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INTERPRETATION OF GEOPHYSICAL SURVEY DATA WITH 
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1. Page 14, paragraph 7, line 7, and Equation 1 (line 8), should be changed 
to read: 

calculate an apparent resistivity pA 

2. Page 14, paragraph 7, line 11, should be changed to read: 

KG = 2na ; and for the Schlumberger array KG = ns ~L/s) 2 
- (1/4)] , 

3. Page 14, paragraph 7, line 17, should be changed to read: 

4. Page 68, paragraph 66, line 13, should be changed to read: 

and Equation 4 can be written 

5. Page 72, paragraph 70, line 5 on this page, should be changed to read: 

where fD(x) denotes the discrete profile data set. That is, two 

6. Page 93, paragraph 98, line 16 on this page, should be changed to read: 

(1) 

gradient model in Figure 49a, could now be determined by using TALGRAD 
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PREFACE 

The study reported herein was performed during the period 

October 1978 to May 1982 under Department of the Army Project No. 

4Al61102AT22, "Research in Soil and Rock Mechanics," Task AO, Work Unit 

002, "Analytical and Data Processing Techniques for Interpretation of 

Geophysical Properties." 

The work was performed by Messrs. Dwain K. Butler, Ronald E. 

Wahl, and Donald E. Yule, Earthquake Engineering and Geophysics Division 

(EE&GD), Geotechnical Laboratory (GL), U. S. Army Engineer Waterways 

Experiment Station (WES), Vicksburg, Miss.; Mr. Donald E. Barnes, Gee

mechanics Division, Structures Laboratory, WES; and Dr. Anthony F. 

Gangi, Department of Geophysics, Texas A&M University, College Station, 

Tex., under the direct supervision of Dr. Arley G. Franklin, Chief, 

EE&GD, and the general supervision of Dr. William F. Marcuson III, Chief, 

GL. The work by Dr. Gangi was performed under Contract No. DACA39-79-M-

0074 and involved preparing and documenting the computer programs 

REFRDIR and REFRINV. Mr. Wahl developed the computer programs SEISDIG, 

SEISPLOT, and REFINT. The computer program DOMER was written by 

Mr. Yule. Mr. Barnes developed the computer programs PLOTZ and PLOTLL 

and provided assistance in the use of these programs . This report was 

prepared by Mr. Butler. 

The study was closely coordinated with work planned by 

Mr. Joseph R. Curro, Jr., Chief, Field Investigations Group, EE&GD, GL, 

under CWIS Work Unit 31150, "Remote Delineation of Cavities and Discon

tinuities in Rock," and by Mr. Butler under DA Project No. 4Al61101A91D, 

"Assessment of Microgravimetry for Geotechnical Applications." 

COL Tilford C. Creel, CE, was Commander and Director of WES 

during the conduct of this study. Mr. Fred R. Brown was Technical 

Director. 
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) 
UNITS OF MEASUREMENT 
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ANALYTICAL AND DATA PROCESSING TECHNIQUES FOR INTERPRETATION OF 
GEOPHYSICAL SURVEY DATA WITH SPECIAL APPLICATION TO 

CAVITY DETECTION 

PART I: INTRODUCTION 

Background 

1. In foundation investigations for permanent military facilities 

ranging from the common post facilities such as hospitals, barracks, 

etc., to underground command, control, and communication (c3) facilities, 

there is a need for accurate information on subsurface stratigraphy, 

structure, and physical properties. Presently, this information is 

obtained through a combination of drilling, laboratory testing, and geo

physical testing. Emphasis in the field investigation is on drilling 

and logging of borings which is a relatively expensive procedure. Often 

as much as five percent of the construction cost is expended in geotech

nical investigations for military facilities and over half of this is 

spent in the field. Geophysical methods have the potential for reducing 

these costs; however, the full potential of geophysical methods to 

reduce the number of borings required is not presently being utilized 

partly because processing and interpretation of geophysical data in the 

U. S. Army Corps of Engineers usually is done manually. This has evolved 

primarily because judgment is required in the data reduction and inter

pretation process. The manual methods are very labor- intensive, and 

frequently there are considerable delays in reporting survey results 

due to processing "backlogs. " Also, since hand methods are being used , 

recent developments in wave propagation and potential field theory, 

which involve large amounts of computation and could assist in the inter

pretation of data, are not being utilized. 

Applications of Geophysical Methodology 

2. The various types of surface and subsurface geophysical 

methods are reviewed in Engineer Manual 1110-1-1802 (Department of the 
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Army, 1979). This report will concentrate on three of the surface geo

physical methods and one cross-borehole method: 

a. Electrical resistivity. 

b. Microgravimetry. 

c. Seismic refraction. 

d. Crosshole seismic method. 

3. In addition to foundation investigations to aid in facility 

design and construction, geophysical methods are applicable to post

construction facility development functions, such as groundwater explor

ation, and monitoring functions, such as groundwater contamination 

detection and subsurface intrusion prevention and detection. Table 1 

summarizes the applicability of the above four geophysical methods to 

various military facility design, construction, development, and moni

toring functions. 

Geophysical Data Sources 

4. As described in the Preface, the work described here was 

closely coordinated with two other research efforts . In this way, 

efforts under the three projects were complementary, and relevant field 

data were available for processing and interpretation using techniques 

developed during the present work. Specifically, the field efforts 

involved the evaluation of some 28 geophysical techniques for cavity 

detection and delineation at two natural cavity test sites in Florida, 

and many of the examples used in this report are drawn from the data 

from these sites. Figure 1 is a location map showing the two sites. 

The Medford Cave site has a relatively shallow (<10 m) air-filled 

cavity system; Figure 2 shows a plan view of the known cave system and 

the geophysical survey area at the site. The Manatee Springs site has a 

deeper (~30 m) water-filled cavity system; Figure 3 is a plan map of the 

known cavity system and the area used for the geophysical surveys. 

Cavity detection and delineation is considered a particularly appropriate 

application since the presence of cavities, either natural (e.g., solu

tion cavities in carbonates) or man-made (abandoned mine workings or 

6 



Table 1 

Applicability of Geophysical Methods 

Use of Method 

Site selection 

Stratigraphy and 
lithology defini
tion 

Depth to top of 
rock 

Geologic struc
ture determina
tion 

Groundwater 
exploration and 
assessment 

Groundwater 
contamination 
detection 

Construction 
materials 
exploration 
(sand and 
gravel) 

Facility monitor
ing/perimeter 
integrity 

Seismic 
Refraction 

1 

1 

1 

1,2 

1 

5 

2 

3,4 

NOTE: 1 - Primary usefulness 
2 - Secondary usefulness 

Geophysical Method 
Seismic Electrical 

Crosshole Resistivity 

4 1 

1 1 

4,5 1,2 

2,3 1,2 

4,5 1 

5 1 

4,5 1 

4 1 

3 - Has indirect or limited usefulness 

Microgravity 

1 

3 

1,2 

1 

1,2 

5 

2 

1 

4 - Could be used but not best or practical approach 
5 - Not applicable 

2,3 - Indicates a range of 2 to 3, or that applicability may vary 
depending on circumstances 
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Figure 1. 
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Map showing locations of Medford Cave and 
Manatee Springs test sites 
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clandestine tunnels) presents problems for facility foundations as well 

as for base perimeter security. 

Purpos e 

5. The purpose of this report is to document new and/or improved 

analytical and data processing techniques for interpretation of the 

results of geophysical surveys. The work has involved (a) acquiring, 

improving, and modifying existing computer codes; (b) writing new comput

er codes in-house; and (c) producing new computer codes by contract 

sources. All of the work is designed to improve and speed up data 

acquisition and processing and to improve and extend capabilities for 

interpreting engineering properties from geophysical surveys. 

Scope 

6. Part II of this report covers the resistivity methods, 

Part III covers the microgravimetric techniques, and Part IV covers the 

seismic methods. A s ummary and recommendations for future work are pre

sented in Part V. The coverage of the geophysical techniques is limited 

to a brief review of the concepts and field procedures of the techniques 

listed in paragraph 2, followed by computer program documentation and 

examples of the use of the computer programs. Table 2 is a summary list 

of all the computer programs documented in this report and gives perti

nent features of each as well as where the documentations and program 

listings can be found. 
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Program 
Program Documenta-

Name Primary Function tion 1 Part 

RESDIR Compute resistivity II 
sounding data for 
specified model 

RES INV Determine subsurface II 
model from resis-
tivity field sounding 
data 

RESDAT General purpose II 
resistivity field data 
processing program 

TIDES Computes theoretical III 
earth gravity tide 

TALGRAD Computes gravity and III 
gravity gradients for 
polygonal cross 
section models 

HILBERT Computes Hilbert trans- III 
form of discrete 
profile data 

SEISDIG Digitize analog IV 
seismic records 

Time sharing 
Currently operational on Honeywell DPS-1 
Optional 
On-line mini/micro computer facility 

Table 2 

Summary List of Geophysical Computer Programs 

Program 
Listing, Operating 
Appendix Language Hode Eguipment/Facility Reguirements 

A FORTRAN IV T/S* Mainframe Computer** 
T/S Terminal 
Tektronix Digital Plottert 

c FORTRAN IV T/S Hainframe Computer** 
T/S Terminal 
Tektronix Digital Plottert 

D FORTRAN IV T/S Mainfra~e Computer** 
T/S Terminal 
Tektronix Digital Plottert 

E FORTRAN IV T/S Mainframe Computer** 
T/S Terminal 
Tektronix Digital Plottert 

F FORTRAN IV T/S Mainframe Computer** 
T/S Terminal 
Tektronix Digital Plottert 

G FORTRAN IV T/S Mainframe Computer** 
T/S Terminal 
Tektronix Digital Plottert 

H BASIC M/Ctt Tektronix 4051 Minicomputer 
Tektronix Hard Copy Unit or Printert 
Tektronix Digital Plotter 
Tektronix Graphics Tablet/ 

Four Button Cursor 

~t;ont1nued) 

t 
tt 

1 Easily adapted to other mini/micro computer systems 

Comments 

l 



Table 2 (Concluded) 

Program 
Program Documenta-

Name Primarv Function tion 1 

SEISPLOT Plot Seisdig data IV 
files 

R.EFINT Interpret seismic IV 
refraction time-
distance plots 

DOMER Processes Rayleigh- IV 
wave data from analog 
refraction records 

R.EFRDIR Computes time-distance IV 
data for specified 
model 

R.EFRINV Determines subsurface IV 
model from seismic 
refraction field data 

CROSSHOLE Interprets crosshole IV 
seismic survey data 

PLOT 2 Produces on-line plot App B 
at T/S terminal loca-
tion with linear axes 

PLOTLL Produces on-line plots App B 
at T/S terMinal loca-
tion with logar ithmic 
axes 

* Time sharing 
** Currently operational on Honeywell DPS-1 

t Optional 
tt On-line mini/micro computer facility 

Part 

Program 
Listing, 
AI,!Eendix 

H 

H 

H 

I 

J 

K 

B 

B 

1 Easily adapted to other mini/micro computer systems 

Language 

BASIC 

BASIC 

BASIC 

FORTRAN I V 

FORTRAN IV 

FORTRAN IV 

FORTRAN IV 

FORTRAN IV 

2 Only selected options have been r eformatted for output on T/S Terminal 
3 Uses standard Cal/Comp instruction commands 

Operating 
Mode 

M/C 

M/C 

H/C 

T/S* 

T/S 

T/S 
(or Batch) 

T/S 

T/S 

EguiEment/Facilit~ Reguirements Comments 

Tektronix 4051 Minicomputer 1 
Tektronix Digital Plotter 

Tektronix 4051 Minicomputer 
Tektronix Hard Copy Unit or Printert 1 
Tektronix Graphics Tablet/ 

Four Button Cursor 

Tektronix 4051 Minicomputer 1 
Tektronix Hard Copy Unit or Printer 
Tektronix Digital Plotter 
Tektronix Graphics Tablet/ 

Four Button Cursor 

Mainframe Computer** 
T/S Terminal 
Tektronix Digital Plottert 

Mainframe Computer** 
T/S Terminal 

Mainframe Computer** 2 
T/S Terminal 

Mainframe Computer** 3 
T/S Terminal 
Tektronix Digital Plotter~ 

Mainframe Computer** 3 
T/S Terminal 
Tektronix Digital Plottert 



PART II: SURFACE ELECTRICAL RESISTIVITY METHODS 

Background 

7. All surface electrical resistivity methods considered in this 

section involve linear four-electrode geometries (arrays). The four 

most common electrode arrays are illustrated in Figure 4. In each of 

the four arrays, an electrical current I is input to the ground at 

electrodes c1 and c2 . Electrodes P
1 

and P
2 

are used to measure 

a potential difference ~V . The following equation can be used to 

calculate an apparent resistivity pA 

pA -K ~v 
G I (1) 

where KG is a geometric factor which depends on the array type and 

electrode spacings within the array. For the Wenner array (Figure 4a), 

KG = 2na ; and for the Schlumberger array KG - ns [<L/s)
2 

1/4] , 

where s = P
1

P
2 

and L = c
1
c2/2 (generally L ~ Ss) • In the pole

dipole array, electrode c2 is placed at effective infinity (generally 

c
2
P

2 
> 5 to 10 times the maximum value reached by c

1
P

2 
during a survey 

is sufficient); and KG= 2nR1R2/(R2-R1) , where R1 = c1P1 and R2 -

c1P2 ~R2 - R1 - P1P2) . Finally, for the dipole-dipole array, KG= 

nrn(n - 1) , where r = c
1
c

2 
= P

1
P2 and c

1
P

1 
= c2P2 nr. 

8. The resistivity given by Equation 1 is called an apparent 

resistivity since it may not actually be the true resistivity of any of 

the subsurface materials. This fact can be illustrated by a conceptual 

example: consider a layer of soil over a bedrock which is very thick. 

If, say , a Schlumberger or Wenner electrode array is used to study the 

example just presented, the following facts can be stated: (a) for 

electrode spacings a or L much smaller than the soil layer thickness, 

the measured apparent resistivity (pA) approaches the true resistivity 

of the soil (p 1) ; (b) for electrode spacings a or L much greater 

than the soil layer thickness, the apparent resistivity approaches the 

true resistivity of the bedrock (p 2) ; and (c) for a or L values 

14 
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Figure 4. Four commonly used resistivity electrode arrays 

between these two extr emes, the apparent resistivity will be interme

diate in value (i.e., the measured apparent r esistivity will be a volume 

average of and Pz , with the volume included in the measurements 

increasing with a and L ). 

9. Two types of s urface resistivity s urveys can be conducted, 

and these surveys will be termed horizontal profiling and vertical 

soundings. In horizontal profiling s urveys , electrode spacings are 

selected and the entire array is moved along the surface keeping the 

spacings constant. I f a set of parallel profile lines is surveyed in 

this manner, the result will be a grid of apparent resistivity values 

over an area for a constant electrode geometry ; this grid of data can 

then be contoured to produce a r esistivity map. Horizontal resistivity 

pr ofiling is designed to investigate l ateral geologic variations above 
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an essentially constant depth of investigation. Frequently the elec

trode spacings for horizontal profiling are selected on the basis of 

the results of a vertical resistivity sounding (described below). 

10. In vertical sounding, the electrode array is expanded sym

metrically about a center point and it is assumed that variations in 

apparent resistivity as the electrode spacing increases reflect changes 

in true resistivity as a function of depth beneath the surface point of 

symmetry of the array. The objective in vertical sounding interpreta

tion is to determine the true resistivity versus depth variation from 

the apparent resistivity versus electrode spacing data. The result will 

generally be a layered model consisting of layer thickness and associated 

true resistivities. Interpretation is usually accomplished by curve 

matching (i.e., matching field data curves with standard curves) or by 

the use of a resistivity inversion computer program. Useful discussions 

of resistivity theory, field methods, interpretation procedures, and 

case histories can be found in Telford et al. (1976), Department of the 

Army (1979), Keller and Frischknecht (1966), Zohdy et al. (1974), and 

Butler and Murphy (1980). 

11. In this section, three computer programs will be described 

which assist in the processing and interpretation of resistivity field 

data. The first two programs, RESDIR and RESINV, are used for interpret

ing vertical resistivity sounding surveys. The third program, RESDAT, 

is a general purpose resistivity processing program. Also, examples of 

the use of the processed and interpreted resistivity results will be 

presented as illustrations and as suggestions for future work. All of 

the programs are written in FORTRAN IV for use on the U. S. Army Engineer 

Waterways Experiment Station (WES) Time-Sharing system; use of the plot

ting options requires a Tektronix Digital Plotter on-line at the terminal. 

RESDIR: A Computer Program for Solution of the 
Direct Problem in Resistivity Sounding 

12. The direct or forward problem in electrical resistivity 

sounding consists of specifying a resistivity model and then calculating 
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I 

the appar ent r esistivities which woul d be observed by a given electrode 

a r ray on t he s urface of t he model . For present purposes, the class of 

models consisting of hor izontal layers with resistivities p . and 
l. 

thicknesses h . 
l. 

c l ass of model s 

is consider ed , wher e i specifies the ith layer; this 

is illus trated in Figure 5 . Unlike the i nverse pr oblem 

p . 
1 

• • • • • • • • 
............ . • ... 4 . •. • ... •. · - . • ···-

. . . . .... .................. . . .. . .. . .. . . . . . . .. . .. . . 
• 4 .o . • . . • . • . - • ... • . - • ~ .. (I 
~ .. • • • • • • C\ • • -

• ." · ·· ·· ... ... - . .... . . oP• o 
• • . . . . • . ' 0 . . .. 

I : 
i I 

0 
e 
0 
0 

0 
0 
0 

I 

i I i : 1 h ~ 
~ 

(half-space) 

Figure 5 . Resistivity model , 
n-l ayers with horizontal inter

faces 

of deduc t i ng a possible model directl y from field resis t ivity sounding 

data , t he dir ect resistivity sounding problem is unique ; i . e . , for a 

given electrode geometry and r esistivity model , there is only one pos

ible soundi ng curve . 

13 . RESDIR is a FORTRAN computer program which solves the dir ec t 

pr oblem in r esistivity sounding using linear filter theor y (Ghos h, 197la, 

b). The fi lte r s wer e derived by Davis (1979a) and the pr ogram described 

in Davis (1979a , b ) and Mooney (1979). The pr ogram was adopted for use 

on t he WES computer time- sharing system and an output plotting option was 

added. For a given electr ode array , Wenner , Schlumberger, or axial 

dipole-dipole , t he program computes and plots t he apparent r esistivity 

sounding curve. Beginni ng with a user-specif i ed initial electrode 
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spacing, the apparent resistivity values are computed at six points per 

decade of electrode spacing. A listing of RESDIR is presented in 

Appendix A. 

Input data 

14. All data are input in a free-field format with prompting 

messages; i.e., the specified parameters are input consecutively, 

separated by commas. Individual input lines and parameters are 

described below and also in comment statements in the program listing 

(Appendix A). The units must be consistent, e.g., if resistivities in 

ohm-m, then layer thicknesses and electrode spacings must lie in m . 

Input No. 1: INDEX 

Index--specifies array type; enter l for Schlumberger 
array, 1 for Wenner array, or 3 for dipole
dipole array. 

Input No. 2: SPAC, E, M 

SPAC--smallest a- spacing (for Wenner array), or smallest 
L-spacing (for Schlumberger array). 

E--specifies number of layers in the chosen model. 

M--specifies total number of apparent resistivity 
values to be calculated (at rate of six per decade 
beginning with SPAC) 

Input No. 2A: IX 

Input only for dipole-dipole array (INDEX= 3) . 

IX--enter 0 if r is varied (n constant) or enter 1 if 
n is varied (r constant). 

Input No. 2B: N-values 

If IX - 0, enter only one N-value 
If IX - 1, enter M N-values . 

Input No. 3: Model Parameters (P(I), I= 1, 2E- 1) 

Enter E-1 layer thicknesses, immediately followed by 
E layer resistivities. 

The above input sequence is repeated for additional models; normal pro

gram selection is terminated by inputting 0 (zero) for INDEX . 

Program input 

15. Printed output from the program consists of a listing of the 

input model and then a listing of the computed apparent resistivities and 
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corresponding electrode spacings. Optional plots of apparent resis

tivity versus electrode spacing for Wenner or Schlumberger arrays can 

be generated; either arithmetic or logarithmic plots can be selected. 

The plots are generated by a CALL PLOT2 (X, Yn, N) or CALL PLOTLL (X, 

Y, N) command, where X and Y are the parameters to be plotted and 

N is the number of values. PLOT2 and/or PLOTLL are used in nearly all 

the programs in this report and are documented in Appendix B; the plot 

specification input sequence is the same for all programs in this 

report. 

Examples 

16. RESDIR can be used to generate sounding curves for hypothet

ical field situations and as an aid in interpreting field sounding data. 

17. Example 1. Consider the hypothetical two-layer case shown 

in Figure 6; the plots demonstrate the appearance of the sounding curves 

1e 3 ~--------r-----r---r--T--r-r-~rT--------~-----r--~--.--r~-r~ 

>-
1-
1-1 
> 
1-1 
I
t/) 
1-1 

t3 
ex 

10 2 L_ ____ _L __ ~--L-~~~~------~---L--L-~~~±d 
10 11 10 1 10

2 

ELECTRODE SPACING 

Figure 6. Two-layer resistivity sounding curves, Wenner 
array, computed using RESDIR (For both cases, h1 = 10 m 

300 ohm-m.) 
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• 
us~ng a Wenner array for two cases, where pl = l/3p2 and where p = 

1 
3p2 • the layer thickness is the same for both cases. The input data , 
and program output are shown in Figure 7 for the case where pl = l/3p2 • 

18. Example 2. As an example of the use of RESDIR for generation 

of sounding curves for hypothetical field situations, consider the 

three-layer model in Figure 8. The objective of this model is to simu

late the case of an alluvial aquifer above a resistant basement; i.e., 

layer 1 represents an unsaturated sandy soil, layer 2 represents the 

alluvial aquifer (saturated sandy soil), and layer 3 represents the 

resistive basement rock. The aquifer thickness is constant at 10 m, and 

three different depths to the top of the aquifer are considered. Sound

ing curves for the three cases using a Schlumberger array are also shown 

in Figure 8. Results such as shown in Figure 8 could be used for asses

sing the feasibility and limitations of resistivity sounding for detect

ing the presence of an aquifer. 

RESINV: A Computer Program for Solution of the 
Inverse Problem in Resistivity Sounding 

19. The inverse problem in resistivity sounding requires that a 

model be deduced from a set of resistivity sounding field data. Use of 

the program RESINV to solve the inverse problem requires that an initial 

model (number of layers, layer thicknesses, and resistivities) be speci

fied; this initial model can be determined by examination of the field 

data. The number of layers in the initial model will not be altered by 

the program; however, the layer thicknesses and resistivities will be 

iteratively adjusted until a good fit to the field data is achieved. The 

inversion scheme is described in Davis (1979a) and the program is de

scribed in Davis (1979a, b) and Mooney (1979). Davis used an inversion 

procedure developed originally by Merrick (1977) for Schlumberger sound

ing data. The iterative adjustment is accomplished using Marquardt's 

algorithm (Marquardt, 1963), which is an optimized combination of 

Newton-Gauss and gradient inversion methods. 
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INPUT NO. 1---INDEX (ARRAY TYPE) 
=2 
INPUT NO. 2--SPAC,E,M 
=1,2,13 

INPUT NO. 3, MODEL PARAMETERS, THICKNESSES(H) AND RESISTIVITIES(R)---H 
(1) ,H(2), .... ,H(E-1) ,R(1), .... ,R(E) 
=10,300,900 

APPARENT RESISTIVITY VALUES 

WENNER ARRAY 

2 LAYER MODEL. 

LAYER NO. 

1 
2 

SPACING 

1.00 
1.47 
2.15 
3.16 
4.64 
6.81 

10.00 
14.68 
21.54 
31 . 62 
46.42 
68.13 

100.00 

Figure 7. 
p 1 = 1/3p 2 

THICKNESS 

10.000 

RHO 

300.114 
300.369 
301.155 
303.505 
310.133 
326.964 
363.097 
425.195 
509.295 
602.067 
689.895 
763.446 
818.245 

RESISTIVITY 

300.000 
900.00 

Input data to RESDIR and program output for the case 
shown in Figure 6 (User input is indicated by an 

'=' sign.) 
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Figure 8. 
with p

1 
= 

10 m (Case 

Schlumberger 
1000 ohm- m , 
1--h = 10 m 

1 

ELECTRODE SPACING 

array sounding curves for 
P2 = 100 ohm-m, p

3 
= 2000 

· Case 2--h = 50 m· Case 
' 1 ' 

three-layer 
ohm-m, and 
3--h = 100 

1 

model 
h = 2 
m.) 

20. Using the techniques of RESDIR, apparent resistivities for 

the initial model are computed and compared with the field data. A 

derivative matrix consisting of partial derivatives of apparent resis

tivity with res pect to each model parameter is computed. Corrections 

to each model parameter are determined from a generalized inversion of 

the derivative matrix. The corrections are added to initial model and 

a new set of apparent resistivities and layer thicknesses are computed. 

This procedure is continued until the root-mean-square (rms) error falls 

below a specified convergence criterion. 

21. Even though a given initial model may be adjusted to a final 

model which results in computed apparent resistivities that closely fit 

f ield data, the model is not unique and may not be geologically correct 

or aven reasonable. Any independent geologic control which is known for 
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the site should be utilized to constrain the inversion process; any of 

the model parameters can be specified as fixed, as dictated by geologic 

control, and will not change during the inversion process. In general, 

the minimum number of layers required to produce the essential features 

of the field sounding curve should be used initially, adding layers for 

subsequent models only if a good fit is not achieved with the minimum 

number of layers. The initial model can be chosen by the use of graph

ical and empirical techniques, such as curve-fitting, asymptotes, and 

inflection points of field curves, Barnes layer method, Moore cumulative 

method, inverse slope method, or, in many cases, just by examination of 

the field-sounding curve (Hugdahl and Dahl, 1979; Barnes, 1954; Sanker 

Narayan and Ramanujachary, 1967; Moore, 1945; Telford et al., 1976). The 

examples which follow will illustrate some of these techniques. Success

ful use of RESINV depends to a greater extent on the particular set of 

data involved, the quality of the data (including lack of lateral effects* 

in the data), and the experience of the interpreter. The best results 

with RESINV will be achieved when there is good geologic control and/or 

when the interpreter is familiar with the geologic sequence likely to be 

encountered in a particular area. 

Input data 

22. All data are input in free-field format. A program listing 

for RESINV is in Appendix C. Input data requirements are as follows: 

Input No. 1: INDEX 

INDEX--array type; enter l for Schlumberger array, 
2 for Wenner array, or 3 for dipole-dipole array 

Input No. 2: SPAC, E, M, NN, R}1SC 

SPAC--smallest a-spacing (for Wenner array) or smallest 
L-spacing (for Schlumberger array) 

E--specifies number of layers for model 

* Lateral effects, i.e., lateral or horizontal changes in resistivities 
of near-surface materials, can introduce errors in the inversion model 
and in some cases may result in fictitious layers in the model. Many 
times, lateral effects can be easily recognized on resistivity shift
ing of curve segments (for Schlumberger soundings) or graphical 
smoothing. 
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M--number of field readings 

NN--number of fixed layer (model) parameters 

RMSC--root-mean-square error cutoff value in percent 
(typically use 1 to 5 percent). 

Input No. 2A: IX (Input only for dipole-dipole array, 
INDEX = 3) 

IX--enter 0 if r is varied (n constant) or enter 1 
if n is varied (r constant) 

Input No. 2B: N 

If IX = 0, enter one n-value 
If IX = 1, enter M n-values 

Input No. 3: INDXl 

INDXl--enter 1 if field data are at perfectly logarith
mic electrode intervals, or enter 0 if otherwise 

Input No. 3A: (SN(l), SN(2), .... SN(M) 

SN(l)--electrode spacings , M-values. Skip if INDXl - 1. 

Input No.4: R2(1), R2(2), .... R2(M) 

R2(1)--field apparent resistivities, M-values, each 
corresponding to SN(l) 

Input No . 5: Model parameters (P(I), I= 1, 2E- 1) 

Enter E-1 layer thicknesses, immediately followed by 
E layer resistivities 

Input No . 6: (NF(I), I= 1) NN) 

NF(I)--fixed parameters. There should be a total of 
NN numbers specifying which of the model 
parameters in Input No. 5 are to be fixed. The 
NF number assignment is consecutively from 
NF = 1 for P(l) to NF = 2E- 1 for P(2E- 1). 

23. Program execution will terminate when (a) the rms error 

drops below RMSC, (b) the program completes 15 iterations, (c) a minimum 

is reached before either (a) or (b) occurs and all further iterations 

increase the sum of squares (in this case, the note "Jl = JMAX--TRIAL 

MODEL will not converge," or (d) INDEX is set equal 0. The program will 

cycle to accept another set of data until INDEX = 0 is input. 

Program output 

24. Program output consists of printed listings of the results 

of the input initial model calculations (iteration No. 0) and computed 
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final model calculations and plots of field data, initial model, and 

final model. The output sequence and content is as follows: 

Examples 

a. The results of iteration No. 0 are printed; these 
consist of a tabular listing of the input initial model 
parameters, tabular listing of electrode spacing, com
puted model apparent resistivity, and field apparent 
resistivity, and finally the rms error. 

b. A plot of the sounding curve for the input initial 
model is now generated (see Appendix B for plot specifi
cation input sequence). 

c. An optional plot of the field sounding curve can now be 
generated superimposed on the plot in b. 

d . The results of the final iteration are printed (includ
ing final rms error). 

e. A plot of the sounding curve for the final (best-fit) 
model is generated, which can be superimposed on the 
plots in b and c . 

25. Example 1. In order to illustrate the input parameter 

sequence and the capability of RESINV to converge to a known model, the 

sounding curve corresponding to case 1 in Figure 8 was digitized and the 

resulting apparent resistivity versus 1-spacing data were input to RESINV. 

The apparent resistivity values for 12 selected electrode spacings 

(from 6 to 400 m) were estimated directly from the log-log plot, so the 

input data would have "noise" due to errors in estimating values from the 

plot. An initial three-layer model was deduced from the general features 

of the sounding curve in Figure 8 and input to RESINV. Results of the 

use of RESINV to find a best-fit, three-layer model to the input data 

are shown in Figure 9 as Case I; the known model and the initial model 

are also shown . The best-fit, three-layer model labeled Case II in 

Figure 9 is the result of inputting the exact equally spaced (logarith

mically) output data from RESDIR corresponding to Figure 8, using the 

same initial model as in Case I. For Case II, the program converges 

exactly to the known model; and for Case I, the final model is accept

able, with the greatest discrepancies for the second layer parameters. 

Figure 10 shows the input data and tabular output for Case I, and 

Figure 11 shows the plotted output (field data sounding curve and sound

ing curve and sounding curves for the initial and best-fit models ). 
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Initial Case I Case II 
Model Used RESINV Best RESINV Best 

Known for Input Fit Model (8 Fit Model (7 
Model to RESINV Iterations*) Iterations**) 

hl - 10.00 hl - 9.88 hl - 10.00 

pl - 1000.00 pl - 980.94 pl - 1000.00 

hl - 20.00 

h2 - 10.00 h2 - 13.49 h2 10.02 
1000.00 -

pl -

P2 - 100.00 P2 - 135.56 P2 - 100.15 

p3 - 2000.00 p3 - 2000.00 

* 
** 

h2 - 30.00 

p2 - 3oo.oo 

p = 1500.00 
3 

p3 - 1899.98 

RMS error - 1.026; model began to diverge with 9th iteration 
RMS error - 0.002 

Figure 9. Demonstration of ability of RESINV to converge to a 
known three-layer model from an initial model guessed from qual
itative features of the sounding curve (calculated with RESDIR); 
Case I - arbitrarily spaced data with errors and Case II - equal 

logarithmically spaced exact data 
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26. Example 2. Figure 12 is a plot of data from a Schlumberger 

sounding at a site about 8 km northwest of Vicksburg, Miss.* Qualitative 

evidence for as many as four layers can be seen in the sounding curve. 

An initial model, deduced from the sounding curve, for input to RESINV 

is also shown in Figure 12. Results of the inversion by RESINV are 

shown in Figure 13, where the sounding curve for the best-fit model (also 

illustrated in the figure) is indistinguishable from the field data. 

27. The sequence of resistivities in the model shown in Figure 13 

is geologically reasonable for the site: Layer 1 - sand fill; Layer 2 -

saturated silts, sands, and clays with organic material; Layer 3 -

freshwater sands and gravels; Layer 4 - Yazoo clay. Depth to the top 

of Layer 4 (~90 m), however, seems too large, since depths of 60 to 

70 m are typical, although the depths are highly variable. 

RESDAT: A General Purpose Resistivity 
Data Processing Program 

28. RESDAT is a general purpose computer program for processing 

resistivity field data. The basic function of the program is to take 

raw resistivity field data and process the data using Equation 1 to 

produce tabular and plotted output of resistivity as a function of 

profile position or electrode spacing for horizontal profiling or vert

ical sounding, respectively. Data from the following survey types can 

be accommodated: Wenner profiling, Wenner sounding, Schlumberger pro

filing, Schlumberger sounding, and pole-dipole surveying. In the case 

of Wenner and Schlumberger sounding data, an option is available to 

directly access a subroutine version of RESINV to interpret the data in 

terms of a resistivity model. For Wenner sounding data, options are 

available for producing cumulative sum (Moore, 1945) and/or inverse 

resistivity (Sanker Narayan and Ramanujachary, 1967) plots. 

Input data 

29. All data are input in free-field format. A program listing 

for RESDAT is given in Appendix D. If field resistance data (~V/I) are 

* Figure 12 was produced by the use of RESDAT to process the field data. 
RESDAT is discussed in the next section of this Part. 
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INITIAL MODEL 

FIELD DATA 

--FINAL MODEL 
2: 
I 

~ 1500. 
0 
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~~ 

0. L---------L---------~------~~------~--------~--------_J 
0. tsa. 200. 250. 

L-SPACING., M 

Figure 11. RESINV sounding curves (initial model, field data, 
and final model) for Case I in Figure 9 
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Figure 12. Schlumberger sounding curve obtained at s ite 
near Vicksburg, Miss. 

29 



2: 
I 

2: 
:t: 
0 

.. 
>-
t-
t-1 

~ 
t-
0) 

t1 w 
ex 

~ w 
ex 
oc( 
G. 
G. 
< 

Final Hodel 

Layer 
-400. -- - INITIAL MODEL Thickness , Resistivity , Geo l ogy 

I m Ohm-m 
FIELD DATA 5 . 8 382 Fill ~Sand) 

- FINAL MODEL 
43 .4 21. 5 Saturated 

silts and 
300. c lays 

42.8 174 Freshwat er 
sands and 
gravels 

200. 0. 001 Yazoo Clay 

100. 

------------------..,_ 
0. ~------_.--------~------~~------~--------~------~ 

0. 60. 100. 169. 200. 250. 300. 

L-SPACING, H 

Figure 13. Results of RESINV invers ion of field sounding 
curve and initial model shown in Figure 12 

in ohms and electrode spacings are in m (ft), then resistivities will be 

in ohm-m (ohm-ft). Input data are explained a s follows: 

Input No. 1: Survey Type 

1--Wenner profiling 
2--Schlumberger profiling 
3--Wenner sounding 
4--Schlumberger sounding 
5--Pole-dipole survey 

For Survey Type 1: 

Input No. 2: A, N 

A--a-spacing (see Figure 4a) 
N--number of data points 

Input No. 3: Xl, Rl, X2, R2, • . . SN, RN 

X.--profile coordinate of ith data pointh 
R~--field resistance (~V/I) value for i data point 
~ 

Input No. 4: 

Is f ac tor (2n) included in field resistance data? 
Type l for yes and 2 for no. 
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For Survey Type 2: 

Input No. 2: S, L, N 

S, L--s- and L-spacings (see Figure 4b) 
N--number of data points 

Input No. 3: Xl, Rl, X2, R2, ..• , XN, RN 

Same as for Survey Type 1. 

Input No. 4: 

Same as for Survey Type 1. 

For Survey Type 3: 

Input No. 2: POS 

POS--up to 72 characters describing the location of 
the resistivity sounding or other pertinent 
information 

Input No. 3: N 

N--number of data points 

Input No. 4: A2, R2, 

A.--a-spacing for the ith data point h 
R~--field resistance value for the it data point 
~ 

Al, Rl, .•. AN, RN 

Input No. 5: 

Is factor (2n) included in resistance values? 
Yes (1), No (2) 

Input No. 6: 

Do you want a cumulative sum plot? Yes (1), No (2) 

Input No. 7: 

Do you want an inverse resistivity plot? Yes (1), 
No (2) 

Input No. 8: 

Do you want to interpret data? Yes (1), No (2) 
If Yes, inputs 8A and 8B are required. 

Input No. 8A: E, NN, RMSC 

E--number of model layers 
NN--number of fixed model parameters 
RMSC--rms cutoff in percent 

Input No. 8B: (P(I), I= 1, 2E- 1) 

Model parameters; same as RESDIR Input No. 3. 

For Survey Type 4: 

Input No. 2: POS 
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Same as for Survey Type 3 

Input No. 3: 

Is factor (2n) included in field resistance values? 
Yes (1), No (2) 

Input No. 4: N 

N--number of data points 

Input No. 5: Sl, Ll, Rl, S2, L2, R2, .•. SN, LN, RN 

S., L.--S- and L- spacing for ith data point 
1 1 

R.--field resistance value for the ith data point 
1 

Input No. 6: 

Do you want to interpret data? Yes (1), No (2) 
If yes, inputs 6A and 6B are required. 

Input No. 6A: E, NN, RMSC 

Same as for input No. 8A, Survey Type 3. 

Input No. 6B: (P(I), I= 1, 2E- 1) 

Model par~eters; same as RESDIR Input No. 3. 

For Survey Type 5: 

Input No. 2: POS 

POS--up to 72 characters describing the pole-dipole 
current electrode station location and profile 
direction information 

Input No. 3: 

Is factor (2n) included in field resistance values? 
Yes (1), No (2) 

Input No. 4: PP, N 

PP--potential electrode spacing P
1

P2 (see Figure 4c) 
N-- number of data points 

Input No. 5: CPl, Rl, CP2, R2, • •• CPN, RN 

CP.--distance from current electrode to first potential 
1 electrode c

1
P

1 
(see Figure 4c) for ith data 

point 

R f . ld . 1 f .th d . . -- 1e res1stance va ue or 1 ata po1nt 
1 

For all five survey types, an option is available, at the end of the 

output sequence described below, to repeat the input sequence for 

another data set of the same survey type. 
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• 

Program output 

30. The output of RESDAT will vary depending on survey type as 

listed below: 

Examples 

a. Survey Type 1: Wenner Profiling Survey 

(1) Tabular listing of profile position and apparent 
resistivity 

(2) Plot of apparent resistivity versus profile position 

b. Survey Type 2: Schlumberger Profiling Survey 

(1) Tabular listing of profile position and apparent 
resistivity 

(2) Plot of apparent resistivity versus profile position 

c. Survey Type 3: Wenner Sounding 

(1) Tabular listing of a-spacing and apparent resistivity 

(2) Plot of apparent resistivity versus a-spacing 
sounding curve, either linear or log-log 

(3) Optional plots of cumulative resistivity sum and/or 
inverse resistivity versus a-spacing plots 

(4) If data interpretation is elected, all the output 
described for RESINV will follow 

d. Survey Type 4: Schlumberger Sounding 

(1) Tabular listing of a-spacing, L-spacing, and apparent 
resistivity 

(2) Plot of apparent resistivity versus L-spacing, either 
linear or log-log 

(3) If data interpretation is elected, all the output 
described for RESINV will follow 

e . Survey Type 5: Pole-Dipole Survey 

(1) Tabular listing of c1P1 , c1P2 , and apparent resistiv
ity 

(2) Plot of apparent resistivity versus X , where 
X= (C1P1 + c1P2)/2, i.e., each value of apparent 

resistivity is plotted at the profile location which 
is the midpoint of the potential electrode locations 

31. Example 1. Figure 12 is an example of the use of RESDAT to 

process and plot field data from a Schlumberger sounding . 

32. Example 2. A large portion of the Medford Cave site (see 

Figure 1) was surveyed by resistivity profiling, using the Wenner array 
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with a = 40 ft* and 10-ft station spacing along the profile lines. A 

plot of apparent resistivity for a = 40 ft for one profile line at the 

Medford Cave site is shown in Figure 14 (apparent resistivity for 

a= 10ft is also shown along the same profile line). Apparent resis

tivity for all the profile lines was input to the general purpose 
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Figure 14. Two horizontal resistivity profiles along the 
(0,80) to (260,80) line at the Medford Cave Test site (see 

Figure 2) 

contouring program CONTOUR (Tracy, 1974) to produce the apparent resis

tivity contour map shown s uperimposed in Figure 15. A plan map of the 

known cavity system at the site is shown superimposed in Figure 15. An 

a-spacing of 40 ft was chosen so that the depth of investigation of the 

resistivity survey would be sufficient to include the effects of the 

known cavity system. The apparent resistivity contour map is significant

ly affected by and reflects the presence of the cavity system. Since 

the "normal background" resistivity is apparently 400 to 600 ohm-ft, 

the cavity system is responsible for a resistivity anomaly of about 

1000 ohm-ft, although the shape of the resistivity contours does not 

closely match the cavity shape . 

* A table of factors for converting U. S. customary units of measurement 
to metric (SI) units is present ed on page 4. 
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Figure 15 . Resistivity contour map for a portion of the Medford Cave 
site, Wenner electrode array with 40-ft electrode spacing 
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33. Example 3. The pole-dipole array (Figure 4c) can be used in 

a survey procedure which combines horizontal profiling and vertical 

sounding concepts (sometimes called the Bristow- Bates technique; Bris

tow, 1966; Bates, 1973; Butler and Murphy, 1980; Fountain et al ., 1975; 

and Franklin et al ., 1981) . The method is well suited for the detection 

of localized anomalies such as cavities and tunnels. The current elec

trode c2 is placed as far away from the survey area as practicable . 

The potential electrode pair is moved outward on both sides of the cur

rent electrode c1 , keeping the spacing P1P2 constant (typically 2 to 

3m), to a distance from c1 somewhat greater than the desired depth of 

investigation (typically 50 m or less). c
1 

is then moved along the 

profile line to a new location (typically 10 to 20 m from previous 

location) and the procedure is repeated ; overlapping lines are used for 

multiple coverage. The graphical interpretation procedure, described 

by Bates (1973) and Fountain et al. (1975), tends to account for the 

normal variation of resistivity with depth and selects high or low resis

tivity anomalies with respect to the normal variation. Figure 16 illus

trates the graphical procedure for location of anomalies . Circular arcs 
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are drawn through locations of potential electrodes showing anomalous 

potential differences, with the c
1 

position as center. Intersections 

of the arcs are assumed to define the locations of anomalies. Figure lo 

shows two anomalies located by three traverses with different c
1 

loca

tions. The interpretation procedure and the multiplicity and overlapping 

of data tend to eliminate spurious anomalies and allow discrimination 

between near-surface anomalies and anomalies at depth. This technique 

has been used successfully for a number of investigations in karst regions 

(Bates, 1973; Butler, 1980c; Cooper and Bieganousky, 1978; Fountain et 

al., 1975) and also for tunnel location in hard rock (Fountain, 1975). 

These investigations offer strong empirical support for the Bristow-

Bates graphical method, in spite of the objection that it does not have 

a rigorous theoretical basis; i.e., the model on which it is based is 

qualitative. 

34. Several profile lines at the Medford Cave site were surveyed 

using the pole-dipole survey procedure, and results of the survey along 

the 80W north-south line will be presented here. Figure 17 shows the 

pole-dipole sounding results for six locations of c1 along the profile 

line, where the field data have been processed and plotted by RESDAT. 

The potential electrodes were moved out to a distance X = 80 ft on 

each side of each c
1 

station, where X is the distance to the center 

of the potential electrodes. The distance P1P2 = 10 ft , and X is 

incremented by 5 ft between measurements. Finally, the distance between 

c
1 

stations is selected as 30 ft; this procedure allows an anomaly near 

the surface to be defined by as many as seven intersecting hemispherical 

shells, and the number of possible intersections decreases with depth. 

The general trend indicated by the sounding data in Figure 17 is increas

ing apparent resistivity with depth. Numerous anomalies are indicated 

in the sounding curves, but there is no clear indication of subsurface 

layering. For purposes of picking anomalies, linear trend lines are used 

as indicated in Figure 17. Clearly there is a considerable amount of 

subjectivity in this procedure of picking high and low anomalies; success 

relies on (a) experience of the interpreter and (b) the considerable 

redundancy of the data. The results of an analysis of the complete 

37 



!SI.!C. 1599 . 
,..... rl 
L.... H / I 

~ / 0 

' 
/ 

>- 1000. / 19ee. 1'-
~ 
> 

~ ~ 
t-
U') 
~ 
U') 
w 
01:: 500. 6ee . / ,..... 
'Z / / w 
01:: / J,_ 
< / ~ 
(l. 
< 

e. e. 
9 . 2-B . -49. 69. 69. e. 29. -411L 6e . 89. 

x. Fl CCI AT 2e9 89 - -, RUNNING SOUlH) x. Fl CCI AT 179.80 - - RUNNING NORTH) 

aee. 1600. 
t-
L.... 
I 

~ 
0 

' >-,..... 
~ 
> ...., 
,..... 
U') ...., 
en w 
01:: 

~ w 
01:: 
< 
(l. 
(l. 

< 

t 
I 
!; -0 

' >-
t-...., 
> ...., 
,..... 
en .., 
en 
w 
01:: 

~ w 
.X 
< a. a. 
< 

oee. le99. 

300. 699. 

~ 
/ / 

a. ~------~--------~------~------~ e. ~------~------~------~~------J 
c . 20 . -4e . 69. 80. e . 29 . "'". 69 . 89 . 

X
1 

n CCI AT 2301 89 - - RUNNING SOUTH) X~ FT CCI AT 2e9,80 - - RUNNING NORTH) 

aae . 900. 
H 
/ 

rl 

600. 690. 
/ 

/ / 
/ / ,_ 

300 . 390. 

~ 

/ 

e. ~------~--------~------~------~ e. ~------~------~------~~----~ 
e . 2e . -49. 6e . 8e . e . 2e . -40 • ee . 89 . 

x. n CCI AT 269.89 - - RUNNING SOUTH) X .. Fl CCI AT 239,~89 - - RUNNING NORTH) 

Figure 17. Six pole-dipole sounding curves at 30-ft spacing along the 
(0,80) to (260,80) line at the Medford cave site 

38 



profile line, using the techniques illustrated in Figure 16, are shown 

in Figure 18. The correlation of the resistivity anomalies with known 

geologic features (Butler, in press) is quite good. 

35. A major drawback to the pole-dipole survey technique just 

presented is the time required to conduct the field tests and process 

and interpret the data. Use of RESDAT to process and plot the data is 

a considerable help, but there is still much which could be done to auto

mate the procedures. An automated resistivity data acquisition system 

demonstrated by the Southwest Research Institute (SwRI) at the Medford 

Cave site appears to be a solution to the field time constraint (Foun

tain and Herzig, 1980). Data are recorded in a digital format with the 

SwRI system, which can then be processed by the graphical procedure 

presented here or by an automated interpretation procedure developed by 

SwRI (Fountain and Herzig, 1980; Spiegel et al . , 1980). Although work on 

the automated technique is continuing at SwRI, currently the technique 

is limited by the assumption of a single anomaly in a uniform half-space; 

while the graphical procedure used in this report is subjective, it is 

not subject to these limitations. A technique which has been success

fully utilized at WES for a specific data set is to digitize the loca

tions of high and low anomalies along the profile line and then deter

mine subsurface anomaly locations with an arc-intersection algorithm 

programmed on a minicomputer; this procedure has not yet been 

generalized . 
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PART III: MICROGRAVIMETRIC TECHNIQUES 

Background 

36. Microgravimetry is a geophysical method that offers special 

advantages over other subsurface exploration methods in a variety of 

applications. The term "microgravimetry" refers to geophysical investi

gations involving relative measurements of the acceleration of gravity 

that require measurement accuracy and precision and instrument sensitiv

ity in the ~Gal range (1 ~Gal = 10-6 Gal = 10-6 cm/sec2 ~ 10-9 times the 

earth's normal gravitational acceleration). For geophysical applica

tions, delineation of features with characteristic dimensions of 1 m or 

less is often desirable, while the maximum depth of interest may typi

cally be 100 m or less. Many attempts to apply gravimetry to geotech

nical and shallow structural problems have been disappointing in that 

the anomalies due to small structures of interest could not be extracted 

from the data; i.e., only anomalies due to very large or very shallow 

structures (or some fortuitous combination of the two factors) could be 

resolved. However, with modern "microgal" gravity meters and refined 

field and interpretation procedures, microgravimetry is a viable geo

physical tool for application to military facility foundation and peri

meter security investigations (Butler, 1980a). 

37. The gravity method involves the measurement of the vertical 

component of the gravitational attraction at the surface. The measure

ment or determination of the first vertical and horizontal derivatives 

(gradients) of the vertical component of the gravitational attraction 

can be of considerable fundamental and practical importance. Measure

ment of the gradients or determination of the gradients from gravity 

profiles offers two particular advantages over measurement of just 

gravity alone: 

a. The gradient profiles have diagn0stic properties, that, 
in many cases, make subsurface structure identification 
more straightforward. 

b. The gradients selectively filter out the effects of 
deeper-seated structures and enhance anomalies caused by 
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shallow structures of interest in geotechnical 
investigations. 

Butler (1980a, b, c) discusses the measurement and application of gravity 

gradients. 

38 . Field procedures, data processing, and interpretation tech

niques for microgravimetric surveys are discussed in detail in Butler 

(1980a, d, and in press) and Butler et al. (in press); only a brief out

line of these procedures and techniques will be presented here. Micro

gravimetric field procedures can be summarized as follows: 

a. Establish survey grid or profile line and determine 
relative elevations at all grid stations. 

b. Establish gravity base station. 

c. Conduct gravity survey returning to the base station 
frequently (at least once per hour). 

d. Correct gravity data in a timely manner while in the 
field so that questionable data can be discovered and 
the associated station reoccupied for another gravity 
measurement and so that the density of gravity stations 
in areas of interest can be increased. 

39. The sequence of corrections applied to gravity measurements 

is as follows: 

a. Correct for changes in gravity at the site as a function 
of time caused by earth-tide variations and gravity 
meter drift (drift correction). 

b. Correct for variatillons in north-south positions of 
gravity stations (latitude correction). 

c. Correction for elevation differences between stations 
(free-air and Bouguer corrections). 

d. Correct for topographic variations around each gravity 
station. 

e . Plot and contour the gravity data. 

40. Although interpretation techniques vary greatly depending on 

the investigator as well as the objectives of the survey, the following 

will suffice for the present discussion: 

a. Separate regional gravity components in the data from 
the local components; this is called the regional
residual separation . 
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b. Optionally generate processed gravity maps, such as 
derivative maps (Butler, in press) or upward/downward 
continuation maps (Grant and West, 1965). 

c. Identify gravity anomalies. 

d. Classify anomalies for qualitative interpretation or 
decide on a model for quantitative interpretation. 

e . For quantitative interpretation, determine parameters of 
the model. 

41. Considering the procedures and techniques identified in 

microgravity data acquisition, processing, and interpretation, the fol

lowing list identifies specific steps which could facilitate and/or 

improve the microgravity method: 

a. In item 37a, use of state-of-the-art electronic surveying 
systems for establishing survey grids and obtaining 
relative elevations could substantially reduce data 
reduction time for elevation surveys. 

b. Develop computer algorithms for generating gravity 
station occupation schemes for given survey area size 
and shape and base station location; these schemes 
should optimally randomize possible errors over the 
gravity stations occupied between base station reoccupa
tions, minimize walking distances, and include a desired 
20 percent station reoccupation rate. 

c. Develop computer programs for automatically correcting 
gravity data and producing Bouguer gravity contour maps. 

d. Develop automated techniques for making the regional
residual separation and plotting residual gravity maps. 

e . Develop automated techniques for generating processed 
gravity maps. 

f. Develop procedures for identifying and classifying 
anomalies. 

£· Develop efficient procedures for determining the 
parameters of structural models. 

42. Only selected aspects of this "shopping list" can be 

addressed as part of the current effort; these aspects are briefly 

discussed, three computer programs developed as part of this effort are 

documented, and short selected examples of the use of the computer pro-

grams are presented. Finally, two more detailed examples will be 

presented which illustrate the use of the computer programs for proces

sing and interpreting gravity data. 
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Gravity Station Occupation Schemes 

43. In microgravity surveying, it is desirable to keep errors 

from all sources as low as possible; generally an accuracy of +5 ~Gal 

or better is desired in order that anomalies at the 10-~Gal level can 

be detected (Butler, 1980a). The manner or sequence in which gravity 

stations are occupied during a survey can greatly influence the accur

acy and overall quality of a microgravity survey . All stations that are 

occupied between successive reoccupations of the base station are 

referred to as a program. Each program should be planned to allow a 

base station reoccupation in less than one hour and to include gravity 

station reoccupations at an average rate of about 20 percent. Since the 

average time for acquiring gravity measurements in a microgravity survey 

is about 5 min per station, a program generally will consist of ~10 grav

ity readings, of which typically eight readings would be " first-time" 

station occupations and two readings would be station reoccupations. 

44. Programs should be designed to occupy stations in a "zigzag" 

or "leap-frog" fashion in order to distribute random errors and to pre

vent any cumulative errors from combining to produce fictitious anoma

lies or elongated anomalies such as can result from long, continuous 

programs of station occupations (Butler, 1980a).* Figure 19 is a plan 

of the gravity stations for the Manatee Springs site microgravity s ur

vey, showing several typical programs. Clearly, the station occupation 

scheme shown in Figure 19 is not optimum, although errors will be 

properly randomized. An optimall y generated occupation scheme should 

have approximately equal walking distances between each station in the 

program, including the base station at the beginning and end of a pro

gram. Optimal station occupation schemes are considered an important 

aspect of microgravity s urveying , and work will continue toward finding 

expeditious manual or computer-aided methods for generating occupation 

schemes . 

* Personal communication, 1979 , R. Neumann, Compagnie Generale de 
Geophysique , Massy , France. 
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Use of Theoretical and Measured 
Earth-Tide Records 

45. Reoccupations of the base station during a microgravity sur

vey are used to construct a survey drift curve. The drift curve, which 

includes components due to both earth tides and instrument drift, is 

used to correct measurement values at all stations in the survey grid 

for time variations of the gravity values. It is assumed that the time 

variation observed at the base station is the same at all stations. 

Generally, the drift curve will consist of the earth-tide component, 

which can actually be calculated theoretically for a given site, a long

term cumulative instrument drift component, and a noncumulative instru

ment "drift" component, which can be caused, for example, by "rough 

handling" of the gravity meter. Frequent base station reoccupations 

coupled with the use of theoretical and measured tidal curves can be of 

great value in assessing the magnitudes of these components of the drift 

curve, for assuring the consistency of gravifleter performance during the 

survey, and for improving the overall accuracy of microgravity surveys. 

46. Figure 20 is an example of the use of measured and theoret

ical earth/gravity tide records in conjunction with the field drift 

curve for the microgravity survey at the Medford Cave site. Since the 

overnight tidal records were recorded in a different location (i.e., a 

local motel room), the segments have been shifted vertically to best fit 

the base station curve. The phase of the two sets of data agrees quite 

well, but the amplitude variations of the field curve are more extreme. 

The arrow marks a base station reading just after an accidental jolt to 

the gravity meter; because of the frequent base station reoccupations, 

the recovery period after the jolt is adequately defined. 

47 . The theoretical curve in Figure 20 was produced by the pro

gram TIDES, which is described later in this Part. There is approximate-

17 a 4-hr phase difference between the theoretical and measured tidal 

curves; such phase differences are not uncommon.* Discounting the phase 

* An example is given later in this Part of a case where the phase 
agreement is nearly exact. 
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shift, there is good agreement between the amplitudes of the measured 

tidal curve (open circles, Figure 20a) and the theoretical tidal curve 

(Figure 20b). The long-term cumulative drift of the gravity meter 

appears to be about 2 ~Gal/hr, although there are nontidal meter drifts 

much larger than this which are not cumulative. Theoretical tidal 

curves can be produced prior to conducting field work to indicate the 

nature of the tidal variation to be expected at a given site during a 

given time frame. 

TIDES: A Computer Program for Computing the 
Theoretical Earth Gravity Tide 

48. The tidal gravity variation at a point on the surface depends 

primarily on two factors: (a) variation in gravitational attraction due 

to varying positions on the sun and moon (and to a smaller extent the 

planets) with respect to the point; and (b) amplification of the magni

tude predicted by (a) due to yielding of the solid earth in response to 

the varying attractive force, i.e., elevation of the point actually 

varies with time. 

49. Using the equations of Longman (1959), it is possible to 

calculate the theoretical tidal effect at any point on the earth's sur

face. The equations include a compliance or gravimetric amplification 

factor to account for yielding. Comparison of theoretical and measured 

earth tide records can in principle yield a determination of this 

amplification factor for any location; typical values range from 1.138 

to 1.240 (Garland, 1977). Observations of the earth tide can give 

information not only on gross earth structure but also on anomalous 

tidal yielding in aDeas of major faults or other significant tectonic 

features. TIDES, modified from an original program by Robert Jachens,* 

computes the theoretical earth tide for any location and any time inter

val. A program listing of TIDES is in Appendix E. 

* Personal communication, Robert Jachens, U. S. Geological Survey, 
Menlo Park, Calif. 
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Input data 

50. All data are input in free-field format. Data input are 

explained as follows: 

Input No. 1: NCOMP, MM 

NCOMP--number of tidal input data sets 
MM--time increment in minutes between tide value 

calculations 

Input No. 2: SLATD, SLATM, SLONGD, SLONGM, SELEV, DATEM, 
DATED, DATEY, TIMER, TIMEM 

SLATD, SLATM--site latitude in degrees (SLATD) and 
decimal minutes (SLATM) 

SLONGD, SLONGM--site longitude in degrees (SLONGD) and 
decimal minutes (SLONGM) 

SELEV--site elevation in metres (MSL) 

DATEM, DATED, DATEY--starting date for calculation in 
month (DATEM), day (DATED), and 
year (DATEY) form 

TIMER, TIMEM--starting time for calculation in hours 
(TIMER) and minutes (TIMEM), Greenwich 
time (24-hr clock) 

Input No. 3: NTOTAL 

Program output 

NTOTAL--total number of time increments to be calculated, 
i.e., the total length of the tidal record will 
be = MM x NTOTAL 

51 . Program output consists of a compressed listing of calcu

lated tidal values and a plot of tide variation as a function of time. 

Since the number of values calculated in a tidal record may be very 

large, a compressed listing of just the tidal values separated by a 

short blank space in a continuous fashion is given; each value in the 

list is separated in time by MM-minutes. The calculated tidal values 

are referenced to a zero value and have the proper sign for algebraically 

adding to gravity survey values to correct for tidal variations if 

desired. Next, a plot of tidal variation versus time is generated using 

PLOTZ (see Appendix B). 
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Example 

52. An example output plot from TIDES has already been discussed 

(Figure 20). As another example, Figure 21 compares theoretical and 

observed earth tides for Vicksburg, Miss . , for a three-day period (16-

18 May 1980). The phases of the two curves in Figure 21 agree quite 

well. Amplitudes of the minima and secondary maxima of the two curves 

agree closely; however, the primary maxima of the measured tidal curve 

are nominally 50 ~Gal larger than the corresponding maxima on the 

theoretical curve. There are two possible explanations for the ampli

tude differences: (a) a small portion of the amplitude difference could 

be due to using a compliance factor that is too small for the site 

(1.160 was used); and (b) the electronic output of the gravimeter is 

nonlinear relative to the null position (McConnell, Hearty, and Winter, 

1974). Since the position of the tidal variation relative to the meter 

null position will vary because of the superimposed approximately 2 ~Gal/ 

hr drift, the gravimeter tidal curve would require frequent nonlinearity 

calibrations if used for quantitative tidal variation studies. The 

vertical scale of the measured curve was generated about the actual out

put position at 1930 hr on 18 May. At this time, drift has carried the 

tidal variation curve to within about 120 ~Gal of saturation of the 

electronic output on one side of the null position. The three events 

superimposed on the tidal record on 18 May in Figure 21 are earthquakes 

and illustrate an interesting application of the microgravimeter as a 

long-period vertical seismometer. Monitoring gravi~eter tidal variation 

overnight during field surveys for the occurrence of large earthquakes 

will alert field parties as to the source of larger than normal back

ground noise, since large earthquakes will produce noise levels as large 

as 100 to 200 ~Gals over a several hour period (Butler, 1980a). 

