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Syllabus @ITIN=ERIS

Electrical Prospecting (6 hours):

* Mechanisms of electrical conduction in rocks

* Ohm's law

* Archie's law

* Field generated by a point electrode on the surface of a homogeneous and isotropic half-space
* Electric quadripole and apparent resistivity

* Electrode arrays

* Vertical electrical soundings

* Horizontal electrical transversing

* Electrical resistivity tomography

* Hints on interpretation

* Examples



Electrical and electromagnetic methods @ITIN=ERIS

Electrical properties of the earth can be explored either by electrical methods where direct currents or low
frequency alternating currents are applied or by electromagnetic methods which apply electromagnetic
induction phenomenon and the wave character of the electromagnetic field.

Direct current methods Alternating field methods
The variety
, \ , \ of available
. e e techniques is
Natural fields Artificial fields Natural fields Artificial fields much greater
\ / \ than in other
. . . eophysical
Self-potential method DC resistivity Magnetotelluric method Conductivity meter ﬁ\etrl’\o\clzlsl
. L. Tilt-angle method ’
Induced polarization
VLF
TDEM

> Resistivity is the physical property that is mainly involved in this kind of surveys.

> In some cases, importance may be given to other properties: magnetic permeability (low frequency), permittivity (high
frequency)



Historical notes BITIN=RIS

1720: Gray and Wheeler made electrical studies of rocks and listed their electric conductivities

1830: First observation of natural electrical currents in copper mines by R. Fox

1882: C. Barus introduces the use of non polarizable electrodes for measuring natural potentials to detect ore
bodies

1913-1920: Industrial use of the Self-potential method begins with C. Schlumberger

1912-1920: The method of resistivity measurements with 4 electrodes is introduced almost simultaneously by
Wenner (1912-1917) and Schlumberger (1920)

1920: infancy of Induced Polarization (IP) method with the first observations of different potential decay
curves in presence of particular bodies by Schlumberger

1922: introduction of the concept of apparent resistivity



Historical notes BITIN=RIS

Late 1930s: development of theoretical curves of self-potentials for simple models (e.g., 2 or 3 horizontal
layers)

Late 1940s: industrial use of the IP method begins

1950: development of IP measurements in the frequency domain

1960s and 1970s: development of numerical methods for potential modelling and development of automatic
inversion methods

1990s: development of multielectrode systems for fast acquisitions; development of capacitive-coupled
electrodes

Recent couple of decades: development of autonomous ERT monitoring systems



Self potential (SP) method

* Passive method

* Measurements of naturally occurring electrical
potentials

 Common applications:

Mapping sulfide ore bodies, detection of leakage
zones in the buried walls of earth dames,
exploration of karstic springs, water table
investigations, geothermal

SP and resistivity graphs over a
fissured zone of limestone,
following the infiltration of
precipitation or irrigation water.

@ ITIN=RIS
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DC resistivity method

e Active method

* Electrical current flow generated by a DC, or slowly
varying AC, source
* Measurements of electrical potential

* Common applications:

Mapping presence and quality of pore fluids and clays,
detection of the depth to bedrock, near surface
geophysical mapping, exploration of metallic minerals

a) Resistivity sounding positions
along a proposed route of road
construction. (b) Interpretation of
resistivity soundings along the
road site investigation rout .

ﬁ
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Induced polarization (IP) method @ ITINERIS

* Active method (usually done in conjunction with
DC resistivity)

30 L
|
* Current is initially applied or removed from the 2000k rpecss
ground ! W
* Measurements of the transient variations in
potential (the ground behaves like a capacitor) 10 m:[:u:: a
* Common applications: _
. . . o
Search for disseminated metallic ores and, to a lesser fg
extent, groundwater (detecting concentrations of B F | 3msline
clay), and geothermal exploration €
= R esistivity
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Electrical properties: Resistance and Resistivity @ITIN=ERIS

Resistivity is the property of a material that resists the flow of electrical current.

Ohm’s Law: the current through a conductor between two pomts is dlrectly proportional to the potential
difference across the two points Resistivity

Conductor o i R = — = S
=i 1 P

Amimeler

Resistor

AA2 :

[ &
e Resistivity
¥

- | meter —

‘;‘_L_"‘.
- R A <— area [meter?|

T <+— length [meter]

resistivity [Ohm-m]

resistance [Ohm]




Electrical properties: Resistivity @ITIN=RIS

Ohm’s law in differential form:

AV E -dx dx

_ =p Hence: EZ,OJ
I J-dy-dz dy -dz

R=

E = celectrical field

N.B.: p is scalar only in case of isotropic materials.

J = current density

Channel

In rocks, resistivity depends on:

] Minerals

Most soils and rocks are essentially
nonconductive, thus in most earth
materials the conduction of electric
current takes place virtually entirely
in the water occupying the pore
spaces or fractures.

O Fluid content in pores and fractures




Resistivity of minerals @ ITIN=RIS

Minerals can be subdivided into 3 subsets:

Metallic conductors: Conduction is due to the presence of atoms having loosely held valence electrons. Impurities and
thermal agitation of ions obstruct conduction.

