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produced any large earthquakes in the instrumental era, the megathrust is often assumed to be aseismic.
However, historical records of great earthquakes in the 19™ century and earlier, which were most likely
megathrust ruptures, demonstrate that the subduction is not entirely aseismic. Recent occurrences of
giant earthquakes in areas where such events were previously thought to be improbable have illustrated

Keywords: the importance of critically evaluating the seismic potential of other “low-hazard” subduction zones, such
Lesser Antilles as the Lesser Antilles.

Caribbean Using the method of coral microatoll paleogeodesy developed in Sumatra, we examine 20™-century
subduction vertical deformation on the forearc islands of the Lesser Antilles and model the underlying strain
tectttt)lnic (lieformation accumulation on the megathrust. Our data indicate that the eastern coasts of the forearc islands have
earthquake

been subsiding by up to ~8 mmy/yr relative to sites closer to the arc, suggesting that on the time scale
of the 20™ century, a portion of the megathrust just east of the forearc islands has been locked. Our
findings are in contrast to recent models based on satellite geodesy that suggest little or no strain
accumulation anywhere along the Lesser Antilles megathrust. This discrepancy is potentially explained
by the different time scales of measurement, as recent studies elsewhere have indicated that interseismic
coupling patterns may vary on decadal time scales and that century-scale or longer records are required
to fully assess seismic potential. The accumulated strain we have detected will likely be released in future
megathrust earthquakes, uplifting previously subsiding areas and potentially causing widespread damage

from strong ground motion and tsunami waves.
Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

coral microatoll

1. Introduction
1.1. The Lesser Antilles

- The Lesser Antilles subduction zone is formed where the
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Fig. 1. Regional map with tectonic setting of the Lesser Antilles and estimated rupture areas of 19th-century great earthquakes from Feuillet et al. (2011). Location of coral
study site at Belloc, Haiti is marked by a white star. NAM and SAM indicate the North and South American Plates, respectively (the weakly convergent boundary between
them is not well defined or expressed east of the Caribbean Plate). SLR: Saint Lucia Ridge.

destroyed the main towns of Fort-Royal (now Fort-de-France) on
Martinique Island and Pointe-a-Pitre on Guadeloupe Island and
killed over a thousand people (Feuillet et al.,, 2011). These earth-
quakes are estimated to have had moment magnitudes between
7.5 and 8.5 and probably occurred on the subduction megathrust
interface. Based on previously unconsidered felt reports along the
east coast of the United States, Hough (2013) assigned a magnitude
of ~8.5 to the 1843 event. Due to increased population density,
it is possible that an earthquake comparable to the 1843 event,
occurring today, would kill tens of thousands of people. Further-
more, the megathrust might be capable of rupturing in even larger
earthquakes; the ~200-year-long historical record is far too short
to rule out such a possibility. The M,, 9+ 2004 Aceh-Andaman
and 2011 Tohoku-oki earthquakes both occurred along subduction
zones which, based on historical seismicity catalogs, were previ-
ously thought incapable of producing magnitude 9 ruptures, and
it is generally unwise to rule out the possibility of such events
based on a short historical record or subduction zone characteris-
tics (McCaffrey, 2008). If we utilize geologic records to investigate
the past behavior of the Lesser Antilles megathrust and other as-
sociated faults beyond short and incomplete historical records, we
can properly understand the current seismic and tsunami hazard
in the Caribbean region.

1.2. Surface deformation as a key to fault slip

The overriding plate in a subduction zone deforms elastically
during the various stages of the seismic cycle due to slip on dif-
ferent parts of the plate interface (Fig. 2). During the interseismic
period, stress builds on the shallower, seismogenic portion of the
megathrust, which is locked, while the deep plate interface slips
aseismically at the rate of plate motion. This causes the area near
the trench to subside as it is dragged down by the subducting
plate, while the area farther away from the trench is uplifted.
When the locked portion of the megathrust ruptures (coseismi-
cally), the opposite pattern of deformation occurs. If these two
deformation processes are perfectly elastic, the vertical coseismic
deformation is expected to exactly cancel the interseismic defor-
mation (e.g., Savage, 1983), whereas splay faulting or distributed
plastic deformation within the upper plate will produce perma-
nent deformation.

Measuring the distribution of coseismic and interseismic defor-
mation allows us to infer the underlying behavior on the megath-

rust interface. The area which is locked during the interseismic
period is expected to rupture in great earthquakes, so measuring
interseismic deformation permits better seismic forecasting. In re-
cent decades these observations can be made very precisely using
instrumental geodetic techniques such as measuring the motion of
global navigation satellite system (GNSS) stations. However, since
the distribution of GNSS stations is generally sparse and covers
a geologically short period of time, deformation patterns can be
better characterized by using a natural recorder of vertical defor-
mation, coral microatolls.

