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ABSTRACT 

This Is the final report covering research directed 

toward the study of the seisraicity of the Southeastern 

United Statesr^ Travel-times determined from local earth- 

quake and refraction data are presented which indicate 

a cruotal structure of h. ■ 33,0 km (a « 5.88 km/sec), 

h« ■ 10.8 km (a - 6.58 km/sec), and an upper mantle velocity 

ol S.10 km/sec.  Fundamental and first higher order Rayleigh 

group-velocity data determined oy digital bandpass filter- 

ing are presented for the Southern Appalachian region.  The 

Dunkln modification of the Thomson-Haskell matrix method 

is used to compute theoretical Rayleigh dispersion curves 

for comparison with the observed curves. A slight velocity 

reverse} in the. upper crust centered at about 15 km, a 

general increase of crustal velocities and densities with 

depth below this zone, and an upper mantle low velocity 

zone beginning at a depth of 70 km are indicated beneath 

the Southern Appalachians. The Appalachian foreland has 

crustal structure similar to the Gutenberg-Birch II conti- 

nental model with a total thickness of 40 km. 

A sin x/x analysis of the Bouguer gravity data yields 

a total crustal thickness of about 50 km beneath the Southern 

Appalachians. 

P-residuals computed at Chapel Hill, North Carolina and 

McMinnville, Tennessee show a systematic deviation of as 

much as + 3 sec. 
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1.0 INTRODUCTION 

This final report covers the work done on contract AF 19(628)-3892, 

"Research Directed Toward the Study of the Selsmlcity of the Southeastern 

United Scates". The report is mainly concerned with the work done over the 

past year; the determination of crustal and upper mantle structure in the 

Southeastern united States. The First Annual Technical Report [Minear, 1965] 

covers the development, installation, and calibration of the short-period 

displaccmenc seismograph at the University of Nor^h Carolina and the RTI 

field refraction system. The Second Annual Technical Report [Minear, 1966] 

includes the location of local epicenters, the results of the field refraction 

studies, the results of the computation of P-residuals, the calculations of 

magnitude, focal depth, and energy release for several local earthquakes, 

aad preliminary crustal structure estimates from gravity data. 

Research accomplishments during the performance of the contract are 

briefly summarized below. 

1) During the first year of work a short-period displacement seismo- 

graph system was designed, constructed, and placed on routine operation at 

the University of North Carolina seismograph vault at Chapel Hill, North 

Carolina. Although the system performed well [Minear, 1965], the background 

noise level at the UNC station was too high to permit recording of local 

earthquakes located mainly in the Southern Appalachians. At present, 

a remote vault is currently under construction by the University to provide 

an up-to-date seismic facility. 

2) Refraction work was carried out using local quarry blasts as 

energy sources. 



3) Local travel-time curves were developed using several of the major 

local earthquakes which were well recorded by portable and permanent stations 

in the region. 

4) P-residuals were computed for several hundred epicenters recorded 

at the Cumberland Plateau Selsmolog^cal Observatory and Chapel Hill, North 

Carolina. A systematic deviation of the residuals similar to that noted 

by other investigators was found. This deviation cannot be explained by 

crustal velocity variations and aust indicate a real error In the Jeffreys- 

Bullen travel-times. 

5) Estimation of focal depth, magnitude, and energy release from 

previous intensity studies of four Southeastern earthquakes were made. 

6) Total thickness of the Southern Appalachian crust was determined 

using Bouguer gravity anomalies and the sin x/x method of computing the 

mass anomaly producing a given gravity anomaly. 

7) Crustal and upper mantle structure was determined using fundamental 

and first higher Rayleigh mode group velocity dispersion. 

8) Computer programs were written for bandpass filtering, computation 

of P-residuals, least squares epicenter location, computation of theoretical 

travel-times from a given velocity structure, computation of theoretical 

Rayleigh dispersion curves and modal shape, computation of the variation 

of phase velocity with layer parameter variations, and the computation of 

the mass anomaly from a given gravity anomaly profile. 

At the start of the project, it was anticipated to do considerable work 

on phase and amplitude spectra of bot'' seismic signals and background noise. 

Also, it was hoped that more work could have been done on general selsmicity, 

distribution of epicenters, tocal depth, and energy release.  Failure co 



acquire a digital system and the fact that much work had been done on back- 

ground noise did not make the study of spectra appear worthwhile. The 

general seismicity study was frustrated by the poor recording station dis- 

tribution in the region. Therefore, crnstal and upper mantle structural 

studies utilizing refraction, gravity, and surface wave dispersion were 

concentrated on. 

This report specifically covers the local travel-time curves for the 

Southern Appalachian region (Sec. 2), the determination o*; crustal chlckness 

from grav.ty data (Sec. 3), the computation of theoretical dispersion curves 

(Sec. 4), the determination of Rayleigh group velocities (Sec. 5), and the 

crustal and upper mantle structure in the Southeastern United States (Sec. 6). 

Numerical computational methods, tables, charts, and computer program 

listings are presented In the Appendices. 

-'-7T- 



2.0 TRAVEL-TIME CURVES FOR THE SOUTHEASTERN UNITED STATES 

Travel-time curves were determined by using data from three local 

earthquake«? which were well recorded by Worldwide Standard Seismograph 

Stations and portable Vela stations operating in the Southeastern United 

States [Minear, 1966],  Fig. 4 shews the location of the epicenters and 

recording stations.  Travel-time curves drawn from the local earthquake 

data are shown in Fig. 1. Refraction data obtained from quarry blasts and 

during the East Coast Onshore Offshore Seismic Experiment ani theoretical 

travel-times computed for a typical linear mountain from the Herglotz- 

Wlechert equations are also plotted in Fig. 1. 

Travel-time curves corresponding to arrivals from the first crustal 

layer and from the crust mantle boundary are drawn from first arrivals 

and are estimated accurate to withini •! km/sec. Second arrivals were used 

to define curves corresponding to two major crustal layers. No major third 

layer in the crust is indicated by the refraction and earthquake data. 

However, first arrivals from the refraction profiles and second arrivals 

from 250 to 550 km, indicate that the crustal velocity may Increase n ;her 

continuously from about 10 km to around 45 km. The local travel-time data 

yields a crustal model of h. • 33,0 km (a « 5.88 km/sec), h. ■ 10,8 km 

(a - 6.58 km/sec), and an upper mantle velocity of 8.10 km/sec. As can 

be seen from Fig. 4, the epicenters and recording stations are generally 

located to the west of the core of the Appalachians. Crustal structure 

determined from the travel-time data thus corresponds to the crust beneath 

the Appalachian foreland. 

Velocity structures of the crust and upper mantle for the Appalachian 

foreland, the Northern Alps (N), Central Alps (C), and Northern Alpine fore- 

land (F) [Knopoff,et al, 1966], and a linear mountain belt are shown in 

Fig. 2.  Crustal velocities for the Appalachian foreland generally agree 
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with those for the Northern Alps at depths greater than about 2 km.  The 

disagreement for depths less than 2 km can probably be accounted for by 

the sedimentary cover present in the Northern Alps. The 5.85 km/sec layer 

in the Appalachian foreland » extending to a depth of 33 km, is thicker 

than any of the Alpine structures. However, as mentioned, the Appalachian 

foreland velocities may Increase rather continuously from about 10 to 40 km. 

Upper mantle depth in the Appalachian foreland is greater than beneath the 

foreland to the north of the Alps by 14 km and greater than beneath the 

central Alps by 4 km. 

A preliminary summary of seismic refraction work in the vicinity of 

the Cumberland Plateau Seismologlcal Observatory [B^ rcherdt et al, 1966] 

indicates a crustal model of h1 » 12 km (v, - 6.1 km/sec); h_ » 28 km (v„ " 

6.7 km/sec) and an upper mantle velocity of 8.0 + km/sec. 



3.0 CRUSTAL THICKNESS FROM GRAVITY DATA 

Total crustal thickness was computed from Bouguer gravity values 

along a Northwest-Southeast profile extending from about 460 km oft the 

North Carolina coast OS^N, 730W) to the Kentucky-Illinois border (380N, 

880W).   The sin x/x method of Tomoda and Aki [1955] was used to compute 

the depth to a n;ass anomaly producing the observed gravity anomsilias. 

Bouguer gravity values were taken from the American Geophysical Union 

Bouguer Gravity Anomaly Map of the United States. Fig. 3 shows the gravity 

profile values, tie total crustal thickness computed from these anomalies, 

and regional subsurface geology. The subsurface geological inl'onration was 

obtained from McGuire and Howell [1961] in Kentucky, Hersey, et al [1959] 

for the North Carolina continental margin, and from the geologic map of ^orth 

Carolina. Crustal structure to the crust-mantle boundary at location H', 

and to 2 km at 12-13 is based on refraction profiles of Hersey, et al  The 

subsurface geology in NorLh Carolina is intended only to indicate possible 

near surface relations between geology and Bouguer gravity anomalies. 

In the sin x/x method, crustal thickness is computed from 

d(nx) - d - d'Cnx) 3.0-1 

where d is an assumed thickness and d'Cnx) is a correction to this thickness 

given by 

d'(nx) -^r^ • 3'0-2 

M(nx) is the convolution of the observed gravity anomalies Ag(qAx) with a 

symmetric function $ which is a function of assumed crustal thickness and 
n 

station .spacing.  Thus, 

q-m 

M(ra, ' ^V  „ „  ig(qta) *•--• 3.0-3 ^TT k   qm-m 
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Oscillations in the gravity values Aq(qAx) due to near surface density 

irregularities can result in Aq(qAx) going positive and negative, such as 

in the region over the slate belt in Fig. 3. Thus, M(nx) may oscillate 

between positive and negative values which in turn yields positive and 

negative oscillations of d'Cnx). The ultimate effect is that in the regions 

of local near surface perturbations, the total crustal thickness, d(nx), may 

os,dilate widely about the assumed thickness, d , as can be seen from 3.0-1. 

Introduction of a density contrast Ap • hich varies with depth will not 

eliminate these oscillations. One must either choose the station spacing 

wide enough so that the convolution of the anomalies with the function * 0 n 

effectively filters out the local perturbations or smooth the total depth 

function d(nx). 

From Fig. 3, It can be seen that the Carolina Slate Belt is associated 

with a gravity high which effectively Introduces a positive perturbation on 

the regionally decreasing gravity. If the crustal thickness is computed 

without removing this perturbation, the thickness oscillates about the 

assumed thickness beneath the belt. As shown in Fig. 3, the local gravity 

high over the slate belt can be largely accounted for if the belt is 

approximated by a two-dimensional block with lateral extent equal to the 

slate belt, an S km depth and a density contrast of .26 gm/cm . 

Crustal thickness was computed from 3.0-1 using 3,0-2 and 3.0-3 with 

an assumed crustal thickness of A5 km and a station spacing of 60 km. The 

thickness values were then smoothed with a three point moving average filter 

(.25, .50, .25) resulting in the smoothed crustal thickness curves shown in 

Fig. 3. Two curves are plotted, corresponding to crustal-upper mantle 

density contrasts of .3 and .6 gm/cm . Since the ocean's crust is denser 

than the continental crust, the 4>".3 curve approximates the crustal thickness 

10 



better u der the continencal margin. The agreement with the thickness as 

determined by refraction work [Hersey, et.al., 1959] at point H' is good. 

Both curves indicate a crustal thickness of at least jO km under the 

Southern Appalachians.  Perturbations in the crustal thickness are caused 

Ly the Cincinnati Arch and the Carolina Slate Belt. The thinning of the 

crust necessary to produce the Bouguer anomaly over the Cincinaatl arch 

and the slate belt is about 9 km for the Äp".6 curve and about 4.5 km for 

the Ap ".3 curve. Due to the magnitude of the crustal thickness changes, 

it appears that the sources of the local highs over the Cincinnati Arch 

and the Carolina Slate Belt are relatively near surface. 

The crust thus thickens from about 83 km at the North Carolina coast 

to about 51 km beneath the core of the Appalachians and then thins to about 

43 km at the Kentucky-Illinois border. 

11 



4.0 DETERMINATION OF RAYLEIGH GROUP VELOCITY 

The locations of permanent recording stations In tho Southeastern United 

States lie principally along the Appalachian trend (See Fig. 4). Permanent 

worldwide standard stations capable of recording long-period seismic signals 

are located at Spring Hill, Alabama (SHA); Atlanta, Georgia (ATL); McMlnnville, 

Tennessee (CPO) ; Blacksburg, Virginia (BLA); and Oxford, Mississippi (OXF). 

Portable long-period units have been operated by the Geotechnical Corporation 

under project Vela, but these stations are also located along the Appalachians. 

Because of the widely space station, it was impossible to calculate 

phase velocities directly using triangular arrays of stations. Therefore, 

epicenters were selected to give travel paths parallel or perpendicular to 

the Appalachian trend. It was hoped that variations in crustal and upper 

mantle structure between stations located along the Appalachians could be 

detected by observing the variation of group velocity of a wave train travel- 

ing the station sequence SHA -ATL -BLA parallel to the Appa.'achlan trend or by 

comparing group velocities at BLA and ATL from waves arriving perpendicular 

to the Appalachian with those of a normal continental structure. 

On the basis of epicentral location, signal amplitude,and availability 

of records, two epicenters were selected for study. Table II gives the 

information pertinent to these epicenters. 

Table II 

Epicenter 
Location 
(USGS) 

Date 
Time 
(USGS) 

Magnitude 
(USGS) 

Focal 
Depth(km) 
(USGS) 

Distance(km) 
to 

station 

Jalisco, Mex. 
17.8N, 105.9W 

11 Oct., 1963 10:17:07.6 5.0 33 BLA - 3286.3 
OXF - 2467.3 
SHA - 2291.C 
ATL - 2757.6 

S. Alaska 
62. 7N, 132.0W 

29 June, 1964 07:21:32.8 5.6 33 BLA - 5488.0 
OXF - 5276.3 
SHA - 5110.0 
ATL - 5633.9 

12 
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Records from the standard stations were hand digitized at two second 

intervals using a plastic, grid overlay.  This digital data war, stored on 

magnetic tape for processing.  Since the azimuths of the epicenters measured 

from the recording stations did not coincide with either of the horizontal 

component seismograph orientations, Raylelgh wave motion was contaminated 

by Love wave motion.  In order to separate the Raylelgh and Love wave 

motions,radial and transverse selsmograms were generated from the North- 

South and East-West components at each station. The relations used In the 

transformations were 

radial component    ■ r « OE cosö + ON sin6 , and 

transverse component ■ t » OE sine - ON cos6 . 

where 

6 « azimuth of epicenter from station measured counterclockwise 

from east, 

OE - east-west component amplitude, positive toward east, 

ON ■ north-south component amplitude, positive toward north 

r>0 ->  radial motion toward epicenter, and 

t>0 *> transverse motion to right of propagation direction. 

Sections of Raylelgh wave motion were then determined from visual inspection 

of plots of the radial and transverse components. Determination of the 

particle motion of small amplitude high frequency motion in  the presence 

of laige amplitude low frequency motion is difficult.  Ideally, the radial 

and transverse components should be band-pass filtered to separate the 

frequencies and particle motion then determined for specified frequency 

intervals. However, due to the computer time involved, this was not feasible 

for this study. Since only the first higher Raylelgh mode was present on 

the recordings, the particle motion for the frequencies in- >lved could be 

fairly well obtained from the unfiltered radial and transverse components. 

14 
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Vertical component records were convolved with 101 point, digital, 

band-pass filters described by Minear {1966]. Pass bands of 60-100, 25-62, 

16-30, 10-17, and 7-13 sec were used successively. The filtered data was 

plotted by using a Galcomp plotter. Period was obtained by reading the 

peak-to-peak period from the Galcomp plots. Arrival time for the period 

was taken as the time defined by 

A     pj.       2 

with the quantities defined in the following figure. 

Group velocity wis then obtained by dividing the epicentral distance by 

the arrival time. 

Group velocity vs. period data for the Southern Appalachians is 

presented in Table III and _. rigs.8-11. 

15 
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5.0 THEORETICAL RAYLEIGH DISPERSION CURVES 

The basic Thomson-Haskell metrlx method was used to compute 

phase and group velocity vs. period curves for layered earth models. A 

computer program was written to compute Rayleigh wave dispersion curves 

and mode shape using the modified formulation of the Thomson-Haskell 

method presented by Dunkln [1965]. A program was also written to compute 

mode shape using the Thomson-Haskell method  A discussion and comparison 

of the computation methuds used is given in this section. Appendix I and II 

contain detailed descriptions of  the actual mechanics of computation 

and computer programming.  Fortran listings of the programs are given in 

Appendix III. 

