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Abstract Puerto Rico is part of the Puerto Rico-Virgin Islands microplate, along the Caribbean–North
American plate boundary between the Puerto Rico trench subduction zone and the Muertos Trough incipient
subduction zone. Despite recent seismicity and geodetically constrained deformation of ~3 mm/yr of left-
lateral shear across the island, Quaternary fault locations remain largely uncertain. Preservation of recent
faulting in the landscape ismaskedby distributed faulting, highweathering rates of the tropical climate, steep
topography, widespread landsliding, and extensive agriculture, deforestation, and urbanization throughout
the island. Wepresentanupdatedactive faultmapofPuertoRico, created throughneotectonicmappingusing
historical aerial imagery from the 1930s-60s and <1-m lidar topography, integratedwith field observations, to
create anupdatedactive faultmapof PuertoRico. We focuson faults that offset younger geomorphic surfaces,
with ages estimated by geologic mapping, optically stimulated luminescence (OSL) and radiocarbon dating,
andmorphologic interpretations. We present new evidence for Quaternary activity on seven faults, including
the South Lajas, Salinas, PuntaMontalva, Great SouthernPuertoRico, CerroGoden, Parguera, andSanMarcos
faults. We find that active faulting occurs preferentially near the southern and western coasts and in part
spatially coincides with preexisting bedrock faults, possibly reflecting reactivation of some older faults in the
modern strain field.

Non-technical summary Puerto Rico experiences moderate to large earthquakes, but the faults
that host these earthquakes remain largely unknown. Using high-resolution topographic data of the ground
surface from 2019 and historical aerial imagery from the 1930-1960s, we identified andmapped features that
indicate possible surface-rupturing earthquakes in the last 10,000 years. These features are located along
the southern and western coasts of Puerto Rico. We document seven onshore faults. We also describe an
exposureofoneof the faults ina roadcutat the southern sideof theLajasValley,with theagesof the sediments
indicating that the most recent surface-rupturing earthquake occurred between four to five thousand years
ago. The identification of these new faults provides a foundation for an updated active fault map of Puerto
Rico and could improve seismic hazard models in the region.

1 Introduction
Puerto Rico is located in a tectonically active region in
the northeastern Caribbean, situated on a microplate
between the Puerto Rico subduction zone and theMuer-
tos Trough (Figure 1A). Although geodetic data indicate
that strain rates across the microplate are low (<1-3
mm/yr, Jansma et al., 2000; Jansma and Mattioli, 2005),
the region has experienced several moderate to large
earthquakes, including the 1670 A.D. magnitude (M)
6.5–7 (Pacheco and Sykes, 1992; McCann et al., 2010),
1918 M 7.1–7.3 Mona Passage (Reid and Taber, 1919;
ten Brink et al., 2023), and most recently, the 2019-
ongoing Southwest Puerto Rico seismic sequence (e.g.,
Vičič et al., 2022). None of these earthquakes ruptured
onshore faults, but the presence of fault scarps with
dated Holocene surface ruptures (Prentice and Mann,
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2005; Piety et al., 2018) demonstrates that onshore fault
rupture has happened in the past. Yet to date, no Qua-
ternary faultmapof PuertoRico exists that incorporates
interpretations from new high-resolution lidar-derived
topography, partly because of the thick vegetation and
steep relief present over most of the island that masks
signatures of active faulting in the landscape.

Newly available island-wide high-resolution (<1
m) bare-earth lidar-derived digital elevation models
(DEMs), available since 2019, allow an unprecedented
visualization of the ground surface to document sur-
ficial fault expression. In this study, we analyzed the
high-resolution topographic data, existing geologic
maps, and historical aerial imagery to document evi-
dence of Quaternary fault activity across the island. We
mapped faults that clearly deformQuaternary deposits,
as classified on existing geologic maps, or through
new geomorphic interpretation of the lidar-derived
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Figure 1 A) Tectonic setting of the northeast Caribbean. Global positioning system (GPS) arrows from Calais et al. (2016).
The yellow stars mark the epicenters of magnitude (M)>7 earthquakes in the historical and instrumental record, from ten
Brinket al. (2011) andCalais et al. (2016). The red starmarks the locationof themomentmagnitude (Mw) 6.4mainshockof the
2020 southwest Puerto Rico seismic sequence. Inset map shows the location of the Puerto Rico-U.S. Virgin Islands region in
the northeast Caribbean. Background image is a GoogleEarth image converted to grayscale. (B) Past fault map compilations
fromPietyet al. (2018) andStyronetal. (2020) forPuertoRico. Background image is a shaded reliefmapderived fromthe10-m
National Elevation Dataset digital elevation model (available at https://nationalmap.gov/). Seismicity shown in both panels
is fromtheU.S.Geological SurveyAdvancedNational SeismicSystem (ANSS)ComprehensiveCatalog (U.S.Geological Survey,
2017). CCAF-DB—Caribbean and Central American Active Fault Database.
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topographic data. Where possible, we extracted topo-
graphic profiles across the scarps and relied on existing
limited age control to characterize fault activity within
a categorical slip rate framework. In addition, we docu-
mented an exposure of the South Lajas fault and dated
offset strata using optically stimulated luminescence
(OSL) and radiocarbon dating. We present evidence for
Quaternary fault activity on seven onshore faults, in-
cluding the South Lajas, Salinas, Punta Montalva, Great
Southern Puerto Rico, Cerro Goden, Parguera, and San
Marcos faults. Our mapping forms the foundation for
an updated Quaternary fault map of Puerto Rico.

2 Background
Puerto Rico sits along the 3200-km-long active North
America-Caribbean plate boundary (Figure 1A), a dom-
inantly left-lateral strike slip plate boundary (DeMets
et al., 2000). Most of the plate boundary fault zone
lies offshore and cannot be studied using traditional
paleoseismic methods. Global positioning system
(GPS) data within the stable, non-deforming Caribbean
plate interior relative to North America shows that the
Caribbean plate moves east-northeast (070◦) at a rate
of 18–20 ± 3 mm/yr (DeMets et al., 2000). Puerto Rico
moves east-northeast at roughly the same rate as the
larger Caribbean platewith differentialmotion between
PuertoRico and the islandofHispaniola accommodated
by slow rifting in theMona Passage (Jansma et al., 2000;
Jansma and Mattioli, 2005). Oblique collision of the Ba-
hama carbonate platformwith Hispaniola has impeded
eastward motion of Hispaniola relative to North Amer-
ica (Vogt et al., 1976;Mannet al., 1995;Dolan et al., 1998;
Dolan and Wald, 1998) and produced a complex zone
of rotational and extensional deformation in the Mona
Passage.
Puerto Rico and the Virgin Islands move with the

larger Caribbean plate, but internal deformation is lo-
cally observed (McCann and Pannington, 1990). Right-
lateral motion on west-northwest-striking faults is pre-
dicted in Puerto Rico (Dolan et al., 1998; Dolan and
Wald, 1998), and GPS data indicate that although little
plate-boundary motion (<3 mm/yr) is accommodated
within onshore Puerto Rico (Jansma et al., 2000), differ-
ential velocities between stations located on the south-
west corner versus the central portion of the island
show active deformation is focused along the south-
western corner of the island (Solares, 2019). More-
over, the 2019–ongoing southwest Puerto Rico seismic
sequence supports this interpretation (e.g., Blasweiler
et al., 2022; Yoon et al., 2023).

2.1 Recent Active Fault Maps
Several recent active fault compilations have summa-
rized the existing literature on active and potentially
active faults on the island, but none have included an
island-wide reanalysis of the terrain using the newly ac-
quired <1-m lidar data (U.S. Geological Survey, 2020).
For example, Piety et al. (2018) mapped the south-
central and southeastern portions of the island in detail
using a DEM derived from lidar data, focusing on the

Salinas and Great Southern Puerto Rico fault zones for
a site-specific seismic hazard analysis. Piety et al. (2018)
also evaluated the existing literature to create a prelim-
inary map of active and potentially active faults across
the island. The Caribbean and Central American Active
Fault Database (CCAF-DB; Styron et al., 2020) also con-
tains compiled faults for the island. The CCAF-DB fo-
cus was on Caribbean-wide seismic hazard, and for this
purpose, faults were highly simplified. These previous
active fault maps are broadly similar (Figure 1B).

