JRSRER,

JOURNAL OF GEOMAGNETISM AND GEOELECTRICITV VoL. 22, No. 1-2, 1970

An Introduction to Induction Anomalies

Ulrich SCHMUCKER

"Institut fuer Geophysik, Universitaet Goettingen
j - .
* (Receivéd January 12, 1970)

Abstract

o R - S R R N s O I

The inductive response of the electrxcally conducting Earth’s interior to geomagnetic
variations can be inferred from the magnetic Z-H or the magneto-telluric E-H relations.
In the absence of lateral non-uniformitiés of the electrical resistivity within a distance
range which is éb;irxﬁafaiﬁie to the depth of geﬁefratibh ‘these relations are expressible by a
single transfer function in in the frequency-wave number domain or by convolutions in the
frequency-space domain. Lateral non-uniformities within the mentioned range produce
anomalous Z-H.and E-H relatxons The resultmg induction anomaly is dependent on the

>-field polarlzatlon with respect to subterranean resistivity gradients.
proceeds from a known ot assumed normal inductive response for a
layered Earth which is defined on a regwnal scale and serves as normal reference for
lateral non- umformltles to be mvestlgated -The umform mternal part of Dy-variations
shows that the’ ‘mantle re51st1v1ty below 600 km depth is of spherical symmetry. The inter-
nal part.of Sq-va_rlatlo_ns appears to be affected. by lateral _non-uniformities in the upper
400 km. For fast variations (e.g. baj;s) the inductive shielding by oceans and interspersed
sedimentary basins on land -becomes significant. In addition to this surface effect there
exist regional and local variation in the depth of penetration of fast variations which orig-
inate from non‘-uhifor'r«ry'ii‘ti"es" in the u'p,permd‘s't‘ mantle.

Transient magnetic fieldspass throflgh electrically conducting matter with amplitu-
de reduction and phase rotation. We are concerned here with the inductive skin-effect of
natural geomagnetlc variations which they undergo within the Earth’s interior. These
variations are very slowly osc_lllatmg and can be regarded as quasi-stationary on a global
scale. The pertinent resistivity (p)-fre’quency (f) parameter is the skin-depth value

p= 275\/#]“ oo b

a characteristic length for material of the magnetic permeability u (emu-cgs units). If
the frequency is measured in cycles per hour (cph) and the resistivity in 2m, we obtain
p=30:2¢/, (T/T(km) with u=1 as free-space permeability in electromagnetic units.
Georﬁagnetic induction studies involve frequencies from a few cycles per minute to
fractions of a cycle per day. This yields in combination with internal resistivities between
1 and 10* 2m skin-depth values in the kilometer range. The depth z* at which the main
inductive attenuatlon of geomagnetlc variations occurs can be inferred from Table 1..
The inductive responsé of the Earth’s interior to the spectrum of geomagnetic varia-

(9)
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tions and thereby the internal resistivity distribution can be studied by two complemen-
tary methods: We can observe (i).the vertical magnetic component Z (magnetic method)
or (ii) the tangential electrical component E (magneto-telluric method) of a transient sur-
face field, setting either one of them in relation to the horizontal magnetic component H
within a certain distance range around the point of observation.

This introduction reviews the theory and géneral results of geomagnetic induction .

studies without particular reference to their geophysical significance. Other contributions
to this volume will show that the electrical resistivity is an important parameter for the
state of internal matter, in particular its thermal state. Inhomogeneities in p have been
correlated successfully with those of other physical properties, thus giving new insight
into an upper mantle of considerable lateral complexity.

1. Inductive response in the absence of lateral non-uniformities

Suppose the resistivity beneath a plane Earth’s surface is only a function of depth,.

p(z), within a distance range to be defined later; z is vertically down and the Earth’s surface
forms the (x, y)-plane of right handed coordinates (x, y, 2). A transient electromagnetic
field of external origin induces currents in the conducting matter beneath the surface..

Table 1: Inductive scale-length C,,"(w) and C(w, 0) for the attenuation of geomagnetic
variations within the Earth (Eq. 7 and 24).

Variation-type Period n m Sa™) z* —;—p*z-) o* 0a o5
(hours) ' (km) (2m)
Dt (72) 1 0 .35 710
' (.36)

1. Sg-harmonic 24 2 1 0.35+41-0.09 740 275 14 58

(.41 .08 575 225 9 35 10)
2. Sg-harmonic 12 3 2| .43 .14 450 - 250 23 49

(.43 W12 465 210 16 47 10)
3... Sg-harmonic 8 4 3 .38 .15 460 220 26 71

(.42 .14 400 200 22 55 10)
Bays, ocean 1 4.2 27 3.1 1.6 0.25
Bays, continent 1 72 113 57 40 2
Bays, continent 1 167 121 65 94 10
Bays, continent 1 203 103 47 114 10¢
Fluctuations, ocean 0.1 1.4 3 .39 .25 0.25
Fluctuations, continent 0.1- 4.7 21 20 10 2
Fluctuations, continent 0.1 41 62 169 122 10
Fluctuations, continent 0.1 121 45 88 368 10¢

1.) From: Chapman’s analysis (Chapman and Bartels, 1940 chap. 20.7 and 20.11); in parenthesis:

.. theoretical values for model ¢*, Fig. 4, and continental cover (p;=102m).

2) Dy and Sq: calculated from S,™ according to Eq. 23 ; Bays and fluctuctuations : calcula-
ted for model d*, Fig.4, and a top layer of the resistivity ps (last column), 4km thick ; source
field regarded as quasi-uniform (k=0).
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The surface field of these currents when set in relation to the inducing source field chara-
cterizes the inductive response of .the lower half-space. ’

This response can be expressed in terms of a single transfer function C(w, k) when we
repfesent the transient surface field, 'given for z=0 as function of time f and position r, by

~ a two-dimensional spectrum with exp (¢ [w #+k-r]) as common time-distance factor for
.each s_pectral component of Z, E, and H ($. above); w=2nf, and r denotes the radius vector

from some point of origin. The wave-mtimber vector k describes a quasi-stationary spa-
tial modulation. It is #of the wave number of a true electromagnetic wave, propagating
with thq speed of light. An extension of thls spectral representation to spherical harmo-
nics can be‘fotind in the- Appen'dlx it it

For simplicity we regard now the source field as two-dimensional and consider the
field components E, H, and Z in x, ¥, z- dlrectlon as functions of ¢ and x, e.g. H(¢, x). The
f1rst transformatlon 1nto the frequency -space domam glves

Hwn=|"Henewa | (2)

and the second into the frequency-wave nufnber domain

i e e QO e
_H(w, k):g_ H(w,x)e™** dx (3)

as complex-valued Fourier transforms. The transfer function which describes the induc-
tive response of the conducting lower half-space in the (a) k) domam can be introduced

" in the symmetrxcal form (cf. for instance Schmucker 1970)

I Z(iki[k):z'kC(d;, k)-H(cb, k)

E(w, B)=iouClw, k)« H(w, k).
Clw, k) is a length and its real part a direct indicator for the depth at which the main
attenuation of the observed surface field occurs. For a uniform substratum with the skin-
depth value p(w)

. h : 1 +l 2 -1/2
[
Clw, b= (55 ) T2 | (5)
When the analysis proceeds from a separation of the transient magnetic surface ﬁeld into

parts of external and internal origin (Schuster’s method), the resulting ratio of internal to
external part for each spectral component is

1—%kC(w, k).

