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Abstract. The deep electromagnetic sounding (DES) technique is one of the few geophysical methods, 
along with seismology, gravity, heat flow, which may be use to probe the structure of the Earth's 
mantle directly. The interpretation of the DESs may provide electrical conductivity profiles down to 
the upper part of the lower mantle. The electrical conductivity is extremely sensitive to most of the 
thermodynamic processes we believe are acting in the Earth's mantle (temperature increases, partial 
melting, phase transition and to a lesser extent pressure). Therefore, in principle, results from DES 
along with laboratory measurements could be used to constrain models of these processes. 

The DES technique is reviewed in the light of recent results obtained in a variety of domains: data 
acquisition and analysis, global induction modeling and data inversion and interpretation. 

The mechanisms and the importance of surface distortions of the DES data are reviewed and 
techniques to model them are discussed. The recent results in terms of the conductivity distribution in 
the mantle from local and global DES are presented and a tentative synthesis is proposed. 

The geodynamic interpretations of the deep conductivity structures are reviewed. The existence of 
mantle lateral heterogeneities in conductivity at all scales and depths for which electromagnetic data 
are available is now well documented. A comparison with global results from seismology is presented. 

1. Introduct ion 

The  knowledge  of  the structure of  the Ear th ' s  mant le  provides  a major  clue to 

the unders tanding  of  the mechanisms of  the evolut ion of  our  planet.  The  evolut ion 

seems to be the result o f  thermal  processes acting be tween the core and the 

surface. O u r  present  unders tanding  of  these processes is the result of  studies which 

combine  the ou tcome  f rom petrology,  geochemistry ,  l abora tory  experiments  on 

the physics and chemist ry  o f  the Ear th  materials  and f rom the numerical  simulation 

o f  the thermal  and mechanical  evolut ion of  the planet .  One  of  the major  limitations 

is the lack of  direct observat ions  of  the actual s tructure of  the Ear th ' s  mantle.  

Very  few techniques provide  such data.  Seismology and e lect romagnet ic  induct ion 

are the mos t  p rominen t  together  with gravity and as t ronomy.  

Since the pioneer ing work  in the e lect romagnet ic  induct ion study of  the Ear th  

(e.g. Schuster  1889, C h a p m a n  1919, C h a p m a n  and Price 1930, Banks  1969), the 

field has not  provided  much  more  quanti tat ive additions to the present  knowledge  

of  the global s tructure of  the Ear th ' s  mantle.  This is due mainly to the difficulty 

o f  gather ing the data  to p robe  the mant le  structure to great  depth and until 
recently the lack of  high speed/ large  capacity computers .  These  data  consist o f  

long per iod variat ions (from a few hours  to several years) of  the geomagnet ic  field 
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recorded mainly at magnetic observatories. In the period range 6 hours - 100 days, 
these fluctuations are principally caused by the magnetic tides (the daily variation 
and its harmonics) and by the magnetospheric ring current. Geoelectric data are very 
rarely used for deep investigations because of their extreme sensitivity to local 
distortion. 

Until recently, deep electromagnetic investigations were restricted to the deter- 
mination of the electrical conductivity in a spherically symmetric Earth, averaging 
out possible lateral variations. In the late seventies and the early eighties however, 
it became clear that the geomagnetic data could be used to infer the conductivity 
structure to a higher degree than the degree zero global mean (e.g. Berdichevsky 
et al. 1976, Roberts 1983). 

Nevertheless, as a result of the limited amount of data available (both in the 
spatial and the frequency domain) as well as of the fundamental limitation of the 
diffusion equation which governs the electromagnetic field, the knowledge of the 
conductivity structure of the Earth's mantle is still in its infancy. 

This does not mean that the other techniques have been so successful in helping 
to understand the inner structure of the Earth. The results obtained from seismol- 
ogic tomography for instance, though spectacular, have brought more questions 
than solutions. Among the reasons for these difficulties, are the still limited 
resolution of the images obtained and the major problem of relating the obser- 
vations to the thermodynamics of the mantle. 

It becomes mandatory to get independent sets of data sensitive to geophysical 
parameters other than the density, the elastic or the anelastic properties of the 
mantle. Without this new information, it is possible that our steady increase in 
knowledge of the structure of the Earth's mantle could stall. It is quite clear to 
people interested in the Earth's mantle that knowledge of the 3-D conductivity 
structure of the earth, even limited to depths less than or equal to 1,000 to 
1,500 km, the present maximum depth of investigation of deep electromagnetic 
soundings (DES), might be the next breakthrough. 

In this paper, I intend to take stock of our progress in constraining the conduc- 
tivity distribution in the Earth. I restrict the discussion to the mid-mantle (about 
400 to 1500 km). This is the critical depth range to be investigated for under- 
standing the global processes acting in the whole mantle because it scans the limit 
between the upper and the lower mantle, whose nature is still not understood, 
and is of fundamental importance for a number of important issues, namely the 
scale of mantle convection, the origin of hot spots and the recycling of subducted 
slabs. 

Recent Results from Deep Electromagnetic Soundings 

The most important result obtained by the deep electromagnetic studies during 
the last decade is the demonstration that the geomagnetic data are sensitive to the 
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presence of internal inhomogeneities. In order to study thoroughly the possible 
existence of those deep heterogeneities that are able to be resolved by electromag- 
netic data, authors have tried to interpret locally or semi-locally the long period 
data sets available a t  magnetic observatories. Several studies have been carried 
out with this approach, using different or identical data sets, sometimes including 
long period electric data, with the help of sophisticated data analysis techniques 
(e.g. Roberts 1984, Counil et al. 1987, Schultz and Larsen 1987, Schultz et al. 

1987, Campbell and Schiffmacher 1988)). Figure 1 is an example of the scatter of 
the data sets, here the transfer functions deduced from Dst geomagnetic data from 
Schultz and Larsen (1987) and Semenov (1989). 

