2. Electrical resistivity

methods

* The resistivity method is used Iin the study of
horizontal and vertical discontinuities in the
electrical properties of the ground.

* [T utilizes direct currents or low frequency
alternafing currents to investigate the
electrical properties (resistivity) of the
subsurface.

* A resistivity contfrast between the target and
the background geology must exist.



Possible applications of

resistivity surveying

s ~ ~ Surface Layer Fig. 1: GfOUﬁdWOITeI’
s 77 7 100 Om exploration

°%%% %% Tertiary Sand
©°o® ooco 300 Qm (Aquifer)



Possible applications of

resistivity surveying

Fig. 2: Mineral
92 exploration, detection

of cavities

Mineral: p] << p2
Cavity: p] >> [32

Z [m]



Possible applications of

resistivity surveying

Fig. 3: Waste site

p1 exploration
NE
<P,
P<h

Z[m] 4



Possible applications of

resistivity surveying

Fig. 4: Oll exploration




Fig. 9: Ohm's law

A direct current with
strength | (A) flows through
a conductor of a limited
size.
[=— (2.1
pl

I- current strength (A)

V: Voltage (V)

q: Crosssecfion (m?)

1. length

p:  resistivity (Qm)
o=1/p: conductivity



Resistivity

This can be written alternatively in ferms of field

strength (E (V/m)) and current density (j (A/m?)).
p=E/] [.Q m]

Resistivity is one of the most variable physical

properties.

1.6x1020m<p<10'°0Om

et N\
native silver pure sulfur



Rock types and resistivity

lgneous rocks — highest resistivities

Sedimentary rocks - tend to be the most
conductive due to their high fluid content

Metamorphic rocks — have infermediate but
overlapping resistivities

Age of the rock is also important for the resistivity.

For example:
Young volcanic rock (Quaternary) ~10-2000m

Old volcanic rock (Precambrian)=100-20000 m
8



Rock types and resistivity

Most rock-forming minerals are insulators:
10°-10"°Qm

However, meadsurement in-situ:
sedimentary rocks: 5-10000m
metamorphic/crystalline rocks: 100-10°Qm

Reason: Rocks are usually porous and pores are filled
with fluids, mainly water. As the result, rocks are
electrolytic conductors. Electrical current is
carried through a rock mainly by the passage of
lonNs In pore waters.

> Most rocks conduct electricity by electrolytic
rather Than ohmic processes. 9




Law of Archie

Observat

Empirica

ion: p~1/¢p°where ¢: porosity
law of Archie

p=a¢ S p. (2.2)

¢ : fractional pore volume (porosity)
S : fraction of the pores containing water
p.. resistivity of water

n~2

0.5<a<2.5
1.3<m<2.5

10



Example for the application

of Archie's law

S=1 a=1.5 m=2
plp,=1.5x10* for ¢$=0.01
plp,=150 for ¢=0.1
p/pwzi_7><104 for ¢=0.3
plp,=6 tor ¢$=0.5

11



Schematic current flow In

soll sample

Soil particles Fig- 6
(insulators)

Soil moisture
(conductive)

Lines of current flow

> An increase in the numlber of ions in soll water
(groundwater contamination) linearly decreases the
soll resistivity. 12



Resistivity (L2 m) Flg 72

1 10 10° 10 0
r ' ' N T I '
Lranite
Gabbro
M sChnist
Quartzite
Sandstone
. Shale
S e Ciad
e — Alluviu
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Discussion: Resistivity values

> There Is considerable overlap between
different rock types.

> |dentification of a rock type is not possible
solely on the basis of resistivity data.

> Resistivity of rocks depends on porosity,
saturation, content of clay and resistivity of
pore water (Archie's formula).

14



2.2 Current flow in ©
homogeneous earth

oy N N Current flow
o/ \ . -

hine

‘-I"-

Equipotential

Y
surtace

Fig. 8: Current flow for
a single surface elecfrode? 15



Current flow in o

homogeneous earth

* A single current electrode on the surface of a
medium of uniform resistivity p is considered.

* The voltage drop between any two points on
the surface can e described by the potential
gradient.

 dV/dris negative because the potential
decreases in the direction of current flow.

16



Potential decay away from

the point electrode

Fig. 97

i

* Current flows radially away from the electrode
so that the current distribution is uniform over
hemispherical shells centered on the source.

