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St. Croix is located inside the sweep of the Lesser Antilles arc and near the southeastern edge of the Greater Antillean ridge. It is
separated from the Puerto Rico and theNorthernVirgin Islands (PRNVI) block by theVirgin Islands basin. Recent seismic activities
demonstrate that the Virgin Islands basin is tectonically active. A better understanding of fault activities in the basin would improve
seismic hazard assessment in this region.This study illustrates out a detailed way of deriving relative motion between St. Croix and
the PRNVI block using current GPS geodesy infrastructure in the PRVI region. The local geodesy infrastructure includes over 20
continuous GPS stations and a Stable PRNVI Reference Frame (SPRNVIRF). Twenty-year continuous GPS observations (1995–
2014) on St. Croix indicate that the island is presently moving away from the PRNVI block toward the southeast (S55∘E) at a steady
rate of 1.7mm/year. The velocity vector can be decomposed into two 1.2mm/year components along the long-axis and short-axis
directions of the rhomboidal Virgin Islands basin. Quantitative results indicate that the Virgin Islands basin presently experiences
left-lateral motion in a nearly east-west direction and extension in a nearly north-south direction.

1. Introduction

St. Croix is an island in the Caribbean Sea, about 100 km
east of the Puerto Rico mainland and 60 km south of the
Vieques island. It occupies an important tectonic position in
the Caribbean region, located inside the sweep of the Lesser
Antilles arc and near the southeastern edge of the Greater
Antillean ridge (Figure 1). The island is geographically a part
of the Virgin Islands (VI). As a group of islands, the VI
starts from east of the Vieques island of Puerto Rico and
reaches east to the Anegada Passage. Politically, the eastern
islands form the British Virgin Islands (BVI) and the western
ones form the U.S. Virgin Islands (USVI). BVI comprises the
Tortola, Virgin Gorda, Jost Van Dyke, and Anegada islands.
USVI comprises St. Croix, St. John, St. Thomas, and Water
Island. St. Croix is largely different from other islands of VI
in geology and tectonic aspects (e.g., [1]). In this study we
use the term Northern Virgin Islands (NVI) to represent the
VI region that is located to the north of the Virgin Islands
basin.

The PRNVI block is bounded by the Puerto Rico trench
in the north, by the Muertos trough in the south, by the
Mona Passage in the west, and by the Anegada Passage in
the east (e.g., [2–5]). The Anegada Passage cuts across the
Antilles arc between the Greater and the Lesser Antilles and
connects the Whiting basin and Virgin Islands basin in the
southwest with the St. Croix basin and Sombrero basin in
the northeast (Figure 2). It is the only deep-water passage
between the Atlantic Ocean and the Caribbean Sea where
Atlantic intermediate water can enter into the Caribbean [6].

Previous researchers have proposed the presence of an
independently translating Puerto Rico and the Northern
Virgin Islands (PRNVI) microplate within the northeastern
Caribbean plate based on analysis of seismicity, geophysical
data, regional geology, and Global Positioning System (GPS)
data (e.g., [7–11]). St. Croix is separated from PRNVI by
the Virgin Islands basin, which forms the southeast bound-
ary of the PRNVI block. The Virgin Islands basin has a
rhomboidal shape with a long axis of about 80 km in a
nearly east-west (EW) direction (azimuth: 80∘) and a short
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Figure 1: A 3D bathymetric and topographic map showing the
locations of the Puerto Rico (PR), Virgin Islands (VI), St. Croix,
Anegada Passage (AP), and the Lesser Antilles inner and outer
forearcs.
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Figure 2: Velocity vectors of current PRVI continuous GPS stations
(>3 years) within the IGS08 (red) andNAD83(2011) (blue) reference
frames. The green dots represent these seven reference stations that
are used to establish the stable PRNVI reference frame (SPRNVIRF).
The locations of theWhiting basin (WB), Virgin Islands basin (VIB),
and St. Croix basin (SCB) are plotted on this map.

