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Three quarters of all Mw ≥ 6.6 earthquakes and volcanic eruptions surrounding

the Caribbean plate occur preferentially during periods of decadal minima in

Earth’s angular spin velocity. This correlation is revealed most clearly as a

4–6 years phase lag following the first derivative of the length of the day

(LOD), Earth’s angular deceleration. We show that local strains and

displacements resulting from oblateness changes, or plate boundary stresses

associated with changes in tropical rotation rates are orders of magnitude lower

than those typically associated with earthquake or volcano triggering.

Notwithstanding the absence of a satisfactory causal physical mechanism,

the relationship permits decadal trends in Caribbean tectonic hazards to be

anticipated many years before their occurrence. The next period of increased

tectonic activity in the Caribbean, corresponding to a probable slowing in

Earth’s spin rate, will occur in the decade starting on or about 2030.
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Introduction

A number of studies have established that annual fluctuations in the numbers of

major earthquakes (Mw ≥ 7.0) vary over periods of decades, and that these cyclic changes

in seismic productivity correlate with long period variations in Earth’s angular rotation

rate (Anderson, 1974; Kanamori 1977; Shankar et al., 2001; Varga et al., 2004; Levin and

Sasorova, 2015; Levin et al., 2017; Sasarova and Levin, 2018; Lutikov & Rogozhin (2014).

The Mw ≥ 7 magnitude threshold in these studies arises because seismic catalogs since

1900 are decreasingly complete in lower magnitude earthquakes in the early instrumental

record (see Supplementary Material S1).

Although quasi-periodic fluctuations in global seismic activity with periods from 10 to

60 years, are similar to those found in studies of fluctuations in the length of the day, an
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exact correspondence does not exist, and for many seismologists

the relationship is not only unexpected but unconvincing. Our

interests in these apparent relationships were stimulated by the

identification of a dominant ≈32 years interevent interval for

global Mw ≥ 7 seismicity (Bendick and Bilham, 2017), and

subsequently augmented by noting the apparent 5 years lag

between peak global seismicity and peak angular deceleration

shown in Figure 1A (Bendick and Bilham, 2018; Bendick and

Bilham, 2018).

In previous and subsequent studies (e.g., Levin et al., 2017;

Sasarova and Levin 2018; Jenkins et al., 2021), smoothed time

series of annual counts of major earthquakes have been

compared with time series of annual fluctuations in the length

of the day (e.g., Figure 1A). Statistical tests to demonstrate

causality are often unconvincing because of the small number

of cycles involved, and results are influenced by the smoothing

necessary to attenuate sub-decadal fluctuations in numerical

annual earthquake counts. To overcome the brevity of the

instrumental record Sasarova and Levin (2018) have with

some success extended these studies to the past three

centuries of historical data.

Here, to avoid artifacts from smoothing annual counts of

seismicity, we adopt a different and simpler approach. As a

starting point we use the first derivative of the length-of-day

series, which characterizes the Earth’s secular angular

deceleration, and has the attribute that zero angular

acceleration corresponds to zero Euler forces (i.e., forces

associated with accelerations along lines of latitude) on the

Earth’s surface. We then discard numerical values in the series

to form a binary mask of zeros (acceleration years) and ones

(deceleration years). We use this binary series to count the

numbers of earthquakes occurring during deceleration years

and express this as a percentage of the total number in the

catalog. We next examine the value of this percentage for various

lags by advancing the earthquake catalog in increments of

1–10 years. The results are expressed as plots showing

percentages of earthquakes accompanying deceleration or

occurring with phase lags of up to 9 years (viz. Figure 1B).

This approach avoids arbitrary smoothing or band-passing

numbers of events to form a time series and instead uses raw

seismic and/or volcanic data from a region. Our null hypothesis

is that in the absence of a rotational influence we should

anticipate approximately equal numbers of earthquakes to

occur during periods of Earth’s acceleration or deceleration.

Because of an uneven slowing in the secular spin rate, the rate

of occurrence for different epochs in random catalogs exceeds

50%. For example, for the 1900–2017 interval in Figure 1B

random catalogs yield an average and standard deviation of

51.7 ± 1.3% (shaded).

We tested the algorithm on global seismicity as reported in

previous studies using global catalogs with different magnitude

cutoffs and methods of declustering. We used published

declustering methods (e.g., Reasenberg, 1985; van Stiphout

et al., 2012; Zaliapin and Ben-Zion, 2020), but found the

results from these different approaches did not substantially

alter our results. In Figure 1B we plot the global percentage of

earthquakes in various catalogs occurring during periods of

Earth’s deceleration at different lags following the binary time

series of deceleration described above. We compare these

percentages with those derived from an arbitrary number of

1250 catalogs of events with similar total numbers of global

earthquakes occurring at random times. In this comparison we

found that while some earthquake catalogs (irrespective of

declustering) showed a distinct correlation, significantly above

random, others did not.