Polynomial Surface- Fitting for Regional- Residual Separation 

53. A polynomial surface- fitting procedure for determining 

regional fields is presented by Coons, Wooland, and Hershey (1967) for 

large-scale gravity surveys. This procedure was applied to the Manatee 
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Springs microgravity survey data in order to determine its applicability 

to small- scale surveys . Figure 22 is a Bouguer anomaly (Butler, 1980a)* 

contour map for the s urvey. The surface-fitting procedure determines 

best- fitting polynomial surfaces of various orders to the Bouguer data. 

The basic concept is that, as s uccessively higher order polynomial fits 

are subtracted from the Bouguer values, the residual anomaly values 

correspond to successively shallower structures (Coons, Wooland, and 

Hershey, 1967; and Butler, Whitten, and Smith, in press). Figure 23 

shows first- through fourth-order fits to the Bouguer anomaly values. 

The polynomial surface fi t s were generated by a minicomputer using a 

general purpose, BASI C-language, polynomial regression program . The 

residual values are a direct output from the program. 

54 . Comparing the fits in Figure 23 to the Bouguer anomaly map 

in Figure 21 r eveals that successivel y small e r scal e fea tures of the 

Bouguer map are reflected by the higher order fits , as expected . Clear

ly, the second- order fit in Figure 23 r eflects the effects of a local 

structure; therefore, the first - order surface is sel ected as the appro

priate regional. Figur e 24 is the fi r st-order residual anomaly map, 

where the app r oximate location of the known cavity system i s indicated 

fo r comparison. The second-order fit in Figure 23 apparently indicates 

the primary gravity effect of the known cavity system; subtracting this 

second-order fit from the Bouguer anomaly map results in the second

order residual anomaly map in Figure 25. The second-order residual map 

primarily reflects anomalies caused by features shallower than the main 

cavity system ; the small anomaly indicated by the arrow in Figure 24 

corresponds to a vertical solution pipe extending nearly to the surface 

(discovered when a drill rig wheel broke through a surface soil bridge) . 

* The Bouguer gravity anomaly represents gravity survey data which 
have been corrected for instrument drift, tidal variation, latitude 
differences between survey s tations, and elevation differences 
between stations (includes the free-air and Bouguer corrections) 
and between each station and surr ounding terrain features (terrain 
correction). 
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Gravity Interpretation by Two-Dimensional 
Polygonal Cross-Section Models 

55. A common procedure for gravity interpretation is to postu

late a model which is consistent with the general features of the 

observed gravity field, calculate the gravity anomaly for that model, 

and compare it to the observed gravity anomaly field. If the gravity 

field of the model is geologically reasonable, then the model can be 

taken as a possible interpretation of the gravity anomaly (Butler, 1980a). 

Many geologic structures can be considered approximately two-dimensional, 

i . e., horizontal with constant cross section and constant strike, e.g., 

faults, block-faulted basins, synclines, anticlines, buried river 

valleys, cavity systems, etc. The two-dimensional approximation is 

generally adequate when the strike length is greater than four to six 

times all other dimensions of the structure including the depth. 

Talwani et al. (1959) developed an efficient algorithm for computing 

the graviational effect of two-dimensional polygonal cross section 

models using the line integral method of Hubbert (1948). Most two

dimensional structures can be adequately approximated in cross section 

by polygons with a small number of sides (<10 generally). In the case 

of a horizontal circular cylinder model, for example, which is inscribed 

by a polygonal approximation, the following table lists the ratio of 

the maximum value of the polygonal model gravitational effect (gzM) to 

the exact value for the cylinder 

Number of Sides 
of Model 

4 

8 

16 

gzM/gzE 

0 . 64 

0.90 

0.98 

56. The computer program TALGRAD was written to compute 

gravity as well as gravity- gradient profiles across arbitrary, polygonal 

cross- section models using the Talwani algorithm. This program has 
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proven extremely useful for predicting the gravity anomalies to be 

expected from various known or postulated structures as well as for 

interpreting gravity data in an iterative fashion. Figure 25 is an 

example of the use of TALGRAD to compute the gravity anomaly to be 

expected from the main cavity at the Manatee Springs site (using approxi

mate depths and cross-section dimensions from cave diver reports). 

TALGRAD as well as further examples of its use will be discussed later 

in this Part. 

TALGRAD: A Computer Program for Computing Gravity and Gravity
Gradient Profiles Over Two-Dimensional Models 

57. TALGRAD uses the procedure developed by Hubbert (1948) and 

Talwani et al. (1959) to compute gravity and gravity-gradient profiles 

over two-dimensional models. Actually, gravity profiles are computed on 

the surface (z = 0) and at selected elevations above the surface (z = 
-DELZ, -2 DELZ, ..• , -SMAX) at discrete profile points (separated by 

DELX). The vertical and horizontal gradients are then calculated as 

finite differences or interval gradients. A listing of TALGRAD is given 

in Appendix F. 

Input data 

58. All input is in free-field format and the program will call 

for the input variables by name. All length dimensions must be consis

tent; either kft (1000's of ft) or m are acceptable. The density 

contrast must be in g/cm3 . Input data are explained as follows: 

• 

Input No. 1: K, DELX, DELZ, ZMAX 

K--number of profile stations 
DELX--distance between stations 
DELZ--vertical distance between elevations at which 

gravity is computed at each profile station 
ZMAX--maximum elevation at which gravity is computed 

(ZMAX is an integral multiple of DELZ) 

Input No. 2: NPOLY 

NPOLY--number of closed polygons comprising the model 

Input No. 3: 

Dimensions in kft (enter l) or metres (enter l) 
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Input No. 4: DELRO, N 

DELRO--density contrast for a polygon 
N--number of corners in a polygon 

Input No. 5: Xl, Zl, X2, Z2, •.. , XN, ZN 

X,Z--coordinate pairs for polygon corners , N-pairs to 
be input in clockwise order 

(The preceding two input sequences, No. 4 and 5, will be repeated once 

for each polygon. Also these two input sequences are r epeated for each 

elevation in the calculation.) 

Input No. 6: 

Option to calculate gravity gradients (enter l) or not 
(enter l) and program execution will terminate. 

Input No. 7: DELXX, DELZZ 

DELXX, DELZZ--intervals to be used for horizontal and 
vertical gradient calculations in incre
ments of DELX and DELZ, respectively 

Input No. 8: HZ 

HZ--elevation for which the horizontal gradient profile 
is desired, in increments of DELZ (=0 to calculate 
profile on the surface z = 0) 

Input No. 9: 

Program output 

Option to recalculate gradients for different values of 
DELXX and DELZZ--Yes, enter l; No, enter 2 

59. Both tabular listings and plots are produced by the program, 

and many of the lists and plots are optional. The output sequence is 

described below: 

a. Following Inputs 4 and 5 for each polygon, a listing 
summarizes all the input data for that polygon. 

b. An optional listing of the results of the gravity pro
file calculation is generated for elevation 0. 

c. An optional plot of the gravity profile for elevation 0 
is produced. 

d. Optional listings and plots are produced for each addi
tional elevation in the calculation. 

e. A listing of the vertical gradient profile calculations 
is generated. 

f. A plot of the vertical gradient profile is produced. 
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Examples 

~· A listing of the horizontal gradient profile calcula
tions is generated. 

h. A plot of the horizontal gradient profile is produced, 
where the value is plotted at the midpoint of the hori
zontal interval DELXX. 

. 
1.. 

i· 

k. 

An optional gradient space 
versus g ). z,z 

plot is produced (i.e. , g 
z,x 

An optional plot 2 of the square of the modulus (a (x)) 

of the analytic 

+ g2 (x). 
z ,x 

signal is produced, where 2 2 
a (x) = g (x) 

z,z 

be The entire sequence of output from item ~ to i can 
repeated with different values of DELXX and DELZZ, if 
desired. 

60. Example 1. Figure 26 is an example of the use of TALGRAD to 

compute the gravity profile over a model of the Manatee Springs main 
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Figure 26. Two- dimensional model of the main cavity at the Manatee 
Springs site and a gravity profile computed by TALGRAD 
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cavity; a complete listing of the input data and output listings for this 

example is given in Figure 27. 

61. Example 2. Fugro National, Inc. (1980) and McLamore and 

Walen (1979) report the results of an extensive gravity survey in and 

around Dry Lake Valley, Nev., in the Basin and Range Province. Using 

the three-dimensional gravity inversion computer program of Cordell 

(1970), the gravity data were inverted to yield a three-dimensional model 

of the subsurface. For the inversion, a constant density contrast (of 
3 

-0.45 g/cm ) was used. Figure 28 shows the residual gravity anomaly map, 

and Figure 29 shows depth to basement rock contours from the three

dimensional inversion. A section view model along profile AA' is given 

in Figure 30. Since block faulting is the predominant structural style 

of the area, the interpretation is reasonable. As an example of the use 

of TALGRAD, gravity and gravity-gradient profiles along AA; were computed 

from the model in Figure 30. The gravity profile, the horizontal and 

vertical gravity-gradient profiles, a gradient space plot, and a plot of 

the square of the modulus of the analytic signal are shown in Figures 31-

34, respectively. Selected data from the three-dimensional inversion 

results are shown in Figure 31 for comparison. This example will be 

considered in greater detail later in this Part. 

Determination of Vertical Gravity-Gradient Profiles 
by a Hilbert Transform Procedure 

62. Butler (1980a, b) suggests a procedure by which structural 

model parameters can be determined by a simultaneous analysis of both 

the vertical and horizontal gravity-gradient profiles across a structure. 

Except for shallow structures (<10 to 15m depth), the use of a short 

tripod and "microgal" gravimeter to determine interval vertical gradients 

does not appear practical due to high levels of "gradient noise" caused 

by very shallow density variations. The vertical gradient profile can, 

however, be calculated from the horizontal gradient profile if the 

source of the gravity anomaly is approximately two-dimensional. This 

relation is expressed 
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Figure 30. Structure model from 3D gravity inversion 
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00 

g (x) = l J gz,x(s) 
z,z ~ ds 

-oo S - X 
(2) 

where x is the profile point at which the vertical gradient is to be 

evaluated, g * 
z,z is the vertical gradient, g * is the horizontal 

z ,x 
gradient, and the integral is to be interpreted in terms of its Cauchy 

principal value.** 

63. The program HILBERT was written, using an algorithm suggested 

by Shuey (1972), to compute the discrete Hilbert transform of a set of 

discrete pr ofile data. The program as well as examples of its use will 

be discussed later in this Part. 

HILBERT: A Computer Program for Computing the Discrete 
Hilbert Transform of Profile Data 

Discrete Hilbert transform algorithm 

64. The Hilbert transform relation between a continuous profile 

function f(x) and a continuous transformed profile function q(x) is 

00 

q(x) - ~ ~ 
- oo 

f(S) 
13 - X dS 

- fh(x) = H(f(x)) (3) 

Now let f(x) be a discrete set of uniformly spaced data, and approxi

mate the data by a parabola centered on the singularity of the integrand 

* 

** 

g = ag /az and g - ag /ax , where gz is the vertical z,z z z,x z 
component of the gravitational acceleration (z-axis downward) 
I.e., the integral is interpreted in the sense 

lim 
a+O 

x-a 

f + 
- oo 
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00 
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B=x (passing through B and the two adjacent points) and with a linear 

fit to all other pairs of points in the profile data. Using this approxi

mation to the discrete set of profile data, Equation 3 can be numerically 

integrated in a straightforward manner. 

65. The diagram below defines the terminology for considering 

the parabolic fit centered on the singularity. 

• .. I .. 
I I I 

f I I f 0 If+ -I I 

-1 0 +1 B 

i-1 • i+l l 

66 . For simplicity in the derivation, a unit digitizing interval 

is used and the singularity is taken to be at B=O at the ith data 

point. The parabolic fit to f(B) is defined as follows: 

f(B) - a + bB + cs2 

f(o) = f = a 
0 

f(+l) - f = a + b + c 
1 

f(-1) = f_
1 

= a - b + c 

Equation 5 can be solved for the empirical constants in Equation 4 as 

follows 

a - f 
0 

fl - f 
b - -1 

2 

fl - f 
c - -1 - f 

2 0 

and Equation 2 can be written 

f(B) 

68 

(4) 

(5) 

(6) 



Equation 6 can now be s ub s tituted into Equation 3 to find the contri

bution to the integral from the parabolic fit centered on the singularity 

1 

l f 
1T -1 

f(S) dS 
s 

1 =-
1T 

1 
= - (f - f ) 

1T 1 -1 

(fl: f_l - fo) 62 +1 
-1 

(7) 

67. Examining the linear fit to the first two data points to the 

right of the singularity , as an example, yields 

r1 
fl: lf2 __ 1_..____,.__2_ s 

i+l i+2 

f(x) - a + bx 

f
1 

- a + bS1 

f 2 - a + bS2 

a = f
1 

- bS
1 

b - (f2 - fl)/(S2 - Sl) 

f(S) - f
1 

+ 

69 

(8) 



Equation 8 can be substituted into Equation 2 to evaluate the form of 

one of the terms resulting from the successive linear fits to pairs of 

data points: 

f ( B) 
B - X 

1 
dB -

1T 

f
1

( B
2

- x)- f
2

(B
1

- x) 

B2 - Bl 
i n 

If a unit digitizing interval is again assumed, B
2 

- B
1 

= 1. 

(9) 

68. The complete expression for the numerical evaluation of 

Equation 3 for a discrete set of profile data will be the sum of Equa

tion 7 and a series of terms of the form of Equation 9 for all data 

pairs to the right and left of the singularity. Necessarily, in practice, 

the profile will be finite in length; this will cause no problem in 

regard to the limits of integration of Equation 3 if all values of 

f(B) are zero beyond the ends of the profile, which can be simulated 

by adding a zero to each end of the discrete data set. If the profile 

is a "residual" profile which approaches zero at the ends of the data 

set, then the simple procedure of dropping the profile to zero outside 

the data will present no problems. Otherwise, a more elaborate extrapo

lation to zero beyond the data may be needed. If there are N data 

values in the set, shift the data one position to the right and add a 

zero at n = 1 and n = N + 2 . Considering this revised data set, 

the result of summation of Equation 7 with all the terms of the form of 
1 the second term of Equation 9 is the value of ; (fN+2 - f 1) which is 

identically zero. Thus, remaining is a summation of terms of the form 

of the fir s t term of Equation 9 involving data pairs to the right and 

left of the singularity (but not including the singularity itself). 

The result will be called the discrete Hilbert transform HD(f(x)) 
D fH(x) . The above procedure is repeated for all profile positions 

Program input and output 

or 

X • 

69. The computer code HILBERT, listed in Appendix G, evaluates 

the discrete Hilbert transform using the algorithm discussed above. 
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• 

Input to HILBERT consists of the number of data values N , the actual 

profile spacing between points DELX , and the profile values T . Output 

consists of a tabular l isting of profile position X 

T , discrete Hilbert transform H , the value A(=T2 
, profile data value 

+ H2
) d 1 , an p ots 

of T versus X , H versus X , H versus T , and A versus X . 

In practice, T will generally be the horizontal gravity gradient 

(tabular column labeled GX,X ) and H will be the computed vertical 

gravity gradient (tabular column labeled GZ,Z ). 

Example: a test of the discrete 
Hilbert transform algorithm 

70. A procedure for testing the proposed algorithm for evaluating 

the discrete Hilbert transform can be formulated by examining the prop

erties of the Hilbert transform. From the definition of convolution 

(denoted by*), Equation 2 can be expressed as: 

- (- L) * f(x) 
7TX 

(2) 

Applying the convolution theorem gives: 

F(fH(x)) = i sgn(s) F(f(x)) 

where F denotes the Fourier transform and s is the transform variable. 

Inverting this equation gives 

F(f(x)) - -i sgn(s) F(fH(x)) 

f(x) - (L) * fH(x) 
7TX 

1 J. fH(x) - -(- -) ,.. 
7TX 

00 

1 J fH ( f3) - -(-) 
1r 

df3 -00 

f3 - X 

f(x) - - H(fH(f3)) (10) 
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Equation 10 suggests the following test for the discrete Hilbert trans

form algorithm: 

if 

D 
- f (x) (11) 

Where f D(s) d h d. f.l d enotes t e ~screte pro ~ e ata set. That is, two 

successive applications of the discrete Hilbert transform to the profile 

data set should yield the negative of the original profile data set . 

71. Consider the simple functional relation: 

f ( x) - ____;1=---
1 + x

2 

which has the analytic Hilbert transform (Erdelyi, 1954) 

(12) 

(13) 

Equation 12 is a symmetric function with half- width at half- maximum 

equal to 1.0, maximum value equal to 1.0 at x = 0, and asymptotes which 

approach 0 in both directions . As a first test, the function f(x) is 

sampled or discretized at increments ~x = 1 over the range - 10 ~ x ~ 10 

and set equal to zero outside this range. Figure 35a contains the 

tabular output resulting from inputting fD(x), with f~(x) being the 
D 

computed discrete Hilbert transform. In Figure 35b, fH (x) is 

h . d d HD ( fDH (x) ) . h ( . h t e ~nput a ta an ~s t e output ~.e., t e output represents 

two successive Hilbert transform operations applied to fD(x)) . Plots 
D D D D of f (x) , fH(x) , and H (fH(x)) are shown in Figure 36. Qualita-

D 
f (x) ; however, tively, HD(f~(x)) can be recognized as the negative of 

the maximum absolute value is 0.71 compared to 1.0 for f D(x) h h lf , t e a -

width at half-maximum is 1.5 compared to 1.0 for D 
f (x) , 

ends of the calculated profile cross the x-axis while the 

does not. 
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Figure 35a.oiscrete Hilbert transform 
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H
0
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Figure 35b. Discrete Hilbert transform 

H
0 

of f~ 

Figure 35. Tabular output from HILBERT for test case with 
6x - 1 and - 10 < x < 10 

72. To illustrate the effects of data spacing 6x and profile 

length, several additional tests were conducted using the same function 

H0 (f~(x)) for 
D D f(x) . Firue 37 shows plots of f (x) , fH(x) , and 

6x = 0.5 and the same profile length 

maximum absolute value for H0 (f~(x)) 
the previous test case and to 1.0 for 

as in the previous test. 

is now 0.86 compared to 
D 

f (x) • 

The 

0.71 for 

Also, the half-width at 
D half-maximum is 1 . 05, very close to the value for f (x) . The behavior 

of the ends of the H0 (f~(x)) profile is similar in both test cases. 

73. For another test case, the data spacing is the same as the 

first test 6x = 1 , but the profile length is doubled (-20 ~ x ~ 20). 

The maximum absolute value of H0 (f~(x)) is 0.74 and half-width at half

maximum is 1 . 45 . The results for this case are shown in Figure 38. The 

primary effect of doubling the profile length compared to the first 

test case is to reduce the distortion near the ends of the profile line. 

74 . Significant features of the above three test cases as well 

as three additional ones are summarized in the following tabulation: 
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Test Case 
Profile I HD(f~(x)) I Half-Width at Value at Ends of 

~X Length Half-Maximum Profile max 

1 -5, 5 0.66 2.60 0 . 17 
0.5 -5, 5 0.80 2.00 0.22 
0 . 25 - 5, 5 0 . 86 1 . 86 0.27 
1 -10, 10 0 . 71 1 . 50 0.12 
0 . 5 -10, 10 0 . 86 1.05 0.14 
1 -20, 20 0.74 1 . 45 0 . 07 

Analytic results 1 . 0 1 . 0 -+ 0 

75. The function f(x) in Equation 12 is a stringent test for 

the discrete Hilbert transform algorithm, since it is so sharply peaked . 

Sampling at ~x = 1 is rather coarse for this particular f(x) , yet 

even for this case the results of the test (two successive applications 

of the discrete Hilbert transform) improve significantly as the profile 

length is increased. Also, for a given profile length such as (-5, 5), 

the test results improve significantly as ~x is decreased, although 

the usual "law of diminishing returns" holds. Of course, simultaneously 

decreasing ~x and increasing the profile length is the key to improving 

the results. The column listing the value at the ends of the profile 

indicates the "errant" behavior of the ends of the doubly transformed 

function due to the manner in which the profile is truncated . Increasing 

the pr ofile length decreases the magnitude of this "errant" behavior, 

while decreasing ~x increases it. 
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Manatee Springs Microgravimetric and 
Gravity-Gradient Surveys 

Scope of microgravimetric and 
gravity- gradient surveys 

76. The microgravity survey at the Manatee Springs site con

sisted of 186 stations over a 100- by 400-ft (~30- by 122-m) area with a 

basic grid interval of 20ft (6.1 m). LaCoste and Romberg Model D- 25 

gravity meter was used for the survey. The survey grid was oriented 

approximately perpendicular to the known trend of the cavity system, as 

shown in Figure 3. Grid point (0,200) was used as a base station and 

was reoccupied on an average of once every 30 min (see Figure 19). 

Details of the microgravity survey procedure can be found in Butler, 

Whitten, and Smith (in press). In addition to the microgravity survey, 

a tower vertical gradient survey (Butler, 1980a) was conducted along 

the SW-NE line extending from (40,0) to (40,400); this survey consisted 

of 21 vertical gradient stations. 

Residual gravity anomaly map_ 

77. Results of the microgravity survey and the procedures used in 

determining the residual gravity anomaly values are discussed earlier in 

this Part and presented in Figures 22-25. The first-order residual 

anomaly map in Figure 24 is selected as the representation which reflects 

the gravity anomaly due to the main Manatee Springs cavity. The broad 

negative anomaly over the known cavity system in Figure 24 is consistent 

in magnitude and width with the known size and depth of the cavity 

system (see Figure 26). However, there are complexities or smaller 

anomalous features in the residual map which cannot be attributed to the 

main cavity; some of these smaller anomalies are due to smaller and 

shallower solution features or other density anomalies as discussed 

previously. 

Vertical gradient survey results 

78. The five tower measurement elevations shown in Figure 39 were 

utilized during the vertical gradient survey; because of difficulties 

1n obtaining readings only five gravity values at the upper elevation 

h
4 

were obtained along the profile line. Since the measurement sequence 
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-h 
4 

-h 
3 

Figure 39. Illustration of the five gravity measurements and asso
ciated elevations which were ut ilized to determine interval vertical 
gradients along a selected profile line at the Manatee Springs site; 

nominally, h
1 

~ 0.6 m, h
2 

~ 1.0 m, h
3 

~ 1.4 m, h
4 

~ 1.6 m 

at each profile location required 15 to 25 min, the ground station 

was reoccupied at the end of each sequence and the data were shift

corrected in the usual manner. 

h 
0 

79. Considering elevations h 
0 

, h
1 

, h
2 

, and h
3 

, six interval 

differential gradients at any gradients can be determined as well as 

point within the interval 

dure. Results of three of 

h 
0 

the 

to h
3 

using a parabolic fitting proce

determinations of vertical gradients are 

shown in Figure 40: ~g01 /~z01 and 6g03 /~z03 , where ~g01 = g1 - g
0 

, 

~z01 = h
1 

- h
0

, and similarly for 6g
03 

and ~z03 ; (ag/ah)
0 

, which 

is the differential gradient at h 
0 ' 

determined from a parabolic fit 

to the data at h 
' hl ' 

and h3 and evaluated at h • The five 
0 0 

values of ~g04 16204 are also shown. All three profiles exhibit 
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considerable variation, with several gradient anomalies as large as 

10 percent of the normal vertical gradient. Generally, the ~g03!~z03 
profile is smoother than the other profiles as expected, since it should 

be less affected by very shallow density anomalies . All three profiles 

behave qualitatively the same except at profile positions 0, 40 to 60, 

200, and 360 where the ~g03/~z03 profile behavior is clearly at 

variance with the other two profiles. In many locations the three 

values are nearly identical; and at the 100- and 300-ft profile positions 

all four values are nearly equal and also nearly equal to the normal 

gravity gradient; which implies a linear variation of gravity with 

elevation at these locations . There is, however, no obvious indication 

of an anomaly which could be caused by the subsurface cavity system. 

Horizontal gradient determinations 

80. Using the gravity data along the selected profile line, inter

val horizontal gradient profiles can be determined using various values 

of ~x . Clearly, for cases where there is no regional gradient along 

the profile line, or where the regional gradient is linear in the pro

file direction, the results will be identical whether the Bouguer anomaly 

or the residual anomaly values are used to compute horizontal gradient. 

When the above conditions do not hold, there will be a regional component 

present in the gradient profile . In the present case, it is preferable 

to use residual gravity values. Horizontal gradient profiles for ~x 

equal to 20, 40, and 80 ft (6 . 1, 12 . 2, and 24.4 m) are shown in Figure 41, 

where the residual gravity values from Figure 23 were used. The profiles 

in Figure 41 clearly become · smoother with increasing ~x . Importantly, 

all three profiles show " average behavior" consistent with the known 

cavity system with center at profile position 200 ft. The ~x = 20-ft 

profile, however, is so erratic that the "cavity gradient signature" is 

effectively masked. The gradient " signature" of the cavity is enhanced 

by ~x values which are larger than the effective depths of the shallow 

anomalous features causing the erratic behavior of the ~x = 20-ft 

profile . Accordingly, the ~x = 80- ft profile data will be used for the 

considerations which follow. 
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Comparis on of results with two
dimensional model calculations 

81. The cavity system was modeled as a two- dimensional, hori

zontal cylinder with rectangular cross section as shown in Figure 26, 

and TALGRAD was used to compute horizontal and vertical gravity gradients. 

In Figure 42, the computed horizontal gradient profile is compared with 

the measured horizontal gradient profile for ~x = 80 ft . The average 

behavior of the measured profile approximates the calculated profile 

quite well in amplitude and spatial wavelength, with the amplitude of 

the measured profile slightly larger on the right-hand side . HILBERT 

was used to compute a vertical gradient profile from the measured hori

zontal gradient profile for ~x = 80 ft . This profile, computed by 

the Hilbert transform procedure, is compared in Figure 43 to the vertical 

gradient profile computed from the two-dimensional model. Again, the 

agreement between the two profiles in Figure 43 is good with respect to 

amplitude and spatial wavelength; however, the Hilbert transform profile 

has maximum amplitude at position 240 ft rather than 200 ft and has a 

prominent positive peak at 320 ft. 

82. Gradient space plots prepared from the profiles in 

Figur es 42 and 43 are shown in Figure 44 for the two-dimensional model 

and for data derived from the field measurements . The somewhat subtle 

differences noted in the profile data plots are more apparent in the 

gradient space plot; to profile position 200 ft (lower half of plots 

in Figure 44), the agreement between the two plots is good, but from 

profile positions 200 to 400ft (upper half of plots in Figure 44), the 

two plots differ significantly in magnitude . The results in Figure 44 

suggest that the simple two-dimensional model which was selected may not 

approximate the cavity system very well. Indeed, reports of both a 

cave diving team and a very limited verification drilling effort confirm 

that the cavity system is extremely complex. The cavity varies err at

ically in cross-sectional shape and size; a vaulted ceiling is common 

and numerous smaller branching cavities are present. Also, drilling 

indicates more extensive solutioning to the northeast of the (0,200) to 

(100,200) line than southwest of it, which is consistent with both the 

res idual gravity map and the gravity-gradient results. 
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Verification drilling results 

83. Because of time and fiscal constraints , only a very limited 

number of verification borings was possible at the Manatee Springs site . 

Unfortunately , the six verification borings were located to investigate 

various gravity anomalies as well as anomalies indicated by other geo

physical surveys and not specifically to investigate anomalies along the 

gravity-gradient profile line. Likewise, most of the six borings placed 

to accommodate crosshole surveys of various types were placed to the 

northeast of the gradient profile line. Two borings, however, allow 

direct confirmation of vertical gradient anomalies shown in Figure 40 . 

Overall the borings indicate that typically limestone is encountered at 

depths of 13 to 17ft (4 t o 5 .2 m), although limestone pinnacles rise to 

within 5 ft (1.5 m) of the surface in placed and clay-filled pockets in 

the top of the limestone extend to depths of 27 ft (8.2 m) in places. A 

boring near gradient profile position 120 ft encountered a clay pocket 

which extended to 27-ft depth (limestone typically is encountered at 

17-ft depth in this area); th~ vertical gradient profiles show a promi

nent negative anomaly at this location. Another boring near gradient 

profile position 280 ft encountered a clay pocket extending to 16-ft 

depth (limestone typically is encountered at 13-ft depth in this area); 

the vertical gradient profiles show a negative anomaly at this location . 

84. The boring near gradient profile position 280 ft encountered 

a significant clay-filled cavity in the 90- to 105-ft (27- to 32-m) 

depth range; this is the same depth range as the known water-filled 

cavity to the southwest. The discovery of this clay-filled cavity feature 

suggests that solution features extend considerably northeast of the 

known cavity system under the gradient profile line, which is completely 

consistent with the gradient profile data in Figures 42- 44. 

Conclusions 

85. The results of drilling at the Manatee Springs sit e confirm 

that the larger magnitude, short spatial wavelength anomalies which 

appear in the measured vertical gradient profiles in Figure 40 are due 

primarily to relatively shallow ( <20 ft or 6 m) density anomalies such 

as clay pockets and limestone pinnacles. The lower amplitude , longer 
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spatial wavelength anomalies which appear in the measured horizontal 

gradient and Hilbert transform vertical gradient profiles in Figures 42 

and 43 are due to the deeper (>80 ft or 24 m) main cavity system. The 

large amplitudes of the vertical gradients caused by shallow feature 

at the Manatee Springs site completely mask any possible expression in 

the measured vertical gradient profile of the low amplitude anomaly due 

to the deeper cavity system, at least in vertical gradient profiles 

determined with a short, portable tripod. A much taller tower (>20 ft 

or 6 m in height) with lower measurement station several feet (1 to 2 m) 

above the ground would be required to have any chance of detecting the 

vertical gradient anomaly caused by the cavity system; even then, it is 

unlikely that a 0.001 mGal/m gradient anomaly could ever be detected by 

a tower (interval) measurement procedure . 

Concepts 

Gravity-Gradient Analysis of a Selected Gravity 
Profile Across Dry Lake Valley, Nev. 

86. One of the important and powerful aspects of the gravity

gradient analysis and interpretation procedures (Butler, 1980a, b, c) 

is that they can be applied to existing good quality gravity data at any 

scale. Gravity profiles can be digitized; and using the basic digitizing 

interval as a starting point, horizontal gradient profiles can be com

puted for various multiples of the basic interval . The Hilbert transform 

procedure is used to compute vertical gradient profiles, and then the 

gradient space plot and modulus of the analytic signal plot can be con

structed. Implicit in the procedure just described is that the struc

tural aspects of the problem being analyzed are two-dimensional. If a 

gravity contour map is used as a starting point, gravity profiles should 

be selected across and approximately perpendicular to the trend of anom

alies which in some sense can be considered to be caused by a two

dimensional structure. If the starting point is a gravity profile, it 

should cross a known structure which can be considered approximately 

two-dimensional in nature, striking nearly perpendicular to the profile 
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line. An example of the first of these cases is presented here, i.e., 

a gravity profile is selected perpendicular to the major trend of an 

elongated gravity anomaly associated with an alluvial basin in the 

Basin and Range Province. 

Background 

87. The Dry Lake Valley gravity survey is briefly discussed 

earlier in this Part as an example of the use of TALGRAD. 

88. Dry Lake Valley is located in central Lincoln County , Nev ., 

approximately 170 km north-northeast of Las Vegas . The gravity survey, 

consisting of 1069 stations in and around Dry Lake Valley, was conducted 

by the Defense Mapping Agency (DMA) in the summer of 1977. Correction 

of the gravity data was performed by DMA and Fugro National, Inc. person

nel to produce a Bouguer anomaly map. The regional field was derived by 

fitting a second-order polynomial surface to Bouguer anomaly values on 

bedrock outcrop stations around the valley. Subtracting the derived 

regional field from the Bouguer anomaly map yielded the residual anomaly 

map shown in Figure 28 . Complete details of the site, gravity survey, 

and data correction procedures are given in Fugro National, Inc. (1980) 

and McLamore and Walen (1979). 

89. Dry Lake Valley exhibits typical basin and range structure, 

with the valley probably occurring above a graben between two high angle 

normal basement faults on the east and west sides of the valley. Out

crops in the mountains on the western side of the valley are predomi

nantly Tertiary ash flow tuffs with some Paleozoic carbonates; while the 

mountains on the eastern side are predominantly the Paleozoic carbonates 

with only minor amounts of the Tertiary tuffs. The valley fill consists 

of unconsolidated to partially consolidated silt, sand, and gravel 

derived from adjacent highlands. Primarily the fill materials are 

Tertiary and early Quaternary alluvial fan deposits (72 percent by area) 

and fluvial and stream terrace deposits (16 percent) . 

90. The three-dimensional model and interpretation discussed 

previously and shown in Figure 29 were constrained by (a) results of 

two long intersecting refraction lines in the north end of the valley, 

(b) several shallow (<500 ft or 150 m) boreholes throughout the central 
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portion of the valley, and (c) a knowledge of the structural style of 

the region. A density contrast of -0.45 g/cm3 (between alluvium and 

carbonate bedrock) was determined by trial and error gravity interpre

tation to yield the best "tie" of the refraction results. This density 

contrast agrees with published density values for bedrock and alluvium 

materials in the area (McLamore and Walen, 1979). An interesting feature 

of the interpretation shown in Figure 29 is that the placement of the 

faults was determined from an examination of the second vertical deriva-

tive of the gravity field; i.e., the faults are placed along the zero 

contour of the second derivative field. This procedure places the 

surface trace of the eastern boundary fault about 1 mile west of the 

surface cracks in the alluvium, which have been mapped as a fault. 

Gradient interpretation 

91. Profile AA~ in Figure 29 was chosen for gradient analysis 

and is plotted in Figure 45.* The gravity profile was digitized at 1-km 

intervals and horizontal gravity gradients were calculated for 6x = 1, 
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Figure 45. Bouguer anomaly (CBA), regional field, and residual anomaly 
for Profile AA~ (see Figure 28) 

2, 3, and 5 km. HILBERT was used to calculate vertical gradients from 

each of the horizontal gradient profiles, and the gradient profiles for 

the four cases are shown in Figure 46. The gradient profiles clearly 

become smoother and exhibit fewer "complexities" as 6x increases due 

to the filtering properties of the interval measurement procedure; and 

the gradient profiles for 6x = 5 m closely resemble those for a 

* A much larger version of this gravity profile was used for digitization. 
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horizontal cylinder (the simplest two-dimensional structure). The 

gradient profiles for ~x = 1 km , however, exhibit features, in the 

central portion, which closely resemble the profiles for a grabenlike 

structure. Gradient-space plots for the ~x = 1 and 5 km cases are 

given in Figure 47, which further illustrates the qualitative features 

discussed above (Butler, 1980 a, b, c). 

92. For purposes of gradient interpretation, the gradient pro

files and gradient-space plot for ~x = 1 km will be utilized.* 

Figure 48 is a larger scale plot of the gradient profiles for ~x = 1 km . 

It is evident from an examination of Figures 47a and 48 that the struc

ture causing the gradient anomalies is more complex than a grabenlike 

structure with nearly equal side slopes and a horizontal "floor." 

Because of the complexities evident in the gradient-space plot, the inter

pretation procedure will rely on an alternative procedure in which 

(a) the vertical gradient profile is used to locate profile positions 

of structural corners, and (b) the gradient-space plot is used to deter

mine slope angles of the graben bounding-faults and their projected 

surface intersection points.** 

93. Six points are labeled in Figure 48, with points E, F, G, 

and H assumed to be associated with the central graben structure. 

Points D and I are located at profile positions corresponding exactly 

to locations of vertical gradient peaks, while points E, F, G, and H 

are shifted by ~x/2 relative to the associated vertical gradient peaks 

* The result of using the profiles for ~x = 2 km for the interpre
tation would be nearly identical to that presented for the ~x = 1 km 
case. The interpretation resulting from using the ~x = 3 or 5 km 
profiles would be different, since the gradient features due to shallow 
structures cannot be recognized. 

** For the ideal case of a nearly symmetric, graben structure model, 
generally all of the parameters of the model can be obtained from an 
analysis of the gradient-space plot alone, including profile locations 
and depths of the four corners of the model. The gradient-space plot 
will be the superposition of two ellipses, and the inclination of the 
long axes of the ellipses to the horizontal axis (vertical gradient 
axis) defines directly the slope angles of the sides of the graben 
model relative to the horizontal. 
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to qualitatively compensate for gradient profil e "broadening" due to 

sampling and s uperposition effects. 
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94. Angles of -48° and 68°, relative to clockwise rotations from 

gz,z axis, are defined in Figure 47a for the lower and upper ellip

r espectively . Also, points labeled c~ and cc~ and corresponding 

profile locations are shown for the lower and upper ellipses, respec

tively; these points are assumed to be the surface projection of the 

side faces of the graben structure . The slope angle and c~ for the 

upper ellipse are fairly well defined. However, the slope angle and c~ 

for the lower ellipse are not as well defined; there is clearly subjec

tive judgment involved in the definition of c~ . 
95. By use of the parameters defined in Figures 47a and 48 , the 

structural geometry s hown in Figure 49a can be constructed . Points D 

and I a re assumed t o be at or very near the s urface and connected to 

points E and H, respectively. by straight lines. Maximum depth to rock 

of ~5 .4 km is predicted at point G. The structural model of the valley 
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fill-bedrock geometry is deduced directly f r om the gradient data with 

no assumptions regarding density contrasts . 

Comparison of gradient and three-
dimensional gravity interpretation 

96 . The results of the three-dimensional gravity inversion along 

profile line AA~ are shown in Figure 49b (also in Figure 30). Qualitative

ly, the two interpretat ions shown in Figure 49 a r e very similar, and the 

slope angles of sides EF and GH in Figur e 49a and their counterparts in 

Figure 49b differ by 1 and 5 deg , respectively . The pr imary quantitative 

difference is the rather dramatically larger predicted depth to the 
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carbonate bedrock predicted by the gradient model. Profile locations 

of points D and I are approximately the same in both models; however, 

profile locations of points E, F, G, and H in the two models differ by 

amounts varying from 0.5 to 1.5 km. 

97. Although several explanations might be advanced to explain 

the discrepancies between the two models in Figure 49, only two will be 

presented and discussed: (a) possible errors in the locations of 

points E, F, G, and H in the gradient model, and (b) errors in depth in 

three-dimensional gravity model due to selection of density contrast. 

Small errors in location and hence spacing of the points E, F, G, and 

H could produce significant errors in depths to the corners of the 

structural model, due to the relatively steep slopes of the sides of the 

graben structure . If the model shown in Figure 49b, from the three

dimensional gravity inversion, is correct, then using the depths to the 

corners E and H as a measure of the parameter so , the "depth" to the 

model, results in ~x/ so ~ 2 (~x = 1 km, so ~ 0.5 km). From previous 

considerations (Butler, 1980a, b, c), it is known that amplitude attenua

tion and increase in spatial wavelength of the horizontal gradient profile 

become significant for ~x/so = 1 and become very pronounced for 

~xlso = 2 . These distortions of the horizontal gradient profile due to 

the sampling process will be reflected in the vertical gradient profile 

(computed with HILBERT) by increased separation and broadening of the 

peaks (relative maxima) corresponding to corners E and H, leading to 

values for the distances EF and GH which are too large. It is note

worthy, however, that the locations of corner H and its surface projec

tion C" for the gradient model in Figure 49a are more consistent with 

surface cracks in the alluvium than the corresponding locations in 

Figure 49b. 

98. An equally plausible explanation for the differences in the 

two models in Figure 49 is that the predicted depths in Figure 49b are 

too small due to the use of a density contrast which was too large 

(Butler, 1980a). The density contrast of -0.45 g/cm3 used for the three-

dimensional gravity inversion corresponds to the density contrast for 

s hallow sediments relative to basement rocks. Since the sediment density 
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will increase with depth, -0.45 g/cm3 must be viewed as a maximum 

density contrast (Fugro National, Inc., 1980). Thus, the depths calcu

lated from the three-dimensional inversion are likely too small , parti

cularly for the base of the graben. Additional modeling with different 

density contrasts or a density contrast f unction that decreases with 

depth was not considered to be justified by Fugro because so little is 

known about the actual density distribution in and around the valley. 

Without further information, such as a deep boring in the center of the 

valley or a long refraction line in the center of the valley, it is not 

possible to resolve the discrepancy between the two models in Figure 49. 

Density contrast considerations seem clearly to favor a valley model with 

greater depth than in Figure 49b . Since the model in Figure 49a, 

deduced by gravity-gradient techniques, was produced without assumptions 

regarding density contrast, it seems to be the preferred model. The 

best constant density contrast for the valley, corresponding to the 

gradient model in Figure 49a, could not be determined by using TALGRAD 

in an iterative fashion, varying only the density contrast until the 

calculated and measured gravity profiles agree. This example is pre

sented in considerable detail to illustrate the manner in which some of 

the analytic techniques developed in this research effort can be utilized 

to analyze field data to determine geologic structure and geophysical 

properties. 
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PART IV: SEISMIC METHODS 

Background 

99. The s eismic methods all involve the generation, propagation, 

and detection of seismic waves. Seismic waves are generated in three 

ways in surveys for geotechnical applications: impact sources, e.g., 

weight drop or hammer blow; explosive sources, e.g., dynamite, exploding 

bridgewire (EBW) detonators, and air guns*; and vibratory sources 

(constant frequency or swept frequency sources). Detection of the seis

mic waves is generally by velocity transducers called geophones. The 

objective of the seismic methods is to deduce properties of the media 

through which the seismic waves pass from properties of the detected 

wave forms (primarily the arrival times of various events or types of 

waves at the geophones). Two seismic methods are considered here: the 

seismic refraction method and the crosshole seismic method. 

Seismic refraction method 

100. The seismic refraction method is a surface survey technique 

in which the source locations and geophones are along a common line. 

Figure 50 illustrates the concept of the seismic refraction method, where 

the time-distance plot represents the arrival times of the first event 

at each geophone location. The first event at a g1ven geophone will be 

due to a wave which propagates directly from the source or to a wave 

which is refracted along an interface with a higher velocity material. 

The first-arrival time- distance plot can be analyzed to give the velo

cities of subsurface soil/rock layers and depths to interfaces; Figure 50 

illustrates the analysis for the simple case of two horizontal layers 

(Department of the Army, 1979). 

101 . For the case of three horizontal layers, the analysis of 

the time-distance plot to yield layer velocities and interface depths is 

still tractable by manual methods. Also, the case of two layers where 

the interface dips relative to the surface can be similarly analyzed 

* Air guns generate seismic waves by a sudden release of compressed gas. 
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Figure 50. Simple two-layer case with plane, parallel boundaries, and 
corresponding time- distance curve (after Redpath, 1973) 

using manual methods (Department of the Army, 1979; and Telford et al., 

1976) . However, for the cases of greater than three horizontal layers 

and greater than two dipping layers, a programmable calculator or a 

minicomputer is desirable for the interpretation. The presence of dipping 

layers is indicated by an examination of the time-distance plots from 

forward and reverse " shooting" along a seismic survey line, i.e . , from 

data obtained by using a source at each end of the geophone line. 

Figure 51 illustrates the appearance of the time-distance plot for a two

layer case with dipping interface, where the apparent velocity of the 

second layer is always greater ~.;rhen "shooting" in the updip direction. 

102. In the past, seismic refraction data processing has involved 

manual "picking" of first-arrival events and scaling arrival times, often 
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Figure 51. Example of dipping interface and concepts of "reverse 
shooting" and "apparent velocity" (after Redpath, 1973) 

using a variable scale, from analog records. The time- distance data 

were then manually plotted, and straightline segments were fit to the 

data if possible. Velocities were then determined as the inverse of the 

slopes of the line segments. Interface depths and dips were then deter

mined manually. This is still a common procedure, particularly when 

refraction survey data are processed and interpreted in the field. 

103. Magnetic tape (analog) data recording has been used since 

the early 1950's and digital tape data recording since the early 1960's 

in seismic exploration for the oil industry . Associated with the digital 

seismic recording capability has been a rapid growth in digital data 

processing technology. This new technology makes possible the expedi

tious handling of enormous amounts of seismic data and reduces complex 

mathematical filtering operations to simple multiplications and addi

tions of the digital data. Although many of the digital techniques 

which have been developed are applicable to any set of time series 
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data, the primary application has been to seismic reflection survey 

data. Also, equipment cost, physical size, and complexity of operation 

have prevented application of digital recording and processing technology 

to seismic refraction surveys for geotechnical applications. However, 

since the mid-1970's, small, relatively inexpensive digital seismic 

recording systems and powerful micro/minicomputers have been developed 

which can be utilized by groups involved in geotechnical applications of 

seismic methods. 

104. This Part documents techniques developed to expedite seis

mic refraction data processing and to aid interpretation of seismic 

refraction results using minicomputers and time-sharing computer systems. 

While the data processing techniques which are described here must be 

considered an intermediate step in that analog field records are still 

utilized, the procedure has considerably reduced the manual effort 

involved in processing refraction survey data and helps prevent the 

data processing "bottleneck" which generally follows large field seismic 

investigations. 

Crosshole seismic method 

105. The crosshole seismic method utilizes seismic wave propaga

tion between two or more boreholes to determine the seismic stratigraphy, 

i.e., the seismic velocities of subsurface materials and the locations 

of interfaces between materials with different velocities in site 

investigation programs. This method is used extensively in foundation 

investigations where both compression (P) and shear (S) wave velocities 

are required as input to dynamic analyses. Field procedures, equipment, 

and interpretation procedures for crosshole seismic testing are described 

in Department of the Army (1979), Butler and Curro (1981), and Butler, 

Skoglund, and Landers (1978). 

106. Figure 52 (Butler and Curro, 1981) illustrates the geometry 

and concept of a crosshole seismic test. A seismic source and receiver 

are shown at the same depth in a pair of boreholes. The seismic source 

can be selected to preferentially generate vertically (horizontally) 

polarized S-wave energy if desired, and vertical-axis (horizontal-axis) 

receivers (perhaps in a triaxial geophone array) may be used to enhance 
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Figure 52. Crosshole seismic test geometry and possible 
propagation paths 

S-wave de tection. Explosive sources are rich in P- wave energy , and 

triaxial geophone arrays or even hydrophones (in fluid- filled boreholes) 

can be used as receivers for P-wave detection . Figure 52 indicates 

several layers with different seismic velocities (V.) and thicknesses; 
l 

the problem in crosshole seismic interpretation is to deduce this 

seismic str atigraphy from a data set which includes source/receiver 

depths and arrival times of events. Generally only the first - arrival 

times of P- or S-events are considered . The firs t P- or S-arrival at a 

given depth Z may be due to any one of the possible paths shown in 

Figure 52. The first- arrival event will be determined by the borehole 

separation D , and the magnitudes of the velocities. Dividing D by 
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the first-arrival time g1ves an apparent velocity which may not be 

equal to any of the layer velocities. 

107. Butler and Cutto (1981) discuss some of the procedures and 

pitfalls involved in crosshole seismic interpretation, and Butler, Skog

lund, and Landers (1978) present an algorithm and document a computer 

program (CROSSHOLE) for interpretation of crosshole seismic data. The 

program CROSSHOLE has been used extensively for the interpretation of 

crosshole seismic surveys. The program in its original form was somewhat 

cumbersome to use. Since it was written to be executed in a batch mode 

on a large computer, a data card deck had to be prepared and submitted 

for each set of crosshole data. This Part documents the conversion of 

CROSSHOLE to a time-sharing mode, making the program much more con

venient to use and greatly decreasing the turnaround time. 

Minicomputer Processing of Seismic 
Refraction Data 

108 . In this section, a processing procedure is described in 

which seismic refraction analog field records are processed by mini

computer. The procedure can be summarized as follows: 

a. The analog records are examined in order to "pick" 
first-arrival events. 

b. The analog records are placed on a large graphics 
tablet and the arrival times are digitized using a 
four-button graphics cursor. 

c. The arrival time-distance data are listed in tabular 
form and are automatically stored in data files. 

d. Arrival time-distance plots are automatically plotted 
if desired. 

e. Straightline segments are manually fit to the data on 
the arrival time-distance plots. 

f. Key points determined by intersections of the straight
line segments are digitized using the graphics cursor. 

K· Velocities (the inverse slopes of the line segments) 
and depths to interfaces are automatically calculated. 

h. The procedure in steps a-d can be applied to any 
events which can be identified on the analog records. 
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BASIC-language programs for accomplishing the above processing steps 

have been written and are operational on a Tektronix Model 4051 mini

computer and associated digital plotter and graphics tablet; the proce

dure could easily by adapted for use with other minicomputers with 

BASIC-language capability. Input instructions for the processing pro

grams follow and listings are given in Appendix H. It is important to 

note that the key steps in the operation (selecting of first arrivals 

(step a) and fitting line segments to the data (step~)) are still 

performed manually. Algorithms have not been developed to replace the 

judgment involved in these steps. 

SEISDIG 

109. SEISDIG is a general purpose seismic record digitization 

program. The program is well documented and prompting messages are 

printed before each input. The following items summarize the input/ 

output sequence: 

a. The first input request is for data identification, up 
to 72 characters in length. 

b. The next four input requests are for (1) "shothole" 
coordinate, (2) distance from "shothole" to nearest 
geophone, (3) "shothole" depth (zero if source applied 
at surface, such as hammer blow), and (4) spacing 
between geophones along survey line. 

c. Three input requests define the time scale: (1) digi
tize timing line just before time break, (2) digitize 
timing line 200 msec later (can be changed), and 
(3) digitize time break (times (1) and (3) can be the 
same). 

d. Now the first arrivals are digitized using the four
button cursor as follows: 

(1) 

(2) 

(3) 

(4) 

Press button 

Press button 

Press button 

Press button 
record. 

"z" to 

"1" to 

"2" to 

"3" to 

digitize point. 

skip a trace. 

redigitize last point. 

digitize the last point of 

(5) A tabular listing of arrival time-distance is 
produced. 

a 

(6) An opportunity is now given to redigitize any of 
the points. 
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(7) The data are now stored in a data file on tape. 

SEISPLOT 

110. SEISPLOT reads the SEISDIG data files and produces time

distance plots. The program is well documented and prompting messages 

appear before each input. The following items describe the input/output 

sequence: 

REF INT 

a. For each operation in the program, the following "menu" 
is printed, and selection of an item number executes the 
indicated operation: 

(1) Enter data. 

(2) Change or add data. 

(3) Plot data and label axes. 

(4) Choose between paper or CRT plot. 

(5) Display data. 

(6) Select symbol. 

(7) Store data on tape. 

(8) Read data from tape. 

(9) Stop program. 

b. If menu item (8) is selected, the number of the input 
data file is requested . 

c. When menu item (3) is selected, x and y scale 
factors and axis labels are requested, and a plot is 
produced with x and y axes of 7 in. and 5 in. 
length, respectively. 

111. REFINT computes apparent velocities of line segments on the 

arrival time- distance plot from graphics cursor input of the intersec

tion points of the line segments. Also, assuming the apparent velocities 

are true layer velocities, interface depths are calculated. If both 

forward and reverse time-distance plots are analyzed, true layer velo

cities are calculated using the harmonic mean formula.* The following 

items summarize the input/output sequence: 

* i.e., .!.__ 1 e- Lr where VT refers to true velocity, and - v + v VT 2 F R 
VF and VR are the forward and reverse velocities, respectively; 

VT = v F = v 
R 

if the refractor is horizontal. 
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Example 1 

a. The first two input requests establish whether or not 
both forward and reverse data are to be processed, and, 
if so, which is to be input first. 

b. The next three inputs are with the graphics cursor and 
establish the scale factors: origin, rightmost point 
on horizontal axis, uppermost point on vertical axis. 

c. Next, the number of velocity layers associated with the 
forward and reverse data is input. 

d. The crossover (critical) distances or line intersection 
points plus an additional point on the highest velocity 
line are now input with the cursor. 

e. Next, a series of inputs establishes the geometry of 
the line, including source locations relative to the 
origin and source depths. 

f. The tabulated output includes the critical distances, 
apparent velocities, and calculated depths (assuming 
horizontal refractors) for forward and reverse survey 
lines and finally the true velocities. 

112. Figure 53 is an example of the plotted output of SEISPLOT. 

The data are from a single-ended seismic refraction line. Triangles in 

Figure 53 represent first-arrival events at the 24 geophones of the line, 

and the source* point is at the origin. The survey consisted of a 

series of these single-ended refraction lines along a survey line paral

lel to a critical structure, with the source point advanced 50 ft each 

time. The hexagons in Figure 53 are the critical distances or inter

section points at A and B and the additional point C on the highest 

velocity segment which are digitized as input to REFINT. Figure 54 is 

the tabular output from REFINT. 

Example 2 

113. Figures 55 and 56 illustrate an example similar to the one 

above. The objective of this survey was to evaluate a borehole air- gun 

as a source for seismic refraction surveys. The refracting interface 

in this case is the water table, and the depth to the interface of 11 ft 

calculated by REFINT (Figure 56) agrees with the known depth to the water 

table at the site. 

* The source for this survey was a vertically mounted "shotgun" which 
fires a slug into the ground. 
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Figure 53. SEISPLOT output for single-ended seismic refraction line 

FORWARD 
_.., ____ _ 

X<l> = 
X<2> = 

REVERSE 
-------

THE CRITICAL DISTANCES ARE: 

20 
93 

X<l) = 
X(2) = 

THE APPAREHT VELOCITIES ARE: 
0(1) = 948 fp' 0(1 ) = 
U<2> = 2295 fps UC2) = 
U<3> = 6091 fps V<3> = 

THE CALCULATED DEPTHS ARE: 

9 
e 

9 fps 
9 fps 
9 fps 

0(1) = 6.48 ft 
0(2) = 36.55 ft 

D<1> = e.ee ft 
0(2) = 9.99 ft 

THE TRUE VELOCITIES WERE HOT COMPUTED FOR THIS CASE 
Figure 54 . REFINT output for the time-distance plot in Figure 53 
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Fi gure 55 . SEI SPLOT outpu t for r efr a c tion survey at a WES test s ite for 
eva l uation of a bor ehol e air- gun source 

AIRGUN ON THE WES TEST SITE @ 1000 PSI 

FORWARD REVERSE 
------- -------

THE CRITICAL DISTANCES ARE: 

X<1) = 21 X<l> = 

THE APPARENT VELOCITIES ARE: 
U\1) = 909 fps V<1> = 
V\2 ) = 5397 fps V<2> = 

THE CALCULATED DEPTHS ARE: 

0 fps 
e fps 

0(1) = 10.98 ft D<t) = e.e0 ft 

THE TRUE VELOCITIES WERE HOT COMPUTED FOR THIS CASE 

Figure 56 . REFI NT outpu t for case shown in Figure 55 
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Example 3 

114. SEISDIG and SEISPLOT can be used to process any event which 

can be "picked" on the analog seismic records. Figure 57 illustrates the 

use of these two programs to process several events which can be identi

fied on the analog records. Although a discussion of the events and 

their analysis is beyond the scope of this report, the events include 

direct waves (one of which is the air wave), first-arrival refracted 

compression wave, secondary refracted wave, the dispersed Rayleigh wave 

train, etc . 

DOMER 

115. A fourth BASIC-language program, DOMER, has been developed 

for processing events identifiable in the Rayleigh wave train on seismic 

refraction records. The processing sequence described here is not a 

rigorous Rayleigh wave dispersion analysis. In a rigorous analysis, the 

phase velocities (Vp) are determined as Vp(T) = ~x/~t , where ~x is 

the separation of two geophones and ~t is the phase shift between the 

Fourier component with period T at the two geophones (determined by a 

Fourier analysis of the records from the two geophones). Group veloci

ties (VG) can then be calculated from the phase velocities using the 

dispersion relation: VG(T) = Vp(T) + T[dVP(T)/dT] . Plotting group 

and/or phase velocities as a function of period T or frequency 

f(f = ~) yields the Rayleigh wave dispersion curves . Interpretation of a 

dispersion curve involves deducing a layered earth model with a theoret

ical dispersion curve that best matches the measured curve either with 

an iterative computer program or a set of standard dispersion curves 

(Grant and West, 1965); Dobrin, Simon, and Lawrence, 1951; and Ewing, 

Jardetzky, and Press, 1957). 

116. The technique used here is to characterize an identifiable 
-peak or trough in the Rayleigh wave train by its mean period, T , which 

is determined simply as the time difference between the two neighboring 

troughs or peaks, respectively. If the distance x from the source to 

a given geophone is greater than the longest wavelength recorded by 
-that geophone, then the group velocity for a period T = T is given by 

C(T) = x/t , with sufficient accuracy for most purposes, where t is 
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-the arrival time for the peak or trough with mean period T at the 

geophone at distance x . For an event, peak or trough, in the Rayleigh 

wave train that can be followed or identified on two or more geophone 

traces, the phase velocity can be identified as the inverse slope of a 

line through the events in a time- distance plot (see Figure 57) if the 

mean period of the event does not change significantly from one trace 

to the next (Grant and West, 1965) . This technique, particularly the 

phase velocity determination, is seldom accurate enough for quantitative 

Rayleigh wave dispersion analysis . Also, it is often not possible to 

identify enough " events" to define the dispersion curves very well . 

However, the technique is useful for site characterization, such as 

location of a r eas with anomalously low Rayleigh wave velocity (hence, low 

shear wave velocity) . The Rayleigh wave phase velocity versus mean 

period data can be converted to velocity versus depth data by computing 

wavelengths .A (=VpT) and using a " rule-of-thumb," such as the half

wavelength rule, to assign the velocity Vp(.A) to a depth .A/2 (Chang 

and Ballard, 1973) . * 

117. A listing of DOMER is in Appendix H, and the input/output 

sequence is described below: 

' 

a. Input the desired title. 

b. Input the geophone spacing. 

c. Input the time interval to be digitized, e.g., 300 msec. 

d. Digitize, using the cursor, the time interval, e.g., the 
0- and 300-msec timing lines . 

e. Digitize zero time, i . e., either the 0- msec timing 
line or a time-break. 

f . Input the number of events (maximum of five) to be 
digitized . 

£· For each event: 

(1) Input starting trace number. 

(2) Digitize the arrival time of the event, peak, or 
trough on the starting trace. 

* This is only an empirical procedure which should work best for sites 
where property variations are transitional in nature over the depth 
of investigation, i.e . , not distinctly layered. 
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Example 4 

(3) Digitize peak or trough to left of event. 

(4) Digitize peak or trough to right of event. 

(5) Move to next trace and repeat steps. 

(6) One button on the cursor is used for each of the 
following functions: (a) digitize point, (b) skip 
a trace, (c) redigitize preceding point, and 
(d) digitize the last point in an event. 

(7) Repeat steps (1)-(6) for next event. 

h. For each event a table is printed listing distance 
(X), arrival time (T), mean frequency (F), and group 
velocity (V = X/T) for each peak or trough in that 
event. g 

i. A time-distance plot for all the events is produced; 
the input is the same as for SEISPLOT, menu item (3). 

118. Figure 58 is a plot produced by DOMER of three events 

identified on a seismic refraction record from the same site as for the 

examples in Figures 53 and 57. Phase velocities for the events are 

indicated in Figure 58. Tabular output for event I is given in 

Figure 59. 

Computer Modeling and Interpretation of 
Seismic Refraction Data 

119. Two problems can be identified related to the seismic 

refraction method: (a) the direct problem, and (b) the inverse problem. 

The direct problem involves the determination of arrival times as a 

function of distance from a hypothetical source for various seismic 

events and a specified model; the model consists of layer velocities, 

layer thicknesses, and interface dips. For a given set of arrival 

time versus distance data from a refraction survey, the inverse problem 

involves the determination of the parameters of a subsurface model 

from the data itself. Two FORTRAN computer programs have been developed 

which solve the direct and inverse problems of the seismic refraction 

method, REFRDIR and REFRINV, respectively. REFRDIR is useful as a 

modeling tool for planning field surveys, e.g., geophone spacing and 
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the Rayleigh wave train on a seismic refraction record 
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132.7 
148.5 
157.2 
165.6 
174 
181.2 
187.6 
195.3 
201.4 
21 t. 6 
229.2 
229.4 
242.5 
249.4 
256.3 
265 
273.1 

48.1 321.8 
49.9 376.7 
57.7 404 
56.9 445.2 
48.7 483 
48.7 517.2 
40.8 551.8 
39.6 586.3 
38.8 614.4 
38.5 645.4 
49 661.6 
40.8 681. 1 
47.5 697.4 
44.9 791 
43 721.7 
39.2 741.3 
38.5 754.7 
37.1 768.9 

Figure 59. Tabular output from DOMER for Event I in Figure 58 
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survey line length required to investigate a possible subsurface model. 

