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Modelling of crust and mantle heterogeneity effects in
the theory of Earth tides

S. M. Molodensky

Schmidt United Institute of Physics of the Earth, Russian Academy of Sciences, Moscow, Russia

Abstract. General relations are obtained for the determination of radial and tangential
components of displacements and gravitational potential variations at the Earth’s surface
due to tidal forces for a model with a horizontally inhomogeneous distributions of elastic
moduli. Model calculations are performed to estimate the effects of local and regional
inhomogeneities of elastic moduli specified in regions of simple configurations on tidal
variations in gravity, tilts and deformations. As distinct from gravity data, data on tidal
tilts and deformations can provide significant constraints on local inhomogeneities of elastic
moduli in the immediate vicinity of an observation point. Results of model calculations
show that the phases and amplitudes of tidal tilts and deformations change by 10-15% in
the vicinity of a soft inclusion in which the shear modulus is smaller than its value in the
surrounding medium by 20-30%. Anomalies of such a contrast can be detected over several

months of continuous tidal observations.

Introduction

The study of local heterogeneities in the crust and up-
per mantle by traditional seismic methods is largely compli-
cated due to uncertainties in the parameters of earthquake
The method of controlled vibratory sounding is
free from this problem, but its application requires expen-
sive sources of seismic signals, and their effective application
is often inappropriate. The lunisolar tides are excited by nat-
ural sources of tidal forces, whose values are known with a
reasonably good accuracy at all time moments. Therefore,
in many cases the use of data on the material response to
tidal forces seems quite advantageous for the study of me-
chanical properties of the medium. We should also note that
tidal data differ from seismic evidence in that they provide
information on the properties of the medium in the range of
much lower frequencies (diurnal and semidiurnal periods).
Because of this distinction, comparison of seismic and tidal
data can provide constraints on both the elastic moduli and

sources.
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rheological properties in the vicinity of an observation point.

In recent years, the most significant anomalies of tidal tilt
and strain factors have been discovered in the vicinity of the
Orenburg gas-condensate field and in the Baksan Gorge at
the foot of the Elbrus Mountain. In both cases, this appears
to be related to the presence of a cavity (possibly contain-
ing a rigid skeleton) significantly differing in average shear
modulus from the surrounding medium. Analysis of the re-
sponse of this cavity to tidal forces allows one to estimate
(1) the sizes of this cavity and mechanical properties of its
upper dome and, based on the estimated thickness of the
dome and its effective rigidity, (2) the criteria of its stability
(this problem is very important in relation to the possible
collapse of the dome due to the pumping-out of gas).

Along with the detection of local heterogeneities, there
also exists the problem of identifying global lateral hetero-
geneities in the mantle, which should primarily give rise to
anomalies in the tidal gravity factor ¢ (its value is mainly
dependent on mechanical properties of the lower mantle and
nearly insensitive to local heterogeneities in the vicinity of
an observation point).

Below, we derive general relations for the determination of
radial and tangential components of displacements and vari-
ations in the gravity potential at the Earth’s surface with
laterally inhomogeneous distributions of elastic moduli. Nu-
merical estimates are presented for the effect of local inho-
mogeneities of elastic moduli on tidal tilts and deformations.
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1. Initial Equations

Partial differential equations in a general form govern-
ing the elastic-gravitational conditions of the Earth under
the action of tidal forces are based on the assumption of an
initial (nondeformed) hydrostatic equilibrium of the mantle
and crust, implying that the pressure gradient Vpg is com-
pensated for by gravity:

Vpo —pVW =0, (1)
where p is density; W is the unperturbed gravitational
potential, satisfying the Poisson equation

AW = —4nGp , (2)
and G is the gravitational constant.

Elastic tidal deformations displace an element of the
medium from a point determined by the radius vector r to
the point r4+u and compresses this element, with the relative

1)
change in volume being -~ = V - u. Then, the density p/,
T

potential W’ and stress tensor o}, in the deformed medium
can be expressed as

p(x) =p(r—u)—pV-u=p(r)-V-(pu), (3)

W'(r) = W(r) + R(r) , (4)

Sik(r) = —po(r)dik + sik(r)

(5)
= [=po(r) + (0, Vp)|dir + sir ,

where 9;1, is the Kronecker delta and s;x is the tensor of elas-
tic stresses connected with the displacement vector through
the Hooke law

(9’1,“

B (6)

sik =MV -u)dir + p ( 6uk) .

ami

Substituting (3-6) into the equation of elastic equilibrium
and subtracting, respectively, (1) and (2) from the results,
we obtain

pVR — (V- pu)VW + V(p(u, VIW))=0. (Ta)

AR = 47GV - (pu) . (7b)

Applying the curl operator to the left- and right-hand sides
of (1) yields
VW xVp=0.

Adding the identically zero term
ux (VW x Vp) = (Vp,u)VW — (VIW,u)Vp ,

to the left-hand part of Equation (7a), this equation takes
the form

Li(u, R)

(8)
= (8:810, (R+ (u, VW))—(V -u)

Osik
=0
81‘k

8W)
81'2'

(henceforward, summation is assumed under repeated
indexes and no distinction is drawn between covariant and
contravariant components of vectors and tensors, i.e. all cal-
culations relate to a Cartesian system of coordinates).

