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1.1, Preliminary remarks

At the time of the resumption of the Cotopaxi volcano at the 1%
end of 1975, sclentistas of the Geological Service of the United
States (Miller et al., 1976) and of the Quito Polytechnie School
(Hall, 1976) published two reports in which they recommended the
installation of three portabdble seilsmographs for the monitoring of

the volcano.

The National Civil Defense Board therefore acquired three
portable Sprengnether short-period selsmographs to be used dboth in
volcanological studles and teotonic studies, and which were used

during the present study.

On the other hand, the Ninitrack satellite tracking station
operated by NASA and located in the immediate viecinity of the vol-
cano, which would be threatened in case of an eruption, installed
a monitoring station for the volcano 4n May 1977. This station
consisted of a short-period seismograph and two inclinometers; the
information obtained with this selsomgraph was also used for this

study.

Nunboro in the margin indiocate p&glnnbion in the origlnal
foreign text. |

.
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1.2. Geographic and geoclogic characteristics
of the region

I T I T SRR T vy e ST

' Geographically this study includes part of the Interandine
Valley in the provinces of Plehincha and Cotopaxl. Toward the north,
this reglon extends to the vicinlty of the city of Guayallabamba and
in the south, close to the clty of Latacunga. This portion of the
Interandine Valley contains large areas of high population density,
which makes it a dangerous region in case of the occurrence nearby
of a possible selsmic event of any magnitude.

i
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) In this reglon, the Interandlne Valley is surrounded by vol-

“ | canoes, sone of them active like those of Cobopaxl and Guagua Plchin-

cha. The latter furnished all the voleanle material rilling the »
valley at present and consisting chiefly of thick sequences of the
Gangahua Formation distributed wildely all over the valley and

coverad in some cases by pyroclastlic material from the adjacent vol-
canoes, lava streams which came down the valley, very extensive nud-
streams like those originating in the 1877 Cotopaxl eruption, allu-

vial sediments and landslides, and lacustrian sediments like those

north of the clty of Quito.

All these materials have a écmmbnsah&raotarisbic which 45 that 2
they are not well consolidated, whilch makes them dangerous in case
of the occcurrence of a selsmlc event as will be explained further on.

3.3, Sedismlic history of the region

- This repglon has suffered f{rom a long history of selsmie actli-
vity: those malnly affeoted were the areas of Pastocalle, Toacamo,
Tanlcuchl, Aloasi, Mulalo, gto,, along with the citles of Quite,
Latacunga, Ambato. Some of them were totally destroyed, and even
several times, as in the case of Latacunga and Pastocalle.

Moor ervecyeoorr ot

o

x In December 1738 at the time of the Latacunga earthquake,
| serlious damage ocourred inoluding the destruction of the Toacazo
Church. : : '

N
i
A TR Wi B 55
: > "

> etk s




In February 1923, a strong earthquake devastated the region,
causing serious damage, especially at Machachi, Tambillo, Aloag, and
Aloasi. There were several deaths. ’

One of the strohgesb'earthquakas ccourred on October 15, 19U4,
forcing the founders of Pastocalle to change the location of the
town, since most of the bulldings were totally destroyed.

Finally, in October 1976, violent tremors occurred in the reglon
of Pastocalle and approximahely'cne month later another violent shock

occurred in the Machachl sector, whose consequences are well known.

The history of the seismic activity of the region may be found
in greater detall in the map of the historic epicenters (Map No. 3).

1.4. Purpose

The general purpose of this study ls to locate and study the
principal active faults of the reglon with the object of warning the
National Civil Defense Board about the areas which will mest prob-
ably be affected by future selsmlc events. The object of this study
is also to investigate and know the present state of the active
voloanoes Pichincha Gaugua and Totopaxil, through the selsmological
network which was set up in the region.
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II. Study and Map of the Tectonic Eaults in the Area

The importance of the studles of microseismlcity becomes much
more significant 1f 1t is possible to determine which faults or
systems‘of faults are active. Faults known to be actlve In the last
hundred thousand years may affect the reglon in the future. To this
end, a map of the princlpal faults was established to improve our
knowledge of the faults (location, displacement, longitude, etc....)
and to support the results of selsmological research.

2.1. Methodology

The study of mapping of the faults were carried out on the
basis of different sources of informatlon.

The use of aerial photos proved to be the fastest and most use-

‘ ful method for this type of map. It has been tested throughout the

world; 1t is the most acceptable method of studying the tectonlces

of an area. TFortunately, the study area is totally covered by aerial
photographs on an approximate scale of 1: 60,000. The photos were
studied by means of a pocket stereosceope and the tectonic features
were plotted on the topographic maps‘of scale 1:50,000. The latter,
with Xerox reduction, gave the final map on the scale 1: 100,000
(original).

Many morphologlical features are useful for identifying the
faults on the aerial photos. We list below the most important chara
acteristics for identiflcation used in thls study.

1. Straight features (generally defined by the drainage.

2. Slopes which cut and end in a triangle. .

3. . Large valleys whiech are straight.

4. A long series of depressions.

5. Large rectangular blocks which were raised or collapsed
(horst and graben structures).
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" Great Britain.

6. Areas of landslides.
7. Lines of small volcanoes and cones.

The area‘of interest for the study was the Interandine Valley
from Latacunga to Guayllabamba, which is totally covered by cangahua:
a thick sequence of volcanic calcareous tufas. This‘deposit of can=-
gahua had the favorable effect of softening the topography of the
valley. This became very useful for recognizing the faults, since it
is véry easy to identify irregularities in the topography due to
dislocation. It should also be noted tiat the faults cutting the
cangahua must be young and will probably move agaln. Although these
faults are recognizable in the areial photos, their 1dentification
in the field is very difficult. Generally, the cangahua, fracturated
by faulting, crumbles, hiding the trace of the fault and making it
difficult to recognize on the terrain. '

Other regions, expecially the western side of the Western Cor-
dillera, raise many problems with respect to recognition of the
faults. The topography which 1s steep and the dense vegetation are
two aspects concealing the tectonic features. It was therefore im-
possible to locate the faults of this flank, although there is no
doubt of thelr existence. '

Certain information about the reglonal faults was also found
in the studies by Torres (1975), in certaln maps published by the
General Board of Geology and Mines, and the Geologlical Mission of

2.2,. PFault systems found»k

The tectohic map presented (Map No. 1) shows most of the faults
and main features of the Interandine Valley from Latacunga to Guay=-
llabamba, including Quito. It is the first map of this nature
established in the country. All the faults are tectonic; none of
them‘ére of purely volcanic origin. All appear to be young, since
they are cut and displace the cangahua. They should therefore be
conslidered.as potentially active faults. The faults are grouped

N
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. into three main systems: the system of the Interandine Valley, the
th northeast system, and the northwest system.

