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ABSTRACT
On 4 February 1976, an Mw > 7:5 earthquake ruptured ∼240 km of the Motagua fault in
Guatemala, causing∼23,000 fatalities. This event provided evidence for the fault’s role as a
major transform boundary between the North American and Caribbean plates. Field obser-
vations, seismological analyses, and postseismic studies helped constrain fundamental
aspects of the 1976 earthquake mechanics and the spatial complexity of the rupture.
This event opened a window for studies documenting past deformation along this plate
boundary across multiple spatial and temporal scales. Five decades of research have estab-
lished this earthquake as an important event for understanding strike-slip ruptures along
major plate boundaries. This review integrates legacy field observations, subsequent
analyses, and recent investigations along the North American and Caribbean plate boun-
dary in Guatemala. Our goal is not only to synthesize the details and highlight the impor-
tance of the event but also to preserve essential datasets that continue to inform our
understanding of plate boundary mechanics, seismic hazard, and the long-term behavior
of this major transform fault system.

KEY POINTS
• We review and summarize 50 yr of research on the 1976

Mw > 7:5 Motagua earthquake.
• Legacy datasets provide unprecedented documentation

of the rupture and effects of the earthquake.

• Poor monitoring and uncertain earthquake recurrence
leave Guatemala vulnerable to future large earthquakes.

INTRODUCTION
On 4 February 1976, a devastating Mw > 7:5 strike-slip earth-
quake occurred along the left-lateral Motagua fault in
Guatemala. The Motagua fault is part of the Polochic–Motagua
fault system and is the primary fault along the North American
and Caribbean plate boundary in Guatemala (Lyon-Caen et al.,
2006; Fig. 1). The earthquake had both significant societal and
scientific impacts.

From a societal point of view, the 1976 Motagua fault earth-
quake generated a ∼240 km surface rupture (Fig. 1b) and
resulted in ∼23,000 fatalities, >76,000 injuries, and >1.2 million
displaced persons. Before the earthquake, no building codes
had been implemented for earthquakes (Husid et al., 1976).
Most of the adobe structures in the vicinity of the rupture
and along its western terminus were completely destroyed
(Fig. 2). Several reinforced-concrete structures in Guatemala
City also collapsed, resulting in the majority of human casu-
alties. Guatemalan society in general was also affected by the

collapse of bridges, roads, and railroad tracks and by extensive
landslides and soil liquefaction (Espinosa, 1976). Economic
losses reached $1.1 billion (∼$6.2 billion adjusted for inflation
in 2025), equivalent to ∼30% of Guatemala’s gross domestic
product at the time (Espinosa, 1976).

From a scientific point of view, the 1976 Motagua fault earth-
quake established several major tectonic facts in Central
America. Before 1976, the Motagua fault’s activity and regional
importance remained poorly documented and understood
(Molnar and Sykes, 1969; Muehlberger and Ritchie, 1975;
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Figure 1. (a) Regional tectonic framework of the North American–Caribbean
plate boundary. Red triangles show the location of volcanoes that make up
the Central American volcanic arc (CAVA). Black box shows the outline of
panel (b). (b) Modified Mercalli intensity (MMI) contours of the 1976
Motagua earthquake (from the U.S. Geological Survey [USGS] catalog; U.S.
Geological Survey, 2025) and the rupture trace (red). The focal mechanism
solution (FMS) shows the epicenter of the earthquake. Regional faults are

shown in black and include the Ixcán fault (IF), Polochic fault (PF), Motagua
fault (MF), Jalpatagua fault (JF), Guatemala City graben (GCG), Ipala graben
(IG), Jocotán–Chamelecón fault (JOF), and Swan fault (SF; modified from the
Global Earthquake Model (GEM) active fault database; Styron and Pagani,
2020). FMSs for the 1976 rupture from Kikuchi and Kanamori (1991). The
location of Guatemala City is denoted as a black star. The color version of
this figure is available only in the electronic edition.
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compare with Schwartz, 1976). The earthquake, documented as a
classic left-lateral strike-slip faulting event, served as proof that
the Motagua fault is a major segment of the transform boundary
between the North American and Caribbean plates in
Guatemala. Following the event, the U.S. Geological Survey
(USGS), in conjunction with the National Observatory (now the
Guatemalan Institute for Seismology, Volcanology, Meteorology,
and Hydrology), provided extensive documentation of the rup-
ture and damage across the country (Espinosa, 1976; Matumoto
and Latham 1976; Plafker et al., 1976; Bucknam et al., 1978; Seed
et al., 1981; Harp et al., 1981). This allowed for a comprehensive
analysis of one of the longest and largest documented strike-slip
ruptures since the 1906 San Andreas earthquake (Plafker, 1976).
Furthermore, the event offered a rare well-instrumented (for the
time of the earthquake) example of a large intracontinental
strike-slip earthquake and allowed seismologists to compare fault
mechanics and rupture propagation, contributing to global mod-
els of strike-slip fault behavior. Field work validated surface rup-
tures with an average surface slip of 1.1 m (maximum of 3.4 m)
and extensive afterslip and postseismic deformation processes
(Bucknam et al., 1978; Lisowski and Thatcher, 1981).
Although the earthquake size and the surface rupture length
were typical of large strike-slip earthquakes (Wells and
Coppersmith, 1994; Thingbaijam et al., 2017), the westward con-
centration of seismic energy release resulted in noteworthy dam-
age distribution caused by rupture directionality (Fig. 2; Espinosa
et al., 1976). Subsequent seismic analysis indicated a complex,
multisubevent rupture (Kanamori and Stewart, 1978; Kikuchi
and Kanamori, 1982, 1991; Young et al., 1989) and confirmed
theoretical stress transfer predictions (Dewey and Julian, 1976;
Langer and Bollinger, 1979).

In 2026, 50 yr after the earth-
quake, the Motagua fault, as
part of the Polochic–Motagua
fault system, has received lim-
ited research attention and
compared with other major
transform plate boundaries
remains poorly monitored and
understood. This review synthe-
sizes five decades of research,
summarizing the findings and
implications of interseismic
(including historic earthquake
occurrence and the notable
absence of a paleoseismic rec-
ord), coseismic (including sur-
face rupture characteristics,
seismological source character-
istics, evidence of rupture direc-
tivity, and environmental effects
and ground-motion indicators),
and postseismic (including

aftershock, afterslip, and geodetic analyses) observations from
the 1976 earthquake. This summary provides a basis for docu-
menting how research on the 1976 Motagua earthquake
advanced scientific understanding of the North American and
Caribbean plate boundary and continental transform fault
behavior in general. In addition, for the first time, we make leg-
acy material available to the scientific community, including the
digitization and preservation of analog field material using
modern georeferencing techniques (McEnaney and Clark, 2025).
It is our hope that these resources will spur continued research
into this important event and the plate boundary as a whole.

THE POLOCHIC AND MOTAGUA FAULT SYSTEM
The Polochic–Motagua fault system forms the continental seg-
ment of the North American–Caribbean plate boundary in
Guatemala, where ∼18–20 mm/yr of left-lateral motion is
accommodated between the two plates (DeMets et al., 2000).
The plate boundary extends from the Mid-Cayman Spreading
Center through northern Guatemala to the Cocos–North
America–Caribbean diffuse triple junction at the Guatemala
City Graben (Fig. 1b; Authemayou et al., 2011; Garnier et al.,
2022; Maurer et al., 2025). The boundary transitions from a
single-fault strand oceanic transform fault offshore to a more
complex system of parallel and secondary strike-slip faults
onshore, where deformation is partitioned across multiple struc-
tures rather than concentrated along a single trace (Guzmán-
Speziale and Molina, 2022).

The oceanic segment of the plate boundary comprises the
Mid-Cayman Spreading Center and the Swan fault, also referred
to as Swan Islands fault. TheMid-Cayman Spreading Center is a
spreading center accommodating 15–17 mm/yr of divergence

Figure 2. Contour map showing extent of adobe-type structures that collapsed during the 1976 event. Map modified
from Espinosa et al. (1976). The color version of this figure is available only in the electronic edition.
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(Hayman et al., 2011), and the Swan fault extends ∼750 km
westward from the southern end of the spreading center to
Guatemala (Graham et al., 2012). Recent ruptures on the
Swan fault include the 2009 Mw 7.3 event (Graham et al.,
2012), the 2018 Mw 7.5 event (Cheng and Wang, 2020), and
the 2025 Mw 7.6 event (Fig. 3; Kusky et al., 2025). These events
are notable because the 2009 and 2018 events were both super-
shear events and propagated mostly unilaterally from east to
west (Bao et al., 2022).

