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DETECTION OF A THIN SHEET MAGNETIC ANOMALY BY SQUID-GRADIOMETER 

SYSTEMS: POSSIBILITX OF HYDROFRACTUp AZIMUTR DETWMINATION* 

W. C. Overton, Jr. # 
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ABSTRACT (Rz)li2 are possible. Meanwhile, specially- designed 

dc SQUIDS (Clarke, et a l ,  1976) and r f  SOUIDs (Long, 
e t  a l ,  1980) have s e n s i t i v i t i e s  one to  two orders of 
magnitude b e t t e r  than those mentioned above. 

We have Carrie - 

SQUID sensors- f o r  1 Such developments allow many new types of sensi- 
geothermal energy k ' t ive measurements t ha t  were not  possible by earlier * 

produced by hydrof methods. A few examples of SQUID-gradiometer o r  mag- 
netometer uses are: diagnostic t o c l s  i n  medicine such borehole would be 

such as fe r rof lu id .  as the magnetocardiogram and magnetoencephalogram; i n  
f i e l d ,  t h i s  material biology t h e  observation of nerve currenc impulses; i n  
magnetic anomaly whi geophysics, SQUID-magnetotelluric exploration; and nu- 
m t h  of the  v e r t i c a l  merous applications i n  physics. 
north. Signatures 0 
ed by taking r o t a t i o  
the  crack w i t h  mase 
mathematical descrip 
test the  theory and 
simulated t h e  deep b 
ing  panels t o  def ine  
wide, and 2.5 m high. 
of su i t ab le  magnetic 
develops. Signatures 
a x i a l  gradiometer r o  
f ind  good agreement 
f o r  azimuths i n  the  

onsider i n  t h i s  repor t  an application i n  
s which should make possible the  deter-  
of t he  azimuth of a t h i n  hydrofracture 
r the  bottom of a deep borehole a f t e r  i t  
flooded with fe r rof lu id ;  This capabi l i ty  

t o  be of value t o  the  hot-dry-rock (HDR) 
energy program of the  Los Alamos Scien- 
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i Because of the very great expense of 
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a fu r the r  requirement -T 

t ha t  t he  horizontal-axial o r  hori- s A I - O S ,  NM 87544. 
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zonta l  planar gradiometer o r  horizontal  ax i s  magne- 
tometer must be ro ta ted  about a v e r t i c a l  ax i s  i n  or- 
der t o  obtain the  magnetic anomaly da ta  due t o  the  
hydrofracture crack. 
w i l l  be recorded i n  the  form of amplitude of the  
field[iw@or amplitude of t h e  f i e l d  der iva t ive  ( t s  G/ 

is Of the magnetometer Or gradiometer with respect 
to north* We show that it is these material which has become polarized by the  ear th ' s  angular dependences t ha t  charac te r ize  t h e  azimuth field. 
of the hydrofracture crack a f t e r  i t  has been f i l l e d  
with ferromagnetic f lu id .  I n  other words, t he  ro- 
t a t i o n  signal exhib i t s  a s igna ture  which i s  charac- 
teristic of t h e  azimuth of t h e  crack. 

~ ~ ~ r ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~  ~ ~ ~ o ~ ~ $ ~ ~ ~ $ ~ ~ ~  ::::On- 

were various paramagnetics and co l lo ida l  s i z e  i ron  

owed t h a t  t h e  various paramagnetic substances i n  
lu t ion  would exhib i t  such a small magnetic moment 
high temperatures as t o  be  barely observable as 
rack anomaly by a SQUID-gradi,,,,,eter system in the 
ehole. On the  o ther  hand, co l lo ida l - s ized  
n o r  f e r r i t e  p a r t i c l e s  seemed t o  u f f e r  a poss ib le  
u t ion  t o  the  problem because t h e  magnetic moment 

p a r t i c l e  remained l a rge  even a t  temperatures as 
geeas 800 K. The Curie point of t h e  i ron  par t i -  

We discuss i n  Section I1 the  polar iza t ion  of a 
magnetic anomaly by the  * ea r th ' s  f i e ld .  The 
quantity of i n t e r e s t  is the  magnetic moment tha t  w i l l  
result when a superparamagnetic material  such as fer-  
rof lu id  i s  placed i n  t h i s  weak polarizing f i e ld .  

I n  Section I11 we study the  more general problem 

The magnetic signal picked up 

as a function Of the position Of the ax- of how f i e l d s  a t  any point are modified by the  pre- 
sence of an a rb i t r a ry  deep d i s t r ibu t ion  of magnetic 

In Section I V  w e  show how these same equations 
can be adapted t o  describe the  response of a ro t a t ing  
superconducting gradiometer o r  magnetometer t o  an ano- 
maly caused by an a rb i t r a ry  d i s t r ibu t ion  of magnetic 
material .  
borehole near a loca l ized  anomaly of small volume o r  a 
grea t  d i s tance  away from a l a rge  source. 

When this concept was first examined by the au- The measuring system can be e i the r  i n  the  

f e r r i t e  p a r t i c l e s  i n  suspension. The ana lys i s  
We discuss i n  Section V t ha  experimental setup 

SOUID gradiometer system and its for Our 
nOn magnetic ro t a t ing  platform, the  f e r ro f lu id - f i l l ed  
th in  sheet which simulates the  hydrofracture crack, 
and o ther  d e t a i l s  of t h e  experiment. 

meter ro ta t ion  da ta  with the  theore t ica l  predictions 
of Section I V .  
r e l a t ion  ca lcu la t ions  and l e a s t  squares adjustments 

15 1,040 K. Unfortunately, a co l lo ida l  Bus- of these two sets of data and are 
able  t o  show tha t  t he  f 15' c r i t e r i o n  on the accura- 

In 1978, we focused attention on magnetite fer- cy of crack azimuth determination is s a t i s f i e d  f o r  
the  east and w e s t  quadrants. Further study and mea- 
surements 

south quadrants. 

We compare i n  Section V I  the  experimental gradio- 

W e  present t he  r e s u l t s  of cross-cor-'. 

ion  of such materials would be very expensive. 

i d  as a b e t t e r  alternative than the  c o l ~ o i d a l  
suspensions of so l id  i ron  or f e r r i t e  p a r t i c l e s  men- 

ed i n  small commercial quan t i t i e s  f o r  about $800 per 
liter, the re  was a process (Reimers and Khalla- 

be required t' determine if the cri- 
tioned above. mile t h i s  f e r ro f lu id  could be obtain- terion can be satisfied for azimuths in the north and 

In  Section V a w e  give a summary of t he  work and 

11. POLARIZATION BY THE EARTH'S FIELD. 
with  t h e  promise t h a t  t h i s  could be reduced t o  

as t h e  geomagnetic 

an example, we consider a location i n  the 

I 



f New Mexico near the Fenton Hill 
HDR Geothermal Energy Site of the Los Alamos Scien- 
tific Laboratory. ere, the geographical coordi- 
nates are approximately 35' 55". 106' 30'W, which 

253.5'. 
estimated local field values, 

c corresponds to colatitude 54.083' and east longitude 
Substituting in Eq.(2), we find €or the 

9, = 0.2199 Oe ; Bh = 0.2199 G ; 

Hv = 0.4356 Oe ; Bv - 0.4356 G ; 

#c,= 0.4880 Oe ; ge= 0.4880 G < (3) 

B G r e  the total fielc&pd&duction, 
LYI emu wits. 

the remainder of this paper we shall employ 
in which )J = pm 2 km Po!, pm 5s the 

bility of a medium with label m, 
(I 4 c X  10-~~/m) is the free-space permeabila- 

is the dimensionless permeabili nd k 

lated distribution of magnetic mater- 
gnetic permeabilitv k &hick i S  in Po 

embedded in exteriial'maferial of permeability k 

where kin# kex .. When kin/ ke, > 1, then the 
rization is termed paramagnetic and when kin/kex 

Both paramagnetic 

p ex' 0 .  