axis of about 20 km in a nearly north-south (NS) direction
(azimuth: 170∘). This basin has a complex bathymetry with
the deepest water reaching a depth of over 4500m below
sea level. Previous investigators proposed different tectonic
mechanisms to explain the origin of the basin and present
fault motions within the basin. Three controversial faulting
motions have been suggested: (1) left-lateral (e.g., [12–18]),
(2) right-lateral (e.g., [8, 19–22]), and (3) northwest-southeast
direction opening across the basin (e.g., [23–26]). This study
aims to investigate present relative motion between St. Croix
and the PRNVI block, which will provide critical information
for understanding the present faulting activities within the
Virgin Islands basin and seismic hazards in the PRVI region.

2. Tectonic Features in the PRVI Region

The Lesser Antilles, also known as the Caribbees, forms
the eastern boundary of the Caribbean plate. The present
configuration of the Lesser Antilles island arc is due to the
westward underthrusting of the Atlantic oceanic crust under
the Caribbean plate. The rate of convergence of this active
margin is about 2 cm/year (e.g., [27–30]). The Lesser Antilles
extends from the South American continent to the eastern
termination of the Greater Antilles (Puerto Rico and Virgin
Islands) (Figure 1). This island arc has a complex history and
has probably been active since the Early Cretaceous [31]. The
Lesser Antilles forearc diverges from the Anegada Passage
to the north of Martinique into an outer (eastern) arc and
an inner (western) arc. The outer forearc was volcanically
active from Eocene to possibly early Miocene; the inner
forearc is volcanically active from late Miocene to present
(e.g., [32, 33]). Tomographic data from 3D seismic refraction
indicate that the inner and outer forearcs are two distinct
units with different histories. In general, the inner forearc has
a higher vertical velocity gradient than the outer forearc [34].
The inner forearc islands are volcanic in origin, which are
still active today, called the “Volcanic Caribbees.” The outer
forearc consists of sedimentary islands, called the “Limestone
Caribbees.” There is an intra-arc trough between the outer
and inner forearcs, named Kallinago trough [31], which
is about 20 to 25 km wide and stretches from the north
of Guadeloupe to Anegada Passage (Figure 1). The age of
the Kallinago trough is not well known. According to the
geological study of Bouysse andWestercamp [33], the trough
originated during the Miocene or younger.

3. GPS Geodesy Infrastructure
in the PRVI Region

GPS stations were installed in the northeastern Caribbean
as early as 1986 for the purpose of studying plate tec-
tonics [35]. These sites were reoccupied for several times
in the following years [27]. Jansma and Mattioli have
been maintaining a campaign GPS observation network
in the PRVI region since the 1990s [9, 10, 36]. Currently,
there are more than 20 Continuously Operating Reference
GPS Stations (CORS) in the PRVI region [37–39]. Most
GPS stations were installed by the Puerto Rico Seismic
Network at the University of Puerto Rico at Mayaguez
(UPRM). The installation was funded by a National Sci-
ence Foundation (NSF) Major Research Instrumentation
(MRI) project (EAR-0722540). All UPRM GPS data are
archived at the UNAVCO public data archiving facility
(http://www.unavco.org/data/data.html). A private surveying
company, HLCM Group Inc. (http://www.hlcmgroup.com/),
also installed eight CORS in the PRVI region for land sur-
veying applications. All data from these HLCM stations are
freely available to the public through theCORSdata archiving
facility (http://www.ngs.noaa.gov/CORS/) operated by the
National Geodetic Survey (NGS) at the National Oceanic
and Atmospheric Administration (NOAA). Several other
agencies, such as the U.S. Coast Guard, International GNSS
Service (IGS), and NGS, also operate several continuous GPS
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stations in the PRVI region. This study only used continuous
GPS data that are available from the UNAVCO andNGS data
archives.

