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Preface

After the March 5, 1987, earthquakes in Ecuador, the National Research
Council, in cooperation with several other institutions, organized a postdisaster
reconnaissance team to visit the disaster sites. The team was multidisciplinary,
reflecting expertise in seismology, geology, geotechnical engineering, life-
line engineering, sociology, and the political sciences, in order to study the
physical, social, and economic impacts on the nation resulting from the
earthquakes. The team’s effort in conducting its field work was greatly
enhanced by a number of experts from local organizations and institutions.
The eight chapters presented in this report are the contributions of the offi-
cial members of the National Research Council team and their Ecuadorian
colleagues working hand in hand to document and analyze these earth-
quakes. The individual chapters are the independent contributions of one or
more of the individuals involved in the study. Efforts have been made by
the team leader and the report’s editor to eliminate duplications as much as
possible. Remaining duplications are retained to allow the presentations 1o
stand alone so that readers will not be burdened with cross referencing.

Robert L. Schuster
Team Leader and Technical Editor
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Executive Summary

The two earthquakes of magnitade 6.1 and 6.9 on March S, 1987, oc-
-curred along the eastern slopes of the Andes Mountains in northeastern

Ecuador. The epicenters were located in Napo Province, approximately 100
km ENE of Quito and 25 km N of Reventador Volcano. Ground shaking
caused a number of moderate structural damages, primarily in arcas ncar the
epicenters. The occurrence of the earthquakes in an area of steep slopes
covered by unstable volcanic and residual soils with high water contents,
caused by heavy rainfall immediately prior to the earthquake, resulted in
massive slope failures of high fluidity. Comparatively speaking, the eco-
nomic and social losses directly due to earthquake shaking were small com-
pared with the effects of catastrophic earthquake-triggered mass wasting
(i.e., slumps and slides, debris flows, and debris avalanches) and flooding
in the areca adjacent to Reventador Volcano. Rock and ecarth slides, debris
avalanches, and debris and mud flows east of the Andes resulted in the
destruction or local severing of nearly 70 km of the Trans-Ecuadorian oil
pipeline and the only highway from Quito to Ecuador’s eastern rain forests
and oil fields. Nearly all of the estimated 1,000 deaths from the earth-
quakes were a consequence of mass wasting and flooding. Economic losses
were estimated at $1.0 billion; the effects of widespread denudation on the
agricultural and hydroelectric development of the region are difficult to
evaluate, but undoubtedly were very large.

General Geology of Northeastern Ecuador The geology of northeastern
Ecuador and present-day physical processes related to geology are greatly
influenced by the tectonic mechanisms responsible for the development of
the Andes Mountains. The Andes have created three geologic and geomor-
phic zones: (1) the coastal plains {Costa) to the west, (2) the central moun-
tainous area—the Andes (Sierra), and (3) the eastern lowlands (Oriente),

1
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Seismicity and Tectonics Ecuador is exposed continually to earthquakes
and other geologic hazards. The earthquake potential has always been a
threat to the inhabitants of Ecuador, and thus coexisting with earthquake
activity has become part of the Ecuadorian culture. In the past 80 years
several large earthquakes (interplate events) have occurred in Ecuador’s
subduction zone. The March 1987 earthquakes, which occurred in the Andes,
were not located in an active subduction zone along the plate boundaries.
These intraplate earthquakes are shallow (10 to 14 km) events. Studies of
earthquake potential, using conditional probability estimates, have shown a
66 percent probability for a great earthquake (M_ > 7.7) to take place along
the subduction zone in the recurrence period of 1989-1999, The conditional
probability estimates were evaluated using the historical and instrumental
seismicity catalogue of the region; however, the historical record is poorly
known for this region. A number of recommendations are made in this
report 10 meet the urgent need to better evaluate the earthquake hazards in
Ecuador. Among others, they include compilation of a more extengive and
detailed historical earthquake catalogue for interplate and intraplate earth-
quakes, compilation of a historical earthquake catalogue for events that are
associated with and have their origin in volcanism, deployment of sensitive
seismological instruments in the region for ascertaining the level of seis-
micity and studying the joint focal mechanisms, and development of a work-
ing model of the tectonic regime of the region.

Intensity and Damage Distribution The arcas of maximum Modified
Mercalli Intensity (MMI) are concentrated in the meizoseismal area, attain-
ing an Io = IX. However, much of the damage in this area should be
classed as intensities VII and VIII. The problem encountered in the process
of evaluating the intensity is that of “inconsistencies” in the MMI. For
example, large landslides, such as were abundant in the high mountainous
region near and around Reventador Volcano, as well as in other unstable
regions in the high Andes, suggest an intensity greater than IX. Another
factor that indicates high intensities (>I1X) is surface faulting, such as that in
areas near the epicentral region. Still another factor that yields higher
intensities (X), as given in the intensity scale, is landslides from river banks
and steep slopes due in some cases to water-saturated soils, shifted sand and
mud, and water splashed over banks. In the MMI scale, “bridges destroyed”
implies an intensity of XI. Yet in other cases in this event, although a
bridge was indeed destroyed (but by flooding), wooden structures nearby
sustained no damage. Cther factors that may enter into the intensity-distri-
bution pattern are seismic amplification effects, topographic seismic-wave
amplification, influence of surficial soil conditions, and depth of the water
table. Making the intensity assessment even more complicated are the highly
mixed construction practices in this part of the country and the small and
scattered population scttlements in the mountainous areas,
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Mass Wasting and Flooding Mass wasting and flooding account for the
largest amount of destruction and number of deaths induced by the March 5,
1987, earthquakes. The area around Reventador Volcano includes the greatest
intensity of landsliding triggered by the earthquakes. The earthquake epi-
centers lie a few kilometers to the N and W of the Reventador area. In this
area, rainfall occurs throughout the year, but increases in intensity from
March to July. Significantly, anomalously high precipitation occurred in
the area in January and particularly in February 1987. On February 3 and
20, the gaging station just upstream from San Rafael Falls on the Coca
River registered flow rates of 2,600 and 3,400 m3sec, respectively, which
were 8 to 12 times higher than the average flow of the Coca River. More
than 90 percent of the observed landslides began as shallow slips or slides
of residual soils and highly weathered rock on the uppermost parts of the
slopes of the main valleys or on the slopes of the lower-order tributaries.
Average thicknesses of these slips were from 1.5 to 2.0 m, with a thickness
range of a few decimeters to 5 m. The failing masses either were trans-
formed into debris avalanches and then into debris flows or, in some cases,
were reworked almost immediately into debris flows with high fluidity. A
large number of the landslide scars displayed unweathered bedrock, attest-
ing 1o the shallowness of the residual soil mantle,

The increase in denudation near Reventador Volcano was caused not
only by its nearness to the epicenters, but also by other factors, namely
relief, moisture conditions, elevation, and soil composition. The arcas of
near total denudation on the SW slope of the ancient cone correspond to an
arca of deep and dense dissection by parallel gullies. Here almost all the
surfaces have slopes greater than 35 to 40°. Near total denudation in areas
of dissection by gullies also has occurred along the walls of the deep can-
yons of several nearby rivers. In contrast, the slope on the north side of the
ancient cone, which is not deeply dissected, is far less affected by land-
slides, even though it is closer to the ¢picenters and is less than 2 km from
the area of almost total denudation.

One of the more striking characteristics of the mass wasting caused by
the earthquakes was the effectiveness of the transport of materials and the
volume of the materials from the slopes of the lowest-order tributaries to
the flood plains of major streams. Two factors may have contributed to this
characteristic. The first is the nature of the soils involved in the slope
failures, and the second is the general morphology of the Reventador area.

Interruption of flow of the Coca River was witnessed immediately fol-
lowing the earthquakes, which indicates a strong possibility of natural dam-
ming of the river and/or its tributaries as the result of the earthquakes.
Short-lived damming occurred in two ways: (1) “hydraulic” damming, in
which stream flow, highly charged with debris, was impeded in passing
through narrow bedrock constrictions in the stream channels, and (2)
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blockage of streams by debris flows issuing into the main stream from its
tributaries.

Effects on Lifelines Damage to lifelines was severe in areas near the
garthquake epicenters. Specifically, there was major damage to the Trans-
Ecuadorian (crude oil) and Poliducto (propane) pipelines, as well as the
principal highway linking Quito and Lago Agrio, the main town of the oil-
producing region of Ecuador. Damage to lifelines in other areas was rela-
tively light. The damage to these pipelines was so severe and widespread
that it had a devastating economic impact on the nation, with possible re-
percussions felt worldwide. Approximately 40 km of the 498-km-long Trans-
Ecnadorian pipeline had to be reconstructed, making this the single largest
pipeline failure in history,

The Trans-Ecunadorian pipeline, commissioned in 1972, is composed pri-
marily of 660-mm-diameter line pipe and associated pump and pressure-
reducing stations. The pipeline is the main crude-oil transportation facility
in Ecuador, conveying virtually all the oil from the eastern oil fields to a
marine terminal port near Esmeraldas on the Pacific Ocean. The Poliducto
pipeline is composed of 150-mm-diameter line pipe and associated com-
pressor, pressure regulation, and pumping equipment. The line was built
after the Trans-Ecuadorian pipeline was commissioned, and closely follows
the right of way for the crude-oil line. The line is a multiproduct facility. It
conveys different types of hydrocarbons at different times, including pro-
pane gas. It extends from Lago Agrio in the eastern oil field to Quito. It
was destroyed and damaged at the same locations as the Trans-Ecuadorian
pipeline, since the line was constructed following approximately the same
route as the Trans-Ecuadorian pipeline.

The road parallel to the pipelines is the main transportation artery from
Quito to the eastern oil field. Flooding destroyed the highway bridges on
the Salado and Aguarico rivers, as well as large portions of the road be-
tween the Salado and Malo rivers. The Salado River bridge was replaced in
1988 by a Bailey bridge, which is still in use,

Loss of the Trans-Ecuadorian pipeline deprived Ecuador of 60 percent of
its export revenue. As a consequence, the loss of this single lifeline had a
dramatic effect on the country’s economy. The total loss of revenue before
the reconstructed line began its service in August 1987 was estimated at
nearly $800 million. Added to that was the pipeline reconstruction cost of
about $50 miltion.

The price of West Texas intermediate crude oil is often used as an index
of the world price. News of the earthquakes and associated loss of the
Trans-Ecuadorian pipeline was followed by a 6.25 percent increase in this
index over the four trading days immediately following the carthquakes,
Although oil prices had been climbing at the time of the earthquakes, mar-
ket analysts claim that the news of Ecuador’s suspension of oil exports
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encouraged trading at escalating prices. That is, the economic effects of the
lifeline failure were not confined to a single country, but perhaps were felt
on a worldwide basis by market specuiation.

Local-Level Economic and Social Consequences The country’s alrcady
deteriorating economy suffered a major blow when Ecuadorian oil produc-
tion was disrupted by earthquake-related damage to the Trans-Ecuadorian
pipeline. Since the oil fields had accounted for about 60 percent of the
nation’s export earnings, Ecuador’s ability to meet its internal operating
costs and to make interest payments on its foreign debt were severely im-
paired as the result of the pipeline failures. Within a week after the earth-
quakes, the national government instituted several extreme economic mea-
sures, including suspension of the external debt payment to private banks,
increased fuel prices, a national austerity plan, and a price freeze on se-
lected essential goods.

Both the emergency period after the earthquakes and the recovery pro-
cess from the earthquakes were observed. One interesting point emerging
from the observations is how people viewed their communities during the
crisis. Aside from the original indigenous inhabitants, the populations in
the towns and on the plantations of the Oriente were fairly recently arrived,
and typically had left some other part of the country to seek economic
opportunity as colonists to this area. These residents were not likely as yet
to have long-term attachment to the land nor to have extensive and strong
social ties to others in the arca. One local storekeeper remarked that, right
after the earthquake, the people had helped each other, but now things were
“back to normal.”

Another notable aspect of the earthquakes’ effects on the Oriente was the
impacts in Napo Province created by the loss of the Salado and Aguarico
river bridges. First, the inaccessibility of the land along the approximately
67-km stretch of road between these two bridges prevented the return of the
surviving farmers and plantation owners who had been evacuated from the
area. Second, a large proportion of the 75,000 inhabitants of Napo Province
were effectively cut off from the rest of Ecuador by the damage to the road
between Baeza and Lago Agrio. Agricultural producers in the town of Lago
Agrio and of the areas to the N and E in Napo Province suffered significant
economic impacts as a result of not being able to transport their crops to
market. It was estimated that the postearthquake production losses from
abandonment of land or lack of access to markets amounted to about $7
million, based on the assumption that land access would be reestablished by
the end of June, which it was not.

Another commonly observed issue during the recovery period of past
natural disasters was again noted in this event, i.e., the dilemma of recon-
structing communities in a timely manner versus taking the time and re-
sources to provide safer housing and other facilities. On one hand, there is
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always concern that many families continue to live in houses that are
even more vulnerable to future earthquakes than they were before the earth-
quakes. On the other hand, the reconstruction period also always provides
one of the best opportunities for upgrading housing and making it safer,
because interest in and awareness of earthquake threats are high.

Various interviews indicated that there was some controversy about
what approach to reconstruction had the fewest drawbacks. Governmental
officials claimed that the Indians, even though they are primarily farmers,
had sufficient time to also work on the reconstruction of housing in their
communities. They believe that the use of residents to provide construction
labor makes the projects less costly and supposedly gives the residents a
stronger sense of ownership for reconstruction activities. Others felt that
the construction work was detrimental to the farming work and that this
might lead to problems in the future if food production was inadequate.
Another argument was given by some that it was not the best idea 10 have
the villagers do the comstruction, since houses not properly designed and
constructed will be likely to suffer damage during future earthquakes.

In the Sierra, special attention was given to the preservation of various
damaged buildings that were felt to have historical and cultural value to the
country. These buildings were considered important both for the citizens of
Ecuador and for tourism. National funds were used for their repair.

A number of areas for further research are recommended from the as-
sessment of economic and socictal impacts on local communities as a result
of the March 3, 1987, earthquakes. They include the extent to which tech-
nical assistance for construction, both in person and in the form of written
materials, reaches the affected population, and what factors contribute to its
effectiveness; the extent to which active efforts arc made to distribute spe-
cial instructional materials on handling the housing and health needs of
disaster victims to persons at the local level who can assume responsibility
for emergency programs; and the relationship between various types of
recovery assistance and the promotion of local or national economic devel-
opment, and pelicy development for this issue. Other recommendations are
listed in Chapter 7. :

Organizational Interaction in Response and Recovery The organiza-
tional interaction is particularly interesting in this event, given the multiple
geographic locations of damage from the disaster, the multiple jurisdic-
tional levels involved in disaster response and recovery activities, and the
multiple perspectives required for timely and appropriate disaster assistance
to the affected populations.

