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Abstract

The final six years of seventeen years of ONR sponsored
research work at M.I.T. in geoelectricity and geomagnetism
is reviewed . The specific areas included magnetospheric
studies and crustal magnetotelluric studies. The magneto-
spheric studies involved Alfven wave damping in the plasma-
sphere and its effect on the ULF background noise spectrum .
The magnetotelluric studies included a low frequency magneto-
telluric survey of New England and a thin sheet analysis
that incorporates the effects of a resistive crust on the
telluric fields. A listing of personnel and a bibliography
is also included .
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Introduction 

p

This report summarizes the final 6 years of a 17 year
association with the Office of Naval Research. The first
dec i~!t’ was reviewed in a previous final report (Madden , 1971).
Durinq this last phase work was conducted in two areas ,
magnetospheric studies and crustal magnetotelluric studies.
Two Ph.D. theses were completed and a third one was started .
The principal investigator would also wish to repeat what
he said in the previous final report that the support and
encouragement of the Office of Naval Research was of immense
benefit to his academic career.

In the first section we review the project work on
Alfven wave damping in the magnetosphere. This damping has
~ very considerable effect on the tJLF noise background at
midlatitudes and also probably plays a not insignificant role
in the phenomena taking place at the plasmapause . The theory,
which seems to be in good accord with the observations , m di-
cates that the damping is due to the outer radiation belt
protons with additional contributions from ring current parti-
cles which penetrate inside the plasmasphere. This damping
causes an exponential fall off of micropulsation energy with
frequency with a typical damping factor of 30 cps—l .

In the second section we review the project work on
crustal magnetotellurics. This work comprises two parts.
The first is a large scale magnetotelluric study of New England
across New Hampshire and Vermont. Distinct differences
between the upper crust electrical properties of New Hampshire
and Vermont were observed and the study demonstrated the
pronounced effect that the crustal geology has on the magneto-
telluric fields even for very large scale measurements at
very low frequencies. In the second part we began a theo-
retical development to model the effects of the crustal
geology. This is a thin sheet analysis , but it is an exten-
sion of the usual thin sheet analysis which incorporates
the effect of the vertical resistivity of the crust as well
as its horizontal conductivity . This modification changes the
nature of the solutions considerably and demonstrate the
important effect that a resistive lower crust has on the mag—
netotelluric fields.

In the third Section we list the personnel involved ,
and the degrees received with research done under ONR sponsor-
ship. A bibliography is also enclosed .

-~~~~~~~~~ -~—-~——~-
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I. t’lagnetospheric Studies

Alfven Wave Damping in the Plasmasphere

The source of the ULF background noise on the micro-
pulsation spectrum is still not wel l understood . The shorter
periods have dramatically less power and at midlatitudes
there is a pronounced hole in the noise spectrum at the point - -where the lightning induced noise overlaps onto the micro-
pulsation spectrum at around 1 hertz. Several lines of
evidence from some of our previous studies led us to think
that this reduction is not due to the source spectrum , but
is instead an effect of the propagation down to the earth
from the source region . First of all we see from our micro-
pulsation monitoring a spectral peak at around 60—100 second
period , and many people have reported a peak at around 20 seconds.
The plasmasphere which encloses the midlatitudes has a sharp
boundary and should make a good quarter wavelength resonator.
The dimensions and Alfven wave velocities of the plasmasphere
are also about right to give resonance periods for the two
lowest modes of 60 and 20 seconds. If the Q of these reso-
nances is the result of leakage out of the plasmasphere due
to a less than unity reflection coefficient , higher harmonics
should have increasing Q values , but these higher harmonics
are essentially never seen. A damping mechanism in the
propagation within the plasmasphere would reverse this trend ,
however , and discriminate against the higher frequencies.

Figure 1 shows calculated plasmasphere resonances using
realistic plasma densities (including the ionosphere ) and
also show the effect of an assumed damping mechanism. The
resonance spectrum obtained with damping included is quite
reasonable , and the observed spectrum clearly cannot support
an undamped propagation . The waves we are concerned with
here are unguided Alfven waves with long horizontal wave-
lengths which are typical of the micropulsations observed
at midlatitudc~

q . These waves are capable of being damped
by interactions with a hot plasma , which interaction is
known as magnetic moment—wave magnetic field gradient inter-
action , and we presume such interactions must be taking place
at the outer reaches of the plasmasphere .