Typical range of values: 10°< p <103 0m Examples: gold, copper, tin, platinum, silver, graphite

p increases with increasing temperature and impurities

Semiconductors: Charge is carried by electrons. They are normally fixed in the atomic lattice, but can be displaced by
using thermal energy.

Examples: sulphides (e.g., pyrite, chalcopyrite, bornite, 10°<p <102 Qm ), metal oxides (102<p <10 Qm)

p decreases with increasing temperature

Dielectrics: They are the most common minerals in the lithosphere (silicates, sulphates, carbonates....).
Current is carried by ions either removed from the lattice by means of thermal agitation or consisting of impurities.

10°< p <104 Om p decreases with increasing temperature



Resistivity of fluids @ ITINERIS

Fluids contained in rocks:
Air

Li(25)* OH(55)*

Water (with different salt concentrations)

Hydrocarbons (in liquid or gaseous state) SIS
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Resistivity of solutions
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Resistivity of porous/fractured rocks with water @ITIN=RIS

Water-saturated permeable rocks with dielectric grains (e.g., sands, sandstones, limestones....)

Shape as well as dimension of pores and fractures allow to create a continuous network through which water
is free to flow.

In this case the bulk rock resistivity is: [0 = F Pw p,= pore water resistivity
F = Formation factor of the rock

F increases with decreasing porosity, according to an empirical relationship (Archie’s law): F = a¢_m

¢ = porosity (pore volume/total volume) a, m = empirical constants (0.5<a<2.5;1.3<m< 2.8)

If rock is not 100% water-saturated, Archie’s law thus becomes: p = F pWS v;n

S,, = water saturation (water volume/pore volume)

n = saturation factor (empirical constant ranging between 1.5 and 2.2)




Common average resistivity values

Soils
Dry sands and gravels without clay content

Saturated sands and gravels, conglomerates, without clay content

Saturated sandy limes
Clay limes

Alluvial or lacustrine clays
Marine clays

Igneous rocks

Dry young lava (Etna)

Unaltered lapideous igheous rocks
Unaltered saturated pyroclastic tuffs
Highly argillaceous igheous rocks

Sedimentary and metamorphic rocks

Argillaceous limestones

Calcareous marls

Marls

Schists and non phyllitic or argillaceous metamorphic rocks
Argillaceous schists or altered phyllitic schists

resistivity in £

>1000
100 -500
30 -100
20-50
5-20
1-10

> 20000
> 1000
> 500
>3

> 1000
100 - 300
50 - 100
20-40

> 500
20-50

@ITIN=RIS

Note the overlap
between resistivity values
of different material.




Electrical properties

Permittivity

ngé
[

C = capacitor’s capacitance

A = surface area of the plate

| = distance between the plates
€ = permittivity

g =8.85x107 " —

vacuum

= Usually given in relative values referred to

Evacuum
" For mostrocks: 4<¢,<10

* Its value can increase considerably: €, ,...=80

@ITIN=ERIS

Magnetic permeability

When EM sources are employed, the voltage
induced in a subsurface conductor varies not only
with the rate of change of magnetic field, but also
with the magnetic permeability of the conductor.

oH
VXE=—u——o0
"

=47z><10_7£
m

luvacuum

The magnetic permeability of nearly all rock formations,
with the exception of few particular cases (rocks with
magnetic properties), is the same of vacuum.



Electric potential @ ITINERIS

Consider a single current point source which supplies a current of intensity / in a homogeneous medium of
resistivity p.

Power
G O

\
Uniform medium

VzV — O Laplace’s equation \ \ ) {
\\ ,

Surface

===~ Current flow

“ "\ Equipotentials =

Laplace’s equation in spherical coordinates:

2
VzV:izé(r2 Wj+ 21. 0 (sinHWj+ 5 .12 51;:0
r°or or ) r°siné o6 00 ) r°sin” 6 op




Electric potential @ ITINERIS

Since there is spherical symmetry:

2
v _o Y _, 2y OV 26V
~= 5 =) vy =" 1250
@ or r or
The solution to the equationis of the form: |7 = — 4+ (' where A and C are constants
r
Assuming V=0when 7 — o0,weobtainC=0 Because of symmetry, at distance r we have: | — !
Amr?
oV o (A A
andthen F=p-J=p > Consideringthat: Ff =—_—_— —__— |~ [ = —
47 or or\ r r
i
we obtain 4 = '0—
4 The solution is unique according to the uniqueness
71 theorem. In case of fields generated by more than one
And therefore }/ = P _ point source, we can apply the superposition principle.