Weil-Accardo et al. (2016a) pioneered the tectonic study of
coral microatolls in the Lesser Antilles, building a 230-year his-
tory of vertical deformation on eastern Martinique island. They
documented slow subsidence (averaging 1.3 + 1.3 mm/yr) punctu-
ated by two potentially seismic disturbances: coral transport and
changes in deformation rate associated with the 1839 earthquake,
and up to 20 cm of subsidence associated with a magnitude ~7
earthquake in 1946. While Weil-Accardo et al. (2016a) speculated
that the subsidence was a result of interseismic locking on the
megathrust interface, the rate is very low (not unexpected, since
Martinique is quite far from the subduction deformation front) and
the inferences that can be drawn from a single study location are
limited. In this study, we expand the analysis to a wider distribu-
tion of 12 additional sites on Guadeloupe, Antigua, Barbuda, and
Anguilla Islands, generally much closer to the deformation front.

2. Coral microatoll paleoseismology & paleogeodesy techniques

Corals with “massive” morphologies begin growth with the at-
tachment of a single polyp to a rocky or sandy substrate. Sub-
sequent growth of the colony (at rates ranging from a few mil-
limeters to a few centimeters per year) is radial, producing an
approximately hemispherical shape. Most hemispherical corals also
produce annual growth bands similar to tree rings due to seasonal
aragonite density variations. In very shallow-water environments,
the coral grows upward and outward until it reaches its upward
limit of growth, determined by sea level, at which point the por-
tion of the coral exposed above this limit begins to die. This up-
ward limit, above which the degree of exposure becomes fatal,
is called the highest level of survival (HLS). Hemispherical corals
growing in the intertidal zone develop into “microatolls” when
their tops reach HLS, after which their upward growth tracks rel-
ative sea level (RSL) while their outward growth continues unim-
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Fig. 2. Schematic diagram of elastic deformation during the interseismic and coseismic phases of a subduction earthquake cycle (after Savage, 1983). Postseismic deformation
is more variable, but often includes short-term subsidence in the coseismically uplifted area due to afterslip at the periphery of the rupture area and longer-term low-

amplitude regional deformation due to viscoelastic relaxation.
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Fig. 3. (top) Examples of microatolls formed from three radially growing coral species. Pseudodiploria strigosa (brain coral) was formerly classified as Diploria strigosa and genus
Orbicella as part of genus Montastrea (Budd et al., 2012). Genus Orbicella contains the three species O. annularis, franksi, and faveolata, but these are difficult to distinguish in
the field. (bottom) Distribution of living coral highest level of survival (HLS) relative to annual extreme low tide (ELT). Each data point represents a single microatoll except
at Belloc and Martinique, where each point represents a single site (condensed from Weil-Accardo et al., 2016a, 2016b). Error bars indicate full range of HLS elevation around
the mean. JPT indicates Johnson Point, Antigua at 17.024°N, 61.887°W; locations and full names of other sites appear in Table 1. Blue dashed line indicates mean depth of
Pseudodiploria HLS in the Antigua-Barbuda-Guadeloupe region excluding the anomalously deep specimen at site AGG. (For interpretation of the colors in the figure(s), the

reader is referred to the web version of this article.)

peded. The term “microatoll” was coined to describe coral colonies
with dead, flat tops and a living outer perimeter. At least three
species of Caribbean corals are capable of forming microatolls
(Fig. 3).

We measured the depth of living microatoll rims at each site
and calculated HLS relative to annual extreme low tide using tide
models and satellite altimetry measurements of sea level anoma-
lies (SLA) during the time of our field measurements. Tides for
most sites presented in this paper were calculated using the TPXO-
Atlas 7.2 global tide model (Egbert and Erofeeva, 2002) in SPOTL

(Agnew, 2012), while those for the Saint-Francois, Belloc (Haiti),
and Martinique sites were calculated using a model from SHOM
(Hydrographic and Oceanographic Department of the French Navy)
(see Weil-Accardo, 2014; Weil-Accardo et al., 2016a, 2016b). SLA
for each location was extracted from the Ssalto/Duacs L4 repro-
cessed dataset, which is gridded at 0.25° intervals and produced
and distributed by the Copernicus Marine and Environment Moni-
toring Service (CMEMS; http://www.marine.copernicus.eu). HLS for
these corals varies somewhat from site to site and specimen to
specimen, but generally lies between 10 cm above and 20 cm be-
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low the annual extreme low tide (Fig. 3). We include the Belloc,
Haiti site for comparison of regional sea-level tracking (location
shown on Fig. 1). The consistency of measured HLS relative to sea
level within a given site and species confirms that the microatolls
are tracking RSL.

