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Abstract On-fault earthquake magnitude distributions are calculated for northern Caribbean faults
using estimates of fault slip and regional seismicity parameters. Integer programming, a combinatorial
optimization method, is used to determine the optimal spatial arrangement of earthquakes sampled from
a truncated Gutenberg-Richter distribution that minimizes the global misfit in slip rates on a complex
fault system. Slip rates and their uncertainty on major faults are derived from a previously published
GPS block model for the region, with fault traces determined from offshore geophysical mapping and
previously published onshore studies. The optimal spatial arrangement of the sampled earthquakes is
compared with the 500-year history of earthquake observations. Rupture segmentation of the subduction
interface along the Hispaniola-Puerto Rico Trench (PRT) fault and seismic coupling on the PRT fault
appear to exert the primary control over this spatial arrangement. Introducing a rupture barrier for the
Hispaniola-PRT fault northwest of Mona Passage, based on geophysical and seismicity observations, and
assigning a low slip rate of 2 mm/yr on the PRT fault are most consistent with historical earthquakes
in the region. The addition of low slip-rate secondary faults as well as segmentation of the Hispaniola
and Septentrional strike-slip fault improves the consistency with historical seismicity. An important
observation from the modeling is that varying the slip rate on the PRT fault and different segmentation
scenarios result in significant changes to the optimal magnitude distribution on faults farther away. In
general, optimal on-fault magnitude distributions are more complex and inter-dependent than is typically
assumed in probabilistic seismic hazard analysis and probabilistic tsunami hazard analysis.
Plain Language Summary

High population density and unreinforced structures make
the northern Caribbean region especially susceptible to earthquakes. The region’s complex fault system
includes a major offshore fault north of Hispaniola and Puerto Rico separating two tectonic plates, as well
as several major crustal faults crossing the islands. During the region’s 500-year recorded history, major
earthquakes and tsunamis, including the devastating 2010 and 2021 earthquakes in Haiti, resulted from
movement along these faults. The range of magnitudes for each fault is critical in assessing earthquake
hazard throughout the region. In this study, we employ a novel method, integer programming, from the
disparate field of operations research to determine the optimal distribution of large earthquakes on the
northern Caribbean fault system. Rather than assessing each fault independently, the distribution of
earthquakes under various scenarios is determined for the system as a whole, with specific assumptions
regarding fault geometry and slip rate on one fault affecting the forecasted magnitudes on other faults.
We find that segmentation of major faults increases the frequency earthquakes in the range of magnitude
6.0–7.0. In addition, the magnitude of the largest earthquakes occurring on the offshore plate boundary
faults may be significantly less than previously assumed for tsunami hazard assessments.

1. Introduction

Published 2021. This article is a U.S.
Government work and is in the public
domain in the USA.
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Key ingredients in quantifying earthquake and tsunami hazards at a particular location are the rate and distribution of magnitudes on potential source faults. A long-standing debate is whether on-fault magnitude
distributions accord with a Gutenberg-Richter (G-R) relation or with a characteristic model, where primarily one magnitude dominates the hazard (e.g., Hecker et al., 2013; Kagan et al., 2012). Recent system-level
rupture forecasts, however, reveal complexities of on-fault magnitude-frequency distributions (MFDs) that
are not simply described by either of these end-member characterizations (Geist & Parsons, 2019, 2020;
Parsons et al., 2018). An open question addressed in this study is whether assumptions of segmentation
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In the northern Caribbean region, several probabilistic seismic hazard
analysis (PSHA) and probabilistic tsunami hazard analysis (PTHA) studies have been performed (Bozzoni et al., 2011; Frankel et al., 2011; Mueller et al., 2003; Parsons & Geist, 2009b). PSHA and PTHA studies in this
region have prescribed simple forms for on-fault earthquake magnitude
distributions, ranging from G-R to characteristic or some combination
of both. In addition to on-fault characterizations, off-fault, background,
or gridded seismicity is specified in PSHA and, more recently, in PTHA
(Basili et al., 2013). In the northern Caribbean, both PSHA (Bozzoni
et al., 2011; Frankel et al., 2011; Mueller et al., 2003) and PTHA (Parsons & Geist, 2009b) studies to date have used prescribed on-fault magnitude-frequency distributions (MFDs) informed by historical earthquakes.

Slip Rate

Rather than assuming MFDs for faults independently, different system-level approaches have recently been developed to determine on-fault
1 possible
magnitude distributions for PSHA applications (e.g., Chartier et al., 2017;
Wall-to-wall rupture
position
Page et al., 2014). As part of the Fault2SHA project in Europe, the Seismic
Hazard and Earthquake Rate in Fault Systems (SHERIFS) methodology
Optimal +
(Chartier et al., 2019) fixes the shape of a target regional MFD and iterWall-to-Wall
Upper bound
atively assigns earthquakes to different faults in a fault system according to the slip-rate budget for each fault. SHERIFS is integrated with a
Optimal Target
Lower bound
logic-tree framework to explore different fault-to-fault connections and
other epistemic uncertainties. Other similar approaches are described
and compared with SHERIFS by Visini et al. (2020). For the third UniFigure 1. Graphical depiction of integer-programming method. Optimal
form California Earthquake Rupture Forecast (UCERF3) project (Field
rupture positions are shown on a discretized one-dimensional fault for
10 unique earthquakes of different sizes. Optimal slip rate is determined
et al., 2014), the Grand Inversion methodology (Page et al., 2014) uses a
from dividing the cumulative slip by the model duration. In this
simulated annealing algorithm to determine on-fault rupture rates subject
example, the addition of a wall-to-wall rupture causes all combinations
to slip-rate, regional MFD, and paleoseismic event rate constraints. Field
to exceed an upper bound slip rate and therefore must be excluded.
et al. (2020) described a general recipe for developing inversion-based
The integer programming method implemented in this paper considers
source models for use in PSHA studies. In addition to the methods central
many combinations from many two-dimensional faults in the northern
Caribbean.
to the Fault2SHA and UCERF projects described above, other approaches
have also been developed to estimate on-fault MFDs, including probability-based methods (e.g., Hiemer et al., 2013), earthquake simulators, such
as RSQSim (Richards-Dinger & Dieterich, 2012), and stress-based simulators (Console et al., 2015, 2017).
A comparison of results from stress-based simulators, the UCERF3 Grand Inversion, and combinatorial
optimization methods described below is provided by Parsons et al. (2018).
Combinatorial optimization methods include the greedy sequential algorithm (Parsons & Geist, 2009a) and
the integer-programming method (Geist & Parsons, 2018). These methods find the optimal spatial distribution of a millennial-scale (typically ≥10 kyr) random sample of earthquakes from a regional MFD that
minimizes the misfit in target slip rates for all faults in a complex fault system. A simple graphical depiction of the integer programming method is shown in Figure 1 for a single, one dimensional (strike) fault
and 10 earthquakes with variable slip. All possible positions on a discretized fault are determined for each
earthquake (number indicated on left side); small earthquakes can occupy more positions than larger earthquakes. Different earthquakes can also overlap on the same fault cells. A slip rate is associated with each
combination equal to the sum of the slip for each earthquake divided by the model duration. The optimal
combination is the one that results in a slip rate (blue line) that is the closest match to the target slip rate
(red line). An infeasible solution is one where the slip rate exceeds an upper slip rate bound or is less than
a lower slip rate bound (black dashed lines) for all combinations. In the example shown in Figure 1, the
addition of a wall-to-wall rupture makes the solution infeasible (blue dashed line) and thus a wall-to-wall
rupture has to be excluded. This is not a general circumstance, however: inclusion of a wall-to-wall rupture
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results in a feasible solution for other plate boundary faults that have higher slip rates, such as the Nankai
subduction zone (Geist & Parsons, 2019).
We find that there is sufficient information in the northern Caribbean to conduct an initial earthquake
rupture forecast using the integer programming method and compare the results to assumed magnitude
distributions used in previous PSHA and PTHA studies. Along with specified regional seismicity parameters, slip rates on major faults and their attendant uncertainties derived from GPS campaigns and other data
can be used to determine on-fault magnitude distributions. The primary source of epistemic uncertainty
explored for this initial rupture forecast are seismic coupling along the plate boundary fault and different
segmentation scenarios for major faults in the region.
The fault with the largest uncertainty in terms of slip-rate and segmentation is the oblique thrust offshore
of Puerto Rico and Hispaniola, henceforth referred to as the Hispaniola-PRT fault, which separates the
subducting or colliding North American plate from the overriding Caribbean island arc and interior plate.
Several studies based on GPS data have indicated that the PRT section of the fault offshore Puerto Rico
and the Virgin Islands is only partially coupled (Manaker et al., 2008; Symithe et al., 2015; ten Brink &
López-Venegas, 2012). In addition, focal mechanisms of thrust earthquakes have p-axes sub-parallel to the
highly oblique convergence direction and are not orthogonal to the trench as would be the case of a slip-partitioned margin (ten Brink, 2005; ten Brink & Lin, 2004). This is consistent with the very low coupling along
the PRT fault, as suggested by GPS block models (Symithe et al., 2015). We also test different segmentation
scenarios for the Hispaniola and Septentrional fault and compare results to the occurrence of large historical earthquakes in the region. Importantly, we demonstrate that assumptions of seismic coupling on the
PRT fault result in changes to the predicted magnitude distributions not only for the PRT fault, but also for
other major intra-plate faults in the region. The optimal magnitude distributions predicted for these faults
can lead to more refined estimation of earthquake and tsunami hazards in the region.

