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As shown by the recent M,, 7.0 Haiti earthquake, intra-arc deformation, which accompanies the subduction
process, can present seismic and tsunami hazards to nearby islands. Spatially-limited diffuse tectonic
deformation within the Northeast Caribbean Plate Boundary Zone likely led to the development of the
submerged Mona Passage between Puerto Rico and the Dominican Republic. GPS geodetic data and a
moderate to high level of seismicity indicate that extension within the region is ongoing. Newly-collected
high-resolution multibeam bathymetry and multi-channel seismic reflection profiles and previously-
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Bathymetry collected samples are used here to determine the tectonic evolution of the Mona Passage intra-arc region.
Seismic reflection The passage is floored almost completely by Oligocene-Pliocene carbonate platform strata, which have
Earthquakes undergone submarine and subaerial erosion. Structurally, the passage is characterized by W- to NNW-

Oblique extension
Geomorphology

trending normal faults that offset the entire thickness of the Oligo-Pliocene carbonate platform rocks. The
orientation of these faults is compatible with the NE-oriented extension vector observed in GPS data. Fault
geometry best fits an oblique extension model rather than previously proposed single-phase, poly-phase,
bending-moment, or rotation extension models. The intersection of these generally NW-trending faults in
Mona Passage with the N-S oriented faults of Mona Canyon may reflect differing responses of the brittle
upper-crust, along an arc-forearc rheological boundary, to oblique subduction along the Puerto Rico trench.
Several faults within the passage, if ruptured completely, are long enough to generate earthquakes with

magnitudes on the order of M,, 6.5-7.

Published by Elsevier B.V.

1. Introduction

The January 12,2010 M,, 7.0 Haiti earthquake provided a reminder
of the considerable seismic hazard associated with intra-arc defor-
mation within the northeast Caribbean plate boundary. Oblique
subduction along this boundary zone is manifested in the develop-
ment of a complex deformation environment, characterized by
compressional, strike-slip, and extensional processes.

Mona Passage (in this paper we use the term Mona Passage in
reference to the crust beneath the waters of the passage), located
within the volcanically-inactive Greater Antilles arc between Puerto
Rico and Hispaniola (Fig. 1), is an area of considerable shallow
crustal earthquake activity. Seismicity is commonly characterized by
small magnitude events, but the passage is also the site of the
destructive 1918 earthquake and tsunami (Reid and Tabor, 1919;
Lopez-Venegas et al., 2008). The passage has for some time been
considered a region of extension resulting from oblique subduction
along the northern Caribbean plate boundary. Published analyses of
geodetic data from Hispaniola to the Virgin Islands show that
extension in this region continues today, with Puerto Rico moving
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northeasterly away from Hispaniola at a rate of approximately 5+
3 mm/yr (Jansma and Mattioli, 2005).

Extensional deformation within compressive tectonic settings
has been recognized as a common process along modern and
ancient convergent margins worldwide. The causes of extension in
these settings vary widely [see Doglioni (1995) for an overview],
and include retreating subduction boundaries or roll-back (e.g.,
Royden, 1993), arc lengthening and increasing arc curvature (e.g.,
Wessel et al., 1994), lower plate bending at the subduction front
(e.g., Chapple and Forsyth, 1979), and orogenic collapse (e.g.,
Dewey, 1988). Along subduction zones, extensional deformation is
commonly observed within forearc and backarc regions, and in the
down-going plate, but less often in the intra-arc zone (e.g., Geist et al.,
1988; Mann and Burke, 1990; Suter et al., 1995; Busby and Bassett,
2007).

Intra-arc extension in Mona Passage is spatially-limited to a 100-
km-long segment of the arc, and does not affect the entire arc as in the
above examples. The driving force for this extension is therefore likely
to be local. Several hypotheses for the formation of Mona Passage
based predominantly on widely-spaced seismic reflection profiles
have been proposed including single-phase extension across the plate
boundary (e.g., Vogt et al., 1976; Speed and Larue, 1991), extension
due to counter-clockwise rotation of Puerto Rico (e.g., Schell and Tarr,
1978; Masson and Scanlon, 1991; Mann et al., 2005a), poly-phase
extension due to rotating axis of tensile stresses (e.g., Hippolyte et al.,
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Fig. 1. (A) Plate boundary faults and major structural features of the northeastern Caribbean. Collision boundaries are marked by open triangles, subduction boundaries by filled
triangles. The dashed polygon is the approximate outline of the rigid arc given by ten Brink et al. (2009). Location of the Mona Passage focus area is outlined by a solid rectangle. The
Caribbean-North American (CA-NA) plate convergence vector is from DeMets et al. (2007). (B) Proposed microplates within the NCPBZ, GP — Gonave microplate; HP — Hispaniola

microplate; PRVI — Puerto Rico-Virgin Islands microplate.

2005), and normal faulting along the crest of a Puerto Rico-Virgin
Islands compressional arch (e.g., Mann et al., 2005b).

In this paper we use newly-collected high-resolution multibeam
bathymetry, new multi-channel seismic reflection profiles, and other
existing geophysical datasets to discuss the style and cause of the intra-
arc extension within this arc setting which is currently undergoing
compression along its northern and southern boundaries (Fig. 1). We
further discuss the implications of this intra-arc extension to seismic
and tsunami hazards for Puerto Rico and the Dominican Republic.

2. Tectonic and geologic setting
2.1. Tectonic setting

Eastern Hispaniola, Mona Passage, the island of Puerto Rico, and the
Virgin Islands form the eastern end of the Great Antilles (Fig. 1A), the

remnant of an intra-oceanic arc that formed along the boundary between
the Caribbean (CA) and North American (NA) plates in the Cretaceous—

early Paleogene period (Donnelly, 1989). Between the late Paleocene to
early Oligocene, CA-NA relative plate motion changed from a N-S
direction to a more easterly direction as a result of the collision of the arc
with the Bahama carbonate platform (Pindell and Barrett, 1990). The
current CA plate motion relative to NA is 19.7 mm/yr 4 0.4 mm/yr
towards 075.6° + 0.9° (DeMets et al., 2007). The boundary between the
CA and NA plates, collectively known as the Northern Caribbean plate
boundary zone (NCPBZ), is dominated by left-lateral motion, collision,
and oblique subduction of the NA plate beneath the CA plate.