3 Methods
To identify and assess possible tectonic deformation in
Puerto Rico, we mapped lineaments and fault-related
features on a publicly available <1-m bare-earth li-
dar DEM and derivative visualizations, collected post-
Hurricane Maria in 2018 and published through the
USGS 3DElevationProgram in 2020 (U.S. Geological Sur-
vey, 2020, https://apps.nationalmap.gov/downloader/).
Derivative visualizations of the landscape, such as slope
and shaded relief models at different illumination and
azimuth angles (Table S1), were analyzed, as some sub-
tle features were more visible on different renderings.
To complement the lidar mapping, we mapped fault-
related features on historical aerial photos as well. The
aerial images primarily covered the Cerro Goden, San
Marcos, Salinas, and Parguera faults, where extensive
recent anthropogenic development obscured the orig-
inal topography in the lidar data. Aerial photos from
the 1950s and 1960s are publicly available on EarthEx-
plorer (https://earthexplorer.usgs.gov/), and those from
the 1930s are available at https://prgeoref.weebly.com/
1930-y-1936.html (LópezMarrero et al., 2017). Wemanu-
ally georeferenced the aerial photos from the 1950s and
1960s using common tie points between historical and
present-day imagery and the lidar. We mapped fault-
related features from the aerial imagery because of the
excellent visual coregistration with the lidar (typically
less than 10 m, but up to 50 m for registration errors).
Aerial photos from the 1930s were already georefer-
enced and coregistration with the lidar was highly vari-
able with coregistration errors between 10 and 30 m;
thus, we mapped fault-related features when we were
confident the lidar and aerial imageswere closely coreg-
istered.
Mapped fault-related features include scarps, vegeta-

tion and tonal contrasts and lineaments, channel de-
flections, linear drainages, planform changes, and to-
pographic lineaments. Mapped scarps are assumed to
have formed by fault displacement. We defined correla-
tive surfaces by similar surficial slopes on the upthrown
and downthrown sides and similar surficial character-
istics observed during fieldwork. We visually fit lines
through the upthrown and downthrown surfaces and
measure scarp vertical separation at the midpoint of
each scarp. For each fault, we estimate vertical and
lateral kinematics based on field observations and re-
mote mapping. However, we caution that exact fault
kinematics remain unknown for most faults, and even
small changes in the orientation of faults may result
in apparently large vertical displacements even if the
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Figure2 Fault-related features inPuertoRico, newlymapped in this studyandcompiled fromprevious literature (Geomatrix
Consultants, 1988; Mann et al., 2005; Prentice and Mann, 2005; Roig-Silva, 2010; Roig-Silva et al., 2013; Piety et al., 2018).
Paleoliquefaction features are from Tuttle (2006). Background image is a shaded relief map derived from the 10-m National
Elevation Dataset digital elevation model (available at https://nationalmap.gov/)

Figure 3 Overview of fault-related featuresmapped in southwestern Puerto Rico. Location shown on Figure 2. Background
image is a blend of GoogleEarth imagery converted to grayscale overlain on a shaded relief map derived from the <1-m lidar
elevation data.
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fault is dominantly strike-slip (e.g., Ridgecrest, Califor-
nia, surface ruptures, DuRoss et al., 2020). These fault-
related features were then classified into pre- Quater-
nary bedrock faults if we did not observe offset Qua-
ternary deposits, and Quaternary-active faults if the
fault displaces Quaternary deposits visible in the lidar-
derived topography and/or Quaternary deposits shown
on existing geologic and geomorphic maps. We field-
verified the mapping of neotectonic features along all
faults, includingmaking observations of fault scarp ver-
tical separation, scarp aspect, ages of deposits, and gen-
eral landscape characteristics.
We also logged and interpreted an outcrop exposure

of the South Lajas fault. We used standard structure-
from-motion techniques to create a three-dimensional
(3D) model of the exposure wall, following the work-
flow described in Reitman et al. (2015) and Delano et al.
(2021). We described units following Schoeneberger
et al. (2012) (Table S2) and collected four optically stim-
ulated luminescence (OSL) and six radiocarbon (14C)
samples to constrain the ages of the units. OSL dat-
ing was performed on quartz sand (90–250 µm), and
reported ages follow the Central Age Model (Galbraith
et al., 1999) reported to 2σ. Additional details for the 14C
dating can be found in Tables S3 and S4. Additional de-
tails for the OSL sampling and dating can be found in
Table S5 and Mahan et al. (2024).

4 Results

Wemappedmore than 134 fault-related features, which
we associate with active faults or zones of active de-
formation that clearly offset or deform Quaternary de-
posits (Figure 2). Scarps and neotectonic features
are concentrated near coastlines and in river valleys
where Quaternary deposits are preserved (Figure 2).
Most scarps are <1 km in length and sinuous. To-
pographic lineaments observed in steeper topography,
with a likely bedrock control, are up to several kilome-
ters long. Our mapping defined seven onshore faults
that agree broadly with prior fault compilations (e.g.,
Piety et al., 2018; Styron et al., 2020). However, new
mapping provides higher resolution fault location and
geometry. Below, we briefly describe the remote map-
ping observations from lidar-derived topography and
historical aerial photos, with supporting field measure-
ments where we were able to access and document the
fault-related features.

4.1 South Lajas fault
The South Lajas fault (Prentice and Mann, 2005) is an
east–west-trending fault located in southwesternPuerto
Rico, along the southern edge of the Lajas Valley (Fig-
ure 1B). Mapping from <1-m lidar-derived topography
has shown that the South Lajas fault can be traced at
the surface for nearly 24 km along the southern La-
jas Valley (Figure 3). A series of en echelon east-to
northeast-trending fault scarps with primarily down-
to-the-north/northwest but also down-to-the-southeast
senses of motion mark the surface expression of the
fault. Scarps are 1- to 3-m tall with lengths from 200 m

to 1 km.
Where observed in the field, the scarps vertically off-

set young alluvial surfaces by <3 m. At the eastern end
of ourmapping in the Lajas Valley, the scarp is <2-m tall
and faces north to northwest (Figure 4). To the east be-
yond these clear scarps, several subtle breaks in slope
and <20-cm-tall southwest-facing and northeast-facing
scarps with a similar orientation (east– northeast- to
east-trending) are visible in the lidar-derived shaded re-
lief and slope maps crossing several fields. We base
our interpretation of the eastern limit of the South Lajas
fault on these small scarps.
Offset alluvial deposits have been documented at sev-

eral locations along the South Lajas fault. A docu-
mented gully exposure displays vertically aligned peb-
ble to cobble-sized clasts (Figure 5; Roig-Silva, 2010).
Another vertical exposure of northeast-trending nor-
mal faults is ~1.5 km to the west in the Laguna Carta-
gena National Wildlife Reserve and shows alluvial sed-
iments displaced by up to 33 cm (Figure 5; Figure 6
in Roig-Silva et al., 2013). A ground penetrating radar
(GPR) profile near this exposure documents subsurface
offset of reflectors, interpreted to be faults, but the
faults do not appear to displace the surface sediments in
the stream (Roig-Silva et al., 2013). These observations
of northeast-trending normal faults, vertically aligned
clasts within gullies, and offset subsurface reflectors on
GPR profiles correlate with mapped scarps on the lidar-
derived topography, although the faults generally have
a down-to-the-north sense of motion in GPR profiles
whereas the scarps mapped from lidar have a down-
to-the-south sense of motion. This difference in appar-
ent displacement may result from a lateral component
of slip during recent surface-faulting events that would
juxtapose units of different thicknesses or facies against
each other.
Parts of the Lajas Valley have closed depressions,

shallow lagoons, and wetlands, all of which may have
held shallow ephemeral lakes in the past (i.e., Figure 5;
Laguna Cartagena, Guánica Lagoon, Ríos et al., 2012).
However, we do not interpret observed scarps here to
be lacustrine-related because of their variable eleva-
tion and the fact that they are unique to the south-
ern side of the Lajas Valley. Lacustrine-related features
would maintain consistent elevations and would likely
be present throughout the entire valley. Moreover, the
scarps have an en echelon pattern, unlike typical shore-
lines in valleys.
Based on this evidence, we interpret that the South

Lajas fault is characterized by en echelon scarps that ex-
tend for ~24 km along the southern side of the LajasVal-
ley. Shallow subsurface evidence of the fault has been
documented in at least four locations along strike (Pren-
tice and Mann, 2005; Roig-Silva, 2010; Roig-Silva et al.,
2013, this study).

