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ABSTRACT

The Magneto-Telluriec Method of Prospeoting
William Baldwin Thompson

Submitted to the Department of Geology and Geophysics on
May 26, 1958 in partiasl fulfillment of the requiremente for
the degree of Bachelor of Science and Master of Science.

The purpose of this thesis was t o devise a scheme
of detecting and recording the horizontal electric and magnetic
components of the earth’s magneto~telluric field., This was
accomplished using porous pot slectrodes and an inductance
coll as detection instruments. An electrical system then
transferred the signal to Sanborn recording tape. A spece
trum analysis over the reglon of investigation, which wase
02«2 eycles, revealed that for both E and H the major cone
tribution to the signal was due to the longer period varia-
tiona. The outline of an interpretation scheme based on
Cagniard¥s plane wave solution for the MT field is included
together with tape reccordings indicating possitle correlations.

Thesis Supervisor: Theodore R. Madden
Title: Lecturer in Geophysics
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Statement of Problem

The problem to be dealt with in this thesis is
the laboratory instrumentation and field test of a system of
equipment designed to accurately record the variations of the
sarth!s magnebo~telluric field. This work is largely a cone
tinuation of that initiated by Cummingham in 1957, The major
problem encountered was that of detecting the magnetic field
variatiagﬁ, and a detalled description of the solution to this
problem will oceupy the major portion of this paper., In addiw
tion fleld records W 11 be submitted in conjunction with a
discussion of their significance.

The purpose behind the development of this system
18 to afford a means of investigating the electrical and struc~
tural properties of the reglion in the earth penetrated by
frequencies in the range .02 = 2 c.p.s. Cagniard (1953) has
given the mathematical solution to the problem for the two and
three layered c,ses in one-dimensional geometry, and Neves
(1957) has formulated a finite difference approach to the probe
lem in arbitrary twoedlimensional geometries.

The MT aystem devised here has the advgntage over
such elestrical methods as applied fleld techniques of eliminating
a ocurrent source,flexibility in the range of data which can
be simultaneongly recorded, and greabter possibilities of ine
terpretation, both quantitatively and qualitatively.



Theory

The basic theory involves measuring the horie
gontal components of the earth's electric and magnetic rialda
at the surface and comparing them, The ratic of the two vecw
tors determines the conductivity of the earth for a particus
lar frequency, assuming we can make a good estimate of the mage-
netic permeability, These horl-ontal fileld components are
damped out expornentially with depth at a rate which will be
shown to be proportional to the (fﬁ&quancy}ﬁ, so that the longer
period variations will give us information at greater depths,
The field procedure will involve simultaneousz recording of
both electric and magnetic flelds over a Wl de frequency bandl
which cen be subsequently filtered 1n the laboratory to ccmpare
narrow band or inﬁividual frequency components.,

The MT method takes advantage of extensive current
sheets which propasgate through the conducting layers of the
earth, The source electrcdes for such phenomena are effecw
tively at infinity, and so this allows us to overcoms ths
problem of large finite electrode separations necessary for
deep penetration in applied fleld work, These currents are
caugsed by the rotation of the earth through the magnetic
field of ionospherie¢ currents, magnetic storms, etc. Currents
due to local sources are superimposed on these large scale
effects, but, according to Cagniard, this has no distorting
effect on MT interpretation.

Due to the large scale nature of the source, the
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M? field, which 1a, in fect, an electromagnetic phenomensa,
may be treated mathematically according to the theory of plane
waves, Neves {1957) has pointed out that the refracted waves
originating at the earthtls surface, due to the large difference
in the propagation constants of the alr and ground, all travel
vertlcally downwards regardless of the angle of incidence.
Following the basic method of Cagniard, but keeping
to MEKS units, we c¢onsider a unit cross section of earth exw
tending te essentially infinite ﬁayth.ufth a ccordinate system
defined such that positive "Z" is in the downward direction,
positive "X" is into the paper, and positive "Y" is to the

right. X / unit ,.em, th
—N A7
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Since what we plan to meagure at the surface are
perpendicular tangential components of E and H, these can be
designated as By and 5,. The plane wave representation for
E is given byt E: & & P'er"-‘wf
As has already been pointed out, the direction of propegation
r is confined to Z, and the propagation constant K= (emut ripTw Y™,
We mey neglect the rewl part of K, since typical values of the
constants are 0= Yioo = SR6X /0’{ and €= yxr0’



(a1l in MES), begring in nind that we shall be dealing & th

frecuencies below 10 eycles.

Using the Ampere Circulital Law for the closed
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measuring positive angles counterclockwise.
The %"skin depth", or %"depth of penetration® 1s
expressed by the exponent of the vertical damping term, namely,
p= VW@ Thus, when the vertical depth is WP
the amplitude of the field vector has dropped off by a factor
Qf/yé" of its initial value at the surface,
/ ™is fact 1s used to estimate the depth of material
sampled by a particular frequency.

The abov: solution for E/H is for two semi=-infinite,
plane boundary, homogeneous media, The general magnetoeteslluric
method involves measurement of amplitudes and relative phase
angles of E and H., It can readlly be seen that this ratio is
solely a function of the electrical proparties of the ground
to be sampled and the frequency of the sampling wave. Thus
for a given point on the surface of the earth the E/H ratio
should be constant with respect to time for any particular
frequency, since any magnetic or electrical disturbances in
the atmosphere or the interior of the earth would induce such
changesz in both E and H as to keep thelr ratio cocnstant,

In prineiple, Jjudging from ths average values of the electrical
properties of the earth, the range of fre. uenciles of interest
in this paper should allow us to examine depths as great as

400 lom. in the earth.