2. Generalization of the Betti Theorem
of Reciprocity to the Case of Tidal
Deformations of a Medium.

Green Function

To describe tidal deformations in a radially and laterally
heterogeneous medium, we use Equations (8) and (7b) with
the inhomogeneous boundary conditions

(92)

((OR/On)int|,—(OR/On)out ) |
= 5(’/75 (a)/a)yQ (197 ¢7 t) >

where ¥ and n are the Earth’s surface and its outer normal;
vt is the amplitude of the tide-generating potential; a is the
average radius of the Earth; y2 (9, ¢, t) is the spherical func-
tion of the 2nd order; ¥, ¢ and t are colatitude, longitude and
time, respectively; and the indexes “int” and “out” indicate,
respectively, inner and outer normal derivatives.

To calculate the Green function for the boundary problem
(8), (7b), (9a), (9b), we will write relations generalizing the
Betti theorem of reciprocity to the case of tidal deformations
of a gravitating medium with a hydrostatic distribution of
initial stresses.

In order to solve an inhomogeneous equation of the form

= (9b)

L(u",RV)=F(r), (10a)

ARY = 472GV - (puV) (10Db)

where F(r) is a known function of spatial coordinates, we
introduce the following system of auxiliary solutions

(u?, RY)) of homogeneous equations (8) and (7b):

L(u(j>,R<j)): 0, (10c)

ARY = 4GV - (pu?) | (10d)

which satisfy the boundary conditions
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s9n| = cie,y (9, ) ;

_ (11a)
DY =0 at j=1;
) . -0

o n|,=0; (11b)

DY) = oy (9,¢) at j=2;

s9 | = cae, Vyi' (9, 9) ;

| (11c)
@ . p| = n ;
s = caer x Vyn' (9,9) ; (11d)
DY =0 at j=4.
Here
DY = ((ORY /0n)inc| ,—(ORY) [0n)ows| ) /(4nG)  (12)

is the density of the single layer on the Earth’s surface, e,
is the unit radius vector and y,' are normalized spherical
functions.

Taking into account the explicit form of the operator L
(8), it is easy to show that this operator is Hermitean, i.e.
the volume integral of scalar product

I:/((u(j),L(ul,Rl))—<u(1),L(u(j),R(j))))dT (138)

T

reduces to the surface integral

= /[((sl ‘), u?) (9 ), w)

p
+ DIR(j) _ D(j)Rl]dU ,

(13b)

where the density of the single layer D, is determined by a
relation similar to (12):

D1 = ((0R1/0n)int|,—(0R1/On)ous| ) /(4nG) . (14)
If we set F(r) = 0 in (10a), i.e. if the solution of homo-
geneous tidal equations in the absence of external forces is
taken as (u™, V), volume integral (13a) vanishes iden-
tically, and relation (13b) generalizes the Betti theorem of

reciprocity to the case of a gravitating medium with a hy-
drostatic distribution of initial stresses. The terms

/[((81 -n),u(j))—((s(j) -n),ul)]da

>

in (13b), corresponding to the theorem of reciprocity, deter-
mines the difference between the values of the work done by
surface forces acting through the displacements u®”’ (corre-
sponding to the solution (u(l), V(l))) and by surface forces

acting through the displacements u” (corresponding to the

solution (um, V(j))); the additional terms

/[D1R<j) _ D(j)R1]dJ

=

determine the difference between the gravitational energies
of the single layer D; in the field with the potential RY) and
the single layer DY) in the field with the potential R;.

If the external body forces F(r) are nonzero, relations
(13a) and (13b) yield the identity

I:/(u(j),L(u1,R1))dT

T

— /(u(j),F(r))dT: /[((sl,n)’um) (15)

T

_ ((S(j) . n)7ul)_~_D1R(j) _ D(j)Rl]dO' ,

which is helpful for the construction of the Green function
related to the problem of elastic deformations of a gravi-
tating medium produced by the given external body forces
F(r).

Indeed, if external surface forces are absent, we have
s1-n = 0. Let the solutions (um, V<j>) be specified by the
boundary conditions s - n = e §(r — ry) and DY) = 0,
where e?) is an arbitrarily oriented vector, §(r — ro) is the
2-D delta function, and r and ro are vectors on the Earth’s
surface. Then, integrating the right-hand part of (15) over
angular variables, we obtain the relation

(ul(ro),e(j>): /(u(j>,F(r))dT, (16)

T

which completely defines the three components of the sought-
for vector u; at any point ro of the surface o.

Analogically, specifying the solutions (u(j),V(j)) by the
boundary conditions s)-n = 0 and DY) = §(r —ro) and in-
tegrating the right-hand part of (15) over angular variables,
we obtain the relation

RY (r) = /(u(j)7F(r))d7’ ,

T

(17)

which completely defines the potential variations on the
Earth’s surface.