Analysis of seismicity, geophysical data, regional geology, and
most recently GPS data, have lead to the division of the NCPBZ into as
many as three microplates or tectonic blocks, which from east to west
are the: Puerto Rico-Virgin Island (PRVI; Masson and Scanlon, 1991;
Jansma et al., 2000), Hispaniola (Byrne et al., 1985), and Gonave
(Mann et al., 1995) microplates (Fig. 1B). Campaign and some
continuous GPS observations show that, within error, the PRVI
microplate is moving at a similar rate and in approximately the
same direction as the Caribbean plate (Fig. 2; Jansma et al., 2000;
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Fig. 2. GPS velocity vectors from continuous and campaign stations in Puerto Rico and eastern Dominican Republic. Only stations south of the Septentrional fault in the Dominican
Republic are included. Ellipses represent 95% confidence (error). Large red arrows show the velocity vectors of the PRVI microplate and Hispaniola relative to North America, calculated
from the average velocities of the stations shown on each island. The CA-NA plate motion vector is from DeMets et al. (2007). Data from E. Calais, written comm. (2007).

Mann et al., 2002; Manaker et al., 2008). In Hispaniola, partitioning
due to plate boundary structures and the collision with the Bahamas
Platform (Fig. 1) is indicated by GPS velocities (Manaker et al.,
2008). Several authors (e.g., Calais et al., 2002; Jansma et al., 2000;
Mann et al., 2002) have suggested that the variation of GPS
velocities between eastern Hispaniola and Puerto Rico reflects
extension between the adjacent microplates in an ENE direction.

2.2. Morphology and geology

Mona Passage is an almost entirely submerged part of the Greater
Antilles arc with water depths generally between 100 and 700 m
(Fig. 3). The morphology of the seafloor in Mona Passage is composed
of a mix of erosional, karst, depositional, and structural features,
overprinted on the original layered fabric of the carbonate platform
which is exposed almost everywhere across the passage. Karst
morphology has been observed during submersible dives within the
passage (Gardner et al., 1980; B. Heezen, unpublished observations; B.
Greeson, pers. comm. 2008), suggesting that portions of the passage
floor may previously have been at or above sea level. Numerous areas
of the passage are shallower than 150 m and were therefore likely
subaerially exposed during the Last Glacial Maximum sealevel
lowstand.

Several significant features dominate the seafloor physiography of
Mona Passage. At the north edge of the passage is Mona Canyon, a deep
(about 5000 m at the deepest point) approximately N-S trending,
steep-walled canyon, which, based on the interpretation of seismic
reflection data, is thought to be an extensional rift (Dolan et al., 1998;
van Gestel et al., 1998; and others). The submerged E-W trending
Desecheo Ridge connects Isla Desecheo (Fig. 3A), an outcrop of the
Cretaceous-lower Oligocene arc volcanic basement, to Punta Higuero
and borders the north side of the Mayagiiez basin. South of the
Mayagiiez basin are the shallow reef-topped Bajo de Cinco and the
insular reef platform extending off the southwest corner of Puerto Rico
(Fig. 3A). Located centrally in the passage are the flat-topped Isla de
Mona and the smaller Isla Monito, emergent outcroppings of the

carbonate platform. Frank et al. (1998) proposed that Isla de Mona was
uplifted by tectonic processes, which was not confirmed by our
multibeam bathymetry (Fig. 3). To the southwest of Isla de Mona is
Yuma basin, a partially sediment filled bathymetric low which has been
interpreted by van Gestel et al. (1998, 1999) to be a rift basin, an
interpretation which also was not confirmed by multibeam and seismic
data (Granja Bruna et al., 2009).

With limited exposure of pre-Oligocene units, the composition and
spatial distribution of the rocks below the Oligocene to Miocene
carbonate platform succession across Mona Passage are poorly
understood. Pre-Oligocene rocks are known to crop out along the
crest and south wall of Desecheo Ridge (Nagle et al., 1978) and form
the bulk of Isla Desecheo (Seiders et al., 1972). Seiders et al. (1972)
assigned the rocks on Desecheo, which are chiefly deformed dacitic
volcanoclastics rocks (volcanic sandstones, mudstones, and conglom-
erates) with secondary interbedded calcareous foraminiferal mud-
stones and sandstone, to the Eocene Rio Culebrinas Formation. The Rio
Culebrinas Formation is a unit of the Eocene Cerrillos Belt (Dolan et al.,
1991), a sequence of turbidite facies that crops out along the
northwest coast of Puerto Rico along the Rincon Peninsula. It is
unclear if the remainder of Mona Passage is underlain by units of the
Cerrillos Belt or if the carbonate platform lies directly over the
Cretaceous to Early Eocene island arc basement or metavolcanics seen
cropping out along the east wall of the Mona Canyon (Heezen et al.,
1985). Given this uncertainty, all rocks below the units of the
carbonate platform are considered in this paper to be basement.

The late Oligocene to Pliocene PRVI carbonate platform which
extends from the eastern Dominican Republic to the Virgin Islands
(van Gestel et al., 1998) is a thick sequence (1706 m thick in the 4 CPR
test well located on the coast approximately 10 km NE of Arecibo;
Briggs, 1961) of shallow marine carbonate and siliciclastic units. While
the carbonate platform stratigraphy (San Sebastian Formation through
Quebradillas Limestone) has been extensively studied adjacent to
Puerto Rico (Monroe, 1980; Moussa et al., 1987; Larue and Berrong,
1991; van Gestel et al., 1998), knowledge of the carbonate units in
Mona Passage is predominantly derived from scattered dredge and
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Fig. 3. (A) Color-shaded multibeam bathymetry map of Mona Passage from the 2007 EM 1002 survey. Grey-shaded bathymetry north and south of the passage was collected between
2003 and 2006. The contour interval is 100 m. (B) Acoustic backscatter mosaic over the same area as in (A), co-acquired with the multibeam data. Bright (white) colors are high
reflectivity, dark (grey-black) are low reflectivity.
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dive samples. Disruption of the carbonate platform by Mona Canyon
and Desecheo Ridge has precluded definitive correlation of seismic
horizons identified from northern Puerto Rico (Moussa et al., 1987;
van Gestel et al., 1998) to Mona Passage. Correlation with the coastal
stratigraphy of the eastern Dominican Republic is limited by a lack of
detailed information in that area.