The line of evidence presented above is somewhat in-
direct and , as our picture of unguided Alfven wave plasma-
sphere resonances is generally ignored in discussions of
micropulsation spectra , might even be considered controversial.
Another very different line of evidence exists , however ,
which strongly supports the damping hypothesis. This evi-
dence consists of micropulsation events , which we call ddmp inq
events , where there is a sudden loss of micropulsation ‘n~~ i qy .
In general the source and propagation effects are as ba d ly
mixed in the time domain as in the frequency domain , but ~i 1arç~enumber of damping events are intimately associated with ‘pearl 

-.~~~~~~~~~~~~~~~—-- -~~~~ - -~~~~~~~~~~~~~- ~~~~~~~~~~~ - - - --- ~~- . . 
_ _
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events which adds another dimension of information . Fi’lure 2
shows such a damping event with the associated pearl event .
The pearl events have been extensively studied and are known
to be the result of proton cyclotron interactions with t~uided
Alfven waves. There is general , but not universal , agreement
that the interaction region for the pearl generation is
close to but outside the plasmasphere . Since the pearl event
is a spontaneous generation of micropulsation energy, the
associated drop in the lower frequency micropulsation sI)ectr~cannot be a source effect and can logically be explained as
a propagation effect. This conclusion is reinforced by the
knowledge that the proton population that would interact wi th
guided Alfven waves to generate pearls outside the plasma-
sphere also has the appropriate energy to interact with
unguided Alfven waves inside the plasmasphere to cause wav e
damping . The magnetic movement—magnetic field gradient
interaction (MMMFG) requires the wave to be propaqatinq
obliquely to the magnetic field and thus the interacting
particles must have longitudinal velocities greater than the
Alfven velocity , while the cyclotron resonance interaction
requires a longitudinal velocity of

V where ~2 is the cyclotron frequency.Alfven

~ is generally about ~/2 for the cyclotron resonance so that
the interacting protons need velocities of about VAlfven
but oppositely directed to the wave velocity. The
Alfven velocities outside the plasma pause are higher than
inside and we find that the particles involved in MMMFG
interactions inside the plasma pause have similar enerqies
to particles involved in cyclotron resonance interactions
outside the plasma pause .

We also infer from these events tha t the proton surqe
that caused the events penetrated inside the p1~~sni.isphereas well as the region outs ide the plasmasphere .

The damping events are special events and do not ci 1
us anything about average propagation conditions. For
purposes of studying average conditions we must go back to
the spectral analysis of the micropulsations. The aver~ qcspectral properties can also be used to support a damping
hypothesis. This is perhaps the weakest line of evidence ,
but once damping is accepted as being important , the
spectra can be used to determine parameters of the damp inq .
Noise sources generally follow power laws such as white
~iqht or 1/f. Damping , such ~s that produced by the nidinet icmoment—magnetic field gradient interaction , will superimpose
an exponential decay on the source spectrum and should
therefore  cause a very pronounced jog in the r e s ult i nq  spectra.
Our measurements  of mi cropuls~ tions are made on the t e ll ui ic
(horizontal electric) field. The t e l l u r i c  f i e ld  is ucl •ited
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to the nia~-inetic field by the earth impedance , but this
impc Iauce aqain usually follows a power law . Because of
the m e t  easing conductance with depth inside the earth
t h e impedance is close to a first power law behavior.
Plo t tiny the telluric spectra as power per octave generally
leads to a rather flat spectra for the lower frequency
micropulsations (this implies a power density spectra for
the magnet ic field going as~~~~

3). At frequencies of around
.02 hertz the spectra breaks away from this trend and
falls off ‘~uite dramatically. As shown in figure 3 the
spectrum can be well represented by the f u n c t i o n

We i n t e rp re t  t h i s  as evidence of damping

wi th !~ repr esent inq the source spectrum and e repre—
sent i nq  the piopaqation effect. If magnetic field power

~iens~ t is p l o t ted  ( which  is the usual  way mic ropu l sa t i on
data is presented ) the exponential fall off is much less
aI~~arent as seen in f i g u r e  4 .