It has not been obvious and it is not definitively clear for all data sets, that the 
differences observed in the transfer functions from several observatories could 
have a mantle origin. One possible explanation for instance, is that these differ- 
ences have their origin in a poor description of the source field, whose geometry 
must be accounted for in deep electromagnetic investigations. However, early 
studies (e.g. Banks 1969) had partially ruled out this hypothesis. A very critical 
selection of the data sets based on a uniform field hypothesis (p1) for periods of 
more than a few days was made, and the results demonstrated that the Dst data 
sets which passed the test for being relatively free of external contamination, 
showed significant scatter. The Sq data however may not be as source free as the 
(P~) data because the geometry of the source field is far more complex than the 
Dst's (e.g. Roberts 1986b). 

Some of the observed differences may also be due to techniques used for the 
determination of the transfer functions. Nevertheless as we shall see, the compari- 
son between models obtained by different authors at a same site is reasonably 
satisfactory. 

The alternate hypothesis proposed to explain the variability of the transfer 
functions is that it may be due to the effect of local surficial heterogeneities, 
namely the coast effect (e.g. Fainberg 1980, Roberts 1986a). 

Tri-Dimensional Distortion of Long Period Electromagnetic Data 

T H E  C O A S T  E F F E C T  

The coast effect has long been considered to be a limitation on the investigations 
of the deep Earth by electromagnetic methods. 

The progressive availability of algorithms to simulate the effect of realistic 
oceans, the coast lines, and the bathymetry by a heterogeneous thin shell, has 
motivated studies of this effect at a global scale (e.g. Rikitake 1961, Bullard and 
Parker 1970, Hobbs and Dawes 1979, Fainberg and Singer 1980, Beamish et al. 

1983). 
During the last years, several new or improved algorithms have been proposed 
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Fig. 1. Examples of geomagnetic transfer functions. Upper part: real and imaginary parts of the 
equivalent MT impedance. Lower part: Equivalent MT impedance represented in terms of apparent 

resistivity and phase. It is quite clear that the scatter is particularly strong on the phase. 

(Winch 1989, Takeda 1991, Fainberg et al. 1991a, Zhang and Schultz 1992) and 
detailed discussions of the ocean and the coast effect on the geomagnetic data 
have been undertaken (Kuvshinov et al. 1990, Takeda 1989, 1991, Fainberg et al. 

1991b). 
The algorithm used by Fainberg et al. (1991b) and Kuvshinov et al. (1990) is 
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presented by Fainberg et al. (1991a). This algorithm is bi-modal and hence it 
makes possible the use of realistic radial distributions of conductivity conversely 
to most previous algorithms in which the toroidal magnetic mode was cancelled 
because of the insulated layer beneath the thin heterogeneous shell. Fainberg et 

al. (1991b) used this capability to address the problem of the determination of the 
resistivity-thickness product of the medium underlaying the outer surface shell and 
have proposed a global value of 3.10 9 ~ - m  2 in good agreement with Mackie et 

al. 's estimation, 1 . 1 0  9 ~~-m 2 for the Pacific ocean (1988). 
Kuvshinov et al. (1990) have investigated the coast effect for a p1 geometry at 

periods from 1 to 15 days. Their results (only displayed for 1 day and 15 days 
period) show that the coast effect is quite small (9%) at period of 15 days. They 
also showed that lateral variations of the resistivity-thickness product may have a 
significant effect on the apparent resistivity, calculated from the transfer functions 
between the magnetic components of the electromagnetic field. 

They ran different models with various resistivity-thickness products in order to 
test the sensitivity of the geomagnetic data to surficial and sub-surface heterogenei- 
ties. They concluded that their models do not explain the long period geomagnetic 
data and that additional effects should be taken into account. 

Winch (1989) extended Rikitake's theory to include a realistic land-ocean distri- 
bution. The model was used by Takeda (1991) by studying the effect of the electric 
currents induced in the oceans by a Sq source field, to determine the mantle 
conductivity. Using the representation of the source field determined by Takeda 
(1985, 1989), Takeda (1991) determined the bias introduced by the presence of a 
heterogeneous shell (30% for the determination of the depth and conductivity) 
and so confirmed earlier results that showed a substantial effect due to the presence 
of the ocean (see for example Parkinson and Hutton 1989). 

The most recent published algorithm that is able to solve for the induction in a 
spherical heterogeneous Earth is proposed by Zhang and Schultz (1992). This 
algorithm may address the full 3-D i~duction problem. The solution is found by 
a perturbation method. The model includes both poloidal and toroidal modes. 
This algorithm does not allow for strong lateral contrasts of conductivity. Its 
application is in the study of the influence of deep contrasts of conductivity on 
the geomagnetic data and allows one to address the inverse problem in a very 
promising way. 

In order to complete this discussion, I have reproduced some of the aforemen- 
tioned results as well as additional calculations in order to better describe the very 
long period coast effect in both the spatial and frequency domains. 

The calculations were carried out with a new algorithm developed by Wahr et 

al. (1992) and Tarits and Wahr (1992), which solves the 3-D induction problem 
in a spherical heterogeneous Earth. The model consists of a stack of layers which 
may be either homogeneous or lateraly inhomogeneous. The Maxwell equations 
are expanded in generalized spherical harmonics (Phinney and Burridge 1959) 
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and the radial derivative of the expanded electromagnetic field components are 
numerically integrated using a 4th-order Runge-Kutta integration technique. We 
use an effective direct and inverse generalized Legendre transform algorithm 
(Lognonne and Romanowicz 1990) to match the boundary conditions in the spatial 
domain and to return to the spectral domain to propagate the field through the 
next layer. The algorithm converges with large contrasts of conductivity at any 
period of interest. It has been checked satisfactorily with various published results. 

Figure 2 presents a case similar to the one considered by Kuvshinov et al. (1990). 
The model consists of a realistic distribution of continents and bathymetry (the 
database used is ETOPO5 from NOAA) overlying a 1-D medium similar to 
Kuvshinov et al.'s. The source has a P~ geometry. The results are presented for 
a 10 days period (Figure 2a). 

I have represented the square of the radial magnetic component Br over the 
north magnetic component Bo for the model including the coast effect, divided by 
the same quantity for a uniform ocean. The ratio (Br/Bo) 2 is proportional to the 
classical magnetotelluric apparent resistivity for a symmetric spherical case and 
may be interpreted as an equivalent apparent resistivity (EAR) for heterogeneous 
situations. This means that the values presented in Figure 2 may be interpreted 
in term of percentage of EAR. 

