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SUMMARY

A brief account of some experiences obtained in Mexico, related with

the identification of geochemical precursors of volcanic eruptions

and isotopic precursors of earthquakes and volcanic activity is

given. The cases of three recent events of volcanic activity and one

large earthquake are discussed in the context of an active

geological environment. The positive results in the identification

of some geochemical precursors that helped to evaluate the eruptive

potential during two volcanic crises (Tacana 1986 and Colima 1991),

and the significant radon-in-soil anomalies observed during a

volcanic catastrophic eruption (El Chichón, 1982) and prior to a

major earthquake (Michoacan, 1985) are critically analyzed.



1. INTRODUCTION

Mexico is a country with significant rates of seismic and

volcanic activity. Analysis of seismic gaps and recurrence periods

of large, shallow interplate earthquakes along the mexican

subduction zone, marking the boundary between the Cocos and the

North American plate, shows that the average repeat times of large

earthquakes (Ms ^ 7.4) in 6 Pacific regions (East, Central and West

Oaxaca, Petatlan and Colima) are between 32 to 56 years. Most of the

seismic moment (or, equivalently, seismic energy) release since the

beginning of the 19th century appears to occur for 15 years followed

by relative quiescence in the next 15 years (Singh et al., 1981).

On the other hand, an analysis of the historical volcanic

activity shows that since the 16th century, the rate of

(significant, size) eruptions is in the order of 15 per year. In

this case many types and sizes of eruptions have been taken into

account and, in contrast with the seismic analyses in which the size

of earthquakes can be measured in a rather well defined way, the

classification of eruptions by size is a problem that has not been

resolved.

It is therefore clear that the risk associated to such levels

of seismic and volcanic activity in Mexico can not be overlooked,

and some ways to mitigate it must be looked for. One of the ways of

reducing the risk is improving the estimate of the probability of

occurrence of a given event. This can be done by statistical methods

involving the analysis of the past activity, or by "real time"

methods, requiring close monitoring of the regions prone to produce

an earthquake or an eruption. The latter involves a developed

capability of recognizing the precursors of significant events.

In this report we attempt to describe the experiences obtained

in Mexico over more than 10 years in the recognition of geochemical

and isotopic precursors of earthquakes and volcanic eruptions.



2. TECTONICS OF MEXICO, EARTHQUAKES AND VOLCANOES.

2.1. SEISMICITY

The large earthquakes (Ms^ 7) in Mexico are mostly caused by

the subduction of the Cocos and Rivera oceanic plates under the

North American plate (Figure 2.1). The relatively small Rivera

plate, subducts under the state of Jalisco at a relative velocity of

about 2.5 cm/y. The boundary between Rivera and North American plate

is somewhat undefined, but it is believed that intersects the

continental coast of Mexico near Manzanillo (19.1°N, 104.3°W). The

relative velocity of Cocos plate respect to the continent varies

from about 5 cm/y near Manzanillo to about 8 cm/y in Tehuantepec,

Oaxaca.

The largest 20th century earthquake in Mexico (known as the

Jalisco earthquake, Ms=8.2, June 3, 1932) occurred on the interface

between the small Rivera and the North American plates, showing in

this way that young, small plates, with a relatively low subduction

velocities can produce large earthquakes (Singh et al., 1985), and

the destructive Michoacan earthquake of September 19, 1985 (causing

over 20000 victims in Mexico City) was originated in the Michoacan

gap, one of the quiescence regions along the boundary between Cocos

and North American plates.

Some large earthquakes also occur under the continent at depths

near 60 km. These earthquakes are usually produced by normal

faulting associated with the breaking of the subducting lithosphere.

Although this type of events is rather infrequent, they can be very

destructive like those of Oaxaca (01-15-1931, Ms=7.8), Orizaba

(08-23-1973, mb= 7.3) and Huajuapan de Leon (10-24-1980, mb= 7.0).

Even less frequent are the interplate continental earthquakes.

Although their magnitudes are usually less or equal to 7.0, they can

be very destructive as it was the case of the Jalapa earthquake

(01-03-1920, Ms= 6.4), or the Acambay earthquake (11-19-1912, Ms=

7.0) .



There is also some background seismicity consisting of

earthquakes with M * 5.5, that can not be associated with any

particular geological or tectonic feature.

2.2. ACTIVE VOLCANISM

Most of the holocenic volcanism occurs along the Mexican

Volcanic Belt (MVB), a somewhat anomalous feature, for it runs

unparallel to the subduction zone. There are also active volcanic

centers in the Baja California Peninsula in northwestern Mexico and

in the state of Chiapas (southeastern Mexico).

The Mexican Volcanic Belt is a complex continental arc

extending more than 1200 km from the state of Nayarit in the Pacific

coast, to the state of Veracruz near the Gulf of Mexico. Other

important volcanic centers are Tres Virgenes volcano, located in the

middle of Baja California Peninsula, Los Tuxtlas volcanic massif,

the active volcanoes of Chiapas: El Chichón and Tacana, and the

Revillagigedo island volcanoes.

MVB volcanism is believed to be related to the 80-100 km depth

contour of the subduction of the Cocos plate, which varies in a

similar way as the relative velocity between Cocos and North

America. This means that this depth contour may be far away from the

trench at the SE end of the mexican portion of the Middle America

Trench. The complex structure of the MVB is characterized by a large

diversity of volcanic types. The most common is the monogenetic

volcano, which clusters in extensive fields like that of

Michoacan-Guanajuato, containing more than 1000 cones, or the

Chichinautzin monogenetic field, south of Mexico City, containing

nearly 200 cones. There are also large active andesitic composite

volcanoes like Colima (about 4000 mosl), Popocatepetl (5450 mosl),

or Pico de Orizaba (5700 mosl).

Off the MVB are important active centers, the most recent of

which is El Chichón, that has produced one of the most destructive

eruptions in the history of Mexico in 1982.



Appendix 1 shows a summary of the recent seismic activity,

while Appendix 2 gives a brief account of the historical volcanic

activity in Mexico.

3. THE MEXICAN EXPERIENCE WITH GEOCHEMICAL PRECURSORS OF THE

VOLCANIC AND SEISMIC ACTIVITY

Geochemical precursors research is rather new in Mexico, and

most of its development can be found during the last few years. In

that time there have been two cases of volcanic crises in which

geochemical methods have been used with some success. To the

knowledge of the authors, no work on identification of geochemical

precursors of tectonic earthquakes has been done. The reason of this

becomes evident after examination of Figure 2.1, or the table in

App.endix 1. Most of the large scale seismicity occurs along the

subduction zone, over 1200 long, and with many of the important

earthquakes having their epicenters in the sea, making very

difficult to have a sampling program that could cover all the

regions of higher probability of occurrence (zones of relative

quiescence).

However, the volcanic crises above mentioned were mostly

related to seismic swarm crises, and several of the observed

geochemical precursors have been associated to the seismic component

of the volcanic activity.

The two cases in which geochemical methods have been used to

identify precursors, the 1986 Tacana volcano seismic crisis and

phreatic explosion (3.1) and the 1991 Colima volcano seismic crisis

and effusive eruption (3.2), are described next.



3.1 CHEMICAL CHANGES OBSERVED IN SPRING WATERS AT TACANA

VOLCANO, CHIAPAS, MEXICO: A POSSIBLE PRECURSOR OF THE MAY 1986

SEISMIC CRISIS AND PHREATIC EXPLOSION.

3.1.1 INTRODUCTION

(This case is described in detail in De la Cruz-Reyna et al.,

1989). Tacana volcano (15.13°N, 92.10°W) marks the north-western end

of the active Middle America volcanic belt. Its summit serves as one

of the benchmarks of the Mexico-Guatemala border line.

Starting in late December 1985 local earthquakes accompanied by

rumble noises were reported. This activity, though moderate, caused

high concern among the population, since some of the people now

living there had been affected by the recent (1982) activity of El

Chichón volcano, 280 km north of Tacana. The earthquakes continued

through January 1986, when a portable seismic network was installed

around the volcano. At the same time, sampling and chemical analysis

of the only known thermal spring of the volcano, Agua Caliente, was

initiated.

The largest single earthquake occurred on February 3 1986,

producing some damage in adobe constructions in the town of

Ixchiguan, Department of San Marcos, Guatemala, about 25 km ENE of

the Tacana summit. Afterwards the seismic activity declined and

persisted at lower levels for about seven weeks. All of this time

the epicenters were confined to an area between 15 and 25 km E and

ENE of the volcano.

However, around April 20, 1986, earthquakes started to be félt

and heard stronger in the immediate volcano area, and the seismic

network located them in a volume below the volcanic deposits of the

W and SW flanks of the mountain. This new activity steadily

increased until May 7, when an earthquake swarm caused panic among

the population. On May 8, when earthquakes were felt at a rate of 2

or more per minute, a small phreatic explosion opened a craterlet in

the northwestern flank of the volcano at 3600 m, and almost exactly



on the Mexico-Guatemala border line. The approximate craterlet

dimensions were 20 x 10 meters, and a white steam column rose

approximately 1000 meters, when unperturbed by winds. Afterwards

seismicity declined steadily returning to the pre-April levels two

days later. However the fumarole has persisted with little change to

the present time.

An interesting feature of the seismicity is that both, the

activity prior to April 20 1986, concentrated between 15 and 25 km E

- ENE from the volcano summit, and the after-April 20, seismicity,

below the volcano, including the May 7-9 swarm had essentially the

same waveform features: well defined impulsive P and S phases and a

dominant high frequency content. This activity developed within the

high background seismicity of a region of high tectonic activity.

North America, Cocos and the Caribbean plates interact in complex

ways and local interplate earthquakes of magnitude 6 or higher are

not uncommon. However the waveform of these larger interplate

earthquakes is somewhat different to that mentioned above.

3.1.2 LOCAL GEOLOGY.

A large crystalline rock massif forming a horst structure of

granitic and granodioritic rocks of Cambrian to Permic age is the

dominant structure underlying the volcano. This granitic basement

outcrops at the base of the volcano at heights up to 2000 meters

above sea level. The Tacana volcanic products intrude and overlie

this basement forming stratified layers of variable thickness. At

least four major recent events can be recognized (De la Cruz V. and

Hernandez, 1985). In all of them the composition is

hornblende-biotite andesite. The stratigraphy of deposits suggest a

repetitive process: a major pyroclastic eruption including massive

laharic flows is followed by a dome implant and effusion of lava

flows. The oldest of these events is dated at ca. 4 0000 ybp

(Espindola and Medina, 1988). No relevant evolution in lava

composition has been reported and the volume of the ejecta has

decreased persistently. Fig. 3.1.1 schematically summarizes the

geology of Tacana volcano.



3.1.3 SAMPLING AND CHEMICAL ANALYSIS.

Sampling of the Agua Caliente thermal waters proved to be

rather difficult due to problems of access to the area. Located on

the NW flank of the volcano it is far away from any road and more

than 7 hours walking are required to reach the spring. For this

reason sampling dates were conditioned to field opportunities to

access the zone. During the collection of the water samples,

temperature was measured and discharge of the spring was estimated

from the depth of the small pool it formed. During the entire

sampling period, no changes in temperature greater than 1 C, nor

flow rate changes greater than a few percent were observed.

Temperature of the spring water still remains at 50) C.

Chemical analyses were performed by different standard methods.

Sulfates were determined by a modified turbidimetric technique,

consisting of a previous precise weighting of BaCl2 in order to

increase the reproducibility of the sulfate concentrations by means

of a better control of the turbidity. Bicarbonates were measured by

titration using a mixture of methyl' red and bromcresol green as

indicator, and heating the sample at the end of the titration for a

more accurate end point.

Iron was determined using the phenanthroline method. The

transmittances were measured using a Carl Zeiss PM2 DL

spectrophotometer with 1 cm optical path. Magnesium and calcium

concentrations were obtained through the complexornetrie titration

with EDTA. Boron was colorimetrically measured through its reaction

with carminic acid. Chloride and fluoride ion concentrations were

determined with selective electrodes. Na+ and K+ were directly

measured with a flame photometer. Finally, SiO2 concentration was

colorimetrically obtained by the molybdosilicate method.

The precision and accuracy of these methods are defined in APHA

(1975) .