The Swan fault continues onshore as the Polochic–Motagua
fault system in Guatemala. The Polochic–Motagua fault system
consists of two principal left-lateral strike-slip faults that
extend subparallel across Guatemala for ∼350 km (Fig. 1b;
Plafker et al., 1976; Guzmán-Speziale and Molina, 2022). The
Motagua fault traces along the Motagua River valley from the
Caribbean coast westward to ∼50 km north of Guatemala City
(Schwartz et al., 1979), accommodating the majority of plate
boundary motion in eastern and central Guatemala (Lyon-
Caen et al., 2006; Franco et al., 2012; Ellis et al., 2019;
Maurer et al., 2025). The Polochic fault branches off the
Motagua fault near the Caribbean coast of Guatemala and is
separated from the Motagua fault by the Sierra de las Minas
(Fig. 1b). The Polochic fault extends west into Chiapas,
Mexico (White, 1984; Authemayou et al., 2012). Both faults
exhibit near vertical dips in the upper 15 km of the crust
and do not appear to merge at depth (Franco et al., 2009). The
seismogenic zone extends to depths of 10–15 km, consistent
with Global Positioning System (GPS)–derived locking depths
of ∼20 km for the Motagua fault and ∼5 km for the Polochic
fault (Franco et al., 2009; Ellis et al., 2019). Additional struc-
tures within the plate boundary zone include the Jocotán–
Chamelecón fault system to the south and the Ixcán fault to
the north (Fig. 1b), although the contemporary activity and

slip rates on these structures
remain poorly constrained
(Schwartz et al., 1979;
Guzmán-Speziale and Molina,
2022). South of the Polochic–
Motagua fault system, a series
of north–south-trending struc-
tures accommodate distributed
extension across the western
end of the Caribbean plate.
These include the Guatemala
City graben, the Ipala graben,
and the Chiquimula graben
in Guatemala, as well as nor-
mal fault systems that extend
into Honduras (Franco et al.,
2009; Rodriguez et al., 2009;
Ellis et al., 2019).

Contemporary GPS mea-
surements document the parti-

tioning of plate boundary motion across the fault system (e.g.,
Franco et al., 2012; Ellis et al., 2019; Maurer et al., 2025). The
Motagua fault accommodates ∼14.2 ± 1.6 mm/yr of left-lateral
motion in eastern Guatemala at its junction with the Swan
fault, representing ∼80% of the total plate boundary motion
(Lyon-Caen et al., 2006; Franco et al., 2012; Ellis et al., 2019).
Slip rates on the Motagua fault decrease systematically west-
ward to the Guatemala City graben, with rates falling below
2 mm/yr west of the graben (Ellis et al., 2019). This westward
decrease reflects the transfer of motion southward into the
extensional zone between the Motagua fault and the Central
American volcanic arc (CAVA; Fig. 1a; Rodriguez et al., 2009;
Ellis et al., 2019). The Polochic fault accommodates the
remaining ∼20% of the total plate boundary motion
(Franco et al., 2012; Ellis et al., 2019). The partitioning of
motion between these two faults represents a significant
change from conditions during the Miocene, when the
Polochic fault was the dominant structure (Bartole et al., 2019;
Obrist-Farner et al., 2020). This transition from Polochic fault
dominance to the current Motagua fault-dominated configu-
ration occurred over approximately the past seven million
years (Obrist-Farner et al., 2020).

THE 1976 MOTAGUA EARTHQUAKE
Legacy data from the 1976 event
Although the 1976 earthquake was well documented, material
related to the earthquake was archived in analog formats, limit-
ing accessibility to the scientific community. We present digi-
tized rupture measurements from systematic field mapping
(Fig. 4), original topographic maps with field annotations dur-
ing USGS surveys, and a georeferenced collection of 1:10,000
scale aerial photographs spanning the western and central seg-
ments of the surface rupture (McEnaney and Clark, 2025). This

Figure 3.Major earthquakes (magnitude >7) since 1785 on the western segment of the North American–Caribbean
plate boundary. Epicenters are shown with colored stars, and ruptured segments are shown in colored lines. Peak
ground acceleration (PGA) contours showing 20%g (yellow) and 50%g (red; from USGS earthquake catalog; U.S.
Geological Survey, 2025). The 1785 and 1816 Polochic earthquakes damage areas shown in orange and teal areas,
respectively (White, 1984). Faults modified from the GEM active fault database (Styron and Pagani, 2020). The
location of Guatemala City is denoted as a black star. The color version of this figure is available only in the
electronic edition.
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archive also includes an extensive collection of 35 mm color
photographs taken by the USGS team during the expedition
(Fig. 5), many of which have not been previously published.
We include digitized field notebooks containing detailed
observations, measurements, and sketches along with previ-
ously published aftershock datasets (Person et al., 1976;
Langer and Bollinger, 1979; White and Harlow, 1979) con-
verted to standardized digital formats (McEnaney and
Clark, 2025).

Coseismic observations
Surface rupture and field observations. The 1976
Motagua earthquake produced ∼240 km of surface rupture
along the fault, extending from the lower Motagua Valley in
eastern Guatemala to ∼50 km north of Guatemala City in
the west (Fig. 1b; Plafker et al., 1976). This rupture extended
the previously recognized western limit of the fault by 85 km.
To the east of the epicenter, the surface trace could not be con-
firmed because of thick vegetation cover, introducing uncer-
tainty in the precise eastern extent of surface breakage.

Surface displacement along the trace was dominantly left
lateral with an average offset of 1.1 m over the entire rupture
length (Fig. 4; Plafker et al., 1976). Maximum-horizontal dis-
placement reached 3.40 m ∼40 km from the western termina-
tion of the earthquake rupture (Fig. 4). Field measurements
documented systematic spatial variations in displacement
magnitude along the rupture, with regions of above-average

slip corresponding to areas of
concentrated moment release
identified in seismological
analyses (Young et al., 1989).
Vertical offsets were generally
minor relative to horizontal
displacement, varying spatially
along the rupture (Plafker
et al., 1976). Most locations
showed vertical components
<30% of horizontal offset, with
down-to-the-north or down-
to-the-south motion depend-
ing on local fault geometry. A
notable exception occurred
along a 10 km segment near
the easternmost mapped extent
of the surface trace, where ver-
tical displacement was consis-
tently down to the north and
locally reached 50% of the sin-
istral component.

The surface expression of
the fault zone exhibited consid-
erable complexity (Fig. 5), with
individual fractures reaching

lengths of ≤10 m with variable amounts of dilation ≤10 cm.
En echelon fractures were oriented at angles ≤35° to the main
fault trace, reflecting the distributed nature of deformation
within the shallow fault zone. The fault zone width varied from
1 to 9 m, with maximum-observed widths of ∼9 m at localities
where the fault surface was exposed in highway cuts. Field
documentation of these features, including distinctive mole
tracks and large lateral offsets, provided detailed characteriza-
tion of surface rupture morphology (Fig. 5).

Secondary faulting occurred concurrent with the main rup-
ture, with connected faults relatively scarce along most of the
rupture length. Notable occurrences included areas near El
Progreso, where a subsidiary fault ∼1 km long with 20 cm sin-
istral displacement was oriented roughly parallel to the main
fault trace, and near Chuarrancho, where a prominent surface
break splayed off the main trace in a northeasterly direction
with a sinistral offset of 28 cm (Fig. 4; Plafker et al., 1976).
Additional secondary fault systems concentrated primarily
south and southwest of the western Motagua fault terminus
extended as far as 30 km from the main fault trace but did not
connect to the primary rupture at the surface. Individual sec-
ondary faults ranged in length from ∼100 m to 3.5 km, with
strikes commonly between N10°E and N30°E (Plafker et al.,
1976). These secondary structures included reactivated faults
and pre-existing features within the Guatemala City graben
system, causing substantial damage to houses, roads, and infra-
structure in Guatemala City.