2. Method
Combinatorial problems assign a distribution of discrete events (in this case earthquakes) in order to satisfy
specified conditions. The combinatorial problem addressed in this study is to determine how a sample of
earthquakes that follow a regional G-R relation is optimally distributed among faults to explain observed
slip rates. The G-R relation is defined by two parameters, the a- and b-values (Gutenberg & Richter, 1944;
Ishimoto & Iida, 1939):
Log  N  M   a  bM ,
(1)

where N(M) is the number of earthquakes having magnitude greater than or equal to M. It is well established that seismicity is described by the G-R relation for most tectonically active regions (e.g., Kagan, 1999).
The G-R relation is often modified using various analytical forms (Kagan, 2002a) to take into account the
maximum fault size, which is expressed by the maximum seismic moment mmax in a given region. Shown
in Figure 2 is the tail of the pure G-R relation in blue and the truncated G-R relation black. The seismic
moment associated with the largest possible rupture area is termed here as the maximum physical seismic
moment (mmax(phys.)). During combinatorial optimization, however, it is often found that a sample of earthquakes using the maximum physical moment cannot be fit onto all of the faults without exceeding maximum slip-rate constraints, resulting in an infeasible solution (e.g., Figure 1). In these cases, the maximum
feasible seismic moment (mmax(feas.)) is found by trial and error (i.e., mmax(feas.) ≤ mmax(phys.)). Figure 2 shows
empirical moment-frequency relations of samples taken from five different model durations, ranging from
2.5 to 40 kyr. Longer model durations yield better sampling of high magnitude earthquakes but result in a
larger and more difficult combinatorial problem to solve.
Regional seismicity is separated between earthquakes that occur on or near known mapped faults (on-fault
seismicity) and those that occur off mapped faults (background seismicity). The G-R a-value apportioned to
the faults can be determined from a careful analysis of the historical earthquake catalog and estimated offfault seismicity (Felzer, 2013; Page et al., 2014), or estimated from the slip rates as discussed below.
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Figure 2. Sampled regional moment-frequency relation for five different model durations (T) compared to parent
truncated Gutenberg-Richter (G-R) relation (black) and pure G-R (blue). Only the tail is shown to highlight the
differences caused by sampling. The truncated relation is parameterized by a maximum feasible seismic moment
(mmax(feas.)) that is often less than the maximum physical seismic moment (mmax(phys.)).

Other earthquake parameters used in the modeling are scaled using magnitude-area (M-A) relationships
specific to the style of faulting. The faults are first discretized according to the minimum magnitude. Rupture areas are determined from M-A scaling. For ruptures that do not span the seismogenic zone, width-tolength scaling relations are used to determine the rupture dimensions for a given area. For rupture widths
limited by the depth of the seismogenic zone, rupture length is calculated from A/Wmax. MeanEslip (D) is
determined from the mechanical definition of seismic moment
E
M0   DA, where μ is the shear modulus.
Slip within the rupture zone can be uniform or heterogeneous. For the latter, each earthquake is assigned a
unique slip distribution following a stochastic static slip model (e.g., Herrero & Bernard, 1994). The mean
slip for the stochastic model is fixed using the scaling relationship described above. However, because of
spatial discretization of the slip distribution, the mean slip for a given stochastic rupture will vary slightly
and randomly from that given by the scaling relation.
The integer programming method to determine the optimal spatial arrangement of earthquakes on a complex fault system is described in detailed by Geist and Parsons (2018). To determine the optimal solution,
a binary decision vector is formed that includes every possible position on every fault in which each of the
sampled earthquakes can occur (termed “floating ruptures” by Visini et al., 2020). At each location along
every fault, the cumulative slip from all earthquakes rupturing at that location, divided by the model duration, determines the modeled slip rate (see Figure 1). Values of 1 in the decision vector indicate the optimal
position for each earthquake that minimizes the global misfit between the modeled and target slip rates. A
cost function is associated with the decision vector that indicates the distance (i.e., L1-norm of misfit) from
the target slip rates for each spatial arrangement of earthquakes in the sample. The objective is to minimize
the cost function (i.e., minimize the total slip-rate misfit) across the entire fault system. Maximum and
minimum cumulative slip constraints (slip rate multiplied by the model duration) are included that also
span all of the faults. Individual earthquakes can, and often need to, overlap in position on a fault to meet
the cumulative slip constraints and objective. Specifics of the northern Caribbean problem, including fault
geometry, slip rate, seismicity parameters, and time and length scales are given in the next section.

