convergence rate (mm/yr) at the trench. FZ = Fracture Zone; EPR= Easfi®&ise; AH= Anegada
High; LTVF= Los Tuxtlas volcanitield (from Ferrari et al., 2012)
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The MARS experiment, led by the University of Texas Aatstin with the
collaboration of UNAM (Universidad Auénoma de México)and University of

New Mexico, deployed a seismic network of 50 broadband stations in the Jalisco
and Michoacan states, covering a region between the coast and the northwestern
TMVB (Figure26 i Profiles AA6 a8 @& Yhe MASE experiment, led by the
California Institute of Technology with the collaboration of University of California

at Los Angeles and UNAM, deployed 100 broadband stations at ~5 km intervals
along aprofile orthogonhto the trenchfrom Acapulco to the northern Veracruz
state, crossing the TMVB near Mexico Cityrffile GC §i Half of these stations
were subsequently employed along the VEOXif@plocated in the western part of

the Isthmus of Tehuantepec, with g@mne inteistation distance

Using the results of receiver functions studies from the MARS, MASE and VEOX
data, combined with the estimatiorofn gravimetric data of Urruti&ucugauchi
and FloresRuiz (1996)for areas where seismic information was notlatée, some
important features of the TMVB have been understood. First dhalthicknes®f

the crust have beateeplyunderstood (Figur@7, Ferrari et al., 2012
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Figure 27: Map showing the thickness of the crust beneath and south of the TMVB (in km), in other

words the Moho depth is shoffrom Ferrari et al., 2012)

e

- 100km

The map of Figure@7 shows afirst order ~NI'S changan thickness of the crust
beneath the TMVBjust east ©101°W. The region to the east has thicker crust with
maxima over 50 km, whereas to the west the thickness is 40 km or less. After this,
the depth of the subducted slab of oceanic crust has been reconstructed2gyigure
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Figure8: Dph of thesubducted slab beneath central Mexico compiled using the results of receiver
function and tomography studies from the MARS, MASE and VEOX experifirentsi et al., 2012.)

Therefore, thgeometry of the slykalong with the estimated temperatures at th
trench, habeendescribed and pictured in a sered2d profiles (AA 6 -BOB a-nd C

Co6 of 26 (Figuel%
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Figure 29: profiles representing the shape of the oceanic crust slub under subduction, along with 2D
instantaneous thermahodels. ProflesAAd and BB& obtained froe® MARS expe
obtained from MASE experiments (see Figure(B®dified from Ferrari et al., 2012)
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According to the results exposed in Fig@&and 29, it can be affirmed that the
Rivera plate dips at 40° beneath the forearc region and then dips ~70° beneath the
TMVB. The westernmost Cocos slab dips slightly less, either beneath the forearc
and the TMVB. The two plates are separated by a trertblogoral tear starting

just north ofthe Colima volcano (Co) and broadening northwards. East of 101°W,
the dip of the Cocos plate decreases markedly. Receiver function results along the
MASE profile showthat the plate initially dips at 15° until 80 km from tbeast

and therflattensat 50 km depthThe flatslab extends inland for 200 km just below

the Mohoof the upper plate. However, resytt®vided bythe seismic tomography,
showthat beneath the volcanic front the Cocos plate abruptly plunges with a 75°
dip. East of 96°Wthe flatsubduction segment shortens and eventually disappears
beneath the Isthmus of Tehuantepec, where the VEOMeirmmaged the Cocos

plate subducting with an almost constant 26° dip between 140 and 310 km from the
trench.

From the wicanological and rockompositional point of view, the evolution of the
TMVB has been divided into four stages, on the basis of the spatial distribution and

composition of volcanism in the whole area (Fig8og(Ferrari et al., 2012)

(1) The first stage was that of the initiation of the TMVB, which started in the early
to Mid-Miocene,with predominantly effusive volcanism. Those rock formations
are exposed inside an area localized at east of 101°W. The composition of the
rocks emplaced dung this first stage is sublkaline, with predominant andesite

to dacite composition.

(2) The second stage started in the late Miocene and was an episode of eastward
migrating mafic volcanism, located to the north of the previous arc. Plateau of
basaltic laa erupted through fissures, or less often from small shield volcanoes
and lava cones. The radiometric age indicates that this pulse migrated from west
to east, between 11.5 aneB™a. This episode is thought to be linked with a
scenario of oceanic crudab detachment propagating eastward.
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Figure 30: The four magmatic episodes of the Tréhsxican Volcanic Belt. There are also shown

the total alkalies vs. silica diagrams for each episode, included average SiO2 values. A) and E) The
early TMVB of earlyd late Miocene; B) and F) The eastward migrating mafic pulse of the late
Miocene to early Pliocene; C) and G) The silicic episode of the late Miocene to early Pliocene; D)
and H) The modern TMVB of late Pliocene to Pleisto¢Ererari et al., 2012)