2.2.1. System of the Interandine Valley

This first so-calledusystem consists of faults which have north-
, south directions, especlally near Latacunga, and north-northeast direc-
\ f tions in the valley of Los Chillos and Guayllabamba. They are
generally restricted.to the flanks of the valley and the displace-
{ E,‘ ment seems to be malnly vertical (normal faults). The valleys are
¢ depressed with respect to the adjacent chain of mountains and are
. - called graben; the valleys of Los Chillos and Guayllabamba are
; Lo examples of thils structure.

To the east of Latacunga 1s a series of faults with north-south
direction, probably continuing northward up to Machachi; unfortun-
atély, they are covered and concealed'by_recent volcanic materlals
from the Cotopaxi volcano. The western border of the same valley is /5
also distinguished by faults; the best known one passes through '
Pujili. Two_ large faults, known here as Saquiéili faults, run paral-
lel to each other from Salcedo to Saquisili and then turn northeast.

In this range, several active faults of thé'northeast system combine
with the Saquisili faults. The latter also modified the morphology
of the valley to a considerable extent, forming great slopes and
deflecting many drainages. It seems that they have been active for
a long time.

;: : The Machachi valley 1s glso bordered by faults of this system.
f‘ : It 1s noted that these faults are curved, probably. affected by the
:
i
b

}g ‘ valqanic strugtures. The most notable aspect of this valley 1s the
i convergence of the large active faults; the Saquisill faults con-

verge with those of the northeast system coming from the Iliniza
mountain. In November 1976, a violentgtremor caused much damage in
the region around Machachli, which show there is no doubt that greater
seismic activitywmay be expected in that sector. ’
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From Tambillo to San Antonio de Pichincha, the tectonic struc=-
ture is conmplicated. Starting from Tampillo and Amaguana, a series
of parallel faults continue up to the north, forming the long tri-

8 ‘ angle of Puengasi, that of Las Monjas, and also the valley of the

, Machangara River. Many indications of landslides may be found in

this area, probably induced by tremors along these faults. Although

some faults of thils series pass through the southermn suburbdbs of

Quito, it seems that the more active faults pass through the eastern

side of the Puengasl triangle, specifically from Amaguana to Conocoto

and Cumbaya; ameng them, the best known include the Ilumbisi and

Machangara faults. It is certain some faults of this series pass

through Quito; nevertheless, the density of ‘the constructions makes

o it difficult to identify them. '

el

i %

Another prominent fault: the Pichincha fault separates the city
from the Pichincha volcano and seems to continue to the north, cut-
ting through the extinct volcances of Calacali and Pululagua. One
branch of this series — the Ilumbisl fault — extends to the north
‘passing a little tio the east of Nayen and Zambilza and then continulng
through the structural valley of Pomasqul and San Antonlo de Pichin-
cha. The town of Calderon is located on a plateau bordered by these
faults and by those of the valley of Guayllabamba, of which the mast
outstanding is called the Calderon fault. From Cumbaya, the princi-
pal branch passes in a north-northeast direction to Guayllabamba and
Cayambe. The latter, called the Guayllabamba fault, was active
during the past months. '
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The eastern border of the valleys of Los Chillos and Guaylla-
bamba 1s also bordered by many faults in a north-south direction,
running from the Sincholagua mountain to the town of El Quinche. ‘{Q
The map shows only the best known of these faults. Some of them cut
~the lava stream of Antisanilla, near Pintag, proving that there was
seismic activity of considerable magnitude aftexr 1760. -

AN et .o s

Although supérficial signs of faulting were not detected in the
aerial photos in the central. portion of the valley of Los Chillos,
~ faults certainly exist. An earthquake with epilcenter closg to
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1& Alangasi occurred in August 1938, producing much damage. Further-
é\: more, two tremors were recorded in May 1978, a little south of

‘_ Sangolqul. The extension toward the north of these faults 1s

F‘ ~+ _ probably connected with those of the G&ayllabamba River. The fact
» that tremors were registered both in the faults of the Guayllabamba
?-' River and in those of Los Chillos indicates that this series of

| central faults are also active. ’

2.2.2. Northeast system

59} The discovery of the northeast system of active faults 1s one :
of the most interesting aspects and one whose existence was not g
, A suspected until now. This system comes from the area of Quilotoa and
;'ﬁ " enters the Interandine Valliey between the Iliniza mountain and the
a3 town of Saquilisi. A series of important faults called the Ilinlza
'faults continues to the northeast, péssing through the southeast
flank of the Corazon ridge and jolning with the Saquisili faults near
Aloag. ' Although it 1is lmpossible to see directiy the intersection of
these faults because of the’agriculturql cultivation, the extension
of the faults and thelr subsequent intersection cannot be doubted.
A second series of faults, called the Toacazo faults, parallel to
the previous ones pass directly below the town of Toacazo, joining
with the Saquisili faults and then passing a little to the northeast
of Pastocalle. This was probably the fault causing the strong tremor
1 which affected Pastocalle and its suburbs in October 1976. Other
v faults in the northeast direction join with the Saquisili faults,
directly to the east of the same town.

+

Once they have joined together, these faults follow the Machachil
Valley, passing close to Tamblllo and Amaguana, and contlinue there-
after along the western border of the Los Chillos Valley, approach-
_ingthe faults of the Interandine Valley. From there they continue

4€ . northward, some of them separating subsequently to the.northeast.

hi' One 1s deflected at Conocoto and passué northwest of the Ilalo rldge.
g‘ ' The others turn a little north of Cumbaya, follow the San Pedro

f'§> River, and at the end pass through the Guayllabamba region. From

the latter onward, they probably extend to Cayaiibe and Olmedo.
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Many recently recorded tremors belong to this northeast system.
Many epicenters are located in the Iliniza fault near the mountain
itself, others near Cumbaya, and still others in the region of

Guayllabamba. The conclusion should therefore be drawn that this
system 1s very active at present.

