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How do subduction megathrusts rupture in space and time,
and what controls this pattern?

How far do rupture zones extend
laterally and in depth in large

subduction earthquakes?
(e.g., Trench-breaching 2011 Tohoku)

How do rupture zones of
successive earthquakes relate in

space and time?
(e.g., Different depths in 2007/2010 Mentawai)

How do seismic and aseismic

rupture relate in space and time?
(e.g., updip afterslip/aftershocks in 2021 Chignik)

What tectonic factors control How persistent are megathrust rupture
these patterns? patterns beyond the modern instrumental era?

(e.g., Fracture zone barrier in 2001 Peru)



Clues from tsunami records preserved in historical marigrams

Flrst mstru mental record of a tsunami

First seismogram 1854 Tokal—Nankal earthquake
(NOAA hlstorlcal archlve)

= e T |

1889 Tokyo earthquake
(von Rebeur-Paschwitz, 1889 NATURE)
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Broad spatial and azimuthal coverage of historical tide gauges
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Large earthquakes recorded by historical tide gauges since 1854

(@) Large megathrust earthquakes since 1850

(b) Historical tide-gauge stations
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Potential of Historical Tsunami Records: Three Case Studies

Case study 1
Rupture pattern of the
""""""""""""""""" % | Chile-Peru megathrust
| 1952 and 2025 -
rhamenatka eartquakes  uuEES . i
| | Case study 2
N — -------- - 1952 and 2025 ruptures: same or
| | 1868 and 1877 A complementary areas?
Chile—Peru “earthquakes ‘
1971 centrél Chile earth uake
2 Case study 3
""""""""""""""""""""""""""""""""""""""""""""""""""""" 1971 Chile earthquake:
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Case study 1 1868 marigrams
Astoria (USA)

Rupture pattern of the San Diego (USA)

Chile—Peru megathrust Fort Point (San Francisco, USA)
Fort Denison (Sydney, Australia)

| 1877 marigrams
Fort Point (San Francisco, USA)
Fort Denison (Sydney, Australia)

A Pisco (I5eru)

50°N - .
Astona

_ fFort Pomt :
25°N oS TR 00 b A il Newcastle (Australia)
Oo i -.,. .:. ’ ‘; ____________ <k
ey : S Panel b — . e Eieh
25°5 | N0 N BNV | o RS 78 _51-66 [ i AlFort Foing C‘R/ :
f\w*k’ JNewcastle cm/y RE e il i
JJFort 2?-”'30” | ' ~ = Wit /
g : B2t A "“-"‘J"'-H‘-.u.l ; ,-w‘ 4 g i
5008 .. O SR o \s-,_‘_‘__,.sf ____________ \\‘_ /.___/" e __.-.rwrl'q"l.'\'r ‘.\.l- .f-,k‘(“p‘] ,L M uhk-.__l ﬁ__—.-‘m"lv
iy o e TR B " S : ; ol o
‘ | i 5 Next slide| -
160°E 160°W 120°W 80°W 12 18 0 6 1F 18 0 6 12
B L e bbb IR e b [ b vttt IR T | bk
10 Date (in May 1877, local time) 1

Example: 1877 Marigram recorded at Fort Point (source:NOAA)



Case study 1

Rupture pattern of the
Chile—Peru megathrust

Marigram correction:
We adjust time, trend,
offset, and amplitude
until optimal alignment
with hindcast tide.

Uncertainties:
Time: <10-15 min
Amplitude: < 5%

Sea-surface elevation (m)

Tsunami elevation (m)

o
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o
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Time since earthquake (h)
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Case study 1 b

Rupture pattern of the |
Chile-Peru megath
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Tsunami waveforms are sensitive
to location and bathymetry,
SO we reconstruct the historical bathymetry |




Case study 1

Rupture pattern of the
Chile—Peru megathrust

e

Present-day bathymetry

1857 soundings

1857 bathymetry




Case study 1

Rupture pattern of the
Chile—Peru megathrust

We use simple rupture models to
explore what tsunami records
from Australia and the United

States reveal about the 1868 and

1877 rupture zones.

