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Seismic refraction, reflection and gravity data ob-
tained across the Peru continental margin and Nazca Plate
at 9° S. permit a detailed determination of crustal struc-
ture. Complex structures normal to the profile require the
development of a ray trace technique to analyze first and
later arrivals for eleven overlapping refraction lines.
Jther data integrated into the seismic model include veloci-
~ies and depths from well data, near surfacz sediment struc-
tures from reflection profiles and velocities obtained from
nearby common depth point reflection lines. Crustal and
subcrustal densities and structures were further constrained
by gravity modeling to produce a detailed physical model of
a convergent margin.

The western portion of the continental shelf basement

consists of a faulted outer continental shelf high of



Paleozoic or older rocks. It is divided into a deeper
western section of velocity 5.0 km/sec and a shallower,
denser eastern section of velocity 5.65 to 5.9 km/sec. The
combined structure forms a basin of depth 2.5 to 3.0 km
which contains Tertiary sediments of velocity 1.6 to 3.0
km/sec. 1In this area, near-surface sedimentary structure
suggests truncated sinusoidal features caused by exposure
to onshore-offshore bottom currents.

The 3 km thick, 4.55 to 5.15 km/sec basement of the
eastern shelf shoals shoreward. Together, this basement
and the eastern section of the outer continental shelf high
form a synclinal basin overlain by Tertiary sediments which
have a maximum thickness of 1.8 km and a velocity range of
1.7 to 2.55 km/sec. The gravity model shows a large block
of 3.0 g/cm3 lower crustal material emplaced within the
upper crustal region beneath the eastern portion of the con-
tinental shelf.

Refraction data indicates a continental slope basement
of velocity 5.0 km/sec overlying a slope core material with
2n interface velocity of 5.6 km/sec. The sedimentary
layers of the slope consist of an uppermost layer of
slumped sediment with an assumed velocity of 1.7 to 2 km/
sec which overlies an acoustic basement of 2.25 to 3.6 km/
sec.

The high velocities (and densities) of the slope base-

ment suggest the presence of oceanic crustal material over-



lain by indurated oceanic and continental sediments. This
slope melange may have formed during the initiation of sub-
duction from imbricate thrusting of upper layers of

oceanic crust. Once created, the melange forms a trap and
forces the subduction of mcost of the sediments that enter
the trench.

A ridge-like structure within the trench advances
the seismic arrival times of deeper refractions and sup-
ports the suggestion that it is thrust-faulted oceanic
crust which has been uplifted relative to the trench floor.
The model of the descending Nazca Plate consists of a 4 km
thick upper layer of velocity 5.55 km/sec and a thinner
(2.5 km) but faster 7.5 km/sec lower layer which overlies
a Moho of velocity 8.2 km/sec. The gravity model indicates
that the plate has a dip of 5° beneath the continental
slope and shelf. West of the trench, the lower crustal
layers shallow, which may represent upward flexure of the
oceanic plate due to compressive forces resulting from the
subduction process.

The upper crustal layers of the 120 km long oceanic
plate portion consist of a thin 1.7 km/sec sedimentary layer
overlying a 5.0 to 5.2 km/sec upper layer. An underlying
5.6 to 5.7 km/sec lower layer becomes more shallow to the
east within 60 km of the trench while a deeper 6.0 to 6.3
km/sec layer thickens to the east. The lower crustal model

consists of a 7.4 to 7.5 km/sec high velocity layer which



varies in thickness from 2.5 km to 4.0 km. The 8.2 km/sec
Moho interface varies not more than *0.5 km from a modeled

depth of 10.5 km.
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SEISMIC RAY TRACE TECHNIQUES APPLIED TO

THE DETERMINATION OF CRUSTAL STRUCTURES

ACROSS THE PERU CONTINENTAL MARGIN AND
NAZCA PLATE AT 9° S. LATITUDE

INTRODUCTION

The theory cof plate tectonics is becoming well estab-
lished through the worldwide study of the earth's crustal
plates. As a part of the Nazca Plate Project funded by the
National Science Foundation through the International
Decade of Oceanic Exploration, Oregon State University
(0SU) and the Hawaii Institute of Geophysics (HIG) obtained
data to study in detail the processes of plate interaction
which occurs between the Nazca oceanic plate and neighbor-
ing lithospheric plates. A significant portion of the data
obtained lies along the eastern edge of the plate where it
descends beneath the South American plate. This region is
an important example of cceanic-continental plate conver-
sence and along this boundary may lie evidence for the
tectonic events which formed it.

Examples of active continental margins surround the
Pacific Ocean basin, one of which is associated with the
Peru-Chile Trench. This thesis is concerned with the
analysis of a large set of mostly geophysical data obtained
across the Peru margin at 9°S. The purpose of the study is

to examine one area in great detail, determine the struc-

ture and to postulate hypotheses for its formation.




Previous research on the Peruvian continental margin
concentrated on the broad geologic and tectonic features
associated with this area and only recently has it been
investigated in detail with marine geological and geophysi-
cal methods. The study of earthquakes that occur as the
Nazca oceanic plate underthrusts the South American conti-
nental plate is important for determining contemporary
tectonics in the region.

A study of earthquake hypocenters by Benioff (1954)
established the presence of a dipping seismically active
region (now known as a Benioff Zone) along the western
margin of South America. The map by Barazangi and Dorman
(1969) showed that the entire Peru~-Chile Trench is seismi-
cally active. Later it was shown that seismicity displays
a regionally segmented character (Kelleher, 1972; Kelleher
et al., 1973; Swift and Carr, 1974; and Stauder, 1975) re-
flecting a change in the nature cof subduction occurring
along the corresponding segments of the convergent boundary.
k first motion study by Abe (1972) on a shallow focus
2arthquake beneath the continental slope 10°44' S. indi-
cates low-angle thrust faulting related to compressional
stress within the descending plate.

Earlier surface work involved detailed bathymetric
mapping of the Peru-Chile Trench (Zeigler et al., 1957;
Fisher and Raitt, 1962). The first reported marine seismic

refraction lines from Expedition Downwind (Scripps




Institute of Oceanography) for the Peru-Chile Trench and
the Nazca Ridge (15°S.) were by Fisher (1958). Later,
Fisher and Raitt (1962) and Hayes (1966) described these
refraction lines and developed crustal cross sections near
Callao, Peru (12°S.) which traversed the Peru-Chile Trench
and the adjacent Andes. Scholl et al. (1968, 1970) ob-
tained numerous airgun profiles across the Peru-Chile
Trench and investigated the tectonics of the interaction of
the oceanic~continental plates and the effect they might
have on the trench sediments. The magnetic anomaly inter-
pretations of Herron (1972) and Handschumacher (1976) help
to reconstruct the Cenozoic spreading history of the south-
eastern Pacific.

The very large gravity anomalies associated with the
Peru—~Chile Trench were reported by Wuenschel (1952) from
pendulum measurements made in 1947 aboard the submarine USS
Conger. The surface ship gravity measurements presented by
Hayes (1966) added significant detail and later Whitsett
{1976) further mapped the area off southern Peru and
modeled crustal and subcrustal cross sections of the coast
and continental margin at 14°S. and 16.5°S.

Since its initiation in 1971, the Nazca Plate Project
has produced detailed studies of the geology and geophysics
of the Peru-Chile continental margin, trench and Nazca
Plate (Kulm et al., 1973; Rosato, 1974; Prince et al.,

1974; Hussong et al., 1975; Masias, 1976; Prince and Kulm,
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1975; Kulm et al., 1975; Hussong et al., 1976; Kulm et al.,
1976, Coulbourn and Moberly, 1976; Schweller, 1976; Kulm
et al., 1977; Prince and Schweller, 1978; and others).

Imbricate thrusting in the Peru-Chile Trench and con-
tinental slope has been suggested from geological and geo-
physical studies. Kulm et al. (1973) and Prince and Kulm
(1975) used single channel airgun profiles and piston cores
to investigate a tholeiitic basalt ridge and suggested that
the ridge was formed by compressional forces in the Peru
Trench area. Based on multi-channel seismic reflection
data, Kulm et al. (1975) presented further evidence of
imbricate thrusting in the Peru continental slope. Addi-
tional work by Prince et al. (1974) and Prince and
Schweller (1978) studied possible recent reverse faulting
within the Peru-Chile Trench and between fault blocks of
the oceanic floor just seaward of the trench. Hussong et
al. (1975) suggested compressional faulting in the Nazca
Plate 250 km from the trench. Structural cross sections
of the basins of Peruvian and northern Chilean continental
margins shown by Masias (1976) and Coulbourn and Moberly
(1976) resemble those of arc-trench gaps. Here, the upper-
most reflectors are undeformed turbidites while deeper re-
flectors are generally inclined landward with dips and
deformation increasing with depth.

The crustal velocities and structures of the Peru con-

tinental margin, trench and part of the Nazca Plate
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displayed by Hussong et al. (1976) suggest that the rapidly
moving Nazca oceanic crust (10 cm/yr; Minster et al., 1974)
is thin and dense relative to other ocean basins. Struc-
ture and velocity distributions in the lower toe of the
continental slope suggest uplifted imbricate thrust sheets
containing cceanic sediments and rock. It was also found
that slope velocities and structures change laterally and
are interpreted as highly disrupted, downfaulted continental
rocks. The basement rocks of the continental shelf are less
faulted and covered with more than a kilometer of smoothly
stratified sediments.

Acquired in March 1972 by OSU and HIG was a 360 km

long seismic refraction and reflection, and gravity profile

located across the continental shelf and slope, trench, and
part of the Nazca Plate (Figure 1). The seismic refraction
profile was designated Line 18-19 and this designation will
be used for the seismic reflection and gravity profiles as
well. Line 18-19 lies between 8°26'S., 79°06'W. and
3¢52's,, 81°58'W. respectively. Other data gathered along
+he line include 3.5 kHz bathymetric profiles, a single
channel reflection profile to the trench axis from near
shore, and a multi-channel CDP reflection profile located
25 km to the north which was obtained under contract to
Seiscom-~Delta Corporation of Houston, Texas.

Hussong et al. (1976) reported a preliminary interpre-

tation of HIG refraction data along Line 18-19. The
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Figure 1. Location of seismic and gravity profiles at 9°S. Solid lines represent
Line 18-19. The dashed and dotted lines are the 1974 OSU and CDP-2
tracklines. Triangles symbolize satellite navigation fixes; circles
with dots and open circles are 0OSU sonobuoy deployment and HIG midship
sonobuoy positions respectively. Crossed circles are exploratory well
locations.



purpose of the present study is to determine a more
detailed crustal and subcrustal cross section along Line
18-19 from seismic refraction and reflection data from
both 0SU and HIG data files and‘gravity data from HIG. The
present study makes extensive use of secondary seismic
arrivals in the refraction data, well log velocities and
depths, near surface sediments structures and CDP velocity
data to obtain an integrated model of the continental

margin at 9°S.



SEISMIC RAY TRACE METHODS

Ray Tracing Methods

Conventional methods for the interpretation of refrac-
tion profiles work poorly in cases where subsurface struc-
tures change laterally along the profiles. A series of
computer programs were developed for this study which com-
pute and plot seismic reflection and refraction arrival
times and visually display ray paths traced through a given
and possibly complex model. This computer technique allows
the interpreter to develop complex geological structure to
match observed seismic refraction arrivals with those com-
puted from a tentative model, to use velocity and depth
information available from other data in order to compen-
sate for near surface structures which affect the determina-
tion of velocities and depths to deep structures, and to
model hypothetical cases in order to give a better under-
standing to the interpretation of seismic reflection and
refraction data.

The computer ray tracing method can be used either as
a forward modeling technique or in combination with conven-
tional data inversion methods. The following 1s a review
of ray tracing methods which have been described elsewhere.

Direct modeling techniques on a computer may be used

to overcome the drudgery of trial and error interpretation



encountered in indirect modeling and to improve the
accuracy of the end result. The methods of Scott (1973)
and Ocola (1972a, 1972b) are examples of raytracing used
with inversion techniques for seismic refraction data.

Both techniques are two-dimensional methods for determining
layer boundaries represented by low-order polynomial func-
tions of position where lateral homogeneity is required.
The modeling of more complex geological structures requires
a ray tracing method that allows for both vertical and
lateral inhomogeneity. An inverse modeling technique
called 'the delay-time-~function method’ (Morris, 1972) can
determine lateral changes in both structure and velocity.
The method assumes that the configuration of the boundary
between the upper model layers and a basal refractor can be
represented by a combination of polynomial functions and
Fourier series. However, a complete determination of com-
plex geological models is not possible because the method
only allows for lateral velocity variations in the basal
refractor.

The objective of ray tracing as a forward modeling
technique is to produce a theoretical travel time plot
which will coincide with an observed arrival plot. Fore-
ward modeling requires an a priori model which is most
easily developed through the use of standard data inversion
techniques. The initial model thus generated is usually

quite simple and must be refined through iteration by the
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interpreter before a final model is determined which
agrees best with the available data. The two main advan-
tages to a forward modeling technique are fewer restric-
tions on the model and the ability to use quantitative
information not available from seismic refraction or reflec-
tion data.

The forward modeling technique of seismic ray tracing
in laterally inhomogeneous media has been approached by
several authors. The methods of Yacoub et al. (1968),
Jacob (1970), Sorrels et al. (1971), and Shah (1973) use
velocity models comprised of constant velocity geological
units of arbitrary shape in either two or three dimensions.
The methods of Yacoub et al. (1968) and Jacob (1970) are
poorly suited for seismic refraction exploration because
provision is not made for the critically refracted ray
traveling along an interface (headwave). In a step towards
further complexity, Gerbrande (1976) traces rays through
models with two dimensional elements where velocity
gradients are permitted. Velocity gradient modeling
usually requires well control or very close shot spacing to
warrant its use.

The ray tracing technique developed for the analysis
of Line 18-19 seismic refraction and reflection data was
used on a Data General NOVA minicomputer. Computational
speed becomes very important when tracing ray paths in com-

plex geological structures. For this reason, a method
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similar to Sorrells et al. (1971) and Shah (1973) was
chosen because it is based on vector operations which are
computationally faster than similar methods based on numeri-
cal integration (Jacob, 1970) or transcendental functions

(Yacoub et al., 1968; Gerbrande, 1976).

Derivation of Equations

Computer program RAYTRACE (Appendix I) is based upon
the ray solution to the wave equation wherein the wave
equation is transformed to the eikonal equations whose
solutions are in terms of wave surfaces and ray paths
(Officer, 1958, pp. 37-47). Through the use of ray paths,
analysis techniques can be developed from the laws of
geometrical optics provided the seismic wavelength is
reasonably short in relation to the velocity gradients.
The ray path method is adequate except for problems which
involve diffraction effects including surface waves, inter-—
ference of waves, and the amplitude of wave motion (Grant
and West, 1965).

Despite the above problems, the laws of geometrical
optics form the basis upon which most seismic reflection
and refraction interpretation methods are based. The fol-
lowing derivation of equations for RAYTRACE is given with

this in mind.
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Basic Ray Tracing Equations

In this section one starts with the basic vector
equations of reflection and refraction at an interface and
derives the general refraction equation in terms of unit
vectors.

Consider the geometry in Figure 2. Let ﬁj+l specify
the unit vector normal to the (j+1)th interface. The inter-
face separates constant velocities Vj from Vj+l and may be
at any orientation. A ray specified by the unit vector ﬁj
is incident on the interface from the medium characterized
by the velocity Vj‘ At the interface, both reflection and
refraction may occur but refracted unit ray vectors orient
according to Snell's law. Consider first the reflected
unit ray vector §§ and its normal and tangential components

to the interface.

Let the incident and reflected unit vectors be given

as
~ N T .
o = N . 1
P PJ P] (1)
and
aY >rN >rT
. = p. + p. 2
Py = Py Py (2)
where N = normal and T = tangential components of
>N +rN
. = -pL . 3
P P (3)
Because vectors ﬁu, ﬁr and n. are coplanar then

J j Jj+l



j+l

*3)

Figure 2.

Geometry of reflection and refraction at a plane interface.

€T
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P:; = P . (4)

From equations (3) and (4) in (2), one obtains

AY >N T
. = -p. + P 5
2 Py + Pj (5)
or by adding (1) to (5)
AY ~ >N
. = s T 2 . . 6
Py = Pj P (6)
Equation (6) may be written as
>N ~ A A
Py = Py Dyp)yn 7
or
AT _ A 2(5 - A.. A (8)
Py 7 P B AR L

Equation (8) represents a reflection vector in a medium
with a velocity Vj. Therefore the reflection vector for a

medium with velocity Vj+l can be represented by,

Ar _ A - A . A A
Piyp = Pjy1 ~ 2(Py * Rypp)Pyyeq - (8a)

Now let ﬁj

+] represent the refracted ray in medium j+1
~ _ N ->T
Py+1 = Py41 ¥ Py (9)

Snell's law states that

sianj _ Sln¢j+l .
v . - v . ( 0)
J J+

1
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where ¢j is the angle of incidence and ¢j+l is the angle of

refraction. Since

>T
P-
sing, = = ‘5?’ (1la)
J 5" J
J
and
ET
. _ j+1 >T
s1n¢j+l = L= = 'pj+l' (11b)
P-=
J
then
V.
>T _ +1 [>T
. . . >T >T
and since the directions of pj and pj+l are the same,
> Vil »r
= 25= 5 . (12)

Pyy1 V] Py

Now consider the relationship for the normal components of

the incident and refracted rays. Given the equations

EN
_ j+1| _ |=»N

cos¢j+l = L 'pj+l' (13a)

D.

J

BN
cosd. = 4= = !EN} , (13b)

i 5. ]
J
whereby the expansion of (1l3a) results in
>N _ a2 %

'pj+l' = [1 sin ¢j+l] (13c)
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and

™

. 2 .2
sin“¢. sin“¢.
23+l — - sin2¢j (13d)
sin ¢j sin ¢j+l

-+N
!pjﬂ,

and finally through the use of Snell's law from (10) and a

familiar trigonometric identity one obtains

V. V. 213
>N _ +1 2 )
D ‘ = +—37= | (cos“d. - 1) + . (13e)
! j+1 Vj [ J Vj+l ]

Substitution of (13b) into (13e) gives

v, v. \2 3
>N _ j+l >N |2 j _
!pj+l| = % Vj Dpj.' + Vj+l> ]] (13f)

and by rearrangement of (13f) we see that the normal com-
ponents are not linearly related to each other as are the
tangential components of the incident and refracted rays of

equation (12)

2 2%
v, R A
EN S a2 ‘§N 2 _ J+L  J | 3. . (13)
j+1 V. | V2 j+1
J j+1
Rearrangement of (1) gives
->T ~ -N
" = p. = D, 14
Pj Pj Pj (14)
and from (9) and (12) one forms
~ _ >N + (A _ +N) Yl{-i (15)
Pyy1 = P41 T Py 7 Pyl 7

J
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By substitution of (13) and (7) into (15), the refracted

unit vector may be derived,

2 %
ST [ L Wl P
j+l v Jj V2 j+1l
3 j+1
~ ~ -~ -~ +1
(P - (ps * n._ ,)n., .) (l6a)
3 Jj j+17 7 5+1 v.
J
and by rearrangement forms
ST Lo N A P 22 -
Pi+r 7 7, Y P37 [P T Pye | Py
J
hy
2, - v
Jr- ] n
V2 nj+l (16b)
j+1
which may be written as
-~ Vn|+l A _ A~ ~ —- (A ﬁ )2_
Pi+1 T 7 i Py " Rypy + | Py j+1
J
V2, - v?
| [Py (16)
Vj+1

The choice of sign in (16) is determined from the sign of

the inner product, ﬁj . ﬁj+l'
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Ray Path-Length Equations

In this section one starts with the basic ray path-
length equations and derives the general equations for
computing the distance traveled by a ray through a multi-

layered model. From the geometry of Figure 3 one can write

D = hk + M (17)
and
A+ D=nh( -k (18)
where
B = ,B D . (19)
Since
AeB-|Bla- B (20a)
then
lﬁl - E-‘g*—éi . (20)
The travel time for this path is
T = %?ﬁ‘——g% . (21)

According to Figure 4 it is seen for j=1 that

D, = h R + M, - D

1 2 2 (22a)

0

and



P
—
)

(O,h
\

Figure 3. Geometry for the calculation of the length of the ray path between two
plane interfaces.

— >

6T
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D = - — (22b)
Ny * Py
Similarly for j = 2 one obtains
~ A - -
n, * (hyk - (D, + D;))
,32| = 3 = 0 (22¢)
N3 * P

By induction, the general formula for the ray path length in

jth layer is

= (22)

where BO’ the initial path, is calculated separately. The

->
ID.I
T, = . (23)
Vs
J

The total vector distance from origin to the (j+l)th inter-

time traveled is given by

face is given by

.= 1 B, . (24)
I g20 *
The total time for (24) is
;|
rj=§ A (25)
2=0 VQ

Equations (24) and (25) are used whenever
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~

Ny p. £ 0 . (26)

J

Rays satisfying equation (26) are called "downgoing" with
respect to the (j+l)th interface. Consider a ray in Figure

4 originating from 6 on the 2th interface such that
AL e D 2>
n, P, 2 0 . (27)

Rays satisfying equation (27) are called "upgoing" with
respect to the 2th interface.

Next consider the ray BE which is an "upgoing" ray (see
Figure 4). The ray is assumed to start at a point on the

2th interface specified by radius vector 6. One has

> _ > >Uu
My = (hy,y - hpk + M, + Dy (28a)
or
> -2 A
Mg = Q = hy gk (28b)
and
Fu & >
D) = h,k 3 + M, . (28c)
Now if the inner product is taken with ﬁz one obtains
n, * B, Bg' =n, + (hk-Q (284d)
and therefore
n, * (h,k - Q)
IBE, =2 2 i (28e)
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The geometry of refraction through several
plane dipping layers.




Likewise one obtains

The general formula for computing the "upgoing" path

lengths is then

where j 2 1.

The travel time is given by

>U
u DZ-
T . =
-3 v
2-3

Critical Refraction
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(28f)

(28)

(29)

In this section the equations necessary for the compu-

+ation of travel times and distances associated with a

critically refracted ray path are derived in vector

notation.

The condition for critical refraction is

Ve

sin¢2 =

V2+l

where ¢£ is the angle of incidence.

(30)
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Equation (30) can be written as

2 2
(“ - n )2 = X&i&___X& (31)
Py 2+1 ) .
241

The initial ray which will produce the incidence ray 5% must
be found by numerical methods which are discussed in Appen-
dix I. The unit vector in the direction of the ray after
critical refraction is derived by substituting (31) into

equation (16), so that

Vo+1

Porr =, (Po 7 (P ® mpyp)ngyy) (32)
2

The ray path of the critically refracted ray is given by

> ~
Dot1 = TPo4q (33)

where r is a scalar denoting the path length along the
interface. The returning segment of the ray path is found

through the use of equation (28) with 6 defined as

-
g T Dosr (34)

where gz is the radius vector from the origin to the point

of critical refraction on the £th interface.
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Examples of Ray Trace Modeling

The construction of a velocity model by ray tracing,
like any indirect interpretation method, requires a degree
of skill and judgment which can only be acquired by ex-
perience. A number of interpretative aids were devised to
simplify the procedure and these include visual plots of
the ray paths through the model and theoretical travel time
plots from a test model. Other options incorporated the
choice to specify ray traces from one or more individual
layers for any shot point location and a simple procedure
to change the velocity or shape of the model.