REFRINV is very useful for refraction interpretation, where the data 

indicate the possibility of multiple, dipping layers. 

120. The theoretical basis for the two programs (REFRDIR and 

REFRINV) is a set of equations relating to refracted waves (see, for 

example, Officer, 1957). These equations are given in the following 

sections describing the programs. They consist of: an equation for 

the horizontal phase velocity at the surface, equations corresponding 

to Snell's law at each interface, and an equation to compute the 

intercept times for the refracted waves. 

121. 

the travel 

top of the 

Because the layer interfaces are assumed 

time 
th 

n 

for the wave refracted along the th 
n 

to be planar, 

interface (or 

layer) is given by 

t (x) - T + x/v n o,n n (14) 

Thus, given the horizontal phase velocity, 

for the nth 

v , and the intercept time, 
n 

T o,n refraction, the travel time can be computed at all 

source-to-receiver distances, X • 

REFRDIR 

122. The horizontal phase velocity and the intercept time are 

computed for each refraction event using the program REFRDIR. In this 

case, the P-wave velocities, the interface dips, and the layer "thick

nesses" must be given. This program glves the intercept times and the 

horizontal phase velocities for both the direct and the reverse profile. 

The reverse profile is that array layout in which the shot is on the 

opposite end of the array relative to the direct profile. 

123. In computing the intercept times and the horizontal phase 

velocities, program REFRDIR uses the angles, e: , that the rays make ln 
with the normals to the interface. These angles, as well as other 

important parameters (for example, the layer "thicknesses"), are 

illustrated in Figure 60. 

124. REFRDIR is a modeling program. It assumes: (a) that 

the velocity variation in the earth increases monotonically with depth, 
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Figure 60. Assumed geometry for seismic refraction paths in 
common-strike, multiple dipping layers 

(b) that it can be approximated by layers of constant velocity but with 

varying thicknesses, (c) that the interfaces between the layers are 

planar, and (d) that the interfaces have the same strike (see Figure 60). 

If REFRDIR is given an input model containing a velocity inversion 

(i.e., a decrease in velocity with depth), it will print an error message 

to that effect and stop. 

125. The input data for the program are: (a) the number of 

layers in the model, (b) the layer thicknesses relative to the direct

and reverse-profile shotpoints (HPLUS and HMINUS; see Figure 1), and 

(c) the dip angles of the interfaces. The air/ground interface is the 

first one and it is assumed to be horizontal. Any velocity and distance 
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units may be used, as long as they are consistent, but the (dip) angles 

must always be given in degrees. REFRDIR computes and prints out: 

(a) the intercept times, and (b) the horizontal phase velocities of 

the refractions from each interface for the direct and reversed profiles. 

The following equations are used by REFRDIR : 

sin e 
n-l,n - a. 1/a. n- n 

-e n-l,n 
- e+ 

n-l,n - e n-l,n 

sin e+ 
i-1 n 

' 
- (a.. 1/a..) 

1 - 1 
sin (e: + w.) 

1,n- 1 

n-2 

2: (~/a. .) (cos e: 
1 1 1,n i=l 

+ cos e . ) 
1,n 

(15) 

(16) 

(17) 

(18) 

(19) 

The a. ' s are the layer velocities, the H' s are the layer thicknesses, 

the v's are the horizontal phase velocities, and the T's are the 

intercept times. The superscripts + or refer to the direct and 

reversed profiles, respectively. See Figure 60 for the indexing and 

angle definitions. 

126. For a given layer, computation is started by using Equa-

tion 15 to solve for sin e l . This , in turn, is used in Equation 
+ n- ,n + 

17 to generate sin e- 2 through sin e-1 n - ,n ,n • The phase velocities 

and intercept times are then computed using Equations 18 and 19 . To 

clarify the use of these equations, the calculations for the general 

case of three interfaces have been carried out in Appendix I . A listing 

of REFRDIR is also given in Appendix I. 

127. Input~ REFRDIR is extensively documented and prompting 

messages appear before each input. All input is in free - field format. 

The input sequence is given below: 
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Input No. 1: NLAYRS 

NLAYRS--numbers of layers in the model 

Input No. 2: SPRDLN 

SPRDLN--the spread length, i.e., the length of the 
refraction survey line 

Input No. 3: (ALPHA(N), DELTA(N), HPLUS(N), N=l, NLAYRS) 

ALPHA(N) --velocity in layer N 

DELTA(N)--dip angle (in degrees) of the Nth inter
face, which is the top surface of layer N ; 
DELTA (1) = dip of ground surface of model -
0 

HPLUS(N)--thickness of Nth layer for the direct 
profile (see Figure 60) 

Input No. 3 is repeated for each layer. 

Input No . 4: 

Input "1" if only forward profile to be plotted, and 
input "2" to plot both forward and reverse profiles . 

128 . Output . REFRDIR output consists of tabulated and plotted 

versions of the r esults of the computation. The tabulated output gives 

the horizontal phase velocities (apparent velocities) and intercept 

times for the forward and reverse profiles. For the plotted output, 

the apparent velocities and intercept times are used to define line 

segments, and forward and reverse time-distance plots are produced. 

PLOT2 (Appendix B) is used to produce the plots . 

129. Example. Figures 61 and 62 illustrate the use of REFRDIR 

to solve a direct seismic refraction problem. The hypothetical model is 

shown in Figure 61, and the spread length was selected as 150 m. Com

puted time intercepts, see Figure 62, are indicated on the plot in 

Figure 61 . This example is important because it illustrates that 

intuitive predictions of interface dip from apparent velocities or of 

apparent velocities from dip may be incorrect. For the example ln 

Figures 61 and 62, intuition and experience might lead one to expect that 

the apparent velocity in the forward direction for interface 3 would be 

greater than v
3 

; however, the result s from REFRDIR (see Figure 62) show 

that this is not the case . 
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Figure 62 . Tabular output from REFRDIR fo r case s hown in Fi gure 61 
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REFRINV 

130. REFRINV uses the measured horizontal phase velocities 

(apparent velocities) and intercept times obtained from the direct and 

reversed profiles from refraction surveys to determine the velocities 

in the layers, the dip angles of the layer interfaces, and the layer 

"thicknesses." It is an inverse program, i .e., it gives, for its 

computed output, the parameters used as the input for the direct 

program, REFRDIR. On the other hand, the input of REFRINV corresponds 

to the output of REFRDIR. 

131. This program uses the same equations that are used by 

REFRDIR. However, it uses them in opposite order to compute the physical 

properties of the medium by means of a "layer stripping" technique. That 

is, the program uses the measured data to find the properties of the 

first layer and then uses the measured data and the properties of the 

first layer to find the properties of the second layer and so on . 

REFRINV also uses the notation and the geometric parameters illustrated 

in Figure 60. 

132. REFRINV has for its input: (a) the number of layers, 

(b) the velocity in the first layer, (c) the horizontal phase velocities 

and (d) the intercept times for the refracted waves from both the direct 

and reversed profiles. The program computes and prints out: (a) the 

velocity in each layer, (b) the layer "thicknesses," and (c) the dip 

of each interface (the first interface is the air/ground boundary and it 

lS assumed to be horizontal). The phase velocities and layer velocities 

are given in metres/msec (ft/msec), the layer "thicknesses" are computed 

in metres (ft) , and the dips in degrees. Like program REFRDIR, REFRINV 

assumes: (a) layer velocities increase monotonically with depth, (b) the 

velocity is constant in any given layer, and (c) interfaces are planar 

and have a common strike. 

133. REFRINV makes use of the following equations (see Figure 60): 

e: + (20) + ~J; 1 = arcsin (a.l/V n) 1,n 

e+ + lJJ arcsin [<a.m/a.n-1) . + J (21) - s1n -
1 m,n m m- n 

' 
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a 1 / a 8+ -- sin 8 • 8 8 (22) n-l,n' - -n- n n-l,n n-l,n n-1 n 
' 

It n-1 

cos 

O.Sa 
-

cos 

8 n- l,n 

e 

.J... 

n-1 T~ 
o,n 

n-l,n 

2 1-(a 
1
/a ) 

n- n 

n-2 Itt 
(cos 8: ~ 

~,n 

i=l a. 
~ 

+ cos 8 ~ ) 
~,n 

(23) 

1/2 
(24) 

where the a 's are the layer velocities, V's are the phase velocities, 

the T's are the intercept times, H's are the layer "thicknesses," 

and the ~ 's are angles between interfaces. 

134. Equations 20 through 24 are used iteratively: the input 

data for the second layer and the result s from the first layer are used 

to find the results for the second layer; the input data for the third 

layer and results from the first and second layers are used to find the 

results for the third layer, and so on. This routine will become clearer 

after examination of Appendix J, where these equations are used in the 

general case of finding the velocities for four layers. 

135 . Input . The input to REFRINV is in free-field format and is 

summarized below : 

Input No . 1 : NLAYRS, Vl 

NLAYRS--number of layers (obtained as the number of 
straightline segments in the time-distance 
plot) 

Vl- -true velocity of layer 1 (inverse slope of line 
segment passing through the origin of time-dis tance 
plot) 

Input No . 2: (VPLUS(N), VMINUS(N), TPLUS(N), TMINUS(N), 
N=2, NLAYRS) 

VPLUS(N), VMINUS(N)--forward and reverse apparent 
velocitie s respectively for the 

N th . f 
~nter ace 

136 . Output . The output of RESINV consis t s of two lists . The 

first list just summarizes the input data , while the second list presents 
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the calculated results: true layer velocities, interface dips, and 

laye r thicknesses . 

137. Example. Figure 63 is an example of the output of REFRINV. 

The input fo r this example is just the output from the REFRDIR example 

presented earlier in Fi·gure 62. Note that the calculated results in 

Figur e 63 agree with input model in Figure 62. 

··. r. = .. .. .. .. . . ~ 
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Figure 63. Output from REFRINV using the calculated results in 
Figure 62 from REFRDIR as the input data 

CROSSHOLE: Time-Sharing Version 

138. The basic algorithms used by CROSSHOLE are documented in 

Butler, Skoglund, and Landers (1978); this basic documentation will not 
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be repeated here. Rather, the changes necessar y to convert to remote

user or time-sharing operations are discussed and examples of the new 

input/output format are presented. The following four changes were 

made: 

a. Formatted input changed to allow free-field input. 

b. Input is from data files to avoid on-line input during 
program execution. 

c. Input sequence changed to eliminate redundant or dupli
cate input data. 

d. Considerable reformatting of program output to allow 
printing on 8.5-in.- (21.6-cm-) wide terminal paper. 

CROSSHOLE is listed in Appendix K. 

Input 

139. All input is in free-field format and is from a data file 

(except Input No. 1 below). The input sequence and parameter descrip

tions are given below: 

Input No. 1: DIN (1) 

DIN (1)--name of input data file 

Input No. 2: TITLE 

TITLE--identification label for the crosshole data set 

Input No. 3*: LIN, IOPl, N, IOP2, ISUM, M, DIST, AZIM, 
VFIRST, VLAST, DLLAST, IMAX , DELGS, IPUN 

LIN--line number followed by blank 

IOPl--input option code 

1 for arrival times 

2 for apparent velocities 

3 for true velocity profile and arrival times 

4 for true velocity profile and apparent 

5 for true velocity profile 

N--storage key for output options, dimensions profiles 
for summary tables 

* The data file consists of line numbers followed by blanks, with data 
entries which follow on each line separated by blanks or commas as 
delimiters. 
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* 

IOP2*output op tion code 

0 Standard output, primarily for IOPl = 1 or 2 

1 For TABDUM, apparent veloc ity as a func tion of 
hole spacing 

2 For SUMMARY table of three-hole set, P- and s
wave data 

3 For SUMTWO comparison of computed apparent velo
cities with measured apparent velocities for 
known velocity profile 

7 For carrying over the pr evious true velocity 
profile 

ISUM--type of summary table. One for partial and two 
for full summary table 

M--number of records per hold set 

DIST--horizontal surface distance between boreholes 

AZIM--hole pair aximuth, clockwise from north (in 
degrees) 

VFIRST--first layer true velocity (if not defined by 
the data) 

VLAST--deepest layer true velocity (if not defined by 
the data) 

DLLAST--depth to deepest layer (if known) 

IMAX--number of true velocity layers (for input op
tions 3, 4, and 5) 

DELGS--vertical geophone spacing (for input option 5 
only) 

IPUN--output punch option (for use with option 5) 

Input No. 4: (LIN, SZ(J), SX(J), SY(J), GZ(J), GX(J), GY(J), 
J = 1, M) 

LIN--line number followed by blank 
th SZ(J)--source depth of J r ecord 

SX(J)--source local x-derivation, from borehole survey 
(north direction positive) 

SY(J) --source local y-deviation, from borehole survey 
(east direction posi tive) 

Currently, only the IOP2 = 0 
8.5-in.-wide terminal paper . 
should be directed to a batch 

option has been formatted for output on 
For all other output options, the output 
printer or wide- paper terminal. 
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Output 

GZ(J),GX(J),GY(J)--geophone/receiver depth, x, and 

y for Jth record 

For IOPl = 1 or 3 

Input No. 5 : (LIN, TR(J,N), J = l,M) 

LIN--line number followed by space 

TR(J,N)--arrival time for Jth record 

For IOPl = 2 or 4 

Input No. 5: (LIN, VA(J,N),J- l,M) 

LIN--line number 

VA(J,N) --apparent velocity for Jth record 

For IOPl = 3, 4, or 5 

Input No. 6 : LIN, (DL(I ,N) I - 1, IMAX-1) 

LIN--line number 

DL(IN)--thicknesses of specified true velocity layers 

Input No. 7: LIN(VL(I,N), I= 1, IMAX-1) 

LIN--line number 

VL(I,N)--true velocities 

140 . Three types of printed output are generated by CROSSHOLE: 

(a) a summary tabulation of the input data; (b) a list of caution and 

alternative interpretation messages; (c) a tabulation of the CROSSHOLE 

interpretation or calculation results. 

Examples 

141 . Figure 64 is an example of input data file for a case where 

arrival times are input . Figure 65 is the output from CROSSHOLE for the 

input data file in Figure 64. The caution messages in Figure 65 call 

attention to the fact that many of the interface locations are poorly 

defined due to an insufficient number of apparent velocity values in 

each of the velocity zones or layers. 

142. Typically all available information is utilized in develop

ing representative velocity profiles for a site. Seismic refraction and 

uphole/downhole seismic results, if available, are examined. Also, any 

borehole log data are examined. Representative velocities which are 
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Figure 64 . Example of the format of an input data file for CROSSHOLE 

finally accepted are " averaged" values of all values available. 

face dep ths a r e guided by borehole data if available . 

122 

Inter-



; ,..,·.,:,; T~t7 ,, ... ~If OF T11t IlMTt1 FILE '•' lllt t.I"IH TO F-Pll(E~~ 
• :, ~5t'C::·,·, 

·: 10 n!'.-110l.E r•,:, T~ - ~ -W~'IE - D/5 TOE - p TO Q "' 10 FT 

"Of. J Z£1r-ll Pl. Ill~TF<N( f liETt.IEEU HCLES I ~ 10 • .? 

TIFPTH [• I PECT H,._li'JVftl FtPPrifi'EhT SHOT HOLE •:;eo HOLE 
~~T l7>f(l Dt Hrtt'ICE TIME VELD '><- DEV '1-f•EV >- -I•EV Y-DE\1 

'"i,ll '5.(1 1 o.? li, 0140 .. 3- - (1 , 01) - I). (I <;I -o. o•• 0.01 . .:: . 
l 1l, I) 1 0. 0 1 o. '3 0.(•131) 7<;0. - o. o-; -o. os 1}, 02 c• . o.; 
1'5.(1 1'5.(1 lli. 3 0.0150 ..;se. -o. tE- -o. 24 o. o::. o.o,; 
-? ,, .... 20 .1) lll , 3 lj , (11'$0 5-;' 3 . -o. 08 -o. 27 (1, (Ji:s ll, 0 (I 
; c,,o 2'5.U 1 ... . 4 •'. 0 I '5'5 .;e.~. -(J,1l - (• . 45 0. 10 - ... . 0'5 
!u. '' 3tl. 0 1 ,· •• 4 1) . ···1 '5'5 ~"="~· -(1.03 -o. s 3 u. 1 ~ - o. 1 3 
':l '"i,ll ;I"\ • 0 \II, 3 o.nt4'5 714. -o. O~:> - o. 65 u . ::n -0.16 
41), it 4 i l , :) I (, . 3 ''· Ot t't• 643, - C•. o-:. -o. n u.42 -0 • .?1 
4'5.0 4"\ • (I 1 o. j .... i•1t.'5 6-21. -0.10 -0.8(1 ll .'56 - (t. 23 

- S-WF<VE - ~/5 TOE - P TO Q = 10 FT 

E>-ECU l ION CHECV. - LrtYE~ 1 - l!EPTH 1 - OOIJrj 
··.:tt IT I ON - THF lr•TFPF'ft(f (~L(UL~TE[I TO (1£ FIT .:..o 

cn•.ILD FE Fttt ~ loiHF j; E FE T ME Eti ':'· • t I Ftl'ifl 1 o. 0 
F.>'H I) rt 011 CHECI' - Lr!YEP 2 - DEPTH 2 - IJP 1 

•:~l' T I Ot't - THF II•TEr>-F~ F (HLCIJLr-TEI• TO FE AT n.6 
C'OLIL [i ft Hf•'l'•'l-otFE I'FTiooEEN I O. 0 A,.,D 1 3 • .; 

= ·x'E( uTI ON CHECK - Lrt'I'EP '3 DEPTH 3 - IJP 1 
CAt.IT tON - THE J f'tTEPFfol- E ( Ftl(LIL.;TED TO ~E AT 18.4 

C'OliLI· FE ..,,., 'I t.oHH E fE TI.•EEtt 1 "5. 0 AND 18.4 
F•'fC'L•T IOtl CHEn - LAYE~ 4 - DEPTH 4 - I•Ot.IN 

CF<•JT ION - THE I M ffJ'~.:OI E (.;L(IJL~TED TO BE FtT 21.4 
COLILt• ~E Ht• •• .. ..,EFE lof Tl·tE f~ 0: 1.4 ~ND ~'5 . ~ • tJ 

e · ;E(ttrtON C~ECI< - L.;YE~ '5 DEPTH b - llOt.IN 
L'AI..IT I ON - THC I NT EPF ~~- e ( t'<ICULftTFD TO BE AT 30.9 

COULD BE HMYWHf~f f>ET I•IE EN ~( • • ';t Ft,.,D 3 '5.0 
: ·..:e c •.tn ot-t CI1Et:.~ - Lft't'EF< 6 - liEPTH 7 - LIP 1 

C ~1.1 TI Oti - Tl1f I l't T E~F t=l( E Co=tLCL•LHTED TO ~E RT 38.8 
(Olllll I-f AN'o'~t ..,.F~E liE 1 MEEN -:.c 0 

- ;;I . FiND 3!; .d 
: ''IE'CUTI ON CHEO - Lft'\'EP 7 - DEPTH B - I.IP 1 

(AIITJOM - r ... F ! r• l f.PF ,:01 f ( ~L C L•l r1Tfll TO f<E AT 44. 3 
COL'LD 1-e ~f · \ • .... ~ .. f f:- Tt .. tft- 40.0 F<N!I 4-4. ~ 

1 

1 

1 

- S-IJIAVE - DrS TOE - P TO l.• = 10 FT 

I11TEPF.;fF [o!: ~ T,.. 
GE"r ~..,r,r 

l'f~TH {,f'PTH 
T~t ~ COMPUTED TPAVEL TIMESt ~ECOhDS 
~fLGC IT\ PIIi'ECT DO•·Iti DOWN IlOWH UP 

t1PPA~ENT 

O: OMPUTEDMEASUIO'ED 

~ ... ~. u -o:-1. 
1 o. 0 t 0 . I) ?.; 1 • 

( 13. t= 
t 11\, II 15,(1 ~~~. 

( • -=-- ~ . ~(\ .\) ,\. ,, ... -:;\ . 
< 2 1.4 

2~. \) 25 . (• ~t'":". 

'h) . (I .... . 
"f I • \.I 

- . ~ 
C' r:- • • 

' 3et. .;. ' 
3~. 0 3'5 • ,, ~ 14. 

( B.~' 
41). ,, 4 11 , l• ~ .... : . 

< 4~. ~ 

4 !' .(\ 4'5. (I "=" ..: 1. 

tl • o.ll ;;"\ 
.... .-. 1 3'5 

1l. 0 1 'SU 

to, ll ) SII 

ll. (1\ '5 ':i 
.. , . lll'S~ 

it, (o1 4'5 

l'. lll to 0 

i•. l\1t.'5 

lLtWE~ 2LAYEP 3Lt1YER 1Lt1YEP 

0.0363 •••••••••••••• 
0.0293 •••••••••••••• 

0.023.? o. (1332 0 .01"5: o68. 

o. ll l SO u.ll273 u. ot co 57$ . 

o. ll2f•7 .:..:.~. 
11,01'5~ 66~ • 

714. 

o. IJ160 643. 

o. 1)16~· e,21. 

MErtN DIFFE~EtiCE • 0.0~ • 
S TAND~PD DEVlrillON OF DIFFE~ENCE = 1.91 • 

• PE~CE~T OF M~A~UP~D VELOCITY 

oB8. 

'57'3. 

66-;.. 
669. 

:014. 

64'3. 

t.21. 

Figure 65. Output from CROSSHOLE for the input data file shown 
in Figure 64 

123 



PART V: SUMMARY AND FUTURE PLANS 

Surrunary 

143. This report presents the results of an effort directed to 

the improvement of geophysical data acquisition, processing, and inter

pretation. The major part of the work involves the adaptation of 

existing or development of new computer programs for processing and inter

preting geophysical data. Some of the work can be described as new and, 

perhaps, innovative, while other parts of the work involve the implemen

tation of existing or state-of-the-art techniques to Corps of Engineers 

geotechnical applications. The result is the compilation of a rather 

diverse group of computer programs and methodologies for the electrical 

resistivity, microgravimetric, and seismic methods. 

144. Three computer programs for processing and interpreting 

electrical resistivity data are presented and documented. RESDIR and 

RESINV are programs for use with vertical resistivity sounding surveys. 

For a given model of subsurface resistivity variations, RESDIR computes 

the apparent resistivity as a function of electrode spacing for an 

expanding electrode array; this capability is useful for predicting the 

response or applicability of resistivity soundings to a suspected or 

postulated resistivity variation. RESINV attempts to determine a "best

fit" subsurface resistivity model directly from the field data; some 

expertise is required on the part of the interpreter in specifying an 

initial or "best-guess" model for input to the program. RESDAT is a 

general purpose resistivity data processing program. Both vertical 

sounding and horizontal profiling survey data can be handled by RESDAT; 

and for the case of vertical sounding data, an option is available for 

interpreting the processed data using a subroutine version of RESINV. 

145. Three computer programs are documented for use in connection 

with microgravity surveys (actually the programs and techniques can be 

with gravity surveys on any scale). TIDES computes the theoretical 

earth-tide variation at any location and is used in conjunction with 

base station reoccupations to assure consistent gravimeter performance 
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during field surveys. The program TALGRAD computes gravity and gravity

gradient profiles across two-dimensional models. HILBERT computes the 

Hilbert transform of a discrete profile data set; if the profile data 

set is the horizontal gravity-gradient profile over a two-dimensional 

structure, then the Hilbert transform profile will be the vertical 

gravity gradient. In addition to the three computer programs, two 

microgravity survey methodologies are presented: (a) a technique for 

reduction of errors in microgravity surveying by the use of optimal 

gravity station occupation schemes; and (b) the use of polynomial 

surface fitting for determining the regional field component in a set 

of data. 

146 . Several computer programs for processing and interpreting 

seismic refraction and crosshole survey data are documented. Four pro

grams are presented for digitizing, processing, and interpreting seismic 

refraction analog field data; use of these programs considerably expe

dites the processing of refraction data. Two programs are presented for 

interpretation of seismic refraction data, REFRDIR and REFRINV. The 

program REFRDIR computes first - arrival, time-distance data for a speci

fied subsurface velocity model. REFRINV determines parameters of a 

subsurface velocity model, consisting of layer thicknesses and vela

cites, directly from processed field data. Finally, changes made to the 

program CROSSHOLE are documented. Specifically, CROSSHOLE can now be 

executed from time- sharing terminals. 

147. Examples of the use of each of the computer programs are 

presented. Some of the examples are quite brief. Also, some of the 

examples appear in other reports in greater detail (see Preface and 

Part I for discussion of companion research efforts). However, some of 

the examples are presented in a detailed fashion and appear here for 

the first time. 

Future Plans 

148. Recommendations for future work to further automate geo

physical data processing and interpretation in support of geotechnical 
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investigations are listed below: 

a. Obtain microcompute r for use in the field and convert 
RESDIR, RESINV, and RESDAT to execute on it; this will 
make available in the field rigorous resistivity 
sounding interpretations . 

b. Pursue the development of automated pole-dipole 
resistivity data processing and interpretation 
techniques. 

c. Acquire or develop a computer program for automatically 
computing terrain corrections to microgravity survey 
data . 

d. Develop a general purpose microgravity data-processing 
program for use with field microcomputers. 

e. Initiate field digital recording of seismic data to 
eliminate the necessity of "picking" field analog 
records. 

f. Initiate data-processing techniques on field micro
computer systems. 

K· Incorporate rigorous seismic interpretation proce
dures in conjunction with data-processing techniques . 
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APPENDIX A: RESDIR LISTING 

R~SOlH f-li..E PA(,t. N0 1 1 

10•* 
20 
lO 
~0 

s o 
oo 
70 
60 
~0 

100 
110 
lZO 
llO 
140 
150 
leO 
170C 
lSOC 
l~OC 

zooc 
ZlOC 
ZlOC 
2lOC 
i~OC 
i50C 
lbOC 
z1oc 
260C 
2YOC 
lOOC 
llOC 
32 0C 
llOC 
lUOC 
350C 
lbOC 
37 0 
37~ 
380 
~00 
410 
~20 
tUO 
440 
4SO 
4b0 
'f70 
4tHJ 
~YO 

50 0 
SlO 
520 
510 
54 0 
550 

• 

~UN •rHOS0441/P~OT~,tJ~OS0441/Pl 0l LL,E 
lNTt.Gt.H t 
COMMQN/l11E,~,N/Z21Dt.~X,SPAC 
CUMMQN/ZAl/P(~9)/LA4/R(lj4) 

DlME~SlU~ fLT~l(c9),FlTH2(l4) 

01Mt.~~lUN SN(30),Rl(ll) 1 ASP(1 0U) 
DATA<fLTH1<1>,1:1,29)/,000'fo2~o,•,o01u~ o7 ,,o o t712c,~, uo2o o~7, 
,,0043046,~,002123b, 1 01S~Y~,, 0 170b~,,09dl 0 ~,,219l6,,b 472 c 1 1 1 lU1~, 
,,478l~•·l.~15,2,774j,•1.~01,,~~44,•,19427,, o ~73ou,.,o~4 o ~~,. o ~172~ 
,,.,otYl09,,ottoso,•, o0 7t~u4,,oo4404c,~, oo c715,,o o 1o749,~,oot u 33~, 
&,0004012£1/ 
0ATA(FLTH2(l),l&l,J4)/,00023~~j5, 1 000ll~~7,, 000 170J4,, 0U02 49~S, 
,,ooojobo~,,oo o S37~3,,o oo 7S9o,, oo tt~s4,, uo 17oo~,. oo24 95~,. oojo ou, 
&,oosJ773,,oo7~~J,,ot158l,,olo~9s,,o2u9j4,,olosss,,o535o7,,o7 ~ 121, 
& 1 l1319,,1b1q2,,l2jb3,,28821 1 ,3 0 27c,,1~52j 1 •,~202b,~ 1 ~5~~7,,5l7 M7 1 
&• 1 1qc,,OS4394,•,015747,,oosl94l,•, UOZ 1~~o,,o oo oo~125/ ~ 

INPUT ~0, 1 AR~AY CHOICE., INPUT• 
l••FO~ SCHLUMBE~GEH, 
'••fOR Wt.NNt.R, 
l••fOR BlPOL~•81POlE 1 

lNPUT ~0, c SPAC,t.,M (~ OkM AT•f REt) 
SPAC : ClOSt.ST • OR S SPACINb ( RtAL) 
E & NUMBER OF MODEL LAYEHS (l~TEGe~) 

~ a NUM~ER OF fltLD RtADINGS (l~{tbtH) , b/OlCA Dt 
INPUT ~0, cA ENT~H UNLY FOR ~IPUL~·~lPOLt AHHAY, INPUT• . 

t••lf N•VALUES ARE VARlEO, 
0••1~ A•SPACl~GS ARt. VARlt. O, 

INPUT ~ 0 , 2~ E.NTt.k ON~Y FOri BIPGLt•HlPOLl 1 1~ VALUt t~TtRt.D lN ~A ~·~· 
t••l NPUT ~•VALUt.S CTOTAL ~) lN lN~RtA~lN~ ~RDlH (~U~M Al•F~t.E ) 
O ••I ~PUT O~t. ~·VALUE, (N,~t.,l) . 

INPUT ~ 0 , 5 tNTE~ LAVE.~ PARAMt.Tt~S, (TOTAL ct•1, FURMAT•fHt.t) 
OROtH•• H(1),H(2),,,,,H(t.•1),R(l),R(i),,,,, R(t) 

• • * • * * • * * * * * • * • * * 
REPEAT ~0~ AODITIU~AL MODELS, 

l FUI1~AT(V) 

PRI~T,'l~~UT NO, l•••l~Dt.X (A~~AY TY~E.)' 
1000 HEAC 1, lNDt.X 

H (INDt:.X ,t. U, O) S TUP 
~Ri~T, 'lN~UT NO, ~··•SPAC 1 t.,~· 
Ht.AC lt SPAC,t,M 
If(lNDt.X•2) ~0,40,5 

S REAC 1 ,IX 
1F(IX 1 t.U,1) ~U TU 20 
J~i 
GO TO j5 

2 0 J=~ 
35 Ht.AD 1, (SN(l),l:l,J) 
40 lli:2.-t.•1 

SPAccAL.OGCSPAC) 
PHl~T, ~INP U T NU, J, ~UUE~ PAkAMET~R~, THlCKN~SSfS(H) AN U 

' HtS1STIVITltS(~)·••H(l), H(2 ), ••• ,H(t~1),~(1), • I •• ~l~J· 
HlAD l,(P(l), I:t,N) 
PHl~T 42 

Al 



CO~T 1~1~8110 0~/2~/82 fiLE PAul ~0, 

5o0 Qc FO~~AT(/1" APPA~ENT ~~SlSTIVllY VALUtS") 
57 0 lFCIN0tX•2)4~,~~~~7 
~d O 43 ~HI~T 44 
59 0 4~ ~OH~AT(/" SC~LUMBE~Gtk AHHAY"//) 
bOO GO TO 50 
blO 45 PRl~T 4o 
bZ O ~b FOR~AT(/" ~E~~~k A~HAY"I/) 

c30 GO TO SO 
c40 47 PRI~T 48 
c50 48 FUR~AT(/'' UIPOLf•~lPULt AHHAYh//) 
bbO 50 DELX c · AL0G(10,)/b 1 

b10 lf(IN0cX•2) 70,8 0 ,j00 
b~O 70 Y:SpAC•19,•DcLX•U,l30o9 
b90 DO 75 Iz1,M+28 
700 CALL TRANSFMlY,l) 
710 75 y:Y+DtLX 
720 CA~L FlLTfH(~LTR1,c9) 
730 GO TO 120 
740 80 S=Al0G(2,) 
750 Y•~~AC•10,8792495•DELX 
7o0 00 11U 1&1,M+3j 
770 CA~L TRANSFM(Y,I) 
780 A=RCll 
790 yl:Y+S 
800 CALL TRANS~M(Y1,1) 
810 R(I)z2,•A•H(I) 
820 11 0 y:Y+DELX 
8l0 GO TO 119 
8~0 300 H1:1 
850 lF~LX 1 Nc,1) GO TU 111 
8b0 M1=~ 

870 M:1 
880 111 DO 117 lC1,M1 
890 y=SPACPl0,879c495• DtLX 
900 A=SN(l) 
910 A1=A~S(A•l,) 

9~0 S1=ALUG(A1) 
91 0 IFlA 1 LT,1,) Y=Y•ALUGCA) 
94o e=l, 
9~0 IFCA,LT 1 1 1 ) H:A*A+A•1, 
9b0 S~=ALOG(A) 

970 s3=AL0G(A+1,) 
950 DO tlb J:t,~+33 
990 Y1=Y+S1 
10 00 CALL TRANS~~(Yl,J) 

1010 AA:~(J)/Al 

1020 Yl=Y+Sc 
10j0 CALL T~ANSf~(Yl,Jl 

10~0 .A:AA•2 1 *R(J)/A 
1050 Y1:YtS! 
10o0 CALL T~ANSrM(Yl,J) 
1070 R(J):(AA+R(J)/(A+1,))•A•(A+1,)*A1/(c,•B> 
lOBO 11b y:ytDtLX 
lOqo IFCIX,N~~l) GU TU 117 
1100 CALL FILTfRCfLlk2,l~) 

A2 



CO~T 

1110 R1(1):~(1) 
1120 117 CONl lN U~ 
l1l 0 lf(M,Nt,1) GO TU 11~ 
114 0 M•~1 
11~ 0 GO TO 120 
11o 0 119 CA~L f1LTtR(fLTR2,~q) 
117 0 120 PHINT 1c5,t 
1180 125 FURMATC/ll," LAYE~ ~OD~La'') 
1190 P~INT 130 
1200 130 fORMAT(/~X,"LAYtR NO ,",~X, 11 T~1CK~ESS" 1 5X,"H~ SlST1VlTYM/) 
1210 DO 14 0 1:1,E•1 
lZ2 0 J•I 
12l0 PRINT 13~,J,PCI>,PCI+t•1) 
1c40 135 FOHMAT(9X 1 12,5X,F~ 1 j,7X,F6,3) 
1250 140 CONTINUE 
12o0 P~INT 145 1 E,P(N) 
1270 145 FORMAT(9X,12,20X,~8,3) 
1280 lf(lNOEX•2) 20~ 1 20~,150 
1290 150 lF(IX,~t,l) GO TU 19 0 
llOO SP:EXP(~PAC) 
1l10 PRINT 1oO,SP 
1l20 1b0 FORMAT(/" BIPULE A•SPACING ~",fo,2) 
lllO PRINT 170 
1)40 170 fORMAT(//lOX,•N",9X,"RH0 11 /) 

1j50 DO 185 I=l,M 
1lo0 P~INT 160,SN(l),R1(1) 
1~70 180 fORMAT(7X 1 F7,2,3X,F9,3) 
1380 1MS CO~TINUt 
1l90 GO TO 240 
1400 1q0 PR!NT 2 0 0,SN(1) 
141 0 200 FORMAT(/" ~IPULE ~·SPACI~G :••,~o,2) 

142 0 i05 PRINT itO 
1430 210 ~QRMAl(//7Xr"~PA~lN G'' ,7X, 11 ~~0"/) 

144 0 x:sPAC 
1450 ou 23 0 1=1,~ 
14o0 AS~(l)~~XP(X) 

1470 PHINl 220, ASP(l),~(J) 

1460 220 FO~~AT(oX,~7,2,3~,~9,3) 
1490 230 x=X+ Dt LX 
1~00 ~~JNT 1 '00 YOU wANT DATA PL UlS YlS(1) 1 NU(2J • 
1510 HtAD 1, ll 
152 0 lfCll,E ~ ,2) GU TU 24 0 
1530 PHJNT, 'Ll~tAR(I) 0~ ~ Ou •L Uu(l) • 

1~40 READ 1, JJ 
1SSO l~(JJ,EY,2) GO 10 2j~ 
1~o0 CALL PLUTcCASP,~,~) 

1570 Gu 10 2UO 
1~80 2j5 CALC PL Ul LLCASP,~,M) 
1Sqo 2UO GO TU 1000 
1o00 tN O 
1o10 SUB~OUllN~ TRANSFM(Y,Il 
loi O INTEGeR E 
lb~ O CU~~UN/l1/t,~,N 
lbij O CUMMUN/lAl/P(9~)/LAij/H(13U) 

1o50 DI~tNSION TC~O) 

A3 



RtSOlH CO~T 

1ooU U•l 1 /~XP(Y) 
1o70 TCt>•~CN) 
1b80 DO JO J•Z,e 
1o90 Aae~P(•c 1 •U•P(t+1•J)) 
170 0 ~a(l,•A)/(l,+A) 

171 0 H~DP(N+l•J) 
1720 T~HaHS*b 
1730 T(J):(TPH+T(J•1))/(l 1 +TFH*T(J•1)/(~~·wS)) 
1740 30 CONTlNUt 
1750 RCI)•T(t) 
17b0 RtTUHN 
1770 tNO 
1780 SU~RUUTINE Fl~TtH(~~TR,~) 
1790 lNT~GtR t 
1600 CO~MON/lllt,M 1 N 
1610 CU~MUN/lA4/R(1lq) 

1ij20 DlMtNSION RtS(31),F~TH(~) 
1610 00 ZO 1C1 1 M -
1640 HlcO 
1650 DO 10 Ja1,K 
1Hb0 Bcf~TR(J)*H(l+K•J) 
1870 10 Re•Rt+B 
1680 lO R~~(l)~R~ 
1890 00 30 - 1•1,~ 
1900 30 R(l)•RtS(l) 
1910 RETURN 
1Y20 ENO 
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APPENDIX B: PLOT2 AND PLOTLL INPUT INSTRUCTIONS AND LISTINGS 

Instructions for PLOT2 

All input is in free-field format, and the program will call for 

the variables by name. The plot specification input variables are indi

cated in Figure Bl . 

Input No. 1: X0, Y0, SFX, SFY, IA, !DASH, THETA 

X0,Y0--X and Y coordinates of the origin on the 
paper, in inches from the lower left of plotting 
surface 

SFX,SFY--scale factors in the X and Y directions, 
respectively, in user units per inch of plot 

!A--axes specification; 

0--X and Y axes drawn 

1--no axes drawn 

2--X and Y axes drawn plus lines to form right 
and top border 

IDASH--=0, plots solid line connecting data points, 
f0, plots dashed line 

THETA--angle in degrees between X-axis and long axis 
of plotter, counterclockwise positive 

Input No. 2: HTX, XL, XS, NDX, N_X, SPX, ITX 

HTX--height of characters in inches (0.1 is typical) 
for X-axis 

XL--length of X-axis in inches 

XS--starting point of X-axis from origin (XO) in inches 

NDX--number of digits to right of decimal in axes 
labels 

NPX--power of 10 by which the scale is to be multiplied 

SPX,ITX--input 0 for both 

Input No. 3: HTY, YL, YS, NDY, NPY, SPY, ITY 

Exactly analogous to Input No. 2 except for Y-axis. 

Input No. 4: X-LABEL 

Input title of X-axis 

Input No. 5: Y-LABEL 

Title for Y-axis 

Bl 



t:P 
N 

. 

2SFY r- --------------
T 

>-< 
E--4 

~ ::c 

-
·I L XL 

H 
-

~ 
I co 

;S I 
I I >-< 

~ I 
I' r- I ' I 

(/) I 
>-< I 

""'- xs --4 I 
& 
>-< -SFY • It 1 _1 I ' It I _l I 

- 2SFX - SFX ~ SFX 2SFX 3SFX 4SFX 

f~HTX X- LABEL 

, x¢ 

Fi gure Bl. Def i ni t ion of plot specif ication input parameters f or PLOT2 . X¢ , Y¢ , XS , YS, XL , and 
YL are i n i nches . SFX and SFY are i n user un i ts per inch . 



Input No. 6: SLl, SL2, BL 

Input only if IDASH # 0 

SLl, SL2, BL--length of dashes and blank in inches 
(two different dash lengths, if desired, 
with constant blank length) 

B3 



PLOTS•S 

1000C 
10 1 0 
1020 
1050 
1040 
10~0 
lObO 
1070 
1080 
1090 
1100 
1110 
1120 
11l0 
11"0 
1150 
1100 
1170 
1180 
1190 
llOO 
1230 
1240 
1250 
12oO 
1270 
1c72 
1274 
1~80 
1380C 
1l90C 
1400 
1410 
14~0 
1430 
1440 
14~0 
14oO 
1470 
1480 
1~9 1.) 

1~00 
1~10 
1520 
1~l0 

15"0 
1~';,0C 
1~oOC 

1570 
1~80 
1590 
1~92 

loOO 
lnlO 
lo~o 

10Cl0J14 0~1~7/8~ 

**** SUHROUTlNt fOR lEKTRO~lX "~O~ Dl,llAL PLOTTt~ ****** 
SUH~OUTINt ~LOlS(lOT) 
CHAkACTlk *10 FMT/10M(15bA1,14)/,lASCt4 
Dl~tNSIO~ K~(1~o),l8C0(1),1A~~(2),10UT(ic),ITA~(~,1c) 
INTEGER MlY,HlYP,XLUY,-LOYP,HlX,HIX~ 
LOGICAL L1,L5 
OATA t1,C~,C3 /0 1 40~75,0,014b4644,0,UOlbo~11/ 
UATA 1Cl,IC~,lC5,1C4,1CS /1J4i1772b,cocl~4,~12,1~8,4/ 
DATA llSC,lE,lbS /3oijti78o5o,l5328,lb92j14112/ 
OATA ~PC1),KP(3),IRPH /lo2l87~o~0,5j08709lc0 1 5~02qco~48/ 
CALL FPAHAM(1,1o0) 
lD a lOT 
1F(II.>•b9) 2,2,1 

1 10 II 10/lCl 
2 KP1 • I~SC+l0*1C2+lf+29 

KPc • KP1+0o44 J K~l = KP1+807; J KP4 : KP1+1~07 
PHJNT l20,KP1,KP2,KP",1oO,KPi 
KP(2) • lD*lC1 r KP(4) • lESC 
KP(S) • KP(2) J KP(O) • 75•iC1 
lCJ • 108+10 J lK · · 7 1 lC ~ lCl+tOitlO 
KPS • KP1+q8l , KP2 • KP1•409o 
Ll ~ 1 
HXF • ,olt11l11 , HYF a ~~0,7273 
HlYP • 0 J X~OYP • 0 ; HlXP a 0 
HlXP • 0 1 ~OX~ • 0 : lP~P : 0 
HP ~ 0 1 , ANGP = 0 1 

lXO : 0 
lYO : 0 
RfTUHN 

************ WHE~~ ************ 
********** ********** 

ENT~Y ~HE~E(XAV 1 YAV,~ACT) 
~P3 : ltSC+lO•IC2+70•ICl ; KP~ : ltSC+lO•lC2+7o•lC3 
K~5 • l~SC+lD*1Cc+7~*l'l ~ ~Po c l~~C+l0•1~2+0~*1Cj 
~Hp.IT l20,KJJ3 . . 
PHINT,"~HEN PROMPT ~luHT CO~ES ON PUSlllON PEN," 1 

&" pH~SS CA~L ~UTTON ANO -RELtASE" 
P~PJT 120 ,i'Pb 
P~tNT lcO,IC.~~ 

HlAD f~T,I~l,lN2,1 N 3,lNij,I~S,lhO,lN7 
PHINT 1Z0 1 KJJ4 
INl c lN1/lC1•l2 I lNZ • IN2/1Cl•l2 
lN3 : l ~ l/IC1•32 : IN4 • 1N4/IC1•32 
INS : ClN5/lC1•32)/6 : l~c : Cl~ciiCl•l2)/e 
XAV a l N 1*Cl+lNl*C~tlN~*C3 I YAV a 'N2*C1+1N"•C2+l~o•t3 
HtTUHN -

************ P~OT ************ 
********** 

ENTHY P~OT(X,Y,IPN) 

lPNX : IPN 
IX : X•27.HIXO 
lY · c Y•27!+lYO 
If' (lfi NX) 10,99,20 

10 lP"'X ~ •IPNX 
lXO c: X•27 j 

********** 
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P~OTS•S 

lbc2 
lbi4 
lb2o 
lblO 
lbijO 
loijz 
lo~v 
lb70 
lo" O 
lb9 0 
1700 
170i 
1710 
1720 
1710 
1740 
1750 
17Sc 
17b0 
1770 
11~0 
1800 
1610 
1620 
uno 
16"\) 
1650 
1f!Sb0 
1 tH o 
1"6 0 
1690 
1qo o 
11.11 0 
19~ 0 
19j0 
19ij 0 
19Su 
19o0 
197 0 
1980 
lqqo 
zo oo 
2 0 10 
202 0 
~030 
2040 
205 0 
20o 0 
Z0 7 0 
.:!06 0 
2 09 v 
il OO 
211 0 
21.:!0 
213 0 

CO~T 

lYO :a Y•273 
lX a U O 
IY a IY O 

l O IF(lPNA•l) 40,j0,90 
30 HcKP(l"•l),tt.l,HiS) GO TO UO 

KP(lK) a lGS 
lC : 1C+c9 j 1~ a lK+l 

-
l'l~E PAut ,..0, 

UO li'(IX,~T, O ,OR,IY,LT, O ,UH ,IX,~T,U 0 95 1 U~,lY,uT,Z730) ~0 TU ~S 
t-tlX • lX/lCU 
lX c: lX•~IX*lCU 
MIX a HlX+lZ 
L.Ox • lX/lC5 
lXL.O • lX•LOX•lC~ 
LOX • LOX+~4 
HlY a IY/1CU 
lY :a 1Y•H1Y*IC" 
Mh • MI\'+32 
LOY c: 1Yilt5 
XLOY a U•(lY•L.OY•IC~)+lXL.0+9o 
LOY a LOY+9b 
L1 • ,,, J LJ • •'• 
1F(lP~P,Nl 1 1PN) l..l c ,T, 
lP~P a lPN J lS c 2 
tFclK•1ij7) so,so,"~ 

~0 l~(Ml'•~JYP) ~l,Sc,~l 
51 KP(l~) : t-tlY*lCl 

lC c lC+HlY 
lK : lK+l 
HlYP a H IV 
~l = ,1, 

~z l~(XLOY•XLOYP) ~4,~d,54 
54 KP(IK) : XL OY•lC1 

1(.; c: lCUL DY 
IK : IK+l 
X~QYfJ a XI..OY 
K~(ll() a L.OY•IC1 
IC a IC+L.OY 
II'. : IK+l 
I.UYP : LOY 
1.1: ,1, 1 ~.s: ,l, 

Sb IF(~OY•LOYP) oO,oc,b O 
oO KP(lK) a L.OY*l~t 

IC c lC+L.OY 
I"- • 11'.+1 
I.OYJ-1 c: LUY 
L.l • 1 1, I L.:S c ,1, 

o2 lF(HlX•HlXP) bU 1 7 0 1 bU 
o" 1FCL1) GO TO bb 

I(P(ll'.) :: L.OY*lCl 
IC : IC+LOY 
lK :a l"-+1 
L.5 : ,T, 

bb KP(l~) z HlX*lCl 
lC c 1C+I11X 
l"- : 1K+l 
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PL.UTS•S C U~l 10130114 OSI27/b2 

&!140 
215 0 
21b O 
217 0 
21ti0 
i1~ 0 

2coo 
2210 
22.10 
22140 
2250 
2co o 
2270 
2260 
2290 
2300 
2l10 
2120 
2.HO 
2lij0 
2350 
2lb0 
2.Ho 
231:10 
231:1!) 
2l90 
2~uo 
2410 
2~2 0 
2~3 0 

2'4"0 
2~~ 0 

2'4o0 
2470 
248 0 
24~ 0 

2500 
251 U 
2':)20 
2530 
2':)4 0 
2'>50 
cso o 
257 0 
2,80 
2'>90 
ibOO 
i.:!o1 0 
2o2o 
colO 
2o5oc 
2oooc 
2o7o 
2obO 
Zoll o 

~lxP II H%)1 
70 lf(L.l> uO TO 71 

1FCL.OX•LOXP) 71,72,71 
71 ~P(lK) ~ LOX*lCl 

lC • IC+L.OX 
lK c l~tl 

t.O•P II L.OX 
12 'u Tu (99,210,lov} ,L.2 
85 lC i ~OD(IC,~095) 

I'CIC,EQ,O) lC c 409$ 
IC:I. : At.O"lOCIC) 
ICC : 0 
K~(lK) a IESC 
KP(1K+1) : KP(2) 
I<P(l1<+2) a IRPH 
lK ~ 1Kt2 
ENc;OOt (~MT,100) 1K,lCL.+1 

88 PHINT fMT,(KP(l),I:l,lK),IC 
READ f~T,lCK 
IF(lCK/ICl,tY,73) uU TU 97 
IC : lCI 
Jl( a a 
GO TU (50,93,72,220,270,91) ,IS•l 

90 IS II 7 
IF(I~~X,EU,4) GO TU 92 
lF(lK•l4b) ~1,91,85 

91 KP(IK) : IGS 
~P(IK+l) : 53•IC1 
~P(IK+i) : 107•1Cl 
~P(l~+3J c 1U6•IC1 
~P(IK+4) : o3•IC1 
KP(lK+S) z 9S•IC1 
IK : lK+b ; lC : 1C+45~ 

V2 1 S : 3 
GO TO 8':1 

93 PRI~T 12 0 ,~P2,K~l 
RtTU~N 

9 5 U ( K P (1 K • 1 ) , l: l.l , ll• !> ) G U T 0 7 2 
I'.P(ll() &:: IG::, 
l~ : lKtl : LC : lC+2q 
IS : ~ 

IF(1~•152> 72 1 72,8S 
97 ICC : lCC+l 

lf(ICC•':l) 88,9ij,~o 
qa P~INT 1lO,~P2,~Pt 

PHJNT," PLOTTfK U~ PROU~A~ ~RkU~~ 
S TQP "f.IHWR" 

qq Rt:.TI.JI(f\4 
100 FOR~AT(T2,ll,Tq,I1) 
120 F0RMAT(2A~,Aj,I3,A3) 

*•********** ~YMROL. *********** 
********** ********* 

E~T~Y SYM~O~(x,y,~,IMCU,A~u,~C) 

If' (NCJ :szo,2oo,c~ou 

2oo 1f tX•q~tq. > cor;,,2~ o ,e!o'5 
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PL.OTS•S CO~T l OilOil U OS /Z7/bi 

i7 00 iOS IX : X•27j+lX O 
271 0 lY : Y•27l+lY O 
2720 L.2 ~ 2 
27l 0 GO TO 30 
21"0 clO L.c = 1 
275 0 IS a 5 
27t> O H (11'•1(3) 220,220, ~5 
277 0 ZlO IFC~•HP) 222,lj 0 ,222 
27~ 0 22c COhTlNUE 
i790 HP c H 
lij OO KP(lK) c !ESC 
2~10 KP(lK+1) a KP(2) 
2H20 KP(lK+2) a 7l•lC1 
2Hl O IC : lC+ID+l44 
2H40 lK a lK+l 
2650 YVA~ a H*HYF 
2bb0 XVAL ~ YVA~*HXf 
2670 tNCUUt(lASC 1 130) lflX(XVA~+,~) 
2875 130 FO~MAT(l4) 
2ijti0 18T • •1 
iH90 224 I. a 0 
2~00 oo 22b 1 & 1,4 
2910 l4C ~ F~D(L.,9,1AiC) 
2Y20 lf(lAC,LT;46) ~0 TO 22b 
2Yl0 KP(lK) ~ lAC•lCl 
2Y40 IK a lK+l 
2qso IC c IC+IAC 
29oO 22b L ·c L +9 
2Y70 lf(!ST) 228,2]0 1 240 
298 0 228 1ST : 0 
2990 KP(lK) c 44•1C1 
1000 IK c lK+1 
lOlO eNC0Df(lASC,l30) l~lXCYVAL+e~) 
lOc O GO TU 224 
30 30 230 lf(lN,•AN~P) 232,Zu0,232 
3 040 232 ANGP c ANu 
lO~ O 1ST = 1 
30&0 KP(lK) ~ l~SC 
5070 KP(IK+l) : ~P(2) 

j060 KP(lK+2) : 74*lC1 
30YO lK ~ lK+l 
310 0 IC : lC+l O+l Ol 
111 0 tNCU0t(lA~C,1l 0) IFIXCANG+ 1 5) 
112 0 GO TO 2c4 
llj Q 2~ 0 CO~TlNUt 
314 0 KP(1Kl : 4lo07495b~ 
315 0 lK : lK+l 
31b 0 IC c 1C+31 
j17 0 I~cNC) ~bo,zs o ,co v 

31& 0 ~~ 0 CO~Tl NUt 
llbc CALL ~COASC(lHCD,lA S b,o) 
)lq o lAC ~ ~L.DCq,q,lAS~(i)) 

~19Z KP(lK) = lAC*lCl 
3200 IC : lC+lAC 
jllO lK z lK+\ 
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~~OTS•S CU~~oT 

GO TO 290 
ZoU CU~~oTlNUt:. 

r-.T a NC/1.1 
Nl.. II NC•NT•4 
1F(~~ 1 GT 1 0) NT a ~T+l 
1F(,...I.. 1 1..t, Ol ~~ : 4 
lAC c fi..OC0,9,1SC DC1)l 
I'(lAC,~T,127) GO TO 300 
IS • ~ 
DO 270 ~ at,NT 
I. • 0 
1F(M 1 1..T 1 NT) JT a ~ 
lFc~.,~,NT> JT • NL. 
00 270 J : 1,JT 
lAC c '1.0(L.,9,lH~0(M)) 
t<P(l!O • 1AC*IC1 
lK II 11<+1 
lC c lC+IAC 
Ir(lK•151) 270,270,~5 

270 ~. - . 1..+9 
290 ~P(lK) c IGS 

1K : 11'.+1 -
It • lt+zq 
RETURN 

lOU l~(NC,GT 1 7) GO TU 2q0 
CAL.I.. ~COA~C(lBCD,lASB,NC) 
uo .HO M :t;NT 
1.. : 0 
!F(I'1 1 1..T 1 NT) JT • 4 
IF(M,,t,~T) JT a Nl. 
DO .HO J c 1,JT 
lAC F FI..O,L.,q,IASH(M)) 
~P(11() : lAC•IC.l 
1~ c 1K+1 -
IC : lC+l.AC 

310 L. • L.+<i 
GO TO zq o 

**"'******** SPtCIAL. SY~BOL~ ********** 
••••••••• •••••••• 

leO co~~o TlNut 
OATA lTA" I 

PLOT SY~t~HOL.S 

0 1 

f'l~t PA(,t, p,jU, 

~ 1332oo,l.lt;o01o4,o,o,ou~~81b 1 ll~dot;d,l.l~volil.l,c, 
i1 3 

~ 1o~077o,ZS7oz,o,u,uzzst7o,4727c~c,c,o, 
~ ~ 

~ l079~70,471q072,o,o,sq2ots,1o~~7~&,u,o, 

b 1 
& ~310o1V 1 1.17272oo,u,o,t181q7o,to4o~qy,o,u, 

e q 
' •8l5~702 1 1H~142b,2~71.1S,o,55~Z8Z,I.I8~01jO,o, o , 

l 0 1 1 

lliO 
lllO 
lc'lo 
lc'lo 
lZoO 
127 0 
ll80 
lZ90 
3100 
l.Sl 0 
.BZO 
l.Bo 
.Huo 
:nso 
.Boo 
.U7o 
ll80 
ll'IO 
1400 
)'110 
3'120 
l"l0 
3440 
}4~0 

ll.loO 
1470 
3480 
3490 
3~00 
3510 
3520 
3530 
l'li.IO 
3550 
3'lD0 
1570 
j~80 

I.IOOOC 
4010C 
1.1021) 
40.SO 
'1040C 
'IO~OC 
I.IODO 
4070C 
I.IOt;O 
I.I090C 
1.1100 
4110C 
4120 
'lllOC 
411.10 
41~0C 
'llbO 
'1170C 

' o0 oo~14,3~1.19c,2qooob1 1 lo489Zl,•bl5774~,4~7oo7o,198~471,257lO, ~ 

12 n 
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14180 
4182C 
4184 
41~t>C 

418~ 
4190 
4~00 

14210 
4220 
4230 
142140 
14250 
4,?b0 
4Z70 
4~~0 

4282 
4C!90 
14.SOO 
14lOc 
4l04 
4l0b 
4 .Sl 0 
'I leo 
4ll0 
tU~O 

tUSO 
4lb0 
4370 
4}1:;0 
4390 
4400 
4410 
44co 
44.30 
"'02 
44~0 

4~'>0 

4400 
4470 
4~&0 
4"qo 
4'.)1)0 
4':>10 
4!120 
4530 
4';)40 
4'.)45 
"';)';)O 

usoo 
4570 
14oOOC 

4t>10C 
4oC!OC 
4o30 
'+b~O 

CUI\1 lOa30a14 U5/27/82 

' l"~S22,2573Z,o,o,c,c,s1S4,uoz,o,o, 
14 ( uAM"'A J 

& 45q90Jo,S02S9c9,1t;OS410 1 0, 
1'::» SIGMA 

~ esq2~os,"qeqooa,uls,o/ 

DATA 1~~~ /•8l8Mb~b/ 
RAO c ANG•,Ol74S~2~ 
CT~ • CUSOtAO) 
STM c SIN(IUO) 
LZ c l 
f"M : b8,2S•H 
XI : X*c7l+lXO 
Y1 • Y•27l+IYO 
H' :c l 
IFCNC,LT,•1) lP = i 
lf(l~,lY,.S) IP~P : •lPNP 
MC c lt!CD(l)+l 
lf(M~,~T,t,OR,MC,uT,lb) ~0 TU .S90 
1F(MC,GT 1 14) FM: l9•H 
lSP a 2 
lF(HC,GT 1 14) lSP a 0 
DO .S50 IA =l,t.l 
IT :s lTAB(lA,MC) 
If' • 0 
1~(11) l}0,340,3t.IO 

330 IT c lT•lNEG 
IF : 1 

140 uu 350 ~~ :1,d 
10: ClA•1)*6+lti 
IOUTCIO) : IT•lT/6•8 
IT : IT/6 
IFClti,tu,e,A~D,IF,tv,1) IouTtiO> = 

350 CO~TlNUt 
K c 1 

l70 COl\ TlNUE. 
lF(IOUTCKJ•T) l';)4 1 352,l54 

352 lP : 1 
GO TO 380 

354 I~(lOUT(~)•o) 35b,l40 1 j5b 
lSo OX : (lUUT(K)•l~~) 

OY : CIOUTC~+l)•lSP) 

1X : COX•CTH•UY•ST~l*fM•XI 
IY : (OX•SlH+UY•CTh)*fM+YI 
GU TO (~0,~0,10) ,lP 

3oO II'' = 2 
.S80 K &:: 1<+2 

It-<K•:H) l70,l70d90 
lqo L~ : 1 

GO TO c90 
~No 

************ NUM~lH *********** 
********** ********* 

SUBHOUTl~t NVM~f~CX,Y,M,~P~,ANu,~O) 

CMAHACT~R F~TN •T,I~CN •50 
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~b50 

'4000 
1.1070 
4bb0 
~b90 

~700 

4710 
~720 

~730 
4740 
~750 
47oo 
4770 
4780 
4790 
4~00 

~tHo 
4tSco 
~ti30 

4840 
4850 
4tib0 
4870 
4tH~O 

4b90 
4900 
soooc 

CO~T 

FP~X c: FPN 
t-.01 : 1 

10S10ll4 05127/82 

H (f-fiiNX) 10,30,20 
10 F"Pt-,X : •FPNX 

NDI : 2 
lO l'(FPNX,L.T,lO) ~u TO 30 

NOI ~ NDI • If1X(AL.0~10(~P~X)) 
30 lf(NO) ~0,40,40 
40 NOT ~ NDI+NO+l 

tNCOOE CF~T~,llO) NOT,NO 
ENCOOE. .CIBCN,FMTN) FPN 
NC : f-101 
GO TO 80 

';)Q fo"Pt.X : FPN 
NDX c NlHl 
lf(NL>X) b0,70,70 

cO rPNX c FPNX•tO,••NDX 
NDl c MAX(NOI+NOX,l) 