1877 rupture zone

— commonly assumed in

the literature

Zone of strongest shaking
(VI isoseismal area)

== SOlOViev & Go (1975)
==mm Kausel (1986)



Case study 1

Rupture pattern of the
Chile—Peru megathrust

A long rupture, as commonly
assumed, can explain the tsunami
at AUS quite well

..but cannot explain the three
INnitial impulsive tsunamis at USA

Tsunami elevation (m)
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Case study 1 P r— ' " UsA
Rupture pattern of the .
Chile—Peru megathrust
-0.21 At= -3 min
—-g 13 14 15 16 17
| £ oilronvamson [} AUS
A shorter rupture can explain = .,
the AUS tsunami waveforms % 0
even better E o1} |
4] : . [
< At=-11 min I
It can also explain the impulsive = 18 18 20 22 24
character of the leading tsunami 0.2 | Newcastle AUS
at USA much better

FAt= -9 min

16 18 20 22 24




0.2 | Fort Poi USA |

Case study 1

Rupture pattern of the
Chile—Peru megathrust

021 At= -1 min

= 13 14 15 16 17
g 0.1 | Fort Denison AUS
©
=
The same shorter rupture 2 0
shifted southward improves the E o4l
. . (] ' .
fit at USA but worsens it at AUS & At=-16min |
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Case study 1

Rupture pattern of the
Chile—Peru megathrust

A northward shift improves the
fit at AUS but worsens it at USA

Tsunami elevation (m)

-0.27 At= -8 min

0 2 | Fort Poipt

USA |

FAt= -3 min
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T T 'll
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0 -
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Case study 1

Rupture pattern of the
Chile—Peru megathrust

An even shorter rupture can
explain the AUS and USA
tsunami waveforms much better

Tsunami elevation (m)
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Case study 1

Rupture pattern of the
Chile—Peru megathrust

The agreement remains good for
slight rupture shifts

Tsunami elevation (m)

-0.2

0 2| Fort Poi

<
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" At= -1 min
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Case study 1

Rupture pattern of the
Chile—Peru megathrust

But the fits begin to worsen
when the short rupture is shifted
too far south

Tsunami elevation (m)
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Case study 1

Rupture pattern of the
Chile—Peru megathrust

And they worsen more when the
rupture is shifted too far north

Tsunami elevation (m)

-0.27 At=-11 min

0 2| Fort Popnt

USA |

" At=+0 min

13 14 17
0.1t Fort Denison /’|| [ AUS
0
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Case study 1

Rupture pattern of the
Chile—Peru megathrust

0.2 | Fort Point n USA |
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A very short rupture with high slip
can explain the AUS and USA
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Tsunami elevation (m)
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Case study 1

Rupture pattern of the
Chile—Peru megathrust

The agreement remains good for
slight rupture shifts

Tsunami elevation (m)
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Case study 1

Rupture pattern of the
Chile—Peru megathrust

The agreement remains good for
slight rupture shifts

Tsunami elevation (m)
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Case study 1

Rupture pattern of the
Chile—Peru megathrust

20° |

22° 1

24° ¢

Formal inversions reveal additional nuances

The slip zones inferred from their far-field tsunamis are

consistent with near-field reports of shaking and tsunami

The 1868 rupture was longer than 1877 but with lower slip

1877
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Case study 1 a

Rupture pattern of the
Chile—Peru megathrust

With limited overlap of the peak slip
zones, the 1868/1877/1995/2001/2014
seqguence ruptured 1,000 km of
megathrust

1868 spans the regions later broken in
2001 and 2014, including the gap
between them

1877 Is primarily centered on the gap
between 1995 and 2014

M~9 events ruptured between
subducted seafloor highs, whereas
M~8 events ruptured within them.
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Case study 2

1952 and 2025 ruptures:

same or complementary areas?
P Y The poor knowledge of the 1952 rupture zone

poses greatest challenge to investigating the
55°N-A Kamphatka _ overlapping vs. gap-filling relationship
Peninsula

Explain
2025 far-fieldltsunami 1952
23" ' 2 ' ' ' 2 \ ' ' 2

54°N 1 54°N 1

51 ° 52°N ] 520N.

50°N 1 S50°N 1

49°%
Teleseismic ] ) _
48°N - INSAR | 48°N Tsunami TG | | Local tsunami } | Local tsunami |
. Historical Liu et al. Johnson & Satake Maclnnes et al. Maclnnes et al.
- , 156°E  160°E 156°E  160°E I 1
157°E 161°

Explain near-field tsunami



Case study 2

1952 and 2025 ruptures:
same or complementary areas?

55°N. A Kamchatka
Peninsula

93°1

51°;

49°1

o NN Histprical
157°E 161°

Seismological records provide
insufficient constraints, but...

