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Workshop outline

1) Brief introduction to the resistivity method.

2) Progress of electrical methods 1920s to 2010s,
from 1-D to 4-D

3) 2-D surveys, data and inversion
4) 3-D surveys, data and inversion
5) 4-D surveys, data and inversion

Special Topics (own reading)
1). Model reliability
2). Banding effects in 3-D surveys



Part 1

Brief introduction to resistivity surveys.
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Overview of geophysical exploration methods

Geophysical methods measure some physical (physics) property of
materials within the earth (geo). The physical property is related to
the geological structures that are of interest.

Seismic — speed of P and S waves (elastic properties and density).
Electromagnetic, GPR — electrical and magnetic properties.
Magnetic — magnetic properties (magnetite)

Gravity — density

Electrical — electrical properties

There must be a change (contrast) in the physical property of the
soils/rocks for the geophysical method to be used. The seismic and
electrical methods are widely used by small survey companies.
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The electrical method — Ohm’s Law

The electrical method measures the resistivity of soils and rocks. The
basic physical law used is Ohm’s Law. Ohm’s Law gives the
relationship between the voltage (V), current (I) and resistance (R). It
is given by

V=RI

This form of Ohm’s Law is for a current flow in an electrical circuit
through a resistor. However, in a field survey the current flows
through a continuous 3-D medium.

How we wish geophysics
worked...

How geophysics actually
works...
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Resistivity measurements in a laboratory

In a laboratory, the resistivity of a material p can be determined from
the resistance R between two opposite faces of a prism cut out of
that material. Each face has surface area A, and the two faces are
separated by distance /. Then p=RA /I

The unit of resistivity is ohm.meter (Q2.m).

Sometimes the conductivity, s, which is the y p

reciprocal of the resistivity is used. v

s=1/p N 7
A common unit used for conductivity is /I
milliSeimen/cm (mS/cm). R -1
Resistivity is a basic property of the material, P=RA/I

similar to density and elastic parameters.



Ohm'’s Law in geophysics

In the earth, the current does not pass through a single resistor, but
spreads out in all directions. The equation for Ohm’s Law for current

flow through a continuous medium is given by

-V { : Vdi(x,y,z)} =1
pP(x,y,z)

p is the resistivity of the medium, ¢ is the potential due to a current
source /.
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Electrical potential for a homogeneous medium

In a homogeneous half-space with resistivity p, the potential ¢ due to
a single current electrode | has a simple form

d=Ip/2na

where ‘@’ is the distance between the current and potential
electrodes.
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Electrical potentials due to point current sources

In practice, positive (+l) and negative (-1) current sources are used.
The voltage difference between two potential electrodes (P1,P2) is
measured. From the current (I) and potential difference (AV)
measurements, an apparent resistivity value is calculated. The
apparent resistivity value p, is calculated as

p.=k AV /I=kR

k = geometric factor, R = resistance
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Apparent resistivity

The apparent resistivity value p, calculated by
p,=k AV /I=kR

is only equal to the true resistivity for a homogeneous medium. The
relationship between the apparent resistivity and the true resistivity
is complex for a general non-homogeneous medium, as in all cases
for measurements in the earth.
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Electrical field survey measurements

In a field survey, the resistivity of the subsurface is measured by
passing a current through the ground. Four metal electrodes are
planted into the ground. An electric current (10 mA to 1 A) is injected
into the ground using electrodes C, and C,. The resulting voltage
difference at two points on the ground surface is measured using two
electrodes, P, and P,. Changes in the ground resistivity will cause
deviations in the current flow and the resulting measured voltage
difference AV.
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Current flow in the earth - electrolytic
Electric current flows in the earth through two main methods,
electrolytic and electronic conduction.

The most common method is electrolytic conduction where the
current flow is via the movement of ions in groundwater. Changes in
the ground fluid content causes changes in the electrical conductivity.
This could be due to changes in the porosity (space between the solid
matrix), or nature of the fluid (water with dissolved minerals,
hydrocarbons), or solid matrix (sand to clay).
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Current flow in the earth - electronic

In electronic conduction, the current flow is via free electrons, such
as in metals. Electronic conduction is important when conductive
minerals are present, such metallic sulfides and graphite in mineral
exploration surveys. In environmental and engineering surveys
industrial metals (such as pipes and scrap metals) show a distinct low
resistivity anomaly.
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Electrical properties of rocks and soils

The resistivity of a soil or rock depends on the nature of the solid
matrix, porosity and pore fluid. Except for conductive minerals
(sulfides, graphite, clay, etc) the main effect is the pore fluid (usually
water). As a general rule, igneous/metamorphic rocks have the
highest resistivity, followed by sedimentary rocks and soils.

Resistivity values of
geological materials
have a large range,
from millions of (2.m
for dry hard-rocks, to
less than 1 Q.m for
saline water and
conductive minerals.

This makes the
resistivity method a
versatile tool.
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Electrical properties of water and sediments

The resistivity of groundwater depends mainly on the concentration
of dissolved salts. Fresh groundwater has a resistivity of 10 to 100
Q).m. Seawater has a resistivity of about 0.2 2.m. Brackish water has
a resistivity of about 1 to 10 Q.m. The resistivity of sediments/soils
depends on the porosity, fluid and clay content, with most values
ranging from 10 to 1000 QQ.m. Resistivity decreases with increasing
clay content. Clays have resistivity of 1 to 10 Q2.m. For clay free rocks
and sediments, the electrical conduction is mainly through the fluids
in the pores of the soil or rock.




Electrical properties of sedimentary rocks

The resistivity of sedimentary rocks is generally higher than
comparable sediments due to compaction and lithification that
reduces the porosity in the rocks (A=gravel, B=conglomerate).
Resistivity values are usually between 10 to 1000 €2.m. For clastic
rocks, the resistivity largely depends on the porosity and the
resistivity of the fluids within the pores. The lower resistivity values
of shale and marls are due to the clay minerals content.

Limestone
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Electrical properties of sediments and sedimentary rocks

For clay free soils or rocks, the relationship between resistivity and
porosity is given by Archie'sLaw. p.=ap, ¢ ™

p,=rock resistivity, p, = fluid resistivity, a=1, m= 2

¢ = fraction of the rock filled with fluid

The resistivity of the pore
fluid varies from 10 to 100 //%
Q-m for fresh groundwater, *///A
and as low as 0.2 Q-m for D /////
seawater. // //?//////////‘I/////////
e // 555’ ,,,////,,, ,
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Electrical properties of metamorphic and igneous rocks

Igneous and metamorphic rocks usually have high resistivity values of
over 1000 Q-m. The resistivity of these rocks is greatly dependent on
the degree of fracturing and weathering, and the percentage of the
fractures filled with ground water. A given rock type can have a large
range of resistivity, from about 1000 to 10 million 2-m, depending on
whether it is wet or dry. In areas with hard bedrock, aquifers are
frequently found in the weathering zones associated with fractures or
faults which can be mapped by resistivity surveys.

Granite Marble with fractures




Electrical properties of metallic mineral ores

Metallic sulfides (such as pyrrhotite, galena and pyrite) have typically
low resistivity values of less than 1 Q2-m. The resistivity value of a
particular ore body can differ greatly from the resistivity of the
individual crystals. Other factors, such as the nature of the ore body
(massive or disseminated) have a significant effect. I.P.
measurements are frequently made together with the resistivity
measurements in mineral exploration surveys, particular for

disseminated minerals.
Copper ore Galena ore




Electrical properties of metals and chemicals
Metals, such as iron, have extremely low resistivity values.

Soluble chemicals that are strong electrolytes, such as potassium
chloride and sodium chloride, can greatly reduce the resistivity of
ground water to less than 10 (2-m even at fairly low concentrations.

ERT surveys are widely used in landfill surveys, such as in mapping
low resistivity leachate plumes.




Electrical properties of natural hydrocarbons

Hydrocarbons typically have very high resistivity values. The effect of
the hydrocarbons depends on its concentration. Natural occurrences,
such as near surface seepage from reservoir or tar sands, can have
very high concentrations. Hydrocarbon-bearing oil sands have a
significantly higher resistivity so electrical imaging surveys are widely
used in its exploration.

Oil shale Oil sands




Electrical properties of industrial hydrocarbons

The effect of industrial hydrocarbons leakage depends on the
concentration. New leakages at high concentrations might appear as
high resistivity zones. If the percentage of hydrocarbons from the
spillage is small, it might not have a significant effect on the bulk
resistivity.

In some areas, alteration of insoluble organic compounds by bacteria
over time can produce chemicals that lower the soil resistivity.




Part 2

Progress of electrical methods, from
1910s to 2010s, from 1-D to 4-D



Progress of the electrical
method : 1910s to 2010s

1910s to 1980s : 1-D. Sounding and

erse Hodel Re ty Secti Unit electrode sp g B.58 m

profiling surveys using 4 electrode -25%-5.,5-,9-230--1..,3-58.,.,--165-325-

Resistivity i

resistivity meters.

1990s : 2-D. Major change with multi-
electrode systems. Widespread use,
more realistic images.

2000s : 3-D. Multi-channel meters. Dense
areal data coverage. Mineral exploration
with offset pole-dipole layouts. Able to
resolve complex mineral systems.
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2010s : 4-D. Environmental monitoring
(landslides, aquifers, landfills). Remote
systems with wireless control.
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1910s to 1980s : 1-D resistivity method

1-D sounding surveys carry out measurements
with different spacings between electrodes
but with a common center. The data is usually

plotted as a sounding curve.

Assume a simplified mathematical model for
the subsurface that consists of horizontal

layers.
Correlate model

geology.

properties
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Example of 1-D inversion

The interpretation of data from 1-D sounding surveys can be
automatically done using an inversion program. The user enters the
data (apparent resistivity values and electrode spacings), together
with a starting model (number of layers with estimated thickness and
resistivity). The program then automatically adjust the thickness and
resistivity of the layers until the calculated apparent resistivity values
are ‘close’ to the measured values.

Otset Wenner data set
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Traditional 1-D profiling surveys

The distances between the electrodes are kept fixed, and the
electrodes are moved along the survey line. The data interpretation
for profiling surveys was mainly qualitative using profile plots. They
illustrate qualitatively the change of resistivity with horizontal
distance but gives no depth resolution.
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Profiling survey with the OhmMapper Capacitively Coupled
Resistivity System, Geometrics



Limitations of 1-D surveys

Traditional resistivity sounding surveys only give a 1-D picture of the
subsurface, which is probably too simple in many cases.

Sounding 1-D Model Real Situation

1-D models are probably too inaccurate for most areas where there
are significant lateral and vertical variations.

This method is still used for extremely deep aquifers and in many
developing parts of the world where access to multi-electrode
resistivity meter systems is limited.



1990s : 2-D electrical imaging surveys

The 1990s saw a rapid growth in 2-D surveys driven by availability of
multi-electrode instruments, fast PCs and automatic inversion
software. A computer control program automatically selects the
appropriate 4 electrodes for each measurement to give a 2-D
coverage of the subsurface. A large variety of arrays and survey
arrangements can be used with such a system.
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2-D survey example - Groundwater

Since the mid-1990s 2-D surveys have become a ‘standard’
geophysical tool for small companies in the hydrological,
environmental and engineering sectors. It has enabled the mapping
of complex structures previously not possible with 1-D surveys.
Together with seismic surveys, 2-D ERT surveys are now offered by
most small geophysical survey companies particularly for
groundwater related problems.

Below is an example of a survey to map fractures filled with
groundwater in a hard-rock environment in the Blue Ridge mountain
area in eastern USA.




2000s : 3-D surveys

All geological structures are 3-D in nature. For very complex
structures, a 3-D resistivity survey and inversion model is required
for accurate results. 3-D surveys are not as commonly carried out as
2-D surveys, mainly due higher costs. Recent developments in

instrumentation and field techniques have reduced the costs.

The mineral exploration industry was one of the early users of 3-D
surveys. The data used was collated from previous 2-D surveys, or
measured using new survey protocols such as the offset pole-dipole

or dipole-dipole arrays, or the new ‘distributed arrays’.
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3-D survey example — mineral exploration

Copper hill is the oldest copper mine in NSW, Australia dating back to
1845. Gold and copper are found in structurally controlled fractures
and quartz veins. However, due to the complex geology, large
differences in ore grades were found in drill-holes that were less than
200 m apart. In the late 1990s, a 3-D I.P. survey was conducted using
the offset pole-dipole layout. The I.P. model shows 2 en-echelon N-S
and E-W trends forming an annular zone of high chargeability. The
high model I.P. anomalies agrees well with mineralized zones in
existing drill-holes.

672000E 674000E 676000E Copper Hill
Resistivity 30, 100, 1000 30000hm-}mﬁ

» Copper Hill
L enrt Chargeability 35, 45mSec

6342000N

©6340000N

Resistivity Model. Red low to blue high resistivity. the green and
blue areas are coincident with the volcanics.

3D Chargeability IP model of Copper Hill with sensitivity
controlling the colour saturation.

[ Fairbridge Volcanics




2010s : 4-D surveys

Time-lapse surveys are used to detect changes with time to monitor
flow of fluids, possible landslides, landfill changes, leakage from
dams. Below is a landslide monitoring example from Austria that
shows resistivity change after 1.5 years.
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Part 3

2-D surveys, data and inversion

How 2-D surveys are carried out, the models used,
inversion and interpretation.
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What is a 2-D electrical imaging survey?

A 2-D imaging survey is usually carried out with a computer
controlled resistivity meter system connected to a multi-electrode
cable system. The control software automatically selects the
appropriate four electrodes for each measurement to give a 2-D
coverage of the subsurface. A large variety of arrays and survey
arrangements can be used with such a system.
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2-D imaging survey - instrumentation

At present, field techniques and equipment to carry out 2-D
resistivity surveys are fairly well developed. Commercial multi-
electrode systems typically costs from about US$12,000 to $100,000.
The more expensive systems support multi-channel measurements,
and I.P. readings.

To obtain a good 2-D picture of the subsurface, the coverage of the
measurements must be 2-D as well. The figure shows a sequence of
measurements for the Wenner electrode array for a system with 20
electrodes where all the possible spacings from 1a to 6a are
measured across the line.




2-D surveys - typical multi-electrode systems

Two of the most widely used ‘high-end’ systems are the Abem
Terrameter and Iris Syscal systems. Many system has a ‘center-spread’
arrangement using two cables with take-outs attached to the main
resistivity meter placed at the center. The systems can have 24 to 256
electrodes, but 32 is probably the practical minimum. One common
system is the Abem SAS and LS series that uses a time-domain I.P.
measuring system. The Abem SAS4000 system is an example that uses
a 4-cable system. In a 2-D survey, the cables are laid out along a
straight line, and an internal computer automatically selects the
electrodes for each measurement using a control file provided.
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Prosys system by Iris Instruments

Another example is the Syscal series by Iris Instrument that uses
cable segments each with 12 electrodes. Systems come with 48 to
128 electrodes. This is one of the more powerful battery based
systems. The multielectrode cable system has been used with node
spacings of up to 20 m for surveys up to about 300 m deep.

The SYSCAL Pro Switch units use segments SYSCAL Pro Z
(seg) of multi-core cable which are reversible ‘Switch 48 §
and interchangeable. multi-electrode [

equipment
10m spacing £

For instance, the SYSCAL Pro Switch 48 with
10m spacing has 4 segments of cable a, b, ¢,
d, with 12 electrodes each, for a total line
length of 480m. The SYSCAL is placed in the
middle of the line, between segments b and c. 1 1213 24 25 36 37 48

If the profile to measure is longer than the line CoTToSmm T T TS
length, a ROLL ALONG technique can be : syscAL || syscaL
applied where, after a first set of readings with : station 1 || station 2
(a, b, c, d), segment a is placed after segment : ab,c.d b.,c.d.a
d to form a new (b, ¢, d, a) combination etc. I l l

|

segment a segmentb” segmentc ' segment d

-+ - mmm———— -

SYSCAL Pro Switch 48 72 96 120 segment t:-TI segment ¢ segment d / segment a
5m spacing 2seg x 24 elect | 4 seg x 18 elect | 6 seg x 16 elect | 12 seg x 10 elect MAIN
: SEQUENCE
total line length 240m 360m 480m 600m
10m spacing dsegx12elect | 8segx9elect | 12segx 8 elect | 24 seg x5 elect
total line length 480m 720m 960m 1 200m




Other multi-electrode systems
There are many other commercial multi-electrode systems :- GF

Instruments, Lippmann, Pasi Geophysics, Allied Associates, Siber, ZZ,
Geomative, Langeo etc. A typical system has a central control box and

multi-electrode cables. Some systems such as by Pasi, have both
seismic and resistivity functions.

RN A
Lippmann (Germany)

SibER-48 & SIbER-64

\

¥

Siber (Russia)

.Geomative (China)

Polares (Italy)



More powerful and expensive systems

For deeper surveys using larger spacings, separate current and
potential measurement units are used. The current source is usually a
petrol generator that can produce high currents of up to about 10
Amps, commonly used in I.P. mineral surveys. Example systems are
the Iris Elrec and Full-Waver, Quantec Geoscience Titan, GDD and
Scintrex IPR-12 system. They are used for survey depths up to about
500 to 1000 m for mineral exploration. '

Dipole-Dipole array with ELREC-6 receiver




Mobile systems

The Geometrics OhmMapper uses a
capacitively coupled system that does
not require direct ground contact, such
as on roads or concrete floors. This
system can cover a large area in a short
time, but has a more limited depth
penetration (3-15m).