3.1.4. OBSERVED CHEMICAL CHANGES IN HOT-SPRING WATERS:

IDENTIFICATION OF PRECURSORS

Figure 3.1.2 shows the variation of sulfate concentration with

time. The most important feature that can be recognized, is the

large increase in dissolved SO4~, two months prior to the seismic

crisis and phreatic explosion. The sulfate ion concentration

increases steadily since January 26, when it measured 218 mg/1 to

February 27, when it rose to 122 5 mg/1. Two days after the May 8

event, the samples show a significant decrease to 875 mg/1,

maintaining similar values until May 20, when it increases again.

After that, the sulfate concentration slowly decreases back to the

800 mg/1 range maintaining similar values afterwards. Table 3.1.

lists the concentrations read on different dates.

TABLE 3.1.1 Concentrations of different species
samples of Tacana volcano, expressed in

Date of Sampling
01-26-1986
02-08-1986
02-22-1986
02-27-1986
05-11-1986
05-14-1986
05-15-1986
05-16-1986
05-20-1986
05-26-1986
06-06-1986
06-18-1986

SO4
218
740
928

1225
875
900
867
820
1042
945
928
815

HC03~
' 911
1615
897
912

1051
1088
1091
1079
1128
1142
953
950

mg/1.

Fe

8.8
2.6
9.6
3.6
9.0

7.4
5.0
8.2

in spring

Mg++

146.9
151.8
157.2
152. 0
283.9
212.2
212.2
212.2
191.8
212.2
154.4
152.0

water

B
2.51
2.02
2.97
2. 62
3.53
2.04
2.61
3.72
2.91
1.76
3.20
2.76

Bicarbonate ion concentration shows a behavior which is

somewhat anticorrelated with that of sulfate. The bicarbonate

concentration is relatively stable over the period from mid-February

to early May, as is the sulfate concentration. However, large

changes in sulfate concentration occur simultaneously with important

changes in the opposite direction for bicarbonate (Fig. 3.1.2).

Total iron (Fetot) also shows important variations. The third

column in Table 3.1.1 lists concentration changes which roughly



correlate with the sulfate behavior. These data are plotted in Fig.

3.1.3.

Other elements which also vary significantly, are magnesium (as

Mg++) and boron, as shown in Table 3.1.1, although these changes

roughly correlate with the May activity rather than with the sulfate

variations (Fig 3.1.4).

Our chemical analyses included determinations of Cl~, F~, Ca++,

Na+, K+, and SÍO2, but no significant variations of their

concentrations, compared with the above mentioned, were found during

the sampling period.

3.1.5. GEOCHEMICAL MECHANISMS

The large increase in S04~ concentration in Agua Caliente

thermal spring water, detected nearly two months before the seismic

swarm crisis and phreatic explosion, may be attributed to the

dissolution of SO2 from a deep magma source into shallow

groundwaters, which together with other magmatic gases, found its

way to the surface by a mechanism discussed below. Increasing

emissions of SO2 prior to eruptions have been reported by raany

authors (see for instance Malinconico, 1987). The amount of rhese

ascending gases was probably not very large, but sufficient to

significantly increase S04= through the following reaction:

4SO2 + 4H2O = 3SO4 + 6H ++ H2S (1)

It is also possible that the SO4= concentration anomaly ir. the

spring waters may have a contribution from a secondary process, in

which a somewhat larger amount of magmatic gases dissolves in

intermediate or deeper groundwaters and by the above reaction

liberates significant amounts of H2S, which reacts with shallower

waters through:

H2S + 4H20 = S04 = + 10H + + 8e (2)

10



From the available data it is not possible to ascertain which

proportion of the above H2S comes from reaction (1) occurring in a

deep water body or directly from a magma source.

The above reactions may influence the carbonate equilibrium

enhancing the carbonic acid formation by the release of H+ as

follows:

CO2 + H2O = H2CO3 = H + + HCO3 " (3)

This would produce an inverse relationship between sulfate and

bicarbonate ions, since increasing hydrogen ions should produce

higher concentrations of carbonic acid at the expense of

bicarbonate.

A steep rise of HC03~ apparently preceded the increase in SO4 ~.

This suggests an earlier discharge of CO2 at about the time of the

Ixchiguan earthquakes. This may be explained in terms of the lower

solubility of CO2 in silicate melts, compared with that of sulfur.

Thus,, when new fracturing allows.the gas passage, HCO3_ is the ion

expected to rise its concentration first in the water.

Iron may be subject to redox reactions exchanging electrons

with sulfur or oxygen. Fe(II) is more soluble in water than Fe(III);

thus an increased amount of iron in solution could be related to the

release of electrons through reaction (2). In this way, increasing

oxidation of sulfide should produce higher iron values.

We do not have a clear explanation for the magnesium

variations, however it is conceivable that its higher solubility in

acidified waters may produce higher concentrations in the spring

waters by leaching of the surrounding rock.

Boron, as H3BO3, frequently can be found in high concentrations

in hot springs (Harder, 1969). Its source could be either magmatic

or leaching from country rocks; In this case, the base value (i.e.

the values corresponding to the "normal" situation), probably

results from country rock leaching. However, the observed anomaly

11



may be attributed to some magmatic gas influence since, without

significant changes of temperature of the hot spring water, an

important increase in boron concentration can only be explained by

an increased discharge of volatile magmatic boron compounds into

intermediate or shallow groundwater.

The halogens (Cl~, F~) do not vary significantly during the

sampling period. Fluorine, which could be considered a magmatic

product, probably contributed little to the spring water composition

in this case, since the HF content in volcanic gases is generally

only 1 to 2 vol-% of the total gases (Koritnig, 1969) . These low

values are a result of the high solubility of molecular fluorine

compounds in magmatic melts, compared to that of water (Martini,

1984) . If the amount of magmatic gases affecting the intermediate or

shallow water tables in Tacana is not very large, it is likely that

most of the fluorine reacts locally leaving little to be transported

as an ion to the surface spring water, or perhaps the dissolution of

fluorine compounds occurs in deeper, groundwaters allowing no

important exchanges of fluoride ions with the shallow waters.

The uniform behavior of the silica concentrations reflects no

important changes in the temperature of the water source, supporting

in this way the idea of a secondary exchange between deeper water

and shallower tables from which the spring comes.

The apparent correlation of the different ions and compounds

with the SOi~ anomaly, or with the seismic swarm and phreatic

explosion about two months later is difficult to explain by a single

argument.

If one accepts the presence of a magmatic body at an

undetermined depth, it is conceivable that the regional seismic

activity developing in the area since December 1985 produced

significant fracturing of the basement rocks, thus allowing an

increased transport of magmatic gases to the surface. The above

arguments suggest the existence of two groundwater bodies at

different depths, receiving this moderate amount of gases. The most

abundant magmatic gases like SO2 for instance, would produce effects

12



which could be immediately seen in the spring water through

mechanisms like those proposed above. Less abundant volátiles, like

boron, would first slowly affect the lower water body and reflect

its presence in the shallow waters only when increased gas transport

or saturation of deeper waters occur. This may also explain the

observed increase of non-magmatic ions like magnesium since higher

leaching would correspond to higher acidity of the shallower water

body. Unfortunately no in situ values of the pH of the spring water

could be obtained to corroborate this explanation.

3.1.6. MODEL AND CONCLUSIONS.

There is little doubt of the relation between the early

regional seismic activity, the seismic swarm crisis, the phreatic

explosion and the chemical changes observed in the Agua Calienre

spring water. The nature of the observed anomalies and the a

posteriori determined character of the May 8, 1986 phreatic

explosion are indicative that the amount of magmatic volátiles in

this process is rather small.

The changes in the observed concentrations of chemical species

suggest the existence of two groundwater bodies at different depths,

and some degree of interaction between them. The shallower waters

are represented by the Agua Caliente spring samples; the deeper ores

may be the source of the phreatic explosion.

It can thus be concluded that the activity observed in May 153 6

was of phreatic origin in the sense that the moderate degassing of a

quiescent magma body reached shallow depths through the increased

fracturing of basement rock, probably produced by regional tectonic

stresses. Deeper water underwent direct interaction (both, chemical

and thermal) with a moderate amount of the hot magmatic gases

ascending through the basement new fractures, process which

eventually evolved into the phreatic explosion. The shallower water

body supplying the hot spring water interacted chemically but not

thermally with products resulting from the deeper primary process,

producing the observed changes in the Agua Caliente samples.

13



This allows a preliminary evaluation of the volcanic risk in

the area, fixing the hazard level respect to an important magmatic

eruption in the low side, since no significant magmatic volátiles

content have been found, nor volcanic B-type earthquakes or harmonic

tremors have been so far detected. It is important, however, to

continue the chemical monitoring of the spring waters (together, of

course, with a chemical monitoring of the fumarole gases, when the

access difficulties can be solved) as well as other geochemical and

geophysical observations in order to detect signs of a future major

phreatic or phreato-magmatic event.

3.2 GEOCHEMICAL VARIATIONS IN LAKE WATERS CORRELATED WITH THE

1991 SEISMIC AND EFFUSIVE ACTIVITY OF COLIMA VOLCANO.

3.2.1 INTRODUCTION

Colima Volcano sites in an extremely complex tectonic region,

where the North American, Pacific, Cocos, and Rivera lithospheric

plates interact. Although nominally a part of the Mexican Volcanic

Belt which is pointedly non-parallel to the orientation of the local

subduction trench, the Colima- Nevado-Cántaro system appears to be

oriented perpendicular to the MVB. These volcanoes, of which the

first one is the only active one, are located within a graben

structure which trends roughly N-S and connects at its northern end

with two other graben structures, the Chápala (trending roughly E-W

and including the Primavera caldera) and the Zacoalco (trending

roughly NW-SE and including the Tequila, Ceboruco and Sangangúey

volcanoes). This arrangement has led some scientists to propose the

Colima graben as a spreading center where the Jalisco block

separates' from the continent (Luhr et al., 1985; Bourgois et al.,

1988).

Colima Volcano (19.512°N, 103.617°W), also known as Volcan de

Fuego or Volcan de Zapotlan, is an andesitic stratovolcano raising

nearly four kilometers over the sea level, and is indeed the most

active volcano in Mexico. The present cone grew within a horseshoe

14



shaped caldera-like structure 4-5 km wide, produced by a large

volcanic debris avalanche eruption which destroyed the ancient

Paleofuego volcano more than 4,000 years ago. The collapse of this

at least 10 km large volcanic building, produced a massive deposit

covering a large area 10 km south of the volcano (Robin et al. ,

1987; Luhr & Prestegaard, 1988). Currently, about a quarter nillion

people live in the area covered by the resulting avalanche deposits,

and a similar event would have catastrophic results, unless

appropriate measures are taken.

Historical activity has been reported by eyewitnesses since

1560. Over this time 29 eruptions have been recorded, from which at

least 6 have had large magnitudes and intensities (Medina, 1983,

1985; De la Cruz-Reyna, 1991; see Appendix 2) . This volcano is

indeed the most active in the country and has shown an ample

spectrum of eruption types, ranging from the most common block lava,

merapian avalanches, to intense pyroclastic explosions, like those

of 1585, 1606, 1622, 1818, 1890, and 1913, which produced large

pyroclastic flows and intense ash falls over distances hundreds of

kilometers away from the crater. Though part of the volcano risk

area is a national park, several towns, agricultural and industrial

centers have developed in- areas that may be vulnerable tc large

scale pyroclastic activity.

Currently Colima Volcano is just under 4000 m high, has very

steep slopes, and a growing block lava dome is plugging the summit

crater. The gravitational stability of such a configuratior., is a

problem which spans both scientific and public defense areas of

interest.

Since 1975, block lava flows started to develop from the summit

dome, when the crater formed by the 1913 eruption was filled by a

slowly rising magma column which overflowed, producing repea-ed

merapian avalanches. This type of activity has been repeated with

different degrees of intensity along the past decade. The latest

dome growth and lava flow formation episode started in march 1991,

and was preceded by evolving patterns of volcanic seismicity.

15



In late 1975, an extrusion event produced block lava flows

which poured through the dome, producing a significant increase in

the size and number of merapian type avalanches. This type of

activity repeated in 1982 and 1985.

