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ABSTRACT

Some vol canic hydrotherma systems contain portions of rock
where fractures and microfractures appear closed. This
phenomenon could have two origins. the first one is self-
sealing by minerd deposition during water-rock interactions.
The second one results from the combined action of both fluid-
rock compressibility and rock geomechanical deformation.
Under geothermal conditions the rock can be dry, wet or
completely saturated. From experimenta results and direct
observations in cores it is well known that the cohesive
structure of rocks is weakened by the presence of liquid in the
pores. The mechanical parameters of fractured vol canic rock
are aso influenced by its cohesion and directly affected by
both pressure and composition of the fluid located in pores,
fractures and microfractures. |n some type of volcanic systems
the fluid could be scarce since the beginning of its formation,
producing a natural closure of fissures. In this paper we
develop apractica explanation and atheoretica description of
such geomechanica phenomenon of closure of fissures on the
basis of some fundamentd poroelastic equations. Recent
studies carried out on a prototype of thistype of systems (Los
Humeros, México) alow to conclude that a the moment of
being formed, out of unknown reasons, this reservoir was
unable to store abundant fluid as in other similar reservoirs.
Our centra hypothesis is that such lack of fluid caused the
collgpse and dosing of fractures and faults in some portions of
the reservoir, originating a globa permeability drop and
permitting, at the same time, the coexistence of strong pressure
gradients between the matrix blocks and the few open fissures.
The lack of liquid and the poor globa permeability are aso
supported by geochemica evidence, because in most drilled
zones in this reservoir chemica equilibrium between water
and rock has not been attained.
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fractures collapse, hot dry or wet rock, low permeability,
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In geotherma reservoirs the rocks are poroelastic and their
geomechanica properties are affected by the presence of fluid
inside the pores. The different vaues between dry and
saturated rock parameters are determined by the amount of
liquid saturation, porosity, permeability, pressure and
temperature (Farmer, 1968). Compared with gases, liquid

INTRODUCTION

Itiswell known that fluid extraction from simple underground
porous media, can produce subsidence because of the
reduction of the internal pore pressure and of the effective
pores diameter. A similar event occurs in naturally fractured
reservoirstha had intense tectonic activity in their remote past
and where the origina fracturing was higher. Nevertheless,
some volcanic hydrotherma systems contain portions of
fractured rock where many fractures appear closed. This
phenomenon could be caused by autoseding during
water-rock chemical interactions a high temperature.
Fractures in volcanic systems can aso be closed because of
fluid lost by natura means or through human activity. In both
cases the deformation differences between dry rock and
saturated rock play an important role.

Rocks forming vol canic systems are discontinuous not only on
the small scae of pore spaces, but aso on locd and regiona
scades they present fractures and faults or maor
discontinuities. If at the moment of its formation the reservoir
was unable to store abundant water, such lack of fluid could
cause the collapse and closing of many fissures, fractures and
even faults, originating a globa drop on permeability and
permitting, a the same time, the coexistence of very strong
pressure gradients between the matrix blocks and the residual
open fractures. If the rock is accepted to be poroelastic, then
we have to accept also that fractures aperture has some
variability and the related permeability is a so affected by fluid
extraction and by liquid injection, the rock acting as a solid
sponge. Volcanic reservoirs contain  fractures and
microfractures. We freely employ the term fissure to refere to
both of them. In this paper we present a simple fissure-
poroelastic model to estimate fissure deformation. As a
concrete example of this phenomenon, we apply the model to
the Los Humeros, México geothermd field, a fractured
volcanic reservoir with high energy and low permeability.

EFFECTSOF FLUID ON GEOTHERMAL

ROCK PROPERTIES

water has very low compressibility. This property tends to
reduce rock elasticity and stiffness, but saturated rock density
and the magnitude of wave propagation are increased, while
strength is reduced. I1n other words, the presence of water in a
rock always makes its fracture easier. Such effects are well

known in porous materias since 1943. Thisis generaly cdled




the pore-water effect, which affects more or less the whole
rock thermo-mechanical behavior. In the study of fractured
rock, we have to extend those concepts to include new notions
such asfissure-water effect and fissure elasticity. On the basis
of the classica poroelastic theory we can cdculate
approximately how internd stresses and deformations are
affected by the fluid in afractured rock matrix. There are two
extreme cases to consider: dry rock and totaly saturated rock.

A QUASI-PLANAR 3D MODEL FOR THE
ISOTHERMAL DEFORMATION OF FRACTURES
Let V be arock portion of ageothermal reservoir that can be
dry or saturated with water in liquid state. This portion of rock
is confined and crossed by asingle fracture f inthe plane Y Z.
The fissure has an inclination ? with the vertical axis Z (Fig.
1). The water saurating the region V has very low
compressibility and the pore-water pressure isdmost equal to
the hydraulic pressure pr, represented by a sphericd tensor py
d ; (the unit tensor is d; ;). A compressive tensor stress S is
applied to V. The plane YZ is orthogona to the plane of
failure.

