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An Anomaly of the Upper Mantle below the 
Rhine Graben, Studied by the Inductive Response 
of Natural Electromagnetic Fields* 
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Abstract. The methods of Magnetotellurics (MT) and Geomagnetic Deep 
Sounding (GOS) have been applied to study the electromagnetic response 
of the rift structure of the Rhine Graben. The measurements at 17 MT and 
7 GOS stations were carried out along a profile running perpendicular across 
the Graben. Fourier analysis and numerical filters were tried for separation 
of the frequencies and a least squares technique was applied for data reduc
tion. The thus gained transfer functions can be explained well by two-dimen
sional models under the following assumption: a well conducting layer at 
the depth between about 80 and 100 km exists at distances 50 km West and 
100 km East of the Rhine Graben. Immediately below the Graben, however, 
a zone of similar good conductivity lies between about 25 and 45 km depth. 
The lateral extension of this zone is only some tens of km from the Graben's 
edges. 
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Introduction 

The aim of geophysical studies of electromagnetic (em) induction is to gain 
information about the electrical resistivity and its distribution within the earth's 
interior. Artificial em fields are usually excited in the frequency range of much 
more than 1 Hz and one gets - because of the skin effect - therefore only insight 
into the first hundreds of metres of the subsurface. By using slowly, temporally 
varying natural fields, under favourable circumstances it is possible to extend 
the estimates down to some hundred kilometres. Not only the physical quantity 
of the electrical resistivity of the lower crust and the upper mantle itself, however, 
is of great interest, but of equal importance is its correlation with temperature 
(an effect of semiconductivity). Further, temperatures within the earth's interior 

* This publication is a summary of results of the author's thesis. Details about data analysis 
and model calculation can be found therein. 
** Address: Bundesanstalt fiir Geowissenschaften und Rohstoffe, D-3000 Hannover 23, Postfach 
230153, Federal Republic of Germany. 
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and the associated anomalies connected with tectonically active zones such as 
faults and rifts are an important aid to understand the origin and development 
of our earth. 

The Scope of Studies 

The object of our investigations is the Rhine Graben, the central part of the 
rifting structure traversing Western Europe in SSW - NNE direction: the Medi
terranian -M0sjen Zone. Numerous geophysical and other geoscientific activi
ties in this area have been reported. Among them are the methods of tellurics 
(Haak et al., 1970), magnetotellurics (Losecke, 1970; Scheelke, 1972) and geo
magnetic deep sounding (Winter, 1973), all of which make use of the response 
of natural em induction. The most complex models applied for interpretation 
were two-dimensional: a thin sedimentary overburden with a laterally (in one 
direction) varying resistivity lying over a stratified substratum built up of homo
geneous layers, infinite in horizontal directions. The most important finding 
of the previous investigations was the deduction of a low resistivity layer (resisti
vity e ~ 30 Qm) within the basement (e ~ 103 Qm) at a relatively shallow depth 
of 20 or 30 km. The thickness of this layer was found to be 20 to 30 km by 
Scheelke (1972) and 50 to 90 km by Winter (1973). The extension of it from 
the Graben's edges could thereby not be determined since those measurements 
were mainly conducted over the Graben zone itself and in the immediately adja
cent areas and, of course, because of the model typ used, which does not admit 
lateral changes in the deeper structures. 

The Measurements and the Applied Interpretation Technique 

The locations where we performed our measurements lie on the southern line 
in Fig. 1, labeled "R II". The time variations of the horizontal components 
of the electrical field E were recorded at 17 stations distributed over a length 
of approximately 240 km. At two stations the time variations of the horizontal 
components of the magnetic field F, were measured in order to be able to 
apply the magnetotelluric method (MT). At seven stations of the Eastern part 
of the profile geomagnetic deep soundings (GDS) were carried out in registering 
simultaneously the variations of the three components of the magnetic field 
F. 