1; the body is diamagnetic. 
errous-like) deposits'. 
a1)deposits give rise to magnetic anomalies. The 
istence of such anomalies can sometimes be discer- 

When SQUID gradiometer and 

and diamagnetic (oil and 

ned by magnetic surveys. 

The shape of the boundary surface between the 

inside the body. This comes about through the for- 

. 
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1 

Fig. 1. Schematic showing vertical hydrofracture 
crack extending outward from borehole into formation 
rocks at an angle with respect to x-axis (magnetic 
north). Crack thickness t as shown here is exagera- 
ted. Crack is assumed filled with ferrofluid of mag- 
netic permeability kin7 1. 
point ( x , y , z )  inside crack are €I?, etc. Outside, 

at any point (x,y,z) where kex= 1, 
nents are Hx , etc. 
lar magnetic potential fucction V(x,y,z) are shown 
bending into the magnetic material at close range but 
asymptotically at large distances, they become paral- 
lel to the earthb field. A superconducting gradiometer 
pickup loop system is shown schematically at the cen- 
ter of the borehole. 

Field components at a 

the field compo- 

Typical streamlines of the sca- ex 

B = S B x + L B  + A B z ,  ( 5 )  
c Y 

where (i, k) are unit vectors'for the coordinate 
system of kg: 1. We consider a unit normal vector 

n = A s i n  d - j cos d , (6) 
N 

own extending from:point (% ,yb on the I 

side boundary plane of the crack. Applying 
the formal boundary conditions (4), we find at any 
such point (%,yb,z,,) on this plane, 

1 

(7) 
in in H? sin 1 neX= cos d H + sin d .  H 

Y x Y '  

' where we assume kex = 1. The 'boundary conditions 
on the narrow edge boundary (length = thickness t) 
can be determined by the same process. The results 
can be expressed by modification of (7)-(9)-as fol- 
lows: In (7), interchange cos d with si i  d and change 



t 

c a *plus sign tonminus sign. There i s  no change i n  (8). 
I n  ( 9 )  interchange cos + w i f h  *in 4 aMdohan&&icus 
s ign  to;plus sign. 
very small, we s h a l l  not need these latter boundary 
conditions i n  our later dipole type of analysis.  
However, they would be needed i f  we should choose 
t o  evaluate the  sca la r  magnetic o o t r n t i a l  function 

Combining (7) and ( 9 ) ,  we evaluate the compo- 

Since the  crack thickness t is 

V(X,Y.Z). , 

nents $", H F  ins ide  the  crack i n  terms of t he  ex- 
ternal components evaluated a t  the  common point on 
t he  boundary. W e  obtain 

' mi"= (k c0s2d + s i n 2 d ) H F  (k-1)sin d cos d H F ,  

2 . 2 ex 
(k-l)sin 4 cos d €I> (k s i n  d + COS d)$ 9 

X 

- 
.neJ (10) 

n where k denotes kin and kex - 1. 

It is  of i n t e r e s t  t o  ca lcu la te  the density of 
magnetostatic energy in s ide  the3crack. 
ven by 
sed i n  the  form, 

This i s  gi- 
(1/2);&.Jj (un i t s  are J / m  ) and can be expres- 

Similarly, when b = go', the  normal component of B 
must be continuous, i.e., hex= khin. Again, the 

boundary conditions require p = 0 and q = 0 .  

It is important t o  es tab l i sh  the relationship 
between p, q, and d f o r  angles d other than 90' 

and 0' ! . This can be done by consi- 
dering small values of the angles p and q f o r  small 
deviations of d from 90' o r  0'. 
90' let d =*/2 - dd and assume p and q take on small 
value's t o  be determined. Substi tuting i n  Eq. ( lo ) ,  
expanding the s ine  and cosine terms, and using (14), 
we obtain 

For the case near 

n 

y.Lk(dd + 9) - dd + 6'[3) 3 
Comuarine zero order terms i n  (16), we note tha t  

From (17), w e  f ind  

i n  f i r s t  order and 

2nd order. This re- 

khin= hex, j u i t  a s  a t  d = 90". 

. kdhinp = dhex(kdd + kq - dd) i n  

both khinp = hex(kdb + kq - dd) 

Using the  r e s u l t s  given.by,(lO),..we obtain. 
lat ionst  ' from (17) requires e i the r  v = 0 o r  tha t  

1 Win- (p0/2k) [ k2(cos d H F  s i n  (d Hex)' kdhin = dhex. 

# = 90'- dd and dq - q. 
second order difference re la t ionship  

To test ;he l a t t e r ,  we' can differen- 

Y t i a t e  the  energy re la t ionship  (151, ,tfd&q 
+ (Sin d HF- cos d H e x ) g  + kpo(HF)2/2 , (12) This analysis leads t o  a i Y 

i n  which the  f i r s t  parenthesesh & the  Square brackets (kdhin- dhex) 
2 

heX(k2-l)(s + ad) . 
is  the  tangential  component , i.e., component paral- 
le1 t o  the  side$nias-f&ce a t  the  boundary. The sec- 
ond s e t  of parentheses is  the normal component of ex- 
t e r n a l a  a t  t h e  boundary. Since the  z-components 
cancel between (11) and (12), it is convenient t o  
define the  quan t i t i e s  

us, s ince  kdhin f dhex, we conclude p must equal 
zero. 
solve the  quadratic due t o  the second order terms. 
This leads t o  the r e s u l t  already obtained from the  

As a fur ther  check, we l e t  p = 0 i n  (16) and 

hin and hex according t o  
a l y s i s  of (15). 

The above proofs that p = 0 f o r  various 4 angles 

by s imi la r  procedures) provides only necessary 
tha t  p - 0 ,  but not su f f i c i en t  conditions 

he v i c i n i t y  of 4= 90; ( and Wr d ='Oo, 

t i ve ly ,  according t o  

s a r e su l t  of these findings,  we reach the  

a rb i t r a ry  d values,  the  three-dimensional stream- 
es of the  sca l a r  magnetic po ten t ia l  function 

X(x,y,z)  w i l l  be curved , a s  indicated schematical- 

owing conclusions: When the crack is oriented 

1. Thus, sil-lce Hx - - a"/+ H Y - - avfay. 
q P ran-'@ /H ) w i l l  be determined by the  

Y X  

, 



. 
r e l a t i o n  (18) a t  any boundary point on the  sidewall 
surface of the  fe r rof lu id- f i l l ed  
t i o n  of typ ica l  s t reamlines  on t 
shown schematically i n  Fig. 1. 
sheet ,  where we have found p 0 ,  the  streamlines 
of Vin(x,y,z) are s t r a i g h t  l i n e s  so tha t  the  projec- 

t i o n  on the x-y plane i s  a horizontal  l i n e ,  i.e., 
with no y-component, as i n  Fig. 1. 