The carthquakes generated consequences of differing types and magni-
tudes in three geographic locations of Ecuador. The zone of primary im-
pact, which included the epicenters of the earthquakes near Reventador
Volcano, was located in western Napo Province. In this zone, major loss of
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life was caused by flash floods generated by massive landslides and debris
flows. Major damage also occurred to the infrastructure systems. In the
small towns affected by the disaster, the first response of the local organiza-
tions was directed toward meeting the human needs of the victims. The
next major problems driving organizational interactions centered on de-
struction of the infrastructure. These probiems included (1) reconstruction
of the oil pipeline in geologically unstable territory, (2) loss of oil revenues
and its consequent impact upon the national economy, (3) loss of the high-
way, bridges, and secondary roads for safe travel and economic activity of
the resident population, and (4) reorientation and resettlement of local resi-
dents, severely shaken emotionally and economically by the disaster and
struggling to cope with questions regarding an uncertain future in a zone of
high seismic risk.

The zone of sccondary impact from the disaster was the Sierra, where the
principal problem was housing. Approximately 60,000 homes were dam-
aged or rendered uninhabitable. Worse yet, what appeared to be a moder-
atcly severe event to other economic groups in this zone proved to be a
disaster for those at the lowest economic level, whose homes were much
more vulnerable to seismic risk and who had few resources for rebuilding.
The third zone of impact from the disaster included the town of Lago Agrio
and adjacent communitics in eastern Napo Province. These communities
suffered little structural damage and had no loss of life. The major problem
generated by the earthquakes in this zone was isolation and economic depri-
vation, resulting from the destruction of the oil pipeline and the major route
of land transportation. The cumulative effects of long-term isolation, unem-
ployment, and lack of access to markets and supplies worsened with the
prolonged period required for reconstruction of the infrastructure needed
for the local economy, based upon oil production and agriculture.

Especially vulnerable were Indian communities along the Coca, Aguarico,
Dué, Salado, and Papallacta rivers. Dependent upon the rivers for drinking
water, food, and transportation, these communities suffered serious depriva-
tion in the loss of these vital resources due to pollution and obstruction of
the rivers. It was an interactive set of conditions that, unresolved, steadily
worsened and overwhelmed the local resources of the residents and com-
munities of this zone.

Differing consequences generated in three disaster zones required par-
ticular kinds of organizational actions for appropriate and timely response.
As a result, the President of Ecuador established a national emergency
committee, headed by the sccretary of the National Security Council and an
officer of the Ecuadorian Army, to direct the national disaster operation.
However, the simultaneous needs of the populations in the three zones and
the massive impact on the national economy from the combined loss of oil
export revenues and cost of rebuilding the pipeline and transportation routes
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required resources beyond Ecuador’'s own capacity. As a result, some 22
nations responded to its needs. Yet the requirements for coordination and
communication between participating nations and between the Ecuadorian levels
of governmental jorisdiction in the simultaneous delivery of services to the
three disaster zones elevated the complexity of organizational interaction.

The national emergency committee was also given the responsibility to
coordinate activities by the international and voluntary organizations that
participated in the disaster operation. In reality, the complexity of the
operations and lack of communications facilities between national offices
and the local governments necessitated that much of the actual work be
done locally, with limited contribution from the national level.

As a result, voluntary charitable organizations played an important role
in this disaster, particularly at the community level. These organizations,
linked to the international community, provided resources that were not
immediately available within Ecuador and initiated the design and imple-
mentation of disaster-assistance activities. The resulting pattern of organi-
zational network performance, at times overlapping, at times operating in-
dependently, or uncoordinated, appears to be a function of at least four
factors: (1) overall complexity of the disaster environment, (2) differing
requirements of technology and resources for the problems addressed, (3)
number and diversity of participating organizations, and (4} limited facili-
ties, staff, and training for communication/coordination in disaster man-
agement.

Several needs were identified in this field study. They include the need
(1) for improved communications, (2) for better coordination of action
between the multiple organizations for improving performance in disaster
operations, (3) to develop and disseminate more complete and systematic
information for the wider set of organizations involved in disaster manage-
ment, {4) to be especially sensitive when allocating disaster assistance to
victims in communities with marginal economic standards, and (5) to evalu-
ate performance in disaster operations and provide constructive feedback to
participating organizations for improvement of their performance in future
disasters.

The study also recommends several topics that warrant future research
effort: (1) design and development of an interactive information system for
decision support in disaster management, (2) design of interorganizational
and interjurisdictional simulated postdisaster operations as a means of ex-
ploring the limits and capacities of human decision-making processes in
disaster environments, (3) inquiry into the design and development of net-
works as appropriate organizational forms for the rapid mobilization, imple-
mentation, and evaluation of action in disaster management, and (4) inquiry
into econonties of resource management that will facilitate interorganizational
participation.



R e s

N i Hiatteie
R i : D e
it i : i
G S . G e
B i B < e e P i




st

D e

L EEG
g

o B RrE LR e ]
SR S A A
Gelsanttb R e e DR,

P e

e :mn,wrm“ 5 e
p Eor i i r

f i Saetaend en e
i s et en el o W R
S e O R Spes! R e

Ll . LR

e
R

ER
otialid

P
G

AR
et LD Lt
o SR

At

S % o :
S = .
V ey i

G

W Lopad Tt
. O ¢

L YR
A S i 3

e

itk

A

= L

s

L

L

S

T

ey

b
e

dEE

g

G
L it

e

L

i M R
ot it
FhE

e

i

ALt

S

o

i

s e e i et i
e e P b 2

ey

rnaiane

S lE T e aER R o

S et
e

et

ey

5

Seaml Bl
el ey
Al

i

SRR ey

L e
Tl

e

et

ST

S

i

wotie

S

ot AR

e

o

Ry A sty
ey )

o

Spher

S




Introduction

R. L. Schuster, U.8. Geological Survey, Denver, Colorado

On March 5, 1987, two earthquakes (M_=6.1 at 2054 local time and M =6.9
at 2310 local time) occurred aleng the castern slopes of the Andes Moun-
tains in northeastern Ecnador. The epicenters were located in Napo Prov-
ince (Figure 1.1), approximately 100 km ENE of Quito and 25 km N of
Reventador Volcano (Figures 1.2, 1.3). Modified Mercalli Intensity (MMI)
values as high as IX have been estimated for the epicentral area (Espinosa
et al., this report). The shaking damaged structures in towns and villages
near the epicentral area, particularly in the town of Ibarra (50 km NW of the
epicenters), where two brick churches were severely damaged; several other
brick buildings in Ibarra had to be reinforced subsequent to the quakes
because of structural damage. In addition, considerable damage occurred to
reinforced concrete buildings and foundations of wooden buildings in the
village of Bacza (60 km SSW of the epicenters). In El Chaco village (50
km S of the epicenters), a steel-frame gymnasium, which was under con-
struction, collapsed (Hakuno et al., 1988).

In spite of the seriousness of this structural damage, the economic and
social losses directly due to earthquake shaking were small compared with
the effects of catastrophic earthquake-triggered mass wasting and flooding
in the area adjacent to Reventador Volcano (Figure 1.2). Rock and earth
slides, debris avalanches, and debris and mud flows E of the Andes resulted
in the destruction or local severing of nearly 70 km of the Trans-Ecuadorian
oil pipeline and the only highway from Quito to Ecuador’s eastern rain
forests and oil ficlds. The total volume of ecarthquake-induced mass wast-
ing has been estimated at from more than 75 million m? (Crespo et al.,
1987) to about 110 million m3 (Hakuno et al., 1988; Okusa et al., 1989).
Economic losses have been estimated at $1 billion; the effects of wide-
spread denudaticn on the agricultural and hydroelectric development of the

11
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FIGURE 1.1 Index map of Ecuador showing locations of Napo Province, the Andes
Mountains, Reventador Volcano (upright triangle), epicenters of the 1987 earth-
quakes (inverted triangles), the Trans-Ecuadorian oil pipeline, towns and villages
(solid circles) that suffered structural damage from the earthquakes, and the mass-
wasting study area (open rectangle; Figure 1.2).

region are difficult to evaluate, but undoubtedly were very large (Nieto and
Schuster, 1988). Nearly all of the estimated 1,000 deaths from the earth-
quakes were a consequence of mass wasting and flooding. Because the
mass wasting and flooding produced a high percentage of the economic and
human losses resulting from these earthquakes, this report deals primarily
with these processes, their socioeconomic effects, and the resulting social
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Schwarz.)
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implications. Observations related to these factors were made on site in
Ecuador by the National Academy of Sciences/National Research Council
(NAS/NRC) research team during the spring and summer of 1987.

Earthquakes are a major cause of mass wasting in many parts of the
world. Earthquake-induced landslides have been documented for thousands
of years; the carliest on record are landslides that dammed the Lo and Yi
rivers in Hunan Province, China, in 1767 B.C. (Xue-Cai and An-ning, 1986).
During the twentieth century, earthquake-induced landslides have caused
tens of thousands of deaths and billions of dollars in economic losses (Keefer,
1984). In some cases, they have denuded thousands of square kilometers of
unstable hillslopes. Particularly striking has been the denudation of jungle-
covered, saturated slopes in tropical arcas (Pain, 1972; Garwood et al.,
1979).

A secondary hazard caused by earthquake-induced landslides is the for-
mation of landslide dams. These natural stream blockages cause upsiream
flooding by stream impoundment, and they often breach catastrophically,
causing major downstrecam [looding. Some of the world’s most devastating
floods have resulted from failure of large landslide dams that were formed
by earthquake-induced landslides (Schuster and Costa, 1986; Costa and
Schuster, 1988). In a review of more than 400 cases of historic landslide
damming, Costa and Schuster (1991) have noted that about 35 percent of
these blockages have been formed by landslides triggered by earthquakes,

The area of eastern Ecuador hardest hit by mass wasting due to the March
5, 1987, earthquakes was S of the epicentral area in the vicinity of Reventa-
dor Volcano (Figure 1.2). Most casualtics from the earthquakes occurred in
this region (Figure 1.4); the greatest damage to the Trans-Ecuadorian oil
pipeline and highway occurred along the Coca River immediately SE of
Reventador Volcano, upstream from beautiful San Rafael Falls (Figure 1.5).
Because of the volcanic activity and river downcutting, the region exhibits
strong relief, The average valley slopes range from 35 to 45° before the
1987 landsliding, these slopes were generally covered by residual soils of
variable thickness and by a dense, subtropical jungle.

The earthquake-induced slope failures were very fluid. About 600 mm of
rain fell in the region in the month preceding the earthquakes; thus, the
surface soils had a high moisture content. The slope failures commonly
started as thin slips, which rapidly turned into very fluid debris avalanches
and debris flows. The surficial materials and the thick jungle vegetation
covering them flowed down the slopes into minor tributaries and then were
carried into the major rivers (Salado, Quijos, Malo, Coca, Dué, Dué Grande,
and Aguarico: Figure 1.2). Millions of tons of silty, gravelly sand, as well
as tree remains and other organic matter, were deposited in the rivers (Fig-
ure 1.6). Many of the slopes were almost entirely denuded of their soil and
jungle covers (Figure 1,7),
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FIGURE 1.4 Cross erccted as a memorial to nine Rodio S.A. employees who
drowned, in the Rio Coca near the mouth of the Rio Malo while trying to escape the
flood caused by the March 5, 1987, earthquakes.
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FIGURE 1.5 San Rafael Falls (height approximately 120 m) on the Coca River
downstream from Reventador Volcano. The lip of the falls is formed by erosion-
resistant lava flows. This falls is the approximate downstream limit of serious
landslide/flood damage along the Coca River.
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FIGURE 1.6 Aerial view of the confluence of the Quijos River {lower left) and the
Salado River (upper left) to form the Coca River (flowing to the right). Postearthquake
braided debris-flow and floed deposits are as much as 15 m thick in the valley
bottoms. Bedrock constriction of the Coca River (indicated by two arrows near
right edge of pheto) probably caused short-lived damming of the river, which con-
tributed to upstream flooding and rapid sedimentation. Note landslide (single arrow
near center of photo) that badly damaged the Salado pumping station on the Trans-
Ecuadorian oil pipeline.

Widespread stripping of saturated surficial materials and jungle cover
from steep slopes by earthquake shaking similar to that which occurred in
the Reventador area in 1987 has been noted in other humid tropical areas in
a few similar catastrophes in this century. In September 1935, two shallow
earthquakes (M=7.9 and M=7.0) in the Torricelli Range on the N coast of
Papua New Guinea caused “hillsides to slide away, carrying with them
millions of tons of earth and timber, revealing bare rocky ridges completely
devoid of vegetation™ (Marshall, 1937). Approximately 130 km? (8 percent
of the region affected) was denuded by the landslides (Simonett, 1967;
Garwoeod ct al,, 1979). Materials from the slides flooded the valleys, and,
in some cases, blocked major rivers (Stanley, 1935). In November 1970, an
M=7.9 earthquake, which was located along the N central coast of Papua
New Guinea, triggered landslides that removed shallow soils and tropical
forest vegetation from steep slopes in the Adelbert Range (Pain and Bowler,
1973). About 25 percent of the slope areas in the 240-km? area that was
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FIGURE 1.7 NE (left) valley wall of the Malo River, showing extreme denudation
of slopes due to slips/avalanches/flows caused by the March 5, 1987, earthquakes.
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FIGURE 1.8 Aerial view of destruction of the Trans-Ecuadorian oil pipeline and
adjacent highway by a debris flow issuing from a minor tributary of the Coca River.
Location is near mouth of the Reventador River.

affected by landsliding were denuded (Pain, 1972). The soil debris and its
cover of vegetation flowed off the slopes into drainage channels. Similarly,
in 1976, two shallow earthquakes (M=6.7 and M=7.0) struck the sparsely
populated SE coast of Panama, causing huge areas of landsliding. Garwood
et al. (1979) calculated that the slides denuded approximately 54 km? (12
percent of the affected region of 450 km?). Although the M=9.2 earthquake
that struck southern Chile in May 1960 occurred in an area of temperate
forest rather than in tropical jungle, it caused slope failures in the Valdivian
Andes similar to those in Papua New Guinea and Panama. Veblen and
Ashton (1978) estimated that more than 250 km? of forest slopes were
denuded by mass wasting in the 1960 event.

Given the size of the mass-wasting catastrophe in the Reventador area,
damage caused by direct impact of deep-seated slides or slumps was sec-
ondary to that caused by thin slips, avalanches, flows, and floods. Although
individual slides did some damage to the Trans-Ecuadorian pipeline (Figure
1.8), roads, and structures, the greatest destruction of property was caused
by flood surges in the main rivers (Figure 1.9). Because of antecedent
precipitation, the rivers were near flood stage before the earthquakes oc-
curred, so that the large volumes of landslide debris that flowed into the
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FIGURE 1.9 Destruction of Trans-Ecuadorian oil pipeline and highway by flood ero-
sion on the left bank of the Coca River as a result of the March 5, 1987, earthquakes.

valleys further raised the river stages (Nieto and Schuster, 1988). It is
likely that the highest flood surges were caused by breaching of short-lived
dams on tributarics carrying large sediment loads, by large debris flows
moving directly off valley walls, or by debris blockages at narrow constric-
tions of the river channels (Figure 1.10).