Takino all this evidence together we think makes a
v ery  strona case’ tar ~‘lasmas~-~here damp ing bein g an impo r t a n t
feat are of the background electromagnetic noise spectra .
Since da~npinq factors as large as 50 hertz~~ are observed
it is evident that the plasmasphere is responsible for a
grea t  reduc t ion  in the noise spectra , an d tha t  changes in
the p lasmasphere proper t ies  could profoundl y i n f l u ence
ULF con d i t i o n s .  A stud y of the mechanism involved has ,
t h e r e f o r e , a p r ac t i c a l  importance.  Such a study is also
of i n t e r e s t  f o r  magnetospheric  physics .  The plasmasphere
bound ary is the separation between a denser , cool plasma
cor o t at i ng  w i t h  the ear th  and the outer magnetosphere , a
convecting , hot , tenuous plasma . The velocity shear across
the boundary would be unstable , due to the Kelvin—Helmholtz
instability, unless some stable stratification is present.
Such a stabili :~inq factor is provided by the higher ene r~ y
01 the outer plasma despite its low number density. The
pene tr a t i o n  of th is plasma into the plasmasphere which we
infer red took place during damping events , is the re fo re
des tabi l i z i n g and probabl y plays an important role in the
erosion of the plasmasphere that occurs during high
magnetospher ic  a c t iv i ty .  A q u a n t i t a t i v e  theory of the
damping  together  w i th  observat ions of i ts magni tude
should therefore lead to information of value in trying
to understand the processes occurring in this region
of space . Our own studies along these lines were not
completed at the termination of our relationship with the
Office of Naval Research , but significant progress was
made which we report on here.

In  order to make quantitative use of observations
of the plasmapause damping of Alfven waves one must formu-
Late the dispersion relationship of these waves in the
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~‘resence of a hot plasma . These relationships must also
be vali d in the case of strong damp ing . A theory adequat
for these purposes was developed by Chandrasekha r, Kaufmu:p ,
and ~c~ tson (Chandrasekhar , Vaufman , and ~‘;~ tson , l9~~7, 1958)
- m c I  used by Barnes (Barnes , 1966) to investi gate Alfven
wav e damping  in h igh  ~ plasmas. The theory is reviewed in
Navato ’s thesis (Navato , 1973) and some errors tha t
•tpt ta red in the references (but not in the results) arss
corrected , but we shall not repeat the voluminous algebra
h~ r . The ca lcu l at ions for  the d ispers ion  re la t ionsh i p
are greatly simplified if a bi-Maxwellian particle velocity
dis tr ibu t ion is assumed , but in the plasmasphere the
p~trticles that comprise the main bulk of the population
and which determine the Alfven wave velocity have much
lo~ er mean energies than the particles responsil-l e for
the damping. Therefore , a superposition of bi—Maxwellian
dis tr ibu tions was assumed wi th the parame ters a d j u s ted
to alve reasonable fits to the observed particle energy
dis tributions. These distributions were taken from King ’s
(King , 1967) model AP5 for the low energy outer radiation
be l t pro tons , and Vette , Lucero and Wright ’ s (Vette et il.
196 6 ) model AE2 for  the low energy outer r ad ia t ion belt
electrons as well as Chappell , Harris and Sharp ’s data
(Chappell et al., 1970) on the thermal (‘c -~0.l2 ev)component of the plasma . Solving the dispersion relation-
shi p numericall y for conditions applicable to different
L shel ls  one ob tains resul ts such as those shown in
figures 5 and 6. Similar results are obtained for cal-
culations with real a and complex k, and these la tter
results are used to compute the power transmitted across

- • shel ls  ( trea ted as s labs)  as a fu nction of the ang le of
-
• incidence . Figure 7 shows such a result.

