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he birth of modern Seismology



Lisbon in 1755: A city of oppulence

Economic and cultural richness Architectural splendor

Portugal in the age of explorations
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15th century (Ceuta 1415) — 20th century (Macau 1999)
(Greatest extent in 1820)

The university forbade “... any conclusions
contrary to the Aristotelian system ... such
as those of Descartes, Newton, ...” (1746)

Execution of criminals convicted by the Inquisition,
18th century, City Museum, Lisbon



November 1st, 1755: The great Lisbon earthquake
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Ground shaking Fires Tsunami
All Saints day, many in houses and churches. House stoves, church candles. Inundates downtown, ships in the river.
~9h40, 7-15 min, 2-3 moments of shaking Many wood buildings. “Water level rises for 5 min, then falls, repeats for 3x.”
“>1/3 of houses remain habitable” Deadly for many under rubble. Sea level returns to normal at ~14h
“1/10 of houses are levelled to the ground" People rush to the riverside.

(Moreira de Mendonga) + Many aftershocks... (~11h, 10 years...)




Marqués do Pombal
(1699-1782)

Emergency Management

* “First” earthquake disaster in which
the state takes the responsibility of
organizing the emergency response.

* “Take care of the living, bury the dead.”
* Search & rescue.

* Military help from out of Lisbon.

* Centralized food distribution.

* Strong law enforcement.

Prevent people from leaving the city.
Temporary shelter.

* Rebuilding of Lisbon.
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Theological & Philosophical

Divine punishment

Jodo Glama Stroberle (1756)
Museu Nacional de Arte Antiga, Lisbon

A benevolent God?
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Voltaire (1759)

A natural disaster,
but with human
responsibility.

“If the residents o
t#; (arge city ﬁa%
been more evenfy
d’is’persecf and less
(fense[y housed, the
[osses would have been

fewer or Jaerﬁajos none
at all”

Rousseau to Voltaire (1756)



Scientific

The inner Earth

The “motion of the Earth” reaches far from
the source (Kant, 1756 a,b,c)

Elasticity (Hooke, 1676)

F=—kx

2x

Faro
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Sound & Acoustics

Mersenne 1640: Measured speed of sound

Newton 1687: Motion through resisting mediums The Lishon Earthquake of 1755

Reid, BSSA 1914

1D Wave equation (D’Alembert, 1747)
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Ruhlen (1756), Linda Hall Library MMWWJJ\{MWM
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Seiches (Bueno et al, EFM 2020)



“Conjectures concerning the cause, and observations upon the phaenomena, of earthquakes;

particularly of that great earthquake of the first of November 1755, which proved so fatal to the city
of Lisbon, and whose effects were felt as far as Africa, and more or less throughout almost all Europe”

John Michell (Philosophical Transactions, 1760)

“... earthquakes have their
origin underground...”
“...the cause (...) is
subterraneous fires...”

Seismically active regions.

Volcanoes are seismically
active regions.

Earth motion:
1) “Tremulous” (shaking),
near-field.
2) “Propagated by waves”,
far-field.

Seismic waves

thefe extraérdinary motions. The caute I mean is
fubterrancous fires, ‘Thefe fires, if a large quantity
of water fhould be let out upon them fuddenly, may
produce a vapour, whofe quantity and elaftic force
may be fully fufficient for that purpofe. The prin-
cipal faéts, from which I would prove, that thefe
fires are the real caufe of earthquakes, are as follow.

6. Firfs, The fame places are fubje® to re-
turns of earthquakes, not only at fmall inter-
vals for fome time after any confiderable one
bas happened, but alfo at greater intervals of
fome ages.

9. Secondly, Thofe places that are in the neigh-
bourhood of burning mountains, are always
fubje& to frequent earthquakes; and the erup-
tions of thofe mountains, when violent, are ge-
nerally attended with them.

11. Tbhirdly, The motion of the earth in earth-
quakes 1s partly tremulous, and partly propa-
gated by waves, which fucceed one another
fometimes at larger and fometimes at finaller
diftances ; and this latter motion is generally
propagated much farther than the former.