4.1.1 South Lajas Fault - Guanabanas Road Expo-
sure

The South Lajas fault is visible in outcrop where one
of the scarps associated with the fault intersects a road
(Figure 6). We documented this outcrop to corrobo-
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Figure 4 (A) Uninterpreted and (B) interpreted shaded reliefmap of the eastern extent of the South Lajas fault derived from
the 1-m lidar data. Location in Figure 3. (C) Topographic profile of a scarp from southeast (SE) to northwest (NW), indicating
~2 m of vertical separation. Red arrow marks the top of the scarp mapped in the lidar-derived topography. V.E.—vertical
exaggeration. (D) Field photograph, looking northeast along the scarp. Yellow arrowsmark the top of the surface.
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rate the paleoseismic trench observations from Pren-
tice andMann (2005), who trenched the same scarp ~500
malong strike to the southwest. At the road outcrop, the
fault scarp is 1.5-m tall, and intersects the road at a high
angle. The exposure is 25.3-m long and 5.1-m tall. The
road is set into the surface, so the height of the exposure
appears taller than the scarp visible on the surface.
We described and interpreted four sedimentary units

in the exposure (Table 1, Figure 7, and Table S2). Unit
1 is located at the eastern end of the exposure. It is
a brown, angular to subangular pebble-cobble clast-
supportedunit, withweakbedding. The lowermost part
is more clast-supported and was partially obscured by
slope colluvium at the time of our visit. Unit 2 and Unit
1 are separated by a smooth, continuous contact. Unit 2
generally has smaller angular clasts (pebble-sized) and
is more matrix-supported. The modern soil is devel-
oped atop Unit 2 and has a wavy lower boundary with
the parent material. This soil is fine-grained and con-
tains abundant clays and carbonate horizons. Although
the O and A soil horizons were obscured by the expo-
sure height and cover on the eastern side of the expo-
sure, a coarse blocky B/Bk horizon with stage I carbon-
ate (Gile et al., 1966) extended through most of the sec-
tion. Unit 3 is located at the western end of the expo-
sure. It is a brown subrounded to subangular pebble
matrix-supported unit, withweak bedding, and the low-
ermost part of the unit is covered by colluvium. The up-
per part of Unit 3 is well indurated, fine-grained, and
contains clays and carbonate horizons. The top of Unit
3 is a reddish-tan soil, with a wavy lower contact. Unit
4 is located at the top of the exposure. It is dark brown,
moderately indurated, and has more silt with uncom-
mon pebbles. Within Unit 4, we observed extensive bio-
turbation and two pieces of ceramic material. We in-
terpret that Units 1–3 were deposited in an alluvial fan
environment, with the upper part of Unit 1 and Unit
2 broadly correlating with Unit 3, although no marker
beds or distinct features could be correlated across the
outcrop. Unit 4 is a colluvial package that was deposited
at the base of the scarp.
Because of the highly oblique angle between the fault

and the roadcut, we observe the fault plane itself in the
exposure, and the apparent geometry of the fault at this
angle is anastomosing and sub-vertical. The subverti-
cal fault trace and facies mismatch between fan units
indicate a substantial component of oblique slip on the
fault. We also interpret additional fissures ~2 m east
of the primary fault (Figure 7), but it is unclear if these
formed during the same or a different paleoearthquake.
All six radiocarbon samples yieldedmodern ages (Ta-

ble 2). This result is unexpected, given the in situ na-
ture of the samples collected. We suspect the charcoal
samples may be modern material that moved into the
profile through fissures and bioturbation. Although we
were careful to sample in areas apparently free from
bioturbation, there is evidence for bioturbation deep in
the section, and ground fissures and cracking between
peds in the soil profile may have led to deep infiltration
of youngermaterial. Themodern ages in theuppermost
units (sample RC-6; Unit 4 colluvial wedge) agree with
observations of extensive bioturbation and ceramicma-

terial.
OSL ages date the deposition of the alluvial fan units

(Units 1-3) to late Pleistocene (33-15 ka; Table 3; refer
to Supplementary Material Table S5 and Mahan et al.,
2024). The overlying colluvial deposit is dated to 3.9
ka. Quartz was not abundant in the samples, and some
of the samples only yielded enough material for three
aliquots, leading to large uncertainties in the equivalent
dose and resulting sample age.

4.1.2 South Lajas fault history

We interpret a single paleoearthquake from the expo-
sure, similar to what was observed in the paleoseismic
trench (Boquerón) by Prentice and Mann (2005), who
interpreted one Holocene earthquake approximately
5,000 years ago based on limited radiocarbon ages of the
youngest faulted deposits.
Constraining the age of the most recent event re-

mains challenging. Using the four OSL ages from the
Guanabanas road exposure, themost recent earthquake
likely occurred between 4 and 15 ka. However, the pale-
oseismic trench described in Prentice and Mann (2005)
is only 500 m to the southwest. If we assume that the
units are broadly correlative and the same earthquake
ruptured to the surface at each trench, then the pale-
oearthquake timing can be more tightly constrained to
<~5 ka (youngest faulted deposits at Boquerón trench;
Prentice and Mann, 2005) and >4 ka (age of colluvium
overlying fault scarp at Guanabanas exposure) (Figure
8).
The simplest interpretation of the Guanabanas road

exposure is that it records a single event; a recurrence
interval cannot be determined but is likely >20 kyr if the
OSL ages of the fan deposits are 33 ka. Given the relative
lackof dated faulted andunfaulteddeposits in theGuan-
abanas road exposure and the Boquerón trench of Pren-
tice andMann (2005), the recurrence interval of surface
rupturing earthquakes on the South Lajas fault remains
an open question. Using an estimated age of the sur-
face of ~10 ka (radiocarbon ages of 5-7.5 ka, Prentice
and Mann (2005); OSL ages of ~15 ka, this study) and
a maximum vertical separation of ~3 m, the South La-
jas fault has a vertical slip rate of ~0.3 mm/yr. Using the
maximumandminimumpossible ages yields a range of
vertical slip rates between 0.2 and 0.6 mm/yr. However,
given the evidence for an unknown lateral component
as observed by themismatch of alluvial fan units across
the fault at both the Guanabanas road exposure and in
the Boquerón trench and the en echelon stepping pat-
tern of the scarps, the rate of ~0.3mm/yr is likely amin-
imum slip rate.

4.2 Punta Montalva fault
The Punta Montalva fault is a northwest–southeast-
trending fault in southwestern Puerto Rico (Figure 1B
and Figure 9). The fault clearly offsets Oligocene and
Miocene units, including the late Tertiary (~15 Ma)
Ponce Limestone (Roig-Silva et al., 2013). Shallow
geophysical data document a fault in the subsurface
(Adames-Corraliza, 2017). Using GPR and boreholes,
Adames-Corraliza (2017) interpret that the base of the
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Figure5 (A)Uninterpretedand (B) interpreted low-angle shaded reliefmapof the central SouthLajas fault derived from1-m
lidar data. Location in Figure 3. (C) Field photograph, looking northwest (NW) along the scarp. Yellow arrowsmark the top of
the surface. (D) Topographic profile of a scarp from southeast (SE) to NW, indicating ~1.8 m of vertical separation. Red arrow
marks top of scarp mapped in the lidar-derived topography. GPR—ground penetrating radar; V.E.—vertical exaggeration.
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Figure 6 (A) Uninterpreted and (B) interpreted low-angle shaded relief map of the central South Lajas fault derived from
1-m lidar data. Location in Figure 3. (C) Topographic profile of a scarp from southeast (SE) to northwest (NW), recording ~3m
of vertical separation. Red arrowmarks top of scarpmapped in the lidar-derived topography. V.E.—vertical exaggeration.(D)
Field photograph, looking southeast toward the scarp. Yellow arrows mark the top of the surface. Yellow circle marks the
location of the paleoseismic trench from Prentice and Mann (2005).
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Figure 7 Guanabanas road exposure of the South Lajas fault orthomosiac photo derived from structure-from- motion and
interpretation. Location in Figure 6. Unit descriptions are in Table 1 and Table S2, and optically stimulated luminescence
(OSL) ages are in Table 3. Radiocarbon ages are not shown on the figure because all radiocarbon samples returned modern
ages (refer to Table 2, Tables S3 and S4).