It seems that, on the whole, this system has a length of at
least ninety kilometers within the studied area. It is probable
that thils system 1s much larger and passes through a great portion
of the country. The faults of this system present certain indica-
tions glving rise to the assumption that they are directional faults.

2.2.3. Northwest -system

Although it 1s not as important as the previous systems, the
northwest system is more recognizable on the western flank of the
Cordillera Ra}, in front of the Los Chillos Valley and also the
valley of Guayllabamba between Tumbaco and Guayllabamba.

These faults have typically a north-northeastern direction and
cut through the cangahua, from which.it is deduced that they are
young. The direction-of'movement of these faults 1s unknown.

\

2.3. Summary

A map was established of the principal faults of the Interandine
Valley between Guayllabamba and Latacunga, including Quito, through

-the study of aerial photographs. Thils tectonlic map is the first of

its kind to be established in the country. Three main systems of
faults are identifled: the faults of the Interandine Valley with
approximate north-south directions, which are young and probably
active; those of the northeast direction, passing through the Inter-
andine Valley from the Iliniza peak to Cayambe. This last system
of faults had not been previously discovered nor studied. The third
system which 1s chafacterized by lines of northwest direction is
found chiefly in the valley of Guayllabamba; it seems that it is

not as active as the other two §ystems. '
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Thus, the three systems pass almost completely through the

Interandine Valley, in such a manner that there exists almost no
sector or area which is far from a potentially active fault.
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*3.1. Methodology

O It

III. The Microseismic Activity

Three portable Sprengnether short period (1 Hz) seismographs
were installed within the area of study, forming a seismological

‘Jnetwork for the purpose of determining the selsmicity in the region

concerned. Information was also available from the seismograph
installed by NASA on the slopes of the Cotopaxl volcano.

The purpose of the compilation and lnterpretation of the seis-
mic data is to determine the main areas which are systematically
actlive and which will probably be affected by future events. The
preclise location of the eplcenters of the events detected is also
of vital importance in the determination.of the tectonic fualts
which are active at present.

¢
H -

Obtaining'and interpreting seismiec data requires a series of
stages and processes which are interconnected and which take place
in the following sequence. S '

3.1.1. Installation and mainténance.of the lnstruments

At the beginning of October 1977, the instruments were dellvered
and we proceeded immediately to check ?nd test them before installing
them in the field. '

After laylng out a tentative seismologlcal network, the first
weeks of October 1977 were devoted to seeking the appropriate sites
for the installatilon of éhe'instrumentsa finally, the statlons of
the network were lald out as may be seen in Fligure 1. We considered

- this layout as the most suitable for carrying out the microseismic

studles and for monitoring the actlive volcanoes Guagua Pichincha

and Cotobéxi:"”"' e e e
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The first instrument (#494) was installed at the Rasuyacu

station near the town of Toacazo (Cotopaxi Province) on Nobember 20, -
. 1977, and until the day it completed its operation with a total of

3228 working hours there were no serious drawbacks.

One week later, on November 27, thé second instrument (#495)
was installed at the Cuscungo Camp 'of the Empresa de Agua Potable
near the t°W9,¢f Lloa, west of Quito. This 1lnstrument operated

altogether for 3655 hours.

On December 18, 1977, the third instrument (#493) was installed

~at the San Augustin station near the town of Checa. It had com-

pieted altogether 1692 hours of operation by the time 1t was removed
on Apfil 1, 1978, and it was re-installed in the San ‘Jose district
of the town of Yaruqui on April 12, 1978, where it operated for 840
hours, thus giving a total of 2532 hours.

Figure 2% shows a summary of the operating schedule of all the
instruments and .the number of seismograms obtained ‘during the period

,'of operation of the instruments.

Once a week an inspection was carried out of the sifes of the

instruments, with servicing of the latter. This included: overall
- checking of the instrument, adjustment and callbration, checking and

correction of the clock and preparation of the instrument to be
operated by the respective agent during the followlng week.

Finally, all Qhe instruments stopped operating and were removed
from their sites on May 27, 1978, after having worked excellently

Aénd without problems during the entire period of operation.

3.1.2. Interpretation of the seismograms

The seismograms obtalned weekly were classified and numbered,
they were all read, and each selsmic event was measured and
included in a long list containing all the events registered.

¥Pranslator's note. Fiéﬁre,? does not‘appear in the foreign text.
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These events are 904 in number altogether, of which at least
413 (45%) occurred within the studied &rea. The other events corre-
spond to teleseisms or remote tremors of regional nature, in all
cases outslde the studied region.

The reading of the seismograms was carried out by us with a
group of three persons by means of several readlng instruments, such
as a binocular microscope, several magnifying glasses and measure-
ment gauges. :

3.1.3. Data processing

To locate the epicenters more precisely and in view of the
large amount of data obtalned, the authors decided to use for the

first time in thls country a computer program to calculate the

various seilsmic parameters of each event. The program used was
called HYPOELLIPSE (Lahr, Ward, 1973). This program had to be

, adapted to the local conditiens for its application, l.e., to condi- /10

tion the program to the type of computer used, the number of selsmlc
stations constituting the network, and the type of information
assigned to the program and the results expected from it:. The
authors established a model of the selsmic velocitlies of the Earth's
erust for the reglon studled, and aiso calculated the seismic cor-

rections for each statlion. This model of seismic velocities of the

crust used in the present study 1s based on a summary of the model

‘,presented in the Narino'ProJectk(Qcola et al., 1977), data from the

theses by Robaline (1975) and Torres (1975), and in various

v models set up and tested previously by the authors.

We give below a synthes;s of the model used in this study.

%
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Synthesis of the Model of the Earth's Crust for the Studied

_Area

- Stratum Velocity " Depth - 'Density

‘ : (km/sec) X Sﬁm) o
1 2.60 0.00 0.50
2 5.50 | 0.50 5.70
3 6.13 | 6.20 ' 23.00
- 4 7.54 29.20 o 79.00
E@; 5 8.10 108.20 1000.00

From the long list of events registered, we proceeded to select

' the tremors which would be processed considering several aspects in

A : this connection. These are — for each selsmic event — as follows:
% |

i’% *a) 1ts recording by at least 3 of the 4 stations, which means
that probably only tremors of magnitude more than 2 were
~ processed; .
b) the probability of belng located inside the studied area;
¢) clearness in the reading of the occurrence of the different
phases;

d) presenting a constant seismic velocity ratio Vp/Vs.

