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ABSTRACT 

Nev inversion techniques for multi-frequency airborne electromagnetic 
(A£H) survey data have led to a considerable improvement in determining 
the approximate resistivity distribution in the ground. This information 
can be represented either by coloured vertical resistivity sections along 
a flight line or by maps of the horizontal resistivity distribution at a 
preselected depth. Vith rhe available frequencies of £H-systems a depth 
range from the ground surface dovn to a .aximum of 60 to 120 m can be 
explored. Examples are shovn from a desert area vhere a large freshvater 
aquifer vas detpcted and dplineated on the basis of three-frequency A£H 
resis tivi ty sounding resu) ts. 
The vertical resolution obtained from only three frequencies is nor alvays 
adequate to provide a true picture of the actual layering. This is one 
reason why the AEH survey was accompanied by ground d.c. resistivity 
soundings. Hydrogeological investigations and drilling results are al~ays 

required for optimum interpretation of t~e resistlvity pattern. 

1. Introduction 

Resistivity soundings at ground surface "sing direct current have long 
been a standard tool for solving hydrogeological problems. 

The bulk resistivity P, of a ~ater-bear)ng formation is related to the 
resiStivity P, of the groundwater by Archie's formula 

vhere the formation factor f depends on the porosity, the "'ater satu­
ration, and the cementation of the geological formation. The groundvater 
resistivity Pv decreases "'ith increasing salinity and varies typically 

betveen 0.1 and 2 2m for saline vater 
bet~een 2 and 6 Qro for brackish water 
between 6 and 150 2m for fresh ~ater. 

If the ground formation consists of sandy or silty sediments, the 
formation factor varies vithin the range of 2.5 to 5. In desert or coastal 
areas "'e often encounter all the above types of groundvater in unconso­
lidated s·ediments. Consequently the formation resistivity PI is essen­
tially governed by the quality of the groundvater. 
It is "'ell known that the ground resistivity can also be determined by 
electromagnetic (EK) measurements. The equipment generally consists of a 
transmitter coil ~hich produces an oscillating magnetic (dipole) field. 
This primary field penetrates into the ground and induces electric 
currents. For a given frequency, amplitude and phase of these currents 
depend on the resistivity distribution in the ground. The secondary 
magnetic field of these currents is picked up at a certain distance s from 
the transmitter by a receiver coil and is split into the inphase component 

• BGR, Postfach 51 01 53.. 0-3000 llannover 51. Ge[lllany. 

328 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



R and the quad.ature component Q. For measu.ements in the frequency domain
 
and at g.ound surface the distance s should be of the orde. of 100 mfor a
 
pa.ametric sounding, i.e. a sounding vith a numbe. of diffe.ent f.equen­

cies. Due to the skin effect, the depth of penet.ation can be increased by
 
dec.easing frequencies, but this viII dec.ease the signal amplitudes and
 
the .esolution.
 
~i.bo.ne EM equipment is operated according to the same principles, vith
 
Qne exception: the coil spacing s is only 6 to 8 m. At g.ound su.face,
 
such a small s vould considerably .educe the depth of investigation.
 
Hoveve., at no.mal flight altitudes of 30 to 40 m above g.ound, depths of
 
more than 120 m can be .eached vith cu••ently available equipment. The
 
Fede.al Institute of Geosciences and Natu.al (BGR) uses a three-f.equency 
DIGHEH EM system. Th.ee horizontal, coplanar coil pai.s a.e installed into 
a Kevla. bird vhich is toyed 45 m belov a helicopte. and flovn at a speed 
of 140 km/h. The measured Rand 0 values a.e sto.ed on magnetic tape, 
togethe. vith the flight altitude, the positional data and data f.om other 
geophysical equipment. 