Geometrics (USA)
. OhmMapper : dipole-dipole array

0 50 100 150 200 250 (m)
Conventional resistivity meter : pole-pole array

500. 00

350. 00
200. 00

50. 00
[ohm-m]

Survey lines on levee (Kokai river, Japan)

0 50 100 150 200 250 (m)
Oyo Corporation (Japan) and Geometrics, Inc (USA)



More mobile 2-D surveys - aquatic systems

Surveys have also been carried out a areas covered by water. A boat
pulls a cable with a number of nodes. Two of the nodes are used as
current electrodes while the rest are used as potential electrodes.
There are now several multi-channel marine systems available,
complete with GPS and software on a laptop that controls a
resistivity-meter that takes readings automatically. Surveys have also
been carried out with the electrodes floating on the surface, dragged
along the bottom, or suspended between the water surface and
bottom.




Example of commercial water survey system

Below is an example with the Syscal system with PC and GPS together
with a streamer using graphite electrodes used for a water-borne
survey. Note the cable tends to bend due to water currents.

SYSCAL Pro for river and sea survey

DYNAMIC ACQUISITION P11 P9 B P5 B3 B 1 c2 P2 P4 PG P8 P10 SYSCAL

for RIVER & SEA SURVEYS

® The SYSCAL Pro can be used
with a specific cable pulled on the
surface of water (lake, river or
sea) by a light boat, for a
continuous acquisition of
resistivity readings.

® The cable features 13 cylindrical
graphite electrodes (4cm
diameter, 10cm length) at 5m
spacing:
- 2 for transmitting the current,
- 11 for simultaneously measuring

ten potential channels.

® A PC continuously records the 10
resistivity / IP values and the GPS
data, displays profiles in real time

® GPS track Vvizualisation on
Google Earth

® Recommended electrode array:
reciprocal Wenner Schlumberger

® Penetration depth: about 15m
with a 100m total length cable

® Acquisition speed: typ. 3km/h

cable with = /48
graphite |

om " “:.

10m-

20m ..

30m.,,

|,_,| spacing

interpreted
resistivity
section

electrode float

Current

electrode of

1 stainless steel SYSCAL Pro
el e vipol:l Desp Marine

SYSCAL Pro Deep Marine is a SYSCAL

Pro dedicated to measurement in sea water:

e with outputs of 50V, 50A, 2500W

® for higher penetration

e for higher speed (up to 10km/h)

¢ with reciprocal Wenner-Schlumb & dip-dip

It uses the same graphite electrode cable as the
SYSCAL Pro for the measurement of the
potential, but stainless steel electrodes for the
current (5¢cm diameter, 30cm length)

It can be used with a cable of 25m spacing
between electrodes (total cable length 350m),
for a depth of penetration of about 60m




Presentation of 2-D survey data

The pseudosection plotting method
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Pseudosection data plotting method

To plot the data from a 2-D imaging survey, the pseudosection
contouring method is normally used. The horizontal location of the
point is placed at the mid-point of the set of electrodes used to make
that measurement. The vertical location of the plotting point is
placed at the median depth of investigation of the array used. For
example, the data point measured by electrodes 1, 2, 3 and 4 are
plotted at the mid-point between electrodes 2 and 3 in the diagram
below.
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Pseudosection data plotting method - usage

The pseudosection gives a very
rough picture of the true
subsurface resistivity structures,
as the shapes of the contours
depend on the type of array
used as well as the true
subsurface resistivity.

The pseudosection is useful as a
means to present the measured
apparent resistivity values in a
pictorial form, and as an initial
guide for further quantitative
interpretation.
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Pseudosection data plotting method - limitations

The figure also gives you an idea
of the data coverage that can be
obtained with different arrays.
The pole-pole array gives the
widest horizontal coverage,
while the coverage obtained by

the Wenner array decreases '

more rapidly with increasing
electrode spacing.

One useful practical application
of the pseudosection plot is for
picking out bad apparent
resistivity data points, which
have unusually high or low
values.
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Example of a typical pseudosection

The pseudosection plot normally shows smoothly changing contours,
particularly when a ‘conventional’ array is used, such as the Wenner
array in the example below. There is a large variation of about 100

times in the apparent resistivity values, but they change in a smooth
manner across the section.

If there are sudden jumps in the apparent resistivity values, it is
usually an indication of bad data.

Old tar works leacheate survey

Measured Apparent Resistivity Pseudosection
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Using the pseudosection to identify bad data points

Bad data points fall into two broad categories, i.e. “systematic” and
“random” noise. Systematic noise is usually caused by some sort of
failure during the survey, and some of the apparent resistivity values
are much higher or lower than other readings. Random noise include
effects such telluric currents that affects all the readings, and the
readings to be slightly lower or higher.

The pseudosection plot below two areas with unusually high values
compared to neighboring points.
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Methods to remove bad data points

Before carrying out the inversion, you should first take a look at the
data as a pseudosection plot or a profile plot. This option is possible
for surveys carried out with one of the standard arrays, such as
Wenner, Schlumberger, dipole-dipole, pole-dipole and gradient.

The bad data points with “systematic” noise show up as spots with
unusually low or high values in the pseudosection, such as the
example below. Note a few points with very high resistivity values
which are bad data points. They are probably caused by equipment
problems rather than random background noise.

GRUNDF1 .DAT
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Method to remove bad data points before inversion

One method is to remove the bad data points manually, particular if
there only a small number of bad data points, is to plot the data as
profiles. The bad data points are usually much higher or lower than
the other data points. The bad data points can be removed by clicking
them with the mouse within the Res2dinvx64 program.

Elec. spac.
P ? Bad data points
5.0-

10.0- 1
15.0-
20.0-
30.0-

40.0-

60.0-

80.0-

100.0-

120.0-

+Measured data + Removed data



2-D forward modeling

The finite-difference and

finite-element methods



2-D forward modeling

In the inversion of a data set, it is necessary to calculate the apparent
resistivity values for the model used - this is the forward modeling
problem. In forward modeling, the subsurface resistivity distribution
is specified and the purpose is to calculate the apparent resistivity
that would be measured by a survey over such a structure. The 2-D
subsurface is divided into many cells, and the finite-difference or
finite-element method is used to calculate the apparent resistivity

values Ps.2 Block Model {Wenner Beta array)
O .

Apparent Resistivity Pseudosection
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The finite-difference and finite-element methods
Both methods solve the following Poisson’s equation :-

—v{ 1 V@(x,y,z)}zlc

p(x,y)

I is the current and pfx,y) is the resistivity. @(x,y,z) is the potential at
the nodes that is to be calculated. The subsurface is divided into a
large number of cells and each model cell can have a different
resistivity value.
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Finite-difference/element methods - usage

: V®@JJ4=Q

p(x,y)

The finite-difference method is limited to rectangular grids. The
finite-element method can have non-rectangular cells and thus is
normally used when there is topography. The time taken by both
methods depend on the number of nodes (cells) in the mesh used.
The total number of nodes depend on the number of nodes in the
horizontal and vertical directions. Normally 2 or 4 horizontal nodes
are used between adjacent electrodes.
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The Poisson’s equation _v {
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2-D forward modeling program — applications

The forward modeling program is useful in the planning stage of the
survey, if some information about the shape and size of expected
targets is known.

By trying different arrays on the computer, we can avoid using an
array that is unsuitable for the detection of the structures of interest.
We can also have an idea of a suitable spacing between adjacent
electrodes to use, the maximum electrode separation and cable
length needed. rs

Block Model (Wenner Beta array)

Apparent Resistivity Pseudosection
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2-D forward modeling - example

Below is an example of pseudosections for different arrays over a
thin low resistivity dike. Note the Wenner Alpha and Schlumberger
arrays barely detects it, while the dipole-dipole and Wenner Beta
(dipole-dipole array with n=1) arrays show a clear anomaly. It also
shows up in the pole-dipole array pseudosection.

50 300 1000 Thin dike model
E I . sa 388 18088

Wenner Alpha Array
168

Ps.2
a.8 88.0 240 m.
12.8
17.9
23.0

Wenner-Schlumberger Array pe.z Wenner Beta Array
168 ) 168

Dipole-Dipole Array Pole-Dipole Array
168 2u8 n.Ps-Zg.0 80.8 168




Types of arrays used in 2-D surveys

Brief summary of common arrays
1). Wenner
2). Wenner-Schlumberger
3). Dipole-dipole
4). Pole-dipole
5). Pole-pole
6). Multiple gradient
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Array types for 2-D surveys

The multi-electrode systems can be programmed to use almost any
array. Most surveys use the Wenner (alpha), dipole-dipole, Wenner-
Schlumberger and pole-dipole array. A new addition for multi-
channel systems is the multiple gradient array, which is a non-
symmetrical form of the Schlumberger. The dipole-dipole and pole-
dipole arrays are also widely used with multi-channel systems.

Gradient array
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a). Wenner Alpha
C1 P1 P2 cC2
s a— 38— a— e a— 3
k=2x a
c). Wenner Gamma
C1 P1 cC2 P2
*——a rd B> a >0 a >0
k=3x a
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b]. Wenner Beta

cC2 C1 P1 P2
*c—a IeE—a—3ee—a— 3
k=6x a

d]. Fole - Pole

Cc1 P1
s—a—>e

k=2x a

Pole - Dipole
il

C1 P1 P2
se——NA—  3ac—a—3s

k=2xnin+1l)a

h) Equatorial Dipole - Dipole

C2 P2
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2D surveys - array types
Among the characteristics of an array that should be considered are

(i) the depth of investigation,

(ii) the sensitivity of the array to vertical and horizontal changes in the

subsurface resistivity,
(iii) the signal strength.

A new consideration is the
efficiency in which it can be

implemented for multi-
channel systems, i.e. the
number of simultaneous

readings that can be made
with a common pair of
current electrodes.
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Gradient array
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How to select an array? — Signal strength
The signal strength is an important factor in noisy areas, or when

large electrode spacings are used or for surveys in conductive areas.
The signal strength is inversely proportional to the geometric factor,
so it can be easily estimated. The Wenner (alpha) array has the
smallest geometric factor, and thus the highest signal strength. This
means surveys with the Wenner array are generally less noisy.

a). Wenner Alpha b). Wenner Beta
C1 P1 P2 cC2 cC2 C1 P1 P2
s{—a e a e a e *—a e a e a >
k=2x a k=6x a
c]. Wenner Gamma d). Pole - Pole
[ P1 C2 P2 C1 P1
sE——3a el R a > a cd "E—J—>8
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cz c1 P1 P2 c1 P1 P2

s{—a—ee——Na—  3eé—a— e
k=xn(n+1l)(n+2)a
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Cc1 P1 P2 c2
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-
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4 4
L L]
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Pole-pole array signal strength

The pole-pole array has the same geometric factor as the Wenner
(alpha) array but it has higher telluric noise due to the large distance
between the potential electrodes. In practice it might be difficult to
place the C2 and P2 electrodes at sufficiently far distances from the

Survey darea. a). Wenner Alpha b). Wenner Beta
C1 P1 P2 c2 cC2 cC1 P1 P2
—a 3£ a > £ a =2 s—a Y ¥ a 3£ a =1
k= 2x a k=6x a
c]. Wenner Gamma d). Pole - Pole
C1 P1 cz2 P2 cC1 P1
s—a > a »eg a > s a— 3w
k=3x a k=2x a
e). Dipole - Dipole f) Pole - Dipole
c2 C1 FP1 P2 C1 P1 P2
s —ad—3ef na >ef—a—3>w [T na 38 E—a—3 e
k=xn{n+1){n+t2)a k=2xn(n+l)a
h) Equatorial Dipole - Dipole
9)- Wenner - Schlumberger .EZ P2
C1 F1 P2 cz2 ,? b $
sf——NAd—I38i—a—F3eE——Na—>* a £ na »a
k=xni(n+tl)a ¥ ¥
C1 P1

b= na
k=2x bL/(L-b)
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Signal strength of other arrays

The geometric factor for the dipole-dipole array is proportional to n3,
thus dipole-dipole surveys tend to have the most noisy data. As a
general rule, the maximum ‘n’ value should not exceed 6.

The geometric factors for pole-dipole and Wenner-Schlumberger
arrays are proportional to n?, thus the signal strength is stronger than
the dipole-dipole but weaker than the Wenner.

° a). Wenner Alpha b). Wenner Beta
The signal strength for the o P Pz e 2 o m e
s —a— e —a— e —a— e s —a—Jei—a— e —a—3e
H H k=2 k=6
gradient array is between xe xe
c). Wenner Gamma d]. Pole - Pole
that of the Schlumberger and o e c2 e & e
o —a—e——a—>e—a—— e "E—a—>e
pole-dipole arrays. k=3x 2 k=2xa
e). Dipole - Dipole f] Pole - Dipole
C2 C1 P1 P2 C1 P1 P2
—a—ee——NA—— 3ee—a—e re——NA——ec—a—3e
k=xn(n+1)(n+2)a k=2xn(n+l)a
h Equatorial Dipole - Dipole
al- Wenner - Schlumberger ].[:2 P2
] cl P1 P2 c2 2 b 2
Gradient array e Na—ec-a-—Iec—na—3e a na a
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[ [.] I 8 g
A wm N B b=na
ha v ma k=2=x ]]L."I(L‘h)
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Depth of investigation and sensitivity

These characteristics can be determined from the sensitivity function
of the array for a homogeneous earth model. The sensitivity function
tells us the degree to which a change in the resistivity of a section of
the subsurface will influence the potential measured by the array.
The higher the value of the sensitivity function, the greater is the
influence of the subsurface region on the measurement. A current of
1 Amp injected into the ground through the C1 current electrode
results in a potential ¢ observed at the potential P1 electrode. If the
resistivity within a small volume (67) of the ground located at (x,y,z) is
changed by a small amount, dp, the change in the potential, Jg,
measured at P1 due to a current source at C1 is given by the equation
below. Sensitivity = d¢/ op

(0,0,0) {a,0,0)

o = 8—5_[ Vo Vo dr c1 P1
p '

%9
0p

1 xx—a)+ y* +2°
4n’ [xz +y7 + 22]1'5 [(x—ar)2 +y7 + .zz]]'5 o

= F(xy,z)=

(x.y,2)



Depth of investigation — the 1-D sensitivity function

In resistivity sounding surveys, it is well known as the separation
between the electrodes is increased, the array senses the resistivity
of increasingly deeper layers. One method to calculate the depth of
investigation is by using the 1-D version of the sensitivity function.
The sensitivity function for a thin horizontal layer is obtained by
integrating the 3-D sensitivity function in the x and y directions.

(0,0,0) (a,0,0) 9
C1 B z
it Fp (Z ) -

| | n (az +422)1'5

What is the effect
of a change in the
resistivity of a thin
layer on the
measured potential
on the surface?




1-D depth of investigation

) . . .. ) -
The 1-D sensitivity function is given by Fm(z’) == — =

r (a + 4z )1

The "median depth of investigation” of an array is the depth above
which the area under the sensitivity function curve is equal to half
the total area under the curve. The upper section of the earth above
the "median depth of investigation"” has the same influence on the
measured potential as the lower section. This is roughly how deep
we can see with an array, assuming the subsurface is homogeneous.

a). _Pole-pole array 1-D sensitivity function b). Wenner array 1-D sensitivity function
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depth of patio of depth to electrode spacing
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The depth of investigation of different arrays

can be easily calculated for
different arrays, as listed in the table below. The depths are given as
the ratio to the ‘@’ spacing or the total length ‘L’ of the array. To
calculate the actual depth of investigation, just multiply this ratio by
the ‘a’ spacing or ‘L’ length used in the field survey.