All these conditions feduce draétically the number of tremors
to be processed; thus only 11% of the tremors registered inside the

B ~area were processed. Figupe 3 represents a 1ist‘df all the events
38 ~ processed by computer. A

i 3.2. Maps of epicenters '

Starting from the data obtalned and other sources, we proceeded
i to the establishment of the different epicenter maps.

A more detailled
description will be made of each of them.
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_Date Time Latitude Longitude Depth : §
January
10 1015 00 14.42 "73'53,09 6.3 ; i}
10 1016 -00 1h.07 - 78 56.02 6.3 ‘ {a
17 1008 00 13.95 78 20.73  18.0
25 0142 00 41.77 78 LK, 32 8.4
25 0021 00 46.24 79 14.03 . 105.0
- 26 0203 00 08.97 78 24,42 48,0
February -
02 0721 00 36.44 78 52.29 1.6
ol 0335 00 41.77 78 U46.35 9.2
07 1601 00 21.92 78 57.46 11.0
15 0236 00 09.00 78 32.56 o.h -
15 0920 00 uhL.94 78 45.30 3i1*
21 0702 00 29.47 78 39.46 6.6%
25 0515 00 01.47 79 19.72 5.0¢
28 0840 00 20,21 78 42,15 0.6
March | o
09 0542 00 19.06 78 39.92 12,0 .
09 1042 00 03.08 78 24,46 5.9
17 - 0900 00 43.48 7R 44,63 h,ox
17 0905 00 Lh.14 ' 78 48.733 10,0
17 1841 00 42.17 78 WL 46 b.6
22 05131 00 12.76 " 78 06.08 2.3
27 12351 00 12.05 78 13.59 .4
28 1750 00 25.83 78 35.44  26.5
29 o748 . 00 29.20 ' 78 30.01 35,0
29 1810 00 46,04 78 51.96 1.0%
30 1936 00 27.50 78 41.50 | 8.3
Aprii ‘ : é '
05 2227 00 48.58 76 42.76 5.9
07 1549 00 42,13 78 44,90 7.8
17 0533 00 50.35 . 78 57.00 6.0%
19 o746 00 hi1.52 78 55.42 9.4

Figure 3. (continued on following page) -




Date Time . Latitude ' Longitude ' Depth
. ] ! ; '

- 3' May ' | | o

N 01 0917 OON10.08  ° 79 07.3k h, 2

08 0930 00 41.82 - 78 43.77 . 1.7

11 0213 00 LlL.66 78 48,28 6.4

11 1h2y 00 13.26 78 27.56 3.3,

, , 11 1429 00 10.99 78 27.45 10.0
| 13 0132 00 20.87 78 27.58 13,0
: 15 1651 00 13.92 78 11.95 5.8
18 o423 00 07.60 78 22.87 0.9*

18 ob5U 00 05.18 78 22.1b 3.6

19 o141 OON00. 23 78 34.16 24,0

26 0325 00 22.08 78 25.85 32,0

| 26 = ou21 00 u4.52 78 43.96 11.0

| 26 o427 00 L3.61 78 46.28  16.0
26 o453 00 u41.56 78 43.06 7.6%

26 . olus9 - 00 L2.47 78 L1.51 6.5%

- Figure 3.. (continued). List of computer-processed events

‘ *Approximate depth.
$ : Latitude: south (if not specifled)
] f Longitude: west :

3,2.1. Tectonic map of the Interandine Vallex‘
(Map No. 1)

. | The epicenters calculated by coﬁputer and occurring within the
région covered by the tectonic map concerned were plotted in it. It
contains, furthermore, some past eplcenters which were located pre-
cisely and are important for this study. V

f- 5 _- - The purpose of plotting the epicenters on this map of faults 1is
F ; ~ .to obtain a direct correlation between the detected tremors and the
' active faults inducing them. More generally, we may define the

L i“ ;”‘ ; ’. = fly | | | | , |
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active seismic regions, which are described in the next section e
(section 3.3). '

3.2.2. Map of regional epicenters (Map No. 2)

This map, based on the Geographlic Map of Ecuador, scale 1 :
500 ,000 (1957), presents the events listed in Figure 3. That is,
all the recorded and processed events occurring both inside and
outside the Interandine Valley.

On the basis of the concentration of the epicenters on this map,
thée seismic areas active at present were defined. These active

selsmic ‘areas are described in section 3.3.

3.2.3. Map of historic epicenters (Map No. 3)

This map 1s also based on the Map of Ecuador of scale 1 :
500,000. It contains the information on the epicenters located since
1587 to the present of magnitude more'than'u, corresponding to the
region between Quito and Ambato.

It i1s noted in it that reglons now seismically active were also
active in the past. The best known are the large number of epi-
centers close to the town of Toacazo; thils area is also active at
present and some catastrophic earthquakes have accurred in it (1736,

’ iguu, 1976). Considerable activity was also noted in the past in the
vbvicinity of the citles of Ambato and Latacunga. Parallel to the

upper course of the Toachi River and following 1lts extension to the /12
north, we noted the presence of several past epicenters coinciding
with an area which is also active at present and which defines a

| system of faults: or north-south direction which probably produced
~these epicenters (see section 3.3.2).

- Apart from these important characteristics, other past epi-
centers are also found in the Interandfne Valley which were certainly
produced by the system of faults passing through this valley and
which was active in the past. : , .

18 . )




3.2.&. Frequency diagrams

;‘ Frequency dlagrams (Figure 4) were established from the long
11 5t containing all the events recorded in the seismic network. They
were plotted by comparing the number of tremors (frequency) with the

‘ difference in the arrivals of S and P waves for each (S-P) event,

~ from which we obtain the distances between the epicenter and the
seilsmological station. These dlagrams were established for each

, month. As has previously been mentioned, of the total number of

events recorded in the area, only 11% were processed. This does not

méah that the rest of the information was rejected. On the con-

"_trary, it was used to establish the seismic and volcanic frequency
diagrams. These diagrams give more information that that given by
“the computer, and confirm 1t in many cases. A

-

)

The. best known of these dlagrams 1s the greatest frequency of
seismic occurrence in the neighborhood of the Rasuyacu station.
, Tbis confirms the fact that the Toacazo area is the most active
region found by us. This 1s also indicated in the diagrams corre-
sponding to the Cotopaxl station, where a seismic activity is

reglstered at a distance of 30 km; this probably corresponds
- to the Toacazo region.

e The activity in the Toachi area is also confirmed in the fre-
A'ﬁrqﬁency dlagrams. At a distance of 30 - 40 km from the Lloa station,
éi; N . a constant activity is found in the diggrams, reaching maximum in
1 ~ the month of January. J

1 With regard to the other seilsmic areas, it is more difficult
S }; | to treat them by this method with frequency diagrams.