A further point to be noted, as proved by Heves
(1957), 1s that for an electric or magnetic polariged plane
wave, polarigzation iIndicating that either E or H points in the
direction of the strike in two dimensional structures, the



surface E or H fleld 1s constant even over reglans of changing
conductivity., This is s point to be asriously consldered in
interpretation. .

For the onewdimensional laysred problem treated
by Cagniard date at a single observation point on the suwrface
1g suffieient for interpretation, In the two«dimensional
structures treated by Neves, however, a line profile of data, .
preferably perpendicular to the strike line, 13 necessary for
interpretation, With this information a vartieal profile map
of apparent resistivities may be constructed in s manner
analagous to applied fleld profile maﬁa,tn this case using the
skin depth as the depth of sampling.

In the actual field measurements to be carried
out it will be important to determine how much of the elecw
tric field which is recorded iéla@tually due te telluric
currents, and how much is merely instrument plekup induced
by the power generating device to be used, The same problem
will be encountered as far as the magnetic recording 1is
concerned, and every precauticn must be taken in the fisld
work to iszolate the E and H field detection devices from sources
capable of producing fields in addition to the natural filelds
we wish to detect. In other words, the motor generator unit,
for instance, which shall be used as a power supply, will produce
a field whieh we may consider as non-magneto-telluric, and
this will tend to obscure the informmtion of interest. Rurther,
there may bs natural phenomena such as streaming potentials

which will give a detsctable electric field, but which may have

no assoclated magnetic field.
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Design of Fleld Equipment

T. - The design of sulitable field equipment may be
treated in three stages: a detection device to convert the
Earth field into an electrical signaly posslible amplification
of this aignai; and the recording of the elecirical signal in
some manner which lends ltaelf to a meaningful interpretation,
whethsr this be gualitative or quantitative. Detecting the
electric fleld is accomplished by memns of measuring an effecw
tive voltage induced in the ground due t¢ the passage of an
slectric field through a medlia of finite conductivity. Contact
with the ground is obtalned by means of porous pots containing
a copper sulphate zclution. Copper electrodes immersed in the
sulphate solution connect to g wire strung between two pots.
The voltage measured between the two pots 1s related dirsctly
to the E field by the equation § E.ds = V
when the surface field is uniform and the conneecting wire
lies on the ground so that, consldering the ground-wire
system as a closed loop, 81l the potential wh lch occurs on a
straight line betwesn the two pots will appsar directly acroass
the voltueter. The amplification problem in the case of the
electric fleld is virtually non~existent dus to the magnitude
of the field and the naﬁure of the parameter to be megsured.
Since the voltage is linearly proportional to the pot separation,
the output signal can be increas.d merely by increasing this
distance. The electrical signal 18 eventually transferred

to Sanborn tape as a permanent record. Typical values are on
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the order of millivolts for 1000 meter pot meparations.

4 more challenging problem presents itself in the
accurate detection of the horizontal component of the magnetie
field, The variations which occcur are of extremely small ame
plitude, soc the probiem was to design a rather compact coll
system vwhich would accurately detect the fleld. The standard
method of detection 1s to measure the output voltage of a coil
%which intercepts the fleld lines, since time variations of the

Tield induge a voltage in the coil,

Using Faraday's Law! "\]’l - NA 3%—-
where V ¥ voltage,
%2 total number of turns
A % grosseaecticnal area of coil,
and -‘—34 . ¢ ‘e-c'w-(' o chor . -,
then ) %_2_ = -—-¢’w§ w\ere N - /—NL/

and H is the measurement we are actuslly interested in.

mus:  |[V|: VA (—:'wy//)

The physical parameters which can be varied in
the coll design are N and A. In order to get an crder of mag
nitude to estimate what the product NA should be, we use

NA = - V/ 1w H o

To obtain an order of magnitude for H, we use /‘// '—'/E/|/ o‘/p{w

Using some sample data for the E Field observed
by Cunningham, over . region where [ = J000 ohmeneters, the
electric potential was 3 millivolts for a 1000 meter épraad.

3
=
2000 x YN x2n{

The above equation then becomes \H \: (?xu«s';) lo
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We want to maximige MA, and about the smallest
voltage we can deal with is on the order of 2 or 3 x 10™k
volts. This means NA must be around 107, This calculation
was made on the basis of an air coil, since pb was used.,

The alr coil used by Cunninghan had an A = 1, and N & 5,000,

This only had an NA & 5,000 instead of the necessary order of

7
A [0

The only parameter which can be varied to inw
orease NA 1s P, 80 this was the next point of investigation.
There are various types of high MU-metal cores which can be
used to increase the effective B field inside a coil. Invesw
tigation of the shape of the core to be used led te the cone
clusion that maxirmm erfieiency could be attained through use
of a long, thin rod. Although the matal procegsing determinaa
the initial permeability of the rc&, the shape factor datarn
mines the effective permeablility which will inorsase the flux
lines through the core. Sommerfeld has solved the magnetow
static boundary value problem for the relationship between
the magnetic fleld strength inside and outside an ellipsoid
of revolution. In the limiting case wheire the long axis

‘becomes very rmuch greater than the cross-sectional axes, the
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ellipsoid approximates a thin rod. The solution expresces

the following relationship?