Figure 4. Total displacement measurements taken in April 1976 (Bucknam et al., 1978) along the surface rupture
trace. Also shown are landslides (pink regions) and areas of extensive liquefaction (orange region) caused by the
1976 earthquake (Plafker et al., 1976). Faults modified from the GEM active fault database (Styron and Pagani,
2020). White stars show locations of cities and towns discussed in the text. The color version of this figure is
available only in the electronic edition.
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Figure 5. Field photographs showing different characteristics of the surface
rupture. (a) Fault trace at La Laguna looking west. (b) Maximum-observed
displacement at La Laguna (340 cm) offsetting a stone fence. (c) En echelon
cracks along the fault trace near El Chol. (d) A toppled Ceiba tree near
Quebradas, with the surface rupture passing directly below it. Person for

scale highlighted with red arrow. (e) Offset road and drainage ditch in Hwy
CA-10 near Rio Hondo. All locations discussed in the photos are shown in
Figure 3. Photos taken by the USGS in 1976. The color version of this figure
is available only in the electronic edition.
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Seismological source characterization. Recordings from
the World-Wide Standard Seismograph Network provided
long-period surface and body waves for source characteriza-
tion. P-wave first-motion data and Love-wave analysis estab-
lished left-lateral strike-slip faulting along a near-vertical plane
with strike varying from N66°E to N98°E, consistent with the
Motagua fault geometry at the epicenter (Fig. 1b; Dewey and
Julian, 1976; Kanamori and Stewart, 1978).

Source inversion models documented significant spatial and
temporal complexity in the rupture process with significant
model uncertainties. The earthquake models suggest an asym-
metric, segmented, bilateral rupture along the curved Motagua
fault system, made of 5–10 subevents, with total seismic
moments varying between 2:1 and 3:7 × 1020 N · m (Fig. 6;
Kanamori and Stewart, 1978; Kikuchi and Kanamori, 1982;
Young et al., 1989). Although the Mw 7.5 magnitude has been
persistently used, the range of moment released corresponds to
an Mw 7.5–7.7 earthquake.

Surface-wave directivity analysis indicated an asymmetric
bilateral faulting pattern with ∼70% of moment release propa-
gating westward, optimally modeled with eastern and western
segments of 75 and 175 km, respectively (Kanamori and
Stewart, 1978). Early analyses using European-only arrays were
unable to distinguish bilateral from unilateral rupture (Kikuchi
and Kanamori, 1982). Later analyses incorporating 17 stations
with better azimuthal coverage established true asymmetric
bilateral propagation, though substantial errors indicated sig-
nificant unresolved complexity (Young et al., 1989).

Rupture velocity estimates range from 2.0 to 3.5 km/s,
though this parameter is poorly constrained by teleseismic
data. Surface-wave modeling used values of 2.5–3.0 km/s
resolving directivity patterns (Kanamori and Stewart, 1978).
Body-wave inversions either assumed rupture velocities as
input constraints (Kikuchi and Kanamori, 1991) or calculated
approximate values from inferred timing and spacing of
moment release episodes (Kikuchi and Kanamori, 1982;
Young et al., 1989). The inherent nonuniqueness means multi-
ple combinations of rupture velocity, subevent locations, and
moment distributions can explain observations equally well
(Kikuchi and Kanamori, 1991).

The largest individual moment release subevents varied
substantially between studies (5:3–9 × 1019 N · m) but consis-
tently occurred ∼90 km west of the epicenter at ∼22–72 s after
rupture initiation (Fig. 6b; Kanamori and Stewart, 1978;
Kikuchi and Kanamori, 1982; Young et al., 1989), coinciding
with maximum surface displacement observations. More than
60% of total moment occurred between 60 and 120 km west of
the epicenter, indicating heterogeneous mechanical properties
controlled by asperities or varying frictional characteristics.

Dip-slip motion contributed disproportionately to modeled
surface-wave amplitudes despite comprising only ∼10% per-
cent of total scalar moment (Kikuchi and Kanamori, 1991).
Normal faulting near the epicenter (1:5 × 1019 N · m) and

reverse faulting at the western terminus (1:1 × 1019 N · m)
were identified, with these dip-slip components contributing
P- and PP-wave amplitudes comparable to much larger
strike-slip events. The reverse faulting component at the
western terminus contrasted with field observations docu-
menting predominantly normal faulting (Plafker et al., 1976;
Langer and Bollinger, 1979), highlighting fundamental non-
uniqueness in teleseismic inversions.

Average stress-drop estimates were ∼30 bars, comparable to
worldwide averages for interplate earthquakes (Kanamori and
Stewart, 1978). Assuming a seismogenic width of 15 km, seis-
mological analysis indicated average displacement of ∼2 m. A
discrepancy emerged between this seismologically inferred dis-
placement and the initially measured surface offset averaging
1.1 m (Plafker et al., 1976), possibly reflecting depth-dependent
deformation, off-fault deformation, surface layer decoupling,
and postseismic creep subsequently documented through field
remeasurement campaigns (Bucknam et al., 1978).

Paleoseismic evidence for rupture directivity. Recent
analysis of sediment records from six Guatemalan lakes has
provided independent evidence for directivity effects during
the 1976 earthquake, offering additional constraints on the
spatial distribution of ground motion beyond instrumental
observations (Fig. 7; Obrist-Farner et al., 2025). Deposits from
turbidites triggered by the earthquake were identified in five
lakes, with their thickness distribution reflecting the asymmet-
ric nature of shaking during the rupture. Lake Atitlán, located
∼40 km southwest of the western rupture terminus, contained
the thickest event deposits despite being the most distant from
the earthquake epicenter. Lakes positioned closer to the epicen-
ter but perpendicular to the primary rupture propagation path
contained substantially thinner deposits. Lake Izabal, located
near the epicenter but north of the fault trace, showed no
detectable event deposit despite fractures extending to the lake
floor that suggest sensitivity to seismic activity (Obrist-Farner
et al., 2023). Although factors such as site response, sedimen-
tation rate, and sediment composition can influence the result-
ing thickness of event deposits, the spatial pattern supports
seismological evidence for strong westward directivity
(Obrist-Farner et al., 2025), for which >70% of moment release
occurred west of the epicenter (Kanamori and Stewart, 1978).

The sediment record also aligns with instrumental observa-
tions of asymmetric bilateral rupture (Young et al., 1989) and
enhanced ground-motion concentration near the western fault
terminus, where the largest individual moment release
episodes occurred ∼90 km west of the epicenter (Fig. 6;
Kikuchi and Kanamori, 1982; Young et al., 1989). The corre-
lation between thick lake deposits at Lake Atitlán, concentrated
landslide activity west of Guatemala City (Fig. 4; Harp et al.,
1981), and quasi-dynamic rupture modeling results provides
evidence that directivity controlled the spatial distribution of
strong ground motion (Fig. 7; Obrist-Farner et al., 2025).
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Ground failures. Comprehensive landslide mapping using
high-altitude U-2 aerial photography provided systematic
documentation of earthquake-induced slope failures across
the affected region (Harp et al., 1981). The earthquake gener-
ated >10,000 landslides across ∼16,000 km2, causing hundreds
of fatalities and severely disrupting transportation networks
(Fig. 4). The predominant types were rock falls and debris
slides, most <15,000 m3 in volume, with 11 events
>100,000 m3. Rock falls typically occurred on slopes steeper
than 50° as tensile failures from seismic-wave reflection off

Figure 6. (a) The 1976 Motagua fault surface rupture (red) with the FMS of
the modeled subevents from Kikuchi and Kanamori (1991), scaled pro-
portionally to seismic moment. Black lines show major faults from the GEM
global active faults database (Styron and Pagani, 2020). The location of
Guatemala City is denoted with a black star. (b) Moment estimates for the
modeled subevents from Kikuchi and Kanamori (1991). The color version of
this figure is available only in the electronic edition.
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canyon walls. Debris slides developed on gentler slopes
(30°–50°) in thin, noncohesive soil layers overlying
Pleistocene pumice deposits. Approximately 90% of landslides
occurred within Pleistocene pumice deposits, which cover only
∼20% of the affected region. The highest density of landslides
occurred in the highlands west of Guatemala City.

Extensive liquefaction occurred south of Guatemala City
near Lake Amatitlán, in the Motagua Valley, along the Atlantic
coast of Guatemala and Honduras, near Lake Atitlán to the
west of Guatemala City, and along Lake Ilopango in El
Salvador (Fig. 4; Plafker et al., 1976). Effects included lateral
spreading extending ≤1 km from the main rupture, ground set-
tlement reaching 1 m, and ground cracks >100 cm in width
(Caccavale et al., 2019). The affected soils consisted of pumi-
ceous sand layers with relatively low density, making them par-
ticularly vulnerable to earthquake-induced liquefaction (Seed
et al., 1981).

