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ABSTRACT 

I n  A p r i l ,  1977, a se ismic r e f r a c t i o n  p r o f i l e  was recorded across 

t h e  M i l f o r d  Va l ley ,  t h e  Roosevel t  Hot Spr ings KGRA, and t h e  no r the rn  

M ine ra l  Mountains i n  southwestern Utah. Seven shot  p o i n t s  were used 

t o  p rov ide  m u l t i p l e  subsurface se ismic r e f r a c t i o n  coverage a long t h e  

30 km east-west p r o f i l e  l i n e .  

revea led  l a r g e  components o f  60 Hz no ise  on some t races ,  computer 

r o u t i n e s  were used t o  low-pass f i l t e r  a l l  seismograms. Ampl i tude 

i n f o r m a t i o n  was u t i l i z e d  by no rma l i z ing  a l l  t r a c e s  t h a t  recorded t h e  

same b l a s t .  

S ince an i n s p e c t i o n  of power spectrums 

Subsurface s t r u c t u r a l  model ing was conducted by  means o f  f i r s t  

a r r i v a l  P-wave de lay- t ime a n a l y s i s  and r a y  t r a c i n g .  Herg lotz-Wiecher t  

t r a v e l - t i m e  i n v e r s i o n  was used f o r  t h e  ve loc i t y -dep th  d i s t r i b u t i o n  i n  

t h e  M ine ra l  Mountains. The i n t e r p r e t a t i o n  o f  t h e  P-wave t r a v e l - t i m e s  

suggests t h a t  t h e  Milford Val ley f i l l  c o n s i s t s  o f  two u n i t s  w i t h  a 

t o t a l  t h i ckness  o f  a t  l e a s t  1.8 km. The s u r f i c i a l  l a y e r  i s  composed 

o f  Quaternary  sands and c l a y s  w i t h  a v e l o c i t y  o f  1.8 km/s. A deeper 

ho r i zon  w i t h  a v e l o c i t y  o f  4.0 km/s i s  i n t e r p r e t e d  t o  be T e r t i a r y  

sediments on t h e  bas i s  o f  g r a v i t y  model ing across t h e  M i l f o r d  Va l l ey  

u s i n g  es t imated  d e n s i t i e s  f rom v e l o c i t y - d e n s i t y  r e l a t i o n s h i p s .  

deepest l a y e r  i d e n t i f i e d  f rom t h e  se ismic da ta  i s  i n t e r p r e t e d  as a 

bedrock u n i t  o f  Precambrian(?) gneisses. 

f o r  t h e  v a l l e y  basement was determined f rom reversed subsurface 

The 

A t r u e  v e l o c i t y  o f  6.7 km/s 



P-waves and from a sonic log obained in a well drilled into 

metamorphics near the refraction line. 

In the vicinity of the Roosevelt KGRA, a thin low velocity 

alluvial layer covers a basement igneous complex with a velocity of 

5.2 km/s. 

gradient in the upper 0.1 km o f  basement rock may account for the 

absence of reflections. in the record sections. 

refraction data also indicates that the main range front faulting 

begins at least one kilometer west of the Opal Mound fault. 

decay o f  the first P-wave arrivals shows decreased attenuation for 

seismic waves that propagate across the hot springs area. 

- Granite velocities between 3.3 km/s and 4.0 km/s were calculated 

from the travel-times in the Mineral Mountains. These velocities may 

not be representative of the majority of the pluton because the 

refraction profile closely followed the east-west Hot Springs fault 

zone. An east dipping 5.5 km/s layer at a depth between 0.7 km and 

1.5 km beneath the range corresponds to an increase in velocity 

indicated on a sonic log at the eastern edge of  the geothermal area. 

Synthetic seismograms suggest that a slight velocity 

Analysis of the 

Amplitude 
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CHAPTER 1 

I NTR 0 DUCT I ON 

Increasing demand by the public and private industry f o r  energy 

have p u t  severe strains on current energy sources. For this  reason, 

new a l te rna te  energy sources must be exploited. Geothermal power i s  

one a l te rna t ive  w i t h  a promising future .  

Geophysical exploration methods, principally heat flow and 

e lec t r ica l  measurements, have been used f o r  some time t o  a s s i s t  i n  

locating and delineating geothermal areas. However, because of both 

geologically complex conditions and i n  many cases a lack of 

discernable earthquakes, conventional seismological methods have not 

been routinely implemented. 

studies have been the most commonly attempted passive seismological 

Microearthquake surveys and ground noise 

methods. Active seismic e x p l o r a t i o n  methods, i .e.,  refract ion and 

re f lec t ion ,  have met w i t h  only moderate success due t o  disturbing 

ground noise and unusually h i g h  at tenuation of seismic waves 

(Hochstei n and  H u n t ,  1970). 

Before the interpretat ion of seismic d a t a  can be begun, the 

physical basis of seismological techniques f o r  the exploration of 

geothermal resources must be understood. The cha rac t e r i s i t i c s  of P-  

and S-wave propagation t h r o u g h  a hydrothermal reservoir will r e f l ec t  

the average s t a t i c  reservoir properties. Velocity and attenuation of 

seismic waves a re  influenced by several fac tors ,  a l l  o r  none of  which 
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may be anomalous i n  a geothermal system. These include rock type, 

porosity, water content, temperature, pressure, and degree of  

f ractur ing.  As these parameters vary the associated e l a s t i c  

properties of the  rock changes. I f  h i g h  temperatures, h i g h  porosity, 

and f rac ture  zones ex i s t  i n  a geothermal system re l a t ive ly  low 

ve loc i t ies  and h igh  attenuation may occur. 

induration of sediments by s i l i c a  or carbonates may increase seismic 

ve loc i t ies  and produce a decrease i n  at tenuation. 

these e f f ec t s  may resu l t  i n  an insignif icant  velocity change (or  

impedance) or a small change in attenuation. 

Seismic refract ion surveys of geothermal areas have n o t  been 

However, metamorphism and 

A combination of  

employed extensively compared w i t h  other geophysical methods. I n  the 

past ,  refract ion has generally been used as a reconnaissance tool for 

near- surface s t ructure .  Palmasson (1975) suggests t h a t  refract ion i s  

quite useful i n  volcanic and geologically complex areas ,  especially i n  

conjunction w i t h  gravity surveys si nce density and sei  smi c vel oci t y  

are empirically re la ted.  When an anomalous mass d is t r ibu t ion  i s  

detected by gravity,  the source can not  be unambiguously interpreted 

without the information tha t  a refract ion survey could provide. 

Several refraction surveys have been undertaken i n  geothermal 

areas around the world. 

the Reykjanes thermal f i e l d  and found t h a t  aquifer bearing horizons 

I n  Iceland, Bjornsson e t  a l .  (1970) studied 

were more abundan t  i n  association w i t h  deeper material t h a n  in 

shallow, more porous layers.  

California,  caldera by Hill (1976)  gave possible evidence f o r  the roof 

of a magma chamber a t  a depth of 7 t o  8 km. Arrivals on two 

Investigations i n  the  Long Valley, 
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refraction record sections with higher apparent velocities than the 

where thermal alteration increased and areas of 

ground experienced greater attenuation than reg 

first arrivals and 180" phase shifts were interpreted as being 

reflections from a horizon across which the velocity decreases with 

depth. Hill (1976) also found near-surface effects of the 

hydrothermal system in the changing frequency content of wave groups. 

Hochstein and Hunt (1970), using refraction methods at the 

Broad1 ands geothermal field in New Zeal and, out 1 i ned two 1 arge buried 

domes of rhyolite by contouring the depths to the refracting 

interface. Record sections indicated an increase in P-wave velocity 

steaming 

de the 

(1979) found 

less attenuation in the production zone o f  the Geysers geothermal 

system of northern California than outside o f  it. , This i s  also true 

at the Leach Hot Springs in Nevada where the densification of 

sediments by the deposition of silica is believed to be the cause for 

the decrease in attenuation and an increase in P-wave velocity (Beyer 

et al., 1976). 

The Roosevel t Known Geothermal Resource Area (KGRA) , 1 ocated 19 

geothermal field. On the other hand, Majer and 

warm and 

ons outs 

McEvi 1 ly 

kilometers northeast of Milford, Utah, has been. studied extensively by 

the University of Utah in order to determine its energy potential. 

Temperature measurements in 47 drill holes have defined the size and 

shape of the near surface hydrothermal system (Ward et al., 1978). 

Heat flow values range from subnormal ( <  100 mW/m2) in the Mineral 

Mountains to > 8 W/m2 in the heart of the thermal anomaly. 

additional information about the geothermal regime, a reversed 

To gather 
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r e f r a c t i o n  p r o f i l e  w i t h  seven shot p o i n t s  was recorded across t h e  

M i l f o r d  Va l ley ,  t h e  Roosevel t  Hot Spr ings KGRA, and t h e  no r the rn  

Minera l  Mountains d u r i n g  A p r i l ,  1977. 

superv ised by t h e  Department o f  Geology and Geophysics o f  t h e  

The exper iment was planned and 

U n i v e r s i t y  o f  Utah and conducted under sub-contract  by t h e  

Microgeophysics Corporat ion.  

The p r i n c i p a l  o b j e c t i v e  o f  t h i s  t h e s i s  was t h e  i n t e r p r e t a t i o n  o f  

t h e  m u l t i f o l d  se ismic r e f r a c t i o n  da ta  across t h e  Roosevel t  KGRA. The 

i n t e r p r e t a t i o n  i n v o l v e d  t h e  d e f i n i t i o n  o f  t h e  upper -c rus ta l  v e l o c i t y  

s t r u c t u r e  and how t h e  s t r u c t u r e  might  e f f e c t  t h e  r e s e r v o i r  and f l o w  

p r o p e r t i e s  o f  t h e  heat  source. Other geophysical  da ta  i n d i c a t e  

numerous nor th -south  normal f a u l t s  bounding t h e  eas te rn  edge of t h e  

M i l f o r d  V a l l e y  and d i s s e c t i n g  t h e  Roosevel t  KGRA. 

exper iment was planned t o  b e t t e r  d e f i n e  t h e  f a u l t  l o c a t i o n s  s ince  they  

may c o n t r o l  f l u i d  condu i ts  i n  t h e  geothermal r e s e r v o i r .  

and long- term o b j e c t i v e  was t o  d i r e c t l y  assess t h e  source o f  t h e  

thermal anomaly by use o f  t h e  seismic r e f r a c t i o n  method. 

a l .  (1978) have s t a t e d  t h a t  t o  date, no d i r e c t  evidence f o r  near 

sur face  mel ts  o r  f r a c t i o n a l  me l ts  have been found t o  be associated 

w i t h  known geothermal r e s e r v o i  r s .  However, Sanford e t  a1 . (1977 ) have 

The se ismic 

A secondary 

Go lds te in  e t  

suggested t h e  ex is tence o f  a magma a t  a depth o f  18 km t o  20 km 

beneath Socorro, New Mexico, by  analys s o f  SxP and SxS r e f l e c t i o n s  on 

microearthquake seismograms. 

descr ibes t h e  se ismic r e f r a c t i o n  exper ment and presents  t h e  

i n t e r p r e t a t i o n  o f  i t s  r e s u l t s .  

The work r e p o r t e d  i n  t h i s  t h e s i s  



CHAPTER 2 

GEOLOGY AND GEOPHYSICS 

The Roosevelt Hot Springs KGRA and the surrounding region are 

located a t  the eastern edge of the Basin and Range physiographic 

province, near the transition t o  the Colorado Plateau. 

Mountains are an  up1 i fted horst f 1 anked by two a1 1 uvi um-f i 11 ed grabens 

The Mineral 

with the  Beaver Valley t o  the east and the Milford Valley t o  the west. 

Relief between the valleys and the ranges i s  as large as 1.3 km. 

The Mineral Mountains are dominated by a Tertiary granitic p l u t o n  

covering approximately 250 square kilometers t h a t  i s  the  largest 

outcropping intrusive body in Utah (Figure 1).  The p l u t o n  i s  cut 

extensively by ac id ic  and basic dikes, most of w h i c h  are  striking 

north-south. A1 so, extensive Quaternary volcanism has occurred a1 ong 

the length of the range. 

Evans (1978) mapped over a dozen Quaternary rhyolite domes and 

flows i n  the  central Mineral Mountains. K-Ar dating has established 

their ages t o  be between 0.8 and 0.5 m.y. (Ward e t  a1 , 1978) 

Similarities i n  the petrologic and chemical composition of  the domes 

suggest they probably originated from the same magma source t h a t  was 

produced by partial fusion of crustal rocks. 

Cambrian-age sedimentary rocks are found a t  the northern end o f  

the range w h i  l e  Permian 1 imestones and Mesozoic 1 inestones, shales, 

and sandstone are  found i n  the  southern and southeastern portion of 
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Figure 1. General geologic map of the Milford Valley and the Mineral 
Mountains, Beaver County, Utah .  
from Evans (1977) and Nielson e t  a1 . (1978). 

Data compiled primarily 
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t h e  Minera l  Mountains. 

western s i d e  o f  t h e  M i l f o r d  Va l ley .  

Paleozoic  sedimentary rock  ou tc rops  on t h e  

A b e l t  o f  gneiss and s c h i s t  a long t h e  western f l ank  of t h e  

Minera l  Mountains i s  invaded by  t h e  p r i n c i p a l  phase o f  t h e  T e r t i a r y  

g ran i te .  On t h e  b a s i s  o f  l i t h o l o g i c  s i m i l a r i t y  w i t h  Precambrian rocks 

found i n  Utah, these metamorphic rocks  a re  t e n t a t i v e l y  assigned a 

Precambrian age. The westernmost exposures o f  t h e  metamorphics a re  

found i n  a h o r s t  b lock  bounded on t h e  eas t  by  t h e  Opal Mound f a u l t .  

A d d i t i o n a l  d iscuss ions  o f  t h e  geology o f  t h e  Minera l  Mountains can be 

found i n  E a r l  1 (1957), L i e s e  (1957) , Condie (1960) , Lipman e t  a1 . 
(1978), and Evans (1978). 

The s e i  smi c r e f r a c t  i on p r o f  i 1 e repo r ted  here extended f rom t h e  

Rocky Range, on t h e  western s i d e  o f  t h e  M i l f o r d  Va l ley ,  30 km across 

t h e  Roosevel t  Hot Spr ings area t o  t h e  eas tern  edge o f  t h e  Minera l  

Mountains (F igu re  1 ) .  Shot p o i n t s  A, B y  C, and D were detonated 

w i t h i n  v a l l e y  f i l l .  G r a v i t y  p r o f i l e s  by Car te r  and Cook (1978) 

suggest t h a t  t h e  depth t o  bedrock i n  t h e  v a l l e y  reaches a depth o f  1.5 

km. Shot p o i n t  B, near t h e  cen te r  o f  t h e  v a l l e y ,  i s  l o c a t e d  above t h e  

area o f  maximum a l l u v i u m  th ickness .  Th inn ing  o f  t h e  a l l u v i a l  cover  

must occur t o  t h e  eas t  and west s ince  bedrock outcrops on bo th  s ides  

o f  t h e  v a l l e y .  Th is  i s  conf i rmed by t h e  presence o f  igneous rock 

encountered a t  76 rn depth i n  Thermal Power d r i l l h o l e  14-2 l oca ted  

approx imate ly  0.4 km n o r t h  o f  shot  p o i n t  D. The remainder of t h e  shot 

l o c a t i o n s  were i n  igneous rock.  

g r a n i t e ,  and shot  p o i n t  G was exploded i n  a Quaternary  b a s a l t  f l ow .  

Shot p o i n t s  E and F were exploded i n  

O f  spec ia l  i n t e r e s t  t o  t h e  energy i n d u s t r y  i s  t h e  Roosevel t  Hot 
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Spr ings  geothermal p rospec t  a t  the western edge of  t h e  Mineral 

Mountains n e a r  Hot Spr ings  Wash. Located here are a 6 km by 12 km 

thermal f i e l d  w i t h  thermal  g r a d i e n t  measurements u p  t o  960' C/km and a 

zone o f  hydrothermal a1 t e r a t i o n  r e p r e s e n t a t i v e  o f  a sha l low 

hydrothermal system. A system of  faults t h a t  c o n t r o l s  the  

nea r - su r face  f l u i d  f low governs the shape o f  anomalous zones o f  low 

r e s i s t i v i t y  (Ward and S i l l ,  1976) and h i g h  hea t  f low ( S i l l  and Bode l l ,  

1977; Wilson and Chapman, 1978).  

Numerous f a u l t s  i n  the Roosevel t  KGRA were mapped us ing  geology,  

a e r i a l  photography, res is t ivi ty ,  g r a v i t y ,  and magnet ic  d a t a .  The 

youngest  f a u l t s  a r e  no r th  no r th -eas t  t r end ing  and c o n t r o l  the p r e s e n t  

hydrothermal a c t i v i t y .  East-west  f a u l t i n g  inferred by the  pres'ence o f  

several v a l l e y s  t h a t  ex tend  through the Mineral Mountains and i n t o  the 

a l luv ium t o  the west has  been produced by r eg iona l  zones o f  weakness. 

Nielson e t  a1 . (1978) propose t h a t  the geothermal r e s e r v o i r  i s  

c o n t r o l l e d  by the i n t e r s e c t i o n s  o f  these p r i n c i p a l  zones o f  f a u l t i n g .  

Peterson (1975) ,  Pa r ry  (1978) ,  and Nielson e t  a1 . (1978) have 

conducted d e t a i l e d  geo log ic  mapping o f  the KGRA and the sur rounding  

a rea .  Widespread hot  s p r i n g  d e p o s i t s  a long  the Opal Mound f a u l t  a r e  

p r i m a r i l y  composed o f  s i l i c e o u s  sinter and sinter-cemented a l luv ium 

resulting from the d e p o s i t i o n  o f  s i l i c a .  Although d isp lacement  on the 

Opal Mound f a u l t ,  a s  i n t e r p r e t e d  from g r a v i t y  measurements (Crebs and 

Cook, 1976) ,  i s  on ly  about  50 m the f a u l t  appears t o  be the major 

c o n t r o l 1  ing  structure i n  the hydro logic  regime since the anomalous 

zone of  heat f low i s  cen te red  upon the f a u l t .  