The damping is maximized for waves propagating at
steep ang les with respect to the magnetic field. Because
of the low velocity within the plasma pause , waves arriving
from outside are refracted into steep angles. Cascading
results from the different L shells and keeping track
of the r e f r a ction allows one to compute the total dampin g

• that results for waves arriving from outside . The damp ing
depends on the wave frequency but can be expressed as an S
attenuation factor ,

— 5fwave energy ‘\ e

Fi,qure 8 shows the computed attenuation as a function of the
angle of incidence on approach to the plasmapause. These
results were obtained for quiet conditions when the ma ineto—
sphere is fully expanded . The damp ing was due to the radiation
bel t protons. Ring current protons , if they penetrated into
the plasmapause , should enhance this  damp ing , but since the
damp ing depends inversely on the square of the Al fven w i v i -
velocity , erodi ng away the plasmapause should decrease the

14
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I lal l I lPInId . Th u s i t  i s  s t i l l  unclear how the damping  w i l l  behave
w i t h  varying magnetic activity and more work is needed to
SI)! t the various effects out.

The t emperature assumed for the therma l p l a s ma  (“~3 0 0 0 ° K )
was too low to allow the therma l electrons to contribute
much , but this could be greatly changed if higher temperatures
art ’ obtained . The fact that the predicted damping is of the
I igh t o r d er  of maqnitude  and the coincidence of damping events
with pearl events which are proton events~ appears to upholdthe use of these low temperatures , which relegates the damp inq
to the  hot pro tons.

We attempted to catch damping events by using a pearl
eVeflt t r i d q e r  to activate a tape recording of the t e l l u r ic
f l uc tu a t i o n s . The spectra du r ing  these events coul .d then
be o b t a i ned by d i g i t i z i n g  the recorded data . Figures 9, 10 ,
and 11 show three such examples. In figure 11 the norma l
spectra was so dep ressed we believe a l l  the energy shown
is actuall y propagated from higher latitudes down the F2
layer wavequide , and no estimate of the plasmapause damp ing
w as poss ib le .

Older digit al data of micropulsation spectra was also
a v a i l a b le  f rom which es t imates  of damping fac tors  could be made
and these results are summarized in figure 12. The m e d i a n
dampinq factor is about 32 which is very close to the theo-
retical results shown in figure 8 for waves approaching the
plasmapause at steep angles of incidence. These results
en compass a range of different magnetic activities , however ,
and probably require the additional effects of ring current
particles penetrating inside the plasmapause. Our study
of the effect otT these particles is incomplete and we think
worthy of further investigation.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -A
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ii. Crustal Magnetotelluric Studies

A. New Eng land Magnetotell uric Survey 
—

Studies of the magnetotelluric response of New Eng l and
0511111 a large  tellu r ic a r r ay  and very lon g peri ods were
initia ted under NSF sponsorship and comple ted under  ONP
sponsorship. The origina l concept was to use long contiguous
tell uric lines in order to avoid the effect of local geologic
v A l iations on the telluric signals and to go to longer
per iods in order to better unders tand ocea n bounda ry  e f f e ct- s
and to al low the in te rpre tat ions to pene tr ate deepe r in to
the mantle. Figure 13 shows the telluric array tha t was
set up. The dipoles shown were leased all-metal telephone
h ue s. The magnetic data was obtained from recordings made
ofi of the Weston Geophysical Observatory three component
flux ga te magnetometer , supplemented with standard recordings
t rom the magnet ic  observatory  at F r e d e r i c k s b u r g ,  M a r y l a n d .
The data  was hand d i g i t i z e d  o f f  of the records f o r  a n a l y s i s .
In order to lessen the dynamic  range l i m i t a t i o n s  of t he
ana log  recording , the data was e l e c t r o n i c a l ly filtered into
three separate bands before recording . These bands were
1)C—40 hour , DC-30 mm , and 30 m m — i mm periods. Despite
this p r e f i l t e r i n g  the errors introduced by di gi ti z i n g  the
analog records was one of the principal noise sources.
Another  important  noise source was d r i f t  on the low pass
t e l l u r ic channels  due either to electrode po ten t ial var i at ions
(bur ied  Pb electrodes were used)  or ampl i f i e r  d r i ft .  Pau l
Kasamever (Kasameyer , 1974) in his thesis study went to
g r e a t  pa ins  to ana lyse  the e f f ec t  of such noise  on t h e  im-
p(”ciance estimates and this effort represents an important
con t r i bu t i on, but  we wi l l  not report on it here in any
f u r t h e r  d e t a i l .

