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Wave Propagation in Stratified Anisotropic Media
An Algorithm for the Computation of the Reflection
and Transmission Coefficients as Well as of the Fields"

L. Bossy
Universite Catholique de Louvain, B-1348 Louvain-la-Neuve and
Institut Royal Mötöorologique, B-1180 Bruxelles, Belgium

Abstract. An algorithm based on the accurate computation of the matrizants
of elementary slabs of a stratified medium and also on the properties of the
propagation matrix is developed. It leads to the step by step computation of
the reflection and transmission matrices of the medium and t0 the com-
putation of the independent solutions of the differential equation. The
multiplication of the matrizants and thus the swamping of the solutions are
avoided.

The algorithm is explained in the scope of the special problem of the
propagation of E.M. waves in the ionosphere; it works also provided the
transmission matrix has the required properties.

Key words: Wave propagation — Anisotropic media — Reflection coef-
ficient — Transmission coefficient.

Introduction

There are numerous studies devoted to the propagation of light and of radio
waves through stratified media. Bibliographical references can be found in the
textbook of Born and Wolf (1970) and in the review paper of Budden (1969)1.

The main goal of these studies is either the determination of the coefficients
of reflection and transmission of the medium or the determination of the fields
with respect t0 the altitude or both.

The mathematical problem t0 be solved is the integration of a vectorial
differential equation of the form:

d .
Ef+

lkOTfZO

i Dedicated t0 Professor Dr. K. Rawer on the occasion of his 65th birthday
1 Among the more recent papers, it is worth mentioning those of: Altman and Cory (1969a and
b); Altman et a1. (1970); Altman and Fijalkow (1970); Altman and Postan (1971); Berreman (1972);
Honig and den Engelsen (1977); Nagano et a1. (1975); Teitler and Henvis (1970)

0340-062X/79/0046/0001 /SO2.8O
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2 L. Bossy

where

f is a veetor with an even number (2 p) of components;
ko is a wave number of referenee;
T is a square matrix (2p x 2 p) whieh depends on k0‚ on the direction of the

wave normal in the vacuum and on the physieal parameters of the medium at
each height. Moreover, this matrix has the property that one half of its
eigenvalues have a negative imaginary part and the other half have a positive
imaginary part. Sueh matriees will be named matrices of elass rzp.

For instanee, the matrix T is of elass 12 for isotropic media; it is at least of
elass T4 for anisotropie ones.

The purpose of this study is to develop an algorithm based on the matrizants
(or transfer matrices) of elementary layers on which the matrix T is approxi-
mated by means of a matrix polynomial and on the use of the faet that the
matrix T is of class ‘Czp in order to avoid the numerical swamping of the
solutions during the integration.

The staternent of the method will be made in the frame of the propagation of
E.M. waves in an horizontally stratified ionosphere, using the language familiar
in the field.2

An important part of the algorithm has already been stated in an earlier
paper (Bossy and Claes, 1974).

1. Vectorial Differential Equation

The differential equation governing the propagation of E.M. waves in a stratified
medium is derived from the Maxwell equations

ö 1 ÖlE=——B=—— _cur
Öz c öt

Ö 1 Ö
=——— =- -—EcurlH

ÖtD
or curlJf

csöt
(1.1)

with

x70 1
JäzV—H,

B:„O„H=—„9f
80 c

1D =803E‚ VEDZ—SE (1.2)80 c

where the tensors 3 and y depend only on the height variable z.

2 The basic formulation for non horizontal stratifications can be found in Rawer and Suchy (1967,
p. 147)
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Expressing the fields in the form:

E :e(z) exp i[wt—k0(nlx+n2)’)]

„7f=h(z)expi[a)t—k0(n1x+n2y)] (1.3)

where

k0=w/C
nO = niel. : sin 60 cos (PO e1 + sin 60 sin 45e + cos (90 e3 (1.4)

are defined with respect to the vacuum‚ one can transform (1.1) in a system of 6
equations; namely in a matricial form:

[10) g] [E]+"<o [—03 3'] [3:0 (1.5)
where the matrix D represents the Operator

__ _

dz
D: . 1.6

(Ei—z 0 ikon1 ( )

Likon2 —ik0n1 0 J

The third and sixth equations are algebraic; they allow the elimination of ez and
h2, so that finally the fourvector

f:=(ex‚ey‚hx‚15)T (1.7)
is the solution of the homogeneous differential equation (Clemmow and Head-
ing, 1954)

d
—f+ik Tf=0 1.8
dZ

O ( )

where

T TT=[1
q 09)

with3
' k 1

T1‚jk: _nj83k/833+(—1)J+
+

n3_k#3—j,3/#33
' 1

T2,jk=83klnj "1/833+(— 1)J+ (“3—j‚k:u33—tu3—j, 3:“3k)/.u33

T3‚jk= _83klnjnl/Iu33 +(—1)J(83—j‚k833—83—j‚ 3 8319/333

T4,jk: —nj #3k/M33+(‘”1)J+kn3_k83—j,3/833-

3 The indices j‚k and l are equal t0 1 or 2 and the elements amnp are such that 8m„p=8„pm:8pm„=
—8mpn= —8nmp=

— 8a Wlth 8123 =1
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As can be seen, the matrix T depends only on the pulsation a), on the direction
parameters n1 and n2 and on the constitutive tensors of the medium. One
remarks that trace T=O for every medium where 8 and y are diagonal tensors;
this is for instance the case for any isotropic medium.

More precisely, for such isotropic media one has

8:81, ‚u:‚uI (1.10)

F— 0 O nln2 _ni‘
—

8 8
nä n n2

0 O —u+ 1

T= 2
8 8 . (1.11)

"In“? +n—1 0 0u u
"5 n1n28-— 0 0

L ‚u ‚u __

On account of the particular structure of T, (1.8) can be put in the form of the
differential equation

i
[ex
i
it]d2 eyiiVMhy

_inln2 _ nZ—nf
_

+ n n exiiVu/ahx+zkO 2— 2 [ . ]:0
iin

n2
iiw eyiq/u/ehy

(1.12)n n

where

8u2n2=(M—ix)2. (1.13)

The secular equation corresponding t0 the matrix T in (1.12) is

Äzznz—(nf+nä)

its eigenvalues have the property required by the matrices of class 12.
In the general case, the matrix T of (1.8) is of Class T4. As a matter of fact, if

one considers the propagation in a homogeneous medium having the physical
Characteristics of the medium at the level E, one has t0 solve the equation with
constant coefficients

d
Ef+ik0T(E)f+0 (1.14)
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the solution of which is (Gantmacher, 1966, p. 119)

f:f(ä)e‘”‘0T(ä)(z"5). (1.15)

Quite generally, this solution can be expressed in terms of linear combinations of
the exponential functions

e_ikoqa(z‘—f) (a=1,..-‚4)

where the qm are the eigenvalues of the matrix T. Booker (1936) has shown that
in the present case two eigenvalues have a negative imaginary part and that the
two corresponding eigenvectors represent waves the energy-flow of which is
directed upwards and that the two other eigenvalues have positive imaginary
parts with corresponding waves earrying energy downwards.

This specific property of the matrices T will be systematically used in the
development of the algorithm.

2. Matrizant of an Elementary Layer

It is supposed that the medium considered is situated between the levels 20 and
zs(zo<zs) and that the integration domain is divided into s sub-domains or
elementary layers through intermediary levels situated at 21,22, z9 s—l'

On the nth elementary layer ze[z„_1‚Z„]‚ one defines the matrizant
M(z„_ 1‚2) through the relation (Volland, 1962b)

f(z„_1)=M(z„_1‚z)f(Z) (2.1)

so that, introducing in (1.8), one gets

d—M—ik0MT=0 with M(z„_ 1, z„_ 1)=I. (2.2)

One knows (Rawer and Suchy, 1967, p. 162) that if a polynomial development of
T on [z„_1,z„] is used such that

T: Z Tj(Z—Z„_1)j (2.3)
j=0

then, the corresponding potential development of M can be written as

M= Z Mk(z—z„-1)k; M0=I (2.4)
Where the matrices Mk are obtained through the recurrence relation

iko
k— 1

M:—
m20

Mk_ m_ 1Tm; Mk<O:0. (2.5)

The matrizant „M related to the nth slab is the matrix defined by

nM:M(Zn— 19Z =kZO Mk(Zn_ Zn—1)k° (26)
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One could verify (Bossy, 1971) that with an approximative representation of T
by a polynomial of the fifth order it is possible for electronie distributions like
those of the D region of the ionosphere to work with slabs of 1km. thickness
and to obtain „M with a relative precision better than 10—7. One could also
ascertain that the number of terms needed for the development of „M did
practieally not depend on the degree of the polynomial representation of T.

These remarks are no longer true in the neighbourhood of the levels where T
diverges; it is then neeessary to consider that z varies along a path distorted in
the complex z-plane and that, after the circuit around the singularity, the
integration proceeds again along the real axis (Budden, 1969). Proceeding in this
way, the set of matrizants which can be computed corresponds either to a
continuous profile (with some diSeontinuities in the first derivatives at the
subdivision levels) or to a profile with discontinuities at some subdivision levels.
Apart the fact that it needs the representation of the matrix T by the develop-
ment (2.3), the volume of oomputation required exoeeds not very much those
needed in the method of Inoue and Horowitz (1966) but, for identical slab
thieknesses, the approximation of the matrizants is much better.

The multiplicative property of the matrizants such that

1120) =M<zo‚ z„) f(z„> = 1M 2M 3M „M f(z„) (2.7)
is well known; one knows also (Rawer and Suchy, 1967, p. 158) that the
matrizants are nothing else than particular wronskians of the differential equa-
tion. Noting the fact that, for the matrices T of class r2p‚ the particular solutions
of the differential equation show extremely important relative variations; one
knows that the solutions, the modulus of whieh grow, tend to mix with the
solutions the modulus of which decrease with the effect that the independence of
the solutions is destroyed as well as the significanee and the usefulness of the
wronskian. Therefore, it is fundamental that the integration algorithm avoids the
produet of matrizants if one needs to be safe from the swamping of the
solutions.

3. Propagator and Diffusion Matrix

One considers an elementary slab ze[a‚b]‚ situated between two semi-infinite
uniform media. The matrizant M related to this slab and the propagation
matrioes T, and T5 of the uniform media I(zga) and S (22b) are known; are
also known the matrices Q1 and Q5 the columns of which are the eigenveotors
respectively of T, and TS.

One knows that the relations

f(61)=QIC(a); f(b):QSc(b) (3-1)
define the decomposition of the vectors f with respeot to the eigenvectors of T as
they appear in Q. If the media I and S have been seleeted in such a way that
there exist two upgoing and two downgoing waves, then the oomponents of the
veetors c are the amplitudes of these waves.
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The relation between these amplitudes at the levels a and b is

0(61)=e‘1f(a)=Qf1 Mf(b)=QI—1MQSc(b)=Pc(b) (3-2)
where (Lacoume, 1967) the matrix P is called the propagator related to the slab
[a‚ b] situated between the two uniform media I and S.

If one Classes the eigenvectors in such a way that the two first columns of Q
contain the upgoing waves and the two last the downgoing waves; then the
fourvectors c can be split in two bivectors namely the bivector u for the upgoing
waves and the bivector d for the downgoing waves. For instance, at the levels a
and b, one has

c(a)= {3:} c(b)= [3:] (3.3)

The diffusion matrix S (Volland, 1962a) connects the amplitudes of the waves
leaving a slab with the amplitudes of the waves entering this slab in the form

[3:]=S[ä:]=[ää 1:51 [2:1
The reflection matrices R and the transmission matrices D are 2 >< 2 matrices;
they are related to the 2 x 2 Pi matrices obtained when partitioning P according
t0

H: E]
through the relations (Volland, 1968)

RZ:P3P1‘ 1, DZ:P1’ 1, D‘gzP4—P3Pf 1 P2, R3: —Pf 1P2. (3.6)

It appears that as well the propagator as the diffusion matrix depend on the
structure of the medium through the matrizant and on the Choice of the
contiguous uniform media through the eigenvectors of their propagation mat-
rices. It is worth remembering that the choice of these contiguous media is
arbitrary as far as their eigenvectors correspond to an equal number of ascend-
ing and descending waves.

4. Diffusion Matrix of Two Contiguous Slabs

Starting with the diffusion matrices of two contiguous slabs, one looks for the
expression of the diffusion matrix of the sum of the slabs in terms of those of the
individual slabs. More precisely, one considers the slab [a‚ b] situated between
the uniform media I and S and the slab [b‚ c] situated between the media 1x58
and S" for which one has

da R5; D; ua db R; D'; ub[Hb H]; [H bH] <4”ub Da R; db u I); Rc deC
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and one looks for the expression of

[2:]=[ää 135] [3:] <4-2>
in terms of the known diffusion matrices with the condition that the slab [a‚c]
be situated between the uniform media I and S".

One starts from the two equations

ub—Rgdb =DZua
—Rgub+db:D2dC

eliminating db‚ one obtains

(I—R2R2)ub=DZua+RZDfdc
or

ub=(I—R2R;>-1(DZua+R2D?dC>
introducing ub in

uc:Dgub+Rfdc

one has

uc=D;(I—R:R2)-1(D2u„+R;:DSdC)+REdC
= D2 ua + R‘C’ de

so that

R: =R2+D;(I—R;:R;)-1R2DE
:R2+D;R2(I—R;R2>-1DE4

Df‚=Dg(I——R‘‚;Rf‚)‘1 DZ. (4.3)

One gets in a similar way

R2 =R2+Dz(I—R;Rz)-1R;D2
:RZ+D2R2(I—RZR2)‘1 D2

D‘C’ = D; (I — R; R3)“ 1 DE. (4.4)

With the aid of these relations, it is possible t0 determine step by step the
submatrices of the diffusion matrices using operations which avoid the multipli-
Cation of matrizants, and which, except for the inverses, use only matrices the
terms of which have modulus less than unity.

4 Because of the identity

a—AByIAEAa—BArK
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From a formal point of view, these relations are analogous to those obtained
by Altman and Cory (1969b) in their application of the thin—film optical method
(Born and Wolf, 1970, p. 51—70).

5. Reflection and Transmission Matrices of a Medium

One oonsiders a stratified medium between the levels Z0 and zs divided into s
elementary slabs. With each subslab (say the nth), one associates a lower
uniform medium In and an upper uniform medium Sn; the set of these media is
subject to the conditions S„EI„ +1 and 11:55 the latter being related to the
vacuum.

If one writes u„:u(z„) and d„=d(z„)‚ one knows that

[3:l=lää 122l [ä:l=sn [11:] (5.1)
where according to (4.3 and 4) the submatrices of Sn are obtained through the
relations

R::R2—1+D:_1(I—R:_1R:_1>-1R:-1D2-1
ZRZ‘I+D3_1R2_1(I-R3_1RZ_1)’1DZ‘I

DZZDZ_1(I-RZ-1RZ-1)’1DZ’1
D:=D:_1(I—R:_1Rg_1)‘1DZ—l

R3=RZ‘1+DZ_1(I-RZ_1RZ_1)’1RZ_1DZ’1
=RZ’1+DZ_1RZ_1(I-RZ_1RZ_1)’11324- (5-2)

Starting with R320 and D3=I and applying s times the relations (5.2), one gets:

l"”l:lR” D5] l“°l <5”“s Dä R3 d5
where R3 and Df, are respectively the reflection and the transmission matrices of
the medium when the source is located in the medium I1 while R: and D3 are
the eorresponding matrices when the emission takes place in the medium SS.
Particularly, if the columnvectors of the matrix Q in the vacuum are put in the
following order: upgoing parallel, upgoing perpendicular, downgoing parallel
and downgoing perpendicular, one gets with the usual notations

IIRII IIRL IIDII „DrRf,=[ ]; Df,:[ ]. (5.4)
lRII lR_L LDII J_D'_L

6. Independent Solutions of the Differential Equation

If the application of the algorithm is concerned with the fourvector f (and of
the fields) at the subdivision levels, one has previously (a) to store all the
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submatrices R3 and D3, (b) t0 eompute the submatriees eorresponding t0 the
integration from the top t0 the bottom of the medium; namely:

R: —R:+1+D:„(I— RZ+1Rä+1) IRZHDZH
=Rn+1+I):+1Rn+1(I—Rn+1Rn+1) 1Dn+1

I)S:I)n+1(I—l{n+1lz:+1)—1I)n+1
Dn =—D:+1(I Rn+1Rs+—1) 1Dn+1

R: =Rn+1+Dn+1(I—nlzn+1R2—4-1) a+1DZ+1

=Rn+1+DZ+1RS+1(I_Rn+1Rn+1) 1DZ+1 (6'1)

starting with R320 and Dj=I and t0 store all the submatrices R: and D2.
Then, the formation of the two pairs of solutions proceeds as follows:
(a) for the first pair, one admits the limiting eondition

d5 = 0 (6.2)
and then, one looks for solutions corresponding t0 a souree situated under the
level 20. The integration then happens, not with initial eonditions, but taking
this limiting eondition into account; in this way, the growing of unwanted
solutions is avoided.

Under this eondition, one has at the extreme levels:

d0=uRsouo9 s 00 (6.3)

and at each intermediate level zn

dozR2u0+D:d„‚ unzDZu0+Rgdn

so that

un : DZ uo + R: B3 uo z A2 uo. (6.4)

If one notes that owing t0 (4.4)

R:—R2=D:R:<I—R:R:>-1D2
one obtains for B"; the expression

=R:(I—R::R:)-1D:.
Then, one gets

A2=D2+R:B::=[I+R:R: (I—Rzkzrlwz
:(I—R;;Rf‚)—1 D3 5 (6-5)

According to the identity

I+AB(I—AB)‘1 E(I——AB)‘1
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and

B3 z R: A2 (6.6)

(b) for the seeond pair, one admits the limiting condition

u0=0 (6.7)

eorresponding t0 a source placed above the medium.
Then one has at the extreme levels:

d0=Dg d5, uszR‘; dS (6.8)

and at each intermediate level

d„=Agd.=(I—R‚:Rg)-1 n.
u„ = B; d. z R; Ag d5. (6.9)

The linearity of the differential equation allows the grouping of the two pairs in
the form of:

c(z„)—-— [3:] = [13€ 2:5.] [3:]
‘

(6.10)

with, at the extreme levels,

< >-[“°]-1‘ "11““1 < >-[“S]-1Dä “11"0]cz°_d0_Rf, Dg ds’ cZS"dS_ 0 I d.‘
Finally, the fourvectors f(z„) are obtained from

f<z„>=Q(z„>c<z„>:Q(z„> [3,25 5:1] [3:] (6.11)

7. Choice of the Media In and Sn. Interpolation

In the present algorithm, the media In and Sn are only introduced in order t0
define four eigenvectors corresponding, from a physical point of View‚ t0 a pair
of aseending waves and t0 another pair of descending waves. These eigenvectors
constitute a vectorial basis in terms of which the solution is decomposed at each
intermediate level; these choice of these vectors (and of the media) is largely a
matter of eonvenience; only physical reasons can restrict this Choice. It has
evidently n0 effect on the final results (6.11) of the integration; only the matrices
of diffusion bear the mark of the adopted Choice. In most algorithms (Inoue and
Horowitz, 1966; Altman and C0ry, 1969b; Nagano et 211., 1975), the media In
and Sn are defined using the values of the physical parameters at the levels Z„_ 1
and zn. Then, the solution is decomposed in terms of the eharacteristic waves at
the level reached during the integration. These waves are determined starting
from the eigenvalues of the matrix T(z„) (in ionospheric propagation, they are
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the roots of the Booker equation) and then forming the corresponding eigenvec-
tors. This type of decomposition bears interest for the physical interpretation of
the propagation conditions. H0wever, this interest must not be overrated.

In practice, the numerical treatment gains in simplicity and speed when each
of the media In and Sn is the same uniform medium. In the special case of
electromagnetic waves, it is advisable t0 use the vacuum for which n0 problem
of normalisation of the eigenvectors arises.

If the fields are decomposed with respect t0 components linearly polarized in
the plane of incidence (ll component) and perpendicular t0 it (J. component),
one uses the matrix:

F005 60 cos (PO sin 450 — cos 00 cos CDO sin €150
cos 90 sin 450 — cos 450 — cos 60 sin dbo — cos (Da

Q = — sin (150 cos 60 cos 450 sin (PO — cos 60 cos (150 (7.1)
cos (150 cos 60 sin (150 — cos (PO — cos 90 sin (D0

_ HT iT H l ll

and one obtains, with

du0= [“0”] and d0: [ 0”] (7.2)
u0.1. doi

the matrices

R R D D
R2: [II

n 1|
.L:|

and D2: [1|
u |1

i] (7.3)
LRII _LR_L .LDH LDL

defining respectively the reflection and the transmission of the consid€red
medium limited from both sides by the vacuum. For circular polarizations
(r=right‚ l=left), one gets directly (Budden, 1961)

R R D DR5: ' r r ’]:U-1RSU; Ds:[' ' ’ ']=U-1DSU 7.4C 0
l:e lRl

0 C 0
rDl lDl

0 ( )

with

1 1

U=2—1/2[_ ] (7.5)
l -l

Having computed the diffusion matrix related t0 a medium Sn at the level z„‚ it
is not difficult t0 obtain the diffusion matrix related t0 an other medium S; at
the same level. If Q’ is the matrix with the eigenvectors of 8;, one forms the
matrix and the partition

Q Q" 1 = [3: 3:] (7.6)
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and one applies the relations

R”; :R2+D:V3D"g

D’Z=(V1-R2V3)‘1DZ
D':=D:<V3R':+V4>
R]: =(V1 _RZV3)—1(R:V4_V2)- (7.7)

Finally, in regions where the fields vary very fast with height, it can be useful to
compute the fields at closer levels in order to describe or to interpret the results
of the integration. The easiest process for this interpolation consists in the
computation of the matrizants related with the subslabs and to use the relation
(2.1). No swamping has to be feared in this case.

Concluding Remarks

All the parts of the algorithm have been programmed in FORTRAN V and
tested on the UNIVAC 1100/40 of the Institut Royal Meteorologique, including
the path distortion around the singularity of T whieh arises at great height
where the collision frequency is very low.

There arose no numerical difficulties for the ionization profiles (sum of
Chapman functions) used for the D- and E-regions; the only difficulties were met
with the resolution of the Booker equation and the subsequent formation of the
eigenvectors, espeeially (as is well known) as soon as the roots are not well
separated.

Therefore, the systematie use of the vacuum as uniform medium in the case
of E.M. waves brings advantages as regards speed, usefulness and also aceuraey.
Further, if one wants to appeal to eharaeteristic waves at any level, it is sufficient
to use (7.7); this will have no influence on the results of the present algorithm.

Finally, this algorithm is suitable for the numerical treatment of any differen—
tial equation like (1.8) provided T is of class Izp. Sueh a case arises, after a
Change of variable, in the theory of gravity waves within the atmosphere
(Volland, 1969, p. 500).
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Radio Pulse Dispersion in the Ionosphere*

A.K. Paul

Space Environment Laboratory, NOAA Environmental Research Laboratories,
Boulder, Colorado 80303, USA

Abstract. A computer Simulation of the propagation of a radio pulse ShOWS
that the best estimate of the Virtual heights can be obtained by the phase
change with frequency (principle of stationary phase). This is especially
important for those frequencies where the penetrated part of the ionosphere
is highly dispersive indicated by a rapid change of the Virtual heights with
frequency.

Key words: Ionosphere — Virtual height pulse dispersion.

Introduction

The travel time of a radio pulse reflected from the ionosphere can be measured
in two different ways. For the classical approach a certain Characteristic of the
pulse shape is selected and the time difference between the appearance of this
characteristic in the transmitted pulse and the reflected echo is measured. The
other approach is based on the principle of stationary phase and the travel time
can be derived from the phase Change over a small frequency increment. Using
the Dynasonde Wright (1977) compared the two methods. Systematic differences
were found between the two measurements in those parts of the ionogram
where the Virtual height varies rapidly with frequency. In the following we
ShOW some further examples of those discrepancies and also the results of a
computer Simulation leading to the conclusion that the stationary phase prin-
ciple gives a much better estimate of the Virtual height than any characteristic
of the pulse shapo.

Dynasonde Data

In one standard mode of Operation the Dynasonde transmits four pulses with a
radio frequency f and the echoes are received in sequence at four different

* Dedicated t0 Professor Dr. K. Rawer on the occation of his 65th birthday

0340-062X/79/OO46/0015/501.40
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receiving antenna, which are linearly polarized and located at the corners of a
square. This sequence is then repeated at a slightly higher frequency f +Af,
where Af is always 8 kHz. For each echo the time of arrival TOA is counted t0
the instant of maximum second derivative of the leading edge of the pulse and
data are also obtained on echo amplitude and phase. The latter two quantities
are measured at a later time, approximately in the center of the echo (Wright
and Pitteway, 1977). The phase resolution is 4° C and correspondingly a phase
change of one unit over 8kHz gives a resolution of 0.208 km for the virtual
height (DPH) derived from the stationary phase principle. The TOA virtual
height has practically the same resolution of 0.200 km, but is actually the
average of eight values measured at the four antenna for the two frequencies.
The TOA values are corrected for amplitude dependent delays in the system.

Four phase differences, one for each antenna, are obtained over the 8 kHz
frequency interval. Figurel ShOWS the high frequency portion of an ionogram
where ordinary and extraordinary traces approach their critical frequencies. In
the upper part the TOA values are plotted and in the lower portion the
difference

Ah' = DPH—TOA.

We see that in the flat portions of each trace this difference i5 very small and
increases rapidly when the slope of the trace beoomes very large. Figure 2 ShOWS
that this effect is not restricted t0 steep positive slopes, it also appears when the
virtual heights are rapidly decreasing with frequency. In this ionogram, a well
pronounced F1 region maximum was present and only the F2 region portion of
the ordinary component is shown. In both Gases the differences between TOA
and DPH amount t0 10 km or more. Those differences can be significant in the
calculation of electron density profiles, especially in the extrapolation t0 obtain
the parameters of the maximum of a layer.
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Computer Simulation

The problem of the propagation of electromagnetic waves through a dispersive
medium was first treated by Sommerfeld (1914) and Brillouin (1914). Several
authors (e.g.‚ Rydbeck, 1942; Budden, 1961; Wait, 1965) studied specific prob—
lems of the pulse propagation in the ionosphere using in general the following
procedure: A rectangular radio pulse is decomposed by the Fourier transform
into its spectral components. The prOpagation of the pulse through the inno-
Sphere adds a frequency dependent phase term for the argument of the in-
dividual waveletts. The phase term is then expanded into a Taylor series and
higher order terms of this series are neglected. The integral describing the echo
returned from the ionosphere can then be expressed by well known functions.
Those studies concentrated mainly on the propagation velocity and the dafür-
mation of the pulse shape, while the effect on the phase of the echo was
neglected.

In order t0 resolve the experimental discrepancy between the virtual heights
derived from the echo Shape and those derived frorn the Change of phase with
frequency, the pmpagation of a radio pulse in the ionosphere was simulated
numerically. The results were amplitude and phase a5 a function Of time. In our
calculations the radio pulse has a Cosine shape and is given by
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(0 —oogtg—T

l t
f(t)=<5(1+cosn7)cos2nf0t —Tgt (1)

l0 Tgtgoo

Where T is the nominal pulse width (measured at half maximum amplitude level)
and f0 is the carrier frequency. A cosine pulse appears to be more realistic than
a rectangular pulse since the transmitter network inoluding antenna will always
smooth the edges of an originally rectangular pulse. It also has the advantage of
a faster decrease of the amplitude density of the spectral components with
inoreasing distance of the frequency from the carrier frequency and we avoid the
Gibb’s phenomena which causes an artificial additional distortion of the echo
shape as apparent in the papers by Rydbeok (1942) and Budden (1961).

The amplitude density of the pulse as obtained by the Fourier integral is
then

a(f)
1

(
sin27t(f—f0) T sin27r(f+f0) T

) (2)=— +
47T (f‘fo)(1—4(f—fo)2 T2) (f+fo)(1_4(f+fo)2 T2)

The echo reflected from the ionosphere is then given by

+oo
8U): l a(f)f>Xp [i(27IfI-<z5(f))] df . (3)

where the phase d)(f) is proportional to the phase height h*(f)

47: h”4o=2np=gfh>k=ffgudz (4)
(‚u refractive index, h, reflection height, p phase in cycles).
Since u depends only of f 2 we see that

d>(-f)=-d>(f) (5)

and according to (2) that

a(-f)=a(f).

Therefore we can write instead of (3)

g(t) =2 l a(f) COS 27: [ft -p(f)] df

=2R (Cf am exp [i 2n(ft—p(f))] df). (6)
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Assuming that p can be expanded into a Taylor series we write

P=P(f0)+ —p—(f fo)+öp (7)df
where öp includes all the higher order terms. Since by definition

dp—:r
df

where I is the total travel time of the pulse we can write instead of (6)

g<t>=2R (exp[i27r(fo r —p(fo)>] E amexp [i2 n(f(t-I)—öp)] df). <8)
If öp ean be negleeted the integral in (8) is then the inverse Fourier transforrn
and gives the original pulse at the later time tzr. The factor in front of the
integral in (8) is simply a phase shift of the carrier frequency corresponding to
the difference between Virtual height and phase height.

Instead of a series expansion we use the exact expression of p for a model
electron density profile negleeting the earth’s magnetic field. The model consists
of two half parabolas with different eritical frequencies and is shown in Fig. 3
together with the Virtual and phase heights (Paul, 1967). For the numerical
evaluation of (6) we used the following formulation

g<>= 2R (exp(2ni<for—pO)> g) a (f)expt2ni<Aft—Ap>] df) (9)

with Af=f—fo and Ap=p(f)-p(fo).
The integral in (9) gives both the amplitude of the echo and its phase

deviation from the nominal value p0 as a function of time while the high
frequency oscillation of the carrier frequency is contained in the factor in front
of the integral.

The integral in (9) was evaluated numerically for several radio frequencies
f0. Some of the results are shown in Fig. 4. In the upper part of this figure a
portion of the Virtual height curve of Fig. 3 is shown, in the lower part the echo
shape for three frequencies (indicated in the Virtual height eurve by the vertical
arrows). The amplitudes of the echos are shown on a relative Virtual height scale
with zero in the nominal center of the pulse. The vertical dashed lines indioate
the half-amplitude width of the undistorted pulse. The pulse form at the
minimum of the Virtual height trace (f 25.55 MHz) is practically undistorted. At
the other two frequencies, at f -—-5.44 where the Virtual height is rapidly
decreasing with frequency and at f 25.95 where the Virtual height is rapidly
increasing the echo shapes are flattened out, the amplitude is lower and the
pulse width wider. A rough estimate of the product of the square of the
maximum amplitude times the pulse width at half amplitude level shows that
this quantity is equal for all three pulses shown, whioh means that the energy is
eonserved as expeeted. For each of the frequencies shown in Fig. 4 the
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calculation was repeated for a second frequency 8kHz higher simulating the
Dynasonde mode of Operation. At a given frequency f0 the phase deviation
from the nominal value gb(f0) as defined in (4) can be significant. However, the
change of this deviation with frequency is rather small, and therefore causes only
small errors in the virtual heights, if those are derived from the phase change
with frequency. Those errors are shown in the middle of Fig.4 by the dotted
curves, if the phase Change over a 8 kHz interval is used. The horizontal scale is
the same as for the echo shapes in the lower part of this figure. In the three Gases
shown the error of the virtual height (DPH) caused by the dispersion effect is
less than 200 m.

More details are presented in Table 1, where the dispersion errors are listed
for different methods of measuring the virtual height of the echo. The first line
Shows the average error over the nominal pulse width around the center of the
echo obtained by the phase change over the 8 kHz frequency interval (see Genfer
line of Fig. 4). The following three lines give the errors, if a characteristic of the
echo shape is used, first the location of the maximum, then the location of the
steepest 510pe and in the last line the location of the point where the amplitude
reaches half the value of its maximum. Those values were obtained by numerical
interpolation and/or differentiation.

The phase change with frequency causes by far the smallest error. Next best
results are obtained, if the time of maximurn of the amplitude is used, but at
least the error for f :5.95 is not negligible anymore. Even larger errors occur if
the steepest SlOpe or the half amplitude level are used especially Close to the
critical frequency (f =6.0 MHZ). The discrepancies in the last line are compara-
ble with the experimental errors found from the Dynasonde data (Figs. 1 and 2).

The results of the computer Simulation indicate that the best estimates of the
virtual heights are obtained if the principle of the stationary phase is applied.
Any characteristic of the leading edge of the echo may lead to very large errors
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Table l. Virtual height error (calculated—theoretical height)

Frequency 5.44 MHz 5.55 MHz 5.95 MHz

Phase 0.196 km 0.022 km 0.118 km
Max. amplitude —0.629 km 0.135 km — 1.253 km
Steepest slope —0.223 km 0.181 km — 10.982 km
Half amplitude — 3.089 km 0.039 km — 12.326 km

near the critical frequency. For profile oalculations (e.g., Howe and McKinnis,
1967) this will in turn cause erroneous values for peak parameters.

The use of the maximum of the amplitude as a Characteristic would reduce
those errors significantly, but may not be practical.

It also should be pointed out that according to the computer Simulation the
amplitude decreases rapidly with increasing dispersion, an effect which has to be
corrected for in deviative absorption measurements.
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Ionospheric Absorption and Profiles of Electron Density
and Loss-Rate in the Lower Ionosphere"

K.M. Kotadia and A. Gupta
Physics Department, Gujarat University, Ahmedabad 380009, India

Abstract. Al-absorption measurements on 1.8, 2.2 and 2.5 MHz frequencies
are being made at Gujarat University, Ahmedabad (23°N, 72,6°E; mag. dip
34°N) since April, 1972. Partial reflection measurements were started in 1974
by Physical Research Laboratory (PRL) and the Ionosonde has been in
Operation since 1952 just nearby. The rocket experiment facilities were
established in India at the equatorial station Thumba in 1963. In this paper,
we have combined the results of all the above ground-based and rocket-
borne experiments t0 determine the electron density and effective loss-rate
profiles in the height range 65—110 km for quiet-sun 10W solar activity period.
Cira (1972) Atmospheric model is used for concentrations of various gases,
pressure and temperature. Profiles of nitric oxide and metastable molecular
oxygen used in our computations are those due t0 Meira (1971) and
Huffman et a1. (1971).

It is shown that the N—h profile so obtained indicates a stratification
intermediate between the D-layer maximum and the E-layer, and this is
clearer at smaller solar zenith angle (SZA) times. This stratification seems to
have a maximum electron density around 104 electrons/cm3 at a height of
about 95 km. The effective loss-rate is found t0 be greater at heights below
80 km and smaller at heights above 90 km than the dissociative recom-
bination coefficient t0 the extent of an order of magnitude depending on the
time of the day. The results are discussed in context t0 the negative ions,
heavy metallic ions and the gas composition.

Key words: Ionospheric absorption — Electron density — Loss rate —-
Lower ionosphere.

l. Introduction

The ionospheric absorption of a radio wave at a given frequency is a function of
the refractive index, electron density and the collision frequency in the medium

* Dedicated t0 Professor Dr. K. Rawer on the occasion of his 65th birthday
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through whieh the wave travels. The refractive index at a particular height is
itself determined by the electron density N, electron collision frequency and the
effective frequency (f ifH). The collision frequency depends on the neutral
partiele coneentration, electron and ion densities and electron temperature. The
eollision frequency that is important in the lower ionosphere is that of eleetrons
with neutral molecules.

Here, the ionospheric absorption data are used t0 fill the gap suitably in the
eleetron density profile obtained by other methods such as rocket, partial
reflections, and the ionosonde measurements. At Ahmedabad, we have at the
Gujarat University an INDO-GDR collaboration Al-absorption projeet in
Operation sinee 1972. We have also a joint cooperative projeet with Physical
Research Laboratory (PRL) on partial reflections sinee 1974 and the ionosonde
is being run by the P.R.L. since 1952. Quite a large number of roeket flights
carrying different kinds of payloads have been made since the establishment in
1963 of the rocket launching eentre at the equatorial station, namely Thumba
(8°33’N, 76°56’E; 120.808) but these were scattered instanees as regards days,
solar zenith angle and solar activity.

For estimation of effeetive loss-rate, we need t0 know the total eleetron-ion
pair production rate which requires the knowledge of eoncentrations of various
gas speeies and the fluxes of various ionizing radiations. In particular, here we
have produeed average results for the quiet-sun conditions during minimum
solar activity (F10‚7<80 U; 1U:10"22Wm‘2 Hz‘l) at solar zenith angle
(SZA) 30°—65° in the months of January, February, and March, 1975.

2. Atmospheric Model

The first atmospheric model giving pressure, density, mean molecular mass,
temperature etc. was proposed in 1962 (U.S. standard Atmosphere 1962). Sinee
then, many new observations have been made using ground—based, balloon and
spacecraft techniques and improved computer modelling methods. The latest
model used in our computations'is the Cira, 1972 atmospheric model which is
essentially based on the works of Groves (1971) and Jacchia (1971). In the
calculation of ion-production rate from 60 km t0 110km altitudes, we have t0
consider the atmospheric model at height upto 160 km since the principal
ionizing radiations responsible in the lower ionosphere begin t0 be attenuated
on penetrating t0 heights from the level of 160km downwards. The major
eonstituents of the gas being ionized are N2, 02, and O and the minor
constituents are the nitrie oxide, NO, and the metastable oxygen, O2 (1A g). The
latter two, though minor, are the main gases contributing t0 the middle D-region
ionization. The models for N2, 02, and O are adopted from the Cira (1972), that
of NO is due t0 Meira (1971) and the one for O2 (121g) is due t0 Huffman et al.
(1971). The profile of [NO] is believed t0 be nearly the same at heights above
70 km at different SZA’s. Meira’s model is still eonsidered reasonably good for
caleulation of ion-produetion rate.
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3. Collision Frequency

Following relations are used to calculate the collision frequency at different
heights

ve„:6.5 ><105 p s—1

Piggott and Thrane (1966). Acoording to Banks (1966),

vei : 3.6 >< N Te‘ 1'5 ln (2 ><104 Tel'S/NO'S)

and

veO: [0] (1.88 x10‘ 10 Teo's).

In the above relations, p is pressure in Pa (or nt.m‘2)‚ N is electron density
in m‘3, Te is eleotron temperature in °K and [0] atomio oxygen concentration
in m‘3. vei and veo are relatively unimportant in the lower ionosphere. There
is some diurnal variation in pressure ranging from 0.1 to 0.2 Pa at 95 km with
maxima at about 1400 and 0200 h and minima at 0800 and 2000 h but it
reduces to very small variation at 65 km. Also at low latitudes, there is a
seasonal variation in pressure with a minimum value 0.075 Pa in January and
maximum value 0.105 Pa in September at 95 km altitude, with another subsidiary
maximum in April. These variations in pressure produce Changes accordingly
in the collision frequency. The contribution to absorption of radio waves due
to ionization and collision frequency below 70 km is very small.

4. Ion-Production Rate

The photo-ionization rate of a molecular or atomic gas species due to the
absorption of ionizing radiations entering into the atmosphere is calculated by
using the formula

q(Z> X):Qb(’1j9 Z: X) Z yj(Ä) Uaj(Ä) nj(Z)

where j denotes j‘h constituent of the gas, UM, yj and nj are respectively the
absorption cross-section, ionization efficiency and number density of the jth gas
constituent, Ä]. is the largest wavelength of the radiation capable of ionizing that
constituent. (1)01j, z, X) is the total radiation flux of wavelength Äj at solar zenith
angle X that is available after penetration to the height z. This flux at wavelength
Ä is given by the expression

d>l(z‚x):<b„exp [—2% 511140411]

in which (#01 is the flux of radiation of wavelength ‚l at the top of the
atmosphere. The integral in the bracket gives the total number of particles
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S(z,x) of j‘h gas constituent of spherically symmetric atmosphere in a unit
column along the direction of the sun—rays from the level z of interest towards
the sun (here upto 50 km radially above height z since the radiations concerned
are absorbed in that region). This was calculated for different SZA values.

5. Ionizing Radiations and Cross-Sections

The total ion-production rate for all gases due t0 different radiations passing
through them is obtained by summing up the q-rates for each gas produced by
the radiations of wavelength ranging from 1Ä—1215-7Ä. The fluxes 01" these
ionizing radiations, the absorption cross-sections and ionization-efficiency of a
particular gas due t0 a particular radiation are now available in the richly
published literature as well as Institutional Reports (Hinteregger et 31., 1965;
Hinteregger, 1970; Swider, 1969; Manson, 1972; Hall et 211., 1965; Vidal-Madjar
et 211., 1973; Heroux and Higgins, 1977; Ivanov-Kholodnyi and Firsov, 1974;
Horan, 1970; Loidl and Schwentek, 1977; Schmidtke, 1976). An average picture
of the variation of flux in the X-ray spectrum with solar activity is shown in
Fig. 1. The flux 1:11C the radiation at 1—3 Ä remains below the measurable level für
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most of the solar cycle period, and the ionization produced by such radiation at
heights below 70 km does not contribute significantly t0 the radio wave absorp-
tion. A table of a few representative values of these fluxes was given in our
earlier paper (Chhipa and Kotadia, 1978). The ion-production rates including
the effects of background galactic cosmic rays and scattered geocoronal Lyman-
alpha and Lyman-beta radiations were calculated for different solar zenith
angles and here only one of them is shown in Fig. 2 for SZA 40°.

6. N-h Profiles

ln-situ measurements of electron density have been made by various methods of
rocket-probing. However, these have been under different conditions at different
places. They seem t0 be so scattered in time and place that the material is
insufficient for deducing a picture of general behaviour of the ionosphere, and
particularly of the lower ionosphere where the Situation is complicated by
collisions, ion kinetiss, uncertain loss processes and turbulent. wind motions.
However, the regular ground-based experiments such as ionosonda absorption,
partial reflections, wave-interaction, incoherent back-scatter and field-strength
measurements at vlf, lf, mf, and hf can provide good amount of material t0
study the day—to-day variations and regular features of the ionosphere. As such,
these experiments would continue t0 be powerful supporting tools in the
investigations of the middle and the upper atmosphere. Here we have tried t0
combine the results obtained by ionosonde, Al-absorption and partial re-
flectiüns für the height range 74—110 km, and rocket data at lower heights where
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the ionospheric conditions are believed not t0 undergo significant changes with
time and solar activity. N-h profiles available from several rocket flights in the
height range 65—74 km are adjusted suitably for the low solar activity such that
their average becomes continuous with the mean N-h profile obtained from
partial reflections measurements. This brings the profile upto 88 km altitude.
From the ionosonde foE and hmE data (hmE:105 km around noontime), the
N—h profile is drawn from E-layer maximum down t0 a height one-half the
semithickness below the hmE level assuming parabolic distribution of electron
density. hmE is supposed t0 vary according t0 the relation

hmE : 105 +H ln(sec X)

where the scale height H may change from 8km at noon t0 15km near the
sunrise and sunset times. The gap in the N-h profile in the height range 88 km t0
the lower half-thickness region of the E-layer has t0 be filled in such a way that
the computed absorption and the Virtual height of reflection at three radio
frequencies agree reasonably with the observed values of absorption and Virtual
height. This will lead t0 the profile construction upto the height at which the
electron density corresponds t0 the highest frequency, 2.5 MHZ, used in our A1-
absorption measurements.

In the computation of absorption coefficient, use is made of the Sen-Wyller
generalised magnetoionic theory without recourse t0 QL or QTapproximation.
The computer program also takes care of converting the true height into virtual
height. The lower part of the ionosphere under question is divided into slabs of
thickness 1 km and absorption in each such slab is found. The slab-thickness is
reduced as we go higher up, finally taking slabs of thickness 10 m near the level
of reflection. The total absorption is then found by adding up absorption
calculated for all such slabs and then multiplying the sum by 2 for up and down
journey of the wave. The lowest frequency in our case is 1.8 MHZ. Assuming on
the basis of intuitive thinking, a kind of exponential profile passing through the
point of reflection at 1.8 MHz and the points at i1.5 km, the upper point
having greater electron density then at the lower point, absorption Ldb and h’
are computed and compared with the Observed values. If they d0 not agree, the
points above and below the level of reflection are shifted upwards or downwards
in height or laterally t0 lower or higher values of N (which amounts t0 changing
the exponential shape of the profile) so that ultimately after a number of
calculations and recalculations, the calculated and measured Ldb and h’ at the
stated frequency agree well within experimental error. The process is then
repeated in a similar way for the 0ther two frequencies 2.2 and 2.5 MHz. The
profile finally arrived at up t0 the reflection level at 2.5 MHz is then smoothly
joined up with the E-layer profile obtained from the ionosonde data. Figure 3
gives the average N-h profiles thus completed for the month of March, 1975 at
SZA 30°, 42°, and 65° C. It may be seen that the thus-found N-h profiles show
the D-layer maximum electron density around 103 t0 2 x 103 electrons/cm3 at 82
t0 85 km depending on the solar zenith angle. They also indicate another
maximum at about 95 km with N around 104 electrons/cm3. The cusp of such a
maximum is Clearer at lower solar zenith angles, but it is almost absent at high
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values of SZA in Winter months. Figures 4 and 5 give the N-h profiles for
January and February, 1975 and the features of the stratification intermediate
between the D-layer maximum and the bottom of the E-layer as described above
are amply clear in these profiles also. Such intermediate stratifications were also
reported by Bremer and Singer (1977) from their studies on A3 lf and mf
absorption measurements. Mechtly and Bowhill (1972) had earlier noticed mild
inflection at around 95 km in their rocket-measured N—h profiles during quiet-
sun periods.

7. Effective Loss-Rate of Ionization

Having got the N-h and Q-h profiles, we now proceed to determine the warf—h
profiles using the relation ocm=Q/N2 where 0te” is the effective loss-rate or
recombination coefficient. In the lower ionosphere, this is more accurately
expressed as ocm=(1+xl) (ad+/loci) where Ä=N‘/N, ad is dissociative recom-
bination coefficient, 01.,. is ion-ion neutralization rate and N‘ is negative ion
concentration. The ratio Q/N2 is calculated for different heights and the results
are Shown in Fig. 6. It also gives mean er,” for SZA 30°—50°. The effoctive ad,
i.e., total of electron recombination rates with all the molecular positive ions is
based on theoretical models (not shown in the figure) rapidly increases at heights
below 90 km and attains a constant value below 80 km a3 well as in the 90—
95 km height region (Taubenheim et 211., 1975). The transition region within the
80—90 km region may move up with increase in solar zenith angle. It is
interosting to note that aeff also ShOWS a transition region similar to that for ad.
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However, it is found t0 be lower than ad at heights above 90 km varying widely
t0 the extent of an order of magnitude with SZA. In Contrast, darf is found t0 be
larger than ad at heights below 80 km, also varying widely with SZA. Thus it
seems that the recombination rates at heights above and below the transition
region are not simple or similar processes, such as that of dissociative renom-
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bination of molecular positive ions. The processes probably involve complex
chemistry of Cluster ions, negative ions and heavy metallic ions.

8. Conclusions and Discussion

The height-distribution profiles of electron density (N-h) and effective loss—rate
(Ieff-h) are constructed for the height range 65—110 km combining the results of
rocket-borne N-h measurements and ground—based partial reflections, A1-
absorption and ionosonde measurements for quiet—sun low solar activity Con-
ditions at different solar zenith angles in the months of J anuary, February, and
March, 1975. It is shown that all the N-h profiles so obtained point t0 a
stratification intermediate between the D-layer maximum and the bottom of the
E-layer at about 95 km with Nm around 104 electrons/cm3. Such intermediate
maxima had also been observed in some of the roeket flights.

The effective loss-rate is found t0 be smaller at heights 90—100 km and larger
at heights 70—80 km than the dissociative reeombination coeffieient, varying t0
the extent of an order of magnitude with change in solar zenith angle and the
season.

The low values of aeff at heights above 90 km may be attributed t0 the
presence of some metallic ions which reduee on the average the rate nf
recombination with electrons. There may be some uncertainty in the radiation
fluxes and month-to-month ehanges in the atmospherie model which may result
in low values of ion-production rate and henee give low values of Q/Nl. There is
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now suffieient evidence that the ionospheric absorption reduces by about 300/0
on several oceasions when a strong low-type reflecting Es-layer oceurs at about
95 km (Kotadia et a1., 1977). The presenee of metallic ions is probably a cause
for sueh strong reflecting sheet of ionization. This faot also supports the
intermediate cusp of ionization at 95 km and the low value of oceff. The change
in oceff with solar zenith angle also suggestsithe change in gas composition and
henee the relative proportions of various kinds of ions. The high values of oceff at
heights below 80 km are probably due to the large influence of negative ions
which become almost equal to the number of positive ions at about 70 km
during the daytime. These are some explanations for the results reported here,
but the ehemistry of the lower ionosphere and the ion-kinetics whioh play
important roles in the finer structure of N-h and oceff—h profiles are quite
complex and they need to be studied in detail. There is also the case for the
investigation of metallic ions in the height range 90—95 km.
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Effective Energy Reception of the Electron Gas
per Created Ion Electron Pair*

D. Bilitza
Institut für physikalische Weltraumforschung der Fraunhofer-Gesellschaft,
Heidenhofstraße 8, D-7800 Freiburg, Federal Republic of Germany

Abstract. The effective energy reception of the electron gas per ionized
neutral particle and per created photoelectron (PE) has been calculated from
data of the Satellite AEROS and by use of the Multi Satellite and Incoherent
Scatter (MSIS) neutral model. Our results show good agreement with the
calculations of Nagy et a1. (1969) and the model of Swartz and Nisbet (1972).
The comparison with the results of Dalgarno et al. (1968) ShOWS the
importance of non-local energy loss of the PEs above 350 km. For a height
of 400 km we calculated the portion of non-local photoelectrons t0 30 % and
for 450 km t0 50 %. Finally, analytical model functions depending on height
and Nisbet’s density ratio have been approximated t0 the calculated energy
reception.

Key words: Heating efficiency —— Electron energy equation —— Non-local
heating — Photo-electron production — AEROS —— Temperature gradient
— Non-local photo-electrons —— MSIS —— Heat gain — Heat loss.

l. Introduction

The aeronomy satellite AEROS with its extensive measurement program meets
the ideal requirements for a variety of investigations of the heat budget of the
electron gas in the ionosphere. Three terms determine the heat (resp. energy) of
the electron gas in the stationary case.

The heat gain Pg/eV m‘ 3 S— 1 by collisions with the hot PEs, which are
created by the ionization of the neutral particles by the solar radiation.
The heat loss R/eV m‘ 3 s‘ 1 by collisions with the cold neutral particles and
ions.
The heat conduction PC/eV In“ 3 s‘ 1 in the electron gas.

As the electrons move along the magnetic field lines driven by the neutral winds,
we have also t0 consider the amount of energy transported by directed move-
‚k Dedicated t0 Professor Dr. K. Rawer on the occasion of his 65th birthday
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ment of the partieles. Hoegy and Brace (1978) showed, by using experimental
data of the satellite AE-C, that the three terms are sufficient to deseribe the
measured eleetron temperature. Our special interest concerns the question, how
much energy is given to the electron gas on the average per ereated PE. This
factor e/eV‚ named heating efficienoy, gives us the conneotion between the PE
production rate q/m‘ 3 s‘ 1 and the heat gain rate Pg.

Pg(h):8(h)'q(h). (1)
However, above 300 km 8 loses this Clear explanation of an average energy input
to the electron gas per PE. Beeause of the lower neutral density, the PEs oreated
in sueh heights can travel several scale heights before they lose their suprather-
mal energy. That means the heat input to the electron gas is not only due to
locally ereated PEs but also due to PEs caseading from other heights to the
loeal level. In this case 8 is the proportionality factor between the local PE
production rate and the local heat gain rate of the electron gas.

2. Calculation of s

The electron energy equation in our simplified form is

a=e+e (m
Using Eq. (1), one gets

2+28=——.
q

(3)

R contains energy losses due to elastic and inelastic collisions with neutral
partieles and ions. The loss rates of the electron elastie collisions and excitation
of rotational, Vibrational and electronic states of moleoular and atomic oxygen
and molecular nitrogen are given by Rishbeth and Garriott (1969). By far most
energy is lost by fine—structure excitation of atomic oxygen. Hoegy (1976) showed
that the widely used analytical expression for this loss rate which was in-
troduced by Dalgarno and Degges (1968) is almost twice the values he calculat-
ed based on a more involved theory. We have approximated the eleetron
temperature dependenee of the ratio of the new to the old value given by Hoegy
(1976) in his Fig. 1. The following is our analytical expression.

BMW/Hold) z 0.432 + 0.1752 . exp [ — 1.07 . 10- 3 . (Te — 1000)]
4

BWÖ=1440*”4umauxuy—nynwl—740—i72 ()

n(0),N€/m‘ 3 =atomie oxygen and electron density
T„‚ T8/K =neutral and electron temperature.

The loss rate due to Coulomb collisions in an O+-gas with assumed Charge
neutrality (n(O+)=Ne) is (Risbeth and Garriott, 1969).
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Rmflz4s1041NZlE-FVÜW (5E/K ion temperature.

Using calculations of Chapman and Cowling (1970) and Spitzer (1956) the heat
conduction of the electrons in a fully ionized neutral gas is given by

d dT
P= ° 2 -7.7-107—(T% e)

w = magnetic dip.

The factor sin2 w considers the fact that the electrons are forced t0 move along
the magnetic field lines. For the heights that are considered here, the influence of
collisions with neutrals on the heat conduction can be ignored.

The PE production is calculated by the number of ionizing processes.

6101):; nk(h) - g; Gänüi) ' 111.01)
1 hEUVIli<h)=IÄ‚.(hEUV>'exp[—COSX g 0W)- l nk(h')dh'] (7)

hRPA

k=1, 2, 3 meaning O, 02, N2

aiA/INÄJ/mz absorption and ionization eross sections of the neutrals k for the
solar radiation of wave length Äi
X=solar zenith angle
I‚1l_(h)/m‘2 s‘ 1 photon flux in height h of wave length ‚lt.
hEUV/RPA satellite height for the EUV and RPA measurements, respeetively.

3. Used Data

The neutral temperature and the densities of O2, N2 and O were taken from the
MSIS-model (Hedin et al., 1977). The electron density and temperature was
measured on board the AEROS-A by the Retarding Potential Anlyser (RPA) of
Spenner and Dumbs (1974).

Furthermore we used the photon fluxes measured by the AEROS-EUV-
Spectrometer of Schmidtke et al. (1974).

The cross sections were taken from the reviews of Huffman (1969) and
Schoen (1969). The ion temperature was calculated by assuming thermal balance
between heat gained by the ion gas from the hotter electrons [Eq. (5)] and heat
lost t0 the colder neutrals (Risbeth and Garriott, 1969).

T+6-106.X-T-% N1:" 6 ;_ X: e. (a1+6.10 -X-Te 2 2m
k

For this calculation we have not considered the heat conduction in the ion gas
which is neglectable in our height range. As one notices frorn Eq. (6) we need the
first and second height derivatives of the electron temperature t0 calculate PC.
From in situ measurements these values can be obtained only for large height
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gradients of the satellite’s orbit, as otherwise the results are influenced by the
latitudinal and longitudinal gradients. To calculate 8 for the global data base, we
have gathered the temperatures of the Whole AEROS-A mission in 10 degree
intervals of geomagnetic latitude (beginning with — 60... — 50) and have approxi-
mated these group profiles by a function explained in Appendix I.

For the nighttime when no PEs are produced (Pg=0)‚ the temperature
gradient can be calculated from the balance between heat conduction and heat
loss in the following way. The height profile of the electron temperature can be
divided into regions within which the temperature is nearly linear (Appendix I).

7;=Teo+m.Ih—ho>. (9)
By differentiating Eq. (9) and substituting in Eq. (6) we get

Pc=sin2w'7.7olO7-%a-m2. (10)

Finally, using Eq. (2), bearing in mind that Pg=0‚ and solving for m we get

_ 5 l/E — 1m:7.2075-10 .‚———;K km . (11)
Sln w - T;

This gives us the possibility to compare the single gradients m with the
derivative of the approximated mean function. Figure 1 shows that the mean
values of gradient m calculated by using our theoretical considerations fits very
well with the empirical approximation, thus justifying our gradient determi-
nation. That is obviously also valid for the lower height range where high
gradients occur at night.

4. Results

Figure 2 shows the height behaviour of 8, averaged over all latitudes, and the
mean absolute deviation from the median value. Figure2 contains also 8 as
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ealeulated by Nagy et al. (1969) for data of the incoherent scatter station
Millstone Hill/USA. The agreement with our values is rather good. The solicl
line in Fig. 2 represents the energy given t0 the electron gas per PE, E, whieh was
calculated by Dalgarno et a1. (1968) for data from Millstone Hill. Below 350 km
the PES lose their energy totally local, and one can identify the prOportionality
factor e as the energy given t0 the electron gas per PE.

If one wants t0 extend the energy-input-per-PE-interpretation above 350 km,
one has t0 replace the local PE production rate q by the total amount ä 01° PES
per unit volume and second

P =E-Ej. (12)8

Conversely one can calculate the pr0p0rti0n p of non-local PES q„ with respect
t0 the total rate ä t0 zero order by equalizing Eqs. (1) and (12):

q/ä='ä/8 with q =q +q„ 13
p=q„/ä=1-q/ä=l-ä/8. ( )

Using the values of Fig. 2 one gets at a height of 400 km a portion of non-loeal
PES of 30% and at 450 km even 50%.

Figure 3 Shows 8 depending on the ratio of eleetron to neutral density and
the model for "ä established by Swartz and Nisbet (1972). Their model reproduces
the fact that the energy of the PES is divided Inainly between electrons and
neutrals. That means the energy given t0 the electron gas depends on the ratio
üf electron t0 neutral density. But the losses of the PES t0 the electron gas are
important only for low PE energies (<1eV). The main competitors in this
energy range are molecular nitrogen and oxygen with their low-lying Vibrational
states. Therefore the atomic oxygen with higher exeitation states is weighted
with 0.1. Swartz and Nisbet (1972) restricted their model t0 the region indicated
in Fig. 3, as with decreasing neutral density more and more PES escape into the
protonosphere.
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This is about the same region for which we can equalize 8 and E. This i5
confirmed by our calculations as shown in Fig. 3. As the concept of the
proportionality factor 8 simplifies heat budget calculations, we have approxi-
mated our values by analytical functions (see Figs. 2 and 3):

3(h) z 0.307 - exp(0.00916 - h)

8(x) = 44.7 . exp(0.364 - X)

N
X=l e .nn(O2)+n(N2)+0.1—n(0)

Both models are valid within the ranges given in Figs. 2 and 3.

Appendix I

Made! für the Electron Temperature

For all latitucles we can divide the electron temperature profile in regions with
constant height gradient

dT STD h<XSl
dhe= 8:1] X_Sl<l_1<X.sz. (A7)

By connecting these regions with an Epstein step function, that means functions
üf the following kind



|00000047||

Effective Energy Reception of the Electron Gas 41

f(X):y1+ y,_yx,_x (A8)
1+exp(—

d
>

1

with

x<x1—al1jyl
f(X)

s x>x1+d1

we get the analytie function

dT M ST—ST
e=ST k k‘l . A9dh 07:1 ( h—XSk)

( )
1+eXp ——

Dk

M =number of different regions.
Height integration gives us

7:,(h)=T+(h—l_z)-ST0

h—XS1 —k)+exp(
Dk

1+e p (E—XS")X
—

Dk

+

k
(Sa—571-001.411

1MM:

with the temperature T at the reference height l—z. The parameters M, STo...M‚
XS 1... M and D1___M have been varied to get the optimum fit to the data.
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Empirical Model of Global Electron Temperature
Distribution Between 300 and 700km Based
on Data From Aeros-A*

K. Spenner and R. Plugge
Institut fiir physikalische Weltraumforschung der FhG, D—7800 Freiburg, Federal Republic of
Germany

Abstract. An empirical model function of the global electron temperature
distribution has been determined based on the measurements of the planar
Retarding Potential Analyzer on-board the Aeros-A satellite. The model
represents the mean temperature between 300 and 700 km altitude at
0300LT and 1500LT depending on latitude, longitude, and height. The
model values are compared with all the measured data t0 show the accuracy
achieved and the mean spread of the data for different latitudes. A clear.
correlation was not found between the electron temperature and geophysical
indices such as Kp or sunspot number for the period of low solar activity
between January and August, 1973. Seasonal and annual effects could not be
detected. The mathematical background and method used t0 generate the
model function is described in the appendix.

Key words: Ionosphere — Electron temperature — Satellite observations ——
Retarding potential analyzer.

Introduction

The electron temperature shows a characteristic global pattern. The distribution
is sometimes masked by geophysical events. However, averaged data show
Clearly a quite constant pattern as measured by different satellites (Brace, 1970;
Dorling and Raitt, 1976; Spenner et al.‚ 1978). In the last ten years a large
quantity of temperature data has become available and only a small part of
them could be published. A review of the available observations in the F-region
was recently given by Schunk and Nagy (1978).

An effective way to handle large amounts of data and t0 extract an average
distribution from them can be achieved by modeling measurements by analyti-
cal functions. A representative model allows one to compare different sets of
data in a quite general form and is useful in predicting mean values. A global

* Dedicated to Professor Dr. K. Rawer on the occasiOn of his 65th birthday
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temperature model has been generated with ESRO—4 data (Dorling and Raitt,
1976). lt ShOWS the dependence of the temperature distribution on altitude,
latitude and local time, but it does not show a longitudinal dependence.

We will present in this paper an additional analytieal model of the electron
temperature. For this purpose we use the data of the planar Retarding Potential
Analyzer (Spenner et al.‚ 1974) on—board the AEROS satellite. The satellite was
in orbit between December, 1972 and August, 1973 with an apogee of 800 km
and a perigee of 240 km. Its path was approximately polar (97°) covering nearly
the whole globe. The sun synchronous orbit allowed us to always achieve
temperature data at 0300 LT and 1500 LT. Therefore, the AEROS orbit is ideal
for investigating a longitudinal struoture at constant local time. The model
provides the mean electron temperature distribution in ooncise form represent—
ing more than 10,000 measurements.

Mode] Functions

The model must describe the temperature as a function of the latitude 6,
longitude 4) and height h. The model function T(h‚ 8, (15) ean be expressed by
spherical harmonics in the form

T(h> 6a (1)) : Z 2 Z aknm
°

Ynm(67 4)) ' Fl<(h) (1)
k=0 71:0 mz—n

where aknm are parameters of series expansion in spherical harmonies, Y„m(6, qö)
spherical harmonics, Fk(h) height funetions.

Such a sum describes any complex distribution in a worldwide form. The
number of necessary terms K, and N depends on the particular distribution and
on the desired accuracy. .

The parameters aknm can be determined from the relation

akaÄÄÄTMXmd (2)

where TM is the measured temperature and dt is a space element of the
considered volume. A detailed deduction of Eqs. (1) and (2) is shown in the
Appendix.

To some extent a similar attempt to model atmospheric parameters was
Chosen by the OGO-6 model, which describes neutral temperature and com—
position (Hedin et al.‚ 1974). It also uses spherical harmonics to describe the
latitudinal distributions. However, the longitudinal distribution was not consid—
ered, and the height funetion was not determined in the form described here.

The time dependence is not introduoed in Eq. (1) because all available data
belong to two oonstant local times. We determine separately two sets of
parameters for day- and nighttime according to Eq. (2). Other possible va—
riations such as seasonal, geomagnetic or solar actiVity variations are not
introduced at this stage. These variations will be analyzed separately in a later
section. Therefore, all measurements were used in the analysis without any
preselection for special geophysical conditions.
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Data Basis

The AEROS Retarding Potential Analyzer was designed to measure a tem-
perature in half a second with a repetition period of 18 s determined by
telemetry capacity. This measuring interval provided at least one value within
every degree of latitude. Because of problems with the satellite-born triggering
system only a few orbits are available with a resolution of one degree. Most of
the measurements have a resolution of 10 degrees. The data are measured
during complete orbit revolutions. Every second or third orbit was recorded.
The data coverage was almost homogeneously distributed in longitude and
latitude during a period of some days. However, it took three months to achieve
data at all heights between apogee and perigee.

All data measured during the first 100 days of 1973 were grouped in ranges
of 10° latitude, 60° longitude and 100 km altitude. The relatively wide longi-
tudinal range was chosen to get at least 10 measurements in each cell. The
center of the longitudinal cells was shifted in steps of 10°, to get 36 longitu-
dinal cells. One measurement was always contributed to 6 different longitudinal
cells centered at 10° longitude and latitude and at 100km levels between 300
and 700km. The partieular temperature data in each of the 3070 cells were
averaged. Standard deviations were calculated separately for each cell. Data
being outside of two standard deviations were not used in order to suppress
possible runaways under unfavorable conditions. The relatively small amount of
data in each cell and the sometimes quite large temporal changes of the eleetron
temperature suggested that the mean temperature in each range be smoothed by
a running weighted average between cells directly adjaeent in latitude and
height. These smoothed data are assigned TM(6‚ (b, h).

Calculation of the Mode]

In the beginning we used three coordinate systems: geographic, geomagnetic
and modified dip coordinates. For each system the standard deviations in all the
partieular cells were determined and averaged. The smallest mean standard
deviation was by far aehieved in the geomagnetic system. This suggests that the
geomagnetie system gives the most appropriate description. Therefore, further
analysis is done only with geomagnetic coordinates.

The parameter aknm were calculated with Eq. (2). The integral was replaced
by a sum over the 3070 cells. The appropriate order of the series expansion was
determined by a comparison between the model function T(N‚ K) with the mean
temperatures TM in the particular cells. The mean deviation d, which is given by

ZÖ+ZÖd: __ ll
I’l

(3)

where ö :(TM— T) T‘1 and n is number of measurements, is shown in Fig. 1 as a
function of N, the highest order of spherical harmonies, for K : 3. A third order
approximation in height h is necessary to reproduce the temperature maximum
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at low altitudes in the equatorial area. However, analyzing the height-profile of
temperature at a fixed location — except low latitudes _ it is usually sufficient to
describe T as a linear function of height h. Fig. 1 indicates that the highest useful
order for N is 6.

A higher number of parameters did not essentially improve the temperature
function. The average temperature is reproduced well and the mean scatter in
particular cells is less than 10 0/0. A similar analysis made for K confirms that K
greater than 3 does not improve significantly the model function. For all further
investigations we use the temperature function T with N =6 and K =3. Howev-
er, Fig.1 suggests that a second order approximation in N gives already an
approximation with 15 0/0.

Temperature Distribution

The model function T(8, 9b) is presented in Figs. 2 and 3 at two fixed heights at
1500 LT and 0300 LT, respectively. The latitudinal distribution derived earlier
by several authors (Brace, 1970; Spenner and Dumbs, 1974; Dorling and Raitt,
1976) is reproduced in the global distribution derived in this study. In addition a
longitudinal distribution occurs. One may argue that a longitudinal distribution
is only the result of temporal variations. Figures 2 and 3, however, demon-
strate olearly that the general longitudinal pattern is quite similar at different
heights and during day and nighttime. Ten thousand independent measure-
ments cannot produce such a consistent picture without a geophysical source.

The longitudinal distribution of the model function is shown in more detail
(at 500km altitude) in Figs. 4 and 5. The highest longitudinal temperature
variation is approximately 400 K along a fixed magnetic latitude in the southern
hemisphere at 1500 LT. The variations at other latitudes are usually between
100 and 300 K. Low temperatures are obtained between 60° and 140° geomag-
netic longitude in the southern hemisphere and between 260° and 360° in the
northern hemisphere. At 0300 LT the longitudinal variation along a fixed



Electron Temperature Distribution Between 300 and 700 km Based an Data From Aeros—A 47

2500 -

m 2000 —

ä
U

E
g 1500 —
0J|—

1000 *I'I'IIIIIFTÜ’
-90 -60 “30 0 30 60 90

Geomagnetic latitude

15 LT, 700Km

— — 350

300

3000- 023:0 ab
„ -\o}

m 2500— / 150 xi?ä „ /
g 20000 / 12a 00?
Q

- 5‘E / q?.3 1500— so <9
_ /

1000 1
I [f T I l I f I I o

t.2. Müdel -90 -60 -3o 0 30 60 90
dlstribution at 1500 LT
für 700 and 300km Geomagnetic lqtitude

magnetic latitude is also well pronounced. The locations Of high and low tem-
perature are close t0 that observed 1500 LT. A longitudinal variation of the
neutral gas density was recently reported by von Zahn and Fricke (1978).
Comparing the electron temperature variation with the neutral Argon density
variation along a fixed latitude range we find that a high electron temperature
ÜCCUI‘S on locations with a low Argon density.

At 1500 LT the latitudinal temperature distribution Shows a deep minimum
close t0 the equator (Fig. 4) at 500 km. In contrast t0 the daytime distribution
there are two small minima on both sides of the equator (Fig. 5) at 0300 LT.
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The latitudinal and height variation of the temperature is given in Figs. 6
and ”3' at 0° geomagnetic longitude. The isotherms at 1500 LT indicate a
temperature minimum at approximately 400 km altitude at low latitudes. Little
variation with altitudes may be in small error because the data required t0
derive a height variation were obtained over a relatively long time period under
different geophysical conditions. The isotherms represent the averaged distribu-
tion in a three months period but they may possibly not reproduce well details
in a height profile.
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Intercomparison Between Mode] and Measurements

We calculated the model temperatures for all individual measurements and
compared them with each other. T0 evaluate how well the model represents the
data we have calculated the model temperature for each data point and
compared it t0 the measurement. T0 demonstrate that the model represents the
latitudinal variation adequately, we have determined the mean deviation of the
measured values from the model values at different latitudes for both 1500 LT
and 0300 LT. The calculated mean difference Zi—T between all AEROS measure-
ments and the model was less then 30 K. This confirms that the computed
parameters aknm are satisfactory, and that the model function represents the
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global mean value of the measurements. A more detailed analysis has t0
demonstrate whether the model describes the mean value of selected data at
different latitudes well enough and t0 determine how large the scatter in the
measurements is. For this purpose we determined the mean deviation dD
according to Eq. (3) for different latitudes. ö in Eq. (3) is the difference between_
the measured temperature and the model function at the same location divided
by the model-temperature. The dD-value gives a relative mean scatter of 7%
integrated over all longitudes for the first 100 days in 1973.

Figures 8 and 9 show the boundaries of the determined mean deviations for
different latitudes. It is evident that the data spread is increased at higher
latitudes. These relative variations .during night (Fig. 9) are much higher than
during day (Fig. 8) with the exception of the equatorial area. The daytime model
is a few percent too high at low latitudes and too low at midlatitudes. Areas
with strong temperature gradients are smoothed a little. These small deviations
of the average values are not of great importance since the temporal variations
given by the scatter are much larger. The uncertainty in predicting temperatures
is mainly given by the scatter of particular measurements. The ealculated dD
value varies only slightly during the AEROS-A mission period of eight months
and does not Change the general behavior.

The model function represents an average temperature during the time
period considered. Differences A T between particular data and the model may
reflect geophysical events during a few day period or seasonal and annual effects
for a longer time period. We tried t0 find possible relations between the
temperature differences A—T and geophysical indices. T0 this end we correlated
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A—T with the Kp-value, the Ap-value and with the sunspot number during the
eight months period. The analysis was done for different geomagnetic latitude
ranges. The result did not ShOW any correlation between these indices. This
indicates clearly that the temperatures d0 not follow the indices in a simul-
taneous and clear relation. It confirms an earlier investigation (Spenner, 1975),
which did not Show a significant relation betwggl Kp and electron temperature.

Monthly mean temperature differences AT were used t0 search für a
seasonal or annual variation. T0 obtain data for a period of one year for a
Fourier analysis, the measurements of one hemisphere were used again six
months later at the other hemisphere mirrored at the geographic equator. This
procedure can only provide a rough indication of the annual variation when n0
complete period of measurement is available. The calculated Fourier coefficients
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did not show a significant annual or seasonal period either at low, middle or
high latitudes. This means that the model function determined for January t0
March, 1973, must be valid for the second part of the AEROS-A mission from
April t0 August, 1973. Indeed the calculated mean deviation dD for the period
was not considerably different from the values shown already in Figs. 8 and 9.
Seasonal and annual effects must be smaller than short time or local changes. As
a consequence we argue that these effects d0 not exceed 15 % during low solar
activity.

Individual data points are sometimes far away from the mean temperature
value. A few such values considerably increase the mean deviation (Ü)
21/112 IA TI and the standard deviation 0 between model and measurements.
The determined 0M value between particle measurements and the mean temper-
ature was 440 K and 490 K for day and nighttime, respectively, where

aäz—Z(T—A—T)2 (4)
"R

nRznumber of measurements in a particular cell range. The spread in A T does
not follow a statistical error distribution. At 1500 LT more than 80% and at
0300 LT more than 90 % of all measurements are within the 10 range (where as
for a Gaussian distribution one expects only 60 ‘70). Most of the runaways are
probably caused by extreme geophysical conditions and restricted t0 a particu-
lar area. Temperatures which differ more than 10 from the model are considered
t0 be outside of quiet or usual conditions.

The temperatures outside the 0M boundary are used t0 100k for areas, where
data spread may occur. T0 this end, we determined the percentage of spread
values relative t0 all measurements as a function on geomagnetic latitude and
longitude. Figure 10 shows small peaks with more than 20°/O of spread data at
about 20° latitude of both sides of the equator at 1500 LT. At 0300 LT all the
spread temperatures occur in an area around 60° latitude.

A corresponding analysis of the spread data for different geomagnetic
longitudes indicate peaks at 60° and 170° longitude during daytime. The peaks
seem t0 be higher than the expected random noise at 1500 LT.
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Summary and Conclusions

The empirical model based on the AEROS-A data predicts electron tempera—
tures for 0300 LT and 1500 LT. Temperatures can be calculated worldwide
either with geographic or geomagnetic coordinates between 300 and 700km
altitude. The model temperature is in quite good agreement with ground
observations done by incoherent radar scatter technique. This is demonstrated
in a second paper (Spenner et al., 1979). The model temperatures are considera-
bly lower than the values predicted by the ESRO 4 model (Dorling and Raitt, 1976),
though both measurements were taken at the approximately same time period. The
observed longitudinal variations show maxima of the electron temperature in areas
where the density ofneutral Argon observed by the ESRO 4 gas analyzer (von Zahn
and Fricke, 1978) eXhibits a minimum in the northern hernisphere (z1200,
geomag. long.) and southern hemisphere (z 320° geomag. long.) The temperature
minima are located as well where the neutral density maximum ofArgon occurs with
the exception of the South Atlantic anomaly region.

Appendix

1. Spherical Harmonics

The oscillation of a sphere can be described by the differential equation

A U =L i?
c2 ötz

where U is the wave function, c is the wave velocity, and t the time. U may be written in the form

U :F(r‚ 6, qb). T(t)

where r is the radius of the sphere, 8 the latitude and c1) the longitude. We are interested only in the
part of a solution of Eq. (I) depending on 6 and (1). It can be shown that this part follows the
differential equation.

1 Ö( eöy)+ 1 ÖZY+ Y 0 (II)— os — zcose aa C aa coszäöqbz 0‘

where Y depends only on 6 and d), oc is constant in 8, d).
All the algebraic (in cos 9, cos 45) solutions of Eq. (II) are given by the spherical harmonics Ynm of

the form

d'm' P„(cos 6)Y 9 ="m19———_-„um sm (dcosg)|‚„‚ eiima. C„‚„ (III)

where Pn is the Legendre polynomial of order n and Cnm is a normalizing factor. Replacing the
exponential term by sin and cos functions in (III) and normalizing the spherical harmonics so that
they are 1 at the north pole (Bronstein-Semendjajew, 1956) we get

dlml
Y„‚„(9‚ (15): Cm sin'mI qb -

dWPACOS 9) ' Rm(4>)
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where
sinmqß for m<0

Rm(<b)=(—1)'" -
cosmgb for m20,

2 _(n—Iml)! 1 (IV)
"m—(n+|m|)! 4—71:

The integral over the volume Q becomes

äYVnm
.

Yn'm'dQZÖnn’ ' Öm ’ (V)m

because the Eigensolutions of differential equations are orthogonal.

2. Functions in Height

The temperature can be described as

m, 9, <1>>=i Z i ak„‚„x„„<6‚d>)iFk(h) (VI)
‚(20 n=0 m=—n

where Ynm are the spherical harmonics as defined by Eq. (IV) and Fk are polynomials in h of degree k.
Any function T can be expressed in such a series expansion.

For easy computation of the a,„„„ we desire that (see later, computation of the am")

1:! YIIk
'

Yn'm'Fk'dTZÖmm’önn'ökk" (VII)

The integral becomes with Eq. (V)

1=<5> Ynm Y„‚m‚ . Fk _ F‚(‚h2 dt
9,}:

h2
:ö„„‚ömm‚ j tk‚dh

h1

and with (VII) we get

h2
j tk‚ dhzöw (VIII)

h1

where h2 and h1 are the boundaries of the considered height interval.
The expansion of the Fk is

Fozaoo

F1:a10+a11h.

F" =an0+anlh+ ...a„„h".

Eq. (VII) yields for kzk’:0

l
aoo—T“

|/
{h2 dh

h1
and

h2
aoo' 5(a10+a11h)h2dh=0 for k’=0‚ kzl

h1

h2
[(a10+a11h)2h2dh:1 for k2k’z1

h1
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Tablel

h n m aknm (1500 LT) aknm (0300 LT)

0 0 0 9290E+1 4976E+1
1 0 0 6506E+0 1651 E+0
2 0 0 2826E—1 6561 E—l
3 0 0 —1044E+0 —2054E—1
0 1 —1 5462E—1 —3974E—1
1 1 —1 —2884E—1 ——2404E—1
2 1 —1 8509E—2 ‚ —6016E—2
3 1 —1 —8540E—2 —4226E—2
0 1 0 —1087E+0 —8254E——2
1 1 0 —1080E—1 —6363E—1
2 1 0 —1542E—1 —6671E—1
3 1 0 3420E—1 ——2064E—1
0 1 1 —3246E—1 3363E—1
1 1 1 1006E—1 —6907E—2
2 1 1 3788E*1 —1126E—1
3 1 1 —8795E—2 3128E—2
0 2 —2 —4113E—1 —4121E—1
1 2 —2 —5864E—2 5811E—2
2 2 —2 1255E—1 1958E——1
3 2 —2 —5917E—2 1178E—1
0 2 —1 —2183E+0 ——2973E+0
1 2 —1 —5367E—2 6294E—2
2 2 —1 2327E—1 3924E—1
3 2 —1 8651E—2 —4952E—2
0 2 0 1735E+1 1684E+1
1 2 0 1680E+0 2337E+0
2 2 0 —1453E+0 6999E—1
3 2 0 6019E—1 —2839E—3
0 2 1 3356E+0 1802E+0
1 2 1 5824E—1 9037E—2
2 2 1 —6681E—1 2208E—1
3 2 1 4200E—2 —4697E—2
0 2 2 5769E—1 —2481E—1
1 2 2 1343E—1 —1254E—1
2 2 2 —1604E—1 6481E—2
3 2 2 —1403E—1 —2056E—2

This is a linear homogeneous equation which yields a linear relation between a10 and an, and a
quadratic equation for am. In analogous manner one can successively compute the coefficients ak for
higher degrees.

In the case of I11 :3 and h2:7 (normalized t0 100 km) it becomes

F0 =0.86066- 10‘ 1

F1: —0.3965 +0.6910- 10‘ 1 h

F2 = 1.5203 ——0.6105 h +0575 - 10‘ 1 h2

F3 : —6.66O2+4.254h—0.8616h2 +0,55783 . 10— 1123 (IX)
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3. Computation of aknm

The derived orthogonal function Ynm and Fk allows us to derive easily the series expansion
parameters aknm.

Equation (VI) multiplied by Y„‚„„Fkv becomes

TYn’m'Fk' : Yii'm’Fk' 2 aknm
i
Fk'

k,n,m

Integration over dt yields

ITY ‚Fk‚dr=j 2 akan Y, ‚Fk‚dtnm
k’mm

m nm

:
Z aknml Ynm' Yrt’m'dQJhZFk

i
dh

k‚n,m

lt becomes with use of Eqs. (V) and (VIII)

5 TY„„„‚F‚(‚ d1 :ak‚„„„‚ (X)
The aknm values from the AEROS-A measurements determined by Eq. (X) and using the mean

temperature data as described earlier are listed in Table 1. The table presents the aknm coefficients up
to the second order in N, M and the third order in K. A better approximation can be achieved by
higher order in N, M as demonstrated in Fig. 1.
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Intercomparison Between Aeros Electron Temperature
Model and Mean Temperature Profiles
of Different Incoherent Scatter Radar Stations*

K. Spenner, D. Bilitza, and R. Plugge
Institut für physikalische Weltraumforschung der Fraunhofer-Gesellschaft, Heidenhofstraße 8,
D-7800 Freiburg, Federal Republic of Germany

Abstract. The F-region temperature model based on AEROS-A measure-
ments is compared with mean height profiles of incoherent scatter radar
observations at middle and low latitudes and at the magnetic equator. The
mean values of the ground station are in good agreement with the model
temperature confirming that the generated model is representative for the
electron temperature within the natural spread produced by geophysical
events.

Key words: Ionosphere — F-region — Electron temperature model — Aeros-A
measurements —— Electron temperature height profiles — Incoherent scatter
observations.

Introduction

In the last decade a large amount of electron temperature data became available
observed mainly by satellites and ground-based Incoherent Scatter Radar (ISR)
Stations. The satellite measurements can determine the world-wide temperature
distribution in the F-region. The satellites cover large areas within relatively
short time periods. They are considered an effective tool t0 obtain global temper—
ature patterns. Along a satellite orbit many parameters change simultaneously
and, therefore, it becomes uncertain quite often whether particular observations
are modified more by geographic, temporal or time variations—mentioning only
a few of possible sources. Therefore, significant global temperature patterns
based on satellite data can only be obtained by a very large amount of data
on statistical basis and even then the separation of different influences is not
always unequivocal. In particular, height profiles constructed from a large
number of in situ observations can be strongly affected by temporal changes
when the data are collected during a long time period. The ground-based radar
stations are better able to determine temperature profiles at a fixed location

* Dedicated t0 Professor Dr. K. Rawer on the occasion of his 65th birthday

0340—062X/79/OO46/0057/SOl .00
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in a short time. They produce the most reliable height profiles and are an
ideal test of the satellite observations.

The AEROS temperature model (Spenner and Plugge, 1979) based on
more than 10,000 measurements desoribes the global distribution in the height
interval 300 to 700 km for the first 7 months of 1973. A crucial test of the
model oan be obtained by comparing height profiles of the model with those
of different ISR stations.

As the number of passes near active ISR stations is rather scarce, it seems
reasonable to cheok the model with mean profiles of the available ground
observations for equatorial, low and middle latitudes.

Even when particular in situ measurements were in good agreement with
the ISR ground observations (Spenner and Rawer, 1978), it has to be demon-
strated that the modeling functions represent the mean temperature pattern.
The aim of this paper is to Check the AEROS temperature model by available
ground observations and to compare results of the model with other observa—
tions. A large amount of such different results is summarized by Schunk and
Nagy, 1978.

ISR-Data Base

Measurements of the three ISR stations, Millstone Hill/USA, Arecibo/Puerto
Rico and Jicamaroa/Peru have been used for our comparison. They are consid-
ered as representative for middle, low and equatorial latitudes.

Usually the stations have measured periods of 1—3 days each month and
measuring times 10—30 min per profile. The processed data are oollected on
magnetic tapes for up to 4 years. The tapes used for our comparison are sum-
marized in Table 1, giving the periods of measurements, the 12 months running
mean of the Zurich Sunspot Number R12 and the location of the ISR-station.
Our mean profiles have been obtained by averaging over the indicated periods
(Table 1). For comparison with the AEROS model we used only ISR-measure-
ments within the local time ranges 14—16 LT and 2—4 LT. Even though a seasonal

Table l. Location and time of the used data

Tape name Station Location time R12 Number of
used profiles

geog. geom.

N35 Arecibo 18N 293E 30N 2E 12/71—12/72 58— 73 50
Puerto Rico

W287 Jicamarca 12S 283B 1N 352E 11/66— 4/69 75—110 700
Peru

MH7 Millstone 43N 289E 54N 357E 2/72—10/75 25— 71 100
Hill USA

AEROS-A 12/72— 8/73 40— 50
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Fig.1. Millstone Hill ISR-data for winter midday from 1972 t0 1973 and median value with
mean absolute deviation

variation of the electron temperature is not reproduced by the AEROSndata we
restrict ourselves to ISR-data for the first three months of every year, in analogy
to the first three months of 1973 which had been used for the AEROS model.
As is seen in the last column of Table l even with these restrictions excluding
annual and diurnal meaning effects there remain enough profiles t0 'given repre-
sentative mean profiles for the indicated solar activity ranges. An example
of our averaging is seen in Fig. 1 Showing the increasing variability of the
F—region electron temperature with increasing height. The observed variability
with height is believed t0 be real and not mainly due t0 errors in the measure—
ments. This assumption is supported by the small variance during nighttime
and the regularity of most of the individual profiles.

Results

The ISR-standard-profiles together with the mean absolute deviations for the
three locations and for day and night are given in Figs. 2 and 4. The mean
spread of time middle latitude data (Fig. 2) for daytime inoreases with height
and gets as large as 15%. In equatorial latitudes (Fig. 4) the highest data scatter
is observed in the height range 200—300 km which is the region of the local
temperature maximum. The Arecibo data scatter (Fig. 3) behaves somewhere
in between. For all three locations the mean deviation does not exceed 15%.

The described feature ShOWS that the smaller the difference between neutral
ancl electron temperature, and the better the heat contaot of the eleetron gas
to the neutrals is, the smaller is the electron temperature scatter. The same
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holds for nighttime, where only the Millstone Hill data ShOW large mean devia—
tions increasing with height. '

The solid lines in Figs. 2—4 represent' the AEROS-model profiles for day
and night in the height range 300—700 km covered by the satellite AEROS-A.
The hatched areas indicate the mean deviation of the AEROS-data, as had
been described in the foregoing article. For all three stations the model values
lie within the expected failure zone. For Millstone Hill there is a general tendeney
of the model t0 exeeed the ISR mean profile by about 10%. The same feature
has been reported by Benson et a1. (1977). Their extensive comparison between
Millstone Hill measurements and satellite data of AE-C Show a general excess
of 11% in eleetron temperature, while the ion temperature agreed well and
the discrepancy for other stations was less than 3%.
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Fig. 4. Comparison between Jicamarca data and AEROS model

In analogy t0 this, we find good agreement of the AEROS model with
the other stations, Arecibo and Jicamarca. Even though the solar activity range
is not the same as that covered by the AEROS-A data used for the model,
namely R12=40—50. As was reviewed by Schunk and Nagy (1978) the electron
temperature in the high electron density region 200—400 km seems to become
higher with decreasing solar activity. S0 the few percent higher model tempera-
ture at 1500 LT may represent even better the actual temperature profile during
the AEROS mission than the ISR data obtained at a higher solar activity
(Table 1). The result of the comparisons shown here confirms that the AEROS
model temperatures are quite representative within the natural spread generated
by different geophysical conditions.