The GIPSY/OASIS (V6.3) software package was
employed to calculate daily Precise Point Positioning
(PPP) solutions with a single-receiver phase-ambiguity-fixed
resolution in this study [40]. The specific configuration
for the GIPSY processing is addressed in one of our recent
publications [41]. According to our previous statistical studies
on the accuracy of the single-receiver phase-ambiguity-fixed
PPP solutions, the daily positions would achieve 3 to 5mm
horizontal accuracy and 6 to 9mm vertical accuracy (RMS:
root-mean-square) in the PRVI region [38, 42]. The PPP
solutions at a single station alone are not sufficient by
themselves to precisely track long-term tectonic motions. In
order to precisely measure long-termmotions at a site, a local
reference frame needs to be specified. The GIPSY/OASIS
PPP solutions are provided within a geocentric Cartesian
coordinate system (𝑋, 𝑌, and 𝑍) which referred to the
International GNSS Reference Frame of 2008 (IGS08). This
is because the IGS final fiducial orbit frame that referred to
IGS08 is used in the PPP processing. In general, a global
or a continental-scale reference frame is realized with an
approach of minimizing the overall horizontal movements
of a large number of selected reference stations (e.g., [29, 43–
45]). In the case of IGS08, 232 globally distributed and
well-performing GPS stations were used [46]. As a result,
there are few “stable” (velocity equals zero) stations within a
global reference frame.

Figure 2 illustrates the velocity vectors of current PRVI
continuous GPS stations with respect to the global refer-
ence frame IGS08 and the continental-scale reference frame
NAD83(2011) at epoch 2010.00. NAD83(2011) is the latest
realization of the North American Datum of 1983maintained
by NGS. These large scale reference frames are realized with
an approach of 128 minimizing overall movements of a
large number of selected frame stations distributed in North
America [47–49].

The high-resolution bathymetry and topography data
used in this study are one arc-second (30m) digital elevation
model (DEM) data from Taylor et al. [50]. The reference
frame “NAD83(2011) epoch 2010.00” is the NGS’ latest real-
ization of the reference frame fixed to the North American
tectonic plate [51]. It appears that the whole PRVI region
retains a uniform velocity vector within either IGS08 or
NAD83. The horizontal velocity is about 16mm/year toward
northeast (N34∘E) within IGS08 and 19mm/year toward
the northeast within NAD83 (N77∘E). Minor motions (e.g.,
<2mm/year) associated with local faulting activities could
have been overwritten by the “global motions” within IGS08
and the “continental-scale motions” within NAD83. In order
to derive minor local ground deformation information over
time and space, a stable local reference frame is needed.

The main physical and mathematical properties of a
reference frame are the origin, the scale, the orientation,
and the change of these parameters over time. In surveying
and geodesy, a local reference frame is often realized by a
Helmert transformation from a well-established global refer-
ence frame. A group of common points (reference stations)

Table 1: Fourteen Parameters for the Helmert reference frame
transformation from IGS08 to SPRNVIRF.

Parameter Unit IGS08 to SPRNVIRF
𝑡
0

= 2013.0

𝑇𝑥(𝑡
0

) m 0.0
𝑇𝑦(𝑡
0

) m 0.0
𝑇𝑧(𝑡
0

) m 0.0
𝑅𝑥(𝑡
0

) Radian 0.0
𝑅𝑦(𝑡
0

) Radian 0.0
𝑅𝑧(𝑡
0

) Radian 0.0
𝑠(𝑡
0

) Unitless 0.0
𝑑𝑇𝑥 m/year 4.774470𝐸 − 03

𝑑𝑇𝑦 m/year 1.072162𝐸 − 02

𝑑𝑇𝑧 m/year 2.675888𝐸 − 02

𝑑𝑅𝑥 Radian/year −3.953039𝐸 − 09

𝑑𝑅𝑦 Radian/year −7.142687𝐸 − 09

𝑑𝑅𝑧 Radian/year 4.537733𝐸 − 09

𝑑𝑠 1/year 0.0
∗Counterclockwise rotations of axes (𝑋, 𝑌, and 𝑍) are positive.

are used to tie a local reference to a global reference frame.
A local-scale reference frame, named Stable Puerto Rico and
Northern Virgin Islands Reference Frame (SPRNVIRF), had
been realized by Wang et al. [42]. This local reference frame
was originally developed for conducting precise landslide
monitoring in the PRVI region. This study updated the
previous local reference framewith two additional years (2013
and 2014) of data. The 14 parameters for reference frame
transformation from IGS08 to the SPRNVIRF are listed in
Table 1.