In summary, interrelated multiple hazards produced the catastrophic events
of March 5, 1987, in the Reventador area. The tragic occurrence of two
large earthquakes within 3 hr in an area of heavy antecedent rainfall, and
steep slopes covered by unstable volcanic and residual soils with high water
contents, resulted in massive slope failures of high fluidity. The large
volumes of these slope failures and the breaching of the resulting ephemeral
debris dams caused the flood surges that were responsible for most of the
damage.
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FIGURE 1.10 Upstream view of Salado River, showing location of bedrock con-
striction (white arrows) that caused short-lived damming of the river. Note trimline
in jungle cover along lower valley wall upstream of the river constriction. This
trimline indicates position of the shoreline that was formed by damming of the river
to a level 10-15 m above current river level.
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General Geology of
Northeastern Ecuador

A. S. Nieto, Department of Geology, University of Illinois, Urbana

The geology of northeastern Ecuador and present-day physical processes
related to geology are greatly influenced by the tectonic mechanisms respon-
sible for the development of the Andes Mountains. Both geology and active
physical processes (landsliding, volcanism, erosion, weathering) are complex
and varied. The reader is referred to classic works on these subjects (Tschopp,
1953; Lewis et al., 1956, Ham and Herrera, 1963; Feininger, 1975; Hall, 1977;
Baldock, 1982a,b; Feininger, 1987; etc.). Oil and mineral exploration has
provided the impetus for detailed studies on the geology of NE Ecuador. The
following paragraphs draw liberally on the above-mentioned sources.

The Andes have created three geologic and geomorphic zones: (1) the coastal
plains (Costa) to the west, (2) the central mountainous area—the Andes (Si-
erra) themselves, and (3) the eastern lowlands (Criente) (Figures 2.1, 2.2).
Figure 2.1 presents a geomorphic/geologic framework of Ecunador. The Costa
is a region of low relief and low clevation W of the Cordillera Occidental
{Western Cordillera), one of the two major branches of the Ecuadorian Andean
Mountains. Much of the ground surface of the Costa consists of Quaternary
volcanic and alluvial soils that may be unstable under earthquake loads. How-
ever, the energy of the March 5, 1987, earthquakes had dissipated to insig-
nificant levels by the time it reached the Costa. Therefore, this region is not
discussed here. Only the geology of the eastern two-thirds of Ecuador (the
Sierra and the Oriente) is described in the remainder of this chapter, because
this was the area most seriously affected by the earthquakes.

THE SIERRA

The Sierra is bounded on the W by a suture zone (Jubones Fault) that
defines the eastern edge of the Costa and on the E by the back-arc fold-and-
thrust belt of the Oriente Province (Figure 2.1). The Sierra traverses the

23
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FIGURE 2.1 Geomorphic/geologic framework of Ecuador (after Baldock, 1982b).

length of the country and is only about 150 km wide, much narrower than
the rest of the Andes. Three geologic and geomorphic zones exist within
the Sierra: the Cordillera Occidental {(Western Cordillera)}, the Inter-Andean
Valley, and the Cordillera Real {Eastern Cordiilera).

The origin of the Cordillera Occidental has been given at least two interpre-
tations. Baldock (1982a) interpreted the zone as a sequence of volcanic-arc
sediments {the Macuchi Formation), which were deposited in the Upper Creta-
ceous to Eocene and were tectonically emplaced at a later time. The basement
is continental crust except in the extreme N. Feininger (1987) also interpreted
the sediments as velcanic in origin. However, high Bouguer gravity anoma-
lies throughout the Costa and the Cordillera Occidental led Feininger to inter-
pret the entire area W of the Inter-Andean Valley to the N and the upper
Amazon Basin to the § as allochthonous terranc underlain by oceanic crust.
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The Macuchi Formation consists of a thick sequence of pillow lavas and
andesitic volcaniclastic deposits. It is overlain by Paleocene and Eocene
volcaniclastic and marine sediments. In some areas, Miocene sediments
overlie the Macuchi Formation. Small late Tertiary intrusive bodies inter-
sect the Macuchi Formation. Neogene te Quaternary volcanic deposits ob-
scure the Macuchi at higher elevations of this zone.

The Inter-Andean Valley is a graben situated between the two Cordilleras
(Figure 2.1). Intermontane basins that occupy this region are more preva-
lent in the N and become smaller and less continuous to the S. These high
valleys (2,500 to 3,000 m in elevation) are filled with Quaternary sedimen-
tary and pyroclastic deposits. The most important of these volcanic depos-
its is volcanic ash known as “cangahua.” ‘This ash, of aeolian origin, is
fine-grained, largely unstratified, and weakly cemented. At times it re-
sembles loess, or slightly cemented, highly porous sandstone. The cangahua
is prone to slope failure.

The Cordillera Real is bounded on the W by the Inter-Andean Valley and
on the E by the Sub-Andean Zone. Paleozoic, and perhaps older, metamor-
phic rocks are dominant in this region. These metamorphic rocks were
probably formed during a Caledonian orogenic event (Baldock, 1982a).
Subsequent orogenic events, including the Laramide and Andean orogenies,
likely affected the rocks of the Cordillera Real. Lithologies present in the
region include a thick sequence of Paleozoic muscovite-biotite schists and a
sequence of mica schists and chlorite schists (Llanganates Group). Isocli-
nal folding in these metamorphic rocks has been observed in only a few
areas. Crenulation cleavage that overprints the folding may imply a subse-
quent orogenic event. The majority of fracturing is the result of effects of
the Andean orogeny and of Neogene uplift. The region is sporadically
covered by Quaternary volcanic rocks (lavas) and sediments (cangahua),
which usually are unconformable with underlying metamorphic rocks.

THE ORIENTE

The Oriente (Figures 2.1, 2.2) consists of two distinct structural zones and
physiographic provinces: the Oriente Basin and the Sub-Andean Zone.
Physiographically, the Sub-Andean Zone consists of foothills rising to eleva-
tions of up to 2,000 m. East-flowing rivers have deeply dissected these foot-
hills. The climate varies from tropical in the eastern portions to subtropical
in the higher western reaches. Rainfall is high everywhere; as a consequence,
rates of weathering are generally high. The Sub-Andean Zone, which borders
the Cordillera Real (Figures 2.1, 2.2), is a back-arc fold-thrust belt tectonically
associated with the Andes (Baldock, 1982a). Two folded features, the Napo
uplift to the N and the Cutucu uplift to the S, are separated by the Lorocachi
arch. Reventador Volcano is located on the Napo uplift.
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The Oriente (or Amazon) Basin lies east of the Sub-Andean Zone. This
is a gently warped basin that represents a more stable tectonic history than
that of the Sub-Andean Zone. The stratigraphy of the two zones is similar.

The Guyana Shield (Precambrian crystalline rocks) makes up the base-
ment of the Oriente Basin. In the early Paleozoic, part of the Oriente
underwent transgression and sedimentation. The Caledonian orogeny af-
fected the Oriente region only by shifting the axis of sedimentation cast-
ward, Paleozoic lithologies include shales and quartzitic sandstones of the
Devonian Pumbuiza Formation and limestones of the Carboniferous Macuma
Formation. Three tectonic events during the Mesozoic and late Tertiary had
little tectonic effect on the Oriente. Similarly, the Laramide orogeny of late
Eocene and Oligocene had a minimal influence on the Oriente. Basin sedi-
mentation resulted in deposition of fresh-water and terrestrial lithologies.
Middle Jurassic to late Cretaceous redbeds (Chapiza Formation) and clastics
and pyroclastics (Misahualli Member of the Chapiza Formation) underlie
the Cretaceous Hollin-Napo-Tena Formations. In the Reventador area, the
Mishualli Member increases in thickness and is predominantly volcanic.
Rock types associated with the Holtin-Napo-Tena group include quartzitic
sandstones (Hollin Formation), which are reservoir rocks for petroleum in
NE Ecuador. The overlying Napo Formation consists of shales, limestones,
and sandstones, all of marine origin. The sandstones may also be reservoir
rocks. The Tena is composed of redbeds and shale. Redbeds and some
sandstones and clays represent early Cenozoic deposition.

The major deformation of the Sub-Andean Zone took place in the late
Miocene and Pliocene, Overthrusting and uplift during this time were respon-
sible for the present segregation of the two zones of the Oriente. Major thrust
faults associated with this event generally trend NNE to SSW (Figures 2.1 and
2.2). Two additional sets of faults or fractures have been observed in the
Reventador Volcano area of the Napo uplift (INECEL, 1987). There is an
indication of low-grade metamorphism associated with some of the major
(NNE to $SW) thrust faults in the Reventador area of the Napo uplift.

Quaternary clastic sedimentation in the Oriente includes a variety of de-
posits, from lavas and pyroclastics of all grain sizes to colluvial/alluvial
materials (piedmont fans) to alluvial fills,

Two major areas of Quaternary volcanism occur in the Sub-Andean Zone
(Hall, 1977) (Figure 2.1). Sumaco Volcano (20 km SE of Baeza, Figure 1.1)
deposited alkaline undersaturated basalts, Reventador Volcano (Figures 1.1,
1.3) exhibits a more typical suite of lithologies, including andesitic basalts and
a significant amount of pyroclastic and lahar deposits. Both volcanos are
situated on the Napo uplift and overlie Cretaceous rocks. While Sumaco and
Reventador volcanoes are both considered active, Reventador alone has under-
gone historic and frequent volcanic activity, The morphological evolution of
Reventador Volcano began in the Pliocene. The original volcanic cone (Paleo
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Reventador I) collapsed initially (perhaps in the Pliocene); the remains of this
collapse created the “Complejo Volednico Basal” of INECEL (INECEL, 1987).
Activity resumed in the Holocene, and culminated with the collapse of another
cone—Paleo Reventador II—about 20,000 years ago; this second cone has
been referred to as the “Paleo Reventador” by INECEL. This second collapse
dammed the Coca River and caused thc deposition of 20 m of lacustrine
sediments that have been dated radioactively by INECEL. The material from
the two collapses reached the right bank of the Coca, creating terranes of
volcanic debris that are present there today.
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Tectonics and Seismicity
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INTRODUCTION

Ecuador is exposed continually to earthquakes and other geologic haz-
ards. In particular, earthquake potential has always been a threat to the
inhabitants of Ecuador, so that cocxisting with carthquake activity has be-
come part of the Ecuadorian culture.

From the hazards point of view, one must differentiate between earth-
gquakes of tectonic origin and those associated with volcanism. In the past
80 years several large earthquakes (interplate events) have occurred in Ecua-
dor’s subduction zone, and their rupture mechanisms were varied (Kanamori
and McNally, 1982). Shallow intraplate events, such as the March 1987
earthquakes, occur in the Andes, distant from the active subduction zone.
These earthquakes created a serious socioeconomic problem for the country
and triggered hundreds of associated geologic hazards——massive landslides,
subsidence, liquefaction, impoundment of rivers, and other effects common
to earthquakes that have occarred in similar geologic settings (Espinosa,
1979).

Although several destructive intraplate earthquakes have occurred, no
sysicmatic probabilistic studics have been done to ascertain the earthquake
hazard. Using macroseismic information from chronicles of the sixteenth
century (Egred, 1988), an approximate epicenter at 0.14°S and 78.27°W was
assigned to an earthquake that took place in April 1541 with a magnitude of
7.0. On August 16, 1868, a great earthquake occurred at 0.31°N and 78.18"W
with a magnitude of 7.7. On June 23, 1925, a magnitude 6.8 earthquake
with a depth of focus of 180 km occurred and was located at 0.0°, 77°W. A
great interplate earthquake with an M, = 8.8 took place on January 31,
1906, with a length of rupture on the order of 500 km (Kanamori and
McNally, 1982). Other large interplate earthquakes have occurred in north-
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wesiern Ecuador, including those of May 14, 1942 (M, = 7.9) and January
19, 1958 (M_ = 7.8). The March 3, 1987,1, main event (M, = 6.9) occurred
in interior Ecunador, in a highly faulted zone of Jurassic intrusive and Creta-
ceous metamorphic rocks. This earthquake and its largest foreshock (M, =
6.1) are the subject of this chapter,

TECTONIC SETTING

Active seismicity occurs continuously for more than 6,000 km along the
western edge of South America. The oceanic Nazca Plate is steadily being
subducted eastward under the continent along a well-defined Wadati-Benioff
zone. The most tectonically notable feature of the South American Plate is
the Andean Mountains, which share a common tectonic pattern from Co-
lombia in the N to southern Chile. The major physiographic features of the
Andes are the result of the subduction of the Pacific lithosphere beneath the
South American continent.

Three distinct tectonic regimes characterize the Nazca Plate oceanward of
Colombia and Ecuador. Between latitudes 1 and 7°N, the ocean bottom
physiography is nearly flat. Its age varies progressively from 10 to 26
million years toward the N (Lonsdale and Klitgard, 1978); its subduction to
the E, under Colombia, coincides with a row of active stratovolcanoes.
Between latitudes 2 and 4°S, the ocean bottom in front of the Ecuadorian
Trench is a fractured and complex zone, 230 km wide. This region is cut by
several oceanic fracture zones with NE-trending directions, identified as the
Grijalva, Alvarado, and Sarmiento fractures. As this region is subducted
under the South American continent, it may behave as a separate microplate
independent of the adjacent plates (Pennington, 1981; Hall and Wood, 1985).

In between these two tectonic regimes, between latitude 1°N and 2°S, a
submarine mountain range called the Carnegie Ridge, which was generated
by the Galapagos mantle plume, collides against the South American
continent. This mountain range is approximately 300 km wide and 3 km
high, and rests upon older oceanic crust more than 16 million years old.
During the past 25 million years, the Nazca Plate has moved eastward at a
relative plate velocity of 5 cm/yr (Pilger, 1983), subducting the E-W- ori-
ented Carnegie Ridge under central Ecuador. Lonsdale (1978) estimated
that the subduction of the Carnegie Ridge started about 2 or 3 million years
ago, while Pennington (1981) estimated an even earlier beginning. Prob-
ably its subduction began 5 to 6 million years ago, when, because of the

ITimes and dates in this chapter are based on local Ecuadorian time except where
specifically noted as being U.T.C. (Universal Time Coordinate}, which is equivalent
to Greenwich Mean Time.
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difficulty in subducting this large physiographic feature, the Nazca Plate’s
castward journey slowed, which finally permitted the uniform lava
emission from the Galapagos plume to build subaerial volcanoes before
the plate moved onward (J. W. Spence and M. L. Hall, personal communi-
cation, 1987).

