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Tectonic Aspects of the Guater 

Earthquake of 4 February ] 
George 

The devastating earthquake (surface 
wave magnitude Ms = 7.5) that struck 
Guatemala at 0303 hours local time on 4 
February 1976 took an estimated 23,000 
lives, caused 74,000 reported injuries, 
and left more than 1 million people home- 
less in a country with a total population 
of about 5.5 million (1). From a scientific 
viewpoint, the Guatemala earthquake se- 
quence is particularly noteworthy be- 
cause it was accompanied by the most 
extensive surface faulting in the western 
hemisphere since the 1906 San Francisco 
earthquake. This permits evaluation of 
the damage distribution relative to the 
earthquake source and provides critical 
new information on the present style of 
tectonic deformation in northern Central 
America. The only previous event for 
which a detailed geologic study of sur- 
face faulting was made in the 450-year 
seismic history of Central America was 
the magnitude 6.2 earthquake of 23 De- 
cember 1972 that destroyed Managua, 
Nicaragua (2). 

This article summarizes the results of 
geologic field investigations of the sur- 
face faults and briefly considers their 
relation to the epicenters of the main 
shock and larger aftershocks and to the 
distribution of damage (3). On the basis 
of the preliminary data, a tentative inter- 
pretation of the mechanism of the earth- 
quake, within the framework of plate 
tectonic theory, is proposed. It undoubt- 
edly will require some modification or 
revision as additional results of investiga- 
tions of this major seismic event become 
available. 
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structive earthquake 
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margin of the Mota 
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(Fig. 1). The easterr 
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name is herein applie 
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bradas in the lower 
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end to N80?W at the 
sists of right-steppin 
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tures and connecting low compressional 
ridges that locally form the "mole 
tracks" characteristic of strike-slip 
faults. Individual fractures within the 
zone are oriented at angles of up to 35? to 
the fault trace and have the northeasterly 

nala azimuths to be expected for sinistral slip. 
The amount of opening or separation 

[976 perpendicular to the fracture walls is neg- 
ligible for those that roughly parallel the 
fault strike but may be more than a meter 

Plafker for those oriented at large angles to the 
strike. The width of the fracture zone is 
mostly 1 to 3 meters, with a maximum 
observed width of about 9 m. At one 

:e Ruptures locality near El Progreso, where the fault 
surface is exposed as a gouge zone in a 

long which the de- highway cut, the zone of slip is 1 to 3 m 
of 4 February and wide and the dip is nearly vertical. 

:e displacement oc- Displacement across the fault in most 
I along the southern places is almost entirely horizontal and 
Lgua valley and the sinistral. The strike-slip component of 
west of the valley displacement ranges up to 340 centime- 
n part of this major ters and averages close to 108 cm. Dis- 
igua valley has been placements larger than 2 m are limited to 
fault (4, 5), and this the fault segment located 35 to 50 km 
ed to all of the fault from the west end. As much as 24 per- 
ted during the earth- cent of the displacement at some local- 

ities in the Motagua valley occurred after 
was observed in a the main shock in the interval between 
vell-defined line for an initial reconnaissance study on 9 Feb- 
ding from near Que- ruary and follow-up investigations that 
Motagua' valley on were made in mid-April. Vertical offsets 

km east of Patzaj on along the fault are variable, generally 
) 4). At the closest less than 30 percent of the horizontal 
'5 km north of the component, and with either the north or 
i City. The rupture the south side relatively downthrown. 
d farther to the west The major exception is the 10-km-long 
canic deposits and segment at the eastern end of the ob- 
slope failures effec- served surface trace, where vertical dis- 

related surface frac- placements are consistently down to the 
Id, the fault trace is north and locally as much as 50 percent 
r Motagua valley by of the horizontal component. 
tropical vegetation. Unlike many other earthquake-related 
rshock distribution strike-slip fault displacements in the 
lting probably does world, subsidiary faults, splays, and en 
.n a few tens of ki- echelon offsets are relatively rare along 

observed limits of the Motagua fault. The only noteworthy 
subsidiary fault, located just northeast of 

arcuate and convex El Progreso, is about 1 km long with 20 
gradual change in cm left-lateral displacement, and it is 
N65?E at the east oriented roughly parallel to, and 400 m 
: west end. It con- west en. The author is a geologist at the U.S. Geological 
ig en echelon frac- Survey, Menlo Park, California 94025. 
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1976 earthquake epicenter. 

Larger aftershock epicenter. 

1976 earthquake faults. 
Arrows show sense of horizontal 

barbs on downthrown side; 
dotted where inferred. 