2. Inve.sion of EM data into ground pa.ameters 

During a single survey flight, th.ee-frequency measu.ements a.e taken at 
about 20,000 sites. It is not possible to apply conventional inve.sion 
techniques to all these data. Conventional inve.sion vould .equi.e the 
input of an estimated model in o.de. to calculate the pa.amete.s of a tvo 
0. th.ee laye. ground. Hoveve., an approximate inve.sion algorithm 
(SENGPIEL, 1988) is nov available, vhich t.ansfo.ms EM data fo. each 
f.equency f into a paiL of pa.amete.s p*(f) and z*(f), vhe.e the 
app.oximate .esistivity p* (equivalent to the appa.ent .esistivity p.) is 
assigned to the "cent.oid" depth z*. The cent.oid of a cu •• ent system neaL 
the axis of the inducing magnetic dipole vas shovn to be situated at 
depths z* ~ p/2, ~he.e p is the conventional skin depth of a half-space. 
Fo. a homogenous p.imary field, z* equals p/2 (SCHMUCKER, 1970). 

The app.oximation of a five-laye. case by the p. (z*) function can be seen 
in Fig. 1. The resistivities and thicknesses of the layers a.e given by 
the step-function p(z). In the diag.am p va.ies along the abscissa and the 
depth z along the ordinate. Based on this model, pairs of p. and z* values 
vere calculated for 14 f.equencies and shovn in Fig. 1 as points on the 
p.(z*) cu.ve. The app.oximation of the model is quite satisfacto.y. F.om 
othe. model calculations ~e kno~ (SENGPIEL, 1988) that good conducting 
laye.s come out much bette. in the p.(z*) curve than .esistive layers 
(unless the latte. are thick), a fact vhich is common to all elect.o­
magnetic methods. 
Vith the existing EM equipment only three frequencies OUt of the 14 of 
Fig. 1 a.e available. Actually ve use f 1 • 32893 Bz, f 2 • 3538 Rz and 
f) - 386 Hz as indicated on the p.C*) cu.ve by an open circle. Since the 
p.(z*) cu.ve is alvays smooth, ~e use a cubic spline inte.polation th.ough 
and in betveen the th.ee available curve points and also for a limited 
extrapolation beyond the points of the highest and the lovest f.equency. 
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Using the spline interpolation and extrapolation at a depth increment of 
2 m, ranging from ground surface to 100 m depth, ye obtain a vertical 
column of 50 resistivity values Yhich give a smoothed representation of 
the true vertical resistivity distribution. This "electromagnetic 
sounding" is !epeated for all measuring sites of the airborne survey. 
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Fig. 1: 

Plot of resistivity versus depth, ~here
 

- the step function p(z) describes thicknesses and resistivities of a
 
five-layer model,
 

- the function p.(z*) is calculated for the above p(z) model for
 
14 frequencies (points on the curve), yielding the approximate
 
resistivity distribution,
 

- the spline interpolation function passes through the points for the
 
available frequencies of the equipment: 386, 3538, and 32893 Hz.
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3. -Representation of the EH sounding results 

Representation of the large amount of EH sounding results requires 
automatic plotting facilities including programs. These programs have been 
developed by the BGR helicopter-geophysics group. 
The resistivity values are normally divided into 18 ranges of roughly 
equal logarithmic vidth. A certain colour is assigned to each range. Red 
colours are used for lo~, yellov-green for intermediate, and blue colours 
for higher resistivities. Since ve have about 50 vertical resistivity 
columns per line-km, each coloured column has an average vidth of 0.8 mm 
vhen the horizontal scale is 1:25,000. The vertical scale is usually 10 m 
per em. For this type of plot. "'hich illustrates the resistivi ty distri­
bution in a vertical section along a flight line, the term "Sengpiel 
Section" vas introduced during the SEG meeting 1990. Fig. 2 sho~s an 
example of such a coloured resistivity section. The three thick lines 
(vhite, bro"'n, black) indicate the values of z* for the frequencies given 
in the caption of Fig. 1. 

An interesting complement of the Sengpi~l Section is achieved by adding 
results of an "exact" inversion of a fe'" selected three-frequency data. 
In Fig. 2 such data vere taken at fiducial points 30, 35, 40, 45, 50, and 
55, and vere inverted into parameters of a layered half-space using a n~ 

Harquardt-type inversion algorithm (FLUCHE, 1991). 
The results of the Fluche inversion are shovn by the six coloured vertical 
columr.s in Fig. 2, centered at the above fiducial points. Here, the bars 
of constant colour represent the thicknesses as ~ell as the resistivity 
ranges of the different layers (for tvo, three or four layers). This 
·composite resistivity section" combines the advantages of both inversion 
techniques yielding a high lateral resolution and the boundaries of a 
layered half-space. The hydrogeological interpretation of the resistivity 
section is given belo~. 

