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Abstract. Combined seismological, space-geodetic and nu-1 Introduction

merical studies have shown that the seismicity at subduc-

tion zones may be modulated by tides and glacier fluctuaActive faulting in subduction zones poses a serious seismic
tions on timescales of 1-100 a, because these changes {fAreat to the often densely populated coastal regions. As a
loads on Earth's surface are able to alter the stress field itonsequence, much effort has been put into monitoring the
the upper plate and along the plate interface. Here we use geismicity beneath the forearc and the identification of pa-
two-dimensional finite-element model of a subduction zonerameters that may modulate the frequency and magnitude
to investigate how glacial-interglacial sea-level changes afof earthquakes on different timescales. One of the first pa-
fect the forearc region and the plate interface. The modetameters that were recognized to affect the seismicity in sub-
results show that a sea-level fall by 125 m over 100 ka causeguction zones was the ocean tides. The hypothesis of ocean
up to 0.7 m of vertical displacement, with the maximum up- tides as a trigger of earthquakes was put forward by Nasu
lift occurring between the trench and the coast. The upliftet al. (1931) after an earthquake hit central Japan in 1930.
signal induced by the sea-level fall decreases to z80km  Since then, a positive correlation between ocean tides and
landward of the coastline. A subsequent sea-level rise byearthquake occurrences has been documented by many stud-
125m over 20ka causes subsidence, which is again mosés (e.g. Shlien, 1972; Tsuruoka et al., 1995; Kasahara, 2002;
pronounced in the submarine part of the forearc. The seacochran et al., 2004). After statistically analysing 988 glob-
level changes cause horizontal displacements of up to 0.12 ma|ly distributed high-magnitude seismic events, Tsuruoka et
which are directed seaward during sea-level fall and land-al. (1995) concluded that, of all fault types, normal faults are
ward during sea-level rise. With respect to the stress fieldmost susceptible to tidally triggered earthquakes because the
the sea-level changes lead to variations in the vertical stresgeriodic ocean loading affects the vertically oriented maxi-
and the shear stress of up to 1.23 MPa and 0.4 MPa, respeeanum principal stress. Based on the analysis of earthquake
tively. The shear stress variations are highest beneath thgata from 1977-2000, Cochran et al. (2004) later showed
coast, i.e. in the area where the sea-level changes cause tfigat strong ocean tides can also trigger shallow thrust earth-
strongest flexure. The resulting Coulomb stress changes oguakes, with the rate of earthquakes differing from the back-
the plate interface are of the order of 0.2-0.5MPa and inground rate by a factor of 3 with the tidal stress. They con-
dicate that earthquakes are promoted during sea-level faltluded that the tidal stress changes have more effect on thrust
and delayed during sea-level rise. Our findings imply thatand normal faults than on strike-slip faults because the latter
eustatic sea-level changes during glacial-interglacial peri-are oriented mostly subvertical and hence less susceptible to
ods may have induced displacements and stress changes thag variable ocean loading.

were large enough to affect the seismic cycle of subduction G the timescale of decades, the seismicity in subduc-

thrusts. tion zones is influenced by fluctuations in the mass of
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64 T. Li and A. Hampel: Sea-level changes and subduction zones