Fig. 1. Map showing the relation of segments of the Motagua and Mixco faults that moved during the earthquake of 4 February 1976 to the main 
shock epicenter, the larger aftershock epicenters, and major structural and volcanic features in northern Central America (4, 7, 35). Circled 
numerals along the Motagua fault indicate selected measured sinistral displacements in centimeters. 

Fig. 2 (left). Oblique aerial view south toward the linear trace of the Motagua fault 
(arrows) in farmland west of Cabanias. Rows I m wide with about 70-cm sinistral 
offset may be seen in the field at the left side of the photograph and in the enlarged 
inset. Fig. 3 (right). View west along Motagua fault trace where it crosses a 
soccer field at Gualan. Note the characteristic right-stepping en echelon fractures 
and the "mole track" of pressure ridges caused by 92-cm sinistral displacement. 
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south of, the main fault trace. Splay 
faults that intersect the main fault at 
acute angles were seen at only four local- 
ities and these are all less than 1 km in 
length. En echelon offsets of the main 
fault trace that can be observed appear 
to be less than a few hundred meters. 

The main fault that moved during the 4 
February 1976 earthquake coincides fair- 
ly closely with a previously mapped fault 
that has long been known to mark the 
south side of the Motagua valley in the 
area east of El Progreso (4-6). In detail, 
however, there are local discrepancies of 
as much as 1 km between the position of 
the mapped fault and the observed sur- 
face trace. Mapping of surface breaks 
related to the 4 February 1976 earth- 
quake has extended the Motagua fault an 
additional 85 km west of its previous 
known extent. 

Much of the Motagua fault trace is 
marked by linear stream valleys, minor 
scarps, shutter ridges, and sag ponds 
that suggest repeated, geologically youth- 
ful tectonic activity along parts of this 
fault. Earthquakes that caused extensive 
damage in Guatemala and destroyed the 
old capital at Antigua in 1773 (7), de- 
stroyed Omoa, Honduras, in 1859 (7), 
and caused damage at Quirigua (near 
Los Amates) in 1945 and at Puerto Bar- 
rios in 1929 (8) could have been gener- 
ated along the Motagua fault or its off- 
shore extension. However, it is not pos- 
sible to preclude the alternative that they 

were caused by movement on other 
faults in the area, because surface breaks 
were not observed and the epicentral 
locations are not well constrained by the 
seismologic data. 

Surface Ruptures on Secondary Faults 

Several north- to northeast-trending 
secondary fault breaks were identified in 
the area extending from the western sub- 
urbs of Guatemala City to Mixco, 10 km 
to the west. The longest zone of faulting 
trends through Mixco and is named the 
Mixco fault (Fig. 1). This fault ruptured 
for at least 21 km of its length. Move- 
ment on the Mixco fault is pre- 
dominantly normal dip-slip and relative- 
ly down to the east (Fig. 5). Mapping by 
geologists of the Geological Society of 
Guatemala and the U.S. Geological Sur- 
vey shows that the Mixco fault is a zone 
of secondary fractures and faults and is 
several kilometers wide (9). Most of the 
displacement on the Mixco fault zone 
occurred concurrently with the main 
earthquake on 4 February, but additional 
slip, amounting to as much as 20 percent 
on some breaks, took place during the 
large aftershock (body wave magnitude 
Mb = 5.8) on 6 February, which was 
strongly felt in the Mixco-Guatemala 
area. 

Although they are relatively short, the 
secondary faults pose a significant geo- 

logic hazard because of their proximity 
to urbanized areas and areas of future 
expansion of Guatemala City. Some of 
the breaks occur along preexisting fault 
scarps developed in thick tephra depos- 
its of Pleistocene age (6, 10), indicating 
that they have had recurrent vertical dis- 
placements during the late Quaternary. 
Comparable secondary faults may be 
present elsewhere in the Guatemalan 
Highlands. Their presence is suggested 
by local belts of microearthquake activi- 
ty (11), by zones of abundant extension 
cracks at the surface, and by exceptional- 
ly high concentrations of damage. 

