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The DARPA Transparent Earth Project 2010- 
2015 has a vision that eloquently describes 
what we want to do!

“… determine the physical, chemical, and dynamic 
properties of the Earth down to 5 km depth”

 A global 3D volumetric model of physical/chemical properties 
and their variations with time

 Data from multiple sensors inverted to estimate the properties
 Changes determined at local scales and propagated back into 

the global model

(N.B. DARPA = US Department of Defense - Defense 
Advanced Research Projects Agency)

Presenter
Presentation Notes
Department of Defense, 2010, Research, Development, Test & Evaluation, Defense-Wide – 0400 Fiscal Year (FY) 2011 Budget Estimates Fiscal Year (FY) 2011: Department of Defense Fiscal Year (FY) 2011 President's Budget, Department of Defense - Defense Advanced Research Projects Agency, Justification Book, Volume 1, pp 467.



http://www.darpa.mil/Docs/FY2011PresBudget28Jan10%20Final.pdf
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These are the separate chapters in this 
presentation but the issues are all interrelated

1. Modelling and interpretation methods / 
Rock properties

2. Next generation geophysical data 
acquisition

3. Computing challenges
•

 
High performance computing (HPC)

•
 

Data and software interoperability
•

 
Visualisation and communication of 3D objects
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1. Modelling and interpretation methods / 
Rock properties

Rock properties are the key

They are the link between geophysics 
and geology



© Geoscience Australia

Rock property modelsGravity or magnetics

Geological observations Geological predictions

Inversion

Rock property knowledge

Geological 
mapping

( Geologically constrained )

( Litho- and alteration 
interpretation )

( Adapted from slide by Nick Williams )
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GA carry out lithological and alteration mapping 
using several different methods.

Some are based on property models derived 
though inversion
a.

 
Thresholding

b.
 

Qualitative alteration mapping 
c.

 
Quantitative alteration mapping

d.
 

Multi-property litho-classification
Others are based on litho-modelling methods 

that use geological subdivisions rather than 
properties as the primary variables

e.g., GeoModeller, VPmg, IGMAS, ModelVision, etc
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Thresholding of density inversion results from 
NW Queensland

Blue = low density ≈
 

granite
Orange = high density ≈

 
mafic/ultramafic/Fe-rich/sulphides

( Adapted from slide by Richard Chopping )
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Qualitative method Quantitative method

( Adapted from slide by Richard Chopping )

Qualitative and quantitative alteration mapping 
results for the Ernest Henry-Eloise area
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Measurements of complementary rock properties allow 
multi-property regions to be defined for each rock type for 
use in litho-classification.

Density (g/cm3)

Histograms
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SulphidesSulphidesUltramaficUltramafic
GraniteGranite

MaficMafic

( Adapted from slide by Nick Williams )

Presenter
Presentation Notes
N.B. Sulphide-bearing rocks are only distinct with > 10-20 vol. % sulphides. The magnetic response of sulphides is controlled by pohex:pomon ratio.
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Outcrop mapping
GSWA & GA

( Adapted from slide by 
Nick Williams )
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Litho-classification 
voxet model

( Adapted from slide by 
Nick Williams )
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Litho-classification 
voxet model

( Adapted from slide by 
Nick Williams )
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Some useful references for the work shown 
above.

GA Record 2009/29
https://www.ga.gov.au/products/servlet/controller?e 
vent=GEOCAT_DETAILS&catno=69581

Ph.D. thesis by Nick Williams
Williams, N. C., 2008, Geologically-constrained UBC– 
GIF gravity and magnetic inversions with examples 
from the Agnew-Wiluna greenstone belt, Western 
Australia: Ph.D. thesis, University of British 
Columbia, 478p. http://hdl.handle.net/2429/2744

Selected papers
Williams, N. C., 2009, Mass and magnetic properties 
for 3D geological and geophysical modelling of the 
southern Agnew–Wiluna Greenstone Belt and 
Leinster nickel deposits, Western Australia: AJES, 
56, 1111 – 1142.