To test whether the observed correlations were influenced by

plate boundary setting, or latitude we examined the percentage

ratios of Mw ≥ 7 earthquakes occurring following deceleration or

acceleration at regional plate boundaries for the declustered

Pagercat catalog since 1900. The percentages of events

occurring during deceleration or acceleration are depicted

graphically as pie diagrams (Figure 2). The percentages of

FIGURE 1
(A). Earth’s angular deceleration (red) compared to global annual deviation in numbers of Mw ≥ 7 earthquakes each year (black PagerCat, Allen
et al., 2009). Both time series are band-passed with the same 5-50 year filter and the deceleration data are plotted with a five-year advance (from
Bendick and Bilham, 2018). (B). Lag between global numbers of earthquakes per year and angular deceleration time series for different seismic
catalogs andmagnitude ranges using binary mask (see text). Were earthquakes randomly distributed in time we should anticipate each curve to
lie within the shaded region of 51.7 ± 1.3% (Supplementary Material S2).
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roughly half of the 24 regions are close to those anticipated from

random occurrence, however, for Baluchistan, the Hindu Kush,

the Taiwan region and the Caribbean the percentage

occurring during acceleration or deceleration approaches or

exceeds 75%.

In the current article we focus specifically on the statistics of

earthquakes and volcanic eruptions in one of these regions - the

Caribbean—a plate that measures ≈2500 km east-west by

≈700 km north-south and moves eastward at ≈21 mm/yr

between the Cocos subduction zone in the west and

subducted Atlantic sea floor in the east (van Benthem and

Govers, 2010). Its western end is bounded in the north by a

sinistral transform fault system interrupted by a minor spreading

center in the Cayman trough, and in the south by a dextral

transform with partitioned transpressional convergence beneath

eastern Venezuela and Colombia (the downgoing Maracaibo

slab). In the eastern Caribbean the northern transform

boundary includes minor convergence, and its southern

margin is bounded by the El-Pilar/Bocono dextral transform

fault system.

A record of earthquakes and eruptions in the Caribbean is

available since 1660, although in some areas it is partly

incomplete prior to 1900. We show that 65% of the

Caribbean’s Mw ≥ 6.6 earthquakes, and more than 75% of

Mw ≥ 7 earthquakes and volcanic eruptions with VEI>1 in

the Antilles Arc follow periods of Earth’s deceleration with a

lag of 5 ± 3 years. By comparing our results with randomly

generated catalogs we show that the probability that this observed

correlation occurs by chance is low.

Having demonstrated these correlations in the

acceleration domain we show that they are also present in

the angular velocity domain, and that the observed phase lags

arise from the expected 90° phase lag in the derivative of the

dominant 20 ± 10 years periods in the length of the day time

series. This leads to the conclusion noted by others (referenced

in our opening paragraph) on a global scale that seismic

activity is enhanced during decadal periods of slow angular

spin velocity. We follow this with a discussion of possible

mechanisms for the observed influence of spin rate on

tectonism, and a brief discussion of the utility of the

observed relationship for reducing future seismic risk.

Data

We interpolated 6-month averaged length-of-day (LOD)

data for the period 1656–1834 from McCarthy and Babcock

(1986) to mid-year annual mean values using a smoothing spline

with a smoothing coefficient of 0.2. To these data we appended

additional LOD data to 1995 calculated by Gross (2001). Mid-

year averages from the International Earth Rotation Service

(IERS) were used complete the time series to mid-2021

(Figures 3A,B).

Two seismicity catalogs were used in the current study: the

USGS Comcat/PagerCat catalog (Allen et al., 2009) for the period

1900–2022, and the ISC/GEM Version 5 catalog 1904–2017. Few

differences between the on-line catalogs exist for post-1960 data,

but both catalogs are incomplete for earthquakes with Mw ≤

FIGURE 2
Regional distribution of Mw > 7.0 earthquakes 1900–2017 (declustered PagerCat), and global distribution lower left inset. Pie-graphs on
segments of plate boundaries quantify the proportion of Mw ≥ 7 earthquakes occurring 5 years following prolonged periods of rotational
deceleration (red), or acceleration (green) and the total number of earthquakes considered in each pie diagram. The number of earthquakes analyzed
in regional plate boundaries varies from as few as 17 to as many as 135. Acceleration dominant pie-graphs account for only 39% of all
earthquakes considered.
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6.9 in the first few decades of the 20th century. For seismicity

1660–1900 we consulted an early catalog by Robson (1964) and

the ISC/GEM historical catalog data and references therein

(Figure 3C). The spatial distribution of seismicity is shown in

Figure 4.

We used volcanic eruption data from the Smithsonian Global

Volcanism Program (2013) which is probably complete for volcanic

explosivity indices (VEI) >1 based as it is on written Caribbean

archives since 1700 (Figure 3D). We examined volcanism in six

separate geographical regions: Central American volcanoes in four

approximately 1-degree-latitude bins between 7°N and 13°N,

volcanic centers in Guatemala north of 14.5°N and finally, those

in the eastern Caribbean volcanic arc, excluding Kick’em Jenny for

which the early record of submarine eruptions is considered

incomplete (Figure 4).

