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RESUMEN

Iméagenes Landsat TM del campo geotérmico de L aPrimaverase utilizaron paraidentificar estructuras principales, y localizar
areas que presentan alteracion hidrotermal . Los métodos utilizados en €l procesamiento delasimagenesincluyen andlisis estadistico
univariado y multivariado, asi como realce espectral y espacial. La vegetacion en el area no se compone de plantas con hojas
grandes; sin embargo, si se presentainterferencia entre el espectro delavegetaciony é delaalteracion hidrotermal. Para superar
esta interferencia, se utilizaron la técnica de Crosta'y el método de Loughlin (Crosta and Moore 1989; Loughlin 1991). Como
resultado de este procesado, selogré detectar la presencia de mineral es que contienen 6xidos de hierro e hidroxilos. Lasimagenes
resultantes fueron desplegadas en tonos de grisy en composiciones de falso color para resaltar las estructuras principalesy las
rocas alteradas, respectivamente. Las zonas de alteracion identificadas presentan una correlacion con los flujos de descarga del
yacimiento geotérmico, asi como con las estructuras principal es que controlan la permeabilidad del yacimiento y delacapasello.
Por lo tanto, la localizacién en la superficie de las rocas alteradas sera de gran utilidad en la identificacion de la presencia de
descargas de fluidos del yacimiento geotérmico.

PALABRAS CLAVE: Geotermia, alteracion, imagenes TM, percepcidn remota, México.

ABSTRACT

Landsat TM images of the LaPrimaverageothermal field areawere used to identify the main structures within thefield, and
to locate areas that show hydrothermal alteration. The methods used in the processing of the images include univariate and
multivariate statistical analysis, spectral and spatial enhancement. Vegetation in the area is not composed by wide leaf plants;
however, there is interference between the spectra of vegetation and hydrothermal alteration. In order to overcome this interfer-
ence, the Crosta technique and the L oughlin method were used (Crostaand Moore 1989; Loughlin 1991). Asaresult, iron oxides
and hydroxyl minerals were detected in the area. The resulting images were displayed in gray tones and false color compositesto
enhance main structures and the altered rocks respectively.

The identified alteration zones were correlated with the discharged flows from the geothermal reservoir, and with the main
structures that control the permeability of the reservoir and the cap rock; therefore, locating hydrothermally altered rocksin the

surface will help to determine the presence of upflows from the geothermal reservoir.

KEY WORDS: Geothermal, alteration, TM images, remote sensing, Mexico.

INTRODUCTION

Geothermal energy exploration with satelliteimagesis
useful in the early stages of exploration. Thematic mapping
multispectral images from Landsat satellites cover the vis-
ibleand infrared spectrum of hydrothermal alterations (Hunt
1977, 1979; Hunt and Ashley, 1979). Identification of alter-
ationsin a geothermal area may be used to locate faults that
generate secondary permeability. The use of satelliteimages
in geothermal exploration has been reported in a few cases
(Mongillo et al., 1995; Deroin et al., 1996). However, in
mining exploration, satellite images have been widely used
toidentify hydrothermally altered areasand to identify faults
and areas of mineralization (Goetz and Rowan, 1983;
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Kauffmann 1988; Crosta and Moore 1989; L oughlin 1991;
Wester, 1992; Van der Meer et al., 1995).

La Primavera geothermal field (Figure 1) islocated in
the western Mexican Volcanic Belt (MVB), 15 km NW of
Guadalgjara (103°28'-103°43' W and 20°32'-20° 43'N). The
field is located in the intersection of the Colima, Chapala
and Tepic grabens (Luhr et al., 1995). The Tepic fault sys-
tem is the most important in the region (Kruger, 1988), and
it generatesthe secondary permeability that characterizesthe
reservoir.