Extensive geophysical  work i n  the Roosevel t  thermal a r e a  has  been 
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sumnarized i n  Ward e t  a l .  (1978). Crebs and Cook (1976), 

Thangsuphanich (1976), Brumbaugh and Cook (1978),  and C a r t e r  and Cook 

(1978) have g iven r e s u l t s  o f  g r a v i t y  and magnetic surveys. An 

e longate  g r a v i t y  l ow  w i th  2 mgal c l o s u r e  corresponding t o  a s e r i e s  o f  

r h y o l i t e  domes p o s s i b l y  i n d i c a t e s  a low-dens i ty  cont inuous i n t r u s i v e  

body a t  about 2 km depth (Crebs and Cook, 1976). 

o f  up t o  0.2 sec measured a t  s t a t i o n s  on t h e  west f l a n k  o f  t h e  Minera l  

Mountains f rom earthquakes 30 km t o  t h e  no r theas t  may have been 

produced by an upper c r u s t a l  l o w - v e l o c i t y  l a y e r  beneath t h e  Minera l  

Mountains (Olson and Smith, 1976). Also,  q u a l i t a t i v e  es t imates  o f  

S-wave a t t e n u t a t i o n  f o r  r a y  paths t h a t  propogate beneath t h e  Minera l  

Mountains and su r face  south o f  t h e  Roosevel t  Hot Spr ings suggest a 

Small P-wave delays 

low-Q t ransmiss ion  path. Both t h e  l o w - v e l o c i t y  e f f e c t  and t h e  shear 

wave a t t e n u a t i o n  i n d i c a t e  t h e  p o s s i b i l i t y  o f  p a r t i a l  m e l t i n g  beneath 

t h e  Minera l  Mountains. 

E lect romagnet ic  and Schl umberger r e s i  s t i  v i  ty  soundi ng by T r i  pp e t  

a l .  (1978) i n d i c a t e s  a zone o f  low r e s i s t i v i t y  m a t e r i a l  o f  about 5 n-m 

a t  depth o f  50 m t h a t  p a r a l l e l s  t h e  Opal Mound f a u l t .  

f r a c t u r e d  and a l t e r e d  water -sa tura ted  rock i s  t h e  probable cause o f  

t h e  low r e s i s t i v i t y  o f  t h i s  zone. Beneath t h e  conduct ive  zones i s  a 

r e s i s t i v e  basement o f  e s s e n t i a l l y  nonporous and una l te red  rock.  

One-dimensi onal i nvers i  on o f  magneto te l l  u r i c  soundi ngs i n t h e  

Roosevel t  Hot Spr ings area by Wannamaker (1978) suggests an es t imate  

I n t e n s e l y  

o f  very  low r e s i s t i v i t i e s ,  l e s s  than  0.1 SZ-m a t  depths o f  2 km t o  5 

km. These values a re  v i r t u a l l y  imposs ib le  t o  o b t a i n  cons ide r ing  t h e  

present  i n t e r p r e t a t i o n  o f  t h e  subsurface geology. 
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F i g u r e  2 presents  genera l i zed  sonic  and l i t h o l o g i c  l o g s  f rom two 

w e l l s  i n  t h e  v i c i n i t y  o f  t h e  Roosevel t  Hot Spr ings t h a t  were used i n  

t h e  i n t e r p r e t a t i o n  o f  t h e  r e f r a c t i o n  data. Get ty  O i l  Co. Well 52-21 

l o c a t e d  2.5 km southeast o f  shot  p o i n t  C ( F i g u r e  2a) was d r i l l e d  i n t o  

upper amphibo l i te  f a c i e s  metamorphic rocks i d e n t i f i e d  as gneiss 

(Ba l lan tyne,  1978). Except f o r  a d a c i t e  d i k e  a t  a depth near 0.6 km, 

no o t h e r  s i g n i f i c a n t  rock t y p e  was encountered. P-wave v e l o c i t i e s  

v a r i e d  f rom 5.5 km/s a t  0.2 km depth t o  a maximum o f  6.7 km/s a t  a 

depth o f  0.8 km. 

The dominant rock t y p e  i n  Thermal Power Well 14-2 l o c a t e d  0.4 km 

n o r t h  o f  shot p o i n t  D ( F i g u r e  2b) was a g r a n i t i c  t e x t u r e d  monzonite 

t h a t  probably  corresponds t o  t h e  mapped g r a n i t e  (Bal  l a n t y n e  and Parry, 

1978). 

between 0.5 km and 0.7 km depth, and monzonite occurred i n  t h e  

remainder o f  t h e  w e l l  b u t  was o c c a s i o n a l l y  c u t  by i n t e r m e d i a t e  

composi t ion d ikes.  A p l a g i o c l a s e  a l t e r a t i o n  i n t e n s i t y  l o g  i s  a l s o  

i n c l u d e d  f o r  Well 14-2 as an a i d  t o  i d e n t i f y  t h e  f r a c t u r i n g  i n  t h e  

hole.  

a l t e r a t i o n  r a t h e r  than 1 i t h o l o g y .  

was 5.5 km/s between 0.7 km and 1.0 km. 

A d i k e  o f  m i c r o g r a n i t e  i n t e r s e c t e d  t h e  d r i l l h o l e  a t  a depth 

P-wave v e l o c i t i e s  appear t o  vary  more w i t h  t h e  degree o f  

The maximum v e l o c i t y  encountered 
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CHAPTER 3 

S E I S M I C  DATA 

I n t r o d u c t i o n  

Under a subcontract  f rom t h e  U n i v e r s i t y  o f  Utah, t h e  

Microgeophysics Corporat ion o f  Golden, Colorado, recorded a seismic 

r e f r a c t i o n  p r o f i l e  across t h e  Roosevel t  Hot Spr ings KGRA. F i e l d  work 

began on A p r i l  20, 1977, and was completed on A p r i l  29, 1977. A 

r e p o r t  o f  p r e l  i m i  nary  r e s u l t s  t h a t  descr ibed c o n t r a c t  d e l  i verabl  e 

products  was prepared by t h e  Microgeophysics Corp. and presented t o  

t h e  Department o f  Geology and Geophysics i n  November, 1977. 

i n c l u d e d  t h e  o r i g i n a l  d i g i t a l  f i e l d  tapes, r e f o r m a t t e d  tapes, and 

datum c o r r e c t e d  analog f i e l d  records.  

quadrangle topographic  maps w i t h  each geophone and s h o t p o i n t  l o c a t i o n  

and an e l e v a t i o n  c ross-sec t ion  o f  t h e  p r o f i l e  were inc luded.  The 

coord ina tes  f o r  geophone and s h o t p o i n t  l o c a t i o n s  were surveyed t o  t h e  

nearest  meter on t h e  Un iversa l  Transverse Mercator  p r o j e c t i o n ,  zone 

12, and e l e v a t i o n s  were recorded t o  t h e  nearest  f o o t .  Th is  

in fo rmat ion  i s  t a b u l a t e d  i n  t h e  c o n t r a c t  r e p o r t  (Microgeophysics, 

1977). 

I tems 

Reproductions o f  7 1 / 2 4  nute 

A spread o f  24, v e r t i c a l  component geophones was employed i n  

r e c o r d i n g  a l l  data a long t h e  p r o f i l e  l i n e  w i t h  one geophone per  

s t a t i o n .  Geophone spacing, though v a r i  ab1 e due t o  topography and 

sur face  fea tures ,  was approximately 250 m. The geophone spread 
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occupied five, generally east-west sub-arrays of about 6 km length i n  

order t o  cover the fu l l  30 km length of the prof i le .  

The geophones used fo r  this experiment were model GEOSPACE HS-1 

w i t h  a natural frequency of 4.5 Hz and damped a t  0.6 of c r i t i c a l .  

Geophone output was recorded d i g i t a l l y  on magnetic tape a t  a one 

millisecond (1 ms) sampling rate .  The programmed g a i n  control of the 

instruments was tripped f a r  in advance of the shot so tha t  the 

amplifiers s e t t l ed  t o  a f ina l  g a i n  before the f i r s t  seismic energy 

arrived a t  the  geophones. Trace t o  t race  variations were kept small 

by careful balancing of each channel. Typically, the instrument g a i n  

was 100 dB, which corresponds t o  one d ig i ta l  count per 0.007 

microvolts i n p u t  o r  0.05 cm/s of ground motion per one count. Across 

the spread, gains were constant fo r  a l l  geophones while ga ins  varied 

only s l i gh t ly  from spread t o  spread. The frequency response of the 

en t i r e  recording and geophone system i s  shown i n  Figure 3 .  

Seven s h o t  locations were used during the experiment w i t h  each 

location having multiple shots. Charge weights depended upon the 

distance t o  the spread. For the la rges t  b las t s  multiple holes were 

necessary t o  prevent blowouts. 

to ta l  charge weights fo r  each blast  and the length o f  the  primacord 

used fo r  ignit ion of the explosives i n  the  hole. 

The Microgeophysics report 1 i s t s  the 

Several shots were detonated and recorded in to  each spread i n  

order t o  provide multiple subsurface coverage. All spreads were 

reversed except f o r  the westernmost spread, no. 1, which received 

energy only from shot  point A. Of the four reversed spreads, f ive  

shots were recorded by spread 2 ,  s ix  shots by spreads 3 and 4 ,  and 
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four  shots by spread 5. 

When r e c o r d i n g  was completed a t  one spread l o c a t i o n ,  t h e  

seismometer a r r a y  was moved, however t h e  end geophone o f  t h e  new 

spread occupied t h e  same l o c a t i o n  as t h e  end geophone o f  a prev ious 

spread i n  o r d e r  t o  t i e  ad jacent  spreads together .  T h i s  a l lowed t h e  

data t o  be c o r r e l a t e d  f rom one spread t o  another and prov ided an 

ampl i tude t i e  f o r  normal ized ampl i tude record  sect ions.  

The o r i g i n  t i m i n g  s i g n a l  was recorded on channel 12 f o r  a l l  

spreads except when channel 1 recorded t h e  t i m e  break f o r  shot  A ,  

spread 1. Due t o  t h e  na ture  o f  t h e  shot-spread c o n f i g u r a t i o n s ,  where 

i n  many cases geophone 12 was f a r  f rom t h e  source, t h e  o r i g i n - t i m e  

s i g n a l  was generated by t h e  ?allowing method. 

stemming f rom an o s c i l l a t o r  generat ing a 3 kHz s i g n a l  was wrapped 

around t h e  pr imacord used f o r  i g n i t i o n  o f  t h e  charges. 

r e l a y e d  by FM r a d i o  t o  t h e  record ing  t r u c k  l o c a t e d  a t  t h e  geophone 

ar ray ,  and was t h e  i n p u t  f o r  channel 12. When t h e  pr imacord was 

detonated, an e l e c t r i c a l  connect ion was broken t h a t  stopped t h e  

broadcast o f  t h e  3 kHz s i g n a l .  The r e c e i v i n g  antenna detected t h i s  

i n t e r r u p t i o n  and a l a r g e  v o l t a g e  change was recorded on t h e  t ime-break 

channel i n p u t .  However, t h e  break was n o t  t h e  ac tua l  t i m e  o f  shot 

de tonat ion  b u t  was about 5 ms b e f o r e  detonat ion.  The a c t u a l  o r i g i n  

t i m e  was c a l c u l a t e d  s ince  both t h e  primacord l e n g t h  and v e l o c i t y  o f  

pr imacord de tonat ion  were known. The accuracy o f  t h e  o r i g i n  t i m e  i s  

w i t h i n  f 0.005 sec. 

A p iece  of w i r e  

The s i g n a l  was 
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3 

Data Processing 

The original 21-track field tapes, on which the d a t a  were 

col 1 ected, were not convenient for routine computer analysis. 

Therefore, the Microgeophysics Corp. supplied three reformatted 

9-track tapes containing the original f i e l d  information.  Other 

problems with reading bits on the 9-track tape required the use of a 

decoding program so t h a t  the information would be readily available i n  

a readable form. The Appendix l i s t s  a program, TPREAD.DECODE,  as well 

as a l l  other For t ran  programs necessary for th i s  d a t a  manipulation. 

Upon inspection of random traces from various spreads, i t  was 

noted t h a t  a high frequency component masked many signals t o  such an 

extent t h a t  the character of f i r s t  and later arrivals were often 

indi sti ngui shabl e. T h i  s prompted an inspection of the power spectrums 

using computer programs POWER.DRIVE and POWER.SPECT. Figures 4a and 

4b are typical examples of the power spectrums of traces w i t h  and 

w i t h o u t  the high-frequency noise. 

seismograms was contained in frequencies below 40 Hz. This was true 

f o r  a l l  traces examined except f o r  those showing large components of 

60 Hz noise. Close proximity of high voltage powerlines t o  the  

Flote t h a t  most power i n  t he  

recording spread i s  the most 1 ikely cause of the 60 Hz signal. 

Power spectrum estimation was accomplished fo l lowing  the method 

described in Oppenheim and Schafer (1975). Since the Fourier 

transform of any real f ini te  length sequence x ( n ) ,  0 i n N-1, i s  
N- 1 

n=O 
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t h e  spectrum es t imate  o r  periodogram i s  

However, t h i s  w i l l  no t  r e s u l t  i n  a c o n s i s t e n t  es t imate  o f  t h e  power 

spectrum and t h e  r a p i d i t y  o f  f l u c t u a t i o n s  i n  t h e  periodogram increases 

as N increases. The method used here i s  t o  smooth t h e  periodogram by 

c o n v o l u t i o n  w i t h  a spectrum window o f  known response. If S(u) denotes 

t h e  smoother periodogram, t h e  periodogram i s  t h e  F o u r i e r  t r a n s f o r m  o f  

c ( n >  and t h e  window i s  w(m), then 
M- 1 

Since t h e  power spectrum i s  a non-negative f u n c t i o n  o f  frequency, we 

r e q u i r e  t h a t  S ( w )  be non-negative as w e l l .  A s u f f i c i e n t  c o n d i t i o n  f o r  

S ( w )  t o  be non-negative i s  t h a t  t h e  F o u r i e r  t r a n s f o r m  of t h e  window 

a l s o  be non-negative. Therefore,  a B a r t l e t t  window i s  chosen f o r  

smoothing s ince  t h e  window’s F o u r i e r  t r a n s f o r h  i s  non-negative and t h e  

window has a s u i t a b l e  s ide lobe f a l l o f f  r a t e .  

Because o f  t h e  d i f f i c u l t y  o f  working w i t h  t h e  t h r e e  o r i g i n a l  data 

tapes (non-sequenti  a1 o r d e r i n g  o f  spreads, 20 sec 1 ength records,  

t r a c e  header l a b e l s ,  etc.) ,  i t  was necessary t o  c r e a t e  a new data f i l e  

w i t h  i n f o r m a t i o n  r e q u i r e d  f o r  i n t e r p r e t a t i o n  o f  t h e  f i r s t  P-wave 

a r r i v a l s .  A computer program was designed t o  read, f i l t e r ,  decimate, 

and w r i t e  t h e  processed data gnto a new tape. Four seconds o f  each 

t r a c e  were r e t a i n e d  f o r  P-wave ana lys is .  Adequate t i m e  was al lowed 

before t h e  f i r s t  a r r i v a l  o f  energy on each t r a c e  so t h a t  no ise  l e v e l s  

cou ld  be judged when i d e n t i f y i n g  phases. 
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Fortran programs REFRACTION.XYFLTR,.FILTER,.FORK,.STORE, and 

.WINDOW were used t o  process the traces (see Appendix for l is t ings) .  

As described earlier inspection of the power spectrums revealed most 

power t o  be in frequencies less t h a n  40 Hz w i t h  significant components 

of 60 Hz noise often present. 

low-pass f i l t e r  with a cutoff  frequency of 45 Hz was constructed. 

Smoothing of the f i l t e r  was accomplished w i t h  a Hamming window and the 

result was causal and padded with zeroes ou t  t o  Z12 points. The 

To remove the noise, a 128-point, 

frequency response of the f i l t e r  i s  shown i n  Figure 5 w i t h  some 

examples of the f i l t e r ' s  effectiveness shown in Figures 6 and 7. 

Since no significant power above approximately 60 Hz remained in 

any seismogram after f i l tering, and because a 1 ms sampling rate 

contains frequencies up  t o  500 Hz, i t  was decided t o  decimate the 

d a t a .  By t a k i n g  every fourth sample ( 4  ms) the Nyquist frequency was 

set a t  125 Hz, therefore, an anti-aliasing f i l t e r  was not  required. 

This decimation not  only made the d a t a  easier t o  handle b u t  i t  also 

reduced storage requirements considerably. 

Identifying characters followed by the digitized filtered trace 

were written onto  a new tape. The d a t a  were grouped by shots and 

ordered from west t o  east ( s h o t  A t o  shot G ) .  The computer program 

REFRACSCTION.DISP was then used t o  p l o t  the refraction d a t a .  

Normal i zed Amp1 i tudes 

To util ize amplitude information as well as travel-times from 

' 

seismic d a t a ,  i t  i s  necessary t o  a d j u s t  variations in trace amplitudes 

from spread t o  spread. The ampl i tude  information determined from 
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Figure 6. Five seismograms from spread 4, recording shot point E (a) 
traces 1 to 5 before filtering show high noise level 
traces 1 to 5 after filtering with noise removed. (b) 
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these adjustments i s  necessary t o  make i n t e r p r e t a t i o n s  of v e l o c i t y  

g r a d i e n t s  and anel a s t i  c i  t y  . 
For t h e  Roosevel t  Hot Spr ings r e f r a c t i o n  p r o f i l e ,  a l l  data 

recorded f rom a shot  p o i n t  l o c a t i o n  were normal ized t o  t h e  spread 

c o n t a i n i n g  t h e  b l a s t .  Because t h e  end geophones f o r  ad jacent  spreads 

occupied t h e  same l o c a t i o n ,  n o r m a l i z a t i o n  f rom spread t o  spread was 

r e l a t i v e l y  s imple.  V a r i a t i o n s  due t o  changes i n  source s i z e  o r  spread 

gains were compensated f o r  by reducing o r  enhancing t r a c e  ampl i tudes 

u n t i l  t h e  ampl i tude was n e a r l y  i d e n t i c a l  t o  t h e  proper  t r a c e .  Th is  

adjustment was e q u i v a l e n t  t o  r e c o r d i n g  a l l  data us ing  t h e  e n t i r e  

p r o f i l e  w i t h  constant  g a i n  and a s i n g l e  shot. 

