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Results of airborne EM groundwater exploration in a desert area 
using the centroid depth algorithm for evaluation 

Klaus-Peter SENGPIEL * 

ABSTRACf 

Secondary magnetic-field data from a three-frequency electromagnetic (EM} helicopter survey have been 
evaluated using a novel inversion technique called the centroid depth algorithm. It yields the centroid 
depth z* of the electric current system (induced by a dipole source) and the "ambient" resistivity~ p at 
this depth, both for each transmitted frequency. a 

It is illustrated by several examples how the true vertical resistivity distribution is approximated by the 
p (z*) function. For three transmitted frequencies this function is only partially known but it can be 
cfosely represented by a spline interpolation function. The complete, although approximate, resistivity 
information can be represented as vertical sections along flight lines or horizontal sections at certain 
preselected depths. 

Using these techniques the three-dimensional resistivity distribution below a non-perennial river in a 
desert area in Pakistan is shown and compared with Schlumberger resistivity soundings and results from 
drillings and dug wells. Several other fresh-water deposits in salt-water-bearing environments have 
been delineated using this airborne EM method. 

l. INTRODUCTION 

The Federal Institute for Geosciences and Natural 
Resources (BGR) completed a helicopter EM 
survey for groundwater in Pakistan in 1988. 
Over 10.000 line km were flown in three desert 
areas covering a total of 4.900 km 2 • The survey 
was accompanied by hydrogeological and ground 
geophysical investigations carried out by BGR and 
the Water and Power Development Authority of 
Pakistan (W APDA) . 

The BGR geophysics helicopter is equipped with a 
three-frequency DIGHEM system, a proton magne
tometer (Geometries G 803) and a gamma-ray 
spectrometer (Geometries GR-800 B). The EM 
sensor (bird) is towed at a height (h) of about 
40 m above ground level and at a speed of 140 
km/h. 

* 

The induced magnetic field is recorded at a 
sampling interval of 0,5 sec. During one survey 
flight more than 10.000 EM soundings at three 
frequencies are recorded and need to be evalua
ted in terms of the resistivity distribution in the 
subsurface. 

A novel inversion technique was used for the 
Pakistan data which yielded the approximate 
vertical resistivity distribution at each obser
vation point. The algorithm determines the 
"centroid depth" z* of the electric currents 
induced by a transmitting magnetic dipole at 
height h (SENGPIEL, 1988). The apparent resis
tivity determined from the field data measure.d 
above a multi-layer ground for each frequency 
can be regarded as the "ambient" resistivity at 
depth z*. Examples of the application of the 
centroid depth algorithm (or the p (z*) function) 

a 
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Fig. 1. Plot of resistivity versus depth, where : 
a) p (z) denotes the resistivity as a function of depth, 

derived from Schlumberger soundings in the Cholistan area, 
b) the p (z•) function is calculated for the above p (z) model 

and fo~ the given frequencies between 30 and 40.000 Hz. 

IOOQin 

or-------------------------~==~~==~-----------, .aooo E 
20 SOUNDING L 28 

60 

80 

100 

120 
m 

140 
Qlzl 

1~+.3------------~------~--~----------~,o~---------~~---9~.Q~.----~IOOQm 

K.P. SENGPIEL 

Fig. 2. Plot of resistivity versus depth as in fig. 1: note the thick, conducting second layer. 
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to synthetic data for multi-layer models were 
given at the 9th SWIM (SENGPIEL, 1986). In this 
paper, examples of results of the above mentioned 
survey are given. 