surface obtained by project ing the  vector  Ee" onto 

an x-y plane. We-show i n  Table 1 some solut ions of 
Eq. (16) f o r  various azimuth values i n  t h e  f i r s t  qua- i 
drant  of Fig. 1. and f o r  var ious values of the magne- 
t i c  permeability k - kin. The range of kin shown ! = ~ ~ ~ ( 1  X + xin)/(l + xinsin2d) . ' (20) 

i s  typical- f o r  f e r r o f l u i d s  we might expect t o  use i n  1 
a hydrofractured borehole. 

which leads to ,  

H:/.,"- tan q = - xinsin d cos &/( I  + xinsin 41, (19) 

This equation is j u s t  an equivalent form cf (18) and 
gives the  same r e s u l t s  as i n  Table 1. However, when 

WE use (19) t o  eliminate Hex 

( 1  + Xin)Hp  = HFC(1 +. Xincos d)  

2 

i n  ( l a ) ,  we obtain 
Y 

It is of i n t e r e s t  t o  examine the  angle q a t  the  2 

- &in2d cos2d/(l + xinsin2djJ , 
I 

This r e l a t i o n  shows t h a t  when the  magnetic suscepti- 

b i l i t y  $,.O, H P  = Hex , as it should. iiowever, I '  

s ince Hi' = Hosin p cos q, we f ind ,  

HP = Hosin + COS q / ( l  + &sin d) 

H~~ = -%nHosin + cos q s i n  d cos d/(l+%nsin2d).(21) 

X 
Table 1. . 

2 e angle q (tabulated in degrees)' he vector  
defined by Eq. (14), t h a t  s a t i s f  

8 ) ' f o r  various azimuth angles, d s, and values 
of the  magnetic permeability, kin. I Y  

kin d 15' 30' 45' 60' 75' ii. 
-1.42 -2.42 -2.73 -2.31 -1.31 

-2.13 -3.58 -3.99 -3.34 , -1.88 

-2.83 -4.72 -5.19 -4.31 -2.41 

-3.52 -5.82 -6.34 -5.21 -2.90 

-4.21 -6.89 -7.43 -6.05 -3.35 

-5.56 -8.95 -9.46 -7.59 -4.17 

-8.21. -12.73 -12.99 -10.16 -5.49 

-13.19 -19.11 -18.44 -13.90 -7.37 

-10.78 -16.10 -15.95 -12.22 -6.53 

Using these r e s u l t s  we&calculate t h e  
magnetic moment per u n i t  volume f o r  volume elements 

of the  sheet. 

The Magnetization 

The magnetization, o r  magnetic moment per u n i t  
volume,of a volume element dxdydz ins ide  the f e r r e  
f l u i d  material of the sheet ,  i s  determined by the  
standard relationship, 

m=B- i n  /po- rc, €Iin . (22) f 
w 

i n  
The magnetic induction 5 = k po$n can, be expres- 
sed i n  terms of Eqs, (8), and (20) o r  (21). We f ind  

sheet boundary of P i  ults, we can now calcu- 
s f o r  a vector  on hh 
r i c a l l y  as those i n  
pos i t ive .  It is ea 

e crack azimuth i s  b 
r t h e  r i g h t  boundary 
o r  t h e  l e f t  boundary 
r the  t h i r d  and four 
ind t h e  cor rec t  angl  
te s ign changes i n  T 

ince we.have found 

d 
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111. FIELDS DUE TO A DISTRIBUTION OF DIPOLE MOMENTS I' 
A. The Basic Equations. 

The magnetic field H and magnetic induction B 
can be calculated, in principle, at any point outside 
of any arbitrary distribution of magnetic dipoles. 

magnetic moments of all of the volume elements inside 
of tho thin magnetic sheet is assumed to be uniform 
with all elements having the same magnetization. 

Let modx dy dz be.the magnitude of the magnetic 

moment of the volume element dx dy dz at the point 
(x,y,z) in the sheet of Fig. 1, where mo is the mom- 
ent per unit volume. The vector moment,EyW)) LS 

In the present case, the distribution of the elemenb Y 

lu m = A  mx + k  mZ; m Y = 0 ,  

m * mosinq' ; mZ = mocos$I . !A41 X 

I f g i s  the moment at the tip of vector 2 ,  the con- 
tribution to the field d k a t  &can be expressed, 
according to dipole theory, in terms of parallel and 
perpendicular components -P H and&, respectively, by 

(H 

(26) 

(27) 2 2 2 

2 2  (28) 

5 
I NP H = 2 E (z-$dxddy dz/R, 

5 f j ,  = ( 5 X  8 X z ) d x ,  dy dzfR , 

R2 = (xo-x) + (y0-y) + (z0-z )  

r 2 = x 2 + y  + z  , 

2 2 2 2  (29) Ro - xo + yo + io 

MAG NET1 C 

, J 

Coordinate system for calculating the 
. 

magnetic field at any point (X,,Y~,%), such as the 

Expanding the dot product expvession in ( A S ) ,  

dy dz = dm, we obtain the expressions, 



The f i e l d  component a t  any point Cxo,yo,zo) ex- 

t e rna l  t o  the  sheet d i s t r ibu t ion  can be calculated 
by combining e i t h e r  00) and (33), (31) and (3+), 
o r  (79)  and 0, and performing the in tegra t ion  cu~er-- 
the coordinates (x,y,z) within the sheet.--Rm%ha- 
ple,  f o r  the x-component, w e  w p u l m y e  

~ , ~ x o , y o s z o ~ .  -[(mpx+. a e ) w ~ d z  - 
_- - _-- 

I n  performing the  s t eps  indicated by (%), we 
find tha t  the numerator of the integrand of (36) can 
be reexpressed in the  form 

2 3(x - xo) sinY'+ 2(x - xo)(z - zo)co 
2 - E x  - x0l2 + (Y - yo' + (z - zo)21s 

- -  Accordingly, i t  i s  necessary t o  perform three  inte 
grations i n  order t o  evaluate Ax' e.g., _- - 

I *- Y 
~ _ -  2 5  - 

Hxl= 3mosin,q' dxdydz (x-xo) /R , (38) Figure 3. ~ Geometry f o r  in tegra t ion  of the  contribu- 

€Ix2= 2mocos $ 5j( dxdydz (X-Xo)(Z-Zo)/R 9 

t i ons  to the  magnetic f i e l d  a t  (xo,yo,zo) due t o  a 

d i s t r ibu t ion  of dipoles i n  the  th in  sheet of thick- 
ness t. 
length t' i n  the  x-direction with c ross  sec t iona l  
a r e a  dydz. Here, t' = t / s ind .  The limits of inte- 
gration are from x - t ' / 2  t o  xc+ t ' / 2 .  Thickness t 

is  exa ra ted  f o r  clarity.  . Actually, 
t i s  on y on t he  order of 0.01 of the  borehole ra- 
dius d. 

5 
sss 

r ?  Integration w r t  x i s  over a cylinder of - m sikv'{fl dxdydz/R 3 . 
Hx3= 0 j 

4 Examining Eqs. 01)  and e+), we see  tha t  only two 
in t eg ra l s  a r e  required i n  order t o  ca lcu la te  H 
and 
be evaluated i n  order t o  determine €Iz. 

i n t eg ra l s  such a s  those above. 
could transform t o  spher ica l  coordinates and attempt 
to  perform the  in tegra t ion  with respect t o  ( r ,e ,&.  
Unfortunately, t h i s  method leads  t o  in t eg ra l s  t ha t  
are very d i f f i c u l t  t o  evaluate. On t he  other hand, 
if w e  use the  method suggested by the  geometry of 
Fig. 3, we can retain Cartesian coordinates and 
furthermore, we  f ind tha t  w e  can car ry  through a l l  
required in tegra t ions  i n  closed form. 