F i g u r e  8 demonstrates how t h i s  was done f o r  shot  p o i n t  E, spreads 

4 and 5. To f a c i l i t a t e  comparison, t h e  two t r a c e s  were f i r s t  p l o t t e d  

w i t h  t h e i r  maximum value scaled t o  1.3 cm. Ampli tudes of severa l  

peaks and t roughs o f  t h e  f i r s t  a r r i v i n g  energy were then measured. 

S ince spread 4 conta ined shot p o i n t  E, t h e  spread was assigned a 

f a c t o r  o f  1. The f a c t o r  f o r  spread 5 was found by averaging t h e  

values necessary f o r  a d j u s t i n g  a peak o r  t rough on channel 1, spread 5 

t o  be o f  equal va lue w i t h  i t s  counterpar t  on channel 24, spread 4. 

The f a c t o r  c a l c u l a t e d  f o r  spread 5 was 0.14. 

The frequency o f  phases used i n  a t t e n t u a t i o n  s t u d i e s  l i e s  i n  t h e  

8-25 Hz range. By r e f e r r i n g  t o  t h e  r e c o r d i n g  system's frequency 

response shown by F i g u r e  3, i t  can be seen t h a t  f o r  t h e  range o f  

f requencies d e s i r e d  i n  i n t e r p r e t a t i o n  t h e  response may be considered 

constant.  

A f t e r  a l l  ampl i tude data were normalized, a comparison o f  
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amplitude variations along the array then became possible. Since 

there were several recognizable phases, good s t a t i o n  coverage a l o n g  

the line, and a high signal-to-noise ratio, these d a t a  allowed 

reasonable interpretations o f  attenuation. 



CHAPTER 4 

I 
One o f  

i s  t h e  deve 

INTERPRETATION OF P-WAVE TRAVEL TIMES 

I n t r o d u c t i o n  

t h e  pr imary  reasons f o r  any se ismic e x p l o r a t i o n  technique 

opment o f  a s t r u c t u r a l  model o f  t h e  e a r t h  w i t h  v e l o c i t i e s  

and th icknesses  o f  major  u n i t s .  

P-waves f rom r e f r a c t i o n  data, ve loc i t y -dep th  models can be 

t h e o r e t i c a l l y  generated t o  f i t  t h e  observed da ta  f rom which in fe rences  

about geology can be made. 

By determin ing  t r a v e l - t i m e s  of 

F igu re  9 i s  an example o f  reduced t r a v e l - t i m e  p l o t s  ( reduc ing  

v e l o c i t y  = 6 km/s) used i n  t h e  i n t e r p r e t a t i o n  o f  t h e  Roosevel t  Hot 

Spr ings r e f r a c t i o n  data.  The most use fu l  P-wave i n f o r m a t i o n  i s  

conta ined i n  t h e  f i r s t  p o r t i o n  o f  each t r a c e  so t h a t  o n l y  2 sec of 

each t r a c e  was p l o t t e d .  With t h e  except ion  o f  those seismograms 

having cons iderab le  noise,  t h e  f i r s t  breaks can be c l e a r l y  seen. 

d e t a i l e d  d i scuss ion  o f  t h e  data i s  reserved f o r  a l a t e r  sec t ion .  

However, i t  would be use fu l  t o  have a b r i e f  q u a l i t a t i v e  i n s p e c t i o n  

here. 

A 

From shot  p o i n t s  A, B, and C, t h e r e  i s  a low v e l o c i t y  P-wave 

branch assoc ia ted  w i th  t h e  sur face  l a y e r  o f  t h e  M i l f o r d  Va l l ey .  Th is  

phase remains a f i r s t  a r r i v a l  t o  a much g r e a t e r  d i s tance  f rom shot 

p o i n t  B than t h e  same phase recorded f rom shot  p o i n t s  A o r  C. 

change i n  apparent v e l o c i t y  assoc ia ted  w i th  a second v e l o c i t y  u n i t  o f  

A 
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Figure  9. Profile coverage ob ta ined  du r ing  the r e f r a c t i o n  experiment .  
Two seconds o f  each seismogram p l o t t e d  us ing  a 6 km/s 
reducing  time. 
A, B, C ,  D, E, F, G a r e  shot p o i n t s .  
Qal , Quate rna ry  a1 1 uvium;  Qb , Quate rna ry  b a s a l t ;  Tg , 
T e r t i a r y  g r a n i t e .  

Amp1 i t u d e s  s c a l e d  for optimum viewing. 
Su r face  geology:  
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t h e  M i l f o r d  V a l l e y  graben i s  c l e a r l y  seen from shot  p o i n t s  A and B. 

For  se ismic waves propagat ing eastward f rom shot  p o i n t s  A and B y  

a l a r g e  inc rease i n  f i r s t - a r r i v a l  apparent v e l o c i t y  occurs about 

midway between shots B and C. T h i s  phase, w i t h  an ext remely h i g h  

apparent v e l o c i t y  o f  16 km/s, probably  c o r r e l a t e s  w i t h  a deeper 

basement l a y e r .  

r e f r a c t i o n  branches are  d i f f i c u l t  t o  f i n d .  

N o t i c e  t h a t  r e f l e c t e d  phases associated w i t h  t h e  

The manner i n  which t h e  f i r s t  a r r i v a l s  f rom shot  p o i n t s  A and B 

change i n  apparent v e l o c i t y  f rom slow t o  f a s t  t o  i n t e r m e d i a t e  i s  an 

i n d i c a t i o n  o f  a l a t e r a l  v a r i a t i o n  i n  v e l o c i t y .  Whether o r  n o t  t h i s  

change i s  due t o  a change i n  basement d i p  and/or a l a t e r a l  v e l o c i t y  

change i s  a q u e s t i o n  t h a t  cannot be reso lved by s t u d y i n g  t h e  record  

sec t ions  alone. 

i n  r e s o l v i n g  t h i s  problem. 

Knowing t h e  geology a long t h e  p r o f i l e  i s  most h e l p f u l  

Geophones l o c a t e d  i n  t h e  Minera l  Mountains, r e c o r d i n g  energy from 

shot p o i n t s  E, F, and G, do no t  appear t o  have recorded any phase 

o t h e r  than t h e  f i r s t  P-wave a r r i v a l .  Waves rece ived i n  t h e  M i l f o r d  

V a l l e y  f rom shot p o i n t s  E and G obv ious ly  have l e s s  high-frequency 

conten t  than when t h e  same geophones record  energy rece ived from shots 

w i t h i n  t h e  v a l l e y .  

Computer Ana lys is  

Several techniques f o r  t h e  i n t e r p r e t a t i o n  o f  seismic r e f r a c t i o n  

data have been developed so t h a t  v e l o c i t y - d e p t h  models may be 

generated from observed t r a v e l - t i m e s .  

makes use o f  delay-t imes. 

The most commonly used method 

F i r s t  in t roduced by Gardner (1939), 
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delay-time analysis has been modified and improved by a number of 

workers. The computer program, SIPT., used in this  study of the 

Roosevelt Hot Springs refraction line utilized a delay-time method 

described in Pakiser and Black (1957).  An understanding of the 

general ideas behind del ay-time analysis i s  essential before 

interpretation can begin. Much of the discussion i s  taken from Dobrin 

(1976). 

Figure 10a i s  a simple cross-section for a two layer case and the 

travel-time versus distance p l o t  of least-time ray paths .  The 

refracted wave t h a t  has traveled along the velocity interface has 

taken a p a t h  of  three legs, AB,  B C ,  and  C D .  The t o t a l  travel-time for 

this p a t h  i s  x 2 z cos(ic) 

v2 V 1  

T = - +  

On the time versus distance p l o t ,  this i s  the equation of the straight 

line w h i c h  has a slope of 1/V2 and w h i c h  intercepts the time axis 

(x=O) a t  the intercept time, Ti = 2z cos ic/V1. The intercept time i s  

the difference between the actual  travel-time o f  a wave and the time 

t h a t  would be required if  the wave traveled h o r i z o n t a l l y  between the 

shot and receiver a t  the highest speed encountered a long  the 

refraction p a t h .  

For horizontal layering, the depth t o  the interface may be 

calculated from hal f  the intercept time. Likewise, for inclined 

interfaces, the depth t o  the velocity contrast may be exactly 

determined by analytic means i f  intercept times exist fo r  rays 

traveling up and down d i p .  However, i n  general , a refractor i s  
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v2 

U 

shot receiver 

SPREAD I 
sur foce Geophone 

A Shot  

L A Y E R  1 

I v3 

v3 

v, < v,< v, 

L A Y E R  3 

'VI < v*< v, 

Figure 10. Diagrams showing nomenclature in.delay-time analysis and 
in computer program SIPT, (a) ray paths of least time and 
time-distance curve for a horizontal interface ( b )  separa- 
tion o f  intercept times into delay-times where depth under 
shot is different from depth under receiver (c) assump- 
tions in SIPT: layer velocities increase with depth; 
datum is least-squares line through geophones. 
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n e i t h e r  h o r i z o n t a l  nor  u n i f o r m l y  d ipp ing .  Since depths determined 

f rom i n t e r c e p t  t imes represent  t h e  sum o f  t h e  r e s p e c t i v e  depths t o  t h e  

h o r i z o n  beneath t h e  shot and t h e  r e c e i v e r ,  spec ia l  techniques were 

developed t o  separate t h e  depths a t  t h e  two ends. 

Delay-t ime methods are  convenient f o r  c a r r y i n g  o u t  t h i s  

separa t ion  and F i g u r e  10b i l l u s t r a t e s  t h i s  p o i n t .  The i n t e r c e p t  t i m e  

T-x/V2 i s  made up o f  two "delay-t imes":  Ds, associated w i t h  t h e  shot 

end o f  t h e  p r o f i l e ,  and Dr, assoc iated w i t h  t h e  r e c e i v e r  end. Near ly  

a l l  o f  t h e  i n t e r c e p t  t ime i s  assoc iated w i t h  t h e  s l a n t  paths, ys and 

Y r .  The t r a v e l - t i m e  f o r  a ray i s  
X X 

+ D s + D r = - +  
T = -  

"2 v 2  

t h e  l a t t e r  two terms a r e  t h e  delay-t imes f o r  t h e  shot p o i n t  and 

r e c e i v e r  r e s p e c t i v e l y .  

be separated i n t o  component delay-t imes t h e  depths a t  each end o f  t h e  

profile can be calculated. Indirect means o f  separation are necessary 

s ince  del  ay-t imes are  never measured d i r e c t l y .  

Thus i t  i s  seen t h a t  i f  t h e  i n t e r c e p t  t i m e  can 

The sum o f  t h e  delay-t imes f o r  t h e  shot  and any d e t e c t o r  can be 

determined by s u b t r a c t i n g  x/V2 from t h e  a r r i v a l  t imes. 

g iven spread t h e  delay- t ime due t o  t h e  shot  p o i n t  remains constant,  

Since f o r  any 

t h e  v a r i a t i o n s  i n  delay-t imes a r e  assumed t o  be due t o  v a r i a t i o n s  i n  

depths t o  t h e  r e f r a c t o r , b e n e a t h  t h e  rece ivers .  The depth v a r i a t i o n  

between any two r e c e i v e r s  i s  

A Z r  = A t r  v2/COS(ic) (6) 



34 

where Atr i s  the difference in delay times between the  two receivers. 

The depth point i s  not  directly below the receiver, b u t  i s  migrated 

toward the shot  point by 

AX = xr = zr tan( ic)  (7) 

T h u s ,  i t  i s  possible t o  calculate the d e p t h  variations from the 

t o t a l  delay-time for each receiver position. 

point is  known,  such as from a dr i l l  hole o r  calculated by refraction 

equations where the refractor i s  a plane surface, the depth t o  the 

refractor can be found by adding  or subtracting the appropriate depth 

variation. 

If the depth a t  any 

There are other relationships t h a t  a l s o  apply.  When the shot and 

receiver are interchanged, as for opposite ends of a reversed spread, 

the total delay-time i s  equal since identical pa ths  are reciprocal 

Also, i f  the t o t a l  delay-tine i s  known for two shots arriving a t  a 

given receiver then the difference in depth between the two shot 

poi nts can be cal cul ated . 
All of the above relationships have neglected dip. However, for 

d i p s  of less t h a n  lo" ,  the error i s  negligible and the error resulting 

from d i p s  up t o  25' i s  not serious considering the uncertainties from 

other sources of error. 

Before del ay-time analysis o r  any mathematical procedure i s  

applied t o  refraction d a t a  the number of layers represented by the 

refracted arrivals and the layer from which an identified phase has 

been refracted must be known.  

travel-time segment through the origin i s  associated with the layer 

having a velocity of V i .  The second segment has been identified as a 

Referring t o  Figure l o a ,  the  
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r e f r a c t o r  from t h e  l a y e r  w i t h  a v e l o c i t y  o f  V2. 

To understand how t h e  computer program, SIPT., computes t h e  

v e l o c i t y - d e p t h  models i t  i s  necessary t o  f o l l o w  t h e  way t h a t  t h e  i n p u t  

da ta  a re  handled, The remainder o f  t h i s  s e c t i o n  i s  a rev iew of 

program procedures descr ibed i n  S c o t t  e t  a1 . (1972) and S c o t t  (1977) 

SIPT r e q u i r e s  severa l  s i m p l i f y i n g  assumptions i n  i t s  o p e r a t i o n  

(see F i g u r e  1Oc). 

s t r a i g h t  l i n e  segments connected end-to-end beneath geophones and 

extending across t h e  e n t i r e  model. Th is  requirement presents  

d i f f i c u l t i e s  when model ing t h e  Roosevel t  Hot Spr ings da ta  s ince  l a y e r s  

i n  t h e  M i l f o r d  V a l l e y  a re  no t  cont inuous onto t h e  Minera l  Mountains. 

Layer boundaries a re  represented by a s e r i e s  of 

j 

It i s  assumed t h a t  t h e  v e r t i c a l  v e l o c i t y  increases w i t h  l a y e r  

depth and each l a y e r  o f  each spread has a constant  h o r i z o n t a l  v e l o c i t y  

a long i t s  upper surface. 

h o r i z o n t a l  and v e r t i c a l  v e l o c i t i e s  may be assigned t o  t h e  l a y e r s  i n  

each spread. Thi  s i s essent i  a1 when 1 a t e r a l  ve l  o c i  t y  v a r i  a t i  ons 

occur . 

I n  mul t i spread modeling, d i f f e r e n t  

When a l l  data a re  i n p u t ,  t h e  v e l o c i t y ,  V i ,  o f  l a y e r  1 i s  

c a l c u l a t e d  t o  be t h e  average of v e l o c i t y  found f o r  rays  t h a t  f o l l o w  

d i r e c t  paths f rom shot p o i n t s  t o  geophones. Then, a least -squares 

l i n e  i s  f i t  through t h e  geophone e l e v a t i o n  p o i n t s  t o  serve as a datum. 

The user, i f  he so des i res,  may s p e c i f y  a datum o f  h i s  own. A 

h o r i z o n t a l  datum was n o t  used i n  c o r r e c t i n g  t r a v e l  t imes f o r  t h e  

i n t e r p r e t a t i o n  o f  data f o r  two reasons. 

a long t h e  r e f r a c t i o n  p r o f i l e  would cause l a r g e  t i m e  and d i s t a n c e  

c o r r e c t i o n s .  

F i r s t ,  e l e v a t i o n  d i f f e r e n c e s  

Second, and more i m p o r t a n t l y ,  t h e  assumption t h a t  t h e  
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t o p  o f  t h e  second v e l o c i t y  l a y e r  i s  below t h e  datum e l e v a t i o n  would be 

a gross e r r o r .  An e l e v a t i o n  o f  1500 meters i s  r e q u i r e d  f o r  a datum t o  

be below a l l  geophone and shot  l o c a t i o n s .  T h i s  i n  t u r n  d i c t a t e s  a 600 

m t h i c k  sur face  l a y e r  i n  t h e  Minera l  Mountains t h a t  i s  thought  t o  be 

unreasonable. (See t h e  e l e v a t i o n  p r o f i l e  i n  Microgeophysics, 1977) 

Datum c o r r e c t i o n s  a r e  computed and a p p l i e d  t o  t h e  r e f r a c t i o n  

t r a v e l  t imes by s imp ly  d i v i d i n g  V i  i n t o  t h e  e l e v a t i o n  d i f f e r e n c e  

between each geophone o r  shot  and i t s  corresponding p o i n t  on t h e  datum 

l i n e .  Th is  i s  s u f f i c i e n t  f o r  removing f i r s t - o r d e r  e r r o r s .  La ter ,  

when t h e  v e l o c i t y ,  V2, o f  l a y e r  2 i s  c a l c u l a t e d ,  datum c o r r e c t i o n s  are  

recomputed u s i n g  t h e  s l a n t  d i r e c t i o n s  o f  t h e  a c t u a l  raypaths.  

The next  s tep  i n  process ing r e f r a c t i o n  da ta  i s  t o  determine t h e  

v e l o c i t y  o f  l a y e r  2. SIPT uses two procedures. The f i r s t  method i s  

e q u i v a l e n t  t o  determin ing t h e  v e l o c i t y  by t a k i n g  t h e  i n v e r s e  s lope o f  

a l i n e  through a r r i v a l s  on a t ime-d is tance graph. 

i s  a least -squares procedure t h a t  minimizes t h e  v a r i a t i o n  o f  t o t a l  

de lay- t ime d i f f e r e n c e s  ( S c o t t  e t  a1 ., 1972) . C a l l e d  t h e  

Hobson-Overton method a f t e r  i t s  developers, i t  r e q u i r e s  t h a t  a t  l e a s t  

The second method 

two geophones r e c e i v e  r e f r a c t e d  r a y s  t r a v e l i n g  i n  oppos i te  d i r e c t i o n s  

f rom two d i f f e r e n t  shot  p o i n t s .  The formula used i s :  

CAXi2 - (CAXi)2/n 

C(AXi ) ( A t i  ) - ( CAXi) ( CAti)/n 
v =  (8) 

where V i s  t h e  d e s i r e d  r e f r a c t i o n  v e l o c i t y ,  A t i  i s  t h e  t i m e  d i f f e r e n c e  

between a r r i v a l  t imes a t  geophone i from shot p o i n t s  on opposi te  ends 

o f  t h e  spread, Axi i s  t h e  corresponding d i f f e r e n c e  between d is tances 

t o  geophones from t h e  shot p o i n t s ,  and n i s  t h e  t o t a l  number o f  
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geophones used. The average difference in delay-times a t  the two shot 

points, the measure of the error of f i t  a t  each geophone, and the 

s t anda rd  error of the group of geophones are computed a long  with the 

refraction velocity determined. Of the two techniques used, the  

l a t te r  method was found t o  give the best results. 

