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Abstract—We consider results of magnetotelluric and magnetovariational soundings in the period range 10 < 7' << 20 000 s in the
North Vietnam area. The simple structure of magnetovariational responses is shown, which generally reflects the electrically conductive
quasi-two-dimensional structure of the Earth’s crust. Impedance responses form as a superposition of responses of local complex subsur-
face and quasi-two-dimensional regional deep-seated structures. Separation of local and regional effects made it possible to construct a
geoelectrical depth model of the regional tectonosphere, whose main elements are electrically conductive subvertical trans-lithospheric
faults and high-resistivity disturbances of the conductive asthenosphere. These elements, favoring the flow of telluric currents induced in
deep-seated electrically conductive systems into the sedimentary cover, form zones of abnormal apparent-resistivity curves. The apparent
resistivity monotonously increases with increasing the period up to 20,000 s. We called the combination of such elements of the geoelectri-
cal model a ultradeep fluid—fault system (UDFFS). The modeling has established the location of three orthogonally intersecting UDFFES of
NE and SE strikes in the North Vietnam area. It shows that conductive (fluid-saturated) translithospheric faults extending to the base of the
sedimentary sequence control the location of petroleum fields and ore deposits. A method for separating local and regional magnetotelluric
effects is proposed. It permits one to determine reliably the main strikes of a regional two-dimensional structure and the configuration of

the apparent-resistivity curves along them.
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INTRODUCTION

North Vietnam is located in the contact zone of tectonic
plates whose age, degree of metamorphism, and type of
magmatism vary. The main structure of the region is the ba-
sin of the Red River. It is believed that it results from a
complex shift and lays on a continental base (Phuong, 1991;
Phach, 2001). In the northern part, it overlaps the blocks of
the China plate: the Yangtze Precambrian block stretching
for more than 2000 km from Shanghai to the Red River and
the Phanerozoic Bac Bo—Guangxi—Jiangxi Belt (Nielsen et
al., 1999). In the south and southwest, it is blocked by the
Phanerozoic Vietnam—Laos mobile Belt — an element of the
Indochina Plate. The laying and development of the basin of
the Red River occur under the influence of deep-seated
faults of the northwestern direction. At sea, this basin is lo-
cated across the axial line of the South China Sea. In the
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longitudinal direction of the basin, stepped thickness varia-
tion is observed. Based on the deep seismic sounding and
gravity exploration data, the general nature of the structure
of the Earth’s crust is established. It varies from a continen-
tal thickness of 35-36 km in the northwest to a thinned
continental thickness of 25-28 km in the southeast. Most
researchers classify the basin of the Red River as a rifto-
genic structure. Insufficient knowledge of the deep-seated
regional structure prevents one from solving fundamental
and applied problems that influence the development of ef-
fective exploration directions (especially oil and gas explo-
ration) and the rational use of natural resources in densely
populated areas.

In 1996-1997, this gap was filled by Vietnamese and
French researchers who performed a deep magnetotelluric
sounding (MTS) along the profile (eight points) that crossed
the Red River fault zone in the central part of the Hanoi
basin (Doan et al., 2001). Later, Vietnamese scientists car-
ried out an MTS using high-frequency equipment (Minh et
al., 2011). It was shown by analyzing the data of those stud-
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ies that, in a high-frequency range (103—1 Hz, less often up
to 0.1 Hz), the nature of electromagnetic field responses sta-
bly remained or naturally varied over the investigated area,
and those interpretations generally reflected well the geo-
electric structure of the upper part of the section under study.
In a low-frequency range (7> 10 s), the stability of electro-
magnetic responses was lost. Interpreting those data led to
conflicting results, which did not allow for the formation of
a regularly changing deep-seated tectonic structure in the
area under study.

The goal of this work is to estimate the effectiveness of
magnetotelluric methods in a set of geological and geophys-
ical studies, establish the features of electromagnetic pro-
cesses in a low-frequency range in a complex geological
and, accordingly, heterogeneous geoelectric medium, de-
velop methods for separating local and regional magnetotel-
luric effects, and investigate the reflection of elements of a
horizontally inhomogeneous geoelectric model in imped-
ance and magnetic responses.

METHOD FOR RECORDING THE MT-FIELD
COMPONENT VARIATIONS

Magnetotelluric research on the territory of North Viet-
nam as part of joint Russian—Vietnamese scientific coopera-
tion programs in 2012-2013 and 20162017 were carried
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out at 20 points located along three profiles in the northeast-
ern direction (Fig. 1). The MT field was recorded using a
LEMI-025 three-component magnetometer (Korepanov et
al., 2007) and a digital telluric field meter designed at the
V.I. II’ichev Pacific Oceanological Institute of the Far East-
ern Branch of the Russian Academy of Sciences at points
CBU, COT1, TRA, and BOR. At points COT2, NGV, and
NIC, only horizontal electrical components were recorded.
At the remaining points, the electric and magnetic compo-
nents of the MT field were recorded using a LEMI-417 mag-
netotelluric station.

Before the beginning of each field season, the correspon-
dence of real characteristics of the measuring equipment to
their passport data was checked at the VLA magnetic obser-
vatory (Vladivostok, Russia). The length of the measuring
electric lines was 400-700 m, which most often provided a
signal level sufficient for reliable recording. However, at
points located in the low-resistivity fault zones (HLG, YNB,
TRS, PYN, and CBU), the signal level was comparable to
noise, which affected the quality of their impedance esti-
mates. The measuring electric lines were unwound in the
North—South (x axis) and West—East (y axis) directions. At
individual points, additional measuring lines were laid at an
angle of 45° with respect to the main ones. The magnetic
components at all points were recorded in a single system:
the x axis is North—South, the y axis is West—East, and the z
axis is vertically down.

22°

105°

106°

E 108°

Fig. 1. Location of the MT-field observation points based on the Russian—Vietnamese programs in 2012-2017 and the main faults of North Viet-
nam. The solid line denotes the construction profile of the geoelectric section A—A".
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Due to complexity of the terrain and the wide develop-
ment of stationary and semi-stationary electrical communi-
cation networks, it was not always possible to lay electrical
measuring lines strictly in the azimuths of the axes selected,
with deviations sometimes reaching 10°. These deviations
were then taken into account during data processing. Among
the unfavorable factors that reduced the recording quality of
the MT field, one could observe that the measuring lines are
regularly torn by the local population and that the natural
potential (NP) course was gradient, especially at the terrain
points with a large difference in altitude and a sharp change
in the surface water under tropical rain conditions. The sam-
pling frequency of magnetic and electrical variations was
1 Hz. The sampling times were synchronized with UTC by
GPS. The duration of continuous recording sessions for the
MT field ranged from 3 to 10 days, which provided an ex-
panded range of processed periods from 15,000 to 20,000 s.
All the MT field recording sessions were accompanied by
synchronous recording of magnetic components at the PHU
magnetic observatory (Hanoi) located in the center of the
area studied.

MAGNETIC RESPONSE CHARACTERISTICS

Synchronous noise reduction processing of the data col-
lected in 2012-2017 on the basis of closely located geomag-
netic observatories is aimed at obtaining high-quality EM
field transmission operators. Based on the general state-
ments about a simpler structure of magnetovariational (MV)
responses, the primary task is to obtain magnetic tippers ()
determined from a Wiese—Parkinson relation H, = [W] “H,
and horizontal magnetic tensors [M (r/n, ):| , determined
from relations H, (r)= [M(r/rb )} -H,(r,), in which H_ is
the horizontal magnetic field at a field point O(r) and a base
point B(r,).