The "median depth of investigation®, z

Array z Ja
Wenner Alpha 0.519
Wenner Beta 0.416
Wenner Gamma 0.594
Dipole-dipole n=1 0.416
n=2 0.697
n=3 0.962
n=4 1.220
n=5 1.476
n=6 1.730
n=7 1.983
n=8 2.236
Pole-Pole 0.867

0.867

Array

Wenner - Schlumberger

Pole-dipole

n=1

>0 53 5 5 5 OS5 355 OS5 S
1 | | | | | Y | Y | N |
= O 00 N O O & WDN

50 5 5 OS5 35S 35S 3503
| [ | | | I | O | S | IO |

0 NO OB~ WDN A

z /a

0.519
0.925
1.318
1.706
2.093
2478
2.863
3.247
3.632
4.015

0.519
0.925
1.318
1.706
2.093
2.478
2.863
3.247

z /L

0.173
0.186
0.189
0.190
0.190
0.191
0.191
0.191
0.191
0.191

0.260
0.308
0.330
0.341
0.349
0.354
0.358
0.361



Comparison of the depth of investigation for arrays

The depth of investigation of the Wenner alpha array is about half
the ‘a’ spacing between the electrodes. The pole-pole array has the
deepest depth of investigation (excluding the distances to the C2 and
P2 electrodes). The ‘median depth of investigation’ for the dipole-
dipole array is probably an underestimate, due to the extreme form
of the shape of the sensitivity function (which we shall see next).
Note the depth of investigation for the Wenner and Schlumberger
arrays is about one-sixth the array length. Ay 2 /a z L

Wenner - Schlumberger

Array z Ja z JL n=1 0.519 0.173
Wenner Alpha 0.519 0.173 n= g ?-g?g 8-128
n= . :
Wenner Beta 0.416 0.139 n=4 1706 0.190
Wenner Gamma 0.594 0.198 n=5 2093 0.190
n==6 2.478 0.191
Dipole-dipole n= 0416 0.139 n=7 2.863 0.191
1 n=28 3.247 0.191
n = 0.697 0.174 n=9 3.632 0.191
2 n=10 4.015 0.191
n= 0962 0.192
3 Pole-dipole n=1 0.519 0.260
n = 1.220 0.203 n=2 0.925 0.308
4 n=3 1.318 0.330
n = 1.476 0.211 n=4 1.706 0.341
5 n=>5 2.093 0.349
n = 1.730 0.216 n=6 2.478 0.354
6 n=7 2.863 0.358
n= 1983 0.220 n=8 3.247 0.361



The 1-D and 2-D sensitivity functions
The plot of the 1-D sensitivity function shows that the sensitivity of

an array to the topmost layer is very small. The plot actually gives the
net contribution calculated by summing up the contribution for all x-
and y-values at the same depth, and the small value near the surface
is caused by the addition of large positive and negative sensitivity
values. The net contribution for the topmost layer is small only if the
ground is completely homogeneous. Below are plots of the Wenner
array sensitivity in 1-D and 2-D. There are actually regions with large
positive and negative values near the surface.

Wenner array 1-D sensitivity function Wenner array sensitivity section
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The 2-D sensitivity function

To study the effect of changes in the resistivity in the vertical and one
horizontal direction, the 2-D sensitivity function is used. This is
obtained by integrating the 3-D sensitivity function in the y-direction.
It is given by

1 ¢ x(x a)+y2+22

F (x,z)=
20(%.2) Am* _m[x + 3 +z]] [ 4+ +z ]]5

dy
that gives

o= 2 |ER)-8K G )yl + 82 )E(k)- 287K ()]
Fzg( ) Oti32 ( 2) (Cﬂ —B)

The equation involves elliptic integrals, and the details are given in
the Tutorial Notes. Here, we will just use it to explain the behavior of
the different arrays. It gives the effect of a section of the subsurface
that extends in the y-direction perpendicular to the survey line.




The Wenner alpha array : 2-D sensitivity

The plot of the 2-D sensitivity function shows that the sensitivity of
an array to 2-D structures at different (x,z) locations. This shows the
sensitivity of the array to different types of structures. The sensitivity
plot for this array has almost horizontal contours beneath the center
of the array. It is relatively sensitive to vertical changes in the
subsurface resistivity below the center of the array, but is less
sensitive to horizontal changes in the subsurface resistivity. The
Wenner is good in resolving vertical changes (horizontal structures),
but relatively poor in detecting horizontal changes (narrow vertical

Wenner array sensitivity section

structures). SOt e R
Depth
0.10
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0.30
0.40
0.50
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0.80
090
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Wenner array — depth of investigation and signal strength

The median depth of investigation for the Wenner Alpha array is
approximately 0.5 times the “a” spacing (or one-sixth the array
length) used, and this array has a moderate depth of investigation.

Among the common arrays, the Wenner array has the strongest
signal strength. This can be an important factor if the survey is carried
in areas with high background noise.

Wenner array sensitivity section
C1 P1 P2 Cc2

Depth
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
-1.00 -0.50 : : : : 2.00
Sensitivity

Values

(x 0.01)
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The Wenner-Schlumberger array

This is a combination of the Wenner and Schlumberger arrays. The
“n” factor for this array is the ratio of the distance between the C1-P1
(or P2-C2) electrodes to the spacing (“a”) between the P1-P2
potential pair.

The depth of investigation for this array is about 10% larger than that
for the Wenner array for the same array length for large "n" values.
The signal strength decreases with n?. It is weaker than the Wenner
array, but higher than the dipole-dipole and pole-dipole arrays.

a). Wenner b).Schlumberger
C1 P1 P2 C2 Cl1 P1 P2 C2
P Yy n-1 P Y ¥
a a a a a a
C1 P1 P2 c2 C1 P1 P2 c2
¥ Y ¥ ¥ m=2 ¥ v ¥ ¥
2a 2a 2a 2a a 2a
Cc1 P1 P2 c?2 C1 P1 P2 c2
¥ ¥ ¥ ¥ n=3_ y LR ¥
3a 3a 3a 3a a 3a
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1 Electrode + Datum point in pseudosection



The Wenner-Schlumberger array — sensitivity pattern
The figure shows the sensitivity ... e sy scons

Cc1 P1 P2 c2
Depth

0.10

pattern as the "n" factor is o=

0.30
0.40

increased from 1 (Wenner array) to =
6 (the Schlumberger array). The flat =
sensitivity pattern for low "n"
values means that this array is
moderately sensitive to horizontal
structures, and also to vertical
structures for high "n" wvalues .,

where the pattern is more vertical.

In areas where both types of
geological structures are expected,
this array might be a good
compromise between the Wenner
and the dipole-dipole arrays.
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The dipole-dipole array — arrangement

This array is widely used in I.P. surveys because of the low EM
coupling between the current and potential circuits. The spacing
between the C2-C1 (and P1-P2) electrodes is given as “a”. The “n”
factor is the ratio of the C1-P1 distance the dipole length “a”. For
surveys, the “a” spacing is initially kept fixed at the smallest unit
electrode spacing and the “n” factor is increased from 1 to 2 until
about 6 to increase the depth of investigation. Note the large
increase in the geometric k by 20 times when n increases from 1 to 4.

For n=6, k=336 1t a,
C C1 P1 P2

For n=8, k=720 T a, k=6ra |a | a la | n=1
: Cs C P2
or 120 times larger than k=247 a P f ” 1 l .
for n=1.
k:ﬁﬂnacizaci' 2a '1

P2

oy
C P
k=120Ta fa T Aa Ta fn=4
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The dipole-dipole array — arrangement

One disadvantage of this array is the low signal strength. It decreases
with the cube of the “n” factor. The voltage measured by the
resistivity meter drops by about 56 times when “n” is increased from
1 to 6. To overcome this problem, the “a” spacing between the C1-C2
(and P1-P2) dipole pair can be increased. The two different
arrangements for the dipole-dipole array with the same array length
but with different “a” and “n” factors. The signal strength of the array
with the smaller “n” factor is about 28 times stronger than the one
with the larger “n” factor.

Dipole-dipole ar ray
d ).
e, ¢ R

L' ? L'

a=1

b). (, C R

Y S A

"—M'U
W
non
-
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The dipole-dipole array — sensitivity pattern

The figure shows the sensitivity
sections for this array for "n" values
of 1 to 6. The largest sensitivity
values are generally located
between the C1-C2 dipole pair, and
also between the P1-P2 pair.

This means that this array is most
sensitive to resistivity changes
below each dipole pair.

Dipole-dipole array sensitivity sections
c2 c1 P1 P2

0.50




The dipole-dipole array — sensitivity pattern

As the "n" factor is increased, the
high sensitivity values become
increasingly more concentrated
beneath the C1-C2 and P1-P2
dipoles, while the sensitivity values
beneath the center of the array
between the C1-P1 electrodes
decreases.

For "n" values of greater than 2, the
sensitivity values at the
pseudosection data plotting point
becomes negligible. The sensitivity
contour pattern becomes almost
vertical for "n" values greater than
4.

Dipole-dipole array sensitivity sections
c2




The dipole-dipole array — sensitivity to structures

Dipole-dipole array sensitivity sections
c2 c1

Due to the almost vertical sensitivity
pattern, this array is very sensitive to
horizontal changes in resistivity, but
relatively insensitive to vertical
changes in the resistivity.

That means that it is good in mapping

vertical structures, such as dykes and =+ =
cavities, but poorer in mapping :
horizontal structures such as
sedimentary layers.




The dipole-dipole array — depth of investigation

Dipole-dipole array sensitivity sections
c2

The depth of investigation of this array
depends on both the “a” spacing and
the “n” factor. For “n” larger than 3,
the depth of investigation s
approximately 20% of the array length.

Due to the almost vertical pattern of
the sensitivity contours, the median :
depth of investigation might
underestimate the depth of structures
sensed by this array by about 20% to
30% for large “n” factors.




The pole-dipole array — electrode arrangement

The pole-dipole array is an asymmetrical array. It requires a remote
electrode (C2 electrode) that must be placed sufficiently far from the
survey line (at least 5 times the maximum C1-P1 distance used). Over
symmetrical structures the apparent resistivity anomalies in the
pseudosection are asymmetrical, which could influence the inversion
model. To remove the asymmetry, measurements are repeated with
the electrodes arranged in the reverse manner. By combining the
measurements with the “forward” and “reverse” pole-dipole arrays,
any bias in the model due to the asymmetrical nature of this array
would be removed. This will double the number of data points but it
is not a significant problem with multi-channel instruments.

a). Pole-dipole b). Reverse Pole-dipole
Cy R R_HR Cy
) Single block model l na i a i l a l na i
Pole-dipole array pseudosection

C2
-

k=Geometric Factor = 2xn(n+1)a



The pole-dipole array — electrode arrangement

The pole-dipole array is an asymmetrical array. It requires a remote
electrode (C2 electrode) that must be placed sufficiently far from the
survey line (at least 5 times the maximum C1-P1 distance used).

The distance between the P1-P2 potential dipole from the

C1

electrode is increased to increase the depth of investigation. The ‘n’
spacing usually starts with 1 and increased to 6 to 10. The geometric
factor k also increases with the ‘n’ spacing factor but not as rapidly as
the dipole-dipole array.

Ci1 P P2
k=4na¢ala¢ n=1
c P P
k=12ma f 2a fa f n=
Cq P1 P2
k=24ma 1___35 1'a ' n=3
_ Cq P1 P2
k=401 a l da ia i n=4

a). Pole-dipole b). Reverse

C4

cz2
.

se——Na—ec—a—3s

k=Geometric Factor = 2xn(n+1)a



The pole-dipole array — asymmetry

Over symmetrical structures the apparent resistivity anomalies in the
pseudosection are asymmetrical, which could influence the inversion
model. To remove the asymmetry, measurements are repeated with
the electrodes arranged in the reverse manner. By combining the
measurements with the “forward” and “reverse” pole-dipole arrays,
any bias in the model due to the asymmetrical nature of this array
would be removed. This will double the number of data points but it
is not a significant problem with multi-channel instruments.

Pole-dipole array with n=1 (forward) Pole-dipole array with n=1 (reverse)
SZ 9.9 8.00 1 582 8.00

24.0
6.519
1.56 n
2.60
3.63
n.67 ¥
5.71
6.75
7.79
.82
9.86
10.9
1.9
o

ssssssssssssssssssssss

-100- -2 g -4 - esistivity in ohm.m

.64 0.
Synthetic model with near surface low resistivity dump site

Resistivity model

2 6.6 4.0 8.60 12.8 16.8 26.0 24.86 28.8 32.0 36.6 L4B.0 44.B L48.0 52.8 56.0 60.8
08.58
2.38
4.00
5.58
7.00

9.00

12.8
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The pole-dipole array — sensitivity pattern

Pole-dipole array sensitivity sections

The areas with the greatest " I I
sensitivity lies beneath P1-P2 dipole

“  »n

pair, particularly for large “n
factors. For “n” values of 4 and
higher, the high positive sensitive
region beneath the P1-P2 dipole
becomes increasingly vertical. Thus
this array is more sensitive to
vertical  structures, particularly %

below the P1-P2 potential dipole.




The pole-dipole array — sensitivity pattern

Pole-dipole array sensitivity sections

For very large ‘n’ factors, the array °- e
becomes very sensitive to near
surface features between the P1-P2
electrodes, and less sensitive to
deeper structures. This means
beyond a certain limit, the effective
depth of investigation actually
decreases with increasing ‘n’.

One result is that the ‘n’ factor used
in a field survey should not exceed 8.




The pole-dipole array — depth and signal strength

The signal strength for the pole-dipole array decreases with the
square of the “n” factor. The maximum “n” value used should not
exceed 8. Beyond this, the “a” spacing between the P1-P2 dipole pair
should be increased to obtain a stronger signal strength.

The signal strength is lower compared with the Wenner and Wenner-
Schlumberger arrays but higher than the dipole-dipole array. The
depth of investigation is about 30% of the C1 to P2 distance.

Wenner Alpha Wenner - Schlumberger
C1 P1 P2 C2 C1 P1 P2 2
LR S a >80 <€ a >8<€ a >® eE——Na——oe—ag—e € na >e
k=2x a k= xn(nt+l)a
Pole - Dipole Dipole - Dipole
C1 P1 P2 c2 C1 P1 P2
e na >e&—a—>e eE—a—e¢ na >eé—a—>e
k= 2xn(ntl)a k=xn(ntl)(nt2)a

k=Geometric Factor
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The multiple gradient array

This is a relatively new array developed primary for multi-channel
resistivity meter systems. In the multiple gradient array, different sets
of measurements are made with the potential electrodes at different
locations for the same current electrodes. As an example, for a
system with 32 electrodes, one set of measurements can be made
with the current electrodes at nodes 1 and 32.

Next, another series of measurements are made with the current
electrodes at nodes 1 and 16, as well as another with the current
electrodes at 16 and 32. A similar set of measurements can be made
with the C1-C2 electrodes at 1-8, 8-16, 16-24 and 2-32. This can be
repeated using smaller distances between the current electrodes.

a) Cq F'1 P5 Co C) Cq P1 P> Co
' 'y o Py 4
b) ¢, PP, c, 9 ¢i PP, Cs

' by 4 tovy
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The gradient array array - senS|t|V|ty

The figure shows sensitivity sections
with the same positions of the C1-C2
current electrodes, but with the
potential dipole P1-P2 being moved
from the center to one end of the
array. The sensitivity contour pattern
slowly changes from a Wenner-
Schlumberger pattern towards the
pole-dipole pattern as the potential
dipole moves closer to the current
electrode at one end of the array. The
results obtained by this array is
comparable to those obtained by the
Wenner-Schlumberger and pole-
dipole arrays, but generally has better
signal strength than the pole-dipole
array.
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The multiple gradient array array - example

The figure shows the data from a survey using a multiple gradient
array was carried out by Aarhus University. A plot of this data set in
the form of profiles is also shown. This array is popular with the new
multi-channel instruments. It allows a number of readings to be
taken simultaneously with the same current electrodes positions, but
gives a stronger signal strength compared to the dipole-dipole and
pole-dipole arrays. The depth of investigation is similar to the




The pole-pole array — arrangement

In practice the ideal pole-pole array, with only one current and one
potential electrode, does not exist. To approximate the pole-pole
array, the second current and potential electrodes (C2 and P2) must
be placed at a distance that is more than 20 times the maximum
separation between C1 and P1 electrodes used in the survey. When
the inter-electrode spacing along the survey line is more than a few
meters, finding suitable locations for the C2 and P2 electrodes to
satisfy this requirement could be a major task.

Another possible disadvantage of this |

array is that because of the large \
distance between the P1 and P2 r
electrodes, it is can pick up a large
amount of telluric noise (particularly
near urban areas) that can severely .

degrade the quality of the
measurements.
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The Pole-pole array — sensitivity pattern

This array is commonly used in surveys where small electrode
spacings (less than a few meters) are used, such as archaeological
surveys. This array has the deepest depth of investigation. Howeuver,
it has the poorest resolution, which is reflected by the comparatively
large spacing between the contours in the sensitivity function plot.

Sensitivity
Values
(x 0.01)

Pole-pole array sensitivity section

2048
1024
512
206
128
64
32
16

TN
Oo_hMDI\J-b-OO
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Pole-pole array field example

Despite the potential problems, this arrays has been used in mineral
exploration surveys. Below is an example from Peru where an IP
survey was conducted to map mining wastes containing metallic
sulphides using a 10 m. electrode spacing.

The success of the survey sy g
was partly due to the low :
telluric noise because of
the remote location of the -
site from possible cultural . -

EM noise. B e ;.IJ“LE::E -t

Hodel IF with Lapagraphy
LAL R HE]
e, B0 R "na 1 wa i

Due to its large depth of
investigation compared to
the survey line length, it is
an attractive alternative in . | _
remote areas. = e T i i+,

Perfiles, Nov. 2005, Arce-Geophysics, Peru.



Summary of array types

The Wenner array is an attractive choice for a survey carried out in a
noisy area (due to its high signal strength) and also if good vertical
resolution is required. It is probably the most robust and simple array
to use, and might be a ‘safe’ choice for begineers.

The Wenner-Schlumberger array is a reasonable alternative if both
good horizontal and vertical resolutions are needed, particularly if
good signal strength is also required.

