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Accepted; 20 September 2019 Selsmological data provide evidence of a depth-dependent rupture behaviour of

Published online: 27 November 2019 earthquakes occurring at the megathrust fault of subduction zones, also known as
megathrust earthquakes'. Relative to deeper events of similar magnitude, shallow
earthquake ruptures have larger slip and longer duration, radlate energy that Is
depleted In high frequencies and have a larger discrepancy between thelr surface-
wave and moment magnitudes' *, These source properties make them prone to
generating devastating tsunamis without clear warning signs. The depth-dependent
rupture behaviour Is usually attributed to varlations In fault mechanics* *. Conceptual
models, however, have so far falled to Identify the fundamental physical causes of the
contrasting observations and do not provide a quantitative framework with which to

predictand link them. Here we demonstrate that the observed differences donot

require changes In fault
worldwide subduction zones to show that thelr common underlying cause Isa
systematic depthvarlation of the rigidity at the lower part of the upper plate - the
rock body overriding the megathrust fault, which deforms by dynamic stress transfer
during co-selsmic slip. Combining realistic elastic properties with accurate estimates
of earthquake focal depth enables us to predict the nmoum of co-selsmic slip (the

s. We use I-wave velocity models from

from this limit, as evidenced for the 2011 Tohoku-Okievent” (moment
magnitude, M,, of 9.1) and 2010 Maule event (M, 8.8)", while events
forming a particular class known as ‘tsunami earthquakes’ appear to
rupture only the shallowest, allegedly non-selsmogenic part of the
megathrust” (Extended Data Fig. 1). The seemingly anomalous char-
acteristics of ihlllow ruptures suggest a depth di dency of the

fault motion at the Instant of the earthquake), p I estin of
magnitude and offers the p | for early warnings,
Subduction megathrust earthquakes result ) pisodic, bl Wep a ptual change to this unsolved question, Ouv
sliding within the seismogenic zone”, a fault thatisthought h i Is that changes in fault hanics are not
toextend fromabout 40-50 km toabout $-10km depth. Great earth- uqulnd toexplain the observed doplh dopomhm "ondwmu rup
quakes Initiating within the genic zone can propagate updip  turecharacteristics. Instead, we p thatthe ly reflects

depth variations of the elastic properties of the overriding pluo ata
larger scale. This hypoﬂnu; stands on the fact that downgoing oceanic
slabs and & plates exhibit patternsof p
dolormauon"“(ng 1. medlngpluudhphywldnpvudromm
tlonal strue P

L P
" k ..‘..-. 4 b |

rupture p buted to dunln infault proper-

ties' 7, However, current concopwal models trying to explain the dif-
e are qual and case-ds dent; they treat the different
rup(uroc'uru‘lwlulcl lndeulIly as if they were caused by unre-
lated factors, and do not pinpoint the primary physical causes. Slo\v

hulllnl. Implylngmmw ron(kmollhcommulon ol the principal

rupture propagation' " and large slip'**, for are
attributed to the presence of weak subducting sedi *, wh

pore-pressure-related weakening*' and a depth- dapondom distribu-
tion of Initial stresses® have also been proposed to explain large slip
and high-frequency depletion. None of these models has been used
to explain the remarkable discrepancy between M, and surface wave
magnitude, M,, for shallow earthquakes,

across the ust, Sedi y strata of underthrust-

Ing plates have lub horizontal llllmdo typically len comuc(loml
utby hat the

pm\clpal compressional stresses are wb wnknl Immodlauly below
the hrust fault. Thus, the d| of tectonic str and
heinferred of principal stresses support the idea that the
elastic energy rel d during megathrust earthquakes has accumu-

lated in overriding plates (Fig. 1). Correspondingly, co-seismic defor-
mation should affect overriding plates, with negligible effect on the
underthrusting plates. Hence, the ded ic history indi

that the elastic properties of the overriding plate need to be considered
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Geophysical data (Multichannel Reflection Seismics, MCS)

Sallares & Ranero (2019)
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Numerous evidences from worldwide
margins and different geophysical data
Indicates fracturing increasing trench-ward
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Upper-plate elastic parameters

We estimate r (Vp), Vs(Vp) from Brocher (2005)
Then rigidity n{r, Vs)

u is rupture speed
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The physical model
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The base of the upper plate above the seismogenic zone is increasingly fractured
towards the trench, mainly reflecting compaction due to lithostatic burden. The resulting
depth-dependent rigidity explains differences between shallow and regular EQs.
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Relative rupture properties as a function of depth
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1) Co-seismic slip
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2) Earth q u ake d u rati On Normalized source duration (s) Normalized source duration (s)
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3) High frequency depletion (subdued seismic shaking)
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Tsunami Earthquakes
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DOES IT EXPLAIN RUPTURE OF INDIVIDUAL EVENTS?
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The 1992 Nicaragua tsunami earthquake

Moment release from Ihmlé (1996)

M, 7.6-7.8; M, 7.0-7.2 Kanamori & Kikuchi (1993)
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Depth-varying elastic properties
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Brocher’s (2005) Vp-Vs & Vp-p empirical relationships
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Rupture characteristics: Slip

My=|.uDds~iDS

M, Moment (Ihmle, 1996)

M Shear modulus (our models)

D Slip

S rupture area (subfaults of 10x10 km)

Maximum slip of >10 m at the trench

Consistent with tsunami
modelling, which requires larger
near-trench co-seismic slip at trench
than estimated from seismological
data alone (constant m
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Rupture characteristics: f, & high frequency depletion

Moment rate (N—m)
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Observed moment-rate from Ye et al (2013) EPSL
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