The geothermal field is located in arhyalitic volcanic
complex (Mahood, 1980). The oldest eruptive activity re-
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Fig. 1. General location and geology of the caldera La Primavera (after Mahood, 1980).
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ported is 120 000 years, followed by astrong explosive event
about 95 000 years ago that produced the Tala tuff with a
volume of approximately 25 kmé. This eruption caused the
collapse of the magmatic chamber and the formation of an
11-km diameter calderasurrounded by rhyolitic domes. This
caldera contained a lake where sedimentation took place.
Vol canic activity resumed with the eruption of rhyalitic domes
in the southern part of the caldera. Thelatest activity formed
the central Nejahuete and Colli domes, about 20 000 years
ago (Figure 1). The caldera collapse generated local faults
striking NW-SE and NE-SW.

After the dome eruption, ahydrothermal system devel-
oped with hot springs and fumaroles (Mahood et al., 1983;
Gutiérrez-Negrin, 1991). Surface manifestations are located
along faults that strike NW-SE, NE-SW and N-S.

SPECTRAL RESPONSE OF HYDROTHERMAL
ALTERATION MINERALS

Thematic Mapper bands aretoo wideto alow theiden-
tification of single minerals; however, they serveto identify
groups of minerals for exploration purposesin the near and

Mapping using TM imagesin La Primavera

middleinfrared, belonging to the hydroxyl and sulfate groups.
Iron oxide is frequently observed in the outcrops of hydro-
thermally altered rocks as aresult of weathering; itsidentifi-
cation isauseful key to define areas that contain weathered
hydrothermally altered rocks.

These mineralshave spectral featuresinthevisibleand
infrared parts (0.4 - 2.5 um) (Figure 2). Themain problemin
the identification of the minerals is the interference from
vegetation that also has a strong reflectance in the infrared.
When iron oxides are present, the rock color is red, brown,
orangeor yellow. The presenceof clay mineralsusually yield
pale yellow, violet, green or beige. The jarosite reflectance
curve showswell defined absorption featuresat 0.43 and 0.92
um; hematite has areflectance minimum at 0.85um, and go-
ethite at about 0.94 um (Hunt and Ashley, 1979). Absorption
anomalies at wavelengths less than 0.9 um are a good indi-
cation of hematite. When the anomalies are at wavelengths
above 0.9 um, jarosite or goethite are more abundant (Hunt
and Ashley, 1979).

The middle infrared region of the spectrum, between
1.1and 2.5 um, can provide moreinformation about the min-
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Fig. 2.- Spectra of materials to be identified in the studied image: a) vegetation (large and acicular leaf); b) oxide and c) hydroxyl minerals
(after Hunt 1977, 1979; Hunt and Ashley, 1979)

149



T. Fernandez de la Viega-Marquez et al.

b

Jarogite

™ 4

™1 TM2TM3
100 }
80 F
60 F //\
40 F

20

Reflectance log. (%)

C

Hemalite

Goethite

0.4 0.6
0.5 0.7

1.0
0.9

Wavelength (pm)

Fig. 2. Continued.

eralogical composition than the spectral features observed
in the visible and near infrared regions. The middle infrared
contains high reflectance anomalies for most rocks (basalt,
gabbro, etc.) and minerals (clays, micas, sulfates, carbon-
ates) at about 1.65 pum and high absorption at approximately
2.2 um (Goetz and Rowan 1983).

Vegetation shows absorption featuresfrom 0.45to 0.68
pm, and high reflectance in the near infrared, between 1.6
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pum and 2.2 um, due to the chlorophyll absorption. The ab-
sorption bands at about 1.4 um and 1.9 um arerelated to the
water content.

Iron oxides and vegetation show similar reflectancein
TM Band 1 (0.45-0.52 um) and TM Band 2 (0.52-0.60 um),
therefore these bands are not very useful for separating these
materials. On the other hand, TM3 band (0.63-0.69 um)
shows high reflectance for the iron oxides and a strong ab-
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sorption for vegetation. Thisis useful to differentiate oxides
from vegetation (Figure2 a, b, ¢). Band TM4 (0.76-0.90 um)
is used for vegetation identification; it contains also an ab-
sorption band for iron oxides at 0.90 um. Both features can
be used to separate oxides from vegetation.