Since V i  and V2 are now known, the datum corrections are 

recomputed using the slant direction of the ray paths .  Then, the 

point of entry of rays entering the refracting horizon i s  computed 

from the half-intercept time, and the points of emergence of each ray 

are  located from the delay-time associated with each geophone. A 

straight line i s  f i t  t o  the points of entry and exit t o  o b t a i n  a n  

estimate of the average dip o f  layer 2. 

The delay-time deli neation of the velocity interface i s  improved 

by one pass of a ray-tracing procedure. Adjustments i n  depth and 

location of the interface i s  accomplished i n  the following manner. 

The f i r s t  step i s  t o  compute the travel-time for a ray reaching each 

geophone. Half of the difference between the computed time and 

observed time i s  allotted t o  the ray p a t h  emerging upward toward the 

geophone. The average of the remaining error for  a l l  geophones i s  

allotted t o  the ray  p a t h  extending from the sho t  t o  the refracting 

horizon. 

times for rays traveling i n  the surface layer are subtracted from the 

observed travel-times. This removes the effect of layer 1. 

The position of the layer i s  adjusted accordingly and the 

Next, the veloc 

the velocities found  

Hobson-Overton techn 

t y  of  deeper layers i s  determined by averaging 

using b o t h  the inverse slope and the 

ques. After a l l  velocities a re  calculated the 
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i n t e r f a c e  f o r  each successive l a y e r  i s  de l ineated ,  f i r s t  by t h e  

delay- t ime method, and second, by improvements f rom a three-pass 

r a y - t r a c i  ng procedure. The del  ay-t ime method i s  s i m i  l a r  t o  t h a t  

descr ibed p r e v i o u s l y ,  except t h a t  f o r  hor izons  beneath l a y e r  2, t h e  

t imes o f  r a y  path segments i n  o v e r l y i n g  l a y e r s  a r e  subt rac ted  from t h e  

observed t r a v e l - t i m e s .  These t imes a r e  determined by t r a c i n g  rays  

upward t o  shot  p o i n t s  and geophones. The delay- t ime c a l c u l a t i o n s  

p r o v i d e  p o i n t s  o f  ray e n t r y  and emergence which a r e  used i n  d e f i n i n g  

t h e  t o p  o f  t h e  l a y e r  be ing  del ineated.  Rays a r e  t r a c e d  upward through 

a l l  l a y e r s  between t h e  r e f r a c t i n g  l a y e r  and t h e  shot  p o i n t s  and 

geophones. 

t r a v e l - t i m e s  w i t h  improvements be ing  made as before.  

The computed t imes are then compared t o  t h e  observed 

On t h e  second pass o f  t h e  r a y - t r a c i n g  procedure, t h e  i n i t i a l  ray 

segment d i r e c t i o n s  a r e  found by us ing  t h e  a c t u a l  d i p  a t  t h e  p o i n t  o f  

i n t e r e s t  on t h e  smoothed model i n t e r f a c e .  The r e s u l t s  a r e  examined t o  

d e t e c t  t h e  p o s s i b l e  al ignment o f  k i n k i n e s s  beneath l a y e r  2 which would 

suggest t h a t  e r r o r s  e x i s t  i n  t h e  d e l i n e a t i o n  o f  l a y e r  2. 

A f t e r  l a y e r  2 i s  repos i t ioned,  t h e  l o c a t i o n s  o f  a l l  deeper l a y e r s  

are recomputed by t h e  l a s t  pass o f  t h e  r a y - t r a c i n g  and adjustment 

method. Th is  completes t h e  a n a l y s i s  by SIPT. The l a s t  execut ion o f  

t h e  program i s  t o  p r i n t  o u t  t h e  v e l o c i t y - d e p t h  model t h a t  has been 

computed. Tables a r e  a l s o  p r i n t e d  . that  eva lua te  how w e l l  t h e  t imes 

computed from t h e  model f it t h e  observed f i r s t  a r r i v a l  t imes. 

V e l o c i t y  Model i ng Procedure 

To c o n s t r u c t  a v e l o c i t y  model f rom t h e  seismic r e f r a c t i o n  da ta ,  
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f i r s t  arrival times of P-waves were determined for a l l  possible 

traces. These times were utilized in the analysis not  only because of 

the ease of time determination b u t  a l so  for use with available 

computer routines. The determination of f i r s t  P-wave arrival times 

used the unfiltered refraction d a t a  since these were the real and 

una1 tered sei smograms . However, f i rs t  arri  Val s were obscured on the 

unfiltered traces w h i c h  contained the 60 Hz noise (Figure 5 ) .  

Therefore, f o r  these seismograms, the filtered d a t a  were used. 

arrivals yielded a d d i t i o n a l  structural and velocity information, b u t  

their  arrival times were not used in the computer analysis of 

1 ayeri ng . 

Second 

After d a t a  were input into the refraction modeling program, the 

apparent velocities for the various legs of the travel-time curve were 

determined using the two techniques described previously, the inverse 

slope method, and the Hobson-Overton least-squares approach. The 

program would then calculate a velocity-depth model using a layer  

velocity t h a t  was a n  average of the velocities found by the two 

methods for a single layer, or, i f  the user desired, using a velocity 

specified by the user. 

The procedure for  determining a velocity-depth model began using 

the f i rs t  P-wave arrival times from two shot points of a reversed 

spread. 

geophones located between two shot points. After the resulting model 

For these purposes, a spread i s  defined t o  be the  g roup  of 

was inspected for the f i t  of computed travel-times t o  observed 

travel-times, additional d a t a  from shots located beyond the ends of 

the geophone spread were included in the computa t ion  and another 
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i t e r a t i o n  was made. By u s i n g  t h e  m u l t i p l e  subsurface coverage of our  

da ta  t h e  bes t  model f rom observed t r a v e l - t i m e s  was c a l c u l a t e d .  

When work ing w i t h  o n l y  one spread, t h e  computer program was 

a l lowed t o  change t h e  i n t e r p r e t a t i - o n  o f  l a y e r  depth and d i p  t h a t  best  

f it t h e  f i r s t  a r r i v a l  t imes. Since t h e  v e l o c i t y  i n t e r f a c e s  must be 

cont inuous i n  mu l t i -spread i n t e r p r e t a t i o n s ,  t h e  next  s tep  was t o  

combine adjacent  spread data so t h a t  t h e  i n t e r p r e t a t i o n s  of subsurface 

l a y e r  p o s i t i o n s  changed together .  

I n  t h e  Minera l  Mountains, a p l o t  o f  t i m e  versus d i s t a n c e  data 

i n d i c a t e d  an i n c r e a s i n g  apparent v e l o c i t y  w i t h  d is tance,  e s p e c i a l l y  

f o r  s t a t i o n s  w i t h i n  one km o f  t h e  source. Th is  was a c h a r a c t e r i s t i c  

o f  a cont inuous inc rease i n  v e l o c i t y  w i t h  depth. To determine 

v e l o c i t y  i n f o r m a t i o n  f rom r e f r a c t o n  data i n  areas w i t h  p o s i t i v e  

v e l o c i t y  g rad ien ts ,  t h e  Herglotz-Wiechert  i n v e r s i o n  method was 

appl i ed . 
Figure  11 i s  a diagram o f  paths taken by se ismic waves when 

v e l o c i t y  increases w i t h  depth and t h e  t i m e  versus d i s t a n c e  curve t h a t  

r e s u l t s .  Any r a y  path f rom t h e  shot t h a t  obeys Sne l l  ' s  Law w i l l  

r e t u r n  t o  t h e  sur face  a t  a d i s t a n c e  x, g iven  by 

V( d d s  
x = 2P(Zm) (9) 

where zm i s  t h e  maximum depth o f  p e n e t r a t i o n  o f  t h e  ray,  p(Zm) = s i n  

i/V(z,), V(Zm) i s  t h e  v e l o c i t y  and 5 i s  t h e  v a r i a b l e  o f  i n t e g r a t i o n .  

A f t e r  a change o f  var iab les ,  s u b s t i t u t i o n s ,  and i n t e g r a t i o n ,  equat ion 
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Figure 11. Ray paths and time-distance curve for velocity linearly 
increasing with depth. 
x is found from the slope of the curve. 
maximum depth of penetration for a given rgy. 

Apparent velocity at any distance 
z is the 
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L e t  Pm be t h e  parameter o f  t h e  r a y  path whose maximum p e n e t r a t i o n  i s  

Zm. Since (at/ax), = p, p ( x )  i s  g iven  by t h e  s lope o f  t h e  

t ime-d is tance graph. 

z = l /pm, s i n c e  a t  t h i s  p o i n t  i = 90'. By s u b s t i t u t i n g ,  equat ion  (10) 

Also, s ince  s i n ( i ) / V  = p, t h e  v e l o c i t y  a t  depth 

becomes 
z(V) = ;; ' 1 '' cosh-1 ("2) dx 

0 .  

This  i s  now i n  a form s u i t a b l e  f o r  t h e  d i r e c t  computat ion o f  z as a 

f u n c t i o n  o f  V. Equat ion (11)  i s  t h e  Herg lotz-Wiecher t  i n t e g r a l  f o r  a 

f l a t - l a y e r e d  model. 

program, HWINV.MAIN, which so lves t h e  Herglotz-Wiechert  i n t e g r a l .  

Th is  r o u t i n e ,  w r i t t e n  by R. B. Smith, r e q u i r e s  t h e  i n p u t  o f  apparent 

v e l o c i t i e s  a t  d i f f e r e n t  'd is tances.  

The Appendix conta ins  a l i s t i n g  o f  t h e  computer 

Examination o f  Record Sect ions 

F i g u r e  12 i s  a schematic diagram showing t h e  l a y e r  and P-wave 

des ignat ions  f o r  s p e c i f i c  a r r i v a l s  i n t e r p r e t e d  i n  t h i s  study. These 

l a b e l s  w i l l  be r e f e r r e d  t o  i n  t h e  remainder o f  t h i s  repo r t .  

Four seconds o f  each t r a c e  f rom t h e  Roosevel t  Hot Springs se ismic 

r e f r a c t i o n  experiment a r e  shown i n  F igures  13-19. A l l  t r a c e s  a r e  

c o r r e c t e d  f o r  normal ized ampl i tudes b u t  have been m u l t i p l i e d  by a 

f a c t o r  r e l a t i n g  t o  t h e i r  d is tance,  x(km), f rom t h e  shot. T h i s  method 

o f  d i s p l a y  enables one t o  analyze t h e  r e l a t i v e  ampl i tude decay. 

However, those t r a c e  ampl i tudes w i t h i n  one k i l o m e t e r  o f  t h e  energy 

source have been reduced cons iderab ly  by t h i s  f a c t o r .  From 

seismograms associated w i t h  shot p o i n t  A, t h e  f a c t o r  i s  x3, and f o r  
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P2 increases toward the eas t .  

5 km/s. 

Near 9 km the apparent velocity becomes 
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a l l  other shot points, ~ 3 1 2 .  The distance scale  on a l l  plots i s  

kilometers from shot point A.  

The time scale  was reduced a t  6 km/s and no travel-time 

corrections were made f o r  the elevation change across the  prof i le .  

Datum corrections were not  necessary since they were included i n  the  

modeling program, SIPT, and a lso since the v a r i a t i o n  i n  ray p a t h  

length was taken into account by the ray-tracing procedure. 

Computer Analysis section of this  chapter.) 

(See the 

The seismograms generated by the explosion a t  shot point A 

located on the western side of the Milford Valley a re  shown i n  Figure 

13. 

wave, P i ,  t ravel ing a t  a velocity of 1.9 km/s through the 

unconsol idated Val 1 ey a1 1 u v i  urn. 

Clearly evident t o  a distance of a t  l ea s t  12  km i s  the d i r ec t  

A head wave, ident i f ied as P2, becomes a f i r s t  a r r iva l  a t  0.5 km 

from shot p o i n t  A. This implies a re la t ive ly  shallow, higher velocity 

layer due t o  the small crossover distance.  The presence of bedrock a t  

the surface approximately one km t o  the  west demonstrates the 

poss ib i l i ty  o f  a shallow layer w i t h  a velocity greater  than the 

alluvium. Due t o  the d i p  of the interface,  the apparent velocity of 

Because of the constant velocity of P i  and the changes i n  

apparent velocity of  P2, the  poss ib i l i ty  t ha t  P i  i s  a misinterpreted 

refracted S-wave phase i s  remote. For example, i f  we assume tha t  P i  

i s  an  S-wave, the r a t i o  V p / V s  =1.8 i s  nearly constant t o  a distance of  

7 km from shot point A. Then, i t  increases t o  1.9 a t  9 km and a t  12 
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km V p / V s  = 2.1. Where V p / V s  would be established (between 2 and 5 

km), the  resulting Poisson's r a t i o  of 0.28 would suggest an S-phase 

t h a t  arrived nearly one second before the ar r iva l  of P i  a t  10 km. 

Therefore, the identification of P i  as a P-wave i s  justified. 

A t  11 km from sho t  p o i n t  A ,  energy refracted a long  the t o p  of a 

high-velocity interface becomes the f i r s t  a r r i v a l  identified as P3. 

An apparent velocity of 17 km/s for  this phase yields information 

about  the attitude of the upper-surface of layer 3. Since velocities 

exceeding 7 km/s are unrealistic velocities for rocks i n  the upper 1 

t o  2 km of alluvium fil led valleys, the interface is  suggested t o  have 

a d i p  of 20' t o  the west. Near 16 km, the  apparent velocity of P3 

decreases t o  6 km/s. 

Distinguishing between P2 and P3 was difficult  since their  f i r s t  

waveforms were very simi 1 ar. These phases were init ial  l y  i nterpreted 

as energy refracted a long  a single interface because the change i n  

apparent velocity could be accounted for by changes i n  d i p  of the 

layer 2-layer 3 interface. However, upon plotting the f i r s t  arrival 

amplitudes versus distance, two distinct phases were identified on the 

basis of the presence of a drop  i n  amplitude by a f a c t o r  of 10 

occurring a t  about  11 km. This p o i n t  will be discussed i n  chapter 5. 

The l a t e r  arrivals, R 1 ,  and R2, are interpreted as refracted- 

reflections. The arri.val times fo r  R 1  correspond closely t o  times for 

head wave energy from layer 2 reflecting off the surface of layer 1 

and returning t o  layer 2 a t  the cri t ical  angle t o  aga in  become a head 

wave. 
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Even though t h e  pr imary  goal o f  t h e  exper iment was concerned w i t h  

r e f r a c t i o n  i n t e r p r e t a t i o n ,  assoc ia ted  r e f l e c t i o n s  should be ev iden t  i n  

t h e  se ismic reco rd  sect ions.  

revea led  t h e  absence o f  c l e a r l y  i d e n t i f i a b l e  r e f l e c t i o n s .  

exp lana t ion  f o r  t h e  absence o f  t h e  r e f l e c t i o n s  was t h a t  t h e  d i p s  o f  

l a y e r s  2 and 3 were t o o  excess ive f o r  t h e  r e f l e c t i o n  of l a r g e  amounts 

o f  energy back t o  t h e  surface. 

s c a t t e r i n g  e f f e c t s  f rom inhomogeneit ies i n  t h e  bedrock beneath t h e  

a l luv ium. An at tempt  t o  f i n d  near v e r t i c a l  r e f l e c t i o n s  w i l l  be 

d iscussed a t  t h e  end o f  t h i s  sect ion.  

I nspec t i on ,  however, of t h e  da ta  

One 

Another exp lana t ion  migh t  be severe 

. 

Seismograms recorded f rom shot p o i n t  8 show P i ,  t h e  d i r e c t  wave, 

ev iden t  t o  a d i s tance  o f  a t  l e a s t  14 km a l though i t  remains t h e  f i r s t  

a r r i v a l  t o  o n l y  10 km (F igure  14). 

near t h e  cen te r  o f  t h e  M i l f o r d  V a l l e y  and probab ly  near t h e  p o s i t i o n  

o f  maximum a l l u v i a l  th ickness,  i t  seems reasonable t o  r e c e i v e  d i r e c t  

waves t o  l a r g e r  d is tances  b e f o r e  t h e  f i r s t  r e f r a c t e d  waves f rom deeper 

l a y e r s  become f i r s t  a r r i v a l s .  The crossover  d i s tance  f o r  shot  p o i n t  B 

i s  3 km compared w i t h  o n l y  0.5 km f o r  shot  p o i n t  A. 

a r r i v a l s  f rom deeper l a y e r s  appear near 10 km as t h e  P2 r e f r a c t e d  

a r r i v a l s  w i t h  v e l o c i t i e s  o f  3.0 km/s. 

i d e n t i f i e d  f rom t h i s  phase. 

Because shot  p o i n t  B i s  l o c a t e d  

The f i r s t  

I n  t h e  v a l l e y  l a y e r  2 i s  

A t  d is tances  g rea te r  than 12 km, P3, t h e  h i g h  apparent v e l o c i t y  

phase r e f r a c t e d  a long t h e  t o p  o f  l a y e r  3, i s  t h e  f i r s t  a r r i v a l .  

comparison o f  data f rom shot p o i n t s  A and B shows evidence f o r  P3 

be ing  r e f r a c t e d  a long t h e  same l a y e r  i n  bo th  reco rd  sec t ions .  No t i ce  

t h a t  t h e  apparent v e l o c i t i e s  a re  n e a r l y  equal ,  and, more impor tan t l y ,  

A 
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when an inc rease o r  decrease i n  apparent v e l o c i t y  occurs on spreads 

r e c o r d i n g  shot  p o i n t  A, t h e  same v e l o c i t y  change occurs a t  t h e  same 

geophone l o c a t i o n s  r e c o r d i n g  shot p o i n t  B .  