5.1 Thomson-Haskell Matrix Method 

As is well known, the Thomson-Haskell matrix ijethod consists 

of evaluating the roots of a determinant formed by the repeated multiplication 

of 4 x 4 layer matrices which are functions of the layer parameters of density, 

thickness, compressional velocity, shear velocity, as well as phase velocity 

and period. 

Using Haskell's notation, the displacement-stress matrices at the top 

and bottom of the m*^ layer are given by 

m 

w m 

m 

a m (5.1-1) 
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where a - D F    is the m—- layer matrix.  By repeated application of 

(5.1-1), Haskell shows that, assuming no stresses at the free surface 

, » T ~ 0)  and no sources at infinity, 

n 

A'» 
n 

n ! 

n 

u 
_c 
c 
• 
w 

, c 

jo 
I 0 
L 

(5.1-2) 

where J « F 
-1 

n an-i • • • 3- !s the matrix product of the A x 4 layer matrices 

a , eliminating A ' and u ' between the four equations yields 

w 

J22 " J12 

Jll " J21 

J42 " J32 

J21 " J41 
(5.1-3) 

Since the J , are functions of phase velocity and wave number , (5.1-3) is 

an Implicit relation between c and k and thus the phase velocity dispersion 

function. The layer matrix elements of a are either trigonometric or 

hyperbolic functions depending on whether the phase velocity is greater than 

or less than the layer compiessional and/or shear velocities. The multiplica- 

tion of real and imaginary components of matrices on a computer which does 

not have complex number subroutines would in genera? add considerable complexity 

to the problem. However, a.;  ^ shown in Appendix I, the form of the layer 

matrices leads to a simple solution by which the multiplication of the matrices 

"ith real and imaginary elements can be accomplished by the multxpllcation 

of certain elements by + 1. 
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5.2 Numerical Difficulties in the Thomson-Haskell Method 

In practice, numerical computational difficulties are en- 

countered in the repeated matrix multiplication required to evaluate the 

roots of (5.1-3), These difficulties are encountered as the product of 

kH, where k is the wave number, and H is the total thickness of ehe layered 

earth model, becomes large. Dorman, Ewing, and Oliver [1960] have used 

an upper limit of about 30 for kH. When the value of kE reaches about 30, 

the number of layers can be reduced and the computation continued with a 

reduced thickness. Little error is introduced by thir  technique. However, 

for higher modes and hence, higher frequencies, the product kH may be relatively 

large even for layered earth models of small total thic«cness, H. 

Dunkln [1965] has shown the numerical difficulties are caused by the 

computation of large exponentials and a resulting loss of singlflcant 

figures. Dunkln's development is briefly repeated below in order to show 

the effect of loss of significance due to the addition of large and small 

quantities on the Haskell matrix. The agrument Is applied directly to the 

Haskell dispersion equation (5.1-3) rather than to the secular equation used 

by Dunkln. 

Let the scalar and vector potential functions for an elastic body have 

the forrn 

<i>    « explk(ct-x) [A exp(ikz ^c /a -_, + B exp(-irC2 vc /a -1) ] n    r        nr    ' n 

expik(ct-x) [«j.n
+ + ^n" ] 

i},    » expik(ct-x) [C exp(ikz v42/ß2-l) + D exp(-ikz Vc /B2-!) ]      (5.2-1) n    *       • n n 

+    - =» expik(ct-x) [ty        - ^  ] 
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Using  (5.2-1)   and the equation 

S   (u,v,w)     =        V   '   $    +    $ x ii   i^v   1|/?|   ll;  ) (5.2-2) 

the displacement-stress vector, S , can be expressed as 

Sn (z)  - Tn ^ (z) (5.2-3) 

where 

k+ 

*n(2> 

n 

n 

and T  is a 4 x 4 matrix function of c, k, and the layer parameters. 

Taking the origin at the z^ Interface (5.2-1) gives 

*n-l = An + Bn = ^n^ ^n-^ + *n"  ^n-^ 

*n-l = Cn + Dn = C  <Vl>  + *n"  ^n-^ 

At the z  interface n 
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(ji      =■    A    explkü  r        +    B    exp-ikd r        =    *       (z )  + i       (z  ) n n      r      n an n      r        n an an n        n 

ij;      «    C    explkd r.      +    D    exp-ikd^r»,,    =    i|/„     (z  ) + \l>      (z ) n n n 6n nnßn nn nn 

The relation betv/een *  (z )  at the z    interface and * (z    ,)  at the z    , n n        n n n-1        n-1 

interface is then 

* (-)=£* (z .) 
n  n    n n  n-1 

(5.2-4) 

where 

n 

expikd r K  n an 
0 0 0 

0 exPlkV8n 
0 0 

0 0 exp-ikd r K   n an 
0 

0 0 0 exp -ikd r0 n Bn 

(5.2-5) 

At the n-1 interface 

n  n-i     n n  n-1 

or 

♦ (zn J - T "1 Sn(zn .) n  n-1     n   n n-i 
(5.2-6) 

Now, by the boundary conditions of the continuity of stress and displacement 

S (z ) - S_, (z ) - T * (z ) n n     n+1  n    n n  n 
(5.2-7) 

Substituting (5.2-4) for * (z ) and (5.2-6) for * (z^ .) in (5.2-7) gives n n n n—± 
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S ^ (z ) = T E T ~1 S (z .j (5.2-8) n+1  n     n n n    n n-1 • v    ' 

This equation is equivalent to Haskell's equation 

Sn+1 
(zn) = Vn ^n-l*  • (5-2-9) 

with a = T E T ~1 . n   n n n 

By (5.2-8) the displacement-stress vector is converted into ♦ , continued 

through the layer z by E , and ccnverted back into S (z ) at the interface 

n+1 which is equal to S .. (z ). The Haskell layer matrix carries the dis- 

placement-stress vector from the n*^ interface, through the layer, anJ across 

the n+1 interface in one operation. Eq. (5.2-8) brings into evidence the 

effect of the "continuing" matrix E . 

Consider the matrix linking the displacement-stress vectors at the free 

surface and the last layer of an assumed layered sequence. 

S    = G . ... G S      = PS^ , (5.2-10) n-l     n-i     i o     o 

where 

G  - T E T ~1 n     n n n 

In the Haskell formulation, the matrix from which the dispersion relation 

is obtained is given by J « F  P and in the Dunkln formulation this matrix 

■\. is T T.  However, considerations of the numerical evaluation of the P n 

matrix will yield results valid to both developments since the T    or 

F   do not contain exponential powers. 
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Let P be written as 

P « A T E T "1 B 
m m m 

(5.2-11) 

where 

A ■ G , ... G ., 
n-j.     m+l 

B a G , ... Gn m-1     1 

Using the definitions of T and E , it can be shown that the components 

of P are of the fore 

P., - B.^ expikd x       + c.. expikd r0  + 
D
4 . exp^ikd r   + E.. exp-rikd r 

ij   ij  F  in am    ij     m 3m    lj      m am    ij      m ßra 

For the Haskell development, F    is of the form 

<5.2-12) 

-1 

F11 0 F23 0 

0 F22 0 F24 

F31 0 F33 0 

0 F42 0 F44 

which gives for the two components J.» and J?2 

J12 * F11P12 + F13P32 ' and 

J22 = F22P22 + F2AP42 

(5.2-13) 
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hi 
i 1 

Now suppose that for the m~ layer r   and rD  are negative Imaginary 
am      pm 

(c<a) so tha expidk r   and expikd r0  may be large depending on the value m am m pm 

of k.  If the exponential term is large enough, the effect of the smaller 

terms in P.. will be neglected in computing the P.. , because of loss of 

significance.  In the evaluation of the roots of (5.1-3) the difference 

(J.? - Jjy)  must be taken. Although the P.. are large, their differences 

may be small. Therefore, terms which were lost because of loss of significance 

in computing the P.. would be important in the difference of J.» and J99. 

Mode shape is computed from repeated applications of (5.1-1) using the 

starting values of ü and 'w from (5.1-3).  Therefore, the same problem 

with loss of significance is inherent in the Haskell method of computing modal 

shape. 

5.3 Dunkin Modification of the Haskell Method 

Dunkln derives the secular or period equation in the form 

Det R.l    =0 (5.3 1) 

Where 

Rll   R12 

R21   R22 
= T "1 G , ... G, (5.3-2) 

P    P-1     1 

He shows that Det R.1 can be expanded as a product of the second order 

subdeterminants of T    and G yielding 
P       F 

Det Rll - t   |ab «   |cd '•• 8 |l2 ' (5'3-3) 
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where g  I, ]  j.s the second order subdeterminant of G involving rows 
\ki P 

i and j and columns k and X-     Dunkin has shown that by using algebraic 

expressions for the subdeterminants of the G , numerical difficulties 
P 

with loss of significance can be avoided since the products of like ex- 

ponentials normally occurring in the secular function are excluded at the 

start.  Products of unlike exponentials for a given layer effectively in- 

crease the magnitude of Det R,... To prevent machine overflow, the secular 

function can be divided by the two largest exponents when these exponenets 

become real and the exponential expression becomes hyperbolic. This results 

in no loss of significance. 

Explicit expressions for the oH and the g,  are given in Appendix 

II for real frequencies and wave numbers. These are slightly different 

from the definitions of Dunkin,since he assumes complex frequencies. 

Mode shapes are computed using the following relation of Dunkin dis- 

cussed in Appendix II , 

_ m,  ,      -1 wn   n-i    n ,   \ n,     \ Jab    1 lef    ,. _ 
Rn (z;a) - r11  t^ g^ • • • 8vb(V

z) * ^V^ M''' * |21    (5-3- 

5.A Computational Procedure 

The Dunkin method was programmed in Fortran II for the Bunker- 

Ramo 340 computer. Equation (5.3-1) was used for the determination of Ray- 

leigh wave dispersion curves.  Equation (5.3-4) was used to compute the 

rode shape once the roots of (5.3-1) were obtained. A double precision 

program was written in Fortran II for the IBM 360-75 using the Haskell method 

for computing mode shape. Equation (5.1-1) was used for this computation. 

Figs. 5 and 6 are flow charts of the computer program FLATRAY used in the 

computation of Rayleigh dispersion and modal shape. A computer listing of 

the program is given in Appendix III. 
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Root F .ndin^ 'cheme 

The technique used for finding the roots of (5.3-1) consists of 

two steps.  In order to determine roots for different modes, a gl/en phase 

velocity, c , and starting wave number, k  , are specified. K  is then 

Incremented using the constant c value until a root is bracketed. A two 
o 

point interpolation scheme is then used until the difference between two 

values of k which successively bracket the root is less than an input value. 

If more than one mode is to be investigated, k is Incremented from its 

value at the last root found using the same value of c until the next root 0 o 

is found.  Thus, the roots along a constant c curve are found which correspond 

to different modes.  In order to define a particular mode, computation begl>s 

at c and the k,  corresponding to the desired mode. C is decremented and 

k incremented by values specified as input parameters. K is varied at the 

new  - Ac until the root is bracketed. Two point interpolation is then 

used until k is obtained with the desired accuracy. The process of de- 

crementing c and incrementing k is continued until three points on a given 

irodal dispersion curve are found. A three point Gregory-Newton interpolation 

scheme Is then used to estimate the next root on the curve. The process of 

interpolation and bracketing continues until a dispersion curve is defined 

to some minimum specified value of c. 

Group velocity values are computed by perturbing c a small amount 

from a value at which a corresponding k .ids been found. K is found for 

the perturbed c and a two point difference scheme used to evaluate group 

velocity, U , according to 

Ü = 

2v_     hi 
T ~ T 

du m    ^2 U 
dk    k« - k1 
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From Table VI it can be seen that the group velocity curves computed by 

the Dunkln method for many layered models agree with those computed for 

models with reduced thickness to within a few te: ths of a per cent. 

However, the section must be taken thick enough to include the entire 

depth to which appreciable particle motion extends. This is illustrated 

by the first higher mode for the Gutenberg-Birch II model. The period 

value at 5.00 km/sec is 50.0301 sec for the 400 km section, and 46.4060 

sec for the 1000 km section. However, reference to the displacement vs. 

depth curves in Appendix IV shows that the ä">0 km section does not include 

the total depth to which vertical particle motion extends at this period. 

Although thick sequences can be used to compute shorter period group 

velocity curves, it is considerably more economical in computer tire  to 

use thinner sequences of fewer layers. Displacement depth curves, such 

as those in Appendix IV, can be used to indicate the necessary total 

thickness to be used at given periods. 

Modal Shape 

After a point (c,k) was found on a given dispersion curve, the 

mode shape for the given (cjk) was computed using (5.3-4). Horizontal 

and vertical displacements /s. depth values were then punched out on cards 

to be used in computing the variation of phase velocity due to variation 

in layer parameters from INTEGRAL. Modal shape was computed using both 

the Dunkln and Haskell methods. A double precision program was used in 

computing modal shape by the Haskell Method. Table IV shows the comparative 

results for the two methods. Values for horizontal and vertical particle 

amplitudes agree very well (<.03%) for the first four layers in each case 

considered in Table IV. After this, the differences between the two methods 

increase rapidly.  The rapid increase of particle amplitude with depth in 
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TABLE IV. Fundamental Rayleigh mode vertical and horizontal 
Particle amplitudes computed by Dunkin and Haskell 

Methods for the Gutenberg-Birch II model. Displacement 
normalized to the vertical displacement at the surface 

Period » 25..440 
Phase Veloc^cy - 3.8000 
7 Layer K.odel 

1 section Thickness * 140 km 

HASKELL METHOD 1        DUNKIN METHOD 

Vertical Horizontal Vertical Horizontal 

1.000000 .695087i 1.000000 -.6950871 

.886979 .0084581 .886972 .0084451 

.518503 .0569591 .518524 .0568251 

.303885 .1063181 .3C4132 .0400851 

.164817 .0761211 .062881 .0126391 

.078571 .0509691 .014165 .0034631 

.018264 .3484311 .002693 .0009951 

Period - 25.1380 
Phase Velocity 3.8000 
17 Layer mdel 

1.000000 

.886837 

.518193 

.303773 

.165958 

.084840 

.043072 

.034665 

.087^174 

.324986 

1.117859 

4.078959 

13.757256 

45.)A9210 

150.983339 

Section Thickness 

-.6950441 

.0086111 

.0569161 

.1056621 

.0734501 

.0412981 

.0154241 

-.0212121 

-.1191061 

-.4357481 

-1.4845031 

-4.9270861 

-16.1905901 

-53.0181841 

-173.2435981 

400 km 

1.00000C 

.886883 

.518278 

.303749 

.062646 

.013984 

.002541 

-.000083 

-.000534 

-.000713 

-.000685 

-.000643 

-.00059* 

-.000553 

-.(,30512 

-.6950441 

.0085831 

.0569481 

.f401191 

.0126671 

.0034971 

.0010301 

.0004061 

.0002461 

.0001991 

.0001791 

.0001651 

.0001531 

.00ul43i 

.0001331 
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TABLE IV (Cont'd) 

Period = 25.1380 (Cont'd) 
Phase Velcoity-3.8000 
17 Layer model 

Section Thickness = 403 km 

HASKELL METHOD 

Vertical 

8.176407 

10070.040164 

Horizontal 

-567.5807251 

-11362.1297281 

DUNKIN. METHOD 

Period = 106.4400 
Phase Velocity=4.2000 
35 Layer model 

1.000000 

1.047271 

1.054375 

1.048108 

1.010899 

.954535 

.886795 

.81252t 

.735438 

.658577 

.583974 

.513373 

.447853 

.387824 

.333572 

.284944 

.184929 

.1^067 

.024591 

-.005338 

-.034168 

-.117644 

-.299466 

Section Thickness 

-.8380621    I 

-.5990881 
j 

-.4060961    | 
j 

-.1909051 

-.0527151 

.0438221 

.1098891 

.1520151 

.1759571 

.1869151 

.1879691 

.1825901 

.173001i 

.1607891 

.1476171 

,1341261 

.0991591 

.0723331 

.0434351 

.0396271 

.0439991 

.0864391 

.1955751 

II 
11 

Vertical 

-.000474 

-.001556 

2898 km 

1.000000 

1.047270 

1.054340 

1.048030 

.968018 

.883244 

.793526 

.703175 

.615440 

.532770 

.456412 

.387350 

.325880 

.271911 

.225107 

.184894 

-115100 

.055227 

.008158 

-.001490 

-.004566 

-.011717 

-.010744 

Horizontal 

.0001231 

.0000261 

-.8380621 

-.5990121 

-.4059721 

-.1826711 

-.0486231 

.0393891 

.0953051 

.1274421 

.1425871 

.1463311 

.1420871 

.1331501 

.1216331 

.1088621 

.0961331 

.0839571 

.0486511 

.0274971 

.0065751 

.00'*76H 

.0042311 

.0032201 

.00269U 
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TABLE IV (Cont'd) 

Period • 106.4400 (Cont'd) 
Phase Velocity-4.2000 
35 Layer model 

HASKELL 

Vertical 

-.734195 

-1.73:194 

-7.174500 

67.316536 

2727.220784 

58523.227239 

.108 x 107 

.188 x 108 

.319 x 109 

.525 x 1010 

.855 x 1011 

.329 x 1012 

Section Thickness 

METHOD 

Horizontal 

.4387981 

.8698931 

-1.4270811 

-162.8932311 

-3866.6973961 

-/2877.2524311 

-.127 x 107 i 

-.214 x 108 i 

-.355 x 109 i 

-.576 x 10101 

-.928 x 1011i 

-.352 x 1012i 

- 2898 kni 

DUNKIN 

Vertical 

-.009416 

-.008134 

-.023747 

-.006543 

-.001763 

-.000463 

-.000119 

-.000030 

-.000007 

-.000002 

-,000000 

-.000000 

METHOD 

Horizontal 

.0022971 

.0019341 

.0005461 

.0001411 

.0000361 

.0000091 

.0000021 

.0000001 

.0000001 

.0000001 

.OOOOOOi 

.0000001 
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the Haskell Method results from the repeated multiplication of 4 x 4 

layer matrices and gradual loss of significance in the matrix mulci, ^ icatlon. 