On February 1991, a microseismic swarm developed in Colima

volcano and persisted with fluctuations in intensity and rate of

occurrence until the beginning of March. Contemporary to this, a new

scoria-encrusted lobe extruded on the SW sector of the summit block

lava dome of the volcano Figure 3.2.1. Increased fumarolic activity

had also been present for the last few months. This lobe grew

generating numerous avalanches, first of displaced older dome

material and of mixed juvenile and older material later. On April 16

and 18, relatively large amounts of dome and lobe materials produced

the largest avalanches ever observed. The amount of dust displaced

by these avalanches gave the impression that a large pyroclastic

eruption was taking place. However, these "dust flows" can not be

called actual pyroclastic flows since the material was powdered by

effect of the avalanche rather than by explosions within the

volcano.

Nevertheless, given the history of this volcano, there was big

concern about the possibility of a large scale eruption developing,

and all available methods of monitoring were applied.

3.2.2. MONITORING OF COLIMA VOLCANO

Small scale monitoring began in 1975, when portable seismic

stations were operated there for limited periods, some geodetic

baselines were established and a net of radon detectors was

implanted around Colima volcano. This type of sporadic observations

continued until 1989, when a permanent telemetric seismic network

began to be deployed to study the seismic activity (tectonic and

volcanic) in the region (Castellanos et al, 1989). Currently, this

network consists of 5 close range short period vertical seismometers

distributed on and around the volcano and radio linked to a .central

receiving and processing unit. Another two telemetric stations are
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located 35 and 40 km south and SW of the volcano to study regional

seismicity. This network was purchased by the government of the

State of Colima and is operated by the University of Colima. A high

stability Blum tiltmeter has also been recently installed in the

volcano within a joint Mexico-France program.

Regarding geochemical methods, water samples were taken from

the nearby lakes, water streams, and two cold water springs, for

geochemical analysis and several airborne COSPEC neasurements were

made.

3.2.3. DESCRIPTION OF THE RECENT ACTIVITY

Steadily increasing fumarolic activity and more frequent small

merapian avalanches from the summit crater, preceded the recent

activity, which begun on february 14, when seismic activity at

Colima Volcano started to increase from a base line level of 1 or 2

very small A-type earthquakes per day to several significantly

larger A-type events per hour plus - never before observed, B-type

earthquakes - at a rate of about 2 per hour. This type of activity

had no precedent in the history of observations of the volcano.

Within a few hours, the seismic activity increased fivefold. Between

february 14, and february 15, more than 110 earthquakes were

identified. At 23:05, february 14, an earthquake with duration

magnitude estimated to be greater than 3, was followed by the

largest B-type event so far measured, and marked the beginning of a

decrease of this first stage of seismic activity.

On February 24, a new swarm developed producing about 150

recognizable events in 24 hours, a number that increased to 180 for

the next 24 hours. Again A and B type earthquakes vere detected and

frequent small to medium (non-incandescent) merapian-like avalanches

sled along the flanks of the volcano from the crumbling edges of the

summit dome. A white (sometimes light gray) fumarole was produced

from the dome, some times reaching heights of the order of 1500 m

above the summit. At this stage, little correlation between A or B

type earthquakes and dome avalanches - which produced a distinct
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higher frequency signal - was observed, although some times fairly

large B-type earthquakes seemed to trigger avalanches.

After February 25 a period of relative quiescence followed,

after which seismic activity increased again to a rate of about 130

events per 24 hours. This second micro-seismic crisis began to

decrease after February 27 and the number of avalanches increased

getting a maximum on March 2. Previously, on March 1, a dome shaped

black lobe was observed for the first time, growing on the SW sector

of the summit dome.

Seismic activity decreased after March 3, but the growth of

extrusive lobe towards the southern rim continued, and begun to

cover a substantial portion of the dome. Merapian avalanches

continued all the time.

On March 14, very low amplitude non-harmonic tremors of low

amplitude persisted for 3 6 hours. These ended after the occurrence

of a relatively large earthquake, accompanied by a visible steam

explosi.on in the summit dome. During March 29-3 0 a third

micro-seismic crisis was recorded by the stations closest to the

volcano; it consisted of sequences of one relatively large

earthquake followed at regular intervals of about 16s by smaller

ones having the same shape and amplitudes decreasing exponentially

with time. An explosive fumarole in the summit was observed at the

time of the first, and largest, event of the series. During the rest

of the time, micro-seismic activity was relatively low, typically a

few B type events per day, until April 12 when a new micro-seismic

crisis began with about 110 events per day, and lasted until April

13, when the seismicity returned to background level. At this time,

a new source of fumaroles was observed to the SE of the dome.

On April 16, the merapian avalanche activity increased, and

after some relatively large, shallow, volcanic earthquakes, and

heard explosions, a fairly small part of the lobe, carrying a

significant amount of older material from the summit dome, collapsed

during a protracted series of avalanches accompanied by medium size

earthquakes and large dust clouds. The records from the closest
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stations were saturated by the avalanche signals. Wind carried most

of the dust to the SE, producing light ashfalls on towns in that

sector at distances up to 30 km. That night, incandescent points

were observed in the dome and sliding downhill.

Afterwards, a block lava flow started to develop from the SW

sector of the summit dome.- Frequent small incandescent avalanches

issued from the lava front, and occasionally from the top and flanks

of the lava flow, particularly the eastern flank. The rock

avalanches and associated dust clouds have been repeated with

different degrees of intensity up to date. Small wave-package events

(short trains of waves with well defined envelopes lasting a few

seconds), which at times were seen to correlate with visible

explosive activity at the summit, were observed on the seismic

records.

Alert warnings were issued, and transportation was made

available by Colima and Jalisco State Civil Defense Systems for

possible evacuation of towns in the risk area, up to 12 km in the SW

sector. The lava flow is currently about 2000 m long, 100-200 m wide

and about 10-20 m thick. This corresponds to a lava production rate

of about 5000 - 10000 m3/day. Further observations of the dome

showed that the July 2, 1987 (SEAN, 1987) depression on the NE

sector of the dome had a ring-like pattern of fumaroles around its

rim. A double whitish fumarolic column has been continuously issued

from the northern sector of the area of extrusion of juvenile lava,

and some incandescence has been observed in rhis sector. The height

of the fumarole may be as high as 1500 meters, or as low as a few

tens of meters, under similar wind conditions.

Three canyons of the main volcano drainage system towards the

SW and S were filled up with avalanche-derived clastic material,

most of which is very fine powder. This material had a non-compacted

volume on the order of 106 m3. A lahar warning was issued for the

approaching rainy season (which usually begins in middle June).

Fortunately, the onset of the rains was slow, and the dust was

harmlessly washed away.
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In early June, the appearance of well defined harmonic tremors,

in two occasions lasting up to 4 hours of continuous - almost

monochromatic signals - caused some concern among the observers.

However, this type of seismic signal was not correlated with any

changes in the gentle effusive activity other than reports of

whistle-like sounds originating at the dome, nor with any other

types of earthquakes. It was thus concluded that the tremor was

probably produced by increased hydrothermal activity at the dome

caused by the onset of the rains.

3.2.4. OBSERVED CHEMICAL ANOMALIES

Some 10.5 km due southwest of the volcano, an important change

was observed in the water of a small group of lakes belonging to a

private ranch. The caretaker reported on March 7 that the level of

the lakes had dropped about 30 cm in 24 hours and that fish were

dying at a high rate. A quick analysis of the dying fish showed no

evident signals of disease and no other bird or mammal species

living around the lakes appeared to be affected.

3.2.5. SAMPLING AND CHEMICAL ANALYSIS

Water samples were taken from the lakes in order to determine

if there had been any important chemical anomaly in the water

composition due to the volcanic activity. Different preservatives

were added to the samples depending in the analyses to be performed

in the laboratory. Temperature and pH were measured in the field.

Chemical analyses included: Na+, K+, Ca +, Mg2+, HCO3", CO32 ,

0H~, Cl~, S042~, L (conductivity), SÍO2, B, Fe, F ~, S 2~and As.

Standard wet methods were applied. Sodium and potassium by flame

photometry. Calcium and magnesium by complexometric titration.

Alkalinity by titration with HCl, using bromcresol green and methyl

red as indicator. Chloride and fluoride were measured with selective

electrodes. The conductivity value was obtained by means of a
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conductivity cell. For the determination of SÍO2 and B the

spectrophotometric method was used, silicon by means of the

formation of yellow molibdosilicate, and boron through its reaction

with carminic acid. Iron was measured with an atomic absorption

spectrophotometer. An specific sample treated with sodium carbonate

and zinc acetate was taken for the sulfide determination which was

performed also colorimetrically by the blue methylene method.

Sulfates were obtained by turbidimetry. Finally arsenic was analyzed

through the arsine generation and colorimetric determination.

3.2.6. OBSERVED CHEMICAL COMPOSITIONS

The pH values were all alkaline (2: 8.0). This contrasts with

the pH measured in water samples of the same area on March 1985 by

Martini which were slightly acidic (around 6.0).

Hydrogeochemical classification of the waters was done by means

of Piper diagrams (Figs.3.2.2 and 3.2.3) showing a Bicarbonate mixed

type of waters. Another difference with the analyses done by Martini

in 1985 (personal communication) which showed a bicarbonate sodium

type.

Principal ions did not show important concentration variations

during the sampling period (February-April 1991) (Figures 3.2.4 and

3.2.5). Bicarbonate concentrations were around 6 times the chloride

concentrations and around 4 times the sulfate concentrations.

Sulfide or arsenic were not detected in any of the samples.

Minor species (boron and iron) did show variations, although

not very large. Boron concentration increased in the sample taken

around the date of extrusion of the lobe, and iron concentration

decreased with time (Figure 3.2.6).

Saturation indexes were obtained for anhydrite, calcite,

aragonite, dolomite, gypsum and magnesite. The values were greater

than 1 for calcite, dolomite, aragonite and magnesite, indicating an

oversaturation of the water for these minerals. Figures 3.2.7 and
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3.2.8 show their variation with time. No important changes were

observed for the samples taken from "La Becerrera". The water from

"Schulte" showed some variations, the most remarkable one being the

increasing with time of the saturation index for dolomite.

3.2.7. MODEL AND CONCLUSIONS

COSPEC (Correlation spectrometry) airborne measurements, were

done in collaboration with Dr Stanley Williams of the Louisiana

University (Dr. Williams is currently at Arizona State University)

started on April 25. They showed SO2 production rates on the order

of 3 00 - 600 ton/day, similar to those observed in 1982 by

Casadevall et al. (1984). These stable low levels are consistent

with the relatively low energy released by seismicity and support an

interpretation that the present cycle of activity does not yet

include important quantities of new magma or magmatic gases.

This is apparently inconsistent with the relative high levels

of carbonates and bicarbonates relative to the other anions observed

in the water samples, which could be attributed to the dissolution

of CO2 coming from a magma body. However, one could say that the

anomaly observed in the water samples is a rather small

contribution, for other magmatic gases did not show any significant

increase.

The values of the saturation indexes for the minerals

containing magnesium and calcium and the increasing of the dolomite

saturation index with time, indicates that leaching of country rocks

may be the cause of the amount of carbonates and bicarbonates giving

them to the water together with calcium and magnesium.

The moderate amount of boron which showed some correlation with

the activity may indicate some interaction of the water with

magmatic gases.

The observed chemical variations led to the conclusion that the

effusive activity of the volcano, with its associated shallow
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seismicity, has modified the groundwater flow patterns by cracking

the shallow crust and by changing the stress patterns, allowing an

increase in the leaching of the country rock, and also the contact

with a slightly increased volume of magmatic gases.

The observed stable low levels of SO2 in the volcanic column,

the mixed character of the water sampled anomalies and the absence

of significant deep seismicity supported an interpretation that the

present cycle of activity does not yet include important new magma

or magmatic gases, and the tremors, which have not been repeated

since, have been attributed to hydrothermal activity in the dome

enhanced by the beginning of the rainy season.