Figure 2b presents the results for the same model for a 5 days period. The effect 
is more important at 5 days than at 10 days (25% against 9%) and increases 
sharply at 2 days (not shown here). I have also run the same model at a 1 day 
period with the Sq source field from Malin and Gupta (1977). The effect is 
dramatic, as may be seen from Figure 2c. 

I have not presented the results for the phase-lags of the distorted electromag- 
netic field because the conclusions are identical to the conclusions drawn from the 
study of the EAR. The coast effect may be responsible for a significant distortion 
of the magnetic field at periods less than about 2-3 days but it becomes vanishingly 
small at mid-latitude as the period increases. At 10 days period (Figure 2a) or 15 
days period (Kuvshinov et al. 1990), the effect is very small everywhere. 

MANTLE HETEROGENEITIES 

Roberts (1986a), Semenov (1989), Schultz and Larsen (1990) have shown that the 
analysis of their data sets in term of conductivity profiles gives an indication of 
the presence of shallow (less than 400 km) heterogeneities. They also suggested 
that for some places such as Japan, the coast effect could not be effective enough 
to explain these features. This conclusion seems to be confirmed in our preceeding 
discussion. 

However, the influence on the geomagnetic data of upper mantle heterogeneities 
is still an issue. So far, only Kuvshinov et al. (1990) have published models 
including both a realistic upper heterogeneous shell and an inhomogeneous re- 
sistive underlying medium. Nevertheless, they have shown that the introduction 
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Fig. 3a. 

ot resistive contrasts below the outer shell could not explain the observations, in 
particular those at the Japanese observatories. 

I have considered the effect of large conductive bodies in the upper mantle. I 
have chosen to model the subduction zones for which structural information at 
the scale of the upper mantle, is available from a combination of seismological 
and geoid data (Hager and Clayton 1989). 

In addition to the upper shell representing the continents and the oceans with 
a realistic bathymetry, I added the global distribution of the subduction zones 
from Hagger and Clayton (1989). The dipping slabs are considered vertical down 
to 300 km (which is a very approximate way to represent the subduction)and 
expanded into surface spherical harmonics up to degree and order 20 (Figure 3a). At 
this scale, I considered that the subduction zones could be represented by conduc- 
tive patches. I used 0.02 f~-i m-1 for the slabs and 0.001 f~-I m -~ for the rest of 
the upper mantle. I checked that a lower conductivity for the upper mantle did 
not change the resulting geomagnetic field. Also, a higher conductivity for the 
subduction zones would not be very realistic at this scale. 

The model was run at periods of 2, 5 and 10 days with a P~ source field and at 
1 day with the Malin and Gupta's Sq external harmonic coefficients (1977). The 
deeper shells are homogeneous and their characteristics are close to Kuvshinov et 

al.'s model. The heterogeneous structures in the induction model were described 
with harmonic expansion to degree and order 15 (I checked that the use of higher 
degree and order did not change the results significantly). The same representation 
of the results as before is used. The EAR for the model including both the coast 
effect and the slabs are now divided by the EAR for the model with the coast 
effect only. 

I have reported the results for 5 and 2 days only, on Figure 3b and 3c respec- 
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tively. At 2 days period, significant EARs are visible in South and Central America 
and in South Asia and Indonesia. At 5 days period, the effect has completely 
vanished almost everywhere. 

The weakness of the resulting perturbation at periods more than 2 days could 
be related to the limited harmonic expansion used. Nevertheless, with the same 
expansion, we found the correct order of magnitude for the coast effect (see 
Figure 2). 

As an illustration of the consequence of this result, consider the case of the 
Japan Anomaly. This anomaly has been described by several authors (e.g. Rikitake 
1966, Honkura 1978) over a period range roughly from a few hours to a few 
days. The coast effect does not seem to be sufficient to explain the anomalous 
electromagnetic field over this period range (e.g. Menvielle et al. 1982, Schultz 
and Larsen 1990) and it has been suggested that deeper anomalous structures, 
likely related to the active subduction, could account for the observations. Accord- 
ing to our calculations, this hypothesis only stands to periods less than 4-5 days. 
At longer periods, crustal or lithospheric heterogeneities do not seem to be suffi- 
cient to influence the data. Therefore the observed anomaly might be linked to 
deeper processes. 

The results of the modeling of the coast effect indicate that only the geomagnetic 
data at the shortest periods (a few days) are significantly distorted. According to 
the models, the effect is fairly large for Sq at 1 day and is therefore expected to 
be larger at shorter periods. The addition of resistive contrasts (Kuvshinov et al. 

1990) or of large conductive bodies in the first 300 km below the surface does not 
explain the features observed at the smallest periods in the data sets. These tests 
are very preliminary and more thorough studies are necessary, which should 
include more realistic crustal and lithospheric structures. 

Interpretation of the Deep Electromagnetic Soundings 

C O N D U C T I V I T Y  PROFILES 

I shall only present the results obtained since R. Roberts wrote his review paper 
about global induction studies in 1986 (1986b). The data sets used for these 
interpretations are geomagnetic transfer functions at different periods (the Sq and 
its harmonics and the Dst from about 3 to 100 days) from magnetic observatories 
all over the world. 

The most important issue discussed by Roberts (1986b) was the hypothesis 
that the long period geomagnetic data could provide information about lateral 
heterogeneities in the mantle. Since then, most of the published works have 
successfully strengthened this hypothesis. A lot of attention has been given to the 
local or semi-local processing of the induction data in order to get transfer functions 
representative of the conductivity distribution locally rather than globally. Hence, 
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the resulting conductivity profiles derived from those data are the horizontal 
average over distances from one thousand km or so (e.g. Schultz and Larsen 1990) 
to regional scales (continents, oceanic basins) (Campbell and Schiffmacher 1988). 

All the authors were particularly careful to process the data so the residual 
source field bias should be minimal. They were therefore quite confident that the 
scatter observed in their sets of transfer function was, to a large extent, of internal 
origin (e.g. Figure 1). 