Moz S s lor /»E‘[_/ /tE
)i ZE <]

"A”" L He = o Hectve /(PMPQJ,'A{),
u=  mikal e men é;//é«
€= % = l/—;;':_[;' a
Q= «f@nyﬁz of (2ﬁ7 2 XL §
VE /¢h7¢Z of oss- .i'cﬁltﬂr»;a/ < keg,

There are many limltations which influenced the
final choice of the type of rod to be used., From Somberfeld's
equation it 1s apparent that the greater the ratio of length
to cross-secticnal width of the rod, the greater advantage
may be taken of the high initial permeability of the rod. This
means that for a given practical upper limit to the rod length,
decreasing the oross-sectional area will increase the effective
permeabllity and thus tend to increase the effective coil area.
This is counteracted by the fact that we are actually decreasing
the coill area to employ this advantage in the first place,
Therefore some compromise area had to be arrived at which )
would give the maximum effective area, and thus the maximn#ﬂ
output signal. The rod which was finally used had an effecw
tive area of about 1 with an mcitual area of 3,87 x lO“h

(meters)2, providing a small area on wrich to wind the inductance

colls.
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II Coil Design

The final colls were wound on individual plastie
apcols which were designed to be slipped over the permalloy
rod and connected in series to give a manageable set-up readily
adaptable to field use. The amount of wire on an individual
8pool was limited by the resonant characterigtics of the coil.
Besldes the inductance normally assoclated with a coill of wire
there 15 also s capacitive effeoct due to the fact that overe
lapping layers of wire are at slightly different potentials
which depend upon the resistive nature of the wire. The coil
may be represented sculvalently by an RLC circult which has
an associated resonant frequency. The coil should be dasignéd
such that the resonant point lies outside the frequenecy
spectrum of interest since the ampllitude gnd phase relationships

undergo rapid changes in the frequency range close to resonance.

111 Fllter Design for Magnetic Recording Circudt

The main funetion of filter "M" is to attenuate
60 cycle pickup. Under normal fleld operating conditions the
amplitude of the 60 eycle signal is on the order of 5 x 103
greater than the low frequency signal of interest, tnus
obliterating the effect of the signal. The type of filter to
be used i3 limited by the input and output impedances necessary
to cauply with the rest of the circult. The input impedance
miat be greater than 1 Meg., since the equivalent source cir-
cuit has about 1 Meg. in serles with it, so that if this faces
an equivalent impedance, one half of the generated signal is
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already lest by the remainder of the circuit. The output
impedance of the fillter should not greatly exceed 10 Meg,
since this 1s the upper limit to the load which can be hﬁng
acroegs the input to the inverter. There are inductive filters
which ocan be designed to have a resistive peak at one particue
lar frequency, e.g. 60.cycles, and pass all other frecuencies
with negligible attenuation. Unfortunately thls type of fil-
ter has a very low input impedance due to the inductive effect
at lew frequencies, An RC filter was finally used, the number
of stages being limited by the small iupedance range between
the input and output.

Iv Bias and Inverter

Bias "A", as designed by Cunningham, is used to
keep all signal variations above the zero d.c. level befors
going into the inverter. If this is not done, the demodulated
wave at the output of the amplifier will not reproduce the
original low frequency wave envelope,

The sensitive inverter acts as a low neise chopper=-
amplifier which has an output chopped at 60 cycles and ampli-
fied by a factor of 100,

v A.C., Ampllifier

The 60 cycle modulated output of the inverter
is then fed intc a battery operated hp a.c. amplifier to ine
crease the signal by a greater amount. A glance at the blosk

“diagram for the magnetic recording circuit seems to indicate
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the rather purpeseless steps gone through te amplify a small
signal initially on the order of tenths of millivolts only to
cut it down in the final stage to the order of millivolts, |
which ig determined by the amount of signal the tape recorder
can handle. The reasoning behing this is two-fold. One is
that we must have a signal which is much greater than the
noise levels assocliated with the KrohneHite filter and the
400 cycle chopper. Alsc the diodes which are used in the
detection c¢irecuits do not operate st signals on the order of
millivelts, but will, however, function properly when the signal
is on the order of volts.

Normal field operating point for this amplifier
was «20 db, The amplifier output is then passed through a

detection clreuit to obtain the original low frequency wave form.

VI Krohn-Hite Filter

The purpose of using this filter in the fleld
recording is so that narrow frequency bands may be recorded
individually over the entire range from .02 to 2 eycles proe
viding an electrical method of Pourier analysis in the frequency
domain, This énalysis is necessary for interpretation since
we want to compare amplitude and phase relationships of individual
frequency compcnents, Since there was only one Krohn-Hite
filter available, it was used in the field recording of the
magnetic signal; the slectrle »ignal was recerded wide band
and then filtered on the playback between the magnetic tape'

and the Sanbern tape; In this manner both signals pass through

the same narrow band, even though this cccurs at different stages
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of the circuit. Tne disadvantage of recording a wide band
signal on the magnetic tape iz the fact that some frecuency
components may have extremely large amplitudes in relation to
others, and thus they will completely dominate the totsal
signal. Due to the limlited amplitude which may be put oﬁtc
magnetic tape, the effect of the small amplitude frequencles
will be practically undetectable on playback. If, however,

a narrow band recording 1s made 30 that frequencies of widely
differing emplitudes are essentially lsolated from each other,
then by changing the amplifier setting they can all be recorded
on the tape so as to take full advantage of the saturation
limit of the tape.

