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Part 1

Introduction

The variations in the earth's magnetic field have
served as the basis for the oldest presently used method of
geophyeical exploration. As early as 1643 the Swedish mining
gcompass was used as a rélatively erude but effective measura
of the increases of intensity in the vicinity of an ore body.

The means with which the field or its variations were
measured grew prograssively more complex through such inatru-
ments as the dip needle, Hotchkiss super dip and the Schmidt-~
type magnetle field balance. The past decade has seen the
replacement of these mechanical syst-?ms by sophisticated elect-
ronic instruments, namely, the fluxgate and proton precession
magnetometer. d

The great volume of magnetic data acquired by these
electronic alrborne units promoted the development of new
methods and aids to interpretation and data handling. The most
accepted of these methods are those :Im-nlring computed duri'm-
tive maps as suggested in-the literature by Evien (1936),
Paters (1949), Henderson and zuu: {1949), Elkins (1951),
Rosenbach (1953), and Henderson (1960).

These maps together with the original t?hnl intensity
maps are utilized for qualitative interpretation only. 'Quani-
tative use of magnetic contour maps was introduced by Vacquier
et al in 1951 for the purpose of making depth determinations,.



This method does not lend itsell to rigorous mathematical analysis
yet it provides a means for determining the deoth to basement
to approximately 10 or 20%. [Henderson snd Ziery, 1955, p. 316}

At the time of this writing, however, an airborne
magnetometer has been intreduced that again requires the devel-
opmant of newer techniques of interpretation. The instrument
is the rubidium vapor magnetometer wheose basic sensitivity is
approximately 0,01 gamma or about 100 times the sensitivity of
the best previous ﬁa:nm:nmat-urs. To utilize this sensitivicy
in light of the advances already made in interpretation, the
magnetometer was designed as a derlvative measuring instrument,
or gradiometer. The quality and wvariety of infermtion now
available in the megnetometer and gradiometer warrants the study
of new methods of analysis, It was on this basis that the
following investigation was performed on derivative maps and
their aid to interpretation.



Party II

derivative [aps

1. A Gualitative Comparison with Toetal Intensity laps

A derivative map in appearance is very much like its
corresponding total intensity map. The differences that exists
however, no matter how small, are often very significant in
the interpretation of the subsurface structure.

The most significant feature of the derivative map is
the presence of anomalous peaks and depressions not apparent
on the total intensity maps. The slopes of the total intensity
anomalies are exaggerated on the derivative map while the vary
slightly dipping portions are smoothed, As a consequence, slight
irregular changes in intensity on the flanks of an ancmaly
which are caused by the supercosition of more than one disturb-
ance are effectively isclated. The amount of reselution is
greatar as the degree of derivative increases.

It is interesting to observe in various ways the mech-
anism respensible for this property. Analytically, the in-
creased resclution is largely the result of the greater fall-off
of the derivative with respect to its total intensity functions. )
in the very general case of the intensity from a point source,
for example

K
., RIS
where K is constant representing susceptibility, volume, etc.. .

The first derivative would then he Sl o -
ar r3 F



Thus, as a consaguence of the higher rate of fall-off, the
derivaetive is more sensitive to & change in the radius te the
disturbance. Two sources having two radii are therefore
easily seen as a chanze in the derivative. The hicher rate of
fall-off, then, accounts for the increased resolution and re-
lated phencmencon mentioned above.

Graphically, the curves in Figure 1 represent the
intensity at five depths. The informtion on the curves was
transposed to the form of intensity, Hy , @s a function of
depth, 2z, for various points, =, on the profile line.