Once the resist1v1ty values are available at a depth increment of 2 m and 
for a number of flight lines, they can be sorted into an array of data for 
a selected depth z'. Using conventional gridding and contouring procedures 
the lateral resistiVity distribution at depth z, can be represented by a 
coloured contour-line map. The colours correspond to the colour code of 
the ve,tical section plots. In addition to the horizontal section of 
resistivities, the plot contains the flight lines, the values of 
significant minima and maxima and their positions. This type of map ve 
call a horizontal resistivity slice. Figure 3 is an example of a small 
scale, coloured resistivity slice, in this case vithout flight lines 
and extreme values. Further explanation is given in the next section. 

4. Detection of a fresh vater body in a saline environment 

The three-dimensional resistivity distribution in the ground can be in­
terpreted in terms of hydrogeology if additional information is available 
frbm the conventional methods of groundvater exploration. Often a rev 
samples of such information are sufficient: 
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The resistivities of the main formations and aquifers derived from 
ground d.c. soundings and borehole logs, 

- the formation' factor and the water resistivity Pw at different depths 
from water samplings and borehole logs, 

- the depth to the water table in the whole survey area from investi 
gations in dug wells and boreholes. 

Plenty of this kind of data vas collected in an area of the flat Cholistan 
Desert in Pakistan where BGR conducted the first systematic airborne EM 
survey for groundwater using three frequencies and applying the new 
evaluation techniques. 

In the Cholistan area the average depth to the water table is 20 m (see 
Fig. 2) and varies only a fev metres. The people of these regions regard 
brackish vater dovn to a resistivi ty P w - 4 Qm (':: 2500 IJS/cm) as "fresh", 
and vater of less than 1.7 Qm as saline. The average formation factor of 
the fine-grained sediments is 3.4 (FIELITZ, 1987). Based on these and 
olher data we can assign the apparent resistivities from the EM survey to 
the folloving formations belov the waler table: 

18 - 100 Qm fresh vater aquifer 
7 - 18 Qm brackish water aquifer 

< 7 Qm salt vater aquifer. 

In the dry top layer the resistivity is related to the lithology of the 
sediments. Here, for example, we encounter clay pockets vith low 
resistivities (less than 2.5 Qm) and sand dunes with high resistivities 
(above 150 Qm). 
Figure 2 illustrates the resistivity section along the first 29 km of 
flight line 132.2 over the Cholistan Desert. 

The lateral variation of the resistivity above the vater table is much 
more irregular than beloy it. From the southern end of the line to UTH­
km 238.5 we observe a thick zone yith resistivities above 18 Qm and 
locally above 60 Qm. There is an abrupt decrease of its thickness between 
line-km 235.5 and 237. Below the water table, the blue zone is interpreted 
to be a freshwater aquifer. North of km 238.5 the groundvater is most 
probably fresh at 20 to 35 m depth and saline below about 35 m. The 
results of the Fluche inversion confirm the rise of the conducting 
(saline) substratum north of km 236. The freshwater zone around km 235.5 
is thicker than 100 m. HoYever, for depths greater than z*Cf), vhere f 1 • 

386 Hz, the information shovn by the resistivity section is obtained by 
extrapolation and is only reliable Yithin 10 to 20 m below z*(f J ). As can 
be derived from Fig. 2, e.g. at Ion 233.7, the depth of investigation is 
considerably reduced by a good conducting top layer in connection with a 
small decrease of the p. values of the underlying layers. Furthermore, 
z*(f 1 ) is limited by the small skln depth within the conducting saline 
substratum (north of km 239). 

The more resistive (blue) zone of Fig. 2, described above as a freshwater 
aquifer. is actually part of a huge freshwater body detected during this 
Technical Cooperation proj~ct carried out by BGR, Hannover, and the Vater 

332 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



w ,., w
 

, 

ig
. 