Because coral microatolls track RSL, they record tectonic uplift
and subsidence, as was originally noted by Taylor et al. (1987).
Oceanographic changes are also recorded, but the two sources can
typically be distinguished based on time scale and geographic dis-
tribution. A radial slice of a microatoll with annual bands allows
the reconstruction of a time series of RSL over the lifetime of the
coral colony, including the rate of interseismic deformation and
the magnitude and timing of coseismic deformation. (Extraction
of a slice using a hydraulic chainsaw kills only a small patch of
living coral on the outer perimeter of the colony, and surround-
ing coral has been observed to fill in the gaps after several years’
growth if the colony is in good health.) Large coseismic uplifts can
raise entire colonies above water, killing them completely. Coral
microatolls live for decades or centuries and may be preserved for
centuries or millennia after they die, allowing continuous records
of vertical deformation to be constructed over long periods of time.
This has been done very successfully along the Sunda megathrust
in Sumatra (e.g., Meltzner et al.,, 2015; Philibosian et al., 2017).

3. Data from coral microatolls in the Lesser Antilles

Using aerial imagery and surveys by helicopter and boat be-
tween 2006 and 2014, we canvassed the shores of Guadeloupe,
Marie-Galante, La Désirade, Antigua, Barbuda, and Anguilla islands
for microatolls. It is clear from our search that “fossil” microatolls
(those that died in the past) are extremely rare on these islands,
and even living microatolls are far less common in the Lesser An-
tilles than in Sumatra. The living microatolls we found had also
commonly been overturned at some point in their lives, and one
had even been overturned twice. We hypothesize that hurricane
activity may disrupt the long-term preservation of Caribbean mi-
croatolls (the Sumatran region is not affected by tropical cyclones).
Additionally, the Caribbean coral species are different from those
in Indonesia, and their specific skeletal structures may affect long-
term preservation. It is also possible that Antillean fossil corals
previously existed but have been disturbed or removed by humans
for use as building materials. Coral rock is a commonly used build-
ing material in both the Sumatran forearc islands and in the Lesser
Antilles, but the Antilles have higher human population density.
Finally, the continuously rising late Holocene sea level in most of
the Caribbean (~0.5 mm/yr in the Lesser Antilles; Khan et al,
2017) may have inhibited the formation of microatolls if coral
growth was unable to keep pace, and any older microatolls that
did form would now be underwater where they are difficult to
find as well as subject to disturbance by waves. In contrast, equato-
rial regions such as Sumatra generally experienced a mid-Holocene
highstand with subsequently stable or falling sea level (e.g., Khan
et al., 2015), although the pervasive tectonic deformation inhibits
direct measurement of Holocene paleo sea level in Sumatra specif-
ically (Briggs et al., 2008). The relative scarcity of Antillean mi-
croatolls unfortunately prevented us from finding any records of
earthquakes or deformation in the 19t century or earlier—so far
the only known instance comes from an exceptionally long-lived
specimen on Martinique Island (Weil-Accardo et al., 2016a). Never-
theless, by persistent searching we were able to obtain a spatially
distributed set of coral records that document 20™-century defor-
mation.

We collected cross sections from living microatolls at nine sites
throughout the Antigua-Barbuda-Guadeloupe region and observed
coral morphology at three other sites including one on Anguilla
Island (Fig. 4). We obtained an x-ray image of each microatoll
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cross section and assigned an age to every annual band by count-
ing back high-low density couplets from the living surface of the
colony. Maps of each site and photographs and cross-sections of
each coral slice appear in supplementary Figures S1-S19. Growth
histories of all the slabs we collected are shown in Fig. 5. Each
of these corals hit HLS at numerous points throughout their lives,
as indicated by instances where the upper few mm or cm of the
colony died. These “die-downs” indicate that the upper part of the
coral experienced sufficient duration or intensity of exposure to
kill the polyps.