St B =TT%C(w. B * | | | (6)

The inductive scale:length C(w, k) can be derived obviously either from ma.gnetic
observations alone or from combined magnetic and electric (telluric) observations. We

¥ A /' - . . . . - . .
" observe that the magnetic Z/H-ratio gives this generalized skin-depth C in relation to the

wave length L=2x/k of the inducing source field mode. Z-variations disappear altogether
when L>|C(w, k)| It implies that the Z—component of the external source field is compens-
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ated for z=0 by the opposite Z-component of the field which the induced currents in the
lower half-space produce at the surface. The internal attenuation of the source field is
then i)ureiy inductive as it applies to fast geomagnetic variations in mid-latitudes (Sect.5).
The transfer function C approaches under these conditions a finite limiting value

2¥*(w)

Clw, 0)= Z*(w)*—‘p*(a)) J Dalw)e= ’ (7)

which is fundamental for the magneto-telluric method of Tikhonov and Cagniard (s.
below). When to the contrary L is small in comparison to the ambient skin-depth values,
the internal attenuation of the source field by induction is negligible and C(w,k) approa-
ches k-~

There are se_véral.conveni‘ent numerical techniques to calculate C(w,k) for any given
resistivity model (Tikhonov and Lipskaya, 1952; Wait, 1953; Cagniard, 1953). The inverse
problem to infer o(z) from a given response function C(w,k) appears to be basically a single
~—solution problem. In praxis difficulties arise from two sources: (i) The inductive response,
undisturbed by lateral non-uniformities, usually is known only for a very limited pai't- of
the frequency spectrum (cf. Sect. 5); (ii) the inductive response is always a very smooth
function of frequency, even when the resistivity to be inferred is a discontniuous and rug-
ged function of depth. Furthermore, high resistivities at greater depth are effectively
concealed by overlying material of low resistivity (Fig. 1).

The evaluation of magnetic or magneto-telluric observations in the (w, £)-domain re-
quires two consecutive Fourier transformations. The;‘sec‘ond one from the spéce into the
wave number domain (Eq. 3) is impracticable when the observations have not been car-
ried out over the full width of the inducing source field or when there exist large-scale la-
teral non-uniformities. In both cases we are forced to derive the inductive response from
observations within a limited range of x which can be done in two ways:

t-(i)- The source field is approximated for each freqency component by a single spatial
harmonic, exp (Z%k, x). Eq.4 is then evaluated with the appropiate time harmonics ata sin-
gle sité, yielding a local estimate of the inductive response for k=k,. We may also elimi-
nate any source-field-dependence by setting %, formally to zero in the case of a purely
inductive attenuation (s. above) and obtain the Tikhonov-Cagniard approximation

Zo,)=0 (8)
B, ©)=iopCo, 0)<Hlw, x) .

The implications of the resultining transfer function C{w,0) for the internal resistivity
distribution can be made more transparent by converting it into an apparent resistivity
versus frequency or depth function, based on the value for a uniform substratum.
Tikhonov and Cagniard derive an apparent resistivity 0.(w) from the modulus of Clw, 0)
by defining p.(w) in Eq. 7 as skin-depth value for p, (cf. Eq. 1). The change of p, with de-
creasing frequency resembles in a smoothed form the change of the true resistivity with
depth and the inversion consists basically in the adoption of a fitting depth scale.

When the amplitude and phase of C(w, 0) are considered separately. (even though they
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1 10 100 1000 Fig. 1. Resistivity model p(2) and its inducti-
¢ o T T 1 ve résponse to a quasi-uniform field,
z L 0 _,f; 7] 1 given by the Tikhonov-Cagniard app-
fkm) 9lz) &7 f o arent resistivity po{f) as function of
200 - ~ \{ 1tcen) frequency f (right scale) and by the
’}"3 1 modified apparent resistivity p*(z*) as
- F 912" I,'oj’ } G510 function of depth 2* with f as curve
. o galf) -1 parameter, Notice the “shielding effect”
400 b o e /o/ - of the low-resistivity layer between 100
A -9 and 200 km depth upon the underlying
rot R /,f'_‘, e ) S high-resistance zone between 200 and

600 L F"" /;’?:0."7 cph.‘_” e ‘ M ' e 500 km.

are as functions of frequency riét truly independent), we obtain a first-order approximation
of the desired resistivity distribution by regarding p*(w) in Eq. 7 as skin-depth value for
the modified apparent resistivity o* at the depth z* (Schmucker, 1970). If the argument of
Clw,0) lies between —45° and —90° ¢* is the resistivity of a substitute uniform conductor
at the depth <z*—%p*>for the considered frequency. Both interpretations of the inductive
scale-length for a quasi-uniform source field are shown in Fig. 1.
(ii) The unrestricted representation of the inductive response for all wave numbers _

in the (w,x)—dornain leads to convolution integfals, relating the time harmonics of E and
Z to those of H within a certain distancé rangé around the point of observation. For con-

A vemence we use as convolution kernels the transforms of Clw, k) and ikC(w, k) into the

(w, %)- domaln denote them with N and M, and obtain accordmg to the convolutlon theo-
rem of Fourier products from Eg. 4 '
Z(w, %)= M(a), x)#* H(w, %)

E(w, £)=iws Mo, x) * Hw, x)] (9)

The 1mp11ed operatlon on M and H for instance, is
. S UM(w, u)-H~'(w, x—u)duy

with' U—o.Because C(w,k) is an even function of &,V anid M are one-sided cosine and sine
transforms, viz. :

coTmTT '100 . : K

Mo, u):-—-.;g kClw, B)sin (u)dk

‘ ' (10)
Mo, u)=— g C(w, k)cos(ku)dk

with singular point at u=0 (F ig. 2). Both kernels go exponentially to zero, when the dis-
tance # exceeds the real and 1mag1nary part of Clw, 0). It is therefore sufficient to extend
the convolution integrals in Eq 9 over a distance range U where U is equal to or a bit
larger than z* and 5 1 p* respectwely '
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This leads to the important conclusion that C(w, 0) is not only a vertical, but also a
lateral scale-length, indicating depth and width of the cross-section which effectively
determines the inductive respdnse at the point of observation.

The inverse of the second transformation in Eq. 10 yields for 2=0

Clo, 0)= Sin(w, wdu (11)

_ When If(ai, x) is sufficiently uniform within the range of the kernels M and N, given
by C (w,0), we may consider it in the convolution integrals of Eq. 9 as a constant and ob-

tain in virtue of Eq. 11 again the Tikhonov-Cagniard approximation, For a general distri-

bution p(z) the kernels M and NN have to be determined by a numerical integration over
the pertinent transfer function C(w,%) according to Eq. 10. Two analytical solutions may
be illustrative The kernels for a uniform substratum with the skin-depths value p(w) fol-

low from Eq 5 as

147 1+
) K( ) l

=L )

Where K, and Klmcleneteﬁmodlﬁed' Bessel functions of the second kind. A perfect conduct-

or beneath a non-conducting layer of the thickness 4* has the kernels

(12)

M(w,u):—{Zh smh<2h*>}_l
(13)

Mo, u)=lln{ctnh< ZIIZ*‘[ )}

because the pertinent transfer function is Clw, k)=~k"'tanh(kh*). These kernels are shown

in Fig. 2.

2. Inductive response in the presence of lateral non-uniformities

The two-fold implication which has been derived in the ﬁreceeding section for the
inductive scale-length C(w, 0) of a quasi-uniform source field allows the following distinc-
tion between a normal and anomalous state: If po=p(z) is solely a function of depth
z within the depth-distance rangelC(w, O)\around the point of observation, the inductive

' tesponsé at that point is terined normal, otherwise anomalous. Henceforth, all quantities
referring to the normal state carry the subscript “n” and those referring to the anomalous
state the subscript “a”, assuming that the latter is superimposed as a local perturbation
upon the normal state (Z=Z2,+Z,...... y =00+ 04)-

~ Inthe normal state the methods of Sect. 1 can be applied to infer a resistivity-depth
profile p,(z) for the above mentioned depth-distance range. "In the anomalous state the Z-H
or E-H relations when freed from their normal component reflect local deviations from a
layered distribution p,, thus relating the induction anomaly in the magnetic and electric
variation field to a subterranean resistivity anomaly p,. This anomalous state is highly
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frequency dependent. The inductive response at some site may be normal at high freq-

uencies but anonalous at low frequencies when the inductive scale-length C(w, 0) becomes
in its real or imaginary part corrrparable to the scale-length L, of lateral non-uniformities.
The induction anomely,disappears again, at least in Z and H, at very low frequencies
when C(w, 0) in its-real and imaginary part is much larger than L, (s. below).