Y' 
from ex) and ( 3 5 )  w e  f ind  three  in t eg ra l s  mu8 

There a r e  a var ie ty  of ways i n  which t o  evaluate 
For example, one 

f i r s t  order i n  t' remain. We conclude therefore that 
the  use of the  binomial expansion of the denominators 
is a va l id  step.  
the  in tegra t ion  indicated by 

, 
The next s t ep  i s  then t o  perform 

I 
I 

I 

5 '27  -3/2 + 3t'(xc- ",2 [: (Xc-xJ 2 

'12. This leads  t o  I 

etween the  l i m i t s  -00 and +iw. This s t e p  

ve ry  i n  the  next 

t 

J 



s 

Hx = 2mot'sin *'sin 8 [d cos 28 - S cos(d + y ) ]  

2 / C d  - 2s d cos(d - 7 )  + S23 (14) 

€Ix = 2mot sin q d  cos 28 - xocos d + yosin d) 
/td2- 2d(xocos d + yosin $1 + xo+ 2 2  y03. (45)i- 

In (45) we have replaced t'sind of (44) by the 
actual sheet thickness t. 
in calculating the signal that would be produced in 
a superconducting gradiometer in whic two upercon- 
ducting loops spaced by a distance 2Sl$M $if@ted 
in opposition, where S is typically of the order of 
0.1 d. The form (95) is useful in calculating fields 
at any point ( ~ L ~ , ~ , z ~ )  either inside or away from 

The form (4+) is useful 

orehole. This latter form is derivabl 
calar magnetic potential function 

v(x,y,z) = 2mot sin*' Isin 4 tan-' [(d sin 26 

- s sin d - y cos d)/(d cos 28 - x cos d + y sin 8)3 

p is a vector dipole of finite moment. 
5 that when R-O, R 

- 2  ter than R 3 0 in the numerator. 
ter of the dipole, the fields seem to be infinite. 
This center is-not available for a field measurement 
becau'se it is inside the magnetic matter. In Eqs. 
(44) and (47), we would have the same divergence 
problemat the center of the sheet edge, i.e., at 
S - d, y= d ,  or cos(d - y )  - 1. 

2 (d - S) in the denominator goes to zero faster than 
(d - S) in the numerator does. One day t o  - 
avoid. this divergence difficulty is to perform the 
integrations over y, as indicated in Eq. (43), over 
the limits y = d sin4 + t cosd/2 to y = + 00, rather 
than from y - d sind to + 00. 
position y = d sind + t cosd/2 is not available to 
us for a field measurement because it is inside the 
magnetic sheet. 

Note then 
N -  

in the denominator- O much fas- 
Thus, at the cen- 

In this case) 

It turns out that the 

There is no guarantee that we would have been 
able to avoid this same divergence difficulty even 
we had solved the problem by potential theory. *'&ti? +'*ch an 

'f$$?%hld have used the magnetic boundary conditions, 
Eqs. (4), on the edge of the sheet at r = d, as well 

+ (1/2)cos d lnE(d sin 26 - x sin & - y cos d)  

+ (d COS 2d X COS d + Y Sin d I 2 1  1 as on the sidewalls. 

t 

However, the existence of the divergences need 
not prevent our use of our distributed dipole solu- 
tions (44), (45), and (47). just as they do not pre- 

(46) - x Hosin~' - z €Iocos')L 
vent the widespread practice of using ordinary df- 
Pole solutions. It simply means that the region of 
use must be wisely chosen. For example, in our case 
we will consider only points such that S/dC<I, Or 
S/d>)l in the use of Eqs. (44)-(47). These limi- < 

tations make the solutions valid for applications to 
superconducting gradiometers and superconducting mag- 
netometers, aSlii'€TiL next section. 

component of the earth's field. 

I V .  SUPERCONDUCTING GRADIOMETER 
ROTATION SIGNALS. 

We can detect the existence 
anomaly, such as that due to a ferrofluid-filled hy- 
drofracture crack, by the use of a superconducting 
loop system capable of rotation about a vertical ax- 
is. 
loop that makes this possible is as follows: 
1950 showed that when such a loop is inserted in a 
static magnetic field of magnetic induction& a 
screening current I is established in the loop that 
just compensates the magnetic fluF2.A that was pre- 
sent before the loop was inserted. 
current I is justE*k/L, where L is the loop induc- 
tance. If 2 changes to a new value B', I instantly 

Taking the changes to I' =&'*A/L. We contrast this property 
with that of a normal metal loop which cannot have 
zero resistance. In this case, the current appears 

ent that flows only 

The particular property of a superconducting 
London, 

%is screening 
d 

hanging with respect to time. 

laced near the center of the borehole, i.e., near 
he z-axis and x-y plane of Fig. 2, can be expressed 

The area vector,tJ of a superconducting loop 



nals  may be required t o  e l iminate  t h i s  ambiguity. 
Various magnetometer s igna ls  are shown i n  Fig. 4. , + j sin e sin 7 ' 5  cos e )  , ( 4 8 )  

rr, 
Y 

ere A is the area (%a2 f o r  a c i r c u l a r  loop), The gradiometer s i g n a l  is obtained by subtrac- 
e i s  t h e  angle of tilt of the loop axis with respect  
t o  t h e  z-axis, and X is  the azimuth of the loop ax is  
i n  t h e  x-y plane. When the  loop axis l ies  exact ly  
i n  t h e  x-y plane, 8 is exact ly  90'. 
case is  seldom achieved i n  prac t ice ,  we let  0 e ua l  

t i n g  the current  i n  a loop a t  the  pos i t ion  (so - 
Scos j , p o  - 2sin;v) from t h a t  i n  a loop a t  = 

- ~ c o s # , y ~  - -$%Y'). The f i e l d s  contr ibut ing t o  
Thus, the signal current i n % & c p , p & h &  tiese currents  are H ~ ,  H and H;, H' a s  described 

' 1  

1 ,y 

p i  

Since t h i s  i d e a l  

Y Y' 
the  c y  plane' would be, . by Eqs. (45) and (47), respectively. The s igna l  cur- 

rent: t o  be subtracted,are ,  
/ L ) c ( H x  + Hosin)b)cos f(1 - dB 2 / 2  + a * . )  

I f P o  = (AIL) DHx+ Hosinq)cosY'(l - de2/2) 
2 i n p ( l - d e  /2 +. . . I  + HocosY (de-. . .;)I ,(49) 

+ H s i n  y ( 1  - de2/2) + Hocos 3 d e l  

I'/po= (A'IL') L ( H i  + Hosinq )cos +(I - d$/2) 

, Y 
where 'I, and H are due t o  the  l o c a l  anomaly as ex- 
pressed by Eqs. Y (44)-(47). This is the form of the  
current  due t o  a s ingle  pickup loop t h a t  would be 
fed v i a  shielded superconducting leads t o  t h e  SQUID 
sensor. 

