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ABSTRACT 

Epidote is a common mineral in geothermal 
fields. A dating process using epidote has been 
established. However, it requires determining 
degree of crystallinity, elemental composition 
and impurities in the epidote. Epidote 
characterization was performed in eleven drill 
m e  drillings from three production areas in the 
Lo? Azufres geothermal field in M6xico. Epidote 
minerals were separated from samples at 
depths between 250m and 2500m. X-ray 
diffraction analysis allowed us to identified three 
kinds of crystallographic groups: epidote, 
piemontite and clinozoisite. Quartz, albite, 
clinochlore, calcite and anorthite were also 
identified, No epidotes were present before the 
first IlOOm, aRer that depth all samples 
contained epidotes. Morphology of all epidote 
minerals, observed under a low vacuum 
scanning electron microscope (SEM) showed 
well shaped crystals, and an X-ray microprobe 
attached io the SEMI permitted to identify 
elemental composition of single crystals in 
areas, as small as 1 pm2. The aluminium 
concentration is indicative of both epidote and 
clinozoisite, whereas manganese indicative of 
piemontite could not be identified for being in 
concentrations below the detection limit (0.7 %). 
Manganese and other metal impurities, in the 
range of a few ppb and ppm, were assessed in 
same samples by means of neutron activation 
analysis. 

1.0 INTRODUCTION 

M6xico is the third main geothermal energy 
producer in the world, with a total amount of 855 
MW. The main fields are Cerro Prieto 720 MW, 
Los Azufres 93 MW, Los Humeros 42 MW/h, 
and Tres Virgenes with 10 MW. 

Nuclear techniques (Balcazar, 1997) have been 
applied by the lnstituto Nacional de  
lnvestigaciones Nucleares in the study of 
geothermal fields, in collaboration with La 
Gerencia de Proyectos Geotermoel6ctricos 
engaged in producing geothermal energy in 
M6xico. Among these techniques are fission- 
track dating of obsidians (Gutierrez-Negrin, 
1984), radon mapping for active faults location 
(Lbpez, 1987; BalcAzar, 1990), radon 
measurements in heat-producing geothermal 
fields (Balchzar, 1991), radon studies for 
extending a geothermal field (Tavera, 1999) and 
real-time geogases-determination (Streil, 2000). 
Some of these techniques have also been 
applied in the Chipilapa geothermal field in El 
Salvador (Balciizar, 1993a, 1993b). 

The fission track dating technique will be 
applied to hydrothermal epidotes in rock core 
samples in order to obtain an absolute age of 
Los Azufres hydrothermal system. Epidote is a 
monoclinic mineral elongated parallel to the b 
crystallographic axis. It has a particular yellow- 
green to pistachio green colour, which 
distinguishes it from other minerals. To this 
group of minerals belong Clinozoisite 
Ca2A13(Si04) (S i207)0(OH), Piemontite 
Ca2A12Mn(Si04)(Si207)(O,OH)2 and Epidote 
C a 2AI 2 F e (Si 0,) (S i2 0 7 )  0 (0 H)*. 

In addition, its clear registration of fission 
tracks and its high closure temperature allow 
reliable age dating foi- epidotes subjectedto high 
geothermal temperatures. 

The closure temperature or effective retention 
temperature refers to the temperature at which 
50% of spontaneous fission tracks are retained 
in the mineral. For epidote, Reimer and Wagner 
(1 971), Haack (1976), and Harrison et a/. (I 979) 
suggested a value of 240°C, and a partial 

111 



Lopez et a/. 

ZONE WELL DEPTH (m) 
North Az-5 1004; 1165 

Az-2 9 902: 2498 

annealing zone of 200-280°C Le., a smge of 
temperature in which there is no annealing of 
fission tracks below the low limit while total 
annealing occurs above the upper limit. 

L I Az-48 306-306.35 
I Az-57 1497: 1499: 1725 

Wagner (I 992) gave a comprsnensive 
summary of fission-track work in epidote 
pointing out that "apart from being used as a 
geothermo-chronometer, epidote fission-track 
ages have also been applied for dating 
Cretaceous and Tertiary movements with 
accompanying epidotization along fault and 
fissures in the Sinai peninsula". Wagner also 
discussed the problems encountered in dating 
epidote. The discrepancy between experimental 
prediction and geological evidence of the 
effective retention temperature may be caused 
by variation of the chemical composition, by 
accumulated alpha-radiation damage in the 
crystal lattice, or even by low-temperature 
growth of the epidote crystals. 