VIii Pinal Stages

After the Krohn-Hite filter the signal, now low
frequency with an amplitude adjusted to be on the order of 3
volts RMS is blased and chopped at J00 oycles. This is because
the amplifier in the tape recorder playback has very poor
response at lew frequencies, The veltage divider 15 designed
te cut the signal down to about 4 millivolis RM3, above wnich

the magnetic tape saturates.
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Low Frequency Amplifier Deslgn

This amplifier was designed to be a compact,
lows=cost unit which would replace four stages of the magnetic
recording circuit, namely blas "A", the inverter, the a.c.
amplifier, and the detector. The basic design prebl&m is that
of finding a good coupling circult botween amplifier stages.
The practical limitations on the maximum size of the coupling
aayaaitor\force the grid resistance to a very Eigh value.
Any leaskage currents associated with the grid of the tube or
else with one of the capacitors flow across bhié high grid
resistance and create a nolse voltage which appears at the
input to the tube, This will be amplifiled by all the auécseding
stages and the final output will have a signal to nolse ratio
mush less than one, The amplifier in Flg. A had an overall
gain of 7003 but while this was stable at one cycle, at .1
oycle the drift wes on the order of ten times the slignal amplitude.

The cirecuit which appears in Fig. Eiié essentially
the same as A except that the two middle stag@é émplay the
trick of "applying the bube input voltage batween.tha grlid and
a tap=in polnt oﬁ&he eathode resistor instead of between grid
and ground. This has the effect of incrmaaing the grid resistance
as seen by the preceding stage and aim&ltanaously decreasing
the total gain., This allows us to decrease the actual grid
resistance, which will reduce the nolse generated by leakage
currents, and still maintain a high effective input impedance
so that most of the signal won't be lost in the coupling
network. The amount by which the effective input impedance

increases depends upon the ratio of the cathode resistance
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above and below the tap-in peint. A limit to how much stabllie
zation may be achieved in this manner is set by the lowest
value of loep gain which can be tolerated.

The cathode resistor values whiech appear in Fig. B
left the amplifier with a total gain of only 100, but a reason=
sble degree of stability had been reached. The output signal
throughout the spectrum wns superposed on a drift varlation
with a period of about 3 minutes and an amplitude abaut,ﬁwiaa
as grezt as the signal. Since this period is much longer than
that of most of the spectrum of interest, it should be possible
to separate the signal from the drift by direct observaticn of
the Sanborn tape. Since the average value of signals put out
by the coil in the field was % mv., this amplifier would boost
that to 50 mv., which is well albove the noise levels of the
Krohn-Hite filter and 400 oycle chopper. This amplifier was

not used to make any of the field recordings.
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Frequency Specirum Analysls

In this section the Sanborn tapes will be analyzed
to compare relative amplitudes of E or H thraughnut their
separate fraquena? spectra in order to determine whlch fre=
quencles dominate the total signal and which frequencies aré
subordinate. Using these results we may get some idea as to
which signals ere associated with the magneto~telluric field
and which signals are pcssibly generated within the recording
system. Further, this analysis may give some indication as

to the nature of the source of the MT field,

Magnetic Spectrum

Before a spectrum analysis may be msde the entire
recording system between the coll and the Sanborm tape recorder
mst be normalized to account for any relative variation of
signal amplitude due to instrumentation techniques. For the
nmagnetic syétam there are three sources of amplitude Variatién
as a function of frequencys The first is due to the nature
of the field piek#up device. Recalling the ecuation
lHl= v/NAMM, where NA 1s a constant due to the coll design, and
approximating jp as a constant with depth, it can be seen that
4 is inversely proportional to the frecuency; or, H & VT,
where T is the period of the wave. Thus, since the nature
of the transducer is to amplify the magnetic fleld signal
propo tional to its frequency, the final system output w lch
appears on the Sanborn tape must be normaligzed to account for

this. This will be designated as the "I" factor.
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A second source of smplitude variation dus to
the recording system lies in the characteristics of filter
"M"., This filter is designed to attenuate tle higher frequenw
clea. If .02 cycles 1s taken as the reference point, then
the filter output at frequencies above .02 must be multiplied
by a factor which is a function of frequency to normalize the
filter output voltage with respect to input vcltage. This
shall be designated as the "N" fgotor, the values of which
appear on the Fllter Normalization Curve.

The third source of amplitude variation is the
anplifier control of the Sanborn, This can be accounted for
by reducing all response signals to a common control setting.
In the results which follow signal amplitude will be measured
In centimeters, as it appears on the Sanborn tape, multiplied
by the attenuatlon factor at which the zignal is recorded.