There are two types of induction aniomalies, namely those which are situated within
an extended region of normal response’(Fig. 3) and those which occur at the border of two
different normal regions (Fig. 2). Either one of these regions may be closer to what may
be regarded as global norm, even though such'a norm is presently ill defined and presu-
mably.a d1st1nct10n Has to béth a‘de bet’ween "5eeans and continents (cf. Sect.3).

The anomalous and normal state dlffer in two important aspects: (i) The normal var-
iation field originates to nearly equal parts from external and internal sources. Induction
anomalies, however, are of purely i_r_rjter_ngl origin which implies that Z, and H, as func-
tions of location are interdependent. This can be used to test the consistency of observed
Z and H-anomalies. (ii) Normal Z-H or E-H relations are the same for all directions of a
polarized source field (for a given wave number or wave number spectrum). The anoma-

"lous inductive response, in contrast, is critically determined by any source field pelari-

zation in relation to subsurface lateral resistivity gradients. We distinguish here two
special cases: _ o :

Consider a two-dimensional resistivity distribution p(b&, z)in right handed rectangular
' coordinates (x,y,2) which is ex-
“posed to a two-dimensional so-
_ urce field (Fig.2). E-polarization
r— 300 (ln y-direction) implies that the

y
ko

Pl ‘transient magnetic vector is

-300, @ km e300
-02t ./

: / M (3100 km? yi ,//”“f"””‘m" confined to the (x, z)-plane. The

i / . . .
-06 / : -ast | induced currents which are N

0 \\'\\\\\\\\'\\\\\\\\\\\\I\\\'\\\\\\\\‘Y\m\\’\\l\\\\\'\\\\\\\\'\\\\\\ = m mn y-dlrecnon are drawn

’r .together where low resistivities
come closer to the surface than

km [ 2 g=©
150}~ ,l_,_ -

005 e . "9.?.";.-~-~ Tt elesewhere, and vice ‘versa.
M 113 ; ”

Fig. 2. Two-dimensional resistil/ity model p(x, z). The slope Thls_. late_ral skin-¢ffect” pro-
“in the surface of the perfect conductor causesan in- duces in Fig. 2, a magnetic Z-
duction anomaly of trénsient‘geuma-aet—le—a—ae\ geomag- : ion %927 i
netic and geoelectric variations at “ 2”, depending ogn anomaly at station “27, while
the direction. of source-field-polarization (cf. text).

- The inductive response at “1” and “3" is different,  smoothly from its low normal
but. normal because the-convolution kernels M and t '
N N (Eq 13) for the Z-H and E-H rela’tlvons at those sta- i
: tions, shown above the profile, do not extent into the value at “3”.
anomalous zone near “2”, The’ reduced dépth of the ‘In the case of H-polariza-
perfect conductor causes.a small E/H-ratio at “1”in -~ ", . . . .
compari§ bn to that at“3”. The same applies to Z/H Lion (in y-direction) the situa-
for a .given source-field gradlent

E increases on the same profile

" value at “1” to its high normal

tion is reversed. The induced

— b

()
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currents, now confined to the (x,z)-plane, are deflected up and down in response to lateral
changes in o. These deflections perturb the superficial E-field, but have almost no influ-
ence upon Z and H. In Firg. 2 E'is sharply reduced near station “2” above the slope in the
surface of the perfect conductor when going from station “37 to 1", The transition from
the high normal Zat “3” to the low normal Z at “ 1” is in contrast gradual. In the case of
a quasi-uniform source field Z,, is zero and no magnetic induction anomaly is observed
(Eq. 8).

This directional dependence makes it necessary to consider the anomalous inductive
response separately for the two orthogonal horizontal directions of source field polariza-
tion, i. 6. the Z-H and E-H relations above resistivity anomalies have matrix form. This
matrix of transfer functions is usually formulated and derived in the frequency-space
domain under the specific assumption that the normal response is that or hearly that of
a quasi-uniform source field... .

.. The.depth distribution of the induced currents is then, for a given normal distribution
pn(X), a function of frequency only. Lateral non-uniformities produce either a re-arrange-
ment of these normal currents (E-polarization), their deflection (H-polarization), or a com-

bination of both effects. Their strength depends linearly on H, and the same applies ther- -

efore to the surface induction anomaly in Z, H, and E (cf. also Fanselau and Treumann,
1966).

Let H and D, respectively EN and E;, denote the orthogonal components of the tran-
sient magnetic and electric vector in the horizontal plane, e. g. their north and east com-
ponents.

The linear dependence of their anomalous parts on H, and D, allows then the formu-

" lation
Z=aH+bD
. (14)
Ezv:iw#(czvﬂf{'f' cxpD)
EEZ—iwu(cEHﬁ-%—CEDD).

The complex-valued transfers a, b, cyx,.- .describe as functions of frequency and loca-
tion the induction anomaly in a normalized form for H and D polarization at the point of
observation (s. below). At a “normal” site Z would be unrelated to H and D in the stati-
stical average over all directions of polarization, yielding a=b=0. In the electrical matrix
only the cross-terms. ¢z and ¢zp would disappear, while ¢y and c¢gpz both become equal
to C(w,0)'in accordance with Eq. 8.

In view of the subsequent interpretation it is of advantage to relate induction anomalig s

_to the normal variation field as it may have been observed at some distance from the
anomaly.—If the anomaly lies at the border of two normal regions, one of them is chosen
to represent the normal state. The anomalous state when added to it has to merge properly
into the normal state of the second region. This condition can be used to test theoretical
model calculations (cf. Schmucker, 1970 ; Sect: 7.3)—Hence, in place of Eq. 14 we write

| ZezgHo v 2D (15)
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and obtain now in zy and z, the transfer functions for the normalized anomalous response
for north and east polarization of the source field. The transfers a and b are readily expre-
ssed in terms of zy, zp, and the four other transfer functions connecting the anomalous
parts in H and D to H, and D,. The induction anomaly in E can be normalized in the
same way. '

Parkinson (1959) and Wiese (1962) 1ntroduced a now widely used vector presentation
of the transfer functions ¢ and 5 or 2, and 2y (cf. Edward’ and Untied!t's contribution to
this volume). These induction arrows delineate, when displayed on maps for an array
of . observatlon points, the locat1on and trend of subsurface resistivity anomalies.
A descrlptlon of statistical methods to determme the transfer functions from actual ob-
servations can be found elsewhere (Everett and Hyndman, 1967 ; Schmucker, 1970).