70 tNCOO~ (FMT~t120) NOI 

~lL.E foiAt.t:. NO, 

tNCODt (l~CN,fMTN) lflX(Sl~N(A~S(FPNXJ+,,,~PNX)) 
NC : NOl 

tSO CALL. SYMBOL.(~,Y,H,l~CN,ANG 1 NC) 
RETUH~ 

110 FO~MAT(2H( .. ,l2t1H,,lltl~)) 
120 FURMAT(~H(l,lc,lH)) 

E::ND 

7 

5010************************** f-IL.Ol2 ******************************* 
5020 SUBROUTlNt:. PL.OT2CX 1 Y1 N) 
~030 DIMENSION X(l),Y(l) 
501.10 CHA~ACTt~ •70 LbX 1 l~Y,L.BX2 1 L~Y2 1 LAHT*l(70) 1 
50~0 ' FMT*o/oH(7041)/ 1 Pl~•3/~H(~)/ 
SObO L.OGlCAL Ll/ 1 T,I 
5070 DATA IN 1~1 
5080 l .. (Ll) PRI~l,"H~AD XO,Y 0 1 SFX,S~Y 1 lA 1 lUASH,THfTA" 
Soqo RlAD(lN,FIN) X0 1 Y0 1 S~X,SFY 1 1A 1 lUASH,THlTA 
5100 lf(SFX) ,9q, 
5105 SPX • 11 J SP~ c 11 
5110 l .. (lA,t:.U,l) {;0 TO 29 
5120 ~X c •1 1 ~T a 1 J ~X2 c 1 I ~Y2 : •1 
~130 XLc a 0 1 : Yl2 : 0 1 1 ITX : 1 ; ITY : 1 
~140 lFCLl) P~INT,wHlAD HTX,XL 1 X~,NDX,NPX,SPX,ITX" 
5150 R[AO(IN,Fl~) HTX,XL 1 XS,NOX,~PX,SPX,ITX 
5lb0 l~(ll) PRINT,"R~AD HTY,YL 1 Y5,NOY,NPY,SPY,ITY" 
5170 READ(lN,FlN) HTY,YL,YS,NOY 1 NPY 1 SPY 1 1TY 
~180 lF(SPX 1 L.t:.,0 1 ) SPX : 1~ I l~(Sf-1~ 1 ~[ 1 0 1 ) SPY a 11 
5190 lF(llX,EQ, O) ITX : 1 t 1FClTY,~Q,O) llY c 1 
5200 If(MTX,LE 1 0 1 ) GO TO 1 
5210 IK c 1 
5~20 I~CLl) PRI Nl, "READ X•L A Bt~" 
5230 l ReAO(lN,FMT) LA~T 
5240 DO Z 1=1,70 
sc5o K , 71•1 
52b0 I F ( L ABTC ~) 1 N t 1 1 H ) GO TO l 
5270 c CO~TlNU~ 
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P~OTS•S CO~T 

5~~0 1 ~o TU (o,~,2o,28) ,1~ 
Scq o b ~~COD~<LBX,~~T) (~A ~l( l ) ,l:l, K) 
530 0 LX c ·~ 
SllO 7 l~(HTY,L~, O ,) GO TO Q 
Sl20 lK c 2 
5330 l~(Ll) PRl~T,"~tA D Y•~ABtL" 
51~0 GO TU 1 
5350 8 fNC OD tCLBY,F~T) (LA~T(1) 1 let, K) 
5}b0 LY c K 
5170 q lf(lA,~t,Z> GO TO zq 
Sl80 lF(Ll) PRlNT,"~~A D HTXi 1 XL2 1 .S2,~0Xi 1 NPX2 1 XYO" 
53q0 RlAD(l~,FlN) HTXi,XLc,XS2 1 NDX~ 1 ~PX ~,XY O 
5~00 l~(Ll) PRI~T,"~EA D ~TY2,YL2,YS2,~DYZ,~~Y~,yxo" 
SijlO REAO(l~,Fl~) ~TY2rYL2 1 YS2 1 ND Y2, ~PY2 1 YX O 
5~20 lF(HTX2 1 ~E, U 1 ) GO TO 27 
Sij30 I~ c 3 
54~0 IfCL1) PRlNT,'RtAD X•~AH~Li" 
SijSO GO TO 1 
S~bO 2b ENC0DEC~BXc,FMT) (LA8T(l),I:1,K) 
5~70 ~Xc c K 
SQ~O 27 lF(HTY2,LE,0 1 ) GO TO zq 
sijqo lK = ij 
5500 JF(Lt) PRlNT,"RtAD Y•~ABEL2" 
5510 GO TO 1 
5520 28 ENCOOE(L~Y~,FMT) (LABTC1) 1 1•1,K) 
5530 LYi • •K 
5540 zq lf(lOASH,NE,O) GO TO 12 
5550 TH: THtT~•,017ij5l2925 
S5o0 S c SlN(TH) J C : CUS(l~) 
5570 XC' • SPX*C/SFX : XSF : SPX*S/SFX 
5580 YSF c SPY•SISFY 1 YC~ c SPY*C/SFY 
55qo CALL PLOTSC"A") 
So OO CALL ~LOTCXO,Y O ,•)) 
Sbl O DO 10 - I c 11 N 
5o2 0 H c X(l)*XCf • Yll)•YSF 
~bl O V • XCI>•XSF + Y(l)*Y'~ 
~b~O If (l,EQ,l) CA~~ PLUT(~,V,l) 
SbSO 10 CALL PL OT (H,V,2) 
~bbO GU TO 14 
So70 12 I~ CL1) P~lNT,"DAS~t D ~lNl • 5L l ,SL2 : SULID LENGTHS ,", 
5&80 ~ " BL ~ ~~A~K LENG T ~ (INCHES)" 
Soqo lFC~l) PRINT,"HEA D SL1,~L2rbL" 
5700 RtADCIN,Fl~) SLlrSL2r8L 
5710 CA~L PLUTSt•A") 
5720 CALL PLOTCX O,Y0,•3) 
5710 CALL DASHEOCX,Y 1 N,SfX/S~X,SfY/SPY ,5Ll,SL2,8L 1 THtTA) 
57"0 14 lf(IA•l) ,q~, 
5750 X~ c XS*S~X ; YS : YS•S~~ 
57o0 IF(X~ 1 LE,O,) GO TO 1o 
5770 X~ : XL•SPX I XST ~ XS*S~X/S~X 
578 ~ CALL AXISlij(XS,YS,LBX,~ X ,~TX,XL,~ OX ,OrXST,SFx,SPX , 
57q0 ~ lTX,NPX,TH~TA) 
5~0 0 lb IF(YL,~~, O ,) GO TU 17 
5810 YL : YL•SPY : YST : YS•SfVI~PY 
S620 CA~L AXlS14CXS,YS 1 LbY,LY 1 NTV,YL,~ D Y,l,Y~T,SFY 1 SPY, 
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PLOTS•S 

5610 
5840 
StS~O 
S8b0 
587 0 
58b0 
589 0 
5900 
51110 
51120 
5930 
5940 
5950 
59 cO 
~970 
5980 
5990 
ooooc 

t>OlOC 
cOlO 
cOl O 
004 0 
0050 
cooo 
oo7o 
c080 
o09 0 
olOO 
bll O 
oleo 
Ol.SO 
0140 
olSO 
0100 
c170 
0180 
ot9o 
ocoo 
cZlO 
cc!ZO 
oZlO 
oll.tO 
ozso 
ccoo 
oc7o 
octso 
oc9o 
blOO 
o310 
ol2o 
b330 
ol~.tO 
oJSO 
0.30 0 
oj7 o 

CO~T 

' lTY,~~Y,THtTA) 
17 IF(XLZ,L£,0,) GO TU 18 

XL2 : XL2*SPX J X~i D XS2•SPX ; XYO : lYO•S~y 
XSTZ a XSZ•SFX/S PX 
CA~L AX1S14(XS2,XYO,L~Xc,LXitHTX2,XL2, NuXi,Q,XSTc,S~X,S~X, 

~ 1TX 1 NPXlrThtTA) 
18 lF(YLZ,Lt,O,) GU TU 98 

YLc c YLZ•SPY J YSl • YS2•S~Y ' YXO a YXO•SPX 
YSTc : YSc•SFY/SPY 
CALL AX1514(YXO,YSZ,L~YirLYi,~TY2,Y~l,~ U Yc,l,YS!2,SFY,S~Y, 

' I ITY,NPYZ,TMETA) 
98 CALL PL0T(0,,0,,99q) 
119 RfTUHN 

~NTf(Y l NflL(lNF) 
IN • lNF J Ll : .~, 
RETUHN 
ENO 

HE~****** •lNlTlATL OATA ~LO T" SU~HuUll~l •••••• 
SUb~OU TlNf OASM~O(XtS,Y8,M 1 SFX,SfY,SLl,SL2,~L,TM~TA) 
Ol~fNSlON X8(1),Y~(1) 
lNTEGt.f( F,F-z,o.s 
HEAL N1(2),NZ,N5,~b,L1tL2 
LOGICAL I..S 
CO~MON /BASIC/ f,,~,~O,~S,LlrL2,~1,~2,Nbr~O,Gt, 

' ~O,R1,Sl,S4,UlrUcrVO,v~,JO, O l,l.3 
TM c T~ETA• 1 0174~l2925 
5 a SIN(T H) J ' z CUS(TH) 
XCF c C/~tX 1 XSF a SiSfX 
YSF a S/SFY J YC~ • C/S~Y 

~1(1) a ~1.1 
N1(~) a 51..2 
~2 • bl. ,c, 
J caO 
l.)c,~, 

JO : 2 
03 c •1 
~1 • X8(l)*XCF • Y8(1)*YSF 
Rl c X8(1)•XSF + YS(l)*YCF 
CALL PL0Tt~l,R1 1 l) 
00 100 1&2,M 
UO II tOll 
.,5 • liiO 
RO 11 R1 
V5 : HO 
Ul • X8(l)*XCF • Y8(l)*YSF 
Al : X~(l)*XS~ • Yb(l)*YCF 
OlaC CH•UO) 
02a OU eHO) 
OO~SQ~T(Dl**2+D2••c) 
1 .. ( 00 ) ,1 0 0, 
Ul:Dt /0 0 
U~a 02100 
IF CF~ el U , O ) GO TO 10 
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ol80 
ol90 
~~00 
o~lO 

e»420 
o~lO 
0~40 

o4SO 
0400 
o470 
o4tiO 
t>490C 

b~OOC 
b510 
oSlO 
b~lO 

b540 
o~'.io 

o')oO 
oS70 
oS~O 

osqo 
boOO 
oblO 
ooco 
bolO 
0040 
ooSO 
booQ 
bb70 
oo80 
co YO 
o700 
o710 
o720 
o7JO 
b740 
o750 
b7b0 
b770 
b760 
0790 
0~00 
o610 
o8ZO 
btllO 
o840 
0~~0 
t>tloO 
otHO 
btitiO 
b690 
oqoo 
oYlO 
oY2 o 

1 0 

10 0 

CU~T 1011011~ O~ll116i flLE PAG~ ~a, 10 

Ll:Ut•~o 

L.iaUc•No 
110aHS 
VUaV5 
t:AI.L. t.NTkYl 
Htf2,t.U,l) GO TU 100 
CALl. SU~LI~ 
IF(fc,~t..t> GO TO 10 
CO~llNUt. 
R~TU~N 

~NC 

HEM ****** •PL.UT OASH~D•LlN~• 
SUBROUTINE 5UBL.IN 
lNTlGH• F,fc,Dl 
RtAL ~1(2l,N2,NS,~o,L.l,L.2 

SU~R OUTlNt ****** 

L.UGlCAL Ll 
CU~o~MUN li:USIC/ 

~ 

MQaHS 
VOaV5 

f,~2,HO,HS,Ll,L.Z,~l,~c,No,~0,~1, 
RO,~l,Sl,54,U1,Uc,VO,v~,JO,Ol 1 Lj 

lf(f 1 E~ 1 2) GO TU ZO 
JO c JO+Ol 
L.hUl*1111 CJO) 
L.laUc*Nl(JO) 
Ol c •Dl 
GO TO lO 

ZO L.hUl•Nl 
L.2cUZ*NZ 
tNT~Y t.NTkYl 

30 M5cH5+1.1 
V5aVS+L.Z 
1F(AB8(H5•Q0) 1 GT,AMS(Yl•QO)) 
1F(A8S(V~•RO)eGT,ABS(Rl•RO)) 
f z.o 
lf(F,~Q,l) GO TO 50 
F•1 

40 M5L. a HS 
VSL ' VS 
L.l ~ ,T, 
RETURN 

50 Fc2 
oO lf( 1 NDT 1 1..3) GO TO o5 

CAL,L PL.OT(H5L,VSL,3) 
L.l c ,F, 

oS CALL PL.OTCHS,V5 1 2) 
~fTURN 

70 H5aU1 
vs~Fil 
L.l11HS•M O 
L.2aVS•V O 
N5cSW~T(Ll**2+L.2**2) 
IF(fl,t.~, O ) GU TO ~ U 
No:No•~5 

GU TO 11 0 

GO TO 70 
liD TO 70 
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PL.OTS•S CU~T lOalOa1~ oslc718~ 

09l0 eo lf(F,t.Q 1 2) GO TO 100 
09~0 NoaNl(JO)•NS 
0950 GU TO 110 
0900 100 NocN~•IIi5 

OY70 110 Fla1 
o9ti0 lf(f•l) oo,co,~o 
b990 t:No 
7000C 

7010 SUBHUUTlNt AX1St~(X, Y, lBCV, NC, ~, ~lLt, ~~, lXY, XMl~, D~, 
7020 'SPAt~, ITIC, NP10, TH~TA ) 
7030 Ol~ENS10N lML(c),lbCD(1) 
70ij0 OATA l~C01/4M . I,L.~LI4H(Xl0,4H ) I 
7050 XY a llY 
70o0 ANGL~ • XY•qO,+TH~TA 
7070 TH : T~ETA* 1 017~5l2q 
7080 S : SlN(TH) 
7oqo C a COS(lH) 
7100 TIC c SIGN(1,ITIC) 
7110 SPAC : SPAC~ 

71~0 G a .-. 
7130 P10 c ~PlO 
71~0 Xl : X 
7150 y~ • y 
7100 Xl c 0 1 

7170 YT • O, 
7180 L.l~t • 2 
71q0 SIZ a SlZt 
7200 lF ( SIZ) l,lo,100 
7210 l L.l~E c l 
7l20 SIZ m •Sll 
72l0 100 NO a NN 
72~0 NA : NN 
7l50 IF (NO) l,2,2 
72o0 2 NDIG a NO t l 
7270 GO TO lO 
7280 3 NO c 0 
7l90 NDI~ • 0 
7j00 lO NSPACe : SlZ I SPAC + .~ 
7310 FNSPAC • NSPAC~ 
7l20 TL. a ~NSPAC . * SPAC 
7310 MU2 : G- • ,5 
7j~O H07 & ~02 I 3 1 5 
7350 HU7T2~ : 4 1 * ~ 
7lo0 PU~EH : 10, ** (wNP10) 
7j70 OELX = POwt~ * Dx 
7380 l~E' : ~O~tH * XMIN 
7j~O ANG : 1 1 •XY 
7QOO NB = NC 
7~10 ALA~ : 1, 
7412 XYL. : ,lij 
7~~0 lf (NM) S, o, e 
7430 S ~~ : •N~ 
74ijQ ALA~ : •1 1 

74a2 XYL. : XYL.+G 
74~0 b TlC~Y : (2,•XY•l,)•ALA~•TIC*,1 
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P~OTS•S CU~T 10130114 o~t~7t8c Fl~E PA~t ~0 , 12 

74~0 XTIC ~ TlCXY • XY 
7470 YTI~ : TICXY * A~G 
7480 AK a N~ 
7~90 IF ( ~1 0 ) b O ,b~ 1 b O 
7500 bO A~ ~ AK + ~. 

751 0 b~ STIT~E : 1~ * , 5 • (7,*AK • 3,) * "07 • ,S 
7~2 0 T1CM1 c ,1o • TIC • 1 05 
7~5 0 AN QM l ~ c 24, 
754 0 XNU M~ c XM~N 
7~50 ~~~ c 3 
7~b0 NMAX a 0 
7570 J • 0 
7580 00 12 l•J,NSPAtf 
7590 NDI~lT • NDl~ 
7o00 CALL PLOT (X2, Yi, LIN ) 
7olO Ll~ : LIN~ 
7o20 X1 ~ XT+~TlC 
7ol0 Y1 ~ YT+YTIC 
7o40 XP • Xl*C • Y1*S + X 
7o~O YP • Xl•S + Y1•C + Y 
7ooO CAL~ ~~OT (XP, yp, 2 ) 
7~70 IF (G) 1, 11, 7 
7oS O 7 lF(MOD(lrlllC)) 8,8,20 
7oYO 8 ITEMP c ,ijJ42944d2 *A~OGCABS(XN U~~ )+,~ * 10,••C•ND))+S 1 
7700 lf(IT~~P)70r7 0 ,71 
7710 70 ITEHP c 1 
77i0 71 ND!GIT • NDIGIT+ITt MP 
7710 lF(XNU~~)9,1Q,lO 
77~ 0 q NDIGIT : NDIGIT + 1 
77~0 10 IFCNDIGIT • NMAX)77,77,7b 
77o0 7& NHAX a NDlGIT 
7770 77 ~OlGlT : NOIG IT 
77~0 Ct~Tt~ = (7, * f DlGlT • 3,) * HU7 * 1 5 
7790 XA~O a • AlAB * XY * ( TICMl + CtNTt~ ) • CENTt R 
7600 YA~O a A~AB * A~u * ( TlCMl + H02) ~ MU~ 
7~10 ~1 ~ XA~O + XT 
762 0 Y1 : YANO + YT 
7~j0 XP : Xl*C • Yl*S + X 
76ij0 yp c Xl•S + Y1•C + Y 
7~50 CALl NU~Btk (XP, YP 1 G 1 xNU~ 8 , TM~lA, NA ) 
7~b 0 ZO ~NuMb a XNU~B t UtLX 
767 0 lf(AN0~1N•XA N0 )11,11,7b 

7M60 78 ANO~lN c XA~ O 

16qo 11 CA~L P~OT(Xc, Y2, J ) 
7q00 XT c XT + SPAC * ANG 
7~1 0 YT : YT + S~AC * XY 
7qz o Xi K XT*C • Yl*S + X 
7Yj 0 Yc c XT•S + YT•C + Y 
7q~o 12 CO~TlNUt 
Jq~o IF (~) 11, lo, 13 
7Yoo 1l NX F N~/4 
7q70 lf(A~UO(N~,4))18,16,17 
7Y6 0 17 NX • NX + 1 
7qq 0 18 00 15 l:1,NX 
6000 1F(lBCDCl>•IBCDl)lq,15,19 
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P~OlS•S CU~T 

801 0 1~ CO~Tl~ut 
6020 ~U TO 10 
6030 1~ ~~~AX & N~A~ 

1oa1oa1u o~1211~c 

804 0 A~C~l D : (7, * ~~MAX • j,) * ~ 07 * ,S 
ao~ O XTJTLE : XY * (AN0 Ml~ + ANO~l O • ALA~ •(A~U~l O + XYL)) + 

oooO ~ A~~ • STlT~t 
ij07 0 YlllLt : A~G * (YANU +ALA~ * ( ~ + ,1~ )) + Xt * Sl liLt 
80b0 XP : ~TIT~t•C • YTlTLE*S + X 
6090 yp : XllTLE•S + YTITLt•C + Y 
8100 CAL~ SY~BUL(XP, YP, G, l~CO, AN~Lt, ~U ) 
8110 IF (PlO) 14, to, tu 
81c0 14 ~N8 • NB 
ijljO ~N: (~~B + 1 1 ) * G 
01UO XTIT~t c XTlT~t + ANG * B~ 
815 0 YTITLt : YTlTLE + xy * ~~ 
ijtoo XP : XTlTLt•C • YllTLt•S + X 
8170 Y~ c XllTLt*S + YTlT~~*C + Y 
81~0 ''L~ SY~BOL (XP,YP,~,LdL,A~~L~,7) 
8190 XTITLE • XTllLE + A~G • H07Tcu •XY•~ui 
8200 YTitLE c YllT~~ + XY * H07TiU +A~u•~U2 
~ZlO XP : XllTLE*C • YTITLt*S + X 
8l20 yP • XTIT~t•S + YTIT~~·c + Y 
82l0 CAL~ NU~BtR ( XP, Y~, - 5,• H07, P10, A ~GLE, •1 ) 
82ijQ 10 ~tTURN 
8250 ~NO 



.s ooo 

.SOl O 
3oco 
jQ3 0 
.s o~o 

30SO 
30b 0 
.S 0 70 
.SOijO 
.SO'IO 
.Sl 00 
.Sll 0 
.Sl co 
31.SO 
.Hqo 
3150 
31b0 
3170 
31ti 0 
31~0 
llOO 
.sc1o 
.S22 0 
.ScJO 
lc~o 

lc~o 
3200 
3270 
:scso 
Jzq o 
3500 
.S.H O 
.Bcu 
.B30 
3.sqo 
.Sl~ O 

.s.soo 
l.H O 
.B8 0 
:Hq o 
.s~ oo 

.S~l O 
3 ijc t' 
j~j l) 

34~ 0 

Jq~ l) 

Jijo l) 

347 0 
.S4~ (J 

34q 0 
.s~ oo 
.S~l () 

3':l~ U 

3~.SO 
3~40 

1 

SU8RUUT1Nt L Ou AX S(X ,Y,BCO, ~C ,M, ~lZl,~C~L,l~Y ,X~l ~,~A ,lT lt) 
'L. : y 
(, : H 
K<.~L : ~CYL. 

lOY c lXY 
KA : NA 

KTJC : lTlC 
l~Ab • 1 
XYL. :r: ,1~ 
If(NC)l,c,Z 

1 II.AB = •1 
XYI. : XYI.+G 

2 TL : S!ZE•KCYL 
NA~G : 1•KXY 
Nt:il c: NC •ILAB 
I.A~u • (c*KXY~l)*lLA~*KTIC 
TICXY : L.A"'l-*0 1 1 
XTIC : llCXY•KXY 
YTIC = TlCXY*NANu 
1T1C..,l : l•KTIC 
M0 2 c G/2, 
t107 :r: f;l7, 
FivHU7 : 1-107•~, 
FH07U2 : ,5*~1VH07 
STITLf : ,5•11. • ,S•H 07 •C7•Nbl•.Sl 
XT : X 
YT = Z 
CL : Sllf 
ANG : qo,O•KXY 
•NO c ,to~KT IC•, o~ 
AN Ol : •NU+~~U 7 U? 
~10 : AL 0u 10(XMl~) 
Pl(IM : I-'10+KCYI.. 
XI-'" : ,S•G 
1FCP10,LT,O, O . OR ,~1 0M ,u l ,q,) X~~ : XP~+~HU7 U2 

Ct~Tt~ = ~.~•H07•X~-'N•KXY+~A,.,.u•HU2 
XA"U : •li.A~·~~Y*(A ~Ot<. t~T tRJ • CtNllR 
YANO : lLA~*NAN~*(AN 0 l+H U2) • H02 
H (KA)1c,t2,t o 

10 XA"UP : XAN0+2,2*G 
YA" OP : YANU+,7~G 
C A 1.. L. S '( M t:i U L. ( A T + X AN lJ , Y T + Y A 1\ U , (, , t:. 1'1 1 (J , II 1 0 , t!. ) 
tALL. NUMBtk(XT+XA ~O~ ,Y l +YA I\O~ ,flv~U/ ,P1 0 , 0 , 0 1 • 1) 

12 CALL ~L Ul CXT+X TI C,YT+Y TIC ,3) 
CALL PLUT(XT,Yl,2) 
DO bO r-.:t,KCYL. 
TL. : LL*(N•l) 
lLO~ : TL•K.O 
TL : TL.*~AIIo C. 

QU .HI 1:2,1 0 
FL.PC Ol c: 1 
TLI ~L : AL UG 10 CfLPC Ul ) • CL 
Xl c: lLlNCH~ANii 

AP = XIHT+1L 
Yl = TLlN(.HllY 
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l'>'> U 
l~oO 
.S~7 0 

.S~8 0 

3~9 0 

loOO 
lo1 0 
loco 
.Solo 
}bijQ 

ioS O 
lotiO 
lo7 0 
.So dO 
loqo 
3700 
.HlO 
"OOOC 

CO~T 1011~1~5 0 ~/~7/d2 

YP : Yl+Yl+TI.. U~ 
CAL~ ~~QT(XP,YP 1 2) 
CAL~ PLCT(XP+XTIC,YP+YllC,c) 

30 CALL ~L U T(XP,Y~ 1 l) 
I.,(KAl o o ,oo,~ o 

'>0 CO"'TI~UE 
CAL~ ~y~~ U L(X~+XA ~U ,YP+YA~ U ,~,ZHlO, U , u ,i) 

Pl o : P10+1 
C~LL NUM~tk(XP+XANUP,Y~+YA~UP,~lV~07,~10,0,0 1 •l) 
CALL PLOT(XP 1 YP,l) 

ou cu"TlNuk:. 
IF( G) ~0,80,70 

2 

70 XTITLt ~ KXY•CXA NU +CtNTtR•lLA ~ •CCtNltk+XYL)) + "A"G*STITLt 
YTITLe : NAN~t(YA ~U+ lLA~t(u+,l~)) + KXY•STlTL~ 
CALL ~y~~ULCXTllLt+XT,YTITLt+YT,u,~CU,A~G,N81) 

~0 HETUHN 
tNO 
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Instructions for PLOTLL 

All input is in free-field format, and the program will call for 

the variables by name. The plot specification input variables are 

indicated in Figure B2. 

Input No. 1: X¢, Y¢, XMIN, XCL, YMIN, YCL, IA, IDASH 

X0,Y0--X and Y coordinates of the origin on the 
paper, in inches from the lower left of plotting 
surface 

XMIN--starting value for X-axis in user units (lowest 
decade value, i.e., 0.1, 1, 10, 100, etc.) 

XCL--number of inches per log-cycle on X-axis 

YMIN--starting value for Y-axis in user units (0.1, 1, 
10, 100, etc.) 

YCL--number of inches per log cycle on Y-axis 

IA--axes specification 

0--plot axes 
1--no axes 
2--X and Y axes drawn plus lines to form right 

and top border 

IDASH--=0, plots solid line 
#0, plots dashed line 

Input No. 2: HTX, NXC, NAX 

HTX--height of characters in inches for X-axis label 

NXC--number of X-cycles 

NAX--=1 

Input No. 3: HTY, NYC, NAY 

Exactly analogous to Input No. 2 except for Y-axis 

Input No. 4: X-LABEL 

Input No. 5: Y-LABEL 

Input No. 6: SLl, SL2, BL 

Input only if IDASH I 0 

SLl,SL2,BL--length of dashes and blank in inches 

If IA = 2, the following two input specify labeling of 
of the right and upper axes. 

Input No. 7: HTX2, NXC2, NAX2, XYO 

Input No. 8: HTY2, NYC2, NAY2, YXO 
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O::l 
N 
0 

10b+NYC 

XY¢ 

I ~----------------T·----------------~.----
1 

I 

T 

XCL -1 
_l J 

X-LABEL 

-

I 
I 

-

10a+NXC 

Figure 82. Definition of plot specification input parameters for PLOTLL. X¢, Y¢, XCL, YCL, 
XY¢, YX¢ are in inches . XMIN and YMIN are in user units and expressed in 
decimal form (i.e., . 01, .1, l, 10, 100, etc.) 



HYX2,HTY2--height of characters in inches 

NXC2,NYC2--number of X- and Y-cycles, respectively. 

NAX2,NAY2--set both = -1 

XYO,YXO--coordinates in inches of the upper right corner 
of plot 
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ij010************************** PLOTLL ******************************* 
~OiO SUSHOUl lNE PLOTLLCX,Y,~) 
~OJO CO~M UN /fll~P/ L1,1N 
~0~0 Dl~lNSlON X(l),Y(l) 
~OSO CHAHACTtH •6 0 L~X,L~Y,L~X2,LbY~,~·~T*l(CO), 
~000 ' F~T•o/OH(b0A1)/ 1 Fl~*3/3H(V)/ 
4070 LOGICAL 1.1 
40b0 DATA Ll/,T 1 / , l~/5/ 
~oqo lf'(l.l) PHINT,"HE:.AIJ XO,YO,X~lt-.,XCL,YMlN,YC.L,l/i 1 lUASH" 
~100 HlAD(l~,fl~) X O ,Y U ,XMIN,XCL,YMl~,yCL,lA,lUAS~ 

~110 l~(XCL) ,qq, 
41ZO lf(JA,H1,1) GO TO eq 
41l0 LX • •1 J ~y : 1 J LX2 c 1 J LY2 = •1 
~140 XLZ a 0, : Y~c : O, : NXC2 = 0 I NY'c = 0 
41~0 1~(1.1) PRlNT,"H~A U HTX,NXC 1 NAX" 
4100 H~AD(lN,FIN) HTX,NXC 1 NAX 
4170 l~CL1) PRINT,"RlAD ~TY,NYC,NAY" 
~180 HEAD(IN,FIN) HTY,~YC 1 NAY 
419 0 H(HTX 1 1.E,O,) GO TO 7 
~200 II< c: 1 
4c10 IFCI.l) P R l~T,"REAO X•LA~lL" 
4~l0 1 ~tAO(IN,FMT) 1.4BT 
4Z30 00 ~ Ial,cO 
ij2ij0 ~ • b1•1 
42SO 1f(LABT(K),Nt,1H ) GU TO 3 
42cO 2 CO~TlNUt 
4c70 l GO TO (c,8,2o,28) ,I~ 
42bO b ENCODEtLBX,fMT) (I.ABTCl),l=l,K) 
4290 LX : ~K 
~300 7 IF(HTY,LE,O,) ~0 TO 9 
Ul10 lK : 2 
~120 1FCL1) PRlNT,"REA U Y•LAB~L" 
4530 GO TO 1 
ij)~O ij eNCUOt(L~Y,f~l) CLA~T(l),t:1,K) 
~3~0 LY : K 
4jo0 9 lf(lA,NE,2) ijQ TO 2q 
~370 l~(Ll) PHl~T,"H~A O HTX2,~XCctNAX~,XYU" 
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4380 
~.S90 