glaciers situated in the upper plate (e.g. Cohen, 1993; Saub& Model setup
et al., 2000; Ilvins and James, 2004). A combination
of glaciological and seismological records, modern spaceT0 quantify the effect of sea-level changes on a subduction
geodetic measurements and numerical modelling reveale@one, we use a two-dimensional finite-element model cre-
that glacier mass fluctuations over the last 10-100 years ited with the commercial software ABAQUS (version 6.11).
south-central Alaska induced considerable vertical displaceThe model consists of a 1500 km-long oceanic plate, which
ments and stress changes that have modulated the bacie subdivided into a 8 km-thick crust and a 72 km-thick litho-
ground seismicity of the subduction zone (Cohen, 1993;spheric mantle, and a 1000 km-long continental plate con-
Sauber et al., 2000; Sauber and Molina, 2004). For exampleSisting of a 15km-thick upper crust, a 15km-thick lower
in the eastern Chugach Mountains, southern Alaska, a |argé:rL|St and a 70 km-thick Iithospheric mantle. Our model does
scale redistribution of glacier ice between 1993 and 1995 wa#0t include the sub-lithospheric mantle, i.e. we assume that
associated with a significant increase in the number and sizglacial-interglacial sea-level changes do not induce signifi-
of earthquakes (Sauber et al., 2000). This finding was lategant viscous flow in the sub-lithospheric mantle. The model
confirmed by a comprehensive compilation of seismologicaldomain is meshed using triangular plane-strain elements with
and glaciological data for southern Alaska, which showeda maximum edge length of 1km. The rheological parame-
that rapid ice fluctuations promoted small earthquakes oriers of the model are given in Fig. 1. To obtain the geometry
thrust faults (Sauber and Ruppert, 2008). of a subduction zone as depicted in Fig. 1a, we perform the
On the timescale of 10-100 ka, eustatic sea-level changefllowing steps: First, the initially horizontal oceanic plate
may affect the stress state of the crust at the borders of ocedf downflexed to take into account the bending stresses in the
basins. During the last glacial-interglacial cycle that culmi- subducting plate (cf. Buiter etal., 2001; Hampel and Pfiffner,
nated in the Last Glacial Maximum (LGMY20ka ago, the ~ 2006). This model step is carried out using a viscosity of
sea-level fall and subsequent rise wak25 m (Imbrie etal.,, 1x 10%3Pas for the lithospheric mantle. Afterwards, the
1984; Zachos et al., 2001; Peltier and Fairbanks, 2006). Uscontinental plate is added to the model domain with the con-
ing a semi-analytical approach with an elastic plate overly-tact between the two plates representing the plate interface.
ing a viscoelastic half-space, Luttrell and Sandwell (2010)!n the same model step, a water body and a pressure (Fig. 1a),
showed that the post-LGM sea-level rise and the resultingvhich together represent an ocean with a average water depth
flexural loading caused considerable stress perturbations iff 5000 m, are added on top of the oceanic plate and the con-
coastal regions worldwide. To estimate the effect of thesetinental margin. At the trench, the water depth increases to
stress perturbations on major plate boundary faults, whicH5580 m. In the third model step, isostatic equilibrium is es-
were not included in their model, they calculated the resolvedablished. This model step as well as the following steps is
shear and normal stresses for selected faults of known oriercomputed as a static analysis, i.e. viscous deformation is not
tation. The results show that the post-LGM sea-level riseconsidered. As the displacements and stress changes result-
should have caused an increase in the Coulomb stress by upg from the sea-level variations occur in the uppermost part
to 1.5MPa on the vertically oriented San Andreas, Alpine of the model and are small compared to the thickness of the
and North Anatolian faults (Luttrell and Smith, 2010). For plates, the two vertical model sides and the bottom are fixed
the Cascadia subduction zone, which they approximated byn the vertical and horizontal directions to facilitate the cal-
a 1%-dipping plane, they calculated a change in the Coulombculation of the model.
stress of~0.4 MPa, using a friction coefficient of 0.4. During the final model step, the falling and subsequently
The results of the previous studies summarized above prorising sea level during a glacial-interglacial cycle is simu-
vide strong evidence that faults in the upper part of a sublated by changing the pressure applied on top of the wa-
duction zone — including the seismogenic part of the plateter body. Based on the global sea-level curve derived from
interface — are susceptible to changes in ice and water load&ie oxygen-isotope record (Imbrie et al., 1984; Chappell and
on different timescales. So far, however, the effect of eustaticShackleton, 1986; Zachos et al., 2001, Peltier and Fairbanks,
sea-level changes on uplift and subsidence of the forearc ad006), we assume a sea-level fall by 125m over 100ka and
well as on the stress along the plate interface remains unred subsequent sea-level rise by the same amount over 20ka
solved. In this study, we use a two-dimensional numerical(Fig. 1b). During these sea-level changes the plate interface
model with a subduction-zone geometry to quantify how theis kept locked, i.e. no relative displacement occurs between
forearc and the plate interface respond to the sea-level falthe two plates. For comparison, we also calculated a refer-
and rise during a glacial-interglacial period. In the follow- €nce model run, in which no sea-level changes occur.
ing, we describe the model setup and present the results with
afocus on the induced changes in the displacement and stregs Model results
fields in the upper part of the subduction zone, including the
seismogenic part of the plate interface. Finally, we discussTo analyse the effect of the sea-level fall and rise on the up-
implications for the seismic cycle of subduction thrusts. per part of the subduction zone, we extracted the changes
in the vertical and horizontal displacement as well as in the
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Fig. 1. (a)Setup of the finite-element model with an oceanic and a continental plate that are in contact along a locked plate interface (solid red
line). Rheological parameters gredensity,E Young’s modulus, and Poisson’s ratio. Gravity is included as a body forgea¢celeration