The l a c k  o f  i d e n t i f i a b l e  r e f l e c t e d  phases on t h i s  record  s e c t i o n  

p o s s i b l y  l i e s  i n  t h e  r e c o r d i n g  process. The data f rom shot p o i n t  B 

suf fered severe ly  f rom t h e  h i g h  g a i n  l e v e l s  o f  t h e  r e c o r d i n g  

inst ruments.  

f requency as o t h e r  phases present,  t h e  o n l y  p o s s i b i l i t y  of d e t e c t i n g  

them i s  f rom d i s c r i m i n a t i o n  by t h e i r  ampli tudes. Cl ipped records w i l l  

mask evidence f o r  phase changes i n  ampl i tude v a r i a t i o n s .  On t h e  o t h e r  

hand, d i f f e r e n t  phases w i t h  equal amp1 i tudes a r e  d i  s t i  ngui  shabl e o n l y  

i f  t h e i r  f requencies a r e  unequal. 

I f  r e f l e c t e d  phases have t h e  same dominant s p e c t r a l  

Shotpoint  C i s  near t h e  eas tern  margin o f  t h e  M i l f o r d  V a l l e y  

approx imate ly  1.4 km west o f  t h e  Opal Mound F a u l t .  

t h e  h i g h  ampl i tude d i r e c t  wave, P i ,  recorded f rom geophones spread 

west f rom shot p o i n t  C. The apparent v e l o c i t y  o f  1.9 km/s i s  near 

t h a t  o f  o t h e r  P i  phases, f rom shot p o i n t s  A and B. 

F i g u r e  15 shows 

On t h e  second, t h i r d ,  and f o u r t h  geophones west o f  C, P2 i s  t h e  

f i r s t  a r r i v a l .  

from shots  A and 6. A t  d is tances l e s s  than 13.5 km t h e  f i r s t  break 

c o r r e l a t e s  w i t h  P3, t h e  event r e f r a c t e d  a long t h e  t o p  o f  t h e  basement 

i n t e r f a c e .  T h i s  shot was no t  recorded a t  d is tances  l a r g e  enough t o  

see changes i n  t h e  apparent v e l o c i t y  o f  P3. 

C low v e l o c i t y  long-per iod sur face waves a r e  a l s o  noted. 

The apparent v e l o c i t y  o f  P2 i s  much lower  than P2 seen 

To t h e  west o f  shot p o i n t  

To t h e  east  o f  shot p o i n t  C, severa l  d i f f e r e n c e s  i n  t h e  f i r s t  

a r r i v a l s  a re  ev ident .  There are  no longer  two o r  t h r e e  d i s t i n c t  
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phases present as in the d a t a  recorded across the valley.  

the only phase appearing clear ly  i s  the f i r s t  arrival The apparent 

velocity of P3 across the spreads toward the east varies slightly b u t  

remains close t o  6 km/s. Only the f i r s t  geophone east of sho t  point C 

records P i .  

cover above the basement t o  the  east i s  very shallow. 

map (Figure 1) of the Mineral Mountains area confirms this.  A t  

approximately 6 km east of C ,  the a l l u v i u m  pinches o u t  and granite i s  

exposed a t  the surface east of this point. 

In fact ,  

I t  i s  inferred from these observations t h a t  the a l luv ium 

The geologic 

Shot  point D was fired i n  a l luvium (Figure 16). The absence o f  

P i  as f i r s t  arrivals was aga in  evidence for  a t h i n  a l luv ium f i l l  t o  

the  east and west of the source. Layer 2 identified in the Milford 

Valley was not present. The P3 phase had an apparent velocity near 6 

km/s ,  and the only second arrivals i n  the record section were surface 

wave propagations toward the valley. 

The seismograms recorded from shot point E are shown in Figure 

17. For seismic waves arriving a t  geophones between shot points D and 

E and between shot points E and G ,  an apparent velocity of  just over 4 

km/s i s  indicated. 

granites. Waves propagat ing  t o  the west and a r r i v i n g  between shot 

points C and D show an increase in apparent velocity t o  a b o u t  6 km/s 

while waves arriving west of shot p o i n t  C show a decrease in velocity 

t o  just over 4 km/s. 

suggested by waves arriving west of shot p o i n t  C ,  i s  t h a t  the waves 

have traveled a significant portion of their ray p a t h  w i t h i n  the low 

velocity layers o f  the  Milford Valley. 

This i s  a remarkably low velocity for  known 

One explanation for the low velocities, 
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Note t h a t  for seismograms east of shot point E ,  the amplitudes of 

the traces have been attenuated much more than  the amplitudes for 

those traces an equal distance t o  the west of shot point E .  Since the 

refraction profile in the Nineral Mountains nearly coincides with the 

Hot Springs fault the low granite velocity and h i g h  attenuation may be 

related t o  propagation t h r o u g h  the fracture zone. 

The d a t a  obtained from shot point F (Figure 18) exhibit an 

apparent velocity of  about  5 km/s for  waves propagating north from the 

source and an average apparent velocity of less t h a n  4 km/s for waves 

propagat ing  east. 

therefore not much additional information may be extracted from the 

section . 

The shot was no t  recorded on any other spread and 

Figure 19 i s  a d i sp l ay  of the traces t h a t  have been recorded from 

shot  point G .  

the trace amplitudes near 21 km from being plotted off scale. The 

cause of the amplitude increase i s  discussed in the following section. 

A surface velocity o f  2.8 km/s for basalt was determined from the 

direct wave recorded as the f i rs t  a r r iva l  t o  distances of  1.5 km from 

the source. Beyond this distance an apparent velocity of 

approximately 4 km/s was found from the seismic waves propagat ing  as 

f a r  as shot point E. 

A scaling factor was necessary in plotting t o  prevent 

Near 24 km an abrupt increase in f i r s t  a r r iva l  velocity t o  

greater t h a n  6 km/s occurs. This apparent velocity i s  constant for a t  

l eas t  5 km u n t i l  the observed velocity aga in  decreases t o  nearly 4 

km/s.  Again, the decrease t o  a lower apparent velocity may be due t o  

effects of the low velocity layers in the Milford Valley. 
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evidence for the heat source o r  reservoir 

f o r  the non-exi stence of  identi f i  ab1 e 

interface i s  explored in the following 

To increase the possibility of identifying reflections ( i f  they 

exist) in the refraction d a t a ,  a l l  of the digitized d a t a  were plotted 

in an unfiltered mode. After examination of the records, four  

sections were chosen t h a t  represent the d a t a  for the range of 

different geologic conditions encountered a t  the Roosevel t KGRA 

(Figures 20-23). Twelve seconds of d a t a  are shown. This should be 

adequate t o  observe reflections from depths less t h a n  20 km. 

Amp1 itudes have been scaled t o  equal ize each trace's  maximum value.  

Shot point A ,  spread 1 (Figure 20) was chosen t o  search for 

reflections from the Milford Valley basement. However, other t h a n  

long-period surface waves and the refracted phases previously 

identified, no a d d i t i o n a l  phases are  identifiable. As mentioned 

was noted. One explanation 

ref1 ected phases from a shall ow 

Interpretation section. 

earlier,  the absence of reflections may be due t o  the excessive d i p  of 

subsurface 1 ayers. 

Figures 21 and 22 show the 12-second records within the KGRA 

(spread 3)  from shot points C and D, respectively. Air waves moving 

a t  350 m/s and the f i r s t  arrivals are clearly seen. These spreads are 



t
 

2
 

a
 

c
 

-5
 

m
 
N
 
0
 

K
D
 

Q
J

U
 

r
t
3

 
v
) 

rt
' 

0
 



I 

.. 

-
0
 

d
-
 

ln
 

L
 

C
n

 
0
 

E
 

ln
 

5 .
r
 

aJ ln
 

m
 

x a, 
L
 

Q
 

aJ L 3 
0

)
 

.I- 
LL 

3
 

I 
cu' 

I 
0
 

3
 



0
 

I 
I 

(d 
.a' 

I 00 
I N
 

I 0
 

n
 

v
)
 



K
t 

m
 

, ,.. - ..,., .,-,.- 
.

.
 

-
0
 

-- 
E

 
s
 

-cu 

-m
 

-
d
-
 

In E
 

m
 

L
 

C
J, 
0
 

E
 

In
 

.
r
 

W
 

I
n

'
 

U
 

(d
 

a, 
L
 

Q
 

In
 

W
 
L
 
3
 

m
 

LL 
.
r
 

3
 

3
 



55 

crs 
b 

I n t e r p r e t a t i o n  

The c o r r e l  a t  i on o f  t r a v e l  - t ime branches associ  a,ted w i t h  t h e  same 

l a y e r  and t h e i r  apparent v e l o c i t i e s  i s  impor tan t  before beg inn ing  ’_ 

i n t e r p r e t a t i o n .  F igu re  24 i s  a p l o t  o f  f i r s t  P-wave a r r i v a l  t imes 

versus d i s tance  f o r  t h e  Roosevel t  Hot Spr ings r e f r a c t i o n  p r o f i l e .  A 

s e r i e s  o f  s t r a i g h t  l i n e  segments were f i t t e d  by least -squares t o  t h e  

t r a v e l - t i m e s  and t h e  corresponding v e l o c i t i e s  f o r  each o f  these 

segments a re  i nc luded  i n  F igu re  24. The r e f r a c t i o n  branches f rom a 

shot p o i n t  cou ld  have been subdiv ided i n t o  s h o r t e r  more d e t a i l e d  

apparent v e l o c i t y  segments, b u t  because o f  s c a t t e r  due t o  s i t e  

response and t ime  p i c k i n g  e r r o r  t h e  i d e n t i f i c a t i o n  o f  a d d i t i o n a l  

segments was n o t  j u s t i f i e d .  

d i r e c t l y  comparable t o  t h e  l i n e s  i n  F igures  13-19. 

Therefore,  t h e  l i n e s  i n  F i g u r e  24 a r e  no t  

On t h e  eas te rn  f l a n k  o f  t h e  M i l f o r d  V a l l e y  and th rough t h e  

Minera l  Mountains, t h e  r e f r a c t i o n  l i n e  dev ia ted  from a s t r a i g h t  l i n e  

by up t o  2 km. 

n e c e s s a r i l y  i d e n t i c a l  f o r  reversed spreads. Also,  t h e  d i p s  o f  

v e l o c i t y  i n t e r f a c e s  may have dev ia ted  f rom t h e  p lane o f  t h e  p r o f i l e .  

These l i m i t a t i o n s  must be kept  i n  mind, though I do n o t  b e l i e v e  they  

in t roduced s i g n i f i c a n t  e r r o r s  i n  t h e  i n t e r p r e t a t i o n  s ince  t h e  

r e f r a c t i o n  p r o f i l e  g e n e r a l l y  r a n  perpend icu la r  t o  t h e  s t r i k e  of most 

sur face  geo log ic  fea tu res  except t h e  Hot Spr ings  f a u l t .  

t o  min imize e r r o r  caused by dev ia t i ons  o f  t h e  p r o f i l e ,  coord ina tes  f o r  

shot p o i n t s  and geophones were re fe renced t o  a s t r a i g h t  l i n e  pass ing 

through t h e  end p o i n t s  o f  t h e  spread be ing  modeled. 

T h i s  i m p l i e d  t h a t  subsurface r a y  paths were n o t  

I n  add i t i on ,  

The ve loc i t y -dep th  model de r i ved  f rom t h e  t r a v e l - t i m e  da ta  f o r  
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a l l  shot p o i n t s  o f  t h e  r e f r a c t i o n  p r o f i l e  i s  shown i n  F i g u r e  25. 

Three v e l o c i t y  u n i t s  were used t o  descr fbe t h e  general  subsurface 

s t r u c t u r e  o f  t h e  M i l f o r d  Val ley:  

v e l o c i t y  o f  1.8 km/s; 2 )  l a y e r  2 ,  an i n t e r m e d i a t e  h o r i z o n  w i t h  a 

v e l o c i t y  o f  4.0 km/s; and, 3 )  l a y e r  3, a basement l a y e r  w i t h  a 

v e l o c i t y  of 6.7 km/s. The geophone spread between shot  p o i n t s  A and 6 

1) l a y e r  1, a s u r f i c i a l  l a y e r  w i t h  a 

d i d  n o t  record  waves propagat ing t o  t h e  west and, t h e r e f o r e ,  t h e  t r u e  

d ip ,  and v e l o c i t y  o f  subsurface l a y e r s  c o u l d  no t  be c a l c u l a t e d  w i t h  as 

.much c e r t a i n t y  compared w i t h  t h e  r e s t  o f  t h e  p r o f i l e .  

Layer 1 i s  d e f i n e d  by d i r e c t  waves f rom shot  p o i n t s  A ,  B, and C y  

t h a t  a re  recorded as f i r s t  a r r i v a l s  o u t  t o  2 km f rom shot  p o i n t  B and 

l e s s  than 1 km f o r  bo th  shot p o i n t s  A and C. T h i s  i n d i c a t e s  a t h i c k e r  

s u r f i c i a l  l a y e r  beneath shot p o i n t  B i n  t h e  c e n t e r  o f  t h e  v a l l e y  than 

beneath shot  p o i n t s  A o r  C l o c a t e d  near t h e  margins. 

Surface geo log ic  i n v e s t i g a t i o n s  and d r i  11 h o l e  da ta  show t h a t  

l a y e r  1 i s  m a i n l y  composed o f  Quaternary age gravels ,  sands, and 

c lays,  most of which were deposi ted when anc ien t  Lake B o n n e v i l l e  

covered t h e  present  M i l f o r d  Va l ley .  A d d i t i o n a l  l a y e r  1 sediments were 

deposi ted as a l l u v i a l  fans a f t e r  Lake B o n n e v i l l e  receded. 

The i n t e r f a c e  between l a y e r  1 and l a y e r  2 i s  d e l i n e a t e d  by f i r s t  

a r r i v a l s  o f  P2 f rom shot p o i n t s  A ,  B y  and C. 

o r i g i n a t i n g  f rom shot  p o i n t  A ,  which a r e  r e f r a c t e d  a long t h e  t o p  o f  

Seismic waves 

l a y e r  2, reach t h e  sur face as f i r s t  a r r i v a l s  t o  d is tances o f  11.0 km. 

S i m i l a r l y ,  waves a r r i v i n g  between 9.5 and 12.0 km, t h a t  o r i g i n a t e d  a t  

shot p o i n t  B y  have a l s o  propagated a long l a y e r  2 .  

recorded f rom t h e  i n t e r f a c e  between layer. 1 and l a y e r  2 are  f o r  t h r e e  

The o n l y  waves 
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geophones west of shot  p o i n t  C between 13.5 and 14.5 km. 

The composi t ion o f  l a y e r  2 can o n l y  be est imated s i n c e  no w e l l  

l o g  c o n t r o l  i s  a v a i l a b l e  f o r  t h e  M i l f o r d  Val ley.  

environment s i m i l a r  t o  t h e  Roosevel t  Hot Spr ings area, Arnow and 

M a t t i c k  (1968) i d e n t i f i e d  t h r e e  v e l o c i t y  u n i t s  f rom a r e f r a c t i o n  

p r o f i l e  southeast o f  Antelope I s l a n d  i n  t h e  Great S a l t  Lake o f  

n o r t h e r n  Utah. 

km/s, c l o s e  t o  t h a t  o f  4.0 km/s assigned t o  l a y e r  2 o f  t h e  M i l f o r d  

Va l ley .  

t o  be T e r t i a r y  age s i l t s ,  c lays,  and vo lcan ics  on t h e  b a s i s  of w e l l  

l o g s  and mapped b a s i n  geology. Based on t h e  geo log ic  s i m i l a r i t i e s  o f  

t h e  M i l f o r d  V a l l e y  t o  t h e  Great S a l t  Lake b a s i n  and t h e  observed 

se ismic v e l o c i t i e s ,  l a y e r  2 o f  t h e  graben i s  i n t e r p r e t e d  t o  be 

composed o f  T e r t i  ary sediments . 

I n  a geo log ic  

T h e i r  second l a y e r  e x h i b i t e d  a maximum v e l o c i t y  o f  3.8 

Arnow and M a t t i c k  (1968) i n t e r p r e t e d  t h i s  near sur face  l a y e r  

High apparent v e l o c i t i e s  between 12.0 km and 16.5 km from shot 

p o i n t s  A and B a r e  i n d i c a t i v e  o f  seismic waves propagat ing up-dip 

a long t h e  i n t e r f a c e  between l a y e r s  2 and 3. To determine t h e  t r u e  

v e l o c i t y  o f  l a y e r  3, waves o r i g i n a t i n g  f rom shot  p o i n t  C t h a t  reach 

t h e  sur face  between 9.0 and 13.0 km a r e  used. 

o f  t h e  P-waves probably  approach t r u e  subsurface r e v e r s a l  s ince  t h e  

r e f r a c t i o n  p r o f i l e  i s  l i n e a r  on t h e  western s i d e  o f  t h e  M i l f o r d  

Va l ley .  A t r u e  v e l o c i t y  es t imate  made by u s i n g  t h e  Hobson-Overton 

technique r e s u l t e d  i n  a va lue s l i g h t l y  more than 6.6 km/s. 

The propagat ion paths 

I n  a d d i t i o n  t o  t h e  seismic data, a sonic  l o g  from G e t t y  O i l  

Company w e l l  52-21, l o c a t e d  approx imate ly  2.5 km southeast o f  shot 

p o i n t  C y  was examined (see F igure  1 ) .  The metamorphic rock 
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encountered i n  t h e  d r i l l  h o l e  has been assumed t o  be t h e  rock  t h a t  

u n d e r l i e s  t h e  M i l f o r d  V a l l e y  (N ie lson e t  al. ,  1978). 

t h e  i n t e r f a c e ,  between l a y e r  2 and l a y e r  3 ,  t h e  sonic  l o g  i n d i c a t e s  a 

v e l o c i t y  o f  6.7 km/s (see F i g u r e  2 ) .  Since t h e  v e l o c i t y  est imated by 

t h e  Hobson-Overton method and t h e  v e l o c i t y  determined f rom t h e  sonic  

l o g  were so c lose,  a v e l o c i t y  o f  6.7 km/s was used i n  model ing l a y e r  3 

and was i n t e r p r e t e d  here as seismic basement. 