These dlagrams also give us an 1dea of the present state of
'7the active volcanoes Cotopaxi and Guagua Pichincha; the details
will be given 4in a better form in section Iv.
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3.3. Active seismic reglons

; On the basis .of the maps already presented, four regions cof
greater seismlc activity are distingulshed, which are discussed 1n
greater detaill in thls section. '

3.3.1. Toaczao area

| This 1s the region of greatest concentration of epicenters, and
it 1is located approximately to the northwest of Toacazo and east of
Sigchos (see Maps Nos. 1 and 2). Most of the seismic activity re-
corded in this study belongs to thils region. Many of the tremors
of this area were so strong that they could be felt at Quito, and
must have had.orders of magnitude between 4 and 5 on the Richter
scale. It 1s worth noting that the tremors occurring on March 17 and
May 26 were felt at Quite. '

These events obviously originate in a displacement region which
is very active at present. On the basis of the frequency diagrams
(see Figure 4), it may be seen that during the 6 months of operation
165 tremors were .recorded within a radius of 17 km around Toacazo,
the maximum of 59 tremors occurring in the month of March.

Most of the epicenters occur on the system of fault of north-
eastern direction, especially the Iliniza faults and on a smaller
sc¢ale the Toacazo fault, belonging to thls system. The tremor was

‘ probably responsible for the earthquakes of’0ctober‘and November

1976, which affected the area.
. o \
: The epicenters of the days Jéhuary 25, February 4, February 15,
Abril 7, March 17, May 8, May 11, and May 26 are related to the
Iiiniza fault. The event of April 5 occurs preciselonn,the Toacazo

L fault. : ) . . ) o
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3.3.2. Toéchi area

This area 1s defined by a series of eplcenters located on elther

side of the upper course of“theqTqachi River, starting from Quilota

: Léké northward (see Map No. 2). To this group correspond the epi-

centers of January 10, February 7, March 29, April 17 and 19. The
event of January 10 was felt in the city of Quito, and 1its magnitude

" corresponds probably to a value of 3 or 4 on the Richter scale.

The tremors of thils area were prodpced by a system of faults of

‘ approximately north-south dilrection and running along the Western

Cordillera parallel to the upper course of the Toachi river. This ‘
system of faults was not described in the tectonic map since 1t was

outside the studied area,.but its existence cannot be doubted and
the authors.proved it in the field in the neighborhood of Sigchos.
' This system extends probably toward the north to the sector of Pacto

and Nanegal and southward to the Cordillera of Angamarca.

It should be mentioned that the plotted events represent a small
percentage of the total selsmic activity of this reglon. On the
Basis of the frequency diagrams (see Figure 4) it 1s noted that
several dozen trgmors were reglstered corresponding probably to the
region of Toachi or its extension to the north. On the other hand,

*“-the-layout of the se;smological network does not permit a good detec-

tion level for the events of less maghiltude, only'the stronger ones.

Obviously, this area represents one of the regions most active
from the selsmic point of view existing at present in our country,

and which was unknown before the present study. The north-south

fault system producing this seismic regilon is not well known and the
active nature presented by these faults was not known. -

3.3.3. Quite-Gauyllabémba region :

Another area of concentration of epicenters is located east and
northeast of Quito (see Maps Nos. 1 and 2). To this area correspond
the .eplicenters of January 26, March 9, May 11, 18 and 19. . These

a7




1

efents were produced by dislocation along the two principal fault
,sjstems: the northeastern fault system with the Guayllabamba fault
as one of the main “ones and the fault system of the Interandine
"Valley with -the Calderon faults, with the typlcal representatives

Ilumbisi and Pomasqui. - -

The events of January 26 and May 18 occur on the Guayllabamba
fault. On March 9 we have an event on the Calderon fault intersect- )
ing with the Guayllabamba fault. The event of January 26 occurs

~on the intersection of these two faults. On May 11, two events

occurred on the Ilumbisi fault near its intersection with the
Guayllabamba fault. These two events were followed on May 18 by
events along the Guayllabamba fault, suggesting that these two faults
are active branches of a set of faults which at present are releasing

tension in this region.

The event of January 17 belongs p:obably to the northwest system.
_The two events of May 13 and 26 in thejvalley of Los Chillos indicates
that active faults belonging probably to the system of the Inter-
andine Valley lie under this 1mportant;valley. This very valley
suffered a big earthquake in 1938. '
, K\
Three events on March 22 and 27 and on May 15 occurred to the
east and outside the studied areas, be%onging probably to a fault

system of the Eastern Cordilleras.

3.3.4. Machachi region

)

This area contains the epicenters located in the neighborhood
of Machachi; southwest of Quito. It includes the events of March 9,
28, 29, and 30, February 28 and 21. The latter were greatly
scattered on the flanks of the extinct volcanoes: Atacazo, Corazon,

E - =

and Pasochoa. .

They probably form part of the two dominant fault systems in
the-area: specifically, faults of the northeast and faults of the

Interandine Valley. ) ' .
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IV. Present State of the Active Volcanoes

Cotopaxi and Guagua Pichincha

The volcanoes of Ecuador have a long history of activity. /16
During the last four. centuries, at least 8 volcanoes have shown con=-
- 1 siderable volcanic activity. These volcanoes, active and dormant,
;\, | include: Reventador, Sumaco, Antisana, Cotopaxi, Tungurahura,

b Sahgay, Quilotoa, and Guagua Pichincha. The eruptions of these vol-
' canoes produced great disasters on a reglonal scale and on many

{ ' f occasions, with great loss of 1life and 'destruction of property,

a8 ' - factories, and valuable agricultural land. More specifically, the
volcano Cotopaxl has a long series of eruptlons during the decades
from 1900 to 1950, in which many townswere destroyed, including the
city of Latacunga. Although 1t did not have such a destructive his-
tory, the Guagua Pichincha had a great eruption in 1660 which

; deposited a layer of ashes 40 cm thick over Quito; slight signs of
“§ the resumption of its activity were also’noted in the years 1368,
1869, and 1881. ‘

v

- During the last decade, volcanologlsts have observed that before
an eruption microseismic activity under a volcano often increases
little by little, culminating in thé'eruption itself. Probably this
occurrs through the rise of the magma from a great depth to the
volcanic edifice. Seismographs of high magnification are able to
detect these volcanic microseismisms, and with their continuilng opera-
tion over a long period it 1s possible to register changes in this
activity preceding-a possible eruption. A warning perilod before the
eruption woulq obviously be very useful for the development of con-
tingency plans, evacuation, etc. These selsmographs operate con-
finuously in some volcanoes of Central America, the United States,

-, )
T I T

X sEp ugTE

Japan, and Italy.