Using the North Coast basin of Puerto Rico (Briggs, 1961) as an
analog, the base of the platform carbonate succession in Mona Passage
is likely the siliciclastic San Sebastian Formation. The San Sebastian
Formation unconformably overlies Cretaceous arc and Eocene basin
formations, reflecting the shift from Eocene deformation to a long
period of tectonic stability. Overlying the San Sebastian Formation is a
conformable sequence of late Oligocene to late Miocene or early
Pliocene limestones. Late Miocene to Pliocene age dolomite (Isla de
Mona dolomite) and limestone (Lirio limestone) are exposed on Isla
de Mona (Kaye, 1959; Briggs and Seiders, 1972; Gonzalez et al., 1997).
These limestones and dolomites do not correlate compositionally with
the units of northern and southern Puerto Rico and are likely the
result of localized reef build up (Ruiz, 1993). Although the thickness of
the carbonate sequence exceeds 1000 m in some locations, estimates
of true carbonate platform thickness across the passage cannot be
made because of erosion and movement of fault blocks.

The platform carbonates are capped in places by post Miocene reef
sequences and variable thicknesses of Quaternary sediments. Modern
reefs are found along the crests of most shallow banks and the insular
shelves of Puerto Rico and the Dominican Republic and are
identifiable on the bathymetry and in the seismic reflection profiles.
Quaternary sediments are predominantly restricted to basins adjacent
to western Puerto Rico, the largest of which is the Mayagiiez basin.

68°15'W 68°00'W
1 1

3. Data sets and methods

In March 2007, the U.S. Geological Survey (USGS) collected
approximately 4200 km? of differential GPS navigated high-resolution
multibeam swath bathymetry (Fig. 3A) and co-acquired acoustic
backscatter (Fig. 3B) in Mona Passage using the hull-mounted
Kongsberg EM1002 sonar system installed on the NOAA Ship Nancy
Foster. Almost complete seafloor coverage of Mona Passage was
obtained between 100 and 900 m water depth. The final edited data
are gridded at a pixel resolution of 30 m. Complementing this survey are
bathymetry data collected by the USGS in April-May 2006 to the north
and south of the Nancy Foster survey area using the SeaBeam 2112
multibeam system installed on the NOAA Ship Ronald H. Brown (50 m
pixel resolution; Fig. 3A). LIDAR data and shallow water multibeam
adjacent to the west coast of Puerto Rico acquired by the NOAA Center
for Coastal Monitoring and Assessment, and hydrographic soundings
collected by the National Ocean Service (http://www.ngdc.noaa.gov/
mgg/bathymetry/hydro.html) were used to provide coverage in some
shallow water areas.

Approximately 450 km of multi-channel seismic (MCS) reflection
profiles were collected across Mona Passage as part of a larger survey by
the USGS around Puerto Rico and the U.S. Virgin Islands in October 2006
aboard the R/V Pelican (Fig. 4). These data were acquired using a 105 in®
Gl gun (except for line 55 and 56 in which a 35 in® GI gun was used ) and
a 240 m long, 24-channel receiving array coupled to a Geometrics
StrataView acquisition system. Ship speed during acquisition was
approximately 4.5 kts and shot spacing was approximately 85 m
(42 s) for the 105 in® GI gun and approximately 30-40 m (15-18s)
for the 35 in® GI gun, with Differential GPS used for navigation. Seismic
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Fig. 4. Map showing the seismic reflection surveys used in the analysis of sub-seafloor structure of the passage. The sections of the 2006 R/V Pelican survey shown in later figures are

marked in red. Contour interval is 100 m.
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processing included normal moveout correction, bandpass filtering
(Ormsby zero phase bandpass), common depth point (CDP) stacking,
and Stolts F-K post-stack migration. Additional seismic lines from R/V
Ewing cruises EW9501 and EW 9605, R/V Ida Green cruise IG1501, 1973
USS Portland cruise (Gardner et al,, 1980; Heezen, unpublished data),
and single-channel airgun profiles from the 1985 P-3-85 R/V Powell
cruise (Edgar and Scanlon, 1987) are used to complement the new
seismic reflection data (Fig. 4).

4. Results
4.1. Morphology
The presence of erosional and depositional features is both

beneficial and detrimental to the interpretation of the seafloor
expression of structures within Mona Passage (Fig. 5A). Erosion serves

at times to enhance the subtle surface and subsurface expression of
faults and fractures, but may also create features that can appear at first
glance to be tectonic in origin. In general, scarps created by erosion
tend to be less linear than fault scarps and are more rounded (convex)
in profile. However, there are exceptions to this generalization, such as
the linear erosional scarp immediately NW of Isla Monito (Fig. 5B). In
addition, bottom currents have eroded the seafloor along bedding
planes of the carbonate formations, in some cases creating a “stair-
step” morphology that resembles densely-spaced faults.

Several sections of the seafloor within Mona Passage have
morphologies suggestive of bottom current erosion and deposition
mechanisms (Fig. 5B and C). Extensive erosion, in the form of current
scour and carbonate dissolution of sections of the carbonate platform
units within the passage, are seen in several places, notably Engafio
Bank, to the west of Bajo de Cinco, and to the northwest of Isla Monito
(Figs. 3A and 5). This style of erosion is most clearly seen on Engafio

Bottom Types

: Sediment
- Rock
- Landslides
/] sandwaves | |
I current Scour/ }f ;

Karst &

Fig. 5. (A) Mona Passage morphology and bottom-type based on interpretation of the bathymetry, backscatter, seismic reflection profiles, and seafloor samples. The passage is largely
devoid of even thin surficial sediment cover, except for basins adjacent to western PR and in bathymetric lows. Erosion and karst morphologies are well-developed across the passage
and several landslides are located adjacent to bathymetric highs and at the head of Mona Canyon. The 150 m contours marked by a thick line. (B) Grey-shaded bathymetry image
showing a prominent channel eroded into the carbonate platform adjacent to Isla Monito. (C) Longitudinal grooves in the carbonate platform adjacent to Engafio Bank, possibly the
result of tidal current scour or from karst development (karren). (D) Sandwaves, likely tidally induced, in thin sediment cover at the northwest corner of the passage.