4. THE MEXICAN EXPERIENCE WITH ISOTOPIC PRECURSORS OF THE VOLCANIC

AND SEISMIC ACTIVITY

Isotopic methods, mostly radon-in-soil, is also a relatively

new development in Mexico. However, it has have been used more

extensively than geochemical methods due to the relative simplicity

of the sampling and its low cost. This technic has been used in

different sites for different purposes, like seismic and volcanic

monitoring (De la Cruz-Reyna et al., 1985; Segovia et al, 1986),

studies of environmental radon levels (Segovia et al., 1987, 1988,

1989, 1990), geophysical and geochemical surveying (De la Cruz-Reyna

et al, 1986) and it has rendered positive results as (a posteriori)

recognizable precursors during large seismic and volcanic events.

The analysis of radioactivity levels of volcanic products have

also produced some interesting results, as a possible source of

information that may help to develop volcanic risk criteria.

One case in which a clear correlation between important

radon-in soil anomalies were related to a large volcanic eruption is

discussed in section 4.1. The results of radioactivity analysis of

volcanic eruption products in terms of volcanic potential are

described in section 4.1.6. Finally, a case in which a significant
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radon in soil anomaly may be interpreted as a precursor of a large

earthquake is discussed in section 4.2.

4.1. RADON EMANOMETRY IN SOIL GASES

4.1.1 INTRODUCTION

El Chichón Volcano (17.36°N, 92.23°W) in the state of Chiapas,

mexico, erupted violently on March 28, 1982. Two major eruptions

followed on April 3 and April 4, 1982. The preceding seismic

activity was recorded by a seismic network operating at 27 an 62 km

south of the volcano (Havskov et al., 1983). After the first

eruption, more detailed seismic monitoring of the volcano continued

using a portable network. At the same time, monitoring of radon

content in soil was initiated in order to study the degassing

behaviour of the area adjacent to the volcano.

In general, it is conceivable to associate radon concentration

variations' with changes in flow patterns of diverse fluids within

the ground, resultant from modifications in local stress fields of

the terrestrial crust. An easily detectable tracer for gas flows is

Rn (radon), a naturally radioactive noble gas emitting 5.48 Mev

alpha particles in its decay to Po, with a mean life of 3.825

days. Other naturally occurring Rn isotopes, 220Rn (thoron) and
219

Rn (actinon) can follow fluid flows in the ground, but their

short half lives, 55s, and 3.92 s, do not permit significant

transport. Alpha particle track detection allows to detect very low
222

levels of Rn, free from interference from other earth

radioactivity (Fleischer and Mogro-Campero, 1978). The evidence that

radon concentration in soil gases undergoes significant changes in

correlation with volcanic activity is growing rapidly. Reports by

Cox et al. (1980), Seidel and Monnin (1982), and other show that

anomalies in radon concentrations in soil can lead to a better

understanding of the volcanic phenomena and have a significant

forecasting value. Positive radon anomalies observed in hot springs

(Chirkov, 1975) were correlated with eruptive events. Gasparini and

Mantovani (1978) suggest that an increase in radon emission could be
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produced either from fractured rocks heated by magmatic gases, or by

direct emission of radon from magma body reaching shallow depths.

Del Pezzo et .al. (1981) conclude that radon anomalies might

correspond to an increase of magmatic pressure at depth.

We report here the variations of radon content in soil

following the eruptions of March-April, 1982 at El Chichón Volcano,

and the high activity of radon and thoron daughters in its erupted

products.

4.1.2. THE VOLCANO SITE AND ACTIVITY

El Chichón is located half-way between the eastern end of the

Mexican Volcanic Belt and the northern end of the Central-America

volcanic belt, in a region of thick sedimentary rock strata (Fig.

4.1..1). The sedimentary beds are folded, forming a sequence of

anticlines trending NW-SE which covers an ample area of the central

and northern Chiapas.

El Chichón intruded through the sediments over a small syncline

between the Union anticline (with its axis about 5 km W of the

volcano) and Caimba anticline (with its axis some 7 km E of the

volcano). Descriptions of the geological setting can be found in

Canul et al. (1983), and in Duffield et al. (1984). The regional

stratigraphy has been described in detail by Santiago-Acevedo (1962)

and Lopez-Ortiz (1962).

The oldest formation (Salty Formation or red beds), averaging

800 m thick, of Triassic-Jurassic age, contains oceanic and

continental sediments. It underlays a Late-Jurassic-Early Cretaceous

evaporite deposit that consists mainly of anhydrite and halite, as

found in a borehole 6 km W of the volcano (Santiago-Acevedo, 1962) .

Upper-Cretaceous deposits consist of alternate limestone and lutite

beds. El Chichón stands on exposed Oligocene and Eocene rocks, that

in other regions of "Sierra Madre de Chiapas" form massive deposits

up to 5 km thick of alternate lutites, sandstones and conglomerates,

with some horizons (5-30 cm thick) of volcanic ashes interbedded
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with the uppermost lutites (Santiago-Acevedo, 1962).

El Chichón is a complex of andesitic domes, talus breccias and

pyroclastic and air-fall deposits (Rose et al., 1982). Prior to the

1982 eruptions, its central dome raised nearly 1300 m over sea

level. The March-April, 1982 eruptions removed the 1 km diameter

central dome producing a crater with the same diameter and 3 00 m

depth. Part of the floor of the crater is now partially covered by

an acid, Cl and S rich lake (Casadevall et al., 1984).

The total amount of material ejected by El Chichón during the

March-April plinian eruptions was about 0.54 km3, from which 0.18

km3 correspond to removed rock debris and 0.36 km3 (density

normalized to 2.6 g/cm3) to juvenile material. The three major

eruptions were similar in the volume of ejected juvenile material,

although the first (March 28) and the third (April 4) produced

mostly tephra-fall, while the second (April 3) produced pyroclastic

flows, pyroclastic surges and tephra-fall. The composition of the

erupted products is the same for the three eruptions, porphyritic

trachyándesite, relatively rich' in S03 and K2O/ containing

phenocrysts of plagioclase, hornblende, augite, anhydrite,

titano-magnetite, apatite, sphene, pyrrohotite, and biotite (Luhr et

al., 1984; Cocheme and Demant, 1983; Prol et al., 1982); and

previous activity dated at about 650 yr BP and 12 50 yr BP show no

important differences from this composition (Duffield et al., 1984;

Tilling et al., 1984; Rose et al., 1984).

Microprobe and neutron activation analyses reported by Luhr et

al. (1984) show that fresh pumices of the 1982 eruptions of El

Chichón contain a high proportion (2%) of anhydrite, precipitated

directly from the melt, accounting for almost all the whole-rock

sulfur. Apatite is reported to appear commonly as an inclusion in

anhydrite. The uranium and thorium contents found by Luhr et al., in

the pumices are 3.2 ppm and 10.3 ppm respectively. These values are

high when compared with average values reported for andesites (see

for instance Taylor, 1968, who found typical values of 0.69 ppm and

2.2 ppm for U and Th contents in 18 samples of western Pacific

andesites) . The highest concentrations of U and Th in the mineral
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separates were found in sphene and anhydrite (mostly through its

apatite inclusions). Isotopic analyses by Rye et al. (1984) suggest

that the high values of a31s for the bulk magma may indicate

assimilation of evaporites, although the "normal" (slightly high)
1 ft

d o values in crystals, glass and pumices gives no evidence of

extensive assimilation of sedimentary rocks. Rye et al. conclude

that the sulfur in the El Chichón magma may have two possible

non-exclusive origins: assimilation of continental evaporites and

partial melting of sulfide deposits in the subducted plate beneath

El Chichón. To these peculiarities of El Chichón activity, one more

can be added: The high radon and thoron activity induced in the

environment by the eruptions.

4.1.3. RADON MONITORING IN SOIL

The experimental set-up for radon monitoring in soil, as

described by Seidel and Monnin (1982), is shown in Figure 4.1.2. A

shallow hole, 1 m deep, is drilled at each site where radon is to be

monitored. The hole is sheathed with a 4 cm diameter, 100 cm • long

PVC pipe. A smaller tube, 2.2 cm internal diameter and 30 cm long,

is inserted inside the pipe and dropped to its bottom. An

integrating track detector, cellulose nitrate LR-115 type II,

manufactured by Kodak-Pathe, is secured on the top of the inner

tube, its sensitive surface facing down. Both tubes are closed to

minimize atmospheric effects, and the space left between the inner

tube and the top of the external pipe is filled with a thermal

insulating material. This helps to reduce moisture condensation on

the detector surface. The diurnal temperature variations at the

depth of the detector are estimated to be no greater than five per

cent of the surface variations. Since atmospheric temperature

variations in El Chichón latitude are small, (no more than about 15

C maximum difference between extrene temperatures), cumulative

effects of temperature variations on the detectors are neglected.

The position of the detector in the tube is such that only

alpha particles from decays occurring within the tube are recorded.

The length of the inner tube (30 cm) is such that any thoron gas
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that may add some unwanted contribution to the radon tracks counting

will decay before reaching the detection volume under the detector.

After exposure, the detector is chemically etched to enlarge

the paths of the alpha particles produced by the decay of radon and

its daughters. The etching is performed in a 2.5 N, NaOH solution at

55°C, during a time previously established to reduce the 12 mm

original thickness of the detecting foil to 6 mm.The evaluation of

the number of alpha tracks in each detector is performed with a

jumping spark counter (Maldonado et al., 1982). Overall background

of detector-measuring system is measured as the number of spark

counts on an unexposed detector that has been chemically etched.

This number is then subtracted from exposed detectors. Unexposed

detectors are stored in sealed polyethylene bags at low temperature

to prevent any degradation of the detecting film and to reduce

contamination from atmospheric radon. Periodic,, testing of the

detector stock shows that, even for films that have been stored for

several months, the background levels are in the range of 3 to 5

tracks/cm , this back-ground level is neglected; otherwise it is

systematically subtracted from the measured track counts. Standard

deviation of repeated readings on each detector with the spark

counter is always less than 3 %.

The number of tracks in field-exposed detectors is proportional

to the radon concentration in the detection volume under the

detector and is reported in units of tracks per square centimeter

per 7 days exposure. According to the range of alpha particles in

air and the energy sensitivity range of the LR-115 film detector

(0.6-4.4Mev), and using the geometrical relations reported by

Somogyi et al. (1984), an activity equivalent for the detector

counts reading is 3.0 tracks/cm week-pC/1.

4.1.4. RADON MEASUREMENTS AT EL CHICHÓN VOLCANO

Radon concentrations have been monitored in five fixed stations

located on the north region of El Chichón volcano. The sites for

these stations are shown in Figure 4.1.3. The exposure time for each
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detector fluctuated from one to several weeks. At the end of a

sampling period, each batch of detector was sealed in a polyethylene

bag and given to a central laboratory where it was washed and

chemically etched within the next 2 days. After etching, the

stability of alpha tracks is very high and no special storing

conditions were the required.

Soil samples from the bottom of the radon monitoring sites were

taken in order to measure the uranium content of pre-eruption soil.

These samples were dried and pulverized. Uranium was extracted with

ethylacetate for fluorimetric determinations using the method

described by Korkish et al. (1973). The results of uranium content

in soils collected at the bottom of radon monitoring stations around

El Chichón are shown in Table 4.1.1. Typical uranium concentration

in most soils was 1.7 ppm.

Table 4.1.1.
Uranium content in soil samples obtained at the bottom of
different sites around the northern region of El Chichón volcano.

Location U (ppm)

Ixtacomitan 2.3
Caimba 1.7
Nicapa 1.7
Ostuacan 1.7
Poste Eléctrico . 1.7

4.1.5. TIME EVOLUTION OF RADON ACTIVITY. POSSIBLE CAUSES

The evolution of radon activity in the stations Ixtacomitan,

Ostuacan, Nicapa, Caimba and Poste Eléctrico is shown in Figure

4.1.4. In Ixtacomitan and Ostuacan, sampling was performed between

the eruption time and January, 1983. The remaining stations were

lost during the summer of 1982 due to the floods produced by the

heavy rainfall and the deposition of tephra in streams.