There now rernains the task of inferring the depth and size of resistivity anomalies
from surface observati'ons.vwith .as.little ambiguity as possible. This requires (i) that a
normal reference distribution p,(2) is available and (ii) that the induction anomaly has
been analysed for various frequen01es so that the frequency of maximum anomalous
response is known (s below)

' Up ‘to now the 1nterpretatlon of mductlon anomahes has been based on two types of
models namely on non-unifom thin sheets or shells and on two- dlmensxonal resxst1v1ty
distributions beneat_h a plane Ear_th’s surface. The assumption of a thin sheet implies that,
for suﬁ’iciently slow variations, E and Z ‘may be regarded a uniform over the thickness d

_ of the sheet or shell which is bounded by non- conducting 1 matenal The non-uniformity

is contained in a varlable total or 1ntegrated conductivity

g 4 dz (16)

| =), %y
(Price, 1949). This method has been applied to induction anomalies of shallow origin, no-
tably to those near coast lines or sedimentary basins (cf. Rikitake's monograph, 1966; also
Rikitake, 1967, 1968). Such ‘surface anomalies are coupled by mutual induction to the
deep resistivity structure, provided that their lateral width is comparable to the inductive
scalelength C (w, 0)- for the underlying (normal) resistivity distribution p,(2). ‘

In the case of a two-dimensional resistivify structure the transfer functions for the
anomalous parts in E, Z, and H have their simplest form when they refer to pure E- or
H-polarization 'of the source field. This requlres that empirical transfer functions which
are to be mterpreted by a two- dlmensmnal model are transferred first to a dlrectlon normal
and- parallel to the. trend of t;he .anomaly which can be inferred from the anomalous be-
haviour in Z. The induction problem to be solved is a disturbed skin-eﬁ’eci problem when
H, is assumed to fberquasi-uniform and Z,=0. Solutions have been obtained mainly with
numerical methods, using iteration or matrix inversion techniques (cf. Madden and Swift,
1969 ;. Wright, 1969). - Approximation methods for the treatment of the two-dimensional
disturbed skin-effect problem have been developed by Fanselau and Treumann (1966) and

- by Scheube (1966).

In two limiting cases the induc;ion problem can be reduced to a quasi-static one.
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(i) Suppose the scale-length of a resistivitity anomaly is small in comparison to the
skindepth values within and around the anomaly. We may then neglect the anomalous part
in E due to locally disturbed self-induction, leaving E,(z) as driving force of the induced
currents. When j,(2)=E,(z)/0.(2) denotes the (known) normal current density at some dis-
tance from the anomaly, its super-imposed anomalous component within the resistivity
anomaly is

_ Ja=(=0a/0)"jn an
(Ohwm’s law). An integration according to the formula of Biot-Savart yields the induction
anomély in Z and H at the Earth’s surface. i
(ii) The in-phase part of the normal inductive response can be explained by a perfect
substitute conductor at the frequency-dependent depth z*(w) at which the main attenuation
) by_ induction currents occurs (Eq. 7). Lateral resistivity variations at this depth have app-
rogj@g’cgly the effect of an undulatory interface between non-conducting and perfectly

conducting matter. This implies that the transfer functions of the induction anomaly 2,
zp,...are real. For a given shape of the interface they can be found by satisfying the static
boundary condition that the transient magnetic vector is tangential to and the transient

electric vector zero on the interface. The shape can be inferred also directly from the
transfer functions‘by cbnétruéting the internal pattérn of field liﬁes beneath the induction
anomaly. This requires a downward extension of the surface field. Each field line repre-
sent one possible interface between non-conducting and perfectly conducting matter and
the choice is made according to the normal depth z*(w) at the considered frequency
(Schmucker, 1959 and 1970). .

Both methods have been used to calculate the induction anomaly in H (E—polariza-
tiori) above a bulge of low fesistivity, extending into a high-resistivity top layer (Fig. 3).
For sufficiently high frequencies the attenuation is strong, even in the top layer, and the
résistiility anomaly is not reached by the Vvariation field at all. At about 5 cph the atten-
uation in the top layer is weak and the skin-depth value of the substratum is small in com-
parison to the diameter.of the bulge, implying that the variation field hardly penetrates
into the interior of the bulge. The induction anomaly is now at its maximum and nearly
in:phase as if the substratum with the inclusion of the bulge were perfectly conducting.

A further reduction of the frequencies means that the main attenuation takes place
well beneath the level.of fhe,bulge and that we may use Ohm'’s law to find thé current

" distribution within the bulge (Eq. 17). The resulting induction anomaly is small and

shows a distinct out-of-phase component. Ultimately, at very low frequencies, the mag-
netic and electric. induction anomaly for E-polarization disappears altogether because the
relative strength of currents which are induced in the depth range of the bulge becomes
negligible. The induction anomaly in E for H-polarization, on the other hand, approaches
a finite limiting value when, at very low frequencies, the distortion of the electric field in
the neighborhood of the bulge becomes that of a quasi-static field. _

In summary, the anomalous inductive response goes through a maximum at that
frequency at which the normal variation field has its main attenuation m the depth range

_urs deep within the upper mantle. This has been
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of the resistivity anomaly. This depth can be de-
termined therefore with some confidenge, provi-
ding that reliable estimates of the nornia.l distri-
bution p,(2) are available in the considered area.

If there exist at some.intermediate depth lenses
of low resistivity within a high-resisti\qi,ty envi-
ronment, they must have a conducting corinec-
tion to the depth range of main attenuation in
.order to*pro

: duce a detectabl_e ind_uctiog anomaly
at the surface. A

3. Basic resistivity models for the Earth’s
interior '

‘Induction anomalies of geomagnetic varia- Fig. 3. ‘Two-dimensional uplift of 1
. 9, - 1it o1 low re-

sistivities (10 2m) into a high-resis-
tivity top layer. The induction
anomaly in H (horizontal magnetic
" component) for E-polarization 5
- shown for two frequencies, 5 and
0.5 cycles per hour. The curves
give the modulus of the transfer
fungtion hy=H,/H,. They have
“been*derived with approximation
methods (dashed, ct. text) and with
a matfix inversion technique (solid,
courtesy of Dr. J.A. Wright), the
- ‘latter yielding the “ correct” solu-
" tion . of the disturbed skin-effect

tions may be compared to travel-time anomalies
of seismic Pand S waves. We have in either case
local or regional deviations-from a .global-norm -
which in seismology is known with great preci-
sion in form of the Jeffreys-Bullen traveltime
curves. Their geomagnetic'equivalents are the
inductive response functions Clw, k) or C;™w)

i

which for convenience may be expressed as
apparent resistivity versus frequency -or depth
curves (Table 1). Our present-knowledge -about - -
ocean basins is quite limited in this respect and
the following statements apply to the continental problem. The approximate phase

substricture oo lead of H, with respect to H, is
X o indicated. The central maxima of

The inductive attenuation 6f very slow vari- hx reflect the current concentra-
tions in the uplift. They disappear

t‘oward‘very low and very high
““frequencies (cf. text). ‘ :

clearly establishgd by a global analysis of their magnetic Z-H relations. The modiﬁéd
a.pl.)arent resistivi‘tieé o* 'fovr’ ‘Sq-variations' in Table 1 indicate that we may expect a resis-
tivity of roughly 25 2m at 400 km depth with-‘the tendency to decrease with increasing
depth. Because these slow variations penetrate through the uppermost mantle with little
attenuation they cannotyield more than a lower permissible limit for the résistance above
400km. Such a limit i‘sr Price and Lahiri’s (1963) ‘model ¢ d” which suggests an exponen-
tial decrease according to 0(2)~250 « exp (—0.058 z) 2m where z denotes the depth in (km).
Their alternative model “ ¢ ” shows that the upper mantle can be regarded also as effec-
tively non-conducting down to a considerable depth when we add a highly conductive
surface layer and assume a sharp resistivity 'reduction to I 2m or less at 600km (Fig. 4).
Both models are-equivalent as far astheir inductive reéponse to slow D, and Sq-variations

ations with periods of eight hours or longer occ-
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is concerned (Fig. 5).
L It has not been possible yet to narrow this
__J’ wide range of possible distributions by eval-
“ uating the Z-H relations of faster and there-
' fore less deeply penetrating variations, utili-
- zing for instance bay events (Sect. 5). The best
B information available about the upper 100 to
b-—-— " 900 km comes from magneto-telluric sound-
- ings in areas without a well conducting cover