While die-downs on an individual coral or at a single site may
be caused by a variety of local environmental factors, contem-
poraneous die-downs affecting multiple corals at different sites
are presumably due to regional environmental events. In Suma-
tra, non-tectonic regional coral die-downs are dominantly caused
by large, prolonged negative sea level anomalies (SLA), up to 30
cm below mean sea level (MSL), that occur during strong Indian
Ocean Dipole (I0D) events (Philibosian et al., 2014). The Caribbean
does not experience such extreme oceanographic fluctuations, but
it is still possible that regional die-downs are linked to SLA. Mean
sea surface height (SSH) in the Lesser Antilles typically varies by
~25 c¢m annually due to the seasonal steric cycle (Alvera-Azcarate
et al., 2009). Thus, annual negative sea level anomalies are typically
5-10 cm below MSL, but more rarely drop as low as 25 cm below
MSL. Regional coral bleaching events may also cause synchronous
die-downs. Additionally, unlike Sumatra, the Caribbean experiences
hurricanes which can impact coral growth. In our coral records we
observe synchronous regional die-downs as well as isolated local
die-downs, but we defer the full exploration of the likely causes
to a future paper. Regardless of the precise causes, the recorded
series of die-downs indicates that the growth of each of our speci-
mens was repeatedly limited by RSL and therefore can be expected
to accurately record RSL trends.

For each of our specimens, we calculate submergence or emer-
gence rates by fitting a line through the highest level of growth
(HLG) points immediately prior to die-downs, as these provide the
best estimate of HLS (Meltzner et al, 2010). These rates (with
95% confidence interval uncertainties) are shown as trend lines
on Fig. 5 and are compiled in Table 1, ordered from northwest
to southeast. Corals that are submerging rapidly do not grow fast
enough to reach sea level in most years and therefore naturally
hit HLS less often, with the unfortunate consequence that higher
submergence rates are less well constrained. Uncertainties are con-
servatively estimated using the full range of plausible HLS variation
for corals with few die-downs and for sites where microatolls were
observed but not sampled.

The ~1 cm/yr spread in observed submergence/emergence
rates is an order of magnitude larger than the expected maxi-
mum variability in 20™-century barystatic sea-level change across
the region (Weil-Accardo et al., 2016a). Therefore, the bulk of the
observed subsidence and emergence is attributed to tectonic land-
level change (though the obtained deformation rates must still be
adjusted for non-tectonic sea-level change). Further, the various
upper plate faults in the region typically have slip rates on the or-
der of 1 mm/yr or less (Feuillet et al., 2004, 2011; Leclerc et al.,
2016), again too slow to explain the observed variability. Given
the tectonic setting, the process that is most likely responsible for
the observed magnitude and broad distribution of deformation is
coupling variability on the subduction interface.

4. Discussion and models of subduction interface locking
4.1. Forward models of megathrust coupling

By plotting the uplift and subsidence rates along a profile per-
pendicular to the subduction front, we can observe the broader
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Fig. 4. Regional map of the northern Lesser Antilles with names of major islands and sites where coral slabs were collected (red circles) or coral morphology was observed
(white circles). Details of the Martinique sites were presented by Weil-Accardo et al. (2016a). Arc volcanoes are indicated by yellow triangles.

Table 1

Summary of Microatoll Observations.
Latitude Longitude Site Name Island Year Sampled Site Code? Emergence Rate® Uplift Rate® Time Interval Duration

(mm/yr) (mm/yr) (yr)

18.195 -63.042 Forest Bay Anguilla 2014 -2.5 +3 -1.4 + 3.1 ~1950-2014 ~60
17.710 -61.801 Hog Hole Barbuda 2013 HOG -5.7 +2 -4.6 + 22 1952-2005 53
17.544 -61.733 Spanish Point Barbuda 2013 -6 +3 49 +£31 ~1950-2013 ~60
17.106 -61.700 Pelican Island? Antigua 2013 PEL -9.0 + 2.5 -7.9 + 2.6 1937-1978 41
17.106 -61.700 Pelican Island? Antigua 2013 PEL -1.4 + 1.2 -0.3 + 14 1978-2013 35
17.007 -61.863 Cades Reef Antigua 2013 0 +3 11 + 3.1 ~1950-2013 ~60
16.395 -61.526 Anse Gris-Gris Guadeloupe 2013 AGG -7.2 +29 -6.1 + 3.0 1941-2007 66
16.338 -61.647 flet La Biche Guadeloupe 2013 BIC -7 +3 -5.9 + 3.1 1990-2007 27
16.303 -61.063 La Désirade La Désirade 2014 DES -9 +2 -7.9 + 22 1987-2007 30
16.254 -61.241 Anse de Kanouanne Guadeloupe 2014 KAN 1.0 + 1.2 2.1 + 14 1987-2014 37
16.248 -61.268 St. Frangois® Guadeloupe 2011 SFR -3.3 + 0.6 -2.2 + 1.0 1940-2011 71
16.248 -61.178 Anse des Salines Guadeloupe 2014 SAL -3.2 + 0.5 -2.1 + 0.9 1927-2009 82
15.872 -61.302 Grand-Bourg Marie-Galante 2014 GRB -1.8 + 0.9 -0.7 + 1.2 1920-2005 85
14.7 -60.9 Robert & Galion Bays' Martinique -2.4 + 1.0 -13 + 13 1895-2008 113

Codes were assigned to sites where coral slabs were collected.