Acknowledgement. The Arecibo and Jicamarca tapes were kindly sent t0 us by the World Data
Center A in Boulder, Colorado/USA. For the Millstone Hill data, we are indepted t0 W. Oviver
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Simultaneous Smoothed Variations of Signal Amplitude
and Mean Doppler Shift in 42 MHz Auroral Backscatter

C.I. Haldoupis*‚ and G.J. Sofko
Institute of Space and Atmospheric Studies, Department of Physics, University of Saskatchewan,
Saskatoon, Saskatchewan, S7N OWO Canada

Abstract. A recent detailed comparison of the amplitude of 50 MHZ radio
auroral backscatter at Anchorage with Chatanika incoherent radar data
(Siren et al., 1977) has shown a good correlation between the echo amplitude
and both the electrojet current and electric field strength. In this paper,
smoothed backscatter data (the smoothing limits frequency variations t0
20.1 Hz) from the 42 MHz CW Saskatoon Doppler system are used t0
make a detailed comparison between the amplitude and mean Doppler shift
variations during selected portions of the strong Apri118/19‚ 1977 event. A
close relationship between these two variations is shown t0 exist, indicating
that a common parameter (either the electrojet current or the electric field)
‘modulates’ both the mean drift velocity (related t0 the mean frequency
shift) and the scattering cross section (related t0 the echo amplitude) of
the echoing irregularities. H0wever, the amplitude-mean Doppler shift rela-
tionship is more complicated than the linear current-amplitude relation in
the Chatanika-Anchorage results, and is shown t0 change with the type
of scattering mechanism present.

Key words: Auroral backscatter — Mean Doppler shift — Echo amplitude
— Auroral electrojet.

Introduction

When radio waves of constant amplitude and frequency are transmitted towards
the auroral ionosphere, often part of the Signal is backscattered from the auroral
medium if the frequency is in the appropriate range and certain geometric
conditions are met (e.g.‚ proper aspect sensitivity). The backscatter Signal pos-
sesses, in general, both amplitude and frequency variations‚ because the temporal
and spatial fluctuations in the auroral ionization act as ‘natural modulators’.
Present address: Physics Department, University of Crete, Iraklion, Crete, Greece
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The variations in signal amplitude are presumably due t0 changes in both
the population and strength of the scattering irregularities, while the fluctuations
in frequency are primarily due t0 motions of the scattering ionization. The
‘messages’ contained in the amplitude (AM) and frequency (FM) modulation
imposed by the scatterers are expected t0 contain important clues concerning
the nature of the radio aurora.

Recent studies (Czechowsky and Lange-Hesse, 1970; Greenwald et al., 1973,
1975; Ecklund et al., 1974; McDiarmid et al., 1976; Siren et al., 1977) have
shown that the radio aurora is closely associated with auroral electrojets. The
spatial relationship between radio aurora and electrojet currents supports the
idea that the scattering irregularities are generated through various current-
associated plasma instabilities, and that the electrojet parameters play a major
role in determining both the scattering cross-section and the motion of the
scattcerers.

Greenwald and Ecklund (1975), using a 50 MHZ pulsed radar in Anchorage,
Alaska, were the first t0 measure simultaneous range profiles of both the back-
scatter amplitude and mean Doppler shift in order t0 study the temporal and
spatial structure of the radar aurora. The temporal variations in both amplitude
and frequency of the received Signal can also be obtained with a continuous
wave (CW) Doppler system. Although a CW system does not give range informa-
tion, it is useful in providing continuous information over the very short time
intervals (5—200 ms) over which individual Signal bursts occur (e.g., Haldoupis
and Sofko, 1978 a). In addition, through the use of smoothing, it is well suited
t0 the study of long term variations of the mean Signal Characteristics which
correspond t0 the changing average conditions in the total, aspect-sensitive,
scattering volume.

In a previous paper (Haldoupis and Sofko, 1978a) digital demodulation
techniques were applied t0 short (0.4 s) time sequences t0 extract concurrent
time variations in amplitude and frequency in order t0 study the short term
characteristics of ion-acoustic type echoes (these are the echoes whose Doppler
spectrum exhibits a strong narrow peak at a frequency shift range which corre-
sponds t0 the ion-acoustic velocity range in the auroral medium) for which
the effect of interference between coexisting independent spectral components
was not very serious. The purpose of the present investigation is t0 apply
smoothing (only frequencies 20.1 Hz are considered) t0 auroral data recorded
in analogue form from two linear demodulation units (an envelope and a fre-
quency detector) in order t0 study simultaneous time ssquences of mean Doppler
shift (or mean signal frequency) and mean Signal strength. Comparison of these
sequences is found t0 be quite useful in studying the ‘modulation’ mechanism
responsible for the observed fluctuations in both the Signal strength (or scattering
cross-section) and the mean line-of-sight motion of the scattering irregularities.

Experimental Details and Method of Analysis

The auroral backscatter data are obtained by means of a CW bistatic radio
Doppler system located near Saskatoon, Canada (geographic coordinates: 52° N,



|00000071||

Variations in Amplitude and Mean Frequency of Radio Auroral Backscatter 65

ENVELOPE
L P —DETECTOR F

H P—5465A
TAPE A

RECORDER B P F DUAL A/D -’ X'Y PLOTTE
B CONVERTER

FREQUENCY
—‚ ——H L P F -——i

DETECTOR

Fig. 1. Block diagram of the system used for studying simultaneous mean Doppler shift and Signal
strength variations. BPF Band-pass filter; LPF Low-pass filter

106° W; geomagnetic coordinates: 60° N, 49° W). The transmitter, which gener-
ates a CW Signal at 42.1 MHz, is separated by 35 km from the receiving site,
roughly along the east-west direction. The transmitting and receiving 5-element
Yagi antennas are fixed in position pointing northward along the geomagnetic
meridian. At the receiving site a weak ground wave received directly from
the transmitter is passed through a VHF phase-looked—loop incorporating a
stable 1562 Hz audio oscillator, thereby produoing a stable reference signal
shifted exactly 1,562 Hz from the transmitted wave. The reference Signal is
mixed with the backscatter to produce an audio output centered at 1,562 Hz.
This output is recorded on an audio cassette recorder, and the tapes are analysed
with a Hewlett-Packard Fourier Analyser System.

Two analogue demodulation units are employed to extract conourrent time
variations in amplitude and frequency (or Doppler shift) from relatively long
time intervals of tape-recorded data. Information about the Signal strength
is obtained with a portable linear envelope detector which is similar to those
used for AM demodulation in heterodyne receivers and which consists of a
full—wave precision rectifier and a low-pass filter. Continuous information about
the instantaneous mean frequency (or mean Doppler shift) of the backscatter
is obtained by means of a linear frequency demodulator employing a Signetics
565 phase-locked-loop. Tests of the demodulator performance, by comparison
with independent spectral analysis of tape-recorded data, have shown that this
simple unit provides a reliable estimate of the mean Doppler shift variations
with time. More details about the experimental system and the characteristios
of the above demodulation units are given by Haldoupis et al., 1978.

Figure 1 illustrates the technique used for studying ooneurrent mean Doppler
shift and Signal strength variations of the recorded echoes. The analogue output
of the tape recorder passes through a band-pass filter (which removes any
spurious frequencies below 1,000 Hz and above 2,000 Hz) and is then divided
into two paths, one of which goes into the envelope detector and the other
into the frequency demodulator. Both the frequency and amplitude demodulated
outputs are lowpass filtered to attenuate high frequency variations of the incom—
ing Signal so that the sampled demodulated sequences are relatively smooth
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(the cutoff frequency was 0.1 Hz). The two sequences are sampled simultaneously
by the HP-5465A dual A/D converter (on which the number of points, N,
and the sampling interval, At, can be adjusted), stored in different memory
blocks, and then plotted separately using an X-Y plotter. In the following‚
a few typical examples of relatively long period eoncurrent variations of mean
Doppler shift and relative signal strength will be presented and discussed. All
the examples presented below are from the same strong event of
April 18—19, 1977. The average Kp index for the times treated in this paper
was 6.

Experimental Results

Figure 2 ShOWS an example of simultaneous mean amplitude and Doppler shift
time sequences corresponding t0 N17 min of continuous signal. A brief inspee-
tion ShOWS that there is good correlation between the two records. The long
term variations in amplitude are generally accompanied by similar variations
in the mean frequency. Usually a sudden change in amplitude occurs simul-
taneously with a change in the frequency of the Signal. The similarity between
the mean Signal strength and the frequency shift long term fluctuations is a
general feature and leads t0 the important conclusion that the same cause
is responsible for the long term modulation of both the amplitude and frequency
of the scattered Signal, i.e.‚ a common mechanism influences both the velocity
and the scattering cross-section of the irregularities. However, the detailed effeets
of this common modulating mechanism on the strength and frequency of the
Signal differ and are rather complicated. Comparison of the two sequences
indicates that the larger Doppler shifts d0 not neeessarily correspond t0 the
stronger Signal. For example, the strongest signal in Fig. 2 is observed in the
900—1,000 s time interval but the largest Doppler shift occurs between 300 and
450 s; also the Signal strength in this 300—450 s time interval is as strong as
that in the 650—850 s interval but the corresponding frequency shift in the
latter is Close t0 zero. Greenwald and Ecklund (1975) reported similar results
when comparing simultaneous range profiles of the backscatter amplitude and
mean Doppler shift velocity obtained by using a 50 MHZ radar pointing towards
geomagnetic north.

In an attempt t0 gain more information about the above ‘modulation’
process, sequential power spectra (averages of 10 individual 0.4l s spectra sam-
pled evenly over N 55 s intervals of data) were computed by using the fast Fourier
transform technique. Samples of the computed averaged spectra are shown
in Fig. 3; each is marked with a capital letter and corresponds t0 a 55 s segment
of mean amplitude and frequeney shift designated with the same letter in Fig. 2.
Examination of the power spectra ShOWS that most of the long (N17 min)
data sequence under discussion is associated with diffuse broad speetra eentered
close t0 zero shift position (e.g. Fig. 3A, D and E). However for the interval
from about 300—450 s (spectra B and C in Fig. 3) a strong group of spectral
peaks, eonfined t0 a relatively narrow frequency band of about 40 Hz and
centered at about 125 Hz (450 m/s radial speed), dominates the spectrum. The
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Fig. 4a and b. Plot of simultaneous amplitude and mean DOppler shift variations, Showing goed
correlation from 0—600 s, then ‘saturation’ of the mean Doppler shift from 600—800 s

latter may well be due t0 a type of irregularity, such as primary ion acoustic
plasma density waves (Haldoupis and Sofko, 1976; 1978b), differing from the
irregularities corresponding t0 the rest of the data sequence. Presumably, ion
acoustic plasma wave scatterers cause the almost constant Doppler shift Observed
in Fig. 2b during the 300—450 s time interval.

Figure 4 Shows another example of concurrent amplitude and frequency
sequences of 1,000 s duration. The two sequences are in good correlation between
0 and 600 s but this correlation breaks down completely for the time interval
(enclosed in dashed lines in Fig. 4) from 600 t0 850 s in which the frequency
remains fairly constant but the amplitude varies. Detailed fading and spectral
analysis of this event (Haldoupis, 1978) Show: (1) that the Signal during the
latter time interval is dominated by strong specular components and exhibits
slow and quasi-periodic fading as compared t0 the rapid fading Observed für
the former, and (2) the power spectrum associated with the 600—800 s part
of the sequence is fairly narrow, with a small number of equally strong peaks
grouped together in a narrow frequency band centered at about 85 Hz (300 m/s
radial Speed), in contrast t0 the broad type of spectrum corresponding t0 the
initial time interval from 0 t0 600 s. The above evidence suggests that a different
type of irregularity may be reSponsible for the scattering in each time interval.

Usually, occurrences of constant frequency shift are Observed only für rela-
tively short intervals of time (ES min) associated with the ion-acoustic type
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corresponding t0 northward-moving ion acoustic waves, as shown in Fig. 6D

of echoes. At such times, the Doppler shift remains almost constant (never
exceeding „140 Hz for the transmitted frequency of 42 MHz) even when the
amplitude Shows appreciable changes (Haldoupis and Sofko, 1978 b). Reports
of the occurrence of an almost constant velocity associated with ion-acoustic
echoes, which are believed t0 be caused by longitudinal plasma density waves
generated by the two-stream instability mechanism (Farley, 1963), have been
made for both the auroral (Hofstee and Forsyth, 1969; Balsley and Ecklund,
1972; Haldoupis and Sofko, 1978b; Moorcroft and Tsunoda, 1978) and the
equatorial (Farläy and Balsley, 1973) ionospheres. Since this constant velocity
is not predicted by the linearized theory, various non-linear theories have been
developed (Sato, 1976 and references therein) t0 explain this saturation effect.
The evidence presented in this paper suggests that the mechanism which imposes
an upper limit t0 the velocity of this type of irregularities does not necessarily
impose a similar limitation on the scattering cross-section.

A last example is presented in Fig. 5. The first third of the amplitude record
consists of three sequential, relatively streng Signal bursts of different strength
and duration. These backscatter bursts presumably are due t0 the develoPment
of three different irregularity structures, as can be seen by comparing the ampli—
tude and mean frequency variations. For example, the first burst (_the weakest
and shortest in duration) displays the largest DOppler shift and is due t0 scatter-
ing from irregularities moving northwards with speeds near the ion-acoustic
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speed in the medium. On the other hand, the third burst (the strongest and
longest lived) displays relatively small deviations in frequency about zero shift
level. It should be noted that, in all these bursts, sudden changes in amplitude
are always accompanied by variations in the mean frequency shift.

The last two-thirds (from 380—1,000 s) of the sequence shown in Fig. 5a
would represent a continuous smooth amplitude variation if the superimposed
short lived narrow peaks (marked with ‘X’ in Fig. 5) were not present. Inspection
of the corresponding DOppler shift sequence in Fig. 5b Shows that the mean
frequency shift changes slowly with time (presumably due t0 a slowly increasing
southward drift) except when the short lived echoes dominate the scatter. These
echoes are associated with sudden northward relative motions likely caused
by a different type of irregularity.

Examination of averaged Doppler Spectra associated with different portions
of the time sequences in Fig. 5 reveals several different Doppler spectral types.
Samples of these Doppler spectra are plotted in Fig. 6; each averaged spectrum
is marked with the same capital letter that corresponds t0 a segment of mean
amplitude and frequency Shift in Fig. 5. Spectrum A in Fig. 6 Shows that the
first Signal burst in Fig. Sa has a relatively narrow spectrum confined t0 a
frequency shift range which corresponds t0 the ion-acoustic velocity range in
the auroral plasma; on the other hand, the Doppler spectrum B in Fig. 6
associated with part of the strongest Signal burst in Fig. 5a is very broad and
centered close t0 zero shift. Comparison of the sequential spectra C, D and
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E in Fig. 6 with Fig. 5 reinforces the suggestion, stated in the previous paragraph,
that the shortlived peaks (marked with ‘X’) are caused by a type of scattering
irregularity which differs from the one before and after these peaks. Figure 6D
indicates clearly that for a short period of time ( N20—30 s) a northward—moving
group of irregularities develops with velocities confined to a narrow range
(N 350—500 m/s) near the ion-acoustic velocity range in the medium. These irreg-
ularities cause the sudden increase observed in the Signal strength as well as
the abrupt change in the mean Doppler shift; in Fig. 6C and D the broad
spectral background centered close to zero shift position likely is caused by
a different type of scatterers.

Discussion

The radio aurora is closely related to the magnetic substorms and in particular
to the auroral electrojet current system (Tsunoda et al., 1976). Good spatial
relationship between the radio aurora and the electrojet currents has been verified
by experimental results, based on simultaneous radar scatter and ground magne-
tograms, obtained by various researchers (Greenwald et al.‚ 1973; Ecklund et al.‚
1974; McDiarmid et al.‚ 1976). This is in agreement with growing evidence
that the auroral electrojet current represents the primary source of energy
which sustains, through turbulent mixing and/or plasma instability mechanisms,
the auroral scatterers. Studies by Gray and Ecklund (1974), Greenwald et a1.
(1975), and Czechowsky and Lange-Hesse (1970) have shown that at times
the scatter amplitude is linearly related to the electrojet current intensity as
deduced from ground-based magnetometers. A rough comparison between the
chart-recorded signal strength records of our backseatter system and Saskatoon
magnetograms shows that the radio backscatter is always accompanied by geo-
magnetic activity and that usually, but not always, there is a direot relationship
between the strength and duration of the received echoes and those of the
magnetic perturbations.

The most decisive reeent experiment relating radio aurora to ionospheric
parameters was the eomparison by Siren et al. (1977) of the 50 MHZ Anchorage
coherent backscatter amplitude with electric fields and height-integrated current
flow inferred frorn Chatanika incoherent scatter measurements of electron density
and ion drift. The results indicate a linear relationship between the electrojet
ourrent magnitude and backscatter amplitude, the slope remaining constant
whether the current is eastward or westward. A linear relationship was also
found to hold between the north—south electric field strength and the echo
amplitude, although threshold values of 25 mV/m northward and 10 mV/m
southward had to be exceeded before the onset of instabilities in the eastward
and westward eleotrojets respectively. Assuming that these results apply also
to the 42 MHz Saskatoon Doppler system (which receives echoes from the
L—Value range 5.6—6.5 whereas Chatanika is at LN5.7)‚ the present results indi-
Cating a close relationship between amplitude and mean Doppler shift imply
that the mean drift motion of the scatterers is determined by the electrojet

I

current and/or the electric field.
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At the present time it is believed that most of the radio auroral irregularities
are generated by plasma instability mechanisms (basically the two-stream and
the gradient-drift instabilities) which are current-associated since they require
a certain relative electron-ion drift t0 exist in order for the plasma density
waves t0 develop. The existing instability theories predict that the generated
primary plasma waves propagate in the direetion of the electron drift with
a phase velocity Close t0 the electron drift veloeity, which itself is associated
with the existing current system presumably present in the seattering region.
Sudan et al. (1973a) used a nonlinear approach t0 show that when primary
plasma wave irregularities (predieted by linear theory) are generated along the
main electron drift, smaller scale secondary plasma waves may beeome unstable
and propagate in directions centered about the perpendicular t0 the primary
plasma waves. The phase velocity of the secondary waves depends again on
the electron-ion drift velocity and the amplitude A(A:AN/N) of the primary
wave. The plasma wave scatterers are strongly anisotropie spatially periodic
structures of ionization, and cause coherent weak scattering of the incident
radio waves if the plasma waves propagating along the radio wave line—of—sight
have a wavelength equal t0 half the radio wavelength (Flood, 1967). Generally,
for the case of plasma wave scatterers, it is believed that the relative electron-ion
drift velocity is an important factor in determining not only the Doppler shift
in frequency but also the strength of the scatterers as well (Farley, 1963; Unwin
and Knox, 1971).

Very clear evidence of ion-acoustic waves has been presented in this paper.
The results of Figs. 2 and 3 in the 300—500 s period („0530 CST) labelled ‘B’
and ‘C’, and the 0—55 s interval labelled ‘A’ in Figs. 5 and 6 (NOOOO CST)
clearly show evidence of ion-acoustic echoes associated with northward motions,
while the 600—800 s interval in Fig. 4 (N0056 CST) ShOWS an ion-acoustic event
assoeiated with southward motion. The latter case is interesting sinee it suggests
that the mean Doppler shift exhibits saturation but the amplitude does not.
This agrees well with the observations by Siren et al. (1977) that n0 saturation
is observed in echo amplitude with current or electric field strength, whereas
many measurements (e.g., Hofstee and Forsyth, 1969; Haldoupis and Sofko,
1978 b) have shown that the ion-acoustie velocity forms a limit t0 the two—stream
instability echoes observed. The development of a brief northward moving ion—
acoustic scatterer group in conjunction with a longer-lived broad speetrum
is illustrated in the sections of Figs. 5 and 6 labelled C, D, and E.

Finally we mention briefly that some of the results presented suggest the
possibility of irregularities other than those having a‚well defined wavelike
structure (e.g., a random assembly of field-aligned short-lived blobs of ioniza-
tion). In particular, the broad spectra of Fig. 3 assoeiated with northward mean
motions in the intervals A, D, and E in Fig. 2, and the broad spectra of Fig. 6
assoeiated with southward mean motions in the intervals C, D, and E in Fig. 5,
would seem t0 fall into this category. The possibility exists that a turbulent
electrojet subject t0 inhomogeneous particle precipitation and rapidly Changing
eleetric fields may play an important role in generating and sustaining sueh
an assembly of irregular scatterers. According to Sato (1968) the irregularities
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in a highly turbulent electrojet cannot be recognized as having the form of
plasma waves. For the above case a theoretical relationship between the electrojet
intensity and the mean frequency and amplitude of the backscattered signal
is not known (if there is such a relationship, it must be rather complicated).
According to Holtet (1973), the mean drift velocity (mean Doppler shift) of
an assembly of weak irregularities is determined mainly by the existing large
scale DC electric field present; this mean drift is in the same direction as
the electrojet current under the assumption that the Hall conductivity dominates
over the Pedersen conductivity (which is a well observed fact for the auroral
regions, particularly for the westward electrojet, e. g., Kamide and Brekke, 1977;
Horwitz et al., 1978). Egeland (1973), in explaining the variation of mean Doppler
shift with azimuth angle (for a steerable antenna) or time of oocurrence (for
a fixed antenna), suggested that the echoes are the result of irregular ionization
blobs drifting along the electrojet so that the mean Doppler shift would be
the drift velocity of the irregularities times the cosine of the angle between
the radio beam and the direction of the electrojet. If this is the case the direction
of the electrojet relative to the radio beam is very important in determining
the observed Doppler shift of the received echoes.

The electrojet dimensions (or spatial extent) may well have a direct effect
on the population of scatterers and the degree of spatial uniformity in their
motion. Also, the location of the electrojet with respect to the radio beam and
the earth’s magnetic field lines is very important for the strength of the radio
scatter since it may affeet drastically the aspect sensitivity of the echoes. For
example, it is a common observation of our system that the early evening
period is characterized by few, if any, echoes and that these echoes are weak.
Maximum echo occurrence frequency takes place in the early morning hours
when also the strongest signals are received. This may well be because of the
position of the electrojet with respect to the optimum aspect sensitivity location
for our system. At a scatterer height of 110 km, the aspect angle varies from
about 97° to 93.5° as the echo range goes from 400 to 700 km. At a scatterer
height of 90 km, however, the aspeet angle is somewhat improved, going from
94° to 92° over the range 400 to 750 km. A Characteristic difference in ionospheric
altitude between the eastward electrojet in the evening sector and the westward
eleotrojet in the morning sector was measured by Kamide and Brekke (1977);
using the Chatanika ineoherent scatter facility, they found that the eastward
eleotrojet in the evening sector and the predominantly westward current system
in the morning sector are located at approximately 120 and 100 km respectively,
with the latter system showing much more variability. Thus, morning echoes
from lower heights are optimal for our system if the scatterers are aspeot sensi-
tive.

According to the above discussion one may argue that the auroral eleetrojet
plays a basic role in the creation, strength and the motion of the soattering
irregularities. Presumably changes in the intensity of the current system (mainly
due to the fluctuations in electron density and/or local electric fields) and in
its dimensions and location cause the modulation observed in the mean ampli-
tude and frequency of the radio echoes. In addition to the electrojet, the type
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of soatterer (e.g. a random assembly of numerous field aligned inhomogeneities
or spatially periodic plasma wave scatterers) has an important effect on the
amplitude-frequency relationship.

Conclusions

By using two linear demodulation units (an envelope and a frequeney detector),
simultaneous long period variations of the mean amplitude and frequency of
the seattered Signal have been investigated. The experimental evidence suggests
that a eommon mechanism modulates both the average velocity (related to
the mean Doppler shift) and the scattering eross-section (related to the Signal
strength) of the scattering, irregularities. Although it was found that sudden
Changes in the signal strength are accompanied by well-defined Changes in the
mean Doppler shift, the overall relationship between the two variations is not
a straightforward one. It was shown that the nature of the irregularities (i.e.,
the type of scattering mechanism) plays an important role in dictating the
observed amplitude and frequency variations. For example, the evidence
suggested that occasionally a physical process operates in the auroral plasma
to impose an upper limit to the speed (and therefore the Doppler shift) of
eertain scatterers without limiting their scattering eross-section. Examination
of coneurrent averaged Doppler spectra indicated that this Situation is observed
usually with narrow ion-aooustiC-type spectra. By assuming that the results
of Siren et a1. (1977) which show a linear relationship between 50 MHz baekscat-
ter amplitude and both the electrojet current and electric field (beyond the
threshold values) over Chatanika (LN5.7) are applicable to the Saskatoon
42 MHz Doppler system (echoes from L:5.6 to 6.5), the Close relationship
between amplitude and mean Doppler shift for the (42 MHz) backscatter implies
the common mechanism which ‘modulates’ both these quantities is either the
eleotrojet current or the electric field or both. It was argued that changes in
the strength, direction, dimensions and location of the flowing electrojet current
system could be causing the long term variations observed in the amplitude
and frequency of the auroral seatter.
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Overnight Statistical Variation
of the North-South Movements
of Radio Auroral Irregularities

C.I. Haldoupis* and G.J. Sofko
Institute of Space and Atmospheric Studies, Department of Physics, University of Saskatchewan,
Saskatoon, Saskatchewan, S7N OWO, Canada

Abstract. The average overnight variation of the north-south mean move-
ments of the auroral seatterers at 42 MHz has been determined by using
mean Doppler shift Chart recordings from 24 radio auroral events of different
strength and duration. On the average, the seattering irregularities move
equatorward before local magnetic midnight and poleward in the morning
sector (after about 0200 CST). During the transition period when the motion
reversal occurs, the mean Doppler shift values are less stable and can vary
rapidly between positive and negative. For individual events the exact over—
night variation and the time of motion reversal vary, possibly because of
differences between events in the level of geomagnetie activity. It is argued
that the overnight east-west eomponent of the electrie field variations in
conjunction with both the meridional eomponent of the electrojet current
systems, in the evening and morning seetors, and in particular the Harang
discontinuity, up until midnight, play the deciding role in determining the
observed north-south movements of the irregularities.

Key words: Doppler shifts — Radio auroral motions — Auroral electrojets
— Hall currents — Scatterers.

Introduction

Recent experimental studies using VHF baekscatter radars and ground magneto-
grams from a number of stations beneath the scattering region ShOW that there
is good spatial correlation between the radio aurora and the auroral electrojets
(Ecklund et al.‚ 1977; Greenwald et 211., 1973; McDiarmid et al.‚ 1976). This
Observation is in agreement with growing evidence that the auroral irregularities
which cause the scattering are closely assoeiated with the auroral electrojets
through either the plasma instabilities or turbulent mixing or particle precipita-
* Present address: Physics Department, University of Crete, Iraklion, Crete, Greece

0340-062X/79/0046/0077/SOZ.20
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tion occurring in conjunction with the electrojets. According t0 Greenwald
et al., 1975b, the irregularities causing the backscatter appear t0 be acting
as tracers of the flowing currents. Other observations suggest that the radio
aurora is closely associated with ambient DC electric fields which are believed
t0 be of magnetospheric origin (Unwin and Knox, 1971; Tsunoda, 1975; Tsu-
noda and Presnell, 1976). The ambient DC electric field vector seems t0 be
the main parameter which dictates both the particle velocity associated with
the electrojets and the motion of the auroral irregularities (Holtet, 1973; Cze-
chowsky, 1974; Ecklund et a1., 1977).

A Doppler radio-wave system can measure the line-of-sight movements of
the scattering irregularities and therefore may be used t0 deduce useful informa-
tion about the auroral zone currents and ionospheric electric fields. A pulsed
radar is better suited t0 the task than a continuous wave (CW) radio system,
since the pulses provide information about both the echo intensity and the
Doppler shift variations as a function of range. A CW Doppler system gives
a Doppler spectrum which represents the average motions over the total, aspect
sensitive, scattering volume.

During the last 20 years there have been several Doppler investigations
of the radio auroral ionosphere which yielded considerable, although sometimes
contradictory, information about the motions as well as the scattering mecha-
nisms (for references before 1975 see Greenwald et al., 1975a; later references
are: Tsunoda, 1975; Haldoupis and Sofko, 1976; Moorcroft and Tsunoda,
1978; Greenwald et al., 1978). Most of these studies were based on a limited
number of events and limited sections of the auroral time sector. In the present
paper, the systematic overnight behaviour of the drift motion of the auroral
irregularities along the north—south direction is presented. According t0 Tsunoda
and Fremouw (1976), poleward and equatorward movements are the most com-
mon characteristic observed in radar aurora. The results presented here are
based on data from 24 auroral events of different strength and duration.

Experimental Details and Results

The observing system is a VHF bistatic radio Doppler system located near
Saskatoon, Canada (geographic coordinates: 52° N, 106.5°W; geomagnetic
coordinates: 60° N, 49° W). The transmitter, which generates a CW Signal at
42.1 MHz, is separated by 35 km from the receiving site, roughly along the
east-west direction. The transmitting and receiving 5-element Yagi antennas
are fixed in position pointing northward along the geomagnetio meridian. Because
of the low transmitted power (N40 W), the scatter observation period is limited
t0 the period (usually from 2100 t0 0800 CST or 0300 t0 1400 UT) when
the strongest radio auroral conditions are present. At the receiving site a weak
ground wave received directly from the transmitter is passed through a VHF
phase-locked-loop incorporating a stable 1562 Hz audio oscillator, thereby pro—
ducing a stable reference signal shifted exactly 1,562 Hz from the transmitted
wave. The reference signal is mixed with the backscatter t0 produce an audio
output centered at 1,562 Hz. This output is recorded on an analog magnetic
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Fig. l. Two typical examples of continuous chart recordings of mean Doppler shift variations
of 42 MHZ auroral backscatter due t0 the north-south movements of the scatterers. The horizontal
axis represents local time (American Central Standard Time, CST)

tapedeck, and the tapes are analyzed using a Hewlett Packard Fourier Analyzer
System.

The data used in this study was obtained by feeding the system output
through a simple analog device, a frequency demodulator, t0 an Esterline Angus
pen—recorder. This arrangement provided information on the mean Doppler
shifts (or alternatively the mean radial motions) on a continuous 24-h basis.
Tests of the demodulator performance, by comparison with independent spectral
analysis of the simultaneously recorded tape data, have shown that this demodu—
lator unit can provide a reliable estimate of the mean Doppler shift variations
with time. More details about the experimental system and the characteristics
of the frequency demodulator are given by Haldoupis et a1. (1978).

The results presented in this paper are based on mean Doppler shift chart-
recordings from 24 backscatter events of different strength and duration which
occurred from April 15 to August 30, 1977. Two typical examples of mean
Doppler shift pen-recordings corresponding t0 two different events are shown
in Fig. l. Since both the transmitting and receiving antennas were pointing
towards geomagnetic north, the observed mean Doppler shifts in frequency
reflect, approximately, the equatorward and poleward movements of the auroral
ionization (notice that positive shifts in Fig. l are caused by southward motions).
In sampling the reeords, a relatively large sampling interval, At=5 min, was
used throughout all recorded events. As a result, the ‘fine structure’ seen in
the original pen-recordings (Fig. l) and the strong short-lived spikes, usually
due to the ion-aeoustic type of echoes (Haldoupis and Sofko, 1978) lasting
for about 1 to 3 min, are smoothed out in the results presented in Fig. 2.

Figure 2 illustrates the overnight variation of the mean frequency shift for
four different events (the event of May 1—2, 1977 lasted for about 15 h and
was the longest recorded in the present work). It can be seen from Fig. 2
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that there is general agreement in the pattern of the overnight mean Doppler
shift for all these events. It is clear that positive mean shifts (equatorward
motions) are generally present before local midnight while negative shifts domi-
nate the morning sector of the events. In addition to these two distinet periods,
there is also a transition period (which can occur anywhere from about 2330
to 0330 CST) when the reversal of motion occurs. The exact time of reversal
depends upon the particular auroral event (for example the reversal occurred
at „2330 CST for the July 28—29 event and at „0230 CST for the May 1—2
event), but usually occurs between 0100 and 0300 CST. During the above
transition period, the mean Doppler shift values are less stable and sometimes
vary rapidly between positive and negative values. It has also been observed,
by comparison with simultaneous Signal strength chart recordings, that the
echoes are weak, or disappear completely, during the transition of the mean
Doppler shift from positive to negative values.

The morning sectors of the events are associated with radio echoes having,
on the average, the most stable mean dynamic characteristies (e.g., mean DOppler
shift and spectral width). Also it is during the morning period that the largest
mean Doppler shifts (eorresponding to about 700 m/s northward motions) are
occasionally seen. From spectral analysis of the tape-recorded data (Haldoupis
and Sofko, 1976; Haldoupis, 1978), it has been found that the speetral width
is greater in the post-midnight period than before and around midnight. This
is illustrated in Fig. 3 where samples of Doppler speetra received during the
night of 4—5 August, 1975 are plotted in time sequence. From the inerease
in speetral breadth as the event proceeds in time, it ean be inferred that the
population of moving scatterers and the randomness in their motion inereases
especially after about loeal magnetie midnight (0200 CST). These observations,
whieh agree with the result of Mooreroft and Tsunoda (1978), Show that the
parameters and dynamic Charaeteristics of the auroral plasma are different in
the morning seetor than in the pre-midnight observation periods.
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The results of comprehensive statistical treatment of the data are presented
in Figs. 4 and 5. Figure 4 illustrates the average overnight variation of the
mean Deppler shifts based on data from all the events examined. The bars
represent the standard deviation of the mean frequency shifts. This figure sug-
gests that the time interval when the reversal of motion occurs extends from
00 t0 03 h CST. Another interesting feature in Fig. 4 is the exact time when
the reversal of the mean Doppler shifts occurs on the average; this is between
01 and 02 CST, close t0 the local magnetic midnight („0140 CST at Saskatoon).
Other points t0 notice in Fig. 4 are: (l) the relative spread is greater during
the transition period (which means that the uncertainty of the mean Doppler



82 C.I. Haldoupis and (3.]. Sefke

Mean Radio! Velocity, m/s
560 250 o 4250 am 550 250 o -2Bo -5so

I I I I : l ‘I—FI ’r I—I I : I T I I
I5th . —(D I 22-23 CST ® 03 -o4e5T

4D- I -
I 030— E] m -

20— NOI’Ih SOUII'I ‚_

I
Iso — . —® I 23-24CST ® 04-05 CST

m OO-OICST '" 05-0505T
0J3 40 —
T: 50 ..
>

zu —
'Um Io —
2
Er;

O I I I I I I
‚n 50— : _
0 ® = OI—OZCST ® 06-O7C5‘I’
lho
L-
1|
.D
E
J
Z I

5°- ® 5 02-03 c3'r ‘ 07-08631
4o- E _
so- -
20— _
'0 - ' Fig. 5. I-IistOgrams (based on data
° u ‘ from 24 events) Showing theI I I I I I

-5 -l - 0 4 OI I60 -I -I -80 40 O 40 80 I20 I60 - - -' a 20'” 4° 0 B 2° 6° 2° dlStI‘IbutI'I of the mean Doppler
Mean Doppler Shifl, Hz shift in sequential one—hour intervals

shift position is larger), and (2) the mean frequency shifts are generally larger
during the morning than the premidnight sector.

Figure 5 illustrates in a different form the statistical behavior of the mean
frequeney shift (or mean n0rth-south motion of irregularities) for sequential
one heur intervals of observation time. The radio scatter period (from 2200
t0 0800 CST) is divided in 10 equal one-hour intervals and the mean Doppler
shifts Observed during these hour intervals, for all the, events, are plotted in
histogram form. Figure 5 Shows clearly the increasing preference for negative
shifts (northward motions) as the event proceeds in time from the premidnight
t0 postmidnight sector. As can be seen from the histograms numbered 4 and
5, positive and negative shifts are equally probable during the transition time
interval between 01 and 03 CST.

Interpretation and Discussion

The observed overnight variation of mean Doppler shifts due t0 the north-south
motions ef the auroral ionization cannot be explained from the present results
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alone. Simultaneous information about the auroral electrojet currents (which
can be inferred from magnetometer records at auroral latitudes), the electric
fields, as well as the range distribution of the received records is required.
Unfortunately in the present experiment none of these are available. For this
reason the following discussion relies on observations, reported by other workers,
which demonstrate a close relationship between radio aurora, auroral electrojets
and electric fields.

If we accept the premise that the auroral irregularities which cause the
scattering of VHF waves are weak scatterers (associated with electron density
fluctuations, AN/N, of a few percent), then the theory developed by Kato (1963)
about the drift motion of an assembly of weak irregularities may apply. Accord-
ing t0 Kato, the mean propagation velocity of weak electron density irregularities
in the ionospheric plasma, where an electric field E is present perpendicular
t0 the earth’s magnetic field B, is given by

1 E><B
—1+v v/coBewBi B2en 1n

‚ (1)

where vem vin are the electron and ion collision frequencies and, (03€, 6013i are
the electron and ion gyrofrequencies. Thus, the mean drift motion observed
in the present results could be an ExB Hall drift motion due t0 an electric
field in the east-west direction (presumably the antenna orientation does not
allow the observation of east-west motions). It is worth mentioning that V
in Eq. (1) is the same as the phase velocity of plasma wave irregularities (two-
stream or gradient-drift) predicted by the linearized theory [Sudan et al., 1973,
their Eq. (12)], under the assumption that the electron-ion drift velocity Vd
is equal t0 E >< B/B2 Hall motion.

Recent results reported by Ecklund et a1. (1977) (based on simultaneous
observations of plasma drifts and associated electric fields) support strongly
the E >< B motion of auroral irregularities along the electron drift motion. Cze-
chowsky (1974) has explained his overnight Doppler shift observations along
the north-south direction, made in northern Germany and Scandinavia, by
considering E><B drift motion of field-aligned electron inhomogeneities; he
also concluded that the electric field is the most important factor in producing
the irregularity drifts observed in auroral regions.

According t0 the above 1ine of reasoning, the variations of the observed
mean Doppler shifts should follow closely any variations of the east-west com-
ponent of the electric field. In other words, the southward motions seen before
magnetic midnight are due t0 a relatively strong westward component of the
electric field. This field component weakens as the event proceeds in time and
the mean Doppler shift decreases. Eventually the westward component reverses
into an eastward oriented field responsible for the observed northward motions
in the morning sector. Presumably, the exact variation of the field (strength
and time of reversal) depends upon the magnetic activity for that particular
auroral event and geomagnetic location. It should be mentioned that the term
‘electric fields’ is taken t0 mean large scale DC auroral electric fields presumably
of magnetospheric origin (Holtet, 1973).
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The above explanation, based on the E >< B irregularity motion, is supported
by the experimental results of Mozer and Lucht (1974). They have found average
diurnal variations of auroral electric fields by using electric field data obtained
by the flight of 32 balloons at auroral latitude locations in western Canada
and Alaska. The overnight behavior of the east-west component of the electric
field in heir results follows a oonsistent variation, being westward before mid-
night and changing into eastward later in the morning. It was also found
that the strength increases as the geomagnetic activity increases.

Another observation which seems to be Closely related to the existence of
an eastward electric field at auroral zone latitudes in the morning sector was
made by Rostoker and Hron (1975). By using a meridian 1in6 of magnetometers
they have pointed out that in the dawn sector there exists an equatorward
electrojet causing positive bias in the D component of the magnetometer due
to northward electron motion. Hughes and Rostoker (1977) have investigated
further this equatorward Hall current in the morning sector and suggested
that it flows through the lower latitude ionosphere and into the postnoon auroral
oval where it diverges up the field lines. The fact that the average eastward
electric field (observed by Mozer and Lucht, 1974), the equatorward—flowing
Hall current (observed by Rostoker and Hron, 1975) and the average poleward
drift motions observed in the present results occur about the same time (morning
sector) suggests strongly an interrelation between these phenomena.

Kamide et a1. [1976a) have shown, by using the incoherent scatter radar
in Chatanika, Alaska, that the auroral current system has a northward com-
ponent in the evening sector and a southward component in the morning
sector. Zmuda and Armstrong (1974) have established that the electrojets are
associated with a pair of field-aligned sheet currents. In the evening, the flow
is into the ionosphere on the equatorward side of the auroral oval and out
of the ionosphere on the poleward side; the current directions are reversed
in the morning pair, while either pair can appear in the transitional sector
around midnight. Also Kamide et a1. (1976 b) have observed, by using ground
and satellite data, that the horizontal auroral electrojet in the morning sector
flows southwestward so that the ‘westward electrojet’ (a comrnon term used
for the auroral current regime in the morning sector) has in reality a large
southward component. Now, taking into consideration that: (l) the: electron
drift motion is nearly opposite to the electrojet direction, assuming the Hall
conductivity dominates, and (2) that the motion of the soattering irregularities
as observed from the ground is the ionospheric Hall electron drift (Ecklund
et al., 1977), it is clear that the mean motions presented in this paper are
oonsistent with the above observations of the meridional motion components
at the electrojet current system. This suggests that the electrojets play an impor-
tant role in generating the scattering irregularities and controlling their motion.
This is consistent with the basic assumptions of the various plasma instability
mechanisms which have been proposed for the auroral plasma (Greenwald
et al., 1975b).

A strong possibility exists that the premagnetic midnight echoes associated
with southward motions originate from the Harang discontinuity (HD). This
is the dynamic transition boundary between the eastward electrojet in the evening
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seetor and the westward electrojet in the morning seetor and may occur from
2000 MLT to magnetic midnight (Heppner, 1972) and may in fact ‘jump”
in longitude during a substorm (Horwitz et al.‚ 1978). The HD, which is a
highly turbulent region associated with a southward convective flow (Chen
and Rostoker, 1974) may play an important role in the generation of southward
moving scatterers. Another important observation which supports southward
motions in this region is the westward orientation of the electric field (Maynard,
1974). Kamide et al. (1976 b) suggest that the Hall conduetivity is larger than
the Pedersen conduetivity at the HD, (as is true for the westward electrojet
in general (Kamide and Brekke, 1977)) so that the northward ionospherie eur-
rent (due to E >< B southward electron drifts) prevails in the vicinity of the HD.

From the above, under the basic assumption that the dominant ionization
movements are Ex B Hall motions, it is clear that mean Doppler shift measure-
ments of north-south auroral motions are useful in estimating the mean east-west
component of the auroral electric field. Sinee the effect of neutral winds is
negligible (Sudan et al.‚ 1973) compared to the electric field motions, a simple
equation for estimating the east-west mean electric field is given by

Emy 2: 5.56 >< 10—2 m, (mV/m), (2)
where positive x and y are along the geomagnetio north and west respectively
and m is the north-south mean Doppler velocity [Eq. (2) is obtained from
Eq. (l) by substituting |B| 2 5.5 x 104 Wb/m2 and ven vin/coBe 6013i 210—2]. From
Eq. (2) and Fig. 4 it can be shown that the average east-west component
of the electric field takes values in the range of about i 15 mV/m; this agrees
with the agerage east-west electric field values observed by Mozer and Lucht
(1974).

Conclusions

The results of this study show, on the average, a well-defined overnight variation
of the mean motions of the auroral ionization along the north-south direetion.
Positive mean frequency shifts (due to equatorward motion) are generally present
before local midnight while negative shifts (northward motions) dominate the
morning seetor of the events. The reversal of motion occurs during a transition
period around loeal magnetic midnight. During this period, when the mean
drift veloeity along the line-of-sight goes to zero, the echoes are very weak
or disappear eompletely; also the mean Doppler shift values are less stable
and can vary rapidly between positive and negative.

Sinee there was not any direot information about other physieal quantities
(e.g.‚ large scale electric fields, electrojet eurrents) which are believed to be
related Closely to radio auroral motions, interpretation of the above measure-
ments was based on results reported by other investigations. The results suggest
that the meridional motion components of the electrojet ourrent system, in
the evening and morning hours, and the Harang discontinuity, in the midnight-
evening sector, play an important role in the generation and motion of the
seattering irregularities. Based on the principle that the line-of-sight radio auroral
Doppler velocities in the north—south direetion are due to Hall drifts, sueh
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velocities are a continuous source of information about the average east-west
auroral electric fields. The present results ShOW that this mean east-west field
component varies between N 15 mV/m eastward a few hours before magnetic
midnight and N 15 mV/m westward a few hours after magnetic midnight.
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Institute of Geophysics and Planetary Physics University of California, Los Angeles, USA

Abstract. Estimates of Q of mode 0S0 as measured after the Chilean (1960)
and Alaskan (1964) earthquakes showed large scatter. The Indonesian quake ‘

of August 19, 1977, has provided a new opportunity t0 determine the attenua-
tion factor for oSo. Time lapse spectra of a priori selected high quality data
were analyzed using a maximum-likelihood method and Ricean statistics.
Data from South Pole and Los Angeles gave Q values of 6324(1i21%)
and 6859(1 i 17%) respectively. Taken together the result is 6687(1 i 13%).

Key words: Q-OSO-Time lapse spectra — Maximum Likelihood Method —
Ricean statistics.

Introduction

The value of Q for the purely radial mode of free oscillation oSO should be
one of the most reliable of physical quantities for the earth. It is uncontaminated
by the effects either of the earth’s rotation or of asymmetries in the earth’s
internal constitution. Furthermore its value appears t0 be high, so its signal
persists for an extremely long time. Despite these attractive features, it has
only been observed infrequently and the values of Q reported for this mode
have a wide variation.

Until recently, analysis of mode 0S0 has foeussed on recordings made from
only two earthquakes, the great Chilean ( 1960) and Alaskan (1964) earthquakes.

* Publication n0. 1977, Institute of Geophysics and Planetary Physics, University of California,
Los Angeles, CA 90024, USA
Contribution N0. 176, Geophysical Institute University of Karlsruhe, Hertzstr. 16, D-7500 Karlsruhe,
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1 Present address: Geowissenschaftliches Gemeinschaftsobservatorium, Universitäten Karlsruhe/
Stuttgart, Heubach 206, D 7620 Wolfach, Federal Republic of Germany

Present address: Department of Physics, California Institute of Technology, Pasadena, CA
91125, USA
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Table l. Values of Q for oSO for Alaska and Chilean Earthquakes

Q Author Earthquake — Station

> 7,500 Ness et a1. (1961)
4

Chile (1960) — UCLA
900 Smith (1961) Chile (1960) — Isabella

> 25,000 Slichter et a1. (1966) Alaska (1964) — UCLA
13,000i2‚000 Slichter (1967) Alaska (1964) — UCLA
4,229 -_I- 5% Sailor and Dziewonski (1978) Alaska (1964) — UCLA4
3,996i 11% Sailor and Dziewonski (1978) Alaska (1964) — UCLA7

Values of Q for this mode have been reported as listed in Table 1. Most of
these analyses have been made from recordings made on the UCLA gravimeters/
ultra-long period seismometers. For both earthquakes, analyses of these reeords
made by measuring the spectral amplitude in each of several time-lapsed inter-
vals, give values on the order of thousands. The much lower value by Smith
was Obtained from the spectral line shape, eoincidentally from the only record
in the list not taken at UCLA; we have performed a subsequent analysis which
shows that the line will be broadened t0 Smith’s value, if Q is of the order
of thousands and account is taken of the sinx/x transform of the record window.
The variation among the high values may be attributable t0 significant power
input from even small amounts of aftershoeks and from major glitehes due
t0 instrumental defects. Further, Sailor and Dziewonski (1978) have selectively
rejected a number of estimates for some of the lagged points on a posteriori
grounds; among the points rejected are those with the largest spectral amplitudes.

A new illustration of the variability of determinations of Q for this mode
is given by Buland et a1. (1979). Indicated Q values for five reeords of the
Sumbawa earthquake of August 19, 1977, range from 2950 t0 8090. The result
of stacking all five records yielded a Q of 4100. The possibility continues t0
exist, in View of the large variation in values of Q, that all are compatible
with each other within rather large error bounds. If this is the case, the problem
of Q for 0SO is therefore reducible t0 one in which the identifiable errors are
minimized; this, in turn, implies that we be able t0 compute the size of the
residual error and test whether the values reported earlier are consistent.

II. Data and Analysis

As with Buland et a1. (1979), the Indonesian earthquake of August 19, 1977,
provided a rare opportunity t0 detect the radial mode of lowest order 050
in a relatively undisturbed condition. Our data were colleeted with the ultra-long
period seismometers (Nakanishi et a1., 1976) in Operation at the South Pole
(SPA) and at UCLA (LMS). This earthquake, occurred at coordinates 11.1°S‚
118.5°E., h:20 km and origin time 06:08:55.2 UT and had a surface wave
magnitude of 7.9, all data from PDE.

The output of the seismometer, as described in Nakanishi et a1., (1979)
is analog filtered in the pass band 270 s t0 7200 s at the 3db points t0 suppress
the diurnal and semi-diurnal tides at the long period end and t0 suppress
large amplitude surface waves at periods around 20 t0 30 s. The filtered output
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is sampled at 10 s intervals and recorded digitally. The records eontain several
large aftershocks and 0ther large earthquakes as well as some unexplained
glitehes whieh are of instrumental origin. Only stretehes of data without identifi-
able glitehes er other interruptions were used in the data analysis. N0 deglitching
was applied Io Ehe data. After this a priori selection of the raw seismographie
data, n0 further selection has been applied. The preceding three sentences de—
scribe the basic differences between the present work and the preeeding.

We have chosen a reeord length of 16,200 sample points of 45 h for eaeh
nf the reeord segments t0 be analyzed. This number is appropriate for use
with Singleton’s Fast Fourier Transform since 16200=23 >< 34 >< 52. Further. the
effeet of the periodicity of „SO incommensurate with the reeord length is minim-
ized. The nominal period of „SO is 2.93246 Cph or a period of 1227.64 s=
20.4606 min. The error in amplitudes due t0 the faet that 162000 s is 131.961 eyeles
of „SO rather than an integral number of cycles is

_sin 2n(0.039) 210m 12a(0.039) / ( )

The record length is sufficiently long t0 resolve „So frorn „S5. The contribution
of (‚55 t0 amplitudes of oSO from a similar sinx/x ealeulation is at most 2%.
The rapid decay üf „85 eompared with „S,D helps make this error small after
twe days (Fig. l).
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Table 2. Time lapse spectral estimates for 05°. (Note that start time is measured from 21 h 20 min
on August 19, 1977, i.e., more than 15 h after the quake; each record length:45 h)

Start time oSo Amplitude Noise Level Start Time oSo Amplitude Noise Level
(hours) (mV/cph) (mV/Cph) (hours) (mV/cph) (mV/cph)

South Pole UCLA

0 9.1368 1.5 40.00 10.304 1.2
80.67 6.3314 1.0 122.67 9.6377 1.1

184.00 5.9886 0.9 194.67 8.1930 1.5
244.67 4.9114 1.0 314.67 6.6027 1.1
352.27 5.1269 1.2 386.67 6.5052 0.9
458.67 4.2927 0.9 462.67 5.6644 1.4
506.67 3.5833 1.2 507.75 5.5252 1.3
554.67 3.3947 1.1 578.67 5.9279 1.7

626.67 4.4317 1.6

Fig. 2. Logarithmic spectral
amplitudes for reeords at UCLA
and South Pole. A straight line
(BBG) with slope appropriate t0
Q24100 is indicated (Buland et a1.,
1979)

loge

Amplitude

(mV/cph)

0 IOO 200 300 400 500 600 700
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Spectra were taken of record segments in the frequency neighborhood of
(‚SO for the recordings at both SPA and LMS. As noted, the record segments
are 45 h long and we exclude extraneous seismic events and other glitehes.
No overlap of record segments was allowed in either of the two station analyses.
Eight time lags were taken for the South Pole record and nine for the UCLA
record, a total of 275,400 points in all. For later use, the noise level in the
neighborhood of 0SO, is listed along with the results in Table 2. Time is measured
from 21h 20m August 19, 1977. The amplitudes are given, in millivolts per
cph at the output of the meters.

III. Maximum Likelihood Analysis

A linear least-squares fit through the points displayed in Fig. 2 is inappropriate
beeause of the bias introduced by the logarithmic Operator. Maximum likelihood
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methods are more appropriate since they take into account the signal-to-noise
ratio. However, the model for the noise must be considered carefully. We report
in Table 2 and Fig. 2 speetral amplitudes without regard to phase. Because
spectral amplitude is a scalar positive variable, its noise spectrum cannot be
taken to be Gaussian; if it were Gaussian, this would imply that the tabulated
values, which are the result of adding noise to the Signal, could under some
Circumstances be negative.

The Rieean distribution function is appropriate for absolute spectral ampli-
tudes, if the noise on the seismogram is Gaussian. Rice (1944, 1945, 1948;
see also Middleton, 1968, Chapter 9) appears to have been the first to have
shown that the probability of finding peak spectral amplitude estimates between
A,- and and Ai+dAi is

P<AJdAi = N; exp { —%<A? +SE)/N‚-2}Io ( N) dAi (2)
l l

where Si is the signal strength and N,— is the root mean square noise level of the
system in the absence of the signal. We take the Signal strength for the ith time
lapse ti to be

Si=Aoexp(-nti/QT) (3)

where T is the period of mode 0SO.
For large Si/Ni we find, from the first term of the asymptotic expansion of the

modified Bessel function 10, that

N Ai ä1 l 2 2P<Ai)dAiw(2„Si) N_exp{ 2(Ai SJ/M}. (4)
l

This distribution is approximately Gaussian. If it were Gaussian we would have

Pi<Ai>dAi= (i) i exp { —%<A‚.—S,—>2/N3}. (5)27: Ni

From Table 2, the ratios of Ai/Ni vary between 3.4 and 8.8. Let us take as a
most unfavorable case, the values Si/Niz2.0 and Ai/Si:0.7. We find that the
functions in (2) and (4) differ by 5% %. Since this upper bound is small, we use (4)
in our maximum likelihood estimation. The differences between (2) and (5) for
these same conditions are about 13 % and cannot be considered to be small. We
have performed the maximum likelihood analysis on the values of Table 2 using
the expression

8or9 .
MincD2—Max Z logP(Ai) (6)

i

using the approximation (4) to Ricean statistics. The minimization is performed
with regard to the variables Q and A0 in (3). We get Q026324 for (‚So measured
at the South Pole and 6859 at UCLA.



|00000100||

94 L. Knopoff et a1.

With regard to estimates of error in the values of Q, we can write

452m 1/2 (öQ) 2/aQ2 (7)
since the function expCP is normal in the Vicinity of the extremum by the central
limit theorem. In the above expression d50 is the value of CD at the extremum,
a is the variance we are seeking and öQ is a variation in Q from the value
which yields the extremum. We obtain aQ by finding the value of ÖQ such
that

qzj—qöoZI/Z (8)

This method was used in Knopoff (1961). We find the results

South Pole Q26324 (l i21%),
(9)UCLA Q26859 (l i 17%).

The error is listed as a multiplicative percentage rather than as an additive
percentage because of the exponential charaeter of the Operation involving the
factor Q.

Since the amplitude of mode oSO is uniform over the entire surface of the
earth, we can combine the data of both stations after allowance for the different
sensitivities of the two instruments. The instrument at South Pole is 1.38 times
less sensitive than that at UCLA. The l7 record segments now overlap in time
but still contain independent estimates. The analysis yields

Qz6687 (1 i 13%)
Our results are not in significant disagreement with that of Buland et a1.

(1979) for their longest record segment.
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Finite Element Convection Models:
Comparison of Shallow and Deep Mantle Convection,
and Temperatures in the Mantle
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Mendelssohnstrasse 1A, D—3300 Braunschweig, Federal Republic of Germany

Abstract. A Finite Element Method for solving the convection problem in a
fluid with position-dependent Newtonian Viscosity is developed, using bi-
cubic and biquadratic spline functions on a rectangular grid. Introducing
weak (less Viscous) zones at the active margins of the lithosphere, dynamical
mantle convection models are established which have a nearly uniform
surface (plate) velocity and a satisfactory heat flux profile. A comparison of
upper and deep mantle convection shows:
— a moderate increase of Viscosity with depth cannot confine the flow to the
upper mantle;
— in shallow depth convection models the temperature is too low inside the
cell, but deep mantle convection models yield satisfactory temperatures for
the upper mantle.
For that reason deep (or whole) mantle convection should be the favored
hypothesis.

Key words: Mantle convection — Finite element method — Mantle geotherm.

1. Introduction

There exist two major kinds of models which describe mantle convection or
basic plate tectonic processes. One kind are simple kinematic models (for
example: Schubert et al., 1976; Richter and McKenzie, 1978), making assump-
tions on a prescribed plate velocity (and a prescribed temperature at a reference
depth). These models are easy to handle — they can often be performed by
analytical methods. But they do not involve the driving mechanism ——, i.e.‚
thermally caused differences of density — and so it remains unclear whether the
assumptions about plate velocity and temperature are justified and consistent
with the chosen rheology.

The dynamical or intrinsic convection models on the other hand need only
assumptions on the distribution of heat sources and the rheological behavior of

0340-062X/79/OO46/OO97/SOS.00
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the material. They yield informations about both the velocity and the tempera-
ture field. Sueh models were investigated, for example, by Torrance et al. (1973),
McKenzie and Roberts (1974), Houston and DeBremaeCker (1975) and De—
Bremaeoker (1977a). These models were successful in Showing that mantle
convection is able to drive the plates, and that cells with a large aspect ratio (the
ratio between length and depth of the cell) are possible under mantle conditions.

But so far the dynamical conveetion models failed to incorporate the
lithosphere (defined in a rheological sense) in a reasonable manner. The upper
boundary layer does not behave like a rigid plate — the surface velocity varies
steadily, instead of being constant. In connection with this fact‚. the heat flux
profile does not agree with the observed ones. DeBremaecker (1977a) diseussed
possible reasons for this disagreement. He argued that it might be caused by the
fact that the surface is not free to move up and down in the model, or that it is
assumed to be two dimensional or to be in steady state. However, it seems most
likely that it is caused by a too simple rheologieal behaviour of the model
lithosphere, which is assumed to have a high Viscosity that is uniform over the
whole length of the plate. At the active margins of a plate the behaViour can be
quite different from that in the middle of the plate.

Another important point is — although not much attended by the authors —
that the upper mantle temperature in the models is considerably lower than the
expected one. This may be due to the fact that all these models assume the
convection to be restricted to the upper mantle (to about 700 km depth).

The hypothesis that the lithospheric slab (and so the convection current, too)
does not enter the lower mantle is mainly supported by the absence of
earthquakes below 700 km and by the fact that the stress state in the lower parts
of the subducted lithosphere is always compressive. So it is assumed that there is
a barrier at about 700km. Such a barrier could consist of a radial chemical
heterogeneity (increased iron eontent) or of a very steep increase of Viscosity at
or below the 670 km — discontinuity. However, now there is an increasing
Opposition to this point of View (Davies, 1977; O’Connell, 1977). A change of
iron oontent in the mantle cannot be exeluded, but it is not required by recent
mantle models, and the assumption that there is none seems to be favored
(Ringwood, 1975, pp.481—514). Sammis et al. (1977) pointed out that there
should not be a large increase of viscosity in connection with the phase
boundaries, and Jordan (1977) showed that the lithospheric slab might penetrate
the lower mantle at the Kuril trench.

Until now only simple models of whole mantle convection exist, based on
boundary layer theory (e.g.‚ Elsasser et al., 1979) or on marginal stability
analysis (e.g.‚ Davies, 1977). It seems advisable to carry out fully dynamical
models of deep convection and to compare them with shallow conveotion
models. This may lead to further indieations whieh could help decide which of
the contradictory hypotheses is right.

So far always finite difference techniques have been used to model mantle
convection. This method is well established and easy to implement for special
problems. But its accuracy and reliability becomes doubtful when parameters
and variables vary greatly from one point of the grid to the next like in the thin
boundary layers of the convection cell. Finite element methods are more
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acourate, because these quantities are not represented by single points but by
continuous test functions.

I developed a finite element method for solving the equations of convection
in a fluid with Newtonian position—dependent Viscosity. Bicubic (for the stream
function) and biquadratic (for the temperature) spline functions are used as test
functions on a rectangular grid. Models of mantle eonvection are presented
which have a nearly uniform surface velocity, and heat flux profiles which agree
very well with the observed values. Dynamical model calculations are carried
out for deep mantle convection and compared with upper mantle models.
Special attention is payed to the thermal regime of the mantle and the mantle
geotherm.

2. Mantle Temperatures

On the one hand conveetion models can give valuable indioations on the tempera—
ture distribution in the mantle. On the other hand there are some observational
constraints, which should be fulfilled by the model. Thus we have an important
eriterion to judge the model, since only little is known about the flow pattern
beneath the plates and otherwise only surface features (plate velocity, heat flux,
etc.) can be used to compare the model with the real earth. Therefore I shall first
reView shortly the reoent observational knowledge about mantle temperatures.

For the lithosphere, temperatures can be derived from petrological data
(pyroxene geothermometry). At the bottom of the oceanic lithosphere at 100 km,
the temperature is 950°—1,200°C according to McGregor and Basu (1974) and
l,100—1,250°C according to Mereier and Carter (1975). No oeeanic pyroxene
data are available for greater depth. For the upper mantle, Tozer (1970) derived
the temperature from electrical conductivity data. Assuming an olivine mantle
with 10% iron content, he estimated the mean temperature of the uppermost
400 km to be below 1,290°C with a best fit of 1,150o C.

The olivine-spinel phase boundary gives another opportunity to calculate the
temperature at its depth, because it is known from laboratory measurements,
under which P—T—conditions the transition takes place. In this way Fusijawa
(1968) derived a temperature of 1,3400i1900C for the depth level of about
370 km. Gebrande (1975) got 1,4000i1000C and Graham (1970) derived 1,450o
i150° C, the latter used also information from a petrological model with the
according temperature-dependence of the elastie moduli etc.

For the lower mantle only estimates from petrological models are available.
These estimates are more insecure because a number of uncertain assumptions
have to be made. Concerning the 670/700km depth level, Graham and Dobrzy-
kowski (1976) ealoulated the temperature to be 1,6000i’4000 C, and Watt and
O’Connell (1978) gave 1550o i150o C. The compositional model of Wang (1972)
yields temperatures of 2,500°C for 1,300 km, and 3,0000C for 2,800 km depth
with an error of J_r800o C.

A last constraint results from the fact that the outer core is liquid, so the
temperature at the oore-mantle boundary must be above the melting point of
the core’s iron alloy. The melting temperature depends on the light alloying



|00000106||

100 U. Kopitzke

element which must be in the core; and because of the very high pressure, only
rough estimates from thermodynamic principles can be made. For pure iron
Higgins and Kennedy (1971) derived a melting point of 3,750°C at the core-
mantle b0undary, and Leppaluoto (1972) gave a value Which is even 1,000
degrees higher. Silicon as an alloying element would not reduce the melting
temperature very much, but sulphur can d0 so. For the iron-sulphur eutecticum
(zFeZS) Stacey (1977) estimated the melting point t0 be 2,600o C, and Tolland
(1974) gives only 2,260o C. Because the temperature at the eore-mantle boundary
should be some hundred degrees above the melting point, a minimum tempera-
ture constraint of about 2,800o C exists. But — depending on the light element in
the eore — it might be that temperatures up t0 5,000o C are required.

3. Description of the Model

Geometry and Hydrodynamic Conditions

Now the basic design of the model will be explained, and its main idealizations
shall be discussed.

A convection cell in a rectangular enclosure — extended infinitely into the
third dimension — is t0 be modelled. The cell shall be connected With an oceanic
plate and be part of a periodic seheme of equal eonvection cells. These simple
geometric conditions are required t0 keep the system practicable, but they imply
several unrealistic simplifications:

— lt is not likely that the flow pattern beneath the plates is two—dimensional
or nearly two-dimensional.

— In the model the descending angle of the plate is 900, while it is less in
reality (150—900). M0re0ver, because of the periodicity, there are two oeeanic
plates converging against each other and both deseending into the mantle. Sueh
a behavior cannot be observed anywhere on the earth.

— The surface is not free t0 move vertieally.
— The aspect ratio of the cell is prescribed and not free t0 adopt a ‘natural

value’.
— The curvature of the earth is not included. Concerning shallow con-

vection models, this seems not t0 be so important, but for deep eonveetion it
could be of some eonsequences (see Chaps. 6.4 and 8).

The enelosure is filled with a Newtonian fluid. Its viscosity depends on
position — mainly on depth — but it is not controlled by temperature and
pressure. This, of course‚ is a serious simplification, because it is likely that the
rheology of the earth’s mantle is non-Newtonian and sure that it is strongly
temperature—dependent. But the existing models ShOW that the results d0 not
beeorne better if such a rheology is used. They seem t0 be even worse when the
Viscosity is not confined t0 a relative small maximum value for the lithosphere
(Houston and DeBremaecker, 1975; DeBremaecker, 1977 a). This may be due t0
a Change in deformation mechanism when the temperature becomes too low
(T< 0.5 T )‚ from steady state creep (diffusion or dislocation ereep) t0 plasticmelt

deformation, transient ereep, fracture or elastic deformation. Especially in the
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lithosphere — in the normal as in the subducted part — these deformation laws
could be valid‚ and the effective Viscosities estimated from steady state creep
laws are too high. As a simple approximation it is sufficient to use an
appropriate ohosen depth dependent Visoosity. Only for the lithosphere it seems
reasonable to introduoe also a length dependence, by taking different values for
the middle of the plate and for the aotive margins (see Chap. 6.1).

The boundary oonditions usually applied for the flow are ‘free slip’ at the
sides (periodicity!) and at the top, and the no slip condition for the bottom. The
latter could be justified by a very steep increase of Viscosity at the bottom of the
cell‚ which would also inhibit convection below that boundary. Concerning
models of whole mantle convection, ‘free slip’ is the appropriate condition for
the lower boundary, too.

Thermal Conditions

The cell shall be heated by homogeneously distributed (radioaotive) inner
sources, and by an uniform heat flux from below. That heat may be produced by
radioactivity, too, or it may have other sources. Furthermore, frictional heating
and the effects of adiabatic compression/decompression will be included as
additional sources (or sinks) of heat. The thermal conductivity is mildly temper-
ature dependent, therefore it shall be allowed to vary with depth in the model.
The thermal boundary oonditions are adiabatic at the sides (periodicity!)‚ T:O
at the t0p‚ and a specified heat flux at the bottom. The flow is driven by
buoyancy forces which are caused by lateral temperature differences Via thermal
expansion. The effects of phase transitions — both their driving (or hindering)
force on the flow and their release of latent heat — will be ignored.

In the model only steady state convection cells are considered. Of course‚ the
convecting mantle of the earth is not in steady state. But the time-dependence of
real convection in the earth consists mainly in a change of size and dimensions
of the plates (and cells), which cannot be simulated by such simple models at all.
To get information about a hypothetical mean convection cell‚ it seems best to
consider the steady state Situation.

The model described so far contains a number of grave simplifications (two-
dimensionality, steady state, etc.). For that reason its results should not be
overestimated, for example by trying to explain peculiarities of special plates
with them. But we can hope that they are useful in considering general aspects
of plate motion, subplate flow, driving mechanism and especially the thermal
regime of the mantle.

4. Equations t0 Be Solved

The governing equations of oonvection are (Andrews, 1972):

(92 52

(Hydrodynamic equation)

82 Ü)(n(w„—w„))+4m(nwxz>:Ö—);(pogo<T)
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Table l. List of symbols

oc Thermal expansivity Qim Internal heat generation per unit volume
cp Specific heat po Density (mean or reference value)
17 Viscosity T, Tabs Temperature, absolute temperature
g Gravity acceleration u: z Horizontal velocity

K:——— Thermal d1ffus1v1ty w: —1px Vertlcal veloc1ty
PCI;

x”; Thermal conductivity x Horizontal coordinate
l// Stream function z Vertical coordinate, pointing upwards
Qb Heat flux through the bottom

ÖT ÖT ÖT 1
(Ö ÖZ

Ö— _— —— —”T —”T TÖt uöx waz pocp axuxw (Az>)+Wpoo<abs
1= Qint + —_ (770%” - W292 + 4 71 W52).

100 Cp

(Energy equation).

These equations are valid for an incompressible fluid with negligible influence
for inertia (Prandtl number is infinite). The Boussinesq approximation is made,
that means that the density is taken to be constant, except to calculate the
buoyancy term in the hydrodynamic equation where it is assumed to depend on
temperature only Via thermal expansion.

In order to prepare the equations for the numerical procedure, dimensionless
variables are introduced, following Torrance et al. (1973). The quantities oc, g,
and cp are assumed to be constant, ‚l is replaced by K. Only the steady state
Situation shall be considered, so the term ÖT/öt can be omitted. All quantities in
the following equations are dimensionless, as defined in Table 2.

(32 (92 2 ÖT(w—g) (n(wxx—w„>)+4 8x ÖZ (nwxz>:Ra—Ö; (1)
Ö

T Ö
T ‚

———Ö—X(K x)—ä(rc Z)+uTx+s+cw-Tabs

=Qim+R—;-n-((w„—w„>2+4wiz>. <2)
The boundary conditions are

at the sides Wxx 20 and Tx : O,
at the top W22 =0 and T 20,
at the bottom w” 20 or W: 20 and T3 : —Qb/K‚

and {#20 on the whole enclosure.
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Table 2. Dimensionless quantities. Dimensionless variables are signed by a “—”‚ the physical
variables have none. h, K0, T0, and I70 are properly chosen reference values

JE -—-x- 1/11 Coordinates
ü : u - h/KO Velocity
T : T- 1/A T0 Temperature
1? : K- l/KO Thermal diffusivity
17 = 17. 1/170 Viscosity
(Ü zw - l/KO Stream function
Q—im : Qim _ 112/(cp K0 A T0 pO) Rate of internal heating
Qb : Qb . h/(Cp K0 A T0 po) Bottom heat flux

3

Ra zzw Rayleigh number
’70 K0

Di =:ocgh/Cp Dissipation number

5. Numerical Method

The first attempt t0 solve the convection problem with a finite element method
was made by Sato and Thompson (1976). Their calculation based on the original
Navier-Stokes equation instead of the stream function formulation [Eq. (1)],
and they used a ‘Classical’ finite element method. The main advantage of the
classical method is that it is possible t0 use an arbitrary irregular grid, this does
not seem necessary for the model designed before. Therefore I prefered a spline
function approach on a rectangular grid. It has the advantage that the required
continuity of the test functions and their derivatives can be easily fulfilled.

The differential Operator of the stream function Eq. (1)

A Öz ÖZ 82 Ö7" 82 82
L: ——— ———— 4-—— _

(6x2 822) 77 (6x2 522) + Öx ÖZ (7’! Öx Öz)

is positive definite, so the Rayleigh-Ritz variational principle is applicable. This
leads t0 a system of linear equations (see, for example, Prenter, 1975, pp. 201ff.):

Ax=r (3)

with the matrix elements being

aijZiWiEl/df (4)

and the right hand side vector

ÖT.=R .—d .r: a 5 ll]:
ÖX

f

(pi, wj are the test functions and x,- the coefficients of the approximate solution

1/1:Zx‚.ip‚..



|00000110||

104 U. Kopitzke

The integral (4), which eontains fourth order derivatives, can be transformed
into an expression containing only second order derivatives:

wiwjdfq (ggwi—Bz—wififi .7, 52 7,»)azz w 7:2
52 az4——— . ——— . d.+ ÖxÖZl/ll(nöxözw’> f

It is sufficient to use test functions which are continuous up to their second
derivatives, for that reason bicubic splines with C 2 — smoothness (Prenter, 1975,
pp.13lff.) are used. The matrix A has band structure and is positive definite;
therefore only one Cholesky transformation must be done, and then Eq. (3) can
easily be solved for any arbitrary temperature field.

The differential operator of the energy Eq. (2) (for fixed values of the velocity
field) is not positive definite, thus no variational principle exists. So I take a
weighted residual process to solve the equation approximately. This means that
the integrals

(6,(1€T—s)df i:I,...,n (5)

are foroed to become zero. KW, w) is the differential Operator of Eq. (2), s is the
right hand side in (2), T is the approximate solution in spline space, and the 6,.
are a set of weighting functions. Usually the weighting functions are chosen
equal to the test functions (Galerkin method). The integrals (5), containing
seeond order derivatives, can be transformed by partial integration, they will
then contain only first order derivatives. For this reason it is sufficient to take
test functions of lower order than for the hydrodynamic equation, and bi-
quadratic splines with C1-smoothness are applied.

In my calculations the Galerkin process proved to be successful only for
small Rayleigh numbers, i.e., as long as the convective heat transport is not
rnuch more dominant than the conductive transport. But at high Rayleigh
numbers (>30104), (spatial) oscillations occurred in the numerical solution
which had the same periodicity as the finite element grid. Coneerning the
numerical treatment of convective heat transport, a special weighted residual
method — similar to the well known ‘upwind differencing seheme’ in finite
difference techniques — seems to be appropriate. As proposed by Zienkiewicz
(1977, pp. 633ff.), an upwind finite element method was construeted by compos-
ing the weighting funetion of the normal Galerkin-(test-)function and a special
antisymmetric function of higher order (Fig. l). The antisymmetric function is
weighted in a proper manner, dependent on the sign and magnitude of the local
velocity field. This procedure made the oseillations disappear.

The numerical grid, whioh was used for shallow mantle convection models, is
shown in Fig. 2. It is composed of 32 elements in length and ll elements in
depth, accordingly it contains 352 elements. In deep mantle models, 5 more
elements are added in depth, the total number of elements is then 512. The size
of the elements is variable, the vertical extension increases with depth by a factor
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Fig. 1. Example of an one-dimensional weighting
function 011 an equispaced grid für solving the
convective heat transfer problem by an ‘upwind‘
finite element mathod. ------ : Normal or Galerkin
weighting funntinn (quadratic B-spline); + + + + :
antisymmetric weighting function having 2/3 01" the
pnssible maximum amplitude; : the whole
weighting function, being the sum of the other two
functions

KM 0 382l
Ü

21310

J5111113!

öüü

Fig. 2. Numerical grid used in shallow depth models. The mesh is finest in the upper and lateral
beundary layers where the variations of stream function and temperature can be expected 10 be
most striking

of 1.2 from one element t0 the following, starting with 20 km at the top of the
lithosphere. The length of the elements remains constant in the middle (150 km),
but at the margins it decreases exponentially down t0 19.75 km for the last
element.

T0 iterate into steady state, the easiest way is by starting from an initial
temperature field, calculating the according velocity field by Eq. (1), and then
evaluating by Eq. (2) a new temperature field. Since the öT/Öt—term is omitted
from Eq. (2), the calculated ‘new’ temperature field would result if the velocity
field would be stationary. But as long as the velocity field has not reached the
final state, the procedure has t0 be repeated: again the velocity field belonging
t0 the last temperature distribution via Eq. (1) is calculated, and with it another
improved temperature field, and so on.

But this simple method Converged into steady state only when the Rayleigh
number was small. At high Rayleigh numbers it was unstable, oscillations
occurred which decreased very slowly 01' were even increasing. Therefore a
niodified method had t0 be applied: The calculated ‘new’ temperatures are
replaced für the further calculation by a linear combination of ‘old’ and ‘new’
temperatures

T:(1—ß)r]_new+ßrnld

In deep mantle calculation, the factor ß had t0 be as high as 0.9 t0 keep the
prncedure stable. Of course, a large ß makes the rate of convergence slow. The
need t0 use auch a high ‘reduction factor’ may indicate that there is n0 true
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stable steady state of convection at very high Rayleigh numbers. Of course, it is
only a hope that this forced pseudo steady—state represents the mean Situation of
true time-dependent eonveetion. H0wever, the hope is encouraged by the
Observation that in the undamped solutions temperatures and stream funetion
are oscillating just around their values of the damped solution.

The calculation was stopped when both the ehange in temperatures and in
the stream function was at every point less than 0.1 ‘X, from one step t0 the next.
Usually a much lower limit is required, this large limit was chosen in order t0
save eomputer time. When reducing the limit by one order of magnitude
deviations of a few degrees can be observed in the temperature field. Thus steady
state is not entirely reached, but it seems t0 be elose enough, especially if one
regards that steady state is only an idealization of the model with respect t0 the
real mantle. The deviation between total heat input and surfaee heat flux, which
is less than 1% in the shallow and less than 3 % in the deep m0dels, might be
taken as another measure of the closeness t0 steady state. However, this may
have different reasons, sinee conservation of energy is not guaranteed perfectly
by the numerical procedure.

The reliability and high accuracy of the method was confirmed by compar-
ing different test models with own finite difference ealeulations and with the
results of Torrance et a1. (1973) and Houston and DeBremaecker (1975).

6. Parameters of the Mode]

6.1. Viscosity

Both the linear diffusion ereep and the nonlinear disloeation ereep have a
temperature-pressure dependence following the law

nzA-Texp((E*+pV*)/RT). (6)

E"< zactivation energy; V* zaetivation volume;
A : proportionality constant.
(in the nonlinear case 17 must be eonsidered as the effective Viscosity and A
would be stress-dependent)

In order t0 eonstruet a viscosity — depth profile, proper values for E* and V*
are chosen (100 kcal/mol; 10 cm3/mol above 650 km and 9.5 em3/mol below
650 km) and a guess of the temperature — depth profile with regard t0 the
discussion in Chap. 2 was made. The constant A was taken to be 100 Poise/K in
order t0 make the Viscosity minimum 3- 1021 Poise, which is in good aceordance
with data from postglaeial uplift.

Applied t0 the lithosphere, Eq. (6) would give values that are too high, rising
up t0 103O Poise and more above 50km. For that reason it is only used t0
calculate the Viseosity below 100km. The profile is continued into the litho—
sphere in a reasonable manner, reaehing a maximum value of 4- 1025 Poise at the
top and having a mean value of about 1024 Poise (Waleott, 1970). The resulting
profile is shown in Fig. 3a. Near the spreading eenter, the lithosphere beeomes
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much thinner, and at the axis itself hot partially molten material rises up nearly
to the surface. Therefore a horizontal layering of viscosity seems inappropriate
in that region. A ‘weak zone’ is introduced at the margin, that means that the
uiscosity in the uppermost 100—150 km is reduced with respect to the normal
lithosphere at the middle of the plate. At the spreading center, the astheno—
spheric minimum value of 3-1021 Poise is continued up to the surface.

In the trench region, another deviation from horizontal layering occurs,
because the cold highly viscous lithospheric slab descends at least several
hundred kilometers into the mantle. On the other hand, there are some
arguments which Support the assumption that the effective viscosity i5 not so
high here as in the middle part of the plate. The bending of the plate during the
initial stage of subduction can be assumed t0 produce high stresses. The
inlluence of that increased stress level is difficult t0 Calculate but it is likely that
it would lower the effective viscosity. If one assumes an elasto-plastic or brittle
lithosphere, the plate would become weaker, since plastic flow, transient creep,
or fracture would occur. If — on the other hand - a purely viscous model of the
lithosphere with a nonlinear behavior following the law {i'm—03 is adopted, the
effective viscosity is given by

”eff(U)=Ü/äm l/JE'

Thus it decreases rapidly if the Stress level is increased. In the model viscosity
distribution the trench region of the lithosphere has a reduced value of about
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Fig. 4. Viscosity distribution used for the shallow convection models. The Spreading axis is an the
right and the subduction zone on the left. Viscosity is above 1024 Poise in the blank area, between
10M and 1024 in the hatched, between 1022 and 1023 in the dotted, and below 1022 Poise in the white
area. Beiween Ihe dashed lines in the white region it is below 3- 1021 Poise. In deep convection
models the same distribution is adopted. completed by horizontally layered viscosity beneath
643 km according t0 the profile in Fig. 3a

1023 Poise. The whole viscosity distribution is shown in Fig. 4. We can hope,
that this concept of weak zones leads t0 a more realistic behavior of the surface
plate than in previous models with horizontally layered viscosity (DeBre-
maecker, 19773).

6.2. Thermal Diffusivity

The depth dependence of the thermal diffusivity was calculated according t0 the
formulae given by Schatz and Simmons (1972). In order t0 get better agreement
with the experimental results of Kanamori et al. (1968), the term for the photon
conductivity was slightly altered (e.g..‚ by taking a higher threshold temperature).
In this way we get slightly reduced values in the upper lithosphere and slightly
higher values below than by using the original formula. For the oceanic crust,
the diffusivity was chosen t0 have a constant value of 0.6.10‘6 mz/s. The
diffusivity profile is shown in F ig. 3b.

6.3. Hear Sources

The total amount of heat generation was determined in order t0 produce a
mean surface heat flux of 1.5 HFU (62 mW-m‘z). In the shallow convection
model, it is assumed that half of the heat is produced inside the cell and that the
other half comes from below, thus assuming that the upper mantle is enriched
with radioactive elements. For the deep mantle models, homogeneous distribu-
tion throughout the whole mantle is assumed, and the heat flux from the core is
fixed t0 be 10 % of the earth’s total heat. Then 2/3 of the heat i5 produced in the
cell and 1/3 comes from below. The absolute values are listed in Table 3.

6.4. Deprh und Length of the Cell

The depth of the shallow convection cell is limited t0 643 km. This is near the
spinel-oxide phase boundary (2670 km) which might possibly confine the depth
of upper mantle convection.
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The depth in deep mantle convection models is 1,748 km which is about
60% of the mantle depth. This arbitrary confinement (‘intermediate convection
model’ in a medium position between upper mantle and whole mantle con-
vection) is mainly done in order t0 restrict the computational expense. It would
be justified if the high Viscosity in the lower mantle would cause that the return
flow penetrates only intermediate depth or plays only a minor role in the
lowermost mantle.

H0wever, in some manner this model may nevertheless be considered as a
model of whole mantle convection. That is because a 1,750-km-deep plane
mantle has nearly the same volume as a 2,900-km-deep spherical mantle with
the same surface area. In mantle eonvection the heating of the cell is mainly a
volume process, but the cooling is a surface process. If a flat mantle model is
used instead of a spherical mantle, it seems best from the thermal point of View
t0 Choose the surface and the volume equal t0 the spherical values.

Of course, in the spherical geometry the stream pattern would be changed
which influences the temperatures as well. Therefore the interpretation of the
model as Whole mantle convection remains doubtful — some consequences are
mentioned in the discussion part (Chap. 8). H0wever, I assume that — if you
want t0 avoid the several difficulties eonnected with a spherical model and use a
plane model — it is better t0 adjust the volume t0 the true value and not the
depth extent.

The length of the cell is fixed t0 be 3,821 km. This is about the intermediate
range of the earth’s plates, for example the Nazca plate is approximately of this
length.

6.5. Velocity of the Plate

The mean plate (or surface) velocity is, of course, not an input parameter of the
model. But t0 make the different models c0mparable, they should have a similar
plate velocity. Furthermore, t0 make reasonable statements about the mantle
temperatures, the plate velocity should have a value which may be considered as
the mean value of the earth’s plate system.

This mean value is determined as follows: The annual rate of sea-floor
spreading over the whole earth is about 2.0—3.5 kmz/a‚ Dickinson and Luth
(1971) assume 1.7—2.3 kmz/a, Bickle (1978) gives 2.7—3.3 k/a and Garfunkel
(1975) calculated 3.15 kmz/a. If a value of 2.9 kmz/a is taken and the earth’s
surface area is divided by it, we get as mean overturn time of a lithospheric plate
176 m.y. The 3,821-km-long model plate shall have the same overturn time and
thus a velocity of 2.17 cm/a.

The Rayleigh number in my model calculations was always fitted in such a
way that a mean surface velocity between 2.1 and 2.2 cm/a resulted. This is
allowed since the mean Viscosity of the earth’s (upper) mantle is uncertain in
several orders of magnitude. In all the models the Rayleigh number had t0 be
increased by a factor of about 4 compared with its standard value, correspond-
ing t0 a reduction of the all—ove‘r-Viscosity by a factor of 4 with respect t0 the
profile shown in Fig. 3a.
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Table 3. List of model parameters. lf more than one value is given the first belongs t0 the shallow
model and the second t0 the deep model. The appendix “ref.” means “reference value”

_ 643 _0.643 6Depth h —l748 km _1.748.10 m

Length l =3821 km 23821.106 m
. 5.95Aspect rat10 1/h

—2.19
Viscosity, ref. 110 21022 Poise =1021 kg m‘ 1 s—l
Thermal diffusivity, ref. K0 : 10‘ 6 m2 s—1
Density, ref. p0 : 3.8 g/c2m3 : 3.8-103 kg m— 3
Specific heat Cp 20.287 cal/(g-grd) 21.2. 103 J kg—1 K—1
Thermal expansivity 0c = 3.0- 10‘ 5 K‘ 1
Temperature difference, ref. ATO : 2000 K
International heat production Qim Z 3:3 10‘ 8 Wm— 3

_0.75 _31.4_ _3 _2Bottom heat flux Qb
—0.50 HFU —20.9 10 Wm

. 606155Raylelgh number, standard value Ras
212195155

. . . . 0.1608DISSlpatlon number D1
—0_4372

6.6. Other Parameters

The other parameters of interest are less critical. In Table 3 all the parameters
are listed.

7. Results

7.1. Shallow Mantle Convection (Mode! N0. 20)

The results of the shallow mantle convection model is shown in Figs. 5—7,
special values of interest are listed in Table 4 for all the models.

Surface Velocity and Heat Flux (Fig. 5). Except for the 260—km—wide marginal
regions, the surface velocity is nearly uniform. It increases slightly towards the
trench region, but only by 3 %. The surface boundary layer in the model can be
considered as a rigid plate in a very good approximation. Whether there is a
slight deformation of real plates by travelling insignificantly faster near the
trench cannot be resolved, but it does not S€€m impossible.

The heat flux profile is in good agreement with the ‘reliable’ heat flux
averages for the North Pacific from Sclater and CrOW6 (1976) (rectangles in
Fig. 5b).