- of unfolded young sediments. Very fast fluct-

Fig. 4. Resistivity models for the upper man- uations with periods in the minute and second

tle beneath continents. Model “d*“
and “e” (Lahiri and ?rice, 1939) re-

.present_ limiting _distributions with

regard to the magnetic internal part
of Dy and Sg-variations. Both models

range yield in such areas very high apparent
resistivities p, between 10% and 10* 2m, verify-

‘ing that the crust and uppermost mantle are

”

indeed very poor conductors as in model “e

include a thin top layer (not shown)  (Rig 6). The usually distinct decrease of p,
. with'integrated conductivities of 2000 . h i . iod i lies that the t
Q-l(d) and 5100 £-* (e) Model “R” wit lncreaslng period 1mplies a (54 ru.e
(Rikitake, 1950) is in particular good = resistivity is reduced to about 50 2m at 80 km
agreement with the internal part of  gepth even though this depth appears to be
D,y and ultra-long periodicities in
geomagnetic activity.Model “d*” and )
““F" (Fournier et al.,, 1963) are modi- contribution to this volume). It is undecided
fied versions of model “d” and “e.” whether such low values are confined to an

They include within the uppermost . » L.
manile (80-10(£m) a zone of 11;1; resis. = mantle “low resistivitity. layer” within a
tivity in accordance with magneto- model “e” type distribution as prodosed by

telluric sounding curves (Fig. 6).

subject to large regional variations (cf. Caner’s

“others or whether they merge smoothly into model “d” (cf. also Rikitake, 1962). The re-
duiréd mo.diﬁc.ations in the upper portion of model “d ” would have to be such that the
inductive response to D,, and Sg¢-variations remains unchanged as it is more or les the
case for the here proposed model d* in Fig. 4. Fournier-type models need some amend-
rhents in this respect because they yield an internal Sq which is too small (Fig. 5).

- Model d* which is similar to Cantwell’'s model (1960) includes two zones of rapidly
-.changing.resistivity. A first reduction from 1000 2m to 50 2m near 100 km depth appears
‘to be mainly temperatiare controlled: “The second reduction-from 25 £m to 5 2m between

400 and 600 km may reflect the phase transition from olivine to spinel and the increa__se of
the iron content of these minerals which presumably takes places in mantle region C of
Bullew's classification. In the intermediate depth range detween 100 and 400 km the tem-
perature effect upon p could be largely balanced by the opposing effect of increasing
i)ressure, assuming that the ambient temperature gradient is small, i. e. in the order of
1°C/km (Hughes, 1955).

Henceforth, model d* serves as (continental) norm. ’For the calculations of the atten-
uation curves in Fig. 7,9, and 11 it is'approximated by a 13-layer model, each layer being

Fournteret al. (1962), Porstendorfer (1965) and.
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Magneto-telluric sounding curves 0a(T)
-T : period-for continental stations with
(Borok) and without (Littleton, Taman-
rasset) conducting top layer. Dots and
) crosses according to observations at
Fig. 5. Observed and theoretical fations 5,7 . Dopok near Moscow (Rokityanshiy, 1962),
o'f internal to external part of Sg-va- : dl te chr‘l near ostonfCantwell,lQGO),
riations, showp in the.complex plane ( Il.la 2 amanrasstet in the Sahara
for the 2™ and 3¢ time harmonic. unay et al., 1963) ; pz a'nd ey refer to
Large dots : Empirical ratios for the north and east po?anzatlon of E; the
large. dot for. the diurnal Py?-mode has

- < global Sg-field' during- the -equinoxes . o
of 1902 (1), 1905 (ib), and 1033 @), de- b.een derived from the diurnal Z-H rela-
g tions at Borok (cf. Appendix). It is in

rived by Chapman-(ct-Chapman-and »
good agreement with the magneto-tellu-

Bartels, 1940 ; chap.20:'4; 1g-and 15) A Lo
and by Hasegaia (19 36, %) Smmall ric p,,-v.alue for east polarization. The
theoretical curves (dashed) have been

dots and open circles ;" Theoretical
: calculated for the modified Lahiri and

ratios for the upjger ma_htel models . « g .
shown in Fig. 4 with the inclusion of P(zce r.nod.e Lo and Fournier's(F)
model inFig. 4,adding in the case of

a thin top layer (4 km thick)-of varia-
: Borok a top layer with r=1700 £-1,

ble Tesistivity p,. The lines between .
open. circles and_-do‘ts_'i’ndicate the This top layer eff(:,kcts that the pq (T)--
range of possible variability on conti- catves for_fnodel @* and F ook alike.
nents. Model “d” and “d*” show Thfa <‘ie.tect10n of an upper mantle low
the best agreement'wfth t'he”en'lpirical re51st1v1ty. lay.er depenfis therefore
ratios for-continental-conditions, on soundlpgs \n areas without surface
T cover where this layer causes a visible
‘deformat'ion of the pa(T)-curve (cf. Fig.
. . )

100 km thick. The pertinent formulas can be found, for instance, in Schmucker (1970). The
source fields are either represented by a single spherical harmonic (Dst, Sq) or regarded as
quasi-uniform for a flat Earth (bays, fluctuations). The resulting inductive scale-length
values can be found in Table1. A top layer of 4 km with o, as uniform resistivity accounfs
for the variable shielding efféct of the outermost shell. We distinguish here between ceans
(0;=0.25 £m), unfolded sedimentary basins (2 .th), standard continental surface layers
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Fig. 7. Attenuation curves in the complex plan for the P,°-
44 mode of Dg-variations beneath oceans (top), sediment-
ary basins (center) and standard continents (bottom).
Curve parameter is the depth in kilometers and the
assumed period is 48 hours (cf. text for details).
The vector from the point of origin to any point

on the curve gives the amplitude A and the phase lead
¢ of the tangential magnetic component I;T(z) at
the depth z relative to its surface value H(0). A line
N element 4 A=4r j/H(0) indicates similarly amplitude
§ 400 and phase of the induced current density j, integrated
over the pertinent differential increase of z (except

“e. 600 24m

[— ______ a0 . attenuation).

for a minor non-inductive portion of the downward
The main inductive attenuation of
e 600 Dy-variations occurs between 600km and 1000 km
(in mantle depth model d*). The shielding effect by
real oceans is probablly less than indicated by the

top curve because the Dy-induced current flow along
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~ HR : Hermanus/South Africa, NI and

L o . .
Bost . i k " . ° 600

Z amplltude of the Dg;-field as function [ """""" Tl 400 10.0m
of geomagnetic co- -latitude about 36 00"

hours after the onsetof magneticstorms, S 200
normalized to the ' H-amplitude at the s R o
equator. It is well below the curve of 0 G /ﬁm)o‘-“ 1.0
zero “induction (cos 9ps) and it can be

explained by a perfectly conducting
“core” at 600 kin depth (¢f. model “e”

Attenuation curves in the
complex plane for the P,2-
4mermode of the 2" diurnal
time harmonic (cf. legend to
Fig. 7). Depth range of main
induction between 400 and
800 km for continents (center
and bottom),but considerable
inductive attenuation by
large and deep oceans (top)
: when the continental mantle
WN : Niemegk and Wingst/North model d* used here applies
Germany, WI : Witteveen/The Nether- also to the oceanic substruct-
lands. ’ ure.

The resulfs from’ 1nd1v1dua1
observatorles are in good agreement
with the global mean curve (dashed),
thus excluding the possibility of lateral
inhomogeneities at that depth (Grafe,
1964). AB :_ Abinger/England, AM:
Amberley/New Zealand, AP : Apia/
Samoa, FU: Fiirstenfeldbruck/Bavaria,

TEIVItY betwesn' 400 and 600k
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(10 2m) and shields (10 2m).