To a good approximtion, '™ -

aH
b_z. x, = slope of [Hlxl = f{m}Ll]

= tan @ vwhere @ = arctan (——-ﬂ-l }
= xl

At z = =z, , 9H was replotted as a function of * . Ta

aL
this case it is the tangent function that causes the steep-
ening, the decrease of horizontal displacement of the peak, and

the quick return to "zero' of the curve g?lt' = flx) when

compared to H = g{ x),

The graphical Elnr.ting and converting of H = g{x) to = flz)
and gack to g? = H(x) was done without regard: to

1

scale or units; hence, the resulting plot is strictly gualitatiwe



A second important difference between total intensicy
and derivative maps is the shift of the anomaly peaks and de-
pressions. The peaks of the first derivative anomalies are
shifted about halfway betweén the total intensity peak and
projection of the anomalous disturbance peak on the plane of
the map. Similarly, from the first vertical derivative to the
second vertical derivative, the peak of the latter is then al-
most colncidental with the center of the anomalous disturbance
itself 2, See Figure 1.

A third but somewhat trivial difference is the change
of units from one map to another, from intensity to intansity/
distance. Moreover, if one treats the first derivative as a
scalar potential and the second derivative as the first deriv-
ative of the potential, i.e., letting

2
2 L% g 2K = 2%
22 3 3, 2z '

then it follows that for all the properties enumerated, the
second derivative possesses the same properties and increases
of resolution over the {irst derivative as does the first de-

rivative over the total intensity.

2 The amount of shift is alsc a functiom of inclination. The
fractions given here are for middle latitude inclinations.
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2, Computed Dasrivatives

Computed derivative maps ar2 utilized by most geo-
physicists as an aid to interpretation. A variety of types
of maps have bemen provosed in the literzture sach claiming to
be superior in some aspect of interpretation. Commonly includ-
ad in this variety are these known as residual, dowmward, and
upwWard continuation maps and, of course, first and second and
even fourth vertical derivative maps. Their utility is purely
qualitative, the objective being greater resclution of the
individual anomalies. This is accomplished by the process des—
eribed in Part II, 1,

Even more numerous than the types of maps are the
mathematical formulations derived by the authors mentioned
above. It is generally agreed that no one method of computing
a derivative map offers a much more accurate and informative
picture than any other, thoush the most fregquently used are
second derivative maps 3. M1 of the computed derivative maps
originate from a map of a "potential™ field which, taken by
itself, does not owe its origin to a single, unique source.
"The ambiguity arises from the fact that, given the diatributi;n
of a gravicy, magnetic, or electric potential function over a
surface.., ; it is not possible to derive a single unique dis-
tribution of mass, magnetization, or electric charge which will
account for that field." [ Nettleton, 1954, p. 2.).

3 They are used mostly because the most atraigh&farnard mathod of
pbtaining a derivative from a distribution of a potential over
a plane involves the use of Laplace's eguation

2% u LR ) S
+ayz+-3_=g

ax2



A rather comprehensive formula was develepad by
Henderson (1960) which facilitates the computaticn of prac-
tically all the types of derivative maps mentioned aarlier.

The formula was programmed on various ceomputers thareby elimin-
ating the task of eslculation and permitting a larger and nmore
accurate sampling of the field values. This program was used
by the writer to obtain computed maps and profiles (included

in report) as a basis for comparison with measured profiles and
subsequent development of derivative interpretation. It is
not the writer's intent, however, to include here a discussion
of the t heory or virtues of the derivative formula except to
say that it is one which involves the averare of values on
many circles of different radii.

FPortions of a total intensity aeromarnetic map for
which the derivatives were computed are shown in Figure 2,
Superimposed over these anomalies are profile lines and a
smal 1 segment of the prid used to sample the field values.

The grid interval was chosen for both empirical and convenient
reasons to be 3200 feet. The total intensity and computed first
and second derivatives appear in Figures 3, 4, 5.