At all points where magnetic field component variations
were recorded, the source material supplemented by time
series at four geomagnetic observatories (DLT and PHU —
Vietnam, THJ and LZH — Southwest China) turned out to be
quite suitable for obtaining MV responses.

Based on the data collected this way, the tipper and the
horizontal magnetic tensor are estimated with respect to
various base points using the multipoint processing of syn-
chronous MT/MV data developed in the Institute of Physics
of the Earth, Russian Academy of Sciences (Varentsov,
2002, 2016; Varentsov et al., 2003; Varentsov, 2015). At all
sounding points, including the PHU magnetic observatory,
stable multi-RRMC estimates for the tipper are obtained
(Varentsov, 2015) using from two to four remote points.

For periods from 256 to 8192 s, the maps of the real Wi-
ese—Parkinson tippers on the area under study are construc-
ted (Fig. 2). In its northeastern part, including the PHU
observatory, these vectors are consistently directed north-
eastward in the entire presented period range (the arrows are
directed away from the conductor). In the southwestern part
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of the area at points KSN, YNK, and CTH, the arrows of the
induction vectors have diametrically opposite directions. At
points NGL, YNB, and PYN, which are located in the north-
west of the area, the induction vectors are characterized by a
low level of modulus, and their directions cannot be deter-
mined accurately. The results of calculating the tippers allow
one to distinguish a strip that denotes the redirection of induc-
tion vectors, which stretches for more than 300 km through
the entire area under study from northwest to southeast.

The primary horizontal tensors are determined relative
to the PHU observatory. The quality of the received hori-
zontal responses at all points is uniformly high. However,
judging by the nature of the tippers (Fig. 2), the PHU ob-
servatory is located in the gradient zone of the anomalous
magnetic field associated with a deep-seated electrically
conductive body. In this regard, the horizontal MV re-
sponses estimated with respect to PHU are recalculated
(Varentsov, 2015) relative to the sounding points that are
the farthest from the identified anomalies. Figure 3 shows
two versions of the horizontal magnetic response map: the
one relative to CTB (Cat Ba Island) and the one relative to
HLG (100 km northeast of Hanoi).

Graphically, magnetic responses are represented as el-
lipses of magnetic tensors. For clarity, the ellipses are ro-
tated at an angle of 90° so that their long axes emphasize the
direction of the strike of electrically conductive objects in
the lower half-space. When comparing Figs. 3a and 3b, one
can see that, if the base point changes from CTB to HLG,
there is no fundamental restructuring of the anomalous field
of horizontal magnetic responses. Recalculation with re-
spect to point HLG seems to be optimal in accuracy and
simplicity in terms of the spatial structure of horizontal MV
responses. In this recalculation, for all periods over 256 s,
the isolines of the maximum values of the horizontal MV
responses describe a slightly complicated trapezoidal struc-
ture of the southwestern strike. Due to the lack of field ob-
servations in the western part of the area, the southwestern
wing of the anomalous structure has been studied only par-
tially. The region of minimum tipper values is located inside
the region of maximum values of the horizontal MV re-
sponses. This behavior of anomalous vertical and horizontal
fields obviously indicates that the electrical structure of the
lower half-space is simple and close to a two-dimensional
structure and that it creates the above-mentioned anomalies.
This is also indicated by the nature of the ellipses of hori-
zontal magnetic tensors, characterized by a large predomi-
nance of long axes over short ones.

CHARACTERISTICS OF MAGNETOTELLURIC
RESPONSES

Impedance estimates at different points are quite diverse
in quality. Stable multi-RRMC impedance estimates (Var-
entsov, 2002, 2016; Varentsov et al., 2003) with the use of
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Fig. 2. Real induction vectors at the observation points of magnetic field components. Hatching indicates the zones where induction vectors
change directions. The lower right part of the maps shows the value of the unit vector REW.

two to four remote points could be obtained only in indi-
vidual cases. The extreme invariant parameters of apparent
resistivities and phases in many cases are very different,
which makes it impossible to establish tendencies in their
changes on the territory under study. Effective apparent re-
sistivities and phases match only at individual points: PTO,

KSN, YNK, NGL, and YNB. The MT field processing re-
sults meant for determining the tensor components of the
impedance relating the electrical and magnetic fields by an
expression E, = [Z ] -H . lead one to the same conclusion as
the results previously obtained in this area by Vietnamese
and French researchers (Doan et al., 2001): the interpreta-
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tion of magnetotelluric responses of varying area inevitably
leads to conflicting geological constructions (Dinh et al.,
2018) where each MTS point is identified with a separate
geoelectric block, which strongly differs from the neighbor-
ing ones with respect to electrical resistivity.
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continued to next page

The geological structure of North Vietnam, the tectonics,

and, as shown above, the vertical and horizontal magnetic
responses of the MT field indicate that the presence of re-
gional two-dimensional or quasi-two-dimensional geoelec-
tric structures is highly probable. At the same time, judging
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Fig. 3. Maps of the horizontal magnetic responses. a, Base point CTB, b, base point HLG: the ellipses of the horizontal magnetic responses are
rotated at an angle of 90°. The lower right part of the maps shows the scale M(7/r,).

by the available data, sharp inhomogeneities in the electrical
resistivity of near-surface local structures (discontinuities,
surface and underground waters, etc.) complicate the de-
pendence between electric and magnetic fields, which is a

response to the superposition of deep-seated and surface
structures. According to (Berdichevskii and Dmitriev,
2010), the local-regional impedance of structural superposi-
tion has the form
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(Z%) = (e)(Z"), (M

where (Z%) is the local-regional impedance calculated from
the MT field recordings, (Z%) is the regional impedance, and
(e) is the local electrical distortion tensor.

The studies of impedance (Z°) in North Vietnam reveal a
strong displacement of dispersion relations of the second
kind. According to (Berdichevskii and Dmitriev, 2010), “if
three-dimensional near-surface inhomogeneities form geo-
logical noise that violates the dispersion relation of the sec-
ond kind, then various geological structures are obtained as
a result of the inversion of apparent resistivities and imped-
ance phases”. This phenomenon can be eliminated by sepa-
rating the regional and local effects summarized in the val-
ues of (Z%).

The ability to detect and account for distortions created
by local near-surface heterogeneities has been studied by
many researchers and described in numerous publications.
Currently, the Bahr (Bahr, 1988) and Groom—Bailey (Groom
and Bailey, 1989) methods are widely used in practice the
most. The phase tensor analysis is especially popular
(Caldwell et al., 2004). But, as shown by MTS in folded
areas (the mountainous regions of Sakhalin, Sikhote-Alin,
and Vietnam), where near-surface formations usually have
high resistivity and are dissected into different-scale units by
low-resistivity displacements, the above-given methods can-
not ensure stable values, which leads to conflicting geologi-
cal constructions. Apparently, the reason is that, in all the
methods used, the main directions and the main values of
the regional impedance tensor are determined as combina-
tions of eight calculated impedance tensor components in
the coordinate system of observation of electric and mag-
netic fields. Each of these components, calculated against
the background of geological and industrial noise, introduc-
es a certain error, and then these errors add up. To minimize
this drawback, we propose a more laborious method that
ensures a result stable for this area, which is known as the
azimuthal analysis of apparent resistivity (Nikiforov et al.,
2016). As is known (Berdichevskii and Dmitriev, 2010), if
the x and y axes are directed along and across a regional
two-dimensional structure, then Eq. (1) takes the form

S N 7
Sl A w[o a.

