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Abstract. It is suggested to subdivide the Earth's crust into two parts — upper, brittle crust (namely geological)
and lower, ductile crust (namely physical). The upper crust of 10-15 km thickness is the most actively involved
in geological processes. Its principal peculiarities are: the sharp horizontal heterogeneity of electrical properties,
a wide range of variations of specific electrical resistivity from 1 to 10> Ohm'm, a high porosity, brittleness, and
a presence of fluids that drain the supra structure from the day surface owing to penetrate of meteoric waters to
the depths up to 5-10 km. The lower crust (physical) belongs to the depth interval from 10-15 to 35-45 km (up to
the Moho boundary). It is remarkable by the horizontal homogeneity of electrical properties and high specific
electrical resistivity in the range of 10°-10° Ohm'm, by the low porosity and increased ductility. Electrical
conductivity of the lower crust is mostly determined by the influence of planetary physical-chemical parameters
(pressure, temperature, viscosity), phase transitions of substances and geodynamic peculiarities of evolution for
different segments of the Earth crust. As an area of physical processes influence, the low crust is nearer by its
origin to the Upper mantle then to the geological Upper Earth crust.

AnHotanus. [Ipemaraercss pa3gennTh 3eMHYIO KOPY Ha IBE YacTH — BEPXHsA, XpynKas Kopa (coOCTBEHHO
TeoJIOTHYECKasl) W HIDKHAS KOpa, KBasWIUIaCTH4Has, ¢u3mdeckas. Bepxuss kopa momHocThio 10-15 xm
MPUHUMAeT CcaMO€ AaKTHBHOE YYacTHE B TEOJIOTHUECKHX IporieccaXx. Ee TiaaBHbIE OCOOCHHOCTH — pe3Kas
TOPU30HTAJIbHAS HEOJHOPOAHOCTD, MIMPOKUI AUATIA30H U3MEHEHHS YAEIBHOTO 3JEKTPHUUIECKOTO COMPOTUBICHUS
ropueix mopox (ot 1 1o 10° OmrM), BBICOKAs MOPHUCTOCTb, XPYNKOCTh M HANMUHME (IFOMIOB, KOTOPHIE
JPEHUPYIOT 3eMHYIO TOJIIY OT JTHEBHOM MOBEPXHOCTH 10 ITyOouHsl 5-10 kM. HuxHSS Kopa (B MHTepBaie IiyOnH
ot 10-15 mo 35-45 kM) oTiHMYaeTcss BBICOKMM YJIENBHBIM AJIEKTPUUECKHM COIPOTHUBIICHUEM (105-106 OmM),
TOPU3OHTAIILHOM  OJHOPOJHOCTBIO  DJIEKTPUUECKUX CBOMCTB, HM3KOW TMOPUCTOCTBIO U  IOBBIIMIEHHOM
INIACTUYHOCTBIO0. DJIEKTpHUYecKas IPOBOJUMOCTb HIDKHEH KOPBI, HAPSILy € T€OJOrHYECKHMM COCTaBOM, BO MHOIOM
OTIpeZIeTsIeTCs BINSHUEM IUIAHETapHBIX (PM3UKO-XMMHUYECKUX MapaMeTpoB (JaBleHHE, TEMIeparypa, BsI3KOCTb),
(ha30BEIMHU TIEpEXOJlaMH BEIECTBA, U I'€OJANHAMHUYECKHIMH OCOOEHHOCTSIMH 3BOJIOLUH PA3IMYHBIX CETMEHTOB
3eMny. Y4uThIBas OTMEYEHHBIE CBOWCTBA, HWXKHIOIO KOPY CIEAYET OTHECTH K BEpPXHEW MaHTHH, OTpaHUYUB
MOHSATHEM T€0JIOTHIECKOM 3eMHOM KOPHI JHIIh BepxHUE 10-15 KM MOITHOCTH TUTOC(EPHI.
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Nature is overfilled by attractive coincidences
between the poor experimental data
and abundant theoretical speculations explaining them.
1. Introduction

