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Abstract 

During the sixth SWIM (1979) an account was given of the results of a 

helicopter test survey with a one-frequency EM system with which we were 
able to outline the interface between a lenticular freshwater body and 

the surrounding saltwater under a small North Sea island. However, 
under less favorable conditions, only multifrequency EM data would give 

the detailed and reliable information needed by hydrogeologists. The 

large amount of such data recorded in an airborne survey and their 

complicated inversion into parameters for layered ground can now be 

handled by a new fast approximation algorithm. Results of the applica

tion of this algorithm to several hydrogeological models, mainly related 

to the problem of determining the freshwater/saltwater interface are 

presented and discussed. The method will be applied in a pilot project 

in desert areas in Pakistan in 1986. 

1 Introduction 

Airborne electromagnetic (AEM) techniques would be a powerful tool for 

groundwater exploration if the measured data could be interpreted in 

terms of a multi-layer half-space, i.e. if the results were comparable 
to those of ground d.c. resistivity soundings. During a survey flight, 

EM data are recorded at more than 6000 locations. For reasons of economy 

it would not be possible to interpret this amount of data by conven-
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tional inversion procedures. Furthermore, from a theoretical point of 

view, the small number of operating frequencies of the available EM 

systems limits the interpretation to simple resistivity distributions 

such as one or two-layer models. 

2 Previous survey results 

At the 6th SWIM in Hannover, Sengpiel and Meiser (1981) gave an account 

of an AEM survey over the Island of Spiekeroog, Germany, using a one

frequency Dighem system. They showed that it was possible to map 

approximately the depth of the freshwater/saltwater interface by means 

of the so-called apparent depth (Figure 1). In this case the upper 

layer, namely the freshwater-bearing sands, was relatively resistive 

(100-150 Ohm-m). Thus the EM response was mainly due to the conducting 

substratum of saltwater-bearing sands (1-1.5 Ohm-m). The parameter 

apparent depth, equivalent to apparent thickness (Fraser, 1978), gave 

direct evidence of the thickness of the freshwater lens; but a map of 
the apparent resistivity showed a poor relationship with this body. 

However, the apparent depth values provide only little geological infor
mation in the case of more complicated layering, especially when a con

ducting top layer is present. This was found in a survey in the adjacent 

coastal area. 

3 Interpretation of one-frequency data 

A common hydrogeological model which is illustrated in the left hand 
part of Figure 2 was examined theoretically. The resistivities 80, 30, 

and 1.5 Ohm-m of the three-layer model can be taken as a cover layer, an 
aquifer with slightly brackish water, and a saltwater formation, respec

tively. If measurements are made above this sequence with an AEM system 

at 900 Hz, the interpretation based on the half-space model would yield 

da = 26.5 m for the apparent depth n~d qa = 19.3 Ohm-m for the apparent 
resistivity (Figure 2, right hand part). These results do not conform 

with the actual model and are therefore unsatisfactory. 
More conclusive results can be obtained in this case with a method 
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SEA 

gigure 1. Apparent depth contours (m) obtained from an HEM survey. The 

contours indicate the interface between fresh and saltwater 
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Figure 2. A three-layer model (left) and corresponding interpretation 
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(da). and central depth (z*) for an operating frequency of 
900 Hz 
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developed by Mundry (1984). His algorithm permits one-frequency data 

to be interpreted using a special two-layer model, where 92-o or 

qr- oo. Applying the case ~2 - o to the above model , we obtai ned the 
following results: 

~1 = 29.6 Ohm-m, d1 = 67.6 m for 900Hz, 

q1 = 2.2 Ohm-m, d1 = 40.5 m for 3600 Hz. 
Obviously for the higher frequency the interpretation model is not 

applicable, while the first pair of parameters fits fairly well to the 

actual model, especially to the depth of the conducting saltwater zone. 

4 The central depth method 

The uncertainty as to whether a given layer model is applicable to EM 

data obtained over ground with an unknown number of layers can be 

avoided by the "central depth" method recently developed by Sengpiel 

(1984). It is related to the so-called ~*(z*) method of Schmucker (1970) 

which is commonly used in magnetotell urics (MT) as an initial guess for 

the vertical resistivity distribution. While in MT the source field can 

be assumed to be uniform, the transmitters of AEM systems generate 

dipole fields. The dipole field geometry complicates the inversion of 

AEM survey data into multilayer parameters. The central depth algorithm 

yields the central depth z*, i.e. the depth to the center of the 

(horizontal) current system induced in the ground, and the apparent 

resistivity ~* = ~a· which is an approximation of the ambient resisti
vity at depth z*. 

The algorithm provides one q*_and one z* value for each frequency. For 

the model in Figure 2 and a frequency of 900 Hz, the algorithm yields 

~* = 19.3 Ohm-mat a depth z* = 67.5 mas indicated. This result fits 

better to the model than the half-space interpretation. 