Relation of Faulting to Damage 

The fault breaks caused extensive 
damage where they intersected and off- 
set buildings, roads, and railroads. Dam- 
age directly resulting from fault slip par- 
ticularly affected Gualan, Cabafias, and 
several smaller communities that lie 
astride the trace of the Motagua fault, as 
well as Mixco and the western suburbs 
of Guatemala City, which are traversed 
by secondary ruptures in the fracture 
zone of the Mixco fault. Virtually all of 
the area of major shaking damage is with- 
in 40 km of the Motagua fault trace and is 
predominantly in areas of thick Pleisto- 
cene pumiceous ash flow deposits that 
may have amplified ground motions. 
However, other factors, such as lateral 

Fig. 4 (left). View south along a row of trees offset about 325 cm in a sinistral sense 
(indicated by white bar) where it is intersected by the Motagua fault. The man is 
standing on the fault trace, which is a single fissure oriented perpendicular to the line 
of trees at this locality. Fig. 5 (right). View northeast along one of the larger 
breaks in the Mixco fault zone near Colonia El Milagro in Guatemala City. The 
displacement here is about 12 cm vertically down to the east and 5 cm dextrally. The 
break occurred at the base of a degraded scarp that was probably formed by previous 
late Quaternary displacement of this fault. 
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Fig. 6. Map showing the Motagua fault in relation to the boundaries of the Caribbean plate and 
extensional fault systems within the northwestern part of the Caribbean plate. Large arrows 
indicate relative plate movement directions; black dots indicate major volcanoes of the Middle 
American arc (36). 

variations in energy release along the 
fault, construction practices, topogra- 
phy, and movement on subsidiary faults, 
undoubtedly influence the distribution of 
damage resulting from seismic shaking. 

Regional Setting and Neotectonic History 

of the Earthquake Faults 

The Motagua and Mixco earthquake 
faults are but two of many geologically 
youthful faults that intersect the earth's 
surface in Guatemala and adjacent areas 
of Middle America. Some of these are 
old fundamental breaks that have under- 

gone repeated and complicated move- 
ments through geologic time. Of primary 
interest here is their history during the 
late Cenozoic (the last 25 million years), 
and particularly the available evidence 
for the sense and amount of dis- 

placement across them. Unfortunately, 
reliable geologic data on this subject are 

sparse, having been obtained largely as 
incidental observations during the 
course of mineral resource exploration 
or studies of volcanism. Recent compre- 
hensive summaries of the available on- 
shore geologic data relevant to the tec- 
tonic development of the region, includ- 

ing extensive bibliographies, have been 

given by Dengo (12) and Dengo and Boh- 

nenberger (4). 
The Motagua fault is part of a system 

of four major subparallel arcuate fault 
zones that trend generally east-west 
across Guatemala and northern Hon- 
duras. In this article, these are termed 
the Motagua and San Agustin faults in 
the Motagua valley; the Polochic zone to 
the north comprising the Polochic and 

Chixoy faults; and the Jocotan zone to 
the south, which consists primarily of 
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the Jocotan and Chamelecon faults (Fig. 
1). For convenience, this entire broad 
belt of faults is referred to herein as the 
Motagua fault system. The nature of the 
faults in this system, and their relation to 
the Cayman Trough (also referred to as 
the Bartlett Trough) and the tectonics of 
the Caribbean region, have been the sub- 

ject of much study and speculation. Most 
workers agree that the faults in the Mo- 

tagua system are old fundamental breaks 
that have undergone recurrent dis- 

placement at least since the late Paleo- 
zoic, but there is no consensus on the 
sense and amount of the movement. 

Late Cenozoic sinistral slip on the Mo- 

tagua, San Agustin, and Polochic faults 
was inferred by oil company geologists 
(including the writer) during petroleum 
exploration in the area north of Puerto 
Barrios between 1955 and 1960. This in- 

terpretation was based on the occur- 
rence of large-scale drag folds in Mio- 
cene limestone lying between the Polo- 
chic and San Agustin faults, the preva- 
lent subhorizontal slickensides in parts 
of the San Agustin and Motagua fault 
zones, and the linearity of all these longi- 
tudinal faults (4). The complicated pat- 
tern of faults that make up the Chamelec- 
6n part of the Jocotan fault zone in north- 
western Honduras suggests a complex 
history involving significant sinistral 

displacement parallel to the northeast- 
trending Chamelec6n fault followed by 
more recent dip-slip movements (4). 
However, others have emphasized the 
vertical, rather than the horizontal, dis- 

placements from detailed studies of geo- 
logic relations across parts of the Polo- 
chic fault zone (13), the San Agustin and 

Motagua faults (14-16), and the Jocotan 
fault (16). 

Surface displacements that occurred 

on the Motagua fault during the recent 

earthquake demonstrate that the present 
sense of displacement, at least, is domi- 
nantly horizontal and sinistral. Further- 
more, the physiographic evidence 
clearly demonstrates repeated horizontal 
displacement along much of this same 
trace during the Holocene, but the pub- 
lished onshore geologic data do not per- 
mit determination of the duration or total 
horizontal displacement along the Mo- 
tagua fault during this epoch (17). 