Zy Zy| e ew]lG 0
_e)cyc.!ée exxc.a{e

R R
_eyyCJZ eyxgl |

where Cf and Cf are the main values of the two-dimen-
sional regional tensor, and e, e, , €,,, and e,, denote the real
local electric distortion tensor components.

Let there be electric lines laid in the North—South (&) and
West—East () directions. Electric fields recorded by these
lines are expressed via components in the coordinate system

x, y as follows:
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EN:aNx'Ex+aNy'Ey’ 3)
EW:an.Ex—i_aWy'Ey' (4)

Here ay,, ay,, ay,, and ay, denote the real coefficients
projecting the values of £, and £, onto the North—South and
West—East directions. Uniting expressions (3) and (4) with
Eq. (2), we obtain:

— R
EN _(_aNx'exy_aNy'eyy)'CZ 'Hx+

. ®)
+(aNx'exx+aNy 'eyx)'c.!l 'Hy
R
EW :(_an'exy_aWy'eyy)'QZ 'Hx+

n . 6
—1—(an.e)cx+aWy'eyx).c.!fe.I_I,Vz:)(i2 ( )
i=1

As combinations of real frequency-independent numbers
are enclosed in parentheses, they can be replaced by some
indefinite coefficients:

TApNy "€y T ANy € = Cl 5 (7)
Apy €y T+ any "€y = C2 s (®)
Ty €y — Ay, €y, = C3 P (9)

Ay - €y + Ay - €3 =C,.

(10)
This replacement makes Eqgs. (5) and (6) quite simple:

Ey=C-C5-H. +C 4 H,, (11)

Ey=Cy-G3 -H +Cy-Gf -H, . (12)

As can be seen from Egs. (11) and (12), the electric fields
measured in the lines laid in the North—South and West—
East directions are related to the magnetic field components
along and across the two-dimensional regional structure of
the same type through the main values of the impedance ten-
sor. The action of local heterogeneity in this case comes
down to changing the scale of the main values of the re-
gional impedance tensor, which is expressed in bilogarith-
mic coordinates as a conformal shift of the curves.

The solutions of Egs. (11) and (12) in a wide period range
yield pairs of conformal curves C;-C5 (T) , Cy-CX (T) and
Cy -5 (T). C4 ¢ (T), shifted relative to true values by
the values of undetermined coefficients C,, C, and C;, C,.
Their role is similar to that of frequency-independent factors
determining the intensity of static distortions typical of all
methods of local-regional expansions (Berdichevskii et al.,
1991; Kuznetsov, 2005; Berdichevskii and Dmitriev, 2010).

Technically, the separation of local and regional effects is
carried out by incrementally (usually starting from the
South—North direction and then by a step of 10°) increasing
the angle of rotation of the coordinate system xy, into which
the horizontal magnetic field components /, and H,, initial-
ly recorded in the South—North and West—East directions,
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are converted. Then, in a wide period range, coefficients
Zy (D), Zy (D), Zy(T), and Z,,,(T), which relate the electric
field in the South—North and West—East directions with the
horizontal components H, and H, are calculated:

Ey=Zy-H.+Zy,-H,, (13)

EW:ZWx'Hx—i_ZWy.Hy' (14)

Reaching the conformity of curves in pairs |Z N (T)| and
|ZWX (T)|; |ZNy (T)| and |ZWy (T)| ends the process of in-
creasing the angle of rotation of the coordinate system xy.
According to Egs. (11) and (12), this angle defines the main
directions of the regional impedance tensor. In this case, the
main values of the impedance tensor are

C-C5 =2y, (T); G -G8 =Zy, (7), (15)
Co Gt =2y, (T); Cy -Gt = Zy, (T). (16)

It should be noted that, if the observation point has an
additional electrical measuring line laid in direction o, then
it can be used to similarly obtain coefficients Z, (7) and
Z,(T), which possess the above-described properties.
Therefore, the use of additional lines for recording the MT
field allows one to control the reliability of determining the
principal values of the regional impedance tensor.

The values of Zy(T), Zy (1), Zy(T), and Zy,(T) are used
to calculate the apparent resistivity curves py(7), py.(7),
Pan(T), and py,(T), on which the shape details can be seen
more clearly. Figure 4 shows an example of apparent resis-
tivity curves calculated using the method discussed above.
As seen from the figure, with the position of the axes
x ~335°and y ~ 65°, the apparent resistivity forms two con-
formal groups p, (1), pd(D), pyT) and p, (1), py(D),
Py:(T). Such division into two polarizations indicates that
there really is a regional structure close to a two-dimension-
al one. The main impedance values are determined with an
accuracy to an indefinite constant factor. Given this circum-
stance, below we consider curves piy =Py "Pwy and
P;x =+/Pnx "Pwx , which are also shifted relative to their
true position. The fact of mismatch between the estimated
value and the true value is denoted by * above p.

Figure 5 shows the apparent resistivity curves calculated
by the method considered above or by the method of rota-
tion of the impedance tensor with further verification of the
conformity conditions (13) and (14). On the territory of
North Vietnam, two main directions are reliably distin-
guished at almost all points: the first corresponds to the di-
rection of the x axis 325-335°, and the second corresponds
to the direction of the y axis 55-65°. Only at point TRS,
which is located in a crushing zone and, accordingly, in a
zone of strong surface distortions, p;, and pj, could not be
obtained.

Apparent resistivity in the territory of North Vietnam is
distinguished by its behavior in a long-period range
T > 500 s. Figure S5a shows a family of curves p;y, repre-
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Fig. 4. Examples of the apparent resistivity curves calculated at COT
according to electric field variations in the North-West (N), West-East
(W), and North-West—South-East (NW-SE = 135°) lines, as well as to
magnetic variations in the main impedance tensor directions X and Y.
The dotted lines denote the direction of the x axis, which is 335°, and
the solid lines denote the direction of the y axis, which is 65°.

sented in general terms by conformal individual curves.
These curves in an interval of periods of 10 < 7 < 100 have
an ascending branch further replaced by a maximum and a
stable descending branch, which in some cases continues
until 7= 10,000 s. Similarly, in a long-period interval, there
is family p’_ (Fig. 5b). The difference lies in the variety of
shapes in short periods. However, despite the large scatter in
the levels of individual curves in both families, the geomet-
ric mean curves P,; and Py are both fairly close in level
and conformal at 7> 500 s. Formally, the mutually perpen-
dicular curves pj,;” and pz;’ also indicate the presence of a
layered background deep-seated geoelectric section, in
which the electrical resistivity decreases with depth starting
from a certain boundary.

Other features of the deep-seated geoelectric section are
obtained from the curves presented in Fig. 5c¢, d. Both fami-
lies, one of which is formed by individual curves p,,, (Fig. 5¢)
and the other one by individual curves p;x (Fig. 5d), are very
similar to each other. In a period range 10 < 7 < 1000 s, the
individual curves p;y and p;x have asymptotically ascending
branches (at points NIC, HLG, KSN, THB, BOR, CTH, and
CTB), sometimes complicated by bends (p;, and p;, at point
CTH and p;x at points THB and HLG). In most cases, there
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is a minimum on the curves in this range, and the position of
this minimum on the axis of periods varies from point to
point. All the curves of both families, regardless of their in-
dividual shape in a short-period interval, have a steep as-
cending branch at 7> 1000 s, which at some points is traced
to 7'=20,000 s. It is noteworthy that, despite the very large
scatter in the apparent resistivity levels of individual curves,
which is three to four orders of magnitude, geometric aver-
aging yields the values of P and P, , which are similar in
shape and level (Fig. 5). This kind of curves can theoreti-
cally correspond to a plane-layered geoelectric section un-
derlain by an absolute insulator of infinite power.