IREE ST u i S

ted

Because of the indications of the resumption of the activity of
‘Cotopaxi in 1975, NASA, collaborating with the National Polytechnilc
‘Schobl, installed a seismograph and two inclinometers on the western
flank of the volcano in May 1977, which are recording continuously

29




the activity of the volcano (Allenby, 1977; Ramon, 1978). The
séismological project of the Latacunga-Quito region, set up by the
National Civil Defense Board, offered the opportunity for studylng
briefly the Guagua Pichincha volcano. The layout and location of
the seismological network were set up in such a manner that 1t per-

mitted us to monitor this volcano. For this purpose, an instrument

wés installed near Lloa, at about 7 km from the crater of the
volcano, which at the time the volcano was being monltored, was part
of the seismological network. Almost 6 months of continuous opera=-
tion were carriled out, through which we are much better acquhinted
with the present state of the volcano;!and a normal level of 1its

- selsmic activity was established.

4,1. Results

On the baslis of the result obtalned from the seismographs in-
stalled in Cotopaxi and Lloa, the frequency graphs were plotted of
the microseismic activity of vélcanic origin (see Figure 5). The
number of microseismisms detected in Totopaxi variled from 3 to 49 per
month during the studied period. Without taking into conslderation
the month of January in which an abnormal number of local tremors

N
3

2

were reglstered, the number varied between only 3 and 9 microseimisms l
per month, with an average of 6.3. 'This level of seismic activity was

accepted as normal, and with it it will be possible to compare the
future selsmic activity of the volcano. We wlll thus be able to
obtain a possible prognosis for the resumption of the activity of
the volcano.

The abnormal number of tremors detected in January may be due
to a number of causes. No doubt many are of volcanlc origln; never-
theless, many are perhaps due to the movement of the glaclers of the
mountain, which constltutes a common phenomenon observed 1ln other
Qolcanoes. Recent communications with Dr. John Latter, volcanoli-
gist of the Government of New Zealand, are rurnishing new criteria

for this type of tremors.
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Figure 5. Frequency of volcanic.microseimism

With respect to Guagua Pichincha, it may be seen on the graph
that the number of microseismisms of volcanic origin varies between
1 and 14 per month during the period studied. Without considering
the month of February in which a relatively abnormal number of
tremors were reglstered, the Ax}ormal level of selsmic actlvity seems
to be about 2 tremors per month. This level will be used as the
standard for future comparisons. B
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4,2, Other data

Sporadic visual observations were also carriled out, in which no
considerable change was detected in the state of these two volcanoes
in the last twelve months. :

4.3. Conclusion

To sum up, the conclusion may be drawn that for neither of the
two volcanoes did one detect an extraordinary number of volcanic
tremors which would imply that the state of the volcanoes changed.

~ This coincides with the visual observations which did not detect

any considerable change either. The important thing 1s that the nor-
mal activity levels were establlished for each of the volcanoes,

which 1s necessary to obtain a'prognosfs of the resumption of the
activity. . ’ o
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V. Conclusions and Discussion

Y ‘ 5.1 Concluslons Summary '
f . Y ‘ e y fl
. | /19

“For the first time a detailed map was established in the country
of the faults which might affect the Interandine Valley between Lara-
cunga and Quito. These faults were grouped into three main systems.
The faults of the system of the Interandine Valley, with mainly north-
| south directions, control the shape of the valley. The active faults
L; , of the northeastern system which pass through the Interandine Valley
| | with northeast directlon from Saqulsili and the Ilinlza peak vo Guay-
llabamba and probably Cayambe. The third system, the northwest
system, consists in faults of northwest direction which are noted in -
the valley of Guayllabamba. All these systems of faults cut through
the cangahua, proving their youth. .

The best known of these fault systems is that of northeastern
directlion, which had never before been ildentified in the Slerra. It
crosses bthrough the entire region under study, with a length of at
least 90 km, and certainly extends toward the southwest and northeast
| o Cayambe and Ibarra. It seems that its motion is of the type of
& ? direction fault, with mainly horizontal displacements, although this
i needs to be confirmed. According to Allen (1975), the long and
; j continuous direction faults are the most dangerous potentially.

But there is no way of knowing whether these faults are going to
produce a strong tremor in the near future.

? A network of U selsmographs was maintalned in operation for 6

f , months to detérmine the selsmlc activity of the reglon. From the
o selsmological data, the epleenters were caleulated by computer, thils

Y being the first time this technology has been used in this country.

LI The results reveal that there have been microselsmisms:in the faults
| of the three systems durlng the last months, specifically, that the
three fault systems should be considered active. Furthermore, most

i of the ealculated eplcenters have a superficial focus, i.e., the
seismic events occurred at depths of less than 30 km below the ground
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surface. Thus the.seismic activity along the northeast system 1s
distinguished, as well as in the sector of the Toachi River outside
the project area.

}
i
'

It appears that these three fault systems and the system of
the Toachi River form a complex set of faults producling the seismic
activity which is now affecting the northern part of the Ecuadorian
Andes. The conclusion should be drawn that this region is under
tectonic tension, which is indicated by the abnormal seilsmic activity
of the region. If these systems,participate in this complex set of
faults, one should expect that the faulting and displacement in a
10 3 sector may cause subsequent faulting 1ln other sectors..  According
; ~ to this concept, the occurrence of apparent migration of tremors
5" 1 - could be explained, from the Ilumbisi fault to the Guayllabamba fault

‘during May. Other apparent migrations of dislocatlions have also been
observed.