3. Application of the Perturbation Method
to the Problem of the Effect of Horizontal
Heterogeneities on Elastic Deformation

of a Medium

Tidal displacements and the potential in spherically
symmetric models of the Earth are determined by the Love
formula
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w = O (renyh + = ﬂmuvﬁ,

R _f<0)() )

where k = 0, 1 and 2 for long-period, diurnal and semidiurnal
tidal components, respectively.

When a horizontally homogeneous model of a medium
(with distributions of density po(r) and elastic moduli Ao(r)
and po(r)) is replaced by a spherically nonsymmetrical model
(with distributions po(r) + dp, Ao(r) + A and po(r) + dp),
the solutions (ug, Ro) of Equations (8) and (7b) acquire in-
crements (ui, R1).

In the first approximation of the perturbation theory, the
equations of tidal strain in a laterally and radially heteroge-
neous medium can be written as

(18)

Lo(ul,Rl) —|—L1(U0,R0) :O (19&)
ARY — 47GV - (pou(l) +p1u(0)) , (19b)
where
L1 (w0, Ro) (19¢)
= 6p(V(Ro + (10, VIV)) = (V- ug) VW) +V - 51
and
srik = ON(V - o) dup + oy ( 2000 Ok g4,
oz, ox;

The general solution to the problem of tidal strain in a
horizontally heterogeneous medium is sought as the sum of
spheroidal and toroidal spherical harmonics:

ul =% [m"m)(r)ery:? + n(n )5f<”"“( r) yffl
n,m (2 a)
b [ e < ]

n,m

(20b)

RW =3 5" (r)y

Auxiliary solutions (u, RY)) determining the Green function
are represented as expressions of the same form as the terms
in (20a) and (20b) at j =4 :

2
G) — @ m T
at 1 =4, &
RY = f(r)yi, at j=1,2,3;

and

u? =9 (r)e, x Vy at j=4, (21b)
RY =0.

Here f;(r) is a system of six functions defined by the ordinary
differential equations

6

fi= Zaikfk , (22)
k=1
with the coefficients
a1 = —aes = i S
11 — 66_7”()\+2/.L) ;
a12 = —ase = A ;
12 — 56 — )\+ 2M )
ae = _r
R CEan
—n(n+1)
—a21 = Q65 = —— 5 3
r
a3l = —ae4 = 47TGp 5
n+1
—a3z3 = Q44 = ;
r (23)
_ ArG
asq = o
as1 = as3 = (n+ 1)pr
asz = asz = —pr’;
as1 = Ge2 = fpr2W' — 2;”"% ;
2N+ ) 1
— 2 _ .
oz = SHT ( A+2n nn+1) )’
3N+ 2p
= 4prW' +4p=——"—
as1 prW' +4dp N+ 21

The symmetry properties of the coefficients a;r in (23) are
due to the self-conjugacy of the operator L (8) [Molodensky,
1984].

The boundary conditions for the solutions (u(j), R(j)) are
defined as follows:

(S(J)7n): . D(J):O at ]:1
(8(3)71,1) Viynm; DY) = 0 at =2 (24)
(s.n)=0; DY =y, at j=3;
(5(3) ) e X Vignm; DY =0 at j=4.
Then, substituting (20) and (21) into (13), we find
I=6f" at j=1;
[=n(n+1)5f"™ at j=2; (25)

T=6f" at j=3;
I=t" at j=4.

Here
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T

These relations completely define all of the sought-for coef-
ficients in expansions (20a) and (20Db).

4. Green Function for the Problem of Tidal
Deformations in a Heterogeneous Medium

In order to numerically calculate the Green function in
a heterogeneous medium, we express the components of the
tidal displacement vector through homogeneous harmonic
polynomials &nm = 7"y5 (¥, ¢). In Cartesian coordinates
x;, they satisfy the equation

agnm
7S — g (21)
and the Laplace equation
Abpm =0 (28)

Expressing the displacement vectors ug and u? through
&nm, we obtain

%o

29
o, (202)

(wo)i = hVz;¢0 + ¢

. . O
(u(J))i = hgzﬂmignm + t'ELJ) bnm )

20b
B (29b)

where & = r2y§ (¥,9); 7 =0, 1 and 2 for long-period, diur-
nal and semidiurnal waves, respectively; and the functions
hgbj),t%j) and h(o),t(o) depend on the radius r alone. Com-
paring (18), (21a) and (29), these functions can easily be ex-
pressed through fi(j >(r), determined by the system of equa-
tions (22)—(23).