Figure 8 South Lajas faulting history, integrating ages and observations from this study (Guanabanas road exposure) and
Prentice and Mann (2005) (Boquerón trench). If units are broadly correlative, themost recent event (MRE) is likely between 4
and 5 ka. cal yr BP—calibrated years before present; ka—thousand years ago; MRE—most recent earthquake.
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Unit Number General Description Interpretation

1 Angular to subangular clast-supported pebble-cobble conglomerate, weakly bedded,
brown Alluvial fan

2
Angular matrix-supported gravelly coarse sand, very weakly bedded, uppermost part is
fine-grained with clays and discontinuous carbonate horizons, brown. Modern soil de-
veloped at top of unit

Alluvial fan

3
Angular matrix-supported gravelly coarse sand, weakly bedded, brown. Top of unit is
well-indurated, fine-grained, matrix-supported with uncommon pebble clasts, discon-
tinuous carbonate horizons

Alluvial fan

4 Dark brown silty sand, uncommon angular clasts, massive bedding Colluvial (wedge)

Table 1 Generalized unit descriptions for the Guanabanas road exposure on the South Lajas fault. Refer to Supplementary
Material for more detailed unit descriptions in Table S2.

14C sample number Depth (m) Organic identification and notes Age (yrs)
GB-RC-1 1.8 1 wood fragment >Modern
GB-RC-2 1.5 4 wood fragments >Modern
GB-RC-3 1.6 6 wood fragments >Modern
GB-RC-4A 0.9 1 charcoal fragment 195 ±15
GB-RC-4B 0.9 1 woody fragment (rootlet?) >Modern
GB-RC-5 0.6 45 charcoal fragments, found pottery shard within sample 195 ±15
GB-RC-6 0.4 5 charcoal fragments 205 ±15

Table 2 Radiocarbon (14C) sample data for theGuanabanas road exposure on theSouth Lajas fault. Refer to Supplementary
Material for more details on plant and wood identification and analytical measurements in Tables S3 and S4.

soil is deformed across a mapped Quaternary deposit
near the center of the fault with an apparent 0.9-m-deep
graben. Three ruptures are interpreted from the for-
mation of the graben and deformation of the base of
soil, with a recurrence interval of 3300 years, assum-
ing a Holocene (~10 ka) age for the alluvial deposits
based on fossil identification within a surface soil sam-
ple (Adames-Corraliza, 2017). Recent mapping on lidar-
derived topography has constrained left-lateral offset of
anundated, intermittent channel to ~133m (Weilert and
Laó-Dávila, 2023). It is not clear how much of the ~133
m apparent offset of the prominent channel is possi-
ble deflection versus tectonic offset. Offshore to the
southeast, mapping on high-resolution bathymetry in-
dicates ~4.8 m of down-to-the-north vertical separation
and up to 98m of left-lateral offset of a reef (Weilert and
Laó-Dávila, 2023) that may be Holocene in age based on
correlation of other reefs on the Parguera insular shelf
(Morelock et al., 1994; Hubbard et al., 1997).
In the lidar-derived topography, the Punta Montalva

fault is expressed as a sharp topographic lineament that
trends ~285◦. Limestone bedrock crops out along most
of the Punta Montalva fault and is responsible for the
strong topographic expression of the fault. Along the
southern section, the fault is expressed as a prominent
bedrock scarp that is 1.5- to 2-m tall, with flat-lying lime-
stone units present in the hanging wall. Several small,
ponded basins are present along the length of the fault
(Figure 9).
There are few young, potentially Holocene, alluvial

surfaces that preserve recent faulting. From the lidar-
derived topography, we mapped and field-checked sev-
eral locations where the fault may offset younger allu-
vial surfaces. At the southeastern end of the fault, sev-

eral alluvial surfaces preserve scarps that are ~20 cm to
1.5 m tall. At site A (Figure 9 and 10), en echelon scarps
that are slightly oblique to the main trace of the fault
trend 310–330◦, are 20–40 cm tall and face both north-
west and southeast. However, the origin of these scarps
remains unclear, and they may be fluvial features or
mantled bedrock features that are in the shallow sub-
surface.
These scarps are within the same ponded basin stud-

ied by Adames-Corraliza (2017), who concluded that the
base of the soil is deformed across these faults. Approx-
imately 500 m to the east, in an alluvial deposit that has
been heavilymodified from agricultural activity (site B),
a small 25-cm-tall northeast-facing scarp is observed in
the lidar-derived topography across two fields and the
road (Figure 10); field observations corroborate a small
northeast drop in the road, but because of thick vege-
tation in the fields and substantial anthropogenic mod-
ification of the surface, we were unable to confirm the
presence of the scarp beyond the road. Near the north-
western end of the fault (site C on Figure 9), there is
a small broad uphill-facing scarp across ponded allu-
vium.
The presence of scarps with opposite facing direc-

tions and en echelon patterns, coupled with the appar-
ently left-laterally offset channel and linear geomorphic
expression, support the interpretation that the fault is
likely primarily strike-slipwith a down-to-the-northeast
vertical component. Although the alluvial surfaces are
undated, the expression of small (<0.5 m) scarps in
these young surfaces supports the designation of a late
Pleistocene or Holocene fault activity.
Moreover, the fault location and left-lateral kinemat-

ics observed in the landscape agreewith seismicity (epi-
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Figure 9 (A) Uninterpreted and (B) interpreted slopemap of the PuntaMontalva fault derived from 1-m lidar data. Location
in Figure 3. LL—left lateral; NE—northeast. Circled letters are sites described in text.
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OSL sample
number

Depth
(m)

Water
Contenta
(%)

Kb (%) Ub

(ppm)
Thb

(ppm)

Dose
Ratec
(Gray/Ka)

nd
over
disper-
sion

CAM
De

e

(Gray)

CAM
Age (ka)

GB-1 1.1 6 0.87 ±
0.017

0.48 ±
0.014

1.56 ±
0.08

1.02 ±
0.03 3(3) 0 % 15.0 ±

5.8
14.8 ±
5.7

GB-2 1.6 10 0.74 ±
0.015

0.59 ±
0.018

1.77 ±
0.09

0.89 ±
0.03 15(37) 42 % 29.4 ±

3.4
33.2 ±
3.9

GB-3 0.9 10 0.67 ±
0.013

0.65 ±
0.02

2.42 ±
0.12

0.88 ±
0.02 6 (15) 79% 13.3 ±

4.4
15.0 ±
5.0

GB-4 0.6 10 0.77 ±
0.015

0.60 ±
0.018

2.28 ±
0.11

0.96 ±
0.03 11(35) 64% 3.81 ±

0.76
3.97 ±
0.80

Table 3 Optically stimulated luminescence (OSL) sample data for theGuanabanas road exposure on the South Lajas fault. a
Refer to Mahan et al. (2024) for additional notes onWater Content Calculations. b K, U, and Th determined by high-resolution
Ge gamma spectroscopy or inductively coupled plasmamass spectrometry (ICP-MS). c Environmental Dose Rate, calculated
using the Dose Rate Age Calculator (Durcan et al., 2015). d Number of aliquots meeting acceptance criteria, total number of
aliquots measured in parentheses. e CAM – Central Age Model calculated following. Galbraith et al. (1999); Refer to Mahan
et al. (2024) for additional details.

center locations and focal mechanisms) observed dur-
ing the 2019-ongoing seismic sequence (e.g., Blasweiler
et al., 2022; Yoon et al., 2023).

4.3 Cerro Goden fault zone
The Cerro Goden fault zone is located inwestern Puerto
Rico and generally strikes east and dips south (Fig-
ure 1B). It is associated with a topographic lineament
along the base of Cerros de San Francisco mountains
and in Añasco Valley (McIntyre, 1971). Offshore, the
fault is mapped based on offset seafloor sediments es-
timated to be late Quaternary age (Grindlay et al., 2005).
The fault has previously been proposed to be Quater-
nary active, but definitive evidence of Quaternary ac-
tivity remains elusive. Using aerial photos, Mann et al.
(2005) identified aligned and deflected drainages, off-
set terrace risers, and uphill facing scarps. Six pa-
leoseismic trenches revealed limited evidence of sur-
face rupture, although a mountain-facing paleoscarp is
visible in the subsurface with unfaulted Holocene flu-
vial sediments against the paleoscarp (Zachariasen and
von Hillebrandt-Andrade, 2005). At one trench (ES1),
the overlying unfaulted alluvium had conventional ra-
diocarbon ages of 3890±40 yr BP and 2330±40 yr BP
(calibrated age ranges of 2470–2200 B.C. and 420–370
B.C., respectively; Zachariasen and von Hillebrandt-
Andrade (2005). Trench ES2 revealed subtle evidence
of Holocene faulting, including vertically rotated peb-
bles, truncationof beds, andprogressivedeformationof
Holocene units with proximity to the interpreted fault
and uphill facing scarp. However, Zachariasen and von
Hillebrandt-Andrade (2005) presented an alternative in-
terpretation of the apparent uphill facing scarp as a but-
tress unconformity based on clays that were not offset
at the base of the trench. Another trench revealed un-
faulted sediment <1000 years old, although these pa-
leoseismic trenches do not coincide with any obvious
scarps in the lidar data. Paleoliquefaction features from
the Río Grande de Añasco and Río Culebrinas (Figure
2) date to 1300–1508 A.D. and >1670 A.D. and are inter-
preted as the result of a M>6.5 earthquake on the Cerro
Goden or other unknown or offshore fault (Tuttle et al.,

