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9.2 TheTheory for Realistic Earth Models

The elasticity theory of dislocations presented in the ipuev section was for
a uniform, not self-gravitating, elastic half-space, take be a Poisson solid
(2 = ). We now extend the theory to more realistic, rotating,-gedivitating,
radially inhomogeneous Earth models with a liquid outeeaord solid inner core.

Deformations in such realistic Earth models have been dersil in Chapter 3.
We first consider the equations (3.63) through (3.67) gomgrspheroidal deform-
ations in the liquid outer core for degree> 1. In the static case, the dynamical
body force terms vanish and the governing system becomes

dyp 2 1 n(n+1

ar - s + 172 + PR A (9.26)
d nin+1
% _ _%0 (Zgo + rQZ) Y1+ ( )Pogoys — Poye. (9.27)

r r r

1

0= @yl -y - Pr_OyS, (9.28)
d
f = 4nGpoy1 + e, (9.29)
dys n(n+1) n(n+1) 2
ar —4nGpq U3 + 2 Y5 Y (9.30)
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In the liquid outer core, the conditions of hydrostatic diguium prevail, even
in the deformed state. Thus, the gradient of the pressugtated to gravity by

Vp = pg, (9.31)

wherep is the pressure is the density ang is the force of gravity per unit mass.
On taking the curl, we find

gxVp=0. (9.32)

Hence, equipotential surfaces, isobaric surfaces andesgfof equal density (iso-

pycnic surfaces) remain parallel after deformation. Anvittlial fluid particle is

able to move about force free on such surfaces in the abséntscosity. There-

fore, y3 becomes indeterminate and we can no longer identify indalidluid

particles. Eliminating the term iy between equations (9.26) and (9.27), we obtain
dy2 _dy1 Zpo P0go

I _ 49 2 _ P
qr ~ Podo T T (g0+rQ )yl V2~ Povs: (9.33)

Substituting forye from equation (9.29) and using relation (3.47), we find

dy d P0ogo dys
ar Poa(goyl) — = Y2 pog (9.34)

Multiplying equation (9.28) by /po and diferentiating gives

d . d{(yp dys
Poa(goyl) = pog; (p_o) P0G (9.35)
which, on substitution in (9.34), finally yields
d pogo|
[a(mpo) . T] y2=0 (9.36)
Thus,y, = 0, unless
d __pogo
a(lnpo) = —T, (937)

which is known as the Adams—Williamson condition and become

1+ = =0.
pago dr pogo dr

(9.38)

This is just the condition for the density profile to be petfieadiabatic (6.166) or
neutrally stratified, a condition unlikely to be met evengs in the liquid outer
core. We conclude that = 0. From equation (9.28), this implies that = ys/go
and that the left side of equation (9.27) vanishes, allovdngstitution forys in
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equation (9.30). Fan > 1, the equations governing deformation of the liquid outer
core degenerate to

1
Y1 = —ys, (9.39)
90
y2 =0, (9.40)
ys =0, (9.41)
d AnG
% = p0y5 =+ yGa (942)
r go
2
% _ _167Gpo 1+£ N n(n+1) B 47ero+g (9.43)
dr gor 290 r2 g0 r

Traditionally, it had been assumed that the variaplevas continuous at the
boundaries of the liquid core, as is the case for dynamicadlpms. This led Jef-
freys and Vincente (1966) to conclude that a solution maynigmossible without
the assumptions that the Adams—Williamson condition halu$ that the density
profile in the liquid outer core is perfectly adiabatic. Tldusion to the dilemma
of Jdtreys and Vincente was given by Smylie and Mansinha (19719, pdinted
out that in the static case the solid boundaries of the ligoi@ penetrate the equi-
potential, isobaric and equal-density surfaces (just aaddd ship does, with the
degree of penetration being an indication of load). Sineeettuipotential and its
normal derivative are continuous, as shown by Israel ei@lg), equation (9.29)
requires a compensating discontinuityygito makedys/dr continuous. Of course,
an extra hydrostatic pressure is exerted on the penetrswiid) boundaries of the
liquid core. Taking the radius of the core-mantle boundarydr = b, with b* the
radius just outside the core-mantle boundary lanthe radius just inside, we have
for spheroidal deformations of degree> 1,

() = =y (0.44)
go

y2(b™) =0, (9.45)

y2(b*) = —po(b) g0 (% _ yl(b+)), (9.46)

yo(0%) = (") = Ay (b). (0.47)

whereAyg(b) is the discontinuity inyg required to make the normal derivative of the
equipotential, as expressed by (3.55), continuous. Intiaddio the discontinuity
inyi,

Ay1 = y1(b7) — y1(b"), (9.48)
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there is a density discontinuity given by

Apo(b) = po(b™) — po(b”). (9.49)
The required discontinuity igg is then
Aye(b) = 47G [po(D")y2(b™) — po(b7)ya(b7)] . (9.50)
In terms of the discontinuities iy and the density, the discontinuity 4 becomes
Aye(b) = —4nG [po(b™)Aya(b) + y1(b)Apo(b)] - (9.51)

Similar conditions prevail at the inner core.

The generalization of the reciprocal theorem of Betti ts&lagravitational sys-
tems whose elastic properties are spatially varying, anidiwére subject to hy-
drostatic pre-stress in the equilibrium reference stagddy (3.31)

f(ti — pogoUsVi) Ui’dS +f Fiui’d(v
S %

=f(t{—PogoU'sVi)Uid5+f FiudV
S %

Vl
+ % B [Vl ((Z_x.l — 4nGpoy ) -V (68—\2 - 47eroui)] vidS,  (9.52)
for two systems of surface tractions, body forces and deegeim gravitational po-
tential (primed and unprimed), F;, Vy andt/, F/, V;, acting on material contained
in avolume’V by a surfaceS, producing displacement fieldsandu;, respectively.
us andug are the respective components of displacement in the ogtrandirec-
tion (opposite to gravity). While this form of the theorenpées to realistic Earth
models, it requires generalization to the case where thablasy; andyg are
discontinuous across the boundaries of the liquid outex.d@onsidering first the
core-mantle boundary, the generalization requires omitatle demonstrate that the
extra contributions to the surface integrals in (9.52) eheach other and amount
to zero. A similar cancellation is required at the inner daoandaryys, as defined
by equation (3.45), is the radial d@ieient of the outward normal component of
the gravitational flux vectovV; — 4nGpou. Writing

oV
fo= (a—)ql - 47eroui) Vi (9.53)

as a shorthand for the outward normal component of the gtawital flux vector,
the physical equivalent of equation (9.47) becomes

fs(b*) = fs(b™) + 47Gpo(b™)AUs, (9.54)
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where
Aug = ug(b™) — ug(b*). (9.55)

Similarly, writing ts for the normal traction, the physical equivalent of equatio
(9.46) becomes

ts(b”) = —po(b™)V1 + po(b™)gous(b™). (9.56)

Of course ts(b™) = 0 sincey»(b™) = 0. The sum of the surface integrals in (9.52)
at the core-mantle boundary is then found to be

fs (tsUs — tsug), _p dS + fs po(b7) (VlAu’S - ViAus) ds. (9.57)

Substituting for the normal tractions from equation (9,58¢ first integral in (9.57)
is transformed to

— fspo(b_) (V],_Us - Vluls)r:b+ dS + fsgopo(b_) (UISUS - uSu’s)r=b+ dS

= - fs po(b‘)(Vius—Vlu’s)r:W ds. (9.58)
The physical equivalent of equation (9.44) is
1
us(b™) = — V1. (9.59)
90
This allows the second integral in (9.57) to be written as
b)) [V 1V’ V’lv ds b™) (Viug — V3 ds
o0 [Vae Vi = ViV dS = | oo )(Vaug - Vius)
= fs po(b”) (Vlu’S—Vius)r:W ds. (9.60)

Adding expressions (9.58) and (9.60), we find that the extriase integrals over
the core-mantle boundary (9.57) cancel each other. Sianigarments may be con-
structed for the inner core boundary. Thus, the form (9.5Beti’'s reciprocal
theorem is unaltered for discontinuities in the variajgygiven by equation (9.47).

Applied to the mantle and crust (the shell), the surfacegnatls in Betti’s recip-
rocal theorem remain to be considered for the surface of #énthEand the faces of
the dislocation. By arguments analogous to those used abteemantle and inner
core boundaries, the surface integrals can be shown tohvawer the surface of
the Earth. The surface integrals

1 v ) (V4
e B [V1 ( % - 47eroui) -V (a - 47eroui)] vidS (9.61)

over the faces of the dislocation cancel each other for aiiid, since for slip faults
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there is no displacement component normal to the faces afisih@cation and the
normal vectors on the two sides of the dislocation are in sppalirections. The
surface integrals

[ = pogousmyuias and | (¢ -poohr)uds  ©62)

over the faces of the dislocation cancel each other sinceslip faults, there

is no displacement component normal to the faces of the adistm, and the
tractions required to maintain the dislocation are equdl @pposite on the two
faces. The remaining steps in the derivation of \olterrasmiula using Betti's
reciprocal theorem follow those in Section 9.1.1. The radiactor to the field
point isr = (X1, X2, X3), while the radius vector to a point on the fault surface
is " = (X}, %, x3) with the fault dip at the angle to the horizontal. Volterra’s
formula for a dip-slip fault gives the displacement vectoth& field point as

L auiz(r,r’) 8ui3(r,r’) _

u,(r)_fs/,uAu[( o, - o )sm2a
(9ui’2(r,r’) au?(r,r’)
- AT

ds, (9.63)

)cos:b

with the slip, Au, having componentau, = Aucose and Auz = Ausina.
\olterra’s formula for a strike-slip fault gives the disptament vector at the field
point as

1 ’ 2 ’
u(r) = fS/,uAul [(6ui r. ') + outr. )]sina

%, %

(auil(r, r’) Bui?’(r, r’)
- +

o o, ) cow] ds’, (9.64)

with the slip having the single componeft;. These forms of Volterra’s formula
allow the displacement field to be interpreted as being dukasuperposition of
the displacement fields of a continuous distribution of tidorces over the fault
surface. We take the systems of dipole force distributidisve in Figure 9.6 to
be located atg with spherical polar co-ordinatesy(6p, 0) on the fault surface.
The unit forces entering Volterra’s formula are productsimit vectors with the

scalar densities

5 = O = 10) 06 — 60) 5(9)

r2sing

: (9.65)

since the volume element?singdr dd d¢, is a scalar capacity. Taking the local
Cartesian focal co-ordinates to be oriented soxhat, andx; are in the directions
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surface 3 y
%, /V’
(r,,0,0) sina cosa
o strike—slip
X4
fault (r.0,¢) L
plane\
/
/ 6
X3 [/
centre of mass sin2a cos2a
dip-slip
o]

Figure 9.6 Fault geometry and focal force systems.

of increasing, decreasing and decreasing, respectively, for spherical polar co-
ordinates I, 6, ¢) in this epicentralsystem of the field point, we have the dipole
force densities for the dip-slip system as

1 [ 1 ,
S — [r{rsinea(r —10) 6(6 — 60) &' () cOS 2

+ 6(r —rg) 6(6 — o) 6(¢) sin 20‘} (9.66)

+ ${_r S?neé(r —10) (6 — 6o) 6’ (¢) sin 2
+8'(1 = 10) (0 — 00) 69) cos 2}

and the dipole force densities for the strike-slip system as

1 T ,
Teng [—?6(r —r0) 68’ (6 — 6p) 6(p) cosa

e{r ——=3(r = 10)3(0 — 00)5'(¢) sina o

— §(r — 1) 6(6 — 60) 5(9) com}

+ Lo(t ~ 10)6'(6 - 60) (9) sina] .
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While expressions (9.66) and (9.67) take account of thecdeects of the
transformation to spherical polar co-ordinates, thereaaditional terms arising
from co-ordinate curvature.

The spherical polar unit vecto($, , ¢) in the epicentral system are related to
the geocentric Cartesian unit vect@és, é», €3) in that system by

7 = €1 SIN0 OS¢y — €, Sinfsing — é3 COsH, (9.68)
6 = é1.c0SH Ccosp — &, COosHSiNg + é3SiNné, (9.69)
¢ = —é15ing — &, COSP. (9.70)

Now consider the double-couple force system arising froenstnike-slip ex-
pression and illustrated in the upper left of Figure 9.7.&;lenit vectors:d have

¢
r

strike—slip

dip—slip

X3

Figure 9.7 Double force and moment transport.

been transported in thgdirection and unit vectorszcﬁ have been transported in



9.2 The Theory for Realistic Earth Models 505
the#-direction. From (9.69) and (9.70), we find

90 - op
i ¢ cosf and 50 - 0. (9.71)

Thus, only transport in the-direction gives a non-null result. In Cartesian geo-
metry the double couple involved is

5(X, + 6%,/2) = 5(X, — 6%)/2)

€] sina 6(x}) 6(x3) 5!!/;20 5%, (9.72)
Each of the two forces gain small extra components
106 .
Eégb%é(gb +6¢/2)6(r — ro) 6(0 — 6p) Sina (9.73)

before division bysx, and parallel transport into the limit as¢, — 0. Since
0X, = IoSinfp d¢, this produces the extra term
1

. 8¢ b coso 6(¢) 6(r — ro) 6(6 — 6o) sina, 9.74
roSiNfgd¢p rgsingo ¢ 06(¢) 6( 0) o( o) Sina ( )

expressed per unit volume. Hence, co-ordinate curvatuné&ibates the term in
double-force density
~COtfy
¢ r
0
arising from the double-couple term for strike-slip fawdtsd illustrated in the top
left of Figure 9.7.

In the case of the double-couple force system arising fransthke-slip expres-
sion and illustrated in the upper right of Figure 9.7, thet wattors+7 have been
transported in thé-direction and the unit vectorsf have been transported in the
r-direction. From (9.68) and (9.69), we find

or

~ 00
% =6 and E =0. (976)

Thus, only transport in th@direction gives a non-null result. With arguments sim-
ilar to those made before, we find co-ordinate curvaturerimres the term in
double-force density

ésina, (9.75)

~

~ 0
—0— cosq, (9.77)
o

arising from the double-couple term for strike-slip fawdtsd illustrated in the top
right of Figure 9.7.

For the double-force system arising from the dip-slip egpi@n and illustrated
in the lower left of Figure 9.7, the unit vectots* have been transported in the
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r-direction and the unit vectOE&Z) have been transported in thedirection. From
(9.68) and (9.70), we find

oF op . . o~

% _0 and 9¢ = —7sing — 6 coso. (9.78)

or 0p

Thus, only transport in the-direction gives a non-null result. With arguments
similar to those made before, we find co-ordinate curvatardributes the term in

double-force density

L0 . ~coto _ .
r—sm2a+0£6sm 2, (9.79)
I'o Io
arising from the double-force term for dip-slip faults afidstrated in the lower
left of Figure 9.7.

For the double-couple force system arising from the dip-skpression and il-
lustrated in the lower right of Figure 9.7, the unit vectershave been transported
in the ¢-direction and the unit vectoes¢ have been transported in thalirection.
From (9.68), (9.69) and (9.70), we find

oF o~ dp

— =¢sing and — =0. 9.80
Thus, only transport in the-direction gives a non-null result. With arguments
similar to those made before, we find co-ordinate curvatargributes the term in
double-force density

¢~ cos 2, (9.81)
0
arising from the double-couple term for dip-slip faults alastrated in the lower
right of Figure 9.7.

In summary, co-ordinate curvature contributes the extnabieforce density
terms for the dip-slip system,

L0 . ~COté,
r—sSin2y + 6 0
I'o I'o

Ssin2v + &rﬁ cos 2, (9.82)
0

and the extra double-force density terms for the strike-slistem,

cotdy

) -
—0—cosa + ¢

dsina. (9.83)
lo lo

Using the orthogonality relations (1.205) and (1.209), asired, the radial
spheroidal, transverse spheroidal and torsional radiefficeents can be extrac-
ted from the dipole force densities for the dip-slip syst&66). In the limit ag)y
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approaches zero, we find

2n+1, .
W) = ol (r —ro) sin 2,
i2n+1
ui(r) = —%n(n +1)6(r - ro) cos 2y,
i2n+1
ui(r) = —%60 —rg) COS 2v,
i2n+1)
vrl(r) = %5 (r —ro) cos 2v,
1, 1@n+1)
Un(r) = 87Tr2n—(n+1)6 (r - ro) COS 4v,
vr2(r) = - 2;'7;31 (n—1)(n+ 2) 6(r —ro) sin 2, (9.84)
2n+1
2 _ .
vn(l’) = _87['r3n—(n+1)6(r - I’o) Sin 2&,
B 2n+1,
t-3(r) = - o 8 (r —rg) cos 2,
2n+1
tt(r)= —————&'(r - v,
(") 8rr2n(n+ 1) (r =ro)cos
t-2(r) = _i@n+d) (n—1) (n+2) 6(r —ro) sin 2,
" ' 8nr3
21y = Y s sina,

8nr3n(n+ 1)

Similarly, for the strike-slip system (9.67) we find

ur(r) = zgﬂtgln(n + 1) 6(r — ro) cosa,
ui(r) = —zgf;glé(r — rp) cosa,
vrl(r) = —Zgﬂtzlé’(r —rg) cOSa,
vi(r) = ﬁ;}lﬂé’(r — rg) COSa,
vr2(r) = —% (n—1) (n+ 2)6(r —ro) sina,
o2(r) = %50 ~ro)sina, (9.85)
t2(r) = —Zgﬂtglé(r - rg) sina,
t-(r) = —Md’(r — rg) cOSe,

8rr2
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1y _ 1@+
t(r) = —87rr2n(n ~ 1)6 (r —ro) cosa,
trjz(r) = % (n=1)(n+2)8(r —ro)sina,
t2(r) = 3n+1) s(r —ro) sina.