80 J.D. Chaytor, U.S. ten Brink / Tectonophysics 493 (2010) 74-92

Bank, where closely-spaced, elongated grooves have been cut into the
flanks and top of the south-side of the bank (Fig. 5C), similar to
longitudinal grooves created by rapid, high-volume water flow (e.g.,
Baker, 1978) or karren (clint and grike karst) landforms (Ford and
Williams, 2007). Smoothing of the seafloor is also noted in a number
of locations and in most cases exposes subtle structural features
masked in adjacent areas that have rougher surface textures. Except in
the deeper structural basins (e.g., Mayagiiez basin), the backscatter
data (Fig. 3B) indicates only minor sediment accumulation, predom-
inately in lows adjacent to fault scarps and within depressions created
by seafloor erosion (Fig. 5A and D).

4.2. Structural framework

Faults are interpreted based on bathymetric expression and offset
of horizons on seismic reflection profiles (marked as certain or likely
on Fig. 6). Faults are marked as “possible” on Fig. 6 where seafloor
lineaments are either not crossed by seismic reflection profiles, or
horizons are poorly resolved in the seismic data, or where seafloor
erosion is extensive.

Faults within the passage dominantly strike between W (270°) to
NNW (340°), with distribution centered at 305° (Fig. 6). Several faults
along the eastern edge of the passage are likely extensions of faults
identified on Puerto Rico (see below), but a connection between faults
in the Dominican Republic and western Mona Passage could not be
identified because of limited high-resolution bathymetry coverage
along the Dominican coast. Offset piercing points were not observed

68°00'W
1

along any of the major faults within the passage, suggesting that faults
are predominantly normal. Almost all the faults identified in the
seismic data, cut the entire thickness of the late Oligocene-Pliocene
carbonate platform sequence. However; limited stratigraphic control
precludes accurate determination of the displacement and throw on
most faults, except where the basement horizon is identified. A lack of
even a thin surficial sediment accumulation across most of the
passage floor precludes identification of active faults (see below for
exceptions).

Three regions with distinct fault orientations and interactions, the
Mayagiiez Basin, Central and Western Passage, and Mona Canyon
regions, are discussed next.

4.2.1. Mayagtiez basin region

The Mayagiiez basin region encompasses the region between
Desecheo Ridge to just south of Bajo de Cinco, and from the west coast
of Puerto Rico to immediately west of Isla Desecheo (Fig. 3A). The
Mayagiiez basin appears to be an extensional basin (half-graben)
filled with thick deposits of Pliocene (?) to Recent sediments (Fig. 7).
The ages are tentative and are based on the assumption that horizons
above and parallel to the acoustic basement horizon are carbonate
platform units, and horizons that onlap these basement-parallel units
are Pliocene or younger basin-fill sediments (Fig. 8).

The Mayagiiez basin is characterized structurally by N-dipping
tilted blocks associated with S-dipping normal faults striking W to
WNW (270-300°) that have large throws. The most prominent of
these is the Desecheo Ridge fault, which strikes approximately W
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from the insular shelf off Punta Higuero to Isla Desecheo, where it
steps to the south of the island and continues west, terminating
against faults of the Mona Canyon area (Figs. 3A and 6). Based on the
orientation of the Desecheo Ridge fault and its associated splays, it
does not appear that the Desecheo Ridge fault is a direct extension of
the main trace of the Cerro Goden/Great Southern Puerto Rico fault as
previously proposed (Briggs, 1964; Hippolyte et al., 2005; Mann et al.,
2005b). Rather, the Desecheo Ridge fault may be a stepover strand of
the Cerro Goden fault, or the Cerro Goden fault is associated with
faults buried beneath the sediments of the Mayagiiez basin.

Normal faults south of the Desecheo Ridge fault within the
Mayagiiez basin and exposed on the north side of Bajo de Cinco
displace the Miocene carbonate platform section as well as most, if
not all, the overlying sediment (Figs. 3A and 7). The displacement of
surficial sediments within the Mayagiiez basin (Figs. 7 and 8)
suggests that these faults are currently active. The throw on one of
these faults (Fig. 7), based on offset of acoustic basement on the time-
migrated R/V Pelican seismic lines and assuming an approximate
average velocity of 2000 m/s for overlying sediment and 2750 m/s for
carbonate platform units (van Gestel et al., 1998), is estimated to be
approximately 540 m. These faults appear to extend from the Puerto
Rico insular shelf to south of Isla Desecheo where their bathymetric
expression disappears and seismic reflection coverage is insufficient
to determine if they are present in the subsurface. The eastern ends of
some of these Mayagiiez basin faults may connect with faults
identified nearshore by Grindlay et al. (2005) between Punta Higuero
and Punta Guanajibo (Fig. 6).

A N-striking bathymetric scarp extends from the insular shelf edge
west of Bajo de Cinco to south of Isla Desecheo, with a similarly

oriented scarp continuing north of Isla Desecheo downslope into
Mona Canyon (Fig. 6). It is not clear if these scarps are a product of
erosion or are faults. If these scarps are indeed fault-related, they may
form a structural boundary between Mayagiiez basin and the rest of
Mona Passage. A linear scarp along the south-side of Bajo de Cinco
may connect at its southwest end with a prominent W-striking cross-
passage fault and is buried by sediments of the Mayagiiez basin at its
northeastern end. The NE trend of this feature is markedly different
from the dominant NW-strike of faults in the passage. Seismic
reflection profiles across these bathymetric features (e.g., Fig. 7) do
not provide sufficient evidence to classify either of these features as
faults.