The radon emanation shows a general tendency to decrease with

time. However it is particularly noticeable that on 3 stations a

significant increase occurred between May and June.
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The validity of those results might be questioned. Was it

really something happening in depth, or are we dealing with an

experimental mishandling or with environmental effects? Let us first

discuss the increase exhibited by the May 26-June 10 exposed

samples. Since all the detectors from each batch (collected within 3

days) were processed simultaneously, had it been an experimental

error they should increase or decrease all alike. In addition the

respective variation should be proportional. None of these events

occurred: while Ixtacomitan, Ostuacan and Caimba stations showed an

increase, Nicapa and Poste Eléctrico stations showed a constant

activity. Mishandling is therefore ruled out.

Let us now consider the radon-measurements corresponding to

June 10-June 23 exposure time, the rainy season started in the

Chiapas state at this time. The direct dependence of radon outflow

from soil as a function of rainfall is reported by Seidel (1982).

Taking this into account, a cross-correlation analysis has been done

on the rainfall data obtained in the Pichucalco meteorological

station and the radon readings in Ixtacomitan and Ostuacan. The

cross-correlation functions show low values at low and high shifts

and a peak at half-year shifts (Figure 4.1.5), suggesting that the

initial high values in radon are unrelated to the weather, while the

smaller variations in radon counts that follow are strongly

conditioned by precipitation.

The peaks in radon counts appearing in May could be related

with the flood that occurred on May 26, 1982, when a pyroclastic

deposit dam on the west flank of the volcano failed and released

some 107-108 m3 of water and mud along the Magdalena-Ostuacan river

course. This phenomenon surely produced an abrupt change in the

hydrological regime of the whole region as reflected in the radon

peaks of Ixtacomitan and Ostuacan corresponding to these data. These

results support the argument that the radon values directly related

to the eruptions of March-April 1982 have been decreasing, and

variations on this pattern are produced by external factors on the

hydrological regime, like rainfall or floods. Figure 4.1.4 shows

that about six months after the eruption, the radon track density in
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Ixtacomitan and Ostuacan remains constant in the levels of 50-100

tracks/cm3 week.

Observations re-started in Ostuacan in October 1983 show no

significant departure from this pattern. These levels can therefore

be assumed as the steady-state radon output in the vicinity of El

Chichón. The one order of magnitude increase in radon activity

measured during the eruption is discussed below.

4.1.6. RADIOACTIVITY OF EL CHICHÓN ASHES. IMPLICATIONS ON THE

ERUPTIVE MECHANISMS

All three major 1982 eruptions of El Chichón ejected large

tephra columns some 17 km or more, high which spread laterally in a

short time. For instance, the column of the first eruption was 100

km_in diameter 40 minutes after the onset of activity (SEAN, 1982).

Ashfall covered an ample area around the volcano. Measurable amounts

of ash-fall deposits and falling ash particles could be collected in

the "Laboratorio de Monitoreo y Dosimetría Ambiental, Comisión

Federal de Electricidad", a nuclear power plant in construction at

that time in El Farallón (Veracruz), some 450 km NW of the volcano.

Sampling was done on March 30 and 31, 1982. The radioactivity of

potassium-40 and radon and thoron daughters was measured by

gamma-ray spectroscopy. The following results were obtained

(Heredia-Naal et al., personal communication).

March 30, 1982. Ash-fall deposit sample:

a) Activity of Rn daughters
PI p

Pb: 6.93 ± 0.42 pC/g

B i : 7 . 1 2 ± 0 . 3 2 p C / g

A c t i v i t y r a t i o 2 1 2 B i / 2 1 2 P b = 1 . 0 3

222

b) Activity of Rn daughters

Pb: 602 ± 39 pC/g

Bi: 1585 ± 75 pC/g

Activity ratio Bi/ Pb =2.6
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c) Activity of 40K: 28.2 ± 2.9 pC/g

March 31, 1982. Sample of particles in air:

a) Activity of 220Rn daughters

Pb: 2.01 ± 0.16 pC/m
pip o

BJL: 2.14 ± 0.14 pC/m

Activity r a t io 212Bi/212Pb = 1.07

b) Activity of 222Rn daughters
Olí o

Pb: 4 2 . 8 ± 2 . 8 pC/m
2 1 4 Bi : 124 .8 ± 11 pC/m3

A c t i v i t y r a t i o 2 1 4 Bi/ 2 1 4 Pb = 2 . 9

222 220

Activities of Rn and Rn daughters are much higher that

one would expect from the reported values of uranium and thorium
40

content of erupted rocks. However, observed K activity would be

consistent with 4.0 ± 0.4 wt. %K20 concentration (assuming that all

the potassium in the rocks is in such form), in reasonable agreement

with the reported values of 2.56-3.28 wt. % (Rose et al., 1984), 2.8

wt. % (Pumices) (Luhr et al., 1984), 3.5 wt. % (Ashes) (Varekamp et

al., 1984), 2.6-3.6 wt. % (Cocheme and Demant, 1983), and 2.69-3.86

wt. % (Prol et al., 1982) for K2O concentrations in El Chichón

erupted rocks. A possible origin of such high radon and thoron

daughters activities is discussed below.

4.1.7. DISCUSSION: MODELS FOR THE RADON-IN-SOIL ANOMALIES AND

HIGH RADON DAUGHTERS RADIOACTIVITY IN ASHES.

The results presented in the previous paragraphs can be

summarized as follows:

a) During the eruption, radon activity levels observed in soil at

distances 6 to 12 km from the volcano showed values one order of

magnitude greater than normal. Afterwards, this activity decayed in

a crudely exponential way with a half life time of about one month.

Departures from this pattern observed during the summer of 1982 were
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most likely produced by external factors like rainfall and floods,

b) Activity of radon daughters (214Pb and 214Bi) and activity of
212 212

thoron daughters ( Pb and Bi) measured some 3 3 hours after the

onset of the first eruption in distal ashfall deposits, showed very

high values. If Pb and Bi activities were in equilibrium with the

reported U and Th contents in juvenile ejecta of El Chichón, the

expected activities should have been three orders of magnitude

smaller than observed for Rn daughters and a factor of about 6

smaller for 220Rn daughters. Moreover, the parent-daughter activity
212 212

ratios Bi/ Pb measured on March 30 and March 31, 1982, suggest
40

relatxve equilibrium between them, and K activity is consistent

with reported concentrations of K2O in juvenile ejecta. On the other

hand, 214B

nuclides.

hand, Bi/ Pb activity ratio shows non-equilibrium between those

These results are somewhat puzzling, but can be explained

looking closely at the half-lives of the involved nuclides (Table

4.1.2). During the eruption it is likely that a large proportion of

the radon and thoron contained in the magma body was released due to

violent degassing. Since the half-life of thoron is only 54.5 sec,

and the half-lives of Po and Po are short as well, it can be

said that all the degassed thoron (and subsequently all the 16Po) ,

but only a part of the radon decayed in the site of the eruption.
212 212

Therefore, Bi and Pb were in equilibrium when the ashes were
212

collected some hours after Pb started to decay as if it were a

primary parent. According with the radioactive decay laws, the
212 212

activity ratio between Bi and Pb should de 1.105, a- value

which is consistent with the observed 1.03 and 1.06 ratios for such

activities.
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Table 4.1.2. Half-life data of some nuclides found in El Chichón
ashes

Uranium Series
Nuclide Half life

222

Thorium Series
Nuclide Half life

Rn

2 1 8 Po

2 1 4 Pb

2 1 4 Bi

3 .

3 .

2 6

19

*in 99.97%

8 2 b

0 5

. 8

. 7

d a y

min

*
mm
m i n

Rn

2 1 6 Po

2 1 2 Pb

2 1 2 Bi

*
in 99

5 4

0 .

1 0

6 0

.987%

• b

1 5 8

. 6

. 5

s e c

s e c

*
hr

m i n

If the hypothesis that most of the thoron gas released at the

time of the eruption was coming from the magma is accepted, it is

the possible to make an estimate of the volume of magma that

underwent substantial decompression.

Assuming that prior to the eruption, the U and Th radioactive
212 212

series were m equilibrium within the magma, the Pb and Bi

activities expected to be in equilibrium with the reported 10.3 ppm

of thorium (Luhr et al. , 1984) should be 1.14 pC/g. But observed

values of the activities of those nuclides were about 7 pC/g as

measured some 30 hours after the eruption. If from this we subtract

the activity in equilibrium from the existing Th, then an "excess"

activity of about 5.8 pC/g remains in the ashes. When this value is
212

taken to the time of the eruption, the activity of Pb should have

been about 36 times the expected activity to be in equilibrium with

the measured content of thorium.

Inasmuch as 0.36 km2 of magma was released during the first

eruption, one ends with a rough approximation of 13 cubic kilometers

of magma having degassed its thorium content, and having it rapidly

decay into Pb, during the March 28 eruption. There is, however,

no conceivable mechanism which permits an explanation of the very

high activities of 214Pb and 214Bi from the radon degassed from such

volume, at the reported uranium concentrations in El Chichón magma.
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The expected activity of each of those nuclides when in equilibrium

with 3.2 ppm of uranium is only 1.07 pC/g. In order to explain the

high level of activity of Bi it is proposed that an important

amount of the radon contained in the rock surrounding the magma body

was transported into it and dissolved in the melt. This argument can

be supported from the fact that water above its critical point

(374°C, 218 bar) and any noble gas would be perfectly miscible (Pray

et al., 1952; Mitchell and Terrell, 1984). Supercritical pressure

conditions are attained at depths below about 800 m, and the

temperature of the very water-rich melt is reported to have been

around 800°C (Luhr et al., 1984).

It is thus likely that an important exchange of soluble gases

existed between the surrounding rock and the melt, mainly via

supercritical water circulating over distances of several

kilometers. This interaction may have actually accounted for some of

the shallow seismic activity, types 1 to 3 reported by Havskov et

al. (1983), which was distributed over a volume with a typical

vertical extension of about 5 km and an horizontal extension of the

order of 10 km, as can be observed in the spatial distribution of

foci in Havskov's paper. If a significant proportion of the radon

contained at a certain time in a volume of surrounding rock, about

three orders of magnitude larger than the volume of the melt, was

removed by supercritical water and other fluids, it is then possible
222

that large amounts of Rn dissolved in the magma during the

eruption, when the release of pressure in the magma chamber made

likely the rapid inflow of surrounding fluids into the melt. This

effect should have been unimportant for thoron due to its short

half-life.

The high values of radon in soil measured at distances of

several kilometers from the volcano (Figure 4.1.3) may be related to

the above effect in more than one way. The relatively slow decay of

the radon activity in soil cannot be produced by normal decay of

sources placed near the surface by the eruption, but rather by a

decreased release of radon at different depths. The way in which

this occurs depends on many unknown factors, like flow patterns of

underground fluids, pressure and temperature distributions and their
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changes at depth, and in general, the whole dynamics of the

magma-surrounding rock and fluids system. It is likely however, that

one of the dominant factors governing the release of radon towards

the surface was decreased uprising of radon rich fluids and (or)

their decreased radon content due to the lower solubility resultant

from the lower temperatures consequent with the release of large

amounts of thermal energy during the eruption.

4.1.8. CONCLUSIONS AND APPLICATIONS

The very high activity of radon and thoron daughters observed

during the 1982 eruptive episode of El Chichón volcano, and the high

radon outflow from soil measured over a large area around the

volcano, during and after the activity, indicates that the transport

of radon and thoron during the large eruptions is important both in

the melt and in the surrounding rock. The measurement of the
212 212

activity of thoron daughters Pb and Bi during explosive

activity may actually provide the means to estimate the amount of

magma undergoing degassing and, after comparison with the ejected

volume at some stage of the eruptive episode, give some indication

about the possibility of further eruptive activity, as the

relatively high activity of thoron daughters measured in the

products of the March 28 eruption suggested that only a fraction of

the available magma had been ejected. The following major eruptions

of April 4 and 5 indeed confirmed that.

The large area over which radon anomalies in soil were observed

should also be regarded as an indicator of the presence of an-

important volume of magma, at high pressure and temperature, capable

of producing strong alterations in the underground flow patterns

over distances of the order of ten kilometers. The matter of what

proportion (if any) of the radon observed in surface stations at

such distances could actually proceed from the magma cannot be

answered with the available information.