3. Geological and Geophysical Inputs to Model
Two categories of information are needed to apply the model described above to the northern Caribbean
region: (a) fault specifications, including fault dimensions and long-term slip rate and (b) parameters that
describe regional seismic activity. Details on the sources for this information and the assumptions made in
determining slip-rate and seismicity parameters are described below.
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Figure 3. Map of study region with faults included in the model indicated by purple lines. Longer faults are divided into labeled and numbered sections
(e.g., PRT1 etc.). Primary faults associated with GPS block model (heavy purple lines): Aneg-Anegada Passage; Barr-Barracuda Ridge; EF-Enriquillo-Plaintain
Garden; HIS-Hispaniola; PCSJV- Plateau Central–San Juan Valley; PRT-Puerto Rico Trench; MonR-Mona Rift; MT-Muerto Trough; SPT-Septentrional.
Secondary faults (thin purple lines): Art-Artibonite; Baho-Bahoruco; BNC-Bunce; BNCVI-Bunce Virgin Islands; CAMU-Camú; Des:Desecheo; Gonv-Gonâve;
GSPRFZ-Great Southern Puerto Rico fault zone; Jung-Jungfren; Laj-Lajas; MP-Mona Passage; Math-Matheux; Sal-Salinas; Somb-Sombrero; SM-San Marcos;
SThom-St. Thomas; VIB-Virgin Island Basin; Whit-Whiting Basin. Bathymetric terrain model from Andrews et al. (2013).

3.1. Fault Specifications
Several fault compilations have recently been published (Styron et al., 2020; Terrier-Sedan & Bertil, 2021).
For this work, we compiled fault parameters based on our research and that of others as detailed below.
Faults considered in the study are shown in Figure 3, with individual fault sections labeled and identified.
Onshore faults are based on published geological work in Puerto Rico (Piety et al., 2018; Prentice et al., 2005)
and Hispaniola (Calais et al., 2016; Pindell & Draper, 1991; Pubellier et al., 2000; Wang et al., 2018; Wessels et al., 2019). Detailed multibeam bathymetry mapping (Andrews et al., 2013; and references therein;
Rodríguez-Zurrunero et al., 2020) and analysis of seismic reflection data (Chaytor & ten Brink, 2010, 2015;
Granja Bruña et al., 2009, 2015; Laurencin et al., 2017; ten Brink, 2005) form the basis of the interpretation
of offshore faults. These data helped dispel some previously published fault interpretations such as a single
continuous fault along Anegada Passage south of the Virgin Islands, an active east-west oriented fault (the
Investigator Fault) on the upper slope south of Puerto Rico, the eastward extension of Septentrional Fault
north of Puerto Rico, a single boundary connecting Mona Rift to Yuma Basin and Muertos Trough, and a
physical connection between the east end of Enriquillo-Plantain Garden (EPG) Fault and the west end of
Muertos thrust. There are nevertheless still unknown faults as became apparent with the 2019–2020 seismic
activity in SW Puerto Rico. Uncertainties in the connections within fault zones also exist, such as the continuity between the Septentrional Fault in the Dominican Republic and the strand north of Haiti.
In the northern Caribbean study region (Figure 3), we include step-overs between fault sections of the same
named fault. For example, the eastern and western portions of the Hispaniola fault and the PRT fault are all
initially assumed to be connected, termed the Hispaniola-PRT fault. From this initial assumption, we compare results where the Hispaniola and PRT faults are disconnected, in terms of through-going rupture, and
other segmentation scenarios for the Septentrional and Hispaniola faults. At the edges of the study region,
strike-slip faults along the Lesser Antilles arc are separated from those in the Puerto Rico-Virgin Islands
region by the Anegada Passage as the subduction direction becomes more perpendicular in the Lesser Antilles (e.g., Laurencin et al., 2017). At the western end of the study area both the EPG and the Septentrional
faults continue westward. The Septentrional fault is separated from the Oriente fault in southern Cuba by
a large pull-apart basin in the Windward Passage which may act as a barrier to propagation. The EPG fault
continues offshore toward Jamaica and not much known about the offshore rupture history.
The downdip width for potential seismic ruptures (W) is determined by the dip of the fault (δ) and the
seismogenic depth (zs), in this case zs = 15 km as used by Frankel et al. (2011): W  zs /sin   . For the Hispaniola-PRT plate boundary fault, however, the depth of the downdip edge is assumed to be greater (20 km)
GEIST AND TEN BRINK
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(cf. Dolan & Wald, 1997). Uncertainty in the geometrical parameters does not have a significant effect on
the model formulation because of the large grid size: 9.5 km between grid points. The maximum magnitude
for each fault is related to the area of the fault, using the scaling relations of Leonard (2010). When a fault is
segmented, the maximum length and maximum magnitude are adjusted accordingly.
Shown in Figure 3 are primary faults associated with a kinematic GPS block model (heavy purple lines)
that are used for most of the tests presented in the Results section. For the final test, we also add secondary
mapped faults that occur off the block boundaries (thin purple lines). For primary faults, we use alongstrike varying slip rate estimates based on the kinematic block models that best-fit displacement rates from
regional GPS stations. We used the most recent published block model (Calais et al., 2016) projecting the
variable slip rates onto the mapped fault locations of Figure 3. This approach assumes that deformation
occurs only along block boundaries that were defined a priori. For example, the GPS block model assumes a
slip rate of 16.5–17.1 mm/yr along the Puerto Rico subduction interface and no other slip across the region
except along the Muertos Trough fault. In addition, the extent of primary faults defined by marine geophysical mapping in some cases does not extend as far along strike as the boundaries in the GPS block model. Finally, it should be noted that GPS station locations are not distributed equally across the study area because
of the limited land extent and accordingly, slip rates are subject to variable uncertainty. Whereas the target
slip rates are from Calais et al. (2016), maximum and minimum slip rate constraints for each primary fault
in the block model are calculated from the 2σ uncertainty (∼95% confidence interval) in slip rate provided
for each fault by Symithe et al. (2015) (their Table 3).
For the secondary faults, low slip-rate faults such as the Bunce strike-slip fault and faults in western and
southern Puerto Rico, have been mapped, and some of the terrestrial faults show evidence of Holocene
rupture (or multiple ruptures in southern Puerto Rico). Another example is the block boundary between
the Hispaniola and Puerto Rico blocks which is likely a zone of diffuse deformation. The assignment of
initial slip for these secondary faults had to rely on interpretation, transferring some or all of the slip from
the boundaries of the block model onto these observed faults. The addition of the secondary faults brings
the total seismic moment calculated from slip rates up to the estimate of seismic moment release from the
historical earthquake catalog. For the secondary faults, we impose a large uniform uncertainty window
around the target slip rate (±50% of interpreted value) where solutions can occur. Target slip rates, their
uncertainty, and model fits (including global mean bias error and root mean square error) for each of the
fault scenarios are indicated in Supporting Information S1.
Two factors can limit the efficiency of seismic rupture (i.e., earthquake production) on faults: partial coupling and fault creep. A coupling coefficient less than one means that not all of the slip rate for a fault
estimated by the GPS block model goes into producing earthquakes. The primary fault in the northern Caribbean that appears to have a low coupling coefficient is the PRT fault, as explained in the next section. Fault
creep can be accounted for using an aseismicity factor (Field et al., 2014) in which a reduced area of the
fault has the potential to produce earthquakes, thus limiting the size of events occurring on a fault. In the
SHERIFS method, fault creep is included along with postseismic slip and slow slip events as a non-mainshock slip factor, similar to the aseismicity factor, but it is output as a misfit to the slip-rate budget (Chartier
et al., 2017, 2019). As explained by Field et al. (2014), partial coupling affects the event rate whereas on-fault
creep affects the maximum size of an earthquake on a fault. Because of a lack of information of on-fault
creep in the study region, we assume that the entire fault area for each fault can produce earthquakes (i.e.,
aseismicity factor = 0).
3.2. Seismicity Parameters
A sample of earthquake magnitudes spanning 20 kyr was first created for the region (see Figure 2). This set
of input earthquakes was produced by sampling a G-R relation (Equation 1), with assumed uniform a- and
b-values for the entire study region shown in Figure 3. A b-value of 1 was used because it is consistent with
seismicity of global convergent zones (Kagan, 1999) and with the PSHA studies performed for the northern
Caribbean (Frankel et al., 2011; Mueller et al., 2003). For comparison, Bozzoni et al. (2011) divided the eastern Caribbean region into different shallow seismic zones, with different a- and b-values based on historical
seismicity. In the northern Caribbean region, they distinguish between the plate interface zone and the
backarc zone for shallow seismicity, with b = 0.94 and b = 0.70, respectively. Kagan (1997; 1999) indicated
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that G-R values for shallow earthquakes are similar among subduction zone and Marzocchi et al. (2020)
indicated sources of bias for estimating the parameters using limited datasets. Schorlemmer et al. (2005),
however, indicated that b-values can change with different stress regimes. For our purposes, we considered
the study region as a single zone with uniform G-R parameters for constructing the 20 kyr sample of earthquakes used as input to the models.
The G-R a-value is the logarithm of the event rate for earthquakes greater than or equal to the threshold
magnitude Mt (Kagan, 2002a), in this case Mt = 6.0. The procedure used to calculate the M ≥ 6.0 event rate
is described below. The probability distribution for seismic moment (m) that corresponds to the G-R relation for magnitude (M) is the Pareto distribution. For this study we use the truncated Pareto distribution
described in Kagan (2002a) to take into account the maximum size of earthquakes in the northern Caribbean region. The complement to the cumulative distribution (survival function) Φ(m) for this distribution
is given by