15. Fourthly, It is obferved in places, which are
fubje& to frequent earthquakes, that they ge-
nerally come to one and the fame place, from
the fame point of the compafs. I may add
alfo, that the velocity, with which they pro-
ceed, (as far as one can collect it from the ac~
counts of them) is the fame; but the velocity
of the earthquakes of different countries is very
different.

a1. Fiftbly, The great Lifbon ecarthquake has been
fuceeeded by feveral local ones fince, the extent
of which has been much lefs.

weight of the fuperincumbent matter, this compref-
fion muft be propagated on account of the elafticity of
the earth, in the fame manner as a pulfe is propa-
gated through the air; and again the materials im-
mediately over the cavity, reftoring themfelves be-
yond their natural bounds, a dilatation will fucceed to
the compreflion; and thefe two following each other
alternately, for fome time, a vibratory motion will be
produced at the furface of the earth. If thefe alter-

“Father of Seismology & Magnetometry

John Michell (1724-1793)

”

Source, ray direction.
Seismic velocity.

Aftershocks.

“... this compression
must be propagated on

elasticity of the Earth, ... |
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“Conjectures concerning the cause, and observations upon the phaenomena, of earthquakes;
particularly of that great earthquake of the first of November 1755, which proved so fatal to the city
of Lisbon, and whose effects were felt as far as Africa, and more or less throughout almost all Europe”

John Michell (Philosophical Transactions, 1760)

John Michell (1724-1793)

Earthquake location ,
“Father of Seismology & Magnetometry”

1. Incoming directions d t.. t,
o1. Firft, The different direCtions, in which it Libon * - - - Halfdeg:) Min. | Min.
arrives at feveral diftant places : if lines be drawn in Oporto - - oo * 31 12
thefe directions, the place of their common inter- Ayamonte - - - - - g 5 Earthquake location:
fection muft be nearly the place fought: but this is Cadiz - - - - - . 12 35;3; .
liable to great difficulties; for there muft neceflarily Madrid - - - - - .- 4 1% “ compute, at a distance of
be great uncertainty in obfervations, which cannot, at Gibraltar - - - - - 1? 18 b d f ircl
bett, Madeira - - - - - 2| 19 | 35|15 about a degree of a great circle
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qut(mouth - - - - -] 23 29 half from opOftO",
92. Secondly, We may form fome judgment con- Kingfale - - - - -| 23 290
cerning the place of the origin of a particular earth- Swanfea - - - - -| 2 530
2. Arrival times quake, from the time of its arrival at different places ; The Hague - - - - -| 30 32
. but this alfo is liable to great difficulties. In both Loc_hnefs - = = = -1 33 66
thefe methods, however, we may come to a much Antigna - - - - - -} o8 565
greater degree of exactnefs, by taking a medium Barbadoes - - - - | 101 485
amongft a variety of accounts, as they are related by
different obfervers. But, WIL, @l LG ULAULG UL UIIGG LULCS HULL LU0, 1O .
the height of fifty or fixty feet. hThe: true reafon of Tsunami Speed depends
this difproportion, feems to be the difference in the
3. tisunami ~ Lseismic depthoI;thlZ: water ; for, in every inftance in the above on water depth.
93. Thirdly, We may come to the greateft degree table, the tllme will be found to be proportionably
v seiomogram TR of exa@nefs in thofe cafes, where earthquakes have fhorter ‘g. donger,*as the water tlhrough v¥nch the
S F— l}g i S wave their fource from under the ocean; for, in thefe in- wave pafied was * deeper or fhallower. Thus the
= 0 i =1 ftances, the proportional diftance of different places
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‘Macroseismic” questionnaire

I

10.

11.
12.
13.

“... has a truly scientific character,
quite unusual for the time”
Montessus de Balore (early 20th century)

At what time did the earthquake begin on November 1st, and how long did it last? [Time, duration of shaking]

Did you perceive the shock to be greater from one direction to the other? E.g., from north to south, or on the contrary, did
more buildings seem to fall to one side or the other? [Directionality]

How many buildings were ruined in each parish, if any notable buildings were among them, and in what state did they
remain? [Damage]

How many people died, and were any of them distinguished? [Fatalities]

What unusual phenomena were observed in the sea, springs, and rivers? [Hydrological effects]

Did the sea rise or fall first, how many hands did it rise above normal, how many times did you notice the extraordinary
rise or fall, and did you note how long it took for the water to fall and rise? [Tsunami polarity, amplitude, period, nr of
waves]

Did the earth open up in some places, what was noticed there, and did any new springs burst forth? [Surface “rupture”]
What measures were immediately taken in each place by the clergy, the military, and the ministers? [Emergency response]
What earthquakes have repeated since the first of November, at what time, and what damage have they done?
[Aftershocks]

Have there been any other earthquake in living memory and what damage did they cause in each place? [Background
seismicity]

How many people are there in each parish, stating, if possible, how many of each gender? [Demography]

Has there been shortage of food? [Supplies]

If fire broke out, how long did it last and what damage did it cause? [Fire duration and damage]

Extra. Did any damage occur in the 1755 earthquake, and if so, what was it, and has it been repaired? [Reconstruction]
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Engineering & City Planning

“Gaiola Pombalina”
& anti-fire walls

City Planning
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“Somewhere” in the SWIM plate boundary.