Since the Haskell Method starts at the top layer and works down,and the 

Dunkin Method starts at the bottom layer and works up, the agreement of 

the two methods in the near surface layers indicates that the Dunkin Method 

is yielding correct displacement values over the entire layered sequence. 

In some cases when relative high frequency  points on a dispersion curve 

were being computed with a many layered model, displacements computed by 

the Dunkin Method showed some slight perturbations with depth rather than 

a smooth decrease. Displacement values also tended to change signs as 

they decreased to very small quantities with depth. This is seen in the 

vertical displacements for the 35 layer case in Table IV. Horizontal displace- 

ment curves generally have one more lobe than the corresponding vertical dis- 

placement curves. 

Modal shapes for the Gutenberg-Birch model are shown graphically in 

Appendix IV. 

Earth Flattening Approximation 

The earth flattening approximation introduced by Alterman, Jarosch, 

and Pekeris [1961] was used to modify the layer velocities;. As has been 

shown by Kovach & Anderson [1964],the effect of sphericity is not negligible 

even for higher modes. The linear increase in velocity introduced in the 

earth flattening approximation is specified by the parameter 

r  2 c    -   (f )2 

The value of r for a layer was taken as the radius to the center of the 
in       J 

layer; a is the mean radius of the earth, 6371 km. Layer velocities approxi- 

mately corrected for sphericity are then given by 
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f -1/2 a   = a  ^ 
m     m 

s'n - 6. 5 "1/2 

5,5 Variation of Phase Velocity with Layer Parameters 

The energy integrals for elastic wave propagation [Meissner, 

1926; Jeffreys, 193A] have been used by several authors, notably Anderson 

[1964] and Takeuchi and Dorman [1964] to derive explicit relations between 

the variation of phase velocity and the variation of layer parameters. 

Necessary data for the evaluation of the partial derivatives of phase velocity 

with respect to layer parameters are horizontal and vertical particle amplitude 

vs. depth values. 

For Rayleigh waves, the potential and kinetic energy averaged over a 

cycle are 

4T 

4V 

2  2   2 
Pu)  (u + w ) dz 

J [X(l J-W')2 -f y(2k2u2 + 2w,2) + k2w2 + u' 2 + 2^^] da 

where 

u  - horizontal displacement 

w  = vertical displacement 

3z 
u' "   T~ »  and the integration extends over the entire depth. 

using the fact that the kinetic and potential energy averaged ovtr a period 

are equal we obtain 
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«2 l1      -      k2(I2 + ly + k(I3 + I6) + (I4 + I2)   , (5.5-1) 

where 

2        2 p (u    + w )dz Xu dz 

2Auw,dz 

2        2 
y(2u    + w )dz 

h Aw,2dz 

- -j   yu1 
wdz 

(5.5-2) 

! 2 u(2wf    + u y(2wf    + u )d2 

For a layered sequence of n layers,   one can define 

m+1 

•lm 
2        2 p   (u    + w )dz 

m 

and similarly for the other integrals.  Thus, 

(5.5-3) 

n 

m»! 

(5.5-4) 

A perturbation of a layer parameter in the m— layer will cause a perturbation 

in the integral, I, , for the entire layered sequence of 

61,  - 61, 
i      lm 

(5.5-5) 
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Differentiating (5.5-1) with respect to the layer parameters,   the partial 

derivatives of c with respect to the layer parameters are obtained.     Thus, 

a« o   9IQ                           9IÄ                        3I7 
("T-) ^  A   .'    (ck2^ +    ck-J« +    c^m)/ 3u p,X,d,ü)                    3M                       3y                    3M       '   '                                v           / 

9) 

where 

D - k[2k(I2 + I5)    +   I3 + I6] 

with the integration of the Integrals in D extending over the entire layered 

sequence. 

("ZT)   \  ., A ,.      '    ~cü)   T*—   / D (5.5-7) 3pA,MfU,ü) 3p 
ID 

- 0  3I0 31- 31, 
v'STr) ., „ ^ ,, ■   (ck T;— + ck TJ—+ c "^—) / D (5.5-8) 3A M,P»a»w 3A 3A 3A 

m 

^    P.a.d..   " W^ p.M.u    - 2  'IT'  W-P.^i,. ! (5-5-9) 
m mm 

Asauming p,a,ß    as Independent and P,A,M    as dependent 

v3p/     o.B.d.w ^p  '   A,M V3Am
y  p,M  vöp   '  a,e V

3MJ P,A  ^p,,,''  a,ß m m m mmm 

Substituting 

(A) .    a
2    .    232      and 

3pm      o»8 n» m 

3 V 2 
(—)    a^    '    ^m . m 
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gives 

91 
,oc v 2       Im   , _ ,     /9c x ( 1 oo^  \  J   ^,2/9c x 

^     a.ß.d.o,    " "^   F^70 ^^.p.^.d (ain " 20 m)  + ß  ^P.X.d.a) 
m m m 

(5.5-10) 

^9c v _    ~ /9c x 
^3a     P,ß,d,ü)    =      pinam  ^9A ' p»y,d»a) (5.5-11) 

m m 

a„ , 31, ,    31,      31. 31,      31, 31.       31, 
(l3> ,.*,p.. ■ i— w+ --k (ir+ sr' + ck (^r+ 3r>+ c(^r+ id >1/D 

The group velocity can be expressed in terms of the integrals I, by 

2(1 + I )k + (I + I ) 
Ü  - 2-^- '— ^ (5.5-12) 

Equations (5.5-6:, (5.5-8), (5.5-9), (5.5-10), (5.5-11), (5.5-12), 

and (5.5-13) with the defiuitions of (5.5-2)  »»ere programmed for the IBM 

360-75 computer. The integrals of(5.5-2) were evaluated numerically using 

polynomial approximations to the particle displacements obtained from the 

modal shape calculations. A sliding fitting procedure was used in determining 

the polynomials. In thlr procedure, a polynomial is fitted to say n points 

at the depths z., z.^.   , ... z..  ; and the Integrals and their derivatives 
1  i+i      i+n 

evaluated over the interval z   - z . The polynomial fit is then shifted 

to drop one layer and pick up one layer, i.e., to the points at depths 
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2i+l * Zi+2 ' *** zl+l+n '  By usins; Polynoitiial approximations, the integrals 

of the derivatives are simply the integrals of the derivatives of the 

polynomials. Third degree polynomials were found to give adequate fits to 

the displacement data. 

A Fortran listing of the program, INTEGRAL, for computing the partial 

derivatives of phase velocity , c , with respect to layer parameters is 

given in Appendix III.  Results of computation of the partial derivatives 

for the Gutenberg-Birch IX continental model are given in Appendix IV. 
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6.0 CRUSTAL AND UPPER MANTLE STRUCTURE IN THE SOUTHEASTERN UNITED STATES 

Gravity, local travel-time, and Rayleigh wave dispersion data 

were used to determine  crustal and upper mantle structure for the South- 

eastern United States.  Results of the Rayleigh dispersion study and a 

comparison with the gravity and travel-time results are given in this 

section. 

Observed dispersion curves could be constructed only for periods less 

than about 50 seconds. Therefore, crustal structure was concentrated on 

and the upper mantle structure below 70 km was assumed to be that of the 

Gutenberg-Birch II continental model. The Gutenberg-Birch II crustal 

structure was used as the basic model for estimating the Southern Appalachian 

structure. Variations of phase velocity with layer parameters computed for 

the Gutenberg-Birch II model (See Appendix IV) were used to vary this basic 

model to yield dispersion curves fitting the observed data. Velocity and 

density structure of the models considered are given in Table V and Fig. 

7. Values of the "earth flattening" velocities for the Gutenberg-Birch II 

are also given to indicate the effective increase of velocity with depth. 

Fundamental and first higher Rayleigh mode group velocity vs. period 

data observed in the Southern Appalachians (Table III) are shown in Figs. 

8-11.  Rayleigh wave dispersion curves computed as described in Section 

5.0 are given in Table VI and Figs. 8-11 for the models Gutenberg-Birch II, 

310, 314, 315. and 320 defined in Table V. 

Group velocity curves for waves traveling approximately perpendicular 

(perpendicular waves) to the Appalachians are quite similar (Figs. 8-11). 

They all have a local minimum of about 2.85 km/sec at a period of 17 sec, 

and a local maximum of about 3.10 km/sec at around 12 sec.  For periods 

shorter than about 10 seconds the curves flatten out at about 3.0 km/sec. 

First higher Rayleigh mode curves indicate a broad minimum of 3.5 km/sec 
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TABLE V.  Layer Parameters for Crustal and Upper Mantle Models 

GUTENBERG-BIRCH II 

FLAT EARTH 

B      p 

EARTH FLATTENING 

8      P 

6.1400 
6.5800 
8.0800 
7.8700 
7.8000 
7.8300 
7.8900 
7.9400 
8.0000 
8.0600 
8.1200 
8.2000 
8.2700 
8.3500 
8.4300 
8.5100 
8.7500 
9.0000 
9.4900 
9.7400 
9.9900 
10.5000 
10.9000 
11.3000 
il.4000 
11.8000 
12.0500 
12.3000 
12.5500 
12.8000 
13.0000 
13.2000 
13.4500 
13.7000 
13.6500 

3.5500 
3.8000 
4.6000 
4.5100 
4.4500 
4.4200 
4.4000 
4.3900 
4.4000 
4.4200 
4.450' 
4.4800 
4.5200 
4.5700 
4.6100 
4.6600 
4.8100 
4.9500 
5.2200 
5.3600 
5.5000 
5.7700 
6.0400 
6.3000 
6.3500 
6.5000 
6.6000 
6.7500 
6.8500 
6.9500 
7.0000 
7.1000 
7.2000 
7.2500 
7.2000 

2.7500 
2.9000 
3.5700 
3.5100 
3.4900 
3.5000 
3.5100 
3.5300 
3.5500 
3.5600 
3.5800 
3.6100 
3.6300 
3.6500 
3.6800 
3.7000 
3.7700 
3.8500 
4.0000 
4.0700 
4.1500 
4.3000 
4.4200 
4.5400 
4.5700 
4.6900 
4.7700 
4.8500 
4.9200 
5.0000 
5.0600 
5.1200 
5.1900 
5.2700 
5.2500 

19.00 
19.00 
22.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
50.00 
50.00 

100.00 
50.00 
50.00 
100.00 
100.00 
100,00 
100.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
98.00 
eo 

6.1486 
6.6090 
8.1422 
7.9574 
7.9115 
7.9670 
8.0541 
8.1314 
8.2192 
8.3074 
8.3961 
8.5067 
8.6074 
8.7191 
8.8313 
8.9670 
9.2969 
9.6840 

10.3422 
10.7062 
11.1249 
11.9007 
12.5775 
13.2798 
13.7780 
14.8243 
15.7602 
16.7759 
17.8824 
19.0925 
20.3437 
21.7245 
23.3411 
24.7819 
25.0395 

3.5550 
3.8167 
4.6354 
4.5601 
4.5136 
4.4974 
4.4915 
4.4958 
4.5206 
4.5557 
4.6013 
4.6476 
4.7044 
4.7720 
4.8294 
4.9102 
5.1106 
5.3262 
5.6888 
5.8917 
6.1248 
6.5397 
6.9696 
7.4038 
7.6746 
8.1660 
8.6321 
9.2063 
9.7606 
10.3666 
10.9543 
11.6852 
12.4949 
13.1U5 
13.2077 

2.7500 
2.9000 
3.5700 
3.5100 
3.4900 
3.5000 
3.5100 
3.5300 
3.5500 
3.5600 
3.5800 
3.6100 
3.6300 
3.6500 
3.6800 
3.7000 
3.7700 
3.8500 
4.0000 
4.0700 
4.1500 
4.3000 
4.4200 
4.5400 
4.5700 
4.6900 
4.7700 
4.8500 
4.9200 
5.0000 
5.0600 
5.1200 
5.1900 
5.2700 
5.2500 

19.00 
19.00 
22,00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
20.00 
50.00 
50.00 

100.00 
50.00 
50.00 

100.00 
100.00 
100.00 
100.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 

98. nn 
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TABLE V. (Cont'd ) 

MODEL 310 MODEL 3U 

a ß ^ d a B P d 

5.8800 3.3800 2.6700 10.00 5.8800 3.3800 2.6700 10.00 
6.1400 3.5500 2.7600 10.00 5.6000 3.2400 2.7600 10.00 
6.5800 3.8000 2.9000 10.00 6.1000 3.5000 2.9000 10.00 
6.5800 3.8000 2.9000 10.00 6.6000 3.8000 2.9000 10.00 
8.0800 4.6000 3.5700 20.00 7.0000 4.1000 3.1000 10.00 

8.0800 4.6000 3.5700 20.00 

Same as Gutenberg-Birch II to 400 km   Same as Gutenberg-Birch II to 810 km 

MODEL 315 MODEL 320 

a ß P d a ß P d 

5.8800 3.3800 2.6700 10.00 5.8800 3.3800 2.6700 10.00 
6.1400 3.5500 2.7600 10.00 5.8600 3.3800 2.7 300 10.00 
6.5800 3.8000 2.9000 10.00 6.1000 3.5000 2.9000 10.00 
6.5800 3.8000 2.9000 10.00 6.6000 3.8000 2.9000 10.00 
7.0000 4.1000 3.1000 10.00 7.0000 4.1000 3.1000 10.00 
8.0800 4.6000 3.5700 20.00 8.0800 4.6000 3.5700 20.00 

Same as Gutenberg-Birch II to 810 km   Same as Gutenberg-Birch II to 810 km 
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TABLE VI.  Rayleigh wave dispersion curves for Gutenberg-Birch II models, 
and models 310, 314, and 315 

GUTENBERG-BIRCH II 

FUNDAMENTAL RAYLEIGH MODE 

Section Thickness 2898.00 

U 

4.5000 ,00850 164.2671 
^000 .00961 148.5391 3.6990 143 8940 
^•3000 .01131 129.1709 3.7695 12^ 5369 
^1999 .01405 106.4402 3.8361 99 2251 
4.0999 .01984 77.2556 3.9112 65!9224 
3.9999 .03815 41.1794 3.7346 37.1515 
3.8999 .05419 29.7316 3.4039 28.3452 
3.7999 .06624 24.5623 3.1759 24.0856 
3.6999 .07815 21.7314 3.0493 21.0107 
3.5998 .09202 18.9673 2.9510 18 3398 
3.4998 .10996 16.3264 3.0336 15.5185 
3-3998 .14161 13.0509 3.1084 11.9219 