Postseismic observations
Aftershock sequence. Three seismograph networks docu-
mented the aftershock sequence following the 4 February main-
shock. A six-station permanent array with vertical seismometers
distributed across an area with an approximate diameter of
140 km west of Guatemala City maintained continuous moni-
toring through 30 June 1976 (Fig. 8a; White and Harlow, 1979).
The USGS deployed portable networks in two sequential cam-
paigns, one in the western part of the rupture (eight stations)
and one in the eastern part of the rupture with 10 stations
(Fig. 8a; Langer et al., 1976; Langer and Bollinger, 1979). An
additional temporary deployment of two portable stations

operated at six sites between 6
and 10 February, supplemented
by a station at Tegucigalpa,
Honduras (Matumoto and
Latham, 1976).

The permanent network
captured secondary faulting
south of the western Motagua
fault terminus. During the 11
months preceding the earth-
quake, background seismicity
averaged less than one event
per day. The mainshock trig-
gered a >50-fold increase in
seismicity rates (White and
Harlow, 1979). Events were
initially timed only for days
bracketing nine major after-
shocks with body-wave magni-
tude >4.2 through March 1976.
Processing of all events with
magnitude >1.5 resumed after
1 April (White and Harlow,

1979). The permanent network catalog provides hypocentral
data for 1560 events between 1 February and 30 June 1976
(White and Harlow, 1979). Data demonstrated extensive frac-
turing between the western Motagua fault and the volcanic
chain (Fig. 1), with diffuse seismicity and normal fault mech-
anisms (White and Harlow, 1979).

A temporary two-station deployment during the first week
following the mainshock captured intense initial aftershock
activity and revealed patterns of fault activation. Matumoto
and Latham (1976) recorded several thousand earthquakes
between 6 and 10 February 1976, with adjusted daily counts
reaching ≤∼5000 events per day at individual sites. The tem-
poral decay of these single-station aftershock rates showed a
decline consistent with the classical formulation of Omori’s
law (Utsu, 1961), although no formal modified Omori-law
parameter inversion was performed. Owing to the limited
two-station geometry and short recording intervals, only
events recorded simultaneously at multiple stations could be
reliably located with this subset being composed of 95 after-
shocks. These were used to delineate the spatial extent of post-
mainshock fault activation, which was defined by a seismically
active zone that initially followed the Motagua fault before
branching sharply southward ∼35 km west of Guatemala
City. The highest aftershock activity during the observation
period was concentrated along the western extremity of the
rupture.

Subsequent USGS portable networks constrained the spatial
extent of aftershock activity and documented systematic pat-
terns in epicenter distribution. The western network operated
from 9 to 17 February 1976, and the eastern network operated

Figure 7. Modeled PGA values from the quasi-dynamic rupture model modified from Obrist-Farner et al. (2025).
Black bars are normalized cumulative event thickness (NCET) from the studied lakes. Red contours are MMI
contours showing areas of damage and black dots are locations with completed MMI questionnaires (Espinosa
et al., 1976). NCET at Lake Izabal is zero. The color version of this figure is available only in the electronic edition.
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Figure 8. (a) Spatial distribution of aftershocks from the 1976 Motagua earth-
quake. Teleseismically detected events are shown in blue (Person et al.,
1976), events detected by the temporary network are shown in red (Langer
and Bollinger, 1979), and events detected by the permanent network stations
are shown in green (White and Harlow, 1979). Composite focal mechanisms
are displayed for selected aftershocks (Langer and Bollinger, 1979). Faults
modified from the GEM Active Fault Database (Styron and Pagani, 2020).

Black box shows the outline of panel (b). Inset shows number of events per
depth interval using the combined aftershock catalogs. (b) Same as A but
focused on the western end of the rupture. Location of Guatemala City
denoted as a black star. Black box shows the outline of panel (c).
(c) Secondary faulting (red lines) mapped by the USGS in the Guatemala City
Graben. The color version of this figure is available only in the electronic
edition.
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from 18 to 27 February 1976 (Fig. 8; Langer et al., 1976; Langer
and Bollinger, 1979). The investigation located 78 hypocenters
with magnitude thresholds of ∼2.2, later expanded by 178
aftershocks for a combined total of 256 hypocenters (Langer
et al., 1976; Langer and Bollinger, 1979). Aftershock epicenters
extended ∼300 km from the Gulf of Honduras westward to the
Guatemalan highlands northeast of Lake Atitlán (Fig. 8a;
Langer et al., 1976). At the eastern extent, 12 epicenters were
documented southeast of Puerto Barrios, with 8 aftershocks
aligned with the inferred Motagua fault extension. Langer
et al. (1976) interpreted this as the eastern rupture terminus,
though these could alternatively represent stress-triggered seis-
micity on adjacent structures. The seismic moment release
from aftershocks was generally uniform along the rupture trace
but with notable concentration west of Zacapa corresponding
to areas of above-average surface slip (Fig. 4; Langer et al.,
1976). Aftershock patterns exhibited systematic 2–3 km south-
erly offsets, suggesting steep south dip of the fault plane or sig-
nificant velocity contrasts across the fault zone (Langer
et al., 1976).

Aftershocks revealed a linearized pattern extending ∼50 km
beyond the main fault surface breakage (Fig. 8; Langer and
Bollinger, 1979). At the western Motagua fault terminus, epi-
centers splayed southwest along surface lineaments, with con-
centration toward the Mixco-Guatemala City region (Langer
and Bollinger, 1979). Both networks documented extensive
seismicity on secondary faults south of the Motagua fault and
west of longitude 90.3° W, with focal depths from near-surface
to ∼14 km (Langer et al., 1976; Langer and Bollinger, 1979;
White and Harlow, 1979). Most aftershocks west of longitude
90.3° W were associated with secondary faulting in the Tecpán,
Chimaltenango, Guatemala City, and Agua Caliente regions
(Fig. 4; Langer et al., 1976). Matumoto and Latham (1976)
inferred a total rupture length of at least 250 km based on
the spatial extent of aftershock activity.

Focal mechanism solutions revealed east-northeast–west-
southwest left-lateral strike-slip faulting along the Motagua
fault and northeast–southwest normal faulting on western
terminus splays (Fig. 8a; Langer and Bollinger, 1979). The
Mixco fault zone experienced normal dip-slip motion during
the mainshock and a large aftershock on 6 February with body-
wave magnitude 5.8 (Langer and Bollinger, 1979). The two
largest aftershocks, both Mb 5.8, were normal events on the
Mixco fault near Guatemala City (Person et al., 1976;
Langer and Bollinger, 1979). This secondary normal faulting
correlated with theoretical stress patterns at strike-slip fault
termini (Langer and Bollinger, 1979).

Afterslip observations. Field measurements documented
extensive afterslip along the Motagua fault surface rupture
through systematic remeasurement campaigns at eight sites
distributed along the fault trace (Bucknam et al., 1978).
Three sites within a 50 km segment were regularly revisited

over the following 2 yr. The monitoring used direct measure-
ments of offset cultural features, including fence lines, building
foundations, and roads, with measurement uncertainties of
∼1 cm (Bucknam et al., 1978). No instruments were installed
to record afterslip directly. Measurements were made using
noninstrumental methods such as visual alignment of offset
features, with a standard deviation of ≤1 cm, meaning that
smaller amounts of afterslip were near the measurement limit
(Bucknam et al., 1978). Initial field surveys in April 1976 estab-
lished baseline displacements that averaged 1.1 m across the
monitored fault section (Bucknam et al., 1978). Subsequent
remeasurements revealed continued displacement accumula-
tion, with temporal evolution characterized by both gradual
slip and episodic behavior (Bucknam et al., 1978).