In addition to the anomalies in short-lived radon and thoron

daughters discussed here, when eruptive activity actually develops,
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abnormally high activities in long-lived radon daughters has also

been reported in other cases (Polian and Lambert (1979) in Erebus

volcano, Lambert et al. (1976) in Etna, Bennett et al. (1982), Le

Cloarec et al. (1986a, 1986b) in Mount St. Helens, and Lambert et

al. (1979,1982a,1982b) in several other volcanoes), suggesting a

rupture of the radioactive equilibrium with their respective

long-lived parents due to the loss of Rn during the magma

degassing associated with the eruption. The relations of such

anomalies with the size of the magma reservoir, or rather with the

amount of degassed magma, may provide a powerful tool for the

evaluation of the explosive potential of an active volcano.

It is therefore recommended that in the event of a large

eruption, precautions are taken to closely observe the activity of

radon, thoron and their daughters both in juvenile ejecta and

surrounding soil and rock, as well as the uranium and thorium

contents of the erupted products, in order to determine whether

similar patterns of behaviour can be established.

4.2. RADON IN SOIL ANOMALY OBSERVED AT LOS AZUFRES GEOTHERMAL

FIELD, MICHOACAN: A POSSIBLE PRECURSOR OF THE 1985 MEXICO

EARTHQUAKE (Ms=8 .1)

4.2.1. INTRODUCTION

The use of 222Rn as a tracer of pore fluid motions has proved

useful in the study of possible precursors of earthquakes

(Mogro-Campero et al., 1980; King, 1980; Wakita et al., 1980), and

fault location and displacement (King, 1985; Tidjani et al., 1987).

Since 1981, we have been operating a radon network in seismic

and volcanic areas in Mexico. In addition, since 1985, we have

maintained a similar survey in the Los Azufres, Michoacan, Mexico,

geothermal field, with the intention of studying the evolution of

fluid transport in geothermally active faults. We have paid

particular attention to the Los azufres fault itself, systematically

monitoring it between May 1985 and December 1986. During this
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period, a doublet of Ms=8.1 and Ms=7.5 occurred, within 3 6 hr, with

devastating effects on several cities of Mexico, particularly Mexico

City, where more than 300 buildings were severely damaged and more

than 20000 people were killed or missing. In this chapter, we

present the measurements of radon concentration variations and

discuss their possible relation with those earthquakes. Further

discussions can be found in Segovia et al (1989).

4.2.2. LOCATION OF THE GEOTHERMAL FIELD

The geothermal field of Los Azufres is located in the northern

part of the State of Michoacan, between 19°34' and 19°57' N and

between 100°36/ and 100°43/ W. It is a part of the Solfatara region

of Sierra de San Andres in the central part of the Mexican Volcanic

Belt. The geothermal field is about 2 60 km NE from the epicentral

area of the Ms=8.1 earthquake that occurred on 19 September 1985

(Figure 4.2.1). The Los Azufres fault under study is located in the

central part of the geothermal field.

4.2.3 THE 1985 EARTHQUAKES

Two major earthquakes occurred within a period of 3 6 hr on 19

September (Ms=8.1) and 20 September (Ms=7.5) of 1985. They broke a

segment of the plate boundary between the Cocos and North America

plates along the subduction zone known as the Michoacan gap. The

focal mechanism of the first shock suggests a thrust mechanism with

a fault plane having an azimuth of 288° and a dip of 9° (Eissler et

al., 1986; UNAM Seismology Group, 1986).

The first shock broke an area (from aftershock data) of 170 x

50 km2, and the second 63 x 33 km2, immediately to the SE of the

first, with displacements of 220 and 330 cm, respectively. The

overall length of the rupture along the subduction at the depth of

about 20 km, was 22 0 km for the doublet. Had both events occurred

within seconds rather than 36 hr apart, they would have added up to

produce one of the largest earthquake in the history of Mexico, with
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Ms near 8.2.

4.2.4 RADON ANOMALIES: RECOGNITION OF A POSSIBLE PRECURSOR

Figure 4.2.2, shows the temperature variations obtained at a

depth of 1 m below the ground level. It can be seen that small

fluctuations occurred, However a rather good stability of

temperature persisted in the detectors during the sampling period.

The uranium content of the soil samples is reported in Table

4.2.1. The type of analysis for U content is accurate to within a

factor of two. However, the uranium concentration in all soil

samples is quite similar, as reflected by the fact that the average

radon concentrations are also very similar.

Table 4.2.1 Uranium concentration in different sites

- - Location U (ppm)

A3N 1.2
A2N 1.5
A1N 1.5
AO 2.6
AIS 2.6
A2S 2.0
A3S 3.6

Rain precipitation and raw radon-in-soil data are

simultaneously presented as a function of time in Figure 4.2.3. In

the area under study, some periodicity in the rainfall regime is

well known and can be clearly seen in the diagrams, rainfall is at

its maximum during the months from June to September and the dry

season occurs during the months from October to May. In addition,

Figure 4.2.4 shows the radon distribution profile across the Los

Azufres fault for the different periods of time.

Before any further analysis of the radon data, we would like to

draw attention to the fact that the distribution pattern as a

function of time for the seven probes is quite similar from one site

to another over the year 1986, and the same applies for 1985 if one
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disregards the central site (0) located right on the fault itself.

In addition, a rather consistent relationship between radon output

and rainfall can be pointed out. On average, an increase of the

rainfall corresponds to a decrease of the radon output and vice

versa. As a matter of fact, rainfall is not the only external

phenomenon that may influence radon concentration in the soil.

Others, such as atmospheric temperature, can do so but, in that

particular case, both are intercorrelated and the rainfall parameter

alone gives a fair indication of the environmental effects (Segovia

et al., 1986).

In the year 1985, about 2 months before the earthquake, an

increase in radon concentration was observed at the fault site,

whereas a general decrease due to rainfall was observed everywhere

else. We consider this apparent contradictory behaviour as a clue

for a possible anomaly we would now like to analyze further.

Let us label n the data recorded for the nth measure at the

given station. Let Dn be the corresponding raw radon concentration,

r the natural radon component not related to any geophysical

perturbation and Rn the excess of radon due to such a possible

perturbation. Environmental effects affect both r and Rn by a factor

Pn, since the shallow detection will be influenced by external

factors in the same proportion, regardless of the source. Therefore,

one can write

Dn = rPn + RnPn = (r + Rn) Pn

or

= rPn when no Rn is involved.

Accordingly, one can correct raw data for environmental effects

provided the Pn's are known. We made the assumption that the radon

response to environmental effects is explicated through all radon

probe data but the central one in 1985 and 1986, regardless of any

peculiar radon output due to a deep crustal perturbation. We focused
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our attention on two periods of time of equal length, namely between

May and December, when the environmental parameters are alike. We

equaled the Pn's to the ratio Dn/Dn-i and corrected the radon data

for the central radon probe according to the simple equation given

above, both in 1985 and 1986. The corrected results are shown on

Figure 5. The dashed histogram shows the radon concentration in

1986. It can be seen that the variation in concentrations are quite

small, averaging around 3 00 tracks cm" week' with an average

standard deviation s-value of 140. This comparison substantiates our

initial assumption. Quite obviously, the 1510 peak concentration

value for the month of July is well above the x + 2s value usually

taken as a sufficient deviation from the background to ascertain a

genuine anomaly which, in our case, occurred two months before the

earthquake.

Now the question of whether this large anomaly is truly related

to the earthquake is rather delicate to answer. To do so, several

points can be stressed. The first one is that, to our knowledge, in

the Los Azufres region no other phenomenon,, outside the scale of the

small average fluctuations logged daily by- the power company (CFE),

occurred at the time of the anomaly that might be linked to it in

any way whatsoever. Secondly, the radon concentration observed at

the central site returned to "normal" shortly after the earthquakes;

that is to say, it returned to average values comparable to other

sites and comparable to what was measured at the same period of time

a year later. Furthermore, not only the N and S probes did not show

any peculiar increase in radon, but neither did the other radon

measuring stations we keep in operation at the Nuclear Center of

Salazar (34 0 km ENE from the epicentral area) in an inactive

volcanic area, with no geothermal manifestations. The radon

concentration changed only according to the environmental seasonal

effects, as it did in the "normal" sites of Los Azufres. Finally, as

already mentioned, the central site did not deviate from the normal

behaviour of the other probes during the corresponding period of

time in 1986, when no geophysical event of particular interest

occurred.

Therefore, the above mentioned facts lead us to conclude that



it is very likely that the September 85 earthquake is in some way

related to the observed radon anomaly. Some qualitative arguments

can be given here to support this conclusion.

4.2.5. MODEL AND CONCLUSIONS

As mentioned in Section 3, the 1985 earthquake represents one

of the largest releases of seismic energy during this century in

Mexico. Such energies should have been stored as elastic energy in

the seismic gap region, slowly building up to the moment of rupture.

Little is known of the build-up process, but it is quite likely that

the stress-strain relations describing the behaviour of the region

depart from linearity prior to the rupture. Such behaviour is

observed in most elastic bodies.

It is thus conceivable that when the build-up of elastic energy

irr -the prone area exceeds a certain value, the stress and strain

patterns change over shorter time scales prior to the earthquake.

These changes are likely to extend over distances at least in the

order of the length of the rupture. And, indeed, the Los Azufres

area is located at a distance from the epicentral region comparable

to the earthquake rupture length. But, in such a case, a shallow

radon in -soil detector is probably unable to detect small changes

in areas where fluid transport is not increased by fractures, since

it is known that radon, whose concentration is measured in the soil,

does not originate from any great depth (Tidjani et al., 1987). It

mostly comes from the U-bearing minerals in the soil, less than 10 m

deep, and the variations of its concentration depend upon the motion

of other gases that transport it from deeper sources. The outgassing

is almost negligible away from the fault and, hence, the absence of

anomalous responses in the distal sites. On the contrary, in a

fracture zone where active advective transport occurs, an ample

cross-section of the crust (about 2km at Los Azufres) can be sampled

by the detector.

At this point, we would like to refer to results reported by

Santoyo et al. (1985). In that case, concentrations of radon and
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other gases were measured at the heads of deep-drilled wells in the

Los Azufres area before and after the earthquake. The authors report

increases of radon, CO2 and He concentrations before the earthquake

at deep wells connected to the steam phase of the geothermal system.

Decreases of radon concentrations at the wells connected to the

steam-water layer were also reported, which is understandable, since

the natural radon partition tends to enrich the vapor phase and,

consequently, to deplete the liquid phase. Therefore, according to

these data, a strong upward flow of a mixture of gases was generated

before the earthquake and it is very likely that it found a

preferential vertical path through the fault. This gas flow is able

to sweep up the radon previously present in the top soil. The amount

of radon thus transported upwards is equal to the integrated excess

of radon corresponding to the difference between the initial and

final steady-state vertical distributions. According to our

calculation (Monnin and Seidel, 1988), this transient state produces

a needle-like, very intense, radon pulse of short duration which

they call a hloudon effect after a Greek word meaning "wave".

However, since our sampling period is a bit long, the expected radon

enhancement shows up as cumulative high values.

Additional evidence for the possible role played by fractures

and geothermal phenomena may be found in a paper by Flores-Humanate

et al., (Personal communication, 1987): similar radon anomalies were

observed in Ecuador prior to a doublet of Ms=6.1 (located at 0.13

°N, 77.67 °W) and Ms=6.9 (0.15°N, 77.83°W) and very destructive

earthquakes. Both were shallow and occurred on 6 March 1987 at 0155

and 0411 GMT, respectively. In that case, the spatial pattern of the

radon stations in which the anomaly was observed was rather

puzzling. A significant increase occurred about two weeks prior to

the earthquake in groups of stations located at 90 and 2 00 km from

the epicenter, the latter being also a geothermal area. On the other

hand, another station near the first group (at 9 0 km from epicentral

area) detected no significant anomaly. It is therefore possible to

conclude that the reported anomaly may not be uniquely related to

the Ecuador earthquake, unless additional information becomes

available.
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However, in the 1985 Mexico earthquakes case, we consider that

the reported anomaly of radon concentration is sufficiently

documented to be attributed to processes directly related to the

earthquakes. The observed phenomenon seems to cast some light on a

possible mechanism that is responsible for the anomaly.

