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ABSTRACT
SPATIOTEMPORAL RELATIONSHIPS BETWEEN EARTHQUAKES OF THE MID-
ATLANTIC RIDGE AND THE ATLANTIC CONTINENTAL MARGINS.
By Bolarinwa Oluwaseyi J.
Advisors: Professors Ebel and Kafka

The seismicity of the mid Atlantic Ridge (MAR) was compared in space and time
with the seismicity along the Atlantic continental margins of Europe, Africa, North
America, the Carribean and South America in a bid to appraise the level of influence of
the ridge push force at the MAR on the Atlantic coastal seismicity. By analyzing the
spatial and temporal patterns of many earthquakes (along with the patterns in their stress
directions) in diverse places with similar tectonic settings, it is hoped that patterns that
might be found indicate some of the average properties of the forces that are causing the
earthquakes. The spatial analysis of the dataset set used shows that areas with higher
seismic moment release along the north MAR spatially correlate with areas with
relatively lower seismic moment release along the north Atlantic continental margins
(ACM) and vice versa. This inverse spatial correlation observed between MAR
seismicity and ACM seismicity might be due to the time (likely a long time) it takes
stress changes from segments of the MAR currently experiencing high seismic activity to
propagate to the associated passive margin areas presently experiencing relatively low
seismic activity. Furthermore, the number of Atlantic basin and Atlantic coast
earthquakes occurring away from the MAR is observed to be independent of the
proximity of earthquake’s epicenters from the MAR axis. The effect of local stress as

noted by Wysession et al. (1995) might have contributed to the independence of Atlantic



basin and Atlantic coast earthquake proximity from the MAR. The Latchman (2011)
observation of strong earthquakes on a specific section of the MAR being followed by
earthquakes on Trinidad and Tobago was tested on other areas of the MAR and ACM. It
was found that that the temporal delay observed by Latchman does not exist for the
seismicity along other areas along the MAR and ACM. Within the time window used for
this study, it appears that seismicity is occurring randomly in space away from the MAR.
The weak anticorrelations between ACM and MAR seismicity show that the ridge push
force probably has some level of influence on the ACM seismicity. However, as revealed
from previous research on the study area, the forces resulting from lateral density
contrasts related to topographic features and lateral density variations between oceanic
and continental crust also appear to significantly influence the seismicity of the Atlantic

coastal margins.
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1. Introduction

The seismicity of intraplate regions is generally low compared with that at plate
boundaries (Johnston, 1989), but the source of stress driving intraplate tectonics may be
more complex than that driving the tectonics at plate boundaries (Barros et al., 2009).
Oceanic lithosphere that terminates at passive margins moves under the action of two
plate driving forces. One force is friction applied to the base of the lithosphere due to
convective flow in the asthenosphere and trends in the direction of the convective flow
(Kirdyashkin and Kirdyashkin, 2013). The other force is caused by the altitude of the
ridge, where gravity acting on the locally elevated topography produces excess pressure
that ultimately pushes the lithospheric plate away from the ridge. This force may be
called gravitational sliding (Kirdyashkin and Kirdyashkin, 2013), and for the purpose of

this study it is referred to as the ridge push force.

Previous studies on intraplate stress orientations along the Atlantic continental
margins (ACM) suggest that the ridge push force contributes significantly to the regional
stress fields of the Atlantic passive margins (Muller et al., 1992; Assumpcao, 1998; Hurd
and Zoback, 2012). For instance, using compiled stress data (made up of 75 earthquake
focal mechanisms and 10 formal stress inversions) from the central and eastern United
States and southern Canada, Hurd and Zoback (2012) showed that the maximum
horizontal compressive stress (Symax) across much of intraplate North America is oriented
NE-SW. They also reported that these data are consistent with many previous stress
measurements, such as those reported in Zoback (1992a), who interpreted the observed
regional stress field as due largely to the ridge push force. Along the Atlantic coasts of

Europe and South America, studies show that the ridge push force due to gravity sliding



from the Mid Atlantic ridge (MAR) acts on these continental boundaries. The ridge push
force at these boundaries is locally modified by the lithospheric properties in different
regions, regional stresses, local flexural effects from thick sedimentary loads, and a
presumably weaker crust from Mesozoic thinning that all contribute to intraplate stress
perturbations along these passive margins (Muller et al., 1992; Assumpcao, 1998).
Zoback (1992) showed that the ridge push force from the MAR dominates the stress field
of western and southern Africa, but for this margin (western/south African margin) no
studies have been produced that show stress perturbations due to local effects. The
history of the occasional past damaging earthquakes coupled with the steady population
growth in the intraplate regions of the ACM (Stewart, 2005) underscores the need to

better understand the causes of earthquakes in these regions.

In order to investigate possible causality between MAR seismicity and intraplate
seismicity along the Atlantic continental margins (ACM), Skordas et al. (1991) looked
for a temporal relationship between the seismicity of the North Atlantic Ridge and
Fennoscandia. They concluded based on their findings that the observed seismicity
patterns indicate a tectonic connection between the two regions. This study explores a
broader geographical region than that examined by Skordas et al. (1991). In this thesis |
examine the potential contribution of the spreading MAR force to the seismicity along
the ACM by looking for correlations between the Mid-Atlantic ridge (MAR) earthquake
activity since 1973 and the earthquake activity for the same time period within the
Atlantic basin (that is between MAR and ACM) and along the ACM of North America,
Europe, Africa, South America and the Caribbean. The dataset used for this study was

explored for spatial correlations of the earthquake energy release along the MAR with



corresponding places within the Atlantic basin and also along the ACM on both sides of
the Atlantic Ocean. In addition, using the Elsasser (1969) stress diffusion model,
potential temporal associations between MAR earthquakes and earthquakes along the
ACM were investigated by looking for time lags between large MAR events and ACM

events.



2. Tectonics of the Study Area

The margins of continents can be tectonically active or passive. Examples of
active continental margins include the Nubian-Somalian boundary where active
spreading is happening, the transform portion of the Pacific-North America boundary
such as along the San Andreas Fault in California, and the Nazca-South America
boundary where the Nazca plate is subducting under the South American plate (Stein and
Wysession, 2003). Passive margins are formed by rifting followed by seafloor spreading;
the resulting plate is made up of both continental and oceanic lithosphere (Bradley,
2008). The thinning process of the lithosphere during continental rifting can be described
in three stages: the first is the extension phase during which the continent is uplifted and
some tilted blocks appear, followed by the exhumation phase which is the main thinning
phase, and finally the break-up and oceanic spreading phase (Aslanian et al., 2009).
There are differences in the morphologies between active and passive margins, and these
differences can be ascribed to the processes that control their formation. The morphology
of passive margins is controlled by erosion and deposition; active tectonic and magmatic
processes shape the morphologies of active margins (Emery, 1980; Uchupi and Emery,
1991). This thesis focuses on continental passive margins that were formed during

continental rifting and opening of the Atlantic Ocean.