167r3n(n+ 1)
Once again, extracting the radial ¢beients of the radial spheroidal, transverse

spheroidal and torsional parts of the extra double-foraasities (9.82), arising

from co-ordinate curvature for the dip-slip system, andngkhe limit asfy goes

to zero, we find

2n+1

uwo(r) = s 5(r —ro) sin 2,
(r) = —28nﬂ—:315(r —rg)sin 2,
val(r) = i(28r7]r—r+31)5(r — ro) COS 2,
vi(r) = %60 — o) COS 2v,
2 = 2+ D %;r:? (N+2) 5t — rg) sin 20, (9.86)
v3(r) = ﬁé(r —ro)sin 2,
t-3r) = - zgf;glé(r —ro) COS 2v,
tir) = ﬁé(r — o) COS 2,
t2(r) = (2n+ 1)1(27;31) (n-2) S(r — ro) sin 2,
2 = -t o sina,

16mn(n+ 1)r3
Similarly, for the extra double-force densities (9.83%Bry from co-ordinate cur-
vature for the strike-slip system, we find

_ 2n+1

vrt(r) = - o 5(r — ro) cosa,
2n+1

1

N=————_5(r - ro)cosa,
1) = g praod ~ fo)cosa
i2n+1D)(n-1 2 .

vp?(r) = en+ )1(2,”3)(n+ )6(r—ro)sma,
i2n+1 .

v3(r) = - i2n+1) 5(r = ro) sina,

167n(n+ 1)r3
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to(r) = 2;17;3160 —ro)Sina, (9.87)
i(2n+1
t-1(r) = —%60 — ro) cosa,
i(2n+1)

tir) = - 8(r —ro) cosa,

8mn(n+1)r3
_(@n+ 1(n- 1)(n+2)5

16713
2n+1

“16an(n+ 1) r3

() =

ta(r) =

(r —rg)sing,

6(r —rg)sina.

9.3 Changesin thelnertia Tensor and the Secular Polar Shift

The dtect the displacement fields in realistic Earth models, jestcdbed, have
on the rotation of the Earth can be found from the changes pheguce in the
components of the inertia tensor (4.20) (Mansinha and &n{@67), (Smylie and
Zuberi, 2009). A displacement field with spherical polar poments ¢, Ug, Ug), in
the epicentral co-ordinate system, contributes changéei@artesian co-ordinates,
X1 = I Sing cosg, Xo = r singdsing, andxs = r cosd, given by

AX1 = Uy SINO COS¢ + Uy COSH COSp — Uy SN,

AXp = Uy SING'Sing + Uy COSH SiNg + Us COS, (9.88)

AX3z = Uy COSH — Ug Siné.
These changes are small, and we need only work to first orderaxy in the
ratios Ax;/x;j. By binomial expansion, the components of the inertia terester

the displacement field takesfect, can be found, correct to first order in small
guantities, to be

lhg = f[(xz + AX)? + (X3 + Ax3)2] dm= f[x% + 35 + 2(XAXp + x3Ax3)] dm
lop = f[(xl + AX)? + (X3 + Ax3)2] dm= f[x% + 3G + 2(XaAXy + x3Ax3)] dm

l33 = f[(xl + Ax)2 + (%o + sz)z] dm= f[x% + 3G+ 2(XaAXy + XzAXZ)] dm
(9.89)

l1p = - f [(X1 + AX1) (X2 + Axp)] dm = — f [X1X2 + (X1 AX2 + X2AX1)] dmy

l13=— f [(X1 + AX1) (X3 + Ax3)] dm = — f [X1X3 + (X1 AX3 + X3AX1)] dmy
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|23 = - f [(X2 + AXZ) (X3 + AX3)] dm= - f [X2X3 + (X2AX3 + X3AX2)] dm

The changes in the components of the inertia tensby, to first order in small
guantities in the epicentral system are then

Alqg = Zf(szxz + X3AX3) dm

= Zfr |ur (1 - sin? 6 cos’ ¢) — Uy costsind cos’ ¢ + Uy sind cosg sing| dm
Alyo = Zf(xlel + X3AX3) dm

= Zfr [ur (1 sir? gsin? ) — uy cosasinGsin? ¢ — u, SinG cose sin¢] dm
Alzz = Zf(xlel + XoAXp) dm

= Zfr [ur SN 6 + Uy cos@sine] dm
Al = —f(xlez + XpAX1) dm

=- fr [Zur sin? 6 cos¢ sing + 2u, COSH Sinf cose sing (9.90)

+ U siné (cos’ ¢ — sin? ¢)| dm

Aliz = —f(xlAX3 + X3AX1) dm

= fr |2ur costsine cose + uy (cos’ @ — sin? 6) cosg — u, costsing] dm
Alyz = —f(XgAXg + X3AXp) dm

- fr |[2ur cosasing sing + uy (cos? 6 — sin? 6) sing + u, cosd cosg| dm
The integrands in (9.90) can all be cast in the form of scaladycts of the dis-

placement field with particular spheroidal vectors of degreero and two. Thus,
the change in the componefl;; can be written

Aljj :fru-S’ijdm, (9.91)

wheresS;; is a spheroidal vector field of degree zero or two given by ¥pgession
(1.195). The radial spheroidal and transverse spheroatiicients for eachil;;
are given in Table 9.1.



9.3 Changes in the Inertia Tensor and the Secular Polar Shift 511

Table 9.1 Radial spheroidal and transverse spheroidal gioeents of spheroidal
vectors of degrees zero and two forming the integrands 80}%s scalar
products with the displacement field.

Alij  uy U v, U v; Uyt vt u; v; U 0y”
Al;n 4/3  2/3 1/3 -1/6 -1/12 -4 -2
Al  4/3  2/3 1/3 1/6 1/12 4 2
Alsz  4/3 4/3 -2/3

Alqo i/3 i/6 -8 —di
Alqz /3 16 -2 -1

Alps —-i/3 —i/6 -2i i

The orthogonality property (1.205) then allows the expoess(9.90) to be re-
duced to

d
Alyy = 4 fo rpo(r)[ ud(r) + 125u2(r) 4u2(r) 2(r)

+ 280 - 20 - 50720 o

d
Al = 4r j; r po(r)[ ud(r) + 125u2(r) + 4u2(r) + —u22(r)
+ %vg(r) + 15202(r) + —vzz(r)]dr
d
Alzz = 4r j; r po(f)[ u(r) - 4 uz(r) vg(r)]dr, (9.92)

d
Alyp = 47Tif0 r3po(r) [——Uz(r) + == Up (1) - —Uz(r) + = 10 Uy (r)]

d
Alyz = 47rf; r po(l’)[ us(r) — 1—];3u21(r) + §vz(r) - —vzl(r)] dr,

d
Alpz = 4ni fo rpo(r)[ uz(r)+1i5u21(r)+§uz(r)+ ugl(r)]dr

with d the radius of the Earth.

As shown in Section 9.2, the solid boundaries of the outez can penetrate the
gravitational equipotentials coincident with the bounesof the outer core in the
undeformed state. For the inner core boundary, the additimmtributions to the
changes in the inertia tensor are

1
—Auy?(a)|,

2
Ady1 = ma*pp(a*) Auo(a+) +— 0

4
15Aug(an) - gAug(aﬂ -
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2
Auo(a+) + —

AJzp = ma*po(a) 15

4 1
AW@") + gAug(zf) + 3—0Au52(a+) ,

AJaz = ma*pp(a*) Auo(a+) - iAuz(an) (9.93)

15

4 1
——Aus@") + 30Auzz(a+)

Adiz = miatpo(a) 5

1
Ady3 = na*pp(a*) Auz(a+)— Augl(a+)

1
Au a’) + —Au @],
3@ + 7eAU @)
whereAu]' is the excess of the radial displacement at the bottom of tker core
over that at the inner core boundary. Similarly, for the owtere boundary, the
contributions to the changes in the inertia tensor amount to

AJps = miatpo(a)

4 4 1
Ad11 = bpo(07) | S AW + =AW — —AUS — —Au?|,
11 = 70"po( )>3 Ug + 15 us 5 30
_ |4 2 4 1
Aoy = mb*oo(b?) »éAug 15Au2 + 5Au2 300 ]
s a4 . 4
AJzz = 7ib po(b ) §AUO 15AU2 (9.94)

. N 1
Adq, = mib*pg(b7) [—EAUS 3 OAUZZ] ,

]2 1.
AJ13 = 7Tb4p0(b ) EEAU% - 1—5AU 1] y
1
Ados = mib*pg(b~ )[ AU} + 15Au51],

where agaim\u)' is the excess of the radial displacement of the base of thélenan
over that of the gravitational equipotential coincidenthwthe core-mantle bound-
ary in the undeformed state.
A sudden redistribution of mass within the Earth, such at @desaompanying
a major earthquake, produces a secular polar shift (Maasank Smylie, 1967),
(Smylie and Zuberi, 2009),
QAc
ﬂ’
whereQ is the angular velocity of Earth’s rotatioA¢ = Ac;3+iAcy3is the change
in the df-diagonal components of the inertia tensor in the geogcaplaystem
of referenceoy is the angular frequency of the Chandler wobble @i the
equatorial moment of inertia of the Earth. The real part ef gskecular polar shift

(9.95)
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is measured towards Greenwich and the imaginary part isuregsn the direc-
tion of 9C° E. The changes in theffediagonal componentac;3 and Ac,3 of the
inertia tensor in the geographical system of referencecaned by similarity trans-
formation of the changeal;; + AJjj in the inertia tensor in the epicentral system.
A closely equal and opposite contribution to the Chandlebbi® occurs, so that
only a small instantaneous shift in pole position is reajzeith the pole path
embarking on a new circular arc about a new centre of rotation

From expressions (9.92), (9.93) and (9.94), the changdwiimertia tensor in
the epicentral system of reference depend on spheroidpladesment fields of
zeroth and second degree. The zeroth-degree displaceraehimfakes an equal
contribution only to the diagonal components of the inetasor. This contribu-
tion will, therefore, be the same in all centre of mass coratg systems. Since the
excitation of wobble and secular polar shift depend onlyvem ¢f the df-diagonal
components of the inertia tensor, the degree-zero splatdicblacements can be
ignored. In the mantle and crust, the second-degree spla¢isplacement fields
obey the system of ordinary ftigrential equations (3.102) through (3.107). Four
separate solutions of the non-homogeneous equations\erledd with singular
sources proportional to

5

UEIZ = @,u (S(r - ro), (996)
5

UE]Z = wﬂ& (r - ro), (997)
5

Url?z = %[1 (S(r - ro), (998)
5

UanZ = W,ué (r - ro). (999)

Solutions of the homogeneous sixth-order spheroidal systn be represented by
the propagator matrix introduced in Section 3.6. It is deddiy Y (r, p), which is
the solution of the homogeneoudtdrential system (3.299),

dy (r, p)
dr

that propagates the fundamental solutions from radigsradiusr with the initial
condition

= A®r)- Y (r,p), (9.100)

Y(o.p) =1, (9.101)

where I is the unit matrix. Each column vector &f is a linearly independent
solution of the diferential equation (3.296),

dy(r)
dr

= A(r) - y(r). (9.102)
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Some properties of the propagator matrix follow from its wié&fhn. Propagation
from rg to r and then back tog gives

Y (r,r0) Y (ro.1r) = I, (9.103)

while propagation fromm to ro and then back to gives

Y (ro,r) Y(r,ro) = I. (9.104)
Differentiating (9.103) with respect tg yields
AYA10)y 1y = v (r, rg) D (9.105)
dro dro

Substitution from (9.100), withp replacingr andr replacingp, transforms the
right-hand side, and we find

Y
d Cf: ")y (ro.1) = —Y (1. r0) - A(ro) - ¥ (ro. 1), (9.106)
0
Right multiplying both sides by (r, ro) and using (9.104) reduces this relation to

Y

Y10 _ v 1) - Alro). (9.107)
dl’o
Now consider the solution of the inhomogeneou$edential system,

d

)~ A6) - 56 + ). (9.108)

expressed in terms of the independent varigbl®lultiplying through on the left
by Y (r, o) as an integrating factor yields

Y(r,p)dﬁ—? CY (L) ARYE) = Y (0. (9.109)

Then, using (9.107), the left-hand side becomes the demvatthe producl’ (r, o)y (o),
giving

& Y6000 = Y. )g0o). (9.110)
Integrating ovep from b to r produces
Y(r,ny(r) -Y(r.byb) = fb Y (r,p) g(p)dp (9.111)
or
y(r) = fb Y (r.p) g(p) dp + Y (r, b) y(b) (9.112)

as the solution of the inhomogeneous system (9.108).
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If g(r) = G6(r—rp), whereG is a constant vector, and using the property (2.260)

of the Dirac delta function, the solution is

y(r) =

{Y(r, r)) G+ Y (r,b)y(b), r>ro (9.113)

Y (r.b)y(b), r<ro.

If g(r) = G&'(r —rg), and using the property (2.262) of the derivative of theaDir
delta function, the solution is

_dY (r,ro)
() = o G+Y(r,by), r>rp (9.114)
Y (r, b) y(b), r<ro.

Equation (9.107) then allows (9.114) to be expressed as

y(r) =

{Y(r, ro) - A(ro) - G + Y (r,b)y(b), r>ro (9.115)

Y (r,b) y(b), r<ro.

In order to evaluate changes in the inertia tensor in theeefial co-ordinate
system, solutions to the inhomogeneous spheroidal eaqusaftio the four singular
sources (9.96) through (9.99) are required. This will ieahe solutions given by
(9.113) and (9.115) as well as the calculatior¥df, rp). For this, it is convenient
to use the propagator matrix property,

Y (r,b) =Y (r,ro)Y (ro, b), (9.116)
which, on right multiplication byy"~(rg, b), produces
Y (r,ro) = Y (r,b)Y "Y(ro, b). (9.117)

This allows (9.113) to be written as

") - {Y(r, b)[Y L(ro. )G + y(0)]. 1> 10 (9.118)
Y (r, by(b), r<ro,
and (9.115) to be written as
") {Y(r, b) [Y (10, D) A(r)G + y(0)]. > o ©.119)
Y (r, by(b), r<ro.

Solutions in the inner core are subject to conditions armaledo (9.44) through
(9.47) at the inner core boundary with radius a. Takinga™ to be the radius just
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inside the boundary araf to be the radius just outside the boundary, we have

y1(@) = iys, (9.120)
9o

y2(a") = 0, (9.121)

y2(a7) = —po(a)go (ﬁ - yl(a‘)), (9.122)

ys(@") = ys(@") — Aye(a), (9.123)

whereAyg(a) is the discontinuity inyg required to make the normal derivative of the
equipotential, as expressed by (3.55), continuous. Intiaddio the discontinuity
in ya,

Aya(a) = y1(@") —y1(a), (9.124)
there is a density discontinuity given by
Apo(@) = po(@*) — po(@). (9.125)
The required discontinuity ipg is then
Aye(@) = 4nG [po(a )y2(a") — po(@")ya(a’)] . (9.126)
In terms of the discontinuities iy and the density, the discontinuity 4§ becomes
Aye(@) = —4rG [po(a")Ay1(a) + y1(a7)Apo(d)] - (9.127)

Forn > 1, in the inner core, there are only three fundamental, tipeade-
pendent solutions regular at the geocentre, as shown ino8e&x6. If they are
denoted by, y» andys, the most general solution in the inner core, regular at the
geocentre, is formed by the linear combination

y = D1y1 + D2y2 + D3ys, (9.128)

where, as before, eaghj is a six-vector with components representing the values of
the variables(ylj, Y2j, Y3j» Y4j» Ysj> yej) describing the spheroidal deformation field,
and eaclDj is a linear combination cdicient. Applying the condition (9.122) we
find
D1 [521(8) + po(a*Jys1(8) — po(a*)go(@y11()]
+D3 [y22(8) + po(a)ys2(8) — po(a*)go(a)y12(2)] (9.129)
+D3 [y23(a) + po(a")ys3(@) — po(@")go(@)y13(a)] = O.