The magne to te l lu r ic  impedances obtained are shown in
f i gures  14 and 15. A remarkable feature of these results
is tha t  the long dipoles and low frequencies di d not f ree
us f rom the e f f e c t s  of the c rus ta l  geology and th is  is an
i m p o r t a n t  wa rn ing  concerning the dangers  of simple ir 1t er 1~-i et a t i o n s  of magne to te l lu r ic  da t a .  The N-S line s  such )S
Rut-Ben gave impedances s l ight ly  less than the predic t ions
of S w i f t ’ s mantle conductivity model (Madden and Swift ,
1) 6 9 ) .  The E—W lines , however , were dramatical]•y different.
The Concord—Georgetown l ine gives very h igh impedance va l ues.
T h i s  is more or less expected due to the ocean—continent
edge effect. The Concord—Etna values are lower as one
would expect being f u r t h er away f rom the ocean c o n t i n e n t
boundary  but  the f a l l  o f f  is slow . The R u t l a n d — E t n a  and
Ur at t l e b o r o - B e n nin g t o n  va lues , however , j ump up a g a i n
and a re  even highe r than the Concord E t n a-v alu es .  The
J a f f rc— f 3e n n in g t o n  values  on the other hand are very  l ow.
These r e s u l t s  a r c  a l l  s t rongly co r re l a t ed  w i t h  the  c r u s t a l
geology .  The Jaffre—Benningtori line lies mostly in t h e
L i tt l e t o n  f o r ma t i o n  which i n clu d e s  a g rea t  deal  of py i ’ i t : i c -
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graphi t ic  shis ts  which are very conductive .

The New Flampshirs e region is believed to have undergone
— a comp lex geologic h i s to ry  wi th  con t inen ta l  co l l i s ions  and

subduct ion and u p l i f t  and mi ght be classed as a mo5ile be l t .
The Vermont reg ion on the other hand represents  pa r t  of an
older stable sh ie ld .  These d i f f e r e n c e s  ma in ly  ex is t  in the
c r u s t  and the e lec t r ica l  d i f f e r e n c e s  are probably on ly  in
the upper par t  of the c r u s t .  At the b u g  per iods used ,
however , one usual ly assumes the crust  is t r anspa rent and
tha t  we are essen ti a l ly  sampling the mant le  conduct ivi ty.
I t  is very evident  f rom the data tha t  th i s  is riot the
case and tha t  the c rus t a l  ;eology has a pronounced e f f e c t
on Lhe t e l l u r i c  f i e l d  no mat te r  how long the period
of the t e l l u r i c  f l u c t u a t i o n s .  Tii ~ geo loqy  is too complex
to be model led as two d imens iona l  fe -~tures , but  by u s i n g
two di mensional models only for  the E~ r e su l t s, one can
ob ta in  a reasonable interpretation of the observed magneto—
t e l l u r i c  response . The essential  f ea tu r e  is tha t the
e a s t — w e s t  c ru s t a l  currents  are hi gher than norma l and t r apped
in the upper crust  by a res i s t ive  lower c ru s t .  The uppe r
c r u s t  of New h ampshire  had modest r e s i s t i v i t i e s, w h i l e  the
pre Cambrian rocks in Vermont  were much more r e s i s t ive.
The models obtained are shown in f i g u r e  16.

The upper mant le  conduct iv ity  deduced f rom t h i s
da ta  also requires some exp lanat ion . The values  seem too
hi gh to be explained by the i n t r i n s i c  propert ies  of
o l iv ine  at the tempera tures  and iron content  and oxygen
pressures that are expected at these depths.  The most
l ike ly  explanat ion  for  th is  discrepancy is the presence of
some pa r t i a l  mel t  which is also advocated to exp la in  the
mechanical properties of this depth reg ion . Figure  17
reviews some of the pe r t i nen t  d a t a .