Little has been published on the sense 
of displacement or state of activity of the 
other large faults that parallel the Mo- 
tagua fault, although they have been cate- 
gorized as strike-slip faults by Dengo 
(12). McBirney (14) noted undated basalt 
flows on opposite sides of the San Agus- 
tin fault that could indicate about 20 km 
of sinistral separation, assuming that the 
basalt outcrop areas were originally con- 
tiguous. Kupfer (18) has reported clear 
physiographic evidence for 60 to 120 m 
of Holocene (Recent) sinistral movement 
on part of the Polochic fault zone. The 
distribution of shallow and damaging 
earthquakes along both the Polochic and 
Jocotan zones (7, 19, 20) suggests that at 
least some of the faults in these zones 
may be active. Large uncertainties in 
epicentral locations in this region, how- 
ever, make it difficult to determine 
whether a particular earthquake origi- 
nated on the Motagua fault, the San 
Agustin fault, or the Chamelec6n fault. 

The Mixco fault near Guatemala City 
is one of numerous predominantly nor- 
mal faults in Guatemala, western Hondu- 
ras, and El Salvador that are located 
between the Motagua fault and the chain 
of stratovolcanoes that passes through 
the highlands of Guatemala and El Salva- 
dor (12, 20, 21). These faults, which tend 
to be shorter than the east- to northeast- 
trending faults, are predominantly nor- 
mal, but include some breaks with signifi- 
cant strike-slip components. They result 

primarily from crustal extension and 

broadly group into three major sets. (i) 
The dominant set trends generally north 
to north-northeast, and in a number of 

places faults in this set bound prominent 
north-trending structural depressions 
such as the graben in which Guatemala 

City is located, the Ipala Graben of east- 
ern Guatemala and western El Salvador, 
the Ulia Graben in western Honduras, 
and several graben along the Jocotan 
fault zone (Fig. 1). Some of the north- 
trending faults apparently have served as 
conduits for the Quaternary volcanic 
eruptions that locally extend northward 
from the main volcanic chain to the Mo- 

tagua fault system. (ii) A second impor- 
tant set of faults is located along, and 
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generally parallel to, the northwest- 
trending chain of stratovolcanoes that 
form the Middle American volcanic arc 
(Figs. 1 and 6). This system becomes 
increasingly prominent toward the south- 
east, where it bounds major segments of 
the Median Trough of El Salvador, 
which broadens toward the southeast in- 
to the Nicaragua Depression (12, 21). 
Although the margins of this great struc- 
tural depression are obscured in many 
localities by Quaternary volcanic depos- 
its, it can be traced discontinuously from 
Guatemala to the Caribbean Sea coast of 
Costa Rica (Fig. 6). (iii) A third set of 
oblique faults (not shown in Fig. 1) that 
strikes northeast is locally well devel- 
oped in the southeastern part of Guate- 
mala and in adjacent areas to the south- 
east (21). Prominent northeast-trending 
lineaments that could be fault-controlled 
are apparent on topographic maps of the 
area near Chimaltenango. The largest of 
these, which are delineated on Fig. 1 by 
dash-dot lines, are situated in areas of 
maximum earthquake damage and high 
aftershock activity. 

Many of these faults are geologically 
youthful, for they offset late Tertiary or 
Quaternary deposits and are commonly 
marked by prominent scarps that border 
topographic depressions. Indeed, it 
seems likely that movements on these 
three fault sets are the probable cause of 
many of the nonvolcanic moderate-sized 
locally damaging earthquakes that have 
recurred throughout much of Middle 
America. For example, slip along either 
the system of en echelon normal faults 
that bound the basin in which Guatemala 
City is situated or the faults that bound 
the graben that contains Lake Amatitlan 
due south of Guatemala City, or both, 
could have generated the series of four 
earthquakes of magnitude 6 to 6.5 that 
destroyed much of the capital in 1917 
and 1918. 

Plate Tectonic Setting 

According to most modem plate tec- 
tonic interpretations, Guatemala is split 
by major faults that separate the North 
American and Caribbean plates (Fig. 6). 
The Motagua fault and the other subpar- 
allel faults in the Motagua fault system 
form the transform fault boundary along 
which the Caribbean plate has moved 
eastward relative to the North American 
plate. Judging from the displacement as- 
sociated with the February earthquake, 
the main locus of movement at present is 
the Motagua fault. In the past, however, 
the displacement may have shifted be- 
tween the various faults that make up 
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this broad transform system. The Middle 
America Trench and volcanic arc, togeth- 
er with the belt of abundant shallow- to 
deep-focus earthquakes in southern Gua- 
temala, are related to the northeastward 
underthrusting of the Cocos plate be- 
neath the Caribbean plate and are not 
directly related to movements along the 
Motagua fault system (Fig. 6). 

