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Introduction – I

The geological evolution of our chemically differentiated

and physically deformed planet is recorded in the interior

distribution of compositional and thermal heterogeneities.

• These affect the propagation velocity of seismic waves

• They cause anomalies in the gravitational field

• They are manifest as surface and subsurface topography
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Introduction – II

To understand Earth, and indeed any planet,

we must study all three (physical) observables:

• seismic velocities

(compressional & shear, attenuation & anisotropy)

• gravitational anomalies

(static, dynamic & time-dependent)

• surface and subsurface topography

(and interactions with atmosphere & oceans)

as well as how they correlate, at any and all scales.



Topography

R ≈ 6371 km



Gravity

g ≈ 9.81 m/s−2



Seismicity

N ≈ 2/day
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Chemistry → Physics → Geophysics

Temperature / Pressure
(how hot is it deep down there?)

Composition / Phase changes
(what is it made of, and how?)

↓

Seismic wave speeds
(how fast do earthquake waves travel?)
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Measuring seismic wave speeds

Earthquakes / Sources
(energy release at a point in time and space)

Seismometers / Receivers
(time-series records of ground displacement)

Reference / Background
(depth-varying wavespeeds, smooth heterogeneities)

Forward modeling
(ray theory, finite-frequency, full-waveform modeling)

Inverse modeling
(seismic tomography, three-dimensional structure)



Reference model

Moulik & Ekström, PEPI, 2025
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Forward modeling using SPECFEM3D GLOBE

global.shakemovie.princeton.edu
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Observations vs Reference synthetics

Wamba, Simons & Irving, GJI, 2025



Inverse Modeling: Tomography

X-rays elastic waves

X−ray source

detectors

µ(x,y)

your body
seismometers

earthquakes

your planet



The Mantle: Plumes — I

400 km

Bozdağ et al., GJI, 2016



The Mantle: Plumes — II

Samoa

Hawaii

 -2

 -1

  0

  1

  2

dlnVs

Samoa

Hawaii

 -2

 -1

  0

  1

  2

dlnVs

Tahiti Marquesas

Socorro

 -2

 -1

  0

  1

  2

dlnVs

Tahiti Marquesas

Socorro

 -2

 -1

  0

  1

  2

dlnVs

Louisv
ille

Pitcairn

 -2

 -1

  0

  1

  2

dlnVs

Louisv
ille

Pitcairn

 -2

 -1

  0

  1

  2

dlnVs

Louisville

Easter

Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Louisville

Easter

Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Juan Fernandez
Galapagos

 -2

 -1

  0

  1

  2

dlnVs
Juan Fernandez

Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Samoa

Hawaii

 -2

 -1

  0

  1

  2

dlnVs

Samoa

Hawaii

 -2

 -1

  0

  1

  2

dlnVs

Tahiti Marquesas

Socorro

 -2

 -1

  0

  1

  2

dlnVs

Tahiti Marquesas

Socorro

 -2

 -1

  0

  1

  2

dlnVs

Louisv
ille

Pitcairn

 -2

 -1

  0

  1

  2

dlnVs

Louisv
ille

Pitcairn

 -2

 -1

  0

  1

  2
dlnVs

Louisville

Easter

Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Louisville

Easter

Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Juan Fernandez
Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Juan Fernandez
Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Samoa

Hawaii

 -2

 -1

  0

  1

  2

dlnVs

Samoa

Hawaii

 -2

 -1

  0

  1

  2

dlnVs

Tahiti Marquesas

Socorro

 -2

 -1

  0

  1

  2

dlnVs

Tahiti Marquesas

Socorro

 -2

 -1

  0

  1

  2

dlnVs

Louisv
ille

Pitcairn

 -2

 -1

  0

  1

  2

dlnVs

Louisv
ille

Pitcairn

 -2

 -1

  0

  1

  2

dlnVs

Louisville

Easter

Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Louisville

Easter

Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Juan Fernandez
Galapagos

 -2

 -1

  0

  1

  2

dlnVs

Juan Fernandez
Galapagos

 -2

 -1

  0

  1

  2

dlnVs

GLAD-M25

Wamba, Simons & Irving, GJI, 2025



The Mantle: Plumes — II
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The Mantle: Plumes — II

Wamba, Simons & Irving, GJI, 2025
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(Part of) The Problem

Never enough earthquakes...

Definitely not enough seismometers!

Fuzzy images, especially of plumes.
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Oceanography and the World’s oceans

ARGO
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Can we build anything resembling

ARGO for seismology?

To record teleseismic earthquakes

suitable for mantle tomography?

MERMAID = Mobile Earthquake Recording

in Marine Areas by Independent Divers



Local phases



Teleseismic phases



Core phases



MERMAID I

(2003–2012)



MERMAID-001: One teleseismic event
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MERMAID II

(2012–2016)
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11 little MERMAIDs, 2 short years

Nolet et al., Scientif. Rep., 2019



Resolving the Galápagos plume (?)