4. Inferences from D, and Sg-variations

Smoothed storm-time or D,-variations occur when after a magnetic storm the Earth is
encircled by an equatorial ring current. During its decay the Earth as a whole is exposed
to a uniform field antiparallel to'the geomagnetic dipole axis which vanishes exponentially
within a few days. Modulations-of this“ring current field account for ultra-long periodi-
cities in geomagnetic storm-time activity with 27 days and one year as fundamental
periods.:Banks (1969) inferred: from their internal part that the steep reduction of resis-

vélsotfat ‘g'r“’é‘atér depth, yielding a nearly constant resis-
tivity of 1 2m between 1000 and\l’SOOzkm.

The ring current source field at a given instant of universal time is well described on
the Earth’s surface by thespheri aljn}gnjcgl?lé(crosﬂ).where @ denotes the geomagnetic
co-latitude (cf. Appendix ;- Chapm n-and Bartels, 1940 ; chap. 20. 11). Chapman found
that 36 hours after the onset of & magnetic storm the ratio of the internal to external part
for the P,%modeis SID‘—O‘SS- with‘a slight\ tendency to decreace in time. This is well below

the maximum possible ratlo of for n=1 and shows that the internal part originates

~ from currents at consrderable depth We infer from Fig. 7 that the main attenuation of

‘Dy-variations takes place between 600 and 1000 km.
Chapman’s ratio represents a global average, but as it is evident from Fig. 8 regional
or local devratmns appear to be 1ns1gn1ﬁcant (Gmfe, 1964) Hence, the resistivity distrib-
First 1nd1cat10ns for;_»l _eral non: -uniformities come from the study of the diurnal Sg-
variations Whlch hav their,

am attenuatmn in mantle region C of Bullen’s classification

(Fig. 9). In ocean basms pect an addrtlonal strong attenuation in the seawater when
we combine a 4km deep ocean with mantle model “d” or “d*” (cf. comments to Eq. 18).

Induction anomalies of. Sg

: riations near coastlines and on islands (Mason, 1963;
Schimucker, 1970) support this view, but observations at the seafloor off the Californian
coast gave a surprlsmgly small attenuation by oceanic induction currents implying that
the oceanic substructure is here better conductmg than model d* (leloux, 1967 ; Larsen
and Cox, 1966 ; Flg 12),.". ;‘ o
The d1urna1 Sq varlatlons at a ﬁxed site are quasi-harmonic functions of local time
with 24 hours-as‘fundamenta perlod “Their source-are two current loops in the day-lit
part of the 1onosphere, :m> v1ng for a rotatmg observer with the Sun around the Earth.
This implies that the longltude dependence of the m time harmonic of Sq is exp (im ¢)
with p as long1t1ude (Eq. 19) ‘In the series of pertinent spherical harmonics of the rank m
the first uneven term of the degree n m+1 donnnates, in particular during equinoxes
(Chnpman and Ba rtels, 1940.; chap. 20. 4)..Hence, the co- latltude dependence of the m*time
harmonic 1s‘P,,,"+1 (cos #,™) with 9,™ as effective co-latitude for this term (cf. Appendix).
The representation of the Sg-source-field harmonics by a single spherical function can
be used as in the case of Dy-variations to derive from observations at a single site the
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inductive scale-length C,™ (mw,) and thereby a regional estimate for the ratio S,™ (mwy) of
internal to external part (w,=2r/day). In the absence of local anomalies (s. below) these
transfer values reflect the deep resistivity distribution within a lateral range of a few hund-
red kilometers around the point of observation and they may be compared with those
from a global analysis such as Chapman’s.

This is done in Fig. 10, displaying the C;* and C¢ transfers for a number of continen-
tal observatories. They have been derived according to Eq. (20) from the diurnal harmon-
ics in Zand the two horizontal components with respect to the local * Sq-effective” meridian,
inserting for J the “ Sg-effective ” co-latitude ¢,™ from Eq. 25 (cf. Appendix). The harmon-
ics have been calculated from the hourly means of twenty quiet days during the years
1932/3 (open circles), 1958 (full circles), and 1965 (triangles), taken from Price and Wilkins
(1963), Price and Stone (1964), and 1965-year books of the observatories. :

___In the.case of the P;2-mode we find a fair agreement between the results of Chapman’s
global analysis and_those derived from the 24 Sg-harmonic at individual observatories
at some distance from the coast. Several stations with a strongly deviating value in the
0¥ —z* plot are within the range of well known inland induction anomalies. This appliee
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Fig. 10, Modifield-apparent reisistivity p* versus depth z*-plot for the 2™
and 37¢ tinie-harmonic of diurnal Sg-harmonics, derived from the
pertment Z/H-ratios of individual continental observatories and

' from Chapman s global mean for the ratio of internal to external
part (cf. text and Table 1). The cluster of resistivity- depth
estimates Iies slightly above model “d” of Lahiri and Price.
Their scattering may reflect partially local induction anomalies
(WN) and partially regional deviations from the continental norm

' (TK, HE). DB: DeBilt/The Netheérlands, FU : Fiirstenfeldbruck
/Bavaria, HE : Heluan/Egypt, IR : Irukutsk/Siberia, LO: Lovd
/Sweden, MA : Manhay/Belgium, PI : Pilar/Argentina, PR:
Pruhonice/Czechoslovakia, TF : Tiflis/Caucasus, TK: Taschkent
‘/Turkmenia. TL: Toledo/Spain, TU: Tucson/Arizona, TY :
Tihany/Hungaria, VJ: Val Joyeux/France, WN: Wingst/Germany.
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in particular to Wingst in northern Germany (cf. Untiedt's contribntion to this volume).
It has been shown by Fanselau (1968) that the diurnal ranges behave in this area quite
anomalously even on a local scale. '

Chapman’s result for the P,3-mode appears not to be representative for the majority
of continental stations. The inductive response to the 3" Sg-harmonic yields a clearly
reduced scale length z* of 300 km when compared with the mean z*-depth of 400 km for
the 2" harmonic. This reduction canndt be explained by the modified model ¢* (Table 1)
and suggests the presence of even lower resistivities in the uppermost mantle than those
given.in, modet d*. There are notable exemptions from the reduced depth of main atten-
uation-of the* P3-mode; The“&h‘fh‘&Iﬁ?FI’él‘étTdnS” at the observatories Heluan (Egypt)
and Taschkent (USSR)vyieid for both harmonics large real scale-length values z* in the or-
der of 500 km, but apparent resistivities p* which are in nearly perfect agreement with
model d.- Here we may have 1nd1cat10ns for a truly regional deviation from the continen-
tal norm, implying that the Sq varlatlons in both areas penetrate with little attenuation
deep into an upper mantle’ ofrunusualvly high resistance.

5. Inferences from bay eVents and fast fluctuations

The spectrum of fast geomagnetlc varlatlons is connected to storm-time activity in
polar regions. Its promlnent feature is the polar electrojet which encircles the polar cap
as a current of ﬂuctuatlng strength and position in about 67° geomagnetic latitude. This
jet is partlally closed by Ioops of w1de spread return currents in middle and low latitudes.
Bay events are magnetlc eIe r entary storms of short duration with f=1cph as representa-
tive frequency:  A-second’ 'Jet is found above the magnetlc dip equator on the day-lit side.
Its strength (but #o# its po

ion) fluctuates likewise durmg polar disturbances.

Both jets provide localized and nearly two- dimensional source fields for geomagnetic
induction studies between 1 and 10: cph Their half-width of a few hundred kilometers is
comparable in this frequency range to the skin-depth value of the mantle below 100 km
depth. Hence, we may'expe’ct some inductive attenuation of the fluctuating jet field in
the upper mantle which is detectable at the Earth’s surface in form of reduced Z-varia-
tions on either side of the jet. The size of geoelectric variations beneath the jet itself is
in a similar way an indicator for the depth of penetration when proper regard is given to
the limited half-width of the source field. ‘The use of convolution integrals as described
in Sect. 1 (Bq. 9) allows a’straightforward evaluation of the complicated Z-H and E-H
relations in polar and day-time equatorial regions.