The tensoria stress in the fissure can be represented in a
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We can further simplify the system of equations (2) by
assuming that vectors (i, j, k) correspond to principa
directions of the state of stress around the fissure. Let us
assume that X, Y, Z are the principal axes and that V is
subjected to the principa stresses sy, Sy and sz as shown in
figure 1. The main effective stresses are contained in the plane

pardlel to f and n is a unit vector orthogond to f. In the
reference frame XY Z, we perform a positive rotation of axes
U" S U, around OX in the direction of 2. U is the rotation
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matrix and S isthe total stress tensor:
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YZ, sx , sy ae the lateral confining stress and sz is the
vertica stress, minimum and maximum respectively, having a
zero shear stress on this plane sy, = 0. If the rock is dry, the
tangentid stress st , the norma stress sy and the shear stress
t = sty acting in the direction ? of the fracture are given by
the foll owing parametric equations:
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On the other hand, in saturated porous rock the effective
stresses acting in the rock will be decreased by the pore-water
pressure p; . This effect was discovered by Terzaghi in 1943
when he showed experimentdly that the stress tensor s, acting
in saturated rocksisreduced by s, - pr in every principa stress
axis (1 =X, Y, Z2). Smilarly, in afissured rock the effective
stress acting on the solid framework and controlling its
behavior, is the difference between each principa stress and
the fissure-water pressure. Replacing these effective stresses
in equation (3) we obtain the tensor stress S, acting in the
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The Los Humeros geotherma system is a high energy
reservoir. Its measured temperatures are between 260°C and
400 °C. It islocated between the states of Pueblaand Veracruz
in Mexico, toward the eastern portion of the TransMexican
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Volcanic Belt (Fig. 2). This reservoir is inside a collapsed
caddera, forming part of a larger system of other volcanic
cdderas. It contains mainly andesites, with fluid transported
through open fractures and lithologic contacts. Most of the
faults in this geotherma field do not exceed 1200 meters
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fissure saturated with water:
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Inavertica fracture ?=0° and Sy = Sy - pr - If thefractureis
horizontd ?=90° and sy =Sz - pr - If thefractureisincined
at ?7=45° snw=(Sz+ Sy )/2-p¢. Inthe principa reference
frame (i, j, k) the strain tensor eis given by:

Where E isthe modulus of elagticity and v is the Poisson ratio.
In the rotated frame (i, t, n) the components of the elongation
tensor ey have similar expressions as in equations (3). We
only need the norma strains to estimate the fissure
deformation. In dry rock it is given by:

The norma elongation in saturated rock is directly obtained by
replacing equation (4) in equation (5):

Equations (4), (6) and (7) corresponds to a quasi-planar model
to estimate the fissure deformation.

APPLICATION TO THE ROCK OF THE
LOSHUMEROSRESERVOIR

depth. Thisis particularly important because the existence and
communication of widely fractured zones closely depend on
faults with great penetrability. The Los Humeros reservair is
fractured, but its globa permeability is small. With some
important exceptions, it has little communication among
fractured sections and many existent fractures are totaly or
partialy seded (Suarez, 1995). The current measured porosity
in some wellsis quite high at different depths. However, this

system should be classified as a hot “wet” rock system,



because its essentid problem isthe deficiency of liquid. There
are no evidences of any important recharge of water entering
the reservair in spite of the existence of some aquifers around
the field. On the field's surface there are neither thermal
springs nor boiling muds, but exclusively steaming grounds.

Thefield has an ingtdled cgpacity of 35 MWe, 37 wellswhose
depths vary from 1450 to 3250 meters. There are 25
producers, mostly producing dry steam; two wells are
injectors. The totad amount of fluid extracted from the field is
composed by 645 T/h of vapor and 210 T/h of liquid. The
average fluid rates are 26 T/h/well of steam and 8.4 T/h/well
of liquid, for agloba steam quality of 75.4%. On the surface
it can be observed that the spacing between open fractures
varies from 1 to 5 cm, with aminimum opening of 1 mm. In
some areas the fractures appear every meter without
presenting openings. The high fracturing appears to be
associated to partid penetrating faults, defining an area of
influence with good secondary permeability. When increasing
the distance to this zone of influence, the frequency of
fracturing diminishes and, consequently, the permeability
decreases.

