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SHORT HISTORY OF GRAVITY EXPLORATION

The history of gravity exploration is based on the studies of Galilei, Kepler, and Newton
(16th-17% centuries).

Galilei found that objects fall at similar acceleration independent of their mass (in 1589).
The gravity method was the first geophysical technique to be used in oil and gas
exploration. In the first third of the 20t century, the torsion balance was the standard
instrument for gravity exploration. The torsion balance, invented by E6tvos, was one of
the first geophysical instrument and it was used in the exploration of anticline structures
and salt domes. He called this instrument the horizontal variometer.
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First measurements: on Sag Hill (1891) and
on the ice of Lake Balaton (1901-1903).

Gravimeters have been adapted on moving ships and aircraft since the 1950s. Since the
1980s spring gravimeters have incorporated electrostatic feedback that considerably
improves their drift performance and linearity.

At the beginning of this century gravity satellites were also launched and promising

results were achieved.
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Gravitational Force
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The basis of the gravity survey method is Newton’s Law of Gravitation, which states that the
force of attraction F
between two masses mand 2, whose dimensions are small with respect to the distance r

between them, is given by m m
r

where G is the Gravitational Constant G= 6.67384+0.0008:10-11 Nm?2 kg-1s-2

CODATA (Committee on Data for Science and Technology) 2010
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The Earth’s Gravitational Field

Consider the gravitational attraction of a spherical, non-rotating, homogeneous Earth of mass M and
radius R on a small mass m on its surface. It is relatively simple to show that the mass of a sphere acts
as though it were concentrated at the centre of the sphere and by substitution in equation

tkp.| &

\

M=5.974-10* kg I

N

g=g+g +

Gravitational
attraction

Centrifugal force

supportBa by 110al force
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GM
— = 1ig

R2

Force is related to mass by an acceleration
and the term g = GM/R? is known as the
gravitational acceleration or, simply,
gravity. The weight of the mass is given by
mg. On such an Earth, gravity would be
constant. However, the Earth’s ellipsoidal
shape, rotation, irregular surface relief and
internal mass distribution cause gravity to
vary over its surface.

Funded by the
European Union




@ I:?awl\/-a?er“ial? - EE?SE&?’JEEH
The Earth’s Gravitational Field

M=5.974-10>* kg

g=g+g.+
Gravitational
attraction

@  Centrifugal force

@ Tidal force
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The gravitational field is most usefully
defined in terms of the gravitational
potential U:

g=-gradU where U=G %

Whereas the gravitational acceleration g is a
vector quantity, having both magnitude and
direction (vertically downwards), the
gravitational potential U is a scalar, having
magnitude only.

The first derivative of U in any direction
gives the component of gravity in that
direction.
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Measurement Units

The mean value of gravity at the Earth’s surface is about 9.8 ms=.
Variations in gravity caused by density variations in the subsurface are of the order of 100 pms™.

[g] = m /sec?
1 Gal = 102 m /sec?
1 mGal = 103 Gal = 10> m / sec?
1gu=101mGal = 104 Gal =1 uym / sec?

1 E=107°1/sec?
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lf gm,i>gbase then Ap>0 — p2>p1
If Imi <Gpase then Ap<0 — Pr<pPy
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@ Measured
quantity is

Ag,(x,y,z) [mGal]

@ Gravity anomaly
responds to the
horizontal density
contrast (Ap)

@ Main application
IS mapping
subsurface
density variation
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Geological Background
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DenSIty Of ROCkS _ Density Approximate
Material type Range average
density (Mgfm3)
: _ Metarmorphic
Density Approximate ok
Material type Range average Schist 2 39.7 90 2 B4
: el ([l 3) Gneiss 2.59-3.00 280
fﬂi‘f{';ﬂemaf? Phylite 2 68-2.80 274
Alluvium 1.96-2.00 1.98 ote 2.70-2.90 279
ranulite 2.652-273 2.B5
Clay 1.63-2.B0 22 Amphibolite 2.90-3.04 2,95
Gravel 1.70-2.40 2.00 : : :
Silt 1.80-2.20 1.93 Igneous rocks
Sail 1.20-2.40 1.92 Rhyolite 2.35-2.70 2.52
Sand 1.70-2.30 2.00 Granite 2.50-2.81 2,64
Sandstone 161-2.76 2.35 Andesite 2.40-2.80 2.61
Shale 1.77-3.20 2.40 Basalt 2.70-3.30 289
Limestaone 1.93-2.90 265 Gabbro 2.70-3.50 3.03
Dolamite 228-290 270
Chalk 1.53-2.B0 2.01 Ore minerals
Halite 2.10-2.60 2.2 Sphalerite 38-4.2
Galena 7.3-1.79
Chalcopyrite 4.1-4.3
Chromite 4548
Coal 1.2—-1.5 Pyrrhotite 4447
Hematite 5.0-5.2
Salt 2.1-24 Pysite 10 59
Magnetite 5.1-5.3
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INSTRUMENTS OF GRAVIMETRY