Probably the most critical step in computing a deriva-
tive map is the choice of the grid interval which determines
the radii of the circles and,therefore,the points from which
the field is sampled, It is an empiriecal choice but one which is
generally found to be a controlling factor in both the values
and character of the derivative map. (Peters, 1949: Nettleton,
1954). 1In Figure 6, for example, various profiles are shown



. SCALE IN FEET

BOLD CONTOUR INTERVAL =50 GAMMAS

FIGURE 2. PROFILE LINES ON TOTAL INTENSITY MAP.
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from a2 second vertical derivative map computed on the basis of
two different size grids, one about equal to the averdee depth
to basement and the other about cne half that value. There is
a decided differerce in both the amplitude and oscillations of
tha anomaly derivatives, though the location and average slope
of the m jor anomaly derivatives remain generally unchanged.
Other factors which limit the accuracy of derivative
maps are a) the inaccuracy of chosen field data due to errors
in contouring the total intensity map and errors in interpolat-
ing for the grid values, b) the approximations and theory used
in the particular method of eaiculatiun (Trejo, 1954; Dean, 1958},
and ¢] the previously mentioned non-unique solution from a plane

of potential values,

1L



3. The HMeasurement of the Derivative

Aa part of the development orogram referred to in
the introduction, the gradicnetor and masnstomgter were 5
flown over an area for which an aeromagnetic map (Figure 2),
was available. This providad the rare opportunity to obtain
and compare the computed derivative profiles with those
actually measured.

With a view to examining the justifieation of measuring
derivatives with the gradiometer, onse must first understand the
nature of the measurement and the derivative approximations.

The pradiometer is merely 2 systen which measures the differesnce
between the intensity at two magnetometers which, in the case

of the rubidium vapor instruments, measure total intensity.
Since the gradient which is to be measured is vertical the
magnetometers are, of course, displaced vertically.

The numerical approximation for the gradient or first

derivative is

oF (z) Fl{2) - P (1)
ar 3.5

Tz

where Flz) is the magnetic intensity at z, and n,is distance

between z =1 and £ = 2.

15



The second derivative, similarly, can be expressed as

2
5 [F (=] - dF sl of @.s]
2 = gr 3r
a r 1
Tp.:q
F (0) - F (1) F (1) = F(2)
r r
- 1 2
r,;.u
A more rigorous amalysis of this justification in terms of
2 . sH given in the Appendix at the close of the paper

ﬁ Y
On this basis the first derivative or vertical grad-

ient was measured on the profile lines of Figure 2, The measure

derivative profiles are in Figures 7,8,9.

4. Comparison of Computed and Measured Derivative Profiles

The comparisons of the derivatives are in Figures 7
8,9. The second derivative was cbtained fo;' anomaly A by
utilizing the information from two flights at different ele-
vations in the same manner that the intensity from each mag-
netometer was used. Note the agreement in mpl:l.f.ud:a:[ Sew
Figures 8uf:9s) and general character. Note also that the
smll anomalies that appear on the lower flanks of the computed
anomalies agree with those on the measured profiles.

16
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Part III

Guanitative Application of Derivatives

1. Aopplication of Derivatives to Basement Depth Determination

The investigation of the use of measured derivative
information was directed largely towards the familiar problem
of determining depth to basement from aerosurvey flight lines.
The following represents suggestions on various procedures at-
tempting to selve this problem.

The total magnetic field over the surface of the
earth varies both in magnitude and direction in the vicinity
of local natural disturbances. These disturbances are geologic
in nature and owe their origin to intrusions, basement dif-
ferentiations, or structures in the basement and sediments.
The disturbance, or anomalous field, is caused by contrasts
.in the susceptibility in adjacent masses.

Exploration magnetometers, i.e., the rubidiuws wvapor,
proton precession, and the fluxgate instruments, for all prac-
tical purposes, measure the magnitude of the total [ield.

This is particulerly true in the case of smaller ancmalies,
e.g.,-lﬂﬂ-EUD gammas.