The shear stress vanishes at the inner core boundary anelautr core. Thus,

D1y41(a) + D2y42(a) + D3y43(a) =0. (9130)
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The two homogeneous equations (9.129) and (9.130) redeamttertainty in the
inner core solutions to a single free constant. They may ligewras

D1Ci11 + D2Ci12 + D3ci3 = 0, (9.131)
D1C21 + D2C2 + D33 = 0, (9.132)

where the cofficients are represented by thefor brevity. Taking the single free
constanC = D3, D; = 6C andD» = €C, the equations may be solved to give

C12C23 — C13C: C13C21 — C11C:
§ = 1228~ C1gCoz - C13Co1 — C1aCos (9.133)
C11C22 — C12C21 C11C22 — C12C21
The gravity potential is continuous across the inner cowmbary, giving
6Cys1(a) + eCyso(a) + Cysa(@) = ys(@”). (9.134)
Applying the condition (9.123), we find

P @) - Po(a_)l/ll(a)}
go

oC

ye1(a) — 4nG {

po(@")

+€eC |y62(a) — 4nG {T%Z(a) - po(a_)ylz(a)} (9.135)

+C = ye(@’).

Jos(@) — 41G {” °;a+)

ys3(a) — PO(a_)!/13(a)}

Equations (9.134) and (9.135) give the valuegsth*) andyg(a*) to within the
constant facto€ for integration through the fluid outer core.

Integration through the fluid outer core involves the inédign of the two equa-
tions (9.42) and (9.43) in the variablgsandye for n = 2. In the fluid outer corey,
vanishes, implying from equation (9.28) that= ys/go. In addition, the left-hand
side of equation (9.27) vanishes, allowing the varialléor n = 2 to be expressed
in terms ofys andyg by

1 rQ? r
ys = 5— |2+ —|ys + —ve. (9.136)
390 go 690
At the top of the fluid outer core the integration yields
ys(b™) = Ca = ys5(b™) andyg(b™) = CB, (9.137)

sinceys is continuous at the core-mantle boundary.
Integration through the mantle and crust requires valudsediase of the mantle
atr = b*. To this endys(b) enters the condition (9.46) to give

ya(b*) = —po(b-)go(ysg—(ob) - yl(b+)). (9.138)
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Taking the discontinuity in density into account, (9.5(®lgs

ys(b)

ye(b") = ye(b”) + 4nG po(b‘)? = po(b™)y(b7)], (9.139)
or, from (9.51),
ye(0") = ys(b™) + 4G [y1(0")Apo(b) + po(D7)Ay1(D)] . (9.140)

whereAy;(b) = y1(b™) — y1(b*) andApg(b) = po(b™) — po(b*), as conditions at the
base of the mantle at= b*.

Implementing the solutions (9.118) and (9.119) for singataurces at radiug
in the crust requires the evaluation of the propagator mafrfr, b) for all radii
in the mantle and crust as well as its inved§e!(ro, b) at the source radius. It
also requires specification of the componentg ). The componentg;(b*) and
y3(b™) are unknown, while4(b*) vanishes. The componentg(b*) andyg(b*) are
expressed by (9.138) and (9.140) an(b™) is given by the equation on the left of
expression (9.137). Introducing two further unknowAsndB, we have

y1(b”) = A, (9.141)
y2(b%) = —polb)go (@ - y1<b+)) = o(0)go (% - A), (9.142)
go go
y3(b*) = B, (9.143)
ya(b") = 0, (9.144)
ys(b™) = Ca, (9.145)

yo(0) = po(b") + 47G [poao-)ﬁ _ po(b+)y1(b+)]
= CB + 4G (po(b_)% - po(b+)A) . (9.146)
0

The vectory(b) can then be represented in terms of the unknai C by

y1(b") 1 0 0
y2(b*) po(b)go O —po(b7)a A
| oya(d*) | 0 1 0
y(b) = sa™) |~ 0 0 0 [ g J (9.147)
yS(b+) 0 0 a
ys(b™) —4nGpo(b*) 0 B+ 4nGpo(b™)a/go

At the free surface of the Earth at= d, both normal and shear stresses vanish,
thusy,(d) = 0 andy4(d) = 0. The change in gravity potential is of internal origin
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and is harmonic outside, giving
d d
ys(d) + ——us(d) = 0. or ys(d) + Zys(d) = O, (9.148)

sincen = 2. The three unknown8, B, C are determined by the three conditions
at the free surface of the Earth through the common t¥ifd, b) in expressions
(9.118) and (9.119) evaluated at the surface.

Four separate solutions of the inhomogeneous sixth-orpleersidal system
with singular sources given by expressions (9.96) thro@g®9 are obtained, us-
ing the methods outlined. The programme SOURCES.FOR firelgetholutions
throughout the Earth’s interior by integrating through theer core, fluid outer
core, mantle and crust. Input to the programme is the Earttehfie, the name of
which is typed in at the request of the programme. The inputhBaodel is writ-
ten out to the screen for verification. Integration beginthatgeocentre by power
series expansion of the three regular solutions there. Tsietliree terms in the
power series expansions are written out to the screen. ddetfree solutions in
the inner core are found by Runge-Kutta integration througlhe inner core and
are written to output files. The propagator matrix is usedliesady described to
complete the four source solutions, as output, in the filesced.dat, source2.dat,
source3.dat and source4.dat. In order to find the changhe inértia tensor in the
epicentral co-ordinate system as given by (9.89), the radlid transverse cde
cientsu andv are integrated over radius for the four source solutiong ifteg-
rations over the inner core, mantle and crust are perfornsetyuhe trapezoidal
rule because of the large number of points, taking discoitigs at the focus into
account. For the fluid outer core, the extended Simpsoresisulsed. The results,
for the integrals ol andv for the four source solutions are written to the screen,
broken down into individual contributions from the innerepouter core, mantle
and crust as well as the summation over the whole Earth. Ak thelresults are
output in the file results.dat. The focal depth is the onl fparameter input to
SOURCES.FOR.

PROGRAMME SOURCES.FOR
SOURCES.FOR solves the sixth-order spheroidal system for the four singular sources.
For a given input Earth model, the solutions are obtained by integrating through
the inner core, fluid outer core, mantle and crust for singular sources located at
the focal depth in either the mantle or crust. The four source solutions are given,
as output, in the files sourcel.dat, source2.dat, source3.dat and source4.dat.
As required for the calculation of changes in the inertia tensor in epicentral
co-ordinates, the radial and transverse coefficients U and v are integrated

over radius for the four source solutions. The results of these integrations are
output in the file results.dat.

NNONDNNODNNONNNN

IMPLICIT DOUBLE PRECISION(A-H,0-Z)

DIMENSION R(100),RHO(100),GZERO(100),RI(300),RHOI(300),

1 GZEROI(300),ENAME(10),NM(4),NI(4),NK(4),B(98,198),C(100,100),
1 Y(6,6),YSCAL(6,3),YSCAL2(6,3),YA(6),A(6,6),AS(6,6),CAUG(6,13),
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RM1(6,3),RM2(6,3),YP(6,6),YIC(6,3),Y1(6,6),Y2(6,6),DELTA(6,3),
YINFD(6,6),YINFDS(6,6),RAD(1000),FS(6,3,1000),G1(6),G2(6),G3(6),
G4(6),ABC(6,3),PROD(6,3),AA(3,3),AAS(3,3),RHOIC(725),
B1(3),B2(3),B3(3),B4(3),R0C(15),RHOOC(15),Y0C(6,15),RM(725),
RHOM(725) ,YYM(6,6,725) ,RC(75) ,RHOC(75),YYC(6,6,65),YF1(6),
YF2(6),YF3(6),YF4(6),UV(6),UV1(6),UV2(6),UV3(6),UV4(6),
CAUG2(3,7),SI1C(8,725),S0C(8,15),SM(8,725),SC(8,75),V0C(8,15),
WOC(15),SX(8),RES(8,5),DISC(4,2)

DOUBLE PRECISION MU(1060),LAMBDA(1060),MUI(300),LAMBDAI(300),
1 K1(6,6),MUFD
CHARACTER*7 ENAME
CHARACTER*20 EMODEL

C Enter Earth model file name.

WRITE(6,10)

10 FORMAT(1X,’'Type in Earth model file name.’)
READ(5,11) EMODEL

11 FORMAT (A20)

C Open Earth model file.

OPEN(UNIT=1,FILE=EMODEL, STATUS="OLD’)

C Open free solutions files.
OPEN(UNIT=3,FILE="fsl.dat’,STATUS=’"UNKNOWN’)
OPEN(UNIT=4,FILE=’fs2.dat’,STATUS="UNKNOWN’)
OPEN(UNIT=7,FILE="fs3.dat’,STATUS=’"UNKNOWN’)

C Open source solution files.
OPEN(UNIT=8,FILE="sourcel.dat’,STATUS="UNKNOWN’)
OPEN(UNIT=9,FILE="source2.dat’,STATUS="UNKNOWN’)
OPEN(UNIT=10,FILE="source3.dat’,STATUS="UNKNOWN’)
OPEN(UNIT=11,FILE="source4.dat’,STATUS="UNKNOWN’)
OPEN(UNIT=12,FILE="results.dat’,STATUS="UNKNOWN’)

C Set angular frequency of Earth’s rotation (WGS 84).
WE=7.292115D-5

C Calculate square of angular frequency of Earth’s rotation.
WES=WE*WE

C Set value of pi.

PI=3.141592653589793D0

C Set value of universal constant of gravitation (CODATA 2006).
G=6.67428D-11

C Set maximum relative error tolerance for integrations.
EPS=1.D-5

C Set minimum starting radius for variable Earth properties.
RMIN=1200.D0

C Set maximum dimensions for interpolation.

M1=100
M2=198
M3=98

C Read in and write out Earth model.

C Read in and write out headers.

C Earth model name.

READ(1,12) (ENAME(I),I=1,10)
12 FORMAT (10A7)

WRITE(6,13) (ENAME(I),I=1,10)
13 FORMAT (11X, 10A7)

C Read in next line of header.
READ(1, 14)NN

14 FORMAT(I10)

C Read in number of model points and number of integration steps.

READ(1,15) (NM(I),NI(D),I=1,4)

15 FORMAT(8I160)
WRITE(6,16)

16  FORMAT(//16X,’Number of model points and number of integration’,
1’ steps.’/)

BwWwwWwwWwNhDNN -
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WRITE(6,15) (NM(I),NI(I),I=1,4)
WRITE(6,17)
17  FORMAT(//5X,’Radius’,6X,’Rho’,4X, ’Lambda’,7X, ’Mu’,6X,’Gzero’)
WRITE(6,18)
18 FORMAT (6X,’ (km)’,5X,’ (gm/cc)’,2X,’ (kbars)’,4X,’ (kbars)’,2X,
1 ’(cm/sec/sec)’/)
C Read in Earth model, inner core, outer core, mantle and crust.
K=0
DO 19 M=1,4
N1=NM(M)
READ(1,20) (R(I),RHO(I),LAMBDA(I),MU(I),GZERO(I),I=1,N1)
20 FORMAT(1X,F10.1,F10.2,F10.1,F10.1,F10.1)
DO 21 I=1,N1
C Scale Earth model to SI values and store.
J=K+I
RI(J)=R(I)*1.D3
RHOI(J)=RHO(I)*1.D3
LAMBDATI (J)=LAMBDA(I)*1.D8
MUI(J)=MU(I)*1.D8
GZEROI(J)=GZERO(I)*1.D-2
C Write Earth model out to screen.
WRITE(6,20)R(I),RHO(I),LAMBDA(I),MU(I),GZERO(I)
21 CONTINUE
NK (M) =K
K=K+N1
19 CONTINUE
C Store surface radius.
D=RI(NK(4)+NM(4))
C Begin integration through the inner core.
C Set up interpolation for the inner core.
N1=NM(1)
N2=2*N1-2
N3=N1-2
C Put inner core values in active locations.
DO 22 I=1,N1
J=NK(1)+I
R(I)=RI(D)
RHO(I)=RHOI(J)
MU(I)=MUI(J)
LAMBDA (I)=LAMBDAI(])
GZERO(I)=GZEROI(J)
22 CONTINUE
C Store density just inside inner core.
RHOAM=RHO(N1)
C Calculate gravity gradient at geocentre.
GAMMA=(4.DO*PI*G*RHO(1)-2.DO*WES)/3.D0
C Set gravity at minimum radius.
GZERO(1)=GAMMA*RMIN
C Construct interpolation matrix.
CALL SPMAT(N1,N2,N3,C,R,B,M1,M2,M3)
C Set degree to 2.
N=2
AN=DFLOAT (N)
C Set ANGS and COR to zero for dc solutions.
ANGS=0.D0®
COR=0.D0
C Begin power series expansions for fundamental solutions for N=2.
Set initial values of fundamental solutions.
Set initial values of first fundamental solution.
Y(1,1)=1.D0
Y(2,1)=2.D0*(AN-1.DO)*MU(1)

[aNa]
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Y(3,1)=1.DO/AN

Y(4,1)=Y(2,1)/AN

Y(5,1)=4.DO*PI*G*RHO(1) /AN

Y(6,1)=0.D0

initial values of second fundamental solution.

Y(1,2)=0.D0

Y(2,2)=0.D0

Y(3,2)=0.D0

Y(4,2)=0.D0

Y(5,2)=1.DO/AN

Y(6,2)=1.D0

initial values of third fundamental solution.
Y(3,3)=P2(AN,LAMBDA(1),MU(1))/P1(AN,LAMBDA(1),MU(L))
Y(2,3)=-Q1(AN,LAMBDA(1),MU(1))*Y(3,3)+Q2 (AN,LAMBDA(1) ,MU(L))
Y(1,3)=-AN*Y(3,3)+1.DO/MU(1)

Y(4,3)=1.D0
Y(5,3)=2.DO*PI*G*RHO(1)*((AN+3.D®)*Y(1,3)-AN*(AN+1.D®)*Y(3,3))/
1 (2.DO*AN+3.DO)
Y(6,3)=C(AN+2.D0)*Y(5,3)-4.DO*PI*G*RHO(1)*Y(1,3)

C Calculate coefficients of second terms in series expansions.
C Calculate coefficients of second terms

C for

first fundamental solution.

YSCAL(3,1)=RHO(1)*((3.D0-AN) *GAMMA+ANGS+2.DO*WES-COR/AN) /

1 P1(AN,LAMBDA(1),MU(1))
YSCAL(2,1)=-Q1(AN,LAMBDA(1),MU(1))*YSCAL(3,1)
YSCAL(1,1)=-AN*YSCAL(3,1)

YSCAL(4,1)=0.D0O

YSCAL(5,1)=2.DO*PI*G*RHO(1)* ((AN+3.D0®)*YSCAL(1,1)

1 -AN*(AN+1.DO)*YSCAL(3,1))/(2.D0*AN+3.D0)
YSCAL(6,1)=(AN+2.D0) *YSCAL(5,1)-4.DO*PI*G*RHO(1)*YSCAL(1,1)

C Calculate coefficients of second terms

C for

second fundamental solution.
YSCAL(3,2)=RHO(1)/P1(AN,LAMBDA(1),MU(1))
YSCAL(2,2)=-Q1(AN,LAMBDA(1),MU(1))*YSCAL(3,2)
YSCAL(1,2)=-AN*YSCAL(3,2)

YSCAL(4,2)=0.D0

YSCAL(5,2)=2.DO*PI*G*RHO(1)* ((AN+3.D0®)*YSCAL(1,2)

1 -AN*(AN+1.DO)*YSCAL(3,2))/(2.D0*AN+3.D0)
YSCAL(6,2)=(AN+2.D0) *YSCAL(5,2)-4.DO*PI*G*RHO(1) *YSCAL(1,2)

C Generate matrix for evaluation of second terms in power series
C expansion of third fundamental solution.

C Set

CALL MATRIX(A,RHO,LAMBDA,MU,PI,G,AN,WE)
right-hand side for calculation of second terms

C in third solution.

YA(1)=0.D0
YA(2)=RHO(1)*(-(4.DO*GAMMA+ANGS+2.DO*WES)*Y (1, 3)
1 +(AN* (AN+1.DO) *GAMMA+COR) *Y(3,3)-Y(6,3))
YA(3)=0.D0
YA(4)=RHO(1)* ((GAMMA+COR/ (AN* (AN+1.D0)))*Y(1,3)
1 -(ANGS-COR/ (AN* (AN+1.D®)))*Y(3,3)-Y(5,3))
YA(5)=0.D0

YA(6)=0.D0

C Store matrix A in AS.

24
23

DO 23 I=1,6
DO 24 J=1,6
AS(I,1)=A(1,))
CONTINUE
CONTINUE

C Solve for second terms in third solution.