Rate uncertainties in italics are estimated (when data points are insufficient to calculate a formal uncertainty).

Rates are calculated separately for the pre- and post-1978 time periods at Pelican Island.

a
b
¢ Corrected for 1.1 & 0.8 mm/yr of regional 20™-century sea-level rise estimated by Weil-Accardo et al. (2016a).
d
e

Data originally presented by Weil-Accardo (2014).
f Combined from three neighboring sites detailed by Weil-Accardo et al. (2016a).

pattern of deformation and estimate the extent of megathrust cou-
pling that would be required to produce the observed signal. To
obtain vertical deformation rates, we correct the submergence and
emergence rates for the 1.1 + 0.8 mm/yr of sea-level rise in the
20" _century Caribbean estimated by Weil-Accardo et al. (2016a).
Uncertainties are added in quadrature, assuming that the rates of
sea-level rise at each site are normally distributed about the mean.
However, the rate of sea-level rise at neighboring sites would be
similar, so the relative uncertainties in tectonic deformation rate at
neighboring sites are overestimated. Deformation rates are shown
alongside the corresponding emergence or submergence rates in
Table 1.

We attempt to reproduce the observed vertical deformation
rates using simple elastic dislocation models of coupling on the
subduction interface. The megathrust geometry is constrained by
seismicity and geophysical surveys; we divide sites into four re-
gions and take depth profiles from Laurencin et al. (2018) for
Anguilla and from Bie et al. (2020) for Antigua-Barbuda, Guade-
loupe, and Martinique (Fig. 6). We assume steady-state subduction
in which all parts of the plate interface slip at the same conver-
gence rate regardless of dip, and we use the full plate convergence
rate of 2 cm/yr in all models, although in reality this is a maximum
since the convergence becomes more oblique northward toward
Anguilla (Fig. 1). We use the Coulomb software package (Lin and
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Fig. 5. Growth histories of coral microatolls from eight sites on Barbuda, Antigua, and the Guadeloupe archipelago. Years in which the height of the coral was limited only
by coral growth rate are indicated as HLG for highest level of growth. Estimated submergence (positive) or emergence (negative) rates are shown by black trend lines. Rate
for SAL was estimated from the best-preserved sections of three slabs; see Figure S12. The period during which GNSS data are available is indicated on the time axis.

Stein, 2004; Toda et al., 2005) to produce backslip models (Savage,
1983) in which fully coupled patches on the plate interface are
simulated by imposing normal slip at the plate convergence rate of
2 cm/yr. In general, the updip extent of coupling is not constrained
by our data and there are tradeoffs between depth and degree of
coupling. We present plausible models with full coupling, with the
understanding that a variety of more complex models could fit the
data equally well.

Our observed vertical deformation rates are plotted in the
upper panels of Fig. 7 along with vertical deformation curves
produced by our best-fit forward models, with locked patches
for these models indicated on the lower panels. The data from
Antigua-Barbuda (including the 1978-2013 rate from the PEL site)
fall along the expected deformation trend above the down-dip
edge of an interseismically locked patch on the megathrust: zero
deformation near the volcanic arc increasing toward a small peak
of uplift, then larger subsidence nearer to the subduction front (see
Fig. 2). These data are fit well by a fully coupled patch between 30
and 55 km depth (AntBar1 model, Fig. 7). To demonstrate that this
model provides a significant improvement over a zero-deformation
model, we calculate a weighted mean squared error (WMSE) of 1.4
for AntBar1 in contrast to a WMSE of 14.9 for zero deformation.

While only one poorly constrained data point is available for
Anguilla, it would be best fit by a coupled patch at similar depth
as in AntBarl. However, a different scenario is required for the
1937-1978 portion of the PEL record, which records a faster sub-
sidence rate than the latter half of the record (see Fig. 5). This

transition suggests a change in the location or degree of megath-
rust coupling. Similar changes in interseismic deformation rate
have also been recorded by microatolls above the Sunda megath-
rust (Meltzner et al.,, 2015). The faster pre-1978 subsidence rate
at the PEL site requires much deeper coupling, down to 80 km
(AntBar2 model, Fig. 7), to be fit within uncertainty. As each is tai-
lored to fit a single data point, it is not meaningful to calculate
WMSE for the AntBar2 and Anguilla models.