of gravity). An ocean on top of the oceanic plate and the continental margin with an average water depth of 5000 m is implemented as a
combination of a water body (average water depth: 4875 m) and a pregsleguivalent to 125 m of water (blue arrows). This pressure is
decreased and subsequently increased to simulate the falling and subsequently rising sea level during a glacial-interglacial cycle, respectivel
(see Fig. 1b for the temporal evolution of the pressure). At the beginning of the model run, isostatic equilibrium is established by a lithostatic
pressure and elastic foundation at the bottom of the model. Afterwards, the model sides and bottom are fixed in the horizontal and vertical
directions (see text for details). Red triangles mark the locations of points F and PO-P4, at which displacements and stresses were extracte
from the model (Figs. 2-4, 6). Box with dashed outline marks the part of the model for which the displacement and vertical stress fields
are shown in Figs. 2—4(b) Temporal evolution of the sea level in the model, reflecting a fall and subsequent rise by 125 m over 120 ka
(cf. Imbrie et al., 1984; Peltier and Fairbanks, 2006). For comparison, a control run was performed with a constant sea level (dashed line).

stress field from the model. In addition to cross-sections oftical displacement at points PO—P4 (Fig. 2c) shows that the
the model, the evolution of these parameters through timegpoints located closest to the ocean floor (PO—P2) experience
will also be shown at six selected points, with point F being the strongest uplift and subsidence, whereas points P3 and
located in the submarine part of the forearc, four points (P1-P4 located at a depth of 15km and 20 km, respectively, are
P4) located on the plate interface and one point positionedarely affected by the sea-level changes. In the control run
360 km seaward of the trench (PO) (see Fig. 1a). Note thatvithout sea-level changes, no vertical displacement occurs.

the model time is shown as time before present in all subse-
quent figures. 3.2 Horizontal displacement

3.1 \Vertical displacement The horizontal displacement (Fig. 3) induced by the sea-level
changes reaches a maximum value of 0.12m. The highest
During the sea-level fall between 120 ka and 20ka, the up-horizontal displacements occur in the submarine part of the
per part of the subduction zone rises by up to 0.7 m (Fig. 2a)forearc, beneath the coastline in the vicinity of the plate in-
with the uplift maximum occurring in the forearc region at terface and in the oceanic lithospheric mantle. During the
point F. The displacement induced by the sea-level fall de-sea-level fall, the horizontal displacement is directed seaward
creases both with depth and landward where it diminishes tqFig. 3a), whereas landward movements occur during the
zero~20km landward of the coast. During the subsequentsea-level rise (Fig. 3b). Along the plate interface, the highest
sea-level rise between 20ka and Oka, the forearc and thhorizontal displacement occurs at point P3 (Fig. 3a,b). This
oceanic plate subside by up to 0.7 m owing to the increase inmplies that the distance between P3 and P1 decreases during
the water load (Fig. 2b). The temporal evolution of the ver- the sea-level fall, whereas it increases during the sea-level
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Fig. 2. Vertical displacement induced ifg) a falling sea level (120—

20ka) and(b) a rising sea level (20-0kajc) Temporal evolution  Fig. 3. Horizontal displacement induced Itg) a falling sea level

of the vertical displacements at point F in the forearc and at points(120—20 ka) andb) a rising sea level (20-0 kajc) Temporal evo-

P0-P4 located on the plate interface (Figs. 1a, 2a). For referenceution of the horizontal displacements at point F in the forearc and

the result from the control run (constant sea level) is shown for pointat points PO—P4 located on the plate interface (Figs. 1a, 3a). For ref-

Pl erence, the result from the control run (constant sea level) is shown
for point P1.

rise. In contrast, the distance between P3 and P4 increases

during the sea-level fall and decreases during the sea-levelea-level rise. The vertical stress changes have a maximum
rnse. value of 1.23 MPa, which is equal to the magnitude of the
applied water load, and primarily affect the region seaward
3.3 Stress changes of the coastline (Fig. 4a, b). Changes in the horizontal
stress reach a maximum value of 0.75 MPa and are most pro-
To illustrate the effect of the sea-level variations on the stressiounced in the submarine part of the forearc and on the plate
field, we extracted the changes in the vertical stegsghe interface in the vicinity of point P2 (Fig. 4c, d). In contrast
horizontal stressx and the shear stress, between 120 to the vertical and horizontal stress, the shear stress increases
and 20 ka (sea-level fall) and from 20 to O ka (sea-level rise)during the sea-level fall, i.e. when the model region seaward
(Fig. 4). In concert with the changing water load, the vertical of the coastline rises relative to the region landward of the
stress decreases during sea-level fall and increases durirgpastline (Fig. 2a), and decreases during the sea-level rise.
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Fig. 4. Stress variations caused by the sea-level changes. Left column shows the cha)geeivertical stress, (b) horizontal stressy
and(c) shear stressxz during sea-level fall (120-20ka). Right column shows the change)ithe vertical stress;, (d) horizontal stress
ox and(f) shear stressy; during sea-level rise (20-0 ka).