Williams, N.C., and Dipple, G.M., 2007, Mapping 
subsurface alteration using gravity and magnetic 
inversion models: In Milkereit, B., Proceedings of 
Exploration 07: Fifth Decennial International 
Conference on Mineral Exploration, 461-472.

https://www.ga.gov.au/products/servlet/controller?event=GEOCAT_DETAILS&catno=69581
https://www.ga.gov.au/products/servlet/controller?event=GEOCAT_DETAILS&catno=69581
http://hdl.handle.net/2429/2744
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GeoModeller 3D geological mapping and litho- 
inversion example : Capel and Faust Basins

Build a 3D geological model 
from each generation of 2D 
seismic interpretation

Use 3D visualisation to aid 
structural analysis

Evaluate each model using 
gravity data and litho-

 inversion

10 kmGA-302 Line 019

Upper sediment (1.90 g/cm3)

Lower sediment (2.40 g/cm3)

Basement (2.70 g/cm3)

Middle sediment (2.20 g/cm3)

Water (1.03 g/cm3)

+ … Mantle (3.10 g/cm3)

Seismic line locations 3D geological model  (Water and Basement units not shown)

Simplified seismic 
interpretation

450 km

520 km

Presenter
Presentation Notes
The Capel and Faust Basins are located to the east of the Australian continent, in one of the offshore frontier regions being investigated by Geoscience Australia. In the project, we have sought to streamline our procedures for building a 3D geological model from each generation of preliminary 2D seismic interpretation, and to evaluate the consistency of these geological architectures with the gravity data that were acquired along the seismic lines.



Petkovic, P., 2008, Preliminary results from marine seismic survey GA302 over Capel and Faust Basins: Preview, 132, 31-34.

Shor, G.G., Kirk, H.K., and Menard, H.W., 1971, Crustal structure of the Melanesian area: J. Geophys. Res., 76, 2562–2586.

Van De Beuque, S., Stagg, H.M.J., Sayers, J., Willcox, J.B., and Symonds, P.A., 2003, Geological framework of the northern Lord Howe Rise and adjacent areas: Geoscience Australia Record, 2003/01.
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Load geological and property models

Propose changes to the models

Apply geological tests

(Modifications accepted and saved)
(Modifications rejected,

revert to previous models)

Forward model and apply 
geophysical tests

Continue?

Finish

Start

Fail

Fail

GeoModeller
litho-inversion 

geometry 
optimisation 

process

Pass

Pass

Presenter
Presentation Notes
With a “reasonable” geometry and set of property estimates in place that reproduce the first order features in the observed data, we have used a geometry optimisation procedure to refine the geometry.



We load the initial geological and property models and enter an iterative loop procedure that utilises a Markov Chain Monte Carlo statistical procedure. At the start of each iteration, we propose a small localised random change to the models and then apply a set of statistical tests utilising both geological and geophysical information to decide whether to accept or reject the small change.



Once the misfit has been reduced to an acceptable level, we continue to accumulate many more models so that we can gain some appreciation of the ambiguity or uncertainty in the results.
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Observed data

Geometry optimisation of 
vertical gravity to refine basin 
thickness (and Moho interface) 
(mGal)Misfit

Calculated data *

200 km

* Based on the model at proposal 4 million

Colour range of 
45 mGal for 
each image

Presenter
Presentation Notes
Having established a suitable Moho surface to account for the long wavelength information in the observed gravity data, we used a second geometry optimisation run to investigate refinements to the basin geometry to better account for the observed gravity.
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Geometry optimisation to refine 
basin thickness 
(and Moho interface)

Prior model

Posterior model

Images of basin thickness (m)

Animation of model evolution
Frames at 20k intervals, 0 to 4M proposals 
Vertical section 302-02, Vertical exaggeration  5 : 1

285 km

30 km

Colour range of  0 to 5 km shown in both images

Sediments (2.42 g/cm3)

Basement (2.70 g/cm3)

Water (1.03 g/cm3)

Mantle (3.05 g/cm3)

Presenter
Presentation Notes
We can use an animation to gain some appreciation of the nature of this process.



Images of the basin thickness in the original seismic interpretation and the maximum likelihood geometry optimisation model reveal a number of significant differences that have been fed back into the seismic interpretation process. We need to keep in mind, however, that the differences in these images may equally well reflect lateral variations in the properties of the basin fill material.
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2. Next generation geophysical data 
acquisition

Regional airborne electromagnetic surveys 
(AEM)

Airborne gravity surveys (AG)
Airborne gravity gradiometer surveys (AGG)

We require better facilities and methods to 
characterise the many different systems that 
are available or under development
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Location of the Kauring Test Site shown on a 
regional vertical gravity image.