F o r  depths t o  

- 

A f i n i t e  l a y e r  over  a h a l f  space was used i n  d e s c r i b i n g  t h e  

v e l o c i t y  s t r u c t u r e  between shot  p o i n t s  C and D. A s u r f i c i a l  l a y e r  

w i t h  a v e l o c i t y  o f  1.5 km/s o v e r l i e s  t h e  basement l a y e r  w i t h  a 

v e l o c i t y  o f  5.2 km/s t h a t  d i p s  approx imate ly  5' t o  t h e  west. 

T rave l - t ime branches f rom sources eas t  o f  shot p o i n t  D and west 

o f  shot p o i n t  C i n d i c a t e  t h a t  t h e  v e l o c i t y  o f  t h e  basement l a y e r  

between shot  p o i n t s  C and D i s  5.2 km/s. F u r t h e r  evidence f o r  t h i s  

v e l o c i t y  was obta ined f rom a sonic  l o g  o f  Thermal Power w e l l  14-2, 

l o c a t e d  approx imate ly  0.4 km n o r t h  o f  shot  p o i n t  D (F igure  1) t h a t  

showed a v e l o c i t y  o f  5.2 km/s f o r  t h e  g r a n i t e  (see F i g u r e  2) .  

A change i n  basement v e l o c i t y  near shot  p o i n t  C f rom 6.7 km/s t o  

5.2 km/s cannot be r e j e c t e d  s ince  a change in rock t y p e  occurs. The 

l o c a t i o n  o f  t h e  l a t e r a l  v e l o c i t y  change i s  u n c e r t a i n  however, an 

es t imate  o f  t h e  p o s i t i o n  can be made from t h e  t r a v e l - t i m e  curves (see 

F i g u r e  24).  Apparent v e l o c i t i e s  o f  t r a v e l - t i m e  branches f rom shot  

p o i n t s  C and D show t h a t  a v e l o c i t y  o f  5.2 km/s may e x i s t  across t h e  

e n t i r e  spread. On t h e  o t h e r  hand, apparent v e l o c i t i e s  f o r  branches 

from shot p o i n t s  A and B i n d i c a t e  t h a t  l a y e r  3 w i t h  a v e l o c i t y  o f  6.7 

km/s may extend n e a r l y  2 km east  o f  shot p o i n t  C. 
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The absence o f  i d e n t i f i a b l e  r e f l e c t i o n s  f rom t h e  basement between 

shot p o i n t s  C and D i s  a problem t h a t  has been noted p r e v i o u s l y .  

an at tempt  t o  shed l i g h t  on t h i s  quest ion,  s y n t h e t i c  seismograms were 

generated- f o r  two subsurface v e l o c i t y  d i s t r i b u t i o n s  u s i n g  a m o d i f i e d  

Cagnaird-DeHoop technique (Me1 lman and Helmberger, 1978). 

cases, t h e  g r a n i t e  was modeled w i t h  a s l i g h t  p o s i t i v e  v e l o c i t y  

g r a d i e n t  f rom 5.1 km/s t o  5.5 km/s a t  a depth o f  1 km. As expected 

r e f l e c t i o n s  were found t o  be present  i n  a l l  records f rom 0 km t o  5 km 

f rom t h e  source. 

I n  

I n  both 

When t h e  change from a l l u v i u m  t o  g r 'an i te  was modeled as a 

v e l o c i t y  s tep  a t  a depth o f  0.1 km, t h e  r e f l e c t i o n s  f rom t h e  basement 

l a y e r  were g e n e r a l l y  f i v e  t o  s i x  t imes g r e a t e r  i n  ampl i tude than t h e  

head wave and t h e  two phases were separated i n  t ime.  However, when 

t h e  upper 0.1 km o f  g r a n i t e  was modeled as a v e l o c i t y  t r a n s i t i o n  from 

2.5 km/s t o  5.1 km/s, t h e  r e f l e c t i o n  and t h e  head wave were n o t  as 

d i  s t i  ngui  shabl e. The ampl i tudes o f  t h e  r e f  1 e c t i o n s  were o n l y  t w i c e  as 

g r e a t  as t h e  f i r s t  a r r i v a l  ampli tudes, arid f o r  d is tances  between 0 km 

and 2 km, t h e  r e f l e c t i o n  and t h e  head wave appeared t o  be a s i n g l e  

phase. Beyond 2 km t h e  two phases were separated i n  t i m e  b u t  t h e i r  

ampl i t u d e s  were n e a r l y  equal . 
Since t h e  sonic  l o g  f rom Thermal Power w e l l  14-2 near shot p o i n t  

D does no t  begin u n t i l  a depth o f  0.2 km, t h e  ex is tence o f  a v e l o c i t y  

t r a n s i t i o n  zone i n  t h e  upper 0.1 km o f  g r a n i t e  i s  n o t  known. However, 

t h e  absence o f  i d e n t i f i a b l e  r e f l e c t i o n s  i n  t h e  Roosevel t  r e f r a c t i o n  

data between shot p o i n t s  C and D may be expla ined by c o n s i d e r i n g  a 

v e l o c i t y  t r a n s i t i o n .  S y n t h e t i c  seismograms suggested t h a t  f o r  a 
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distance range o f  0 km t o  2 km from the source, reflections from the 

granite may be neither sufficiently larger in amplitude nor separated 

adequately in time from the head wave arrivals. On real seismic 

recordings where background noise and energy absorption exist, the 

possibility o f  locating the two phases may be reduced even further. 

East of shot point D, the surface layer eventually thins ou t .  On 

the geologic map the layer ends where the granite i s  f i r s t  exposed a t  

the surface 2.5 km east of shot point D.  

Seismic analyses for the areas of the granite p l u t o n  required 

special attention. Elevation differences of u p  t o  600 meters between 

geophones in the Mineral Mountains required travel -times t o  be 

corrected t o  a hor izonta l  datum. For spreads recorded from shot 

points E, F ,  and G ,  the datum was the elevation of the sources ( n o t  

the surface elevation). A velocity o f  2.3 km/s used i n  the datum 

correction was determined from the direct arrivals p r o p a g a t i n g  

eastward from shot  point E. 

Figure 26, a p l o t  of the travel time versus distance for  

geophones located on granite o r  basalt and recording shot points E ,  F ,  

and G ,  reveals excessive scatter of some time po in t s  of u p  t o  0.05 sec 

from best-fit curves. The scatter i s  partly caused by t o o  low of a 

velocity used i n  the datum correction. 

km/s were used, the scatter of  some time points would s t i l l  exceed 

0.04 sec, an  insignificant improvement. The scatter, therefore, may 

be caused by localized geologic effects or perhaps by lateral velocity 

variations deeper than  the datum. 

However, i f  a velocity o f  3.0 
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To compute the  apparent velocities from the travel-time curves 

determined from the refraction d a t a  of shot point E ,  the time-distance 

points were f i t  by a least-squares second-order curve. The resulting 

equation yields the apparent velocity at  any distance between 0 km and 

6 km. Second-order curves were a l so  f i t  t o  the time-distance points 

within one km east and west of shot point E. Solid lines are used t o  

represent these curves in Figure 26. The Herglotz-Wiechert inversion 

method was then applied t o  the calculated curves assuming t h a t  the 

apparent velocity increased with depth. 

Under the assumption t h a t  the travel-time branch east of shot 

point E represented a constant velocity,, a 1 east-squares strai g h t  1 ine 

was determined using only the picks fo r  where there was essentially no 

correction necessary t o  b r i n g  the geophone t o  a datum. 

with the least travel-time error, the resulting computation yielded a 

better estimate of velocity. Likewise, least-squares f i t s  were 

computed for the time-distance points from shot points F and G .  Curve 

Using p icks  

f i t t ing was not  necessary for the picks determined from the d a t a  of 

shot p o i n t s  F o r  G since the time-distance points  gave no evidence for 

sei smic waves having traveled through velocity gradients. The dashed 

lines on Figure 26 represent the least-squares straight lines. 

For the f i r s t  shot p o i n t  E ,  the Herglotz-Wiechert inversion was 

carried ou t  for travel-times from 0 km t o  1 km t o  the west. The 

resulting interpretation i s  anvelocity increase from 2.4 km/s a t  the 

surface t o  3.3 km/s near 0.2 km depth. A continuous increase i n  

velocity from 2.4 km/s t o  nearly 5 km/s a t  a d e p t h  o f  1.2 km i s  

interpreted when inversion o f  a l l  travel-time points t o  the  east are 
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used. I f  we assume t h a t  a constant  v e l o c i t y  o f  4.0 km/s i s  

represented by t h e  p i c k s  between 1 km arid 6 km eas t  o f  shot  p o i n t  E 

and t h a t  a v e l o c i t y  g rad ien t  i s  represented by t h e  p i c k s  between 0 km 

and 1 km, t h e  i n t e r p r e t e d  ve loc i ty -depth  model e x h i b i t s  an inc rease i n  

v e l o c i t y  from 2.4 km/s a t  t h e  sur face  t o  4.0 km/s a t  0.2 km depth w i t h  

a constant  v e l o c i t y  below 0.2 km. Though t h e  P-waves propagat ing west 

appear t o  have a lower  v e l o c i t y  than those propagat ing east,  t h e  

v e l o c i t i e s  may n o t  be s i g n i f i c a n t l y  d i f f e r e n t  s i n c e  t h e  v e l o c i t y  

es t imate  t o  t h e  east  i n v o l v e d  t ime-d is tance p o i n t s  o u t  t o  6 km f rom 

t h e  source. 

A cons tan t  v e l o c i t y  o f  3.3 km/s i s  represented b y  t ime-d is tance 

p o i n t s  p l o t t e d  f rom 0 km t o  3 km eas t  o f  shot  p o i n t  F. T h i s  i s  

d i r e c t l y  comparable t o  v e l o c i t i e s  found . for  waves propagat ing west 

from shot  p o i n t  E. However, a much h i g h e r  v e l o c i t y  o f  5.2 km/s i s  

e x h i b i t e d  by t h e  p i c k s  f rom shot p o i n t  F where t h e  r e f r a c t i o n  p r o f i l e  

i s  a l i g n e d  north-south.  

u n f r a c t u r e d  i n  t h i s  r e g i o n  then t h e  d i f f e r e n c e s  i n  t h e  v e l o c i t i e s  f o r  

t h e  two o r i e n t a t i o n s  may be considered s i g n i f i c a n t .  A l a c k  of 

evidence negates any f u r t h e r  major  conc lus ions f rom be ing  made. 

I f  t h e  g r a n i t e  -is e i t h e r  a n i s o t r o p i c  o r  

Shot p o i n t  G was d i f f e r e n t  f rom shot  p o i n t s  E o r  F because t h e  

charge was detonated i n  b a s a l t  and most o f  t h e  data were recorded from 

geophones l o c a t e d  on g r a n i t e .  Any de lay  o r  advance o f  t r a v e l - t i m e s  . 

caused by t h e  b a s a l t  w i l l  be r e f l e c t e d  i n  t h e  t r a v e l - t i m e s  p icked f o r  

t h e  geophones i n  t h e  remainder o f  t h e  p r o f i l e .  The v e l o c i t y  of t h e  

b a s a l t  o f  2.8 km/s was determined f rom t h e  t ime-d is tance p o i n t s  from 0 

km t o  1 km west o f  shot p o i n t  G. A constant  4.0 km/s i s  determined 
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f rom waves a r r i v i n g  between 3 and 9 km o f  t h e  source. 

I n  F i g u r e  19 a l a r g e  inc rease i n  apparent v e l o c i t y  f rom 3.7 km/s 

t o  6.6 km/s occurs f o r  se ismic waves o r i g i n a t i n g  f rom shot  p o i n t  G and 

a r r i v i n g  a t  geophones between shot p o i n t s  D and E. Since t h e  v e l o c i t y  

s t r u c t u r e  of t h e  Minera l  Mountains appears s i m i l a r  t o  a layered 

v e l o c i t y  s t r u c t u r e ,  t h i s  apparent v e l o c i t y  inc rease i s  a l s o  

i n t e r p r e t e d  t o  be due t o  waves t h a t  have r e f r a c t e d  a long a v e l o c i t y  

i n t e r f a c e  a t  depths below t h e  4.0 km/s l a y e r  determined prev ious ly .  

Geology and d r i l l  h o l e  data i n d i c a t e  t h a t  t h i s  i n t e r f a c e  occurs 

w i t h i n  t h e  p lu ton .  However, t h e  v e l o c i t y  o f  6.6 km/s appears 

r e l a t i v e l y  h i g h  f o r  igneous rocks under low pressures and shal low 

depths. 

imp ly  t h a t  t h e  v e l o c i t y  i n t e r f a c e  may extend i n  t h e  subsurface f a r  

enough west t o  i n t e r s e c t  Thermal Power d r i l l  h o l e  14-2 l o c a t e d  

approx imate ly  0.4 km n o r t h  o f  shot p o i n t  D. An examinat ion o f  t h e  

acous t ic  l o g  taken from t h e  w e l l  i n d i c a t e s  an inc rease i n  v e l o c i t y  

f rom 5.2 km/s t o  5.5 km/s between 0.65 km and 1.0 k n  depth (F igure  2 ) .  

An es t imate  of t h e  t r u e  v e l o c i t y  f o r  t h i s  l a y e r  a t  depths g r e a t e r  than 

0.7 km i s  thus 5.5 km/s. An average v e l o c i t y  o f  3.8 km/s f o r  t h e  

rocks above t h e  i n t e r f a c e  i s  chosen f rom t h e  t ime-d is tance p o i n t s  

p l o t t e d  west o f  shot p o i n t  C i n  F i g u r e  26. 

v e l o c i t i e s  an es t imate  of t h e  d i p  o f  t h e  i n t e r f a c e  can be ca lcu la ted .  

Since t h e  P-waves recorded f rom shot p o i n t  G have a g r e a t e r  

apparent v e l o c i t y  than t h e  est imated t r u e  v e l o c i t y  f o r  t h e  p lu ton ,  t h e  

waves must be propagat ing up-dip. Using standard r e f r a c t i o n  

t r a v e l - t i m e  equat ions,  t h e  d i p  o f  t h e  v e l o c i t y  i n t e r f a c e  was 

F r s t  a r r i v a l s  o f  seismic waves rece ived near shot  p o i n t  D 

From these two t r u e  
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c a l c u l a t e d  t o  be 5' east.  

p o i n t  E i s  approx imate ly  1.4 km and beneath shot  p o i n t  D, i f  t h e  

i n t e r f a c e  extends f a r  enough west, t h e  depth t o  t h e  v e l o c i t y  change i s  

approx imate ly  0.6 km. T h i s  c a l c u l a t e d  depth corresponds t o  t h e  upper 

p o r t i o n  of t h e  v e l o c i t y  increase shown on t h e  sonic  l o g  o f  w e l l  14-2. 

An i n t e r p r e t a t i o n  o f  t h e  v e l o c i t y  i n t e r f a c e  can be made by 

The depth o f  t h e  i n t e r f a c e  beneath shot  

examining t h e  data p l o t t e d  i n  F i g u r e  2b. 

t h e  i n t e r f a c e  t o  Well no. 14-2 corresponds t o  a change from g r a n i t e  t o  

The p r o j e c t e d  extens ion o f  

monzonite a t  a depth near 0.65 km. 

rock composi t ion then t h e  v e l o c i t i e s  i n  t h e  d r i l l  h o l e  above t h e  

g r a n i t e  would a l s o  be 5.5 km/s. However, t h e  sonic  l o g  does no t  

i n d i c a t e  t h i s .  The p l a g i o c l a s e  a l t e r a t i o n  i n t e n s i t y  curve  o f f e r s  a 

b e t t e r  c lue.  Since hydrothermal a l t e r a t i o n  i n t e n s i t y  i s  d i r e c t l y  

r e l a t e d  t o  t h e  degree o f  f r a c t u r i n g ,  t h e  monzonite and g r a n i t e  above 

t h e  i n t e r f a c e  must be e x t e n s i v e l y  f r a c t u r e d .  Therefore,  t h e  unusua l ly  

low v e l o c i t i e s  f o r  t h e  Minera l  Mountains appear t o  be more r e l a t e d  t o  

t h e  f r a c t u r i n g  and a l t e r a t i o n  than t h e  1 - i t h o l o g i c  d i s c o n t i n u i t i e s .  

I f  t h e  v e l o c i t i e s  were r e l a t e d  t o  

The v e l o c i t y  s t r u c t u r e  o f  t h e  Minera l  Mountains g r a n i t i c  p l u t o n  

determined f rom t h e  seismic r e f r a c t i o n  data i s  shown i n  F i g u r e  27. 

The P-wave v e l o c i t y  i s  an unusua l ly  low 2.4 km/s a t  t h e  sur face  w i t h  

t h e  v e l o c i t y  i n c r e a s i n g  t o  3.3 km/s a t  a depth of 0.2 km. 

waves propagat ing east  o r  west and s u r f a c i n g  between 1 and 3 km from 

t h e  source have a v e l o c i t y  o f  3.3 krn/s. These waves have probably 

t r a v e l e d  as shal low t u r n i n g  rays  j u s t  below t h e  shal low v e l o c i t y  

g rad ien t .  

source w i t h  a v e l o c i t y  o f  4.0 km/s have propagated j u s t  below t h e  3.3 

Seismic 

P-waves a r r i v i n g  a t  geophones g r e a t e r  than 3 km from t h e  
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Figure 27. Mineral Mountains velocity depth curves (a) interpreted 
velocity gradient from inversion of travel-times east 
of shot point E (solid line, Figure 26) (b) interpreted 
velocity gradient from inversion of travel-times east 
and west of shot point E and from constant velocity east 
of shot point E (dashed line , Figure 26) (c) interpreted 
veloci ty-depth curve from a1 1 travel -time data. 
of transition zone between 4.0 km/s and 5.5 km/s varies 
depending upon location. 
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km/s layer a t  a depth of 0.5 km. A t  a depth of approximately 1.4 km 

beneath shot point E ,  the P-wave velocity from granite increases t o  

5.5 km/s. 

i ntensi t y  of f ractur ing i n the p l  uton . 
These velocity changes appear t o  be related t o  the 
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CHAPTER 5 

AMPLITUDE VARIATIONS OF THE S E I S M I C  REFRACTION DATA 

I n t r o d u c t i o n  

Ampl i tude decay, a t tenuat ion ,  and t h e  q u a l i t y  f a c t o r ,  Q, a r e  

mathemat ica l ly  r e l a t e d  by s imple formulas. As a spher ica l  wave 

spreads f rom i t s  source, t h e  energy must be d i s t r i b u t e d  over  t h e  area 

o f  t h e  sphere. Thus, t h e  energy per  u n i t  area decreases i n v e r s e l y  as 

t h e  square o f  t h e  d i s t a n c e  f rom t h e  source. The ampl i tude i s  

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d is tance t h e  wave has t r a v e l e d .  The 

decrease i n  ampl i tudes i s  n o t  due t o  spher ica l  spreading alone, b u t  

a l s o  t o  absorp t ion  o f  seismic wave energ.y d u r i n g  i t s  propagat ion 

because o f  t h e  i n t e r n a l  f r i c t i o n  i n  rocks.  T h i s  d i s s i p a t i o n  of energy 

comes about ma in ly  i n  t h e  f r i c t i o n a l  losses by movement w i t h i n  a s o l i d  

o f  one sur face  past  another and by d i r e c t  convers ion o f  mechanical 

energy i n t o  thermal energy. 

exponent ia l  w i t h  d is tance.  