(3) In the latest Miocengvolcanism changed along the arc, with an insiditic
episode that became bimodal (maéiticic) in the early Pliocene and marked the
beginning of the gnchward migration of volcanisr&ast of 101°W, volcanism was
characterizedby the formation of large calderas that produced large volumes of
ignimbrites (>50 knY). and associated pyroclastic deposits. Caldera products are
characterized by intermediate to silicic compositions in contrast to the bimodal
compositions of rocks unratd to calderasThis episode of is thought to be linked
with the slab rollback. In this scenario, silicic volcanism may have originated by
partial melting of the lower crust due to its progressive exposure to asthenospheric
mantle as the slab retreated.dther words, the continental crust participated in the

genesis of silicic magmas.
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4) Since the late Pliocene, the style and composition of volcapisime TMVB
became more diverse: volumetric dominant @kaline rocks are associated in
time and spacewith modest volumes of itraplatike lavas and/or with
lamprophyres and other potasshiich rocks; besides, Quaternary volcanic centers
are of rhyoliticperalkaline composition. In the last million of years, large
stratovolcanoes have been built. le thestern sector, they are located in a WANW
ESE oriented belt, while in toward the east they form a\-Belt and they localize

at the volcanic fronfFigure31). Also characteristic for this episode is the formation
of monogenetic volcanic fields. The miggominent is the MichoacéaGuanajuato
volcanic field (MGVF) with ca. 1000 volcanic centers distributed over 40,000 km
in the central TMVB sector, but many other smaller monogenetic volcanic fields
occur along the ar@igure31) (Ferrari et al., 2012)
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A-T: Apan-Tezontepec volcanic field
Ac: Acoculco caldera

ACHg: Amatlan de Canas half-graben
Ahg: Aljibes half-graben

Am: Amealco caldera

Ama: Amazcala caldera

AVF: Alamo volcanic field

Az: Los Azufres caldera

Ca: Carboneros caldera

Ce: Ceboruco volcano

Ch-PS: Chiconquiaco-Palma Sola
ChVF: Chichinautzin volcanic field
CG: Citlala graben

CP: Cofre de Perote volcano

CVC: Colima volcanic complex

Hm: Los Humeros caldera
Hu: Huichapan caldera
1z: |ztaccihuatl volcano

LJ: La Joya volcano

LN: Las Navajas volcano

LP: La Primavera caldera

LP-TF: La Pera-Tenango fault system
LV: Los Volcanes volcanic field

Ma: La Malinche volcano

MG: Mecatan graben

MGVF: Michoacan-Guanajuato volcanic field
NT: Nevado de Toluca volcano

PB-CM: Plan de Barrancas-Cinco Minas graben
PdO: Pico de Orizaba volcano

PG: Penajmillo graben

PH: Palo Huérfano volcano

Po: Popocatépetl volcano

PVG: Puerto Vallarta graben

Sa: Sanganguey volcano

SAn: Sierra de Angangueo

SJ: San Juan volcano

SLC: Sierra de Las Cruces

SM: San Marcos fault

SMC: Sierra de Mil Cumbres

SP: San Pedro volcano

SPC: San Pedro-Ceboruco graben
S8S: San Sebastian volcanic field
ST: Sierra de Tantima

Ta: Tancitaro volcano

Te: Telapon volcano

Tq:Tequila volcano

Til: Tlanchinol flows

Tp: Tepeltitic volcano

VCG: Cerro Grande volcano

Xa: Xalapa volcanic field

Za: Zamorano volcano

ZAC: Zacoalco

ZFZ: Zacoalco fault zone

2ZVC: Zitacuaro volcanic complex

Figure 31: tectonic and volcanic structures of the TMVBhe Los Azufres Geothermal field is visible (Az). (Ferrari et al., 2012).
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4.3THE LOS AZUFRES VOLCANIC COMPLEX

The Los Aazifres Geothermal Field (LAGHS locatedat 3000 m above sea level
(m.asl), in the northeastern part of the Michoacan State, close to the
Guanajuato State, at 90 km from the city of Morelia, and between the cities of
Ciudad Hidalgo to the south and Zinapécuaro to the north (FigR)relt is
situated in the central sector of the TM\(Bee Figure B). One of the most
peculiar skills of the LAGF within the TMVB is the presence of very recent and
active faults with EW direction, even though at Los Azufres there are also faults
with N-S, NE-SW and NWSE directions.

Michoacan

CAMPO GEOTERMICO
LOS AZUFRES

_Capwpapiento GFE
" triege %
.lguuhi-ll -

Figure 2: Location of the Los Azufres Geotherml Field, by Google Earth.