Electric potential: Image source method @ ITINERIS

A = current source with intensity /

A’ A’ s image source (delivering current with intensity Ki/)
K = PP =) Reflection coefficient
Pr T P
I1-K
Inmedium1: J, = '0—11 l + 5 In medium 2: Vz = :
A\, dr
= 00O .
P o e The image source overlaps with the real one
P A=A’ ground

— I|1 1 I1
K = P f =1 So in medium 1, the ground, we have: V1 — '0—1 —+— | = Vl — '0—1—
0, + P, Az \r r 2 ¥

In case of 2 electrodes with opposite polarity: =l V1 — '0_1] l _ i
2r \r,



Self potential (SP) method @ ITINERIS

Certain natural or spontaneous potentials occurring in the subsurface are caused by electrochemical or mechanical
activities.
Electrokinetic potential
Liquid junction (diffusion) potential
Shale potential

Four principle mechanisms can produce natural potentials:
Mineralization potential

SP method ranks as the cheapest of surface geophysical methods in terms of equipment necessary and amongst the
simplest to operate in the field.
Two non-polarisable porous-pot electrodes are connected to a precision multimeter capable of measuring at least 1 mV.

voltmeter
electrode (copper) —ag—
—— o)

\ <= screw top
= 5

<= porous container

| === saturated solution

(copper sulphate)

rface

electrodes




SP survey methods @ITIN=RIS
A) Single line

B) Parallel lines C) Grid

P ] o] o]




SP data display / interpretation @ITIN=SRIS

Aim: Metallic mineral exploration

Method: Detection of the minimum potentials (where ore bodies are supposed to be)
Comparison between observed potential curves and synthetic anomalies corresponding to a known model

Typical curves of SP generated by an ore body SP —0
f 50 (mV)}-=-50
- |
—-150 A-A profile
A A surface —_— —_— —_

@ body

Qualitative interpretation:

SP anomalies are often interpreted qualitatively by profile shape, amplitude, polarity (+ or -) and contour pattern.
The top of an ore body is assumed to lie directly beneath the position of the minimum potential.

If the axis of polarization is inclined from vertical, the shape of the profile will become asymmetrical.



SP example

Location of a massive copper ore body

@ITIN=RIS

)

Sariyer, Istanbul

Pr. A-A'
25m

E5m
N

f

Devonian Schist
Senonian Andesite
Sulphide with Cu%




DC resistivity method

A man-made electric field is generated in order to measure soil resistivity.

/
—@—]
Y
v
- = A Mi I N B__surface
< r1 > < r3 > p
r, r
If sub-surface ground is homogeneous and isotropic:
I(1 1 _ _ _
2\ n

@ ITIN=RIS



DC resistivity method @ ITIN=ERIS

I: introduced current (A)

AV: measured potential difference (V)
p,: apparent resistivity ({2m)

C: geometrical factor

N.B.: Once the subsurface is non-homogenous, the
value determined for the resistivity is unlikely to
equal the real resistivity of the material in which the

. — e e CAnTERAL flOW
electrodes are inserted. Therefore, the measured
resistivity is termed “apparent resistivity”.

Equipotentials




Electrode configuration (array)

@ITIN=RIS

The geometrical position of the four electrodes is called electrode configuration (array or arrangement).

Wenner Alpha: C = 2na

A M N B
0e—Id s eec—3 ec—3 o

Wenner Gamma: C = 3na

A M B N
0e—Id s0c—3 0c—2 e

Wenner-Schlumberger: C = nn(n+1)a

A M N B
o< na >0 c—2 >0¢ na >0

Pole-Dipole: C = 2nn(n+1)a
A M N
o< na >ec—2 e

Wenner Beta: C = 6nta

B A M N

0e—2 50— sec—2 e

Schlumberger: when b>>a, C = nb?/a

M N B
¢ d >0
<€ b e > € b >.

Pole-Pole: C = 2mta

A M

0e—2 >e

Dipole-Dipole: C = nn(n+1)(n+2)a

B A M N
oc—L —>e0¢ Nd_____sec—2 5o




Electrode configuration (array)

Wenner

e High signal strength
e Good vertical resolution
e Moderate depth of investigation

Dipole-dipole

e Low signal strength

e Good lateral resolution

e Shallow depth of investigation
* No EM coupling effects

Schlumberger

e Moderate signal strength
e Moderate vertical and lateral resolution
e High depth of investigation

@ ITIN=RIS
Wenner Alpha: C = 2na
A M N B
ec—2 see—d e 1 >e
Schlumberger: when b>>a, C = nb?/a
A M N B
o_ sc—2—>e .0
Dipole-Dipole: C = ntn(n+1)(n+2)a
B A M N
sc—2 >ec g >ec—2 >e

NOTE
Signal strength is inversely proportional to
the geometric factor since

N
C




Equipment @ ITIN=RIS

batteries Maximum voltage 1000-2000 Vv

(for brief surveys)
electrogen group

Energy source Maximum current few Amperes

Electrodes metallic

) - survey is affected by self-potentials ’:’/\\
v direct  e—) 2R

, - electrodes polarize
Generated current switched i - cancel self-potentials
% ‘
alternating \f\, - prevent electrode polarization

Voltage measurement voltmeter with high input impedance

Electrodes - non-polarisable (in case of direct current surveys)
- metallic (in case of switched or alternating current surveys)




Equipment @ ITIN=RIS

Traditional equipment (4 electrodes) Multielectrode equipment
manual switching




Equipment @ ITIN=RIS

Multielectrode equipment - automatic switching




Resistivity measurements - Sounding @ITIN=RIS

In resistivity sounding, mostly known as Vertical Electrical Sounding (VES), the electrode spacing interval is changed
while maintaining a fixed location for the center of the electrode spread.

