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Why do we need to study this class?
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Why do we need to study this class?

Geophysics - Prosepecting.

“Imaging subsurface”

Unexploded Ordnance _
Mapping

Oil and gas M|n|ng
Environment

Forensics

Archeology
b Crustal studies

Engineerinag Groundwater



Why do we need to study this class?
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SCPY384 vs Geosciences & Env.
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Source: http://www.isgs.illinois.edu/achievements/september/map-geologic-cross-sections-across-mahomet-bedrock-valley-now-available



SCPY384 vs Geosciences & Env.

Magnetotelluric data

VxH=cE
V x E=wuH

o = o(x,y,z) is conductivity (inverse of resistivity p) distribution of the Earth.

Maxwell’s equation

V x E (0B) Faraday’s 1
x E=— araday’s I
@) araday’s law
oD
VxH=IJ]+ (D) Ampere’s law
(o)
V -D=p, Gauss’s law

V - B =0 Gauss’s lawfor magnetism

MT assumption

Plane wave / quasi-stationary approx.

E — E() . ei(WI-}-kr) aD
— =90
Jt

B = BO ) ei(wl-{—kr)

Constitutional relation

J = oE,
D = ¢E,
B = uH,

Intrinsic properties of the materials through which
the electromagnetic fields propagate

(pe)

VXE= —1wB V - E=-1"

V x H = 1yoE V- -B=0



SCPY384 vs Geosciences & Env.

Magnetotelluric survey
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Medical VS Geophysical

Similarities and Differences?
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Basic Principles

v All geophysical methods remotely sense a material property of the
Earth (e.g. seismic velocity, rock density, electrical resistivity,
magnetization etc)

v" Knowledge of these material properties must then be interpreted to
determine what rock type is present. Well log information is very
important in this task.

v" Geophysical methods can be divided into active and passive
techniques.

v In an active technique, it is necessary to generate a signal (e.g.
in seismic reflection surveying, sound waves are generated with
an explosion).

v In a passive technique a naturally occurring signal is detected
(e.g. the pull of gravity of a buried object)

v" Geophysical and geological studies complement one another.
Geologists are more effective with a basic knowledge of what
geophysics can and cannot resolve. (Similarly, many geophysicists
would benefit from a basic knowledge of geology).

Source: https://sites.ualberta.ca/~unsworth



Basic Principles

v' Geophysical imaging does not always give a unique
answer! Additional information is often needed to discriminate

between possible solutions (e.g. other geophysical surveys, knowledge

of local geology, well log information in the study area).
v" In geophysical prospecting, physics needed which equally with
mathematics and computer sciences.

SUMMARY OF GEOPHYSICAL EXPLORATION TECHNIQUES

Seismic exploration

Gravity exploration

Magnetic exploration

Quantity measured
in field survey

Travel times (t) and
amplitude of seismic waves

Gravitational force
on known mass (g)

Magnetic field (H)

rock

N

Property calculated Seismic velocity (v) Density (p) Magnetic susceptibility (k)
in data analysis Remnant magnetization (M)
" H
g
t=0 [ Y \ \ \ \
Si I! t g a n
urvey layou _.w/ VN
. \/;:ﬂection ! :'@f‘ ;
soil NN
rock salt

Common
applications

Depth to bedrock, geotechnical studies
Qil and gas exploration
Tectonic studies

Depth to bedrock
Mapping salt domes
Locating caves

Mapping landfill geometry
Tectonic studies

Locating metal drums and pipes
Mineral exploration

Depth to igneous basement
Archaeology

Tectonic studies

Source: https://sites.ualberta.ca/~unsworth
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Medical VS Geophysical

=?» Methods / Techniques

Spatial distribution

Subsurface Model

Exploration Techniques

(Physical properties)
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= Electrical resistivity ~ «u::::0o- w Electrical

= Magnetic susceptibility.., ,.‘::-_'_‘_‘_'.'..311“"- Electromagnetics
= Dielectric constant «~ ... = Gravity

e Density < « Magnetism

» Heat conductivity ««:cemsmvmmermmmrmmmmammmarasae: = Heat flow
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Basic Electrical Properties of Rocks