Figures 5a to 5b illustrate these interpretation
criteria. The geological model in Figure 5b represents a
hypothetical case for a simple plane dipping layer of velo-
city 6 km/sec overlain by a 4 km/sec layer. Both layers
are intersected by a 4.8 km/sec dike intrusion which has
been displaced to the right across the plane dipping inter-
face. Although surface shot points are located at both
2ands of this model, they could have been located anywhere
on or within the model. Figure 5c¢ represents the computer
velocity model required by computer program RAYTRACE which
requires the division of areas into quadralateral cells of
constant velocity. The travel time plot in Figure 5a shows
the compressional wave direct arrivals and the reflected

and critically refracted arrivals from the plane dipping

layer interface. Some of the reflected and refracted ray
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Figure 5. Model example for program RAYTRACE. Figure A represents
the travel time curves where D = direct, R = reflected,
and G = headwave refracted arrivals. Fiqure B represents
the geological model and Figure C is the computer model.
Figures D through G are examples of reflected and refract-
ed ray paths.
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paths are traced in Figures 54 to 5g. In the headwave re-
fraction case in Figure 5e, the intrusion produces a shadow
zone because in the center of the model rays going upward
from the lower interface have exceeded the critical angle
before entering the intrusion from the left, while those
entering the intrusion from below are refracted to the
right because of the velocity inversion. This visualiza-
tion of the rays can be both instructive and useful in the
iteration of the structure to produce agreement with the
observed arrivals. A specific example of this is the esti-
mation of horizontal offset distances of rays returning to
the upper surface of a model from a headwave refractor.
Once it is apparent that such an offset exists, an inter-
preter can modify a specific section of layer interface to
match a time advancement or delay observed in a travel time

curve by computation from the formula

Az = n At

where Az is the interface displacement, At is the arrival

time difference, and Vn—l’ Vn are the velocities above and
below the layer interface respectively (Pakiser and Black,
1957) .

During the interpretation of seismic refraction data

of Line 18-19, it was instructive to develop simple

velocity—-depth models and their respective travel time
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curves to serve as examples. Illustrated in Figures 6a
through 6f are some of the travel time curves produced by
ray tracing. The dimensions and velocities of these models
represent variations of possible cases that might be
observed on the ccntinental shelf at 9°S. To simplify
interpretation, the water layer has been removed. Figure
6a is a model of 4.5 km/sec half-space velocity overlain by
a 2.5 km/sec layer and its corresponding travel time plot.
Five variations applied to this model are illustrated in
Figures 6b through 6f.

Figure 6b represents the simple case of a plane dipping
layer and its corresponding travel time plot. The indica-
tion of a plane dipping layer is the later intercept time
and higher updip apparent velocity as compared with the
lower downdip apparent velocity of waves refracted from the
same interface. Figure 6c demonstrates the effect of a dip
change midway between shot points. Although there is a dif-
ference in intercept times, which suggests depth differences
under each shot point, the major differences occurs in the
change in apparent velocities midway between shot points.
Both sets of refracted arrivals appear to bend upward rather
than downward as would be expected for a multilayered case.
It is important to stress the necessity for shooting in
opposite directions.

Figures 6d through 6f deal with lateral variations in

the half-space velocity. An important aspect is the change
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for refracted arrivals.
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in apparent velocity across each model which produces a
set of refracted arrivals whose apparent velocity decreases
with distance. This is a diagnostic feature in the analy-
sis of seismic refraction records where lateral velocity
variations exist. Finding lateral velocity variations in
marine refraction data is often difficult due to incom-
pletely reversed lines caused by sonobuoy drift and ship
navigation error. For this reason it is common to deter-
mine an approximate solution for the structure by a delay-
time method (Gardner, 1939; Pakiser and Black, 1957) before
attempting lateral velocity determinations (Morris, 1972).
The complication of combined structure and lateral velocity

variations is demonstrated in Figures 6e and 6f.
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| SEISMIC MODEL

Refraction Line 18-19

The eleven-station seismic refraction profile shown in
Figure 1 is an adaptation of the land seismic method of
shooting overlapping refraction lines. Line 18-19 used
more than 400 explosive charges over a profile length which
exceeds 360 km. A description of the method and instruments

used is given in the next section.

Method and Instrumentation

The marine seismic refraction method for this experi-
ment used single receivers and moving shot points. Stan-

dard military sonobuoys of the type AN/SSQ-41A were seismic

detectors for Line 18-19. Each sonobuoy was mecdified to
provide a longer lifetime for long seismic refraction pro-
files by substituting a dry cell battery pack for the sea-
| water battery. Sonic information detected by 4 hydrophones
deployed 18 meters below the surface was transmitted from
the sonobuoy to the ship by a frequency modulated trans-
mitter in the frequency band of 162 to 174 MHz. The sonic
response of the sonobuoy increases at about 5 db/octave in
the frequency range from 1 tc 1000 Hz. The transmitted
signal was received on a modified police band receiver,
amplified, bandpass filtered and recorded at 50 mm/sec on

an oscillographic camera. The recorded traces included

k
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high frequency, low frequency and unfiltered sonobuoy sig-
nals, clock channel and signal from the streamer which was
used to detect the shot break.

The R/V Yaquina from Oregon State University and the
R/V Kana Keoki from Hawaii Institute of Geophysics were the
shooting ships for refraction Line 18-19. Both shooting
ships used canned Nitromon as the chemical explosive with
shot sizes varying from 1 to 200 pounds. Sonobuoys were
deployed approximately every 30 km by the R/V Yaquina which
acted as the lead ship. At the start of the line, the lead
ship deployed a sonobuoy and began shooting to the west at
three minute intervals. After a suitable interval, the R/V
Kana Keoki, acting as the trailing ship 40 to 50 km behind,

began to shoot and both ships alternated shots which were

set off at three minute intervals. The combined refraction
data from both ships produced reversed refraction lines be-
cause their tracklines were nearly identical (Figure 1).
The maximum sonobuoy to ship distance was typically greater
han 70 km and thus the profiles overlapped. This large
distance was obtained by reception of the sonobuoy on the
lead ship until the sonobuoy was about 30 km astern, at
which time the sonobuoy was within telemetry range of the
second ship which would then receive signals from the sono-
buoy as the ship approached and passed it. The second ship
continued to receive the sonobuoy until it was at least 30

km astern.

O
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The position accuracy of marine seismic refraction
profiles depends upcen the errors in navigation of the shoot-
ing ship and the location of the sonobuoys (Sheriff, 1967).
Unlike geophone strings used on land, sonobuoys are free to
drift and thus require special techniques for accurate
location. Both research vessels were navigated by satel-
lite navigation fixes and by dead reckoning between fixes.

Radial distances from each shot point to the sonobuoy
were computed from the corrected direct wave travel time
and an assumed water velocity of 1.5 km/sec. An estimate of
a sonobuoy location was determined by swinging arcs from
alternating east and west shot points. The failure of the

arcs to intersect gives an indication in the location error

for both ships combined. The RMS error for sonobuoy loca-
tion by both ships is approximately 110 meters in the dis-
tance range 10 to 25 km. The error was smaller for dis-
tances less than 10 km. At distances greater than 25 km it
was necessary to extrapolate rather than observe a direct

arrival time.

Initial Data Reduction Methods

Arrival times were chosen on the basis of changes in
amplitude, period and wave shape. Visual correlation of the
traces with different band pass recordings on each seismo-

gram also helped in determining first and secondary

O
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arrivals. Composite record sections were not constructed
because it would have required hand-tracing over 1200
seismograms. Instead, a visual correlation of phases from
seismogram to seismogram was performed by laying 4 to 5
sequential seismograms side by side. This permitted pick-
ing arrivals according to similarity of wave shape and the
line-up of arrivals when hand-plotted on a preliminary
time~-distance plot. Corrections were made for depth of
charge at time of detonation and to a surface datum.Compu-
ter generated time distance (T-X) plots of the fully cor-
rected data were used in the model interpretations. In
addition to the normal T-X plots, reduced T-X plots formed
by subtracting the shot distance divided by 6.0 km/sec from
each arrival time were used for sonobuoys 10 through 15.

Interpretations were made of the reversed and split
spread profiles in terms of plane dipping layers by the
methods of Adachi (1954) and Johnson (1976) . These methods
relate observed apparent velocities and intercept times to
true velocities and layer thicknesses. Straight line fits
to the observed arrival times was performed by eye except
for sonobuoys 10 through 15 where the method of Steinhart
and Meyer (1961) was used. This method fits least squares
lines to the refracted arrivals of both profiles simul-
taneously while restraining the endpoints in order to

satisfy reciprocity.
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The purpose of the preliminary velocity and depth
analysis is to develop an initial two-dimensional velocity
model for ray tracing. The ray tracing technique then is
used to improve the agreement between calculated and
observed arrival times by making small changes to the
structural model or to the velocities.

Confusion of P-wave with Sv-waves is a possible problem
in seismogram analysis, especially in shallow water. A set
of P-wave arrivals can be followed across a record section
after they have been superseded by the next set of yet
faster P-wave arrivals. Sv—waves in the low velocity sedi-
ments have been observed occasionally in shallow water but
have not been reported in deep-water measurements (Ewing,
1963) . According to Houtz et al. (1968) shear waves from
the oceanic layer (Layer 3) are not recorded where thick
sediment cover occurs and may be due to higher sediment
velocities at the sediment-basement interface, where the
conversion from P to Sv waves occurs. The increase in the
sediment-basement velocity ratio would decrease the shear
wave amplitude. Data from Houtz et al. (1968) for the
North Atlantic shows that shear waves are not observed when
the sediment-basement velocity ratio is greater than 0.42.
Tf Poisson's ratio is 0.25 in the basement layer then the
shear wave velocity will range from 216 to 3.2 km/sec, cor-
responding to basement P-wave velocities of 4.5 to 5.5 km/

sec. If the velocity of the sediment immediately above
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basement is 3.0 km/sec, then either no basement shear wave
refraction can occur or they occur only at great distances
from the shot point. Due to the high sediment-basement
velocity ratios observed in the shallow-water profiles
along Line 18-19, one concludes that no Sv~waves were con-

fused with P-wave arrivals.

Seismic Reflection Data

Both OSU and HIG obtained a number of single channel
airgun reflection profiles along Line 18-19 in 1972.

Figure 7 shows the OSU airgun profile for the continental
shelf and part of the slope. The seismic sources were twin
40 cu. in. airguns and the streamer signal was band pass
filtered in the range 30 to 160 Hz before display on a
graphic recorder. A later airgun profile with a more ex-
panded horizontal scale and better shelf and slope resolu-
tion was obtained from the R/V Yaquina in 1974 using twin 40
cu. in. airguns. Part of this profile is shown in Figures 8
and 9. A 3.5 kHz bathymetric profile obtained in 1972 also
shows sub-bottom sediment resolution (Figure 10).

A 24-channel CDP digital seismic reflection line 100 km
long crosses the Peru-Chile Trench at approximately 9°10'S.
The profile line, called CDP-2, covers the continental slope
and trench, parallels seismic refraction Line 18-19 and
lies 25 km to the north (Figure 1). The data was acquired

and processed by the Seiscom-Delta Corporation of Houston,

O
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tinental shelf near sonocbuoy 5. Seismic pro-
files illustrate angular unconformities near 57
and 63 km. The lower diagram was simulated by
program RAYGUN to match the seismic profile.
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Texas, under contract to OSU and HIG for the Nazca Plate
Project under the I.D.O.E. Initially the data was pro-
cessed to produce 1200% stacked time sections (for method
see Mayne, 1962). Processing also included the computed
average and interval velocities and the velocity spectra.
The CDP data was later reprocessed by Exxon Production Re-
search of Houston, Texas to produce a depth section (Figure
11).

The airgun profiles provided supplementary structural
control for surface sediments not detected by seismic re-
fraction methods. A velocity estimation from the CDP velo-
city analysis and from Johnson et al. (1975) was used to
compute a velocity-depth model for the structures seen in
the airgun profiles. Subprogram RAYGUN (see Appendix I)
produces a time section from a velocity-depth model and a
comparison is made to the original airgun profile as shown
in Figure 9. Further depth modification can be made to the
model until the synthetic and observed time sections match.
*n a similar manner, sedimentary structure of the upper con-
~inental slope and trench from reflection profiles was

incorporated into the refraction velocity-depth models.

Ray Trace Models

The ray trace technique was used to develop a velocity-
depth model of the continental margin, trench, and Nazca

Plate at 9°S. to match observed refraction data. In
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addition, airgun profile records, velocity analysis of the
CDP records and oil well velocity logs were incorporated
in the model to supplement seismic refraction data
especially where it was poor or sparse. The model of the
continental margin is divided into four sections: continen-
tal shelf (Figures 12 and 13); continental slope (Figure
14); trench area (Figure 15); and Nazca Plate (Figure 16).

Ray trace travel time curves for P-waves are shown on
each figure as solid lines for headwave refractions and
dashed lines for layer reflections which are superimposed
on observed arrivals. Located beneath each data plot is a
ray trace velocity-depth model with 3:1 vertical exaggera-
tion. Assumed velocities are given in parentheses. Seismic
refraction interfaces are drawn as heavy solid lines while
assumed interfaces or those derived from reflections only
are represented with heavy dashed lines. The vertical
heavy dashed lines represent lateral velocity changes. The
water thickness was obtained from bathymetry in corrected
meters.

On each figure R represents a single reflection arrival
and G represents a refraction arrival. The subscripts 1,2,
3,... number the sub-bottom layers (the water layer is not
counted) so that a reflection from the top layer 2 would be
written R,. The same numbering system applies to headwave
refractions which travel along the upper interface of each

layer.
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Continental Shelf

Figures 12 and 13 show the seismic refraction data
interpretation and ray trace model for the continental
shelf. The shelf model has been divided into eastern
(Figure 12) and western (Figure 13) sections. The inter-
pretation of both sections suggest a sedimentary basin
overlying a hard rock basement. Sub-structure was modeled
as three sedimentary layers overlying a two-layer rock
basement. The upper sediment layer has a velocity of 1.7
km/sec based on arrivals Gl which were read from the
seismograms before the onset of high amplitude bottom
reflections. Refracted arrivals from a 1.9 km/sec layer
are clearly seen in profiles extending to the west. The
shape of the upper surface to the 1.9 km/sec layer is
slightly curved on the basis of arrivals G, cbserved from
sonobuoys 2 and 5. The 2.3 to 2.55 km/sec layer was
modeled from arrivals G3 detected at short ranges from
sonobuoys 2, 3 and 5. At greater distances the attenua-
tion of seismic energy by the sediments (Hamilton, 1974)
probably accounts for the small number of G3 arrivals
observed. An angular unconformity observed at 63 km pro-
file (Figure 9) was an additional constraint to the shape
of the eastern sedimentary basin near sonobuoy 5. As shown
in Figure 9, layer interfaces identified with the upper
surfaces of the 1.7, 1.9 and 2.3 km/sec layers were modeled

by subprogram RAYGUN (Appendix I) to produce a time section
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Figure 13. Seismic refraction data interpretation and ray
trace model for the western continental shelf
and upper slope. See Figure 12 for explanation
of symbols. Delfin and Bellena are exploratory
wells drilled to basement.
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closely matching the observed airgun profile.

Layer 4 is divided into a faster western structure
(5.7 to 5.9 km/sec) related to the outer continental shelf
high, abutting a slower (4.55 to 5.15 km/sec) eastern
structure. The velocity below both structures increases to
the west from 6.6 to 7.2 km/sec (G5 arrivals). The arrivals
associated with layer L4-5 (Figure 12) are detected only in
an eastern travel time branch (G4_5) of sonobuoy 5. A large
number of models were investigated by ray trace modeling and
it was determined that the 5.7 km/sec wedge-shaped struc-
ture shown gave the best fit to the arrivals.

The model of the western section of the continental
shelf (Figure 13) consists of a multilayered sedimentary
basin overlying a two-layer rock basement. Exploratory oil
wells Bellena 8-1 and Delfin 20X~1 provided velocity and
depth to basement control for the western section.

Modeling of the sedimentary layers between sonobuoys 5
and 6 was limited mostly to arrivals detected at short
ranges. Correct location of layer interfaces between these
sonobuoys was achieved by correlation of sonic (velocity)
logs of the two exploratory wells (proprietary informa-
tion). Some near-surface indications of the 3.0 km/sec
structure between 105 and 115 km can be seen on the tracing
of the reflection profile shown in Figure 8.

The upper surface of the basement structure of the

western section is based upon a well-defined set of first
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arrivals (GS’ 5.0 to 5.65 km/sec) seen in Figure 13. The
depth to basement at exploratory well Bellena 8-1 was 0.98
km below sea level. Sonic logging at this well provided an
average sediment velocity of 2.7 km/sec immediately over-
lying a quartz biotite gneiss basement with a velocity of
5.65 km/sec. The depth to basement at exploratory well
Delfin 20X-1 was 2.65 km below sea level. Sonic logging
indicated a basement velocity of 4.8 km/sec in a highly
slickensided and fractured dark gray phyllite. With this
information, the sediment-basement interface was modeled
using first arrivals detected by sonobuoys 5, 6 and 7. An
improved fit to the observed arrivals was achieved when a
basement velocity of 5.0 km/sec was used west of the Delfin
well.

A western extension of the 7.2 km/sec interface
observed east of sonobuoy 5 was modeled for reflected
arrivals. Due to a limited number of arrivals caused by
several explosive misfires, the presence of the 7.2 km/sec
interface west of sonobuoy 5 was not well established.
Modeling indicated that this interface (using an assumed

velocity of 6 km/sec) does not exist farther to the west.

Continental Slope

Figure 14 shows the seismic refraction data interpreta-
tion and ray trace model for the continental slope. Two

reversed refraction profiles, each 30 km long, were
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originally intended for this area. Instead, a 56 km long
profile was obtained between sonobuoys 7 and 9 because the
middle sonobuoy (number 8, now shown) malfunctioned during
the shooting. A combination of the longer profile, fre-
quent explosive charge misfires and severe topography made
interpretation of the data difficult.

The 1.7 km/sec layer in Figure 14 was not observed in
the refraction data (Gl) but a sedimentary layer overlying
an acoustic basement was observed for this area in the 1974
airgun profile (Figure 8). The distance from sea floor to
acoustic basement was modeled by computer program RAYGUN
(Appendix I) and the results were incorporated in the ray
trace model of the continental slope. A poorly observed
2.25 km/sec layer (interval velocity verified from CDP
data) was used to model the velocity medium (G2 arrivals)
between the acoustic basement and a 3.6 km/sec refracting
horizon. Between 130 and 145 km in Figure 14 are a series
of arrivals located between those arriving for the 3.6 km/
sec (G3) and 5.0 km/sec (G4) refractors. The arrivals may
correspond to a refracting layer located in the upper slope.
This interface was not modeled because of insufficient data
from the reverse line. Between sonobuoys 7 and 9, the
majority of refracted first arrivals (GS) are from a 5.6
km/sec basal refractor that appears to define the core of

the continental slope.
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Hyperbolas for reflections R6 and R7 (Figure 14) from
the major upper layers of the descending Nazca Plate were
modeled in the data. A velocity of 5.65 km/sec was assumed
for the top layer in order to produce a reflecting surface
at L6. The surface at L7 was extrapolated from a similar
interface located in the Nazca Plate model (Figures 15 and
16). The Moho interface reflections were not modeled due
to its extreme depth. The absence of reflected energy at

hyperbolas R6 and R7 will be addressed in the discussion.

Trench Area

Figure 15 shows the interpretation of the seismic
refraction data and raytrace model for the Peru-Chile
Trench and part of the Nazca Plate. The velocity-depth
model divides into an eastern section (sonobuoys 9 and 10)
related to the tectonics of the trench and a western sec-
tion (sonobuoys 10 and 12) related to the Nazca Plate.

The eastern area in Figure 15 represents a model based
ypon an assumed and partially observed upper section
{velocities 1.7 to 3.6 km/sec) overlying an observed
crustal plate section (velocities 5.55 to 8.2 km/sec) . The
dimensions and shape of the sedimentary basin (1.7 to 1.9
km/sec layers) located within the trench are modeled from a
1972 airgun profile (Figure 20 of Prince, 1974) located at
a trench crossing 5 km to the south of Line 18-19. Kulm

et al. (1974) reported the trench fill in this area to be
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composed of turbidites. Velocities of 1.7 to 1.9 km/sec
from Hamilton et al. (1974) were used to model the tur-
bidite fill. Due to several misfires of explosives at
short distances, it was not possible to analyze the sono-
buoy 9 data to the west for the velocity and structure
above the 5.55 km/sec layer. A velocity of 2.0 km/sec
assumed for the first layer and velocities 2.25 and 3.6 km/
sec were extrapolated from values observed on the slope.
The velocities associated with the ridge in the trench
(centered around 192 km in Figure 15) are based on the CDP
interval velocities calculated for this structure. The
effect of the ridge structure on deeper layer arrivals is
clearly seen on sonobuoys 9 and 10 in Figure 15 where
arrival time advancements of up to 0.3 sec are produced.

An overall deficiency of well defined arrivals for the 1.7
to 3.6 km/sec layers indicates a poorly defined upper struc-
ture for the descending plate and slope base.

Between sonobuoys 9 and 10, the majority of refracted
first arrivals (G4) are from the 5.55 km/sec upper surface
of the descending Nazca Plate. The arrivals labeled G5 are
from a 7.3 km/sec interface located within the plate. Moho
arrivals labeled G, are also detected in the eastern sec-
tion.

The western section in Figure 15 represents the
eastern Nazca Plate prior to subduction. As discussed

earlier, refracted arrivals (Gl) of the upper sediment
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layer are usually not detected in deep ocean seismic
refraction records. An assumed velocity of 1.7 km/sec was
used to model the sediment layer and is assumed to extend
from the sea floor to the first basement layer.

Although not reproduced here, reduced travel time
plots were used to expand the time scale and separate
arrival times observed for the western section in Figure
15. The ridge structure made it possible to ray trace the
5.2 and 5.7 km/sec layers into the trench area. The 5.55
km/sec layer in the trench is probably a composite of the
5.2, 5.7 and 6.0 km/sec layers observed between sonobuoy
10 and 12. The shallowing of the upper surfaces of the 7.5
km/sec layer and 8.2 km/sec Moho interface may be related

to the tectonics of the descending plate.

Nazca Plate Near the Trench

Figure 16 displays the data and model of the Nazca
Plate near the trench. The velocity and structure of this
120 km-long crustal section is based on observed arrivals
of sonobuoys 12, 13, 14, and 15.

The sub-bottom model in Figure 16 consists of 5 layers
overlying an upper mantle of uniform velocity (8.2 km/sec).
Using an assumed velocity of 1.7 km/sec, the thickness of
the sediment layer(0.15 to 0.21 km) was computed by the
method given earlier. The thickness agrees with a sediment

isopac map of the Nazca Plate (HIG, 1977, unpublished map)



[e2]

54

FAY
#

SBI2
N R,
.

\\\\\*~— R

‘,‘_,_,,ﬁ_‘_,_‘gg
NNEEE
§

360 340

360

300 280 240

KM.
Figure 16. Seismic refraction data interpretation and ray
trace model for the Nazca Plate. See Figure 12
for explanation of symbols.



55
and with DSDP SITE 320 where 155 m of sediment overlie a
basalt basement (Yeats et al., 1976).

Due to the small variation in apparent velocities and
data scatter and also perhaps due to the homogeneous nature
of the material, a much simpler model evolved on the plate
than on the shelf and slope. A model with relatively con-
stant layer velocities satisfied observed variations in the
layer interfaces. The model in Figure 16 shows a uniform
thickness in the 5.0 and 5.6 to 5.7 km/sec layers west of
275 km, Eastward of this location the 5.0 km/sec layer
thins censiderably and the 5.7 km/sec layer lies closer to
the sea floor. The thickness of the 6.3 km/sec layer tapers
from 3 km to 0.5 km from east to west. The opposite taper-
ing occurs fer the 7.4 km/sec layer (2.3 km to 3.5 km from
east to west) so that the overall crustal thickness is
relatively uniform (approximately 5.8 km, not including

water layer). The depth of the Moho interface varies not

more than *0.5 km from 10.5 km for the 120 km long model.
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GRAVITY MODEL

Gravity Measurements

The trackline map in Figure 1 shows the location of
gravity measurements used for modeling the crustal section
shown in Figure 17. Gravity measurements were obtained by
surface ship gravity meters on board the R/V Yaquina (0OSU)
and R/V Kana Keoki (HIG), during the acquisition of seismic
refraction Line 18-19. Due to more extensive coverage, the
gravity record obtained by the R/V Kana Keoki was used in
the crustal modeling. The land gravity data was obtained
from the Defense Mapping Agency Aerospace Center in St.
Louis, Mo.