4.2.2. Central and western area

The central and western Mona Passage (Figs. 3A and 6) contain
faults of various lengths and orientations, resulting in a complex
structural architecture whose interpretation is further complicated by
extensive seafloor erosion in the area. As with other faults identified
throughout the passage, there is no clear evidence on the bathymetry
for lateral offset along faults in the central and western area,
suggesting that these faults are normal. Dominating the central and
western area are a number of long (>40 km) faults, with seafloor
traces that strike generally toward the WNW (290 to 300°). These
long faults are curved in places, and are composed of splays and
disconnected and overlapping segments (Fig. 6) that are typical of
normal faults (e.g., Gawthorpe and Hurst, 1993). These long normal
faults cut the surficial sediment cover, where present, along their
traces, except at their western ends south of Engafio Bank (Fig. 5A).
One of these faults, about 13 km north of Isla de Mona, corresponds



J.D. Chaytor, U.S. ten Brink / Tectonophysics 493 (2010) 74-92

82

X9~ sI A "3[yoid ay3 Jo pua AS Y3 I SH0[q I[13 Inej daoqe sdey [euonisodap [[ews 0) pue I[Nej 3R 03Y2as3( Y3 03 JUDE[Pe UISeq [[BUIS B 03 PIIILIISAI ST JIA0D JUSWIPIS

‘JInej 98pry 09Y23sa Y3 JO UOHBNUIIUOD WIdISIM 33 Surpnput ‘[yold siyy uo Juasaid aie synej Surddip-yinos pue yiiou yiog ‘(¥ "SI U0 UMOYS UOIIEIO]) GG dUIT SN 9007 UBII[A JO SuOI3dAS pajaidiajul (g) pue pajaididuiun () °8 “Sid

Two-Way Travel Time (sec)

Two-Way Travel Time (sec)

[ ——— - G
.. o ajeuoqie) |jeucqied wy g'¢ ~
e aUa20I|d-auad0b110 e 8U2001|d-2us00BI|0 818 e
02+ : e F0'Z m
T o =N M
...... & -2 7 s .. 2
d —1s== . 6L o
B oiw\ \\Am = B
A=A AR\ ) | &
NS A\ \ -
= “.or 3
(1]
juawipag 7
S auiipag Lo £
jine4
abpry osyoeseq
00 T T T T T T T T T T T T T T T T T T T 00
i 1 T v T r 7 i t H 1 i i i i i i i i
9 } 9 L ] L 9 13 9 |13 9 Q E Q S 0 S o] S das m
6 6 8 8 L % 9 9 S S 4 ¥ € £ z z [ b
Se
- [ —
0z m
. 5
<
gl =
Q
<
@
i =
o'l 7
(4]
)
3
S0 =
00 T T T T T T T T T T T T T T T T T T T 00
A S A S S S S S S S AN SRR SUN SRR SR SRR SR
9 | 9 | 9 L 6 1 9 1 9 0 S 0 5 0 g 0 S dao
6 6 8 8 L z 9 9 S S 14 14 € € 4 4 3 I
MN ms V



J.D. Chaytor, U.S. ten Brink / Tectonophysics 493 (2010) 74-92 83

with the Isla de Mona fault zone proposed by Rodriguez et al. (1977).
In the subsurface, these long faults dip towards the NE and SW and
display only limited block tilting unlike the tilted blocks in the
Mayagiiez basin (Figs. 9 and 10). The limited tilt may reflect oblique
slip rather than pure dip-slip on the faults. The amount of vertical
displacement on these faults cannot be assessed because of limited
sediment cover and the presence of strong multiples, which obscure
the acoustic basement.

Short, NW- to NNW-striking faults, some of which dip to the NE
and others to the SW are observed northwest of Isla de Mona. These
faults do not appear to cut the longer WNW-striking cross-passage
faults discussed above. The western ends of these short NW- to NNW-
striking faults are covered by sediment, suggesting that these faults
may currently be inactive. In the subsurface these short faults extend
into acoustic basement and often show small amounts of listric and
antithetic fault development (Fig. 10). It is unclear to what degree
these closely-spaced short NW-NNW-striking faults interact with
each other and with the adjacent longer W- to WNW-striking faults at

depth, because the roots of these faults are obscured by a strong
multiple in the seismic record. NW- to NNW-striking faults are also
present east of Isla de Mona but appear to be substantially longer than
those to the NW of Isla de Mona. The total length of these faults east of
Isla de Mona is unknown due to the lack of high-resolution
bathymetry coverage over the region. A N-trending scarp is identified
north of Isla de Mona (Fig. 6), which, if continued onto the island,
would connect with a proposed fault that extends to the central part
of the island (Briggs and Seiders, 1972).

Van Gestel et al. (1998) have proposed that extension of Mona
Passage is accommodated by two rifts, Yuma on the SW side of the
passage and Cabo Rojo on the SE. The Yuma basin appears as a
significant depositional basin on the seismic reflection profiles
without clearly defined bounding faults, and may be an isolated
backarc-style basin, related to compression along the Muertos Trough
(Granja Bruna et al., 2009). The site of the proposed Cabo Rojo rift
does not appear to be a significant structural feature or depositional
center.
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4.2.3. Mona Canyon region

The Mona Canyon region is dominated by the approximately 20 km-
wide N-S oriented Mona Canyon that extends north from Desecheo
Ridge (Figs. 3A and 6). At its southern end, the canyon abruptly changes
its orientation to NW-SE. Incomplete bathymetry coverage prevents a
full description of observed structures adjacent to those areas.

A significant body of evidence based on analysis of bathymetry
(e.g., Gardner et al., 1980), seismic reflection profiles (e.g., Mercado
and McCann, 1998), and seismicity (e.g., Ewing and Heezen, 1955)
has been used to support the conclusion that Mona Canyon is an E-W
opening rift whose steep walls are generated by normal fault scarps.
Recent analysis of multi-channel seismic reflection data by Mondziel
et al. (2006) suggests that the canyon is underlain by a half-graben,
with a master normal fault forming the east wall of the canyon, and
an antithetic normal fault along the west wall. Analysis of the new
bathymetry and seismic reflection profiles across the N-S oriented
section of the canyon finds no significant evidence that contradicts
the half-graben interpretation, although a fault with a W- to NW-

strike is visible on a seismic profile across the floor of the canyon
north of the study area which is not predicted by the half-graben
model.

NW-trending faults at the head of Mona Canyon, first identified by
Gardner et al. (1980), are observed on seismic reflection profiles and
as almost vertical walls on the bathymetry (Figs. 6 and 11). On the
east side of the canyon head, the faults are down-thrown to the
southwest, while those west of Isla Desecheo are predominantly
down-thrown to the northeast. In the SW corner of Mona Canyon,
NW-striking faults become more NNW-striking (between 300° and
340°), and have more arcuate traces (Fig. 12).