5 Model calculations for multifrequency data 

The capabilities and limitations of the central-depth algorithm were 

investigated for the following (and other) models, mainly related to the 

problem of determining the surface of a saltwater bearing zone. 
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Figure 3 may be viewed as a two-layer resistivity section along a flight 

line. The depth d1 of the interface (thick line, coinciding with the 

10 Ohm-m contour) between the resistive upper layer (91 = 500 Ohm-m) and 

the conducting substratum (~2 = 1 Ohm-m) varies between 10 and 100 m. 
For each of the five frequencies indicated in the figure 

a depth value z* (marked by the dot), and 

an apparent resistivity value ~a 

were calculated at a number of sites along the flight line. The qa
values were roughly contoured with two lines per decade. The example 

shows that the data from only five frequencies yield a useful picture of 

the resistivity/depth distribution down to depths some ten meters below 

the interface. The central depth z* increases with decreasing frequency, 

while the depth range of z* is strongly controlled by the depth of the 

conducting zone. The interface can be found from the maximum vertical 

gradient of log 9a· 
This statement is explained in more detail by the diagram in Figure 4 

for two-layer cases, where again 91 = 500 Ohm-m, 92 = 1 Ohm-m and 

d1 = 30, 60, and 100m. Now, the function ~a= f(z*) is shown for 
12 frequencies. Note that the steepest gradient of log 9a occurs for 

z*~ d1, where qa is close to 10 Ohm-m for all three values of d1. 

In Figure 5 the central depth algorithm is examined for a more complex 

resistivity pattern. Here, a thin (5 m), conducting intermediate layer 

of 1 Ohm-m is embedded at different depths (30, 50, 70, or 90 m) within 

a 1000 Ohm-m host rock. The top-layer has a resistivity of 50 Ohm-m and 

a thickness of 10 m. Ten frequencies were used to show how 9a varies 

with depth z*. A four-1 ayer case q1 < q2) ~3 ( 94 can be derived from each 

of the 9a(z*) curves. The most important fact is that the minimum of 

qa as a function of z* occurs at the true depth of the intermediate con

ductor. This enables us, for instance, to map the true depth of a con

ducting layer. In general, 9a approaches the true resistivity 9 of a 

certain layer if its thickness d is greater than the skin depth p, where 

p = 503.3~. Thus, resistive layers must be much thicker to yield 

qa.-q than conducting ones (see Figure 4 for the highest frequencies). 
The dashed curve IV', which shows qa versus the conventional apparent 

depth da for model IV, does not correlate at all with this four-layer 

case (note that da < 0 for frequencies no. 1-5). 
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6 Pakistan Pilot Study 

In order to assess the feasibility of using AEM to prospect for ground

water in three desert areas in Pakistan, we applied the central-depth 
algorithm to the actual resistivity distribution which was obtained at 

25 field sites by ground d.c. soundings (Bender and Sengpiel, 1984). 

The selected survey areas are rather flat. In general the groundwater 

is saline, but some freshwater aquifers are known. They originate from 

rainwater by so-called indirect recharge. A typical situation is pre

sented in Figure 6. Below the groundwater table the resistivity is 

1 - 1.5 Ohm-min the saline zone and 30- 150 Ohm-min the freshwater 

lens. Above the water table there are silty and sandy layers of medium 

resistivity. The models shown in Figure 7 relate to sites with or 

without a freshwater aquifer, underlain by a saltwater zone. The depth 

to the water table was selected as 12m for models in a) and 60 m for 

models in b), and the resistivity of the cover layer as 100 Ohm-m and 

80 Ohm-m, respectively. The values of ~a are given at central depths z* 

(dots) for each of the nine frequencies between 225 and 57,600 Hz. The 
true resistivity/depth pattern is satisfactorily represented by the 

~a(z*) function. As in Figures 3 and 4, the freshwater/saltwater inter
face occurs where ~a is about 10 Ohm-m. If we determine the resistivity 

~a at a depth 5 m below the (known) water table (e.g. by interpolation), 

we would get ~a = 18 - 30 Ohm-m where freshwater is present and about 
1.6 Ohm-m where there is saltwater. 

7 Conclusions 

The new central-depth algorithm is most suitable for investigation of a 

layered halfspace, and yields a reasonably good approximation to the 

true resistivity/depth distribution without previous knowledge of the 

number of significant layers present. The range and density of infor

mation depends on the number of operating frequencies of the AEM equip

ment. The applicability of the algorithm is restricted to data from 
systems with small coil separations s, where 3 s~ h (=flight 

altitude). At present the number of frequencies of the available equip

ment is rather limited (mainly two or three), but efforts are being made 
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to increase it up to seven frequencies. However, the present technique 

to add another coil pair for each additional frequency leads to heavy 

and expensive AEM birds and is not a promising solution. The BGR is in a 

position to test the central depth algorithm only for data from its two

frequency DIGHEM-II equipment. The algorithm has proved to be robust and 

fast on the computer. For the planned airborne survey for groundwater in 

Pakistan a Dighem-III system with frequencies of 385, 3600, and 32,600 Hz 

will be used. It can be concluded from the preceding model calculations 

that the ~a(z*) information for these three frequencies should enable us 

to map roughly the depth of the saltwater zone. The lack of vertical 

resolution will be partly balanced by the small sampling distance of 

15m or less along the flight lines. Furthermore, the airborne survey 
will be combined with ground d.c. resistivity soundings and hydrogeolo

gical investigations. 
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