The gravity data acquisition system aboard the R/V
Kana Keoki included LaCoste and Romberg surface ship
gravity meter $-33 which includes a stable platform and an
analog recording system. Real-time on board signal proces-
sing used three 20 second analog filters and an analog fil-
ter with a 15 minute delay for the recorder producing a
spatial sampling interval of 4.6 km for the ship's speed of
10 knots.

While in port at Callao, Peru, an absolute reference
for the ship's gravity meter was obtained by using a porta-
ble land gravity meter to measure the difference between the

acceleration of gravity at the ship's meter and at the
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nearby International Gravity Base Station (Woollard and
Rose, 1963). The gravity value given by Woollard of
978.3127 gals (1l gal =1 cm/secz) for IGBS WH1068 was
adjusted to 978.2982 gals due to a 1967 modification of the
accepted gravity value on a pier in the basement of the
Commerce Building, Washington, D.C. that was reset from
980.1188 gals (to which Woollard's work is referenced) to
980.10429 gals.

Calculation of the free air anomaly from the observed

gravity is given by the equation
9g = g + 0.3086h - y(mgal)

where I is the free air anomaly and g is the observed or
measured gravity value. The free air correction (0.3086h)
corrects for changes in gravity due to elevation differences
h between the observation point and the spheroid. For sea
level measurements the free air correction is zero.
Theoretical Gravity was computed using the 1967 Gravity

Formula,
Yy = 978031.85 (1 + 0.005278895sin2¢ + 0.00002346251n4¢) mgai

where ¢ is the latitude of the measurement and vy is

expressed in milligals (mgal).
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Gravity Modeling

Crustal sections are computed following the line
integral method of Talwani (Talwani et al., 1959) as
adapted by Gemperle (1970, 1975). The method is based on
an assumption that structures are two-dimensional and in-
finite in extent in each direction normal to a given pro-
file. Line 18-19 is normal to structures which parallel
the margin so that the two-dimensional requirement is
satisfied. Only the vertical component of gravity is com-
puted from the gravity model.

The crustal and subcrustal model in Figure 17 extends
to a depth of 70 km and, to avoid edge effects, extends a
large distance to each side of the central area which con-
tains the structure of interest. Subtraction of the gravita-
tional attraction of a standard mass column corresponding to
zero free air gravity from the gravitational attraction com-
puted for a point on the model yields the free air anomaly
value for that point. The mass column gravity value of
9223.6 mgal for the model in Figure 17 is calculated from
a mass column created by extending the mantle layer of the

mass column given by Barday (1974) by an additional 20 km.

Crustal and Subcrustal Gravity Model

Figure 18 repeats the velocity-depth model determined
above by ray tracing. Illustrated in Figure 19 is a simpli-

fied version of the velocity-depth model in Figure 18 which
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includes the velocities used to estimate densities. For
model distances west of 0 km the velocities in Figure 19
were used to constrain the initial density values obtained
from the Ludwig, Nafe and Drake {1970) curve which relates
seismic velocity to density. With few exceptions, the
layer boundaries in Figure 17 were never moved during the
gravity modeling. The exceptions to this layer boundary
control are the Moho interface and the upper interface of
the 7.5 km/sec layer east of 210 km and near surface layer
boundaries between 115 and 120 km. The densities, on the
other hand, were varied slightly from the initial wvalues in
order to fit the calculated model gravity to the observed
gravity.

Land gravity control is based upon two coastal gravity
values obtained from the Defense Mapping Agency and values
obtained from a bouguer gravity anomaly map of South
America (Technical Paper No. 73-2, DMAAC).

Except for the topography and some surface geology
information, the layer boundaries of the gravity model are
wot constrained east of 0 km. The elevations were obtained
from Air Force chart ONC N-25, 2nd edition (1973) which was
contoured at 1000 foot intervals. Use of the exact eleva-
tion given for each chosen land gravity station eliminated
any error (approximately 0.1 mgal/meter) that would arise
from an elevation difference between the model cross sec-

tion and the gravity station.
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Seismic refraction Line 20-21 (Hussong et al., 1976)
which is located 7 km north of Line 18-19 and parallel to
the coast of Peru forms the initial boundary control for
the subcrustal layers located near 10 km in Figure 17. Be-
sides this line, there is no refraction control close to
the crustal section along Line 18-19. For this reason
densities and approximate layer thicknesses were obtained
from crustal and subcrustal cross sections of southern Peru
by Whitsett (1976). The depth to Moho under the Andes has
been found tc decrease from 70 km under the western Cordil-
lera and western Altiplano region at 15°S. (James, 1971) to
45 km under the Cordillera Central at 1°N. (Case et al.,
1973). Based on this information, the depth to Moho was
modeled at 53 km. This is in general agreement with the
maximum depth-to-Moho trends of Whitsett (1976) who modeled
Moho depths of 67 km at 16.5°S. and 60 km at 14°S.

The model of the upper crustal regicn under the con-
tinental shelf combines seismic refraction, gravity and
ienlogical information. The eastern sedimentary basin of
he continental shelf is represented by a three layer
sequence of increasing density from 1.8 to 2.1 g/cm3. The
underlying block of 2.65 g/cm3 was extended onshore where
Cretaceous pillow lavas, cherts and pyroclastics are mapped
on the Geological Map of the Western Cordillera of Northern
Peru (Anonymous, 1973). The upward extension of the large

block of 3.0 g/cm3 lower crustal material to the bottom of
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the 2.65 g/cm3 layer was necessary in order to obtain the
positive gravity anomaly of 50 to 70 mgal observed in this
area. The upper surface of the 3.0 g/cm3 block lies 3.5 km
higher than a similar interface detected by Line 20-21
(Hussong et al., 1976). Also, the Moho location in the
model is 2 km above the depth located by Line 20-21 (Figure
17). The difference may be due to errors in the determina-
tion of the deeper layers of this line because the re-
fracted arrivals did not reverse well (Hussong et al.,
1976) or because of dip parallel to the margin.

The western edge of the anomaly at 75 km in Figure 17
represents the western limit of the outer continental high
modeled from the seismic refraction data (Figure 19). The
outer continental shelf high is modeled with an upper block
of 2.72 g/cm3 and a lower block of 2.8 g/cm3 that extends
to the subducted plate bcocundary. Located between a 2.75
g/cm3 block and the outer continental shelf high is a block
with a density of 2.67 g/cm3. Both seismic refraction and
axploratory well data indicate the upper surface of this
nlock to be faulted and probably down-dropped relative to
the surrounding blocks. The surface velocity of 5.0 km/sec
for this block (Figure 19) indicates a density range of
2.45 to 2.75 g/cm3 (Ludwig et al., 1970). After extensive

modeling, a density of 2.67 g/cm3 was assigned to the total

block to match the observed u-shaped anomaly in Figure 17.
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Very few changes to the seismic refraction model of
the continental slope (Figure 19) were necessary for model-
ing the observed gravity anomaly of this area. Modifica-
tions were made near 105 km of the seismic model in order
to extend the upper boundary of the 2.75 g/cm3 block closer
to the surface. The modification helped to produce the 75
mgal peak observed at this location. At the slope base,
the partially observed layer boundary locations from the
seismic refraction modeling (Figure 14) were used to model
the layers of the 1.8, 2.2, 2.4, and 2.6 g/cm3 densities
(Figure 19).

Near the trench, the descending Nazca Plate was
seismically modeled as a two layer structure consisting of
a 2.85 g/cm3 (5.55 km/sec) layer overlying a thinner 3.0

3 (7.5 km/sec) layer. Eastward of 230 km, it was

g/cm
necessary to shift slightly some of the plate interfaces.
This is not significant since no seismic refraction control
exists landward of the slope base. The gravity model sug-
gests that the slope of the descending plate is about 5°
down to a depth of 30 km.

West of 230 km no modifications to the seismic model
were required to generate an acceptable gravity model. The
density layering sequence of 1.8, 2.6, 2.65, 2.85, and 3.0
g/cm3 represents the oceanic plate. A density of 3.35 g/

cm3 was used for the upper mantle. It was necessary to

change the upper mantle density from 3.35 to 3.32 g/cm3 to

O
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produce a zero mgal anomaly at western locations far re-
moved from the trench. Without the density transition in
the upper mantle it would have been necessary to invoke

large lateral density changes in the lower crust.
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GEOLOGICAL INTERPRETATION OF MODELS

The purpose of this chapter is to suggest rock
materials represented by the seismic velocities and model
densities. Attempts will be made to assign these materials
to geologic units known to exist in the area and to relate
their structures to the tectonic environment of the Peru

continental margin and trench area.

Continental Shelf

Precambrian or early Paleozoic rocks are believed to
form the core of the outer continental shelf high and par-
tially form the basement of the continental shelf basins
near refraction Line 18-19 (Masias, 1976). Early Paleozoic
rocks are exposed in the Amotape mountains of northwestern
Peru and in the coastal ranges of southern Peru (Kulm et
al., 1973). The early Paleozoic rccks of ncrthwest Peru
are comprised of schists and phyllites (Cobbing and
pitcher, 1972). Radiometric dating of a similar exposure
of rocks in southern Peru along the trend of the Arequipa
batholith indicate Precambrian ages of 679 * 12 m.y. and
642 + 16 m.y. (Steward et al., 1974). Furthermore, Paleo-
zoic rocks crop out on the offshore islands of Lobos de
Tierra (6.5°S., 81.1°W.) and Lobos de Afuera (6.9°S.,
80.8°W.) (Masias, 1976). Driller's logs from wells Bellena

8-1 and Delfin 20X-1 (Figure 1) report basement rocks
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composed of quartz biotite gneiss and dark gray phyllite
respectively (proprietary information). These rock types
agree with those of the early Paleozoic sequence found on-
shore in northern Peru.

Geological and geophysical evidence indicate that the
outer continental shelf high was and perhaps still is a
tectonically active structure. The drilling log at the
Delfin well reported a fractured and highly slickensided
basement rock which indicates fault movement between the
5.0 and 5.65 km/sec basement structures shown in Figure 13.
From the well logs, Miocene sediments conformably overlie
Oligocene sediments which nonconformably overlie the base-
ment rocks. This suggests that the fault movement(s)
occurred during cr before the Oligocene epoch. The seismic
refraction velocities and layer interfaces for the sedi-
ments of this area are based on well velocity correlations
and on poorly observed arrival times and therefore relative
subsidence of the central portion of the outer shelf sedi-
1entary basin between 70 and 110 km as shown in Figure 13
.s speculative.

The 2.67 g/cm3 basement rock, lccated under the outer
sedimentary basin of the continental shelf and required by
the gravity model, is considerably less dense than the
basement rocks located to the east and west (Figure 17).

As mentioned earlier, the 2.72 to 2.80 g/cm3 eastern base-

ment is of continental origin and might represent the
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leading edge of the continental block prior to plate col-
lision (Dietz and Holden, 1974). The source material for
the 2.67 g/cm3 block may have originated from a continental
rise prism iocated at the base of the continental block
(Dietz and Holden, 1974) which may have been subsequently
trapped and pushed up against the continental block by the
subducting plate. If this theory is true, the event may
have occurred as long ago as 150 m.y. {(middle Jurassic) when
subduction along the Peru-~Chile Trench initiated the major
onset of volcanism and orogenic activity on the west coast

of South America (Cobbing and Pitcher, 1972).

The sedimentary basin located landward of the outer
continental shelf high (Figures 12 and 17) 1i1s part of the
; Salaverry Basin (Masias, 1976). The seismic reflection
profiles presented by Masias (1976) suggest uplift of the
seaward edge of the basin based on the landward (eastward)
migration of the axis of deposition. The seismic refrac-
tion results of Line 18-19 for the sedimentary layers in
the Salaverry Basin only weakly support the idea of a land-
ward migration of the axis of deposition but they do sug-
gest uplift of the seaward edge. The Delifin and Bellena
well logs report a hiatus of greater than 200 million years
between the basement and overlying sediments. A possible
explanation is that the outer continental shelf high was
nearer to the sea surface in the past and thus subjected to

erosion (Shepard, 1973). Later subsidence followed by

O
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presently observed uplift may be added as an explanation of
the results observed by Masias (1976). Contour currents
moving parallel to the slope edge which prevent deposition
could provide an alternate means of erosion.

The 3.5 kHz profile record illustrated in Figure 10
shows a series of sinusoidally shaped sedimentary struc-
tures located on the outer continental shelf. A course
change during the traverse confirms that the structures
parallel the coastline and that the peaks are truncated and
unconformably overlain by more recent sediments. The
sinusoidal structures have a peak to peak distance of 2 km
and a peak to trough height of 10 meters. The true nature
of the structures cannot be discovered without further data
but they do suggest constructional features related to
onshore-offshore bottom currents occurring during a time of
lower sea level (Hunt et al., 1977).

Figure 17 shows the basement of the eastern portion
of the continental shelf to be 2.65 g/cm3 crustal material.
Travis et al. (1976) show that sedimentary and volcanic
rocks of Mesozoic age overlie Paleozoic strata in northern
Peru and suggest that the Mesozoic rocks extend onto the
continental shelf. Also, marine deposits of the late
Cretaceous and Tertiary periods are confined to a narrow
coastal belt onshore and are presumed to lie in basins
landward of the outer continental shelf high located off-

3

shore. Hence, the 2.65 g/cm” (4.55 to 5.15 km/sec)

I



71
basement material probably represents Mesozoic rocks while

3 (1.7 to 2.55 km/sec)

the overlying 1.9 to 2.1 g/cm
materials represent sediments of Tertiary age. The lateral
velocity change from 5.15 to 4.55 km/sec in the Mesozoic
basement may be due to faulting or juxtaposition of dif-
ferent material.

A prominent feature in Figure 17 is the large block of
3.0 g/cm3 lower crustal material modeled in the upper
crustal region under the 2.65 g/cm3 basement. The location
of the subcrustal block suggests rupture of the crust or
intrusion at depth under the continental shelf. The sec-
tion at Pisco (14°S.) modeled by Whitsett (1976) reveals a
similar subcrustal block. Two alternative crustal struc-
tures suggested by Whitsett would apply equally well to the
model in Figure 17. The first suggestion is to permit
intrusion of the Moho into the lower portion of the 3.0 g/
cm3 block located under the coastline and thus reducing the
density required of the lower crustal block while still
producing the gravity anomaly observed along the eastern
section of the continental shelf. The second suggestion
places the 3.0 g/cm3 block deeper under the continental
shelf and thus allows the Moho between the t:ench and coast
to dip less steeply. The overall effect raises the mantle
material higher under the entire continental shelf and thus

allows the 3.0 g/cm3 block to reduce in size within the

section. The latter suggestion would not be practical for
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the model in Figure 17 because it would require an
anomalously low density for the 2.67 g/cm3 crustal block
centered at 90 km. It was felt that without deep refrac-
tion control it was best to keep the subcrustal model as
simple as possible while meeting the requirements of the

land gravity observations.

Continental Slope

Kulm et al. (1977) propose that the continental slope
region between 6° and 19.5°S. is forming by accretion.
Characteristic features of accretion are long prominent
benches on the lower continental slope, sedimentary basins
on the shelf and upper slope, and thick trench deposits.

A large bench along the lower continental slope at 170 km
can be seen in Figure 19. Seely et al. (1974) suggests
that these benches contain imbricate thrust sheets with
reverse motion along planes which dip landward. The poor
coverage of seismic refraction data for Line 18-19 in the re-
Jion of the slope bench (Figure 14) did not permit a test of
the imbricate thrust sheet model. The strong negative free
air anomaly and great depths associated with the trench
prevent the observation of gravity anomalies that might be
associated with imbricate thrust sheets. The failure to
model imbricate thrusting is due to a data limitation
rather than an existence or nonexistence of the structures.

Lithologies recovered from the lower continental slope

e
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region indicate incorporation of the descending plate sedi-
ments into the margin (Rosato, 1974; Kulm et al., 1974) and
this may be connected with the imbricate thrust hypothesis.

From velocity analyses of CDP lines obtained at 9°S.
and 12°s. (Kulm et al., 1975; Hussong et al., 1976), it
appears that the major tectonic disruption of the slope
basement interface occurs near the base of the slope. This
observation agrees with the velocity-depth model for Line
18-19 (Figure 19) where no distinct arrivals were noted for
a model with a layered slope base (Figure 14).

A well defined basement underlies the continental slope
landward from the trench. The refraction data indicates
a continental slope basement of velocity 5.0 km/sec over-
lying a slope core material with an interface velocity of
5.6 km/sec. Line CDP-1 across the continental slope at
12°S. confirms that a continuous slope basement interface
of velocity 5 to 6 km/sec parallels the slope bottom
(Hussong et al., 1976). CDP-2 located 25 km to the north
¢f Line 18-19 (Figure 11) also confirms this observatiocn
where the velocity analysis of Kulm et al. (1975) indicates
basement velocities of 5.0 to 5.3 km/sec. The wide angle
refraction work of Geobel (1975) and Hussong et al. (1975)
at 12°S. (sonobuoys 113 and 115) reveal that apparent velo-
cities located deeper within the slope range from 6.3 to

6.8 km/sec. The true velocities may be lower because the
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data was obtained while shooting up slope and no correc-
tions were made for dipping interfaces.

The seismic depth section in Figure 11 indicates a
poorly-defined structure deep within the slope. This
material is believed to be formed from accreted deposits
derived from the offscraped sediments and upper crustal
rocks of the descending Nazca Plate (Moore and Karig, 1976;
Coulbourn and Moberly, 1977; Kulm et al., 1977). There-
fore, the model of the continental slope basement based on
seismic refraction data of Line 18-19 (Figure 19) repre-
sents only the upper surface of the melange of accreted
deposits; the velocity within the melange is not well
known. The gravity required a block of density 2.76 g/cm3
to represent the slope melange. Considering the density of
materials representing the crust of the Nazca Plate and
accounting for sediment dewatering and compaction one must
conclude that a large portion of the upper crustal rock
material (2.6 to 2.85 g/cm3) must be included with the
sediments in the melange.

Tectonically connected with the accretionary process
is the formation of sedimentary basins on the continental
shelf and slope (Moore and Karig, 1976; Coulbourn and
Moberly, 1977). 1In addition to the well-developed sedimen-
tary basin on the continental shelf, line CDP-2 clearly
shows a 2 km deep sedimentary basin on the upper slope be-

tween 120 and 144 km (Figure 11). The gravity data for
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Line 18-19 does show a slight downward curvature in the
free air anomaly measured along the upper slope (Figure
17), indicating a mass deficiency possibly associated with
the basin. Gravity modeling of this anomaly indicates that
small flexures in the slope basement and the descending
plate can account for the observed anomaly. The refraction
model (Figure 14) depicts a continuous, rather than
isolated, sedimentary basin for the continental slope. Due
to the longer distance between sonobuoys and fewer number
of shot points, the model of the slope tends to integrate
the overlying sedimentary velocities and structures and
individual details are lost.

Several speculative interpretations can be made of the
slope layers. The uppermost layer of 1.7 to 2.0 km/sec
material (Figure 19) reveals very little structural layer-
ing in the seismic reflection profile in Figure 8. The
material probably consists of slumped pelagic sediments
mixed with terrigenous turbidites from the upper slope
regions. The acoustic basement of 2.25 km/sec is real but
the velocity is somewhat artificially derived (see model
description for Figure 14). Together the 2.25 and 3.6 km/
sec layers might represent consolidated sediments and
indurated sediments related to the accretionary process
(Hussong et al., 1975). The slope basement shown in Figure
11 is characterized by a highly diffracting interface sug-

gestive of block faulting. The 5.0 km/sec interface on the
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slope in Figure 19 may be associated with the disrupted
basement while the 5.6 km/sec interface marks a deeper and
thus more uniform region within the accretionary prism
(Hussong et al., 1976).

The location of the Nazca Plate under the continental
slope was not detected by the refraction data along line 18-
19 (Figure 14). A possible explanation is that a velocity
inversion occurs between the overlying slcope material and
the upper surface of the plate such that critical refrac-
tion cannot occur. A further search for deep reflections
(R6 and R7 in Figure 14} from the plate interface also
failed to indicate its presence. The CDP depth section
(Figure 11) clearly shows a deep reflector associated with
the upper surface of the descending plate. The numerous
diffractions in this non-migrated depth section indicate
that the upper surface of the Nazca Plate is highly faulted
under the slope. Attenuation of seismic energy by crustal
materials within the slope cannct account for the absence
of distinct reflected energy observed in the seismograms
for Line 18-19 because the 2600 cu.in. airgun source for
the CDP-2 data is equivalent to 2.5 pounds of 60% dynamite
(Kramer et al., 1968) whereas 3 tc 200 pound charges were
used in the refraction work. The effect of a highly
faulted surface on widely spaced explosive sources would be
to scatter the reflecting energy such that reflections

received at a point receiver {sonobuoy} are non-distinct.

I



77
The CDP method uses closely spaced shots (shot spacing was
30 meters for the record in Figure 11) and a 24 channel
streamer 1.6 km long. The effectiveness of phase correla-
tion in the CDP method for receiving scattered reflected

energy can be easily seen.

Trench Area and Nazca Plate

Kulm and Prince (1975) describe intensive deformation
in the trench region that is perhaps due to the rapid rate
of convergence of the Nazca and South American plates (10
cm/yr, Minster et al., 1974). Due to the structurally com-
plex nature of the trench area, a simplified model evolved
to generate the seismic refraction travel time curves for
Figure 15. The following discussion explains the approxi-
mations made in modeling the trench area and how they may
be interpreted.

Tensional stress along the line of flexure of the des-
cending Nazca Plate has been cited as the cause of the
normal faulting observed near the trench (Prince, 1974;
Prince and Kulm, 1975; Schweller, 1976). The authors pre-
sent seismic reflection records depicting sediment-buried
block-faulted areas seaward of the Peru-Chile Trench which
correlate with the 5.2 km/sec layer west at 205 km in Figure
19. The modeling of block faulting was not justified be-
cause the 2 km or greater shot point spacing cannot resolve

the randomly sized blocks of 1 to 10 km in length and
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vertical offsets of 0.2 km or less. The small scatter in
the observed arrival times (Figure 15) indicates the pre-
sence of the broken structure that is not well detected by
the seismic refraction data.

A noteworthy feature of the Peru Trench is the
prominent ridge-like structure located at 192 km in Figure
19. The reflection profiles of the Peru~Chile Trench area
by Prince and Kulm (1975) show that the ridge separates
the trench floor into an inner deeper basin and an outer
shallower basin. Prince and Kulm (1975) and Kulm et al.
(1973) suggest that the ridge represents a portion of
faulted oceanic crust uplifted relative to the floor of the
trench. Prince and Kulm (1975) proposed a five-stage
imbricate thrust model whereby the ridge is related to the
compressional stresses that develop as the two plates con-
verge. They propose that the motion of normal block fault-
ing is reversed when thrust faults develop along former
extensional fault planes or along completely new fault
planes. The first motion study by Abe (1972) on a shal-
low focus earthquake beneath the continental slope at
10°40°'S. identify low angle thrust faulting related to
compressional stresses within the descending plate. Based
on the models presented by Prince and Kulm (1975), the
upper interface of the 5.55 km/sec layer under the ridge
(Figure 19) could be interpretated as the place of a

thrust fault rather than the top of the Nazca Plate.

O
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However, due to the complexity of the data, the 5.55 km/sec
interface may be considered a simplification of the upper
layers of the model west of 203 km. The velocity of the
ridge at 192 km in Figure 19 is based on a similar feature
observed in CDP-2 to the north where velocity analyses
indicated a 2.4 to 3.6 km/sec ridge overlying a 5.2 km/sec
interface. Since material recovered from the ridge indi-
cates it is basalt (Kulm et al., 1973), a velocity of
approximately 5 km/sec might be expected for it. The
basalt of the ridge may be highly fractured and therefore
have a lower interval velocity.