Results

In the 365-year-interval since 1656, 34 earthquakes with

Mw≥6.6 are listed in the pre-instrumental catalog and 65 for the

period 1900–2021. The disparity in numbers per century

emphasizes incompleteness in earthquakes with Mw ≤ 7 in the

early record. For each time-span of data investigated we quantified

the departure from random occurrence by examining

1250 sequences of similar numbers of random earthquakes (see

Supplementary Material S2) against the raw deceleration time series

for each epoch. For tests that included >50 earthquakes/century, the
average and standard deviation for the 365-year period was 50 ±

2.4%, and for the post-1900 interval instrumental period the average

was 51.7 ± 1.3%. For subsets of data with fewer than 20 events per

century the uncertainty from random catalogs increases to 18%.

These 95% confidence regions are shaded or indicated by confidence

intervals in Figure 5.

FIGURE 3
(A). Variations in the length of the day (LOD) 1656-2021 (an increase of +1 millisecond corresponds to reduction in spin velocity of 1.2 ×10−8

radians/s). Uncertainties after 1832 from Gross (2001). (B). LOD Derivative with periods of deceleration shaded red. In this plot the shaded areas
include 5-year box-car smoothing. (C). Earthquakes with Mw ≥ 6.6 in the Caribbean region: 1650–1900. (D). Volcanic eruptions plotted numerically
according to Volcanic Explosivity Index(VEI): eastern Caribbean (solid triangles), Guatemala (open triangles).

FIGURE 4
Caribbean seismicity and volcanism for the period
1665–2017. 6.6 < Mw < 8.5 colored by year and scaled by
magnitude. Central American earthquakes ≥6.6 since 1904 (black
circles), 1656–1900 light-blue circles. Plate boundaries from
Bird (2003). Volcanoes influenced by deceleration (solid triangles):
unaffected by deceleration (open triangles).
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Smoothing of the deceleration data prior to generating the

digital mask described above has no significant influence on the

observed relationships (see Supplementary Material S3) and

hence we used unsmoothed data in the analyses presented

here. At zero lag (i.e., synchronous seismicity occurring

during that year’s observed angular deceleration) a weak

correlation with acceleration is observed for post-1900 data,

and no correlation is observed for early data. In contrast,

seismicity lagging 3–6 years after the deceleration time-series

shows significant correlation for both subsets of data. Maximum

percentages of 60–65% occur for lags of 4–5 years. Of 49 Mw ≥
7 earthquakes since 1656 and 27 since 1900, 70%–77% have

occurred with a lag of 4 years after deceleration (Figure 5A).

More than 68% of all Mw ≥ 6.6 earthquakes since 1900 have

occurred 4–5 years after deceleration.

Similar correlations are evident for the volcanic eruption

data. Since 1656, 464 eruptions occur in Central America and

17 in the eastern Caribbean.We counted the number of eruptions

occurring during periods of angular deceleration independent of

their volcanic explosivity index (VEI). We found that each of four

≈1°-latitude subsets of central American volcanoes were

indifferent to deceleration and we summarize their ensemble

average in Figure 5B. In contrast, although the total number of

eruuptions is small, volcanoes in Guatemala and the Eastern

Caribbean show a marked preference for erupting after a two- to

7-year lag. The ≥80% correlation for the 20th century Antilles

eruption record signifies that four of its five eruptive episodes

appear to have been influenced by Earth’s deceleration. Similarly,

12 of its 17 pre-1900 eruptions have been likewise influenced.

Eruptions typically follow nearby major earthquakes (González

et al., 2021). Global correlations between volcanic eruptions and

Earth’s rotation have been previously reported by Palladino and

Sottili (2013) and Sottili et al. (2014).

In Supplementary Material S4 we examine the influence of

Earth rotation variations on seismicity surrounding the Scotia

plate and plate boundaries contiguous with the Caribbean

Plate. Central American Mw > 7 seismicity for the

instrumental period was found to be antiphase with the

Caribbean plate correlations described above, but when

earthquakes from the historical record were included, the

effect was significantly suppressed. Cocos and Andean

subduction seismicity is weakly influenced by deceleration

at zero lag (Supplementary Figure S3B), with Cocos seismicity

suppressed by 10% and Andes seismicity enhanced by 15%. In

contrast, the Scotia plate responds strongly and immediately

to deceleration with more than 70% of its earthquakes

occurring after a lag of 2–3 years. An examination of sparse

Mw ≥ 7 Mid Atlantic transform seismicity showed it to be

largely indifferent to the rotational deceleration time series.

Although these relationships may be important in identifying

a physical mechanism for the observed effects, we do not

discuss these further in this article.

Angular deceleration vs. velocity?

In the above analyses we have compared the timing of

earthquakes and eruptions with angular deceleration time

series. In this section we show that the 3–7 years lags

evident in these correlations arise from the lag between

Earth’s angular deceleration and angular spin velocity. For

example, were the LOD time series a sine wave with a period of

20 years, peak LOD would lag precisely π/2, or 5 years, behind
peak deceleration. Multi-taper spectral analysis of the

deceleration data reveals broad spectral peaks centered near

7, 9.5, 14, 40 and 60 year periods (shaded green Figure 6B).