The three sites with complete time histories demonstrated
the range of afterslip behavior across the monitored section
(Fig. 4). At Gualán, displacement increased from 0.93 m four
days after the earthquake to 1.06 m by 1745 days, representing
0.13 m of afterslip. At Zacapa, displacement increased from
0.6 m on 8 February 1976 to 0.91 m by 1565 days, representing
0.31 m of afterslip. At Marmol, initial measurements were
complicated by temporary concrete repairs installed after
the earthquake, but subsequent monitoring documented con-
tinued afterslip accumulation to 0.20 m by ∼4 yr after the
earthquake (Bucknam et al., 1978). The afterslip magnitude
at Zacapa represented approximately one-third of the initial
coseismic displacement at that location. Episodic behavior
was observed at several monitoring sites, including a steplike
increase of 1.1 cm recorded during a small aftershock, though
this displacement surge did not propagate to another monitor-
ing site positioned 10 km along strike, indicating spatial vari-
ability in afterslip coupling and response to seismic triggering.
Some short-term temporal variations in afterslip rate suggested
possible displacement surges or episodic activity. Temporal
correlation between elevated afterslip rates and increased
aftershock activity suggested mechanical interaction between
continued fault displacement and stress redistribution within
the fault zone (Bucknam et al., 1978).

Afterslip time histories demonstrated that displacement was
proportional to the logarithm of time since the earthquake,
with initial rates of several millimeters per day during the first
weeks following the mainshock that decayed progressively over
subsequent months (Bucknam et al., 1978). An inverse rela-
tionship emerged between total coseismic displacement and
subsequent afterslip rate across the monitored sites (Bucknam
et al., 1978). Locations that experienced the largest coseismic
displacement were associated with the lowest rates of afterslip,
and locations with smaller coseismic displacement corre-
sponded to the highest afterslip rates (Bucknam et al., 1978).
This spatial pattern extended along the ∼50 km monitored
section and indicated heterogeneous frictional properties
along the fault surface, with areas of high coseismic slip
representing zones of more complete stress release during
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the mainshock and areas of lower coseismic slip accommodat-
ing proportionally more postseismic deformation (Bucknam
et al., 1978).

By 1980, slip rates at the three comprehensively monitored
sites had converged to ∼23 mm per year, exceeding not only
current estimates for the Motagua fault specifically but also
estimates of overall plate boundary motion between the
North American and Caribbean plates (Lisowski and
Thatcher, 1981; DeMets et al., 2000; Franco et al., 2012;
Ellis et al., 2019; Maurer et al., 2025). These anomalously
high-postseismic rates indicate that the 1976 earthquake did
not completely release accumulated strain, with continued dis-
placement representing the release of residual elastic strain fol-
lowing incomplete coseismic rupture. Understanding the
mechanism of this sustained postseismic deformation requires
examining the depth and character of the deformation zone.
The regular spatial variation in total slip and afterslip along
∼50 km of the fault trace suggested that afterslip was not con-
trolled by local near-surface geological factors such as alluvial
cover (Bucknam et al., 1978). Studies of afterslip following the
1966 Parkfield earthquake in California indicated a significant
component caused by thick alluvium ranging from 0.5 to 3 km
in thickness (Scholz et al., 1969), but in Guatemala, the poorly
consolidated Quaternary alluvium was estimated to be <100 m
thick, too thin to explain the observed afterslip magnitudes and
patterns (Bucknam et al., 1978). Instead, the fault-scale spatial
coherence of afterslip behavior supported a mechanism involv-
ing stable frictional sliding within a mechanically distinct layer
several kilometers thick, comparable to the ∼4-km-thick layer
proposed for the Parkfield segment of the San Andreas fault
(Scholz et al., 1969; Bucknam et al., 1978). Within this deeper
crustal layer, frictional properties permit continued time-
dependent displacement as residual strain from the incomplete
mainshock rupture is progressively released through stable
sliding rather than seismic failure (Bucknam et al., 1978).

Geodetic observations. A 15-station geodetic network
extending 10 km north and 40 km south of the fault, surveyed
in 1935 and 1953, was reobserved in 1978 (Lisowski and
Thatcher, 1981). The 1978 survey used electronic distance
measurement with standard errors of ∼10 mm (Lisowski
and Thatcher, 1981).

Analysis of 45 common angles revealed systematic horizon-
tal deformation concentrated in the fault-crossing section
(Lisowski and Thatcher, 1981). The fault-crossing subsection
exhibited accumulated shear strain of 49� 5 μstrain with the
azimuth of maximum left-lateral shear oriented N54°E ± 4°,
closely matching the N65°E strike of the Motagua fault
(Lisowski and Thatcher, 1981), consistent with expected dis-
placement gradient for left-lateral slip on the fault.

Dislocation modeling using elastic half-space theory
converted observed angle changes into fault-slip estimates
(Lisowski and Thatcher, 1981). A uniform-slip model extending

from 0 to 15 km depth yielded left-lateral slip of 1.3 ± 0.1 m
(Lisowski and Thatcher, 1981). A three-segment model allowing
slip to vary with depth indicated 0.8 ± 0.1 m near the surface,
increasing to 2.1 ± 0.5 m at 5–15 km depth, with slip below
15 km poorly constrained at 0.8 ± 1.2 m (Lisowski and
Thatcher, 1981). The multisegment model provided superior fit
and better agreement with the∼2 m of slip inferred from seismic
moment calculations (Kanamori and Stewart, 1978), suggesting
depth-dependent slip distribution with maximum displacement
at seismogenic depths.

KNOWLEDGE GAINED SINCE THE 1976
EARTHQUAKE
Slip rates on the plate boundary and individual fault
strands
Slip rates on the main faults of the Polochic–Motagua fault
system based on field observations are scarce. Progressive
offset of stream terraces at the Rio El Tambor–Rio Motagua
confluence near Zacapa documents recurrent left-lateral dis-
placement on the Motagua fault, with the youngest mappable
terrace displaying 23.7 m offset and the oldest 58.3 m (Fig. 9;
Schwartz et al., 1979). Age constraints based on volcanic tuff
and soil development indicate the oldest terrace is younger
than 40,000 yr and older than 10,000 yr, yielding late
Quaternary slip rates of 1.5–6 mm/yr (Schwartz et al.,
1979). Similar geomorphic evidence along the Polochic fault,
including offset streams of 35–100 m, suggests comparable
Quaternary activity (Schwartz et al., 1979). Schwartz et al.
(1979) estimated combined the late Quaternary slip rate at
4.5–18 mm/yr for the plate boundary. South-facing scarps
along both faults indicate an up-to-the-north vertical compo-
nent representing up to 5% of lateral slip (Schwartz
et al., 1979).

Contemporary GPS-based estimates suggest substantially
higher slip rates on the Motagua fault (Franco et al., 2012;
Ellis et al., 2019). These studies, however, used relatively simple
block models that did not account for distributed deformation,
leading to discrepancies between geodetic and geologic slip
rates. Recent advances have refined slip-rate estimates and sug-
gest distributed contemporary deformation. Maurer et al.
(2025) used multiple complementary methods, including
strain-rate calculations, 3D elastic dislocation modeling, and
2D finite-element modeling, demonstrating that minor fault
segments including the Ixcán fault and Jocotán–Chamelecón
fault zone (Fig. 1b) are active and accommodate some propor-
tion of total plate rate. Inclusion of these minor strands and
allowing for inelastic bulk crustal strain resolves some
discrepancies, with overall lower Motagua fault slip rates
(∼6 to 8 mm/yr) in closer agreement with geological rates
(Maurer et al., 2025). For the Polochic fault, estimated slip
rates are slightly higher than the geologic rates (∼3 to
7 mm/yr varying along strike), with minor fault segments
accommodating 1–3 mm/yr (Maurer et al., 2025).
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An extensional zone in the Caribbean plate south of the plate
boundary also accommodates distributed deformation between
the Motagua fault and the CAVA (Fig. 1a), accommodating 3–
5 mm/yr of east–west extension, approximately one-quarter of
the total left-lateral plate-boundary motion. Extension is accom-
modated through normal and oblique-normal faults defining
the Guatemala City and Ipala grabens and by dextral motion
along the Jalpatagua–Santa Rosa fault system (Fig. 1b;

Garnier et al., 2021). These
structures define the southern
expression of distributed strain
transfer from the Polochic–
Motagua fault system into the
western Caribbean fore-arc
(Garnier et al., 2022).

Seismicity on the plate
boundary
Permanent seismic network
coverage of the Polochic–
Motagua fault system has
remained sparse since 1976. A
six-month deployment of 30
seismic stations in 2005 pro-
vided the most comprehensive
characterization of microseis-
micity patterns along the
eastern segment of the fault sys-
tem (Franco et al., 2009). This
network recorded 502 local
events, with 276 earthquakes
precisely located using at least
four station observations.