B. General ized thin sheet ana lys is  for  c rus ta l
magneto tellu r ic  e f f e c ts

The realization that a thin resistive region in the
lower crust  could profoundly  in f l u e n c e  the su r f ace  electro-
magnetic f i e ld s , led us to recox sider the th in  sheet a n a l y s i s .
These considerat ions led us to an anal ysis  which we consider

j an important  con t r ibu t ion  for  dea l ing  wi th  the e l e c t r o m a g n e t ic
response of complicated s tructures , and which has va lue  for
ana l ysing many p rac t i ca l  s i tua t ions  beyond the c rus tal
s tudies  which  motivated this  ana lys i s .  These s tudies were
incomplete at the termination of our ONR sponsorship , but
fo r tunate ly we have been able to continue them under DOE
sponsoiship because of their  relevance to geotherma l resource
exploration . 

---—- 5—
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Pr ice  ( 1 9 4 9 )  had introduced to the geoelectr ic  l i t e r a t u r e
a u s e f u l  app rox ima t ion  to model the e f f e c t s  of va r i ab le  sur-
face conductivities on low frequency electromagnetic fields.

S In his original analysis , the underlying regions were treated
as i n s u l a t o r s, but la ter  mod i f i ca t ions  modelled the mant le
c o n d u c t i v i t y  by inc luding a per fect conductor at some depth
below the th in  sheet. An excellent review of these concepts
which includes pract ical  methods of carry ing out the calcu-
lations is given by Bullard and Parker (Bullard and Parker ,
1970)

Trea t i ng  the lower c rus t  and upper mant le  as a per fec t
insu la to r  allows one to describe the magnetic f ie ld as the
gradient of a simple potential  f ie ld , which s impl i f ies  the
numerical calculations , but also eliminates one possible
electromagnetic mode . This mode is the mode responsible
for current interchange between the mantle and the upper
crust. The lower crust is usually a poor conductor , but not
poor enough to completely e l imina te  cur ren t  in terchange,
and t h e r e f o r e  plays an important role in the determination
of the current levels that exist in the upper crust.
hodelling the effect of the lower crust is thus as important
as modelUng the effect of the upper crust. Since for
many problems the lower crust can also be considered as
thin , one should be able to incorporate its influence in
a thin sheet analysis. Such an analysis we call a generalized
thin sheet analysis. It consists of two extensions of Price ’s
orig inal analysis. First the boundary conditions are
generalized to allow the thin sheet to contact a layered
medium of arbitrary resistivity. This generalization is
not a basic modification of Price ’s analysis but it does
allow both electromagnetic modes to operate. One can
model some 0 F the effects of a resistive lower crust by
including such a crust in the layered medium below the
thin sheet.

When the electric and magnetic fields are essentially
horizontal we have from Maxwell’s equations for the change
in E and H across a thin sheet

E = — ip eA zt xH5 la

All
5 

= _oAzI
~
xE5 lb

• . . 1/2 .Since E5/H5 = (
~~

ihi U)/ 0ap ) the relative changes in

E and H are given as

(
~~
1UWO ap )
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When the layer is thin compared to the depth of penetr ation
of the wave in the mantle , AE5/55 is small , but for a con-
ductive surface layer AH s/H s can be appreciable. Thus
Price set up his ana lysis assuming .\E5 was zero . He also
assumed the layer was underlain by a pe r fec t i n s u la t o r
which allowed him to describe the magnetic field outside
the t h i n  sheet as the  g r a d i e n t  of a p o t e n t i a l .  This  is
not a necessary part of Price ’ s analysis and one can
t sea I the case ia f a .ie no ra 1 1 aye red med i urn u n d er  the  t hi n
sheet

I t  hI~ and E~ are the fields at the bottom of the thin
shee t, and Y1• the conductance of the layered medium below ,

S 
we have

1 L ,LlIP; I Es -~~~~

At the surtsice all the wave l engths other than the source
wavelength are outgoing and therefore we again have a
known t’e 15i t ionship between ii and E

= y ’u ~~5 + 1-l~ 3b

h ere V ’~~ is the Il•E relationship for up go i n q  waves in the a i r
above the t h i n  sheet , but exc lus ive  of the source w a v e l e n g t h
and JI~ is the field at the source w a v e l e n g t h .