* Lines of equal voltage (equipotentials)
intersect the lines of equal current at right
angles. 17



Potential of a point

electrode

Ohm's law
oV pI: pl

or d 2mr’
Thus, the potential V, af distance r is

obtained by infegration.

I I
g v ot 25

The circuit is completed by a current sink at
a large distance from the electrode.

18



2.3 Electrode configurations

and general case

2.3.1 General Case
The general case is considered, where the
current sink Is a finite distance from the source.

o ) Fig. 10!
0
v

A *” M ¢ N 'l &
C, P, 2

he—— AM rhe hI'E? ’:c;

|

- AN >re NE— >
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Potential for the general

Ccase

The potential V,, at the infernal electrode M is
the sum of the potential confributions V, and Vy
from the current source at A and the sink at B.

V,,=V,+V,
The potentials at electrode M and N are
el 11
Y=o |aM MB} (24)
el 11
N 2m|AN NB}' (2.9)

2]



Potential for the general

Ccase

Potential differences are measured

v v oeljp1r 1711
A=Y= V=5 AM MB] [AN NB] (2.0)

o 2mAVyl[1 1)1 1T
S AM MB| |AN NB|| - (2.7)

Definition of the geometric factor

1 1 1 1]
K=2m AM_MB_ANJFNB} (2.8)
AV, Kk

T | (2.9)
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Discussion

> True resistivity of the subsurface if it is
homogeneous.

> Where the ground is uniform, the resistivity
should be constant and independent of both
electrode spacing and surface location.

> When subsurface inhomogeneities exist, the
resistivity will vary with the relative positions of
electrodes.

23



Discussion

> The calculated value is called apparent
resistivity Pa .

o= "Nk (2.10)

> |n general, all field data are apparent
resistivity. They are interpreted to obtain the
tfrue resistivities of the layers in The ground.

24



2.3.2 Electrode

configurations

Schlumberger Array

Surface ‘i" 'T‘ ? T B
\l‘_‘,_-‘..f_j _...i Ty, T -*‘1.
L
Weanner Array
A M 0 N B
Surface | ] J | I
mmmmm T e T, T Hi‘ T Tm

— 0 ——|-: — u—:-;-l—u—-]

Dipole-dipole Array
N 0 A B
Surface | | ] l

'u-i"-."-.hl'-.x T T T T L R R -
S| -I-inu-- +—ﬂ—-|

L= AB = Separation current electrodes
d= MN = Separation potential electrodes
0= Point of measurement

The apparent resistivity
depends on the
geometry of the array
used (Eqg. 2.8 and 2.9).

Fig. 12: Main types of
elecfrode configurations °
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Geometry factors for

different configurations

Derived geometric factors:

k=2ma ... Wenner
: i X
k=" _|& ... Schlumberger
a2 2
k=mn(n+1)(n+2)a ... Dipole-Dipole

26



2.3.4 Modes of deployment

1 Fig. 13 « There are two main

l e l > AX modes of deployment
3 a a of electrode arrays.
4 p A) Geoelectric mapping:

Determination of lateral
Pz variation of resistivity in
> X

defined horizons.

The current and pofential
Pl electrodes are maintained
at a fixed separation and

> P progressively moved along
pS p2 2 p?> a profile. 57




Applications of geoelectric

nMmapping

* This method is employed in mineral
prospecting o locate faults or shear zones or
to determine localized bodies of anomalous

conductivity.

* |t Is used in geotechnical surveys to defermine
variations in bedrock depth and the presence
of steep discontinuities.

28
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Fig. 14: (a) The observed Wenner resistivity profile
over a shale-filled sink of known geometry in
Kansas, USA. (b) The theoretical profile for a
buried hemisphere .2 0
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Apparent Resistivity, Qem

350 |T h '
L

300 / Fig. 16: Observed

/ apparent
resistivity profile
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Geoelectric Sounding

B) Geoelectric sounding: determination of the
vertical variation of the resistivity.
The current and potential electrodes are
maintained af the same relative spacing and
the whole spread is progressively expanded
adbout a fixed central point.

As The distance between the current
electrodes is increased, so tThe depth 1o which
the current penefrates is increased.

32
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Fig. 17: Geoelectric

sounding
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34



Mulfielectrode systems

* Soundings and mappings are very fime
consuming.