5.2. Discussion

5.2:1. Faults and faulting

The faults are ruptures of the Earth's crusfl‘generally long,
produced by the breaking of the rocks during the release of tension.
The breaking process is called faulting. '

L £

Bolt et al. (1975) explain this process as follows. The tension
: which 1is gradually accumulated in the crust represents a reserve of
EM . elastic energy, in the same way as when a spring is compressed. At 3
some point called the focal point {(focus) within this region under -
tension, rupture starts suddenly and extends rapidly in all direc-
tions along the surface of the fault. This occurs as a series of ;
erratic movement or jumps caused by the irregular resistance of the
rocks. The irregular propagation of the displacemenﬁ along the fault
N causes "explosidns" of high frequency waves which travel through the
Earth,‘producing the seismic shock, which causes most of the damage
and -destruction. The propagation of the rupture travels inter-
mittently 1n jumps measured in fractions of seconds with a typical
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velocity of 2 to 3 km/sec. The shock outside the fault consists of
all types of (vibrating) waves of different frequency and amplitudes.

5.2.2. Risks t in faultin

The risks induced by faulting are divided into three groups.

a) Rupture of the Earth's surface. This refers to the rupture,
opening, and displacement of the Earth's surface by faulting. The
damage is therefore limited to the structures bullt precisely over Z21
the track of the fault.

b) Seismic shock. The waves generated by the faulting spread
in all direction. Generally at a greater distance from the focus -
of the faulting, the frequencies and amplitues of these waves de-
crease. Damage is caused to any structure when the frequency of the
seismic waves is similar to the natural frequency of the structure.
Unfortunately, many ltructurﬁa'or buildings have frequencies of the
same range as those generated during the faulting.

The seismic shock will generally affect a considerable area,
occasionally up to hundreds of kilometers from the focus. Conse-
quently, destruction occurs over an'enormous region. It is known,
moreover, that the rocks of the subsoil may modify greatly the nature
of the seismic waves; thus when they travel through nonconsolidated
materials such as alluvia, filling, and pyroclastic material from a
volcano the waves are attenuated and lose part of their velocity.
Unfortunately, this causes an increase in the amplitude of the waves
and of the duration of the strong shock, which is the main cause of
destruction over a wide range. Dobry et al. (1878) noted during
certain earthquakes and in poorly consolidated materials the pre-
sence of superficial phases following the strong phase (S), which
had a high content of long periods and were probdbadly responsidle for
the selective damage and the collapse of the foundations of high
buildings. Hence the structures bduilt over these materials incur
greater risk. Unfortunately, comparatively loose geological material
lies under a considerabdble part of the Interandine Valley (cangahua,
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pyroclastic¢ materials, etc.), and it may therefore be expected that

the seismic shock will be responsible for much damage in the future.

c) Secondaryierrects. There are many secondary éffecté which

are caused by faulting and therefore rapidly become dangerous:

36

Floodsi They are caused by the collapse of dams due to shock.

Laadslides:

Avalaqghes:

Tsunamis:

Overflow:

Sinking:

They are produced by the shock in unstable soils of

low slope, especially soils saturated with water.

They may originate on the upper flanks of mountains
causing danger to the towns on the slopes.

These are great tidal waves produced through violent
undersea faulting. They are dangerous on the coasts.

This is the ovérflow of water from a lake or dam,
caused by the shock.

~

In rare cases, the shock or faulting itself causes a
sinking of the ground.

Fires: The main risk in the cities is the starting of great
fires caused by the rupture of polyducts, oil tanks,
electric plants and substations, etc. Sometimes fires
are hard to fight because of the rupture of aqueducts
and of communication lines. '

Liquefacfion of the subsoil: When sand and clay materials are

saturated with water, the water occurring in the
mineralogical structure separates, forming a clay
of low resistance. Buildings cemented with these
materials may suffer from this phenomenon, causing"
the loss of equilibrium in their suport, and there-
fare of the buildings themselves.
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It is obvious that tremors.and earthouakes produced by faulting
may cluse many dangers, both dlrect and secondary. According to the
local situation, one or seversal of these disastrous phenomena will
predominate; although the sedsmic shoek is the maln one, the other
phenomena which might occur in each region or district should also |
be taken into consideration. It is proper.to present here a dis-

cussion pr how the Interandine Valley would be affected by these
risks.

5.2.53. Risks in the Interandine Valley

Faults which might potentially induce strong tremors pass
through almost all the studied reglon. The conclusion was previously
drawn that most of these faults are active and that the reglon is
under tectonle tension. It is well known that this reglon has had
a long history of tremors. Although the main concern is caused by
the northeast fault system, the faults of the othexr systems might
&1s0 induce strong tremors. The faults of the northeast systen
follow & great portion of the Interandine Valley, and therefore
tremoxrs of magnitudes of more than 5 produced by this system may
affect an enormous populated industrial and agelicwdtural sector.

. Most of the populated and industrial sectors, infrastructure works,

and agricultural sectors in the Mschachi-Guayllabamba system are
located at about & km or less from the faults of this system.

Anagther cause of anxiety'is that muéh of the area in question
lies over cangahua or other unconsolidated materials. Consequently,
in case of & strong tremor, & great -shock may be expected over a
wlde range for reasons already discusssed in sectlon 5.2.1. More-
over, the past tremors &s well as hhnée registered in this study
are of shallow orxigin, whicnrgggravates the situation. A brdef
evaluation of the sarthquakes of Pastocalle 1976, Machachi 1978, and
Pelileo 1949, reglons lying over not very consolidated 'materials,
suggests that tremors of foxrce greater than 5 willl have intensities
{modified Mercalli) greater than VII, an intensity for which the
adobe houses suffer great damage. Obviously this damage would be
multiplied at higher intensities.

L
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The two factors mentioned above suggest“the existence of a
potentlally dangerous situation in this region.

It is worth listing the buildings and installations which might

be affected by tremors along the faults of the northeast system.
These include: |

2,

{

the satellite-tracking station (NASA);

the town of Machachi;

the town of Aloag. Its position 1scritical since the main
roads leading to Quito and the north of the countgy con-
verge here. Furthermore, the polyduct, the railroad, and
the high ﬁension lines of Pisayambo pass through it;

-the nuclear reactor which will probably be built at Aloag;

Quito drinking water supply. The agqueduct of the Pita-Tambo
Project may be cut off by the faults;

01l duct. Conocoto sector; ,

Terrena station. IETEL communications center;

express highway: Quito-Los Chillos Valley; j _

electric power spat}ons of Guangopolo and Nayon;

Quito; T '

many road, factories, and industries.