3
: 

S
m

al
l 

s
c
a
le

 
re

p
re

s
e
n

ta
ti

o
n

 
o

f 
th

e 
h

o
ri

z
o

n
ta

l 

re
s
is

ti
v

it
y

 
p

a
tt

e
rn

 
a
t 

a 
d

e
p

th
 

o
f 

SO
m

 
in

 
a 

d
e
s
e
rt

 
a
re

a
, 

sh
o

w
in

g
 

a 
la

rg
e
 

fr
e
sh

w
a
te

r 
b

o
d

y
 

w
h

er
e 

th
e
 

re
s
is

ti
v

it
y

 
is

 
ab

o
v

e 
18

 
m

 (
b

lu
e
).

 

- - - - - - - - -C~ C
J 

C
J 

E
~
J

 
~
J

 
~
l

 
L

J 

oh
rt

l'
.m

 

ab
ov

e 
i
~
.
O

 

10
0.

0 
• 

2:
10

 0
 

7
~
.
0

 
. 

m
.o

 
~
6
.
0

 
-

7
~
.
0

 

0
.0

 -
~
.
O

 

n
o

 ­
~
2
.
0

 

u
o

 ­
n

o
 

18
.0

 
• 

2
'.

0
 

1
4

.0
· 

18
.0

 

0
.0

 
-

1<
.0

 

7.
0 

-
10

.0
 

'.
0

' 
7

0
 

2
~
-

W
 

1.
0 

-
1.

5 
b
.
o
l
o
~

 
lO

 

no
 

d
al

a 

I -
..

)
 

I 

~
~
-
-
j
-
=
=
f
=
:
=
-
=
-
-
f

 .
~ 

H
E

L
IC

O
P

T
E

R
 

E
L

E
C

T
R

O
M

A
G

N
E

T
lC

S
 

A
p

p
o

re
n

! 
r6

5i
st

iv
il

y 
o!

 
5

0
m

 
b

"l
o

w
 

g
ro

u
n

d
 

su
rf

o
c"

 

o
r"

o
 

, 
C

h
o

li
sl

o
n

/P
o

k
is

to
n

 

8G
R

 H
on

no
v"

r.
 

F.
 

R.
 

of
 

G
"r

m
o

n
y

 
1<

;)8
8 

--
-_

.­

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



and POlJer Development Authority (VAPDA), Lahore. The lateral extent of 
this freshvater body is sholJn in Fig. 3 in the form of a horizontal slice 
for a depth of '1,' = 50 m. Again the fresh lJater can be assigned to 
resistivities greater than 18 Qm (blue). The length of the body mapped so 
far by the EM survey is 98 km, the average width 15 km and the mean 
thickness 70 m. 21\ test-holes have already proved the quali ty of the 
lJater, vhich locally sholJs conductivities as 101J as to 1000 ~S/cm. The 
origin of the vater and the recharge conditions are currently being 
investigated. It vas surprising to find out that the position of the vater 
body coincides with an old river course described by VILHELHY (1969). This 
river (Hakra or Ghaggar) lJas perennial up to 600 B.C. and later became a 
te~porary flood channel IJhich disappeared in the 16th century. Additional 
horizontal slices at an original scale of 1 : 100 000 have been produced 
(in colour) for other depths, namely 10, 30, 70, and 90 m, representing 
detailed pictures of the resistivity pattern in the survey area. 

5. Conclusions 

The para~eters p. and z* are calculated on the basis of the model of 
uniformly conducting ground. The curve p. versus z* has some similarity to 
the apparent resistivity curve p. versus L/2 (L = electrode spacing) of 
ground d.c. Schlumberger soundings. It differs, hOlJever, in thet z* 
directly assigns a depth to p., Furthermore, in the EH method, p. is 
essentially controlled by the more conducting parts of the ground. If a 
fresh-valer aquifer (with relatively high resistivities) is to be detected 
above a saline substratum, its thickness must not be too small compared 
lJilh its skin depth. 

In general, the smooth p.(z*) curve only provides limited vertical 
resolution even for more than three frequencies. It is therefore 
recommended that a selection of the EH data is interpreted in terms of a 
layered half-space by the Marquardt algorithm or the airborne EH survey 
should be accompanied by ground d.c. soundings at selected sites. The lack 
of vertical resolution is certainly compensated by the high lateral 
resolullon as well as by the speed of the airborne measurement and the 
automated evaluation techniques. 
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