Where the subduction of the Carnegie Ridge takes place, the trench is
shallow, the coastal region is being uplifted, and extensive and chemically
diverse volcanism occurs in the Andes. The mode of faulting and seismic-
ity of the region may be related to the subduction of the Carnegie Ridge.
Other tectonic features can also be attributed to this subduction, such as the
greater height of the Ecuadorian Andes in this zone, the formation of strato-
volcanoes, and active strike-slip faults (Hall and Wood, 1985). The Yaquina
fracture zone (Lonsdale and Klitgard, 1978) is not parailel to adjacent N-S
trending transform faults in the Panama Basin, but swings westward as it
approaches the Carnegie Ridge, suggesting that the subduction of the Nazca
Plate in this region is being slowed considerably, most probably because of
the difficulty in subducting a very large physiographic feature such as the
Carnegie Ridge (Hall and Wood, 1985). The collision of the Carnegie
Ridge with continental Ecuador has altered the tectonic stress distribution
along this convergent margin, resulting in the creation of numerous faults
with NW-SE and NE-SW wends. Well-known fault systems oriented NE-SW
include those of the Gulf of Guayaquil, La Pallatanga, and the Alausi-
Guamote Valley faults, among others. Several of the destructive earth-
quakes that have occurred in Ecuador, the Riobamba in 1797 and the Alausi
in 1961, among others, have been correlated with these NE-SW trending
faults. Major lineaments and faults with NW-SE orientations have been
identified by Hall and Wood (1985) as delimiting regions of tectonic seg-
mentation, the most important ones being the Esmeraldas-Pastaza and the
Rio Mira-Salado lineaments. The intersection of several sets of conjugate
faults occurs in the Inter-Andean Valley, a region well known for its high
seismicity and destructive earthquakes, such as the Ibarra earthquake of
1868, the Ambato carthquake of 1949, and the Pastocalle earthquakes of
1944 and 1976.

In the region of the March 5, 1987, earthquake, four principal sets of
faults and linecaments have been clearly identified on satellite images
{LANDSAT No. 010060; unpublished identification and interpretation by
M. L. Hall, 1986) as shown in Figure 3.1. The Abra fault trends N40°E and
passes through the western foot of Reventador Volcano (Figure 3.1). This
fault has a surface expression of at least 180 km in length, as identified
from the LANDSAT images. Parallel lineaments with a length of up to 80
km are visible about 10 km to the NW from the first fault. Another fault
lying E of Reventador Volcano and trending parallel to the above faults is
known as the Rio Quijos fault (Figure 3.1). These faults are all considered
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FIGURE 3.1 Map showing the fault systems around the epicentral region (LANDSAT
imagery No. 010060, unpublished identification and interpretation by M. L. Hall,
1986).

to be steep reverse faults. The fourth system is associated with the Rio
Mira-Salado lincament; this system trends N29°W and is 260 km long.
Some of these tectonic features are also shown in Figure 3.2, along with
the location of Reventador Volcano.

SEISMICITY AND FOCAL MECHANISMS

The shallow seismicity of the region from latitude 5°S to 5°N and longi-
tade 75° to 85°W, for thc time period from 1962 through 1987, is shown in
Figure 3.3A. In this figure all the instrumentally recorded shallow earth-
quakes with uncertain depths are assigned depths of 33 km; thesc are likely
to be shallow, as depth phascs are not well separated. Earthquakes with
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body- and/or surface-wave magnitudes equal to or greater than 4.5 are plot-
ted. The highest seismicity in this figure occurs in the Ecuador-Colombia
zone from latitude 1 to 4°N and longitude 77 to 80°W, most of which are
aftershocks following the December 12, 1979, (M, = 7.7) earthquake. There
is also a diffuse seismic zone in the interior of Ecuador that shows no
definitive pattern that can be directly associated with the regicnal tectonic
structures at this scale. The earthquake distributions for depths of focus
between 33 and 100 km, and between 100 and 300 km, respectively, are
shown in Figures 3.3B and 3.3C. The seismic activity portrayed in Figure
3.3B shows a concentration of maximum seismicity in the SW part of Ecua-
dor. The lithosphere in the N part of the Nazca Plate has a gentle angle of
subduction, and its gcometrical configuration is not uniform, because of the
presence of the subducting Carnegie Ridge. The highest seismicity at depths
greater than 100 km is shown in Figure 3.3C and is concentrated between
latitude 1 and 2°S and at approximately longitude 78°W. The damaging
earthquakes of historic times have been large, shallow earthquakes whose
epicenters were near urban areas.
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Map showing the major fault systems in and around the epicentral

region. Also shown arc the major geological units and the epicenter locations for
the main event (M, = 6.9) and of the main foreshock (M_ = 6.1} as solid stars and
their relocated epicenters as open stars. Their earthquake hypocentral parameters
are listed in Tables 3.1 and 3.2.
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FIGURES 3.3 Seismicity for the region of latitude 5°N to 5°S, longitude 75 to 85°W,
for the period 1962 to 1987, inclusive. Map projection Oblique Mercator. Epicenters
shown have been determined using 10 or more stations for earthquakes with magni-
tudes (m, or M,) equal to or greater than 4.5, and for (A) depth of focus, &, from
surface 10 h equal to or less than 33 km; (B) for k greater than 33 km to k less than or
equal to 100 km; and (C) for i greater than 100 km to & less than or equal to 300 km.

Studies of ecarthquake potential, using conditional probability estimates
(Nishenko, 1989), have shown a 66 percent probability for a great earth-
quake (M, > 7.7) to take place along the subduction zone between latitude
0.5°S and 1.2°N in the recurrence period of 1989-1999. The last large
earthquake along this subduction zone occurred on May 14, 1942, with a
surface-wave magnitude of 7.9. The conditional probability estimates were
evaluated using the historical and instrumental seismicity catalogue of the
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region, although the historical record is poor for this region (Heaton and
Hartzell, 1986).

The cpicenters and magnitudes for the foreshock and the main event of
March 5, 1987, determined by the U.S. Geological Survey, National Earth-
quake Information Center (NEIC), scon after the events, are presented in
Table 3.1, These parameters were used to determine the focal mechanism
solutions for these earthquakes. The seismic moment (M ) for the foreshock
was 5 x 10% dyne-cm, and for the main event was 6.4 x 102 dyne-cm. The
above epicenters later were recalculated by the NEIC; the new carthquake
parameters are given in Table 3.2.

The locations for the main foreshock, the main event, and the aftershocks
were determined using the local network of stations deployed and maintained
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by the Instituto Geofisico of the Escuela Politécnica Nacional, Quito; their
earthquake parameter determinations are presented in Table 3.3.

Figure 3.2 shows the epicenters of the March 5 carthquakes listed in
Table 3.1 as solid stars; their relocated epicenters, as listed in Table 3.2, as

TABLE 3.1 Initial Earthquake Parameters Calculated by U.S. Geological

Survey
Date Time
5 March 1987 19:54

S March 1987 22:10

No.

Obs. M s my
557 6.1 6.1
594 6.9 6.4
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TABLE 3.2 Revised Earthquake Parameters Calculated by U.S. Geologi-

cal Survey

Depth  No.
Date Time Lat. (km) Obs. M, m,
5 March 1987 19:54 0.048°N 14 354 6.1 6.1
5 March 1987 22:10 0.151°N 10 344 6.9 6.5

TABLE 3.3 Earthquake Parameters Calculated by the Instituto
Geofisico of the Escuela Politécnica Nacional

Depth
Date Time Lat. Long. (km}
5 March 1987 19:54 0.142°8 77.871°W 3
5 March 1987 22:10 0.087°S 77.841°W 12

open stars; and their relation to the regional geology and principal fault

systems around the cpicentral region.

In Figure 3.4 are shown the number of aftershocks as a function of time
following the 19:54 foreshock of the March 5 earthquake. As can be seen,
the scismic activity decreased rapidly during the first 38 hr, The number of
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FIGURE 3.4 Number of aftershocks per hr recorded by a field seismological survey
from the onset of the March 5, 1987, earthquakes through the first 38 hr. Total

number of aftershocks was 1,240.
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aftershocks per hr, immediately afier the foreshock, was about 64 events,
which increased to nearly 80 events before the main earthquake, and then
decreased to an average of 40 events per hr during the next 14 hr. The
number of events diminished to an average of 30 per hr during the subse-
quent 13 hr, and further decreased to an average of 15 events per hr during
the next 18 hr. The total number of aftershocks in this 38-hr time lapse was
1,240. Relocations were done for 36 aftershocks that occurred between 19:54
and 22:10 on March 5 and for which the S-arrival times could be clearly
read. The first group of 19 aftershocks, which occurred between 20:11 and
20:56, fall very tightly on a line with a NW direction, N 49° W. This trend
is parallel to the lineament of the Salado River, shown in Figure 3.1. These
aftershocks occurred in the region that sustained the highest degree of dam-
age to the environment and to man-made structures. However, the second
group of 17 aftershocks, which occurred between 20:57 and 22:03, do not
correlate with any of the known faults in the region; however, their epicen-
tral locations are dispersed throughout the meizoseismal area and do not

EARTHQUAKE NG. 87-065 EARTHQUAKE PARAMETERS
Date: 03-068-1687 Lat: 0.C70°N (ac)
N Time: 01:64:49.00 UTC (ae) Lon:  77.640'W (ec)
No. Oba.: 557 {ac) Depth: 11.0 ¥m (ac)
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M, Mo Ty M, My
6.0 (ac) 8.0 (ac)
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5.10%10% fcw)
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P: 115°+ 21" 26°4:11
T 243°+24° 51v+9°
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FIGURE 3.5 Focal-mechanism solution for the March 5, 1987, Ecuador earth-
quakes, with M_ = 6.1, using 188 P-wave observations. The magnitude and seismic
moment are listed as obtained by different investigators. The earthquake parameters
are the same as those listed in Table 3.1. Under the heading focal-mechanism
parameters, the P- and T-axes and the fault planes A and B, Table 3.4, are given,
and the uncertainty for each parameter is listed.
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EARTHQUAKE NO. 87-063-2 EARTHQUAKE PARAMETERS
Date: 03-06-1987 Lat: 0.120°N (ac)
N Time: 04:10:42,30 UTC (ac) Lon: 77.B0C'W {ac)
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FIGURE 3.6 Focal-mechanism solution for the March 5, 1987, Ecuador carth-
quakes, with M_ = 6.1, using 125 P-wave observations. The magnitude and seismic
moment are listed as obtained by different investigators. The earthquake parameters
are the same as those listed in Table 3.1. Under focal-mechanism parameters, the P-
and T-axes and the fault planes A and B, Table 3.4, are given, and the uncertainty
for each parameter is listed.

follow any geologic or tectonic trend. No attempt was made to obtain joint
focal-mechanism solutions from the observed aftershocks.
Focal-mechanism solutions obtained from first-motion studies for the fore-
shock and the main earthquake are shown in Figures 3.5 and 3.6. Table 3.4
lists the fault-plane solutions for these earthquakes. The March 5, 1987,
19:54 and 22:10 earthquakes have very similar focal-mechanism solutions.
The uncertainty of each of the focal-mechanism parameters is given in

TABLE 3.4 Earthquake source parameters

Plane A Plane B
EQ.#  Strike Dip Slip Strike Dip Slip No. of Obs.
1 N 69°E 30°W 152° N4°E 76°E 63° 188

2 N 81°E 47°W 159° N6 E 75°E 45° 125
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Figures 3.5 and 3.6. For the main event, the number of polarizations used
was 125 and the solution is very stable. The uncertainties in the parameters
for the focal-mechanism solution of the foreshock are slightly greater than
for the main event. The solutions presented in Figures 3.5 and 3.6 exhibit
good corrclation with the regional faults shown in Figure 3.2.

The focal-mechanism solutions, shown in Figures 3.5 and 3.6 represent a
point-source solution and hence do not represent, in the near field, the finite
structure of the rupture process (dislocation). As pointed out in the post-
earthquake intensity-distribution study by Espinosa et al. (Chapter 4), the
town of Olmedo (Figure 4.3), west of the epicenters of the foreshock and
main event, sustained higher damage to the infrastructure than did other
towns N or 8 of the epicenters. The isoseismals VI and VII (Figure 4.5 in
Espinosa et al., Chapter 4) exhibit a preferential azimuthal distribution to
the NW, which could indicate a directivity function due to a dislocation
moving in this direction. A similar process, very well defined by the iso-
scismal distribution, was observed after the Guatemala earthquake of 1976
(Espinosa et al., 1976).

RECOMMENDATIONS

In view of the results we have obtained in the postearthquake field study,
we believe there is an urgent need to cvaluate the earthquake hazards in
Ecuador. We recommend the following activities:

1. Compile a more extensive and detailed historical carthquake catalogue
for interplate and intraplate carthquakes in Ecuador.

2. Compile a historical earthquake catalogue for events that are associ-
ated with volcanism.

3. Perform palcoseismicity studies in the NW part of Ecuador, especial-
ly in the region of Jama (latitude 0.5°S to 1.2°N), in order to ascertain the
past occurrence of large andfor great earthquakes in this high-earthquake-
potential region.

4. Deploy sensitive seismological instruments in the region (latitude
0.5°S to 1.2°N) in order to ascertain the level of seismicity and to study the
joint focal mechanisms.

5. Study the characteristics and ages of marine terraces in order to better
understand the past occurrence of great earthquakes in the region.

6. Evaluate the mode of subduction and iis geometry in the Wadati-
Benioff zone under Ecuador, in order to create a 3-D lithospheric model and
to map the maximum horizontal stress distribution in the plate. This task
will assist in delineating regions with high earthquake potential.

7. Evaluate the focal-mechanism solutions for all large and great earth-
quakes in Ecuador.
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8. Based upon the above results, outline a working model of the tectonic
regime of the region,
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Intensity and Damage Distribution

A. F. Espinosa, U.S. Geological Survey, Denver, Colorado
J. Egred, Escuela Politécnica Nacional, Quito, Ecuador
M. Garcfa-Lopez, Universidad Nacional de Colombia, Bogoté
E. Crespo, Cornell University, Ithaca, New York

INTRODUCTION

The earthquake of March 5, 1987, was felt at 22:10 local time over an
area of at lcast 93,000 km?2. It originated in the province of Napo in the
mountainons region of NE Ecuador; the epicenter was located about 75 km
NE of Quito. There were some slight indications of surface faulting; how-
ever, the weather and rough terrain precluded a positive field identification
of surface-faulting effects. The sense of motion determined from seismic
instruments is strike-slip, with a thrust component having an almost N-S
strike. A similar source-mechanism solution was obtained from a foreshock
and from two aftershocks several months later. The Trans-Ecunadorian pipe-
ling, the nerve center of the Ecuadorian economy, sustained a high degree
of damage.

The main event was preceded by a foreshock on March 5, 1987, at 19:54
local time. It had a shallow depth of focus, a body-wave magnitude (m,) of
6.1, and a surface-wave magnitude (M,) of 6.1 (Figure 4.1). The main
damaging Ecuador earthquake occurred about 20 km W of the foreshock
epicenter. It had a body-wave magnitude (m,) of 6.1 and a surface-wave
magnitude (M) of 6.9. The maximum Modified Mercalli Intensity (I) was
IX in the immediate meizoseismal region.