2. REPRESENTATION OF TYPICAL 
RESISTIVITY/DEPTH MODELS 
BY THE Pa (z*) FUNCTION 

Several hundred Schlumberger resistivity soun
dings and a number of drillings were carried out 
in the survey areas in Pakistan, providing the 
possibility of assessing the results of the HEM 
data evaluation. Figs 1, 2 and 3 are diagrams of 
resistivity versus depth obtained by different 
methods at three sites. The step function p ( z) in 
these figures represents the layer resistivities 
and thicknesses derived from the d.c. resistivity 
soundings (after FIELITZ, 1987). The p (z*) 
functions are calculated based on the given ap (z) 
models and for 14 frequencies in the range from 
30 to 40. 000 Hz. Each dot on the p ( z*) curves 
corresponds to one frequency. a 

At present, however, only the frequencies 386 
Hz, 3.538 Hz, and 32.893 Hz are available with 
the DIGHEM system. Since the p (z*) function is 
always a smooth curve, it cana be fairly well 
represented by a cubic spline function which 
interpolates between the three pairs of p , z* 
values corresponding to each of the abovl fre
quencies. Even a limited extrapolation beyond 
the points of the lowest and highest frequency is 
permissible. 

A water-table depth of about 20 m is common to 
all sites where the above resistivity soundings are 
carried out. This depth does not necessarily 
coincide with the depth of a layer boundary 
derived from the Schlumberger soundings. 

In fig. 1 we observe a continual decrease of the 
layer resistivities p (z*) downwards from the 
second layer (due tC increasing salinity of the 
groundwater). The p (z*) and the spline functi
on provide a reasonabfe approximation of the p(z) 
model, at least down to a depth of 70 m. 

The p ( z) model in fig. 2 is unfavourable for EM 
exploration methods . A relatively resistive target 
layer ( p = 35 Ohm • m, "fresh-water" aquifer) is 
intercalated between conducting layers. The 
target layer is only poorly represented by the 
p (z*} function for the lower frequencies (< 386 
Ifz>, which are already affected by the highly 
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conducting substratum. In this exanwle it hap
pens that extrapolation of the spline function 
beyond the 386 Hz point gives the correct trend 
to increasing resistivity values below 40 m depth. 

If the conducting top layer is very thin ( < 10 m), 
as in the p(z) model in fig. 3, the target layer 
( p = 43 Ohm· m} can be detected much better by 
the p (z*) function or its spline representation 
than fn fig. 2. In fig. 3 the spline interpolation 
yields an apparent resistivity of 16 Ohm • m at the 
upper boundary of the target layer, a maximum of 
35 Ohm•m at 33 m depth and p = 6,8 Ohm•m at 
its lower boundary (by exces~ive extrapolation 
beyond the 386 Hz point). In any case, within 
the depth range given by the available frequen
cies, a "fresh-water" aquifer can be inferred 
where apparent resistivities are above 18 Ohm· m 
(below the depth of the known water table). It 
should be mentioned that water with an electric 
conductivity (EC) of up to 2.500 JJS/cm is consi
dered to be fresh water by the people living in 
the survey areas. 

Model calculations based on results of d.c. re
sistivity soundings and drillings were conducted 
for all survey areas in Pakistan, and yielded 18 
to 24 Ohm•m as a lower limit for the apparent 
resistivity of fresh-water aquifers. Actually, it 
is known from borehole logging and water samp
ling (MOLLER, 1988) that there is a relatively 
broad transition zone between the fresh-water and 
the underlying salt-water formation in these 
areas. This means that the smooth p (z*) func
tion is more likely to fit the actuft situation 
better than the step functions of the geoelectrical 
models. 

3. RESULTS OF A HEM SURVEY 

Fig. 4 shows the locations and names of the three 
areas surveyed during the project. These areas 
are characterized by a low precipitation rate 
(about 150 mm/year), a high evaporation rate, 
and an increasing demand for groundwater re
sources. However, in general the high ground
water salinity (EC > 5.000 J.IS/cm) prevents its 
use for drinking or irrigation purposes. 

In this paper, only a small part of the survey 
results, namely from the Windar Valley area (fig. 
4), can be presented and discussed. 