Electrical Current Flow

(a) Simple resistor in circuit
: : : : V
Ohm’s Law states that for a resistor, the resistance (in ohms), R 1s defined as R = 7

V' = voltage (volts); I = current flow (amps)

Ohm'sLaw-V =1IR

21



Basic Electrical Properties of Rocks

Electrical Current Flow

(b) Electric current flow in a finite volume

Ohm’s Law as written above describes a resistor, which has no dimensions. In
considering the flow of electric current in the Earth, we must consider the flow of electric
current in a finite volume. Consider a cylinder of length L and cross section A4 that carries
a current /

- J—

J = current density =

1
4

L
R = resistance of cylinder o L _A~
A A

where p 1s the electrical resistivity of the material (ohm-m). This 1s the resistance per
unit volume and is an inherent property of the material.

_ R4 If we were to examine two cylinders made of the same material, but with different
pP= L dimensions, they would have the same electrical resistivity, but different electrical
resistances.
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Basic Electrical Properties of Rocks

Electrical Current Flow

(¢) Electric current flow across a slab of material

Consider an electric current (/) flowing through a slab of material with resistivity, p and
cross-sectional area, 4

V+AV Applying Ohms Law
V
v . 7
area=A I
prx AV
A I
. . AV Ip
Rearranging gives — ==
gmg g Ax P
AX
. .o V
Taking limits av- E= Ip _ Jp
dx A
current = | Thus Ohms Law for a continuous medium can be written as J = o¢ E where E is the

electric field strength (Volts per m)
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Basic Electrical Properties of Rocks

Electrical Current Flow
(d) Charge carriers

Electric current will flow through a medium as charge carriers move under an applied
electric field (E). How 1s the resistivity (p) related to the number and type of charge
carrier? Consider current flow through a cylinder of length L and area 4.

----------

o o . o . \\‘
| ® & ® ® > |
® & ® & °
area, A I B

n = number of charge carriers per unit volume
g = the charge on each carrier



Basic Electrical Properties of Rocks

Electrical Current Flow
(d) Charge carriers

velocity
A

average drift |
velocity

» time

The ease with which the charge carrier can move is described by the mobility, g, which is
defined as the drift velocity per unit electric field = v/E

In a time A¢, the electric charges will move a distance Ax = vAr.
This corresponds to a volume of charge carriers = AvAt
The total charge leaving the cylinder 1s thus A4g = ngAvAt
.. A AvAL
By definition, the current, I = Xq = nqA1 = nqAv
4 4

25



Basic Electrical Properties of Rocks

Electrical Current Flow

(d) Charge carriers

Thus current density, J =

: : 1
By comparison with Ohms Law, we see that p=—

nqu

Thus a material will have a low electrical resistivity if it has many, highly mobile, charge
carriers.

If several types of charge carriers are present, then the contribution from each type must
be summed.

26



Basic Electrical Properties of Rocks

Electrical resistivity of pure elements and compounds

Several conduction mechanisms are possible in typical Earth materials. A list of some
minerals 1s given on Telford, page 285.

e clectronic conduction occurs in pure metals. Here the charge carriers are electrons and
their high mobility gives a very low resistivity ( <10 ohm-m)

e semi conduction occurs in minerals such as sulphides. Here the charge carriers are
electrons, 1ons or holes. Compared to metals, the mobility and number of charge
carriers are lower, and thus the resistivity is higher (typically 10~ to 10~ ohm-m).

This type of conduction occurs in igneous rocks and usually shows a temperature
dependence of the form (thermally activated)

E

p ekl

where T 1s the temperature in K, E 1s an activation energy and k is the Boltzmann
constant.

27



Basic Electrical Properties of Rocks

Electrical resistivity of pure elements and compounds

e Jonic conduction occurs in aqueous fluids or molten rocks. In this case the charge
carriers are ions that can move through the fluid. The figure below shows that
resistivity in brines decreases as the total dissolved solids (TDS) increases.

p=4.5TDS® (ohm-m)

Can you explain the shape of the curve?