A M N B
1 l 2 l l 1 N Sounding data are usually graphed
S on double logarithmic papers.
A M N B QQ
| [l ] ; 0
A M N B
| lol | 3 0

O()OO

AB/2 (m)




Resistivity measurements - Profiling

@ ITIN=RIS

In resistivity profiling surveys, also known as Constant-Separation Traversing (CST), the location of the spread is changed

while maintaining a fixed electrode spacing interval.

reference point

station 1 station 2
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F 2 2 P FFE S L
X 3 X

>

R e

o o o (=] o o [=] o o

e >y 0o o\ o o o oo

)

(o] (o] o] o (o]} o (o] (=] =]

o] o o o [¢] [o) © o [

A

()

distance (m)

|

»

According to field data, a p,(x)
diagram is plotted, where x is
the position of the central point
of the array (resistivity profile).




Electrical resistivity tomography (ERT) @ ITINERIS

Dipole — dipole array

Dipole-dipole array is very sensitive to horizontal changes (but relatively insensitive to vertical changes) in resistivity. Thus
it is good in mapping vertical structures, such as dykes and cavities, but relatively poor in mapping horizontal structures

such as sedimentary layers.

| lm+m+mrian a | a | . . . :
\ N N common mistake is to monotonically increase the
A \]3 \]%)/ N I/’V B‘?l M// N “n” factor, while keeping the dipole length “a” fixed,
_; \q’ y / ,/ in an effort to increase the depth of investigation.
"= 7 // /’ This usually results in very noisy data.
n=2 h ;x / 7/ andsoon
n=3 \Q ﬁ ,/ The “n” value should not exceed 6, and the method
.y Y Y of overlapping data levels with different “a” dipole
lengths can be used



Electrical resistivity tomography (ERT) @ ITINERIS

Wenner array

Wenner array is relatively sensitive to vertical
changes (and less sensitive to horizontal changes)
in the subsurface resistivity below the center of
the array. In general, Wenner array is good in
resolving vertical changes (i.e. horizontal
structures), but relatively poor in detecting
horizontal changes (i.e. narrow vertical structures).

AMMHMMMMMMMMEBEBB
O 0000 O0OC0OD0ODODOO0OO

O 0O0OO0O0O0OD0O0O0OO0O

O 000O0O©O

Wenner-Schlumberger array

This is a hybrid between the Wenner and Schlumberger arrays.

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

ANMNNNMNNENRERENERRBRB
O 0000000000 O

OO0 00000 O0O0O0

OO0 0000 O0O0



Electrical resistivity tomography (ERT) @ITIN=ERIS

Wenner array

+ 4+ + +
+4++++
++++++
+H A+ +
+++++++
++++++
+ 4+ +++

+ 4+ +

+ A+
++++ A+ +
R R T

++++ 4

N.B.: Wenner array is a special
case of this array where the
“n"” factor is equal to 1.
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Electrical resistivity tomography (ERT) @ITIN=ERIS |

Data display

Example: Wenner array, a =2m
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Interpretation - VES @ITIN=RIS

For resistivity sounding, the available 2 layer 3 layer 4 layer n layer

earth models are essentially limited to & ol gk L <L oo ¥l i LA
horizontally Iayer?d earth. Each layer is D, P D, topy D, t, Py D, t P
assumed to be uniform. P2 B P t, p, o,

D, D, D,
Pz Pz P3
BRe -~ . iReSsESSe
, SoK1 i
2h t n-1 P n-1
S k1 D p
I O L
Theoretical models for vertical 2h| < X > 0
soundings (2-layer model)

V,is the sum of potentials
due to S and its infinite
image sources.




Theoretical models for vertical soundings (2-layer model) @ ITINERIS

SISKZI

2
o LA S S S to|=
oKl P 27| x \/x2+(2h)2 \/x2+(4h)2
Wl __ ol 1 < k"
e 2\ xS [+ (onh)

Using Wenner configuration: AV = VM (A) + VM (B) — VN (A) — VN (B) = 2VM (A) — 2VN (A)

od |1 s k" 1 c k"
AV =—=2| —+2 —| —+2
27 a ; \/az +(2nh)2 2a IS \/4a2 + (Znh)2

Ay =21 l+4Z K

27 | a n:l\/ +(2nh) _42\/461 + 2nh)



Theoretical models for vertical soundings (2-layer model) @& ITIN=RIS

AV = k" - k"
,Oa 2727%1 :pl 1+4nE:1 > —4 EZI
4+(

when — >0 = [p — p
h o0 ; 0 ki’l 00 .
when — >0 = p, =p|1+4> k"-4> > |=A 1+2) k" |=
n=1 n=1 n=1

a
1 1+k
=p|1+2 — -1
,01{ (l—k )} ,011k P>




Theoretical models for vertical soundings (2-layer model) @ ITINERIS
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Interpretation - VES @ ITIN=RIS

Curve matching

1- Plotting the field resistivity curve (smoothed and corrected as necessary) on a transparent log—-log paper
with the same scale as the master curves.