Gravity measurements can be either absolute or relative.

It is called absolute gravity measurement when the absolute acceleration of the Earth’s
gravity field is determined. More frequently the difference between the gravity field at
two points is measured in the course of a gravity survey, and in this case relative
measurement is carried out.

The absolute measurement of gravity is based on the accurate timing of a swinging
pendulum (there is an inverse relationship between g and the period square of the
pendulum) or of a free-falling weight.
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Torsion Balance

University of Miskolc, Department of Geophysics Baron Lorand Eotvos (1848-1919)
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Torsion Balance
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Eo6tvos developed two types of torsion balance.

The first one was a light horizontal bar suspended on a
torsion wire with platinum masses attached to either end, so
that the masses were at the same level. This was the
curvature variometer, very similar to that used by Coulomb
and Cavendish.

The second torsion balance had a vertical torsion wire
carrying a horizontal light bar. A platinum mass was
attached to one end of the horizontal bar, while the other end
carried a weight of equal mass suspended by a wire. This
was named the horizontal variometer by its inventor.

The main feature of this instrument was that the two weights
were not at the same level.

The horizontal bar revolves around the torsion wire on a horizontal plane and is deflected from
the torsionless position of the wire by the horizontal components of the gravity forces. The bar
will come to rest if the resistance of the torsion wire to torsion is equivalent to the torque of
rotation exerted by gravity. This second type of torsion balance is known as the Eotvos torsion

balance. Supported by
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Torsion Balance
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Torsion wire

|_|ght;ource  |= Mirror Aluminium rod
- with two bodies
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Equipotential surfaces
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Gravitational angular force
Measure the first derivative of g

Applications:

- Earlier oil prospecting,

- Structural directions,

- Curvature and geoid undulation,

Disadvantage: time-consuming
(~20-30 min/1 datum)
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Early Measurements
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Kilometer

G N D W SO 0K

The first gravity horizontal gradient map based upon measurements between
1901-1903 on the frozen Lake Balaton. They discovered a buried mountain range.
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Early Measurements

F\E lanatiam

e, (et LA mum!

e
tr S

- i M S Pt v
@ Brtralmmrs Jrgards v mele) vk

The horizontal gradient map of the first successful The horizontal gradient map of a salt dome
oil exploration made by E6tvos torsion balance in in the region of Hanigsen in 1917.
the region of Egbell (Slgyakia) in 1916.
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Measurements Worldwide

The first salt dome and oil-bearing structure
that was discovered by the torsion balance
was the Nash dome (Texas, USA) in 1924.
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One Eo6tvos is the unit of gradient of gravity acceleration,
which is defined as a 10-°* mGal change of gravity over a
horizontal distance of 1 centimetre.
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Gravimeters

The simplest way to present the physical

principle of a (relative) gravimeter is

a mass is suspended from a vertical spring
mg, the extension of the spring is expressed in
function of gravity changes.
For the two stations mg,=kl, and mg,=kl,
where Kk is the elastic constant of spring and
denotes the length of the spring.

surface

mass excess

Ag=9,—-0, =k(l,-1,)/m=cAl

It follows that the change in gravity force between the two stations is linearly
proportional to the change in the length of the spring.
This stable type of gravimeter is based on Hooke’s law.
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Measurement with mass and spring

S+ As

@  Hooke’s law:

AF=F-F =kAs

(k is elastic constant)

@  Principle of gravity
measurement:

mAg=kAs — Ag=kAs/m
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adjusting screw 9
]
L
F 7
beam L7 I
y
mg Q
m(g+Ag)
g5 e . ]
gravitational acceleration =
scale reading * calibration coefficient [+
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Weight is attached to a beam and
a spring