/A

&
. wd A
.n..lfutr-d‘? T}er-qap .‘J?. int p]w:?y

— anomalous
vector undisturbed earth's vector —

anomalous earth's vechor ==

Figure 10,



It can be seen from Figure 10 that the change in the magni-

tude of the total field is essentially the compenent of the

anomalous vector in the direction of the undisturbed earth's

field. .
These disturbances have at times besn described as

points, dipoles, lines of poles, lines of dipoles, and

various prisms and bodies of revelution. IFf the magnetic

field can be described by a mathematically homogeneous function,

say, Hlx,y,z), it will satisfy Euler's Theorem on Homogeneous

Functions,

” amtzmﬂx T e TR -C57) [
% Y 2z

where n is the degree of homogeneity of the function H and a
measure of the rate of fall-off with distance of magnetic
1nt¢naibr" « The origin of the coordinate system is the center
of tha anomalous magnetic disturbance where z is vertical and
x and y are horizontal with x in the profile direction.

al

The values of H and o= Ere obtained directly from

the curves, and .g.f! is obtained from the plot of H vs x.
x

The second term,  y 2H  is gero where the profile line is
ar
either over the anomaly (y=0), or where the profile direction

is perpendicular to the contour lines of the total intensity
map {ﬂ[ =0).
v Vo )
At the peak of the total intensity anomaly

aH JH

2 X .o,
9% oy
& In the case of a point source, for example, where H=X. ,_ 5
re

For a dipeocle, n = -3.



and Euler's theorem can be expressed in the simpler form

< e

(2) &

This form of the theorsm will also hold at a point on the profile

line where, as before, ::_E = Of{or y=0) but where x=0. Thus,

the point on the profile not on the peak where

; H ” ;
(3) a=n — = n__P.

2H X

azn asz

P

iz the point from which x is measured, and this point is immed-
iately over the source,

Euler's theorem, as it is here used, then is

2H aH
x =X g o
= + == = muH

where the unknowns are z and n. To solve for them, the theorem
is evaluated at various values of x. The resulting straight

line equations of 2 and n are plotted, and their intersection

represents the solution for z and n.

22



Hany points on the profile meet the conditions nec-
assary to solve for the unknowns, a fact which is used in ob-
taining difference values rather than the more difficult-to-

determine absolute values of the derivative and of the field.

We havae
ol ak
(%) “Iz 2 0+ il . = nfl,
21| 28
(5) ox 5 @ g = nkH, and
3 3
aH aH
(6)5-] x5 — | =, + |28 24
ox oxly 3 T La|, - ), | nﬂli‘lz-H:J

The unknowns, z & n, are determined by inserting the approp-
riate values of x and simultaneously solving equations (3) & (6).
The determination of the depth (z) is important but
n as a measure of the rate of fall-off is also of interest as
it adds to tke knowledge of the extent or shape of the mass
causing the anomaly. This information may aid in the separa-
tion of anomalies that owe their origin to differentiations
within the basement from those that are caused by structural
deformation of the basement.
Many methods are possible utilizing the various

derivations of Euler's Theorem, The derivative with respect to z i

2 .,
() L 5 o B8 ¢ p8Rw , 2l o .3
oz oz

dx oz dydz 52 3%

23



tfhen this equation is evaluated at the peak of the first deriva-

tive map
DH

22y _ ols dl &

dxaz o x

Qs

2y o5)
dyaz Sy

and the simplified Evler's Vertical Derivative Thecrem becomes

2% u
(8) 3 z*

‘ z nl!n-l]g-i-n

2 2

Solving for z with equation (3),

L
dzls

(9] o
IJHLEH 2
2| o) e,
Wik 3l 5

Here, too, differents methods can be employed to over-
come the difficulty of determining _r.he absolute values of the
field and its derivatives. It is important to note that in all
methods described herein errors in determining z depend largely
upon the accuracy of the computed derivative maps (il one ob-
tains the derivatives by computational methods applied to a

magnetic field map), its contours, and the individual's inter-
polation.