2005).
From the lidar-derived topography, we mapped

scarps and topographic lineaments that generally trend
east–west with a down-to-the-south sense of displace-
ment (Figure 11, Figure 12). Many of these scarps have
been modified by development over the last several
decades and are now preserved as prominent steps of
up to 5 m between rows of houses (Figure 11C). Far-
ther east, along the Río Grande de Añasco, a terrace dis-
plays potential backtilted geometry along the trace of
the fault (Figure 11D). To the west, smaller sinuous, dis-
continuous scarps (<1.5-m tall) face south and aremodi-
fiedbyhumandevelopment. At least oneof these scarps
coincides with a prominent vegetation lineament in the
historical imagery (Figure 11B). Field-verification of the
scarps was challenging due to landscape modification
and thick vegetation, but prominent topographic steps
in heavily developed areas coincide with the mapped
scarps on the lidar data.
Clear evidence of late Pleistocene or Holocene activ-

ity of the Cerro Goden fault remains equivocal, in part
because of the extensive landscape modification along
the most prominent topographic scarps and the lack of
dated faulted surfaces. However, the presence of to-
pographic scarps across alluvial fans and terraces (this
study), changes in channel planforms, concentrations
of paleoliquefaction features (Tuttle et al., 2005), and
changes in landscapemetrics (e.g., normalized channel
steepness, chi, and asymmetry factor) (Galíndez, 2018)
indicate some Holocene activity on the fault. Offshore
to the west, the Cerro Goden fault is interpreted to be
Holocene-active based on displaced reefs in Bahía de
Mayagüez (Grindlay et al., 2005).
Using a scarp vertical separation of ~1.4 m (the maxi-

mum scarp height observed that is not extensivelymod-
ified; Figure 12D) and assuming a maximum 10 ka age
for the alluvial plain deposits, we calculate a vertical
separation rate of 0.14 mm/yr. The Cerro Goden has
been proposed to have a right-lateral component (Mann
et al., 2005; Grindlay et al., 2005), butwithout clearly off-
set geomorphic markers, we cannot determine the lat-
eral slip rate; thus, this rate is likely a minimum fault
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Figure 10 (A) Uninterpreted and (B) interpreted low-angle shaded relief map of the southeastern Punta Montalva fault de-
rived from 1-m lidar data. Location in Figure 9. (C) Field photograph, looking northeast toward the scarp. Red arrows mark
the top of the surface, red linemarks the base of the scarp, and the face of the scarp is noted by yellow lines. Person for scale.
(D) Topographic profile of three scarps across a small alluvial basin, recording ~1 m of total vertical separation, if surfaces
are correlative. (E) Topographic profile of a scarp across a cultivated field, recording ~0.25 m of down-to-the-northeast (NE)
vertical separation. Red arrow marks top of scarp mapped in the lidar-derived topography. SW —southwest; V.E.—vertical
exaggeration.

14 SEISMICA | volume 3.1 | 2024



SEISMICA | RESEARCH ARTICLE |

Figure 11 (A) Uninterpreted and (B) interpreted slope map of the eastern Cerro Goden fault derived from 1-m lidar data.
Location in Figure 2. (C) Topographic profile of a possible backtilted terrace near the fault. (D) Topographic profile of a heavily
modified scarp through a neighborhood, recording up to 5m of down-to-the-south vertical separation. Red arrowmarks top
of scarp mapped in the lidar-derived topography. RL—right lateral; V.E.—vertical exaggeration.
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Figure 12 (A) Uninterpreted and (B) interpreted slope map of the western Cerro Goden fault derived from 1-m lidar data.
Location in Figure 2. (C) Topographic profile from southwest (SW) to northeast (NE) of a subtle scarp recording ~0.3 m of
down-to-the-south vertical separation. (D) Topographic profile from south (S) to north (N) of a modified scarp, recording up
to 1.4 m of down-to-the-south vertical separation. Red arrow marks top of scarp mapped in the lidar-derived topography.
V.E.—vertical exaggeration.
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slip rate.

4.4 Salinas fault

The Salinas fault is located in southern Puerto Rico
(Figure 1B), and generally trends east–west for ~22
km (Piety et al., 2018; Geomatrix Consultants, 1988).
Glover (1971), based on unpublished gravity studies,
mapped the Salinas fault as south-dipping with an 80◦

dip and normal (south down) kinematics. Geomatrix
Consultants (1988) identified east–west and northwest–
southeast-trending topographic scarps and lineaments,
and using only estimated ages for alluvial surfaces, sug-
gested that the fault has not ruptured in the Holocene
but that late Quaternary (<35,000 yrs) rupture could
have occurred. Subsequent mapping on lidar-derived
topography and fault trenching (Piety et al., 2018)
demonstrated that the Salinas fault is Holocene-active.
Dated offset stratigraphy in a paleoseismic trench in-
dicates at least two earthquakes: based on OSL ages,
the penultimate earthquake occurred between 10.4 and
2.04 ka, and the most recent earthquake occurred be-
tween 2.66 and 2.04 ka (Piety et al., 2018). Based on con-
flicting 14C ages, the penultimate earthquake occurred
>14 ka and the most recent earthquake occurred 8–14
ka (Piety et al., 2018). Piety et al. (2018) also estimates a
recurrence interval of ~4000 yrs based on OSL.
In the lidar-derived topography, prominent scarps

and topographic lineaments trend east–west and are
300-m to 3.5-km long. Scarps are between 0.5–3.5-m-tall
and faceprimarily south–southwest, with several north-
facing scarps. Most of the fault zone has been well
mapped by Piety et al. (2018) (Figure 13), butwemapped
a few additional fault and fold scarps at the western end
of the fault zone (Figure 14). The fold scarps have east-
west orientations and are along strike of the mapped
fault scarps in this study and Piety et al. (2018). On the
lidar-derived topography, the fold scarps are expressed
as broadwarps that are 100–200-mwide, <1-m-tall, have
an overall down-to-the-south displacement. The fold
scarps can be seen as bends in the fabric of the agri-
cultural fields. These fold scarps also coincide with
changes in the channel planform of Río Inabón. Be-
cause of the uncertain origin of these fold scarps, we
suggest theymay represent a westward extension of the
Salinas fault but further work would be beneficial to as-
sess their origin and relationship to the mapped fault
scarps to the east. We were unable to assess these fold
scarps in the field.
In the field, at the western end of the Salinas fault

zone near Fort Allen, scarps face south and are <1.2-m
tall (Figure 15). The upper faulted surface appears to be
heavily modified and may have been altered to serve as
a canal system along the top edge of the scarps. Regard-
less, along strike within unmodified areas, the scarp
persists with a similar magnitude of vertical offset as
measured from the lidar-derived DEM. The scarps steps
~100m to the southbefore continuing eastwith a similar
orientation and vertical offset magnitude. Closer to the
eastern end of the fault near the town of Salinas, scarps
still face south but are slightly larger (<3-m tall).
We suggest the Salinas fault is at least 23- to 28-

km long, with a primarily normal sense of movement,
based on the presence of scarps, as well as tonal and
topographic lineaments with a clear down-to-the-south
displacement that are consistent with gravity data. Us-
ing scarps with vertical separations generally around 2
mandanassumedageof 10 ka for the offset geomorphic
surfaces, we estimate a slip rate of ~0.2 mm/yr, consis-
tent with estimates from Piety et al. (2018). Mismatches
between stratigraphy across the fault within the pale-
oseismic trench (Piety et al., 2018) indicates a lateral
component, and Piety et al. (2018) propose left-lateral
movement based on a single apparently displaced chan-
nel. However, we interpret that within a kinematic
framework, the fault is right-lateral to be consistent
with the South Lajas fault along strike.