CONSTRUCTION OF A GEOELECTRIC
MODEL OF TECTONOSPHERE
OF THE FIRST APPROXIMATION

It is revealed by analyzing the MT and MV responses of
the medium in Northern Vietnam that the anomalous verti-
cal and anomalous horizontal fields have a relatively simple
structure, which basically corresponds to the two-dimen-
sional geoelectric structures of the lower half-space. The
structure of the electric response field turns out to be more
complicated, although it should be noted as a positive factor
that the southeast direction of the domain of anomalous val-
ues of the vertical and horizontal magnetic fields corre-
sponds to one of the main directions of the regional imped-
ance tensor.

It is shown by regionalizing curves p,, and p;, that, on
the relatively small territory of North Vietnam, in both main
directions, the apparent resistivity curves in their long-peri-
od parts transform from descending to asymptotically as-
cending. Explaining the nature of ascending branches is cru-
cial for describing the geoelectric model of tectonosphere.
In the coastal zone, an abnormal increase in apparent resis-
tivity is usually associated with the “coastal” effect (Moroz,
1991; Nikiforov et al., 2004; Utada and Baba, 2014). How-
ever, North Vietnam is washed by the shallow Gulf of
Tonkin (a 100-m isobath is located more than 400 km from
the coastline of the area under study), which does not allow
one to relate the anomalous effect with the influence of the
sea. Another convincing and fundamentally new circum-
stance that excludes the effect of the “coastal” effect is the
fact that the anomalous behavior of the apparent resistivity

Table 1. Geoelectric horizons of the tectonosphere model of North Vietnam
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curves is observed in three zones of different strikes: one of
them stretches along the coast in a northeastern direction,
and the other two orthogonally cross the former in a south-
eastern direction. Inside these zones, abnormally ascending
branches are observed across the curves with respect to the
zone strike (on curves p";y in the zone of northeastern strike
and on the curves p’;x in the zones of southeastern strike),
which can be traced to periods of 10,000—15,000 s.

It can be noted that extended ascending branches on ap-
parent resistivity curves are also often observed in continen-
tal structures, for example, within kimberlite-containing ar-
eas (Pospeeva, 2008).

The nature of anomalous MV and MT responses is prob-
ably related with the specific features of layer-block struc-
ture of tectonosphere, in which vertical (steep-dip) interfac-
es contribute to the formation of vertical electrical currents
transforming into horizontal currents near the day surface.
Based on the assumption that the effective apparent resis-
tivities agree with each other in the regions where horizontal
currents are minimal, MTS at these points can be used to
obtain a general idea about the layered geoelectric section of
tectonosphere. The data at points PTO, KSN, YNK, NGL,
and YNB, which satisfy this condition, serve as a basis for
developing the layered background model of the tectono-
sphere of North Vietnam.

For the above-given points, 1D inversion is performed
(Varentsov et al., 2003). On graph p(H), the results of this
inversion form a relatively wide range of possible values of
electrical resistivity, which regularly changes over depth
(Fig. 6). The bounds of maximum and minimum values of
this domain are practically conformal, favoring the separa-
tion of individual geoelectric horizons of the tectonosphere.
Graph p(H) in a depth interval of 200-500 km virtually
matches the standard geoelectric section (Van’yan et al.,
1986; Van’yan, 1997), which validates the confidence in its
upper part (0200 km). In this depth interval, the following
geoelectric horizons can be distinguished (Table 1).

Analyzing the ratio of inverted electrical resistivity re-
veals two different tiers of the geoelectric section of the tec-
tonosphere of North Vietnam. The upper tier, which occu-
pies a depth interval of 0-50 km, is characterized by a
significant (two to three orders of magnitude) underestima-
tion of the inverted electrical resistivity relative to the stan-
dard. Most reference observation points contain low-resis-
tivity (10-20 Ohm-m) formations in an interval of depths

No. Names of geoelectric horizons Roof depth, km Base depth, km Range of resistivity, Ohm-m
1 Sedimentary cover 0 1-2 60-300

2 Upper part of the consolidated crust 0-2 10-20 200-1000

3 Lower part of the Earth’s crust 10-20 30-50 15-30

4 Subcrustal lithosphere 30-50 120-150 1000-10000

5 Asthenosphere 120-150 50-100

6 Standard (gradient) geoelectric section (Van’yan, 1997)




1046

V.M. Nikiforov et al. / Russian Geology and Geophysics 61 (2020) 1036-1055

Electrical resistivity, Ohm-m

102
| .

108 10*
L ul

~—n

vul L
Domain of values
of the tectonosphere

A‘/ electrical resistivity
at points: YNK,

\'\_H\\PTO, KSN, YNB

]

10"

Depth, km

1023

10

Z=zp

Py ) 3

LS4

Fig. 6. Summary chart of the distribution of electrical resistivity of the tectonospheric rocks of North Vietnam (according to the efficient apparent
resistivity inversion data). /, resistivity inversion at points YNK, PTO, KSN, and YNB; 2, resistivity inversion at point NGL; 3, boundaries of the
domain of possible values of the electrical resistivity in the tectonosphere of North Vietnam; 4, standard (Van’yan, 1997) resistivity of the tec-

tonosphere rocks.

from 10 to 50 km. Some points located within fault zones,
such as point NGL, have very low resistivities (I—
10 Ohm-m) in a depth interval from 0 to 10 km. However,
starting from 30 km and deeper, the inverted resistivity dis-
tribution is the same as at all other strong points. This fact
can be interpreted as a manifestation of low-resistivity fault
zones extending to a depth of 1015 km.

The lower tier of the geoelectric section, studied in a
depth interval of 50-450 km, is characterized by a small
deviation of the inverted resistivity from the standard. A
certain underestimation of inverted resistivities is observed
only in a range of 120-250 km, which can be related to the
presence of electrically conductive (50-100 Ohm-m) layers
of the asthenosphere in the section of the tectonosphere.

When it comes to searching for a class of inhomogene-
ities located in the above-mentioned layered geoelectric sec-
tion, which could be represented as ascending branches up
to periods higher than 10,000 s on the apparent resistivity
curves, a special attention is paid to a model (Nikiforov et
al., 2014, 2018) referred to as a ultradeep fluid-fault system
(UDFFS). This UDFFS is comprised of three main ele-
ments. The first one is a low-resistivity body in the form of
a vertical stratum developed in lithosphere and under its
bottom, and this body violates the continuity of electrical
conductivity of asthenosphere. On both sides of it in the
lithosphere, there are subvertical (steeply dipping) electri-
cally conductive relatively thin layers that divide the litho-
sphere into separate geoblocks. These strata, identified with
the fluid-saturated crushing zones of deep-seated faults, pro-
vide a galvanic coupling between the sublithospheric con-
ductive horizons and the conductive layers of the sedimen-
tary cover. This coupling ensures an electric circuit through
which the current, which is induced in the sublithospheric

horizons and enriched with long-period components, enters
the sedimentary stratum. In the region between the outputs
of the conductive faults to the surface, this additional current
transforms the frequency response of the medium.