Section Thickness 4U0.00 

4.0000 .03801 41.3293 
3.9000 .05394 29.8693 3.4253 28.4013 
3.8000 .06578 25.1380 J.2096 24.1929 
3.7000 .07808 21.7493 3.0305 21.0535 
3.5999 .09207 18.9572 2.9639 18.3140 
3.4999 .11010 16.3054 3.0331 15.4998 
3.3999 .14220 12.9958 3.1018 11.9019 

Section Thickness 140.00 

4.0000 .03730 42.1107 
3.9000 .05409 29.7861 3.4066 28.3880 
3.8000 .06576 25.1423 3.1768 24.2579 
3.7000 .07762 21.8791 3.0923 21.0892 
3.5999 .09.150 19.0747 2.9947 18.3862 
3.4999 .11001 16.3184 3.0426 15.49n 
3.3999 .14249 12.9695 3.0988 11.8907 

F;RST HIGHER RAYLEIGH MODE 

Section Thickness 2898.00 

6.0000 .01020 102.6767 
5.9000 .01091 97.6155 4.503C 96.2532 
5.8CJ0 .01174 91.2541 4.4644 90.8938 
5.6999 .01269 86.8711 4.4340 85.5044 
5.5999 .01377 81.4673 4.4137 80.0789 
5.4999 .01503 75.9839 4.3971 74.5686 
'>,3999 .01653 70.4033 4.3821 68.9585 
3.2999 .0183?. 64.7021 4.3720 t.3.2178 
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TABLE VI.  (Cont'd) 

FIRST HIGHER RAYLEIGH MODE (Cont'd) 

Section Thickness 2898.00 (Continued) 

k TU 

5.1998 .02053 5s 578 4.3631 57.3296 
5.0998 .02331 52.^603 4.3539 51.2881 
A.9999 .02690 46.7207 4.3448 45.1023 
A.8999 .03172 40.4258 4.3363 38.7565 
4.7999 .03854 33.9652 4.3316 32.2275 
4.6998 .04900 27.2834 4.3340 25.4277 
4.5998 .06780 20.1477 4.3586 17.9272 

Section Thickness 1000.00 

5.4000 .01661 70.0684 
5.3000 .03 83/ 64.5405 4.4587 62.8706 
5.2000 .02062 58.5864 4.3608 57.0707 
5.0999 .02345 52.5303 4.3509 50.9751 
4.9999 .02708 46.4060 ^.2904 44.9442 
4.8999 .03199 40.0905 4.3225 38.4821 
4.7999 .03879 33.7500 4.3062 32.1265 
4.6998 .04933 27.1034 4.3338 25.2612 

Section Thickness 400.00 

5.0000 .02512 50.0301 
^•9000 .03111 41.2115 4.4079 39.2169 
4.8000 .03846 34.0337 4.3302 32.2991 
4.6999 .04883 27.3780 4.3458 25.4449 
^•5999 .06819 20.0320 4.3531 17.8824 
4.4999 .11357 12.2945 4.1959 11.2612 
4.4000 .15149 9.4265 
^•3C00 .17634 8.2863 3.5422 8.0520 
^•2000 .20128 7.4324 3.3111 7.261« 
4.0999 .22937 6.6814 3.3545 6.4906 
3.9999 .25763 5.8654 3.4094 5.6467 
3.89^9 .32599 4.9423 3.4869 4.6556 
3.7999 .43139 3.8330 3.4694 3.5446 
3-6999 .61350 2.7681 3.4616 2.4623 

Section Thickness 140.00 

3.9000 .32410 4.9709 3.9114 8.4005 
3.8000 .43142 3.8327 3.4763 3.5371 
3.7000 .61704 2.75a 3.4545 2.4586 
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TABLE VI.  (Cont'd) 

SECOND HIGHER RAYLEIGH MODE 

Section Thickness 400.00 

U 
4.9000        .05537 23.1581 4.2866 22.2932 
4.8000        .06549 19.9891 4.2627 19.1184 
4.6999        .08015 16.6789 4.2938 15.6739 
^•5999 .10807 12.6396 4.3836 11.0562 
^•5000 .25165         5.5484 3.9105 5.3337 
^•3999 .29310         4.8721 4.4642 6.2623 
^•2999 .32739         4.4632 3.2661 4.3787 
4.1999 .36497         4.0990 3.1949 4.0190 
4.0999 .40722         3.7634 3.4253 3.6417 
3.9999 .47463 3.3096 3.4644 3.1683 
3.8999 .59153         2.7237 3.5669 2.5201 
3.7998 .84393 1.9593 3.4754 1.8086 

Section Thickness 140.00 

4.6000 .09402 14.5273 

4.5000 .25218 5.5369 3.8832 5.3339 
4.3999 .29289 4.8756 3.5369 4.7581 
4.2999 .32734 4.4640 3.3107 4.3744 
4.1999 .36532 4.0951 3.3051 ',.0019 
4.0999 .40970 3.7406 3.3130 J.6409 
3.9999 .47503 3.3)69 3.4600 3.1671 
3.8999 .58812 2 7395 3.5842 2.5214 
3.7998 .84289 1.9617 3.4812 1.8076 
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TABLE VI. (Cont'd) 

MODEL 314 

FUNDAMENTAL RAYLEIGH MODE 

Section Thickness 810 km 

k T U 

4.5000 .00800 174.4980 3.6546 152.3970 
4.4000 .00910 156.9458 3.6739 133.7163 
4.3000 .01054 138.6728 3.7362 111.4856 
4.1999 .01273 117.4773 3.8025 84.3855 
4.0999 .01661 

Section 

92.2917 

Thickness 310 

c k T U T 
4.0000 .02547 61.6759 3.4695 39.4730 
3.9000 .03856 41.7795 3.1635 33.1033 
3.8000 .04824 34.2/77 2.9694 29.2182 
3.7000 .05646 30.0793 2.-1125 26.2169 
3.5999 .06486 26.9112 2.7168 23.4925 
3.4999 .07445 24.1143 2.7635 20.7638 
3.3999 .08602 21.4831 2.8034 17.8086 
3.2^:9 .10206 18.6555 2.8919 13.9951 
3.1999 .12901 15.2204 

FIRST HIGHER RAYLEIGH MODE 

5.0000 
4.9000 
4.8000 
4.6999 
4.5999 
4.4999 
4.3999 
4.2999 
4.1998 
4.0953 
3.9999 
3.8999 
3.7999 
3.6999 

Section Thickness 310 km 

^ T             U 

.02685 46.8048 4.4483 

.02886 44.4386 4.3098 

.03353 39.0360 4.2401 

.04475 29.8741 4.1392 

.05888 23.1967 3.8165 

.08004 17.4449 3.5115 

.10431 13.6899 3.3171 

.12285 11.8943 3.2139 

.13938 10.7339 3.1330 

.15650 9.7925 3.1344 

.17704 8.8727 3.1097 

.20128 8.0045 3.1614 

.23306 7.0948 

.27476 6.1807 

36.2523 
27.9880 
21.5914 
16.2^29 
13.1554 
11.5744 
10.4853 
9.5683 
8.6651 
7.7859 
6.8751 
5.9217 
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TABLE VT.  (Cont'd) 

MODEL 31J 

FUNDAMENTAL RAYLEIGH MODE 

Section Thickness 810 km 

k T U 
4.5000 .00820 170.2393 
4.4000 .00930 153.5283 3.6992 148.7251 
4.3000 .01086 134.5723 3.7313 129.1714 
4.1999 .01334 112.1333 3.8018 105.2905 
4.0999 .01812 84.5767 3.8692 74.8110 

4.0000 
3.9000 
3.8000 
3.7000 
3.5999 
3.4999 
3.3999 
3.2999 
3.1999 

Section Thickness 310 km 

k T 

.03053 

.04399 

.05404 

.06472 

.07614 

.09221 

.11718 

.16256 

.25847 

51.4482 
36.6250 
30.5995 
26.2377 
22.9218 
19.4693 
15.7708 
11.7130 
7.5969 

U 

3.4296 
3.2226 
3.0726 
3.0533 
3.0333 
3.0416 
3.0354 
3.0323 

34.8049 
29.4172 
25.3270 
21.9835 
18.5069 
14.7044 
10.5790 
6.3232 

FIRST HIGHER RAYLEIGH MODE 

Section Thickness 310 km 

k x 

5.0000 
4.9000 
4.8000 
4.6999 
4.5999 
4.4999 
4.3999 
4.2999 
4.1998 
4.0998 
3.9999 
3.8999 
3.7999 
3.6999 
3.5998 
3.4998 
3.3998 

.02700 

.02898 

.03375 

.04593 

.06249 

.09907 

.12798 

.14814 

.16823 

.19220 

.22623 

.27637 

.36302 

.49743 

.72066 
1.18182 
3.2068^ 

46.5387 
44.2546 
38.7906 
29.1047 
21.8596 
14.0942 
11.1578 
9.8638 
8.8928 
7.9737 
6.9435 
5.8296 
4.5549 
3.4140 
2.4220 
1.5191 
.5763 

U 

4.4580 
4.3170 
4.3459 
4.1502 
3.7883 
3.4936 
3.4019 
3.4011 

3.4963 
■3 /. t:o-7 

3.3824 
3.3589 
3.3175 

35.9338 
27.2273 
19.5919 
13.0875 
10.7461 
9.6058 
8.6584 
7.7268 

5.4822 
«.2315 
3.1453 
2.1583 
1,2885 
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TABLE VI.    (Cont'd) 

MODEL 310 

FUNDAMENTAL RAYLEIGH MODE 

Section Thickness 400 km 

k Ü 

4.0000 .02439 64.4070 
3.9000 .04255 37.8649 3.5912 34.7723 
3.8000 .05805 28.4813 3.2801 27.2310 
3.7000 .07023 24.1816 3.1144 23.2675 
3.5999 .08334 20.9422 2.9759 20.2145 
3.4999 .09981 17.9868 2.9384 17.2780 
3.3999 .12365 14.9456 2.9835 14.1014 
3.2999 .16535 11.5152 3.0190 10.4775 

FIRST HIGHER RAYLEIGH MODE 

Section Thickness 140 km 

k U 
4,4000 .12476 11.4457 
4.3000 .16172 9.0352 3.6088 8.7490 
4.2000 .18471 8.0990 3.3507 7.9020 
4.0999 .21052 7.2797 3.2917 7.0921 
3.9999 .24138 6.5077 3.4153 6.2579 
3.8999 .29117 5.5333 3.4070 5.2734 
3.7999 .36986 4.4707 3.4199 4.1854 
3.6999 .49765 3.4125 3.3786 3.1475 

MODEL 320 

FUNDAMENTAL RAYLEIGH MODE 

Section Thickness 310 km 

U 
4.0000 .02676 58.6913 
3.9000 .03996 40.3191 3.4514 38.1989 
3.8000 .04957 33.3568 3.1758 32.1857 
3.7000 .05820 29.1794 2.9781 28,3310 
3.5999 .06716 25.9897 2.8662 25.2547 
3.4999 .07764 23.1217 2.7526 22.4878 
3.3999 .09056 20.4061 2.8481 19.5889 
3.2999 .11217 16.9749 2.8878 16.0079 
3.1999 .15391 12.7579 3.0158 10.8511 
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TABLE VI.  (Cont'd) 

FIRST HIGHER RAYLEIGH MODE 

Section Thickness 310 km 

U 

5.0000 .02694 46.6523 
A.9000 .02888 44.4016 
4.8000 .03358 38.9835 4.4617 36.0753 
4.6999 .04490 29.7720 4.2997 27.9473 
4.5999 .05957 22.9299 4.2645 21.2086 
4.5000 .08333 16.7565 
4.4000 .11006 12.9742 3.8455 12.4357 
4.3000 .12959 11.2758 3.5636 10.9456 
4.1999 .14771 10.1280 3.3148 9.8943 
4.0999 .16573 9.2470 3.2854 9.0110 
3.9999 .18724 8.3893 3.1800 8.1781 
3,8999 .21377 7.5367 3.1997 7.3062 
3.7999 .24984 6.6182 3.2181 6.3649 
3.6999 »30270 5.6103 3.2358 5.3289 
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from 6-10 sec.  Group velocities recorded at Oxford indicate a slightly 

shorter period for the minimura and a gradual decrease in velocity for 

periods shorter than 12 sec. However, in general the curves are quite 

similar to those for Atlanta and Blacksburg. Waves arriving at Atlanta 

from Jalisco, Mexico, (parallel waves) have bcth fundamental and first 

higher Rayleigh mode group velocities considerably lower than do the 

perpendicular wave trains for periods less than about 20 sec. The rapidly 

"taillpg-cff" of group velocities below 15 sec is probably due to a thick 

sedimentary sequence (approximately 400 km of the travel path for these 

waves lie across the Gulf Coastal Plain). 

The most significant difference is between the Bxacksburg and Atlanta 

group velocities for parallel wave trains. A minimum of 2.75 km/sec occurs 

at a period of 22 sec and a maximum of 2.80 km/sec occurs at a period of 

16 sec for the Blacksburg velocities. Group velocities at periods greater 

than 30 sec trend toward those for the perpendicular waves.  First higher 

mode Rayleigh group velocities for Blacksburg are lower by about .1 km/ 

sec than those for Atlanta. 

Several models were constructed using the variation of phase velocity 

with layer parameter curves for the Gutenberg-Birch II model. Basic 

differences in the models are: 

1) 314, 315, and 320 have a crystal thickness of 50 km, while 310 

and G-B (Gutenberg-Birch II) have a crustal thickness of 40 km; 

2) 314 has a low velocitv zone centered at 15 km in the upper crust. 

Except for this low velocity zone, 320 is Identical to 314; 

3) G-B and 310 have a low velocity zone in the upper mantle beginning 

at 60 km while the low velocity begins at 70 km for 314, 315, and 320. 

4) Velocities in the first 10 km of G-B are sllghnly higher than those 

in the other models. 
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For waves Traveling perpendixular to the Appalachians, the group 

velocity data agree well with model 310 or G-B values for the fundamental 

Raylelgh mode at periods less than 30 sec. At longer periods, the values 

fall below those for 310 and approach those for 314 and 315. Fli^t higher 

Rayleigh mode values observed at Blacksburg lie between those for 314 and 

315 for periods greater than 10 sec. Thus, it appears that waves arriving 

at Atlanta, Oxford, and Blacksburg from the Southern Alaska epicenter 

are just beginning to "feel" the Appalachian structure. The length of 

the "Appalachian path" is about 240 km In the Appalachian foreland In 

each case,assuming that the Appalachian structure extends beneath the 

Mississippi Embayment (Oxford station). 

Waves arriving at Atlanta from Jalisco, Mexico yield group velocities 

considerably below those of G-B for periods less than 20 sec (See Fig. 11). 

Fundamental mode group velocities at Blacksburg show fair agreement with 

the theoretical curves for either models 314 or 320 being considerably below 

curves for G-B, 315, and 310 at all periods. On the basis of fundamental 

mode group velocities it is impossible to determine which of models 314 

or 320 most closely approximate the crustal structure. However, first 

higher Rayleigh mode group velocities from model 314 give a considerably 

better fit to the observed data than do those from vnodel 320 In the period 

range from 6 to 15 sec.  In this period range, the group velocity curve 

for 314 lies between that lor 320 and the observed group velocities. Thus, 

a slight velocity reversal in the crust is Indicated by the first higher 

mode group velocities. 

An alternative to the low velocity zone is to lower the velocities 

and/or densities in the first 10 km of the crust. However, refraction data 

give a compressional velocity of 5.88 km/sec for the upper crust which has 
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been used In models 314 and 320. The shear velocity value of 3.88 km/sec 

in model? 314 and 320 corresponds to a Poisson ratio of .25. 

Group velocities for periods greater than about 30 sec indicate e 

mantle low velocity zone beginning at about 70 km. 

Compressioral velocity crustal and upper mantle structure to the west 

of the Southern Appalachians determined from the travel times of local 

earthquakes and for the Southern Appalachian structure as determined from 

Rayleigh wave dispersion are shown in Fig. 12. Gravity and Rayleigh wave 

dispersion data indicate a total crustal thickness of about 50 km beneath 

the Southern Appalachians. Travel-time and dispersion data indicate an 

upper mantle velocity of 8.10 km/sec. Dispersion data indicate a slight 

low velocity zone in the upper crust and a general increase of velocity 

and density with depth below this zone. With the exception of the higher 

crustal velocity in the first 2 km, the Southern Appalachian s   ture 

approximated by model 314 is similar to the Üorthem Alpine structure with 

a 50 km crust reported by Knopoff et al [1966]. 
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7.0 CONCLUSIONS 

The conclusions which have been drawn from this study are: 

1) Focal depths of local earthquakes In the Southeastern United States 

are shallow ranging from about 7 to 18 km. 