2- Placing the field curve on the appropriate set of master curves and, keeping the two sets of axes parallel,
moving the field curve about until a fit is obtained, or until it appears to be interpolated between adjacent

curves in the correct place.

3- Now, the p,/p,=I and the a/z=I axes of the master curves respectively cut the ordinate and the abscissa
of the field curve at p,=p, and a=%.

4- The reflection coefficient of the field curve (to calculate p,) is that of the best—fitting master curve.



Interpretation - Profiling

@ITIN=RIS

Different types of anomaly is produced depending on the electrode configuration and whether it is developed at right

angles or parallel to the boundary.

Plan view

1]

£

» Distance



Interpretation - Profiling

A M N B B’ A’
a X
P ‘ P
B
///%//M I //%//A
a X
P £
A B'M N
i %%//Q// ////9///9/// )
/01 £>

@ITIN=RIS

All five possible situations
depending on electrode positions
with respect to the contact.

Plan view
P P C
Oo—8—0—1
C P P|C
Oo———1-1
c pP|P C
Oo——1-0—1
clp P cC
O—-0——1
C P P C
Oo———

C = current electrodes
P = potential electrodes



Interpretation - ERT

Iterative inversion methods

MODEL

DATA \‘1
\‘1 synthetic data
pseudosection \‘1
comparison
T~ convergence
test

pseudosection

model

/updating

—= END

@ITIN=RIS

LANDFILL SURUVEY

Ps.2

6.1
16.8
15.4

21.5

e 8.0 24.8 48.0 72.8 96.8 128 H.
1.5

6.1
18.8
15.4

21.5

Calculated Apparent Resistivity Pseudosection

Iteration 4 RMS error = 1.6 %

Landfill Plume
DApEN o & 24.9 48.0 72.9 96.9 128 H.
5.8

Inverse Model Resistivity Section Unit electrode spacing 3.0 M.

B § J J jJempjoojenl jJeoeimmjocyesy § § B |
20.0 30.0 48.0 50.0 60.0 70.0 80.0 96.0
Resistivity in ohn.m



Applications

@ITIN=RIS

Civil engineering: thickness and saturation level of sediments, depth to bedrock, locations of subsurface cavities

(natural or manmade)

Archeological investigations: location of buried foundations, walls, roads, tunnels

Hydrogeological studies: groundwater, saltwater intrusion into freshwater aquifers

Environmental investigations:
evaluation of contamination level,
mapping pollutant diffusion,

assessment of abandoned landfill areas

Elevation (feet)

3 40 45 50 55 60 65 70 100 200
Calculated Resistivity (ohm-feet)

Well B-1
6046 6047 (100 ft west of Traverse #1) SOUTH

A

Interpreted Base of Landfill
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
l : - l Inline Distance (feet)

— - Courtesy of

W SEAGI 2zt e

Tel: +1(512) 335-3338
e s ey Fax: +1(512) 256-9958
GEOPHYSICAL SERVICES E-mail sales@agiusa.com
Middletown, Pennsylvania Web site http:/'www agiusa.com




Examples: cavity

@ITIN=RIS

Possihic Clay-flllod

Yold im Rock

Legend A

15000 2030
10487
7331 gi 2020~

__ P 4

=acss 2010

— 2505 St

B 7 resissivity
1224 (chm.m)

N .

b sow
a1y Seal |
292 erizontal: 1" = 40° g )
204 Vertical: 17 = 25°
143 Looking into Cave

from Entrance
i - T

100 3 - ] St
f’{ x 5 Instrumenits. - <

0

$<——Cave Entrance

Approximate 25 ft Wide -

>
Roosa tasida C- & The above two-dimcnsional resistivity profile
wiss conducted vver top of the cave shuwn,
Data was recorded using the Sting/Swift automatic
8 system with 28 clectrodes at 2 m spacing in a dipole-
dipole array. Soil coverage was thin, rock was within
6 inches of the ground surface above the cave.
Adjacent to the cave WaS an cxisti

¢ Lol

B Both the cave and fra b h the vinkhole can
be seen in the profile.

(;uurtes_\' of mG oot
Chnabe] R
nginecring Fax: +1 (512) 268.0958

Esmail zales@agiusa.com
Web site http:/iwww.schnabel-eng.com Web site hitp/Sww. sgiusa.com

35 4ID 45 50 55 BIU 65 70 75

-~ | 7500
8000
4500
3000
1500
1200
800

300

.150

0 FIJ 1|D 15 20 25 30
L

Cave 2, the Sting cave, was detected during a test measurement over

a previously known cave, Cave 1. This cave shows lower resistivity than
the Sting cave as Cave 1 has floor to ceiling columns which act as current
conduits. The Sting cave does not have any columns. Both caves were
confirmed by drilling large diameter, 24 inch, entrance holes. Depth to
celling for Cave 1is 1.8 m, for Cave 2is 7.3 m.