 mt 
 mt 

  
m
 
 mmax  for m  m  m ,

Φm
(2)
max
t

 m 
1 t 
 mmax 

E

where mt is the threshold seismic moment corresponding to Mt, mmax is the maximum seismic moment, and
2
  b.
3
The regional M ≥ 6.0 event rate (α) can be calculated from the total seismic momentErate (m s) and the truncated Pareto distribution according to (Kagan, 2002b)
ms 1   
(3)
 
,

 mt m1max

.

where ξ is a correction factor when mmax for the region is comparable to mt. The total moment rate for all
faults in the system (index i) is given by
m s  i i ui Ai ,
(4)

where the shear modulus μ = 30 GPa, χi is the seismic coupling coefficient,
E
ui is the mean slip rate on the
fault, and Ai is the area for each ith fault. The M-A scaling relationships used in this study are those of
Leonard (2010). Following the study by Symithe et al. (2015), only the PRT fault was considered to have a
coupling coefficient less than one; for all other faults, χi was assumed to be one.
Because we employed a system-wide optimization method, there are tradeoffs between the effective slip rate
on the PRT fault (i.e., considering different coupling estimates χPRT, as discussed below), regional mmax, and
regional M ≥ 6.0 event rate (α). Because the PRT fault is the fault with the largest area, it is also the fault that
controls mmax for the region. However, using the largest mmax(phys.) possible for the PRT fault (i.e., a “wallto-wall” rupture, Figure 1) yields infeasible integer-programming solutions, owing to a limited number of
large faults to place large earthquakes in the regional sample. Therefore, a smaller mmax(feas.) is used to obtain
feasible solutions. In summary, the moment rate calculated using Equation 4 is substituted into Equation 3
which, with a mmax that produces a feasible solution, determines the regional M ≥ 6.0 event rate.
With the regional M ≥ 6.0 event rate (α) calculated as described above, the number of earthquakes in the
sample is given by N = αT, where T is the model duration. Seismic moments are randomly sampled
E
 m 
from the truncated Pareto distributions according to
1/ 


 
 
m
  m
 

(5)
,
 m  
mt  R 1   max     max  
   mt    mt  
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Figure 4. Map of historical earthquakes (M > 6.5) indicated in Table 1. Open circles indicate uncertain location. Locations of pre-1900 events from ten Brink
et al. (2011); 1900–1976 from the ISC-GEM catalog; 1976-present from the ANSS catalog. Purple lines indicate faults shown in Figure 3. Bathymetric terrain
model from Andrews et al. (2013).

where R is a random value between 0 and 1 (Kagan, 2002a). A random sample of seismic moments will have
a slightly different total seismic momentEthan m s calculated using Equation 4. Therefore, the event rate (α) is
recursively adjusted until the total seismic moment of the samples is within E
1% of m s, keeping the random
seed for sampling the same. Different model durations (T) were tested for adequate sampling of large magnitude earthquakes. For a given moment interval, the sampling function (Equation 5) produced a gradual
decrease in the number of events with increasing moment (Figure 2). A value of T = 20 kyr was determined
to be the lowest value that produces stable results.

E

Below, we compare the total seismic moment rate from this calculation to that inferred from tectonic plate
motions. The moment rate calculated from Equation 4 ranges between
E
0.89  1019E and 1.01  1019 Nm/yr
using the primary faults and an effective PRT slip rate of 1–3 mm/yr (i.e., χPRT∼0.06–0.19) as implemented
E
1.06  1019E and 1.19  1019
in the Results section below. Including the secondary faults,
E
m s ranges between
Nm/yr. These moment rate estimates do not include moment release from off-fault (i.e., background) earthquakes or from aseismic deformation. To estimate the total moment rate (on-fault seismicity + background
seismicity + aseismic deformation), we turned to tectonic estimates based on the long-term relative plate
motion rates. Kagan (2002b) calculated a tectonic moment rate based on the global seismic zonation scheme
used by McCann et al. (1979). For the seismic zones that cover the study region, the tectonic moment rate
is 2.06  1019 Nm/yr. Parsons and Geist (2009b) modeled the interaction between the North American and
Caribbean plates using a finite element deformation model, yielding a tectonic moment rate for just the
study region of approximately
E
2.37  1019 Nm/yr, which is similar to the results obtained by Kagan (2002b).
Seismic moment release estimates using historical earthquake catalogs are subject to a great deal of uncertainty, owing to catalog completeness issues and whether the historical time period has adequately sampled
the largest magnitude earthquakes. Estimates from the ISC-GEM catalog (Storchak et al., 2013) (1904–
2010) and the ANSS catalog (U.S. Geological Survey, 2017) (1867–2020) are approximately
E
1  1019 Nm/yr,
but could be much larger if large magnitude earthquakes are undersampled during this time period. Much
of the difference between the tectonic and seismic moment rate used in the model is from the reduced coupling along the PRT fault, with the remainder allocated to background seismicity.
3.3. Historical Earthquake Data
To evaluate the results, large magnitude (>M6.5) historical earthquakes in the region (Figure 4) were assigned to faults as indicated in Table 1. During revision of this paper, a destructive M7.2 earthquake occurred on August 14, 2021 in Haiti, occurring in a region of increased Coulomb failure stress following the
2010 earthquake (Symithe et al., 2013). The occurrence of the 2021 earthquake lends support to the hypothesis of Bakun et al. (2012) who indicated that the 2010 earthquake marked a new cycle of large earthquakes
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Table 1
Historical Earthquakes (M>6.5) Used for Model Comparison (Location Shown in Fig. 4). Events With Dates in Bold are Shown in Fig. 8.
Date

Mag.