The shear stress changg is highest (0.4 MPa) beneath the that is affected is larger and located in the forearc beneath
coastline and in the vicinity of point P3 (Fig. 4e, f), i.e. in the the coastline (Fig. 3). In our model, we used a simplified sea-
area that experiences the strongest flexural unbending anével curve with a linear rise of the sea level over 20 ka, which
subsequent bending in response to the changing water loadresults in maximum rates of vertical and horizontal dis-

placements of 0.035 mka and 0.006 mkal, respectively.

Taking into account geological evidence indicating that the
4 Discussion and conclusions post-LGM sea-level rise occurred mainly between 15 and

5ka at a rate oF~12mkal (e.g. Peltier and Fairbanks,
Our model results indicate that sea-level changes durin@006), this increases the rates of subsidence and landward
glacial-interglacial cycles affect the displacement and stressnovement by a factor of two, respectively. For short time
field in the forearc, along the plate interface, and in the uppetintervals in the late Pleistocene, the rate of sea-level rise
part of the downgoing oceanic plate. During a fall of the seaeven reached maximum values-e80 mka !, as shown by
level, uplift and seaward movements prevail (Fig. 5a); dur-U/Th dating of corals (Bard et al., 1990). An additional fac-
ing sea-level rise, subsidence and landward movements occor that may further enhance the postglacial subsidence of
(Fig. 5b). The vertical displacements reach the highest valthe forearc and the oceanic plate is the transport of sedi-
ues (up to 0.7 m) in the upper 10-15 km of the two plates andnents from the continent to the ocean and their deposition in
decrease rapidly with depth (Fig. 2). Although the horizontal the forearc region and the trench. After glacial periods, the
displacements are relatively small (up to 0.12 m), the region
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highest near the coast. In contrast to the study by Luttrell
and Sandwell (2010), who approximated the Cascadia sub-
duction thrust by a plane of constant dip, our model setup al-

a) Displacements during sea-level fall

L Uplift <+— Seaward movement

_____ Seafevelfall_ _ _ _ _ _ _ A _ _C;aj;/‘f/L lows us to analyse the spatial variations in displacement and
~ - .~ stress along the convex contact between the bended oceanic
= 4 = ‘?_ plate and the continental plate. The results of this analysis
= - Continental plate are shown in Fig. 6 for a profile along the plate interface
0 T (i between the trench, i.e. point P1, and point P4 located at a
Oceanic plate = depth of~20 km. With respect to the vertical displacement,