Despite the large amount of work carried out to get data at as many sites as 
possible, the restrictions imposed by the authors to keep only geomagnetic data 
with pure source field and good 1-D characteristics, led to a limited set of data 
(Figure 4). 

In the course of his global analysis of geomagnetic induction data, Semenov 
(1989) has shown that the Dst data at some sites could not be explained by a 
single conductivity model, though such a model could explain the transfer functions 
at all the other sites (Figure 5). This single model is characterized by a conductive 
slab at 600-700 km depth, in agreement with the zero degree models obtained by 
taking the geomagnetic data globally (e.g. Hobbs 1987). To explain these anomal- 
ies at the Asia-Pacific limit, Semenov (1989) assumed the presence of significant 
heterogeneities in the upper mantle as well as in the conductive slab. 
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Fig. 5. After Semenov (1989, copyright by the American Geophysical Union); the hatched areas 
correspond to anomalous regions characterized by high apparent resistivities and phases. 
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Fig. 6. After Kharin and Semenov (1985). The straight lines correspond to the envelope of the global 
transfer function. The dots are from Kharin and Semenov for the Honolulu observatory. 

Conversely ,  Khar in  and Semenov  (1986) have studied Dst  data  f rom Hono lu lu  

with a con t inuum spect rum me thod  and have shown that  the cor responding  trans- 
fer funct ion lies within the e r ror  bars of  global t ransfer  functions (Figure 6). 

Campbel l  and Schiffmacher  (1988) de te rmined  conduct ivi ty  profiles averaged 
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After  Campbell  and Schiffmacher (1988, Fig. 13). Conductivity profiles beneath  7 continental 

over seven continental regions using a regionalization technique of the Sq field to 
determine the transfer functions (Campbell and Schiffmacher 1985). They inverted 
these data with the well known equivalent-conductor method (see for instance 
Schmucker 1987). Their technique however led to response functions' that were 
sensitive to the position and intensity of the Sq vortexes. They tried to overcome 
this difficulty using a locally weighted regression fit. The authors show that the 
details of the conductivity profiles change significantly from one site to the other, 
a demonstration of the probable different structures below these regions (Figure 

7). 
We may notice however that the conductivity profiles below Africa and South 

America, indicated by the arrows (Figure 7), are widely different from the other 
sites. These results are in disagreement with the local and regional studies of Ritz 
and Robineau (1986) in Africa and Duhau and Favetto (1990) in both Africa and 
South America. The techniques used are very different however. Ritz and Robi- 
neau used deep MT soundings and Duhau and Favetto used the equatorial electro- 

jet as an induction source. 
Given the difficulty of using the Sq data for a number of reason (see Roberts 

1986b for a discussion) and the limited frequency range available, most local 
analyses of long period geomagnetic data have involved data associated with the 
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ring current field which is dominated by a Po ~ geometry. The P~ approximation 
can be used at periods not lower than about 3 days however, which prevents 
obtaining information at depths less than 300 to 400 km. 

Roberts (1986b), Schultz and Larsen (1990), Schultz (1990), Petersons and 
Anderssen (1990), Chen and Fung (1991) have published local interpretations of 
P0 ~ data in terms conductivity profiles or of conductivity-analog. All the results 
suggest that the conductivity distribution varies significantly from site to site, an 
indication of mantle heterogeneities, either from shallow or from deep origin (or 
both). 

We may wonder if the scatter of the conductivity models obtained by different 
authors for a set of sites was more important than the scatter among the conduc- 
tivity models obtained by several authors at a single site. It is of course very 
difficult to compare at a glance the published results, since they are presented in 
a variety of ways with pictures as tiny as possible with log-log or semi-log scaling. 
Fortunately some authors provide tables (but others do not). 

Figure 8 presents an example of conductivity profiles at three sites obtained 
from 3 different analyses. I also present at the same scale the whole set of models 
obtained by Schultz (1990) for comparison. On the whole, the agreemeut is 
reasonable between the authors and the scatter is much less than the scatter 
observed between the 16 models of Schultz (1990). This also suggests that the 
different interpretations proposed in the literature provide reasonable estimates 
of the conductivity, at least for the model space explored by the authors and in 
spite of the various processing techniques used to calculate the transfer functions. 

Schultz (1990) paid special attention to the nature of the conductivity transition 
between the upper and the lower mantle. He demonstrated with the use of a 
smooth inversion technique that this transition should be sharp at most sites. Both 
Roberts (1986a, b) and Schultz (1990) reported that their analysis of the inversion 
of the data suggested a possible decrease of conductivity at some sites, at depths 
greater than 800 to 1,000 kin. The very different approach and selection criteria 
used by these authors to select their data sets support the proposition that this 
feature is indeed required by the data and is not a bias introduced at some 
level of the analysis. Nevertheless, as mentioned by the authors themselves, the 
resolution of the data for this depth range is not sufficient to confirm this result. 

INTERPRETATION 

The aforementioned variability of the conductivity profiles from one site to the 
other has been attributed to various causes. The preferred interpretations include 
the effect of surficial and uppermost mantle heterogeneities and/or inhomogeneit- 
ies in the deep conductive layers. 

Some authors have noticed the correlation between land-continent or major 
tectonic features and certain characteristics of the conductivity profiles (e.g. Rob- 
erts 1986a, b, Semenov 1989, Schultz and Larsen 1990, Schultz 1990). 
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Fig. 8. Conductivity versus depth at 3 sites (Tucson, Panagurishe, and Memambetsu) studied indepen- 
dently by Roberts (1986), Schultz and Larsen (1990) and Petersons and Anderssen (1991). I also 

present at the same scale the whole set of models obtained by Schultz (1990) for comparison. 

Schultz and Larsen (1990) distinguish three sets of data with respect to the 
presence or absence of shallow structures required by the geomagnetic data. The 
data sets which definitively require shallow structures (less than 400 km) are situ- 
ated near or on known major tectonic features (eg Hawaii, Japan, New Zealand, 
Baikal area). Semenov (1989) also concludes that the data from the 3 stations 
along the Asia-Pacific limit have anomalously high phases and high apparent 
resistivity with respect to the majority of the data studied (at 24 sites). The 
remaining anomalous stations (4 in Europe and 1 in the Antilla Arc) only present 
anomalously high apparent resistivities. 