All amplifiers In the recording system remained
at the same level during field measgurements regardless of what
frequency band was belng recorded, sc there 1s no calibration
necessary due to these components. In this spectrum analysis
we are only concerned with relative amplitudes of H, so any
amplification or attenuation factors int he system Which are
not a function of frequency may be neglected. In the results
which follow, the predominant freguency 1in each narrow band

was determined by scamming the Sanborn tape.
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HESULTS:

May 1 Record
Frequency Range (c.pes.) 2«,6 obwi2 +2-.06 +06-,02
Predominant Frequency (c.p.s.) 1 o4 +11 O
"p¥% Pactor (predominant period) 1 ‘ 2.5 9 2
8ignal Amplitude on Sanborn 1x 20 1.2x20 2x20 2x20
™" Factor 3 1 1 1
Hp (relative H) 3 3 18 48

May 18 Record
Frequency Range (c.p.s.) 2=4b b2 « 2w 06 206~,02
Predominant Frequency «67 o3 14 Ol
"T" Pactor (predominant period) 1.5 3 7 2
Signal Amplitude on Sanborn 2x5 2x5 345%5 2xs
"N* Pactor 2 1.3 1 1l
Hp (relative EK) 6 7.8 2.5 48

wéﬂ"‘ ,#, z SOU‘O(n S",Hal X "7, "X '/lvo

These results indicate that the major part of the
signal in the region of investigation 1s composed oi' the longer
period varlations, the 2l second period component contributing
most of the total signal with a 7 or 9 second camponent of
about half the amplitude of the 2l second one, This lesd: one
to expect that the longer period variations would be more
closely assoclated with the MT field than thoge of short period,
since there is always the possibility of some random & gnal
appearing at the output and being superimposed op the MNT signel.
Assuming that thls non-magneto~telluric noise ha3s a constant
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3
amplitude with respect to frequsncy, the aignal»tévoiae ratio
at the system output would be greater at low freqguencies.

Elestrlic Spectrum

For a spectrum analysis of the electric field
we have E & V, where V is the voltage level appearing on the
Sanborn tape. &11 amplification recording factors remained
conatant throughout the spectrum, and the filter normalization
factor for E is always approximately equal to one between
.02 snd 2 e,p.8., Only one field recording had an accurate E

record on it} the results are the followingt

May 18 Record
Frequency Range (CeP«8.) 2«46 R T 206 »06-,02
Voltage Amplitude
on Sanborn Tape »8x5 34445 6x20 hx20
Predominant Period (sec.) 1.5 L5 75 and 20 and
10 30
Ep (relative Electric fleld) «8 3.4 24 16

Prom these results 1t appears that, as in thn magnetic
case, the major part of the signal is due to the longer pariod‘
variations, However, 1t should be noticed that here the
relative field value in the .06-,02 range is less then in the
+2=.06 rangs. This may be due solely to the instrumentation
limits, An indication that this may be the case is given by
the following. The E variations were recorded wide~band in
the field, since there was only one Krohn-Hite filter available,
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while the H field was recorded in the respective narrow bands,
When an originaelly wide«band H recording was band~-pass filtered
at a point in the system between the magnetic tape gnd the
Sanborn tape, thus performing the varlous operations in the
same order as was actually done in the electric fleld system,
the spectrum enalysis results showed one ocutstanding differ=
ence when compared with results filtered befere tape recording.
The values of Hp for decreasing frequency ranges were 3¢5,

gy, 17, 6+ Thus it seems that the instrumentation has ths
characteristic of losing the effect of the signal in the
+02-,06 cycle range. For this reascn it seems necessary that
for accurate results to be used for interpretation a bandepass

filter is required in the electric system before the chopper.
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INTERPRETATION

This part of the paper was not carried as fér
as was originally expected due to the instrumentation probe
lems which had ta*be‘salved firgt, However, a general sah&m@
of tape interpretation will be outlined and sample tape
recordings will be presented to indicate the correlation btetween
the slectric and magnetic field signals.

Before any interpretation is possible uaing the
Sanborn tapes, the entire recording system must be calibrated
so that the output voltage which appears on the tape may be
related directly to the E or H field which i1t represents. For
the mégnetia systew: we have the expression /}, - V/,‘,(/A,yw
where V is the output veoltage of the colls, This voltage is
further modified by the transfer function of the recording
network. This transfer function may be decignated as T;(?)= %%W
where eo = output voltage and ﬁm 2% input voltage. 1;($)' ax-
presses an amplitude and phase relationship between ®, and
@, as a function of frecueney. in the prgsent case V % e,
and e, % voltage reccrded on magnetic tape. In addition,
there are the scale factors due to amplification by the fape
recorder and attenuation by the Sanborn recorder, Denoting
Ay @s tape recorder amplification and Ay, as Sanborn attenw
uation, we have the relation VSM = f-.‘,/wn \UA] T“(c) A\M AzM
where Vghis the signal voltage recorded on the Sanborn tepe.
This expresses the relationship between VSM and H in terms

of known constants and instrument transfer functions which can

be measured for any frequency.
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For the electric field measurement the voltage
between the two pots may ba'reprﬁsanted by déaﬁg‘uhara E 1s
the eleetric field intensity and L 1: the length of wire,

This voltage 8, 15 then modified by the transfer function ']:(ﬂ
of the recording system between the pots and the tape recorder,
the amplification factor A, of the tape recorder, and the
attenuation factor A,¢ of the Sanborn., Therefore ey, ° LETﬁ)A‘EA 2¢
where eg. is the voltage appearing on the Sanborn tape. It

should be noted here that A,y and A,. must include a& calibra-

tion factor relating the Sanborn output voltage tc its peaketo=

pealt amplitude measured in centl.eters on the tape,

Once the total transfer function for each system
is known, 1t can be applied’to soctions of the Stmborn tape
which appear to have some correlation, This will determine
the amplitude and phase angle of E and H for the partieuiar
freuency b&nd, and the resulte nay be used in the squation

EfY = Vaws 5 t?,’%l to determine O

A possible schenme of exploration would be to make
field recordings at spaced intervals on a straight line at the
surface, and then, for each station, plot the conductivity 0

vertically at a depth equal to the skin depth,
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Sanborn Tapes of Meld Records