Type

Catalog/Reference

Fault Zone Assignment

14 August 2021

7.2

Mw

ANSS

EPG

12 January 2010

7.0

Mw

ANSS

EPG

24 June 1984

6.9

Mw

ANSS

Muertos

6.7

Mw

CMT

6.6

Mw

ISC-GEM

6.7

Mw

CMT

23 March 1979

Muertos

11 June 1971

6.5

Mw

ISC-GEM

Muertos

20 April 1962

6.6

Mw

ANSS

Hispaniola

8 January 1962

6.5

Mw

ANSS

Muertos

31 May 1953

6.6

Mw

ANSS

Hispaniola

21 April 1948

6.9

Mw

ANSS

Hispaniola

7.0

Ms

ISC-GEM

Hispaniola

4 October 1946

7.0

Ms

ISC-GEM

Hispaniola

8 August 1946

7.0

Mw

ANSS

Hispaniola

4 August 1946

7.8

Intensity

ten Brink et al. [2011], Bakun et al. [2012]

Hispaniola

30 July 1943

6.5

Ms

ISC-GEM

Hispaniola

29 July 1943

7.7

Mw

ANSS

PRT

7.2

Ms

ISC-GEM

7.8

Mw

Doser et al. [2005]

2 August 1927

6.5

Ms

ISC-GEM

PRT

10 February 1920

6.8

Ms

ISC-GEM

Mona Rift*

6.5

Mw

Doser et al. [2005]

7.1

Mw

ANSS

11 October 1918

27 July 1917

23 April 1916

7.7

Ms

ISC-GEM

7.2

Mw

Doser et al. [2005]

6.8

Mw(p)

ISC-GEM

7.0

Ms

ISC-GEM

6.9

Mw

Doser et al. [2005]

6.8

Intensity

ten Brink et al. [2011]

7.2

Ms

ISC-GEM

6.8

Mw

Doser et al. [2005]

Mona Rift* (or Desecho)

PRT (or Bunce)

Hispaniola

11 October 1915

6.8

Ms

ISC-GEM

PRT

6 October 1911

6.6

Intensity

Flores et al. [2011]

PCSJV-n* (or Muertos)

6.7

Mw(p)

ISC-GEM

11 May 1910

6.5

Intensity

Flores et al. [2011]

Muertos

17 February 1902

6.9

Ms

ISC-GEM

Hispaniola

29 December 1897

6.5

Intensity

ten Brink et al. [2011]

Septentrional* (or Camu)

23 September 1887

6.7

Intensity

ten Brink et al. [2011]

Septentrional

18 November 1867

7.3

Mw(p)

ANSS

St. Thomas

7 May 1842

7.6

Intensity

ten Brink et al. [2011]

Septentrional

2 May 1787

6.9

Intensity

ten Brink et al. [2011]

PRT* (near Main Ridge or Muertos)

11 July 1785

6.9

Intensity

ten Brink et al. [2011]

PRT*

3 June 1770

7.5

Intensity

Bakun et al. [2012]

EPG
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Table 1
Continued
Date

Mag.

Type

Catalog/Reference

Fault Zone Assignment

21 November 1751

6.6

Intensity

Bakun et al. [2012]

EPG

18 October 1751

7.5

Intensity

Bakun et al. [2012]

EPG or Muertos*

9 November 1701

6.6

Intensity

Bakun et al. [2012]

EPG

1691

7.5

Intensity

ten Brink et al. [2011]

Muertos, EPG, or Bahoruco*

1684

7.0

Intensity

ten Brink et al. [2011]

Muertos*

9 May 1673

7.3

Intensity

ten Brink et al. [2011]

Muertos*

January 1665

6.8

Intensity

ten Brink et al. [2011]

Muertos*

7 September 1615

7.5

Intensity

ten Brink et al. [2011]

PCSJV-s*

2 December 1562

7.7

Intensity

ten Brink et al. [2011]

Septentrional

Note. For older events, fault assignments may be uncertain as indicated by asterisk or have multiple possible assignments indicated by parentheses. (p) indicates
proxy magnitude.

on the EPG fault zone after 240 years of quiescence. This earthquake is provisionally assigned to the EPG
fault zone (Table 1, Figure 4). In assigning earthquakes to faults, estimated epicenters did not have to occur
exactly on the mapped trace of a fault. Similar to the concept of fault zone polygons in UCERF3 (Powers &
Field, 2013), a zone around a fault is defined that is the union of the surface projection for dipping faults, a
geologically defined deformation zone around a fault (e.g., multiple strands of a fault), and, in this case, a
25 km buffer zone to account for uncertainty in earthquake or fault location. The occurrence of historical
earthquakes was compared with model results in two ways. First, a representative subset of these earthquakes (bold entries in Table 1) was used to see if the magnitudes were contained in the range modeled
on-fault earthquake magnitude distributions. In some cases, such as the 8/4/1946 Dominican Republic
earthquake, we also compare model results with the location and magnitude of this event.

4. Results
The extensive record of historical earthquakes in the northern Caribbean region (Table 1) provides important data to evaluate different segmentation and slip rate scenarios for faults in the study region. In
Section 4.1, we examine the effects of varying estimates of slip-rate along the PRT fault, the fault that has
the most uncertainty in terms of seismic coupling. We also examine different segmentation scenarios for the
major faults in Section 4.2. We then examine the effects of adding secondary faults off the block boundaries
in Section 4.3. Lastly, we discuss parts of the model that do not adequately explain the occurrence (or lack
thereof) of large magnitude earthquakes on certain faults (Section 4.4). In each case, we focus on the magnitude density distributions for the major faults. Fits to target slip rates, magnitude density distributions, and
MFDs for all faults and all cases are shown in Supporting Information S1. The difference in misfit metrics
among the different faulting scenarios is small (Table S1 in Supporting Information S1), which is why we
rely on testing whether the historical magnitudes (and location, in the case of the August 4, 1946 Hispaniola
earthquake, the largest instrumentally recorded event in this region) are represented in the model results
for evaluating the different scenarios. Conversely, there will many earthquake scenarios in the 20 kyr model
results that are not expected to be represented in the much shorter historical record.
4.1. Effect of Varying Slip-Rate Estimates for the PRT Fault
We first use different slip-rate estimates on the PRT fault to determine the effects on earthquake magnitude
distributions throughout the northern Caribbean fault system. For this test, we assume that the Hispaniola
and PRT faults are disconnected: that is, no throughgoing ruptures are allowed from one fault to the other.
Slip rates on the PRT fault of 1, 2, and 3 mm/yr are tested. The slip rate on the Hispaniola section is fixed for
all scenarios with the GPS model values of Calais et al. (2016), and ranges between 2.4 mm/yr at the eastern
end (HIS1) to 3.2 mm/yr at the western end (HIS7). Shown in Figure 5 are probability density histograms
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Figure 5. Earthquake magnitude density histograms for three major faults in the GPS block model, using different assumed slip rates for the Puerto Rico
Trench fault. Heavy black line indicates physical maximum magnitude for each fault based on the M-A scaling relationship. See Supporting Information for
results for all faults.