* Therefore multielectrode systems are
developed. Typically 50 electrodes are |laid
out in two strings of 25 electrodes, with
electrodes connected by a mulfi core cable
to a switching box and resistance meter. The
whole data acquisition procedure is soffware
controlled from a laptop computer.

35



Fig. 19: Geoelectric mapping using a mulfi-

electrode device.?
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Continuous geoelectric

mMmapping

* A new and quick mapping system is the pulled
array continuous electrical profiling fechnique.

37



Continuous geoelectric

mMmapping

* An array of heavy steel elecfrodes each
weighing 10-20 kg is towed behind a vehicle
containing the measuring equipment.
Measurement are made continuously. 10-15

line kilometers of profiling can be achieved in
a day.

38



2.4 Interpretation of

geoelectric data

Aim of the interpretation: Determination of the resistivity
and thickness of each layer from the olbserved
resistivifies.

I"-’% : Earth model
LTI '
A Observation > — \ Geological
"t . pI hy Interpretaion
. _[)2 -
73 - |
P, Fig. 21

Vertical electrical soundings can be interpreted by using:
a) graphical model curves (master curves) > little used

L) computer modeling (inversion calculation) -



Master curves

Master curves: The master
curves are prepared in
a dimensionless form for
a number of reflection
coefficients
k=(p,—p,)/(p,+p,) orfor
polp1 by dividing p,/p;
and by dividing a/z, .
Z,1s the thickness of the
upper layer (for two
layer casel).




Usage of the master curves

The field curve 1o be interpreted is plotted on
tfransparent logarithmic paper with the same
modulus as The master curve. It is then shifted
over the master curve keeping the coordinate
axes parallel, until a reasonable mafch is
obtained with one of the master curves or
with an inferpolated curve.

41
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Fig. 23: The inferpretation of a fwo-layer
apparent resistivity graph by comparison with a
set of master curve. The upper layer resistivity p; IS

68 Qm and its Thickness z, is 19.5 m. 2 25



3 layer case

3 layer case: Much larger sets of curves are
required to represent the increased number of
possible combinations of resistivities and layer
thicknesses.

palp1=1(py P53 Ky 2, 0)

Direct curve fitting is fime consuming, better use
auxiliary point technigues.
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Ratio of Electrode Separation to First Layer Thickness —»
1 1=J Ilili] 1000

—
=
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Fig. 24;. Example of curve fitting for three layers;
experimental points are based upon actuadl

measurements in the Arctic using a Schlumberger array.®
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Fig. 24 (continued): p,/p,=0.2,p5/p;=3. Number on
curves are values of z,/z,. To obtain the field
parameters the axes (dashed lines) of tThe theorefical
curves are extended to infersect the axes (full lines) of
the field curve. The points of infersection give the field
values of p; and z, . p, and p; follow from the ratios
given for this family of curves. z, is found from the ratio
number given on the best fitfing curve. In this case an
INntepolafion has been made between curves for 4 and
6. Final results therefore give:

p,=130m,p,=1.60m, p,=390m

z,=2.2m,z,=11m
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Computer modeling

pa(L/2)

observed calculated

apparent apparent
resistivities resistivities

INPUT INVERSION OUTPUT
start model / \ final model

46



R Start model

A calculated —
.. b h
., . » Observed —_—
[ ] . - [ ] . F p2 I']2
L/2 [m] p3
\L Inversion
[ﬂin] Final model
calculated p_
\/ observed 1 by
2 h
72 [ 2
Iilg

Fig. 25: Inversion scheme in geoelectric

sounding
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2.4.1 Possible interpretation

eIrors

a) Equivalent models

* Resistivities and thicknesses of each layer can
e derived from the apparent resistivity curve
clearly.

* In the field measurement errors occur (p,=Ap,),

* The apparent resistivity curve can be
iINnterprefed by different resistivity models.

The principle of equivalence: The thickness anad

resistivity can not be derived independently.
48
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Model selection

> The geophysicist has to select the model, tThat
agrees best with The known geological and
hydrogeological structures of the ground.
Another selective criferion is The comparison
with neighboring soundings.

52



) Supression

This is particularly a problem when three or
more layers are present and their resistivities
are ascending or descending with depth.
The middle intermediatfe layer may not be
evident on the field curve.
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C) The effect of anisotropy

In sediments such as clay or shale the resistivity
perpendicular to the layering is usually greater than
parallel to the direction of layering.