The transformation of the frequency characteristics of re-
sponses (and, accordingly, the apparent resistivity) depend-
ing on the details of the model of the block-layered tectono-
sphere of North Vietnam are studied in a two-dimensional
version (Fig. 7). The figure shows the simulation results for
profile DD’ passing in the northwestern direction through
the MTS points NGV, CTB, TMD, and TRS. The UDFFS
system is placed into a layered-block geoelectric section
with its parameters given in the table. Its 40-km wide high-
resistivity element with an electrical resistivity p, =
1000 Ohm-m divides the electrically conductive astheno-
sphere (p,, = 20 Ohm-m) into electrically insulated parts.
Vertical conductive layers (p;,, = 5 Ohm-m) with a thick-
ness of 2 km, which simulate the fluid-saturated zones of
deep-seated faults, are placed into the high-resistivity
lithosphere (p;;, = 1000 Ohm-m). The upper part of the sec-
tion is a layer reflecting the sedimentary sequence of vari-
able thickness (up to 3 km) and resistivity (p,y = 10—
100 Ohm-m). At the central part of the model corresponding
to the Hanoi depression, the resistivity of the sedimentary
stratum is 10 Ohm-m. The UDFFS in the section creates an
anomalous effect on the transverse apparent resistivity
curves in the form of pulling in of their ascending branches,
which is clearly demonstrated by the calculation results for
models 4 and B, differing only in the values of the electrical
resistivity of the conductive plate (p,, ) in the Earth’s crust
in a depth interval of 15-25 km. If p = 100 Ohm-m and
larger, the ascending branch p* at all points on the profile
section between the faults monotonically increases in a pe-



1047

V.M. Nikiforov et al. / Russian Geology and Geophysics 61 (2020) 10361055

WL G ST AJATSISOI [BIL1)O9]D ) pue
‘un| ¢ 0) 7 SI SIOAL] SAIIONPUOD [BINISA AU} JO YIPIm oy -erdydsoudyse ayy ur 10Ke] A)1AnsisaI-ySiy pue 210ydsoyI] 9y} Ul SPAQ SANINPUOD [BITLIIA JO JDUASAE Y} UI (U] GZ—G ) ISNIO S YJIes oY)
ur 10AB[ 9AIIONPUOD B YIM SII(N P ‘010ydsoy)i] oy} Ul SPaq SAIONPUOD [EOILIDA JO 9OUSAR AU UI (W] §Z—G ) ISNID S LB Oy} Ul JOAB] 9ATONPUOD B YIM SIIdN 2 ‘Ww-wyQ 07 = d (W $Z-S1)
SA1dN ‘g ‘w.wyQ 081 ="d (U] GZ—G 1) ISNIO S, [YiIeq dY) Ul JoKe] 9ATIONPUOD B PIM S TN ‘P "210ydsouo)oo) oy JO [9poul PAIdAB[-300]q Y} JO SUOISIOA JURIIPIP SOAIND STIA [8ONRI0Y ], °L "SI

wy wm_w om_m mm_m om_ﬁu N__& m_rm _L_N om_N 0 wy wy €9 9.9 €€g 09y (434 6lL¢ (Yk4 0ee 0 wy
| | | | |

alaydsouayisy] |

N 2 w-wyo 2 a2 ry ry 0
dinL S¥L ADN gHL dnL Sl
S .H s .H s ,H
l 0000l 0001 00L OL l 000‘0L 000} 00L Ol l 000‘0L 000L 00} O I
E L L Ly L B ITRIE TR L E Wi L E
[0) [0) (9] @
[ Q L Q N Q L Q
: 3 : 3 c 3 s 3
8 S 2 2
FoL S ok an, O oL 3
i @, - @, d 7 @, - 3
” @ ” @ P @ s 7}
< < T~ P = < <
001 F - 001 F ey, E00L F S 001 Z
- 0o SRS N 9o o S
C 3 C 3 . AON <L = C =
: 3 : 3 I« N - 3 : 3
F 000l 3 000l 3 S =000l 3 = 000l 3
14 2

w vm_“w om_m mm_“m w wm_uo ©¢m mm_”m

anL Syl anL Syl
Sy sy Sl sy
000°0L 0001 00} 0L L 000°0}L 000} 00} 0L 3 000°0} 0001 00} OL 3 000°0} 000} 00L O L

g ! 2 -8 S
>on C = C S C E C =1
TN 3 3 Y 8
0L S foL S FoL S o 2
~<, - < < < ES
n../..../....w‘\ m_IhQ \.l 00l ..;N.. =001 uN.. =001 .nm.. 001 uM.

RS M L L L -
oA Ak ° ” S ‘ S : g
N7 3 : 3 : 3 : 3
= " 0001 3 0001 3 " 000} 3 " 000} 3




1048

riod range 1 < 7'< 10,000 s (Fig. 7a). If p,,, =20 Ohm-m
and p' increases, the shunting effect of the crustal conduc-
tive plate forms a clearly manifested minimum, which is re-
placed by an ascending branch at periods above 100 s
(Fig. 7b). In both models, transverse curves outside of the
UDFEFS in the lithospheric blocks 1 and 2 in a period range
100 < T'< 10,000 s are represented by descending branches,
which match the descending branches on the longitudinal
curves p”in periods 7> 1000 s. Over the entire profile in the
lithospheric blocks 1 and 2, curves p! remain virtually the
same. It is shown by a detailed analysis of the results that, in
models 4 and B, the transition bands in which the transverse
curves transform from “normal” to “anomalous” are several
kilometers in length. The low-resistivity crustal plate is re-
flected on the transverse curves pt as a minimum. At the
same time, the minimum on p* is noticeably shifted toward
long periods relative to the corresponding minimum on
curve p”. The position of the minimum on p* is strictly re-
lated to the parameters of the conductive plate (the depth of
occurrence and the electrical resistivity), which increases
the possibility of interpreting the data.

The absence of translithospheric electrically conductive
vertical zones in the tectonosphere section significantly af-
fects the behavior of pt, which becomes weakly sensitive to
the presence of a horizontal conductive plate in the Earth’s
crust: instead of a clear minimum, there is a slight bend in
an interval of 20-40 s (Fig. 7¢). In a long-period range
T> 100 s, curves p*slightly change their shape throughout
the entire profile, representing a straightened line stretching
to 7> 10 000 s. These curves can be used to establish the
position of the projection of a high-resistivity asthenospher-
ic insert on the day surface. The level of conformal shift of
pt is determined by the resistivity of the near-surface layer
of the sedimentary sequence.

If the tectonospheric section has no high-resistivity insert
separating the conductivity of the asthenosphere, then the
transverse curves p' virtually lose their sensitivity to con-
ductive plates in the Earth’s crust (Fig. 7d). Their shape is
now determined by the parameters of the main horizontal
layers of the tectonosphere and varies slightly along the pro-
file. The apparent resistivity level at each particular observa-
tion point varies following the values of the electrical resis-
tivity of the surface layer of the sedimentary stratum. Far
from the near-surface heterogeneity (points 1 and 4), curves
pt occupy their “true” level. In this case, the long-period
falling branches p* match those on p”, and the difference in
the shapes of p* and p” in a period range 10 < 7 < 1000 s is
determined by their different sensitivity to the presence of
linear conductors in the section.

Similar phenomena in the transformed MTS curves were
obtained previously on the basis of modeling the geoelectric
section of the tectonosphere using the AA’ profile along the
shore line of the northern closure of the Gulf of Tonkin,
where the presence of two UDFFSs of the southeastern
strikes was recorded (Nikiforov et al., 2014, 2016, 2018).

V.M. Nikiforov et al. / Russian Geology and Geophysics 61 (2020) 1036-1055

One of them gravitated toward the Red River fault zone, and
the other toward the Cao Bang — Tien Yen Fault zone.