Now, we address the solutions of tidal equations in the
case of arbitrary lateral variations in elastic moduli. Then,
integral (26) takes the form

I= /(u(j)),iagiik dr ,
4 k

r

(29¢)

where

s1ik = OA(V - )bk + g (a(“c’)" + ‘9(“0)’“> . (29d)

oxk 0x;

Using the Gauss theorem and taking into account the con-
dition of vanishing stresses at the outer surface,

s1iknk =0,

we obtain

1= / ((u(j))i%) dr = / <Shk(8g;]:)z> dr £30)

T T

The substitution of (19d) into (20) yields

I=1(6)\)+1(dp), (31a)
where
I(6N) = — / SA(Y - u0)(V - u?)dr (31b)
and
I(6p) = 7/6/1 (%Z?i + 8%‘?}’“) (ag;j:)id’r - (31c)

T

Substituting (29a) and (29b) into (31c), we obtain
(allo)i + 8(110)k
= My {2r3h53>/§nm +2r°h Y €
r

L) _ ,
+ 21’ nénm (hff) - t’;) + 2t£f>xi$k35mn}

(311(3'))2.
(9.’L’k

Bxi 6%

E)
+ 2n&um b + 2=

BY (o 2o, 00)
+ (h2+ r) (xlaxk +xk8xi

) (7)
+ ! (hﬁf’ + tn) (x
2 r
2
() 0"&nm
t —_ >

8250 {
0x; 0z

‘ 8xk

+x

Obnm )

k
axi

+G)

* <h" + r (% oxy, + ok ox;

2
() 9"&nm
) & Snm L
+ " 8x28xk}

+ 2

Taking into account (27), we have

"Oxy, 010z Oxi kaxik oz,
Onm %o
- S (o + b ) = (0= 1)(Twm, V) |
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a%nm 0 (0 &
X (mzmk agnm + 3wk§n7n + Ti 6'Lk€nm) (33)
0
= 7 (260@ilnm) —2(n + 4) €0bnm = 260&nm -

The expansion of the lateral inhomogeneities of elastic mod-
uli in series of harmonic functions yields

ON(r, 9, ) = }:ZMmzuﬁw

=t (33a)
op(r, ¥, ) = ZZ’“P ryi () .

=1 p=-1

Taking into account (32)and (33), the integrals in (31b) and
(31c) can be represented as the sum of terms containing in-
tegrals of products of three harmonic polynomials, scalar
products of their gradients, and the convolution of the ten-
sors consisting their second derivatives and having the form

~ [T ) (v u)ar
==§i/%7{@¢m@awaw}m,
- (552
_ lf: / / Leum&oon(r) + & (Veum, VEr)0s(r)

82§nm 8250
+ flp (Bxlaxk 8x18xk 053(7“) dr ’

where

I(6)) =

(au(j) )i
Oz

dr  (33b)

<) = M= 2 (1) 0+ 210 )
D) ((H) 0+ 2500 - 100) |

ai(r) = 2m,,(r)r*l{r2h£j>’hg + (9 ho + hohY)

(j)’ /
—|—n7"h6 <h(]) . >+27‘h(]) (h0+tro) (33C)

-1
n n(n

(j)/ t
+nho | B9 + 2 | 4207 (ho + °>
T T
O
ho + hslj) + = ,
;

. 2 .
Lot + “hito + 30 ho

1\7\3

. I COh " 2
as(r) = pp(r)r~ | A+ = | ( ko + .
T
O
+ 2(n — 1)t (h + ) +2t [ AP+ | 3,
,

as(r) = 20, (1)1t

For calculating the integrals of products of three harmonic
polynomials, we substitute the relation &nm = r"y2' (9, ¢)
into the first term in (33b) and obtain

///{glpfnmﬁom(r)}dT

l+n+ng+2
= Alpnm'nomo/r R
0

(34)
1(r)dr .

Here Aipnmngm, is the integral of the product of three spher-
ical functions with the respective indexes (I,p), (n,m) and
(no,mo) taken over the surface of a unit sphere.

The second term in formula (33b) contain the product
of the homogeneous harmonic polynomial £;, and the scalar
product of the polynomial gradients (V&nm, V&) and can
be calculated as follows. Denote

Jf(l?monm = // §lp(v§nm7v£nom0)dT.

(35)

Integrating (35) by parts and taking (27) into account, we
find
(36)

(1) nomo
Jnomonm + lenm - nAlpnmnomo

and two similar relations obtained from (36) by the cyclic

permutation of the polynomials &ip,&nm,Engme- Solving
these equalities, we find
go 1 A (37)
nomonm — 2 (n + no — lpnmngomg -

The third term in (33b), containing the volume integral of
the convolution of tensors that consist of the second deriva-
tives of homogeneous harmonic polynomials of the form

82 nm 8260
0x;0x) Ox;0Tk

&ip

can be calculated in a similar way. Denoting

2 2
lp(2) 0"&nm 070 d
7L0'mgn7n // Elpal'ial'k 8.’B10$k T (38)
and integrating (38) by parts, we obtain
2
g 0nm O fo _ ynomo(3)
nomonm // 1'£lp 8.Iik axlaxk lenm (39)

where
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”0m0(3) O&1p Onm 6250
Tipnm /// Ox; Oxr Ox;0xy dr (40)
Taking (27) into account, we have
Zs 06 A ( 850) _ 8‘505.
" Oz, 0y, Az, \" " Ox; ox; ik (41)
= (1) 50
1o 8$k
and, therefore,
;€ O&nm 8250 ds
Ste Oxr O0x;0xk
s
= (no - 1)/ &ip (Vénm, Vo) ds (42)

S
(TL() — 1) (l +n+no+ 1)J7ZLZ;£L:’lrL)gm0

%(’I’Lo — 1) (n + nog — l) (l +n+no+ 1)Alpnmnom0 .