The selection of reference stations is critical for estab-
lishing a precise local reference frame. In this study, seven
stations were selected as reference stations. The seven ref-
erence stations are PRJC (2009–2014), P780 (2008–2014),
BYSP (2008–2014), PRLP (2009–2014), CUPR (2009–2014),
VITH (2006–2014), and ABVI (2006-2014) (Figure 2). The
averaged three-component velocities of these seven reference
stations within the SPRNVIRF are 0.1 ± 0.05mm/year in
east-west (EW) direction, 0.2 ± 0.17mm/year in north-south
(NS) direction, and 0.5 ± 0.45mm/year in vertical direction.
In theory, all reference stations should retain a velocity of
zero in the 3D space within the stable reference frame.
However, their 3D velocities are not exactly zero in practice.
The average 3D velocity of all reference stations indicates the
overall stability (precision) of the reference frame. According
to our previous study on the precision of local reference
frames [42, 52, 53], the updated SPRNVIRF would be able
to distinguish 0.3mm/year horizontal displacements and
0.5mm/year vertical displacements.

4. Present Displacement between St. Croix and
the PRNVI Block

There are two long-history continuous GPS stations on St.
Croix: CRO1 (1995–2014) and VIKH (2006–2014). These two
stations are 23 km apart. CRO1 is located on the campus of
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theNational RadioAstronomyObservatory (NRAO) and it is
operated by the Jet Propulsion Laboratory (JPL).The antenna
of CRO1 is mounted on a 0.8m diameter monolith that is
0.6m above the ground surface. VIKH is a CORS located
on the campus of the University of the Virgin Islands and it
is operated by NGS. The antenna of VIKH is mounted on
a metal pipe bored on a side wall of a one-floor concrete
building. Figure 3 illustrates the three-component positional
time series of VIKH and CRO1 which referred to SPRNVIRF.
Three-component site velocities obtained from the 20-year
observations (CRO1) are −0.9mm/year (NS), 1.5mm/year
(EW), and −0.4mm/year (vertical), which indicate that the
St. Croix island moves away from the PRNVI block with
a horizontal velocity of 1.7mm/year (S55∘E). The 8-year
observations at VIKH result in exactly the same velocities for
the two horizontal components and a slight different velocity
(−0.6 versus −0.4mm/year) for the vertical component. Of
course, the 20-year observations provide a higher confidence
level than the 8-year observations. A linear regression model
is used to calculate the site velocity (𝑠) and standard error
(𝜎). Statistically, there is a 95% possibility that the true site
velocity (V) would be located within the band defined by the
calculated velocity and 2𝜎 (V = 𝑠 ± 2𝜎). In order to eliminate
worries that the minor relative movement (1.7mm/year)
between the St. Croix island and PRNVI block could be an
artifact related to the reference frame transformation, we
calculated the baseline between VIKH and VITH with a
differential method. The distance (baseline) between VITH
and VIKH is approximately 71 km. VITH is a long-history
permanent continuous station located on the St. Thomas
island. The antenna mount is anchored on the roof of a two-
floor concrete building.The single-base carrier phase double-
difference (DD) method employed in the GAMIT/GLOBK
(V10.4) [54] software package was used to calculate the
baselines between the two stations [54]. Figure 4 depicts the
positional time series of VIKH derived from two different
approaches: (1) PPP resolutions with respect to the local
reference frame SPRNVIRF and (2) DD solutions with
respect to a single station (VITH). The positional time series
obtained from the two different data processing approaches
are parallel to each other and lead to the same interpretation
on the relative motion between the St. Croix island and the
PRNVI block. The DD method requires simultaneous GPS
observations at both the rover (VIKH) and reference (VITH)
sites. As a result, no DD solutions were solved at epochs
in which the reference station had no data. However, the
combination of the PPP processing and the 14-parameter
reference frame transformation makes it possible to align all
observations at the rover site (VIKH) to a local reference
frame.