The data from Guadeloupe are somewhat less straightforward
to interpret. While most of the data points follow a curve with
the expected shape, the amplitudes of the positive and negative
extremes over short distances are too high to be fit well. Several
points are fit well by a coupled patch between 30 and 70 km depth
(Guadl model, Fig. 7), but uplift at KAN contrasts too sharply with
neighboring sites to be fit by the same curve. One possibility is
that the KAN site is affected by a shorter-wavelength process such
as upper-plate faulting, though the >3 mmy/yr difference is diffi-
cult to explain with faults that typically have ~1 mm/yr slip rates
(Feuillet et al., 2004). It is also possible that rather than contin-
uous slow emergence, the KAN record actually represents gradual
slow submergence (more similar to surrounding sites) punctuated
by a sudden ~10-cm RSL drop in about 1990 (Fig. 5, Fig. S14).
The latter event could have been caused by local nontectonic envi-
ronmental changes at the site, for example due to Hurricane Hugo
which struck Guadeloupe in 1989.

A slightly deeper patch between 35 and 80 km (Guad2 model,
Fig. 7) comes the closest to fitting all data points other than KAN
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Fig. 6. Megathrust interface geometry used in forward models. (top) Map of the study area with depth contours of the slab interface from Laurencin et al. (2018) for Anguilla
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shaded areas indicate inferred locked patches (in general, the updip limit of locking is not constrained). (bottom) Study site locations plotted relative to megathrust geometry

in each region.

but passes outside the uncertainty bounds of several. The rapid
subsidence at DES and the two points in Grand Cul-de-Sac Marin
(GCdSM) can be fit within uncertainty by an even deeper coupled
patch (40-90 km, Guad3 model), but this curve cannot simul-
taneously fit the other data. The GCdSM points are far enough
northwestward of the others (25-30 km) that they could be fit in-
dependently by varying coupling depth along strike, but DES is too
close to the other points for that solution to be plausible. There-
fore, DES may also be affected by a shorter-wavelength process. It
is also worth noting that the field of corals at Anse du Gris-Gris in
GCdSM lies unusually deep, with the living microatoll rims over 50
cm below annual extreme low tide, whereas HLS for these species
is typically no more than 20 cm below that level (see Fig. 3). This
anomaly suggests that subsidence in recent decades has outpaced
the growth rate of the coral, either due to acceleration in subsi-
dence rate or a sudden (perhaps aseismic) subsidence event.

The WMSE values for Guad1, Guad2, and Guad3 are respectively
8.9, 6.8, and 10.6, all of which represent improvements over the
17.3 WMSE of the zero-deformation model. In summary, although

no single simple forward model can fit all the Guadeloupe data,
the overall pattern and rates of deformation are generally con-
sistent with coupling between 30 and 90 km on the subduction
interface. A more complex model varying the spatial extent and
degree of coupling may produce a better fit to the data. The single
data point on Martinique is reproduced by a coupled patch be-
tween 40 and 70 km depth, intermediate between the Guad1 and
Guad2 models (Fig. 7). This is very similar to the estimate of cou-
pling between 30 and 60 km depth inferred by Weil-Accardo et al.
(2016a) to explain the same Martinique data using a slightly dif-
ferent elastic model.

4.2. Other evidence for a deep seismogenic zone

While seismogenic zones extending below the overriding plate
Moho (~30 km depth for the Lesser Antilles) might be considered
unusual or unlikely, instrumentally recorded seismicity supports
this interpretation for the Lesser Antilles. Paulatto et al. (2017)
noted M5 thrust events on or near the Lesser Antilles plate inter-
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face between 40 and 50 km depth which are similar to repeating
earthquakes associated with the down-dip limit of the seismogenic
zone observed along the Japan trench. These events may be gen-
erated at the boundaries of locked asperities. Based on the pres-
ence of seismicity in the mantle wedge corner and thrust events
deep on the megathrust interface, Bie et al. (2020) suggested that
the seismogenic zone extends to ~65 km depth. Furthermore, a
small sudden submergence recorded by microatolls suggests that
one of the largest instrumentally recorded earthquakes in the re-
gion, the 1946 Martinique earthquake (M 6-7), occurred on or near
the plate interface below the mantle wedge (Weil-Accardo et al.,
2016a). Interestingly, an ongoing cluster of interplate seismicity is
located in the estimated rupture area of the 1839 earthquake east
of Martinique, and over time has exhibited a deepening trend with
events now occurring down to 65 km depth (Corbeau et al., 2021).
This migration of seismicity potentially signals a change in extent
of coupling on the plate interface, which is a possible precursor for
a large seismic or slow-slip event.