There have been four cycles of ocean closing and the re-opening that have
affected the passive margins of the modern Atlantic Ocean (Anderson, 1982; Goodwin,
1985). The latest cycle started 180 Ma ago at the Gulf of Mexico when a young mid-
ocean ridge formed and began to migrate towards the south and north. Later, the opening

of the southern end of the South Atlantic began 130 Ma ago, and this rifting migrated



towards the equator (Silveira and Stutzmann, 2002). Together these rifting events acted
to form the modern Atlantic Ocean basin. The morphology of the Atlantic has been
stable since 33 Ma ago; the MAR is currently spreading at rates that vary between 1 and

4 cm per year (Silveira and Stutzmann, 2002).

Seismicity along the ACM continental shelves and those within a few hundred
kilometers landward from the ACM coastlines can be classified as passive margin
seismicity (Johnston, 1989) (Figure 1). Along the northeastern ACM, central-west
Europe (43°N to 54°N) exhibits diffuse seismicity with the largest known earthquakes
rarely greater than magnitude 4 (Tesauro et al., 2006). This seismicity seems to be
concentrated on old zones of weakness that are reactivated by the present-day stress field
(Ziegler, 1992). A large number of the earthquakes in central-west Europe occur at
shallow depths (less than 15 km), and most earthquakes in this region are preferentially
located along three geologic belts: the Alpine chain, the Europian Cenozoic rift system
and the area that lies between the Armorican Massif and the Massif central (Tesauro et
al., 2006). The major seismic activity in western Iberia is found at or close to the
Eurasia/Africa boundary, especially in the Gorringe bank region. The most active faults
onshore in Iberia are the Vilarica fault and the Lower valley of the Tagus fault (Pinheiro

et al., 1996).

Along the northwest ACM, both small and large earthquakes of central and
eastern North America are primarily located along the rifted margin or along failed rift
arms within a few hundred kilometers of the continental margin (Mazzotti and Townend,
2010). Earthquake depths vary in the region. For example, most earthquakes in the

northeastern U.S. and the nearby maritime provinces of Canadian occur at focal depths of
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10 km or less. Inland within the nearby shield areas of southeastern Canada earthquakes
can occur down to a focal depth of about 30 km (Ebel, 1999). In the Appalachian region
of the southeastern U.S., earthquakes largely happen below 10 km depth whereas within
the accreted terrains along the southeastern U.S. coast the focal depths are usually less

than about 10-15 km (Bollinger et al., 1991).

The passive continental margin area of West Africa exhibits low seismicity when
compared with the MAR to its west and the East Africa rift system to its east. The most
seismically active parts of the ACM of West Africa are the coasts of Guinea and Ghana
and the volcanic area of Mt. Cameroon (Ambraseys and Adams, 1986). Large
earthquakes (magnitude 5.5 and greater) that have occurred since 1930 in West Africa
had focal depths of 15 km and less; these earthquakes displayed large components of
strike-slip motion (Suleiman et al., 1992). The faulting in Zaire, Gabon and Cameroon
appears to be influenced by the orientation of pre-existing Precambrian basement
structures, while the faulting in Ghana and the Gulf of Guinea seems to be controlled by

structures related to the breakup of Africa and South America (Suleiman et al., 1992).

Along the southwest ACM earthquakes in the continental region of Brazil
preferentially happen in areas of low topography (Assumpcao, 1998). In the northeastern
margin of Brazil (north of 10°S), earthquakes happen in the continent with a very low
level of seismic activity. Towards the south of 15°S, earthquakes tend to cluster in areas
along the continental shelf while there is less seismic activity onshore (Assumpcao,
1998). Earthquakes generally happen at upper crustal depths in the northeastern segment
of Brazil (Assumpcao, 1992); the focal depths of earthquakes studied by Assumpcao

(1998) along the southeast passive margin of Brazil range from 8 to 18 km.



The state of stress at passive margins is largely comprised of regionally and
locally generated stress fields (Zoback, 1992). The regional component of the stress field
has been attributed to plate boundary forces that drive plate motion, such as ridge push
and slab pull (Richardson, 1992; Zoback, 1992). Second order stress patterns can result
from lithospheric flexure and lateral density variation within a plate, such as isostatic
compensation, deglaciation and topography (Zoback, 1992; Coblentz et al., 1998; Zoback

and Mooney, 2003; Bird et al., 2006).

Continental shelf and coastal earthquakes make up about a third of the seismicity
in stable continental crust (Johnston, 1989). Inferences about the state of stress in the
earth’s crust in a region can be obtained from the fault geometries of earthquakes in the
area (Hurd and Zoback, 2012). Using fault plane solutions of earthquakes as a key tool,
past studies revealed a compressional crustal stress pattern along the North America
passive margin, and the maximum horizontal compressional stress direction tends to
orient ENE-WSW (Figures 1 and 2). This stress field has largely been attributed to the
ridge push force (Zoback, 1992a; Hurd and Zoback, 2012). On the Western Europe
segment of the ACM, Muller et al. (1992) identified three distinct regional patterns of
maximum horizontal compressive stress (Sgmax): @ consistent NW to NNW S ax stress
orientation in western Europe; a WNW-ESE Sy« orientation in Scandinavia; and a
consistent E-W Syax orientation and N-S extension in the Aegean sea and west Anotalia
(Figure 1). They proposed that these different stress fields can be associated with the
ridge push force altered locally by variations in the thickness of the elastic lithospheric

layers in the different regions.
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For the south Atlantic ACM regions Assumpcao (1998) observed different
seismicity and stress patterns between the north and south segments of the Brazilian
continental margin of South America. To the north, the Sy,.x tends to orient parallel to
the northeast coastline. On the other hand, along the southeastern segments of the
Brazilian continental margin, compressional stress oriented E-W to WNW-ESE is
observed offshore (Figure 2). On the east side of the ACM, stress data in central and
western Africa suggest that Symax orients approximately E-W (Zoback, 1992a; Ayele,
2002). This compressive stress regime could be explained as E-W contraction of the
African plate resulting from ridge push forces from the MAR and the East African Rift

System (Ayele, 2002).

Brittle failure in most cases happens on preexisting faults (Turcotte et al., 2003).
A fault ruptures when the applied shear stress exceeds the fracture strength, which is
controlled by the coefficient of static friction (Turcotte et al., 2003). The stress on a fault
in the course of the rupture is controlled by the coefficient of dynamic friction. Provided
that the coefficient of dynamic friction is less than the coefficient of static friction, stick-
slip behavior results and earthquakes happen (Turcotte et al., 2003). With this framework
as a guide, the most general question that will be addressed in this study is how plate

tectonics might induce earthquakes along the Atlantic passive margins.

There are a couple of difficulties encountered when trying to relate stress in the
earth to specific earthquakes. First, stress magnitudes are difficult to measure in the field
and therefore are poorly constrained (Freed, 2005). However, principal stress directions
can be inferred from well breakouts and earthquake focal mechanisms (Amato et al.,

1995; Mariucci and Muller, 2003). Second, models of the seismic cycle incorporate the

10



buildup of elastic strain within rocks until they are stressed pass their elastic limit
(Conrad, 2013; Lillie, 1999), and it is very difficult or impossible to know precisely when

the rock will reach its breaking point.