Macroseismic location

Plate tectonics (1960s)
" " R ::

Reid (1914) Machado (1966)
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3 1969 M7.8 earthquake
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“... only for convenience”
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Strong trade-off: location vs magnitude.

Magnitude

Fonseca (BSSA 2020)
Gutenberg and Richter (1949) Johnston (GJI 1996) (partia) M 7.7 £ 0.5
M8.75-9 M 8.7 + 0.39

No outliers Outliers

(Machado 1966 epicenter) @ ®)
. . . 43 43
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Trans-Atlantic tsunami

Run-up historical reports

50N Bonavista

30N

10N+

+NE Brazil |

80W 60W 40W 20W

Barkan et al (2009)

Historical records around the N Atlantic.
Tsunami deposits in SW Iberia, + some further.

Tsunami deposits




Baptista et al (PCE 1996)

Baptista et al (NHESS 2003)

Which fault(s)?

Tsunami arrival times & heights

 Tsunami observation points -1755
1969 Epicenter

16001
™
1200
z
5 1000
800
Z%LT
Location Coordinates Wave height (m) Travel time (min)
and estimated error
Portuguese west coast
Porto 8.18°W41.15° N 1 —
Figueirada Foz ~ 8.88° WA40.14°N — 45-50
Lisboa (Oeiras)  9.08° W,38.73° N 5 25 (estimated error10)
Cabo S Vicente  8.99° W,37.00° N > 10 16 (estimated error+7)
Gulf of Cadiz
Cadiz 6.30° W,36.05° N 15 78 (estimated error£15) ( B | anc 2008)
Huelva 6.93° W37.25°N — 45 (estimated error£10)
Ceuta 5.32°W,35.88°N 2 —
Gibraltar 5.35°W36.15°N 2 —
Madeira Islands
Madeira 16.88° W,32.63° N 4 90 (estimated error+15)
Porto Santo 16.16° W,33.06° N — 60 (estimated error15)
Cornwall (UK)
Penzance 5.53°W,51.52° N 2 315
Newlyn 15.56° W,50.10° N - 279
Plymouth 4.15°W,5031° N — 390
Morocco
Safi 9.33°W,32.30° N — 26-34 (estimated error4-20)

Possibly a multiple fault rupture.

Marine geophysics: The offshore faults

Duarte et al (2011)
SWiberia
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Single faults:

Gorringe (Machado 1966)

Marqués de Pombal (Zitellini et al, 1999)
Gibraltar arc system (Gutscher, 2006)

Multiple rupture fault:

Marqués de Pombal + Guadalquivir (Baptista et al, 2003)
Marqués de Pombal + Pereira de Sousa (Terrinha et al, 2003)
Offshore + LTV (Vilanova & Fonseca, 2003)

Horseshoe + SWIM1 (Rosas et al, 2016)

-
=
.
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Martinez-Loriente et al (2021)

Coral Patch S
Seamount

N Gorringe Horsehoe

Thrust Abyssal Plain
\ |

Hidden North |
Dipping Thrust A i <=
b 1969 \
= 1 .
Eurasia // Earthquake 1 Africa

Drip-like
< Structure

Upper Mantle
Duarte et al (2025)

Horseshoe plain:

“Horseshoe plain” (Barkan et al,
2009)

Horseshoe Abyssal Thrust
(Martinez Loriente et al, 2021)
“Hidden north dipping thrust”
(Duarte et al, in press)



Summary |: The 1755 earthquake

* Historical observations have limited accuracy; revision is needed.

* Reconciling datasets:

* Macroseismic ground motion:

* Complexities in the near (local effects) and very far field (other earthquakes).

* Location: SW Iberia margin plate boundary.

* Magnitude: M 7.7 (partial) - 8.7.

* Multiple fault rupture: Suggested by duration (3x, 7-15 min) and complexity of intensities.
* Tsunami:

* Complexity in the near field (observational, multiple rupture).

