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Fig. 3.4.2 The avomalous profile curves over a vertical thick plate for the
broadside (z_ z)
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Tablz 3 The conductivity of saturated salt solution at different temperature
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Abstract

Electromagnetic (EM) methods have been widely used in many countries
to search for good conducting bodies, and developed into various types. In
China, it has been studied since the 1950s. At the beginning, no results could
be applied due to inadequate links with China’s specific conditions.

These conditions boil down to the following:

1. Large coverage of mountainous areas;

2. Relatively development of overburden and oxidized zomes with good
conductivity;

3. Complexity of geological and geoelectrical conditions.

On the basis of many model experiments in lab and tests in the fields,
we hold that the method of absolute measurement of pure anomaly in fre-
quency domain, i. e. the EM quadrature component method (EMQCM) may be
better applied to the conditions in China. In 1976, we developed the instrument
measuring quadrature component without interconnecting cable. Over ten of
such instruments are in use. Field work in recent years has proved  effective-
ness of the method. Some conducting ore bodies have been found as well.

The characteristics of EMQCM can be summed up as follows:

1. Since quadrature component belongs.to purely second field, it possesses
some advantages, as a method of measurement of pure EM anomaly, such as
little effects of landform, great ability to find anomalies, etc.; /

2. The fréquency characteristics of the quadrature component of the ano-
maly over a conductor are similar to that of a LC filter circuit, so that it
has a fine resolution for anomalies;

3. The eddy current of quadrature component in a conductor at low" fre-
quency is distributed in the form of volume current, and its density is direct-
ly proportional to frequency. Therefore the patterns of such anomalies don't
change with frequency, and have relatively unitary relations with the shape
of conductors. As a result, the anomalies can be interpreted easily;

4. Technically, an instrument used in frequency domain can make a higher
signal-to-noise ratio, which lightens measuring apparatus and increases depth
of exploration;
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5. Given no interconnecting cable between transmitter and receiver, like
the dip-angle method, many configurations can be conducted. This shows its
flexibility and adaptability conduce to improving effectiveness.

In this book, the theory of EM method, principles and functions of the
instrument, techniques in field work, interpretation of data, and some exam-
ples under different conditions are provided in detail,

Theory 4

For beginners to read, theory starts with description of physical nature
of EM method. The law of mutual induction of electromagnetic field is applied
to explain formation of eddy currents of inphase and quadrature components
in a con;iuctor excited by harmonic magnetic field, arid they are closely con-
nected with frequency. Such conmections are discussed qualitatively to help
readers understand the physical foundation and general characteristics of EM
methods. Then, the method of analytical calculation of EM response of a sim-
ply-shaped conductor in a uniform harmonic magnetic field is presented, and
the characteritics of the anomaly are described in detail, which makes ‘the
basic rules of EM anomaly better understood.

The ke3; point of this chapter is to analyze the anomalies of conductors
in a harmonic magnetic dipole field, mostly by means of scale model and nu-
merical modeling (computer simulation).

In 1968,' we began experiment of simulation in a dipole field, and @hen
proposed the hypothesis

the conducting plate centre can be regarded as
“quasi-acting centre” when its width is twice the top depth, the amomaly
can be considered as caused by a magnetic dipole M located at the centre;
the moment of M is directly proportional to the component of the primary
field which is vertical to the plate but the direction opposite. If the width
of the conducting plate is more than twice its top depth; and the dip-angle
is larger than 15°, the “quasi—:icting centre” is located at the point whose
distance from the top of the plate is equal to the top depth, namely, the
anomaly caused by a wide conducting plate with a big dip-angle is similar
to that of a conducting plate whose width is twice the top depth. The ano-
maly of a conducting plate with a big width and small dip-angle must be
interpreted with two quasi-acting centres. By means of this hypothesis, it is
easier to interpret EM anomaly quatitatively.
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Numerical calculation includes both direct and inverse problem. In the for-
mer case, finite difference (FD) method and hybrid method——a combination
of integral-equation (IE) with FD method——are adopted in free space. With
conducting host rocks and overburden, finite element (FE) method is adop-
ted. _ ‘

Where the anomaly of quadrature component is directly proportional to
frequency, it is called low frequency quadrature component anomaly. This ano-
maly may be considered as a result of the primary field, while the mutual
induction of eddy current in the conductor can be ignored.