The energy loss due t o  absorp t ion  i s  

For a homogeneous m a t e r i a l  , t h e  ampl i tude A a t  a d is tance x f rom 

o -ax t h e  source i s  g iven  by X 

X 
A = A  - e  

0 

where A, equals t h e  ampl i tude a t  a d i s t a n c e  xo, and a equals t h e  

absorp t ion  c o e f f i c i e n t .  For  a g iven m a t e r i a l ,  s i n c e  t h e  wave p e r i o d  T 

i s  i n v e r s e l y  p r o p o r t i o n a l  t o  a ,  t h e  absorp t ion  term exp ( -ax )  i s  
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constant fo r  a 

can be written 

distance equal t o  the wavelength X ( B a t h ,  1973). T h i s  

as 
-aX -dQ e = e  

where X =  T v ,  and v equals the wave velocity. Q i s  related t o  a by 

X 

X 

Q = r/aTv. Therefore, 
A = A O e x p ( -  lwfx 

0 

where f equals frequency. As can be seen, Q increases when absorp t ion  

decreases. 

As was discussed i n  Chapter 1, several fac tors  such as rock type, 

porosity, temperature, pressure, and degree of f ractur ing may 

influence attenuation i n  geothermal areas. Mapping Q over a broad 

region will indicate  anomalous zones o f  attenuation caused by these 

factors .  

t o  be related when Q i s  coupled w i t h  a map o f  velocity changes. 

example, i n  areas of s i l i c a  or carbonate deposition by hydrothermal 

f l u i d s ,  an anomalous zone of h i g h  Q and high velocity may be seen. On 

the other hand,  areas of low 4 and low velocity w i t h  respect t o  the 

surroundings may suggest h i g h  porosity, h i g h  temperatures, or fracture 

zones. 

The cause for abnormal attenuation and velocity may be seen 

For 

Seismic wave amplitudes are  a lso sensi t ive t o  velocity gradients. 

Even small increases i n  velocity w i t h  depth a re  capable of affect ing 

amplitudes of head waves by one t o  two orders of magnitude. 

(1977)  has s ta ted t h a t  the  combined interpretat ion of travel -times and 

amplitudes of refracted and reflected waves best determines the 

presence of velocity gradients within layers.  

Braile 

However, the e f f ec t s  of 
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v e l o c i t y  

o n l y  amp 

g rad ien ts  and 

i t u d e  decay w 

a n e l a s t i c i t y  cannot be d i s t i n g u i s h e d  by us ing  

t h  d i s tance  ( H i l l ,  1971). 

With these l i m i t a t i o n s ,  i n t e r p r e t a t i o n  

f rom t h e  reco rd  sec t i ons  can be discussed. 

o f  t h e  i n i t i a l  P-phase cou ld  n o t  be i d e n t i f  

records,  t h e  ampl i tudes were measured a t  t h  

displacement i n  t h e  f i r s t  one o r  two cyc les  

o f  ampl i tudes measured 

Because t h e  f i r s t  mot ion 

ed w i t h  c e r t a i n t y  on a l l  

maximum peak-to-trough 

o f  t h e  a r r i v a l .  Since t h e  

technique i s  n e i t h e r  r i g o r o u s  nor  p r e c i s e  i n  ampl i tude de te rm ina t ion  

o n l y  a q u a l i t a t i v e  i n t e r p r e t a t i o n  i s  given. 

I n t e r p r e t a t i o n  and D iscuss ion  

The f o l l o w i n g  p l o t s  d i s p l a y  t h e  f i r s t  a r r i v a l  ampl i tudes versus 

Though some s c a t t e r  d i s tance  f o r  a l l  shot  p o i n t s  except shot: p o i n t  F. 

e x i s t s  i n  t h e  data due t o  l o c a l  s i t e  responses and p o s s i b l e  

inaccurac ies  i n  t h e  ampl i tude co r rec t i ons ,  t h e  l a r g e  number o f  

s t a t i o n s  de f i nes  t h e  t r e n d  o f  t h e  ampl i tude decay reasonably  we l l .  

S c a t t e r  i n  ampl i tudes between shot  p o i n t s  A and C across t h e  M i l f o r d  

Va l l ey  may a l s o  be due t o  t h e  d i f f e r i n g  angle o f  emergence f o r  t h e  ray  

paths. V e r t i c a l  geophones w i l l  have a g r e a t e r  response t o  energy 

emerging up-dip f rom l a y e r s  t h a t  a re  d i p p i n g  away from them. I t  can 

be seen t h a t  most o f  t h e  ampl i tudes decay a t  r a t e s  between l / x  and 

1/x2. 

1/x2 f o r  l a r g e  d is tances  (Grant and West, 1965). 

The ampl i tudes o f  c l a s s i c a l  head waves decrease a t  a r a t e  o f  

For some t ime  i t  was be l i eved  t h a t  t h e  f i r s t  a r r i v a l s  g rea te r  

t han  one km f rom shot  p o i n t  A were a l l  o r i g i n a t i n g  f rom a head wave 

propagat ing a long t h e  t o p  o f  t h e  basement. (F igu re  28). However, when 
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Figure 28. Normalized amplitude versus distance plot for  f i r s t  
arr ivals  from shot point A .  
tude decay curve referenced t o  estimated relat ive 
amplitude a t  one km. 

Solid l ines show ampli- 
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t h e  ampl i tudes were p l o t t e d  a l a r g e  decrease between 11 and 12 km f rom 

shot  p o i n t  A c a s t  some doubt on t h i s  i n t e r p r e t a t i o n  f o r  severa l  

reasons. 

Also,  a l a r g e  inc rease i n  apparent v e l o c i t y  p r e v i o u s l y  i n t e r p r e t e d  t o  

be caused by a change i n  basement d i p  occurred over  the '  same spread. 

T h i s  suggests t h a t  t h e  f i r s t  a r r i v a l s  o r i g i n a t e d  f rom two d i f f e r e n t  

l a y e r s  r a t h e r  than  an unusual v e l o c i t y  model where head wave 

ampl i tudes decrease by a f a c t o r  o f  10 w i t h i n  one k i l o m e t e r  of 

basement. 

f o r  shot  p o i n t  B (F igure  29), t h e  same decrease occurred between 4 and 

6 km where basement head waves had a l ready  been i n i t i a l l y  i n t e r p r e t e d  

t o  be f i r s t  a r r i v a l s .  

The decrease occurs o n l y  over  a d i s tance  o f  600 t o  700 m. 

It was assur ing  t o  f i n d  t h a t  when ampl i tudes were p l o t t e d  

One of t h e  most i n t e r e s t i n g  aspects of these da ta  i s  t h a t  on a l l  

p l o t s ,  t h e  ampl i tudes remain n e a r l y  cons tan t  o r  o n l y  s l i g h t l y  

decreas ing between shot p o i n t s  C and D. 

across t h e  Roosevel t  Hot Spr ings KGRA vary  l e s s  i n  ampl i tude than  

waves propagat ing  bo th  eas t  and west o f  t h e  KGRA. The o n l y  shot p o i n t  

from which t h i s  i s  no t  c l e a r l y  seen i s  shot  p o i n t  D; however, t h e  

ampl i tudes do e x h i b i t  a g rea te r  decrease west o f  shot  p o i n t  C than 

between shot  p o i n t s  C and D (F igure  31). 

t h e  source (i.e. shot p o i n t  C, F igu re  30), t h e  ampl i tudes a r e  n e a r l y  

constant.  

km of shot  p o i n t  C s ince  t h e  records were c l ipped.  

That i s ,  waves propagat ing  

Even f o r  r e c e i v e r s  c l o s e  t o  

However, t h e  ampl i tudes cou ld  n o t  be determined w i t h i n  one 

There a re  a t  l e a s t  two p o s s i b i l i t i e s  f o r  t h e  low a t t e n u a t i o n  i n  

the  geothermal area. Beyer e t  a l .  (1976) found a h i g h e r  Q i n  t h e  

v i c i n i t y  o f  t h e  Leach Hot Spr ings, Nevada, a long w i t h  a v e l o c i t y  
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increase. The cause of both  was suggested t o  be due t o  the dominance 

of materials t h a t  are much denser t h a n  the surrounding rocks. The 

increased density probably resulted from the deposition of s i l ica  from 

the ho t  springs. Since there has been extensive s i l ica  deposition i n  

the Roosevelt KGRA,  perhaps the same type of mechanism produced the 

constant amplitude anomaly. 

The second possibility involves the presence of water or steam i n  

the rock of the geothermal system. Q has been found  t o  be ini t ia l ly  

higher and t o  increase more rapidly under pressure in dry rocks t h a n  

in rock con ta in ing  pore water (Johnson e t  a1 . , 1979). Likewise, 

Gardner e t  a1 . (1964) showed t h a t  Q increased as  water content 

decreased. Therefore, a vapor dominated system uould be expected t o  

show less attenuation than  a reservoir w i t h  significant water. 

However, given t h a t  the Roosevelt KGRA i s  a liquid dominated system 

(Berge et a1 ., 1976) ,  this explanation fo r  the cause of higher Q 

within the. eothermal area does n o t  appear feasible. L-.. 
The d a t a  derived from shot points E and G exhibited amplitudes 

t h a t  decayed a t  a greater rate i n  the exposed granite of  the Mineral 

Mountains than those along the other parts of the profile (Figures 32 

and 3 3 ) .  East of shot point E the falloff approaches l / x 4  while west 

of shot point G the falloff i s  greater t h a n  1/x*. 
* .  -i 

T h e  greater 

attenuation may be due t o  the intensely fractured granite. For waves 

surfacing west of shot  p o i n t  0, the rate of amplitude decay i s  closer 

t o  l / x .  A significant increase i n  f i r s t  a r r i v a l  amplitude between 20 

and 23 km i n  the record section recorded from shot p o i n t  G (Figire 19)  

becomes obvious when the amplitudes versus distance are  plotted 
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Figure 32. Normalized arrplitude versus distance plot for f i r s t  arrivals from shot p o i n t  E. 
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Figure 33. Normalized amplitude versus distance p l o t  f o r  first a r r i v a l s  from shot point  G. 
Sol id l i n e s  show amplitude decay curve referenced t o  estimated r e l a t i v e  amplitude 
a t  one km. 
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(Figure 3 3 ) .  

P-waves exhibiting an apparent velocity increase are  interpreted t o  be 

refractions from the 5.5 km/s eastward dipping layer shown in Figure 

25. 

A t  approximately the same distance, f i r s t  a r r i v a l  

Focusing effects arising from constructive interference of two or 

three phases with nearly equal travel-times in this  distance range are 

an explanation for the increase in amplitudes. Travel-time modeling 

of the interpreted velocity-depth curve shown in Figure 27 was 

utilized t o  tes t  this possibility. The resulting travel-times 

4.0 km/s refracted phase, the reflected phase from the transit  

zone, and the 5.5 km/s refracted phase match the experiment's 

for the  

on 

bserved 

However, the  model was n o t  able t o  satisfy the loca t ion  travel-times. 

of the maximum interference o f  these phases which  m i g h t  cause the 

large amplitude increase. Obviously a more detailed model of  the 4.0 

km/s t o  5.5 km/s transition zone i s  necessary b u t  continued modeling 

would require additional assumptions for which there i s  no control. 



CHAPTER 6 

GRAV I TY MODE 1, I NG 

Since  s e v e r a l  geologica l  and geophysical  s t u d i e s  have been 

conducted i n  the Roosevelt Hot Spr ings  -- Mineral Mountains a r e a ,  i t  i s  

impor tan t  t h a t  their  informat ion  be i n t e g r a t e d  i n t o  the i n t e r p r e t a t i o n  

of the refraction d a t a ,  The result g i v e s  a better assessment  of the 

subsu r face  structure w i t h  c o n s t r a i n t s  implied from o t h e r  d a t a .  

The s t r u c t u r e  of the Milford Val ley  was interpreted from g r a v i t y  

d a t a  a long  a p r o f i l e  approximately 1 km nor th  of the r e f r a c t i o n  line 

( p r o f i l e  220CN, Crebs and Cook, 1976) and a long  a p r o f i l e  between 1 

and 2 km south of  the refraction line ( p r o f i l e  B B ' ,  Carter and Cook, 

1978) .  Using a d e n s i t y  c o n t r a s t  between the basement and the Val l e y  

f i l l  of -0.5 grn/cm3, these g r a v i t y  studies show a d e p t h  t o  bedrock i n  

the Mil ford  Va l l ey  of 1.4 km. However, the effects o f  wa te r  

s a t u r a t i o n  were ignored .  I f  the  a l luv ium has a dens i ty  o f  2.67 gm/cm3 

then an al luvium p o r o s i t y  o f  20 pe rcen t  i s  implied from a d r y  a l luv ium 

d e n s i t y  of  2.1 grn/cm3. The d e n s i t y  c o n t r a s t  f o r  a 100% water  

s a t u r a t e d  m a t e r i a l  is -0.3 gm/cm3. A g r a v i t y  model u s ing  this 

c o n t r a s t  y i e l d e d  a maximum depth t o  bedrock i n  the Milford Val ley o f  

1.8 km ( T r i p p  e t  a1 , , 1978) , 

The cho ice  o f  a reg iona l  g r a v i t y  f i e ld  requ i r ed  t o  c a l c u l a t e  a 

r e s i d u a l  p r o f i l e  should approximate the t rue  reg iona l  In the e a r l i e r  

g r a v i t y  modeling over  the Milford Valley, ,  the reg iona l  removed was 
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l i nea r  increasing in magnitude t o  the west. 

(1978) f i t  a f i f th-order  polynomial surface t o  the gravity data t o  

"best approximate the regional gravity f ie ld ."  The resul t ing residual 

gravity anomaly map (Figure 11, Carter and Cook, 1978) indicates t h a t  

the residual along the refraction prof i le  i s  l e s s  t h a n  15 mgal between 

the Mineral Mountains and the Milford Valley. 

However, Carter and Cook 

The velocity model determined from the refract ion data places the 

basement a t  l ea s t  1.8 km below the s u r f x e  3 km eas t  of shot point B 

(Figure 25) .  

subsurface coverage from the 6.7 km/s layer i n  the distance range of 0 

t o  10 km. I n i t i a l  comparisons between the gravity model of T r i p p  e t  

a1 (1978) and the seismic model seem to agree reasonably well on the 

valley depth. However, there  are  several gross differences.  

Uncertainty i n  the depth  -is due t o  the lack of reversed 

Since three layers a re  used i n  describing the ve loc i t ies  in the 

subsurface beneath the valley, three d i f fe ren t  dens i t ies  are  

necessary. The sur f ic ia l  layer  w i t h  a velocity of 1.8 km/s can be 

represented by the water saturated alluvium discussed previously. 

density contrast  w i t h  layer 3 ,  t h e  bedrock, i s  -0.3 gn/cm3. The 

deeper 4.0 km/s layer should be closer  i n  density t o  tha t  of the 

bedrock. The rock type i s  unknown since no well has penetrated t h i s  

1 ayer . 

I t s  

Woollard (1975) showed a density s l i gh t ly  l e s s  than 2.5 gm/cd 

fo r  sediments with a velocity of 4.0 km/s. Similarly,  the Nafe-Drake 

curve (see Clarke, 1966) gives a density of 2.5 gm/cm3 for a sediment 

velocity of 4.0 km/s. Without implying rock type, a density of 2.5 

gm/cm3 i s  estimated f o r  the 4.0 km/s layer on the basis of the 
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This gives a density contrast  of measured veloci ty-densi t y  curves. 

-0.2 gm/cm3. The valley f i l l  appears to have an overall density 

contrast  t h a t  i s  much smaller t h a n  the -0.5 gm/cm3 modeled by Crebs 

and Cook (1976) and Carter and Cook (1978). Therefore, a valley f i l l  

deeper t h a n  1.4 km i s  required t o  produce the same gravity relief of 

20 mgal. However, i f  the fifth-order residual anomaly map i s  used for 

modeling the lower density contrast  may be sufficient for producing 15 

mgal of relief. 

The g rav i ty  effect was computed from the two-layer velocity model 

of the valley f i l l  (Figure 34). When layer 2, the intermediate 4.0 

km/s layer was assigned a density contrast  of -0.2 gm/cm3 the g r a v i t y  

relief across the valley was found t o  be approximately 14 mgal The 

magnitude of this gravity anomaly indicates t h a t  a higher-order 

polynomial surface i s  a best estimate of the regional gravi ty  field. 

The fifth-order residual with a maximum relief of 15 mgal corresponds 

closely t o  the observed profile using density contrasts o f  -0.3 gm/cm3 

for layer 1 and -0.2 grn/cm3 for layer 2. 

I t  i s  impor tan t  t o  note t h a t  sandstones of the Navajo formation 

found a long  the flanks of the Mineral Mountains have sample densities 

averaging 2.6 gm/cm3. However, the majority of the sedimentary 

section in this area i s  limestone with a density of 2.7 gm/cm3. 

the 4.0 km/s layer i s  assumed t o  be sandstone (density contrast of 0.1 

gm/cm3), the computed gravity anomaly across the Mi 1 ford  Val ley graben 

i s  approximately 10 mgal (Figure 34).  Only a residual resulting from 

the removal of a polynomial surface higher t h a n  fifth-order from the 

observed gravity would be capable of  matching t h i s  relief.  Carter and 

I f  
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Figure 34. Two-dimensional gravity model for interpreted cross-section along refraction profile. 
Circled numbers indicate the gravity signature corresponding to the density contrast 
of layer 2 in Milford Valley graben. 
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Cook (1978) suggest t h a t  these higher-order surfaces are f i t t ing small 

short wavelength anomalies and the smooth regional effects have . 

already been closely approximated. Therefore, the gravity across the 

valley i s  poorly matched when the known sedimentary section i s  assumed 

t o  underlie the surface layer. 