Thus, the mechanism of the monotonous growth of ap-
parent resistivity with increasing periods up to 20,000 s,
caused by the presence of an UDFFS structure in the section
of the tectonosphere, is convincingly substantiated. By in-
troducing vertical and horizontal electrically conductive
bodies into various parts of the model and changing their
parameters, one can obtain the whole variety of the shapes
of MTS curves, characteristic of experimental data. In this
case, the presence of low-resistivity (fluid-saturated) faults
in the section, which extend to the base of the sedimentary
sequence, is marked by a sharp change in the shape of the
transverse curves pt. This approach is used to zone the tec-
tonosphere of North Vietnam with allocation of three
UDFFSs (Fig. 8).

The role of a practical criterion for geoelectric zoning is
played by the change of descending branches p;y to ascend-
ing branches in a period range 7 > 1000 s, so it is not diffi-
cult to distinguish boundary 2 identified with the extension
of the low-resistivity (fluid-saturated) conductor (fault) to
the base of the sedimentary cover, which provides galvanic
bonding of between the rocks of the sedimentary cover with
electrically conductive asthenosphere (Fig. 8). To the north
of boundary 2 at points NGL, YNB, TNQ, and TRS, curves
p;y are represented by descending branches at 7> 1000 s. At
the points located to the south of this boundary, curves p;,
have branches ascending in a range 10 < T'< 2000 s (HLG,
CTB, and THB) or ascending branches complicated by a
minimum. Further south, at points COT, COT2, NGV, and
NIC, one may again observe curves p;y, represented by a
descending branch at 7 > 1000 s. The position of these
points allows for a southern boundary denoting a change in
the types of curves (boundary 1 in Fig. 8) to be drawn in the
form of echelon-joined segments. Thus, between boundaries
1 and 2, there is a zone of anomalous behavior of p;y in the
long-period range, associated with the presence of high-re-
sistivity disturbance I in the electrically conductive astheno-
sphere, and the axis of this zone extends in the northeast
direction along the Kim Son — Lang Son line. The tectonic
elements 1, I, and 2, which determine the anomalous behav-
ior of p:y, form the UDFFS of the northeastern strike.

The analysis of the apparent resistivity in the northeast-
ern direction allows one to distinguish two abnormal zones
of p;x, associated with the presence of high-resistivity dis-
placements with a southeastern strike in the asthenosphere.

The first zone (Fig. 8, elements 3, II, and 4) is substanti-
ated by observations of MTS at points CTH, NIC, BOR, and
THB. These points are located to the south of the high-resis-
tivity asthenospheric displacement I (Kim Son — Lang Son).
At points PYN and PTO, located north of displacement I,
the ascending branches on curves p;, are not shown. The
considered behavior of p], in the western part of the investi-
gated territory suggests that the high-resistivity lithospheric
displacement II accompanying the Red River fault system,
is developed only in the southern part of the region under
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Fig. 8. Positions of the projections of UDFFSs of the tectonosphere of North Vietnam. /, projection onto the day surface of the high-resistivity
disturbance system in the asthenosphere of the Kim Son — Lang Son northeastern strike (I); 2, projection of the high-resistivity disturbance sys-
tems in the asthenosphere of the southeastern strike: II, system of the Red River fault zone, 111, Tien Yen—Cao Bang system; 3, extensions of the
high-resistivity (fluid-saturated) translithospheric subvertical faults: a, determined, b, assumed; 4, UDFFS of the northeastern strike; 5, UDFFS of
the southeastern strike; 6, territories with normal apparent resistivity; 7, MTS points and their names. The numbers in the circles denote the exten-

sions of the high-resistivity translithospheric faults.

study and, probably, under the water area of the Gulf of
Tonkin. It decays rapidly in the continental part in the north-
west direction after crossing the Kim Son — Lang Son line.
On both sides, the considered high-resistivity displacement
is enclosed by low-resistivity translithospheric conductive
layers (fault zones) 3 and 4 (Fig. 8).

The second zone (Fig. 8, elements 5, 111, and b), which is
associated with the high-resistivity lithospheric displace-
ment III, is determined by data at HLG, CBU, and TRA in
the eastern part of the area under study. Displacement 111
crosses the Kim Son — Lang Son line, but it is unknown at
this stage of investigation whether it decays immediately af-
ter the crossing or extends far in the northern-western direc-
tion. On the territory under study, it is bounded on both
sides by low-resistivity translithospheric faults 5 and 6. The
position of the latter is shown conditionally as the boundary
at which the type of curves p;x changes is marked at one
COT point.

The combined analysis of curves p;, and p), allows one
to obtain an idea of the skeleton frame of the geoelectric

depth model of North Vietnam. It is shown by ultradeep
fluid-fault steeply dipping systems intersecting virtually or-
thogonally and developed in a layered section. A more de-
tailed analysis of the apparent resistivity, specifically
complications on the ascending branches of curves p,, yields
a certain idea about the spatial location of electrically con-
ductive formations in the crust and subcrustal lithosphere.
In the family of curves piy (apparent resistivity in the
northern-western direction) has a large group characteristic
for the presence of a minimum in a range 50 < 7 < 500 s,
preceding the ascending branch at 7> 1000 s. According to
numerical modeling of the geoelectric section, this nature of
piy is due to the presence of plates at different deep intervals.
The modeling of the position of these minima on a period
axis, their width, and the position of apparent resistivity on
the axis can help one obtain an idea about the deep intervals
of development of low-resistivity formations (Fig. 9¢). If the
values of electrical resistivity lies in a range 10 < p <
20 Ohm-m, the experimental curves p, match model curves
by their shape the best. As seen from the section of profile
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Fig. 9. Geoelectric model of the tectonosphere of North Vietnam. a, diagram of electrical conductivity; b, chart for tippers (REW) and horizontal
magnetic responses (M (r/ryg)); ¢, geoelectric section of the tectonosphere along profile A—A'. 1, 2, low-resistivity rocks in the upper, middle,
and lower parts of the Earth’s crust; 3, anisotropic-conductive rocks in the middle part of the lithosphere; 4, anisotropic-conductive rocks near the
Moho discontinuity; 3, translithospheric solid low-resistivity faults; 6, translithospheric discrete low-resistivity faults; 7, crustasl low-resistivity
faults; 8, projections of the conductivity boundaries in the lithosphere; 9, sedimentary cover rocks. The numbers in the circles denote faults, and
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A—A' (Kim Son — Co To), the conductive crustal formations
are maximally close to the day surface at a depth of 10 km
in the vicinity of points CTH and NIC. Geographically, this
zone of elevation of crustal conductive formations extends
in the northwest direction and is clearly fixed in the north of
the region at points PYN and PTO (Fig. 9a). Tectonically, it
corresponds to the fault system of the Da River. This electri-
cally conductive crustal zone plunges in the northeast direc-
tion to a roof depth of up to 20 km. Judging by the fact that,
at points BOR and TMD, cortical conductivity is observed
only for the northwest direction and is not fixed in the or-
thogonal direction, we can assume that the band with the
TNQ, TMD, and BOR axial line in the middle part of the
lithosphere (20-50 km) has a system of close low-resistivity
faults of the northwestern direction, which match the fault
zone of the Red River. It is interesting to note that, at point
TNQ located outside the anomalous zone of the UDFFS of
the Kim Son — Lang Son line, a crustal conductor is pre-
sented differently than inside the UDFFS itself, which fits
well with the modeling results. At this point, the crustal con-
ductor is marked on p;y as a minimum against the back-
ground of a general decrease in the apparent resistivity.