The resistivity section above was calculated from the apparent
resistivity data using the RES2DINV automatic inversion software.
The graphical presentation was made using the Surfer for Windows
software.

Survey date: October 29, 1984

Method: Dipole-dipole resistivity (dipole 4.6 m, n=8}

Unit: Meter and ohmmeter

Instrument:  Sting/Swift, 28 electrodes at 4.6 m spacing

Survey time: Set-up and take down 1 hour (2 man crew)
Data acquisition 40 min

SEAGment .,
Tal:  +1(512) 335-3338

Courtesy of Gasch & Associates, Sacramenta, Califomia Fax: +1(512) 258-9958
E-mail sales@agiusa.com

Web site hifp://www.agiusa.com




Example: ganat @ITIN=ERIS

a)

Gmund 5“'face

Mother well Accesg

shafts

TaGallery

Depth Iteration 4 RHS error = 14.2 %
8.0

12.8 . . : .
8.416 ] Ny : 'y T = e . [
e ‘v‘ S N | ; ——— :
J' g l'? | I , R — .-""-:. . = . l. : .-_ s . . - _ l:‘.l . i
7.16 - : - g -
10.4 -
12.3 Dipole-dipole and Wenner-Schlumberger |

Inverse Model Resistivity Section

1 1 1 1 Ismy oy oeiesycopesy oo
2.080 3.38 5.711 9.65 16.3 27 .6 46.6 78.7
Resistivity in ohm.m Unit electrode spacing 1.58 m.



Example: ganat

@ITIN=RIS

Hosting material: clay

Hosting material: sand

Depth®.0 6.0 32.0 48.
S O T A O O O S S W S SR
0.9 - L

64.8 112.0 n.

] 80.0 96.0
Wenner |
64.8 88.8 96.08

112.8 T

Iteration 4 Abs. error = 0.22 %
16.8 32.8 4.

Wenner-Schlumberger

u8.8

64.8 80.

Depth 8.8 16.0 32.0 112.8
0.

a 96.8

Wenner

Iteration 5 Abs. error = B.16 %
16.8

Depth 8.8 . 32.0 48.8 64.0 80.8 96.8 112.8

Wenner-Schlumberger

Iteration 3 Abs. error = 1.57 %
a 16.8

Percentage of resistivity contrast vs. qanat depth
(sandy environment - SmV noise)

I I .
Lh3g

can 512

Resistivity contrast (%4)

36
32
28
24
20
16
12
8
4
0
3 3 7 9 11 13

Depth to top of ganat (m)
—+—DIPOLE-DIPOLE —&— WENNER-SCHLUMBERGER —+— WENNER

Percentage of resistivity contrast vs. qanat depth
(clayey environment - 0.2ZmV noise)

W Resistivity in ohn.n

Resistivity contrast (%0)
[
oY

3 5 7 9 11 13
Depth to top of ganat (m)
—+—DIPOLE-DIPOLE —d— WENNER.-SCHLUMBERGER —— WENNER




Example: pore fluids

@ITIN=RIS

Aim: Exploring the feasibility of ERT surveys to detect acid saturated zones in a copper heap leaching site

1000

A

p (Lm)

0 0.5 1 15 2

Grain size (mm)

10 /,.a—a—“*'

25

35

-4 Low-grade copper sulfide saturated with distilled water
- Sand saturated with distilled water
s Low-grade copper sulfide saturated with sulfuric acid

—.a- Sand saturated with sulfuric acid

"Sarcheshrmeh Heap3 "Profils2""

12
378
6.3
926

124 T Saturated
159

198

Inverse Model Resistivity Section

I I I N I ] [ O T ] [ O .

3.43 4.08 484 575 684 8.12 985 k]

Resistivity in ohm.m

Depth  leration 3 RMS error = 0.62

oa 00 180 200 20 300 30 400 450 500 550 600 650 00 TR0 @00 @0 @

| s 1 1 1 s 1 1 | \ 1 | s s 1 1

Unit electrode spacing 5.00 m,
0 90 100 m
1 I

125
378

Urit electrode spacing 5.00 m.



Example: tunnel investigations

Elevation

(meter)
240
220
200
180
160
140
120
100:-

[
6 38 225 1346 7838

Objective:

Survey site:

Method:
Instrument:

Processing:

Units:

three windows left open for the engineers to study the
weak-zone material.