n e t i c  shee t  (or hydrofracture crack) i s  

I, = (poA/L) (Hxcos I' 4- H y S h  f 

+ H's iny ' (1  - deV2/2) + Eocos$'de'~ , 

where A'/L' can be wr i t ten  as (AIL) + d(A/L), y' as 

and d e  represent s m a l l  deviations from t h e  v e r t i c a l  
(50) due t o  t i l t i n g  of the  whole instrument, Sde repre- 

sen ts  an instrumental imperfection due t o  the f a c t  

(52) Y 

The port ion of the  above signal due t o  t h e  mag- 
y +  d y ,  and de' - dB +8df3. Note t h a t  while de' 

t 

Subst i tut ing (44) and (47) i n t o  (50 ) ,  with S = 0, we 
obtain f o r  the  p a r t  in parentheses 2 m o ( t / d ) s i n ~  

x COS(28 -<). .The.rotat ional  behivior Of I 
i n  Fig. 4. 
r a t e  t h i s  desirabli? s i g n a l  from t h e  undesirable is found t o  have t n e  form, . 

t h a t  the v e r t i c a l  diameters of the  two loops are not 
perfect ly  para l le l .  
instrumental imperfection i n  t h a t  the  horizontal  dia- 
meters of the  loops are not p a r a l l e l .  
loop inductances on the  order  of 1 microlenry, A'/L' 

, d y =  7' - y' is  a l s o  due t o  an 
1 -  

is  Shown For t y p i c a l  
.It may be d i f f i c u l t  i n * P r a c t i ~ ' ~ O - s e P a a  

However, I f  de oscillates due t o  wobbling of the  log- 
ging t o o l  while the  loop axis is being rotated with 

In pr inc ip le ,  t h e  l a r g e s t  component of Iu 
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circles I s  the rotation signal amplitude for a single supercon- 
ducting magnetometer loop with axis (loop normal) in the x-y plane as a function of the 
axis orientation angle 7/ for various crack azimuth angles d. 
cribed by Eq. (50) and has normalized form cos(2d - f ) .  
guity with respect to azimuth $. Solid curve is the rotational signal for an axial gra- 
diometer with axis in the x-y plane, as given by the part in square brackets in Eq(57). 

The compact form of these square brackets is simply cos(3d - 2$), and exhibits a three- 
fold ambiguity with respect to $. 

of the signal phase angle to the azimuth angle 6. 

Curve shows behavior des- 
Thus, it exhibits a two-fold ambi- 

Solid dots indicate the azimuth $. Note the sensitivi- 

t 



amounts to  about (1 - 0.004) but  can be an annoy- 
ance i f  de is changing with respect  t o  time due t o  
wobble of the  instrument about the  v e r t i c a l  axis .  

The desired s i g n a l  i n  (53) has a maximum value 
(0.5 Hosin\)r,(t/d)(S/d) which approximately equals 

out  5 x 10-4Hosin~ f o r  typ ica l  v a l u e s  of crack 

ickness = 1 mm, borehole rad ius  d = 10 cm ,(4"), 
S/d = 0.1, and fe r rof lu id  magnetic permeability 
of about 1.25. Therefore, i t  is  required t h a t  the  
undesirable port ions of (531, i.e., the second, 
th i rd ,  and four th  l i n e s ,  be very small compared t o  
0.0005 Hosin$'. It is clear tha t  the  untrimmed .ba- 

I' - I = ( ~ o / L ~ ~ 2 m o s i n ~ ~ ~ ~ t s / D ~ ~ 2 c o s  28 

- 4d2cos (26- f i c o s  (6-fi /Dl 

- 4(d2/D)cos2(d-~)cos(2&.fi . .  + 2cosdcos(d-1@ c56) . 
For the  case of a two-coil f i r s t  der iva t ive  

a x i a l  gradiometer with c o i l  spacing 2s, we set S = 0 
and, with s2/DN&l, we obtain the  s iwal ,  

I = (Ap0/L) (4mosin#")(ts/d2) \I cos 28 lance f i g u r e s  of d(A/L)/(A/L) , d y ,  and 6 d 0  o n  the  
order  of 
s i r a b l e  s igna ls  could e a s i l y  amount t o  0.3 t o  0.5 
t i m e s  the  des i rab le  signal. 

g are not  s a t i s f a c t o r y  because the unde- 
-2cos (26-'0cos (6-fi3 . (57) 

* 

Trimming the  supercon&d1~ 

tabs to give fiwre Of is " + e  port ion of t h i s  signal in square brackets is ' 

be as large as and be by Idea'- angle Q of the  magnetic sheet  (or hydrofracture 
ceptable the 

l y ,  the  gradiometer balance f igures  should be 
f o r  the  problem a t  hand. 
balance f i g u r e  can be achieved by present state-of- ' 

conducting t r i m  tabs  and loops. 

plot ted i n  Fig. 4 f o r  various values of the azimuth 

crack). 
monic of the  magnetometer s i g n a l  which has the form 
cos(2Q-V),hfE.ig. 4 shows a l s o  t h a t  t h e  phase of the  
gradiometer s igna l  can be used t o  determine the  azi- 
muth angle 8 .  

We not ice  t h a t  t h i s  s igna l  i s  a second har- 
Fortunately, such a f i n e  

&techniques t h a t  involve f i n e  adjustments of super- 
- 

We-now consider the  case of two sets of two 
Eq. (53) describes' in its lines the c o i l s  each, a l l  with a common axis  

of the f i r s t  set be a t  + So a n q k d  second set a t  
Let the  center  form of the  gradiometer s igna l ,  the  de ta i led  proper- 

ties are reauired i n  order  t o  e s t a b l i s h  a r e l a t i o n  
between t h i s  s igna l  and the  azimuth of the  Eagnetic 
sheet. 
(44) o r  (45) and (47). I n  (44) we put x S COS Y ,  currents  are i n  opposition. The difference s igna l  

NOW we w i l l  let  S = S O+ s be t h  
k d i u s  of t h e  center  of a superconductfng pickup 
loop. The reason f o r  t h i s  procedure i s  t h a t  it w 
lead t o  equations f o r  both the  f i r s t  'and the  seco 
der iva t ive  gradiometers, To see how t h i s  comes .. 
about w e  f i r s t  reexpress Eq. (44) i n  t h e  form, 

- So,and connect the  superconducting leads from the  
two f i r s t -der iva t ive  gradiometers so t h a t  the  s igna l  

can be calculated d i r e  l y  from Eq. (56). W e  obtain,  

These propert ies  can be determined from Eqs. - S s i n  Y. 

( t s /d2)  (So/d) Lcos(26-% 

-4cos2(4-~)cos (24-77 - tcosdcos(d-r)~ !; (58 )  

the  overa l l  s igna l  with fe r rof lu id .  
ear th ' s  f i e l d  der iva t ive  makes a contr ibut ion and we 
need t o  know i ts  magnitude. 
the  imbalance fac tors .  

Secondly, t h e  

We have already discussed 
We w i l l  now ca lcu la te  the  ho- 

t 
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V. EXPERIMENTAL 

W e  discuss  now t h e  experimental setup used t o  
test the  f e a s i b i l i t y  of the concepts developed i n  the 
earlier sect ions of t h i s  paper, 

The system 
was prepared t o  our spec i f ica t ions  by S.H.E. Cor- 
poration and had the following features:  

The a x i a l  gradiometer axis was fixed a t  a 45" 
. 

angle with respect  t o  the v e r t i c a l  axis of the  sys- 
t e m  and thatof the  f iberg lass  l iqu id  helium dewar. 
W e  constructed a plywood crad le  t o  hold the  dewar 
and SQUID system t h a t  could be t i l t e d  t o  a 45" an- 
g l e  with respect  t o  the  v e r t i c a l .  This c rad le  was 
mounted on a plywood ro ta ry  t a b l e  t h a t  could beutta)od 
throu h 360a around t h e  v e r t i c a l  axis. A l l  p a r t s  

"ev>%?f&?&k~magnetic screws and glues. 