Anisofropy _ Averaged _
coefficient PP resistivity  © e

Anisotropy results in too °ﬂ ©° o : © :‘ o ‘; °°
: : o o O o Qo

Iorge thicknesses being o _J o p,© o oo

assigned fo layers. © o © | ﬂi o ©06 o0

h'=Ah ﬂ‘ﬂﬂp O 0o 00 © o ©

O 00"t o000 00 O

Sand, gravel A=1.3 0 © 00905 000 0 ©o0
Coal A=2



d) Non-horizontal layering

1D interpretation is valid, if the dip of the layers
IS not greater than 15°.

1D Interpretation Fig. 31

1D Interpretation < not valid

ole



e) Inferpretation errors

caused by faults

> Measurements perpendicular fo the strike
direction of the fault.

> The location of the fault can be determined.

p steep
ascent

L/2 [m]

S/



> Measurements parallel To the strike direction
of the fault.

> No effect of the fault can be seen on the
apparent resistivity curve.

&

> Interpretation error. The curve can be
intferpreted as a 2 layer case. However there
IS only one |layer! 58



2.4.2 Methods for the

determination of lateral variations
of resistivity in The earth

> Half Schlumberger measurements
Normal Schllumberger array

[ ]

A MNB

Half Schlumberger array

A M N M N B Fig. 34 50



Measurement on the same location with 3 arrays

- ey
- .-_

-
P .

> No fault, no
lateral variation

of resistivity! L/2 [m&
Fig. 33 ——Normal ----- Half Schlumberger
e pa '*,ﬂ'i'-
[©am] e

> Fault or a lateral
change in the
earth exists.

— Normal ----- Half Schlumberger Fig. 36 40
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2.5 Case Histories:

Waste Sites
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Fig. 39: Confours of
apparent specific
resistivity,
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Fig 40 a: Geoelectric Soundings (Schlumberger array) of a
hazardous waste site on Rhine island. Sounding 17E lies outside,
13E inside the dump, displaying profound differences in resistivity
between waste and sediment. 3 64
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Fig 40 b: Geoelectric Soundings (Schlumberger array) of a

hazardous waste site on Rhine island. 3 65



160

] ] I
= Fammsdod
:_ ATEE |
2 B e
“-\-t r"--
i T s -
- |
E |
oW
] i ey Lo 10| = WU L i
+ 1] A
0.3 a |38
2 I
1f ’
e T T 1T T T T LI |
S0 Hermsdarf
FRRMES =
. -t
2 e
i |— . .,..r" "
= L t -:" -
.= *"‘T‘_ _-_‘_.,‘-
-|.H-':!"'
7| S ] (4 o | il L |

15
< il

s ey

g 41
Hermsdorf

e Herrscorf_
2I5ATE
1me =
[ *
i e
i ""“l—i--i—"""_.-.
25
i [} | | | | |
1 | B
A g e
R
| 34 wEeed
I
T T T TT N [ TTT17T |
1280 = | le-rrsoorf
i 32537
iy — - = -
"41 L
1%
15 L1 | B {
b 1] (H

DC

66



2.5 Case Histories:

Groundwater
L i ” Fig 42: (a) Vertical
To | ' [w] electrical sounding
"ﬂ“' adjacent to test borehole

in the Central Lens, Grand
Cayman. (b) Layered

ol 2 il model interpretation of
. f 5 1t the VES. (¢) Interpreted
: z w= | salinity profile.2
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2.5 Case Histories:

Geology

FIELD  MODEL  ERROREAL
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Fig 43. Example of a sounding curve to locate the marl

4
layer. 68



Apparent resistivity (arbitrary unis)

Fig 44: Mapping vertical confacts with the half-
Schlumberger (gradient) array, Kongsberg, Norway. °

20—

rofile |

100 4 = +— L —
P n&z:s:?::,qx
Jd'
0 i i 1 |
40 B0 120 |60 200 240 280
L (meters)

West L East
;1 Profile | .{'u [ To C;—>
T A T T NS
=~ Telemark granite gneiss, | Kongsberg-Bamle

AN

\_\

gr.mm: Eneiss L

MY

69



Fig. 45:
Schlumberger
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2.5 Case Histories:

Archaeology
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