The quantities one usually intends to derive from the recorded time variations 
in order to compare them with those obtained by model calculations are the 
so-called transfer functions as a function of period T. In MT they are the appar
ent resistivity 

(in e.m.u., E and Fare horizontal components (orthogonal to each other) of 
the fields E and F) and the phase <p. Together they describe the dependence 
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Fig. I. Generalized geological map of the Rhine Gra ben area (aft er Illies. 1967). T he lines arc prolllcs 
on which induction studies have been carried o ut. O n the southern lim:. labekd .. R 11 " . the stations 
are situated as described in th<! text . Most o r the stations arc indicated by dots. a kw by numbers. 
Areas mar ked wit h circles represent the zones. whe re the measurements could he explained with 
one-dimensional models. I Graben trough. ] Margi na l blocks and basins. J Moh1ssc trough. 4 
A lps. 5 Jurassic. () M iddle and upper Triassic . 7 Lower triassic. 8 Permi an. 9 Prepermian basemen t 

of the horizontal E-fi eld components on those of the F-field . In G OS they arc 
the geomagnetic inductio n arrows 

c =a · N + bM 

(where N and M are the vectors of unit length in the northern and eastern 
directi on. respect ively ), a s complex quan tities, appropriate to express the li near 
relati o ns between the vertical component Z of the variation s of the magnetic 
fie ld and the ho rizontal compo nents : 

Z = a·H+h · D 

(H is the no rth component of F. D the east componen t) (Parkinson, 1959; 
Schmucker, 1970). Model calcula tions are commo nly computed under the 
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Fig. 2. Around the centra l line: recorded time 
variations of the East ( D) com ponent of the 
111agnetic field F from 720 UT until 10-'0 UT. 
Dec. 25. 1968 (interval length 190 min ). 
measured al a site near the Eastern border of 
the Rhine Graben. At the top: after Fourier 
analysis re-syn thetisized va ri ations with dif~ 
fercnt numbers k "''" of harmonics included 
(written at the right hand side). Below: 
results of nu111 erical fi ltering: cont inous lines 
in-phase filter. small crosses out-of-phase 
fil ter. T he periods of the maxi111um of the 
frequency response func tion in minutes arc 
indicated a t the right 

Fig. 3. Ind uction arrows c (after Schmucker. 
1970) at measuring sites at the Eastern half or 
our profile R 11 across the Rhine Graben 
(Fig . I): station 38 is in the middle of the 
Graben. statio n 20 al the extreme East is ap
proximately D O km from it. On the two halves 
of the figure fro111 top to bottom the results 
for different periods. written in minutes al the 
left side. arc shown. Upper half : Arrows that 
have been derived fro111 the variations of the 
111easured total field (Z ... ,). Lower half: An 
attempt to use only the part of the vert ical 
co111poncnt Z (Z,,,,) caused by the anoma ly or 
the Graben itself (i.e . the regional Z -variations 
noticed everywhere in Southern Ger111a ny out
side the Rhine Graben ano111a ly have been sub
tracted). Heavy lines: Real parts of c-in-phase 
or 0°-arrows. Dotted lines: l111a ginary parts 
out-of-phasc or 90°-arrows 

assumptio n that the fi elds a re ha rmonically oscillat ing. Therefore , one has to 
apply a frequency analysis onto the recorded va riations. The periodes T we 
used were about 10 to 2 · 104 s in the case of MT and 2 · I 0 2 to I 04 s in the 
case of G DS. T wo different methods for the freq uency separations were tried: 
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Fig. 4. Length of the empirical in
duction arrows lcl versus locati on 
and period for the Eastern ha lf of 
the profile R 11: a t the left side lies 
the middle of the Graben and at 
right is the Eastern end of it at a 
distance of about JJO k 111: from 
fron t to back the periods from 150 
to 6.7 min arc drawn. At the 
ordin ates the values are marked in a 
distance o f 0. 1 

o~-.-J3~0 -~60.,....---~90;:-:-k-m-~150 
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the Fourier analysis and application of numerical filt ers. In Fig. 2 examples 
are shown. Fo r deduction of the transfer functions the concept of least sq uares 
was used. An example of some results thus gained is being shown in Figs. 3 
and 4 for the induction arrows. 

Another problem in interpreting the field measurements is to compute the 
transfer functions of model structures in order to be able to compare them 
with those derived from the measurements: the best fi tti ng model represents the 
structure existing in nature with highest probability. A two-dimensional model 
for the Graben structure should represent the rea l situation quite well. We used 
two techniques fo r the model computations: 

a method making use of the concept of a thin inhomogeneous layer over 
an one-dimensional substratum after Schmucker ( 1971) (who developed some 
ideas of Price) : 

the method of finite differences after Jones and Pascoe ( 197 1 ). improved 
and programmed by Haak ( 1974 ). 