Integrating J;?:;O(S) by parts, we obtain
Jn0m0(3) Jnm(3) aglp afnm 350
Ilpnm Ilpngm,
P pTOMO 8:10Z 0T G:Uk (43)
= 1(l+n+no+ 1)Jig<,;>0nm .
Applying the cyclic permutation of indexes (I,p) — (n,m)

— (no,mo) to this relation and determining J;;77 from the
resulting system of three equations, we find

nomo(3)
lenm

x (-

or, substituting (37),

1
:f(l+n+no+1) )
noJjomo )

R Y A I

lpngmg

nomo(3) _
lpnm

(l+n+no+1) (45)

X (ng e 2nl)Almmn0mo .

The substitution of (42) and (45) into (39) yields

1

X (n() +n—-1— 2) Alpnmngmo .

With the help of (37) and (36
formed into the final form

), expression (32) is trans-

1

op) = Z Aipnmngme /d?"r“””r"‘J ((r2a1 (r)
l,p

0

+ = (I+n+no+1)(no+n—1)as(r)

N =

a3(27’) ) '

i[(l—i—n—ﬁ—no) —1] (n+no—l)(n+no—l—2)

5. Tidal Deformations of a Heterogeneous
Elastic Half-Space

In analyzing local effects of heterogeneity of a medium on
tidal tilts and strains, it is sufficient to consider the simplest
model of an elastic and nongravitating half-space.

We consider a system of two auxiliary solutions (corre-
sponding to the values j=1 and 2) of the homogeneous equa-
tions

L (u(j)7 V(j)): 0

at j=1, (47)

AVY) = 472GV - (pu(j>) at j =2 (48)

with boundary conditions of the delta function type at the
outer surface (corresponding to the cases of tangential and
normal concentrated loads applied at a point (zo, yo,0):

O'(j)nk = 000(x — 20)0(y — Y0)d(2)ex
at g =1,

(49a)

a(”nk = 006(z — 20)d(y — yo)d(2)ex
at j=2.

(49b)

Here (z,y, z) is a local Cartesian system of coordinates ori-
ented in such a way that the z axis is directed along the
normal to a surface element and the x axis coincides in di-
rection with the action of load in the j = 1 solution.
Substituting (47) and (48) into (49a) and (49b), we obtain

ooult (x0,0) = /(u(j),F(r))dT

T

T / oA [(V ) u(j)) (V ’ u0)+26u65i)6ik0] dr (50a)

(50Db)

—~ / SA[(V - u?) (V- o) +28pe eiro] dr

The expressions for the displacement vectors w=Y and
uY9=? gpecified by boundary conditions (15a) and (15b) are
given, for example, in [Landau and Lifshits, 1963]. The re-
lated components of the stress tensor can be written in the
following convenient form:
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oty _ 322> " 9 Y
oo 21R5  2mt(A+p) Oy \ R(R+2) )’
oy _ 3z po 9 @
oo 2mR5  2mr(A+p)0x \R(R+2) )’
(1) 2
Oay 3zzy O
Toy _ S92 9,4 R
00 21 R5 Ox0y ( n(z+ ))7
0;12) _ 3x2? ﬁ _ 3y22 O'SZ) _ 323
oo  2wR® o9 = 27wR% oy 2mR5’ (51)
2 E2 i?<x>
oo 2mR5 " 2m(A4p) \R®  Ox2 \R+z2/)’
o __3uy’ i+fi( z )
oo 2nRS  2r(A+p) \R®  0y2 \R+2z/)’
af,i) _ 33y n 0 o2 ( T )
oo 27R5  2n(A+p) 0z0y \R+2/’
aﬁ) _ 3222 01522) _ 3xyz 0&2@,) _ 3222
oo  2wR% oo = 27wR5 oo = 27R5

Thus, the complete solution of the problem under consider-
ation reduces to the calculation of integrals (50a) and (50b).

In the 2-D case (when elastic moduli do not depend on y),
simple expressions for tidal tilts and strains can be obtained
from formulas (50a, 50b). Integrating components (51) over
y from —oo to oo and taking into account that

oo o0 o0
dy 2 [dy 4 [ydy 2
R3 2’ R> ~ 3r4’ R> — 3r2”°
where
r? = (z —x0)* +2°
we obtain
&;B _2:102,2 &;i) B 271’3
oo oo wrt’
5 25 D a2
00 art’ oo wrt )’
5;12) . 222z 53(022) . 2222
oo  wrt’ oo  wrt’
&752) _ Az &@(,Z) _ Az
oo a(A+wr?’ oo a(A+p)r?’