These features appear only at short periods (1 to 10 days). In this period range, 
numerous other sites have failed to pass the test of one-dimensionality (e.g. Schultz 
and Larsen 1987) which suggests that the internal origin of the effect is shallow 
with respect to the penetration depth, which is within the first 400 km. Nonetheless, 
both Semenov (1989) and Schultz (1990) propose to reject the possibility of ocean 
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perturbations as the sole source of the perturbations at the Japanese sites. They 
roughly estimated the conductance necessary to concentrate the amount of electric 
currents required to explain the anomaly, and they found excessive values with 
respect to the ocean conductance (30,000 f~-i against 15,000 f~ 1). They suggested 
correlating the anomalous behavior of their data to the Japan Conductivity Anom- 
aly (Rikitake 1966, Honkura 1978). On the other hand, there is no explanation 
(that I know of) for the other stations (in the Iberian Peninsula for instance), 
though Semenov suggested that the vicinity of plate boundaries may play a role. 

The variability in the deeper features of the conductivity profiles could also be 
due to possible heterogeneities in the deeper layers in the mantle. This hypothesis 
is much less documented that the former. On the basis of the scale length of the 
observed conductivity-depth profiles in Europe, Roberts (1986a) suggested that 
the origin of the deep features in the conductivity profiles could be in the mid- 
mantle rather than at lithospheric depths. However, Semenov (1989) concluded 
that the anomalously high apparent resistivities in the Iberian Peninsula and in 
the Antilla would be incompatible with deep inhomogeneities for reasons which 
are not discussed. 

Roberts (1986b) proposed that the conductivity contrast observed in the depth 
range 500-1000km could be correlated with the 670 km seismic discontinuity 
rather than with the olivine-spinel transition, 400 to 500 km in depth. 

To mention a 500-1000 km interval does not mean that the resolution of the 
depths is that bad. This actually corresponds to several sites with different depths 
at which the conductivity increases significantly either at relatively short scale (as 
between Kakioka and Memanbutsu in Japan) or at larger scales in Europe (Rob- 
erts 1986b) or in China (Chen and Fung 1991). 

Not many studies have been carried out however on the precision of the determi- 
nation of the conductivity model parameters. Schultz (1990) has discussed the 
resolving kernels of the smooth inversion of his data sets and has concluded that 
the resolution is maximum in the depth range 600-700 km. The consistency of the 
conductivity distribution found by different authors at the same sites supports this 
conclusion and suggests that the expected values of the model parameters are 
reasonably reliable despite the fact that their variances are poorly known. This 
means that the relative differences between the conductivity profiles are meaning- 
ful (Roberts 1986a, Dmitriev et al. 1987, Schultz and Larsen 1990). This is the 
most important point in the discussion of the interpretation of the conductivity- 
depths results in terms of Earth structure. 

However, it is difficult to match the important variability observed between the 
conductivity profiles to known mantle characteristics such as the phase transitions 
or the 670 km discontinuity. Variations of these features over a range 500 to 
1,000 km seem to be excluded because their topography does not appear to exceed 
30 km (e.g. Shearer and Masters 1992). Furthermore, laboratory experiments of 
the thermodynamics of the transition phases indicate that the Clapeyron slope is 
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such that great changes of depths of the transition would lead to unrealistic lateral 
changes of temperature (500 to 1000 degrees). 

It is interesting to note however, that recent results concerning the global 
estimation of the mean conductivity distribution for a spherical symmetric Earth 
(Hobbs 1987, Dmitriev et al. 1987, Semenov 1989) have confirmed that the mean 
global conductivity (the model of degree zero) has a rapid increase at a depth o f  
about 600 to 700 km. The conductance of this transition zone could range from 
125,000 to 500,000 S, an estimation in reasonable agreement with earlier results. 
As an illustration, Figure 9 shows the global conductivity models obtained by 
Hobbs (1987) and Dmitriev et al. (1987). Although the authors used two represen- 
tations as extreme as possible (a smooth continuous model, and a two layer 
model), it is still possible to recognize the rapid increase of conductivity (or 
decrease of resistivity) at a depth of about 600 to 700 km. 

If we believed that this is not coincidental, it would mean that part of the 
variability of the conductivity profiles could be correlated (through a still unknown 
mechanism) to the 670 km seismic (and probably chemical) discontinuity rather 
than to the transition zone, despite the fact that laboratory exPeriments on the 
possible minerals of the transition zone suggest that the conductivity should in- 
crease significantly (e.g. Omura 1991). 

This result suggests that conductivity and seismic velocity could be correlated 
to some extent. In addition, if any correlation exists, this could mean that the 
conductivity profiles, obtained from various analyses, have an internal consistency, 
and that the uncorrelated part could likely be a real feature to which the seismic 
data would not be sensitive. 

ELECTRICAL CONDUCTIVITY AND SEISMIC VELOCITY 

Conduct iv i ty  data 

The examination of the available distributions of conductivity within the depth 
range 400 to 1,500 km provided by various authors shows that one class of models 
is easily comparable from all authors. 

This class consists of layered conductivity models obtained by Schmucker's 
inversion or some similar substitute. I used 33 sites (Figure 4) where Roberts 
(1986a) and Schultz and Larsen (1990) published such models and I selected at 
each site, the depth of the main reflector because it is the most important feature 
in the conductivity profiles and it is reasonably well resolved (Schultz 1990). 

One may argue that the number of data points is ridiculously small. However, 

Fig. 9. This figure presents the global conductivity models obtained by Hobbs (1987, Fig. 11) (lower 
part) and Dmitriev et al. (1987, Fig. 4b) (upper part). Although the authors used 2 representations as 
extreme as possible, it is still possible to recognize the rapid increase of conductivity (or decrease of 

resistivity) at a depth of about 600 to 700 km. 
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TABLE I 
Correlation between the 670 km discontinuity topography and the depth of the main electrical conduc- 

tor. Degrees of freedom are 14 for depths less than 700 km and 19 for depths more than 700 kin. 