Immediately west of Isla Desecheo, the NW-striking faults are
intersected, but do not appear to be cut, by long W- to WNW-striking
faults which may be a continuation of the western end of the Desecheo
Ridge fault. Farther west, these NW-striking faults are cut by the trace of
the northern-most long W- to WNW-striking fault of the central and
western area, but no definitive offset of fault-trace piercing points across
this long W- to WNW-striking fault are observed.
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5. Discussion
5.1. Extensional deformation in Mona Passage — Style and amount

From combined continuous and campaign GPS observations in
western Puerto Rico and from the eastern Dominican Republic (E.
Calais, unpublished data; Fig. 2) the average velocity of the PRVI block
relative to NA (from four stations) is 17.3 4+ 1.7 mm/yr in direction
65.1°, and the average velocity of eastern Hispaniola block relative to
NA (from six stations) is 13.4 4 3.0 mm/yr in direction 64°. In other
words, the PRVI microplate may move 3.9 + 1.3 mm/yr faster towards
the ENE than the Hispaniola microplate.

Geologic estimates of the magnitude of stretching are commonly
based on basin subsidence history and sediment backstripping, crustal
thickness changes, and brittle fault or regional structural restoration
and plate motion calculations (Allen and Allen, 1990; Kington and
Goodliffe, 2008). Several factors make extension estimates across
Mona Passage difficult. A lack of a well-developed passage-wide

extensional basin and the diffuse nature of deformation within Mona
Passage preclude robust extension estimates via subsidence histories.
Furthermore, there is little to no information on current and pre-
extension crustal thickness across the region. Finally, the pre-existing
surface elevation of the passage is unknown, because it is unclear if
the region underwent uplift along with Puerto Rico (ten Brink, 2005).
The brittle fault method of estimating stretching is based on summing
of fault heaves within a region. Although the brittle fault method
typically underestimates the total extension because it overlooks
smaller secondary faults not well imaged by seismic reflection profiles
(Walsh et al., 1991), it provides a useful first-order estimate of
stretching when other methods cannot be applied.

In the Mona Passage region, fault heaves are relatively small
except in the Mayagiiez basin (Figs. 7-9), suggesting that significant
amounts of extension have not occurred throughout much of the
passage. Using the heave of four faults with visible basement offset
(Fig. 7) and the Desecheo Ridge fault, approximately 2.2 km of brittle
extension is estimated to have occurred across the 13-km-wide
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Mayagiiez basin, yielding a stretching factor of 1.2. Based on the
extension rate from GPS velocities discussed above (3.9 mm/yr) and
assuming that motion of the blocks has been uniform since the
termination of CCW rotation (Reid et al., 1991) and movement of the
Bahamas platform pinning point to its present location (Mann et al.,
2002) at approximately 4 Ma, as much as 15.5 km of extension could
be expected to have occurred in the Mona Passage region. Extension
of 15.5 km across the approximately 85 km width of the passage,
measured from southwest of Isla de Mona across the head of Mona
Canyon offshore of Aguadilla, yields a stretching factor of approxi-
mately 1.22.

A different style of tectonic deformation is encountered in Mona
Canyon at the northeastern part of the Mona Passage. There,
deformation is focused on one or more N-striking normal faults, and
on a NW-SE set of faults at the southern end of the deep and narrow
canyon. How can the concurrent activity along the diffuse system
WNW-oriented faults in Mona Passage and the almost orthogonal
fault(s) of Mona Canyon be reconciled? One possibility is to appeal to
rheological differences. Ten Brink et al. (2009) suggested that the
Antilles arc is oceanic and is therefore quite rigid; hence, a small
amount of extension will probably manifest itself in diffuse deforma-
tion across the arc. Mona Canyon on the other hand, may be located
along the boundary of the rigid arc with the less-rigid forearc (Fig. 13).
East of the canyon, Larue et al. (1998) and van Gestel et al. (1999)

suggested the presence of a forearc basin while submarine dives on
Mona block, NW of the canyon, have excavated rocks with arc affinity
(Heezen et al., 1985). Upper-crustal brittle-plastic deformation in
response to oblique extension may be focused along the strength
gradient in the upper-crust. Although plausible, we could not find in
the literature another example for this style of deformation. We
propose to name this deformation style “rigid extender,” because it
may be the opposite of the commonly observed “rigid indenter,”
namely, a rigid block moves away from a less-rigid block instead of
impinging upon it.

5.2. Mona Passage deformation models

5.2.1. Oblique extension

Multiple fault orientations may reflect oblique extension. The
degree of obliquity is defined as the angle (clockwise) between the
extension direction and the orientation of the border faults (Tron and
Brun, 1991; McClay and White, 1995). Oblique rifts are often
composed of rift border faults with a dominant component of normal
dip-slip whose orientations are oblique to the direction of extension
and intra-rift normal faults, which form at an angle to the border
faults. Analog models and field examples (Morley et al, 1992;
McAllister et al., 1995; McClay and White, 1995; Faerseth et al.,
1997; McClay et al., 2002) show that intra-rift faults are oriented
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perpendicular to sub-perpendicular to the regional extension direc-
tion. This fault architecture can accommodate oblique extension
without a need for strike-slip movement (Withjack and Jamison,
1986; Tron and Brun, 1991; McClay and White, 1995). Note, however,
that pre-existing faults, changes in the direction of extension over
time, and the degree of obliquity may also be important controlling
factors in determining the orientation of faulting in many oblique rift
settings (Bonini et al., 1997).

Several sections of Mona Passage display fault patterns that
resemble those of oblique rifts (Figs. 6, 10, and 14). Intra-rift faults
are represented by short NW-striking normal faults that are generally
bordered to the north and south by long W- to WNW-striking normal
faults that may play the part of the rift border faults. The average
strike of the short NW-striking faults (intra-rift faults) is 325°. The
perpendicular direction to these intra-rift faults is 55°, and is
interpreted on the basis of analog models and field examples to be
the approximate extension direction. This 55° azimuth is close to the
opening direction of 65° suggested by GPS measurements. The angle
between the 55° extension direction and the average 295° strike of the
long W- to WNW-striking faults (border faults) is 60° (Fig. 14B);
therefore oblique extension in Mona Passage can be defined as
moderate (McClay and White, 1995).

An oblique extension model also satisfies the observation of
contemporaneous movement on multiple fault sets of different
orientations. That said, oblique rift morphology across Mona Passage
does not appear to be as well-developed as it is in areas such as the
Ethiopian rift (Morley et al., 1992), which may be a reflection of the
young age of rifting.

