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Compositional and rheological Earth models

Source: Global tectonics

Kearey et al, 1990

Density,

Seismic Velocity

Brittle failure, ductile 

flow

Strength, Mpa

Stress, Strain

Property definition of 

the lithosphere?

Temperature

 4D Subsurface Modelling: Predicting the Future, 20 – 21 February 2019, Geological Society of London



Established modelling methods

Analogue modelling (plasticine, 
sand)

Digital modelling of geophysical 
data

1D, 2D parametric layers with 
limited anisotropy and 3D cell/ 
mesh based anisotropy. Statistical 
methods. Spherical harmonics 
(Stokes coefficients)

Property discretization, 
assumptions, constraints, minimising 
measured and calculated error 
misfit, and error fitting trade offs

Definition of “geology”

Analogue example Adda et al 2017
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2D Profile and 3D modelling

Regularized smooth cell 3D inversion

Extract from Long et al, 2013

Traditional profile modelling

Extract from Long et al, 2011
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Primary order structure – “tectonics”

Long wavelength structure can only be captured by 
geophysical measurements over large distances (1000s kms), 
and is dependent on coverage and sampling resolution

 Satellite gravity and magnetics

 Seismicity - Seismic tomography

 Other regional survey methods (2D profiles, e.g. SAMTEX)
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Station coverage

CRUST 5.1: A global crustal model at 5 × 

5 degrees

Mooney et al, 1998

Areal coverage affects all seismic 

tomography models, greatest issues 

near surface (greater travel time 

coverage at core-mantle boundary)

Less ambiguity at the core-mantle 

boundary (S- waves do not pass 

through liquid outer core)
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Seismic tomography

Becker’s SMEAN2 composite tomography 

2875 km layer (after Becker et al, 2002) 

1D preliminary reference Earth Model (PREM)

Spherical harmomics expansion

Stacking of model structure (Becker) improve S/N
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Handling time – the fourth dimension
Availability of measured data

Satellites: updated altimetry for marine coverage (Cryosat-2, Jason-1, Jason-2, AltiKa), Grace 

(2002-2017), GOCE 2009-2013

Bathymetry – large oceanic regions are still poorly surveyed

Processing consequences – understanding the construction of data sets

Geological consequences – refining geological mapping in areas of active deformation, 

understanding structural change

Vintages of data versus resolution - temporal variations can only be observed if the data exists, at 

sufficient resolution

4D Modelling – time lapse, based on constraints, assumptions, interpolation of repeatable survey 

data.

The second way: qualitative interpretation
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Radiometric dating and hot spot trails

Hawaii – Emperor: dates from 

Torsvik et al , 2017Tristan -  dates from O’Connor et al, 2012
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Radiometric dating enables us to estimate the latest 

onset of emplacement. Combined with plume trails, 

clearly the Earth is moving fluidly, driven by deeper 

structural controls.



Magnetics: Namibia-Botswana border

Magnetics, reduced to pole. Top left, Enhanced Magnetic Model (Chuillat et al, 2015), top 

right, World Digital Magnetic Anomaly Map, (Quesnel et al, 2009)
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0

Residual magnetics
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Geology and gravity

Top left , CGWM Geology (Milesi et al, 2010), top right, shallow crustal residual gravity derived from Sandwell 

et al, 2014, purple faults, Permo-Triassic rifts (Macgregor, 2017), kimberlites (various sources)
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Magnetotellurics - correlations 

Jones et al, 2009 , extract from figure 6: Integrated conductivity (red – 

high, blue – low) distribution (40-200km - mantle lithosphere), red: 

diamondiferous, white: unknown, green: non diamondiferous

Left: Namibia-Botswana border                 Right:  margin of 

             Kaapvaal Craton       
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Recent Botswana earthquake
Resistivity model slice at 30km derived from 3D 

Samtex MT inversion (Moorkamp et al, 2019), 

overlain by crustal structure mapped from satellite 

gravity. magnetics, and other data sources

Residual gravity base with focal mechanism solution (USGS) 

for the ‘unusual’ 03/04/2017 6.5 magnitude intraplate 

Botswana Earthquake (synthetic normal fault), instant brittle 

failure/ ductile creep. 12/08/2017 last event (4.8 magnitude)
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Airborne magnetics

Acquired (2010) prior to the earthquake 

(2017)

Reduced to pole airborne magnetics

Source: Geological Survey of Botswana
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03/04/2017

12/08/2017



Seismicity

Shallow crustal residual gravity with ‘recent’ 

seismicity (source: IRIS data sources)
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1999 Chi Chi (‘921’) earthquake
  (TWO DECADES OF DESTRUCTIVE ACTIVITY)

Taiwan 

Persistent strain in a region of convergent plates

Western aseismic zone

7.6 magnitude earthquake, 21/09/1999

Seismic focal mechanisms constrained by

 - local geology

 - mapped long wavelength structure

 - underlying lithospheric structure 

   defined by seismic tomography,      

  satellite gravity and magnetics

  -seismometers

Introduction to Chi Chi using:

 Sandwell et al, 2014 v27.1 (2018)

 Earthquake seismicity (IRIS data sources)
 Prior published research and mapped 

surface faults Image Source: 

ChinaTopix 

(February 14, 2016) 

School now converted 

into 921 museum

Taipei, 921
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Crustal structure at depth

Left and right: Extracts from Kao and 

Chen, 2000. Middle: residual gravity 

and fault structure
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Structural configuration of Chi Chi

Extract from Kao and Chen, 2000
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Structural exposure -  Chi Chi (Taiping)

Extract from Lee and Chan, 2007
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The seismicity record

A video follows of the seismicity record (1998-2016) for shallow events (<33km), source: 

IRIS data sources

Basemap: Sandwell et al, 2014 v27.1 (2018)

Annotated with Kao and Chen (2000) faults (red – active Chelungpa/black), present 

day crustal structure (Subterrane (2019) white faults)

Focal mechanism solutions published for Chi Chi and Chengkung (various)
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1996 topography, 2000 topography

1996: GTOPO30, developed over a 
three year period through a 

collaborative effort led by staff at 

the U.S. Geological Survey's Center 

for Earth Resources Observation and 

Science (EROS). 

2000: Shuttle Radar Topography 

Mission

Chi Chi seismicity (1999, <33 km 

depth to hypocentre): IRIS data 
sources

 4D Subsurface Modelling: Predicting the Future, 20 – 21 February 2019, Geological Society of London



Conclusions

Qualitative interpretation is an important constraint to 4D modelling, whether time 
lapse or future modelling

Seismic focal solutions constrain structural interpretation, but can be ambiguous 
interpreted alone. A variety of important applications to infrastructure 
development, civil engineering, land value, ultimately hazard mitigation

Date of data acquisition is a temporal sampling issue in 4D modelling. Making 
satellites more cost efficient with longer missions, and enhanced measurement 
repeatability.

When an interpretation correlates very well with all other measurements and 
analysis, this provides a good basis for constrained 4D subsurface modelling of 
ductile geological processes
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