Correlation Probability of significance 

Corr. with depths <700 km 0.48 0.92 
Corr. with depths >700 krff 0.61 0.99 

the electromagnetic data correspond to conductivities averaged over quite large 
areas, which minimizes somehow the aliasing problem encountered in other types 
of data such as seismic data. 

Therefore  the depths of the conductor determined from the geomagnetic data 
are averaged over an area with a size that depends on the whole process to 
determine the local transfer functions. Schultz and Larsen (1987) estimated the 
radius of the area to be about 800 km. Roberts 's processing combines a global 
estimate of the horizontal geomagnetic field with the local estimate of the radial 
component.  I attributed a radius of 1,600 km to his estimates of the conductor 

depths. 

Seismic data 

I have considered two sets of results obtained from the global analysis of the 
seismic data. First I considered the volumetric distribution of velocity anomalies 
provided by tomographic analysis. I used the model of relative S-wave velocity 
anomalies Aft/J3 with respect to a PREM model published by Tanimoto (1990). 
In this model,  the Earth is divided into a stack of inhomogeneous layers. 

The second set of results I considered use the topography of the major seismic 
discontinuity at 670 km depth, determined by the global analysis of seismic waves 

reflected from the discontinuity (Shearer and Masters 1992). 
The seismic models come as coefficients of a spherical harmonic expansion. It 

is straightforward to integrate these parameters over the area covered by a given 
electromagnetic parameter.  The integrated seismic parameter  may then be directly 
compared to its electromagnetic counterpart.  

Correlation between electromagnetic and seismic models 

I have split the set of 33 conductor depths into 2 sets, one with 14 depths less 
than 700 km and one with 19 depths greater than 700 km. I ran several statistical 
test to estimate the correlation between the electromagnetic and the seismic par- 
ameters. Finally I selected the non-parametric Spearman test (or rank correlation) 
for its robustness to undefined probability distribution of the data. 

Table I presents the correlation between the 670 km discontinuity topography 
and the conductor depths at all sites. We observe that the correlation is significant 
at a high probability level. Both the shallow and the deep conductor depths are 
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TABLE II 
Correlation between the 2 sets of conductor depths (less than 700 km and more than 700 km) and the 
4 first layers (down to 1022 km) of Tanimoto's model. Degrees of freedom are 14 for depths less than 

700 km and 19 for depths more than 700 km. 

Layer Depths <700 km Corr, Proba Depths >700 km Corr, Proba 

0-220 (1) No Correlation No Correlation 
220-400 (2) 0.51 at 0.94 0.33 at 0.83 
400-670 (3) 0.46 at 0.90 0.42 at 0.92 
670-1022 (4) No Correlation 0.35 at 0.87 

correlated to the seismic topography, with a maximum for the set of deeper 
conductors. The positive correlation indicates that the topography of the conductor 
depth varies in the same direction as the topography of the seismic discontinuity. 

Consider now the correlation between the depth of the electrical conductor and 
the 3-D distribution of the S-wave velocity variation determined by Tanimoto 
(1990). Table II presents the correlation between the 2 sets of conductor depths 
and the 4 first layers (down to 1022 km) of Tanimoto's model. Most of the 
correlation is found with layers 2 and 3. Shallow conductor depths do not correlate 
with layer 4 but deep conductor depths do. 

We observe a positive correlation between the topography of the conductor 
depth and the structure of the S-wave velocity variation. In other words, the fast 
seismic zones correlate with the most resistive zones of the mantle in the depths 
range considered. This is a reasonable result and in accordance with the correlation 
we found for the 670 km discontinuity topography. 

The interpretation of such correlations is not easy. At this stage we may say 
that both conductivity and S-wave velocity tend to vary in the same direction 
under the influence of an unknown process. 

It is however possible to test one hypothesis, i.e. that the topography of the 
670 km discontinuity could be directly responsible, for the variability of the conduc- 
tivity. The test was carried out by taking the 670 km discontinuity topography, 
converting it into a slab of variable conductivity, and calculating the effect on the 
geomagnetic field of such a heterogeneous structure. 

I considered a model of the Earth made of an upper heterogeneous shell which 
represents the continents and the ocean, overlying two homogeneous layers down 
to 630 km. Between 640 and 670 km, I converted the topography of the discontinu- 
ity published by Shearer and Masters into an inhomogeneous slab of variable 
conductivity. 

Let H(O, (~) be the topography of the discontinuity. I calculated the effective 
conductivity o-* (0, ~b) of the slab as follow: 

o*(0,  c~) = (OMs[H(O, 4)) - 640] + oM~,[670 - H(O, ~b)])/30 (1) 
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CrMs is the upper mantle conductivity taken as 0.1 ~-~-1 m-~ and o-Mz is the lower 
mantle conductivity taken as 1012 -~ m -l.  I used this value to maximize the effect 
of the conductivity contrasts. The conductivity distribution obtained is displayed 
Figure 10 (in S/m). I ran the model at 1, 5 and 10 days. Figure 11 presents the 
EAR for the total model divided by the same quantity calculated for the model 
without the inner heterogeneous layer. The results are presented at 1 and 5 days. 
The effect is small at all periods (less than 5%). 

This suggests then, that the correlation observed between the conductor depths 
and the 670-km discontinuity might be the indirect manifestation of a process 
acting differently on both parameters. This could explain why we obtain a good 
correlation with the 670-km discontinuity topography as well as with the volumic 
anomalies of velocity. 

This is certainly not a definitive demonstration that the spatial variations of a 
major seismic discontinuity is far too small to affect the surface geomagnetic data, 
because we did not take into account the structures visualized by the tomographic 
imaging which seems to be also correlated with lateral contrasts of conductivity and 
therefore might contribute to the observed variability of the mantle conductivity 
structure. 

Nevertheless, if the correlations observed between the electromagnetic and the 
seismic parameters were not an artifact, we have a clear demonstration that both 
parameters are linked by a common process which is sampled very differently by 
seismic and electromagnetic data. Of course, we have not yet reached a situation 
where we may provide 3-D images of mantle conductivity. Much work is necessary. 
It is in particular mandatory to increase the data sets and therefore to progress in 
the processing and interpretation of geomagnetic data in areas where tests both 
for a homogeneous source field and for underlying 1-D structures fail. 