Centre 

2.0" EXPERIMENTAL PROCEDURE 

Az-59 904 
Az-25 1300 
Az-30 1851 

2.1 Sample Preparation 

South 

Twenty pieces of rock core samples were 
obtained from eleven drill holes at depths of 
306m down to 2495m (Table I ) .  In some wells, 
as in Az-57, samples were taken at three 
depths: 1497m, 1499m and 1725m; in others as 
in Az-55, depth was defined in the range 1409- 
1414 m. The characteristic green colour of 
epidote made easy its separation from the rock 
matrix. 

Az-2 2 1 97-2200 
Az22 
Az47 

800-802; 1262 
1400-1400.35 

I 
. -  - _ .  . 

I Az-54 I 1055: 21 96 I 

t I 
~ 

I ._  

I Az-55 1 1409-1 4 14 I 
All samples were washed three times with 

distilled water in an ultrasonis bath, then dried in 
an oven for one hour at 100 C. Thin sections of 
rocks with abundant epidote crystals were made 

for SEM analysis. Other portion of the epidote 
crystals was crushed in an agate mortar to 
obtain a fine powder of 100 pm size for X-ray 
diffraction and neutron activation analysis. 
Although well-formed epidote crystals were 
observed, most of them were small, in the range 
of 20-50 pm long and a few were in the range of 
500-1500 pm. Big crystals were mounted on a 
slide glass and then polished until a good 
petrographic section allows observation under 
an optical microscope for dating. 

2.2 X-ray diffraction 

Samples were analysed using a Siemens X- 
ray diffractometer model 05000. It has a copper 
X-ray tube with a wavelength of 1.5 A, 60 kV 
voltage and 30 mA beam current and a gas 
scintillation detector which allows a resolution of 
4". All samples were classified into two groups, 
the crystalline fraction where yellowish-green 
material indicated presence of epidote, and the 
matrix fraction surrounding the green material. 
The mineral diffraction pattern or diffractogram 
provides characteristic peaks whose position in 
the 28 horizontal axis, intensity, shape and 
breadth is determined by Bragg's Law. Chemical 
composition and position of atoms in the unit cell 
define the relative intensities of the XRD peaks. 
A library of mineral spectrums, stored in the 
attached com pu t e r permits mineral id e nt ifica5o n 
of samples under analysis. 

2.3 Scanning Electron Microscopy 

A low-vacuum scanning electron microscope 
(SEM), with a resolution of 3nm and 
amplifications up to 300,OOOX, was used to 
analyze morphology and elemental composition 
of the samples. The low vacuum characteristic 
of this SEM allow analyisis of non-conductive 
samples. Like minerals without unwanted 
interference of gold or carbon covers required in 
other types of SEM. Elemental composition in 
percentage, is achieved on the surface of the 
samples analysing the de-excitation 
characteristic X-rays of atoms composing the 
sample under the electron beam. The electron 
beam can be focused on an area as small as 
I pm2 allowing the possibility of perfonning 
elemental analysis of small single crystals. Both 
morphology and elemental composition of 
individual crystals allow the identification of 
different species of epidotes: zoisite (gemstone 
variety, tanzanite), clinozoisite, epidote and 
piernsntite (manyaniferus epidote). 
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2.4 Neutron Activation Analysis Table 2. Qualitative neutron activation analvsis 

A few milligrams of both matrix and 
crystalline fractions of the samples were 
subjected to neutron irradiation in a Triga Mark 
111 Research Reactor. The samples were 
encapsulated and sealed in a 2-cm long 
polyethylene tube with 1-cm diameter, 
introduced in a 3-cm long Perspex tube with 2- 
cm diameter, and then exeosed to a neutron flux 
of 1.3~1 013 neutronskm-s for three different 
times: one second, five minutes and two hours 
to assess short lived, medium lived and long 
lived radioisotopes, respectively. 

Due to lack of electric charge, neutrons are 
able to cross the whole volume of the sample 
with few interactions with the nuclei composing 
the sample. Those neutrons interacting with the 
nuclei of the sample produce nuclear excitation 
and the formation of a radionuclei which emit 
characteristic y-rays during the de-excitation 
process allowing a quantitative elemental 
composition. The y-energy determination from 
samples was performed in a low-background 
GeH(p) immediately, for one second irradiation 
and after a cooling time of 2 days and 8 days, 
for five minutes and two hours irradiation, 
respectively, to allow the induced radioactivity to 
decay to safety levels. A qualitative analysis of 
the samples showed the presence of metals and 
rare earths (Table 2). The quantitative neutron 
activation analysis (NAA) is shown in Table 3. 