Site investigation for two parallel highway tunnels. The weak zone
between 340-380 meter was confirmed during the actual tunnel con-
struction and consisted of fractured limestone and soft moist clay.
South of Seoul, Korea

Dipole-dipole resistivity

Sting/Swift, 27 electrodes at 20 meter spacing

Inversion using the DIPRO software

Meter and ohmmeter

Courteay of Hyundal Institute of Construction Technology

The tunnel fronl al the weak zone was shol-creted and

:drilled section;

>

>

SEAGL s

Tal:  +1(512) 335-3338

Fax: +1(512) 268.9958
E-mail salos@agiusa.com
Web site hitpwww.agiusa.com

@ITIN=RIS



Example: monitoring of river levees @ITIN=ERIS

Location: San Giacomo delle Segnhate (MN)
1. Via Marconi
2.Via Dugale

Consorzio di Bonifica
Terre dai Gonzaga in Destra Po

@

Aims: Time-lapse resistivity measurements to monitor the conditions of river levees. -'

VIA MARCONI '
Fl, VIA DUGALE
L .

i



Example: monitoring of river levees @ITIN=RIS

°| Vo=50mv
| 1=10:210mA

September 3, 2014
’| @<0.8%

Full for 5 months

°[ Vo=50mV
| 1=15:205mA
| a<2.3%

! Vo=50mV
1=15:190mA
1 Q<1%

Vo=50mV
|1=10:220mA
la<1.2%

Vo=50mV
={1=10:225mA
11Q<1.6%

EECE R R

e ———
* September 17, 2015
Mid-level after being

full for 5 months

Vo=50mV
1=10:215mA
Q<1.1%

e PR BT



Example: monitoring of river levees

profondita [m]

profondita [m]

~ >

(=3

Dat2HS811, 258
dianca ] Temp 125 ' Comezion femperatra
Marcon! 7092015 -
IRIS Syscal Pro

5 10 15 2 2 3 3% 40 45
distanza [n] TemoMis | 25 | *C Coezione temperatra

@ITIN=RIS

=

= =
Resistivita (Ohm.m)

=

t=1

=
Re sistivita (Ohm.m)



Example: monitoring of river levees @ITIN=RIS

FORO %

¥ -
<65

2]

. 23701116
Water content vs. Resistivity E 5
35 N 2
3 =
£ y = 86.13x9%5 THlE THEEE =
£ Ak ae W A g gk gB R @ ak sk b aR D B @ B
8 25 distance [m]
g 01/08/16 o
o & W B |
% 15 i
10 ¢ ;
5 10 i | W
- : 0
A aE s R g gk B gE o Al s oAb AR @D i B
distance [m]




Example: monitoring of river levees @ITIN=RIS

Location: Colorno, Parma

Aim: Time-lapse resistivity measurements to monitor the most critical section of Parma river embankment

Colorno, Parma (December 2017) g



~rIS

@ITIN

ing of river levees

monitor

Example

M.
n

A

RE.T

G.
IRIS Syscal Pro

- = wiy] Alansisay

4.0

[adkaviat
zz/zife0
Tz/TI/eT
TT/TI/ET
- 7Z/TI/€0
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| 20T &
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12/0T/61
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Te/80/0T
: 1Z/L0/1E
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12/£0/10
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. 12/90/10
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12/50/z0
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Te/vo/et
12/v0/20
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1Z/€0/ET
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12/20/12
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Tz/z0/10
{ 12/10/2C
i 1z/1o/er
12/10/20
oz/zr/ee

B
.3

4.0
Resistivity in ohm.m

.6

Colorno data_11Dec2m8

32.9

1Measured fipparent Resistivity Pseudosection

]

—New levee

—O0ld levee

Date [

1Measum fpparent Resistivity Pseudosection

1.0
540
7.47
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ps.2 B¢
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.07
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1.4

m24hr rainfall

Average inverted resistivity data inside the levee and 24hr cumulated rainfall
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Example: monitoring of critical slopes @ ITINERIS

Location: Madonna del Piano

Aim: Time-lapse resistivity measurements to monitor the water table fluctuations




Example: monitoring of critical slopes @ITIN=ERIS

Depth o o

" 0.750

h.06

8.06

12.9

15.7

18.8

ity section 2.4

4 £ - ==

B uge 185 weststid

Section

. ..-m-.ué----ﬂ------

i
10.0 B 162 08 1083 2611 6600

Resistivity in ohn.n Unit electrode spacing 3.00 n.

Optimized TL

Average resistivity values within RS5 versus water levels in S5

-40 30 -20 -10 -

Resistivity [Qm)]

Modelled soil temperature at different depths 500 1000 1500 2000 2500 3000 3500
12.4
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—_
E 13
—
o 13.2
>
v 13.4
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EFIIARBEEBEEELEEER L aegedIggagogggsadiddddasg T
FR7TERTARTHEAYAIATHRAERRARITSEgIggegg *TERTRERTA 313.8
Date [dd/MM/YY|
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e

=
»
N}

14.4

® 23/03/2022-25/08/2022 e 26/08/2022-25/09/2022 e 26/09/2022-11/06/2023
® 12/06/2023-31/08/2023 ~===- Fitting




Interpretation challenges: buried electrodes @ ITINERIS

o2

R “"ﬂ ——
T Ty

Tests performed on the size and type of electrodes to keep contact resistances low.