Gravity increases, the weight is
forced downwards and it forces
the beam to rotate, the spring is
stretching

Adjusting the screw to rotate the
beam back to horizontal

Amount the beam moves is
proportional to the gravitational
force

Advantage: rapid measurement
Accuracy ~ 0,1 mGal

Funded by the
European Union




Funded by the
European Union

.‘X‘ 2©2]

‘Eit RawlNVaterials
Cannecting matters

ESEE

SCINTREX Autograv CG-5

-Quartz spring
-Variable capacitor

Accuracy: 1uGal
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Superconducting Gravimeter
Iﬁﬁf I

The superconducting gravimeter has an
ultra-low drift of less than 0.5
uGal/month and a virtually constant scale
factor.

In its cryogenic environment, the
superconducting gravimeter sensor is
totally insensitive to local changes in
temperature, relative  humidity, or
pressure.

With these properties, provides a precise
and continuous record of gravity
variations that occur over periods of days,
months, years, or even decades with a
stability and precision that sets the
highest industry standard.

*Super stable: Drift less than 0.5 uGal/month
*Super precise: 1 nanoGal (10 pGal) in
frequency domain 0.05 pGal in the
time domain for 1 minute averaging
*Super low noise: 0.3 uGal/(Hz)".
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Corrections of Gravity Data

€ € © € ¢© ¢

Linear correction of instrumental drift
Tidal correction (neglected)

Latitude (normal) correction

Elevation correction (free-air and Bouger)
Topographic correction

Eotvos correction for moving instruments
(shipborne surveys)
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Gravity anomalies

The Faye anomaly is defined by applying only normal, free-air, terrain (sometimes terrain
correction is not applied) and tidal corrections to the measured gravity value.

The Bouguer anomaly is defined by applying normal, free-air, terrain and tidal corrections
to the measured gravity value. The difference between the Bouguer and the Faye anomaly
arises from the Bouguer plate correction (i.e., the density of the rock between the station
and the datum elevations is also taken into account for preparing Bouguer anomaly map).
For practical exploration it is usually the Bouguer gravity anomaly map that is applied.

Isostatic gravity anomaly is defined by applying isostatic correction to the Bouguer
anomaly. The isostatic correction is made from elevation and seawater depth data with the
assumption of isostatic balance for all gravity stations. If this isostatic correction is also
applied to the observed gravity data, besides the corrections applied to Bouguer anomaly,
we obtain the isostatic anomaly.
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Transformations of Bouguer anomaly maps
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Separation of regional trends / local Gravity Anomaly Due To Long
anomalies ™ 0 Horizontal Cylindrical Cavities
* Large scale (long wavelength) £ -\\ //
: £ .0.50 D
features generally arise from deep g c\/
<
crustal or upper mantle sources >
.é D
. . . (O] -1.0 T T T T
* Shallower density variations have 30 18 0 6 18 30
more rapidly va rying' short 0 Cross - Section of Cavities

wavelength signatues
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Horizontal Distance, m
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Applied transformations
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@ Geophysical model: simplification of Earth, quantitative rock property
information

@ Geometrical parameters (1D (homogenous, isotropic half space), 2D
(inhomogenous half space with a dyke or fault), 3D (half space with
sincline), 4D (space + time dimension) model) and petrophysical
parameters

@ (Geophysical data: observations in the field

@ Response functions: mathematical connection between the model and
data

@ Direct problem: different models >calculation> theoretical data
@ Inverse problem: field data >calculation> model

@ Inversion (optimization) procedure: fitting the theoretical data to
measured data
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Workflow of Inverse Modeling

Measurement data
Modeling — and

a priori information
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g[mGal]

FORWARD MODELING

Theoretical data Observed data

Calculating ' :
theoretical data Hpdafing fmacel *//

' X[m]
Measured profile
Earth's surface

Earth Response

Geophysical
model

calculated data satisfactory?

INVERSE MODELING

.
0 AN

Mapping ; Accepting
model parameters model parameters

Earth Model Comparing .
P
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Calculation of Gravity Data
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Approximation by Simple Geometry

Ag ]
(mgal)
6..
©
)
)
CT T T
@
radius = R
density contrast = Ap

Horizontal cylinder model
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One horizontal dimension is
longer than the other two
dimensions

For instance: mine openings,
tunnel, river channel, rift valley,
anticlinal etc.