This paper is a preliminary report on the earthquake-damaged area that
was studied immediately after the main event took place. The objective
was to obtain information, where accessible, in and around the epicentral
location, covering a radius of approximately 80 km, in order 1o delineate the
distribution of intensities, damage to adobe-type construction, strong mo-
tions, geologic hazards triggered by the earthquake strain-energy release,
and related phenomena.

42
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FIGURE 4.1 Epicentral locations of the March 5, 1987, earthquake (M =6.9) and of
the aftershock (M,=6.1) that occurred 3 hr after the main earthquake. Also shown
are the departmental divisions (states) of Ecuador.

RELATIONSHIP OF BUILDING DAMAGE TO
CONSTRUCTION PRACTICES

In order to assess the intensity distribution from data gathered in the
field, it is necessary to identify the types of building construction in the
arcas cxamined,

To the E of Quito, the region best known as the regién oriental (eastern
region), the predominant type of building construction is wood-frame. There
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is also a mixture of construction practices in this region; for example, wood-
frame and brick combination, also wood-frame and cinder-block mixture,
and to a lesser extent, the replacement of brick by adobe. In some of the
important towns, as well as in the petroleum exploration camps, the struc-
tures are of reinforced concrete, usually no more than four stories high.
Most roofing in the larger towns is of corrugated zinc-plated steel; the use
of terra-cotta tiles is very limited. Nearly all structures in rural areas and
small hamlets are single-story stone buildings. For this eastern region of
Ecuador, a preliminary count of structures that sustained damage in the
towns of Baeza, Lumbaqui, El Chaco, Reventador, Lago Agrio, and Diaz de
Pineda (Figures 4.2 and 4.3) totaled 1,976; 818 were damaged beyond re-
pair (as of May 13, 1987).

To the N, in Pichincha, Imbabura, and Carchi (Figure 4.1), the predomi-
nant type of house construction is known as tapial, in which the dwellings
have no reinforcement on their corners, nor do they commonly possess
interior walls or reinforced columns. The most common construction mate-
rials for walls are adebe and bahareque (adobe is a mixture of mud and
straw; bahareque is a mixturc of mud and long sticks of cane sugar or some

17°W

Quaternary
volcanic rocks

L
s+

%

.
", .| Quaernary-Neogene
< v| volcanic rocks--undivided
A
Quaternary-Neogene
sediments --undivided

J Palecgene
sediments --undivided

Cretaceous
Nazpo Formation

> Ty
oAy B

oy T, on ] .
M Tqunmn‘o{A Cretaceous-Jurassic
v *

sediments--undivided

»

Mesozaic
granitic intrusions.

o7 .
?/ 7| Palevzoic
7 i; rmetamorphic rocks

@ Precambrian rocks

50 km

RS
NS
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Also shown are the epicenters of the main event (M_=6.9) and of the main after-
shock (M_=6.1), and the main access highways to the E and N of Quito.
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from helicopter reconnaissance flights. The circled numbers represent the areas
where damage to dwellings and to the environment was documented using a video
camncorder and 35-mm photographs.

similar material). Fewer buildings are constructed of brick and/or cinder
blocks. In this part of Ecuador, known as regidr interandina (northern
region), it is customary to cover the roof with terra-cotta tiles. The walls
are quite thick; some are about 1 m wide, and in some of the old historic
churches they are even thicker.

The larger towns and cities of Ecuador employ a great variety of types of
construction, from adobe to reinforced-concrete buildings several stories
high. The ages of the structures also vary greatly.

As of May 13, 1987, the number of dwellings that sustained damage in
the region interandina totaled 12,083; 2,308 structures were damaged be-
yond repair. For example, in the town of Olmedo (Figure 4.3), due W of
the March 5 epicenters, 1,631 dwellings sustaincd damage beyond repair.

The towns of Cangahua and Ayora (Figure 4.3), just N and S of Olmedo,
sustained damage to 1,300 and 323 dwellings, respectively; 570 and 302 of
these dwellings were damaged beyond repair. In the towns of Tabacundo
and Cayambe (Figure 4.3), which are SW of the epicentral locations, much
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less damage occurred. To the NW, much higher per capita damage oc-
curred in Ibarra, where about 814 dwellings were damaged beyond repair.
Farther N, at San Gabriel (Figure 4.3), damage decreased to 220 structures
that were damaged beyond repair.

The damage distribution from this earthquake yields a rather uniform
picture if, and only if, we study the same kinds of structures. Similar
findings were field-documented by Espinosa and others (1976b) after the
February 4, 1976, Guatemala carthquake. In the Guatemala event, the mapped
infrastructure damage distribution reflected the sustained damage to adobe
construction, or the equivalent of a rating in the MMI scale of VII. In
Guatemala, the distribution of damage to buildings of adobe construction
appeared to be directly related to the intensity (MMI) distribution (Espinosa
et al., 1976b). In Ecuador, in the area of heavy landsliding, many adobe
and wood-frame houses sustained no damage. Numerous scattered dwell-
ings near landslides along the main highway to the east of the affected
region were not damaged.

INTENSITY DISTRIBUTION

The authors visited villages in areas of high, intermediate, and low dam-
age, and, by using questionnaires and a video camcorder, gathered data
used to assess the MMI ratings throughout the affected region {Figures 4.3
and 4.4). In these figures, the circled numbers identify those areas where
damage to man-made structures and to the environment were photographed
and certain areas where videotapes were taken by the authors documenting
the aftereffects of these damaging earthquakes.

The areas of maximum MMI are concentrated in the meizoseismal area,
attaining an I =IX (Egred, 1988; Garcia-Lopez, 1988). In this area, how-
ever, much of the damage can be classed as intensities VII and VIII. The
problem encountered in the process of evaluating the intensity is that of
“inconsistencies” in the MMI and in the Medvedev-Sponhauser-Karnik (MSK)
intensity scales. Large landslides, such as were abundant in the high moun-
tainous region near and around Reventador Volcano, as well as in other
unstable regions in the high Andes (Nieto et al., Chapter 5, this report),
suggest an intensity greater than IX., Another factor that indicates high
intensities (>IX) is surface faulting, examples of which were observed in
the Cascabel location (near circled nuinber 25, Figure 4.4), near the epicen-
tral region. Still another factor that yields higher intensities (X), as given in
the intensity scale, is “landslides considerable from river banks and steep
slopes due in some cases to water-saturated soils, shifted sand and mud,
water splashed over banks.” Also, “bridges destroyed” implies an intensity
rating of XI, and although a bridge was indeed destroyed (but by flooding),
wooden structures nearby sustained no damage at all. Similar problems in
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the region around the Salado River, the Quijos River, and part of the Aguarico
River. Identification of circled numbers is explained in the caption of Figure 4.3.

the inconsistencies inherent in the MMI have been documented for several
postearthquake studies in Caracas, Venezuela; Lima, Peru; Guatemala; and
El Asnam, Algeria (Espinosa, 1969, 1976, 1981; Espinosa and Algermissen,
1972, 1973; Espinosa et al., 1976a, 1976b).

The data obtained in questionnaires and field notes gathered after the
March 5 earthquakes have been rated by using the abridged version of the
MMI scale (Richter, 1958) with the following exceptions: landslides are
not considered in our report as indicators of intensity X: “ground cracked
conspicuously” and “underground pipes broken” are not considered as indi-
cators of intensity IX; *shifted sand and mud, as well as water splashed
over banks” are not considered as indicators of intensity X; “broad fissures
in ground and bridges destroyed” are not considered as indicators of inten-
gsity XI. Espinosa and others (1976b) have proposed that these exceptions
and other ground-failure effects be considered second-order effects that do
not represent the intensity of an earthquake based on purely vibrational
effects. A similar proposal is being implemented by the Soviet Intensity
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Scale Committee in the revision of the MSK intensity scale (L. Shebalin,
1986, personal communication; D. Mayer Rosa, 1988, personal communica-
tion). Other secondary effects, such as liquefaction, ground compaction,
subsidence, surface breakage, massive landslides, rock slides, debris flows,
and “damming” of rivers, were observed in the field in the vicinity of
Reventador Volcano and the tributary rivers in the region. According to the
MSK intensity scale, the ratings, if followed verbatim, would suggest much
higher intensities than those observed and assigned in the field and based
on the vibrational effects produced by the earthquake.

Figure 4.4 shows the location of Reventador Volcano and the arcas men-
tioned above that sustained high damage to the environment. The number
of landslides in this area around and on the volcano was very high, and
several large landslides that most Iikely were caused by water-saturated
soils occurred E of the epicentral region; however, very few occurred to
the N.

The isoseismal in Figure 4.5 shows a preliminary distribution of the
main earthquake in Ecuador in March 1987. The isoseismals for intensities
VIII, VII, and VI follow the general trend of a system of faults trending
N-S. The intensities attenuate over a shorter distance more rapidly to the
SW, and more slowly to the S and to the NNW. The isoseismal map was
plotted on a 1:1,000,000 scale geologic map of Ecuador (Baldock, 1982a,b),
and no simple correlation was found between gross surficial geology and
intensity distribution.

The focal-mechanism solution obtained by Espinosa et al. (Figures 3.5
and 3.6) for the main event has a strike for fault planes A and B of 261 and
6°, respectively. The isoseismals VII and VI exhibit a lobe to the NW that
could indicate an effect due to a moving source in the near field. There is
not enough intensity-data resolution in that region, because of the inaccessi-
bility at the time of the earthquake, to ascertain or to infer the direction of
the maximum released energy at those azimuths. The shaking intensity for
MMI=VII has a certain directivity component suggesting a unilateral rup-
ture from E to W. Ag pointed out earlier, the town of Olmedo (Figure 4.3)
sustained higher damage to its infrastructure than municipalities N or § of
Olmedo.

Other factors that may enter into the intensity distribution pattern shown
in Figure 4.5 are seismic amplification effects, topographic scismic wave
amplification, influence of surficial soil conditions, and depth of the water
table. Moreover, construction practices in this part of the country are highly
mixed, and in the mountainous arca the population settlements are small
and scattered.
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Mass Wasting and Flooding

A. 8. Nieto, Department of Geology, University of Illinois, Urbana
R. L. Schuster, U.S. Geological Survey, Denver, Colorado
G. Plaza-Nieto, Escuela Politécnica Nacional, Quito, Ecuador

INTRODUCTION

This chapter deals with silumps and slides, debris avalanches, debris flows,
and flooding, the processes that account for the largest amount of destruc-
tion and number of deaths induced by the March 5, 1987, earthquakes.

LANDSLIDES

Landslide processes are described first, then interpreted in light of the
field observations. The descriptions are grouped into three {ield traverse
areas (from W to E) that are progressively closer to the epicenters of the
‘earthquakes, located about 25 km NNW of Reventador Volcano: Quito-
Baeza, Bacza-Salado, and Reventador Volcano (Figure 5.1). Field observa-
tions for the first two arcas were made mostly by land along the Trans-
Ecuadorian highway from Quito to the mouth of the Salado River; the
observations in the Reventador area were made by car, helicopter, and air-
plane.

Quito-Baeza

This traverse is divided into three approximately equal paris, each about
25 km long. Midpoints of each of these sections are 90 km, 80 km, and 75
km from the epicenters. The first section is the eastern half of the Inter-
Andean Valley, where Quito is located. This depression is filled mostly
with pyroclastic materials—primarily “cangahua”—and glacial till (see Chapter
2). Elevations along this section range from 3,000 to 3,500 m, and the
climate is temperate. Stopes arc relatively gentle, generally not exceeding
20 to 25°. A few slope failures caused by the March 5 earthquakes were

51
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FIGURE 5.1 Map of area E of Quito showing locations of epicenters of the March
5, 1987, earthquakes, the Trans-Ecuadorian pipeline and highway, Reventador and
Cayambe volcanoes, and rivers and towns noted in this chapter.

observed in cangahua along very steep to subvertical highway cuts and
stream banks. Stecp slabs or overhangs failed as falls, topples, and slips.
{Mechanical properties and failure mechanisms in the cangahua have been
described by Crespo and Stewart [1987]). The types of failures—falls and
topples—occurring the farthest from the epicenter confirm observations by
Keefer (1984). We also observed fresh slumps and soil flows in sandy
morainal deposits at the headwaters of the Papallacta River (Figure 5.1), but
ascertaining if these were caused by the March 5 earthquakes is difficult.
Further, we observed a couple of examples of old landslide morphology that
showed ne indication of reactivation.

The next 25 km crosses lava flows that create the divide of the Cordillera
Real (Figures 2.1 and 2.2). The lava flows are Quaternary rhyolites, andesites,
and basalts. The clevation is about 4,000 m, and the climate is temperate to
cold. Relief is high, and soils are nonexistent or colluvial. Slopes are
nearly vertical in the lava flows, and moderate—25 to 35°—in talus deposits
at the foot of cliffs. Some slopes have columnar joints or stress-relicf
joints. We observed a few topples, some of which may have been related to
the earthquakes, and also a few talus slopes with evidence of some recent
movement,



MASS WASTING AND FLOODING 53

The last 25 km or so to Baeza comprise the descent to the sub-Andean
zone (western edge of the Oriente, Figures 2.1). In this stretch, the highway
follows the Papallacta River. The rocks are Cambrian and Precambrian
gneisses and schists. Elevations range from 3,500 m at the western end to
1,500 m near Baeza. Relief is very pronounced; some slopes arg 45° or
steeper. Residual soils are thin or absent for most of the section. Cnly in
the lower rcaches of the Papallacta River, a few kilometers E of Baeza, did
we observe a few debris flows on the highest parts of the Papallacta valley
walls. These debris flows were shallow and had the same characteristics as
those described in detail in later sections.

Baeza-Salado

This traverse extends from the town of Bacza down the Quijos River,
where it joins the Salado River to form the Coca River (Figure 5.1). In
general, the denudation around Baeza was only moderate. Some shallow
debris flows in residual soils could be seen on the crests of slopes around
the town, In addition, a2 small number of rock slides and rock glides, as
well as a few slips and slumps in old and recent alluvial terraces (Figure
5.2), were observed. Landslide intensity increased progressively from El

FIGURE 5.2 Thin earth slide {(center of photo) on steep face of alluvial terrace on
western edge of the town of Baeza.
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Chaco to Salado. The pattern of landstiding inciuded initiation points lo-
cated high on steep slopes covered with shallow residual soil and weathered
rock, This pattern, which became apparent in areas closer to the epicentral
zone, is discussed in detail below. The most significant observation along
this traverse is that very few of the debris flows reached the Quijos River
channel. Thus, landslide material contributed little to the sediment load of
the Quijos. Some detailed observations along this last portion of our tra-
verse follow:

Young alluvial terraces, 15 to 20 m high near Baeza, have been created
by stream degradation (Papallacta River and tributaries). Intense chemical
weathering has modificd these alluvial deposits, giving them certain charac-
teristics of residual soils. This veneer of residual/alluvial materials com-
monly was involved in slip/debris-flow failures of the steep terrace slopes.
The relatively unweathered alluvial material (probably cemented) under-
ncath this vencer remained unaffected.