2) Systematic deviations In P-reslduals observed at Chapel Hill, 

North Carolina, and McMlnnville, Tennessee, have magnitudes from + 3 to 

-3 sec« The deviations Indicate systematic errors In the Jeffreys-Bullen 

travel-times. 

3) Travel-time curves constructed from local earthquakes and refraction 

data Indicate a crustal structure for the Appalachian foreland of h. - 

33*0 km (a " 5.88 km/sec), li, « 10.8 km (a - 6.58 km/sec), and an upper 

mantle velocity of 8.10 km/sec. 

4) Raylelgh wave dispersion dnta  Indicate a crustal low velocity zone 

centered at about 15 km, an upper mantle low velocity zone beginning at 

70 km, and a total crustal thickness of 50 km beneath the core of the 

Southern Appalachians. 

5) Gravity data Indicate a total crustal thickness beneath the 

Southern Appalachians of at least 50 km which Is In agreement with the Raylelgh 

dispersion data. Gravity data Indicate a crustal thickness of about 45 km 

In central Kentubky thickening eastward to about 50 km beneath the core 

of the Appalechian and thinning to 23 km beneath the North Carolina 

continental margin at about the 2400 fathom contour. 

6) Hlgl.er Raylelgh modes can be observed using digital filtering 

techniques.  Care must be taken to Isolate Raylelgh type motion and to 

remove interference effects. This is particularly true for higher modes 

than the first. 

7) It should be possible to use higher modes than the first to delineate 

fine detail in the crust. 
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APPENDTX I 

EVALUATION OF THE SECULAR EQUATION IN COMPUTING RAYLEIGH DISPERSION 

In the Dunkln Method, the Rayleigh dispersion equation is the secular 

equation 

Writing out (1-1) explicitly yields 

-^11-   ^*P-1|ci- 

+ tPR p-1!13 + ^ 113 8        led • * * 

-112     p-lllA 
+ C|l4 8 |cd  ••* (1-2) 

- 112 ä p-1 123 
+ t |23 8 led ' 

- 112 p-1 124 
+ ^ |24 8 led * * ' 

- 112 p-1 134 
+ ' |34 8 led * * ' 

where the ...  signifies multiplleatlm of the form g p     j f  ...  g    Lo  • 

Continuing the process 

n ^ D P"1 I12        P-2 |12 p-1112        p-2 113 DetR11-a1gP     ^    g?     ^ • • •  +    ^i P     \13    gP     ^ • • • + 

+ 4 more similar terms wich a,   as a factor 

+ 3 more expressions with a-, a-, a,, a-, and a, 

replacing a. 

1-1 

■LJ^MI—*^H MM 



where 

-112 
al " t Il2 

^112 
(1-3) 

a2 - t L3    (  etc. 

Collecting terms with like coefficients g P        x » 8 Lr  »  '••«., gives 

^      _ .      p-2|12 ^    .       p-2|13 L    .      p-2(U 
Det R11 - Aj^ gF     |ef  • • • +    A2 gH     |ef  • • •  +    A3 gF      ef   ... 

L   .      p-2|23 _,     .      p-2124 J p-2134 + A4 g       |ef  ... +   A5g
1'     K  ... +   % g       |ef 

ri-4) 

where 

A1  - (aibii + a2b21 + a3b31 + a4b41 + a5b51 + Vö^ ' 

.       n|l2 
''ll " g 12 ' 

K       l13 
b21  ' »12 

b31 " g 12 »  etC- 

(1-4) is of the form (1-2); the sum of six terms which are each products 

of the second order subdetermioants. The process of evaluating the second 

order subdeterminants of a given layer, multiplying by six previously 

determined coefficients, a , and summing to obtain six new coefficients, 

A t  is repeated until the entire layered sequence has been traversed from 

bottom to top. This can be quickly and easily adapted to computer processing 

I-? 



as is indicated in the following considerations of the real and imaginary 

2 
structure of 11^ and g 

p £*, t^. Is of the form of « 6 x i row matrix 

[R R I I R R]  I " pure ilr-:'«inary quanitity 
R ■ pure real quanitlty 

(1-5) 

ah f.tC  .real cid imaginary structure oi the g  . is of the form of a 6 x 6 
1 CO 

matilx 

g |cd 

R R I I R R 

R R I I R k 

-I -I R R _T 

-I R R _T i. _T 

R R I I R R 

R R I I R R 

(1-6) 

The ab indices hive been taken as the row indices and the cd indices ".he 

column indices with 1-12, 2-13, 3-14, 4-23, 5-24, and 6-34; gt.  - g ,, etc. 

^;.2 
Multiplication of t\'    by the g p-l|ab r,    in (1-2)  yields a matrix of the form 

R R I I R R 

R R 1 I R R 

R R I I R R 

R R I I R R 

R R I I R R 

R R 1 I R R 

(x-7) 

Elements of this matrix correspond to the terms a.jb.., a?b21. etc. in 

(1-4). Thus, the. six new coefficients A are eiaspiy the; sv" uf the Klersots 

in a column of (1-7). The 3ir oev coefficients can then be considered as Just 

another 6 ,: 1 row matrix of the form of (1 :"', ftinus ones have been inserted 

in (I-f) to account for the multiplication of two like-signed imaginary quantities. 
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APPENDIX II 

MODAL SHAPK COMPUTATIONS 

In the  Dunkln Method, mode shape Is computed from the relation 

n m/  \     -1 *fP  P-l    n /   \ n/     \ lab    lief      /T_ ,N Rn (z;a)  - r11  t^ g^ ... gvb (z^z) g (z-Vl> |cd *•• 8 fcl     (ll'l) 

where a denotes the component >f displacement. R  u;a) Is the au 

component of the displacement-stress vector» at the depth z, normalized 

to the vertical displacement at the free surface. Note that r-7  is simply 

a constant multiplier for all of the displacement-stress components. Thus, 

it may be dropped and the R (z;a) at different depths divided by the vertical 

displacement ut  the surface to normalize the displacements. The equation 

actually used for the determination of mode shape was 

« m/  \  *lP  P~l    n /   \ n ,     N lab     1 lef ,__ „N RD (2;a) - t^ 8Ps ... gvb (zn-z)g (z-z^) |cd ... g  |21 (II-2) 

Writing (II-2) explicitly 

_ m,  v "1      p-1 p-2 Rn (z;a) - ^g^ gPt ... 

+ ^P .P-1 -P-2 (II-3) 
+ C12 g2s Sst "• 

+ **    «P-1 R
p"2 + ^3 83s 88t  ••• 

. tP      P-1 P-2 
+ '14 «48 8st  •*• 

When the dots denote the product of g,. post multiplying g" 
lj St 

II-l 

1 



^" 

Sum over s- 

Rn
ra(z;a) 

p-1 p-2 
al8ll 8lt 

4.   P-1 P-2 
+ a1g12 82t 

p-1 p-2 
*  al813 83t 

+ a cP"1 «p_2 al814 84t *'* 

u 

o 

§ 

p-1 p-2        p-1 p-2 
a2821 8lt *'*  a2822 '2t * * *   * * * 

p-1 p-2 
a484l 8lt ••• + ••• 

(II-4) 

where 

Si-, .^P 11 a-» ■ 
:P 
■12 

■^p     ,     "P t^« , a, - t;0 , and aA - tK 
3  v13 14 

R  (z;a) has been expanded into 16 terms of the form a.gP~ gP  ... 

Now the gP  which have explicit; subscripts can be included in the constant 

factor a .  Collecting twrms with common factors of gP  yields 

R*izia)  = (a^ + a'2 + a'3 + a\) g^  . 
p-2 

. + (a'1 + a'2 + a'3 + a'4) g^ 

+ ... + (a^ + a^ + a,3 + a^) gj"
2 . 

(II-5) 

t      P-1 
a i " ai 8lk ' etc- 

which is of the form of (II-3) 

Continuing this process yields 

m. Rn-(Z;a) - a^iz-z^)   Q...  g1 ^ lal 
cd 

n,            v |a2            1 lef 
+ a28 (Z-V^ led ''' 8   |l2 

+ V^^n-^ |cd •'• 8l|I 

+ a48 ^"VP |cd ''' «   | 

lief 
12 

lief 
12 

(II-6) 

II-2 



^^^ 

The norizontal component, u , of displacement corresponds to a«l and the 

vertical component, w , to a"2,so that 

n I12 J. nl13 u n I14 A tTT   -l^ 
U " a2 8 cd •*•     a3 8 cd ••• + a4 8 cd *•• and      (II"7) 

n 121 . n|23 L n J24 /TT  Q. w - a1 g   |cd    ...    +      a3 g  |cd ...    +    a^ g   ^d ... (II-8) 

ote that ?nlj^ - 0,  if  i-j  or k-1. 

Writing  (II-7)  explicitly 

u - a- 
n 112    n-1 il. , n 112    n-1 |13 , n |12    n-1114 g   |12 g       ^ ... + a2 g   |13 g       £f ... + a2 g    14 g       ef  ... 

n|12    n-1 |23 ^ n |12    n-1 124 ^ n| + a2 «   123 8       Ef •*• +a2 8   b« 8       |ef '•• + a2 8   I 
n 112    n-1134 

+ a28   134 8       lef ' 

n 113 n-1 112 J. 
3 8    12 8        ef * *             ,nore terins in a3 

n|14 n-1112 .   .               ..           . 
4 8    12 8       tef * *               more texma in a/ 

(II-9) 

u is expressed in terms of the sum of 18 terms of the form a g I, ^ Si 

Collecting terms with common g   I   gives u as the sum of six terms of 

the form am g"
-1 ^ ... 

,      n-1112 J     ,      n-l)l3 ^    ,      n-1114 U"al8      |ef--- + a28       ief---+a38       tf'""" 

,      n-1123 A     ,      n-1 124 ^    ,      n-1 134 ,__  ,AX 
a48       |ef---+a58       |ef---+a68       (ef  '' *   ' (II-10) 
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where 

"1 ^liz + a3 ^2 + a4 I 14 L2 
etc. 

The process of evaluating the displacements u and w now proceeds exactly 

as for the evaluation of Det R.. described In Appendix I. 

Let us consider the real and Imaginary forms of the factors appearing 

in (II-4)» (II-6), and (11-10). From the definition of T "1 given by p  ^ 

Dunkln, t. is of the form 
Ir 

t.  ■ [I R R I] , I - ppre imaginary quantity 

R ■ pure real quantity 
(11-11) 

Tae laver matrices G are of the form 
n 

n 

R I I R 

I R R I 

I R ii I 

lH I I SJ 
(11-12) 

Thus tlr g^
1 « [I R R I] (11-13) 

Each successive multiplication by a layer matrix G yields a row matrix 

of the form [I R R I] until the first multiplication by a second order 

subdeterminant is encountered. In order to account for the multiplication 

of two imaginaries in the evaluation of column 2 and 3 in (11-13) minus 

ones are inserted in (11-12) to give 
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n 

R -I -I R 

I R R I 

I R R I 

R -I -I R, 

(11-14) 

By (II-9) and the definitions of gn f£ , the form of the matrix by which 

a», a3, and a, of (II-7) are multiplied is 

R R 1 I R R 

R R I I R « 

I I R R I I 

(11-15) 

and for a., a«, a, in the case of the vertical component 

R R I I R R 

I I R R I I 

R R I I R R 

(11-16) 

For the u component 

[R R I] 

R R I I R R 

R R I I R R 

-I -I R R -I -I 

-  [R R I I R R] (11-17) 

and for the w component 

[I RI] 

|R R I -1 R R 

II R R I I 

R R -I -I R R 

-     [I I R R I I] (11-18) 

Minus ones have been inserted to account for multiplication of two imaginaries. 

To continue the process to the surface» the form of the matrices composed of 

the second order subdeterminant elements is 
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R R I I R R 

R R I I R R 

■I -I R R -I -I 

•I -I R R -I -I 

R R £ I R R 

R    R I I    R    R 

(11-19) 

for the u component and 

R R -I -I R R 

R R -I -I R R 

II R R I I 

II R R I I 

R R -I -I Ä R 

X R -I -I R R 

(11-20) 

and for the w component. Minus ones have been Inserted in the appropriate 

elements to account for the multiplication of two pure imaginary quantities. 

Since the lower subscripts in (II-l)for the surface layer matrix are 21, the 

layer matrix of the surface layer is a 6 x 1 column matrix. The final multi- 

plications are then of the forms: 

u component 

[R R I I R R] 

R 

R 

-I 

-I 

R 

R 

[ R R R R R R] 
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w component 

[I I R R I 1] . 

R 

R 

I 
[i i i i i I] 
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EXPLICIT F0P>1S OF LAYER MATRIX COMPONENTS g 

2 p p. R^ 
811 ' 844 ' "~2 C08h P "  22 cosh Q c k c 

9 2 
IßT) 2lrftß 812 " 834 " — 2 2 slnh P +     8inh Q v c k 2 
a c 

813 ' g24 " "^T cosh P ~ ^T cosh Q ykc kyc 

ft2 P» rß 
g14 - —B-J-    sinh p  +  2  Sinh Q 

kr c w ykc 

2 *   02 2ira6 iPß 
821 " 843 " T~  5lnh P ~ "1 2  sinh Q 

c k rßc 

2 2 
822 " 833 " ~    2~2    Cosh P   +      2"   cosh ^ 

k c c 

'aß2 ß2 

823 "  2    sinh P      +   —    2~      slnh Q 

ykc Mr.c k 

kc kc 

up
2g2     , ^kr ß2 

832 " "    32— flinh P      "    2 —   oitlh Q 

" k c r c a 

«41 " - ^T^-   slnh P      "   ^-^T   sit     Q 
c rgc k" 
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SUMMARY OF EXPLICIT FORMS OF SECOND ORDER SUBDETERMINANTS g jj^ 

* !l2 " g" 34 " " 2^  - 1) + (2Y2 ~ i +  DCP CQ - [iL^_ + Y
2
r rJSQ gP 

roirß a ß 

14 " 8    23 " 8    34 " 8    34 " ^P^^"1 |(2Y-1)(1-CP CQ) + [&=& + Yr rJSP SQ 

1 
2 8    (o/. ' 8 34 - -  (pX2^-1  [rg CP SQ    +   i-   SP CQ  ] 

8   £4 ' -  (P^k)"2     [2(1-CP CQ) + (■~r+    r rfl)  SQ SP  ] 
VB       a ß 

12 " 8    24    " ~  (pA2k)   ^2r3 CP SQ    +    b'1)    SP CQ    ] 

8   t3 " 8   ttm W™ 

h 13 
a4 = 8   |23 " 

14 .        123 
8   I™ - 8 24 " B   124 i(Yrß CP SQ    +   -^^   SP CQ ) 

a 

1 •> r
Q  

ll'+-f   SQ SP 
01 
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14        .. 23 
8    12 ^ g    12 " * 14-8   J23 - i(P^2)| Y(Y-1)   (^'-D   (1-CQ CP) 

+ [fr"j^-     + r r0Y33 SO SP> 

g 
14 12 
13 " 8   jl 14"8 23 m~±<:^r^ CP SQ + V  CQ SP ) 

8    14 " 8 23 - 1 + 2Y(Y-1)   (1-CQ CP) + (  fr."^      + Y2 ^r0)    SP SQ 
r   ro a ß aß' 

114 23 
8    23 ' 8   Il4 ' 8 

14 
14 - 1 

124 
8   Il2 " 8 ^ - + (pX2k)   [^L~-2-    CP SQ    + r Y2    SP CQ  ] 

g "-H--^    S?SQ 
ß 

*3A 2     2 2 2    '— —— 
g    Jo '   (PX k)        [2Yi:(Y~l)     vCP CQ -1) 

rarß a 8 
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EXPLICIT FORMS OF tl^ 

t |l2 2J   ^K    rarß + P ; 

4i--tm-f\^^ 

'114      "123 '^T (2kVB+p) 

^-Sva-) 

P    -    kdr Q   "    kdr0 
t 

Y     -    ^4 P     -    2k2-4 
c 0Z 

r 
c 

■ 

&- 

SP ■ sin P 

CP cos P 
c : a 

re ■/F 
SQ    -    sin Q 

CQ    ■    cos 0 

c i  ß 
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^ --4-7? 
SP - siuh P c < a 

CP ■ cosh P 

■'/ 

T» 
re -"S/1-^ 

SQ - sinh Q 

CP - cosh Q 

c < 3 

The g . expressions are written for the hyperbolic functions (c<a, c<ß). 