~~00 

IH4l 0 
~~iO 

~~lO 

~~~0 

'1~50 
~~bO 

'I 'ITO 
'1~60 
'1490 
~~00 
'1~1 0 
45i0 
~~30 

'1540 
Cl550 
~SbO 

'1570 
4560 
4590 
4b00 
~b10 

4oco 
'lblO 
'lb40 
'lb50 
4bb0 
~o7o 
~080 
4bq0 
~700 
4710 
'1720 
4730 
47'10 
~7~0 

"7CO 
~770 
~780 
47qo 
'1600 
41H 0 
4820 
4830 
"61.10 
~6'> 0 

!f600 
'ltn o 
46tSO 
4690 
4900 
4Y10 
4920 

CO~T 

RlAD(l~,Fl~) ~TX2, N XC2,~AX~,~Y U 

lF(L1) PRl~T,"HtAD HTY2 1 ~YC2 1 ~AY2 1 YXO" 
RtAO(l~,Fl~) HTY2,NYC2,NAY2,~X O 
lF(XY O,Lt,O,) XYO: NYC2•Y~L 
lf(YX 0 1 ~t, U 1 ) YXO : NXC i•XCI. 
lFC~TXc,Lt,O,) GO TU 27 
II< • l 
I~CL1) PRl~T,"~EAD X•LA8tL2" 
GO TO 1 

2b ENC0Dl(~8Xi 1 ~~T) tLABT(1) 1 lc1 1 K) 

LX2 &: K 
27 l'tHTYc,Lt,O,) GO TO 29 

lK E 4 
lFCLl) PRlNl,"RtA D Y•LA~tL2" 
GO TO 1 

Z8 t~c OO tCL~Y2,F~T) CLAHT(l) 1 1=1,K) 
~Y2 a •K 

lY XC a AI.OG(XMJN) 
YO a AL.OG(YMl~) 
XL~ : ,4l4c~4462*XCL 
YL, : ,434294~82•YCL 
l~(lOASH,NE,O) uO TO 12 
CAL~ PLOTS("A"l 
CALL ~LOTCXO,YO,•l) 
DO 10 1 z l,N 
l'CX(ll,L~,O,) XCll : X~lN 
lf(Ytl) 1 LE 1 0 1 ) Y(l) = Y~lN 
H- : tAL.OGCX(l))•XO)~XLF 
Y : (AI.OG(Y(l))•YO)*YLF 
lFC1 1 EU,1) CALL PLOTCH,V,l) 

10 CAlL PL.OT(H,V,2) 
GO T U 1 4 

FILE PAI..t N0 1 

12 lf(L1) PRlNT,"OASHt D LlNl • SI.1,SL2 = SULlD LENGTHS,", 
~ " BL : ~LAN~ L~NGTH Cl~LHlS)" 
I~CL1) PRl ~ T,"HEAU SL1,SLZ,~L" 
~~AO(l~,FIN) ~Ll,SLc,BL 

CAI,.L PLOTSC"A") 
CALL PLOTCXO,YU,•!) 
DO 13 let,~ 
lf(X(l) 1 1.E,0 1 ) X(l) : X~I~ 

l~CY(l),Le,O,) Y(Il : YMIN 
X(J) : (A~OG(X(l))•XO)*XLF 

Y(l) = CALOG(Y(l))•YO)*YLF 
13 CUI\TlNUt 

CAI,.L DASH~O(X,Y,~,1,,1,,SI,.l,~L~,bL,0 1 ) 
1~ 1F(IA•1) ,qs, -

lf(NX~,LE 1 0) uU TO 1~ 
CALL LOGAXSCO~,O,,I,.~X,LX,HTX,XCL,NXC,O,X~lN,I\AX,l) 

lb l~( N YC,Ll,O) GO TO 17 
CALL LOGAXSC O ,, O ,,L~Y,LY 1 ~TY,YCL 1 NYC,1,Y~I~,,...AY,1) 

11 lf(NXC2,L.t, O) ~ U TU 18 
CALL L0~AXSCO,,XY O ,LBX2,LXZ 1 ~TX2,XCL, NXC2,0,XM1~,NAX~,1) 

1~ If(NYC~ 1 LE 1 0) GO TU 9~ 

CA~L LOuAXSCYXO, O ,,LBY2,LY2,HT~Z,YCL,~YC2,1,Y~lN,NAYc,1) 
9~ CALL PLUTCu,,o,,Y9Y) 

CO~T 10112au~ o ~li718c FlLl 1-lA(,t.. Nli 1 

~1130 ~q ~ETUWN 

ifq" O END 
soooc 
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SOlO************************** ~~Ol~V ******************************* 
,OZO SU~~OUTlNt PLOTLY(X,Y,N) 
5030 CO~MON /FLI~P/ L1,IN 
5040 DlMENSlU~ X(l),Y(l) 
5050 CHAkAClt" •oO LHX,L8Y,LBX2,L~Y2,LA~T*l(b0) 1 
5000 ' F~l*b/bH(bOA1)/ 1 Fl~*l/J~(V)/ 
,07 0 LOGICAL Ll 
5080 DATA Ll/ 1 T1 / , IN/~/ 
~ O~U lf(Lll Pkl~T,"~tAD XO,YU,S~X,YMI~,Y~L,lA,lUASH'' 
510 0 ~tAD(lN,FlN) XO,Y0,5FX,YMI~,YCL,IA,1DASH 
~11 0 l~(SFX) ,qq, 
51cO s~x = 1, 
,130 lf(lA,l~,l) GO TO zq 
51~0 LX : •1 I LY = 1 J LXZ z l I LY2 • •1 
~1,0 XL2 c 0 1 : YLc c 0 1 ~ NYC2 m 0 
51b0 lf(~l) PRlNT,*RlAD HTX,XL 1 XS,NUX 1 NPX 1 SPX 1 1TX" 
,170 REAO(IN,Fl~) HTX,XL 1 XS,NDX 1 NPX 1 SPX 1 1TX 
5180 If(S~X,Ll,O,) SPX: 1, J IrClTX,tY 1 0) ITX c 1 
51~0 IFCLl> P~INT,·~tAO HTY,NYC,NAY" 
ScOO HtAUCl~tFIN) HTY,NYC,NAY 
5cl0 Ir(HlX,Lt,O,) ~0 TO 7 
5Z20 lK • 1 
5Zl0 lF(Ll) PRlNT,*H~AO X•~AS~L* 
5c~O 1 RtAD(lN,FMT) LAHT 
5Z5o DO z Izt,oo 
5Zb0 ~ • bl•l -
5270 lf(LA~T(K) 1 Nf 1 1H ) GO TO 3 
5Z80 2 CO~TlNUt 
szqo 1 GO to co,s,lo,Z~> ,IK 
5l00 o ENCODf(~HX,FMT) (LA~TCll 1 1=1,K) 
5jlo LX c •K 
5Jc0 7 1F(HTY 1 LE 1 0,) GO TO q 
,l30 lK c 2 
SJ~O IF(Ll) PRlNT,"H~AU Y•~A.lL" 
535 0 uO TO 1 
55o0 8 E~COD~(~~Y,F~T) (~AtllCI),Jql,~) 
537 0 LY : K 
~38 0 Q l~(lA, N t 1 ~) GO TO 29 
,l90 tr(Ll) PHI~T,"~~AO HTXc,XL2,XS~,~DX2,NPX2,XYO" 
5~0 0 ~EAD(l~,Fl~) HTX~,XL2,X~e,N~XZ,~Px2,XYO 
5~1 0 I FC Ll) P~l~T,"HtA U HTYi,NYCc,NAY2,YX0'' 
S~cO R~AO(INiFl~) HTY2,NYCc,~AY~,YXO 
S~jO IF(XYO,LE,O,) XYO : NYCc•YCL 
S~~ O l~(YX 0 1 ~t 1 0,) YXO: SPx•xk 
Sij5 0 lfCH T Xc,~t, O ,) GO TU 27 
54~ 0 lK ' } . 
5q7o If CL1) PHlNT,~HtAD X•LA~tL2" 
~~8 0 GO TO 1 
~ij90 2o ~ NC ODtCLBX~,F~Tl CLA~l(1) 1 1c1 1 K) 
55 00 Ll2 : K 

~510 c7 lr(HTY~.L~,O.J ~0 TU 2~ 
~~2 0 lK : 4 
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'::>':»30 
~':»4 0 

55':» 0 
55t) 0 
557 0 
':»5b u 
559 0 
SoO O 
Sol O 
5o2 0 
SolO 
SoUO 
5o 50 
Sooo 
5o7o 
5o6o 
SoliO 
570 0 
5HO 
5720 
5730 
5740 
575 0 
57oo 
'3770 
5760 
579 0 
':»b OO 
'3tH 0 
':»~2 0 
S!:U O 
5b4 0 
585 0 
Sbo O 
5871) 
~88 0 
'3~9 u 

':»9 00 
'3910 
5~20 
5'1~0 
594 0 
595 0 
S'tlo O 
~<n o 

59b0 
'3'19 0 
bOO O 

CU"T 10 &lc145 0"/t7/b~ 

IF(Ll) ~~l"T,"~tA D Y•~AbtLi" 
(,U Tv 1 

t6 ~~CUDtlLbY2,F~T> (LAbT(ll,l=l,K) 
LYe ;:: •K 

i9 CU"TlNIJt 
yU : AL Ut;(Y~"~lNJ 

X!:>F c S~X/SFX 

YL, a ,4lUcq4482•YCL 
lf(lUAS~,~t,U) GO TO 12 
CAI.L PLOTS("A") 
CALL ~LUT(XO,Y0,•3) 
OU 10 1 c l,N 
IF(Y(l),l.t, O,) Y(l) : YMIN 
H c X(l)*XSf' 
V c (ALOG(Y(l))•Y U )•YL~ 
lF(lef.Q.l) CALL PLOTCH,V,3) 

10 CALL PLOTCM,v,i) 
CU TlJ 1'1 

FlLt: PA!:.E ~0, 

12 lf(Ll) PRINT,"DAS HtU LINt • Sl.l,SL2 : SULlO Ll~(;T~s,•, 
~ " ~L : ~LANK LlNCTH (l ~CHtS)" 
lf(Lll PHINT,"~lAO SLltSI.2 1 dl." 
R~AO(lN,~lN) SL1,SLc,~L 
CAI,..L. PI.OT::i("A") 
CALL PL OTCXO,Y0 1 •3) 
DO D 1=1,N 
lf(YCI),LE, O,) Y(l) : YMIN 
X(l) : X(l)*XSF 
Y(I> : CALUt;(Y(ll)•Y O)*YLF 

13 COt-.TlNUt:. 
CALL OASHEO(~,Y,N,l,,1,,5L1 1 &L~,bL,O,) 

114 !F (lA•l) ,9b, 
XS : XS•SPX 
P<XL.,I.E, o ,> uu ru lb 
XL c XL•SP• J XST ~ X~*&~~/SPx 
CALL AXlSlU(XS,YS,LtiX,LX,HT~,XL," U X,u,XST,SfX,SPX 1 

~ 1TX 1 N~X,0 1 ) 

lo lFC"'H: ,LE 1 0 ) uO TG 17 
CALL LO~AXS( O ,, O ,,~ R Y,I.Y,HlYtYCL,,..YCtltY~IN,~A Y ,l) 

17 IfCXLc,Le, O,) GO TO l~ 
XL2 ~ XLl•SPX : XS~ : XS2•SP) 
X~Tt ; ~~c•~rXIS~X 
CALL AXIS1Q(XS2,XY O ,L~Xc,LX2,~TXZ,XL.2,NUXc, O ,X STc ,S~X,SPX, 

~ IT~,N~X,,O,) 
18 IF( NYCZ,Lt, O) - uO lU ~6 

CALL LOuAXS(YXO, O ,,L~Y2,LY2,~TYc,YCL,~Y~c,1, Y~l"'~AY~,l) 
q~ CALL ~~OT(o,,o,,q~q) 
qq ~t:.TURN 

t.ND 
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S•a WUN 
1 0 

APPENDIX C: RESINV LISTING 

*JROSQijijl/P~OTS,t 

I NT EGER t 

1 

20 
.so 

CO~MON/Zllt,M,~/Z2/DELX,S~At/lj/N~/Zq/ll,H~S,R~SC/l5/lX 
CUMMON/ZA1/U(o~,l0)/ZA2/U1(32,30)/lA3/P(2q)/LA4/H(31),k~(31)/£AS/ 

'40 
so 
bOC 

~Hl(l1),P1(29)/lAo/~N(~0) 

OIMlNSlUN NF(29),X(29) 

70C CA~O •1 AHRAY CHOlet, INPUT• 
80C l••FO~ SCH~UM~t~G~R, 
90C 2••FOR W~NNtR, 
100C l••~O~ bl~O~~·BIPUL~ 1 
110C CARD =2 - SPAC,~,~,NN,~MSC CFO~~AT•FRtt) 
1lOC 8PAC : CLOStST A U~ S SPACING (~tA~) 
~lOC E : NUMMER OF MOO~~ ~AYtRS ClNTtGtR) 
lQOC M z NUM~tR OF FitLO RtADINGS CINTtGEk) 
1SOC NN : ~UM~tR Of fiXtD PAkAMtTfS (lNltGtR) 
lcOC RMSC : RMS PtRCt~T ~~ROR CUTOF~ (ktAL) 
170C CARD =2A ENTER ON~Y FOR biPO~f•MlPULt Ak~AY, INPUT~ 
l80C 1••lf N•VALUtS ARt VARIED, 
190C O••IF A•SPACIN~S AWE VARltD, 
200C CARD ~cS E~TEH ON~Y FOR ~IPULE•SlPOLt, I~ VALUE ~NTEHED IN cA ~AS• 
210C l••INPUT N•VALUES CTOTA~ ~) 1~ l~CRlASlNG ORDtk (~U~MAT•rRlt) 

. . 
220C O••INPUT ONe N•VA~Ut, C~.~t,l) 
230C CARD :3 SKlP IF 1 WAS ENTtRfD ON ~AHO =2A,l NPUT • 
2QOC 1••IF FltLD ReADINGS ARE PtRFtCTLY ~O&ARITHMl~ 1 
2SOC O••OTHEH~ISE, 
2oOC CA~D ~lA tNTEH UN~Y 1~ 0 ~AS E~TtRED ON ~AHD :3, 
270C lNPUT A 0~ S•SPAClNG~, (TOTAL ~, FORMAT•f~El) 
c80C CENTER [XTHA CAHDS IF ~tCtSSARY,) 
290C CAHD :q ENTtR flELD APPAR~NT H~SlSTIVllY VALUES, 
!OOC (~OH MAT •FRtt, tNTtR EXT~A CA~OS lf N~C~SS~RY 1 ) 
310C CARD :s, ENTER LAYtR PARA~eTtRS, . CTCTA~ ~t•l, ~ORMA1•FKE~) 
.SZOC URDt~•• H(l),H(2),, 111 H(e•1),H(l),Hl~),,, 1 ,~(t) 
llOC CARU =o tNTtR ~lXEO PARAMETER NUM~tHS (~KlP lf NN:0) 1 

l~OC SA~t UHOtR AS 'ARO z~, 
lSOC l,E, FO~ ~•LAYtH MOUt~•• lF H(3) AND ~(2) f!XtO , tNltH 3,~ 

3bOC * • * * * * ~ * * * * * * * * * * 
370C H~PtAT FOH ADUlTl ONAL MODtLS 1 

360C 
3~5 CA~L fXUPT(84,1,1,0) 
lqO s; F'ORMAT(Y) 
~00 Dl~X : ALOG(10,)/b 1 

'410 1000 ~tAO S,INDEX 
420 lF(lNOtx,~~,O) ~TOP 
4jO READ s,sPAC,E,M,NN,RMsc 
~40 lF(lNOEX•2) i2,12,b 
q~u e HtAD 5, 1~ 
~b() 1F(IX,t:U,1) GO TO q 
~70 J=l 
qsu GO TO 11 
~90 9 J:M 
500 11 ~EAC 5, (SN(l),l:l,J) 
510 GO TO S12 
520 12 1X=•1 
530 512 N=2•E•1 

Cl 



RE:SlN'Y CO~T 

~40 
sso 
SbO 
S7 0 
~~ 0 
59 0 
bO O 
blO 
bC!O 
olO 
040 
o~o 

bbO 
b70 
oso 
b90 
700 
110 
720 
7JO 
740 
750 
7oO 
770 
7~0 
790 
800 
tSl 0 
tiZO 
8l0 
840 
850 
tlbO 
870 
880 
8YO 
900 
91 0 
<~co 

930 
940 
95 (1 
9oo 
970 
9~0 

990 
10 0 0 
101 0 
1020 
10jO 
101.10 
10~ 0 
10bOC 
1070 
lOb O 

SPAC:ALOG(SJ-'AC) 
Httx,tiJ,l) GU TO 13 
HEAD s, INDX1 
lF(lNDXl,tiJ,l) bO TU 1l 
CALL. SPL.INE.(~) 
GU TO 14 

ll REAO 5, CR2(l),la1,M) 
14 HEAD 5, CP(l),l:l,N) 

lF(~N 1 L.t,O) ~0 TO ~1 
Ht:.AO ~, (NF(i),l:l,NN) 

41 PRhT '12 
4C! FO~MATC//fl RtSISTlVlTY lNV~HSlUN PHOGHAM") 

lF(IN0tX•2)43 1 4~,47 
4l PHI~T 44 
44 FOR~AT(/" SCHL.UMat:.HCiEH ARHAY"/) 

GO TO 52 
'IS PRl~T 'lb 
'lb FO~~AT(/" Wt:.N~t~ AHHAY"/l 

GU TO 52 
47 PRit-T 48 
~8 FOHMAT(/" ~lPOL.~·~IPOLE AHRAY"/) 

lf(IX,Nt,1) GO TU SO 
SP=EXPCSPAC) 
PRl~T 49,SP 

49 FOR~AT(/SX•BIPOL.t A•SPACING c"Fb,Z/) 
GO TO 52 

50 PRlhT 51,SN(1) 
51 ~Uk~ATC/SX"~IPOL.t:. Nw8PAC1NG ="~b,21) 
Si Il•O 

uato,o 
Va1,5 

Sl lP'IAX : 15 
JMAx=t5 

bO Kl•O 
J1=o 

lF(lNDEX•Zl 7 0 1 80,b0 
70 CALL SCHLUM(K1l 

uO TO 10 0 
80 CAL.l ~E~~lP(Kl,lNOtX) 

1F (~N,Lt,Ol GO TLl tOO 
DO 95 l:1,Nt-. 

K:NF(l) 
ou 9 0 J:1,fl'l 

9 0 Y(J,K): Q 
9~ CO ~~T !NUl 

10 0 DO 120 l:t,M 
H(l):LI(I 1 11f+l) 

H1CI>=ALOG(~2(1)/R(l)) 

DO 110 J:1,N 
110 Q(l,J):~(J,J)/R(l) 
120 CONTINUE 

l~(l1,GT,O) GO TU 170 
COMPUT~ 5U~ UF SUUARES, 

PHI•O 
DO 130 1:1,1-1 

C2 

flLf PACit:. r,O, 2 



REIIN'V 

10'i0 
1100C 
1 1 1 u 
1120 
1130 
11" 0 
1150 
11o o 
1170C 
1160 
1190 
uo o 
1210 
1220 
lilO 
ll&~OC 
12~0 
tcoo 
1l10 
libO 
1i90 
llOO 
1)10 
1l20 
l.UO 
11'40 
D~ O 
Do O 
D10C 
l.S! 0 
1390 
140 0 
1 " 1 0 
1420C 
143 0 
144 0 
1'150 
l4b 0 
1470 
146 0 
tuqoc 
1~0 0 

1~10C 

1~co 
153 0 
1SUO 
15~0 

15b0 
1570 
1580 
15qo 
1oO O 
1 b 1 0 
loiOC 
to3 o 

CO~T 

1H ..,~~·~~lH<l{l)•~1(l) 

CUMPUTt ~MS PlkCt~T t~~~~. 
~"~sa o 

DO 140 lcl '" 
140 RMS~kMS+(l•k(l)/~c(l))e(l•~(l)/~c(l) ) 

~MS8100,•SQ~l(~MS/M) 

CALL OlJTP LT 
IF(H~S,L.t,kMSC) GO TU 100 0 

CO~PUTf l~ITlAL. ~~SILO~, 
EhO 
DO lttO 1=1,~ 

DO 1~0 J:1,1-4 
150 t1=tl+Q(l,J)•Y(l,J) 
loO CO~'~TINUt 

EleSQRTCE1/CM•~)) 
ORT~OGO~AL. ~ACTO~llATl0~-4 1 

170 CAI.I. O"FACl 
180 CALL O~FAC2CE1l 

CAI.I. BACKSUb 
lf(NN 1 Lf 1 0) bO TO 200 
DO 190 Ia1,N~ 

JaNF C 1) 
1.9 0 p 1 ( J). 0 
ZOO DO 210 1:1,~ 

X(l)cP(l) 
P(l)aP(l)+Pl(l) 

Z1U IFCP(ll 1 Lt,O) P(l):0,001 
11.1:1 

COMPUTt Nt~ MOOtL. APPA~fNl RtSlSTl VITllS, 
lFClNOtX•2) c20,230,2l0 

ZZO CAL,L. ~CHLU~(II.1) 
GU T0 - 2~0 

230 CA~L ~ENBl~(K1,INO tX) 
CO~PUTE NE~ SU~ 0~ SGUA~ES, 

250 PI1I1C0 
DO ibO 1:1,"' 

R(l)c !Hl,"+l) 
H (k(l) 1 Lt. 1 0) k(l)cO,OOl 
AaAL, O G(k2(l)/~(l)) 

coO PHll=P~ll•A•A 
CO~PA"E ~~~ A~ D OL D SUM OF SQUA~lS, 

}F(PHll 1 LT,Phl) GU TU 2~0 
!NC~tASt EPS1L.O~, 

DU 275 1:1,~ 
;.7~ P(l)ZX(l) 

E1: '0tl 
Jl:J1+1 
lF(Jl,LT,J~A~) GU TU 16 0 
I'll< JTE. (2,277) 

277 FO~~ATC//" Jl:JMAX,,,THIAL ~~Ul~ ~IL~ ~O T l U ~Vtkbl,"/) 
CAt,~ OuTPUT 
GO TO l OOu 

2~0 PHJZPH11 
COMPUtE k~5 Pt.~lt~T t~~OH, 

RMSc: O 

C3 



RESlNV 

1o4 o 
lo~ O 

loo o 
1o7 o 
1o6 o 
1oi.J o 
170 0C 
1 71 0 
172 0 
17j0 
174 0 
1750 
17oO 
1770 
17~ 0 
11q o 
1800 
161 0 
ltti O 
1Hl0 
184 0 
18~ 0 

1Ho0 
1810 
1860 
1890 
1'10 0 
191 0 
1~2 0 
1930 
11i4 0 
1qs o 
1Yo o 
1q7 o 
1YH U 
1990 
2 000 
2 0 10 
202 0 
ZOlO 
204 0 
20S O 
2 0 o 0 
207 0 
ZOb O 
2 090 
210 0 
211 0 
212 0 
2lj O 
214 0 
215 0 
21b 0 
217U 
2180 

CUt.T 

ou 29 0 1:1,,.. 
29 0 RM S: ~MS •(l•~ (l) /~2 (l ))*(l• H( l)/kc(l)) 

H~ S~lO O ,•SYHl (H~~I~) 

llall+l 
If(RMS,L.~.~""SC) GO TO le O 
l~C11,G~ 1 11MAX) ~0 TO 320 

COMPUTl N~~ EPSIL ON , 
lf(J1) lOO,l00,310 

:300 El•El/U 
310 GO TO cO 
320 CALL OUTPUT 

GO TO 1000 
tNO 
SUY~OUTINf SCHLUM(Kl) 
INTf:GER t:. 
C O ~MUN/ Z11t,M, N /Z2/D~LX 1 SPAC 
CU~MUN/ZA1/~(oS,JO)/ZAl/P(29) 
Dl~tNSlON FLTH(2q) 

f'lL.t PAuE ~~o O , 

DATA(FLTR Cl),1:1,29)/ 1 00 0 4b2~o,e,0 0 1 0 907, 1 00 17122,• 1 0020o81, 
~.ooUj04c,•,0021llo,,ot~995,,ul70o5,,oYe1o~,.219lc,,b~722,1,~~1~, 
,,q7619,•3,51~,2,774j,.1,2ol,,qsuu,.,l9427,, o q73bQ,., o~~ o 99,, o3 172~ 
~,•,019109,,011o5o,•,0071~44,,oouuoul,•,00271S,,ootb7~Y,•,Oo~o33~, 
"· 000 40124/ 

y:sPAC•19 1 *DELX•0,130o9 
DO iO 1=1,M+29 

CALL TRANS~~(Y 1 l 1 K1) 
20 \':YtDELX 

J=1 
lf(K1 1 GT,O) J:N+l 
DO 30 t:J, N+l 

j Q CALL flLTt~(FLTk,29,I) 
~E:.TU~r-. 

ENC 
SU~R UUT l Nt ~E~ biP CKt,INDtX) 
lNTtGER E. 
C0MMON/Z11E,M,~/Z2/0tLX,SPAC/L~/lX 
CO~MON/ZA1/U(o~,JU)/ZA~/P(2~)/LAo/~~(50) 

D IM~NSI UN FLT~<34 ) ,T(b~) 
D ATACfLT~ CI),l:1,34)1,00 0 ij8q3 ~ ,, ooo ll~57,,oo u 17 03~ ,.o vve4 ~5~, 

,, ooo 3ooo5,, ooo ~37~3,, 000 7 8qo ,, 00 1t~ e4 ,, 00 17 0on ,, oo2 ~959,,0o~oo4, 
~.oo5j773,,007bY3,,0115~l,,OloY9o,,oc4qj~,.o3bS?b,,u53507,,o,b1~1, 
&,1t:319,,1clql,,22!o5,,2e821,,jQ27~,.1~~~3,•,3202o,•,S3~57,,~17H7, 
'••l4b,,054l9~,-.ot5747,,oosJ941 1 • 1 0Uil44o,,ooooo~tt~/ ·· ·· 

S=AI.0u(2,) 
lF(l NO t:.X•2) l O,t O,oO 

10 Y=SPAC•1 0,87qc495•DE:.LX 
OU 5~ l:l,M+.B 

CALL THANSfM(Y 1 I 1 K1) 
H<Kl,GT,OJ GO TO 30 
DO 20 J:l,N 

20 T(J):~(l,J) 

j0 T(~+l)~Y(l,N+1) 

Yl=Y+S 
CALL 1HAN5FM(Yl 1 l,K1) 
HO<l,GT,OJ C.U TU 50 

C4 
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RtSI~ V CO"T 

DO 4 0 J:t, ,._ 
40 Y(l,J):2,•T(J)•Q(1 1 J) 
':10 Q(l,t-.+1):(,11tT( IHl)•Y(l , t~ +l) 
':IS y:.y• Dt LX 

GO TO lb O 
co Mlal 

IF(lX,~t,l) ~U TO 70 
Ml•M 
"4=1 

70 DU 1'50 1:1,~'~1 

ycSPAC•1 U ,~7~24q5•DELX 
A&St-.(l) 
H:i, 
H(A,L.T,1,) B=A•A+A•1, 
Al~A~S(A•l) 

Sl=ALOG(A1) 
lf(A,Ll 1 1 1 ) Y=Y•AL UG( A) 
S2=ALOG(A) 
SJ:AL.OG(A+1,) 
C)u 140 J=t,M+33 

Y1:C\'+51 
CALL T~AN5fM(Y1,J,K1) 
IfC~1,GT,O) GO TO qo 
DO 60 P<:1 1 N 

60 T(K)&Q(J 1 K)/Al 
9 0 TCN+1):t.:(J,N-t1)/A1 

Y1:Y+S2 
CALL TkA~S~M(Y'l,J,K1 ) 

lf(Kl,~T, O ) uU TO 11 0 
DO 100 1\:t, N 

100 T(K):T(~)•2 1 *Y(J 1 K)/A 
11 0 TCN+1):T(N+1)•2,•t.(J,r.+1)/A 

Yl:Y+S3 
CALL. T~A N Sf~(Y1,J,Kl) 

If-(Kl,l1 1 , 0) l.U TU lj O 
Ou lt! O 1\:1 , : ~ 

t'lLE PA(,t. NO, 

12 0 G(J ,K):(T(K)+~( J ,K)/(A+l,) ) *A*(Atl,)•Al/(2,•~) 

13 0 U(J,~+l):(T(~+l}tY(J 1 ~+1)/(A+1,))*A*(A+1 1 )*A1/(2 1 *~) 
140 Y:Y+OtL~ 

l~(IX, Nt,l) l.O TO 1~0 
J=i 
IF(~1,GT 1 0) J:N+l 

00 1Ut3 I(:J,~+1 
CAL~ ~~~ltK(~~T~,J~,~) 

1U5 Y(l+3U,~):v(1,~) 

cl'i o 
cco o 
1!21 0 
22~ 0 
223 0 
22U I.i 
clS O 
22b 0 
227 0 
zz~ o 

22~ 0 

2lO O 
2l1 0 
2.S20 
2ll0 
21uo 
2lSO 
ZloO 
z.s1o 
2l80 
2l90 
2400 
2410 
2420 
24l0 
2440 
24~ 0 
24b 0 
247 0 
248 0 
2U9 0 
2'5 00 
2~10 
252 u 
2Sl 0 
C~'HI 
2S5 G 
2~o 0 

2'370 
2~8 0 
2'5Q () 
2o OO 
(bl O 
2o2 0 
2o.H 
2oUO 
co 5 o 
2bb 0 
2o7 0 
cos o 
zoq o 
27 00 
t!71 0 
272 0 
~7l 0 

1~ 0 CUII.TlN Ut 
H(lX,II,t- 1 1) GO TU 1o0 
M:,.l 
00 150 1S1,~ 

H (K1 1 GT, O) GG TO l~q 

DO l~i Ja1,"-
1~2 ~(l,J);~(I+34,J) 

15~ u cl,~+1>=w<l+3Q,~+1) 
1#0 TU 1~0 

lou J=-1 

cs 



Rt.SINV CO~T flL~ PA(;t:. NU, 

27~0 H (lq ,liT ,o) JaN+1 
275 0 00 170 IaJ,N+l 
27o 0 170 CA~L flLTt~CfLTR,l4,l) 
277 0 160 Rt TU~N 
276 0 END 
27~0 SUB~OUTlNE TRANS~M(Y,l,Kl) 
26 00 lNTtGt~ ~ 
2610 CO~MON/Zl/t,M,N 
2820 CO~MON/ZA1/Y(o~,l0)/ZA3/P(2~) 

2610 Ol~~NSlON l'15) 
26~0 U=t,IEXP(Y) -
2850 l(l):P(N) 
2600 lf(Kl,LE,O) Y(l,N)at, 
2670 DO 30 J:2,t 
2680 A:EXP(•2,*U*P(t+1•J)) 
26~0 SC(l,•A)/(1,+A) 
2~00 RS:P(N+l•J) 
2~10 TPHcRS•B 
2920 TCJ>•CTPR+TCJ•l)J/Cl,+T~~*T'Jwl)/(HS•R~)) 
2~30 lF(Kl,GT,O) GU TO 30 
2~40 CcT(J•l)/RS 
29~0 D=<l,+B•C>*<l,+B*C) 
2Yo0 Q(l,~+l•J):(b*(1 1 •C*C)+2,*~*T(J•l)*(T(J•l)+TPR)/(R~•~S))ID 
2Y7 0 Y(1,E•l•J):((4 1 •U•HS*A /((l 1 +A)*(l 1 +A)))•(1,~C•C))/0 
2Y80 AA:(1 1 •~*~)/0 
2990 DU 20 K:(£+2•J),e 
lOOO If (K,GE,t:.) GO TO 20 
3010 Y(l,Kl=YCI,K)*AA 
)020 20 YCI,~+t•l):Q(l,K+E•l)*AA 
l030 lO CONTlNUl 
}04 0 Q(I,N+t)cT(t) 
jOSO RtTU~N 
lObO E.NO 
3070 SUA~OUTlNE FlLTERC~LTH,K,L) 
3080 INTEGtk t:. 
lOY O CO~MON/Zl/l,~,N 

310 0 CO~MON/ZA1/Q(b~,30) 
311 0 01~ENSION ~tS(31),FLT~(K) 
3120 00 iO - I:t,M-
lllO Rt:.:O 
3140 DO 10 J:t,K 
ll~O R:FLTR(J)•~Cl+K•J 1 L) 
3lb0 10 HEc~~+~ 
ll70 20 R~S(l)~~t 
3180 ou 30 - 1=1,~ 
l1q 0 jO Y(l,L)cRtStl) 
lcOO HtTUR N 
li10 t:.ND 
l220 SUBHUll llNE 0Hf'AC1 
li3 0 lNT~G~H E 
3240 CO~~O~/Z1/~,M,N/Zj/Nj 

325 0 CO~MON/ZA1/Y(o~,l0) 
l2o0 ~l::aN 
l270 lf(M 1 EQ,N) Nl=N•l 
3280 DO bO l•l,Nl 

C6 



RESlNV 

)2~0 

.BOO 
:BlO 
llZ O 
)110 
.BUO 
:ns o 
j.SoO 
3170 
lldO 
l:S90 
lCIOO 
l'U o 
l4co 
)'130 
)CI"O 
}"50 
lfle.O 
3'170 
)480 
3490 
3~00 
JS10 
lScO 
l!:»lO 
j~UO 

l'lSO 
l'loo 
1570 
)')60 

l~qo 

JoOO 
lo10 
lo2o 
lo.So 
lb'IO 
loSO 
)bbO 

lo7o 
lb80 
lo90 
~700 
.H 1 o 
3720 
373 0 
37 40 
37~0 
l7oO 
3770 
3780 
3790 
)800 
lttl O 
)tl~O 
l8l0 

COf\oT 

1~=1+1 
~3=0 
DU 10 J:I,M 

10 S1~~l+U(J,l)•~(J 1 1) 
H (Sl,t:Q, O) GU TU e>O 
SicSQIH C ::>3) 
l~(U(l,I},GT 1 0) SJ:e$3 
S4•1,/SQHT(2,•6l•(S1•Q(I,l))) 
00 20 jaic,M 

20 QCJ,I>••~4*Y(J,l) 
Q(~+l,l)&SU•(SJ•w(l,l)) 
Ll(l,I) • s.s 
Htl,EW,N) - 1. 0 TO oo 
ou ·so J=l2,~ 

S1•aci,J>•w<M•1,ll 
DO jQ ~=Ic,l"' 

)0 61a~1+W(K,J)*Y(K,l) 
Sl••2,•~1 
QCl,J):Y(I,J)+Sl*Y(~+l,l) 
DO 40 K•I2,M 

'10 Y(K,J):U(K,J)+S1•U(K,l) 
50 CONTlNUt 
oO CO NTINUt 

RETUHN 
END 
SU~HOU TI Nt O~~AC2C~1) 
lNHGt~ t 
C O~MOI\;/ Z 1/f:., M 1 I'-. 

CO~MON/ZAl/ Q( c~,30)/ZAc/Qt(.S2,lO) 

DO 80 J;q,N 
12=1+1 
lfCl,f:.Y 1 Nl GO TO 20 
DO 10 JC12, N 

10 G1(1,J>= o 
20 IH(l,X)atl 

S.S:LI(l,I>• ~< l,ll 
00 30 J•1,I 

10 Sl&SJ+Q1(J,l)*W1(J,I) 
SlaSQRT( Sl) 
lF(UC1,1) 1 GT,O) Sl:•Sl 
S4&1 1 /SURTC2,•Sl*(Sl•Y(l,ll)) 
Q1(N+c,l)&S~•(Sl•U(l,I)) 
IJO 4 0 J:1,I 

40 Q1(J,l):•S4*t.ll(Jd) 
IHC12,I):SJ 
lF(l,~Q,N) ~0 TO 80 
00 70 J:I2, N 

Sl:U(l,J)•Ul(~+c,I) 

DO '.30 K:l,I 
SO Sl:~:ll+(,l (P<,J)•Ul (K,l) 

Sla .. c:,• S l 
DU bO K=1,l 

b O 01 (II.,J): IJ 1 (K,J)•Sl•t.1 (l<,l) 

70 UlCJ+l,l):~CIIJJ+Sl•U1(~+2,Il 
HI) CUNTlNUt. 
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}8" 0 
3~5 0 
lttti O 
ltt7 0 
ltt80 
l~q o 

Jqo o 
)q1 0C 
l'i~O 
llllO 
)qijo 
1qso 
}qbo 
3970 
1980 
)990 
4000 
4010 
40l0 
40lOC 
4040 
ij050 
ijQbO 
4070 
ijQ80 
ijQ90 
"100 
4110 
'112 0 
4130 
"1" 0 
"150C 
~1b0 

417 0 
41b 0 
41q (J 
4i 00 
4Zl 0 
4Z2 U 
423 0 
42~ 0 

425 0 
4it1 0 
4c7 c: 
4c!b O 

"i~ O 
4300 
451 0 
4..S2 0 
4j2':) 
'U30 
'U4 0 
43~ 0 

430 0 
4..S7 U 

CUI\T 

Jo<t.TU~~ 

E~o 
S U B~ O UTI~t. oAC~SUh 
trqt.Gfk t. 

flU PAt.t:. NO, 

CO~M~~/Zllt:.,~,~/ll/~3 

CU~~ON/LAl/Y(bS,JO)/lAc/Yl(li,lO)/lA~/kl(..Sl),Pl(~q) 
Ollllt:NSlON CCbO) 

CAL.CUL.AT!:. Cl,CZ, 
00 10 1C1t"' 

10 C(l)CHl(I) 
00 40 1111,~3 

Slc:C (l)•Y("'+l d) 
DO ZO J=l+l,l" 

~0 Sl=Sl+CCJ)*Q(J,l) 
S1ce2,tt51 
C(l) :C(l)+~l*U(M+l,l) 
00 )0 JCI+l,"' 

30 C(J):C(J)+Sl•YCJ,l) 
40 CONTINUE 
CALCULAT~ C3,Cc,C4, 

00 'iO 1=1'" 
50 C(f'I4+1)S0 

oo eso 1=11 ,~ 
Sl~~l(N+i,I>•CCI> 
oo oo J=ld 

bO S1•Sl+C<~'~+J)•CJ1 CJ,l) 
SP:.c,•Sl 
C(l):C(l)+Sl•Q1(N+2,1) 
DO 7 0 J:l,i 

70 CC~+J):C(M+J)+SltQl(J,l) 

ttU COr-Tlf'.I Ut:. 
CALCULATt DEL.TA•~. 

00 tt~ lSl '" 
81;) Pl(l):O 

Pl (~):IC (1'4)/r.J1 ( •'Hl 1N) 

p 1 U•. 1 ) : ( c ( N. l ) • Cd (t •• 1 I N. 1 ) • p 1 ( t., ) ) I (,j 1 ( Ill I ". 1 ) 
DO 100 1::3,~ 

J31N•l+1 
Sl= O 
00 Ci O 1'.:J+l1N 

qo S1:51+1;l(K+1,J)*Pl(K) 
100 P1(J)~(C(J)•S1)/Y1CJ•1 1 J) 

RtTUI(N 
ENC 
SU~~OUTI~f OUTPUT 
INTEGt:.~ E. 

DlME~~lO~ ~c(l0U),C(100),SS2(1 v O),Sl(l O U) 

CU~~U~/Z1/E,~,~/Z2/Dt~X,SPAC/Z~/ll,H~~,~M~C/2~/l~ 

CO~MO~/ZA~/K(11),~2(31)/ZA3/P(2q)/ZAo/SN(J0) 
1 f-Ut(,..,.T ( '¥) 

P~J ~ T 100,11 
100 F UR~AT(///• ITt~ATlON N0 1 " 1 l~,l2//) 

PkJII,T tO 
iO f-UR~AT ( "~AYtH ~O ,",t~X,wTH!CK~tSS"I3X," RtS1SllVllY",~X, 

~qHT~lCK•RE S ,3X,q~THI~~/Rt:.S/) 
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RE&lNV CO~T 

4lb0 OU 40 I•1 1 E•1 
4)90 JCl 
4400 Ot•P(l)*P(l+E•l) 
4410 DiaP(l)/PCI+E•l) 
4420 PHINT JO,J,P(l),~(l•f•1) 1 0l,OZ 
4430 10 FORMAT(4X,IZ,lZX,Fb,i,SX,~6 1 l,bX,~~,l,4X 1 f~ 1 3/) 
4440 40 CU~TlNUt 
44~0 PRINT so, E1 P(N) 
44b0 SO FURMAT(4X 1 12 1 Z3X,F6 1 3//) 
4470 If(lX,~t,l) GO TU So 
4480 PHINT ,l 
4490 Sl FORMAT()l8X,"N",oX,"MOD~L RHO",!X,"flt~U HH 0 11 //) 

4500 GO TO 75 
4S1o so x•sPAC 
4,20 00 bO l=l,M 
45)0 SN(l)•tXP(X) 
4540 bO X•x+DELX 
4550 PHINT 70 
45&0 70 ~0RMATt/15X,"SPAClNG" 1 lX,"M00EL RMO",lX,"fltLD RHO"//) 
4510 75 DO 90 I•t,M 
45&0 PRINT 80,SN(l),H(l),R2(J) 
4590 80 '0RMATC14X,F5 1 l,3X,F8 1 l,3x,F8 1 3) 
4~00 ~0 CO~TlNUE 
4610 PRJNT l10,~Mi 
4620 110 FORMAT(//10X 1 "HMS ~HROR •" 1 F6 1 l////) 
4oZ1 PRINT, . "PLUT INITIAL MOO~L OM ~lST FIT ~~~AL ~OOtL" 
4o2J CALL PLUTZ(SN,R,M) 
4b24 PRl~T, •oo · yuu ~ANT TO PLOT TH~ FIELD OATA YES(l)J NUC2)" 
4o25 H~AC 1, Ill 
4b2b l~(lll 1 ~U,2) GO TO 12U 
4b27 CAL~ PLOT2CSN 1 H2,H) 
4o28 120 CONTINUE 
4b30 RETUHN 
4o40 END 
4bSO SUBROUTINf SPLlNt(M) 
4bb0 CO~MO~/L2/DtLX 1 SPAC 
4b10 C0~MON/ZA~/R(31),RcCl1) 
4o80 Dl~eN~lON 8ClO),C(30),D~~V(30),0tLSbYllO),H(30),H2(jQ) 
~~qo OlMtNSION 82(30),Sl(lO),SS2Cll),TCll),X,ll),Y(31) 
4J00 N=~ 
4710 READ l,CXCI>,I•1,N) 
4720 1 fO~MAT(V) . 
~730 DU 150 l=l,N 
47~0 150 X(I)=ALOG(X(l)) 
4750 HEAD 1,CYC1>,1=1,~) 
~7b0 S~ACCX(1) 
ij770 M•INT((X(H)•SPAC)/O~LX)+l 
~780 A•SPAC 
4190 00 300 1:1,M 
~800 T(l)CA 
4810 lOO A:A+DELX 
4820 fPSLNc,OOOOl 
~HlO Nl:N•l 
4840 DO 51 1:1,~1 

ij850 ~~I)CX(1+1)•X~l) 
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C:Ot\T 

ij~bO 51 OlLY(l)•(Y(l+l)•YCl))/M(l) 
4~7o ob s2 I•2,Nl 
4680 HZ(l)CH(l•l)+H(l) 
4690 ~(I)a,SeM(l•1)/H~(l) 
4900 OtLSQYCl)D(OtLYCl>•DtLY(l•1))/H2(1) 
4q10 82(l)cc,•DtLSYY(l) . 
~920 52 C(l)•l,•Ol~SQY(l) 
4910 - S~(l)•O, 
4q~o ~2(N)•O, 
4950 0MfYAD1 1 07179b6 
"9b0 ·5 ETA•O, 
"970 00 10 1=2,~1 
~980 w•CCCl>•B(l)*S2(1•1}•( 1 5•b(l))*S~(I+l)•S2Cl))*O~t~A 
~990 1~(A8S(w)•fTA) 10,10,9 
5000 q - fTA•ABSC~) 
5010 10 S2CI)a$2(l)+W 
5020 IF(ETA•tPS~N)14 1 5 1 5 
5010 14 00 51 I•1,N1 
SOijO 5l Sl(l)a(S2Cl+1)•5ZCl))/H(lJ 
5050 DO bl J•liM . . 
50b0 1:11 
5070 IF(T(J)•X(1))~8,17,55 
5080 55 lF(T(J)•X(N)) 57,59,58 
5090 Sb l~(TCJ)•X(l)) b0,17,57 
5100 57 - I•i+1 
5110 ~0 TO Sb 
5120 58 W~ITE(2,""' J 
SllO 44 fORMATCllt"TH ARGUMf~T OUT Of RA~G~") 
5140 GO TU o1 
5150 59 l:N 
SlbO cO 1•1•1 
~170 17 HT1:T(J)•~Cl) 
5180 HT2cl(J)•~<I+1) 
Si90 PROO=Hl1*HT2 
5200 SS2CJ)&52(1)+HT1•Sl(l) 
5210 Dt~S~S=<~2Cl)+S2Cl+i>+SSc(J))/o, 
~220 Rc(J):YCl)+HTl•OELY(l)+P~UD~D~~S~S 
5c30 ol CONTINUE 
5Z~O R~TURN 
52~0 ENO 

ClO 



APPENDIX D: RESDAT LISTING 

RESOAT 1414 0 1 1 0 ~/2bi~Z 1 

10** 
zo 
30 
ijQ 
50 
00 
70 
80 
90 
100 
110 
120 
llOC 
uo 
150 
100 
1'70 
180 
190 
zoo 
210 
zzo 
ZlO 
i'iO 
Z50 
ZoO 
270 
26 0 
290 
300 
310 
3l0 
330 
lijO 
3';) 0 
lb O 
37 0 
ll:IO 
.J90C 
ij QO 
ij10 
~2 0 
ij30 
44 0 
4';) 0 
40 0 
47 0 
4ij0 
49 0 
500 
510 
~20 

SlO 
540 
550 

RUN *JH0~0441/PLOTS,tJH O ~HG54o/~tSIN V S,t 
CHAkACTtR•7c PUS 

OlMt~SlO~ X(100),R(10 0) ,HA(1 00 ),ASP ( 1 0U ), ~ A~ U ~(l 0U ) 
Dl~ENSIO~ CP(100),S(l0 0 ),~I~ V (1 0 0) 

Rf:.AL LL,L.ClOO) 
PHlf',T 100 

100 FUH~AT(.'lNPuT SURVEY TYPE••l• ~fN~t k PHU~lLI ~G J ?. • SCHL U~~t R ul ~ . ~ 

' PHOFtL.ING: 3• ~ENNtH SOU~ D l~~~ ije ~t HLu ~HERvE H SOUNOihGJ 
&5• POLt• OlPOL.t-) 

RtAO 110,1 
110 F'URMAT(V) 

GO ro ctooo,zooo,3ooo,4ooo,~ o o o >,l 
10 00 w~NNER PHOflLlNG SURVlY 

1000 PHINT 120 
120 FORMAT('A•SPAClNGcJNUMSER 0 ~ ~Ol~TSa') 

READ 110,A,N 
PHINT 130 

130 FURMAT('lNPUT PROflLl COOROl~ATE, Rt 5 lS T A N Ct PAI HS••X1, Rl, X2 r k2,,,,' ) 
Rf:.AD 110,(X(l),R(l),l:t,N) 
PRINT 140 . 

1~0 FU RMATC'lS ~ACTOR 2~1 l~CL UD t D IN R ~SlSTA NCt DATA Yt5tl), NU ~ 2 )' ) 
Rt.A0110,Z~I 
lFCIPI,EQ,1)Fa1, 0 
l~(IPI,tQ,c)F:o,28319 
00 150 lat,N 

150 HACl)=F•RCll*A 
PRINT lt!O,A 

1&0 FORMAT('wtNNtR PHOFlLE••Ac',fb,l// ) 
PRINT 170 

170 ~URMAl(20X,~)",10X,•kHO") 
PRINT ld0,(X(l),~A(l),lD1 1 ~) 

180 F O R M AT(1~X 1 F1 U ,Q,F10,u) 

CALL PL OT2(X,kA, N) 
PHINT 1q 0 

190 FURMAT("A NO THEH PH OFIL~ Y~S,1) N0( 2 ) 11
) 

~tA D 11 0 ,11 
lF(II,E Q,1)GOT U1000 
IF (Il,I:. U ,~)(~UT Ub OOO 

20 0 0 SCHL.U~~t R uEH Pf( QflLING SUR vl Y 
ZOOO PRINT 2 00 
iO O FU~MATC"S•SPACl NG:JL•SPACI ~ b=: NU~ Mtk U~ PU lN TS: ''l 

RI:.AO ll O,SS,LL, N 
PRI NT 130 
R~AD 11 0 ,(X(l),R(l),l:t,~) 
PHINT 140 
READ 11 0 , IPI 
1F(1Pl,t.U,1)F:0 ,5 
IFCIPI,~Q,2)F:5.14159 
OU 210 Ic1,N 

c1 0 RA(l):F• R (l)*SS•((LL/5S)**~ • O,ZS) 
PfofiNT 220,SS,LL 

220 F ORMATC"SCHLUM~ERGEf( PHOFILt~·L2'',F~,lr"JS= " ,~o,l / /) 
FIHINT 170 
PRINT lbO,(X(l),RA(I),l•l,~) 
CALL PL. O T2(X,~A, N ) 

Dl 
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HESOAT 

5&0 
570 
51:SO 
S90 
bOOC 
olU 
&20 
olO 
0'40 
&50 
ooo 
o7o 
&60 
&YO 
700 
710 
120 
7l0 
7i:IO 
750 
7&0 
770 
760 
790 
800 
610 
820 
IUO 
8'40 
8,0 
t!oo 
8'70 
880 
I:S90 
900 
910 
920 
9.SO 
940 
9~0 

9&0 
~70 
91:!0 
990 
1000 
1010 
1020 
1030 
10'40 
1050 
10&0 
1070 
101:!0 
toqo 
11 0 0 

lOOO 
1000 
llO 

2oo 

270 

lOO 

!10 

J17 

l16 

125 

ll~ 
lao 

COt-.T 

PRINT 190 
~tAD llU,Il 
IFcll,tU,l)GOTO 2000 
IFCll,t~ 1 2)GOTO &000 
WtNNER SOUNDlN~ SURV~Y 
P~INT 230 

Fli.E. PAul: r .. o, 

FURMATC"INPUT SOUNDING ~OCATlON lNfORMATlON,vP TO 7c ~MARACMTl:R~"> 
Rt:AD 2'40, POS 
r'ORHATCA72) 
P~INT 2o0 
FORHATC"INPUT NUMBtR Of DATA POINTS") 
READ llO,N 
P~INT 270 
FORMATC"lNPUT A•SPAClN~,RESlSTANCE ~AIRS••Al,~l,A2,~2,, 1 ,"J 
READ llO,(ASPCI),R(I),I:l,N) 
P~INT l"O 
READ 110,XP1 
l'ClPI,EQ,l)F•l,O 
1F(lPI,tU,2)P&o,28l19 
DO 260 l•l,N 
RACI): ~*ASP(l)*R(l) 

PRlt-.T 290 1 POS 
FORMATCrwENNfR SOUND1NG'//A72//) . . 
PRINT 300 

FUH~AT(lbX,wA",6X,"RMU") 

PHl~T llO,(ASPCl),~ACl)tl=t,N) 
FUR~AT(10X,Fl0," 1 F10 1 ij) 
PRl~T,;DU YOU WANT l.lNEARCTYPl: 1) OR LOG~LU~CTYPt 2) PLOTS' 
READ 110tlll 
lF(Ili,EQ,2) GU TO l1l 
CA~L P~OT2(4$P 1 RA,N) 
GO TO 315 
CALL P~OT~~(ASP,RA,N) 
P~l~T,~OO YOU wANT 4 CUMU~ATlVE SUM ~~UT Yt~(1) 1 N0(2)' 
~EAO 110, Kl< 
1F(KK,eQ,2) GO TO j19 
HASlJM(1):R.A(i) 
oo · 317 1c:2,N 
~A~UM(l):~ASUM(l•l)+RA(l) 

CONTINUE 
PRl~T jl~,~·~UM(N) 
FOR~ATC'~AX 1 CUMULATIVE R~SISTIVITY VALUE = ' 1 F8 1 i) 
~RI~T,'PLUT CUMULATIV~ R~SlSTlVlTY VS, A.SPACl~G DATA' 
CALl Pl0T2(A~P,RASUM,N) 
P~INT,'DO YOU ~ANT AN l~VER&E RESISTIVITY PLCT YtS(l),NU(2)• 
READ 11U,KKK 
If ( K K I<, E Q, 2) G 0 T Cl 31 q 
00 325 l=ltN 
~1NV(1):1,/CF-k(l)) 
P~INT jlo, klNV(N) 
FORMAT(I/'MAX, VALUE Of l~VeRSE RtSISTlVlTY: ',F10,o//) 
CA~~ PlOT2(ASP,~INV,N) 
PRINT 320 
FORMAT("DO YOU ~ISH TO lNTE~PHET DATA YtS(l), N0(2)") 

READ 110,JJ 

D2 

-



R~SDAT CO~T 1~1~01 1 0~12b/~2 FlLl PA&E NO, 

1110 1FCJJ,EQ,2) GO TU ouOO 
1120 lN0fZ2 
1130 SPAaASPC1) 
11ijo INDx•o 
1150 CA~L RtSlNVS(AS~ 1 ~A,N,IND~,SPA 1 l NO X) 
11b0 PRINT 33 0 
1170 llO FORMAl(rANOTHE~ SOUNDING Y~S(1) 1 NU(i)r) 
1180 HEAD 110,JJ 
11q0 lF(JJ,EU,l) GO TO jOOO 
1200 lF(JJ,tQ,2) GU TO oOOO 
1210C 4000 SCH~UMS~RGER SOUNDING 
1220 ~000 PRINT 250 
1210 RtAD 240,POS 
1240 PRINT 1~0 
1250 READ 110, IPI 
12oO l,(lPI,EQ,1) F=0 1 5 
1270 1F(lP1 1 lY 1 2) Fcl,1415q 
1l80 4010 PRINT 4020 
1290 4020 FORMAT('lNPUT N0 1 OF DATA POINTS') 
1300 READ 110, N 
1110 PRINT 4030 
1120 4010 FORMAT('lNPUT S•SPAC!NG, L•SPACl~G, ~tSl~TANCt OATA') 
1310 RtAD 110,(S(l),L(l),R(!), I=l,N) 
13~0 DO 4040 l•l,N 
1l50 ~040 RA(l)•F*R(l)*~CI)*((L(l)/5(1))**2 • 0,~~) 
13b0 PRINT 4045, POS 
1370 4045 FORMAT(//I 1 StHLUM8ERGtH SO U ~DlNG'//A72//) 
1180 PRINT 4050 
1lqo ~050 FURMAT(20X,"S",5X,•~",10X 1 "HHO") 
1400 PHJNT ~UoO,(S(l),L(l),HA(l), I=l,N) 
1410 ~ObO FURMATC1oX,f~,1,2X,fo,l,bX,F1U,4) 
1~20 PRINT,'DO YOU wANT TO PLOT APPAHtNT RtSlSTlVlTY VS, L~SPACl~G' 
1~30 PRl~Tr'LlN~AH(TYP~ 1) UH LOG•L OG(lYPt 2)' 
1~40 REA0 . 110, NN~ 
1~~0 lf(NNN,EU,2) ~U TO 40b5 
1~b 0 CALL PLUT2(L,~A,N) 

1~70 GO TO 40o7 
1~8 0 ~Oo5 CAL~ ~L O T~~(L,RA,~) 
l4qU ~Oo7 P~INT,•oo YOu ~ANT TU I~T~RPRET DATA Y~S(l), ~O (c)•••• 

1~00 & lF SU, ONLY UNt 5•VALU~ SH OU LD ~t 1~ OATA UR T~tRE SH OUL D 
1~10 ~ ~E NO JU~P~ IN THt SOU~ D I~& ~U~vt' 
1~20 ~EAD 110, 111 
1530 IFC111,EU 1 1) ~0 TO ~ObO 
1540 ~070 P~INT 1 '00 YOU wANT TO INPUT DATA FOR ~ NOTHER SUUNOlNb' 
1550 READ 110,JJJ 
15b0 IFcJJJ,tQ,l) GO TU 4000 
1~70 GU TO oOOO 
1,60 qoHO CU~TINUt 

1,qo INot=l 
lbOO SPA:L(l) 
1o10 INOX: U 
locO CALL ~tSlN~S(L,RA,N,lNOt,SPA,lNO X) 
1o3o ~u TO ~010 

lo~O 5000 CO~TlNUE 
1o50C ~ULl•DlPO~E SURVEY 
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R~SOAT CONT 1~1~01 1 O~/l~/8l flL~ PAGt NO, 

1bo0 P~INT 5010 
1~70 5010 ~OHMATC'PULt•DlPULE CU~Ht~T ~TATl O N/PHO~lLt DlHtCTl U~ l~F U ~~ATl U ~ 
1b~O ~ UP TO 72 CHAHACTtRS') 
1~q o RtAD 2~0, POS 
1700 PHINT 1~0 
1710 H~AD 110,1Pl 
17ZO 1F(1Pl,~Q,1) F~t,O 
17l0 lF(lPI,tQ,Z) Fa~,l8319 
17~0 PRINT ~OcO 
1750 5020 FORMAT('lNPUT POTtNTlAL ~LECTROOt S~AClNG AND ~UM~lH OF 
17o0 ' DATA VALUtS~) 
1770 ~tAD 110,PP;N 
1780 PRINT,"INPUT••OISTANCt TO FIHST POTENTIAL tLECTROOE, HESISTAN(f 
1790 ' ~AlRS" 
1800 R~AD 110,(CP(I),H(l),I•l,~) 
1!10 PHINT,'PO,feOIPOLE SU~V~Y' 
18ZO PAINT ~Ol5, POS 
1810 50Z5 FCRMAT(//A7Z///) 
1640 PHINT 50l7 
1850 50Z7 FDRMAT(1~X,!C1P1,C1P2',10X,'RH0'/I) 
18o0 00 SOlO l•l;N · . 
1870 RA(ll•CF•CP(l)*(CP(l)+PP)/PP)•R(l) 
1880 PRINT 5040, .CP(l),CP(ll•PP,HA(l) 
1890 5030 CO~T1NUE 
1900 5040 FO~MAT(10X,Fo,l,Fb,l,~X,f10,4) 
1Y10 PRINT, "PLOT APPARtNT HESI$TlVlTY V~RSUS X••X AT MIDPOINTS 
1Y20 ' OF PP•LDCATlUNS" 
19l0 00 5050 Iat,N 
19~0 5050 X(l)cCP(l)+PP/2 
1950 CALL ~LOT2(X,HA,N) 
19o0 PHINT,"DO YOU ~ANT TO INPUT ANOTHtH OATA StT" 
1970 HEAD 110,11 
1980 lf(ll,fQ 1 1l GO TO 5000 
1Y90 If(ll,tY 1 cl GU TU &000 
2000 oOOO CO~TINUE 
cOlO SlOP 
20ZO END 
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APPENDIX E: TIDES LISTING 

TIDES tuaieazo 05/~c/8Z t 

S•• Ru~ *JROS0~41/PL C TS,~ 
lOC TMlS PROGkA~ CO~PUT~S T~t T~EO~~Tl~AL ~~AVlTY TIOt FOW A~Y ~ul~T 
20C 0~ THE ~~~~AC~ Ut A RlblO tA~T~ AS A ~ u ~C l l U~ OF Tl~E, 
lOC A C O ~P~IA~CE FACTOR OF l,lo ~A& ~t~ ~ l~CLUOt O , 
40C l~PUT DATA AR~ 1~ FR~E tl~LO '0R~AT,,, 
~OC l~PuT DATA lO~Nll~lEO ~y COM~~~TS J UST PRlUk TU ~tAO STATt~~NTS, 
ouc 
oS C~ARACTE~ •8XlNP Ul (3) 
70 OI~~~SIO~ DAYP~(12),G(SOUO) 
1z R~•L MIN uTtcsooo> 
75 DATA Xl~~UT(l)tXlNP U T(l)/l~/ 1 1HJ/ 
80 DOuBLE PR~ClSION CDEGTR,C~l~TR,CStCTR,PI~,SCl,PCl,MCl,A ~C l, S ,~,H, 
~0 &Pl,A~,STO~,T,SM1N~,~2MP,S~l~H,~~lNP1,~~~~~i,S~I~H2,CHI,C Hl l,AC~u~, 
100 ~ALP~A,XI,SlGMA,ALMOO~ ,ARGo 1 AR~7,4RGq,A~G10,t1 1 E11,tlc,El5,C,~1, 
110 iAPRI~E,APRI~l,DlSTES,OISTE~,OAYSl,DAYS2, U AYSl, O AYS4,UAYS~, O AlSo 
115 ~•o 
120 CDlGT~=l,745li~c~l~q4lO•l 
110 CMI~TR•2,qoe88208boo0•4 
140 tSECTRc4,848llo811 D•o 
150 DATA C,C1,E/3,8~4 0 2010,1 1 4q5D ll,,OS4q o / 
1o0 DATA AMU,A~M00 N ,A~S UN /o,o7 0~ •6,7,35J7t2~,1,qqlt3j/ 
170 DATA E1t,E1Zt~1l11,b751 0~D ·~,~,l8 00 •S,1,2o 0 •71 
180 RATlOa,07U804 
1~0 U~~GA•Z3,452*CD~GTR 
ZOO S~ALLA•o,l7827t8 
240 Pll•o,28l18Sl07ZDO 
250 St1•110841l,coo 
2oO PC1cJq2515,q400 
270 HC1•12q~027b6,1jDU 
i80 A~Ct=482q12,olUU 
l1lC l~PUT NA"'f OF' CJlJTPUT DATA FIL~ 
125 CALL ATTAC~C4,XI~PUT,l, O ,,) 
l~o 80 ~OR,.AT (V) 
l26C l~PUT NUM~tR Of TID~ DATA SETSCNCGMP) AN U TlMt lNCR~~l~T(MM) 

33 0 R~AD 10, ~CO~P,M~ 
34V DO 400 JJ:l,NC O ~P 

]50 PRINT 10, JJ 
l53C INPUT LATITUDE IN O lu~~ES(SLATO) AND O~C1MAL MlN UT~S(SLAT~) A~O 
l5~C SIHlLAHLY FOR LUhGITuDt (SLONGO,SLUNuM), INPUT lLt VAT l ON lN 
355C ~ETE~S(StLEV), l~P U T DATl 1~ ~ D~lH (OATt~), DAY(DATEO, AN U 
l57C YEARCOATEY>, l~PUT STARTING Tl~t lN HO~kCTlM~H) A~O ~~~ Ul ECTlMLM) 
3~8C GRtEN~lC~ Tl~t, 

3o O REAC 20, SLAT O ,SLAT"',SL C~ GO,SLO N G~,~tLEV, O ATE M , O AT£U,UATEY,Il~t~ 
37 0 l-,Tl,tlo4 
l7SC ~~~UT TCTAL Nu"'~tR OF Tl"'E l~CRt~t~TS TO bt ~AL~UlATlDCNTDTAL) 
l7bC T~US THE TOTAL LE~GTH OF TIDAL RtCORD TO ~l CALC ULATtU:MM X ~ T O TAL 

l~ O RtAC 10 , NTOTAL 
l~S •RITE (4,S) t.~TlJTAI.. 
j~O DOoOO KKat,~T O TAL 
40Q lF(~~,t~,l) GO TO 75 
410 MJNLlt(~K)•"'lhUTf(~K•l)+,.,. 

420 0AYS5•MINUTECKK)/(l4 1 *b0,) 
~)0 GO TO lSO 
~40 75 DAYSZ• u, 
4~0 ALA"'~DcSLATD•CDEGTk+SLAT~*C~l~TR 
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TIDtS CO~T 

~bO ALO~~•SLON~D+SLONbM/o0 1 
~70 ~LEv=StL~V*lOO, 
q~o MUNT~•DATEM 

ijqQ lOAy:OATtD 
500 IYEAH•UATtY 
510 lHO~R2TlMt~ 

5l0 MlNUTECKK):TIMEM 
5lOC CA~CULATE . T (NUMSt~ OF JULIAN Ct~TURltSJ 
5~0 DATA OAYPM/31, 1 Z8 1 ,ll,,30 1 ,31,,30,,31,,~1,,30 1 ,31,,lu,,~l,/ 
550 DO 100 1=1,12 . 
SbO JS•~ONTH•l 
570 If(J5 1 EQ,O) GO TO 150 
5~o 1oo DAYsc=DAYSc+oAYPMCll 
590 150 DAYSl•IDAY•l 
bOO OAYsq:IMOUR/2~, 
o10 DAYs5cMINUTE(KK)/(c~ 1 *00 1 ) 
b20 OAYS1•IYtA~•lo5, 
blO NYEAR=lY~AR/~ 
b~O SJ•IYEAR/4 1 •NYtAR 
b50 IFCsJ,GT,O) GO TU zoo 
bbO lF(~ONTH•2) lOO,lOO,ZOO 
b10 ~00 DAYSo•NYtAR 
b80 GO TO 350 
b~O 100 DAYSb•~YEAR•1 1 
700 350 CONTlNU~ 
710 STO~cDAYS1+DAYS2+0AYS3+0AYS~+UAYS5+DAYSb+ 1 ' 
720 T~STOH/3c5c~, 
7l0 S=270,DO•CDtGTR+2o,DU*CMINTH+14,72UV*CStCTH+(( 1 0Uo8DO*CStCTR*T+ 
740 '9 1 0~DO•CS£CTH)*T+l3lo,OO•PI2+SC1•CSECTHl~T 
750 P:lJ4 1 UO•CDEGTRt19~DO•CMINT~+~0,87DO•CStCT~+(((•,OqSuO)*CStCI~•T 
7o0 &w37,2~DO*CSECTR)•T+11 1 DO•PI2+PC1•CStCT~)*T 
710 ~=c79,DO•CD~GTR+41,DO*CMlNT~+~~.04DO•CS~CTR+(1,0~900~CSfCTR• ! + 
780 &HC1•CStCT~)*T 
790 AND259~00•CDfGT~+lO,DO•CMl~TH+57,1ZDO•CStCTR+((,0050U•CSECTR*T+ 
800 ,7,58DO*CS~CTR)*T•S,DO•Plc•A~Cl•CStCT~)*T 
810 ~1=2~1,Dv•CUtGTk+13,DO•C~INTH+15 1 00*CStCT~+(( 1 01200•CSECT~•T+ 
820 ,1,b3DO•C~tCTR)*T+o18~ 1 0lDO•CStCTR)*T 
810 E1=tll•(t12+E1l•T>•T 
8~0 ARb1=1,/(1,+ 1 00b738•CSI~(ALAM~0)•*2)) 
850 CAPC~SQRT(AkGl) 

~oO ~ADJUS:CAPC•SMALLA+~LtV 
870 APHJMt=l,/(C*(l,•t*•2)) 
880 APRJMtc1,/(Cl*(l,•~1**2)) 
~90 SMl~P=~·~ 

quo S2HP=S•2•H+P 
910 SMI~~=~•H 

920 HMl~Pl=H•Pl 
930 SMI~P2:2,•SMINP 
9~0 SMINH2:Z,•SMlNH 
950 DISTEM=1,/C+APHIME*t•DCOS(SMl~P)+APRIME•Ct**2)•DCOSCS~INPc) 
9b0 ~+15•APRlME•RATIU•~*DCUS(S2hP)/8 1 +APRIM~•CRATI0••2>•UCOS(SMlNH2) 
970 DISTES=1,/C1+AP~!Ml*t1•UCOS(H~l~P1) 
980 TZtRO=IHOU~+MINUTE(KK)/oO, 
qqo SMALLT:(15,•CTZERU•12 1 )•ALONG)•CDtGTH 
1000 CHil:SMALLT+H 
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TlO~S CO~T 

1010 ALSUNcH+2,•~1*~SlN(~~~~~1) 
1020 A~G2c5,1US•CDfGT~ 

10l0 A~Gl:COS(UMEGA)•COS(A~~i)•Sl~(0MtGA)*Sl N (ARG2)*DC O SlAN) 
10~0 Al•ARCOS(A~G3) 
1050 A~G~•S1N(ARG2)•D~l~(AN)/SlN(Al) 
lObO ANUCA~SlN(ARG~) 
1070 CH!•SMALLT+H•ANU 
1080 5ALPHA•~INCOMEuA)*DSIN(AN)/5lNC4l) 
10~0 CALPHA•DCOS(AN)•COS(ANU)+OSl~(ANl•SlN(ANU)*COSCOM~GA) 
1100 CALPH1~1+CALPHA 
1110 A~PHAac•ATANZ(SALPHA,CALP~1) 
1120 Xl•AN•ALPHA 
11)0 SlGMA•S•Xl 
11~0 AL~OON~SluMA+Z,•t•OSINCS~lNP)+5,•Cl**2)•DSlNCSM1NP2)/q, 
1150 ~+l5e*RAliO•E•OSINCSZHPliU,+11,•C~ATlO••c)•DSIN(SMINH2)/6 1 
11o0 ARG5:(0~EGA/c 1 ) 
1170 ARGo•ALSUN•CHll 
1180 ARG7mALSUN+CH11 
1190 CPHlSSlN(ALAM~Dl*SlN(OMEGA)*DSlN(ALSUN)+CUSCALA~~D)•(lCUSCA~~S)**Z 
1200 ~*DCOSCARGo)+CSl N (ARG5)**Z)*DCOSCARG7))) 
1210 ARG8•CAIIZ,) 
1l20 AHG~=ALMOON•CHl 
1210 ARG10~ALMOON+CHI 
12~0 CTHETA•SINCALAM~D>•SlN(Al)*DSIN(ALMO~N)+CUSCALA~~D)*((CUS(A~G8)**c 
1250 ~)*OCOSCARu9)+tSI~lARG6)**2)•UCOS(A~ul0)) 
1lo0 GMaAMU •AMMOO~*~ADIUS*(3,•(CThtlA••2>~1,l•CDISTEM••l>+3*(AMU*A~~UON 
1270 ~*CRADIUS••2>•t~.•CCTHETA••3>•3,•CTHtTA))*CUIST~M*•4)12, 
1i60 GMaGM•l000 1 

1~90 GS:AMU•AMSUN•RADlUS•C3 1 *(CPHI••2)•1)*(01ST~S••3>•lOUO, 
1300 GlERO=GM+uS 
130~ G(KK):GZ~RO*llbO, 
llOo M:M+l 
1310 bOO WRITEC4,~0) M,MI~UT~(KK),G(KK) 

1j20 PHINToS, SLATD,SLATM,SLONGD,SLONGM ,OAT~M,DATED,DATtY,TIMEHI 
Jj30 ~llMlM 

1j~Q PRINT 70, CGCLL), LL=t,NTOTAL) 
1j~~ CALL ~LOT2CMINUT~,~,NTOTAL) 
1J50 400 CO~TlNUt 
1l55 5 FORMATC14) 
lloO 10 FORMAT(V) 
lj70 20 FORMAT(V) 
1180 50 FORMAT(3F15,S) 
1400 oS FU~MATC1X,Fj,O,FS,2,F4 1 0,F5,2,S~3,0) 
1~10 70 FO~MAT('O',i2Fo,1,/12Fo,1) 
1Q1S qo FORMATCI3,I~,F15,3) 
1420 STOP 
1Ql0 END 
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APPENDIX F : TALGRAD LISTING 

TAI.tiRAD FlLt. PAii~ N0 1 1 

10** ~UN *rHOSD~"l/PI.OT~,E 
ZOC TALGNAD COMP U T~S GHAVlTY A~O G~•vlTY G~AUlt~l PN OFILtS O vt~ l~U• 
lOC DIMENSIONAL POLYGONAL CR USS•SECTl UN MOOt~~ 
40 DlMt~SlO~ XXX(~O),XX(i00),XC"O),l(40), H(40 ) 1 A(4 0 ) 1 ~(4 0 ) 1 