20



Tha horizental derivative of Euler's Thesren can ba

pressed as

2 2 2
oy T xs L8 A0 o poy 28
LES dy I 9z dx ax

Given a Gotal intensicty anomaly profile, which again
is perpendicular to the contour lines

2% u

Iy 9%

Il
o

where the profile is in the x-direction. In this regicon of

2
g?_;[t =0 and at the inflection point of the profile, elearly
BEH
= 0
x”
aH
ox
Thus, 2= (nel)
9%y
(11) dz dx

This methed is vsed in addition to the other derivations of
z = f {n) largely because it is not dependent upon the knowledge
of the absclute values of the field or the gradient but only
upon their slopes.

Of some interest is an approach to equation (11) based
not upon Euler's Theorem but upon an application of scalar (dot)

25



product of two pertinent gquanities: the gradient of the
scalar Y and the radius vector from the source to the point
of obasrvation,

The quanity measured by the ragnebometer, as prev-
igusly nentioned, is sicply the intensity of the earth's
total field vector, a scalar quan'ii.ty. The gradient of this
scalar field is

e TE L jA L F oo

Ive = \/(:_:Jz_f (:;_:}1 “EJZ

The scalar product of the gradient and the radius vector is

(12) ¥ Vi = '-g-'-: x + -ﬁ{-r?£-==}3?r||?]nu-

where T= Lx -I-T]Y + Kz

and |7 |=V 24 400

e e
and © = angle betwean WH and T

The derivative with respect to x of the scalar product is

. 2 ] =
tlj:’i@- 'i;_Hxi.a.].{. +£H— T*& z=;!l3‘“ﬂﬂ"

x = &xz ax dyax S dx

zb




If the same conditions are applied to this equation

as were imposed upon equation (10), then equation (13) reduces to

a[l';| |'5":'{Ic-u o) : which is an implicit
- L .
(14} 2 ox A funetion of z and can be
32 i solved as fellows:
Oz %

The first term on the right hand side of the esquation contains a
function of ¢ in the factor, FFI coe® , By evaluating the
slope of the scalar product ﬁrsus x for assumed values of 3
and inserting the values of this term in equation (14), one
value of 2 will be identical with the assumed z. This repre-
sents a graphical sclution for the implicit function of the
unknown depth, z.

Thi= last method of solving for the depth, z, i=
advantagecus in that one has only a single unknown, that the
measured parameters are independent of the knowledze of the
absolute value of the ancmaly, and that the equation deoes not
require the field, H, to be rmthe_rmtically homogeneous, It
gan be shown that Buler's Theorem i3 a special case of the

scalar product equation in which H is a homogensous function.

27
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2. A Model Study Demonstrating Euler's Theorem as Applied
to Basement Depth Determinatioms.

In order to test theocries on depth determination
using gradient and total field data, simple model tests were
performed on the evening of September 22, 1961 on the mag-
netometer test pad of ‘i"nrinn Assccliates. The results of the
tests confirmed various theories directly applicable to the
mﬂum of determiration of depth to basement from derivative
inform tion. . | .

The methods propuaud'r& the computation of depth
involvea the knowledge of the total magnetic field and tha
vertical gradient on a profile directly over the peak of the
total field contours. The source is the origin (xey=z=0),
the z-axis s vertical and positive upwards, and y is the
third member of -2 positive orthogonal triple.

As a matter of practical eonvenience tha whola
coordinate system was Yotated 90° sbout the x axis so that z
was then in a horizontal plane and approximately 15° east of
magnetic north. The study was dealgned to be ttwo dimensional
so that both 'Il:ha roint of obszervation and the gradient were
approximately zero in the y direction, Also it was found to
be more ccavenient to move the source relative to the instru-
ments as opposed to the case in practice where the instruments
mave relative ta the source and the environment. Lssuming the
environment t.a be homogeneous as compared to the magnitude of
the source, the same end would be nuh:lc!md in either case,

28



The axis of the gradiometer was herizontal and
approximately five fest above the flat black-top surface of
the parking lot adjacent to the test pad. Parallel lines
were drawn perpendicular to the 2 axis at distances of 45,
50, 55, 60, and 65 feet from the center of the gradiomster.
The gradiometer itself consisted of two magnetometers five
feet apart whose signals were beat together to obtain the
difi‘erannu' between them. See Figure 11. One of them was
used as a magnetometer and the data corrected twe and a
half feet to the center of the gradiometer system using the
value of the gradient and observed value of the total mag-
netic field.