CALL LINSOL(A,YA,6,CAUG,DET,6,13)
YSCAL(1,3)=YA(L)
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YSCAL(2,3)=YA(2)
YSCAL(3,3)=YA(3)
YSCAL(4,3)=YA(4)
YSCAL(5,3)=YA(5)
YSCAL(6,3)=YA(6)
C Set right-hand side for calculation of third terms
C in first solution.
YA(1)=0.DO®
YA(2)=RHO(1)*(-(4.DO*GAMMA+ANGS+2.DO*WES) *YSCAL(1, 1)
1 +(AN* (AN+1.D®) *GAMMA+COR) *YSCAL(3,1)-YSCAL(6,1))
YA(3)=0.D0
YA (4)=RHO(1)* ((GAMMA+COR/ (AN* (AN+1.D®))) *YSCAL(1,1)
1 - (ANGS-COR/ (AN*(AN+1.D0)))*YSCAL(3,1)-YSCAL(5,1))
YA(5)=0.D0
YA(6)=0.D0
C Copy stored matrix AS into matrix A.
DO 25 I=1,6
DO 26 J=1,6
A(I,3)=AS(I,])
26 CONTINUE
25 CONTINUE
C Solve for third terms in first solution.
CALL LINSOL(A,YA,6,CAUG,DET,6,13)
YSCAL2(1,1)=YA(1)
YSCAL2(2,1)=YA(2)
YSCAL2(3,1)=YA(3)
YSCAL2(4,1)=YA(4)
YSCAL2(5,1)=YA(5)
YSCAL2(6,1)=YA(6)
C Set right-hand side for calculation of third terms
C in second solution.
YA(1)=0.D0
YA(2)=RHO(1)*(-(4.DO*GAMMA+ANGS+2 .DO*WES) *YSCAL(1,2)
1 +(AN* (AN+1.D®) *GAMMA+COR) *YSCAL(3,2)-YSCAL(6,2))
YA(3)=0.D0
YA(4)=RHO(1)* ((GAMMA+COR/ (AN*(AN+1.D0)))*YSCAL(1,2)
1 - (ANGS-COR/ (AN* (AN+1.D0)))*YSCAL(3,2)-YSCAL(5,2))
YA(5)=0.D0
YA(6)=0.D0
C Copy stored matrix AS into matrix A.
DO 27 I=1,6
DO 28 J=1,6
A(I,])=AS(1,1)
28 CONTINUE
27 CONTINUE
C Solve for third terms in second solution.
CALL LINSOL(A,YA,6,CAUG,DET,6,13)
YSCAL2(1,2)=YA(1)
YSCAL2(2,2)=YA(2)
YSCAL2(3,2)=YA(3)
YSCAL2(4,2)=YA(4)
YSCAL2(5,2)=YA(5)
YSCAL2(6,2)=YA(6)
C Set right-hand side for calculation of third terms
C in third solution.
YA(1)=0.DO®
YA(2)=RHO(1)*(-(4.DO*GAMMA+ANGS+2.DO*WES) *YSCAL(1, 3)
1 +(AN* (AN+1.DO) *GAMMA+COR) *YSCAL (3, 3)-YSCAL(6,3))
YA(3)=0.D0
YA (4)=RHO(1)* ((GAMMA+COR/ (AN* (AN+1.D®))) *YSCAL(1,3)
1 -(ANGS-COR/ (AN*(AN+1.D®)))*YSCAL(3,3)-YSCAL(5,3))
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YA(5)=0.D0O
YA(6)=0.D0
C Copy stored matrix AS into matrix A and add 2.0 to diagonal of A.
DO 29 I=1,6
DO 30 J=1,6
A(I,1)=AS(I,])
IF(I.EQ.J)A(I,])=A(I,1)+2.D0
30 CONTINUE
29 CONTINUE
C Solve for third terms in third solution.
CALL LINSOL(A,YA,6,CAUG,DET,6,13)
YSCAL2(1,3)=YA(1)
YSCAL2(2,3)=YA(2)
YSCAL2(3,3)=YA(3)
YSCAL2(4,3)=YA(4)
YSCAL2(5,3)=YA(5)
YSCAL2(6,3)=YA(6)
C Calculate terms in power series expansions at minimum radius RMIN.
XV=RMIN
XVS=XV*XV
XV3=XV*XVS
XV4=XVS*XVS
DO 31 I=1,6
DO 32 J=1,3
RM1(I,])=XVS*YSCAL(I,J)
RM2 (I, ])=XV4*YSCAL2(TI,])
32 CONTINUE
31 CONTINUE
C Write out terms in power series expansions.

DO 33 J=1,3
WRITE(6,34)]
34 FORMAT(/5X, ’Fundamental solution number ’,I3)
WRITE(6,35)
35 FORMAT(/6X,’ first term’, 10X, ’second term’,9X,’third term’)
WRITE(6,36) (Y(I,J),RM1(I,]),RM2(1,]),I=1,6)
36 FORMAT(5X,D15.8,5X,D15.8,5X,D15.8)

33 CONTINUE
C Set last three columns of arrays Y(6,6) and YP(6,6) to zero
C for inner core.
DO 37 I=1,6
DO 38 J=4,6
Y(I,3)=0.D0
YP(I,1)=0.D0®
38 CONTINUE
37 CONTINUE
C Put inner core solutions at minimum radius in array YIC(6,3) and
C initialize free solutions array in y-variables, FS(6,3,1), at the geocentre.
DO 39 I=1,6
DO 40 J=1,3
YIC(I,1)=Y(I,D)
FS(1,31,1)=0.D0®
IF(J.EQ.1.AND.(I.EQ.2.0R.I.EQ.4)) FS(I,],1)=Y(1,))
40 CONTINUE
39 CONTINUE
C Write out starting values of free solutions in y-variables at the geocentre.
RAD(1)=0.D0
RHOIC(1)=RHO(1)
WRITE(3,42)RAD(1), (FS(I,1,1),I=1,6)
WRITE(4,42)RAD(1), (FS(1,2,1),I=1,6)
WRITE(7,42)RAD(1), (FS(I,3,1),I=1,6)
C Store minimum radius and density at minimum radius.
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RAD(2)=XV*1.D-3
CALL INTPL(XV,RHOR,N1,C,R,RHO,M1)
RHOIC(2)=RHOR
C Convert solutions back to y-variables.
ANM2=AN-2.DO®
DO 41 J=1,3
IF(J.EQ.3) ANM2=AN
CONST=XV**ANM2
FS(2,3,2)=CONST*(Y(2,])+RM1(2,])+RM2(2,1))
FS(4,3,2)=CONST*(Y(4,])+RM1(4,])+RM2(4,1))
CONST=CONST*XV
FS(1,3,2)=CONST*(Y(1,])+RM1(1,])+RM2(1,1))
FS(3,3,2)=CONST*(Y(3,])+RM1(3,])+RM2(3,1))
FS(6,3,2)=CONST*(Y(6,])+RM1(6,])+RM2(6,1))
CONST=CONST*XV
FS(5,3,2)=CONST* (Y (5,J)+RM1(5,3)+RM2(5,1))
41 CONTINUE
C Write out free solutions at minimum radius, RMIN.
WRITE(3,42)RAD(2), (FS(I,1,2),I=1,6)
WRITE(4,42)RAD(2), (FS(1,2,2),I=1,6)
WRITE(7,42)RAD(2), (FS(I,3,2),I=1,6)
42 FORMAT(F7.2,6D14.6)
IRAD=2
C Begin Runge-Kutta integration for the inner core.
C Find maximum ratio of second coefficient to first term
C in power series expansions.
CALL REL (ERRMAX,YSCAL,YIC,N)
C Set initial stepsize so that fourth-order method would have relative error
C bound EPS.
H=(EPS/ERRMAX) **(0.2D0)
C Find solutions and derivatives at minimum radius RMIN
C by power series expansions.
DO 43 I=1,6
DO 44 J=1,3
C Find solutions.
Y(I,3)=Y(TI,])+XVS*YSCAL(I,])+XV4*YSCAL2(I,])
C Find derivatives.
YP(I,1)=2.DO*XV*YSCAL(I,J])+4.DO*XV3*YSCAL2(I,J)
44 CONTINUE
43 CONTINUE
C Set inner core index.
IR=1
45 CONTINUE
C Calculate derivatives at beginning of current step.
CALL YPRIME(XV,Y,A,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,
1 IR,RMIN,ANGS,COR,WES)
C Initialize function values at beginning of integration step.
DO 46 I=1,6
DO 47 J=1,6
Y1(I,1)=Y(I,])
Y2(1,1)=Y(1,1)
47 CONTINUE
46 CONTINUE
C Integrate solution forward one full step.
CALL RK4(XV,Y1,A,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,H,IR,
1 RMIN,ANGS,COR, WES)
C Integrate solution forward two half-steps.
C Halve step.
HH=0.5D0*H
C Reset radius.
XV=XV-H
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CALL RK4(XV,Y2,A,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,HH, IR,
1 RMIN,ANGS,COR,WES)
CALL YPRIME(XV,Y2,A,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,]IR,
1 RMIN,ANGS,COR,WES)
CALL RK4(XV,Y2,A,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,HH, IR,
1 RMIN, ANGS, COR,WES)
C Find error matrix and maximum relative error.
DO 48 I=1,6
DO 49 J=1,3
DELTA(I,J)=Y1(I,3)-Y2(1I,))
49 CONTINUE
48 CONTINUE
C Copy Y2(6,6) into inner core solution array YIC(6,3).
DO 50 I=1,6
DO 51 J=1,3
YIC(I,J)=Y2(I,J)
51 CONTINUE
50 CONTINUE
C Find maximum relative error.
CALL REL(ERRMAX,DELTA,YIC,N)
C Scale maximum relative error by specified relative error tolerance.
ERRMAX=ERRMAX/EPS
C Test whether step was successful.
IF(ERRMAX.LT.1.D®) GO TO 52
C Step too large, reduce stepsize and repeat.
XV=XV-H
H=0.9D0*H* (ERRMAX**(-0.25D0))
GO TO 45
52 CONTINUE
C Step successful, accept solution and improve truncation error.
DO 53 I=1,6
DO 54 J=1,3
Y(I,J1)=Y2(I,])+DELTA(I,])/15.D0
54 CONTINUE
53 CONTINUE
C Prepare to write out free solutions.
IRAD=IRAD+1
RAD(IRAD)=XV*1.D-3
C Write out inner core density.
CALL INTPL(XV,RHOR,N1,C,R,RHO,M1)
RHOIC(IRAD)=RHOR
C Convert solutions back to y-variables.
ANM2=AN-2.DO
DO 55 J=1,3
IF(J.EQ.3) ANM2=AN
CONST=XV**ANM2
FS(2,J,IRAD)=CONST*Y(2,J)
FS(4,],IRAD)=CONST*Y(4,1])
CONST=CONST*XV
FS(1,J,IRAD)=CONST*Y(1,J)
FS(3,J,IRAD)=CONST*Y(3,1J)
FS(6,J,IRAD)=CONST*Y(6,J)
CONST=CONST*XV
FS(5,J,IRAD)=CONST*Y(5,])
55 CONTINUE
WRITE(3,42)RAD(IRAD), (FS(I,1,IRAD),I=1,6)
WRITE(4,42)RAD(IRAD), (FS(I,2,IRAD),I=1,6)
WRITE(7,42)RAD(IRAD), (FS(I,3,IRAD),I=1,6)
C Increase stepsize.
H=0.9D0*H* (ERRMAX** (-0.20D0))
C Test if solution is finished.
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XVT=XV+H
IF(XVT.LT.R(N1)) GO TO 45
C Find remaining distance to the ICB.
H=R(N1)-XV
Compute fraction of radius.
RATIO=H/R(N1)
Continue integration only if remaining distance is more than
C 1.D-9 of radius.
IF(RATIO.GT.1.D-9) GO TO 45
Begin integration through the fluid outer core.
Set up interpolation for the fluid outer core.
N1=NM(2)
N2=2*N1-2
N3=N1-2

C Put fluid outer core values in active locations.

DO 56 I=1,N1
J=NK(2)+I
R(I)=RI(J)
RHO(I)=RHOI(J)
MU(I)=MUI(J)
LAMBDA (I)=LAMBDAI(J)
GZERO(I)=GZEROI(J)

56 CONTINUE

C Store density and gravity at bottom of the outer core.
RHOAP=RHO(1)

GZEROA=GZERO(1)

C Store density and gravity at top of the outer core.
RHOBM=RHO(N1)

GZEROB=GZERO(N1)

C Construct interpolation matrix.

CALL SPMAT(N1,N2,N3,C,R,B,M1,M2,M3)

C Find starting values of y5 and y6 to within constant factor C.

C Find coefficients cij.
C11=FS(2,1,IRAD)+RHOAP*FS(5,1,IRAD)-RHOAP*GZEROA*FS(1,1,IRAD)
C12=FS(2,2,IRAD)+RHOAP*FS(5,2,IRAD)-RHOAP*GZEROA*FS(1,2,IRAD)
C13=FS(2,3,IRAD)+RHOAP*FS(5, 3,IRAD)-RHOAP*GZEROA*FS(1, 3, IRAD)
C21=FS(4,1,IRAD)

C22=FS(4,2,IRAD)
C23=FS(4,3,IRAD)

C Find delta (DEL) and epsilon (EPS).
DEL=(C12*C23-C13*C22)/(C11*C22-C12*C21)
EPS=(C13*C21-C11*C23)/(C11*C22-C12*C21)

C Find starting values of y5 and y6.

Y5S=DEL*FS(5,1,IRAD)+EPS*FS(5,2,IRAD)+FS(5, 3, IRAD)

Y6S=DEL*(FS(6,1,IRAD)-4.DO*PI*G* (RHOAP*FS(5,1,IRAD)/GZEROA

-RHOAM*FS(1,1,IRAD)))+EPS*(FS(6,2,IRAD)-4.DO*PI*G* (RHOAP
*FS (5,2, IRAD) /GZEROA-RHOAM*FS (1,2, IRAD)))
+FS(6,3,IRAD)-4.DO*PI*G* (RHOAP*FS(5, 3, IRAD) /GZEROA

4 -RHOAM*FS(1,3,IRAD))

C Initialize propagator matrix for the fluid outer core.

DO 57 I=1,2
Y(I,I)=1.D®
DO 58 J=1,2
IF(I.NE.J) Y(I,1)=0.D0®
58 CONTINUE
57 CONTINUE

C Begin Runge-Kutta integration for the fluid outer core.
M=NI(2)

AM=DFLOAT (1)

C Find stepsize.
H=(R(N1)-R(1))/AM

n
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C Set initial radius and density.
XV=R(1)
ROC(1)=XV*1.D-3
RHOOC(1)=RHO(1)
C Set initial value of solution vector.
YOC(1,1)=Y5S/GZERO(1)
Y0C(2,1)=0.D0
YOC(3,1)=(2.DO+XV*WES/GZERO(1))*Y5S/(3.DO*GZERO(1))+
1 XV*Y6S/(6.DO*GZERO(1))
YOC(4,1)=0.D0
YOC(5,1)=Y5S
YOC(6,1)=Y6S
DO 59 I=1,M
CALL YPRIMEOC(XV,Y,A,K1,N1,C,R,RHO,GZERO,PI,G,WES)
CALL RK40C(XV,Y,A,K1,N1,C,R,RHO,GZERO,PI,G,H,WES)
C Find value GXV of GZERO at radius XV.
CALL INTPL(XV,GXV,N1,C,R,GZERO,M1)
IP1=I+1
C Store radius.
ROC(IP1)=XV*1.D-3
C Write out outer core density.
CALL INTPL(XV,RHOR,N1,C,R,RHO,M1)
RHOOC(IP1)=RHOR
C Update solution vector.
ALPHA=Y(1,1)*Y5S+Y(1,2)*Y6S
BETA=Y(2,1)*Y5S+Y(2,2)*Y6S
YOC(1,IP1)=ALPHA/GXV
YOC(2,IP1)=0.D0O
YOC(3,IP1)=(2.DO+XV*WES/GXV) *ALPHA/ (3.DO*GXV)+
1 XV*BETA/(6.DO*GXV)
YOC(4,IP1)=0.D0O
YOC(5,IP1)=ALPHA
YOC(6,IP1)=BETA
59 CONTINUE
C Input focal depth.
WRITE(6,60)
60  FORMAT(1X, ’Enter focal depth in kilometres.’)
READ(5,*) FD
C Find radius of focus in kilometres.
RFD=1.D-3*D-FD
C Find radius at the bottom of the crust.
J=NK(4)+1
RC(1)=1.D-3*RI(J)
C Set switch for focus in the mantle.
IFSwW=1
C Set switch for focus in the crust.
IF(RFD.GT.RC(1)) IFSW=-1
C Begin integration of propagator matrix through the mantle.
C Set up interpolation for the mantle.
N1=NM(3)
N2=2*N1-2
N3=N1-2
C Put mantle values in active locations.
DO 61 I=1,N1
J=NK(3)+I
R(ID=RI(J)
RHO(I)=RHOI(J)
MU(I)=MUI(J)
LAMBDA (I)=LAMBDAI(])
GZERO(I)=GZEROI(J)
61 CONTINUE
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C Store density at bottom of the mantle.
RHOBP=RHO(1)
C Construct interpolation matrix.
CALL SPMAT(N1,N2,N3,C,R,B,M1,M2,M3)
C Initialize propagator matrix for the mantle and store initial value.
DO 62 I=1,6
Y(I,I)=1.D0
YYM(I,I,1)=1.DO
DO 63 J=1,6
IF(I.NE.J) Y(I,3)=0.D0
IF(I.NE.J) YYM(I,J],1)=0.D0
63 CONTINUE
62  CONTINUE
C Begin Runge-Kutta integration for the mantle.
M=NI(3)
AM=DFLOAT (M)
C Find stepsize.
H=(R(N1)-R(1))/AM
C Set initial radius and density.
XV=R(1)
RM(1)=XV*1.D-3
RHOM(1)=RHO(1)
C Set integration region counter.
IR=3
DO 64 I=1,M
CALL YPRIME(XV,Y,A,K1,N1,C,R,RHO,MU,LAMBDA, GZERO,N,PI,G,
1 IR,RMIN,ANGS,COR,WES)
CALL RK4(XV,Y,A,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,H, IR,
1 RMIN, ANGS,COR,WES)
IP1=I+1
C Store radius and density.
RM(IP1)=XV*1.D-3
CALL INTPL(XV,RHOR,N1,C,R,RHO,M1)
RHOM(IP1)=RHOR
C Store propagator matrix.