SO 6S(40) 1 U(40),V(40),T(40),"(40),uG(4 0) ,GTCC1 U,i00) 1 GTT(10 ,ZO U), 
00 'BA(cOO),H(l0) 1 Dt.LGTZ(i00),0tLulXCc00) 
70 OIMENSlON G(ZOO)~XHGCZUO),.S(Z UO ) 
75 DIMENSION DtLGTZPCZOO) 
80 PRINT ,"K,OEI.X,DfLZ 1 ZHAX" 
90 RtAO 10, K,DELX,DEI.l,Z~AX 
100 10 FUHHAT(V) 
110 oo zo · Mzl,K 
120 20 XX(M)CDtLX*(~•l) 
llO PRINT ,"NPU~Y" 
140 HEAD JO,NPOLY 
1~0 30 FOHMAT(V) 
1b0 PRINT 40 
170 40 FORMATC'DlMENSlON IN KFT(TYPE 1) OH MlTlHS(TYPt 2)') 
180 HEAD SO,NN 
190 50 fOHHAT(V) 
ZOO If(NN,fQ,l) C•4,0o7 
210 IF(NN,EQ,Z) C•l3,34E•l 
zzo 00 .10 11•1,10 
230 DO 00 NG•1,200 
240 oU GTT(lt,NG)•O,O 
250 70 CONTlNU~ 
zoo HCn•o,o 
270 DO 1000 11•1,10 
260 00 2q5 ~al,NPOI.Y 
283 PHlNT 7j,L 
285 7l FCHMATC'POLYGON••',lc/) 
2YU PHINT; "D~I.RO,N" 
l OO READ so, DELRD,N 
310 80 f'OioCMAT(V) 
l20 PRINT ,"X1,ll,,,,.,x~,Z~" 
330 HtAO 10U,(XXX(M),l(M), M~1,N) 
l~O 100 FORMAT( V) 
350 lf(ll 1 GT 1 1) GO TO lij; 
lbO P~lNT 11 0 
370 110 FORMAT(//cSX,•STATlONS POLYu, ~lOES U ~ NS ITY./) 
3~ 0 P~INT lZ O, K,NIOti.RO 
3~0 120 f'ORMAT(ll O,IlO,F20 1 0//) 
400 PHlNT 1l0 
410 130 F ORMAT (21 X 1 bHVERT~X 1 7X,12MOISlANCE ,qx,~HD~PTH ) 
420 PRINT l4 0 ,(M 1 XXX(M) 1 l(M) 1 Mat 1 N) 
4l0 1QO FOHMAT(I25,2F20,b) 
Q40 1q5 ~N•N+l 
450 XXX(NNJ:XXX(l) 
4b0 l(NN):Z(l) 
470 15 0 ou lbO Nu ct,2oo 
~~0 1b0 GTC(Jl,NG)aO,O 
4~0 DO 2qO N~=l,K 
~ 00 OU 170 l=l, NN 
510 X(l):XXXCl)•XX(NG) 
~iO 170 CU NTI NU t 
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TAL~RAD CO~T 

530 oo zeo J•l,N 
540 JJaJ+l 
550 W(J)aXCJ>••c+(Z(J)+M(ll))**2 
5b0 R(JJ):X~JJ)••Z+(i(JJ)+H(ll))**C 
570 A(J)•X(JJ)•X(J) 
560 BCJ>•Z<JJ)•l(J) 
590 S(J)•X(J)•(Z(JJ)+H(ll))•XCJJ)•CZCJ)+~Cll)) 
bOO U(J)•ACJ)**Z + B(J)**Z 
blO V(J)•0 1 5*ALOG(H(JJ)/H(J)) 
b20 T(J)aX(J)•XCJJ)+(Z(J)+HClll)•(ZtJJ)+HCll)) 
olO lF(S(J)) 180,250,200 
ouo 180 IF(TCJ>> tqo,zlo,22o 
b50 tqo ~(J)a•l,lQ15927 + ATA~(S(J)/T(J)) 
bbO GO TO 2b0 
o70 200 l~(T(J)) 210 1 240,220 
bMO 210 •(J)al 1 141§927 + ATAN(S(J)/T(J)) 
o90 GO TC 2b0 
700 220 "(J):ATAN(S(J)/T(J)) 
710 GO TO 2b0 
720 230 W(J)a•1,57079b 
730 GO TO 2b0 
7ij0 240 ~CJ>c1,~7079o 
750 GO TO 2b0 
7b0 250 W(J)aO,O 
770 ZoO GG(J):(S(J)IUCJ))•CBCJ)*V(J)•A(J)•~CJ)) 
780 270 GPA•c•DlLRO•GG(J) 
790 GTCCiltNG)aGTCCll,~G)+GPA 
800 280 CONTINUE 
810 GTTCII,NG)aGTTCil,NG)+GTCC1I 1 NG) 
820 G(NG):GTTCII,NG) 
ijlO 290 CONTINUE 
ij40 295 CONTINUt 
850 PHlNT 300, H(ll) 
6b0 300 fORMAT('OO YOU WANT TO Pkl~T Gl ~OR ~:',fb 1 2,'••YlS(1),~U(l)'~ 
ij70 RlAD lO,MM 
880 l~(M~ 1 lY 1 2) GO TO lOS 
890 P~lNT ltO, "Cll) 
900 310 FORMAT(//'•••••ELtVATION c ,,f10 1 o,'•••••'/l) 
910 PRINT l20 
920 320 FUR~AT(1SX,'STATlUN' 1 lOX,•x•,10X,•GzCXl'rll) 
910 DO 1500 Nu=1 1 K 
940 1500 PRI~T llO,NG,XX(N~),GTTtll,~u) 
9SO 330 FO~MATC17x,Il,~X,F10 1 b,SX,F10,o) 
9b0 105 CUNTINUE 
9b1 ~~lNTt ~00 YOU wA~l PLOTS Of ~RAVllY PHOF1~~S••Yt5(1), ~U(c)" 
9bc RtAO 10, NN 
9o3 lF(~~.~U,c) GO TO j33 
970 P~INT lll,MCll) 
9ij0 lll FO~MAT('PLOT G~AVITY PROFILl fOR H~f~~~,ZI) 

990 CAL~ P~OTi(XX,u,~) 
1000 lll lf(M(ll),G~,Z~AX) GO TO )ij0 
1010 H(ll.1)~~(ll)•DtLZ 
1020 1000 CO~TlNUt 
lOlO 340 P~l~T 350 
1040 )50 fU~~AT('DO YOU ~ANT T~ CALCULAT~ GHAVllY ~NADltNTS 
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TA~GRAO CO~T l 

lOSO &TYPt 1 FOR YES, Z fO~ NO') 
1000 HlAO j&O, NGHAU 
1070 jbO FOH~ATC~) 
1080 lFC~GRAO,EU,i) GU TO 5000 
1090 lo~ PRl~T 370 
1100 l70 FOR~AT(!lN~UT DESlHEO INCRl~f~T VALUtS FOR HOHIZONTA~ AN U'/ 
1110 ,.VfRTICA~ GRADI~NT VA~UtS, UtLXX AN D DlLlZ, lN l~CRE~ENTS'I 
lllO ••oF DE~X AND DELZ•••') 
1130 READ 360, DtLXX, Ot~ZZ 
11~0 l80 fOH~ATCV) 
1150 lX•Of~XX/OELX 
11o0 I~(Ot~l,EQ,O,O) GO TO 505 
1170 lZ•OtLlZIOt~Z 
1180 DO i500 NG•l,K 
1190 ZSOO Ot~GTZ(~G)c(GTTCl,NG)•GTTCil+l,NG))/OtLll 
llOO PRI~T 390 1 D~LZZ 
ll10 )90 FORMAT('•••••OtLTA•Z c ',F10 1 b/115X,'STAT10N' 1 10X,'GZ 1 L'/I) 
1ll0 DO ~OO . NG=t,K 
1Zl0 ijQO PRl~T ~OO,NG,XX(NG),DELGTZ(Nu) 
ll~O 500 FOH~AT(17X,lj,8X,F10,o,5X,F10 1 b) 
ll50 PRINT 502 
lloO 502 fOR~AT('P~OT VERTICAL uRAOitNT PR O fiLE~') 
1Z70 CALL PLOTZ(XX,OlLGtZ,K) 
1c80 505 PRI~T ~10 
1l90 510 FOR~AT({lNPUT VALUE OF H ~OR ~HlCH TMt HOHIZ O ~TAL GRAOltNT'I 
1300 ,.lS DESlHED IN INCREMENT Of DtLZ') 
1110 HEAO S20,HZ 
llZO ~20 FOR~AT(V) 
1330 NZ&~Z/DE~Z 
ll~o lF(DfLZ.~Q,o,o,OR,HZ,tQ,o,o> NZc1 
1l50 DU - 3000 NG:1,K•lX 
13b0 DtLGTXCNG):(GTTCNZ,lX+N~)•GTT(~l,~~))/ U ~~Xl 
1310 IF(IX+NG+1,GT,K) GU TO 53~ 
1l8o lOOO CO~llNUl 
13qo 5lO PRl~T ~~O,O~LXX 
lijOO ~qo FOR~ATC'•••••O~LTA•X: ',FlO,b//l~X,'5TAllUN',l 0 X, 
1~10 ••Gl,X'II) 
1U20 DO 550 NG:l,K 
1~lo PRI~T ~o0 1 NG,1X+NG,Ot~GTXC~G) 
1~40 XHG(NG)a(XX(lX+NG)+XX(NG))/2 1 

1U50 1F(IX+NG+1,Gl,K) GO TO 5~1 
l"oO 550 CONllNUf 
1470 551 PRI~T 553 
1~80 ~5) FUH~AT(fPLOT MOHIZONTA~ vRAOlt~l PH0~1Ll•·P~OTT~O AT ~~0~01~!5'/ 
1490 ••'OF Df~XX INTEHVALS') 
1500 KKCK•lX 
1~10 tALL ~~UT2CXHG,OlLGTX,KK) 
1~20 soo FOH~AT<l~X,I3,·,·,13 1 bX 1 f10 1 o,~x,F1 0 ,b) 
1~30 PHl~l ~~z 
15qo Sb2 ~OH~AT(~Ou YOU ~A N T GHAOl,NT SPACt AND SU, OF MOD ULUS Of ANA~YTlC'I 
1~50 &,•~tG~AL PLOTS ***lF SO, IX ~UUST tUUA~ C*** Y~S(l), NO(c):) 
l~bO RtAO 5~0, MMM 
1~70 lF(~MM,EU,Z) GO TU ~70 
1580 00 5b5 I•1,K 
l~qo D~~GTZP(l)•OlLGTZC1+1) 

F3 



TAL.CIRAD CO~T FlL.~ PAGl N0 1 

lbOO 
lbl 0 
lblO 
lblO 
lbijO 
1t>!;,O 
lbbO 
1b70 
1b80 
1o90 
1700 
1710 
17ZO 
1730 
174f0 
1750 

IFCt+1,~QeK•1) GO TO SoT 
5o~ CONTlNUt 
5o7 CONTINUE 

DO 5b8 l•l,KK 
5o~ AS(t)• OEL.GTX(l)**2 + DtL.GTZPCl)**Z 

CA~L PL.OT2CDtLGTZP,O~LGTX,KK) 
CALL. PL.OTZ(XHG,AS,KK) 

570 CONTINUE 
PR1~T ,ROO YOU ~A~T TU HECAL.CULATe ~HAPltNTS 
PRl~t, ROEL.XX AND DEL.ZZ YfS(l), ~O(i)" 
RE.AO 580, NI'IIN 

580 FORMAT(V) 
1FCNNN;EQ 1 l) GO TO l•S 

5000 . CONTlNUE 
STUP 
ENb 
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APPENDIX G: HILBERT LISTING 

HILBERT 

~UN *JR050441l/PLOTS,t 10*~ 

zo 
:so 

OIHENSIO~ T(100),M(100) 1 X(\OO) 
Ol ... tNSlUN AClOO) 

40 
4~ 

50 
oo 
70 
90 
100 
110 

RI:.AD iO,t-4,0E.LX 
X(1p:,5•DE.LX 
00 1 I:aZ,t-. 

7 XCI)aX(l•l) t DtLX 
RtAD 10, CTC1) 1 Icl,N) 

10 FORHAT(V) 
DO 20 t:at,N 

C&I.L H1L~~T(T,N,H 1 A) 
ZO CONTINUE . 

PRINT 2~ 
120 
llO 
1~0 
150 
lt>O 
110 
180 
190 
zoo 
l10 
ilO 13 
ZlO 
240 
250 

25 FO~MAT(10x,~X",1ZX,•Gz,x•,tzx,•GZ,l",l2X,"A") 
PRINT - lO,CX(l),T(l),H(l),A(1) 1 1~1,N) 

lO FORMATC5X,F10,4,F15,8iF1~,8,F15,8) 
PRINT, "DO YOU wANT GRADIENT PkO,lLtS Y~SC1) 1 NOCZ)• 
RfAD l 0, Ml'l 
lF(MM,EQ,l) GO TO ll 

CALL PLOT2(X 1 H,N) 
CALL PLOT2(x,T,N) 
PRI~T, ~oo YOU WANT A GRADIENT SPACE PLOT YES(l), NO(Z)" 
HEAD 10, NN 
lF(NN,EY,c) 00 TO 35 
CA(L. PLOT2(H,T,N) 

lt>O 
l70 
l80 

lS PRINT, "DO YOU ~A~T A PLOT OF THE MODULUS OF TH~ ANALYTIC 
' SIGNAL Y~S(l), "0C2)M 

2'10 
ZYS 
300 
110 
.szo 
:uo 
l40 
150 
loo 
370 

READ 10, LL 
IFCI,.L,eU,2) uO TO QO 

CAL.~ PLOT2(X,A,N) 
STOP 

END 
SUB~OUTl~l:. Hl~~~l(T,N,~,A) 

DIMENSION t(l),H(1),A(1) 
OU '!) t:t,N 

~ TCN+2•I):T(~+1•1) 
l(l):O 
T(N+2)C0 
OU LIO l!:1tN 
l'l(l)iiO 
J:1 

lt!O 
lC,O 
4100 
cuo 10 1F(J 1 tY 1 (N~l+1)) bO TO 20 

1'4(1):1'4(1)+(l(l+J+1)•(J+1)•l(I+J+c)*J)•A~OG(1,•1,1J) 

JaJ+l 
4C!O 
'llO 
440 
4~0 

400 
470 
4ij0 
490 
500 
510 
520 
SlO QS 
540 

uU TO 10 
co J•l 
!0 1F(J 1 EU,l) GO TO "0 

H(l)!:M(l)+ClCl•J)•J•T(1•J+1)*(J+l))*ALOGCl 1 +1 1 /J) 
JOJ+l 
GO TO .SO 

~0 ~(l)=HCl)/.S 1 141~q3 

HILBERT 

DO 45 I:t,N 
TCI)=TCI+l) 
ACl):aT(l)**i + M(l)•*Z 
RETUHN 

CO~T 

sso t.,.o 

Gl 

1 



APPENDIX H: SEISDIG, SEISPLOT , 
REFI NT , AND DOMER LISTINGS 

LIS 
10 ItHT SEISDI G 1 
20 REHttttttttttttt.ttttttttttttttttttittttttttttttttttttttttttittiitt 
30 REHttt THIS PROGRAM IS DESIGNED TO REDUCE SEISMIC REFRACTION ttttt 
40 REMttt OSCILLOGRAPH RECORDS, AND WRITE THE RESULTIHG TIME- ttttt 
50 REMttt DISTANCE INFORMATION TO A MAGNETIC TAPE ttttt 
60 REMtt*ttttttt.ttttttttttttttttttttttttttttttittt.tttttttttttttttittt 
100 PAGE 
110 PRINT "INPUT FROM THE KEYBOARD IDENTIFICATION OF DATAP 
129 PRINT "THIS INFORMATION MUST BE 72 CHARACTERS OR LESS • 
130 INPUT X$ 
140 DIM G<24 >,T <24> 
150 PRINT "INPUT COORDINATE OF SHOTHOLE IN FEET.• 
169 INPUT Sl 
170 PRINT ''INPUT DISTANCE FROM SHOTHOLE TO GEOPHONE NEAREST IT." 
180 PFIHT "NOTE--USE NEGATIVE I IF MOVING FROM HIGH FOOTAGE TO • 
190 PRIHT "LOW FOOTAGE.• 
299 IHPUT G<U 
210 PRINT •KEY IH THE SHOTHOLE DEPTH• 
220 INPUT D2 
230 G<1)=G<1>+S1 
240 PRINT "INPUT THE SPACING BETWEEN GEOPHONES--USE NEGATIVE VALUE" 
250 PRINT "IF MOVING FROM HIGH FOOTAGE TO LOW FOOTAGE." 
260 INPUT S 
279 REMtttttttttttttttttttttttittttttttttttttttitttttttttttttttttttt.t.tt. 
280 REMttttt INITIALIZE OSCILLOGRAPH RECORD ttttttttttttt.tttttttttttttt 
299 REMttt.tttttttttttttttttttiiittttttttttitttttttitttitttttttt.tttttttt 
300 PRit~T "DIGITIZE THE TIMING LINE JUST PRECEDING THE TIME BREAK" 
319 INPUT @8:Tt,D,Dl 
320 PRINT •c;" 
339 PRINT •DIGITIZE THE TIMING LINE OCCURING 298 Msec LATER" 
340 INPUT P8:T2,D,Dl 
358 PRIHT •c;• 
368 T3=299/(T2-T1> 
378 PRINT •DIGITIZE THE TI"E BREAK• 

389 IHPUT @8: T8, D, D$ SEISDIG 2 390 PRINT "Ci" 
400 PAGE 
410 PRINT "DIGITIZE THE FIRST ARRIVALS OFF OSCILLOGRAPH RECORD" 
429 PRINT " 1. PRESS WHITE BUTTON NORMALLY.• 
430 PRINT " 2. PRESS BUTTON 11 IF A TRACE IS SKIPPED" 
440 PRINT " 3. PRESS BUTTON 12 TO REDIGITZE THE PRECEDIHG POINT" 
459 PRINT '' 4. PRESS BUTTON 13 TO DIGITIZE LAST POINT• 
469 H=1 
479 PRINT @32,26:2 
480 PRINT "DIGITIZE TRACE I •;N 
499 IHPUT @8:T<N>,Y,Z$ 
509 PRINT "GGG" 
510 T<N>=<TCN>-T9>tT3 
520 IF Z$="2" THEN 600 
539 IF Z$="4" THEN 489 
540 IF Z$=''8 '' THEN 569 
550 GO TO 579 
569 G 0~ >=GOD +S 
579 G<N+t>=G<H>+S 
580 N=t~+ 1 
599 GO TO 480 
609 REMttttttttttttttttttttttttttttttttttttttttttttttttttttttttttt.rttt 
610 REHttttCORRECT DISTANCES FOR SHOTHOLE DEPTH USING PYTHAGOREANtt.ttt 
629 REMttttTHEOREM APPLIED TO FIRST FOUR GEOPHONES AND THEN ttttt 
630 REMtitiLIST THE TIME DISTAHCE INFORMATIOH 
649 REMiitiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitiitiitti** 
659 D3=D2t2 
660 FOR 1=1 TO 4 
670 L1=ABS<S1-G(I))t2 
680 IF S>9 THEH 718 
690 G<I>=S1-SQR<Ll+D3) 
708 GO TO 729 
719 G<I>=Sl+SQR<L1+D3> 
729 HEXT I 

Hl 



739 PAGE 
740 Y$=" • 
750 Y$=Y$S.Y$ 
760 P=LEN<X$ ) 
770 0=36-P/ 2 
780 YS=REP<XS,O,P) 
790 PRINT Y$ 
800 PRIHT @32,26:9 
810 A$=''TRACE HO." 
820 B$="DISTANCE'' 
830 Ct="TIME<Msec>" 
840 PRINT A$,B$,C$ 
850 PRINT "------------------------------------------------------------" 860 PRINT 
870 FOR I=1 TO N 
S80 PRINT I,G<I>,T<I> 
890 NEXT I 
900 INPUT l.J$ 
910 PAGE 
920 PRINT "WOULD YOU LIKE TO REDIGITZE ANY OF THE POINTS?" 
930 INPUT Q$ 
940 IF Q$="N '' THEN 1040 
950 PRINT ''WHICH POIHT NO." 
960 INPUT I 
970 PRINT "DIGITIZE THE POIHT• 
980 IHPUT @8:T<I>,Y,Z$ 
990 J(I)=<T<I>-T0)tT3 
1000 GO TO 920 
1010 REM**************************************************************** 
1020 REMtttttSTORE DATA ON MAGNETIC TAPE******************************** 
1030 REM**************************************************************** 1040 PAGE 
1050 PRIHT "WOULD YOU LIKE TO STORE THIS TIME-DISTANCE IHFO OH TAPE?'' 
1060 IHPUT Q$ 
1879 IF Q$=•H• THEN 1169 

SEISDIG 3 

SEISDIG 4 (Last} 

1088 PRIHT •wHICH FILE I WOULD YOU LIKE TO STORE DATA OH?• 
1098 IHPUT F1 
1100 FIND Fl 
1110 WRITE @33:X$ 
1120 WRITE @33:N 
1130 FOR 1=1 TO H 
1149 WRITE @33:G<I>,T<I> 
1150 HEXT I 
1169 END 
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LIS 
1 HIIT 
3 S9=0 
4 L9=1.636363 
5 LS=l 
6 DIM T(50 >,D <50> 
7 REM : TO USE THIS PROGRAM FOR PAPER PLOTS - SET CORNERS ON PLOTTER 
8 REM : TO DEFAULT UALUES OF 19'' BY 15" - IT IS DESIGNED TO PLOT 
9 REN : At~ ~ AXIS OF 7" AND A Y A~ IS OF 5" ON PAPER WHICH IS 8"x 19.5" 
10 REM : IN SIZE - WHEN MOUNTING PAPER OH PLOTTER SET LEFT EDGE OF 
11 REM : PAPER IN LINE WITH THE SCREWS ON THE LEFT HAND SIDE OF THE 
12 REM : PLOTTING SURFACE 
19 PAGE 
20 PRitH "KEY IN THE PROPER tt TO PERORt1 THE IHDICATED FUtKTIOW 
30 PRINT " 1 ENTER DATA" 
40 PRINT " 2 CHANGE OR ADD DATA" 
50 PRINT " 3 PLOT DATA AND LABEL AXES " 
60 PRINT " 4 CHOOSE BETWEEN PAPER OR CRT PLOT " 
61 PRINT " 5 DISPLAY DATA" 
62 PRIHT u 6 SELECT SYMBOL" 
69 PRIHT " 7 STORE DATA ON TAPE" 
70 PRINT " 8 READ DATA FROM TAPE" 
71 PRIHT " 9 STOP PROGRAM" 
80 PRIHT "INPUT THE APPROPRIATE HUMBER" 
85 DIM T<50>,D<50) 
90 IHPUT t11 
95 PRINT @1,17:1,1.636363 
100 GO TO Ml OF 139,320,430,520,229,1559,1610,1800,1539 
110 DIM T<59),DC59> 
120 PAGE 
130 PRIHT "INPUT TIME DEPTH VALUES, END LIST WITH TIME LESS THAH ZERO ~ 
149 J1=1 
159 PRINT •DISTAHCE<";J1J•) = •; 
169 IHPUT T<Jl > 
162 IF T<J1)(9 THEH 219 

SEISPLOT 1 

179 PRIHT "Tit1E<•;Jt;"> = "; SEISPLOT 2 
180 INPUT D<Jl> 
190 Jl=J1+1 
200 GO TO 150 
210 J1=J1-1 
220 PAGE 
239 ES=•POINT NO." 
240 D$="TIME <MSEC)" 
250 FS="DEPTH <MSEC>" 
260 PRINT ES,FS,D$ 
270 PRINT 
280 PRINT 
290 FOR I=t TO J1 
300 PRINT I,T(l),D( I ) 
310 t~E XT I 
320 PRINT ''WOULD YOU LIKE TO CHANGE OR ADD ANY POIHTS (ANSWER Y OR N> ?? '' 
330 INPUT Q$ 
340 IF Q$="Y'' THEN 360 
350 GO TO 19 
360 PRINT •KEY IN THE POINT NO." 
370 INPUT I 
380 PRINT "KEY IN THE CORRECTED OR ADDED POINT VALUES" 
390 INPUT T<I >,D<I > 
400 IF I<J1 THEH 420 
410 Jl=I 
420 GO TO 220 
430 PAGE 
440 PRIHT ''WHAT ARE X AND Y SCALE FACTORS?• 
450 INPUT X2,Y2 
451 X1=7*X2 
452 't1=S*Y2 
469 PRINT "WHAT IS THE X LABEL?" 
479 INPUT X$ 
489 PRIHT "WHAT IS THE Y LABEL?" 
499 IHPUT Y$ 
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509 PRIHT "WHAT IS THE BORIHG HOLE HUMBER?~ 
519 INPUT B$ 
520 PRINT ''FOR PAPER PLOT TYPE 1; FOR CRT PLOT TYPE 32• 
530 INPUT H0 
535 PRINT '' WOULD YOU LIKE TO PLOT THE AXIS <AHSWER Y OR H) " 
536 INPUT C$ 
540 PRINT @1~17:1,1.636363 
541 PRINT '' WOULD YOU LIKE TO PLOT OH GRAPH PAPER <ANSWER Y OR H>• 
542 INPUT G$ 
543 IF G$= ''N" THEN 550 
544 PRINT "MOUE PEN TO ORIGIN AHD PRESS CALL BUTTON OH PLOTTER" 
545 INPUT @1,27:X3,V4,G$ 
546 X4=~3+70 
547 '•'3='.'4+50 
548 GO TO 640 
55fl ~3=18 
560 X4=8S 
570 Y3=61 
580 V4=11 
590 GO TO 640 
60fl X3=45 
610 ~4=105 
620 '(3=85 
630 Y4=15 
640 PAGE 
650 UIEWPORT X3, X4,Y4,Y3 
660 WIHDOW 0,X1,0,Y1 
665 IF C$="H" THEN 680 
670 AXIS @H0:X2/ 2,Y2/ 2 
675 AXIS @H0:X2, 2,Y2/2,Xl,V1 
689 GOSUB 1399 
690 REMARK 
799 REMARK TIC LABEL SECTION 
795 IF C$z"y• THEN 729 
797 GO TO 1331 

719 REMARK 
729 FOR 1=9 TO Xl STEP X2 
739 WINDOW e~X1,9,Y1 
740 MOVE @t~0: I, 0 
750 IF 1=0 THEH 790 
760 L1 =LGT< P 
770 L1=IHT CL1+1.0E-3 )+1 
780 GO TO 800 
790 L1 =1 
800 SCALE 1~1 
810 RMOUE @Hfl:-L1 / 2*L8-L8,-L9 
820 PRitH @N0: I 
830 NEXT I 
840 WINDOW 0,Xt,0, Y1 
850 UIEWPORT X3,X4,Y4,Y3 
860 MOUE @N0:Xl / 2,0 
870 SCALE 1~1 
880 RMO UE @H0:0,5 
890 t·l=LEtHX$) / 2 
900 RMOUE @N0:-L8*M,-6*L9 
910 PRINT rme:X$ 
920 FOR J=0 TO Y1 STEP Y2 
930 WI NDOW e,Xt,e,vt 
940 t10l)E I!N0:0,J 
950 IF J=0 THEN 990 
960 L2=LGT<J) 
970 L2=IHT CL2+1.0E-3> 
989 GO TO 1099 
990 L2=9 
1090 SCALE 1,1 
1019 RMOUE @H9:-LS*<L2+3),-9.5*L8 
1 029 PI<I tH @H9: J 
1030 NEXT J 
1040 REMARK 
1959 REHARK*****Y AXIS***** 

H4 
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1868 REMARK 
1870 WIHDOW 0,X1,8,Y1 
1880 MOUE @H0:0,Y1 / 2 
1098 SCALE 1,1 
1100 L=LEH\Y$) / 2 
1110 IF H0=32 THEH 1148 
1120 RMOUE @H0:-4tL9,-L 
1130 GO TO 1150 
1140 RMOUE @H0:-5tL9,Lt2 
1150 FOR 1=1 TO LEHCY$) 
1168 A$=SEGCY$,1,1) 
1170 PRINT @N0,25:90 
1180 PRINT @H0:AS; 
1190 IF H0=32 THEN 1220 
1219 GO TO 1239 
1220 RMOUE @N9:0,-2.82 
1238 HEXT I 
1240 HOME 
1250 REI1ARK 
126e REMARKtttttttttPRIHT THE TITLEttttt1800 REMARK 
1278 WINDOW 0,X1,9,Y1 
1280 MOUE @H9:X1/2,Y1 
1290 SCALE 1,1 
1300 cs=ta 
1319 RMOUE @N0:LSt<-LENCC$)/2),4tL9 
1320 PRINT @N0,25:8 
1330 PRINT @H0:C$ 
1331 WINDOW 9,159,9,198 
1332 UIEWPORT 0,150,0,188 
1333 MOUE @1:X3,Y4 
1340 INPUT 2$ 
1350 GO TO 19 
1368 REMARKttttttttttttttttttttttttttttttttttttttttttt 
1370 REMARK PLOT DATA POINTS WITH TRIANGLES 
1389 REMARKttttttttttttttttttttttttttttttttttttttttttt 
1399 WIHDOW 0,Xt,0,Y1 
1498 VIEWPORT X3,X4,Y4,Y3 
1418 MOUE @N0:0,0 
1428 FOR I=1 TO J1 
1430 MOUE @N0:T<I>.DCI) 
1440 DRAW @N0:TC1)~0Cl) 
1450 S1=X1/70t1.25 
1460 S2=Y1/70t1.25 
1461 IF S9<>1 AND S9<>2 THEN 1510 
1462 IF S9=2 THEH 1502 
1470 RMOUE @N0:S1/2,S2/3 
1480 RDRAW @H0:-S1/2,-S2 
1490 RDRAW @H0:-S1/2,S2 
1500 RDRAW @H0:S1,0 
1501 GO TO 1519 
1502 REM::::::::: PLOT SQUARES:::::::::::::::: 
1593 RMOUE @H9:S1/2,-S2/2 
1504 RDRAW @N9:0,S2 
1505 RDRAW @H0:-S1,0 
1506 RDRAW @N0:9,-S2 
1507 RDRAW @H0:S1,0 
1510 NEXT I 
1528 RETURN 
1530 EHD 
1540 IF H9=32 THEN 1189 
1550 PAGE 
1560 PRINT ''CHOOSE AND KEY IN THE APPROPRIATE SYMBOL HO." 
1570 PRIHT " 1 FOR TRIANGLE" 
1588 PRINT II 2 FOR SQUARE'' 
1599 IHPUT 59 
1689 GO TO 19 
1610 REM: STORE DATA OH TAPE 
1620 PRINT "TYPE IN IDENTIFICATION" 
1630 INPUT H$ 
1649 PRIHT "IHPUT FILE I THAT YOU WAHl DATA STORED OH" 

HS 
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SEISPLOT 7 (Las t) 

1659 INPUT F3 
1668 FIHD F3 
1670 t.IR ITE H$ 
1680 t.IR ITE J 1 
1690 FOR L=l TO J1 
1700 WRITE T<L >,D <L> 
1710 NEXT L 
1720 GO TO 19 
1800 REM: READ DATA FROM TAPE 
1810 PRINT ''INPUT FILE I DATA IS TO BE READ FROM" 
1820 I t~PUT F3 
1825 FIND F3 
1830 READ @33! N$ 
1840 READ @33:J1 
1850 FOR L=1 TO Jl 
1860 READ @33:T <L>,D<L) 
1870 t~EXT L 
1880 GO TO 19 

LIS 
90 DIM X<4 ~ 2 ) ,U(4~2 > ,D C 4,2>~S1<2>,Af < t > ,U2 < 4>~T<4,2) 
100 PRIHT "WOULD YOU LIKE TO PROCESS BOTH A FORWARD AND REVERSE LIHE?" 
110 IHPUT A$ 
120 IF A$:uy• THEH 190 
130 F1=1 
14e PRINT "IS THE LINE BEING PROCESSED FORWARD OF REVERSE <TYPE F OR R>" 
150 INPUT At 
16e IF AS="F" THEH 200 
170 F1=3 
180 GO TO 200 
190 F1=2 
200 PRINT ''TYPE IN LIHE IDENTIFICATION" 
21e INPUT Bt 
220 PRINT ''DIGITIZE THE FOLLOWING INFORMATIOH FROM THE T-D PLOT" 
23e PRINT "JJDIGITIZE THE ORIGIH" 
240 INPUT @8:A0,B0,M$ 
250 PRINT "Ci" 
26e PRINT "JDIGITIZE THE RIGHTMOST POIHT OH THE HORIZONTAL AXIS" 
270 INPUT @8:A2,B2,M$ 
280 PRINT "G" 
290 PRINT "JDIGITIZE THE HIGHEST POIHT OH THE VERTICAL AXIS" 
300 INPUT @8:A4,84,M$ 
3Ul PRINT "Ci" 
320 REMARK:****************************************************** 330 REMARK: IHITIALIZE VARIABLES 
340 REMARK:****************************************************** 350 l1=0 
360 L2=0 
370 FOR 1=1 TO 4 
380 FOR J=1 TO 2 
390 X <I, J)=0 
409 tJ<I,J>=0 
419 T<I, J)=9 
429 D<I,J>=9 
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439 HEXT J 
449 HEXT I 
459 IF F1=3 THEH 490 
469 PRINT '' HOW MANY LAYERS ARE ASSOCIATED WITH THE FORWARD LINE?" 
470 INPUT l1 
489 IF F1=1 THEN 520 
499 P~INT "JHOW MANY LAYERS ARE ASSOCIATED WITH THE REVERSE LINE?• 
see INPUT L2 
510 IF F1=3 THEN 630 
S20 PRINT "JDIGITIZE CRITICAL DISTAHCES OH THE FORWARD LINE" 
539 FOR 1=1 TO L1 
5413 IF I=L1 THEH 570 
sse PRINT "JDIGITIZE CRITICAL DISTAHCE I";I 
S60 GO TO 580 
570 PRINT ''JDIGITIZE ANY POINT ON THE HIGHEST FORWARD UELOCITY LINE" 
580 INPUT @S:X<I,l>,T<I,t>,Mf 
590 PRINT "G" 
6BB t~EXT I 
610 IF F1=1 THEN 729 
620 PAGE 
630 PRINT "DIGITIZE CRITICAL DISTANCES OH REVERSE LINE: u 
640 FOR 1=1 TO L2 
650 IF I=L2 THEN 689 
669 PRINT •JCRITICAL DISTANCE t•;I 
670 GO TO 699 
680 PRINT "JDIGITIZE AHY POINT ON THE HIGHEST REVERSE VELOCITY LINE" 
699 INPUT @8:X<I,2>,T<I,2>,M$ 
708 PRINT "G" 
719 NEXT I 
729 PAGE 
739 IF F1=3 THEH 789 
740 PRINT •FROM THE KEYBOARD ENTER THE FOLLOWING INFORMATION:" 
759 PRINT "JJDISTANCE OF FORWARD SHOTPOIHT FROM ORIGIN• 
760 I HPUT S 1< 1> 
779 IF Fl=1 THEH 819 

789 PRINT •JDISTAHCE OF REVERSE SHOTPOINT FROM THE ORIGIH• 
790 IHPUT S1<2> 
809 IF F1=3 THEN 840 
810 PRINT "INPUT THE FORWARD SHOTHOLE DEPTH• 
829 IHPUT D8 
839 IF F1=1 THEH 860 
849 PRINT "INPUT THE REVERSE SHOTHOLE DEPTH• 
850 INPUT 09 
860 A1=9 
879 81=9 
SSe PRIHT "JTHE MAXIMUM VALUE OF THE HORIZONTAL AXIS" 
890 INPUT A3 
909 PRIHT "JTHE MAXIMUM VALUE OH THE VERTICAL AXIS" 
910 It~PUT 85 
920 A=A2-A9 
930 8=84-80 
940 REMARK*****************tttttttttttttttttttttttttttttttttt 
950 REMARK: FORWARD CALCULATIONS MADE IN THE NEXT SECTION 
960 REMARKtttttt******************ttttttttttttttttttt******** 
970 IF F1=3 THEN 1060 
989 FOR I=1 TO L1 
990 X<I,1>=<X<I,1>-A0)/At<A3-A1> 
1900 T<I,1>=<T<I,1>-99)/Bt<85-81> 
1010 X<I,l>=ABS<X<I,1>-S1<1>> 
1020 NEXT I 
1930 REMARK:ttttttttttt*tttttttttttttttttttttttttttttttttttttt 
1049 REMARK: CALCULATIONS FOR REVERSE LINE 
1959 REMARK:tttttttttttttttttttttttttttttttttttttttttttttttttt 
1969 IF F1=1 THEH 1159 
1079 FOR 1=1 TO L2 
1089 X<I,2 )=<X<I,2>-A9)/At<A3-A1> 
1099 T(I,2>=<T<I,2>-89)/Bt<BS-B1> 
1199 X<I,2>=ABS<X<I,2>-S1<2>> 
1119 HEXT I 
1129 RE"ARK:************************************************** 
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1139 REMARK: COMPUTE VELOCITIES 
1149 REMARK:tttttttttttttttttttttttttttttttttttttttttttttttttt 
1159 FOR I=1 TO 2 
1169 IF F1=3 AND I=1 OR <F1=1 AHD 1=2) THEN 1189 
1170 UC1,I>=<X<1,1)-A1>/(T(1,I>-B1>t1999 
1199 NEXT I 
1190 IF F1=3 THEN 1240 
1290 FOR 1=2 TO L1 
1219 U<I,1>=CX<I,1>-X<I-1,1))/(TCI,1>-T<I-1,1>>t1990 
1229 NEXT I 
1230 IF F1=1 THEN 1280 
1240 FOR I=2 TO L2 
1250 U<I,2 >=<X<I,2>-X<I-1,2))/(T(I,2>-T<I-1,2>>t1000 
1260 HEXT I 
1270 REMARK:tttttttttttttttttttttttttttttttttttttttttttttttttt**** 
1280 REMARK: COMPUTE DEPTHS 
1299 REMARK:tttttttttttttttttttttttttttttttttttttttttttttttttttttt 
1389 IF F1=3 THEN 1380 
1319 D<1,1 >=X<1,1) / 2tSQR<<V<2,1>-U<1,1>>/(V<2,1)+U<1,1)))+D8, 2 
1329 IF L1=2 THEN 1370 
1330 DC2 ,1>=5/ 6tD<1,1>+XC2,1)/ 2tSQR<<V<3,1>-VC2,1 ))/ (U(3,1)+UC2,1>> > 
1340 IF L1=3 THEN 1370 
1350 D1=1 / 6tDC1,1>+3/4tD<2,1> 
1360 DC3,1 >=D1+X<3,1)/2tSQRCCVC4,1>-VC3,1)) /( VC4,1)+V<3,1> >> 
1370 IF F1=1 THEN 1440 
1389 D<1,2>=X<1~2)/2tSQRC<V<2,2>-VC1,2))/(V(2,2>+V(1,2>>>+D9/2 
1399 IF L2=2 THEN 1440 
1400 DC2,2>=5/ 6tD<1,2>+XC2,2)/2tSQR<<V<3,2>-U<2,2>>/C UC3,2>+U C2,2 ))) 
1419 IF L2=3 THEH 1449 
1429 D2=1 / 6tDC1,1>+3/ 4tD<2,2) 
1439 D C 3,2>=D2+XC3,2)/2tSQRC<U<4,2>-V < J,2)) / (VC4,2>+U<3~2>>> 
1449 REMARKttttttttttttttttttttttttttttttttttttttttttttttttttttttt 
1459 REMARK: OUTPUT SECTIOH RESULTS ARE HOW COMPLETE 
1469 REMARKttttttttttttttttttttttttttttttttttttttttttttttttttttttt 
1478 IF Ll<>L2 OR F1=1 OR F1=3 THEN 1548 

1489 REMARKttttttttttttttttttttttttttttttttttttttttttttttttttttttt 
1499 REMARK: COMPUTE TRUE VELOCITIES 
1590 REMARK:tttttttttttttttttttttttttttttttttttttttttttttttttttttt 
1510 FOR 1=1 TO L1 
1520 V2<I>=2tV<I,t>tU<I,2>/<VCI,1>+VCI,2>> 
1530 NEXT 1 
1540 PAGE 
1550 PRINT 8$ 
1560 PRINT "J• 
1570 PRINT " FORWARD REVERSE" 
1589 PRINT USIHG 1599: 
1599 IMAGE 11X," _______ ",2SX,• _______ • 
1609 PRINT "J" 
1610 PRINT USIHG 1620: 
1620 IMAGE 22X,"THE CRITICAL DISTANCES ARE:• 
1639 PRINT "J" 
1640 L=L1 
1650 IF Ll >L2 THEH 1670 
1660 L=L2 
1670 FOR I=1 TO L-1 
1689 PRINT USING 1690:I,XCI,1>,I,X<I,2> 
1690 IMAGE 11X,"X<",1D,••> =" 1 6D,18X,"X<",1D,"> =",6D 
1709 NEXT I 
1710 PRINT "J" 
1729 PRINT USING 1730: 
1730 IMAGE 22X,"THE APPARENT VELOCITIES ARE:" 
1740 FOR 1=1 TO L 
1759 PRINT USIHG 1760:I,V<I,t>,I,U<I,2> 
1760 IMAGE t1x,uvc",tD,"> =",6D," fps",17x,~v<••,1D,"> =·,6D," fpsu 
1779 NEXT I 
1789 PRINT "J~ 
1799 PRIHT USIHG 1809: 
1890 IHAGE 11X,"THE CALCULATED DEPTHS ARE:" 
1819 PRIHT •J• 
1828 FOR I=l TO L-1 
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REFINT 6 (Last) 
1839 PRINT USING 1849:I,D<I,1 >, I,D (I,2> 
1849 IMAGE 11 X,"DC",1D, "> =",3D.2D ," ft",18X,"D<",1D,"> =•,3D.2D," ft• 
1859 HEXT I 
1869 IF Ll<>L2 OR F1=1 OR F1=3 THEN 1969 
1879 PRINT "J" 
1889 PRIHT USING 1890: 
1899 IMAGE 22X,"THE TRUE VELOCITIES ARE:" 
1999 PRINT "J" 
1919 FOR 1=1 TO L 
1929 PRIHT USING 1939:I,V2<I> 
1939 IMAGE 11 X, •Vc",1D,"> =",6D 
1949 NEXT I 
1950 GO TO 1970 
1960 PRINT "JJTHE TRUE VELOCITIES WERE HOT COMPUTED FOR THIS CAS ED 
1970 Et~CJ 

+ 

LIST 
19 IHIT 
15 REM DOMER(DIGITIZATIOH OF MULTI-EVENT REFRACTIOH DATA>-DEV 
16 REM PROGRAM WILL DIGITIZE PEAK ARRIVAL TIME AHD 1 CYCLE OF 
17 REM EACH EUEHT. IT WILL HANDLE UP TO 5 EUEHTS PER TRACE FOR 24 
18 REM TRACES. CALCULATES FREQ&GROUP VELOCITY AND OUTPUTS IH TABLE 
19 REM GEOPHONES MUST BE EQUALLY SPACED. T/ D PLOT OF PK FOR ALL EUEHTS. 
20 DIH T1 <24>~T2<24),T3<24>,T4<24>,T5<24 > ,D<24) 
30 DIM F1<24>,F2<24>,F3<24>,F4<24),FS<24>,Hl<24>,H2<24> 
35 S9=9 
37 F9=9 
40 Tl=-1 
45 T2=-1 
se T3=-1 
55 T4=-1 
60 TS=-1 
65 Fl=Tl 
70 F2=T2 
75 F3=T3 
80 F4=T4 
90 F5=T5 
110 PRINT "ENTER TITLE• 
12& INPUT T$ 
t3e PRINT DENTER GEOPHONE SPACING'' 
149 INPUT X 
t5e PRINT "ENTER TIME INTERVAL TO BE DIGITIZED" 
169 INPUT R 
179 PRINT "DIGITIZE TIME INTERVAL• 
189 INPUT @8:T8,Z,Z$ 
199 PRINT "G" 
290 INPUT @8:T9,Z,ZS 
219 PRINT •c;• 
229 S6=R/CT9-T8> 
225 PRINT •DIGITIZE ZERO TIME• 
227 INPUT @8:T7,z,zs 
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228 PRIHT •G• 
239 PRINT •ENTER HUMBER OF EVENTS TO BE DIGITIZED" 
249 INPUT H 
259 FOR M=l TO H 
260 PRINT "EHTER STARTING TRACE HUMBER• 
270 INPUT C 
280 FOR K=C TO 24 
290 PRINT "DIGITIZE EVEHTt•;M;" TRACE •;K;" PEAK• 
390 IHPUT @8:T,Z,Z$ 
305 T=<T-T7>*S6 
319 GOSUB 990 
320 PRIHT "DIGITIZE EVEHTt•;H;" TRACE w;K;" LEFT TROUGH" 
330 INPUT @8:L,Z,Z$ 
340 GOSUB 909 
350 PRINT "DIGITIZE EVEHTI";M;• TRACE •;K;" RIGHT TROUGH" 
369 IHPUT @8:R,Z,Z$ 
370 GOSUB 900 
389 P=l/((R-L)*S6) 
385 P=INT<P*19999)/10 
399 GOSUB 699 
400 NEXT K 
410 NEXT M 
429 REM:::OUTPUT DATA 
430 M=l 
440 Hl=T1 
459 H2=F1 
469 GOSUB 899 
479 M=t1+1 
489 IF M>H THEH 599 
499 H1=T2 
599 H2=F2 
519 GOSUB 899 
529 tfzl't+l 
539 IF M>N THEH 599 
548 Hl•TJ 

sse H2=FJ 
569 GOSUB 899 
579 IF M>H THEH 599 
572 H1=T4 
574 H2=F4 
576 GOSUB 899 
579 M=~l+t 
580 IF H>H THEH 599 
582 H1=T5 
584 H2=F5 
586 GOSUB 800 
590 PRIHT "ALL EVENTS PRINTED **HORMAL TERMIHATIOHtt*w 
595 GO TO 4090 
609 REM:::SUBR DATA ARRAY SORT::: 
610 GO TO M OF 639,669,699,729,759 
629 PRINT ''SORT ERROR" 
630 T l<K )=T 
649 Ft(K)=P 
650 RETURN 
669 T2<K>=T 
670 F2 <K>=P 
689 RETURN 
699 T3<K>=T 
700 F3<K>=P 
719 RETURN 
720 T4<K>=T 
739 F4<K>=P 
749 RETURN 
759 T5<K>=T 
769 F5<K)=P 
770 RETURN 
890 REM::::SUBR OUTPUT DATA TABLE:::: 
895 PRIHT • "IT$ 
896 PRIHT • • 
818 PRIHT •EVENT HUMBER •JM 
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812 PRINT 
815 PRIHT • X,ft T,"sec F,hz Ug,ft/s• 
828 PRINT •------------------------------------------------------------• 825 FOR K= 1 TO 24 
830 S=K*X 
835 IF H1 <K> =-1 THEH 869 
836 H1<K >=IHT\H1 <K>*1 9) / l9 
849 lJ=S.·'H 1 < K) 
842 lJ=INT<lJ119099)/19 
845 PRINT S,H1<K>,H2<K>,U 
859 GO TO 879 
869 PRINT S 
870 NEXT K 
875 COP'( 
880 PAGE 
885 GOSUB 2090 
890 RETURH 
900 REM:::SUBR FLAG SORT:: 
910 PRitH "G• 
915 PAGE 
920 IF Z$="4• THEN 299 
939 IF Z$=''8• THEH 499 
949 IF Z$="2• THEH 419 
959 RETURN 
1009 STOP 
2090 REM:::SUBR PLOT:: 
2910 L9=1.63636 
2029 L8=1 
2940 REM TO USE THIS PROGRAM FOR PAPER PLOTS - SET CORNERS OH PLOTTER 
2950 REM:TO DEFAULT lJALUES OF 10• BY 15" - IT IS DESIGHED TO PLOT 
2960 REM:AH X AXIS OF 7" AHD A Y AXIS OF 5" OH PAPER WHICH IS 8"x 10.5• 
2979 REM: IN SIZE - WHEH MOUHTIHG PAPER OH PLOTTER SET LEFT EDGE OF 

2139 PAGE 
2135 IF F9=1 THEN 2210 
2149 PRINT "WHAT ARE X AND Y SCALE FACTORS?" 
2150 It~PUT X2, V2 
2160 X1=7*X2 
2170 Y1=5*Y2 
2180 X$=''DISTANCE,ft.• 
2190 Y$="TIME.Msec." 
2200 N0=1 . 
2210 GOSUB 3405 
2239 PRINT @1,17:1,1.636363 
2240 X3=18 
2259 X4=88 
2260 '(3=61 
2270 Y4=11 
2330 PAGE 
2340 VIEWPORT X3,X4,Y4,Y3 
2359 WINDOW 9,~1,9,Y1 
2360 IF F9=1 THEN 3140 
2379 AXIS @N9:X2/2,Y2/ 2 
2389 AXIS @N9:X2/2,Y2/2,X1,Y1 
2499 RH1ARK 
2410 REMARK TIC LABEL SECTIOH 
2440 REI1ARK 
2450 FOR 1=0 TO Xl STEP X2 
2460 WINDOW 9,X1,9,Y1 
2470 MOlJE @N0:I,9 
2489 IF I=0 THEN 2529 
2490 L1 =LGT <I> 
2509 L1=INT<L1+1.0E-3>+1 
2510 GO TO 2539 
2529 L1 =1 
2530 SCALE 1,1 
2549 RMOUE @H9:-L1/2*L8-L8,-L9 
2559 PRIHT @H9:I 
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2569 HEXT I 
2570 WINDOW 0~Xl,0,Y1 
2589 VIEWPORT X3,X4,Y4,Y3 
2590 MOUE @H0:X1 , 2,9 
2600 SCALE 1,1 
2610 RMOUE @H9:0,5 
2620 M9=LENCX$) /2 
2630 RMOUE @H0:-LS*M9,-6*L9 
2640 PRIHT @N0:X$ 
2650 FOR J=0 TO Yl STEP Y2 
2660 WIHDOW 0~X1,0,Y1 
2670 MOUE @H0:0,J 
2680 IF J=0 THEH 2729 
2690 L2=LGT<J) 
2700 l2=INT<L2+1.0E-3> 
2710 GO TO 2730 
2720 L2=0 
2730 SCALE 1,1 
2740 RMOUE @N0:-L8*<L2+3>,-9.5*L8 
2759 PRIHT @N0:J 
2760 t~EXT J 
2770 REMARK 
2789 REMARK*****Y AXIS***** 
2799 REt1ARK 
2800 WIHDOW 0,X1,0,Y1 
2810 MOUE @H0:0,Y1/2 
2820 SCALE 1,1 
2830 L=LEtHV$)/2 
2850 RMOUE @N0:-4*L9,-L 
2B80 FOR 1=1 TO LEN<V$) 
2890 A$=SEG<V$,1,1) 
2999 PRIHT @H9,25:99 
2919 PRINT @H9:A$; 
2959 t~EXT I 
2968 HOI'IE 

2979 REI'IARK 
2989 REMARK*********PRIHT THE TITLE*****1990 REMARK 
2999 WINDOW 0,Xl,0,Yl 
3099 MOUE @H0:Xl/2,Y1 
3919 SCALE 1,1 
3029 C$=T$ 
3930 RMOUE @H9:L8*<-LEHCC$)/2),4*L9 
3049 PRINT @N0,25:0 
3050 PRINT @H0:C$ 
3060 wiHDow e~ts0,0,te0 
3070 VIEWPORT 0,159,0,100 
3080 MOUE @1: X3,Y4 
3090 REH::?INPUT Z$?? 
3095 F9=1 
3110 REMARK******************************************* 
3120 REMARK PLOT DATA POINTS WITH TRIANGLES 
3130 REMARK******************************************* 
3140 WIHDOW e,xt,e,Yt 
3150 VIEWPORT X3,X4,Y4,Y3 
3160 MOUE @H0:0,0 
3170 FOR 1=1 TO 24 
3180 D<I>=U19 
3185 IF H1<I><0 THEH 3369 
3190 MOUE @H0:DCI>,H1CI> 
3200 DRAW @H9:D<I>,H1<I> 
3210 S1=X1170*1.25 
3220 S2=Y1/70*1.25 
3230 IF S9<> 1 AHD S9<>2 THEH 3360 
3249 IF S9=2 THEH 3300 
3250 RMOUE @H0:Sl/2,S213 
3269 RDRAW @H0:-S1/2,-S2 
3270 RDRAW @H0:-S1/2,S2 
3280 RDRAW @H0:S1,9 
3299 GO TO 3369 
3308 REM::::::::: PLOT SQUARES:::::::::::::::: 
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3319 RMOUE @H0:S1 t 2,-S2t 2 
3320 RDRAW @H0:0,S2 
3330 RDRAW @H9:-S1,0 
3349 RDRAW @H0:0,-S2 
3350 RDRAW @H9:S1,0 
3360 HEXT I 
3370 RETURH 
3380 EHD 
3390 RH1 
3409 PAGE 
3405 REM::: SUBR CHOOSE PLOTTING SY~BOL:::: 
3410 PRIHT ''CHOOSE AND KEY IH THE APPROPRIATE SYMBOL HO." 
3420 PRIHT '' 1 FOR TRIAHGLEM 
3439 PRINT " 2 FOR SQUAREw 
3432 IHPUT S9 
3435 PRINT "CHANGE PEH COLOR IF DESIRED AND PRESS RETURN" 
3436 IHPUT Z$ 
3559 RETURN 
4900 END 
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APPENDIX I: REFRDIR EXAMPLE AND LISTING 

The following computational procedure is used by REFRDlR to detennine 

the phase velocities, v±, and intercept times, tt , for the direct andre-n o,n 
versed refraction profiles ( + and - for the direct and reversed profiles, 

respectively) for four layers (n=l,2,3,4) or three interfaces (n=2 ,3,4). The 

given data are (see Figure 60): 1) the layer velocities, a , 2) the inter-
n 

face dips, o , and 3) the layer thicknesses, H±. The last layer, n=4, is a 
n n 

semi-infinite half space. The top interface n=l, is the air/ground inter-

face and it is assum~d to be horizontal. The angle between the interfaces 

of layer n is ~ : ~ = o +l - o . n n n n 

The phase velocites and the intercept times for the first interface 
+ + 

(n=l or top surface) are vi= a1 , t;1 = 0. 

For interface #2, (n=2), we car~ute: 

(1 . 26 )1/ 2 COS 612 = - Slll l2 

then 
+ 

a1/ (sin 612 612sin 1jJ1) Vz - COS ljJ l ~ COS 

t ± t = (2H1;a1)cos 612. o2 

For interface #3 (n=3), we compute: 

. 623 a2/a3 ; cos 623 = (1 . 28 )1/2 
Sill - s1n 23 

. + (a1/a2)(sin 623cos ~2 t. cos 623sin ~2) Slll 813 = 

+ (1 - . z8t )1/2 cos 613 = s1n 13 

then 
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Finally, for interface #4, we compute: 

. 834 a3/a4; cos 834 = (1 . 28 ) 1/2 
S1ll - SID 34 

• + 
(a2/a3)(sin 834cos ~ 3 cos 834sin ~ 3) SID 824 - ± 

+ (1 - sin28;4)1/2 cos 824 -

+ + + • 8I4 (a1/a2)(sin 824cos ~ 2 ± 824sin ~2) SID - cos 

+ 
(1 - . 28+ )1/2 cos 814 

-- SID 14 

and then finally, 

+ + + 
v4 = a1/ (sin 814cos ~l + cos 814sin ~1) 

+ + + 
- C2ff3/a3)cos 834 + Cff2/a2)(cos 824 +cos 8;4) 

+ 
Note, the computations of ton are made as a nmning stun; each term is computed 

+ as the values of the cos 8~ are computed. 
1n 

The equation relating the layer "thicknesses" of the reversed pro-

file, H-, to those of the direct profile, H+ . 
1S: 

n n' 
'(l-' 

H- = H+ - L sin 1JJ J'[ 
n n n . J 1= 

cos UJ . 
1 

where the symbol 1T represents a product; that 1S 

l 

i~ cos llJi = cos 1JJ
0 

cos llJ1 cos 1JJ2 

(recall ljJ
0 

= 0 and, therefore, cos 1JJ
0 

= 1). 
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RtFORH 1 

10**FRN*J~OS0~~1/PL01S,t 
ZOC Rt~RAC 1 
lOC 
~oc 

~oc 
oOC 
70C 
soc 
'OC 
100C 
110C 
1ZOC 
llOC 
lQOC 
150C 
1bOC 
170C 
180C 
1YOC 
zooc 
Z10C 
Z20C 
ZlOC 
z~oc 
zsoc 
ZbOC 
27UC 
cijOC 
290C 
300C 
510C 
3cOC 
llOt 
lijOC 
l50C 
lbOC 
370C 
j~UC 
j~OC 

~ooc 

~10C 
420C 
ijJOC 
"qoc 
450C 
4oOC 
470C 
4HOC 
490C 
5UOC 
510C 
520C 
55UC 
SijQC 
~sot 

PROG~AM 

1 ) • 
2 ) I 

l), 

REFkAC 1 1~ A MODlLLl~~ PROGHAM ~~USl INP UT UATA ARll 
THt NUM~l~ 0~ LAYlRS I ••• I .<~~AY~S) 
THl VtLUCITY - lN lAC~ ~AYt~ , , 1 (ALPMA(~)) 
THE DIP Of T~~ LAYtR I~TERFACl~ i~ DtGRttS , , 

, , , , , , , , , , , , 1 1 ( DtLTA(~)) 

AND ij),THE LAYeR THICKN~SSlS , , , , , ,<~PLUS(~),H~l~ U S(~)) 

NUTtl N VARIES FROM 1 TO ~LAYRS Cl,Ll,~,Lt, NLAYRS) fO~ 
ALPHA(N) AND DELTA(N), ~UT 1,Lt,~ 1 Lt 1 (NLAYRS•l) ~OR HPL US(N) 
AhO HMINUS(N) 1 

***** Stt THt DIAGRAM I~ Fl~UHt 1 ***** 

ALPHA(l), HPLUS(l) ~ HMINUS(l) ARt T~E vtLUClTY I LAYtR 
THICKNfSStS OF THt fiRSl LAY~R wHlLt DELTAl1) lS THE DIP 
ANGLt 0~ 1T8 TOP ~UR~ACE (THe GkUU~O SUR~ACt) . . -

THE PROGRA~ C U MPUT~S AND PRINTS UuT, ~OR ~Olh DIRtCT AND 
RtVtRSEO PROFILES& 

l), THt HORIZONTAL PHASE VtLOCITltS , ,(VPLUS(N),VMlNU~(hJ) 
ANO 2), THE lNTlHCfPT TIMlS I • I I •••• (lPLUS(N),TMlN~S(~~) 
FOR EACH Ht~RACTlON, (i,~E,N,Lt 1 N~AYR~) 

••• DEFINITIONS ANO ~1ST 0~ VARIA8~tS *** 

ALPNM1 : (ALPHA N MINUS 1) c C~•l>ST LAYlR'8 V[LCCITY ~Hl~H 18 
CO~~A~tD ~~T~ TM~ Vl~OClTY I~ LAYtR ~, A~P~A(N), TO INSURe 
THE VtLOCITltS ARt MONOTO~ICALLY DlCRtA~lN~, 

ALPHA(~) : VELO~lTY lN LAYEH ~. 

COS~Sl ~ CCOSI~l ~51) = COSINt 0~ T~t A~~LE 6tTWEl~ ~AYtH N'S 
lNTlH~AClS, PSI(~), (l,LE,~.Ll,~LAYk~•l) -

CUSP1 c CCO~lNE P~l(l)) : COSINt OF T~t AN~LE ~lT~tt~ THl 
fiRST LAYtR'S ~URFAClS, . . 

CTM1N : (CUSlNt THtTA~Cl,N)) c COSlNt OF T~t ANGLt ~tTwttN T~t 
IT~•lNTtR~ACt NOR~AL AND THl HAY ~~ICH ~lF~ACTS ALONG TMt ~~~ 

lNT~H~ACE (N>1) 1 T~lS IS fOR UP~A~~ l~AVllLING ~AvtS1 (Sl~ 
FlGURl 1 AND lHlTAM(l,N)), -

CTPlN • CCOSINl THtTA~(l,N)) c ~AMl AS CT~lN tXCEPT FOH THt 
OU~NWARD lRAVELLlNG WAVES, -

DELTA(~) s THE OlP ANGLE Cl~ Ot~RtES) OF 
TUP SURFACE UF ~AYER N, CDt~TA(l) c 
ZERO DtG~ttSl, C1 1 Lf,~ 1 Lf~LAYHS) 

THt NTH lNTtR~ACl, T~l 
TO~ 5URFACt 01~ ANbLt s 

H~lNUS(N) : THt THICKNtSS OF THt NTH LAYlH ~OR T~E HtVEHStD 
~HOF1Lt CS~t flGURt 1), (1 1 ~t 1 N 1 ~t,NLAYRS•1) 
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soot 
570C 
580C 
5VOC 
oOOC 
olOC 
olOC 
blOC 
o4oc 
oSOC 
ooOC 
o70t 
osoc 
o90C 
700C 
710C 
720C 
7JOt 
740C 
750C 
7oOC 
770C 
780C 
7YOC 
800C 
810C 
8~0C 
8lOC 
a~oC 
850t 
6oOC 
670C 
6ij0C 
8YOC 
900C 
'HOC 
9lOC 
fi)OC 
9'lOC 
9~0C 
9oOC 
970C 
960C 
990C 
1000C 
l010C 
lO~OC 
lOlOC 
10'40C 
10SOC 
10oOC 
l070C 
lOfJOC 
1090C 
1100, 

COt\T 

HPLU8(~) a lM£ SAME A8 MMl~US(h) fXCiPT FUR THl Cl~fCT PkUflLf 

~~AYR~ • (NUM~EH 0~ LAYERS) : NUM8fR 0~ LAYt~~ fCR ~~lCH 

V~LOCITlt~ A~E GIVEN, · (TH~ LAST LAYER iS A ~ALf SPACt) 

NXZ~ST • ~EXT TU LAST' • NLAY~S • 1 

P • O,o17'4SJ29Z5 c Pl/180 • CONVtHSlON fACTUM, DEGRttS TO RADIA~S 

PSI(~) a ANGLt CIN RADIANS) BtT"ttN THE SUkFA~~S 0~ T~f ~TH 
.. LAYf~ c · P•CDtLTA(~+l) • DEL!A~N)), (l,Lt,~,LE,NLAYHS•l) 

SINPSI : THt SlNt OF P6l(N), (Sf~ COSPSl, P5l(N)) 