The multiple-gradient array is useful with multi-channel systems. It
has relatively good signal strength.

The dipole-dipole array might be a more suitable choice if good
horizontal resolution is important (assuming your resistivity meter is
sufficiently sensitive and there is good ground contact). However,
special care must be taken for surveys with this array to avoid very
noisy data.
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Summary of array types continued

The pole-dipole array has the advantage of a deeper depth of
investigation, and only one remote C2 electrode. To avoid bias in the
results, measurements in both the forward and reverse directions
should be taken. It is an alternative to the dipole-dipole for I.P.
surveys due to the stronger signal strength.

For surveys with small electrode spacings, the pole-pole array might
be a suitable choice. However, it has two remote electrodes that
must be placed at a sufficiently far distance which might be a
problem in developed areas.

The new multi-electrode systems has modified the criteria for array
choice. The arrays that are used are the dipole-dipole, pole-dipole,
pole-pole, reverse Wenner-Schlumberger and multiple gradient.
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Arrays with with overlapping data levels

The Wenner-Schlumberger, dipole-dipole and pole-dipole arrays have
2 parameters, the ‘a’ spacing between the potential electrodes and
an ‘n’ factor. Different combinations of ‘a’ and ‘n’ might have the
same total array length, and similar depths of investigations.

A dipole-dipole array with a “a” spacing of 10m and “n” of 7 will have
the same length as an array with a=30m and n=1. However, the array
with n=1 will have a signal strength that is 28 times larger than the
array with n=7.

Wenner - Schlumberger Dipole - Dipole

a). 2 Cy R F
C1 P1 P2 C2 c2 c1 P1 P2 1 ; ; N
eE——NAaA—De&—a—>eé&——na——re e —a—dee—NAa— 3e¢e—-a—>e i i l l
k= xn(nt+l)a k=x n(n+1)(n+2)a
Pole - Dipole
b). ¢ C R P
C1 P1 P2 2 1 1 2
na yee—a—>e k=Geometric Factor i 3 i 3 l 3 l -

k=2xn(n+1l)a



Dipole-dipole array sensitivity patterns

The two dipole-dipole arrays have sensitivity patterns that are very
different. The array with n=7 will be very sensitive to vertical
structures below the C1-C2 and P1-P2 dipoles, while the other array
will be more sensitive to deeper structures below the entire array.

To make use of both features, a “high-resolution” survey technique
can be used by combining measurements with different “a” and “n”
values to give overlapping data levels.

Dipole-dipole configurations 2D Sensitivity results

First configuration : a=1, n=7 Second configuration : a=3, n=1
c2 c1 P1 P2 c2 1 P1
-18.-5.88.85.8 18 15 28 25 38 35 48 45 58 55 68 65 78 75 88 85 98 95 1668 -18.-5.88.85.8 18 15 28 25 38 35 48 45 58 55 68 65 78 75 88 85 98 95 1668

6.10 + e + - 6.18 0.18 _ 0.
2.90 ) i 2.90 2.98 2.90
5.58 5.58 5.58 5.58
8.308 8.30 8.38 8.308
18.9 16.9 18.9 18.9
13.5 13.5 13.5 13.5
16.3 16.3 16.3 16.3
18.9 18.9 18.9 18.9
21.7 21.7 21.7 21.7
24.3 24.3 24.3 24.3
271 27.1 271 271
29.9 29.9 29.9 29.9
3:2.5 32.5 32.5 3:2.5
35.3 35.3 35.3 35.3
38 .1 38.1 38.1 38 .1

I BN EE . lll EZ] N 0 0 0 0 e . . .
-128 -32.8 -2 a 2.8 8.8 32 .8 128 Unit Electrode Spacing 18.6H.
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High resolution survey example

The figure shows the apparent resistivity pseudosection for the
dipole—dipole array using overlapping data levels over a rectangular
prism. Values of 1 to 3 metres are used for the dipole length ‘a’, and
the dipole separation factor ‘n’ varies from 1 to 5.

Single block model
a). Dipole-dipole array with overlapping data levels (a=1 to 3, n=1 to §)
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1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 | 1 1
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b). Resistivity model
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E Resistivity model
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2-D Models & Data Inversion

Inversion methods

Models and Mathematics

Why we carry out inversions,

the least-squares optimization method
with different constraints and their
effects on the model.



Resistivity

What is inversion?

The purpose of an inversion program is to convert the apparent
resistivity values into the true resistivity of the subsurface.

papp —> ptrue
The relationship between the apparent resistivity and the true

resistivity is a very complex relationship, depending on whether the

subsurface model is 1-D, 2-D or 3-D. Converting the data into a model
is the inversion step.

1-D inversion example 2-D inversion example

IE+4 EE ................. ................

Heasured fApparent Resistiwity Pseudosection

; : /_/'-f-{ g Iteration 5 BHS ervor = B.7 %
* | = 9.0 8.0 1, 192. 40,

1000 | [, ¥,

100

1 Ll Ll Illl[ll10 T T T T T 1 FIT looh T IIIIII_I'/2
Electrode spacing (AB/2) (m)

b
stivity in ohn.n Unit electrode spacing 3.08 m



From data to model : 2-D inversion

After the field survey, the resistance measurements are usually
changed to apparent resistivity values. The purpose of the inversion
is to convert the apparent resistivity values into a model section. The
conversion of the apparent resistivity data to a model for the
subsurface resistivity is carried out on a microcomputer using an
automatic inversion program.

Apparent resistivity data from field survey
Cangkat Jering Line 1

Ps.Z

6.8 16.8 32.8 48.8 64.08 ga.@ M.
| T TN TN TR TN TN TN TN AN TR SN SN TN SN TN N [N SN TN TN TN N SUN SO AN UM SAN TN SN TN WO T NN TR SN SR SO SR SO SR N SN S S
1.8
3.1
5.1
i.2
Measured Apparent Resistivity Pseudosection
Carry out inversion l
Elevation
a.a i =
29 1 Iteration 5 RHS error 5.5
16.8
18.8 L
L
15.5 . L
12.3
o.8

i
Boulder? Zone of water Boulder?
accumulation
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Resistivity in Ohm.Heter Electrode Spacing = 2.8 M.
Model from subsurface from inversion program



What is a 2-D model?

A 2-D model is used to interpret the data from a 2-D imaging survey.
The model usually consists of a large number of rectangular cells. The
size and position of each cell is fixed. An inversion program is used to
determine the resistivity of the cells from the measured apparent
resistivity values.

ARRAMGEMENT OF HODEL BLOCKS AND APPARENT RESISTIVITY DATUHM POINTS
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Humber of model layers is 8 Unit electrode spacing is 1.8
Hinimum pseudodepth is B.52. Haximum pseudodepth is 5.2.



The 2-D model — some quantities

ARRANGEMENT OF HMODEL BLOCKS AND APPARENT RESISTIVITY DATUM POINTS

pl p2 p3

b ks ks ks E
b ks ks ks S
® ks ks ks K
X ks * * B
X * * * [
= ks ® ® <
b ks ks ks S
b ks ks ks S
b ks ® ® S
X ks * * B
X * * * [
= ks ® ® <
b ks ks ks E
b ks ® ® S
® ks ks ks K
X * * * [
X * * * [

O I I I - O O O T I I T I O O O A = O I

OO I O R O - [ o A L L (- o L 4

GO I - I I A - (O O I O I I I I O I I 4

Lo O R O O O I O O O I O O A e

O o O I O I o o o I o I S

[:] Model block Humber of model blocks 232

% Datum point Number of datum points 325

Number of model layers is 8 Unit electrode spacing is 1.8
Minimum pseudodepth is 8.52. Haximum pseudodepth is 5.2.

What we have : Observed data (logarithm of measured apparent
resistivity values) :-y

What we want : Model parameters (logarithm of model cells
resistivity values) :- q

The connection between them : Model response (logarithm of
calculated apparent resistivity values for a given model) :- f



Starting an inversion

All inversion methods try to determine a model for the subsurface
whose response agrees with the measured data subject to certain
restrictions. The model parameters are the resistivity values of the
model cells, while the data is the measured apparent resistivity
values. An initial model (usually a simple model with same resistivity
value for all the cells) is modified in an iterative manner so that the
difference (g)

g=y-f
between the calculated (f) and measured (y) apparent resistivity
values is reduced. Offset Wenner data set

Depth of layers
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Cal. app. res. 1000.0 T ]
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Obs. app. res.
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I ¥
Iteration 3 | + q

al
App. Res. App. + /’L'r‘b
RMS error 10.54% I /‘_/P"“ + e i
Computed model Resis. | / + + £

100.0 |-

0.1 1.0 10.0 100.0 1000.0
Electrode spacing



Example of measured and calculated apparent resistivity

As a simple first example, we use a 1-D sounding survey that makes it
easier to illustrate the different quantities. In this case

y = input data is the measured apparent resistivity values
f = model response, calculated apparent resistivity values

g = y — f = data misfit, difference between measured and calculated
apparent resistivity values

q = model parameters, the resistivity and thickness of layers that we
want to adjust so as to reduce g

Offset Wenner data set

Depth of layers
0.05 0.5 5.0

50.0 500.0
Cal. app. res. 1000.0 T ]
— [

Obs. app. res.
+

lteration 3 L ot q

App. Res. App. + /}',4.
RMS error 10.54% I //t/"“ + + f
Computed model Resis. | / +

100.0 -
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The iterative inversion algorithm

The simplest initial model q, is a

homogenous earth model, set 4 | start with an nitial
Q0
to the average apparent
resistivity value. Y
2

Calculate model response

f for current model q,

The main difference in an and thus the RMS errol E.
inversion method is in step 4,
the method used to determine
the change in the model Aq that 4 5| Somae o o o toner L_Tes
should improve the current than this Im®t?

model. Y No

Modify the model using some
method. Find change in model

k J

The Res2dinv and Res3dinv dﬁiq*gafshﬂ'"'d reduce the
4 error E_ Se: gew model
programs use the least-squares 9i1=9i* A9

optimization method.
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The least-squares criterion

In the least-squares optimization method, the model (q) is modified
such that the sum of squares error E of the difference between the
model response and the observed data values (g = y - f) is minimized.

E=g'g=>g;
i=1

When the data misfit (g = y - f) is small, the model obtained (q) is a
possible solution. n is the number of data points.

Cal. app. res.
i

Obs. app. res.
+

Iteration 3

App. Res.
RMS error 10.54%

Computed model
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The least-squares inversion method
The Gauss-Newton least-squares method uses the equation
J'JAq, =J"g

to calculate the change in the model resistivity values (Aq) that will
reduce the sum of squares error E. J is the Jacobian matrix (of size m
by n) of partial derivatives. The elements of the Jacobian matrix are

given by ;o= of;
ij aqj
that is the change in the i th calculated apparent resistivity value due

to a change in the j th model resistivity value. After calculating the
parameter change vector, a new model is obtained by

Qu.1 =949, TAq,

lllllll
e

0.05
Cal. app. res. 1000.0 -

m is the number of model ™<= | S o Yo
| : oL
parameters. o nse | P o
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The damped least-squares inversion method

The simple Gauss-Newton least-squares equation can result in very
large and unrealistic variations in the model resistivity values. To
overcome this problem, the damped least-squares or “ridge-

regression” method is used. (JTJ 4 7\1) Aqk _ JTg

A is the damping factor that reduces the change in model resistivity
values (Aq). | is the identity matrix with 1 in the main diagonal and 0
elsewhere. It has been successfully used in cases with a small number
of model parameters, such as in resistivity sounding inversions.
However, for models with a large number of parameters, it can lead
to very large and abrupt changes in model resistivity values.

Offset Wenner data set
i Depth of layers
0.05% 0.5 5.0

50.0 500.0
Cal. app. res. 1000.0 [ —rry —
— [

Obs. app. res.
+

Iteration 3 L ot q
App. Res. App.

.
RMS error 10.54% i /j/’“ + /ﬁ’ﬁ’*
Computed model Resis. | / + + 5

100.0 |-

0.1 1.0 10.0 100.0 1000.0
Electrode spacing




The smooth least-squares inversion method

For models with a large number of parameters, the following
smoothness-constrained least-squares equation can be used to
ensure that the model resistivity changes in a smooth manner.

(73 +\F)Aq,=J"g -\Fq,,
where F=a C.C_+ ayC§CF +a,C,C,
C,» C, and C, are the smoothing matrices in the x-, y- and z- directions.

A first-order difference matrix is commonly used as the smoothing
matrix. Wauchope Schiumberger Models

110 ]
-~ e .. MARQUARDT
-1 1 S -t } [ MODEL
< : “USMOOTHEST
0O -1 1 0 = \ MODEL
£
R
C= g
<)
Q .
3
T i
—1 1 | | i | I
0_ 109 107 102 103 104 105

Depth (m)
After : Constable, S.C., Parker, R.L. and Constable, C.G., 1987. Occam’s inversion : A practical algorithm for generating smooth models from electromagnetic
sounding data. Geophysics, 52, 289-300.



The L, norm least-squares inversion method
The smoothness-constrained least-squares equation.

(7T +AF)Aq,=J3"g -\Fq,.

where F=a C_C, +0:yC§CF +a.C,C,

For the simple case of a 1-D model, the C, matrix takes the difference
between the (logarithm) of the resistivity of adjacent layers. Applying
the C, matrix will form terms of the type (q;,;-0;), and since we use
C'C we actually get (q,,,-9,)%, i.e. we minimize the square of the

changes so it is call a L, norm method.

—1
0
0
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2-D and 3-D roughness filters least-squares method
The smoothness-constrained least-squares equation is given by :-

(7T +AF)Aq,=3"g —\Fq,.
where F=a CIC. +a.CIC. +a.CIC

xUx x yoU¥ Y z 'z 2

The diagrams below shows the coupling introduced by the C, C, and
C, filters for 2-D and 3-D models. In 2-D models, the coupling is
applied to adjacent cells horizontally and vertically. In the 3-D model,
there is an additional coupling in the y-direction.

2-D roughness filter

X —»
Coupling of 3-D model Normal horizontal roughness Normal vertical roughness
cells in roughness filter filter x and y components filter with z component
= il = Bl
= ¥ ¥




When smooth is too smooth

The smooth inversion method minimizes the sum-of-squares (a L,
norm) of the change in the model resistivity values (through the C'C
term). It gives accurate results in situations where the subsurface
resistivity changes in a gradual manner. However, in situations with
sharp boundaries, the results are less accurate.

The example below shows a rectangular block with sharp boundaries.

The smooth inversion method produces a model with smeared
boundaries. al.:-\?parentresistivitydata Prism model with sharp boundary

0.0 8.0 16.0 24.8 32.0 ho.0
1 I I I I I
.5

[}
1.5
3.1
4
5.6
7.2

HMeasure d Apparent Resistivity Pseudosection

b). Smooth inversion model
pepth Iteration 6 RMS error = 8.86 %
P 0. 8.0 16.8 2u.4 32.8 40.8

Inverse Model Resistivity Section [Range of resistivity values : 6.9 to 141.2 ochm.m]

c). Blocky inversion model
Iteration 6 RMS error = 8.15 %
.a

8. - - -
Resistivity in ohm.m Unit electrode spacing 1.8 m.



The blocky least-squares inversion method

To overcome the problem of boundaries that are too smooth, the
“blocky” inversion method is one possible solution. The least-squares
equation is further modified to

(79 +1F, )Aq,=J"g ~AF,q,.
F, =a,C,R,C, +a,C;R C, +aC,R,C,

R . is a weighting matrix used so that different
elements of the model roughness matrix are

given equal weights in the inversion process. Sifglj"eé'f’%mg‘:e'
It is a L, norm (robust/blocky) method in that T
it attempts to minimize the absolute value of % i I
the model changes. It basically tries to t P2,
minimize the sum of the absolute change Py
2.19;,,-a:| in the resistivity from one layer to I

the next in a 1-D model.



The blocky least-squares inversion method in 2-D

In the L, norm 2-D model the high resistivity anomaly is concentrated
in a smaller area within the actual boundaries of the block. There is a
sharper transition to the low resistivity background.

Prism model with sharp boundary

a). Apparent resistivity data
Ps.Z

HMeasured Apparent Resistivity Pseudosection

b). Smooth inversion model
Depth Iteration 6 RHS error = B.86 %

Pt 5.0 8.0 16.0 24.0 32.0 40.0 n.
8.0

~ = L=
] ' T
LM = - B Ty ]

Inverse HModel Resistivity Section [Range of resistivity values : 6.9 to 141.2 ohm.m)

c). Blocky inversion model

penth Iteration 6 RHS error = 8.15 %
p a_a g.8 16.8 2h.8 32.0 4a.a m.

Inverse HModel Resistivity Section [Range of resistivity values @ 8.9 to 99.9 ohm.m)

I BN N N N ] [ T e T ] O T ) e N
18.8 14.1 20.8 28.3 48.8 LH.6 80.8 113
Resistivity in ohm.m Unit electrode spacing 1.8 m.