of earthquake magnitudes (bin width 0.1 magnitude units) for three major faults in the GPS block model.
The density histograms normalize the bin heights for comparative purposes, but do not indicate differences
in the total number of events. The corresponding MFDs, which do indicate the number of events assigned
to a fault divided by model duration, are presented in Supporting Information S1 for all cases. The physical
maximum magnitude (Mmax(phys.)) for each fault is indicated by the heavy vertical black line in Figure 5 and
subsequent figures. In many cases, the feasible maximum magnitude of earthquakes assigned to a fault is
less than the physical maximum. Earthquake magnitude distributions on each of the faults are sensitive to
the assumed slip rate on the PRT. Decreasing the slip rate from 3 to 1 mm/yr results in a higher density of
M < 6.0–6.7 earthquakes on each of these faults (Figure 5). In terms of the MFDs, however, there is a higher
frequency of M6.0–6.5 earthquakes on the Hispaniola fault for the 3 mm/yr PRT slip rate compared to the
PRT fault where there is a much lower frequency of M6.0–6.5 earthquakes for this slip rate (Figure S3 in
Supporting Information S1). There is less of a change in the magnitude distribution for other faults (Figure
S2 in Supporting Information S1). Most importantly, only the 2 mm/yr PRT slip rate produces earthquakes
on the Hispaniola fault in the region of the August 4, 1946 earthquake (Dolan & Wald, 1998) and with magnitude in the M7.5–8.0 95% confidence interval estimated by ten Brink et al. (2011).
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Figure 6. Earthquake magnitude density histograms for assuming (a) continuous Hispaniola-Puerto Rico Trench fault and (b) disconnected faults. In (a),
histogram for entire Hispaniola-PRT fault (top) shown with participation histograms for each fault section (indicated by asterisk). Heavy black line indicates
physical maximum magnitude for each fault based on the M-A scaling relationship. See Supporting Information S1 for results for all faults.

Arguments can be made that the rupture barrier is either between sections PRT6 and PRT7 or between
PRT5 and PRT6 and not farther west between PRT7 and HIS1 (see Figure 3 for location) as in the Calais
et al. (2016) block model, based on several lines of evidence. Large magnitude (up to Ms 8.1) subduction
earthquakes took place from central Hispaniola in the west to the approximate longitude of Mona Rift in the
east during the twentieth century (ISC-GEM catalog, Doser et al., 2005; ten Brink et al., 2011). Far fewer and
much smaller (<M6.0) earthquakes took place east of that longitude. In addition, global p-wave tomographic images across the plate boundary show a continuous high velocity zone descending southward from the
surface west of the longitude of Mona Rift, but not east of it (C. W. Harris et al., 2018). A continuous high
velocity zone such as this is usually interpreted as a subducting slab. The Septentrional fault, interpreted
to accommodate the left-lateral component of the oblique convergence between the North American and
Caribbean plates (Dolan & Wald, 1998) does not extend east of Mona Rift, indicating differences in coupling
between the Hispaniola and PRT faults (ten Brink & Lin, 2004). Finally, the deep bathymetry of the trench
and its surrounding is significantly wider east of the longitude of Mona Rift, than west of it. We ran tests
using each of these three locations (not shown) and find that a boundary between PRT6 and PRT7 supported by the lateral seismological and geological differences at the longitude of Mona Rift discussed above
also best explains the historical earthquake record and is the preferred PRT-Hispaniola segment boundary.
4.2. Effect of Different Segmentation Scenarios
In Figure 6, magnitude distributions for major faults assuming a connected Hispaniola-PRT fault (using
a 2 mm/yr slip rate for the latter) are compared to the case where the two faults are disconnected. For the
connected fault (top), the histograms for both the connected fault and the Hispaniola and PRT fault sections
are shown. The latter are “participation” histograms (indicated by asterisk) where earthquakes that participate in either section are counted. Earthquakes that straddle the Hispaniola-PRT boundary are counted for
each histogram. As with variations in PRT slip rate, segmentation assumptions for the Hispaniola-PRT fault
affect other faults farther away. Consistent with historical observations (Table 1), there are higher densities
of M = 6.5–7.0 earthquakes on the EPG and Septentrional faults for the disconnected case compared to the
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continuous fault. The frequency of M6.0–6.5 earthquakes are not equally partitioned between the PRT and
Hispaniola faults for the disconnected case: more earthquakes in this magnitude range are retained on the
PRT fault (Figure S6 in Supporting Information S1). The continuous Hispaniola-PRT fault scenario does not
produce any M7.5–8.0 earthquakes in the region of the August 4, 1946 Hispaniola earthquake.
As mentioned previously, using the largest seismic moment (mmax) from the regional sample of earthquakes
(Equation 2), as determined by the size of the largest fault, results in infeasible solutions. The highest physical maximum magnitude Mmax ranges from 8.65 for the continuous Hispaniola-PRT fault scenario to 8.37
for the disconnected Hispaniola and PRT faults. The highest Mmax that yields a feasible solution, however, is
8.3 for both the connected and unconnected Hispaniola-PRT fault. The reason that infeasible solutions are
returned using the highest physical Mmax values is that the highest magnitude earthquakes from the sample
drawn using this Mmax cannot be fit onto faults in the study region without exceeding the maximum slip rate
tolerance (target slip +2σ uncertainty for GPS block model faults; see Figure 1).
Next, we examine the effects of segmenting the Septentrional and Hispaniola faults. First, the Septentrional
left-lateral strike-slip fault is located ∼60 km south of the Hispaniola thrust fault (Figure 3) and accommodates a significant fraction of the oblique plate convergence (e.g., Calais et al., 2016). The fault trace offshore
is a narrow morphological depression with occasional small pull-apart basins both east of the Dominican
Republic (ten Brink & Lin, 2004) and north of Haiti (Leroy et al., 2015). The onshore trace mostly runs
along the southern edge of the Cordillera Septentrional (de Zoeten & Mann, 1991); however, it appears to
be split into several traces north of the Cibao valley and its connection to the offshore trace north of Haiti,
located 15 km to the south, is obscured by the valley’s sedimentary fill. A fault step of ≤4 km also exists on
the eastern end of the onshore trace, close to Samaná Bay. The fault morphology therefore indicates the
possibility of rupture segmentation during at least some earthquake cycles. We only examine the effect of
segmenting the Septentrional fault between fault section SPT3 and SPT4 near Samaná Bay (Figure 3). Felt
observations of the 1842 earthquake strongly suggest that the central and western sections of the fault were
both ruptured (Dolan & Wald, 1998; Flores et al., 2011), precluding a strict rupture barrier north of Haiti.
Segmentation of the Septentrional fault affects the magnitude distributions on other faults. For example,
because the maximum magnitude on the Septentrional fault is reduced in comparison to a continuous fault
scenario, many of the M ≥ 7.7 earthquakes that occurred on the continuous Septentrional fault moved to
the Muertos and western Hispaniola faults (Figure S9 in Supporting Information S1). There are only a few
faults in the study area that can accommodate earthquake magnitudes of this size. In addition, earthquakes
in the M7-7.8 range are moved from the Hispaniola fault when the Septentrional fault is segmented (compare Figure 7a with Figures 7b and 7c with Figure 7d).
Segmenting the Hispaniola fault between section HIS3 and HIS4 near the Haiti-Dominican Republic
boundary (ten Brink et al., 2013) results in partitioning M8 earthquakes between the two segments (Figure 7d). This segmentation may indicate the transition from subduction in the east to collision in the west,
as suggested by the seismicity (Figure 4) and seismic tomography (e.g., C. W. Harris et al., 2018). Segmentation of the Hispaniola fault affects magnitude distributions on the Septentrional and EPG faults as well,
primarily in the lower M6.0–6.5 magnitude range (compare Figure 7b with Figure 7d). The scenario where
both the Septentrional and Hispaniola faults are segmented has the lowest global misfit in slip rates and best
match to historical earthquakes, although the differences in fits among all Septentrional and Hispaniola
segmentation scenarios are small.