The deployment revealed
active seismicity concentrated in
the upper 15 km of crust, with
the seismogenic zone extending
to 10–15 km depth beneath
both the Polochic and Motagua
faults. This depth range corre-
sponds closely to the ∼20 km
locking depth derived from GPS
models of strain accumulation
on the Motagua fault (Lyon-
Caen et al., 2006; Franco
et al., 2012), confirming the
thickness of the mechanically
coupled zone. Microseismic
activity occurred at comparable
rates on both principal faults,
distributed along fault traces
rather than concentrated in spe-
cific segments. Earthquake clus-

ters within north–south-trending grabens south of the Motagua
fault exhibited normal faulting on westward-dipping planes,
whereas clusters within fold structures north of the Polochic fault
showed reverse faulting on south-dipping planes. These focal
mechanisms match the GPS-observed transition from dominant
east–west strike-slip motion to dominant east–west extension,
confirming secondary structures actively participate in accom-
modating plate boundary deformation.

Figure 9. High-resolution drone light detection and ranging (lidar) imagery acquired in 2024 showing the El Tambor
River terraces originally documented by Schwartz et al. (1979). Terrace surfaces T7, T5, T4, T3, and T2 are labeled
following their original classification. Modern agricultural and infrastructural modification between T4–T3 and T3–
T2 boundaries resulted in uncertainty in terrace-offset estimates and should be considered when interpreting
displacement magnitudes. The color version of this figure is available only in the electronic edition.

Figure 10. Spatial distribution of upper-crustal (depths ≤15 km) seismic events (magnitude Mw>4) in Central
America since 1977. Major rupture epicenters are shown with a star. Events are scaled by magnitude and
colored by size. The catalog was compiled from the USGS earthquake catalog (U.S. Geological Survey, 2025) and
the catalog provided by Gamboa-Cante et al. (2024). All events associated to the subduction zone have been
removed. Faults modified from the GEM active fault database (Styron and Pagani, 2020). The color version of this
figure is available only in the electronic edition.
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The comparable microseismic activity on both faults
presents an apparent contradiction with geodetic observations.
GPS measurements show the Motagua fault accommodates the
majority of elastic strike-slip deformation while minimal strain
accumulates across the Polochic fault (Franco et al., 2012; Ellis
et al., 2019; Maurer et al., 2025). Yet the six-month deployment
documented similar earthquake activity rates on both struc-
tures. This discrepancy suggests that short-term seismicity pat-
terns may not directly reflect long-term strain accumulation,
potentially indicating temporal variations in fault activity, epi-
sodic behavior, or substantial aseismic strain release on the
Polochic fault.

Regional catalogs confirm seismic activity extends across
multiple structures beyond the two principal faults, including
the Ixcán, Jocotán–Chamelecón, and other associated fault seg-
ments, as well as distributed activity within graben systems
(Fig. 10; Guzmán-Speziale and Molina, 2022). This broad dis-
tribution further supports geodetic evidence for strain accom-
modation across a wide plate boundary zone.

Instrumentation limitations influence interpretation of seis-
micity along the plate boundary. The permanent network
maintained since 1976 has poor location control, characterized
by high azimuthal gap angles >180° and distances to nearest
stations >50 km (González-Negreros and Gaspar-Escribano,
2025). The recent strengthening of the Guatemala National
Seismological Network (Yani-Quiyuch et al., 2023) is generat-
ing higher-quality data, although completeness magnitude
averages around M 4.0 for shallow earthquakes along the
Polochic–Motagua fault system compared with M ≤3.0 in bet-
ter-monitored areas (Gamboa-Canté et al., 2024). The velocity
model has remained unchanged since 1980, potentially con-
tributing to systematic location uncertainties (González-
Negreros and Gaspar-Escribano, 2025).

Recurrence interval of large earthquakes
Earthquake history of the Polochic–Motagua fault sys-
tem. Despite its tectonic significance and in contrast to other
transform plate boundaries (Fraser et al., 2010; Marco and
Klinger 2014; Rockwell et al., 2015; Howarth et al., 2018), there
is a notable absence of a thorough and extensive paleoseismic
record to document the earthquake history of the Polochic–
Motagua fault system. In the centuries preceding the 1976
earthquake, historical records compiled from colonial archives
document two seismic periods separated by extended periods
of relative inactivity (White, 1984).

The first active period from 1702 to 1822 along the
Polochic–Motagua fault system included 18 damaging earth-
quakes (White, 1984). This period culminated with a rupture
of the eastern portion of the Polochic fault in 1785 (magnitude
7.3–7.5, ∼175–220 km rupture length) and the western portion
in 1816 (magnitude 7.5–7.7, ∼240 km rupture length), fol-
lowed by 5 yr of regional aftershocks through 1821 (Fig. 3;
White, 1984). The 1816 event represents the largest earthquake

in Guatemala’s historical record based on the extent of inten-
sity VII damage (White, 1984). This active period was preceded
by a quiescent period extending from ∼1560 to 1702, when no
damaging earthquakes with magnitudes >6.0 (estimated) were
recorded despite reasonably complete historical documenta-
tion (White, 1984; Peraldo and Montero, 1999; Peruzza et al.,
2021, 2023).

After 1821, the Polochic–Motagua fault system entered a
second quiescent period of 123 yr with no damaging earth-
quakes (estimated magnitude >6.0) documented through
instrumental and historical records (White, 1984). The 1945
Quiriguá earthquake on the Motagua fault, near the later epi-
center of the 1976 earthquake, marked the beginning of a sec-
ond active period that culminated with the 1976 Motagua fault
rupture (White, 1984).

Beyond colonial and historical documentation of earth-
quakes (White, 1984; White and Harlow, 1993), lake sediment
analysis at Lake Chichój is consistent with irregular seismic
activity over 1200 yr (Fig. 7; Brocard et al., 2014, 2016). This
record was interpreted to show a distinct cluster of four earth-
quakes from ∼750 to 1000 C.E., moderate activity from ∼1000
to 1450 C.E., and a 500 yr quiescence from ∼1450 C.E. until the
1976 event. The Lake Chichój record also provides evidence for
mixed seismic and aseismic deformation processes along the
Polochic fault, with meter-scale creep interpreted during seismi-
cally quiescent periods between 1665 and 1976 C.E. (Brocard
et al., 2016). Trenches along the Polochic fault provide addi-
tional evidence of past seismicity. At least five surface-rupturing
earthquakes occurred during the past 17,000 yr, yielding mini-
mum-average recurrence intervals of 3300–4300 yr for large
earthquakes (Authemayou et al., 2012).

Additional estimates of recurrence along the Polochic–
Motagua fault system are uncertain. When the late
Quaternary slip rates (1.5–6.0 mm/yr for the Motagua fault)
are combined with the average 1.1 m displacement from the
1976 earthquake, estimated recurrence intervals for large sur-
face-rupturing earthquakes range from 180 to 755 yr (Schwartz
et al., 1979). The limited number of trenching investigations,
constraining observations to a single location, may not reflect
system-wide behavior, particularly given evidence for strain
partitioning across multiple parallel fault traces. In addition,
age constraints for Quaternary features, such as those investi-
gated by Schwartz et al. (1979), remain poor across the wide
temporal ranges typical of standard dating methods, contrib-
uting to the substantial uncertainty in slip-rate determination.
Variation in recurrence estimates for the main faults of the
plate boundary, from 180 to 755 yr (geological; Schwartz
et al., 1979) to ∼160 to 280 yr (Plafker, 1976; White 1984) rep-
resenting the duration of regional quiescent periods between
major transform-fault earthquakes, to 3300–4400 yr (paleo-
seismic evidence; Authemayou et al., 2012), reflects both meth-
odological uncertainties and complexity in fault system
behavior.
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Modeling the Polochic–Motagua fault system. Slip
deficit rate modeling identifies locked asperities that corre-
spond to historical rupture locations, including the 1976
Motagua, 1816 northern Polochic, and 1785 southern
Polochic earthquake zones, providing evidence that current
strain accumulation patterns reflect persistent structural con-
trols on rupture behavior (Maurer et al., 2025). The segment
that ruptured in 1976 currently exhibits slip deficit rates of 8–
10 mm/yr along the eastern Motagua fault, decreasing system-
atically westward. This spatial pattern of contemporary strain
accumulation differs from the 1976 rupture characteristics, for
which maximum moment release and surface displacement
occurred in the western portions of the rupture despite lower
present-day strain accumulation rates in those areas. Modeling
suggests that the 1976 earthquake released strain that had
accumulated over multiple centuries following the last major
Motagua fault rupture, consistent with the extended quiescent
period documented in historical records (White, 1984).