Stream Pattern (Fig. 6a). The ascending and descending flow is restricted t0
narrow boundary layers; the ascending flow is even narrower and faster than the
downgoing (maximum velocity 9.3 cm/a in the upwelling limb). Outside the
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Fig. 7a and b. Model 20: a Depth profile of horizontal velocity. The profile is taken in the middle of
the cell at half the length between spreading center and subduction zone. b Temperature-depth
profiles. The profiles are taken in the trench region (T) at the length 1=O km, in the middle of the
cell (M) at 1: 1910 km, and at the ridge (R) at l 23821 km. Over most of the horizontal extent of the
cell the profile is similar to the middle geotherm, only at the margins significant deviations occur.
The following ‘observational' values are included: 100 km: 1,100°—l,250° (Mercier and Carter, 1975)
pyroxene-geothermometry; 400 km: l,300°—1,500° (Gebrande, 1975) olivine-spinel-transform.

marginal regions, the flow is nearly horizontal, the vertical velooity remains
below 0.1 cm/a almost everywhere.

In Fig. 7a the depth profile of the horizontal velocity in the middle of the cell
is shown. The velocity remains constant in the lithosphere down to 100 km and
then it begins to decrease. This contradicts the idea that the plate might be
driven by an asthenospheric flow because in this case the velocity should first
increase below the plate. The depth of reversal, where the plate — directed flow
turns into a counter flow, is 240 km which is very near the depth of the
minimum of Viscosity (245 km).

Temperatures (F igs. 6b and 7b). The temperature field is Characterized by a
steep increase with depth in the lithosphere, an almost isothermal region from
the bottom of the plate down to about 350 km over nearly the whole length of
the cell, narrow boundary layers at the margins and a warm boundary layer at
the bottom. A tongue of cold material extends horizontally from the desoended
lithosphere into the cell at a depth of 400—550 km.

The temperature at the bottom of the lithosphere (1,1000C at 100 km depth
in the middle of the cell) is in good accordanoe with the values derived from
pyroxene geothermometry (see Chap. 2). This may especially indioate that the
values of thermal conductivity in the lithosphere are well chosen. But the
temperatures at greater depths are too low: The mean temperature at 400 km is
1,040o compared with the most realistic value of 1,350‘°—1,450o C. An important
feature of the temperature distribution is an inversion (negative temperature
gradient with the z-axis pointing down) which appears between approximately
200 and 550 km depth over most of the cell’s length.

Both the inversion of the temperature gradient and the low temperatures at
the 400-km level are produced because the cold desoending lithosphere does not
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heat up enough before beginning the return flow. Such a temperature inversion
has important consequences, because it would inhibit small scale convection in
the asthenosphere as it is proposed by Richter (1973) and Richter and Parsons
(1975). They assumed long Rayleigh-Bönard rolls which are oriented perpendic-
ular t0 the main flow connected with the plate motion. But these convection
cells require of course a superadiabatic gradient which does not occur in this
model.

7.2. Alternative Shallow Convection Models (N05. 21 and 22)

So far the shallow convection model is quite satisfactory in reproducing the
main features of plate tectonics and upper mantle dynamics as they are known
t0day, but its mantla temperatures are too low. The difference t0 realistic values
is too great (300°—400°) t0 be tolerated. Therefore in the following two models
attempts were made t0 raise the temperature by certain modifications.

The thermal conductivity in the mantle is slightly uncertain, especially the
influence of photon conductivity. In model 211 a reduction of the conductivity
by a factor of 0.8 was made (K0:0.8 . 10‘6 mz/s). This size of reduction seems t0
be within a reasonable range. In the case of purely conductive heat transfer it
would rise the temperature by 25 % all over. But in the model, the increase was
less, the temperature rose about 160° beneath the plate, t0 1,260° at the bottom
of the lithosphere and t0 1,200° C at 400 km. The latter value is still too low and
the first value seems even t0 exceed slightly the range of pyroxene temperatures.
Neither the stream pattern nor the general features of the temperature field are
changed significantly compared with model 20.

In model N0. 221 the heat sources were redistributed, assuming a constant
rate of heat production in the whole mantle. Then 32% of the total amount of
heat is produced inside the cell and 68% is coming from below. The mean
temparature at 400 km sank t0 1,015°C while the temperature at 100 km depth
rose by 10° to 1,110°. The result seems t0 be paradox, but it can be explained by
considering the increased velocity of the ascending limb (see Table 4). The addi—
tional heat from the bottom is transported more efficiently t0 the surface or into
the lithosphere. The lack of internal heating on the other hand slightly reduces
the temperature at intermediate depth. It can be stated that neither a redistribu-
tion ofheat sources according t0 uniform heat production nor a Change of thermal
conductivity improves the upper mantle convection model.

7.3. Deep Mantle Convection Models (N05. 30 and 31)

In model 30 the depth of the cell is increased t0 1,748 km, but for the bottom the
n0 slip boundary condition is applied, considering that perhaps the increase of
Viscosity in the lower mantle would inhibit flow in the lowermost mantle.

1 Without figure, for further results see'Table4
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Fig.83 and b. Model 30: a Stream pattern and b temperature field. One line is drawn every 20 units
in a and every 200° in b respectivcly

The stream pattern (Fig. 8a) is now more complicated than in the shallow
convection models. The maximum of the stream function is near the descending
slab and much more striking, because an additional curl Of 110W is induced here.
In the desoending limb the flow is very rapid. The return flow is concentrated
mainly between 800 and 1,500 km depth (Fig.9a), while the reversal of flow
(plate flow H return flow) takes place between 200 and 300 km, which is nearly
the same depth as in the shallow models. Between 400 and 800 km the return
flow is quite slow and the flow tends t0 move upwards in this depth range even
outside of the ridge region.

The surface velocity increases in this model by 11.5 % over the length of the
plate towards the trench. This value still seems t0 be tolerable for considering
the surface layer a5 a rigid plate. This variation of velocity implies strong tensile
Stresses in the plate (see Fig. 10). Thus the plate should be mainly driven by the
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Fig. 9a and b. Mode] 30: a Velociry-depth profile. b Temperature-depth profile, trench region, M
zmiddle, R=ridge region. Reference temperatures are included: 100 km: 1.100°-l,250° [Mereier
and Carter, 1975} pyroxene-geothermometry; 400 km: 1,300°—l,500° (Gebrande, 1975] olivine-spinel-
transformation; 700 km: l,400°—1,700° (Watt and O’Connell, 1978) petrological model
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Fig.10. Model 30: Stress disrriburion in the {EH-zosphere. The plate is drawn schematically, the
horizontal scale is redueed by a factor 012. The normal stress in direction of the [low 3nd the related
shear Stress are shown at 32 km depth (or distance from the edge of the subducted plate). 11 ean be
noted that the Stress level is highest in the bending region of lithospheric subduction. This supports
the argumentation for the reduction of viscosity in this region (see Chap. 6]

pull of its subducted part. Moreover, the stream pattern suggests that this pull i5
the main driving source of the flow in the whole cell. The heat flux profile differs
only negligibly from the profiles of Shallow mantle conveetion.

The temperature-depth profile is now much more satisfactory in the upper
mantle (Fig. 9b). The mean temperature at 100 km depth is 1,1800 and at 400 km
1,3500 C, the mean value of the whole uppermost 400 km is 1,1700 compared
with the best value of 1,150D from electrical conductivity data (Tozer, 1970).
These values are in good agreement with the data derived from observations, as
discussed in Chap. 2. But in the lower mantle temperatures are below the
classical estimates. Between 250 km and 1,225 km the temperature gradient is
subadiabatio and in some parts even negative, and at 1,100 km depth there is a
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Fig.lla and b. Model 31: a Velocity-depth profile. b Temperature-depth profile, T=trench region,
M=middle, Rzridge. The same reference temperatures as in Fig. 9b are included. Compared with
model 30 the boundary condition at the bottom is converted from ‘no slip’ t0 ‘free slip’

minimum in the T(z)-profile of 1,300o C. At the bottom the mean temperature is
2J70°Cl

It appears strange that there is a slight minimum of temperature in the upper
mantle just beside the ascending flow beneath the ridge (Fig. 8b). It can be
explained as follows: The cold tongue, extending from the subducted lithosphere
on the left into the cell, does not heat up enough because of the very slow
conductive heat transfer. When ascending again, it cools because of the adia-
batic decompression, and it is then colder than the surrounding mantle. This
cool lump near the spreading region seems t0 produce the strange stream
pattern in the right side Of the cell.

It was pointed out in Chap. 6.4 that a 1,750-km-deep convection model of a
plane mantle may be considered t0 be similar t0 a 2,900-km-deep spherical
mantle. For whole mantle convectiom the boundary condition at the bottom
shall be free slip. Thus in the next model everything remains unchanged, except
a free slip condition at the bottom instnad of ‘no slip’. The stream pattern of
model 31 is similar t0 the previous model, except for a greater depth-extent of
the return flow which is concentrated between 1,000 km and the bottom. The
general pattern of the temperature field is similar, too, except for a less
developed lower boundary layer.

The maximum velocity of the return flow appears at the bottom (Fig. 11a).
For that reason it is demonstrated that a viscosity of more than 1024 Poise in
the lower mantle is not sufficient t0 confine convection t0 the upper mantle or
even t0 concentrate the return flow at intermediate depth. Therefore the idea of
‘intermediate depth mantle convection’ (Chap. 6.4) seems t0 be very doubtful.
From this point of View model 31 — considered t0 be similar t0 a whole mantle
convection cell — seems t0 be more realistic than model 30 as an intermediate
depth cell.

In model 31 the temperatures are slightly higher in most parts of the cell
than in model 30 (Fig. 11b). At 400 km a mean temperature of 1,4200C is
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Table 4. Model results

Model number 20 21 22 30 31

Upper mantle convection Deep mantle convection

Pecularity —— ‚l Reduced Redistribut. — Free slip at
heat sources the bottom

Ra/R as 3.88 4.75 3.46 3.94 3.69
{pmax 139 186 (149) 163 193 197
L71, 2.17 2.18 2.15 2.15 2.11
vd —4.8 —5.7 —4.5 —8.3 —8.3
ua 9.3 9.6 11.4 5.8 4.7
z'r — 1.46 — 1.41 — 1.44 — 0.44 — 0.53
A1}, 3.1% 7.1% 0.7% 11.5% 12.1%
am 239 238 238 254 242
T100 1,100o 1,261° 1,109O 1,179o 1,247°
T400 1,040o 1,200o 1,015O 1,350° 1,420o
Tbot 1,525° 1,695° 1,730° 2,170O 1,876°

Ra/R a3: Ratio between the actual Rayleigh number and its standard value
l/l ' Maximum value of stream function Üp mean plate velocity in cm/year

max '

va, vd, vr: Maximum velocity of ascending, descending and return flow in cm/year
Avp: Variation of the plate velocity over the plate length, the 260 km wide marginal regions are
excluded
7 : Depth of reversal of flow direction in the middle of the cell (in km)“rev

T100, T400, Tbot: Mean temperature at 100, 400 km depth and at the bottom (in °C)

reached, and in the lower mantle the gradient is slightly higher and the
temperatures are about 200o above those of the previous model. But still the
gradient is subadiabatic below 240 km down to about 1,450 km. The tempera-
ture at the bottom of the cell has a mean value of 1,880o which is by all means
below the solidus of the core’s material.

8. Conclusions and Discussion

Stream Pattern

The concept of weak zones at the active plate margins proved to be successful to
make the highly Viscous surface layer behave like a rigid plate. There are some
plausible arguments to reduce the effective Viscosity not only at the spreading
center but also in the subduction region, but the weak zones have still to be
justified by a more sophisticated model which regards the complicated tempera-
ture and stress controlled rheology of the lithosphere, which is not yet known in
detail.

A Viscosity of more than 1024 Poise in the lower mantle is not sufficient to
inhibit deep mantle convection (this is already known from marginal stability
analysis, too), but moreover, a moderate increase of Viscosity with depth (by 3
orders of magnitude from the minimum to the bottom) oannot concentrate the
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return flow to intermediate depth. Thus it seems very likely that the lower
mantle is in convection if there are no other inhibiting factors, for example
Chemical heterogeneity.

The lack of earthquakes below 700 km may be eaused by the transformation
to a mixed—oxide or perovskite structure at about this depth. A changed
mechanical behaviour or the elevated temperatures due to the transformation
might remove the slab material out of its brittle region (Davies, 1977;
O’Connell, 1977). The predominant compressive stress in the lower parts of the
subducted plate must not indicate a barrier at 700 km. In fact the stress state in
the deseending flow is compressive below 450 km in the deep mantle models and
below 350 km in the upper mantle model (see Fig. 10). However, reliable
statements concerning this topic would require a model which simulates the
descending behavior of the plate better than the present one.

Temperatures

The temperatures at the bottom of the lithosphere agree well with the data
derived from pyroxene geothermometry for both the upper mantle and the deep
convection model. In the upper mantle below the lithosphere differences occur:
The deep convection models satisfy quite well the observational constraints
(electrical eonductivity, olivine-spinel transformation, petrological data), while in
the shallow convection models the temperatures are too low, at the 400 km
depth level by 3000—4000. From this point of View it seems very likely that
convection is not eonfined to the upper mantle but is present throughout the
whole mantle.

In all the models there is a subadiabatic temperature gradient at in-
termediate depth. In probably the best model (No. 31) the gradient is higher
than in all the others, but it is still below the adiabatic gradient for depths
greater than 250 km. If this is true in the mantle, there is only little foundation
for small seale eonvection cells proposed by Richter (1973) and others. A type of
small-scale convection initiated by boundary layer instability (Parsons and
MeKenzie, 1978) might still be possible, but it is doubtful whether it plays an
important role, since it would hardly have a big depth-extent and sinCe the
Rayleigh number does not exceed its critical value very much.

Some difficulties still remain because of the cool lower mantle in the models.
The liquidus of the outer eore alloy must be exceeded. This is a strong constraint
to the temperatures in the lowermost mantle. Even with the optimal com—
position (FeZS) the temperature at the eore-mantle boundary should be at least
2,500o C, but it is more likely that the limit is even higher. Therefore the
temperatures at the bottom of the deep mantle models are several hundreds or a
thousand degrees below the required values. Several circumstanees, which are
not regarded in the models, may contribute to raise the temperature of the lower
and lowermost mantle.

(a) The olivine-spinel phase boundary has a positive Clapeyron slope. This
implies the release of latent heat when material crosses the boundary down-
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wards and the lower mantle would be heated. A temperature rise in the order of
100o can be estimated.

(b) Higher temperatures in the lower mantle can be expeoted if the correct
spherioal geometry and the true depth of 2,900 km are included in the model.
The rise of temperature with increasing depth of the convection cell is shown by
comparison between shallow and deep convection models. But another special
effect concerning the lower boundary layer results. A spherical mantle sector has
only 30% of its surface area at the bottom while the top and bottom area are
equal in the plane model. Therefore the same amount of heat ooming from the
core would imply a heat flux (per unit area) thrice the high in a spherical model,
and the thermal gradient at the bottom would be thrice the gradient of the flat
earth model. Thus a significant heat flux from the core is producing an
important temperature rise in the lower thermal boundary layer of the cell,
which might protect the outer core from the low temperatures in the mantle.

The D”-layer at the bottom of the mantle may be identified as this lower
boundary layer (Jones, 1977). The other possible interpretation of the D’-layer as
chemioally different from the rest of the mantle (e.g., iron-enriohed) also leads to
a shielding of the core from low mantle temperatures because in this case it
could not participate in convection. The core’s heat must then be transported
throughout it by conduotion and also a steep temperature rise would be the
consequence.

(C) The low model temperatures at the bottom can be caused by the
symmetric lateral boundary conditions, which lead to double dipping slabs.
Thus the two plates shield each other from the warm surrounding mantle and
those parts which finally reach the bottom remain coldest. (One might argue
that the whole temperature distribution, including subadiabatic gradients and
low temperatures in the lower mantle, would be changed in favor of higher
values, if there would be a single descending slab. Of course, the slab is then
heated from both sides. However, it must be considered that the rate of
subduction always equals the spreading rate and therefore the single slab has to
have twice the descending velocity of the double slabs, and the inoreased heating
would be compensated).

It does not seem likely that all these effects would raise the temperature by
considerably more than a thousand degrees. Thus temperatures in the lower
mantle would remain quite low, and at the oore-mantle boundary about 3,000o C
can be expected. Therefore the model results support the hypothesis of sulphur
being the light alloying element in the core.

Another difficulty arising from such low temperatures in the mantle is the
high Viscosity which would result from Eq. 6. The inorease of Viscosity due to the
rising pressure oan not be compensated by rising temperature. But theoretical
considerations suggest that the activation volume does not remain constant but
deereases considerably with inoreasing pressure. According to Sammis et al.
(1977), it falls from 11 cm3/mol at the surfaoe down to 2.5—5 cm3/mol at the
bottom of the mantle. Thus the effeot of pressure could be less important and
the Viscosity could remain low enough to allow whole mantle convection despite
the rather low temperature in the lower mantle.



|00000126||

120 U. Kopitzke

Acknowledgement. I am grateful to the Deutsche Forschungsgemeinschaft, which is financing my
work.

References

Andrews, D.J.: Numerical Simulation of sea-floor spreading. J. Geophys. Res. 77, 6470—6481, 1972
Bickle, M.J.: Heat loss from the earth: a constraint on Archean tectonics from the relation between

geothermal gradients and the rate of plate production. Earth Planet. Sci. Lett. 40, 301—315, 1978
Davies, G.F.: Whole-mantle convection and plate tectonics. Geophys. J. R. Astron. Soc. 49, 459—486,

1977
DeBremaecker, J.-Cl.: Convection in the earth’s mantle. Tectonophysics 41, 195—208, 1977a
DeBremaecker, J.-Cl.: Is the oceanic lithosphere elastic or Viscous? J. Geophys. Res. 82, 2001—2004,

1977b
Dickinson, W.R., Luth, W.C.: A model for plate tectonic evolution of mantle layers. Science 174,

400—404, 1971
Elsasser, W.M., Olson, P., Marsh, B.D.: The Depth of Mantle Convection. J. Geophys. Res. 84, 147—

155, 1979
Fusijawa, H.: Temperature and discontinuities in the transition layer within the earth’s mantle:

geophysical application of the olivine-spinel transition in the Mg28i04—Fe25i04 system. J.
Geophys. Res. 73, 3281—3294, 1968

Garfunkel, Z.: Growth, shrinking, and long-term evolution of plates and their implications for the
flow pattern in the mantle. J. Geophys. Res. 80, 4425—4432, 1975

Gebrande, H.: Ein Beitrag zur Theorie thermischer Konvektion im Erdmantel mit besonderer
Berücksichtigung der Möglichkeit eines Nachweises mit Methoden der Seismologie. Universität
München: Diss. Inst. für Allgemeine und Angewandte Geophysik, 1975

Graham, E.K.: Elasticity and composition of the upper mantle. Geophys. J. R. Astron. Soc. 20, 285—
302, 1970

Graham, E.K.‚ Dobrzykowski, D.: Temperatures in the mantle as inferred from simple com-
positional models. Am. Mineral. 61, 549—559, 1976

Higgins, (3., Kennedy, G.C.: The adiabatic gradient and the melting point gradient in the core of the
earth. J. Geophys. Res. 76, 1870—1878, 197l

Houston, M.H., DeBremaecker, J.-Cl.: Numerical models of convection in the upper mantle. J.
Geophys. Res. 80, 742—751, 1975

Jones, G.M.: Thermal interaction of the core and the mantle and long-term behaviour of the
geomagnetic field. J. Geophys. Res. 82, 1703—1709, 1977

Jordan, T.H.: Lithospheric slab penetration into the lower mantle beneath the Sea of Okhotsk. J.
Geophys. 43, 473—496, 1977

Kanamori, H., Fujii, N.‚ Mizutani, H.: Thermal diffusivity measurements of rock-forming minerals
from 300° to 1100o K. J. Geophys. Res. 73, 595—605, 1968

Leppaluoto, D.A.: Melting of iron by significant structure theory. Phys. Earth Planet. lnter. 6, 175—
181, 1972

McGregor, I.D.‚ Basu, A.R.: Thermal structure of the lithosphere: a petrological model. Science 185,
1007—1011,1974

McKenzie, D.P., Roberts, J.M.: Convection in the earth’s mantle: towards a numerical Simulation. J.
Fluid Mech. 62, 465—538, 1974

Mercier, J.-Cl., Carter, N.L.: Pyroxene geotherms. J. Geophys. Res. 80, 3349—3362, 1975
O’Connell, R.J.: On the scale of mantle convection. Tectonophysics 38, 119—136, 1977
Parsons, B., McKenzie, D.: Mantle convection and the thermal structure of plates. J. Geophys. Res.

83, 4419—4430, 1978
Prenter, P.M.: Splines and variational methods. New York: John Wiley and Sons 1975
Richter, P.M.: Convection and large scale circulation of the mantle. J. Geophys. Res. 78, 8735—8745,

1973
Richter, F.M.‚ McKenzie, D.: Simple plate models of mantle convection. J. Geophys. 44, 441—471.

1978
Richter, F.M.‚ Parsons, B.: On the interaction of two scales of convection in the mantle. J. Geophys.

Res. 80, 2529—2541, 1975



|00000127||

Finite Element Convection Models 121

Ringwood, A.E.: Composition and petrology of the earth’s mantle. New York: MCGraw-Hill 1975
Sammis, C.G., Smith, J .C.‚ Schubert, G.‚ Yuen, D.A.: Viscosity-depth profile of the earth’s mantle:

effects of polymorphic phase transitions. J. Geophys. Res. 82, 3747—3761, 1977
Sato, A., Thompson, E.G.: Finite element models for creeping convection. J. Comput. Phys. 22, 229—

244, 1976
Schatz, J ‚F ., Simmons, G.: Thermal conductivity of earth materials at high temperatures. J. Geophys.

Res. 77, 6966—6983, 1972
Schubert, G.‚ Froidevaux, C., Yuen, D.A.: Oceanic lithosphere and asthenosphere: thermal and

mechanical structure. J. Geophys. Res. 81, 3525—3540, 1976
Sclater, J ‚(3., Crowe, J .: On the reliability of oceanic heat flow averages. J. Geophys. Res. 81, 2997—

3006, 1976
Stacey, F.D.: A thermal model of the earth. Phys. Earth Planet. Inter. 15, 341—348, 1977
Tolland, H.G.: Thermal regime of the earth’s core and lower mantle. Phys. Earth Planet. Inter. 8,

282—286, 1974
Torrance, K.E., Turcotte, D.L., Hsui, A.T.: Convection in the earth’s mantle. In: Methods in

computational physics, Vol. 13, B.A. Bolt, ed.: pp. 431—454. New York, London: Academic Press
1973

Tozer, D.C.: Temperature, conductivity, composition and heat flow. J. Geomagn. Geoelectr. 22, 35—
51, 1970

Walcott, R.I.: Flexural rigidity, thickness, and viscosity of the lithosphere. J. Geophys. Res. 75,
3941—3954, 1970

Wang, C.Y.: Temperature in the lower mantle. Geophys. J. R. Astron. Soc. 27, 29—36, 1972
Watt, J .P., O’Connell, R.J.: Mixed-oxide and perovskite-structure model mantles from 700—1200 km.

Geophys. J. R. Astron. Soc. 54, 601—630, 1978
Zienkiewicz, D.C.: The finite element method, 3rd edn. London: MCGraw-Hill 1977

Received February 19, 1979; Revised Version June 22, 1979; Accepted August 10, 1979



|00000128||



|00000129||

Journal ofJ. Geophys. 46, 123—133, 1979
Geophysics
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Abstract. The direct estimation method for threshold magnitudes associated
with teleseismic events is well-known and frequently used. A modifioation of
the method is developed in order t0 make the approach applicable t0 events
from regions with low seismicity. It is assumed that observations are supplied
by a seismograph network located within the region. As an example,
threshold magnitudes are given for the Uppsala station, Sweden. Reliability
of the suggested approach is examined by means of a rockburst series.

Key words: Detection probability — Earthquakes in Sweden -— Uppsala seismo-
graph station — Weak regional Seismic events — Operational threshold magni—
tude.

1. Introduction

Capability of a network to detect weak regional events is essential for earthquake
prediction and risk analysis. Besides engineering aspects, detectability estimates are
of great importance for many seismological studies since they provide a measure of
operational efficiency of the station and/or of the network wrt the given type of
events.

Investigations considering teleseismic epicentral distances were carried out by
Kelly and Lacoss (1969), Ringdal (1975), von Seggern and Blandford (1976),
Pirhonen et al. (1976), Ringdal et al. (1977), among others. In the present work, we
are concerned with the problem of evaluating the detection capability for weak
regional events by means of a national seismograph station network. By regional
events we mean events recorded merely by regional seismie networks. In general,
we follow the direct estimation approach which compares the detection perfor-
Inance of a station in question with the deteetion perforrnance of an independent
reference system like e.g. ISC or NEIS. When considering events oflow magnitudes,
an immediate application of the direct method is not possible due t0 the lack of a
reference system, because regional events are recorded by a very limited number of
stations. Another problem emerges from the fact that the size of regional
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earthquakes is determined by means of a regional magnitude scale. Consequently,
the detectability given in terms of magnitude thresholds is also dependent upon the
proeedures applied for the magnitude determination.

The station deteetability of teleseismic events is expressed as a funetion of the
referenee system magnitude (hereafter, reference magnitude) and is related to a
eertain limited seismie region. However, in cases like, e.g.‚ Swedish earthquakes any
division of the region in a number of subregions is difficult. Moreover, for regions
with low seismicity, additional grouping of events might jeopardize the statistieal
representation. Therefore, rather than relating the deteetability of a station to a
certain subregion we shall relate it to the epicentral distanee.

Below, we present a modified direct estimation method adapted to Swedish
regional conditions. As a quantitative example, threshold magnitudes are given for
the seismograph station Uppsala (UPP). Results are examined by means of
detectability estimates of roekbursts in Grängesberg (eentral Sweden). Although
the observations treated in this work are limited to a speeific region and to a speoifie
network, the applieability of the method is rather general.

2. Modified Direct Estimation Method

Event deteetability, of a partieular seismograph station for a given seismic region, is
expressed by means of the ineremental detection probability as a function of
magnitude. Ringdal (1975) and von Seggern and Blandford (1976) disouss the
deteetion probability in greater detail. Here, we follow the approaeh of Ringdal.

2.1. Statistical Mode]

The statistical model used is based upon the following assumptions: Firstly, the
reference magnitude, MR, and the station magnitude, MA, are distributed about the
same true unknown magnitude, M, so that MR N N(M + CR‚ 01%), MA N N(M + CA,
03;). C and a denote the magnitude bias and the magnitude variance, respectively.
The threshold magnitude, M„ is normally distributed with mean value u and with
variance 02, i.e.‚ MIN/N(y, 02). Secondly, MA and MR as well as MA and Mr are
mutually independent. Lastly, the number of detected earthquakes, NC, exeeeding a
magnitude MR, is expressible through the magnitude-frequency relationship

10ge[Nc(MR)]=<X-ßMR. (1)
By accepting the above assumptions, the estimated probability of deteetion is
(Ringdal, 1975)

P(MR)=q> [MR—b] (2)

where (15 is the Gaussian cumulative distribution function and

b=p+CR—CA+ßaä
82=UZ+0j+0ä. (3)
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The observed detection eurve, i.e., the percentage of events detected by the station,
for different magnitude levels, is fitted to the P(MR)-function in Eq. (2). The curve—
fitting is carried out, e.g.‚ by using the probit analysis technique (IBM Applieation
Program, 1970) whioh yields the maximum likelihood estimate of b and s.

2.2. Operational and True Threshold Magnitudes

Following Eqs. (2) and (3) we may refer to three different threshold magnitudes:
(a) True threshold magnitudes, u, whiCh are more of theoretical importance but

may also be used when eomparing the detectability of various stations even from
different networks. However, sinee our data are limited to regional observations,
determination of CR, and therefore also of y in Eq. (3), is not possible (for details
see Shapira et al., 1978).

(b) Biased or operational threshold magnitudes, bi s. These are direetly
obtained by fitting the observations to the function P(MR) in Eq. (2).

(C) Corrected operational threshold magnitudes, Bis, defined as

Ezb+CA:u+CR+ßa‚ä
52:52—0j=02+0122. (4)

In this case we assume that CR + ‚ß 01% remains constant‚ irrespective of the
investigated station. Hence, b i5 can be used when comparing the detectability of
stations within the network.

2.3. Reference Magnitude

For weak regional events we have to accept the regional network or part of it as the
referenee system. All magnitudes discussed throughout this work refer to regional
magnitudes, M, defined for the region in question. Accordingly‚ we here define the
reference magnitude of an event as

K

MR:i Z Mi for 1':l (5)K i: 1 .

where K is the number of available station magnitudes (investigated station A
exoluded) for the event and M1. is the magnitude of the event measured at the i-th
station. The exclusion of MA in Eq. (5) is due to the required independence between
MR and MA.

2.4. Relocation of Earthquakes

Our intention is to study the deteotion probability of the station A as a funotion of
MR for a Chosen epicentral distance. To introduce the distance dependenoe, we
transform all available earthquakes to a'eommon epieentral distance, say A k. Let us
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oonsider an earthquake of a known magnitude, MR, at distance A from station A.
We use the magnitude definition

M=f(D‚ T)+g(A) (6)
where D is the maximum ground amplitude, T is the corresponding period and g(A)
is the calibrating function. A fictitious earthquake at distance Ak which causes a
ground motion at A, with the same maximum amplitude, D, and period, T, will
have, as follows from Eq. (6), the reference magnitude

MR(Ak)=MR+g(Ak)—g(A)' (7)

Employment of Eq. (7) enables to determine magnitudes for fictitious events
located at any chosen epicentral distance.

Throughout this work the decision ‘detected’ or ‘not detected’ is based upon the
conserved parameters D and T. Thus, when the actual earthquake is detected by
station A, it is assumed that all relocated earthquakes associated with this actual
event are also detected. On the other hand, if the actual event is not detected, it
means that none of the corresponding fictitious earthquakes are detected by A.

3. Detection Capability of UPP — A Quantitative Example

To demonstrate the applicability of the modified direot estimation method we
determine the capability of UPP to detect Swedish events. UPP, the sole manned
station within the Swedish seismograph station network (SSSN), is used for quick
preliminary event locations and magnitude determinations. Thus, the knowledge of
corresponding threshold magnitudes is of great practical importance.

3.1. Observational Material

The data used comprises 72 Swedish earthquakes detected during 1963—1972
(Kulhanek and Wahlström, 1977). By careful selection, man-made and possibly
triggered seismic events (e.g.‚ rockbursts) were excluded. All moasurements, phase
identifications and event discriminations have been carried out by one and the
same seismologist (R.W.). In this respect, the data employed are homogeneous. It
should be noted that a great majority of the 72 earthquakes were located merely by
the SSSN. Only occasionally, closely located Finnish or Norwegian stations also
contributed with readings. Epicentral and seismograph station (SSSN) locations
are shown in Fig. 1.

3.2. Magnitude Bias and Variance

A regional magnitude scale for the Scandinavian area has been developed in Bäth et
al. (1976). The station-magnitude formula reads

log10(100 D)+F(A, T) (8)
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Fig. l. Map showing the location ofseismograph stations (open circles) and epicentres [solid circles) used
in this paper
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where D is the maximum ground amplitude of Sg in microns, measured on the
short—period vertical-component seismogram. F(A, T) is the calibrating function
available in tabular form (Bäth et 211., 1976) for 50 kmgA g 1,500 km and
0.3 s g T; 1.4 s. As follows from Eq. (8), the calibrating function includes also the T
parameter. Thus, Eq. (7) will be written as

MR(Ak) :MR +F(Ak, T) —F(A, T). (9)
Reference magnitudes are determined by applying Eq. (5), excluding UPP
magnitude determinations. The station-magnitude bias, CA, is determined by
averaging the difference MA — MR over all events with magnitudes reported by four
or more stations. Then, CA -—- —0.06 for A : UPP. The standard deviation of MA
wrt MR is influenced by the number of stations, K, whiCh contribute t0 estimations
of MR. Therefore, we define the variance as

2 1 NK K
2

SR(K)—NK(K—1) 1'211 i;1(Mij MRj) (10)

where NK is the number of events with magnitudes reported from K stations (UPP
excluded), i is the station and j the event index, respectively. Numerical SR(K)-
values, for K z 2, 3, 4, 5 show that the relation sä(1): K sä(K) holds. The consistent
sR(1)-Values are assumed t0 be good estimates of station magnitude variances, wrt
the defined MR, for any station within the SSSN. From our data we obtained sR(1)
=O.35.

For those cases when the earthquake was not detected by UPP, the period, T, in
Eq. (9) cannot be measured and has t0 be estimated. The present data d0 not
confirm the expected pronounced correlation between the period and the
magnitude and/or between the period and distance. The observations show that T
z(0.51 i008) s. The mean value of 0.55 is therefore used as the period for events
which were not detected by UPP. The error (two standard deviations) in period
measurements of about i0.153 introduces inaccuracies into the MR(A k) de-
termination which increase with distance. Using the F(A, T)-table of Bäth et a1.
(1976) and assuming T:(0.50i0.15) s, we obtain the following 0A(A) values

A 50—200km 250—500km 550—1000km
am) 0.15 0.25 0.30.

We shall provide for the period effect by introducing a distance-dependent variance
031 : (0.35)2 + 031(41), where here O'UPP z 0A.

3.3. Analysis and Results

Threshold magnitudes bso, b90 and [350, 590 (indices denote probability level) are
determined by the following procedure:

(a) All earthquakes are relocated t0 a common epicentral distance, Ak, from
UPP. Magnitudes, MR(A k), of fictitious, i.e., relocated earthquakes are calculated
according t0 Eq. (9).
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Fig. 2. Matched deteotion curves, P(MR), (dashed lines) and observed detection probabilities {solid
circles) for UPP and epicentral distances of 100, 500, and 1000 km

(b) The observed detection probability for a chosen MR is determined as the
number of the detected events normalized by the total number of events.
Magnitude intervals of 0.1 unit are used.

(c) Observed probabilities are matched with the probability distribution curve
given by Eq. (2) t0 determine the operational threshold magnitude 115,J and its
corresponding variance 52. From these values we calculate bgo, 550, and 590.

(d) We put T: 0.5 s in cases when the earthquake was not detected, whereas for
detected events the period is measured from the seismograms and, in general,
deviates from its mean value 010.5 s. Ifwe could assume T: 0.5 s = const., then the
threshold estimates would be parallel t0 F(A, T = 0.5 s). Since this is not the case, we
repeat the caloulations for epicentral distances from 100 t0 1000 km with steps of
100 km. Good correlation for the threshold magnitudes, m, is found empirically für
the form

m=a0+alloged+a2A (11)

Table l. Estimates of threshold ... ..
magnitudes for UPP A bso bgo bso boo

100 1.1 1.7 1.0 1.3
'

200 1.5 2.1 1.4 1.?
300 1.7 2.4 1.? 1.9
400 1.9 2.6 1.9 2.2
500 2.0 2.7 2.0 2.3
600 2.2 2.9 2.2 2.5
700 2.5 3.2 2.4 2.8
800 2.6 3.3 2.6 2.9
900 2.8 3.5 2.8 3.1

1,000 3.0 3.6 3.0 3.2
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Fig. 3. Cumparison of Optimum fits (dashed 117195) due t0 Eq. (11) and results obtained by the probit
technique [circfes/rriangles), 50 % and 90 °/o levels as well as operational, b, and corrected Operational, b,
threshold magnitudes are considered

As an example, Fig. 2 presents detectability curves for three chosen distances.
Tablel summarizes the estimates of the four threshold magnitudes for UPP.
Coefficients a0, a1, a2 are estimated in tefms of the least-squares fits. Results are
depicted in Fig. 3 for 1950, bgü, bso, and bgo.

4. Examination of Results From a Sequence of Rockbursts

The mining area of Grängesberg (60.1°N, 15.00E) in central Sweden, located
approximately 150 km from UPP, is one of few seismic areas which may be used as
an independent test of the estimated threshold magnitudes. During the period
August 1974-October 1977 about 470 rockbursts, from the Grängesberg area, were
recorded by at least one station from the SSSN (Bäth and Wahlström, 1976 and
Bäth, 1977). Employing the available information on the roekburst series, we
carried out the analysis as described by Ringdal (1975) or in 0ther words, we
applied the direct estimation method for UPP. Resulting values für UPP and
A =150 km are: bso = 1.4, bgü 21.8, 550 = 1.4, and 590 = 1.6. These results compare
favourably with estimates obtained from Eq. (11), differing by only 0.1 magnitude
unit für all four threshold magnitudes (Shapira et al., 1978).

5. Discussion

The modifieation of the direct method enables one t0 investigate the detectability 01
weak events by means of seismograph stations located within the seismic region
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Fig. 4. Loci of constant operational
threshold magnitudes, b”, with respect
to UPP

studied. As an example, loci of oonstant threshold magnitudes, 1990, wrr UPP are
shown in Fig. 4. Certain practical considerations and limitations of the method
proposed are discussed below.

Source Parameters. Generally speaking, Swedish earthquakes differ from each
other by virtue of their different unknown source mechanisms, focal depths, etc.
The relocation of events, which is the basic principle of the present approach, does
not consider the possible influence of the source parameters. Varying source
characteristics increase the standard deviations of estimated parameters. In spite of
the undesired source influences, the described approach provides realistic estimates
of threshold magnitudes as confirmed by the rockburst sequence.

Trug Magnitudes. Magnitudes considered in the present work are determined
by means of a regional network consisting of six stations. In such a Gase, it becomes
rather difficult t0 define the true magnitude of an event. Regarding Swedish
reeording conditions, the best estimate of the true (unknown) magnitude is
provided by combined measurements from all the six stations.

The estimates of threshold magnitudes are obviously dependent upon the
utilized magnitude scale. Therefore, direct comparison of threshold magnitude
estimates resulting from different magnitude scales is not possible.

Fregueney-Magnitude Relationship. An assumption of the random distribution
of earthquakes with time has been made by present authors. Nevertheless, it is not
impossible that the occurrence of Swedish earthquakes ShÜWS certain temporal
variations. Caution has to be taken also when considering the frequency of the
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Grängesberg rockbursts due to the possible time-depended triggering (Bäth and
Wahlström, 1976; Bäth, 1977). However, the temporal effects are minimized by
extending the period of observations. Thus, the potential, e.g., seasonal variations
are considered to be smoothed out.

The parameter ‚ß in Eq. (1) is influenced by the relocation process. Nevertheless,
Shapira et al. (1978) show that, for the present observational material, variations of
ß due to the event relocation are negligible.

Performance of UPP. The detection capability ascribed above to UPP is not
necessarily the best one whieh may be achieved practically. Note, that the
thresholds have been associated with short-period vertical-component Sg readings.
It is true that, in general, Sg is the largest phase observed in seismograms of Swedish
events recorded by the SSSN. However, horizontal amplitudes of Sg usually exceed
the vertical amplitudes (Bäth et al., 1976). Henee, inclusion of horizontal-
component observations would very likely decrease, i.e., improve, the present
threshold magnitudes.

6. Conclusions

Our main conclusions may be formulated as follows: (a) The applicability of the
well-known direct estimation method has been extended to weak events recorded
merely by regional seismic networks. (b) Threshold magnitudes are given
numerically for the Uppsala station. (c) Reliability of the suggested approach has
been confirmed by means of a rockburst series.
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Accuracy of Ray Theoretical Seismograms*

V. Öervenjl
Institute of Geophysics, Charles University, Ke Karlovu 3, 121 16 Praha 2, ÖSSR

Abstract. Theoretieal seismograms computed by the ray method with certain
modifieations in the eritieal region are compared with theoretical seismo-
grams computed by more exaet methods (the refiectivity method). It is shown
that the ray method with some simple modifieations gives qualitatively satis-
factory results for a broad elass of models of media, even in certain Singular
regions (sueh as eritieal regions, the neighbourhood of caustics, the half—
shadow, etc). Poor results are obtained for some non-ray waves. It would
be possible, however, to use some modifieations of the ray method (sueh
as the ray method with a complex eikonal) even for certain non-ray waves
and to include these waves into ray theoretical Seismograms.

Key words: Ray theoretical seismograms — Aecuracy of ray method — Modifi-
cations of ray method.

I. Introduction

At the present time, many different methods ean be used to eonstruet theoretical
seismograms. Unfortunately, there is no method generally suitable for all situa-
tions. For various problems, various epieentral distanees, and various models
of media, certain methods are suitable and other eannot be used at all. Great
differenees exist also in the aeeuracy and in the eomputer time requirements.

The ray method may be applied to eonstruet theoretical seismograms even
for rather eomplieated laterally inhomogeneous media with curved interfaces,
for whieh other methods can be hardly used.

The basic problem in the applieation of ray methods to the construction
of ray theoretical seismograms lies in its insuffieient aeeuracy in certain situa-
tions. There are three main reasons for this limited aceuracy:

l. The ray method is not applieable in certain Singular regions, such as
* Presented at the Workshop Meeting on Seismic Waves in Laterally Inhomogeneous Media,
Liblice, ÖSSR, February 27 —— Mareh 3, 1978

0340-062X/79/0046/0135/50300
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the critical region, the neighbourhood of caustics, the transition zone between
the illuminated region and the shadow zone, etc.

2. The standard ray method cannot be used to describe the properties of
certain types of non-ray waves, such as various inhomogeneous waves, Channel
waves, tunnel waves, etc. (Of course, certain of these waves can be studied
by the ray method with a complex eikonal.)

3. The number of waves which arrive at the receiver within a finite time
window is often rather high. It is necessary t0 exclude a priori certain classes
of waves (even regular zero-order ray waves) t0 make computations possible.
Of course, this may lead to inaccuracies.

The object of this paper is t0 study the accuracy of ray theoretical seismo-
grams. It would be difficult (practically impossible) t0 appreciate the accuracy
of ray theoretical seismograms by the ray method itself. The simpler way is
t0 compare the ray theoretical seismograms with the seismograms computed
by another, more accurate method. We must, of course, perform computations
only for simpler types of media, t0 which the more accurate methods are applica-
ble. From this point of View‚ the most natural thing t0 d0 is t0 start with
vertically inhomogeneous media, for which a number of various more exact
methods can be now used t0 compute thoretical seismograms.

In this paper we shall compare the ray theoretical seismograms with theoreti-
cal seismograms computed by the reflectivity method, see Fuchs (1968), Fuchs
and Müller (1971). We shall be mainly interested in the accuracy of ray theoreti-
cal seismograms in Singular regions, see point (1) above. The accuracy of ray
theoretical seismograms depends greatly on the epicentral distance. As we are
interested here mainly in the interpretation of explosion seismology data, we
shall study the range of epicentral distances from about 40 t0 300 km for
standard Earth’s crust structures. The most important waves in this region
are the refracted waves (also called diving waves) and the supercritical reflections
from various first-order discontinuities. The frequently occurring Singular regions
at these epicentral distances are those listed sub (1) above. At shorter epicentral
distances (N40 km) we have mainly subcritical reflections and the accuracy
of ray theoretical seismograms is usually satisfactory even for more complicated
structures. For large epicentral distances (N500 km), we expect lower accuracy
in the ray description of waves propagating within the Earth’s crust due t0
various reasons (such as the strong interference charaeter of the wave field).
The accuraey of ray theoretical seismograms in this region would require special
investigation.

The problem of the accuracy of ray theoretical seismograms is far from
being solved by the examples presented in this paper. The conelusions presented
here are of course only of a very limited character. It would be necessary
t0 perform a lot of other computations t0 be able t0 make some conclusions
of more general character.

2. Construction of Ray Theoretical Seismograms

In the following we shall describe very shortly the main principles of the construc-
tion of ray theoretical seismograms. Details can be found in Cerveny et al.
(1977), Hron and Kanasewich (1971), etc.
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In the ray theory the wave field is decomposed into elementary waves,
corresponding to individual rays. The seismograms of elementary waves, called
elementary seismograms, are computed independently one after another. The
resulting theoretical seismograms obtained as a superposition of elementary
seismograms are called ray theoretical seismograms.

In the case of the medium being composed of homogeneous plane parallel
layers, the elementary sei'smograms can be computed exactly (Cagniard—deHoop,
Smirnov-Sobolev). It is, however, also possible to apply the standard ray theory,
or some of its modifications.

For the computation of elementary seismograms, it is necessary to know
the travel-time of the corresponding wave, its complex amplitude and the source-
time function. The numerical methods of computation of these values in the
case of vertically inhomogeneous media are well known. To compute elementary
seismograms, it is also necessary to determine the Hilbert transform of the
source-time function. For some important Classes of functions, simple approxi-
mate formulae for the Hilbert transform were derived in Öerveny (1976). These
functions can simulate with a good accuracy many real wavelets observed in
explosion seismology studies. The approximate formulae expedite the computa-
tion of theoretieal seismograms considerably.

To describe the type of the elementary wave, it is necessary to introduee
certain numerical codes specifying the elementary waves. The main difficulty
of the computation of ray theoretical seismograms does not lie in the eomputa-
tion of elementary seismograms, but in the algorithms for the generation of
numerical codes and in the selection of waves. In case of a medium eonsisting
of a finite number of plane-parallel homogeneous layers, the problem of the
automatic generation of numerical codes becomes relatively simple, mainly when
we do not consider converted phases. In this case, the elementary waves can
be grouped into families of kinematically analogous waves. This grouping makes
the computation substantially faster. Unfortunately, even the number of groups
which arrive at the receiver within a finite time window is often rather high.
This applies mainly to models with a large number of thin layers to large
epicentral distances and to the long time window. In these cases, it is necessary
to make oertain a priori assumptions and to exclude from computations the
waves that are expected to influence the theoretical seismograms only slightly.

To improve the aeouracy of elementary ray theoretical seismograms, we
can use certain modifications of the ray theory. In the case of a medium of
parallel homogeneous layers, this applies mainly to the critical region modifica—
tion. The critical region is of great importance in applications since the ampli-
tude-distance curve of the corresponding reflected wave reaches its maximum
there. It is not complicated to use eritical region modifications when ray theoreti-
Cal seismograms are computed. The computation is then substantially faster
than the computation based on exact methods, and more exact than the computa-
tions based on the standard ray method. This modification was first used in
the construction of ray theoretical seismograms in 1974, see Öerveny (1978).
See also details in Öerveny et al. (1978).

It should also be noted that the ray theoretical seismograms can be easily
supplernented by certain non-zero waves such as the head waves. In the ray
theoretical seismograms presented in this paper the head waves are included
automatically.
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3. Discussion of the Accuracy of Ray Theoretical Seismograms

In this seetion we shall give some examples of theoretical seismograms eomputed
by the ray method (er by seine of its modifcations) and by the reflectivity
method. T0 appreciate the accuracy of ray theoretical seismograms we shall
Ch005e eertain simple vertically inhomogeneous structures. In the reflectivity
method the smooth distribution of velocity and density with depth is simulated
by a thin-layered medium with horizontal plane interfaces. Therefore, we shall
CÜnSidBI' only such types of media.

In all the cemputations (with the exception of the upper system in Fig. 11),
the souree—time function is given by the formula

f(t):6XP (-47I2ffiI2/yz) COS (ZRfMHv), (1)
with three free parameters: fM, y and v. The quantity fM corresponds approxi-
mately t0 the prevailing frequency of the source-time function. In all the examples
we consider an explosive point source of P-waves with the symmetrical character-
istics situated near the Earth’s surfaee. Only ideal registration is considered,
and a. possible distortion of theoretical seismograms by the recording equipment
is not taken into account. The receiver is also situated near t0 the Earth’s
surface, and the vertical component of the displacement is presented. Only
P—waves are taken into account(no S-waves and converted waves). For simplicity,
only primary reflections (with corresponding head waves) are c0nsidered, n0
multiple reflections. Some scaling of amplitudes with respect t0 the epicentral
distance is applied in most cases (prOportional t0 the epicentral distance). The
scaling is, of course, the same for the ray theoretical seismograms and for
theoretical seismograms computed by the reflectivity method.
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3.1. Critical Region

First we shall consider simple models of a homogeneous Earth’s crust with
the Mohoroviöie discontinuity situated at the depth of 30 km, see Fig. 1. In
the uppermost mantle the velocity is either constant (see model ECI), or increases
linearly with depth (models EC2, EC3, EC4). In this section we shall deal
with model ECI with the homogeneous upper mantle.

Figures 2 and 3 give theoretical seismograms computed by three different
methods. The source time function in Figs. 2 and 3 is given by formula (l),
with y:4‚ v:O‚ it differs only in the predominant frequency, Viz.‚ fM:4 Hz
in Fig. 2 and fM:2 Hz in Fig. 3. In both these Gases, the uppermost figure
(A) is computed by the reflectivity method, the middle figure (B) by the ray
method with the critical region modification, and the lower figure (C) by the
standard ray method.

In the standard ray method, the amplitude-distance curve of the reflected
wave reaches its maximum right at the critical point. In our Gase, the eritical
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Fig. 2. A comparison of theoretical seismograms for the model ECl shown in Fig. l, computed
by three different methods: Upper figure (A): the reflectivity method. Middle figure (B): the ray
method, with a critical region modification. Lower figure (C): the standard ray method. The explosive
point source and reeeiver are located close to the Earth’s surface. The source-time function is
given by (1), with y:4, 0:0 and with the predominant frequency fM-—-4Hz
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point is situated at the epicentral distance of 80 km. The maximum amplitudes
at the critical point can be clearly seen in both sets of theoretical seismograms
computed by the standard ray method. In reality, the maximum of amplitude
curves of reflected waves is shifted beyond the critical point, and the shift
is frequency dependent. Both these effects can be clearly seen in theoretical
seismograms computed by the reflectivity method and in theoretical seismograms
computed by the ray method with the modification in the critical region (see
B and C). In the case fM:2 Hz, the maximum amplitudes are shifted approxi-
mately t0 110 km, and in the case offM:4 Hz approximately t0 100 km.

Although the results obtained by the two methods (see A and B) differ
in details, the overall agreement of most important pecularities of wave fields
is satisfactory. This agreement was obtained due t0 the applied modification
of the ray method in the critical region.

(Let us mention one difference between the two systems of seismograms
which is connected only with the numerical computation effects. Weak ampli-
tudes of the wave reflected from the Moho at small epicentral distances obtained
by the reflectivity method are caused by the velocity filtration applied in the
reflectivity method.)
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are located close to the Earth’s surface. The source-time function is given by (1) with y:4 and
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3.2. Interference Heaa’ Waves

Now we shall present theoretical seismograms computed for models EC2, EC3
and EC4, see Fig. 1. The continuous increase of velocities in the uppermost
mantle is simulated by the sequence of thin homogeneous layers. The correspond-
ing systems of theoretical seismograms are presented in Figs. 4—6 for the prevail-
ing frequency fM:4 Hz. The critical region modifieation is used for reflected
waves from the Moho (in the computation of ray theoretical seismograms).

Two dominant waves are evident in these figures: the wave reflected from
the Moho and the wave refracted in the uppermost mantle. This wave is also
called the interference head wave, see Öervenfil and Ravindra (1971). Let us
note that the refracted wave is formed by a superposition of waves reflected
from individual fictitious interfaces in the uppermost mantle.

The properties of the wave reflected from the Moho remain the same as
in Figs. 2 and 3, see the previous ection. Here we shall be interested in the
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Fig. 5. The same as in Fig. 4, for the model EC3

properties of the refracted wave in the uppermost mantle. For this wave, the
standard ray method is not applicable, see Öerveny and Ravindra (1971). Certain
interesting pecularities of these waves, described earlier in the above shown
reference, may be easily verified in Figs. 4—6: the amplitudes of refracted waves
beyond the eritical point first decrease with the inereasing epicentral distanee,
then they increase, and at a eertain epicentral distanee the amplitudes reaeh
their maximum values. The position of this maximum depends on the velocity
gradient below the Moho. The larger the gradient, the smaller is the epicentral
distanee at which the maximum is situated.

Again, we cafi see that the theoretical seismograms computed by the two
methods differ in details, but the most important pecularities (such as the posi-
tion of maxima and minima of amplitude-distance curves) are satisfactory for
many practical purposes. As a rule, the ray method gives larger amplitudes
than the refleetivity method.

(Let us mention another differenee which is conneeted with certain differences
in computational procedures. The wave, which separates from the refracted
wave at large epicentral distances in the reflectivity computations for the model
EC4 corresponds t0 the multiple reflection from the bottom side of the Mohorov—
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Fig. 6. The same as in Fig. 4, for the model EC2

iöiö discontinuity. In ray theoretical seismograms, this wave is missing since
only primary reflections were considered. It would be easy, though, t0 obtain
this wave €ven in ray theoretical seismograms by Choosing different input data
controlling the generation algorithms. This possibility is included in the programs
used for computations.)

3.3. Transition Region Between lhe Shadow and the Illuminated Zone

We shall now consider the models ECG shown in Fig. 7. The models are similar
t0 those discussed above (see Fig. l), but assume a positive velocity gradient
within the Earth’s crust. For the models ECG shown In Fig. 7, we obtain
a strong refracted wave propagating within the Earth’s crust, which did not
exist in the case of models EC. The travel time curve of this refracted wave
has a common tangent point with the travel-time curve of the wave reflected
from the Moho. This tangent point is situated at about 195 km. At larger
epicentral distances, a geometrical shadow zone for both waves is formed.
We are not interested here in the deep shadow, as the amplitudes are very



|00000150||

144 V. Öerveny

VELOCITY (KMIS)
7 8

0 I I I I l
A

20-

30—

„o_ MODELS ECG

4 Fig. 7. P-wave velocity distribution for vertically
inhomogeneous models ECGl—ECG4

50 L’ DEPTH(KM)

small there, but in the wave field in the half-shadow (N195 km). It is well
known that the standard ray theory fails there.

Now we shall present theoretical seismograms for the model ECGI, see
Fig. 8 forfM :4 Hz and Fig. 9 forfM_—:2 Hz. Again, the upper figure is computed
by the reflectivity method, the lower by the ray method, with the modification
in the critical region for the wave reflected from the Moho.

We are interested mainly in the properties of the interference wave formed
by the superposition of the refracted wave and the wave reflected from the
Moho, in the Vicinity of the gometrical boundary of the shadow zone (N 195 km).
The behaviour of this interference wave is very int€resting. The amplitudes
of the interference wave first strongly increase, form a maximum at about
170 km, and they continuously decrease. The level of amplitudes of the interfer-
ence wave in the region of their maximum (N170 km) is really rather high,
of the same order or even higher than the amplitudes in the critical region.

Similarly as in previous Gases, the agreement between the theoretical seismo-
grams computed by the two methods is satisfactory. The agreement is in a
way surprizing, n0 modification of the ray method was used t0 compute the
interference wave in the transition region. The agreement is mostly caused
by the Simulation of the smooth velocity-depth distribution by thin layers.
The agreement could not be obtained for a smooth velocity-depth distribution.

Similar results were obtained for the models ECG2—ECG4. We shall not
present them here for they would be, t0 some extent, only a combination
of theoretical seismograms for the model ECGI with those for models EC2,
EC3, and EC4. As an example, we shall present here only the ray theoretical



|00000151||

Accuracy of Ray Theoretical Seismograms 145

70 | l I | l H | I I
REFLECTIVITY METHOD

8' ‘v 4

b 2’ 8„ _ .4 { „
36 w;‚><"‘<g[>fi

ä {
P

‚L 4- 3% -
<‘‚>

‘
2F

<>

2_ 4 -

:> <7 {
e

0

70 I i I i l 1
RAY METHOD

‚
8 ‘ d

P; ‘ ‚
C,

P

ä
6 p

:> 2> ‘

<g‘ii?

::!=;\T5[ .‚

2 2%
il— 4 '

:><}>
’ -

‘ :>r
<>

2 ' :>
<>

I ‘

3

‘>

0 1
0 50 100 750 200 250

R (KM)
300

Fig. 8. A comparison of theoretical seismograms for the model ECGI shown in Fig. 7, computed
by two different methods: Upper figure: the reflectivity method. Lower figure: the ray method
with a critical region modification for reflections from the Moho. The explosive point source
and receiver are situated close t0 the Earth’s surface. The source-time function is given by (1),
with 32:4 and with v:0. The predominant frequency fM equals 4 Hz

seismograms for the model ECG4 (with the critical region modification for
reflections from the M0h0), computed for the predominant frequencies fM ::4 Hz
and fM:2 Hz, see Fig. 10.

3.4. Other Singular Regions

A number of other ray theoretical seismograms were computed and compared
with the reflectivity method. This applies t0 various layered structures composed



|00000152||

146 V. Öerveny

70 IHIITIIÜ
REFLECTHHTY METHOD
I

f“
>8 {

‘O) r

T-R/8(S)
f‘

70
RA Y METHOD

>H l

O) T

4.x I

T‘R/8

(S)

0 50
i

100 150 200 50 300R(KM)
Fig. 9. The same as in Fig. 8, for the predominant frequency fM:2 Hz

of thick layers, t0 more realistic structures, etc. The agreement of the results
was usually satisfactory. Great attention was also paid t0 the neighbourhood
of a caustic. Some results of these computations can be found in Öerveny
61211. (1977), Öerveny (1978), Öerveny and Psenöik (1977). Similarly as in the
case of the half-shadow the aggreement is satisfactory.

3.5. Non-Ray Waves

As shown above, the ray theory supplemented by some simple modifications
may yield satisfactory results, even in Singular regions.

As was mentioned in the introduction, the standard ray method does not
include certain types of non—ray waves, such as various inhomogeneous waves,
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Fig. 10. Ray theoretical seismograms for the model ECG4. The critical region modification is
applied t0 reflections from the Moho. The explosive point source and the receiver are situated
close to the Earth’s surface. The source-time function is given by (l), with y:4, v:0. The predomi-
nant frequency fM:4 Hz in the upper figure,fM=2 Hz in the lower figure

channel waves, tunnel waves, diffracted waves. Some types of diffracted waves
can be obtained by a proper Simulation of the smooth velocity distribution
by a thin-layered medium, see the waves penetrating t0 the shadow zone in
Figs. 8 and 9. For other types of waves, such as the tunnel waves, the comparison
of ray theoretical seismograms with the theoretical seismograms computed by
the ray method has not given satisfactory results.

We shall present one example, see Fig. ll. Fuchs and Schulz (1976) studied
the effect of the thin-high-velocity layer on the wave field in an attempt t0
explain the combination of low-frequency Moho reflections and high-frequency
P„ arrivals which were observed in several cases. The theoretical seismograms
for a structure given in the left upper corner of Fig. 11, computed by the
reflectivity method, are shown in the upper part of the figure. They clearly
demonstrate the tunnelling of waves through a thin high-velocity lamina. The
first arrival is the reflection from the high-velocity layer, the second arrival
comes from the Moho. As soon as the incidence of the wave from the source
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tion for reflections from lamina and from the Moho. The explosive point source and the receiver
are loeated close t0 the Earth’s surface, the source-time function in both seetions are slightly
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on the lamina is supercritical, only the low frequencies propagate (tunnel)
through the lamina, and the reflection from the next interface contains only
10W frequeneies. It must be emphasized that the tunnel wave cannot be described
by the standard ray theory. The ray theoretical seismograms computed for
the same model are shown in the lower part of Fig. 11. The figure elearly
demonstrates that the standard ray method does not properly describe the
tunnel effeets.

It would be possible, however, to use some modifications of the ray method
(such as the ray method with a complex eikonal, see Öerven}? et al., 1977)
even for certain on-ray waves. These modifications have not yet been ineluded
in our programs for ray theoretical seismograms, but they have been ehecked
in some test computations (e.g.‚ for tunnel waves).
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4. Conclusions

The comparisons of the ray theoretical seismograms with the reflectivity theoreti-
cal seismograms have shown that the ray method with some simple modifications
gives qualitatively satisfactory results for a broad class of models of media,
even in some Singular regions. This applies, e.g. t0 the critical region, to the
neighbourhood of a caustic, the half-shadow, etc. Satisfactory results have been
also obtained for interference head waves, converted waves, etc. On the other
hand, poor results have been obtained for some non-ray waves and inhomogen-
eous waves. We may expect that certain modications (the ray method with
a complex eikonal, etc.) will be used in the near future t0 remove many of
the remaining limitations and improve effectively the accuracy of ray theoretical
seismograms.

These comparisons show that the ray theoretical seismograms can give valu-
able results even for laterally inhomogenous media with curved interfaces, espe-
cially when we use certain modifications t0 improve their accuracy in singular
regions and t0 describe properly certain non-ray waves.
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Auroral Particle Fluxes in the Ionosphere
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Max-Planck-Institut für Aeronomie, D-3411 Katlenburg—Lindau 3,
Federal Republic of Germany

Abstract. The observations discussed in this paper were conducted in the
framework of the ‘Polar High Atmosphere Sounding Rocket Project’ with a
View to determining the oontributions of auroral partiole fluxes to both the
energy budget and the current system of the upper atmosphere. The experi—
ment was flown on board four payloads that were launched into various
phases of magnetospheric substorm events to peak altitudes of approximate-
ly 270 km. During undisturbed portions of the flight times the electron flux
below 500 eV was nearly isotropio and could be described by a power law
spectrum. At high energies the spectra were steeper and exhibited a loss
signature in the atmospherio backscatter cone. In disturbed periods electron
fluxes with peaked spectra in the keV energy range were often superimposed
on these distributions. In addition, strongly field-aligned electron fiuxes were
frequently observed at low energies. It seems difficult to devise any other
mechanism to explain some of the observed events than field-aligned electric
field acceleration. Results will also be presented on the energy flux carried by
electrons and protons and the relationship to optical auroral emissions.

Key words: Magnetospheric substorm — Auroral particle fluxes — Magneti-
Cally aligned electric fields.

1. Introduction

The low-energy auroral particle experiment (ALl) was flown on four complex
payloads in the framework of the ‘Polar High Atmosphere Sounding Rocket
Project’. The main goal of the experiment was to determine the bulk properties
of low-energy particle fluxes during various phases of magnetospheric substorm
events in order to provide input d'ata for interpreting the atmospheric response
to magnetospheric disturbances. This response was observed on the ground and
by other instruments of the payload compliment comprising plasma experi—
ments, mass spectrometer, magnetometer, and optical instruments. A desoription

0340-062X/79/0046/015l/SO3.8O
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of the scientific objectives, the payload and the geophysical launch conditions
has been given by Theile (1978).

Another scientific objective of the low-energy particle experiment was to
study the particle distribution function as a means to deduce particle accele-
ration and precipitation mechanisms. Low-energy electron fluxes oan be consid-
ered as sensitive probes of magnetospheric electric fields. In View of the
importance of these fields, the data presented here will mainly be considered in
the eontext of possible acceleration and precipitation mechanisms involving
electrio fields. Other aspects such as energy input into the high atmosphere,
electric current distributions and wave-partiole interaotion processes will have to
be treated in more detail, in a later paper together with supporting information
from other experiments flown on the payloads or operated elsewhere. All
observations discussed here were made over or near auroral forms in various
stages of activity. To further the understanding of this exciting phenomenon of
the polar night was one of the motivations for performing the measurements. In
earlier investigations it has been recognized that the observed spectra can be
divided into primary and secondary eleotron fluxes. Secondary electrons nor-
mally have energies of less than 500 eV and tend to be completely isotropic with
a power law dependence of the flux and spectral parameters between 1 and 2
(Cahill et al., 1974; Arnoldy et al., 1974; Peterson et al., 1977). This behaviour
was theoretically explained by considering the interaction of primary electron
beams with the atmosphere by Banks et al. (1974) and by taking into account
the reflection of upwards going low-energy electrons at potential barriers that
supposedly are located above auroral displays (Evans‚ 1974).

In the energy range of several keV electron fluxes with peaked energy spectra
were often observed above bright auroral displays. It was also recognized that
these fluxes were normally field-aligned (O’Brien and Reasoner, 1971; Whalen
and MeDiarmid, 1972; Arnoldy et al., 1974; Cahill et al., 1974; Boyd, 1975).
Mende and Shelley (1976) demonstrated that the spectral peaks eould not be
correlated with observations on a geosynchronous satellite thus supporting a
mechanism of low-altitude post-acoeleration of auroral partieles. Boyd (1975)
arrived at a threshold intensity for peaked spectra of about 12 erg cm‘zs‘1
corresponding to an IBC II aurora. Low-energy electron fluxes have also been
identified as being important carriers for magnetospheric electric currents (Ar-
noldy et al., 1974; Cahill et al., 1974).

2. Instrumentation

The low-energy auroral particle experiment was designed to achieve good
energy and angular resolution for electrons and protons. These requirements
resulted in a nested—eleetrostatic analyser system, named differential energy
analyser (DEA), followed by continuous channel electron multipliers (CEM) for
separate electron and proton deteotion. A schematic sketoh of the analyser is
given in Fig. 1. The outer and inner spheres were grounded and the potential of
the middle sphere was varied between 0 and —4kV. Plasma rejection was
achieved by a double grid in front of the entrance aperture at ground and
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Fig. l. Sehematie sketeh of the nested-eleetrostatio
analyser (DEA). The entrance aperture was shielded
from thermal plasma particles by a double-grid
structure. The potential of the middle electrode was
varied between 0 and —4kV in order to set the energy
aeeeptanee band of the analyser. An additional small
CEM (e) was mounted behind the electron analyser
outside the plane of this figure with a view to
inereasing the dynamie range of the instrument and
providing some redundancy E D

+15 V. As, in general, the rocket skin was at slightly negative potentials of a few
Volts with respect t0 the plasma, both thermal electrons and protons were
excluded from the inside of the analyser by this arrangement. The outer channel
deflected protons and the inner one electrons into the deteetion deviees. Before
entering the CEM, the protons were post-accelerated by a voltage of —2.9 kV
to enhance the instrument efficiency for low-energy protons. The eoncave
surfaces were serrated in order t0 reduce scattering of particles inside the
spherical analysers. In addition, the aluminium spheres were chromium-black
plated, which, at the same time, guaranteed a good electrieal conduetivity of the
surfaees of the spheres.

Two electron channels with different geometric factors and one proton
ehannel were looking approximately 25 deg off the rocket axis. Another identi-
cal detector arrangement was mounted under an angle of 115 deg with reSpeet
to the payload axis. The sampling time was 15.8 ms followed by a dead time of
0.2 ms. The ealibration procedure applied during the laboratory tests of the
instruments has been described by Wilhelm (1979). It can be summ’arized in
Fig.2 by presenting an example of the relative detector efficiency 81 as a
function of the particle energy, the azimuthal angle 0:2 defined in Fig. 1 and the
meridional angle a1 normal t0 0:2. The two expressions ‘meridional’ and
‘azimuthal’ refer to the payload Spin axis and imply a speeial mounting
eonfiguration of the instrument with respect to the payload. Given the nominal
direction of the payload axis, i.e., parallel t0 the local vertieal, and the magnetie
field vector, it can be seen that the pitch angle resolution is predominantly
determined by the acceptance range of the ‘meridional’ angle. For this reason
the angle a1 was mounted parallel to the meridional plane of the roeket. The
evaluation of the ealibration led to the instrument oharaeteristies given in
Table l.

Taking into aecount both the CEM properties and the effioiency as a
function of energy, one can perform an absolute conversion of eount rates into
partiele fluxes.
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Fig. 2. Contours Df the relative efficiency
81 of one of the large-geometric-factor
electron channels. The efficiency is
plotted as a function 01" the two angular
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Table l. Characteristics of instrument

directions and the particle energy. Note
the different scales

Energy range, eV 15-31000
Resolution AW/W, “X, l4
Geometrie factor, cm2 sr 2.3 x 10‘
Field of view, deg2 2.7 x 8.0
Time resolution, ms 16
Payload spin period, ms 330

3

3. Observations

Four payloads were launched from the Andoya Rocket Range, Andenes,
Norway by Skylark 7 motors. A compilation of the launch times and the
geophysical conditions encountered is given in Table 2. For details the reader is
referred t0 the description of the project by Theile (1978).

Table 2. Launch times and geophysical conditions

Flight Payload Launch time Apogee GEDphysical
designation (GMT) (km) conditions

1 F2A January 22, 1977 21:28:00 276.8 Pre-breakup phase
2 FIB February 8, 1977 22:11:51 272.7 Active auroral diSplay
3 F3C February 20, 1977 21:14:00 256.0 Quiet diffuse aurora
4 F4D March 16, 1977 22:04:40 259.3 Active auroral display



|00000161||

Auroral Particle Fluxes in the Ionosphere 155

10 4 . I 10"
PHA ALl Flight 2

8 Feb 1977
A 5 „ s AN 1o -1o ‚_
ö ö
W U)

0C) 5 4 S
32

10 ‘ __ 10
Q

3., E4 _ Sensor 1 3 _t5 10 Ho U,
Fig. 3. Proton spectra observed during NE NE
the second flight (FlB) above an altitude 3’) 103 _102

U
of 250 km. The graphs define an T; l d)"
upper limit for the proton observations g Sensor 2 ä
for fluxes below an energy of several *ä’ 102 — _10‘ *5
keV. Sensor] covered the upper m i
halfsphere, whereas sensor2 mainly 1
looked downwards. Notice that the scales 10 1 '2 I 3 . 4 510O
for the two sensors are displayed by a 10 10 10 10 10
factor of lO Energy (eV)

With two exceptions the payloads performed nominally as far as the require-
ments of the low-energy particle experiment were concerned. A spin-modulated
telemetry loss occurred during the later portions of the first flight (FZA) and
payload 3 (F3C) was exposed t0 humidity during ground handling procedures
resulting in an unacceptable dark count rate in one sensor system that, as a
consequence, had t0 be disconnected before launch. All the other channels
worked according t0 expectation. The pitch angle scans of the two sensor heads
were rather restricted due t0 the stabilisation of the payloads under nominal
conditions. In this sense, an accidentally induced high coning angle on the second
flight (FlB) was profitable for this experiment.

Proton Flux Observalions. The proton fluxes measured during all flights were
very low and did not permit any significant time history study. The measure-
ments can be summarized in two representative spectra that are given in Fig. 3.
They have been produced by integrating all the proton measurements above
250 km during the seeond flight (F 1B) separately for both directional channels.
Taking the eount statistics and the noise levels of the detectors into account, the
spectra can only be regarded as signifieant above several keV proton energy.
Below that energy, it can be concluded that the flux levels stayed below the
threshold sensitivities of the detectors represented by the graphs.

Electron Distributions. Measurements of electron energy spectra will con-
veniently be displayed either as differential electron flux F (oc, W) in units of
electrons cm‘zs‘1 sr‘1 eV‘1 assuming azimuthal symmetry around the mag—
netic field direction or as velocity distribution function f (V) in s3/km6 in order
to study some of their eharacteristics. The symbols oc, W, and v denote electron
pitch angle, energy and velocity vecton respectively. The electron flux and the
velocity distribution function are related by

fe(V):m5F(oc‚ W)/2W (1)
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with me the electron mass and W=me 122/2 the non-relativistic electron energy. It
will first be attempted t0 illustrate the normal electron velocity distribution
function that was observed for most of the flight times. A typical observation is
shown in Fig. 4. Characteristic for this distribution is a knee at approximately 3
x104km/s corresponding t0 Wz2keV with a steep decrease t0 higher velo-

cities. The differential energy spectrum of this distribution ean be described by
two power law functions as

Foc W‘l (2)

with

3221.0 for W<2keV

and

y:2.2 for W>2keV.

Except for a loss cone signature at high velocities the distribution is more or less
isotropic in the range covered by the observations.

Near bright auroral arcs the distribution was similar but the knee shifted t0
higher velocities‚ the high-energy slope steepened and a plateau or a relative
maximum developed below the knee velocity. Illustrations of this type of
distribution are given in Figs. 5 and 6 in terrns of the electron distribution
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Fig. 5. Electron velocity distribution function between 176 183 s after launch of F4D. For details
of the format see Fig. 4. Due to the limited pitch angle eoverage only 8 ranges are available for F4D

Fig. 6. Differential electron flux versus energy measured during the time interval from 228 235 s on
the first flight (F2A). The gaps result from data losses caused by the telemetry failure mentioned in
Sect. 3. The sensors 1 and 2 scanned pitch angle ranges of 0 to 40 and 90 to 130 deg, respectively

function and the differential energy spectrum. The fluxes exhibit field-aligned
collimation near the peak intensities. Predominantly north of the auroral
displays the distributions were more eomplex as can be seen from Fig. 7. Again
the knee signature near 2keV electron energy is present but, in addition,
another change of slope of the velocity distribution function can be detected
near 200 eV. Similar to the simple distribution in Fig. 4, it is typical for the
double knee distribution that the electron fluxes are nearly isotropic, although a
tendency of field—alignment can be notieed at low energies. Distributions such as
those in Figs. 4 and 7 can be looked at as referenee distributions. Superimposed
on them, strongly field—aligned electron fluxes were observed on many occasions
that exhibited a marked difference in their characteristics to the reference
distributions. Figure 8 illustrates one of these events in terms of the differential
energy flux in two different pitch angle ranges. The apparent Spin modulation
between 0.2 and 2keV with peak fluxes near 0 deg pitch angle is the in—
strumental response t0 strongly field-aligned electron precipitation within this
wide energy range. The degree of alignment can best be seen in flux versus pitch
angle plots given in Fig. 9 for another event having similar features. For still
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another event the velocity distribution function has been plotted in Fig. 10
demonstrating that a pronounced density increase at small pitch angles is
characteristic for this type of event. Moreover it should be noted that the
increase is situated at velocities smaller than the knee velocity. Field alignment
of the electron flux was present as low as v:8.4 >< 103 km/s (W2200 eV) in this
example but could be observed down t0 v:3.2 >< 103 km/s (W230 eV) on other
occasions. Considering the low altitude at which the measurements were made
and the mean free path length of the order of 10 km for the low-energy electrons
involved, the existence of such strongly field-aligned fluxes is highly surprising
and merits detailed investigations.

The knee distributions were very stable in time. The field-aligned events, on
the contrary‚ exhibited a burst-like-structure with a duration of several seconds
for individual events. With a View t0 understanding the causes of these events
with strong field alignment of the electron flux, part of the data of Fig. 10 have
been reorganized as contours of constant distribution functions in velocity space
in Fig. 11. The solid lines represent those regions in velocity space th‘at were
directly observed by the instrument. The broken lines are interpolations believed
t0 be possible, without ambiguity. There are several interesting features that
should be noted in Fig. 11:
— in the first quadrant the distribution function contours for energies greater
than 2 keV are nearly Circular;
— a loss cone effect is present for pitch angles greater than 105 deg in the
second quadrant, corresponding t0 a local loss cone angle of 75 deg;
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— the field—aligned event clearly stands out along the +0” axis with a relative
maximum at 02:10“ km/s.

Electron Number und Energy Fluxes. In order t0 arrive at the bulk properties of
the electron flux, the differential electron flux F (5x, W) can be integrated t0 give
the number and energy flux densities according to

Kfz W2

”dumm: “I f F(W )sin 0: cos o: doc (3)

1:;‘2 W3

Qd„w„=2n J J WF(W,0t)sinoccosocdot (4)
o wI

Sirnilarly, the upwards going lluxes can be determined. The electric current
density carried by electrons in the energy range under consideration then
fellows from the difference of the two opposite number flux densities. As the
instrumental conditions differed for all four flights, a separate discussion is
required in each case.

Starting with the second flight (FIB), it Should be recalled that the large
eening angle of the payload was favourable as far as a complete pitch angle scan
of this instrument was concerned. However, as another consequenee the tirne
resolution was substantially deteriorated. Fortunately, time variations of the
eleetron flux were not very pronounced during this flighn thus allowing a long
integration tirne witheut serious implications. The results are presented in
Fig. 12. Optical observations showed that the payload was engulfed in auroral
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Fig. l3. Electron flux parameters for the fourth flight (F4D) on March 16, 1977

activity with an intensity of 3 t0 4kR at 557.7 11m for all of the flight time
(Theile, private communication).

On the fourth flight (F4D), the pitch angle scan was restricted t0 intervals of
2 >< 40 deg. Before the integration of Eqs. (3) and (4) could be performed, inter-
and extrapolation methods had t0 be used following a procedure discussed by
Wilhelm (1979). It was shown that the computations could be considered with
confidence for spectra with reasonably smooth behaviour. In Fig. 13 the results
üf F4D have been compiled. The dramatic increase of all quantities between
approximately 150 and 240 s elapsed time coincided with the encounter of the
payload with the visible auroral are as can be seen from Fig. 14 where the
intensities contours derived from 557.7 nm scanning photometer measurements
have been plotted as a function of time and geographic location.
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The technical limitations prohibited a numerical evaluation for both the
third (F3C) and the first (F2A) flight. Graphical methods were therefore used
that could only provide an estimate of the quantities under oonsideration. The
results have been displayed in Fig. 15 for F2A. Of particular interest seems to be
the decrease near 300 s after launch. Even if the uncertainties in absolute values
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should be considerable, the relative decrease of more than two orders of
magnitude in energy flux can be considered as genuine. The spectra before and
after that discontinuity have been plotted in Fig. 16.

4. Discussion

There is increasing evidence supporting the hypothesis that magnetospheric
charged particles are being aceelerated or post-accelerated near the ionosphere
before they preeipitate into the atmosphere (Maehlum and Moestue, 1973;
Evans‚ 1974; Mozer, 1976; Raitt and Sojka, 1977; Bryant et al., 1978; Mizera
and Fennell, 1977). The signature of electron distributions should be a sensitive
indicator of fieldaligned static electric field acceleration as was discussed by
Whipple (1977) for natura] and Wilhelm (1977) for artificially injected particles.
Under the assumption of adiabatic m0ti0n, equivalent t0 the constancy of the
magnetic moment

#zIWO’Q[Cp(S)—Cb(50)]} B—1(S)Sin20‘ (5)
: me vi (s)/2 B(s) : const

with

W0 initial kinetic energy
q Charge of particle
gb(s) electric potential at position s
B (s) magnetie field strength at s
vL(s) perpendicular velocity with respect t0 the magnetic field at S
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the main conclusion was that the presence of an accelerating electric field
parallel t0 the magnetie field would subdivide the partiele population into
several distinct regimes in velocity-space. The identification of these regimes and
the corresponding boundaries in the observed particle distributions should thus
be indicative of the operation of the assumed mechanisms. Chiu and Schulz
(1978) have given a full description of the different phase space regimes and the
corresponding demarcation lines. Using their analysis, Croley et al. (1978) have
pointed out that the region in veloeity space which defines the trajeetories of
Charged particles that are turned around by an electric field above the point of
observations 81 is given by the interior of the ellipse

vfi (80+ [1 -B(So) B” 1(51)] 01091): -2 61<I5(51)/me (6)
with v„(sl) parallel velocity with respect t0 the magnetic field at 51 and B(sO)
magnetic field strength Where the potential function d) vanishes.

Similarly, the loss of particles in the atmosphere at the position 52 can be
projected upwards by

Üfi(51)+[1—B(52)B—1(S1)]”5(51):2q[45(52)—€b(51)]/me (7)

resulting in a region bounded by a hyperbola at the altitude of observation 31.
Furthermore, Croley and eo-workers have presented an example of electron flux
measurements in their Fig.1b that showed, except for the loss cone effect,
cireular contour lines for v>1.87 x104km/s and a sharp demarcation line at
that velocity. They interpret these findings as evidence of a field-aligned elec—
trostatic acceleration of magnetospheric electrons in a potential drop of 1kV
above the satellite. The circular domain boundary could be described by Eq. (6)
under the assumption of BO <B (51), i.e., a rather high upper limit of the electric
field region.

The observations presented in Fig. 11 of this paper resemble those discussed
above t0 a high degree for electron velocities greater than 2.5 x 104 km/s.
Similarly, it can be seen from Figs. 5 and 6 that presentations of the same data
in velocity space would result in cireular demarcation lines at velocities near 3
x104km/s. As far as the high-Velocity eleetrons are eoncerned, the measure-
ments obtained during the time periods discussed are thus consistent with an
electrostatic field acceleration. It can, therefore, be coneluded that the distribu-
tion shown in Figs. 5 and 6 are indicative of a field-aligned acceleration process
operating at great altitudes. All electrons with velocities greater than the knee
velocity were of magnetospheric origin and fell through the total potential drop.
Electrons with small velocities, on the other hand, belonged t0 an ionospheric
pOpulation unable t0 surmount the potential barrier above the point of Obser-
vation as suggested by Evans (1974). „ ‚

The distribution shown in Fig.7 exhibits a double knee structure and,
transferred into velocity space contours, could be characterized by two circular
boundaries. As an explanation it is suggested that the cause be sought in two
spatially separated electric field regions along the field line of observation. High-
Velocity electrons were of magnetospheric origin and experienced both accele-
ration steps, low—velocity ionospheric electrons were reflected by the low-
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altitude field, whereas electrons with intermediate velocities originated from the
region between the potential gradients.

The ionospheric population consisting of secondary and degraded primary
electrons (Banks et a1., 1974) was in most Gases observed t0 be rather uniform
and, in particular, did not indicate any distinction between particles trapped
between the electric field region and the magnetic mirror point and reflected
ones. This is in contrast t0 the findings of Croley and co-workers and might be
explained by the 10W height of the sounding rocket Observing point compared t0
the satellite altitude of several thousand kilometres. The most important differ-
ence between the satellite Observations as presented by Croley et a1. (1978) and
the sounding rocket measurements, however, manifests itself in the field-aligned
electron flux at ionospheric altitudes. An understanding of this signature of the
electron distributions can be achieved by generalising the analysis by Croley and
co-workers and modifying the model calculations of Kaufmann et a1. (1976) as
follows:

For simplicity, a Maxwellian distribution with temperature T and density ne
will be assumed above the electric field region at a station SO along the magnetic
field 1ine

fe ——-n(me/2 n kT)” exp< — WO/kn <8)
where Wozme [vfi(so)+vi(so)]/2 .is the initial energy of agiven particle. Con-
stant fe contours thus are circles In velocny space w1th radn

r, = (2 WO/me)1’2 (9)
The question at hand is, how contours of constant fe project downwards t0
station 51 in a converging magnetic field configuration with an accelerating
potential gradient. It can immediately be seen from

vfi(51)+vf(81):2 {Wo—61[<15(81)-<I5(So)]}/me (10)
zrl

and Liouville’s theorem that again circles with radii r1 describe the resulting
projection. It has, however, t0 be noted that the maximum of vl at so equals rO
of Eq. (9). As a consequence of the adiabatic assumption in Eq. (5), there exists,
independent of the constraint resulting from Eq. (10), a maximum for v 1(51),
namely

Max [01(81)]=ro [3(51)B‘1(So)]1/2 (11)
Combining Eqs. (10) and (11), an essential distinction can be defined by

Max [vl(sl)]är1. (12)

If, as case 1, both sides are equal, a one-to-one map of the object circle onto the
image circle is involved. If, in case 2, the maximum of v l(51) is greater than rl,
portions of the object Circle are projected on the full im‘age circle. Particles
populating the remaining parts of the object circle have n0 access t0 the altitude
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are demonstrated in Fig. 17 assuming three different initial energies and specific
acceleration potentials. Atmospheric loss processes have not been taken into
account in this schematic diagram. Mapping of Eq. (8) under case 3 assumptions
for the energy range 05W; W0 will thus result in an area in velocity space
similar t0 a crescent moon that is bounded by the ellipse of Eq. (6) and the Circle
of Eq. (10) with q5(so):O.

By rewriting Eq. (12) one obtains

B(Sl)B‘1(So)—1ä—q[<l5(81)-</)(So)] "c1 (13)

The right-hand side is the ratio of the acceleration energy t0 the initial energy of
an electron, whereas the left side can be regarded as a measure of the accele-
ration distance along the field line. Applying these projections t0 magneto-
spheric Maxwellian electron p0pulati0ns, it can be concluded that concentric
circles would b6 observed as constant distribution graphs around the Origin, if
either the accelerating potential was small compared t0 the initial energy or the
distance along the field line was very long. C0nversely, crescentlike projections
would be generated when the Opposite statements should be true.
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As was already discussed, most of the observed constant distribution dia-
grams contain concentric Circular contours with distinct demarcation lines and
loss cone effects at high velocities. In the light of the foregoing discussion, this
signature suggests, consistent with the conclusion reached earlier, an elec-
trostatic acceleration of hot magnetospheric electrons down t0 the Observing
point.

Field-aligned distributions such as that in Fig. 11 have quite frequently been
Observed superimposed on the more regular distributions. It should be noted
that they are Characterized by a broad maximum over a wide range in parallel
velocity sharply confined t0 small perpendicular velocities. It is clear that this is
the velocity space region that would be occupied by case 3 projections. The wide
range in parallel velocity‚ however, precludes the assumption that all electrons
have been accelerated by the total potential drop. Bryant et al. (1978) suggested
a time-dependent acceleration or energy dissipation process in order t0 explain
the high flux values at energies below the peak of the spectrum. The measure—
ments presented here eonfirm earlier Observations that these fluxes cannot
readily be understood by the reflection model of Evans (1974). However, n0
indication of fast varying precipitation could be detected either given the time
resolution of this experiment. In a simple model it might be assumed that
thermal electrons inside the electric field region can under certain conditions be
accelerated as well. In accordance with their point of origin these run-away
electrons (Mozer, 1976) only gain the corresponding portion of energy giving
rise t0 the extended range in energy observed for these field-aligned events. If, in
addition, the temperature of the source plasma was sufficiently low or if the
starting point of the acceleration occurred sufficiently near the Observing site,
the perpendicular velocities would be restricted as required for field-aligned
precipitation events. As an abundant supply of cold electrons can only be
expected t0 be available in or near the ionosphere, both conditions point t0 a
local electric field acceleration.

The lack of significant low-energy proton fluxes Observed on all four flights
might be considered as another indication of electric field acceleration. Even
taking into account the effects of Charge exchange in the atmosphere that would
have neutralized more than 90% of a 2keV primary proton beam before
reaching the detector system (Miller and Whalen, 1976), the measurements
support the existence of a strongly selective acceleration process. The restricted
pitch angle coverage on the three flights 2A, 3C, and 4D unfortunately
prevented the decisive observation of upwards streaming protons as a con-
sequence of a local parallel electric field.