From Baeza to about 20 km to the NE, the Quijos River follows the
contact between Paleozoic and Mesozoic rocks (Baldock, 1982), probably
coincident with a major thrust; the Trans-Ecuvadorian highway and pipeline
lie on the W (left) side of the Quijos valley (Figure 5.1). For the next 20
km to the confluence of the Quijos and Salado rivers, the highway and
pipeline begin to climb over Cretacecus sedimentary and metasedimentary
rocks. These lifelines follow high elevations and drainage divides, which,
in turn, coincide with hogbacks formed by genecrally massive guartzose
sandstones that occur within the Mesozoic sequence. Note that the residual
soil veneer on the steep slope of the hogback is very thin or nonexistent, as
is generally the case in this arca. Consequently, the earthquake-induced
landsliding was also very shallow. Slope failure began as slips at the high-
est points of the steep slopes; the slip surfaces coincide with the top of
weathered rock and the slips moved rapidly downslope, becoming debris
flows (Figure 5.3), This type of landsliding endangered the highway and
pipeline, but the slips were generally very thin (less than 1 m) and seldom
reached the channel of the Quijos (Figure 5.4).

From about 30 km NE of Baeza to the confluence of the Coca and
Salado rivers, the highway follows the steep slope of a massive hogback;
for most of this distance the highway is closely paralleled by the pipeline.
The highway has been located approximately at the contact between the
steep upper slope, covered with a very thin veneer of residual soil, and the
lower, gentler colluvial slope. Many very shallow rock falls, debris ava-
lanches, and debris flows (Figure 5.5) moved down from above the highway
and blocked it, Although these landslides blocked the highway for several
kilometers, local volumes of weathered rock and soil were small, and the
landslide materials were fairly easily removed by maintenance
CICWS,
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FIGURE 5.3 Landslides (largest examples are indicated by arrows) in residual soils
at the top of the N valley wall of the Quijos River between El Chaco and the
confluence of the Quijos and Salado Rivers. Because slide-resistant sedimentary
bedrock (light-colored outerop at the lower left) is close to the surface, these slides/
avalanches are shallow and generally limited to existing gullies. Although the slides
endangered the Trans-Ecuadorian pipeline and highway (angling across top of
photo abave the landslides), they caused little actual damage because they were so
shallow.

Reventador Volcano

Geological Background

This area includes the greatest intensity of landsliding triggered by the
March 5 earthquakes. The Reventador Volcano zone, as defined here, is
located in the sub-Andean region; it centers on Reventador Volcano and is

bounded by the valleys of the Salado River on the W, the Coca River on the
" 8E, the Quequno River on the N, and the Dué River on the NE (Figure 5.1).
The zone includes the greatest intensity of landsliding triggered by the
March 5 earthquakes. The earthquake epicenters lie a few kilometers to the
N and W of the Reventador area; they are not immediately adjacent to the
areas of most intense landslide activity.

The zone presents a large amount of relief both as a unit and locally;
elevations range from about 1,550 m on the floor of the valley of the Coca
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FIGURE 5.4 Landslide activity on the NW (left) valley wall of the Quijos River
just upstream (SW) from its confluence with the Salade River. The earthquake-
triggered slope failures began as thin slips on the steep (45 to 50°) headwalls of the
slopes, and were transformed into debris avalanches and debris flows that cascaded
down the gullies onto the low terrace that forms the left bank of the river.

River to 3,560 m at the top of Reventador Volcano. The ridges on the W
side of the Salado River rise to 3,600 m, and the ridges on the E reach 3,200
m; the midreaches of the Salado River valley are at an elevation of about
1,600 m. Drainage patterns are radial on the volcano slopes and dendritic
or rectangular elsewhere. The rectangular pattern reflects the fracture sys-
tems that affect this region.

Reventador Volcano and related volcanic deposits constitute the most
notable morphologic feature of the zone (Hall, 1977). This feature is made
up of a portion of a large cone—the remains of the collapse of two ancient
Reventador stratovolcanoes called Paleo Reventador I and II—that contains
a smaller cone, the modern Reventador Velcano. The ancient cone re-
sembles an amphitheater, which opens to the E toward the Coca River.

The overall slopes of the uppermost portions of the ancient cone have
angles of about 30 to 35°% the slopcs decrease progressively to 10° or less in
the lowermost portions. The W and SW slopes of the ancient cone have
two important and unique morphologic characteristics. The portion of the
volcano between the headwaters of Morales Creek (a tributary of the Malo
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River) and the Dué Grande River (Figure 5.1) has a dense parallel drainage
pattern; long, closely spaced, parallel gullies have deeply dissected the un-
derlying pyroclastic rocks. These gullies are from 50 to 100 m deep and
have gradients that commonly are greater than 35 to 40°. The canyons of
Morales Creek, the Dué Grande River, and two unnamed tributaries to the N
of the Dué Grande have valley walls that reach heights of more than 200 m
and have slope angles greater than 60°. The headwaters of these canyons
are cirque-like and present large piping (internal-erosion) cavities in the
pyroclastic beds. The valley walls of the Coca River have overall slopes
generally between 30 and 40°. The top of the right valley wall, which has
been eroded into quartzose sandstone of the Hollin Formation (geologic
map, Figure 5.6), is almost vertical in several places. Downstream from
San Rafael Falls (Figures 5.1 and 5.7), the Coca River becomes entrenched,
and the walls are very steep or vertical. Gullies descending the main valley
slopes of the Coca River have gradients of 45 1o 60°. The valley walls of
the Malo River commonly are steeper than 45°. The main valley walls of the

FIGURE 5.5 Landslides along the Trans-Ecuadorian highway 3 km W of its cross-
ing of the Salado River. These rock falls, slides, and avalanches, which were
triggered by the March 5, 1987, earthquakes, had blocked the highway almost con-
tinuously in the stretch shown in this photograph. The highway was passable at the
time of this April 25, 1987, photograph because of the efforts of Coips of Engineers
(Ecuadorian Army) highway maintenance crews.
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FIGURE 5.7 April 1987 acrial view of San Rafael Falls on the Coca River down-
stream from Reventador Volcano. Note the vegetation trim line (arrows), which
indicates the maximum height of the debris flow/flood, about 20 m above the cur-
rent level of the Coca River. There is a strong probability that constriction of the
river at the falls caused short-lived “hydraulic” damming of the river.

Salado River have overall slopes that usually are between 25 and 35° in
their middle reaches. Tributaries of the Salado have variable overall slope
angles, about 40° in their midcourses but lower values in their lower courses
and uppermost reaches, The valley/gully walls of first- and second-order
tributaries of the Salado have slope angles that range from 40 to 60° or
even greater.

The zone has distinct microclimates that vary from cold and dry (annu-
al precipitation of less than 1,500 mm in the highest portions), to temperate
in the tributaries of the major rivers, to subtropical (annual precipitation of
more than 4,000 mm along the valleys of the lower parts of the Salado,
Coca, and Dué rivers). Consequently, the vegetation is a function of eleva-
tion. Oaks and some evergreens grow at the highest elevations, shrubs
and low trees in the middle elevations, and rain-forest vegetation below
2,500 m,

Rainfall occurs throughout the year, but increases in intensity from March
to July. Significantly, anomalously high precipitation occurred in the area
in January and particularly in Februvary 1987. On February 3 and 20, the
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INECEL gaging station just upstream from San Rafacl Falls (Figures 5.1
and 5.7) on the Coca River registered flow rates of 2,600 and 3,400 m®/sec,
respectively. These discharges have estimated return periods of 5 and 20
years, respectively. A few days before the earthquake, the flow rates di-
minished. Thus, the gaging station measured 450 m¥sec at 1700 on March
5; the estimated discharge at 2300 was 600 m?/sec. These values, however,
are more than twice the average flow of the Coca River.

Most of the Reventador zone is underlain by subhorizontal and gently
dipping sedimentary rocks of Jurassic/Cretaceous and Cretaceous ages
(Figure 5.6). The formations mapped in the Reventador zone are from the
oldest to the youngest: pyroclastic sedimentary rocks (Misahualli Member
of the Chapuzi Formation), quartzitic sandstones (Hollin Formation}, shales
and limestones (Napo Formation), and red clay shales (Tena Formation).
The western boundary of the Reventador zone is composed of Paleozoic
gneisses and schists in contact with the sedimentary rocks to the E by
major overthrusts. The sedimentary rocks adjacent to the overthrusts have
undergone low-grade metamorphism along a belt a few kilometers wide
that extends close to the western edge of the Reventador volcanic complex.
In the vicinity of Reventador Volcano, the rocks are lavas and pyroclastics,
ranging in age from late Pleistocene to Holocene.

Rectangular drainage in some areas and lineaments observable in air-
photos provide evidence of strong fracturing. This fracturing affects even
the volcanic materials of Holocene age. The most important fracture sys-
tems trend N-S and NE-SW. The latter may be responsible for SW-NE
course of the Quijos/Coca River.

Away from the flood plains and alluvial terraces of the main rivers and
high-order tributaries, the soils are either colluvial or residual. The collu-
vial soils occur at the foot of the slopes and were generally not involved in
the March 5 landsliding. The residual soils range from saprolites to later-
ites. Because the relief is significant and the area is well drained, the
residual mantle is not very thick—from a few centimeters to a few meters at
most—and grades rapidly into weathered fractured rock. These soils have
very high void ratios and natural water contents; the values of the latter are
practically equal to the liquid limits. Under these conditions, these soils
have sensitive structures.

General Characteristics of Landslides in the Reventador Zone

More than 90 percent of the observed landslides began as shatlow slips
or slides of residual soils and highly weathered rock on the uppermost parts
of the slopes of the main valleys or on the slopes of the lower-order tribu-
taries (Figure 5.8). Average thicknesses of these slips were from 1.5 to 2.0
m, with a thickness range of a few decimeters to § m. The failing masses
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FIGURE 5.8 Ridge NW of Reventador Volcano from which jungle vegeiation has
been stripped by landslides triggered by the earthquakes. The slope failures started
as thin slips on the steep (about 50°) upper slopes. As they moved downward, the
saturated, vegetation-charged masses were transformed into debris avalanches and
then to debris flows that discharged into the Dué Grande River (out of the photo at
the bottom). (Photograph by Ken Nyman, Comell University).

either were transformed into debris avalanches and then into debris flows
or, in some cases, were reworked almost immediately into debris flows with
high fluidity, Whether they began on a main valley slope or the valley
slope of a lower-order stream, flows moved to the channels of the lower-
order tributaries and entrained the colluvial/alluvial fills along the channels,
eroding the material to the bedrock surface. The debris flows then pro-
ceeded to the higher-order tributaries or to the main river valleys. Smaller
debris flows stopped lower on the slopes of the main river valleys or in the
bottoms of gullies. Debris flows starting higher above the valley floor were
also more apt 1o reach the floodplain than those from lower heights. A
large number of the landslide scars displayed unweathered bedrock, attesi-
ing to the shallowness of the residual soil mantle.

Overall preearthquake slope angles and gully slope angles on topographic
maps at locations of the earthquake-induced slope failures were measured;
the locations were determined from postearthquake vertical and oblique
airphotos. These measurements indicated that on the left valley wall of the
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Coca River, between the Salado pumping station and the Malo River, fail-
ures occurred mainly on slopes steeper than 35 to 40°. The same threshold
values were obtained for the valley walls of the Salado River and of the
Coca River at the confluence of the Satado and Quijos rivers (Figures 5.9
A,B,C). However, on the upper slopes of the ancient cone of Reventador
Volcano at elevations above 3,500 m, we observed failure on slopes be-
tween 30 and 35°, involving what appear to be very recent ashes. Other
types of landslides (rock avalanches, rock slides along high road cuts,
slumps and slides along alluvial terraces, and topples of stress-relief slabs)
occurred throughout the entire area, but only sporadically.

Areal Distribution of Landslides and Denudation Intensity

Figure 5.10 shows the approximate limits of arcas with different degrees of
denudation (expressed as estimated percentage of failed slope area per total
area) for the slopes of Reventador Volcano and vicinity. Note the large
variation in denudation intensity around the volcano. The degree and charac-
teristics of denudation due to landsliding in nearby valleys ate as follows:

FIGURE 5.9A 1978 view showing the jungle-covered right (SE) valley wall of the
Coca River at the confluence (photograph by S. D. Schwarz).

FIGURES 5.9A, B, C Views down the Salado River to the confluence of the Salado
and Quijos Rivers to form the Coca River.
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FIGURE 5.9B April 1987 view of the same valley wall showing widespread denu-
dation due to March 5 landsliding.

FIGURE 5.9C June 1990 view of the same valley wall showing partial recovery of
vegetation on 1987 landslide scars. Note reconstructed Trans-Ecuadorian highway
bridge across the Salado River.
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FIGURE 5.10 Map showing percentages of denudation of vegetation due to land-
sliding in the vicinity of Reventador Volcano, March 5, 1987,
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Salado River—variable denudation intensity; range: less than 25 percent to
50 percent; most intense denudation appears to be in first- and second-order
gullies of upper reaches of the Salado River, and in third-, fourth-, and lower-
order tributaries of lower portions of the Salado River (Figurce 5.11).

Quequno, Dué, and Dué Grande rivers—variable denudation; range and
local distribution similar to that of the Salado River; however, overall
denudation for these areas appcars to be somewhat less than for the Salado
River drainage basin.

Coca River—between the mouths of the Salado River and the Reventador
River, denudation is greatest on the left wall of the Coca River valley;
downstream from the Reventador River, denudation is about the same on
both sides of the Coca River for comparable elevations. Opposite Reventador
Volcano, denudation appears greater on the left side of the Coca valley
because the ground surface continues to risc toward the crater, whereas the
topography flattens at an elevation of 1,500 and 1,700 m on the right side.

The degree of denudation changes with horizontal curvature of slopes.
Airphotos show that there is an increase in denudation on the concave
portions of the Coca River slopes and a decrcasc on convex portions, as
seen in plan view.

FIGURE 5.11 Upstream view of the Salade River showing remains (center forc-
ground) of a debris flow that entered the river from the right (NE) valley wall. Itis
probable that this debris flow briefly dammed the river at this point.
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Slope Stability—Preliminary Analysis and Interpretation

This discussion is restricted to the Reventador area because it contains
by far the greatest concentration of landslides. The slides were shallow
(average depth 2 m) and involved residual soil that became very fluid dur-
ing failure. Stability thresholds as a function of slope angle are 35 to 40°
for the main valley walls of the Coca and Salado rivers and 30 to 35° for the
upper portions of the ancient Reventador Volcano cone. Field reconnais-
sance indicated that relatively few failures occurred on slopes flatter than
these values and that most of the slopes with steeper angles did fail.