In such case, the first Maxwell’s equation becomes B

rotJ =k*H, ' )
where J indicates the eddy current demsity of quadrature component, H, is
the primary magnetic field, 2*=iszo. In the formula, s, 72, ® are the conduc-
tivity, permeability of the conductor and the angular frenquency respective-
ly.

Since the eddy current in a conductor has no divergence, i.e.divJ=0, -

we ‘can introduce a vector potential of current U which satisfies

rotU=J and divU=0 2)
Substituting (2) into (1) we get S
VZU= —k2Ho . ‘ (3 )

In the case of vertical conduéting place, make X-axis in Cartesian coor-
dinates be perpendicular to the plane of the plate, then the eddy current
lies only in YZ plane. Thus the vector potential of current U only has U,
component. Considering the value of U, at boﬁndary is zero, we can write the
boundary-value problem as follows

azUx azU’:= — ZH .
ay? = 6z # Hex
Ug I r= 0

By means of FD method, these problem can be solved easily. After ob-
taining U,, we can calculate J, then get magnetic anomaly by Biot-Savart's
law. ' '

In the case of three-dimensional conductor,‘all three components of the
primary field have the action to excite, so we divide the wave equation of
vector potential of current into three scalar equations of component

ViU;=—FHou =%, 9,2

Each equation above is similar to that of a thin conducting plate. We

can cut the body along X, Y and Z axis into many thin pieces, and calculate

the anomaly of each piece, then sum them up to get the total anomaly. It
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is the anomaly for a three-dimensional body. Obviously, this method applied
now only to such three-dimensional conductors with-their three planes perpen-
dicular to each other.

The method mentioned above have some advantages, such as small amount
of calculation and appliéation to any form of primary field. So it is signifi-
cant in practice.

At high frequency, the mutual induction of eddy currents can not be
omitted. In this case, the electric field in the conductor consists of two parts,
one being E,, induced by primary magnetic field, another E, induced by the
magnetic field caused dy eddy current, i. e. '

E=E,+E, : (5)

In order to get E,, we can first calculate J, by the FD method, then

obtain E,==J,/s. As to E,, we can express it with magnetic vector potential
A ,

4= Vr

From H,.,=rotA and rotE.=iwrH,, we have

o Ador( J :
E,=ior,A —ijrdu (6)

Therefore the total electric field E is

E:Eo+"‘°"°§ J i

4 v r
That is J=Jo+_"’f_§ J iy (1)

where % is the wave number, 2=V joz0; #, is the permeability of free
space.

The density of eddy current in a conductor can be obtdained by solving
integral equation (7). Then the secoudary magnetic field can be found out.

Anomaly characteristics for different configurations are studied by means
of numerical calculation methods as mentioned above and model experiments.
They establish a theoretical foundation for both choices of techniques in field
work ‘and data interpretation.

When there exist conducting host rock and overburden, the anomaly of
2-dimensional conductors in a magnetic dipole field cam be calculated. The

procedures of calculation are as follows:

First, a variation equation for 2!/, dimension problem is deduced frem
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transverse electric and magnetic fields. Then, solve the equation with FE me-
thod, the varieties, which are magnetic and electric components along the stri-
ke of the conductor in wave number domain, are found out. At last, other
components are found out. '

If there only exists conducting host rock, the optimum frequency for 2—
dimensional anomaly is lower than that in free space, but its amplitude does
not change a great deal. At high frequency, the quadrature component anomaly
changes its sign. This indicates that conducting host rock acts mainly as“cur-
rent collection” at low frequency. This effect is similar to raising conducti-
vity of the conductor. Therefore, when quadrature componental anomaly at
low frequency is interpreted, the conducting host rock only affects the con-
ductivity of the conductor that is determined, i. e. increases its value.