In this c0ntext, it is also interesting t0 study the abrupt Changes in the bulk
properties of the electron flux. In particular, the sharp decrease at 300S elapsed
time of flight 2A in Fig. 15 suggests that the detector encountered a completely
different electron population. On the basis of the optical observations it was
concluded that the variation could be interpreted as a spatial structure that was
transversed by the payload. Given this dramatic change, it is surprising t0 note
that the electron energy spectra before and after the decrease shown in Fig. 16
can approximately be derived from the same distribution function by an
accelerating potential of 0.25 and 1.5 kV, respectively, at least for energies above
the peak fluxes.
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Field-aligned electron fluxes in the ionosphere led Raitt and Sojka (1977) to
the conclusion that local electrostatic field acceleration would be consistent with
their observations. They considered atmospheric interactions of the electrons
and argued that the degree of alignment observed could not be explained
without local acceleration or post-acceleration. The observed and calculated
pitch angle distribution did, however, not exhibit the steep increase near 0 deg
shown in Fig. 9. Without detailed discussion of the prevailing geophysical
conditions, it appears to be difficult to decide whether or not the effects of the
same process have been detected in both investigations. Nevertheless, it can be
concluded that an electrostatic electric field acceleration process in or near the
ionosphere is able to explain a variety of observations and thus is a strong
candidate for causing field-aligned auroral electron precipitation.
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The Shape of the Cosmic Ray Modulation Region
of the April 30, 1976, Event, as Deduced From HELIOS-l,
HELIOS-2, IMP-8, and Neutron Monitor Data

A. Geranios

Max-Plaa-Institut für Extraterrestrische Physik, D-8046 Garching bei München, Federal Republic
of Germany

Abstract. During STIP (Study of Travelling Interplanetary Phenomena) II
period, several disturbances of the cosmic ray flux have occured due t0
the enhanced activity of the sun, although this period (March-May 1976)
was at the end of the past solar cycle. One of the most prominent ‘events’
was caused by the 2 B solar flare on 30 April (1215t day of the year), at
20:47 UT, with coordinates S8 W46 in Mc-Math region 14179. This event
has been ‘seen’ as a tangential discontinuity by both HELIOS spacecraft
and as a shock wave by IMP-8. Neutron monitors recorded an increase
of the counting rate on the ground level, and two days later, the onset
of a Forbush deerease.

In this paper, we estimate the extension of the modulation region of
cosmie rays in the ecliptic plane by correlating the Observations which are
related t0 the above mentioned solar flare.

We conclude that in the ecliptie plane the shock Characteristics of this
event are found only in the neighbourhood of the heliographic longitude
of the causitive solar flare, i.e., of an extension 45° and 120°. The tangential
discontinuity observed by HELIOS-2 and then by HELIOS-l was of a corota-
tive nature. The feature of the tangential discontinuity and the Forbush
decrease suggest a corotation of the above modulation region.

Key words: Cosmie rays — Solar wind protons.

A Brief Description of the Event

On April 30, 1976, at 20:48 UT, day of the year 121 (shortly DOY 121), a
2B solar flare (S.FL.) occurred at S8 W46 in MC-Math region 14179 (Dodson
and Hedeman, 1977). Two days later, HELIOS-1 and -2 were radially lined
up about 120° west of the flare site at radial distances of 0.67 (H-l) and 0.43
(H-2) astronomical units, respeetively from the sun (Fig. 1). About 20 minutes
after the occurence of the flare, a Ground Level Event (GLE) was detected

0340-062X/79/0046/0171/50260
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at the earth by neutron monitors (NM) with a cut-off rigidity below 3 GV
(Duggal and Pomerantz, 1977), (Fig. 3). Later, during the same day, the electron,
proton, and oc-particle channels of IMP-S detected-abrupt increases (Armstrong
et 211., 1977). HELIOS-2 (DOY 121) and -1 (DOY 123) detected electron- and
proton- but not a-particle intensity enhancements (Kunow et 211., 1977). A tan-
gential discontinuity (TD) passed HELIOS-2 and —1, 17 and 46 h respectively
after the onset of the solar flare (Schwenn et 211., 1977). A Storm Sudden Com-
mencement (SSC, DOY 123, 18:29 UT), marked the passage of a shock front
at the earth. This shock was also detected by IMP-B, and the commencement
of a typical Forbush decrease (FD) was Observed by ground NM’s, (Fig. 3).
A series of other correlated Observations (For example type II and IV radio
bursts, X-ray enhancements) are described elsewhere (Shea, 1977).
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The Ground Level Event

GLE’s are generally rare, espeoially during a minimum of solar activity. Such
an event occured at the end of the past solar cycle on April 30, 1976, DOY 121,

» at about 21:00 UT, only about 20 min after the onset of the above mentioned
flare. The enhanoement of the energetic proton fluxes ejected from the solar.
fiare was detected by low cut-off rigidity NM stations, for example Deep River
(Fig. 3), Calgary and Sulphur Mountain showed relative increases of 3%, 5%,
and 7% respectively (SGD, 1976). The maximum energy of the acoelerated
protons in this flare was 2 or even 3 GeV (Duggal and Pomerantz, 1977).

The longitudinal site of the solar flare (46°) was favorable for such a short
delay time, which suggests that the particle flux was directed along the interplane-
tary magnetic field (IMF) lines and very little scattering occured.

According to Chirkov et al., 1977, the integral energy spectrum of the cosmic
rays of this event disoussed here, was:

A(E> 1.3 GeV)NEexp(—2.6)
for energies E> 1.3 GeV.

A similar event whiCh orginated also from a S.FL. in the western hemisphere
occured during a complex event in August 1972, where the 3B S.FL. (August 7,
37° W) caused the Ground level Event with a time-delay of 30 min and a cosrnic
ray increase of 8% (Mihalov et al., 1973; Agrawal et al., 1974; Pomerantz
and Duggal, 1974; Tanskanen et al., 1973).

Observations of Particles in the Energy Range Between 2 and 37,
and Greater Than 51 MeV/Nucleon

All three spacecraft measured an enhancement of energetic particles. HELIOS-2
and HELIOS-1 (shortly, H2 and H1) observed proton flux increases on
April 30 (DOY 121) and on May 2 (DOY 123) respectively in the energy Channels:

443 MeV
13—27 MeV
27—37 MeV of H1, and

4—13 MeV
27—37 MeV

> 51 MeV of H2 (Kunow et al., 1977).

At the end of the first of May (DOY 122), IMP-8 detected abrupt increases
in the proton energy channel 241.6 MeV, in addition, it recorded flux enhance-
ments of oc-particles of energy l.8—4.2 MeV/nucl. later during the same day.

A main difference between the HELIOS and the IMP-8 observations was
the lack at both HELIOS of any oc-particle flux enhancement. These flux increases
normally are regarded as a signature of a flare shock wave. Typical differences
between the observations of H1 and H2 are:
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1. The proton fiux increase in the energy channel E > 51 MeV was clearly
detected only by H2 (Kunow et a1., 1977), and

2. the rise time of the proton flux increase observed by H2 compared with
that of H1 was shorter by about a factor of 3, (Fig. 4a and b).

The difference between the intensity profiles during the increase phase
detected by H2 and H1 may be due to the different distances of H2 and
H1 from the sun. .

A step-like proton intensity enhancement oan be recognized as a superposi-
tion on the intensity profile during the increase phase at both H1 and H2.
This step-like increase ooincides with that of the solar wind velocity observed
also by H1 and H2 (Fig. 4a and b).

The Tangential Discontinuity

After the occurenoe of the 2B S.FL. a tangential disoontinuity (TD) was observed
by H2 and H1 on May 1 (DOY122) at 14:00 UT and on May 2 (DOY 123)
at 19:30 UT, respectively. Apparently, the solar wind parameters are not shock
characteristios, as will be explained further (Fig. 4a and b). The shape of the
discontinuity is observed to be quite similar on both HELIOS spacecraft, which
were about 0.25 AU distant from each other on a radial 1ine (Schwenn'vct a1.,
1977)

According to Burlaga’s classification (1968), this TD is of type T3.
For a Check, the total pressures (P) just before and after the TD are calculated

using preliminary solar wind data (Schwenn, 1977a; Neubauer, 1977).

P1:N1 l1(3)+T1(P)]+<Bi>/87T

P2:N2 l2(€)+ T2(P)]+<Bä>/87T

N, k, T(e)‚ T(p)‚ <B> are the number density, the Boltzmann constant, the
electron temperature, the proton temperature and the magnitude of the IMF
respectively.

Parameters before the TD are marked with index 1, and after the TD with
index 2. At the moment, no electron temperature data from H1 and H2 are
available, therefore, we assume the following relation between the electron and
proton temperatures:

T(e) : 1.2 T(p) (Burlaga, 1969 a)

and we find

for H1 P1:O.92P2 and
for H2 P1:I.3P2.

These pressures may be oonsidered as equal within the errors of measurements,
if we take under consideration that for usual shooks the total pressure in the
shooked plasma is an order of magnitude higher than in the unshocked plasma.
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In order t0 calculate the orientation of the TD surface, we apply the method
of Siscoe et al. (1969). Using the solar wind velocity data and assuming n0
mass flux across the discontinuity, we calculate the angle of the intersection
between the surface of the TD with the ecliptic and the sun-HELIOS 1ine
(Fig. 5) for both H1 and H2 with the equation:

tan [p 2A VT/A VR

AVT, AVR, are the variations of the transvers and radial solar wind velocities
across the TD respectively. For H1 we obtain:

W1 2(20 i 7)O

and for H2

lP2:(3"ri10)°
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Aceording to Siscoe et al., 1968; Burlaga and Ness, 1969a; Burlaga, 1969b;
the line formed by the intersection of a TD and the ecliptie plane lies along
the spiral field direetion.

Before the TD was detected by H2 the IMF Changed direction from TO-
WARD to AWAY from the sun, (Fig. 6). This new seetor lasted about 5 days.
The time—delay of the seetor boundary between the passages at H2 and H1
was about one and half days (Neubauer, 1977), and during this time the earth
was in an IMF sector direeted TOWARD the sun (SGD, 1976).

The Interplanetary Shock

While no shock indication was found by Hl and H2, IMF—8 observed on
May2 the passage of a shock front simultanously with an SSC, identified
by ground based magnetometers, (Fig. 3), (Bame, 1977; SGD, 1976).

Assuming a radial direction of the shock normal, we calculate the shock
velocity from the equation of mass eonservation:

N1(V1—U):N2(V2_U)

N, V, being the number density, the solar wind velocity, and U the shock
front velocity. Indices 1 and 2 indicate the parameters immediately before and
after the shock respectively. With:

N1=8 cm—3

N2 :20 em—3

V12600 km s-l
V2:680 km s-1

we obtain for U:

U2730 km s'l.

This figure compares well to the mean shoek velocity Um 2900 km s’ 1 (Fig. 2),
as calculated from the time difference between the onset of the flare and shock
arrival at the earth, since the shock must be expected to have slowed-down
at 1 AU, compared to its propagation velocity eloser to the sun. (Dryer, 1974).

The Forbush Decrease

Simultaneously, (within measurement aocuracy) with the passage of the shoek
front the onset of a FD occured at 18:30 UT on May 2, about two days after
the Ground Level Event.

The solar flare related 10 cm radio wave emission, which generally aceom-
pagnies a FD producing solar flares, was of type II and IV (Dodson and Hede—
man, 1977).



|00000186||

180 A. Geranios

Discussion

Trying to understand the described event, its following charaeteristies are to
be taken into account:

1. the absence of any shock at HELIOS-l and -2,
2. the relatively long time (29.5 h) spent by the tangential discontinuity to

propagate from H2 to H1,
3. the occurenee of a shock at the earth about the same time which the

tangential diseontinuity reached H1,
4. the abrupt decrease and the short recovery time of the high-energy eosmie

ray particle fluxes, and
5. the orientation of the tangential disoontinuity surface.

The abrupt inerease of the solar wind velocity and the proton temperature
but the decrease of the proton number density deteoted at H2 and H1 (123 : 14: 00,
123219230, respectively, Fig. 4a and b) as well as the lack of any oc-particle
flux enhancement (due to the piston gas emitted by the solar flare) suggest that
at least in the line-up region, shock- or flare material are not found. On the
other hand, the abrupt increase of the solar wind velocity, the proton number
density, the temperature and the oc-partiele fluX (Armstrong et al., 1977), detected
at IMP-8 (123:18:29), as well as the storm sudden commencement deteeted
at ground level (SGD, 1976) support the existence of a shock front and a
piston gas at the earth.

According to the spatial separation among IMP-8, HELIOS-l and HELIOS-
2, and the solar flare, it is suggested that the longitudinal extension of this
perturbation region was at least 160° wide. Usually, sueh extension is about
130° wide, (lucci et al., 1977).

If the shock with such a large width does not extend to the longitudes
at HELIOS-l and HELIOS-2, it should probably be observed Close to the
heliographic longitude of the flare, rather than far away. In the deseribed event,
the position of the earth relative to the flare was much nearer than of H1
and H2, and therefore, the shock has been deteeted at the earth but not at
H1 and H2 region.

Assuming the time at the onset of the flare as zero, we give in Fig. 2 the
mean propagation velocity of the tangential discontinuity between H1 and H2.

Surprisingly, the calculated angles [/11 and [#2 are in disagreement with the
rule, aeeording to which the Parker angle increases with inereasing radial dis-
tance. This fact leads to the conclusion that between HELIOS-l and HELIOS-2
the interplanetary magnetic field has an unusual shape. Ness (1966) reported
a direetional discontinuity observed also by two spacecraft, Pioneer-6 and IMP—3,
and showed that the observed transit time from Pioneer-6 to IMP-3 was about
the time required for an Archimedean spiral line eorresponding to a solar
wind velocity of 410 km s- 1 to corotate from Pioneer-6 to IMP-3.

Aeeording to the feature of flare-produced interplanetary shock wave, pro-
posed by Hundhausen (1972, p. 192), the region of the compressed ambient
solar wind behind the shock is 0.1 to 0.2 AU thiek. The following tangential
discontinuity that is expected to separate the compressed ambient plasma from
the flare ejecta is sometimes followed by a thin shell (0.01 to 0.1 AU thick)
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of helium-rich material. The same feature we find also here (Fig. 6), where
after the shock a helium-rioh material is detected by IMP-8 (Armstrong et a1.,
1977). For the expected tangential discontinuity, which separates the compressed
ambient plasma from the helium-rich shell, it is yet not clear if it was detected
at IMP-8.

In order to estimate the thiekness (D) of the compressed plasma, we consider
the onset of the shock (123: 17:05), the peak of the oc-particle flux observed
at IMP-8 (123124), and the mean solar wind velocity, (700 km/s). Under the
assumption that the peak, superimposed on the main increase, is really due
to the helium-rieh material (Armstrong et a1., 1977) we obtain:

DäOJAU.

The abrupt decrease of the high-energy oosmic ray partieles of about 5% only,
and especially the short recovery time (Fig. 3), suggest that the earth was engulfed
by the so called ‘trailing’ edge of a corotative-like modulation region (Iucei
et a1., 1977). A longer recovery period should be expected if the modulation
region would expand only radially. The other edge, called ‘leading’ edge, eonsid—
ered as the boundary of the modulation, is considered also as corotative, bacause
of the relatively long time spent by its passage from HELIOS-2 to HELIOS-l.
After the shook, a very low proton temperature region (Gosling et a1., 1973;
Montgomery et a1., 1974; Geranios, 1978) appeared, lasting for about 5 h, and
coinciding with the observed Forbush Decrease (Fig. 3). Whether or not, this
low temperature region suggests a closed magnetic loop, still remains an open
question. For this answer, simultaneous eleotron temperature and interplanetary
magnetic field data are neeessary.

During the deseribed event, there were unfortunately no other spacecraft
between the lined-up HELIOS-l and HELIOS-2, and the earth’s heliographic
longitude, which oould complete the observations between 0° and 160°, (Venera-9
and —10 were fairly elose to HELIOS-l and HELIOS-2, Pioneers were in the
eastern part of the eoliptic (Hilberg et a1., 1977).

Conclusion

A11 detected enhanced interplanetary parameters obtained from data measured
at HELIOS-l, HELIOS-2, IMP-8, and ground level, had a common origin:
the 2B solar flare on April 30, 1976. Correlating the data measured at a separa—
tion in heliographio longitude at 160° we arrive to the following conclusions:

1. For unusually large modulation regions, the shoek Characteristios are not
extended in the whole region, but only in heliographic longitudes olose to the
causitive flare. In this described event the shock characteristics were to be
seen in a longitude more than 45° and less than 120° relative to the flare
s1te.

2. The tangential discontinuity observed a HELIOS-l and HELIOS—2, and
the Forbush Decrease observed at the earth were of a oorotative type.

3. During the oorotation, the Arohimedean spiral Changed its angle in an
unexpected way on the way between HELIOS-2 and HELIOS-l. This faot could
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signify the detection of the upper part of a ‘Wurst-like’ magnetically closed
region, (dashed line, Fig. 6).

4. If the modulation region is controlled by the tangential discontinuity,
‘leading edge’ and the Forbush Decrease, ‘trailing edge’ then, the whole region
can be expeeted to corotate with the sun, (Fig. 6).
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Magnetic Rotational Hysteresis Loss
in Titanomagnetites and Titanomaghemites —
Application t0 Non-Destructive
Mineral Identification in Basalts

A.J. Manson, J.B. O’Donovan, and W. O’Reilly
I

Department of Geophysics and Planetary Physios, School of Physics,
The University, Newcastle upon Tyne NEl 7RU, Great Britain

Abstract. Magnetic rotational hysteresis loss provides a non-destructive
method for the identification of magnetic minerals in rocks provided a cata-
logue of loss curves is available for well Characterized minerals or synthetic
analogues. In the present study such loss ourves have been determined for
synthetic titanomagnetites and titanomaghemites. The effect of the presenoe
of aluminium and magnesium such as is found in naturally occurring minerals
has also been determined. One feature of the loss curve, the field at which
peak loss occurs (HP), appears to be independent of the domain state of
the material and depends only on chemical composition. The value of Hp
may therefore be used to identify minerals in the same way as a value
of Curie temperature (Tc), although neither Hp nor TC alone will give an
unambiguous answer. The loss curves of a number of basalts have also
been determined and an attempt is made to determine the oxidation state
of the titanomagnetites using the data from the synthetic materials.

Key words: Rock magnetism — Magnetic hysteresis — Titanomagnetite —
Titanomaghemite.

1. Introduction

Studies of the magnetism of rocks are primarily aimed at providing the physical
basis for the assumptions on which the palaeomagnetic method is founded.
One basic problem is the identification of the magnetic minerals in rock samples,
suoh minerals often being present in low concentration (N 1%) and of submi-
Croscopic grain size (51 um). The identification and characterization of the
magnetic fraction of a rock sample is essential to the interpretation of the
magnetic properties of rocks, in assessing the usefulness of rocks as carriers
of the palaeomagnetic record and can contribute to our knowledge of the pet-
rological history of rocks.

0340—062X/79/0046/0185/50300
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The magnetie properties of the minerals themselves may provide charaeteris-
tiC ‘signatures’ from which their presenee may be inferred. This requires a
catalogue of signatures obtained using well-Characterized mineral samples or
synthetic analogues. A widely-used measurement in this context is the determina-
tion of the temperature dependenee of induced or remanent magnetization.
The former yields the Curie temperature intrinsic t0 the magnetic phase. The
latter may be used t0 identify magnetite and haematite by their ‘remanence
transitions’ below room temperature. This method has the advantage of avoiding
possible chemieal Change due t0 heating at elevated temperatures arising through
the oxidizing or reducing eonditions existing in the heated rock or inherent
instability in the magnetic minerals (providing irreversible ehanges in the thermo—
magnetie curve occurring on heating are well understood, such ehanges ean
themselves be used t0 identify minerals). However, the rernanence transition
oecurs only in minerals with a limited range of composition and the transitions
themselves are strong functions of extrinsie parameters such as grain size and
mechanieal strain.

Even under ideal conditions, the results obtained using any single technique
d0 not unambiguously identify the magnetie mineral. A measured Curie tempera—
ture, for example, simply locates the mineral on the appropriate contour of
the titanomagnetite/titanomaghemite quadrilateral (Readman and O’Reilly,
1972) or on a eontour in a titanomagnetite/titanomaghemite subsystem (e.g.,
O’Donovan and O’Reilly, 1977), or again may indicate a haemo-ilmenite or
even a pyrrhotite or goethite if in the appropriate range. A combination of
techniques is needed t0 reduce the field of composition, within which the mineral
may lie, t0 a usefully narrow range.

Another magnetic property which may provide a signature is magnetic anisot-
ropy and anisotropy—related characteristics sueh as eoercive force, remanence
coercive force, hysteresis loss, susceptibility and the shapes of magnetization
and demagnetization curves. Of special interest among these is the determination
of the field dependence of rotational hysteresis loss (Day et 211., 1970). This
loss is due t0 the irreversible magnetization changes which occur while rotating
a specimen in a fixed magnetic field. There are a number of advantageous
features of this method for identifying minerals. First the induced magnetism
of the non-ferromagnetic minerals plays n0 role and eannot mask the eharacteris—
tic signature of the ferromagnetic phases. Second, the effect depends on the
anisotropy rather than the strength of magnetization of the material. Thus
although haematite (oc FeZO3) is weakly magnetie (N 1/200 the saturation magne—
tization of magnetite, Fe304) the rotational hysteresis loss may be quite large
especially if in the finely divided pigment form (of about the same order as
that of coarse grain magnetite). Similarly whereas fine grain (pigment) and
coarse grain (specularite) haematite have the same Curie temperature, their
rotational hysteresis Characteristics are different and the two forms of haematite
may in principle be distinguished (Cowan and O’Reilly, 1972). Finally the tech-
nique is chemieally non-destructive. The disadvantage of the technique is that
the determination of a rotational hysteresis curve may take many hours and
a highly automated instrument is desirable.

Rotational hysteresis loss is measured using a torque magnetometer. A single
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crystal speeimen suspended in a saturating magnetie field experienees a torque
unless the field is parallel t0 an easy axis of the system, the torque being
uniquely determined by the angle between the field and a reference direction.
In lower fields the magnetization will lag or lead the field and the resultant
torque is no longer unique but, for a eertain orientation, will depend on the
sense of rotation by whieh that orientation has been reached. Irreversible changes
occur in the orientation of the magnetization during rotation of the field. The
curves of the angular dependenee of torque for rotation of the field in the
cloekwise and anticlockwis’e sense are displaeed from one another. The area
between these curves has the dimensions of energy and for a rotation
0°—+360°—+0° the area equals twice the hysteresis loss per eycle. A rock speeimen
contains a dispersion of magnetic grains. In the absenee of any ‘fabric’ the
specimen has n0 bulk easy axis. However even with a random array of crystallite
easy axes, the bulk magnetization will lag a non-saturating rotating field, a
torque will result and the area between the displaced torque curves gives the
loss per cycle of the assemblage.

Theoretical loss eurves have been derived for the case of monodomain parti-
Cles with uniaxial anisotropy, the unique axis being the easy direction (Stoner
and Wohlfarth, 1948; Jacobs and Luborsky, 1957). In the model curves, the
loss is zero for fields below a critical field (zKu/Ms for coherent rotation
of magnetization where Ku is the anisotropy eonstant and Ms the spontaneous
magnetization). At the critical field the loss rises abruptly t0 a peak value
(22.6 Ku for an aligned assemblage) and falls steadily to zero at twiee the
critical field. Owens (1977) has considered the case of uniaxial symmetry in
which the unique axis is the hard direction and the unique plane contains
a single easy direction. In this case, the fielcl at whieh the loss will vanish
depends on the orientation of the unique plane t0 the plane of measurement,
and ean extend t0 very high fields. We have considered the ease of monodomain
grains with cubic anisotropy (K1 >0) and coherent rotation in the (100) plane.
Figure l shows the resulting variation of rotational hysteresis loss with applied
field. The general shape of the curve is similar t0 the uniaxial case but the
eritical field for the onset of loss is 1/2(K1/MS) and the peak loss is 0.908
K1 for an aligned assemblage (0.606 Kl for a random array). The loss vanishes
at 2K1/Ms. Real materials are invariably more complicated than those described
in simple idealized models. Nevertheless experimental loss eurves (WR—H curves)
are in a general way similar t0 the model curves. In any event, the important
point in the present eontext, that of mineral identification, is that an Observed
WR*H curve ean be recognized as belonging t0 a certain mineral or group
of minerals. WR—H curves are therefore needed for synthetic analogues or well-
charaeterized mineral speeimens of the titanomagnetites and their derivatives,
produced by oxidation, ‘substitution’ and post deuteric alteration. These will
inelude magnetite, maghemite, haematite, the titanomaghemites, and haemoilme—
nites. Other remanenee-carrying minerals are the pyrrhotites, goethite and na-
tive iron.

The purpose of the present study is t0 provide some of the required specimen
WR—H curves. The systems studied are fine grain (monodomain) and coarse
grain (multidomain) titanomagnetite and the oxidation produets of such mate-
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rials. The effect of ‘substitution’ of iron by aluminium and magnesium is also
investigated together with the consequent changes in WR—H curves due t0
maghemitization in the latter case.

2. Experimental

The rotational hysteresis loss curves were determined using the automatic torque
magnetometer of Fletcher et a1. (1969) operating at room temperature and in
field range 0—20 k 0e. Torque curves for angle O—>360—>O° were plotted on
an X— Yrecorder at each selected field, the areas enclosed by the curves measured,
converted t0 energy per unit mass, and plotted against field t0 give the WR—H
curve.

The titanomagnetite specimens were prepared by sintering techniques, the
unsubstituted titanomagnetites fired at 1,100° C under self buffering conditions
and the subs‘tituted materials twice-fired using a technique of partial self buffer-
ing at 1,350° C. The homogeneity of the specimens was confirmed using X-ray
powder pictures and Curie temperature determination. The synthesized material
was hand-ground and sieved fractions in the required particle size range pre-
pared.

Fine grain specimens of unsubstituted titanomagnetite were obtained by
grinding in a wet slurry in a porcelain ball mill for four days. The finely
divided substituted titanomagnetite was obtained by grinding, in high purity
methanol, overnight in a tungsten carbide ball mill. Particle size determinations
were attempted using X-ray line broadening and the electron microscope. Be-
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cause of strain-broadening the former method provides an underestimate of
the particle size. The latter method yields an overestimate because of flocculation.
The combined measurements gave a particle size of the order of 0.1 um.

Oxidation was carried out by heating in air in a thermogravimetric balance,
the degree of oxidation being determined from a combination of weight increase
data and wet—Chemical analysis. Powder pictures of the oxidation products were
obtained using Guinier de Wolff and Debye-Scherrer cameras.

3. The Rotational Hysteresis Characteristics

The rotational hysteresis curves of all samples were for th€ main part of very
similar form. A representative suite of curves is shown in Fig. 2. All curves
Show a sharp rise in WR t0 a peak value, followed by a gradual fall, as the
applied field increases. The shape of the curves is thus similar t0 the model
curves of Fig. 1 differing in that the measured WR is not zero at low fields
nor does it fall t0 zero when the applied field is (say) four times the field
at which peak loss occurs. Given that the observed measured curves have a
similar form t0 those in Fig. 2 it is not necessary to reproduce the curves
themselves but simply t0 characterize each curve by the value of field, HP,
at which the peak occurs and the height of the peak itself, WRp.

3.1 Titanomagnetites

The variation of HP and WRP for the titanomagnetites (Fe3_xTixO4‚ 0<x<1)
as a function of composition x is shown in Fig. 3. The data refer t0 material

100 -

80-

WR

ergs/gm

1.0—

Fig. 2. Representative set of WR—H curves for -
a suite of titanomaghemites (based on
Fe2_25Mg0_15Ti0_604) Showing the evolution of 20*
the loss curve as the degree of maghemitization
(z) increases. The field (HP) at which peak loss _
occurs falls, as does the peak height (WRP), as
2 increases 0

Field H kOe
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Fig. 3. Variation of HP and WRP with composition x in the titanomagnetite series Fe3_xTixO4.
The data refer t0 near-stoichiometric samples in the multidomain state, sieved t0 obtain a grain
size range 37—44 um

Fig. 4. Variation of HP and WRP with composition x for ball milled samples of titanomagnetite
in the monodomain state. A 10W degree of non-stoichiometry is introduced by the ball milling.
The HP variation is the same as that in the multidomain samples (Fig. 3) whereas WRP is an
order of magnitude larger

which has been sieved t0 lie in the grain size range 37—44 um and is expected
t0 comprise mainly multidomain grains. However the possibility of smaller
particles, in agglomerates or attached t0 larger particles cannot be discounted.
Hp rises .steadily from about 1 k Oe for magnetite (x20) to 3 k Oe for x206.
The fall in HP from x206 t0 x:0.7 is associated with the fall in Curie tempera—
ture t0 near room temperature for x:0.7 and below room temperature for
x208. The behaviour of WRP is less systematic, falling from about 700 t0
500 ergs/gm as x increases t0 0.4 t0 a peak value of about 3,500 ergs/gm at
x205 before falling t0 1,500 ergs/gm at x:0.7.

Figure 4 gives the corresponding data for fine grain ball milled specimens
of grain size g 0.1 um and expected t0 be in the monodomain state. The values
and variation of Hp with composition x are similar t0 the coarse grain material.
However the WRI, values now show a more continuous and systematic variation
with x and are about an order of magnitude greater than in the multidomain
material, rising from about 7,000 ergs/gm (x:0) t0 a peak at about 10,000 ergs/
gm (x:0.5). The ball milled samples are more non-stoichiometric (cation-defi-

HP

kOe
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Fig. 6. Evolution of the WR—H loss curve as a function of heat treatment in air (and increasing
degree of maghemitization) of fine grain FeZ‘ZSTiOJf-‚O‘; (x:0.75). The starting material has a
Curie temperature Tc near to room temperature and, as maghemitization proceeds, the Curie
temperature rises. In effect each curve, obtained at room temperature, corresponds to a different
‘magnetic isotherm’, T/TC. This behaviour is to be contrasted with that of Fig. 2
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Fig. 7. a Variation of Hp with degree of oxidation, z, for maghemitized titanomagnetites of composi-
tion x=0.5, 0.55, 0.6, 0.75, 0.8, and 0.85. b Variation of WRP with degree of oxidation, z, for
maghemitized titanomagnetites of composition x=0.5, 0.55, 0.6, 0.75, 0.8, and 0.85 (see legend
of a)

cient) than the large grain samples and therefore, having higher Curie tempera-
tures, HP and WRP persist at room temperature to a higher x value (N08).

The effect of the presence of cations other than Fe and Ti, such as are
found in naturally occurring titanomagnetite has also been studied. The composi—
tion Fe2_4Ti0_604(x:0.6) was Chosen as being typical for many basalts and
the Fe progressively substituted by up to 0.2 A1 ions and 0.45 Mgions per
formula unit. The variation of Hp and WRp as a funetion of inereasing coneentra-
tion (ö) of substituting ion is shown in Fig. 5 for coarse grain material
(37—44 um). A1, replaeing Fe3 +, is more effeetive in reducing Hp than Mg (replac-
ing Fe“). Again the WRP values seem not to depend in a systematic way
on composition for these multidomain specimens.

3.2 Tilanomaghemites

Because of their relevanee to naturally oecurring titanomagnetites/titanomaghe-
mites we have concentrated on compositions near to or based on x:0.6. The
evolution (with respeet to degree of maghemitization) of the WR—H loss curve
for a suite of titanomaghemites in which the Curie temperature is well above
room temperature is shown in Fig. 2. The behaviour is more complicated when
the starting eomposition is near (or below) room temperature as shown in
Fig. 6. This may be deseribed by saying that, at room temperature, the curves
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Fig. 8. a Variation of HP with degree of oxidation, z, for maghemitized titanomagnetite based
on x:0.6 and containing 0.5, 0.15, 0.25, and 0.35 (zö) Mg ions per formula unit (for identification
of compositions see legend of b). b Variation of WRP with degree of oxidation, z, for maghemitized
titanomagnetite based on x=0.6 and containing 0.5, 0.15, 0.25, and 0.35 (=ö) Mg ions per formula
unit. The data points for 2:0 refer to unground material in the multidomain strate. All other
data points refer to fine grain monodomain material

do not correspond to the same ‘magnetic isotherm’, T/Tc. Figure 7 shows the
variation of Hp and WRp with degree of maghemitization, z (Onl, z is
the fraction of the Fe“ concentration corresponding to stoichiometry, for a
given x, oxidized to Fe3+) for x:0.5, 0.55, 0.6, 0.7, 0.75, 0.8, and 0.85. All
the titanomaghemite samples are in the fine grain monodomain state.

The combined effect of magnesium substitution and maghemitization has
also been studied, again for ball milled monodomain specimens. The variation
of HP and WRp with z for a subsystem of x=0.6 containing up to 0.35 Mg ions
per formula unit is shown in Fig. 8.

In all cases, except those complicated by the proximity of Curie temperatures
to the measuring temperature (i.e., high x values), maghemitization results in
a ‘softening’ of the material with reduced Hp values and WR levels.

4. Discussion

4.1 Mineral Identification

The observed values of WRI, indicate a dependence on some variable parameters
such as microstruoture rather than chemical composition, especially for multido-



|00000200||

194 A.J. Manson et a1.

Ti02

1/3 FeZTi 04 6 < HP<15

O-7< HP<1

FeO 1’2Fe203
Fig. 9. Contours of constant value of HP (in k Oe) for titan0magnetites/titanomaghemites in the
FeO—FeZO3—Ti02 ternary diagram, constructedv from the data of Fig. 4 and 7a. Solid Circles
indicate the compositions of the measured samples

main material. In any event WRP is an extensive property and would only
be useful in mineral identification in rocks if the concentration of magnetic
mineral were known. On the other hand, HP is intensive and has a systematic
variation with composition. It appears t0 be independent of grain size and
other extrinsic influences and may be a useful signatory property.

As is traditional, the composition dependence of the characteristic prOperty
has been cast in the form of contours on compositional ternary diagrams.
Figure 9 ShOWS the Hp contours for the Fe3O4—Fe2TiO4—Fe2TiO5—Fe203
quadrilateral of the FeO—TiOz—Fe203 ternary diagram. The contours are
based on the data of Figs. 4 and 7 and, being derived from a finite number
of data points (34), are of necessity a subjective interpretation.

The Hp data of Figs. 5 and 8 have similarly been recast into contours on
the relevant quadrilateral (representing Mg substituted and maghemitized
Fe2‚4Ti0_604) in the FeO—TiOZ—FeZO3—Mg0 tetrahedron (Fig. 10).

The use of ternary diagrams such as those of Figs. 9 and 10 t0 display
the Chemical composition of naturally occurring magnetie minerals is not strictly
possible unless the coneentration of cations other than Fe and Ti is very small,
in whieh ease the standard ternary diagram of Fig. 9 may be used. Alternatively
if the concentrations or the cations other than Fe and Ti are small except
for one species, e.g.‚ Mg, then a specially constructed ternary diagram like
the one of which Fig. 10 is a part might be employed. A suite of compositions
can be displayed on such diagrams subject t0 certain eonstraints on their compo-
sitions, e.g.‚ in Fig. 10 all compositions have a eonstant Ti: (Fe, Mg) atomic
ratio. Visual display of compositions is therefore possible only under special
circumstances which are unlikely t0 apply t0 naturally occurring minerals. It
is only possible t0 describe a composition in terms of its coordinates in multi-
dimensional eomposition space. The coordinates are the molecular fractions
of the oxide of each species, preferably referred t0 one cation. The composition
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1 1 .
ÜFeZ-LT'OBOA /3F62_L 110604.8

Fig. 10. Contours of constant value of Hp (in k Oe) for a magnesium substituted titanomaghemite
subsystem based on Fe2_4Ti0_6O4 and containing ö Mgions per formula unit. The solid circles
refer t0 the eompositions of the measured samples (see also Figs. 5 and 8)

parameters x and z may still be retained but must be elearly defined (see
O’Reilly, 1976). The determination of x and 2 for titanomagnetite in basalts
has been attempted by a number of methods. Chemical analysis for eaeh cation
species may be carried out if a refined extraet of the magnetie mineral ean
be made from the roek. Chemical analysis of large enough grains can be earried
out in situ using the eleetron probe mieroanalyser (EPMA). However this tech-
nique cannot determine Fe2 + and Fe3 + separately, nor oxygen aeeurately enough
to provide a value of z of useful preeision. EPMA is therefore combined with
the analysis of Fe2+ and Fe3+ of extracts using eonventional Chemieal analysis,
or the Mössbauer Effeet, or eombined with the determination of some eomposi-
tion dependent characteristic sueh as Curie temperature. A combination of
EPMA and Hp determination eould therefore be used.

T0 this purpose a number of basalt samples were seleeted which exhibited
a single low Curie temperature and were therefore believed t0 eontain only
homogeneous unaltered titanomagnetite as the magnetic phase. The six basalts,
'the titanomagnetite in which had been subjected t0 EPMA analysis (Creer
and Ibbetson, 1970), are listed in Table l. An attempt had been made t0 deter-
mine the degree of maghemitization of these basalts by eomparing their measured
Curie temperatures t0 those expeeted for stoiehiometric titanomagnetites of
the indicated eomposition (Richards et al., 1973). The effect of high temperature
oxidation (> 400° C) on the WR—H eurves of these basalts had also been studied
(Manson and O’Reilly, 1976).

Columnl in Tablel gives the sample number and place of origin. The
next four columns give the results of the EPMA analysis. The eation eoneentra-
tions are expressed as the number of cations per four oxygen ions. Small eoneen-
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Table l. Rotational hysteresis data Hp(obs) (k Oe) for a number of basalts whieh exhibit a single,
low, Curie temperature and are believed t0 contain homogeneous titanomagnetite. The microprobe
chemical analyses of titanomagnetite grains are taken from Creer and Ibbetson (1970) and the
oxidation parameter 2(Tc), derived from a consideration of the chemical eomposition and Observed
Curie temperature, taken from Richards et al. (1973). Hp(x‚ ö) are the values of field at peak
rotational hysteresis loss expected from the Chemical composition assuming a stoiehiometric substi—
tuted titanomagnetite. The oxidation parameter based on the rotational hysteresis data, 2(Hp)
is given in the final column (see text)

Sample Microprobe Analysis

Fe Mg A1 Ti 2(Tc) Hp(obs) Hp(x‚ ö) 2(Hp)

RK (Germany) 2.02 0.18 0.29 0.46 0.8 2.4 0.55 ?
376 (Argentina) 1.98 0.24 0.15 0.60 0.75 1.6 1.6 low
293 (Argentina) 2.01 0.21 0.14 0.62 0.7 1.9 1.7 low
H21A (Aden) 2.05 0.13 0.15 0.64 0.6 3.5 1.2 N1 (‘?)
Gl43 (Turkey) 2.15 0.05 0.05 0.72 0.9 2.6 1.75 No.4
D127 (Turkey) 1.99 0.10 0.04 0.85 0.75 2.1 0 0.2

trations of Mn and Cr (up t0 0.03 ions per formula unit) were also detected
but not listed here. One point of interest is that although the Fe concentration
is more or less constant the other species vary widely and in an apparently
systematie way. As the Ti concentration increases, the concentrations of Mg
and A1 decrease. Although the degree of oxidation could in principle be deter-
mined from the cation sum, the uncertainty in suCh a determination would
be too large t0 be useful, and in the present analysis the original data have
been normalized to give stoichiometric concentrations (Creer and Ibbetson,
1970)

The x value is simply the number of tetravalent cations per formula unit
in a stoichiometric spinel and is therefore found in column 5 of Table 1. The
z value of column 6, 2(Tc), was derived (Richards et al., 1973) using the Curie
point data of synthetic materials. The Curie point corresponding t0 the stoichio—
metric composition of the indicated x value was reduced according t0 the concen-
trations of Al and Mg and the Curie temperature so derived compared t0
that Observed. The Observed Curie temperature was the higher in all cases
and, knowing that maghemitization would increase the Curie temperature, this
mechanism may be invoked t0 explain the difference. The degree of maghemitiza-
tion is then estirnated from the measured Curie temperatures of maghemitized
synthetics. The same process has been applied in the present study using the
HP values. Column 7 of Table] gives the measured Hp values, Hp(0bs), for
the six basalts. The data for substituted synthetic titanomagnetites obtained
in the present study is then used t0 obtain the HP expected for a stoichiometric
substituted titanomagnetite, Hp(x‚ ö). The difference between Hp(0bs) and Hp(x‚
ö) may then be explicable in terms of maghemitization. Good agreement between
Hp(0bs) and Hp(x, ö) is found for two of the samples, 376 and 293 whieh
may indicate near stoichiometric titanomagnetite. The value of oxidation param-
eter deduced from the rotational hysteresis measurements, 2(Hp), in column 9
is therefore considered t0 be low. For the other samples Hp(obs) is significantly
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higher than Hp(x‚ ö). Inspection of the data of Figs. 7 to 10 ShOWS that maghemi-
tization does increase Hp values for high x ( > 0.6). Making the approximation
that a given degree of maghemitization will produce the same elevation in
Hp in both substituted and unsubstituted compositions a value of 2(Hp) may
be derived. Thus samples Gl43 and D127 may be assigned 2(Hp) values of
0.4 and 0.2 respectively. Hp(obs) of H21A is not so easily explained as the
Hp seems to be constant, independent of z for x=0.6 (Fig. 7). However the
eontours for high z (Fig. 9) are closely spaced for x206 and it may be that
for 2N l, Hp will increase for x: 0.6. 2(Hp) for H21A may therefore be tentatively
taken as being N1. Hp(obs) for the remaining sample, RK, seems inexplicable.
The large concentration of A1, together with Mg, depresses Hp(x‚ ö) to 0.55 k Oe
whereas Hp(obs) is 2.4 k Oe. The effect of maghemitization on low x values
(see x=0.5‚ Fig. 7) is to further depress the value of HP. It might be concluded
that the titanomagnetite in RK is near-stoichiometric but has an anomalously
low Hp. RK is a mueh-studied basalt (see Petersen, 1962; Soffel, 1969) which
is eonsidered to contain unoxidized titanomagnetite and to be typical in many
ways of continental basalts. However the EPMA analysis indieates a very large
concentration of eations other than Fe and Ti. In fact with a total of 0.47 ions
of Mg and A1 per formula unit it might be arguable whether it qualifies as
a ‘titanomagnetite’. This high eoncentration of diamagnetic ions also presents
problems in interpreting the observed Curie temperature. The ‘eompositional’
Curie temperature for RK should be N90° C (Richards et al.‚ 1973) whereas
the observed value is 250° C. The high degree of maghemitization needed to
bring the ‘compositional’ and observed Curie temperatures into line is not
indicated by, for example, thermomagnetic curves. The role of the ‘minor cation
species’ in naturally oecurring titanomagnetites remains unclear.

4.2 Magnetic Anisotropy

It has been noted that Hp varies in a systematic way with composition, regardless
of the domain state of the specimens. It is seen, for example, that Hp of a
titanomagnetite of a given eomposition is about the same for coarse and fine
grain specimens. However, the WRp values for the fine particles are about
an order of magnitude bigger than for coarse grains of the same composition
(Sect. 3.1). It appears that whereas HP is a function of the intrinsic properties
of a material WRp depends on extrinsic properties or microstructure. Similarly

. the eoercive force of fine-particle, ball-milled titanomagnetites is (at about 2 k Oe
for x206) an order of magnitude bigger than that of coarse grain material.

According to the monodomain theory (Sect. 1) the peak rotational hysteresis
loss, WRP, is proportional to the anisotropy energy per unit volume, as is
the product of Hp and MS, the spontaneous magnetization. The ratio
WRp:(HpMS) should then be constant for a given symmetry and type of anisot-
ropy regardless of chemical composition. The magnesium substituted fine grain-
titanomaghemite specimens (Sect. 3.2) are in the monodomain state and range
in WRp from about 500—15‚000 ergs/gm, a factor of about 30 and in Hp by
a factor of about 10 (0.3—3 k Oe). The ratios WRp:(HpMS) for this system of
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18 compositions lie between 0.1 and 0.2, relatively eonstant compared to the
range in WRp. As WRp seems to depend on microstrueture or extrinsic properties
in the same way as eoereive force, He, it seems likely that the ratio WRp:(HcMs)
may have a value nearer to a constant. This is indeed found to be the ease
for the suite of magnesium substituted titanomaghemites. Taking the HC data
for this systern (O’Donovan and O’Reilly, 1977), this ratio has a value of
0.30 varying by about i 10% exeept two specimens out Of the 18 whieh have
values of about 0.20. The ratio does therefore appear to be a constant for
the system. The actual values however are rather lower than predieted by the
monodomain, coherent rotation, models which give 1.21 (eubic anisotropy)
and 1.8 (uniaxial) for a random array of easy axes.

No model expressions for WRP and HP are available for multidomain mate-
rials, however it is of interest to form the WRp:(Hp‚CMS) ratios for the suite
of 15 multidomain specimens of A1 and Mg substituted Fe2‚4Ti0_604 (Seet.
3.1). The values of the two ratios are quite different. The WRp:(HpMS) values
for the A1 substituted system lie between 0.005 and 0.007 and between 0.025
and 0.035 (with one value at 0.013 and one at 0.043) for the Mg substituted
set. Using the HC instead of the HP values gives ratios over a Closer range
for both sets (0.5—1.7) having the same order of magnitude as for the monodo-
main system, although the degree of constaney is much poorer.

Magnetic ‘hardness’ whether expressed in terms of He, Hp, or WRp seems
in the titanomagnetite system to be assoeiated with the presence of Fe“. Thus
as x inereases, magnetic hardness increases. Similarly as 2 increases, magnetic
hardness deereases. This effect is obscured at high x values where the Curie
temperatures are low and measurements at room temperature appear to indicate
a eontrary variation of hardness with x and z. However this variation is due
to variation in the magnetic isotherm (T/Tc) at room temperature. Of espeeial
interest are the high values of HP for the high x, high 2, eompositions (Fig. 7).
It appears that the small residual ooncentrations of Fe2+ in x208, 2:0.9,
and x:O.85, 2:0.85 in the presence of the high Ti and vacancy concentrations
make a large contribution to the anisotropy possibly Via magnetostriction. It
eould be that a higher degree of oxidation would see the anisotropy fall for
these samples as appears to be happening for x:0.75. Compositions in this
area of high Ti eoncentration of the titanomaghemite quadrilateral of the ternary
diagram seem to be the magnetically hardest part of the system. In nature,
although the remanenee carried by such material may be extremely stable,
the near-stoiehiometrie first-formed titanomagnetite would not aequire a ther-
moremanent magnetization. The remanence would be acquired during subse-
quent maghemitization. However maghemitization is generally considered to
oceur fairly rapidly in nature (N106 years) and although this would preelude
using reversals of the geomagnetic field as a petrologieal tool (i.e., to infer
rates of maghemitization from the polarity of the titanomaghemite), the Chemical
remanenee, so aequired, would have palaeomagnetic usefulness.

5. Conclusions

The identification of the magnetic minerals in the rock samples or artefacts
used in any investigation of the palaeomagnetie field is of fundamental impor-
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tance. No single technique is available by which this may be done. Magnetic
rotational hysteresis loss measurements can contribute to the identification of
minerals, in situ, without danger of bringing about chemical change and may
also give some indication of the domain state of the mineral if its concentration
can be estimated. The rotational hysteresis loss curves obtained for synthetic
analogues in the present study would form the basis for such investigations
of rock samples.
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The Geomagnetic Field and Its Secular Variation
in Finland and Nearby Countries

H. Nevanlinna"
Department of Geophysics, University of Helsinki, Vironkatu 7B, SF-00170 Helsinki 17, Finland

Abstract. All magnetic observations made in Finland before 1910 and certain
field measurements and observatory results up t0 1970 were used to calculate
polynomials representing the geomagnetic field in Finland before 1970.
Fourth degree polynomials in time and first degree in latitude and longitude
were found to fit the observations with r.m.s. errors of 235 nT in H, 0.9o in D
and 0.3o in I.

Equivalent dipoles for the magnetic field and its secular variation since
1840 were calculated. By comparing these dipoles with global data, it was
found that the nondipole field has been increasing in Finland and nearby
countries, and that the secular variation is closely connected with changes in
the large nondipole anomaly in Central Asia and with the global 60-year
oscillation of the Earth’s magnetic field.

Key words: Geomagnetic field — Secular variation — Polynomials —
Finland — Equivalent dipoles.

Introduction

Between 1650 and 1910 some 350 measurements of the declination (D), in-
Clination (I) and horizontal intensity (H) of the geomagnetic field had been made
in Finland (Nevanlinna and Sucksdorff, 1976). These measurements had only
been made sporadically and there had been no long-term recordings t0 de-
termine the secular variation. Thanks to the growing number of systematic
geomagnetic recordings and large-scale surveys, the geomagnetic field and its
secular variation in Finland has been well known since 1910.

The main purpose of this paper is to Visualize the large-scale geomagnetic
field and its secular variation, especially before 1910, by means of graphs and
polynomials. Sources of the geomagnetic field in Finland and nearby countries
have been analyzed using simple dipole models.

* Department ofGeophysics, University ofHelsinki, and Finnish Meteorological Institute, Helsinki

0340-062X/79/OO46/0201/SO3.20
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Fig. l. Leffr: The geomagnetic observatories shown in Figs.2-4. Right: Sites of geomagnetic
measurements made before 1910

1. The Geomagnetic Field Expressed by Polynomials

Polynomials are widely used to depict evenly distributed and smoothly varying
geomagnetic fields in limited areas like Finland. They enable any component C
of the geomagnetic field to be expressed as a function of latitude cf), longitude i
and time I, as follows:

C1635, Ä, t)=mo(f)+m1(f)(<b -<15c)+m2(t)(Ä-Äc)
+m3(r)(d>—d)c)2+m (1a)

where the coefficients mi(t) are also polynomials:

1714:):e+n„(r—rc)+n‚2(r—rc)2+... (1b)

where the coefficients nij are constants and qbc, 2L
generally near the middle point of the Observations.

The only geomagnetic observations available for Finland before 1910 are 350
Observations of H, D, and I, made sporadically at different sites and epochs.
Figurel Shows the sites of all these measurements; a full list Of them has been
published by Nevanlinna and Sucksdorff (1976). The polynomial selected to
represent the H, D, 3nd I components of these measurements, based on Eqs. (1a)

and Ic are fixed pointsc)
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Table 1. The coefficients nij and their standard deviations 0U of the H, D, and 1 polynomials in Eq.
(2). D and I are given in arcdegrees and H in nanoteslas (n T)

[j H D I

n” au nu Uij n” 0U

00 0.14522-105 0.15-103 —7.59 0.10 0.72880102 0.15
01 0.16996-102 5.10 0.967810”l 0.34-10—2 —0.2327-10“1 0.71-10—2
02 0.30336 0.16 0.729-10‘3 0.34-10‘4 0.5619-10‘4 0.18-10—3
03 —0.13086- 10"1 0.29-10’2 —0.443-10‘5 0.50-10‘6 0.8771 - 10‘5 0.24-10—5
04 0.75483-10‘4 0.15-10‘4 —0.249'10‘7 0.26.10‘8 —0.5685'10‘7 0.12-10—7
10 —0.33973- 103 0.30.102 0.386«10‘ 1 0.23-10‘1 0.5272 0.39-10—1
11 —1.3979 1.11 —0.114-10‘2 0.37-10‘3 0.1452-10‘2 0.14-10—2
12 0.79346-10‘2 0.92.10‘3 0.282.10’4 0.64-10’5 —0.1290-10‘4 0.12-10—4
20 0.49864'102 0.35.102 0.643 0.21.10‘1 —0.3854-10‘2 0.44-10‘1
21 0.55469-10’1 0.14-10‘1 —0.938-10‘3 0.66.10‘3 —0.1659-10*3 0.15-10‘2
22 —0.55672-10—2 0.11.10‘1 0.169810‘4 0.97.10‘5 ‘0.5494-10‘5 0.55-10“4

Table 2. R.m.s. differencies between polynomial and observed values of H, D, 1, and Z. (Numbers of
Observations in brackets)

Year —18OO 1800—25 1825—50 1850—75 1875—00 1900—25 1925— Total

H 245 230 415 165 135 235nT
(62) (33) (75) (44) (196) (410)

D 2.7 1.2 1.2 0.5 0.5 0.4 0.4 09°
(18) (20) (33) (43) (31) (69) (46) (260)

1 0.3 0.4 0.3 0.3 0.3 0.3o
(41) (5) (38) (95) (119) (298)

z 730 940 790 705 690 770nT

and(1b)is
C(qö‚/1‚t): n00+n01t+n02t2+n03t3+no4t4

+(qb—qbc)(n10+n11t+n12t2)

+(Ä_’1c)(”20+n21t+n22t2) (2)

where t is the year of observations minus 1850, cpczö3oN and 26:26o E. The
coefficients nij were calculated using the method of least squares. The values
used in the fits were those shown in Fig.1 but also later values from secular
points and from geomagnetic Observatories were used in order t0 get the
polynomials t0 fit t0 the present field as well as possible. Table 1 gives the
coefficients ”1) and their standard deviations 01.1.. The numbers of observations
used are shown in TableZ (in brackets). The main figures in Table2 are the
r.m.s. differences between the observed and polynomial values grouped into 25-
year period. The r.m.s. errors of Z were calculated from the r.m.s. errors of H
and I.
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Fig. 2. Declination polynomials (solia‘ Iines) calculated for the magnetic observatories at Südankylä
and Pavlovsk (alter 1947 Leningrad). Dotted h’nes: yearly means of observed values. Circles: D
values taken from Barraclough’s (1974) charts. Vertical Iines: average r.m.s. error

Figures 2—4 ShOW both polynomial and Observed values of the H, D, and Z
components for Sodankylä (67°22.2’N, 26° 37,8’E) and Pavlovsk (59°4l.2’N‚
30°29.3’E) (after 1947 Leningrad) in the Soviet Union near the south—east border
of Finland. T0 eompare the polynomial values with observed ones not used in
the least squares fits, yearly mean values from the geomagnetic observatory in
Oslo (59°54.7"N‚ 10°43.4’E) compiled by Wasserfall (1950), D values from
Copenhagen (55.69o N, 12.58o E) compiled by Abrahamsen (1973), and chart
values of D from Barraclough (1974) have been included in Figs. 2—4.

As can be seen from Figs. 2——4, the polynomials give roughly the same shape
as revealed by the long series of Observatory values. Short-term variations can
be seen in H and Z between 1890 and 1920 and in D after 1960. These variations
are not visible in the polynomials because fourth degree time polynomials are
t00 rigid t0 follow such rapid changes. The polynomials represent only the long-
term (100 years or more) secular Variation.

Systematie differencies between polynomial and Observed values in Sodan-
kylä are due partly 10 the sparse distribution of magnetic measurements in
North Finland, but mainly to the fact that the Sodankylä Observatory lies in a
loeal Z anomaly covering at least 100x 100km. In 1975 the difference in Z
between the chart value (Sucksdorff et al.‚ 1975) and the annual mean value at
Sodankylä was 60011T which is 10 times higher than the r.m.s. error for the
whole Finland.

The D polynomials are more accurate than other components. They also
extend about 150 years farther into the past than H and I. Even the extrapolated
D für Sodankylä seems to fit the D values taken from Spherieal harmonic
analysis für 1650—1850 (Barraclough, 1974).
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Figure 2 also indieates that D changed cyelieally with a period of about 400
years and an amplitude of 10°. It peaked around 1650 and dropped to a
minimum around 1800, in agreement with other European records (Yukutake,
1962; 1967). The rapid oscillations since 1960 may forecast a new peak in the
near future.

An interesting feature of the secular variation of Z (Fig. 4) is the rapid drop
(C. 150nT/year) at the beginning of the 19th century. From about 1850 to 1920 Z
only inereased slowly (C. 10nT/year), but the secular ehange of Z has been faster
in reeent deeades: 30—5072T/year.

The rate of westward drift of the geomagnetic field in Finland has been
ealculated from the polynomial values of D because its isolines flow roughly
north to south, thus causing a maximum gradient in the east-west direction. The
average drift for 1750 to 1950 was found to be 0.03i0.01°/year averaged over
Finland. This is rather a low value compared to the global average of 0.18O/year
for the drift of the whole nondipole field found by Bullard et al. (1950), but
roughly the same as that calculated by Leaton (1962) for the Finnish latitudes at
the epoch 1955.0. On the other hand, Yukutake (1967) obtained an average drift
of 0.360/year when he studied the drift of D using observatory values all around
the world in the last 300 years.

2. Sources of the Magnetic Field and Its Secular Variation
in Finland and Nearby Countries

2.1. Equivalent Dipole

The global distribution of the geomagnetic field is usually analyzed by means of
spherieal harmonic expansions (SHA). Second and subsequent terms of these
expansions give the contribution of the nondipole or anomaly field, which
averages 20% of the whole field. The nondipole field is coneentrated mainly in
large centres of continental size, such as the one in Central Asia.

lt is well known that Changes of intensity and the westward drift of the
nondipole field are the main sources of global secular variation (e.g., Yukutake
and Tachinaka, 1968). The centres of the secular variation will be located near
the centres of the anomaly field if the anomalies are standing and Changing their
intensity. If the anomalies are drifting, the secular variation centres will be
loeated near the border of the anomaly centres. Nagata and Rikitake (1957)
found that in most eases the focus of a secular variation eell lies west of the
corresponding anomaly-field focus.

The surfaee anomaly field can be approximated by radial dipoles Within the
core (Alldredge and Hurwitz, 1964). The secular variation can be depieted by
intensity ehanges and by the drift of these dipoles (Alldredge and Stearns, 1969),
or direetly by radial dipoles (Lowes and Runeorn, 1951).

The parameters, location (r0,q,/10) and strength (M), of these dipoles are
usually determined from observed field values by the method of least squares.
The dipole field equations are linearized and the parameters are then de-
termined iteratively. To obtain eonverging solutions for the parameters, the
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minimizing proeedure must be started olose enough to the minimum. This
means that we need to know where the foci of the Z isolines are located and
take these as initial values in the least-square fits.

Here, the features of the anomaly field will be interpreted based on one
geoeentrie dipole. From the observed values of Z, H, and D at (qö, Ä) it is possible
to ealculate the direction ((1)0, ‚10) and strength (M) of this dipole, here termed the
equivalent dipole, which gives exactly the observed field at the observation
points ((15, Ä).

The equation of an equivalent dipole governing the total field vector, B:H
+Z, on the surfaee of the Earth at the point R:(R, (j), ‚1), is

B(R)-—-3(M'R)RR*2—M . (3a)

where M is the strength of the dipole in Teslas (T) defined by

M=(uo/4n>MOR"3 (3b)
where ‚uo/47z: 10‘7 Tm/A and MO is the dipole moment in units of Amz.

The direetion ((150,Ä0) of the equivalent geocentrie dipole defining the ‘north
pole’ or Virtual geomagnetic pole (VGP), can be caleulated from Eq. (3a) as
follows:

sin (150 =sin qb cos p +cos (15 sinp cosD

ÄO=Ä—A+180° if cospgsinqösinqbo

ÄO=Ä+A if COSp<sinqbsin (1)0 (4a)

where

sinA=sinpsinD/eosd>0
tanp:2H/Z. (4b)

See also McElhinny (1973). The strength M obtained from Eq. (3a), H and Z, is

MzH—Z/2 (4c)
M=(H2+Zz/4)1/2 (4d)

M defined by Eq. (4d) is also termed ‘the local magnetie eonstant’ after Bauer
(1914), and it has been ealled ‘the length of the dipole vector’ by As (1967).

The global distribution of M and its seeular variation has been analyzed by
Gaibar-Puertas (1953) and As (1967). Ispir et al. (1976) have reeently studied the
secular variation of M over Turkey in 1965—1970.

If the observed field at every point (gb, Ä) is a pure dipole field then M, (1)0 and
2.0 are constants:

M:(gio+g%1+h%1)“2
tan Öo=g10/(gl1 +hl1)1/2

tan/lozhll/g11 (5)
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Fig. 5. Isolines (in 11T) of the strength M of the equivalent dipoles calculated from IGRF—l965. The
dots Show Z foci of the Asian and African nondipole anomalies

where g and h are the gaussian coefficients of the spherical harmonic expansion
of the magnetic field. Thus any deviation from these values is caused by the
anomaly field. If, for example, the M values in a region are greater than the
global average, this means there is a positive anomaly component in the
observed magnetic field.

Although the isolines of M are related t0 those of the nondipole field, the
foci of the M isolines d0 not coincide with those of the nondipole field. This ean
be seen in Fig. 5, whieh shows the global distribution of M ealculated from the
IGRF of 1965 (Zmuda, 1971). The M field eonsists of two large cells of isolines.
one in Asia and the other covering Africa and the South Atlantic. The foei of
these cells lie about 30° south of the corresponding nondipole Centers in Central
Asia and Africa.

Figures 6 and 7 show M and the location (qömxlo) of VGP’S calculated from
observed and polynomial values for Sodankylä, Pavlovsk and Oslo. Figureö
gives locations of the geomagnetic pole calculated from the gaussian coefficients
[Eq. (5)] obtained frorn SHA for 1840—1950 (Lucke, 1959). As can be seen, the
curves for the equivalent dipole differ considerably from the values of the SHA
field, which indieates the existence of a large nondipole field in Finland and
nearby eountries. The VGP’s calculated from the Oslo values are nearest to the
SHA geomagnetic pole, which‘ means that the nondipole field in Scandinavia
weakens from east to west. It can also be seen that the deviation from the SHA
field has been growing steadily since the start of the 19th oentury. It ean
therefore be coneluded that the nondipole field in Finland and nearby countries
has been growing ever sincenThis is also true on a global scale as demonstrated
by McDonald and Gunst (1967).

As ean be seen in Fig.6, the VGP’S have been drifting westwards at an
almost constant rate of 0.8°/year. This drift, however, is not neeessarily con-
nected with the general westward drift of the nondipole fielcl, whieh was found
to be 0.030/year in Finland, as stated in Chap. 1. The rapid drift of the VGP’s
ean also be explained by systematic intensity changes of the dipole and
nondipole fields. By differentiating Eq. (4a), it ean be shown that d/lÜ depends
mostly on dD. In other words, the rapid westward drift of the VGP’s is due to
the linear growth of D (or Y) shown in Fig. 2.
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Fig. 6. Locations of the VGP’s
uaIculated from polynomials (solid
Eines). The dots Show IO-year means
(1F VGP’S calculated from
observatory data. Also shown are
the locations of the sha
geomagnetic pole

Fig. 7. Strength (M) üf equivalent
dipoles calculated früm polynomials
(soüd Eines). The dots Show IO-year
means of M calculated from
abservatüry data. Also shown is the
strength of Ihre: sha dipole
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Only 10% of the observed increase of D ean be explained by ehanges of the
SHA dipole and observed westward drift. Nearly all of the rapid increase of D
has therefore been caused by the intensifieation of the Y eomponent of the
nondipole field.

As can be seen in Fig. 7, the eurve caleulated from the polynomials for the
eoordinates of Sodankylä differs about 500 nT from the Observations. This gap is
due t0 the Z-anomaly covering the Sodankyl'a observatory.

2.2. Eccentric Equivalent Dipole Of the Secular Variation

When radial dipoles are used t0 depict the secular variation, the dipoles must be
located in the core near the eore-mantle boundary, as shown by Lowes and
Runeorn (1951) among 0thers. For a more physical representation of the seeular
variation vector therefore, an eccentric equivalent dipole must be used instead of
a geocentric one. Here we shall present a method for calculating an eccentric
equivalent dipole of the seeular variation vector starting from the geoeentrie
equivalent dipole.

Using the seeular variation veetor, B2X+Y+Z, (X2AX/A t, ete.), at (d),/l),
the magnitude M and the direetion ((150,/10) of an equivalent geocentric dipole
can be ealeulated from Eq. (4) if H, D, and Z needed in Eq. (4) are replaced by h,
d, and z respectively defined by

h=()i’2+Y2)1/2
d:tan-1(Y/X)
2:2. (6)

The ‘north pole’ (4)0,2t0) of this dipole can be interpreted t0 be the Virtual pole
(focus) of the positive Z field.

Sinee the dipoles used here are radial, all the equivalent dipoles of a secular
variation veetor are loeated in the same diametral plane of the Earth. The
interseetion of this plane with the Earth’s surfaee is a great Cirele, i.e., an S line,
passing through the observations point and the poles of the equivalent dipoles.
The orientation of this circle at a point (dJ’, Ä’) is defined by the declination D of
the magnetic field of any equivalent dipole:

_ sin d)’ cos (150 cos(Ä’ — ÄO) — cos (15’ sin (1)0tD .CO
eos qöo sm(/i’ — ‚10) (7)

where (dJOJtO) is the ‘north pole’ of the geocentrie equivalent dipole of B. The
total length (oc) between the Observation point and the pole ((1)0,10) along an S
line, is defined by

cosoczsinqbsin dJO+cosqöeos gbo eosM—ÄO). (8)

The distance (oc’) between the observation point and the north pole (dJ’O, Ä’O) of an
eccentrie dipole at qOR frorn the geocentre (q020 t0 1) can be calculated from
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the condition 1621€ where 1e is the inclination of the eccentric and IC that of a
geocentric dipole at the point of Observation. The equations for Ie and 1C are:

fz(oc’, qo) cos oc’ — 3(cos oc’ —q0)(1 —qO cos oc’) r"2tan1e= ‚ = ‚ ‚ ‚ _2fh(0<‚qo) Slnoc(1+3q0(cosoc—q0)r )

fz(cx,0) —ZCosoc
tanIC: = ‚

fh(oc,0) Sinoc

1*:(1+qä—2qocosoc’)“2 (9)

. Figure 8 Shows oc’ versus oc when the eccentric dipole is at qO 20.0, 0.25, 0.50, and
0.75. It can be seen that oc is always greater than oc’, which means that the “north
pole’ of a geocentric dipole, as seen by the Observer, is always 0n the far side 0f
the corresponding eccentric dipole. This far-side effect is similar t0 that noted by
Wilson (1971), who found that paleomagnetic poles in the Tertiary and Quater-
nary ages tended t0 lie 0n the far side of the geographic pole, as seen from the
region where the samples were taken. But calculating from an eccentric aXial
dipole, he obtained poles that were nearer the sampling sites and the geographic
pole.

Figure 9 depicts Zf/Z’, the ratio 0f Z at (4)0,Ä0) t0 Z at ((b’o, ZUG), as a
function 0f oc

i

Zf/Z} =fz(0<’‚qo)fz(0<‚ 0)’1(1 -qo)3r’3. (10)
The corresponding ratios of dipole strengths M/M’ defined by Eq. (4d), can be
0btained by multiplying the right hand term of Eq. (10) by (1 ——q0)‘3. From
Fig.9 it can be seen that Zf/Z’f is about 1 and does not depend on q0 when
oc<60°, but decreases rapidly when oc>60°.



212 I-I. Nevanlinna

Z1 f T T T I' T T T—I T 17 1 l 1 l l l

1._ .1

1.0 0

0.5 - -

0.0 — -
' 7

0.4 _ 0.75 0.50 0.25 7- 1 Fig. 9. 2172.} as a functi0n 010:,
0.2 — when eccentric equivalent dipole is

_ .1 a1 (3020.0, 0.25, 0.50, and 0.75. Z; i5
J I | 1 1 1 l 1 l l 1 1 L ’ Z at ((00,30) and Z;- iS Z H[[(pr0,21:3}1

30° 60° 00° 120° 150° (r

90°N 90°N

00°
OSL 500

ABI ‚
' 0;

‚ Lov
NIE PNJ

E .‚_

30° “ II" "'"B

z f L
\ "‘ s ‘h

HEL
x

x
\

0 ‘e
o

eo c?
e

00 00
30°E 60° 90° 30° 60° 90° 120° 150°E

Fig. 10. Lefr: P0105 (o) of geocentric equivalent dipoles of lO-year mean secular variation Observed
at nine Observatories at 1940. o is the mean of the poles (4)2), 2.2,) of eccentric dipoles at 0.47512 giving
the minimum scatter 01 poles. Short solid lines Show the area of 95 % confidence ar0und the pole. A5
examples, S lines are given for Observatories Helwan (HEL) and Ebro (EBR). .0. is the focus 012
according 10 SHA maps of Cain and Hendricks (1967). Right: Path of the poles of eccentric (‘70
=0.475) equivalent dipoles calculated from the secular variation Observed at Sodankylä (SÜD),
0510 (OSL) and Pavlovsk (PAV) at 20-year intervals since 1840. a is focus of Zof SHA maps für
the epochs 1920 and 1940 by Cain and Hendricks (1967). A is focus of isolines of M according 10
Gaibar-Puertas (1953) maps for the epochs 1900 and 1920. Mf is focus of the isolines of M from
Fig. 5. Zf is focus 0f SHA nondipole Z from IGRF-l965

The procedure for finding the parameters (05,212), M’) of the eccentric equiva-
lent dipole 01 a secular variation vector B Observed at (0,11) is as follows:

— Calculate the geocentric equivalent dipole (qöÜ‚ÄÜ,M) and the length (rx)
of the S 1ine using Eqs. (4), (6), and (8).

— Calculate c1" for a given value of qO from Eq. (9).
— Calculate (055,215) from rx' using Eqs. (7) and (8).
— Calculate M’ using Eq. (10).
If several Observations covering a large area are available, a best fitting

dipole can be determined by minimizing the scatter of the poles (05,2113) found
101" each vector B. An example 0f this is given in Fig. 10, which Shows the poles
01 the geocentric and the best fitting dipoles of the secular Variation at nine
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Table 3. Fisherian statistics for a best fitting eccentric
dipole of the secular variation at the epoch 1940 (I50 = 46-20 N N = 9

Ä0=50.6°E a95=9.8°
q0=0.475 k=205

European observatories at the epoch 1940. The minimum scatter was found by
Changing qO and caloulating Fisher’s precision parameter k (Fisher, 1953) for the
eorresponding values of ((156,15). The scatter is at its minimum when k is at its
maximum. The best fitting dipole was found to lie at 46.2o N, 50.6o E, and
0.475R from the oentre of the Earth. Its strength was —8.1nT/year; see also
Table3 and Fig. 10. This best fitting dipole gives Z, X, and Y at the Observa-
tories used with r.m.s. errors of 6.4 nT/year, 7.3 nT/year and 4.0 nT/year re-
spectively.

The loeation of the mean pole found here is fairly Close to the focus (36o N,
45°E) of Z on the SHA map Cain and Hendrieks (1967), whieh lies almost
within the area of 95 % eonfidence for the mean pole. The distance qO in Table 3
is near the core-mantle boundary, same as that found by Lowes and Runeorn
(1951) for their dipoles.

The relatively small area of seatter of the poles in the left-hand side of Fig. 10
indicates that secular variation in Europe and West Asia has a eommon source.
The right—hand side of Fig. 10 shows the probable movements of the pole of this
source since 1840. It is based on eccentrie equivalent dipoles (q0=0.475) of the
secular variation observed at Sodankylä, Oslo and Pavlovsk. The poles appear
to have been drifting westwards at a rate of 1°/year. The path of the poles lies in
the area of high intensity of the SHA nondipole field, indieating a eorrelation
between the secular variation in North Europe and the anomaly field in Asia.
This eorrelation seems to prevail over a large area of Eurasia, because the focus
of the isolines of M taken from Gaibar-Puertas (1953) global chart has been
moving along a path near the foeus of the Asian anomaly, as ean be seen in the
right-hand side of Fig. 10.

Figure 11 depicts the intensity M of the geocentric equivalent dipoles.
Striking features in the variations of M are the sharp minimum just before 1900,
the rapid, almost threefold increase in the subsequent 20 years, and other rapid
drop to a minimum around 1960. Observed foeal values of Z taken from SHA
maps (Cain and Hendricks, 1967), reduced to the eentre of the Earth show
roughly the same deereasing trend as those calculated from the observatory
values.

M in Fig. 11 oseillates in a cycle of approximately 60 years, whioh is in phase
with the curves of the variation of the Earth’s rotation found by Yukutake
(1972; 1973) and Jin and Thomas (1977). Aceording to these authors, the
variation in the length of the day correlates well with the general 60-year
oseillation of the Earth’s magnetic field. So, it is suggested here that the
variation of the equivalent poles and their intensities, and the ehange of the
SHA Z focus in South-west Asia are caused by the 60-year oseillation of the
magnetie field in the Asian nondipole anomaly.

The foeus of the 60-year oscillation of the seeular variation in Europe has
also been determined, using other methods, by Barta (1978) and Golovkov and
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Kolomiytseva (1971), who found foci at (28°N, 68°E) and (27° N, 41°E) re-
spectively. These foci are near the path of the equivalent poles shown in Fig. 10.

Conclusions

The polynomials calculated for the magnetic field in Finland before 1970 reveal
only the general trend of the magnetic field and its secular variation. They fail t0
disclose periods of rapid variations registrated at magnetic Observatories be-
tween 1890 and 1920.

As could be expected, accuracy was best in the D polynomial, which revealed
the declination in Finland with a maximum error of 3° from 1650 t0 1850, and
less than 1° after 1850.

The rather low value of the westward drift found here means that the drift,
though global, is not an important source of secular variation in Finland. The
intensification of the SHA nondipole field, especially its Y component, seems t0
be the major source of secular variation in Finland and nearby countries during
the last 150 years.

The equivalent dipole method applied here can be used t0 locate source
regions of secular variation. It was found that a single source has been
dominated the secular variation in Europe during the past 150 years.

Because the SI-IA dipole part of the Observed field B is usually much
strenger than SHA nondipole part, the equivalent dipole method cannot be used
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to locate SHA nondipole centers. But if the geocentric equivalent dipole is
calculated for large areas at a given epoch, any variation of intensity and
direction of the dipole can be assumed to be caused by the SHA nondipole field
because the contribution of the SHA dipole field to the equivalent dipole
parameters is constant. The method thus reveals the existence of an SHA
nondipole anomaly at the point of observation.
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legaatio.
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Abstract. The postulation of a Mesozoic age for the shield-building basaltie
series of Gran Canaria and Tenerife by Storevedt et al. (1978), based upon
paleomagnetic data from these islands, is inconsistent with abundant and
concordant K/Ar-ages from several laboratories. These latter data leave
no doubt that no rocks older than Mid—Miocene have been found on Gran
Canaria and Tenerife. Moreover, no volcaniclastic layers older than Miocene
were found in Deep Sea Drilling cores near the Canary Islands. Also,
the volcanic apron around at least Gran Canaria appears to be Miocene in
age judging from seismic reflectors that extend t0 well-dated drilled sections.
There is no evidence for a sialic crustal layer extending beneath all or any
of the Canary Islands.

Key words: Canary Islands — Crustal structure — Voleanie Islands 4 Potassium
Argon Ages — Paleomagnetism.

l . Introduction

Storetvedt et a1. (1978) have used paleomagnetie data from Gran Canaria and
Tenerife to postulate that the Canary Islands were built up during two major
volcanic pulses, the first occurring in the Mesozoie (Late Cretaceous or earlier)
and the second during Late Tertiary. They also propose that their data, combined
with other lines of evidence, favor ‘a continental origin of a crustal belt (including
the Canary Islands) extending seaward into water depths of at least 4,500 m’.

Storetvedt et al. (1978) appear t0 have overinterpreted their data and those
from the literature, and several relevant papers were not discussed:

A variety of geophysical and geological studies (see below) have been carried
out in this part of the Atlantic (off the northwest coast of Afriea) during
the last fifteen years, this being a key target area in studying the evolution
of passive eontinental margins. The conclusions of Storetvedt et al. (1978) will,
therefore, be discussed in detail, using published and some unpublished material.

0340-062X/79/0046/0217/501.60
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2. Age of the Canary Islands

K/Ar-age determinations on roeks from the Canary Islands were published
by Rona and Nalwalk (1970), Abdel-Monem et a1. (1971; 1972), Lietz and
Schmincke (1975), Grunau et al. (1975), Stillman et a1. (1975) and McDougall
and Schmincke (1976) and a general discussion of these data was given in
Schmincke (1976). More than 80 K/Ar-age determinations are available for
Gran Canaria alone, making this one of the most thoroughly dated oceanic
islands. The age determinations by Abdel-Monem et a1. (1971; 1972) are
confirmed in a general way by the later workers. The oldest lavas on Gran
Canaria, the shield—building alkali basalts, totalling 1,000 m exposed above sea
level, were erupted about 13.5—13.7 M.a. ago (McDougall and Schmincke, 1976).

In striking contrast, Storetvedt et al. (1978) concluded from their paleomag-
netic measurements on oriented hand specimens that the pole positions for
these lavas are similar t0 Mesozoic pole positions in Africa and that the minimum
age of this series is, therefore, upper Cretaceous and ‘it may well have covered
a broad time Span within the Mesozoic’ (loc. cit. p. 328). With the Mesozoic
spanning from ca. 65—230 M.a. and the Late Cretaceous from about 65—100
M.a., the difference in age determined by the authors eited and Storetvedt
et a1. (1978) amounts t0 some 50 to 200 M.a.

(a) Are the Published K/Ar-Determinations
an Rocks From Gran Canaria Reliable?

Storetvedt et a1. (1978), in noting the diserepancy, suggested that incomplete
retention of radiogenic argon in the older lavas, possibly eaused by ‘extensive
mineral alteration in the rocks and by extensive magmatic activity in late Tertiary
times’ (p. 329) makes the published K/Ar-age determinations of dubious value.
In support of their opinion they quote age discrepancies between the data by
Abdel-Monem et a1. (1971 ; 1972) and stratigraphic data of other authors. Indeed,
it was the relatively large spread of several million years for the shield lavas
on Gran Canaria that resulted in the detailed study of McDougall and Schmincke
(1976), initiated because geologic evidenee suggested rapid build-up of these
shields (i.e., within < 1 M.a.) as on other oeeanic volcanic islands. Their predic-
tion was confirmed by 20 K/Ar-determinations lying between 13.1 and 13.9 M.a.
contrasting with 5 determinations between 10.2 and 16.1 M.a. by Abdel-Monem
et a1. (1971) for only the upper part of the series. Differenees in sampling
and/or analytical methods may explain this descrepancy, much emphasis being
placed in the study of McDougall and Schmincke (1976) t0 collect and date
only fresh rocks. I suspect (Schmincke, 1976) that careful and detailed study
of the shield lavas of other Canary islands will reveal similar differences with
the relatively large spread in the reconnaissance study of Abdel—Monem et a1.
(1971; 1972) being reduced t0 1 M.a. or less. While such differences, which
are common in similar studies of other islands, are relevant for problems of
magmatic evolution, they are rather unimportant for the question posed by
Storetvedt et al. (1978). I have n0 doubt that more detailed study will confirm
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the Miocene (eastern and central Canaries) or Pliocene (western Canaries) age
of the shields. For Gran Canaria, agreement between the studies of Abdel-
Monem et a1. (1971), Lietz and Schmincke (1975) and McDougall and Schmincke
(1976) is excellent for rocks younger than 10 M.a.

(b) Are the Rocks Of the Shield—Building Series
of Gran Canaria Unsuitable for K/Ar-age Determinations?

There are indeed altered basalts within the shield series —— but highly altered
rocks can also be found on the top of Recent Pico de Teide and alteration
may not, therefore, be related t0 age. Thin section examination of a number
of shield lavas dated by Abdel-Monem et a1. (1971) ShOWS some t0 be somewhat
altered, however, the vast majority of the shield-building basalts are rather
fresh with regard t0 K-bearing phases (generally feldspar). Suitable specimens
can be found if sampling is done carefully.

Red soils (Storetvedt et a1.‚ p. 318) on Gran Canaria have developed (during
the Pliocene ?) on the northern side of the island, Chiefly in Pliocene/Quaternary
basaltic pyroclastics. Red horizons are rare in the shield basalts, and close
examination ShOWS that most, if not all, existing red 1ayers result from baking
by overlying lavas. The further suggestion that later magmatic activity (phases
II and III, Schmincke, 1976) has caused radiogenic argon t0 have leaked from
the rocks is, again, unsupported by facts. Examination of the extremely well
exposed, up to 1,000 m thick, shield series ShOWS that samples studied by Abdel-
Monem et a1. (1971, 1972) and McDougall and Schmincke (1976) on Gran
Canaria are mostly from areas many kilometers away from any later intrusions.
These rocks have generally not been heated appreciably since their solidification,
the alteration being of low temperature origin which is common in rocks of
this age but is not detrimental for age determinations when only fresh portions
are selected. The high degree of consistency within and between laboratories,
the agreement between the stratigraphic sequence and the age determinations,
and between rock and mineral ages indicate that construction of the subaerial
part of the shield stage of Gran Canaria took place chiefly between l3 and
14 M.a. B.P.

(c) Biostratigraphic Evidence

During Leg 47A, ‘Glomar Challenger’ drilled and continuously cored a hole
(site 397) about 100 km SE of Gran Canaria penetrating 1,453 m of sediment
with a 1,300 m thick section of Quaternary t0 earliest Miocene (20 M.a.) direetly
overlying lower Cretaceous sediments. The oldest volcaniclastic debris flow depo-
sits are about 17 m.y. 01d, based on biostratigraphie evidence, while abundant
silicic air fall tephra layers occur throughout the younger sediments (Schmincke
and V. Rad, 1979). The only exception is a 19-M.a.-old ash layer. N0 pyroclastic
rocks were found in early Miocene, Paleogene or Cretaceous sediments pen-
etrated at the adjacent slope DSDP Dite 369 (Lancelot et a1.‚ 1977) nor in
the earliest Miocene or Early Cretaceous of Site 397.
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The chemical composition of Miocene glass shards found at Site 397 matches
very well that of the Miocene rhyolites of Gran Canaria of the same age,
this being a rock group of unique composition in the Canaries. This evidence
indicates that the main subaerial volcanic phase of the Canary Islands com-
menced during the early t0 middle Miocene. Moreover, Schmincke and V. Rad
(1979) have interpreted different types of pyroclastic rocks from Site 397 as
representing the submarine, subaerial shield and subaerial post-erosional stages
of the island volcaaoes.

Age of the Canary Islands (Summary). All available data indicate that Gran
Canaria did not rise above sea level before mid—Miocene. The submarine part
of the island may not be appreciably older because Miocene seismic reflectors
traced from Glomar Challenger sites Clearly interfinger with the volcanic apron
around Gran Canaria (Wissmann, personal communication 1979).

The only published K/Ar-age determinations of Canary Island rocks older
than Miocene are two Oligocene ages on plutonic and metamorphic rocks from
Fuerteventura (Abdel-Monem et al.‚ 197l); rocks from the same complex were
dated as Miocene by Grunau et a1. (1975). The intrusions must obviously be
younger than the Late Cretaceous sedimentary rocks which they intrude. These
rocks are from the Betancuria massif which also contains folded and uplifted
upper Cretaceous marine sedimentary rocks and is Clearly the most complex
area in the Canary Islands (Stillman et a1. (1975). According t0 Robertson
and Stillman (1979) the oldest volcanic rocks on Fuerteventura are of submarine
origin and were deposited on Albian calcareous pelagic sedimentary rocks, after
an hiatus of unknown duration, in Late Cretaceous or early Tertiary time.
The top part of the sequence, however, is interbedded with Late Oligocene t0
early Miocene shallow water sedimentary rocks that predate intrusion of a major
dike swarm and later igneous events. Canary Island volcanoes d0 not appear

_to have risen above sea level before mid-Miocene. Submarine activity may have
started earlier (Eocene?) based on still inconclusive seismic evidence (Uchupi,
et al.‚ 1976; Grunau et al.‚ 1975; Watkins et al.‚ in press). A ‘mid—Tertiary’ age
of the Canary Island volcanism is also indicated by the obvious disruption of
the Tertiary continental rise prism into a thick western segment (west of the
Canaries) and eastern part between Cape Bojador and the Canaries (Uchupi
et al.‚ 1976, p. 846, Fig. 26).

Paleomagnetic Data. Storetvedt et a1. (1978) base their conclusion on paleo-
magnetic data from Gran Canaria and Tenerife and the reconstructed pole
positions for the shield series which they conclude indicates upper Cretaceous
or older Mesozoic age. As a petrologist I am unable t0 fully judge their evidence
but it must be emphasized that Watkins (1973) concluded that his pole positions
were quite compatible with the Late Tertiary ages. It would have been valuable
t0 compare data from the more detailed treatment by thermal and alternating
field demagnetisation by Storetvedt et a1. (1978) with those by Watkins (1973)
using samples from the same sites. Storetvedt et a1. (1978), who give n0 sampling
localities, state that ‘it is not known t0 which extent these sampling localities
may duplicate those of earlier studies’ (op. cit. p. 319). Earlier authors did
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give detailed localities, however, and McDougall and I were able t0 resample
all localities of Abdel-Monem et al. (1971) of interest t0 us, using published
descriptions and still Visible drill holes. Watkins, now deceased, unfortunately
cannot defend himself, which, n0 d0ubt, he would have done with Vigor.

3. Nature of the Crust Beneath and Around the Canary Islands

Storetvedt et a1. (1978) have combined their speculations on a Mesozoic age
for the islands of Gran Canaria and Tenerife with unrelated and, in part un-
supported, highly speculative or questionable data t0 extend their idea t0 all
of the Canary Islands and to the regional crustal structure.

(a) Basement Complexes

Storetvedt et al. (1978) restate the hypothesis of Fuster et a1. (1970) that a
layered basement complex underlies all of the Canaries and is exposed in some.
However, there is little foundation for this theory (Schmincke, 1976). The two
large central islands, Tenerife and Gran Canaria, have n0 such basal complexes
exposed. The complex on La Palma is about 2—3-m.y.-old judging from microfos-
sils found in inter-pillow sediments (Berggren, personal communication t0 H.
Staudigel, 1978). The layered basement complex on Fuerteventura is Miocene
or, in part, older, while that of La Gomera has not been dated. A much
more likely explanation is that these complexes are part of the substructure
of an island, being a plexus of submarine volcanics, intrusives and sediments
that probably make up much of the submarine part of most oceanic volcanic
islands (Schmincke, 1976; Sehmincke and Staudigel, 1976).

(b) Sialic Substratum Under the Canaries?

The (rather 01d) question as t0 whether the Canary Islands are underlain by
continental or oceanic crust has been discussed elsewhere in detail (Schmincke,
1976). Schmincke (1967) suggested that Gran Canaria and probably the Western
Canaries were volcanic islands built on oceanic crust and not part of a tectoni-
cally broken up, sialic microcontinent. Utilizing geological (Rothe and
Sehmincke, 1968) and marine geophysical data (Dash and Bosshard, 1968),
a ‘subdivision’ was made between the Eastern Canaries, possibly or probably
underlain by eontinental crust, and an oceanic central and western area. Dietz
and Sproll (1970) built on this hypothesis and postulated, based on their com-
puter fit on Africa and North America, that the Eastern Canaries block is
probably a microcontinent or sialic continental fragment detached from the
Afriean margin. Rona and Nalwalk (1970), in reporting some K/Ar—age determi-
nations from Fuerteventura, simply restated Views of the earlier authors and
coneluded ‘We speculate that the igneous activity was related t0 possible rifting
of the Eastern Islands from Africa’ (pp. 2118—2119, italics mine). Storetvedt
et a1. (1978, p. 318) on the other hand, stating that Rona and Nalwalk (1970)
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and Dietz and Sproll (1970) had given ‘evidence for a sialic substratum under
the Canaries’ (italics mine), omit the major distinction of most authors since
1967 between Eastern and Western Canaries. In three papers by Shell geologists
(Beck and Lehner, 1974; Grunau et al., 1975; Lehner and De Ruiter, 1977)
(neither mentioned by Storetvedt et a1., 1978), apparently using much unpub—
lished information, eross-sections of the area between the Eastern Canaries
and Africa are presented. Interestingly, the first published section shows conti-
nental crust extending from Africa t0 the Eastern Canaries (Beck and Lehner,
1974, Fig. 12) while in subsequent, more detailed accounts of the crustal struc-
ture in the Vicinity of the Canaries, this continental crust has been replaced
by a question mark (Grunau et a1., 1975; Fig. 5; Lehner and De Ruiter, 1977,
Fig. 3). The Concepcion Bank part of the Canary Ridge is interpreted as a
tectonic unit of volcanic origin based on refraction seismic investigations (Weigel
et al., 1978). The boundary between oceanic and continental crust could even
lie near the present Moroccan slope, if recent seismic data, Showing a 5.8 km/s
layer at 8.5 km depth within (Wissmann et al., 1977) the sedimentary basin
between the Eastern Canary Island — Concepcion Bank complex and the shelf
of Morocco are interpreted as representing Jurassic deep water carbonate or
even oceanic layer 2, as also suggested by the 6km/s velocity given in Fig. 5 of
Grunau et al. (1975) (Weigel et a1., 1978).