For  oct, oß , the hyperbolic functions transform according to 

c«sh P  — —> cos P c>o 

cosh Q  — —> cos Q oß 

sinh P  — —> -1 sin P oa 

sinh Q  — —> -1 sin Q oß 
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APPENDIX III 

FORTRAN LISTINGS OF COMPUTER PROGRAMS 

FLATRAY, STRESS, INTEGRAL, TRAVEL, VARGRAV, AND PRESID 



INPUT DATA AND FORMAT FOR FLATRAY 

CARD        FORMAT DATA DESCRIPTION 

1 14 Model Identification no. 

14           No. of layers <41 

14 No. of modes to be computed <11 

FIG.4 Precision of root values of k 

F10.4 Cutoff k value to automatically stop 

computation 

2 8F10.6        Layer parameters stored in sequence 

a» B, 3, dS two layers to a card 

3 FIG.6        Starting c value 

FIG.6 Minj.mum c value 

FIG.6 Decrement of c 

FIG.6 Starting k value 

FIG.6 k increment for individual modes 

¥10.f k increment to find starting points of 

different modes 

FIG.6 c perturbation 

FIG.6        k perturbation 

4 ?0I4 Mode no. to be found stored sequentially 
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l»3   tu  51 
91   IMI-D   94.94.94 
93 U3   illli   3 = 1,6 

ajniu, 
33   Sui?  K>1.« 
3J1isjM>BIK)>(ilK.3l 

BDI'   USFtTlNUfc 
AiJ)iSUM 

«Ola   l.'3«TlMUfc 
03   blllO   J>1.6 
tf(3>>«l3>/DIVS 

aoii GOHUHUt 
1*1-1 
1>3   TU   51 

94 UQibra«!        )"-«lll«0<X.l)-»(2)»G(2.1)-«l3l»G(J,ll-»<4)«OI4.1) 
l-ilSI>6iVl )>4(6)*6(».t) 
W0lsr<(L«l)>  UDISPlL'lt/OIVS 
»(l)i  Mil) 
H(2)>  H(2) 
*|3)>H'.J» 
«(4)>f4(4) 
l«L 
rli j 
U1»S»1, 
u3   tu  SI 

1i   «(i)'-S(l)«3H.l)-BiJ)»U<4,ll»rf(4)»i(5.1) 
«l2ls-B>l)<a(1.2>-B(JI«G(4,2><>l<4)*J(5,i>) 
*(J>i3(l)«Gi>,3l«B<3)«GI4,3)-8<4>>ti(7,3l 
«(4|a|)ai«G<1.4l»B(3)«GI4,4)-B(4)«l<l5,4) 
»(S»«-«ll).i(1.5)-BIJ)»G(4,51»tl(4)«i(5,51 
•IO)>-Bll)>C<1.6i-B(3)*6C4.6)«B(4)>3IS.6i 
33   BU19  J«l.« 
BlJi>t(3) 

8019   CO»';V"fc 
»•4 

s.3   tu  »1 
»0   l-ll-l)   97.97.91) 
9)  U<1.3I>-GI1.3) 

U<t.4)<-6I1,4) 
u(2,.J)cSI2.3) 
Ii(2.«)>-6I2.4I 
I>t3.1)>-G(3.1) 
li(i,<)t'a($,2) 
l>(3.3)>-G(3.S) 
U(4,0)1-0(3.6) 
I>|4.1)>-Gi4.1) 
(>(4,2)>>GI4,2) 
u(4,»)i-0i4.J) 
(>l4,6)r-6l4.6) 
bl3.3)<-6(5.3) 
(■(9,4)1.0(9,4) 
UI6.J|i>G(6,3) 
U|».4)l>fi|t,4) 
U3   BU20   3»1.6 
>J«1U, 
u3  su;i K.I,6 
S3''«»3M«   d(<)»G(K,3l 

»021   tJlflMUt 
«UMSUN 

0021)   LSttivut 
U3   «Ü22  311.6 
H(JMt(3>/0IV<> 

lil-l 
Ii3   tU   51 

9/   ■0IS>'(1.«1 )i->(l)«U(l.l)-<l2l*G(2,l)>l(3t«G(3.1)*«(4>«G(4,l) 



tl(4)>E(8) 
IL 
• L-l 

s * 

3   iO  a(IO> 
«029   »^«■«uOlbdH.     1)»UELK 

<•< 
i'lUDEIIHOU) 
>  cntX-DELC 

iUält   »'-«INI    1030,IH,TOTAL 
103ii  fDHn«T(6M-M00E   13  /19H  SECTION   TM|C<«SS  fB.i  //ll»,   15M  PH*St   VEj. 

lU;IT«,«X,2H K,   B»,JOH P6R|00(S),««,t5M  GROUP  VELOCITT,»X,iaM P£R|0 
lat»)) 

JINI   1U31.C«*X,RU0TSII«.1),P6«|0D<l".l' 
1031  ►3'''<AT(i2«,rio,4.3X,ri0.5,«»,ri0.4) 

bO   tu   »00 
301 I-IINO«^-I> so?,501.so;; 
501   IMUX^   •   10 

l«r 
* «»«   •   DECK 
3   Tu  100 
'•tuSIF) 
-itosicri) 
f(»>-«fl/   504.503.403 

503   |l»BS(Fl-f)   -AD   50?.506,506 
50«   l-l«BS(Fl-r)-AFl>507,506,506 
506   I-UBSI>K1->K)-XKHIN)508.508>610 
50/   |-<IBü»C-1)   508.706.513 
513   |-t*t-»fl)   510,510.511 
5li   I-MIUB-I!   2004.2004,510 

2004   I'lluPi-l)   2006,2006,2005 
200»   Ml«»< 

I'F 
3   tu   2006 

200«  »|mi»-l. 
<«««-2,»  ÜELK 
Ji-l'lO 
ri«R-HüOTS(IK,IM-1)>  2002.2002,60 

2002   «<«'.JOIS( 1«. IN-l) 

täH'l, 
bj    tU   »UO 

5tll    «<ll*K 
I" 
<MK»DELK>5IBN 
.-|IH.N00TS(|M,|N-1))  2002.2002.60 

6)   i.-(«K.«KHAK)   100.100.520 
50c»   KtlBüiC-lO)   709.710.710 
7iJ *i'n 

<2ti<l 

<•   AS«,! <«K2»f l-XK«F2)/(Fl-f2)) 
rtlKTHlf   )530.52».530 

52V    «JJtM |M, INIHK 
•niuO'. IK, INK (2.«3.1416)/(X«»C) 
aisftio 
J*f"2 
.»1 
3 Tu 8000 

901 |-<I''TH|) -:)53l.526,53l 
524 CiC-HTRBC 

i:-CM|N)520.S20,546 
546 l-llN-31532.533,533 
532 x<i   «OOTSt |M,(lt» 

= UB  >10 
3P«1 
.-I «K-)tKMAXl  500.500.61 

533 x<i.   400TS(IH,IN-2I 
<3>Haor$(|H,IN) 
<2>H00TS(IM.|N-1I 
1«   CHAX1-C 
1«   -(XK3-XH1)/(2.«DEI.C) 
2«(M3   -2.»Xl(2   ♦«K1)/0ELC"2 
<«  »Kl-   Ü1«CJ   ♦<D2»Cl«(Cl-OEl.C))/2. 
3UB<10 

FIXK-XKMAXI   $00.500.61 
«C-UEtC 
3I4B11 
-IC-CI»1N1520.521,521 
-IIN-3I   522,523,523 
<a*UQTS( in, |IKl»,i»(ROOTSUI1, INI-ROJTSC JK, IN-ID 
H'ln»t 
3i'«l 
r I in.XKMAX1500.500,520 
^JUnoOISi li. |N-2) 
<2«   i)OOTb(|N,|N-l) 
«3«   RUOTS(1«.INI 
1«C«««1»E 
iAAl   >CHAX1*DELC 

Ui»  -(XK3-X<l!/(2.«UELC) 
Ui>   i«K3   -2.»xii2   ♦  XKi»/  DELC  •*2 
H'lu.l 
<•  ««1  -Ol'Cl   •!D2»Cl»<Cl-0Eti;))/2. 
3''«1 
:(IK.|KMAX)500.500.520 

520 I'lI"-HOOSINHUDE)1524.525.525 
524 MUO'D'OD«! 

«iUD ' 1 

5J1 

521 
522 

| 
:-2 



M»HUD6   (IHUD) 

««"»«lO.'ftaOTMIN.l) 
l>i4HiI 
L'iAd   aCHtX 

U»l 

U>NL»TfeH-l 

U)   TU  «000 
•Oi»  C^AH-OELC 

t>3  TU  2000 
Uli  i<i<«UOTS<|M,|N)«IC*PTRgC) 

»ittKmQ 
U<<   MOOTS« I"!, IN)    -XK 
»«••(Kj-HD/OK 
üi   C^TRiC 
>3Hi4i;,<3,1416/( (k3-Ml)/2,«lll) 

X<(UI.HOOTS(1H,IN).10,»(HOOT5(I*,|N)-ROÜT5(|;<,IN-1)) 
»<«l'<«.0l»«OOTSiIH,lN) 
f-»iv'   l020.C.))OOTS(tH.IN),PEH|UD<|M,INI.R.TsRN 

1020  F3N>t«T(i2l.rio.4.3X.rt0.S.4x.riO.4'6X.Ft0.4.17X.F10.4) 
U3   TU  J31 

61  C.C'fTHIjC 
H4INI   lOai.C.RuOTSdH.INI.PeHIODIIN.INI 
ÜJ  TU  »20 

»2»  rjhCM  2701.IRUN 
H««»t  7 
*z*0  «O.IPUN 
03  ilt   lil.IPUN 
Xr*D  ^7ül,M30tL.- i«.l..TOl»L,C.pe>(10j< 1.1) 
ItjAO   1032.(UD|SP( J),H013il>( J). J«l.k< 
HIHI   5S7.H0DSL.|H,C.PEt<lnD(l.l).TUr»L 

»5» f ]M><«r<<.0H-KODEL  RTI   M  /.   5M »ODE   M/   .11H PHASE  VELOCITT  rs.3  /. 
i   7rt  ►'tRIOO  »'9.3/   .22H  SECTION   IMIC*tfSSIXH)  r».3  ///   ) 
»MHI   2703 

270J tD«"<*T   (   52H DlSPLtCEMEMTS  »T  UfE1»   I»iTtRr«CE$ N0RNÄL12E0  TO  Tut/ 
151M  VEHTIC*'.  D1SPL*CE*ENT  «T   TH£   Suyf^CE   < INTERFACE  01     /   I 
filMi   270« 

270« fj^^'TuoH INTERFACE .»«.IJH HJHU. oi$p.,fx.i2H VERI. DISH.) 

U3   !>56     J*0.L-1 
»■^IN'   *St   .J.UOISP(J«l),ND|SP<J«l» 

550  FjHi»!   (;«.|3.1iX.E13.6.«X,E13.»l 
H^lNl   1024 

1024   OX14T   ll»M   END   OF   COMPUTjTION   ) 
•uuse 
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INPUT DATA ANT FORMAT FOR STRESS 

CARD        FORMA DATA DESCRIPTION 

1 15 No. of layers in model 

15 No, of (c,k) pairs for which modal 

shape is to be computed 

2 8F10.4        Layer parameters stored in sequence, 

a, Bi p > d ; two layers to a card 

3 E13.6        c 

E13.6        k 

E13.6 Horizontal to vertical surface dis- 
u 

placement ratio, — 
wo 

u 
Repeat card 3 for each set of c,kf ~ . 

o 

III-8 



• »vrI :    tl'lihti IB« ovi«o »»sic POUT«»» tt it) comutio» DtTE:   66.114 

s. flno•, 

■;. no« > 

i'i>i>tt 
s «nn^ 
s Oflfl» 
1 OOl" 

s (»o^i 
BOO1» 

•; nfiin 
S .1011 
l »01 ' 

Ol" 1 
•>o u < JO !i 

< JOI(i 
•? 0017 
•I ,101- 
1 p 01 ^ ;; 00^0 
s no?i 
^ OO.1" 

S ^n.'i 
'I .'0.'4 
-*i 0,1-"v 

■? . ^i"»^ 
^ .OO." 

■> 1 
11^ 

;, 
= ^ * ) 1 

s ■1 TU 

5 ^ '   (3 

.01»« 

pnoaii»« ".Ties?!. .i.n.nu««      nn-in 
DIKirilStnil   »I.r«»SO<,BtT»%'iO<,D»SO) ,RK01r

)0<,Li!IBD»»SO<,»BI1,«<, 
i «»(SO) 
«[«l i«iiRB*,nu 
non>iF niirci^io» »n.Rmn.sxsn T»i;'i,irnuo,trii«o,iiPiisiG,iiriiT»u,«iiuiii, 

irnr!ri,COSOI|(SI»PII,SHOÄ,UBOT,ODOTII,IIDOT,IIDOTI1,I,t,M,a"I««l'»1 
notiait pnEcista« [>i!iPPi,Kccipp,DKipQR,iKcirQ,iiin'.ii,aiii,iiic^,un 
OOUBLS  PPICISIOB   »HO,IOII,PS«TOD 
OniH, E   paECIMO»  r, ILPIIt.BCTl.ltTtt.ll.D.DII.aiRlltll.nSTEI.CSOIkPE 
POBSIE   PRPCISIO»   KEKRITIIK,   Ot.DMT<«< 

1"(-6   COBTIIIII^ 
?E«D(1,<)    LaYEBS.KCHS-S 
»CHIfS   IS   THE   «UHBE*   OP  CASES   OP  C,K,l»TIO  PO»   »  OITE«   SET OP 

:   iiift pm«nrrr«s,  »if«,  BET», «HO, O. 

'■*}   PE»Sni,1<(«Lrit«I<,BETt«I<,IH0(Z| .DC!    ,   1 ■   1,   ItTEES) 
ll«ITB(l, 'l) (UM (t) , SET» (I) ,«HO(I) ,D(I) ,I.l,l»TEE5) 

1   »OPHkTCiPIO.ll) 
i rnaH»T<?TS) 

KKT''«   •   I.HEPS   -   1 
in joo in.i,»c»3ES 
IE»D*1,?<C,K,»»TtO 
C10«»E   •   C»C 
PEPIOD»   t..}911SS1072/«K,C< 
IIOOTtHITTO 
l(T>OT»1.0 
Ot.OH«T   <1<   •   UBO» 
|11DH«T  »?<   •   WDCT 

3   fO»ll»T   t1E1!.6< 
ll!ltTÜ«1,1<C,PEai(10 

3   »OII!l»T»1"1,5«,UtM'«SB-»eiOCTTtt,E20. 12,,'.SJ, 7HPEEI0DI, HJ, EZO. 12, 
'//,10X,lHIllTf»r»CE, 1I,10I,12HHO»IZ.0ISP„(t«,10«,11H»E«T.DISP.,/< 

«5TT»  «3, 10<B,BBOT,IIB0T 
10   T01|S»T»10X,2»,IS('X,U,4I,E70.12,»»,E20. 12< 

no no mi.iiiriBs 
tit»|l<«BfT<«H<   ••3   ♦   BHOfiK 
l«BB?»'!1<l »H0««>< • ««l.»»t«<»«2-2.0»BET»"«H<»»2< 

100 COiTTUBE 
1301 SMOtll. 
1302 T»IIU«0. 
11(11 omiMT  *'<   •   SIB'I 
130« ••M.I»«* iu<  •  TWI 
I'll 10   ?10   S   '   1,   KlilTI 
1306 11   •   I   •   1 
W «IPH»   •   «l»»»H< 
VO» JOÜ   •   SHO»«< 
1 Ml BUT!»   •   8ET»«H< 
1310 1>|   •   1*H< 
1311 T'DHl'dC/lLPf») ••2-1.) 
1312 T   >   n»B3{(C/P«TE«) ••2-1.) 
Ill' mlHI   '   D30»T(X) 
13111   »«CT»"!   •   BSOBTm 
1J1S   S«r"IA1   t   2.^«B«,'H/c<.«} 

'."la-" 