Example of L, and L, norms with a line fit problem

The example fits a straight line through 10 data points with (x,y)
coordinates. The L, norm method finds a line this minimizes the sum
of the squares of the differences in the y values, 2

L, norm :—i(yf _f:)
This is greatly affected by the 2 =
outlier data points A and B. The L,
norm method tries to minimize ™
the sum of the absolute =} 0 data points
differences. 5 — Ui nom

50|
mn

L, norm :—Z v, — [,
i=1

40 ¢

It is less affected by the 2 outlier
data points. As an example,
weight of distance of point A
from the straight line is 60 units
in L, norm, but 3600 units in L,
norm.

After : Ke, Q. and Kanade, T., 2003. Robust Subspace Computation Using L.1 Norm. School of Computer Science, Carnegie Mellon University, Pittsburgh, PA




Other variations of the blocky least-squares method
There are other possible variations, usually made by adding
different terms to the least-squares equation.

One common addition is to add a constraint so that the resulting
model is “close” to some background model.

Another variation is to modify the roughness filters so that features
in a desired direction are emphasized.

To avoid a bias in the vertical and horizontal directions, the filter can
be modified to include diagonal components.

Another modification is to include a boundary that divides the
model into separate regions. |, .., ...

Vertical roughness with
diagonal x-z components -

Region 1 1

1 Boundary

4 —
l I

I

\J Region 2




RES2DINV - Selecting inversion methods

One commonly used option is the ‘Robust’ or ‘Blocky’ inversion method
which should be used if the subsurface resistivity has sharp boundaries.
Clicking the ‘Select robust inversion’ option will show the dialog box
below. The ‘Robust model constrain’ will apply the blocky model
inversion method. The ‘Robust data constrain’ should be used if the data

IS very noisy.

Standard =L,, Robust=L,

BB RESZDINVx64 ver. 4.01.01 - ID. No. : K4-0005777A-0616

. — =

File Edit Change Settings [Inversion] Display Topography Options  Print  Help

Carry out inversicn

Inversion methods and settings
Muodel discretization

Model sensitivity options

LP. options

Batch mode options
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Select robust inversion

Maodify smoothness-constrained least-squares method
Choose logarithm of apparent resistivity

Type of method to solve least-squares equation

Uze reference model in inversion

Fast inversion of long survey lines or large data sets
Use fast Jacobian routines for dense data sets

Set time-lapse inversion settings

Select method to handle missing data points

Floating electrodes survey inversion method

s

Bl Select robust inversion

|*r'ou can chooze the standard least-squares constraint which
atternpts to minimize the zquare of the difference between the
obzerved and calculated apparent resistivity values, or a
robust congtraint which iz less senzitive o very noizy data
pointz but might give a higher apparent resistivity BMS emar.
Data Invergion Congtraint

f# Standard constraint  © Fobust congtraint

Enter robust data constraint cutoff facter. (0080

[f the subsurface resistivity changes in a smoath manner, uze
| the ztandard leazt-squares constraint. If there are sharp
boundariesz, chooze the robust model inverzion constraint,
todel lnverzion Conztraint

(¢ Standard constraint O Robust constraint

Enter robust model constraint cutaff factar. (0005

Do wou want bo automatically allow the number of model blocks
to exceed data pointz if the robust inverzion option iz uzed?
f* “Yes ™ Mo

Do wou want to reduce the effect of the side blocks on the
irverzion procezs? Thiz might reduce the occurence of very
high or wery low resistivity values at the zides of the model
when the robuzt model inverzion constraint iz uzed.

* “Yesz " Mo

Lirnit range of model resistivity values? ™ Yes * Mo

(™ SelectYES to all of the above options

[ ok |

Cancel




Example of robust or blocky model inversion

The figure below shows the inversion results for data from a
synthetic model with sharp boundaries. In this case, the robust
inversion method gives significantly better results since the true
model consists of three regions with sharp boundaries between
them. The model consists of a faulted block (100 2.m) and a small
rectangular block (1 €2.m) in a 10 2.m medium.

© M.H.Loke, Geotomo Software Sdn Bhd, 2019

Fault and block model

Heasure d Apparent Resistivity Pseudosection

b). Standard least-squares smoothness-constrain
Depth Iteration & RHS error = 8.3 %
8.0 16.

nverse Model Resistivity Section

¢). Robustinversion model constrain
Depth Iteration 6 RHS error = 8.4 %
6.0

Inverse Model Resistivity Section

I D B N O [ [ (MO U ) (T (O N N
2.00 3.17 5.84 8.00 12.7 28.2 32.8 50.8
Resistivity in ohm.m Unit electrode spacing 1.8 m.



Other inversion model settings

Settings that control the subdivision of the
subsurface into model cells, and how they affect
the inversion results.

1). Trapezoidal versus extended model sections

2). Model cell width
3). Topography modeling

© M.H.Loke, Geotomo Software Sdn Bhd, 2019



Trapezoidal and extended models

This controls the lateral extent of the model cells in the model. The
two options are (i) use a distribution similar to the data points in the
pseudosection, (ii) use an extended distribution that extends to the

ends of the survey line.

The present preference is to use a uniform extended distribution, and
use the model resolution section as a guide to highlight areas that are
well constrained by the data. The pseudosection provides an
approximate but crude guide to the lateral information in the data
set, so using the trapezoidal shape might place too severe limits on

the lateral extent of the model.

Trapezoidal model section
0.0 33.0 72.0

108.0

Extended model section

147.0 0.0 33.0 72.0

108.0

147.0

Mumber of model blocks 402 Mumber of data points 334 l:‘ Model block -
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Data point

Number of model blocks 588 Number of data points 334

[[] Modelblock -

Data point



Trapezoidal and extended models - example

The example below is from a dipole-dipole survey over a water-
bearing fracture zone that occurs below the middle of the survey line.
The trapezoidal model section (b) does not show the sides of the
fracture zone clearly as they occur near the edges of the model
section. They are more clearly shown in the extended model section
(c). The model resolution section (d) shows there is significant
information at depth below the 80 to 400 m. marks, while the
pseudosection tapers to a point below 240 m.

(a) Blue Ridge Province dipole-dipole survey line (b)  1teration & Abs. error = 10.8 %

Depth . . . . . .am.
u80.om. E ?f a sf a 160.0 240.0 320.0 40808.0 430.0
18.4 .
35.8
50.4

68.2
89.7

L ’ A Inverse Model Resistivity Section
Heasured Apparent Resistivity Pseudosection

{c} Iteration 6 Abs. error = 9.8 % {d} Iteration 6 RHMS error = 9.8 %
Depth g. @ g8.0 168.8 248.8 328.8 4p0.08 ygp_anlepthg g 80.0 168.08 248.0 320.8 408.8 480, 8n.
2_5B |||||||| T e S e S e e e e e e S s e e o 2_5B
185 | i 18.5 1
9.4 i 39.6
57.3 57.3
?s-s - ?8-8
184.8 104.8
Inverse MHodel Resistiwvity Section Model resolution per unit area index section
1 T I immlelesl ITeimmioalssl 1 1 1 -----III----III------
10.8 3.6 108 316 1008 362 100888 31623 2.15 4.6k 16.8 21.5 b6 4 100 215
Resistivity in ohm.m Hodel resolution per unit area index section
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MODEL DISCRETIZATION - Effect of model cell width

The default model uses model cells with the same width as the unit
electrode spacing. In situations with large resistivity variations near

the ground surface, better results can be obtained by using narrower
model cells.

The model with cell width of one electrode spacing has a maximum
misfit of one-half the electrode spacing for a near-surface
inhomogeneity. The finer model with cell width of half the electrode
spacing has a maximum misfit of one-quarter electrode spacing.

a). Default model with cell width of one unit electrode spacing b). Finer model with cell width of one-half unit electrode spacing

@ © o @ ap @ DI T




MODEL DISCRETIZATION - Effect of model cell width

In theory, it is possible to reduce the cell width further, but the error
due to the misfit becomes increasingly less significant. Reducing the
cell width increases the number of model parameters, thus increasing
the computer time and memory required.

We will look at the effect of using model cells with widths of one,
one-half and one-quarter the electrode spacing to find the optimum
model cell width.

a). Default model with cell width of one unit electrode spacing b). Finer model with cell width of one-half unit electrode spacing

@ © o @ ap @ DI T




MODEL DISCRETIZATION — Example test model

The model has a faulted block of 100 €2.m and a rectangular prism of
1 ohm.m in a medium of 10 QQ.m. A series of small near-surface high
resistivity blocks with widths of 1.0, 0.75, 0.50 and 0.25 m. and
resistivity of 300 (2.m are above the faulted block. A similar series of
near-surface low resistivity blocks of 1.0 2.m are Iocated on the right.

The pole-dipole array has the
P1-P2 spacing (“a”) fixed at
1.0m, but with “n” factor
ranging from 1 to 16. Note the
strong anomalies produced by
the near-surface high resistivity
blocks. The Wenner array is
much less affected by the near-
surface anomalies.

The reason lies in the sensitivity
patterns of the two arrays.

Model with n inhomogeneitie

}Pldpl

I D N N (N [ (R O[O (OO O O e e
1.088 2.80 4.08 8.00 16.8 32.8 64.08 128
Resistivity in ohm.m Unit electrode spacing 1.8 m.

c). Model
18 1686 1.8 368
N B B
Resistivity model
2 a.8 4.8 g§.8 12.8 16.8 28.8 24,8 28.8 32.8 36.8 4BA.A 44 @ 480 52.8

S W - @



MODEL DISCRETIZATION - Sensitivity sections

The sensitivity sections for the Wenner and pole-dipole arrays with
the same array length are shown below. The pole-dipole array has
high sensitivity values concentrated below the P1-P2 electrodes. This
makes it very sensitive to inhomogeneities below these electrodes.
The Wenner array has relatively broad areas near the surface with
high sensitivity values that are not as concentrated as the pole-dipole

a). Wenner array sensitivity section

array. Thus it less o AN

0.10
sensitive to small near- o»
surface anomalies. -

0.30
0.60
0.70
0.80
0.90

1.00
-1.00 -0.50 0.00

b). Pole-dipole array (n=6) sensitivity section
Cc1

Sensitivity
Values
(x 0.01)

2048
1024
512
266




Pole-dipole array model refinement

The model for the pole-dipole array with a cell width of 1.0 m. shows
significant distortions near the top of the faulted block. Most of the
distortions have been removed in the model with a 0.50 m. cell

width.

The model with a 0.25 m.
cell width does not show
any major improvements
over the 0.50 m. cell
width model although it
should more accurately
model the near surface
inhomogeneities of less
than 0.50 m. width.
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Pole-Dipole Hodel

a). Apparent resistivity pseudosection

Measured Apparent Resistivity Pseudosection
b]. Model with cell width of 1.0 m.

Depth Iteration 6 Abs. error = B.63 %
a.8 16.8 32.8 48.08 m.

Inverse HModel Resistivity Section
c]). Model with cell width of 0.5 m.

Depth Iteration 6 Abs. error = B8.22 3
8.8 8.8 16.8 24.8 32.8 48.8 4LE.8 m.

Inverse Hodel Resistivity Section
d). Model with cell width of 0.25 m.

Depth Iteration & Abs. error = 8.58 %

B1B.B 4.8 g.8 12.8 16.8 20.8 24.8 28.8 32.8 36.89 40.9 44.0 48.8 52.8 m.

1.6
3.3
4.8
6.8

Inverse HModel Resistivity Section

I DN N N R [ ] [ B[] (T O N N B

1.88 2.88 4.88 g.088 16.8 32.8 64.8 128
Resistivity in ohm.m Unit electrode spacing 1.8 m.




Wenner array model refinement example

The model with a cell width of 1.0 m. shows significant distortions
near the top of the faulted block. Note the near-surface high
resistivity bodies near the 30 and 33 m. marks near the locations of
the low resistivity near-surface inhomogeneities.

e . Wenner array Hodel
a). Apparent resistivity pseudosection

Almost all the distortions have " e ws 5o 2o s 200 20 200 20 360 s00 o a0 520
been removed in the model with
a 0.50 m. cell width.

Depth Iteration 8 Abs. error = 8.39 %
8.8 .

The model with a 0.25 m. cell
width does show not show
major improvements.

Inverse HModel Resistivity Section
d). Model with © Ilwldth fl]25m

rse Model Re vity Section

lll lIlIill || lll [:] [ lll lll ] lll lll lll lll |

2.08 T s an 32.8
© M.H.Loke, Geotomo Software Sdn Bhd, 2019 Resisti ty ohn.m U t ele t d spacing 8.25 m.




Lateral resolution limit

The pole-dipole and Wenner array models show that reducing the cell
width to less than half the unit electrode spacing do not significantly
improve the results. The arrays are not sensitive to lateral variations
of less than half the ‘a’ spacing. We can make use of this property to
reduce the time to invert long survey data sets.

Pole-Dipole Hodel

a). Apparent resistivity pseudosection

Ps.Z

Measured Apparent Resistivity Pseudosection
b]. Model with cell width of 1.0 m.

Depth Iteration 6 Abs. error = B.63 %
a.a 16.4

Depth Iteration 6 Abs. error = B.22 %
a.8 8 16.8

oV W@
oo
Do =k e =k

d]. Model with cell width of 0.25 m.

Iteration 6 Abs. error = B.50 %
12.8 16.8 28.8 24.8 28.8 32.8 36.80 L4B.0 44.A 4B.A 52.8 M.

Depth

o W =@
' oo

-
[ - - R = ] =

1.688

Inverse Model Resistivity Section
c]. Model with cell width of 0.5 m.

Inverse HModel Resistivity Section

4.8

Inverse Model Resistivity Section

I N DN NN (N [ ([ N () [ N O BN B

2.688

4.88

2.08 16.8 32.8
Resistivity in ohm.m

24.0 32.0

64.08 128
Unit electrode spacing 1.8 m.

L . Wenner array Hodel
a). Apparent resistivity pseudosection

Ps.2 a.8 4.8 8.8 12.8 16.80 26.8 24.80 28B.0 32.8 36.0 49.8 448 4B. 8 52.8 m.

8.5
2.8
3.6
5.1
6.7
8.2

Heasured Apparent Resistivity Pseudosection

b). Model with cell width of 1.0 m.
Depth Iteration 8 Abs. error = 8.39 %
-8 16.8

Inverse Hodel Resistivity Section

c). Model with cell width of 0.5 m.

Depth Iteration 8 Abs. error = B8.22 %
.8 8.8 16.8 24.8 - - . m.

a.

[T = B B
- -
[ = Y ~ =

Inverse Hodel Resistivity Section

d). Model with cell width of 0.25 m.
Depth Iteration 8 Abs. error = 8.23 %
B1l].[1 4.8 8.8 12.8 16.9 20.80 24.8 28.8 32.@ 36.80 40.0 448 48.8 52.8m.

1.6
3.3
4.8

6.8
Inverse Model Resistivity Section

I N O N (R [ (R [ NN [ (] (O (O N O N B
1.88 2.88 4. 08 g.08 16.8 32.8 64.8 128
Resistivity in ohm.m Unit electrode spacing 8.25 m.



Model refinement field data set example

The figure shows the models from the Blueridge survey using cell
width of 10 m. (the survey electrode spacing) and 5 m. Note the 5 m.
cell model has contours that are more regular and structures with the
very high resistivity zones near the fracture zone are not present.
They are probably caused by a discretization that is too coarse in the
10 m. model that cannot accurately model the large resistivity
variations (with widths of less than 10 m) near the surface.

(a) Model with 10 m. cell width (b) Model with 5 m. cell width
teration 6 Abs. error = 9.8 % Depth Iteration 6 Abs. error = 8.7 %
m. 8.8 -

168.08 248.0 328.8 4ge.8 LEA.am.

rse Model Re vity Section

-----I:I----I:I------

10.8 31.6 108 316 10808 3162 1006889 31623
Resistivity in ohm.m



MODEL DISCRETIZATION - General rules

In most cases, using a cell width of half the unit electrode spacing
seems to give the optimum results.

Using a cell width of one-third the unit spacing seems to be beneficial
only a certain cases with the pole-dipole and dipole-dipole arrays
with very large ‘n’ values.

A cell width of one-quarter the unit spacing sometimes leads to
instability with oscillating model values.

Using finer cells will lead to longer inversion times, so using a width
of the half the unit spacing seems to provide the best trade-off. The
resistivity method is unlikely to resolve structures less than one-third
the ‘a’ spacing of the array used.



Methods to handle topography

The RES2DINV program has 3 different methods to incorporate the
topography into the inversion model. The surface nodes of the mesh
are shifted up or down so that they match the actual topography. The
topography becomes part of the mesh and is automatically included
into the inversion model. The difference between these 3 methods is
the way the subsurface nodes are shifted.

a ). Arrangement of model blocks without topography

b ). Arrangement of model blocks with a uniformly distorted grid
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Methods to handle topography — uniform grid

The simplest method is to shift all the subsurface nodes by the same
amount as the surface node along the same vertical mesh line. This is
probably acceptable for cases with a small to moderate topographic
variations. The disadvantage is that every bend in the surface
topography is reproduced in all the layers.

a ). Arrangement of model blocks without topography

b ). Arrangement of model blocks with a uniformly distorted gric
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Methods to handle topography — damped grid

, the amount the subsurface nodes are shifted
is reduced exponentially with depth. This is because the effect of the

In the second method

topography decreases with depth. One disadvantage of this method

is that it sometimes produces a model that is too thick where the

it curves

and too thin where

topography curves upwards,

downwards.