In the pastLos Azufres has been object of numerous stufkesrari et al.
1991 Robin and Pradall993), and others that werealized by the CFE for the
geothermal exploration and developmehs. the progress went on, it became
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necessary a better understanding of the geothermal reservoir, because the space
for drilling new wells, without affecting contiguous zones of producion
injection, is restricted due to the exploitation and decline of the wells. So, a
precise and wupdated k noswéqeredyim ordeftot he
finally determine the structure and shape of the reservoir under exploitationt 6 s
for that reason that Pérezsquiviaset al. (2010) recently realized a work,
whereby it has been possible to describe the Los Azufres gewmiogyeally

good way The main results which are useful for this work suenmarized here

after.

From thestructural geolgy point of view the resits of the structural measuring

performed all over the ardaghlights an intense fracturing and faulting with
three principatrends: NNWSSE(~N-S), NE-SW and EW (Figure 3).

300000 325000 350000

’ _‘;w‘ §
Los Azufres- ‘-’ 7 [
G-othcrul Field

x.// '
A (umes Hnunt."olu Range

STRUCTURAL MAP OF
LoS AZUFRES

Figure 33: On the left,structural mapcomprising the LAGF and the Sierra de Inés and the Mil
Cumbres Mountain ranges. On the right, a zoom centered in the LR&EZAEsquiviaset al.

2010. For the location of the LAGF within the TMVB, see Fig8te

Strudures with NNWSSE trend are faedto the deformation which occurred
between the Oligocene (3328.8 Ma) and Miocene (23:8 Ma) and, through
their structural features they were identified as lateral faults induced by the
basement deformatioistructures with NESW and EW orientation orignated
during the formation of the TMVB. In particular, structures with -8\&/
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direction are scarce, and they are characterized by alradstal fault planes,
even though some of them are 45° inclinbtkanwhile, sructures with EW
orientation are the most abundanid they have got a lot of importance, because
they affect all the lithological units and lacustrine sequences of Holocene (<0.01
M.a) and historical age in the Los Azufres field, and also becausentiege
the greater part of f A eldarde@asnplenof thase t h er ma |
structuress the Agua Fria fault, which hawveorphological evidences of rext
seismic activity. Agua Fa has been the main fault on which this work focused
(see Chaptes). Boththe fracturing in reservestocking andesitic rocks and that

of recentdeformed rigolitic rock is semivertical. Precisely, the inclination goes
from 70° to 80° in the firstaseand flom 80° to 90° in the secommhe

From the volcanological et of view, sevenvolcanic units are definedvhich

are, from the oldest to the youngest: Mil Cumbres Mountain Range, Pucuato
ignimbrite, Santa Inés Mountain Range, Santa Inés Ignimbrite, El Fraile
Mountain Range, L® Azufres Geothermdfield and he Bashls-Andesites of

the MichoacarGuanajuato Volcanic Field (MGVF), which makes part of the
western section of the TMVB (Figur@4). Meanwhile, he volcanological

history of the LAGF can be resumed in the followeightstages

1 The volcanic activity beganrsie the early Miocene more or less at 23 Ma, with
the emplacement of thick complex sequence of welded ignimbrites, breaches,
pyroclastic flows and falls, and lava effusiomMdil(Cumbre Sequence), in the
central and south part of the area showhigure 33 on the left

1 The volcanic activity continued until the end of the Early Miocene (17 Ma). At
all the effects, this zone is probably associated to the volcanism of the Sierra
Madre Occidental or to the beginning of the TMVB (Ferrari et al, 1999 and
2012) From the structural point of view, the rocks of the Mil Cumbres Range
were cut by Faults, of NV&E direction and were displaced at major deep, so
that consequently they appear between 700 and 1000 meters deep in the Los
Az uf r e ds&e figieel8). s
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Figure 34: chronological sequence of tlstratigraphically correlatedsolcanic eventsoccurred

in the area of Los Azufres asdrroundinggPérezEsquiviaset al. 2010)

1 At ~14.5 Mathere wasthe emplacement of a stratovolcanahe northern part

of the studied area, which originated the Santa Inés Sequence. Nowadays, this
sequence in the Santa Inés Mountain Range has an arcuate shape open toward
the south, which seems to indicate that volcano were destroyed due to a high

magrntude eruption, associated with the formation of a caldera.

The Activity continued at approximately 7 Ma with the effusion of andesitic
lavas which are exposed above the Mil Cumbre Sequence ilViB®V of

Figure 3.

Lately, it is observed a volcanic activity return, with the explosive emplacement
of the Santa Inés Ignimbrite at ~4.7 Ma, which fills the Santa Inés Range

depressions, in the northern part of the ardagire 3.