The Windar Valley survey area is rectangular and 
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Fig. 3. Plot of resistivity versus depth as in fig. 1; the third layer (p = 35 Ohm·m) 
corresponds to a fresh-water aquifer. 
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Fig. 4. General map of Pakistan with the locations of the survey areas Cholistan, 
Windar Valley and Tharparkar. 
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Fig. 5. Contour map of interpolated resistivity values (Ohm•m) at a constant depth 
of 50 m below ground surface. The shaded area around the Windar River 

( p between 18 and 54 Ohm ·m) delineates a fresh-water body in unconsolidated sediments 
belaw the river; the lower resistivities of the surroundings are due to salt water intruded 

from the sea (in the SW). 

extends 28 km in a N-S direction and 14,7 km 
E-W. Apart from some small hills the ground 
surface is a sloping plain ranging from 15 m 
above sea-level in the SW to about 100 m in the 
NE corner of the area and is intersected by the 
small valleys of a few non-perennial rivers which 
drain the mountain ranges E of this area. The 
ground consists of a sequence of young unconso
lidated sediments, mainly fine and coarse-grained 
sand, clay and gravel. From a few drUlings and 
dug wells we know that the depth of the water 
table is 3 m in the SW and more than 70 m in the 
NE corner of the area. The thickness of the 
sedimentary fill ranges from 120 to 300 m. In the 
vicinity of the Windar River a fresh-water aquifer 
was found and investigated by WAPDA (KHAN, 
1971). This water contains 1. 000 to 2. 000 ppm of 
total dissolved solids. 

From its source to the sea the Windar River has a 
length of about 110 km. All other rivers in the 
area are much shorter and consequently less 
prospective for groundwater. 

The HEM survey was intended to delineate the 
zone of known fresh-water infiltration !n the 
sediments below the river course and possibly to 
detect more fresh-water occurrences. The survey 
was flown between Nov. 17 and 22, 1987, compri
sing a mileage of 870 km at a line spacing of 500 
m, thus covering a total area of 410 km2. 

The data processing included reduction of drift 
errors in the Doppler navigational data, as well 
as spike elimination, filtering, levelling, and 
transformation of the EM data. Since the vertical 
resistivity distribution at each field site was 
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calculated for a depth increment of t:. z == 2 m 
using the spline interpolation, it was possible to 
present the lateral resistivity distribution at 
several preselected depths, such as 10, 30, 50, 
70, 90 and 110 m. 

An example of such a horizontal resistivity section 
(HORISEC) at a constant depth of 50 m below 
ground surface is given in fig. 5. It comprises 
the southern half of the Windar Valley survey 
area. The course of the Windar River is drawn 
for reference. The plain of the horizontal section 
is situated below the groundwater table, except in 
a small area in the NE corner of the figure (whe
re resistivities are above 18 Ohm • m). 

The most interesting feature in fig. 5 is the 
shaded area along the Windar River, where resis
tivities p are 18 to 54 Ohm • m, due to fresh-

a 
water seepage from the river. There are in this 
area several dug wells 20 to 30 m deep which 
yield fresh to slightly brackish water with a 
conductivity of 1.500 to 2.350 uS/em. Test-hole 
TH9 at the westernmost edge of the shaded area 
intersected a clay layer between the surface and 
a depth of 24 m, and an alternating sequence of 
gravel and sand down to 115 m. The water 
conductivity is known only at 90 m where it is 
1.900 uS/em. Outside this shaded area the 
apparent resistivities at 50 m depth are clearly 
lower than that value, due to increasing salinity 
of the groundwater. At test-hole TH7, for 
example, a water conductivity of 4.200 uS/em was 
observed at 54 m. 

In fig. 5 the position of flight lines 11.1 and 28.2 
are indicated as a reference for figs 6 and 7. In 
this figures, the vertical distribution of the 
apparent resistivity (VERTISEC) is shown along 
these two lines by a grey coded scale. The 
darker shades denote higher resistivities. The 
three nearly horizontal white traces indicate the 
centroid depth z* calculated from the field data 
for each of the three frequencies. The resistivi
ty values below the lower trace, for the lowest 
frequency (385 Hz) are based on extrapolation 
and therefore not reliable. 