Although the mount of radon data obtained in this event is too

small to draw conclusions, a model may be proposed in the light of

the observations. Prior to large earthquake, and by large we mean an

event which is likely to break some tens of kilometers of crustal

rock, the stress build up changes in such a way that may affect the

regional stress pattern over distances of at least of the order of

the rupture length and probably much more, as reported for the

Ecuador case.

In the present case, an anomaly was observed in a single case

out of 17 stations in two sites. The only."uncommon" feature of that

station is the fact that it is located on the trace of a fault which

shows a significant fluid transport. It is thus conceivable that

even a slight change in the regional stress patterns may produce a

Kloudon effect on the fault.

The fact that well-head anomalies were observed contemporary to

the radon in soil on the fault trace suggest that the changes in

stress patterns prior to large earthquakes are small enough so that

only a sampling over a significant crustal cross-section may be

registered at the surface in the form of radon or other gas

anomalies.

The simplicity and low cost of the radon in soil methods and

the information available on seismic gaps or regions with high

potential for producing a large earthquake, calls for further

research in this subject by setting radon detectors in fracture

regions near the gaps.
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5. GENERAL CONCLUSIONS

From the few cases that have been studied in Mexico, some

conclusions may be drawn regarding the analysis of geochemical and

isotopic precursors of earthquakes and volcanic eruptions.

The application of geochemical water (hots spring, streams,

lakes) monitoring technics to active volcanoes has proved to be

useful and productive to understand the mechanisms involved in the

specific volcanic manifestation, for it has helped to evaluate the

eruptive potential of volcanoes in crisis. The relatively straight

forward chemical analysis has been sufficient in most cases to

obtain valuable information about the nature of ongoing volcanic

processes.

Given a modest but good analytical chemistry laboratory, it is

possible to perform the basic analyses required to obtain the

mih'imum information to substantiate an evaluation of the risk

associated to a given volcano. A very important factor ' is the

quality of the sampling itself, it is important to stress the need

of the persistent collection of water samples taken with the same

method and under conditions as similar as possible. The samples must

be analyzed as soon as possible and should be preserved with

specific chemicals and kept cold in order to improve

reproducibility.

Regarding the isotopic methods, the observations involving the

search of radon fluctuations in soil and water associated with minor

seismic or volcanic activity is often obscured by anomalies of

non-geologic origin, like rainfall, atmospheric pressure

fluctuations, hydrological variations induced by rivers, floods, or

level changes in dams etc. Segovia et al. (1986) discuss methods for

the separation of external factors in the radon time series obtained

in three Costa Rican volcanoes and in two sites of high seismicity

in Mexico by means of Fourier spectral analysis. In all these cases,

the noise level induced by non-volcanic or non-tectonic factors is

comparable or even larger than the volcanic or tectonic induced

radon anomalies.
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However, when large volumes of rock are prone to generate a

major earthquake with a large rupture area, or when large volumes of

volatile rich magmas accumulate beneath a volcano, the changes of

radon levels in soil or water may be well above the environmental

radon level fluctuations, much higher than those produced by any

other cause, even at considerably long distances from the source of

the event. The definition of "minor", "large" or "major" in this

context is therefore essential to assign a proper forecasting value

to the radon anomalies.
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APPENDIX 1

Large Earthquakes (Ms2:7.0) of Mexico (1900 to 1979). Only events
between 15° to 20°N and 94.5° to 105.5°W are given. (From Singh et
al., 1980; and Singh et al., 1981)

Date

03-25-
05-31-
05-04-
11-22-
03-09-
04-07-
05-05-
06-19-
10-03-
05-11-
03-27-
03-16-
02-11-
03-09-
05-17-
07-14-

Epicenter
Lat.(°N) Long. (°W)

05-29-
09-06-
12-02-
11-02-
06-05-
01-24-
01-20-
05-16-
01-14-
04-15-
03-26-
03-27-
07-30-
06-07-
12-16-
11-19-
06-02-
12-29-
03-22-
06-17-
08-04-
10-09-
01-15-
06-03-
06-18-
11-30-
07-26-
12-23-
04-15-
02-22-
01-06-

-1806
-1818
•1820
-1837
•1845
•1845
•1854
-1858
•1864
-1870
•1872
•1874
-1875
-1875
•1879
-1882
1887

-1887
•1889
•1890
•1894
•1897
•1899
•1900
•1900
1903
•1907
•1908
•1908
•1909
•1911
•1911
1912
1916
•1917
1928
•1928
1928
•1928
1931
1932
1932
1934
1937
1937
1941
1943
1948

18.9
19.1
17.2
20.0
16.6
17.3
16.3
19.6
18.7
15.8
15.7
17.7
21.0
19.4
18.6
17.7
31.0
17.2
17.0
16.7.

.16.5
16.3
97.1
20.0
20.0
15.0
16.7
16.7
17.0
16.8
19.7
16.9
19.9
17.5
15.0
16.2
16.3
16.8
16.3
16.1
19.8
19.5
19.0
18.5
17.1
18.9
17.6
17.0

103.8
103.6
99.6
105.0
97.0
100.9
97.6
101.6
97.4
96.7
96.6
99.1
103.8
104.6
98.0
98.2
109.2
99.8
99.7
98.6
98.0
95.4
100.5
105.0
105.0
98.0
99.2
99.2
101.0
99.9
103.7
100.7
99.8
95.0
97.0
95.5
96.7
97.6
97.3
96.6
104.0
103.5
105.3
96.4
98.1
102.9
101.2
98.0

Ms

7 . 5
7 . 7
7 . 6
7 . 7
7 . 5
7 . 7
7 . 7
7 . 5
7 . 3
7 . 8
7 . 4
7 . 3
7 . 5
7 . 4
7 . 0
7 . 5
7 . 3
7 . 2
7 . 0
7 . 2
7 . 4
7 . 2
7 . 9
7 . 9
7 . 4
8 . 1
8 . 0
8 . 1
7 . 5
7 . 4
7 . 7
7 . 5
7 . 0
7 . 1
7 . 7
7 . 5
7 . 8
7 . 4
7 . 6
7 . 8
8 . 2
7 . 8
7 . 0
7 . 3
7 . 5
7 . 7
7 . 5
7 . 0

Depth
(km)

S

s
s
s
8 0
S
S
S
5 0
8 0
1 5 0
S
S
S
S
S
S
S

s
s
8 5
S
S
S
8 0
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APPENDIX 1 (continuation)

Date

12-14-1950
07-28-1957
05-11-1962
05-19-1962
07-06-1964
08-23-1965
08-02-1968
01-30-1973
08-28-1973
11-29-1978
03-14-1979
10-24-1980
10-24-1981
06-07-1982
09-19-1985
09-21-1985
04-25-1989

Lat.

17.2
17.1
17.3
17.1
18.3
16.3
16.6
18.4
18.3
15.8
17.3
18.0
17.8
16.4
18.2
17.8
16.5

Epicenter
(°N) Long. (°W)

98.1
99.1
99.6
99.6
100.4
95.8
97.7
103.2
96.6
96.8
101.4
98.3
102.3
98.5
102.3
101.7
99.5

Ms

7.3
7.5
7.0
7.2
7.4
7.6
7.4
7.5
7.1
7.8
7.6
7.0
7.3
7.0
8.1
7.5
7.0

Depth
(km)

s
s
40
33
100
28
40
32
82
20
30
65
27
10
16
22
16

(Data of 19th century and early 20th century earthquakes are
inferred from isoseismic maps, and are believed to be accurate to
within ±0.3 unit of magnitude and l°arc)
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APPENDIX 2

This appendix lists the mexican volcanoes that have shown some

type of eruptive activity in historical times and some indication of

the effects and damages produced is given when applicable, in order

to give an idea of the size of the eruptions. When possible, a VEI

value (for definition of the Volcanic Explosivity Index see Newhall

and Self, 1982) is also given. This list does not mention other

mexican volcanoes that may be considered active, but have not shown

historical activity. It therefore should not be considered as an

exhaustive account of the active volcanoes of Mexico, nor a detailed

geological catalogue of the volcanism in Mexico. Volcanoes are

ordered by region and by type. This information has ben obtained

from numerous sources, mainly: Fray Antonio Tello (1650), M. de la

Mota-Padilla (1742), Sartorius (1869), M. Barcena (1887), M. N.

Orozco (1869), G. B. y Puga (1889-90), J. Orozco y Berra (1887,

1888-89), M. Ezequiel-Ordoñez (1897-98), Vogel (1903), Arreóla

(1915), Waitz (1935), Ortiz-Santos (1944), Mooser (1958, 1961),

Yarza (1971), Simkin et al. (1981), Simkin et al. (1984), Medina

(1983, 1985), Hasenaka y Carmichael (1985), De la Cruz-Reyna et al.

(1985), Flores (1987), Piza (1988), Yokoyama y De la Cruz-Reyna

(1990).

POLYGENETIC VOLCANOES OF NORTHWESTERN MEXICO

TRES VÍRGENES 27.47° N, 112.58° W (B.C.S.)

TYPE: Trachytic Basalt Stratovolcano Height: 2 050 m

YEAR DATE BRIEF DESCRIPTION OF THE ACTIVITY VEI

1746 No detailed information available.

1857 No detailed information available.

SANGANGyEY 21.45° N, 104.98° W (NAYARIT)

TYPE: Andesitic Stratovolcano Height: 2 3 50 m

YEAR DATE BRIEF DESCRIPTION OF THE ACTIVITY VEI

1742 No detailed information available.

1859 No detailed information available.
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CEBORUCO 21.15° N, 104.50° W (NAYARIT)

TYPE: Andesitic Stratovolcano Height: 2164 m

YEAR DATE BRIEF DESCRIPTION OF THE ACTIVITY

c. 960 Great Plinian eruption.

1870-1875

VEI

5?

Intermediate eruption produces 1.1 kin of dacitic
lava. 3

19.51° N, 103.6° W (JAL-COL)

POLYGENETIC VOLCANOES OF WESTERN CENTRAL MEXICO

COLIMA

TYPE: Andesitic Stratovolcano Height: 4000 m

YEAR DATE BRIEF DESCRIPTION OF THE ACTIVITY

1560 - Eruption reported without details.

1576

VEI

2?

1585 01 10

1590

1606

1611

1612-13

1622

1690

1743

1749

1770

1771

1795

01

11

04

-

06

-

10

-

-

-

14

25

15

08

22

Large explosive eruption with abundant ashfall
and strong seismicity. Deaths reported. 3

Very large explosive eruption with heavy ashfall
at distances of more than 100 Km. Seismicity
and total blocking of sunlight reported. 4

Explosive eruption with abundant ashfall. 3

Very large explosive eruption with heavy ashfall
at distances greater than 150 Km. Strong
seismicity and blocking of sunlight. 4

Explosive activity. Abundant ash emissions. 3

Eruptions and seismicity. No details. 2?

Very large eruption with heavy ashfall at
distances over 100 Km. 4

Large explosive eruption. Abundant ashfall. 3

Mostly seismic activity. Fall of trees reported
near the volcano. 2

Eruption and seismicity. No details. 2?

Explosion and ash emissions reported with no
details. 2

Explosive eruption with abundant ash emission. 3

Eruption with lava emissions. 2
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1804 - .

1806 03 25

1807-08 -

1818 02 15

1869 03 19

1869

1872

1873

1874

1877

1879

1880

1881

1885

1886

06

02

01

12

03

03

12

01

12

26

-

-

-

23

31

12

26

06

1889 10 26

1890 02 16

1891-92 -

1893 12 04

1895-1902

1903 02 15

1904-1906

Eruption reported without details. 2?

Wording of report suggest a block lava avalanche
triggered by a large tectonic earthquake.

Small incandescent avalanches of block lava. 0

Major explosive eruption with heavy ashfall and
total sunlight blocking over distances of several
hundreds of kilometers. Deaths reported. 4

Reports of a "blister-like" deformation,
detectable with the bare eye, in the NE flank
of the volcano.