At a later date, at ~4.3 Ma, the em@atent of Dacites and pyroclastic flows
occurred, which formed the domes of Ehffe in the SE part of the area of

Figure 3.
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1 The formation of the Los Azufres Volcanic field began approximately at 1.47
Ma. The magmatism was not centered in a unique pldgehwwould have
given rise to the formation of a stratovolcano, but rathemas subordinated to
the rise of magma through faulsesent in the area, generating temporally
random fissure effusions. In such a way, the magmatism began with basaltic
emissons, followed by andesitic onewjth ages going from 1.47 to 0.97 Ma.
Then it catinued with dacitic lavgswith age between 1.22 and 0.33 ,Mad,
finally, an evolution to rhyolitiemissions occurredyenerating some important
domes and plateaus, with ages comprised between 1.03 and 0.02 Ma. The
products associated with this rhyolitic volcanism (domes and plateaus) stand
undoubtedly above andesitic or andedit&saltic lavas, which correspond to
appar&us belonging to the monogenetic volcanism of the Michoacan
Guanajuato Volcanic Field (MGVF), which is in turn part of the Western Sector
of the TMVB. Those volcanosome across the periferical part of the apéa
Figure 3.

1 At last, it must be said thahe activity of the LAVF has not finished yet, as
rhyolitic volcanic eruptions happened during the Late Pleistocene. Along with
the volcanic activity, there are regional active faults which cut the volcanic
complex. The major part of the domes of the fielave an BN structural
geometry, like the Agua Fr fault which originated a south directed collapse of
the domes themselves. In addition, dacitic lava domes and monogenetic volcanic
apparatus were emitted through those regionsV Eaults (and through o#ér
with NW-SE direction).

A part from the mere volcanological history, what is really important for this work,

aret he geol ogi cal map of t he (RHgore35pfanduf resd ar
the lithostratigraphic, volcanological and structural modeltfee LAGF (Figure

36), whichwere produced by Pérézsquiviaset al. (2010)
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Figure 35:Structural and geological map of the investigated area in PEsgpiiviaset d. (2010
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Figure 36: lithostratigraphic, volcanological and structuradealizedmodelof the Los Azufres

Geothermal FieldPérezEsquiviaset al. (2010)

In Figure &

, it is possible to note the presencerbyolitic domes standing

above andesitic lavas, and important alignmentg-¥, NE-SW and NS (or
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NNW-SSW) direction. On the other hand, in te&uctural sectionsf the area
(Figure 3®), the main rock formations which are present in the Los Azufres
underground are visible. The deepest one is the andesitic Mil Cumbre Formation
(MC), overlain by another anddsitformation of Late Pliocenrkate Miocene

age (PM). In the upper part, it is visible the La Cumiik Maritaro
Tejamaniles andesite Formation (la) overlained by Rhyolitic (3l, 3m) and
Dacitic domes (2a). Alsot is possible taecognizethe Maritaro Fali (FM) in

the northern part and the AguddFault (FAF) in the southeone reaching the
Late Pliocend_ate Miocenecomplex (P-M) and the Mil Cumbre Formation
(MC). A geothermakeservoiris presenbetween~2200 and~700 m.a.s.land

the interaction etween main faults and lithological clges have made it
profitable to exploitatior{PérezEsquiviaset al., 201). Also the rhyolitic rocks
result to be deeply fractured originating a reservoir, but the fracturing is with all
probability only a superficloone with maximum depths of 500 m, excluding this

formation from being exploitable for geothermal uses.

So,in the Los Azufres Geothermal field:

a) The mesestructure direction correspositb the regional fracturinghaving
directionNNW-SSE (or NS), NESW and EW wherethe main faults and
fractures systemareobserved.

b) The inclinations of the fracturelBas a semivertical behavior in all the

lithologies of the field, with a range that stands between 70° and 90°.

c) The most intenserdcturing is localized in the Santa Inés Range and in the
Mil Cumbres Range, both of which are the hosting rocks of the geothermal
reservoir and they are constituted by andesitic sequences. In the volcanic
field the fracturing is much intense in major taulwhich are the Maritaro

and Agua Fria Faults.

d) The geothermal reservoir is hosted in the most ancient units (Miocene
Pliocene), which have registered more deformation evéimsse units are
suitable to localize future wells, which tend to interdbys deep formation.
However, fracturing and faulting of the more recent rhyolites, revealy

superficialsystems, not suitable for geothermal exploitation.
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e) In particular, quaternary rocks reach depth close to 500 m. Miocene rocks

f)

begin at depth varying fro some 700 m in the south, until near 1200 m in
the north, due to a stepped faulting. The actual results seem to indicate that

the geothermal reservoir is closepd by the quaternary volcanic rocks.