TM5 (1.55-1.75 pum) and TM7 (2.08-2.35 um) bands
arevery helpful for distinguishing vegetation from hydroxyl
and iron oxides.

IMAGE PROCESSING

A section from the Thematic Mapper (TM) Landsat 5
image (path 29- row 46), taken in April 1992, which con-
tains La Primavera geothermal field, was used in this study.
The thermal band was not used because of itslow resolution
(100 m? pixel).

Preprocessing of the image included radiometric cor-
rection to remove the atmospheric effects. The correction
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Fig. 3.- Display in 256 tones of grey of La PrimaveraTM image band 5.

was calculated according to Jensen (1996), by subtracting
the minimum valuesfor each band. No other correctionswere
applied as the image did not show stripping or line drop-
outs. Band 5 is shown in Figure 3 after stretching with satu-
ration of 5% of the histogram was performed.

We enhanced the spectral response of hydrothermal
alteration mineralsto identify surface hydrothermal activity
in the study area. The information contained in the bands of
the La Primavera image is displayed using color compos-
ites, after band ratio and principal component analysis. The
identification of altered rocks is performed by comparison
of the spectral response of the alteration minerals and the
DN of the pixelsin the bands of theimage. In addition to the
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identification of the alteration minerals, the vegetation was
identified and its response minimized.

False color composites included the bands where the
spectral response of the minerals indicates a maximum in
their reflectance. This enhancement is achieved by combin-
ing bands in the visible and the infrared (Crosta and Moore
1989; Drury,1990).

Thefalse color composite (RGB) of bands TM4, TM3
and TM 2 was obtained with the aim of displaying the oxide
minerals in green and vegetation in red (Figure 4). Urban
areas have a similar reflectance in the three bands used in
this composite (Jensen,1996); they are displayed in grey
tones.
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Fig. 4.- RGB color composition using the bands: R-4, G-3, B-2.

Hydrothermally altered areas are better defined in the
composite that includes bands TM7, TM4 and TM2, where
alteration is shown in red.

Color composite yields a good discrimination of hy-
drothermal minerals, when their spectrado not overlap with
the spectra of the materials present in the image. Otherwise,
traditional processing includes calculation of band ratios, as
amethod for enhancing the response of the minerals and re-
ducing the vegetation response. Band ratios were obtained
for bands 4/3, 5/4 and 5/7 for identification of vegetation
and hydrothermal alteration.

Inorder to display simultaneously theresultsof thethree
band ratios, a color composite image was generated (Figure

5). According to the spectral characteristics of the minerals
and the color composition used (R-5/4, G-4/3, B-5/7), hy-
drothermally altered rock should appear blue, red and ma-
genta, as shown in Figure 5. In the case of La Primavera
geothermal field, the band ratios did not yield good results
because of the vegetation cover in the area.

Principal Component Analysis (PCA) of TM images
has been shown to be a successful tool to minimize the veg-
etation effect (Crostaand Moore 1989; Loughlin 1991; Ruiz-
Armenta and Prol-Ledesma, 1998).

In order to differentiate the areas containing hydrother-
mal mineralsfrom those that contained only vegetation, sta-
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Fig. 5.- RGB color composition using the band ratios: R-5/4, G-4/3, B-5/7.

tistical techniques based on the analysis of principal compo-
nentswere applied to theimages (Chavez and Yaw Kwarteng
1989), taking into account the spectral characteristics of the
minerals.

The results of PCA of six bands in the La Primavera
image are presented in Table 1. The correlation matrix shows
that the three bandsin the visible are highly correlated; also
the middle infrared bands have a high correlation. The first
principal component contains 91.98% of the variance.

Component 5 shows oxide areas as dark pixels, and
component 4 shows the hydroxyl minerals. The negative of
these images would display the atered areas as bright pix-
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els. Vegetation spectra response is contained in principal
component 2 as bright pixels.

False color composition of the images corresponding
to the negative of component 5 (R), component 4 (G) and
the sum of both in the blue channel (O, H, O+H) allowsthe
identification of altered rocks (Figure 6).