It is possible that one or more of the 
great faults of the Motagua fault system 
extend westward to a triple junction at 
the Middle America Trench even though 
the western parts of their projected 
traces have not yet been delineated. The 
destructive historic earthquakes that 
have occurred in western Guatemala and 
southern Mexico along the projection of 
the transform system may be related to 
the Motagua, or similar faults, but they 
could as well be shallow events on the 
subduction zone related to the Middle 
America Trench. To the east, the Mo- 
tagua fault system extends into the 
seismically active Cayman Trough 
where three mechanism solutions demon- 
strate sinistral slip on planes that parallel 
the strike of the trough (22). 

The total amount of sinistral dis- 
placement across the northern boundary 
of the Caribbean plate is probably at 
least a few hundred kilometers and possi- 
bly more than 1000 km. A probable mini- 
mum would be on the order of 200 km 
since the Miocene epoch, as derived 
from the length of the segment of North 
American plate that has been subducted 
beneath the West Indies arc (Fig. 6) and 
an inferred equilibration rate for sub- 
ducted crust of 10 million years (22). 
Malfait and Dinkelman (23) have esti- 
mated 180 km of post-Eocene offset on 
the basis of displaced Laramide orogenic 
features in Cuba and Hispaniola, but this 
is a minimum value inasmuch as it is 
likely that only a fraction of the post- 
Eocene displacement occurred between 
Cuba and Hispaniola. Offset of the pre- 
Late Pennsylvanian basement complex 
along the Polochic segment of the fault 
system suggests no more than 150 km 
sinistral displacement and most probably 
100 to 120 km (24). Hess and Maxwell 
(25) made an earlier reconstruction of the 
geology of the Greater Antilles that in- 
dicated a total of about 1100 km of sinis- 
tral slip across two major transcurrent 
faults that bracket Hispaniola and con- 
verge in the western part of the Cayman 
Trough. Pinet (26) observed apparent dia- 
pirs in seismic profiles offshore from 
northern Honduras, which he inferred 
was an offset part of the Chiapas salt 
basin on the Yucatan Peninsula. He pro- 
posed that juxtaposition of the salt ba- 
sins and alignment of the eastern conti- 

nental margins of Yucatan and Honduras 
were most compatible with a cumulative 
1000-km sinistral displacement along the 
offshore continuation of the Motagua 
fault system. The validity of the inferred 
correlation between the diapirs off Hon- 
duras and the Chiapas salt basin has yet 
to be demonstrated. Dillon and Vedder 
(27) explain structural and geologic fea- 
tures along the continental margin of 
British Honduras with a two-phase mod- 
el involving sphenochasmic opening of 
the Yucatan Basin during the late Meso- 
zoic followed by sinistral displacement 
(on the order of 150 km) along the Cay- 
man Trough-Polochic fault zone during 
the Cenozoic. An alternative viewpoint 
that in my judgment is incompatible with 
available data is that there is no contin- 
uous fault boundary on the north margin 
of the Caribbean plate, and there is no 
strike-slip component in excess of a few 
kilometers (28). 

The present strain rate between the 
North American and Caribbean plates is 
about 2 cm/year. A rate of 2.2 cm/year 
was derived by two methods: by solving 
the relative velocity triangle about the 
Cocos-North American-Caribbean triple 
junction (22), and by applying an empiri- 
cal age-depth relation between depth and 
distance from a spreading rise to the 
Mid-Cayman Rise (29). A rate of 2.1 cm/ 
year is indicated by combining all avail- 
able data on the Caribbean-North Ameri- 
can rotational poles and angular rotation- 
al rates, together with data on the azi- 
muth and slip rate along the Cayman 
Trough and Mid-Cayman Rise (30). The 
average slip rate along the subduction 
zone between the Cocos and Caribbean 
plates is about 9.2 cm/year (31) and the 
seismic activity along this boundary is 
correspondingly significantly larger than 
that between the North American and 
Caribbean plates. 

Earthquake Mechanism and Implications 
for Plate Tectonic Models 

The location of the main earthquake 
and its aftershocks, as well as the ob- 
served surface faulting, shows that the 4 
February 1976 Guatemala earthquake re- 
sulted primarily from sudden shear fail- 
ure on a segment of the Motagua fault 
(Fig. 1). From a point near the epicenter 
of the main shock, the fault ruptured for 
about 170 km southwestward and 60 km 
eastward, a total length of at least 230 
km. The predominantly sinistral displace- 
ment is consistent with the concept that 
the Motagua fault is part of the north- 
ern transform boundary of the Carib- 
bean plate (22, 23, 25). The segment of 
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the Motagua fault that slipped during the 
event involved almost 10 percent of the 
length of this plate boundary (Fig. 6). 