«. ''1*1 
S.T>61 
-. ^n^2 

-.'"Si 

:. -1 - *, 

-,^1*1 
^ ^ ^ fi ^ 

':, I^M 

,". -""«I 

1.1C63 
-."'"■ 1 

:.1"<i| 
-. -'»^^ 

■I.im 
^.lO^i 

. 117 'S 

1216 ?•   •   K   •   mf»"!   •   I"! 
1217 Jl   •   «   •   '9!T»1   •   11 
1?ta   »T'STT!»   t   C-üLPH» 
HI1»   Tp   (C-»IP»A)    32S,221,230 
33"   C»3"1   ■   DCOS(PI) 

'IBP"   •     33I««P!1< 
«»»"Illtl.O 
in TO   330 

3">   DEr?P1   •   DEXPIPK 
P'CIPP   »   1.0/BSIPP1 
COSOI   •   «r.EXPPI   '■   RtCI?P</2.0 
3HPH   •   «EIPP1-'>BCl',P</2.0 
«m^Tli-I.O 

130 CO»TTB'I» 
TESTER   ■   C   -   B»T2» 
IP   (C-BJTP»)    2?3,:>37,237 

331   5EXP(JHOExr«0B< 
»EfTPOt   1.5/0EEP3B 
ccsji t «OPXP91 r •r,c:P0</2.0 
SIKQI!»   %D!IP01-!IECI'>8</2.0 

13  TO   2J1 

131 I!»?"   •      D5IS»51< 
Cn301   =   DC0SO11 
iT»sri«i.e 

7 VI   CII^IHn!; 
Ill   •   ^»IHAI-I. 
»ICi   '   PHO(1) «C^SOB 

mi «i«i,i< - ixtnin* DSPH ■III^COSQH 

1111 M'l,l<-««i-,11 • "ÜBPI/BHIEAI P, S»BH*II« «BET»« • STlia!l»«T«STH< 
1 11 1 »HI, I'- 
ll lu 11* 1,4/ 
iiir' «r»2,i' 
111« «112,3< 
1117 «"•2, '< 
111« «•«3,il<' 
1111 »"' 
1120 «  ■.i' 

1« -.TUQ-'PT« ,T1< 
1121 »H3,3< « »•«2,2f 
1 132 «11 l,<l< • •f!l1,2< 
1121 »i'l.l«-« P»'-3 •»1»1H«1»»3«BmPAB«Sl»PH»lf«srit GHI'SBI / »BETM« 

«rnspi - COSQK / »1C2 
t-1TNPB/3«T,p«1 <i BBBTAH • 5I»0H«BT»3T»< / »1C2 
-«r.».11»H 1. »»LF«1 • SUPil •»PAST« P. GH1 / «BET»« »SIHIK 
-OHI^COSPI ',   5«11»1 • coso* 
»»»LP»1 • 3IBP1 • «PUSTII R S:i01 / IBETJK / »BL 2 
»1«1,)<r 
Pir2 • lABUB • 111 • tCOSPB - COS0B< 
»BC2 • «111 • IHI • IHPH / »«IP«H « OtHRAB ••2 • «BETAH 

1 ■ '»01< - ' .-( 11 
11 n 11 
mi 11 
10'i3 

.IV- 

.in-. 

»■"u,;^  ■  A"*i,i< 
11'«,1<   ■   «1»2,l< 
Al««,««'   t   A1t1,1< 
»PITE( I, 3010) 

1131   »O'BITC      1ATBIT   np   »-5. ■ 
On   '11  P'^i,» 

III   »"!?•( 3, 1131) (AKI'.L) ,1 = 1,«) 
1 I ' I   "i?1AT(M,6E30.13) 

no 1111 rip •  1,« 
iniTrin  •  BnD»riP,3< 
HHM«  inotip-l 
IPÜHT   'IIP'   I   1.0 

IM- t 



s.oini no HflSt  mi  •   1,4 
•Mm.' BilDK!»   t   HOD'mr,?< 
';.nin' »'t?   •   HTBPl'BOD««» 
J.ill'm KF»C   •   «-1<«»1IM'' 
-..niO'i f«C   •   flO«T«»F«C< 
•Mlin», «MH«T»TltP<lf»C»«l1tIllP,«i;«<«OtDmT«l!II<S»Ellil«TlIIIK 
s.oiio t^H cniiTt»ni! 
::. UM IinOTB   •   »P»II»T  *1< 
■s.iiiiii «noT^ • ct»ii«T «2< 
H.llltO »»TT«   %1,10<I!,ODOTK,«OOT« 
s.utn DO di»'» «u • »,» 
s.nii; «««'I rttnmt tmj< i «tmiitT *itiJ< 
«.ill i .1oo c-o»Tl»nr 
s.M iu Hi rn  in«: 
s.i"'i>-, run 

N-W-! 

- »•, : y ■( 

sTORtce imp 

nn «D« »»IP       T«n 

onoi-ia I 
000100 • n 
onoi<>fl »HO 
nno^un PtT» 
000370 uqun 
pnoiio RUTlri 
0000(10 St«""! 
onoino At.PH» 
ooo^ro SUP»« 
noo"io »ECIPO 
00')-111 TE5TFP 
fOOItfi I 
OOO"»« T 0 
o^r »f.« txi 
OOOA'M ■'P«c 
OO-.I \('« I.IYPRS 
ooo^sc nooifip 

««»ItBLES      (T»8S:   C-COHÄO»,   E'EOOITtlEVCE) 

•EL   tDI        «»HE T»G «EL   «D« 

n T « ^ :1 

001?rß 
0005 !R 

POOOOOOJ 
00000000 

00021 S t 0002PO c 
000lOI PR 000188 9» 
oonj»o SRI 000430 •OR 
0006DO «ISO 000860 TkOO 
0i)0fl7« HOOT 000980 •DOT 
OOOgSS »NDM1 000««0 COSPR 
OOOflBH SI 10» 0008CO UDOTR 
00090» »»TE» OOORCO ■EUSIQ 
000ÄP« DEIPP» 000900 »BCIPP 
00091» ■ BtTtR 000920 PERIOD 
0004 3» C'>0»EE 0009*0 »ERRtT 
000O8» 1 00098C L 
onoicic »1 000»60 UK 
OO0t«C P«C 000»70 RLJ 
000«7C »KIT» 0001180 »IRPI 
000BSO HOSES 000B5II iFtSI» 
000160 »ODm oooie« 

BXTEM»l »EPEEERCES 

»El   IDE ■ tRE •EL   tD» »IRE 

000B6C B5IR 000B7O DEEP 

CO»ST»»T5 

•El   »D» »«RE •EL  «0« »ARE 

000BBU 00000002 000BB» «1100000 
OOOBC« «1*«»78BS1121B7P OOOBC» 

•EL «OR 

0002P8 
000)90 
ooosi»; 
000868 
00088» 
0008«» 
OOOBC» 
0008E8 
00090» 
00092« 
0009118 
000990 
000««« 
000«7« 
000«»« 
OOOBSS 

»EL  «01 

0003711 

REl  «SI 

00095C 

ZRPLttD  EJTEP»«L   REPEEEVCES 
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INPUT DATA AND FORMAT FOR INTEGRAL 

CARD        FORMAT DATA DESCRIPTION 

1 110 No. of layers in model 

F10.4        Factor for singular matrix criteria 

in curve fitting subroutine, 

generally - .99. 

110 degree+1 of the polynomial fit to 

*"hr. displacement da'ca 

T10 Read option; 1 if read every set of 

displacements; 0 if read every other 

set 

2 8F10.6        Layer parameters stored in sequence 

a, 3, p , a;  ttfo layers to a card 

Text identification 1 80 characters 

Model identification no. 

Mode no. 

No. of layers 

Total section thickness 

Phase velocity in km/s 

Period in sec 

Displacements stored in pair sequence 

Vj, w., u«, w2 ...;3 pairs to a card 

For computations involving more than one set of displacements corresponding 

to a (c,T) pair, repeat cards 4 & 5 for each set. 

3 20A4 

4 14 

14 

14 

F9.3 

F9.3 

F9.3 

5 6E13.6 

III-ll 



FT/ISO   SJStC   fOIIT«««   I»    tn    COSPUATTON 3«TE:   of>.'l9 

«.■TO )1 

^ . f P il U 

• »vv i K i.  -)■■■ '. .ysin m THS «oo»t 

HV-'M • in IF •J^-TS »cni™ tnirn it »D » »BE iPPioimTto 
-.i^   vii^Tri  ,T,   IH-'-'^kCW   ON   WlfH   U   »»D  «   »PS   »PPKOIIHlTeD   I   HTrl>"   '■ 
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■.'S»r»s-F^ 

PEL  «n; 

'IS:   C'COPHPK,   t=BJ'JTV»I.S>'-E) 

»Olli'' 

"i^'r- 

OOOlfP 
0-1P2PP 
000":: 
f.OOif c 

0 00 700 
nop^ia 
000 160 

0002»0 
.10C79C 
OCO'iu 

tXTrPMUl   FFrE<t»IICE5 

p;i   IDD      miF 

1 - -1 * -) T -  1 - 1 OPTiOPPl 

CCIIST»!«:S 

Ml   «DP        »«HF 

oooiru       41100000 
OOOll UO 

PE!-   «nj 

coo ipj 

-1 - -I, 

!   lt=.1 

EJ., . Äpt 

nii-i «j'i 

8PT A '^ 

Oit 4 " ' 

.m "> M 
n^ iO 
101 ■ p" 

amvi( 
IT» --^ 

r"p;r»D EITFFKH »FFEIIFI(CE5 

m «OP     mir. 

iOP?0 
pooip 
00120 
onon 
ooiop 
ooouo 

RFI. AO»   STJTEBEIIT »OBIIE» 

OOOilFü 
OOOSF« 
0006'i-, 
000772 
0001^0 
OOOIOE 

00010 
000« 
oono 
oono 
00150 
000«! 

PEL   »D» S?»TEPE»T 

000520 :)0Ü60 
0015C- 00100 
00-A7C 101UO 
00O7P», 00150 
OOOXB» .1P15S 
0001.F0 

OOOPi"» 
OOO-I jr 
0P05PU 

011000 

?m OF 

S-llT«^  007171 

5«irt»'ion ijpi 



Card Format 

1 14 

2 20A4 

3 14 

14 

INPUT DATA AND FORMAT FOR TRAVEL 

Data Description 

No. of models for which T-D curves are 

to be computed 

Identification for models i 80 characters 

NLAYER - no. o. velocity layers in model 

NR; depths of penetration for which T-D 

values are to be computed ■ (NR)*(DELR) 

F8.4 DELR - Interval in (km) for numerical 

integration 

F8.4 DEPTH « maximum depth (km) of penetration 

1 depth of last velocity value 

F8.4 EPSLON ■ distance (km) from maximum depth 

to begin using modified trapezoidal rule 

of integration; usually .3km 

F8.4 DELTA - distance from maximum depth at 

which integration is stopped; usually .01km 

4 10F8.4        Velocities in km/sec 

5 10F8.4        Depths (km) from surface of given velocities 
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UintNSlUN T(200).üEl.(200).))(2l)0>.yEi.(2aoi,2(«aO).«NGI.E(20l)l-V(900> 

U30si.£ PRECISION T.0i;L.*>VEL.2.*.D^.DELR,DEI
,TH,SPS.DEi.T*.Hi,R2,N], 

.'U;l,*,8.C.0r»'  l.NO.SR.P.fJ.SJI.SUBl.SUHZ.ETA.rÄCT.FicTl.rAClü. 
^>£»r,vvi,0D.D>.LS.DEPTN?,r«cr;,r«cT»,r*cT3,rACM,T«D.^LOP,SKo,«i,«2 

UJUÜLE   PHSCISION   2MAT<4,4).')Dt)MKr,««EC<4).AVECM),0 
■)0  f3ii1«tME25.l6) 

HI»U   (1.108)   NMUN 
U3   JUO    litUM   >   1,   »RUN 
KiAB   (1.400)   CEXK D.Ul.Zt) 
M;AC   (1.100)       NLATER.NR.DELX,DEPTH,EPSION.DELT« 
"3*0   ll.200>   (VEI.(|).I'1.NL*TEM) 
H:»B (1.200) (M(|).1>1>NL*TEH) 

10U F3Nit*T (2l4.4rS.4l 
20U fJXI»? (10Fb.4) 

<I1)>0 
(•I 

It   l>i«l 
n I >>2( l-D'DELR 
1" U,n-0EPTH) 1«.19,20 

20 Jit 
»«I 
ill 
IJIP'l 

; J.J.J 
NRNIJ 

42 UDAimuE 
1)3 710 Ll«l.4 
NQutny i nRH - 4 * LI 
DJIIT > lilNUUNRVI 
»lib (3.»000) OUMNV 
"1«TlLl.ll ■ 1. 
U3 7US LJ>2.4 
tlillLi.Ljl < UUM»r«.(LJ-l) 

703 CawIlNUk 
71U tOnflKUt 

«OJirt» • 4 
RB» « 0.001 
CtLl.   SJR4(Z>UT,NOUHHr.EPS) 
t)3   71%  I.J«1.4 
»DUI"»   »   NRH   -   4   .   LJ 
«HeClLJ) • «tUNOUNNY) 

715 L'S^ltl^UE 
1)3 7^i Ll'l.4 
UJNi' ■ 0. 
U3 720 LJ«1.4 
l)J"4t i UJHM» ♦ 2N»ItLI.LJ)»»*tC(LJ> 

72J tJNtlVUfc 
*»eCtLl) « OUMHY 

72» LBNtlKUE 
* • »VECU1 
B ' 4«EC(2) 
C > «»ECU) 
U > •VcC(4) 
U3 Tu(31.40).|jMP 

Jl vil) • « * «•2(1) • C>2(l)*>2 • D*2(i)««3 
liUl 
I'UI I )-H< j) 1 31.31,30 

it   I-"IZI I )-DcPrH)3J.33.34 
33 l"l-«l J»3)-05PTH) 7.7.32 
32 «(JXDEPT-« 

iij Tu 31 
34 UrfTMl.6j71.-DEPTH 

iill 
35 l«l»l 

II I)«t371.-2(1) 
|-(2l|)-DEPTHl)36.3t.3S 

36 II'I 
"3«6J71,0 
«■»•NH 
IHC«   0EPTH/IXf(»0EL») 
I'll.'   INC'NM 
l».l 

mri  «  NH   •  1 
itC'l   >   I^C   i    1 
N^H   t   4 
US   8   J   >   NH»!.JNCPl.NS 
UrLltDELt« 
lj«:,»2 
UHH)   •   «371.-2lJ) 

I*   16371.0-2IJI-RINRR      II   42.42.4S 
45   o-tn   >   NhH   •   3 

(.3   Tu   42 
4U   >'«i(J)/VlJI 

''2«'»»2 
K (IRO/y<l))»»2-f2» 4000.404,40* 

405 CSnTlNUE 
ijlauSUKU (•(O/Vd) )««2-P2> 
I'l J-2)ll.U.10 

11  >J«l«0. 
W2,0. 
3U IS 12 

lu sjHt«l./(RO«SUH) 
sjii2»SU«l»('»0/ VI1))»«2 
K<2 

24 ET«i<(K)/V(<l 
If IcTt-P) 4000.240.240 

240 CSNriNUE 
Mi;TiuSORT!(ET«-P)»(fcT*<P)) 
t«i;iiii./ir4CT»2(K)» 
)4CT<>>   r«CIl   MZIKI/V       (Kl)»«2 
aj"l«l>UBl«2.»r«cTl 
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n   •<•! 

|-U(H)-TESI )%d,2i.*i 

U^TMl   •6J7l,-Dt»,lMl 

UifTHl   •6371.-DtCTHl 

fcI»iUEPlMl/VVJ 
1-    (tI«-PI   «000,2^0.^30 

2JU   COmTlNUt 
Mcr>D!>tjf)ri (fci»-t>M(sr*»(»)) 
► «cri»i./if,«ci«0Eii'Mii 

ijil •bUHl»U£Lt< • f«CTl«0€Ll 
•ajHi   ,   SUIZ'DtL« » r«Cl2*0ELl 
Hi  Tu 21 

12 U:U«-Z1J) - EfSLON »2<K-U 
1.3 Tu 2i 

il   lil 

UD «tPSLO»! 