(C) Erosional Unconformities in the Shield Volcanics on Gran Canaria

Storetvedt et a1. (1978) quote Fuster et a1. (1968) for the existence of erosional
unconformities between the ‘Various petrographically different units of the older
series’ on Gran Canaria (p. 318). They have used this evidence t0 state ‘ Recalling
the existence of erosional discordances within the older lava sequence of Gran
Canaria there are in fact reasons t0 suggest that rifting and lava extrusion
may have taken place intermittently (within a subsiding continental belt between
Africa and North America) over a time span covering at least a greater part
of the Mesozoic’ (italics mine). Actually, the only major erosional uneonformity
proposed by Fuster et a1. (1968) does not exist. Fuster et al. (1968) opposed
the view of Schmincke (1967) that extrusion of a thick series of rhyolite lavas
and ignimbrites followed immediately after the shield-building basalts, that this
series was associated with caldera collapse, and that there followed intrusion
of a large trachytic cone sheet swarm. This group of investigators (Hernan
Reguera, 1976) has now aecepted both caldera collapse and eone sheet swarm
and abandoned the idea of a large erosional unconformity (Hernan Reguera,
1976). McDougall and Schmincke (1976) have documented in detail that there
are n0 significant age differences between the older basalts and the overlying
rhyolites, nor is there a significant age difference above or below the only
major erosional unconformity found within the shield basalt series (i.e., magmatic
phase I of Schmincke, 1976, or the ‘older lavas’ of Storetvedt et a1., 1978),
this having been described by Schmincke, 1968, but not by Fuster et a1., 1968.
Moreover, erosional unconformities such as the latter and that between mag—
matic phase I and the Pliocene magmatic phase 2 on Gran Canaria are common-
place on all voleanic islands.
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4. Conclusions

The better known elements of the evolution of the Canary Islands are, judging
from presently available data from marine geophysics, deep sea drilling and
geological studies of the islands: appearance of volcanic islands — and possibly
initiation of melting anomalies in the mantle — during early Miocene, initially
in the Eastern Canaries, followed by Gran Canaria (whieh is rather precisely
data) and later the 'Western Canaries. This migration corresponds approximately
with known sea floor spreading rates. Exceptions t0 this pattern may be the
basal complexes of Fuerteventura and Gomera but data are still sparse and
contradietory. The location of the boundary between the oceanie and continental
crust is still unknown but evidence is mounting that it is at least as far east
as the Eastern Canaries and is possibly still further east. What initiated the
melting anomaly under the Canaries is unknown. Important structural elements
in the evolution of the archipelago include vertical movements in some islands
with thousands of meters of throw. These are major, tectonic events ranging
in age from early Tertiary (?) in Fuerteventura to Pliocene/Quaternary on La
Palma, suggesting that the stress field responsible for these movements may
still be operative. Other islands like Gran Canaria were remarkably stable with
respect t0 sea level, indicated by the similarity in evelation of Mid-Miocvene
valley bottoms of these islands t0 those of today. Regressions and transgressions
at the Miocene/Plioeene boundary are an exception. Most islands experienced
several major magmatic phases, similar t0 those known from Hawaii, with
a voluminous shield phase of moderately alkalic basalts followed after major
erosional intervals by much smaller volumes of more alkalie undersaturated
magmas.
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Short Communication

Rinneite-Dating of Episodic Events
in Potash Salt Deposits

H.J. Lippolt and I. Raczek
Laboratorium für Geochronologie der Universität,
Im Neuenheimer Feld 234, D-6900 Heidelberg, Federal Republic of Germany

Introduction

When reviewing the state of isotope ohronometry on salt rocks (Lippolt, 1977)
we directed our attention to the salt mineral rinneite (NaK3FeC16) which
occurs as metasomatic secondary product in salt deposits. Rinneite is
formed as well in the early phases of metamorphiSm (Kokorsch, 1960; Sie-
meister, 1969) as during late tectonic disturbances of the salt beds (Hart-
wig, 1922). Siemeister (1969) distinguished six types of rinneite paragenesis
in bed Ronnenberg of the Salzdetfurth mine, Southern Hannover. Though
the chemical formula and analyses by Kühn (1972) prove that rinneite
contains plenty of potassium and rubidium, this mineral has not been used
for isotopic dating so far. When clean, rinneite appears transparent, other-
wise pink, yellow or violet. At open air the surface turns brown by oxidation.
Rinneite is soluble in water, but as long as it is protected by the salty
environment, it was shown to be stable above 26.4o C. Rinneite was discovered
in 1908 in the Wolkramhausen mine south of the Harz mountain and
investigated by Boeke (1908; 1909). In this mine it occurred in large, meter-
sized lenses within carnallites. Later on it was found in all the mining
districts around the Harz mountain and in the Hannover plain, occasionally
as layer but as well as single crystals or very fine-grained in kieserite — sylvine-
halite rocks. Rinneite also occurs fairly commonly in the English potash fields
(Stewart, 1956).

The Samples

In order to get some experience with rinneite as dating mineral we asked Dr.
R. Kühn (Hannover) for some of the samples which he had used for his review
of Rb abundances in salt minerals (Kühn, 1972). Four samples were selected
for Rb—Sr analyses, two of them representing vein fillings and the two others
secondary components in rocks of the salt beds:

0340-062X/79/0046/0225/SSO1.00
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1. Pure rinneite from a fissure vein in the Grey Salt Clay, 1,050 rn floor
of field Siegfried in the salt mine Giesen.

2. Rinneite, carnallite and Clay from a patchy filling of a vein in the Grey
Salt Clay T3, 1,050 In floor, field Rössing—Barnten, mine Giesen.

3. Pure rinneite Clusters in seam Staßfurt of the mine Hildesia/Diekholzen
(corresponding with sample 1 of Table 5 in Kühn, 1972)

4. Pure rinneite from rinneite patches above the upper part of the carnallite
seam below sylvine bed Ronnenberg (corresponding with sample 2 of Table 5
in Kühn, 1972), Salzdetfurth mine.

The salt mine Siegfried-Giesen belongs to the Sarstedt-Lehrte diapir (mining
distriot Central Hannover), Hildesia and Salzdetfurth are situated in the
Hildesheim-Wald salt structure (district Southern Hannover). Both districts are
about 20 to 40 km SE of the City of Hannover. The geologic and petrologic
settings of these salt mines have been described by Middendorf and Kühn (1966)
and by Kokorsch (1960) and Siemeister (1969) respectively. J aritz (1973)
compiled the observations concerning the ages of diapir formation in this area.

The Rb-Sr Analyses

The results of our analyses are presented in Table 1. Six Rb-Sr and K analyses
have been performed. Rb and Sr were measured by mass spectrometry,
potassium by flame photometry. Calibrations were achieved by comparison
with international ohemical standard samples. The potassium concentrations
measured are typical for rinneite. Our Rb-results on rinneite III and IV agree
well with the values given by Kühn (1972). Sr had not been measured so
far. In three cases its concentration was about 1 ppm, in one case we found

Table l. Analytical results on rinneite samples

Sample Salt mine Concentrations 87Rb/ 87Sr/ Model
86Sr 86Sr agesb

K (°/o) Rb (pm‘ Sr (ppm)a [Mal

I. Rinneite Siegfried/ 28.2 257 0.79 943 1.125 31.0i—0.8
Giesen

II. Rinneite Siegfried/ 29.3 218 6.54 96.7 0.735 19.8j_—_0.6
Giesen

II. Carnallite Siegfried/ 20.4 207 3.95 152 0.726 8.5i0.3
(+ Rinneite) Giesen

II. Clay Siegfried/ 0.65 12 626 0.054 0.7077 —
Giesen

III. Rinneite Hildesia 30.6 131 1.18 322 1.091 83.4: 1.8

IV. Rinneite Salzdetfurth 28.7 128 0.57 645 1.373 72.2:18

a Analytieal errors 51%
_ b Using 2:1.42-10’ “a‘1 [Steiger and Jäger (1977)] and 0.7077 as initial ratio
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6.5 ppm. This results in fairly high Rb/Sr ratios of about 30 to 300. For the
time being only model ages can be calculated as only for rinneite II an
approximative initial 87Sr/865r ratio could be determined (Clay from sample II).
We consider this value to be tentative because nothing is known about
homogenization of Sr isotopes between salt minerals and Clay during salt rock
metamorphism. This lack of information however is insignificant as the Rb/Sr
ratlos and the present 87Sr/868r ratios are fairly high. The analytical accuracy
is given in the tabl'e. It seems to be better „than necessary in order to come
to geologieally meaningful conclusions taking in account that the present level
of knowledge on the feasibility of salt rock dating is still very low.

Discussion of the Rb-Sr Ages

The model ages of the four rinneites are Cretaceous and Middle Tertiary. The
four dates differ significantly from eath other. As rinneite normally is thought
to be a replacement mineral we have not expected them to yield Permian ages.
Assuming appropriate retentivity we expeeted their ages to be equal to or lower
than the time of the last regional metamorphism of these deposits. After
Kokorseh (1960) and Siemeister (1969) this may have happened in Jurassic
or Lower Cretaceous times. The isotopic ages of products of this metamorphism
whieh have been determined so far rather date this metamorphism at the
boundary Lower to Upper Cretaceous (K-Arges, langbeinite ages by Osterle
and Lippolt (1976) and Trümmer-carnallite age by Büchler et al.‚ 1979). Rather
high ages which correspond to Upper Cretaeeous times (83 and 72 m.y.) were
found for the rinneites of the Hildesheim-Wald salt ridge. These ages obviously
confirm the View of Kokorsch (1960) and Siemeister (1969) that the rinneite
of this paragenesis was formed during the early stages of the late mesozoic
metamorphism. Relatively low Rb-Sr ages were found for the rinneites from
vein fillings Close to the Grey Salt Clay in the Sarstedt salt structure. They
correspond to Upper Oligoeene (31 m.y.) and Lower Miocene times (20 m.y.).
The geologieal Situation from which the rinneitesI and II were taken is very
different from that of rinneite III and IV. Already Hartwig (1922) and later
Kühn (1966) made it clear that the rinneite associated with vein fillings in
the neighbourhood of the Grey Salt Clay was formed as late replacements
following tectonic disturbanees after the rise of the diapirs. We therefore conclude
that also in this case the rinneite ages point to a geological event in the history
of the salt dome.

For the time being we can only speculate if the age difference between
the members of the Cretaceous and the Tertiary rinneite pairs could have a
geological meaning. As Oesterle and Lippolt (1976) observed that langbeinite
ages of different salt seams within one mine show systematie age differences,
it might be possible that the rinneite ages III and IV indicate that the time
of metamorphism for the potash seams Staßfurt and Ronnenberg was not the
same. The differing ages of rinneites I and II could mean that they date tectonic
activities in central Germany just before and after the main volcanic phase
in many voleanie centers of the Rhenish shield (N25—23 m.y.).
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There can be no doubt that the feasibility of rinneite dating and the
speculations mentioned above have to be checked by further analyses. In order
to do this we have already taken more samples from the two salt structures
Hildesheimer-Wald and Sarstedt-Lehrte.

The carnallite associated with the rinneite II yielded a much younger Rb-Sr
age (8.5 m.y.). At present we do not know whether this means that the carnallite
was formed later than the rinneite or that it lost radiogenic 87Sr after its
deposition.

Acknowledgement. We thank Professor Kühn (now Wilhelmsfeld/Odenwald) for providing the
samples and advice and H. Funke for technical assistance.
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Magnetic ULF-Waves in the Vicinity
of Active Auroral Forms
N. Klöcker and B. Theile
Institut für Geophysik und Meteorologie der Technischen Universität Braunschweig,
Mendelssohnstraße 1A, D-3300 Braunschweig, Federal Republic of Germany

Abstract. Magnetic field variations in the frequency range one to 5 Hz were
measured with a rooket-borne magnetometer over an auroral arc during a
substrom event. There is evidence that these fluotuations were produced by
magnetohydrodynamic waves generated by ion gyroresonance. The payload
was launched on October 13, 1977, from Andenes/Norway around magnetic
midnight.

Key words: ULF-waves — Magnetohydrodynamic waves — Gyroresonance.

l. Introduction

In the frequency range 0.2—5 Hz of the electromagnetic spectrum a multitude of
phenomena is observed on and near earth, e.g.‚ pearls in geomagnetio micropul-
sations, auroral flickering, and microbursts in particle precipitation. Electric
ULF waves in this frequency band have been deteoted within and above the
ionospheric F-layer (Kintner and Cahill, 1978; Petelski et al., 1978). Reoently
published observations by the team of S-3OO experimenters (1979) of the GEOS
satellite show evidence of simultaneous magnetic and electric field fluctuations
in the ULF frequency domain. An appropriate approach to explain these waves
in terms of magnetohydrodynamics is to identify them as being either ion
cyclotron or fast magnetosonic waves. These wave modes are believed to play an
important role in wave-particle interaction (Cornwall, 1965; Cornwall, 1966;
Kennel and Petschek, 1966; Cornwall et al., 1970).

Measurements of the magnetic field of these waves are still rare. The reason
is twofold: (1) The spin frequency of sounding rockets and satellites is very often
in the range of ULF band. Thus the waves can only be detected after very
accurate restitution of the spacecraft’s attitude in an earth-fixed frame of
referenoe. (2) Most magnetometers flown on sounding rockets and near-earth
satellites are not well suited to measure waves in the ULF band, e.g.‚ due to
limited dynamical range and limited time and amplitude resolution.

0340-062X/79/0046/0229/501.60



|00000236||

230 N. Klöcker and B. Theile

We will present data whieh were measured with a three—component fluxgate
magnetometer aboard a sounding rocket payload within the German IMS
sounding rocket campaign ‘substorm-phenomena’. The payload was equipped
with a gyro based attitude control system. After a short outline of our instru-
ment we describe the observations and rocket trajeotory. The measurements will
be introduced by an amplitude-time diagramme. We will then deal with the
analysis of the waveforms and finally discuss some theoretical aspects.

2. Instrumentation

A three-component fluxgate magnetometer (Förstersonde type) is used. Full
details of the instrument and the test philosophy were published elsewhere
(Theile and Lühr, 1976). The instrument consists of an orthogonal sensor triple,
an analogue and a digital eleotronic. The analogue electronic drives the sensor
and transforms the returning signal into a voltage proportional to the field
strength in the direetion of the respective sensor axis. The dynamic range of the
instrument’s analogue output is 120,000nT, the noise level is about 0.1 nT. A
16 bit analog to digital converter (ADC) is used to transform the output voltage
into a digital telemetry compatible word. The input voltage of the ADC may
only correspond to i30‚000nT for the radially measured field components and
0—60‚000nT for the longitudinal (i.e.‚ parallel to the spin axis) field component.
This instrumental configuration allows the measurement of magnetic fields with
a resolution of about lnT. The instrument responds to frequencies up to 500Hz.
There are no phase shifts and linearity errors for signals below 15 Hz. This
instrumental property faeilitates the analysis of the ULF waves.

The sampling rate amounts to 800 samples per channel per second. This high
data rate is needed to compute highly accurate angles for the transformation of
the magnetic field data into an earth fixed coordinate system.

3. Observations

The payload was launched on October 13, 1977, at 21 : 26: 00 UT by a Skylark
12 from Andoya Rocket Range/Norway. A magnetospheric substorm had
started at about 20: 25 UT and continued until about 23: 30 UT. The magnetic
north component of the range magnetometer fluctuated around — 300 nT during
the payload’s flight (21:26—21:38 UT). The payload reached an apogee of
536 km and splashed down at 540 km ground range distance.

A faint homogeneous are was observed north of the range prior to launch.
The launch decision was based on inoreasing micropulsation activity and the
brightening of the are. The intensity of the 557.7 nm auroral emission intensified
to more than 50 kR shortly after launch. An auroral break-up occured at
21:31 UT followed by a rapid northward expansion of the aurora. Mieropul-
sation activity prevailed throughout the flight. However, the pulsation magneto-
meter was not sensitive in the pcl range. The wave phenomena which will be
treated here occurred around 21 : 35 UT. At that time the payload traversed an
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Table 1. Veleeities with respeet to local geomagnetic fielcl and Spin
frequenties for four seleeted times

Time after launch 1/l (Ins‘ l) V“ (ms‘ l) Spinfrequency
{5) (Hz)

534.9 525 1,282 3.0033
538.1 519 1,307 3.0012
545.1 504 1,365 2.9921
549.1 496 1,398 2.9838

intensity maximum of an active auroral arc. More than 20 kR were rneasured
für the ‚1557.7 nm oxygen line.

The measurernents discussed here were made at 450km altitude. The
payload’s velocity eomponents parallel and perpendicular with respect t0 the
earth’s magnetie field as well as the Spin frequency are listed in Table 1 for four
seleeted times. The decrease of the Spin frequeney coincides with an increase of
the payload’s coning angle. This change of attitude parameters is caused by
energy dissipation by long flexible booms tipped with probes for the electric field
measurement. An aetivation of the attitude control system was necessary every
60 s.

Figurel Shows a section of the original magnetometer data after transfor-
mation into an earth fixed coordinate system and deduction of a reference
magnetic field as a function of time. The indicated times are seconds after lift-off.
Bx points towards the magnetic north, B}, indicates the eastern direction,
whereas BZ is parallel t0 the measured undisturbed geomagnetie field, i.e.,
pointing downwards with an angle of about 12 degrees with respect t0 the
vertieal.

Bv

100 NT

B:

5031112 615.111 5195.111 " 5242111 5292110 535.110 535.710€! 645.1139' '5'492105
s —_-

Fig. l. Magnetic field variations measured aboard the sounding rücket payload (Substormphe-
nomena FBA) an Oetober 13, 1977. Bx-north, By-east, Bz-direction of earth’s magnetie field veetnr.
The abseissa gives seeonds after launch which 100k plane at 21 :26:00 UT
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Fig. 2. Data section after high-pass filtering with cut-off at 0.65 Hz was applied. The windows Wl—
W4 mark those intervalls which were Fourier-transformed for spectral analysis

The transformation is carried out by a mere rotation of the sensor—based
eoordinate system. The reference directions for the transformation angles are
established by the measured geomagnetic field and the direction of the payload’s
total angular momentum. The latter is computed using attitude data of the gyre
based attitude control system. The payload’s rotational motions are being
represented by a set of time dependent _analytical functions. These functions are
coupled by geSCOpic laws. A new set of initial conditions must be determined
after each activation of the attitude control system. Thus each interval between
two attitude control system activations requires new parameters for the analyti-
cal description of the rotational motions. Consequently only magnetic field
variations with periods below 60s (i.e.‚ the time interval between two attitude
control system activations) can be analysed.

Field variations with different amplitudes and periods can be identified in Bx
and By. Variations in Bz cannot be Observed. The conclusion of this Obser-
vational evidence is that the longitudinal (i.e.‚ parallel t0 the earth’s magnetie
field) component of the field variation must be below lnT. With an order of
magnitude of 100 nT for the transverse component we deduce by statistical
analysis that the angle of the field variation vector must be between 89.5 and
90.5 degrees with respect t0 the local geometric field. The fluctuations with
langer periods (Tw40 s) seen in Fig.l may be of temporal 01' spatial nature.
They will not be discussed here.

Further analysis and discussion will be dedieated t0 variations at frequencies
of more than 1 Hz. Magnetic variations transverse t0 the main field may be due
t0 either field-aligned currents or t0 magnetohydrodynamic waves. The current
density of a field—aligned current sheet can be computed by using the first
Maxwell equation. Assuming an east-west current sheet of infinite extent and a
payload displacement towards north (x-direction), we find for the eurrent
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density j = 1/1:Ü - dBr/dx. The numerieal evaluation results in a current density of
10414111—2, a valfie ef unrealistie high magnitude. Thus we eonsider these
variatiens as being due t0 waves.

The data are prepared for further analysis by being high pass filtered. The
eut-ofl" frequency is 0.65 Hz. The result is shown in Fig. 2. Some periodie
struetures can be identified.

4. Analysis

Further analysis will be carried out by Fourier transformation of selected time
intervals. These intervals are marked in Fig. 2 by bars and are identified by the
designations W1 through W4. The waves can be dissolved into two cireularly
polarized waves with opposite senses of rotation.
Considering only the transverse field components we write

Bx=BxÜe”°”+d’x) (I)
BJ_:B}.Oe“‘°'+"-v) (2)

The right hand polarization is then given by

BH a3. + i3.) (3)
and the left hand mode by

BL %(B;" + i315“) (4)
where the asterisk stands for the complex conjugate.

The windows W1 through W4 are bilaterally smoothed by a cosine function:

1 rr— 1+cos————r aTSItIST2T ( 1— T ) - -
cum: 1 ( a) (5)

_ —aT<t<aT
T

The main lobe of the transformed window W(t) has an effective width of 0.4 Hz
(T=2s‚ a=0.4). The first side lobe ShOWS a maximum transfer ratio of 0.3 at
0.48 Hz.

The instrument’s noise is lnT. The spectral estimates were optimized by
1rarying the window length. Spectral peaks protruding by more than 2nT must
be eonsidered t0 be real Signals. H0wever, there is one exemption in the left-
hand polarized spectrum of Fig. 4: the peak at 3 Hz is eaused by a not
cempletely correeted misalignment of a sensor axis.

Figure 3 Shows the spectra of the right-hand (r-mode) and the left—hand (1-
mode) polarized waves belonging t0 window W1. The r-mode speetrum is
eharaeterized by two maxima at 0.5 and 1.3 Hz which d0 n01; appear in the E-
mode spectrum. Ar frequeneies higher than 2Hz the l— and r—mede spectra are
almost the same which means that the wave is linearly polarized.
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It should be mentioned, that a field-aligned proton flux at 65 keV was
Observed between 534 and 5365 after launch (W. Stüdemann, private com-
munication), that is within this window. The continuation is shown by the
second window W2 in Fig. 4. The wave becomes nearly linearly polarizecl and
almost monochromatic at l Hz.
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The spectra of windows W3 and W4 are shown in Figs. 5 and 6. The l-mode-
spectrum of F ig. 5 is characterised by peaks at integer multiples of 0.437 Hz. The
r-mode—spectrum is not well defined. Figure 6 shows multiples of 0.4 Hz in the r-
mode-spectrum. These multiples can be clearly identified above 2 Hz.

A common feature of all spectra is a shift of corresponding maxima in the I-
and r-mode-speotra. The spectrum of W2 (Fig. 4) shows a shift of 0.1 Hz with all
three peaks. The right-mode maximum is always shifted towards the higher
frequency. This phenomena can be explained by a 0.05 Hz clockwise rotation of
the ambient plasma with respect t0 an earth fixed coordinate system.

5. Discussion

The plasma of the inner magnetosphere is characterized by a very low ratio of
the thermal velocity t0 the Alfen velocity. Thus, with vfh/vi=ß <1 we find two
wave modes being candidates t0 explain our observations: The anisotropio
Alfvän mode for ions (left-hand polarization) and the fast magnetosonio mode
(right-hand polarization). The instable growth mechanism of these modes has
been investigated by Cornwall (1965) as well as by Kenne] and Petschek (1966).

In order to explain the waves measured between 532 and 540 s after launoh,
we assume a cause and effect relationship between the above quoted field—
aligned ion beam at 536 S and the wave phenomena.

The observations within windows W1 and W2 together with the field-aligned
protons are consistent with Kenne] and Petschek’s (1966) conditions for the
magnetosonie mode near ion gyroresonance. The resonant frequency of a
gyroresonanee interaotion is determined by the ratio of the parallel energy (ER)
to the magnetic energy (EG) per particle. This ratio is determined by

—<>(>
(‚oi —Ion gyrofrequency
w —Wave frequency
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ERzämi 121% parallel energy
EC =B2/2 uON magnetic energy
m, —Ion mass
vR — Resonant velocity
B —Magnitude of magnetic field
N —Number density.

According to Kennel and Petschek (1966) the waves can only be generated near
the equator, because EC grows fast away from the equator. We find for L27
where the measurements were taken wi=9 rados‘ 1 and Ecz 10 keV. From our
measurements we get CO=2TCf =8rad s‘l. Thus, ER/EC=8, which is consistent
with the particle observations (Stüdemann, internal report, 1979). Protons are
the only candidates for this resonance interaction as for heavier ions wi>w
would be no longer valid.

We do not have an adequate explanation for a possible relationship of the
spectra shown in Figs. 5 and 6. Higher harmonics can be excited, if the wave
vector is inclined against the magnetic field (Stix, 1962). However, these waves
ought to be elliptically polarized, which is not observed in our case.
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Bursts of Irregular Magnetic Pulsations
During the Substorm
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Abstract. New eharaeteristics of PiB magnetic pulsations whieh are assoeiated
with the substorm in the local midnight sector are revealed from the record-
ings of a meridional network of ground stations. PiB’s are observed during
distortions of the auroral are which enclose a local region of upward directed
field-aligned eurrent. An enhancement at about 0.3—-0.4 Hz is shown t0 be
a permanent feature of PiB’s. In addition, a secondary amplitude maximum
at about l Hz sometimes appears in the recordings far from the auroral
zone. The generation of PiB pulsations in the Pil period range is located
at auroral latitudes at a low altitude. Low-altitude eleetric fields and aeceler-
ation of auroral partieles, low-altitude resonance cavities and isotropic propa-
gation of waves is discussed in the interpretation of PiB pulsations.

Key words: Magnetospheric substorm — PiB magnetie pulsations.

Introduction

Magnetie pulsations which are observed during the magnetospherie substorm
near the midnight sector are termed Pi pulsations. Pulsations with a period
less than 40 s are called Pil pulsations and those of a longer period Pi2 pulsa-
tions. For irregular pulsations T> 150 s a term Pi3 has been adopted reeently
(see general reviews by Saito, 1969; and Nishida, 1978).

Pi pulsations are charaeterized by a wide range a frequeneies in their dynamic
speetra. H0wever, it appears useful t0 have a further classification, and the
terms like PiB (Pi burst) and PiC (Pi continuous) have been adopted (Heacock,
1967). IPDP pulsations (interval of pulsations of diminishing periods) should
also be diseussed together with Pi pulsations due t0 their close assoeiation
with the substorm although the dynamic spectrum of an IPDP event in some
respeets resembles the spectra of more regular PC pulsations (see Saito, 1969;
Nishida, 1978).

During the development of a typical substorm a PiB event appears at the
onset of the substorm around the midnight sector. This burst lasts only some

0340—062X/79/0046/O237/50220



238 J. Kangas et al.

Hz

1.0L

0.5

|
2100

1
2300

Fig.1. Dynamic spectrum of magnetic pulsations at Sodankylä on October 5, 1974, illustrating
the appearance of PiB and IPDP events
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Fig. 2. An example of PiB and PiC events at Oulu on March 2, 1974

minutes and is followed by an IPDP event on the evening side of the auroral
zone and by a PiC event on the morning side. Near the local midnight the
dynamic spectrum is usually characterized by the combinations PiB+IPDP
or PiB+PiC as shown in Figs. l and 2.

A PiB event appears in a dynamic spectrum as a short vertical line as
shown in Figs. 1 and 2, extending sometimes up t0 several Hz. This means
that a PiB contains both Pil and Pi2 pulsations. Heacock (1967) reports that
these ranges may be separated partly especially in summer time when an enhance-
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ment at about 0.3 Hz is often seen. Such an enhancement has also been observed
at the ATS-l geostationary location (Coleman and McPherron, 1976) but at
a little higher frequeney than simultaneously on the ground.

In this paper, data from several stations are used in order to study the
latitudinal profile of PiB events in the Pil period range. Some other simultaneous
observations have also been analysed in order to relate the generation of PiB
magnetic pulsations with the magnetospheric prooesses during the substorm.

Observations and Results

Spectral Analysis of PiB Events

In October 1974, several pulsation magnetometers have been operated in the
Soviet Union at about the same meridian with the Finnish stations. Later
during some IMS periods similar measurements have been made. The locations
of these stations are given in Table 1. Core type induction magnetometers with
similar frequency characteristics in the Pil period range at all stations have
been used.

PiB pulsation events have been identified from dynamic spectra (sonagrams)
which give the frequency of pulsations. To get more information of the wave
amplitudes, band-pass filters have been used. The frequency band from about
0.2 Hz to about 1.5 Hz has been analysed in this way. Some spectra will be
shown below.

A11 the events presented here have been measured during strong magnetic
activity. Due to difficulties to separate overlapping substorms no attempt has
been made to correlate PiB’s more exactly with the development of the substorm.
On October l8 and 20, 1974, several PiB’s occurred as shown by the dynamic
spectra from Sodankylä in Figs. 3 and 4. Amplitude spectra have been analysed
for the events at 17.55, 18.35, and 18.45 UT on October l8 and at 17.20 UT
on October 20. The maximum amplitude at about 15 frequency bands has been
determined. For comparison, spectra from one auroral zone station (Sodankylä)
and from one midlatitude station (Nurmijärvi) have been presented in Figs. 5—8.
Some main characteristies can be summarized as follows.

Table l. Locations of Finnish and Russian pulsation magneto-
meter stations

L-Value Geomagn. coord. (correeted)

Latitude Longitude

Kevo 6.0 66.2° 111°
Sodankylä 5.1 63.9° 109°
Oulu 4.3 61.8° 107°
Kostamuska 4.1 60.5o 110°
Suckozero 3 8 59.0o 111o
Nurmijärvi 3.3 57.0o 103°
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Fig. 3. Dynamic spectrum of Pi pulsations at Sodankylä on October l8, 1974. PiB events at 17.55,
18.35, and 18.45 UT are denoted
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Fig. 4. Dynamic spectrum of Pi pulsations at Sodankylä on October 20, 1974. A PiB event at
1?.20 UT is denoted

1. An intense peak at about 0340.4 Hz appears in the high-latitude spectra.
2. A smaller peak at about the same frequency is always seen in the low-latitude
spectra.
3. A secondary maximum at about 1 Hz sometimes appears in the low-latitude
spectra. The amplitude of these high-frequency pulsations may be even greater
than that in the auroral zone.
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Fig. 5. Amplitude Spectra of the PiB event
on October 18, 1974 at 17.55 UT for the
station Sodankylä (LN5.1) and Nurmijärvi
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Fig. 6. Same as Fig. 5, but for the PiB
event on October 18, 1974, at 18.35 UT 1 J l 1
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Dynamic spectra ShOW a minimum of the intensity of pulsations at about
0.2 Hz. At lower frequencies P12 activity is dominating. This enhancement is
seen clearly only in one amplitude spectrum (Fig. 7) because the method of
analysis used here does not permit t0 continue the analysis down t0 low fre-
quencies with a sufficient resolution.
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Fig. 7. Same as Fig. 5, but for the PiB
I 1 1 2 event on October 18, 1974, at 18.45 UT
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Fig. 8. Same as Fig. 5, but for the PiB
l l 1 - event on October 20, 1974 at 17.20 UT
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As a further example of the latitudinal behaviour of PiB’s an event on
December 1, 1977, at 20.30 UT (see Fig. 9) is presented in Fig. 10. The amplitude
of magnetic pulsations at six frequency bands characterized by the center fre—
quency has been plotted as a function of latitude. Frequencies from 0.2 t0
1 Hz have been used. The same features as above can easily be noted. The
maximum amplitude at 10W frequencies has been observed at high-latitude station
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Fig. 9. Dynamic spectrum of Pi pulsations at Sodankylä on December l, 19?? A PiB event at
20.30 UT is denoted
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but at higher frequencies a secondary maximum developes at the more southern
stations.

Two more characteristics of PiB events can be identified in dynamic spectra.
In all cases presented here n0 Clear dispersion of waves is Observed. On the
other hand, often several PiB’s occur as a series of bursts. This is seen in
Fig. 4 where at least three PiB’s can be identified within about 10 min.
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PiB Events and Auroral Structures

An isolated substorm on April 6, 1975, has been extensively investigated by
Untiedt et a1. (1978). In that paper a detailed description of aurora and magnetic
disturbances has been given. Some of these measurements will be shortly dis-
cussod here in conjunction with PiB activity during this substorm.

It was pointed out by Untiedt et a1. (1978) that PiB events can be observed
already before the breakup phase of the substorm. These PiB’s were identified
at the time of local distortions of an auroral arc. From magnetic recordings
it was inferred that these distortions enclosed a local region of an upward
directed field-aligned current.

A PiB was observed at the onset of the substorm on April 6, 1975, at
the same time with an impulsive riometer absorption event (Untiedt et a1.,
1978). This is in accordance with Heacock’s result (1967) that a Pi burst always
appears when an impulsive electron precipitation event is observed. The reverse
is not true but this seems to be due to lack of suitable riometer stations in
Heacock’s analysis. Later Heacock and Hunsucker (1977) concluded, that PiB
events seem to correspond to inverted-V precipitation events.

Discussion and Conclusions

PiB magnetic pulsations are intimately associated with the development of the
magnetospheric disturbances. They occur at the onset of the substorm but
also during the pre-breakup phase of the substorm as was shown by Untiedt
et a1. (1978). There are now strong indications that they should be related
to the processes which result in the generation and developmont of discrete
auroral arcs.

Strong electric fields, both horizontal and vertical, and magnetic field aligned
currents characterize the discrete aurora (Davis, 1978). Observations of field-
aligned currents have been reviewed recently by Potemra (1978) and the existence
of horizontal and vertical electric fields at the height of some thousand kilometers
has now been confirmed (see reviews by Block, 1978, and Swift, 1978). The
observations of the inverted-V electron precipitation events associated with the
discrete aurora seem to agree with, the models for the electric field configuration
above auroras (Frank and Ackerson, 1971; Ackerson and Frank, 1972; Swift,
1978)

Several proposals have been made for the generation of the electric field
along the geomagnetic field (Block, 1978; Swift, 1978). The potential double
layer is of a special interest in the present context as it has been used recently
by Petelski et al. (1978) in modelling of some auroral pulsation phenomena.

A double layer represents an instability of the field-aligned current. Accord-
ing to Carlqvist (1972), the Birkeland current must be strong enough in order
to initiate a magnetospheric double layer. The generation and Characteristics
of the double layer have been much investigated in the laboratory plasma
(Torven and Babic, 1975; Quong and Wong, 1976; Torven and Andersson,
1978).
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We assume that local changes in the field-aligned current at the time of
PiB pulsations as reported by Untiedt et a1. (1978) support the View that the
potential double layer may occur simultaneously with PiB pulsations. The double
layer should be placed at a low altitude, perhaps at some thousand kilometers
according to the electric field and partiele measurements mentioned above.
This would result in an acceleration of eleotrons. According to Nishida (1964)
suoh eleetron beams can exoite pulsations in the Pi1 and Pi2 period range.
Waves up to about 10 Hz are possible. The broad spectrum and lack of disper-
sion of PiB pulsations could be explained in sueh a model.

Heacook and Hunsucker (1977) report a close correlation between PiB mag-
netic field pulsations and electron precipitation pulsations. Only a small time
delay between field and particle pulsations was observed. Heaeock and Hun-
sueker conclude that the waves are generated by the precipitation pulsations.
They loeate the source of PiB pulsations also at a relatively low altitude.

After being generated at a height of some thousand kilometers waves are
propagating isotropically (R-mode) or anisotropically (L-mode). As was pointed
out by Petelski et a1. (1978) the steep density gradients within the double layer
facilitate mode coupling between L- and R-mode pulsations. Toward the earth
two resonanoe cavities are formed below the source region: one between the
maximum of the Alfven velocity (about 2,000 km) and the lower ionosphere
and another between the double layer and the level of 2,000 km. Using typical
values for the Alfven velocity (vA N106 m/s in the lower cavity and vA N6-106 m/s
in the higher eavity) we arrive at resonance frequenoies of about 0.3 Hz and
0.8 Hz, respectively. The altitude of the double layer is estimated to be 6,000 km.

Due to the cavity resonance intense pulsations at about 0.3 Hz should be
expected below the source region. Other parts of the spectrum are attenuated.
At the ionospheric level horizontal propagation of waves is possible and the
waves around 0.3 Hz can be observed far from the souree region. Some attenua-
tion oceurs, and the amplitude of these waves at low latitude stations is smaller.

Another band around the higher resonanoe frequency is only partly penetrat-
ing to the ground below the souree region. However, it is able to propagate
isotropically. These high-frequeney waves can be guided to the ground at the
plasmapause region. This may explain our observations of the secondary maxi-
mum in certain low-latitude reeordings.

Laboratory plasma experiments show that the double layer may beeome
unstable at certain conditions (Torven and Babie, 1975; Quong and Wong,
1976) and that the plasma begins to radiate electromagnetio emissions with
a broad spectrum. However, these observations refer to non-magnetio plasmas.
It is not Clear how they can be extrapolated to the magnetospheric plasma.
Moreover, we feel that there is one serious difficulty with this model where
the electrie current is flowing against the direction of the magnetie field. In
such a case the emission of waves should be confined in a cone directed upwards,
and it would be diffioult to explain the pulsations observed on the ground.

In this paper, the emphasis has been put on Pil pulsations. However, it
is important to note that according to Stuart (1974), Lanzerotti and Fukunishi
(1974), and Saito et a1. (1976) the amplitude of Pi2 waves shows the main
maximum in the auroral zone and a secondary maximum, at a higher frequency,
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at the plasmapause region. This indicates also that the plasmapause has an
important effect on the propagation of hydromagnetic waves.

Summary

Some new characteristics of PiB magnetic pulsations for the Pil period range
have been revealed in the present paper. These results are summarized in the
following way:

1. PiB’s are observed simultaneosly with the brightening and local distortions
of the auroral arc.
2. PiB dynamic speetrum does not indicate any pronounced dispersion of waves.
Sometimes several PiB’s oceur as a series of bursts.
3. An intense amplitude maximum of waves appears at auroral latidues at
about 0.3—O.4 Hz; a less entense maximum at the same frequency is observed
at lower latitudes.
4. A secondary amplitude maximum at about l Hz is sometimes seen in the
PiB spectrum at certain lower latitude stations.

We think that the generation of PiB pulsations in the Pil period range
should be placed at auroral latitudes at a low altitude where also the acceleration
of auroral electrons seems to take place. Some of our observations indicate
the existence of low-altitude resonance cavities. Also the isotropic propagation
seems to contribute in an important way to the Characteristics of PiB magnetic
pulsations on the ground.

PiB events have several well-defined characteristios. It is expeoted that they
could give useful information about the low-altitude eleetric fields and acceler-
ation of auroral particles. More details about the relationship between PiB’s,
field-aligned currents and auroral structures are being collected during the pre-
sent IMS. Also the relation between Pil and Pi2 pulsations during the PiB
event needs to be studied.
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Abstract. Meridional profiles of cosmic noise absorption and magnetic pulsa-
tions have been analyzed for three substorms observed over Scandinavia
during disturbed (December 2, 1977), moderately disturbed (March 1, 1978)
and slightly disturbed (March 2, 1978) conditions. Localized absorption
events in the afternoon sector, a growth phase of a substorm, breakup
phases of substorms and pulsating absorption events are discussed. The
activity of Pi2,3 pulsations is enhanced near the position of the polar electro-
jet and coincides with the location of maximum cosmic noise absorption.
Largest pulsation amplitudes occur at times of steeply increasing cosmic
noise absorption. Two onsets on December 2 show a similar time delay
from south to north in the riometer and the pulsation activity data.
Key words: Cosmic noise absorption CNA — Magnetic pulsations Pi1,2,3
— Polar electrojet — Substorm.

1. Introduction

During a magnetospheric substorm one observed phenomenon is precipitation
of electrons into the atmosphere. Auroral absorption events are eaused by
electrons whose energy is greater than 40 keV.

The initiation of an auroral absorption substorm most frequently occurs
near magnetic midnight (The term auroral absorption substorm is used because
it is the heavy ionization during the substorm which can be studied by means
of riometers in and near the auroral zone). The onset of an auroral absorption
substorm in the longitudinal sector where the substorm breaks up is very sharp
and a weak equatorwards moving absorption precedes the sharp onset (Ranta,
1978). Latitudinally very localized absorption events (Lukkari et al., 1977) are
found at L-Values between 3 and 6 in the afternoon sector during a substorm.
Absorption events observed at the same time with IPDP type pulsations (Lukkari
et al., 1977) are interpreted by Thorne (1974) t0 be due to drifting protons
which are injected towards the earth during the initiation of a substorm and
which stimulate instabilities to precipitate energetic electrons from the magneto-
sphere.

0340-062X/79/0046/0249/802.20
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Some of the eleetrons injected during a substorm are not precipitated imme-
diately, but are first captured by the closed field lines. In the later phase of
a substorm these electrons drift to the morning side and are precipitated there
(Arnoldy and Chan, 1969). The longitudinal expansion veloeities are in the
range 0.7—7 km/s, except for the extreme values whieh exceed 20 km/s (Berkey
et al., 1974). On the morning side well defined absorption pulsations appear
occasionally. Absorption pulsations with periods of several minutes and 5—20 s
are observed (Hargreaves, 1969).

For magnetic pulsations the onset of a substorm is marked by a Pi2 event
(formerly pt) oecurring simultaneously at stations in auroral and middle latitudes
in the evening sector (Saito et al., 1976). During the expansion phase there
is strong aetivity in the Pi 1,2,3 band preferentially in the Vicinity of the auroral
zone. These pulsations are assumed to be partly due to hydromagnetic waves
in the magnetosphere and to fluctuations of the substorm current systems (Ku-
washima, 1975). Theoretical examinations of the magnetospherie origin of mag-
netie pulsations are developed by Chen and Hasegawa (1974). The propagation
of the hydromagnetic waves through the ionosphere down to the ground is
treated by Hughes and Southwood (1976a and b).

In this paper the intensity of magnetic pulsation actiVity for two different
period ranges is compared with the occurrence of cosmie noise absorption
on a meridional profile in the region of the auroral zone. The data were selected
from three different time intervals when several auroral breakups took place
over Scandinavia.

2. Measurements

A north-south chain of seven riometers is operated by the Geophysical Observa-
tory in Sodankylä on a routine basis at 27.6 MHz. All riometers use a 3-element
Yagi antenna and the region sampled is, at 100 km altitude, about 200 km
in east-west extent and about 90 km in north-south extent as shown by the
ellipses in Fig. 1. The data are recorded with a Chart speed of 60 mm/h allowing
l min time resolution.

During the IMS (International Magnetospheric Study) the University of
Göttingen is operating a meridional chain of 3 component Grenet type induction
magnetometers in northern Scandinavia. The data are recorded at a rate of
l sample/s, and the period range of the instruments extends from 2 s to approxi-
mately 600 s, thus covering the range of magnetic pulsations from P02 to PCS
and Pil to Pi}. The temporary stations are marked in Fig. 1. The precise loea-
tions of the riometers are listed by Untiedt et a1. (1978). The geographic and
geomagnetic coordinates of the pulsation magnetometers, which are operating
at the same sites as the IMS magnetometers of the TU Braunschweig, are
given by Maurer and Theile (1978).

3. Results

From the existing data material of the IMS special interval December 1977
and the Auroral Breakup Campaign (ABC) in February/March 1978 three sub-
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Fig. 1. Map of stations: The seven o
27.6 MHz riometers are at KEV: Kevo; Öfgä _
IVA: Ivalo; SO .° Sodankylä; ROV: -"
Rovaniemi; OUL: Oulu; JYV: ‚-
Jyväskylä; NU : Nurmijärvi. L-values of p/
these sites vary between 3.3 and 6.0. i
Ellipses give the antenna patterns of the ’
riometers projected to the 100 km level
in the ionosphere. The locations of the
six pulsation magnetometers are SKA :
Skarsväg; KUN: Kunes; KEV: Kevo;
IVA: Ivalo; MAR: Martti; KUU:
Kuusamo with corresponding L-Values
between 6.8 and 4.6. A curve of
constant revised corrected geomagnetic
latitude (Gustafsson, 1970), i.e.‚
cD„=65°, is denoted by a broken 1ine

storm events have been selected in order to study the possible relation between
cosmic noise absorption and magnetic pulsations for times of different magnetic
activity:

(a) disturbed conditions on December 2, 1977 (Kp(1200—2400 UT): 4+ 6+
7o 5—),

(b) moderately disturbed conditions on March 1, 1978 (Kp(1200—2400 UT):
5— 50 5+ 50),

(c) slightly disturbed conditions on March 2, 1978 (Kp(l200—2400 UT): 3 +
3o 4+ 3o).
Cosmic noise absorption measurements are analyzed with special emphasis on
the events seen in the afternoon sector and around magnetic midnight. For
all stations the local magnetic time is about UT+3 h.

The magnetic pulsation data were treated by dynamic spectral analysis with
an output of 60 period bands between 5 and 300 s. In this paper the results
are compressed into two bands ‘Pil’ (5 to 40 s) and ‘Pi2,3’ (45 to 300 s) with
one intensity value every four minutes giving the maximum of the peak to
peak amplitude during this time interval. This procedure takes into account
the different behaviour of Pil and Pi2 pulsations and the maximum time resolu—
tion of the method.

3.1. Event of December 2, 1977

There is strong pulsation activity during the whole day. In Fig. 2 riometer
and pulsation data of December 2, 1977, 1600—2300 UT are displayed. The
magnetic pulsation activity in the ‘Pi2,3 ’ band estimated by the spectral analysis
described above is shown in a contour map of the total horizontal component
(T:]/ H2+D2) in a time versus latitude display. For the ‘Pil’ band the analo-
gous contour map contains similar results.
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Fig. 2. Cosmic noise absorption recorded by the Finnish riometer Chain and data of the Göttingen
pulsation magnetometer chain for December 2, 1977, 1600—2300 UT. Upper panel: Riometer record-
ings, undisturbed levels are indicated. Lower panel: Magnetic pulsations presented by contour
lines of equal amplitude vs. time and geomagnetic latitude for the total horizontal component.
The contour lines (20/50/100/150/200 72T) indicate the double amplitude envelope of the ‘Pi2,3’
band (45—300 s). Every four minutes the station with maximum amplitude is marked. N0 data
Üf KUU exist after 2200 UT

Between 1630 and 2000 UT pulsating absorption is observed north of OUL,
i.e., the absorption level varies with periods of approximately 5—10 min. N0
sharp onset is seen during these hours indicating that observed substorms d0
not break up above Finland but west of it. Pulsating absorption appears most
clearly at ROV. The maxima occur at 1708, 1715, 1724, 1730, and 1736 UT.

The magnetic pulsation activity on average increases after 1645 UT, approxi—
mately, with a maximum at 1659 UT at KEV. In the original data a time
delay in the maximum of activity between the southern and northern stations
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can be recognized (2 min in the H—components of MAR and KUN). At this
time the IMS magnetometer chains of Braunschweig and Münster observe a
westward electrojet in northern Scandinavia.

Around 1718 UT, predominantly the northern stations from IVA to SKA
record a second Pi2. Simultaneously the H—Component of the magnetic field
inereases, especially at KEV and KUN. Near 1800 UT another maximum of
activity is observed in the north with two distinct maxima in the original data
of KEV, KUN, and SKA at 1756 and 1812 UT respectively. They coincide
with increasing absorption at KEV.

In contrast to the previous events the maximum of ‘Pi2,3’ amplitudes around
1920 UT is found in the south. A detailed analysis reveals inereasing H and
decreasing D amplitudes from south to north. The displacement of the general
pulsation activity to the south is accompanied by a southward movement of
the minimum of H in the standard magnetograms, i.e., the westward polar
eleetrojet is shifting to the south.

After 2020 UT only small absorption is seen at JYV. Two clear breakups
happen after 2100 UT. Between 2103 and 2110 UT a small absorption event
can be recognized at OUL and JYV. Then, the first onset starts at these two
stations. Later, at 2112 UT it occurs at IVA. At KEV this substorm cannot
be observed elearly. The second onset which starts at 2141 UT at OUL, begins
later in the north, at 2145 UT at KEV. After 2200 UT the absorption decreases
smoothly. Also during these substorms some pulsating absorption is observed.
At ROV, for example, the maxima are seen at 2113, 2120, 2123, 2143, 2148,
2158, 2204, 2208, and 2222 UT, with a distinct minimum between 2130 and
2141 UT.

Simultaneous with the first absorption onset and auroral breakup an increase
of the magnetic pulsation amplitudes and of the westward electrojet occurs
at 2110 UT in the south. The modulation of the absorption Signal deseribed
before can also be detected in the magnetie pulsation activity, but because
of the resolution of 4 min, however, only four distinct maxima at the southern
pulsation stations are seen, at 2113, 2123, 2148, and 2204 UT. The time delays
of the absorption onsets for station pairs OUL — IVA and OUL — KEV men-
tioned above can also be seen in the intensity level of the original magnetie
pulsations. Nevertheless the Pi2 onsets at 2110 UT and 2141 UT oceur simul-
taneously at all stations (with small amplitudes in the north). For the second
onset the time shift from south to north is obvious too in the negative slope
of the H—eomponent of the IMS magnetometers between IVA and SKA. Around
2200 UT the region of maximum ‘Pi2,3’ activity starts migrating to the north
with slowly decreasing amplitudes. This is coincident with a northward move-
ment and decrease of the westward polar electrojet.

3.2. Event March 1, 1978

During the Auroral Breakup Campaign (ABC) in February/March 1978 only
the two pulsation stations KEV and MAR were operating. In Fig. 3 the original
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Fig. 3. Riometer and pulsation recordings for March l, 1978, 1600—2200 UT. T0 facilitate the
comparison the pulsation data of the horizontal components of KEV and MAR have been inserted
in the northern riometer stations. The indicated scale value of 100 nT exactly belongs t0 a period
of 20 s

data of the H— and D—Component of both stations are shown together with
the riometer data for March 1, 1600—2200 UT.

From 1635 t0 1850 UT some absorption is seen at IVA and KEV with
a peak around 1657 UT. The sharp onset of a substorm occurs at ROV at
1856 UT and at IVA at 1859 UT. At OUL the absorption begins at about
1855 UT, at KEV at about 1900 UT. A small absorption event preceding the
onset is seen north of OUL; it propagates equatorwards. The intensification
factor and the propagation speed can be evaluated by comparing the absorption
values of SO and ROV. In this event the factor is 1.2 and the speed 130 m/s.

Anüther onset with preceding absorption is seen at OUL, ROV, and SO
at 1924 UT. But the riometers at IVA and KEV d0 not Show this sharp onset.
The 5mal] preceding absorption is disturbed by the previous substorm. Therefore
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this equatorwards moving absorption can only be distinguished at OUL and
ROV.

After these two onsets pulsating auroral absorption is Observed between
1940 and 2200 UT. The pulsation of electron precipitation is best seen at IVA.
At first the period is about 4 min with maxima at 1948, 1952, and 1957 UT.
After 2000 UT the period of pulsating absorption varies between 10 and 20 min
(maxima at 2004, 2022, 2028, 2044, 2101, 2120, 2133, and 2143 UT). From
2200 t0 2300 UT the' absorption is rather small, and it begins t0 increase
smoothly after 2300 UT.

Strong magnetic pulsation activity starts at 1654 UT with 1arger amplitudes
at KEV, coinciding with absorption peaks at KEV and IVA. The equatorward
travelling absorption between 1800 and 1900 UT is not accompanied by any
significant magnetic pulsation structure.

During the first absorption onset the magnetic pulsation activity increases
at 1856 UT and reaches a maximum around 1859 UT at MAR. The second
onset at 1924 UT is accompanied by a very distinct Pi2 event at MAR, coinciding
with the maximum of ionospheric absorption at SO, ROV, and OUL. This
Pi2 ShOWS much smaller amplitudes at KEV. Between both onsets the magnetom-
eter chain observes a southward moving eastward electrojet; after the second
onset a westward electrojet appears around IVA. The fine structure of the
absorption at IVA cannot distinctly be seen at both pulsation stations. MAR,
however, has maxima of intensity at 1949 UT and 1959 UT.

The interval from 2000 t0 2200 UT Shows short period storm associated
pulsations, especially at MAR, while long period pulsations of comparable
amplitude occur at both stations. The general position of the westward electrojet
as derived from the magnetometer data is predominantly in the south, between
IVA and MAR.

3.3. Evenz March 2/3, 1978

In Fig. 4 the pulsation and riometer data of this slightly disturbed event are shown
for the time interval 1800 t0 0100 UT. From 1800 t0 2100 UT small absorption
is observed north of ROV. At 1800 UT a series of Pi2 events starts with larger
amplitudes at KEV. Simultaneously an eastward electrojet is centered over
KEV moving equatorwards. The absorption peak at KEV at about 2016 UT
coincides with an auroral arc and high Pi2 activity at this station. The records
of the IMS magnetometer chains ShOW the pattern of a Harang discontinuity
for this time. Hereafter the activity decreases slowly.

At 2223 UT an absorption onset occurs simultaneously at SO and KI (Ki-
runa) which is only Visible at stations north of OUL. The extremly sharp onset
at KI indicates that the auroral breakup happens quite near K1. It is ac-
companied by strong pulsation activity starting with a Pi2. Worth noting are
the different patterns of the pulsation records from KEV and MAR; the larger
amplitudes prevail at MAR and at the onset the Pi2 in the H—component
ShOWS nearly opposite phase behaviour. During this event the existing westward
electrojet suddenly moves from IVA t0 MAR and returns t0 IVA at about
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Fig. 4. The same as Fig. 3 for the event March 2/3, 1978, 1800—0100 UT

2250 UT. A further Pi2 onset at 2230 UT behaves in the same manner as far
as the phase of H is concerned. This event is correlated with a sharp increase
of absorption at IVA. At this time two auroral arcs are observed, one north
of KEV and a weaker one south of MAR.

The activity decreases after 2300 UT and starts again shortly before 0000 UT,
lasting up t0 about 0300 UT. Between 0000 and 0300 UT slowly varying absorp—
tion is seen north of OUL. Maxima are found at IVA at 2358, 0023, 0110,
and 0122 UT, at ROV at 0017 and 0113 UT.

4. Discussion

In the preceding chapter the behaviour of magnetic pulsation activity and of
the absorption of cosmic noise for three different disturbed intervals has been
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desoribed. Generally a rising CNA (cosmic noise absorption) is coupled with
an intensifieation of Pi activity in both studied period bands (from 5 to 300 s).
In detail the largest amplitudes of these pulsations oecur just after the onset
of absorption events and sometimes remain for the time of maximum absorption.
The absolute level of CNA is not coupled to the degree of pulsation activity.
However, during each substorm event maximum CNA and maximum pulsation
activity occur at the same region of the meridional profile. This is in agreement
with results of Novikov et a1. (1979), which, different from this investigation,
were found for the plasmapause region.

In the event of preceding absorption during March 1 the magnetic pulsations
do not show any significant alteration. When the magnetosphere is eonsidered
to be the only source of pulsation activity this observation means that there
is an influence neither on the generation process of the magnetic pulsations
nor on the transmission qualities of the ionosphere during the time of preceding
absorption.

Aooording to Wilhelm et a1. (1977) the magnetic pulsations in the auroral
latitudes are eomposed of oscillations of magnetospherio origin and irregular
fluetuations of ionospheric ourrents (mainly polar eleotrojet) and Birkeland eur-
rents. Saito et a1. (1976) identify substorm onsets by low latitude Pi2. All absorp-
tion onsets described in Sect. 3 fall together with Clear Pi2 events at the midlati—
tude station Göttingen. The amplitudes of these Pi2 reaoh their maximum at
auroral latitudes (Baranskiy et al., 1974). This explains the strong pulsation
activity just after the onset. The event with the most pronounoed Pi2 amplitudes
at the onset occurred on March l at 1924 UT (see Fig. 3). At this time the
auroral breakup happened to be just over the profile. It is eoupled to an impulsive
Pi2 event in the H-component at MAR, the station closest to the breakup.

The time delays between southern and northern stations on the meridional
profile during December 2, 1977, around 2112 and 2145 UT, are recognizable
in the absorption and the magnetic pulsation intensity data thus giving an
apparent south-north velocity of roughly 2—3 km/s. The magnetograms just
indieate the second time delay because only the four northern stations were
operating at this time and the first event oecurred too far south. The pulsation
event around 1658 UT gives a similar poleward velocity. The same observation
of poleward travelling Pi2 intensity together with a parallel movement of the
eleotrojet was made by Olson and Rostoker (1975). In contrast to their result
the Pi2 onsets (Deoember 2 event) oecurred simultaneously at stations from
midlatitudes to far north of the eleotrojet; however, the amplitudes of the
Pi2 at the onset times are very small in the north. The velooity mentioned
above agrees with the speeds of plasma drift motions in the Vicinity of active
auroral arcs (Whalen et al.‚ 1975).

The olear events of pulsating CNA are oorrelated to variations found in
the standard magnetograms of the corresponding stations. Especially the riome-
ter data and the records of the magnetic H-eomponent show similar behaviour.
The sensitivity of the pulsation instruments for this period range (about 400 s)
is low, so these events are masked by shorter period activity. On the other
hand the time resolution of the riometer is not good enough to allow a detailed
comparison with magnetic pulsations of periods lower than 300 s. However the
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pulsation activity and the CNA usually show a parallel development. For a
3-h interval Fig. 5 demonstrates this correlation. It displays the riometer record
of SO and the magnetic pulsation activity in the ‘Pi2,3’ band at MAR whioh
is situated about 80 km east of SO. At the beginning both curves show an
identical behaviour. During the main phase of the substorm (after 2000 UT)
the general features of the two plots are similar, but it is difficult to relate
single absorption peaks to pulsation activity peaks. Hargreaves (1974) dis—
tinguishes between two Classes of absorption peaks, those ocourring within
10 min of the onset and those 30 min after substorm beginni‘ng.

A direct comparison between the magnetic pulsation periods and the riometer
data was not possible. According to Stuart et a1. (1977) the modulation of
the intensity of precipitating electrons in the auroral zone is correlated to coinci-
dent Pi2’s. After Heacock and Hunsucker (1977), using a high time resolution
riometer at College, Alaska, Pi1,2 magnetic pulsations are highly correlated
with the pulsating component of the riometer data. Therefore the dominant
periods of magnetic pulsations should also be present in the CNA.
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Abstract. Damaske (1977; 1978 b) and Mayaud (1977b) suggest two greatly
“-‘different interpretations for the cause of the l2-month wave existing in

the an and as indices (or Kn and Ks indices) or in the indices of the
five northern and three southern observatory groups from which the former
are derived. The present paper discusses the relative validity of these two
interpretations. First, the methods of analysis are compared. It is noticeable
that the amplitude modulation of the 24—h UT wave, the main argument
of the 1977 Damaske’work, is not studied in his 1978b paper because his
method does not allow for a separation of the LT component and of its
UT modulation. On the other hand, the inverse problem method used by
Mayaud does not suffer from this limitation and is applied t0 much narrower
time intervals over the year (60 periods instead of only 8 as considered
by Damaske). Furthermore phases and amplitudes are considered by Mayaud
whereas Damaske’s discussion is mainly based on the amplitudes. Secondly,
Mayaud considers morphological features which Clearly appear in the records
themselves, and which are related t0 the DP2 fluctuations (Mayaud, 1978 a).
Damaske neglects them in his analysis, which questions his result. Thirdly,
the observed annual and daily variations of the magnetic activity obviously
depend on a geometrical factor related t0 the angle between the solar Wind
and the dipole axis (with or without an additional tilt). Regarding the
question if this geometrical factor is due t0 an excitation mechanism or
t0 a modulation mechanism, Damaske’s interpretation eorresponds t0 the
first assumption. Mayaud’s interpretation seems t0 be interesting in that
he notices that the second assumption requires the existence of a 12-m0nth
wave, whose phase depends on the longitude, and whose interaction with
the l2-month wave due t0 the DP2 fluctuations fully allows for the 1arge
scatter in the amplitude of the 12—m0nth wave observed in the various
observatory groups.

Key words: Geomagnetic activity indices — An and as indices — Annual
wave of geomagnetic activity.
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1. Introduction

According t0 Damaske (1978 b), changes in the 12-month wave of the geomag-
netie activity, as they are observed in the indices of the five northern and
three southern observatory groups from whieh the planetary indices an and
as (Mayaud, 1968) are derived, d0 not invalidate the description of hemispherie
activity modulation by the function sin2 (‚ß +130). This function was introduced
by him (1977) in order t0 interpret the systematic amplitude modulation (with
opposite sign in both hemispheres) of the 24-h UT wave existing in the Kn
and Ks indices, which necessarily induces a l2-m0nth wave. Indeed, the
function sin2 ß where ‚B is the time dependent angle between the solar wind
and the dipole axis allows for both the 6-m0nth wave and the varying UT
daily variation existing in the am index (see, for instance, Mayaud, 1977a,
where the symbol WM is used instead of ß), but does not allow for any difference
of the average amplitude between solstices. Then, Damaske assumes that there
exists an additional tilt of the effective dipole axis for each hemisphere in
the direction away from the sun (one would have ‚80: 11°); such a tilt is equiva-
lent t0 adding dipoles of constant momentum each upon the revolving main
dipole. This interpretation of the varying 24-h wave and of the associated l2-
month wave greatly differs from the one proposed by Mayaud (1977b), who
refers t0 a special type of disturbanees, much larger in local summer during
the local afternoon, and t0 a modulation of the LT auroral disturbances by
sinzß. The present paper intends t0 evaluate the relative validity of these two
interpretations.

2. Annual and Daily Variations of the Indices An and As

Figurel displays the daily and annual variations of the indices an and as
for the years 1959—1974 (a sample identical t0 those used by Damaske and
Mayaud in their respective analyses) in the following way (see also Mayaud
1977a and b): For every 3-h UT interval, each one of the indices has been
averaged over the years mentioned and over the nth interval

(n—l)><6°<A<n><6°
where A denotes solar longitude (A:0° coresponding t0 the vernal equinox)
and n runs from 1 t0 60. The resulting eight average values of an and as
per interval of A thus represent the average daily variation over a period of
about six consecutive days at the corresponding time of the year (as given
by A). The 60 sets of eight values per day and per index (an or as) are then
drawn side by side yielding the curves shown within Fig. l. A modulating
function sueh as the function sin2 ß causes a 6-month wave culminating at
the equinoxes (A:O° or 180°) and daily variations made up of a predorninantly
24-h wave at the solstices (out of phase from one solstice t0 the other) and
of a predominantly l2-h wave at the equinoxes (see the top-curve of Fig. 2,
discussed below and displaying the variation of sin2 ß). Such features partly
appear in Fig. l (a 6-month wave and a phase reversal of the daily variation
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Fig. l. Average three-hourly geomagnetic indices an and as as a function of solar longitude A
[A=0° correspondinglo the vernal equinox) ancl of the universal time h for the years l959—19?4.
The A-scale shown indicates some of the lower boundary values of the 60 non-overlapping 6°
wide A intervals within which the original indices have been averaged für every 3-h UT interval
of the day. Within every A interval the curves contain 8 average an or as values as a function
of h (0—3, 3—6, ...‚ 21—24 UT; the corresponding 60 UT scales are not shown, because of their
smallness). Essentially, each curve gives 60 daily variations in the course of the year, drawn a5
a continuous function. For more explanation, see text

L

from one solstice t0 the 0ther), but two other features appear: (a) a significant
daily variation is still present at the equinoxes, and its amplitude is greater
in the southern hemisphere (Mayaud, 1979, for a discussion of this feature);
(b) there exists a large asymmetry in the amplitude of the daily variation from
one solstice to the other in each hemisphere (it is what Damaske calls the
amplitude modulation or the diurnal UT wave), which is associated with a
12-month wave culminating in local summer. This is the feature which Damaske
and Mayaud interpret in different ways.
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Fig. 2. Annual and daily variations of the function sin2 ([5730), as a function (in the manner
applied within Fig. l) of the solar longitude A and of the universal time h, für various values
of ‚80. Top curve: ßozü", mid-curve: ßo:6°, bottom-curve: ‚80:12". Note that all these curves
are shifted by 10° with respect t0 the solar longitude A:0° for taking into account the phase
shift of 10° found by Mayaud (19773) for the index am:(an+as)/2 or the similar shift of 11 days
füund by Damaske (19??) in the indices an 3nd as
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3. Capability of the Function sin2 (ß + ßo) t0 Fit the Data

For comparison to the experimental values shown within Fig. 1, Fig. 2 in the
same way displays the synthetic function

A:A0+A1 sinz (ß+ß0)
for different values of ‚80. Here, the above-mentioned angle ‚B is considered
t0 be a function of A and h (daily hour, in UT) according t0 the relation
(see Mayaud l977a and b)

00s ‚Bzcos (n/2+ö sin (A—A0)) cos (P
+sin (n/2+ö sin (A—A0)) sin (P cos (h-ho)

where öz23° 27’ denotes the obliquity of the ecliptic and (15:11.5° is the
earth’s dipolar Offset angle. A0 and h0 have been chosen according t0 the
results given by Mayaud (1977 a, Table l) for the am index. A0 and A1 have
been chosen arbitrarily in such a way that the curves in magnitude roughly
correspond t0 the curves shown within Fig. l. The sign chosen for ßo corresponds
t0 the additional tilt in the northern hemisphere; similar curves for the southern
hemisphere can be easily imagined. The fact that the bottom-curve is drawn
with ßoz 12° instead of the value 11° evaluated by Damaske (1977) does not
invalidate the following remarks. Furthermore, one must note that, if the above
formula used for cosß is approximate, it is easy t0 Check that differences with
the exact formula are negligible. They are largest for A:45°+n90° (n being
an integer) and are of about 1% only. N0w, it is obvious that the main feature
in the ‚80: 12° curve is similar t0 the feature (b) mentioned in section 2: The
amplitude of the daily variation is graeter in local Winter, and the activity
level is higher in local summer. C0nsequently, it might be concluded that the
modulating function sin2 (‚3+ß0) is capable of fitting the experimental data.

However, let us first consider a point on which Damaske (1978 b) strongly
insists: The reliability of the statistical harmonic analysis method used by him,
which allows a clear judgement of reality through an ‘unobjeetionable’ test
of significance. Such harmonie analyses are performed for individual days (am-
plitudes and phases of the 24-h and l2-h UT waves) and for sequences of
27—day averages over a fundamental interval of two years (amplitudes and phases
of the 12-month and 6-month waves are obtained as the second and fourth
harmonics, respectively). In the first case, days are ranked into 8 sectors of
43 days per year, which yields a cloud of 602 points per sector with the l4-year
sample used; in the second case, one has a cloud of 7 points (the 7 sequences
of 2 years). The limit 2.92 (corresponding t0 a 0.27% exceeding probability)
chosen for the ratio between the veetor amplitude and the radius of the probable
error circle may be used only at the end of the harmonic analysis, but not
t0 the same extent in the subsequent treatment of the data. Furthermore, non
significant vector amplitudes are used in the latter, and when rebuilding the
lZ-month modulation of the 24-h amplitude wave, phase deviations are ignored.
Now, if one computes the value of ß, from the ratios g/f given by Damaske
(1977) in his analysis of the Kn and Ks indices, as such a value is derived
from the 24—h amplitude modulation, one finds that the corresponding values
of ßo are respectively ll°9 and 10°6 in the northern and southern hemispheres.
The resulting theoretical ratios between the amplitudes of the 6-m0nth and
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l2-month waves are equal to 0.49 and 0.54 respectively, while observed values
for these ratios, according to his Figs. l9 and 20, are equal to 0.55 and 0.69
henee, they deviate by 12% and 27% in a direction which indicates that the
l2-month wave amplitude is too small with respect to the one of the 6-month
wave. May one say that the independent cheek (a full aceordance of the observed
l2-month and 6-month waves with expectation deduced from the annual ampli-
tude modulation of the 24-h UT wave), considered as the basis of interpretation,
is satisfied? The question is all the more sensible since one must remember
that, as it will be pointed out in the next section, there exists another source
for the 12-month wave observed in the indices, which cannot be ascribed to
effeets of the additional tilt ßo of the dipole axis.

Now, a eomparison of Figs. 1 and 2 raises several questions. Firstly, the
envelopes of the maxima and minima in the eurve ß0:l2° of Fig. 2 do not
resemble those of the experimental curves of Fig. l. One has however to be
aware that the latter correspond to the linear an and as indices. From Fig. 15
of Damaske (1978 a), it is easy to evaluate the values of ‚80 for these indices:
they are equal to 9.7° and 8.2° respectively. The differenee from the result
for the Kn and Ks indices is quite significant, and might be questioned. But,
whatever be its source (see Sect. 6), it is obvious that the envelope of the
maxima, at local summer time, of the an or as indices in Fig. l presents a
trough which is quite pronounced, while it already hardly marked in the
mid—curve of Fig. 2 (that is, with ‚80:6°). Again, the l2-month wave amplitude
in the indices is smaller than it is in the function sin2 (‚ß—I—ßo), and this is
consistent with the deviations mentioned above between the observed and
expected ratios (6-month/l2-month amplitude wave). Secondly, the solar longi—
tudes at whieh the daily variation becomes predominantly a l2-h wave are
at a distance of about four times 30° in the ‚30:12" curve of Fig. 2. But in
the experimental curves of Fig. l, this distance is apparently of about five
times 30° with an, and probably more with as. Now, Damaske’s analysis of
the diurnal waves is, to some extent, rather crude since he uses only 8 seetors
per year, each of them ocrresponding to a solar longitude sector of approximately
45°. A diVision by 6o wide sectors, as made in Fig. 2 (and as earried out by
Mayaud in all his analyses), shows that it is hardly sufficient for following
the extremely rapid deformations of the daily variation at some epoohs of
the year. Thirdly, the morphological aspect of the experimental ourves greatly
differs from the one of the theoretical funetions. We already said that a signifi-
cant daily variation appears at the equinoxes (the feature a mentioned in Sect. 2).
But, the feature b has to be completed by this additional observation: while,
during the local winter in each hemisphere, the daily variation of the indices
appears to be rather regular (namely, an almost pure 24-h wave) as the daily
variation of sin2 ß [or sin2 (ß+ß0)] is, it is no longer true during the loeal
summer. At these epoehs, the daily variation is greatly distorted, which indicates
that another phenomenon is superimposed, and the additional tilt ßo of the
main dipole does not allow for it since the regularity of the daily variation
of the function sin2 (ß+ß0) is as great at a given solstice as at the other.
This additional phenomenon eorresponds to a first eomponent of the l2-month
wave in the an and as indices, as described by Mayaud (1977 b).
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4. A Local Time Source of the 12-M0nth Wave

Bartels et a1. (1940) already noticed a summer-Winter difference in the activity
level from subauroral stations. Mayaud (1956) detected it as being due t0 a
local afternoon phenomenon, but misunderstood its interpretation (see Mayaud,
l978a, on that error). MC Intosh (1959) referred to this phenomenon, and
Mayaud (1965) gave a new and Clear illustration of it in displaying statistical
daily curves derived from K- indices at a chain of European stations. Mayaud
(1977b) made a new and extensive study of this particular wave of activity:
his Fig. 2 (a lO3-year sample of data at two subauroral stations), 3 (a 3-year
sample at the European chain of stations mentioned above) and 4 (an ll—year
sample at another subauroral station) are an undeniable proof that a particular
phenomenon, at work in the H component during the local afternoon, is much
larger during the local summer but is almost non existent during the local
Winter. Furthermore, the phenomenon does not depend on the sinzß modulating
function, and was interpreted by Mayaud (1978a) as being due to the DP2
fluctuations. Now, such a phenomenon necessarily induces a lZ-month wave
in the an and as indices, which culminates at the local summer of each hemi-
sphere. If its amplitude was identical at any geographical longitude, the local
time daily variation of the phenomenon would be averaged out in the planetary
indices derived from an ideal longitudinal network distribution, and one would
have only the lZ-month wave. In other words, the envelopes of the maxima
and minima of the daily variation in the top curve of Fig. 2 would present
a l2-month wave without any change in the range of the UT daily variation
due t0 sinzß. In fact, the analysis of Mayaud (1977b) for each of the five
northern and three southern observatory groups from which an and as indices
are derived ShOWS that the amplitude of this particular phenomenon varies
from one group t0 another, that is with longitude; hence, a UT pseudo-com-
ponent is brought about in the UT daily variation of the an and as indices,
which is the cause of the irregularities in the daily variation at other seasons
than the local Winter (see Fig. l). Furthermore, it is Clear in this Figure that
the phenomenon thus superimposed appears t0 be more intense in the northern
hemisphere (an) than in the southern hemisphere (as). This is consistent with
Fig. 12 of Mayaud (1977 b), which indicates that the amplitude of the phenome-
non is, on the average, greater in the five northern groups than in the three
southern (it is also the reason for which Damaske, 1977) obtains a smaller
deviation in the northern hemisphere than in the southern one when comparing
the observed and expected ratios of the 6-m0nth and 12-month waves). Finally,
it is obvious that, since Damaske (1977) ignores the existence of this particular
phenomenon in his analysis, his results may be questioned and, at least, values
obtained for ßo are certainly greatly overestimated.

5. A Universal Time Source of the 12-Month Wave

We have now t0 compare the respective interpretations of Damaske (1978 b)
and Mayaud (1977 b) concerning the very large scatter in the amplitudes of
the l2-m0nth waves observed in the eight Observatory groups from which an
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and as indiees are derived. Damaske judges that a superimposed systematic
amplitude variation cannot be excluded, and might be desoribed in eonneetion
with the asymmetry of the polar oval and associated with fields and processes
in the magnetospheric tail. Mayaud accounts for it by the interaction between
the 12-month wave due to the DP2 fluctuations and another l2-month wave
due to the modulating function sinzß without any interferenee of an additional
tilt ‚80.

A first remark has to be made concerning the analyses themselves. Damaske
deals with the single annual variation and neglects entirely the daily variation.
Then Mayaud’s analysis is more comprehensive since it deals with both, and
makes that by grouping the data into 60 solar longitude sectors; this guarantees
that deformation on the daily variation may be followed with detail. Further-
more, the inverse problem method used allows for a direct and coherent compu-
tation of the parameters of both the daily and annual variations; smallness
of, and coherence between the residues obtained for the various observatory
groups are considered as being the test of the reliability of the results.

A crucial question in evaluating the respeetive interpretations is as follows:
are the geometrieal factors sinzß or sin2 (ß+ß0) an excitation mechanism or
only a modulation mechanism? First, one knows (Mayaud, 1978b) that the
ring current variations do not depend on sinzß since the corresponding UT
daily wave does not exist but only the 6-month wave. The DP2 fluotuations
are no more dependent on this geometrioal factor. We are then left with the
auroral disturbances only, and they must be sensitive to sinzß sinee they provide
the main contribution to the an and as indices. Now, the main daily modulation
in the auroral disturbanees is a LT variation, due to the configuration of the
magnetosphere, and their excitation mechanism is not the geometrical factor
sinzß (it is recognized nowadays that the interplanetary magnetie field plays
a determining role). Hence, let us assume that the LT auroral variation is
modulated by sinzß: the modulation of a LT daily variation by the UT wave
depending on sinzß must bring about a 12-month wave whose amplitude and
phase vary similarly with longitude in both hemispheres.
Tablel gives the values of sinzß at the times of its maximum or minimum
around the days elose to A 290° (June solstice) or Az270° (December solstice).
If the longitude of the station (or of a given observatory group from whioh
an or as are derived) is such as the LT maximum of the auroral disturbanees
occurs at 1030 UT (or 2230 UT), the effect of sinzß would be symmetrical
from one solstice to the other, and no 12-month wave is brought about. It
is no longer true at longitudes where this maximum occurs at 0430 UT or
1630 UT. In these eases, the intensity of the maximum will be more reduced
at the Deeember solstice than the other solstice. Thus, a 12—month wave is
brought about whioh is out of phase from one longitude (LT maximum at
0430 UT) to the opposite longitude (LT maximum at 1630 UT). And, at interme-
diate 10ngitudes, its amplitude varies according to a sinusoidal 1aw, passing
through a zero value where the LT maximum occurs at 1030 UT or 2230
UT. Obviously, the effect is the same, at a given longitude, in both hemispheres.
This fact seems to be misunderstood by Damaske (1978 b), who refers to this
12-month wave in saying that it corresponds to a greater activity around LT
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Table 1

0430 UT 1630 UT

June solstiee 0.96 0.67
December solstice 0.67 0.96

Values of sinzß for two epochs

midnight during the Winter solstice than during the summer solstiee. In fact,
the modulation is effective at any time of the day and, at a given longitude,
one ean have in both hemispheres an increase (or a decrease) either at the
June solstiee or at the December solstice. Furthermore, the resulting effects
of this modulation by sinzß of the auroral disturbanees must be well understood
at the level of the planetary indices. Assuming (l) that the network of stations
is well distributed with longitude and (2) that the LT auroral daily variation
has the same range at any longitude, the l2-m0nth waves existing at each
longitude would be averaged out. If not, a UT pseudo-component will exist
in the planetary indices, and also a lZ-month wave. Let us note (and this
is very important in order t0 understand the scatter of the amplitudes of the
l2—month wave in the 8 Observatory groups) that, at some longitudes in each
hemisphere, the two components of the lZ-month wave (the one due t0 the
DP2 fluetuations and the one, just desoribed, due t0 the modulation of the
auroral disturbances by sinzß) may have the same phase or opposite phases.

N0w, the model used by Mayaud (1977 b) allows for these two components
when analysing, by the inverse problem method, the 3-h average values of
the 60 solar longitude sectors for the indices of the five northern and three
southern observatory groups. His Fig. 9 and 10 show that the eonsistency of
the residues is quite good (any 12-m0nth wave culminating at a given solstice
has disappeared, and only the 12-month wave culminating at fall and discussed
by Damaske (1978b) is still present because the model does not allow for
it), and that the amplitude of the l2-month wave due t0 the sinzß modulation
varies with longitude as expeeted; furthermore, the times of the LT auroral
variation maximum, when corrected from the sinzß effect, are quite consistent
between the 8 observatory groups, since their average is 22.44 hi 0.34 in
corrected geomagnetie time. Such results are, t0 some extent, quite impressive
sinee the data analyzed constitute eight series of independent data, and they
are obtained without any use of an additional tilt [30 of the dipole axis. On
the other hand, in his analysis of these same data, Damaske (1978 b) cannot
deal with the method used for the Kn and Ks indices in its totality beeause
a harmonic analysis of the daily variation would not permit him t0 discrirninate
between the LT and the UT daily variation at each observatory group. Then,
only harmonie analyses of the 27-day averages are performed for each Observa-
tory group, which provide amplitude veetors of the l2-m0nth and 6-m0nth
waves; this is made both for the quasi-logarithmie indices and the linear indices
but amplitude vectors of the 6—month wave are not considered in his paper.
With the quasi-logarithmie indices, a large seattering is observed for the 12—
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month wave but not for the 6-month wave. Damaske states that ‘the average
amplitude of the 6—month wave amounts to about two-thirds of the one of
the l2-month wave; within the scope of statistical accuracy, this ratio agrees
with the theoretical ratio of 0.53 deduced from a value ‚80: ill‘”. In fact,
a ratio of 2/3‚ eorresponds to ßoz i8°7. Furthermore, ratios of the 6—month
and l2-month amplitude vectors for each observatory group fiuctuate between
1.28 and 0.44, which corresponds to values of ‚60 equal to 4.6° and 13° respec-
tively. May so important variations of ßo be ascribed to ‘the asymmetry of
the polar oval which is certainly assoeiated with fields and processes in the
magnetospheric tail’? As said above, the non-availability of the 6-month ampli-
tude vectors for the linear indices in Damaske’s paper does not permit us
to compute the ratios for each observatory group in this Gase, but the scattering
of the lZ-month amplitude vectors‚ as they are illustrated (his Fig. 5, when
compared with his Fig. l), is still larger. In our own line of interpretation,
such a scatter is easily interpreted and taken into account by the model beeause,
at some of the observatory groups, the two components of the l2-month wave
are in phase while they have opposite phases at others. Let us note that the
latter case is the reason why Damaske gets 12-month vector amplitudes below
the significance level in some of the observatory groups.

6. Quasi-Logarithmie Indices or Linear Indices?

Damaske (1978 b), in his conclusion, states that the quasi—logarithmic indices
are more advantageous, when analysing geomagnetic activity modulation, be-
cause they are less affected, if at all, by the activity level and then yield the
more accurate results thanks to a smaller scattering. This is partly true but
calls for the following remarks. Firstly, quasi-logarithmic indices are based
on a scale which is greatly distorted with respect to a true logarithmic scale,
and one would know the effect of this distortion. In our opinion, the only
correct method, if one wishes to use logarithmic values, is to convert the ampli-
tude indices into true logarithms. Anyway, this would accentuate the effect
looked for by Damaske. But, if the meaning of an arithmetic average of ampli-
tudes which do not have a gaussian distribution is not always clear, what
is the meaning of a geometric average (which is what one uses when taking
the average of logarithms)? Secondly, in the present Gase, it is easy, for instance,
to understand the difference found by Damaske (1978 b) for the 12-month veetor
amplitudes of the observatory groups N2 and 88 when one compares those
obtained with the quasilogarithmic indices and with the linear indices. These
two groups are those where the two components of the l2-month wave (accord-
ing to our interpretation) have opposite phases. With the quasi-logarithmic
indices, the resulting vectors culminate at loeal summer, while they are greatly
reduced in amplitude (with the linear indices) and turn by about or more
than 90° (see his Figs. l and 5: we do not understand however the phase
of the vector S8 in this Fig. 5 when we look at the annual variation of this
group as illustrated in Fig. 8 of Mayaud, l977b). Now, Fig. 4 of Mayaud
(l977b) ShOWS that the effect of the DP2 fluctuations is more important at
low activity levels than at high activity levels (these fluctuations are merged
into the auroral disturbances in the latter case). This means that the quasi-
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logarithmic indices are fully sensitive to the DP2 fluctuations while the effect
of the large auroral disturbances is lessened; hence, the effect of the 12-month
wave component due to sinzß is also lessened. When using any index, one
has not to forget that the frequency distributions of the individual indices,
possibly different for one or the other phenomenon, can play a significant
role.

7. Conclusions

Finally, any evaluation of the relative validity of Damaske’s and Mayaud’s
interpretations of the 12-month wave in the indices of the observatory groups
has to consider the following facts. Firstly, Mayaud’s analysis is more compre-
hensive since not only annual variations but also daily variations are taken
into account. Secondly, the existence of a 12-month wave due to the DP2
fluctuations which are not modulated by the geometrical factor sinzß, is certain.
Thirdly, the modulation by sinzß [or sin2 (ß+‚/30)] may be conceived in two
ways: it would be either an additive effect (that is, an excitation effect) or
a multiplicative effect (that is, a time modulation). What is the most sensible
assumption?
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Abstract. A thin non-uniformly conducting shell at the Earth’s surface is
taken t0 represent the distribution of the world’s oceans. The continents are
represented by zero conductance. The Earth model is completed by a
perfectly conducting conductosphere electrically insulated from the surface
shell. The theory for electromagnetic induction in such a model has been
given by Hobbs and Brignall (1976); this paper presents the detailed method
of calculating solutions, using that theory. Examples of induction by various
spherical harmonic terms are presented. A synthesis of such solutions is
used t0 approximate the observed external Sq field during the IGY, and the
corresponding calculated induced field in the model Earth is compared t0
that Observed.

Key words: Electromagnetic induction — Oceans — Sq — Analytic con-
tinuation — Numerical calculations — Vertical component induction.

Introduction

The classical paper of Lahiri and Price (1939) showed that t0 model the
response of the Earth t0 Sq and Dst variations requires the presence of a
conductosphere, in which the conductivity increases steeply with depth, together
with a thin conducting shell at the Earth’s surface. One possibility is that this
shell, taken t0 be uniform in their model, represents an approximation t0 the
effect of the oceans. However, the oceans are distributed irregularly over the
Earth’s surface. T0 obtain a more detailed analysis of their effect on geomagnetic
variations therefore requires solution t0 the problem of electromagnetic in-
duction in a non-uniformly conducting thin shell. Price (1949) gave the appro-
priate theory and a slight extension, involving analytic continuation (Hobbs and
Brignall, 1976) enables his basic theory t0 be used for general problems. The
next step is t0 make numerical calculations for a conductosphere and oceanic
shell in which the conductance of the shell is more representative of the
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ocean/continent distribution. That is the task of this paper. The model for the
surface Shell is shown in Fig. 1, and is described below. In this first investigation
the conductosphere is assumed perfectly conducting. The region between the
Shell and conductosphere has zero conductivity.

The general method of solution and details of the numerical calculations are
described in this paper and examples are given of induction by elementary
spherical harmonic terms. Such harmonic terms can be superposed t0 obtain
any inducing field and the corresponding solution may be determined. As an
example, a study is made of induction by the Sq field during the IGY, as
determined by Malin and Gupta (1977).

Mathematical Method

Since the surface Shell is assumed infinitesimally thin the currents induced
therein may be described by a current streamline function w. The boundary
condition t0 be satisfied at the surface rza (Price, 1949) is

diV(p grad W): -H(ÖZe/Öt)-M(ÖZi/Öt) (1)
where p is the reciprocal of the conductance of the Shell, ‚u is the freespace
permeability and (ö/öt) denotes differentiation w.r.t. time. For a conductosphere-
Shell model, Ze and Zi‚ both vertical fields measured positive down, have the
following significance. A primary magnetic field external t0 the shell may be
written as the gradient

H = grad Qp

where Qp is the scalar magnetic potential. Only the radial component of this
field has any induction effect since the model confines induced current flow t0
concentric shells. The vertical component of this primary inducing field is

Zp=(öQP/ör). (2)
This primary field _induces current flow directly in the conductosphere and the
magnetic field of these currents has a vertical component at r———a which W6
denote by ZC. The initial vertical field causing induction in the Shell is then

Ze zzp +26. (3)
Currents induced in the surface shell (and described-by IP) have a magnetic field
the vertical component of which causes further induction in the shell (the self
induction effect). In addition, the magnetic field due t0 w induces currents in the
conductosphere‚ the magnetic field of these currents induces further current flow
in the shell (the mutual induction effect). The vertical component of the
magnetic field at the surface r=a due t0 both self and mutual induction is
denoted by Zi. Thus the total vertical component at rza is

ztot =Ze +Zi‚ (4)
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the indueed vertical eomponent is

ZindzZC+Zi. (5)

For time-harmonie fields varying as exp(iwt) the Operator (Ö/Öt) may be
replaced by ico where c0 is angular frequeney. Priee (1949), ShOWS that Eq.(1)
may be solved by iteration, where for the first step Zi is ignored, and for
subsequent steps suceessive approximations t0 Zi are used. This method yields a
series solution for w of the form

RÜZW0+W1+W2+'N (6)

whieh depends on frequeney a) and eonverges for a) small.