Its jn~-i (1) and ( lj and assuming AE S = 0 , we have

(y L_y~ u)J,;5 + 

~z~~ s 
=

\‘ and c must be treated as operators and equa t ion  ( 4 )  ~n an
be solved cit her in the space domain  or i n the w aven umb e r
domain.

I f  the l aye red  medium be low the t h i n  sheet contains a
resistive layer and if there arc conductivity contrasts
in the thin sheet , the r e s i s t i ve  layer  s t r o n g l y  in f l u e nc e s
the resulting electric field distribution as shown in figure 18 .
Obviously modelling the resistivity variations is as impor-
tant as modelling the conductivity variations and si n c e  the
tea i stive layers can also often be consid ei’eIl t hi n one shcu 1.1
be able to incorpora te  i t  in to  a t h i n  l a y e r  5 i i ’ i i l y s i s .

The presence of conducting 1 ayers and resistive I ayers
ove r lying each other  in a t h in sheet make a t he sheet h ig  hi y
,in I sot ropi c wi t.h a vertical resi stiv i ty and a hot- i s son t  a 1
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conductivity a which are not reciprocals of each other and
with po~ >l. The thin sheet analysis with such anisotropy
allowed for we call the generalized thin sheet analysis.

Since E
~ 

= p (V 5 x H~~)

we cannot ignore the E terms when p is large and equation
la should be modified ~o read

_
~~

I SHA AZ I
z

XH
z 

+ V5 (pAzV 5xH5) la.l

We can no longer assume AE5 =0 but using the identity

‘~5x (1 xE ) = V •E 6az 5 S 5

and the d e f i n i t ion s

6b
S

pAz 6c

(yL)
_l 6d

= (y t U 
— a i x) 6es z

L L -and eliminating H
~
, H

~
, and E5 we obtain

E5 
— ZLY*E5 

— V
5

( p
5

V
5

•o
5

E
5

) = ZLH

The V p V •o E is a new term that arises from the generalized

thin sheet analysis. Its effect is most easily seen for
the case of a two dimensional structure with a plane field
~olarized with E perpendicular to strike . In such a case

0 and y ’U  drops out and we have

• ) L oE
~ 

— -
~~~~~ 

( p~~~~I l E )  = Zxy (Hy 
- a 5E

~~
) 8

t 

The right hand side is essentially the Caqniard soluti on f o r  

~~~~~~~- —5-— - - - - 5 -- S~~~~~~~~~~~~~~~~~ —- -- 5- -  -~~~~~~~~
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a layered medium with the same conductivities as the local
structure , E~ . For a un i fo rm region where and are
constant we can therefore write

H — 

~~~~~~~ ~~~~~~~ 
S = 

~~~~ — ____
Sw i t h  solutions E = E + A e 10x xo ±

Such solutions can be patched together to represent a
se guerice of zones by maintaining continuity of a5 E~ andcon tinui ty of 

~
\scs(~ E~/~X) 

at each zone boundary . The

~5Ex c o n t i n u i t y  g ives  us c o n t i n u i t y  of H~ and the p5o5(~ Ex/~x)continuity gives us continuity of E~ across the contact.Such solutions show the behavior seen in figure 18. On
t~ie conductive side the E~ field drops to very low values
at the contact and recovers exponentially away from
contact with an adjustment distance given by (p 5a5)1’
The field on the resistive side rises at the contact and
f a l ls  off to normal values away from the contact with its
own adjustment distance. When the O~~ contrast is large
there is a modification to the adjustment distance , but
this is usually not very significant.

The 
~IF 

solution in this example is not influenced
by the r5 term , but for a finite wavelength source , it
too is considerably modified , although the boundary
effects are less dramatic than those for E~ .

The magnitude of (~ 5o5)
1
~
2 for crustal environments

is often 100 km or more and therefore one cannot interpret
magnetotelluric results without taking into account the
resistivity structures of a considerable region around
the measurement sites.

These extensions of the thin sheet analysis are also
important if one wishes to attack three dimensional modelling
by cascading thin sheets together . It is necessary, however ,
to develop efficient computational methods as the modelling
must include the effects of a large region around the point
of interest.
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