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Why Integrated geophysical-
petrological thermochemical

modelling?

*Vertical Vs profiles “converted” to
temperature results in unrealistic geotherms

*Density anomalies from tomography models
overpredict the observed gravity field
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> Integrating (self-consistently) geophysical and petrological data
to image the lithosphere/uppermost mantle

Geophysical parameters

Vs (km/s) Density (kg/m’)
36 40 44 48 2800 3000 3200 3400
| | | I I I !

0

Geophysical & petrological data

-50

Depth (km)
I
o

RN
a
=]

N
S
S

WMGQ_ULN % :: o % 1/0
A
[l zfﬁ N Forward modeling ey
I 3.0
D

5 10 20 50 100 200 500

» Forward approach Integrated

> Non-linear probabilistic inversion modelling

Temperature, Pressure,
Composition



Integrated geophysical-petrological modelling

Gravity field (GOCE)
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*Old oceanic lithosphere (150-170 Ma) adjacent to the NW African
margin.

*3000-km-long volcanic belt that includes a considerable number of
seamounts and volcanic islands.

*East-west age progression with the oldest exposed volcanic rocks in
Fuerteventura (20 Ma) and the youngest (<4 Ma) in the western
islands (La Palma and EI Hierro).




crustal structure: seismic refraction
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*Indication of 10-km-thick zone
of underplating below the
Moho (16-18 km depth)

*Low velocity zone (Vp<6 km/s)
in the lower part of the volcanic
edifice (Miocene feldspar-rich
core)
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Mantle composition: mantle xenoliths and compositional domains
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Lithospheric models: geophysical data sets

Elevation (ETOPOZ) Free air anomaly (Sanawell & Smith 97)
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Lithospheric models: geophysical data sets

GOCE Gravity gradients @ 255 km (60CO03S) LNORF (x>N, y>W)
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Depth (km)

Lithospheric models: crustal structure

Crustal model:

* 1D geoid + elevation inversion (background)

* Seismic refraction constraints (where available)

* 5 Jayers: sediments, upper crust, middle/oceanic crust, lower crust
and magmatic underplating
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Mantle compositional domains
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Depth (km)

Lithospheric models

Canarian domain:
« Composition 2 (Tenerife HEXO)—depleted > Model C1
« Composition 4 (Tenerife HLCO)—depleted+metasomatised > Model C2
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Moderate lithospheric thinning below the Canaries (LAB 80-100 km)
Compositional differences account for small LAB variations (15-20 km)
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Lithospheric models: comparison with seismic tomography
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Depth (km)

Depth (km)

Lithospheric models
Model C3

Canarian domain: Composition 4 (Tenerife HLCO)+deep
sublithospheric thermal anomaly (AT=+100 K)

The low density anomaly in the convective mantle is decupled in
the isostatic elevation determination 2C3 shows low misfits for
elevation and potential field data
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Lithospheric models: comparison with seismic tomography
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*Moderate lithospheric thinning below the Canaries (LAB 80-100 km)

*Compositional differences in the Canarian domain (depleted to moderately depleted, metasomatised)
account for small LAB variations (15-20 km)

*A sub-lithospheric thermal anomaly (+100 K) allows to fit elevation and the other observables
simultaneously and reproduces seismic tomography models (z>150 km)

*The convection process producing the thermal anomaly (mantle plume?) is relatively weak or happened
long time ago: the erosion at the base of the lithosphere is moderated.
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WINTERC-G: mapping the upper mantle thermochemical
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* Two step global inversion:

¢ Step 1: 1D surface wave, surface
elevation, heat flow data >
temperature

 Step 2: 3D- gravity field data—>
density, mantle composition

* Thermodynamic parameterization of
physical properties (rho, Vs, Vp)




Direct temperature mapping of the crust and mantle
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DATA: Global waveform
tomography

m Master dataset:
All broadband data available
from IRIS, ORFEUS, GFZ, CNSN

m Inversion of surface-wave
and S-wave waveforms
Waveform fits of
>1,250,000 seismograms
from >5,000 stations
s Outlier removal