The structure and volume of the Earth's crust are accepted to be linked to the position of the Moho
seismic discontinuity, which was found based on stepwise growth of velocities from 7.5 to 8.0 km/s on average
for longitudinal waves and from 4 to 4.5 km/s on average for transversal waves. Within continents, the Moho
discontinuity is traced continuously in the relatively narrow range of depths (35-45 km) with rare sinks mostly
beneath mountain ridges (down to 55-75 km). Numerous results of complex investigations show that the position
of the Moho discontinuity is almost not related to the character of geological structures and only slightly reflects
the relief of the day surface. Nevertheless, a certain geological meaning is attributed to it. The thickness of the
Earth's crust and the transition boundary from the Earth's crust to the upper mantle are usually attributed to it. In
the present paper, an attempt is made to present the structure of the continental crust in a more precise manner

based on the results of deep electromagnetic sounding with the use of powerful controlled sources.
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2. Block structure of the Earth crust electrical conductivity

The first doubts concerning a stretch of layered blocky division of geological structures to the depth of
35-45 km down to the Moho discontinuity have appeared during deep sounding with the Khibiny impact
magnetohydrodynamic (MHD) generator (Velikhov et al., 1986; Zhamaletdinov, 1990). Sounding was carried
out in the territories of the Karelia-Kola region and North Finland. As a result, about 10 blocks of the Earth's
crust have been found, differing from each other by integral longitudinal conductivity S = h / p (where h — the
thickness and p — apparent resistivity of the Earth crust) by more than four orders, from tenths parts to several
thousand Siemences (Zhamaletdinov, 2012). The vertical thickness of blocks h is estimated at 10 km. They cover
area of up to tens of thousands of square kilometers. Blocks with a weak conductivity (0.1-1 S) are distinctive for
the significant horizontal homogeneity. They are considered as the so-called "windows of transparency”
favorable for carrying out the deep and super deep soundings of the lithosphere. Blocks of a higher and high
conductivity are sharply heterogeneous and produce distortion on results of the deep soundings.

The nature of conductive blocks (crustal anomalies) is related to the presence of sulfide and carbon
bearing substance of biogenic origin (Semenov, 1970; Adam, 1974; Zhamaletdinov, 1990). They are
conventionally identified as the "SC-layer" of Semenov (Zhamaletdinov, 2005). A scheme demonstrating
distribution of crustal anomalies of electronic conductivity within the eastern part of the Baltic Shield and within
Russian territory was made in (Zhamaletdinov, 2012).

3. Transversal resistance of the Earth crust

The second by importance result of the deep soundings, that has a direct relationship to our topic, is the
conclusion about the high resistance of the middle part of the lithosphere in the depth interval from 10-15 to
40-50 km. The value of integral transversal resistance T was 10'° Ohm'm? where T = h - p (h — is the total
thickness of the lithosphere and p — the specific resistivity of rocks). These estimates have been obtained on the
Fennoscandian shield while "Khibiny" and "FENICS" experiments (Zhamaletdinov, 1990; Zhamaletdinov et al.,
2011). This conclusion has followed directly from the fact that there are no intermediate conductive layers and
associated free fluids in the lithosphere in that depth interval (Zhamaletdinov, 1990).

4. Conductive channels in the Earth crust

The third by importance experimental result, also directly concerned to the matter of the present work,
is the discovery of subhorizontal conducting channels in the upper part of the Earth's crust (Zhamaletdinov,
2012). The phenomenon has been discovered firstly while performing the MHD-experiment "Khibiny"
(zhamaletdinov, 1990). By division of the field generated by the Khibiny MHD source into galvanic and
inductive components, it has been found that a low frequency galvanic current propagates on hundreds of
kilometers in the upper ~10 km layer of the Earth's crust (Zhamaletdinov et al., 1995). Galvanic current
concentrates in narrow stretched sulfide and carbon bearing structures and causes the effects of 2D conductive
channels. The depth extent of conducting channels does not exceed 10 km by different ways of the data
interpretation (Zhamaletdinov et al., 1995; Zhdanov, Frenkel, 1983). It is important to emphasize that the current
strength estimated by circulation of the magnetic field varies slightly along the directions of the conducting
channels. The current in them does not penetrate deeper than 10-15 km due to the high resistance of the isolating
basement.