Earthquakes are caused when the shear stress in rocks reaches some threshold
level at which failure occurs (McGarr, 1999; Lillie, 1999). The time and epicenter of each
earthquake is likely controlled by local perturbations to the stress field along with some
random chance of failure (Attewel and Farmer, 1973; Marsan and Bean, 2000).
Therefore, the occurrence of any individual earthquake does not say much about the
dynamics that triggered that earthquake. However, by analyzing the spatial and temporal
patterns of many earthquakes (along with the patterns in their stress directions) in diverse
places with similar tectonic settings, it is hoped that patterns that might be found indicate

some of the average properties of the forces that are causing the earthquakes.

The question of how plate tectonics is causing passive margins earthquakes
cannot be directly addressed with the data analyzed in this thesis; however, this study
aims to address some specific questions about the dynamics of Atlantic passive margin
seismicity. Some segments of the MAR have more seismicity when compared to other
segments of the MAR (e.g., Smith et al., 2003). Perhaps the more seismically active
segments of the MAR are related to active deformation there, and presumably this
deformation is related to a stronger ridge push force acting on those segments of the
passive margins. If this assertion is true, then perhaps the ACM areas closer to those
more active MAR areas also exhibit more seismicity as well. The proposition that local
earthquake rates are proportional to local stress changes at the MAR is investigated in
this thesis.

11



Correlations between Spymay directions and azimuths of absolute and relative plate
velocities were presented for several intraplate regions by Zoback et al. (1989) (Figure 3).
The absolute velocity trajectories in Figure 3 show the directions of the resultant plate
boundary forces causing the plate motion and in turn the stress directions due to the plate
boundary forces. As can be seen in Figure 3 the plate boundary stress trajectory at the
equatorial MAR parallels the Symax directions at the equatorial Atlantic margins;
however, for example, in the north Atlantic, the stress trajectory from a point in North
America intercepts the MAR at a latitude that is north by several degrees compared to

that of the point in North America (Figure 3).

The mean stress path extrapolated from the MAR to the ACM aligns with the
Sumax 0f the ACM stress orientation in eastern North America, and this information can
be used to match the source of the ridge-push force along the MAR to a point along the
ACM. Figure 3 shows an example of this. For the site circled in yellow in Figure 3 the
point on the MAR where the ridge-push force would be acting is about 7.1° north of the
latitude of the ACM site (Figure 3). Thus, to find out if local earthquake rates are
proportional to local stress changes at the MAR and that these stress changes are
transmitted to the ACM, the ACM seismicity will be spatially compared to that of MAR

seismicity at spatial shifts in latitude from 0 to 7°.

During an earthquake, elastic strain energy and gravitational energy stored in the
earth are released as radiated energy, fracture energy (resulting from permanent
deformation) and thermal energy (Kanamori and Rivera, 2006). The non-radiating
component of the potential energy released cannot be measured (Kanamori and Rivera,

2006), but the kinetic energy is communicated globally through elastic seismic waves

12



0 2000km

Figure 3: Generalized stressed map showing mean stress directions. The curved
lines show the absolute velocity trajectories for each plate based on the AM-2
model of Minster and Jordan (1978). Each single set of thick arrow marks facing
each other indicates Sy, orientation in a trust faulting stress regime. A single set
of thick arrows pointing away from each other represents S, orientation in a
normal faulting stress regime. Thick arrow marks pointing towards each other with
thin arrow marks pointing away from each other represent strike-slip faulting stress
regime (Zoback et al., 1992). A mean stress path is extrapolated from the MAR to
the Atlantic margin of North America (drawn in red), and this stress path aligns
with the Sg,..c of the event circled in yellow along North America Atlantic margin.
The angular difference between the intersection of the extrapolated stress path with
the MAR axis and an east-west line (colored in green) passing through the arrows
of the site circled in yellow is 7.1°.
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and the stress diffusion mechanism proposed by Elsasser (1967) and Melosh (1976).
Consequently, a second proposition that will be investigated in this thesis is that stress
changes at the MAR might travel at elastic wave and stress diffusion rates (minutes to a

few years) to the Atlantic passive margins.

Motion at tectonic plate boundaries results from the convective force of the
mantle (Tackley, 2000; Bercovici, D. and Ricard, Y. 2000); the dynamics of intraplate
earthquakes are more complicated compared to plate boundary earthquakes (Barros et al.,
2009). Continental areas like South America, stable North America and Western Europe
exhibit maximum horizontal stress orientations that predominantly parallel the directions
of absolute plate motions (Zoback et al., 1989; Golke and Coblentz, 1996). From these
findings, it was proposed that plate boundary forces (for example, the ridge push force)
have a significant control on the strength and direction of intraplate stress fields (Zoback
et al., 1989; Zoback and Magee, 1991; Muller et al., 1992; Coblentz and Richardson,
1996). Furthermore, Latchman (2011) observed that earthquakes of magnitudes 6 and
greater at the MAR are followed by margin earthquakes (magnitude 5 or larger) near the
Island of Tobago within a uniform delay of 39 + 4 months. In order to find out if stress
changes at the MAR might travel at the Latchman (2011) migration rate to the Atlantic
passive margins, the temporal aspect of this study will find out if the reported confined
match between MAR and ACM seismicity can be seen at other areas of the MAR and
ACM. The Elsasser (1969) stress diffusion model will be used to test if oceanic and ACM
earthquakes are happening away from the MAR at a rate similar to that reported by

Latchman (2011).

14



If stress diffuses away from the MAR according to the Elsasser model, then there
should be evidence of seismicity migration away from the MAR with time. Seismicity
migration will be tested by looking at the time history of Atlantic Basin earthquakes
following MAR earthquakes. The time-space plot will be used to test if earthquakes
closer to the MAR happen earlier relative to those farther away from the MAR when

compared in time with prior earthquake events at the MAR.

15



3. Data

All data used for this study were obtained from the National Earthquake
Information Center (NEIC), except the data for the passive margin of South America that
was provided by M. Assumpcao (Assumpcao, 1998 and Assumpcao et al., 2011). The
Assumpcao catalog was preferred over the NEIC catalog for the South American passive
margin because of its completeness magnitude threshold of 3.5, which is lower than that
of the NEIC catalog for this region. The two catalogs used for this study cover the MAR
from latitude 38°S and 58°N and areas along the extension of the Atlantic fracture zones
through the Atlantic basin and the Atlantic margins over a time period of 39 years
between 1973 and 2011 (Figure 4). For this study, the ACM is defined as the area within

300 km inland of the coastline and 200 km offshore from the coastline (Figures 1 and 2).

The Atlantic margins are not entirely passive margins; active margins in the study
area include the Caribbean-North America plate boundary, the Caribbean-South America
plate boundary and the Eurasia-Africa plate boundary (Rosencrantz and Mann, 1991;
DeMets et al., 2000; Serpelloni et al., 2007). Along the Eurasia-Africa plate boundary,
earthquakes have occurred at depths greater than 500 km (Serpelloni et al., 2007) and
along the Caribbean Atlantic margin, earthquakes have occurred at depths greater than

190 km (Russo et al., 1993).

The active subduction margins of the ACM are along the Caribbean Atlantic coast
and the Atlantic coast of Iberia (Gutscher et al., 2002; Brink and Lopez-Venegas, 2012).
At the active margins, the slab pull force acts in addition to the ridge push force and the

drag force that comes from mantle flow beneath the plate (Stefanick and Jurdy, 1992).