The reason f o r  using such an arrangement a t  a 

t i c e  a r ray  with a six-inch spacing. The screw-wa- 
sher-nut assembly w a s  hade leak  t i g h t  by sea l ing  with 
Duco cement. Precautions were taken t o  use only non- 
magnetic nqterials i n  the construction of these pa- 
nels. Although 12 panels were made in order to  si- 
mulate a hydrofracture crack of some 30 m extent ,  on- 
l y  th ree  were needed i n  the  a c t u a l  experiment. 
Adding a four th  panel on the  d azimuth made only an 
ins igni f icant  difference i n  the  gradiometer ro ta t ion  
s i g d .  

sheet  panels was manufactured i n  our laboratory by 
a process described i n  a patent  f o r  fe r rof lu id  mass 
production (&.iwch,eta(, 1979). 
f e r r i c  chlor ide to  one p a r t  of ferrous chlor ide in  
water solut ion.  
the process prec ip i ta tes  co l lo ida l  s ized magnetite 
par t ic les .  After  washing and decanting off  the  solu- 
tion. hizh-aualitv kerosene (Jet A fue l )  is added 

The magnetite fe r rof lu id  needed t o  f i l l  the  t h i n  

We used two p a r t s  of 

When reduced by ammonium hydroxide, 

~ I _  

magnetically quie t  f i e l d  test site is  as follows: 
By r o t a t i n g  the dewar i n  its cradle  to  a proper 
positionwand th:? &€?gng the  c rad le  45" 
gradiometer axisAto a7 v e r t i c a l  posi t ion;  
justments of the  superconducting t r i m  tabs  w e r e  then bv Brownian motion. 

and the p a r t i c l e s  can be s t i r r e d  i n t o  temporary sus- 
pension. 
separates  the  p a r t i c l e s  so t h a t  the magnetic forces  
tending t o  agglomerate the  p a r t i c l e s  can be overcome 

Peptizing with o l e i c  acid then coats  and 
' the  

Fine ad- 

&de as the ro ta ry  t a b l e  w a s  ro ia ted  through 360". 
~ small correct ions of t h e  a x i a l  posi t ion of the  

dewar i n  its cradle  and of the  tilt angle, plus 
f i n a l  adjustments of the trim tabs theg6achieved the 

We produced some 140 liters f o r  our experimental 
use a t  a cost  of about $7,000. 
a liter Of ferrofluid with a =metic permeability Of 
about 2.0 .& & $ go@ m-& W@mww, 

In small quant i t ies ,  

' desired balance f i n u r e  of a b o u t 5  x 10 . Three - - 
addi t iona l  gradiometer tabs  w e r e  p rese t  a t  the  fa-. 
to ry  and not  later touched. 

We measured the  magnetic permeability of each 
batch during manufacture and found batches with km 

varying from 1.15 t o  1.7. The value obtained f o r  After balancing the gradiometer with its a x i s  
v e r t i c a l ,  the  dewar was ro ta ted  180" i n  i ts  cradle. 
With the cradle  v e r t i c a l  a x i s  again t i l t e d  45", we 
then posi t ion t h e  gradiometer a x i s  i n  a horizontal  

ion, i.e., i n  the  - planes of Figs. 1, 2, 3. 
A s  we have discussed a f t e r  Eq. (53), a balance 
e of 5 X should b e  s a t i s f a c t o r y  f o r  the 
of a hydrofracture crack emanating from a bore- 

hole of 10 cm (4") radius. Unfortunately, our equi- 
va len t  borehole radius  f o r  the  f e a s i b i l i t y  experi- 
ment was around 60 cm. This l imi ta t ion  was because 
we could not-mwe panels c loser  than . 

the- f e i r o f l u i d  used i n  the  experiments was about 1.25. 

data a t  10" angles of the ro ta ry  t a b l e  with respect  
t o  magnetic north with the  magnetic panels removed 
f a r  enough away so as not  to a f f e c t  the  s ignal .  
runs were then repeated with the  panels i n  posi t ion 
at a desired angle $. 
chosen s t a r t i n g  a t  = 0 f o r  magnetic north. The 
S.H.E. model 30 output s i g n a l  was  fed t o  a d i g i t a l  
voltmeter f o r  easy readout and the  data  were recorded 
t o  3 112 decimal d i g i t s .  

The experimental technique involved taking SQUID 

The 

Pwenty four d values were 

W e  used ac power from a 
motor generator set-only f o r  tuning up the equipment. 
During data  taking, we used only ba t te ry  power. 
nearest  power l i n e  t h a t  could give 60 Hz interference 
was miles away. 

, *  , -  

The gradiometer was constructed Of two two-turn The 
'Oils Of fine niobium wire wound On a fused quartz 
form of 5.7 cm diameter with a 4.25 cm spacing be- 
tween co i l s .  Leads t o  the  S.H.E. Corporation ooint- 

e our gradiometer balance f igure  w a s  notv 
5 x 10-6, it was necessary t o  take data  
and a f t e r  the panels were positioned at 

ngles. The desired s igna l  was obtained 
ing the before from the  after signaL 
r e s u l t s  are shown by the  experimental 

ted i n  Fig..66 Aiis procedure gives  t h e  
component e s s e n t i a l l y  f r e e  from the unde- 
etometer component. 
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Figure 6 .  

azimuths (I values). The ordinate  is t h e  observed ( a f t e r )  signal minus the background 

(before) s igna l  using the  x l  range of the  SQUID instrumentation. Referring t o  (61), we note  

t h a t  the  0.01 V ordinate  increment corresponds t o  5.5 x lo-* G/cm. 
t a t i o n  angle f .  
ter, as given by Eq. (57), f o r  d = 270'. 

ted t o  give the  bes t  least-squares f i t  t o  t h e  270' experimental da ta  (sol id  c i r c l e s ) .  
dard deviations of t h e  f i t s  t o  these data  ar given i n  Table 2. 

Gradiometer ro ta t ion  s igna l  data  f o r  a sheet magnetic anomaly a t  d i f f e r e n t  sheet  

i- 
I 
I 

The abc issa  i s  the ro- 

The s o l i d  curve shows the  theory f o r  the axial f i r s t -der iva t ive  gradiome- 

The amplitude of t h e  theore t ica l  s igna l  is adjus- . 
Stan- 

i 
The goal of t h i s  work is  t o  determine the  a i e n t  of c ross  cor re la t ion  can be 

with an  uncertainty of not  
addi t ion t o  t h i s  l o c a l  accuracy requirement, it is  
necessary t o  resolve the ambiguities: 180' f o r  the  
magnetometer ( label  m); 120' f o r  the  gradiometer 
b e l  g) ; and 90' for the  second-derivative gradiome- 
ter ( labe l  2). 

tegers. W e  ident i fy  p - 2, q - 1 with l a b e l  m, p - 
om 0 t o  10 v o l t s .  I 

I 

as  f o r  the  s igna ls  

s igna l  because of experimental rea- 
ts are indicated by the  gaps on Fig. 
r y  vi obtained, w e  use only t h e  cor- 



I 

Experi- 
mental 

TABLE 2. This calculation then leads to w(d,,fl = f(d,) 
. .  