It is eonvenient t0 define

_W _ °° jcb(w)—-— 2 w (b,- (7)
CU j_—_O

where wj+1<j>jztüj and qöj is independent of frequency. For a given eon-
figuration of eonduetors, (7) is a Taylor series having a eertain radius of
convergenee. Hobbs and Brignall (1976) show that analytic continuation may be
used t0 determine a series for (15 convergent for all real a). The transformation
required is

P=w/(v-w) (8)
for some constant y. This yields the solution

d>(w):(y/(v-w)) 20 p’ X1 (9)
l=

where the Xl’s are the linear combinations
l l .x1: z Q) M, (10)

j: 0

The eonstant y has an Optimum value given by

y=1.14[21i (11)

where Q1, the smallest eigenvvalue of (1), is

521: 11m I<f>j_1I/I<b‚-I. (12)
J——>oo

lql is some norm of q (Hobbs and Bringall, 1976, p. 535). With the functions
{(15j} known, series (9) is the solution of Eq. (1) for any real frequency a).

The frequeney independent funetions gbj are determined by the following 2-
part iterative procedure. The first part of the j’th iterative step is the solution of

diV(p grad cßj)=Rj (13)
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for (15]., where Rj is known. The second part is the determination of Rj +1 from
(151.. We define

Rj=—ipZe 1:0

-——1i n (14)

where

Zi= Z coj. (15)
j=1

This second part is then accomplished by surface integral formulae for Zj in
terms of (151;1 given by Hobbs and Priee (1970) representing both self and
mutual induction. Methods of numerical quadrature for these integrals is given
in Hobbs (1971). It remains t0 solve, at each step, the differential Eq. (13).

A Finite Difference Approximation and Method Of Solution

Equation (l3) can be solved readily only for very simple distributions of p. We
determine a numerical solution by replacing the differential equation with a
finite difference form and solving the resulting linear system of equations. The
discrete points at which values of gbj are t0 be determined are defined as the
intersections (nodes) of latitude and longitude lines, with some given spacing, on
the surface rza. In the present application, lines spaced every 5° in latitude and
longitude are used, giving 2522 nodes. Each node of this grid is specified as an
oceanic or a continental p0int, these being chosen by reference t0 world maps
(taking into account continental shelves) with the constraint that, apart from
Antarctica, there should be one continuous land mass. The conductance at the
nodes corresponding t0 this land mass, and t0 Antarctica, are set t0 zero.
Figure 1 is a Plate Carre projection of the surface Shell in which adjacent nodes
corresponding t0 zero conductance at the edge of land masses have been joined
by straight lines. It roughly approximates the distribution of eontinents and
oceans. Nodes for oceanic points are assigned an appropriate value of p.

In order t0 evaluate the r.hs. of Eq. (l2) and t0 measure the aceuracy of
solutions, a norm Iql has t0 be defined. For any function f having numerical
values at the oeeanic nodes, we choose

|f|={Z’(f(9‚ Ä))2}% (16)
where (9 and Ä are the eo-latitude and longitude of a node respectively, and the
sum Z’ extends over the 20 nodes indicated by circles in Fig. 1.

For each iteration, ([5]. is chosen as zero on the continental mass and is a
prescribed eonstant on Antaretica. (The method of determining this eonstant is
given below under ‘the island condition.’) T0 find the remaining values of qöP
Eq.(13) has t0 be discretized at each oceanic point and this is achieved by
replacing lst and 2nd derivatives of q‚ and lst derivatives of p, by their 3-point
finite-difference approximations. For points adjacent t0 a b0undary, these
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Fig. l. Plate Carre projection of the surface shell representing the oceans and continents on a 5° x 5°
grid. Latitude Span is from North t0 South poles. Longitude Span is from 75°W Haft margin) t0
T0°W (right margin), an overlap of 5°. Fuil circies indicate nodes from which norms of solutions are
calculated. The surface Shell contains one mainland and one island

formulae apply directly t0 (göj, whereas one-sided differences are used for the
derivatives of p.

There are 1406 oceanic points in the approximation given by Fig. 1. A direct
solution therefore requires inversion of a l406>< 1406 matrix. The matrix is
sparse, may be partitioned, and the partitioned matrices are either zero or
striped. lt is possible to invert such a matrix, but it is also amenable t0 iterative
methods of solution. An adaptation of the block iterative method of Cuthill and
Varga (1959) was used. A natura] method of defining blocks is t0 consider them
composed of all points on a given line of latitude between two coastlines.
Inspection of Fig. 1 Shows that the oceanic points may be represented by 76 such
blocks, ranging in length frorn l to 72. T0 update the values of 4)», in a given
b100k, the finite-difference approximation is applied, with the values of gbj on
adjacent lines of latitude and boundaries assumed known. The only inversion
required is that of a simple tri-diagonal matrix. T0 avoid bias, the iterations
commence with q=0 in all blocks. Updating the 76 blocks in prescribed order
correSponds t0 l iteration. The process is repeated until a given aecuracy is
achieved. In our numerical examples, the iterations were terminated when the
norm |4l ehanged from one iteration t0 the next by less than 0.1 “A. (In some
eases of slow eonvergence, 0.25 (Z, was used as the terminating value).

The Island Condition

The current streamline function d/ is arbitrary t0 within a constant. We are at
liberty therefore t0 choose the value of [/1 on one coastline (and it will be the
same value (wer that land mass). We choose the value t0=0 on the joined
continents, but have t0 determine the constant value of 1,11 on Antaretiea. For
each lst part of our 2-part iterative scheine, this means finding the constant
value of gbj=gbj an Antarctica and on its boundary. The value d); must be sueh
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that the corresponding solution q satisfies Faraday’s law (in our frequency
independent form)

cfpfAVöj-dl—iHBj-dSL-O (17)
r s

where S is a surface that includes Antarctica and which is bounded by a curve F
lying within the oeean. Bj - dS is the flux of magnetic induetion passing through
an element of the surface dS at the j’th iterative step. If S is part of the surface
r=a then

syzji (18)
T0 find (j):- we solve Eq. (13) twice with two different boundary values qö‘} and

Ö5, and use the resulting solutions t0 determine 3(4)?) KW?) Where „2” is the
value of the l.h.s. of Eq.(17). The value (153. such that E(qöj)=0 is found by the
linear interpolation

(b3 = {W}?((15?) — (I5? fiöfiß/Mfiß‘fi —„<Z((/>';)}. (19)
In the following ealculations the boundary values (1)521, (1)3: —l were used.
Solutions for the many island problem may be similarly construeted as outlined
by Bullard and Parker (1970).

Final Solution and Accuracy

For a given configuration of conductors and for a given inducing field (usually
in the form of a spherical harmonic of degree n, order m) the functions {qöj} may
be determined and stored. The solution for any frequency is then obtained using
the series (9).

T0 measure the aceuracy of a solution for a given inducing field and
frequency, and thereby t0 determine the number of terms required in the sum
(9), we re-write Eq. (1) as

L:R (20)

where

L=div(p grad zß)+iwuZi (21)

and

Rz—iwuZe. (22)

R is given whereas L is determined by the solution. A measure of the accuracy
of the solution is afforded by caleulating

8=(|L-RI/IRI)><100% (23)
where the norms are defined by Eq. (16). We continued adding terms in the sum
(9) until 8 n0 longer decreased (presumably beeause of round—off errors). The
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solutions were generally aeeurate to 1% or less in about 8 iterations, although
the last 3 or 4 of these iterations produeed little improvement. The ratio of
suecessive norms Iqöj_ 1I/qöjl had reaehed a fairly steady value by this stage, so
that y (Eq. 11) was well determined. (In any case, the value of y is not eritical).
Thus, as in the simple example eonsidered by Hobbs and Brignall (1976), the
series (9) is rapidly convergent and only a few terms, say 4 or 5, need be
ealculated for aecurate solutions. Some examples of eonvergenee are shown in
Table l for the eases described below.

Numerical Values

The value of p for each oeeanic point was taken as 0.625 10‘4ohm. This
corresponds to an ocean of eonductivity 4Sm‘1 and of depth 4km. The
eonductosphere was assumed perfectly eonducting and of radius 0.9 a, the
Earth’s radius a being 6.37 103 km.

A General Inducing Field

Under the usual geomagnetie assumptions, an external varying magnetie field
may be represented as the gradient of a sealar magnetie potential function {2P
satisfying Laplace’s equation. The general solution for Q" therefore consists of
an infinite sum of spherical harmonics each of the form

a sinm/l
Q’flw) = a (5)" {005 m Ä} Pn’”(cos 9) exp(i a) t). (24)

Here the sphere of reference is the Earth’s surfaee r:a‚ (r, 6,2) are spherical
polar eoordinates and P„'"(cos 9) is the Schmidt partially normalised associated
Lengendre polynomial of degree n, oder m. Any inducing field may be
synthesised by an appropriate sum of functions (24) over n, m, and a). As in
Hobbs (197l) the normal eomponent Ze of the initial inducing field for the
oeeanic shell eorresponding to the harmonic (24) is

cosmÄZe=n(1—C2"+1){ }P„m(cos 0)exp(ia)t) (25)
sin m2

where C =b/a and b is the radius of the conductosphere.
We have solved the induction equation, and stored the solutions, for a large

number of harmonies and are thus able to synthesise many inducing fields. For
the Sq field, which is considered below, we have determined solutions cor-
responding to 16 harmonics, each solution having an in-phase and a quadrature
part. The solutions are best displayed by contours on the surfaee r=a of the
current streamline function w, the vertical component Zi and the total vertieal
component Ze+Zi. A complete desoription would thus require 80 diagrams. We
give a few representative examples from this set. As the order n of the spherical
harmonic increases, so does the value of Ze in Eq. (25). The relevant coefficient
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Fig. Za—c. The in-phase part of the solution for induction by the unit amplitude harmonic
CÜS ÄP21(C‚05 6) of period 24h. a Streamline function. 500A flows between adjacent contours, positive
values indicate anti-clockwise flow. b Induced vertical field (positive down) in units üf 0.125nT.
Contour intervals are 0.25nT. c Total vertical field, units and intervals as in (b)

being n(1—C“+1) times the normalisation coefficient for the harmonic. This
increase is due partly t0 the spatial variation of the harmonic and partly t0 the
influence of the conductosphere. The increase is notable in Figs. 2, 4, and 5. In
specifying an inducing field, care must therefore be taken t0 ensure that all
relevant harmonic terms, esPecially in the sum for Ze, are accounted for.
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Table l. Details of the intermediate calculations for 3 spherical harmonic inducing fields

Harmonie cos M’Zl (cos 9) sin 2,1 P32(cos 6) cos 3 Ä P43 (cos 0)
Period 24h 12h 8h

(a) The ratio of successive norms |(/)j_1|/|d>j| in units 0f10‘4Hz

Iteration N0.
3 L045 L048 L073
4 L044 L040 L072
5 L049 L038 L070
6 L056 L041 L068
7 L066 L050 L067
8 L079 L062 L066
9 L089 L075 L068

(b) The parameter 8 (an indication of % accuracy achieved)

Iteration N0.

3 1.952 1.562 1.613
4 1.313 1.180 0.677
5 0.967 1.021 0.452
6 0.860 1.003 0.399
7 0.824 1.000 0.384
8 0.693 0.983 0.376
9 0.414 0.964 0.373

Example: cos 1.l (cos 0); In-Phase; Period 24 h

Figure 2a ShOWS the current streamline function w for the above case. The time
origin is at ‚121800. In a uniform ocean the above harmonic would induce 4
current vortices with symmetry about Ä: 180° and anti-symmetry about 6:900.
Our model attempts t0 respond in that way, but the vortices are greatly
distorted by the land masses. The vertical component Zi is shown contoured in
Fig. 2b. The field is practically zero over the continents, is small over oceans and
has its largest values near coastlines. Physically, the induced currents are trying
t0 flow so as t0 oppose the magnetic field over the oceans. The current gradient
is steepest near the ocean edges, and this gives rise t0 large magnetic fields there.
In Fig. 2C the induced and inducing fields are combined. Basically the pattern is
that of 4 vortices‚ but these are somewhat distorted by the presence of the
oceans. The effect of the non-uniform surface shell is t0 reduce the vertical field
over the oceans and t0 distort it near ocean/continent boundaries. If the oceans
were perfectly conducting (which is mathematically the same as the limit a) —> oo)
the total vertical field over the oceans would be zero. For the real oceanic
conductance and for a period of 24h the solution is far from this limit.
(Diagrams 4C and 5c: show the effect of increasing frequency, ZtOt over the
oceans being successively reduced compared t0 that over continents. The overall
strength is increased however, owing t0 the increased spatial variation). It
should be remembered that this simple cylindrical projection gives undue
emphasis t0 points near the north and south poles‚ the field distortion near
Antarctica is not as predominant as it appears in the diagrams.
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Fig. 3a antl b. The quadrature part of the solution for induction by the unit amplitude harmonic
cosÄP21(cos 6) of period 24h. Contour values as in Fig. 2. a Streamline function, b induced vertical
field

This solution was obtained in 9 iterations to within 0.414 0/, as measured by 3
in Eq. (23). Details of the intermediate calculations, in the form of the ratio of
successive norms |q5j_1|/|d| and the value of 8 after each iteration are given in
Table 1a and b for this harmonic and for the following examples. This solution
could be obtained t0 within 1 % in only 5 iterations.

In all the examples, the smallest eigenvalue is approximately 1.08 10‘4 Hz.
The implication is that the low frequency method resulting in series (6) is
convergent for frequencies less than this value. In terms of period P series (6) is
convergent for

P>16.2 h.

This result i5 predicted approximately by the simple formula of Hobbs (1971)
(inequality 20) which is dependent on spherical harmonic order n and which
gives P:> 18.3, 16.7, 15.2h for orders 11:2, 3, 4 respectively.

Example: cos Ä P2l (cos 0); Quadrature; Period 24 h

T0 complete the description of induction by the harmonic CDs/11321(cos 6) the 2
diagrams für the imaginary parts of d1 and Zi are given in Fig. 3a and b. The
induced field in quadrature i5 seen t0 be more intense than that in-phase. Again
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Fig. 4a—c. The inephase part of the solution für induction by the unit amplitude harmonic
sin2äPf(cosB) of period 12h. Contour values as in Fig. 2. a Streamline function; b induced vertical
field; c total vertical field

this is due t0 the low frequency of the inducing field and t0 the finite
conductance of the oceans. lt implies that all three terms in Eq. (1) are impor-
tant. Für high frequency (and/or high conductance) the term on the l.h.s. of
Eq. (1) becomes relatively small and Z‘" (which is real) is balanced by Zi over the
oceans. The part of Z‘ in quadrature would then be small. Clearly a period of 24 h
is not one of these ‘high frequency’ problems, but we begin t0 see these effects
für periods Üf 12 and 8 h.
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Fig. Sa—c. The in-phase part of the solution for induction by the unit amplitude harmonic
cos32.fl3(cos G) of period 8h. Contour values a3 in Fig. 2. a Streamline function; b induced vertical
field; I: total vertical field

Example: sin 2 Ä P32 (cos 0); In—Phase; Period 12 h

The relevant diagrams are shown in Fig. 4a—c. This harmonic has 8 vortices, 4 in
the northern hemisphere and 4 in the southern hemisphere, with anti-symmetry
about 8=90°. Figure 4a ShOWS how the induced currents attempt t0 respond.
The induced vertical field, Fig. 4b is more intense over oceans and ocean edges
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Table 2. Spherical harmonic coefficients used t0 synthesise the external Sq field
(extracted from Malin and Gupta, 1977, Table 2). The units are nT

k n m ‚4.4:; BAZ; ANZ’k B132;

1 1 1 0.49 — 2.96 —4.73 —0.93
1 2 1 11.72 —0.53 — 1.29 —9.72
1 4 1 —2.57 —0.51 —0.35 2.33
1 2 0 — 0.17 — 4.30 0.00 0.00
1 3 0 1.30 2.27 0.00 0.00
2 2 2 1.00 2.07 2.03 — 0.69
2 3 2 — 5.23 1.74 2.13 5.09
3 3 3 — 1.39 —0.67 —0.61 1.04
3 4 3 1.65 — 1.52 — 1.68 — 1.60

than the preceding two examples, and the result of this is seen in Fig. 4C. The
total vertical field consists of the 8 vortices‚ but their strengths are greatly
reduced over oceans and there is considerable distortion at ocean edges.

Example: cos 3 Ä P43 (cos 0); In-Phase; Period 8 h

The highest frequency in this set of examples corresponds to a period of 8 h. The
spatial variation of the above harmonic results in 12 vortices‚ again anti-
symmetric about 9=90°. The induced vortices can be seen in Fig. 5a for 111, their
strengths being dictated by the ocean distribution. The induced vertical field Zi‚
Fig. 5b is now quite large over the oceans and their boundaries. Figure 5c: ShOWS
dramatically the effect on the 12 vortices‚ their strengths being reduced over the
oceans by about 80 %. There is a clear progression, seen in Figs. 2c, 4c, and 50
leading towards the high frequency limit in which the in-phase total Z would be
reduced t0 zero over the oceans. The boundary between a continent and an
ocean is also that between the unaffected and the reducad vertical field vari-
ations. As the frequency increases, this boundary becomes more marked, hence
the vertical field values there become more intense.

Application t0 the Sq Field During the IGY

The scalar magnetic potential for the external part of the field of the daily
variations‚ Sq‘e’“), may be written

Q‘Seq“) : Re {a Z (r/a)"[(AAZ1k -— iBAnmk) cos m Ä
n‚m‚k

+ (ABnmk — iBBZ’k) sin m x1] P„'”(cos 6) exp (i k oc t) (26)

where t is universal time in seconds and 012277/86400. Many analyses have
derived the coefficients AA, AB, BA, and BB for various data sets. A recent
analysis for the IGY 1s given by Malin and Gupta (1977) and we have selected
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Fig. 63 and b. Equivalent current function for the internal part 01 Sq at universal time T: 16h. a
From obscrvations analysed by Malin and Gupta (1977). b Calculated, 20 kA flows between adjacent
contours

the most important terms t0 synthesise the Sq‘e’“) field, 1.8., those with the largest
coefficients bearing in mind the arguments following Eq. (25) concerning Ze. The
coefficients used, extracted from Malin and Gupta (1977) are given in Table 2.

T0 determine the response of our Earth/ocean conductivity model, the 16
solutions we have obtained are synthesised, with the Sq‘cx" coefficients as
weights, in the manner of Eq. (26). In common with previous descriptions of Sq,
we present results in terms of an equivalent current system (Malin, 1973) at the
surface r=a. For the calculated internal part of Sq, this equivalent current
system has the streamline function

W‘°a’°’(t)=Re(103/4HJ Z HASE-151431) 11731205
n,m,k

+(ABnmk—iBBnmk) lj/“r1k‚5'‚in} exPUkO‘t) (27)

where gl/klms and tß’nmk’sin are the equivalent current functions for solutions
corresponding t0 the harmonics in (24). These equivalent current functions are
composed of 3 parts, the streamline function for currents flowing in the oceans
[e.g., IHM“; a solution to Eq. (1)], the equivalent current function für currents
induced directly in the Gonductosphere by ZP [e.g., a((2n+l)/(n+1))
-CE"+1cosmÄP„’"(cosö)] and the equivalent current function corresponding
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Fig. 7 a am] b. Equivalent current function for the internal part of Sq at universal time T=2Üh. a
From obscrvations analysed by Malin and Gupta (1977). b Calculated, 20 kA Hows between adjacent
cnntours

t0 mutual induction between the oceans and conductosphere. A surface integral
formula für this latter term may be derived using the methods of Hobbs and
Price (1970) and is

wA(mutual)=— 41:22” ((1:4)
S(1+C4—262 cos (9)— (0(oceans) dS (28)

where Q is the angle between radius vectors t0 some point A and the integration
point dS. Similarly, for a sine type harmonic the three terms are

"m . = '‚j’k sin+21[(2n+ l)/(n+ 1)] 62"“ sinmfl P'"(cos 0)+IJ/’"nk,sm (mutual).

(29)
nk sin

In (27) we write t=3600 T so that T is universal time in hours.
The calculated part of Sq may be compared t0 that derived from the

analysis of the Observations given by Malin and Gupta (1977). They determine
coefficients für the internal part of Sq, from which we may construct the
equivalent current system

III‘ÜbS’(t):Re(103a/4n) Z [(2n+l)/(n+1)] {(CCnmk—iDCnmkMosmÄ
n,m‚k

+(CD„"'R — iDDnmk) sin m Ä} fim(cos 6) expü k o: t). (30)
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The coefficients used are those internal coefficients of Table2 of Malin and
Gupta (1977) labelled as p: 1, p:2 and p=3 [in Eq. (30) above, kEp].

A comparison between our calculations (27) and the observations (30) for
two instants of universal time T= 16 h and T:20 h is shown in Figs. 6 and 7. A
numerical way of comparing the solutions is t0 compute the strengths of the
current vortices. In Fig. 6, where the vortices are centred over America, the
strengths of the main northern and southern hemisphere vortices are seen t0 be
almost identieal, the current flowing betweeen their foci being approximately
140 kA. In Fig. 7, when the vortices are centred over the Pacific Ocean‚ the
strengths are very different and correspond t0 a current flow betweeen nothern
and southern foci of 220 kA for the caleulations but only 60 kA for the
Observations. These represent the best and worse cases, respectively, throughout
the period of 24 h. Even in the best example, T: 16h Fig. 6, where the current
strengths are the same, the current distribution is not. At this instant of
universal time, the contribution from induction in the oceans is fairly small, even
so, some influence of the oceans in the calculation (Fig. 6b) is evident from the
displacement of the current foci towards the Pacific. On the other hand, T=20 h
(Fig. 7) is a time at which the current vortices are centered over the Pacific
Ocean, consequently the oceanic contribution should then be at its maximum.
This is clearly s0 in the calculation‚ Fig. 7b, but the observations Fig. 7a, suggest
the opposite effect, that in the presence of a large ocean, the currents decrease.
Such an effect seems t0 have n0 physical basis. However the “Observations’ are
the result of a spherical harmonic analysis of magnetic fields measured pre-
dominantly over European and other continental areas. It seems unlikely that
they could represent an effect seen only over the oceans and coastal regions.
Further work is in progress using also other Sq analyses t0 see if they can be
used in some way as a test of vertical component oceanic induction.

Conclusions

The main point of this paper is t0 show that it is now possible t0 solve,
numerically, problems of electromagnetic induction in a thin non-uniformly
conducting shell surrounding a conductosphere of perfect conduetivity. The
solutions are determined iteratively in only a few steps and can be obtained for
any inducing field and frequeney. For a 5° grid they are accurate t0 about 1 %. It
should be noted that these are full solutions t0 the vertical component oceanic
induction problem, as opposed t0 the simple outer solution approximation of
Beamish et al. (1979).

Some of the solutions were used t0 synthesise the effect of induction by Sq,
and a comparison was made between these calculations and observations. The
comparison was poor and eannot be said t0 support the view that vertical
component induction in the oceans is the important mode. However the
behaviour of the ‘observations’ in oceanic regions seems to imply that Sq
analyses are not useful in testing the appropriateness of thin sheet models.
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lt is hoped that the solutions will be useful in other applioations. For
example, a knowledge of the response function of the Earth, that is the ratio of
internal to external parts for a given harmonic and frequency, has often been
used to infer the Earth’s conductivity profile with depth. Such analyses assume
the Earth is radially symmetrie, so that a given spherical harmonic in the
external field induces only that harmonic of the same form within the Earth.
This is no longer true when we account for the non—uniform oceans and the
solutions we have obtained will be useful in examining the interrelations
between the external and the internal hamonics.
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Abstract. There is a reawakening of interest in ‘souroe effeets’ in magnetotel—
lurics, because of the very precise data now being aequired in regions where
sueh effects might be antieipated.

Dipoles at ionospheric heights were taken to be worst-case loealized
sourees. Theoretioal apparent resistivities were calculated for horizontal and
vertioal electric and magnetio dipoles. The earth model was a simple eon-
ductive sedimentary basin, where minimal source effects might be anti-
oipated. These results were eompared with the usual plane wave apparent
resistivities, and with the Price-Wait source models. We found that, with this
model, the short period magnetic dipole results were indistinguishable from
those due to a planar field, but signifioant differenoes oeeurred at periods
greater than 50s. Horizontal electric dipole sourees in partieular gave
apparent resistivities which differ completely from those due to magnetio
dipoles. A more general range of sourees and models was also studied.

Key words: Magnetotellurics — Souroe effects — Three-dimensional modelling.

Historical

For 10 years, from 1955—1965, a great debate was carried on, in and out of the
literature, regarding souree effects in M T. Was Cagniard’s assumption, that the
source was a plane wave, true or false? Price in 1962 showed that one critieal
factor was the lateral uniformity of the source field. If it is not uniform, as was
assumed by Cagniard, then impedanees and apparent resistivities increasingly
depart from the plane wave predietion as the period increases. These departures
were called ‘souree effeots’.

The geomagnetics disoipline Viewed the sourees of magnetie pulsations in
terms of large horizontal loop current sheets, like that responsible for Sq,
together with other disorete current systems. These have horizontal scales of
104 km or so. They flow at an elevation of 100 km, and Price showed that their

0340-062X/79/OO46/0291 /501 .80
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Fig. l. Summary of results over two-layer models using Cagniard plane wave (‚02:00- and 500),
Priee’s variable horizontal wavenumber v when ‚02:00, and Quon’s computations for HMD at
various r when ‚02 2500. Radial magnetic (H‚) and tangential electric (E4) components were used to
eompute dipole pa. The upper layer represents sediments overlying a fixed resistivity basement, r’ is
rjdipole height, v is in units of m”, and p is in Q-m

source effects should be considerable for one particular earth model at least.
This, plus the fact that MT apparent resistivities obtained at long periods
differed from those predicted by purely magnetic observations, cast considerable
doubt on Cagniard’s approach.

To review this question further, Quon, in 1963, assumed a simplified model
of the Alberta sedimentary basin (Fig. 1) and computed the apparent resistivities
due to electric and magnetic dipole sources in the ionosphere, at 100 km
elevation. These were then compared with the plane wave prediction, and with
Price’s prediction for a range of horizontal wavelengths. Quon used dipoles at
that height since they represented extreme cases of source concentration and
hence worst possible eoncentration of short spatial wavelengths. At periods up
to about 100 s, Quon found that with one exeeption, (_which now appears to have
been an error) it made little difference whether the source was a plane wave or a
dipole. At longer periods the magnetic dipole curves decreased in much the
same way as Price’s. Also, at any given horizontal distance r from the dipole, p“
was nearly the Same as if the source field had horizontal wavelength =r. That is,
horizontal offset and horizontal wavelength play nearly identieal roles, as had
been anticipated (Fig. 1). Note that r’ in all figures is the ratio of radial distanee
to dipole elevation, v has the units of (meters)‘1 and resistivities are given in
ohm-m.

When the source was a vertical electric dipole (VED) (Fig. 2), apparent
resistivities inereased monotonically with increasing period, rather than ap-
proaehing p2 (as Cagniard predicted) or decreasing (as for the Price and HMD
models}.
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Fig. 3. Corrected two-layer pa for the Horizontal Electric Dipole. The dipole is at 100 km elevation
oriented along (15:0. (35:0 corresponds t0 the x-axis

The horizontal electric dipole (HED) gave Pa curves which differed com-
pletely from the others. It is these that are erroneous. We recently recomputed
those same models, and found that they are very similar to the others at periods
lass than 10 S. From 10 t0 100 seconds they may fall above or below the plane
wave response curve, depending on position and component. Beyond 1,0005 ,0“
invariably sloped upward at 45° (Fig. 3). (b =0 corresponds to the x-axis.

Two works appearing in the early 1960’5 Shed more light on the topic.
Cantwell’s (1960) thesis showed that at least one major addition to Cagniard’s
model was required. That is, lateral Conductivity changes in the earth had t0 be
trea’ted much more seriously. Whereas Cagniard wrote

5:i (1)
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as a scalar equation relating E and the (perpendieular) H eomponent at each
frequency at a site, Cantwell showed that a tensor equation was neeessary

Ex : Zxx Hx +nHy
Ey =Znx +ZyyHy. (2)

Neglecting this fact, especially near coastlines and other major tectonic features,
gave apparent resistivities which were orders of magnitude different from true
resistivities, and which varied in time. These were sometimes attributed to source
effects.

In 1964 Madden and Nelson issued their Classical report ‘A defense of
Cagniard’s magnetotelluric method’. There they showed that, in a laterally
uniform earth, the important factor is the ratio of horizontal (source field)
wavelength, Ä, to skin depth ö

_N—
Ä (wuafi >1 no souree effects
6N V (3)51 large source effects.

Source effects are important only when this is the order of unity or less. In
sedimentary basins, where much of the MT work is done, resistivities are low,
skin depths are small, and source effects are negligible over the entire range of
frequencies used.

These developments, and the usual data scatter resulting from artificial noise
and inadequate instrumentation, put an end to the debate at that time.

Very recently, Gamble et al. (1979) showed that, by use of their remote
reference technique, apparent resistivity scatter can be reduced to 1% or less.
Whereas the method is new, it has since been applied in other surveys in
complex areas. It consistently improves the repeatability of results, and makes
possible useful measurements in areas so noisy that good data cannot otherwise
be obtained.

In another very recent work, Dmitriev and Berdichewsky (1978) showed that
the source field over a horizontally layered medium could vary linearly with
distance and still give correct values of apparent resistivitiy.

It has therefore become important to reexamine the source effeet. The
emergence of 3D model programs and of improved, inexpensive 2D model
programs, makes this task practicable.

New Computations — Extended Quon Model

The extensive modelling capabilities at Berkeley and Macquarie were used to
verify and extend Quon’s calculations and to consider other simple models as
well.

As mentioned earlier, we verified most of Quon’s results except for the HED,
which we correeted. Deviation from the plane wave response in the Alberta
model was found only at periods >1OOS or so. Sinoe this deviation would be
expected to diminish for higher eonductivities, and since one commonly sees a
conductivity inorease in the upper mantle, we extended Quon’s model by adding
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Fig. 4a and b. Plane wave and dipole results over the extended Quon model a Horizontal Magnetic
Dipole along (15:00 using Hx‚Ey. b Vertical Magnetic Dipole using H„Ed‚

a 10 Q-m mantle at 80 km depth. We found that it has considerable influence on
VMD and VED results beyond 3005 period for large spacing, but makes much
less differenoe to either horizontal dipole (Fig. 4). Therefore we eannot always
count on being ‘saved’ by the mantle from source effects at low frequencies. We
note in passing that the field strength due to a dipolar source falls off rapidly
with horizontal distance. If souroe effects are to occur in the presence of plane
waves, they must be most evident at small distances from their souree.



|00000302||

296 C. Quon et al.

flOO 40 -I O +I 'HO 'HOOkm -DO '40 ‘l O +| 'HO 'HOOkm

FREQUENCY

(HZ)

/ 'Ol

\

///

/
FREQUENCY

(HZ)\\
\ „o

00| 'OOl
/ PLANE WAVE \ \\\\

TE MODE F\\\N
IO -

30

//—\
LINE SOURCI; \
IOO km obove(O‚O) '5 30 so

O\ m"5 1 J

O

lOnm 'mOnm

Fig. 5a and b. Apparent resistivity pseudosections for a plane wave, E parallel to strike, and b line
current source parallel to strike at 100 km elevation, over the Swift model. Contours are in ohm-
meters

New Calculations — Swift Model

While there has been some speculation, there have been no published com-
putations of source effects in more complicated conduetivity structures. The
simplest of these structures is the vertical exposed fault, and the model shown
(bottom, Fig.5a) is that used by Swift in his early 2D modelling (1967). The
question to be examined is whether lateral conductivity variations make much
difference in the importanoe of source effects.

Calculations were carried out for a line source parallel to strike and for
horizontal and vertical magnetic dipoles at 100 km above the fault. When the
plane wave and the line source apparent resistivities were compared, we found
that there were 50% differences at periods of 3000 s, and very little difference at
periods less than 100S (Fig. 5). We also saw that the differences were greatest
direotly beneath the source. These should diminish as the source moves laterally
away from the fault since effective wavelengths at the fault would increase. (The
plane wave has the TE polarization, and the currents flow parallel to strike in
both cases.)

When the line source is replaced by a magnetic dipole, then the result
depends on two horizontal ooordinates, as did Quon’s. It is also evident that,
depending on position and dipole orientation, E fields can be at any angle to
strike. Hence both the smooth transition of the TE polarization, and the
overshoot-undershoot of the TM polarization, should be expected in the various
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Fig. 6. Plan view 01 pa due t0 an x-oriented magnetic dipole above the Swift model. T: 100 s, dipole
i5 loeated at 100 km above (0,0) and Pa is calculated from Ex and Hy. Contours are in ohm-meters
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Fig. 7. A5 Fig. 6, except that the dipole is vertical, and pa is calculated from E? and Hx. Contours are
in ohm-meters

Situations. Calculations were done for T=1003. Larger effects would be expect-
ed at longer periods. n for the x-directed magnetic dipole (Fig. 6; y is strike
direction) most Clearly Shows both overshoot and undershoot. The ratio of
extremes (403: 6.3) does not quite reach the (10021) ratio of the TM ease, but the
values eontinue t0 oscillate on the conductive side. The undershoot 10km on
the conductive side is succeeded by a large overshoot at 35 km. The other
componenL p“, has an overshoot at —80 t0 — 100km because of the geometrie
null in the primary magnetic field.

Vertieal magnetic dipole results (Fig. 7) at this period are smoother. They
Show an üvershoot (242) but n0 undershoot. However the overshoot now lies on
the conductive side of the contact.



298 C. Quon et al.

ä1 103-
72::
32:
E:
E Fig. 8. Rotated tensor pa from a remüte site in a
‘a simple sedimentary basin. The values in the
ä box appear t0 be affected by a local
(I

. _ _ ‚ ‚ ‚ souree
0.01 0.1 1 10 102 103 10"

Perlod [5)

The Search for Source Effects

Although geomagneticians claim that discrete current or Charge systems are
unlikely at 100 km elevation, the question of the sources of scatter in good, well
smoothed M T results remains t0 be answered. In the result of Fig. 8 the scatter
in the 1—105 period region is due t0 weak Signal. However the lower Cluster at
30—7005 was obtained in a single recording at a time of large Signal. It differs
from the other data only in the time at whieh it was reeorded. The site, in
central Australia, is remote from artificial interferenee, over a sedimentary
section of 1.5—4 Q-m, 2.3 km thick.

Beahn (1976) looking with high precision at small differences between two
elosely-spaced sites, detected occasional events that had the eharaeteristic of
source effects. Large source effects at SOG—1,0005 period should be expected at
auroral latitudes, where Gokhberg (personal communication, 1976) describes
large differences between sites 50 km apart, and several studies of the induction
effeets associated with the equatorial electrojet can be found (Ducruix et al.‚
1977). The localized nature of the souree currents is central t0 those results.

Some of the induction effects now ascribed t0 current ehannelling, i.e.‚ by 3D
eonduetivity structures — could be caused by eombinations of loeal sources.
Consider two discrete, partly coherent sourees whieh are responsible for the E
and H fields at an observing site, and assume that the impedances have different
souree effects. Then, as the field components add veetorially, the net impedanees
will vary with the eomponent, and with the relative contribution from eaeh
source. If the sourees are transitory, then part of the time some components may
even cancel, so that null or infinite impedances could be observed for short
intervals.

It seems that MT could in fact become a valuable technique for studying
local heterogeneities in the lower i0nosphere, and plans are under way t0 earry
out such an experiment in the auroral zone. An obvious way t0 approach the
subjeet is with the aid of field intensity and phase distribution measurements at
the surface.

As regards the exploration applications of M T, if we are fortunate then
souree effeets will remain a curiosity which can be removed, exeept pessibly very
near the magnetic equator and the auroral zones. However if we are unfer-
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tunate, source effects could be as disruptive to MT surveys as magnetic storms
are to magnetic surveys.
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Long-Wavelength Magnetic Anomalies as a Source
of Information About Deep Crustal Structure

Z.A. Krutikhovskaya and I.K. Pashkevich
Institute of Geophysics, Department of the Earth’s Magnetic Field, Ukrainian Academy of Sciences,
Kiev, USSR

Abstract. The nature of long-wavelength magnetie anomalies (/1 260—300 km)
computed for the Ukrainian Shield from the original field by a continuation
upward t0 a height of 10 km is studied. The correlation betweeen the regional
anomalies, the crustal thickness and the topography of the Curie isotherm
of magnetite is examined. The strongest correlation is established between
the regional anomalies and the crustal thickness. Similar results have been
obtained by us for the Baltic Shield and by D.H. Hall for the Canadian
Shield. It is concluded that the entire lower crust is magnetized, the average
magnetization being almost the same for all the ancient shields. These results
have been used for the eonstruetion of a magnetie model of the earth’s
crust.

With some exeeptions, the magnetization of the lower crust is found
to be inhomogeneous and 5—10 times higher than that of the upper crust.
Theoretical modelling and experimental results show a high magnetization
in the entire sequence of blocks for the case of a thickened crust and,
Vice versa, weakly magnetized rocks correspond t0 a smaller thickness of
the crust. The present approach may be of potential use for distinguishing
and studying crust-upper mantle interaction areas as well as for predicting
the topography of the Moho discontinuity.

Key words: Magnetic anomalies —— Deep erustal structure — Magnetization
of earth’s crust.

1. Introduction

The problem of the nature of long—wavelength geomagnetic anomalies has been
discussed for many years. Numerous publications offer different explanations
for the anomalies with wavelengths of 60 t0 1,600 km. These anomalies usually
have been explained by a superposition of shallow sources, by the existenee
of local magnetized bodies, by anomalous thermodynamic conditions in the

0340-062X/79/0046/0301/SO3.40
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lower crust and upper mantle, or by the topography of the Curie isothermal
surface of magnetite. A complete list of corresponding references may be found
in Green (1976) and Krutikhovskaya (1976).

It is only in recent years that conVincing data have been obtained for the
Canadian and Ukrainian Shields indicating the relation of the long-wavelength
anomalies to deep structure of the crust and upper mantle (Hall, 1974; Krutik-
hovskaya and Pashkevich, 1974; Krutikhovskaya, 1976). Conclusions have been
drawn about a high and inhomogeneous magnetization of the lower crust and
about possible applications of magnetic field studies to the solution of deep
geology problems.

In the present paper the results of the long-wavelength magnetic component
studies for the Ukrainian Shield are discussed. The studies have been carried
out at the Institute of Geophysics of the Ukrainian Academy of Sciences.

The Ukrainian Shield was chosen for the investigation as the most favourable
geologic region. The shallow Precambrian basement and the availability of
data on the distribution of geologic units and on their magnetization make
it possible to estimate the high-frequency anomaly effect and provide reliability
to separating the magnetie component related to the deep crust.

It is very important that deep seismic sounding (Sollogub and Chekunov,
1975) and heat flow (Kutas, 1976; 1977) investigations have made it possible
to study the relationship between the long-wavelength anomalies and both the
crustal thickness and the topography of the Curie isotherm of magnetite.

2. Given Data and Data Processing

The anomalous magnetic field of the Ukrainian shield region (Fig. la) reflects
the block structure of the shield and varies from block to block in number,
size, intensity, and dominant strike of the more local anomalies. As shown
in Fig. lb the main contribution to the magnetic field is made by anomalies
with widths of no more than 1km. On the other hand, the magnetic field
includes a long-wavelength component with wavelengths of more than 60 km,
the existence of which is confirmed by the zero-correlation radius value of
the autocorrelation function. These anomalies are called regional ones by us.

The regional anomalies are separated from the local ones by upward continu-
ation of the magnetic field to a certain height. This kind of filtering, compared
with others, has some advantages. The main advantage is the possibility to
study the attenuation of the amplitudes of the regional anomalies with increasing
height of continuation and to compare them with that of the local anomalies.

For the separation of the regional and local anomalies an Optimum height
should exist where the local anomalies are negligibly small whilst the regional
anomalies whieh are of eourse also attenuated are still as big as possible.

Fig. l. A Map of the observed anomalous magnetic field (vertical component Za) for the Ukrainian
Shield region (border of shield indicated by thick line); B Frequeney distribution of widths of
the anomalies shown in part A; C Dependence of strongest anomalies on height: 1—3 aeromagnetic
survey data, for different parts of the Krivoy-Rog synclinorium; 4 calculated data, for Kremenchug
synclinorium; D Like C, but for a conjugate negative anomaly from the Verkhovtsevo region
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In Fig. lc the attenuation of the strongest local anomalies within the area
of investigation which are situated above the iron—bearing rooks of the Krivoy—
Rog-Kremenchug synelinorium is shown. This attenuation is derived from the
data of the aeromagnetie survey at different heights and from modelling results.
As one can see at a height of 3 km even the biggest anomalies 5 km wide
are reduced to 7°/o—l7%. On extrapolating the rate of attenuation and taking
into account the modelling data we have found that such anomalies disappear
almost completely at a height of 10*15 km. It is reasonable to expect that,
at this height, smaller and weaker anomalies should be completely suppressed.

Considering these facts, a height of 10 km was chosen as an optimum level
for the field separation. For the purpose of upward continuation the original
data were selected over a 2 >< 2 km grid. SuCh a grid makes it possible to retain
the main features of the original field. Anomalies exeeeding i 1000 nT — that
is a threefold value of the field dispersion — were subtraeted from the observed
field in advanee. However, as studies show, a quite large distortion of the
regional anomaly field may be caused by conjugate wide weak lows. They
are weaker than 1000 nT, but their widths are many times larger than those
of the positive part of the anomalies. These lows are attenuated with height
much slower than are the conjugate highs (Fig. lc and d), and the rate of
attenuation is commensurable with that of the regional component (Fig. 2b).
Therefore when calculating the field at a height of 10——20 km it appears praetically
impossible to get rid of them (Pashkevich, 1976). The error of field continuation
arising from the finiteness of integration varies from block to bloek and does
not exceed 80 nT.

3. Results of Data Processing and Comparison
t0 Other Geophysical Results

The derived Ukrainian Shield regional anomalies at a height of 10 km are
represented in Fig. 2. Six positive regional anomalies with maxima up to 550 nT
and with wavelengths from 60 to 300 km are found above the shield. In the
upper right-hand eorner of the figure the attenuation of these anomalies is
shown. Compared with local anomalies (Fig. 1c) the rate of attenuation is
mueh smaller. These anomalies were assumed to be produced by magnetized
bodies at greater depths. The results of our interpretation show that this assump-
tion corresponds well to our knowledge about the amount of magnetization
of basic crystalline rocks and about the block structure of the lower crust
(see below and Figs. 7 and 8). The negative part of the field includes lows
the minimum of which reaehes —340 nT. As may be seen, almost all of the

Fig. 2. A Map of the derived regional magnetic anomalies above the Ukrainian Shield. Legend:
l: deep seismic sounding lines; 2: eastern section of the line for which the magnetic model has
been eonstructed; 3: deep-seated faults; 4: border of shield (cf. Fig. 1A); 5: magnetic field isolines
(a: positive; B: zero; C: negative); 6: points used for study of correlation between regional field
values and crustal thickness. B Dependence of regional anomalies (cf. encircled numbers within
part A) on height. The curve labelled N0. 4, theoretical has been calculated for a three-dimensional
model of the source of this anomaly
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regional highs are located in marginal zones of the shield or above deep—seated
faults separating large blocks. An analysis of these anomalies in combination
with deep seismic sounding data (Fig. 3) and with results of the upper crust
magnetization studies shows that, in the area of the regional highs, the earth’s
crust is characterized by a higher magnetization of the basement rocks, a greater
thickness and the presence of strong reflectors within the mantle (‘duplicate’-
surfaces according to Sollogub and Chekunov (1975)). According to Chekunov
(1976) the layered character of the Mohorovicic discontinuity is caused by
crust-mantle merging in the transition zone.

All the areas of an intensive increase of crustal thickness are confined to
zones of deep-seated' faults. Therefore it is natural to suppose that the magnetic
highs are caused by highly magnetized rocks of basic and ultrabasic composition
intruding into the fault zones. On the other hand, the correlation of the magnetic
anomalies with crustal thickness holds as well for the areas where the M surface
is being uplifted. These areas are characterized by minor magnetic anomalies
and a predominanoe of relatively weak magnetization values of the upper crust
rocks.

The statistical correlation between the regional anomalies and the crustal
thickness as derived from deep seismic sounding is shown in Fig. 4a—d. The
correlation coefficients range from 0.70 to 0.84. A higher value from 0.86 to
0.92 is obtained for the relict M surfaces represented by strong mantle reflectors
found at depths of 50 to 70 km under the seismic profile VIII.

In Fig. 4e the general correlation between regional anomalies and crustal
thickness as established for the whole area of the Ukrainian Shield is shown.
The correlation coefficient is computed from the extremum values of the mag-
netic field and corresponding values of crustal thickness. The corresponding
points are shown in the Figs. 2 and 3, respectively. The correlation coefficient
amounts to 0.68. This low value may be explained by the following fact: Seven
anomalies out of nine correlate with the Moho topography. The value of the
correlation coefficient grows up to 0.97 if the points Nos. 6 and 9 are left
out of consideration. Any relationship between the regional anomalies and
the crustal thickness is not found for these points. There are reasons for excluding
these points from the calculation. They belong to anomalies Nos. 4 and 6 (cf.
numbers encircled in Fig. 2). A deep origin of the anomaly No.4 has been
proved by Krutikhovskaya et al. (1973). However, the deepest trough in the
Moho surface is restricted to the eastern part of the anomaly. There is another
version of the deep seismic sounding data interpretation for this region
(Pavlenkova, 1973). Therefore, a further detailed study of the position of the
crustal bottom is necessary here.

In the case of anomaly No.6, the position of the Moho discontinuity is
not convincingly defined here because the deep seismic sounding profiles cross
only the marginal parts of the anomaly (see Fig. 2). Therefore the source of
the anomaly is still to be studied.

In Fig. 4f the correlation between the regional magnetic anomalies and the
crustal thickness is systematically shown for different aneient shields. For the
Soviet part of the Baltie Shield the data were obtained by us along the Sortovala-
Belomorsk profile. For the western part of this Shield we have used the data
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Fig. 4. Graphs Showing the correlation between the regional magnetic field (Za or ATa) and the
crustal thickness (HM); a: deep seismic sounding line VIII, western section; b: same 1ine, but
for lower positions of M discontinuity (horizon B of Fig. 7); c: seismic sounding line III; d:
deep seismic sounding 1ine VIIIa; e: whole area of Ukrainian Shield; f: ancient shields, with
l: Canadian Shield (Hall, 1974); 2: eastern part of Baltic Shield; 3: western part of Baltic Shield
(data from (Vogel and Lund, 1970)); 4—7: parts of Ukrainian Shield, (4 corresponds to part c,
5 to part d, 6 to part a, 7 to part b of this figure); 8: whole Ukrainian Shield (generalized)

reported by Vogel and Lund (1970) for the Trans-Scandinavian deep seismic
sounding profiles and the regional magnetic anomalies map published by Riddi-
hough (1972). For the Canadian Shield the correlation has been presented by
Hall (1974). A consideration of these data leads to the conclusion that the
lower crust of shields is composed of magnetized rocks in such a way that
the anomalous magnetic field reflects the Moho topography. However, an anal-
ysis of our results for the Ukrainian Shield shows that the regional anomaly
No. 4 (Fig. 2) exhibits an exception from this rule. It is located at the border
between Precambrian blocks of different age.

The stated statistical correlation between regional anomalies and crustal
thickness raises, above all, the question whether this connection is funetional
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that is, whether the M boundary separates magnetic and nonmagnetie rocks
such as, for example, hyperbasite and altered hyperbasite. This suggestion has
been ohecked by various methods, especially by an analysis of the temperature
distribution data reported for the Ukrainian Shield crust by Kutas (1976; 1977)
and Gordienko (personal eommunication). The results of the two authors are
based on the same original data on heat flow, but when calculating the tempera-
ture field different values of the mantle heat flow were adopted. Accordingly,
both authors arrived at different results on the topography of isotherms within
the crust and, especially, the upper mantle. However, the temperature ranges
derived for the M surface were almost the same. They varied from 320°—350°
to 540°—575°.

The heat fiow change along the deep seismic sounding line VIII, and the
corresponding temperature distribution within the crust are shown in Fig. 5.
The accuracy of the temperature determination is indicated by hatching. Appar-
ently, a temperature of about 400° C corresponds to the average depth of 40 km
of the Moho discontinuity. Both versions of the 575° C isotherm shown suggest
that, almost everywhere, the Curie point isotherm of magnetite is estimated
to be situated below the Moho. Such thermal conditions justify the assumption
that both the lower crust and upper mantle may be magnetized. Therefore
the relationship between the regional magnetic anomalies and the depth to
the Curie isotherm of magnetite shown in Fig. 5 was studied. The correlation
between them seems to be weaker than the correlation of the regional anomalies
with crustal thickness.

Previously, the magnetic effect of the earth’s crust has been calculated by
us assuming the bottom of the magnetized layer at 40 km depth and a magnetiza-
tion of 4 A m’ 1 below the Conrad discontinuity (extended refleetor).

In order to estimate the effect of the bottom of magnetic masses the thus
derived effect was subtracted from the regional magnetic anomalies. It has
been found that the residual anomalies correlate with the depths of the Curie
isotherm of magnetite according to'Gordienko (see above, and Fig. 5), the
correlation coefficient amounting to 0.80 (Krutikhovskaya and Pashkevich,
1976). However, for the crustal temperature distribution derived by Kutas (1976;
1977; cf. Fig. 5) the correlation coefficient is only 0.45.

We may conclude‚ that the problem of the upper mantle magnetization
cannot be solved unambiguously with the present accuracy of temperature de-
terminations for the erust and upper mantle. At the present stage of studies
the correlation between the regional magnetic field and the crustal thickness
established for the Ukrainian and other shield regions does not contradict to
the assumption that the bottom of the magnetized masses coincides with the
Moho surface.

4. Construction of a Model and Geological Implications

The former conclusion has been accepted by us as a basis for constructing
a magnetic model of the earth’s crust of the Ukrainian Shield. For this purpose
the magnetization of different parts of the orustal section along the deep seismic
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sounding lines III and VIII was estimated. The magnetization of the granite-
gneissie layer was determined from magnetie susceptibility measurements of
the rocks outcropping on the crystalline basement surface and from results
of the magnetic anomalies interpretation. The ratio of the remanent magnetiza-
tion to the indueed one as derived from the experimental data is 1. The average
magnetization values in different blocks of the Ukrainian Shield range from
0.1 to 0.5 A m”. The average value for the granite-gneissie layer is extended
to depth down to a long reflecting horizon which, probably, marks the lower
boundary of the most intense folding of this layer and, eorrespondingly, the
limit depth of the lower edges of the sources of local magnetie anomalies.

In estimating the lower crust magnetization the general results on composi-
tion and ferromagnetie content of deep-seated rocks have primarily been used.
Most of the investigators in the Soviet Union believe that the lower erust
is composed of various sedimentary-voleanic eomplexes with predominance of
basic and intermediate rocks both metamorphosed to the granulite facies, and
essentially nongranitized. These rocks probably consist of Charnokite, amphibo-
lite, and eclogite-like formations. The general tendency of basicity to grow
with depth is confirmed by the corresponding seismic velocity inorease.

According to Kalyaev (1976) the ophiolitic association of the Ukrainian
Shield representing the aneient oceanie crust is composed of amphibolite, gab-
bro-amphibolite, gabbro-peridotite, pyroxene gneiss and assoeiated orthoschists
alternating with highly metamorphosed pelitic rocks. The high total content
of iron in sedimentary, effusive, and intrusive primary rocks of the ophiolitio
association has resulted in its separation in the form of magnetite as a result
of the subsequent metamorphism. Nalivkina (1976) recognizes several stages
in the process of magnetite formation. In the Archean, it had a regional charaeter
with transformation of basie rocks from the ophiolitie assoeiation into the
oharnokite association. Several stages are stated by the author for the early
Proterozoie as well.

As follows from the data reported by Christencen and Fountain (1975),
the lower crust is composed mainly of granulite facies rocks and has lateral
inhomogenities in chemical and mineralogical composition.

The observation of the high magnetization of the lower crust corresponds
to the results of experiments on the thermodynamic eonditions of the occurrence
of magnetite. Our conclusion on the magnetization of the lower erust is also
supported by the existence of a correlation between density and magnetization
of widely developed rocks of various metamorphic facies and by the existence
of magnetic inhomogeneities within the lower crust as derived from the interpre-
tation of regional anomalies. By accepting a direct relationship between the
seismic velocity and the density of rocks and by basing on the relation between
magnetic susceptibility and density, a magnetization inerease with depth may
be deduced. Numerous experimental and published data have been used in
studying that relation. Sedimentary—Volcanogenetic rocks of granulite faeies and
intrusive rocks of normal line have been investigated (Fig. 6). For intrusive
rocks, the correlation between susceptibility and density was studied by the
Si02 content.
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Fig. 6a and b. Graphs demonstrating the correlation between the magnetic susceptibility and the
density. a Rocks of granulite facies from Ukrainian Shield: o pyroxene plagioclase gneiss, garnet
pyroxene plagioclase gneiss, hypersthene gneiss (1949 specimens); A charnokite (3207 specimens.
Average K- and o-values for uniform data sets have been used; numbers indicate numbers of
specimens which have been averaged. b Intrusive rocks: l: gabbro-diorite-granodiorite formation;
2: granite formation; 3: granite-granosyenite formation (1—3 according to Dortman, 1976) magmatic
rocks of normal line according to Semyonova, 1973); 4: abyssal rocks; 5: hypabyssal rocks; 6:
effusive rocks. Numbers indicate SiO2 content ("/o)

The use of the aforementioned data and the following modelling of the
magnetic effect enable us to determine the possible limits of the magnetization
values for the lower crust. The average value ranges from 0.3 to 4A m’l,
reaching 6—7 A m‘1 in certain blocks. The magnetic data thus independently
lead to a conclusion about the chemical and mineralogical inhomogeneity of
the lower crust.

According to the experimental data the maximum depth at which the forma—
tion of the ferromagnetic minerals took place is believed to be 50—60 km (under
a pressure of 15——18 kbar). Hence, the magnetization values obtained for the
rocks in the lower crust may be considered valid for the entire of its thickness.

Direct modelling included the determination of the magnetic effect of the
whole crust along the deep seismic sounding lines III and VIII (Figs. 7 and 8).

Fig. 7. a Magnetic model of the crust along the deep seismic sounding line VIII. Legend: 1:
crustal refleotors; 2: extended refracting horizon; 3: low velocity layer; 4: M discontinuity reflectors;
5: M discontinuity refractors (VB indicates sub-Moho seismic velocity, in km s‘ 1), 7: deep-seated
large faults according to deep seismic sounding results; 8: same as 7 but minor faults; 9: faults
derived from other geological and geophysical data; 10: deep reaching zone with magnetization
6 A m‘ 1 ; 11 : averaged M discontinuity position used for studying correlation with regional magnetic
field; A: position like in Fig. 3; 12: observed magnetic field (Za); 13: magnetic field calculated
from the observed field for a height of 10 km; l4: magnetic field calculated for the same height
from the magnetic model of the crust; 15: rocks with magnetization L5 A m’l; l6: rocks with
magnetization 2 A m‘l. b Graph Showing correlation between the magnetic field (Za) at 10 km
height as calculated from observed field and magnetic field (23, theor„) at same height corresponding
to the magnetic model of the crust
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Average magnetization values for the upper crustal section of large blocks
were estimated, as mentioned, from the experimental data and from results
of the magnetic field interpretation. However, as calculations show, the effect
of the upper crust at a height of 10 km falls within the error of the regional
anomalies separation. Henoe, the field produced by the entire crust corresponds
aotually only to the effect of the lower crust.

The ambiguity in estimating the magnetization has necessitated a discussion
of two versions of the magnetic model, with the effective magnetization of
large blocks remaining at a constant value.

A magnetization of the lower crust with values relatively smaller than in
the adjacent blocks is found under the central part of the deep seismie sounding
profile VIII in the area of the Kirovogradsky regional low (Fig. 7). In this
block the upper crust is composed of weakly magnetized rocks of various origin
including intrusive rocks. A pluton of intrusive rocks of acid and basic composi-
tion was formed during the final platform stage of the shield evolution.

The closest correlation between theoretical and original profiles of the re-
gional magnetic anomalies has been obtained with the magnetization distribution
within the lower crust as shown in Fig. 7a. The correlation coefficient is 0.94
in this case (Fig. 7b). The correlation is interrupted in the eastern section of
the deep seismic sounding line at the location of anomaly No. 5. When modelling
we did not intend to reach a complete coineidenoe of theoretioal and original
data since too many aspects of struoture, petrology and magnetization of rocks
as well as thermodynamic conditions within the earth’s crust have not been
thoroughly studied up to now.

In oonstructing the magnetic model along the deep seismic sounding line
III (Fig. 8a) it is necessary to assume that the magnetization of the lower
crust under the eastern section of the line is commensurable with the upper
crust magnetization and amounts to 0.5 A m’l. Aceording to deep seismic
sounding data, in the area of the Moho discontinuity rise reflectors are absent
in the lower crust and the extended reflecting horizon previously regarded as
a boundary between the upper and lower crust is not found. Here, on the
Preeambrian basement, a large pluton of acid and basic weakly magnetized
rocks has been mapped. This pluton, alike to one in the Kirovogradsky block,
was formed also during the platforrn stage of the shield evolution. This suggests
that weakly magnetized rocks build up the earth’s crust down to a great depth,
and that the lower crust is of intrusive nature like the upper crust. The correlation
coefficient of the original profile with the theoretical eurve for the given distribu-
tion of the crustal magnetization is 0.99 (Fig. 8b).

5. Conclusions

The results of the regional anomalies studies for the magnetic field of the
Ukrainian Shield lead to the following main conelusions:

Regional magnetic anomalies with a wavelength between 60 and 300 km
reflect, primarily, crustal thickness, allowing thus to predict the Moho topo-
graphy.
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The magnetization of the lower crust is not homogeneous and, generally,
is considerably larger than the magnetization of the upper crust. An abnormally
high magnetization of the entire crustal sequenee is observed in zones with
a thicker crust. On the basement surface, these zones are represented by the
products of metamorphism and granitization of the most aneient predominantly
magmatie and sedimentary-volcanic rocks of ophiolitic association.

Blocks with a thin crust are characterized by the lowest magnetization.
The upper parts of these blocks are mostly represented by the produots of
metamorphism and granitization of the pelitic rocks and by plutons of gabbro—
anorthosite and rapakivi granite. The lower crust in these blocks is likely to
be oomposed of andesite and anorthosite.

The Close correlation between the magnetization of the upper and lower
crust reflects the proeesses of the crust—upper mantle interaotion. Taking into
aecount the density-magnetization correlation on the one hand, and the interrela-
tion between gravity and magnetic anomalies on the other hand, the eonelusion
may be drawn that the earth’s crust of the Ukrainian Shield is isostatically
balanced. The ‘heavy’ crust corresponds to the Moho surface depressions and
the ‘light’ crust to the Moho uplifts. An analysis of the results obtained for
the Ukrainian and Baltic Shields and the published data on the Canadian
shield leads to the conclusion that, in general the types and major features
established for the earth’s crust of the ancient shields are similar.

The problem of the nature of the regional anomalies is of utmost interest
and requires further investigations. This is especially important in connection
with the application of the plate tectonies concept to studying the continental
crust evolution.
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Palaeomagnetism and the Early Magmatic History
of Fuerteventura (Canary Islands)

K. M. Storetvedt, H. Mongstad Väge, S. Aase, and R. Lgvlie
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Allägt. 70, N—5014 Bergen-Universitetet, Norway

Abstract. Thermal and alternating field demagnetization combined with
studies of the convergence points of remagnetization circles have been carried
out on a variety of *ocks from Fuerteventura. The older (post-Albian) rocks,
including the basement plutonics, the sheeted dike complex and the earliest
subaerial lava sequence (lava Series I), have a multicomponent remanence
while the younger lava Series II of Miocene/Pliocene age has dominantly
a one-component magnetization. Comparison of the results with recent pa-
laeomagnetic data from Gran Canaria/Tenerife and with results from conti-
nental Africa and Europe suggest a late Cretaceous origin of the basal
intrusive rocks while the subaerial volcanism (lava Series I) most likely
initiated at around the Cretaceous/Tertiary boundary. This implies that there
is a nearly 50-m.y.—10ng period of volcanic quiescence and erosion between
lava Series I and 1ava Series II. The apparent contradiction between these
conclusions and the few K/Ar dates available is discussed.

Key words: Palaeomagnetism — Age of early Fuerteventura magmatism.

l. Introduction

The oldest exposed rocks in Fuerteventura are found in the western part of
the island, the so—called Betancuria massif (Fuster et a1.‚ 1968; Rothe, 1968)
(Fig. 1). This basement complex, which Gastesi (1973) believes t0 be a piece
of uplifted oceanic crust, has a core of layered basic and ultra-basic plutonics
which in part occurs in faulted contact with Lower—Middle Cretaceous terrige-
nous and calcareous Clastic‚ deep-water sediments of basically turbiditic origin
(Robertson and Stillman, 1979). Upwards, the sedimentary sequence, after a
hiatus, passes into submarine volcanics and volcaniclastic sediments. This rock
association is in turn cut by a very dense dyke system followed by plutonic
intrusions with a second generation of dykes, a carbonatite sequence and finally
by a syenitic and trachytic ring dyke system. After an unconformity (Stillman
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et a1, 1975), four series of subaerial basaltic lavas (Series I—IV; Fuster et
211., 1968) were laid down.

A fairly strong secondary alteration has affected all roeks older than lava
Series l. Fuster et a1. (1968) and Stillman et al. (1975) ascribe these mineral
changes t0 a regional metamorphism equivalent to the greenschist faeies. In
the Betancuria massif the tectonic Situation is complex but at least the Cretaeeous
sedimentary succession and in part the overlying submarine volcanics have
been involved in a relatively streng deformation. The timing of this phase
of margin unrest, pre-dating the subaerial lava sequences (Series I—IV), has
been a matter of speculation, not least beeause the existing radiomatric age
determinations from the older Fuerteventura volcanics in part are ineonsistent
and difficult t0 interpret (cf. Chap. 5). Against these uncertainties an age of
Middle Miocene — Pliocene for basalt Series II appears fairly well established
(Fuster et a1., 1968; Rothe, 1966).

Palaeomagnetie results may provide alternative information on the age prob-
lem, but unfortunately the data published so far (Watkins et a1.‚ 1966; Watkins,
1973) are not sufficiently detailed t0 be of much help in this context: enly
a modest laboratory treatment was performed and diseordant direetions as
well as a marked decrease in the preeision parameter (k) towards the base
of the subaerial lava suecession (Series I) were left unexplained.

In the present study the eneountered palaeomagnetic problems are ascribed
t0 unresolved multicomponent magnetizations. After having considered these
problems and hopefully estimated the direetions of single remanenee components
the results are compared with recent palaeomagnetic data from Gran Canaria/
Tenerife (Storetvedt et al.‚ 1978), and conclusions regarding the early tectono-
magmatie evolution of Fuerteventura are drawn.
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Table l. Rock collection details

Site Sample Rock type/ Locality
nos. series

1—3 l4 Series I Beach at Cases del Butihondo
4—6 15 Series I Between Montana Blanea and the sea,

ca. 100 m above sea level
7 5 Series I Beach south of Montana Bay
8 5 Traehyte Vega de Rio Palmas
9a—e 15 Dyke swarm Morro Fenduca

10 4 Sediment Puerto de 1a Pena
ll 4 Dyke Puerto de 1a Pena
l2 5 Series II Puerto de 1a Pena
l3a—e l4 Dyke swarm Puerto de 1a Pena
l4 5 Series I Toston Cotillo
15 4 Dyke Toston Cotillo
16—20 l9 Series II Playa del Aguila
21—27 27 Series I La Matilla
28 4 Series II 4 km west of Puerto del Rosario
29—34 26 Series I Pozo Negro
35—41 35 Series I 2 km west of Pozo Negro
42—43 8 Trachyte Tuineje
44—45 10 Series II Just west of Puerto del Rosario
46417 10 Series II Between Puerto del Rosario and the airport
48 5 Series II Between Casillas del Angel and Puerto del Rosario

2. Palaeomagnetic Collection

The present palaeomagnetic study is based on a total of 234 samples from
56 sites, eomprising trachyte (3 sites), dykes (l2 sites), sediment (l site) 1ava
Series I (28 sites) and 1ava Series II (12 sites). Only one site has been sampled
from each rock body (1ava, dyke etc.). About half of the sites were collected
by portable drill, the remaining material being collected by standard hand sam-
pling. On the average four samples (drill cores or hand samples) were eolleeted
from eaeh site. Sun eompass readings are available for about 25% of the sites.
The mean declination estimated from the difference between magnetic and sun
compass readings is 11.9 W whieh is in fairly good agreement with the inferred
present regional deelination for Fuerteventura (ca. 10° W). Total variation in
declination estimates is between 6.6 W and 22.3 W, but the majority of the
results are Close to the mean value. For further colleetion details refer to Table
l and Fig. l.

3. Palaeomagnetic Results

In the laboratory an average of six specimens from each site has been subjected
to progressive demagnetization in alternating field (AF) or temperature, ranging
upwards to 1,500 Oe and 580° C respectively. Palaeomagnetic properties of
individual specimens after each demagnetization step were determined by using
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Fig. 2. Demagnotization results of dike rocks from the Betancuria complex. Fuh 40-211 donotes
specimen al out from sample Fuh 40 etc. Projection is equal area ancl open (Closed) Symbols
ropresont the direction of upward (downward) pointing magnetization vectors. Square symbols
are mean magnetization directions of closely spaced results obtained within demagnetization ranges
(field of temperature) a5 indicated on tho diagrams. Note that neighbouring speoimens (from same
drill oore or site) may Show opposite polarity of their bulk remanenoes (cf. site l3 d) or may
be heading towards opposite directions as demagnetization progressos (cf. sites 9o and 13d). Also,
the initial (ancl somotimes fairly stable) remanence directions have often a smoarod distribution
[hat linos up with tho directional movements that take place at a more advanced stage of demagnotiza-
tion (Cf. sito 11). In specimen Fuh 18-212 (site 10) the predominating remanonce appears to be
the C (or possibly A) magnetization (cf. Fig. 5) but at fields gSlO Oe the directional pattern
tonds to define a praotically horizontal graat oircle path probably assooiated with an interplay
botweon tho normal and reverse B oomponents. Note also the disoordant (but stable) dirootion
of magnetization of the adjacent specimen Fuh lS-al
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commercial Spinner magnetometers. For specimens Showing systematic direc-
tional trends (AF or thermal) the adopted acceptance criteria for ‘stable end
points’ is that such terminal directions must be experimentally confirmed by
at least three successive demagnetization steps (for each specimen). However,
at some stages of demagnetization a great number of specimens came into
an erratic stage (anomalously varying results both in direction and intensity)
before stable end points could be defined. Specimens of the latter category
and which, (wer a certain range of demagnetization, were shown t0 move along
great circle paths (see below) have been employed in an analysis t0 estimate
palaeomagnetic components through estimation of best intersection points of
remagnetization circles (Halls, 1976; 1978).
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Lava series I (the oldest sequence of subaerial volcanics) and the Betaneuria
reeks have primarily a multivectorial NRM. Directional changes versus increas-
ing demagnetization eharaeterize these rocks but very often the remanenee deeays
into the ‘noise level’ before a terminal direction is reached. An important Obser-
vation is the oeeurrenee of superimposed normal and reverse magnetizatiens,
demonstrated by the directional behaviour versus demagnetization of individual
speeimens er by ‘anti parallel’ directions of stable bulk magnetization in neigh-
beuring speeimens (cf. Figs. 2—4). For many sites the total palaeomagnetie
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Table 2. Palaeomagnetic results (‘stable end point’ data) from Fuerteventura. The D and I values
represent averaged figures over the ranges quoted. See text for other details

Site Lava series I (palaeomagnetic groups A and B)

Specimen D I K 0:95 Range (th. or AF)

1 Fuh 1—a3 161 — l4 230—650 Oe
3—b2 182 —29 190—370 Oe
3—a3 189 —28 250—520° C
5—b1 172 —28 30—220 Oe

2 6—b2 170 —29 NRM—920 Oe
7—a2 160 —30 45—830 Oe
8—b3 160 —40 830—920 Oe
9—a 179 —27 NRM—920 Oe

Site mean 168 —32 69 11°

3 12—a2 174 —25 NRM—620 Oe
12—b2 170 —24 100—475o C
13—b2 185 —33 NRM—830 Oe
14—b3 160 —27 70—920 Oe

Site mean 172 —28 67 11o

4 15—b3 159 — 2 140—920 Oe
16—b2 169 — 9 90—830 Oe
17—b2 150 — 11 280—510 Oe
17—a2 156 — l7 450—520° C
18—a3 166 — 3 140—9200e
l9—a 155 — l7 320—1200 Oe
19—b 156 —37 375—470° C

5 20—a1 155 + 2 NRM—550 Oe
20—b2 153 + 2 NRM—550° C
21—a2 161 + 2 NRM—830 Oe
21—a1 161 + l NRM—525°C
21—b1 168 — 10 540—580° C
22—b2 169 + 4 NRM—650 Oe
22—a2 167 + 4 NRM—560° C
22—b1 165 + 6 NRM—510°C
23—a2 150 + 3 NRM—740 Oe
23—bl 153 + 6 NRM—525° C
23—b2 153 + 3 NRM—540° C
24+b1 171 + 4 NRM—510°C
24—b2 169 + 3 NRM—550 Oe

Site mean 161 + 2 91 4°

32 72—a2 318 +24 NRM—740 Oe
72—b2 329 +24 NRM—400° C
74—a 352 + 29 NRM—465° C
75—a 339 +40 NRM—540° C
76—c 343 +42 NRM—740 Oe

Site mean 336 +32 32 14°
33 77—b2 344 +27 NRM—920 Oe

77—a3 339 +28 NRM—570° C
78—a 353 +19 NRM—920 Oe
79—a2 334 +22 NRM—920 Oe
79—b2 334 +20 NRM—540° C

Site mean 341 +23 92 8°
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Table 2 (continued)

Site Lava series I (palaeomagnetic groups A and B)

Specimen D I K ocgs Range (th. or AF)

34 Fuh 82—a 354 +36 45—920 Oe
84—b 317 +20 45—920 Oe
85—b2 342 +22 SOG—540° C
86—b 338 +19 45—415 Oe

Site mean 337 +25 26 18°

36 92—a2 342 +20 45—450 Oe
93—b 345 + 33 NRM—510 Oe
94—C2 354 + 19 830—1480 Oe
95—a 345 + 31 NRM—560O C

Site mean 347 +26 87 10°

37 97—a3 340 +15 480—550° C
97—b2 336 +29 45—460 Oe
99—a3 326 +29 90—1480 Oe
99—b2 316 + 34 400—555° C
99—b3 311 + 30 140—1525 Oe

100—b2 338 +26 480—540° C
100—b3 327 +25 45—920 0e
101—b3 335 +27 90—1480 Oe

Site mean 329 +27 55 7°

38 102—a3 343 +29 NRM—460 Oe
102—b2 340 +12 495—550° C
lO4—b2 339 +28 NRM—1480 Oe
105—a2 351 +18 100—400° C
106—b2 343 + 37 NRM—500° C

Site mean 343 +25 57 10°

39 107—a3 344 +26 45—450 Oe
107—b3 346 +28 200—540° C
108—a3 340 + 30 NRM—1480 Oe
109—a 336 +21 400—540° C
110—a2 325 + 35 400—560o C
110—b 352 + 34 45—1480 Oe
111—a2 341 +26 NRM4175° C
11 l—b 341 + 34 NRM—550° C

Site mean 34l +30 87 6°

40 112—a3 344 +41 NRM460 Oe
112—b3 34l + 33 NRM—450° C
113—b2 337 +25 NRM—1480 Oe
114—b 336 +26 90—920 Oe
115—a3 340 + 34 NRM—520° C
116—b2 327 +15 180—920 Oe

Site mean 337 +29 61 9°

41 117—a2 335 + 34 NRM—138O Oe
117—b2 335 + 32 NRM—500o C
118—a3 335 + 34 NRM—475° C
118—b2 333 + 36 NRM—740 Oe
119—a2 339 + 34 NRM—555° C
121—a2 332 +20 NRM—320 Oe

Site mean 335 +32 17l 5°
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Site Lava series II (palaeomagnetic group C)

Specimen D I K 0:95 Range (th. or AF)

12 26—a2 183 —29 355—585 Oe
27—a1 189 — 31 NRM460 Oe
27—a2 184 —38 355—490 Oe
28—a2 182 —22 30—370 Oe
29—a2 196 — 16 30—370 Oe

Site mean 187 —27 66 9,5o

16 53—a2 184 —25 350—860 Oe
54—a1 179 —24 NRM—390 Oe
55—a2 182 —22 NRM—860 Oe
56—a1 168 —22 NRM—470° C

Site mean 178 —23 145 7‚5°

17 57—a1 171 —48 NRM—560° C
58—a1 187 —37 30—830 Oe
58—a2 189 —4O 30—755 Oe
59—a1 187 —28 NRM—520° C
59—a2 183 — 30 NRM—755 Oe
60—a1 187 —22 NRM—560° C
6l—a2 193 —26 NRM—560° C

Site mean 186 —33 59 8°

18 62—al 181 —28 NRM—83O Oe
62—a2 184 — 32 470—550° C
63—al 197 —25 NRM—390° C
64—a1 190 —27 NRM—830 Oe
64—a2 191 —28 NRM—755 Oe
65—al 187 — 32 NRM—700 Oe
65—a2 192 — 35 90—660 Oe

Site mean 189 —30 193 4‚5°

19 67—al 183 —29 NRM—830 Oe
67—a2 189 —29 NRM—755 Oe
68—al 190 — 29 NRM—540° C
68—a2 189 —23 NRM—830 Oe

Site mean 188 —28 387 4‚5°

20 Fuh 70—al 178 —25 90—740 Oe
70—a2 175 —26 60—370 Oe
71—a1 180 — 30 NRM—740 Oe
7l—a2 176 —26 100—470° C

Site mean 177 —27 747 3°

44 13l—a2 203 —37 45—925 Oe
l32—b 191 — 34 NRM—520° C
l33—a2 190 — 18 NRM—500° C
134—a 204 —2l NRM—475° C
134—b2‚ 203 —2l NRM—l480 Oe

Site mean 198 —26 57 10°

45 136—21 188 — 39 NRM—925 Oe
138—a2 186 —28 45—740 Oe
139—a2 171 — 38 450—540o C
139—b2 191 — 34 45—740 Oe

Site mean 184 —35 86 10o
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Table 2 (eontinued)

Site Lava series II (palaeomagnetic group C)

Specimen D I K 0(95 Range (th. or AF)

46 l40—a3 165 —39 45—740 0e
141—a3 169 —47 45—740 Oe
142—a 167 — 33 NRM—540° C
l43—c2 184 —29 90—510 Oe
l44—b2 175 — 42 NRM—500° C

Site mean 172 — 38 73 9°

47 1454b 184 —40 NRM—740 Oe
l46—a2 186 — 39 NRM—74O Oe
147—a2 192 — 36 NRM—525° C
148—b2 179 — 33 NRM—52Oo C
149—a2 180 —48 NRM—520° C
149—b2 178 —53 NRM—l480 Oe

Site mean 183 —41 90 7°

information consists of a number of direetional paths (without stable end points)
in addition t0 one or more stable (apparently 0ne-component) directions. There
may however, be large disagreements between such stable specimen directions,
indicating that at least in part they may represent unresolved multicomponent
remanenees. This assumption is strenghtened by the unsuecessful attempt of
estimating the direction(s) of erased single-component vectors for specimens
following great circle paths on demagnetization: there appears t0 be n0 range
of demagnetization for which vector subtracted directions Cluster, indicating
that the stability spectra are closely overlapping. Therefore, in order t0 eliminate
as many as possible of unresolved multicomponent (but stable) directions of
magnetization from the distribution of true palaeomagnetie observations a strict
acceptance criteria has been adopted: only sites which have a minimum of
four relatively well-grouped specimens (i.e.‚ 60—1000/0 of analysed specimens
per site) have been eonsidered for estimation of palaeomagnetic parameters.
In none of these sites does the total directional spread of stable directions
exceed 35° of are. In addition t0 the accepted directions of magnetization these
sites may exhibit a number of specimens that perform systematic directional
variation without achieving stable end points, but they have n0 stable directions
in divergent positions. Of the older Fuerteventura rocks only lava Series I
sites have given aceeptable palaeomagnetic results (i. e., stable end points corre-
sponding t0 eriteria outlined above). Lava series II have a simple remanence:
the results from a total of 10 out of 12 sampled flows comply with the acceptanee
eriteria. The bulk magnetization of the two remaining Series II lavas (site nos.
28 and 48) are also in accord with the Series II results but directional trends
on demagnetization are relatively frequent and the number of stable specimens
are fewer than here required.

The individual specimen results from all aceeptable sites are listed in Table
2 and the total directional variation is shown in Fig. 5. Many of these specimens
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Fig. 5. Palaeomagnetic directions (specimens) from Fuerteventura. Groups A and B represent lava
Series I and Group C Series II. The cross is the present axial dipole field direction relative to
the Canary Islands. Further diagram conventions as for Fig. 2

Fig. 6. Specimen remagnetization circle
data (21 specimens). See text for details on
data base. Closed (open) circles are
downward (upward) pointing normals to
Specimen remagnetization circles. The
Closed square is the downward pointing
normal to the great CiI'ClE: (drawn on
diagram) fitted by least squares to the
specimen normals

exhibit directional stability over the entire or major range of demagnetization,
involving a minimum of 90% of the NRM moment. The Series II data (magne-
tization C) are exclusively reversed while Series I Shows both polarities. From
the reversed Series I data there is evidence that this lava sequence aotually
contains two palaeomagnetic axes: a major two polarity magnetization with
an inclination of about 30°, referred to as magnetization A, and a subordinate
reversed oomponent that is practically horizontal (magnetization B). Following
the aoceptance criteria for stable end point results here adopted, only one site
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Fig. 7. Estimated pole positions for Fuerteventura basalts, poles A—C, in comparison with other
relevant poles. Closed symbols are data from the Canary Islands. Poles A and B represent lava
Series I and pole C lava Series II. Pole 1 is the Upper Tertiary/Quaternary pole for Gran Canaria/
Tenerife and poles 2 and 3 represent the older volcanic rocks in these islands, before and after
a 5° anticlockwise adjustment of the mean declination respectively (Storetvedt et al., 1978). Pole
14 is from lava Series I of N.Lanzarote (Johansen, 1976). Crosses are African Tertiary poles.
Other poles are as follows: 4: Hoachanas (Gidskehaug et al., 1975); 5: Mlanje (Gough and Opdyke,
1963; Briden 1967); 6: Lupata, 106 m.y. (Gough and Opdyke, 1963; Gough et al., 1964); 7:
mean Mesozoic SE. Africa (Hailwood and Mitchell, 1971); 8: mean Mesozoic NW. Africa (Hailwood
and Mitchell, 1971); 9: Shava ijolite (Gough and Brock, 1964); 10: Kimberlite pipes, 83—89 m.y.
(McFadden and Jones, 1977); 11: Wadi Natash volcanics, 81—90 m.y. (E1 Shazly and Krs, 1973);
12: mean Lower Tertiary of Europe (Storetvedt, 1978); 13: volcanics SE. Sicily, 70—80 m.y. (Schult,
1973); 15 and 16: L.-(M) Tertiary volcanics Egypt (Gouda Hussain et al., 1979)

(no. 5) shows an unambiguous B magnetization. In the other sites this component
either interferes with the A magnetization, causing for example an inclination
spread of the resultant remanence (see for example site 4, and probably also
site 1, Table 2) or it may form part of a highly variable and complex magnetiza-
tion. Examples of within-site magnetization and detailed demagnetization behaV-
iour for sites that are not included in the final palaeomagnetic results are
given in Figs. 2—4. A number of specimens have ranges of demagnetization
in which the resultant vectors move along practically horizontal great oircle
paths, suggesting that two antiparallel B axis oomponents are present. In Fig.
5 the distinction between magnetizations A and B is fairly tentative but consider-
ing also all the directional information from sites not included in Table 2
(see for example Fig. 4) there appears to be little doubt that Series I contains
two axes of magnetization. Additional evidence in support of the B magnetiza-
tion oomes from the nearby Island of Lanzarote (Cf. Fig. 7) and where the
A component has not been found (Johansen, 1976; Skärnes, 1977).
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Table 3. Mean palaeomagnetic data from Fuerteventura

Formation N R K 0:95 D I Pole

51 50.1 53.5 2:8 184.8, —3l.4 324.5E, 77.9S
b 10 9.9 89.1 5.2 184.3, —3l.0 326.2E, 77.8S

GroupB;1ava seriesl a 20 19.7 59.6 4.3 160.6, —02.1 023.6E, 57.0S

Group C; lava series II ß)

Group A; lava series I a 62 60.7 46.6 2.7 340.5, +284 043.9E, 67.6S
b 12 11.9 98.7 4.4 342.2, +282 040.8E, 68.88
c 21 — — — 340.5, +282 043.9E, 67.6S

Number of unit vectors (a: specimens, b: sites, c: specimens in great circle analysis)
Length of resultant vector
Precision parameter

5 .° Radius of circle of confidence at 95% significance level
I: Declination and inclination of mean vectoruäaaz

In an attempt to retrieve palaeomagnetic information from specimens that
do not achieve stable end points on demagnetization the great circle technique
(Halls, 1976; 1978) was used for all specimen trends that had a quality factor
Q < l ' 10‘ 5 (Halls, 1978). Fifty specimens satisfied this requirement. The average
number of demagnetization steps for each great Circle segment is 6. Figure
6 shows the distribution of poles for specimen great circles used for independent
estimation of the direction of normal A magnetization. Of the 21 specimens
concerned l2 are Series I rocks, 8 are from dykes and 1 from a trachyte intrusion.
Eleven of the specimens have northward trending great circle paths for which
the individual great circle segments, traced out by the successive total vectors,
are mostly several tens of degrees away from the convergence area, while the
remaining 10 specimens move into and basically within the area of stable normal
A magnetization. As seen from Table 3 the best normal intersection point
of this group of specimens is in perfect agreement with the mean A axis magne—
tization based on stable end points. The excellent agreement of the two methods
and the fact that they are based on totally different specimen populations
strengthen the palaeomagnetic reliability of the A magnetization.

While the northward trending remagnetization circles have a reasonably
well defined intersection point this is not the case for those moving towards
the reversed component(s). For this group (29 specimens) the distribution of
poles for individual specimen trends are too complex to allow estimation of
palaeomagnetic directions. Since the majority of these specimens have resultant
magnetizations that are reversed, it seems likely that an interplay between the
three reversed components (A, B, C) causes the complexity in the distribution
of poles to specimen remagnetization circles.

Account of investigated specimens:
(a) 332 specimens have been studied, (b) 134 have given palaeomagnetic

results according to acceptance criteria (Table 2), (c) of the remaining 198
specimens ca. 50% gave stable end points, in frequent agreement with inferred
magnetization components (A, B, or C), but the associated site magnetizations
still remained multicomponent (and scattered) after demagnetization. Finally,
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ca. 100 speeimens did not define stable end points — 50 of these formed great
eircle segments on progressive demagnetization and were used in the remagne-
tization cirele analysis, and the rest had a more eomplex behaviour.

4. Palaeomagnetic Interpretations

Summary of palaeomagnetie results including mean directions of magnetization,
statistieal parameters and pole loeations are given in Table 3.

As seen from Fig. 7 the Fuerteventura C pole (lava Series II) plot in elose
agreement with a late Tertiary-Quaternary pole reeently obtained from the Ca-
nary Islands (Storetvedt et al.‚ 1978) and corresponds well with data of similar
age for eontinental Africa. Like the pole for the older Gran Canaria/Tenerife
volcanie strata (Storetvedt et al.‚ 1978) the Fuerteventura A pole, eorresponding
to the prineipal palaeomagnetic direction in baselt Series I, agrees fairly well
with those for the Mesozoic of Africa. Pole B has a rather limited data base
but the scatter of individual specimen directions is similar to those for groups
A and C. In view of the ample evidence for partial remagnetization in basalt
Series I (as well as in the older rocks) it is likely that the magnetization at
least in part is of CRM or TCRM origin (note that from Table 2 and Figs.
2——4 some sites are likely to eontain both the A and the B magnetization).
Considering all the available evidence it appears reasonable to conclude that
the B pole refleets an average palaeomagnetic field axis rather than being an
‘artifaet’ of incomplete averaging-out of geomagnetie secular variation.