16
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Along passive margins, the ridge push force and mantle flow forces alone act there (Dore
et al., 2008). Earthquakes at passive margins typically occur at depths less than 35 km
(Gvirtzman, 2002). For this study, only continental crustal events with depth 35 km and
less at the Atlantic margins were analyzed because almost all of the ACM area is

comprised of passive margins with seismicity at depths of 35 km or less.

To appraise the level of completeness of the earthquake catalogs, I evaluated the
magnitude of completeness M, using the Gutenberg-Richter law. The magnitude of
completeness M., is defined as the lowest magnitude of events that a network is able to
record reliably and completely over a time period. At any magnitude below M., events
likely are missing from the catalog because the network may not detect all events with
magnitudes less than M, (Schorlemmer and Woessner, 2008). Using plots of data fit with
the Gutenberg-Richter power law, I estimated the magnitude of completeness as the
lowest magnitude on the plot below which the curve diverges from the expected linear
relationship between the log of the number of earthquakes >M and the body wave
magnitude m,, (Gutenberg and Richter, 1944; Appendix A). The Gutenberg-Richter power

law is expressed in the equation

logN = a — bM (D

where N is the number of earthquakes with magnitude greater than M occurring in a
given time period. a is the intercept on the vertical axis, and it varies with the number of
earthquakes in time and area sampled. b is the absolute value of the slope of the
distribution, and its value is generally about 1.0 (Stein and Wysession, 2013). The

magnitudes of completeness were estimated for North America, Europe-North Africa, the

18



rest of the Atlantic coast of Africa, the Caribbean, South America and the MAR as 3.5,
3.5,4.4,3.2,3.5 and 4.8, respectively (Figure 1; Appendix A). The subduction zone

events were included in these completeness estimates.

The orthogonal arrangement of ridge segments and transform faults along the
MAR preserves the shape of continental break up (Wilson, 1965); the paths of the ridge
offsets are marked by transform faults that are also called oceanic fracture zones
(Blackman and Forsyth, 1992). Oceanic fracture zones are among the most noticeable
attributes of ocean basins. They are created when offsets happen at the oceanic spreading
centers, and over time they can extend thousands of kilometers across the entire ocean
basins (White and Williams, 1986). It is assumed by this study that the ridge seismicity is
a reflection of the stress changes at the ridge and that as stress changes propagates to the
ACM, the effects of these stress changes along the ACM are expressed by the passive
margin seismicity. To investigate this proposition, the earthquake dataset was spatially
sampled using extrapolated lines parallel to the fracture zones of the Atlantic basin at
every 1° of latitude from 58°N to 38°S on the Mid-Atlantic ridge onto corresponding
locations on the Atlantic coasts. The spatial distribution of earthquakes along the Mid-
Atlantic ridge and the corresponding areas on the Atlantic coasts were subdivided into
data bins defined by the fracture lines bounding each bin to the north and south (Figure

4).
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4. Spatial Analysis

The spatial distribution of earthquakes from 1973 until 2011 along the Mid-
Atlantic ridge and corresponding areas on the Atlantic margins were subdivided into bins
defined by the fracture parallel lines bounding each bin to the north and south (Figure 4).
The total seismic moment within each bin over the 39 year period considered was
calculated by summing up the individual energy release of each earthquake event in that

bin using

M; = 101-5Mwi*+161) (2) (Kanamori, 1978)

n
Total Energy release in a bin = z M; (3)

=1

where 7 is the number of earthquakes in the bin and M,,,; represents the moment
magnitude for individual earthquake i. The equivalent magnitude My (equation 4) is
defined as the magnitude that would be assigned to a bin if all its earthquakes happen at

one instant in time.

For the spatial data series of equivalent magnitude versus position that were
created, bins in the time series that have no earthquake in them were assigned an
equivalent magnitude that is one tenth of magnitude lower than the completeness
threshold for the area being considered. For example, the series of flat troughs between
39°S and 11°N on Figure 5 (middle diagram) represents the empty data bins along the
coast of Africa with equivalent magnitude less than the completeness threshold (mb =
4.4) of the catalog for the Atlantic coast of Africa. The spatial bins for the African ACM

which had no earthquakes in the earthquake catalog were each assigned an equivalent
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magnitude of 4.3, which is a tenth order of magnitude less than the catalog’s

completeness threshold of 4.4.

The body wave magnitude saturates above about magnitude 7 (Cosentino et al.,
1977; Berril and Davis, 1980). Since all but four earthquakes in the catalogs used have
magnitudes equal to or below a body-wave magnitude of 7, the body-wave magnitudes of
all events used for this study were equated to the moment magnitude M,,, and the seismic
moment was calculated using Equation (2). The total seismic moment per bin was

rescaled using Equation (4) to

Mg = %[log (Z Ml-) - 16.1] (4).

The equivalent magnitude My is defined as the magnitude that would be assigned to a bin
if all its earthquakes happen at one instant in time. The mean value of the equivalent
magnitude spatial series was subtracted from each data point of the signal, with the

resulting signal called here the residual equivalent magnitude signal.

The spatial series of residual equivalent magnitudes at the MAR was correlated
with the spatial series of residual equivalent magnitudes along the west and east ACM.
Normalized cross-correlations were used for all signals analyzed in this study such that
each cross-correlation signal is normalized by the square root of its energy. Each spatial
cross-correlation signal was tested for randomness as the correlation coefficients values
obtained from cross-correlating pairs of spatial series were compared with the correlation
coefficients that result from cross-correlating random signals generated using the same
statistical properties of the actual spatial series. Each simulated random signal was made

using the same mean, standard deviation and signal length as that of the actual spatial
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series (Schilling and Harris, 2012). Equivalent magnitudes were randomly distributed on
the MAR, the Atlantic basin and the ACM, and cross-correlations of these random,
uncorrelated synthetic dataset were done 200 times. The cross-correlation results from the
actual data were compared with those from the random signals to determine if any of the
coefficients in the cross-correlations of the actual signals exceed those of the random

signals.

The peak negative correlation coefficient of -0.39 observed at a spatial shift of 5°
from correlating the entire MAR and east ACM seismicity is greater than all the
maximum correlation coefficients obtained from cross-correlating the generated random
signals (Table 1; Figure 6). Given the observed maximum correlation coefficients and the
small shifts at which they occur, it appears that areas along the MAR with high seismicity
are associated with areas with low seismicity on the east ACM. Unlike the east Atlantic
margin, the cross correlation of MAR seismicity with that of west Atlantic margin has a
peak negative correlation of -0.08 at spatial shift of 4; this correlation coefficient is less
than all the maximum correlation coefficients obtained from cross-correlating the random
signals (Table 1; Figure 7) and indicates no correlation of the MAR seismicity with that
of the west Atlantic margin.

The spatial series of equivalent magnitude distribution between latitudes 19°N and
58°N on the North MAR was correlated with that along corresponding segment on the
Europe-North Africa coast (Figure 8). The cross-correlation signal in Figure 8 reveals a
cluster of rather large negative correlation coefficients at spatial shifts of up to 6, with
the greatest correlation value of -0.59 at a shift of 5 deg. The maximum correlation

coefficient value is larger than the maximum negative correlation coefficient of -0.54
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Table 1: Cross-correlation results obtained from correlating random signals having the
same statistical properties as the MAR and the ACM equivalent magnitude signals.