Based onthese assessments, two reservoir zdmegse beendentified at
different depth. The firstangesbetween 500 and 700 wepth from the
ground leveland isreferredto the lithological change between Quaternary
units (1.47 Ma) and andesitic rock of Pliocene Age (4.7, Mgracting with

not very deep fretures and faults (i.e. Laguna Verde Fault FL, Puentecillas
Fault FP) The second zone identified asthe lithological change between
Pl'i oceneds rocks (4.7 Ma) and the
Range ( 23 to 17 Mainteracting with deep faultsuch as the Aguaif Fault

and the Maritaro Fault

Based on the available informatiaihe research activity performed during this

thesis workwhere devoted to formulate moposalfor a newproductivewell,
called AZ35A, to be drilled in the LAGFAN example of the kind of job that is

necessary to carry out order todrill a new wellin a Geothermal Fielés here

presented:geologtal, geophysial, petrographical,geochental and engineer

skills must be taken into considerationarder to make it possible thugilling of

a new productionvell.
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5. METHODOLOGY

Aim of this thesis is to prepare a technical proposal for the driling of a new

production well.

On thispurpose, the research activity consists of fowain parts, summarized as

follow:

- Lost Circulation and Spinner Log analysis
- Structural Geology analysis
- Petrographi@analysis

- GeophysicElectromagneti@analysis

Here after a short overview of tieethodologies ass@ted to each research step is

described.
51 LOST CIRCULATION AND SPINNER LOG ANALYSIS

Lost Circulation is a loss of an appreciable part or entire volume of drilling fluid
through borehole into cavernougjgularand/or highly porougormation (Mohan
Doshi, 2014). It can also indicate a faulted and fractured zone in a rock formation,
or the lithological contact between two different rock formations (FigdyeTis is

why circulation lossegluring drilling activitiesare so importantpecausethey
indicate the presence of a possilftactured zone able to host geothermal

reservoir. In a geothermal field, during the perforation of a new well, lost

Circulation is measured in¥h.

!

——»| HIGH PERMEABILITY

Figure 37: in this scheme it is shown a wel

that was drilled trough different rock

formations and lithological contacts, each one

VoIDS

of whom have the -capability of losing

circulation of perforation fluids.(modified
from Mohan Doshi, 2014).
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Moreover once the well has been already drilled, the presenceCatalation
Losses Zone, and the possible increasing or decreasing of thetlomssslves
during the years and so the efficiency of the well, can be detected through a
device calledSpinner FlowmeterWith this device it is also possible to detect

evential damages in the pipeline of the well.

The Spinner Flowmeter (Figurdg8) isi A’ devi ce fiositutheeasur i ng
velocity of fluid flow in a productionor injection wellbased on the speed of

rotation of animpeller, or spinned (Shlumberger, 2015)The spinner can be

helical (Figure 40), or like a vane, which is similar to a fan blade. In both cases,

the speed of rotation is measured and related to the effective velocity of the

fluid. There are several types of spinner flowmeféhe most common device

uses a small vard&e spinner, about 1.5 in. [3.8 cm] in diameter, allowing the

logging tool to pass through the tubing and other restrictions before reaching the

reservoir interval. (Aziz et al., 2015). The Spinner is measuredound Per

Second (RPM) and a decrease in RPS indicates the escapement of fluids that is

Circulation Loss, and so the presence of a permeable zone and the reservoir.

Unexpected changes in the wusual RPS verti
damages.
a) b) Figure 38: a) Example of

Spinner Flowmeter probe
for measuring impeller
rotation caused by fluid
| flow in the borehole. B)
| Zoom on the helical
probe of a Spinner
flowmeter. (FromMount
Sopris Instrumentsweb

site).

Comparing common Lost Circulations aBginner Logs of different adjacent
wells contributes to identifying the reservoir zones of a particular geothermal

field area, section or volume.
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5.2 STRUCTURAL GEOLOGY ANALYSIS

In order to define design, thickness and geometry of the fattaoturing
system, as well as its dimensions, in the surroundings of a new well to be drilled,

the finding of measurable and cartographable structural datum is carried on.
The method that is employed for the accomplishment of this goal consists in:

1 Definition of anArea of Investigationn the surroundings of the well,
usually including adjacent valleys or canyons where tectonic features are

better visible

1 Strike and Dip Measurement of planar Structural Featwesountered
inside the Area of Investigation, such fasllts and fracturedn every
Station of measurement (calle®tructural Statioh geographical
coordinates are taken with the use of a GPS device (F3fJrand the

position is marked in a topographical mahowing the Area of

investigation.

Figure 39: example of GPS
Garmin unit with ability to
plot location onto a simple

onkscreen base map.

(from Lisle et al., 2011).
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Later, Strike and Dipof one or more structural features (Figur@),4
encountered in every single Structural Stateme measuredvith the use of

a Geological Compass (Figuré)4

dip
direction
122

(d)
Figure 40: Conventions for recording strike and dip. (a) Strike/dip/quadrant of dip
direction, that is, 032/43 SE (or 212/43 SE). (b) Strike/dip; the strike direction is chosen
that, when used as diewing direction, gives a dip to the right, that is, 032/43. (c)
Strike/dip; the strike corresponds to the direction in which the index finger of the right
hand points when the thumb points down dip, that is, 12/43. (d) Dip direction/dip, that is,
122/43(from Lisle et al., 2011).

