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3 . Electrical properties



Electrical resistivity and
geothermal prospecting in Iceland.
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Electrical resistivity and
metal (gold) detection.
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Electrical resistivity Aquifere
detection
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1. Reminder on electrical resistivity

» Definition of an OHM

e An ohm is a resistance in a conductor that
produces a potential difference of one volt
when a current of one ampere is flowing
through it.

m? - kg
<3 . 42
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http://en.wikipedia.org/wiki/Volt
http://en.wikipedia.org/wiki/Ampere

1. Reminder on electrical resistivity

» Ohm’s law

R

Electric current = Voltage / Resistance

o _V




1. Reminder on electrical resistivity

» Resistivity — definition of the ohm-meter
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1. Reminder on electrical resistivity

> Resistivity

e Resistivity is determined by measuring the voltage
required to pass a measured amount of electrical
current through the rock.

e For a rock cube with sides of 1 m, if electrical
potential of 1V (Volt) is required for current flow of 1
A (Ampere), then resistivity is 1 Q-m (Ohm -meter)



1. Reminder on electrical resistivity

> Resistivity

e Resistivity is an intensive rock/fluid property, and is a
measure of (the inverse of) the electrical flow capacity of
the rock

e Resistance is extensive and for linear, 1-D electrical flow,

RL
r=—
A

e r electrical resistance, Q2
e R electrical resistivity, {2:m
e | length of electrical flow path, m

e A cross-sectional area perpendicular to electrical
flow path, m?



1. Reminder on electrical resistivity

> Resistivity

e Electrical resistance ( €2) is inverse of Electrical
conductance (S, Siemens)

e 20=(1/2)S

e Resistivity is the inverse of conductivity
e 20Q'm=(1/2)S/m



1. Reminder on electrical resistivity

» Conductivity

Resistance =p (ohm-meters)

Conductivity = o = 1/p (mho/meters)
= Siemens/m



1. Reminder on electrical resistivity

» Material conductivity

e Conductor (large number of free electrons)
= Metals/Graphite = > 10°s/m

e Semi conductor (Fewer mobile electron)
= most of the sulfite, oxydes 10°-10-8s/m

e |Insulator (lonic bounding) u
= Most of the silicate < 108 s/m ‘

e Electrolyte
=Water ~ 5*10° s/m, water with salt= 102s/m



1. Reminder on electrical resistivity

» Factors Affecting Electrical Resistivity

— Resistivity of water (salinity, pore saturation)
— Porosity of the formation,

— Pore geometry - tortuosity

— Lithology of the formation

— Degree of cementation

— Type and amount of clay in the rock (surface
conductivity)

— Metallic Sulfide  Mineral Content (mineralogic
conductivity)



1. Reminder on electrical resistivity

» Factors Affecting Electrical Resistivity

Cw(rp

CO(T,P) — T CS(T,P) T Cmin(T,P) + Coxi t+ Cmelt(T,P)

Frp)

With :
Co = rock electrical conductivity

C,, = pore fluid electrical conductivity

F = formation factor (~ 3D topology of pore volume)

C,= pore surfaces electrical conductivity (~ CEC, @, p,,,, .. i.e. alteration)

C nin = Min conduction (>300°C)



2. lonic Conduction

> Electricity and earth materials

* Primarily, conduction is by ions in water
— Na* and CI- are very common
— Other monovalent ions K* and OH-
— Bivalent ions, too: Ca**, Mg**

« But, clays can conduct electricity also



2. lonic Conduction

> Resistivity of earth materials

(1) Rock o
2 A2) Gas S
P Q.
w [ (3) Ol o
é (4) Fresh Water éﬁ

(5) Salt Water

Common Notations

R, = Resistivity of non-shaly rock saturated (Sw=1) with formation
water (ohm-m)

R, = True formation resistivity (ohm-m)

R, = Formation water resistivity (ohm-m)



2. lonic Conduction :
) Saturation
Rock containing pores saturated _ :
with water and hydrocarbons Equathn POFOSIty
Non-shaly rock, 100% saturated Equation
with water having resistivity,

Cube of water
having resistivity,
Rw

B

(1):

20% fooger

o= 100%
Sw = 100%

1) Rock —
>z 4 o S 3
5= | (@ Gas 2 g
2 | (3 oil 5 0
= (4) Fresh Water E

(5) Salt Water A\ .