Spatial
Correlation of:

Highest of the set of
maximum negative
correlation coefficients

Percentage of
maximum negative
correlation coefficients
of random signals
greater than the
maximum negative
correlation coefficient
of the real signal

MAR with entire
west ACM

MAR with entire
east ACM

North MAR with
North America
Atlantic coast

North MAR with
Europe-North
Africa

-0.3448

-0.3242

-0.4675

-0.5446

100
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generated from the correlations of the 200 random noise signals (Table 1). This suggests
a low probability that random signals have a correlation value as negative as -0.59.
Similarly, correlation between the distribution of equivalent magnitudes along the north
MAR and corresponding segments of the North America coast shows a cluster of
negative correlation coefficients at smaller spatial shift values up to 5° (Figure 9). The
distribution of the maximum negative correlation coefficient obtained from the
synthesized random noise series shows that only 5% of the maximum negative
correlation coefficients of the random signals are greater than the maximum negative
correlation coefficient of -0.41 that was generated from correlating the real signals (Table
1). Therefore, the most negative correlation value from the actual data has about a 5%
chance (10 out of 200) of occurring by random chance. The occurrence of these
significant anticorrelations at small spatial shifts suggests that areas on the North MAR
with high equivalent magnitude appear to be associated with areas with relatively lower

equivalent magnitude on both sides of the North Atlantic coast and vice versa.

In the North Atlantic section of the study area, it seems that areas on the north
MAR with high seismicity spatially correspond to areas with relatively lower seismicity
on both sides of the Atlantic coasts and vice versa. Similarly, areas on the whole stretch
of the MAR with high seismicity spatially correspond to the entire east ACM segments
with lower seismicity; however, there seems to be no significant association between the

distribution of MAR seismicity and that along the west ACM.
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5. Temporal Analysis
5.1 Temporal Analysis Procedure and Result

Latchman (2011) observed that magnitude 6 and greater earthquakes at the MAR
were followed by moderate to strong earthquakes 2000 km away near the Island of
Tobago with a uniform delay of 36 + 4 months. This phenomenon observed by
Latchman (2011) is explored in this thesis to see if it is also found to occur in other parts
of the MAR and Atlantic margins. The analysis employed here is based on the solution to
the Elsasser (1969) stress diffusion model. Given a tectonic plate with thickness h; and
Young’s modulus E underlain by a viscous asthenosphere of thickness h, and viscosity

7, the stress diffusion equation is expressed as:

ou X 2%u 5);
at = \ox? ’

hahoB (Elsasser,1969).

where K =
The standard solution of the stress diffusion equation is given by

x = (4Kt)% (6)

where x is the mean distance travelled by a propagating stress front over a period of time

L.

From Latchman’s observations at Tobago, x = 2000 km and t = 39 +
4 months. Using the upper and lower limits of # from her observations (i.e., t;5, =

43 months and t,,;;;, = 35 months) and the value of x of 2000 km in equation 6 above,
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two K values (K ,qand K,,,;,) were calculated. The K values were each used in equation 6
to predict the range of time that earthquake(s) might be expected to occur at different
points away from the MAR given that a magnitude 6 or greater earthquake had occurred
at the MAR. For the purpose of this study, this time range will be referred to as

Latchman’s time range.

As explained earlier, the plate boundary stress path away from the MAR varies
from the north Atlantic to the central Atlantic and to the south Atlantic (Figure 3). The
maximum difference in latitude between the location of the stress trajectory on the MAR
and the latitude of a point on the ACM on that same stress trajectory is 7.1°. Some
physical area away from an MAR earthquake must be defined to test Latchman’s
observation in other areas of the Atlantic. Therefore, for each MAR earthquake with
magnitude 6 or greater, the associated oceanic and continental margin earthquakes that
fall within Latchman’s time range were analyzed within an area that spans 7° north and 7°
south of the latitude of the epicenter of the MAR earthquake being considered, and this
area is bounded to the north and south by the extension of the fracture line zones to the

Atlantic margins as illustrated in Figure 10.

To determine if the occurrences of earthquakes away from the MAR are
correlated according following Latchman’s model, earthquake rates of the Atlantic basin
and margin earthquakes that are spatially related to each magnitude 6 or greater MAR
earthquake are calculated and compared to a synthetic earthquake rate. That synthetic
earthquake rate is generated for the same spatial area for Atlantic basin and margin
earthquakes using a Poisson model. For each magnitude 6 and greater MAR earthquake,

the number of ACM earthquakes that are spatially associated (Figure 10) with the MAR
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Figure 10: An illustration of how Latchman’s observation and the stress diffusion model
were applied to the study area. A MAR earthquake (in light green) with fracture lines
extrapolated from the MAR 7 north and south of the earthquake’s epicenter to the
Atlantic margins is shown. The fracture lines are the northward and southward limits of
the area within which the stress changes from the MAR earthquake in light green is
proposed to influence seismicity away from the MAR axis.
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event in question was recorded. The observed earthquake count was divided by the 39-
year period over which the dataset spans to calculate the expected value of earthquake
rate for the area defined (Figure 10). For instance, there are 315 ACM earthquakes that
are spatially associated with the one MAR event that was considered, and therefore the
expected earthquake rate (per year) of the associated ACM events is 315 earthquakes/39

years, which is 8.08 earthquakes/year.

The observed earthquake rates are computed in units of number of earthquakes/8
months since the Latchman time window that was adopted for this analysis is an 8-month
period (+4 months). The units of the observed earthquake rates were scaled up by a
factor of three-halves (3/2) to convert the unit of earthquake rate from earthquake count/8

months to earthquake counts/year.

To quantify the level of significance of the difference between the observed and
calculated Poissonian earthquake rates, a statistical hypothesis test was carried out to
ascertain whether the mean of the observed margin earthquake rates is significantly
greater than the mean of the calculated average margin earthquake rate. The null
hypothesis of the statistical test is that there is no difference between the observed margin
earthquake rate and the earthquake rate generated from the Poisson model. The
alternative hypothesis is that the observed earthquake rate is significantly greater than the
calculated earthquake rate from the Poisson model. The p-value of the distribution of
difference between the observed and the synthetic rates was calculated to affirm or reject
the null hypothesis. The hypothesis test result revealed a p-value of 0.1562, which

suggests that the null hypothesis cannot be rejected at a 90% confidence level.
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The distribution of differences between observed and calculated average margin
earthquake rates that fall within Latchman’s time range is displayed in Figure 11. As can
be seen from Figure 11, most of the rate differences are distributed around a difference of
zero between the two distributions of means. This further buttresses the statistical test
result that there is likely no statistically significant difference between the observed mean
earthquake rate of 36.7 events/year and the mean of the average rate (23.6 events/year)
calculated from the Poisson probability distribution (Appendix C) for the Atlantic margin

regions.

The same test used for the Atlantic margin regions was also applied to the oceanic
crust between the MAR and the ACM regions. For this test also, the distribution of
differences between observed oceanic event rate and calculated average oceanic event
rate reveal that most of the rate differences are distributed around the zero difference
mark (Figure 12). The mean of the observed oceanic event rate (0.63 events/year) is less
than the mean of the expected event rates (0.97 events/year) from the Poisson probability

model (Appendix C).