The occurrence of the Mixco zone of 
secondary, normal faults, which strikes 
north-northeastward toward (and possi- 
bly into) the Motagua fault, suggests the 
possibility that at least part of the dis- 
placement could have been taken up by 
extension on the predominantly dip-slip 
faults that make up the zone. Similar 
displacements may have occurred on oth- 
er subparallel lineaments that are pre- 
sumed to be fault-controlled, such as 
those that strike northeastward near, and 
west of, Chimaltenango (Fig. 1). 

The occurrence of these secondary 
surface displacements, which reflect re- 
gional extension, can be interpreted as 
support for the suggestion by Malfait and 
Dinkelman (23) that the west corner of 
the Caribbean plate is being pinned by 
compression between the Cocos and 
North American plates and that it is 
being torn apart by extensional faulting 

as the main mass of the Caribbean plate 
moves relatively eastward. As noted be- 
low, however, the structural features in 
this area indicate that most of this exten- 
sional deformation is confined to the part 
of the plate north of the volcanic chain. 
Inferred relations between the surface 
ruptures, the geologically young system 
of predominantly extensional faults in 
Guatemala and northern Honduras, the 
volcanic arc, and the main plate bound- 
aries and motions are shown diagram- 
matically in Figs. 7 and 8. The complex 
tectonic regime shown by these figures 
illustrates the difficulty in locating a 
unique triple junction between the Carib- 
bean, North American, and Cocos plates 
and in predicting future earthquake (and 
volcanic) hazards in this region. Three of 
the many possible interpretations of the 
tectonics are illustrated in Fig. 7 and are 
described below. 

In the simplest model, shown in Fig. 
7A, the transform boundary extends 
westward to intersect the Middle Ameri- 

Fig. 7. Schematic diagrams showing three alternative models for the present tectonics of part of 
Middle America. Inferred plate motion directions and relative velocities are indicated by the 
open arrows; relative fault displacements are indicated by conventional symbols; black dots 
indicate major volcanoes; the shaded pattern outlines major zones of extension faults. The 
locations of the 1972 Managua, Nicaragua (a), 1973 Costa Rica (b), and 1965 San Salvador (c) 
earthquakes (2, 32, 37) are shown in (C). See text for explanation. 
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ca Trench (Fig. 6) and all or most of the 
relative motion between the Caribbean 
and North American plates is being tak- 
en up in this zone of faults (22). Although 
no active surface trace has been indenti- 
fled west of the segment of the Motagua 
fault that broke on 4 February, the possi- 
bility that it is present there cannot be 
discounted, as it may be masked by 
young volcanic and landslide deposits or 
the movement may be transferred to the 
Polochic fault zone. Furthermore, the 
observed earthquake-related slip on the 
Motagua fault suggests a slip vector that 
trends east-northeast, which indicates 
that there may be a small component of 
convergence across the western, east- 
west-trending part of the fault that might 
preclude development of the prominent 
linear valleys that characterize the fault 
trace farther to the east. Although the 
thrust component indicated by barbs on 
the fault in model A arbitrarily depicts 
the northern block relatively upthrown, 
the sense of thrusting could equally well 
be reversed. The occurrence of shallow 
earthquake epicenters in western Guate- 
mala and southern Mexico (20) suggests 
continuing tectonic deformation in that 
region. The model, however, is deficient 
primarily in that it cannot account for the 
complex pattern of extension faulting in 
Middle America. 

In model B, the lateral motion at the 
west end of the Motagua fault is taken up 
largely by extension faults, such as the 
Mixco fault, that cut across the Caribbe- 
an plate to the Middle America Trench 
(Fig. 7B). Such faults would form a 
broad, diffuse, unstable triple junction, 
as is indicated schematically by the dot- 
ted fault lines on Fig. 7B. However, the 
apparent absence of extension faults be- 
tween the volcanic arc and trench in 
southern Guatemala or elsewhere in 
Middle America argues against this inter- 
pretation. 