The source used was a large permanent bar magnet
approximately eight inches long. On the runs where the
signal to the gradiometer was weak, two such magnets were
aligned end to end and used as the source. The magnet was
taped to a three foot wooden pole and the pole, in turn, rested
on @ line drawn on a non-magnetic cart about threse feet high.

The cart was pulled by hand at about one foot per
second along the traverse lines and timing marks ;;hcud on
the records every ten feet from'x = =130 to x = $130. Radio
communication was used throughout the test to insure the cor-
rect logging of events. See Fipures 12, 13,

The main purpose of the tests was to verify the cor-
rectness of Euvler's Theorem as used in depth determination.

29
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In the situation that exists in the model tests both

y and @l are essentially nero and we have for the 'depth' z,

ay
H
i nH = xgi
o H
Bz
and aH is the value of the gradient at the gradiomet:
%
aH

HE& Ty are obtained from the total field profile,
and x is known. from the method described in II, 1.

Solving for z and n | by -using simultaneous equations,

= _Hlpeak

aH
0z

at the peak of the total

peak field profile where x = D}

(1]

and ]

The determination of z and m are graphically represented

in Figures 14, 15.

The profiles were added according te the law of super-

33



position to chtain a summation curve of H and E—I'! for a

configuration of magnets at z = 45, 50, 55, 60, :nd 65 fest and

displaced by 0, 10, and 20 feet either side of the original

position. The center of this configuration is approximately

55 fest, "
By scalar product method

2 —
x @ JH _H_ .Ez_u_. = AV Bl [Hess )
Bx + Bx+rarax 2 x

>l Euliggu: - 3H

a5 f ax% dx 7

nas = ey T where |?|=1x2+ 2
&21-: i
dzd x

Applied to the summation curves,

%2 = 50 feet and 58 feet for the west and east
side of the profiles respectively. Euler's Theorem appeared
to produce inconsistent results for various values of x ex-
Plained in part by the degree of inhomogeneity of the relatively
large size (array) of the source,
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SOLUTION FOR Z AND n OBTAINED FROM THE MODEL RESULTS
OF FIGURE 3 FOR A PERMANENT MAGNET DIPOLE AT 50 FEET
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; SOLUTION FOR Z AND n OBTAINED FROM THE MODEL
RESULTS OF FIGURE 4 FOR A PERMANENT MAGNET DIPOLE AT 60 FEET
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Part 1V

Conclusions

The introduction of objective derivative calculations
has effectively provided the additional equation necessary to
solve for the geophysically important unknowns of bassment
topography, such as depth to basement and type of basement dis-
turbance. The gradiometer may bridge the gap betwesn the low
resolution of air surveys and the high resolution of the
seismograph.

The great advances in instrumentation that enabled
one to measure changes of intensity to one in 1ﬂG,ﬂéﬂ has not
stimulated a proportional advancement in interpretation of
ragnetic surveys., For all practical purposes interpretation
remains either completely gqualitative; gquasi-guanitative and
based upon empirical studies; or approximately quanitative
where the shape, size, and susceptibility of a body are assumed
and calculations based upon these.

Assuming good control on a given aeromagnetic map,
it appears that H contains more potential information than is
presently utilized by geophysical interpreters, particularly
in the realm of derivatives. The ability to detect changes in
the field to one part in ten million is now realized: computers
haye made possible field calculations previously thought to be
prohibitive; and future mutomatic recording and plotting methods
may short curcuit the error-producing, laborious contouring

methods that now limit methods based upon field theory.
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Appendix