First attempts to utilize short-period variations of the polar and equatorial jets for
induction studies have been made in the Andes of Peru (Schmucker et al., 1967) and on
Iceland (Hermance and Garland, 1968). The depth of inductive attenuation was found in
either case to be surprisingly shallow, suggesting resistivities of only 10 2m at about 50
km depth. If these estimates are correct, we have beneath both areas a lens or a channel
of highly conducting matter within the uppermost mantle.

‘At some distance from the jets the variation field of bays and fast fluctuations is
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quasiuniform, ie. the H-amplitude of disturbances is reduced by only a few percent
per 100 kilometers toward south. The Z/H-ratio of bays varies in mid-latitudes between
0.3 in regions of maximum depth of penetration into a high-resistance uppermost
mantle and less than 0.1 in regions where the inductive attenuation occurs at com-
paratively shallow depth. This can be due to an intermediate layer of extremely low resis-
tivity or it may reflect a generally reduced resistivity of the upper 200-300 km. The cordi-
llera of western North America and Bavaria are examples for such unusually low Z/H-
ratios on a regional scale (cf. Fig. 1 in Caner’s and Fig. 8 in Untiedt's contribution to this
volume). -

It is difficult to derive from the mid-latitude Z-H relations of bays and fast fluctua-
tions the normal change of resistivity with depth in any detail because too little is known
about the source field geometry. This can be done more effectively with the magneto-

. telluric. E-H relations. The quasi-uniformity of the source field in relation to the depth
-~ of-penetration justifies.the .use of the source-field-free Tikhonov-Cagniard approxi-

mation (Eq. 8). The main difficulty for magneto-telluric soundings between 1 and 10 cph
is due to the distoring effect of superficial resistivity gradients, in particular upon E (s.
below).

The value of. purely geomagnetic deep sounding arises from the sensitivity with
which the Z-component of bays reacts in the absence of a significant normal part in mid-
latitudes to lateral non-uniformities in p. Large Z—amplitudes, vielding a Z/H-ratio of 0.5
and more, are observed only in limited zones, where they depend strongly on the polari-.
zation direction of the source field and are therefore anomalous (Sect. 2).

The magneto-telluric impedance E/H, on the other hand, shows almost everywhere
a directional dependence in the considered frequency range and thus is anomalous, even
where the Z-H relations may be normal. This applies in particular to continental areas
atsome distance from deep sedimentary basins (cf. Fig. 8 in Untied!’s contribution to this
volume). Bay events penetrate here with little attenuation through geological formations
near the surface and resistivity contrasts within these formations do not produce a size-
able induction anomaly in Z and H. The same applies also to the geoelectric field in the

case of E-polarization (Sect. 2). If, however, in the case of H-polarization E is parallel to

superficial resistivity gradients, the continuity condition for the electrical current density
E/p leads to a highly anomalous behaviour in E.

.. The depth of. penetratlon of .bays.and fast fluctuation is largely controlled by the elec-
trical properties in the outermost shell, consisting of oceans and continental surface layers
above the crystalline basement. This is evident from real scale-length values z* in Table
1in dependence of the surface resistivity o,. Large and deep oceans reduce the amplitude
of fast variations to such an extent that their induction within the upper mantle becomes
insignificant (Fig. 11 and 12).

-Because the depth d of oceans is small in comparison to the skin-depth value of sea-
water at f=1 cph, ¥ Oceans may be treated as parts of an infinitely thin conducting shell
of the integrated conductivity t=d/p, (Eq. 16). The dimensionless parameter which deter-
mines the degree of inductive attenuation in the ocean sheet is
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Fig. 11. Attenuation—curve

complex plane for bay events

(cf. legend to Fig. 7), They
are strongly attenuated by

oceans (top). The 1nduct1ve~ .

shielding by contin

,,face layers above- he cry-i,,

nent D, recorded simultaneously at the
seaﬁoor (SF) off the Californian coast,
at the coastal station Cambria (CAB)
and at the mland observatory Tucson
(TU). The seafloor record when com-
pared with those at CAB and TU shows
a distinct lack of high frequencies, reflec-

_ting thé inductive attenuation by sea-

stalline ‘basemént is large in
young sedlrnentary basms
(center),but 1n51gn1ﬁcant else-
where (bottom):" T :
deep 1nduct10n curr
* under normal condltxons (mo-
. del’ d*) between
400 km depth.

water: - The amplitude reduction of bays
and diurnal variations at the seafloor is
however less than to be expected for a
“continental-type’ deep resistivity distri-
bution (cf - top curves in Fig. 9 and 11).
This 1mphes the presence of very low
~ resistivities at shallow depth (Fig. 13).
" " Adapted from Filloux (1967).

R (18)

where 1 represents elther _he vertical inductive scale- length Clw, 0) for the oceanic sub-
structure, the lateral scale length of the inducing source field, or the half-width of the
ocean, whichever is the smallest length.

The first mentloned vertlcal scale length accounts for the inductive coupling between
oceanic and suboceanlc 1nduct1on currents Tt 1s in the order of 200 km for model g+
(without surface ‘cover) at lcph (Table 1) and thus the determining one in mid- latitudes.
This 1mpl1es that-the” assumptlon of lower mantle resistivities than those in model g*
reduces the relative strength of oceanic induction currents and vice versa.

Observatlons at the ocean floor off the Cahfornlan coast have verified that the expected
attenuation of bay events and fast fluctuations exists (Fig. 12). ‘The actual reduction at 1
cph to one quarter of the surface amplitude is slightly less than expected for mantle model
d* (F ig. 11). This dlscrepancy 1s even more obviousfor the diurnal variations which are
hardly attenuated at all at the sea floor (Fig: 9-and 12). Hence, the oceanic mantle appears
to be here better conducting than the continental model d*. This is also indicated by the
magneto-telluric 1mpedance E/H at the sea’ floor from which Filloux (1967) inferred a
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resistivity of just a few 2. meters at 25 km depth. It remains to be seen whether this resis-

tivity contrast between the oceanic and continental upper mantle is a world-wide pheno-

menon.
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-Cross-section through the coastal anomaly of
_transient variations in. California at f=Icph.
-The profiles extend in north-easterly direction

from a seafloor station SF to Bishop (BIS), 250
km inland from the coastal station Cambria
(CAB, cf. Fig. 12). The Z-and E-variations
parallel to the coast (Ep) have been normalized
with the horizontal variations perpendicular to
the coast (Hy) at Cambria. The simple ocean-
edge model (dashed) with a perfectly conduct-
ing mantle at the uniform depth of 180km
explains correctly the observed inland anomaly
in Z (center), but not the oceanic Ep (bottom).
This discrepancy can be removed by assuming
a step-wise reduction of the depth of the
perfect conductor to 20km near the continental
margin (solid curves). Notice that this addi-
tional change in the deep resistivity structure
has only a secondary effect upon the anoma-
lous behaviour in Z. Adapted from Filloux

~ (1967)‘and Schmucker (1970). STV :'SanJoaquin
- valley (sedimentary basin),

In spite of these complications
the coastal anomaly of bay events
along the Californian coast is basi-
cally an edge-effect of the ocean
itself because the known induction

" currents in the seawater are suffi-

ciently strong to explain in this
way the observed anomaly on land
(Fig. 13). The same will apply
to other coastal anomalies (cf.
Parkinson, 1962) and it shows that
a representative resistivity model
for the oceanic substructure de-
pends on observations at sea.