2. lonic Conduction

Consider the following tank completely filled
with brine water,

— apply a voltage, v

—> measure a current, | A
— calculate a resistance, r

by Ohms Law:
V=ir

— Define water resistivity, Rw, as:
A L

->ry =R,—

W A

R, =1




2. lonic Conduction
> ELECTRICITY AND EARTH MATERIALS

» Water resistivity Ta
controlled by Feori
— Type of ions P |

— Temperature  EmmERHIEN

+ Chart GEN-4toconvert | ™7 =
to NaCl equiv ] e
® Chart GEN-S for _0-510 26 }5.0“ :100 2(‘:‘0“ -‘5(;0Iw;1k jk 7 5‘k“”10k 20|(- -5!0}.(”100k 7;:00k

Total solids concentration (ppm or mg/kg)

.
T Multipliers that do not vary appreciably for low concentrations
(less than about 10,000 ppm) are shown at the left margin of the chart

2.0

Multipler




2. lonic Conduction

> Effect of Water Temperature

Registivity v=s. Temperature
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2. lonic Conduction

Consider the tank completely filled with
100% brine saturated, porous sand:

* Resistance with respect to the water
phase :

L,
wAp
with L, apparent length

r, =R

and A the pore Area

e Resistance of the rock filled by water

L

R, A L, Vv
 Sinceroxrw RW=AP. L




2. lonic Conduction

> Definitions
. . N Ro
Define the Formation Resistivity FactorF — | F = R
w
: : Ap
Define porosity ¢ — | ¢ = T

Simplified theoretical relationship between F and ¢ does not account
for heterogeneity.



2. lonic Conduction

» Formation factor

Since the conduction of current in soil and rock 1s through the electrolyte contained in the
pores, resistivity 1s governed largely by the porosity. or void ratio, of the material and the
geometry of the pores. Pore space may be in the form of intergranular voids, joint or fracture
openings, and blind pores, such as bubbles or vugs. Only the imterconnected pores
effectively contribute to conductivity, and the geometry of the interconnections, or the
tortuosity of current pathways, further affects it. The resistivity p of a saturated porous
material can be expressed as

p="Fpy

F = formation factor.

Py = resistivity of pore water.

24



2. lonic Conduction

» Formation factor
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2. lonic Conduction

02
—~ =F=a¢p™
Of

o . = conductivity of the water.

o, = conductivity of the formation as a whole,

a = empirical constant, typicallv 1 for unconsolidated sediments,
m = empirical constant. typically 2 for unconsolidated sediments,
¢ = effective porosity. the fraction of interconnected pore space,

F ="formation factor." related to the volume and tortuaosity of the pore space.

The conductivity of most geological formations can be fit to Archie’s Law

26



2. lonic Conduction

» Cimentation exponent : F = (|) -m

\4 Humble formula
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F dependent on degree of cementation, thus m originally defined as “cementation expornént”.



2. lonic Conduction

» Cimentation exponent : F = (I) -m
100 -
\,— F=0.62¢" %"
. \
.2
Winsauer, et al (1952) - analyzed data from 30 . = \2;
samples (28 ss, 1 Ims, 1 unconsolidated ss) @ !
. “« ” o ) ¢
Developed correlation known as “Humble Eq. 5 sol zo.‘nzja;
F=0.62¢ 2P = 4'312?3
[i 37
Tixier (1979) — simplified equation g ol 3\
using same data F = 0.81¢ 2 = S0 &7
= *\-F=0.8l¢2
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2. lonic Conduction

» Cimentation exponent : F = (I) -m
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2. lonic Conduction
» Relation ¢-F

e Humble - granular or soft rocks, e.g. sandstone
F=0.62 ¢p21°

e Tixier - granular or soft rocks, e.g. sandstone
F=0.81¢>

* Archie- most types of carbonates
F=¢2

e Shell - low ¢ (<9%) carbonates, not fractured
F=¢~™ with m=1.87 + 0.019/¢



2. lonic Conduction
» Relation ¢-F

100.0
vigs or
spherical pores Low ¢
non-fractured ’
carbonates F= ¢ "
= N 7 m
= . % s
;: B il
g 10.0 B F = .52¢|-2-1b ! /
5 [ N 2.8
o
fraciures
2
F=81¢" 22
20
F=145¢"" N 5\\
14 N N
1.0 1 1 I I I | 1 1 I I N I | 1 1 \Illl\\l hl\\\dllll
1 10 100 1000 10000

Formation Resistivity Factor



2. lonic Conduction

» Tortuosity

* |nlow porosity igneous rocks, the electrical tortuosity
is preferentially used to the cementation index (Walsh
and Brace,1984; Pape et al., 1985; providing an
alternate view at relationships between pore space

and e

o Fzé

ectrical transmissivity with:

Where T relates to the geometrical complexity of the
path followed by the electrical current in the fractured
pore space or, in a more general sense, to the efficiency
of electrical flow processes (e.g., Guéguen and
Palciauskas, 1992; Clennell, 1997).