In addition, I would like to emphasize that we now understand reasonably 
well the mechanisms of electromagnetic distorsion by local heterogeneities and 
therefore we should be able to properly use long period electric data as invaluable 
complementary sets of information in classical geomagnetic analyses. 

The knowledge of the 3-D conductivity structure of the mantle is one of the 
important keys to understanding the inner mechanisms of our planet. 

Acknowledgement 

I am very grateful to J. Wahr and A. Rodgers who accepted to read the manuscript 
before submission. This article was written while I was a Visiting Fellow at CIRES, 
UCB, Boulder, CO. The work has also been supported by INSU, IST, Tomogra- 
phy Group. 



236 PASCAL TARITS 

References 

Banks, R.: 1969, 'Geomagnetic Variations and the Electrical Conductivity of the Upper Mantle', 
Geophys. J. R. Astr. Soc. 17, 457-487. 

Beamish, D., Hewson-Browne, R. C., Kendall, P. C., Malin, S. R. C. and Quinney, D. A.: 1983, 
'Induction in Arbitrarily Shaped Oceans - VI. Oceans of Variable Depth', Geophys. J. R. Astr. 
Soc. 75,387-398. 

Berdichevski, M. N., Fainberg, B., Rotanova, N. M., Smirnov, J. B. and Vanayan, L. L.: 1976, 'Deep 
Electromagnetic Investigations', Ann. Geophys. 32, 143-155. 

Bullard, E. C. and Parker, R. L.: 1970, Electromagnetic Induction in the Oceans, In E. C. Bullard 
and J. L. Worwel (eds), The Sea, Vol IV, Wiley, New York, pp. 695-730. 

Campbell, W. H.: 1987, 'The Upper Mantle Conductivity Analysis Method Using Observatory Records 
of the Geomagnetic Field', PAGEOPH 125,427-457. 

Campbell, W. H. and Schiffmacher, E. R.: 1985, 'Quiet Ionospheric Currents of the Southern Hemi- 
sphere Derived from Geomagnetic Records', J. Geophys. Res. 90, 6475-6484. 

Campbell, W. H. and Schiffmacher, E. R.: 1988, 'Upper Mantle Electrical Conductivity for Seven 
Subcontinental Regions of the Earth', J. Geomag. Geoelectr. 40, 1387-1406. 

Cermak, V. and Lastovickova, M.: 1987, 'Temperature Profiles in the Earth of Importance to Deep 
Electrical Conductivity Models', PAGEOPH 125,255-284. 

Chapman, S.: 1919, 'The Solar and Lunar Diurnal Variation of the Earth's Magnetism', Phil. Trans. 
R. Soc. Lond. (A), 218, 1-118. 

Chapman, S, and Price, A.: 1930, 'The Electric and Magnetic State of the Interior of the Earth as 
Inferred from Terrestrial Magnetic Variations', Phil. Trans. R. Soc. Lond. (A), 229, 427-460. 

Chen, P. F. and Fung, P. C. W.: 1991, 'Electromagnetic Response Function for the Period of 27 Day 
in the Chinese Region', J. Geomag. Geoelectr. 43, 979-987. 

Counil, J. L., Menvielle, M. and Le Mouel, J. L.: 1987, 'Upper Mantle Lateral Heterogeneities and 
Magnetotelluric Daily Variation Data', PAGEOPH 125, 1-22. 

Dmitriev, V. I., Rotanova, N. M., Zakharova, O. K. and Fiskina, M. V.: 1987, 'Models of Deep 
Electrical Conductivity Obtained from Data on Global Magnetic Variational Sounding', PAGEOPH 
125(2/3), 409-426. 

Duhau, S. and Favetto, A.: 1990, 'The Conductosphere Depth at Equatorial Latitudes as Determined 
from Geomagnetic Daily Variations', PAGEOPH 134, 559-574. 

Fainberg, E. B.: 1980, 'Electromagnetic Induction in the World Ocean', Geophys. Surv. 4, 157-172. 
Fainberg, E. B. and Singer, B. Sh.: 1980, 'Electromagnetic Induction in a Non-Uniform Spherical 

Model of the Earth', Ann. Geophys. 36, 127-134. 
Fainberg, E. B., Kuvshinov, A. V. and Singer, B. Sh.: 1991a, 'Electromagnetic Induction in a Spherical 

Earth with Non-Uniform Oceans and Continents in Electric Contact with the Underlying Medium - 
I. Theory, method and example, Geophys. J. lnt. 102, 273-281. 

Fainberg, E. B., Kuvshinov, A. V. and Singer, B. Sh.: 1991b, 'Electromagnetic Induction in a Spherical 
Earth with Non-Uniform Oceans and Continents in Electric Contact with the Underlying Medium - 
II. Bimodal Global Geomagnetic Sounding of the Lithosphere', Geophys. J. Int. 102,283-286. 

Hagger, B. H. and R. W. Clayton: 1989, 'Constraints on the Structure of Mantle Convection Using 
Seismic Observations, Flow Models and the Geoid, In W. R. Peltier, Mantle Convection, Gordon 
and Breach Science Publishers, pp. 657-764. 

Hibberd, F. H. and Davidson, R. E.: 1988, 'Global Scale of the Day-to-Day Variability of Sq', 
Geophys. J. 92, 315-321. 

Hobbs, B. A.: 1987, Conductivity profiles from global data, PAGEOPH 125, 393-407. 
Hobbs, B. A. and Dawes, G. J. K.: 1979, 'Calculation of the Effect of the Oceans on the Geomagnetic 

Variations with an Application to the Sq Field During the IGY', J. Geophys. 46, 273-289. 
Honkura, Y.: 1978, 'Electrical Conductivity Anomalies in the Earth', Geophys. Surv. 3,225-254. 
Kharin, E. P. and Semenov, V. YU.: 1986, 'The Curve of Deep Magnetovariation Sounding in the 

Pacific Ocean Obtained by Continuum Spectrum Method', Annales Geophysicae 4B, 329-334. 
Kuvshinov, A. V., Pankratov, O. V. and Singer, B. Sh.: 1990, 'The Effect of the Oceans and 

Sedimentary Cover on Global Magnetovariational Field Distribution', PAGEOPH 134, 533-540. 