DO 65 J=1,6
DO 66 K=1,6
YYM(J,K,IP1)=Y(J,K)
66 CONTINUE
65 CONTINUE

64 CONTINUE
C Set exact radius at the top of the mantle.
RM(IP1)=R(N1)*1.D-3
C For focus in the mantle, calculate coefficient matrix AS(6,6).
XV=RFD*1.D3
IF(IFSW.EQ.1) CALL
1 YPRIME(XV,Y,AS,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,
2 IR,RMIN, ANGS,COR,WES)
C If focus is in the mantle, find shear modulus MUFD at focal depth.
IF(IFSW.EQ.1) CALL
1 INTPL(XV,MUFD,N1,C,R,MU,M1)
C If focus is in the mantle, find density at focal depth.
IF(IFSW.EQ.1) CALL
1 INTPL(XV,RHOFD,N1,C,R,RHO,M1)
Begin integration of propagator matrix through the crust.
Set integration region counter.
IR=4
C Set number of steps in integration.
M=NI(4)
AM=DFLOAT (1)
C Set up interpolation for the crust.

NN
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N1=NM(4)
N2=2*N1-2
N3=N1-2
C Put crust values in active locations.
DO 67 I=1,N1
J=NK(4)+I
R(I)=RI(D)
RHO(I)=RHOI(J)
MU(I)=MUI(J)
LAMBDA (I)=LAMBDAI(])
GZERO(I)=GZEROI(J)
67 CONTINUE
C Construct interpolation matrix.
CALL SPMAT(N1,N2,N3,C,R,B,M1,M2,M3)
C Initialize propagator matrix for the crust.
DO 68 I=1,6
DO 69 J=1,6
Y(I,J)=YYM(I,],IP1)
YYC(I,J,1)=Y(I,I)
69 CONTINUE
68 CONTINUE
C Find stepsize.
H=(R(N1)-R(1))/AM
C Set initial radius and density.
XV=R(1)
RC(1)=XV*1.D-3
RHOC(1)=RHO(1)
DO 70 I=1,M
CALL YPRIME(XV,Y,A,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,
1 IR,RMIN,ANGS,COR,WES)
CALL RK4(XV,Y,A,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,H, IR,
1 RMIN,ANGS,COR,WES)
IP1=I+1
C Store radius and density.
RC(IP1)=XV*1.D-3
CALL INTPL(XV,RHOR,N1,C,R,RHO,M1)
RHOC(IP1)=RHOR
C Store propagator matrix.

DO 71 J=1,6
DO 72 K=1,6
YYc(J,K,IP1)=Y(J,K)
72 CONTINUE
71 CONTINUE

70 CONTINUE

C If focus is in the crust, calculate coefficient matrix AS(6,6).
XV=RFD*1.D3
IF(IFSW.EQ.-1) CALL
1 YPRIME(XV,Y,AS,K1,N1,C,R,RHO,MU,LAMBDA,GZERO,N,PI,G,
2 IR,RMIN, ANGS,COR,WES)

C If focus is in the crust, find shear modulus MUFD at focal depth.
IF(IFSW.EQ.-1) CALL
1 INTPL(XV,MUFD,N1,C,R,MU,M1)

C If focus is in the crust, find density at focal depth.
IF(IFSW.EQ.-1) CALL
1 INTPL(XV,RHOFD,N1,C,R,RHO,M1)

C Determine whether focus is in the mantle or the crust.
IF(IFSW.EQ.-1) GO TO 73

C Focus is in the mantle.

C Find location of focus in the mantle and select propagator matrix to be

C inverted.
M=NI(3)
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MP1=M+1
DO 74 I=2,MP1
IM1=I-1
IF(RFD.GT.RM(IM1).AND.RFD.LT.RM(I)) GO TO 75
IF(RFD.EQ.RM(I)) GO TO 76
GO TO 74
75 IEQ=-1
IL1=I-1
DO 77 J1=1,6
DO 78 K=1,6
C Take average propagator matrix.
YINFD(J,K)=(YYM(J,K,I)*(RFD-RM(IM1))+
1 YYM(J,K,IM1)*(RM(I)-RFD))/(RM(I)-RM(IN1))
78 CONTINUE
Uv(1)=1.DO
77 CONTINUE
GO TO 74
76 IEQ=1
IL1=I-1
DO 79 J=1,6
DO 80 K=1,6
C Use propagator matrix at this point.
YINFD(J,K)=YYM(J,K,I)

80 CONTINUE
Uv(J)=1.DO
79 CONTINUE
74  CONTINUE
GO TO 81

C Focus is in the crust.
C Find location of focus in the crust and select propagator matrix to be
C inverted.
73 M=NI(4)
MP1=M+1
DO 82 I=2,MP1
IM1=I-1
IF(RFD.GT.RC(IM1).AND.RFD.LT.RC(I)) GO TO 83
IF(RFD.EQ.RC(I)) GO TO 84
GO TO 82
83 IEQ=-1
IL1=I-1
DO 85 J=1,6
DO 86 K=1,6
C Take average propagator matrix.
YINFD(J,K)=(YYC(J,K,I)*(RFD-RC(IM1))+
1 YYC(J,K,IM1)*(RC(I)-RFD))/(RC(I)-RC(INM1))
86 CONTINUE
uv(3)=1.D0
85 CONTINUE
GO TO 82
84 IEQ=1
IL1=I-1
DO 87 J1=1,6
DO 88 K=1,6
C Use propagator matrix at this point.
YINFD(J,K)=YYC(J,K,I)

88 CONTINUE
Uv(J3)=1.D0
87 CONTINUE

82 CONTINUE
C Store propagator matrix at the focus.
81 DO 89 I=1,6
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DO 90 J=1,6
YINFDS(I,J)=YINFD(I,J)
90 CONTINUE
89  CONTINUE
C Invert propagator matrix at the focus.
CALL LINSOL(YINFD,UV,6,CAUG,DET,6,13)
C Begin solutions for four sources.
C Initialize four source vectors G1,G2,G3,G4.
XV=RFD*1.D3
C Construct Gl1.
FACT=-5.D0*MUFD/ (8 .DO*PI*XV*XV*XV)
DO 91 I=1,6
G1(I)=FACT*YINFD(I,2)
91 CONTINUE
C Construct G2.
FACT=FACT*XV
DO 92 I=1,6
UV(I)=FACT*AS(I,2)
92  CONTINUE
DO 93 I=1,6
HOLD=0.D®
DO 94 J=1,6
HOLD=HOLD+YINFD(I,J)*UV(J)
94 CONTINUE
G2 (I)=HOLD
93  CONTINUE
C Construct G3.
FACT=FACT/XV
DO 95 I=1,6
G3(I)=FACT*YINFD(I,4)
95  CONTINUE
C Construct G4.
FACT=FACT*XV
DO 96 I=1,6
UV(I)=FACT*AS(I,4)
96 CONTINUE
DO 97 I=1,6
HOLD=0.D®
DO 98 J=1,6
HOLD=HOLD+YINFD(I,J)*UV(J)
98 CONTINUE
G4 (I)=HOLD
97  CONTINUE
C Initialize matrix ABC(6,3) connecting unknowns to the vector y(b).
ABC(1,1)=1.D0
ABC(1,2)=0.D0
ABC(1,3)=0.D0
ABC(2,1)=RHOBM*GZEROB
ABC(2,2)=0.D0
ABC(2, 3)=-RHOBM*ALPHA
ABC(3,1)=0.D0
ABC(3,2)=1.D0
ABC(3,3)=0.D0
ABC(4,1)=0.D0
ABC(4,2)=0.D0
ABC(4,3)=0.D0
ABC(5,1)=0.D0
ABC(5,2)=0.D0
ABC(5, 3)=ALPHA
ABC(6,1)=-4.DO*PI*G*RHOBP
ABC(6,2)=0.D0
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ABC(6,3)=BETA+4.DO*PI*G*RHOBM*ALPHA/GZEROB
C Multiply propagator matrix at Earth’s surface into matrix ABC(6,3)
C to get PROD(6,3).
DO 99 I=1,6
DO 100 K=1,3
HOLD=0.D®
DO 101 J=1,6
HOLD=HOLD+Y (I, J)*ABC(J,K)
101 CONTINUE
PROD (I,K)=HOLD
100 CONTINUE
99 CONTINUE
C Set ABC equal to PROD.
DO 102 I=1,6
DO 103 J=1,3
ABC(I,J)=PROD(I,J)
103 CONTINUE
102 CONTINUE
C Multiply four source vectors by propagator matrix at Earth’s surface.
DO 104 I=1,6
HOLD1=0.DO®
HOLD2=0.D0®
HOLD3=0.D0
HOLD4=0.D0O
DO 105 J=1,6
HOLD1=HOLD1+Y(I,J1)*G1(J)
HOLD2=HOLD2+Y(I,J)*G2(J)
HOLD3=HOLD3+Y(I,J)*G3(J)
HOLD4=HOLD4+Y(I,J1)*G4(J)
105 CONTINUE
UV1(I)=HOLD1
UV2(I)=HOLD2
UV3(I)=HOLD3
UV4(I)=HOLD4
104 CONTINUE
C Apply boundary conditions at Earth’s surface.
C Construct coefficient matrix AA(3,3).
C Normal stress vanishes.
DO 106 I=1,3
AA(1,I)=ABC(2,I)
106 CONTINUE
C Shear stress vanishes.
DO 107 I=1,3
AA(2,I)=ABC(4,I)
107 CONTINUE
C Gravity potential is harmonic outside the Earth.
DO 108 I=1,3
AA(3,I)=ABC(5,I)+D*ABC(6,I)/3.D0
108 CONTINUE
C Store coefficient matrix AA(3,3) as AAS(3,3).
DO 109 I=1,3
DO 110 J=1,3
AAS(I,J)=AA(I,])
110 CONTINUE
109 CONTINUE
C Construct constant vectors B1(3), B2(3), B3(3), B4(3) for four sources.
B1(1)=-UV1(2)
B1(2)=-UV1(4)
B1(3)=-UV1(5)-D*UV1(6)/3.DO
C Solve for first source coefficients.
CALL LINSOL(AA,B1,3,CAUG2,DET,3,7)
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B2(1)=-UV2(2)
B2(2)=-UV2(4)
B2(3)=-UV2(5)-D*UV2(6)/3.DO
C Restore matrix AA(3,3).
DO 111 I=1,3
DO 112 J=1,3
AA(TI,])=AAS(I,D)
112 CONTINUE
111 CONTINUE
C Solve for second source coefficients.
CALL LINSOL(AA,B2,3,CAUG2,DET,3,7)
B3(1)=-UV3(2)
B3(2)=-UV3(4)
B3(3)=-UV3(5)-D*UV3(6)/3.D0
C Restore matrix AA(3,3).
DO 113 I=1,3
DO 114 J=1,3
AA(TI,])=AAS(I,D)
114 CONTINUE
113 CONTINUE
C Solve for third source coefficients.
CALL LINSOL(AA,B3,3,CAUG2,DET,3,7)
B4(1)=-UV4(2)
B4(2)=-UV4(4)
B4(3)=-UV4(5)-D*UV4(6)/3.DO
C Restore matrix AA(3,3).
DO 115 I=1,3
DO 116 J=1,3
AA(TI,])=AAS(I,D)
116 CONTINUE
115 CONTINUE
C Solve for fourth source coefficients.
CALL LINSOL(AA,B4,3,CAUG2,DET,3,7)
C Find four source solutions in the inner core.
DO 117 I=1,IRAD
DO 118 J=1,6
UV1(J)=B1(3)*(DEL*FS(J,1,I)+EPS*FS(J,2,1)+FS(J,3,1))
UvV2(J)=B2(3)*(DEL*FS(J,1,I)+EPS*FS(J,2,1)+FS(J,3,1))
UV3(1)=B3(3)*(DEL*FS(J,1,I)+EPS*FS(J,2,I)+FS(J,3,I))
Uv4(J)=B4(3)*(DEL*FS(J,1,I)+EPS*FS(J,2,1)+FS(J,3,1))
118 CONTINUE
SIC(1,I)=UV1(l)
SIC(2,I)=UV1(3)
SIC(3,I)=Uv2(1)
SIC(4,I)=UV2(3)
SIC(5,I)=UV3(1)
SIC(6,I)=UV3(3)
SIC(7,I)=UV4(1)
SIC(8,I)=UV4(3)
WRITE(8,42)RAD(I), (UV1(K),K=1,6)
WRITE(9,42)RAD(I), (UV2(K),K=1,6)
WRITE(10,42)RAD(I), (UV3(K),K=1,6)
WRITE(11,42)RAD(I), (UV4(K),K=1,6)
117 CONTINUE
C Initialize radial displacements at the inner core boundary.
DISC(1,1)=-UV1(1l)
DISC(2,1)=-UV2(1)
DISC(3,1)=-UV3(1)
DISC(4,1)=-UV4(1)
C Find four source solutions in the outer core.
M=NI(2)
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MP1=M+1
DO 119 I=1,MP1
DO 120 J=1,6
UV1(3)=B1(3)*YOC(J,I)
Uv2(3)=B2(3)*YOC(J,I)
UV3(3)=B3(3)*YOC(J,I)
UV4(3)=B4(3)*YOC(J,I)
120 CONTINUE
S0C(1,I)=UV1(1)
S0C(2,I)=UV1(3)
SOC(3,I)=UvV2(1)
S0C(4,I)=UV2(3)
S0C(5,I)=UV3(1)
S0C(6,I)=UV3(3)
S0C(7,I)=UV4(1)
S0C(8,I)=Uv4(3)

C Record discontinuities in radial displacement at the inner core boundary.
IF(I.EQ.1)DISC(1,1)=DISC(1,1)+UV1(1)
IF(I.EQ.1)DISC(2,1)=DISC(2,1)+UV2(1)
IF(I.EQ.1)DISC(3,1)=DISC(3,1)+UV3(1)
IF(I.EQ.1)DISC(4,1)=DISC(4,1)+UV4(1)
WRITE(8,42)ROC(I), (UV1(K),K=1,6)
WRITE(9,42)ROC(I), (UV2(K),K=1,6)
WRITE(10,42)R0OC(I), (UV3(K),K=1,6)
WRITE(11,42)R0OC(I), (UV4(K),K=1,6)

119 CONTINUE

C Initialize displacements at the core-mantle boundary.
DISC(1,2)=-UV1(1)
DISC(2,2)=-UV2(1)
DISC(3,2)=-UV3(1)
DISC(4,2)=-UV4(1)

C Find four source solutions in the mantle.