The tapes presented In the folder are teo

indicate possible areas of correlation between the two

signals.,
Tape No, - Frequency Range (c.pss.) Recording Date
1 «02=2 May 18, 1958
2 2me6 "
3 o6-42 "
N +2=406 "
5 06,02 ‘ ~ May 1, 1958

Each timing apace at the bottom of the tape repre~

sents one second.
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SAMPLE EVALUATION OF FIELD DATA

Using order of magnitude a.rgmaentg it can be shown
that the voltage values measured in the field indlecats a
plausible value for 0,

The average value of the coll cutput was about 1074
volts. Using the equation [H)-V/Napw (all calculations done
in MKS units) , where: Au-effective area x u, = 1x1070

H=2x 105
= o6 ( for £ equal t0 1 CePeBSas)

/0 ~ -3

..——-——-'—' ~  Jo
Thus ¢ [H\ P I ampere-turns/meter
Typical values for E were on the order of 10“1 volta/300 metera,

Then: E=V/L=10"7/300¢3 x 107%, volt /peler

Using the equation / ‘“ and taking u-: u,
H

3)((0 \/ /0_‘)(

6! U2 I°%°.m : )oS (olAm-We‘]-m Y

This reascnable value for 0 1s an indication that the

field measurements are of the correct order of magnitude.
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APPENDIX 1

Equipment Design

1. High=Mu Rod

The final choice of a rod was strongly biased
by the availability of materials which could be purchased.
The rods selectsd are 4-79 Mo=Permslloy purchased from the
Arnold Enginesring Company. The specificaticns on the rods
are ug # 20,000, 2b = 7/8%, 2a 8 90", According to the indus~
trial catalog this materlial is strain sensitive, but they
give no order of magnitude for the change of the permeability
as o function of strain. It 1s very doubtful that uy is
actually the speelfied 20,000, since the rods were delivered
with large dents which must have altered wy somewhat. The
actual effective permeablility of the rod could be measured
by inserting 1t through a coil of kn.wn inductance and applying
a kn.wn field, then measuring the cutput velt#ge of the coil.

The specification curves printed in the technicsl
bulletins published by Arnold indicate that the region of
operation which we are concermned with lies int he domain of
maximum response for this particular alloy. The flux density
should be on the order of 2+l kilogauss, which lies below the
saturation point for Permalloy and in the region of maximum
permeability as a functien of B.

Using the Sommerfeld expression to calculate the

effective permeability of a rod of the dimensions given, we

have?
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The minimum NA for an alr ccil was ~107, but
since NA is inversely proportional to u, for the Permalloy
core the minimum ¥A can be ~ 107/3000 & 3,7 x 103,

The coil area is very s=mall, however, and in MKS

uwits A, wr - n(z"‘“‘ 7/&)1;(10’7 = 3.97x10' W~

This means N must be ¥ 3.7 x 103/3.87 x 104 % 107 turns,
This 1s a rough order of magnitud. estimation
and experimental results in the fleld show that for N & 0(106)
a reliable signal can be recorded. The high mu core has the
characteristic of inereasing the effectlve area of the coil,
In this case the actual area. is 3.87 x 1074 and fir effece~
tiveu 3 x 103, so the effective area is about one. The
effective area of the alr ceil was alse cne, but it le goling
to be rmueh easler to put a large nunber of turns on a round
7/8" diameter core that it would be on the 1 meter square
air core. The final number of turns used in field recording
was 256,000, and we might notlce that this would put out a
signal 256,000/5,0007X 50 times as great as the air coil. .

24 Coil Deslgn

# 4O Pormex Magnet wWire was used in the winding.
This small slze wire was used largely to dimlnish the total
welght and volume of the ooll fur a given number of turns,
Ag it bﬁrns out, however, this was not a very good criterion,
and it would have been better to have used heavler, lower re=
sistance wire, since the resistance of the colls places a

gerious limit on the total number of turns possible, as will
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_be pointed out later. The individual plastic spools have an
inside dismeter of 2.3 om., outside diameter of Teb6 chig,
and a width of 2.7 om..

, It was found experimentally that the resonant
frecquency of ihe coll was inversely proportional t¢ the nume
ber of turns. For 50,000 turns the resonant point for a coil
with the Permalloy core 1s about 17 ¢.p.8s Increasing the
nunber of turns per c¢oil would lower the rescnant point into
the spectrum of investigation, and this is to be avoided,

The overall number of turns may still be incressed, however,
since several coils with similar resonant characteristics
placed in series will have the sams resonant point as an ine-
dividual coil,

The field equipment consists of I ecoils of 50,000
turns each and 1 of 56,000 turns. The spools were wound on
& device which conslsted of a modified Signal Corps tape
winder. .This system had a contlnuocusly variable adjustment
to control the r.p.ms's which solved the inertia problem of
5r@aking‘the wire at the first instant on high>3paﬁd lathe
winding. UNormal winding time was one hour per go;oeo turns,

In order that the signals of the respective colls
shall add when placed on the rod, the terminal lugs, both of
which appear on the same side of the individual coil, should
all be on the same side of the obssrver, whether 1t be lsft
or right., One lug on each coll is marked "N", These are all
like poles, so when the colls are connected in series, each

" pole should be linked to an unmarked pole.
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3 Detection Circulit