In fig. 6 layer resistivities and thicknesses 
derived from resistivity soundings ( FIELIT Z, 
1988) at sites R 4 and E 10 (on line 11.1) are 
given for comparison with the HEM results. At 
these sites both methods show similar (high) 
resistivities for the dry layers above the water 
table and lower resistivities below it. Both 
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methods indicate that water is more saline in the 
upper parts of the aquifer. 

On this flight line, a minor fresh-water reservoir 
is shown up by the HEM results in the vicinity of 
the Windar River. Groundwater with high salinity 
occurs between 22 to 27 km UTI\1-northing. 

In fig. 7, the VERTISEC along line 28.2 shows an 
extended zone of high resistivities below the 
Windar River and a second one further north (23 
to 28 km UTM-northing). These zones are sepa
rated by a very prominent feature characterized 
by low resistivities. At site 08, Schlumberger 
and HEM results are comparable as before. It 
should be noted that the higher ground resisti
vities lead to z*-values up to 100 m on this line. 
The depth of the water table as indicated in these 
two figures is only roughly known from a few dug 
wells. Nevertheless, there is a distinct correla

tion between the HEM apparent resistivities and 
the position of the water table (see black line in 
figs 6 and 7). In fig. 6 the top-layer resisti
vities are low where the water table is below 10 m 
(southern part of line 11.1) and higher where the 
depth is greater 20 m (line 28.2 and northern 
part of 11.1). 

4. CONCLUSIONS 

The new technique of calculating a continuous 
vertical sequence of approximate resistivities and 
plotting them along the flight line using a colour 
code provides a three-dimensional picture of the 
resistivity distribution in the ground. The plots 
of the horizontal resistivity distribution at a 
certain depth have turned out to be of great 
value for groundwater exploration in desert 
areas : if a depth is selected below the water 
table, the resistivity is an indicator of the sa
linity of the groundwater. Besides the example 
shown in fig. 5 another, much larger fresh-water 
body 80 km long, 15 km wide and 100 m thick was 
delineated using HORISEC plots for depths of 30, 
50, 70 and 90 m (not shown here). 

Experience has shown that the method has two 
limitations : 

(1) A highly conductive cover layer reduces the 
depth of investigation; below the cover layer 
the calculated resistivities are less reliable. 
This is a common feature of all EM methods. 
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GROUNDWATER EXPLORATION IN DESERT AREAS OP PAKISTAN 1987/88 

HELICOPTER ELECTROMAGNETICS : RESISTIVITY SECTION ALONG PLIGHT LINE 

Area : Wiadar-V alley 
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Fig. 6. Example of a VERTISEC plot at reduced scale. The grey shading corresponds to 
resistivity values (originally colour coded). At R4 and ElO the layer resistivities and 

boundaries resulting from Schlumberger soundings have been drawn in for comparison with 
the AEM results. Note the water table (thick black line) and the centroid depths z* 
for the three frequencies (white traces). Resistivities below 18 Ohm• m (light greys) 

correspond to brackish or saline groundwater. 

GROUNDWATER EXPLORATION IN DESERT AREAS OP PAKISTAN 1987/88 

HELICOPTER ELECTROMAGNETICS : RESISTIVITY SECTION ALONG PLIGHT LINE 

Area : Wiadar-Valley 

Flilbt-liae ao.: 28.2 

- South -

fli1ht aumber : 41.775 

horizontal seale 1 : 50.000 
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Fig. 7. VERTISEC plot along flight line 28.2 demonstrating the presence of the 
fresh-water body below the Windar River, a salt-water intrusion from the sea (in the centre) 

and an as yet unproven fresh-water body further to the N. Symbols, etc. as in fig. 6. 
US = Schlumberger sounding. 
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(2) Complex layering such as a sequence of thin 
layers with high resistivity contrasts, cannot 
be resolved using the smooth p (z*) func

a 
tion. 

For optimum interpretation of the AEM resistivity 
results in terms of groundwater parameters, it is 
therefore essential to accompany the AEM survey 
by ground d.c. resistivity soundings, hydrogeo
logical investigations and drilling. 
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