Figure 7 shows the estimated Fuerteventura pole positions in oomparison
With other relevant data. The eastern pole Cluster (poles 5 —9) defines the repre-
sentative pole lacation relative to Africa for the major part of Mesozoic time,
the youngest representative being that for the Lupata voleanies that date back
to ca. 106 m.y. Poles 10, 11, and 13, situated west of the previous group,
represent voleanic roeks frorn Africa and SE. Sieily in the approximate age
range 70—90 m.y. A further westward extension of the polar pattern eneounters
the Lower Tertiary pole position for Europe at around 0° E, 60° S (pole 12)
whieh is in very good agreement with recent Lower-(Middle) Tertiary palaeomag-
netic results from Egypt, poles 15 and 16 (Gouda Hussain et al., 1979). It
has been eoncluded that the European Tertiary polar shift towards the present
pole loeation occurred at around Middle Oligoeene (Storetvedt, 1973) and from
the available data there is good evidence to infer a similar axis shift relative
to Afriea at the same time. Therefore, it appears that Europe and Africa define
‘identical’ polar patterns for the last 90 m.y. or so. It is interesting to note
that based on palaeoelimatological evidence Köppen and Wegner (1924) suggest
a Mesozoic-Lower Tertiary-Upper Tertiary polar track relative to Afrioa that
is Closely similar to the one outlined here (cf. their Fig. 22). The Fuerteventura
A and B poles fit well into this framework. With reference to Fig. 7 and
the geological evidence summarized above (Chap. l) it is appropriate to conclude
that the basal eomplex originated in the Upper Cretaceous (post-Albian) while
basalt Series I was laid down at around the Cretaeeous-Tertiary boundary.
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5. Conclusion and Discussion

From geologieal evidence (Robertson and Stillman, 1979) passive margin condi-
tions in the area of Fuerteventura ended in Albian time and was followed
by uplift and tectonism. According to the palaeomagnetic results outlined above
it appears reasonable to assume that emplacement of the basal igneous core
of Fuerteventura (the Betancuria complex) aceompanied these tectonic
processes, forming sometime in the Upper Cretaeeous. The plutonic aetivity
was sueeeeded by an erosional unconformity after which the Series I plateau
basalts were laid- down probably at around the Cretaceous/Tertiary boundary.

After Series I had been formed there followed a period of ca. 50 m.y. of
magmatic quieseence and erosion. In Middle Miocene-Pliocene the eroded sur-
face was overstepped by a second major sequenee of plateau basalt (Series
II). We believe that the long period of erosion and weathering (in a tropieal
— subtropical environment) along with the penetrative thermoehemieal effects
aecompanying the younger lava series led to partial remagnetization, manifested
by the present multicomponent magnetization, of the older formations.

These conclusions are at varianee with the radiometric age determinations
(conventional whole rock K/Ar results) available from the older igneous roeks
of Fuerteventura (Rona and Nalwalk, 1970; Abdel—Monem et al., 1971 ; Grunau
et al., 1975; Stillman et al., 1975). However, the radiometric data pose interpre-
tional problems. For example, Grunau et al. (1975) have noted that, following
a normal differentiation trend for the plutonies, the oldest age of these roeks
(38 m.y.) in fact comes from one of the supposed youngest intrusive members
(an alkali syenite). The same authors also report on extremely poor reproducibil-
ity of the Argon analyses from different splits of two plutonic samples (diorite
and syenite). For the sheeted dyke complex the total apparent age ranges
from 12.1 m.y. to 46 m.y. At least the oldest of these ages is in eontradietion
to the 35 m.y. age estimate that has been obtained from the submarine voleanics
(at the base of the igneous series). Some of these problems are certainly related
to the general metamorphism of the basement complex. However, we believe
in partieular that the extensive magmatism that swept the island in Miocene/
Pliocene time lead to a partial degassing of the older igneous rocks (including
basalt Series I), giving rise to a complex and geologically too young K/Ar
age distribution.
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“'Ray Theoretical Seismograms
for Laterally Inhomogeneous Structures *

V. Öerveny
Institute of Geophysics, Charles University, Ke Karlovu 3, 121 16 Praha 2, Czechoslovakia

Abstract. Applications of the ray method to the eonstruotion of theoretical
seismograms for laterally varying layered structures are discussed. Numerical
examples are presented. It is shown that the refracted waves are very sensitive
to the curvature of interfaces. Certain modifications and improvements of
ray theoretical seismograms to increase their aceuracy are suggested.

Key words: Ray theoretical seismograms — Laterally inhomogeneous strue-
tures — Modifications of ray method.

1. Introduction

Various methods can be used to compute theoretical seismograms for vertically
(or radially) inhomogeneous media. It is not possible to give here a full survey
of these methods, it ean be found in Öerveny et a1. (1978). We shall mention
here only some of them. The most popular are probably the reflectivity method
(Fuchs, 1968; Fuchs and Müller, 1971), the exaot ray method (also called the
generalized ray method) and its various modifications (Cagniard, 1962; de Hoop,
1960; Müller, 1968; 1969; Helmberger, 1968; Chapman, 1976; Gilbert and
Helmberger, 1972; Wiggins, 1974; etc.), and methods based on modal summa-
tion (Buland, 1977). Recently some new important methods have been developed,
such as the method of partial separation of variables in the combination with
finite differences (Alekseev and Mikhailenko, 1976; 1977; 1978).

Most of these methods, however, can be hardly used to compute theoretical
seismograms for general laterally inhomogeneous media with curved interfaees.
It is the regions with strong lateral inhomogeneities, however, that play a very
important role in the present geodynamic studies. Ray theoretical seismograms
can give valuable results even for these types of media, especially when we

* Presented at the Workshop Meeting on Seismic Waves in Laterally Inhomogeneous Media,
Liblioe, ÖSSR, February 27—March 3, 1978

0340-062X/79/OO46/O335/501.60
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use some modifications to increase their accuracy in Singular regions and in
some other situations.

Let us note that under ‘ray theoretical seismograms’ we understand here
the theoretical seismograms computed by the standard ray method or by some
of its modifications.

The application of ray methods to the construction of theoretical seismo-
grams is most natural in the case of small epicentral distances (reflection methods
in seismio prospecting, etc.) In this case, the construction of theoretical seismo-
grams does not cause great difficulties and the accuracy of oomputations is
usually quite satisfactory, even in the case of rather complioated structures.
At larger epioentral distances, where we deal mainly with refracted waves and
supercritioal reflections (e.g., 50—300 km for the models of the Earth’s crust),
the Situation is more oomplicated in several respects. However, it is shown
in Corveny (1979) that even at these epicentral distances the ray theoretical
seismograms can give satisfactory results from an interpretational point of View.
In this paper, we shall shortly desoribe the prooedures to construct theoretical
seismograms for such epicentral distances. We sha11 also present some numerical
examples. For very large epicentral distances (say, 500 km or more for the
models of the Earth’s orust), the rays of waves propagating within the Earth’s
crust are mostly horizontal, and the waves are formed by a superposition of a
large number of elementary waves. The accuracy of ray theoretical seismograms
in this region is expeoted to be lower. These 1arge epicentral distances are
not considered here, they would need special investigation.

Many other details on various aspects of the construotion of ray theoretioal
seismograms for laterally inhomogeneous media can be found in Cerveny et a1.
(1977), Öerveny and Päenöik (1978), Smith ( 1977), Jedrzejowska-Zwinczak
(1978)

2. Construction of Ray Theoretical Seismograms
for Laterally Varying Layered Structures

The basic principles of the construction of ray theoretical seismograms are
described in Öerveny et a1. (1977), and in Öerveny (1979), for vertically inhomo-
geneous media. In principle, the same procedures can be used in the oase of
laterally inhomogeneous media. In some details, however, these prooedures dif-
fer.

The first important difference consists in the computation of travel-times
and complex amplitudes. At the present time, however, the methods of oomputa—
tion of travel times and complex amplitudes are well known, even for compli—
cated laterally inhomogeneous media with curved interfaces, see Öerveny et al.
(1977). The first and the most important step in these computations is the
computation of rays. Rays in such media are described by a system of ordinary
differential equation of the first order. The system can be solved by standard
numerioal procedures, such as the Runge-Kutta method. Some complioations
in these computations are connected with the fact that the computation of
the ray trajectory is not a Cauchy initial value problem, but a two-point bound—
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ary value problem (since we are looking for the ray connecting the source
with the receiver). The solution of a two-point boundary value problem is
usually easier at smaller epicentral distances; with increasing epicentral distance
it becomes more eomplieated and eumbersome. Moreover, the travel-time curves
of oertain important waves may have many branches at larger epicentral dis-
tances, and we must determine all of them. Methods of a two-point ray tracing
are discussed elsewhere, see Julian and Gubbins (1977).

As soon as the ray connecting the source and the receiver is determined,
the evaluation of amplitudes is easier. Some problems are connected with the
computation of geometrical spreading. Several methods for computing geometri-
cal spreading are described in Öerveny et al. (1977).

The seeond difference consists in the impossibility of grouping the elementary
waves in laterally inhomogeneous media into families of kinematically analogous
waves, as in the ease of vertically inhomogeneous media. It is necessary to
compute elementary waves independently, one after another. This makes the
eomputations more cumbersome and lengthy. The number of elementary waves
arriving at the receiver within a time window of a given length inereases consider-
ably with the increasing epicentral distance.

The third difference consists in the algorithms for the generation of numerical
codes of individual elementary waves. In oomparison with the same algorithms
for vertically inhomogeneous media, the generation algorithms are more compli-
cated. The problem of the generation of numerical codes of elementary waves
is closely conneeted with the problem of parameterization of the medium, and
with the system of numerical coding of elementary waves. lt is not simple
to lind an automatic or semi-automatic generation system for quite general
laterally inhomogeneous media with bloek struetures. It is often more suitable
to read the numerical eodes of elementary waves used to construct the theoretical
seismogram for a specific model of medium in cards, as input data. The prepara—
tion of these input data is rather cumbersome but the experience of the interpreter
may be also very important. However, when we use proper parameterization
of the medium and proper numerieal codes of waves, it is not difficult to
develop fully or partially automatic generation algorithms. For example, it
is very convenient to use such a parameterization of a medium in which all
the interfaces are oontinuous from the left border to the right border of the
medium under investigation. Then the interfaces and the corresponding individ-
ual layers can be numbered from the top to the bottom. Some interfaces might
in part eoineide with other interfaces or they might be in part only fictitious
(with the same veloeities and densities on both sides). Then we ean use quite
similar numerical coding of elementary waves as in vertieally inhomogeneous
media, and very similar generation algorithms. Some elementary waves arriving
at the receiver will be, of course, of zero amplitudes. The generation algorithms,
however, become much more simple then in the general case.

Similar parametrization of the medium, coding of elementary waves and
generation algorithms are used in our programs. They permit fully automatic
generation of all primary P, S, PS, SP, PP, and SS reflected and refraoted waves
for an arbitrary surface or burried source and a receiver. The generation of
other multiply reflected/refracted waves we wish to consider can be read in
as input data.
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Fig. 1. Model of a laterally varying layered Earth’s crust, used for a computation of theoretieal
seismograms. Thick lines denote the geometrical shape of interfaces, the numbers the velocity
in individual layers. The points S1—56 show the receiver positions

3. Examples

We shall now give examples of ray theoretical seismograms for laterally varying
layered structures. Assume that the medium is composed of homogeneous layers
separated by curved interfaces. (Let us note that a smooth laterally inhomogen-
eous medium can be simulated by a system of thin homogeneous layers with
curved interfaces.) The interfaces are specified by a set of points and approxi-
mated by splines. A program allowing for lateral variations of velocity within
individual layers is under preparation. We consider an explosive point source
of P waves, with the symmetrical directional characteristics, situated near to
the Earth’s surfaee. The souree-time funetion is given by the formula

flt) : exp( — 4n2t2fi4/y2) cos(27rfMt + v),
with fM:4Hz, 32:4, v:0. Only ideal registration is eonsidered, and a possible
distortion by the recording equipment is not taken into account. The reeeiver
is also situated near to the Earth’s surface, and the vertieal displaeement com—
ponent is presented. For simplieity, only primary reflected and refraeted P
waves are eonsidered, no multiply reflected/refracted P waves, eonverted waves,
S waves, etc. (Let us note that these waves ean be optionally taken into account
in the used programs.) No sealing of amplitudes with respect to the epieentral
distance is applied.

The basic eharacteristics of the model of the Earth’s crust, used for computa—
tions, see Fig. l, is the slope of interfaees at distanees x: 100—130 km. At other
distances, the interfaces are roughly horizontal. In Fig. 2, three systems of theo—
retical seismograms corresponding to three various positions of source are shown
(see Sl, 82, and S3 in Fig. l). It ean be clearly seen from Fig. 2 that the
theoretieal seismograms for the model of medium shown in Fig. l depend consid-
erably on the position of the source, especially at large epieentral distanees.
Mainly the refracted waves are very sensitive to the slope of interfaees. For
example, in the ease of the source SZ (x250 km), the refracted waves are
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Fig. 2. Ray theoretical seismograms for the model of laterally varying Earth’s crust shown in
Fig. l, for sources Sl (rop figure), 52 (middle figure), 83 (lower figure). The epicentral distance
i5 denoted by R, the distance along the profile by x. Reduction velocity equals 5.6 km/s

Fig. 3. Ray theoretical seismograms for the model of laterally varying Earth’s crust shown in
Fig‚ 1, für sources S4 (upperfigure), SS (middlefigure) and 86 (lower figure). The epicentral distance
i5 dennted by R, the distance along the profile by x. Reduction velocity equals 5.6 kmfs
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very strong. In fact, at the epicentral distance RN2OO km (xN250 km), they
are of the same order of magnitude or even higher than the primary refleetions.
(It should be noted that at these large epieentral distances the refracted wave
propagating below the Moho eomes at the reeeiver at the first arrivals.) In
the case of the source S3 (x:100 km), the refracted waves are rather weaker,
as the curvatures of the interfaces are smaller in the relevant regions. In the
ease of the souree at Sl (x20 km), the refracted waves vanish altogether;
the reason can be simply understood from the geometry. of interfaces.

The slope of interfaces in the region xw 100-130 km has also some influenee
on the amplitudes of the waves reflected from the corresponding interfaees
at eertain epicentral distances. This increase of amplitudes is eonneeted in some
cases with the 100p on the travel-time curve, in 0ther cases simply with the
strong curvature of the travel-time eurve.

Figure 3 shows three systems of theoretical seismograms computed along
reversed profiles, corresponding t0 the sources situated at S4 (x:200 km), SS
(x:ZSO km) and 86 (x: 300 km). As in the preeeding case, the refracted waves
are not observed in the case of sourees S4 and 86. They are, however, clearly
Visible in the case of the souree SS. They again indicate the curvature of the
interfaee. In this case, however, the refracted waves are weaker than in the
case of the souree at S2.

4. Possible Modifications of Ray Theoretical Seismograms

The main disadvantage of ray theoretical seismograms consists in their limited
aecuraey in some Singular regions. Many of these limitations can be removed
by means of various modifications of the ray method. An applieation of these
modifications t0 the program for eonstructing ray theoretical seismograms needs
primarily further development of the ray theory and of its various modifications,
as well as progress in the numerical realization of these new theoretical ap-
proaehes. The same can be said about a possibility of taking into aecount
some of the non-ray and inhomogeneous waves, diffracted waves, etc. Much
progress has been reached recently in the approximate eomputation of diffracted
waves eonneeted with wedges at interfaces (block struetures, etc), see Klem-
Musatov et a1. (1975). It would not be difficult t0 supplement the above deseribed
programs by the routines for an approximate computation of diffraeted waves.
Moreover, recent development in the theory of diffraction at curved interfaees
suggests certain advantages of simulating smooth interfaces by a pieee-wise
linear approximation. This would remove some problems eonnected with caus-
tics, triplications of travel-time curves, ete., of reflected waves from eurved
interfaces (Klem-Musatov, personal communieation, 1977).

Some difficulties in constructing ray theoretieal seismograms which are eon-
neeted with a great number of elementary and with some non-ray waves (such
as tunnel waves) can be simply removed by a eombination of ray and matrix
methods. This approach is effective mainly in studying the wave field in a
medium eomposed of thiek layers separated by thin transition layers. The men-
tioned modifieation was used successfully in seismie prospeeting (Ratnikova,
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1973). Up to this time, it has been used for vertically inhomogeneous media
only. Nevertheless, it can be applied to laterally inhomogeneous media too.

Another promising approach is the computation of the wave field along
the rays by more precise methods, see Kirpichnikova (1971). To perform these
computations, it might be very convenient to use finite differenoe procedures.
Generally, the combination of the ray method with the method of finite differ—
enoes oan be useful in various situations.

The ray method can be also generalized for some essentially different types
of media, e.g., for anisotropic media, prestressed media, absorbing media, etc.
Numerioal computations of ray theoretical seismograms for such media should
not oause too great difficulties, even in the oase of horizontal inhomogeneities.
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1. Introduction

The earthquake of September 3, 1978, 05h 08 m 32s UT in the region of
the Western Swabian Jura was felt in the Federal Republic of Germany, Austria,
Czechoslovakia, France, German Democratic Republic, Switzerland and only
weakly in Northern Italy. The parameters of the main shock are as follows:

Geographie latitude: 48, 29° N
Geographie longitude: 8, 94° E
Origin time: 05 h 08 m 31.8 s UT
Focal depth: 9 km
Surface wave magnitude: 5,4

(All data after CSEMzCentre seismologique Europeo-Meditteraneen, Stras—
bourg)

Epicentral macroseismio intensity: 7—8

(On the macroseismic scale after MEDVEDEV, SPONHEUER, KÄRNIK:
MSK-64: All ‘intensity’ data in this paper are related to this scale).
Seismic focal moment: 3.35. 1016 Nm
(This value is based on the broad-band record of the Central Seismological

O340-062X/79/0046/O343/SO1.00
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Observatory, Erlangen-Grafenberg, assuming a P-Veloeity of 7.35. 103 m/s
along the propagation path).

At the seismic station Mössingen (MSG) about 340 aftershocks with a loeal
magnitude larger than 1.0 have been reeorded until the end of 1978. The strongest
aftershock took place on September 3, 1978, 10 h 02 In 43,3 s. Its surface magni-
tude reached 4.4 (after CSEM).

2. Description of the Macroseismic Field

Austria. In order t0 inerease the number of reports 649 additional inquiries
were sent t0 poliee stations, post offices and schools. From 179 distriets or
points in Austria (besides 8 reports from abroad) 377 reports and 539 negative
answers eould be used in working out the macroseismie map. As Fig. l ShOWS,
a maximum intensity of 5 was experieneed in the northwestern part of Vorarl-
berg. The isoseismal intensity 3, being practically the limit of pereeptibility,
extends t0 epicentral distances of 350 km near KötschaCh-Mauthen in Carinthia
and 550 km near Vienna. In Austria 48,000 km2, about 58% of the whole country
felt a minimum intensity of 3, 9,600 km2 an intensity 4 and 450 km2 an intensity
5. N0 damage was reported in Austria.

Czechoslovakia. Czechoslovakia is situated at the border of the macroseismie
field, and, therefore, only Singular Observations have been collected. The inten-
sities determined on the basis of these observations show values of 3 t0 4.

The intensity 4 was observed in the south-western part of Bohemia at isolated
plaees. In View of the small number of observations, (15 reports from 10 local-
ities) the isoseismal was marked by a dashed line (Fig. l). An intensity 3 was
not felt by higher pereentage of the population beeause the shock oceurred
early in the morning when people slept still.

Federal Republic of Germany. The epicentral area of the shock is situated in
Baden-Württemberg. The pleistoseismal area is Charaeterized by an epicentral
intensity of 7—8, restricted t0 two suburbs Onstmettingen and Tailfingen of
Albstadt (Fig. 2). The most damage in these areas was situated above the focal
line of a unilateral fracture running from the hypocenter towards the South.
The macroseismic ‘islands’, North and Northeast of Stuttgart correspond t0
communities with many tall buildings in the industrialized environs of the
capital of Baden-Württemberg (Fig. l). The greater part of Baden—Württemberg,
outside of the epicentral area, felt an intensity of 4—5, In Bavaria the shock
was felt with intensities between 3 and 5. Reports eame from 70 localities.
N0 observations were available from the eentral and the northern parts of
the Federal Republic of Germany and, therefore, the isoseismal for intensity
4 was extrapolated by a dotted line.

France. The intensities Observed in the French regions of Alsace, Vosges, Lor-
raine and N.E. of Franehe-Comte ranged from 2 t0 6; an intensity 6 was
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observed in a small area south of the City of Colmar (with regard to the small
size of this area, this isoseismal is not marked in Fig. l). Altogether 400 reports
were obtained. The macroseismie field in France extended to some 30,000 km2.
The shock was also felt by most participants of the European Seismologioal
Commission in Strasbourg.

German Democratic Republic. For collection of the macroseismic observations
in the German Democratio Republic a questionnaire-inquiry was carried out.
From 54 towns or Villages detailed reports were obtained while from 93 localities
no replies were recieved. Most localities observed an intensity 4, smaller inten-
sities were observed rarely, because the shock occurred early in the morning
and small intensities as a rule do not wake people. Intensities of 4 were observed
in the southwestern part of the German Democratic Republic, in the western
part of Thuringia and to the north as far as to the line Mühlhausen-Erfurt-
Weimar-Jena-Gera. South of the line Gera-Suhl and in Southeastern Thuringia
the shock was not felt. This laCk of perceptions is well verified. Some further
reports of intensity 4 were obtained from the Vogtland.

Switzerland. 600 reports from 320 Villages all over the country were evaluated.
Aceording to these data, the earthquake was strongly felt in the northern,
central and southern part of Switzerland. On the other hand, it was not felt
in the west, such as in the Jura Mountains and in the Lake Geneva area.
The strongest effects were observed in north-eastern Switzerland along the bor-
derline to the Federal Republic of Germany particularly in the Lake of Con-
stance area and Kanton Schaffhausen.

In this region maximum intensity was 6 and many reports contained descrip-
tions of moving objects and displaced furniture. In the Kanton of Zürich and
Schaffhausen more than 100 cases of slight damage (mainly cracked walls),
were reported to the insurance companies. But not more than 20% of these
craCks could be proved of recent nature. In many descriptions, the duration
of the strong shaking was estimated between 5 and 30 s. A significant number
of people indenpendently reported earthquake—generated noise, comparable to
‘trucks passing by’. In general the earthquake was felt more as a ‘rocking
or rolling’ movement with relatively low frequency, and was especially marked
in high-rise buildings. This caused some problems in using the MSK—64 scale,
since the observations had to be corrected subjeetively in intensity by a certain
factor.

3. Remarks

On the basis of the observations described in paragraph 2 the isoseismal map
in Fig. l was compiled. From this map follows:

l. For the macroseismic determination of the focal depth, the mean radii
of isoseismals were calculated using the surfaces encircled by the isoseismals.
The results are as follows: r7:20 km, r6:4l km, r5:l35 km, r4=230 km
and r3zca. 330 km. Using the formulae of Kövesligethy and Blake with the
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parameters k:3,4 and 0:20,001 (Prochazkovä, 1979) a focal depth of
about 10 km, was determined. This value is of the same order of magnitude
as the value given by CSEM.

2. A comparison with the effects caused by the famous 1911 earthquake
(Hiller, 1960, Prochazkova and Karnik, 1978) in the same area shows, that
the intensities outside Of the epicentral area for the 1978 earthquake were half
t0 one degree lower than in 1911.

3. On the isoseismal map (Fig. 1) the islands of greater intensity may be
caused by differences in the local geological foundations. For example the 01d
shields, t0 which the Bohemian Massif belongs, are Charaeterized by small
absorption of seismic energy (e.g.‚ a great distance between isoseismals is
observed, Prochazkova, 1979). In Thuringia the course of the isoseismals shows
a conspicuous form. The zone without macroseismic observations in southeas-
tern Thuringia corresponds well with an area of Paleozoic basement, while
north of the 1ine Gera-Suhl on a Mesozoic foundation the shock was felt with
an intensity 4. This zone in southeastern Thuringia where .no effects were observed,
was reported previously in macroseismic investigations of 0ther Swabian Jura
earthquakes and so seems t0 be a typical effect in the case of these earthquakes.
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Approximate Diffraction Theory for Transparent
Half-Planes With Application
t0 Seismic-Wave Diffraction at Coal Seams

J. Fertig" and G. Müller **

Geophysical Institute, University of Karlsruhe, Hertzstr. 16, D-7500 Karlsruhe,
Federal Republic of Germany

Abstract. Starting With the exaot theory of diffraction of plane SH or plane
acoustic P waves at an opaque half-plane, i.e., a rigid screen or a crack, an
approximate theory is given for diffraction at a transparent half-plane, realized,
e.g., by a thin layer in a homogeneous medium. The results are extended for
linesource excitation. The diffraction formula is similar to formulas based on
Kirchhoff diffraction theory, but it includes both a term related to the
reflected wavefield and a term related to the direot plus transmitted field.
Moreover, use is made of the reciprocity principle. A comparison With finite-
difference calculations for SH waves ShOWS that the approximate theory has
a rather broad range of applicability. Results of calculations are presented
which are related to wave—propagation problems encountered in seismic
prospecting for coal: the reflections and diffractions generated by a sequence
of coal seams with an offset along a fault are calculated, and the diffractions
produced by a realistic vertical offset of a horizontal seam are studied in
some detail.

Key words: Diffraction theory — Theoretical seismograms — Seismic prospect-
ing for coal.

Introduction

The seismic reflection response of coal-seam sequences normally has a com-
plicated pattern. The three main reasons for this are: (1) the seams are often
Closely grouped such that individual seams cannot be resolved even With high
frequencies, (2) wave oonversion upon oblique incidence of the wave from the
source can produce strong additional reflections, (3) seam offsets due to faults

* Present address: Preussag AG, Erdöl und Erdgas, Arndtstr. 1, D-3000 Hannover, Federal
Republic of Germany
** Present address: Institute of Meteorology and Geophysics, University of Frankfurt, Feldbergstr.
47, D-6000 Frankfurt, Federal Republic of Germany
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cause diffractions and offsets in the reflections. We have investigated the first
two effects in an earlier paper (Fertig and Müller, 1978) with the aid of the
reflectivity method and assumed for these purposes horizontally layered seam
sequences without offsets. In the present paper we are mainly interested in the
effects produced by the interruption and termination of seams due to faulting,
and we present an approximate method for the calculation of theoretical
seismograms in such cases. Such theoretical seismograms can help to clarify the
circumstances under which coal-seam offsets can be detected by seismic
measurements.

Our model of the subsurface is two-dimensional, the source of waves is a line
source, and we consider only the SH—wave and the acoustic P-wave case. This is
a restriction to the simplest conditions of wave propagation which, nevertheless,
are of practical importance; for instance, SH-waves may well becorne a more
routinely used tool in seismic exploration because of their greater simplicity and
resolving power, compared with P-waves. The seams are assumed to be thin
plane layers of finite width, located horizontally or non-horizontally in an
otherwise homogeneous medium (Fig. 1). The plane-wave reflection and trans-
mission response of an individual seam is calculated with the refleotivity rnethod
and corrected by the geometrical-spreading factor of cylindrical waves. Multiples
between the seams are disregarded; calculations for horizontal seam sequences
with the refiectivity method, which yield also these multiples, show that this
neglection is often permitted, inspite of the large reflection coefficients of coal
seams. The diffractions from the seam ends are calculated with an approximate
theory which is an extension of the exact theory of diffraction of plane SH-waves
at an opaque half-plane. This approximate diffraction theory is described in the
first part of the paper, and its results for a special case are compared with the
results of finite-difference calculations.

Later in this paper we present a few examples of theoretical seismogram
sections. The computations illustrate the reflection and diffraction of P waves at
a single seam, and at a sequence of dipping seams which are separated into two
blocks by a fault. Finally, we investigate the reflection, transmission and
diffraction of P and SH waves at a realistic vertical Offset of a horizontal seam.
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Approximate Diffraction Theory for a Transparent Half-Plane

Plane-Wave Excitation. Our starting point is the exaet theory of diffraction of a
plane SH wave with unit-step function time behavior at an opaque half-plane
(either a rigid screen or a erack)‚ as given‚ e.g.‚ by Pao and Mow (1973, pp. 572—
586). In a first step, we introduce into their formulas (5.15) for a rigid screen and
(5.22) for a erack the diffraction angles oc and ‚B with respect t0 the Shadow
boundaries in reflection and transmission (see Fig. 2). Then, we observe that Pao
and Mow’s formulas give the total displacement field for distances R from the
edge of the half-plane less than or equal t0 ct, where c is the S-wave velocity of
the medium and t the time relative t0 the arrival of the incident plane wave at
the edge. In order t0 obtain the diffracted displacement field alone we have t0
subtract the direct wave for receivers with oc >0 and ß >0, and the direct plus the
reflected wave for receivers with oc<0 and ß >0. The result is:

1

(0) 1 2R c 2R c R
lI’diff : — r arctan — arctan H (t — —) (1)

7:
sin g sin —ß—

2 2

The coefficient r is —1 for a rigid screen and +1 for a crack, and H (t) is the
unit-step function.

The first term in (1) dominates close t0 the Shadow boundary in reflection,
where it is discontinuous and jumps from rH(t—R/c)/2 for oc>0 t0 —rH(t
—R/c)/2 for oc<0. If for oc<0 the reflection rH(t—R/c) is superposed, the total
wave field is continuous at the Shadow boundary in reflection, as it should be.
Similarly, the second term in (1) dominates close t0 the Shadow boundary in
transmission (‚820). Its discontinuity is removed by adding, for ß >0, the direct
wave.

The generalization of the first term of (1) for a transparent half-plane is
straightforward, if one considers the fact that r in (1) is just the plane-wave
reflection coefficient of the half-plane. As in usual Kirchhoff diffraction theory,
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one obtains a convolution of the plane-wave reflection response r(t) of the half-
plane [or more precisely of its derivative r’(t)] with a diffraction Operator which
here is the first arc tan function in (1). The second term in (1) has t0 be
interpreted as the contribution t0 diffraction from the direct wave. In order t0
generalize this term for a transparent half-plane we have t0 include additionally
a contribution from the transmitted wave on the underside of the half-plane. If
the direct wave is d(t) [not necessarily equal t0 H (t)] and the plane-wave
transmission response of the half-plane b(t)‚ we arrive at the convolution of the
difference b’(t)—d’(t) and the second arc tan function in (1). The total diffraction
lS

1[zur—912
rar—12)]?

2

Sin ä
2

l R'Pcfilf}: r’(t) * —— H (t ——) arctan7: c

+ [b’(t) —d’(t)] * ’71; H (t —ä) arctan

This formula has the disadvantage that it does not satisfy the reciprocity principle
which in the present case requires unchanged displacements, when (Fig. 2) the
receiver is shifted t0 P’ and the ray of the incident plane wave passes through P.
In an ad-hoc procedure we enforce reciprocity by averaging the two diffractions;
this step, of course, needs justification which will be given later. Averaging the
diffractions is equivalent t0 averaging the plane-wave reflection and trans—
mission responses, since the diffraction Operators are the same. If we define

7(t)[l)(t)] zarithmetic mean of the half-plane reflection (transmission) responses
t0 a plane wave d(t) with angle of incidence go’ and (p, respectively
(see Fig. 2),

we obtain the final diffraction formula for plane-wave excitation:

läl-älf9192) :F'(t) * l H (t —5) arctandlff
7C C

sing

_C_ _5 ä
+ [E’(t)—d’(t)] *äH (t—ä) arctan [2R 1156)] (2)

Discussion of Formula (2). For an opaque half-plane and the direct wave d(t)
:H(t)‚ we have ?(t)= iH(t) and b(t)=0‚ and (2) reduces t0 (1). Moreover, dlff}
satisfies all continuity requirements of the total field at the wavefront of the
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Fig. 3. Wave fronts für reflection, transmission and diffraction of a plane SH wave at a transparent
half-plane, The total displacement in six different domains is indicated. For details see text

diffraction and at the shadow boundaries. In order t0 Show this, we consider the
wavefront picture for a fixed time in Fig. 3; it is subdivided into six different
domains in each of which the total displacement field is indicated. The displace—
ments at the wavefront of the diffraction are continuous, since 915,5% starts from
zero at t=R/c. The continuity of the displacements at the shadow boundaries
0K and OL will now be demonstrated in the case of OK. The first term of (2) is
continuous across OK. The second term in domain © Close t0 OK (i.e.‚ für
small negative ß) is

[E’(t)—d'(t)]*%H(t—R%)—Eiz— %b(t—5)+% d(t—3:),

and in domain GB, also close t0 OK, it is

[B’(t)—d’(1)] *i—H (1—5); äb (1—?) —äd (1—5).88

The total field in © close to OK is (addition of the transmitted wave)

R R
äb (t——) +äd (1——) +first term of (2),c c

and in (CD, also close t0 OK, it is (addition of the direct wave)

R Räb (1—?) +äd (1—?) +first term 0f(2),
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i.e.‚ the total field is continuous across OK. Similar results hold for the shadow
boundary OL.

A limitation of the simple diffraetion formula (2) is that 'Pd‘izf} for transparent
half-planes does not satisfy the boundary conditions at points on the half-plane
between O and M (Fig. 3). There is no direet way to determine the degree of
disagreement, since in the framework of the simple theory presented only the
plane-wave reflection and transmission responses of the half-plane are needed;
the field inside the half—plane does not enter. All that can be done is to test (2)
against exact results, ealculated, e.g., with finite-difference methods. This will be
discussed later.

In geophysieal applieations of (2) the transparent half-plane will be a
homogeneous layer (e.g., a coal seam) or even a layer with internal layering. It is
clear that (2) can only be used, if the dominant wavelength is at least several
times the layer thickness. Furthermore, the S velooity in the layer should be less
than in the surrounding medium, sinee otherwise refraction along the layer
would occur and diffraction at the edge would start before the direct wave
arrives there. Probably this eontribution is small, but a more detailed in-
vestigation is neeessary before one can conelude that (2) is a useful approxima-
tion also in the case of a high-Velocity layer.

Line-Source Excitation. In a final step we derive from (2) the diffraeted field due
to exeitation by a line souree whose distance from the diffraeting edge is R’. The
ineident wave at the edge is assumed to be

1 R’‘P. =—1d t—— ‚ 3lnc
R15

( C) ( )

ie.‚ the line souree radiates isotropieally, beginning at t=0‚ and geometrical
spreading is that for eylindrieal waves. The corresponding formula for SPdiff
should satisfy the following plausible requirements [see (2) for reference]:

(a) The first term should be, for sufficiently small oc,

sign oc
2(R’+R)‘ MI—I)

i.e.‚ half the refleetion response at the shadow boundary (apart from the sign).
Likewise for small ß the second term should be

sign ß
————1 b t—t —d t—t .M4104 ( d) ( du

Here and in the following, td:(R’+R)/c is the arrival time of the diffraetion.
(b) For larger values of oc the first term of 'I’diff should be l/R’ä times the first

term of (2), ie
L
2C

m) 1 —R (t_t")]
R’ä * g H(t — td) arctan ——d—‚ (4)

sin —
2
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and similarly the second term of Y’diff for larger ‚B should be

E’(t) ——d’(t) 1 [5% (t —
E0]?

R’ä ‚k;
H(t—td) arctan ————. (5)

sin —
2

The following form of ‘Pdiff satisfies these requirements:

7m 1
H(t t ) rctan (t—td)]. 2—-* — —dlff

(R’ +R)% 7: d a ’

)%

. oc
Sln —

R’ +R 2

C . ä_ — (t— w]b’(t) — d’(t) 1 2R

The first of the above conditions is fulfilled, since for small oc or ‚ß the additional
term in the argument of the arc tan functions, [R’/(R’+R)]%‚ does not Change
the step-function behavior of the diffraction Operators. The second condition is
approximately satisfied, since for larger oc and ß the arc tan functions in (4), (5)
and (6) can be expanded into Taylor series with restriction to the first term. In
this approximation, which aotually is a high-frequency or wavefront approxima-
tion, (4) and the first term of (6) agree, and likewise (5) and the second term.

Formula (6) was derived for SH waves, and 'Ifiiff is the out-of-plane displace-
ment of the diffracted wave. This formula can also be used for acoustic P waves.
In this case 'Pinc in (3) or ‘I’diff in (6) can be either the displacement potential, the
pressure or the displacement along the ray, and 7(t) and 5(t) are the averaged
compressional reflection and transmission responses. In the applications, given
later in this paper, mainly the acoustic case is treated. Formula (6) can, in
principlo, also be applied in the case of P—SV waves in solid media; a few
corresponding remarks are made at the end of this paper.

The treatment of diffraction at a half-plane with Kirchhoff diffraction theory
(Berryhill, 1977; Trorey, 1977) so far has given results similar to the first term in
(6). No contribution similar to the second term has been found. The reason is
that only backward diffraction was of interest and hence only the reflected field
at the topside of the half-plane: was continued upwards by Kirchhoff s formula.
Howover, depending on the parameter contrasts botween the half-plane and the
surrounding medium and henoe on the difference between the direct wave d(t)
and the averaged transmission response EU), the seoond term in (6) which
dominates the forward diffraction can also be of importance for backward
diffraotion. Another difference to Kirchhoff diffraotion theory is the incorpo-
ration of reciprocity in (6) which gives a considerably broader range of applica-
bility, as will be seen later.
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Comparison of the Approximate Diffraction Theory
With Finite-Difference Calculations

T0 test formula (6) we computed synthetic seismograms, both with (6) and with
a finite-difference method, for vertical incidence of an SH wave 0n a transparent
half-plane which is represented by a thin homogeneous layer.

Plane-Wave Response of a Homogeneous Layer. In the following we summarize
the formulas which describe the reflection and transmission of a plane wave d(t)
by a homogeneous layer of infinite extent in all directions, embedded in a
full-space. Besides the SH-wave case we consider also the acoustic P-wave case.
The full-space is characterized by the P velocity a1, the S velocity ßl and the
density pl. The corresponding parameters of the layer are a2, ßz and ‚02; its
thickness is h. The plane-wave reflection and transmission eoefficients, rss or rpp
and bss or 19W, for monochromatic waves of Circular frequency a) are (j
:imaginary unit):

SH waves Acoustic P waves

r0(1—E) r0(1—E)
55 : 1 2 pp : 2 (7)

1 —— „2 l—r2
55:1 20 „‚= 2° <8)—%E l—mE

l
E=exp (—2jco—l 00s cpz)

v
v zß2 v =oc2

_P1ß1COSCP1—P2ßzcosmz _‚020‘2 COS‘Pr—P10‘1COSW2
ro — 0 — (9)‚01ß1COS(/)1+P2‚ß2 005992 92052 COSQ1+P1CX1COSCP2

(pl is the angle of incidence, and cp2 the angle of refraetion in the layer, related t0
(p1 by Snell’s law. ro is the plane-wave refleetion eoefficient of the upper
boundary of the layer.

The reflection and transmission responses of the layer, r(t) and b(t)‚ Which
are needed in the diffraction f0rmula(6)‚ follow from (7) and (8) by multiplication
with the spectrum of the incident wave d(t) and by an inverse Fourier transform;
both the angle 90’ and (p, defined in Fig. 2, enters as the angle of incidence.

For wavelengths much longer than the layer thickness h the following low-
frequency approximations are useful [they are obtained from (7) and (8) by
power-series expansions in w]:

FOT ‚t: tr<> Hädo
rät ‚b(t)—d(t)= ——5 d (t): —r0r(t) > (10)

2h

v
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The error of these approximations is less than 10 %‚ if the wavelength in the
layer is greater than 15 t0 20 times h.

With these results the diffraction for line-source exeitation is readily obtained
from (6). T0 obtain the eomplete wavefield we have t0 add the direet, reflected
or transmitted wave, depending on where the receiver is located. These contri-
butions are L‘ä times d(t—L/c), r(t—L/c) or b(t—L/c)‚ where L is the length of
the wavepath from the line souree t0 the receiver and c is either ocl or ß 1. r(t)
and b(t) are determined for the corresponding angle of ineidenee which normally
is different from the angles cp’ and g).

F inite-Difl’erence Method. When finite-difference methods are applied t0 the
wave propagation in heterogeneous media, one has the ehoice t0 use either the
equation of motion for homogeneous media, combined with a formulation of the
boundary eonditions at the boundaries between different homogeneous parts of
the medium, or t0 use the equation of motion for heterogeneous media. We
ehose the second method (Kelly et al.‚ 1976), mainly because it allows also the
modelling of eomplicated structures. The two-dimensional equation of motion
for SH waves in this case and for spatially eonstant density is

Özv Ö zöv Ö 28v__—__ — —— — . 1ÖIZ Öx('ß Öx)+Öz(ß Öz) (1)
Here, x and z are the two spatial coordinates, v(x‚ z, t) is the out-of-plane
displacement, and ‚ß(x, z) the S velocity. The density was kept eonstant in order
t0 save computer storage and time; including an inhomogeneous density distri-
bution into (11) would pose n0 problems.

In the finite-difference approximation of (11) we use standard eentral differ-
enees. If the tirne step is AI and the grid spaeings are Ax and A2, and if 024,14 and
ßKL are the discrete approximations of v(KAx‚ LAZ, MAI) and ß(KAx‚ LAZ),
we obtain:

Özv 1
öt2 —A t2

1
Öx'äÖ—(ßz 5:):-2—Äf [(ßä+1‚L+ß12(‚L)(v?(4+l,L—U%L)

—(ß12<‚L+ß1?2—1,L)(UJK4‚L—ÜlKl—1,L)]

2 1 M
Özö—Ö(ß 8:):241—22 [(ßK, L+1 +ßK, L)(ÜK‚ L+1—UK‚L)

—(ßiK,L+ßK,L—1)(UKM,L—UKM,L—1)]

Then (11) yields for A2:Ax:

(ML 2ÜKL+ÜM 1)

M+1___ M— 1
UK‚L 2ÜK,”L

02K,LAt
+(A—xz) [ßE(vK+1,L —UII‘(/I,L)_ %V(UII‘(II,L—UII‘(/I—1‚L)

+ßS(vKM,L+1_UKAäL)—ß1%l(vll‘(/I‚L_U%‚L—1)] (12)

ß12(+1‚L+ßIZ(‚L) ßizv:%(ß12<,L+ßIZ<—1‚L)

ß12(‚L+1+ß12(,L) ‚812V:%(ß12(‚L+ß172‚L—1)

ßE
ßs=

L
2

_L
2

(
(
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Fig.4a and b. Reflection and diffraction of plane, vertically/travelling SH waves at a transparent
half-plane: a analytical calculation; b finite-difference calculation
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T0 keep the explicit scheme (12) stable we use the relation At=Ax/(‚ßmaxfl)
between the time step and the grid spacing, where ßmax is the maximum S
velocity of the model (B00re, 1972). Grid dispersion is reduced by Choosing Ax
equal t0 about 1/12 of the dominant wavelength in those parts of the model with
the minimum S velocity‚ ßmin.

The scheme (12) is supplemented by prescribed displacements at the source,
by the boundary condition of vanishing stress at the boundaries of the reet-
angular model, and by initial conditions corresponding t0 vanishing displace-
ments and particle velocities for [20.

First-order discontinuities parallel t0 the x or z aXis are modelled by a jump
in ‚ß over one grid spacing and are thus located approximately in the middle
between two neighbouring grid lines. In our numerical study of the reflection
and diffraction of SH waves at a thin layer the layer velocity is assigned t0 two
grid lines. Hence, if we want t0 calculate the response of a layer of thickness h,
Ax is approximately h/Z, and this Value is used in our calculations. This is an
approximation which can be wrong perhaps by 10 t0 20 %; only within these
limits the finite-difference seismograms can be considered as exact and thus as a
reference for analytically calculated seismograms.

Results. The model and the reeeiver geometry are illustrated in Fig. 4. A
vertically travelling plane SH wave leaves the receiver level at t=0 and is
reflected and diffracted at a thin layer with thickness h, velocity ß2 :0.5 ßl and
density p 2 : pl. For the analytical calculation (Fig. 4a) formula (6) is used with a
line source at large distance R’ vertically above the diffracting edge, and
corresponding time shifts and amplitude corrections are applied. The input
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Fig. 5. Peak-to-peak amplitudes of the reflection and diffraction as a function of distance for the case
shown in Fig. 4

Signal has a simple bell-shaped form and unit maximum amplitude (see arrival I
in Fig. 4b). The pulse duration corresponds t0 a length in the medium surround—
ing the layer of abo’ut 13 h and therefore is much larger than h. The distribution
of reeeivers is symmetric with respect t0 the shadow boundary in refleetion at x
—-—0. T0 the left of the shadow boundary one observes the refleetion and the
diffraction, t0 the right we have the diffraetion alone. The finite-difference
seismograms (Fig. 4b) display also the direct wave and the first multiple between
the layer and the free surfaee, ineluding the corresponding diffraction; the pulse
forms of all three arrivals in Fig. 4b demonstrate nicely the differentiating effect
of the reflection at thin layers. In the analytical calculation the receivers are
assumed within the medium, whereas in the finite-difference caleulation they are
at the free surface which doubles the amplitudes of the reflections and diffrac-
tions. T0 correet for this difference the finite-difference seismograms were
multiplied by 0.5. Hence, the reflections and diffractions in Fig. 4a and b
are direetly comparable.

The overall agreement of the pulse forms and amplitudes in this figure is
quite good even t0 the largest distanees x, i.e., t0 diffraction angles oc up t0 67°.
A quantitative comparison of peak-to-peak amplitudes is given in Fig. 5. Taking
into account the remarks made before on the accuracy of the finite-difference
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ealculations, we conclude that the approximate diffraction formula (6) has a
broad range of applicability and that the inclusion of reciprocity is a definite
improvement. The limits of this formula are, however, reached when for fixed
source position, i.e., for fixed angle of incidence go’ at the diffracting edge, and für
variable reeeiver p05iti0n, i.e.‚ for variable angle (o, the averaged refleetion
response fit) of the half—plane becomes zero or even changes its sign. [This
cannot occur with the averaged transmission reSponse 790).] If the half-plane is a
homogeneous layer whose P- and S-wave impedances are less than those of the
surrnunding medium, this can only happen in the case of SH waves. Here, the
refleetion coefficient 1-0 in (9) changes its sign at the Brewster angle, and
aecording t0 (7) or (10) 1*Ü determines the sign of the reflection response of the
layer. The Brewster angle is

(p ms... (pfß‘l—päßi'ßäB pfß‘ä—päßä
In cases ef practieal interest, (p' is normally less than (p 3- If then q) increases and
exeeeds goB, fit) will eventually drop t0 zero and ehange its sign. This trend is
evident in Fig. 5 at the largest distances. Therefore, as a rule‚(‚o should not exeeed
(pB. N0 such basic limitation exists for acoustic P waves, sinee here rü has the
same (negative) sign for all angles of incidenee.

ä
) (263° in our example).
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Fig. 7. a Acoustic diffraction response (vertical component) for the one-layer model of Fig. 6a. b The
same as (a), but with the reflection response included

Applications

The first (purely synthetic) example is the diffraction and refleotion response of a
horizontal layer of finite width, excited by acoustic P waves from an explosive
line source. The dimensions of the model, its parameters and the source and
receiver geometry are given in Fig.6a‚ and the seismograms for the vertical
component in Fig. 7. The souroe pulse is one sine osoillation with smooth
beginning and end. The dominant frequency is 2.5 Hz, corresponding to a ratio
of wavelength (in the layer) to layer thickness of 240, i.e.‚ the reflection from the
layer is very well desoribed by r(t) in (10). Fig. 7a ShOWS the two diffractions
from the edges of the layer alone. The diffraction from the left edge is clearly
Visible, and, as expected, it Changes its sign at the shadow boundary in refleotion
whioh is located at a horizontal distance of 2.0 km. The diffraction from tho
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right edge is rather weak, and its shadow boundary is beyond the profile section
shown. Superposition of the reflection from the layer at distances greater than
2.0 km (Fig. 7b) makes the diffracted-reflected arrival continuous at the shadow
boundary.

The model of the second example consists of 20 coal seams, each 1 In thick,
which are Offset by a fault (Fig.6b). Such a model has been investigated by
Dresen and Ullrich (1978) and Kerner (1978) with methods of model seismology.
The dominant frequency is about 66 Hz, and the ratio of dominant wavelength
t0 seam thickness is 43. The theoretical seismograms (Fig. 8) were again calculat-
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0.0 0.1 0.2 0.3 0.1.. 0.5 0.6 0.7 0.8 0.9 1.0 1.1

RKKMJ
FAULTED SEAMS

Fig. 8. a Acoustic reflection response (vertical component) for the mode] of faulted seams shown in
Fig.6b. b The same a5 (a), but with the diffractions from the seam ends at the fault included
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Fig. 9. Coal-seam model with an offset and two receiver profiles. For the upper profile the reflection
and diffraction response is calculated (Figs. 10 and 12a), and for the lower profile the transmission
and diffraction response (Figs. 11 and 12b). The density ratio is pZ/p1=0.5. The line source is
located 3 km above the Offset, i.e., the incident wave is effectively plane
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Fig. 10a and b. Acoustic reflection and diffractiön response of the model in Fig.9: a vertical
component, b horizontal component. The amplitude scales in both sections are the same
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Fig. lla and b. Acoustie transmission and diffraction response of the model in Fig.9: a vertical
component, b horizontal component. The amplitude scales in both sections are the same

ed for the acoustic case and the vertical component. Only primary reflections
frorn the seams and primary diffractions from the seam ends were taken into
account, and transmission effeets at the seams were neglected. These approxi-
mations are justified for many cases of practical interest. In Fig.8a the re-
flections are shown alone. They form a complicated interference pattern, consist-
ing mainly of three wavegroups. The fault is very clear in this seismogram
section. Including the diffractions from the seam ends at the fault masks the
fault considerably (Fig. 8b), mainly'because the reflections from the right block
of seams are now weakened by the corresponding diffractions and do not stand
out clearly against the diffractions from the left block which arrive earlier.

The last example deals with a realistic offset of a coal seam and the
corresponding diffraction effects in the forward and backward direction for a
source above the offset (Fig. 9). The Situation would roughly correspond to an
excitation of waves at the earth’s surface and observations in tunnels close to the
seam. Both the acoustic P wave case and the SH wave case have been treated
for a source Signal with a dominant frequency of 100Hz (Figs.10—12). As
expected, the seam offset is most clearly seen in the reflected wave where it
produces a time offset; this offset is larger for SH than for P waves because the S
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response (b) of the model in Fig. 9. The amplitude scales in both sections are the same

velocity is lower than the P velocity. Since in practioe time offsets oan also be
generated by velocity heterogeneities along the whole wavepath and since they
are not always eliminated by statio corrections, it is reasonable to explore
whether diffractions can be used, alone or additionally, to looalize seam offsets.
The seismograms for the horizontal component in the acoustic case (Figs. 10b
and 11b) show that, indeed, diffractions may be prominent arrivals. Their
prominenoo over the reflection or transmission in our example is due to the
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Iurgc disluncc of lhc sourcc uhovc lhc scum which givcs prcdominunlly vcrticul
polurizution ol' thc rcflcclion und lrunsmission. Such conditions would prohuhly
ulso huvc l0 cxist in pruclicul cuscs, hul lhcn horizontalI-componcnt rccordings
ol' P wuvcs could ucluully hclp in idC|1tifyi|1g scum ol'l‘scts. Scum dcplhs lcss lhun
lhc 3 km ussumcd in nur cxumplc would rcquirc rcccivcr prol‘ilcs, which urc
un‘rcspondingly shortcr und closcr 10 lhc scum lhun in Fig. 9, und fi'cqucncics in
cxccss ol‘ l()() Hz.

Thc uppliculions ol‘ nur computulionul mclhod l'or lhcm'clicul scismogrums
show lhut i1 ullows lhc modclIing ol‘ subsurl‘ucc slruclurcs lypicul for coul
dcposils; modcls morc complicutcd lhun lhc onc in l’ig. 6b cun cusily bc Ircutcd.
lixlcnsions ol' nur mclhod which huvc nol ycl bccn uccon'mlishcd urc lhc P-i—‘SV
cusc und thc inclusion ol‘ u luycrcd ovcrburdcn on lop ol‘ lhc mcdium with lhc
scums.

(Tonclusions

"I‘hc rcusnn Ihr lhc rclutivcly bmud rungc ol‘ dil‘l‘ruclion unglcs l‘or which Ibrmulu
(6) is u good ilppl'OXimilÜOH is lhul lhc rccipmcity principlc hus hccn in—
cm'pm'ulcd, bul il wus shnwn lhul I'nr Iurgc dilTruclion unglcs (6) is no longcr
upplicuhlc l0 SH wuvcs. Similur I'cslriclinns could cxisl l‘m' olhcr wuvc lypcs,
ullhnugh nol rclulcd 10 lhc Bl'cwslcr ung|c. T0 l'ind oul whcrc l'ormulu ((v) rcully
hrcuks down is u mullcr ol’ l'urlhcr invcsligutinns und rcquircs cvcnluully l‘inilc-
dil‘l‘crcncc culcululions ulso l‘or lhc ucouslic und lhc P “SV cusc.

'I‘hc mclhod Ihr compnlutinn ol’ lhcorclicul scisn‘mgrums prcscnlcd in lhis
pupcr, including holh dil‘l‘ructions und rcflcclcd wuvcs, ullows l‘usl culcululions 01'
lhc cluslic rcsponsc ol‘ rclutivcly compliculcd slruclurcs. 'l‘hcrcl'orc, il is possiblc
t0 simululc cl‘l‘cclivcly wilh lhis mcthod lhc shooting und rccording tcchniqucs
nl' scismic prospccling such us lhc cmnmon-dcplh-poinl lcchniquc. 'l‘hc result—
ing scisnmgrum scctions could lhcn hc subjcclcd l0 invcrsion proccdurcs such us
migrution, und thc lullcr would not just bc lhc invcrsc opcrulion ol‘ lhc
modelling mclhod. 'I'hus, migrulion und olhcr pmccdurcs could scriously hc
lcslcd.

Thc gcncrulizulinn nf lhc uppmxin'lulc difl‘ruclion lhcory I'or trunspurcnl
hulf—pluncs 10 P 7—-SV wuvcs in solid mcdiu is struighl-l'orwurd. 'I‘hc simplcsl cuscs
urc llmsc ol‘ incidcnl P wuvcs und P dil‘l'ructions und ol' incidcnl SV wuvcs und
SV dil‘l'ruclions. I‘ormulu (6) cun dircclly bc upplicd, und lhc uvcrugcd plunc-
wuvc rcflcclion und trunsmission rcsponscm i‘(l) und I>(I), urc lhnsc l'm' lhc P P
und lhc SV-SV cusc, rcspcclivcly. In lhc cusc ol‘ SV dil‘l'l‘uclions duc t0 incidcnt
P wuvcs (und similurly ol' P dil'l'ructinns duc In incidcnl SV wuvcs) lhc dil'l‘ruclinn
opcrulm's huvc l0 hc includcd in lhc uvcruging pmccss, und lhc gcomclricul
sprcuding I'uclors urc slighlly mm'c cmnpliculcd lhun lhc lcrm (R’+ R) 5 in (6).
'l‘hc lcrm nl' lhc uvcruging l'mmulu, which lukcs uccuunl ol' lhc P dil'l'ruclion
upon incidcncc nl‘un SV wuvc„ hus 10 hc scl cquul l0 zum I‘or unglcs ol' incidcncc
ul lhc cdgc ol‘ lhc hulllplunc grculcr lhun thc crilicul unglc urc sin (/fl/on),
sincc thcn nn plunc-wuvc rcflcclinn und lrunsmission rcsponsc cxisls.
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Seismic Investigations of the Subcrustal
Lithosphere Beneath Fennoscandia
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Geophysikalisches Institut, Universität Karlsruhe, Hertzstr. 16, D-7500 Karlsruhe, Federal Republic
of Germany

Abstract. A detailed P-Veloeity-depth model SCAl of the structure of the
subcrustal lithosphere beneath Scandinavia was derived using data from
an approximately 600-km-long seismic profile running across the northern
part of Scandinavia, the BLUE ROAD traverse. After examining the effect
of a laterally varying Moho on later arrivals it was possible t0 reconstruct
a P-velocity model containing five layers P1 t0 P5 of high velocity in the
depth range from 50 t0 100 km whieh appear t0 be embedded in material
of normal t0 low seismic P-Velocity. The amplitude ratios of these arrivals
were compared with those from synthetic seismograms derived from the
model.

These results were then used for a partial reinterpretation of Russian
nuclear explosion observations recorded at NORSAR. The King and Calcag-
nile (1976) model KCA of monotonously increasing velocities in the subcrus-
tal lithosphere produces significant diserepancies between observed and theo-
retical amplitudes which were found t0 be resolved by the insertion of the
BLUE ROAD model. In addition, evidence for a further low velocity zone
between 170.0 and 190.0 km depth was found.

Taking all findings into account the subcrustal lithosphere and upper
mantle beneath Fennoscandia seem t0 consist of alternating layers of low
and high seismic velocoty‚ their lateral extensions possibly not exceeding
100—160 km.

Key words: Lithosphere-Asthenosphere transition beneath Fennoscandia —
Deep seismic sounding — Synthetic seismograms — Amplitude ratios.
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Introduction

Existing models of the postglacial uplift of the Baltic Shield incorporate an
elastic layer superimposed over either a viscous half space (Cathles 1975) or
a thick viscous asthenosphere (Lliboutry 197l; Bott 1971). In order t0 obtain
a more thorough understanding of the dynamics responsible for the uplift a
more accurate description of the structure and physical prOperties of the litho-
Sphere and asthenosphere is required.

The seismic record sections used in the first part of this study were from
the ‘BLUE ROAD PROJECT 1972’‚ comprising an explosion seismic profile
which runs from the Norwegian coast near M0 i Rana over the Caledonides
3nd across the Gulf of Bothnia between Umeä and Vasa before continuing
for another 100 km into Finland (Hirschleber et a1. 1975; Vogel 1976) (Fig. 1).

Five shots were located so as t0 make possible a detailed survey of the
crustal structure along the profile (Hirschleber et a1. 1975). The two longest
record sections, SP 1 E (600 km) and SP 5 W (420 km) allow reversed coverage
of the subcrustal lithosphere t0 a depth of about 100 km and both contain
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clear first arrivals from the Moho. The data which has been filtered by a
band pass of 1—20 Hz supplies ample evidenee for a number of later arrivals.

The seeond part of this study constitutes a detailed examination of data
recorded at NORSAR in the years 1970 to 1974. These recordings were provided
by 14 nuclear explosions in the USSR within a distanee range of 11o S A
S 40°. ‚

Taking observational gaps into account, King and Calcagnile (1976)
constructed ar record section up t0 a distance of nearly 4,000 km. This was
done by constructing profiles over the entire NORSAR area for each of the
14 events in various parts of the USSR (Fig. 1). These profiles eover a distance
range between 1,250 and 4,295 km which enabled King and Calcagnile (1976)
to ealculate a P-Velocity model t0 a depth of approximately 1,000 km. The
resulting model, h0wever, contains n0 low veloeity zones. This faet is in contrast
t0 existing models of the postglacial uplift of Fennoseandia, eomprising Viscous
flow in the upper mantle which should indicate a region of low P-Velocity.

For a more detailed description of the preparation of data used in both
studies the reader is referred t0 Hirsehleber et al. (1975) and King and Caleagnile
(1976)

Interpretation of the Blue Road Data

For the interpretation the crustal structure derived by Hirsehleber et a1. (1975)
was used. The erustal models consist of two homogeneous layers with a veloeity
contrast of 6.18 t0 6.7 km/s at a depth of 18.6 km for SP 1 E and a velocity
contrast of 6.08 to 6.5 km/s at a depth of 12.8 km for SP 5 W. Sellevoll (1973)
has shown such a crustal model consisting of a granitie and a basaltie layer
separated by the Conrad discontinuity t0 be a good first approximation for
Scandinavia.

As can be seen in Figs. 2—4, first arrivals from 250 km onwards seem t0
undulate in a time interval of approximately 0.4 s. Using these arrivals Hirsch-
leber et a1. have applied a wave-front method (Meissner 1965) from which later-
ally varying Moho depths have been derived.

In order t0 show the effect of such an undulating Moho (Pn-Velocity 8.1 km/s)
on later arrivals, travel-times have been calculated using a ray tracing computer
program allowing for the propagation of body waves in laterally inhomogeneous
media with curved interfaces (Cerveny et al. 1974). During the course of this
study several additions have been made t0 the program in order to enhance
its efficiency (Cassell 1978). Not only are the undulating first arrivals reproduced
but so are ‘shadow zones’ in the distance interval of 350—400 km (Fig. 2).

Due t0 the relatively constant Moho depths from a distance of 420 km
onwards the undulating effect on arrivals later than P1 for SP 1 E is negligible,
as is the effect on all later arrivals for SP 5 W. The depths of the subcrustal
layers eorresponding to P1 and P2 in Fig. 2 have been derived by means of
a computer program developed by G. Müller which caleulates travel—times for
laterally homogeneous models (Figs. 3 and 4). In order t0 account for the
non-linear first arrivals for SP 1 E and SP 5 W averaging Pn travel-time branches
have been drawn through them. Although the amplitudes in the seismogram
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sections are not normalised, the relatively large—amplitude Moho refleetions
which should be near the inner cusp (Fig. 3) (Öerveny and Ravindra 1971)
suggest the introduction of a 6-km—thick transition zone for the Moho at DP 1 E.

The large number of later arrivals for SP 1 E, especially in the reeordings
of the Gulf of Bothnia stations, suggested the correlation of a maximum of
five nearly parallel travel-time branches with average velooity differences of
0.04 km/s (Fig. 3). These have been numbered P1 to P5. The possibility of
these being multiple reflections has been ruled out by the unsuceessful attempt
to reconstruct them by ray tracing and they could not be interpreted as sueh
using the orustal strueture as given by Hirschleber et a1. (1975).

Due to the low veloeity contrast between the subcrustal arrivals it was
neeessary to introduce low veloeity zones in order to move the critical points
to the small distances required. Owing to the sufficient velocity contrast between
Pn and P1, P1 would be the only travel-time branch which could possibly
be explained by a velocity increase beneath the Moho at a depth of 66.0 km
without an inversion zone. The small eritieal distances and relatively strong
amplitudes of the other arrivals make it neeessary to strengthen the velocity
contrasts at the interfaces by including low velocity layers (N7.7 km/s) between
them. In the case of P1 the travel-time data could not resolve the presence
of a first order discontinuity or a low veloeity zone. For this study, layer
P1 was taken to incorporate the same Characteristies for use in further caleula-
tions, i.e.‚ a thin layer embedded in low velocity material (Fig. 5). The average
thicknesses of the layers is 1.8 km, in any ease at least as large as a wavelength
at the depths in question. The transition zones underneath the layers were
introduced to reduce the effect of multiples in the computation of synthetie
seismograms. For SP 5 W (Fig. 4) it was only possible to detect two later arrivals,
P1 and P2 (Fig. 5). As explained earlier on for SP 1 E, arrival P1 for SP 5 W
could also be modeled by either using a velocity inerease at a depth of 66.0 km
without an inversion zone or a thin layer embedded in low velocity material.
In this case the latter model has again been used for reasons of consistency.
Ray traeing tests (Fig. 2) show that the lateral extensions of the reflecting layers
need not exceed 160 km.

The depths of layers P1 and P2 for SP 5 W eoincide roughly with those
of SP 1 E. In order to lessen the degree of non-uniqueness due to the inversion
of the data, amplitude ratios have been calculated. The amplitude ratios of
observed data and computed synthetic seismograms (Reflectivity method by
Fuchs and Müller 197l) have been compared in order to verify the agreement
between observation and theory (Fig. 6). For the computation of the synthetic
seismograms the dominant frequency of the souree signal was approximately
6.8 Hz, consisting of a roughly sinusoidal waveform with two extrema. This
frequency is the average frequency of wave groups in the observational data.
Since the uncertainty of the Charaeteristics of the true source signal must also
be taken into account a souroe Signal with four extrema was tried without
aehieving an improvement. The observational amplitudes were determined by
measuring the maximal amplitudes of wave groups directly behind arrivals.
The main problem however, was the determination of critical distances since
the non-normalised amplitudes made it impossible to distinguish between subcri-
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tical reflections and supercritical reflections. This was overcome by computing
synthetic seismograms for small variations of the models until the best amplitude
ratio correlations were found. T0 reduce the scatter of Observed amplitudes,
ratios of arrivals on the same seismogram were used. Figure 7 ShOWS the final
synthetic seismogram section and amplitude ratio fit for SP 5 W. Even with
ratios the amount of scatter is considerable but the solid line follows the trend
of the Observations.

We have made n0 attempt t0 study the effect of long-wavelength heterogen-
eities in the Earth’s crust on amplitude data. The short-wavelength scatter is
certainly due t0 near-surface heterogeneities and may also reflect heterogeneities
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Fig. 5. Proposed velocity-depth models for SP1 E and SP 5 W. Notations at the high velocity
layers correspond t0 those of the travel-time branches in Figs. 3 and 4. Dotted lines in the left
diagram specify deviations of the model which produce the dotted lines in Fig. 8. The Moho
was found to consist of a 6-km-thick transition zone for SP 1 E

within the subcrustal lithosphere. Velocity-depth models are t0 be seen in Fig. 5.
In Fig. 8 three possibilities for theoretical amplitude ratios for SP 1 E are shown.
The deviations were achieved by varying the velocity gradients at the tops
of the layers. The solid line in Fig. 8 is taken t0 be the best fit although
discrepancies still remain which could not be resolved by calculating for a
laterally homogeneous Earth. The corresponding model variation for the dotted
line in Fig. 8 is t0 be seen as a dotted line in model SP1 E in Fig. 5. The
dashed line in Fig. 8 is produced by an assumed decrease of the velocity gradient
on top of layer P1, not shown in Fig. 5. Since it was only possible t0 construct
models by using methods allowing for laterally homogeneous structures a better
fit for the amplitude ratios was not t0 be obtained.

At this point it should be emphasized that the detailed subcrustal structures
produced by the correlations of the travel-time curves‚ especially by P3 t0
P5 for SP 1 E are in any case not the only possibilities but have been taken
t0 be the most likely as evidence pointing to a complex subcrustal structure.
Small variations of the correlation would not distort the main features of the
model. A vertically homogeneous model of the upper mantle as suggested by
Hirschleber et a1. (1975) is not compatible with the observations. By using BLUE
ROAD data, Lund (1979) has derived similarly structured P-Velocity models
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of the subcrustal lithosphere. These were supplemented by an analysis of S-
waves.

Reinterpretation of the NORSAR Data

King and Calcagnile (1976) constructed record sections using NORSAR data
from l4 selected nuclear explosions in western Russia. The record sections
with lengths of 110 km, the diameter of the array, could be put together in
such a fashion as t0 obtain a total record section in a distance range 1,000 km
S A f5. 4,500 km (Fig. 9). The amplitude variability across the array could
partially be due t0 the effect of varying Moho depths (Berteussen 1975) and
three-dimensional velocity variations of the lithosphere (Aki et al. 1977).

By subtracting approximately 4 s from the travel—times for event nos. 3 and
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4 it was possible for King and Calcagnile t0 extrapolate continuous curves
through the strongest arrivals in the data, these incorporating two (T, A) triplica—
tions (KCA model). The discrepancies in the correlation become evident by
plotting the record sections at a reduced velocity of 10 km/s. These discrepancies
are possibly due t0 varying precision in the determination of event locations
and origin times. The azimuthal differences are probably also a contributing
factor. The gaps which are incurred by the nature of the data make it difficult
if not impossible to locate cusps with a reasonable degree of precision.

The KCA model consists of a relatively small positive velocity gradient
below the Moho to 420 km depth followed by a first order discontinuity over
a further positive velocity gradient leading to another first order diseontinuity
at 690 km depth.

Sinee there was no data available for the distance range necessary to draw
eonelusions on the nature of the Moho, an average depth of 40 km was ehosen.
Crustal effects were not considered in the caloulations sinee their influenee
upon the deep struetures of interest in this study is negligible. The data from
event 8 (Fig. 9) suggests a strong secondary onset, arriving about 1—2 s after
the first onset. This secondary arrival (solid line in Fig. 9, bottom), which
has not been taken into account by King and Calcagnile gives rise to the
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Table l. P-Velocity model of the subcrustal lithosphere beneath
Fennoscandia

Z (km) 0(2) (km/s) z (km) 0(2) (km/s)

0.0 6.40 86.5 7.70
40.0 6.40 87.5 8.30
40.0 8.10 89.0 8.30
50.0 8.10 90.5 7.65
50.0 7.90 95.0 7.65
57.0 7.90 97.0 8.32
58.0 8.22 100.0 8.32
60.5 8.22 170.0 8.40
61.5 7.75 170.0 7.90
69.0 7.75 190.0 7.90
71.0 8.24 190.0 8.45
72.5 8.24 200.0 8.45
74.0 7.70 200.0 8.59
77.0 7.70 420.0 8.66
78.8 8.26 420.0 9.27
80.5 8.26 550.0 9.88
82.0 7.70 690.0 10.38

construotion of a low velocity zone between 170.0 and 190.0 km depth (Fig. 10).
This is also in accordance with results published by Nolet (1977) who deduced
a velocity reversal between 150 and 230 km by means of a Rayleigh wave
dispersion analysis.

Although the travel-time curve produced by the relatively sharp structure
of the low velocity zone satisfios the data in Fig. 9 its exact dimensions are
not considered to be final.

The inferred low velocity zone might also explain the discontinuation of
the observed first arrival branches for events 5 (PA) and 7 in the oase that
the origin times of these ovents have been determined with suffioient precision
(Fig. 10).

After having caloulated synthetic seismograms for the KCA model it was
found that the amplitude ratios of first (PA) and secondary (PB) arrivals were
not at all in agreement with those of the observational data for event 5.

In an attempt to reduce the amplitudes of the first arrivals, the BLUE
ROAD model and the low velooity layer at 170 km depth were introduced
to the KCA model whioh resulted in our final model SCAl and which we
believe to be representative for Fennoscandia according to the presently available
data (Fig. 10, Table l).

This resulted in an essential improvement of the amplitude ratios (Fig. 11).
The incurred deviations from the KCA model travel-times are small as compared
to the preoision in the construction of the travel-time ourves themselves.

The source Signal for the synthetic oaloulations had a dominant frequency
of 2.0 Hz.
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Discussion

Other long range explosion seismic profiles have revealed the presence of relevant
structural features in the lower lithosphere beneath Fennoscandia.

Masse and Alexander (1974) compared the upper mantle structure of the
Canadian Shield with results of an interpretation of Russian nuclear explosion
data recorded at NORSAR; in part the same data as later used by King and
Calcagnile (1976). The Masse and Alexander model (MA) exhibits similar fea-
tures t0 the KCA model, although the former includes a low velocity zone
beneath the Moho.

Kulhanek and Brown (1974), using earthquake and explosion data recorded
by the Uppsala array, proposed veloeity depth models, including one with
a low velocity zone between 50 and 150 km depth.

Sacks et a1 (1977), by examining SP conversions of incident teleseismic S-
waves, found a velocity reversal at the lithosphere—asthenoSphere boundary at
a depth of 250 km. The data used in the present study provided n0 evidenee
t0 confirm their results.

The velocity-depth models shown in Fig. 5 give rise t0 a subcrustal litho—
sphere-asthenosphere consisting of alternating regions of low and high P—velo-
elty.

This study did not take into account S—wave data and it is quite likely
that the S-velocity-depth model would differ in detail. Howeven the complexities
of the P-veloeity structure require that the simple homogeneous model of a
suberustal lithosphere and asthenosphere as found by surfaee wave analysis
must be modified for geodynamical calculations.
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Using ray tracing methods (Cassell 1978) it has been shown that the minimum
lateral extensions of the reflectors P1 and P2 are approximately 100—160 km
which leads to the conelusion that they must not necessarily exeeed that amount
in order to produce the corresponding travel-time curves. A similar model
of the lower lithosphere has been presented by Fuchs and Schulz (1976) who
have investigated the penetration of tunnel waves through thin high-velocity
layers.

Oxburgh and Parmentier (1978) propose a process allowing for the generation
of continental lithosphere by diapiric accretion of low-density‚ depleted mantle
bodies. This eould lead to a plausible explanation of the alternating subcrustal
structure suggested in this study.

Fuchs (1977) argues that shear stresses may create preferred orientations
of olivine crystals which would cause maximum veloeity orientation.

Conclusions

Beneath the Moho (N815 km/s) which was found to consist of a 6—km-thiek
transition zone under the Caledonides and a first order discontinuity to the
east, the derived velocity-depth model pertaining to the BLUE ROAD data
shows the suberustal structure beneath Scandinavia to consist of a series of
alternating high and low velocity layers down to a depth of 100 km.

The presence of critical reflections from the high velocity 1ayers, which
are to be observed at near distances, requires the insertion of low velocity
zones of 7.9 to 7.65 km/s. Throughout the high velocity layers the P-wave
velocity increases with depth within the range of 8.22 to 8.38 km/s.

The reinterpretation of the NORSAR long-range data infers the existence
of an additional low velocity zone (N79 km/s) between 170.0 and 190.0 km
depth.

Furthermore, the new model SCAl of the upper mantle in Fennoscandia
assures an optimal agreement between the observed and theoretical travel-times
and amplitude ratios of first and secondary arrivals. Unfortunately the data
were insuffieient to provide information on the velocity-depth configuration
in the depth range of 100 km to 170 km. This raises the question as to whether
this depth range contains a continuation of the pattern of the above mentioned
alternating layers.

With the presently available data it has not been possible to detect a sharp
lithosphere-asthenosphere boundary. A homogeneous model does not agree with
the observations. The main conclusion, however, is that the suberustal litho-
sphere forms a region of clear vertical and possibly also horizontal variations
characterised by high and low velocity material.
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Northern Part of the Tonga Region:
A Complicated Subduction Closure

V. Hanus1 and J. Vanek2
1 Institute of Geology and Geotechnics
2 Geophysical Institute, Czechoslovak Academy of Sciences,
141 31 Praha 4-Sporilov, Boöni, 1401, Czechoslovakia

Abstract. A detailed investigation of the morphology of the Wadati-Benioff
zone based on the geometry of earthquake distribution allowed us to interpret
the deep structure of the northern part of the Tonga region as a result
of the complicated interplay of three different subduction systems (Tonga,
Lau, Horne) and two deep-seated fracture zones (Niuafo’ou, Peggy). The
Tonga system represents the active part of the recent subduction of the
Pacific p1ate, and the Lau and Horne systems are considered t0 be buried
paleoplates, activated by a deep collision with the Tonga system. The Niua-
fo’ou fracture zone forms the northern tectonic Closure of the active Tonga
subduction and is acting as a transform fault. The function of the Peggy
fracture zone might be similar, forming the northern Closure of the Lau
paleosubduetion. The active parts of both fracture zones reach a depth
of more than 400 km.

Key words: Seismicity — Plate tectonics — Tonga island arc — Deep transform
faults.

Introduction

The Tonga-Kermadec subduction seems t0 be one of the most impressive phe-
nomena that substantially influenced the development of the plate concept of
recent tectonic evolution of the Earth (Isacks et a1.‚ 1968). Although studied
by various seismological methods in considerable detail (Sykes, 1966; Oliver
and Isacks, 1967; Mitronovas et al., 1969; Sykes et a1.‚ 1969; Mitronovas and
Isacks, 1971; Barazangi et a1., 1972), the structure of this subduction zone ap-
pears t0 be much more complicated than these investigators have proposed,
especially in some areas of high intermediate and deep seismic activity (Hanus
and Vanäk, 1978a and b). In this connection, the northern part of the Tonga
region, with an interplay of three different subduction systems and two deep-
seated fracture zones, can be considered as the most eomplicated area of the
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386 V. Hanuä and J. Vanäk

was 17a 180 17a 176 174 172 170W
I’ I

Ö

I l | 12

D3 02 D1 ‚

l HIII‘ HORNE‘TIIIHIIT AFO'oupL. 14
.‚ __

IIIII IHIII IHII. F1 -
‘Q I _. ‘NIUAFO'OU _

‘ _—_
„

II ZEPHYR/ u F2. II
l 16

w_
_ 6‘ SHOAL o : NIUE

Zf: _m 75-? ' F32| HIIlII' RIDGE
h
ü .‘ III -1a

SEE F4
EUE
20:

l l :m:l " 205
Fig. l. Main structural elements and scheme of sections used for the study of the northern Closure
of the Tonga subduction zone. The Tonga-Kermadec trench is denoted by a dottea’ line, active
volcanoes by fuh’ zriangles, islands and submarine elevations associated with active volcanic chain
byq circies, cora] islands and reefs with associated submarine elevations by open circfes

Tonga-Kermadec island arc, and, at the same time, as the northern Closure
of the recent Tonga subduction. The aim of the present paper is t0 investigate
the detailed morphology of the Wadati-Benioff zone and t0 interpret the geome-
try of earthquake distribution in the area limited by l4°—19° S and 172° W480".

General Description

ISC data (Regional Catalogue of Earthquakes) for the seven years’
period 1967—1973 were used as basic materials for studying the morphology
of the Wadati-Benioff zone in the Tonga region. The ISC determinations, being
based on world—wide observations, are burdened by the smallest random and
systematic errors from all seismological data available. It appears that the accu-
racy given in the ISC bulletins is fealistic and fully sufficient for studying the
geometrical distribution of earthquakes in the regions of convergent plate mar-
gms.

The Tonga region was covered by a system of 22 sections approximately
perpendicular t0 the axis of the Tonga-Kermadec trenCh, the scheme of which
can be found in Hanuä and Vanäk (197821). An analysis of the complete Set
of vertical sections, Showing the depth distribution of earthquake foci in relation
t0 the distance from the trench, reveals that the complicated geometry of the
earthquake distribution cannot be interpreted by applying an elementary model
of subduction. Assuming that the subduction zones preserve their simple plate—
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like shape the earthquake foci in the Tonga region can be associated with
three interacting systems of subducted lithospheric plates: the recently subduct-
ing Tonga system T1 and T2 in the east, the remnant Lau system L1 and
L 2 in the west, and the remnant Horne system H in the north (Hanuä and
Vanäk, 19780).
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From the sequence of vertical' sections, four northern sections F1—F4 of
triangular shape are considered in the present paper. The position of these
sections together with the main structural elements of the northern part of
the Tonga region i5 given in Fig.1 the depth distribution Of earthquake foci
being shown111 Figs 2 and 3.

lt appears that the earthquake foci occurring in sections F1—F4 can be
co-ordinated t0 the recently active Tonga zone T 1, t0 the Lau paleoplate L 2,
and t0 the Horne system H. In addition, a group of shallow and intermediate
earthquakes, westwards of the 20110 T l, exists in section F1. Applying the princi-
ple of simple plate-Iike shape of lithospheric plates we conclude that these
earthquakes cannot be geometrically associated with any of the above subductiün
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zones. The specific distribution of the latter foei indieates that they belong
to two active deep-seated fracture zones, the positions of which are plotted
in Fig. 1; we denote them as the Peggy and Niuafo’ou fracture zones, respec-
tively. The earthquakes associated with the Peggy fracture zone can be also
found in sections F2, F3, and F4. In the next paragraphs the above-mentioned
units will be treated in detail.

Systems of Subduction

(a) Tonga System

The general pieture shown by the sequenee of vertical sections eonfirms the
existenee of a well-defined Wadati-Benioff zone T1 beginning in the Vicinity
of the Tonga-Kermadec treneh. This zone is divided by an intermediate aseismic
gap into two distinct seismically active parts. The gap appears to be spatially
connected with the oceurrence of active andesitic volcanism and can be inter-
preted as a zone of partial melting in the subducted Pacific plate (for details
see Hanus and Vanek, 1978 a).

The depth penetration of the zone T 1 changes along the trench, reaching
a depth of 455 km in the northern part of the Tonga region (Sect. F1). Then
it substantially decreases due to the hampering effect of the Niue Ridge
(Sects. F2, F3) with a subsequent southward increase (Sect. F4) to a maximum
depth of 565 km (see Fig. 4 in Hanus and Vanek, 1978 a). Both the intermediate
and deep seismic activity are abruptly terminated in the north by the Niuafo’ou
fracture zone, whieh evidently forms the northern tectonic Closure of the Tonga
subduction (Isaeks et a1., 1969). The Wadati-Benioff zone T1 represents, in
our interpretation, the active part of the recent subduction of the Pacific plate
along the Tonga-Kermadec trench.

(b) Lau System

In the western part of the Tonga region numerous deep earthquakes occur,
which cannot be geometrically co-ordinated to the Wadati—Benioff zone of the
Tonga subduction. The epicenters of these deep earthquakes are arranged in
a meridional belt, the course of which substantially differs from that of the
Tonga-Kermadec trench. These earthquakes were co-ordinated to the Lau Ridge,
a remnant arc according to Milsom (1970) and Karig (1972), which runs in
the same meridional direetion and is situated exactly above the belt of deep
earthquakes in question (Hanus and Vanek, 1978a and b).

Of two zones distinguished as L1 and L2, only earthquakes belonging
to L 2 occur in the northern part of the Tonga region (seetions F1—F4). The
Lau system is interpreted as a pair of buried paleoplates aetivated by a deep
collision with the reeently downgoing Pacifie plate of the Tonga system of
subduction (for details see Hanus and Vanek, 1978 b).
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(C) Horne System

In the complicated seismic pattern of the vertical section F1 a horizontal strip
of earthquakes with focal depths between 300 and 500 km can be observed
westwards of the zone T1 (see Fig. 2), which belongs neither to the zones
T 1 and L 2, nor to any of the fracture zones occurring in the northern part
of the Tonga region.

After projecting the foci of the above-mentioned strip of deep earthquakes
in the proper direction, the system appears to form a plate-like body dipping
to the south. This is demonstrated by the meridional vertical sections D1—D3
in Fig. 4. For comparison, the foci belonging to the Tonga zone T 1 are also
plotted in Section D1, as well as those co-ordinated to the Peggy fracture zone
and to the Lau zone L2 in sections D2 and D3, respectively. The average
dip of this zone, denoted as zone H, is about 40° to the south, its thickness
ranges between 50 and 80 km, and the focal depth of earthquakes located
in the zone varies between 325 and 480 km.

Zone H may be tentatively interpreted as a remnant subduction zone be-
longing perhaps to one of the manifestations of the supposed extinct Pacific-
Phoenix spreading centre (Winterer, 1976). The activation of zone H is caused
by a deep collision with the reoently subducting Tonga zone T 1, as demonstrated
by the vertical Seot. D1 in Fig. 4 and by the horizontal projection of zones T1,
H, and L2 in Fig. 5. The Clustering of earthquake foci in section D1 does
not allow a detailed co-ordination of individual events to respective zones T1
and H. The position of the collision is marked by the hatched area in Fig. 5,
its centre of gravity being at 15.9° S and 176.4° W at a depth of about 400 km.

If the above interpretation is correct, some traces of the corresponding
ancient island arc should be found in the physiographic pattern of the Pacific
ocean between Samoa and the New Hebrides island arc. However, geologic
and petrologic data on the islands of the area in question are very scarce.
According to Macdonald (1945) the rocks of the Wallis Islands undoubtedly
belong to the alkaline suite of the central Pacific volcanoes. The Horne Islands
consisting of deeply weathered andesite lavas and breccias, and minor amounts
of Miocene limestones, marls, sandstones, and conglomerates (Aubert de 1a
Rüe, 1935) might be a part of the supposed ancient island arc, this assumption
being not in contradiction to chemical analyses of Lacroix (1941). Also the
bathymetry of the ocean floor shows a large elevation in the east-west direction,
the exposed part of which is repre'sented by the Horne Islands (World Map,
1968; see the scheme in Fig. 1). Therefore, the activated paleoplate observed
in the northern part of the Tonga region is provisionally denoted as the Horne
system H. In this context it is not surprising that Sclater et a1. (1972) found
andesitic rocks on Zephyr Shoal, which is situated in'the south-eastern part
of the supposed Horne island arc.

It is not excluded that the Horne system may continue to the northern
part of the New Hebrides island arc, being responsible for isolated deep shocks
in the Northern Fiji Plateau and the andesitic volcanism of the Tikopea Island
(Fryer, 1974).
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Deep FracI-ure Zones

In addition t0 the well-defined zones T l, L 2, and H, two groups 0F shallow,
intermediate and deep earthquakes can be observed westwards of the zone T1
in the northern part of the Tonga region (see Figs. 2 and 3). In our interpretation,
these earthquakes belong t0 two deep-seated fracture zones; they are denoted
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as the Niuafo’ou and Peggy fracture zones, respectively, and their positions
are shown in Fig. l.

The Niuafo’ou fracture zone, the strike of which is almost in the east-west
direction, evidently forms the northern tectonic Closure of the active Tonga
subduction zone T1 and is playing the role of a transform fault (Isacks et 211.,
1969). In order t0 study the shape of the active part of the Niuafo’ou fracture
zone, the associated activity is plotted in a sequence of meridional Sects. N l—N12
in Fig. 6 (für positions of sections see Fig. 7). After co-ordinating the individual
shocks t0 appropriate zones, vertical sections N1—N12 give a clear picture of
the northern boundary of the fracture zone. The southward dip ranges from
60° t0 80°. The activity connected with the Niuafo’ou fracture zone reaches
a depth of 430 km and disappears in Sect. N12. The surface projection of the
northern boundary and the depth section along the fracture zone are shown
in Fig. 7. It appears that in the eastern part the fracture zone cannot b6 dis—
tinguished from the subduction zone T 1, forming the northern Closure of the
downgoing Pacific plate. However, intermediate earthquakes in Sect. N3 and
N4 indicate the occurrence of a mantle fracture with a northward dip under
the zone of subduction. In the west, the active part of the Niuafo’ou fracture
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zone is abruptly terminated by a surface steeply dipping eastwards to the deepest
part of the northern Tonga subduotion.

The Niuafo’ou fraeture zone was named after the Niuafo’ou Island, an
aetive voloano situated in the area of the fracture zone. It follows from the
conventional silioa alkali plot of existing Chemical analyses of Laeroix (1941)
and Macdonald (1948) that the Niuafo’ou basalts can hardly be correlated
with the alkaline suite of the central Pacific volcanoes, found on the Wallis
Islands (Macdonald, 1945), or with the andesitic suite of the Tonga island
are (Ewart et al., 1973). The Chemical composition of the Niuafo’ou basalts,
which is similar to that of the East Pacific Rise tholeiites (Engel et al., 1965),
seems to show a genetic relationship with the fraeture zone.

The Peggy fracture zone, the position of Which coincides with the Peggy
Ridge (see the bathymetrie oharts in Solater et al., 1972, and in Hawkins, 1974),
is another active deep-seated fracture zone found in the northern part of the
Lau Basin. The earthquakes associated with the Peggy fracture zone oan be
distinguished in all the vertical Sects. F1—F4 (see Figs. 2 and 3). The surface
projection of the active part and two vertical sections along and across the
Peggy fracture zone are given in Fig. 8. The fraeture zone dips steeply to the
south-west at an angle of about 85° and its seismic activity reaohes a depth
of more than 400 km. The Chemical eomposition of rock samples dredged from
the Peggy Ridge shows a marked affinity between these basaltic rocks and
ocean-ridge type tholeiites (Sclater et al., 1972), indicating a possible genetic
relationship with the Peggy fracture zone, a phenomenon observed also for
the Niuafo’ou fracture zone.