The preferred model, C, has lateral 
motion on the transform zone partly tak- 
en up by extension faults as in B, but the 
region of extension is bounded on the 
south by the Middle America volcanic 
arc, rather than the trench (Fig. 7C). It 
requires incipient decoupling within the 
Caribbean plate along the volcanic 
chain, a possibility that is suggested by 
the discontinuous line of graben devel- 
oped along and near the volcanoes. The 
process, if continued long enough, could 
result in opening of a marginal sea along 
the volcanic chain; the Gulf of Fonseca 
may be the incipient stage in formation 
of such a sea. According to this model, 
the main northern segment of the Carib- 
bean plate is moving eastward relative to 
the southern segment. Implicit in the 

SCIENCE, VOL. 193 



model is that the entire Caribbean plate 
is not perfectly fixed relative to a mantle 
reference frame as suggested by Jordan 
(30), because there must be a small com- 
ponent of relative movement between 
segments that comprise the Caribbean 
plate. 

Model C is compatible with both the 
observed surface faulting during the 
earthquake and the termination of the 
system of normal faults in the vicinity of 
the volcanic chain. It can also account 
for the high incidence of destructive lo- 
cal earthquakes that have occurred in 
Middle America within and north of the 
volcanic chain and for the east-west-ori- 
ented minimum horizontal stress axes 
deduced from seismologic data for the 
1965 San Salvador (22), 1972 Managua 
(2), and 1973 Tilaran, Costa Rica (32), 
earthquakes located within the Median 
Trough and Nicaragua Depression. 

The displacements that occurred in the 
Managua area during the only other Cen- 
tral American earthquake that is known 
to have been accompanied by surface 
faulting involve an en echelon zone of 
northeast-trending ruptures with domi- 
nantly sinistral displacement of up to 38 
cm and subordinate vertical components 
of slip (2). These apparently anomalous 

faults are located in the northwest-trend- 
ing Nicaragua Depression-a compound 
graben that is at least 50 km wide near 
Managua. Field studies by the U.S. Geo- 
logical Survey indicate that the earth- 
quake faults at Managua have had a com- 
plicated and active history of both hori- 
zontal and vertical movements in which 
the net vertical component of slip prob- 
ably exceeds the horizontal (2). The ori- 
entation of the faults and their sense of 
slip require that the minimum principal 
stress axis be roughly east-west, in ac- 
cord with the seismic and geologic evi- 
dence for regional east-west extension 
across the graben. Evidence for both 
vertical and horizontal slip on the faults 
suggests that the maximum principal 
stress axis is subject to periodic changes 
in orientations. Thus, for a maximum 
principal stress axis that is oriented 
roughly north-south, movement on faults 
that trend parallel to the graben would be 
dominantly dextral (right-lateral) strike- 
slip, and on the conjugate set of faults 
trending northeast it would be sinistral 
strike-slip. This mode is consistent with 
the faulting at the southern margin of the 
graben that was deduced from seismic 
data for the 1965 San Salvador earth- 
quake (22) and for the observed faulting 

within the graben that was associated 
with the 1972 Managua earthquake. In 
contrast, normal faulting would pre- 
dominate if the north-south compression 
across the graben were reduced suffi- 
ciently to permit interchange of the maxi- 
mum and intermediate principal stresses. 
Conceivably, such fluctuations in the re- 
gional stress field might result from peri- 
odic minor variations in the convergence 
rate between the Cocos plate and the 
southern part of the Caribbean plate. 

Alternative hypotheses for faulting as- 
sociated with the Managua earthquake 
include (i) inferred transverse offsets in 
the underthrusting Cocos plate that are 
somehow reflected as major transverse 
faults in the upper plate (33), (ii) possible 
spreading along the axis of the volcanic 
chain (34), and (iii) simple regional north- 
south compression (34). Although such 
hypotheses may conceivably account for 
some aspects of the faulting that accom- 
panied the Managua earthquake, none of 
them are compatible with the evidence 
for a previous large component of verti- 
cal displacement and there are no geolog- 
ic or seismic data that require the exis- 
tence of either the postulated transverse 
faults or a spreading axis along the vol- 
canic chain. 

EXPLANATION 

. NORTH AMERICAN PLATE 

:, CARIBBEAN PLATE -- SHOWING POSTULATED 
K^y ZONE OF DECOUPLING (DOTTED) 

COCOS PLATE 

A ACTIVE VOLCANO 

-- MIDDLE AMERICA MEGATHRUST 
- MOTAGUA TRANSFORM FAULT SYSTEM 

---- TEHUANTEPEC FRACTURE ZONE 

rm-- FAULT -- HACHURES ON DOWNTHROWN SIDE 

i< RELATIVE PLATE MOVEMENT DIRECTION 

SEA 

INDEX MAP 
Fig. 8. Block diagram showing the relation of the Motagua fault zone and the inferred zone of decoupling within the Caribbean plate to major tectonic and volcanic elements in Guatemala and contiguous countries. 
24 SEPTEMBER 1976 
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Seismic Hazard in Guatemala 