Perth
*

(Geodetic projection, GRS80 Spheroid, GDA94 Datum)
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A ground gravity survey was carried out in 2009 to provide 
high quality semi-regional and detailed data for the Kauring 
Test Site, WA.

Kauring~ 100 km
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A regional view of the ground gravity data (~150 x 150 km, 
2 km spacing) reveals terrain boundaries and broad 
geological subdivisions.

(MGA50 projection, GDA94 Datum)
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A semi-regional view of the ground gravity data (~20 x 20 
km, 500 m spacing) reveals geological units with higher 
resolution.

(MGA50 projection, GDA94 Datum)
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“Airborne Gravity 2010” Workshop

Part  of the 2010 ASEG-PESA Conference
22nd

 
August 2010 in the Blackwattle Bay Room, Level 1 

Crown Plaza Darling Harbour
Register on http://www.aseg-pesa2010.com.au/

Themes
–

 
Operating airborne gravity and gravity gradiometry 
systems 

–
 

Systems under development
–

 
Advances in processing and interpretation software 

–
 

Complementary technologies 
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3. Some of the computing challenges …

High performance computing (HPC)

Data and software interoperability

Visualisation and communication
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7. Interpreting 
results

6. "Final" inversion

5. Testing 
geological 

constraints 

4. Building 
geological 
constraints

3. Choosing 
inversions 
parameters

2. Geophysical data 
preparation

1. Synthesising 
physical property 

data
1 day 3 weeks

1 week

1 week

3 weeks

2 weeks

Continuous 
inversion 
iterations

North Queensland: 
2800 CPU hours 

(54 hours/day)
Gawler (so far): 
700 CPU hours 
(63 hours/day)

TOTAL: ~3 months
2 months data 

management
2 weeks** computing time
2 weeks “science”

Time required for regional gravity and 
magnetic inversions

2 weeks

( Adapted from slide 
by Nick Williams )
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User
Knowledge / Experience 

Background prior information

Data stores
(Local computer, local network, online)

Geology
Geophysics

Rock properties

Computing Resources
(Local computer, local network, online)

GeoModeller Gocad

Others …

Vulcan Datamine EVS & MVS

3DMove

PA (Profile Analyst)Target

Discover 3D

Probabilistic 
3D geological model

(consistent with all data)

Provenance
(Metadata / Audit Trail etc.)DET CRC Mineralogy 

/ Lithology / Rock 
property software

Others …

MATLAB

Intrepid

Geosoft

Data processing

Geological mapping

How do I navigate through this?

Gravity Magnetics Electrical EM Seismic Others …

GeoModeller UBC-GIF VPmg

IGMAS

ModelVision

Others …
GMSys PotentFugro-LCT

Intrepid

Geophysical modelling
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Intrepid

Geosoft

Data processing

Geological mapping

I want to …

Discover data sets
Download or Link to data
View, Analyse & Process

(repeat this)
Export a result

Document the Workflow

Gravity Magnetics Electrical EM Seismic Others …

GeoModeller UBC-GIF VPmg

IGMAS

ModelVision

Others …
GMSys PotentFugro-LCT

Intrepid

Geophysical modelling
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User
Knowledge / Experience 
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Central Interface
Discovery

Visualisation
Analysis

Workflow 
Manager

Templates / Wizards
Recording & Reporting

Export 
Functions

Data Manager
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Visualisation Interface

Geophysical Modelling Interface

Computing 
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CRC for Deep Exploration Technologies

“To improve deep ore discovery by opening up 
both greenfields and brownfields search space 
through quicker, more effective exploration at 
depth and through cover”

Presenter
Presentation Notes
(Adapted from a presentation by Tom Whiting to the CRC Panel, 20090630)



“This bid addresses the future role of the mining industry both in Australia’s economy and as a crucial component of the social fabric of regional and remote areas of our nation. It has been instigated by industry to redress the growing technology gaps in our ability to successfully explore for and develop mineral resources in Australia – a gap that will within a few decades significantly reduce our mineral production and lead to the depopulation of many significant centres in regional Australia. It builds on but is distinctively different from previous mineral exploration research and focuses on developing a step change in our ability to drill deeply into the crust to discover new resources. 