The function of the Peggy fracture zone is disputable, but it might be similar
to that of the Niuafo’ou fraeture zone, forming the northern Closure of the
Lau paleosubduction. In this case, the original Lau subduction zone would
have been inclined to the east, with a later tilting of the buried Lau paleoplates
to the present position caused by a deep collision with the subsequent Tonga
subduction (Hanus and Vanek, l978b). This mechanism could also explain
the process of formation of the uplifted Lau Basin.
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Palaeomagnetic and Rockmagnetic Properties
of the Permian Volcanics in the Western Southern Alps*

C. Heiniger
Institut für Geophysik, ETH Hönggerberg, CH-8093 Zürich, Switzerland

*

Abstract. A palaeomagnetic and rockmagnetic investigation has been carried
out in the western Southern Alps. At 31 sites in the Permian volcanics
from four regions 349 samples were drilled: l. the region of Arona (SW
of Lago Maggiore), 2. the porphyry distriet of Lugano and Ganna, 3. the
Valle Brembana (N of Bergamo) and 4. the Auccia volcanics (N of Brescia).

AF-Cleaning as well as continuous and progressive thermal demagnetiza-
tion reveal, in most of the igneous rocks studied, the presence of a stable
Characteristio remanent magnetization (ChRM) representing the magnetiza-
tion acquired at the time of formation of these rocks. Microscopic observa-
tions, IRM-acquisition curves and Curie point measurements indioate the
ChRM to be carried by Ti-poor magnetite and titanohematite. Stable second-
ary magnetizations due to oxidation may be present. Their directions, however,
are very similar to the primary thermoremanent magnetization (TRM).
Therefore it is inferred that the oxidation probably took place shortly after
acquisition of the primary TRM.

The magnetization directions within individual sites are well grouped
(0(95 usually < 10°), but the site mean directions are dispersed, due to regional
and local tectonic complications. At Arona, Ganna and Aucoia a suitable
tilt correetion can be made. Since the oonsistent directions from these sites
are very similar to the well defined results from the Bolzano porphyries
(Zijderveld et al., 1970), it is suggested that the western and eastern Southern
Alps have, on a large scale, behaved as a single tectonic unit. The Southern
Alpine block has been rotated anticlockwise by about 50° relative to extra-
alpine Europe since the Early Mesozoie.

The Permian Southern Alpine palaepOles are situated close to the Permian
part of the African polar wander path. Therefore the palaeomagnetic data
support geological and sedimentologioal arguments which consider the
Southern Alps as originating on the southern margin of Tethys and forming
a parautochthonous extension of the African plate since the Early Mesozoic.

Institut für Geophysik, ETH Zürich, Contribution No. 250
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Key words: Rock magnetism — Palaeomagnetism — Southern Alps — Plate
tectonics.

l. Introduction

For more than a decade the Alpine and Mediterranean area has been Of much
interest for palaeomagnetic studies. Earlier investigations in the Southern Alps
— the region t0 the South of the Insubric Line (Fig. l) — give palaeomagnetic
evidence für tectonic rotations (e.g. Zijderveld and Van der V00, 1973). Most
of the palaeomagnetic data from the Southern Alps however, come from regions
t0 the east of the Giudicaria fault and concentrate on the Bolzano quartz-
porphyries. Many of these data are based on purely palaeomagnetic work with
little 01' n0 examination of the magnetic mineralogy.

The aim of the present palaeomagnetic and rockmagnetic study was t0
obtain more evidence related t0 the large scale tectonic history of this area.

2. Geological Outline

The northern and western margins of the Southern Alps are sharply defined
by the Insubric fault line. The P0 and Venetian plains represent the southern
boundary. The tectonic style, with folds, small ‘nappes’ and faults contrasts
markedly with the ‘nappe’—style characteristic of the Alps north of the Insubric
Line. In terms of Alpine tectonic units they represent the ‘autochthonous’
hinterland of the Austro—Alpine nappes, from which they have been separated
by the Late Alpine Insubric fault.
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The stratigraphie sequence of the Southern Alps eomprises Hereynian and
Pre-heroynian crystalline basement rocks, Palaeozoie sediments and voloanics
and a highly differentiated Mesozoic—Tertiary sedimentary sequence.

The Permian voloanics and sediments, together with the Triassie formations,
eonstitute the lower part of the sedimentary sequence. They rest unconformably
on a basement that was subject to Hercynian orogenesis in Carboniferous time.

With the exception of the Bolzano quartz-porphyries (eastern Southern Alps)
all the main outerops of the Permian voloanics are situated to the west of
the Giudicaria Line. The Bolzano quartz-porphyries have been thoroughly inves-
tigated geologically (cf. Piehler, 1959) as well as palaeomagnetieally (Zijderveld
et a1., 1970), and their palaeomagnetic results will be compared with those
from the western Southern Alps.

Geological data from the Permian igneous rocks from the western Southern
Alps are sparse. There are no radiometrio ages for the voloanics. However,
the Baveno granite which is considered to be genetically equivalent to the Lugano
voloanics, has been dated to 270 to 290 m.y. (Jaeger and Faul, 1959).

On the basis of stratigraphic evidence, the Bolzano quartz-porphyries ean
be considered to be of Permian age (Piehler, 1959). In the case of the Lugano
porphyries and those from the region of Arona, the Lower Permian age follows
from their stratigraphie position whieh is younger than the Westphalian of
Manno (Graeter, 1952) and older than the Upper Permian ‘Verrucano Alpino’
of the Bergamase Alps.

The voloanic sequencies are most completely preserved in the region of
Lugano where they have been examined in detail by Kuenen (1925) and De
Sitter (1939). The most complete petrological study of the Arona sampling
area is given by Kaech (1903) and for the Bergamase Alps by De Sitter and
De Sitter-Koomans (1949). For the Auceia voloanics it is referred to the studies
of Cassinis (1966; 1968).

Petrologically all these Permian igneous rocks show a large variety of por-
phyries, porphyrites, quartz-porphyries, and tuffs. In all sampling areas the
rocks show varying degrees of alteration due to weathering. The primary miner-
alogieal oomposition often cannot be reconstructed in detail. As a consequenee
unambiguous identifieation of the rock type is sometimes not possible.

The teetonic Situation differs from sampling area to sampling area and
sometimes even from site to site within each area. This deserves much attention,
beeause only a reliable teetonic correction of the remanence direetions allows
for a palaeomagnetic interpretation of the results.

3. Natura] Remanent Magnetization

Between 5 and 13 cores were drilled at each of 31 sites in the Permian voloanics
(cf. Table 1). Each gave 1 to 5 cylindric specimens, 2.54 cm i.d. and 2.2 cm
high. The resultant ratio of height to diameter of 0.85 gives an optimal reduetion
of sample shape anisotropy (Porath et al., 1966). Altogether 349 samples were
investigated to establish the palaeomagnetie and roek magnetic properties of
the Permian voloanics.
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Table l. Mean direction of ChRM before and after tectonic correction

Region ChRM after demagnetization Tectonic Tectonically correeted
Site Reference direction of ChRM

n D I (195 kF AZ Dip D I CX95 kF

Auccia

AU1 14 133.2 —44.7 6.9 34.2 304—320 18—42 131.3 —26.8 6.9 34.3
AU2 25 138.3 —22.5 3.0 96.5 8 18 141.2 — 12.1 3.0 96.5
AU3 9 142.9 —20.7 3.5 215.7 300 10 141.8 —11.5 3.5 215.7
AU4 13 140.4 —21.4 2.7 237.4 320 8 139.4 — 12.0 2.7 337.4
AUS 13 142.7 —16.2 1.0 >1 000 4 12 144.0 — 8.2 1.0 >1 000
Mean 74 139.4 —25.1 2.6 39.9 139.8 — 14.1 2.2 54.7
Regional mean (N25): 139.7 — 14.1 8.2 88.8

Valle Brembana

BR2 12 209.4 —36.3 2.6 276.3 (193 —2 2.6 276.3)
BR3 8 197.0 —49.7 4.8 131.7 (330 50) (178 —9 4.8 131.7)
BR6 10 209.0 —38.5 11.5 15.4 (191 —4 11.5 15.4)
Mean 30 206.4 —40.4 4.7 32.4 (189.5 —5.4 4.7 32.4)
BR7 7 238.7 —26.8 17.3 13.2 (120—150 3 255 —21 17.3 13.2)
BR8 8 222.2 18.4 5.3 111.4 — — — — — —

Lugano

1 11 108.7 34.5 3.6 158.0 — — — — — —
2a 3 125.1 16.3 7.9 247.3 — — — — — —
2b 15 92.6 32.4 2.8 191.7 — — — — — —
3a 4 125.9 22.4 10.3 80.4 — — — — — —
3b 12 102.2 39.1 6.5 45.4 — — — — — —
4 10 120.0 —36.4 14.1 16.4 — —— — — — —
5 56 106.6 21.7 3.8 25.8 — — — — — —
6 6 131.5 —2.8 11.6 34.2 — — — — — —

Ganna

GAl 13 147.1 26.7 8.4 25.6 150 45 147 —22 8.4 25.6
GA2 11 151.6 5.2 4.6 99.2 150 30 151 —25 4.6 99.2
VHZI 3 135.8 31.4 8.6 207.3 146 42 137 —11 8.6 207.3
VHZ2 4 135.0 30.3 7.0 171.7 154 56 137 —23 7.0 171.7
Mean 31 146.3 20.1 5.5 22.9 146.3 —20.5 4.3 36.5
Regional mean (N24): 142.9 ——20.4 10.4 78.5
GA3 10 189.9 —4.0 5.0 95.5
GA4 7 169.7 —4.0 5.8 109.8
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Table 1 (continued) Mean direction of ChRM before and after tectonic correction

Region ChRM after demagnetization Tectonic Tectonically corrected
site reference direction of ChRM

n D I (X95 kF AZ Dlp D I dgs DkF

Arona

ARl 11 138.3 41.4 2.9 254.0 140 45 140 —5 2.9 254.0
AR3 7 146.9 22.0 6.7 83.0 145 35 146 — 13 6.7 83.0
AR4 3 124.8 27.9 12.9 92.0 145 35 128 — 16 12.9 92.0
13121 11 124.1 29.8 10.4 20.4 130 52 125 —22 10.4 20.4
Mean 32 134.2 32.3 5.1 26.0 134.8 — 11.1 5.8 19.9
Regional mean (N24): 134.9 — 14.2 13.6 46.5
AR2 3 116.7 58.9 15.9 60.8 (140 45 130 16 15.9 60.8)
B123 8 102.4 22.1 12.1 22.1 — — — — — —
B124 22 106.9 10.9 4.1 41.6 (50 20 105 0 4.1 41.6)

Az, Dip: Azimuth and dip of tectonic reference plane used for correction
n: Number of specimens
N: Number of sites
0:95: Semi angle of Fisher’s 95% cone of confidence (Fisher, 1953)
kF: Fisher precision parameter
Directions in brackets are not used for palaeomagnetic interpretation

The eharacteristic remanence (ChRM), acquired at the time of formation
of the voleanics, has been evaluated by means of stepwise alternating field
demagnetization as well as continuous and progressive thermal demagnetization.
About 90% of the samples were AF-cleaned, the remainder was demagnetized
by thermal methods.

The intensities of the initial NRM and of the ChRM are distributed over
wide ranges. They were measured with a Digico complete results magnetometer
(Molyneux, 1972) and with a SCT cryogenic magnetometer (Goree and Fuller
1976). The mean value of initial NRM-intensity of all samples investigated
is 6.03*10” 5 Gauss, the mean value after Optimum demagnetization is 2.95*10_ 5
Gauss. On average the ChRM intensity represents about half the initial NRM
intensity. No correlation between intensity-distribution and rock type or sam-
pling area was found. .

The ChRM is taken to be the most stable remanence component, as deter-
mined with the aid of a palaeomagnetic stability index obtained by computing
the change of direction of the remanence vector for each demagnetization step.
The minimum directional change is associated with the most stable direction
and is tabulated in Fig. 2 for a representative sample together with plots of
remanence intensity and a stereographic projection of the direction. For this
example the characteristic remanence direction is found at AC-field amplitudes
between 120 and 300 Oe where the smallest changes in direction occur. The
Optimum field is Chosen at 200 Oersted because the index parameter PSI is
minimum and amounts to only about 47 mdeg/Oe. Because the rock magnetic
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properties of the volcanics vary not only from region t0 region, but also from
site t0 site, it was necessary t0 demagnetize all specimens in at least three
steps in order t0 determine the Optimum demagnetizing field.

In about 40% of all demagnetized samples the characteristic remanence
is found after demagnetization with 300 Oersted; 5% Show an initial NRM
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direotion praotically identical to that after demagnetization with high fields,
whereas another 5% achieve a stable direction only upon cleaning in fields
between 600 and 900 Oe. For the total of the samples tested the non-charaoteris-
tic remanenoe is mainly oarried by coercivities between 200 Oersted and
300 Oersted, as can be seen from the steepest part in the graph of Fig. 3.

To examine the directional distribution of the stable oomponents and to
get an idea about the blocking temperature distribution of the remanence, both
continuous and progressive thermal demagnetizations have been carried out.
For the latter a special Spinner magnetometer was built to reoord continuously
the direotion and intensity of the remanence veotor during heating (Heiniger
and Heller, 1976).

The veotor plot of the directions (Fig. 4) sometimes Shows an initial seoondary
oomponent whioh is removed below 300° C. However, above 300 °C the re-
manenee deereases towards the origin along an almost straight line.
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This observation is valid for the continuous as well as for the progressive
thermally demagnetized samples. Therefore we eonclude that, if seeondary re-
manence directions are present in the high blocking temperature range, they
do not differ from any primary directions.

The most striking feature of the progressive thermal demagnetization curves
of many samples is the extreme stability at lower temperatures (Fig. 4: samples
P371BB and BR2AA). The blocking temperature spectra are often restricted
to temperatures between 400 °C and 600 oC. In the case of sample BR2AA
the remanenoe is partly carried by a mineral fraction with blocking temperatures
above 580 °C. These high values together with the square shaped intensity vs.
temperature curve may indicate that titanohematite is the main earrier of re-
manenoe. In sample P371CB the peculiar NRM intensity increase without Change
of direetion around 200 °C during eontinuous thermal demagnetization may
also be caused by the presence of titanohematite (cf. Heller and Egloff, 1974).
In the ease of samples ARlF and ARIFB the blocking temperatures are distrib-
uted over a much wider range and reach maximum values of only 500 °C
to 550 °C. Also the stability is less pronounoed. Therefore the NRM may be
carried mainly by Ti-poor magnetite.

4. Magnetic Mineralogy

About 25 polished sections have been studied. Ore minerals oeour only aecesso-
rily. Their eoncentration is always smaller than one percent by volume. Both
hematite and magnetite have been identified. Paramagnetio ore minerals
such as rutile and pyrite are rare, but they have been observed in samples
from the Valle Brembana region. The ore minerals are generally observed along
large grains of hornblende and pyroxene. Often they also are olustered in small
(former) eracks. Very small opaque grains with diameter around l um oocur
in the rock matrix originating from altered mafie minerals. The grain diameters
vary from about 200 um down to submicroscopic size. Magnetite can be observed
in idiomorphie, primarily crystallized grains but also as a pseudomorphic prod-
uct of pyroxene. Ilmenite exsolutions within the magnetite grains are frequently
found. Magnetite grains are also observed in the neighbourhood of titanohema—
tite which ShOWS exsolution lamellae of ilmenite. These exsolutions indicate
high temperature oxidation of the original hemoilmenite.

The temperature dependence of spontaneous magnetization of powdered
rock samples oonfirm the results of thermal demagnetization; Curie points char-
aeteristic for titanohematite and Ti-poor magnetite have been deteeted.

Following Dunlop (1972), acquisition curves of isothermal remanent magne-
tization (IRM) ean be used to establish the distribution of coercivities in a
rock sample by plotting the increment of change of magnetization AJ against
ohange of applied de—field AH. Using superconductive coils magnetic fields
of up to 50 kOe can be produced. This is suffieient to saturate most of the
rockforming ferromagnetie minerals. Dunlop’smethod allows the identification
of these minerals by determining their complete coercivity-speotrum without
causing irreversible Chemieal Changes of mineralogy, which is an ever present
danger during thermal demagnetization.
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From most of the sampling sites one t0 two samples have been investigated
using this method. The IRM acquisition curves and the results of the AF-eleaning
experiments Show that many of the Permian voleanics eontain a censiderable
amount of high coereivity NRM-components. Three different types of eoereivity
spectra can be distinguished (Fig. 5). The first group consists of samples with
predominantly low coercivity components (Fig. Sa). These are dominated by
magnetite. The second group consists of samples without low eoereivity com-
ponents below 2 kOe and saturating between 10 kOe and 20 kOe. At H25
kOe only two third of the saturation remanence is acquired. These samples
contain predominantly titanohematite (Fig. 5b). A third group (Fig. Sc) com-
prises samples containing low- as well as very high coereivity eomponents. The
low eoercivity magnetic minerals are again magnetite, but the high coereivity
fraction is more diffieult t0 identify from such data. On the basis ef the minerals
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identified microscopically and by Curie-temperature measurement, the most likely
mineral is titanohematite. The nature of the ferromagnetism and magnitudes
of the spontaneous magnetization, anisotropy and magnetostriction constants
are rather poorly known for natural hematite. However, Roquet (1954) has
reported experimentally determined coercivities up t0 30 kOe in hematite.

5. Palaeomagnetic Directions

A oomparison of thermally cleaned samples with corresponding AF-cleaned sam-
ples from the same core (Fig. 6) Shows that the cleaned directions are very
similar with both methods, whether the magnetic properties are due t0 magnetite
or titanohematite. Therefore, the ChRM directions are considered to be represen-
tative für the primary NRM also in those samples which contain a large titanohe-
matite fraction and which have been shown to be very stable against AF-
demagnetization, eg. from the Valle Brembana sampling area and also from
tho Lugano porphyry district.

As the thermal and alternating field demagnetization Show only one single
stable directional component, the direction of any stable secondary magnetization
must be similar t0 those of the characteristic primary remanence, and may
therefore also have been acquired in the Permian.

The mean ChRM directions within individual sites are well grouped. The
semi angle 0:95 of Fisher’s cone of confidence is mostly smaller than 10°. The
site mean direotions, however, are disporsed, due to local and regional teotonio
complications (Table 1).
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Fig.7. a Stereographic projection of site-mean directions of ChRM for the sampling area of
Ganna before and (arrow) after tectonic correction. For symbols see Fig. 6. b Regional mean
direotions after tectonic correction with main axes of the ags-confidence oval. AR: Arona; GA:
Ganna (western part of the Lugano sampling area); AU: Auceia volcanics compared with (Am
the results given by Zijderveld and De Jong (1969) and (B) the Bolzano quartz porphyries (Zijderveld
et al.‚ l9?0)

The (Alpine) tectonic movements have considerably affected the relative
position of the Permian volcanics. A't some places geological data do not allow
a reconstruction of the tectonic movements. This is especially the case for
the volcanics at the upper Valle Brembana and also for those from the Eastern
part of the Lugano district, where the local tectonic Situation has turned out
to be more eomplicated than expected._

The usual dip correction about horizontal fold axes fails in these two regions.
It would require unrealistically steep dip angles (between 80° and even more
than 180°) to get site mean directions characteristic for the Southern Alps
(as e.g. Bolzano, Fig. 7b). At the Valle Brembana region there is no coincidence
of the observed orientation of stratification planes (cf. Table l) and the hypothet-
ically required unfolding. In the eastern part of the Lugano porphyry distriot,
a lack of sediments or recognizable stratification due t0 erosion and weathering
again does not allow a reliable tectonic correction. In both cases several phases
of differential (Alpine) tectonic movements may have caused the strongly
dispersed site mean directions within these regions and prevent a simple dip
oorrection.

At Arona, Ganna, and Auecia the tectonic Situation can be accounted for.
The mean remanence directions for the sites around Ganna are plotted in
Fig. 7a before and after teotonic correction. The correotion was done by unfold-
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Table 2. Mean direction of ChRM of the sampling areas with palaeomagnetically relevant remanen-
ces. Basis of statistic calculation: N; (cf. Table 1)

Region Mean site pos. Direction of ChRM Virtual palaeomag-
after tectonic eorrection netic pole position

Lat.N Long.E
N n D I 0:95 kF Lat.N Long.E dm dp

Auccia 45.8 10.4 5 74 139.7 — 14.1 8.2 88.8 38.1 244.9 8.4 4.3
Ganna 45.8 8.8 4 31 142.9 —20.4 10.4 75.5 42.7 242.6 10.9 5.7
Arona 45.7 8.5 4 32 134.9 — 14.2 13.6 46.5 35.4 248.0 13.9 3.1

ing the SE dipping overlying layered Triassic dolomites. Before correction all
site means have a positive inclination; after unfolding, the inclinations become
negative as expected for Permian rocks in this region. The data confirm the
results of an early study carried out by Van Hilten and Zijderveld (1966).
In the region of Arona most site mean directions can again be tectonically
corrected by means of the bedding orientation of the overlying Triassic dolo-
mites. The site mean directions of the Auccia volcanics were tectonically correeted
by means of the bedding orientation of the underlying Collio formation. The
mean directions of these three sampling areas after dip correction are shown
in Fig. 7b. The data agree with those given by Zijderveld and De Jong (1969)
and also with those from the Bolzano quartz-porphyries (Zijderveld et al.‚ 1970)
although this area is on the eastern side of the Giudicaria fault line.

6. Discussion

At all sites where the local tectonie Situation allows a correction of the characteris-
tic site mean directions by means of simple unfolding of formerly horizontal
boundary surfaces, there is an improvement of their grouping. Moreover, there
is not only a reduction of dispersion of a certain sampling area; there is also
a close grouping of these corrected mean directions between each sampling
area (Table 2). Besides a fold test, carried out by Pavoni et a1. (1969) in the
Lugano area, this may be considered as further evidence that the ChRM direc-
tions represent a stable initial remanence of the volcanics and therefore reeord
the direetion of the Permian geomagnetic field at the sampling sites.

The tectonically corrected remanence directions of all the volcanics investi-
gated in the western Southern Alps (cf. Table 2) can also be compared with
those of the Bolzano porphyries and with Upper Palaeozoic directions from
extra-Alpine Europe (Fig. 8). The similarity of the mean directions of all these
Permian volcanics suggests that the western Southern Alps have, on a large
seale, behaved as a single tectonic block.

As the directions coincide with the well defined results from the Bolzano
porphyries (eastern Southern Alps), it can be concluded, that the Southern
Alpine area as a whole constitutes one single crustal block since the Permian.
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Fig. 8. Arrows Show the remanence declinations of Southern Alpine Upper Palaeozoic roeks com-
pared with those of the same age from extra-Alpine Europe (numbers denote the appropriate
site mean inelinations). AR: Arona, GA : Ganna and Au: Auccia (cf. Table 2); B: Bolzano (Zijderveld
et 31., 1970); Nz‘: Nideek (Nairn, 1957); S: Black Forest (Konrad and Nairn, 1972); BA: Bavarian
Forest (Heller, personal eommunication); SU: Inner Sudetic Basin (Birkenmajer et 31., 1968)

The magnetization directions are very different from extra-alpine European
directions. The declinations indicate that this block has been rotated by about
50° anticlockwise relative to extra-Alpine Europe since the Early Mesozoic.

In faet the Southern Alpine directions are very similar to African directions
for that period. The Permian Southern Alpine palaeopoles are situated elose
to the Permian part of the African polar wander path of Van der Voo and
French (1974) and nowhere near the polar wander path of stable Europe (Fig. 9).
The palaeomagnetic data support other geophysieal and sedirnentologioal argu—
ments that the Southern Alps may be considered a parautoehthonous extension
of the African plate since the Early Mesozoic (Channell and Horväth, 1976).
Therefore, it seems realistic to assume that the Southern Alpine region has
moved together with the African lithospheric plate whieh has rotated anticlock-
wise by about 50° relative to the European plate Sinoe the Early Mesozoie.
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Fig. 9. Virtual palaeomagnetic pole positions for Auccia (o), Ganna (1k) and Arona (I) as listed
in Table 2, compared with the African and European polar wander path from Upper Carboniferous
(UC) to upper Triassic (UTR) from the data of Van der Voo and French (1974). and the Southern
Alpine pole position of Bolzano (V, Zijderveld et a1., 1970) and the (Upper Triassic) Dolomites
(L, Manzoni, 1970). Modified after Channell et al. (1979)
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Palaeomagnetism of Upper Cretaceous Limestones
From the Münster Basin, Germany*

F. Heller and J .E.T. Channell
Institut für Geophysik, ETH-Hönggerberg, CH-8093 Zürich, Switzerland

Abstract. Marine, mainly flat—lying sediments of Late Cretaceous age are
exposed throughout a wide area of the Münster Basin (NW-Germany). Dur-
ing the Cenomanian, Turonian, and Campanian fine-grained, grey, marly
to pure limestones were deposited. The Campanian limestones carry magne-
tization components of unknown age due to the presence of secondary goe-
thite and haematite. However, in the Cenomanian and Turonian rocks the

‚natural remanent magnetization (NRM) is due to detrital magnetite and
can be associated with the time of deposition. Fold tests confirm a Late
Cretaceous age of magnetization in the magnetite-bearing limestones, since
the NRM pre-dates latest Cretaceous deformation along the northern margin
of the basin. The Münster Basin limestones provide one of the first reliable
Cretaceous pole positions (Lat.: 76° N, Long.: 181° E) from stable Europe.

Key words: Palaeomagnetism — Limestones — Cretaceous — Stable Europe.

1. Introduction

In recent years two important polar wander curves for Europe have been
compiled. That by Van der Voo and French (1974) covers the last 300 m.y.
and that by Irving (1977) spans the last 375 m.y. Both curves ShOW the same
general trend with the pole moving apparently from low latitudes to its present
high latitude position. However, the two polar wander paths differ significantly
in their longitudinal position especially during the Jurassic and Cretaceous.
This divergence is a result of the different compilation techniques used for
the two polar wander curves. Mesozoic palaeomagnetic data from stable Europe
are very scaroe and a Mesozoic polar wander path can not be compiled from
existing European data. The Van der Voo and French (1974) polar wander
path for Europe relies heavily on North Amerioan palaeomagnetic data and

* Contribution Nr. 264, Institut für Geophysik, ETH-Hönggerberg, Zürich, Switzerland

0340-062X/79/0046/O413/50300
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the fit of Europe and North America using the Atlantie magnetic lineations.
On the other hand, Irving’s (1977) European polar wander path incorporates
new Russian palaeomagnetic data, and relies on the premise that data from
the Caucasus and east of the Urals are applicable to stable Europe.

The aim of the present study is to establish a reliable Cretaceous pole
position for central Europe and to compare this pole position with those inferred
for Europe by Van der Voo and French (1974) and by IrVing (1977). The
Mesozoic in Europe is documented by a great variety of sedimentary rocks,
especially carbonates. Many reoent investigations have shown that limestones
can be reliable recorders of the ancient geomagnetic field, although their re-
manent magnetization is usually very weak. Nevertheless, since the development
of superconducting rock magnetometers (Goree and Fuller 1976), it is possible
to measure certain limestones with sufficient precision. Late Jurassic limestones
from Germany (Heller 1977, 1978 a) have recently given a well defined Jurassic
pole position for stable Europe. The Upper Cretaceous limestones of the Münster
basin (Fig. 1) are usually flat-lying and tectonically undisturbed, they outcrop
over a large area of Westphalia, and are extensively quarried affording good
fresh outcrop.

2. Geology

The development of the Upper Cretaceous Münster Basin (Fig. 1) commenced
during the Albian and Cenomanian due to subsidence of the northern part
of the Rhenish Massif. At this time the sea transgressed the Münster Basin
from the Lower Saxony Basin in the north (Arnold 1964). Between Cenomanian
and Campanian a huge pile of marine sediments — up to nearly 2,000 rn —
was deposited in water depths not exceeding 200 m (Arnold 1964). The facies
vary from transgressional conglomerates, glauconitic sands, marls, and limey
marlstones to pure limestones. The basinal facies is eharacterized by a marly-
calcareous sedimentation with increasing carbonate content in the Cenomanian
(Thiermann and Arnold 1964) ranging from interlayered marls and marl—lime-
stone sequences (‘Plänerkalke’) to pure limestones. The Turonian is also rep-
resented by light—coloured, grey and mostly pure limestones with interlayers
of calcareous marlstones. Beginning in the uppermost Turonian clayey marls
were deposited continuously throughout the Coniacian, Santonian and Lower
Campanian. During the Upper Campanian marl sedimentation continued, with
intercalations of calcareous marls and limestones.

The sediments are flat-lying and tectonically undisturbed throughout most
of the Münster Basin. Towards the margins, especially along the northern mar-
gin, movements occurred during the so-called ‘Subhercynian’ orogenic phase
(Stadler and Teichmüller 1971) in latest Cretaceous times. This event caused
steep tilting of the sedimentary layers, flexures, and even small scale overthrusts
up to 500 In (Lotze 1953; Rosenfeld 1963) due to uplift of the North-Westphalian
Block (Fig. l). However, local fold axes are essentially horizontal and block
rotations unlikely (Rosenfeld, personal communication).
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Fig. 1. Location of sampling sites (Nos. l—l l) in the Münster Basin

Since the marls were not accessible to palaeomagnetic sampling and fresh
sandstone outcrops are rare, our investigations concentrate on the carbonate
rocks whieh are quarried at many places. Eleven sites (Fig. l) have been sampled
which expose limestones of Cenomanian, Turonian, and Upper Campanian
age.

3. Magnetic Properties

The natural remanent magnetization (NRM) of more than 500 limestone samples
frorn the Münster Basin has been investigated. The initial NRM intensities
vary between 4-10’g G and 5-10"7 G with a mean value around 1-10“? G
(Fig. 2). Although weak in intensity most of the NRM vectors could be deter-
mined with suffieient accuracy using the cryogenic magnetometer.

Depending on the NRM intensity, each sample was measured either in
three or six different positions with respect t0 the instrument’s triaxial detector
system, thus allowing for three er six independent estimates of the remanenee
vector. These estimates were combined t0 give a mean value of the sample’s
magnetization vector together with some precision parameters (Heller 197813;
Lowrie et a1. 1979) such as standard deviation of intensity and angular standard
deviation of direction. Besides Operator errors, the precision of measurement
is influenced by the Signal/noise ratio, sample shape defeets, instability and
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inhomogeneity of remanence. When measuring in six positions, the inhomogen—
eity effects are minimized due t0 the completely symmetric measurement scheme.

Figure 2 Shows the angular accuracy of measurement (0:95) of the NRM
of each limestone sample t0 be largely intensity dependent. With decreasing
NRM intensity (i.e.‚ with decreasing signal/noise ratio) 0:95 increases, and sig-
nifies randomness (Watson 1956) at the 95% confidence level when values reach
57.20 for 6—positi0n measurements and 602° for 3-positi0n measurements. These
values representing randomness usually occur in samples with intensities below
1'10‘8 G. Less than 2% of the NRM measurements had t0 be rejected by
this criterion but much higher percentage of the collection had t0 be eliminated
after demagnetization, when the intensities often fell below the critical limit.

For the palaeomagnetic investigations more than 300 samples have been
subjected t0 AF-cleaning in fields up t0 400 Oe. Many of these samples were
subsequently magnetized progressively in fields up t0 4S kOe in order t0 provide
additional information on their magnetic mineral content.

Type J Limesrone. The magnetic mineralogy of the limestones is highly variable.
The predominant magnetic limestone type is Characterized by the behaviour
illustrated in Fig. 3. The NRM intensity steadily decays during AF-cleaning.
A secondary component is removed by AC fields between 50 Oe and at most
200 0e. Exceeding these field amplitudes, the projections of declination- and
inclination—components run within experimental accuracy towards the origin.
Thus n0 higher coercivity components are found in these samples. The IRM
acquisition curves are saturated around H 22 kOe and subsequent progressive
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(D) and inclination (I) during progressive AF demagnetization of the natural remanent magnetization
(NRM). d The decrease in NRM intensity during progressive AF demagnetization

thermal demagnetization yields maximum blocking temperatures between 550O C
and 575° C. All this evidence points t0 magnetite as the main carrier of re-
manence. Most of the limestones from sampling localities 5—11 (Fig. 1) qualify
for this low coercivity type.

Type 2 Limestone. Magnetic high coecivity minerals predominate in a second
type of limestone from the Münster Basin. The sample in Fig. 4 has an extremely
stable NRM with a minor soft component which is removed by alternating
fields of only 25 Oe. Up t0 150 Oe (in 0ther samples up to 400 Oe) n0 essential
change of the NRM vector takes place. The IRM acquisition curve does not
reach saturation even in fields as strong as H=45 kOe. Upon thermal treatment
90% of the IRM is lost below 150° C. The extremely high coercivity and the
low maximum blocking temperatures are attributed t0 goethite. The spontaneous
magnetization of goethite occurring in limestones is very sensitive t0 temperature
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fluctuation (Heller 1978 a). This explains the partially erratic behaviour of the
IRM acquisition curve. The IRM remaining after thermal demagnetization
above 150° C may be due t0 the presence of either magnetite or hematite.

Type 3 Limestone. The sample in Fig. 5 again has a very stable NRM with
only very little Change of the magnetization veetor during AF-Cleaning. Having
passed a small, very low intensity plateau below H -—- 5 kOe, the IRM acquisition
eurve again is not saturated at H245 kOe, the maximum field available. In
this case, a much higher proportion of IRM is left after heating t0 150° C.
Since the maximum blocking temperatures of this portion lie well above 600° C
(near t0 700° C), it is concluded that besides goethite, hematite is a main contribu-
tor t0 the remanenee of the sample. The stable level of the IRM curve between
2 kOe and 4 kOe as well as a small inflexion of the IRM thermal demagnetization
curve near 550° C indicate a minor amount of magnetite t0 be present. Lime-
stones of this type have been found mainly at the sampling localities lw4 (Fig. l).
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Fig. 4a—d. Type 2 limestones. a, b, c, and d see Fig. 3

Type 4 Limestone. The sample in Fig. 6 contains mainly magnetite, since the
IRM intensity is mainly acquired in fields below H: 2 kOe and a strong inflexion
of the thermal demagnetization curve of IRM is found at 550° C. H0wever,
the IRM acquisition curve does not saturate below H23 kOe, the maximum
coercivity t0 be expected for magnetite, and a distinct IRM component survives
heating t0 575° C being totally obliterated above 625° C. Thus a substantial
amount of IRM is contributed by hematite. The NRM contains again a soft
component which is removed well below 100 Oe. Otherwise the directional stabil-
ity of NRM is very high, but the trends of the projections of declination and
inclination, although being straight lines within the limits of experim€ntal error
(note the low intensities), d0 not pass through the origin. This is caused by
different magnetization directions in magnetite and hematite respectively.
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4. Age of NRM and Selection
of Reliable Palaeomagnetic Data

The magnetization history of a rock is often difficult t0 ascertain. Viscous
remagnetization, oxidation and exsolution 0f thermodynamically unstable ferro-
magnetic minerals 0r seeondary preCipitation 0r recrystallization of magnetic
minerals may lead t0 a complete overprint of more primary magnetizations.

The three ferromagnetic minerals magnetite, goethite and hematite which
have been identified in the Münster Basin limestones by IRM studies, have
been formed under different conditions. By analogy with deep sea sediments
(Lgvlie et a1. 197l) and due t0 the fact that magnetite cannot precipitate by
purely chemical reactions in seawater, it is generally agreed that most magnetite
is of detrital, primary origin in carbonate sediments. The limestone NRM carried
by magnetite therefore is assumed t0 be of synsedimentary origin, although
Viseous overprint cannot always be ruled out. H0wever, two positive fold tests
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(Fig. 7) allowed us t0 attest an early magnetization t0 the Münster Basin Type 1
limestones. The scatter of AF-cleaned, stable NRM direetions is considerably
redueed by unfolding of the limestone beds, and therefore a pre-folding origin
0F NRM is indicated. Since the main tectonic events in the area oeeurred
during the so-called ‘Subhercynian’ orogenic phase in the latest Cretaeeous,
an Upper Cretaceous age of NRM can be established for this limestone type.

The age nf the high eoercivity magnetization components in limestone types
2—4 remains ambiguous, because n0 suitable fold tests could be eonducted.
There is evidence for later formation of goethite and hematite, the latter mineral
being eonsidered as a dehydration product of goethite (Berner 1969). During
demagnetization of tilted mixed eoereivity (Type 4) limestones, the magnetiza-
tion components attributed t0 hematite often, but not always, have slightly
different direetions t0 those attributed t0 low eoereivity magnetite (cf. Fig. 6).
Although the NRM directions of the high coereivity samples (Types 2 and 3)
are extremely stable during AF-Cleaning and plot elose t0 the low eoereivity
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Fig.7. Two fold tests on limestones from Lengerich (location 6,9; Fig. l), indicating a pre—folding
age für the AF-cleaned magnetization

direetions, all samples of Type 2 and 3 have been discarded because of the
likelihood that the high coercivity magnetizations were formed at a time much
later than the deposition of the sediment. In the case of the mixed coercivity
rocks (Type 4'), vector diagrams (e.g., Fig. 6) were plotted for each individual
sample in order t0 pick the direction of the low coercivity magnetization com-
ponent. The higher coercivity components in these samples were considered
t0 be not representative of the Upper Cretaceous geomagnetic field.

Some low coercivity magnetization components were shown t0 be unstable
when applying a direetional stability index (Heller 1977; Lowrie and Al—
varez 1977) and had t0 be rejected. The data selection eriteria together with
the test on the accuracy of each individual measurement forced us t0 discard
about one third of the demagnetized sample collection. The remaining samples
whieh are eonsidered t0 carry characteristic Upper Cretaceous NRM directions
uncontaminated by later magnetization components, have been used für the
ealeulation of the eleven site mean directions (Table l).
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Fig. 8. Stereographic plot of the nine
Cenomanian-Turonian site mean directions (open
symbols; Table l) after tectonic correction and
AF-cleaning. The mean direction du]! circle;
D:Z.S°, 1:57.8°) has ocgs of 3.1°

5. Palaeomagnetic Results and Conclusions

Tablel shows that all the limestone samples of Cenomanian and Turonian
age from the Münster Basin without exception carry NRM directions of normal
polarity. The sections which we have sampled, certainly do not cover the entire
time interval between 100 m.y. and 86 m.y., since our sections are spread across
one quarter of the sediment pile at most. However, the normal polarity is
consistent with our knowledge of the geomagnetic field during the Late Cre-
taceous. The Cenomanian and Turonian belongs to the Cretaceous quiet zone
of normal polarity lasting from Early Aptian to the Santonian-Campanian
(Lowrie and Alvarez 1977; Channell et al. 1979).

The Upper Campanian limestones from the Münster Basin are extremely
weakly magnetized (initial NRM mean intensity: 2.7-10’ 8 G) and only a small
percentage of samples carried a Characteristic low coercivity NRM (Table l).
Extremely stable, secondary magnetization eomponents usually dominate the
NRM of these limestones. The frequent negative polarity of the NRM indieates
that this magnetization component significantly post-dates deposition because
it has been established (Lowrie and Alvarez 1977) that the polarity of the geo-
magnetic field was normal during the Late Campanian when these limestones
were deposited.

Therefore, the evaluation of an Upper Cretaceous mean direction for the
Münster Basin is eonfined to the Cenomanian and Turonian limestones (Table l,
Fig. 8) which always carry a well-defined low coercivity magnetization com-
ponent. The site mean directions (Fig. 8) Cluster very Closely (0(95 23.10) around
a mean direction of D225O E and 1:57.8O. This provides a reliable, well
dated Upper Cretaceous pole for stable Europe (Long.:181° E, Lat.:76° N,
a95=3.8°, N29). The site pole positions and their mean have been plotted
in Fig. 9.

Irving’s (1977) polar wander curve for Eurasia shows an apparent minor
loop during the Cretaceous (Fig. 9). Since Irving’s Cretaceous pole positions
have 95% confidenoe Circles with radii of at least 5°, one might argue about
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the significance of the 100p. However, it produces a significant separation of
our mean pole from Irving’s time-averaging conternporaneous poles. The
Münster Basin palaEOpole indicates a simpler polar wander path for Europa
than that derived by Irving. As mentioned above, Mesozoic palaeomagnetic
data frorn Europa are almost non-existent and Irving’s European APW curve
relies heavily on Siberian poles and may be biased by data taken from orogenic
belts (Caucasus).
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The Upper Cretaceous Münster Basin palaeopole allows two tectonic conclu-
sions to be drawn. The Upper Cretaceous Sintra granite in Spain (Van der
Voo 1969) yields the same palaeopole position. Thus, Van der Voo’s suggestion
can now be confirmed that the anticlockwise rotation of the Iberian peninsula
was complete in the Late Cretaceous. The Southern Alps have been interpreted
by Channell and Tarling (1975) and VandenBerg and Wonders (1976), on
the basis of palaeomagnetic measurements, to belong to an extension of the
African plate. Cenomanian and Turonian sediments from this area carry an
‘African’ mean NRM direction D2340.8° and 1:38.8°. When comparing this
value with the Münster Basin result, the minimum amount of rotation between
Europe and Africa can be established to be about 20o since the Late Cretaceous.
Also the former latitude of the Southern Alps can be estimated. Since the
former latitude position of the Southern Alps is derived to be 9.5o (i380)
more southerly than at present, the minimum shortening of the Tethys and
its margins since the Late Cretaceous was of the order of 1,000 km.
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A Two-Dimensional Magnetometer Array
for Ground—Based Observations
of Auroral Zone Electrie Currents
During the International Magnetospherie Study (IMS)

F. Küppers, J. Untiedt, W. Baumjohann, K. Lange, and A.G. Jones
Institut für Geophysik der Universität Münster,
Gievenbecker Weg 61, D-44OO Münster, Federal Republic of Germany

Abstract. A two-dimensional magnetometer array was progressively installed
in Scandinavia, from 1974 onwards, for Operation during the IMS period
(1977—1979). The 36 instruments, which are buried in the ground, are of
the Gough-Reitzel type, i.e., classical magnetometers, with wire-suspended
magnets and optical reeording. The time-variation period range observable
is from about 50 s to several days. In northern Scandinavia, the spacing
between the stations is about 100—-150 km in both the north-south and east-
west directions.

For presentation and analysis of the data a special Cartesian coordinate
system has been introduced (the ‘Kiruna system’). It is derived by mapping
the local earth’s surface onto a tangential plane, with its origin close to
Kiruna (geographic coordinates 67.8 N, 20.5 E).

First results from some stations ShOW that internal contributions t0 the
recorded horizontal geomagnetie variations are small and possibly negligible
at lower frequeneies. However, at frequencies above about 2 mHz the varia-
tions of the vertical component display a strong amplification near the coast,
and indicate the existence of conductivity anomalies at some inland locations.

In order to demonstrate the observational capabilities of the array, equiv—
alent overhead current configurations are presented which eharaeterize a
substorm recorded on October 7, 1976.

Key words: Magnetometer arrays —— Auroral zone — Electric current systems
— International Magnetospheric Study.

l. Introduction

Since the pioneering work of Birkeland (1908, 1913) geophysicists have become
increasingly aware that temporal variations of the geomagnetic field within
and near t0 the auroral zone generally display a very inhomogeneous and
often rather eomplex spatial structure. In order t0 study these variations in

O340-062X/79/0046/0429/504.40
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greater detail, there has been a tendency to place more and more permanent
or temporary magnetic observatories at high latitudes. This was true espeeially
during the Second International Polar Year 1932—1933 and the International
Geophysical Year 1957—1958. By such activities it became possible to reeognize
the basiC larger—scale features of high-latitude magnetic disturbances (e. g., Chap-
man and Bartels 1940; Fukushima 1953; Akasofu 1968; Rostoker 1972).

A further important step made within the last decade was the installation
of permanent or temporary north-south chains of densely spaced magnetometers.
Before the IMS (International Magnetospherie Study 1977—1979), such meridian
chains were installed in Alaska (Akasofu et a1. 197l), Canada (Kisabeth and
Rostoker 1971; Chen and Rostoker 1974), Greenland (Wilhjelm and Friis-
Christensen 1976; Wilhjelm et a1. 1978), north-eastern Scandinavia (Maurer and
Theile 1978), and along two geomagnetic meridians in the northern part of
the Soviet Union (Loginov et a1. 1978). Whereas the Greenland chain 1ed to
a considerable improvement in our knowledge of polar eap magnetic variations‚
results from the Canadian meridian chain have been espeeially important in
revealing the detailed temporal and spatial behaviour of auroral electrojets
(e.g., Kisabeth and Rostoker 1971; Rostoker and Kisabeth 1973; Kisabeth
and Rostoker 1974; Wiens and Rostoker 1975; Rostoker and Hron 1975;
Hughes and Rostoker 1977). Data from the Alaska chain especially were used
to investigate the relationship between auroral electrojets and field-aligned eur—
rents (Yasuhara et a1. 1975; Kamide and Akasofu 1976; Kamide et a1. 1976;
Kamide and Rostoker 1977).

Meridian chains of magnetometers are naturally inadequate if it is intended
to study magnetic disturbances whose spatial variation in the east-west direction
is as large as the meridional variation. In certain cases, this disadvantage may
be Circumvented by assuming that the observed local time behaviour reflects
the unobserved dependency on east-west coordinates. However, to date little
is known about short-lived magnetic disturbances which occur during a magnetic
substorm and which are highly localized in both horizontal directions. For
example, such disturbances may be related to auroral events such as the westward
traveling surge, the midnight break-up region, and spirals (Kisabeth and Ros-
toker 1973; Untiedt et a1. 1978). The near—midnight sector of the Harang discon-
tinuity (Heppner 1972), i.e., the region near the eastward end of the afternoon-
evening sector eastward eleetrojet, may also be considered as another important
example within this context. A recent publication by Kawasaki and Rostoker
(1979) should also be mentioned. These authors present first results derived
from a magnetometer array which consists of an east-west and a north-south
chain of 7 stations altogether. Their observations particularly include regions
of 1arge magnetic perturbations assoeiated with eastward drifting auroral struc-
tures.

In this paper, we will report on a two-dimensional array of 32 (later 36)
magnetometers which has been installed within and near the Scandinavian auro-
ral zone for ground-based observations of near-earth electric currents throughout
the International Magnetospheric Study (IMS). In July—September, 1974, a similar
array was operated in Canada, at eomparable geomagnetic latitudes, by Bannis-
ter and Gough (1977, 1978; see also Gough and Bannister 1978). However,
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we believe that the Scandinavian Magnetometer Array is of special value because
its supporting role' in the IMS offers unique opportunities for cooperation and
multi-method studies. Furthermore, it is important that this array is operated
throughout the Winter when simultaneous optical observations of the aurora
within the same area are possible.

2. The Magnetometers and Their Arrangement

The instrument on which our array is based is of the Gough-Reitzel type (Gough
and Reitzel 1967), with important modifications as partly „described by Küppers
and Post (1979). As in the case of Classical magnetometers, the deflections
of three wire-suspended magnets are optically recorded on 35 mm film. The
exposure is intermittent. Its sequence has a lO-s period (except for our southern-
most stations where it is 20 s), controlled by a quartz Clock. To avoid aliasing
effects, the magnets are partly surrounded by copper blocks which provide
for strong electromagnetic damping of higher frequency oscillations. At a period
of 100 s the amplitude attenuation is already negligible whereas phase distortion
is of the order of 10 degrees (Küppers and Post 1979). The whole instrument,
including camera, battery, and electronic control device, is housed within a
1.6-m-long airtight aluminium tube, which is buried in the ground. With the
use of both a 10 s exposure cycle and Kodak RAR 2498 film, the magnetometer
operates unattended for approximately 73 days. After that time, servicing is
implemented, including (i) changing the rechargeable 7.5 Ah battery, (ii) Chang-
ing the oamera (with film), (iii) examination of the automatic calibration currents,
(iv) measurement of the clock error, (v) readjustment of the quartz oscillator
frequency (if necessary), (Vi) resetting the Clock (also only if necessary), and
(Vii) examination of the light traces of the three magnetic field‘components
(position and mobility). On average, the observed clock errors are less than
5 s. Even if the assumption that the clock error is a linear funetion of time
between two subsequent services may be rather simplistic, a time accuracy
to within a few seconds can be assumed for all cases.

In general the soale values of the magnetometers are of the order of
40 nT mm’1 on film and are known within 0.5%. The optical resolution of
the recorded traces is about 0.05 mm. The scale value and the optical resolution
give a magnetic resolution of about 2 nT.

Every sixth hour (or twelfth for 20 s cycle instruments) during Operation,
calibration fields are applied automatically to the three components by means
of small Helmholtz coils surrounding each magnet. For all three components,
the range of the observable magnetic field variations is increased by adding
a parallel auxiliary trace from a virtual second light souree (obtained by mirror
Splitting). For typical instruments, the total range is about —l,500 nT to
+1,000 nT for H, —500 nT to + 1,000 nT for D, and —800 nT to + 1,200 nT
for Z, with reference to the undisturbed levels. Figurel illustrates a short
section of film reeord which includes a calibration and the appearance of two
auxiliary traces.
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time mark is a little stronger (due to longer exposure) than other hour marks. Every sixth minute
the recording points are also strenger than normal. Between 0000 UT and 0006 UT calibration
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At the north German magnetic Observatory of Wingst the three recording
magnets of each magnetometer were aligned t0 their correct orientations with
reference to magnetic north and t0 vertical, and the calibration coil constant
(in nT mA’l) for each component of each instrument was determined. At
the recording site, the instrument is levelled and rotated around its vertical
axis until the D component light trace is at the correct position. In this orienta-
tion, the variations of the local magnetic north (H), east (D), and vertical
(Z) oomponents are recorded. In order t0 convert the measured local field
variations to the geographically oriented system, the local declination has to
be known. This quantity (cf. Table 1 below) was measured as often as possible
at the location of each magnetometer by means of a compass theodolite. T0
avoid errors due to a large difference between the static magnetic field at the
magnetometer and the field at the theodolite, stations were installed with prefer-
ence to locations where the static magnetic field gradient was less than 1 nT m" 1

(as indicated frorn observation‘s with a torsion balance).
Burying the instruments in the ground protects them from the very low

temperatures in Winter time. During Operation, the temperatures within our
instruments have never fallen below — 5° C. This avoids corresponding malfuno-
tion of cameras, batteries, and electronics. Furthermore, it is important that
due to the very effective shielding of the ground, daily temperature variations
are not able t0 influence our measured data in any appreciable way (Küppers
and Post 1979). In order to facilitate an analysis of daily or longer variations,
the majority of the instruments contains a bimetallic strip temperature sensor,
the variation of which is also recorded on the film (cf. Fig. l).
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Table l. List of stations from the Scandinavian Magnetometer Array of the University of Münster

NameSymbol Country Geographie Rev. Corr. xKl yKl 7m D Instal-
Geom. (km) (km) (deg) (deg) lation

Lat. Long. Lat. Long.

MAL Malöy N 62.18 5.10 60.67 88.99 —350 —887 26.2 —6.5 76/9
HEL Hellvik N 58.52 5.77 56.75 87.44 — 735 — 1033 25.5 — 3.9 76/9
KLI Klim DK 57.12 9.17 54.96 89.37 —961 —911 22.4 —6.0 76/10
NAM Namsos N 64.45 11.13 62.24 94.95 — 239 — 509 20.8 — 2.9 76/9
FLO Flötningen S 61.88 12.23 59.55 94.13 — 527 — 557 19.8 — 1.0 78/7
ARV Arvika S 59.60 12.60 57.19 93.18 —— 774 —623 19.4 - 1.9 76/9
ESM Esmared S 56.74 13.22 54.16 92.35 — 1089 —694 18.7 — 1.5 78/7
FRE Fredvang N 68.08 13.17 65.67 99.20 108 ——285 19.0 —0.5 76/9
GLO Glomfjord N 66.90 13.58 64.44 98.55 —— 20 —311 18.6 —1.2 75/10
OKS Okstindan N 65.90 14.27 63.37 98.29 — 136 —317 18.0 —0.4 76/9
RIS Risede S 64.50 15.13 61.89 97.95 —296 —326 17.2 —0.5 76/9
HAS Hassela S 62.07 16.50 59.35 97.45 —575 —338 15.9 0.5 76/9
AND Andenes N 69.30 16.02 66.62 102.38 202 — 134 16.4 — 0.1 76/9
EVE Evenes N 68.53 16.77 65.79 102.22 112 — 129 15.7 0.4 76/9
RIJ Ritsemjokk S 67.70 17.50 64.90 102.06 15 — 124 15.0 — 1.1 76/9
KVI Kvikkjokk S 66.90 17.92 64.07 101.72 — 75 —-l30 14.6 4.0 76/9
SRV Storavan S 65.78 18.18 62.93 101.04 — 198 — 150 14.4 1.7 76/9
LYC Lycksele S 64.57 18.68 61.67 100.55 — 335 — 160 13.9 1.3 76/9
MIK Mikkelvik N 70.07 19.03 67.14 105.12 255 0 13.6 0.7 74/8
ROS Rostadalen N 68.97 19.67 65.99 104.64 130 — 4 13.0 2.7 74/8
KIR Kiruna S 67.83 20.42 64.80 104.27 0 ‘ — 2 12.3 0.0 74/12
NAT Nattavaara S 66.75 21.00 63.67 103.82 —l22 — 3 11.8 3.0 74/8
PIT Pitea S 65.25 21.58 62.16 103.22 —291 — 10 11.3 5.1 74/8
HOP Hööpaka SF 63.01 22.56 59.86 102.60 ——545 — 11 10.4 3.0 78/7
SOY Söröya N 70.60 22.22 67.39 107.94 287 129 10.6 4.4 75/10
MAT Mattisdalen N 69.85 22.92 66.62 107.77 200 139 10.0 4.5 75/10
MIE Mieron N 69.12 23.27 65.86 107.40 118 139 9.7 4.7 75/10
MUO Muonio SF 68.03 23.57 64.75 106.70 — 2 131 9.4 4.7 75/10
PEL Pello SF 66.85 24.73 63.47 106.59 — 140 159 8.3 5.5 75/10
OUL Oulu SF 65.10 25.48 61.77 106.07 —337 166 7.7 5.1 75/10
JOK Jokikylä SF 63.77 26.13 60.39 105.73 —488 177 7.1 7.5 75/10
SAU Sauvamäki SF 62.30 26.65 58.82 105.32 —654 184 6.7 5.1 75/10
BER Berlevag N 70.85 29.13 67.16 113.10 282 384 4.2 8.2 76/9
VAD Vadsö N 70.10 29.65 66.42 112.75 197 397 3.7 7.1 76/9
SKO Skogfoss N 69.37 29.42 65.70 111.95 117 383 3.9 8.8 76/9
RKS Roksä SF 62.57 30.26 58.95 108.29 —640 372 3.4 6.9 78/7

Country: DK Denmark, N Norway, S Sweden, SF Finland

in the Kiruna system (cf. Fig. 2 and text)

deelination

until spring 1980

Revised corrected geomagnetic coordinates according to Gustafsson (1970). xKl, yKl coordinates

y,“ westerly deviation of the local parallel to the positive xK, axis from geographie north
D measured or adopted (from published data, magnetic maps etc.) value of magnetie easterly

The last column gives year and mOnth of installation. Most stations are scheduled for Operation
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Fig. 2. Station map in geographic coordinates. Also indicated are the axes of the Kiruna system
(cf. Sect. 3), and the line of constant revised corrected geomagnetic latitude 43026480 N (after
Gustafsson 1970)

Usually magnetic variations at high latitudes are studied with reference to
a quiet time level. Because a large time interval of many days may exist between
the magnetie event which is of interest (e. g.‚ a specific substorm) and the closest
quiet day, errors may be induced by magnetometer drifts. For most of our
instruments, these drifts are caused mainly by annual temperature variations
and are less than 0.1 nT/day (B. Inhester, personal communication). Oocasion-
ally, our Z components ShOW strong anelastic behaviour. However, even in
these cases the drifts are rarely larger than l nT/day and may easily be recognized
and eliminated during data analysis by comparing the quiet time levels recorded
by adjacent instruments.

The spatial distribution of our magnetometers is shown in Fig. 2, and their
geographioal coordinates, with other relevant information, are given in Table l.
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Most of the instruments are approximately situated along straight lines perpen-
dicular to the lines of constant revised eorrected geomagnetic latitude, as given
by Gustafsson (1970). It was considered that such an arrangement would ease
the analysis of the data since it could be antieipated that electrojets flowing
approximately parallel to the auroral oval would predominate. In northern
Scandinavia (down to LYC and OUL, cf. Fig. 2), which is situated under the
statistical auroral oval around magnetic midnight, and where accordingly the
most inhomogeneous magnetie field variations could be expected to oecur, the
spacing of our stations along the north-south lines is least and is 120 km on
average. Sueh a separation between stations was chosen with regard to the
fact that external magnetic fields with horizontal wavelengths of less than 200 km
are appreeiably depressed (aecording to the factor e‘kh, where k : 27:11‘ 1, ‚l is the
wavelength, and h N 100 km) between the ionosphere and the ground. The results
from the University of Alberta meridian Chain (e.g., Kisabeth and Rostoker
1971; Rostoker and Kisabeth 1973) suggested a similar spaeing. Because it
was antieipated that in interesting cases east-west gradients might be as important
as north-south gradients, the distance between adjacent north-south profiles
was also ehosen to be not mueh greater than 120 km. Note that this spacing
is not latitude invariant because of the eonvergence of the profiles toward
north. At the geomagnetic latitude of stations GLO-MUO (Fig. 2) this longitudi-
nal spacing is on average 150 km.

In north-eastern Scandinavia our array is supplemented by a north-south
Chain of 6 digital three-component fluxgate magnetometers operated during the
IMS by the Technical University of Braunschweig (Maurer and Theile 1978).
The remainder of our instruments are distributed over the southern half of
Scandinavia with a mueh wider separation between stations. Together with
the existing permanent magnetic observatories, these southern stations are valu-
able for studying, e.g., apparent return currents of auroral electrojets, far-field
effects of field-aligned currents, and electrojets flowing during phases of strong
auroral oval expansion. To the north-east, it is important that the Polar
Geophysieal Institute at Apatity (USSR) is operating several magnetometer
stations on the Kola peninsula (Fig. 2).

Our array ends abruptly at the northern coast of Scandinavia (revised
correeted geomagnetic latitude 67.4 N) and thus the two Norwegian permanent
magnetic observatories on Bear Island (BJN) and on Spitsbergen (NAL) are
invaluable for our studies. BJN is approximately situated on our station line
SAU-SOY, about 450 km to the north of SOY.

The array, which is scheduled to be in operation until spring 1980, was
installed in steps, with the first north-south Chain (MIK—PIT) reeording from
autumn 1974, and with the last stations (FLO, ESM, HOP, and RKS) added
in July 1978 (cf. Table 1).

3. The Kiruna System of Coordinates
and Magnetic Field Components

The main purpose of the present array is detection and analysis of local magnetie
disturbanee fields. Any analysis of the data by methods based on potential
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theory (e.g., separation into internal and external parts, or field continuation
towards the source, Mersmann et al. 1979) is greatly eased if Cartesian coordi-
nates and corresponding field components may be used. Such a local system,
which is applicable only to data from the Scandinavian region, will now be
deseribed and will be called the ‘Kiruna system’.

When defining this system, our basic postulates have been that the spherical
earth’s surfaee of the Scandinavian region should be projeeted onto a tangential
plane by conformal mapping, and that the magnetie potential at a projeeted
point should be equal to the potential before projection. As the common point
of the sphere and of the tangential plane, and as the origin of the new coordinate
system, we have chosen the station Kiruna (KIR, Cf. Fig. 2), i.e., a point approxi-
mately in the middle of our array. The horizontal axes of the Kiruna system
have been defined to be related to a line of constant reVised corrected geomag-
netic latitude (PC (Gustafsson 1970) in approximately the manner in which the
geographic north and east direetions are related to Circles of geographie latitude.

The transformation of an arbitrary point P given by geographic colatitude
9 and longitude Ä and of its northward and eastward magnetic disturbance field
components X and Y to the Cartesian coordinates xKI and yKI and to the corre-
sponding field components A and B, respectively, is undertaken Via the following
steps:

(a) Instead of the geographic pole, KIR is adopted to be the pole of a
new spherical system. Accordingly, the spherical coordinates 9m and ‚IKI will
be attributed to P. The new magnetic horizontal components are XK1 (pointing
towards ‘north’ of the new system, i.e., towards KIR) and YKI (towards ‘east’).
They are the result of a rotation around the vertical axis at P. The new meridian
1141:0 is defined in such a way that it is perpendicular to the line gbc:64.80 N
which passes through KIR (Gustafsson 1970), and that it turns approximately
towards south from KIR.

(b) P is now transformed to P’, a point on the tangential plane with the
desired Cartesian coordinates xm and yKI, by means of a stereographic projection
(cf. Fig. 3a and b), according to

xKI: —2RE tan (6,0/2) eos ‚im
yKIZZRE tan (BKI/z) Sin ÄKI

where RE:6,371 km is the adopted value of the earth’s radius.
Simultaneously, the horizontal magnetie components are transformed ac—

eording to

Xiq Z 0052 (910/2) XKI

Yiu Z C052 (910/2) YKI

where the X{<1 and Y;„ field components lie within the tangential plane (see
Fig. 3a), and the Xk, component points towards KIR. The factor cosz(6KI/2)
provides for eonstancy of the magnetic potential (see above).

(c) By a rotation within the tangential plane (Fig. 3b) at the point P’, we
obtain the final horizontal magnetic field components
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Fig. 3. Diagrams illustrating the derivation of the Kiruna system

A =X;„ cos Äm+ Yiq sin ÄKI
B: "XIKI Sin ÄKI+ Y’Kl C05 11K]

which are directed parallel to the xKl and yK, axes, respectively.
The vertical component Z remains unchanged throughout. Because we intend

to apply this system only t0 data from Scandinavia, the factors representing
spatial distortion or field reduction within the above equations may be assumed
to be close to unity. For a station in southern Scandinavia, 6K. may be 8°,
for example. In this case, the distortion or reduction factors are, respectively,
(for the first factor, cf. Fig. 3a)

if 8K] has been transformed into radians. Hence, only the rotations involved
within the different steps of the transformation are important for our purposes.

For the horizontal magnetic disturbance field, the sequence of the above
rotations is described completely by the angle 3),“, which gives the westward
deviation of the local A component direction (parallel t0 the Km axis, cf. Fig. 2)
from geographic north. Together with the Xm and yK, coordinates, this angle
is given in Table l for our array stations, and in Table 2 for other magnetic
stations within and near the Scandinavian region.

4. Interna] Contributions From Induced Currents

lt would require much consideration if the magnetic variations recorded in
Scandinavia were appreciably influenced by the magnetie fields from eleotric
ourrents induced in the earth’s crust and upper mantle, especially if eonductivity
anomalies were present (Gough 1974; see also discussion at the ocoasion of
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Table 2. List of other magnetic stations in the Scandinavian region. For explanations, see Table 1

Symbol Name Country Geographie Rev.Corr. xKl yKl 32m Type of
Geom. (km) (km) (deg) Station

Lat. Long. Lat. Long.

DOB Dombas N 62.07 9.12 60.07 91.89 —448 —701 22.6 PMO
LOV Lovö S 59.35 17.83 56.43 97.12 —888 —348 14.7 PMO
TRO Tromsö N 69.67 18.95 66.75 104.77 212 — 13 13.7 PMO
NUR Nurmijärvi SF 60.50 24.65 57.05 102.88 —839 51 8.5 PMO
NAL Ny Alesund N 78.92 11.93 75.89 114.65 1260 87 20.5 PMO
BJN Bear Island N 74.52 19.02 71.34 110.34 736 116 13.7 PMO
SOD Sodankylä SF 67.37 26.63 63.90 108.47 — 93 248 6.6 PMO
SKA Skarsvag N 71.12 25.83 67.61 111.04 324 268 7.3 TMS (TUB)
KUN Kunes N 70.35 26.52 66.84 110.79 236 282 6.6 TMS (TUB)
KEV Kevo SF 69.75 27.03 66.23 110.61 167 294 6.2 TMS (TUB)
IVA Ivalo SF 68.60 27.47 65.05 109.94 38 298 5.8 TMS (TUB)
MAR Martti SF 67.47 28.28 63.90 109.76 — 89 320 5.1 TMS (TUB)
KUU Kuusamo SF 65.92 29.05 62.37 109.24 —264 339 4.4 TMS (TUB)
LNN Leningrad USSR 59.95 30.70 56.22 107.44 —934 379 3.1 PMO
RYB Rybachy USSR 69.90 31.90 66.09 114.23 171 482 1.6 TMS (PGIA)
LPY Loparskaya USSR 68.25 33.08 64.37 113.87 — 13 525 0.6 PMO
LOZ Lovozero USSR 67.98 35.02 64.08 115.10 — 42 606 —l.1 PMO
UMB Umba USSR 66.70 34.50 62.88 113.82 — 185 586 —0.6 TMS (PGIA)

Type of Station: PMO permanent magnetic observatory. TMS temporary (IMS) magnetic station,
from Technical University of Braunschweig (TUB) or Polar Geophysical Institute at Apatity (PGIA)

the planning of North-American IMS magnetometer stations by Camfield and
Gough 1976 and Lanzerotti and Sugiura 1976). Such influences would hinder
a rather direct interpretation of observed magnetio fields in terms of ionospheric
and near-earth magnetospheric currents, and would necessitate a field separation
into internal and external parts for every study. Because of the large spacing
(100—150 km) between stations, such a separation of the observed magnetic
variations would not give reliable results if conductivity anomalies of a smaller
scale were of importance. Fortunately, it appears from initial analyses of our
data that internal contributions to the observed magnetic disturbance fields
are small, or at least rather homogeneous, exeept for higher frequency variations
near the coast. To a first approximation, the internal field may be negleeted
for the horizontal magnetic eomponents. Preliminary arguments will be given
in this seotion. A thorough analysis including an investigation of the eleotrical
conductivity structure under Scandinavia will need appreciable effort, including
magnetotellurie measurements, and is beyond the scope of this paper.

The first technique employed by us to obtain information on the importance
of internal contributions to the observed magnetic fields was a two-dimensional
field separation (Kertz 1954; Siebert and Kertz 1957; the formalism may also
be found in Mersmann et a1. 1979). Such a separation is only possible if, at
the earth’s surfaoe, a field is observed which is a function of the vertical coordi-
nate Z and one horizontal coordinate (e.g. 9E) only. The corresponding magnetie
components may be Z and Ä. From ÖÄ/Öjz0, together with Maxwell’s first
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250nTo—->

250km

Fig. 4. Equivalent overhead current vectors
(at height zero, in nT) on April 7, 1976,
1336 UT. The rotated system 9E, J7 (the
corresponding magnetic components are Ä,

mE) mentioned in the text is also shown

equation and the absence of any current flowing immediately above the earth’s
surface, it follows that 65/69720, i.e., Ezconstant along an 5c profile, where
37 and F denote the remaining Cartesian coordinate or component, respectively.
It should be noted that the formalism given by Kertz (1954) and Siebert and
Kertz (1957) renders no physically significant separation of any quasihomoge-
neous part of Ä or Z, since this part is formally bisected upon separation.

A local, approximately two-dimensional disturbance field may be found
at certain stages of an individual substorm. A typical example is illustrated
in Fig. 4 which shows the distribution of equivalent overhead current vectors
(horizontal magnetic disturbance vectors turned 90 degrees clockwise) at
1336 UT on April 7, 1976, when two magnetometer Chains, later forming a
part of our array, were already operating. The disturbance field components
have been defined as deviations from the 12—15 UT field recorded on March 22,
1976, which was the very quiet day Closest to the day under consideration.
The digitized magnetic data from each station were low—pass filtered, with a
cut-off frequency of 4 mHz, in order to avoid errors introduced by non-two-
dimensional disturbance fields in the pulsation frequency band (see below).
The pattern desoribed by Fig. 4 changes rather slowly within some tens of
minutes. It shows an eastward electrojet above northern Scandinavia, but devia-
tions from two—dimensionality are indicated to the south (NUR—OUL) and
to the north (BJN). The 5c axis, which is delineated in Fig. 4, was determined
by minimizing the average value of (63/6502 along the two Chains of stations.

For these two chains, the observed 5c/Ä and Z magnetic field components
are given in Fig. 5, together with their internal parts as calculated by two—
dimensional field separation. Although the applied interpolation and extrapola-
tion of the observed field values may b6 somewhat unrealistic, especially to
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the far north where data were available only from one station (BJN), and although
the two chains give slightly different results, it is apparent that there are n0
important internal disturbance field contributions present at lower frequencies
within this region of Scandinavia. Note that another form of extrapolation,
which would correspond t0 a broader westward electrojet t0 the north, would
yield a nearly constant internal part of the order of not more than a few
tens of nanoteslas, for both Ä and Z, over the area of interest. The result
from the analysis of another field disturbance recorded by the same two chains
of stations, which supports the present conclusion, may be found in a recent
paper by Mersmann et a1. (1979).

Preliminary analyses of data, recorded by the whole array, utilizing the
more usual Geomagnetic Depth Sounding (GDS) techniques (für a description
of some of these methods see, fovr example, Lilley 1975), additionally showed
that low frequency magnetic variations over the whole of northern Scandinavia
d0 not indicate the presence of strong anomalies of internal conductivity struc—
ture. Also inspection of equivalent current vector diagrams derived from various
magnetic events reveals no recognizable distortion of- the vector patterns due
t0 internal contributions. Hence, we are confident that at frequencies below
about 2 mHz the measured horizontal magnetic fields in northern Scandinavia
are not grossly perturbed by internal currents.

Unlike this slowly varying part of magnetic disturbances, the Z component
of higher frequency fluctuations exhibits large internal contributions, especially
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near the coast. This feature is demonstrated by Fig. 6, which gives für the
previously mentioned substorm of April 7, 1976, the high-pass filtered (Gut—off
frequency 4 mI-Iz) A and Z variations for the chain of stations SAU-SOY (Cf.
Fig. 2 01' 4). The B component is not presented here because qualitatively it
behaves similarly t0 the A component shown. It is apparent that the rapid
Z fluctuations are amplified appreciably at the coastal station of SOY. The
presence of a strong coast effect within the Z component in northern Scandinavia
has been recognized for some time by workers who have studied geomagnetic
pulsations within this region (O. Hillebrand and E. Steveling, Göttingen, per-
sonal communication).

In addition, Fig. 6 Shows the remarkable feature that the amplitudes of
the Z variations are appreciably attenuated t0 the south of OUL. Because n0
Cürresponding drastic effect is seen in the A and B components, and because
we have found a similar attenuation of Z high frequency activity within the
same region in another case studied, we conclude that at some depth (10—100 km)
within the crust 01' upper mantle the electrical conductivity below southern
Finland is larger than that t0 the north (Schmucker 1973).

During the break-up phase of an auroral substorm (Akasofu 1968) near
magnetic midnight at high latitudes large amplitude magnetic disturbance fields
seem t0 be ‘Switched on’ within a few minutes (e.g., Untiedt et a1. 1978). It
might be expected that such disturbance fields with a large high-frequency
content exhibit anomalous amplification of the Zcomponent at coastal stations,
as geomagnetic pulsations d0. Figure 7 illustrates that this indeed is observed.
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there are no Z values for some stations

This figure is based on the magnetic observations during an intense substorm
oeeurring on the evening of December 2, 1977, when the auroral oval was
largely expanded. At 2141 UT (N0010 MLT, according to Whalen 1970) an
intense auroral break-up was observed above OUL (H.J. Opgenoorth and R.
Pellinen, personal communieation). Before that time a westward equivalent cur-
rent flow corresponding to 200——300 nT was eoncentrated above southern Fin-
land. Probably in conneetion with the break-up and the subsequent poleward
auroral expansion (Akasofu 1968) which was also observed, a strong (up to
500 nT in the horizontal components) additional magnetie disturbance field
was ‘switched on’ between 2140 and 2147 UT for which the equivalent overhead
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current vectors are given in Fig. 7 (top). The pattern desoribes a westward
eleotrojet current flow concentrated above northern Scandinavia and some eur-
rent loop in the south, possibly related to the auroral break-up (Untiedt et a1.
1978). The corresponding distribution of the additional Z disturbances (Fig. 7,
bottom) ShOWS a eoncentration of Z isolines especially near the coastal stations
AND and FRE. This concentration, together with the direction of the isolines,
may be oalled anomalous in the sense that it does not correspond to the men-
tioned relatively uniform westward equivalent current flow within this region
(Fig. 7, top). We feel that the anomalously large Z disturbances, whioh we
have also found in another case, especially at AND and FRE, may be due
to the fact that the deep ocean border (the 2,000 m depth isoline, say) comes
very Close to the Norwegian coast only within this region. Otherwise northern
Scandinavia is surrounded by shallow ocean water with depths of around 300 m.
This may explain why we see a clear coast effect at all coastal stations only
at high frequencies. „

Although we should like to emphasize that at low frequencies the internal
part of magnetic variations is negligible to a first approximation, we do not
state that Scandinavia is free from notieeable condUCtiVity anomalies. Studying
more data from the magnetometer array, we have, for example, met growing
evidence that the phases of magnetic variations are anomalous within the region
of OUL, and that there appear to be anomalous high-frequency (N5 mHz)
Z responses observable in the region of OKS-RIS-SRV (Cf. Fig. 2).

5. Magnetic Substorm Development Over Scandinavia
on October 7, 1976

In order to demonstrate both the capability and the bounds of the magnetometer
array in revealing the small-scale spatial strueture of geomagnetic disturbances,
this section presents a phenomenological description of several types of distur-
bance fields recorded during an isolated substorm which occurred over Scandi-
navia on the evening of October 7, 1976. Within the limits of this paper, we
do not intend to present any physical interpretation of the observations. Some
physical aspects of this substorm have already been discussed by Baumjohann
et a1. (1978).

The standard magnetogram from the observatory Kiruna (KIR) (Fig. 8)
shows a mainly northward magnetie disturbance field until about 1848 UT.
At the beginning, this field varies slowly but after 1834 UT it exhibits an impul-
sive amplification before a similarly short negative excursion. After 1900 UT
another, but longer lasting, negative bay in the X component occurs. More
magnetograms for this event may be found in (Baumjohann et a1. 1978).

For presentation of our observational results we have Chosen the well-known
equivalent overhead eurrent presentation at height zero (i.e., horizontal distur-
bance veotors rotated Clockwise by 90 degrees). For brevity, we shall use the
word ‘current’ instead of ‘equivalent overhead current at height zero (in nanotes—
las)’ in the following description. However, we are well aware of the fact
that the currents presented may be very different from the true spatial distribu-
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tion of electric currents because of the appreciable height of the ionospheric
main current layer (about 100 km), the possible presence of net field—aligned
currents and balanced ionospheric-magnetospheric currents (e.g., Baumjohann
et al. 1979) — the latter generating toroidal magnetic fields that‘are unobservable
011 the ground —‚ and the presence of currents induced within the earth.

During the early stages of operating the array, more data was lost than
later on, due t0 initial difficulties in running the instruments. Hence for this
event results are lacking from a few of our stations, for example the important
coastal stations of FRE, AND, and BER (cf. Fig. 2). On the other hand, it
is very important that we were able t0 include data from BJN, SOD, LOV,
NUR, SKA, KUN, KEV, LPY, and LOZ, i.e., from stations that are run
by other institutions (see Acknowledgements).

In order t0 describe the spatial evolution of the substorm over the Scandina-
vian area, Fig. 9a and b give a sequence of current distributions, each of which
characterizes a certain stage of the development of this event up t0 1900 UT.
The disturbance field components have been defined and measured as deviations
from the 7—8 UT quiet time levels on the same day. At KIR magnetic midnight
occurred at about 2135 UT (as calculated from Whalen 1970).

Early within the substorm, until approximately 1636 UT, the current flow
over Scandinavia was almost uniformly directed changing rather steadily from
south—eastward (Fig. 9a, 1604 UT) t0 eastward, with intensity increasing toward
the northeast (a5 defined in the Kiruna system). Simultaneously, BJ N (Cf. Fig. 9a,
top of diagram given for 1604 UT) showed vector directions quite variable
with time, eastward at the beginning and mostly northwestward later.

Afterwards, für more than one hour, the flow over northernmost Scandinavia
was almost entirely eastward directed and typical of the eastward electrojet,
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but northwestward at BJN. The weaker currents to the south varied several
times between southeastward and northeastward (Fig. 9a, 1646 and 1726 UT).

Between 1748 and 1800 UT the northernmost current vectors turned north-
ward (Fig. 9a, 1756 UT), approaching the northwestern current direction at
BJN. This branching-off of the northern part of the eastward electrojet later
weakened a little (Fig. 9a, 1808 UT), until between 1820 and 1832 UT the cur—
rents at our northern stations became rather irregular (Fig. 9a, 1828 UT).

Starting at about 1834 UT (cf. Fig. 8) all the currents intensified appreciably,
but their directions rernained southeastward over most of Scandinavia and north-
westward at BJN. Only within the region of our northern stations did dramatic
Changes occur. At first, a very local current vortex, somewhat elongated in
east-west direction, appeared (Fig. 9b, 1836 UT), probably indicating a concen-
trated upward flow of field-aligned current (Untiedt et a1. 1978). Later a pattern
Showing a spatial transition from eastward Via northward to strong northwest-
ward currents developed within a few minutes (Fig. 9b, 1837 and 1840 UT)
which then appeared to travel westward (Fig. 9b, 1848 and 1854 UT) until
both BJN and our northernmost stations indicated currents directed to the
west (Fig. 9b, 1900 UT). At 1900 UT a remarkable U-like distortion of current
was Visible just to the south of the westward electrojet. Also within this time
interval (Fig. 9b, 1854 UT), there was a more regional, but otherwise similar
transition from eastward to northwestward currents Visible over the middle
of Scandinavia. We believe that our observations between about 1838 and
1854 UT were caused by the passage of the Harang discontinuity (Harang 1946;
Heppner 1972; Maynard 1974; Kamide 1978; Nielsen and Greenwald 1979),
i.e., the transition region between the eastward and westward electrojets.

6. Conclusions and Summary

The phenomenological results presented in the preceding section (see also Baum-
johann et a1. 1978) clearly demonstrate that at many time instances within the
course of a substorm the regional magnetio Situation within the auroral zone
may be adequately observed only by means of a densely spaced two-dimensional
magnetorneter array. This is particularly true for the O-type (Fig. 9b, 1836 UT),
U—type (Fig. 9b, 1840 and 1900 UT) and X-type (Fig. 9a, 1828 UT) configura-
tions of the equivalent current flow which have been shown. In this respect,
and considering that observations by other methods have been greatly intensified
within the same region over the same time, the magnetic data being acquired
during the IMS by the Scandinavian Magnetometer Array facilitates new and
detailed studies.

However, two limitations of the value of our magnetometer array are ob-
vious. The optical recording on film requires time-consuming and, because of
manifold crossing of traces in the case of strong disturbances, often difficult
digitizing of the data. Accordingly, our array is particularly appropriate for
detailed single event studies, but not well-suited for statistical investigations.

Fig. 9a and b. Equivalent current vectors over the Scandinavian region at different instances of
time during the course of the magnetic substorm which occurred on October 7, 1976 (Cf. Fig. 8).
Note that vector scales are different between the two parts of the figure
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Furthermore, the lack of stations at magnetic latitudes greater than 68 N re—
stricts, under not—too-disturbed conditions (i.e., a moderately expanded auroral
oval), studies of magnetic disturbances to the southern part of the night-time
auroral oval and to subauroral variations at local times other than near magnetic
midnight.

With respect to the internal magnetic disturbance field contributions in the
Scandinavian area it is concluded that these are negligible at lower frequencies
(S l mHz) and are mainly negligible also in the horizontal components at higher
frequencies (N5 mHz). The vertical component, Z, often is most indicative
of horizontal conductivity variations. At higher frequencies, the behaviour of
this component implies the existenoe of a crust-mantle conductivity structure
which is very different beneath southern Finland as oompared to northern
Scandinavia, with OUL defining approximately the demarcation line between
the two regimes. Also indicated, by analyses of data from the total array,
is the presence of a conductivity anomaly in the region of OKS—RIS-SRV.
Perhaps due to the fact that the water surrounding Scandinavia is shallow,
except near the stations FRE and AND which are very Close to the continental
edge, there is hardly any recognizable coast effect at low frequencies. At higher
frequencies the Z variations are greatly amplified at all coastal stations, but
this does not appear to lead to a corresponding major perturbation of the
horizontal magnetic disturbance vectors.
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Estimation of the Dispersion of Compressional Waves
in Rocks From Ultrasonic to Seismic Frequencies"

R. Ramananantoandro
Physique et Mecanique des Materiaux Terrestres, Institut de Physique du Globe,
Universite de Paris 6. 4, place Jussieu, F-75230 Paris, France
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In the investigation of the composition of the crust and the mantle of the earth,
velocities measured in the laboratory are compared t0 seismic wave velocities.
Because of dispersion due t0 anelasticity, question has been raised as t0 the
validity of such comparision (Liu et a1., 1976). The laboratory velocities are
indeed obtained at ultrasonic frequencies of a few megacycles per second while
the seismic velocities at frequencies of a few cycles per second. T0 date n0
laboratory velocity measurements on the same sample and at these two extreme
frequencies have ever been made t0 determine the amount of dispersion. In this
note, we have made an estimation of the dispersion of compressional waves in a
very fine grain limestone. The amount of dispersion was calculated from the
internal friction data.

It has been shown that, in a linearly attenuating body, the velocity at a given
frequency is uniquely determined from the knowledge of the internal friction
Q‘1 of the body over all frequencies, and Vice versa (see e.g. Futterman, 1962).
The velocity dispersion relation can be written (Kanamori and Anderson, 1977):

1 _; L 0° mM160) (”zu P10 f-fi df) (1)
where f is frequency, v(fi) the velocity at frequency fi‚ 0(00) the velocity at
infinite frequency and P stands for Cauchy principal value of the integral. The
applicability of this relation is limited by the lack of knowledge of Q“ 1 over all
frequencies. Q‘ 1 has been measured on rocks at frequencies of a few hertz t0 a
few megahertz, but generally over a narrow frequency band for a particular
sample. -

For our calculation, we have taken from the literature a rock for which
detailed Q‘1 data are available over the widest frequency band. This is a very

* Contribution n0. 338, IPG, University of Paris 6
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fine grain Solenhofen limestone, whose internal friction for longitudinal Vi-
brations was measured at ambient conditions from 30 kHz t0 5 MHz (Mason,
1971). Given the small grain size of the rock (average grain size 9 um), absorp-
tion due t0 scattering was considered negligible t0 a frequency of 5MHZ
(Mason, 1971). According t0 Mason (1971), we have fitted the following equa-
tion t0 the experimental Q‘ 1 data (Fig. 1):

2.54.10-3 +5,57.10-8f
1+1.31.10-12f2Q‘1(f)= (2)

Equation (2) is used for a rough estimation of Q‘1 outside the frequency
band of the actual measurements. At low frequencies (1 Hz t0 10kHz), the
estimated Q‘1 (2.5-10’ 3) falls within the values of Q‘1 measured on various
limestones, as given by Bradley and Fort (1966). These values range from
1010—3 t0 5-10‘3. The high values of Q‘1 correspond t0 rocks with high
microcrack density. N0 Q‘1 data are available below 1Hz for limestone.
Published data on oxides (see Jackson and Anderson, 1970) indicate that, at
very low frequencies (below 10‘5 Hz), Q“1 may be large. The effect of large
absorption at low frequencies will be discussed below. At high frequencies,
absorption due t0 scattering is dominant but is not considered here, as it does
not introduce dispersion.

In order t0 satisfy the requirement that Q‘ 1 be an odd function of frequency
(see Futterman, 1962), equation (2) is truncated at f —-—0‚ and for f <0, Q‘1 is
taken t0 be equal t0:

2.54-10-3—5.57.10-8f 31+1.31-10-12f2 UQ‘1(f)=
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Using Eqs. (1), (2), and (3), the percentage difference between the velocities at the
frequencies f1 and f2 is given by:

B2 ——Bd— ———1 102 41+B ( )
where B1 and B2 are the values of

1 OO ’ 1(f)nP df (5)-001 f-f-
at fi2 :qual to f1 and f2 respectively. For fl = 1 MHz and f2 = 1 Hz for instance, d
is found to be 2.5.

If at frequenoies below 1 Hz, the actual Q‘ is larger than the estimated one,
as mentioned above, the value of d should be smaller than 2.5. Moreover, at
high pressure, Q‘1 decreases due to grain-boundary microcrack Closure (Birch
and Bancroft, 1938; Walsh, 1966). Birch and Bancroft data (1938) for torsional
Vibrations in Solenhofen limestone show a decrease in Q‘ 1 by a factor of about
2 from 0.2 to 4kbar, at a frequency of the order of a few kHz. Such a decrease in
Q* 1 would further reduce the value of d. Thus the lMHz velocity would differ
from the l velocity by at most 2.5%. It is noteworthy that, in the present
limestone, the frequency interval, 1 Hz— 1 MHz, is outside the frequency domain
of the unrelaxed elastic state.

Knowledge of Q‘1 for other rock types is not as detailed as that of the
present limestone. However, values of Q‘ 1 measured at ambient conditions on a
few mafic and ultramic rocks, at frequencies between 1Hz and 105 Hz, also fall
in the 10‘3 range (Bradley and Fort, 1966). Measurements by Birch and
Bancroft (1938) on nine different rock types at a frequency of a few kHz, at room
temperature and under a pressure of 4kbar, show a variation in Q‘1 by a factor
of about three from one rock type to another. One of the highest value of Q‘ 1

they have reported is that of a Solenhofen limestone. At megacycle frequencies,
Mason (1971) found comparable Q*1 for longitudinal vibrations in slate and
limestone. His granite shows higher Q‘1‚ but this is presumably due to large
microcrack density. On the basis of the above data, the internal friction and
therefore the velocity dispersion for varied rock types should not differ much
from those for the Solenhofen limestone considered here.

In this note, we have made an estimation of the dispersion of the compres-
sional wave velocity in rocks from 1 Hz to l MHz. The dispersion was calculat-
ed from laboratory Q‘1 data collected at ambient conditions. To date, no high
temperature laboratory Q‘1 data over a wide frequency band is available. The
effect of temperature, however, is to decrease the Viscoelastic relaxation time.
This results in a shift of the high frequency limit of the relaxed elastic domain
towards higher frequenoies and a decrease in the elastic wave velocity dispersion
in the frequency band of interest here. On the basis of the laboratory Q’ 1 data
for the Solenhofen limestone studied here, the velocities at 1Hz and 1MHz is
estimated to differ by less than 2.5 %. Thus velocities measured at 1MHz in
laboratories are directly comparable to seismic wave velocities measured at a
frequency of 1Hz.

1
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