These expressions allow one to obtain relatively simple an-
alytical solutions of the problem of tidal deformations in an
elastic half-space with heterogeneities independent of y. For
example, if inhomogeneities of elastic moduli are specified
by a value (6\,0u) in a rectangular parallelepiped infinite
along the y axis (r1 < z < @2, —00 < y < 00,21 < 2z < 22),
the solution has the form [Molodensky, 1983a]

(1) _ 2
Qus _ _ Alnr?||+B (=20)” H , (52a)
Oxo r
M) = C arctan +B (@ _fo)z , (52Db)
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and the symbol || indicates the result of double substitution
from z1 to 2 in = and from z; to 22 in z.

6. Thermoelastic Deformation

One of the main shortcomings of the tidal method is its
low immunity to the noise produced by local disturbances in
the atmospheric pressure, groundwater level, and tempera-
ture. The first two effects are either irregular or seasonal
and can be eliminated by increasing the lengths of observa-
tion series analyzed. On the other hand, the thermoelastic
stresses involve strictly periodic diurnal components coincid-
ing in frequency with main solar waves, and their elimination
by averaging is ineffective.

‘We should note that, due to the amplitude modulation of
the diurnal temperature variations by the annual wave, this
spectrum additionally contains combination frequencies of
the diurnal and annual waves with rather high amplitudes.
Periods of these waves also exactly coincide with periods of
some main lunisolar tidal components (e.g. the K, and K,
waves, whose period is equal to the sidereal day), so that
their elimination by methods of spectral analysis alone is
also ineffective.

Below we present results of spectral analysis of average
temperature variations in the range of tidal frequencies un-
der the natural assumption that, when averaged over a suf-
ficiently long time interval, the diurnal temperature varia-
tions are determined by the value of the solar flux incident
on the unit area of the Earth’s surface and by the effects of
heat capacity of the medium leading to a constant (season-
independent) phase delay of temperature. Based on these
calculations, we present model corrections to the amplitudes
and phases of main tidal waves recorded at the tidal strain-
meter Protvino station. Comparison of model results with
observations is shown to be effective for obtaining reliable
estimates of the thermal expansion coefficient and bulk mod-
ulus in the anomalous zone adjacent to the Protvino station.

6.1. Spectral Decomposition of the Solar Thermal
Flux.

The value of the solar thermal flux per unit area of the
Earth’s surface is determined by the well-known expression
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Table 1. Numerical values of the coefficients in the expansion of the solar thermal flux (6)

L 0 1 -1 2 —2 0 1
N 1 1 1 1 2 2 2
Cin 0 0.479 —2.07x1072 0 0 0 0
L -1 2 -2 0 1 -1 2
N 2 2 2 3 3 3
Cin 0 9.67x1072 —5.8x1073 0 0 0 0
L —2 0 1 -1 2 —2
Cin 0 2.25x1072 0 0 2.37x1072 —5.76x1073

g = Socosa  at cosa >0 afj)m = bl(s)m ,

- 0 at cosa <0, (53) (c) (s) (56)
a =b .
Inm Inm

where Sy is the heat flow per unit area normal to the direc-
tion toward the Sun and « is the angle between the direc-
tion toward the Sun s and the normal to an element of the
Earth’s surface. Neglecting the effects of the Earth’s orbit
eccentricity, the motion of the vectors n and s in space can
be described as

n = icos(¢ — wt)sin¥
+ jsin(¢ — wt) sin¥ + kcos I ,
s =cos Qt(icose + ksine) + jsin Qt

(54)

and, accordingly,
cosa = (n,s) = sin¥ cos(Qt) cos € cos(¢p — wt)

+ cos(Qt) sine cos ¥ + sin(Qt) sin ¥ sin(¢p — wt) .

Here, 1i,j,k is the right-handed system of the unit vectors
(the unit vector i lies in the equatorial plane, and j is di-
rected toward the vernal equinox point); ¥ and ¢ are the
colatitude and longitude, respectively; 2 and w are the an-
gular frequencies of the orbital and diurnal rotation of the
Earth, respectively; and € = 23.5° is the inclination angle of
the equatorial plane with respect to ecliptic.

In the most general case, the expansion of flow (47) in
spherical functions can be represented in the form

S:S()ii i P} (cos )

=0 n=0m=—n

X (al(;)m cos(ma) cos((mw + IQ)t)
(55)
+ a'? sin(mae) cos((mw + IQ)t

Inm
+ b cos(me) sin((mw + IQ)t)

Inm

+ bf?m sin(ma) sin((mw + lQ)t)) .
Because we are further interested only in near-diurnal com-
ponents of thermoelastic waves, we can set m = 1. The prob-
lem in question being fully symmetrical about the Earth’s
rotation axis, the coefficients in (49) possess the following
properties at m = 1:

In the case of main diurnal waves, setting m = 1 in (55)
and taking (56) into account, (49) can be represented in the
following simple form:

oo 0o

S:SOZ

=0 n=0

¢ sin(nd) cos(¢p — (w +12)t) . (57)

Numerical values of the coefficients ¢,, in this relation are
presented in the Table 1.