3.0 RESULTS 

Each of the twenty core samples indicated in 
Table 1 was subjected to several SEMI NAA and 
X-ray diffraction analysis. The best epidote 

samples were obtained from two wells located in 
the center of the field (Az-56 and Az-54) and 
one weDl at the southern part (Az-55). As an 
example, Figure 1 shows the results of epidote 
analysis in well Az-55 at a depth of 1409-414m. 
1A is the SEM image of epidote crystals at 
1 OOOX magnification, 1 B is the corresponding x- 
say fluorescence, 16 Is the quantitative analysis, 
and ID is the X-ray diffraction analysis. Figure 2 
shows the same kind of analysis for epidote 
sample in well Az-56 at 2495 m. 

A cross-section line through wells Az-48, Az- 
5 and Az-29 in the north of Los Azufres 
geothermal field is shown in Figure 3. Small 
squares on each well indicate depths of core 
samples referred to sea level (msl). The symbols 
near each square indicate relative abundance of 
minerals, abundant at the top and rare at the 
bottom. The letters on the symbols TR, M and C, 
means that samples were total rock, matrix and 
crystals, respectively. Isotherms are also 
indicated in Figure 3. 

No epidote crystals were found in core 
samples analysed in the northern part of the 
field (except Az-59). In all depths, anorthite is 

C: CRYSTALS M: MATRIX R: RCCK 
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r -- 
,Well A255 (1409-1414m) 1OOOx 
ElmZ Element% bigma% Atomic % 

AI 13.5227d 0.351 86d 11 -07323 
0 45.78184 0.872131 63.22417 

counts 

Ca 19.74904 0.303494 11.77926 

(IA) ~SEM image of epidote crystals (1OOOx) 

Fe -.-_. - ---_------ 11.6534 0:3-MOL_4_.gB-e86- 

17.2954 0.414374 13.60619 
Ca 18.241 0.448924 10.0559s 
Fe 5.157484 0.44431 11 2.040423 

(1 C) Quantitative analysis of image 1 A 

2 4 8 10 
Enerw0-W 

(1 B) X-ray fluorescence of image 1A 

(1 D) X-ray diffractogram of image 1A 

Figure 1. Epidote sample from well AZ-55 (14091414m) 

(24 SEM image of epidote crystals (?oooX) ' 

38.02524 0.583901 
mt Element% bigma?40 

11.3125d 0.21 1754 10.0227 
19.259271 0.28245d 16.39263 

Count  

2 4 E 8 10 
Energy(ktV) 

(2B) X+ay Ruwescence of image 2A 

I 

! 
! I  

- .  

(2D) X-ray diffractogram of image 2A 

Figure 2. Epidote sample from well AZ-56 (2495m) 
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the most abundant crystal present followed by 
quartz and clinocnlorite. Albite is absent at 
depths near 2600 msl and at 400 msl in the 
northern wells. 

A cross-section line through wells Az-2, Az- 
22, Az-47 and A-55 in the south of the field is 
shown in Figure 4. Epidote (in three varieties) is 
present in all wells at depths greater than 1500 
msl. Albite is present at well depths in all wells, 
with exception of Az-55. Quartz is the most 
abundant at depth up to 1500 msl and scarce at 
depths of 3000 msl. 

Similarly, a cross-section line across wells 
Az-59, Az-54, Az-56 and Az-25 from northwest 
to southeast of the field is shown in Figure 5. 
Epidote is present in all wells at depths greater 
than 1800 msl. Quartz is the most abundant 
crystal in all wells; while albite is determined in 
one well (Az-54) at 1800 msl, but absent at 
greater depths. Calcite is found in all cases at 
depths down to 1500 msl. 

Epidote is found in all regions of the Los 
Azufres geothermal field, at the centre and 
southern part, at temperatures above 200°C, 
well Az-59 is the only well in the northern sector 
where epidote occurs above the 200°C 
temperature. 

4.0 CONCLUSIONS 

Epidote was found in the drill-cores below 
1100 m, SEM analysis identified the degree of 
crystallization in each sample. Two wells located 
at the center of the field (Az-56 and Az-54) and 
one well in the southern part (Az-55) have 
epidotes with well-defined structures. However, 
it is not possible to define the exact proportion of 
epidote and clinozoisite. In contrast, the 
piemontite concentration is low, in these wells, 
as determined from the low concentration of Mn 
in comparison with Fe and AI. The best epidote 
crystals found in these three wells will be subject 
of efficiency calibration to apply the population 
fission-track dating-method. 
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Figure 5. Wells Az-59, Az-54, Az-56 and Az-25. Symbols indicate relative abundance of minerals. 
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