Results are shown in Figs. 5 and 6. 

Results 

In the case of two-di mensional configurat ions one can choose from a great varie
ty of parameters to fi nd the best fitting model. However. fo rtu nately. one can 
reduce the troublesome task to define the best model by incorporating knowledge 
gained from other geoscientific st udies and, above all. by trying firs t simpler 
models. i.e. one-dimen sional ones. if such models seem to be appropriate. On 
ou r profi le we found areas at some d istance of the Rhine Graben. about 50 km 
West and I 00 km East (marked by circles in Fig. I). below which the resistivity 
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Fig. 5. Above: Length o f the induction 
arrows Jcl alo ng profiles for three models. in 
wh ich only the deeper structures arc 
alt ered. as results of two-dimensional 
model calculations. Second diagram from 
above: Resist ivitics !! in Om of the first 
layer with a thickness of 2 km. Below: The 
three models o f the deeper substratum. The 
results o f calc ulati on arc shown fo r two per
iods. 10 min and I h 

distribution can be assumed to be a function of depth only. approximately. 
In this case the technique of interpretation of the MT da ta is much less compli
cate. One can use for example Cagniard's method or the g*(z*)-in version-tech
nique of Schmucker ( 1970). We are confident that the situation in nature at 
the areas mention ed is not very different from the fo llowing model (Haak and 
Reitmayr. 1974): below the locally varying sedimentary cover the basement has 
high resistivities Q > 1.000 Qm. At a dept h of approximately 80 km (74 -95 km) 
a low resistivity layer (Q = 10-100 Qm) with a thickness of about 20 km (14 -
25 km) exi sts. The high resistivities below this cond uctor do not decrease for 
several hundred km. A similar distribution has been found in other parts of 
Southern Germany and around the surrounding areas ( Beblo. 1974 : Berk told. 
1974) . Many authors regard thi s case as a normal continental situation (Fournier 
et al .. 197 1 ). 
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Fig. 6. Length of the inducti on arrows 
as derived from our measurements a nd 
their explanation hy a two-dimensional 
model. Best fitting with the model 
shown in which there arc two low resis
tivity zones in the deeper structure: One 
laterall y limited between 25 and 45 km 
depth below the Rhine Graben (resisti
vit y 50 !2m) and one ru nning through 
between 75 and 95 km depth (25 Qm) 
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Starting with this knowledge we tried to interpret the local variations of 
o ur derived transfer functi o ns by local variation s in the sedimentary cover alo ne: 
soon. however. there arose difficulties. We noted for instance. that the lengths 
of the calculated induction arrows do no t decrease as slowly as they do in nature 
when the recording stations are remote from the Graben. Thi s and o ther results 
can only be explained by the assumption of deeper si tuated late ra l inhomogeni
ties. Finally we obtained bes t agreement by int roducing in our models a poorly 
resistant ( :::::50 Qm) zone. laterally li mited to a few tens of km below the Graben. 
between the depths of 25 to 45 km . The model as well as o ne o f its tran sfer 
function s (here the length of the induction arrow) and the corresponding function 
derived from the measurements can be seen in F ig. 6 . A n uncertainty. however. 
remain s about the exact geometry (and the resistivit ies). as demonstrated in 
Fig. 5. 

Above we mentioned o ur intent ion to ge t also in format ion about the distribu 
tion o f temperature with knowledge of the resisti vity within the earth's interior. 
If one assumes a predominant olivine composit ion of the upper mantle with 
approximat ley I O'Yo fayalite and a hig h content of ferric iro n (perhaps 0.5%, 
Fe20 3 )-a composi tion which is rather probable - a resistivity in the order of 
30 Qm, as found below the Rhine G raben at about 25 km depth and in some 
di stance of it at 80 km . seem s to indicate temperatures of roughly 800° C (afte r 
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Schult, 1974). Recent investigations, however, suggest that resistivity may be 
strongly influenced by the content of Fe3 +, and .so the increase in resistivity 
below the well conducting layers might be caused by a change in the petrological 
composition, in the sense that the ferric iron diminishes nearly or totally. 

Other authors have tried to interpret those low resistivity layers within the 
upper mantle by zones of partially melted material (e.g. Berdichevsky et al., 
1972). Statements concerning the temperatures are then much more uncertain. 
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