To the west of the fault system of the Da River, a possi-
bly separate, electrically conductive crustal zone is located
in a depth interval of 15-25 km. It is well manifested on
curves p;y at points YNK and CTH. Based on the azimuthal
analysis, we can confidently state that the X axis at these
points has a direction of 310-320°, which contrasts with a
value of 325-335° observed at all other points. In addition,
as shown in Fig. 2, this zone associated with the fault system
of the Ma River, steadily turns the tipper arrow at PYN clos-
er to the north at all periods.

The change in the apparent resistivity p;x in the northeast
direction indicates that the geoelectric model has several
zones that are electrically conductive (anisotropic) in the
northeast direction. Their peculiarity lies in the fact that they
have a northwestern strike that is orthogonal to conductivity.
As is known (Berdichevskii et al., 1991; Berdichevskii,
2010), the reflection of the core conductor on curves orthog-
onal to the strike of the zones is possible if it has a galvanic
coupling with the sedimentary sequence. Given this proper-
ty of the MTS curves, the model is supplemented with the
low-resistivity faults 7, 8, and 9, penetrating to a depth of
about 40 km and providing the indicated relationship (see
Fig. 9a, b).

The zone bounded by faults 7 and 9 at points PYN, PTO,
and CTH contains conductive crustal formations, which ap-
pear on the mutually perpendicular curves p;x and piy simul-
taneously and in different ways. It can be assumed that this
is the way that an isotropically conductive crustal plate is
reflected on the MTS curves, which, according to the nu-
merical simulation estimates, lies at a depth interval of 10—
15 km. At points NGL (to the north of fault line 2) and NIC
(south of fault line 1), curves p;x orthogonal to the strike of
the zone show no complications indicating the presence of a

crustal conductor. This is probably due to the absence of
low-resistivity faults in these parts of the section, providing
galvanic coupling between the crust conductor under con-
sideration and the sedimentary sequence. For this reason, it
is shown only on curves p,.

In the zones between faults 84 and 5-6, the crustal low-
resistivity conductors are fixed only on curves p;x, orthogo-
nal to the strike. According to calculations, these anisotro-
pic-conductive formations are widespread in a depth interval
of 3040 km, i.e., they are located near the Moho disconti-
nuity (Nikiforov et al., 2014, 2018).

It is shown by the analysis of magnetic responses (Figs. 2,
3a, b, and 9b) that they are mainly associated with elements
of the geoelectric depth model and extend in the northwest
direction. These include the translithospheric fault 3, the
crustal faults 7, 8, and 9, and the crustal electrically conduc-
tive systems of the Ma, Da, and Red rivers (Fig. 10).

The most elevated crustal electrically conductive system
of the Da River (the depth of the top edge is about 10 km)
along with the listed low-resistivity faults extending into the
base of the sedimentary sequence (at a depth of not more
than 2 km) form a zone of minimum values for the tipper
and maximum values for the horizontal magnetic response
M (r/rygL) or M(r/rerg) on the day surface. The bound-
aries of the zones of the crustal electrically conductive sys-
tems along with the low-resistivity faults are located in the
model with maximum agreement in terms of the large axes
of the ellipses M (r/rerg) (Fig. 10).

To the northeast of this conductive system that is as close
as possible to the surface, the REW tippers are aligned in
northeast azimuths. Their weak decay is due to the presence
of another more submerged crustal electrically conductive
system of the Red River, located hypsometrically below the
crustal system of the Da River. As the electrically conduc-
tive system of the Red River is maximally manifested in a
depth range of 20—50 km, it has little effect on the character
of ellipses W (r/rerg) and the appointment of the REW tip-
pers directly above the system.

To the southwest of the translithospheric fault 3, which
bounds the conductive system of the Da River, the electri-
cally conductive crustal system of the Ma River is located
hypsometrically lower (15-20 km). It is slightly more turned
westwards. With this azimuthal unconformity with the Da
system, there is an obvious change in the direction of the
tippers at point PYN and on the large axes of the ellipses
W(I”/ I’CTB) at points KSN and YNK.

At this stage of the study, the magnetic responses of the
medium seem to have no pronounced relationship with
faults 1 and 2 of the northeastern direction and faults 8, 4, 5,
and 6 of the northwestern direction. The listed faults are the
main elements of the geoelectric depth model, which are as-
sociated with characteristic of apparent resistivity. Consid-
ering that the vertical conductivity of faults is important for
the formation of apparent resistivity anomalies and their
horizontal conductivity is important for the formation of
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Fig. 10. Elements of the geoelectric model of the tectonosphere that determine the magnetic responses of the medium. /, tippers; 2, ellipses of
horizontal responses relative to point CTB; 3, low-resistivity (fluid-saturated) translithospheric faults; 4, low-resistivity (fluid-saturated) crustal
faults; 5, 6, low-resistivity plates in the Earth’s crust: 5, a depth interval of 10-15 km, 6, a depth interval of 15-20 km; 7, zone with formations
that are anisotropic-conductive in the northwestern direction in a depth interval of 20-40 km; 8, projection of the boundaries of the crustal longi-
tudinal bodies onto the surface. The numbers in the circles indicate the low-resistivity faults that extend to the surface.

magnetic anomalies, we can assume that these faults are not
solid bodies capable of electrical conduction in horizontal
directions.

RESULTS AND DISCUSSION

Long-period electromagnetic studies (10 < 7°< 20,000 s)
performed according to the programs of Russian-Vietnam-
ese scientific cooperation on the territory of North Vietnam
contributes to obtaining new results both in the field of elec-
tromagnetic phenomena in the heterogeneously conducting
section of the tectonosphere and in the field of developing
new ideas about a deep-seated structure in the junction zone
of the Indochina and South China geoblocks. As it turns out,
the most important feature of a long-period electromagnetic
process is the galvanic interaction of deep-seated electrical-
ly conductive systems (conductive asthenosphere and subas-
thenospheric horizons) with the conductive system of a
sedimentary cover, including the water layer. Interaction oc-
curs via subvertical (steeply dipping) electric current con-
ductors associated with the fluid system of discontinuous
and fracture displacements, which form through translitho-
spheric faults.

In the superposition zone of near-surface and deep-seated
currents differing in their frequency characteristics, there are
generated anomalous apparent resistivity curves whose
mandatory component is the ascending branch at 7> 1000 s.
The individual features of the anomalous MTS curves are
also determined by the presence of conductive bodies in the
geoelectric section of the lithosphere, which are adjacent to
conductive subvertical faults (channels), and by the hetero-
geneous electrical resistivity of the surface layer in which
telluric currents are recorded. In this regard, separating local
and regional magnetotelluric effects is especially important
for data interpretation. The above-given approaches for
solving this problem allow one to obtain initial impedance
responses (almost inconsistent among themselves) to a sys-
tem with stably expressed patterns of variation over the area
under study.

The main elements of the model are multidirectional ver-
tical electrically conductive plates identified with fluid-satu-
rated faults of various ranks and dividing the layered section
of the tectonosphere (very similar in parameters to the sec-
tion of Sakhalin, Kamchatka, and Japan) into geoblocks of
various scales.
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Anomalous vertical and horizontal magnetic fields have a
simple structure generally matching a corresponding two-
dimensional model. In this case, the position of the crustal
conductive bodies of the northwestern strike in the Ma —
Red — Lo rivers interfluve, identified by interpreting the ap-
parent resistivity, satisfies the character of the REW tippers
and ellipses M (r/rorg ) . At the same time, magnetic anom-
alies react weakly to a number of conductive bodies in the
lithosphere of both northwestern and northeastern strikes.
This leads to the conclusion that fault zones can have both
vertical and horizontal conductivity in some cases and only
vertical conductivity in other cases. The fact that electric
and magnetic fields respond to the elements of the geoelec-
tric structural tectonosphere in different ways makes it im-
portant to integrate MTS and MVS. It allows one to obtain a
more complete pattern of the deep-seated structure, which
cannot be done by each method separately.