Gravity effect of the cylinder
with radius R

Ag,=2mG (ﬁiﬂz){l - ﬂm)z}

The depth z of the body

ApR? )

i
i

Agy= 217@(

z=0.5w
w: half of the maximum value
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Approximation by Simple Geometry
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Vertical cylinder model

Polygonal
model
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Problem of Ambiguity
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Kurt Martin Strack, Norman C. Allegar, Gang Yu, Helga Tulinius, Laszl6 Adam, Adrian Gunnarsson,
Ling Feng He, Zhi El Segundo He: Exploring for geothermal reservoirs using broadband 2-D MT

and gravity in Hungary. SEG Technical Program Extended Abstracts 27(1) - June 2008
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—> Attraction p,<0 és p,>0 — = => Repulsion p,<0 és p,<0
p,>0 és p,<0 p>0 és p,>0

where p: magnetic pole strength

k: proportionality factor
F=k plgz k=1/(4Tr+y,) ha [p]=Wh=Vs
I k= po/4t ha [p]=Am

Ho: magnetic permeability
Mo= 411077 Vs/Am
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Magnetization

o )

m = pl where m: magnetic dipole moment
m = J‘ IV J: vector of magnetization

Jo: vector of remanent magnetization
B=yu,H H: magnetic field strength (H=F/p)

B: magnetic induction
U: magnetic permeability of the medium
K: magnetic susceptibility

B=py(H+J)=pe(1+1x)H=p,uH
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Approximate percent of magnetite by volume 0.1% 0.5% 1% % 10% 20%
105 Sl Units 144 10 102 10 j
~EIIEIED T2 2 | Hematite | Magnetite
Igneous rocks I L Lo L
! -| Acid Volcanics E -!
--------- B ,—--—l——--———L— ' L_T_"T" Ores
e B - ] | Basal"s | | Hematite 0.001-0.0001
| “S” type Granites “T” type Magnel ite 0.1-20.0
_________ [ [ [ N R A Chromite 0.0075-1.5
e | Gabbros . "3 || Pymhotite 0.001-1.0
Fommos Andesites Pyrite 0.0001-0.005
Metamorphicrocks | | |7TTT77C \-
_—
:_ _____________ -| Metasediments E_ _________ E
B I I [ T 1
Metamorphics |

Sedimentary rocks J

| Sediments  f 7 T !

10 104 10-3 102 101 1

S.I. Units
Adapted from Clark and Emerson, Exploration Geophysics, 1991.
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The Earfh’s Magnetic Field

South magnetic
pole

F

North geographic

pole A\
e

Compass

@

l

North magnetic
pole

South geographic
pole
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@ Quter core: dynamo theory
and magneto-hidrodinamics,
95% of the magnetic field,
secular variation

@ Crust: invarying in time

@ Cosmic radiation: interaction
with the ionosphere, diurnal
effect, magnetic storms
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Magnetic

/ North

H = Bcosl Z = Bsinl

X =BcoslcosD Y =BcoslsinD
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Total component (B or T)
Horizontal component (H)

Inclination (1)

)
)
@ Vertical component (£)
)
)

Declination (D)

D =arctg

| =arctg

Z
\/X2+Y2j
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@ Earth’s magnetic field:
- Magnetic dipole approximation
- Homogeneous magnetic field
locally (small area)

@ Local anomaly:

- Different rocks have different
susceptibilities
- Different magnetization

@ We measure the superposition

of the global and local field

B(Measured) - B(Earth) + B(Body)
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Anormalous Field Strength: Inclination of 0 Anomalous Field Strength: Inclination of 45 Anomalous Field Strength: Inclination of 90

Equator (1=0°) Mid Latitude (1= 60°) North Pole (1=90°)
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D

B induced =10 mT
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Elements: water tank (protons), coil (induction and
measurement), lifting rod, electronics

Operation: current supply, induced magnetic field,
angular force and protons align to the field, current
cut off, precession motion of protons around the
Earth’s magnetic field