Figure 41: example of Compass
designed for the geologist. In
particular it is visualized aFinnish

Suunto compass, similar to the
Swedish Silva Ranger 15 TDCL.
(from Lisle et al., 2011).
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1 Once Structural Features ddtave been collected,they are analyzed

by:

0 Graphingthe Strike and Dip datum measured in the field using the

software Sterenonnetwith the aim of produdng a Stereoplot
database. Usually, in the field surveys, for each Structural Feature,
more than one pasurement is done (usually five or ten), and they
are all graphed along with theResultant which consists in the
arithmetic averagef strike and dip between all the measurements

of the same structural featufiéigure £2).

Figure £2: Example
of a Stereoplot with
marked  Structural

Datum

Equal area projection, lower hemisphere

Elaborating aStatistical Analysis above the Structural Dafum
identifying the main structural systems of the investigated area.

Elaborating Structural Profiles crossng the area under
investigation In this way, different information about the wells
standing in the same profile line, as well as the topography along
it, can be graphed using the softw@eapher

Finally, after an accurate examination of the profile Aa@a of
Geothermal Interest EBmomically Exploitablas defined, which

is the final goal of each profile.
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The PetrographicAnalysis in a geothermal area aims to identify the main

5.3 PETROGRAPHIRANALYSIS

minerals related to presence of the geothermal reservoirs. For this purpose,

specimens duly collected along the wells at disposal are used. The research

activities can be summarized as follows:

)l

Identification of the Lithostratigraphic Columrof the New Well under

study. If the new well is going to be drilled in a completely new

platform, the column can be inferred with the correlation between

near by well sd | i tOothd cordrary, ifirigoimdito c

be drilled in an already existing platform, the column can be inferred

from that of the pl atf

Identification of Minerals The adequate

or més wel

instrument for

the

accomplishment of this purpose is tiRolarized light Microscope

(Figure 4b), an instrument which allows to observe the enlarged image

of a mineral or rock section and, through the light polarization, to study

the optic properties of minerals to get to their identification (Bellieni

et.al.,, 2004). Single minerals and rock must bevipusly brought,

through the use of speciabrasivesto the thickness of 30 micrometers.

One of more pieces of rock are gluedether,cut with a diamond saw

until a thickness 080 micrometerss reached andrfally covered with a

thin glass. From tlsi processThin SectiongFigure 8a) analysesare

made (Bellieni et.al., 2004).

%

ayl |

-

haralyzer —

| Substage
| height adju

N

Binocular

— (eyepiece)
Amici-Bertrand lens
_— Accessory opening
Objective turret
(nosepiece)
— Stage

Polarizer

[lluminator
field diaphragm
blue daylight filter

Figure 43: a), Thin Section; b) Polarized Light microscope. (from Raith et al., 2012)
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1 Thanks to Thin Section analys®ith Polarized Light microscope, it
is possible to recognizalteration mineralsin the samples. These
minerals are particularly important because they indicate specific
temperature ranges of formation and stability. Apart from high
intensity alterationt hey 6r e i ndicators of high
geot her mal reservoir. I t 6s for t hat
Thermoindicator minerals and thase used as geothermometérs
the identification of the reservoir temperatfégure 4 - Lagat,
2010).

MINERALS | . TEB/{EOERATURE qu
1 1 1 1 ' | 1 1 [ 1 1 1 1

Chalcedony

Mordenite -

Calcite

Pyrite

Chlorite -—————
llite ] =—omeme——
Albite

Adularia

Quartz

Sphene
Wairakite

Prehnite

Epidote

Biotite

Actinolite

Garnet

Figure 4: Common hydrothermal alteration minerals used as geothermometers and their
temperature stability ranges. Dotted sections indicate mineral outside their usual stability
ranges (modified from Lagat, 2010)
For example in Los Azufres fieldwell-crydallized Epidote indicates
temperature of over 220°C. Presence ©hlorite and Epidote reveals
temperatures of 22840°C while that of Actinolite-Tremolite occurs at 280
350°C. Garnet normallys an indicator oftemperatures over 300;Gwhile
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Smectite ofless than 220°C. So normally the resenetirLAGF is included
between the presence of Epidote and Anfibol (Actindltemolite).

Considering the presence of Hydrothermal Minerals inside samples of the
PetrotequeHydrothermal Zonesvith different mineralogical association can be
distinguished (CFE, 2014).

5.4 GEOPHYSICELECTROMAGNETIANALYSIS

The transient electromagnetic method, TEMIjows to measurghe electrical

resistivity of the underground layers down to a depth of selieralred meters.