5.2.2. Evaluation of previous deformation models

Several models have previously been proposed to explain the
diffuse pattern of deformation in Mona Passage. Three of the most
often used models to explain extension in the passage, single-phase
extension, poly-phase extension, and extension during rotation, are
evaluated against the new geophysical dataset presented here.

5.2.2.1. Poly-phase extension. Multiple fault trends in Mona Passage
may represent several phases of deformation of the NCPBZ resulting
from a change in deformation style or from variations in a
continuously operating mechanism (Fig. 15A). For example, Hippolyte

et al. (2005) distinguished several phases of extension recorded in the
Miocene carbonate units onshore Puerto Rico, with N-S extension on
W-striking normal faults, followed by E-W extension in Mona Passage
on N- to NW-striking normal faults, that are themselves reactivated
pre-Oligocene basement faults. Apparently, this shift in extension
direction resulted from the termination of rotation in the early
Pliocene and a change to enhanced E-W opening between Hispaniola
and Puerto Rico. NW-striking basement faults, only some of which cut
Miocene formations, are also found in the Cordillera Oriental of the
eastern Dominican Republic (Garcia Senz et al., 1997). A poly-phase
diffuse deformation model could be a tectonically reasonable
explanation for the pattern of deformation in the Mona Passage;
however, as far as can be determined, their cross-cutting relationships
do not indicate different phases of activity. Earthquake focal
mechanism solutions do not clearly define a preferred rupture
orientation.

5.2.2.2. Single-phase extension. A number of proposed models (e.g.,
Vogt et al., 1976; Speed and Larue, 1991) have suggested that Mona
Passage, and the eastern NCPBZ as a whole, has been under the
influence of a single-phase of deformation since the Oligocene
(Fig. 15B and C). Speed and Larue (1991) attributed the major
structural features in the plate boundary zone (i.e., Puerto Rico
trench, Mona Passage, Anegada Passage, etc.) to Neogene transten-
sion with a component of N-S extension. The Speed and Larue (1991)
transtensional model for the Puerto Rico trench as an extensional
graben (Fig. 15B), has not been supported by subsequent studies,
which consider the plate boundary to be transpressional (e.g., van
Gestel et al., 1998; ten Brink and Lin, 2004; ten Brink et al., 2009).
Vogt et al. (1976) proposed a deformation model in which E-W
extension is localized within Mona Passage to accommodate the
motion of the PRVI microplate away from Hispaniola, which is
tectonically-pinned by the Bahamas Platform. The Vogt et al. (1976)
model (Fig. 15C) implies the presence of significant N-S oriented
extensional structures within Mona Passage crust, such as the Mona,
Cabo Rojo, and Yuma rifts. With the exception of Mona Canyon, which
ends about 25 km north of Desecheo Ridge (Fig. 3A), there are no
well-developed N-S oriented structural trends in Mona Passage
visible on the bathymetry or seismic reflection data. Furthermore,
there is little geophysical or seismological evidence to suggest the
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Yuma and Cabo Rojo “rifts” are active extensional features, and Granja
Bruna et al. (2009) observe no active N-S oriented structures
influencing the Muertos Trough and accretionary wedge.

Another proposed single-phase extension model attributes a
25 km-wide zone of normal faults in Mona Passage and Puerto Rico
to extension at the crest of a 230-km-wide crustal arch or fold
(bending-moment faulting; Fig. 15D; van Gestel et al., 1998, 1999;
Grindlay et al., 2005; Hippolyte et al., 2005; Mann et al., 2005a,b),
driven by N-S compressive forces. The primary evidence used for the
interpretation of the Puerto Rico-Virgin Islands island arc as a crustal
arch is the variation in dip of the carbonate platform surrounding
Puerto Rico and the Virgin Islands from N-dipping along the northern
margin of the platform to S-dipping along the southern margin.

A bending model seems incompatible with a number of observa-
tions within Mona Passage and the overall tectonic environment of
the region. Bending-moment extensional faults have been found only
in a limited number of cases, almost all of which were a direct
consequence of surface deformation following fault rupture (Philip
and Meghraoui, 1983; Yeats, 1986). Formation of the bending-
moment faults at the crest of fault-related folds, which are at most a
few kilometers wide, has been attributed to tension generated by
lengthening of stiffer flexed layers on the convex side of a fold (Yeats,

1986). These faults are usually secondary and do not extend to
significant depth. In contrast, the arch model of van Gestel et al.
(1998) extends over a width of 230 km from the Puerto Rico trench to
the Muertos Trough. The horizontal compressive stresses active along
the NCPBZ and horizontal forces acting on the lithosphere in general,
are likely too small to buckle rigid island arc lithosphere over a
wavelength of more than 400 km.

Furthermore, the primary evidence for arching of the eastern
NCPBZ, the consistent seaward dipping nature of the carbonate
platform on either side of Puerto Rico and the Virgin Islands, is poorly
defined within Mona Passage (Fig. 16). The apparent dips of the
carbonate layers vary in direction and angle and do not form a clear
arch with a defined hinge. Although in places there is the appearance
of a northward and southward seaward dip of the platform, it is most
likely due to the well-developed block-faulting present throughout
the passage, coupled with the collapse of the carbonate platform along
its northern edge (ten Brink, 2005) and extensional strains at the
hinterland of the Muertos thrust wedge (Granja Bruna et al., 2009).

5.2.2.3. Extension during rotation. Paleomagnetic results from pre-
Pliocene carbonate (Reid et al., 1991) and Cretaceous Eocene arc
rocks (Fink and Harrison, 1972; Elston and Krushensky, 1983; Van
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phase normal faulting model, modified from Mann et al. (2005b); (E) Rotation model for the NCPBZ, modified after Mann et al. (2005a) showing the expected types of faults and
difference in the amount of extension of the northern Mona Passage boundary compared to the southern boundary.
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Fossen et al., 1989) suggest that Puerto Rico has undergone
significant counter-clockwise (CCW) rotation in the post-Cretaceous.
Counter-clockwise rotation of the PRVI microplate was used to
explain extension in the Mona Passage (Fig. 15E) and elsewhere in
the eastern NCPBZ (e.g., Schell and Tarr, 1978; Masson and Scanlon,
1991; Mann et al., 2005a). A CCW rotation model fits with a number
of general observations, including compression in the Puerto Rico
trench and western Muertos Trough, and extension in the Anegada
Passage and Mona Canyon. However, paleomagnetic measurements
from northern Puerto Rico indicate that the CCW rotation of the PRVI
microplate ceased approximately 4 Ma (Reid et al., 1991).