The layer interfaces that represent the descending
plate are modeled as plane layers with very little change
of dip and no faulting (Figure 19) which, in reality, would
be an over simplification considering the structure of the
upper surface (Prince and Kulm, 1975). In modeling the
trench area, it was assumed that the major cause of travel
time variations would be due to the topography and upper
layer structures and not due to major structural changes in
the deeper lavers.

A shallowing of the lower crustal layers appears near
220 km in Figure 19 and a similar shallowing of less ampli-
tude is modeled for the gravity model in Figure 17. The
shallowing may represent upward flexure which is possibly

related to a combination of plate bending and compressional

forces due to crustal underthrusting. The surficial
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expression of normal block faulting (Prince and Xulm, 1975;
Schweller, 1976) is probably directly related to the plate
bending observed at depth. Thrust faulting, as observed by
Hussong et al. (1975) at 12°S., was not observed in the
crustal section along Line 18-19.

Large scale crustal thinning seaward of trenches is
sometimes noted by a modest gravity high located near the
thinned crust. Upward flexure of the oceanic plate as it
bends to descend into the trench has been used to explain
crustal thinning (Couch et al., 1970; Hanks, 1971; and
Watts and Talwani, 1974). The observed gravity of Line 18-
19 does not show a well defined gravity high seaward of the
trench. 1In this region, from west to east, the crustal
structure develops a thickening of the 2.85 g/cm3 layer and
a thinning of the 3.0 g/cm3 layer while the upper mantle
density changes from 3.32 to 3.35 g/cm3. The net lateral
changes in layer thickness and mantle density tend to com-
pensate each other in the model with the result that no
gravity high is seen either in the observed or modeled
gravity. A lateral density change in the upper mantle near
subduction zones has also been suggested by other re-
searchers (Hales, 1969; Hussong et al., 1973, 1975). A
slightly different version of the Pisco (14°S.) crustal
and subcrustal cross section (first modeled by Whitsett,
1976) also required a lateral density change in the upper

mantle when modeled with the mass column used in this
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study (R. Couch, personal communication, 1978).

The irregular layering of the Nazca Plate may be due
to the Mendena fracture zone which intersects Line 18-19
between 260 km and 310 km in Figure 19. The changes. in
layer thickness in the crustal section may be related to an
age difference of more than 15 million years (Herron, 1972)
between the younger western and older eastern sections at

this intersection.
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SUMMARY AND CONCLUSIONS

The ray trace method of seismic interpretation has
application to interpretation of refraction and reflection
data obtained from structurally complex areas. A vector
method suitable for use on a minicomputer was applied to
analysis of eleven overlapping refraction lines obtained
normal to structural trends across the Peru margin at 9°S.
The analysis combined primary and secondary seismic arri-
vals from refraction data, well log velocities and depths,
near surface sediment structures, CDP velocity data and
gravity data to obtain an integrated crustal and subcrustal
cross section of the continental shelf and slope, trench
and oceanic plate. Figure 20 summarizes the resulting
geophysical and geological model which defines the struc-
tural elements of this convergent margin.

The basement of the continental shelf is structurally
complex and can be divided into eastern and western por-
tions. The western portion consists of a faulted outer
continental shelf high of Paleozoic or older rocks. A
deeper block to the west has a velocity of 5.0 km/sec and
consists of fractured and slickensided phyllite in its
upper surface. Basement velocities comparable to this were
seen by Fisher and Raitt (1962) on the outer continental
shelf 250 km to the south. A shallower but denser block

abuts this block to the east and has a velocity of 5.65 to
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5.90 km/sec. Quartz biotite gneiss has been obtained from
the upper surface of this block which is believed tc be the
older of the two blocks. The combined structure forms a
basin 2.5 to 3.0 km thick which contains Tertiary sediments
with a velocity of 1.6 to 3.0 km/sec. A hiatus of at least
200 million years between basement and overlying sediments
suggests that the area was subjected to erosion by bottom
currents. Truncated sinusoidal sedimentary features
observed in the near-surface may be related to onshore-
offshore bottom currents and suggest that the outer con-
tinental shelf high was at one time nearer to the sea sur-
face and thus subjected to bottom erosion.

Material 3 km thick with a velocity of 4.55 to 5.15
km/sec shallows to the east beneath sediments covering the
eastern portion of the continental shelf. Similar veloci-
ties and thicknesses were seen by Hussong et al. (1976) 7
km north of Line 18-19. The eastern basement may consist
of pillow lavas, cherts and pyroclastics of Mesozoic age
which are confined to the narrow coastal belt onshore.
Together, this basement and the eastern section of the
outer continental shelf high form the synclinal Salaverry
Basin which contains Tertiary sediments in its upper por-
tion with a maximum thickness of 1.8 km and velocities
which range from 1.7 to 2.55 km/sec. Underlying the
Mesozoic basement is rock of unknown age which has a velo-

city of 6.6 km/sec and a density, based on gravity modeling,
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of 3.0 g/cm3. The high density of the rock and its loca-
tion on the eastern continental shelf suggests either
crustal rupture and imbricate upthrust of oceanic crust or
intrusion at depth under the continental shelf. A similar
model was obtained by Whitsett (1976) at Pisco located
350 km to the south. The similarity suggests that the
margins of these areas may have undergone similar deforma-
tion at depth.

A well-defined basement underlies the continental
slope shoreward from the trench. The refraction data
indicates a continental slope basement of velocity 5.0 km/
sec overlying a slope core material with an interface
velocity of 5.6 km/sec. The deeper material probably
represents the upper surface of a melange of accreted
deposits, however, the velocity within the melange is not
well known. Other researchers (Fisher and Raitt, 1962;
Hussong et al., 1975; and Hussong et al., 1976) report
similar velocities for the upper basement of the continen-
tal slopes off the coast of Peru and Chile. Together the
gravity model, which requires a density of 2.75 g/cm3 to
represent the melange, and the seismic velocities imply
that the slope melange consists of a larger proportion of
oceanic basalt and meta-basalt than oceanic sediments.
This could result if the slope melange formed during the
onset of subduction before large volumes of sediments would

have been scraped off the descending plate. Once formed,
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the melange acts as a trap and forces the subduction of the
majority of sediments that enter the trench.

Lack of close data points on the slope resulted in
weakly determined sediment velocities and loss of struc-
tural details. The sedimentary layers overlying the slope
basement consist of an uppermost layer of slumped sedi-
ments (1.7 to 2 km/sec) which reveal little structural
layering of reflectors. These sediments overlie an
acoustic basement of 2.25 to 3.6 km/sec (Figure 20). This
basement probably represents a small volume of consolidated
and indurated oceanic sediments which manage to accrete
above the slope melange wedge in the past. Seismic ray
trace models show that the slope base is devoid of well-
defined layers. This is consistent with the prosed models
of accretion by Prince and Kulm (1975) and Kulm et al.
(1977) .

A noteable example of the application of seismic ray
trace methods occurs in the interpretation of significantly
altered arrival times due to the presence of a ridge in the
trench. The model of the ridge agrees with the suggestion
of Prince and Kulm (1975) that the ridge represents a por-
tion of thrust-faulted oceanic crust which has been up-
lifted relative to the trench floor. Beneath the trench
the descending lithospheric plate is modeled by a 4 km

thick upper layer of velocity 5.55 km/sec which overlies a

thinner (2.5 km) but considerably higher velocity 7.5 km/
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sec layer. The underlying Moho shows a velocity of 8.2
km/sec and dips at an angle of 5° under the continental
margin.

A seismic model with relatively constant velocities
satisfies observed variations in the layer interfaces for
the Nazca Plate seaward from the trench. Upper crustal
layers of the modeled plate consists of a thin 1.7 km/sec
sedimentary layer overlying a 5.0 to 5.2 km/sec upper
layer and a 5.6 to 5.7 km/sec lower layer which shoal to
the east within 60 km of the trench while a deeper 6.0 to
6.3 km/sec layer thickens to the east. The lower crustal
model consists of a 7.4 to 7.5 km/sec layer which varies
in thic.ness from 2.5 to 4.0 km. This high velocity layer
is a predominant feature of the Nazca Plate in this region
(Hussong et al., 1976). The depth to an 8.2 km/sec Moho
interface varies not more than *0.5 km from 10.5 km for the
120 km long model of the Nazca Plate.

Refraction data indicates crustal thickening beneath
the trench which is also noted along the Peru-Chile margin
by others (Fisher and Raitt, 1962; Ocola and Meyer, 1973;
Hussong et al., 1976). West of the trench, the higher
velocity crustal layers shallow and this may represent
upward flexure of the oceanic plate. In addition, develop-
ment of normal faults can be observed in the upper crustal
layer just seaward of the trench (Prince, 1974; Prince and

Kulm, 1975; and Schweller, 1976). The combination of
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crustal thickening, upward flexure, normal faulting, and
the ridge in the trench strongly suggest that compressional
stresses are present where the plate enters the subduction

zone (Figure 20).
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Description of Program RAYTRACE

General Description

Program RAYTRACE traces body wave ray paths through a
possibly complex two-dimensional geological model repre-
sented as a mosaic of quadrilateral cells, each of constant
velocity. The computer program allows a user to specify a
source point anywhere on or within a model in order to simu-
late either an artificial explosion or an earthquake. Rays
are traced for reflections from a layer interface or as
refractions along a layer interface (headwave). All rays
are traced from a source point to a designated layer, then
back to the uppermost surface. Rays exiting through the
sides of the model do not contribute to the travel time.

The ray tracing technique is based on a number of
assumptions. A model is assumed to consist of layers that
are continuous and extend from one end to the other. This
assumption is relaxed somewhat when the layer velocities
are allowed to vary in the horizontal as well as the verti-
cal directions. This allows for more complicated modeling
of geological structure than is seen in simple layered
models. In addition, it is possible to assign an inter-
face velocity different from the cell velocity for verti-
cally refracted waves. Ray theory requires the additional
assumptions that in a homogeneous, isotropic half-space,

seismic waves propagate in the ray direction normal to the
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wavefront, that there is no dispersion of the waves under
consideration, that the travel time will be the same if
the source and the receiver are interchanged, that the
source is not on a boundary, and that Snell's law applies
at the boundaries between different velocity cells (Grant
and West, 1965; Cerveny and Ravindra, 1971).

Marine geological models are composed of rock or
sediment units overlain by a water layer. The rock and
sediment units are assumed to be isotropic, perfectly
elastic, homogeneous with two-dimensional geometry. The
two-dimensiconal restriction assumes that all ray paths are
within the model plane. Since the seismic refraction first
arrivals are mainly used, body wave conversions (P to S, S
to P) at interfaces are not considered because rays that
travel strictly as P-waves will arrive first due to their
higher velocities. The initial explosive source is
generated in a liquid medium and is considered a source of
compressiional body waves. The above statements lead to
geological models represented by areas of constant P-wave
velocities delineated by plane boundaries that extend per-

pendicular tc the plane of the model.

Main Program RAYTRACE

Computer program RAYTRACE is the main program for sub-
programs RAYMOD, RAYPL, RAYGUN, and RAYHEAD, and subroutines

RAYGN, RAYDN, RAYUP, and RAYSH, all of which are coded in
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an extended FORTRAN IV for use on a DATA GENERAL NOVA 1200
which is a 16 bit word minicomputer. Each subroutine is
discussed under its own heading.

Main program RAYTRACE serves as the communication link
between the user and the special purpose subprograms and
subroutines. Typing the name RAYTRACE at the system con-
sole initializes the program (see I/0 example). The main
program queries the user for the model file name. The pro-
gram reads the two-dimensional digital representation of
the geological model into its COMMON block and checks for
format errors in the process. RAYTRACE then calls sub-
routine RAYMOD whose purpose is to compute the unit normals
to all surfaces in the model. The program questions the
user concerning a number of options which include: 1listing
of the model coordinates; a travel time versus distances
listing for reflection or critical refraction ray tracing;
a travel time plot display; and a model plot with or with-
out wvisual ray tracing.

The next section of the main program proceeds under
control of control codes entered at the console. These

codes are:

Code

i§
o

Stop Program

44 Airgun profiler simulation

= 55 Reflection ray trace

il

66 Critically refracted ray trace

= 77 Change shot point position
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88 Give present shot point position

99 Selected other printing and plotting

options.

The airgun profiler simulation will be discussed under sub-
program RAYGUN and the critically refracted ray trace will
be discussed under subprogram RAYHEAD.

Main program RAYTRACE contains the console I/0 coding
for reflection modeling. Here the user must specify a
starting angle, stopping angle and stepping angle incre-
ment at the console. The range of angles measured from the
positive z axis is from 0° to 180° and from 0° to -180°
with positive and negative stepping increments respectively.
The absolute value of the ending angle must always be
larger than the absolute value of the starting angle. The
reflecting layer is individually selected from 1 to the
maximum number of layers in the model. Specification of
reflecting layer 0 returns the user to the CODE input
mode. Layer reflections are generated until the stopping
angle is exceeded or a critical refraction angle is ex-
ceeded for a layer above the reflecting layer. In the
latter case the value of the angle at the source pocint and
the layer number are printed on the console. No reflec-

tions will occur from layer interfaces separating equal

velocities.,
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Subprogram RAYMOD

Subprogram RAYMOD generates the unit normal vectors
for all of the mocdel interfaces. The model is specified by
a grid of quarilateral cells whose upper and lower inter-
faces join together to form continuous layers while the
remaining two interfaces form cell walls. Each quadri-
lateral cell may be assigned a velocity. The unit vectors
are systematically computed for all the layer and cell wall
interfaces in order to avoid redundant calculations. The
present program allows 7 layers by 25 cells per layer. The
bottom layer represents a half-space subdivided by cell
walls parallel to the vertical axis. The vertical axis (z)
is defined as positive down while the horizontal axis (x)

is defined positive to the right.

Subprogram RAYPIL

Subprogram RAYPL is used to plot either the model or a
set of axes for travel time plots. The model plotting sec-
tion permits three options: (1) plot only the axes; (2)
plot axes and model layers; and (3) plot axes, model layers
and model cell walls. The total model must be plotted in a
horizontal length of 20 inches or less. The vertical axis
length in inches is not limited.

The travel time curve plotting section limits the hori-
zontal distance axis to 20 inches or less. It is possible

to specify the right and left hand limits of this axis in
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kilometers so that a total plot can be made in sections.
There is no limit to the number of seconds per inch on the
vertical time axis. Due to the flexibility of plotting
travel time plot axes, it is possible to make direct over-

lays of any size for seismic time sections.

Subprogram RAYHEAD

Subprogram RAYHEAD is used to find and ray trace
critically refracted rays through a given model. To
operate RAYHEAD, the user must specify at the console the
refraction layer and direction of ray path travel along the
layer (right or left). A search is conducted for the
particular angle of incidence at the source which will
produce a critical refraction on the layer specified. For
a successful search, the user is asked to enter a stepping
increment and an ending distance. The stepping increment
is used to determine the incremental distance a critically
refracted ray must travel along its interface before
returning to the surface. The ending distance is the
maximum model coordinate distance on the layer interface
specified that a critically refracted ray will travel to.
Any layer within the model may be traced in this manner.
In the case of equal velocities or a velocity inversion
between two layers, the user is notified and asked to
specify a new layer number. Specification of layer 0 re-

turns the program control to RAYTRACE.
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Subprogram RAYGUN

Subprogram RAYGUN is a computer simulation of a
seismic reflection profiler. RAYGUN converts the velocity-
depth model of RAYTRACE into a nonmigrated two-way reflec-
tion time model. The user specifies the starting and end-
ing horizontal coordinates for the profile. A minimum and
maximum reflection time can be specified also, in order to
limit the area of interest. This is particularly useful
in deep ocean modeling where much of the travel time is
spent in the water column. The shot point and detector
are assumed to be at a sea level (z = 0) datum. A detector
length and position relative to a shot point is specified
along with a shot point starting, ending and incremental
stepping values. In order to conserve computer time, a
reflection beam width and stepping angle within the beam
must be given. This feature is needed because only those
returning rays that lie within the detector length are used
in the solution. Again the user must specify the reflect-
ing layer number. Example of the output of this program is

shown in Figure 9.

Subroutine RAYGN

Subroutine RAYGN generates the initial x and z unit
ray vectors from a given angle (-180° to 180°). This sub-

routine is called by RAYTRACE, RAYHEAD, and RAYGUN.
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Subroutine RAYDN

Subroutine RAYDN computes the distance, travel time
and coordinates of a downgoing ray to a designated reflect-
ing or critically refracting layer. This subroutine is
based upon equations (22) to (25). At each layer inter-
face checks are made to determine if the critical angle is
exceeded and to determine if the ray has traveled through
a cell wall. In either case the proper flags are set and
control is returned to the calling program. Control is
also returned to the calling program whenever an interface
separates equal velocities. In cases where the ray does
reach the designated layer, then control is returned to the
calling program. Subroutine RAYDN can be called by RAY-

TRACE, RAYHEAD, and RAYGUN.

Subroutine RAYSH

Subroutine RAYSH relocates a ray that has moved
through a cell wall. Determinations are made first to
determine which wall has been crossed and whether the ray
has passed through either end of the model; if so, then
appropriate flags are set and control is returned to the
calling program. If the ray is still within the model,
then the distance, travel time, and coordinates from the
layer to the cell wall are computed. For cases where

velocities differ across cell walls, then a new ray unit

vector is computed provided the critical angle is not




105
exceeded; if it is, then flags are set and control is re-
turned to the calling program. The distance, travel time
and new coordinates from the cell wall to the lower or
upper layer, or to the next cell wall are computed. The
proper ray path is determined from the new ray vector and
according to which path is shortest. Control is returned
to the calling program when the new ray is located on a
layer interface; otherwise subroutine RAYSH continues.
Subroutine RAYSH can be called by RAYTRACE, RAYHEAD, and

RAYGUN.



FLOW CHART TO PROGRAM RAYTRACE

MODEL NAME

READ IN
MODEL
e - MODEL
FILE

CALL RAYMOD

MODEL COOQRD.
LISTING PARAM.

LIST MODEL

COORDINATES
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LIST TRAVEL TIME
YES: ILT =1

/

TT CURVE PLOT
YES: IPT =1

PLOT AXES

CALL RAYPL

RAYTRACE PLOT
YES: IRT =1

PLOT MODEL AND/OR AXES

YES
CALL RAYPL

INFORM USER ON TTY

(1) NUMBER OF LAYERS
(2) SHOT PT. COORD.

NCODE

l




0 (y

NCODE = 66
?
IF
NCODE = 88
?
IF
NCODE = 44

e\,

YE

YES

YES

YES

YES

YES

380

IF

NCODE = 99
?

)

108



SHOT POINT

COORDINATES

A

GO TO 760

STARTING AND
ENDING ANGLES

(DSTART, DEND)

REFLECTION
LAYER (LAYER)

109
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STEPPING
ANGLE
(DSTEP)

—(2)

ANGLE = DSTART

MOVE PEN TO SHOT POINT

YES

CALL PLOT

SET FLAGS &

INITIAL PARA-
METERS

CALL RAYGN

ANGLE > 90°
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CALL RAYDN

CALL RAYUP

=@
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LOST = 0 OR 4

CALL RAYSH

WRITE

ANGLE, DIST.
ARRIVAL TIME




IPEN =

' MOVE PEN TO NEW TIME
AND DISTANCE POINT
YES CALL PLOT
2

LOST =
AND
AYER=1
2

IF
ANGLE DEND
?

3

DROP PEN

RAISE PEN

IPEN = 3

ANGLE = ANGLE

+ DSTEP

( GO TO 800 )

113




WRITE
LREF AND
ANGLE

TYPE TTY

LREF, ANGLE

GO TO 790

NCODE = 44

CALL RAYGUN

114




CALL RAYHEAD

LIFT PEN & MOVE TO ORGIN

CALL PLOT

GO TO 760

GO TO 760

TYPE ON TTY

"TURN OFF
PLOTTER"

END

115
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Program Parameters

Definition of Variables Used in Program RAYTRACE

NCELLS number of cells.
NLAYER = number of layers.
J = interger counter for cells, J =1,2,3,... .

LAYER = bottom interface of reflection or refraction layer,

LAYER = 1,2,3,..., NLAYER.
X(I,J) =:}x,z coordinates of upper L.H. corner of layer I
2(1,J) = and cell J.
V(I,J) = velocity of layer I and cell J.

X,2Z unit normal vectors of layer (I-1l) be-

JNORMX(I,J) =
}longing to cell J.

UNORMZ (I ,J)

FACEX(I,3) =, » unit normal vectors of the R.f. wall of
FACEZ (I,J) cell J and layer I.

RAYX(I,J) =:}x,z reflected and refracted unit rays ﬁij for
RAYZ(I,J) = Jlaver I and cell J.

DSTART = starting angle.
“END = ending angle.
DMSTEP = stepping angle.

4YOR = horizontal distance traveled by ray.

VERT vertical distance traveled by ray.

TIME

travel time of ray.

ANGLE = initial ray starting angle at shot point. Angle is
measured in degrees from the positive z-axis.

LSTART = starting layer location flag.
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LREF last known layer location flat.

LOST RAYTRACE logic parameters (see list).

IRT = flag for plotting ray trace model and rays.

IPT = flag for plotting travel time curves.

IML = flag for model coordinate listing.

ILT = flag for travel time listing.

XMAX = km value of upper R.H. coordinate on x-axis.
XMIN = km value of upper L.H. coordinate on z-axis.
XSIZE = horizontal size in inches of TT or RT plot.
TSIZE = vertical size in inches of TT or RT plot.
TSCALE = vertical scale in sec or km for TT or RT plot.

XSP

x coordinate of shot point.

[N

n

v/
I

z coordinate of shot point.
LSP = layer containing shot point.
JSP = cell containing shot point,

TEMPl = horizontal distance of ray upon reaching a layer
interface.

ICRIT = angle at shot point which produces a critical
refraction.

“HOR = horizontal distance traveled along layer interface
before returning to surface layer.
RAYTRACE Logic Parameters for flag 'LOST'

LOST

0 Ray is refracted downward and is still within
cell upon reaching designated layer LAYER.

1 Downgoing ray has left cell J at layer (LREF+
l)-

2 Ray has reached a critical refracting angle at
layer LREF before reaching layer LAYER.

3 Ray is outside of model.
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4 Ray is refracted upward and is still within
cell.