Observed quantity: precession frequency
f — L|B|
2T

where y=0.042576Hz/nT is the proton’s gyro-
magnetic ratio and f ~ 2kHz

Absolute accuracy ~ 0.1 nT
Rapid measurement: 3sec / reading
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Magnetic
Gradiometry

high |AB - AB >|AB

|A.2:1 Az, |Az

Blow 3 AB_BR}W _Bhigh
® Az h

Local magnetic body

Deep-seated structure

-
-]
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Vertical (or horizontal) gradient

of total magnetic field

Enhancement of near-surface
effects

Automatic  cancellation  of
diurnal effect

Field strength: B = Cm3
. N
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Magnetic Data Processing

@ Normal correction (or removing regional trend)
@ Diurnal correction

©@ Topographic correction

@ Reduction to magnetic pole

@ Analitic continuation
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Inverse modeling
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T[nT]

Reduction to pole

>

Y [m]

Tp [nT]

X [m]

B
z=1km g
Xx=0km,y=0km
my = 109 Am?
D=25%1=63°
Noise level = 2% Gaussian
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T [nT]

Rectangular | <
Prism

Y [m]
o

5000

-8000 -6000 -4000 -2000

0 2000 4000 6000 8000

X [m]

X1='4 km, X2=4 km

y1='2 km, y2=2 km 0

z,=1km, z,=2 km E 1000

N
_ 2000
J=1 A/Im 5000
D=2.50, 1=63° 5000 = 0 5000
Noise = 3% Gaussian ylm] x[m]
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T [nT]
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-6000
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Prism Field B
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o

8000 -50
-8000 -6000 -4000 -2000 O 2000 4000 6000 8000
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Tp [nT]
X1='3 km, X2=3 km 8000 140
6000 120
y1=-2 km, y2=2 km 4000 100
2000
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J=1 A/m -2000
-4000 40
D=2.50 , |=630 -6000 20
Noise = 3% Gaussian 800000 -6000 -4000 -2000 O 2000 4000 6000 8000
X [m]

Supported by

* ¥

x Funded by the
* European Union

* X%

eit ) RawMaterials
ACADEMY

* gk




@ RawiViaterials B
Problem of Ambiguity
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APPLICATIONS

*Finding buried steel tanks and waste drums
Detecting iron and steel obstructions
Locating unmarked mineshafts

*Accurately mapping archaeological features
*Mapping basic igneous intrusives & faults
Evaluating the size and shape of ore bodies
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Profile RB1 (2m sampling)
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48940 nT
48930 nT
48920 nT 340400+
48910 nT
48900 nT
48890 nT
48880 nT
48870 nT
48860 nT
48850 nT
48840 nT
148830 nT
——48820 nT
—48810 nT
—— 48800 nT
—48790 nT 339400
148780 nT

48770 nT

L 148760 nT 339200

339000—\

I I I [
786200 786400 786600 786800 787000 787200 787400 787600 78780(
EOV Y [m]

340200

EOV X [m]

339600+

Irota (2011)

Supported by

. . " * Funded by the
ert RaWMigAe‘gllfﬂé P _ : European Union




eit ) RawMaterials

. KW 2©21
Connecting matters

D E | ESEE

— - Field data
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/ Calculated data
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Residual magnetic field (nT)
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N4

Biikkszentkereszt, Hungary (2013)
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Misfit= 1.78
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135 mBf
134 mBf
130 Archeology
+ 132 mBf
- 131 mBf
- 130 mBf
129 mBf
128 mBf
127 mBf
126 mBf
125 mBf
124 mBf
123 mBf
122 mBf

A

e

786A00 Scythian tombs (Onga) B.C. 5-6 th century

786350
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Porolissum was an ancient Roman city in Dacia. Established as a military camp in 106 A.D.
during Trajan's Dacian Wapsarted by
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The magnetotelluric (MT) method

ki Passive EM geophysical exploration method
*l Tikhonov (1950), Cagniard (1953)

Magnetosphere + solar wind: 0,001 — 1 Hz
Thunderstorms: 1 Hz <
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MT in context with EM techniques Frequency (Hz)
10° 10°(1s) 102 (17min) 10-(11.6days)

Magﬁé:tétellurics

-« > - - > < Pi > <

Near surface (< 100 m} Uppchrust Mad- aner UpperMantle Mantle Core-
' 1 ] Transition Mantle
Zone Boundary

R
Magnetic storms  Solar and ocean

tudes, core-
mantle fides|

Source fields -
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MT Theory

Passive surface measurement of the Earth’s natural
electric (E) and magnetic (H) fields