The complex tectonic setting of Guate- 
mala and adjacent areas of Middle Ameri- 
ca, as illustrated schematically in Fig. 8, 
implies a high seismic (and volcanic) 
risk. In this region destructive earth- 
quakes can occur in the following four 
principal modes: (i) small (Ms < 5) to 
large (Ms < 7.8) earthquakes of very 
shallow focus (depth h < 70 km) on any 
of the faults that form the Motagua trans- 
form fault system between the Caribbean 
and North American plates, (ii) small to 
great (Ms < 8.5) earthquakes ranging 
from shallow to intermediate depths 
(h < 300 km) along the eastward-dipping 
subduction zone between the Caribbean 
and Cocos plates, (iii) small to large 
(Ms < 7) earthquakes of very shallow 
focus on the system of predominantly 
extensional faults within the Caribbean 
plate that characterize both the postu- 
lated decoupling zone along the volcanic 
arc and the north-south graben lying gen- 
erally between the Motagua fault zone 
and the volcanic arc, and (iv) small to 
moderate-size (Ms < 6) earthquakes of 
shallow to intermediate depth (h < 180 
km) and earthquake swarms related to 
volcanism within the volcanic arc. Be- 
cause of the abundance of seismic 
sources in the wedge-shaped segment of 
the Caribbean plate between and adja- 
cent to the Motagua fault system and the 
volcanic arc, earthquake damage histori- 
cally has been exceptionally high within 
included parts of Guatemala, western 
Honduras, and El Salvador. 

The 4 February earthquake dissipated 
elastic strain energy along the Motagua 
fault that must have taken at least 160 
years to accumulate, based on a strain 
rate of 2.1 cm/year across the plate 
boundary (30) and a maximum dis- 
placement of 340 cm. This implies that 
the recurrence interval for a magnitude 
7.5 earthquake on this same fault seg- 
ment theoretically should be more than 
160 years and is compatible with the 
inference that the widely felt 1773 event 
probably was generated by movement on 
the Motagua fault. Such considerations 
suggest that the segment of the Motagua 
fault that moved during the February 
earthquake may not be capable of gener- 
ating a comparable destructive earth- 
quake for at least 160 years. Never- 
theless, the hazard to Guatemala and 
adjacent areas from future earthquakes 
that may be generated along the part of 
the fault west of its recent break, from 
other faults in the Motagua system, or 
from any of the other potential seismic 
sources enumerated above unfortunately 
remains undiminished. 
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The locations of surface ruptures and 
the main shock epicenter indicate that 
the disastrous Guatemala earthquake of 
4 February 1976 was tectonic in origin 
and generated mainly by slip on the Mo- 
tagua fault, which has an arcuate roughly 
east-west trend across central Guate- 
mala. Fault breakage was observed for 
230 km. Displacement is predominantly 
horizontal and sinistral with a maximum 
measured offset of 340 cm and an aver- 
age of about 100 cm. Secondary fault 
breaks trending roughly north-northeast 
to south-southwest have been found in a 
zone about 20 km long and 8 km wide 
extending from the western suburbs of 
Guatemala City to near Mixco, and simi- 
lar faults with more subtle surface ex- 
pression probably occur elsewhere in the 
Guatemalan Highlands. Displacements 
on the secondary faults are pre- 
dominantly extensional and dip-slip, 
with as much as 15 cm vertical offset on a 
single fracture. 

The primary fault that broke during 
the earthquake involved roughly 10 per- 
cent of the length of the great transform 
fault system that defines the boundary 
between the Caribbean and North Ameri- 
can plates. The observed sinistral dis- 
placement is striking confirmation of de- 
ductions regarding the late Cenozoic rela- 
tive motion between these two crustal 
plates that were based largely on indirect 
geologic and geophysical evidence. The 
earthquake-related secondary faulting, 
together with the complex pattern of geo- 
logically young normal faults that occur 
in the Guatemalan Highlands and else- 
where in western Central America, sug- 
gest that the eastern wedge-shaped part 
of the Caribbean plate, roughly between 
the Motagua fault system and the volcan- 
ic arc, is being pulled apart in tension 
and left behind as the main mass of the 
plate moves relatively eastward. 

Because of their proximity to areas of 
high population density, shallow-focus 
earthquakes that originate on the Mo- 
tagua fault system, on the system of 
predominantly extensional faults within 
the western part of the Caribbean plate, 
and in association with volcanism may 
pose a more serious seismic hazard than 
the more numerous (but generally more 
distant) earthquakes that are generated 
in the eastward-dipping subduction zone 
beneath Middle America. 
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