The recent GPS data summarized above indicate that a counter-
clockwise rotation model is incompatible with ongoing deformation
in the western Puerto Rico and the Mona Passage. No clear rotation
signal is currently seen in these GPS vectors as has been seen in
several other regions worldwide (e.g., McCaffrey et al., 2000).
Furthermore, if the extension recorded in Mona Passage is the result
of the 24° of rotation, two diagnostic features would be expected:
significant development of N-S oriented structures and greater
extension along the southern boundary of the passage compared to
the northern boundary (Fig. 15E). Neither of these diagnostic features
is observed in the new geophysical data set.

5.3. Earthquake hazard from Mona Passage
Frequent low-magnitude seismicity (M<6) occurs from the

surface down to depths over 200 km throughout the Greater Antilles
between the Muertos trough and Puerto Rico trench at the latitude of
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Mona Passage. The Greater Antilles crust in the eastern NCPBZ is likely
no thicker than 30 km (Talwani et al,, 1959; Jolly et al., 1998; ten
Brink, 2005). At shallow depths (<15 km), seismicity is focused in a
broad band from southwestern Puerto Rico (predominantly the Lajas
Valley) to the eastern Mona Passage, turning north into the Mona
Canyon (Fig. 17). Shallow upper-crustal seismicity is largely absent
within the passage west of Isla de Mona and in the eastern Dominican
Republic, although this may be a function of limited station coverage
west of Puerto Rico (Clinton et al., 2006). Four large earthquakes
(M>6.0) have occurred in the Mona Passage region during the last
two centuries (Russo and Bareford, 1993; Doser et al., 2005). Just one
of these, the M7.2 1918 Mona Canyon earthquake (Doser et al., 2005;
Fig. 17), likely occurred within Mona Passage (Reid and Tabor, 1918;
Lopez-Venegas et al., 2008), although the paucity of seismic stations
at the time allows determination of the epicenter to within only about
50 km (E. Okal, pers. comm., 2008). Waveform modeling of the focal
mechanism of this earthquake indicates normal-motion rupture along
either a NE-striking, SE-dipping plane, or on a ENE-striking, NNW-
dipping plane (Doser et al., 2005). Although microseismicity is
relatively intense adjacent to the west coast of Puerto Rico, the
diffuse pattern of epicenters and few high magnitude earthquakes
cannot provide accurate fault plane information. The seismic
reflection data and bathymetry indicate that several fault strands in
the Mayagiiez basin may be currently active, and form part of a larger
active fault system that extends onto Puerto Rico (Grindlay et al.,
2005).

The January 12, 2010 M,, 7.0 Haiti earthquake has shown that
moderate intra-arc, earthquakes in the northeast Caribbean can have
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Fig. 17. Magnitude 2 and greater shallow seismicity (<30 km) recorded by the Puerto Rico Seismic Network (PRSN) between 2001 and 2008 in western Puerto Rico and adjacent
offshore areas. Seismicity is concentrated in the southwestern corner of PR, in the Lajas Valley, the SW PR insular shelf, the Mayagiiez basin, and Mona Canyon. The focal mechanism
of the 1918 Mona Passage earthquake from Doser et al. (2005) is shown at the epicenter location determined by Russo and Bareford (1993).
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devastating effects. Using the empirical relationship between fault
dimensions, displacement, and magnitude of Wells and Coppersmith
(1994), estimates of potential earthquake magnitude can be made for
two faults in the passage if they ruptured their entire lengths. The first
fault (marked as 1 on Fig. 6), the Desecheo Island fault, from Punta
Higuero to Desecheo Island is approximately 20 km long, and,
assuming a conservative down-dip fault width of 15km could
generate an earthquake <M,, 6.5. The second fault (marked as 2 on
Fig. 6), is approximately 75 km long and, again assuming a width of
15 km, could generate an earthquake <M,, 7. Both these hypothetical
earthquakes could cause significant damage in Puerto Rico and
Hispaniola similar to the 1918 earthquake.

6. Conclusions

This paper presents observations and discussions of diffuse
extension within the northern Caribbean oceanic island arc. Mona
Passage, between Puerto Rico and the Dominican Republic, is a zone of
active, intra-arc oblique extension. Structural interpretations of the
passage have previously been based on limited spatial data coverage,
constrained in most cases to widely-spaced seismic reflection profiles.
The combined interpretation of newly acquired multibeam bathym-
etry and seismic reflection profiles has revealed the complex
morphologic and structural fabric of Mona Passage.

Deformation across Mona Passage as reflected by GPS (ENE-
directed extension), is being accommodated by numerous normal
faults with W to NNW strikes. Several major faults are identified that
cross almost the entire width of the passage and, in some instances
such as the Desecheo Ridge fault and faults within Mayagiiez basin,
may connect with faults identified on land in Puerto Rico. Although the
kinematics of the deformation are still not completely resolved, the
structural architecture within the passage based on the available data
appears to be most compatible with an oblique extension model. Other
proposed kinematic models such as single-phase extension with either
N-S or E-W oriented structures, poly-phase extension, extension
related to continued rotation of Puerto Rico, and arching-related
faulting models are not supported by the structural interpretation.
Because of the general absence of young sediment accumulation and
fault piercing points, the actual amount of extension across the passage
and the relative role and timing of Mona Passage, Mona Canyon, and
other adjacent major tectonic features (e.g., Muertos Trough, Septen-
trional fault, etc.) in accommodating the extension cannot be
adequately resolved. Within certain sections of Mona Passage, such
as the Mayagiiez basin/half-graben, there is evidence for more mature
rift development and hence a greater level of extension. GPS data have
large uncertainties, but across Mona Passage appear to indicate an
ENE-directed extension, in accord with the N55°E extension direction
deduced from the structural analysis.

Finally, Mona Passage and adjacent areas are associated with
seismic activity and a history of damaging earthquakes, landslides,
and tsunamis. Several faults within the passage, if they were to
rupture along their entire length, could generate earthquakes with
magnitudes on the order of M,y 6.5-7.0. A better understanding of the
rupture history and potential of active faults in the passage would
improve seismic hazard assessment for the region.
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