2. lonic Conduction :
) Saturation
Rock containing pores saturated _ :
with water and hydrocarbons Equathn POFOSIty
Non-shaly rock, 100% saturated Equation
with water having resistivity,

Cube of water
having resistivity,
Rw

o= 100%
Sw = 100%

1) Rock —
> 4 0 S 3
5= | (@ Gas 2 g
8 o (3) Oil S §
= (4) Fresh Water é-m Rt — qub—ms‘;n

(5) Salt Water A\

33




2. lonic Conduction

> Effect of saturation

Consider the tank filled with a porous
sand and partially saturated.

Water+san
e Resistance with respect to the =
L
water phase only: érw=RwA—“';
? Lja' A

e Resistance with respect to the

porous rock partially saturated:—> T

L
1.."

Ry Ap Lg
R, A, L,

e Since rt=rw




2. lonic Conduction

> Archie’s law

The munerals comprising a rock are almost always electrical insulators. Thus, electrical
conduction occurs because of the moisture contained within the pores of the rock or soil. The
resistivity of soil or rocks depends on several parameters. These include the clay content,
moisture salinity, degree of saturation of the pores, and the number, size, and shape of the
interconnecting pores. For soils, the degree of compaction (influencing porosity) 1s also an
important factor. Archie (1942) developed an empirical formulae relating resistivity to
porosity, degree of saturation and resistivity of the saturating moisture, shown below.

Pe = adp S "p,

where ¢ 1s the fractional pore volume (porosity). s 1s the fraction of the pores containing
water, pw 1s the resistivity of the water, » 1s approximately 2. @ and m are constants with a
varying between 0.5 and 2.5 and mn varying between 1.3 and 2.5.

35



2. lonic Conduction
» Definition of resistivity index ( second Archies’s law)

=U|=U
~

(=]

Resistivity index : |1 =

Cc

From Archie : |l o s_"

1 1 Ry
log(Sw) = —10g(C) — —log ( m )
0

e With S, = percentage of water saturation
N asaturation exponent and C a constant



2. lonic Conduction

> Effect of saturation

DETERMINED BY USING NATURAL RESISTIVITY OF CORES
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2. lonic Conduction

> Effect of saturation

e General form known as Archie’s Law.

J s = |FRa

w RT

 Fundamental relationship which the entire
well logging industry is based!!



2. lonic Conduction

> Significance of saturation exponent Sw

1000 ¢
% Rl_ 1.0
le | RI=g,e
= 100} |
> = ;
-a='1 i | —— /
= B | =16 .
= i | L
= | |
K |
3 10 - |—
(= [
- Effect of “n” on
£ Water Saturation
B At Rl = 30, Sy Varies
From 12% to 219 Pore Space
1 §=" e oriagiae) i P T e i T R (o T £ 11
0.001 0.01 0.1 1.0

Water Saturation (S, ) Fraction

Resistivity Index vs Water Saturation
For Range of Measured Saturation Exponents
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2. lonic Conduction

> Significance of saturation exponent Sw

o Wettability of rock surface

* Rock texture

* Presence of clays

e Measurement techniques; i.e., static vs dynamic
 Nature of displacing fluid

e resistivity-Saturation Relationship

e fluid distribution in the pore spaces as a function
of fluid

o wettability. Water and oil saturations in (a) a

water-wet sand and (b) an oil-wet sand. Pirson
(1958)



2. lonic Conduction

> Significance of saturation exponent Sw
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2. lonic Conduction

> Influence of permability

A rock with a non-conducting matrix must be permeable (connected pores)
as well as porous to conduct electricity.

D 's Law: = de
arcy's Law: |q = dh
] dV
Ohm's Law: |J = —Uﬁ

where g = fluid density

J = current density

% = head or voltage gradient, respectively
Despite the similarity between Darcy’s and Ohm’s Laws, electric currents
have zero viscosity so even a narrow crack can provide an effective
electrical connection between pores that not contribute to hydraulic

permeability.