I Assume planar horizontal magnetic source field

(reasonable assumption in mid-latitudes, far from
external source regions)

I This is a diffusive process, the physics based on

Maxwell’s equations of electromagnetic induction
Measure time changes of E and H at arrays of sites

Frequency range 10 KHz to .0001 Hz (0.0001 s to
10000 s)

Ratio of E / H used to derive resistivity structure of
sub-surface
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Investigation —Skin
Depth

3 concepts:
P PHYSICS OF MAGNETOTELLURIC EXPLORATION

i 1.Low Depth of penetration « aqrt{ period x resistivity)

frequencies 2

penetrate deeper Resistivity of ground « (%)

than high

frequencies
i 2.High

frequencies
image the near-

surface
ki 3.Signals
penetrate further 100 P - metrea
in resistive
material Supporte

. Period = 100 & Period=4s Period = 1726 &
et skin depth = 5000 m  skin depth = 1000 m skin depth = 100 m
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I High frequencies >1 Hz from Spherics, generated by
world-wide thunderstorms

i Low frequencies <1 Hz from Earth’s magnetic field
variations

-solar wind interactions

-variations with periods from seconds, minutes, hours,
days to yearly cycles (eg. micropulsations, bays, storms)

Earth—ionosphere  Solar wind-magnetosphere

waveguide interaction
1BP o8 ) i
f ]
1041 Dead Band: 10! Hz to 10! Hz; 0.1 to 10
] S
(A=) 1 /r- g2 107 | Little energy
] s - T3y 107 Skin depths 1.5 to 15 km, upper-middle
107 -~ 104 .
. / * crust
] 1051
—S_W ________ 108 I—‘I I l
1077 107" 1 10 T(s) Funded by the
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Impedance tensor

'l Measure two orthogonal components of electric
field and two orthogonal components of
magnetic field (usually north, x and east, y).

"l Apparent resistivity is determined from their
ratios. The magnetotelluric impedance tensor is
defined as:
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The extent of the attenuation depends on the angular frequency (w) and
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the electromagnetic properties (g, Y, o) of the medium.
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: - HO®
absorbtion coefficient d= T
Skin depth dS - |—— ~500. /pT
Lo
o Period[s] T
Resistivity p [ohmm]
0.0002 | 0.001 | 0.002 | 0.01 0.1 1 10 100
1 7 16 23 50 159 503 1592 5033
10 23 50 71 159 503 1592 5033 15915
50 50 113 159 356 | 1125 3559 11254 35588
100 71 159 225 503 | 1592 5033 15915 50329
500 159 356 503 | 1125 | 3559 11254 35588 112540
1000 225 503 712 | 1592 | 5033 15915 50329 159155
) 5000 1000 500 100 10 1 0.1 0.01
Skin depth [m]
Frequency [Hz] f
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Impedance tensor:

N

E H |:EX:| |:ZXXZXy:| |:HX:|
E=Z-H = :
- E, ZxZy | [Hy
1 2
Appatent resistivity P, = —‘Zij‘
LL®
ImM(Z. (o
phase ¢; (o) = arctg )
Re(zij ())
Geomagnetic induction vector (, tipper”): T

HX
CARLAN
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Field acquisition
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%0

Metronix GMS-06 MT measuring system
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Field array

nonpolarizing electrode

b cEoc, A
Registration
unit

X\
oS
induction coil \\\/v

Supported by

. ) ded by th
(EIt RawlMaterials ol

ACADEMY



Funded by the
European Union

RawlViaterials

Connecting matters

.‘X‘ 2©2]

ESEE

Time series
= .\Wwﬁmwﬂh NP PP b b

1.5354E+01,
4.3655 E+00,

= *““W WMMM
4.0726;00. w
48896 E+0 1

H, \W\/\/\»/\/\/\/\/\
-1. 7458 E+00]