Sl~Pl a (SINE OF PS1C1))r (SEt COSP1) . . 

STMlN • (SlNt THETAM(lrN)) ,, SlNt Of TMtTA MINUS (Sf~ CTMlN) 

STPIN • (51Nt TMtTAP(l,N)) • SlN~ OF THtTA PLUS (SEE CTPlN) 

THETAM(l 1 N) : 
M4L AND TME 
FAC~ ~N>l) 1 

(THtTA MINUS) c ANGLt ~tT~ltN THt lTH•lNTER~ACE N~~. . . . - .. 
RAY 0, TH£ WAVt THAl Ht~RACTS A~ONG TME NTM lNTtH• 

THIS l& FOR UP~ARO . THAVELLi~G HAYS, (St£ ~1,, 1J .. . . . . ~ 

TMETAP(l,N) • CTMfTA PLUS) ; SAME AS THlTAM fX~tPT THIS 15 fO~ 
- OO~NwA~D TRA~~LLlNG RAYS, (SlE FlGuRt 1) 

TMlNUS(N) , a lNTtRCEPT TIMt. fOR TMl ~AVE ~t.fi'<ACTEO FHOM THt NTM 
l~T~R~A~~ FbR . THt REVfRSto P~U~lLE, lz;~f 1 N,LE,NLAY~~) 

TPLUS(N) : INTERCtPT TlMt fO~ THt ~AVt ~tfRACTtD F~OM THt NTH 
lNT~H~ACt FUR THt DlkttT PRU~lLt, t~,L~ 1 ~ 1 Lt,~~AYR~) 

T~lNUN : THE I'(UNNlNG SUM FUR TMI~US(N) 

TPLUSN c lHt RUNNING SU~ FO~ TPLVS(N) 

¥MINU5(N) • HORIZONTAL PHA6t vELOCITY OF THt HEF~ACTlO~ F~OM 
T~t NTM LAY~R fOR THE ~tVtR~tO P~OFlLt, ~2 1 LE,~,LE,~LAYkS) 

VP~US(~) : HORIZONTAL PHASt VELO,ITY OF TH~ ~fFHACTlU~ fROM 
T~t NTH LAYER ~OR THE - Ol~EC~ - ~ROFIL~, ~~~L~ 1 N 1 Lt,~LAYHS) 

Vjo(ATlO : ALPHA(l)IAL~HA(l+1) c VELOCITY jo(AllU 

***** lYUATlONS U6EO ~y HEfkAC 1 ***** 
1, SIN(TH~TA(N•ltN) : A~PHA(~•l)/ALPHA(N) 

2, SXNCTHlTAP(l•1,N) : (ALPHA(l•l)/AL~HA(l)) * 
(Sl~CTHtTAP(l,N) + PSl(l>l 

l, SlN(TMtTA~(l•1 1 N) • (ALP~A(l•l)/AL~HA(l)) • 
tSlN(THtTA~(l,N) • PSltl)) 
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RfFORH 

lllOC ~. 
1120C 
lllOC 5, 
1140C 
1150C a, 
11 t»OC 
1170C 
l180C 7, 
11qoc 
1ZOOC 
1210C 

COh>T 3 

V~lNUS(N) c ALPHA(1)/Sl~(THtlAPC1,~) • PSIC1)) 

VP~US(N) ~ A~PHA(1)/Sl~(THETAM(1 1 ~) • ~Sl(l)) 

TP~USCO,N) ~ SUM COVfH I&l TU 1•~•1) Of 
kP~u~Cl)*('US(THtTA~(l,N)) + C05(l~tTA~(l,~)))/A~P~A(~) 

T~INUS(O,~) : SUM (0Vl~ 1=1 TU 1&~•1) U~ 
HMlNuS(l)•(COSCTHtTAPCl,~)) + CU~CTHlTAM(l,~)))/AL~HA~l) 

~ . 

1220C ****************************************************************** 
l~lOC 

••• ~EGIN PHOGRAM REFHAC 1 *** 

Pa0,01741jJ2q2~ 

DIMENSION lN~UT DATA ARRAYi AND COMP UTtD A~~AY 

llijOC 
1250C 
l2bOC 
1~70 
1csoc 
12qo 
llOOC 
1.HOC 
1120 
lllO 

REAL A~PHA(50)tA~PAC50J,OtLTA(5 0 ),HP~U5~50),~Ml~US(~O), PS~(50) 

DIMENSION A~D lNlllALlLE OUTPuT DATA AHHAYS 

1140 

HEAL TPLU~(50),TM1NUS(~0) 1 VP~US(50) 1 VM1NUSC~O) 
DATA TP~US,TMlNUS,VP~US,VMl~US/2UOaO,O/ 

R~AL X(50) 1 Y(50) 1 SPHULN 1 SU~COS,SIGH 
I~TElrEH D 1j50 

ljt»OC 
lj70C 
ljbOC 
1jq0 

RtAO INPUT OATAI NUMHEH OF LAYtRS (~~AYRS), ~AY~R vtLOClTltS 
PHA), DIP ANGLES (OlLTA) AN D LAYtH THlC~NtSSfS(HPLUS) -

1~00 7000 
11410 
1~20 1000 
l14j0C 
1~~0 

1'150 7200 

PRlNT 70 00 - . 
r0~MAll1n1,4X,'l~PUT NUMBtH Of ~AYtHS lN MODE~',/) 
READ lO OO ,~LAYRS 
FORMAI(V) 

PRl Nl 72 00 
~U~MAT(1Hl,4X,'lNPUT 
R~AO l OOO ,SPHO~N 
PRlNT 7100 

~t~GTh OF SHOT SPRtA0' 1 1) 
l'lb O 
11470 
1'4~ 0 

l'4q0 
150 0 
1510 
1520 
1Si0 
1~'40 

1550 
1~bOC 
1S70C 
15& 0C 
1~'iOC 
1b0 0 
1010 
lt>20 
lb30 
1td5 
lo~o 

710 0 FO~MAT(l~l,ux,'f O~ ~ACH LAY~k INPU T A Ll~t l~T~Y ~IT~ THE 
~ f O LL U~l~6 DATA' 1 /,4X~'SlPAHATtO cY CUMMA~: LAYt~ Vt~UCITY, 
~DIP OF lNTE~fACt,',!,4X 1 'LAYtR T~ICK~tSS',/1) 

A~f-'NI". la O , -
vO 10 ~sl,~LAY~S 
R~A O lOO O ,Al~HACN),OlLTA(~),HPL~S(N) 

AI.PA(N):AL.PHA(N) 
ALP~A(~)cALPHA(N)/1000 

TH~ FOLLO~I~~ CHlCKS fOR ~O~OTO~lCA~LY lNtRtASl~G VtLUCI• 
Tit~, IF THtY OECRlA~t; P~ OGR A~ PRl~TS lHHUR ~tSSAGt ' S!OPS , 

1 0 

I~ (AI.PhA(N) 1 LT,AI.P~M1) GOT O ~0 0 

ALPNMl c AI.PHA(N) 
CUNTlNUf. 

OC 1~ N:l,~LAYRS•l 

LeN 
CALL CHMl~US(HPLUS,SPkDLN 1 L,P,OtLlA,HMl~US) 
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CU~T 

lb50 12 CO~TlNUt 
1oooc 
1o7oc 
1o8o 
lb90 
1700 
1710 
17i0 
17l0 
17ij0C 
17SO 
17oOC 

PHlNT OUT THE DATA ~tAD IN A~OVE TU CHtC~ FUk ACCU~ACY 
PRINT 9000,NLAYRS 

~000 

. ' 
& 

fORMATC1H1,~X,'VtLOClTit~ A~E IN MtTe~S/SEC', 
' (OR FT/SlC), TIMt~ - ·Rt 1~',1, . 

5X 1 'MlLLISECS AND LAYl~ T~ICKNESSES AH~ I~ MlTERS,tFT)' 1 1/, 
SX,'TH~Rt AHl ',12,' LIYEkS IN T~I~ MOOlL',I/, . . 
~X,'~AY~~ NO, • VtLOClTY - . DIP (O~~H~~S) H+',~X,'H•') 

1770 OU 20 Nct,NX2LST 
1780 PRINT 9100 1 N,ALPA(N) 1 0ELTA(N),MPLUS(N),MMINUS(N) 

- -1790 9100 FORMAT (1H0,7X,I2,b~,F7,0,3X,jf11 1 l) 

lijOOC CALCULATt AND CONVE~T LAYl~ A~GLE~, PSi (lN ~ADl~NS), fRO~ THt 
1810C DIP A~GLES, DELTA (lN DE~~EES) .. -
1820 ~51(N) c P•<D£LTA(N+1) • D~LTA(~)) 
lijlO 20 CONTINU~ -
18~0 PRI~T 9~00,NLAYRS,ALPA(NLAYHS),D~LTAtNLAYHS) 
1ij50 9200 FORMAT (1H0,7X,Ic,bX,F7,0~lX,F11ti> 
lijoOC -
lij70C DO LUUP 50 PER~ORMS THE COMPUTATION UF T~LUS(~), T~INUS(N), 

1680C VPLUS(N) & V~l~US(N) . (c,LE;N,Lf,NLAY~S), T~LUSCt>=TMlNUSil>•O,u 
• • I 

1690C AND VPLUS(l) a VMlNUS(l) ~ ALPHA(1) 1 

l900C 
1910 
1Y20 
l9l0 
1Y~OC 

1Y50C 
l9bOC 
1Y70C 
l9ij0C 
1Y90 
2000 
~010 
202 0 
2030C 
2o~oc 
2o~oc 
20bOC 
2070 
coijo 
2090 
2100C 
2110C 
21cOC 
21lOC 
~l~OC 

21~0C 
2lb0 
2170C 
cl~OC 
2190C 

DU 50 

SlN~l z SIN(PSI(l)) 
COS~1 : SQRT(l,O • SI~Pl*SlNPl) 
N:2,NLAYRS 

TH~ CO~PUTATIUN IS STARTED ~y FINDIN~ S!N(THETACN~1 1 N)) (OR 
ST~lN) - USING e~uAliON 1 1 THE CUSlNt (~TPlN) lS CUMPUTtO fRO~ 
~Ht SINt~ STPlN ~ CTPIN ARE Stl t~uAL -· To ST~l N & CTMI~, RtS• 
PtCTivtLY, BtCAUSt THElAP(~•l,~) : THl1A~(~•1,~), . -

STPIN : ALPHA(N•l)/AL~~A( ~ ) . -
CTPlN: SQRl(l,O • STPlN*STPlN) 

STMI~ : STPIN 
CTMI~ = CT~lN 

THt RUNNING SUMS FOR TPL US A~D T~l~US ARt l~ITIALlltO TO T~t 
~ 

~A~T TtR~S IN E~UATlON~ ~ ~ 7 1 

Tt~P : 2,0*CTPIN/ALPHA(N•l) 
TPLUSN.: HPLU~(N•l)*-TtMP 
T~JNUN : HMI~US(N•1)*TEMP 

If ~=2 CCOR~tS~ONDlNG TO THt ~lRST kt~RACTtD ~AVf FRO~ 
SECOND lNTtRfACl), THl SUMS FOR - TPLUS 5 TMl~US HAVE JUST 
A~OvE Tt~MS AND THe PHOGRA~ JUMPS TO Ll~~ ~0 TO CO~PUlf 
VP~US AND VMINUS~ . 

THE 
THt 

DU ~UOP 30 COMPUTtS THt RtMAl~lN~ TtHMS Of TPLU~ ' TMINUS CT~~ 
SUMS IN E~uAllONS b & 7), 
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2ZOOC 
2210 
2220 
22lO 
2i40 
ci~o 
22oo 
2270C 
2i80C 
2290C 
2lOOC 
il10C 
Zl20 
lllO 
2l40 
2lSO 
2.ho 
2l70 
cleo 
2190 
zilooc 
2410C 
2420C 
Z~lOC 
2440C 
2'f50C 
24bOC 
2"70 
2"80 
2"90C 
2~00 

2510 
2520 
2S30C 
25"0C 
25SOC 
2~b0 

CO~T 

OU lO l":l,N 

1-'Sll : 
SlNPSl 
COSPSI 
VfUTlU 

PS1Cl+1) 
• " SlN(PSll) 
z SURT(l,O • SlNP~l•SlN~~l) 
c ALPHA(l)/ALP~A(l+l) 

FlLE. PAt-l NU, 

IN COMPUTING TP~US ~ TMI~US, lH[ SlNtS AND COSINt~ 0~ THt 
THETAS f~O~ lHtTA(N•1,N) TO THtlA(1 1 h) -~~ hEtDtD, THtSt l~t 
COMPUTED USlN~ tYUAllONS i ' 3 1 

lO 

STPlN c V~AllO*(ST~lN•CUSPSl + CTPl~•~l~P~l) 
STHlN ~ VHATIO•(STMl~•CUSPSl • CTMl~*~l~PSl) 

CTPlN = SQ~T(l~O • STPlN•STPI~) 
CT~IN • S~HTC1,~ • ST~IN•STMIN) 

T~MP : (CTPlN + CT~lN)/lLPMA(l) 
TP~USN c TPLUSN + H~LUSCI>•Tt~P -
TMlNUN : T~lNUN + HMINUS(l)•Tl~P 

CON~l~Ut. 

UPO~ EXITING DO ~OOP lO, TPLUS(N) & 1H1NUS(N) HAVt ~tlN COM• 
PUTED, STPih IS THl SIN 0~ THtTAPCl,~J, CTPIN IS ITS COS1Nt 1 

AND STMlN & CTMl~ ARE THElH COU~TEHPA~1S ~UH THE RtVtHStV PkO• 
FILt 1 THtN VPLUS(~) & VMJ~US(~) AHt COMPUTED USlNb t~UATlONS 
~ AND S, RESPECTlVfi..Y 1 - -

40 Tfo'LUS(N) : TP~U~N 
TMINUS(N) c THlNUN 

VMINUS(~) ~ ALPHl(1)/(STPih•COSP1 + ClPlN•SlNPl) 
vPLUS(N) a ALPHA(l)/CSTMlN•COSPl • CTMIN•SINP1) 

SO CO~TlNUf. - -

**** PHI~T TME R~SULTS 0~ THt ~HOG~AM **** 
PHINT cnoo 

2570 rBoO 
2'l60 

FOHMAT (lHO,II,loX,'***** CA~CULATtU HES~LTS *****',Ill 
SX,'THt HORIZONTAL P~ASt VtLOCllltS A~ U THt •, 

2')90 
2oOO 
2o10 
2o20C 
2olo 
2o"0 
coso 
2ot>O 
2o70 
2oao 
2t>90•"400 
2700 t>O 
2710 
2720C 
2730 900 
27'40 Ci900 

•tNTERCtPT TI~ts•,t, -
SX,'~UH THt DlH~CT (+) A~ D HtVEHSlU (•) PH U ~lLtS.',II, 

uX 1 'l~TtH~ACt NU 1 PH4SE V~~+ P~ASt Vt~·' 1 ~X,'T+'i9X,'T•') 

DO oO N:2,NLAYRS 
VPLUS(NJCVPLUS(N)*1000 
VMINUS(N):VM1NUS(N)*1000 

P~lNT 9"00 1 N,V~I,.US(~) 1 V~l~US(~),l~~US(N) 1 TMl~US(N) 
VPLU~(N)•VPLUS(~)/1000 
VMJNUS(N):~~lNUS(N)/100 0 

- FO~MAT (1H0,7X,lc,3X,2~lj,3,3X,2~lle1) - -CUI\TlNUt 
GOTU qqq 

PHINT qqoo 
FO~MAT (lHl,qX,'CHlCK YOUk INPUT VtLOCITIES ;,;, 
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WtFORk 

2750 
27oO 
2770C 

cu~T 

5x,•t~t~ A~E NOT MU~ C TU~lCALLY l~CW~ASl~v,•) 

GG TO lOOO 

c780 yq~ CONTlNU~ 

27qOC ••••P~OT HffRACTlUN PHUflLt LlNtS(l/D PLOT) ******* 
~~OOC *****PLliT OlHtCT PHOflLl Ll~l ***** 
i~10 cbOS PHJNT 7240 
2~20 72~0 FUR~ATC1Hl,~~,·I~PUT 1 IF YOW ~ISH TO ~~OT fO~~A~O',I, 

b 

2~l0 'UX 1 'Pk0flLl LlNE 0NLY.,I,4X,•tNTtH 2 TU ~~OT FOH~ARU ANU HfYlRbl 
• 

2~40 'PHO~lLE') 
2~50 HEAD 1000 1 M 
2~oo YC1>=o 
2~10 X(l)•O 
2~~0 X(2l•TP~US(2)1(l/ALPHA(l)•l/VPLUS(i)) 

z~qo YC2>•<11ALPMAC1>>•Xt2) 
2YOO Ka] 
cY10 00 70 ~a2,~LAYRS•1 
2Y20 X(K)C(TPLU~(N+1)•TPLUS(~))/(1/VPLUS(N)•1/VPLUS(N+1)) 
cYjO Y(~)aTPLuS(N)+(l/VPLUS(~))*X(K) 
2Y40 lNTEG~H 0 
zq5o K=K+1 
2Yb0 70 CONTINUE 
zq10 X(K)aSPRDLN 
2~b0 Y(K)cT~LUS(NLAYRS)+(1/VPLUSCNLAY~~))•X(K) 
z~qo lfCM,EY,l) Go To · zqoo 
lOOOC•••PLOT REVEHSt ~HOFlLE LINE **** 
3010 ~:K+1 

3020 X(K):S~kUL~ 
3030 Y(K):O 
lOUO K:K+1 
3050 xCK):T~l~uS(2)/(1/ALP~A(1)•1/V~INvS(~)) 
lObO y(K)c(1/ALPHA(1))*X(K) 
j070 X(K):S~RDLN•X(K) 
3080 ~:K+l 
30q0 UC ~ v N:c,~LAYH~•l 

3100 ~(~J:CT~l~U~(N+l)•TM1NUS( N )J/(1/V~l~U~(N)•1/V~l~US(N+1)) 
3110 y(K):1~1NUS(N)+(l/VMl~US(~))*X(K) -
3120 X(~)c~~HO~~·X(~) 

3110 K=K•1 
31QO so cc~Tl~u~ 
3150 x(K)aSPRDLN 
lloO y(K)cTM1NU5(N~AYR~)+(1/VMl~US(~L•YRS))*X(K) 
l170 X(K):O -
3180 cqtiO Y~AX:Y(1) 

l190 00 8~ k~c2 1 K 
3i00 Y~AX:MAX(Y~AX,Y(KK)) 

jz1o aq co~TI~ur 

3i20 PRINT ~~Ou,~MAX 
jijO ~~00 ~QHMAT(1Ml,4X,•LAHGlSl VALUl OF Y ~OH ~CA~l~G I~a',2X,~o,1J 

• 
j~uo CALL ~~Ol2(X,Y,K) 
j2~0 jQOO STOP 
lioO ~~o 
li70 S~HkOUTl~l C~Ml~W~(H~L~S,SPkUL~,~,~,Ul~lA,H~l~US) 

j2~0 0IMEN~l0N HPLU5(10),DlL1A(10),Hrl~v8(10) 
jiqo l~TlbtH U 
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AtFORR 

llOO 
ll1 0 
lliO 
3330 
}jl40 <il 
ll~o 
llbO 
3370 
ljtto 

CU~T 

3~o~~"~C U S•1, 0 
DC <il D•l,t.•l 
SIG~•OE~TAC O +l)•OE~TAC D) 
S~~C O SDS U~CO~*C O S(SlG H * P) 
CO t-~ Tli\UE 

5I~M•D~LT• ( h+l)•O~LTA(k) 

M~l" U S(~)e~PLUSC ~ )•SPROL~•Sli\(Sl u M*P)•~ U ~C O S 
RETUH" 
l~ D 
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APPENDIX J : REFRINV EXAMPLE AND LISTING 

The following procedure 1s used by REFRINV to detennine: 1) the 

layer velocities, a. n, 2) t he layer ' 'thicknesses" , ~ , and the interface 

dip angles' on' for layers with plare dipping interfaces all having 

the same strike. The given or input data are: 1) t he intercept time, 

T;n' and 2) the horizontal phase velocities, V~, for direct and reversed 

refraction profiles. All arrival times are asstnned to be measured on 

the surface and the + and - signs refer to the quantities associated with 

the direct and the reversed profiles, respectively. 

The velocity in the top layer, a. 1, is given because it 1s the 

horizontal phase velocity of the direct p wave (and has the same value 

for both the direct and the reversed profiles) . The intercept times of the 

direct waves, r61 , for these profiles are both zero and the dip angle of 

the top surface (the n=l "interface") , o1, is defined t o the zero. 

The computation, therefore, is started with the data from the 

second interface (i .e., the first refractio~ corresponding to n=2 and 

proceeds as follows: 

Compute 

ANG1NP ,M = e12 + IJ1_ = arcsin (a. /V~) 

= ANGNNP M 
' 

and obtain 

~IC1z - sine12 = sin. S(ANGNNP + ANGNNM) 

C12 - ~I sinel2 

llll - . 5 (AN~-ANGNNM) 

TEMP2 - a1/(2cose12) 
+ + H- = T- TJ:1v1P2 1 02 

Jl 



+ 
thus, we have computed Oz' ~(or o2) and Hi. 

Then, for n=3, we compute 

+ + 
ANQv1NF ,M = 8),3 ± ~ = arcsm ( '1_/V3) 

and we enter DO-loop 30, to compute 

+ -
8}_3 = ANQviNP ,H + ¢1 1HETAP,M = 

ANGMNP M = 
' 823 ± ~JJ2 = arcsin( e~zsin8I3; '1_) 

TEMPl = + -
C cos ~3 + cos 813) I '1. 
+ + 

TPLUSN, 1MINSN = T 03 - HiTBviPl. 

We then exit DO-loop 30 and compute 

ANGNNP ,M = ANGMNP ,M 

Or_s/ C1z - sin 823 = sin. 5 (ANGNNP + AN~ 

'3 - ~/sin823 
112 - . 5 (ANGNNP - AN~ 

IDIP2 - Cizl (2cos e23) 

+ + + 
Hz = C1Q3 - HiTEMPl) TEMP2 

+ 
Thus, we have computed a_,, ~ (or o 3= o2 + ¢2) and Hz as well as the previous 

values of ~, ~JJ1, and Hi by using the data from the first two refractions, 

that is, the refractions along interfaces n=Z and n=3. (See Figure 1). 

For n=4, we use the above results and the data from the refractions 

along the n=4 interface ~! and T 64) as follows: we compute 

ANGMNP ,M = 814 ± l/i = arcsin ( CJ._/\'4 ± 

and then enter DO-loop 30 to compute 

t -nrETAP ,M = 914 = ANCMW ,M + ¢
1 

ANGMNP ,M = 9~4 "! ¢ 2 = arcsin ( '1 sin 9f4/ '1._) 
+ -

TEMP 1 = (cos 914 + cos e14)!0J 
+ + 

TPLUSN, TMINSN = T O 3 - Hi TEMP 1 

+ -
THETAP,M ~ 9z4 = ANGMNP,M + ~ 

ANG1NP ,M = a34 "! 113 = arcsin (ex_, sin 9 2~;a2) 
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+ 
TEMP 1 = (cos 824 + cos 82 ~) I 0..Z 

+ TPLUSN, TMINSN = TPLVS, TMINS~ - H; ID1Pl . 

We then exit DO-loop 30 and cat~ute 

ANQ-WP ,M = ANGMNP ,M 

a4/~ - sin e34 = s1n . 5 ( ANCMW + ANGNMf) 

(l4 - ~/sin s34 

VJ3 - • 5 ( ANQ.JNP-ANGNNM) 

TEMP2 - ~/(2 cos 834) -
H± - (TPLUSN, TMINSN) 'ID·1P2 . 3 

+ Thus, we have computed a4, tlJ 3 (or o 4 = o 3 + tJJ3) and H3. We now have 

all the parameters for a four-layer model (three layers over a half 

space). 

The data are tabulated with all the data for a particular layer 

on one line in the following order: 1) the layer number, 2) the layer 

velocity, 3) the dip of the top interface, 4) the layer "thiclmess" for 

the direct profile and 5) the layer "thiclmess" for the reversed profile. 
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lOC 
zoe 
lUC 
"OC 
soc 
e»OC 
70C 
soc 
90C 
100C 
llOC 
l~OC 
llOC 
l'IOC 
lSOC 
ltJOC 
170C 
1SOC 
190C 
zooc 
~10C 
zzoc 
llOC 
2£~0C 
2SOC 
Zt>OC 
Z70C 
z~oc 
ZYOC 
:sooc 
llOC 
lZOC 
ljOC 
lUOC 
350C 
loOC 
HOC 
l~OC 
3YOC 
lfOOC 
"lOC 
'liOC 
lfjOC 
u4oc 
4150C 
"oOC 
4170C 
Ut!OC 
'190t 
soot 
510C 
520C 
S30C 
5'10C 
5'>0t: 

~ll.f. PAGE N0 1 1 

RE~RAC 2 IS A~ lNVENSE PROGR•M, 
FRUM MfA~URED VALU~S 1 

IT UlT~H~lNtS ~DOll. ~ARAMf.TtR~ 

~RUGHA~ REf~AC 2 MAS FOR ITS INPUTI 
(fROM UlRtCT AND REVl~StD P~OflLfS) 

1) ~O~lZUNTAL PHASt Vfi.OClTitS A~O -
2) INTE.HCEPT TlM~S fOR ~AC~ ~t~RACTlO~ AND 
l) THE VtLOClTY IN TH£ FIRST I.AYt~ 1 

REFRAC 2 CO~PUTtS AS OUTPUTI 
. 1) THE VELOCITY lN EACH lAYtH, 
ZJ THt DIP liN DEGREES) Of tACH LAYtk lNTtRFAC~ AND 
3) THE. LAYtR THlCkNESS!S FOH THt Dl~ECl AND R~VtRStD 

PROflLtS, -

PROGRAM REFRAC c ~~ THE lN~£RSt 0~ TME. MOOELLl~G PHOGHAM 
REFRAC 1 1 

ALPHA(N) • THt VELOCITY (OR ~AVE SPttU) lN THt NTH LAYeH 

ANGMNM : (ANGL~(M,N)MlNUS) : THtlAM(M 1 N) • PSl(M) ~ 

- -

c ARSIN(~lNCTHETAM)/SPttOR(M)) (Stt tQN'S 1S, Z~ l lH) 

ANGMNP ~ (ANG~~(M,N)P~US) • TH~TAP(M,N) + PSl(M) a 
~ AHSlNCSlN(T~ETAP)/SPEtDR(M)) (Slt EQN'S 1A, lA & lA) 

ANGNNM c (ANGL~(N•l,N)MlNUS) : THtTA(N•l,~) + PSI(N•l) ~ 
• AHSlN(SlNCTHETAM)/SPt~DH(Nwl)) (S~f E~UATlON l~) 

ANGNNP : CANGLE(N•1 1 N)P~US) : THtTA(N•1,N) + P6l(N•l) : 
: ARSlNCSl~CTH~TA~)/SP~ED~C~•1)) (S~t tGUATlON lA) 

C : CO~VtRSlON FACTOH, RADIANS Tu UEu~~t~ : 57,2q57~ 

OtLTN : THt DlP ANG~E Of TH~ ~1~ lNTtR~ACt 

HMlNUS(N) : THt LAYtk "THICKNES~" ~Ok THE NTH LAY~~, RtVEHSlD 
PRU~I~t, (SEt flGURl 1) 

~PLUS(~) : THE LAYE~ RTHlt~NtSS" fO~ T~t NTH LAY~R, OIHtCT 
. ~"Of11.E, (SEE ~lGUR~ 1) 

NLAYRS : (NUMHEk Of LAYEHS) ~ THt NU~~tR Uf LAYtRS FOR "HlC~ 
VE.L.OClTitS . I'IlLL. 6£ CALCUl.AHU 

NX2LST : CNtXT TO LAST) ~ THE. NU~~E~ Of THt ~tXT•TO~L.AST LAYER 

S~tEOR(N) : (SPttD RATIO) • SPeOkN : THt V~~OClTY IN THe 
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Rt.FRlNV CO!'-T 1U&51&l4 05/2o/82 "lU. PAul:. ,..,(), 2 

5bOC 
570C 
~tsOC 
SCJOC 
oooc 
010C 
oZOC 
olOC 
o4oc 
b50C 
ooOC 
o70C 
btsOt: 
oCJOC 
700C 
71 oc 
720C 
7l0C 
74oe 
750C 
7oOC 
770C 
7tiOC 
7YOt 
800C 
t510C 
tic!OC 
ts.\OC 
840C 
s~oc 
BoOt 
870C 
tstsOC 
8CJQC 
CJUOC 
910C 
CJ20C 
9.\0C 
CJIIOC 
q~oc 

CJoOC 
CJ70C 
960C 
qqoc 
1000C 
lOlOC 
1020C 
lO.lOC 
lO~OC 
10~0C 

10oOC 
1070C 
1060C 
109 0C 
llUOC 

(~•l)Sl LAYER OlVIOtO 6T THt Vt.~OlllY 1~ THE ~TH LATe~ 

THETAM • (lHtTA ~lNU6) • THt.TA~(l,N) ~ THt ·~~~t. BI:.T~et~ lHt 
lTH•lNTERFAC~ NO~~AL AND THI:. ~AT Of THt ~AVE l~AT ~!:.~~ACTS 
ALONG TMt ~TH lNTEHFACt (~)1) 1 THlS 1~ FO~ A oo ~~~A RO • 
TRAVeLLING ~AVf 1 1 (Stt ~~~URt 1) -

THtTAP • (THETA PLUS) : THlTAP(l,~) & SAMt AS THtTA~ tX~E~T 
THIS IS FOR AN UPwARD•TkAVELLlN~ ~AVt 1 (SEt flGU~E l) 

TMlNUS(N) • TH~ lNTtRCEPT TIME FOH THt NTH ~!:.FRACTION (FO~ 
lHt RlVERStO PROfl~l) 

TMlNSN c TMl RUNNIN' CDtCRE~~ NTl~G) SUM 0~ THI:. l~Tt HCEPT ll~tJ 
UStO TO COMPUTE HMlNUS (Stt tUUATlON ~) fOR THE ~ I:.VlHSI:.D 

PRoFlLt.., 

TPLUS(~) : ~AMt A~ TMINUS(N), I:.XCI:.PT FOH THt DlRI:.CT PRO~lLE - -

TPLUSN = ~AMt AS TMlNS~, EXC~PT ~ OR THE DlRtCT PROFl~E 

VMINU~(N) z CV~LOCITY ~~~US) ~ HO~IZONTAL PHA~I:. ~l~OCITT ~U~ 
T~t ~EVERSEO PRO~ILE OU~ TO A ~tFRACTlU~ UN THE NTH 
11'-HfolfACE, 

VPLUS(,..) = (VtLUCITY P~US) : HOHlZO~lAL PHASt ~ELOCITY ~0~ 
T~E DIR~CT PROFILE DU~ TO A RtfkACTION - ON T~~ ~TH 
l,..'rE~FACt., 

Vl • T~E VELOCITY lN THE FlHST LAYlR 

***** EGUATlO~S UStD ***** 

TH~TAP(l,N) + PSl(l) ~ ARSlN(ALPHA(l)/V~lNU~(N)) 

: ANGMI\~ ( M: 1) 

TH~TAM(l,N) • PSl(l) : AkSl~CAL~hA(l)/v~LUS(N )) 
c ANGM~M (1'1:1) 

THETAP(""~, J ) + PS!(I'q & ARSl~CSl~CTHUAPC M •l,I\))/SN. t.I.H(M)) 

: A"4GM~ P 

THETAM(M,N) • ~Sl(M) = ARSlN(Sll\(lHlTAM(M•l,~))/SPEt.DR(M)) 
c ANGMNfo' 

T~~TA(N•l,N) + PSl(N•l) c ARSINCSIN(THtTAP(N•~,I\))/SPELOH(~•1)J 
a ANC,,..I\P ( M:Ne i) ( .)4) -

TMETA(N•1 1 "') • PS1(N•1) • ARSlN(SI N(lH ~TA M (~•2,~))/SPEtD~(N•1)J 
: AN~Nh"'· (M=N•i) (;b) 

~ 

ALPHA(N•l)/ALPHA(N) : SlNCTHETA(N•l,N)) : SlN( 1 5•(ANGNNP+ANuNN~)) 
D SPI:.f.Df<c(N) : SPI:.I.H~N ~~) 
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REFRII\V 

1110C 
11~0C 

~ILE. PAt.t t~tu, 

lllOC Tt.MP1 : (C OS CT~~TAP) + COSCl~l T A~))/ALPhA( M •l) 

11"0C 
11SOC 
lloOC 
1170C 
1180C 
ll~OC 
liOOC 
1210C 
l~i!OC 
ll.SOC 
1240C 
1250C 
12oOC 
1270C 
lZ~OC 
1290 
llOOC 
1l10C 
1120 
lllOC 
13"0C 
13~0 
l.SoOC 
1l70C 
1.S60C 

MPLUS(N•l) : TEMP2•CTPLU5(~) • ~UM ~RO~ 1=1 TO ~·2 0~ 
- HPLUS(ll•TE.MPl) 

HMlNUS(N•l) : T~MP2•CT~lNUS(N) • SU~ FHOM I=l TO ~·2 Of 
HI'I INUS(l)*Tf.MPl) 

*** 1~1-' Ul 

*********************************** 
***** START PROGRAM Ht~~AC ~ ***** 
*********************************** 

R~AL VPLU~(~O~,VMINU5(50) 1 TPLUSCSO),TM1NUS(50) 

*** OUTPUT 
RlAL ALI-'~A(50),H~LUS(50),~Ml~U~CS O ),DE.LT~ 

*** VARIASLtS 
RtAL SPEEDR(SO),P5It50) 

****** RtAO ~OUULE ****** 

llYO RtAO 1000,NLAYRS,Vl 
1400 10 00 ~OR MAT(V ) 
l410C DECIMAL POINT 1~ COLUMN 11 
1"i0 A~PHA(t):Vl 
14}0 NXcLSTaNLAYRS•l 
1440C 
1450 
1400 
l4ij0C 
14YO 
lSOOC 
1510C 
1520C 
l5.S O 

OU 10 Nac,I\LAYRS 
HEAD l OOO ,VPL U S(N),VMINUS(N),lPLUS(N),TMl~US(~) 

DECIMAL POl~TS IN COLUMNS .S,llt~l AND i9 
10 CONliNU~ . -

****** PRINT ~OOU~t ****** 

P~INT 9 000 , NX~LS T,V1 
1540 YOOO ~UkMAl (lHl,"X,~V~LOCITI~S Akt 1~ MtltRS/MlLLlStC, •, 
1~~ 0 ' 
1~0 0 
1';)7 0 
1Sb0 
lSY O 
lt> UO 

'TI~tS A~t IN MlLLI~tC',I, -
~X,'A ND ~AYE~ TMlCKNlSS~~ IN ~elf~~·,tt, 

SX,~N U . Of Rt~RACTlO~S: 'tl~t'J ~IkS T PLAYl~ ', 
'VE.L UCITY 1SJ 1 ,f7,~,/l/, 

~~ 1 '1NP UT DATAl P~A~E VtLOClTlt~ •ND ' 1 
'lNTt ~CEPTS Or REf~ACllONS.,I, 

lO) 
• 

~9) 
• 

lbl O 
10i:?0 
lb.S O 
lb40C 
lb51) 
lobo 

';)X,'MtASU~tD ON DlHECT (+) ANO k~Vt~StU (•) PROflLES',II, 
4X,'lNTt k fAC~ N0 1 PHA~t VtL+ PMASt . VtL• lt', 

qx 'T•'> , ' 
DU 1~ N~Z,NLAYRS 

PRINT ql 00 1 N 1 VPLUS(NJ,VMl~Uti(~),T~LUS(N),TMl~ US (~) 
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HE.FHl~V 

1b'70 9100 
lb~O 15 
lb90C 
1700C 
1710C 
17ZOC 
17lOC 
17ijOC 
1750 
17bOC 
1770C USE 
1780 
1790 
1800C 
1810 
l8ZO 
UlO 

co~t 1ij&51&l~ o~/2o/8c 

,OHMAT (l~O,I9,11X 1 2f15,5,2~11,1) 
COI'ITlt-~Ut:. 

****** COMPU TATlO~ MODULE ***** 

f.GUATlUNS lA ~ lB TO ~I~ C A~~MhP 
AN~MNP : ARSIN(Vl/VMlN US(h)) 
AN~MNM : AHSIN(Vl/V~LUS( ~ )) 

TPLUSN c TPLUS(N) 
TMINSN z TMlNUti(N) 

NM1 c N•l 
18110C H THt 
1850C 

FIRST LAYtR'S PARAMtTEkS Akt. btl~~ CUMPUTt D, 
SKIP DO•LOOP lO (GUTO l') 

18b0 lf (N ,E.I.I, 2) GOTO 3'; 
1870C 
1880C 
1890C 
1900 

DU•LOOP jO COMPUTES THt ~U~S lh t~U ATlONS ~. ANC 9 , 

l910C 
192.0C USE. 
1910 
lY40 
11i~oc; USE. 
19tl0 
1970 
1~80C 
1990 
2000 

.so 

t.QUA Tl UN~ 2 A IS. 

THtTAP 
THt:.TAM 

tt;UATlONS 2A ~ 
A1'4GMNP 
ANliMI'IIM 

28 TO ~lN O T~t.TAP ~ l~t.TAM 
: ANGMNP • PSI<~•l) . 
: AN(iMN~ + P~l(M•l) 
28 TO FlNO Ntw ~N&M~P IS. ANGM~M 
& A~SlN(Sl~(l~ETAP)/SPt.t O H(M)) 

~ AHSIN(Sl~(THfTA~)/SPt.tOH(~)) 

Tt:.MP1 c (CUS(THtTA~) + t 0 S(1Mt.TAM))/A~PMA(M•l) 

TPLUSN : TPLUS~ • H~LUS(M•l)•T~MPl 

T~l~S~ : TMlN~~ • HM1N~S(M•l)*TEMP1 
CONTI NU~ 

2010 
2oao 
20lOC 
2040C 
2050C 
20bOC 

UPON EXITING UU•LOOP 
T~tTA(N•1,~) +I• 
(THAT lS, A,._L; NNP 

30, ANG~~~~~ 6 AN6~NM AH~ 
PSl(N•1) 1 ktSPE.CTIVtLY 
~ · ANGNN"', kt:.::,Pt.t. T l VI:.L Y) 

2070C 
coao 3S 
209 0 
2100C 
211oc ust. 
21c v 
~13 u 
2140 

~QN q, Fl~D S~tEDRCN) : A~~~A(N•l)/ALPHA(N), 
SPtDH~ : SiN( O ,~•(ANGN~P + ANuN~~)) 
SPt~ D ~(~) : SP~D~N 

ALP~A( ~ ): AL~HA(NMl)/SP~U~ ~ 

2l~OC 
2lbOC 
2170 

USt tG UATlON ~ TU FIN D Ptil( ~ •lJ 
PSl(N~l) : U,S•CANGN~~ • •NGN~~) 

2180C 
2190C USt. 
2200 
2c1o 

EGUATIONS b ~ q TU ~I NU HP~US(N•l) ~ MMlNUS(N•ll 
TtMP~ : AL~~A(~M1)/(2,•Sb~l(1, • SPtUk~•SPE U kN) ) 

HPLUS(N~l) : TPL U SN•TEM~i 
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2220 
iilO 
ci~OC 
22SOC 
2ibOC 

CO~T 

NM1NUS(NM1) a TMlNSNtlt~P2 

CC NTINUt 

****** OUTPUT PHINT MODU~t ***** 

PRINT 9500 

5 

2i70 
2280 
2290 
2300 
2310 
2l20C 
2l.iO 

FOHMAT (1H0 1 1/,lbX,'***** ~ALCULA1tU ~~SULTS *****'tit 
SX,~lHt WAVE VtLOC1TltS, i~T~~fA~t DlPS A~U ', 

23140 
23SOC 

~LAYER THlCKNtSSES',/1 1 

bX,'LAYtR N0 1 VtLCCllY 

DtLTN = 0 1 0 
c; : S7,~957b 

z;oo oo so NK1,NX2LST 

01~ cull») 

2370 P~INT 9bOO,N,ALP~A(N),OE~lN,~PLU5(N),HMlN~S(~) 
2380 9&00 fUHMAT Cl10,9X,Fb,3,3fl0,1) 
2390C . CALCULATE D~LTNJ CONVEHT ANGLl~ · FRO~ RAOlANb TO OtG~f~S 
i1400 . DlLTN • C*~Sl(N) + OlLTN 
21410 ~0 CO~TlNUl . 
21.120C 
2430 
21.1410 9700 
2450 
cl.l&o 

P~INT 9700,NLAYRS,AL~HA(~LAYRS),OtLTN 
fOAMAT (ll0,9X,Fb 1 l,F10 1 1,////) 

STOP 
END 
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APPENDIX K: CROSSHOLE LISTING 

CROSS 1 o c2~c ~ OS/28/Bc 1 

10 CALL ~PARA~(l,80) 

20C T~1S ~H OGR A~ ~A ~ wRITTt~ BY Gt ORG t k, S~OG~A~D A~ D C~lt~tU 
30(*************** CROSS~OL t SElS~lC l~T£~ PRtTATl u~ **************~••*•••• 
~OC A~ D ~ OD IFIED ~y u~AI~ K, BUTLtk (1977) TU ~tLP 
SOC DEVlL OP A PLA U~ l~Lt T~ Ut VtLCtlTY l~TtRPK tT A T I C~ fkO~ THl AP PA~l~l 
oOC VtLUClTY PROFILE ~tASU~E U IN l~E FltL U bV CR O SS~U~t Stl S~ IC 
70C TtCH~IUUtS 1 TkAVl~ PATHS ARt AS~ U ~~ D TU ~t G Ov t~~tD 8Y S~lLL·~ 
~OC LA~ OF RtFRACTIQ•.. -
90C FRO~ THt lNTtRPRfTfD TR Ut vtL OCITY PR OFILE, A t O ~PUTlO 
100C APPA~ENl VEL OC ITY PR OFlLl IS DtRIVtD FOR tUMPARlSON ~~T~ TH~ 
110C FIE~D MEAS UR ED 0 A1A , I ~ A DD lTI O~ , A~ OPllU ~ I S AVAILA~Lt Tu 
120C INPuT ANY TR Ut VtL UCITY ~RQflLE fR OM wHICH A ~ AP~ARE NT VtL OC !TY 
1lOC ~R O FlLE CA~ ~l C O~~ THUCTE D AS A ~ U~Cl l ON 0 ~ A SPtCIFIE D ~OLf 
lUOC SPACING AND DEPT h lNTtRvAL CO~fiG UH ATl 0N 1 
150 
1oo 
170C UStR MINTS (JULY 1977) 
18 0 
190C 1, THIS PROGRAM CAN tlt USEO FOH SHtAR ~AVE AS wlLL AS CO~PR~SSI O~ 
200C WAVE V~LOCITIES, 
210 
220C 2, THl FUNOA~tNTAL l~TERPR~TATl O ~ CAPA~lLlTY OF THIS ~~uGRA~ lS 
230C ~A~ED UPON THE M~AS U kt~t~T OF O~E TR~E VtLULlTY lh tAC H VELO~lTY 
2~0C LAYE~. TH~ ~lDtST PUSSI~LE HOLt SPACIN G THAT ~ILL GlVt O~ l -
250C MEASUR~D TRU~ VELOCITY IN EACH VELOCITY LAYER IS PRtfERRA8L~ TO 
2oOC A CLOSER SPACING, ~ tCAUSE ON LY APPARtNT VtLOCITllS DEF1NlllV~kY 
270C ESTABLISH VtLOClTY LAY~~ l NTtRfACtS, IN utNt~AL, THt lOtAl UATA 
28 0C bASE FOR EAC H V l ~OCITY LAY~ R ~ UULU HAvt T~ O APPA k ~ ~T VlLOtiTitS 
290C RtLATlVt TU THt SA~~ lNTtRFA~t AND O~t lHvt VtL DC llY 1 

30 0 
310C 3, lHf INTERPRtTATl O~ v ~ A PRr.~lLt BtGlNS Af T~t HIGHEST GtUPHO~t 
320C AN D ~~OCE t O~ O U ~~~AR D , U ~LtSS Ol~tR~lSt SPtCI~lt D , THt FIRS ) 
3l OC VtLGCITY IS ASSU~t D TU be A TR~t v~LOCITY wiT~ SU,Ct~SkVt -
3~0C VELOCITltS THtt~~ SC~ LJ Tl ~ lH O FOCi lt-.Tt~PRtTATID~ U"-<TIL Tl1t II.EX I 
350C TRUE VtLOCITY IS E •. COU~TE~tD , 1 ~ COhtlPl, THE PHOGR•M ~OV tS-00 ~~ 
3b OC THt PRU FIL~ FH CM T ~U l VtLOCITY Tu THUt Vt LU,ITY ~ITH ANY ~ U ~Ot~ 0 ~ 
370C AP PARt NT VtLUClllES ( 0~ hO~E Al ALL) 1 ~ HETwEt N A DJACE ~T lRU~ 
380C VELCCITI~S, 
3q o 
~OOC ~, IF A f1~~ ~ MtA SuR Eil PHOFlll UGE S NUT tUNTAi h A MlASU Rt D !~ ut 
qlOC ~E~GCITY I ~ tA C" VtLOCITY LAYE P, TH~ OPTIUN TC l~P U T A T~Ll 
qc uC ~tLCClTY Pk O ~llt CA~ Gt~ERATt h t O ~P L Tt r> APPARf ~ T vtLGCl lY PKOFlLl 
~3 0 C THAT ~ILL COI~tl DE ~lTH TH~ Fl~L O ~tAS URLO PR OF lLt If THE 
4~0C HYPQTMESIZEO T~ Ut VtL UCITY PRC~ILt 1~ A ~ALID POSSI~lllTY, 
~~ u 

qbOC ':>, AN I~P ll l OP TI ON IS AVAILABLl TO s;.otCHV Tl"~ t.: lE.PtST TkUt 
q70C VELOCITY, Sl~Ct HUS T ~U~EhCLE~ tN O AT A HARDER ~All~IAL lHA~ 
480C tNCOU N T~RtO tLSt~HERl I~ THt PR O ~lLt, TH~ ~l N l~U~ TIME PAT~ AT 
qqoc THt R O TTO~ 0 ~ T~~ dO~~HOLE P~OBA ij LY ~OlS OttPER THA~ lHE. bO~tH ULt 
~ OO C DtPTH, THE O~PT~ TO THl LAST VELOCITY MAY ALS O bE SPEtiFlt v- IF 
Sl OC A DEPT~ GREATtk THA~ TH~ DEtPEST GEOPHU~E IS CES1Rt0 1 

520 
53 0C o, TRAVEl PATHS A~t ASSU~EO TO blGl~ A~ D l NO lN T~t SAMt Vt~OCll~ 
5'HIC LAVE l-l , ALTH OU (iH NOT ~ECtSSARlLY AT THl SA~t Dt:.PT,.,, 
5 ~ II 

Kl 



CHOSS 

Se>OC 
S7 o 
56 0 
590C 
bOO 
blOC 
blOC 
b30C 
bUO 
osoc 
bbO 
b70C 
osoc 
o90C 
700 
71 oc 
720C 
1lOC 
7UOC 
7~0 

7C>OC**** 
770 
780C 
790C 
eooc 
610 
820C 
630C 
&'40C 
85UC 
ijoOC 
870C 
860C 
b'IOC 
900C 
~soc 
Cf20C 
9JOC 
9"0C 
q~oc 

9oOC 
970C 
9t1UC 
990( 
lOOOC 
lOluC 
1020C 
10j0( 
1040C 
1050C 
lOoOC 
1070 
1oaoc 
10<IOC 
1lOOC 

CO~T 2 

7, ~OLe COORDINATtS ARt NQ~TM POSITIVt, ~AST ~OSITIVt, ~~D ~fPTn, 

11 PROVIOt ~OR A f~AVEL PATH TU tiEGlN IN ONt LAYt~ AND ~~0 ~N 

THt ADJACENT LAYER, THIS CAPA~ILITY ~ILL ALLO~ ~0~ MORt . 
SOP~ISTICATED SOURCE•GEO~HONE AND MvLTIPLt GtOP~O~E CONFl~vRATIU~S 

2, PROVIDE FOR A SPECIFltD l~TERFAC~ SLOPE, 

l, PROVIDe A MUDtL TO Gt~£HATe A MfiSSN~R WAVE FRONT UlAGRA~ 
~OR COMPARISON ~ITH A MElSS~cR ~AV~ ~kONT SuRveY TO H( 
CONOUCTlO 1~ CONJU~CTION WITH THt CHOSSHUL~ SuRVtY, 

4 1 lNCORPORAT~ U~HOL~ TIMES TO AID IN THt INTEHPR£TAT10~ ANv TO 
PROVIDE VERTICAL wAvE VlLOCITitS (IN A SIMILAR MA~Ntk TO lHE
u,s, BURtAU Of MINES PRUGHAM ~OR Rt~kACTlON StlS~lC PROflLlN~) 
FOR CRUSSHOLE SURVEYS, 

PROGKAM INPUT **************************************************** 

FIRST CARD • FORMAT (12Ab) 
t•72 DATA IO~NTlflCATION 

LIST • FORMAT (~I5,Uf10 1 0,215) 

~8•20 
~~·~0 
21•30 
cll•SO 
'5l•b0 
t~l•bt;) 

ob•70 
71•75 
7C>•ti0 

INPUT OPTION CODE 
1 fOR ARRIVAL TIMES 
2 FOR APPA~ENT VtLOCITlE~ 
3 FU~ T~ U E VtLOClTY ~ROFIL~ ANO AHRIVAL TIMeS 
Q FO~ TR UE VELOCITY P~O~ILE A~U APPA~lNl V~LUCITAlS 
5 FOR TRU~ VtL OCI1Y P~OFl~t 

STORAGE KEY FOR US~ ~lTH OvT~vT OPT!CNS 
OUTP~T UPTIO~ CODE 

l FOR lAMDU~•APPARE~T VlLOClTY AS A FU~CTION OF ~UL~ S 
2 ~UR SUMARY 
j ~OR SUr-tTwO 
7 fOR tARRVl~G OV~R T~E PRtVlOUS TRU~ VtLOCITY P~OFlLt 

TYPt OF SU~MARY TAbLt DE~l~t U t~OR USE ~ITH IUPc:t) 
1 fOR PARTIAL S U M~AHY THRll HULt S£T 
~ FOR FULL SUMMA~Y lHkft HOLt SlT 

NU~h~R Of SHOT HtCOROS Pt~ HOLE SEl 
HOLf PAlk AZIMUTH 

HOHllONTAL DlSTA~Ct ~tT~~t~ BO~tHOLtS 

FIRST LAYfH T~Uf VlLOCITY Clf NOT D Efl~ED ~V THe DATA) 
DEl~lST LAYER T~vl VELUtlTY (If NUT Dtfl~tO bY T~t UATA) 
DEPTH TO THE OtEPtST LAYt~ Clf ~NO~~) 
~U MbER ll F TRU~ VtLOCITY LAYtRS FOH J N ~LT OPTlUN& ],u,~ 
Gt OPHONt SPACl~G (FOk USe ~lTH INPUT OFTION ~ O~~YJ 

OUTP UT PUNCH O~TIO~ (F O ~ U~t wiTh OPTI O ~ ~) 

THIRD LIST • fORMAT (6f10.0) 
1•10 SHOTPOINT OtPTH (L•COOHOINATt) 

11~20 SHOT~Ol~T LOCAL X•DtVIATl O ~ (NOMT~ Olk~CTIU~ POSll~Vl) 

K2 



CROSS 

lllOC 
1120C 
lllOC 
l140C 
1150C 
11 t>OC 
117 0 
1180 
11qo 
1ZOO 
1210 
1220 
1230 
12l5 
1240 
1241 
1242 
1243 1 
12~0 2 
1ib0 10 
1270 
12tsO 
11?90 
1100 
1510 
15~0 

U30 
13U O 
137 (1 
1380 
131.10 
141 0 

1420 
1430 
1'4~0 

1~5 0 

lt4b0 
1470 

820 

l IH~ 0 
l4q 0 
1500 
1 ':> 1 (l 
1'520 
1~5 0 

1~40 

1~So 
15o0 
1570 
15d0 
1~90 

1600 
lol O 
1b2 0 
1o3o 
lo4 0 

200 

CO~T Fl!.E PA~t N(J , 3 

cl•j0 &H U TP O I~T LOCAL Y• D tVlAT1 U~ (~A ~ T D I ~ t(Tl O ~ ~ O ~lTl~t ) 
31•4 0 G EOP~UN~ Ot P TH CZ•CUU k D l ~ Al( ) 
ul•~O ~~OPH UNt LOC AL X• D ~VlATl U ~ 
Sl•oO GEOPHU~E LOCAL Y• D tVIATI U ~ 
bl•70 ARRivAL T l~t, StCO~ O S (~ 0~ USt ~I TH I~ Pu l O ~ll U ~ 1 A~ U l) 
7l•ij0 APPAH~ N T V~LUClTY (F U ~ uSt ~ITH l~PL T OP TI U~ 2 AN D 3 ) 

CO~~UN/lNPUT/0S(~ 0 ,2 0 ),DG(S 0 ,20),SS(~ O ,i O ),~G(5 0 ,2 0 ) 1 
' S~GS(5 0 ,l 0 ) 1 0 ~GS(5 0 1 2 0 ) 1 T~(~ 0 ,2 0 ) 1 VA(~ O ,i0) 1 DP\5 0 ,l 0 ) 

• ' ,SXC5 0 ),SY(5 0 ) 1 SL(5 ~ ),GX(5 0 ) 1 GYCS 0 ) 1 GZC~ 0 ) 
CU~MUN/ O UTPUTIVL(~ U ,2 0 ),0L(c U ,20),SVL(2 0 ,c0),~(2 0 ,2 0 ),TTCb) 

~,VC(2 0 ,2 0 ) 

C O~~U N /C O~STA/ D ELGS,V~lRST,VLAST,ULLA ~ T,TlTLt 
C~AHACTEH•2~ DI~C2) 

CMARACTlH•oO TITLE 
DATA OIN(2)/1h;/ 

tSTAT=O 
GO TO 2 
CAlL DlTACH(1 1 l~TAT 1 ) 
pRINT 10 

~OH~AT(•E~T~~ T~t NA~£ Of T~e DATA ~lLt YO U ~A~T TO PRUCtS~") 
HEAD 820,01~(1) 
If(D1N(1),EU,8~ )G O TO qqq 
CA~L ATTAC~(l,Dl~,l,O,ISTAT,) 

FO~MAT(V) 

DATA AFAC I 0, 02 1, CfAC I 0,05 I 

PHl~T sqs 
HEA 0 (1,8 00 ) liTLl 

RtAC(l,61 0 )Ll~,l O~l, ~ ,I 0~2,ISU~,M, U lSl,All~,vFIR S T,vLAST,CL L ~5l,l~AX, 

' DE LGS, 11-'UI\ 
H cr-.,ta,o> N=l 
HclOPl.tCJ,O) (, O TO 2~0 

DO 200 1=1 1 2 0 
OL(l,~):O, o 

vL(l,N):O, O 
SVL(l,III): O, O 
P<(J 1 N)aO,O 

l~ClU~1,£ U ,O) GO TO 41 ~ 

H ClOP2,t V, O) 
IF (1UP2,EY,1) 
IF(l 0Pc,EU,2) 
H (lOP2,E L1 ,3) 
H<lOP2,~ t. ,7) 
J"~AX: O 

lF(lUPl,E O,O) 
(;0 TO bOO 

b () l i.J 50 (J 

CALL TAHPI.J"' 
CALL SU111Aio/Y 
CALL SU"~T" C 
CALL CARkY C 

(; 0 TO 1 

(MdMAX) 
(J~A)(,lS U "') 
(~,to.) 

(,..,~,L~li'IAX) 
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CROSS 

lb',)O 
lob O 
lb7 1) 
lblj Q 
loq c 
1700 
1710 
1720 
17.SO 
1740 
1750 
17b0 
177 0 
1780 
17q0 
180 0 
1810 
1~20 
1610 
lti4 0 
1850 
18b0 
usc, 1 
1870 
1880 
lbqO 
1qo o 
11.11 0 
1q2o 
1930 
1q40 
1<.i~O 

lqbO 
1q7o 
19d U 
19q0 
2000 
~010 
2 020 
2 0 30 
~ 0 40 

2o~ u 
2 voo 

5 U 0 I 1- ( I l l P 1 , £ U , 1 , v K • l (.1 P 1 , f: U , 2 ) C A I. L C: 0" T k U ( 1 , J 1 ,. , ~ , I ~ A X , A r A C ) 

CALL STATS (M,S ~D~ 1 SSN D ) 

GO TO 1 
F0fCMATCAo4) 
FORMATCV) 
FURMAT (1H1) 
STCP 
END 
SUB~OUllNf:RI~P U T ( 1 OP 1, N, lOP~, 1'1, I) IS T, A Zl M, I MAX) 

CO~HUN/lNPUT/DSC5 0 ,2 0 ),0G(S0,20),SS(~ 0 ,20) 1 SG(~U,20), 
~ SFGS(~ CI ,20) 1 0fGS(~0,20),TkC50,2 0 ) 1 VA(~O,~O),OP~5U,20) 
~ ,SX(5 0 ) 1 SY(~0) 1 SZ(50) 1 GX(~ 0 ) 1 GY(SO),GZ(50) 
CO~MUN/C U TPU1/VL(2 0 1 20) 1 0L(20,2 0 ),SVL(2 0 ,2u),K{20 1 2 U ),TT(&) 

~,vcc2o,zo> 
CO~~O N /C ON STA/ OE:LGS,VFIRST,Vl.ASl,~l.l.AST,TlT~E 
CHARACTE:R•bO TlTLt 

PRI NT 51, TITLE 
~1 rURMAl(T2,•CROSSHO ~t DATA •",4o U,//J 

PRI NT MOO, DIST 
800 FORMAT ( 5X,3b~HO~llUNTAL DlSTANCt ~tTwEeN HOLtS IS,ro,l,/1~ 

IF(lUPl.Nt,~) GO TU bO O 
GZ ( 1 > : OtL GS 
SZc1>=DELGS 
DO ';Oo J:l,!-1 
~L(J):SZ(J•l)+OELu ~ 

~ uo Gi(J):GZCJ•1)+0£Lf. ~ 

b 0 0 P R P • T ~ 1 0 
81 0 ~0RMATCox,~•iO tPTH 1 4X,bHO lRECT,1X,7HAkklVAL,~X,8~APPA~ENT, 

~SX,<.iHSH O T H0 Lf: 1 5X 1 bMG t U ~OL~,/,~K,4~S" lJ 1,4X,3H~l~,2X, 
~8HOISTAhCt,1~,4 H TIME,3X,4~VEI.O,bX,~~~· O lV,lX,5HY• D f:V, 
~JX,?H~• D tVr3X,~ H Y• vtV,//) 

2 0 70 ANGL~= 0 . 0 1745•AZI~ 
20~ 0 XFAC=OIST•COS(ANGLt) 
209 0 YFAC= D l~T•Sl~(A N6Lt) 

21 00 
2110 DO 10 0 J:l,~ 
21i0 
213U SX(J):O,O 
21~ 0 SYCJ):o,o 
~1~ 0 GXCJ):o,o 
21~0 100 6YCJl=o,o 
2170 
2180 I~(IUPl,tQ,~) Gu TO 300 
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C RUS~ 

219 0 
220 0 
221 0 
222 0 
22.3 0 
2~(,10 250 
22(,1~ 

22')0 
22 c O 
22b5 b 
t!t!70 
228 0 
229 0 " 
2.SOO 30v 
2.H O 
2320 
2330 
2.540 
2350 
2jo 0 
2370 
238 0 
23qo 
2400 
2 4 10 
2(,120 
2430 
e~~ u 
2(,150 
cl.loO 
21.170 
21.J80 
2~q,, 

2';)0 0 

2'.>10 
2'.>20 
2'.>.50 
2~4 V 
255 0 
~5o v 
2~7 0 

20 0 

db V 

- - -. 

CU~T FlU PAul "'0 , 

()( i 5 0 J=l, "r 
P· cl UP1 ,t:. ~ ,l, u ~ . l L F-l,H.-,j ) htA D tl , bt >Llr.,::,zc J> , ::,xtJ> , ::, ycJ J , GZ tJ>, 

b l.~(J) , GY(J ) 

l~(lUP1,t:. Y , t! , OR ,l v Pl ,t ~,u) ktA O ( l 1 b3 0)L l~ , SZ( J ) 1 !:lX(J),~Y( JJ 1 GL(J) , 
~ GX(J) 1 l.Y ( J) 

co~T l fiiUt 
DO b J=t,f'l 
lf(J O Pl,EQ,1, 0~ ,I UP l,lU 1 3)R~A C{ 1 1 820)~l r. 1 T~(J,~) 
lF (l0P l,l Q,2, 0R ,I QP l,EU,4) Rt:.A C( 1,820)~l~,VA(J, ~) 
C ON TlN U~ 
IF(l OP l,t:. ~ ,c, Ok ,l U ~l ,t b , U) GO TO 30 U 
OU ~ J:1,t--
TR(J 1N) :T R(J , ,)I1 00u , 

DO cO O J :l, M 
D ~r. S{J , N ): Gl(J) •5 l(J) 
S~GS(J, N ):(G~(J)+~fA C w SX(J)) *(~ X(J)+~~A~ • ~X(J)) 
S~GS(J,~)=SfGS(J, ,) + (~Y(J)+Y~AC • SY(J))*(~Y(J)+Y~AC · ~Y( J)) 
SfGS(J,N):SURT(S~G~CJ,N)) 

SScJ 1 N)aO,O 
SG(J 1 N)&SS(J 1 N)+SFG~(J,~) 
DS(J,N):Sl(J) 
OG(J,r·.q~GZCJ) 

HYP OSU: D FGS( J ,N)• U ~GS(J,~)+~~b~(J 1 N)*SFGS(J,~) 
OP(J , N) :SQRTCHYP05 ij ) 
1~(1 0P 1,E O ,l, OR ,I OP1 ,E Q ,j ) ~A(J , ~) : OP (J,~)/TH(J , ~) 
l~(l 0Pl,EU,2, 0h ,l UPl ,lU,~ ) Tk(J 1 N): O P(J , ~)/VA(J , ~) 

I~ (10Pl,~Q,5) VA (J , N) : O, O 
l~(l 0P 1,t U , 5) Tk(J 1 N):u , O 
P~I N T 840, OS(J 1 N) , OG( J,~),OP(J,~),Tk(J,~),V-(J,~),SX(J),5Y~J), 

1'. G;((J ), G'f(J) 

I ~ C 1 U P 1 , ~ l4 , 1 , 0 R , 1 r; P l , t. ~ , 2 ) G l' l 0 9 u tJ 
HtA D (1,8SO) Ll'~~.Cl>L(l , I\) 1 1=1.1 1'1 A ~ • l) 

RE All ( 1 ,8 5 0 )LlN , ( Ill( I 1 N) d=l ,1'-'t.X) 
f0fCMAT (// 1 .S 2t1SPECHHD 1~ \J t VLU.: CITY 
PRINT lib (l 

DU ~00 I: I ,I MAX• 1 
P~JNT 8o~, VL(l 1 1\) , D L.(l, ~> 

PRJNT 8b5 1 VL(l~Ax , ~ ) 
~ U k M AT (2uX , F9 1 1 , / , ~ U ~,~ Q , 1) 

RlT UR". 

) 

t!"iH O 
2'.>~0 

2b OO 
2 0 l ll 
2o2 o 
263 0 
2b 40 
2o'J O 
20b ll 
2o7 1J 
2oH O 

qoo cu~ TINUt. 
lf(VFIRST, GT, O, O) PRINT 872 , VFIRST 
l~( V~ A ST , GT , O , O ) P~INT 6 1U 1 VLA~T 

I FC DLL .ST, GT, O, O) PkJNT 87o , DLLAST 
Rll U~N 

8 72 F U~M AT (/ 1 lOX 1 '> 0hTHl ~IRST ~AYt R T~ul v~~OCITY ~AS SPECl~lt:.U TO bl 
g. ,f8, 0) 

87U FO~MAT (/ 1 1 0X ,~ ~MTHE D ~tPt.ST LAYtR TRUl VlLOCITT ~AS SPt.CI~llO 10 
~ Ht:. ,Fd, O) 

87o F UR~ A T l 1 0X ,~1H lHt O~PT~ TO l~t OttPt~T LAYt~ ~A ~ ~~l~IFI: D TU u 
2o4 0 
i70 0 b20 
271 1J d3 0 

l'. t , F7 ,1 ) 
~QRMAl{\1) 

FUH1-4Al(V) 
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CH OSS 

272 0 
273 0 
27QO 
27~0 
27oO 
Z77 0 
278 0 
279 0 
2~ 00 
2~10 
c t; 1 1 
2H2 u 
2H3 0 
2~4 0 
265 0 
i6b0 
2~PO 
268 0 
2690 
29 00 
2910 
292 0 
293 0 
2940 
295 0 
2<io o 
2970 
2980 
29~0 

3 000 
.SOl O 
.S 020 
3 030 
.5 040 
3 0':>\) 
.s ooo 
.S070 
3080 
j O'I O 
31 00 
311 0 
.H 20 
313 0 
.H 40 
3150 
.HoO 
3170 
.H80 
3 190 
5200 
:s I! 10 
!220 
3250 
.S24ll 
325 0 

CUt- T 

t;q O FOR MAT CT1,fo,l,Tb,Fb,ltT!5 1 ~b,1,l~~'f7,~,1~ n ,F7, 0 ,T3h, 

'2F6,21T55,2FB,2) 
850 FOf.<MAT( V) 

Et-.o 
SU~ROUT I~t CONT~U (J 1 J,~,~.l~AX 1 A~A C) 

CU~~ON /1NPUT/DS(~ 0 ,2 0 )10b(S0,2 0 ),SS(~ O ,c0),SGC':>OI2 0 )1 

~ SFGS(S 0 1 ~ 0 ),DFGS(5 0 1 2 0) 1 T~(5 0 1 1!0) 1 VA(50120) 1 DP~5 0 ,i0) 
C U~HON/OUTP U TIVL( 20 12 0 ), 0 LC20,2 0 ),SVL(2 0 ,c0),K(20120),TT(b) 
CO~MON /C U ~STA/ D~L~~,V~IRST,VLASTI D LLAST,TllLt 

CHAHAClER•o O TlT~t 

PRINT ll O,liTLt. 