Large explosive eruption from new adventitious
crater in the NE flank (El Volcancito). 3

Explosive eruptions from El Volcancito. 3

Small eruptions from El Volcancito. 1

Minor activity. 1

Small explosions. . 1

Minor eruptions. 1

Minor explosions. 1

Moderate explosion. 2

Moderate explosions. Lava flows. 2

Explosive eruption with abundant ashfall and
felt seismicity. 3

Important eruption with abundant ashfall and
felt earthquakes. 3

Large eruption with heavy ashfall and total
blocking of sunlight over distances of more than
a hundred kilometers. Strong lightning reported
in the eruptive column. 4

Repeated eruptions and ashfall. 2

Explosion with moderate ash emission 2

Lava flows from summit. Minor explosions 1

Large explosive eruption with abundant ash
emissions and pyroclastic flows. 3

Block lava avalanches probably produced by
overflow of summit crater or crumbling of
growing dome. 1
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1908 12 18

1909 02 04

1913 01 20

1960-70

1975 12 12

1982

1985-

1991- 02 14

Large explosive eruption with abundant ash
emissions. Felt seismicity. 3

Explosions with ash emission. 2

Large explosive eruption with heavy ash

emissions and Peleean glowing flows. 4

Growth of summit dome. 1

Crumbling of dome produces small avalanches

of incandescent blocks of lava. 1

Episodes of small.avalanches of block lava. 0

Similar to 1982. 0
Seismic swarms mark the onset of an effusive
event similar but larger than 1985', producing
important avalanches of dome material and
block lava 2

19,02° N, 98.62° W (EDOMEX-PUE-MOR)

POLYGENETIC VOLCANOES OF THE CENTRAL REGION

POPOCATEPETL

TYPE: Andesitic-Dacitic Stratovolcano Height: 54 50 m

YEAR DATE BRIEF DESCRIPTION OF THE ACTIVITY VEI

1347
1354

1519-1530

1539

1542-1592

1664-1667

1720

1802-1804

1920

Explosive activity with significant ashfall 2-3?
Explosive activity with significant ashfall 2-3?

Persistent minor activity 2?

Explosive activity with significant ashfall
Possibly victims and destruction of arable land 3?

Numerous minor eruptive episodes

Numerous minor eruptive episodes

1-2?

1-2?

Explosive activity with significant ashfall
Possible victims and destruction of arable land 3

Minor activity

Minor activity
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POLYGENETIC VOLCANOES OF THE EASTERN REGION

PICO DE ORIZABA 19.03° N, 97.28° W (VER)

TYPE: Andesitic Stratovolcano Height: 5700 m

YEAR DATE BRIEF DESCRIPTION OF THE ACTIVITY VEI

1537 Eruption reported without details. 2?

1545 Eruption reported without details. 2-3?

1566 Eruption reported without details. 2-3?

1569 Eruption reported without details. 2-3?

1613 Eruption reported without details.

1630 Eruption reported without details. 2-3?

1687 Eruption reported without details. 2-3?

SAN MARTIN TUXTLA 18.58° N, 95.17° W (VER)

TYPE: Basaltic cone Height: 1550 m

YEAR DATE BRIEF DESCRIPTION*OF THE ACTIVITY VEI

1664 01 15 Explosive activity with significant ashfall.
Possible victims and destruction of arable land 3

1793 03 02 Large eruptions with significant ashfall.

Possible victims and destruction of arable land 4

1794 Minor activity

1797 Minor activity

POLYGENETIC VOLCANOES OF THE SOUTHEAST

EL CHICHÓN 17.36° N, 92.23° W (CHIAPAS)

TYPE: Andesitic dome complex Height: 1000 m

YEAR DATE BRIEF DESCRIPTION OF THE ACTIVITY VEI

c. 300 Large explosive eruption, with abundant ashfall
and pyroclastic flows. Possible victims 4-5?

c. 62 3 Large explosive eruption, with abundant ashfall
and pyroclastic flows. Possible victims 4-5?

c 1300 Large explosive eruption, with abundant ashfall
and pyroclastic flows. Possible victims 4-5?
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1982 03 28 Large explosive eruption, with abundant ashfall
and pyroclastic flows. Victims 4

1982 04 03 Two large explosive eruptions with abundant
1982 04 04 ashfall and pyroclastic flows. About 2000 victims

and 150 Jon2 devastated. Great losses 4-5

TACANA 15.13° N, 92.10° W (CHIAPAS)

TYPE: Andesitic Stratovolcano Height: 4060 m

YEAR DATE BRIEF DESCRIPTION OF THE ACTIVITY VEI

1855 Minor phreatic explosion

1878 Minor phreatic explosion

1903 Minor phreatic explosion

1949-1951 Minor phreatic explosion and fumarolic activity

1986 05 08 Seismic swarms and moderate phreatic explosion.

VOLCANOES OF THE PACIFIC ISLANDS

BARCENA 19.27° N, 110.80° W

TYPE: Cinder Cone Height: 375 m

YEAR DATE . BRIEF DESCRIPTION OF THE ACTIVITY VEI

1952 08 01 Birth of this volcano in San Benedicto island,
Revillagigedo archipelago. Activity continued
until March 1953 2

EVERMANN lor SOCORRO) 18.75° N, 110.95° W

TYPE: Shield volcano Height: 1235 m

YEAR DATE BRIEF DESCRIPTION OF THE ACTIVITY VEI

1848 Eruption reported without details. 2?

1896 Eruption reported without details. 2?

19 05 Eruption reported without details. 2?

1951 05 22 Eruption reported without details. 2?
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MONOGENETIC VOLCANOES

PARICUTIN

TYPE: Cinder cone

1943 02 20

19.48° N, 102.25° W (MICH)

Height: 3170 m (about 400 over ground

A fissure opens in a corn field. After
24 hours, a 50 m high cone is formed.
On February 6 is 150 m high. In 12 days
reaches over 400 m and produces large amounts
of ash and lava. Activity ends in 1952 and
yields 0.7 km of lava and 1.3 km of ash. 3

JORULLO

TYPE: Scoria cone

1759 09 29

19.03° N, 101.67° W (MICH)

Height: 1330 m (about 300 over ground)

A fissure opened near a hacienda. Large amounts
of ash and lava ware produced. Eruption
continued until 1774. Very similar to
Paricutin 3

XITLE

TYPE: Scoria cone

c.470 B.C.

19.25° N, 99.22° W (D.F)

. Height: 3120 m

Birth and development similar to those of
Paricutin. Lava field covers 72 km
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FIGURE CAPTIONS

Figure 2.1 Map of Mexico showing its main tectonic features

Figure 3.1.1. Schematic geological map of the Tacana area (after
De la Cruz M. V. and Hernandez, 1985).

Figure 3.1.2. Plot of the Sulfate and Bicarbonate concentrations
in the Agua Caliente spring waters vs. time.

Figure 3.1.3. Iron and sulfate ion variations in time. Agua
Caliente.

Figure 3.1.4. Magnesium ion and boron concentrations in Tacana
spring waters.

Figure. 3.2.1. The recent (March 1991) lobe on Colima volcano summit
dome.

Figure 3.2.2. Anion Piper diagram of Colima water samples.

Figure 3.2.3. Cation Piper diagram of Colima water samples,

Figure 3.2.4. Ion variations at La Becerrera site.

Figure 3.2.5. Ion variations at Schulte site

Figure 3.2.6. B and Fe variations at Schulte site

Figure 3.2.7. Time variations of saturation indexes at La Becerrera
site.
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Figure 3.2.8. Time variations of saturation indexes at Schulte site

Figure 4.1.1. Location of El Chichón volcano: 1. MVB; 2. Los Tuxtlas
volcanic massif; 3. El Chichón volcano; 4. Central

America Volcanic Belt

Figure 4.1.2. Radon measuring device: 1. LR-115 plastic detector;
2. Thermal insulator; 3. External tube.

Figure 4.1.3. Distribution of radon stations around El Chichón
volcano

Figure 4.1.4. Radon countings variations with time at different
stations.

Figure 4.1.5. Radon track densities and rainfall at two sites.

Figure 4.2.1. Fault distribution in Los Azufres Geothermal field:
lower right insert shows the distribution of radon

detectors acrossthe Los Azufres fault.

Figure 4.2.2. Temperature variations at the bottom of the 1 m deep
radon probes. The arrow shows the occurrence of the
earthquake.

Figure 4.2.3. Raw radon and rainfall data from the detector array
crossing the Los Azufres fault.

Figure 4.2.4. Radon readings in the seven detectors array for
different periods of time. A high level of radon
anomaly develops in the central detector in the period
July-August, 1985, and persists through the period 2
August to 4 September. Later the anomaly decreases.

Figure 4.2.5. Radon concentration fluctuations for the central
detector in 1985 (solid line) and in 1986 (dashed
line) . July peak exceeds mean value by more than 7

standard deviations.
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Tacana: Ions vs. Time (1986)
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Tacana: Fe and S04 vs Time (1986)
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Tacana: Mg and B vs Time (1986)
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Ions vs. Time (Becerrera)
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Ions vs. Time{SchuIte)
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Boron and Iron vs. Time (Schulte)
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Saturation Indexes vs Time (Becerrera)

2.5

2

1.6

1

0.5

n

S.I.

A

-

0

-

rI ,

A

0

4- I .

A

D

4-

i

20 40 60
Time (days)

80

4- Aragonite

0 Calcite

^ Dolomite

D Magnesite

"-•- Events

100

I 'M1 - . S.Z.f



Saturation Indexes vS Time (Schulte)

S.I.
1.4

1.2 h

1

0.8

0.6

0.4

0.2

0

-

-

A

0
-

-h
-

u_

A

0

D

A

<>

0

_|_

I .
20 40 60

Time (days)
80

4- Aragonite

0 Calcite

A Dolomite

• Magnesite

— Events

100

F i g . 3 . 2 . 8



106' 98' 94* 90

V i R • •» . 1 . 1



Ground

T



JUAREZ

PICHUCALCO

OSUNUAPA

r CAiMBAA TECTUAPAN
POSTE

ELÉCTRICO A,
•NIC APA

ÜSTUACAN

MAGDALENA-OS-
TUACAN RÍVER

VOLCAN
CHICHÓN

R^NCISCO LEON

EL NARANJO

RADON STATIONS

IXTACOMITAN

CHAPULTENANGO

- 5 km. -->



o

tn

c
3
O
ü

c

•o

o
o

c
o
-o
o

a:

1000

500

1000

500

1000

i "500

1000

500

1000

500

1 I

J L

Ii__L_JL

IXTACOMITAN

OSTÜACAN

J L 1
CAJMBA

i i

POSTE ELÉCTRICO

f I i L

NÍCAPA

J L_L J 1 L
APR MAY. JUN. JUL AUG. SEP OCT. NOV. DEC. JAN.

Time (months)



1500

iOOO

IXTACOWIITAN
OSTUACAN + + + + H
RAINFALL "

. APR MAY JUN JUL AUG SEP OCT NOV DEC JAN

Time (months)

£
£
c
o

Í000

500

o

a
c
O

H i j ? . 4 . 1 . 5



*• fALlA

1. N FRACTURA
"f- K>ZO D£ PWDUCCIOM

A ESTACIÓN DE RADON
Al LLANO

GRANDE

LLA.NO DE LA
YERBABUEN*



io*4

20

10

Sí

10

AIS

ao

to

20

10

¿US

A3S

10

©

©

9
e

9

1S85 1S86 Período



A IN A3N

no
O
X

¿¿
a>
cu

£

¿X-
Ü
O

1.44

1.12

0.80

0.48

0.16
0.00

g

I
z:
UJ
o
z
o

z:
o
a

0.C0; 5.77

DAYS x i04

' ;5?. 4 ,2 .5



t
0.64 p \ ^ - ~ ^ - ^

U Q

r,rt\ 1 l,.| 1 1 1 1

: 9.V - 5.Vl.fiG

i l l 1 1 1 1 1 1 1

2.Vtll-4.IX,B5

x O.O1

J X - 2 . X . B 5

2 I I I I I I I 1 I 1 i I I i i i ' I

5.111.-3.1V. 86

3rN 2N IN 0 IS 2S 3S
0£>6

0.32

0.0r i i i i r i i

3N 2N IN 0 (S 2S 3!
30.X-3.XII.86

I 1 I 1 I I l i ¡

3N 2N MN 0 2S 3S

F i g . 4 . 2 . 4



1600 -