1.6351E+01] " W
- ¥ . ; ! y
.W"\'w 'J""»" '/ \ x‘?"q V‘ ‘J\v “;y \ /‘ ‘s'l \‘. A 1\’ ."kk F 4 ﬁ\ ‘T‘l \ 'd
H Iy 1"1 y N, y My 4 hu g \ '3 LY e h, / \ F 4 % F m, v . Py p v
y . J " WA LN 4 N/ Y ! \ W LN K ;/' “ l; X Y
-2.2531E401. P LW L' \/ W 1 it W N o Ve W W
1.3891 E+01]
W P S Hn, Lt »ﬂﬁ h o, Wy At Py v
K 1 o / T Ul f y
H Q‘d / . Y f 4 ! Y ‘rP %\ W f\14 \ % o / ‘\ 1“" #’L { : \III J)'r ‘\

-1.7340E401, 0"4) ot ! ("w" ‘w‘y \w“/ ﬁ'w o ¥ g S L \

00 02 04 06 08 10 12 14 16 18 20 22 24
1dS [s]
* * Funded by the

N
et ) RawMaterials v+ .
ACADEMY




eit

Rawlv

L

Zxx; X=5509520.6, Y=169066

Zxy; X=5509520.6, Y=169066

i B "
£ 4 £ 4 1
o L (] L ]
= 3 o6& e = 34,@,,30 e e I
9”5l a9 *° i~ O | o, Tea 5
3 T BT 12 z ¥* @ arpragy B q
3 1%s F S 1} - %
g o 8o :
- 1 15 2 2.5 3 35 4 T original 1 1.5 2 2.5 3 35 4
log10(Period [sec]) I Cleaned log10(Period [sec])
Interpolated
. e - - - - : : T T T T T T
g 8o} g 2 g :
B 1001 1 B # ﬁﬂ E
g goof ¥ t -
- | ] - @g
% ’ ﬁ 40 n PEF
& -100 + x 9@:@*9‘3‘9’9’@@ @@ . & 20§@m J’ B
ppgzemee ©% © e | ] 0 } | | | | I | ¢
1 1.5 2 25 3 3.5 4 1 15 2 25 3 3.5 4
log10(Period [sec]) log10(Period [sec])
=5 Zyx; X=5509520.6, Y=169066 =5 Zyy; X=5509520.6, Y=169066
£ | ‘ ' | | B ' ' ' '
E 4+ o E 4+ 1
9. 3r E 2 3}
N ﬁmﬁﬁﬁe:@x@,@,@e@s eszaezes@,@!%m % o°
£ Byt £ =3
S 1f 1 3 1t §d PEEE G 318G+ ¢ %1»
3. % Jnul ErmB e '
- 1 15 2 2.5 3 3.5 4 Original 1 1.5 2 2.5 3 3.5 4
log10(Period [sec]) Cleaned log10(Period [sec])
1 Interpolated
-100 - 1 E
S ¥ E T S 100 $ —
B N 32 ,
@ ] o Of 1
9 140t ¥ 1 & s H§E
w
8 P emmE © 8 - #
£ 10t B E 1 & 100} & iﬁg ]
®
-180 : ; - . - ) ;
1 15 2 2.5 3 35 4 1 1.5 2 2.5 3 35 4
log10(Period [sec]) log10(Period [sec])
1 Tzx; X=5509520.6, Y=169066 " Tzy; X=5509520.6, Y=169066
051 0.5 1
= Tx B0 Egygp -
= ® %I%EE =
gt T B ) f TETT
% (EEWE TE = 0gmI=E m““hm Enxmmmmﬁﬁﬁ% oT 1
[} ]
= o | % o5} |
A ’ 2 . .
1 1.5 2 2.5 3 3.5 4 Original 1 1.5 2 2.5 3 3.5 4
log10(Period [sec]) Cleaned P log10(Period [sec])
I
1 . . ‘ . ; . , iterpoledl , . : ; : ,
E =l = BE F @I%E | E >l FEEIEE W }: -
= ¢ L oEE Ty o P > |
e I I =R
— -05} E = -05¢t 1
1 1 i i i i I

1 1.5 2 2.5 3 3.5
log10(Period [sec])

1 15 2 2.5 3 35 4
log10(Period [sec])

R

2©2]

ESEE

75



2©21

i . Funded by the R
eit ) RawlVaterials - European Union .
Connecting matters

MT Forward modeling problem
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reg
W d = | ] A0)
-Zxx ny
Pk =
"Z=\z,. zZ