TR HIT B

2 :
Apparent resistivity ol ‘{( B 1 )_( E )} |
. . \e T 1 7 1 z
calculation for buried AV M AL TRM VAN -
=C— n \
electrodes? g I % € A1 E | After coveri@esuﬁcm soil)
BT 1 1 T ( 1 “
{(TAM TBM) (rAN rEN) (TArM TB’M) 55 Wenner configuration

NB: The effect of buried electrodes
should be corrected if the equipment
firmware calculates the apparent
resistivity with the geometrical factor of
surface electrodes.

553
(=]
I

A and B: current electrodes; M and N: potential
electrodes

r: distance between electrodes

A’ and B’: current images above the ground surface for
buried electrodes

—_
W
I

—_
=
I

Percentage resistivity change
W
T

=




Interpretation challenges: 3D effects @ITIN=ERIS

The apparent resistivity measurements are affected not only by materials directly below the line, but also by
resistivity changes perpendicular to ERT profile (Water and air on one side, and air on the other side).




Interpretation challenges: 3D effects

Proposed method to correct 3D effects

Data 2D model of
‘ embankment
(at each time)
Measured apparent
resistivity pseudosection ‘

(includes 3D effects)

Calculated apparent resistivity
N

pseudosection
(not accounts for 3D effects)

3D effects =

3D model of embankment and
its boundary conditions (at
each time)

v

Calculated apparent resistivity
pseudosection (includes 3D
effects)

Corrected data = —

@ITIN=RIS

o

Empty canal

—————

§gugtasgaaNgadag

500
E 0.05
= 400
2
= 0.1 300
a
e 200
0.15
100

0.2 0.4 0.6 0.8 1 1.2

distance [m] After correction

Apparent resislivity (Ohm.m)




Interpretation challenges: Time-lapse inversion

@ITIN=RIS

Inversion artifacts can appear when analysis the monitoring data after rainfall or drying events, i.e., the resistivity values are

decreased only in some parts along the ERT line, but they are increased in other parts after rainfalls. Opposite behavior occur
during the drying processes following the rainfall events.

Individual inversions

Depth 0.0

0.750

48.0 72.0
L it

5.06
8.06

=21 Before rain

18.8
22.1

Depth o o

8.750

30 March 2022

b.B6

b Afterra|r~ &

31 March 2022

Time-lapse inversions

128.0 n.|

22.1 g
I I N (N [ (S [ N [ [ [ B kesistivity
15.0 35.1 82.2 192 450 1654 2468 5778
Depth
[ ] 24.0 48.0 72.0 96.0 120.98 "
i . | . \ h
0.750

22.1

4.06 7~
12.9 7
18.8 A 31-30 March 2022

-----E----Cul

-56.4 -45.8 -33.6 -22.2 -10.8

------ Percentage change in model resistivity

646 12.0

Depth 6.0

0.750
5.96
10.4

15.7

22.1

Depth 8.0

0.750
5.96
10.4
15.7

22.1

-----I:l----:]--- I .

15.0

30 March 2022

120.0 n.

35.1 2468 5778
nesistiuity in ohn. n

Depth 0.0

"~ Percentage change el resistiv
I N B N [T [ [ [ O ) [ . .-

24.0 u8.0 72.0 96.0 120.0




Interpretation challenges: Temperature variations @ITIN=RIS

Temperature has a minor but not negligible influence on resistivity variations, especially at shallow depths.

A model of soil temperature versus depth is used to correct resistivity sections for temperature variations in the different
seasons.

T(zt) = Typean (air) + Ae™ @D sin(wt + & — kz/d)

T(z,t): modelled soil temperature at depth z and on day t of the year (from 1 to 365)
Trnean(ain: Mean air temperature along the entire year

A: maximum variation from the mean temperature

d: characteristic depth of penetration of temperature variations

w: angular frequency (21/365)
¢: phase

K: constant

Modelled soil temperature at different depths
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Interpretation challenges: property transformation

Homogeneous material
No clays

Calibrating Archie’s coefficients
Water saturation at one pointis
required (e.g., from TDR)

Non-complex sites
Samples available

Fitting a power curve

@ITIN=RIS

Complex sites
Limited samples

Calibrating the Waxman and
Smits equation (1968)

80
70

60
50
s 40
@ 30
20
10

i

\m

Water saturation vs. Resistivity

500 1000 1500
p (Qm)

2000

(Hojat et al., 2019)

Water content (%)

35

30

25

20

15

10 *

Water contentvs. Resistivity

y =86.13x9%%

10 15 20 25 30 35
p (Qm)

40

45

(Tresoldi et al., 2019)

Resistivity [Qm]
500 1000 1500 2000 2500 3000 3500

g 13.8
14
14.2
14.4

g e )

® 23/03/2022-25/08/2022 ® 26/08/2022-25/09/2022 e 26/09/2022-11/06/2023
® 12/06/2023-31/08/2023 ---=-Fitting

(Bianchi et al., 2024)
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