I 

Rw(d,, ; CrWtdj) ; o p j )  

J J 
x cos(p dj - q\o that best fits the set of experi- 
mental data vw). The standard deviation of this 
fit is therefore 

Coefficient of cross correlation between the experi- 
mental gradiometer signal v(yi) of.Fig. 2 and the 
function f(d )cos(3 d 2 i).as calculated via Eq. 

j j- 
' (62). The top number for'each angle d i is the fW(dj) - LT r:(4j)/(N - 1)]112 . (65) 

the standard deviations, in volts, of the fitting 
functions, as calculated via Eqs. (65) and (67). The 
numbers in square brackets are the estimated standard 
errors of the azimuth d determinations. 

1 

j:240° 255' 270' 285' 300' 

255' 0.703 0.846 0.560 
(0.0160) (0.0118) (0.0220) 
L11.9'J c7.9' 3 L22.3'3 

270' 0.709 0.911 0.645 
(0.0161) (0.0094) (0.0174) 
L12.27 L5.7' 1 L14.4'1 

285" 0.712 0.851 0.524 
(0.0241) (0.0180) (0.0292) 
L12.6'1 c 7.7' 1 I: 19.1'1 

I ria Eq. (62) are shown in Table 2. 
The quality of the fit of a theoretical function 

w(<, d ) for a chosen d 
data v('y;) can be determined by calculating the stan- 
dard deviation. 

to an experimental set of 
j j 

Since a residual is of the form, 

r i J  (4 1 - vMi) - 4%' dj) 

we obtain for the sum of squares of residuals, 

Using'this formula, we obtain the results shown in 
in the parentheses in Table 2. 

when the angle d chosen to characterize the theore- 
tical function ia the same as the azimuth d identi- 
fied with the experimental rotation signal, then 
the cross correlation coefficient R (d ) i s  a maxi- 
mum and, at the same time, the standard deviation of 
the fit, 6 (4 ) , is a minimum. 

Consequently, in an actual field application in 
which the magnetic sheet azimuth d is unknown, we 
wuuld repeat the correlation and least squares fit- 
ting calculations (by computer of course) until we 
found the $ parameter giving the largest Rw, and 
simultaneously, the smallest cw. 
assert that this d parameter was close to the true 
azimuth d of the sheet (except for the ambiguity to 
be discussed later). The error of this process can 
be expressed in terms of the standard error rd such 
that the azimuth determined would have the form, 

Table 2 exhibits two interesting facts, e.g., 

V W J  

w j  

3 
Thus, we could 

j 

t 

d =  dj f 5 . 
order t o  estimate Cd, we will utilize theew of 

Table 2 and the value of f(d ) found in the calcula- 
tions via Eq. (64), and resort to the principles of 
propagation of errors. Here, if we have a function 
of two variables, such as w(d , d) , the errors obey 
the relation, 

J 

J 

It is reasonable to assume 67' b since the measure- 
ment error of Y is probably less than 0.02 radians. 
Then, since w is periodic in Y , the relation 
can be expressed in the form 

(67) 

(68) I 

I 
Thus, €or the possible 
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(70) 

Estimates of u- based on E q .  (70) are shown in d 

, 
I TABLE 3. The average of the middle term of (69) is zero while 

that of the first and last terms is4. Thus, we ob- 
tain as a first estimate of the error 

' 

, 
Rotation angles f s  at which maxima of signal func- 
tions occur versus sheet (crack) angle d. 
and w denote magnetometer, first-, and second-deri- 
vative gradiometers, respectively. All angles are in 

wm, wg, 
Qd = d w W  - y 4  f2 + (M/adj)2j -lf2, 2 

in which the units of 6 are radians and thbse of 6; d ' degrees. 

60 
90 
120 

and f are volts. We find. that f depends on the ave- 
rage square of the experimental signal amplitude but 
very little on the value of d chosen for the fitting 

j 
function. Accordingly, we shall assume that (aflad ) 

is negligible compared to 4 f. 
j 

This leads to 

when R,, is a maximum and, at the same time, 6w is 

a minimum, the error of azimuth determination is only 
about one half the requirement of f 15' mentioned 
earlier, except for possible ambiguities. 

+at r' at .J at 
d W,(maX) w (max) w2 (max) g 

0 0 0, 180 0, 120, 240 
30 60 45, 225 40, 160, 280 

180 

210 
240 

270 

teger (psq) are different for each type-of in- 
strument, 

the angles y s  at which each signal has I E C & I ~  ampli- 
we can characterize the ambiguities by finding 

Ambiguities occur because a particular measuring 
system obtains the same signal function w(d,)') for 
more than one value of the sheet (or crack) azimuth 

derivative gradiometer and a second-derivative gra- 
diometer can resolve the ambiguity and, at the same 
time, provide freedom from the undesirable signal 
components that appear in the magnetometer signal. 

120 
180 
240 

300 
0 
60 
120 
180 

90, 270 
135, 315 
0, 180 
45, 225 
90, 270 
135, 315 

0, 180 
45, 225 

80, 200, 320 
120, 240, 360(0) 
40, 160, 280 
80, 200, 320 

120, 240, 360(0) 
40, 160, 280 
80, 200, 320 

120, 240, 360(0) 

300 240 90, 270 40, 160, 280 

330 300 135, 315 80, 200, 320 
4. Since the magnetometer, gradiometer, and second- 1 
derivative gradiometer are all described by the same 
type of signal function, 

t 

tude. The possible ambiguities . are then ' 

evident by reference to Table 3. The reason for this 
particular choice of characterization is that, in da- 
ta processing, the maxima of signals are easier to 
discern than the minima or the zeroes. The signals 
referred to in Table 3 are the functions w(d,n which, 
we presume, will have been determined by least-squares 
adjustments with respect to observed signals ~ ( 0 s .  

In order t o  account for ambiguities in field 
cations in which the azimuth of the crack 
known, it will be necessary to do two types of 
rements at the same time. 
a logging tool with both a magnetometer loop 

For example, we could 

its SQUID) and a first-derivative gradiometer 
(with its separate SQUID). A similar system is shown 

the paper by Steyert and Overton (1980, 
ings). In this exampl 

planar gradiometer are indicated. 

To see how such a dual system 
r to Table 3. Consider a gradiometer 
which peaks at f =  45' and 225' when 
Oo,  150°, and 270'. A magnetometer w 

its axis parallel to that o f  the gradiometer would 
have its maxima atf- 60' when Q = 30' and 210'. 
We would thus determine that d = 30' since this i 
the only Q value satisfying simultaneously both sets 
of rotation data. 

Examination of Table 3 shows that a system with 
a magnetometer and a second-derivative gradiometer 

I 
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V I .  SUMMARY AND DISCUSSION. 

We have given i n  Section I1 an analysis  of the 
polar izat ion of a t h i n  v e r t i c a l  sheet of magnetic 
mater ia l  by t h e  ambient ear th ' s  f i e l d .  This sheet 
is supposed t o  represent a hydrofracture crack emana- 
t i n g  r a d i a l l y  outward i n  one d i rec t ion  from a deep 
borehole, t h i s  d i rec t ion  being specif ied by an arbi- 
t r a r y  azimuth angle d. We found i t  necessary t o  go 
i n t o  considerable d e t a i l  i n  t h i s  analysis  in order  
t o  prove t h a t  the  d i rec t ion  of magnetization of the  
material ins ide  the sheet  would be p a r a l l e l  t o  the  
ear th ' s  f i e l d  a t  a dis tance from t h e  sheet. I n  ear- 
l i e r  work (Overton, 1976) it w a s  simply assumed, 
without proof, t h a t  these d i rec t ions  would be paral- 
lel - 

. 