In order that the detectlion circult be able to
follow the low frequency envelope, the RC time constant must
be adjusted so that A £ 4ﬁi V7m [
where W, 1s the envelope frecuency in radians/sec. and Miis
the medulation factor, which can be adjusted in the field to
be very close to ome, In this approximation 1t would sesem that
the capacitance should be zero for 100% modulation., Under
these eircumstances the output would not follow the wave form
6f the input veltage. Additicnal factors such as source ime
pedance modify the detector, however, so that harmonic dis-
tertion will mot be excessive is RG £ L . Thie equation
just governs the produet of R and C. Individuaelly R should
be much greater than the forward resistance of the dicde and
much less than the back resisiance. The capacitor should be

on the order of ,5 tc 10 microfarads, the higher capacitance

providing a better amoothing effect.

k. KrohneHite Pilter

This is an ultra~low frequency band-pass filter
with a minimum low frequency cuteoff at .62 CePa8, BNd @ MAXw
imun high frequency cut-off at 2,000 cycles., The band-pass
gain 13 0 db ¥ 1 db. There is a high input impedance of about
20 Megs. and an output impedance of 5 Ks The maximum imput
amplitude is 10 volts RBM3 with an aszsociated internal nolse
generation of one millivolt. Attenuation iz 24 dv/octave
outside the pass band.

ROTE: For components not given here, refer to
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Cunningham (1957),

Se Eleetric Recording Circuit

This is essentially the same as that used by
Cunningham, with one modification. The input to the tape is
monitored by sn hp §OOH VIVM. This may be treated as a volte
meter-amplifier with full-scale deflection on the meter being
.15 volts RMS8 regardlesc of the galn setting, It was found
experimentally that when the meter reads half-scale an output
sine wave is 10 mv, peask-to-peak, or 3.53 mv, RMS, across the
voltage divider, About the best recording voltage for the
tape is lp mv. RM3, which means that the meter should be adw
justed to read abtout 6, If any long period sgelf-potential
drift tends to drive the meter abeove this limit while recording
is takjng place, the amplification level of the VIVM may be
changed to bring the signal level back to the recording level
of the tape. F
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APPENDIX IX

Low Freguency Amplifier

The basic design of the amplifier employs three
RC coupled stages to provide high loep gain plus a cathode
follower to provide a low output impedance. The choice of tube
{(124Y7) 1is based on the fact that it is the same tube which
is used at the input stage to the Krohn-Hite filter which has
a grid resistance of 22 Megs. hung across it, Most amplifiers
specify 1 Meg., as an upper limit to the load impedance but
this special purpose tube was designed to have low noise and
be capable of operating with a large load impedance, which is
what the amplifier faces st the output of filter "M", The
12AY7 is a mediumemu twin triode with fp 2 23K and u % 40,
The first two stages are designed to have a!@uiescent operating
point around 100 plate volts and 2 ma, plate current. The
third stage operates at 125 plate volts and 1 ma. plate current.
The signel 1s fed directly into the grid of the firat stage.
To find the galn per stege of the amplifier,‘w& look at the
incremental model of the flrst stage.

' N
e "
,f?j?ﬁ;ff"‘—_;,
- T EL
B Y 1
t -reg y 1 +
Cin ‘ = R € 6 )
) 'r ©

Since the impedance of the coupling eircuit

A +R +Z 1is very large compared with El! the parallel
s
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combination of these two is approximately equal to &1'

Te: c'"s + Rz - y,o",zng' + 33vk + LIS x'."’//-/:x,zn*f F1
since the hizghest frecuency of interest 1s 2 c.pP.8.,

Ze = /os’l + 330k + .5 XIo‘/,q'g e /ok + 330 k tfook

e )14 ﬁkf (m:ni mam)
Wrlting the loop ecuations:

Com = €q +¢p Kk
M€y = i (re+ Rx VR‘)
e, = L'P[ rot K. + R U“‘“)]

()in\ e_‘_\_ < CfPL - }ARL

Cia Con rp + €, +Gat) Ric
e _ @03k )
€l 23K+ 33k+arx "

This gain 1s RC coupled to trne next stage. A
capacitor of 10}(( is used to block the passage of d.c. and\
still pass the low frecuency components of interest. A
larger éapaaitar would be better, but there iu a practical
limit to the physical size of the capaclitor used capable of
withstanding the plate voltage present in the ecirocuit. The
330K resistor setc as the a.cy load line resistance. The outw
put to the next stage is taken off the parallel combination
of 11.5 Megs. and ,Jiuf, - This is designed to be a high
impedance relative to the 10 uf capacitor and load resistcr

80 that most of the output voltage of the preceding stage will
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be transferred to the next grid input. The capacitor. is used
as a high frequency pass for 60 e¢ycle noise.
At ,02 c.pes. the percent signal passed to the

next stege 1s given byt

p |
sooy //,r/r/o‘ / /S Xx/0 + 330Kk + /072-,7.F
1.5 (anf) 1 4.8 (2vf) +4

which 1s very close to 90%. Only about 7/10 of the signal

18 passed at 2 c.p.s.
The ratio of the grid input impedance € =R/RCS + 1

at 1 G.pa8s to at af 60 c.pess is glven by

2 RCS¢ +1 /., _ s/sxbx6o +1 T ST
2. ‘° /?CS,H S Imx6x] */

In other words, 60 cycle noise is attenuated

by a factor of 50 relative to 1 cycle signalsat each grid
input. Thus, using an order of magnitude estimate, if the
original input was ,1 mv. signal and 1 volt 60 cycle noise,
which was actually meazured in the fileld, the amplifier ocute
put, for a total gain of 1000, would be about .1 volt signal
and 2 X 10"5 volts nolse since, in addition .t:o" the attenuation
due to the by~pass condenser high frequency components appear
acress the 330 K resistor and are not passed to the next
stage.