While there exist both conducting overburden and high resistant host
rock, the optimum frequency of 2-dimensional anomaly is lower a little than
that in free space, but the decrease of amplitude is obvious. Also, at high
frequency, the anomaly changes its sign. This indicates that the main action
of conducting overburden is “absorption” and it will decrease the depth of
exploration.

Through the FE method, we can solve various problems, but it requires a
large amount of calculation, and costs a lot. (

Quadrature Instrument Without Interconnecting Cable

Developing the instrument for absolute measurement of quadrature com-
ponent requires solving two problems: (1) To get rid of the interconnecting
cable between transmitter and receiver. This cable is not in favour of field
work and decreases labour efficiency. Besides, it is more important that it
makes some configurations with which the background of normal field has
little value cannot be used in practice. So the cable obstructs improving effec—
tiveness of the method. (2) To get over the effect of phase drift in each
resonant circuit of the receiver on measuring quadrature component.

To solve the first one, we choose the component along the primary field
at receiving point as reference signal, and measure the quadrature component
which direction is perpendicular to this component. In this way, only a refer-
ence coil, instead "of the interconnecting cable between transmitter and receiv-
er, needs to be put at the receiving point. When there exist good conducting
overburden and host rock, there will be a phase difference between reference

field and primary field, and this difference affects the observed quadrature
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“value. But it can be reduced by shortening the distance between transmitter
and receiver. Usually, we take it 40—100m, and then the error is mno more
than 5%.

To solve the second one, we adopt the means of “compensation of magne-
tic field”. This means the magnetic field along the direction of the strongest
primary field g‘received by a reference coil, then through an amplifier sent
to the compensation coil which is wound round the receiving coil in a state
of tightly coupling. ;

At first, the magnetic field produced by the compensative coil is adjusted
to get 180° phase shift with the reference magnetic field. Then, the 'strength
of compensative fie!d is adjusted to equal to that of in-phase component re-
ceived by the receiver coil. In other words, they are compensated each other.
Now, the value shown on the indicator is minimum. It is just the quadrature
component which we want to observed. , _

By use of “compensation of magnetic field” method, when the reading is
minimum, it indicates only the value of the quadrature component of magne-
tic field. So it is irrelative to the instability of phase in receiving path, and
is only relative to the stability of amplitude of it. Therefore, we need not
consider the phase drift in every resonance frequency-choosing circuit in the
receiver, but only need consider the stability of gain in the receiving path.
This is not only useful to the development of instrument, but also to stability
of measuring quadrature component. '

Main technical characteristics of the instrument as follows,

1. working frequency. 400Hz, 1200Hz, 3600Hz;

2. Environment temperature; —10C~+507;

3. Transmitting current and magnetic dipole moment,

coil (0.78m?) loop (8.5m?)
frequency (Hz) 1 400 1200 3600 480 1200 3600
transmitting current(A) 1.7 1.0 0.3 2.25 ’ 1,5 0.75
magnstic moment (Ae«m?) 195 114 34.5 \ 650 ' 433 216
et

4. Range of measurement; 0.02~V~10mV.
Full scale for each step; 1,3,10,30,100,300(~V), 1,3,10(mV).
The graduation for each step is linear.

5. The input resistance of the receiver is about 10M Q.
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6. The filter’s suppression to double-frequency is —48dB.
7. Internal noise. 0.022V (in the case of short input circuit).
8. The error brought by environment temperature is less than 1% per
10T. A ’
9. When the receiver is adjusted to resonate at 400 Hz, the transforming
coefficient of magnetic field to the value of voltage is 3.5~V/pT.
10. Battery: ,
In transmitter, there is a 20 GNY-3 cell group, its voltage is 24 V.
In receiver, there are three 9V stratified batteries and current loss is
about 0.3mA.
11. Weight,
Transmitter 3.2kg. Battery 3.3kg.
Transmitting coil 8.6kg. Receiver 2.5kg.
Receiving coil and tripod 5.3kg.