The inverse Schwartz-Christoffel transformation method is used to

calculate the amount to shift the subsurface nodes. This method
takes into account the curvature of the surface topography and

usually produces a more “natural” looking model section.

Method 1 - A uniformly distorted grid

Arrangement of model blocks without topography

Method 2 - A damped distorted grid




Example of different topographic modeling methods

This example is from a Wenner array survey over a known burial
mound with some topography. Note the damped distorted grid
model has slightly thicker layers below the center where the
topography curves upwards, whereas the inverse Schwartz-
Christoffel transformation has a more uniform thickness. However,
overall the anomalies are basically the same.
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The 2-D ERT method : general conclusions

In most areas, the traditional 1-D sounding survey is probably not
sufficiently accurate due to lateral changes in the ground resistivity.

The multi-electrode resistivity meter systems, fast microcomputers
and software has made the use of 2-D resistivity imaging surveys
possible. It has become a ‘standard’ geophysical exploration tool for
engineering, environmental, hydrological and mineral surveys. The
Wenner, Wenner-Schlumberger, pole-pole, dipole-dipole and pole-
dipole arrays are the most common arrays used.

It gives sufficiently accurate results in areas of moderately complex
geology where the 2-D assumption is reasonably accurate.

Choice of a proper electrode array, survey strategy, data processing
and inversion method can significantly affect the results.

It is limited by the rapid decrease of resolution with depth, and in
areas with significant 3-D variations near the survey line.



2-D case histories

Examples of 2-D surveys and results.



Example 1 : Train tunnel project

This survey was carried out in south-west Sweden along a proposed
railway tunnel route. The Hallandsas Horst is one of several uplifted
blocks of the Earth’s upper crust that are found in Skane, the

southernmost province of Sweden.

The horst,

composed of

Precambrian rocks, is flanked by younger sedimentary rocks and
some 8-10 km wide, 30-40 km long and trends NW-SE.

MesheoeL and
Falaesznic rocks

. 100 kx d

The Hollondsas Horst

— Tunnel route
—=— Fracture zone

i Maojor foult
ESS Cretaceous rocks

— Dolerite dyke
7z Precambrain amphibolite
[ Precambrion gneiss 1

Dahlin, T., 1996, 2D resistivity surveying for environmental and engineering applications. First Break, 14, 275-283.



Train tunnel project

The highly weathered sedimentary rocks poses greater problems to
the tunnel construction compared to the higher resistivity
metamorphic and igneous rocks. A large region with sedimentary
rocks (blue region with resistivity values of less than 100 (Q.m) was
detected between the 7100 and 7800 m marks. The Wenner array
was used in this survey.
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Train tunnel project

The figure below shows part of the inversion model obtained
together with the lithology log from the two boreholes. There is a
good correlation between the location of the low resistivity region
and the weathered sedimentary and igneous/metamorphic rocks.
The proposed tunnel route is shown by the pair of lines between

elevation levels of about 20 to 40 m.
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Break for questions,
discussion and consultation



|.P. surveys

A brief look at the |.P. effect and its applications



The Induced Polarization (l.P.) effect

I.P. measurements are sometimes made simultaneously with
resistivity surveys, particularly in mineral exploration. It has been
used in environmental/engineering surveys for mapping clay bodies.
The I.P. effect is caused by two main mechanisms, the membrane
polarization and the electrode polarization effects. The membrane
polarization effect is largely caused by clay minerals present in the
rock or sediment. The electrode polarization effect is caused by

conductive minerals in rocks.
Rock
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|.P. properties of rocks and minerals

The I.P. method uses different parameters in the time and frequency
domains used to represent the I|.P. effect. One commonly used
parameter is the time domain chargeability effect which is given in
mV/V or milliseconds.

The figure below shows the I.P. values for some minerals and rocks.
Note the I.P. effect for conductive minerals (sulfides) is much greater
than that due to clay in sedimentary rocks and sediments.

It is very useful for detecting disseminated minerals that is difficult to
detect using resistivity alone. The magnitude of the I.P. anomaly
depends on the surface area of the mineral rather than the volume.

Disseminated Cu ore Porphyry deposit
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Mineralized rock with 2%
to 8% sulfide content

Volcanic tuffs

00 Alteration provides clues to hidden ore bodies

Sandstone and siltstone
Greenstone, trap,
nse icro

Shale m
Granite and granodiorite gy

Limestone and dolomite |gm




|.P. time domain measurements

In the time-domain method, the residual voltage after the current
cut-off is measured. Some instruments measure the amplitude of the
residual voltage at several time intervals after the current cut-off.

A common method is to integrate the voltage electronically for a
standard time interval. In the Newmont standard, the chargeability,

m., is defined as
] .1

V. dt
m, =1870 2L

.!T/ Time-domain response
o

VDC DC potential
The decay curve and the

measurement of the I.P. value is
shown in this figure. Normally the
measured I.P. value is given in milli- Potential at

mVpc | current cut-off
seconds (msecs).
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Time



|.P. frequency domain measurements

Frequency domain |.P. measurements use an alternating current
source. In one method, the phase shift between the transmitted
current and the measured voltage is used. The measured I.P. is given
in terms of milli-radians (mrad).

Another technique compares the amplitudes of the voltage for two
different AC frequencies, such as 1 Hz and 10 Hz. The I.P. value given
as Percent Frequency Effect (PFE).

As a general rule, a chargeability value of M = 100 mV/V is
approximately equal to 10PFE, or 70mrad, or 70msec.

Output PEF =1 Qg[fgz_f__fl] FE = Vity) -Vif)
Voltage Input Current P V(f)
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- current f
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.P. iInstrumentation

Many multi-electrode systems now offer an I.P. measurement option.
The maximum current from battery-based systems is usually 1 Amp
or less. This is usually too low to give reliable I.P. data when the
electrode spacing is more than a few meters. However there has
been recent improvements in the electronic circuitry and use of
separate current and potential cables that have improved the quality
of the I.P. data.

For large spacings of 10 m or more used in mineral exploration
surveys, a more powerful current transmitter powered by a petrol
based power generator and a series of separate I.P. receivers is
normally used.




|.P. survey with multi-electrode system

One method to improve the quality of I.P. data from conventional
multi-electrode systems that has two separate cables is by using
different cables for the current and potential electrodes. This reduces
the EM coupling between the current and potential cables.

The possible current and potential
electrodes positions are reduced and special
control files are needed for this
configuration. However, this method can be
used with any multi-electrode system that
uses a two cable arrangement.

Note the two cables are placed as far as
possible from each other in the field survey.

e ™«
ot

Actual field layout during survey
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Sketch of cables setup with the Abem Terrameter LS system.



Example of |.P. survey

The results from a multi gradient array survey are shown below. The
resistivity section shows an upper 3 to 4 meters sandy layer underlain
by lower resistivity saline mud sediments. The I.P. section shows a
top 1 to 2 meters layer with chargeability values of 4 to 8 mV/V which
is probably sandy sediments with some organic content. The low I.P.
values below this layer is probably due to high salinity that tends to
reduce the I.P. effect.

Note the apparent resistivity pseudosection shows fairly regular
contour patterns, whereas the bottom part of the I.P. pseudosection
has noisier data due to larger electrode spacings and weaker signals.




|.P. survey and the electrode polarization problem

Due to the I.P. effect, some charge is stored in the ground near the
current electrodes after switching off the current. This can cause a
problem if the same electrode is used as a potential electrode shortly
afterwards. Figure below shows the potential at an electrode after
current cutoff where a current of 20 mA was used. The initial residual
voltage is about 0.3 V. and takes more than 20 minutes to decay. The
measurement sequence should be arranged so that the same
electrode is not used as a potential electrode within that time.
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Avoiding the electrode polarization problem

In the first Wenner measurement sequence (A,B=curent,
M,N=potential), the N potential electrode for the second reading is at
the same location at as the B current electrode in the first
measurement. This will cause severe noise due to the residual
voltage at that electrode.

The second measurement sequence rearranges the readings so only
after 5 readings a current electrode is used as a potential electrode,
to provide sufficient time for the residual voltage to decay.
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Pitfalls in 2-D resistivity surveys and inversion

2-D resistivity surveys have made the mapping of many complex
structures possible. However, we must be careful in interpreting the
results from the data.

A list of some of the common problems are listed in the Tutorial Notes.
Here we will look a few of them.

a) 3-D geology
b) Using large ‘n’ values with the pole-dipole and dipole-dipole arrays

c) Masking effect of a near surface anomaly



Pitfalls in 2-D resistivity surveys — 3-D effects

3-D geology. It is assumed that the subsurface is 2-D when
interpreting the data from a single line. This assumption is valid if the
survey is carried out across the strike of an elongated structure. If
there are significant variations in the subsurface resistivity in a
direction perpendicular to the survey line, this could cause
distortions in the lower sections of the model obtained.
Measurements made with the larger electrode spacings are not only
affected by the deeper sections of the subsurface, they are also
affected by structures at a larger horizontal distance from the survey
line.
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Pitfalls in 2-D resistivity surveys — 3-D effects

3-D effects are most pronounced when the survey line is placed near
a steep contact with the line parallel to the contact. In general, the
dipole-dipole array is more sensitive to 3-D effects than other arrays.
The reason for this will be shown later when we look at the 3-D

sensitivity pattern for this array.

2:0-0.35 Z:0.35-0.70 Z:0.70-1.10

Ziliﬁ Z1.6-2.3 Z:2.3-3.2

|
w_
=]
] |

oo
= Z
[ o -

w
=
=

-
=
=
=
o
=
=
=

= 0

£
.-
= -

-----:I-I:I-I:II:I-I:I----

npp nt Ii t ty i hm.m
spac g m., ¥ un electrude spacing 1.8 m.



Very large ‘n’ values

Increasing the electrode separation does not always increase the
survey depth. For most arrays, as the separation between the
electrodes is increased, the depth of the subsurface that is ‘sensed’
by the array also increases. However, this is not true of the pole-
dipole and dipole- dlpole arrays for Iarge ‘n’ factors.

Dipole-dipol Pole-dipole array sensitivity sections
[+ P1

Note the region with
high sensitivity values :
becomes increasingly :
concentrated near the
surface between the
dipoles as the ‘n’
factor increases.




Very large ‘n’ values : pole-dipole example

When the ‘n’ value is increased from 6 to 12, the zone of high
sensitivity values becomes increasingly more concentrated below the
P1-P2 dipole in a very shallow region. This means that the array with

’ equals to 12 is less sensitive to deeper structures than the array
with smaller ‘n’ values. This is shown by the positive anomaly due to
the small near surface rectangular block that becomes stronger with
increasing ‘n’. T
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Masking effect of a near surface anomaly

In some surveys, it has been observed that artifacts occur in the
inverse model just below a very low or very high resistivity structure.
For a low resistivity structure, the inverse model values tend to
overshoot causing a high-resistivity artifact. Here we will look at an
example of a low resistivity structure that could represent a landfill
or tailings pond with low resistivity wastes. The pond is located
between 26 to 38 m with a resistivity of 2.5 Q.m that is much lower
than the background of 100 Q.m.
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Dump model apparent resistivity pseudosections

The apparent resistivity pseudosections with different arrays are
shown. The Wenner-Schlumberger array (d) shows a broad low
resistivity region below the dump site where the resistivity values do
not recover back to the background value of 100 Q.m towards the
bottom of the pseudosection. The ‘@’ spacing for the Wenner-
Schlumberger array range from 1 to 10 m. and the ‘n’ factor ranges
from 1 to 6. The same set of ‘a’ and ‘n’ values are used for the pole-
dipole arrays (e and f).
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Dump model inversion results

The Wenner alpha (a), beta (b) and dipole-dipole (c) models do
recover the shape of the dump site. For the 3 models, the resistivity
of the region below the low resistivity dump is close to the true value
of 100 Q.m. (the orange-red boundary). The Wenner-Schlumberger
array model shows significant artifacts, particularly below the low
resistivity dump where the resistivity values rise above 200 Q.m (d).
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Dump model inversion results

The model for the pole-dipole arrays using the forward
measurements (e) alone is also free from the high resistivity artifact
below the dump. There is a slight asymmetry in the shape of the
dump due to the asymmetrical nature of the array. The model from
the combined forward and reverse pole-dipole array measurements
is free of this asymmetry.
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Electrode positions for Wenner-Schlumberger array

The reason for the poorer performance of the W-S array is due to the
arrangement of the electrodes. Although the C1 and C2 electrodes for
the W-S array (d) are at the same positions as the Wenner array (a),
both the potential electrodes (P1, P2) are within the low resistivity
dump. The apparent resistivity measurement is dominated by the
near-surface low resistivity structure, and the measurements has
very little information about the region below the dump area. As the
data set does not have much information about the material below
dump area, it is impossible to accurately model this region.

(a) Wenner alpha array (b) Wenner beta array
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Electrode positions for other arrays

Figure below shows the positions of the electrodes for an array
where there the total length of the array is longer than the width of
the dump site. For the Wenner array (a,b) all the potential electrodes
can avoid the low resistivity dump site. For the dipole-dipole array
(c), some of the measurements will have both dipoles outside the
dump area. The pole-dipole arrays also have some measurements
where all the electrodes are outside the dump area (e,f). These array
measurements thus give more information about the material below
the low resistivity dump.

(a) Wenner alpha array (b) Wenner beta array
c1 P1 P2 C2 c2 c1 P1 P2
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Part 4

3-D surveys, data and inversion
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3-D ERT Surveys

Since all geological structures are 3-D in nature, a 3-D resistivity
survey using a 3-D inversion model should give the most accurate
results. However 3-D surveys are not as commonly carried out as 2-D
surveys due to higher costs. There are two new developments that
makes 3-D surveys a more cost-effective option. Multi-channel
resistivity meters significantly reduces the survey time, and faster
microcomputers enable the inversion of very large data sets.

Many of the inversion concepts discussed for 2-D surveys are directly
applicable for 3-D surveys and data inversion. This section will
concentrate more on new features that are more relevant to 3-D
surveys and models.

a). 1-D Model b). 2-D Model c). 3-D Model
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Types of arrays for 3-D surveys

Most arrays that are used in 2-D surveys can also be used in 3-D
surveys. However the following array types seem to be more widely
used for 3-D surveys.

Pole-pole : 2 active electrodes

Pole-dipole : 3 active electrodes
Dipole-dipole : 4 active electrodes
Wenner-Schlumberger : 4 active electrodes

The arrangement of the electrodes for these arrays together with
their geometric factors are shown below.

Pole - Pole Pole - Dipole Dipole - Dipole Wenner - Schlumberger
C1 P1 C1 P1 P2 cC2 C1 P1 P2 C1 P1 P2 cC2
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The Pole-Pole array : Electrode layout

Only two active electrodes, C1 and P1, and used. The second current
and potential electrodes, C2 and P2, are fixed throughout the survey
and must be placed at a distance of at least 20 times the maximum
C1-P1 spacing. If the distances of the remote electrodes is less, the
positions must be recorded and included in the data file. Different
pairs of electrodes in the grid are selected as the C1 and P1
electrodes.

The depth of investigation is about 0.87 times the C1-P1 (or ‘ad’)
spacing.
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The pole-pole array - 3D sensitivity sections

The figure shows the sensitivity values on horizontal slices through
the earth. The electrodes are at the 0 and 1 meter marks along the x-
axis. Near the surface, there is an approximately circular region with
negative sensitivity values in the top two slices at depths of 0.07 and
0.25 meter. The zone with the largest sensitivity extends in the y-
direction to slightly over s
half the electrode spacing.

To get a complete 3-D _
coverage, if the ..
measurements are only -
made in the x-direction,
the spacing between the
lines should not be much
more than the smallest
electrode spacing used.
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The pole-pole array for 3D surveys - summary

The pole-pole array has two main disadvantages.
Firstly it has a much poorer resolution compared to other arrays.

The second disadvantage is that the second current electrode C2 and
potential electrode P2 must be placed at sufficiently large distances
from the survey grid. This could be a challenging task for large grid
sizes.

The main advantage of the pole-pole array is that it gives a better
horizontal coverage than other arrays. It also has the deepest depth
of investigation (0.87 times the C1-P1 spacing). For this reason, it is
popular in small surveys grids.



The Pole-Dipole array : Electrode layout

Three active electrodes are used; C1, P1 and P2. The second current
and electrode, C2, is at a fixed position must be placed at a distance
of at least 5 times the maximum C1-P2 spacing. Different groups of
electrodes in the grid are selected as the C1, P1 and P2 electrodes.

The depth of investigation is about 0.35 times the C1-P2 spacing.
C2

c1.

+ + +
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The pole-dipole array - 3D sensitivity sections

The figures below shows the sensitivity patterns with the dipole
separation factor “n” is equals to 1 and 4. There is prominent area
with negative sensitivity values between the C1 and P1 electrodes.
The array is more sensitive to structures off the array axis (i.e. in the
y-direction) compared to the pole-pole array. The area with the
higher sensitivity values extends to about 0.8 times the array length,
or 1.6 times the unit electrode spacing for n=1.