C Initialize solution vectors at the base of the mantle.
UV1(1)=B1(1)
Uv2(1)=B2(1)
UV3(1)=B3(1)
Uv4(1)=B4(1)
UV1(2)=-RHOBM*(B1(3)*ALPHA-GZEROB*B1(1))
UV2(2)=-RHOBM* (B2 (3) *ALPHA-GZEROB*B2(1))
UV3(2)=-RHOBM* (B3 (3) *ALPHA-GZEROB*B3 (1))
UV4(2)=-RHOBM* (B4 (3) *ALPHA-GZEROB*B4 (1))
UV1(3)=B1(2)
Uv2(3)=B2(2)
UV3(3)=B3(2)
Uv4(3)=B4(2)
UV1(4)=0.D0
Uv2(4)=0.D0
UV3(4)=0.D0
UV4(4)=0.D0
UV1(5)=B1(3)*ALPHA
UV2(5)=B2(3)*ALPHA
UV3(5)=B3(3)*ALPHA
UV4(5)=B4(3)*ALPHA
UV1(6)=B1(3)*BETA+4.DO*PI*G* (RHOBM*B1(3)*ALPHA/GZEROB
1 -RHOBP*B1(1))
UV2(6)=B2(3) *BETA+4.DO*PI*G* (RHOBM*B2(3) *ALPHA/GZEROB
2 -RHOBP*B2(1))
UV3(6)=B3(3)*BETA+4.DO*PI*G* (RHOBM*B3(3) *ALPHA/GZEROB
3 -RHOBP*B3(1))
UV4(6)=B4(3) *BETA+4.DO*PI*G* (RHOBM*B4 (3) *ALPHA/GZEROB
4 -RHOBP*B4(1))
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C Solve for four source solutions in the mantle.
M=NI(3)
MP1=M+1
C Switch for focus in the mantle.
IF(IFSW.EQ.1) GO TO 121
DO 122 I=1,MP1
DO 123 J=1,6
HOLD1=0.D0®
HOLD2=0.D0
HOLD3=0.D0
HOLD4=0.D0®
DO 124 K=1,6
HOLD1=HOLD1+YYM(J,K,I)*UV1(K)
HOLD2=HOLD2+YYM(J,K, I)*UV2(K)
HOLD3=HOLD3+YYM(J,K,I)*UV3(K)
HOLD4=HOLD4+YYM(J,K, I)*UV4(K)
124 CONTINUE
YF1(J)=HOLD1
YF2(J)=HOLD2
YF3(J)=HOLD3
YF4(J)=HOLD4
123 CONTINUE
SM(1,I)=YF1(1)
SM(2,I)=YF1(3)
SM(3,I)=YF2(1)
SM(4,I)=YF2(3)
SM(5,I)=YF3(1)
SM(6,I)=YF3(3)
SM(7,1I)=YF4(1)
SM(8,I)=YF4(3)

C Record radial displacement discontinuities at the core-mantle boundary.
IF(I.EQ.1)DISC(1,2)=DISC(1,2)+YF1(1)
IF(I.EQ.1)DISC(2,2)=DISC(2,2)+YF2(1)
IF(I.EQ.1)DISC(3,2)=DISC(3,2)+YF3(1)
IF(I.EQ.1)DISC(4,2)=DISC(4,2)+YF4(1)
WRITE(8,42)RM(I), (YF1(J),]=1,6)
WRITE(9,42)RM(I), (YF2(3),31=1,6)
WRITE(10,42)RM(I), (YF3(J),J=1,6)
WRITE(11,42)RM(I), (YF4(J),]=1,6)

122 CONTINUE
GO TO 125
C Focus is in the mantle.
C Output solutions below focal depth.
121 DO 126 I=1,IL1
DO 127 J=1,6
HOLD1=0.DO®
HOLD2=0.D0®
HOLD3=0.D0
HOLD4=0.D0O
DO 128 K=1,6
HOLD1=HOLD1+YYM(J,K,I)*UV1(K)
HOLD2=HOLD2+YYM(J,K, I)*UV2(K)
HOLD3=HOLD3+YYM(J,K, I)*UV3(K)
HOLD4=HOLD4+YYM(J,K,I)*UV4(K)
128 CONTINUE
YF1(J)=HOLD1
YF2(J)=HOLD2
YF3(J)=HOLD3
YF4(J)=HOLD4
127 CONTINUE
SM(1,I)=YF1(1)
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SM(2,I)=YF1(3)
SM(3,I)=YF2(1)
SM(4,I)=YF2(3)
SM(5,I)=YF3(1)
SM(6,I)=YF3(3)
SM(7,I)=YF4(1)
SM(8,I)=YF4(3)

C Record radial displacement discontinuities at the core-mantle boundary.
IF(I.EQ.1)DISC(1,2)=DISC(1,2)+YF1(1)
IF(I.EQ.1)DISC(2,2)=DISC(2,2)+YF2(1)
IF(I.EQ.1)DISC(3,2)=DISC(3,2)+YF3(1)
IF(I.EQ.1)DISC(4,2)=DISC(4,2)+YF4(1)
WRITE(8,42)RM(I), (YF1(J), J=1,6)
WRITE(9,42)RM(I), (YF2(3), J=1,6)
WRITE(10,42)RM(I), (YF3(3),I=1,6)
WRITE(11,42)RM(I), (YF4(3),I=1,6)

126 CONTINUE
C Augment vectors UV1l, UV2, UV3, UV4.
DO 129 I=1,6
UV1(I)=UV1(I)+G1(I)
UV2(I)=UV2(I)+G2(I)
UV3(I)=UV3(I)+G3(I)
UV4(I)=UV4(I)+G4(I)
129 CONTINUE
C Output solutions at and above focal depth.
IF(IEQ.EQ.1) GO TO 130
C Find solutions at focus.
DO 131 I=1,6
HOLD1=0.D0®
HOLD2=0.D0
HOLD3=0.D0
HOLD4=0.D0®
DO 133 J=1,6
HOLD1=HOLD1+YINFDS(I, 1) *UV1(J)
HOLD2=HOLD2+YINFDS(I, ) *UV2(J)
HOLD3=HOLD3+YINFDS(I,])*UV3(J)
HOLD4=HOLD4+YINFDS(I, ) *UV4(J)
133 CONTINUE
YF1(I)=HOLD1
YF2 (I)=HOLD2
YF3(I)=HOLD3
YF4 (I)=HOLD4
131 CONTINUE
IST=IL1+1
SM(1,IST)=YF1(1)
SM(2,IST)=YF1(3)
SM(3,IST)=YF2(1)
SM(4,IST)=YF2(3)
SM(5,IST)=YF3(1)
SM(6,IST)=YF3(3)
SM(7,IST)=YF4(1)
SM(8,IST)=YF4(3)
WRITE(8,42)RFD, (YF1(I), I=1,6)
WRITE(9,42)RFD, (YF2(I), I=1,6)
WRITE(10,42)RFD, (YF3(I),I=1,6)
WRITE(11,42)RFD, (YF4(I),I=1,6)
C Modify vector RM to include RFD, modify vector RHOM to include RHOFD.
DO 132 I=IST,MP1
J=MP1+IST-I+1
RM(J)=RM(J-1)
RHOM(J)=RHOM(J-1)
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132 CONTINUE
RM(IST)=RFD
RHOM (IST)=RHOFD
130 IST=IL1+1
DO 134 I=IST, MP1
IP=I
IF(IEQ.EQ.-1)IP=I+1
DO 135 J=1,6
HOLD1=0.D0®
HOLD2=0.D®
HOLD3=0.D0®
HOLD4=0.D0
DO 136 K=1,6
HOLD1=HOLD1+YYM(J,K,I)*UV1(K)
HOLD2=HOLD2+YYM(J,K, I)*UV2(K)
HOLD3=HOLD3+YYM(J,K, I)*UV3(K)
HOLD4=HOLD4+YYM(J,K, I)*UV4(K)
136 CONTINUE
YF1(J)=HOLD1
YF2 (J)=HOLD2
YF3(J)=HOLD3
YF4(J)=HOLD4
135 CONTINUE
SM(1,IP)=YF1(1)
SM(2,IP)=YF1(3)
SM(3,IP)=YF2(1)
SM(4,IP)=YF2(3)
SM(5,IP)=YF3(1)
SM(6,IP)=YF3(3)
SM(7,IP)=YF4(1)
SM(8,IP)=YF4(3)
WRITE(8,42)RM(IP), (YF1(1),J]=1,6)
WRITE(9,42)RM(IP), (YF2(J),J]=1,6)
WRITE(10,42)RM(IP), (YF3(J),J]=1,6)
WRITE(11,42)RM(IP), (YF4(1),J]=1,6)
134 CONTINUE
125 CONTINUE
C Find four source solutions in the crust.
M=NI(4)
MP1=M+1
C Switch for focus in the crust.
IF(IFSW.EQ.-1) GO TO 137
DO 138 I=1,MP1
DO 139 J=1,6
HOLD1=0.D0®
HOLD2=0.D®
HOLD3=0.D0®
HOLD4=0.D0®
DO 140 K=1,6
HOLD1=HOLD1+YYC(J,K,I)*UV1(K)
HOLD2=HOLD2+YYC(J,K,I)*UV2(K)
HOLD3=HOLD3+YYC(J,K,I)*UV3(K)
HOLD4=HOLD4+YYC(J,K,I)*UV4(K)
140 CONTINUE
YF1(J)=HOLD1
YF2(J)=HOLD2
YF3(J)=HOLD3
YF4(J)=HOLD4
139 CONTINUE
SC(1,I)=YF1(1)
SC(2,I)=YF1(3)
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SC(3,I)=YF2(1)
SC(4,I)=YF2(3)
SC(5,1)=YF3(1)
SC(6,I)=YF3(3)
SC(7,I)=YF4(1)
SC(8,I)=YF4(3)
WRITE(8,42)RC(I), (YF1(1), J=1
WRITE(9,42)RC(I), (YF2(J), J=1
WRITE(10,42)RC(I), (YF3(1), J=1
WRITE(11,42)RC(I), (YF4(1), J=1

CONTINUE

GO TO 141

C Focus is in the crust.
C Output solutions below focal depth.

137
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143

142

DO 142 I=1,IL1
DO 143 J=1,6
HOLD1=0.D0
HOLD2=0.D0®
HOLD3=0.D0
HOLD4=0.D0

DO 144 K~1,6

HOLD1=HOLD1+YYC(J,K,I)*UV1(K)
HOLD2=HOLD2+YYC(J,K, I)*UV2(K)
HOLD3=HOLD3+YYC(J,K, I)*UV3(K)
HOLD4=HOLD4+YYC(J,K, I)*UV4(K)

CONTINUE
YF1(J)=HOLD1
YF2(J)=HOLD2
YF3(J)=HOLD3
YF4(3)=HOLD4
CONTINUE
SC(1,I)=YF1(1)
SC(2,I)=YF1(3)
SC(3,I)=YF2(1)
SC(4,I)=YF2(3)
SC(5,1)=YF3(1)
SC(6,I)=YF3(3)
SC(7,I)=YF4(1)
SC(8,I)=YF4(3)

WRITE(8,42) RC(I), (YF1(J), J=1,6)
WRITE(9,42) RC(I), (YF2(J1), J=1,6)
WRITE(10,42)RC(I), (YF3(J), J=1,6)
WRITE(11,42)RC(I), (YF4(1), 1=1,6)

CONTINUE

C Augment vectors UV1l, UV2, UV3, UV4.

145

C Output solutions at and above focal depth.

DO 145 I=1,6
UV1(I)=UV1(I)+G1(I)
UV2(I)=Uv2(I)+G2(I)
UV3(I)=UV3(I)+G3(I)
UV4 (I)=UV4(I)+G4(I)

CONTINUE

IF(IEQ.EQ.1) GO TO 146

C Find solutions at the focus.

DO 147 I=1,6
HOLD1=0.D0®
HOLD2=0.D0®
HOLD3=0.D0
HOLD4=0.D0
DO 149 J=1,6
HOLD1=HOLD1+YINFDS(I,J)*UV1(J)
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HOLD2=HOLD2+YINFDS(I,J)*UV2(J)
HOLD3=HOLD3+YINFDS (I, ])*UV3(J)
HOLD4=HOLD4+YINFDS (I, ])*UV4(J)
149 CONTINUE
YF1(I)=HOLD1
YF2(I)=HOLD2
YF3(I)=HOLD3
YF4(I)=HOLD4
147 CONTINUE
IST=IL1+1
SC(1,IST)=YF1(1)
SC(2,IST)=YF1(3)
SC(3,IST)=YF2(1)
SC(4,IST)=YF2(3)
SC(5,IST)=YF3(1)
SC(6,IST)=YF3(3)
SC(7,IST)=YF4(1)
SC(8,IST)=YF4(3)
WRITE(8,42)RFD, (YF1(I), I=1,6)
WRITE(9,42)RFD, (YF2(I), I=1,6)
WRITE(10,42)RFD, (YF3(I), I=1,6)
WRITE(11,42)RFD, (YF4(I), I=1,6)
C Modify vector RC to include RFD, modify vector RHOC to include RHOFD.
DO 148 I=IST,MP1
J=MP1+IST-I+1
RC(J)=RC(I-1)
RHOC(J)=RHOC(J-1)
148 CONTINUE
RC(IST)=RFD
RHOC(IST)=RHOFD
146 IST=IL1+1
DO 150 I=IST,MP1
IP=I
IF(IEQ.EQ.-1)IP=I+1
DO 151 J=1,6
HOLD1=0.D0®
HOLD2=0.D0®
HOLD3=0.D®
HOLD4=0.D0®
DO 152 K=1,6
HOLD1=HOLD1+YYC(J,K,I)*UV1(K)
HOLD2=HOLD2+YYC(J,K, I)*UV2(K)
HOLD3=HOLD3+YYC(J,K,I)*UV3(K)
HOLD4=HOLD4+YYC(J,K,I)*UV4(K)
152 CONTINUE
YF1(J)=HOLD1
YF2(J)=HOLD2
YF3(J)=HOLD3
YF4(J)=HOLD4
151 CONTINUE
SC(1,IP)=YF1(1)
SC(2,IP)=YF1(3)
SC(3,IP)=YF2(1)
SC(4,IP)=YF2(3)
SC(5,IP)=YF3(1)
SC(6,IP)=YF3(3)
SC(7,IP)=YF4(1)
SC(8,IP)=YF4(3)
WRITE(8,42)RC(IP), (YF1(1), J1=1,6)
WRITE(9,42)RC(IP), (YF2(1), J1=1,6)
WRITE(10,42)RC(IP), (YF3(J1), I1=1,6)
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WRITE(11,42)RC(IP), (YF4(J1), J=1,6)
150 CONTINUE
141 CONTINUE

C Begin integrations of the radial and transverse components of the

C four fundamental solutions over radius.

C Initialize integrals.

S1IU=0.D0
S1IV=0.DO
S21U=0.D0
S2IV=0.D0O
S3IU=0.D0
S3IV=0.D0
S41U=0.D0
S41V=0.D0O
C Begin integration through the inner core using the trapezoidal rule.
C Set number of segments.
IRADM1=IRAD-1
DO 153 I=1,IRADM1
IP1=I+1

C Change radii to metres.
RAD(I)=RAD(I)*1.D3
RAD(IP1)=RAD(IP1)*1.D3

C Find cubes of radii.
RC1=RAD(I)*RAD(I)*RAD(I)
RC2=RAD(IP1)*RAD(IP1)*RAD(IP1)

C Find increment in radius for segment.
DR=RAD(IP1)-RAD(I)

C Find densities at segment boundaries.
RHO1=RHOIC(I)

RHO2=RHOIC(IP1)

C Add contributions of segment to integrals.
S1IU=S1IU+DR*(RC1*RHO1*SIC(1,I)+RC2*RHO2*SIC(1,IP1))/2.D0O
S1IV=S1IV+DR*(RC1*RHO1*SIC(2,I)+RC2*RHO2*SIC(2,IP1))/2.D0O
S2IU=S2IU+DR*(RC1*RHO1*SIC(3,I)+RC2*RHO2*SIC(3,IP1))/2.D0O
S2IV=S2IV+DR*(RC1*RHO1*SIC(4,I)+RC2*RHO2*SIC(4,IP1))/2.D0
S3IU=S3IU+DR*(RC1*RHO1*SIC(5,I)+RC2*RHO2*SIC(5,IP1))/2.D0
S3IV=S3IV+DR*(RC1*RHO1*SIC(6,I)+RC2*RHO2*SIC(6,IP1))/2.DO
S4IU=S4IU+DR* (RC1*RHO1*SIC(7,I)+RC2*RHO2*SIC(7,IP1))/2.D0
S4IV=S4IV+DR*(RC1*RHO1*SIC(8,I)+RC2*RHO2*SIC(8,IP1))/2.D0O

153 CONTINUE

C Store results for inner core.
RES(1,1)=S1IU
RES(2,1)=S1IV
RES(3,1)=S2IU
RES(4,1)=S21IV
RES(5,1)=S3IU
RES(6,1)=S3IV
RES(7,1)=S41IU
RES(8,1)=S41IV

C Begin integration through the outer core using extended Simpson’s rule.

C Find number of model points.
N1=NM(2)

C Find stepsize.
M=NI(2)
AM=DFLOAT (M)
H=(R(N1)-R(1))/AM
MP1=M+1

C Establish vector of functions, VOC, at each segment border, and vector,

C WOC, of weights.
DO 154 I=1,MP1

C Convert radius to metres.
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CUR=ROC(I)*1.D3

C Cube radius.

CUR=CUR*CUR*CUR
C Construct VOC.
VoC(1,I)=H*(CUR*RHOOC(I)*SO0C(1,I))/3.DO
VoC(2, I)=H* (CUR*RHOOC(I)*S0C(2,I))/3.DO
VOC(3, I)=H*(CUR*RHOOC(I)*S0C(3,I))/3.DO
VOC(4, I)=H*(CUR*RHOOC(I)*S0C(4,I))/3.DO
VOC(5, I)=H*(CUR*RHOOC(I)*S0C(5,I))/3.D®
VOC(6, I)=H*(CUR*RHOOC(I)*S0C(6,I))/3.DO
VoC(7,I)=H*(CUR*RHOOC(I)*S0C(7,I))/3.DO
VOC(8,I)=H*(CUR*RHOOC(I)*S0C(8,I))/3.DO

154 CONTINUE

C Construct WOC.

WoC(1)=1
WoC(2)=4
WOC(3)=2
WOC(4)=4
WOC(5)=2
WOC(6)=4
WOC(7)=2
WOC(8)=4
WOC(9)=2

WOC(10)=4.D0
WOC(11)=1.DO

.DO
.DO
.DO
.DO
.DO
.DO
.DO
.DO
.DO

C Find integrals as the scalar products of the vectors WOC and VOC.