From the histograms and the outcome of the hypothesis test, earthquakes do not
appear to be happening more frequently away from the MAR than is expected based on a
Poisson distribution model. Most of the rate differences are near a difference of zero
between the distributions of observed earthquake rates and the calculated earthquake
rates considered, which suggests that seismicity was just taking place randomly away
from the MAR. Based on this test, it appears that the Latchman’s model does not hold for

other areas along the ACM.
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Figure 11: Distribution of the difference between the observed and mean margin earthquake
rates (in units of events/year) for the ACM.
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Figure 12: Distribution of the difference between the observed and mean oceanic earthquake
rates (in units of events/year) for the Atlantic Basin.
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6. Spatiotemporal Analysis

The orthogonal arrangement of ridge segments and transform faults of the
Atlantic Ocean basin has preserved the shape of continental break up (Wilson, 1965); the
paths of the ridge offsets as the continental plates have diverged are marked by oceanic
fracture zones (Blackman and Forsyth, 1992). Oceanic fracture zones are among the most
noticeable topographic attributes of ocean basins. They are created when offsets happen
in the oceanic spreading centers, and they develop into scars that extend thousands of
kilometers across entire ocean basins (White and Williams, 1986).

The boundary forces on a tectonic plate (e.g. ridge push and slab pull) should be
proportional to the length of ridge, trench or transform fault (Forsyth and Uyeda, 1975).
Given that the seismic moment of the largest possible earthquake that can occur along a
particular oceanic ridge segment is proportional to the length of the ridge segment on
which an earthquake occurs, a longer ridge segment should transmit more stress towards
the passive margins when compared to a shorter ridge segment. Moreover, large
earthquakes could trigger earthquakes remotely at 1000 km distance or more from its
epicenter (Freed, 2005; Pollitz et al., 2012).

Given that different parts of the MAR might become seismically active at
different times, a spatiotemporal analysis of the data in this thesis was carried out to
investigate if local ridge earthquake activity might be associated with an increase in
seismicity within the nearby ocean basin and at nearby passive margins. This analysis
combines the time and spatial components of the dataset to investigate a potential

relationship between MAR and ACM seismicity.
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The transform faults offsetting the MAR segments were extrapolated parallel to
the Atlantic fractures onto the ACM (Figure 13). The minimum time difference between
earthquakes within the Atlantic basin (as well as along the Atlantic coast) and
earthquakes along associated MAR axis and transform faults that bound the MAR axis in
question to the north and south of the ridge axis was recorded. Since the completeness
threshold magnitude of 4.4 of Africa coast is the largest completeness threshold of the
entire data set, all event magnitudes less than 4.4 were removed from the dataset of other
coastal regions for this analysis.

Distances of the epicenters of Atlantic basin and Atlantic coast earthquakes from
the MAR axis were measured on the Google earth map where each path length (in km)
was determined using the KML Path Measurer map application. Within each strip of the
transform fault extensions from the MAR to the ACM, the minimum origin time
difference (to the nearest day) between the Atlantic basin (or Atlantic coast events) and
prior MAR events was recorded and plotted against the distance of each Atlantic
basin/Atlantic coast earthquake from the MAR axis. For example, given an earthquake at
the ACM, its origin time was compared with the origin times of all the prior earthquakes
at the MAR axis as well as earthquakes within the two transform faults that bound the
MAR axis to the north and south of a particular MAR segment. The prior MAR or
transform event that is closest in origin time to the ACM earthquake’s origin time is then
selected and the difference between the two origin times was calculated and plotted

against the distance of the ACM earthquake in question from the MAR axis.
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The plot of distance of Atlantic basin event from MAR axis against difference in
origin times of basin event and the corresponding prior MAR event closest in time in
Figure 14 shows a trend line slope of -0.1016 with an R? value of 0.0514. The small,
negative trend is statistically insignificant but it suggests that if there is any trend at all in
the data, it is towards the ridge such that the time difference between the occurrence of
prior MAR events and Atlantic Basin earthquakes is increasing towards the MAR axis
and not away from the ridge as postulated by the research question for which this analysis
was carried out. The extremely low R? value indicates that there is no linear relation
between the distance of Atlantic basin event from MAR axis and time difference between
the occurrence of prior MAR event and Atlantic Basin earthquakes.

Figures 15 shows the distance and time difference plot between origin times of
the Atlantic coast earthquakes and prior MAR axis or transform events. The scatter plot
on figure 15 shows a trend line slope of -0.081 (close to zero) and an R* value of 0.0295.
The negative trend line indicates that the time difference between the occurrence of prior
MAR event and Atlantic ACM earthquakes is increasing towards the MAR axis. These
very low R? values indicate that there is no linear relation between the two quantities on
the plot.

The analysis does not show any time-space correlation between the MAR
earthquakes and either the Atlantic Basin earthquakes or the ACM earthquakes. No
evidence was found to suggest the migration of seismicity away from the MAR following
a large earthquake at the MAR. Therefore, it does not seem like local ridge activity is
associated with an increase in seismicity within the nearby ocean basin and at nearby

passive margins.
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Figure 14: Plot of the distances of Atlantic basin earthquakes from the Mid-Atlantic ridge
axis against time difference between the Atlantic basin event and prior MAR event closest in
time to the Atlantic basin event.
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7. Discussion

Three main results were found from this study. The first is the observation that
areas with higher seismic moment release along the north MAR spatially correlate with
areas with relatively lower seismic moment release along the north ACM and vice versa.
The inverse spatial correlation observed between MAR seismicity and ACM seismicity
might be due to the time (likely a long time) it takes stress changes from segments of the
MAR currently experiencing high seismic activity to propagate to the associated passive

margin areas presently experiencing relatively low seismic activity.

The second principal result is that the number of Atlantic basin and Atlantic coast
earthquakes occurring away from the MAR is independent of the proximity of the
earthquake epicenters from the MAR axis. This observation is consistent with the result
of Wysession et al. (1995), who ascribed the majority of the Atlantic basin earthquakes to
identifiable tectonic features like hot spot swells, diffuse boundaries and fossil spreading
ridges in the Atlantic basin. They also noted that the focal mechanisms of a few large
earthquakes within the Atlantic basin indicate the release of local stress. The effect of
local stress as noted by Wysession et al. (1995) might have contributed to the

independence of Atlantic basin and Atlantic coast earthquake proximity from the MAR.

The Latchman (2011) observation of strong earthquakes on a specific section of
the MAR being followed by earthquakes on Trinidad and Tobago was tested on other
areas of the MAR and ACM. It was found that that the temporal delay observed by
Latchman does not exist for the seismicity along other areas along the MAR and ACM.
Within the time window used for this study, it appears seismicity is occurring randomly
in space away from the MAR.
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Based on previous research, the ridge push force appears to be the primary source
of stress associated with the earthquakes in the central and eastern United States (Zoback
and Zoback, 1989). The stress field (orientation of the maximum principal stress)
associated with earthquakes along much of western European plate also can be accounted
for by the ridge push force (Golke and Coblentz, 1996). The ridge push force and
collisional boundary forces at the southern Europe margin are responsible for the
observed stress field along the southern Atlantic margin of southern Europe (Golke and
Coblentz, 1996). However, the forces resulting from lateral density contrasts related to
topographic features locally influence the intraplate stress field in the continental areas of
Europe (Golke and Coblentz, 1996). The stress field along the Atlantic coast of Brazil
also appears to be due to ridge push force and other plate boundary forces, compression
due to lateral density variation between oceanic/continental crusts and compression due
to bending of the lithosphere as a result of thick sedimentary load along the continental
shelf (Assumpcao, 1998). The primary source of stress along western and southern Africa

again appears to be the ridge push force (Zoback, 1992).