& $ o= : the profile shows that the sea-level changes cause uplift or
@ 4 e e subsidence of 0.58 m in the shallow part of the plate inter-
face (Fig. 6a). The vertical displacement decreases to almost
zero at point P4. In contrast, the horizontal displacement
reaches the highest values30 km landward of the trench
and near point P3 (Fig. 6b). During the sea-level fall, the re-
solved normal stress on the plate interface decreases by up
-, to 1.2 MPa beneath the submarine part of the forearc, i.e. in
the shallow part of the plate interface, whereas it increases
during the sea-level rise (Fig. 6¢). Similar to the vertical
displacement, the changes in normal stress diminish toward
point P4. The change in the resolved shear stress on the plate
% 4 v s interface has a peak beneath the coastline, where it reaches a
y Yo . _,J’ — value of 0.32 MPa at a depth ef15 km (Fig. 6d). Beneath
most of the submarine forearc, the change in shear stress is
~0.1 MPa.
Fig. 5. Sketch summarizing the vertical and horizontal displace-  The part of the plate interface that experiences the most
ments resulting fronfa) a falling sea level an¢b) a rising sea level pronounced displacements and stress changes in the model
(not to scale). coincides, in nature, with the upper portion of the seis-
mogenic plate interface, which typically extends from a
depth of a few kilometers to 30-50 km depth (Hyndman and
rates of sediment transport and deposition in the oceans ha\Wang, 1995; Stern, 2002). As coseismic stress drops on
increased considerably (e.g. Church and Slaymaker, 1989hter-plate faults have been inferred to be of the order of
Hebbeln et aI., 2007; Covault et aI., 2011) The additionalo_()l_lo MPa (Kanamori and Anderson, 1975; Hanks, 1977;
IOading by sediments would further increase the flexure in-Scho|Z, 2002), the stress Changes induced by sea-level varia-
duced by the rising sea level. As shown by studies of thetions may ultimately be able to promote or delay earthquakes
Cascadia and Chilean convergent margins, the postglaciah subduction zones. To evaluate the impact of the sea-level
sediment input was probably high enough to affect the styleyariations on the plate interface in more detail, we calculated
of deformation in the accretionary prisms (Bourgois et al., the change in the Coulomb streS€ = At - Aoy, with At
2000; Adam et al., 2004). being the shear stress change, p the friction coefficient and
The displacements caused by unloading and subsequerts, the normal stress change. For the friction coefficient we
loading of the oceanic plate and the forearc are associatedsed values of 0.1, 0.2 and 0.3, respectively. The results show
with changes of the vertical and horizontal stresses (Fig. 4)that sea-level fall increases the Coulomb stress on the plate
In the region seaward of the coastline, the vertical stressnterface between points P1 and P4 (Fig. 6e), which implies
change is equivalent to the change in the water load and afthat earthquakes are promoted by a falling sea level. The
fects the entire lithosphere. It diminishes in a narrow tran-highest increase in Coulomb stress occurs beneath the coast-
sition zone underneath the coast (Fig. 4a, b). The spatialine, where it reaches a value of 0.55 MPa for a friction coef-
distribution of the vertical stress indicates that the area beficient of p = 0.3 and 0.4 MPa for p = 0.1. Beneath the sub-
neath the coastline experiences the strongest flexure, which imarine forearc, the Coulomb stress is increased by 0.46 MPa
also reflected in the spatial distribution of the shear stress thaor p=0.3 and 0.22 MPa for u = 0.1, respectively. In contrast,
is focussed in a bell-shaped area beneath the coast (Fig. 4a,sea-level rise reduces the Coulomb stress (Fig. 6f), with the
f). Our finding that the region below the coast experiencesminimum values occurring beneath the coast. This implies
the strongest variations of vertical and shear stress is conthat the occurrence of earthquakes is delayed during a rising
sistent with the results from semi-analytical flexural mod- sea level.
elling (Luttrell and Sandwell, 2010), which showed that the
flexural stresses induced by eustatic sea-level variations are

b) Displacements during sea-level rise
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Fig. 6. Profiles along the plate interface showing displacement and stress changes induced by sea-level fall (red curves and scales) an
sea-level rise (blue curves and scalgg). Vertical displacemenip) horizontal displacemen(c) resolved normal stress on plate interface

and(d) resolved shear stress on plate interface. Changes in the Coulomb(sjréssng sea-level fall an€f) during sea-level rise were
calculated using different values (0.1, 0.2 and 0.3) for the friction coefficient p. For location of points P1-P4 see Fig. 1a.

The promotion of earthquakes during sea-level fall andby postglacial sea-level rise may also have contributed to the
their delay during sea-level rise indicated by our model re-increase in turbidite recurrence time by delaying earthquakes
sults may be recorded by sedimentary deposits in the forearon the plate interface.
of subduction zones. For instance, at the southern Chilean In conclusion, our two-dimensional finite-element model
active margin, turbidites were more frequent during glacialshows that sea-level changes may be able to affect the de-
periods than during the Holocene and marine isotope stagéormation in the forearc and the state of stress along the
(MIS) 5 (Blumberg et al., 2008). Under the assumption seismogenic part of the plate interface. During sea-level
that the turbidites were mainly triggered by earthquakes, thdall, seismic slip of the plate interface may be promoted,
authors infer that the recurrence interval of large subduc-whereas it may be delayed by a rising sea level. Future mod-
tion earthquakes was 100—-200 years during glacial periodselling will be needed to assess the order of magnitude of the
In contrast, the turbidite recurrence time was substantiallydisplacement and stress changes induced by sea-level vari-
higher during MIS 5 and the Holocene. Although the in- ations if viscoelastic deformation, additional loading by en-
crease in turbidite recurrence time appears to be mainly conhanced late-glacial sediment deposition as well as coseismic
trolled by a decrease in sediment availability (Blumberg etand interseismic deformation of the upper plate are taken into
al., 2008), the reduction in Coulomb stress changes inducedccount.
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