3. Mineralogical Conduction

» Conductivity Ranges of Various Materials

-
o
co

:

Conductivity, ms/m
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3. Mineralogical Conduction

> Resistivity ranges of Various Materials

Table 17. Typical electrical resistivities of earth materials.

Material

Clay

Resistivity (2m)
1-20

Sand. wet to moist

20-200

Shale

1-500

Porous limestone

100-1,000

Dense limestone

1,000-1,000,000

Metamorphic rocks

50-1,000,000

Ieneous rocks

100-1,000,000



3. Mineralogical Conduction

> Temperature effect
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4. Sulfide Conduction

> Influence of sulfide, graphite

* Many important metal ores are sulfides.[4] Significant examples include:
argentite (silver sulfide), cinnabar (mercury), galena (lead sulfide),
molybdenite (molybdenum sulfide), pentlandite (nickel sulfide]), realgar
(arsenic sulfide), and stibnite (antimony), sphalerite (zinc sulfide), and
pyrite (iron disulfide), and chalcopyrite (iron-copper sulfide).

Chalcopyrite Galena Pyrite

e Graphite

46



4. Sulfide Conduction

> Influence of sulfide, graphite
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I Electrical resistivity of rocks
- ., with various wt % of sulfide.
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5. Surface Conduction

> Clay’s conductivity

Table 8. Cation Exchange Capacities (CEC) of common clay types.

Clay type Cation Exchange Capacity
Kaolinite 3-15
Chlorite 10-40
Ilite 10 - 40
Montmorillonite 80 - 150
Vermiculite 100 - 150

Thus table shows that kaolinite has the least influence on conductivity, and vermiculite has the
areatest influence. However, other factors influence conductivity values, including the degree
of saturation and the salinity of the saturating fluid.



5. Surface Conduction

> Double electrical layer

Solide

iquide

L

Charge positive

49

(coté liquide)



5. Surface Conduction

> Electrical conductivity of saturated rocks
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5. Surface Conduction

> Electrical conductivity of saturated rocks

~ Ofluide <<Oroche
Etat de surface des pores

° \

roche

Ofluide
Gfluide
Oroche — X @ T Osyrface
/T 1 \
Tortuosité Conductivité
Porosité de surface




5. Surface Conduction

> Electrical conductivity of saturated rocks

Cy
Cq=—~
07 F

CO — CTW + Cs Waxman & Smith (1968)

Co — Rock conductivity (logged)
C,, — Pore fluid conductivity

F - Formation factor

C, — Surface conductivity



5. Surface Conduction

> Formation factor

Dominant if Cs <<Cw

Archie (1942)

Walsh & Brace (1984)
Katsube & Hume (1987)

po L
-

P T
K

0

m

F

T

Pezard (1990)

Porosity
Cementation factor
Formation factor
Electrical tortuosity



5. Surface Conduction

Samples saturated &

measurements at 7 salinities (from 0.05 to 100g/1)

and 5-7 frequencies (from 20 Hz 1o 100 kHz)

. Sample

Impedance

Bridge

Electrodes
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5. Surface Conduction

Ln (Co) (mS/m)
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5. Surface Conduction

Figure 9.8 CoCw Plot
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6. Methods to measure electrical conductivity

> Fluid conductivity

Figure 9.4 Fluid Resistivity Cells

Thermocouple Well

Ground Glass Seal

Epoxy Filling

Coaxial Connector Glass Body Platinum Electrodes

Paul Glover
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6. Methods to measure electrical conductivity

> Four Electrode Resistivity Measurement on rock
sample

... are used to avoid electrode contact resistance effects
seen in two electrode measurements.

a current | N

L
R=p—,
"{A

P1 ®V P2 C2
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6. Methods to measure electrical conductivity

> Four Electrode Resistivity Measurement on rock
sample

... are used to avoid electrode contact resistance effects
seen in two electrode measurements.

Figure 9.2 Ambient Condition Electrical Rig

Impedance Analyser

Pneumatic
Activator

Compressed Core

Air

Brine Soaked Platinum Gauze
Filter Paper Electrodes
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6. Methods to measure electrical conductivity

> High temperature resistivity mesurements

Pore pressure pipe
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6. Methods to measure electrical conductivity

> High temperature resistivity mesurements
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6. Methods to measure electrical conductivity

> High temperature resistivity mesurements (Sandstones)
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6. Methods to measure electrical conductivity

Rock conductivity (S/m)

> High temperature resistivity mesurements (Basalts)
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