5. Protobasement hypothesis

To interpret the described experimental data, the author suggested a hypothesis about the existence of
an ancient weakly conductive protobasement at a depth of about 10-15 km (Zhamaletdinov, 1990). It was
supposed following J. Sederholm that a heterogeneous more conductive supracrustal cover is formed on the
homogeneous surface of the protobasement. Its appearance was the result of long processes of deposition and
redeposition of effusive sedimentary rocks, intrusion of magmatic bodies, and common metamorphism. In other
words, a geologically active medium (supra structure), heterogeneous in its electric properties and generally
more conductive, was formed on the surface of the homogeneous, high resistive protobasement. The primary
role in the origin of the super crust was played by external factors — in addition to the geological processes — first
of all, the appearance of the atmosphere, hydrosphere, and life (i.e., biosphere, in the terminology of
V.1. Vernadsky). In addition to this, the influence of factors from space — meteorite bombardments and lunar-
solar tidal disturbances, whose amplitude could reach 100 m near the Roche limit — should not be excluded.

6. Verification of Fennoscandian results on the Russian platform

For the purpose of independent verification of the experimental results obtained in the territory of the
Fennoscandian Shield, the author organized and carried out the "Volga-79" and "Volga-86" experiments that
included deep sounding of the lithosphere within the East European Craton with the use of direct current
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industrial power lines of 800 kV "Volgograd—Donbass" of 470 km length (Zhamaletdinov et al., 1982; Velikhov
et al., 1986). The main result of these works, except for the practical ones, was the conclusion, same as for the
Fennoscandian Shield. Penetration of the galvanic (DC) current to depths more than 10-15 km in the territory of
the East European Craton is restricted by the presence of an isolating basement, that was attributed to the
presence of ancient high resistive protobasement. Despite the great distance between the source and receiver (up
to 650 km), the curve of apparent resistivity of the deep sounding at a constant (pulse) current did not leave the
limits of S-asymptotics signifying the absence of the effect of galvanic current penetrating into depths. The value
of the lateral resistance of the lithosphere within the East Russian plate to its whole thickness is 4-10° Ohm'm by
the lower limit, which is close to the estimate obtained for the Baltic Shield. The electric conductivity anomalies
found in the Earth crust of the East European Craton (Vorontsovskaya, Frolovskaya, Donbass) are of a cover
character and occupy the upper part of crystalline basement at the depth range from the roof till 10-15 km.

7. Electrical conductivity of dilatancy-diffusion nature in the Earth crust

A visible role in investigation of electric conductivity of the crust within the Baltic Shield was played
by frequency soundings with the use of a moderate power automobile generator 29 kW (Shevtsov, 2001;
Zhamaletdinov et al., 2002). Soundings were carried out in the Kola Peninsula, Karelia, and Finland. Spacing
reached 50-100 km, and the frequency range was 1-1000 Hz. The most interesting result was discovery of an
intermediate domain of lowered resistance in the depth range from 2 to 10 km. The nature of resistance lowering
is attributed to penetration of meteorite (surface) waters to the corresponding depths along the so-called listric
faults and cracking zones that become more gentle with depth. This kind of objects was described for the first
time on the basis of geological suppositions (Goryainov, Davidenko, 1979). According to the model by
V.N. Nikolaevsky (1996), existence of free fluids at the depths of 10-15 km can be explained by dilatancy, which
is determined as an irreversible increase in volume of polycrystalline aggregates when shifting. Shifting
processes appear in the lithosphere as a result of a rapid increase in the horizontal (tangential) component of rock
pressure with depth compared to that of the vertical (lithostatic) component. The layer possesses an insignificant
(1-2 Siemences) longitudinal conductivity and related manifestation of dilatant-diffusion processes in the base of
the uppermost brittle layer of the lithosphere. It is designated as the "DD layer" (Zhamaletdinov et al., 2004).