Los Humeros turns out to be a reservoir with low water
content and low permeability, but with high energy. Thereis
an effective caprock formed by ignimbrites, and the chemical
composition of the geothermal fluid is far from the meteoric
line (Tello, 1992). I sotopicdly the water of the springs & Los
Humeros is above the meteoric line, indicating its recent
infiltration. The average production of liquid is 4.6 T/h/well,
with the only exception of well H-1, while the average steam
rate is 26 T/h/well. Therefore, only asmall amount of liquid
arrives to production zones. Reservoir fluid geochemistry
corresponds to geothermal clorude-sodic water. Water of the
few springs around the field is bicarbonate-sodic water, not of
geothermd type. Thereis no geochemica equilibrium between
the rock and the fluid, indicating that there was not enough
liquidin situ to interact with the rock. The natura discharge of
the reservoir only occurs through fumaroles and steaming
grounds related to some faults and consequently, the possible
recharge could only be equa to those discharges (Suérez,
1995). There is no evidence of the existence of any
communication between the hydrotherma system and the
scarce springs surrounding the field. All this characterizes a
reservoirs with globa poor permeability and scarce liquid.

Petrophysical Properties

In 1988 severa measurements of petrophysical properties
were carried out in cores from the Los Humeros reservoir
(Contreras et d., 1990). The analyzed cores consisted of 18
samples divided in 39 fragments from 15 wells, in arange of
depths between 616 m and 2847 m. Densities of rock,
porosities, absolute permesbility, rock compressibility,
modules of elagticity, specific heat, therma conductivity and
thermd diffusivity were measured in the laboratory in both,
dry rock and water saturated rock. The measurements were
done a ambient temperature, but under confining pressures

between 100 and 400 bar. The reported results show the great
heterogeneity of the rock forming the reservair. Pressure tests
showed low values of kh products, between 1.0 40 and 5.22
R0 m®, Rock compressibilities were measured by uniaxia
and triaxia tests. The purpose of triaxia testing was to
determine the core specimens behavior under confining
pressures similar to those found in the reservoir stressfield.

In order to illustrate an application of this model to the
concrete case of the Los Humeros reservoir, we consider its
genera properties and use some averaged parameters. At a
depth of 1500 m the rock density is % = 2620 kg/m® , we have
estimated a pore-fissure-water pressure pr = 125 bar; the
corresponding temperature is 310 °C and the liquid density is
700 kg/m?®. The numerical values of the principal stresses s,
Sy and sz are given by the confining lateral pressures and the

sz=Tr,9z+ p,= 386 bar

Sx_sy=07r,9z= 270 bar

lithostatic load respectively:

Where g= 9.8 m/s” isthe acceleration of gravity, po» 1 bar
is amospheric pressure, z =1500 m represents depth and a =
0.7 isan experimental correction coefficient which generally
ranges between 0.5 and 0.9 (Farmer, 1968). Its first value
corresponds to rock with high porosity while the second one
isfor rock with little porosity. Assuming an angle ? =60° for
the fracture’ sinclination and the preceding numerical values

sy _ 328 - 58 cosq = 357 bar

S _ 397 - 125 = 232 bar

in dry rock, we obtain from equation (3):

The same data applied to equation (4) for saturated rock give:
Average modulus of elasticity and Poisson’ sratio are equd to
E=2.0"10° bar and v = 0.23 (Contreras et d., 1990). Elastic
strain is dso different in each case. For the practical purpose
of estimating fracture deformation in the orthogond direction
we definedz =h e, , where dz isthe small norma compression
experimented by the fissure relaive to the direction n. We dso
assumed that fractures are separated by adistanceh=1m. We

v 144 _10°_dz= 144 mm

obtain from the gpplication of result (9) to equation (6) for dry
rock:



Substituting result (10) in equation (7) we obtain for the case

793 10* _dz=0.8mm
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of saturated rock:

In the previous example we are assuming that elasticity
modulus E will not be affected by the presence of water. But
practicd experience shows that in porous rocks, liquid
saturation affects the value of E. The effect of pore-water
pressure pr on the elasticity of the rock would lead to an
equivalent decrease in strain (Farmer, 1968; Blés & Feuga,
1986). Thus, it is necessary to introduce an experimenta
correction to preceding value (12). Some authors (ibid.) have
found a decrease in strain of 50%. Therefore the corrected
vaue of ey, for andesites will be an effective norma
elongation between 0.4 and 0.8 mm.We infer that in dry, low
porous rocks, natural fissures present a clear tendency to be
closed by normal lithostatic stresses. Under the same loading
conditions, fractures filled with water will not collapse because
of the presence of a pore-fissure-water pressure opposing the
normal stress.