Both events produced trans-
Pacific tsunamis that were
recorded by 50+ tide gauges
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Case study 2 S 08 7 72
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Case study 2

1952 and 2025 ruptures:
same or complementary areas?

At (min)
-5 0 +5

53°N

Wide43 Wided1

Long13
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Reak slip=11 5 m Peak slip=10.88 m
157°E 161°E

Peak slip=13.5 m

Deep ruptures at different locations fit waveforms well

but fail to explain At <0

A shallow, longer rupture explains At £ 0
but fits waveforms less well

Waveform fit alone cannot constrain 1952 rupture
location; At provides necessary constraints
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Case study 2

1952 and 2025 ruptures:
same or complementary areas?

The 2025 slip model from tide-gauge data
Is similar to those from high-quality data

Highlights key constraints provided by
tide-gauge data

Gives us confidence in the 1952 slip model

derived using the same data

2025

From ample high-quality data
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Teleseismic

2

Tsunami DART
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Tsunami TG|} 48°N INSAR | -
Preferred Liu et al. Sepulveda et al.
156°E 160°E

1952

The substantial overlap of
2025 and 1952 can be

explalned by fast energy buﬂdup
in a viscoelastic Earth

(sensu Wang et al., 2021 GRL)
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Case studyv 3 1971 Chile earthquake:
Y rupture—aftershock depth offset

Depth offset observed in recent

C Mw 7.7 2007 and rupture-aftershok sequences

Mw 8.1 1995 Chile

=71 =70

Schurr et al. (2012)

.. challenges historical rupture zones
derived from aftershocks

z1 1/14/2007

-22°
Y

D Mw 7.8 1971 Chile

N ) 720 71°

Rupture commonly )" “"™
il assumed in the Los-Vilos
) literpture

-24°

B July 9, 1971
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hd A
1995 post-seismic ,

1995 co-seismic

Malgrange et al., 1981

2007 post-seismi
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1971 Chile earthquake:

Case study 3
y rupture—aftershock depth offset
(b) 73°W 12.5° 72"

(a)
75°W
Zons ” —_ ;
y Tide gauge station
V ANT Antofagasta
N JF Juan Fernandez
| VAL Valparaiso
TAL Talcahuano

31°

The 1971 earthquake (M7.8) ruptured

between 2010 M8.8 and 2015 M8.3, N

where Chile's population concentrates ‘
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hypocenter ~60 km beneath land 1 _ N -

0 102030

Population (%) 33 £

Offshore tsunamigenic rupture in 1730, and possible repeat. 15 [
How much offshore slip did the 1971 consumed? =
-
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Constraining the 1971 rupture zone
Is scientifically and societally important -7
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Case study

Juan Fernandez (JF)
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3 1971 Chile earthquake:
rupture—aftershock depth offset

/Coseismic uplift (~10 cm)
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Case study 3 1971 Chile earthquake:

rupture—aftershock depth offset

Subduction interface depth (km)
(a) 20
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(next slide)
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e el Simple rupture models to explore
33.5° . | i ¢ Epicenter what tsunami records reveal about the
73°W  725° 72°  715° 71° 70.5° 1971 rupture zone
Subduction interface depth Inferred Mercalli intensity
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1971 Chile earthquake:

Case study 3
y rupture—aftershock depth offset

— Predicted — Recorded
(a) Reference model (centrmd depth 54 km) VAL TAL JF
[ Predu:ted . S 51 | I 10r
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3 1971 Chile earthquake:

Case stud
y rupture—aftershock depth offset

— Predicted = — Recorded
(a) Reference model (centroid depth = 54 km) VAL TAL JF ANT
o | | Predicted \ - R 1 0 ] 1of '
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The tsunami records favor a rupture centered
around the epicenter, at 50 km beneath land

All rupture models that explain tsunami data
are centered downdip of the aftershock zone.

The 1971 earthquake consumed little, if any, of the
potentially accumulated offshore slip since 1730



Conclusions

Historical tsunami records have the potential to extend our view of
megathrust behavior beyond the instrumental era.

Revised historical rupture zones reinforce the role of subducted

seafloor relief in rupture segmentation
(e.g., Chile-Peru earthquakes).

Great earthquakes may repeatedly rupture the same segment

within only half of the average recurrence interval
(e.g., 1952 and 2025 Kamchatka earthquakes).

Aftershock zones may not accurately represent megathrust rupture
zones, and some historical ruptures should be revisited
(e.g., 1971 central Chile earthquake).
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