Taking into account relation (57) and the fact that the
sidereal and solar days Tsiq and T are interrelated through
the formula

Tsia = To(1 — Q/w) | (58)
it is easy to show that, at [ = 0, the coefficients ci, in (51)
describe thermal waves having a period exactly coinciding
with the solar day; the [ = 1 coefficients describe waves with
a period equal to the sidereal day, and the [ = 2 coeffi-
cients correspond to the frequency which is symmetrical to
the frequency of the solar day with respect to the frequency
of the sidereal day (i.e. the period of this wave is equal to
the difference of two sidereal day and one solar day). All
these frequencies are also present in the spectrum of tide-
generating forces and can therefore be eliminated from the
results of tidal observations only by numerical modelling of
thermoelastic strains. Below, we consider several examples
of possible effects.

6.2. Equations of Thermoelastic Strains and Their
Approximate Solutions

General equations describing the thermoelastic strains in
a radially heterogeneous self-gravitating model of the Earth
with a hydrostatic distribution of initial stresses can be writ-
ten as

Li(u,V) = 9(kaT)/0z; , (59)

where the operator L is defined by relation (8). Equation
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Figure 1. Example of results derived from the finite-difference modelling of the tidal strain effect of a

local heterogeneity. (See explanations in the text.)

(59) should be complemented with the boundary condition

(oikni — (kat)ni)s = 0 (60)
(nk are components of the outer normal), describing the ab-
sence of stresses at the outer surface of the Earth s.

In the case of local thermoelastic deformations (with the
characteristic horizontal size of the heated layer being much
smaller than the radius of the Earth), the effects of gravita-
tional forces and initial hydrostatic stresses on the thermoe-
lastic deformations in the Earth is small, and (59) can be
replaced by the equation

0ok,

o (61)

= d(kat)/0x; ,

which can be considered in the approximation of a homoge-
neous elastic half-space.

The effects of local thermoelastic deformations can be sig-
nificant if the medium contains inclusions with anomalous
values of elastic moduli, the thermal expansion coefficient
and temperature. Below, we assume that variations in elas-
tic moduli are small compared to their average values in the
surrounding medium, whereas no limitations will be imposed
on spatial local variations in temperature and the thermal
expansion coefficient.

In solving boundary problem (60)—(61) for a nongravitat-
ing medium, we may set D = v = pW =V =0. The
substitution of (60)—(61) into (15) yields

OolUg (:vo, O) = /kaT(u<j:1), n)ds

£

- /(u(jzl),V(kaT))dT:/kaTV~u(j:1)dT,

T

(62a)

T

0.2

X

Figure 2. Corrections to the x components of tidal tilts and linear strains for an inhomogeneity specified
in a rectangular parallelepiped with a 1:5:5 ratio of the sides along the z,y and z axes. (See explanations

in the text.)
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ol (mo, 0)= /kaT(u(jZZ), n) ds

° (62Db)
— /(u(jZQ),V(kaT))dT = /kaTV a=gr

T T

The divergences of the vectors u'?) in these relations are
determined by simple formulas:

gU=h _ 00 -0
RS (63)
o= _ % %

u TN+ p)r2’

where 1% = (z — x0)? 4 2%

Integrals (62a) are easily calculated analytically for cer-
tain simplest models of temperature distribution. For ex-
ample, if the values kaT are described by a piecewise-
continuous function equal to a constant Co = koaopTp in
a rectangular volume with vertexes at the points z;, zx
(i,k = 1,2) and is zero outside this rectangle, we have

Uz (20,0) = /kocTV u¥=Ygr

Co
= S (z(lnr —-1)

+ (z — zo) arctan(z/(x — 5”0)))|

)

(64)
u(70,0) = / kaTV -u=2dr

T

Co
el

— zarctan(z/(z — 900))) |

zo)(Inr — 1)

I

where the symbol H indicates the result of the double sub-
stitution from z1 to x2 in z and from 27 to 22 in 2.

In calculating the volume integrals (62a, 62b), one should
take into account that, in the case of diurnal temperature
variations, the depth of the layer of appreciable temperature
variations is small compared to the characteristic horizontal
size of the integration domain. Expanding (64) in powers
of the small ratios z2/(z1 — x0) and 2z2/(z2 — xo), setting
z1 = 0 and differentiating with respect to xo, we obtain

€gz = Oug(z,0)/0x ’ S

2
_ (A gu)omn (- 1)
- (A + ) T2 —Zo X1 — To

(65)

where ez, is the horizontal component of strain along the z
axis at the point zo.

In order to obtain a simple numerical estimate, the value
z2 in (65) can be determined as the thickness of the layer in
which the amplitude of the diurnal temperature variations
decreases by e times. Using the equation of heat conduction
in a homogeneous half-space 30T/t = OT /022, where (3 is

the ratio of the thermal conductivity of the medium to its
heat conduction, we have

2 = (Bw) Y2, (66)

where, as before, w = 27 /Ty and Ty is the sidereal day.

7. Numerical Modelling Examples

Figures 1 and 2 plot results of finite-difference modelling
of tidal strain and tilts for anomalous elastic moduli within
a rectangular parallelepiped (z1 < z < z2,—00 < y < 0,
21 <z < Zz).