The application of Euler's Theorem reguires the
determination of the derivitive of the field value in the -
=z direction; that is E. The method is to approximate this
derivative value by measuring the difference in the masnetic
field AH at two points separated by a finite distanceas, and
taking :_2 as the derivative. VhenaAz is very small com-
pared to the distance from the magnetic source this is obviously
a good approximation. In the model work however az is of the
order of one-tenth of the distance from the source. It is nee-

essary to establish the magnitude of the error in setting

aH = oH at the midpoint of Az.
Az 0%
H
; 2
l_l__l . 0.1 2
e 2 o

A simple case along the 2 axis is considered. The source is a
dipole of magnetic moment K along the z axis. Then at any
‘point along the 2z axis

=i K 2H K
H= and — = = 3—
_33 2z sh

The field at a pni:nt. (3 - .052) is By = ﬁ_xfﬂj and at a

point (z 4 .05 2) is H, = (2. !.iﬂi z)3

hEPa- o)t T_B’gﬁ = 1,663 ?
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B2 Ba#.05P = 1asm643 T 0-8637 5

AH - Hy- B = [u.saav-Lm'as}lj. -n.auzs%
; -
AE = 0,102

AHE _ _03026 g = -3.06%

D 0.0z 3 .
. AH
Error in use of AR g OB _ Ay _=3.026 4 000 o less
By 3% - 3.0 -
EH . w
&z

than 1 per cent for z g 0.10 sz,

The above shows that a sufficiently good value
can be obtained at the point midway between the two mg:nar.mm{-
heads. To obtain the value of H at this same point it%is proposed
touse Hae Hz =80 Tt is necessary to establish the magni-
tude of the error in -thia approximation.

H, =0, K
AH = =0.3026 —ti from above
R - A = (08637 + 0.a513) X% =1.015 -5
2 < . 13 23

But.li=-§ so the error in thausunfﬂz -%—E-[ for H is

O
H ) h
2 = ;,%5_. = 1.015 orgl 1/2 per cent for 0,10 z

H
This ie safficiently good for the purpose of the medel tests.
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Airborne Magnetic Gradiometer

for Petroleum Exploration
(Invented by Sheldon Breiner in 1961, as part of a research project for his M.S. Geophysics
at Stanford University. Patent assigned to Varian Associates.)

A new geophysical prospecting device, developed by
the Quantum Electronics Division of Varian, is now in
use by a major oil company to map the earths sub-
terranean geology. The device, known as an airborne
geomagnetic gradiometer, provides outlines of the
shape, size, and depth of underground formations
indicative of oil deposits.

The new airborne system, which consists of two Varian
rubidium magnetometers, can map several hundred
miles of terrain per day to provide geologists with
detailed data on which to base seismic analyses on the
ground. The Quantum Electronics Division (QED) has
received a $500,000 contract for the new geomagnetic
instruments, which have been under field evaluation
for five years. The Union Oil Company of California is
Varian's licensee for airborne geomagnetic surveys.

Gradiometer Description

The airborne gradiometer, its concept and principles
were conceived by Dr. Sheldon Breiner as his Master
of Science research project in Geophysics at Stanford
University. He applied for and received a patent,
assigned to Varian Associates as a condition of his
borrowing two rubidium magnetometer sensors to
carry out his work. The vertical optically-pumped
T magnetic gradiometer consists of two rubidium
magnetometers housed in separate aerodynamic pods suspended with 100 feet of vertical
separation beneath a helicopter or airplane (but no horizontal separation, after correction
for airspeed). Each capable of sensing a change in the earth's magnetic field of 0.01
gamma [now, 0.01 nanoTesla, or 10 picoTesla], a sensitivity equal to one part in five
million of the earth's total magnetic field. The output of the lower magnetometer and the
difference between the two is recorded simultaneously by instrumentation within the
aircraft.

Advantages of the Magnetic Gradiometer

Whereas previous aeromagnetic studies using a magnetometer proved adequate in
charting the total or regional magnetic fields, the gradiometer, by using two sensors,
offers the petroleum geologist several significant advantages:

First of course, is the vertical measurement sensitivity. This enables the geologist to
determine the depth and characteristics of underlying or basement structures and their
probable effect on the overlying sedimentary strata in which oil is found.


http://gradiometer.by/

Another previous stumbling block to highly accurate aerial geomagnetic prospecting was
the continual change over time in intensity of the earth's magnetic field itself. The dual
sensor configuration of the gradiometer automatically eliminates such changes and
prevents the consequential distortion of the magnetic measurements.