The inductive attenuation of
bays beneath continents occurs
predominantely between 100 and
300 km depth, when the resistivity
of the geological formations is in
the order of 10 £m or higher. This
gives an integrated conductivty of
7= 400 2-! for d=4 km (Fig. 11,
bottom curve). Therefore it was
originally thought that induction
anomalies at some distance from
coastlines involve deep induction
currents from the . cited depth
range. This view had to be revised
when - magneto-telluric observa-
tions revealed that deep sedlmen-

tary basins have integrated conductlvmes of 2000 2-! and more, yielding 7,~1 as induc-
tive parameter for 1 cph and A=200 km (Porstendorfer, 1965 ; Fournier, 1966).

Hence, we have to expect even on continentssuiperﬁcial induction currents of consi-

derable strength which are bound to sedimentary basins and reduce here effectively the
"induction in the underlying mantle (Fig. 11, central curve). The interpretation of inland

induction anomalies is therefore complicated by the existence of a superficial and deep

system of induction currents, separated by the highly resistive crust and uppermost
mantle but coupled electromagnetically by mutual induction.
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A local concentration of near-surface currents appears to be the cause of those induc-
tion anomalies which are common to the boundaries of sedimentary basins and similar
geological structures of high integrated conductivity.

The size and spatial half-width of these surface anomalies depend to some extent (i)
on the depth to the good conductor in the Earth’s mantle (which can be studied in this
way) and (ii) on the connection which such structures have among themselves and to open
oceans. For instance, induction currents from the Atlantic ocean find a free access to
the North German basin and this may explain the unusually large edge anomaly along
the borders of thls basin (cf Untzedts contnbutlon) The San Joaquin valley, an em-
‘bayment of comparable mtegrated conduct1v1ty in California, is cut off from the Pacific

by a mountain barrler and thus produces only a second order induction anomaly
(Schmucker, 1970) o

A second class.of mductlon anomahes of bay. events can arise from non-uniformities
in the upper mantle above ZOOkm depth provrdzng that the resistivity changes here
laterally by at least an order of magnltude on,\local scale. A likely source for such deep
anomalies are lenses or channels of low resistivity (o=10 2m) within the uppermost 100 km.

_ As shown in Fig. 13 deep seated reSlStIVItY anomahes can be largely obscured by super-

ficial resistivity contrasts in ‘the same Tegion. Hence, their unamb1guous identification
requires that the strength and dzstnb’utlon of superficial induction currents is known quite
accurately. This is usually not the case and at the present state only a few of the repor-
ted induction.anomalies of bays can be classu’ied with some confidence as deep anomalies
(Mould Bay, eastern boundary of the Rocky Mountalns Andes Hungary, Lake Baikal ; cf.

~the respective contributions- tO.thIS volume, also Vanjan and Kharin, 1967).

Here progress can.'deirnade (i) with more elaborate model calculations for the surface
effect, (ii) with scaleinlodei-e:)rpérirnents (Parkinson, 1964 ; Rankin et al., 1965 ; Dosso, 1966 ;
Grenet and Loeb, 1969), and(111)w1th measurements of the superfical current density in
situ. Such measurements can be made in two ways. In regions where the integrated
conductivity of the geological formaticns above the crystalline basement can be reliably
estimated it is sufficient to ”cbserve the tangential electrical field E at the surface. For
slow variations (cf. comment. to Eq 16) we. may treat E as a constant within these forma-
tions and set j=tF with ] as 1ntegrated current dens1ty per unit length. Observations of
the attenuated horizontal. variations H~ below the surface layers, for-instance in deep bore
holes, vield in 4rj= nx(H +_H) d1rectly the 1ntegrated current density between the depth
of observation and the surface; n is‘a unit vector pointing upwards and H* denotes the
horizontal component of the transient magnetic vector at the surface. '

The magnetic field of a thus determined system of superficial currents can be found
with the formula of Biot-Savart. It vields When subtracted from any observed induction
anomaly that portion which is due to-anomalous deep induction currents in the mantle.
These currents may be partially coupled to those at the surface by mutual induction in a
stratified “ normal” substructure and only after the removal off_his secondary effect is
the “ surface correction ” complete. Any remaining part of the induction anomaly is then
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to be regarded as being of truly deep origin.

Appendix : Sourece field presentation by a single spherical harmonic (to Sect. 4)

In the analysis of 'slow and therefore deeply penetrating variations it is necessary to
take the sphericity of the Earth into account. Let (#, &, ¢) denote spherical coordinates.
Each frequency harmonic of the source field as function of co-latitude & and longitude
¢ on the Earth’s surface =g is expanded into a series of spherical surface harmonics
of the degree # and order m, e.g.

Hw, 9, @)= 51 31 Zu™w)Pa(cosI)e™: = (19)

n=1 m=0

The inductive response of an Earth of spherical symmetry is e)[ressed by a series of

transfer values C,™(w) which as 1nduct1ve scale-length contain the information about the .

1nternal re51st1v1ty distribution o(7).

Let H rnd H,;, respectlvely E,, and E¢, denote the tangential components of the transi-
ent magnetic and electric field vector in ¢ and ¢ direction. The ratio Z/H ratio of vertical
to tangential magnetic variations for a single spherical mode is a function of co-latitude
and different for the two orthogonai tangential directions on the Earth’s surface, viz.

[ nP™ :
: —pmrgg - Hsn(w)
Za(w)= iknCnm(w)} dPn. /4% (20)
nsind Hm
g T ealw)

‘where k,=#n+ 1)/a is an equivalent to the wave number 2 in Eq. 4 (a: Earth’s radius)'

The impedance ratio E/H of tangential geo-electric to magnetic varations for a single
spherical mode is in contrast independent of ¢ and equal for the two orthogonal direc-

thIlS, viz.

—E™, n(a))/Hm,,,.n(w)} =iwpC™(w) (21)

E™, n(w)/H" o))
in correspondence to Eq. 4.
' Eq 20 implies that the harmomcs of H,, and H, are out- of phase, obeying the relation

m

smz?d;y H™ ,,,,_sz H,,,,. (22)

The ratio of 1nternal to external parts of the mhagnetic surface ﬁeld follows from

Sim)= n—i{f—gﬁ’)— (23)
£, C,™(w)

(cf-Eq. 6). If the downward attenuation is‘determined solely by the source field geometry

(S,®=0) we have C,"=1/k,. If, to the contrary, the downward attenuation is purely in-

ductive, so that &,C.™|1, S,™ approacheé n/(n+1) as upper limit and C,"(w)=C(w, 0)

becomes independent of the order and degree of the source field harmonic. It can be con-
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verted as function of frequency into an apparent resistivity p.(w) according the to
Tikhonov-Cagniard definition or as function of - depth z* into a modified apparent resis-
tivity o* by settmg as 1n Eq. 7

c m<w>=z*(w>'— 2 ) 24)

for all values of # and m ; p*= Zmu(p*)2 1§ the resistivity of a uniform substitute conductor
of the radius a— <z* —p* at the considered frequency w, provided that the argument
of C,™ lies between-45° and-90°.

The representation of global source, | ﬁelds bg a single spherical harmonic has to be in
agreement with Eq. 22. This implies in thé case of the zonal D,—field (m=0) that the
tangential magnetic component H, normal to the “ D,,-effective” meridian-(which is more

~or less the geomagnetic meridian) is zero. A corresponding “.Sq- effective ” meridian is

found from the condition’ that the d1urna1 time harmomcs of H, and H, when referred to
it have a phase dlfference of . 90°.. The “ Sg-effective ” co-latitude 9,™ of the point of
observation for the m®™ time harmonic foll'ows from the ratio H™;, ,/H™, ,=a,™+i Where
a,” is a real number and n+m=1. Observmg that P ™(costH~ sm"”t?cosz? we obtain
from Eq.22. SRR o

=g, sin ™. mt— cosd,™ ' (25)

as implicit equation for th‘evdetermi_nation of §,™.
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