FIGURE 5
(A). Percentage earthquakes for the Caribbean plate boundary (for indicated time intervals and subsets of data) occurring following the angular
deceleration time series (Figure 1B) with lags 0–9 years: 78% of Mw ≥ 7 earthquakes since 1900, and 70% since 1675 occur after a 4-year lag. (B).
Percentages of volcanic eruptions in the Eastern Caribbean and Guatemala following the deceleration time series for various lags. Central American
volcanoes are evidently indifferent to deceleration. The grey areas in each figuremask the percentages anticipated for random occurrence; the
violet lines indicate random occurrence limits for ≈10 eruptions/century.
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Analyses of subsets of the deceleration data with different start

and end times reveal that the peaks vary somewhat in

amplitude and period indicating a non-stationary spectrum.

These same peaks in a spectrum of the raw LOD time series are

masked by spectral energy arising from the DC component of

the LOD time series, however, they are readily apparent in a

high-pass filtered version of the LOD time series. We

demonstrate their presence in a residual LOD series formed

by subtracting a smoothing spline filter fit to the data, from the

raw data (Figure 6A). The spectral harmonics in the residual,

as expected, are similar to those derived from the deceleration

time series (Figure 6B).

We surmise that the deceleration correlations with 5 ± 3-year

lags in Figure 5 correspond to subsequent angular spin velocity

(LOD) correlations with 0–6 years lag, at periods of 20 ± 12 years.

As a test of this conclusion, we convert the residual series in

Figure 6A to a binary series of slow/fast angular velocities and

count the percentage number of earthquakes occurring during

slow velocities (Figure 6C). This shows that >65% of all

earthquakes occur during times when the Earth spins at

minimum velocity (maximum LOD) with zero lag, or a lag of

several years.

Hence, in searching for a physical mechanism linking

variations of the length-of-day with lithospheric seismicity,

physical mechanisms relating angular deceleration, or

velocity, are equally viable. The influence of angular

velocity is instantaneous, and the influence of angular

deceleration leads by an interval of T/4, where T is the

forcing period in years.

This conclusion can only be defended for fluctuations in

LOD with periods shorter than ≈50 years. Longer periods do not
appear to contribute significantly to the observed correlations.

This conclusion is consistent with the 5–50 years band-passed

correlation reproduced in Figure 1A.

Mechanisms: Influence of changes in
spin velocity on lithospheric stresses

We review briefly several mechanisms that have been

proposed to relate changes in angular velocity to lithospheric

seismicity (Figure 7). The mechanisms fall into three broad

classes: velocity changes that grow or reduce the equatorial

bulge (e.g., Sottili et al., 2014; Levin and Sasarova, 2017),

forces that result directly from lithospheric accelerations

(Euler and Coriolis forces) with or without potential phase

lags resulting from near surface viscosity, Polflucht

accelerations and surface-normal accelerations (changes in g)

resulting from angular velocity and radius changes.

Oblateness and angular velocity

Levin et al. (2017) quantify the surface strain changes that

accompany a decrease in rotational velocity as follows. The

change of radius of an oblate spheroid, ΔR, as a function of

latitude ø is related to changes of the flattening of the earth Δe as a
function of angular velocity in the form

ΔR � ΔeR 1/3 − sin2 ø( )( ) (1)
where R is Earth’s mean radius. This results in a change in the

small-circle circumference at the Earth’s surface, Δc as a function
of latitude.

Δc � 2πΔe 1/3 − sin 2 ø( )Rcosø (2)

whereΔe is the product of Earth’s flattening and the angular velocity
change Δω radians/s. Substituting A= 6378 km, Δe = 7.78 × 10−11 for

a 1 millisecond change in LOD in Eq. 2 yields extremal values for Δc
of ≈1 mm/ms at the equator, zero at the poles and at latitudes

of ±35.262°, and −0.65 mm/ms at latitudes of ±62°.

FIGURE 6
(A). LOD time series (red) and its residual (blue) after removing a smoothing spline fit to the LOD data. (B). Multi-taper spectral analyses
(expressed as db with arbitrary zero) of the deceleration time series (green shading), smoothing spline (dotted black line), the raw (red) and residual
(blue) length-of-day data (red). (C). percentage of earthquakes occurring during periods of positive excursions in residual shown in (A). Grey area
indicates region anticipated from random occurrence.
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Elastic oblateness adjustments are assumed to be complete

within a few hours of angular velocity changes, followed by

viscous adjustments of the mantle with time constants of the

order of hundreds of years (Munk and McDonald, 1973). For the

2500-km-wide Caribbean plate at ≈12°N, displacements between

the Cocos and Atlantic Sea floor subduction zones amount to just

0.06 mm (≈2 × 10−11 strain) per millisecond of LOD slowing.

Were this convergence applied to the Antilles subduction zone

alone it would be the equivalent to about 1 day of eastward plate-

tectonic motion of the Caribbean plate, or 0.003% of a 100 years

duration earthquake cycle. Hence, the ability for oblateness

changes to influence seismicity exists, but appears to be

insignificant. Moreover, these inferred displacements would

not contribute directly to shear strain on Caribbean’s northern

and southern transform faults.

A secondary effect of a change in velocity has been proposed

by Sottili et al. (2014), and references therein. It invokes the

change in the tensile hoop stress in a rotating small-circle

annulus approximating the lithosphere. Supposing the

lithosphere were a competent homogeneous material with

density, d, rotating with uniform velocity ω, with diameter 2R,

the tensile stress would be σΗ = dω2R2 ≈ 600 MPa (Hearn, 1997).