Field Techniques

Quadrature instrument has no interconnecting cable between the tramsmit-
ter and receiver and, like a dip-angle method, can adopt various field
configurations. In order to standardize the signs of anomalies and “interpret
field data easily, we make stipulations as follows,

X axis is in the horizontal plane and along profile. Its positive direction
is to the right of the profile. :

Y is perpendicular to the profile and also in the horizontal plane.

Z is perpendicular to the horizonal plane and its positive direction is
upward. k

The name of configurations is explained as fo‘llyowsg

As an illustration, wé consider “broadside (#, z)”. The x in the brackets
represents fhat transmitting moment is along X axis, i. e. the transmitting
coil is in the plane YZ; and z represents that vertical magnetic field is
received, i. e. the receiving coil is horizontal. “Broadside” means that the
transmitter and receiver are moved simultaneously along adjacent and parallel
profiles. If the transmitter and receiver are moved along the same profile, it
should be called “homoline”. If the transmitter is fixed beside a profile and
the receiver is moved along the profile, the configuration is called loop device,
it involves vertical toop system and horizontal loop system. The vertical loop
systerﬁ requires that the plane of the transmitting coil is always vertical by

which the observation point is contained; and the receiving coil is horizontally
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placed and vertical quadrature component is observed. Horizontal loop system
requires that the transmitting coil is horizontally placed on the ground and
the receiving coil is vertical to observe the horizontal component perpendicu-
lar to the line connecting the transmittiﬁg and receiving points.

Each configuration has its own features. It is important to use various
configurations correctly. The features of each configuration are described as
follows;

Broadside (x, 2). The normal background value-produced by conductive
host rock and overburden is zero. Local anomaly can easily be found with
this configuration. It has two features, there are the relatively simple corre-
lation between the shape of the anomaly and the occurence as well as the
shape of anomaly source. Then, it is easier to interpretation of field data. But
a shortcoming is that the local anomaly will appear over the .interface of
high/low-resistivity rocks and at the edge of conducting overburden, besides
that there ought to create a line for locating the transmitter in measuring.
The effects obtained with broadside (z, x) and broadside (x, 2) are equivalent.

Broadside (y, 2). The mnormal background value is intermediate. It is
suitable to apparent resistivity mapping. This configuration has great response
over horizontal conductor. It is easy to recognize the anomaly over the inter-
face of high/low-resistivity rocks or at the edge of conducting overburden,
when broadside (y, 2) is used with (x, 2).

Homoline (%, z). The normal background value is intermediate too. The
shape of the anomaly over local conductor varies with the distance from
transmitter to receiver and with the depth of comductor. Therefore, the
configuration is suitable to reconnaissance.

Homoline (y, z). The normal background value is zero. The strongest
anomaly appears at two terminals of a conductor along its strike. The special
function of this configuration lies in finding good conducting ore bodies in the
contact zone between high and low resistivity rocks.

Vertical loop configuration and horizontal loop' configuration. The = normal
background values worked with both are all zero. The anoirlély‘ will attenute
very quickly with the distance between the transmitter and the conductor.
_The system is often used to examine anomalies, so as to obtain some informa-
tion about shape, dip-angle and top position of anomaly source. But it is not
suitable to areal survey.

Broadside (x, z) and broadside (¥, 2) are usually used simultaneously in
areal and profile survey. Because the transmitter and receiver need not be
moved when you have finished the survey with a configuration and begin

with the another onme, all you ought -to do is rotating transmitting (and
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"reference) coil with 90°. And it is more important that the two configurations
can be mutually complementary and provide more comprehensive information.
The main advantages are; (1) To be able to recoghize anomalies produced
by conducting overburden or contact zone of high and low resistivity rock;
(2) To recognize anomalies resulting from thick and low resistivity “rock
formations or broken zones in a large faults (3) To be useful in the distin-
guishing of anomalies of the combination of conductors; (4) To be available
to three-dimensional conductivity mapping.