Select most mutually consistent data
Reduce effects of errors in the data

Seismic Networks
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DATA: Global waveform tomography—> phase velocity maps—2>dispersion

curves (Rayleigh, Love fundamental mode)

This Study GDM52 (Ekstrom 2011)
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DATA: gravity field data (GOCE, XGM2016)

Geoid anomaly

Geoid anomaly (XGM2016)
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v’ Geoid anomaly constrains
density
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v Gravity grads@255 km constrain
density
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Inversion setting step 1 (tomography+SHF+elevation)

A) B) C) D) B s dial anisotrop (%
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v 1D Inversion of surface wave tomography data, elevation and heat
flow (12,500 columns)

v’ Crustal structure: density, seismic velocities, heat production and
thickness

v’ Mantle structure: Thermal lithosphere (LAB) and sublithospheric
temperature; mantle composition, melt, anisotropy



Inversion setting step 1

Major oxides correlations from xenoliths & per. massifs
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v’ Mantle composition described by Al203
variables (CaO and MgO=F(Al203))
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v’ Chemical parameterization following melting trend, analogous to

pyrolite (Harz+basalt)



Sensitivity analysis
Physical properties-derivatives @ P=7.6 Gpa and FeO=7.9 wt% (Perple_X)
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* For the same density variation, the associated thermally induced variation in Vs
is about 2-12 times larger than the compositional induced Vs variation



Inversion setting, step 2 (gravity field)
v' 3D Gravity data inversion regularized by temperature &
composition from stepl: surface wave, elevation and SHF data

inversion

v’ Variables for the gravity inversion are the composition (Al203)
of lithosphere and sublithosphere and crustal density

Temperature @330 km Composition @330 km

Density @330 km
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Geoid in a dynamic Earth,

Geoid Anomalies
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Fig. 1. Tlustration of the components of the geoid anomaly from
a cosine bell density contrast at the midpoint of a layer of uniform
viscosity n. The total anomaly (heavy solid line) is the sum of the
contributions from the density contrast itself (light solid line), from
dynamic deformation of the upper boundary (long dashes), and from
dynamic deformation of the lower boundary (short dashes). The total
geoid anomaly is negative for a positive density anomaly.

Bibliography: Hager (1984)

viscosity and convection
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Fig. 2. As in Figure 1, but now the bottom half of the layer has a
viscosity n a factor of 30 larger than the upper half. The sign of the
total geoid anomaly is now positive.



Geoid in a dynamic Earth, viscosity and convection
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Geoid in a dynamic Earth, viscosity and convection

Geoid sensitivity kernels
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Total geoid anomaly
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Geoid anomaly n=2-3

Harmonic degrees 2-3 are not correlated
with plate tectonics: Core-mantle
boundary and lower mantle signal

Degrees 2-3 represent 60 % of the total
geoid signal.

Global tomography
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Bibliography: Bowin (2000) Kustowski et al. (2008)



Geoid anomaly n=4-10
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Geoid anomaly n=4-10
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Geoid anomaly n>10 (wavelengths <4100 km)
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WINTERC-grav: new crustal model

Differences in crustal thickness for WINTERC_grav with respect to CRUST1.0 (within the uncertainties
statistically estimated from Szwillus et al., 2019)
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WINTERC-G: Lithosphere & mantle composition
Moho depth Lithospheric thickness
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v High Al20 éfertile, low 'Mg#,'Low AI203§rgfféc£v r§/, hlgh Mg#
v’ Mantle plumes: fertile and hot; Cratons: refractory and cold
v’ Sublithosphere is more refractory in Pacific than Atlantic and Indian oceans



Uncertainties, step 1:
Waveform tomography+elevation+SHF

LAB depth Temperature @ 400 km
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v Each model column: full covariance matrix
v’ Thermal lithospheric thickness is the best resolved parameter
v Uncertainty increases with depth (temperature, composition)



Uncertainties, step 2:
Gravity field data

Average crustal density Average mantle composition
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v’ Crust density better resolved in continents than in oceans

v’ Mantle composition better resolved in oceans than in continents



WINTERC-G: lithospheric composition
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WINTERC-G: temperature
Temperature @200 km Temperature @260 km
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v’ Mantle plumes are warmer than ambient mantle
v’ Continental cratonic cores remain cold down to the transition zone
(Specially N America, E Europe and W Australia)