5 Upgoing ray has left cell.

6 Angle of critical refraction is exceeded at
cell wall or at layer interface by an upgoing
ray or velocities are equal across layer boun-
dary. This parameter causes a 'penup' plot
command.
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RAYTRACE ?/24/78 16.20.35 PRGE 1
1;C PROGRAM RARYTRACE
2;C RAYTRACING PROGRAM FOR MULTI-CELL, MULTI-LAYER MODELS
3;¢C AUTHOR: P.R. JONES, 26 MARCH 76 YERSION 6, 11 MARCH 77
4; DIMENSION IHEADER(49),IFILE(S)

S CGMMON NCELLS, NLAYER, J, TEMP1, X(7,26),2(7,26>,Y(7,25),

6 1 FARCEX(6.26), FACE2(6,26)>, UNORMA(7,25), UNORNMZ2(?7,25),
7 2 RAYX(6,25),RAYZ2(6,25), XMAX, XNIN, ICRIT, CHOR,

8; 3 LSTART, LAYER,LREF,LOST,2SP, XSP, LSP,JSP, IPT,ILT, HOR,
9. 4 YERT,TIME,ANGLE, IRT,XSI2E, TSIZE, TSCALE

19 COMMON/PLABEL/LBLX(2),LBLY(2)

11 DATA LBLX/’ KM ‘7 B
12, DATA LBLY/' SEC’/

13; CALL FGPENC(SE, "$SPLT™)

14; TYPE "HAME GF MODEL"

15, READ(11,528) IFILECD)

16, 528 FORMAT(S1®)

17 CALL FOPENCI, IFILED

18; READ(1,588> IHEADER

19; S99 FORMAT(4872)

28;C READ IN THE HUMBER OF CELLS AND LAYERS

21 READ(1,581> NCELLS, NLARYER

22 SB81 FORHMAT(212)

23;C READ IN THE CELL COORDINATES BY LAYERS FROM L.H. CELL

24;C TO R.H. CELL

25 NLP1=NHLARYER + 1
26 NCP1=NCELLS + 1
27 DO 118 I=1,NLPI
28 D0 109 K=1, HCP1

29;C THIS PROGFAM USES THE 2-COORDINATE AS POSITIVE BELOW S.L.
38; 128 READ(1.,582) X(I1.,K>,2(I,K)

31 S92 FORMAT(zFB. 3)

325 119 CONTIHUE

33;C READ IH CELL VELOCITIES BY EACH LAYER

24; DO 1322 I=1,HLP]

29 DO 128 K=1, HCELLS

36 128 READ(1,S84, END=298) Y (I,K)>

375 S84 FORMAT(FB. 3D

28; 138 CONTINUE

29, CALL FSWAP(*RAYMOD. SY")
48; XMAX=X(1, NCP1)

41; XMIN=X(1, 1)

42; XSP=X(1, 1)

43; 25P=2(1,1)

44 LspP=1

45; Jspat

46; 125 IRT=8

47; IPT=8

43 ACCEPT "LIST MODEL COORDIMATES?,YES=1 ", INL
49; IFCIRL.NE.1> GO TO 172

58 WRITE(12,519> IHEADER

S1;  S19 FORMATCIHI, 43A2)

52; WRITE(12,512)

53; 512 FORMATCIH@, "MODEL COORDINATES,X,2')

S4; DO 158 I=1,NLP1

5s; DO 148 K=1, NCP1

56 148 WRITE(12,513> X(I,K),2(1,K)>
S7 158 CONTINUE
S8 WRITEC(12,314)
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€8
61
62
€3;
64,
£5;
66,
67
68
69;
78,
71,
T2
73
74;
73,
76;
77
78
79
68
81,
52
83,
84;
£s5;C
86;C
87.C
88, C
g3.C
8, C
31:C
<2.:C
s3;C
94;C
953
96
§7i;
58,
S9;
189,
101,
122;
183,
104
185,
186
127
1088;
169,
118;
111
112;
1135
114,
1139,
116,

RAYTRACE

160
178
S13
514
S1S
172

183
198
517

IF

768

77e

788

798

po 178
po 168
YRITE(

I=1, HLP1I
K=1, NCELLS
12,515y K, L, ¥(I,K

7724778

)

16.290.35

PAGE

CONTINUE

FORNATCIH , 2F8.3)

FORMAT (1H ,’CELL’,ZX,’LﬂYER’:ZX:’VELOCITY’)
FORMAT (1H ,2%,12,3%X,12,1X,F8.3)

ACCEPT "TT CURYE LISTING?, YES=1 =, ILT
IFCILT.EG.1)> WRITE(12,513) IHEARDER

ACCEPT "TT CURVE PLOT?, YES=1 “,IPT
IFCIPT.NE. 1) GO TO 173

CALL FSYAP("RAYPL.SV¥®)

CALL INITIAL(6,188,90..8.)
CALL PLOT(8.,0.,-3)

GO TO 185

ACCEPT “RAYTRACE PLOT?, YES=1
IFCIRT.NE. 1) GO TO 185

CALL FSWAP("RAYPL.SV®)

CALL INITIAL(G6,1882,8..8.)
CALL PLOT(B,.,8..,-3>
XRT=(XSP-X(1:1))/(X(11NCP1)-X(11l))#XSIZE
ZRT=TSIZE-2SP/TSCALE*TSIZE

TYPE NLAYER,® LAYER MCDEL®

URITE(18, 517> XSP,ZSP,LSP, JSP

*, IRT

2

FORMAT(1HY, 'PRESENT SHOT POINT COORDINATES ARE: ‘., 7/,’

F8.3,7/,' 2=',F8.3.7,’ LAYER=',13,s,’ CELL=',13)

NCODE=9: STOP PROGRAM

=44. ATRGUN PROFILER

=35S: REFLECTION RAYTRACE

=266 CRITICALLY REFRACTED RAYTRACE

=77: CHANGE SHOT POINT POSITION

=88: CIVE PRESENT SHOT POINT POSITION

=99. ACCEPT OTHER PRINTING AND PLOTTING OPTIONS
IFCIRT.EQ.1) CALL PLOT(XRT, ZRT, 3>

IFCIPT.EQ.1) CALL PLOTC(8..0..3
ACCEPT *“CODE? ", NCODE
IF(NCODE.EQ.9) GO TO 288
IF(NCOLE.EQ.S5S) GO 7O 788
IF(NCOGE.EQ.66) GO TO 858
IF(NCODE.EQ.88) GO TO 138
IF(NCOBE.EQ.44) GO TO 8358
IFC(NCODE.NE.77) GO TO 778
ACCEPT *S.P. HOR.= ", XSP

ACCEPT *S.P. VERT.= *,ZSP
ACCEPT =S.P. LAYER= ®,LSP
ACCEPT *S.P. CELL= *, JSP
XRT-(XSP-X(I,l))/(X(l,NCPl)—X(l,l))tXS(ZE
ZRT=TSI1ZE-2SP/TSCALE*TSIZE

GO TO 768

IF(NCOLE.EQ.99) GO TO 123

Go TO 768

ACCEFT
ARCCEPT
IFCIPT
ACCEPT

*STARTING ANGLE?
*"ENDING ANGLE? *
_EQ.1> CALL PENUP
*REFLECTING LAYE

*, BSTART
+» DEND

R? *,LAYE

R

120




121

RAYTRACE - 7/,24/78 16.28.33 PAGE 3
117 IFCLAYER. GT.NLAYER) GO TO 798¢
118, IF(LAYER.EQ.8)> GO TO 760
119 ACCEPT °*STEPPING ANGLE? °*, DSTEP
1283 IF(DSTEP.EQ.8.) GO TO 7989
121 IFCILT.EQ.1) URITE(12,583) LAYER
122, 583 FORMATC(1HB, ‘LAYER NUMBER’, I2,' REFLECTION’)D
123, IFCILT.EQ.1)> WRITEC(C12,516)
124 516 FORMAT(IH .’ ANGLE’, 4%, "DISTANCE’, 4X, ' TINKE')
125,;C START THE RAY TRACE
126, ANGLE=DSTART
127 IPEN=J
128; 880 IFCIRT.EQ.1> CALL PLOTC(XRT,ZIRT, I
129, TIME=B.
138, YERT=ZSP
131, HOR=XSP
132, LOST=@
133; LSTART=LSP
134; LREF=08
133 J=JSP
136 ICRIT=8
137 CALL RAYGH
138;C CHECK FGR UPWARD STARTING IHITIAL RAYS
139 IF(ABSC(ANGLE).GT.98.)> GO TO0 815
148;C
141,C

142;C PRAYTRACE LOGIC PARRAMETERS
143.;¢C IF LOST=8, DN RAY IS STILL ¥/IN CELL UPON REACHING ‘LAYER'

144;C =1. DN RAY HAS LEFT CELL J @ LAYER ’'LREF+1’

143,¢C 22, RAY HAS REACHED CRIT. REFR. ANGLE @ LAYER ’'LREF’
146;C =3, RAY IS OUTSIDE OF MODEL

147;C =4, RAY IS REFRACTED UP AND STILL ¥/IN CELL

148;C =§. UP RAY HAS LEFT CELL

149;C =6. CRIT. REFR. AT CELL WALL OR DURING UPWARD PATH
15a:¢C OR NO REFLECTOR (EQUAL VELOCITIES ABOVE AND BELOW)
1S51:C

152;¢C

153;C TRACE RAY DOWYN TO DESIRED REFLECTOR

154 818 CALL DOUN
155;C CHECK IF RAY NAS LEFT CELL J BEFORE RERCHING REFLECTOR

156, IF(LOST.EQ.1> GO TO 828

197,C CHECK FOR R POSSIBLE CRITICAL REFRACTION
158; IF(LOST.E@.2> GO TO 848

159;C CHECK FOR NO REFLECTIOHN

168; IF(LOST.EQ.6)> GO TO 826

161;C TRACE RAY UP TO SURFACE

162; 813 CaLL UP
163;C CHECK FOR CRITICAL REFRACTION OF UP RAY

164; IF(LOST.EQ@.6) GO TO 826
16%;C CHECKX IF RAY HAS HOT LEFT CELL J BEFODRE REACHING SURFACE
166 IFCLOST.EQ. 9. OR.LOST.EQ. 4> GO TO 825

167;C USE SEARCN SUBROUTIME TO LOCATE RAY OUTSIDE OF CELL J

168; 828 CALL SEARRCH
169;C CHECK IF RAY IS OUTSIDE OF MOBDEL

178; IF(LOST.EQ.3> GO TO 838

171;C CHECK IF RAY IS STILL DBOWN GOING
172; IF(LOST.EQ. 8> GO 7O 818

173;C CHECKX IF RAY IS UP GOING

174; IF(LOST.EQ. 4> GO 7O 815



173.;¢C
176;
127
178,
179,
168,
181
182;
183,
184,
183
186,
187;
188;
189,
198;
191;
192,
153
124,
195,
196
157,
198;
199,
288;
281;
282,
263
204;
285;
286;
287
288;
209,
218;

RAYTRACE - 7,24,78 16.280.3S PAGE
CHECK FOR CRITICAL REFRACTION ON CELL WALL
IFCLOST.EQ.6) GO TO 826
825 IFCILT . EQ. 1> WRITE(C12,518) ANGLE, HOR, TINE
Si8 FORMARTCIH ,3F10.3) '
IFCIFT_NE.1) GO TO 838
IFCHGR.GT.XMAX) GO TO 838
IFCHOR.LT.XMIN) GO TO 838
IF(TINE.GT. TSCALE) GO TO 838
PHOR=(HOR-"MINY/ (XMAY-XMINI*XSIZE
PTIHE=TIME/TSCALE*TSIZE
CALL PLOT(PHOR.PTIME, IPEN)
IPEN=2
826 1F(LOST.EQ.6) IPEN=3
838 IF(ABS(ANGLE). GE. ABS(DEND)) GO TO 738
IFCLOST. EQ. 3. AND. LAYER.EQ. 1> GO TO 798
ANGLE=ANGLE+DSTEP
GO TO0 ses8
848 IFC(ILT.EQ.1> WRITEC(C12,511) LREF,ANGLE
S11 FORMATC(LIH ,’CRITICAL REFRACTIGN AT LAYER’,1X,I2,
1 *, APPROXIMATE ANGLE=’,F6.3)
TYPE "CRITICAL REFR. AT LAYER®,LREF, " RPPROX.
GO T0 738
858 IFC(IPT._EQ.1.0R.IRT._EQ.1) CALL PLOT(B.,8.,3)
IF(NCODE.NE.44) GO TO 832
CARLL FSWAP("RAYLUN.SY¥™)
GO TO 768
852 CALL FSWAP("RAYHERD.SVY™)
IFCIPT.EQ.1.0R.IRT.EQ.1)> GO TO 853
GO TO 7680
855 CALL INITIAL(G6,188,0.,8.)
CALL PLOT(e.,B8.,3)

GO TO 768

98@ TYPE "TURN OFF PLOTTER®
sTOP

99@ STOP ERROR IN MODEL FILE
EHD

122

4

ANGLE ", ANGLE




123

RAYGUH . 7,24,78 16,2833 PAGE 1
1;C RAYGUN
2:;C SUBROUTINE SIMULATES AN AIRGUN PROFILER SYSTEM
3;C YERSION 1. 22 MAY 77 REVISED, 23 NOV 77
4; COMMON NCELLS,NLAYER,J,TEHPX,X(?.ZS),Z(7:26):V(7,25),
33 1 FﬂCEX(SIZS),FACEZ(SIZS),UNORHX(?,ZS),UNORHZ(7,25):
6 2 RQYX(SI25),RAYZ(S.ZS),XHAX,XHIN,ICRIT,CHOR,
73 3 LSTART,LﬂYER,LREF,LOST,ZSP,XSP,LSP,JSP,IPT,ILT,HOR;
8 4 VERT,TIHE,QNGLE.IRT,XS]ZE,TSIZE,TSCALE
9 COHHON/PLABEL/LBLX(Z),LBLY(Z)
18; BATA LBLX/’ KM '/
11; DATA LBLY/' SEC’/
123 CALL FOPENCE, "$PLT")
13; CALL XNITIQL(GJXBBIB.:O.)
14; ACCEPT "DISTANCE SCALECINCHES)? ®. XSIZE
13, ACCEPT *"LEFT EDGECKH)? ", XHIN
16 ACCEPT “RIGHT EDGECKM)? ", XHAX
175 ACCEPT "TIME SCALECIKCHES)? ", TSI12E
13 ACCEPT "MIN. TIHE SCALECSEC.>? ". THIN
19; ACCEPT "MAX. TIME SCALE(SEC.)? *, THAX
209 ACCEPT "AUTO-ORIGIN?, YES=I1 =, 1aUTO
21 XH%=XHAX-XMIN
22; XMN=XMIN/XHX*XSIZE
23; DSX=XMX/ASIZE
24; TSCALE=THAX-THIN
25; DSY=TSCALE/TSIZE
26 PAUSE. TURN ON PLOTTER
27 IFCIAUTO. NE. 1> GO TO 688
28; CALL PLOT(.?5.8.,-3)
29; 608 CALL ﬂXIS(B.;TSIZE,LBLX,4,XSIZE,8.,XHIN,DSXIZ)
38, CALL ﬂXIS(a.-TSIZE:LELY.-QITSXZE,278..THIN,DSY,Z)
31 788 ACCEPT "DETECTOR LENGTH LEFT OF S.P.= ".,SPL
32; ACCEPT *"DETECTOR LENGTH RIGHT OF S.p.= ",SPR
33 ACCEPT "START SHOT POINT AT X= =, XSPS
- 34; ACCEPT "END SHOT POINT AT X= ", XSPE
35; ACCEPT "SHOT POINT STEPPIKG INCREMENT= ", XSPI
36 ACCEPT *“MARK S.P. POSITIONS, YES=1 *,HSP
37 ACCEPT *GIYE INCLUDED ANGLE OF BEAM °*,BR
38, ACCEPT “"GIYE STEPPING ANGLE IN BEAH ®, BSTEP
39; DSTART=-BA/2.
48; DEND=BR/2.

41;C START FIRING RIRGUN
42; 888 ACCEPT "REFLECTING LAYER= ", LAYER

43; IFCLAYER.EQ.8)> GO TO 9993

44; IF(CLAYER.EQ.93)> GO 70 788

43; IFCLAYER. GT.NLAYER)> GO 70 s@e
46 XSP=XSPS

47; JSP=i

48; HMIN=XSP-SPL

49; HMAX=XSP+SPR

S8 988 ANGLE=DSTART

S 1=JSP

52; 918 IF(XSP.GE.X(1,I>. AND.XSP.LE.X(1,1+13)> GO To 928
$3; I=1+1

S4; IFC(I.GT.NCELLSY GO TO 888

55; GO TO 918

s6; 928 JSP=1

573 IFCHSP . NE.1> GO TO 938

38; SPX3(XSP-XMIN)/(XHX)*XSIZE



59
690
61;
62,
63
64;
635
66
67,
68
69,
78
71;
72;
73;
74;
73;
76;
77
78;
79;
88,
g1,
82,
83;C
84,
€5,
86,
37
88;
89;
sg.;
91;
92;
93,
94
9s;¢C
S6;
37
98
99;
188
181
192,
183

RAYGUH ' 7/24,78 16,28,35

33e
1806

120

CALL PLOT(SPX, TSIZE,3)
CALL MARKER(I)D

1PEN=3

TIMNE=8.

HOR=XSP

YERT=8.

L0ST=8

LSTART =1

LREF=8

J=JSP

ICRIT=8

CALL RAYGHN

CALL DOUN

IF(LOST.EQ.1> GO TO 128
IF(LOST.EQ.2) GO TO 138
IFCLOST.EQ.6) GO TO 12¢
CALL UP

IF(LOST.E@. 6> GO TO 126
IF(LOST.EQ. 8. 0R.LOST.EQR. 4> GO TO- 123
CALL SEARCH .
IF(LOST.EQ. 3> GO TO 138
1F(LOST.EQ.8> GO TO 118
IFCLOST.EQ. 4> GO TO 115
IF(LOST.EQ. 6> GO TO 126

PLOT REFLECTION POINT 1IN TIME DOMAIN

125

126
130

IFCHOR.GT.XMAX.OR. HOR.GT . HMAX) GO TO 138
IFCHOR.LT.XMIN.OR. HOR.LT_HMIN)> GO TO 138
IF(TIME. LT. THIN.OR. TIME. GT.THAX> GO TO 138
PHOR=(HOR-XNMIN)Y/ (XMX)*XSIZE
PTIME=TSIZE~(TIME-THIN) /TSCALE*TSIZE
CALL PLOT(PHOR,PTIME, IPEN)

IPEN=2 ’
IF(LOST.EQ. 6> IPEN=3

ANGLE=ANGLE+DSTEP

IF(ABS (ANGLE) . GT.ABS(DEND)) GO TO 148

GO TO 1@@

MOVE S.P. TO NEXT INCREMENT

148

939

XSP=X5P+XSPI
IF(XSP.GT.XSPE)> GO TO 888
IF(XSP.GT.XMAX)> GO TO 8889
HMIN=XSP-SPL
HMAX=XSP+SPR

GO TO 998
CAalLl FEACK
END

PAGE
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1;C
2;C
33
4,
3
6;
7
8,

18;C
11
12
135
14
13;
161
171
18,
19;C
28
21
22;
23;
Z4;
231
261
27
28
29

RAYNOD " 7/24/,78 16:20.33 PAGE -1
PROGRAH RAYMOD
CENERATES UNIT VECTORS FOR I'NTERFACES OF MODEL
COMMON NCELLS.NLﬂYER,J,TEHPI,X(7,26),2(7:25):V(7,25),
1 FﬂCEx(S,ZS),FACEZ(S,ZS),UHORHX(7,25),UNORHZ(7,25),
2 RAYX(G,25),RRYZ(G,25),XHGX,XHIN,XCRIT,CHOR,
3 LSTRRT,LﬂYER,LREF,LOST:ZSP,XSP,LSP,JSP,IPT,ILT,HOR
4 VERT,TIHE,ANGLE,IRT,XSIZE,TSIZE,TSCALE
NLP1=NLAYER+]
NCP1=NCELLS*!
CONMPUTATION OF NORIZONTAL INTERFACE UNIT NORMALS
DO 68 Ix1,NLPI
DO 598 K=1,NCELLS
TEMPX=XC(I,K+1)-X(1,K)
TEMPZ=2¢1,K+41)-2(1,K)
UNORH=SQRT(TEHPX‘TEHPX+TEHPZ*TEHPZ)
UNORMZ (I, K)=-TEHPX/UNORM
59 UNORMX(I,K)=TEMPZ/UNORHN
68 CONTINUE
COMPUTATION OF UNIT NORMAL WALL YECTORS
Do 88 I=1,NLAYER
Do 78 K=1,NCP1
TEMPX=XC141,K)-X (I, KD
TEMPZ=2C¢1+1,K)-2C1,K)
UNORNM*SART(TEMPX*TEMPH+TENPZ*TENPZ)
FACEX(I, K)=TEMPZ/UNORH
78 FACE2CI,K)=-TEMPX/UNORN
88 CONTINUE
caLt FERCK
END

125




1;
23
3
43
3
€
73
8;
9;
19;
11,
12
13,
14
13,
16
17,
18,
13;
20;
21;
22
23,
24;
23;
26
27
283
28;
k1N
It
32;
33;
34
35;
36;
37,
38,
39
48 ;
41
42
43;
44;
43
463
47 ;
48;
49 ;
58;
31;
S2;
33,
34;
33,

RAYPL . 7/,24,78 16.28.35 PAGE 1
C RAYPL
C MODEL PLOTTING PROGRAM FOR RAYTRACE
COMMON NCELLS, NLAYER, J, TEMP1, X(7,26),2(7,26),%(7.,23),
FACEX(CE,26), FACEZ(6,26), UNDRMX(7,25), UNORNZ(7,25),
RAYX(6,2%5), RAYZ(6,25>., XHAX, XKNIN, ICRIT, CHOR,
LSTART, LAYER,LREF,LOST, ZSP, XSP, LSP,JSP, IPT, ILT, HOR,
VERT, TIME, ANGLE, IRT, XSIZE, TSIZE, TSCALE
COMMON/PLABEL/LBLX(2),LBLY(2)
DATA LBLX/' KN '/
DATA LBLY/’ SEL’'/
CALL FOPEN(SE, “$PLT™)
CALL INITIAL(6,188,8.,90.)
IFCIRT.EQ.1)> GO TO 9
C PLOT AXES OF TT CURVE

QCCEPT “"DISTANCE SCARLECINCHES)>? ®.XSIZE
ACCEPT *"LEFT EDGECKM)? *,XMIN

ACCEPT *RIGHT EDGE(KHI? “, XMAX

ACCEPT "“TIME SCALECINCHES)>? *“,TSIZE

ACCEPT *TIME SCALECSEC.)»? ", TSCALE

ACCEPT *AUTO-ORIGIN?, YES=1 ", IAUTO
XHMX2XMAX-XNIN

XHN=XMIN/AHX*«XSIZE

PAUSE: TURH ON PLOTTER

DSX=XMX/XSIZE

DSY=TSCALE/TSIZE

IFCIAUTO.NE. 1) GO TO 8

CAaLL PLOT(.?S5,8.,-3)

CALL AX1S(P.,0.,LBLX, ~4, XSIZE, 8., XNIN, DSX,2)
CALL AXIS(O.,9.,LBLY, 4, TSIZE, 38.,0.,D5Y,2)
GO TO S0

C PLOT AXES AND MODEL FOR RAYTRACE PLOT

9

11

1e

3615

37;
38,

29

ACCEPT "HORIZONTAL SCALECINCHES)>? *, XSIZE
ACCEPT “"VERTICAL SCALECINCHES)>? *, TSIZE
ARCCEPT *VERTICAL SCALE(KM)? ®,TSCALE
ACCEPT “AUTO-ORGIN?,YES=1 ", IAUTOD
NLP1=NLAYER+1

NCP1=NCELLS+1

XMX=X(1, NCP1)-X(1, 1)
XMN=2X(1, 1)/ XMXsXSIZE

DSX=XHX/XSIZE

DSY=TSCALE/TSIZE

PAUSE: TURN ON PLOTTER

IFCIAUTO.NE. 1> GO TO 11

CALL PLOTC(.75,8.,-3)
CALL AXIS(8..8.,LBLX,~4,XSIZE,8.,X(1,15,DS8X, 2)

CALL AXIS(®., TSIZE,LBLX,-4,TSIZE, 27@.,8.,DBSY,2)
ACGEPT "PLOT MOBDEL LAYERS?, 1=YES °*,IPH
IFCIPH.NE.1)> GO TO 358

CALL PLOT(O.,TSIZE, 3)

D0 28 I=1,KNLP1

pO0 19 K=1,NCP1
PX=(XC(I,K)=X(1,1))/XHX*XSIZE
P2Z=TSIZE-2(1,K)sTSCALE*TSIZE

CALL PLOT(PX,PZ,2)

IF(I.EQ.NLP1> GO TO 28
PZ=TSIZE-Z(141,1)>/TSCALE*TSIZE

CRLL PLOT(B.,PZ, 3

CONTINUE

126




59;C
68;
611
621
€3
64
63,
661
67
68
€691
70
71
72;
73
74;
75
76

RAYPL ’ 7,24,78
NEXT PLOT THE CELL WALLS

30

40
50

ACCEPT "PLOT CELL WALLS? ".,ICV
IFCICY.HE. 1> GO TO 58

caLL PLOT(®.,TSIZE, 3)

DO 48 K=1,NCP1}

DO 3@ I=1,KLP1
PX=(X(I,K)-XC1,12)/XMX«XSIZE
PZ=TSIZE~-2C1,K)/TSCALE*TSIZE
CaLL PLOT(PX,P2,2)
IFC(K.EQ.HCP1) GO TO 4@
PX=C(XCl, K+1)-X(1,1) )/ XNX*XSIZE
PZ=TSIZE-2¢1,K+1)/TSCALE*TSIZE
CALL PLOT(PX,PZ,3)

CONTINUE

COHTITHUE

CALL PLOTC(R.,8.,3)

CALL FEACK

END

16.20,33

PAGE

2
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RAYHEAD ° 7/24,78 16,208,353 PAGE !
1;C RAYHEAD
2iC SUBROUTINE TRACES CRITICALLY REFRACTED RAY PATH
3; COMMON NCELLS, HLAYER., J, TEMPL, X(7,26>,2(7,26),Y(7.,25),
4; 1 FACEX(6,26),FACEZ(6,26), UNORNX(7,23)>, UNORNZ(7,25),
3 2 RAYX(6,23),RAYZ(6,23), XMAX, XMIN, ICRIT,CHOR,
6; 3 LSTART.,LAYER,LREF,LOST,ZSP, XSP,LSP,JSP, IPT, ILT, HOR,
7 4 VERT,TIME,ANGLE, IRT,XSIZE, TSIZE, TSCALE
8; XMX=XC1, NCELLS+1)>-X(1,1}
93 XRT=(XSP-X(1, 1)Y7(X(1,NCELLS+§)~-X(1,1))%XSIZE
19; ZRT=TSIZ2E-ZSP/TSCALE*TSIZE
i1 IFCIPT.EQ.1.OR.IRT.EQ:1> GO TO 98
123 GO0 T0 1080
13; 98 CALL FOPEN(E, "$PLT*®)
14; CAatL IRITIALCE,188,0.,8.)
15; CALL PLOT(B.,0.,-3)
16 IFCIRT.EQ.1)> CALL PLOT(XRT,ZRT, 3>

175 188 IFC(IPT.EQ.1) CALL PENUP
18;C INPUT REFRACTING LAYER

19 ACCEPT "REFRACTING LAYER? *, LAYER

28; IF(LAYER.EQ.@> GO TO0 sesg

21 IFCLAYER.GT.NLAYER)Y GO TO 188

22;C FORWVARD SHOOTING IS FROM LEFT TO RIGHT

23 ACCEPT "SHOOTING LEFT TO RIGHT?,YES=1 °*,LINE
24, S=1. '
2353 IF(LINE.NE. 1) S=-f,

26 IFCIRT.NE. 1> GO 7O 183

27 PHOR=(CASP-X(1, 1))/XHX*XSIZE

28 PYERT=TSIZE-ZSP/TSCALE*TSIZE

29, CALL PLOTC(PHOR,PVERT, 3)

308; X CALL MARKER(2)

J1;C INITIAL SEARCHING ANGLE INCREMENT=DEL
32; 185 DEL=S

23; LEFT=1

34 IRTS=8

33;C SEARCH STARTING ANGLE=8.
36; ANGLE=9. .
37 IPEN=Z

38; IFCIRT.EQ. 1) IRTS={
39 118 TIME=S.