The electromagnetic geophysical methods are all based upon the fact that a
magnetic field varies in timé& the primary fieldi and thus, according to the
Maxwell equations, induces an electrical current in the surroundings. the
ground as aconductor. The associated electrical and magnetic fields are called the
secondary fields. The TEM method applies an ungrounded loop as transmitter coil.
The current in the coil is abruptly turned off, and the rate of change of the secondary
field due to the induced eddy currents in the ground is measured in the receiver coill,
usually an induction coil. The primary field is therefore absent while measuri

(Sgrensen et al., 200@igure %).

. ) Fig. 45: Basic nomenclature
+— On-time —— = Off-time —

and principles of the TEM
method. (a) Shows th

(a)
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Current
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- i il
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When performing fieldwork, a transient electromagnetic sounding can be conducted

by placing a wire in a square loop on the ground as the transmitter cobjlTx

The measurements are carried out by ejecting a current in thepXFigure 46).

Just afer the current in the Fhoop is turned off, the current in the ground will be
close to the surface, and the measured signal reflects primarily the resistivity of the
top layers. At later decaymes the current has diffused deeper into the ground, and
so the measured signal contains information about the resistivity of the deeper
layers. Measuring the current in the-Boil will therefore give information about

the resistivity as a function of depth. The configurations shown in Féfizdave

the receiveroil placed in the centre of the Toil and is called a central loop or an
in-loop configuration. The receiver coil can be placed outside thiedp(Figure

46b) which results in an offsetloop configurati(f@grensen et al., 2006)

Tx-loop
Rx ~ .
@ O 0w Tx Rx Rx-coil
Rx-coil 5] o 9
| i h »
a) Center-loop b) Offset

Fig. 46: Field setup of a TEM system: a) Shows a central loop configuration, b) an-lofipet
configuration. Rx denotes the receiver, Tx the transmitter, | the side length of the loop and h the

offset between Tzoil and Rxcoil centres.

The acquired data isnabservation of the decaying magnetic fiekchichis not

very informative. For this reason, through inversion methods, the plot of

magnetic decay is converted intpd ot of appaywhichismoresi sti vit
illustrative. T h e -capvarted curvegan be used as @ata quality tool and as

first estimate of the resistivity levels of the underground struc(Gmrensen et

al., 2006).

58



6 ANALYSIS OF RESULTS
6.1CASE STUDY

Within the production wells of the Los Azufrgeothermal site (see Figurd)l

the research efforts have been focusedhenAZ35 well (Figure 47). It was

drill ed at t he beginning onfthe enbrgy 198006 s
productionunit U-7 called Tejamanilem 1988 (see Chapters 3323 and Figure

16), for commercial generation of electricity. The well is located inetistern

part of theif Agua Fr 2 ad Faul tharatterized bycalkap t e r 4. 3)
direction, whereoptimum conditions for the steam produatiare encountered

The AZ-35 is located near tHeFE camp of Los Azufre@50 mto the SE), the

well AZ-18 (697 m to the Nandthe well AZ62 416 m to theNE) andhas a

total depth of 124Qlzaguirre, 1983)lts coordinates are (Figure 47):

X =326,73194; Y =2,188,981.83; Z=2,870.82 m.a.s.l

This well has got a total depth of 12@gure &) (Izaguirre, 1983).

LOCALIZATION OF THE WELL AZ-35
326000 327000

R Bl

g
s
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8
=
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—— As% programmed
B A iocaton

WELL'S CLASSIFICATION

4§ 2 % UNDERSTUDY
% PRODUCER
% INJECTOR

% NOT USED
ety

CEOLOGIC KALLY

326000 327000

Figure 47: location of the well A85 (CFE, 2011).

At the end of September 2012, the7/Uad to be subjected to some maintenance
operations, and in this contest the -8Z was subdue to a diminishing of its
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A

production orifice from 466 to 10660, i
operations, when # well would have been out of the production system.
However, after five days, some cracks with vapor emanations were detected in a
considerably wide area surrounding the platform of the3AZas well as the

lifting up of the well shaft, the retention araround the drill hole and the steam
pipeline of approximately 10 cm above the natural ground level.

The problem required immediate attention by the personal of the Residence of
Studies at the LAGF. The place was analyzed and evaluated to plan a possible
solution. The first suggestion to solve the problem was that of coming back to
the original condition®n which the well was originally integrated, in order to
see if the emanations and the rising up of the wellshaft would return to their
original positions. This operatiogave good results at least for the steam
pipelines and the wellshaft, which retudn® their original position, but the

vapor emanations8didnét stop. (Figure

Figure 48: Platform of the Well AB5, at the time when vapor emanations were discovered
(CFE, 2012).
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Given that, the Areas of Geology, Geophysics, Geochemistry and Reservoir
Engineering planned analysis for these anomalies, which emphasizes the presence

ofamechani cal damage in the pipeline of 9 5/

Further more, l ooking at the sheets concerr
1983) and mother register of H-S (PressurdemperaturéSpinner) realized in

2000 (CFE, 2015), it was found out that during the same perforation, at the moment

of covering the <circulation |l oss zones, t

indicates that since thehe well is badly cemented.