Over the next 25 years the world demand for metals will be equal to the total amount used by mankind in history. Demand is now dramatically decreasing the mine life of known deposits. Our national terms of trade are threatened. Australia is not able to respond to this challenge. Australia needs a massive increase in exploration capability to respond to the challenge.”
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Central Interface
Discovery

Visualisation
Analysis

Workflow 
Manager

Templates / Wizards
Recording & Reporting

Export 
Functions

Data Manager

Geological Mapping and 
Visualisation Interface

Geophysical Modelling Interface

Computing 
Resource Manager
Availability & Access Controls

User
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Computing Resources
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Provenance
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Others …

MATLAB

Intrepid

Geosoft

Data processing

Geological mapping

Sub‐project 2.3.1

Sub‐project 2.3.2

Computer Aided Geological 

Interpretation Project (CAGI)

Sub‐project 2.3.3

Sub‐project 2.3.4

Gravity Magnetics Electrical EM Seismic Others …

GeoModeller UBC-GIF VPmg

IGMAS

ModelVision

Others …
GMSys PotentFugro-LCT

Intrepid

Geophysical modelling



© Geoscience Australia

Computation blowout
Standard GA study:

• 3D gravity & magnetic inversions
• 600 km x 600 km

 
to 25 km depth
Stone Age 
(Desktop)

Bronze Age 
(Condor)

Iron Age 
(NCI)

“Petascale” 
Age?

Largest on 
single PC

@ current 
resolution

@ higher 
resolution

@ ideal 
resolution

Data spacing/
model cell size

3.75 km x 3.75 km
(1 obs. / 14 km2)

2 km x 2 km
(1 obs. / 4 km2)

400 m x 400 m
(6 obs. / km2)

80 m x 80 m
(156 obs. / km2)

Number of data 25,600 90,000 2.25 million 56.25 million

Number of model cells 640,000 2.25 million 281.25 million 35.1 billion

Memory required 3.2 GB 40 GB 115 TB 351 PB

Required CPU time 4 hours 48 hours 17 years 52,500 years

Run time 2 CPUs:
2 hours

24 CPUs:
2 hours

6,000 CPUs:
12 hours

???

100 CPUs:
62 days

???

( Adapted from slide by Nick Williams )

GA status
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Cell size: 2 km x 2 km x 1 km Cell size: 250 m x 250 m x 200 m

Olympic DamOlympic Dam

WirrdaWirrda WellWell

AcropolisAcropolis

Olympic DamOlympic Dam

WirrdaWirrda WellWell

AcropolisAcropolis

10 km 10 km

1 cell                              = 320 cells

Gravity example : Olympic Dam, SA

( Adapted from slide by Nick Williams )
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Virtual Exploration Geophysics (Computing) Laboratory

NT
3D 

Tools Inversion 
Tools

SA VIC
NSW

TAS GA

Mesh 
Tools

Visual 
isation

QLD

WA

Combination of data stores, software and computers
Based on the ‘Cloud Computing’

 
paradigm

Users do not need to know where data is stored
Resources are available as a fee for service

Extend the concept to 
commercial cloud 
facilities

e.g., Google cloud 
services, Amazon 
EC2 and S3, 
Microsoft Azure, etc.

( Adapted from slide by Lesley Wyborn )

Presenter
Presentation Notes
Wyborn, L., and Woodcock, R., 2010, Thinking Out Cloud: the Need for Increasing Virtualisation of Australian Geoscience Data to Underpin Cost Effective Deep Exploration: Extended abstract, Australian Earth Science Convention, Canberra, Australia, 5-8 July 2010.
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Visualisation and communication of 3D geological 
maps and geophysical models remains a challenge.

Full 3D mapping and GIS programs
e.g., gOcad

Viewers
e.g., Geocando, ParaviewGeo

Customised interfaces
e.g., VRML, X3D

Other
e.g., Movies, 3D PDF

Virtual globes
e.g., Google Earth, WorldWind
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Pro et contra for Google Earth

•
 

Provides location and scale context for the content 
•

 
Input data are in an international OGC standard format
–

 
KML and KMZ

•
 

Spherical geometry
–

 
Latitude, longitude, and elevation (m)

–
 

Simple cylindrical projection (Plate Carrée, or EPSG:4326 projection) 
with WGS84 datum

•
 

Includes the 4th dimension (time)
•

 
Supports multi-resolution data views

•
 

Supports point, line, polygon, and image feature types
•

 
Supports use of cloud-based data files

•
 

Very large client base
•

 
Good interface

•
 

Lacks true 3D volumetric object support
•

 
Standard viewer does not support sub-surface data

Presenter
Presentation Notes
“(There are now) more than 600 million installations of Google Earth”