Reductions in angular velocity of 10–8 rad/s associated with

1 millisecond increase in LOD, however, would change this

tensile stress by only 14 Pa, and changes in differential

stresses between the base and top of the crust by less than

FIGURE 7
Schematic views of coupling between an incremental slowing in Earth’s spin velocity and lithospheric stresses. (A) A slowing in rotational
velocity decreases Earth’s oblateness, extending small circles in polar regions and decreasing them in tropical regions. (B) Schematic section through
equator viewed from south pole showing sense of Euler forces attending deceleration. (C) Resolved horizontal accelerations acting on a point mass
on the equatorial bulge (ag = ac) exactly cancel, but surface-normal gravity increases with decreasing angular velocity.
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0.04 Pa. These changes in stress are significantly smaller than

those calculated by Sottili et al. (2014) and orders of magnitude

smaller than those typically associated with triggering crustal

volcanism or seismicity. The discrepancy between our values and

theirs is that these authors introduced an “effective” change in the

LOD considerably larger than the maximum mean annual LOD

change (Sottili, personal communication, 2022)

Angular deceleration and angular
momentum of the Caribbean plate

The second mechanism is dynamic (Figure 7B). A slowing in

rotation rate results in an Euler force on a mass on the Earth’s

surface directed along a line of latitude. The force is resisted by

tractions between mantle and lithosphere resulting from the

viscosity of the asthenosphere, and by subducting slabs

anchored to the mantle. The resulting displacements are

minimal at annual periods but can occur with increasing

amplitude and lag at periods longer than several years. Thus,

in the presence of mantle deceleration over periods of decades,

eastward motion between the Caribbean and contiguous plates is

decreasingly restrained by asthenospheric viscosity, and

increasingly compliments plate boundary eastward motions

thereby enhancing transform and subduction zone seismicity.

During succeeding periods of acceleration, the process reverses

and plate boundary stresses are relaxed. The Caribbean thus acts

effectively as a “loose cannon” between the Central American and

Atlantic subduction zones, both of which are securely anchored

to the mantle. The analogy is weak because east-west motion of

the Caribbean plate is also resisted by its south-dipping

subducted Maracaibo slab beneath Colombia and Venezuela.

Before calculating the forces predicted by this dynamic

mechanism, we first calculate whether the observed delays of

several years are reasonable. We approximate the Caribbean plate

as a flat rigid slab separated by a Maxwell-viscous layer (the

asthenosphere) from an underlying surface undergoing simple

harmonic motion (Ross and Schubert, 1986). The phase lag

between induced motions of the top plate when driven by the

basal plate driven at period T has the form:

Phase lag � π/2 − atan 2π]/ µT( ) radians (3)

where ν= viscosity and µ is the rigidity modulus of the

intervening asthenospheric layer. Reasonable numbers for µ

(6 × 1010 Nm−2) and ν (=3.1018 Pa s) yield a phase lag of

5 years for input periods of ≈20 years.
We next estimate the plate boundary forces arising from

these long period decelerations. The linear eastward velocity (v)

of Caribbean plate at 12°N is 2πr/86164.1, v= 454.9 m/s, which

reduces by −5.3 μm/s for each 1 ms increase in LOD. Hence a

linear deceleration of −1.7E-14 m−2 is associated with a 1 ms

change in LOD at decadal periods.

Approximating the volume of the Caribbean plate as a block

with area ≈2 × 1012 m2 and thickness 30 km with an average

density of 2750 kg/m3 we derive a mass of ≈2 × 1020 kg. Were the

asthenosphere frictionless, the plate boundary force necessary to

arrest the momentum of the plate would be 2 × 1020 x 1.7 ×

10−14 = 3.3 × 106 N.

If this were entirely resisted by the Antilles subduction zone

with cross-sectional area ≈500 km × 20 km, the stress/unit area

would amount to 3.3 × 10−4 N/m2 (330 Pa or 3.3 × 10−9 bar).

These values are nine orders of magnitude lower than the

incremental stresses of ≈1 bar that have been reported as

sufficient to trigger earthquakes, but approach the ≈100 Pa
stress changes that have been invoked as responsible for

modulating seismic tremor (Thomas et al., 2009, 2012) The

calculated stresses are further diminished if the contact areas

of the northern and southern transforms are figured into the

calculations.

Centripetal forces

The centripetal acceleration on a mass, m, on the Earth’s

surface is mω2Rcosø directed normal to the spin axis, where R is

the radius of the Earth, ω the angular velocity, and ø its latitude.

Were the Earth spherical, its resolved component perpendicular

to the Earth’s surface would be mω2Rcos2ø, with a tangential

acceleration parallel to the Earth’s surface directed towards the

equator of mω2Rcosø sinø. On a spherical rotating Earth this

tangential acceleration would force a mass like the Caribbean

plate to drift toward the equator. However, the equatorial bulge

on an elastic earth adopts a figure that exactly annuls this force.

i.e., the surface of the spheroid is everywhere an equipotential

and the resolved horizontal components of mass attraction (ag)

and centripetal acceleration (ac) are exactly equal and opposite,

independent of angular velocity (Figure 7C).

