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ABSTRACT 

Los Azufres is the firs! mexican geoth I field that 
produces electricity from anTintenseiy fractured volcanic 
hydrothermal system. A capacity of 90 MWe has been in- 
stalled and the reservoir is being monitored to det- its early 
response to steam productton. Field data, linked to reservdr 
engineering studies and ernpirlcal observations, provide a first 
draft of a quantitative, integrated conceptual field's model. 
Presented herein is a brief, general, updated survey of the 
Los Azufres reservoir. subject to a concentrate mass extrac- 
tion. A resume of the actual reservoir characteristics corn 
pared with field's natural preproduction state k made. At 
local scales, some important chemical and thermodynamical 
parameters start to exhibit temporal trends. Global mass and 
energy balances with reinjection are developed for this sys- 
tem. 

cai. geochemical, geophysical and reservoir engineering 
studies. The system consists of a complex andesitk layers 
series of different textures and rhyolites in the upper levels. 

~ The distniion of hydrothermal alteration minerals suggests a 
geometry for the field conesponding to a main reservoir at 
depth dlscharging ascending fiuids through comrective drcula- 
tion vdumes or cells. These cells are closely related to two 
highly fractured sub-systems which define two connected 
geothermal zones identified at Los Azufres: Marftaro in the 
north and Tejamanles In the south. (GUU6rret and Aumento 
1982; De La Cruz 1984; Catheiineau et al 1985; Viggiano 
1987). A central zone of high reslstivlty separates the north- 
ern and southern portronS of the field. In thls zone, at shallow 
levels, the hydrothermal alteration is very low; but deeper 
(below 1800 m.) there is a continuity in the alteration linking 
Marftaro with Tejamaniles. This is a preliminary proof of the 
existence of a deep aquifer underlying the total area of the 
reservoir. The field's abnormal geothermal gradient generates 
a broad, central dome structure which is deformed by 
hydrothermal alteration brought out by ascending fluids and 
creating two main zones of alteration and discharge. In 
Tejamaniles this circulation zone is narrow, brlnging out 
fumaroles. bofflng mud pools and steaming ground. These 
surface manifestations are scattered between the Agua Fda 

INTRODUCTiON 

The Los Azufres geothermal reservdr was discovered in 
1972. it is a vdcanic hydrothermal system intensely fractured 
and faulted located in the western part of the Mexican Neo- 
Vdcank Axis at an elevation of about 2800 masl. The field is 
sited in a siena. some 400 meters abave the surrounding val- 

e, if any, may be lateral and deep. 

partlai steam condensation with heat release. The same 
mechanism may explain the observed distortion of isothermal 
curves: the negative slope of the curve could cornpond to a 
'cold' path of falling IlquM. while the Positive Slope d d  be 
the 'hot' path of ascending steam. This Image agrees with 

gathered and a quantitative integrated conceptual model of 
the %Id is being developed based on &ta from mineralogi- 
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FIGURENal LocLmoNOFLOSAtLIFRES. , flGURE NrL MAP OF THE 'LOS AZUFRES' GEOTHERMAL FIELO 

mineralogical models. Pressure and temperature profiles 
measured in several Marftaro and Tejamaniles wells, are ex- 
hibited In Rgures 4 to 7. These profiles dearly show that be- 
tween 1600 and 2250 mad the pressure and temperature 
gradlents,ln the southern sector, are small, indicating a nearly 
vaporstatic disMbutlon d thermodynamk conditions On the 
other hand, between 0 and lSs0 mad the thermodynamic 
profiles correspond to boiling hydrostatic conditions. While in 
the northern subarea the temperature vertical prone seems to 
be more erratically distributed. 

A synthesis of petrophysrcal measurements performed 
in 24 drilling cores of 17 wells are presented In Table 1 (Con- 
treras et ai 1988). The reported properties are: total density of 
dry rock, effective porosity. absolute mat& permeability 
(Kabs,microdarcy). permeability estimated by pressure tests 
(Kpres,rnilidarcy). specific heat, thermal conductivity and 
difussivity. The vertical distribution d these properties (Figs. 8, 
9 and 10) dearly show that porosity decreases exponenthliy 
with depth, while rock density and thermal conducthrity In- 
crease quadratically with depth. In horizontal planes the same 
rock properties appear randomly distributed. 