WINTERC-G: temperature in the Canary archipelago

@ 110 km depth @ 150 km depth @ 200 km depth

La Palma island
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WINTERC-G: temperature in the Canary archipelago
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WINTERC-G: temperature in the Canary archipelago
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WINTERC-G: comparison with thermobarometry in cratons

Siberia Slave
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Depth thermal lithosphere (km)

Thermal oceanic lithosphere: cooling mechanism

Lithospheric thickness and heat flow vs age (5 Ma bins)
Ocean Global

All oceans

v Oceans cool at different rates with lithospheric age

v No apparent flattening after 80 Ma

v Ocean SHF predictions match data except for lithospheric age<15 Ma approx.
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hers

Pcrd
(Crust+residue)

hera
(Crust+residue)

D¢ - Depth of Compensation (pp > ps)

Rowley, 2018

(Crust+residue)

Mid Oceanic Ridges

Length-weighted mean spreading rate (mm/yr)

v’ Shallow ridges spread faster than deep ones

01 . . .
Stallow Ridge Ridge axial depth vs spreading rate
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Niu and O’Hara, 2008

v’ Fertility of mantle melt source (based on MORB) increases with ridge depth (Niu

and O’Hara, 2008)



WINTERC-G vs spread rate

oceanic lithosphere < 20Ma old at 10 mm/yr bins

Sublithospheric composition Temperature @260 km depth Density @260 km depth
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v" Mantle fertility and density decrease and temperature increase with spreading rate (up to 50-60
mm/yr ).



WINTERC-G: Isostatic/dynamic elevation

Isostatic residual elevation-WINTERC-G
Isostatic residual elevation \/ Good agree ment in oceans

with independently derived
residual maps

v’ In continents residual/dynamic
published models show more
dispersion
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WINTERC-grav: 1D average temperature and density

Temperature Temperature
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v Average adiabatic gradient 0.55-0.6 K/km (depth >200 km)

v' Average mantle potential temperature 1300-1320 C (depth >200 km)



WINTERC-grav: 1D average seismic velocity
Vp Vs
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v' Solid line WINTERC-grav, dashed line: AK135, dotted line PREM, solid green Vs:
Schaeffer&Lebedev 2013

v' Uniform Vs gradien throughout the upper mantle (no need for 200 km discontinuity or
oradient increase)



Depth (km)
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WINTERC-grav: Average radial anisotropy
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WINTERC-e: electrical conductivity
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Conclusions (so far...)
v WINTERC-G:  new  global lithospheric/upper  mantle

thermochemical model integrating waveform tomography, SHF,
isostasy, satellite gravity and petrology

v’ Mantle plumes: fertile and hot; Cratons: refractory and cold

v’ Pacific ocean upper mantle is more refractory and warmer
(=less dense) than Indian and Atlantic oceans

v Mapping dynamic topography
v’ Revisiting the plate oceanic lithosphere cooling model

v Mid Oceanic Ridges: mantle fertility-spreading rate



WINTERC-G: global lithospheric/upper
mantle thermochemical model

(Fullea et al., 2021, GJI)

e Outreach from ESA:
https://www.esa.int/ESA Multimedia/Videos/2021/03/
GOCE helps create new model of crust and upper
mantle##.YV2wAMt9Y 0.link

* https://www.esa.int/Applications/Observing the Earth
/FutureEO/GOCE/Deep down temperature shifts give
rise to eruptions?fbclid=IwAR3Ir7YdwmDztLYqyPxhi-
Brw5BgSUMfPsF7Kxwr2MbrMe6uEay2WpLUShs

* Full model available (3D thermal, compositional, Vp, Vs,
density fields) in:

https://zenodo.org/record/5771863

(DOI:10.5281/zenodo0.5771863)

This study has been done in the framework of the project ‘3D Earth—A
Dynamic Living Planet’ funded by European Space Agency (ESA) as a
Support to Science Element (STSE). Work supported an Atraccion de
Talento senior fellowship (2018-T1/AMB/11493) funded by Comunidad
Autonoma de Madrid (Spain).
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