Estimates of contemporary Polochic fault slip rates vary
substantially among modeling approaches. Whereas earlier
geodetic studies indicated slip rates of 3.1–3.3 mm/yr (Ellis
et al., 2019), recent elastic slip deficit rate modeling suggests
∼6–7 mm/yr (Maurer et al., 2025). However, finite-element
modeling that incorporates crustal strain yields intermediate
values of 3–4 mm/yr for most of the fault length (Maurer
et al., 2025), more consistent with earlier estimates. The higher
slip deficit rates may reflect model assumptions about fault
locking or elastic behavior that do not fully capture the com-
plexity of strain accommodation across the fault system. These
discrepancies highlight remaining uncertainties in quantifying
how contemporary strain accumulation is partitioned between
the Motagua and Polochic faults and across minor fault seg-
ments that collectively contribute 1–3 mm/yr to total plate
boundary motion.

Moment deficit rate calculations provide direct estimates
of earthquake potential across the entire plate boundary
zone. Geodetic models yield moment deficit rates of
0:66–1:3 × 1019 N · m=yr for the entire region, depending on
assumed elastic crustal thickness and modeling approach, val-
ues that exceed estimated moment release rates from historic
earthquakes since 1560 (0:21–0:37 × 1019 N · m=yr; White,
1984; Maurer et al., 2025). This discrepancy may be due to
an incomplete earthquake catalog or moment release through
other means than earthquakes, including postseismic creep
and inelastic processes such as folding.

Recurrence time of the 1976 Motagua-style earth-
quake. Estimating recurrence intervals for earthquakes sim-
ilar to the 1976 event requires reconciling the mean surface
rupture of 1.1 m (Plafker et al., 1976) or 2 m at depth
(Kanamori and Stewart, 1978) with spatially variable contem-
porary slip rates. Using average slip deficit rates of 8–10 mm/yr
for the eastern Motagua fault yields recurrence estimates of

110–250 yr for that segment, but the lower rates documented
in western portions (∼2 to 3 mm/yr) for which maximum 1976
displacement occurred suggest intervals of 300–1000 yr. These
calculations assume uniform seismic strain release and do not
account for the documented complexity in rupture behavior.

The moment deficit calculations provide an alternative con-
straint on recurrence timescales. If the 1976 earthquake released
∼2:1 to 3:7 × 1020 N · m and contemporary moment accumula-
tion rates on the ruptured segment of the Motagua fault are
∼2:16 to 2:25 × 1018 N · m=yr (Maurer et al., 2025), a complete
repetition of the 1976 rupture would require ∼100 to 170 yr of
strain accumulation at current rates. This range is smaller than
the 180–755 yr estimates derived from late Quaternary geologi-
cal slip rates combined with 1976 displacement measurements
(Schwartz et al., 1979) and overlaps with the ∼160 to 280 yr
period between major transform-fault earthquakes on the
Polochic–Motagua fault system (Plafker, 1976; White, 1984).
Polochic fault slip rates (3–7 mm/yr depending on modeling
approach) affect these system-wide estimates because strain
partitioning between the parallel fault strands influences how
quickly each structure approaches failure.

The concentration of coseismic slip and moment release in
the western portions of the 1976 rupture, for which contempo-
rary strain accumulation rates are lower, presents a significant
complication. This pattern may indicate that individual fault
segments do not rupture uniformly during each earthquake
cycle (Dolan et al., 2024). Eastern segments experiencing higher
contemporary strain rates may fail through more frequent mod-
erate magnitude events, through different rupture scenarios, or
through creep, than the complete fault failure observed in 1976.
Alternatively, the eastern segments may be approaching failure
conditions faster than the western portions, potentially leading
to partial ruptures that differ substantially from the 1976 event
in both magnitude and spatial extents.

The limited historical record provides minimal constraint
on characteristic Motagua fault rupture behavior. No large
Motagua fault earthquakes are documented between 1560 and
1976, representing a single interevent period insufficient to
establish typical recurrence patterns (White, 1984). White’s
historical record could also be incomplete, misattributing
events to the subduction zone that could have occurred on the
Motagua fault (e.g., Peraldo and Montero, 1999). Nevertheless,
whether the 400 yr interval between 1560 and 1976 represents
a characteristic recurrence time or an anomalously long period
remains unresolved. The presence of locked asperities corre-
sponding to historical rupture zones (Maurer et al., 2025)
suggests that contemporary strain accumulation may preferen-
tially load the same fault segments, supporting the possibility
of characteristic rupture behavior. However, the temporal
switching of major seismic activity between the Motagua
and Polochic fault structures over timescales of centuries
(White, 1984) indicates that the system does not maintain con-
stant behavior between earthquake cycles. This phenomenon,
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documented across multiple fault systems globally, potentially
reflects how parallel faults within plate boundary zones can
trade off slip in time and space to accommodate relative plate
motions (Dolan et al., 2024).

LESSONS LEARNED AND IMPLICATIONS FOR
FUTURE EARTHQUAKES
The 1976 Motagua earthquake and the past five decades of sci-
entific investigations demonstrate that seismic hazard assess-
ment for the North American–Caribbean plate boundary
requires evaluation of the fault system as an integrated whole
rather than treatment of individual structures as independent
sources. The Motagua and Polochic faults cannot be assessed
in isolation from the broader plate boundary extending off-
shore to the Swan fault and southward into the western
Caribbean plate extensional zone.

Hazard models based on contemporary geodetic strain
accumulation mischaracterize earthquake probability on par-
allel fault strands. The current dominance of the Motagua fault
in accommodating plate motion (Franco et al., 2012; Ellis et al.,
2019; Maurer et al., 2025) does not preclude future large earth-
quakes on the Polochic fault, which hosted the largest docu-
mented historical earthquake despite presently accumulating
minimal geodetic strain (White, 1984; Franco et al., 2012).
Temporal switching of major seismic activity between these
structures over centuries (White, 1984) indicates fault seg-
ments can remain quiet while accumulating stress through
mechanisms not captured by short-term geodetic monitoring.
Probabilistic assessments must assign nonnegligible earth-
quake probabilities to both principal faults regardless of con-
temporary strain partitioning.

Stress transfer requires that earthquake scenarios consider
cascading effects and mechanical interactions between fault
segments. The demonstrated coupling between offshore
Swan fault ruptures and the Motagua fault (Graham et al.,
2012) indicates that large earthquakes anywhere along the
plate boundary alter stress conditions on adjacent structures,
similar to other strike-slip plate boundaries (Stein et al., 1997).
Hazard assessments based on characteristic earthquake models
for individual faults will underestimate the probability of trig-
gered or time-clustered events.

Ground-motion prediction for Guatemala City and other
population centers must account for rupture directivity effects
rather than relying solely on distance-based attenuation. The
concentration of damage in areas along the rupture propaga-
tion path (Fig. 7; Espinosa et al., 1976), despite greater epicen-
tral distances (Kanamori and Stewart, 1978; Harp et al., 1981;
Young et al., 1989; Obrist-Farner et al., 2025), demonstrates
that standard models may substantially underestimate shaking
intensity for directivity-favorable locations (e.g., Somerville
et al. 1997; Spudich and Chiou, 2008). This applies particularly
to infrastructure and population centers along the probable
rupture direction for potential future events.

Extensive activation of secondary faults during the 1976
earthquake (Plafker et al., 1976; Langer and Bollinger, 1979;
White and Harlow, 1979) indicates that seismic hazard extends
across a zone tens of kilometers wide. The Guatemala City gra-
ben and other extensional structures (Rodriguez et al., 2009; Ellis
et al., 2019; Garnier et al., 2022) represent active sources capable
of generating damaging earthquakes independently or as trig-
gered events (e.g., the 1917 Guatemala earthquake; Morley,
1918). Urban planning must address hazard from both distant
large earthquakes on the Motagua or Polochic faults and proxi-
mal moderate earthquakes on secondary structures.