Water Resistivity at 25°C(ohm.meters)
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Rw=
TDS “™™ - 451686

where

Rw is Water Resistivity
inohm.m (at 25°C)

TDS is Total Dissolved

Solids in g/tre

Eit Results

Equation

Y = pow(X, -0.854387)

‘451686

Number of data points
used = 17611

Coef of determination
R-squared = 0.851315
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Basic Electrical Properties of Rocks

Electrical resistivity of multiphase materials

Pure materials are rarely found in the Earth and most rocks are a mixture of two or more
phases (solid, liquid or gas). Thus to calculate the overall electrical resistivity of a rock,
we must consider the individual resistivities and then compute the overall electrical
resistivity. Consider a sandstone saturated with salt water. The grains are quartzite and
have a high resistivity (> 1000 ohm-m).

In contrast, the pore fluid 1s conductive (~1 ohm-m).

To compute the overall electrical resistivity, we must consider current flow through each
phase. However, given the much higher resistivity of the grains, most current will flow
through the water, with ions as the charge carriers.

29



Basic Electrical Properties of Rocks

Electrical resistivity of multiphase materials

An empirical formula was developed for this scenario by Gus Archie in 1942. Archie’s
Law states that the resistivity of a completely saturated whole rock (p,) is given by

Po g
P
where F 1s called the formation factor, py is the resistivity of the pore fluid (water) and
@ 1s the porosity. On a log-log plot of p, as a function of @, a straight line should result
with slope —m. This exponent m termed the cementation factor. Typical values include:

1.8-2.0 for consolidated sandstones to 1.3 for unconsolidated sands. The graph on the
right is taken from Archie (1942) from Nacatoch sand from Lousiana. What is the value
of m for this set of samples?

What 1s the difference between permeability and porosity? Are they correlated?

30



Basic Electrical Properties of Rocks

Electrical resistivity of multiphase materials

The exponent m is a constant termed the cementation factor. Typical values include:
1.8-2.0 for consolidated sandstones to 1.3 for unconsolidated sands. The following plots
show theoretical results when py = 1 ohm-m.

31



Basic Electrical Properties of Rocks

Electrical resistivity of multiphase materials

Physical interpretation of the cementation factor, m
Fluid in spherical pores m =2 Fluid in ellipsoidal pores m =1

Porosity
~10%

Porosity
~30%

Note that the elongated pores will connect to form an interconnected electrical network at
a lower porosity than the spherical pores. Is the permeability of the two cases different?

The above discussion shows that the resistivity of a fluid saturated rock depends on the
amount of fluid and it’s distribution (degree of interconnection).

32



Basic Electrical Properties of Rocks

Homework 1

A — Fluid in cracks parallel to electric current flow

The sample has 10% porosity. This fluid
geometry represents a parallel circuit,
and electric current can effectively
bypass the resistive rock grains and
travel through the sample entirely in the
conductive liquid.

1000 ohm-m

>

current flow

What is the overall resistivity of the cube?

33
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- =?» Methods / Techniques

~Rocks /

Subsurface Model

Wave velocity

Wave velocity (km/s)
0 1 2 3 4 5 6 7

B D1y sand

Source: https://opentextbc.ca/geology/chapter/9-1-
understanding-earth-through-seismology/
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Direct-current resistivity (DCR) method is a controlled-source electric
geophysical method of imaging the earth's subsurface. DCR is generally
used for a shallow application (< 1 km).

Ohm’s law:

Electrical resistivity:

R =Kp

K = measurement factor

Injecting | rocessin . }
, Apparent resistivit
{ Measuring V | 9 E ‘ PP Y (Pa)
Resistivity model
36




Injecting |
Measuring V

rocessin

g Apparent resistivity (p,)
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Inversion
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Least-square

Constrained
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DC Resistivity

Physics of the Earth and Planetary Interiors 215 (2013) 1-11

Contents lists available at SciVerse ScienceDirect

Physics of the Earth and Planetary Interiors

journal homepage: www.elsevier.com/locate/pepi

An efficient inversion for two-dimensional direct current resistivity surveys
based on the hybrid finite difference-finite element method

Chatchai Vachiratienchai, Weerachai Siripunvaraporn * O U R

ThEP Center, Commision on Higher Education, 328 Si Ayutthaya Road, Bangkok 10400, Thailand