11 0 ~ORMAT (/// 1 T2 1 "CH USSHUL[ DIAGNOS TIC •" 1 Ao O,///) 

1=1 
J=t 
I f ( v f- 1 I< S T , Lot:. , o , o ) t. 0 T 0 3 0 I• 
IF(VFIRST, GT, O, O) PRI NT 61 0 , VFlkST 

810 FORMAT ( 2X,59HCAUTION • THE ~lRST LAYtR T~ Ut VtL UClTY ~AS ~Pt.CIFI -~eD TO B~ ,f7,0) 
lf(VA(1,N)/VA(2 1 N) 1 ~T,l,O•AfAC,A~D,VA(l,N)/VA(2,~),LT 1 1 1 0+A~AC) GO 

• 
I'.TU 100 

GO TO 100 

100 P~I~T 820 1 VA(1,~),DG(1 1 N) 1 VA(1,~),UG(l,~) 
B20 f0RMATC12X,18HHO~~Vt~, SINCl THt,F7, v ,3H AT1Fo 1 1121H IS APPARt~lLY 

~ A TRUE/l2X,57HVEL OC ITY, T~i lNTERFA Ct e~T~fE I~ TH~ SPtCIFIEO ~' lkST 
& ~AY~R/1~X 1 l7HTR Ut vEL OC ITY A ~U,F7 1 0 , ~ 2~ MAY hE ~HALLO~E~ T~A N ,F t , 
6l1A H, CHtCK/12x,45HStl~ M IC RtFRACTlU ~ DATA f UR T~JS PO&SIB~LITY,) 

.S UO 1~ (J,tQ,M) (;0 TU 4 00 
IF(J, GT ,M) R~TUR N 
Ak:VA(J,N)/VA(J+l, N) 
lF(AR,C.T,t,O~A~AC,A ND ,AR , L l,l, O +AFAC) GU TO ~00 
IF(AR,~t 1 1 1 0•AfAC) GO TU 7U O 
lf(AR,Gt,l,O+A~AC ) GO T0- 200 

400 VL(l 1 N):VA(J,N) 
SVL (I,"") =~VL (I I N ) +VL (I, 1\ ) 
t< (I I ,.... ) : K ( 1 I "' )+ 1 
l MAX=l 
J= J +l 
GU TO 3 00 

200 CALL UPTI M ~ (1 1 J,~I N ,IMAX) 
GU TU 300 

700 CALL DOWNTM(l,J,M,~,IMAX) 
GO TO j OO 

RETURN 
t:.NO 
SUB ROU TIN~ UPT1Ml(l 1 J 1 M,~,I~AX) 
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CROSS 

libO 
3i70 
3i80 
lzqoc 
.BOO 
3310 
3320 
3330 
:nuo 
3350C 
llt>O 
3370 
llbO 
33qoc 
11.600 
31.610 
31.620 
31.630 
)ijijQ 

)U50 
31.61>0 
3U70 
31.680 
laqo 
3500 
l.~ 10 
35i0 
3530 
351.60 
3550 
lSou 
3570 
l~l:iO 
lsqo 
ioOO 
jolO 
.so2o 
3ol o 
3o" O 
loS O 
lob O 
lo7 o 
)bBU 
loq o 
3700 
3710 
3720 
l7l0 
l1" 0 
37';)0 
l7b0 
377 0 
376 0 
37qo 
3600 

CO~T 1012~1 " 05/28/b2 7 

~ SF G S(50,20) 1 0~~$(5 0 1 2 0 ),Tk(S 0 ,2 0) 1 VA(S 0 ,~ 0 ) 1 D Pl5 0 1 i 0 ) 
C0~MQ~/OUTPUTIVL(~O,~ O ),OlC2 0 ,2 0 ) 1 SVL(2 ~ ,~0),~(20,c 0 ) . 

*** LOCAT~S lNTtkfACE FOR V~lOCITilS OEChlA~l~G ~IT ~ OEPT~ *********** 

If(0G(J,N),t~, U G(J+l,N) 1 A ~D ,CS(J,N) 1 ~t, U~(J+1,~)) ~0 TO 2o O 
Jl:i•l 

20~ JUU•J•JB 

********************************************************************** 
PRINT zoo, I,J,JB 

200 FO~MAT (25X,•eXtCUT10~ CHECK • LAYt~',l~,, • DEPT~',lJ, 
I. ' • UP',X2) 

******•*************************************************************** 

VL(l,N)&VA(J,~) 

VL(l+l,~):vA(JUU,N) 
0L(l,N)aTRCJ+1,N) 
AOJSQcvL(l,~)*VLCl,N)•VL(l+1,~)*VL(l+l,~) 
AUJ•SORT(AOJSU) 
OL(l,N)mOLCl,N)85FGS(J+1 1 ~)/VLC1 1 N) 
DL(l,N):OL(l,N)eVL(l,N)/ADJ 
DL(l,N)c0,5•DLCI 1 N)*VL(l+t,N) 
DL(l,N)&OL(l,h)•O,S•D~~SCJ+l,N) 

Dlc1,N)aOGCJ+1,N)•DFGS(J+1,~)•0L<l,~) 
IF(DL(I,~),GT,DG(J,N),A~D,O~(l,~),LE, D G(J+1,~)) GO TO 2tiO 
lF(JUU,~U,~) GO TO 2SO 
lF(VA(JUU,~),~T,VA(JUU +l,~)) GO TO 28 0 
JB:Jti+1 
GO TO 4!\J~ 

2 8 0 IF ( 0 L. ( I , 1\j ) • G T • D G ( J , N ) • AND • v A ( J , N ) • f. (J I v L ( l , "' ) • AND • 
~VA(J+l,~),EU,V~(l+l,N)) PRII\jT ~27, O L(l,N), OG CJ,~),UL(l,~) 

IFCDL(l,N) 1 GT,DG(J+1,N),OR,D~(l,~) 1 L~,OG(J,N)) DL(l,~>=DG(J•~)+l,O 
SVL(l,~):SVL(l,N)+VL(l,~) 
P<(l,N):!((l,l-4)+1 
K(J+l,~)&K(l+l,N)+J~•l 

SVl(I+1,1'4):SvLCI+l,N)+(JB•1)-VL(l+1,~) 

lMAX:l 
I=t+l 
J= J +Jb 

~27 F U kMAT(T3 1 'CA U TI O~ • T~E INlf~fACt CALC ULATl C TO ~l AT',fb, ~ , 
t/T~,'C OUL D ~l A N Yw~f.Hl ~~T~lf~',~b,l,' A~ o ·,~o,ll 

RE.TUR"-

2o 0 PHJNT SS O, VA(J,~),D~CJ,~),VA(J+l,~),O~(J+l,~) 
550 fORMAT(Tl,'CA UTilJIII • Tt-!f.' 1 1'7,0,' AT ":. ul-'t-101\i~ ll lPTH',fb,l, 

&'A~O THl',F7,0,I'AT G~UPHO~~ DlPTM',~b,l,' S~ OU~D ~t tUUAL,:) 
VL(l,N)avA(J,~) 

SVL(l,N):SVL(l,~)+VL(l,N) 
K(l,N)~:K(l,N)+l 

J•J+l 
RETURN 

END 

K7 
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CROSS 

3810 
3SC?O 
3~30 
36UO 
3850 
l8o o 
3801 
3870 
l680C 
36'i0 
3900 
3910 
3920 
l9lOC 
19'10 
l950 
lfloO 
3970C 
)960 
3~90 

4000 
4010 
402 0 
40}0 
4040 
4050 
40b0 
4010 
1.1080 
4090 
4100 
"1 l 0 
1.112 0 
413 0 
414 0 
41~ 0 
4lb0 
'11 7 0 
418 0 
1.1190 
4200 
421 0 
4220 
4230 
4240 
4250 
420 0 
4270 
4260 
1.1290 
4300 
ILHO 
4.S20 
4330 
1.1}4 0 

COto.T fiLE PAGt NG, 

CO~M O~ /lN~ UT /DS(~ U ,2 0) 1 CGC50 1 20) 1 SS(~ 0 ,20) 1 SG(50 1 2 0 ) 1 
~ S~G~(~ D ,2 U ) 1 DfGb(~ 0 ,iO),T~(~ 0 ,20) 1 VA(50,20),0P~~ U ,20) 
C0~MON/OUTP U T/Vl(20 1 2 0 ) 1 0L(20 1 20),SVL(20,2 0 ) 1 K(20 1 20) . 
CU~MON /CONSTA/ DlL~~,VflRST,v~AST,D~LAST,TilLt 
CHAHACT~R•oO TlTL~ 

*** ~OCATES INTERFACE FOH V~LOCITltS lNCHlASING ~~T~ OE~T~ *********** 

JAcl 
705 JJJC:J+JA•l 

******•*************************************************************** 
PRINT 200, I,J,JA 

ZOO FORMATC25x,rE~ECUTlON CMlCK • ~AYER' 1 llt~ • OEPTH' 1 Il 1 

& ! • 00WN',I2) 
• ********************************************************************** 

VL(l,N):vACJ 1 N) 
VL(l+l,N)aVA(J+JA 1 N) 
lf(l 1 EQ,1 1 ANO,VFIRST,GT,O,O,A~D,J,tQ,1) VL(1 1 N)C: VFlRST 
1F(J+JA,GT 1 M 1 AND,V~AST,GT,O,O) VL(l+l,N)cVLAST 

OL(l,~l=TRCJJJ,N) 
A0JSQ=VLCI+l,N)•VLC1+1,~)•VL(l,~)*VLCl,N) 

lfCADJSG,~E,O, O ) PRl~T ~01, OG(J,N) 
AOJ=SQR'TCADJSLI) 
0~(l,N):OL(l,N)~SFGS(J,N)/V~(1+1,N) 

lfCD~(l 1 N) 1 LT 1 0,0) PRINT SOj, DGCJ,~) 
DL(l,N)•OLtl,N)•VLCl+l,~)/ADJ 
OL(l,N):O,~•DL(l,N)*VL(l,N) 
D L(l,N):DL(l,N)•O,~•D~GS(J,N) 

IFCDL(l,~),LT, O ,O) PRINT ~0~, UG(J,~) 

OL(l,N):OL(l,~J+DFGS(JJJ,N)tU~(JJJ,~) 

If(DG(J+JA 1 N),N~, DG CJJJ,~),AND, U L(l,~l,~l,DGCJ+JA,N) 1 A~D, 
~ OL( l 1 N),GT, DG CJJJ,N)) GO TO 720 
lf( DG (J+JA,N),EQ,DG(JJJ 1 N ),A~ O , OL( l, ~J ,Lt,DS(J+JA 1 N) 1 AND 1 

& OL(l,~),GT,OSCJJJ,N)) GO TO 7i0 
l~(J+J4 1 ~ ~ 1 M 1 ANO,VLAST 1 GT,O,O) GO TO 710 
If (J+JA,G~•"4) GO TO 180 
If(VA(J+JA,N),GT,VA(J+JA+t,N)) GU TO 7b0 

71 0 JhJA+l 
GO TO 705 

160 H(J+JA,C,T 1 M) GU TU 79 0 
l~(DL(l,h),LT,OG(J+1,N) 1 ANO,~ACJ 1 N),E G ,V~(l,~),A~O, 

&VA(J+l,~),tLI,VL(l+l,N)) PRINl 527 1 U L(l,~),OL(l,~),OG(J+l,N~ 
lf(J+JA,E Q ,M,ANO, DL (l,~),GT,Cu(J+JA,~)) PRINT 525 

&1 0G(JJJ,N),VA(JJJ 1 N),VA(J+JA,N),DG(J+JA,N) 
!F(J+JA,LT,M,4NO,DL(l,N),GT,Ou(J+JA,N) 1 AN0 1 

~ VA(J+JA 1 N) 1 GT,VA(J+JA+1 1 N)) P~INT ~i U , OG(JJJ,~),YA(JJJ,N)r 

K8 



CHOSS 

4l,O 
4.3b 0 

"i70 
t0ij0 
CU90 
4400 
41'10 
4420 
4430 
4440 
4141)0 
t~t~oo 

4470 
4480 
4490 
4500 
4510 
4520 
4530 
4540 
45SO 
4Sb0 
4570 
4~80 
41j)90 
4b00 
4b10 
4b20 
4b30 
4b40 
4()50 
4bOO 
4b70 
4o8o 
4o90 
4700 
l.l710 
4720 
4730 
4740 
475 0 
47b0 
4770 
47~0 

4790 
4800 
4bl0 
"811 
482 0 
483oC 
4840C 
4ti~u 
48o 0 
4870 
4880 

-- - ·- --- ---

COt\T 10 1241 4 05/2b/82 tiLE. PAGI:. N0 1 

VA(J+JA,N),DG(J+JA,N),VA(J+JA+1 1 N) 1 0G(J+JA+1 1 N) 

lf(OL(l,N),GT, DuCJ +JA, N) , OR , O LCI, ~) ,L T , Db(JJJ , N)) 
l0L(l 1 N):DG(J+JA,N) 

lt( D L(l,N),Gl, DS(J +JA,N), O~ , DLC 1 1 N) 1 LT 1 DS(JJJ ,~),AN U 1 
& OG(J+JA,~),EQ,OG(JJJ,~)) DL(I 1 N)aOSCJ+JA,~) 

790 SVL(l,N)aSVL(l,N)+JA*VL(l,N) 
K(I,N)~K(l,N)+JA 

IMAX:l 
IfCJ+JA,GT,~,A ND ,VLAST,GT, 0 1 0 1 A N D ,DLLAST,~T, O , O> GO TO 800 
l=t+1 
J!:J+JA 
RETURN 

800 PRINT 810,DLLAST, OLC 1 1 N) 
l~AX=l+l 
SVL(lMAX,N):VLAST 
I<(JMAX 1 N):l 
J:aJ+JA 
~H. TURN 

---~ -- -·--

~01 FORMAT (T13,'AT GI:.UPHON~ OEPT~',f~,r,', N~GATIV~ VELOCITY D'FFE~EN 

~CE') 
SOl FORMAT (T13,~AT G~OPHONI:. OEPTH',Fb 1 1 1 ' . 1 ~EGATIVt TIMI:. f'ACTO~') 
505 FORMAT (T13,'AT GtOPHONt D~PlH',fo,l,', N~GATIVI:. DE PTH fACTUR') 
~~5 fO~MAT (Tl,-CAUTIUN • AT uEOPHO~~ O~PTH',~o,1,' 1 THt',f7, o ,i, 

~~ COULD Be APPARENT',Tll,'AN D OR THt',~7,0, 
&~SHOULD BE APPA~I:. NT ') 

527 f0RMATCT3 1 'CA UT I ON • THt INTtH~ACt CALCULATtD TO B~ AT',Fo,~,l' CO 
~ULO bE ANY~HEHt HtT~ttN' 1 ~6,1 1 ' AND',fb 1 1) 

5~8 FORMAT (ll 1 'CA UT I UN • AT GEOPHONt OtPTH',~b,1 1 ', IF THt',f7eO,' lS 
~ A COR~£CT VtLOCITY ,' 1 1 1 T13, 1 THE N T~t ',f7, 0, 'AT GEOPHO~E Ut6TH 1 ,/ 

'Fb,1 1 ' IS ~ITHtR APPAHtNT OH lNCORREtl,~) ~ 
~30 ~ORMAT ( 2X 1 27NCAUTI 0N • AT G~OPHONt OtPTH 1 Fb,1 1 4H lHt,f7, u , 

& 18H COULD 6~ APPA HtNT ,/,12X,1 0H AN D/Ok T~c,f7 1 0, lH AT,fb 1 1• 
& 7H UH THE 1 f7,0,/3 H AT,f6,1•14H ARt lNCOHHtCT) 

i:S10 f0RMATC2X, 'CAUTI OrJ • TH~ ~. OPlH TO THE H!uH V£LOCITY LAYtlo< b:Nt:.ATI" 
'THt ' 1 12X 1 ' DttPtST GtOPHONE ~AS SPlClfltO TO~~ ',F7,1, 
~· AND C4LC ULATt D TU Bl ',F7,l) 

EN D 
SUBROU TlNt OTCH£K Cl,J,M,N,JA) 

CU~MON/lNP UT / DS( 5 0 ,20),0G(50,cO),SS(5 0 ,2 0) ,SG(~0 ,20), 
& SFGS(SV,20) 1 DFG5(50,20),TRC50,?0),VA(50,20),DP~~O,i0) 
CU~MUN/OUTPUT/VLC~ 0 ,20) 1 DLC20 1 2 0) 1 SVL(2 0 ,20),K(2 0 ,2 0) ,lT(b) 
C0~MON/CONSTA/OtLGS,VFIHST 1 VLAST, U LLASl,liTLE 
C~ARACTE~*b O TITL~ 

*** CHtCKS OO~NTM J I,T tkPRlTATION fOR POSSl~Lt AM~lG U ITitS AND 
ASSU~ES TH~ SIMPLI~8T lNTERP RtTATlON **************~***'** 

lf(VA(J,N) 1 GT,VAlJ+2 1 N),OR,VA(J+l 1 N) 1 GT,VA(J+2,N)) RETUk~ 
If(OSCJ+l,~),LT, OS CJ 1 N),ANO, DG (J+lt~J,~T,DG(J 1 N)) RtTU~N 

K9 



CROSS CO~T flL£ PAGl NU , 10 

~eq o LK O 
~qo o I~(J,l 0 ,1) Let 
~91 0 IFCL,E Y ,l,A NO , V Fl~S T , G T, O , O ) P ~ INT S2 8 , 0G(1,~ ) 
ijq2 0 ~2H F O~ ~ AT C l X ,bij~ NOT~··THt Fl RST LAYE R T~U~ VtL OCITY wA S ~OT SE I 
~ q 3 o ~E QL AL TO V ~I ~ ~ T ,17 X ,5cHCH~C~ SEIS~l t R ~F kACTI ON DATA ~O R P0 5SI~Lf 
qqq o &l NTFACt/ 7 X,25 HAT A ~HALL~~E R De P TH THA N,fo,l) 
49SO V2C~: V ACJ+l, N ) 
q9b 0 VlCH: VA(J+c,N) 
4970 
4980 OZ~N•TRCJ+l,~) 
qqqo ADJSQ:V3CH•VlCH•V2CH*VZCH 
5000 lF(ADJSQ,Lt, O,O) uO TO 728 
5010 ADJCSY RT CA DJSY) 
5020 GO TO 72q 
SOlO 728 AOJcO,O 
S04 0 72q CON TINUe 
5050 02~N:02MN•SFGS(J+1, N )/VlCM 
50b0 02~Nc02MN•V3C H /ADJ 
5070 Oc~Na0,5•02MN•V2C~ 
5080 02~Nc02MN•O,S•OFGS(J+1 1 N) 
5090 02~N•D2~N+OF~SCJ+1, N )+DS(J+1,N ) 
5100 
5110 IFcDG<J+1,N),N~,OGcJ+2,N),AN D ,o2~ N , u T,oGcJ+l, N ),AND, 
5120 ~ 02MN,LT,OG(J+2,N)) PRI NT 529, DGCJ+l, N) 1 VA(J+1 1 N) 
5130 lF(OG(J+l, N ),~Y , D G(J+2, N ),ANO, D2MN , G T, U S ( J+1 1 N ),ANO, 
514 0 & D2MN,LT,DSCJ+2, N)) PRI NT 529, 0S(J+1,N),VA(J+1 1 N) 
515 0 
51b 0 73 0 lf(J•1,EQ,O,OR,lP1,E Y, O) GO TO 77 0 
5170 lf(VA(J•1, N),GT,vA( J ,N)) GO TO 77 0 
SlH O lF ( V~ C I•l,N),Nt,vA(J~l,N),O~,VL(l,~),Nc,VA(J,~)) GO TU 770 
S19 0 J=J•l 
5200 1•1•1 
S210 
Si2 0 77 0 VlCH: vA(J, N) 
523 0 V2CH:VACJ+~,~) 
524 0 
525 0 DPEX=T ~ (J+1,~) 
52b O A U J S U=V2CM• V 2 C ~~ V 1C H • V 1C~ 
527 0 ADJ=S URl(AOJSU) 
52~ 0 D PfX:OPEX~SFGS C J+1, ~ )/V2C~ 
5290 O P~X= D P t X• V ~t H /A DJ 
530 0 OPEXcO,S•DP~X•Vl( H 
531 0 DP~ X aD P~X•0,5•D~GS(J+l, N ) 
5320 OPfX=DPtX+ D FGS(J+1,~)+0S(J+1,N) 
533 0 
5J40 1F( O G(J+1, N l, ~ t, O G(J+2, N ),A~O,OPt X ,~T,D~(J+1 1 N ),AN0 1 
5J~ O & OPtX,LT,OG( J +2 , N) ) GO TO 7Q O 
53b 0 IF( U G(J+l,~),t Q , DG (J+2, ~ ),AND,OP [~,GT,O S (J+1, ~ l,A~U, 
~37 0 ~ OPtX,LT, OSC J +2,N)) GO TO 7q 0 
~JA O ~tTU~N 
~Jq o 

540 0 7q o vLcl, N )aVACJ,~ ) 
541 0 V ~(l+l,N)•VA(J+2,~) 
5420 DL(l,N):OP~X 

54l0 JA•2 

KlO 



CROSS 

suu o 
5~50 

S40U 
~~70 

5~80 
~U90 

5500 
5510 
5520 
5530 
55UO 
5~~1 
5550 

-·-- --- --- ------

CO"T ~lLr PA~t NO , 11 

529 FU"~AT (T5,'CAUTl u~ • AT 
~HE A TR Ut V~L U CITY,') 

~£TURN 

G!:.OPI'10t~,~ OtPTt1 ',Fo,1,', T,t',F7,CJ,' CuUL. U 
• 

END 
SU~f<OUTINE 

CO~MON/1NPUT/DSC"O,~O), DG (5 0,20} 1 ~S(~ 0,20) 1 SG(5 0 ,2 0} 1 
~ SFGS(S 0 ,20),D~~S(~ 0 ,2 0} ,TR<Su,c o) ,vA(S O ,t 0} 1 DPl50 ,2 0) 

CUMMON/O UT PUT/VL C2 0,20),0L(c 0 ,20) 1 SVL (Z O,t0) 1 K(20,2 0) ,TT(o) . 
~,vcc2o,2o> 
CO~M U~ /C O~ST A/ D tLGS,V~IRST,VLAST,DLL.AST,TITLE 

CHAHACTEH•cv TITLE 

55bOC *** OUTPUT PRINTOUT ************************************************** 
5570 
5580 PRINT 114, Tlll.E 
55~0 
SoOO 
SolO 
5o20 
Sb30 
5o'40 

114 F0RMAT(/II,T2,'CROSSHULI:. INT~R~RtTATlUN •' 1 Ao0) 

PRINT 805 
805 fORMAT(/1/,T"''<lNTfRFACI:. OE~TH>',IT2,'GI:.U',TR,'S~OT',Tlo,'1 RU I:.' 1 T27 1 

&'COMPUT~D TRAVEL TIMlS, SECO~OS' 1 Tb7,'APPAR~~T' 1 

So 50 
5bb0 
5b70 
So~O 
So90 
5700 
'5710 
57ZO 
5730 816 
57UO 
5750 820 
57 co 
5770 
57oo 
579 0 
5600 ts21 
5810*822 
5820 
sa :so 
58"0P82U 
5850 
58oo cn o 
5870 
~~60 

"tsl./0 
5900 
~910 

Slf2 0 
5Yl 0 
5Ye~O 

595 0 827 
59 cO 
~~70 

~/T2t'DEPTH DEPTH VELUC1TY',To7,'APPAR~NT' 1 
~T2~,'DIRtCT',T32,'00~N',T~O,'DU~~',T~8,'00WN' 1 T~o,•uP' 1 
~To~,'COMPUTEO',T7~,·M~ASUREO',IT3c,'1LAY~R',T40,'2LAYI:.R' 1 
&T4e,'3LAYER',T5e,'1LAYtR' 1 1/I) 
lf(KTYP~ 1 EG,laOR 1 ~TYP~ 1 EQ 1 c) CALL TRUAVl (1MAX 1 C~AC,N) 

1 : 1 
DO sqo J:l,M 
IFc·DLCl,~),GT,O&CJ,~)) GO TO 830 
l~Cl,tU,lMAX) GO TO 8j0 
fU~MAT(T5,'<•,ro,Fo,1, T l2 1 '>• ) 

PRINT 62 0, OLCI,~) 

IF(l+1,~U,JMAX) G ~ TO 8iij 
IFr OG (J,N),Gt, OL(I+ l, ~) ) PRI~T ~22, 

lF( Du (J,N) ,LT, OL( l+l,~)) GO TO 6c4 
FCRMAT(lbX,f7, 0J 

I=I+l 
GO TO 818 

1:1+1 

VL(l+l,lll) 

CALL TRTlM2(l,J 1 M ,N,IMAX,~L,TTl,TTc,TT3,TT~) 
TT2Ucqqq, 
li-CVLCl,N) 1 GT,vL(1•1,N)) GG TO t527 
T T 2 ll c SF G S ( J , " ) I V L ( 1 • 1 , N ) 
ADJ~Q:VL(l•l,~)•vL(l•l,~)•VL(l,N)•VL(l,N) 
VV:St.lRT(A DJSt,;) 
Tl2 U :TT2 U +(UI- GS(J , ~)+2 ,0•(0G(J, N) •0L (l•l, N)) )tVV/(vL(l~1, N) •VL(l,~ 

l. ) ) 

TMJNcA~l~1CTT1,TTc,TTl,TTu,TT2U) 

VLA:DP(J,N)/l"'l r. 
VC(J,N):VLA 

Kll 



CROSS 

'!!'HI 0 
C,QqQ 

bOO O 
bOl O 
0020 
b O ~ O 
0040 
cOS O 
oOoO 
b 070 
0080 
ooq o 
olO O 
&11 0 
blZ O 
bllO 
b140 
b141 
o1SO 
blbOC 
o170 
b180 
otqo 
&200 
bll O 
&22 0 
b23 0 
b24 0 
b25 0 
b~b O 

b27 0 
b2~ 0 
ozqo 
b.S OO 
b31 0 
b32 0 
b33 0 
b3~0 

o35 0 
b5b 0 
b370 
b180 
b31.1 0 
o4 ou 
b41 U 
oQ20 
o iU O 
b44 0 
o 450 
b4o O 

CO~T 

sqo C O~ ll NUt. 

IFCl,Gt,I~AX) GUTQqO o 
PRINT 6cO,DL(l,N) 
PRINT 840,VLCI+l,N) 

640 FORMATCT17,f·7,0) 

qQO RETURN 
eND 
SUBROUTI Nl TH UAV1ClMAX 1 CfAC 1 N) 

C 0~MON /U UTPUT / V L(2 0 ,20),0L(c 0 ,2 0 ),S VLC~ 0 ,20) 1 KC2 0 ,2 0 ) 
CO~MON /CONSTA/ DtLGS,VflRST,VLAST,D~LAST 1 TITLE 

CHARACTtR•oO TITLE 

*** CONVERTS DETAILED LAY~Hl~G l~TO REPREStNTATlVE LAYERING ********** 

soq ICaO 
DO 80b Ir:1,1MAX 

6 0 b VI. ( 1 , N): 5 V 1.·CI , N) I K ( I , N) 

DO 806 Icl,!MAX•l 
lf(l,ut,IMAX•IC•l) GO TO 80~ 
RIR:VLCI,N)/VL(l+l,~) 

lF( K(l , N ),GT,l,O R ,K(I•t,N),~l,l) BFAC:O,OS 
lF(KCI, N ),E U ,l,AN 0 1 K(l+l,~),t Q ,l) BFACZ0 1 10 
lf( RIR ,LT,t,O~BFAC, OR ,~IR,~T,l, O +Bf•C> GO TO 808 
SVLCl,N):~VL(l,~>•SVLCI+l,~) 
K(J, N):K(l,N)+K(l+1,N) 
VL(l,~)aSV~(l,N)/~(l, N ) 

I F ( 1 + l , t. Q • 1M A X ) C, P T U 8 0 8 
Ul(1 ,N): DLC1 +1 1 N ) 

DO H07 ll=l+l,l~AX•l~-1 

S~L(ll , N) :~ VL( ll•1 1 N) 
K(Jl,N):K(ll+l,~) 

VL(ll,~):VL(ll+l, ~ ) 

IfCil,£ Q ,I~A~•I C •l) GO TO ~ 0 7 

OLCll, ~ ):D ~CII+l, r• l 
~07 CUf\liNUt. 

IC:l C+l 
~08 COI\Tl NU t 

JMAX:lMAX•l C 
HCl C.Gt,l) GO TO ~09 

oQ70 IF(VLASl,~ U , O ,O) ~tTU~~ 
o48 0 lf(VLAST,~l, O , O ,A ~ O ,VLCI~AX,h),t U ,VLAST) ~~T U~ ~ 

o49 0 lf(OLLASl,tU,O,O) RtTU~N 

o~ OO OL(lMAX,N):DLLAST 
o~l O l~AX~l M AX+l 

Kl2 



CROSS 

o'::IZ O 
o53 0 
b~4 0 

o'::I'::IO 
b5b 0 
b570 
b5b 0 
b590 
obOO 
bbtO 
oo2oc 
bolO 
bb40 
bb50 
oooO 
bb10 
bb60 
bb90 
b100 
b710 
b120 
o73o 
b140 
b750 
b1bO 
b11 0 
o780 
b790 
bbOO 
oat o 
bB2 0 
b83 0 
b84 0 
b85 0 
b8b0 
o87 0 
t>88 0 
bt:l9 0 
b'10 0 
b91 0 
bqzo 
0~30 
b9l.I O 
b95 0 
b9oO 
b97 0 
t>980 
o99 0 
700 0 
7010 
702 0 
7<d O 
70£4 0 
705 0 
70o0 

CO~T 

VL.(lMAX,N)&VLAST 

RETU~H" 

t NO 

~lLE PAGE ~0, 13 

SUM~OUTINt lHTIM~(J,J,~,~,l~AX 1 NL.,Tl1 1 T12 1 TT3,Tl4) 

C0~MON/lNP U T/ DS CS 0 ,20) 1 0G (S 0 ,2 0) 1 SS ( S 0 ,2 0) 1 SG(5 0 ,2 0) 1 

---- -- ----·-----

~ SFG S C~ 0 ,2 0 ),0FGS(~ 0 ,2 0) ,T HC S 0 ,2 0 ) 1 vA(S 0 ,20) 1 DP\S 0 ,2 0) 
C0~MON/OUTP U T/VL(iO,iO),DLC20,2 0 ),S VL (c 0 ,20), K (20,2 0 ),TlCb) . 

*** CO~~UTES TRAVlL TIMES fROM A TR Ut VtL. uClTY PR Of iL[ *************** 

TT(l):99'1, 
TTC2):9'19, 
TT(3):~999, 
TTC4)&999, 
NLa1 
TTCNL):OP(J, N)/VLCI,N) 
If(I,tQ,I~AX) GO TO 640 
IfCVLCI,N),GT,VLCI+l,N)) TTCc):777 1 

LFaO 
LCzO 

635 LCcLC•1 
NL:LC+1 
lf(TTC2),EQ,777,A ND 1 NL,£Q,2) GO TO 835 
TT( NL)cSFGSCJ 1 N)/VLCl+LC 1 N) 
ADJS Q=vLCl+LCr N) *VL(l+LC, N)•VL(l,N)•VL(I, N) 
ADJSU=A BSCA OJS t.l) 
ADJaSQRT(A DJS Y) 
TT(NL):TT(NL)+( O~ GS (J 1 Nl +2 1 0 •C DL( l, ~ )· ~G (J, N )))*4 D J/(VL(l+L~, N) * 

I(.VL(I,N)) 
lf(l+1,£Q,IMAX) TT(3):Qqq, 
IF(l+1 1 fQ,lMAX) GO TO 640 
lfCVL(I+1 1 N),GT, VL CI+2 1 ~ )) TT(3):77 7, 
lf(TJC3) 1 ~Q,777 1 A ~O ,NL,EQ,3) GO TO 835 
H CLC ,t Q,1) &0 TO 835 

~37 AOJS Q cVLCl+LC, N )* V LCl+LC 1 N)•VL(l+LC•Lf•l, N )*VL(l+LC•L~•1,~) 
AOJSQ=AElS(AOJS Q) 
AOJZSURT(AOJStl) 
TT( NL )=TTCNL)+~,O•( DL(l+LC-Lf•1,N)•DL(l+LC•LF•2,~))-A O J/tvL ll +Lt,N 

~)*VL(l+LC•Lf•1,N)) 
If(l+2,t~,IMAX) TT(4):qqq, 
IF(l+Z,E ~ 1 lMAX) GO TO 6QO 
lf(VLC1+2, ~ ), G T, V L(l+3,N)) TT(4):999 1 

lf(LC,EQ,Z) GO TO 835 
LF:LF+1 
HCLC 1 t tl 1 3,AND 1 L.f,E l.l ,1) GO TO 837 

ts"o TTt=TTCll 
TT2=TTC2) 
TTJ:TT(3) 
TT4=TT<") 
R~T U~N 

Kl3 



c~oss 

7070 
708u 
70q0 
7lOOC: 
711 0 
7120 
7110 
71UO 
1150 
71o O 
717 0 
7180 
7190 
7200 
7Z10 
7220 
7210 
72460 
7250 
72oO 
7270 
7280 
7290 
7300 
7310 
7120 
7330 
734.1 0 
7350 
7351 
7lo o 
7370 
7l80 
739 0 
74.100 
Hll 0 
74.120 
7 tH O 
yq~ o 

74.150 
?qt~o 

74.17 0 
746 0 
74.19 0 
7~0 0 
7~1 0 

7~2 0 
75~ 0 
7~~ 0 

75~ 0 
756 0 
7~7 0 

756 0 
759 0 
7b0 0 

CO~l 10124.11 " 0512blb2 ~lLE PA~~ N0 1 1U 

ENC 
SUBROUTINE S1 ATSC ~ ,S~D~ ,SS~ D ) 

••• CO~P U TlS l ~t ~~AN AND STA~QAHD OEVIATl UN ••••••••••••••••••••••••• 

X"'aFLOAT(f'l ) 
A~O ~=S"-OFIX"' 
S~~D•SSN D/ (Xfol•l, O ) 

s T ocsurn < sst<-D > 

PRJ NT e94, ANDf,STD 
894 FORMAT (/// 1 TSO,'~EAN DIFFt~lNtl :',~o,l 1 ' *' 1 1 1 

'l)],'STANDAR D DEVIATION CF DlFFEHENC~ =~,~b,2 1 ' *' 1 1/t 
~Tl8,'* PlRCtNT OF MlASURtD Vt~OCITY') 

SNOF•O,O 
ss~o·o,o 

Rf.TURN 
f. NO 
SUBROUTINE ~OROUT <I,J,~,h,lMAX,N~,TT1,TT2,TTl,TT~,SNOF,SS~~,V~A, 

& TT2U,TMIP..) 

CO~M ON/lN~UT/DSCS 0 ,20) 1 0G(50,20) 1 SS(5 0 1 20) 1 SG(50 1 20), 
& SFG5(50 1 20) 1 0FGS(5 0 1 20) 1 T~C5 0 ,2 0) 1 VA(50,20),0P~S0,20) 
~ ,SXC5 0 ),SYC50),SZ(50l,GX(50),GY(SOJ,GZ(50) 
C U ~"'ON/OU1P v T/VLC20,20) 1 0L(20,20),SV~(20,20) 1 K(i0 1 20),ll(b) 

f. 1 VCC20 1 20) 
CO~~ UN /C O~STA / O~LGS ,V~I~ST,VlAST, U LLAST,llTL~ 

C~A~ACT~R •oO TlTLt 

I~ (VA(J,N)) 500 1 500 1 4.100 

400 Ol~~&VLA•VA(J 1 N ) 
DlFN:OI~N*lOO, O /VA(J,~) 

S t..J C F : S ~ 0 F + f)! f I'~ 

SS~OcSS ~O + D IF N •Dl~N 

5 00 l~(VA(J,N),tG,O. O) OIFNs D,O 
IF(TTZ u ,~~,999) GU TO 200 
I~CTT2,fQ,777.A NO ,TTl,E G ,777 1 AN O ,TT4 1 t Q ,9~9) 

~PHJ ~T 885, DGCJ,~>,OS(J, ~ ),V~(l,~),lll, 
~VLA,VA(J,r...) 

lF(TT 2 ,~~,777,A ND ,Tlj 1 f Q ,777 1 A ND ,lT4,l Y 1 ~~q) 
'PHJNT 875, D~(J 1 N ),DS(J,~) 1 VL(l 1 N),Tl1,1T~, 
&V~A,VA(J, r... ) 

lF (TT2 ,~ Q ,777, 0R , TT3 ,t C ,777) GU TO 100 
lf CTT2 ,l U ,qqq,A ~ (. , TT3 , E~ ,qq~,AN D ,TT~,~ l.I ,~Q~) 

&P~I~T 8~5, DG(J , N ), O S(J,N) 1 VL(l,~),TT1, 
•vL.A,VA(J,t-..) 
IFclT2,NE,qqq,A~. O .TT3,lG,qqq,A~ D ,TT4,EY,~qq) 

'PRJNT 875, DG(J,~),OS(J,~),VL(l,N),TTl,TTc, 
11.\IL.A,VA(J,r...) 
l~(TT2,Nt,qqq,A Nu ,TT3 1 Nt,Q9q,A~D,TT4 1 EQ,999) 

&PRINT 8b5 1 UGCJ 1 N ),US(J, ~ ),VL(l,~),TT1,TT2,TT3, 
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CHUSS 

7olO 
7t>20 
7olo 
7o~ O 

7oSO 
7ooo 
7t>70 
7o80 
'7o90 
7100 
7710 
7720 
7710 
1714 0 
'7750 
77t>O 
1710 
7780 
11qo 
7800 
7~10 
7820 
7810 
18410 
7850 
18b0 
7~70 
7880 
7890 
7qoo 
'7910 
7920 
7910 
7QUO 
7'150 
7~oo 

7970 
7980 
7990 
8000 
8010 
8020 
8030 
80410 
80~0 
60t>O 
8070 
8060 
8090 
8100 
811 0 
8120 
811 0 
8140 
8150 

COt.T 10&Z~I 4 0~/2~/82 

&VI..AtVA(J,~) 

1F(TT2,~~.qqq,A~U ,TTl,Nt 1 999 1 AN0 1 TT" 1 ~E,9qq) 
&P~INT 85S, DG(J,~),DS(J,t-),VL(l,~>,Tll,TTc,Tll,TTU, 
&VLAtVA(J, t,) 

100 CU~TlNUt 
I~CTT2,EQ,777,AND ,TTl,EU,999,A~D,TTU 1 tQ,999) 

'PRtNT 885, DG(J,~),OSCJ,~),VI..{l,~),TT1, 
lVLA,Vl(J,~) 

l~(TTe,EQ,777,ANO,TTl,~Q 1 999,AND,TTU,tQ,999) GO TO 888 
l~(TT2,lQ,777 1 AND,TTl,NE,777 1 AND,TTU,tQ,q99} 

'P~tNT 711, OGCJ,~),OS(J,N) 1 VL(l,~),TT1,TT3, 
l!.VI..AtVA(J,N) 
tf(TT2,EQ,777,A~O,TT3,NE,777,ANO,TT~,Nt,99q) 

lPRtNT 712, O~(J,N),OS(J 1 N) 1 VL(l 1 N),TTl,TTJ,TT~, 
I&.VLA,VACJ 1 N) 
l~(TT2,lQ 1 777,ANO,TTl,~Q,777,AND,TT41 1 NE 1 999) 

'PRtNT 711, Db(J,~),OSCJ,~),vLCl,N),lT1,TT~, 
'VL.AtVA(J,N) 

I'CTTi,Nl,777,ANO,TTl,EQ,777,AND,TTU,NE,Q9q) 
lPRINT 71U 1 DGCJ,N),OS(J,N) 1 VLC1 1 N),TT1,TTi,TTU 1 
'VL.AtVA(J,~) 

GO TO 888 

200 CO~TlNUt 
IFCTTi,~Q,777,UR,TTl,tQ,777) GO TO JOO 
IFCTT2,EQ,999,ANO,TT1,tQ,999 1 ANO,TTU,EY 1 9q9) 

~P~INT seq, D~(J 1 N) 1 0S(J,N),V~(l 1 N),TT1,TT2U 1 
I!.VL.A,VA(J,N) 
l~(TT2,~E,qqq,A~D,TTl,fG,9Q9 1 ANO,TT~ 1 tQ,~99) 

&PRI~T ~78, 0~ (J,N),OS(J,~),VL.Cl,N) 1 TT1,TT2,TT2U 1 VLA,VA(J,~) 
lf(TT2,N~ 1 999,A~O,TTl,N~,999,A~D,TT4,~U,999) 

~P~INT 8o8, DG(J,N),DS(J,~),VL(l,N),TT1,Tlc,TT3,Tl2v, 
&VL.A,VACJ 1 N) 

lFCTT2,~E,qqq 1 ANO,TTl,NE 1 999,AN0 1 TTU,Nt,999) 
&P~JNT e58, DG CJ,~),OS(J,~) 1 VL(l,N),TT1,TT2,TT3,TT~,Tl2U, 
•VLA,VA(J,t''f) 

300 COl\ Tl~Ut 
IF(TT2,fQ,777,ANO,TTl,~Q 1 999,4ND 1 TT~.t 0 ,999) 

&PRINT 88~, O~(J,N),OS(J,N),VL.Cl,h),TT1,TT2u, 
&VL.AtVA(J,N) 
lF(TT2,tQ,777,4NO,TTi,~Q,qqq,A~D ,TT4,tU,999) GO TO H8~ 

IF(Tl2 1 NE,777 1 AN O ,TTl,~Q 1 777 1 AND,TT4 1 EU 1 999) 
~P~INT 878, DG(J,N),OS(J,~),VL(l,N),TT1!TT~,TT2U,VLA,VA(J,N) 
IFcTTl,t 0 ,777,Ah D ,TT3,NE,777,AND,TT~,tQ,999> 

'PRINT 721, O~(J,~),OS(J,~),VL(l,~),lll,TT3,TT2u, 
&VI..A,VA(J,I'\) 
l~(TT2 1 ~Q 1 777 1 ANU,TTj,NE,777,AND,TT4 1 N~,99q) 

&PRINT 722, OG(J 1 N) 1 US(J 1 N) 1 VL(l 1 N) 1 TT1 1 TTl 1 TTU 1 TT2U, 
&VL.A,VA(J,II.) 
l~(TTi,~Q 1 777,AND,TTl,t~,777 1 ANO,TT4,NE,999) 

&PRINT 723, D~(J,~),OSCJ,~),Vl(l,II.),Tll,Tl4,TT2u, 
&VL.A,VA(J,~) 

l~(TT~ 1 ~E,777 1 AND,TTl,~U,777 1 AND 1 TTU,N~ 1 999) 
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CHOSS 

81&0 
8170 
8180 
8190 
8200 
8210 
8220 
8230 
8240 
8250 
82&0 
8270 
8280 
8290 
8300 
8310 
8320 
8330 
8140 
8150 
8300 
8170 
8380 
8}90 
6400 
8410 
8420 
8430 
8440 
8450 
64b0 
8~70 

8460 
8490 
8500 
8~10 
8520 
8521 
8530 
6S~OC 

8550 
8~b0 
8570 
8580 
8590 
6b00 
8b10 
8&20 
8b30 
8b40 
8o5o 
ebbO 
8b10 
8b60 
8o90 

co~T 101241 4 0~/28/82 FILt PAGE ~0, lb 

'PRINT 72U, O&CJ 1 N),OS(J,~),VL(l,~),Tll,TT2,TT4,TT2U, 
&VLA,VA(J,~) 

888 CONTINUE 

711 F0R~ATCTc 1 fo,1,T9,~o,1,Tlo 1 F7,0,T24,F7,4,T40,F7,~,To4,2fb 1 0J 
712 FORMATCT2,Fb,l,Tq,fb,1,T1o 1 F7,0,T24,F7,4,T40 1 F7,u,T48,f7,4, . 

&To4,2Fe,o> 
713 FORMATCT2,Fb 1 ltT9,Fo,l,Tlb,F7,0,T24,f7 1 4,T48 1 f7,~,To4,2f7,4J 
714 FORMAT(T2 1 fb 1 1,T9,Fo,1,Tlo,~7,0,T24,~7,4,T32,F7,4,T48,f7,4,iou,2f8 1 0) 
721 FORMATCT2,Fo 1 1,T9,Fb,l,Tlo 1 F7,0,T2~,f7,4,T40,f7,4,T~o,F7,4,!ou,eF~,O) 
722 FORMATCT2,Fo,t,T9,Fo 1 1,Tlo,F7,U,T24,F7,4,T40 1 F7,4,T48, 

&F7,4,T5b,f7 1 4 1 To4 1 2F&,O) 
723 F0RMAT(T2,Fo,1,T9,~o,1 1 Tlb 1 F7,0,T24 1 F7,4,T46 1 F7,4,T5o,~7,4 1 1o4,2F8,0) 
724 FORMAT(T2,Fb 1 l,Tq,Fo,l,T1b,F7,U,Te4,f7,4,Tl2,F7,4, -

'T4e,F7,4,TSo,f7,~,T~4,2F8,0) 
855 F0AMATCT2,Fo,1,T9,Fo,t,Tlo,F7,0,T2Q,F7,Q,T3l,F7,4,T~O,F7,4, 

&T48,F7,U,T64,2F8 1 U) 
858 FOR~ATCTZ,fb 1 1,T9,~~,1,T1o,F7 1 0,T24,F7,4,ll2 1 F7,4,T40,F7,4 1 

&T48,F7 1 4,TSo,F7,4,To4,lF8,0) 
8oS FOR~AT(T2,Fo,t,T9,Fo 1 1,T1o 1 F7,0 1 T24,F7 1 U,Tl2 1 F7,4 1 T40,F7,U,!b4,2FH,O) 
8&8 FORMAT(T2,Fo,1,Tq,fo,t,Tlo,~7,0,TZ4,f7,4,T12,F7,4,T40,F7,U, 

&T5~,,7,4 1 Tb4,2F8 1 0) 
875 FORMAT(T2,~o,1,T9,Fo,t,T1o,F7,0,T24,F7,4,Tl2,F7,~,Tb4,2Fb,O) 
878 FOR~AT(T2,Fo,t,T9,~btl,Tlb,F7,0,T24,F7,4,T32,F7 1 4,T5o,f7,4,£b4,ZF~,O) 
885 FORMAT(Tl,Fb 1 1,Tq,,o,1,T1o,F7,0,T24,F7,4,TbU,2F8,0) 
889 FORHATCT2,Fo,1,T9,Fo,1,Tlb,F7,0 1 T24,f7,4,T~o,F7,4,To4,ZF8,0~ 

R~TURN 

END 
SUBROUTINE SUMARY (JMAX,lSU~) 
CO~MON/INPUT/DSCS0,20) 1 0G(~0,2 0 ) 1 SS(~O,ZO),SG(~0,20), 

~ SFG~(~0,20),0F~SCS0,20),TR(~0,20),VA(~O,cU),DP~SO,~O) 
• 

' 1 SX(50),SYC~O),~Zt~0) 1 GXCSO),GY(50),GZC~O) 
CO~~ON/OUTPUT/VL(20,20),DLC20,2 0 ),SVL(c0,20),K(20,20),Tl(b) 

&,VC(20,ZO) 
cuw~o~ /C ONSTA/ D~LGS,VflRST,VLAST,OLLAST,TITLE 

CMARACTtR *bO TlTLf 

*** SlTS UP TAbLE fOk THR~t HOLt S~T P A~O ~ WAV~ DATA *************** 

PRJNT 100, TlTL~ 
100 FORMAT (~1' 1 T2,·C~OSS HOLE SUMMARY •',AbO,///) 

GO TO CSO O,b00,70u), lSU~ 

500 PRINT 200 
200 FO~MAT (T3,'SHOT G~O 8 G~O C', lX,'DlRfCT PATH', 

~ 2x,'~EASURlD ARRIVAL TIMES, SEC ', cX,'TRUt', 
~T93 ,'APPARENT VeLOCITY SUMMARY', 
~I,Tl,'D~PT~ OtPT~ DtPTH', 4Xt'DISTANCl',T&~,'VE~OCITY', 
•TqO •'P•~Avt', 2UX,'S•~AVE', 
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CROSS 

8700 
8710 
1:!7 2 0 
~730 
~7UO 

~7'l0 

87b0 
8110 
8780 
8790 
8800 
8810 
8820 
8810 
88410 
8850 
88oO 
8670 
8880 
88~0 

8900 
8910 
8920 
6930 
l!C~" 0 
8950 
8~oo 

8970 
8960 
8990 
qooo 
9010 
Q020 
Q030 
901.10 
90~0 
9ooo 
9070 
90~0 
9090 
9100 
911 0 
9120 
9130 
91410 
9150 
9lb0 
9170 
9180 
9190 
9coo 
9~10 
92~0 

9~30 
92UV 

CO~T fiLE PA~~ ~ 0 , 11 

&/,)6X,'P•~AV~', 9X 1 1 S•wAV~', 

f. T 86, 'AS', 10 X, • AC', 11 X,' AA •, 10 X, • AC •, 
1" 1 T2U,'A8 Ac•,Tj~,'Ab' 1 5X,'AC', bX,'Ab' 1 SX,'A(.' 1 

& 4x,'P•WAV~',lX,'S•WAVt 1 1 
~T82,'MEAS CO~P ~EAS C O ~P 1 ,jX 1 1 MtAS COMP M~AS COMP•, 
&//) 

00 QOO J:t,Jio'AX 
1.100 P~INT 410, DSCJ,12),0GCJ,12), 0G(J 1 13), DP(J 1 12> 1 DP(J,1j), 

' TR(J,12),TR(J,tj) 1 TR(J 1 14),T~(J 1 1S), 
~ VL(J,12),Vl(J,lt.~) 1 
' VA(J,12),VC(J,12 ) ,VA(J 1 13) 1 VC(J 1 1l) 1 VA(J 1 1~),v(.(J 1 1Q),VA(Jr1 ~ ), 
& VC(JtlS) 

1.11 0 'DRMAT CT2,fo,1, Fb,l, ~b,l,lX,~o,J,1X,fb,1,T35,2~7,4 1 
~TSo,2~7.u, 1X,2F7,o, ~x,u~c, o ,tx,uFa, O ) 

GO TO 900 

bOO CO~TlNUE 

PRI"4T o10 
blO ~URMAT ( 

~ 24X,10~HOLE DtPT~, UX,11HD1RltT PATH, bX 1 l8~ARR1VA~ TIMES, StCr/ 1 
~ UOXr 8HOlSTANC~, bXrbHP•WAV~, SX, cHS•~AVE,I, 
&24X,'A ~ C'r ~X, 1 A8 AC', oX,'A~ AC A~ AC 1

1 
&//) 

00 U20 Jzt 1 JMAX 
420 PRINT 430, DSCJ 1 12) 1 0G(J 1 t2), DGCJ 1 1l),OPCJ,t2),0P(J,1J), 

& T"(J,l2),TH(J,l3) 1 TRtJ,t~),lR(J 1 1S) -
430 FOP~AT (2 0X1 5Fo,1,2f7. u , tX 1 2F7 8 4 1 1X,2F7,4) 

PHJ NT 435 
~55 FO~~AT(// 1 23X 1 5HD EPT~, 14X 1 

~lb~APPARt~T V~L OCllY PR O FIL~S,// 1 
~ 5tXr'C OMP ~tAs•, 3X,'C O ~P ~lAS', lX,'COMP M~AS' 1 3X,'C O~P ~tA 

&5' 1 11) 
DCJ ~uO J:t,JI'IAX 

uuo P~I~T uso, DS(J 1 12), VCC~,12), 

& VA ( J 1 1 2 ) , V C ( J 1 1 3 ) , VA ( J 1 13 ) 1 V C ( J , 1 4) 1 VA ( J 1 1 4) 1 V (. ( J 1 1 5) 1 VA ( J d ~) 
4~0 FURMAT (22X 1 Fb,l, U(1X 1 2Fb, O)) 

PRJ NT "75 
475 FORMAT (I/,31X, SHOtPTM, oX,~2HTkU~ V~LUClTY P~OflL~S,I, 

& 4JX 1 oHP•~AVt, t X1 bHS•~AV~r/ 

& 41Xt 2HAb, oX, l~AC, oX, 2HAb, bX, 2HAt //) 
DO 480 J:t,JMAX 

~80 PHJNT "90, DS(J,12),V~lJrl~),VL(J,ll),VL(J,14),VL(J,1~) 
~90 FOR~AT (30X,~o,l,UFM 1 0) 

700 COt.TINl.Jt. 

qoo kt.TURN 
ENr. 
SueROUTl~t ARRA~~ (JMAX) 
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CRO SS 

92~0 
9ib 0 
927 0 
92 80 
929 0 
cuo o 
9310 
9311 
9}i0 
q:no 
93~0 

9j50 
9lb0 
9 .HO 
9l80 
9390 
9400 
9CU 0 
9~20 
9ij30 
9~~0 

94150 
9~00 

9ij70 
9~80 
9ij90 
95 0 0 
9510 
9Si0 
953 0 
qsuo 
95~0 
95b0 
9~7 0 
9580 
Y~9 0 
9b00 
9010 
9o2 o 
9olo 
9bU O 
965 0 
9bo O 
961 0 
9b~O 

9b 9 0 
97 00 
971 0 
91i0 
973 0 
97 40 
97~ 0 

970 0 
977 0 
9780 

CO~T 10 &2ijl ~ 05/28/~2 ~~L~ PAGE NO, 18 

CO~~ UN /INP U TI O S(S 0 ,2 0 ),0~(S O ,l O ),SS(S O , ZO ),SG(~ 0 ,2 0 ), 
' SFGS(50 1 2 0 ) 1 0FGS(50 1 2 0 ),T ~ l~0,20),VA(~ 0 ,20),0P~S 0 ,20) • 
& ,SXC5 0 ) 1 8V(50) 1 SZC5 0 ),GX(~ O ), G Y(~0) 1 ~ZC5 0 ) 
C0~MON/ UU TPU T/V~(2 0 ,20) 1 0~(20 1 20) 1 SVL(20,2 0 ) 1 K(2 0 1 2 0 ),TT(b) 
~,VC(2 0 ,c0) 
CO~MUN /C UNSTA/ D~LGS,VFlRST,VLASl, ULLAST,TITL~ 

CHARACTE R •t>O TITLE 

J2a0 
J.:s.o 
J"c O 
J5:& 0 
12•d 
lltl 
1"=1 
15•1 

NJ:2 
J2aJ2+1 
Jl~Jl+l 
J~.J~+l 
JSaJ5+1 

1F(OS(J,2)) lSO,lS0,250 

zso co~ TlNIJE. 

1FCDS(J,2),LT,DSCJ3,3)) J3aJl•1 
I~cDS(J,2),LT, D S(J4,ij)) J4:J4•1 
lf( DS(J,2) 1 LT,DSCJ5,5)) J~=J~•l 

3SO CONTI NUE 
CON TlN Ut 

IFC D G(J3,3),LT, DG(J5,~)) D G(J3,3):0 ~ (J5,~) 
IFcD~(Ic,2),LT, DGCJl,2)) I~:I2t1 
IF( OLC1 3, 3), LT,O G(J c,c)) t3clj+1 
IF( D~CI4,~),Ll 1 DGCJj,3)) lU&l~+l 
IF( D~CIS, S >,LT, D GCJ3,3) ) t5ci~+1 
l'( DS(J 1 2)) Jq o ,3t> O,l90 

leO CO N Tl NUE 

lFC D~CI~,4),Ll,OG(J,U)) ruaiU+l 
DPCJ 1 2)aOPCJ,U) 
0$(J,2>•DS(J,~) 
OG(J 1 2)sDGCJ 1 4) 

_sqo C U "-llNU~ 

oscJ,1i)cDS<Jc,2> 
DG(J,12>•DGCJ2,2) 
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CROSS 

cnqo 
9800 
9Hl0 
9H2 0 
q8l0 
qHl40 
98!)0 
98b0 
9870 
9H80 
9890 
9900 
9910 
9920 
9930 
99C.O 
9950 
99t>O 
9970 
9980 
9990 
10000 
10010 
10020 
10030 
lOOC.O 
100'50 
10060 
10071) 
10060 
10090 
10100 
1 0 1 1 0 
10120 
10130 
10140 
1015 0 
101b0 
10170 
10180 
10190 
10200 
10 21 0 
10220 
10c!3 U 
10&!1.1 0 
10250 
102oo 
10270 
10280 
102«10 
1 Ol'H 
10)00 
10310 
10320 

co~r 10t241a 4 os1co1~2 

DG(J,1l):OGCJ~,5) 
D P(J 1 12):0P(JZ 1 ~) 
OP(J,l3)~0P(J5,3) 

TMcJ,1c>•TRCJc,c> 
TH(J,13)~TRCJ3,3) 
TR(J 1 14)aTR(J41,4) 
TRcJ,15)~THCJ5,5) 
V~(J,12)•V~(J2,2) 
V~(J,13)8VLC13,3) 
V~(J,t~)sVLCIS,S) 

VL(J,14)•VL(l4,4) 
VA(J,12)•VA(J2,2) 
VC(J,lc)sVCCJ2,2) 
VA(Jtll)aVACJ3,3) 
VC(J,1})KVCCJ3,3) 
VA(J 1 14)aVA(J4 1 4) 
VC(J,141)•VC(J4,4) 
VA(J,tS)•VACJS,~) 
VC(J,tS>•VC(JS,S) 
TH(J2,2):0,0 
TRCJl,3):0,0 

TRCJ41,40cO,O 
TRCJ~,5)aO,O 
VA(J2,2)aO,O 
VA(Jl,l):O,O 
VA(JI-',4)=0,0 
VACJ~,5):o,o 

4~0 CONTINUE 

DO bOO N:2 1 5 
DO t>OO J:t,25 
TR(J,~): O , O 
VA(J,N): O, O 
vccJ,"'>=o,o 
DG(J,~)K O , O 

DS(J,N):O, O 
sccJ,r·oc o, o 
8S(J,N)ao,o 
DF(J,,..): o , o 

bOO CCNTlNUE 

RETURP.. 
Et..D 
SuBROuTINt CARRY U (M,h,~Nl~AX) 
CC~~O~/INP U T/DS(~ O ,c0) 1 0G(S0,2 0 ) 1 SS(S O ,~ O ),SC(50,20), 

& S~GS(5 0 1 2 0 ) 1 0F~S(5 0 1 20),TH(~0,2 0 ),VA(~0,2 0 ),0~(50,2 0 ) 
& 1 SX(~0) 1 SY(~ O ),~L(~ O ),GX(~ O ),~Y(50),CZC50) 
CQ~M0~ /0U TP U T/VLC~0,20),0L(Z0,2 0 ),SVL(20,Z0) 1 K(20,2U),TT(o) 

&,vCC20,20> 
COM~O~ /CONSTA/ O tLGS,VFIRS1,~LAST,OL~AST,TlTLt 
C~ARACTtH •cO TITLE 

Kl9 



CROSS 

103l0 
10 3'1 0 
10l~ O 
t o:So o 
10]70 
10 .i8 0 
1o.sq o 
10400 
10'110 
10'120 
10410 
104'10 
104~0 
10'1tl0 
10470 
10480 
104QO 
10500 
10->1 0 
10520 
1053 0 
105'1 0 
10':150 
105b0 
101)70 
10580 
10590 
10b 00 
l OblO 
10b20 
10o30 
1Ub'IO 
1oos o 
10bb0 
1007 0 
10t>b0 
10bQ O 
10700 
10710 
10720 
107Z1 
1073 0 
1074 0 
10750 
107bO 
10770 
101ti 0 
to7qo 
10800 
l OI:ilO 
10820C 
10830C 
101:i4 (1 
10~5 0 
1Cl db O 

COI\.T 

00 10 0 Ist,LNl~AX 
D L(l,~l=DL(l,NO) 

100 VL(l,~)mVL(l,NO) 
J:O 
Jl\=1 
Jc~1 

200 JaJ+l 
lFCDSCJN,~l,E ~ ,O,O,AND ,DSCJO,N U ),E U ,O, O ) GO TO bOO 
l~(Di(JN,~)•DS(J U ,N O) ) 3 00 ,400,1)00 

lOO 0S(J, NP)aOS(JN 1 N) 
0G(J,NP)a0G (JN 1 N) 
J~c:JN+1 
GQ TO 2 00 

400 DS(J,NP)cOS(JN,N) 
Du(J,NP)aDS(JN 1 N) 

Jo=JO+t 
J~:JtH 1 
GO TO 200 

500 OS(J,NP)•DSCJO,N O) 
DG(J,NP)aOGCJ0 1 N~) 

JocJO+l 
Go TO 200 

bOO M:J•1 
Do 100 JJ=t,,.. 

70 0 0S(JJ 1 1\.)m0~(JJ 1 NP) 
RETUkN 
lt-. D 
SuBROUTl~t SUt1T~O (M,N) 

C Q MM UN /l NPUT /DSC~ o ,2 0) 1 0G( ~0,2 0 ) ,SS(~ v ,20) 1 SGCS O ,Z C ), 
& SF GS( 50,2 0 ),0FGS(~ 0 ,2 U) ,T~(~ 0 ,2 0 ) 1 VA(50,20) 1 0~CS O ,~ O) 
& ,SX(5 0 ),SY(50),SlC5 0 ) 1 ~XC5 0 ),uY(50),GZC~ O ) ~ 
CQM~O~/ OU TPUT/VL(2 0 ,~0),0~(~0,e O ),SYLC20,20),K(2 0 ,i O ),ll(bJ 

&rVCC20,20) 
COMMON /CONSTA/ D~L& S ,VFIRST,VLA ~T , D LLAST,TlTL~ 

CHARACTeR *b O TllLt 

PRI NT ~0 
P~I~T 100 

10 0 FOHMAl (/,30X, 7~TABL~ 3,111 
& 25X, bH'H~AL', ~X,17~APPA~ENT ~~LOCITY, 2X,12~'SUPPUSt 0 LYr,l 
&lSX, ~ HDf.~TH , 2X, tlHTR Ut VtLCClTY, ~X, 3HFO~, • 
& qX, 13MTRUt V~~OCITY,/ 
&l1X 1 l~H l~ ~ S~ACl~u ,/ 
&1~~, 4H( M), oX, 5rl(~P ~) ,11X, S~(MPS),liX~ ~H(~PS) 1 //) 
3l7Xt lqH100 FT SPACING,/ 
'11oXr 4H(~l), bXr 5H(FPS) 1 11Xr 5~(~~S),12X, 5H(~PS),I/) 
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CHOSS 

10870 
10880 
10ti90 
10900 
10910 
109-:! 0 
1 0~30 
109'10 
10950 
109b O 
1011 70 
1098 0 
10990 
1100 0 
1101 0 
11020 
11030 
11040 
11050 
1l0b0 
11070C 
1108 0C 
11090 
111 0 0 
1 1 1 1 0 
11120 
11130 
111(.1 0 
11150 
111b0 
1 1 1 7 0 
11 18 0 
111q u 
112 00 
1 1 c 10 
1122 0 
1123 0 
112'10 
11250 
112~1 
11coo 
t1270C 
1128 0 
112~0 

113 00 
1111 0 
11~~ 0 
1135 0 
11l~ OC 

11150 
113b0 
1137 0 
11j8{1 
ll .HO 
11400 

CO~T 1 0 12~1 " 05/28/82 

NP•N+l 
DO 200 J•1 1 M 
1F(0S(J,N), GT , DLC 11,N)) 11=11+1 
lF( U~(J , N) ,~T,D~(Ic,NP)) I~=Ii+l 

2 00 PRI~T 11 0 , OS(J,N),VL(ll,N),VA(J 1 NP),V~(l2 1 ~P) 
f-IRINT 250 

250 FORMAT (II, 7X,o5H NO TE • TH~ 'S UPPOStDLY' T~ U t VtLOClTY P~Vfl~t 15 
l A PLAUSIHL~, ~UT, 
& /,14X, •ERHOI'It. OUS , lr-. TE~PRtTATION Of Tl1f uP~t- APPA 
&H~NT V~LOClTY PROFIL~ 1 ~) 

90 fOHMAT (1H1) 
110 FOH~AT (15X,~~.1, 4X,F7 1 0, 9X, F7 1 0, 9X, r7 1 0) 
310 FQHMAT ( 5X, F5 1 1, 4X, ~7 1 0 1 ax, 2F7 1 0 1 2X, 2f7,0) 

PRINT 90 
PRINT 300 

300 PQRMAT (/ 1 20X, 7HTASL~ 5 1 111 
~ SX, 5HDEPTH, 2X,llHTRU~ Vt~OCITY, 2X,25HAPPAHENT Vt.LOCITltS (MPS) 

4 & ,l,ox, 4H( M), &x, 5HCMPS), qx, 1~ 0•1 M , sx, 8H 0•15 M ,1 
1 SX, SMD~PTH, 2X,l3HTHUE VELOCITY, 2 X 1 25 HAPPAR~~ T V~LOC ITI~S CFPS) 
2 ,l,oX, 4H(FT), ~X, ~H(FPS), 9X, 7H0•20 FT, 6X, 8H0•160 F1,1 
' 27X, 4HCO~P, lX, 4MM~AS, 5X 1 4HCUMP 1 3X 1 ~MM£AS 1 //) ~ 

hl 
DO ~00 J:l,M 
lFCDS(J,N),GT,O~(l,N)) Icltl 

400 PRINT llO, OS(J,~),VLCl,~),VC(J,N) 1 VA(J,N),VA(J 1 N+l),VA(J 1 ~+1) 

RETUR~ 
E.~D 
SuBROUTIN~ TA~OUM(~,l~AX) 

COM~UN/1 NPUT/DS(50,20} 1 DG(S0 1 20) 1 SS(50 1 20) 1 SG(~0,2 0 ), 
~ SFGS<S0,2 0) 1 0FG S(50 1 2 0 ),TR(5 0 1 2 0) ,VA(~ 0 ,2 0) ,0~(~ 0 ,c 0 ) 
~ ,SX(~O),SY(50) 1 5Z(50), GX(50 ),GY(5 0) 1 GZ(~U ) 

CQMMON/OUTPUT/V~(20 1 2 0 ),0~(20,~0),SVL(20,20) 1 K(20,20),TT(b~ 
&rVCC20,2 0 l 

COMMON /CONSTA/ D~~GS,VfiRST,VLAST,D~LAST,TlT~t 
CHARACTE~ *bO TIT~l 

P~lNT 13 0 

P~lNT 502 
502 f OR MAT (lSX,~7HAPPARENT VlLDCITY AS A ~ UNCTION OF HOLt SPA~l~G///, 

&3x,2bHOEPTH TRUl INTtH~ACt,11X,~JHAPP~ RE.~T VE.L UCI TI~§ FOH,I, 
~l!X,tbHV~L OCITY OlPTH,toX,1bHHOLE SPACl~GS U~ ,/, 
~tzx,7HPRUFI~e,13X,38H 7 ~ 1u ~ c1 M 2b ~ 

l1ZX 1 7HPR Uf lLE,1JX,3BH 20 FT 40 FT bO ~T 80 FT 

1:1 
Jli: O 

200 J~J•l 
lF(J,GT,~) GO TO bOO 
1,CDLC1,2l,LT, OSC J,2)) GO TO 400 

K21 
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c .. oss 

11 1J 1 1) 
1l"Z OC 
11ij) lJ 
11£1~ 1.) 

ll"'JO 
ll4b OC 
11£17 0 
llij6 Q 
1144QO 
11 so 0 
ll'J1 0 
1152 0 
1153 0 
115£~ 0 
11550 
115b 0 
1157 0 
1156 0 
11sq o 
11b00 
11«>10 
11 «>20 
1lb3 0 
llt•" 0 
11«>';) 0 
11ob0 
1lb7 0 
llb71 
llb6 0 
llbQO 
117 00 
1171 0 
1112 0 
111lOC 
117U O 
1175 0 
117 b 0 
1177 0 
117~ 0 

117q oc 
ll8 00C 
11 8 1 0 
l182 U 
11b3 0 
11 ~u o 

C tl ~T FILE PA~~ NO, 22 

lO O ~~l~T 11 0 , DS(J, 2) ,VL(l 1 ?),VA(J,c),VA(J,l), VA( J , 4 ),VA(J,S)t vA(J,b) 
~U ~t~ 11 0 , DSCJ,c),VL<I,Z),vA(J,2), VA ( J 1 3) 1 VA( J ,u ) ,VA(J,';)), VA(J ,b) 
IFCJ,E O ,~ ) GO TU o OO 
liO TO ~O v 

UOO P"INT 120 , D ~(l,~ ) 
P~NC~ 12 0 , DL(l,i) 
hhl 
GO TO 30 0 

bOO lFCI,LT,I MAX) P~l~T 1ij 0 , D~Cl,2), V L(l+1,2) 

100 FORMAT (b(2 0A4)) 
101 FO RMAT (o(l3Ao 1 A2 1 /)) 

11 0 FO RM Al ( 2 X,~b,lt3X,F7 1 0 ,12X,Sf H , O ) 
120 FO RMAT C21X,~o,1) 

130 f'ORMAT (1111) 
tij0 ~OR~AT (21X,Fb,1,1,11X,f7,0) 

E~D 
~ U ~ROuTlNE OPUNCH (M,N 11MAX,DlST,AZIM) 
C O MMO~/INPUT/OSC5 0 1 20), D GC'J 0 ,2 0 ),S~('J 0 ,20) 1 SG CS D ,2 0 ), 

& SF GS (50 1 2 0 ) 1 0FG S C~ 0 ,2 0 ),TR('J 0 ,2 0 ) 1 VA('J0,2 0 ) 1 0~C50,2 0 ) 
~ 1 SX(5 0 ),SYC5 0 ),SZCS 0 ) 1 GX(5 0 ), GY(S O),Gl(50 ) 
CQ~MO~/ OU TP u T/ V L ( 2 0 ,Z v J, D ~C2 0 ,2 u ), SV L(2 0 ,2 0 ) 1 KC2 0 ,~ ~ ),TTCb~ 

&,\lcczo,zo> 
CO~~U~ /CONSTA/ DE~GS,VFI"ST,V~~ST, u~LAS T ,TITL~ 

CMAHACTt~ *b v TIT~~ 

ICP1=2 
I C' P2c o 

PUNCt'l 100 ,TITL.E. 
100 f-QkMAT(Ab O) 

Pv ~ C~ 11 0 , l U~1, ~ , 10P 2,~, 0 lS T ,AZI ~ , Vfi HS T, V ~ASl, D LLA ST ,l~A~ 
P ~ ~C ~ 11 0 , 1 0 P1, ~ ,IO P 2,~, 0 l~T 

11 0 ~OR M A T (ijl~,~F1 0 ,1,FS, O ,lS,F 5 , 0 ) 
OC 20 0 Jc1,t-~ 

2 0 0 P~~C ~ 12 0 , S L< J) , S ~(J),SVCJ),ulCJ), GXCJ ),uYCJ),VC(J, ~ ) 
12 0 F O~ ~AT (b~1 0 ,2,1 0 X, ~ l u , O ) 

P u~ C~ lj u, ( V L (l , N ),l=l,I~A X) 

PV'C~ 13 U, ( DL. (l ,N),l:l,J"'AX•l) 
1~ 0 FORMAT ((8f1 U,l ) ) 
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