* Very large tsunami: Very shallow slip (Tohoku-type), low v,,,, tsunami earthquake, ...
* Seiches & swinging of suspended objects throughout Europe:

* Strong long-period surface waves: Shallow strong earthquake?
* Marine geophysics:

* No surface rupture imaged so far by marine geophysics.



Part [l
Beyond the 1755 earthquake

Seismic hazard and risk
of the SW |beria plate boundary



SW lberia Plate Boundary

Plate convergence

Nocquet 2006

Serpelloni et al, 2007

GNSS velocities
(EU fixed)

GPS velocity
(x30 May:

) 95%-c.

4mm/a

Strain rate

preferred model 7

OF

74 168 162 156 EG
Common Log of [Largest (Absolute Value) Principal Strain-Rate * 1 5]

Neres et al, 2016

134 143

NW-SE oblique convergence.
Wide region of deformation.

Bezada et al, 2013



* Abundant offshore historical & instrumental earthquakes.
* Crustal faults remain mostly silent.

Se | S m | Clty * Deep seismogenic faults (>20 km) remain blind.

Historical earthquakes Instrumental earthquakes (2007-2024) High-quality OBS locations
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Frequency-magnitude & tsunami deposits: few thousands of years.

How often?

Tsunami deposits

F . t d t ( ) cal%P- g 1969 Horseghoe £Q
requency-magnitude recurrence times (years > ol o TSUNAMI
- o
1000 —E4 = = = 881 AD, Tsunami
Magnitude 0 2 n _
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Ground motion modeling

Attenuation (Coda-Q)
Qo(f=1 HZ) & QlO(f=10 HZ)

-10 -8 6" 4"

(Vales et al, 2020)

Attenuation (Global GMMs)

2007.02.12 (M6.0)
L L

1964.03.15 (M6.3)
L L

1909.04.23 (M6.0)
L L

1858.11.11 (M7.
L L

N=2133

N=683

N=1823

N=163

~

2

o
10
0 |

-3-2-10 12 3

-3-2-10 12 3

Observations — GMM
(Vilanova et al, 2012)

(Danciu et al, 2021)
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Peak Ground Acceleration (g)

PGA (9)

* Low attenuation in the mainland.

* Large lateral variations of Q.

» Regional model good! ©, but lacks data
at small R, high M.

Regional ground motion model

—— Median model

Observations
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* Lack resolution of large shallow basins.
1 . * GM->MMI ?
PhySICS based mOdel I ng * Slip complexities are important.

Geological domains 3D Seismic structure

Thinned

Martinez Loriente et al (2014)
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* Highest hazard in the Algarve and LTV.
* Max PGA ~0.2 g (10% in 50 years, rock).

H d/Zd I’d mOde|S (10% in 50 years, rock)
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Built environment

Low/no code Moderate code High code
(e.g., RSEP < 1983) (RSA, 1983 &2010) (ECS, > 2010)
Lisboa ] ] |\ 51% | 34% [14% &«

Porto {1 ] ] S6% | 32% [i29
setibal {1 ] ] 46% | 39% [15
Braga :l | I I 51% [ 34% [@
Aveiro 1] ] 55% | 33% 2%
Faro {__| ] ] 40% | 36% [16%
teiia {__] ] ] 61% 28% J1%
Santarém : : :I 69% m
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vies T | — o Twn
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Portalegre ] ] 79% 15
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6% - 35% 14% - 26%

Adobe BA Reinforced Limestone Granite
concrete masonry masonry

* Highest economic value close to the coast.
¢ Most houses built before codes.
* Problematic enforcement of codes.

Economic value

Number of buildings

Economic value
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Economic Losses

What if it were today? . ) O

Marques de Pombal
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Summary IlI: Hazard of the SW |beria plate boundary

SMART cables
¢ Cha I Ienges . (operations due 2027)

° SOUI’CGZ Continent — Azores — Madeira

:::::::

* Shallow crustal faults vs deep seismogenic faults. . |

* Non-stationarity and fault interaction. '
e Earth structure:

* Ground motion models at small R, high M.

* Large shallow basins likely to be important.
* Site effects:

* Very shallow structure.

* Topography of material interfaces.

COLUMBUS Il
(ramo doméstico, 1999)

ATLANTIS-2

yyyyyyyyyyyyyyy 2000),

nnnnnnnnnnnnnn
aaaaa

DAS (Madeira)

* Opportunities:
* Offshore instrumentation: OBS, SMART cables, DAS.

* Discussion today: 12:30-14:00, room C.3.16

Loureiro et al (subm.)