During thewell perforationCirculation Lossesvere registeredbetween 1110 and
1150 m of depth (Figure 49a). Comparing them with results of the Spinning Log
registered in 2000 (Figure 49b) the same Lost circulation Zongeigtifiable. In

fact, between 1100 and 1150 m of depth the RPS number diminish drastically until
reaching a value of 0, which means that the Spinner Flowmeter (see Figure 40)
diminishes its rotation until stopping it, due to complete loss of fluid ciionlat
inside the pipeline, because of the presence of an highly fracaredMoreover,
looking in details to the Figure 49b, it is also possible to identify mechanical
damages in the pipeline of 9 5/866: the fir
diminishing), and the second one begins at 740 m of depth, and it was lately
identified to be at 815 m (CFE, 20(b)).

g 0 =
a . b
190 — 100 2_
SYMBOLOGY 1 2
“ e e '
=5 e 300 - Zone 1
‘E 400 — 400
E £) T
= = ‘:-E'SIJIJ — =
B = 600 — —:;:
o 70— ud]]rgg 1 — =
- T amage
0= 800 — _g_ Zone #1
| =
90 — 900 — - =
- - —
10 | 1000 — ‘ e
1o — | 1100 EH " | Lost Circulation
1 J Zone
'mfl bl 2001
s L L L L L L 1300 T T 1 T T
o 10 20 30 40 50 60 TO B0 G0 100 10 120
CIRCULATION LOSS (') 0 100 200 300 400
Spinner(R.P.S.)

Figure 49: a) OriginalCirculation loss zones, encountered during the perforation. b), Spinner
register (RPS=round per secongalized in 2000 (from CFE,2011))
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This meansthat in the year 2000 the damaging was already exigtestbably
dating fromthe time ofconstructon as t he cement didndt f
the permeable zone (CFE, 20(19).

After that, the Area fo Geology and Geophysics planned the possibility of
making a concretejection treatment, with the perforation of various boreholes

at different depth around the well. In November 2012, it started the beginning of

this treatment and gradually it was obser a notablegasese manat i onoés

decreasingn surface

I n spite of t hat apparent i mprovement i
greatermechanical reparatiolherefore, given the age and use conditions of the
AZ-35, a better option was to congidbe drilling of a new twin well, called AZ

35A, thatwould stand in the same platformtbé former onéFigure 50).

PR 320000

Figure 50:
a) Geographic
map of the south
zone of the LAGF,
in which it is
possible to see the

principal tectonic

features and the

~. location of the AZ

18000 26000 -‘I\l
|
Y WELL'S SYMBOLOGY \ 35. b) Google
@ Injector o Under study @ Explorer \ .
® Producer o gv“:eh’amn © PRODUCER LOS AZUFRES III (new project)\ Earth Image
Geological faults + TNECTOR LOS AZUFRES III (new project) | zooming into the

platform of the
AZ-35  showing

the decided
location where the
new AZ35A

would be drilled.
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The successive activities, which are the subject of the next chapters, concerned
theanalysis of all the available information and collection of new data, in order

to identify the optimum conditions for the perforation of the new wel3%A.

The AZ-35A would be localized at the northern extreme of the platform, some
10-15 meters north ahe AZ-35 (Figure 50b). This position is considered to be
the best, because in this way the Agua Fria Fault System can be intercepted at

greater depthgiven its nortkdipping inclination (see chapter 4.3).

The platform of the well AZ35 is property of th€FE and it is free from
vegetation. The UTM proposed coordinates forrteewell AZ-35A are the

following:

X=326712.0; Y=2189169.9; Z=2877 masl.

6.2 LOST CIRCULATION AND SPINNER LOG RESULTS

It is now presented an analysis on the well-2&Z and differat wells of the
LAGF surrounding it, were Lost Circulation values measured during the
perforation and Spinner Log analysis made after the well was drilled, are

considered.

In both cases, the relative informatibelongs to th& AGF base camp, arnthve

beenmade available bthe CFE Studies Area.

Two sectionsorientedE-W and NWSE were producedin order to identifythe
possiblecorrelationzones between the available wells standing along the same
profile using datdrom the Lost Circulation values and Spwier loganalysis.

E-W Correlation

The first sectiorwith E-W directioninvolves wellsAz-12, Az-12D, Az-1A, Az-
22, Az-62 andAz-35, where AZ12 and AZ12D reach the greater depth, over
1900 m (Figure 51).
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Figure 51: EW section for the proposedell AZ35A, with wells indication.

The analysis of theirculation losseallows to detecthree different intervals
(Figure 52).

Figure 52 E-W section crossing the wells A2, AZ12D, AZ1A, AZ22, AZ62 and AZ35.
Orangecontoured zones are given by the correlation between Circulation losses encountered

during thewellsdrilling.
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