4.5 Great Southern Puerto Rico fault zone

The active Great Southern Puerto Rico fault zone
(GSPRFZ) is located at the southeastern part of Puerto
Rico andmay span northwest to the northwestern coast
near Aguadilla, trending N70W (Figure 1B). Because we
do not observe evidence for young faulting in themoun-
tains, our focus is on the southernmost extent of the
GSPRFZ. Near the southern coast, the fault zone is ~2
kmwide and has twomain fault strands: the Río Jueyes
and the Esmeralda faults (Piety et al., 2018). Near Cen-
tral Aguirre, northwest-trending scarps that face both
southwest and northeast cross alluvial deposits and can
bemapped for a total distance of 8 km (Piety et al., 2018).
A paleoseismic trench across the GSPRFZ revealed a 3-
m-wide, 60 − 70◦ south-dipping fault zone (Piety et al.,
2018). Offset units and scarp-derived colluvium in the
trench document evidence for two surface ruptures, but
earthquake timing remains unconstrained.
In the lidar-derived topography, scarps and topo-

graphic and tonal lineaments associated with the
GSPRFZ generally strike west–northwest and vertically
offset mapped Quaternary alluvial surfaces (Figures 16,
17), characterized as alluvial fans and piedmont allu-
vial gravels, likely of late Pleistocene to Holocene age
(Berryhill Jr., 1960; Glover, 1961a,b). Scarps primar-
ily face southwest but a few scarps face northeast, and
range in length from 500m to 1.8 km, for a totalmapped
fault zone length of ~17 km.
In the field, we observed scarps that range in height

from <0.5 m to 2.5 m. At the southeastern end, a
northeast-facing scarp has <2 m of vertical separation
but is heavily modified, leading to large uncertainties
on the scarp orientation and total vertical offset (Fig-
ure 16). This scarp aligns with a linear boundary in the
bedrock to the northwest. To the west of the bedrock
hills, a southwest-facing 1- to 2-m-tall scarp continues
to the northwest across several agricultural fields (Fig-
ure 16). This scarp was trenched by Piety et al. (2018),
who found evidence for one paleoearthquake with an
inferred Holocene age. A few hundred meters to the
northwest but offset by 200 m, tonal contrasts with
approximately the same orientation trend northwest
across several fields. At the northwestern end of the
mapped scarps, directly north of the primary east–west
highway along the southern coast (PR-52), we observed
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Figure 13 Overview of fault-related features mapped in southwestern Puerto Rico. Location shown on Figure 2. Paleo-
seismic trenches are from Piety et al. (2018). Background image is a blend of GoogleEarth imagery converted to grayscale
overlain on a shaded relief map derived from the <1-m lidar data.

a 1-m-tall southwest-facing scarp that offsets Quater-
nary alluvial fans (Figure 17). Incised channels are pos-
sibly right-laterally offset or deflected by <10m, indicat-
ing the fault likely accommodates oblique motion dur-
ing the Quaternary.
The GSPRFZ has been documented in paleoseismic

trenches (Piety et al., 2018) and has clear northeast-
and southwest-facing scarps throughmapped late Pleis-
tocene and Holocene deposits in addition to tonal lin-
eaments along strike at the same orientation. Based on
these observations,we suggest at least the southeastern-
most 17 km of the GSPRFZ is Holocene-active. Using an
average vertical separation of ~2 m and an assumed 10
ka age of the deposits, the GSPRFZ has a vertical sepa-
ration rate of 0.2 mm/yr. The fault likely has a lateral
component based on orientations and facing directions
of scarps, a mismatch in stratigraphy across the fault
in the trench (Piety et al., 2018), and interpreted left-
lateral offset of older bedrock units (Glover, 1971). Our
observations would support right-lateral displacement,
whereas older bedrock relationships indicate the fault
accommodated left-lateral motion in the past (Glover,
1971). Regardless of the direction of lateral displace-
ment, 0.2 mm/yr is likely a minimum fault slip rate.

4.6 San Marcos fault

The San Marcos fault is located in south-central Puerto
Rico, and trends east–west (Figure 1B). The fault is best
expressed as two prominent topographic scarps (Fig-
ure 18) in the El Madrigal area (Geomatrix Consultants,
1988). Krushensky and Monroe (1975, 1979) originally
mapped the fault as a 3.8-km-long normal fault with
down-to-the-south displacement in Oligocene bedrock.
The eastern end of the fault is mapped as buried un-
der alluvium from the Río Portugués, and the western
end of the fault is truncated by a north-trending fault
in the Río Cañas valley (Krushensky andMonroe, 1979).
Geomatrix Consultants (1988) extend the fault farther
east and west with a length of ~11 km based on photo-
lineaments and field studies, but suggest the scarps ob-
served in the field may be erosional fault-line scarps.

However, they did observe that the fault displaced units
estimated as Pliocene to early Pleistocene, but that the
fault also likely has not ruptured in the last 35 ka. This
interpretation was supported by terrace correlations
which indicate the terraces upstream and downstream
from the fault along the Río Portugués are not displaced
(Geomatrix Consultants, 1988).
Development north of Ponce has obscured fault-

related features in the lidar data; regardless, clear to-
pographic steps are visible both in the lidar and field,
represented by steps in the rows of houses. In the lidar-
derived topography, scarps are between 150-m and 1.5-
km long and are generally linear and along strike of
each other, for a total length of ~16 km. Scarp heights
vary from 0.4–7 m and are down-to-the-south. The
scarps (Figure 18) can be traced across Quaternary al-
luvium and terraces interpreted to be Pleistocene and
Holocene along the Río Pastillo, Río Cañas, and Río Por-
tugués (Krushensky and Monroe, 1975, 1978) and have
lower vertical displacements on apparently younger
geomorphic surfaces (profile p14 in youngest terrace
above modern river).
Future work would be beneficial to better document

the fault trace and date deposits to determine slip rates
and fault activity. We were unable to locate the outcrop
described in Geomatrix Consultants (1988) that docu-
ments faulted Pliocene or early Pleistocene deposits for
dating, but several other terrace surfacesmay be poten-
tial future targets for geochronology.

4.7 Parguera fault

Along the southwestern coast, we mapped a series of
east–west- andwest-northwest–east-southeast-trending
scarps and topographic and tonal lineaments (Figures 3,
19, 20). The scarps range in length from200m to 2.5 km.
In the lidar-derived topography, the scarp heights range
from 20 cm to 4 m, displacing alluvial fan surfaces.
We observed the scarps in alluvium at four differ-

ent sites in the field. Where observed in the field, the
scarpheights are commonly 20 cmup to 3.5m, although
heavy vegetation and extensive anthropogenic modifi-

18 SEISMICA | volume 3.1 | 2024



SEISMICA | RESEARCH ARTICLE |

Figure 14 (A) Uninterpreted and (B) interpreted slope map of the western end of the Salinas fault derived from 1-m lidar
data. Location in Figure 13. E-W—east-west.
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Figure 15 (A) Uninterpreted and (B) interpreted shaded relief map of the western Salinas fault derived from 1-m lidar data.
Location in Figure 13 and 14. (C) Field photograph, looking north along the road that intersects the scarp. (D) Topographic
profile from north-northeast (NNE) to south-southwest (SSW) of a modified scarp, recording ~1.2 m of down-to-the-south
vertical separation. Red arrowmarks top of scarp mapped in the lidar-derived topography. V.E.—vertical exaggeration.
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Figure 16 (A) Uninterpreted and (B) interpreted slope map of the Great Southern Puerto Rico fault zone derived from 1-
m lidar data. Location in Figure 13. Insets show topographic profiles of two scarps, recording ~1 to 2 m of down-to-the-
southwest and down-to-the-northeast vertical separation. In the insets, red arrows marks top of scarp mapped in the lidar-
derived topography and V.E. stands for vertical exaggeration. (C) Field photograph of a 1.2-m-tall down-to-the-southwest
scarp, trenched by Piety et al. (2018). Red arrows mark the top of the scarp. The photograph is looking at the scarp face,
marked by the yellow lines. (D) Field photograph of a 2-m-tall down-to-the-northeast scarp. Red arrowmarks top of scarp.
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Figure 17 (A) Uninterpreted and (B) interpreted slope map of the Great Southern Puerto Rico fault zone derived from 1-m
lidar data. Location in Figure 13. Inset shows topographic profile from northeast (NE) to southwest (SW) of a scarp, recording
~1 m of down-to-the-southwest vertical separation. Red arrow marks top of scarp mapped in the lidar-derived topography.
RL—right lateral; V.E.—vertical exaggeration.
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Figure 18 (A) Slope map derived from 1-m lidar data and (B) historical aerial imagery from 1962 of the San Marcos fault.
Location in Figure 13. Location of faulted Pliocene-early Pleistocene gravels from Geomatrix Consultants (1988). (C) Topo-
graphic profile fromnorth (N) to south (S) across a terrace of the Rio Cañas, recording possible <0.5-m-tall down-to-the-south
scarp. (D) Topographic profile across the possible fault scarp in the El Madrigal neighborhood, which has been heavily mod-
ified, showing possible 5 to 7 m of down-to-the-south displacement. Geomorphic mapping modified from Krushensky and
Monroe (1975) and Krushensky and Monroe (1978). Red arrow marks top of scarp mapped in the lidar-derived topography.
V.E.—vertical exaggeration.
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cation obscure the scarp at some locations. At one site,
we observed a down-to-the-south scarp that vertically
offsets an alluvial fan by 20-40 cm, butmost sites record
1 to 2 m of vertical separation (Figures 19, 21). Near
the western extent of the scarps in the town of La Par-
guera, a prominent step in the landscape is visible and
can be traced west into an undeveloped region (Figure
20). However, because of dense vegetation, wewere un-
able to verify scarp heights in the field. At the eastern
endof LaParguera, a broad scarp face is visible crossing
a field, and generally coincides with a mapped bedrock
fault (Figure 21; Volckmann, 1984).
Despite the fact that these scarps parallel the coast,