_a) Dept 0. b) Depth
y axis
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The pole-dipole array - 3D sensitivity sections

For n=1 the area with the higher sensitivity values extends to about
0.8 times the array length, or 1.6 times the unit electrode spacing.

When n=4, the array is more sensitive to off-axis structures near the
P1-P2 dipole. This sensitivity to off-axis structures is useful if the
survey is conducted along a series of parallel lines. The distance
between the lines should be within 2 times the unit electrode
spacing.

Pole-dipole, n=4



Offset variations of thee pole-dipole array

Different variations of the pole-dipole arrays have been designed to
maximize the area coverage with a small number of current electrode
positions, particularly for I.P. surveys (due to heavy -current
transmitter system). The offset type of system use two parallel lines
of potential electrodes which triples the area covered. The newer
‘distributed’ system uses groups of potentials electrodes arranged
parallel and perpendicular to the current electrode.

Potential electrodes
Potential electrodes

@ Current electrode

© M.H.Loke, Geotomo Software Sdn Bhd, 2019 (a) Offset type of survey (b) Distributed type of survey



The pole-dipole array for 3D surveys - summary

This array is useful for surveys with medium and large survey grids.

It has a better resolving power than the pole-pole array, and is less
sensitive to telluric noise since both potential electrodes are kept
within the survey grid.

It has a stronger signal strength than the dipole-dipole array.

Although it has one “remote” electrode (the C2 electrode), the effect
of this electrode on the measurements is much smaller compared to
the pole-pole array. The effect can be included in the modeling by
recording the position of this electrode.

This array is now widely used for 3-D I.P. surveys where very large
survey grids (about 1000 electrodes and 50m spacing) are used. The
offset or distributed arrangement, where the C1 electrode is on a
different line from the P1-P2 electrodes, is frequently used.



The Dipole-Dipole array : Electrode layout

All four electrodes are used.

The depth of investigation is about 0.20 times the array length (C2-P2
spacing). Measurements are usually made along the x and y lines,
frequently in only one direction.



The dipole-dipole array - 3D sensitivity sections

The sensitivity contours are elongated in the y-direction, particularly
for n=4. The high sensitivity area extends to about 1.5 times the array
length in the y-direction. This sensitivity of the dipole-dipole array to
off-axis structures is a problem in 2-D surveys, but is useful in 3-D
surveys if the survey is conducted along a series of parallel lines. A
larger spacing between the survey lines (to about 3 times the
electrode spacing) can be used for 3-D surveys.

Depth = 0. b). D =025m. a). Depth = 0.07 m.
o Xis - pepth " -axis

y-a
150

-1.50
-1.50 -1.00 050 000 o
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The dipole-dipole array for 3-D surveys - summary
This array is widely used with large surveys.

The main problem that is likely to be faced with this array is the
comparatively low signal strength. This problem can be overcome by
increasing the “a” spacing between the P1-P2 dipole to get a deeper
depth of investigation as the distance between the C1-C2 and P1-P2
dipoles is increased.

It might be a useful array if the “3-D” survey actually consists of
measurements along a series of 2-D lines. It has a sensitivity pattern
that is elongated perpendicularly to the array direction, and thus
provide more information on structures that are off the line axis.

In some large 3-D I.P. surveys with multi-channel instruments, a non-
symmetrical form of the dipole-dipole array is sometimes used. The
P1-P2 dipole length can be increased at larger distances to get a
stronger signal strength for the same C1-C2 current dipole. In some
cases, the C1-C2 dipole is offset from the P1-P2 dipole.



The Wenner array - 3D sensitivity sections

The sensitivity contours for the Wenner array (W-S with n=1), outside
of the immediate vicinity of the electrodes, are elongated in the
direction of the line of electrodes. This means that the Wenner alpha
array is less sensitive to off-line structures than the dipole-dipole

array, i.e. it is less sensitive to 3-D effects.

a). Depth = 0.07 m. b). Depth =0.25 m.
y-axis y-axis
1.50 1.50

This is an advantage in 2-D
surveys, but makes it less
useful for 3-D surveys
carried out with a series of
2-D lines.




The Schlumberger array - 3D sensitivity sections
The sensitivity pattern for the Wenner-Schlumberger array (n=4) is
generally elongated in the direction of the line of electrodes with a
slight bulge near the center of the array. It is less sensitive to off-line
structures than the dipole-dipole array (i.e. it is less sensitive to 3-D
effects). However, the wider zone of off-axis high sensitivity values

a). Depth = 0.07 m. b). Depth = 0.25 m.
-axis -axis
1.50

as the ‘n’ factor increases’

makes it is more useful for '
Wenner (n=1). O o

3-D surveys than the

_c). Depth = 0.50 m. _d). Depth =0.75 m.
-axis
1.50-

x-axis
Sensitivity (x 0.01)
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Summary of array types for 3-D surveys

For relatively small survey areas, the pole-pole array is popular since
it provides better horizontal data coverage compared to other arrays.

The pole-dipole array has been widely used in recent years with large
survey grids, particularly the offset and distributed versions for I.P.
surveys. It has a higher resolution than the pole-pole array. It
requires only one remote electrode and is much less sensitive to
telluric noise.

The dipole-dipole array is widely used for large survey grids,
particularly if there is no convenient location for a remote electrode.

For very large survey grids with resistivity only surveys, the Wenner-
Schlumberger has been used. This array is frequently used when the
survey is carried out along a series of parallel 2-D lines, particularly in
environmental/engineering surveys.



3-D surveys and data inversion

Methods for carrying out 3-D surveys, and different
model discretizations used for data inversion
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3-D inversion models

What is 3-D inversion? An inversion model is 3-D if the resistivity
values are allowed to vary in all three directions (in the x-, y- and z-
directions) at the same time.

In 2-D inversion the subsurface resistivity is assumed to vary only in
the x- and z-directions but constant in the y-direction. A model
constructed from a series of 2-D inversions along parallel lines is not a
true 3-D inversion model. A 3-D forward modeling subroutine (the
finite-difference and finite-element method) is used to calculate the

model apparent resistivity values.  Electrode «direction
y -direct p1/{2ﬁ3 ﬂg;
P1g .
ooy 1__71.7/___

Layer 1

Layer 2

Layer 3

Layer 4




3-D measurements with a rectangular grid

The simplest 3-D survey layout is with the electrodes arranged in a

rectangular grid.

Measurements are sometimes made in diagonal directions, but more
commonly are only made along the grid lines particularly if the data
was collated from a series of 2-D survey lines.

It is usually recommended that the spacing between the lines should
not be more than 2 times the inline electrode spacing.
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3-D data sets — non-rectangular layouts

Measurements can also be
combined from 2-D lines that can
run in different directions. This is
common when the ‘3-D’ data set
was created from old 2-D surveys.

In this example, not only the lines
have different directions, they also
have different spacings.

Note the model used in this
example has smaller cells sizes in
the areas with more data, and larger
cells towards the left and right sides
where larger electrode spacings are
used.

101900

101500

101100

100650

100250+

99850

99450

99050

98650

98250

Burra copper deposit 1966 survey

48300 48675 49100 49500 49900

50500

=

T

Tl

i
=

FiF

T

A .
T

1T

|

THEEL T

s

e N

AEES NS .

+H 1 H T

+ Electrode

[ | Model Cell



3-D model discretizations

To convert the 3-D of field data set into a resistivity model for the
subsurface, we divide the subsurface into a number of blocks.
Depending on the complexity of the survey setup, there are a few
methods used.

They range from simple rectangular grids, to trapezoidal grids and
finally to arbitrary grids.
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Rectangular and Trapezoidal Grids

A rectangular grid, possibly with non-uniform spacing, can be used
when the data was measured using electrodes in a rectangular grid,
such as from a series of parallel 2-D lines.

Due to physical obstructions, it is sometimes not possible to run
straight survey lines. The next grid model allows for this. It still
assumes each line has the same number of electrodes.
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3-D surveys with arbitrary electrode positions
In some surveys, the positions of the
electrodes cannot fit into a simple s, s

rectangular or even trapezoidal grid. ...
This situation occurs because of ...
physical obstructions such that ...
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Methods to handle arbitrary electrode positions

There are two methods to model the effect of an electrode at an
arbitrary position. The first is to calculate the potential at the
electrode by interpolating the potentials at the 4 nearest nodes in the
mesh (or replace a current electrode by 4 current sources).

It’s advantage is that the finite-difference
method can be used (if there is no topography)
which requires less computer time and memory
than the finite-element method.

The second method moves the nearest node to
the location of the electrode with a distorted
finite-element mesh. It gives more accurate
results for arrays such as the dipole-dipole that
uses small potential differences between
electrodes that are close together, but cannot be
used if two electrodes are less than 2 nodes
apart.

Interpolation Method

Distorted Grid Method

® Electrode

Mesh lines -

Model Cell

Interpolation Node



Example field survey with lines in different directions

This example is from the Hanford site where the waste material was
stored in trenches and concrete cribs. Different resistivity survey
phases were carried out using 2-D lines. The distribution of the
electrodes does not fit into a simple rectangular grid. This data set
had 5598 electrode positions and 86697 data points. The pole-pole
array was used in this survey. While most of the lines used an

BC Cribs and Trenches

electrode spacing of 3 meters, .- - -

there were some readings that
had closer spacings due to .
survey site constraints.




Inversion model for Hanford data set

Below is an inversion model of the data set. Note the prominent low
resistivity zones indicating leakage zones. The linear features in the
2nd and 3rd layers are due to the trenches and concrete cribs. The
low resistivity anomaly that extends to the deepest layers is probably
a metallic pipe.
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3-D electrical imaging surveys : Summary

3-D surveys now play an increasingly important role in very complex
areas, particularly for mineral exploration where the extra cost is
justified. In many cases the 3-D data set is collated from a series of
parallel 2-D survey lines to reduce the survey time and cost.

The pole-dipole and dipole-dipole arrays are widely used in mineral
exploration surveys particularly with multi-channel I.P. systems. The
Wenner-Schlumberger array is used in many engineering and
environmental surveys, although the multiple gradient array will play an
increasingly important role with multi-channel multi-electrode systems.

Fast computer software, and PCs with multi-core CPUs or multiple CPUs
and at least 32 GB RAM, have reduced the computer processing time
such that it has become practical to process 3-D data sets with
thousands of electrode position, tens of thousands of measurements
and model cells within hours.



3-D Case Histories

Examples of 3-D field surveys



Example 1 — Landfill site, Sweden

The surveyed area is a former sludge disposal site, where liquid
industrial waste was disposed in several shallow ponds. The site was
later covered by earth resulting in a more or less flat surface. The site
is situated in southern Sweden, at the abutment of the Oresund
bridge, and has been previously investigated with DC resistivity
imaging and electromagnetic profiling.

The figure below shows a geological cross-section of the survey site.
Note the mound from the construction of the landfill site, and the
boundary between the brackish and fresh water.
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Dahlin, T., Bernstone, C. and Loke, M.H., 2002, A 3D resistivity investigation of a contaminated site at Lernacken in Sweden. Geophysics, 67, 1692-1700.



Example 1 - Field survey procedure

The Abem system was used with 3 cables each with 21 electrodes.
The pole-pole array was used. The roll-along method in a direction
perpendicular to the lines was carried out to extend the survey

coverage.

Seven parallel multi-electrode cables were used to cover a 21 by 17
grid with a 5 m spacing between adjacent electrodes. There were a
total number of 3840 data points in this data set.

Cable , Roll-along direction /@ﬂ

f; 7 Electrode y
ﬂ? Instrument take-out
— —— position

Computer Switching unit %



Landfill site, Sweden (model depth sections)

The model obtained from the inversion of this data set is shown
below. The former sludge ponds containing highly contaminated
ground water show up as low resistivity zones in the top two layers.
The low resistivity areas in the bottom two layers are due to saline
water from the nearby sea.
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Landfill site, Sweden (Model 3-D view)

The figure below shows a 3-D plot of the inversion model using a 3-D
contouring program.
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Example 2 — Streamer survey

This is from a survey with floating electrodes along the Panama Canal
by HGI where sub-parallel lines were collated into a 3-D data set. The
resistivity values of a section of the canal about 3 to 4 m below the
canal bottom is shown. There is a positive correlation between
resistivity and rock hardness.
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Part 5

4-D surveys, data and inversion
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Time-lapse surveys

The measurements are repeated on the same site, using the same
survey parameters, at different times. The surveys can be repeated
along 2-D lines, or a grid of electrodes for a 3-D survey. The purpose
is to monitor changes of the subsurface resistivity with time.
Examples include mapping the flow of contaminants, change of
water saturation due to water extraction, flow of water from the
surface to the water table, production of methane gas in landfills,
geological changes such as landslides.

X
January 2012 k

Y

February 2011 N " October 2011

Exaniple of time-lapse monitoring S S Dimensions 30 (x) x 20 (y) x6 (z) m
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Time-lapse monitoring systems

Time-lapse surveys are used to monitor flow of fluids, possible
landslides, landfill changes, leakages, aquifer drawdowns.
Independent automatic systems that make the measurements at
regular intervals and send the data over the Internet are now
available, some with solar power. In some systems, the data are
automatically processed and inverted in a central computer system
that receives the data from the monitoring system.

Italy levee monitoring — U.K. landslide monitoring

ol .

Sweden landfill monitoring




Time-lapse surveys - inversion
The data from surveys at different times are inverted jointly using a
constraint to minimize the change in the resistivity with time. We
make use of the fact that the changes usually occur in a smooth
manner with time. The equation used is as follows.

T3, + 4 (W'W+aM™)|Ar, =JTg, — (W W+aM™)r,
The M difference matrix is applied across the time models to
minimize the difference in the resistivity of each model cell and the
corresponding cell for the next temporal model. The parameter ¢ is
the temporal damping factor that gives the relative weight for
minimizing the change in the resistivity between one temporal model
A e eR e ey e e

Time model 1 Time Model 2




4-D Case Histories

Example of 4-D field surveys



Example 1 : Pumping test at Hoveringham area, U.K.

This survey was from an experiment
to map the change in the
groundwater level during a pumping
test in a farm in Western Central
England.

Water was pumped for about 220
minutes from 2 borehole.
Measurements were made before,
during and after the pumping.
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Hoveringham data set — data and models

(a) Apparent resistivity
pseudosection and

(b) inversion model for
data set before the
start of the pumping
test.

(c) Apparent resistivity
pseudosection and

(d) inversion model for
data set after 220
minutes of continuous

pumping.

Hoveringham pumping test
a). Apparent resistivity pseudosection before start of test
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Hoveringham data set : change in resistivity

To show the change in resistivity more clearly, we take the difference
in the logarithm of the model resistivity values.

Sections showing the
percentage change in
the subsurface resistivity
values with time
obtained from the
inversion of the data
sets collected during the
different stages of the
pumping test.
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Hoveringham data set : change in saturation

We can also calculate the change in the water saturation from the
change in the resistivity using Archie’s Law.
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3-D time-lapse example —AnglogoldAshanti USA

This example is from an injection experiment at the Cripple Creek and
Victor Gold Mine, in Colorado, USA. A dilute sodium cyanide solution
was injected at high pressures into an engineered rock pile to
increase the extraction of gold as a means of secondary recovery
after surface leaching had ceased. The figure shows an illustration of
the Hydro-Jex method with four discrete injection zones. The picture
shows Hydro-Jex unit.
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AnglogoldAshanti USA — survey procedure

A resistivity survey was conducted to better understand the direction
of flow and area of influence of the pressured injections. Resistivity
measurements were made with the pole-pole array using 48 surface
electrodes placed along 8 radials, 94 electrodes within 6 boreholes,
and 8 long electrodes using steel-cased injection wells.
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AnglogoldAshanti USA - results

A sample of the injection results is shown. Injections were made at
90 ft and 110 ft below the ground surface. The figure shows the
change in the resistivity (of -4%) in the form of 3-D iso-contours that
better illustrates the migration of the solution.

(a) 3D view of inversion results
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Example 3 — AnglogoldAshanti USA

Below is a time-lapse video constructed from 137 snap-shots.
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Closing remarks on 2-D, 3-D and 4-D surveys

2-D surveys constitute the bulk of field surveys. They are
simple and inexpensive to carry out.

3-D surveys are necessary to resolve complex structures.
Most 3-D data sets are collated from 2-D surveys lines that
are sufficiently close to each other. This provides a practical
method to obtain a 3-D model of the subsurface in an
inexpensive manner.

4-D surveys are used to map temporal changes in areas
such as landslide monitoring, subsurface movement of

fluids.



Special Topics

For own reading.
1). Model reliability
2). Banding effects in 3-D surveys



Model reliability

Different estimates of model reliability
Sensitivity

Covariance matrix

DOI

Model Resolution



Model reliability

A 2-D survey typically has hundreds of data points collected with
electrodes at different locations and spacings. We want to know
the regions of the subsurface sensed by the survey, and the
reliability of the results.