The position of the main faults of the region relative to
the elements of the proposed geoelectric model of the tec-
tonosphere is shown in Fig. 11. It can be seen that the faults
of the Red, Chay, and Lo rivers match the projections onto
the day surface of the boundaries of conductive prisms in
the Earth’s crust. They are also in good agreement with how
the fragments of the fluid-saturated faults 3, 7, §, and 9 ex-
tend to the base of the sedimentary sequence (Fig. 9). As
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noted above, these elements of the model create anomalies
in the magnetic field.

Figure 11 also shows the location of ore, naphthide, and
hydrothermal deposits in the geoelectric structure of the re-
gion. It is clearly seen here that the location of the deposits
is controlled by the exit lines of vertical electrically conduc-
tive faults of a predominantly northeastern direction (fault
zones 1 and 2). Moreover, most deposits are located near the
intersection of displacements 1 and 2 with displacements of
the northwestern direction. It can also be noted that oil and
gas deposits near the Red River and asphalt deposits on the
Cat Ba Island and near the Yen Bai City are associated with
extensions to the base of the sedimentary sequence of elec-
trically conductive translithospheric faults. Apparently, this
is characteristic for the entire junction zone of the Asian
continent with marginal seas. In the oil and gas basins of
Sakhalin, the exact same pattern of location of hydrocarbon
deposits of the relative geoelectric structure is found (Niki-
forov et al., 2016)

The relation between geological objects and phenomena
with the geoelectrical structure elements indicates that geo-
logical processes are accompanied by changes in the elect-
rical resistivity of adjacent strata. Dry rocks are character-
ized by a high resistivity of 104-106 Ohm-m. Under the
influence of temperature and pressure, it monotonically de-

22°
N

Hanoi \

20°

19° — T —— T
104° 105° 106°

"

107° 108° E

Fig. 11. Relation between the geoelectric structure and the location of minerals and the main faults of North Vietnam. Minerals: /, pyrite; 2, gold,;
3, mercury; 4, iron; 5, aluminum; 6, Pb—Zn ore; 7, copper ore; 8, asphalts; 9, antimony; /0, gas field, /1, hydrothermal springs, /2, titanium, /3,

tungsten, /4, granite. The remaining denotations are in Figs. 1, 9 and 10.
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creases over depth. The nature of highly conductive hori-
zons is considered in detail in (Kissin, 1994; Van’yan,
1997). It is associated in most models mainly with the par-
tial melting of the upper mantle substance and the dehydra-
tion of the crustal substance under certain conditions. Insuf-
ficient attention has been paid to the study of deep-seated
vertical geoelectric structures. In (Nikiforov et al., 2013,
2016, 2018), the deep degassing of the Earth is considered
to be one of the possible reasons for the presence of vertical
geoelectric structures in the tectonosphere. The main com-
ponents of the deep fluid are considered to be the H,, CO,,
CO, C H,, and H,O gases (Kadik and Lukanin, 1986). De-
pending on their quantitative ratio, temperature, pressure,
stress-strain state, the petrological properties of the host
rocks, etc., the fluid state transforms. Usually, several types
of reactions in the Earth’s crust and the upper mantle are
considered, which result in the formation of an electrically
conductive material (Kadik and Lukanin, 1986):

2CO & Cgyphite) T COy,

CO, +2H,; & Cgrphite) + 2H,0,

COo+ H2 < C(graphite) + HZO’

CO, + CH, < 2C yypite) T 2H,0,

15Fe0 + CO, <> Fe;C gpenite) T SF€,05 + 2Fe0,
Fe,C+20,< Fe,0, + C.

During deep fluid pumping, the multiscale cracks, which
form a fault zone along which the mantle substance is trans-
ferred to the upper layers of the Earth’s crust, are filled with
an electrically conductive material that is the product of the
above-given reactions. Conductive bodies become “visible”
for deep electrical exploration methods. The search for ver-
tical conductive zones is important for solving fundamental
and applied problems. Typically, linear electrically conduc-
tive bodies in the lithosphere create longitudinal apparent
resistivity anomalies and magnetic response anomalies.
Their interpretation has a well-known drawback: contiguous
electrically conductive bodies are reflected as a whole. But,
despite this, anomalously conducting zones are actively
studied on all continents in the most diverse tectonic situa-
tions, even in an integral representation. They are associated
with deposits of diamonds, ores, hydrocarbons, thermal
springs, seismically active lineaments, etc.

During the fault zone evolution, a fusible material can be
carried out in large quantities into the upper layers and re-
fractory restite can deposit through it (Bogatikova et al.,
1988). If the latter accumulates in quantities sufficient for
the formation of a barrier that poorly conducts electric cur-
rent and divides the asthenosphere into separate blocks, then
a geoelectric model arises (Fig. 7), discussed in detail above.
Its peculiarity and uniqueness lies in the fact that it allows
one to use the tracking of transverse apparent resistivity
anomalies to reliably trace the extensions of deep-seated
conductive (fluid-saturated) faults into the base of the sedi-
mentary sequence, to estimate the depth of their penetration
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into the lithosphere, and to study the block structure of the
lithosphere and crustal conductive plates in detail. This
model explains the nature of the MT and MV anomalies of
North Vietnam and provides a key to understanding the na-
ture of the layered-block structure of the lithosphere. In par-
ticular, in the northwestern part of the area under study, ac-
cording to (Dolginov et al., 2011), there is a “hot spot” in
the tectonosphere at a depth of about 250 km, which is the
melting zone of the upper mantle substance. For this reason,
in the asthenosphere, the temperature conditions at the “hot
spot” do not contribute to the accumulation of “hard” high-
resistivity restites. The absence of a high-resistivity barrier
in the asthenosphere in this section of the territory makes the
transverse apparent resistivity curves uninformative. Thus,
the MT and MV responses acquire properties characteristic
of two-dimensional media.

CONCLUSIONS

1. The territory of North Vietnam is located at the inter-
section of orthogonal UDFFS of northeastern and southeast-
ern strikes. Geoelectrically, these systems are represented
by vertical high-resistivity displacements separating the
electrically conductive asthenosphere and high-resistivity
(2-5 Ohmxm) plates (fault zone), penetrating the entire lith-
osphere, and providing galvanic coupling between the con-
ducting asthenosphere and sedimentary sequence.

2. Lowe-resistivity (fluid-saturated) translithospheric
faults extending to the base of the sedimentary sequence and
reliably fixed by the MTS method control the location of
petroleum fields and ore deposits.

3. The presented structural features of the deep-seated
section of the tectonosphere of North Vietnam explain why
the impedance and magnetic responses of the electromag-
netic field are formed by various elements of the geoelectric
model in the area under study. Combining the MT and MV
methods allows one to investigate the geoelectric structure
of the area under study more profoundly.

4. The method is proposed for separating local and re-
gional magnetotelluric effects, which makes it possible to
reliably determine the main directions of the regionally two-
dimensional structure and the configuration of the apparent
resistivity curves in the main directions.

5. It is recommended to continue using the MT and MV
methods to study the explosive fluid-saturated displacements
revealed on land in the Gulf of Tonkin. Investigating them
and the electrical parameters overlapping the Cenozoic sedi-
ments can become the basis for developing directions for
continuing oil and gas exploration on the shelf of the region.
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