Nolet et al., Scientif. Rep., 2019



MERMAID III

(2016–present)



Five years of autonomy, one year of data buffer

Hello & Nolet, Encycl. Solid Eart Geophys., 2020



Seismic Detection



Where is MERMAID?

www.earthscopeoceans.org







Maruyama, Gondwana Res., 2007



The Mantle: Plumes — III

French, Nature, 2015



Seven years and counting

160° 180° 200° 220° 240° 260° 160° 180° 200° 220° 240°

latitude

-50°

-40°

-30°

-20°

-10°

0°

10°

20°

30°

lo
n
g
it
u
d
e

-7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000 2500

GEBCO 2019 elevation (m)

2018

2019

2020

2021

2022

2023

2024

2025

www.earthscopeoceans.org



Shallow earthquakes

www.earthscopeoceans.org



Intermediate earthquakes

www.earthscopeoceans.org



Deep earthquakes

www.earthscopeoceans.org



A Unique New Dataset

www.earthscopeoceans.org



Looptijdtomografie



11,165,138 Arrival Times

5,534 short MERMAID records

Nolet et al., Seismica, 2025



A new global seismic wave speed model

Nolet et al., in review
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A new global seismic wave speed model

Nolet et al., in review



Those were travel times. Next stop:

Modeling MERMAID Waveforms



Waveform Modeling Scheme
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Waveform Modeling Scheme
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Theme 1: Earthquakes
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Theme 1: Earthquakes

Polynesian plume tomography...

Stay tuned for more!



Ocean noise & Microseisms



A Most Unusual Recovery
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Loooong Records
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Meanwhile, at the ocean surface...



Ocean Waves

WAVEWATCH III, 2021
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Ocean Waves

WAVEWATCH III, 2021



Nonlinear interaction of ocean waves

Klaus Hasselman, Nobel Prize, 2021



MERMAID, an Environmental Sensor
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MERMAID, an Environmental Sensor

100 10 1 0.10.05

period (s)

May 2019

0.01 0.1 1 10 20

frequency (Hz): 100 s window

20

40

60

80

100

120

140

160

1
0

 l
o

g
1
0
s
p

e
c
tr

a
l 
d

e
n

s
it
y
 (

e
n

e
rg

y
/H

z
)

Uptime: 87.80 %

Signal: 27.57 %

0.01

24.4 20 10 5 3.33

20

10

5

2.5

1.25

1

b

c
d

0.041 0.05 0.1 0.2 0.3

WAVEWATCH frequency (Hz)

0.05

0.1

0.2

0.4

0.8

1.0

M
E

R
M

A
ID

 f
re

q
u
e
n
c
y
 (

H
z
)

a

-4

-2

0

2

4

z
-s

c
o
re

 o
f

1
0
 l
o
g

1
0
 (

E
n
e
rg

y
)

c

 (
E

n
e
rg

y
) Nov 2018 Jan 2019 Mar 2019 May 2019 Jul 2019

Pipatprathanporn & Simons, 2022



Theme 2: Microseisms



Theme 2: Microseisms

MERMAID observes the secondary-microseism

generating process in situ.



Theme 2: Microseisms

MERMAID observes the secondary-microseism

generating process in situ.

The secondary microseism is of the

Rayleigh-wave variety.



Back to the long records — I
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Back to the long records — II
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Hunga-Tonga: Guyotweather!
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Hunga-Tonga ↔ Guyot 12,353 km (the short way)

Hunga-Tonga ↔ Guyot 27,677 km (the long way)



Hunga-Tonga: 24 MERMAIDs were listening!
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Hunga-Tonga: As heard by MERMAID
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Hunga-Tonga: Record section
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Hunga-Tonga: MERMAID 45

Simon, Simons, Irving et al., JGR, 2025



Hunga-Tonga: MERMAID 23

Simon, Simons, Irving et al., JGR, 2025



Hunga-Tonga: MERMAID 45 vs 23

Simon, Simons, Irving et al., JGR, 2025



Hunga-Tonga: MERMAID 45 vs 23

Simon, Simons, Irving et al., JGR, 2025



Hunga-Tonga: MERMAID 49
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Hunga-Tonga: MERMAID 48

Simon, Simons, Irving et al., JGR, 2025



What explains signal character and strength?

Simon, Simons, Irving et al., JGR, 2025



Ocean-bottom interactions

-6

-4

-2

0

E
le

v
at

io
n
 [

k
m

]

H11S3
Cross-Sectional View
125x Vertical Exaggeration

A

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Distance From Source [km]

20

0

20

D
is

ta
n
ce

 F
ro

m
 G

C
P

 [
k
m

]

H11S3
Map View

B

-6 -5 -4 -3 -2 -1.35 -1 0

GEBCO Elevation [km]

Simon, Simons, Irving et al., JGR, 2025



Ocean-bottom interactions
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Hunga-Tonga: Ocean-floor interactions

-25

-20

-15

-10

-5

0

5

A
d

ju
st

ed
 S

o
u

n
d

 P
re

ss
u

re
 L

ev
el

, 
L

p*
 [

d
B

 f
ro

m
 H

0
3

S
1

]

60% Fresnel Clearance

B

P0054

P0053

P0048

P0045

P0042

P0041

P0040

P0036

P0028

P0026

P0023

P0022

P0021

P0017

P0016

N0004

N0002
N0001

H11S1-H11S3

H11N1-H11N3

H03S1-H03S3

H03N2

H03N1

Log Occlusion Count

Simon, Simons, Irving et al., JGR, 2025



Theme 3: Volcanoes



Theme 3: Volcanoes

MERMAID hears a lot of random volcanic activity...
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Theme 3: Volcanoes

MERMAID hears a lot of random volcanic activity...

Hunga-Tonga was especially well recorded...

Heard signal influenced by path effects.



MERMAID IV

(2023–present)





Active and passive thermometry
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Coming to an ocean near You

www.earthscopeoceans.org