48 ; YERT=2SP

413 HOR=XSP

42; LSTART=LSP

43; LREF=8

44, L0ST=@

45; J=2JSP

46 ; IRT=8

47; ICRIT=1

48; CALL RAYGN

43;C TRACE RAY DOWN TO DESIRED LAYER

38 115 CaLL DOWN
31:C CHECK IF RAY HAS LEFT CELL BEFORE REACNING LAYER

325 IF(LOST.EQ. 1> GO TO 128

3S3;C CHECK FOR CRITICAL REFRACTION BEFORE REACHING LAYER
34, IF(LOST.EQ.2) GO TO 123

33; GO T0 13e

36;C USE SEARCH TO LOCATE RAY OUTSIDE OF MODBEL

37 128 CALL SEARCH
38; IF(LOST.EQ.6) GO TO 133

128



39
68
61
62;
63;C
64
63;
66
67;
68iC
€69,
78,
71
721
73
74,
73
76:C
77
78
79
88,
81,
82;
83;
84;
83;
86
€7
88;
89
58,
81;
923
33;C
94,
351
86
97
98,
99;
188
181;
182,
183
184,
1853,
166
187;
188:C
189,
118;
111
112,
113,
114;
113,¢C
1164

129

RAYHERD - 7/24/78 16:20,3S PARGE 2
IFCLOST. HE. 3> GO TO 113
125 TYPE “CRIT. REFR. RT LAYER®", LREF, " APPROX. ANGLE®", ANGLE
IRT=IRTS
GO TO 189
CHECK FOR CRITICAL REFRACTION ON LAYER
138 IFCICRIT.NE. 2> GO TO 135
LEFT=LEFT+1
IFC(LEFT.GE.3) GO TO 148
ANGLE=ANGLE-DEL
DECREARSE ANGLE IHCREMENT TO 1,28 0F DEL
DEL=DEL~-28.
G0 TO 118
135 IFC(ABSCANGLEY.LT.9@.) GO TO 136
IRT=1IRTS
GO TO 189
136 ANGLE=ANGLE+DEL
G0 TO0 118
STORE THE CRITICAL RANGLE
149 ANGLE=AHGLE-DEL
IRT=IRTS
CDIS=8.
IFCILT.EQ.1) YRITEC12,5898) LAYER
€98 FORMATC(1HB, ‘CRITICAL REFRACTIHG LAYER ‘', 12,7,
1 3%, 'DISTANCE’, 6%, 'TINE"’)
ACCEPT "REFR. IHCREMENT(KM>? ",DIS
ACCEPT "END OF REFR. LAYER(KN)? *,SD1S
TINE=D.
VERT=2SP
HOR=XSP
LSTART=LSP
LREF =9
L0ST=8
J=Jsp
ICRIT=8
TRACE CRITICAL REFRACTION PATHS
145 CALL DOWN
IFCLOST.EQ. 1) GO TO 138
IFCLOST.EQ.6> GO TO 188
GO0 TO0 135
158 CALL SEARCH
GO TO 145
153 L=LARYER
LPIx=L+1
JC=y
CRAYX=RAYX(L, J)
CRAYZ=RAYZ(L, J)
CTIHE=TIME
CHOR=HOR
CVERT=VERT
FIND THE UNIT RAY VECTOR ALONG THE REFRACTOR
S=1.
IFCRAYX(L,J).LT.8.) S==1.
HRX=S*«ABSCUNORMZ(LP1, J))
HRZ=S*«UNORMX(LP1,d)
168 J=JC
LOST=8
FIND THE MEW POSITION ON THE REFRACTING LAYER
TEMP1=sCHOR+CDISeHRX




RAYHEAB 7s,24s78 16:28.395 PAGE 3
117;¢C FIRST CHECK IF RAY IS BEYOND END OF REFRACTION LINE
118, IF(S.EQ.1..AND TENP!. GT.SDIS) GO TO i@e
119 IF(S.EQ.-1. . ARD. TENPL . LT.SDIS)> GO TO 188
128;C CHECK IF RAY 1S OUTSIDE OF CELL J
1213 IF(TENPL.GT.X(LP1,J41)) GO TO 163
122, IF(TENPL. LT . X(LP1,J)>) GO TO 163
123; CHOR=TENP !

124, CYERT=CYERT+CDIS*HRZ
123, CTIME=CTIME+CDIS/Y(LPL, J?
1263 GO TO 188

127;C LOCATE HEAD WAYE IN NEW CELL
128; 165 IF(TEHPL.GT . X(LP1,J+1)) JPl=J+i

123, IFC(TEMPL. LT . X(LPL, JD) JPI1=J-1

120;C CHECK IF RAY WILL BE OUTSIDE OF MODEL

131; IFC(JP1 . GT . NCELLS)> GO TO 180

132; IF(JPL.LT. 1) GO TO 188

133;C CHECK IF YELOCITIES ARE THE SAME ABOVE AND BELOW LAYER
134 IF(Y(L,JP1)>. LT V(LPL,JPL)>) GO TO 178

133; TYPE ®"STOP REFRACTION, YELOCITIES EQUAL OR INVERTED®
136 GO TO 188 :

137;C FINHD NEW UNIT RAY VECTOR
138; 178 IFCJPL.GT.J) JJJ=J+1

1393 IFCJPL LT . J) JJJI=Jd

148; HRX=S*ABS(UNORMZ(LPIL, JP1))
141; . HRZ=S*UNORMX(LPI, JP1)

142; JS=J

143 J=JP1

144;C FIND NEW INCIDENT UNIT RAY

143; YR=V(L,J)s¥(LPI1, J)

146, CRAYX=S*VR

147; ARG=-UNORMXC(LPL, J>

148, THETA=ATAN(ARG/SQRT (1. -ARG*ARG))
1439; PHI=ATAN(CRAYX/SART(1.~CRAYX*CRAYXI)
1560 ETA=THETA+PHI

131 CRAYX=SINC(ETA)

152; CRAYZ=COSCETA)

153; UN=SQRT(CRAYX**2+CRAYZ¥*2)
154 CRAYX=CRAYX/UN

133 CRAYZ=CRAYZ/UN

156 D=SQRT((CHOR-X(LPL, JJJ)) «+2+(CYERT-2(LP1, JJJ))**2)
1573 CTINEsCTINE+D/V(LPL,JS)

158 CHOR=X(LPI, JJJ)

159; CYERT=2Z(LPL,JJd>

1€8; IPEN=3

161; 128 JC=J

162; TIME=CTINE

163; HOR=CHOR

164; VERT=CVYERT

163; RAYX(L,J>=CRAYX

166; RAYZ2(L,JY=CRAYZ

167; IFCIRT.NE. 1> GO TO 185

168; PHOR=(CHOR~-X(1,1))7XNX*XSIZE
1693 PYERT=STSIZE-CYERT/TSCALE-TSIZE
178; PH=PHOR

1715 PYsPVERT

1723 CALL PLOT(PHOR,PVYERT, 2)

173:X CALL MARKER(2)

174;C TRACE RAY BACK TO SURFACE
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173,
176,
177
178
178
160
121,
122,
183;
164,
1535,
186,
187
1388,
189X
199,
191,
132;
193
194;
185,
196,
197;
198,
199;
288,
281;

RAYHEAD 7,24,78 16.298.35

183

i@

CALL UP

IF(LOST.EQ@. 6> GO TO 193
1IF(LOST.E0.0.0R.LOST._EQ. 4> GO TO 198
CALL SEARCH

IF(LOST.ED.3> GO TO 19S5
IF(LOST.EQ.6> GO TO 193

GO0 TO 18S

IFCIPT.NE. 1> GO TO 1395
IF(HOR.GT.XMAX> GO TO 133
IF(HOR.LT.XMIN) GO TO 1353
IF(TIME.GT.TSCALE> GO TO 193
PHOR=C(HOR-XMIHN)/ (XMAX-XNIH)=XSIZE
PTIME=TIME/TSCALE*TSIZE

CALL PLOT(PHOR,PTINE, IPEN)

CALL MARKER(1)

IPEN=2

IFCLOST.EQ.6) IPEN=3

CDIS=DIS

IFCIRT.EQ.1)> CALL PLOT(PH,P¥, 3>
IFCILT.EQ@.1Y WRITE(12,585) HOR, TINE
FORMAT(1H ,2F18.3)

GO TO 1680

CONTIHUE

IRT=IRTS

IFCIPT.EQ.1.0R.IRT . EQ.1)> CALL PLOT(8.,B..3

CALL FBACK
END

PAGE
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RAYGH - : 7724/78 16:28.:35 PAGE 1
1 SUBROUTINE RAYGHN
2;¢C GENERATES STARTING RAY VECTORS
3 COMMON NCELLS, NLAYER, J, TENP1, X(7,26),2(7,262,V¥(?7,23),
4; 1 FACEX(6,26)Y,FRCEZ2(6,26), UNORMX(?.,23), UNORNZ(?,25),
3 2 RAYX(6,25),RAY2(6,23), XNAX, XHIN, ICRIT,CHOR,
63 3 LSTART.,LAYER,LREF,LOST,2SP, XSP,LSP,JSP, IPT,ILT, HOR,
7 4 VERT,TIME,ANGLE, IRT,XSIZE, TSIZE, TSCALE
8;C GENERATE RAY
9 S=1.
18 IF(ABSCANGLE).GT.90.) S=-1.
t1; L=LSTART
12; RADCON=3.14159/188.
13; RAYX(L,J)=ABS(TANCRADCOH*ANGLE))
14; RAYZ(L,J)=t.
15; RAYNORM=SQRT(1.+RAYX(L, J)**2)
16; RAYX(L,J)=SIGH(1., ANGLE) *RAYX (L, J)/RAYNORMN
17; RAYZ (L, J)=S*RAYZ(L, J)Y/RAYHORN
18; RETURHK
19; END
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4
3
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8;
31
18;C
115
123
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14,
15,
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18;
19.¢C
28,
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22;
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25;
26
27
28; %
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38;
J1,C
J2;
33,
34
33
36;
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45;
46;
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RAYDH

SUBROUTIHE DOWN

TRACES DOWNWARD RAY PATH THROUGH MODEL

COMMON NCELLS, NLAYER, J, TEMP1, X(7,26),2(7.26),¥(7,23),
FACEX(6,26), FACEZ(6,26), UNORMX(7,25), UNORHZ(7, 25),
RAYX(G,ZS).RQYZ(G,ZS).XHRX,XHIN,ICRIT,CHOR.
LSTART, LAYER,LREF,LOST, ZSP, XSP, LSP.JSP, IPT, ILT, HOR,
VERT, TIME, ARGLE, IRT,XSIZE, TSIZE, TSCALE

XMX=XC1, HCELLS+1)~-X(1,1)

PUTE MAGHNITUDE OF FIRST LAYER RRAY
IFCLREF.NE.®) GO TO 2

I=LSTART~1

L= START

LP1={+1

TEHP=UNORHX(LP1;J)*(X(LPl,J)—HUR)OUNORHZ(LPI;J)‘(Z(LPI;J)-VERT)
PDOTN*UNORHX(LPI,J)tRAYX(L;J)+UHORHZ(LPl;J)‘RRYZ(L,J)
TENP=ABS(TEHP/PDOTHN)

TENP1=HOR+TENP#RAYX (L, J)

CK TO SEE IF RAY IS OUTSIDE OF CELL J
IF(TERP1.GT . X(LPL,J#1)) GO TO 25
IF(TEXMPL . LT.XCLP1,J)) GO TO 23

HOR=TENP1

YERT=YERT+TENP*RAYZ (L, J?

IFCIRT.NE.1) GO TOo 3

PHOR=(HOR-X(1, 1))/ XHX*XSIZE
PYERT=TSIZE-YERT/TSCALE*TSIZE

CALL PLOTC(PHOR,PYERT, 2)

CALL MARKER(2)

TIME=TIHE+TENP,/V (L, J)

IFCLAYER.EQ.L) GO TO 38

FOLLGY DOYNWARD REFRACTED RAY TO LAYER DESIRED

2

IF(LREF.EQ.LAYER) GO TO 38
LMI=LAYER-1

DO 18 I=LSTART,LMNI

IP1=1+1

IP2=1+2

CHECK FOR POSSIBLE CRITICAL REFRALTION
STOP IF CRIT. REFRACTION OCCURS BEFORE REACHING REFLECTOR

PDOTN=RRYX(I,J)'UNORHX(IPI,J)ORAYZ(I,J)lUNORHZ(IPl,J)
CHECK=1. -(¥(I, J)/V(IP1, J)d>s#2

IF(PDOTN#*22 GT CHECK) GO TO 5

LREF=1

LO0ST=2

GO TO 48
PHﬂG-RBS(PDOTNt¢2-(V(IPl,J)t-Z—V(I,J)t-Z)/V(IPl,J)‘¥2)
PMAG=SART(PHAG)
PHRG’(V(IPI,J)/V(I;J))'(PDOTN—SIGN(I.,PBOTN)‘PHRG)
TEHPX*V(IPI;J)/V(X,J)‘RAYX(I,J)—PHAG‘UHORHX(IPI:J)
TEHPZ-V(IPX:J)/V(I,J)-RQYZ(I,J)—PHQG‘UNORHZ(IPI,J)

NORMALIZE THE RAYS TO FORM UNIT VECTORS

RAYNORM=SQRT(TEMPXs#2+TENPZ#%2)
RAYXCIP1, J)=TEMPX/RAYNORM
RAYZ(IP1, J)=TEMPZ/RAYNORM

FIND TNE PATH LENGTH OF EACH DOWHVARD REFRACTED YECTOR

TEHP‘UNORHZ(IPZ,J)t(Z(IPZ;J)—VERT)*UNORHX(IPZ.J)t(X(IPZ.J)—HOR)
PDOTNIUNORHX(IPZ,J)rRRYX(IPI,J)OUNORHZ(IPZ,J)‘RQYZ(IPI,J)
TENP=ABS(TEMP/PDOTHN)

TEMPiI=HOR+TEMP*RAYXC(IPL, J)




39, C
60;
61,
62;
63;
€4
63
66
673
683
63; X
78;
71
723
73;
743
73;
76;
77;C
78;
79;
89;
81
82;C
83;
84,
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86,
87,
883
89
38
91;
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CHECK TO SEE IF RAY IS OUTSIDE OF CELL J

10

23

3

IFCTEMPL. GT.XCIP2,J41)) GO TO 23
IFCTEMPL LT . XCIP2,J)> GO TO 23
TIME=TINE+TENP/V(IPL, J)
HOR=TENMP1
YERT=VYERT+TENP*RAYZ(IPL, J?
IFCIRT.NE.1)> GO TO 1@
PHOR=(HOR-X(1, 1))/ XRX*XSIZE
PYERT®=TSIZE-VERT/TSCALE*TSIZE
CaLL PLOT(PHOR,PVERT, 2)

CalLlL MARKER(2)

CONTINUE

G0 TO 3o

L0ST=1

LREF=I

LSTART =1 +1

GO TO 48

CONTINUE

CHECK FOR EQUAL VELOCITIES ABOVE AND BELOW REFLECTOR

33

IFCYCI+1, J>.HE. ¥(1+42,J)> GO TO 35
L0ST=6

GO TO 49

IFCICRIT.EQ.8B) GO TO 48

CHECK FOR CRITICAL REFRACTION ON REFLECTING LAYER

48

L=LAYER

Li=L+1
PDUTN-RRYX(L:J)*UNDRHX(LI:J)ORAYZ(L.J)‘UNDRHZ(Ll;J)
CHECK=1.-(V(L,J)/¥Y(LL,J))*=2

IF(PDOTN=%2 GT.CHECK) GO TO 4@

ICRIT=2

CONTINHUE

RETURM

END
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1,¢ RAYUP
2; SUBROUTINE UP
3i;C TRACES UPWARD RAY PATH THROUGH MODEL
4, COMNMON HCELLS, NLAYER, J, TEMPL, X(7,26)>,2(7,26)>,¥Y(7?,25),
3 1 FACEX(6,26), FRCEZ2(6,26), UNORMX(?7,25), UNORMNZ(?,25),
[ %] 2 RAYX(6,25), RAY2(E,25), XMAX, XMIN, ICRIT,CHOR,
7i 3 LSTART, LAYER,LREF,LOST,2SP, XSP,LSP,JSP, IPT,ILT, HOR,
3; 4 VERT,TIHE,ANGLE, IRT,XSIZE, TSIZE, TSCALE
9, XMX=X(1, NCELLS+1)>-X(1,1)
19 L=LAYER
11;C CHECK IF INITIAL RAY IS NOT AR REFLECTING RRY
12; IFCLOST.EQ. 8. AND. RBSCANGLE). GT.98.) GO TO 2
13;C CHECK IF REFLECTION VYECTOR IS TO BE FOUND
14; IFCLOST.EQ.4> GO TO S
15;C FIND UNIT REFLECTION VECTOR
16 LP1=LAYER+1
17; PDOTH=RAYX(L, J)*UNORMXCLPI, J)+RAYZ (L, J)eUNORMZ(LPI, JD
18, TEMPX=RAYX(L, J)-2. sPDOTH=UNORMX(LPL, I
19, TEMPZ=RAYZ(L, J)-2. *PDOTN+UNORHZ(LPL, JD
28; RAYHORM=SQRT(TENPX*2+4TENFZe%2)
21 RAYX(L,J)=TENPX/RAYNORN
22; RAYZ(L,J)=TEMPZ/RAYHORM
23.¢C FIRST FIND PATH LENGTH OF REFLECTED VECTOR
24; 2 TEMP=UNORMZ (L, JX)*(2(L,J)-YERTI+UNORNXC(L, J>*(X(L, J>-HOR)
23; PDOTHN=UNORMXC(L, J)*RAYXC(L, J)+URORHZ (L, JX*RAYZ (L, JD
26 TEMP=ABS(TENMP/PDOTH)
27 TEMP1=HOR+TEMP*RAYX (L., J)D
28;¢C CHECK TO SEE IF RAY IS OUTSIDE OF CELL
29; IFCTEMPL.GT.X(L,J+1)> GO TO 25
38, IFCTEMPL.LT.XC(L,J>> GO TO 25
3t HOR=TEMP1
32; VERT=YERT4TEHP*RAYZ (L, J)
33, IFCIRT.HE.1> GO TO0 1
34; PHOR=CHOR-X(1, 1))/XNX*XSIZ2E
3s; PYERT=TSIZE-VERT/TSCALE*TSIZE
36 CALL PLOTC(PHOR,PVYERT, 20
37 X% CALL MARKER(2)
38 {1 TIME=TIKESTEMP /Y (L, I
39; IFCL.EQ. 1> GO TO 38
48 LREF=LAYER
41,C TRACE REFLECTED RAY BACK TO SURFACE
42; S IF(LREF.EQ. 1> GO TO 3@
43; LREFH1=LREF-1
4; DO 18 II=1, LREFM1
45 L=LREF-11+1
46, LHI=L-1
47 PPOTHN=RAYXCL, J)SUNORMXC(L, JY+RAYZ(L, JY*UNORMZ(L,J)

48;C CHECK FOR CRITICAL REFRACTION OF RRY
49;C IF CRITICAL REFRACTION OCCURS THEN FURTHER UPWARD REFRACTIOM

SesC IS KOT POSSIBLE

St CHECK=1.  -(V(L, JD/7Y(LHL, J))*s2

52; IF(PDOTH*#2 GT.CHECK) GO TO 6

333 LREF =L

bL LOST=6

33 ¢C0 TO0 39 .