Michael Jones (Google), The New Meaning of Mapping: O’Reilly Where 2.0 Conference, 10:00am Wednesday, 03/31/2010

http://en.oreilly.com/where2010/public/schedule/detail/14328#

http://www.youtube.com/watch?v=UWj8qtIvkkg&feature=player_embedded
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Google Earth example : Kauring Test Site regional 
vertical gravity image



© Geoscience Australia

Google Earth example : Kauring Test Site regional 
and semi-regional ground gravity observation sites
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Google Earth example : Kauring Test Site regional 
and semi-regional ground gravity observation sites
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Google Earth example : Kauring Test Site regional 
and semi-regional ground gravity observation sites
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Google Earth example : GAP-P1 global P-wave 
seismic tomography model sections and slices

( GAP-P1 model - See Obayashi et al., 2006 )

Presenter
Presentation Notes
Obayashi, M., H. Sugioka, J. Yoshimitsu, and Y. Fukao, 2006, High temperature anomalies oceanward of subducting slabs at the 410-km discontinuity: Earth and Planet. Sci. Lett. 243, 149-158.
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Google Earth example : GAP-P1 global P-wave 
seismic tomography model sections and slices

( GAP-P1 model - See Obayashi et al., 2006 )

Presenter
Presentation Notes
Obayashi, M., H. Sugioka, J. Yoshimitsu, and Y. Fukao, 2006, High temperature anomalies oceanward of subducting slabs at the 410-km discontinuity: Earth and Planet. Sci. Lett. 243, 149-158.
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We have reviewed various developments and 
directions in 3D geological mapping using geophysical 
modelling
We have seen that a 
number of interrelated 
issues are being 
addressed.


 

Modelling and interpretation 
methods
 Rock properties
 Data


 
High performance 

computing


 
Data and software 

interoperability


 
Visualisation and 

communication

Density (g/cm3)
M

ag
ne

tic
 s

us
ce

pt
ib

ili
ty

 (S
I)


	Developments and directions in 3D mapping of mineral systems using geophysics
	The DARPA Transparent Earth Project 2010-2015 has a vision that eloquently describes what we want to do!
	These are the separate chapters in this presentation but the issues are all interrelated
	Modelling and interpretation methods / Rock properties
	Slide Number 5
	GA carry out lithological and alteration mapping using several different methods.
	Thresholding of density inversion results from NW Queensland
	Qualitative and quantitative alteration mapping results for the Ernest Henry-Eloise area
	Measurements of complementary rock properties allow multi-property regions to be defined for each rock type for use in litho-classification.
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Some useful references for the work shown above.
	GeoModeller 3D geological mapping and litho-inversion example : Capel and Faust Basins
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Next generation geophysical data acquisition
	Location of the Kauring Test Site shown on a regional vertical gravity image.
	A ground gravity survey was carried out in 2009 to provide high quality semi-regional and detailed data for the Kauring Test Site, WA.
	A regional view of the ground gravity data (~150 x 150 km, 2 km spacing) reveals terrain boundaries and broad geological subdivisions.
	A semi-regional view of the ground gravity data (~20 x 20 km, 500 m spacing) reveals geological units with higher resolution.
	“Airborne Gravity 2010” Workshop
	Some of the computing challenges …
	Time required for regional gravity and magnetic inversions
	Slide Number 26
	Slide Number 27
	Slide Number 28
	CRC for Deep Exploration Technologies
	Slide Number 30
	Computation blowout
	Gravity example : Olympic Dam, SA
	Virtual Exploration Geophysics (Computing) Laboratory
	Visualisation and communication of 3D geological maps and geophysical models remains a challenge.
	Pro et contra for Google Earth
	Google Earth example : Kauring Test Site regional vertical gravity image
	Google Earth example : Kauring Test Site regional and semi-regional ground gravity observation sites
	Google Earth example : Kauring Test Site regional and semi-regional ground gravity observation sites
	Google Earth example : Kauring Test Site regional and semi-regional ground gravity observation sites
	Google Earth example : GAP-P1 global P-wave seismic tomography model sections and slices
	Google Earth example : GAP-P1 global P-wave seismic tomography model sections and slices
	We have reviewed various developments and directions in 3D geological mapping using geophysical modelling