Evaluating the stability of the slopes in the Reventador area under earth-
quake loading provides insight into the general shear-strength behavior of
these soils in particular and of residual soils in general. The stability of
thin residual soils overlying high and steep slopes can be analyzed by an
infinite-slope model. Further, the earthquake effects can be evaluated roughly
by introducing a pseudostatic horizontal force that models the maximum
horizontal acceleration, The analysis is carried out in terms of total stresses
because evaluating the pore-water pressures at failure is impossible. Thus,
the factor of safety can be defined as

ES = ¢fcos o + YH (cos o — k sine) tan @

YH (sinct + k cos o)

where

@, ¢ = consolidated-undrained shear-strength parameters
H = depth of failure surface

v = unit weight of soil

o = slope angle

k = seismic factor (maximum horizontal acceleration),

Ishihara and Nakamura (1987) used ¢ = 0.3 kg/cm? and @ = 30° to calculate
a static factor of safety for the 45° slope that failed during the earthquakes
and destroyed part of the pumping station on the Trans-Ecuadorian oil
pipeline at Salado. The cohesion value was obtained from cone-penetration
tests and an assumed reduction factor. The value of @_, (angle of internal
friction based on consolidated-undrained conditions) would appear at first
glance to be too high for undrained failure conditions (which we presume
were considercd by Ishihara and Nakamura), but, as discussed below, may
be adequate for these particular failures. Landivar et al. (1986), in their
general study of the lateritic soils of Ecuador, performed consolidated-
undrained isotropic triaxial iests on soils just outside the Reventador zone.
They obtained effective-stress strength parameters ranging from 0.05 to
0.08 kg/cm? for ¢’ (cohesion on effective-stress or drained basis) and 32 to
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34° for @' (angle of internal friction on effective-stress or drained basis).
We have plotted the total-stress envelopes for these materials and, as ex-
pected, the average @_, values for the stress levels tested are in the range of
5 to 10°. The normal stress levels for 2-m-deep slides are not in excess
of 0.5 kg/cmz; thus, these soils were tested at siress levels several times
greater than field conditions at Reventador. A review of the literature on
structured soils (loess, residual soils, sensitive clays) in general and of
residual-soil case histories in particular shows that at very low stress levels
the pore pressures at failure are close to zero or slightly negative (Vargas,
1974; Quigley, 1980; and Lum, 1982). As a consequence, the values of @
and @' are very similar, implying that the total-stress envelope has a strong
curvature at low stress levels. For our range of interest, 0 to 0.5 kg/cm?2, @
values typically range from 0 to 35°, and ¢ values are generally less than 0.1
kg/cm?. Therefore, we fitted curved envelopes on the Landivar data and
obtained 2, values between 30 and 38° and ¢ values between 0.1 and 0.2
kg/cmz. Thesc values are indeed very similar to the effective-stress param-
cters for other locations given above. Figure 5,12 shows the variation in the
factor of safety as a function of slope angle for static conditions and maxi-
mum horizontal accelerations of 150, 250, and 350 gal. A value of o = 30°
was used (&, = 30° was also used), and the value of ¢ = 0.14 kg/cm2 agrees
well with the ¢ values obtained from Landivar et al. {1986). It is seen that
for the range of validity of Eq. (1), or values between 30 and 60° {which
also happens to be the range of slope angles in the field), if instability is
assumed at @, = 30° and k = 0.35, instability will begin at o = 40° for k =
0.25 and at o = 45° for k = 0.15. From our field observations, these values
appear to be reasonable for the entire Reventador area, where the range of k
probably falls within these limits. For comparison, Figure 5.13 shows a
similar family of curves, but one in which @, was assumed to be very low
(5%), as compared with common assumptions for undrained conditions and
a total-stress analysis. Again, ¢ = 0.26 kg/cm? was obtained by back calcu-
lation assuming FS = 1 and k = 0.35. The use of these strength parameters
does not explain failures at angles >45° for k = (.35 and, more significantly,
predicts no slides at lower accelerations.

Furthermore, assuming natural variations in the strength parameters,
low @ _, and high ¢ values do not explain our field observations. Figure 5.14
is a comparative plot in which FS was calculated for k = 0.35 and variations
in the strength parameters. When @, = 5° is assumed, a variation of about
+0.05 kg/cm?, or about 20 percent, from the original 0.14 kg/cm? value,
gives the dashed curves shown in Figure 5.14. In one case, regardless of
the slope angle, none of the slopes would fail, whereas in the other case all
slopes would fail. However, even in the areas of maximum denudation,
there is good correlation between slope angle and failure. On the other
hand, when @, = 30° is assumed, a variation in slope angle of + 5°, or
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FIGURE 5.12 Pseudostatic and static safety factors vs. slope angle for @ = 30°
and ¢ = 0.14 kg/em®.

about 20 percent from the original 30° value, results in the solid lines in
Figure 5.14. These lines indicate that instability for k = 0.35 begins on
slopes of 35 and 25°, respectively; these slope-angle values still appear
reasonable in light of our ficld observations.

Becausc these are such shallow slides, the cohesion value that is assumed
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FIGURE 5.13 Pseudostatic and static safety factors vs. slope angle fora = 5" and
¢ =0.26 kg/cm?,

greatly influences the factor of safety even in the case of high & . For
instance, the value ¢ = 0.3 kg/cm? used by Ishihara and Nakamura (1987)
can explain the 5-m-deep slope failure at the Salado pumping station with a
value of k = 0.35, but cannot explain the frequent shallower failures (com-
monly 1 to 2 m deep) observed nearby,
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FIGURE 5.14 Comparative plot showing influence of variation in @, and ¢ on the
factor of safety for k = 0.35.

Relation Between Denudation Intensity and Epicenter

Hakuno et al, (1988) questioned the accuracy of the positions of the
epicenters that had been estimated by seismologists because the most severe
slope failures occurred about 30 km from the reported epicenters. Ishihara
and Nakamura (1987) placed the epicenters at 5 to 10 km from the headwa-
ters of the Malo River and 10 to 15 km from the upper Salado River,
presumably on the basis of denudation intensity.

Whereas the position of the epicenters may be open to question, we
suggest that the increase in denudation near Reventador Volcano may also
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be caused by other factors, namely relief, moisture conditions, elevation,
and soil composition. The areas of near-total denudation on the SW slope
of the ancient cone correspond to an area of deep and dense dissection by
parallel gullies. Here, almost all the surfaces have slopes greater than 35 to
40°. Near-total denudation in areas of disscction by gullies also has oc-
curred along the walls of the deep canyons of the Malo River (Figure 5.15),
Morales Creek, Dué Grande River, and streams to the N of the Dué Grande.
In contrast, the slope on the N side of the ancient cone, which is not deeply
dissected, is far less affected by landslides, even though it is closer to the
epicenters and is less than a couple of kilometers away from the arca of
almost total denudation. Along the walls of the Coca, slopes that are con-
cave in profile, and therefore have steeper upper slopes and greater density
of steep-sided gullies than slopes that are convex, have far greater concen-
trations of landslides. The same considerations apply to the Salado valley
walls. Thus, it would seem that intensity of denudation is strongly con-
trolled by density and depth of dissection, because these factors determine
the percentage of slope surface greater than the threshold values.

Another factor controlling denudation may be local differences in degree
of saturation of these residual materials. Degree of saturation greatly influ-

FIGURE 5.15 Aerial view of the NE valley wall of the Malo River showing ex-
treme denudation of slopes due to slipsfavalanches/flows and of the valley bottom
due to debris flows and flooding. Note the vegetation trimline that indicates the
maximum height of the debris flow/flood, about 25 m above the current river level.
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ences cohesion (Brand, 1982; Ho and Fredlund, 1982), which, as noted
previously, affects the pseudostatic factor of safety. The area around the
Reventador cone has a wetter microclimate than the rest of the zone (E.
Aguilera, personal communication, 1987); the INECEL station near Reventa-
dor Volcano has a mean annual precipitation of 6,868 mm.

Last, but not least, the materials near Reventador Volcano, being mostly
residual soils formed on pyroclastic materials, may simply be more suscep-
tible to failure.

EVOLUTION OF MASS-WASTING PROCESSES

One of the more striking characteristics of the mass wasting caused by
the March 5, 1987, earthquakes was the effectiveness of the transport of
materials from the slopes of the lowest-order tributaries to the flood plains
of major streams, As mentioned prcviously, some reaches of the main
rivers received as much as 20 m of sediment (measured in the center of the
flood plains), most of which was landslide-generated. If we assume a trian-
gular cross section for sediments in the valley bottom, an average width of
600 m for the Coca River floodplain, and a valley length of 20 km between
the mouth of the Salado River and San Rafael Falls, we calculate a total
volume of 120 x 10% m3. If we now assume an average depth of landsliding
of 2 m (a reasonable valuc based on ficld observations), the denuded arca
was about 60 km2, The calculated volume compares well with the total
volume (110 x 10° m®) of the mass wastage obtained by Hakuno et al.
(1988). This volume attests to the fluidity of the debris flows and the effec-
tiveness of the tributaries in transporting the debris materials. We suggest
that two factors may have contributed to this large volume. The first is the
nature of the soils involved in the slope failures, and the second is the
general morphology of the Reventador area.

In general, the vast majority of the soils involved were tropical residual
soils or relatively recent pyroclastic materials of various grain sizes (ash,
lapilli, cinders, and pumice). Both of these types of soils have characteris-
tically open structurcs, and hence high water contents when saturated,
The natural water content is typically very close to or higher than the
liquid limit. The pyroclastic materials have relatively low liquid limits
and plasticity indices. However, the residual soils, being usually at ad-
vanced stages of laterization, have high liquid limits (up to 300 percent)
and plasticity indices (up to 150 percent), The plasticity of such soils
is the result not of high-activity clays, but of the presence of hydrated
sesquioxides of Al and Fe in a gel state. In fact, residual laterites have
very small or no clay content (Mitchell and Sitar, 1982). If present, clays
tend to be of the halloysite type. Both the sesquioxides and halloysite
suffer irreversible changes upon drying, and the soils undergo
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dramatic decreases in plasticity (Miichell and Sitar, 1982). These hy-
drated materials, which provide plasticity, behave as cementitious ele-
ments that impart physical cohesion to the soils. The open structures are
preserved and the result is a brittle, open soil with high capacity to
absorb water.

As shown in tests by Hakuno et al. (1988), the soils in the Reventador
area fit this characterization well. These authors found natural water con-
tents equal to or higher than the liquid limit, a wide range of plasticities,
and absence of clay minerals. Pyroclastic materials, particularly those of
fine grain size, also have open structures and relatively low plasticity. These
two types of soils exhibit extreme loss of strength if they fail under un-
drained conditions. The first factor in these dramatic strength losses is the
collapse (in the dehydrated residual socils); the second factor is the increase
in pore pressurcs and the attendant decrease in effective stress.

The scenario postulated for the transport of the landslide materials is as
follows: (1) Failure at a basal shear surface with an average depth of 2 m,
probably at the bottom of the residual soil profile and at the top of the
weathered rock. (2) Contractive behavior of the failed soil. Contraction
decreases effective stresses until a steady-state strength is reached (Poulos
et al., 1985; Ellen and Fleming, 1987; Fleming et al., 1989). Given the
highly contracted behavior of the soils in this area, we can surmise that the
steady-state strength of these soils is very low. (3) High-velocity flow
down steep slopes that are several tens of meters to a few hundred meters
long. (4) Movement of debris flows to the thalwegs of tributaries that do
not have floodplains. Flow then was channeled and effectively conducted
to channels of higher-order streams.

FLOODING OF RIVER VALLEYS IN THE VICINITY OF
REVENTADOR VOLCANO

Crespo et al. (1987) roughly estimated that “ground shaking triggered
mudslides and rock avalanches near the volcano involving more than 100
million cubic yards [76 million m3] of soil and rock.” Based on airphoto
study of denudation of slopes in the vicinity of Reventador Volcano, Ha-
kuno et al. (1988) estimated the total volume of slope failure at about 110
million m3, but noted that this approximation easily could have been in
error by as much as 50 percent. Whichever of these estimates is the more
accurate, a large percentage of this huge mass of material combined with
water in the Coca and Aguarico Rivers and their tributaries to form thick
debris flows that descended these tributaries of the upper Amazon,

Because these debris flows occurred at night, and thus were not easily
observed, we are not sure of their character. We do not know whether they
acted as true debris flows, or whether they might better be designated as
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“hyperconcentrated flows” or “mud floods.” However, based on (1) depths
of sediment deposited in the rivers, (2) “trimlines” on the lower valley
walls, which indicated the heights to which the rivers rose when charged
with the debris flows, and (3) damage to the Trans-Ecuadorian pipeline and
highway due to deposition and erosion, we know that considerable flood-
ing occurred (Figures 5.16A.B, 5.17A,B, and 5.18). Figure 5.19 indicates

FIGURE 5.16A

FIGURES 5.16 Aerial oblique views looking downstream at the confluence of the
Salado and Quijos rivers to form the Coca River. (A) 1978 view (photograph by
William Savage, Pacific Gas and Electric). (B) April 1987 view illustrating that braided
debris-flow and flood deposits (as much as 20 m thick) have covered much of the
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estimated depths of flooding and thicknesses of sediments deposited from
the floods at several key locations along the Coca and Aguarico Rivers
and their tributaries.

Because the stripping of earth materials from the slopes also removed the
vegetative cover (mainly trees and brush), these large debris flows undoubt-
edly were charged with timber debris, similar to the debris flows that de-

FIGURE 5.16B

floodplain. Bedrock constriction of the Coca River (indicated by two arrows at the right)
probably caused short-lived “hydraulic”” damming of the river that contributed to upstream
flooding and sedimentation. Note landslide (single amow near center of photo) that badly
damaged the Salado pumping plant of the Trans-Ecuadorian oil pipeline.
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FIGURE 5.17A

FIGURES 5.17 Looking up the Salado River from the confluence of the Salado and
Quijos rivers. (A) 1978 photo showing the Trans-Ecuadorian highway bridge
{arrow) across the Salado River. Note the Trans-Ecuadorian pipeline where it
snakes down the ridge at the left to its crossing at the mouth of the Salado River.

scended the Toutle River in western Washington State as a result of the
1980 eruption of Mount St. Helens (Schuster, 1983)., The addition of this
timber debris undoubtedly affected the physical character of the debris
flows, and as discussed below, probably impeded their passage through
narrow bedrock constrictions in the narrow stream valleys,

As noted by Hakuno et al. (1988), a local resident who lived along the
Coca River about 30 km from the epicenters of the carthquakes (most prob-
ably between the mouth of the Malo River and San Rafacl Falls) reported
that the Coca became completely dry soon after the earthquakes, which
occurred at about 2100 and 2300 on March 5. Flow began again with a high
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FIGURE 5.17B

(Photograph by William Savage, Pacific Gas and Electric.) (B) April 1987 photo-
graph showing extreme sedimentation in the Quijos, Salado, and Coca river chan-
nels due to the March 5, 1987, debris flows and flooding. Note absence of the
Salado River highway bridge, which had been washed out.

flood at about 0300 on March 6. There is a strong possibility that this inter-
ruption of flow of the Coca River was the result of natural damming
of the river and/or its tributaries as a result of the earthquakes. We feel that
short-lived damming occurred in two ways: (1) “hydraulic” damming, in which
stream flow, highly charged with debris, was impeded in passing through
narrow bedrock constrictions in the stream channels, and (2) blockage of
streams by debris flows issuing into the main stream from its tributaries.