‘ It 1s known and attention has been drawn to the fact that many
vital works for the well-belng of ‘Quito and of the country have been
built a few kilometers from active faults.
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6. _Recommendations

6.1. Mioroselsmie studies importanae

The studies of mloroselsmiclty, along wlth the geologleal, geo=
physisal, and tectonle studles, congtltute a source of Infarmation
which is important for the ldentiflcatlon of sources of future sig-
nificant events, to define the selsmologleal environment, and to
evaluate the selsmie risk (Savage, 1978).

We recommend studles similar to thia one to be carried out
along the Interandine Valley, especlally in selsmlcally actlve areas
with high populatlon density.

The reglon betweéen Guayllabamba and Machachl requires the con-
tinuation of the studles of mieroseismiclty to lmprove the knowledge
of the selsmic rlsks they present. Also, toward the northeusst of
Guayllabamba in the sectors of CGayambe and Ibamra, velng a densely
populated area and in view of the probable presence of active faults
in 1t, adequate investipatlon 1s needed. The reglon of Ambate and

dts surroundings have already been affected strongly by tremors in

the last decades (see Map No. 3), and we ave lgnorant of the present
tectonle situatlon in thls arvea.

Tuture studles of thls type ahould glve more lmportance to the
study of the type of faulting and its different parawebers. These
lnelude: the type of faulis found, the length of the faults, and
thelr activity. To satisfy these requirements, one should increase
the number and quality of the instruments for selsmic observation
and reglstration.

This study proved that mleroselsmlie studles may be garrded out
by natlonal teohnlclans and with instruments easily obtainable on

 the world market, and with a technology similar to the one used at

pregent in the highly developed countries: This is of great

»




advantage, since it will reduce .the costs of these studles which we
believe should be . undertaken with the highest priority, since their
importance 1s indisputable. .

6.2. Instrumentation

In the continental part of Ecuador, there 1ls at present not a
single complete selsmic station operating whose information 1is
satisfactory. The VELA station of the Astronomy Observatory at pre-—
sent is not operating because there 1s no adequate place to install
it. The VELA station of Galapagos is operating permanently, but
with many breakdowns. | - 4 -

We recommend that an impetus be given to the creation of sels-~
mic stations in the country, which will be of definite assistance in

. research simllar to this one. The microseismic network used in this

study would have had better results 1f we have been able to rely on
a larger number of instruments of the same type. We therefore
recommend that the National Civil Dereﬁse Board acquire a larger
number of instruments similar to those it already possesses, since
the latter have proved to be very reliable and their operation

dloes not pose major problems.

An urgent need 1s the purchase and installation of several
accelerographs in the principal ciltlies of the country for the pur-
pose of determining the characterlstics of the movements of the
soilbduring strong earthquakes. This will be of great help and will
furnish better criteria in designing and buillding new edifices in
the cities, and will represent a great step toward the future estabe
lishment of a building code which takes selsmiclty into account.

* 6.3. DMonitoring the active volcanoes

It 1s obvious that it 1s necessary to continue monitoring the

'vmost dangerous volcanoes, especially Cotopaxl, Guagua Pichincha, and
Tungurahua, which are active and represent a direct threat to the

nearby cities and towns.

4o
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The geophysical station of Cotopaxi operated by NASA and the
Polytechnic School was planned to continue operating indefinitely,
80 that we are confident the volcano will be well monitored.

The Guagua Pichincha is in a dormant state, but it can in no
way be considered extinet. According to Dr. H. Taszieff, the world-
famous French volcanologist, this volcano is the most dangerous in
the country, since a very explosive activity is expected in its next
eruption. Consequently, it is critical that the study of the vol-

- ¢ano should continue. The following is recommended:

1. Establish a map of the volcanic risks of this volcano,
siml.ar to the one obtained for Cotopaxi (see Miller et al., 1978).

2. DMonitor this volcano with a high-magnification seismograph.
This may be obtained by installing an instrument of the Civil De-
fense Board in a well selected site. Another possibility which is
of great interest is that the Astronomical Observatory Station
located at present in the Alameda Park.'bocauae of which it does not
operate satisfactorily, should be shifted to a site on the Plenincha
flank, from which it may monitor the volcano with its instruments.
Unfortunately, this change of site for the station has already been
postponed for years. .

It is also necessary to study the Tungurahua volcano to deter-
mine its average level of seismic activity, as was done in Cotopaxl
and Guagua Pichincha in the course of this study. It 1is recommended
that if a seismic study is carried out in the Ambato region, one
of the instruments included in this network be installed on the
Tungurahua volcano. This will make it possible to investigate both
the seismic and tectonic seismicity.

6.4, Operations and projects of national importance

One of our important proqocupationl is the planning and prob-
able construction of several projects of great importance for the
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development of the country, and whose location coincides with sites
identified by us as seismically active.

The INECEL Project on the Toachi River is located within the
seismic area 6f the same name (see Map No. 2) in which there are
active faults passing through the area of the project and in which
several epicenters were detected. :

The Ecuadorian Atomic Energy Commission is planing the installa-
tion of a nuclear reactor in the immediate vicinity of the town of
Aloag. The tectonic map (see Map No. 1) shows that through this
area pass systems of faults which are active, and it 1s also noted
that the epicenter of the Machachi earthquake (November 1976) is
very close to this region.

We recommend that the location of these projects should be
reconsidered, taking into account the above described criteria,
since in their present location in case of a strong earthquake
they might produce serious catastrophes.

6.5. Contingency plans

Finally, we recommend that, on the basis of the results ob-
tained in this study, the National Civil Defense Board should prepare
contingency plans for this reglon, if this has not already been done,
in the case of occurrence of a great natpral catastrophe, such as
an earthquake or a volcanic eruption affecting the population.

The Natilonal Civil Defense Board should consider.that in the
reglon studied there are large populated centers,'infrastructure
establishments of national importance, lines of communication and
means of supply on which the population of this region depends. 1In
view of what was described above, we belleve that in case of dlsaster
it 1s vital to have established contingency and emergency plans which
would help to save.lives and property of‘thg population affected
by a. disaster. -
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