Sensitivity values

One method is to use the ‘sensitivity’ values, i.e. elements of the
Jacobian matrix associated with the model cells. In the RES2DINV
and RES3DINV programs, the sum of the absolute values of the
sensitivity values associated with the model cell is used. The
sensitivity value is a measure of the amount of information about
the resistivity of a model block cell in the measured data set. The
higher the sensitivity value, the more reliable is the model
resistivity value. In general, the cells near the surface usually have
higher sensitivity values because the sensitivity function has very
large values near the electrodes.



Model reliability - sensitivity

Figure shows the model section obtained from the inversion of a data
set for a survey to map leakage of pollutants from a landfill site. The
model sensitivity section in shows high sensitivity values near the
surface with decreasing values with depth. This is to be expected as
the near surface materials have a larger influence on the measured
apparent resistivity values. The large values at the sides are due to
the larger sizes of the side model cells (the sensitivity values have not
been normalized for the size of the cells).

L . LANDFILL SURVEY c). Model sensitivity section
a). Apparent resistivity pseudosection. Iteration 5 RHS error =1.73 %

o, DEPER e 24_0 ug_0 72.0 06.0 1a4m.

b). Inversion model section .
Depth Iteration 5 RHMS error =1.73 % Depth Blteratlon 5 RHS error =1.73 %
6.8 n. -

rse Model Resistivity Section

Inve
I D NN NN (RN [ (O (T (N ([ (O N N N
15.8 21.2 30.8 42 .4 68.8 84.9 128 178
Inverse Model Resistivity Section Unit electrode spacing 3.8 m.




Model reliability — DOI

The depth of investigation (DOI) method carries out two inversions of
the data set using different reference models using the following
least-squares equation.

(J 'J +1F, )Aqk:J 'R,g —1F.(q, —q,), where Fy =a, +a C.R_C_+a.C,R_C,

q, is a homogeneous half-space reference model and ¢, is an
additional “self” damping factor that has a value of about 0.01
times the ¢, and o, damping factors.

The DOI method carries out two inversions using different resistivity
values for the reference model. The second reference model usually
has a resistivity of 10 to 100 times the first reference model.

The DOI value is then calculated from the difference in the inversion
models.



Model reliability — DOI

The DOI value is calculated using the following equation.
ml(x,z)—mz(x,z)

m,. —m,,

r

R(x,z) =

m,, and m,_ are the resistivity of first and second reference models,
m,(x,z) and m,(x,z) are model cell resistivity obtained from the first
and second inversions.

R will approach a value of 0 where the inversion will produce the
same cell resistivity regardless of the reference model resistivity. In
such areas, the cell resistivity is well constrained by the data.

In areas where the data do not have much information about the cell
resistivity, R will approach a value of 1 as the cell resistivity will be
similar to the reference resistivity.

The model resistivity in areas where R has small values are
considered to be “reliable”, while in areas with high R values are not
reliable.



Model reliability — Landfill DOl example

The figure below shows the inverse model and DOI section for the
landfill survey data set. A value of 0.1 is used as the cut-off limit for
the effective depth of investigation. The depth to the 0.1 DOI contour
is about 27 m along most of the survey line, compared to 25 m for the
maximum median depth of investigation. The shallower regions with
high DOI values below the 50 m mark is probably due to the low
resistivity plume that limits the amount of current flowing into the
deeper sections below it. The regions at the sides of the section have
high DOI values because of less data coverage.

Landfill survey
{a) Model section with extended depth range (b) DOl index section

Depth Iteratlun 3 RHS error =2.9% Depth Iteration 3 RHS error =2.9%
-8 248 48.8 72.8 96.08 128 m. 8.8 24.8
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DOI model reliability - remarks

The DOI method is useful in marking the regions where the
model values are well constrained by the data set, and thus
greater confidence can be placed on the model resistivity
values at such regions.

The DOI method may be considered an empirical method
to determine the regions where we can reasonably resolve
the subsurface.



Resolution of data sets and models

Use of model resolution to quantify the
information in a data set and inversion
model sections.
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Information in a data set

The sensitivity section shows the areas where a single array gives the
most information about the subsurface. However, a survey consists of

data collected using many arrays with electrodes placed at different
locations, and with different spacings.

For example, the diagram below shows a Wenner array survey with
58 data points. What are the sections of the subsurface where this
survey gives reliable information?

One method to determine this is the model resolution section.

Wenner array sensitivity section
C1 P1
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P2 c2 T ; 1

Depth
0.10
ggg | Statlion 18 . Resistivity Meter
0.40
0.50
0.60
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Multi-core cable
0.70 €1 P1P2Cy Electrode Numher
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=1 1+ - . P P ..
0.90 -l e _
1.00 =3 32+ -
- - =4 43 .
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Sensitivity =6 56
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Model resolution equation

The model resolution equation is related to the least-squares
equation which is given by

(17T + 4F)Aq, = I g - 1Fq,

The relation between the calculated model resistivity and the true
resistivity is approximately given by

1
UQnoder (JTJ + j’F) J'J q Actual
To show the relationship better, we rewrite it as
Qrroaa =~ RYsema » R= (JTJ_l_ﬂ“F)lJTJ

The R matrix is called the resolution matrix.

It can be considered as a “filter’ or ‘distorting lens’ through which we
see the subsurface.



Model resolution — seeing through a distorting lens

The effect of the model resolution matrix can be shown qualitatively
below. Consider an original image, such as

ABC

A person with less than perfect eyesight might see it as

ABC

Someone with very poor eyesight might see it as

ABC

The matrix R can be considered as a ‘blurring’ matrix that
contaminates the calculated model value with values from nearby
cells.



Model resolution — simple example
Consider as simple model with only 4 cells. Model with 4 cells

The relationship between the calculated
resistivity value for each cell and the true
cell resistivity value is given by

1
andEl = Rchtuﬂl 2 R: (JTJ+AF} JTJ

This can be written in matrix form as

(D (R, Ry, Ry Ry)(49a
Dz | _ R, R, R, R,||94x
Dars Ry Ry Ry Ry | |9

s RR41 Ry, Ry Ry )\ 9aq

qModel = R qActual



Perfect model resolution example

So far we have the model resolution matrix

(Do (R, R,
a2 | _ R, R,
Dar3 ) Ry Ry,
ey {Rn_ R,,
qModel = R

R, }Q4\
R,, R,,
Ry, R,
Ry Ry )

, \
d a1

q a2

q a3

¢
k]A4)

{ Actual

Model with 4 cells

ds

9,

q,

9

If the cells are perfectly resolved, the diagonal elements of the
resolution matrix are 1.0 and other elements are 0.0.

This means the
calculated value for
each cell only depends
on the true value.
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Imperfect model resolution example

In the case with imperfect resolution, the matrix might be like

(@) (07 01 0.1 0.1)(qu’ Model with 4 cells
Qps2 0.1 0.7 0.1 0.1]]|q,
Qs 0.1 0.1 0.5 03]]|q,,
Gues) |01 0.1 03 05)|q,,

\ s
qModel = R qActual

The diagonal elements give the ‘degree’ of resolution, while the off
diagonal elements give the degree of ‘contamination’ or cross-
correlation with the neighboring model cells.

One way to illustrate the resolution is to plot the values of the
diagonal elements of the R matrix. This shows the degree at which
the calculated model value depends on the true value. A value of
about 0.05 (5%) is sometimes chosen as the ‘cutoff’ value.



Model resolution — Wenner array survey

As an example, we use a survey line with 30 electrodes with 1 m
spacing. First we look at the model resolution for a Wenner array

survey with the ‘a’ spacing ranging from 1 to 9 m.

Wenner Alpha Array (a=1 to 9)
Average Resolution 0.179

Degf]h')n: 20 40 60 80 100 120 140 160 180 200 220 240 26.0  28.0
0.63 :

1.4 1
2.3 1

34 1
4.1 1
4.8 1

5.6 -
6.4 -

74 -
84 -

9.5 -

10.8

(7 (7 7 [ [ (N ) ) ] e O
0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900

Base Set Model Resolution Values Number of data points = 135

The resolution is greatest near the surface, decreases rapidly with
depth, and is very small below a depth of about 2.0 m.



Model resolution — dipole-dipole survey

Next we check the resolution for a dipole-dipole survey carried out
with a=1, and n=1 to 6.

Dipole-dipole array model resolution section (a=1, n=1 to 6)
Depthoo 20 40 60 80 100 120 140 160 180 200 220 240 26.0 280

0.00
1.8 -

2.8 -

4.1 -
4.8 -
5.6 -

6.4 -
7.4 1

8.4 -
9.5 -

10.8

[ 7 7 [ N ) Y [ 7 1 [ 0 0 0 ) 0 e e I
0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900

Model Resolution Values Number of data points = 147

Note that the resolution is greatest near the surface, decreases
rapidly with depth, and is not significant below a depth of about 3.0
to 3.5 meters. It has slightly more data points than the Wenner, and
performs significantly better.



Example of model resolution — landfill survey

The model resolution section is shown in (c). (d) shows the model
resolution multiplied by the number of model cells to give an index
value, i.e. Ri..m, to remove the effect of how finely we subdivide the
subsurface. If a cut-off value of 5 is used for the index value, the
depth with significant information is about 19 to 22 meters. Note the
resolution values do not taper off towards the ends of the lines as
rapidly as the pseudosection. The resolution values are slightly lower
below the low resistivity landfill zone.

(a) LANDFILL SURVEY (b)  Iteration 7 abs. error - 0.87 %

Inverse Hodel Resistivity Section
] ] 1 § JEmjcopeey jeammpeeyeey o) § |
18.8 141 28.8 28.3 48.8 LH.6 80.8 113
Resistivity in ohm.m Unit electrode spacing 3.88 m.
C . . L .
{D ]th Model resolution section (d) Model resolution index section
epth _g _pm 39.8 87.8 135.8 - -9.688 39.8 87.8 135.8
B.758 | - L B.758 |
£.25] £.25 ]
9.751 9.75 1
14.3 ] 14.3 ]
18.81 18.8 1
23.3] 23.3 ]
27.81 27.8 1
32.3] 32.3 ]
36.87 E 36.8 7
Model resolution per unit area section Model resolution per unit area index section
I N N N (N [ (N [T (NN (TR ] (D (O (N N BN [ § § 1 § JEmjoopeey jeapmmpeeyeey §o§ § |
g.81888 B8.8178 8.8316 8.8562 ﬂ.1ﬂ@ 8.178 8.316 8.562 1.688 2.15 464 18.8 21.5 4.4 168 215

Hodel resolution per unit area section Hodel resolution per unit area index section




Blanking out model using model resolution index

The model resolution values can be used to blank out parts of the
model with low resolution values and are not reliable.

LANDFILL SURVEY

-9.00 39.0 87.0 135.0 m.

Measure d Apparent Resistivity Pseudosection

Depth Iteration 7 RM$S error = 0.87 %
-9.0

Inverse Model Resistivity Section
-----------------
125 17.7 25.0 354 50.0 70.7 100.0 141

Resistivity in ohm.m

Unit electrode spacing 3.00 m.
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Comparison of Resolution and DOI

The model resolution shows a more gradual change with depth (and
also laterally) in the resolution values compared to the DOI. The 5
model resolution index contour (about 19 to 21 m depth) is slightly
shallower than 0.1 DOI index lower contour at about 27 m. The
model resolution section avoids the localized regions with high DOI
index values. It is less empirical compared to the DOI index method.

(a) Model resolution section (c) DOI section

Depth Depth
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Comparison of methods to assess model reliability

Method Advantages Disadvantages

Sensitivity | Simple and fast to A very crude measure. Does
calculate. not take into account data

redundancy.

DOI Can be used for any Can have localized regions
inversion model. Only | with high or low DOI values,
requires two inversions | caused by noise or local
of the same data set. It | anomalies. Sensitive to
can be used for very stability of inversion
large 3-D models. method used.

Resolution |Less subjective, shows a | Calculation time is

smoother variation than
DOIL.

proportional to n?
(n=number of model cells).
Limitations in using for very
large 3-D models




Banding effects in 3-D models

Methods for reducing banding effects in 3-D
inversion models for data collated from 2-D
surveys lines.
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Field example of 3-D banding effects

This survey was over the Ekeboda landfill (Sweden) has 10 parallel 2-
D lines. The low resistivity area in the 2-D model due to leachate
downward migration at 95 m. elevation is much smaller than the 3-D
model. Other known structures such as a buried culvert on the
eastern side at 98 m. elevation shows up better in the 3-D model.
However the 3-D model shows prominent linear artefacts that are
aligned along or perpendicular to the direction of the survey lines.
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Cause of 3-D banding effects

The artefacts are due to the survey setup and the arrangement of
model cells and the smoothness-constrained least-squares method
used. The measurements are made in only one direction. The x and y
axis of the model cells are arranged along and perpendicular to the
direction of the survey lines. There is a directional bias in both the
data and the model cells setup in the x and y directions.

2D-inverted \ 3D-inverted

« Electrode x-direction & .

Py o p S

’
y -direction P‘1 P‘Z P‘3 F"4 . 108 mo6h '
Resistivity
-/ -/ -/ 103moh (Ohrmerm)
VAR
B / _.__7 T / _____ N 2500
Layver 1 s 500
100méh 1000
4 630
Layer 2 400
250
160
100
Layer 3 -
40
25
Layer 4




Structure of the roughness filter

The roughness filter has the form F =6x'x + SyTﬁy + 6z 0z

O0x, oy and 0z are the first-order difference matrices in the x, y and z
directions. It minimizes the change the resistivity between adjacent
model cells in the x, y and z directions. It has a bias to produce
structures that are aligned along the x, y and z directions particularly
if the L,-norm (blocky) inversion method is used.

A modification to the horizontal roughness filter to include
components in the diagonal x-y directions is made to reduce the bias.

Coupling of 3-D model Normal horizontal roughness Normal vertical roughness Horizontal roughness with
cells in roughness filter filter x and y components filter with z component diagonal x-y components

Eredin = mfn = mis B
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Ekeboda landfill data set — default model

The field survey data set consists of 10 parallel lines with 61
electrode positions along each line using the multiple gradient array.
The in-line electrode spacing is 5 m, and the spacing between the
lines is 10 m. The model has prominent structures in the top two
layers that are elongated in the y direction as the model cells are

twice as long in this direction.

(a) Model with longer model cells in y-direction lteration 5, data misfit = 7.9 %

y. Layer 1, depth: 0to 2.5 m.
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Ekeboda landfill - model with uniform cell lengths

The inversion model with cells of the same lengths in the x and y
directions removes the elongated structures in the y direction. The
banding effect in the x direction is more clearly shown in the top
three layers, such as in the low resistivity (blue) landfill.

(b) Model with model cells with same x and y lengths lteration 5, data misfit = 6.2 %
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Ekeboda landfill — using higher damping factors

The elongated structures in the x direction are reduced by using a
higher damping factor for the top layers. The more slanting left
boundary of the low resistivity landfill is now more clearly shown.

(c) Model with higher damping factor for top layers lteration 5, data misfit = 7.0 %
y Layer 1, depth: 0 to 2.5 m. y Layer 2, depth: 2.5t0 5.4 m.
80- i 80- N

601 | 601

1

- - 1

401 40 ' 1
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Ekeboda landfill data set — using diagonal filters

The elongated structures in the x direction is are almost completely
removed when the horizontal roughness filter with diagonal x-y
components is used.

(d) Model with higher damping factor for top layers and diagonal x-y filter lteration 5, data misfit=7.1 %
y Layer 1, depth:0to 2.5 m. y Layer 2, depth: 25t0 5.4 m.
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Other types of diagonal filters

Roughness filters with diagonal components in the x-z and y-z
directions can be used to reduce bias in the vertical direction. The
roughness filter can also be applied between the central and corner
cells as well (only 2 out of 8 corner cells are shown).

Coupling of 3-D model Normal horizontal roughness Normal vertical roughness Horizontal roughness with
cells in roughness filter filter x and y components filter with z component diagonal x-y components
'l = EE GE N
=" ¥ ¥
X —» X — X —m
Vertical roughness with Vertical roughness with Roughness filter with
diagonal x-z components diagonal y-z components corner model cells
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Banding effects conclusions

Many 3-D data sets are collated from a series of parallel 2-D survey
lines. The distance between the lines is often two or more times the
in-line electrode spacing.

Inversion models for such 3D data sets can display artefacts in the top
layers elongated along the axes of the survey grid.

The artefacts are reduced by using a model discretization where the
cells have about the same lengths in both horizontal directions.

Further reductions in the artefacts are achieved by using a higher
damping factor for the top few layers.

Using a horizontal roughness filter with diagonal components will
remove most remaining direction artefacts.
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Software installation — Res2dmod software

All the software and data files are in the USB drive provided. To
install the programs, use the Windows File Explorer to list the folders
the in the USB drive. Go to the Res2dmod_Win folder, and within the
folder select the setup.exe file to install the Res2dmod program.

~ USB Drive (D)

v

<

PN o

1 N7 MNNT 14.0C A
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% = | USB Drive (D) - O X Y - Application Tools - O X
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Software installation — Res2dinvx64 software

Follow the same steps to install the Res2dinvx64, Res3dmodx64 and
Res3dinvx64 programs.
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