36 6 PHAG=ABS(PDOTHN##2-(V(LHI,J)®ee2-V(L,J)*s2)/V (LKL, J)e2s2)
37, PHAG=SQRT (PHAG)

S8; PHAGC=C(Y (LML, J)/V(L, J))*(PDOTN-SIGNC(L1.,PDOTH)*PHAGC)
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33 TEHPX*RGYX(L.J)*V(LHI.J)/V(L.J)-PHAG‘UHORHX(L.J)
68 TEHPZ=RAYZ(L'J)*V(Lﬂl,J)/V(L,J)—PHAG*UNORHZ(L.J)
61;C NORMALIZE THE RAYS TO FORH UNIT YECTORS
621 RAYNORM=SQRT(TEMPX#+2+TENPZe*2)
63 RAYXC(LML, J)sTEMPX/RAYNORM
64 RAYZ (LML, JD=TENPZ/RAYHORN
€5;C FIND PATH LENGTH OF EACH UPWARD REFRACTED VYECTOR
66 TEMPXwUNORHMX(LME,J)*C(XC(LAL., J>-HOR)
67 TEHPZ-UNORHZ(LH!.J)t(Z(LHI'J)-VERT)
681 PDOTN-UHDRHX(LHI.J)*RAYX(LHI.J)OUNORHZ(LHI.J)‘RAYZ(LHI'J)
[ S ¥ TEXP=ABSC(CTENPX+TENPZ)/PDOTH)
78 TEMP1=NHOR+TENP»RAYX (LML, J)
71;C CHECK TO SEE IF RAY IS OUTSIDE OF CELL
723 IFCTENPT. GT.XCLK1, J+1))> GO TO 28
733 IFC(TEMPL. LT . X(LML, JD) GO TO 28
74, HOR=TENP1
73 VERT=VYERT+TEMP*RAYZ (LML, JD
76; IFCIRT.NE. 1) GO TO 7
771 PHOR=CHOR-X(1, 12>/ XHX«XSIZE
783 PYERT=TSIZE-VERT/TSCALE*TSIZE
79; CALL PLOTC(PHOR,PYERT, 22
88 X CALL KARKER(2)
81 7 TINE=TIME+TEHP/VCLAL. J)
82; 19 CONTINUE
83; Go TO 38
84; 28 LOST=S
€35 LREF=L
&6 LSTART=LN1
87 Go To 29
88 23 LOST=3
89 LREF=L+1
99 LSTART=L
91 38 CONTINUE
92; RETURN

33; END
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RAYSH

SUBROUTINE SEARCH

RELOCATES RAY AFTER MOYING THROUGH CELL WALL

COMMON HCELLS, HLAYER, J, TERP1, X(7,265,2(7,26),Y(7,23),
FACEX(E.,26), FRCEZ(6,26), UNORMX(7,25), UNORNZ(7,25),
RAYX(E,25), RAYZ(6.25), XHAX, XMIN, ICRIT,CHOR,
LSTART, LAYER,LREF,LOST.ZSP, XSP, LSP, JSP, IPT, ILT, HOR,
VERT, TIME, ANGLE, IRT,XSIZE, TSIZE, TSCALE

¥MX=X(1, HCELLS+1)-X (1., 1)

CALCULATE PATH LENGTH FROM LREF TO CELL WALL

L=LSTART
LPi=L+1t
IFCLOST.EQ. 3) LPI=L

DETERMINE WHICH “ALL THE RAY WILL MOYE THROUGH

IFCTEMPL.GT.XC(LP1, J#1)) JP1=J+l
IFCTENPL.LT.XC(LPL, J)) JPIxJ-1

CHECK TO SEE IF RAY WILL BE OUTSIDE OF HODEL

IFCJP1.GT.HCELLS)Y GO T0 2
IFCJPL. LT 1) GO TO 2

Go 70 3

LOST=3

Go T0 58

IFCLOST.EQ@. 1) LPLI=L

IFCLOST.EQ. 35> LPI=L+1

JJd=J+1

IFCJ.GT.JPLY JJ=J

XL=XC(LP1, JJI-HOR

ZL=Z(LFPL, JJI-VERT
TEMP=XL*«FACEX (L, JUJI+ZL*FACEZ (L, JJ)
TEHPD=RGYX(L.J)tFACEX(L,JJ)+RAYZ(L,J):FACEZ(L:JJ)
TEMP=ABSC(TEHP/ TENPD)

137

FIND HOR. AHD YERT. DISTANCES THUS TRAVELLED TO WALL OF CELL J

HOR=HOR+TEMP*RAYX(L, J)
VERTAYERT+TEMP*RAYZ (L, J)
IFCIRT.HE.1) GO TO 8
IFCHOR.LT.X(1,1)) GO TO 8
PHOR=CHOR-X(1l, 1))/ XHX*XSIZE
PYERT=TSIZE-VYERT/TSCALE*TSIZE
CALL PLOT(PHOR,PVERT, 2)

CALL MARKER(2)

FIND TRAVEL TIME WITHIN CELL J TO WHERE RAY LEAVES CELL
8 TIME=TIME+TEHNP/Y (L, J)

FINKD HEW RAY VECTOR IN CELL JP1, LAYER L

13 IF(YC(L,J).HE.¥(L,JP1)>) GO TO 28

RAYX (L, JP1)3RAYX(L, JD
RAYZ (L, JP1>=RAYZ(L, J)
GO T0 22

2e PDOTF-RAYX(L,J)tFACEX(L,JJ)+RAYZ(L,J)‘FGCEZ(L,JJ)
CHECK FOR CRITICAL REFRACTION ACROSS CELL vAlL

21

CHECK=1.-(Y(L, J)/VYC(L, JP1))*e2

IF(PDOTF*#2 GT.CHECK)> GO 70 21

LOST=6

GO TO S®
PHﬂG-ﬂBS(PDOTF'OZ-(V(L-JPl)"Z-V(L,J)‘tZ)/V(L,JPI)UOZ)
PHAG=SART(PNAG)
PHAG=(V(L,JP1)IV(L,J))*(PDOTF-SIGH(I..PDOTF)‘PHQG)
TEMPX=V(L, JPL1)/VCL, JYSRAYX(L, J)-PHAGSFACEX(L, JJ)
TEMPZ=V(L,JP1)/V(L, J)#RAYZ(L, J)-PRAGSFACEZ(L, JJ)
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HORMALIZE THE HEW RAY TO FORM A UNIT VECTOR
RAYHORM=SQRTCTEMPX#%2+TENPZ*e2)
RAYX (L, JP1)=TEHPX/RAYHORN
RAYZ(L,JP1)=TEMPZ/RAYHORN
FIND THE PATH LEHGTH OF THE HEW RAY IN CELL
FIRST FIHD UHICH INTERFACE THE RAY MAY INTERSECT
22 Js=JP1
IFCJ.GT.JP1)Y JPI=JPI1-1
IFCJ.LT.JP1)Y JPI=JP1+1
IFCJJ. EQ.JY JJ=JS
IFCJJ.CT.J) JJI=JS+t
JaJs
JdJd=Jd+1
IFCJ.GT.JP1) JJd=J
LPi=L+1
PDOTNtRRYX(L,J)‘UNURHX(LPI,J)+RAYZ(L,J)'UNORHZ(LP1,J)
IFCPDOTH.GT.B> GO TO 38
THE RAY MAY IHTERSECT THE LOWER INTERFACE OR NEXT CELL WVALL
FIRST CALCULATE THE PATH LENGTH IF RAY INTERSECTS LOWER LAYER
XL=X(LPL, JJI-HOR
ZL=ZLP1, JJI~VERT
FACEL=XL*UNORMX(LP1,J)+ZL*UHORHZ(LPL,J)
TEHPD=RAYX(L,J)OUNURHX(LPI,J)+RRYZ(L,J)'UNURHZ(LP1,J)
FACEL=ABS(FACEL/TENPD)
HEXT DOUBLE CHECK WITH LEHGTH TO UPPER LAYER
IF(LOST.EQ. 1> GO TO 24
XU=X (L, JJI-HOR
2yu=Z (L, JJI-YERT
FACE=XUsUNORMX (L, J)+ZU«UNDRNZ (L, J)
TEHPI‘RRYX(L,J)tUNURHX(L,J)+RAYZ(L,J)‘UNURHZ(L,J)
FACE=ABS(FACE/TENP1)
1F(FARCE. LE. FRCEL) GO TO 31
HEXT CALCULATE THE PATH LEHGTH IF RAY INTERSECTS FAR WALL
24 XL=XC(LP1,JJJ)-HOR
ZL=2(LP1, JJJI-VERT
Pa-FACEZ (L, JJD
@=FACEX(L.,JJI
URLL!RBS((XL‘Q-ZLOP)/(RQYX(L,J)OD-RAYZ(L,J)OP))
CHOOSE THE SHORTER PATH LENGTH
1IF(YALL.LE.FACEL) GO TO 23
FIND NEW HOR. AND YERT. DISTAHCES TRAVELLED T0 LOWER LAYER
HOR=HOR+FACEL*RAYX (L, J)
VERT=YERT+FACEL®RAYZ(L, J¥
IFCIRT.HE.1) GO TO 23
PHOR=x(NOR-X(1, 1))/ XHX*XSIZE
PYERT=TSIZE-VERT/TSCALE*TSIZE
CaALL PLOT(PHOR,PVERT, 2)
CALL HMARKER(2D
23 TIME=TIMESFACEL/V(L., J?
LOST=8
LSTART =L
LREF =L
GO TO0 38
FIND HOR. AND VERT. DISTAHCES TRAVELLED THROUGH CELL
25 HOR=HOR+VALL*RAYX(L, J)
VERT=YERT+WALL*RAYZ (L, J)
IFCIRT.HE. 1) GO TO 26
PHOR=CHOR-X (1, 1))/ XRX*XSIZE
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1173 PYERT=TSIZE-VYERT/TSCALE*TSIZE
1183 CALt PLOT(PHOR,PVERT, 2)
119:X% CALL MARKER(2)

120, 26 TIME=TIME+UALL/Y (L, JD
121;C CHECK TO SEE IF RAY IS OUTSIDE OF MODEL

122; IF(JP1.EQ.8) GO TO 27

123, IFCJP1.EQ.HCELLS+1) GO TO 27
124 GO TO 13

123, 27 L0OST=3

126, GO TO 58

127;C CASE WHERE RAY MAY INTERSECT UPPER INTERFACE OR NEXT CELL wALL
128;C FIRST FIND PATH LENGTH OF RAY THAT MAY INTERSECT UPPER LAYER

129; 30 XU=X(L,JJ)-HOR

138; ZU=Z (L, JJ)I-VERT

131, FACE=XUsUNORNX (L, J)+ZU*UNORNZ (L, JD

132; TEMP1I=RAYX(L, JY®UNORMXC(L, J>+RAYZ (L, J)tUNORHZ(L J3
133 FACE=ABS(FACE/TENP1)

124,C HEXT CALCULATE THE PATH LENGTH IF RAY INTERSECTS FAR WVALL
1233, 31 XL=X(LP1, JJJ)-HOR

136, ZL=2CLP1, JJJ) -VERT

137 Px-FACEZ (L, JJD

138 Q@=FACEX(L,JJ)

139, VALL=ABS C(XL+Q-ZLxP)/ (RAYX (L, J)*Q-RAYZ(L, J>*P))
148;C CHOOSE THE SHORTER PATH LENGTH OF UPWARD RAY
141, IFCVALL. LE.FACE)> GO TO 2S5

142; HOR=HOR+FACE*sRAYX(L, J)

143, VERT=YERT+FACE*RAYZ (L, J)

144; IFCIRT.HE. 1> &O TO 33

145; PHOR=(HOR-X(1, 1))/ XMX*XSIZE

146 PYERT=TSIZE-VYERT/TSCALE*TSIZE

147 CALL PLOT(PHOR,PVERT, 2>

148; X CALL MARKER(2D

149; 35 TIME=TIME+FACE/VY (L, J)

159; LOST=4

151; LSTART=L -1

132; LREF=L

153, 58 CONTIHUE

154 RETUKRN

133; END
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1;FORT/B
2;FORT/B
3;FORT/B
4;FORT/B
S;FORT~/B
6:FORT/B
7:;FORT/B
8 FORT/B
9;FORT~/B
18)RLDR/H
11:;RLIR/N
12;:RLIBR/N
13;RLDR/M
14,;RLDR/N

RAYTRACE
RAYGUHN

RAYNOD

RAYPL

RAYHEAD

RAYGN

RAYDK

RAYUP

RAYSH

RAYHMOD FORT.LB

RAYPL FORT.LB
RAYTRACE RAYGH RAYDN RAYUP RAYSH FORT.LB

RAYHEAD RAYGH RAYDN RAYUP RAYSH FGRT.LB
RAYGUN RAYGHK RAYDN RAYUP RAYSH FORT.LSB

PAGE

1
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Console Example for RAYTRACE

R _

RAYTRACE NOTE: Console input is underlined

WAHME OF MODEL

FAYTEST

L1ST MODEL COORDINATES?,YES=1 1 —~=—— S€€ listing example
TT CURVE LISTING 2,YES=1 3 _

TT CURVE PLOT?,YES=! 2.

RAYTRACE PLOT.?,YES=1 1_ = see model plot example
HCIIZONTAL SCALECINCHES)>? 2
VERTICAL ‘SCALECINCHES)? 2. dimensions of model plot

UERTICAL SCALE(KM)I? &
TURN ON PLOTTER

PALISE hit any key to start
PLOT MODEL?, 1=YES 1 plotter
PLOT CELL WwALLS? 1 _

6 LAYER MODEL

X D990

Z B.20D

LAYER=" 1

CELL= 1

COD=? 55 -« reflection case

STARTING ANSLE? & .
ENDING ANGLE? 92
"REFLECTING LAYER? 6.
STIPP ING Awr‘u:?_mf“ A
CRITICAL REFR. AT.LAYER S "APPROX< ANGLE @.200232L 2
REFLECTING LAYER? & ' ’ o »
' CODE? 66 —<— ' refraction case
" REFRACTING LAYER? &
SEGOTING LEFT TO RIqHT”;YES 1_1_
RTFR. INCREMEWT(KM)? 25 '
END- OF REFR. LAYER(XIMI? 20
REFRACTING LAYER? O o
" CODE? .99 == S select new options

LIST IMCODEL COORDINATES?;YES =1 g

TT CURVE LISTING 2,YES=1"14

“TT.CURVE PLOT 2,YES=1"1_ - see TT plot example
DISTANCE SCALE( INChF'S)" 2
LEFT ED"E(F"I)” 3

RIGHT EDGE(KM)? 20 - > dimensions of travel time plot
TIME SCALECINCHES)>? 2
TIME SCALE(SEC.)? 13
TURWN OW PLOTTFEZ

PAUSE




Console Example for RAYTRACE , cont.

6 LAYER 1MODEL

ESENT SHOT POINT COORDINATES ARE:

STARTING ANGLE? 8
ENDING ANGLE? 22
REFLECTING LAYER? 1
STEPP ING ANGLE? 2
REFLECTING LAYER? 2
STEPPING ANGLE? 2

CRITICAL REFR. AT LAYER 1 APPROX.

REFLECTING LAYER? 3
STEPPING ANGLE? 2

CRITICAL REFR. AT LAYER 2 APPROX.

"REFLECTING LAYER? 4
STEPP ING ANGLE? 2_

CRITICAL REFR. AT LAYER 3 APPROX.

REFLECTING LAYER? §
STEPPING ANGLE? 2

‘CRITICAL REFR. AT LAYER 4 ADPnOX.

REFLECTING LAYER? 6
STEPPING ANGLE? 2

CRITICAL REFR..AT LAYER 5 APPROX- ANaLE B.18CB30E .

REFLECTING. LA":.R” a .

reflection case

&

-552203

o

ANGLE

ANGLE ©.«383GZ%E "

ANGLE D+32203Z%E

ANGLE ©-2420238E

refract1on case

CODE? 66 =< :
REFRACTING .LAYER? 1

"SHOOT ING LEFT.TO RIGPT";YES 1

REFRe. INCREME\‘T(KP’)? -3
END OF REFR« LA’YER(KM)" 29
“REFRACTING LAYER" 2.

SHOOTING LEFT T O RIGHT?,YES= 1 i

REFR. INCREI*JEI\IT'(KM)” <25
END OF REFR. .LAYER(XMJ? 20
REFRACTING .LAYER?. 3

SHCGTING LEFT. TORIGHT”)YES ! 1

"REFR. TNCQEMENT(KM)'? 225"
_END OF REFR« LAYER(KYS" 20
REFRACTING J_.AYER 2.4

‘_SnOOTlNG LEFT:T.O" RIGHT".-YES I 1

REFR. INCREWMENT (KM)? 525
END OF REFR. LAYER(XM)?2 20

Ny

L]

[a%]

2%

0Ny

142
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Console Example for RAYTRACE, cont.

| "REFRAGCTING LAYER? S _ '
1 SHOOTING LEFT- TO RIGHT?,YES=1 1_
‘ REFR. INCREMENT(KM)? .25 ‘

| END OF REFR. LAYER(KXMI? 20

‘ REFRACTING LAYER? 6 =

| SHOOTING LEFT TO RIGHT?,YES=1_1_
‘REFR. INCREMENT(KI)? <25

" END OF REFR. .LAYER(KMUI? 20
REFRACTING LAYER? @

CODE? 8 =
TURN OFF PLOTTER-
ST ‘
R
A
S
(S .
< T =
=B [I ﬁl'j;(y;’%j#!,’sltfs}!{ i (’ !
A
R T RR T BT S
ol VB T T Wy
= < VWA iy, 9w,
o [Wndddia3nma g
L IUFET e Ty
=
16))] S
o r ! = T !
Sf. 90 10. 00 20.00 0.00 10.00 2p. 00

KM KM

Model Plot Example TT Curve Plot Example
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Model Listing to Console Example

PAGE 1 PAGE 2 PAGF 3
TEST OF HEW SYSTEM (B6.1) 4.888 2.599 12.999 3.500
$.689 2.509 12.899 3.598
MODEL COORDINARTES,X.,Z 6.499 2.599 13.60889 3.5080
9.889 8.999 7.298 2.599 14.429 3.599
8.888 CICET 8.009 2.508 15.208 3.529
1.600 8.0900 8.8080 2.599 16.9099 3.508
2.409 .090 9.6908 2.599 16.8082 3.509
3.2880 2.0989 19.409 2.509 17.609 3.5909
4.900 2.008 11.200 2.508 16.499 3.598
4.893 8.9088 12.990 2.500 19.2089 3.529
5.609 6.0889 12.8080 2.599 20.8880 3.509
6.499 8.098 13.689 2.509 p.098 4.888
7.299 2.998 14.4909 2.509 0.999 4.998
8.9889 2.998 15.2080 2.508 1.600 4.999
8.89080 8.090 16.089 2.509 2.489 4.989
9.6889 8.008 16.889 2.5889 3.289 4.9889
18.4889 8.090 17.690 2.588 4.999 4.0089
11.289 8.90923 18.4989 2.5088 4.880 4.0899
12.0089 9.008 19.2890 2.588 $.688 4.0089
12.80889 9.808 29.899 2.588 6.4099 4.993
13.6989 9.909 9.098 3.0899 7.2908 4.938
14.499 2.088 0.880 3.000 8.929 4.999
15.2239 2.090 1.609 3.009 8.808 4.988
16.98989 8.08080 2.499 3.0800 3.628 4.993
16.889 9.8989 3.299 3.809 19.482 4.099
17.69889 8.990 4.000 3.000 11.209 4.980
18.4089 8.8089 4.8990 3.899 12.0089 4.0223
19.2983 0.089 5.609 3.0980 12.3889 4.098
20.0089 2.908 6.499 3.028 13.699 4.020
8.928 2.890 7.2909 3.9089 14 .499 4.009
9.898 2.8880 £.908 3.098 15.239 4.098
1.600 2.8889 5.808 3.290 16.899 4.929
2.499 2.932 9.698 3.090 16.899 4.8899
3.2880 2.009 19.408 3.000 17.56082 4.989
4.989 2.098 11.299 3.0989 18.4239 4.000
4.809 2.829 12.0080 3.000 19.2289 4.990
5.6089 2.0899 12.880 3.099 20.8889 4.9020
6.490 2.899 13.629 3.099 8.803 4.589
7.289 2.839 14.409 3.999 9.899 4.509
2.083 2.993 15.299 3.999 1.690 4.5¢9
£.889 2.99289 16.9909 3.899 2.408 4.598
9.689 2.828 16.889 3.088 2.209 4.520
1D.499 2.9828 17.608 3.999 4.808 4.599
11.299 2.999 18.403 3.000 4.898 4.599
12.009 2.609 19.288 3.989 5.699 4.529
12.888 2.88089 20.908 3.889 6.499 4.509
13.698 2.9922 8.9090 3.5889 7.292 4.509
14489 2.028 9.889 3.590 8.828 4.590
15.209 2.00880 1.689 3.589 8.593 4.529
16.9903 2.0880 2.499 3.509 9.602 4.5@09
16.289 2.099 3.289 3.5880 19.489 4.529
17.692 2.999 4.902 3.599 11.29089 4.593
18.409 2.08989 4.800 3.59889 12.883 4.599
19.299 2.999 S.690 3.539 12.898 4.589
2p.088 2.0889 €.400 3.599 12.609 4.523
8.289 2.5893 7.29% 3.5%0 14.49223 4.599
9.8980 2.5¢E0 £.089 3.590 15.2909 4.529
1.6989 2.598 §.2898 3.529 - 1€.9829% 4.5%3
2.492 2.529 ©.5639 3.599 16.8989 4.590
3.299 2.5¢e9 16.4993 3.592 17 59389 4.529
4.929 2.5923 11 293 3.3992 16.409 4.509



. PAGE 4
13.2980 4.500
28.899 4.508

CELL LAYER VELOCITY
1 1 1.588
2 1 1.588
3 1 1.500
4 1 1.5988
S 1 1.5980
6 1 1.509
7 1 1.5880
8 1 1.509
9 1 1.509

190 1 1.5080
11 1 1.5089
12 1 1.599
13 1 1.589
14 1 1.50832
15 1 1.508
16 1 1.509
17 1 1.588
18 1 1.5922
19 1 1.5088
28 1 1.5082
21 1 1.599
22 1 1.580
2 1 1.509
24 1 1.508
25 1 1.5080
1 2 2.888
2 2 2.0289
2 2 2.088
4 2 2.000
S 2 2.923
6 2 2.0800
7 2 2.009
8 2 2.039
S 2 2.099
19 2 2.9899
11 z2 2.0898
2 2 2.993
13 2 2.8029
14 2 2.002
15 2 2.892
16 2 2.639
17 2 2.009
18 2 2.082
19 2 2.089380
20 2 2.882
21 2 2.209
22 2 2.889
23 2 2.089
24 2 2.009
25 2 2.9889
1 2 2.508
2 2 2.583
2 3 2.50¢%2
4 2 2.508
S 2 2.589
€ 3 2.502
7 3 2.5098
& 2 2.5323

Model Listing to Console Example

—
J

™~

S N
O N MU

(AU ISR D B A I D B

VO UNHE W= s NN - O

PAGE 5

uwunwwwwmuwwwwuwuwwuuaaaaaaaaaaaaaaaaaaaaaaaaauuuuuwuuuuuuuuuuu

MR MDD N

4-.xa.xx.xa.xa:-:-A.A.xa.xa:-.xahaaaaauuuuuuuuuuuuuuuuuuuuwwuuu

.583
.508
.508
.589
.509
.508
.589
.S50e8
.5929
.588
.308
.588
.50880
.5880
.508
.588

S8

.0988
.099
.09080
.8989
.008
.008
.009
.808
.009
.0083
.0980
.n3¢
.B0B3
.¢89
.8989
.023
.883
.008
.e88
. 0080
.0823
.898
.888
.883
.989
.808
.8889
.889
.8823
.6083
.038
.899
.3903
.B899
.889
.009
.093
.92
.899
.0892
.893
.89e
.832
. 000

PN MM

VONMAAWNNDN- DW= O

~

PAGE 6

NANANNANANNANANNANANNANANANANNANANANNNANNOAAAATANAOTANANTAANANANANNANNTAAANAANANAATNNDNNWUOW
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.80880
.893
.803
.0080
.899
.89
.898
.098
.988
.93
.009
.0880
.809
.998
.0980
.908
.883
.8083
.0880
.8880
.0088
.9088
.808
.0980
.008
.888
.892
.909
.829
.023
.883

.783
. 782
. 783
. 799
.783
.782
. 79380




CODE? 44 —<—
w

(ADETECTOR LENGTH LEFT OF S.P.= .3

146

Console Example for RAYGUN
(see Figure 9 for plot)

RAYTRACE
NAME OF MODEL
PCT27MGE - — model file name
LIST MODEL COORDINATES? YES=l 3
TT 'CURVE. LISTING?,YES=l © answer § to these options
TT. CURVE PLOT?,YES=1.8
RAYTRACE PLOT?,YES=1 &
6 LAYER MODEL

PRESENT SHOT ‘POINT -COORDINATES ARE:
K= 3.209
Z= - G.000
LAY ER= 1
CELL= 1 . e .
CODE 44 initiates RAYGUN

DISTANCE SCALECINCHES)? 18
LEFT EDGEC(KM)? S8

RIGHT EDGECKM)? 75

TIME SCALECINCHES)? 4.8
MINe -TIME SCALE(SEC.)? @
MAXes TIME SCALEC(SEC®)? 1
AUTO-ORIGIN?,YES=1 1 D
PAUSE-: TURN ON PLOTTER _

> axes parameters

DETECTOR LENGTH RIGHT OF S.F.= @
START SHOT POINT AT X= 58 T | distances in km
END SHOT POINT AT X= 75
SHOT P OINT. STEPPING INCREMENT=8+2( 5.4765 in degrees
MARK S.P. POSITION5, YES=1 @

GIVE INCLUDED ANGLE OF BEAM 8¢
GIVE STEPPING. ANGLE IN BEAM 13 )

REFLECTING LAYER=: 1
REFLECTING LAYER= 2 LAYER 0 returns user to RAYTRACE

REFLECT ING LAYER= 3
REFLEGT ING ,LAYE‘R='~®; LAYER 99 returns user to




Appendix II:

RAYTRACE Support Programs
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Program MODFORM

Description of Program

Computer program MODFORM develops the initial two-
dimensional velocity-depth model used by RAYTRACE (Appendix
I). MODFORM operates at the console in a conversional mode
whereby the user is queried for information needed to con-
struct a plane layered, non-dipping, multi-celled model.
The following example gives the console I/0 and model

listing.