8. Isotropic, horizontally homogeneous structure of the Low crust and Upper mantle electrical
conductivity

The results presented above, including the experiments with the powerful Very Low Frequency (VLF)
emitting antenna "Zevs" (Velikhov et al., 1994), were still insufficient to obtain a complete view of the
lithosphere structure by geoelectric survey data, despite the great volume of the works made. The "trouble spot"
of all the deep sounding experiments with powerful controlled sources both in Russia and abroad was the use of
one polarization of the primary field. This did not enable us to estimate the possible influence of regional
anisotropy and horizontal heterogeneity of the medium on the observation results. The mentioned difficulties
were overcome by carrying out the international experiments FENICS-2007 and FENICS-2009 (Zhamaletdinov
et al., 2011). Soundings of FENICS experiment were carried out at spacings up to 700 km between transmitter
and receiver in the frequency range of 0.1-200 Hz with the use of two mutually orthogonal grounded electric
lines (industrial power lines) of 109 and 120 km length.

The main result of the "FENICS" experiments is the conclusion about the high resistance and 1D
character of the deep section of the lithosphere with the high degree of subhorizontal stratification in the depth
range from 15-20 to 50-70 km in the territories of Kola-Karelian region and Northern Finland. The curves of
apparent resistivity at two different polarizations of the primary field (North-South and East-West) nearly
coincided with each other both by impedance and by component processing within the limits of the wave (far
field) zone action.

9. Geodynamical interpretation of the Earth crust and Upper mantle electrical conductivity

In the generalized form, the so-called "normal™ electric section of the Baltic Shield lithosphere (in the
absence of the influence from electronic conductive rocks) is given in Figure by the results of electromagnetic
soundings with powerful controlled sources. The section is represented in the form of a gradient model (curve
1) and its layered approximation (curve 2). The resulting section is a five-layered KHK-type model with three
conductive layers. Interpretation of the nature of the found layers is given in the right hand part of the Figure
in the form of a structural-geodynamic column, after V.N. Nikolaevskiy (1996). The upper part of the section
(1) is composed of conductive sedimentary deposits (moraine) and a watered part of the roof of the crystalline
basement. A layer of high resistivity (2) with subvertical faults and cracks filled with water solutions (fluids)
lies below. The average thickness is estimated at 2-3 km. In the depth interval from 2 to 10 km, the
intermediate conductive domain (3) is identified, with a decrease in resistance from about 10° Ohm-m to about
10 Ohm'm. The cause of this decrease in resistance is related to fluids of meteor (surface) origin that
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penetrate into depths along the cracks and faults becoming gentle with depth. As it was mentioned above, this
layer has a dilatancy-diffusion nature and is identified as the "DD layer". Deeper than 10 km, the specific
electrical resistivity of rocks increases again up to 10°-10° Ohm'm. Thickness of the high resistive part of the
lithosphere is estimated at 60-80 km. The average value of the crosscut resistance is about 10*° Ohm-m®.
Below, an exponential decrease in resistance occurs under the influence of temperature increase with depth.
At the depth range of 200-300 km resistivity fell down to 100 Ohm'm, pointing out on the possible existence
of the asthenosphere.
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Fig. Electrical section of the lithosphere for the Eastern part
of the Baltic Shield and its geodynamical interpretation.

a — electrical section from inversion of the control source sounding results; 1 — smoothed section;
2 — layered section; 3 — electrical section upon the laboratory research of dry rock samples at high
temperature (Cermak, Lastovickova, 1987).