we do not interpret them to be related to sea-level
change because (1) scarp heights vary and the scarp
trace changes elevation along the coast; (2) the scarps
clearly offset alluvial surfaces, and it is unlikely a relict
coastline would be draped with alluvial material so uni-
formly; (3) along strike of the scarps, we observe to-
pographic (saddles in ridges, linear ridges) and tonal
lineaments; and (4) several lines of scarps coincide
with mapped bedrock faults that are depicted as con-
cealed under the Quaternary alluvium (Volckmann,
1984). Given that scarps exist in the Quaternary allu-
vium, we interpret that the faults may have been reac-
tivated during the late Pleistocene or Holocene. More-
over, the presence of mangroves along the coast indi-
cates possible subsidence of the region to the south of
the scarps (Figures 19, 20), which agrees with the sense
of motion observed on the scarps.
Therefore, we interpret these scarps to have a tec-

tonic origin and represent late Pleistocene faulting
along an east–west-trending fault, hereafter termed the
Parguera fault. Future studies of the apparent scarps in
the alluvium reported herewould be beneficial to deter-
mine their origin and significance.

4.8 Great Northern Puerto Rico fault zone

The Great Northern Puerto Rico fault zone (GNPRFZ;
Figure 1B) is a bedrock structure (M’Gonigle, 1978) de-
fined by prominent topographic lineaments and linear
range fronts. No definitive evidence for Holocene mo-
tion along the Cerro Mula fault of the GNPRFZ (Figure
1B); has been reported (Pase, 2007). Six paleoseismic
trenches along different strands of the GNPRFZ have
not yielded definitive evidence for late Pleistocene or
Holocene rupture (Pase, 2007; Joyce, 2008; Williams As-
sociates, 2008). One paleoseismic trench, the Peña Po-
bre East trench, records faulting of volcaniclastic units,
but none of the fault strands extend upwards into the
overlying younger alluvial units (Pase, 2007). Paleoliq-
uefaction features were not found during a survey of
rivers draining the northeast and east coasts (Tuttle,
2006), butwere observed along the northern coast at the
Río Grande de Manatí and may record up to three large
ground-shaking events over the last 5,000 years (Figure
2; Tuttle et al., 2005). Although sedimentary conditions
appear to be favorable along the Río Blanco, one of the
main rivers draining the region of the Great Northern
Puerto Rico fault zone, no paleoliquefaction features
were observed (Figure 2; Tuttle, 2006; Pase, 2007).

In the lidar-derived topography, we identified several
scarps and alignments of channel deflections that we
could not definitively attribute to tectonic activity, al-
though these features are near the inferred location of
the Peña Pobre fault under Quaternary alluvium (Fig-
ure 22; M’Gonigle, 1978). Along the Río Peña Pobre, a
20- to 50-cm-tall south-facing scarp is visible across the
lowest terrace. Across the river to the east, an align-
ment of northeast channel deflections near an 8- to 10-
m-tall north-facing scarp is at a similar northeast ori-
entation (Figure 22). These scarps are most likely flu-
vial terrace risers, because their orientations and sizes
appear to most likely indicate a fluvial, rather than tec-
tonic, origin. No scarps or other fault-related features
were mapped on the lidar data farther east across the
Río Blanco alluvial plain along the eastward continua-
tion of the Peña Pobre fault trace, nor to the west near
the Cerro Mula fault trace that was previously trenched
(Pase, 2007).
The available data suggests the GNPRFZ has not

hosted amajor surface-rupturing earthquake in the late
Pleistocene or Holocene; however, these observations
do not preclude moderate events that may not have a
preserved surface record. Moreover, the wetter climate
and steeper terrain in this part of the island creates con-
ditions that are less ideal for fault scarp preservation
than in the southwestern part of the island.

4.9 San Francisco fault
The San Francisco fault trends east-west across the
south-central part of Puerto Rico. In the landscape,
the fault is expressed as prominent east-west linear val-
leys and ridges. Previous geologic mapping documents
juxtaposed Cretaceous rocks against late Tertiary Ponce
Limestone (Monroe, 1980). In addition, focal mecha-
nisms from the 2019–ongoing seismic sequence indi-
cate the San Francisco fault may have been reactivated
during the sequence (ten Brink et al., 2022), although
correlating seismicity with specific faults has remained
ambiguous (e.g., Yoon et al., 2023). Mapping and obser-
vations from roadcuts and outcrops reveal evidence of
possible recent faulting and definitively older faulting
of Tertiary strata (Torres Angleró, 2021). However, the
interpreted colluvial units remain undated. Our analy-
sis of the lidar-derived topography did not definitively
document any offset Quaternary deposits along the in-
terpreted bedrock fault. Based on the existing geologic
mapping (Grossman, 1963; Monroe, 1980; Torres An-
gleró, 2021) and our new remote mapping, we interpret
that the San Francisco faultmay not be active during the
lateQuaternary. Additionalwork tomapQuaternary de-
posits along the fault in more detail would be helpful to
assess if they could be faulted.

5 Discussion

5.1 Mapping context
Several factors may affect the mapped distribution of
young faultswe report here, including extensive anthro-
pogenic modification, steep terrain with widespread
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Figure19 (A)Uninterpretedand (B) interpreted low-angle shaded reliefmapof the eastern extent of theParguera fault zone
derived from 1-m lidar data. Bedrock fault is mapped in Volckmann (1984). Location in Figure 3. S—south.

25 SEISMICA | volume 3.1 | 2024



SEISMICA | RESEARCH ARTICLE |

Figure 20 (A) Uninterpreted and (B) interpreted low-angle shaded relief map of the Parguera fault zone derived from 1-m
lidar data. Mapped bedrock fault from Volckmann (1984). Location in Figure 3. S—south.
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Figure 21 (A) and (B) topographic profiles from north (N) to south (S) showing 1 to 2m of vertical separation across alluvial
surfaces on the Parguera fault. Red arrowmarks top of scarpmapped in the lidar-derived topography. V.E.—vertical exagger-
ation. Locations of profiles shown in Figure 19. (C) Uninterpreted and (E) interpreted field photograph showing the 2-m-tall
scarp in the La Parguera Nature Reserve. Location of field photographs shown in Figure 19. (D) Uninterpreted and (F) inter-
preted field photograph showing a broad scarp face in a field at the east end of the town of La Parguera. This scarp broadly
coincides with a mapped bedrock fault trace. Location of field photograph shown in Figure 20.
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Figure 22 (A) Uninterpreted and (B) interpreted low-angle shaded relief map of the Peña Pobre area of the Great Northern
Puerto Rico fault zone derived from <1-m lidar data. Approximate mapped trace of the Peña Pobre fault (dashed black line)
under alluvium fromM’Gonigle (1978). Brown line marks topographic lineament. Location in Figure 2.
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landsliding, faults with slow (<1 mm/yr) slip rates, and
strong bedrock expression in the landscape thatmay re-
sult in confusion between younger and older faulting.
Most of the faults mapped in this study are located near
the edges of the island, which is likely a consequence of
the preservation of Quaternary deposits in the coastal
and alluvial plains as well as the presence of river val-
leyswide enough to host flights of fluvial terraces. How-
ever, the perimeter of the islandhas also been culturally
modified by agriculture and development, which may
mask evidence of recent faulting. Within the interior
of the island, the steep terrain coupled with landsliding
may erase records of surface rupture.
Puerto Rico has a long-lived faulting history (Mann

et al., 1995). Older faults and juxtapositions of differ-
ent bedrock units create strong persistent lineaments
across the landscape. These lineaments do not neces-
sarily represent active faults. Moreover, the slow slip
rates and long recurrence intervals (potentially several
to tens of thousands of years) of many of the faults,
derived from geodesy (e.g., Calais et al., 2016; Jansma
et al., 2000) and field studies (e.g., Prentice and Mann,
2005; Piety et al., 2018), may result in the muted or ab-
sent geomorphic expression of active faults.
Despite these challenges and limitations, alluvial sur-

faces, especially along the southern coast, preserve
clear evidence of active faulting. We cannot rule out
that active faulting may continue into higher relief por-
tions of the island (e.g., northwestern projection of the
GSPRFZ).Moreworkwould be beneficial to test this idea
because of the challenges described above.