We have noted evidence of “hydrautic” damming at four locations in the
Coca River drainage (Figure 5.19): (1) of the Salado River 7 km upstream
from its confluence with the Quijos/Coca River (Figure 5.20), (2) of the




78 THE MARCH 5, 1987, ECUADOR EARTHQUAKES

FIGURE 5.18 Evidence of March 5, 1987, flooding on the left (N) bank of the
Aguarico River near the town of Lumbaqui. The flocd has removed much of the
vegetative cover from the low terrace in the foreground.

Malo River at its falls about 1 km upstream from its mouth, (3) of the Coca
River at the bedrock peninsula that juts southward from the Salado pumping
station (located at Salado), and (4) of the Coca River at San Rafacl Falls.
At each of these locations, the occurrence of damming is indicated immedi-
ately upstream by (1) trim lines showing the highest level of flow and (2)
extensive deposits of sediment. The sediments probably were deposited in
very short-lived lakes that formed as a result of damming at the constric-
tions before the debris “plugs” were flushed out.

The formation of temporary stream blockages by debris flows issuing
from tributaries to dam the main stream has occurred in other parts of the
world. For example, Montandon (1933) noted that the Upper Rhine River in
Graubunden Canton, Switzeriand, was briefly dammed in 1585, 1807, and
1868 by debris flows issuing from the Nolla Torrent. The Xiao River in
northern Yunan Province, China, has been dammed briefly seven times in
this century by large debris flows that issued from Jiangjia Gully, a major
tributary of the Xiao. Each of these short-lived blockages of the Xiao River
had heights of about 10 m, and most of them were overtopped and failed
within a few days (Li et al., 1986). The Celorado River in the Grand
Canyon was bricfly dammed in 1966 by a cloudburst-triggered debris flow
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from Crystal Creek (Webb et al., 1988). In the Reventador area, the only
case of such debris-flow damming that we identified was caused by a flow
that issued from the Malo River into the Coca River during the night of
March 5-6. Apparently, this debris-flow blockage was no more than a few
meters high, and it probably was overtopped and breached within an hour
or two after forming. However, this low, short-lived dam must have been
the main cause of the large amounts of sediment (estimated thickness: 20
m) that were deposited in the channel of the Coca River immediately up-
stream from the mouth of the Malo River (Figure 5.21). Possibly, another
such debris-flow blockage occurred where the Salado River enters the
Quijos-Coca River, because a large amount of sediment was deposited at
this point (Figures 5.16 and 5.17). The same process probably occurred on
a smaller scale at other locations where steep gullies flow into the Salado
(Figure 5.11), Malo, and Dué Grande rivers.
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FIGURE 5,20 Downstream view of the Salado River showing location of bedrock
constriction (arrows) that caused short-lived damming of the river. Note trimline in
jungle cover along lower left valley wall upstream of the river constriction. This
trimline indicates the maximum height (about 10 m above current river level) to
which the debris flood rose.

Before the 1987 earthquake, plans had been made by INECEL to con-
struct a 60 to 70-m-high embankment dam at the above-mentioned con-
striction of the Coca River at Salado. This dam would have formed a
reservoir to serve as the source of water for an underground penstock that
would reenter the Coca River at a powerhouse downstream from San Ra-
fael Falls (Figure 5.7). Fortunately, construction of this dam had not begun
by the time of the 1987 earthquake, and the project was deferred after the
quake. However, INECEL is again considering plans for a dam at this site
(El Comercio, 1990). The new project would entail a 5-m-high embank-
ment dam at the same site on the Coca River; this low-head dam would
store water for the aforementioned penstock and power plant.
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Effects on Lifelines

E. Crespo,* Cornell University, Ithaca, New York
T. D. O’ Rourke,* Cornell University, Ithaca, New York
K. J. Nyman* Cornell University, Ithaca, New York

GENERAL OBSERVATIONS

From March 19 to April 3, 1987, reconnaissance personnel were sent
from Cornell University g Ecuador to evaluate the effects on lifelines of
the March 5, 1987, earthquakes. An additional visit was made on August
17-27 to collect data concerning the effects of landslides and flooding on
key lifeline facilities and to observe reconstruction efforts in areas most
severely influenced by the carthguakes. Although the primary focus of the
reconnaissance missions was the Trans-Ecuaderian pipeline, considerable
effort was spent on gathering information about other lifelines. Visits were
made to the City of Quito and towns in the provinces of Pichincha, Imbabura,
and Napo (Figure 4.1). Interviews were conducted with government and
municipal workers as well as with local people.

Damage to lifelines was severe in areas near the earthquake epicenters.
Specifically, there was major damage to the Trans-Ecuadorian {crude oil)
and Poliducto (propane) pipelines, as well as to the principal highway link-
ing Quito and Lago Agrio (Figure 6.1), the main town of the oil-producing
region of Ecuador. Damage to lifelines in other areas was relatively light
and is summarized briefly under the following subheadings.

Water Distribution Systems

Officials of EMAP, the municipal agency responsible for the water sup-
ply to Quito, were interviewed. They reported that no damage was sus-
tained to the pipeline network, pump facilities, and reservoirs servicing

* School of Civil and Environmental Engineering
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Quito. The only damage to underground water mains that was observed
was in the town of Baeza (Figure 6.1}, which is approximately 60 km from
the epicenters. This observation was made at one location, where a 150-
mm-diameter PVC pipeline was being repaired. The full extent of pipeline
damage in Baeza could not be determined; however, there was considerable
damage to one- and two-story structures, primarily of reinforced masonry
construction.

Electric Power Systems

Officials with EEQ, the municipal electricity authority for Quito, were
contacted. They reported that electricity had been interrupted to all neigh-
borhoods of Quito for more than 2 hr after the second earthquake (M=6.9).
This interruption was attributed to the functioning of emergency breaker
switches. Inspection of electrical equipment after the earthquakes indicated
that some maintenance and minor repair were needed.

No damage to hydroclectric facilities was reported by INECEL, the na-
tional electricity institute. A small, privately owned hydroelectric plant in
the town of Papallacta (Figure 6.1, Table 6.1), approximately 50 km from
the epicenters, was visited. No damage was observed in the power plant or
its piping facilities.
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TABLE 6.1 List of Pump and Pressure-Reduction
Stations on the Trans-Ecuadorian Pipeline

Number  Name Elevation
(m)

1 Lago Agrio Pump Station 296
2 Lumbaqui Pump Station 842
3 Salado Pump Station 1,268
4 Baeza Pump Station 2,001
5 Papallacta Pump Station 3,007
6 San Juan Pressure-Reducing Siation 3,496
7 Chiriboga Pressure-Reducing Station 1,997
8 La Palma Pressure-Reducing Station 1,612
9 Santo Domingo Pressure-Reducing Station 566

10 Quininde Pump Station 96

11 Balao Marine Terminal 0

Pan-American Highway

The Pan-American Highway is the major transportation facility connect-
ing the towns and cities of the Andean region. Landslides in volcaniclastic
deposits were caused by the earthquakes and interrupted traffic between the
cities of Quito and Cayambe (Figure 1.1). The majority of these landslides
originated in the faces of steep roadcuts and involved relatively shatlow
raveling and toppling of cemented sands, ash, and weak rock.

Transportation between Quito and the town of El Quinche (20 km ENE of
Quito) was interrupted by a relatively large landslide 1 week after the earth-
quakes. This landslide occurred in volcaniclastic deposits at a steep roadcut.
Approximately 24 hr was required to clear the road at this location.

Natural Gas Supply

Natural gas in Ecuador is used primarily for cooking and is supplied in
pressurized canisters and tanks of propane. There are no natural-gas-pipe-
line distribution networks in Ecuador. There are several transmission pipe-
lines, which are used to convey propane, and one of these, known as the
Poliducto pipeline, was damaged by the earthquakes. A more detailed de-
scription of this line and associated damage is given under the next two
major headings.

Although earthquake damage to lifelines was light throughout most of the
country, damage near the epicenters was so severe and widespread that it
had a major economic impact on the country, with repercussions felt world-
wide. Approximately 40 km of the Trans-Ecuadorian pipeline had to be
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reconstructed, making this the single largest pipeline failure in history. Be-
cause of the scale and importance of the damage, this chapter concentrates
on the characteristics and postearthquake observations related to the Trans-
Ecuadorian pipeline, with supplemental descriptions of the Poliducto natural
gas pipeline and adjacent highway.

CHARACTERISTICS OF THE TRANS-ECUADORIAN AND
POLIDUCTO PIPELINES

The Trans-Ecuadorian pipeline {(crude oil) is composed primarily of 660-
mm-diameter line pipe and associated pump and pressure-reducing stations.
The pipeline was commissioned in 1972. It is composed of X-60 grade steel
with wall thickness ranging from 9.5 to 20.6 mm. The pipeline is the main
crude oil transportation facility in the country, conveying virtually all oil from
the eastern oil fields to a marine terminal port near Esmeraldas on the Pacific
Qcean (Figure 6.1). The pipeline operates at a maximum internal pressure
of 9.7 MPa and moves from 250,000 to 300,000 barrels of oil a day.

The Poliducto pipeline is composed of 150-mm-diameter line pipe and
associated compressor station pressure-regulation equipment. Its wall thick-
ness is 7.1 mm. The line was built after the Trans-Ecuadorian pipeline was
commissioned, and closcly follows the right of way for the crude oil line.
The Poliducto pipeline is a multiproduct facility. It conveys different types
of hydrocarbons at different times, including propane gas. The line extends
from Lago Agrio in the eastern oil field to Quito.

Figure 6.1 shows a plan view of the Trans-Ecuadorian pipeline, with
pump stations at locations 1 through 5 and 10, and pressure-reducing sta-
tions at locations 6 through 9. The endpoint of the pipeline at the Balao
marine terminal is sitnated near Esmeraldas at location 11. The pipeline
conveys oil from an initial elevation of 296 m at the Lago Agrio pump
station to a maximum elevation of 4,060 m at a mountain pass E of Quito to
the Balao marine terminal at sea level. The elevations relative to sca level
of the various pump and pressure-reducing stations are summarized in Table
6.1, For purposes of clarity, the Poliducto pipeline is not shown, although
it should be recognized that this facility follows the same right-of-way
corridor from Lago Agrio to Quito as illustrated in the figure.

The total length of the Trans-Ecuadorian pipeline is 498 km from Lago
Agrio to Esmeraldas. Approximately 200 km, from Lago Agrio to a loca-
tion roughly halfway between Quito and the Papallacta pump station, is
constructed primarily above ground. Along this part of the route, the line
pipe is supported every 12 m on either an “H” pile support frame or con-
crete-pedestal foundation saddle, The support frame consists of two 150-
mm-diameter pipe piles driven 6 m into the ground, connected by a pipe
cross beam welded to the driven piles. The pipeline rests on the cross
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beam, which is fitted with a curved center plate saddle. A concrete pedestal
consists of a 1-m-square foundation footing with a cradle keyed vertically
into the footing. The 50-mm-tall vertical concrete section is fabricated to a
semicircular shape at the top, which acts as a saddle to support the pipe.
The above ground supports do not have special features to restrict pipe
movement either laterally or longitudinally. On steep terrains, however,
longitudinal anchors are used periodically to prevent slippage of the pipe
downhill through the supports.

The remaining 298 km of the pipeline from E of Quito to Esmeraldas is
buried. One section of the line, from location 8 to 9 as depicted in Figure 6.1,
is composed of 510-mm-diameter pipe, All other sections are composed of
660-mm-diameter pipe.

The area of most severe disruption is shown by means of the hachured
zone in Figure 6.1. It was in this general region that landslides and floods
triggered by the earthquake damaged the line pipe and the Salado pump
station {location 3).

PIPELINE DAMAGE

Figure 6.2 shows an expanded view of the hachured zone identified in
Figure 6.1. This general region includes the pipeline route from its crossing
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of the Aguarico River to its crossing of the Salado River. The pipeline align-
ment follows-a SW course along the Coca River basin. Between the Aguarico
and Salado Rivers, the pipeline attains a2 maximum elevation of 1,700 m,
after which it descends approximately 500 m to the Coca River floodplain
and then follows the N bank of the river to the Salado pump station.

The Coca River is deeply entrenched and borders the southeastern
foothills of the active volcano, Reventador. Reventador Volcano is a large
stratovolcano characterized by a nested cong in a horseshoe-shaped rim that
opens toward the E. The composite cone is the expression of a recent phase
of volcanism. In 1977, the volcano produced lava flows that extended to
within 2 km of the pipeline.

The two earthquakes of March 5, 1987, occurred after a month of heavy
rain, during which 600 mm of precipitation was measured at a nearby rain
gage. Strong ground shaking triggered rock and soil slips, avalanches, and
debris flows. The flows and resulting floods drained northward into the
Dué River and southward and eastward into the Salado and Coca Rivers.

Flooding along the Dué River entered the Aguarico River and destroyed
the pipeline and highway bridge across the Aguarico approximately 50 km
NE of the Salado pump station. Flood waters reached an elevation of 5 m
above the bridge deck. Figure 6.3 shows a scgment of the buried pipeline,

FIGURE 6.3 Trans-Ecuadorian pipeline severed by flood waters, E bank of the
Aguarico River.
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FIGURE 6.4 Trans-Ecuadorian pipeline on the W bank of the Aguarico River
pulled southward by flood waters. Note the remnant pier and abutment of the
bridge.

which was severed on the W side of the river at its junction between the
bridge and concrete abutment. Figure 6.4 provides a view of the E side of
the river where the pipeline had entered the bridge abutment as an aboveground
structure. W of this location, the pipeline was pulled longitudinatly and
displaced off its supports for a distance of 4 km.

The highway bridge at the Salado River crossing was completely de-
stroyed. The Trans-Ecuadorian pipeline at this location had been constructed
by dredging a 3- to 4-m-deep trench in the river bottom, into which the line
was placed and backfilled. The pipeline was encased in concrete to offset
buoyancy effects. The pipeline was undamaged at the Salado crossing, and
this segment of the line was incorporated without repair into the rebuilt
pipeline system.

Figure 6.5 provides an expanded view of the area (hachured zone in
Figure 6.2) of greatest pipeline damage. Approximately 12 km of the pipe-
line was destroyed along the banks of the Coca River, from just E of the
Salado pump station to a location roughly 12 km E of the confluence of the
Salado and Coca rivers. Along this section, damage was generated by
landslides and debris flows in the residual soils and igneous parent rock of
the hills flanking the N side of the Salado River. Most damage, however,
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was caused by flooding of the 