TheVirgin Islands basin is regarded as the western part of
the Anegada Passage. Recent seismic activities demonstrate
that the Virgin Islands basin area is tectonically active [55–
57].The thickness of the sediments in theVirgin Islands basin
is up to 2 km [1]. The sediments are underlain by volcanic
basement and the source of the sediments in the basin is
the carbonate detritus from the surrounding islands [21].
Previous investigations based on high resolution bathymetry
data, seismic survey data, and geologic study suggest that
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Figure 3: Long-term daily positional time series of CRO1 (1995–
2014) and VIKH (2006–2014) referred to the local reference frame
SPRNVIRF. CRO1 and VIKH are located on the St. Croix island.
The distance between these two GPS stations is 23 km. The linear
regression result of the velocity (V = 𝑠 ± 2𝜎) for each positional
time series is marked on each subplot. 𝑠 indicates the velocity (slope)
of the site within the SPRNVIRF. 𝜎 represents the standard error.
Statistically, there is a 95% possibility that the true velocity V will be
located within the range from 𝑠 − 2𝜎 to 𝑠 + 2𝜎.

the sedimentary structure within the Virgin Islands basin is
characterized by a complex system of strike-slip faults (e.g.,
[18]), including the one which caused the 1867 Virgin Islands
earthquake (M7.5) and tsunami [58, 59]. Most faults strike
in near EW or NE-SW directions. No attempt was made in
this study to investigate the activity of individual faults. The
1.7mm/year southeastern velocity vector (Figure 3) recorded
on St. Croix could be regarded as a result of the combination
of present fault activities within the basin. The overall
horizontal movement can be decomposed into a 1.2mm/year
left-lateral movement in the long-axis direction (N80∘E) of
the Virgin Islands basin and a 1.2mm/year extension in
its short axis direction (S10∘E) (Figure 5). Thus, the Virgin
Islands basin presently experiences a left-lateralmotion along
a nearly east-west direction and an extension along a nearly
north-south direction. A similar model was proposed by
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Figure 4: Comparisons of daily positions of VIKH (St. Croix)
derived from the GIPSY PPP solutions and the GAMIT double-
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SPRNVIRF. Cyan dots represent the DD solutions related to a single
fixed station on the St.Thomas island (VITH).The distance between
VITH and VIKH is 71 km.

Raussen et al. [18] based on multibeam sonar data (high
resolution three dimensional bathymetry data) and seismic
survey data.

The vertical positional time series of CRO1 shows a −0.4±
0.02mm/year subsidence rate when referred to the PRNVI
block (Figure 3), whichmight indicate the presence of normal
faulting in the Virgin Islands basin. In fact, fault geometry
deduced from detailed multibeam bathymetry suggests a
regional mixed strike-slip and normal faulting in the Vir-
gin Islands basin [59]. However, the 0.4mm/year vertical
velocity is at the margin of the velocity limits (horizontal:
0.3mm/year; vertical: 0.5mm/year) that can be distinguished
by the current SPRNVIRF. For this reason, we do not intend
to do further interpretation on vertical movements in this
study. The reference stations used in establishing the current
SPRNVIRF mostly have a 5-year history. A longer period of
data accumulation will increase the reliability and precision
of the vertical measurements.
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Figure 5: An interpretation of the overall faulting within the Virgin
Islands basin (VIB). The dark dash-dot line within the Virgin
Islands basin does not represent any specific fault. It just depicts the
direction of the long-axis of the basin.