5.2 Distribution of active faulting in Puerto
Rico

Most of the Quaternary active faults we map coincide
only generally with larger and older known fault zones.
For example, the GSPRFZ only clearly displaces Quater-
nary deposits at its southeasternmost onshore extent,
yet a much longer fault system that was active in the
Cenozoic stretches northwest–southeast across the en-
tire island (Glover, 1971; Hays, 1985). In another exam-
ple, the scarps we map along the South Lajas fault zone
do not align with the geomorphic rangefront along the
valley margin. Instead, scarps along the South Lajas
fault are generally basinward and in an echelon pattern
removed up to several kilometers from the rangefront
(Figure 5). One possible explanation for the apparent
mismatchbetween recent andolder faulting is thatQua-
ternary faulting represents partial reactivation of exist-
ing faults, especially along the southern coast. Geode-
tic studies and the 2019–present seismic sequence show
that deformation is focused along the southwestern cor-
ner of the island (Solares, 2019; ten Brink et al., 2022;
Blasweiler et al., 2022; Yoon et al., 2023), and the mod-
ern strain field overprinted on older structures may ac-
count for the en echelon, discontinuous, and displaced
map pattern of active faults and apparently different
modern kinematics in comparison to older fault zones.

5.3 UpdatedQuaternary faultmap forPuerto
Rico

Following the precedent set in the Quaternary fault and
fold database (QFFD), we classified faults based on the
evidence for the presence and Quaternary activity of
a fault (e.g., Crone and Wheeler, 2000; U.S. Geological
Survey, 2023). Under this classification, Class A faults
have strong geologic evidence for Quaternary activity of
a fault with tectonic origin. Class B faults have weak or
equivocal geologic evidence that demonstrates the ex-
istence of a Quaternary active fault, with a broad un-
certainty in age constraints. Class C faults have insuf-
ficient geologic evidence to demonstrate either the ex-
istence of a tectonic fault orQuaternary deformation as-
sociated with the feature. Using this template, we clas-
sify the faults onPuertoRico into 5ClassA faults, 3 Class
B faults, and 2 Class C faults (Figure 23, Figure 24; Table
4).
In addition to assigning general confidence of Qua-

ternary activity, we also assigned ranges of slip rates
to faults with strong evidence for late Pleistocene and
Holocene activity. We adopted ranges of slip rates
slightly modified from those in the QFFD as follows:
<0.5, 0.5–1, 1–5, and >5 mm/yr. The original QFFD slip
rate bins are <0.2, 0.2–1, 1–5, and >5 mm/yr. A few
studies report either slip rate or recurrence in Puerto
Rico (e.g., Prentice and Mann, 2005; Piety et al., 2018);
where known, we assigned a slip rate based on the avail-
able literature. Where slip rates were unknown, we es-
timated the rate based on geomorphic expression, ver-
tical separation on scarps, and the age of the deposits.
Commonly, we assumedamaximumHolocene age of 10
ka for young deposits near dated geomorphic surfaces
(e.g., along the South Coast for the South Lajas, Sali-
nas, Punta Montalva, and Great Southern Puerto Rico
faults). For example, on the Salinas fault, using a verti-
cal separation of 2 m and a maximum age of 10 ka for
the surface, we estimate a vertical separation rate of 0.2
mm/yr. Given that many of these faults also include an
unknown lateral component (e.g., South Lajas, Prentice
andMann, 2005; Salinas, Piety et al., 2018; CerroGoden,
Mann et al., 2005), if we assume equal amounts of verti-
cal and lateral offset per event, this equates to an over-
all slip rate of ~0.3mm/yr. Therefore, wewould assign a
slip rate range from 0 to 0.5mm/yr to encompass uncer-
tainties in the age,magnitudeof vertical separation, and
vertical to lateral slip ratio. All faults onshore Puerto
Rico fall into this lowest categorical slip rate bin (0–0.5
mm/yr), consistent with the overall low geodetic rate (3
±2 mm/yr) measured across the island when summed
(e.g., Jansma andMattioli, 2005). We do not assign a slip
rate bin to Class B and C faults.

5.4 Implications & Applications
Our lidar-based mapping and Quaternary active fault
compilation confirms the presence of active faults that
have been recognized in past studies (e.g., Piety et al.,
2018; Styron et al., 2020), andwe refine the locations and
extents of these faults. We also report evidence for pre-
viously unrecognized scarps along the southern coast.
The faults mapped in this study were considered for
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Figure23 Quaternary faultmapofonshorePuertoRico, depicting tracesof fault-related features, class (strengthof geologic
evidence for a Quaternary-active fault), and the timing of fault activity based on displaced dated deposits and geomorphic
expression. The San Francisco fault is not shown because no fault-related features weremapped along the fault on the lidar-
derived topographic data. Background image is a shaded reliefmap derived from the 10-mNational Elevation Dataset digital
elevation model (available at https://apps.nationalmap.gov/downloader/).

Figure 24 SimplifiedQuaternary faultmapof onshore Puerto Rico, depicting simplified traces of fault-related features from
this study andprevious studies (Piety et al., 2018; Styron et al., 2020; Thompson Jobe et al., 2024b), class (strength of geologic
evidence for a Quaternary-active fault), and the timing of fault activity based on displaced dated deposits and geomorphic
expression. Background image is a shaded relief map derived from the 10-m National Elevation Dataset digital elevation
model (available at https://apps.nationalmap.gov/downloader/).
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Fault Name Class Age of Fault Activity Categorical Slip Rate Bin (mm/yr)
South Lajas A Latest Quaternary (<15 ka) 0-0.5
Salinas A Latest Quaternary (<15 ka) 0-0.5
Great Southern Puerto Rico – southeast extent A Latest Quaternary (<15 ka) 0-0.5
Punta Montalva A Latest Quaternary (<15 ka) 0-0.5
Cerro Goden A Latest Quaternary (<15 ka) 0-0.5
Great Southern Puerto Rico – northwest extent B Undifferentiated Quaternary (<2.6 Ma)?
Parguera B Latest Quaternary (<15 ka)?
San Marcos B Late Quaternary (<130 ka)?
Great Northern Puerto Rico C
San Francisco C

Table 4 Classification, age of fault activity, and categorical slip rate bins for onshore faults in Puerto Rico.

inclusion in the upcoming U.S. National Seismic Haz-
ard Model (NSHM) 2025 update for Puerto Rico and the
U.S. Virgin Islands if the evidence met NSHM criteria
(Thompson Jobe et al., 2024b). Although mapped fault
traces are generally discontinuous and en echelon (Fig-
ure 23), we interpret that they represent the surficial ex-
pression of the same seismogenic fault at depth (Figure
24), and in the context of the NSHM update, the com-
plex surface traces we report here were greatly simpli-
fied (Thompson Jobe et al., 2024b).
Ourmapping provides context for further active fault

research, such as slip rate studies or assessments of
earthquake histories from paleoseismic trenching (Fig-
ure 23). Additional studies on faults that transect the in-
terior of the island are warranted to test the alternative
hypotheses that modern deformation is focused along
the western and southern coasts or that active faulting
may cross the island.

6 Conclusion
Wemapped fault-related features from 1-m lidar topog-
raphy and historical aerial imagery across Puerto Rico
to produce the foundation for an updated Quaternary
fault map. We identified 134 features, most of which
are scarps with heights between 0.5 and 3 m, that dis-
place Quaternary deposits and that we interpret to rep-
resent the surface expression of tectonic faulting. We
find that mapped active faults appear to reactivate only
some older faults, and that modern faulting appears to
be concentrated on the southern and western coasts of
the island.
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