When the loop configuration is used to examine significant anomalies,
attention should be paid to the choice of transmitting station. According to
the anomaly obtained with broadside (x, 2), we may estimate the position of
top of the anomaly source at first. Then the transmitter is. placed near the
top. For horizontal conducting cylinder and horizontal conducting plate, the
transmitter station should be placed over the centre of the body.

The choice of T—R separation depends on several factors; (1) The
anomaly of conducting body will attenuate with the increase of T—R sepera-
tion.It attenuates slowly in the outset and very fast while the T'—R seperation
is bigger than the top depth of the conducting body; (2) The anomaly
produced by the electric inhomogeneity of surface layer is strong near the
transmitter, but attemuates fast with T'—R seperation; (3 ) The effect of
conducting host rock and overburden will increase with T—R separation,
Therefore, T—R separation cannot be either too large or too small. It is
generally chosen to be equal to the top depth of the conducting body.

The station-spacing is generally 20 m, it should be shortemed to 10 m
where anomalies vary greatly. ‘

At least, two frequencies are required in field observation. But it is neces-
sary to apply three frequencies while examining anomalies. In order to show
_ the relationship between anomaly and frequency visually, we deal with the
observed quadrature ‘anomalies as follows;

The value at lowest frequency is nmot changed. The value at other higher
frequencies is divided by the ratio of that higher frequency to the lowest
one. Then the quadrature anomalies at various frequencies are drawn in the
'same profile. For bodies of poor conductivity, the anomalies at various fre-
quencies are almost coincided with each other. That anomaly attenuated with
frequency will appear for good conductors. By means of the protfile, we may
get a good knowledge about the conductivity of the anomaly source.Moreover,

it is convenient to draw all the curves in this way.
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Interpretation of 'Data

The quadrature system can be used with manys kinds of configurations.
So a lot of significant information can be obtained,,which is vrey beneficial to
interpretation. How can we make use of the information sufficiently in order
that the results of interpretation-are in agreement: with practical conditions?
This is the main content of the study of interpretation -method.

While dipole source is used, the interpretation can be divided into three
steps: (1) Qualitative interpretation; (2) Semi-quantitative interpretation;(3)
Numerical interpretation. Here, the qualitativerinterpretation is of most impor-
tance and the next two step rely on it.

1. Qualitative Interpretation

Qualitative interpretation aims at selecting.out interesting anomalies and
roughly detremining the shape and occurence of anomaly sources, it is ex-
pounded from three aspects.

(1) The recognization of the anomalies produced by good conductors.
EM method aims mainly at looking for deposits of good conductivity. So it is
the first thing to find out anomalies produced by good conductors. This prob-
lem can be solved by use of frequency characteristics of anomalies. From the
profile in which anomalies have been divided by the ratio of its frequency to
the lowest frequency, the anomalies which attenuate obviously at 3600Hz are
produced by good conductors. They are selected out. This means that the ano-
malies, of which optimum frequency is less than 3600Hz, are selected out.

On the other hand, the high-frequency attenuation may provide some
information about the shape of the anomaly source. For example, if the shape
of the attenuated anomaly at high frequency looks like that at low frequency
but the amplitde decreases in a certain propor"tion, the anomaly body may be
a horizontal cylinder or a sphere. If the anomaly contracts in a direction, the
anomaly body may be a dipping plate which dips opposite to the direction of
contraction. If the attenuated anomaly at high frequency contracts in both
directions, the anomaly body may be a horizontal plate.