Figure 1 exemplifies the finite-difference modelling of the
tidal strain effect of a local heterogeneity. The spatial co-
ordinate x is plotted on the horizontal axis, and the ratio
of the horizontal component of tidal strain in the heteroge-
neous medium to that in the homogeneous elastic half-space
is plotted on the vertical axis. (The model is characterized
by an inhomogeneous distribution of the shear modulus u
and a constant Lame coefficient \; the shear modulus in-
homogeneity is specified within a rectangular parallelepiped
that is infinite along the y axis and has a 2:1 ratio of the
sides along the x and z axes; the ratio of distances from the
outer surface to the upper and lower faces is 0.4; curve 1 is
the strain at the upper face of the parallelepiped and curve 2
is the strain at the half-space surface.)

The method of calculating tidal strains in a heteroge-
neous medium, described above, is particularly effective in
relation to 3-D problems involving a complex configuration
of the anomalous zone (in this case, the application of the
finite-difference and finite-element approaches provides very
approximate and often unstable solutions). Figure 2 plots
corrections to the x components of tidal tilts and linear
strains for an inhomogeneity specified in a rectangular par-
allelepiped with a 1:5:5 ratio of the sides along the x,y and z
axes; in this model variant, the shear modulus p is constant
throughout the half-space, and the X\ value within the paral-
lelepiped is smaller by 90% (the corrections are normalized
in such a way that tilts in a homogeneous half-space corre-
spond to the value v = 0.7, i.e. maximum and minimum
tilts near the vertical faces of the parallelepiped correspond
to the values v = 0.9 and 0.5, respectively).

Figures 3 and 4 plot corrections to the x components of
linear strains (Figure 3) and tidal tilts (Figure 4) for an
inhomogeneity specified within the unit cube (—0.5 <x <0.5,
—0.5 <y <05, h<z<14h;h=1/10). The values of
the Lame parameters within the cube are the same as in the
parallelepiped in Figure 2. Curves 1-5 were calculated on
the profiles y = z = 0 (1); y = 0.25, z = 0 (2); y = 0.5,
z=0(3);y=0.75,2=0(4);and y =1, 2 =0 (5). The
only distinction of Figures 5 and 6 from Figures 3 and 4 is
that they were constructed with the value h = 1.

As an example of the application of relations (64)—(65),
we consider possible values of thermoelastic strains for the
Protvino station [Latynina and Boyarsky, 1999]. Analysis of
long-term observations at this station indicates the presence
of well-pronounced seasonal variations in tidal strain am-
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Figure 3. Corrections to the  component of linear strain for an inhomogeneity specified within the
unit cube (-0.5 <z < 0.5, =0.5 <y < 0.5, h < z <1+ h; h=1/10). (See explanations in the text.)

plitudes (the K; wave amplitude in summer is higher than
its winter value by about 40%). Such an anomaly can be
naturally accounted for by the presence of a thermoelastic
strain wave that has a sidereal-day period and an amplitude
amounting to about 20% of the K; amplitude and should
coincide in phase with the tidal strain variation in summer.
With these relations between amplitudes, frequencies and
phases, treatment of observation series a few months long
fails to separate frequencies of tidal and thermoelastic waves,
but variations in the total amplitude reaching 40% of its
average value should be clearly distinguishable.

We estimate local variations in the parameter Cy that are
consistent with such anomalies. A relatively rough (1:50000)
map of geodynamic zones separating blocks of the 6th to
10th orders is only available for the area around the Protvino
station; this map resolves details whose linear sizes are no
less than a few hundred meters. However, as seen from rela-
tions (20), the effects of thermoelastic variations attenuate
with distance as 1/L3, implying that the effects of local het-
erogeneities indistinguishable in the map may play the major
role. Substituting the typical value z2 ~ 0.2 m into (20) and
taking into account geological evidence on the orientation of
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Figure 4. Corrections to the £ components of tidal tilts for an inhomogeneity specified within the unit
cube (—0.5 <z < 0.5, —0.5 <y < 0.5, h<z<1+h; h=1/10). (See explanations in the text.)
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Figure 5. The same as in Figure 3 except for h = 1.

the Protvino station relative to geodynamic zones separating
blocks, we adopt the values 1 = 500 m and x2 = 1300 m
for the respective distances from the tide-recording station
to the near and far boundaries of the anomalous zones of
orders 8-9. Then, the thermoelastic strain value is

exe ~ 107 (aTh) .

With the typical values a ~ (107° — 107*), this strain
amounts to 5 x 107 — 5 x 10~%, which is comparable, on
the order of magnitude, with the observed variations in the
amplitude of the tidal wave K.

Thus, a considerable summer increase in the K; wave
amplitude at the Protvino station is well consistent with the
effects of thermoelastic deformations in the anomalous zone
near the station.

Relations (19)—(20) and the expansion coefficients of the
average solar thermal flux presented in the table can be used

for numerical modelling of average thermoelastic strains with
an accuracy sufficient for applications.

Detailed comparison of results derived from the solution of
the study problem by various methods and the interpretation
of data on local anomalies of tidal tilts and strains in various
regions are the subject of the next paper.
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