4.3. Comparison with GNSS-based deformation studies

4.3.1. Horizontal component

The only previous estimates of coupling on the Lesser Antilles
megathrust have been based on deformation over the last few
decades recorded by GNSS stations. An early study found up to
50% coupling along the megathrust in much of our study area
(Manaker et al., 2008), but more recent estimates suggest little or
no coupling except potentially in the very shallow domain, which
is unconstrained by island-based data (Symithe et al., 2015; van
Rijsingen et al., 2020). This result appears to conflict with our

microatoll-based findings. There are several potential explanations
for this discrepancy.

First, because these GNSS-based models used only the horizon-
tal component of the GNSS signal, they are prone to reference
frame errors in this oceanic region because the distribution of
islands (and therefore stations) is very limited. It is difficult to es-
timate the Caribbean plate velocity given the dearth of stations in
the interior (e.g., van Rijsingen et al., 2020). A miscalculation of the
overall Caribbean plate motion could easily cause underestimation
of horizontal deformation near the plate boundary, which is the
expected signal produced by plate interface coupling.

Another potential reason that our results conflict with Symithe
et al. (2015) is that they did not model the megathrust interface
below 40 km depth, whereas coupling extends well below that
level in each of our models. However, van Rijsingen et al. (2020)
use a much more realistic slab interface geometry extending to
100 km depth and maintain the finding of little or no coupling
in the range of our proposed locked patches. We note that while
coupled patches extending above 40 km depth toward the trench
do produce large differentials in horizontal motion that are eas-
ily precluded by the GNSS data, if coupling is actually confined
below 30 km depth (as it is in our models) the resulting horizon-
tal deformation is relatively small, not exceeding 4 mm/yr (Figure
S20). While in reality, pinned coupled patches prevent surround-
ing (particularly updip) areas of the plate interface from creeping
at the full plate rate, this effect decays with distance and models
indicate that interseismic creep may approach the plate rate up-
dip of a deep locked patch (e.g., Herman et al., 2018). The small
horizontal motions produced by isolated deep coupled patches are
plausibly within uncertainty for many stations in the region as re-
ported by Symithe et al. (2015). However, the smaller uncertainties
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reported by van Rijsingen et al. (2020) likely preclude horizontal
plate boundary deformation >1 mm/yr and are therefore inconsis-
tent with most of our models.

Finally, it is possible that the discrepancy in interplate coupling
between GNSS- and microatoll-based models is simply due to the
different time periods covered by the data: the GNSS records be-
gin no earlier than 1994, thus spanning a maximum of 25 years
(Symithe et al., 2015; van Rijsingen et al., 2020), whereas our mi-
croatoll records typically span >30 years and sometimes >100 years
(Fig. 5). Although the coral dataset also covers the GNSS period, the
rates averaged over many decades may not be accurate for shorter
time intervals. The coral records generally do not have enough die-
downs to estimate independent rates for the post-1994 period, and
therefore the coral records can be considered consistent with little
or no coupling in the last decade or two. Decadal-scale variations
in the distribution and degree of interplate coupling have been ob-
served in other subduction zones (e.g., Meltzner et al., 2015) and
inferred in the past from the longest continuous Antillean coral
record, from Martinique (Weil-Accardo et al., 2016a), so this is a
plausible scenario. If that is the case, the microatoll-based models
provide the more accurate representation of the long-term cou-
pling state and seismic potential of the Lesser Antilles megathrust,
whereas the GNSS-based models may represent more transient re-
cent conditions.

4.3.2. Vertical component

The vertical component of GNSS data, more directly compara-
ble to microatoll data, has received relatively little analysis in this
region since uncertainties are typically much larger than for the
horizontal component. One of the few such studies examined ver-
tical velocities in the Guadeloupe archipelago and on Martinique
Island using data recorded between 2001 and 2019, revealing sub-
sidence at most stations at rates typically of a few mm/yr (Sakic
et al,, 2020). The overall pattern across both islands is of slow
subsidence (~1 mm/yr) towards the east increasing to ~5 mm/yr
towards the west in the volcanic arc.