Golke and Coblentz (1996) estimated that the magnitude of the ridge push forces
exerted on the western European plate is of the order of 20-30 MPa, and this force is
responsible for the dominant NW trend of the maximum horizontal stress in that area.
The magnitude of the predicted stress in southeast Europe is 12 MPa. The magnitude of
the predicted stresses was observed to be reduced by lateral density variations within the
continental areas of Europe (Golke and Coblentz, 1996). This horizontal stress resulting
from lateral density variations throughout the lithosphere has been estimated to be in the

range 10 to 100 MPa (Fleitout, 1991).
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The E-W orientation and magnitude of around 25 MPa predicted for the
maximum horizontal stress field within the South American plate was proposed to be due
to a net torque of 6.8 X 1025 Nm acting on the plate. This torque is solely due to the ridge
push force (Coblentz and Randall, 1996). Topographic forces resulting from continental
margins and elevated continental lithosphere significantly influences the South American
intraplate stress field in the continental area. The introduction of topographic forces
lowered the net torque acting on the plate from 6.8 X 102°Nm (due to the ridge push

force alone) to 4.0 X 1025 Nm (Coblentz and Randall, 1996).

Richardson and Reding (1991) found that ridge forces account for the dominant
ENE orientation of maximum compression throughout much of the North American plate
to the east of the Rocky Mountains. Given a 50-km thick plate, the ridge-push forces are
equivalent to stresses of magnitudes 40-60 MPa. The source of stress along western and
southern Africa is mainly due to the ridge push force (Zoback, 1992); the magnitude of
the ridge push force is widely agreed to be 2 to 3 X 102N per meter of ridge length

(Parsons and Richter, 1980).

The weak anticorrelations between ACM and MAR seismicity show that the ridge
push force probably has some level of influence on the ACM seismicity. However, as
revealed from previous research on the study area, the forces resulting from lateral
density contrasts related to topographic features and lateral density variations between
oceanic and continental crust also significantly influence the seismicity of the Atlantic

coastal margins.
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8. Conclusion
This study investigated the relationship between MAR and ACM seismicity by
testing if:
(1) local earthquake rates are proportional to local stress changes at the MAR.
(2) there is an observable time delay between MAR seismicity and earthquakes along
the ACM.
(3) earthquakes closer to the MAR axis happen earlier relative to the events
happening farther away from the MAR.
To test these hypotheses, spatial, temporal and spatiotemporal analyses were carried out
using earthquake catalogs that reported the seismicity of the study area from 1973 until
2011.

The results of the analyses lead to the following conclusions:

(1) Within the time window (and magnitude range) of the dataset used for this study,
it appears that seismicity is happening randomly in space away from the MAR;
areas closer to the MAR do not experience increased seismicity when compared
to areas farther away from the MAR.

(2) The ridge push force may have some level of influence on the seismicity of the
ACM, but the ridge force probably acts at the ACM along with other local forces,

such as forces due to lateral density variation within the lithospheric plates.
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Appendix A: Supplemental figures for section 3 showing the Gutenberg-Richter plots for

the different regions of the study area.
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Figure A1: Gutenberg-Richter Plot for the Atlantic coast of North America. The mb = 3.5
point on the plot shows where the distribution deviates away from a linear trend.
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Figure A2: Gutenberg-Richter Plot for the Atlantic coast of Europe and North Africa. The
mb = 3.5 point on the plot shows where the distribution deviates away from a linear trend.

59



1.8

16 G00000900000400¢,
400,

1.4

1.2

. *
\y = —1.61x + 8.67

0.8

0.6

0.4 *
0.2

log(Number of Earthquakes >M)

Magnitude (mb)

Figure A3: Gutenberg-Richter Plot for the Atlantic coast of Africa (south of 15°N). The
mb = 4.4 point on the plot shows where the distribution deviates away from a linear trend.
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Figure A4: Gutenberg-Richter Plot for the Atlantic coast of the Caribbean. The mb = 3.2 point on
the plot shows where the distribution deviates away from a linear trend.
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Figure AS: Gutenberg-Richter Plot for the Atlantic coast of South America. The mb = 3.5
point on the plot shows where the distribution deviates away from a linear trend.
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Figure A6: Gutenberg-Richter Plot for North Mid-Atlantic ridge (between 58°N and 19°N). The
mb = 4.8 point on the plot shows where the distribution deviates away from a linear trend.
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Figure A7: Gutenberg-Richter Plot for South Mid-Atlantic ridge (between 19°N and 38°S). The mb
= 4.8 point on the plot shows where the distribution deviates away from a linear trend.
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Appendix B: Supplemental tables that were referred to in section 5.

Table B1: The result from the test of Latchman (2011) observation on the MAR and

ACM.
MAR Event | Number of Total Observed Mean Rate Difference
serial margin number of Rate given a between the
number event margin Poisson | observed and
within events distribution | mean rates
Latchman
(2011) time
window
| 10 315 15 8.07692308 | 6.92307692
2 2 320 3 8.20512821 | -5.2051282
3 24 1085 36 27.8205128 | 8.17948718
4 39 1082 58.5 27.7435897 | 30.7564103
5 0 1081 0 277179487 | -27.717949
6 19 1081 28.5 277179487 | 0.78205128
7 260 1040 390 26.6666667 | 363.333333
8 0 1017 0 26.0769231 | -26.076923
9 16 1000 24 25.6410256 | -1.6410256
10 17 880 25.5 22.5641026 | 2.93589744
11 25 159 37.5 4.07692308 | 33.4230769
12 0 59 0 1.51282051 | -1.5128205
13 1 139 1.5 3.56410256 | -2.0641026
14 5 1846 7.5 47.3333333 | -39.833333
15 0 1846 0 47.3333333 | -47.333333
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16 15 2089 22.5 53.5641026 | -31.064103
17 1 3509 1.5 89.974359 | -88.474359
18 1 3509 1.5 89.974359 | -88.474359
19 12 4845 18 124.230769 | -106.23077
20 307 5682 460.5 145.692308 | 314.807692
21 440 5633 660 144.435897 | 515.564103
22 18 5633 27 144.435897 | -117.4359
23 13 5605 19.5 143.717949 | -124.21795
24 235 5605 3525 143.717949 | 208.782051
25 365 5583 547.5 143.153846 | 404.346154
26 85 2415 127.5 61.9230769 | 65.5769231
27 78 1833 117 47 70