I/0 Example and Program Listing

MODF ORM
G IVE NAME OF NEW HMODEL
SLOPEMOLZ
GIVE NUMBERS OF CELLS AND LAYERS 4.4
G IVE HEADER CARD FOR THIS MODEL
SIMPLE TEST OF BASIN - SLOPE INTERSECTION
NOTE: COORLINATES ARE IN KM WITH Z POSITIVL SELOJ S.L..
GIVE X ANLC Z COORDINATE OF UPPER L.H.CORNER 3,9
G IVE HORIZONTAL LEN3TH OF MODEL 12
GIVE DEPTH TO BOTTOM OF EACH LAYER
Z(I)= 2.333

Z(I>= 3.
Z(I)= 3.5
Z(1)= 4.

CHECK YOUR DEPTHS - ARE THEY CORRECT?(YES=1) 1
G IVE LAYER VELOCITIES ANLC HALF-SPACE VELOCITY

vV(l)= 1.5
velx= 3.
v(ly= 2.1
V(Il)= 2.6
HeS.U= 3.

CHECK YQUR VELOCITIES - ARE THEY CORRECT?(YES=1) |
MODEL IS EONE

STOP

R
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SLOFENODY 6718?75 11:47:3¢2 PARGE 1
1;SINPLE TEST GOF 5aSIH - SLOPE IHTERSEZTIOHN
2; 4 4
3; 8.058 8.39¢2
4; 2.5¢¢2 B.0699
S Z.062 0.339
6 T 3¢9 p._9809Y
7; 13.9ge 3.930
€ 8. 6243 2.333
9. 2. %8G 2.332

19 5.98989% 2.323
i1; 7.559 2.233
12 19. 564 2.35333
13, g.608 3. ¢98
14 2.<ed 3.328
15; 5.293 3.a2¢
1&; 7.582 2.939
173 1%.36563 2.809
ie; 8. ¢33 2.582
19 2.%35% z.522
2. 3. 652 2.562
ol O 7.ct23 3.528
z2; 18.4983 3.532
23; 9.8939 4_BRR
24, 2.359 §.22¢2
23; S.243 4. 082
55 7.S63 $.239
7 12. 202 4.903
23 1.2593

22, 1.232

28 1.283

215 1.S33

25 . 8%2

23 3.3223

T4 z.e¢2

I3 3,823

Tes 2. 134

T 2.12%

P 2.1¢8

22 2.129

13; 2.629

$1; 2.643

1z 2 523

43I 2.3599

3. 2.2:52 ,
2% ; z.n23

ag z.283

a7 2.339
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MODFORM . ) 7/,24,78 16.28,35 PAGE 1
1:¢C HODFORM
2iC PROGRAM MODFORM: THIS PROGRAM FORMS MULTICELLED MODELS OF
3;cC NONDIPPING UNIFORM YELOCITY LAYERS
4 DIMENSION IHEARDER(48), IFILE(SE), Z(21), ¥(21)
S LMAX=28
6; CHAX=2S
7 TYPE"GIVE NAME OF NEW MODEL"®
8; READ(11,188) IFILECD)
9, 188 FORMAT(SI®)
18; CALL FOPEN(1, IFILE)D
115 118 ACCEPT® GIVE NUMBERS OF CELLS AND LAYERS “,NC. KL
12; IF(HC. LE. CMAX. AND. NL.LE.LMAX) GO TO 129
13; TYPE* MAX.NUMBER OF CELLS=25, MAX LAYERS=20"
14; G0 TO 118
1s; 128 TYPE®GIVE HEARDER CARD FOR THIS MODEL®
16; READ(11,139) THEADER
17; 138 FORMAT(4BA2)
183 HCP1=NC+1
19; NLPI=NL+1
283 TYPE*NOTE: COORDIHATES ARE IN KA VWITH Z POSITIVE BELOW S.L..,
213 1 VELOCITY IN KM/SEC™
22; ACCEPT*"GIVE X AND Z COORDINATE OF UPPER L.H.CORHER ",X@,2(1)
23; ACCEPT*GCIYE HORIZONTAL LENGTH OF MODEL *“, D
24, TYPE~GIVE DEPTH TO BOTTOM OF EACH LAYER °®

25; 1335 DO 148 I=2,NLP1
26; 140 ACCEPT "2(1>= *,2(I)

27 ACCEPT*"CHECK YOUR DEPTHS - ARE THEY CORRECT?(YES=1) =, IARNS
28; IFCIANS. KE. 1) GO TO 135
29; TYPE"GIVE LAYER VELOCITIES AND HALF-SPACE YELOCITY*®

38; 145 DO 138 I=1,NL
31; 158 ACCEPTV(Id= =, ¥Y(I)

22; ACCEPT" H.S.¥= *,V(HLP1)
33; ACCEPT"CHECX YOUR VELOCITIES - ARE THEY CORRECT?(YES=1) °.IANS
34 IFCIANS. KE. 1) GO TO 145
33 WRITE(1, 155) IHERDER

365 155 FORMAT(1X,48R2)

373 WRITE(1, 158> KNC. WL

38; 1358 FORMAT(1X,212)

39; DSTEP=D/NC

48; DO 1635 I=1,HLPL

41; In=2(1)

42; SUM=8.

43; DO 168 M=1, HCP1

44; AM=X8+SUM

45 WRITE(1,178)> XM, 2ZH

46; 168 SUM=SUM+DSTEP
47; 163 CONTINUE
48; 178 FORHAT(1X,2F8.3)

49; DO 198 I=1, KLP1
38; YH=v (1D
St DO 188 M=1, NC

S2; 188 WRITE(1,288) VYA
€3; 198 CONTINUE
s4; 288 FORMAT(1X,F8.3)

333 CALL FCLOSC(1)
363 TYPE"MODEL IS DOKE"®
373 ENB
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Program MODFIX

Description of Program

Computer program MODFIX is a conversational program
used to modify velocity-depth models for RAYTRACE (Appendix
I). Modifications include x,z, coordinates, cell veloci-
ties, complete P to S velocity conversions (with provisions
to exclude water velocities), addition of layers or cell
columns, horizontal shift of x-axis, and reversal of x-
axis. The following example, which includes console I/0
and model listing, is a modification to the example model

developed earlier by MODFORM.

I/0 Example and Program Listing

MODF IX
G IVE NAME OF OLD MODEL
SLOPEMOD?
G IVE NAME OF NEW MODEL
SLOPEMOD!
THIS IS THE OLD HEADER CARD
SIMPLE TEST OF BASIN - SLOPE INTERSECTION
CHANGE THIS HEADER IN NEW FILE?,YES=1 2
OLD MODEL IS A 4 CELL BY 4 LAYER MODEL
CODE LIST FOR OPERATING PRO3IRAM
CODE 99=STOP PRO3RAM AND OUTPUT FllLkt
CODE 1 =CHANGE INDIVIDUAL COORLINATES
CODE 2=SHIFT OR REVERSE X-AXIS
CODE 3=ADD A LAYER OR CELL COLUMN
CCDE 4=CHANGE CELL VELOCITIES
CODE 5=LIST CODES
CODE? 4
SEE WRITE-UP ON HO¥ TO CHANGE VELOCITIES
INDIVICUAL CHANGES(l1)> OR P TO S CHAWIES(2)? 1
G IVE LAYER AND CELL NUMBER OF VEL. 2,1l
OLD VELOCITY 1IS: 33232
G IVE NEW VELOCITY= 2.1
CONTINUE?, YES=1 1




G IVE LAYER ANLC CELL NUM3ER OF VEL. 2,2
OLD YELOCITY 15: 3.220

G IVE NEW VELOCITY= 2.1

CONTINUE?, YES=1 | :

GIVE LAYER ANLC CELL NUMBER OF VEL. 3,4
OLD VELOCITY IS: 2.1232

GIVE NEV VELOCITY= 3.

CONT INUE?, YES=1 |

GIVE LAYER ANLC CELL NUM3ER OF VEL. 4.4
OLD VELOCITY IS: 2.622

GIVE NEV VELOCITY= 3.

CCNTINUE?, YES=] 2

CODE? 1
SEE WRIT=Z-UP OJ HOY TGO SPECIFY COORLINATES

G IVE LAYER AJD CELL NUM3ERS 2,1

OLD COORDINATES ARE: X= 3.222 L= 2.333
G IVE NEW COGRDINATES: X,Z 2.,3.

CONTINUE?, YES=1 |

G IVE LAYER AND CELL NUMBERS 2.2

OLD COCRDINATES ARE: X= 2.523 = 2.333
G IVE WEW COCORLCINATES: X,Z 2.5.,3.
CONTINUE?,YES=] 1

GIVE LAYER AND CELL NUM3ERS 2.3

OLD COGCRDINATES ARE: X= 5.2332 Z= 20333
G IVE NEW COORCINATES: X,Z 5,3
CONTINUE?,YES=] |

G IVE LAYER ANL CELL NUMBZIRS 2,5-4
OLD COORDINATZS ARE: X= 7.523

G IVE NEV COOQORLDINATES: X,Z 7.5,2.7
CONTINUE?, YES=1 2

Z= 2.333

CODE? 99

THANK YCU., YGUR NEW MODEL IS CONE

SToP

R

SL9FERSEY $/13,78 11.4%.

1;SIAPLE TEZT GF ERSIN - SLGPE INTERSECTIONY
2; 4 4 ~c
3, 9.663 ©.p0R R
i, 2.583 .29 s
s 5,652 6.¢23 Ze
€: 7.s23  2.399 ze
7: 18883 5.382 a5
e,  8.9898 I.003 31
3, 2. 502 3.822 =
18;  S.@02  3.903 ;3
11;  7.533  2.703 34
12; 12.as¢e 2.333 .
12, 0.9%3  3.583 e
14; 2,582 2.9a3 7
1s 5.983  3.2€3 7
15; 7.%33  3.933 jg
Ts o 18.9352 31.0302 ‘
12, -9.963  3.523 i0
12; 2.582 3.s523 s
i3; 5.263  1.58% a3
Zt;  7.s62  3.599 ‘s
22; 12.3%a  3.529 s
23 z2.2z2 3.pa? .-
i1, 2.s82  ¢.332 i

.~
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1;C
2;C
3icC
4;C
3
6
7
83
9;
18;

‘ 11,
123
13
14,
13;
16
17;
183
19,
20
21,
22;
23,
24;
23;
26
27
28;
29;C
38,
31
32,
33;
34,
33;
36
3?7;
383
39
49
41
42;
43,
44,;C
43,C
46;C
47
48

| 49

‘ S8
31;
323
33;

‘ 34,

‘ 535
36
3?7
38

MODFIX

ige

128

t3e
132

7,24s78 16.28,33 PAGE 1

PROGRAM MODFIX.
USED TO CHAHGE RAYTRACE MODEL COORDINATES,
AHND TO ADD WHOLE LAYERS AND CELL COLUMKS.

AUTHOR . P.R. JONES 12 MAY 77, REVISED 18 MAY 78

DIMENSION IFILEC?), NFILE(?), IHEADER(483, HHEADER(4@),
X(21,26),2¢21,26),¥¢21,25), XNC26), ZN(26), YN(23),
XR(21,26),2ZR(21,26)>,¥R(21,23)

LMAX=28

CHAX=23

TYPE "GIVE NAME OF OLD MODEL*®

READC11,188) IFILECL)

TYPE "GIVE NAME OF HEW MODEL®

READC11, 188> NFILEC(1)

FORMAT(S12)

CALL FOPEN(L, IFILE)

CALL FOPENC2, HFILE)

READC(1,118) IHEADER

FORMAT(40R2)

TYPE "THIS IS THE OLD HEADER CARD*®

WRITEC18, 128> IHEADER

FORMAT(1X,4842)

ACCEPT "CHANGE THIS HEADER IN HEW FILE?,YES=1

IFCIANS. NE. 1) GO TO 13@

TYPE *GIVE HEW HEADER CARD (48A2)"

READC(11,118)> NHEADER

G0 TO 133

DO 132 Is1, 48

HHEARDER(ID=IHEARDER(ID)

", IANS

READ IN OLD MODEL COORDINATES AHD VELOCITIES

133
148

143

is5e

16@

170
180

READ(1,148> NC,HNL
FORMAT(212)

WRITEC10, 143> NC,HL
FORMATC(1H ,°0OLD MODEL IS A’,13,°
HLP1=HL+1

HCP1=HC+1

DO 158 I=1, HLP1

DO 1358 K=1,HCP1
READC(1,168) XCI,K), 2(1,K)
FORHMAT(2F8. 3)

PO 178 I=t, HLP1

DO 178 K=1, HC

READC(1,188) VI, K>
FORMAT(F8.3)>

CELL BY’,13,’ LAYER

153

THIS IS A CONVERSATIONAL PROGRAM THAT IS
VELOCITIES

MODEL’)>

THE REMAINDER OF THIS PROGRAM IS USED TO MAKE MODEL CHANGES

288

218

TYPE "CODE LIST FOR OPERATIHG PROGRAM®

TYPE * CODE 99=STOP PROCRAM AHD OUTPUT FILE"
TYPE * CODE 1aCHANGE INDIVIDUAL COORDINATES®
TYPE * COBE 2=SHIFT OR REVERSE X-AXIS*®

TYPE " CODE 3=ADD A LAYER OR CELL COLUMN®
TYPE = CODE 4=CHANGE CELL VELOCITIES®

TYPE ™ CODE S=LIST CODES*

ACCEPT "CODE? “, NCODE

IF(HCODE.EQ.99) GO TO 95908

IF(HCODE.E@.1)> GO TO 3ee

IF(HCODBE.EQ.2) GO TO 7ee

IF(HCODE _EQ.3)> GO TO 4@8
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NODFIX : 7,24,78 16.28.,3S5 PRGE 2
59 IF(NCODE.EQ.4)> GO TO ¢684d
68, IFCNCODE.EQ.35)> GO TO 288
61, GO TO 218

62:C .
63, 308 TYPE “SEE WRITE-UP ON HOW TO SPECIFY COORDINARTES®

64 395 ACCEPT *"GIVE LAYER AND CELL NUMBERS *, IFL,IFC

€55 VRITEC18,318> XCIFL,IFC)Y,2CIFL, IFC)
66; 318 FORMAT(IH ,’'OLD COORDINARTES ARE. X+’,F8.3,3%,°Z=’,F8.3)
673 ACCEPT “GCIVE NEW COORDINATES., X,Z *,XCIFL,IFCY,2ClFL,IFC)
£8; ACCEPT "CONTINUE?, YES=1 “, IANS

€9; IFCIANS.EQ. 1> GO TO 385

78 GO TO 218

71;¢C

72, 488 TYPE "SEE NRITE~UP ON HOW TO ARDD LAYERS AND CELLS®

3. RCCEPT ™IS THIS A NEW LAYER(!1) OR NEW CELL(2>? *.IALC

74 IFCIALC. E@. 1) NL=KNL+1 ’

75; IF(IALC.EQ. 2> NC=NC+1

76 IFCIALC.EQ. 1> GO TO See

77 IFCIALC. EQ.2) GO TO 48S

78 CO TO 218

79, 485 ACCEPT “GCIVE POSITION NUMBER OF NEW CELL COLUMN ", NCH

80 ; ACCEPT “SAME. X COORDINATE FOR THE WBHOLE COLUMN?, YES=1 *, 1ANS
81; IFCIANS.EQ. 1> GO TO 415

62, TYPE “GIVE X,Z COORDINATES BY LAYER OF L.H. WALLS®

83, NCP1=NCP141

£4; DO 418 I=1,KNLPI

5% IH 419 ACCEPT *X,Z= ",LXNCI), ZNCD)

86 GO TO 419 )

€7, 415 ACCEPT "GIVE X COORDINATE *, XFIX

88 ; TYPE “GC1¥E 2 COORDINARTES"

89; DO 416 I=1%,NLP}

S3; ACCEPT *2= *,2ZKR(D)

91 416 XHCID=XFIX
92 419 TYPE “GIY¥E VELOCITIES TO NEW CELLS AND N.S. FRON TOP TO BOTTOM"

$3.; DO 428 1=1,NL

94 428 ACCEPT “¥= *, ¥NCD)

$3; ACCEPT *H.S. ¥= *, YN(NLPD)
96;C ADJUST THE MOBEL FOR THIS NEW CELL COLUMN
97 l 1IFC(NCN . EQ.KRC)> GO 10 458
98; DO 438 I=1,NLP1

99 K=NCP1

188 DO 438 J=NCN, NC

1e1; XCI, X>=axcCl,k=1)

182; 2CI,KY=2ZCl,K-1)

103 IFCK.EQ.NCP1) GO TO 438
184 Y1, K)=¢ (T, K-1)

185; 438 K=K-1

1863 DO 448 I=1,NLP1

1e7; XC1, NCRI=XRCDD

1883 2C¢l1, NCRY=ZNCI)

1e9; 448 YCILNCHRI=VNC(IDD

118, GO TO 21

1113 452 DO 463 1=1,KLP1

112, XK {1, NCFP1)=XNC1)

113, 2C¢I, NCPL1D>=2ZHC(1)

114; 468 VC(I,HCN)=VYNCD)

1133 Go 10 218

116; Se@ RCCEPT “GIVE NEW LAYER HUMBER ", HNLN
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MODFIX g 77/24,78 16.28.35 PAGE 3
117 sg@s TYPE "GIVE X,Z COORDINATES FROHW LEFT 70O RIGHT®
1183 NLFP1=NLP1+1

118 DO 518 I=1,KCP1

128; s1@ ACCEPT "X, 2= “,%XNHCI>, ZHCD)

1213 ACCEPT "ARE COOKDINATES CORRECT?, YES=1 *, IANS
122, IFCIANS. NE. 1> GO TO 3eS

1233 518 TYPE "GIVE YELOCITIES 10 CELLS OF THIS LAYER (L 10 R)"
124 D0 528 1=1,KC

125, 528 ARCCEPT "¥= *, ¥YNCI)

125 ACCEPT "ARE YELOCTIES CORRECT? ,YESel *, IANS
127 IF(IANS.NE. 1Y GO TO 513

128:C ADJUST BOTGEL FOR THIS HEW LAYER

129 NLHP i=NLH+1

138 IFCHLK.EQ.NL) GO TO 548

131, K=HLP1

1325 DO 535 I=KLH.,HNL

133 DO 528 J=1.,KCP1

134 IFCK.E@. NLHPY> GO TO 332

133 XK, J>=KC(K-1,J)

136 2CK, JI>=2CK=1,d)

137 532 IF(J_EQ.HNCP1) GO TO 538

138; YK, J)=Y(K-1,J)

139 538 CONTINUE
148 535 K=K-1
141, 548 K=HLN

142; IF(NLN.EQ.NL) K=HKLHPI1
143; DO 558 I=1,HCP1

144; XC(HLNP 1, ID=XNC1)

145 ZCHLNP L, ID=2ZHCID

146 IFCI.EQ.NCP1)> GO TO 558
147, YK, I)=VHRCD)

148, 538 CONTI1INUE

145 GO TO 218

1290;C SECTION FGR CHANGING VELOCITIES
151 €8@ TYPE =SEE WRITE~UP ON HOW TO CHRNGE VELOCITIES®

1223 QCCEPT °*"INDIVIIDUAL CHANGES(1> OR P TO S CHANGES(2)>? *, IANSY
153; IFCIANSY ER.2> GO TO 615

154 €65 ACCEPT “GIYE LAYER AND CELL NUMBER OF VEL. *,1vL, IvVC

155; URITEC18,618) VCIYL,IVC)

156 618 FORMATCIH , *OLD VELOCITY IS.'.F8.3)

157 ACCEPT “GIVE HEY VELOCITY= *,VCIVL,IVC)

15983 ACCEPT “"CONTINUE?, YES=1 *, IANS

139 IFCIAKS.EQ. 1> GO 1O 685

168; Go 70 218

161 615 ACCEPT °*GIVE CONSTANT C., VHEW = C*=v0OLD *, VYCON

162 ACCEPT *"NATER VELOCITY DOES NOT CHANGE, GIVE OLD VYALUE *,¥V
163 DO 628 I=1,KLF1

164; DO 628 K=1, NC

165; IFC(UY.EQ.¥Y(I. K)>) GO TO0 628

166; ¥CI,Ky»=YCOH+Y (1, K)

167 628 CCHTINUE

168; GO 170 218

169:C SECTION FOR SHIFTING OR REVERSIHNG X-AX1S :
1785 780 ACCEPT "IS THIS AN AXIS SHIFTC(1) OR A REVERSAL(2>7 *, IAX

171, IFCIAX.E@. 1) GO 10 7189
172 IFCIAX.EQ.2) GO TO 7389
173 GO TO 218

174; 710 ACCEPY "GIYE CONSTANT TO BE ABDED 10 X~AXIS ", XCON



173
176
177
178,
179,
1293
181
182
183,
154
185,
186,
187
188
189
190,
191,
192,
193;
154,
1383,
156
197,
198,
199,
2es;
291;
202
2e3;
2¢4;
285
286 ;
297
208;
209;
218,
211
212;

MODF 1X e 7/24,78 16,20:33 PAGE

720

758

7680

8@

see
91e

938
948

Ise
968

DO 729 I=1,NLP!

DO 729 K=1,NCP1
X(1,K>=XCI, K)+XCON

GO 10 219

ACCEPT "SIGN OF %-AXIS AFTER REYERSAL? *, XSIGH
Lo 76@ 1=1,NLPI

DO 768 K=1,NCP1
KRCI,K>=XSIGH*XCI,K)
ZRCI,K>=2(1,K)
IFCK.GT.NC)Y GO TO 768
YRCI,K)=Y(I,K)
CONTINUE

HCP2=NC+2

DO ?79 1=1,NLPI

DO 778 K=1,HCP1
KR=NCP2-K
K(1,K)Y=XRCI,KR)
Z(1,KY=ZR(I,KR)

DO 789 1=1,NLP1

DO 788 K=1, NC
KR=NCP1-K
YCI,K)=%R(I,KR)?

GO TO 218
WRITE(Z,918) NHERDER
FORKAT(1X,48BR2)
WKITE(2,928) NC., NL
FORMAT(1X,212)

Do 938 I=1,NLP1

DO 938 K=1, NCP1
CRITE(2,948) X(I1,K3,2(1,K)
FORMATC(1X,2F8. 3)

D0 95@ 1=1,NLFP!

DO 938 K=1, NC
YRITE(2,968) V(I,K)
FOGRHATC1X,F8.3)

calL FCLOSC(Z)

TYPE “THANK YOU, YOUR HEW NODEL IS DONE"®
END

4
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