5. Relative Movement between the Lesser
Antilles Arc and the PRNVI Block

Figure 6 depicts the positional time series of two permanent
stations (SMRT, BGGY) on the Lesser Antilles outer forearc.
The positions have been aligned with the local reference
frame SPRNVIRF. SMRT is located on the St. Martin island.
It is operated by UNAVCO.This station has a history of over
eight years (2007–2014) with a very “clean” positional time
series. The horizontal displacement time series indicates that
this site is not moving (<0.05mm/year) with respect to the
SPRNVI block. BGGY is a continuous GPS station on the
Antigua island with a seven-year history (2008–2014). The
displacement time series of the EW component shows a near
zero velocity (0.02±0.02mm/year).TheNS component of this
station shows a minor velocity of 0.6mm/year. The velocity
of the NS component could be slightly biased by the long-
period motions. A longer time span of observations may
result in more reliable velocity estimation. Overall, the long-
term positional time series at SMRT and BGGY indicate that
the two sites are notmoving with respect to the PRNVI block.
This in turn implies that the eastern (−64.5∘ east) Anegada
Passage is presently inactive.

Figure 7 depicts the boundaries of the PRNVI block and
the Lesser Antilles Outer Forearc (LAOF) and the velocity
vectors which referred to the SPRNVIRF. All GPS stations
have a continuous history of over five years. Epicenters of
recent earthquakes (1990–2014, 𝑀 ≥ 4.0) are also plotted
on this map.The boundary between the Lesser Antilles inner
and outer forearcs is drawn out primarily based on previous
investigations (e.g., [25, 33, 34, 60, 61]). It appears that the
Lesser Antilles inner forearc moves at a similar velocity
with St. Croix relative to the PRNVI block. However, the
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LAOF remains stable relative to the PRNVI block. López et
al. [61] proposed the occurrence of a rigid northern Lesser
Antilles forearc block based on the systematic discrepancy
existing between slip vectors of thrust fault earthquakes at
the Lesser Antilles trench and the predicted direction of
North American Caribbean convergence. Evain et al. [34]
verified the presence of two distinct rigid blocks (inner
forearc and outer forearc) within the Lesser Antilles forearc
region based on newly acquired 3D seismic tomographic
data. The observations from this study support the presence
of a distinct Lesser Antilles outer forearc (LAOF) block.

6. Conclusions

Current GPS geodesy infrastructure in the PRVI region
makes it possible to delineateminormotions (1 to 2mm/year)
within the northeastern Caribbean region.The GPS observa-
tions presented in this study indicate that St. Croix is moving
away from the PRNVI block toward southeast (S55∘E) with
a steady horizontal velocity of 1.7mm/year. Present tectonic
motion in the Virgin Islands basin could be characterized
by an overall left-lateral motion (1.2mm/year) in the long-
axis direction (N80∘E) of the basin and by an extension
(1.2mm/year) in the short-axis direction (S10∘E) of the basin.
The GPS data presented in this study also indicate that
the Lesser Antilles inner arc moves away from the PRNVI
block toward the southeast at a rate of about 2mm/year.
However, the Lesser Antilles outer forearc presently expe-
riences little movement with respect to the PRNVI block.
This implies that the eastern (−64.5∘ east) Anegada Passage
is presently inactive. The distribution of recent earthquakes
(1900–2014) also indicates that there are no significant earth-
quake activities in the eastern Anegada Passage (Figure 7).
A better understanding of the fault activities in the Virgin
Islands basin and the Anegada Passage would improve
seismic hazard assessment for the PRVI region. The Con-
tinuously Operating Caribbean GPS Observational Network
(COCONET, http://coconet.unavco.org/) project funded by
NSF has installed over 50 permanent GPS stations in the
Caribbean region [62]. There are 10 COCONET stations
within the Lesser Antilles region. COCONET stations have
a history less than three years at the time of this study (the
end of 2014) and therefore were not included in this study.
The relativemotions between the PRNVI block and the Lesser
Antilles inner and outer forearcs will be tested in the near
future using COCONET data.
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