HOLD1=0
HOLD2=0
HOLD3=0
HOLD4=0
HOLD5=0
HOLD6=0
HOLD7=0
HOLD8=0

.DO®
.DO®
.DO
.DO®
.DO®
.DO
.DO®
.DO
DO 155 I=1,MP1

HOLD1=HOLD1+WOC(I)*VOC(1,I)
HOLD2=HOLD2+WOC (I)*V0C(2,I)
HOLD3=HOLD3+WOC(I)*VOC(3,I)
HOLD4=HOLD4+WOC (I)*VOC(4,I)
HOLD5=HOLD5+WOC (I)*VOC(5,I)
HOLD6=HOLD6+WOC (I)*VOC(6,I)
HOLD7=HOLD7+WOC(I)*VOC(7,I)
HOLD8=HOLD8+WOC (I)*VOC(8,I)

155 CONTINUE

C Update integrals.
S1IU=S1IU+HOLD1
S1IV=S1IV+HOLD2
S2IU=S2IU+HOLD3
S2IV=S2IV+HOLD4
S3IU=S3IU+HOLDS
S3IV=S3IV+HOLD6
S41U=S4IU+HOLD7
S4IV=S4IV+HOLD8

C Store results for outer core.
RES(1,2)=S1IU-RES(1,1)
RES(2,2)=S1IV-RES(2,1)
RES(3,2)=S2IU-RES(3,1)
RES(4,2)=S2IV-RES(4,1)
RES(5,2)=S3IU-RES(5,1)
RES(6,2)=S3IV-RES(6,1)
RES(7,2)=S4IU-RES(7,1)
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RES(8,2)=S4IV-RES(8,1)
C Begin integration through the mantle using the trapezoidal rule.
C Find number of segments M.

M=NI(3)
C Switch for focus in the mantle.

IF(IFSW.EQ.1) GO TO 156

DO 157 I=1,M

IP1=I+1

C Change radii to metres.
RM(I)=RM(I)*1.D3
RM(IP1)=RM(IP1)*1.D3

C Find cubes of radii.
RCM1=RM(I)*RM(I)*RM(I)
RCM2=RM(IP1)*RM(IP1)*RM(IP1)

C Find increment in radius for segment.
DR=RM(IP1)-RM(I)

C Find densities at segment boundaries.
RHO1=RHOM(I)

RHO2=RHOM(IP1)

C Add contributions of segment to integrals.
S1IU=S1IU+DR*(RCM1*RHO1*SM(1,I)+RCM2*RHO2*SM(1,IP1))/2.D0
S1IV=S1IV+DR*(RCM1*RHO1*SM(2,I)+RCM2*RHO2*SM(2,IP1))/2.D0
S2IU=S2IU+DR*(RCM1*RHO1*SM(3,I)+RCM2*RHO2*SM(3,IP1))/2.D0
S2IV=S2IV+DR*(RCM1*RHO1*SM(4,I)+RCM2*RHO2*SM(4,IP1))/2.D0
S3IU=S3IU+DR*(RCM1*RHO1*SM(5,I)+RCM2*RHO2*SM(5,IP1))/2.D0
S3IV=S3IV+DR*(RCM1*RHO1*SM(6,I)+RCM2*RHO2*SM(6,IP1))/2.D0
S4TU=S4TIU+DR* (RCM1*RHO1*SM(7,I)+RCM2*RHO2*SM(7,IP1))/2.D0
S4IV=S4IV+DR*(RCM1*RHO1*SM(8,I)+RCM2*RHO2*SM(8,IP1))/2.D0

157 CONTINUE
GO TO 158
C Focus is in the mantle.
C Add contributions of segments to two below focal depth to integrals.
156 IL2=IL1-1
DO 159 I=1,IL2
IP1=I+1

C Change radii to metres.
RM(I)=RM(I)*1.D3
RM(IP1)=RM(IP1)*1.D3

C Find cubes of radii.
RCM1=RM(I)*RM(I)*RM(I)
RCM2=RM(IP1)*RM(IP1)*RM(IP1)

C Find increment in radius for segment.
DR=RM(IP1)-RM(I)

C Find densities at segment boundaries.
RHO1=RHOM(I)

RHO2=RHOM(IP1)

C Add contributions of segment to integrals.
S1IU=S1IU+DR*(RCM1*RHO1*SM(1,I)+RCM2*RHO2*SM(1,IP1))/2.D0
S1IV=S1IV+DR*(RCM1*RHO1*SM(2,I)+RCM2*RHO2*SM(2,IP1))/2.D0
S2IU=S2IU+DR*(RCM1*RHO1*SM(3,I)+RCM2*RHO2*SM(3,IP1))/2.D0
S2IV=S2IV+DR*(RCM1*RHO1*SM(4,I)+RCM2*RHO2*SM(4,IP1))/2.D0
S3IU=S3IU+DR*(RCM1*RHO1*SM(5,I)+RCM2*RHO2*SM(5,IP1))/2.D0
S3IV=S3IV+DR*(RCM1*RHO1*SM(6,I)+RCM2*RHO2*SM(6,IP1))/2.D0
S4IU=S4IU+DR* (RCM1*RHO1*SM(7,I)+RCM2*RHO2*SM(7,IP1))/2.D0
S4IV=S4IV+DR*(RCM1*RHO1*SM(8,I)+RCM2*RHO2*SM(8,IP1))/2.D0

159 CONTINUE
C Add contributions at and above focal depth.
C Do linear extrapolation of sources to focus.
IST=IL1+1
DO 161 I=1,8
SX(I)=SM(I,IL2)+(SM(I,IL1)-SM(I,IL2))*(RM(IST)-RM(IL2))/
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1 (RM(IL1)-RM(IL2))
161 CONTINUE

C Add contribution of segment before focus.

C Change radii to metres.
RM(IL1)=RM(IL1)*1.D3
RM(IST)=RM(IST)*1.D3

C Find cubes of radii.
RCM1=RM(IL1)*RM(IL1)*RM(IL1)
RCM2=RM(IST)*RM(IST)*RM(IST)

C Find increment in radius for segment.
DR=RM(IST)-RM(IL1)

C Find densities at segment boundaries.
RHO1=RHOM(IL1)

RHO2=RHOM(IST)

C Update contributions.
S1TU=S1IU+DR*(RCM1*RHO1*SM(1,IL1)+RCM2*RHO2*SX(1))/2.DO®
S1IV=S1IV+DR*(RCM1*RHO1*SM(2,IL1)+RCM2*RHO2*SX(2))/2.DO
S2IU=S2IU+DR*(RCM1*RHO1*SM(3,IL1)+RCM2*RHO2*SX(3))/2.D0
S2IV=S2IV+DR*(RCM1*RHO1*SM(4,IL1)+RCM2*RHO2*SX(4))/2.DO
S3IU=S3IU+DR*(RCM1*RHO1*SM(5,IL1)+RCM2*RHO2*SX(5))/2.D0
S3IV=S3IV+DR*(RCM1*RHO1*SM(6,IL1)+RCM2*RHO2*SX(6))/2.DO
S4TU=S4IV+DR*(RCM1*RHO1*SM(7,IL1)+RCM2*RHO2*SX(7))/2.DO
S4IV=S4IV+DR* (RCM1*RHO1*SM(8,IL1)+RCM2*RHO2*SX(8))/2.D0O

C Add contributions at focus and above.

MP1=M+1

IFIN=MP1

IF(IEQ.EQ.1) IFIN=M

DO 160 I=IST,IFIN
IP1=I+1

C Change radii to metres.
RM(I)=RM(I)*1.D3
RM(IP1)=RM(IP1)*1.D3

C Find cubes of radii.
RCM1=RM(I)*RM(I)*RM(I)
RCM2=RM(IP1)*RM(IP1)*RM(IP1)

C Find increment in radius for segment.
DR=RM(IP1)-RM(I)

C Find densities at segment boundaries.
RHO1=RHOM(I)

RHO2=RHOM(IP1)

C Add contributions of segment to integrals.
S1TU=S1IU+DR*(RCM1*RHO1*SM(1,I)+RCM2*RHO2*SM(1,IP1))/2.D0
S1IV=S1IV+DR*(RCM1*RHO1*SM(2,I)+RCM2*RHO2*SM(2,IP1))/2.D0
S2IU=S2IU+DR*(RCM1*RHO1*SM(3,I)+RCM2*RHO2*SM(3,IP1))/2.D0
S2IV=S2IV+DR*(RCM1*RHO1*SM(4,I)+RCM2*RHO2*SM(4,IP1))/2.D0
S3IU=S3IU+DR*(RCM1*RHO1*SM(5,I)+RCM2*RHO2*SM(5,IP1))/2.D0
S3IV=S3IV+DR*(RCM1*RHO1*SM(6,I)+RCM2*RHO2*SM(6,IP1))/2.DO
S4IU=S4IU+DR* (RCM1*RHO1*SM(7,I)+RCM2*RHO2*SM(7,IP1))/2.D0
S4IV=S4IV+DR*(RCM1*RHO1*SM(8,I)+RCM2*RHO2*SM(8,IP1))/2.D0

160 CONTINUE
158 CONTINUE
C Store results for mantle.
RES(1,3)=S1IU-RES(1,2)-RES(1,1)
RES(2,3)=S1IV-RES(2,2)-RES(2,1)
RES(3,3)=S2IU-RES(3,2)-RES(3,1)
RES(4,3)=S2IV-RES(4,2)-RES(4,1)
RES(5,3)=S3IU-RES(5,2)-RES(5,1)
RES(6,3)=S3IV-RES(6,2)-RES(6,1)
RES(7,3)=S4IU-RES(7,2)-RES(7,1)
RES(8,3)=S4IV-RES(8,2)-RES(8,1)
C Begin integration through the crust using the trapezoidal rule.
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C Find number of segments M.

M=NI(4)

C Switch for focus in the crust.

IF(IFSW.EQ.-1) GO TO 162
DO 163 I=1,M

IP1=I+1

C Change radii to metres.

RC(I)=RC(I)*1.D3
RC(IP1)=RC(IP1)*1.D3

C Find cubes of radii.

RCC1=RC(I)*RC(I)*RC(I)
RCC2=RC(IP1)*RC(IP1)*RC(IP1)

C Find increment in radius for segment.

DR=RC(IP1)-RC(I)

C Find densities at segment boundaries.

RHO1=RHOC(I)
RHO2=RHOC(IP1)

C Add contributions of segment to integrals.

S1IU=S1IU+DR*(RCC1*RHO1*SC(1,I)+RCC2*RHO2*SC(1,IP1))/2
S1IV=S1IV+DR* (RCC1*RHO1*SC(2,I)+RCC2*RHO2*SC(2,IP1))/2

S2IV=S2IV+DR*(RCC1*RHO1*SC(4,I)+RCC2*RHO2*SC(4,IP1))/2
S3IU=S3IU+DR*(RCC1*RHO1*SC(5,I)+RCC2*RHO2*SC(5,IP1))/2
S3IV=S3IV+DR*(RCC1*RHO1*SC(6,I)+RCC2*RHO2*SC(6,IP1))/2
S4IU=S4IU+DR* (RCC1*RHO1*SC(7,I)+RCC2*RHO2*SC(7,IP1))/2
S4IV=S4IV+DR* (RCC1*RHO1*SC(8,I)+RCC2*RHO2*SC(8,IP1))/2

163 CONTINUE

GO TO 164

C Focus is in the crust.

C Add contributions of segments to two below focal depth to integrals.

162 IL2=IL1-1

DO 165 I=1,IL2

IP1=I+1

C Change radii to metres.

RC(I)=RC(I)*1.D3
RC(IP1)=RC(IP1)*1.D3

C Find cubes of radii.

RCC1=RC(I)*RC(I)*RC(I)
RCC2=RC(IP1)*RC(IP1)*RC(IP1)

C Find increment in radius for segment.

DR=RC(IP1)-RC(I)

C Find densities at segment boundaries.

RHO1=RHOC(I)
RHO2=RHOC(IP1)

C Add contributions of segment to integrals.

165

S1IU=S1IU+DR* (RCC1*RHO1*SC(1,I)+RCC2*RHO2*SC(1,IP1))/2
S1IV=S1IV+DR*(RCC1*RHO1*SC(2,I)+RCC2*RHO2*SC(2,IP1))/2
S2IU=S2IU+DR* (RCC1*RHO1*SC(3,I)+RCC2*RHO2*SC(3,IP1))/2
S2IV=S2IV+DR* (RCC1*RHO1*SC(4,I)+RCC2*RHO2*SC(4,IP1))/2
S3IU=S3IU+DR* (RCC1*RHO1*SC(5,I)+RCC2*RHO2*SC(5,IP1))/2
S3IV=S3IV+DR*(RCC1*RHO1*SC(6,I)+RCC2*RHO2*SC(6,IP1))/2

S4IV=S4IV+DR* (RCC1*RHO1*SC(8,I)+RCC2*RHO2*SC(8,IP1))/2

CONTINUE

C Add contributions at and above focal depth.
C Do linear extrapolation of sources to focus.

IST=IL1+1
DO 166 I=1,8

.DO®
.DO
S2IU=S2IU+DR* (RCC1*RHO1*SC(3,I)+RCC2*RHO2*SC(3,IP1))/2.
.DO®
.DO
.DO
.DO®
.DO

.DO
.DO®
.DO
.DO
.DO®
.DO
S4IU=S4IU+DR*(RCC1*RHO1*SC(7,I)+RCC2*RHO2*SC(7,IP1))/2.
.DO®

SX(I)=SC(I,IL2)+(SC(I,IL1)-SC(I,IL2))*(RC(IST)-RC(IL2))/

1 (RC(IL1)-RC(IL2))

166 CONTINUE
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C Add contribution of segment before focus.

C Change radii to metres.
RC(IL1)=RC(IL1)*1.D3
RC(IST)=RC(IST)*1.D3

C Find cubes of radii.
RCC1=RC(IL1)*RC(IL1)*RC(IL1)
RCC2=RC(IST)*RC(IST)*RC(IST)

C Find increment in radius for segment.
DR=RC(IST)-RC(IL1)

C Find densities at segment boundaries.
RHO1=RHOC(IL1)

RHO1=RHOC(IST)

C Update contributions.
S1TU=S1IU+DR*(RCC1*RHO1*SC(1,IL1)+RCC2*RHO2*SX(1))/2.DO
S1IV=S1IV+DR*(RCC1*RHO1*SC(2,IL1)+RCC2*RHO2*SX(2))/2.DO
S2IU=S2IU+DR*(RCC1*RHO1*SC(3,IL1)+RCC2*RHO2*SX(3))/2.DO
S2IV=S2IV+DR*(RCC1*RHO1*SC(4,IL1)+RCC2*RHO2*SX(4))/2.DO
S3IU=S3IU+DR*(RCC1*RHO1*SC(5,IL1)+RCC2*RHO2*SX(5))/2.D0O
S3IV=S3IV+DR*(RCC1*RHO1*SC(6,IL1)+RCC2*RHO2*SX(6))/2.DO
S4IU=S4IU+DR* (RCC1*RHO1*SC(7,IL1)+RCC2*RHO2*SX(7))/2.DO
S4IV=S4IV+DR*(RCC1*RHO1*SC(8,IL1)+RCC2*RHO2*SX(8))/2.D0O

C Add contributions at focus and above.

MP1=M+1

IFIN=MP1

IF(IEQ.EQ.1) IFIN=M

DO 167 I=IST,IFIN
IP1=I+1

C Change radii to metres.
RC(I)=RC(I)*1.D3
RC(IP1)=RC(IP1)*1.D3

C Find cubes of radii.
RCC1=RC(I)*RC(I)*RC(I)
RCC2=RC(IP1)*RC(IP1)*RC(IP1)

C Find increment in radius for segment.
DR=RC(IP1)-RC(I)

C Find densities at segment boundaries.
RHO1=RHOC(I)

RHO2=RHOC(IP1)

C Add contributions of segment to integrals.
S1IU=S1IU+DR*(RCC1*RHO1*SC(1,I)+RCC2*RHO2*SC(1,IP1))/2.DO
S1IV=S1IV+DR*(RCC1*RHO1*SC(2,I)+RCC2*RHO2*SC(2,IP1))/2.D0O
S2IU=S2IU+DR*(RCC1*RHO1*SC(3,I)+RCC2*RHO2*SC(3,IP1))/2.D0O
S2IV=S2IV+DR*(RCC1*RHO1*SC(4,I)+RCC2*RHO2*SC(4,IP1))/2.DO
S3IU=S3IU+DR*(RCC1*RHO1*SC(5,I)+RCC2*RHO2*SC(5,IP1))/2.D0O
S3IV=S3IV+DR*(RCC1*RHO1*SC(6,I)+RCC2*RHO2*SC(6,IP1))/2.DO
S4IU=S4IU+DR* (RCC1*RHO1*SC(7,I)+RCC2*RHO2*SC(7,IP1))/2.DO
S4IV=S4IV+DR*(RCC1*RHO1*SC(8,I)+RCC2*RHO2*SC(8,IP1))/2.D0O

167 CONTINUE
164 CONTINUE

C Store results for crust.
RES(1,4)=S1IU-RES(1,3)-RES(1,2)-RES(1,1)
RES(2,4)=S1IV-RES(2,3)-RES(2,2)-RES(2,1)
RES(3,4)=S2IU-RES(3,3)-RES(3,2)-RES(3,1)
RES(4,4)=S2IV-RES(4,3)-RES(4,2)-RES(4,1)
RES(5,4)=S3IU-RES(5,3)-RES(5,2)-RES(5,1)
RES(6,4)=S3IV-RES(6,3)-RES(6,2)-RES(6,1)
RES(7,4)=S4IU-RES(7,3)-RES(7,2)-RES(7,1)
RES(8,4)=S4IV-RES(8,3)-RES(8,2)-RES(8,1)

C Store results for whole Earth.