While no residual north-south accelerations accompany a

change in oblateness, the surface acceleration due to gravity

increases during slowing of Earth’s spin, due to reduced

equatorial radius and a reduction in outward directed

centripetal acceleration caused by the slowing in angular

velocity. The net acceleration due to gravity and centripetal

forces normal to the surface can be approximated by:

g � GMR−2 − 1.5GMa2J2 3sin 2 ø − 1( )/R4

− ω2Rcos2ø ms−2 Turcotte and Schubert, 1982( )

The net increase in g at the mean latitude of the Caribbean

(~10°N) for a 1 ms increase in the LOD is ≈0.15 µGal (10–9 m/

s−2). Thus, an increase in LOD caused by a slowing of Earth’s

rotation, would tend to increase slab-pull of the subducted

Caribbean plate beneath the Maracaibo Basin, and slab

suction near the Antilles by ≈1 part in 1010 per millisecond

LOD. Van Benthem and Govers (2010) calculate NW directed
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tensile stress magnitudes of 12 MPa for the region NW of the

Maracaibo slab and hence these would be enhanced by a mere

10–3 Pa (10–8 bars) per millisecond LOD increase.

Chandler wobble- variations of surface
strain and gravity 1848–2022

Variations in Earth’s rotation rate are superimposed on

the Earth’s annual wobble and the slightly longer period

Chandler wobble. In the presence of polar shifts of x and y

radians along the Greenwich and 90°E meridians respectively,

the variation of the Earth’s acceleration due to gravity, and

easterly displacement, sλ, at colatitude θ, and east longitude

λ, are

g θ, λ( ) ≈ − 3.9 sin 2θ xcosλ + ysinλ( ) x10−6 µGal

sλ θ, λ( ) ≈ 1.9 cos θ xsinλ − ycosλ( ) x10−6 mm

In the above first order expressions derived by Wahr

(1985), the direct contribution from changes in rotational

velocity on gravity and displacement are considered

negligible, as are the effects of anelasticity and ocean

loading. The variation of g and east-west strain at the

average latitude and longitude of the Caribbean plate

between 1845 and 2021 are shown in Figure 8. During this

time, longitudes between 75°±12°W contract 5 ±

0.7 nanostrain and gravity increases by 3 ± 0.3 µGal, both

small quantities.

Though the wobble periods are too short to account for the

correlations we describe above, the sum of the (≈14 months)

Chandler wobble and the (12-month) annual wobble

modulates the sum of the two time-series with dominant

beat frequency of ≈6 years, and with secondary periods

near 10, 20, 29 and 59 years (Figure 8).

The slow increase in gravity over the past 175 years is

incremented at 5-year to 60-year intervals by ≈1µGal (1.5 ×

10−8 Nm−2) equivalent to a 3 mm rise in sea level. We conclude

that strain changes and changes in g resulting from Earth’s

wobble are negligible compared to those typically associated

with earthquake triggering.

Polflucht acceleration

Early in the last century Wegener (1980) invoked polflucht as

a mechanism to move continents from the poles toward the

equator (Epstein, 1921; Lambert 1921; Krause, 2007). Although

this acceleration and its attendendent forces have been

subsequently neglected, they influence Coulomb failure

conditions on plate boundaries. The amplitude of polflucht

acceleration on a free body depends on its latitude and the

distance between the center of gravity and its center of

buoyancy, being zero at the equator and the poles (Engelhardt

and Englehardt, 2017) in the case of floating body, or the vertical

distance between its translation surface and its center of mass, in

the case of a solid body. The equator-directed acceleration arises

because co-geoids (surfaces of equal gravitational potential above

or below the earth’s geoid) on a rotating earth are not parallel

along lines of longitude. That is, at great distances from the earth,

or beneath the Earth’s surface, co-geoids tend to become more

spherical, whereas at the Earth’s surface they are spheroidal. The

origin of the polflucht acceleration is most easily visualized

(following the discussion outlined in Lambert, 1921) by

imagining a large spherical ball-bearing free to roll upon a

smooth, perfectly-horizontal surface, such as a frozen body of

FIGURE 8
(A) E/W strain changes (red) across the Caribbean plate 1845–2022 with a 5 years moving average, compared to variations in gravity (light blue),
and their peak annual value (dark blue). (B) Multi-taper spectral analyses of the raw gravity signal (blue) showing the Chandler and Annual peaks,
compared to the spectral density of peak annual strain calculated for the E and W extremities of the Caribbean plate.
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water, or a perfectly horizontal airport runway. The base of the

ball lies on a co-geoid and its point of contact is thus on an

equipotential surface and is in equilibrium. However, its center of

gravity lies on an higher equipotential surface, which relative to

the runway, converges toward the poles. As a consequence (in the

absence of friction) the ball would roll southward as its center of

gravity essentially accelerates “downhill” along this higher geoid,

away from the poles and toward the equator. Lambert (1921)

calculates that the resulting horizontal acceleration is small

(<0.001 µGal) for continents where the center-of-gravity and

center-of-buoyancy may be of the order of a few hundreds of

meters. The difference in radial separation between the c-of-g and

the effective c-of-b of the Caribbean is considerably larger and

separated also in a latitudinal sense. The net Polflucht

acceleration depends on the integrated mass above and below

the Caribbean’s eastward translation surface (viz. the Caribbean

asthenosphere) including masses associated with the subducting

Maracaibo slab and the Puerto Rico trench, and is therefore

substantial. Reduced oblateness associated with slowing in

Earth’s rotation would effectively reduce the Polflucht

acceleration to some small fraction of this amplitude, thereby

modulating fault-normal Coulomb failure conditions on the

northern-Caribbean and Venezuelan transform faults, and on

associated descending slabs.