Department of Physics, Faculty of Science, Mahidol University, Bangkok, Thailand

Computers & Geosciences 102 (2017) 100-108

Contents lists available at ScienceDirect

GEOSCIENCES

Computers & Geosciences

journal homepage: www.elsevier.com/locate/cageo

Case study

WSJointInv2D-MT-DCR: An efficient joint two-dimensional @ CrossMark
magnetotelluric and direct current resistivity inversion

Puwis Amatyakul”, Chatchai Vachiratienchai”’, Weerachai Siripunvaraporn®*

2 Department of Physics, Faculty of Science, Mahidol University, 272 Rama 6 Rd., Rachatawee, Bangkok 10400, Thailand
b Curl-E Geophysics Co. Ltd., 85/87 M. Nantawan Utthayan-Aksa Rd., Salaya, Phutthamonthon, Nakornpathom 73170, Thailand




DC Resistivity
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RMS : .2938722044837885
-5.1278834418900715E-002 RMS: .3795272298377794

0.14271871085301172 RMS : -2819379945093503
3 , RMS Misfit: .2819379945093503

RMS Misfit: 1.28194 OUR

Full Sensitivity:

CmJkT :
GrammN (Jk*CmJkT) :
d hat

1-> Searching lambda
! Lambda: -0.35728128914698831 : 0.85216529341331948

! Lambda: 0.14271871085301172 5 1.6685340842799503
! Lambda: 0.64271871085301169 5 2.8528382629029236
! Lambda: -0.23611380405935678 3 0.99338082083080226
! Iteration: 0.99338082083080226

Resistivity [Ohm-m]

Data Information

1097 1202 1316 1442 1579 1730 1894 2075
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DC Resistivity
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1D, 2D and 3D .
Time-lapse
tomography

Ore deposit/ Monitoring
groundwater

Incorporate with petrophysical property

o = owd"S,, = oW F
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3-D DCR, Aydin (Turkey)
Source: Drahor et al., (2006)
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Fig. 5. Geological map of the Soke landslide area in the district of Aydin (Turkey) with location of measurement profiles. 3D fence diagram of the resistivity sections carried out on the

landslide (redrawn from Drahor et al., (2006)).
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between 2D ERT and the seismic refraction tomography carried out along the profile 1 (redrawn from Goktiirkler et al., (2008)).
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Geophysics - Prospecting

Geophysical exploration reveals subsurface image.

Electrical resistivity and seismic velocity directly links to

ore deposition / ground water /etc.

v" Geophysical model can be related with petrophysical
properties.

v Integrated geophysical explorations is required to reduce
interpretation ambiguity.

v' Explorations can be designed according to the purpose of

the studies (structural delineation and monitoring)

AN
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Homework 2

SUMMARY OF GEOPHYSICAL EXPLORATION TECHNIQUES

DC Resistivity

Fill the table below for DC resistivity exploration

Seismic exploration

Gravity exploration

Magnetic exploration

DC resistivity exploration

Quantity measured
in field survey

Travel times (t) and
amplitude of seismic waves

Gravitational force
on known mass (g)

Magnetic field (H)

rock

Property calculated Seismic velocity (v) Density (p) Magnetic susceptibility (k)
in data analysis Remnant magnetization (M)
g H
g
] ' : N 2
Survey layout _.\refraiti_cm/ S' ‘
. \/ﬂecﬁon it :'@) i
soil Y& -
rock salt NS

Common
applications

Depth to bedrock, geotechnical studies
Qil and gas exploration
Tectonic studies

Depth to bedrock
Mapping salt domes
Locating caves

Mapping landfill geometry
Tectonic studies

Locating metal drums and pipes
Mineral exploration

Depth to igneous basement
Archaeology

Tectonic studies
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Next Class

Geophysical Workflow

Method / Fundamental
(governing physics)

Instrument Data Modeling/inver
Processing sion
v' Sensor v’ Signal v' Math. v Geological
v Raw data processing optimization model
v" Noise v" Physical model

v" Processed data 1D/2D and 3D
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End of L01
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