RES(1,5)=S1IU
RES(2,5)=S1IV
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RES(3,5)=S2IU
RES(4,5)=S2IV
RES(5,5)=S31IU
RES(6,5)=S3IV
RES(7,5)=S4IU
RES(8,5)=S41IV

C Write out results to screen.

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

WRITE(6,168) FD

FORMAT(/5X, 'Results for focal depth =’,1X,F5.1,1X,’km.")
WRITE(6,169)

FORMAT(/11X, ’INTEGRALS OVER RADIUS’)

WRITE(6,170)

FORMAT (/1X, ’source’,5X, ’integral over u’,5X,’integral over v’,5X,
1 ’region’)

WRITE(6,171)RES(1,1),RES(2,1)
FORMAT(3X,’1’/14X,D11.4,9X,D11.4,7X, ’inner core’)
WRITE(6,172)RES(1,2),RES(2,2)
FORMAT(14X,D11.4,9X,D11.4,7X, ’outer core’)
WRITE(6,173)RES(1,3),RES(2,3)
FORMAT(14X,D11.4,9X,D11.4,7X, 'mantle’)
WRITE(6,174)RES(1,4),RES(2,4)
FORMAT(14X,D11.4,9X,D11.4,7X, ’crust’)
WRITE(6,175)RES(1,5),RES(2,5)
FORMAT(14X,D11.4,9X,D11.4,7X, 'whole Earth’)
WRITE(6,176)RES(3,1),RES(4,1)
FORMAT(3X,’2’/14X,D11.4,9X,D11.4,7X, "inner core’)
WRITE(6,177)RES(3,2),RES(4,2)
FORMAT(14X,D11.4,9X,D11.4,7X, outer core’)
WRITE(6,178)RES(3,3),RES(4,3)
FORMAT(14X,D11.4,9X,D11.4,7X, 'mantle’)
WRITE(6,179)RES(3,4),RES(4,4)
FORMAT(14X,D11.4,9X,D11.4,7X, ’crust’)
WRITE(6,180)RES(3,5),RES(4,5)
FORMAT(14X,D11.4,9X,D11.4,7X, 'whole Earth’)
WRITE(6,181)RES(5,1),RES(6,1)
FORMAT(3X,’3’/14X,D11.4,9X,D11.4,7X, ’inner core’)
WRITE(6,182)RES(5,2),RES(6,2)
FORMAT(14X,D11.4,9X,D11.4,7X, ’outer core’)
WRITE(6,183)RES(5,3),RES(6,3)
FORMAT(14X,D11.4,9X,D11.4,7X, 'mantle’)
WRITE(6,184)RES(5,4) ,RES(6,4)
FORMAT(14X,D11.4,9X,D11.4,7X, ’crust’)
WRITE(6,185)RES(5,5),RES(6,5)
FORMAT(14X,D11.4,9X,D11.4,7X, 'whole Earth’)
WRITE(6,186)RES(7,1),RES(8,1)
FORMAT(3X,’4’/14X,D11.4,9X,D11.4,7X, "inner core’)
WRITE(6,187)RES(7,2),RES(8,2)
FORMAT(14X,D11.4,9X,D11.4,7X, ’outer core’)
WRITE(6,188)RES(7,3),RES(8,3)
FORMAT(14X,D11.4,9X,D11.4,7X, 'mantle’)
WRITE(6,189)RES(7,4),RES(8,4)
FORMAT(14X,D11.4,9X,D11.4,7X, ’crust’)
WRITE(6,190)RES(7,5) ,RES(8,5)
FORMAT(14X,D11.4,9X,D11.4,7X, 'whole Earth’)

C Write out discontinuities in radial displacements.

191

192

WRITE(6,191)

FORMAT(/11X, 'DISCONTINUITIES IN RADIAL DISPLACEMENTS’)
WRITE(6,192)

FORMAT(/1X, ’source’,5X, ’discontinuity at ICB’,5X,’discontinuity at
1 CMB’)

WRITE(6,193)DISC(1,1),DISC(L,2)
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193 FORMAT(3X,’1’,/14X,D11.4,14X,D11.4)
WRITE(6,194)DISC(2,1),DISC(2,2)
194 FORMAT(3X,’2’,/14X,D11.4,14X,D11.4)
WRITE(6,195)DISC(3,1),DISC(3,2)
195 FORMAT(3X,’3’,/14X,D11.4,14X,D11.4)
WRITE(6,196)DISC(4,1),DISC(4,2)
196 FORMAT(3X,’4’,/14X,D11.4,14X,D11.4)
C Write out results to file.
WRITE(12,197) FD,MUFD
197 FORMAT(1X,2D15.8)
C Write out integrals over radius.
DO 198 I=1,4
I2=2*1
I2M1=I2-1
WRITE(12,199) (RES(I2M1,J),RES(I2,1),]=1,5)
199 FORMAT (1X,2D20.8)
198 CONTINUE
C Write out discontinuities in radial displacements at the ICB and CMB.
DO 200 I=1,4
WRITE(12,199)DISC(I,1),DISC(I,2)
200 CONTINUE
END

The programme SOURCES uses the subroutines SPMAT and ING ifitelr-
polate the Earth model, as described in Section 1.6. Powmssexpansions of
the free solutions, regular at the geocentre, are perfonvitdthe assistance of
the double precision function subprogrammes, P1, P2, QXxhds well as the
subroutine MATRIX, and the subroutine LINSOL, describedSiection 1.5. The
subroutine REL tracks the relative error in both the poweieseexpansions and
the Runge-Kutta integrations. Derivatives of the propagatatrix, required for
the Runge-Kutta integrations in the inner core, mantle anstcare calculated by
the subroutine YPRIME, described in Section 3.6, and thegRiiutta integration
there itself is performed by the subroutine RK4.

In addition, new subroutines YPRIMEOC and RK40OC, are usethfegrations
in the fluid outer core. They are presented below.

SUBROUTINE YPRIMEOC(R,Y,A,YP,N1,C,RM,RHOM,GZEROM,PI,G,WES)
C This subroutine finds the derivatives, YP, of the two fundamental solutions in
C the fluid outer core.
IMPLICIT DOUBLE PRECISION(A-H,0-Z)
DIMENSION RM(100),RHOM(100),GZEROM(100),C(100,100),
1 Y(6,6),YP(6,6),A(6,6)
C Zero fill derivative matrix YP(I,J]) and coefficient matrix A(I,J]).
DO 10 I=1,6
DO 11 J=1,6
YP(I,1)=0.D0
A(I,1)=0.D0
11 CONTINUE
10 CONTINUE
C Set maximum number of points for interpolation.
M1=100
C Interpolate Earth properties at radius R.
CALL INTPL(R,RHO,N1,C,RM,RHOM,M1)
CALL INTPL(R,GZERO,N1,C,RM,GZEROM,M1)



9.3 Changes in the Inertia Tensor and the Secular Polar Shift

C Construct matrix A.
A(1,1)=4.DO*PI*G*RHO/GZERO
A(1,2)=1.D®
A(2,1)=-16.DO*PI*G*RHO* (1.DO+R*WES/(2.DO*GZERO)) /(GZERO*R)
1 +6.D0/(R*R)
A(2,2)=-4.DO*PI*G*RHO/GZERO-2.DO/R
C Multiply A into Y to find derivative matrix YP.

DO 12 I=1,2
DO 13 J=1,2
DO 14 K=1,2
YP(I,3)=YP(I,I)+A(T,K)*Y(K,])
14 CONTINUE
13 CONTINUE
12 CONTINUE
RETURN
END

SUBROUTINE RK40C(R,Y,A,K1,N1,C,RM,RHOM,GZEROM,PI,G,H,WES)
C This subroutine completes the last three steps of a fourth-order
C Runge-Kutta integration, given the derivatives K1(6,6) at the starting
C radius R.
IMPLICIT DOUBLE PRECISION(A-H,0-Z)
DIMENSION RM(100),RHOM(100),GZEROM(160),C(100,100),
1 Y(6,6),YY(6,6),A(6,6)
DOUBLE PRECISION K1(6,6),K2(6,6),K3(6,6),K4(6,6)
C Set half stepsize, one-sixth stepsize.
HH=0.5D0*H
H6=H/6.D0®
C Complete remaining steps of Runge-Kutta integration.
DO 10 I=1,2
DO 11 J=1,2
YY(I,3)=Y(I,])+HH*K1(I,])
11 CONTINUE
10 CONTINUE
C Increment radius and solve for new derivatives.
R=R+HH
CALL YPRIMEOC(R,YY,A,K2,N1,C,RM,RHOM,GZEROM,PI,G,WES)
DO 12 I=1,2
DO 13 J=1,2
YY(I,1)=Y(TI,J])+HH*K2(I,])
13 CONTINUE
12 CONTINUE
C Find new derivatives.
CALL YPRIMEOC(R,YY,A,K3,N1,C,RM,RHOM,GZEROM,PI,G,WES)
DO 14 I=1,2
DO 15 J=1,2
YY(I,J)=Y(I,])+H*K3(I,I)
15 CONTINUE
14 CONTINUE
C Increment radius and solve for new derivatives.
R=R+HH
CALL YPRIMEOC(R,YY,A,K4,N1,C,RM,RHOM,GZEROM,PI,G,WES)
DO 16 I=1,2
DO 17 J=1,2
Y(I,3)=Y(TI,1)+H6%(K1(I,I)+2.D0*(K2(I,1)+K3(I,1))+K4(I,I))
17 CONTINUE
16 CONTINUE
RETURN
END
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The four separate solutions of the inhomogeneous sixtbragheroidal system
with singular sources at the focus are given by expressig@é) through (9.99)
and are illustrated in Figures (9.8) through (9.11) for fatepth 01d, with d the
Earth’s radius.
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Figure 9.8 Sourcel solution for singular source (9.96) afdlcus.
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Figure 9.11 Source4 solution for singular source (9.9%afbcus.

The displacement fields are given by Volterra’s formula asititegral over the
fault surface of the product of the double force densitigs, glip and the local
modulus of rigidity. With focus at radius, the four singular sources at the focus
may be labelled as

5
=ul"= ——4u6(r —rp), 9.149
S1= U = —5ud(r = 1o) (9.149)
5
S =Uy = ——ud'(r-ro), (9.150)
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5
3 = U? = %[1 (S(r - ro), (9151)
5
=05 = —pud'(r - ro). 9.152
S =05 = g (=10 (9.152)

Including the modulus of rigidity, the sources for the dijp-system given by
(9.84) yield

W = %6’0 —ro) sin v = 25, sin 2,
Uyt = —i%é(r —rg) cos 2v = —6is; COS 2,
us = —i%é(r — o) COS 2v = —is; COS 2,
vyt = i%é’(r — ) COS 2v = iS4COS 2v, (9.153)
vy = i4855r26’(r —rp)COS 2 = és4cos 2,
vy2 = —%60 —ro) sin 2w = —4s3sin 2,
v3 = —%50 —rg)sin2y = —:—6Lsssin 2.

In addition, the sources arising from co-ordinate cunafar the dip-slip system
given by (9.86) contribute

Su . .
0
U, = ——=0(r —rg) Sin 2y = 25, Sin 2o,
2 47”.3 ( 0) S
5 . .

V5 = —#60 —ro)sin v = —s3sin 2,
1 . Su .

1_ _
vyt = |%5(r —rp) COS 2v = iS3COS 2y,

. Su i
1_ 5 OH o _ !
vy = |48r35(r ro) COS v 653005 v, (9.154)

5 . .
vgz = ﬁé(r —rg) Sin 2 = 253 Sin 2,

, 1 :
o o(r —rg)sin 2o = —s3Sin 2.

02 =
27 o6rr3 12

Again including the modulus of rigidity, the sources for tteike-slip system
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given by (9.85) contribute

1
Uyt = —5136(r — rg) cosa = 6y COsa,

Anr
us = —%60 — o) COSa = —S1 COSa,
vyt = “ar 26 (r — ro) cOSe = —s4 COSa,
vy = 4; 50'(r — ro) cosa = %COS& (9.155)
vy% = —i%é(r —rg) sina = —6isg sine,
2 _j ¥ X5 - ro) sine = i3 sina.

Y2 ' 96ar3 4
In addition, the sources arising from co-ordinate curaafar the strike-slip system
given by (9.87) contribute

vyt = —%60 — ) COSa = —S3 COS,
v} = 4;’;360 —ro) cosa = %co&x,

vy% = i%é(r —rg) sine = i2s3sine, (9.156)
v3 = ggﬂ =0(r — ro)sina = —I%SIH(X

Once the four source solutions have been used to evaluaghémges in the
components of the inertia tensor in the epicentral co-atdirsystem as given by
expression (9.89), it is necessary to transform the inggtigor to the geographic
system of co-ordinates. We follow the methods of classicatimanics including
the use of Euler angles (Goldstein, 1956, Ch. 4).

We first examine the process of going from the geographiadoratesx;, X2, X3)
to the epicental system. Given an epicentre at east lorgyitudo-latituded, the
X1 and xz co-ordinate axes are first rotated around xBeaxis by the angles to
produce new co-ordinateg, X;, related toxy, Xz by

X, \_( cos sing \( x
( % )_( —sing cos¢ X | (9.157)
The three new co-ordinates are related to the original opes b

cosp sing 0 X1
=| —sing cosp O || x2 |. (9.158)
0 0 1 X3

RAIXANES



556 Static Deformations and Dislocation Theory

Of course, the co-ordinate; is undfected andc; = xs.
The transformation (9.158) is orthogonal, so that if it isitiplied on the left by
its transpose, we obtain

X1 cosp —sing 0 X
X2 |=| sing cosp O X | (9.159)
X3 0 0 1)\ %

Then, thex; andx; axes are rotated around tRgaxis by the angl@. The new
co-ordinatesc;, x;" are related toc, x; by

X5 _ cosf# sing A ‘ (9.160)
X/ —sing@ cosf X
The three new co-ordinates are related to the three olddioades by
X/ cosd 0 -—sing X
x5 |= 0 1 0 X | (9.161)
X5 sing 0 cos? X5

Again, the co-ordinate, is undfected andc; = x,.
Making use of the orthogonality of (9.161), we are led to

X cosd# 0 sing \( x/
X, | = 0 1 0 x5 . (9.162)
A —-sing 0 cost | X7

The final step in going to epicentral co-ordinates is to afioxthe fault azimuth
¥ measured clockwise from the north. The axgandx) are rotated about thex;
axis in order to maintain a right-hand co-ordinate systehre fiew co-ordinates

X{’, x5’ are related to the old ones by
Xy’ _ [ cosy - siny X/
( x5’ ) ( sing  cosy x5 ] (9.163)
In this final rotation, the new co-ordinates are related &odldl ones by
Xy’ cosy -sing 0 X/
X," | =] siny cosy O X5 . (9.164)
x5’ 0 0 -1 X5

In this case, the new co-ordinaxg’ =—X3.
Once again, making use of the orthogonality of (9.164), we fin

X/ cosy sing O Xy’
X5 [=] —sing cosy O x5 (9.165)
X5 0 0 -1)\x
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The transformation from epicentral to geographic co-atha is found by first
substituting from (9.164) into (9.161), and then from (®8)130 get

Xy’ cosy -sing O cosfd 0 —sing cosyp sing O X1
X" |=| sing cosy O 0 1 0 —sing cosgp O X2
x5 0 0 -1 sing 0 cosd 0 0 1 X3

Carrying out the matrix multiplications, we find the tranmsf@tion from geographic
to epicentral co-ordinates to be

Xy’ X1
X' =TT % | (9.166)
X5 X3

with the transpose of the transformation matrix being
COS¢ COSH COSYr + Sing Sinys Sing COSH COSY — COSp Siny — SinG cosy
TT =| cos¢cosdsing —singcosy sing cossing + CoSp Cosy  — SinG cosy
—cos¢ sing —sing sind —cosf
Similarly, the transformation from epicentral to geogriapto-ordinates is ob-
tained by first substituting from (9.165) into (9.162) andrilinto (9.159) to obtain

X1 cosp -—sing O cos# 0 sind cosyy sing O X’
Xo |=| sing cosp O 0 1 0 —sing cosy O x5
X3 0 0 1J\ —sin6 0 cos 0 0o -1 X5

Again, carrying out the matrix multiplications, the tramshation from epicentral
to geographic co-ordinates is found to be

X1 x’l”
X |=T| X' |, (9.167)
X3 Xg’

with transformation matrig’ given by
COS¢ COSH COSY + Sing Siny COS¢ cosH siny — Sing cosy  — OS¢ Sind
T =| singcosfcosy — Ccosg Siny  Sing cosH siny + COS¢ COSYy  — Sing Sind
—sin@ cosy —singsiny —cost