These stress changes are small. At first sight it would appear that

the forces of north-south compression on the northern and southern

transforms and descending slabs would be antiphase, and if this

prevailed we might anticipate increased seismicity in the south to be

accompanied by decreased seismicity in the north and vice versa.

However, the Polflucht accelerations also act on contiguous plates to

the north and south of the Caribbean, resulting in monotonic

stresses directed always equatorward. A complete evaluation of

these cumulative effects is beyond the scope of this article.

However, to test whether antiphase behavior does, or does not,

exist, in Figure 9 we plot seismicity and volcanism as a function of

time, distinguishing between earthquakes occurring on the northern

and southern boundaries, during the largest rotational slowing in the

past two centuries (1870–1910). There is a weak suggestion that

seismicity was prominent on the Bocono fault system during this

maximum slowing period, during which time the northern

transforms between Jamaica and Puerto Rico were largely

inactive. Prior to this time the northern transforms were active.

No simple pattern such as that illustrated is found elsewhere in the

past few centuries, possibly because the earthquakes in question have

renewal intervals significantly longer than the periodic decadal

fluctuations in the length of the day. Although we find this test

suggestive, it is clearly inconclusive given the small number of

earthquakes under consideration.

Combinations of mechanisms?

The above mechanisms fall short of approaching

the ±0.5 bar (±50 kPa) stress changes commonly associated

with triggering of earthquakes (King et al., 1994), but some

approach in magnitude the 100 Pa stress changes that have

been associated with modulating seismic tremor (Thomas

et al., 2009, 2012). Acting in unison a, b, and c act in the

same sense to enhance Coulomb failure during a slowing

Earth’s rotational velocity. Moreover, the dominant phase

lag of 5 ± 2 years evident in Figure 5, which we attribute to

a 20 ± 8 years forcing frequency (Figure 6B), and the apparent

FIGURE 9
Time/space plot of Eastern Caribbean seismicity (circles 6.8 < Mw < 7.7) and volcanism (red numbers VEI 2–4), compared to length of day
(LOD = black cityscape line). The color coding is according to longitude (top panel) and circle sizes are proportional to magnitude. Violet shading
indicates periods of deceleration, yellow highlight = earthquakes on northern transform, blue highlight = earthquakes on southern transform, green
script = eastern subduction earthquakes, red script = named eruptions. Longitudes <65°W include subduction volcanism and earthquakes in the
eastern Caribbean. The plot illustrates the extreme (7 ms) increase in the LOD that occurred between 1870 and 1910, during which seismicity on the
Bocono fault system was prominent, and northern seismicity largely quiescent.
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viscous lag of 5 years consistent with mechanism b above,

provides conditions for long period synchronization between

acceleration and velocity.

A further possibility is that our calculations of average plate

boundary stresses for mechanisms, based as they are on average

plate boundary stresses would underestimate stresses at

asperities, should these dominate the failure modes of

Caribbean plate boundary slip. Strain concentration in the

Caribbean plate occurs in the tapered mantle wedge overlying

the downgoing slab, and within volcanic magma chambers that

act as weak elastic inclusions in the lithosphere (Gudmundsson,

2006).

Discussion

Global energy exchanged during periodic 10–8 variations in spin

rate (LOD changes of 1 millisecond) is of the order of 1021 J, many

orders of magnitude greater than that released annually by

earthquakes (Kanamori, 1977) so that a potential rotational

influence on seismicity is energetically feasible. The findings

presented here (Figure 4), and global relationships between

rotation and seismicity reported by others, confirm that such an

influence apparently exists, but although several mechanisms have

been proposed, the calculated stresses fall far below those usually

associatedwith those capable of triggering plate boundary seismicity.

Bendick and Bilham (2017) suggest that synchronization of

some earthquakes may be triggered by very weak forces, such as

those discussed above, interacting with the earthquake renewal

interval of earthquake cycles on plate boundaries. Long-period

fluctuations in the LOD of ≤30 years would tend to synchronize

with earthquakes with coseismic slip ≤60 cm (assuming plate

boundary velocities of ≤20 mm/yr), that is, with Mw ≤
6.6 earthquakes. Hence, if synchronization is responsible for

the triggering of Mw ≥ 7 earthquakes with ≥2 m of slip

(requiring ≥100 years renewal intervals), synchronization must

occur at multiples of the 20–50-year LOD fluctuation periods.

Implications for future seismicity

Notwithstanding the absence of a convincing mechanism for

the relationships apparent in Figure 4, the approximately 5-year

lag between deceleration and Caribbean seismicity in principle

permits the forecast of future earthquake activity in the region.