SPATIAL ENHANCEMENT

The fractures and faults in the rocks are commonly
shown like borders or segments of lines that form “linea
ments” in aerial photographs and satellite images (Ruiz-
Armenta and Prol-Ledesma, 1995. These lineaments can be
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Table 1

Results of the Principal Components Analysis of La Primaveraimage;
variance-covariance matrix, correlation matrix and band load matrix.

VAR/COVAR primabl primab2 primab3 primab4 primab5 primab?7
primabl 140.19 91.55 142.72 80.89 255.76 185.68
primab2 91.55 61.81 96.26 57.89 174.04 124.83
primab3 142.72 96.26 153.92 88.75 287.16 205.06
primab4 80.89 57.89 88.75 88.90 169.16 109.20
primab5 255.76 174.04 287.16 169.16 666.39 446.90
primab7 185.68 124.83 205.06 109.20 446.90 317.24

COR MATRX primabl primab2 primab3 primab4 primab5 primab7
primabl 1.000000 0.983511 0.971591 0.724622 0.836777 0.880499
primab2 0.983511 1.000000 0.986887 0.780947 0.857538 0.891500
primab3 0.971591 0.986887 1.000000 0.758755 0.896625 0.927983
primab4 0.724622 0.780947 0.758755 1.000000 0.695011 0.650259
primab5 0.836777 0.857538 0.896625 0.695011 1.000000 0.971976
primab7 0.880499 0.891500 0.927983 0.650259 0.971976 1.000000

COMPONENT C1 C2 C3 C4 C5 C6
% var. 91.98 4,76 2.56 0.44 0.21 0.04
eigenval. 1313.92 68.01 36.63 6.35 2.97 0.55
eigvec.1 0.297454 0.496127 -0.366203 -0.187773 -0.655065 -0.258661
eigvec.2 0.202082 0.327144 -0.130823 -0.083683 0.078691 0.906548
eigvec.3 0.327749 0.379665 -0.230329 -0.182935 0.745878 -0.324938
eigvec.4 0.192786 0.485595 0.795463 0.294938 -0.045387 -0.072253
eigvec.5 0.701240 -0.474271 0.281654 -0.444123 -0.079363 0.021371
eigvec.6 0.484108 -0.204826 -0.289203 0.800025 -0.002290 -0.001686
LOADING C1 c2 C3 C4 C5 C6
primabl 0.910647 0.345564 -0.187180 -0.039965 -0.095373 -0.016271
primab2 0.931741 0.343171 -0.100707 -0.026824 0.017255 0.085886
primab3 0.957599 0.252376 -0.112357 -0.037158 0.103639 -0.019508
primab4 0.741164 0.424735 0.510583 0.078829 -0.008298 -0.005708
primab5 0.984661 -0.151514 0.066030 -0.043355 -0.005300 0.000617
primab7 0.985226 -0.094838 -0.098266 0.113191 -0.000222 -0.000071
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Fig. 6.- Oxide and hydroxyl minerals identified using the principal components analysis of the 6 non-thermal bands of La Primaveraimage.
False color composition using the band ratios: R-3/1, G-5/7, B-O+H.

formed by avariety of elements of the landscape, including
topography, tectonics, drainage, vegetation and tones of the
soil or rock. Almost all lineaments are discontinuous (Ruiz-
Armenta and Prol-Ledesma, 1995).

Spatial enhancement was applied to the La Primavera
image, with the purpose of bringing out the predominant fault
systems, and to determine their relationship to the hydro-
thermal activity of the area.

Spatial enhancement was performed on thefirst princi-
pal component PC1, that contains 91.98% of the variance,
and therefore it containsinformation related with the topog-
raphy and the albedo of the six non thermal bands.
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Figure 7 shows the results of the edge Laplacian en-
hancement filter. The calderais clearly observed. The faults
related to the rhyolitic domes within and in the borders of
the caldera are enhanced (see Figure 7).

The method devel oped by Moore and Waltz (1983) was
used with the purpose of extracting the size, location and
orientation of lineaments. This method consists of 5 steps:

1) Removing the high frequencies (noise) with a low-pass
filter.