The end result of the actual field survey consists of a map of the total magnetic field and
a map of the vertical gradient of the field--both of which are synchronized to the position
of the aircraft. To the petroleum professional, this presents a picture of the nature and
configuration of the subsurface rocks which might contain petroleum.

Euler's Equation

A key attribute and the basic impetus for the gradiometer was Breiner's innovation in the
April, 1961 whereby he used the three components of the gradient and the magnitude of
the total magnetic field of the earth to compute the distance between the magnetometer
sensors (actually, the midpoint between them) and the upper surface of the magnetic
(crystalline) basement rocks which underlie all petroleum basins. The mathematical
relationship between these magnetic field attributes is described by what is known as
Euler's theorem on homogeneous functions. A constant, called, "n™ in the equation (also
the rate of 'fall-off' of the magnetic field of the anomaly source) is an important
descriptive parameter which characterizes the physical nature of the magnetic source, be
it a semi-infinite block, a dike, anticline, a volcanic plug or a dipolar source, all of whose
dimensions are small relative to the distance between the gradiometer sensors and the
source minerals, namely, magnetite.

According to Varian, the tens of thousands of field survey miles flown have indicated the
gradiometer will provide a profitable shortcut in preliminary prospecting stages over
much of the earth's surface.

The rubidium magnetometers
comprising the Varian
gradiometer have been under
development and refinement
by the Quantum Electronics
Division since 1957, licensed
from the inventor of optically-
pumped alkali-vapor
magnetometer, Professor Hans
Dehmelt of the University of
Washington and subsequently
a Nobel Laureate.

Breiner near Monument Valley, Arizona, testing the first
rubidium airborne magnetic gradiometer, October, 1961
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Magnetic Airborne Magnetic Gradiometer Patent

1. US PATENT REFERENCE:

TITLE: METHOD FOR DETERMINING DEPTH AND
FALLOFF RATE OF

SUBTERRANEAN MAGNETIC
DISTURBANCES UTILIZING A

PLURALITY OF MAGNETOMETERS

INVENTOR(S): BREINER SHELDON; RUDDOCK KENNETH
A; SLACK, HOWARD A
PATENT ASSIGNEE(S): PURE OIL CO THE (68744)
VARIAN ASSOCIATES INC (88480)
NUMBER DATE
PATENT INFORMATION: US 3263161 19660726
(CITED IN 010 LATER PATENTS)
EXPIRATION DATE: 26 Jul 1983
FAMILY INFORMATION: US 3263161 19660726
DOCUMENT TYPE: UTILITY; REASSIGNED
THE METHOD OF DETERMINING THE DEPTH Z AND FALL-OFF
RATE N OF A
SUBTERRANEAN MAGNETIC DISTURBANCE BELOW AN AREA TO BE
SURVEYED,

COMPRISING: DETERMINING THE MAGNETIC INTENSITY H AND
THE VERTICAL

GRADIENT $H/$Z OF THE EARTH"S MAGNETIC FIELD FOR AT
LEAST TWO POINTS OF

SUBSTANTIALLY CONSTANT ELEVATION LYING WITHIN THE
AREA TO BE SURVEYED;

LOCATING THE HORIZONTAL COORDINATES X, Y OF SAID
POINTS WITH RESPECT TO

THE CENTER OF SAID SUBTERRANEAN DISTURBANCE;
CONSTRUCTING AT LEAST ONE

PROFILE OF THE TOTAL FIELD H; DETERMINING THE
HORIZONTAL SPACE

DERIVATIVES $H/$X, $H/$Y FROM THE SLOPE OF SAID
PROFILE AT SAID