This serendipitous insight into future seismic and volcanic

activity, however, comes with a critical caveat - the fundamental

period of the deceleration must also be known and invariable. For

example, a 5-year advanced warning of increased future seismicity is

only possible if it can be established that the observed deceleration is

associated with a persistent 20-year period periodic variation in the

length of the day.

Although an adaptive approach using incoming LOD data to

verify decadal periodicity permits such a forecast to be updated as

necessary, in Figure 10 we demonstrate that with reasonable

certainty a dominant multidecadal period is persistent in

historical data. It shows the hi-passed LOD data from

Figure 6A, additionally low-passed using a 25-year Gaussian

filter. The spectrum of these data in Figure 10B indicate that the

residual time series contains several broad overlapping spectral

peaks between 12–32 years. The interaction of these contiguous

peaks is the cause of the interference “beats” in Figure 6A. Of

significance is that in the past 300 years, with four exceptions,

peak angular deceleration advanced by 5 years coincides, within a

year, with minimum angular spin velocity.

The most recent 5 years (2017–2022) has seen a number of

Mw ≥ 7 earthquakes in the Caribbean corresponding to the decade-

long peak evident in the raw and unfiltered deceleration and velocity

data (Figure 10C). The period 2022–2027, in contrast, shows a

decline in angular velocity, and is hence projected to be a period of

relative seismic quiescence. However, since 25% of major

earthquakes in the Caribbean have occurred at times unaffected

by angular deceleration, the occurrence of damaging earthquakes in

the next half decade clearly cannot be excluded. Slowing of Earth’s

spin velocity is anticipated to dominate the 2030 decade, signifying a

resumption of increased seismic activity. To place these expectations

FIGURE 10
Bandpassed (20 ± 10 years) deceleration (red) and LOD data (black) The deceleration data are advanced 5 years. (B) The deceleration spectrum
of these bandpassed data. Overlapping spectral peaks cause long period interference in the time series (C) shows the most recent 30 years with the
last LOD derived point in mid-2021 at the start of a 5-year forecast for relative seismic quiescence (shaded grey). In the 2030 decade Earth rotation is
expected to slow (maximum deceleration and maximum LOD), which we show to be associated with increased seismicity and volcanism.
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in context, we note that the frequency of Caribbean Mw ≥
6.6 earthquakes in the past 200 years has been 1.5 ± 1.1 per

decade with extremes of 0 and 4 events per decade. These rates

are low but represent more than a doubling in seismic hazard and

risk during periods of minimum spin velocity compared to

intervening decades of faster spin.

Conclusion

The purpose of this article is to show that Caribbean

seismicity and volcanism occur preferentially during periods

of minima in Earth’s angular spin velocity, and to investigate

causal physical mechanisms to which we can attribute this effect.

We demonstrate the relationship between tectonic activity

indirectly, by forming a binary mask from the first derivative of

the length-of-the-day time series, to form a time series that

permits us to count the percentages of earthquakes above a

certain magnitude threshhold occurring during periods of

angular deceleration. The advantage of the method is that we

use raw seismicity and deceleration data without contrived

filtering. The procedure reveals that 65%–75% of all Mw ≥
6.6 to Mw ≥ 7.0 earthquakes in the Caribbean correlate with

the deceleration time series with a 5 ± 2 years lag. We then show

that the 5-year lag apparent between the deceleration and

seismicity time series is anticipated from the lag between

quasi-sinusoidal forcing at periods centered near 20 ± 8 years

embedded in the LOD time series, and that these periods have

remained fairly stable over the past three centuries. This leads to

the conclusion that Caribbean seismicity is enhanced during

periods of minimum angular rotational velocity, a conclusion that

can be demonstrated directly by band-passing the LOD time

series to suppress secular changes in LOD.

A quantitative causal mechanism linking variations in Earth

rotation to increased or reduced seismicity or volcanism,

however, has remained elusive. Several proposed physical

mechanisms generate stresses at periods consistent with those

proposed, yet if our calculations are correct, these accelerations

or resultant stresses are many orders of magnitude smaller than

those typically associated with earthquake triggering.

Notwithstanding the absence of a clear understanding of the

underlying physics, the apparently strong correlation between

minima in Earth’s rotation rate (maximum Length-of-Day) and

increased tectonic activity provides a potential forecast tool to

characterize future seismicity and/or volcanism in the Caribbean.

The longevity of advanced warning depends on the stability of the

underlying decadal fluctuations in rotational velocity that have been

observed in past decades. Using the past century of fluctuations as a

guide we believe this stability is sufficient to extrapolate present-day

mean deceleration data tomake a reasonable forecast of increased or

subdued seismicity 5 years into the future. Annual updates of

present-day annual LOD data can be used to confirm and if

necessary, qualify these forecasts of future seismicity.

The current 5-year (2022–7) forecast, based on present-

day rapid spin velocities (Figure 10C), is that few Mw ≥
6.6 earthquakes should be expected in Caribbean plate

boundaries, but that increased tectonism should be

anticipated in the decade starting on or about 2030, when

spin velocities are anticipated to slow. The total numbers of

anticipated earthquakes per decade are small: in the past

200 years up to four Mw ≥ 6.6 earthquakes have occurred

in decades when earth’s spin is slow, and as few as none in

decades when earth’s spin is fast.
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