4.3. Incorporating Secondary Faults
Using the scenario where both the Septentrional and Hispaniola faults are segmented, we add secondary
faults as shown by the thin purple lines in Figure 3. Adding the secondary faults results in a good match to
historical observations (Figure 8). In particular, the optimal distribution of earthquakes on the Hispaniola
fault are most consistent with the magnitude of the 1946 mainshock and its aftershocks (E. Hisp. histogram, Figure 8). Earthquakes on the EPG and Muertos faults span a large magnitude range consistent with
the observations (Figure S12 in Supporting Information S1). Most of the smaller faults are characterized
by a narrow range of magnitudes (see Supporting Information S1). As the fault size increases, so does the
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Figure 7. Earthquake magnitude density histograms for different segmentation scenarios. Heavy black line indicates physical maximum magnitude for each
fault based on the M-A scaling relationship. See Supporting Information S1 for results for all faults.

complexity of the earthquake distributions because a larger range of ruptures can potentially fit onto the
larger faults.

4.4. Problematic Faults
There are cases where results from the preferred scenario described in Section 4.3 are not consistent with
the historical observations. In particular, the estimated magnitude of ∼7.2–7.5 for the 1867 earthquake
south of St. Thomas, U.S. Virgin Islands (Barkan & ten Brink, 2010; McCann, 1985), consistently exceeds
the maximum magnitude for the nearby St. Thomas fault. We ran an experiment where the St. Thomas fault
was linked with the Virgin Island Basin faults (Figure 3), but the maximum magnitude still did not increase
enough to be consistent with the 1867 event. The geometry of the fault(s) that ruptured during the 1867
earthquake therefore remains enigmatic. The same is true for the 1918 Mona Rift earthquake, where the
observed magnitudes are larger than the maximum physical magnitude of the fault derived from the fault
dimensions and the M-A scaling relationship and this source fault too remains enigmatic.
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Figure 8. Earthquake magnitude density histograms using secondary faults in addition to primary faults from the
GPS block model. Both Septentrional and Hispaniola faults are segmented (cf. Figure 7d). Historical earthquakes
M ≥ 6.5 indicated by black arrows; horizontal line above arrow indicates magnitude uncertainty for pre-instrumental
events (see Table 1). Heavy black line indicates physical maximum magnitude for each fault based on the M-A scaling
relationship. See Supporting Information S1 for results for all faults.

5. Comparison to Published PSHA and PTHA Models
We compare our results of optimal on-fault earthquake magnitude distributions to the assumptions made
in PSHA and PTHA studies for the northern Caribbean region. For the Puerto Rico and U.S. Virgin Islands
PSHA study (Mueller et al., 2003), the on-fault magnitude distributions are largely assumed to be characteristic (Mchar). For the PRT and Hispaniola faults, Mchar = 7.9 and 8.0, respectively. For the Septentrional
fault, there are alternate logic tree branches with Mchar = 7.3 (1 branch) and Mchar = 8.0 (3 branches). For the
south Lajas fault onshore southwestern Puerto Rico, Mchar = 7.0. Although the optimal on-fault magnitude
distributions presented in this study are more complex than expressed by a single characteristic magnitude,
these values fall within the range estimated by our optimization models, depending on the segmentation
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Figure 9. Cumulative magnitude-frequency distributions for three faults using the scenario described in Section 4.3. Heavy black line indicates physical
maximum magnitude for each fault based on the M-A scaling relationship.

scenario, with the exception of the Lajas fault where our magnitude distribution falls short of M = 7.0 (see
Supporting Information S1).
The on-fault magnitude distributions in the Frankel et al. (2011) Haiti PSHA study are assumed to be G-R
from M = 6.5 or M = 7.5 up to a designated characteristic magnitude. The Mchar used in the Haiti study ranges from 7.7 for the EPG and Matheux-Neiba faults to 8.0 for the Hispaniola, PRT, and Muertos faults. These
magnitudes are also generally within the range indicated in our study (Figure 9), although our optimal
magnitude distribution ranges slightly lower for the Matheux-Neiba fault (see Supporting Information S1).
Overall, including earthquake magnitudes from 6.5 and 7.5 in addition to the Mchar more closely reflects
the complexity of magnitude distributions that we determine, compared with the use of a single Mchar. As
shown in Figure 9, our model predicts high recurrence of M < 6.8 earthquakes along the PRT fault, has a
gradual decrease in recurrence with magnitude along the EPG fault, and has high recurrence of M < 6.3 on
Muertos Trough fault.
In terms of tsunami hazards, the PTHA study for the northern Caribbean islands by Parsons and
Geist (2009b) used Bayesian analysis to combine the results from a computational PTHA with the extensive
tsunami record in the region to account for sources not included in the computational model. The sources
used in the computational model are the plate boundary faults surrounding the Caribbean Sea. The on-fault
magnitude distributions associated with these faults was assumed to be a tapered Pareto distribution (Kagan, 2002a) for M ≥ 7.0. For the northern Caribbean convergence zones, a corner magnitude of Mc = 9.58
was adopted from the global estimates of Bird and Kagan (2004). A similar source zone characterization was
used by Davies et al. (2017) for northern Caribbean in their global PTHA. Earthquake magnitudes >8.3 on
the disconnected PRT and Hispaniola faults result in an infeasible solution for our region-wide model using
the integer-programming approach and constrained by a finite upper limit to the seismic moment release
rate. As a general observation, the maximum magnitude from the forecasted distributions for the PRT and
Hispaniola faults is often less than the physical maximum magnitude given by the M-A relationship. As
shown in Figure 9, M > 8.1 earthquakes on the PRT fault are very infrequent (>1 kyr mean return time) in
our model. This observation has particular importance of PTHA studies at far-field sites and at long mean
return times.