The incomplete paleoseismic record (Authemayou et al.,
2012; Brocard et al., 2016) and large uncertainties in recurrence
estimates (Schwartz et al., 1979; White, 1984; Maurer et al.,
2025) indicate deterministic forecasts remain unreliable.
However, the demonstrated capacity of both faults to generate
large earthquakes, evidence for fault interaction, and docu-
mented temporal clustering (White, 1984) suggest the system
concentrates seismic hazard over intervals separated by
extended quiescent periods. The sequence of major earth-
quakes on the Swan fault since 2009 (Fig. 3; Graham et al.,
2012; Cheng and Wang, 2020; Calais et al., 2025) combined
with the absence of large onshore events since 1976 raises
questions about stress accumulation and potential progressive
failure, analogous to cascading sequences along the North
Anatolian fault (Stein et al., 1997). Comprehensive Coulomb
stress analysis across the entire plate boundary is needed to
quantify how offshore ruptures and the 1976 event have altered
loading conditions and whether current stress conditions favor
near-term ruptures on onshore structures.

These considerations require that seismic hazard assessment,
building codes, and emergency planning for Guatemala treat the
entire plate boundary as an interconnected system. Following the
1976 earthquake, Guatemala implemented improved building
codes through standards established by the Guatemalan
Association of Structural and Seismic Engineering (AGIES—
Normas de Seguridad Estructural Para Guatemala). However,
a large proportion of structures remain noncompliant with these
recommendations (fig. 2 in Orihuela et al., 2025), leaving sub-
stantial portions of the population vulnerable. The patterns of
rupture behavior, ground-motion distribution, and secondary
fault activation documented in 1976 demonstrate that future
large earthquakes will expose significant proportion of
Guatemalan society to severe seismic risk. This vulnerability is
compounded by rapid population growth and ongoing infra-
structure expansion in a developing country, which complicate
efforts to implement comprehensive seismic zoning and enforce
building standards.

FUTURE RESEARCH NEEDS
Further analysis of the 1976 Motagua earthquake, in combina-
tion with contemporary studies of the Polochic–Motagua fault
system, will continue to advance our scientific understanding
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of this plate boundary. Ultimately, better scientific understand-
ing and characterization of seismicity along the Polochic–
Motagua fault system will lead to better seismic hazard assess-
ments for the region. We highlight several avenues for scien-
tific research that can be used to improve hazard maps (e.g.,
Benito et al., 2012; Gamboa-Canté et al. 2025) to better char-
acterize risk along this multifault system.

1. Compared with other transform plate boundaries (e.g., San
Andreas fault; McPhillips, 2022), the paleoseismic record
along the Polochic–Motagua fault system is limited
(Authemayou et al., 2012; Brocard et al., 2016).
Systematic paleoseismic studies, including on-fault trench-
ing and lacustrine paleoseismic investigations, are required
to constrain earthquake recurrence patterns, fault switching
behavior, and temporal clustering of seismic activity.

2. Improved quantification of long-term slip rates through
geological studies of offset features and dating past earth-
quakes at more locations throughout the fault system will
help characterize the seismic hazard of individual fault
strands. Uncertainties remain regarding the activity and slip
rates of structures such as the Jocotán–Chamelecón fault
zone and the Ixcán fault, which may accommodate portions
of plate boundary motion despite limited seismic activity.

3. Expansion of permanent seismic networks and geodetic
monitoring capabilities is essential for improving hazard
assessment in Guatemala. Improved instrumentation capa-
bilities will help characterize contemporary deformation
patterns and strain accumulation across the entire region,
increasing the resolution of distributed deformation across
multiple fault strands (González-Negreros and Gaspar-
Escribano, 2025). Although an early warning system has
now been established in Guatemala (e.g., Orihuela et al.,
2025) and could provide tens of seconds of advanced notice
if a similar 1976 earthquake were to occur (e.g., Orihuela
et al., 2023), the lack of high-density instrumentation cover-
age prevents system efficiency. Current efforts to enhance
instrumentation coverage include the Lake Izabal seismic
array and the International Continental Scientific Drilling
Program Lake Izabal Basin Research Endeavor project
(Obrist-Farner et al., 2023).

4. To better understand distributed deformation across the
Polochic–Motagua fault system, comprehensive mapping
of fault traces and determination of their activity through
enhanced seismic monitoring and additional Global
Navigation Satellite Systems and Interferometric Synthetic
Aperture Radar (InSAR) studies is essential. Current studies
lack consistency regarding which structures are active, with
disagreement about the role of secondary faults in accom-
modating plate motion (Guzmán-Speziale and Molina,
2022; Agate et al., 2024; Maurer et al., 2025). The recogni-
tion that minor fault segments accommodate slip (Maurer
et al., 2025) highlights the need for additional investigations

to distinguish active fault strands from inactive structures
and quantify their contributions to total strain accommoda-
tion. Modern remote sensing techniques, including expand-
ing light detection and ranging (lidar) coverage (currently
limited to two locations along the Motagua fault; Fig. 9)
and InSAR investigations, can improve fault-trace geometry,
confirm uncertain structures, and integrate geomorphic and
subsurface observations into unified fault maps.

5. More advanced source modeling for the 1976 event is
needed to better resolve the source complexity seen in ear-
lier modeling studies (Kanamori and Stewart, 1978; Kikuchi
and Kanamori, 1982, 1991; Young et al., 1989) to under-
stand subevents, moment release, earthquake magnitude,
and rupture directivity and how these processes affected
ground acceleration and consequent building damage.
Additional details on rupture heterogeneity and propaga-
tion dynamics through the analysis of digitized waveforms
from the 1976 earthquake and the use of modern computa-
tional capabilities can help resolve these discrepancies.
Waveforms preserved through the Albuquerque
Seismological Lab WWSSN Film Chip Preservation Project
(Alejandro et al., 2019) provide access to teleseismic records
that can be examined using contemporary inversion tech-
niques and higher-resolution analysis methods not available
during initial investigations.

6. Provide quantitative constraints for probabilistic seismic
hazard assessment across the North American–Caribbean
transform system. This is important given that the plate
boundary since 1976 has ruptured in a predictive pattern
(Fig. 3) similar to observations from the North Anatolian
fault (e.g., Stein et al., 1997). Such modeling should evaluate
how the sequence of Swan fault ruptures since 2009, com-
bined with the 1976 Motagua earthquake and historical
Polochic fault events, has modified loading conditions on
all fault segments within the system.

7. Understanding the structural framework that governs fault
behavior, rupture dynamics, and the distribution of defor-
mation across the Polochic–Motagua fault system requires
comprehensive geological mapping. The most recent
nationwide geologic map of Guatemala (Bonis et al., 1970)
remains a critical reference but lacks the stratigraphic and
structural resolution necessary for comprehensive tectonic
and hazard analyses. Subsequent studies have highlighted
significant geological complexities, especially along the
Motagua valley (Brueckner et al., 2009; Angiboust et al.,
2021; Harlow et al., 2025), which can help establish con-
straints on crustal architecture that controls fault localiza-
tion and strain partitioning.

CONCLUSION
The 1976Motagua earthquake established the significance of the
Motagua Fault as part of the North American and Caribbean
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plate boundary. The event exhibited an asymmetric bilateral
rupture with strongly westward-directed moment release
and substantial spatial variations in slip and destruction.
Although surface displacements were significant, seismological
inversion models showed higher coseismic slip magnitudes at
depth. Beyond the primary rupture, extensive secondary faulting
and aftershock activity showcased the complexity of the fault
system. Five decades of investigations have illuminated funda-
mental uncertainties of this plate boundary and its associated
hazard. Current recurrence estimates do not allow to quantify
how often large earthquake occur, and the fault strands of
the plate boundary with high seismic risk are unknown.
Understanding this plate boundary requires continued monitor-
ing infrastructure and efforts currently inadequate for a fault
system capable of producing large earthquakes of Mw > 7.
The preservation of legacy data from the 1976 earthquake, in
combination with continued scientific investigations and expan-
sion of monitoring capabilities in Guatemala, will provide the
foundation for integrated hazard assessment along the North
American–Caribbean plate boundary.

DATA AND RESOURCES
All supplemental material, including original topographic maps with
field annotations; aerial photographs spanning the western and cen-
tral segments of the surface rupture; 35 mm color photographs taken
by the U.S. Geological Survey (USGS) team during the 1976 expedi-
tion; field notebooks containing detailed observations, measurements,
and sketches; and previously published aftershock datasets converted
to standardized digital formats, are available digitally (McEnaney and
Clark, 2025).
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