We discuss  i n  Section V the d e t a i l s  of the f i e l d  ex- 
periments i n  which we used an a x i a l  f i r s t -der iva t ive  
gradiometer-SQUID system. I n  t h e  comparison i n  Sec- 
t i o n  V I  of the experimental data  and the theore t ica l  
results summarized in Section I V ,  we f ind good agree- 
ment 
agreement f o r  the  north and south quadrants. 
son f o r  t h i s  i s  tha t ,  due t o  gradiometer imbalance 
being not b e t t e r  than about 5 x the  magneto- 
meter component dominated the.overal1 s igna l  f o r  sheet  
azimuths i n  the  north-south quadrants. W e  pointed out  
i n  Section V I  that the nearest  edge dis tance d of the  
magnetic sheet  always exceeded 0.5 m whereas, i n  an 
ac tua l  borehole logging s i tua t ion ,  d would be between 
0.1 m and 0.2 m. 
the  anomaly p a r t  of the  signal would be s i g n i f i c a n t l y  

f o r  t h e  east and west quadrants but only f a i r  
The rea- 

Accordingly, i n  a logging s i t u a t i o n ,  
--_ - 

l a rger ,  the signal-to-nois; r a t i o  greater,-and t h e  
After this necessary first step, we then s i g n a l  def in i t ion  be t te r .  Thus, our f i e l d  experiments 

ca lcu la te  t h e  f i e l d s  a t  an a r b i t r a r y  point outs ide have given a 
the  sheet  due t o  t h e  elements of the  sheet. W e  pos- 
tu la ted  i n  Section I1 that each volume element would We out l ine  a l s o  i n  Section V I  the  methods of data  
exhib i t  a dipole  moment m dx dy dz proportional t o  processing that would be used i n  a c t u a l  logging s i tua-  
the  magnetic permeability'k u (or  magnetic suscep- t ions.  The equations we use i n  Section V I  f o r  cross- 
t i b i l i t y  k -1) with direct$% $arallel t o  t h a t  of correlat ion,  least squares f i t t i n g ,  and azimuth 4 er- 
the  o r i g i d ?  ear th ' s  f i e l d .  r o r  determination could be made a p a r t  of t h e  software 
in tegra t ions  over a l l  of the dipole  emements of the  of a low-cost dcroprocessor . tha t  could be used i n  t h e  
shee t ,  w e  had t o  assume t h a t  there  were no mutual in- f i e l d .  
t e rac t ions  among the elements themselves. The meth- cessor could be used a l s o  i n  t h e  f i e l d .  This should 
ods of performing these in tegra t ions  are outlined i n  make possible the separation of the i n t e r f e r i n g  magne- 
Section 111, but  the d e t a i l s  were too lengthy t o  in- tometer and gradiometer components of the overa l l  sig- 
clude there. nal  without having t o  r e s o r t  t o  the before-and-after 
expressed by Eqs. (45) and (47). The form of these subtract ion process we  used i n  our data  analysis .  
r e s u l t s  d i f f e r s  somewhat from those reported earlier 
(Overtons 1976) in that work, a thin wedge meter o r  gradiometer i n  order t o  obtain a s igna l  t h a t  
Of magnetic was rather than the mag- ac tua l ly  character izes  a l o c a l  magnetic anomaly w a s  
netic sheet 'Onsidered f i r s t  given about four years ago (Overton, 1976), the 

correct  descr ipt ion of the  sheet  anomaly proper t ies  
is given here  f o r  the  f i r s t  t i m e .  This work a l s o  crack produced by hydrofracture. 

Using t h e  expressions for H gives the f i r s t  experimental v e r i f i c a t i o n  of t h e  na- 
i n  Eq. (47) and HZ 0 H ( inf in i tyy ,  we  could calculatg ture  of these ro ta t ion  s ignatures ,  as w e l l  as t h e  ma- 
i n  Section I V  the  stea$ state cur ren t  t h a t  would OC- thematical bases f o r  processing t h e  SQUID data ,  
cur i n  a c i r c u l a r  superconducting pickup loop when other  words, the  f e a s i b i l i t y  of the  concepts were not  
that loop was  inser ted i n  the f i e l d .  Of course, sys- ac tua l ly  demonstrated u n t i l  we completed t h i s  present  
t e m s  of such loops form the magnetometer, the  f i r s t -  work. 
der iva t ive  gradiometer, and the second der iva t ive  The concepts discussed above would be useless  i f  
gradiometer. When t h e  axes of such loops are i n  t h e  were not  possible  to  provide the necessary low tem- 
horizontal  plane while the systems are ro ta ted  about r a t u r e  environment f o r  the SQUID and its associated 
the  vertical axis, s i g n a l  currents  develop tha t  cha- perconducting c i r c u i t s ,  This  problem has been ad- 
r a c t e r i z e  t h e  l o c a l  sed i n  these proceedings i n  a paper (Steyert ,  e t  
v e r t i c a l  sheet. In the  case of the  a x i a l  gradiome- 1980) which proves the f e a s i b i l i t y  of a l o g d n g  
ters, one can determine the  f o r m  of the  s igna l  cur- 
r e n t s  by rep lac in  
Eqs. (45)  and (47f. Then, d i f f e r e n t i a t i n g  with res- 
Dect t o  6 l eads  t o  exmessions f o r  t h e  s igna ls  re- 

of the theory. 

I n  order to  perform the  

It is f e a s i b l e  that a d i g i t a l  f i l t r a t i o n  pro- 

The most important f i n a l  r e s u l t s  are 

Although the  concept of ro ta t ing  a SQUID magneto- 

The sheet Of 'Our- 
a anre representation Of the 

i n  Eq. ( 4 5 ) ,  and H 

I n  

magnetic anomaly caused by the  

(x ,yo) by (S c o s y ,  S s i n < )  i n  
system that houses a cryogenic environment. 

gas em and does can not be used require f o r  the logging venting deep Of boreholes. 

The 

ceived by these  gradiometers. 
procedure only as a check. We chose instead,  t o  

However, w e  use t h  f i n a l  points. &e . 

ry o u t  the expansions of the  expressions i n  terns 
t h e  r a t i o  s/d, where S is the  gradiometer loop s 

e-discussed techniques are not  l imited t o  t h e  
of l o c a l  anomalies due t o  hydrofracture cracks 

cing. The reason f o r  t h i s  more-elementary procedu 
or th  t h e  i n t  is that the expansion methods b 

fer t r ibu t ions  discussed ngth i n  Sect be studied a l so ,  whether thay b e  small-sized loca l ized  
IV.  d i s t r i b u t i o n s  or la rge  slzed. I n  these cases, rota- 

t i n e  SOUID-mannetometers o r  gradiometers would be used 

d with fe r rof lu id .  Anomalies due t o  na tura l  di- 
s t r i b u t l o n s  of ferrous rocks o r  diamagnetic rocks can 

me methods used i n  Section Iv can be extend cat ion a t  a time. BY repeat ing such r o t a t i o n  
t an appropriate  number of s t a t i o n s ,  and 
g mathematical techniques similar t o  those 

f t h e  d i s t r i b u t i o n s  such as s ize ,  shape, and 
described i n  Section V I ,  w e  could determine t h e  pro- 

ted by t h e  var ious types of planar gradiometer 
s igna ls  w i l l  exhib i t  a d i f f e r e n t  type of r o t a t  
s ignature  than those of the a x i a l  gradiometers we  
discuss  here. However, due t o  space l imi ta t ions ,  

develop these equations h e r  I 

I -  

t 

1 
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