6. Discussion
This study focuses on epistemic uncertainties related to possible segmentation of major faults and seismic
coupling of the PRT fault and their effect on rupture forecasts. In particular, we determine how assumptions
of coupling or segmentation on one fault affect the magnitude distributions on other faults farther away.
Previous studies have emphasized the effect that segmentation has on aggregate ground shaking estimates.
Valentini et al. (2019) indicated that segmented models result in increased ground shaking hazard (0.2 and
1.0 s horizontal spectral acceleration at a 475-year return period) near the Wasatch fault zone because of
more frequent moderate size (M = 6.2–6.8) earthquakes compared to unsegmented models. We observe a
similar effect on the Hispaniola fault under different segmentation scenarios (Figure 10). When the Hispaniola fault is segmented, there is an increase in frequency of M6.5–7.0 earthquakes on both segments
(Figure 10b) compared to the unsegmented case (Figure 10a). However, segmenting the Septentrional fault
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Figure 10. Comparison of cumulative magnitude-frequency distributions for the Hispaniola fault under different segmentation scenarios.

lowers the frequency of M6.0–7.0 earthquakes, especially on the western Hispaniola segment (Figure 10c).
Adding the secondary faults increases the rate of M < 7 earthquakes slightly (compare Figure 10d with
Figure 10c).
In terms of linking different fault strands together, we have assumed that different sections of the same
named fault are connected across stepovers and end-to-end connections. We have not considered links
between different named faults nor alternative branching connections, such as at the western ends of the
Septentrional and Bunce faults. In general, fault connections have been handled in several different ways.
For example, plausibility filters have been developed with respect to maximum stepover distances and
branch angles in the UCERF3 project (Milner et al., 2013; Parsons et al., 2012). Multi-fault ruptures can
also be penalized, in terms of weighting, in determining optimal earthquake rates (Valentini et al., 2019)
and slip-rates can be tapered at the ends of different fault strands (Weldon et al., 2007). Dynamic rupture
modeling can greatly aid in determining likely multi-fault rupture scenarios given specific rock properties
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and 3D geometry (e.g., R. A. Harris et al., 2021). Incorporating step-over and branching connections into the
integer-programming framework is described by Geist and Parsons (2020).
Key information needed by this and other rupture forecast methods is information on slip rate and its attendant uncertainty. The primary faults we first consider are those associated with the kinematic GPS block
model of Calais et al. (2016). Kinematic block models provide a best fit to GPS observations and balance
slip rates across the plate boundary zone. In the UCERF3 project, slip-rate estimates from GPS block models have been supplemented with paleoseismic point estimates as well as continuum models that account
for more complex inelastic deformation (Parsons et al., 2013). In this study, different interpretations of the
block boundaries or additional GPS data could affect slip rate estimates for the major faults. Even more important, however, is interpretation of the fault traces in regions where there are multiple interpretations. For
example, the block boundary crossing the margin from the eastern end of the Muertos fault to the PRT fault
through the Anegada Passage shows the most variability in the existing fault interpretations. An important
constraint when formulating the model is the maximum magnitude associated with each fault, which is
controlled by the interpreted surface length and dip and the choice of M-A scaling relationship. Additional
geophysical surveys are needed within the study region to determine the active trace of both primary faults
associated with the block boundaries and secondary faults with more confidence.
The intrinsic properties among faults can vary, resulting in other epistemic uncertainties that can affect
determination of optimal rupture forecasts. For example, we have assumed conservative values of aseismicity (i.e., no creep) and of coupling for faults other than the PRT fault. Creep is often localized and usually
occurs on faults under specific conditions (see discussion by Gómez-Novell et al., 2020). Rather than using
assumed values, the SHERIFS approach calculates “non-mainshock slip” arising from creep or post-seismic
processes to fit the geological slip-rate budget for a fault (Chartier et al., 2017). Many of these and other factors, such as choice of M-A relationship, can be incorporated into a logic tree as is integral to the SHERIFS
approach (Chartier et al., 2019).

7. Summary
In this study, we use the novel integer programming method to determine earthquake rupture forecasts on
northern Caribbean faults. The problem is formulated by taking a 20 kyr sample of earthquakes from a truncated Gutenberg-Richter distribution and determining the optimal spatial arrangement of these earthquake
to minimize the misfit in fault slip-rates throughout the entire region. Results indicate the optimal locations
for the largest offshore earthquakes, relevant to PTHA, and more generally, the optimal magnitude distribution for each fault in the region, relevant to PSHA (Field et al., 2020). Rather than relying on assumptions
regarding the spatial and magnitude distributions of earthquakes on a fault, rupture forecasts determined
by the integer programming method, as well as other system-based methods such as earthquake simulators,
provide physically consistent input to earthquake and tsunami hazard analyses.
The results of the integer-programming optimization using various fault segmentation and PRT fault sliprate scenarios were tested against the 500-year catalog of historical large magnitude earthquakes. The primary fault scenario effects needed to explain the historical observations are a rupture barrier between the
PRT and Hispaniola faults northwest of Mona Passage and a low coupling coefficient for the PRT fault (slip
rate of 2 mm/yr). In addition, segmentation of both the Septentrional and Hispaniola faults and the addition of secondary faults help to improve the agreement of model results to historical observations, although
uncertainty in the magnitude and location of pre-instrumental earthquakes is large enough that multiple
segmentation scenarios can be considered as plausible.
One of the more important conclusions from this study is that assumptions of fault slip rate or segmentation on one fault have significant effects on magnitude distributions for other faults. For an input 20 kyr
set of earthquakes with M ≥ 6.0 event rates determined from the slip rates and the largest feasible seismic
moment (mmax(feas.)) for the region (Equation 3), limiting the magnitude on one fault causes a redistribution
of earthquakes on all other faults in the region. For the northern Caribbean, reducing the slip rate on the
PRT fault, for example, has significant effects on earthquakes placed on not only the PRT fault itself, but
also on the Hispaniola fault and on the Septentrional and Enriquillo-Plantain Garden faults farther away.
It is important, therefore, not to consider faults in isolation when making assumptions of the spatial and
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magnitude distributions of earthquakes for use in hazard analyses. Finally, the maximum magnitudes from
the forecasted distributions for the plate boundary faults are often less than the physical maximum magnitude calculated from the area of the fault. This observation has particular importance of PTHA studies at
far-field sites and at long mean return times.

Data Availability Statement
Bathymetric terrain model available at https://pubs.usgs.gov/of/2013/1125/. Historical earthquake intensity catalog available from Flores et al. (2011) https://pubs.usgs.gov/of/2011/1133/. Instrumental seismicity
retrieved from the following catalogs: ANSS (https://earthquake.usgs.gov/data/comcat/), ISC-GEM (http://
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