Two separate plate voltage supplies are used to
prevent the possibility of a feed-back loop existing between.
stages one and three or two and four,

The cathode follower stage at the output has
a galn of approximately one and gives the amplifier a low
1m§edauce output.

For the cirouit model of Fig. B, the aim was to

adjust the two csthode resiators so that the grid resistance
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could be changed from 10 Meg to 1 lHeg, but it would still

look like 10 lMeg as far as the a.c. load line of the previous

stage was concerned, In this marmer most of the signal would

be passed by the coupling elrecult, and any noise generated by

grid current flowing across the grid reaisténce would be dimine

ished by a factor of 10 relative te the circult of Pig. A.
Locking at the incremental model for this circult

and writing the loop equations:

-1
*»
L)
X
PRPLY

) RES 7 3F*/

A
6
set 7/://7%_7— -Fe B = L
C

(? << {.j ("

M = (o (K + 0, r A fk,_) +Co ko
9 Flo-k o
S B,k (lo+ 7

4?;5 o Cih//;;
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\_R. +%p *k‘*(‘w\\(‘j |
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0/’[k< +’;’ *ﬂ"//*/ *f (/"' Z_____::\) c U2 Cq ke G

G~ &R [ e

e+k1- ?‘\"km

Ru +fp +E+N, +k‘(|a. p_lf:_l_\'_l__\

Z2+ka

Llsnf:’ ﬂ'c qrprox..\modwi Z>7 kK, \ 2ok

6o RULM = Kefg\ .7 Cg),@m

gl—“’rf +6_.u—|\ (k, +k.

Bince incremental 1g"_'(3, G‘ a M RL/RU"} +(H+‘)@.*kt)

From these equations 1t can be seen that increasing
K, will increase the effective input impedance Ziw, which is
what we set out to do. liowever, this has also decreased the gein,
since the ternm (u*l)Ka appears in the denominator of G,
Therefore the factor by which the grid resisbor may actually
be reduced and still comply with the demands of the rest of the
circuit 15 limited by the loss in gain which the system can
undergo and still be of use.
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APPENDIX IIX
Pleld Operating Tbahniqueé and Comments

The electric and magneﬁic recording systems are
commected as shown in the block disgrams. The plane of the
inductance coils should be aligned parallel to the direction
in which the pot wire is lald so that the B field lines assow
cilated with the horigontal E lines in the wire dirsction
cut the coil at right angles to contribute their maxirmum effect
towards inducing a veltsge., The power supply should be kept
as far as possible from all recording equipment, since the field
that it generates is a none-magneto-telluric source which will

obsecure the main MT field.

Recording Procedure for Electric Flield

Set the pots into the ground at sone measured
intervel, e.g« 500 meters, If the ground is exceptionally
dry, it may be saturated with water to insure better elecw
trical contact. Record wire length, as this will be needed
for calibration. The nearest pot 1s placed close to the
recording apparatus and acts as the ground for the whole sysw
tem, Adjust the blas so that all the voltage varliations which
appear on the VTVM remain above zero. If any of the fluctue
atione go through zero, the original signal will not be
regained on detection due to the effect of the amplifier in
the VTVM. The VTVM should be adjusted during recording to
kesp the meter reading between about 3 and 7.
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Recording Procedure for Magnetic Field

S8et the inverter so that it amplifies the signal
by 100. Then using the a.c. amplifier as a voltmeter, adjust
bilas "A" so as to keep all signal variations slightly above
zros After this ls done, swlteh back to the Mamplify® ﬁosi»
tion, The KrohnwHite filter settingﬁ'are then adjusted to
the particular band of interest. The input voltage setting |
should be on "high's Using a VIVM, observe the signal at the
chopper output and adjust bias "B" to keep all variations
above zero. Finally, obaefva the signal after the volt&ge
divider and adjust the divider setting so that the ocutput to
the tape is about I mv. RMS. Record all amplifier and voltage
divider positions so that they may be uased for calibration.

The best way of keeping records is to monitor
the magnetic tape with a microphone so that all pertinent
information will be permanently preserved with the data.

Fleld Data

Three magnetic tapes containing field data are
available in the Geophysies Lab. They were all made in Linecoln,
Massachusetta, The pot wire was laid sewtheast and the Parm;
alléy rod pointed southwest. The electric field was recorded
unfiltered, while the filter settings for the magnetic signal
were ,02-2, 6w2, ,2=.b, +06=.2, and .02«,06 c.p.s¢ On the
record of May 1 the electric signal was not monitored at the
tape input, and there are indications on observing the Sanborn

recording that the magnetic tape was saturated, A 1200 foot
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péb separation was used for this record. For the May 12

tape the electric signal is completely inwvalid due to an
instrumentation error which was later corrected, The magnetic
aignalvwna saturating the‘tapa in several sections of this
record, The record of May 18 has no defects that are known.

The pot separation here was about 830 feet,
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Suggestions for Further Work

Reocordings should be made using a bandepass
filter in the electric as well as the magnetic system.

The range of frequency investigation could be

extended,

A valid interpretation scheme should be formue
lated and applied to field records or, for more meaningful

results, to a modeling precblem.
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