PREVIOUS STEADY STATE NUMERICAL STUDIES 

et ai.. 1989). The main scope of that work was to numewiy 

Puentecillas. a main fault in Tejamaniles. has wells 
with the highest steam quality in the field. The measured pres- 
sure-temperature gradients are small. however steam, gas and 
heat are discharged at the field's surface. This mass and 
energy transport can be explained by a conve&e two-phase 
process (Pruess et ai., 1987; iglesias et ai., 1986) in which 
heat Ls transported tom depth by ascending steam and con- 
densing at the top expelling upwards its hemal energy; con- 
densed liquid descends to the bottom and evaporates again. 
In order to understand the steady state behavior of the Los 
Azufres reservoir a number of numerical studies have been 
performed under a cooperative CFE-WE agreement (SuSrez 

model a p6rtion of the Puentecillas fa& in Tejamanles. Sd; 
tions were presented for a 'natural state' balanced liquid- 
vapor402 with heat injection and different boundary condl- 
tlons: heat injection into a sealed system, heat and fluid (H20 
+ CO2) injection with discharge through sinall cracks and 
fractures In the caprock, heat and fluid injection without dis- 
charge. 

The calculations were performed with MUMOM, for a 
watercarbon dioxide equation of state (Pruess 1988). Our 
results were as follows: The supply of heat diminishes the 
bottom fluid density. Buoyancy and gravity together originate 
an upward mass movement. The ascending fluid tends to ex- 
pand loosing pressure and temperature by incrementlng 
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other hand, the mdar ratio NdAr has been decreasing with 
time reaching, In some cases, the same value as in the at- 
mosphere (83.6). This is probably a consequence of the con- 
tinuous injection of fluid into wells k - 7  and Az-8 (Table 3). 
The air mixed with the fluid could flow through the fractures 
and arrive to the production zone. This effect seems to ex- 
tend radhliy to wells k-16,33.37 and 46 having well k - 1 W  
located in the center. 

In the northern sector the wells Az-5 and Az-13 show 
a remirquable constant behaw, they have being producing 
almost continuously since 1982. Their N2 content varies be- 
tween 0.62 % and 0.48 % in weight On the ather hand, gas 
content has been stlghtly decreasing. Flgures 13 to 24 syn- 
thesize these comportments. The production history of the 
Reld is summarized in Figures 25 to 57. 

iished. The main purpose of those studies was to estimate the 
energy and mass capacity of the Reid and Its longevby under 
exploitation. The general condusfon was that the reservoir 
may have the capacity to generate 110 MWe for 20 years 

RESERVOIR CHARACTERISTICS.- The porosity of the 
resetvoir varles between 1% and 24% the matrix permeability 
is very low (between 0 and 2 micmdarcies), but some pres- 
sure tests have shown permeabilities up to 180 md. On the 
other hand, total lost drculation occur very often during ddi- 
ing and related to fractured networks around the faults (Figs. 
11 and 12). This Indicates an extremety high pemwabDity ae 
tlng by a multipomity mechanism. For example a drined well 
presenting total lost circulation at 1500 rn depth, its mud 
column (viscosity of 20 cp, density of 1.1 g/cm? exerts a bot- 
tom pressure gradient equal to 170 b a r h  producing a mud 
flow into the formation at a linear velocity of about 0.08 
m/seg. This corresponds to an effective permeablity of about 
loo darcy. Los Azufres may be visualized as a discontinuous 
vdume of fractured andesites, intersected by several high per- 
meability faults, with very l i e  permeability in the block matrk 
and fractured meshes around faults. The permeability is also - very low at the top and bottom of the reservoir, but the sys- 
tem permits the mmunkatlon to the swface by small open 
conduits (cracks) through the caprock, which is quasi-sealed. 

VOLUMETRIC ANALYSIS 

The calculation of the Los kufres &e is hypathetical 
because Its real areal extent is unknawn. But on the basisof 

TMLE 2- UIS ~ l R o M l c l l o N  ta5luRY. 

GEOTHERMAL RESERVOIR EVAWATlON 

Several preliminary evaluation studies have been done 
by CFE and by other organizations. but have not been pub- 

Figure  8. LOS AZUFRES POROSITY DISTRIBUTION 
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F igure  10. M S  AZUFRES THERMAL CONDUCTIVITY 
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Figure 11. TEJAhdANlLES PERbfEABIJ.JTY DISTRlBUTION dome StruCtUW, located under the reservoir. has been formed 
by magmatic circulation, conducting heat through volcanic in- 
r n i ~ ~  and originating the reservoir.  here is a m-existence 
of Vapoldominated and liquiddominated heat pipe conditions 
at different depths 

The initial response of the field to exploitation is 
Primarily reflected by geochemical changes. The produetion 
histow of both S&O~S show only small iocai alterations, this 
.demonstrates that the system 8s a W e  seems to be In a 
quasi-steady state. 
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Figure 41. WELL AZ-17 
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