X yy
_ Wax
" W= [Vsz]

i E = EP + E@
w H=HP + H®

W E9(1;) = Gg[ao(E] = [[f,) G(r5lr)Aa(r) (EP(r) + E4(r)) dv

ok Ha(T)) — GH[AO-(r)E] = fffD G\H(ler)AO'(T) (Eb(r) + Ea(r)) dv
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Inversion techniques

'In Regularized Gauss-Newton (RGN) method

'l Tikhonov regularization
" P(0,¢c) = [[Wa(cA(o) — DI + al|S|[* » min
. G — [SO'] _ [D(O'_ 0-0)
S C — Co
o d —vector of data
o A —forward modeling operator based on integral equations
o W, — diagonal matrix of data weights, based on data variance
o a —regularization parameter
o 0y - vector of a reference conductivity model
O C,— 2 x 2 identity matrix, corresponding to no distortion case
o D —matrix of the finite difference first derivative operator
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Case studies
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2D Inversion
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Geological setting

' Neogene rocks

sedimentary hiatus (devonian, carboniferous—miocene)

i Paleozoic rocks

Outcrop in Szendré mountain
Hundreds of kms lateral moving
Greenschist facies dynamo-thermal metamorphism (Cretateous)
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"l originally 24 MT stations

'l Getting rid of 1 station (23 stations!)

" Frequency domain (0.1-100 Hz)

'l At least six values in each decade

i Inverting full impedance tensor

'l Number of total data values: 1514 (~23*19*4)
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Input parameters

'li Horizontal cell sizes (25*%25 m)

'l 84x76 cells horizontally (X*Y); 2.1x1.9 km area

'l Vertical cell sizes: logarithmically increasing with depth
'l 36 cells from the surface to 7090 m

'l Total number of cells: 84*76*36=229824

I Average resistivity halfspace: ~15 ohmm

'l Static shift: real distortion matrix

Other inversions
'l |nitial model: 1D layered, half space with larger resistivity values
'l no shift, coarser cell sizes
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5 RMS by station
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Vertical slices
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Horizontal slices (200-600 m depth)

;Hofizontal section Z-Depth=600 [m] Ohm-m
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Joint interpretation of geophysical ==

data

Satellite image of the Irota
exploration area, with a resistivity
obtained by 3D inversion in a
horizontal section at a depth of 550
meters. The pink-colored area
bounded by a blue dashed line on
the magnetic map reduced to the
pole indicates an anomaly greater
than 50 nT. The green solid line
delimits a gravitational anomaly
greater than 26 mGal. The red
triangle shows the MT stations, the
yellow circle shows the FV-1
borehole, and the yellow solid lines
show the Sze-1 and Sze-4 reflection
seismic profiles
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"l The application of RGN method for the 3D
inversion of MT data

'l The inverted model shows two low resistivity
anomalies, which can be interpreted in the
framework of local geological setting

" The extension of inversion domain in depth (Z)
can result better fit of low frequency domain

'l Extension of inversion domain horizontally as
well
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Geophysical exploration of sea
floor

(Kowalczyk and Lum, 2018)
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Seafloor
Massive Sulfide
(SMS) deposit

Magnetic inversion results of AUV magnetic data from the Solwara 1 deposit
of Nautilus Minerals. Bathymetry is shown as white contours and AUV
observation points as purple spheres. The green volumes are zones of reduced
magnetization inferred from a 3D inversion of the magnetic data.
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Bathymetry and apparent resistivity collected during an AUV-CSEM survey. Grid lines
are every 500 m. Water depth is about 1500 m. Note the strong conductivity anomalies
associated with the general zone of mineralized mounds. The multi-transmitter, multi-

frequency EM survey is amenable to 3D inversion to locate the burial depth and limits

of the conductive zones.
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Reid-Mahaffy test site (Ontario, CAN). Joint inversion with Gramian-based
structural constraints. The red arrow is easting, and the green arrow is
northing. The location of the borehole is shown by short white line. The yellow
cylinder on the borehole indicates the confirmed zone of mineralization.
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Inversion results for seismic, gravity and MT data recorded southeast of the Faroe Islands.
The area is characterized by thick basaltic flows associated with continental break-up
underlain by sediments accumulated during continental stretching. The two rows show the
results from separate inversions and adaptive joint inversion, respectively. The individual
inversion models show little resemblance, while the joint inversion result shows alternative
models, fitting all three data sets at the same time.
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Thank you for your attention!

Contact:

"l info@dim-esee.eu
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