14 fJNiHOX'l. 
I-I1-J>16.1».17 

16 Ur''TMli0ePm2 
Uir-THl t»J7l,-p6PlHl 
«Vl»»»l) PtHl.(B.OfcPTHl«(C«DePIKl«OI ) 
UJfTHl   t6i71,-DEPIWl 
tT««UEPTMl/*Vl 
I"   (tT«-P)   «000.160=160 

160 uj^riHut 
t »l,r«D!>l!»'l IEI«-P)«IEI«»P)> 
t »i,Tlil./IF»CT«DEPTHl) 
MCl2.fiCTl«(DtPTMl/VVl)»«2 
U10 
uj  lu  1« 

1/ f«i;f5 > r«cu 
ncrt > r«ci2 
HCTl«f»CT3 
f4tT2»f*Cl4 

Id  U:er»<2»2(j).no/(2."POm 
UJFTX2   «6371.-DEPTM2 
v«ix«»[iEPTH^»l8»DEPlM2»<C«DtPfHZ«0)) 
U|fTM2   «6J71.-ÜEPTM2 
br»«UEPlM2/»vi 
1."   (tTt-P)   «000.leO.180 

1BU   l,J:»nMUE 
* «tr »OSORII '.ET«-PI«(tI«>Pi) 
MCI3sl,/(F»CT»DEPTH2) 
t »i;T««F*cr3»IOEPTM2/V»2l»»2 
aj«l«SUMl«00«?.«ir«CTl»F«cr3)/<2.«»JOK) 
4ji^»su«2«Di)»^.»<r*cT2.r*cr«)/(2.»«-'0ti) 
l-(0U/(2."»Oli)-.«J     115.IS.1« 

13 If(DU/2.««P0«-   DELT*)60.60.61 
61      i«U   >   DD/I2.«*P0M) 

J,UP   >   («(j)-VV2l/T*D 
62    r»ci» »ricti 

rtCTS   •   r«CT2 
»tLn > rtcrj 

-»C12   «   FACT« 
T*0   i   1*0/2. 

ij;fl*l   «   2IJ)»UD 
»<J  «  St.OP»I*D 
»Vi   «   VU)-SKO 
f»Ct   •   2.»P«(V(JI«T»D  ♦  2(J)«S*0t   /(»(J)»»2-2.«»(j».SdO) 
t«i.TJ   •   l,/<DS6«Tir»Cf)«0EPTMl> 

TAZM   •   r»CI3»<0EPTMl/»Vl)««2 
»J"l   »   SUH1   «T»0«<r*CTl   ♦r«CT3>»2. 
sjn2  «   SUH2  ♦  T»D»<F*CT2  »FfC»«)   «2. 
IM i>D'DELU)60.60.62 

60   «1   'MCT3 
»2   t   FACT« 
bl   >   FACT1 

32>F(CT2 
riiMCTi 
:^«» ACT6 

C^HOKS   T AD» ( FACT« •3««2-S. »82/2. ♦.5«>;2)/SUH2 
X^ITtU.10901   EHROM 
»jm»      TAU«IFAtT3»J.»Al-»,«gl/2.».5»Cl)«SUHl 
Sjn2«     TAD»(rACT««3.»»2-»,«92/2.».»«C2)»SUt<2 
U:k('«)>P*SU11«6371. 
I (N)tSUH2 
Slnilu   »   P»¥H)/HO 
CJ^IUi   SOKTCI.   .   b|N|0«»2) 
»NULUNI      ■   ATAN(SINIO/COSIO)»1|)0./3.1416 
NEN«1 

u] ru s 
«OOJ   (.StriNUE 

U:L<«I   ■■•   0. 
I(NI    •    0. 
Ml>U(N)   <   0. 
* *   K   •   I 

a  tjnllNUt 
HtH-i 
■4ire(3.40t)    (1EXT(|>,    l.l,20> 
»«iTkfJ.tOOOl 

10DÜ  MHIAT   «   »X.10M  OEPTHIKH)   .   10«.l8H<EL0CITr(K«/St„)        ) 
•mitu.mo) IZ(J>,V(J),J>I,III 

10»0   tD«i«T    <2«,fel3.4,6X.E13.6) 
"<I!!-<3.<01)   IIEXT(I).    III.201 
N-ilTtd.ZOOO) 

2ono ^'«'««T (2X,I8H TRAVEL Tint «SEC» .»«.UH DELTA (KHI,>«,21H OEPTM O 

Jt    ^dNETKATIOK      .5«    .1*H   »NGLE   UF    IMJlDENCE ) 
"VI Tu J.2050)    (T( J).0EI.U).D2IJI .AI4iLEU>. Jtl.tl 

/OSÜ   rjx^tT      (   V.Ftl.3.t3>.r8.1.14«.F7.1.UX.F7.2) 
«01   »JHiAT    (1H1 ////.20««.///l 
«OU   » D^-UT    120«« I 
300   LONTINUE 

SUP 



INPUT DATA AND FORMAT FCR VAKGRAV 

CARD        FORMAT DATA DESCRIPTION 

1 73 No. stations 

Station spacing In km, Staspa 

Depth to mass sheet In km , Depth 

No. of Density layers i 50 

No. of Density profiles i 100 

Minimum ^ value 

Delta z spacing for integration 

Subcrustal Density 

13 

F10.5 

F6.1 

13 

13 

F10.5 

F10.5 

F10.5 

[expCir- Depth/Staspa) - 1.] * Depth/Staspa 

. No. of j's to be used 
k -        2 

2 10F8.2        Gravity values in mllligals 

3 4012 No. of Density profile to be used at 

each station 

4 16F5.2        Density values stored by profile 

111-19 



«DU 

401 

f I HfNS i UK  G'<«V'i0ü)In6NStT(»0.iO),<CUR»i JOOI.DfPOirClOO'.PHl (50), I 
IMuruoo) 

H5»0   100.'<OST«.ST«SPA,D6PTH,iütNS.N-'t<0f .CHHlN.OEL^    . SUbCRU 
10U  f3«l»T(i3.Fi0.5.f6.1.21i.3flOr5) 

KC«G  20P, IGx/ivi | I, l>l.NOST«l 
iog >3«H»mof8.z) 

H:«U   l50,(lPHOF(n.l»l.NOS.T») 
liü   t J^tüt140121 

«5*0  300,     (Dl»>S'»li.J>,J»l, IDfcNSI. I'l.KPROr» 
JUU   t JKiATdeFS.?) 

ua n»? i«j,NP»<or 
U-J   H9J   J<t,    IDENS 
UjttSU    (I.JIi   SueCHU-DtNbTV    il.Jt 

H«^   CiJriTl^Ufc 
tJfOUD   '   »-tUPlJ,!«!»«   DEPTM/S1»S,1A)-i. J'DEfTH/STASP» 
t«i'E»^i   ;t««( j,l*l»»0EPlH/5T»üfä)-l, )»DEPTH/ST*SPA 

«I«0. 
ni 
P4KT   »(0EPTH«»i)/(STASP»"2) 

0 1--1   11   «D/i  -   1/2)1.1.2 
1 »Mil I )»EI<P0UD/<P*RT.«|»«2) 

►•IINI   lOl.Pwui) 
loi fa^^»! cno.5) 

Ü3   tu   3 
2 H^l ( n.tXPEVN/(P»RT   .   It**i) 

102   » D«1*T(F10.5) 
J   l--(«BS(PHI( 11)-PM1MINM.4.» 
■>   itl»l 

».   "»I'l.O 
UD   Tu  6 

4   1«1   •   2»I-1 
I«   •   1*1 
U2>: 
JxlX 
J11H   1.2,1X2 
H^l(J)»PM1(1) 
J.J«l 

IJ cjNrisuE 
HHKUJ      ).PM|(1) 

JiUl 
II2'i<2      A 
03   '   1-1.1X2 
''^H I )»PMH J) 
Jij-l 
t;).<'mut 
>-Al\i   400.DEPTH.ST«iPA 
f3X^»T12jH-C3HPUTE0 PHI   fAC'Oüi/lOH  OEPTtUKH),F*.1.2«.20H  ST»TIUN 

l»»«C11fi(K<t>,riO,S) 
f^IKi   «01.(PHI(I),l«i,l»l) 
fOHHAKiX^lS,«) 
HtUl-l , 
1«»<   IN>|«-1 
U2»»-l 
Jjo   1*1,1X2 
«CJi)'<( 1 )«1J. 
UD   9   J>1,1> 
«;U<IH(I).   GR«V(J)*PHI(K)   »XCüHHd) 

v CDN:INUE 

SOU   » 3"<»T(2X,F1I<.2) 
l«»l«'i 
"«   K   «N-l 

d   Ca»Tl«(UE 
UJ«I»0!>T*-II>»1 
jtix^n 
UJ   lu   l»l,H3 
»;j'<«(j)«0, 

U3  11 L«l,I«l 
«-UXHIJJISSHVIK)«PH|(L)        »XCOÄHlJi 
*IK«1 

tl   CDHtlNUE 
60I)   *-3H^»T(2>,ri0.2> 

J«J»1 
1J   UDNTIIUE 

Ui<l«3>l 
nii»3bT«-I«2 
U3   12   1»1«3.N 
Kit 
«CJIOX J)«3. 
J3 H L>1,H 
«rU-tHlJl-SHUdlll^PHKL)   •»COR'Jl J) 

13 L'OnTtXUE 
700 ^ 3H'1»T(2X.F10.2) 

JtJ*X 
H.n-1 

12 CDNTIVUE 
FACr*2.>(3,141t«»2)«6.67 
U;  14   I>I,NOSTA 
«;Ul*HC|).   XCOIiHl | i/f ACl 

14 tDNJINUi 
U3   M   Jil,NaSTA 

AiAK'KCOMSlJ> 
i-(AHAX-0.)»0,'>l,!)2 

5u   »j«i«-1.0 
b3  tu 53 

52 >;«.1.0 
li3   tu 53 

t>l   U^OiFl Jl tilf PIM 
U3   tu  30 

53 ItlPHOflJ) 
L'^Diri J)«   0. 

% 

tlI-20 
: 



4(1   nm.t 
UjUS   •   UENSIYi1,«1 
UiNSiiDfcNSTK I .K-l I 
i'   (K-IDEf«!,)4J.43.44 

3J«i  SUH»0£NS«üeL» 
-UaS(!,U«l-»B!)(«»'»«l(4a.41.42 

4^   |.-SK-1)»4.5-J-S4 
il   UsKISl'OENÜ 
»4   f.MSIUHMI-SllH.DtNS.DfcLj: 

Utf'Olf*J).DtP''<-SG»i-(DE»*Olf'Jl««/ütlSl-UEl.il 
80 TU 30 

41 U;POir(J)iD6PTN-SGN. OEPOiriJ) 
(i3 TU 30 

44 U:ni   i BENSITIl,X-l) 
UäWSlnOtKSTKI.X.ll 
R.r\-1 
U)   TU   43 

3J   UaiTlNUt 
f-<l»ii   2000 

200l)   >3",1«T(tH-,43>>27H   THICKNESS   OF   CHUsT^L   LATfR   /) 
•Mi*'   3090 

3000   »SMNATUTX   OENblTT   PROFITES   //   75,10H   DEPTM<KH) .Sx,   VM   DENslTT   ) 
L'ifTn.   -DELi 
Ua   3»00   l'l.   XPf*OF 
U:HTH>  UEPTH  ♦  Dili 
f^Hi   3»00.(0ENSTY   ei.J),j«l,10ENS) 

jsoo tawTitiuE 
3600   t3«i«T   ( 10F9.3) 

f^Ktl   19611 
196d   F3«'(AT(BH-ST«T|0N.S«.19H   OX4» 1 t » ( «1 wt IGALS), 2», 10H   DtPTH(KMl. 

l'«.2tH   DENSITY   PROFILE   USfcDI 
U3   II   I'l.MJSTA 
»■•(lli 4000. I .GNAVI 1 I, DEPD1F( 1 ), IPKjrt | > 

«üBO ►DKiAr(2«.i3.i3x.»«.2.9x,re.2.i3«,iJ) 
l>   tOnTlilUt 

•"«USI:   / 
kW 
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IN^UT DATA AND FORMAT FOR PRESID 

CARD FORMAT DATA DESCRIPTION 

1 13 No. of stations at which residuals will 

be computed 

2 16F5.1        Jeffreys-Bullen P-travel times in sec 

3 20F4.1        Latitude corrections for converting to 

geocentric coordinates 

4 13 No. of epicenter locations for each 

station 

5 F6.1 Station latitude (geocentric) 

F6.1          Station longitude 

6 18F4.1        USGS origin times for earthquakes stored 

in sequence as HH:MM:SS.S 

7 18F4.1        Record arrival times and store in sequence 

as HH:MM:S8.S 

8 16F5.1        USGS focal depths in km 

9 12F6.1        USGS latitude and longitude of epicenters 

stored in pair sequence Lat., Long., Lat>, 

Long»» ... 

Sign Convention 

East Long - 

West Long + 

North Lat + 

South Lat - 
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ü IRE*!) I UN tJj«LUCU30I.URTl"( JOUl . ücflMUCOl.SU^KiiOOl.ÄtSIDdOO 

1',>I lEHItOQ)» DkL U (100 t.A'iKki'1100). f H«.10J> .LOCDtL<100) .GfeOCt« 

ID.licdUtiiOU) 
«IAO  100,   l.lliU 

tUÜ       tDxtJTlll) 

«■«U   150, ( I ^d ,J), l< 1,141 .J>1>10J> 
liO        ► 3'<'<«Tll6r5.1) 

«-•0  lU2.liiEUC(J),J*1.91) 
.11^     tSH'UTUOM.l) 

»jl   SlAtlON   lIsUv« 
UJ   l       l«l.LlNbI« 
"fAO   ÜOO,   LIMOUA 

200        t3HM,1(|J) 

"rAO   ;00,STti.tl,   bTlLNG 
700        >3H>t»IlF6.1,r6,ll 

XitU   »OU,    (O^TlHCjl.Jil.lXJ) 

JO        FJKiuT    I18F4.1) 
H:«D   400,    (st»![MtJ),Jil,l«e) 

iuo     tDK'OTaeM.i) 
"iAO   »OO.IOel'TH(J),   J»l.LIHOUAl 

500       nHiATU6r5,l) 
KSAO j00.IOUAtUC(J).J>1,II) 

ioo     t jxiATdZFe.i) 
UD Uli J>1,IX.2 
Rm2 
»WAI .1.0 

502   1-lJu»inc(j)-ALAT!5t5,iOl.!S01 
5U1   A.M lA  T »1.0 

«•n«l 
Ii3 Tu »02 

56? CJn-tisEOCIH) -IG£ÜC(K)-6E0CIK-1> )»<»l.At-UUALOCt J) ) 
1111  .,;j.«(J) =QJAL0C(J1 - COUR 

0] 2 j<l,ix,2 
liüxsj/2»l 
äTttKü • ST«LAT>3.141»/ltO. 
UJAVIi «UEJUAIJl'l.1416/1*0. 
''JLANG s bI«LS(i - aUALOC(J*l) 
|- (»-DLANa-lBC. IJ.J.4 

4   ►'S ^AtG« "OuANG -360, 
i H3l.A«3 «P3L»S0«J.1416/180. 

CDJOt^   i   S|\(SlAANG><SIN<UUANb'*CO»'      «ANG >>COS( OUtNli )*COSI POL ANS I 
si..0tL»SOHT(l.-COiDEL««2l 
Uji.IAl INOHISATANIMNDEL/COSUEL'   •1SJ./J.141» 
ütL'AlIND»)«   tltLlAI IND«)»»0.   -ÜGNl yü. .OELTAHNO«' I 
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APPENDIX IV 

CURVES OF PARTICLE DISPLACEMENT 

CURVES OF PARTIAL DERIVATIVES OF PHASE VELOCITY WITH RESPECT 
TO LAYER PARAMETERS 
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HORIZONTAL AND VERTICAL PARTICLE AMPLITUDES 
NORMALIZED TO THE VERTICAL AMPLITUDE AT THE 
SURFACE FOR FUNDAMENTAL RAYLEI6H MODE v 
GUTENBERG-BIRCH H MODEL. 

Fig. IV-6 
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FIRST  HIGHER  RAYLEI6H MODE  PARTICLE AMPLITUDES 
NORMALIZED TO THE   VERTICLE   AMPLITUDE AT THE 
SURFACE FOR THE  GUTENBERG-BIRCH II MODEL. 

Flg. IV-7 
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Fig. IV-8 
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SECOND HIGHER RAYLEIGH MODE PARTICLE AMPLITUDES 
NORMALIZED TO THE  VERTICLE   DISPLACEMENT AT THE 
SURFACE FOR THE GUTENBERG-BIRCH H  MODEL. 

Fig. IV-9 
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VERTICAL AMPLITUDE AT THE SURFACE FOR 
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