b — geodynamical column upon electrical section (a). Layers numbered in circles: 1 — water-
saturated moraine and crystalline basement; 2 — upper, brittle crust with subvertical faults;

3 — upper, brittle crust with flattening (listric) faults; 4 — low, ductile crust (pseudo plastic);

5 — the plastic lithosphere.
¢ — phase diagram of dilatancy and plasticity zones after Nikolaevsky V.N. (1996) with temperature
curves: 1 — measured temperature curve in the Kola Superdeep Hole SG-3, 2 — its extrapolation to
the depth after (Kremenetsky et al., 1998); 3 — same after (Zhamaletdinov, 1990); 4 — same after
(Valle, 1951).

10. Conclusion

The summarized analysis of the presented above results of electromagnetic soundings, made with the
use of powerful controlled sources, has allowed us to divide the Earth's crust, traditionally seen by seismic data
to the Moho depth, into two parts, namely, upper and lower. The upper one is more conductive and is the most
actively involved in geological processes. Its principal peculiarities are the sharp horizontal heterogeneity and
a broad range of specific electrical resistivity variations of rocks (from 1 to 10° Ohm'm), the contrasting
character of the structure of geologic units, a common distribution of fault structures, higher brittleness, the
presence of fluids that drain the suprastructure from the day surface owing to supply of meteor waters to depth
(DD layer), and common distribution of electronic conducting units ("SC layer" of Semenov) in the composition
of volcanogenic-sedimentary sequences. The lower crust (depth interval from 10-15 to 35-45 km) is distinctive
for the high specific electric resistivity (10°-10° Ohm'm) and horizontal homogeneity of electric properties,
despite sharp changes in the composition of the overlying geological units. The rocks at these depths form
a ductile zone; the porosity and content of free fluids in them reduces sharply. All these facts signify that the
electric conductivity at depths of more than 10-15 km is determined mostly by the planetary physical-chemical
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parameters (pressure, temperature, viscosity), the phase transitions of the substance, and the geodynamic
peculiarities of evolution of different segments of the Earth, rather than by the geological processes observed
near the day surface.

Acknowledgments. The author is grateful to Academician N.P. Laverov for support and discussion of the work,
and to N.N. Rzhevsky, director of the St. Petersburg Division of the Seabird Exploration FZ_MK company, on
whose initiative this communication written, and for his useful remarks. This work was supported by the Russian
Foundation for Basic Research (project nos. 10-05-98809_p-sever-a and 11-05-12033-o0fi-m-2011) and by the
Earth Sciences Division of the Russian Academy of Sciences (project no. 6 "Geodynamics and ways of
lithosphere deformation™).

References

Adam A. Electric crustal anomalies in the Carpathian Basin and their origin in the rock composition. Acta Geol.
Hung, N 18, p.13-22, 1974.

Cermak V., Lastovickova M. Temperature profiles in the Earth of importance to deep electrical conductivity
models. Pageoph., v.125, p.255-284, 1987.

Goryainov P.M., Davidenko 1.V. Tectonic-caisson effect in rocks and ore deposits — an important new
phenomenon in the geodynamics. USSR AS Reports, v.247, N 5, p.1212-1215, 1979.

Kremenetsky A.A., Ikorsky S.V., Kamensky I.L., Sazonov A.M. Geochemistry of deep bands of a Pre-
Cambrian crust. Kola superdeep (scientific results and expertise of studies). M., Tehnoneftegaz, 260 p.,
1998.

Nikolaevsky V.N. Cataclastic disintegration of the Earth's crust rocks and anomalies of geophysic fields.
Proceedings of RAS, Physics of the Solid Earth, N 6, p.41-50, 1996.

Semenov A.S. Nature of the electrical conductance of the ancient crystalline basement. Bulletin of SPbGU,
N 12, p.12-26, 1970.