ELECTROMAGNETIC STUDIES OF GLOBAL GEODYNAMIC PROCESSES 237 

Lognonn6, P. and Romanowicz, B.: 1990, 'Modelling of Coupled Normal Modes of the Earth: The 
Spectral Method', Geophys. J. Int. 102, 365-395. 

Mackie, R. L., Bennett, B. T. and Madden, T. R.: 1988, 'Long-Period Magnetotelluric Measurements 
Near the Central California coast: A Land-Locked View of the Conductivity Structure Under the 
Pacific Ocean', Geophys. J. 95, 181-194. 

Malin, S. R. C. and Gupta, J. C.: 1977, 'The Sq Current System During the International Geophysical 
Year', Geophys. J. R. Astr. Soc. 49, 515-529. 

Menvielle, M., Rossignol, J. C. and Tarits, P.: 1982, 'The Coast Effect in Terms of Deviated Electric 
Currents: A Numerical Study', Phys. Earth Planet. lnt. 28, 118-128. 

Omura, K.: 1991, 'Change of Electrical Conductivity of Olivine Associated with the Olivine-Spinel 
Transition', Phys. Earth Planet. Int. 65, 292-307. 

Parkinson, W. D. and Hutton, V. R. S.: 1989, 'The Electrical Conductivity of the Earth', in J. A. 
Jacobs (ed.), Geomagnetism, vol. 3, Academic Press, pp. 261-322. 

Petersons, H. F. and Anderssen, R. S.: 1990, 'On the Spherical Symmetry of the Electrical Conductivity 
of the Earth's Mantle', J. Geomag. Geoelectr. 42, 1309-1324. 

Phinney, R. A. and Burridge, R.: 1959, 'Representation of the Elastic-Gravitational Excitation of a 
Spherical Earth Model by Generalized Spherical Harmonics', Geophys. J. R. Astr. Soc. 34, 451- 
487. 

Rikitake, T.: 1961, 'Sq and Ocean', J. Geophys. Res. 66, 3245-3254. 
Pdkitake, T. : 1966, 'Electromagnetism and the Earth's Interior', Elsevier, Amsterdam. 
Ritz, M. and Robineau B.: 1986, 'Crustal and Upper Mantle Electrical Conductivity Structures in 

West Africa: Geodynamic Implications', Tectonophysics 124, 115-132. 
Roberts, R. G.: 1983, 'Electromagnetic Evidence for Lateral Inhomogeneities Within the Earth's 

Upper Mantle', Phys. Earth Planet. Int. 33, 198-212. 
Roberts, R. G.: 1984, 'The Long-Period Electromagnetic Response of the Earth', Geophys. J. R. Astr. 

Soc. 78, 547-572. 
Roberts, R. G.: 1986a, 'The Deep Electrical Structure of the Earth', Geophys. J. R. Astr. Soc. 85, 

583-600. 
Roberts, R. G.: 1986b, 'Global Electromagnetic Induction', Surv. Geophys. 8,339-374. 
Schmucker, U.: 1987, 'Substitute Conductors for Electromagnetic Response Estimates', PAGEOPH 

125, 341-367. 
Schultz, A.: 1990, 'On the Vertical Gradient and Associated Heterogeneity in Mantle Electrical 

Conductivity', Phys. Earth Planet. Int. 64, 68-86. 
Schultz, A. and Larsen, J. C.: 1987, 'On the Electrical Conductivity of the Mid-Mantle: I. Calculation 

of Equivalent Scalar Magnetotelluric Response Functions', Geophys. J. R. Astr. Soc. 88, 733-761. 
Schultz, A. and Larsen, J.: 1990, 'On the Electrical Conductivity of the Mid-Mantle: II. Delineation 

of Heterogeneity by Application of Extremal Inverse Solutions', Geophys. J. Int. 101,565-580. 
Schultz, A., Booker, J. and Larsen, J.: 1987, 'Lake Bottom Magnetotellurics', J. Geophys. Res. 92, 

10,639-10,649. 
Schuster, A.: 1889, 'The Diurnal Variation of Terrestrial Magnetism', Phil. Trans. R. Soc. Lond. (A), 

180, 467-518. 
Semenov, V. YU.: 1989, 'Evaluation of Mantle Conductivity Beneath Northern Hemisphere's Conti- 

nents', Izvestiya Earth Physics 25,221-226. 
Shearer, P. M. and Masters, T. G.: 1992, 'Global Mapping of Topography on the 660-km Discontinuity, 

Nature 355, 791-796. 
Takeda, M.: 1985, 'UT Variation of Internal Sq Current and the Oceanic Effect During 1980 March 

1-18', J. Geophys. J. R. Astr. Soc. 80, 649-659. 
Takeda, M.: 1989, 'Mantle Conductivity from the Geomagnetic Sq Field', J. Geomag. Geoelec. 41, 

643-646. 
Takeda, M.: 1991, 'Electric Currents in the Ocean Induced by the Geomagnetic Sq Field and Their 

Effect on the Estimation of Mantle Conductivity', Geophys. J. Int. 104, 381-385. 
Tanimoto, T.: 1990, 'Long-Wavelength S-Wave Velocity Structure Throughout the Mantle', Geophys. 

J. Int. 100, 327-336. 
Tarits, P. and Wahr, J.: 1992, 'Electrical Conductivity Heterogeneities in the Mantle: Correlation with 

Mantle Velocity Structure', AGU, San Francisco, abstract. 



238  PASCAL TARITS 

Wahr, J., Tarits, P. and Lognonfi, P.: 1992, 'Lateral Variations in D" Electrical Conductivity: Possible 
Effects on the Secular Variation of the Nagnetic Field', AGU, San Francisco, abstract. 

Winch, D. E.: 1989, 'Induction in a Model Ocean', Phys. Earth Planet. Int. 53, 328-336. 
Zhang, T. S. and Schultz, A.: 1992, 'A Three-Dimensional Perturbation Solution for the EM Induction 

Problem in a Spherical Earth - The Forward Problem', Geophys. J. Int. 111,319-334. 