While the GNSS vertical deformation rates are of the same
order of magnitude and sign as those derived from microatolls,
more detailed comparison produces mixed results. There are three
locations where GNSS sites and microatoll sites are sufficiently
co-located to compare rates: the central-east coast of Martinique,
Grand-Bourg on Marie-Galante Island, and La Désirade Island. The
first two indeed yield similar results: the ILAM GNSS site and our
microatolls from Martinique both exhibit subsidence rates of ~1
mm/yr, as do the MAGA GNSS site and our site GRB near Grand-
Bourg. However, GNSS sites on La Désirade island are subsiding at
rates of at most 1 mm/yr, whereas the microatoll there suggests 8
mm/yr of subsidence. Since the sites are not exactly co-located it
is possible, though unlikely, that the latter discrepancy is due to
crustal normal faults running between the sites. Indeed, it is diffi-
cult to conceive of a scenario in which a fault with an ~1 mm/yr
slip rate could produce a >5 mm/yr difference in deformation be-
tween these sites.

The vertical GNSS data express a westward tilt across the is-
lands, from ~1 mmy/yr of subsidence on the easternmost points to
~5 mm/yr of subsidence in the volcanic arc (Sakic et al., 2020).
While megathrust coupling would not be expected to produce
such significant subsidence in the volcanic arc, a similar pattern
of westward tilting has been identified in the longer-term uplift
and subsidence of Pleistocene coral platforms across the Guade-
loupe archipelago (Feuillet et al., 2004; Leclerc et al., 2014; Leclerc
and Feuillet, 2019) which likely reflects a broader-scale subduc-
tion process such as the effect of a ridge on the subducting plate.
Long-term subsidence of the volcanic arc is also demonstrated by
the now-submerged Kahouanne Seamounts northwest of Guade-
loupe (Carey et al., 2020). However, the deformation rates de-
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rived in these geologic studies are much lower (<1 mm/yr) than
those evident in the GNSS data, and while the long-term tilting
of Guadeloupe is in the same direction, the dominant long-term
geologic signal is of uplift (Feuillet et al., 2004) rather than the
subsidence observed in the GNSS data (Sakic et al., 2020). There-
fore, the origin of the very strong subsidence signal in the GNSS
data is unclear. In any case, it is unknown whether the microatoll
data match the overall spatial pattern of westward tilting observed
in the GNSS data since we have not collected microatolls from the
western parts of the islands, within the volcanic arc.

The GNSS-based vertical deformation rates may have addi-
tional uncertainties that could encompass apparent discrepancies
with microatoll-based rates. Sakic et al. (2020) found that while
the overall pattern remained unchanged, substantial differences in
magnitude (and even reversal of sign) at some sites were produced
when analyzed using two different geodetic software packages.
Furthermore, rates at some neighboring GNSS sites are unreason-
ably different, suggesting the uncertainties may be overall under-
estimated. Finally, as with the horizontal GNSS data, the vertical
GNSS rates are measured over a much shorter time period than
the microatoll-based rates and could differ simply for that reason.

4.3.3. Summary and potential limitations

Respective interpretations of our microatoll data and horizon-
tal GNSS data imply disparate megathrust coupling regimes. Di-
rect comparison between microatoll-based and GNSS-based verti-
cal deformation rates reveals mixed consistency. While we discuss
above various potential inaccuracies in the GNSS data that may
be responsible for these discrepancies, it is of course also possible
that some discrepancies can be attributed to inaccuracies in the
microatoll-derived deformation rates. For any one microatoll study
site, it is possible to argue that the vertical deformation rate is
incorrect due to the sampled specimen being anomalous, site con-
ditions producing growth unrepresentative of relative sea level, etc.
This may indeed be the case for a few sites such as DES, which has
an inherently more uncertain fast subsidence rate, has only two
specimens observed rather than a large microatoll field, and is dif-
ficult to reconcile both with other nearby microatoll sites and with
local GNSS data. However, it is very unlikely that all of our obser-
vations result from site-specific anomalies.

5. Conclusions

Our study estimates 20™-century vertical deformation rates
from coral microatolls throughout the northern Lesser Antilles
forearc, with a total variability of ~1 cm/yr. The data are largely
consistent with deformation patterns expected from plate interface
coupling between 30 and 70 km depth, though some sites re-
quire the contribution of other processes or effects such as crustal
faulting or local environmental changes. Our results are in con-
trast to those based on horizontal GNSS data that imply little to
no coupling on the plate interface (van Rijsingen et al., 2020). If
both microatoll and GNSS datasets and interpretations are accu-
rate, the most likely explanation for the difference is a change in
megathrust coupling toward the end of the 20" century. Regard-
less of the details, the major result of our study is the evidence of
strain accumulation on the Lesser Antilles megathrust throughout
the majority of the 20™ century, building up to a potential future
large earthquake.
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