Shevtsov A.N. Method of the frequency sounding and analysis of the electrical conductivity of the Earth's crust
upper section of the Baltic Shield. Cand. Sci. (Phys.-math.) thesis, SPb. State University, 21 p., 2001.

Valle P.E. Sull'aumento di temperature nel mantello della terra per compressions adiabatica. Ann. Geofis., v.5,
N 4, p.475-478, 1951.

Velikhov E.P., Zhamaletdinov A.A., Bel'kov L.V., Gorbunov G.I., Hjelt S.E., Lisin A.S., Vanyan L.L.,
Zhdanov M.S., Demidova T.A., Korja T., Kirillov S.K., Kuksa Yu.l., Poltanov A.Ye., Tokarev A.D.,
Yevstigneev V.V. Electromagnetic studies on the Kola Peninsula and in Northern Finland by means of
a powerful controlled source. Journal of Geodynamics, N 5, p.237-256, 1986.

Velikhov Ye.P., Zhamaletdinov A.A., Sobchakov L.A., Veshev A.V., Saraev A.K., Tokarev A.D.,
Shevtsov A.N., Vasiljev AV., Sonnikov A.G., Yakovlev A.V. Experiment on the frequency
electromagnetic sounding of the Earth crust with the use of the powerful ELF antenna. Doklady Akademii
Nauk, v.338, N 1, p.106-109, 1994.

Zhamaletdinov A.A. Electron-conductive sulfide and carbon bearing structures in the continental Earth crust
("SC layer" of Semenov). Proc. of the MSTU, v.15, N 2, p.449-460, 2012.

Zhamaletdinov A.A. Model of electrical conductivity of the continental lithosphere. Sci. Rep. of SPbh. State
University, Problems of Geophysics, N 438, v.38, p.115-129, 2005.

Zhamaletdinov A.A. Model of the lithosphere electric conductivity based on investigations with controlled field
sources (Baltic Shield, Russian Platform). L., Nauka, 159 p., 1990.

Zhamaletdinov A.A., Ronning J.S., Lile O.B. Geoelectric investigations with the "Khibiny" source in the
Pechenga-Pasvik area. In: Geology of the eastern Finnmark — western Kola Peninsula region. Eds.
D. Roberts, O. Nordgulen. Geological Survey of Norway, Special publication N 7. Trondheim, p.339-348,
1995.

Zhamaletdinov A.A., Shevtsov A.N., Korotkova T.G., Kopytenko Yu.A., Ismagilov V.S., Petrishev M.S.,
Efimov B.V., Barannik M.B., Kolobov V.V., Prokopchuk P.l., Smirnov M.Yu., Vagin S.A., Pertel
M.1., Tereshchenko E.D., Vasil'ev A.N., Grigoryev V.F., Gokhberg M.B., Trofimchik V.I.,
Yampolsky Yu.M., Koloskov A.V., Fedorov A.V., Korja T. Deep electromagnetic sounding of the
lithosphere in the Eastern Baltic (Fennoscandian) Shield with high-power controlled sources and power
lines (FENICS Experiment). lzvestiya, Physics of the Solid Earth, v.47, N 1, p.2-22, 2011.

Zhamaletdinov A.A., Shevtsov A.N., Tokarev A.D., Korja T. Electromagnetic frequency sounding of the
Earth's crust beneath the Central Finland Granitoid Complex. Izvestiya, Physics of the Solid Earth, v.38,
N 11, p.954-967, 2002.

Zhamaletdinov A.A., Shevtsov A.N., Tokarev A.D. Normal model of electric conductivity of the Baltic Shield
lithosphere and its geodynamic interpretation. Doklady Earth Sciences, v.399, N 8, p.1098-1102, 2004.

Zhdanov M.S., Frenkel M.A. The solution of the inverse problems on the basis of the analytical continuation of
the transient electromagnetic field in the reverse time. J. Geomagn. and Geoelec., v.35, p.747-765, 1983.

465