2) Generation of directional components with convolution
algorithms. In this step the contrast of borders and seg-
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Fig. 7.- Laplacian Edge Enhancement filter applied to the first principal component of the La Primaveraimage. Lines indicate faults
checked in the field.

ments of linesisincreased only for those lineaments per-
pendicular to the applied kernel (Ruiz-Armentaand Prol-
Ledesma, 1995).

3) A low-passfilter isapplied again to theimage after step 2,
in order to reduce the creation of artificial lineamentsin
thefilter direction.

4) Extraction of segments of lines and prominent borders.
The brightness values of the smoothed image from step
(3) are enhanced for visualization by applying a contrast
stretch with 2% saturation.

5) Thevisualization isimproved by adding the obtained im-
age to thefirst principal component.

The kernels used in step (2) are Prewitt filters (Table
2). They wereappliedin all directions. Thefracturing within
thefield is controlled mainly by the stages of maximum de-
formation related to the caldera formations that may have
reactivated older structures in the reservoir strata related to
the three structural systems in the surroundings of the La
Primavera geothermal field: E-W (Chapala graben), N-S
(Colima graben) and NW-SE (Tepic graben) (Gardufio and
L 6pez, 1986).

The best results were obtained with filters NE-SW and
NW-SE, wich are perpendicular and paralell, respectively,
to one of the main fault systems. The results are shown in
Figures 8 and 9 respectively.
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Fig. 8.- NE quadrant of La Primaveraimage resulting of application of NE-SW directional filter. Linesindicate faults and dots- surface
manifestations.
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Fig. 9.- Directional filter NW-SE applied to the first principal component of La Primaveraimage. Linesand dotsasin Fig. 8.

In Figure 8, the NE quadrant of the image is shown
after aNE-SW filter was applied. Thelineament corresponds
to LaGoterafault. The Calderaring fractures, the Rio Caliente
faults, and a portion of the Mesa El Nejahuete fault were
also identified. Some lineaments are also observed among
the domes Pinar de la Venta, Arroyo La Cuadrillaand Mesa
LaLobera (Figure 9) which had not been reported.

The radia pattern of the drainage is clearly shown, as
well as the dendritic drainage in the lower |eft.

DISCUSSION AND CONCLUSIONS

Band ratios, false color compositions, and principal
components analysis were used to spectrally enhance the
response of different minerals. They allowed the identifica-
tion of areaswhere hydrothermal alteration ispresent asiron

oxides and hydroxyls, as is the case of La Primavera geo-
thermal field (Figure 10).

The identification of alteration minerals was best ac-
complished with the Crosta technique, as shown in Figures
5and 6 . The presence of vegetation wasinterfering with the
spectral response of alteration mineras, specially in the in-
frared bands (5 and 7); therefore the band ratios did not yield
good results. False color compositions were al so affected by
the strong reflection of vegetation in theinfrared bands (Fig-
ures4 and 5). The minimization of the vegetation interfer-
ence was obtained with the results of the principal compo-
nents analysis, which identified the altered rocks. The re-
sults were checked by field observations.

The areas where hydrothermally altered rocks can be
identified are constrained to the central part of the caldera,
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Fig. 10.- Areas where hydrothermal alteration is present as iron oxides and hydroxyls, are enclosed in polygons.

closely related with the zone where exploration wells where
drilled. Intense kaolinization characterize these areas, which
are shown in Figure 6. Field work in the La Primavera Geo-
thermal Field confirmed that surface alteration was not gen-
erally present in thering fracturesthat definethe calderastruc-
ture. Small areawith surface alteration was identified in the
southern part of the field, related with the occurrence of hot
springs and recent rhyolitic domes.

The main faults within the field are channel sthat favor
the transport of the fluid. Some faults had not been defined
in previous studies, asthe La Goterafault and the ring struc-
tures related to the caldera formation (shown in Figure 10).
Image processing can be useful to identify hydrothermally
altered rocks related with surface discharges of the geother-
mal system.
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