Thisanalysis is aso supported by other experimenta results
obtained by different authors. For example, Colback & Wiid
(1965), measured a strength reduction of 50% in saturated
sandstone. Rocks with low porosity contain smal amounts of
absorbed water and have a mechanical behavior very similar
to that of dry rocks. Whereas a high porosity saturated rock
will be considerable weakened even a low pressure,
facilitating the formation of fractures. This is the case for
geothermal rocks having porosities greater than 10%. The
Rehbinder effect postulates that al phenomenadue to pr are
caused by a reduction of the cohesive structure of the rock,
because it is weakened by the presence of liquid in the pores.
Since dl deformation and failure characteristics are influenced
by this cohesion, they will be affected in proportion to the
amount and pressure of the liquid present; strength and elastic
modul us being decreased.

There are another important thermo-mechanical effects in
geotherma reservoirs. High pressure and temperature increase
ductility and lowering yield point of the rock. The effects of
high confining pressure is to induce plastic flow. We have
observed that fissures, fractures and microfractures are more
numerous in the vicinity of large or regiona faults. The same
has been reported by severa authors (Blés & Feuga, 1986).
This phenomenon occurs because when a fault is generated
within massive rocks, origina stress distribution is modified
around the fault, producing the development of different
tension fractures, specialy near the end of the fault.

Faults and fractures in volcanic geothermd systems were
produced by one or severa tectonic events, during
discontinuous deformations that arrived beyond the limit of
elastic strain, specially in volcanic rocks, composed of brittle
materiads. The main natura mechanisms forming the faults and

fractures are compression, extension, shearing and shortening
. These mechanisms dl act together and are a so influenced by
the previous presence of stretification, cleavage or joint of
fractures (Blés & Feuga, 1986). Fissures and faults derived
from an earlier tectonism can dready be present as rock
discontinuities and become active in anew tectonic event. That
iswhy in volcanic reservoirs very complex structural systems
can be devel oped.

Fissure-poroelastic deformation aso influences reservoir
thermodynamics. The vol canic matrix in Los Humeros has low
naturd permeability. As consequence the fluid flashes in the
formation before it enters the wells and the two-phase enthal py
becomes larger than the reservoir’ s enthapy. A triple porosity
mechanism (Suarez & Samaniego, 1995) explains why, when
extraction starts up, pressure differences are introduced
between the reservoir and the well's feeding point. Pressure
gradients induce the creation of a boiling front starting at
matrix-fracturesinterface. Apparently aparalel mechanism of
phase segregation appears, alowing the migration of more
vapor toward the well, even if the reservoir's natural state
corresponds to compressed liquid. The segregation of phases
occurs because of the different densities of liquid and vapor.
Liquid phase is heavier than steam, so it experiments adelay
initsvertica ascent. At the same time, because of the different
viscosities of both phases, vapor moves easier than liquid
inside the fractures roughness. Consequently, segregetion
enriches the fluid with more vapor before entering the well.
This explains why an extraction zone in naturd compressed
liquid conditions can produce high quality steam.

The mechanism will be accented if porosity is poor,
permeability is low or if there is few liquid in the pores.
Taking 1 mm asatypica fracture aperture, we can estimate its
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permeability using the cubic law:
On the other hand, measured permeability in a core with one
open fissure (Contreras et d., 1990) is 0.147° 10™ m?. From

b= */ ki x 12 x 1200 = 0.13mm

the cubic law we deduce afracture aperture:
The lowest measured core permesbility in this field was equa

b= %/ 10% x 12 x 1200 _ 0.02mm

to 1 microdarcy. After the cubic law:



Both experimenta values are of the same order of magnitude
of results predicted by our model.

CONCLUSIONS

u There exist naturd systems, such asthe Los Humeros
geothermal reservoir, that contain smal amounts of
liquid water and low permeability, but high
temperature. This geotherma area had intense
tectonic activity in its remote past and consequently
fracturing should be equdly intense. In this reservoir
origind permeability was high.

u However, the shortage of fluid alowed the collapse
and closure of fissures because interna stresses
could not compensate the lithostatic load, due to the
lack of hydraulic support. Under these natura
conditions every fissure, with less than two milimeter
gperture, could be dosed by the vertical compression
it supports.

u Water-rock interaction propitiated the selfseaing of
faults and fractures, specidly in shalow strata. At the
same time, the high temperature and water shortage
caused the detachment of corrosive gases such as
HCI.

u Diverse evd uations of the potentid energy contained
in Los Humeros reservoir point out the feasibility of
installing up to 80 MWe in order to generate
electricity for 25 years. Given the aforementioned
characteristics, it is expected that most of the
producing wells will evolve to superheated steam in
the short term. The biggest risk for the longevity and
commercid exploitation of this field, resides in
possible abrupt depressions because of lacking liquid
and the poor communication among fractured
sections.

u An evident, practical and simple solution for these
problems consists simply in injecting plenty of
externa water into the reservoir. The andesite is a
brittle rock, easily fractured. Upon increasing rock

permeability wide portions of the reservoir would
communicate with the injection zones improving
production. The increase of available liquid will
dilute the HCI dleviating its aggression to the wells.
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