(2) Recognize the anomalies caused by the subsurface, big and conduc-
ting geological bodies. Most of the anomalies which have been’ selected out
previously are produced by big conductors near the surface. And usually these
conductors are not ore bodies. Therefore, they should be eliminated in some

way. By means of the advantage of multi-configuration of quadrature systems,
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usually the problem will be solved by comparison of the anomalies obtalned
with broadside(x, z) and broadside (y, z). The anomalies produced by such
bodies as local low-resistivity overburden, high and low resistivity rock con-
tact zone, large low-resistivity broken zone and thick formation of good con-
ductivity are similiar to that produced by wide and horizontal plate near the
surface. When the broadside (#.z) is used, the anomaly will appear at the’
edge of a plate. But with broadside (y,2), there is a strong and wide anomaly
over a wide horizontal plate. For above reasons, the anomalies caused by non-
ore bodies may be eaéily determined with the two configurations.

(3) The preliminary determination of the shape and occurence of ano-
maly body. The anomalies which are obtained with broadside(x,z)and remain
after two screening steps are those we are interested in. For detailed interpre-
tation, it is necessary to make a rough estimation of the shape and occurence
of anomaly body. From the anomaly .curves obtained with broadside (x.2),
vertical loop and horizontal loop configurations, we can determine reliably
whether the anomaly body is a vertical plate, a dipping plate, a horizontal
plate, a horizontal cylinder or sphere. The dip angle of a dipping plate may
be determined by the ratio of maximum to minimum of the anomaly obtained
with vertical loop configuration. And its top position can be determined by the
position of maximum of the anomaly obtained with horizontal loop configura-
tion.

2. Semi-quantitative Interpretation

Semi-quantitative interpretation is barred upon the hypothesis of “quasi-
acting centre”. ¥rom master curves and some characteristic points of the
anomaly obtained with broadside (x,z), such as zero point, we may determine
the position of “quasi-acting centre”, the top depth and the effective width
of the conducting plate and the product of conductivity and thickness of the
plate.

3. Numerical Interpretation

Simple numerical calculation of low-frequency quadrature anomaly pro-
vides possibility for numerical interpretation. The optimization method (MAQT)
is usually used to interpret low-frequency quadrature anomaly. After qualita-
tive and semiquantitative interpretation, the relatively good initial “guess” of
model may be offered. This is useful for optimization method. s

An example of optimization is given below. The calculated parameters of
the model plate are top depth, bottom width, product of conductivity and
thickness(o¢), dip-angle and strike lenth. The result of inverse calculation for
the model plate is shown in the table below.
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top depth width at

true value 60 120 5

" initial value 40 50 15
number 1 51.5004 78,6682 16.5644 . B1.018§
of 2 57,5023 110.1846 9.1759 47,1561
iteration 3 59,2519 125.3236 3.6445 43.5933
4 59.9787 120.1265 4.9911 44,9779
5 59,9997 120.0006 4.9988 44,9999

6 59.9999 120.0000 4.9999 44,9999

From the table above, we can see that through six iteration, every para-
meter of the model approaches its true value steadily. This indicates that the
inverse calculating numerical method has advantages of fast convergence, good
steadiness and less calculating time.

In numerical interpretation, the whole anomaly curves is used. Therefore,
the results of interpretation are relatively accurate, especially when the para-
meter of is so small that its value cannot be accurately determined with the
qualitative or semi-quantitative interpretation. Numerical interpretation is very

useful for estimating anomaly and geological mapping.

Example of Application

Quadrature method is mainly used for the detection of buried ore bodies
of good conductivity and is also useful for conductivity mapping in covered
region. In the past few years, we have made many experiments in various
areas and various kinds of deposits and got good results. Eight examples are .
given in this paper. Pyritization is common in main ore-producing regions in
China; where IP anomalies are often seen. The field experiments show that
the quadrature method is successful for the detection of rich ore zones &in
pyritized areas.

In the days to come, the application of the methods will be extended.

The experiment on three-dimensional conductivity mapping will be made.
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