28 34 1833 51 47 4

29 0 1833 0 47 -47

30 2 1793 3 45974359 | -42.974359
31 12 1522 18 39.025641 | -21.025641
32 0 1477 0 37.8717949 | -37.871795
33 6 1477 9 37.8717949 | -28.871795
34 18 1009 27 25.8717949 | 1.12820513
35 5 215 7.5 5.51282051 | 1.98717949
36 8 156 12 4 8

37 3 156 4.5 4 0.5

38 7 156 10.5 4 6.5

39 7 150 10.5 3.84615385 | 6.65384615
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40 150 4.5 3.84615385 | 0.65384615
41 147 6 3.76923077 | 2.23076923
42 147 0 3.76923077 | -3.7692308
43 134 3 3.43589744 | -0.4358974
44 134 0 3.43589744 | -3.4358974
45 121 4.5 3.1025641 1.3974359
46 119 3 3.05128205 | -0.0512821
47 119 0 3.05128205 | -3.0512821
48 119 1.5 3.05128205 | -1.5512821
49 119 1.5 3.05128205 | -1.5512821
50 119 1.5 3.05128205 | -1.5512821
51 119 0 3.05128205 | -3.0512821
52 117 3 3 0

53 117 1.5 3 -1.5

54 117 0 3 -3

55 117 10.5 3 7.5

56 117 10.5 3 7.5

57 116 0 2.97435897 | -2.974359
58 116 1.5 2.97435897 | -1.474359
59 115 3 2.94871795 | 0.05128205
60 115 1.5 2.94871795 | -1.4487179
61 115 0 2.94871795 | -2.9487179
62 115 0 2.94871795 | -2.9487179
63 115 1.5 2.94871795 | -1.4487179
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64 115 0 2.94871795 | -2.9487179
65 115 3 2.94871795 | 0.05128205
66 115 0 2.94871795 | -2.9487179
67 115 0 2.94871795 | -2.9487179
68 115 1.5 2.94871795 | -1.4487179
69 114 0 2.92307692 | -2.9230769
70 116 1.5 2.97435897 | -1.474359
71 115 0 2.94871795 | -2.9487179
72 115 1.5 2.94871795 | -1.4487179
73 115 10.5 2.94871795 | 7.55128205
74 112 10.5 2.87179487 | 7.62820513
75 112 0 2.87179487 | -2.8717949
76 20 0 0.51282051 | -0.5128205
77 20 0 0.51282051 | -0.5128205
78 20 0 0.51282051 | -0.5128205
79 4 1.5 0.1025641 1.3974359
80 4 0 0.1025641 | -0.1025641
81 4 1.5 0.1025641 1.3974359
82 4 0 0.1025641 | -0.1025641
83 4 0 0.1025641 | -0.1025641
84 4 0 0.1025641 | -0.1025641
85 4 1.5 0.1025641 1.3974359
86 4 0 0.1025641 | -0.1025641
87 3 0 0.07692308 | -0.0769231
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Table B2: The result from the test of the Latchman (2011) observation on the MAR and

Atlantic Basin.

MAR Number of Total Observed Mean Rate Difference
Event margin number of Rate given a between the
serial event margin Poisson observed
number within events distribution and mean
Latchman rates
(2011) time
window
1 0 5 0 0.128205 -0.12821
2 0 5 0 0.128205 -0.12821
3 0 136 0 3.487179 -3.48718
4 1 136 1.5 3.487179 -1.98718
5 0 131 0 3.358974 -3.35897
6 4 132 6 3.384615 2.615385
7 0 135 0 3.461538 -3.46154
8 2 135 3 3.461538 -0.46154
9 0 135 0 3.461538 -3.46154
10 5 121 7.5 3.102564 4.397436
11 12 62 18 1.589744 16.41026
12 1 44 1.5 1.128205 0.371795
13 3 49 4.5 1.25641 3.24359
14 1 52 1.5 1.333333 0.166667
15 0 52 0 1.333333 -1.33333
16 0 52 0 1.333333 -1.33333
17 0 51 0 1.307692 -1.30769
18 0 51 0 1.307692 -1.30769
19 0 51 0 1.307692 -1.30769
20 0 42 0 1.076923 -1.07692
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21 0 33 0 0.846154 -0.84615
22 0 33 0 0.846154 -0.84615
23 0 32 0 0.820513 -0.82051
24 0 32 0 0.820513 -0.82051
25 0 32 0 0.820513 -0.82051
26 0 25 0 0.641026 -0.64103
27 0 24 0 0.615385 -0.61538
28 0 24 0 0.615385 -0.61538
29 0 24 0 0.615385 -0.61538
30 0 24 0 0.615385 -0.61538
31 0 24 0 0.615385 -0.61538
32 1 23 1.5 0.589744 0.910256
33 0 23 0 0.589744 -0.58974
34 0 19 0 0.487179 -0.48718
35 0 24 0 0.615385 -0.61538
36 0 26 0 0.666667 -0.66667
37 0 26 0 0.666667 -0.66667
38 0 26 0 0.666667 -0.66667
39 0 27 0 0.692308 -0.69231
40 1 27 1.5 0.692308 0.807692
41 0 27 0 0.692308 -0.69231
42 0 27 0 0.692308 -0.69231
43 0 27 0 0.692308 -0.69231
44 0 27 0 0.692308 -0.69231
45 0 27 0 0.692308 -0.69231
46 2 27 3 0.692308 2.307692
47 0 27 0 0.692308 -0.69231
48 0 27 0 0.692308 -0.69231
49 0 27 0 0.692308 -0.69231
50 0 27 0 0.692308 -0.69231
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51 0 27 0 0.692308 -0.69231
52 0 27 0 0.692308 -0.69231
53 0 27 0 0.692308 -0.69231
54 0 27 0 0.692308 -0.69231
55 0 27 0 0.692308 -0.69231
56 1 27 1.5 0.692308 0.807692
57 0 27 0 0.692308 -0.69231
58 0 27 0 0.692308 -0.69231
59 0 28 0 0.717949 -0.71795
60 0 28 0 0.717949 -0.71795
61 2 28 3 0.717949 2.282051
62 0 28 0 0.717949 -0.71795
63 0 28 0 0.717949 -0.71795
64 0 28 0 0.717949 -0.71795
65 0 27 0 0.692308 -0.69231
66 0 27 0 0.692308 -0.69231
67 0 27 0 0.692308 -0.69231
68 0 27 0 0.692308 -0.69231
69 0 27 0 0.692308 -0.69231
70 0 27 0 0.692308 -0.69231
71 1 27 1.5 0.692308 0.807692
72 0 26 0 0.666667 -0.66667
73 0 26 0 0.666667 -0.66667
74 0 20 0 0.512821 -0.51282
75 0 20 0 0.512821 -0.51282
76 0 26 0 0.666667 -0.66667
77 0 23 0 0.589744 -0.58974
78 0 14 0 0.358974 -0.35897
79 0 21 0 0.538462 -0.53846
80 0 21 0 0.538462 -0.53846
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81 0 21 0 0.538462 -0.53846
82 0 21 0 0.538462 -0.53846
83 0 21 0 0.538462 -0.53846
84 0 21 0 0.538462 -0.53846
85 0 21 0 0.538462 -0.53846
86 0 21 0 0.538462 -0.53846
87 0 21 0 0.538462 -0.53846
88 0 21 0 0.538462 -0.53846
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