The presence of the shallow 5.5 km/s material near the western 

flank o f  the Mineral Mountains (Figure 25) may supply a clue as  t o  why 

the highest values of gravity across the profile are displaced 

westward from the axis o f  the range t o  the vicinity of the Roosevelt 

Hot Springs. 

increase in density, higher density rock may be closer t o  the surface 

beneath the hot springs t h a n  beneath the bulk of the mountains. Also, 

Since an increase in velocity generally implies an 

the average velocity and therefore average density of the granite 

comprising the range (between 0 and 1.5 km depth) determined from the 

refraction d a t a  i s  lower t h a n  the velocity fo r  rocks beneath the thin 

alluvium cover between shot  points C and D. 

The gravity contours of the terrain-corrected Bouguer gravity 

anomaly map ( F i g u r e  7,  Carter and Cook, 1978) have pronounced 

gradients of 3 mgal/km over the alluvium adjacent t o  the western 

margin o f  the Mineral Mountains. The geology suggests t h a t  this 

gradient may result from normal faults forming the eastern edge of the 

Milford Valley graben. Gradients on the magnetic anomaly map also 

confirm this concept. The location and delineation of major fau l t s  

and fractures zones are necessary t o  evaluate the source of the 

Roosevel t Hot Springs geothermal system. 
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Previous modeling w i t h  g rav i ty  and magnetic d a t a  have suggested 

t h a t  the faulting on the western edge o f  the Opal Mound horst begins 

approximately 0.2 km west of the Opal Mound fault (see Figure 7,  Crebs 

and Cook, 1976). However, the velocity model derived from the 

refraction d a t a  interpreted here indicat:es t h a t  the main range f r o n t  

faulting begins 1 km west of the Opal Mound Fault. Detailed magnetic 

modeling on line 3000PI of Crebs and Cook (1976) (by Dick Fox of the 

Ear th  Science Laboratory a t  the University of Utah) a l s o  suggests this 

configuration. The basement must remain within 100 m t o  200 m below 

the surface ou t  t o  a t  least 1.2 km west of the Opal Mound f a u l t .  A t  

this distance the magnetic field f a l l s  off a t  100 gammas/km. Any 

decreases in the magnetic intensity over a constant depth basement can 

be attributed t o  magnetite destruction caused by hydrothermal 

alteration from interaction of the geothermal system w i t h  the host 

rock. The valley f i l l  thickening a b r u p t l y  near shot  point C i s  

further corroborated by magnetotelluric investigations t h a t  indicate a 

deepening of basement approximately 0.5 Itm west of shot point C 

(Wannamaker, 1979, personal communication). 

Other evidence for  a shallow basement extending t o  near shot 

point C i s  suggested from the 100 m separation, dipole-dipole 

resistivity map (Figure 44, Ward and S i l l ,  1976). 

t o  exist 1 k m  west of  the Opal Mound F a u l t .  Brine-saturated a l l u v i u m  

produced by fluid leakage toward the valley i s  one exp lana t ion  for the 

low resist ivit ies encountered. I f  a moderately fractured near-surface 

basement i s  present then fluids released beneath the a l luv ium west o f  

the Opal Mound f a u l t  could  account for the resist ivit ies.  

Conductors appear 



CHAPTER 7 

b 

CONCLUSIONS 

The interpretation of a detailed seismic refraction profile has 

furnished velocity information concerning the subsurface structure o f  

the Milford Valley graben, the Roosevelt; Hot Springs KGRA, and the 

Mineral Mountains horst. Additional information was ob ta ined  from a 

qual i tat ive interpretation of attenuation from P-wave amplitude decay 

and synthetic seismograms in the geothermal area. 

The primary objective was adequately satisfied by travel -time 

analysis of the f i r s t  arrival times. Modeling suggests t h a t  the 

Milford Valley graben i s  composed of two velocity units whose maximum 

thickness exceeds 1.8 km. The surficial layer varies i n  thickness 

from 0.1 km t o  0.6 km and has seismic velocities characteristic o f  

Quaternary clays , sands , gravel s , and bolul ders, t h o u g h t  t o  comprise 

the u n i t .  

The second layer within the graben i s  interpreted as a th ick  

Tertiary section of material f o r  which there are no outcrops. The 

thickness varies from zero a t  the margins of the valley t o  greater 

than 1.2 km a t  the center near shot p o i n t  6. This unit i s  not  

considered t o  be Paleozoic o r  Mesozoic sedimentary rock on the basis 

of gravity modeling. If limestone, the dominant sedimentary rock o f  

the area, was assumed t o  comprise layer 2 the rock would have no 

density contrast with respect t o  the basement. Samples of  sandstone 
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from the flanks of the Mineral Mountains a l so  do not give a sufficient 

density contrast  with the basement t o  cause the computed gravity t o  

match the observed gravity anomaly across the Mil ford Val 1 ey graben. 

Therefore, by assuming the layer t o  be Tertiary sediments, and 

assigning a density contrast of -0.2 gm/’cm3 from vel oci ty-densi t y  

curves, the resulting gravity anomaly f i t s  the fifth-order residual 

gravity. If  the fifth-order polynomial surface contains  local 

anomalies and not  just regional effects, either a larger density 

contrast o r  a deeper valley i s  required t o  f i t  the observed g rav i ty .  

The basement i s  presumed t o  be composed of Precambrian(r) 

gneisses. A sonic log taken i n  a well on the western edge of the 

Mineral Mountains encountered metamorphic rock with a velocity of 6.7 

km/s t h a t  is  directly comparable t o  those velocities calculated from 

the travel-times of the refraction line. 

Beneath the Roosevelt K G R A ,  granites exhibited a velocity of 5.2 

km/s determined from the refraction d a t a  and from a sonic l o g  drilled 

into the p l u t o n .  

much less than  attenuation in other port jons of the profile. This may 

P-wave attenuation across the hot  springs area was 

be caused by the induration o f  sediments by hydrothermal fluids. 

Synthetic seismograms suggest t h a t  the absence of identifiable 

reflections from the basement i n  the geothermal area may be explained 

by a positive velocity gradient i n  the upper 100 m of  granite beneath 

the a1 1 uvium. 

The seismic refraction d a t a  i n d i c a t e  t h a t  the s tar t  of the large 

displacements in the range front f a u l t i n g  i s  located a t  least one km 

west of the Opal Mound f a u l t  near shot point C .  This interpretation 
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i s  supported by detailed magnetic models t h a t  ndicate the magnet 

basement must increase rapidly in depth t o  the west of shot p o i n t  

Electrical evidence for the location of the main f a u l t  i s  seen in 

numerous magnetotell uric soundings t h a t  show steep gradients of  

C 

c .  

increasing resistivity t o  the west of shot point C ,  and i n  shallow 

conductors out1 ined by dipole-dipole resistivity. 

No other faults or fracture zones were accurately detected by 

this refraction experiment. The large station spacings of nearly 250 

m does not appear t o  be adequate for locating narrow structural 

lineaments. The width of the fracture zone associated with the Hot 

Springs fault could not  be determined siince the profile line 

paralleled the f a u l t .  

The bulk o f  the Mineral Mountains a long  the profile i s  

characterized by unusual ly 1 ow-vel oci t y  granite. A sl i g h t  posi t i  ve 

velocity gradient appears t o  exist in t h e  upper 0.2 km o f  the p l u t o n  

with 3.0 km/s granite beneath the g rad ien t .  Velocities of 3.0 km/s 

extend t o  approximately 0.5 km where an increase in velocity t o  4.0 

km/s occurs. The closing of fractures a t  increased depth i s  the 

l i ke ly  cause for the changes in velocities. 

The refraction profile indicates an  increase i n  velocity from 4.0 

km/s t o  5.5 km/s beneath the western edge of the Mineral Mountains 

w i t h  the increase becoming deeper t o  the east of  the hot  springs area. 

A petrologic study of plagioclase alteration intensity in well 

cuttings suggests t h a t  the velocity change i s  due t o  a decrease i n  

fracturing of the igneous complex. The shallow higher velocity (and 

therefore higher density) material beneath the KGRA coupled with near 
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surface gnei sses probably contributes to the gravity hi gh  centered on 

the western flank of the range. 

If the source of the thermal anomaly i s  detectable by seismic 

methods, vertical reflections originating from shot points C ,  D ,  or E ,  

and surfacing between those shot points should indicate the heat 

source's sei smic properties. However, the record sections do not 

appear t o  contain any evidence for  seismic waves t h a t  have penetrated 

and returned from hot  rock or  magma chambers even t h o u g h  an adequate 

amount of d a t a  were recorded t o  obtain reflections as deep a s  the 

Moho. Given t h a t  the experiment was not. designed for the specific 

purpose of recording reflections, technical constraints may 1 imit the 

detection of good reflections. On the other h a n d ,  no reflections 

would be expected if  a large impedance contrast d i d  not  exist. 

Additional seismic d a t a  in the Roosevelt Hot Springs KGRA i s  

desirable t o  help constrain the current geophysical model of the 

geothermal system. To gather more detailed information a b o u t  the 

subsurface structure, several north-south and additional east-west 

refraction experiments should  be conducted across the KGRA.  The 

profiles would not  need t o  go beyond 5 km in length. 

geophone spacing should not exceed 50 m i n  order t o  have a better 

chance a t  l o c a t i n g  fracture zones t h a t  were n o t  possible i n  this 

i nvesti g a t  ion. 

I f  possible, 
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TPREAC .DECODFI 

SUEROUTINE DECODE(IREC,NWR,IELOCK,NkE) 
DIMGNSION IREC(l),IBLOCK(l) 
DATA ICOMP /07?7777777777/ 
DATA IPOS /0@80@00@fZP0@@/ 

C 
C (9*16) = 144 = (4*36) 
C A ELCCK OF 4 1188 WORDS CONTAINS 9 t : ’ S  
C --- DECODE RECORC IN BLOCK O‘F 4 ll0E WORDS 
C 

J = 0  
K = 0  

5 J = J+1 
K = K+l 
FLD(2@,16,IBLOCK(E)) = FLD( 0,1E,IREC(J)) 
FLD (2C, 16 , IBLOCK ( K + l )  = FLD ( 16.16, IREC ( J  ) ) 
FLC(S0, 4,IBLOCK(K+2)) = FLD(32, 4,IREC(J)) 
FLD(24,12,IBSOCK(K+2)) = FLDI: 0,12,IREC(J+l)) 
FLC(Z0,16,IELOCK(K+3)) = FLD(l2,16,IFEC(J+l)) 
FLC(20, e,IELOCK(K+4)) = FLDI(S8, &,IRSC(J+l)) 
FLC(28, e,IBLOCK(K+4)) = FLD( 0, 8,IREC(J+2)) 
FLC(2@,16, IPLOCK(K+S) ) = FLD( E,  16, IREC (J+2 ) ) 
FLD (2@,12 ,IBLOCK(K+6 1)  = FLD(24 ,I2 , IREC (J+2) 
FLC(32, 4,IEL3CK(K+6)) = FLD( 0, 4,IREC(J+S)) 
FLD(2e,l6,IPLOCK(g+7)) = FLD( 4,16,IBEC(J+3)) 
FLC (20,1E, IELOCK(K+t?)) = FLD (20 ,l€, IREC (J+Z) ) 
K = K+8 
J = J+3 

C 20 = 2*9 + p 
C 2080 = 222*9 + 2 

IF(K.LT.NYE) GO TO 5 
6 CONTINUE 

C 
C NOW I E L O C R  H A S  W E  #‘S 
C IF POSITIVE, CAN EE PRINTED Or! WRITTEN TO DISK 
C IF NEGATIVE #, MOFE DECODING IS NECESSARY 
C llee IS 1’s COWLIPENT PACEINE 
C TAPE #‘S ARE IN 2’s COPPLIMENT FORM 
C A L S O ,  T9E FIRST 29 Z I T S  OF THIS NEGATIVE INTEGER 
C ARE ZERO AND MUST EE SET TO ONE 
C 

DO 10 F1=1,VWB 
ISIGN = FLC(2@,l,IELOCE(P)) 

C 
C CHECK LEFT MOST Z I T  OF 16 BIT WORD 
C IF 1 - 4 IS ASSUMED NEGATIVE 
C IF 0 - ## IS ASSUWrED POSITIVE 
C ANY POSITIVE NUPAEER LAFGER TEAN ,12,767 WILL EE 
C INTERFRETEC AS A NEGATIVE NUMEER 

C 32,768 = 10@000000001Z0000 
C I.E., ,15,7e7 = e111111111111111 
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c 

C 
C 
C 

C 
C 
C 

C 
C 

C 

32,768 EAS A O N E  I N  THE S I G N  E I T  A N D  w m  
BE T R E A T E C  AS A N E G A T I V E  NUKEER 

I F ( I S I G N . E B . 0 )  G O  T O  9 

P'AKE 1's C O M P L I M E N T  
E X T E N D  S I G N  BIT T O  F U L L  36 B I T  WORD 
I B L O C K ( M )  = I E L O C K ( M )  - 1 
F L D ( f d , 2 0  , I B L O C ? f ( M ) )  = F L D ( 0 , 2 1 2 ,  I C O M P )  
G O  T O  l e  
P O S I T I V E  
Z E R O  O U T  ANY R E S I C U A L  1's F R O M  LAST EZECORD 

C T H E R W I S E ,  N E G A T I V E  

9 F L D ( 0 , 2 @ , I E L O C K ( M ) )  = FLD(B,2P,IPOS) 
10 C O N T I N U E  

R E T U R N  
E.ND 

FOWER . D R I V E  

C POWER S P E C T R U M  E S T I M A T I O N  
C POWER S P E C T R U V  I S  S C A L E D  AND P L O T T E E  ON SCIZEE1U' 
C NX= NUMBER OF C A T A  P O I N T S  
C NH= F I L T E R  L E N G T H  
C K F I L T = O  NO F I L T E E I N G  
C . =1 F I L T E R  
C LAG = S M O O T E I N G  F A C T O R  FOR F I L T E R  
C C U T L O  6 C U T H I  = 
C R E S P E S T  TO N Y G U I S T  
C D E L T A =  S A M P L I N G  R A T E  c ~ ~ ~ * ~ t t 4 8 4 t ~ t ~ ~ & t ~ ~ & ~ ~ ~ ~ ~ ~ ~ ~ ~ & t ~ ~ ~ & ~ ~ ~ & & ~ ~ ~ ~ ~ ~ ~  

LOW & B I G H  F R E C l J E N C Y  C U T O F F S  W I T H  

D I P F N S I O N  A ( 5 1 L " )  , X ( 5 1 2 )  , O U T ( 4 @ 9 6 )  ,CATE(2) 
C O M P L E X  S ( 4 e 9 E )  , H ( 4 @ 9 6 )  

C A L L  I N I T T ( 1 2 e )  
DO 10 I K = 6 , 1 6  
N R = 2 * * I K  
I F ( N X . L E . N R )  G O  TO 20 

10 C O N T I N U E  

R E A D  ( 2 , 99 
DO 20 LK=l .NX 

READ(1,97) N X , M H , K F X L T , L A G , C U T L O , C U T B I , D E L T A  

20 R E A D ( 1 9 9 8 )  I S H O T , I S P R D , I T R A C E  
( O U T  ( J , J =1 , NX 

, C U T L  T U T H  

C A L L  PLOTSS ( X , A , N R ,  IEL) 
C A L L  G R I D  
CALL D A T I M E ( D A T E , H O U R )  
W R I T l ? ( 6 , 8 4 2 )  C A T E T R O U R T I S E O T T  I S P F ? C , I T F A C E  
IF(KFILT.EC.@) G O  T O  46 

, D E L T A  9 



3 
100 

1 

WRITE (6 ,e42)  NH, CUTHI ,LAG 
40 CALL HDCOPY 

CALL ANMOCE 
CALL TOUTFT (1 5 )  
CALL CHSYNC 
CALL ERASE 

9'7 FORPAT (415,3F5. I )  
98 FOBMAT(3IS) 
99 FORMAT(lQF10.0) 

842 FORMAT(lX33A6///1Z, 'SHOT=',I2/1X, 'SFREAD=',  I2/1X, 

843 FORMAT(//3X, 'NH=',I~/~X,'CUT=E',F~.Z/~X, 'LAG=',13) 
1 'TRACE= ,121 

STCP 
END 

POWER.SPECT 

C COMPUTES POWER SPECTRUM OF SEISMOGEAMS 
c * ~ * * * ~ ~ t t ~ ~ 8 ~ ~ t 4 * 4 ~ t t ~ * t ~ t t * ~ ~ t t ~ t ~ * ~ ~  

SUBXCUT INE SPECT ( S , NR , NH ,H , K? I L T  , LAG, CUTLO CUTE1 , 
DIPENSION A(5lr),X(5lZ),OUT(N~) 

FRCNYB=l0/(2.*DELTA) 
IF (KF1LT.EQ.B) GO TO 170 
C A L L  FORK(S,NR,-l) 
CALL XYFLTR(S, NR,NH, CUTL0,CUTSI ,DBLTA ,Z;,LAG ,H ,OUT) 
DO le@ J=l,NR 
S(J)=CMPLX(OUT(J),0.0) 

1 DELTA, E. , X , OUT ) 
COMPLEX S(NR) ,IT(NR) 

16@ CONTINUE 
1?(2 CALL FORK(S,NR,-l) 

C PERIODOGEAM GENERATEE 
DO 180 J=l,NR 
s ( J ) = C M P L X  ( ( C A R S  (s( J )  ) **s 1 , e . @ )  
S (3 )=S( J )/FLOAT( NI!) 

180 CONTINUE 
CALL FORK ( S ,NR ,l 
LAGTJ= INT (0 . 1*NR ) 
CALL WINDCW (S ,N€? ,LAGW, 2 ) 

CALL FORK ( S  ,NR ,-I ) 
NR=NR/2 

NR=NR/4 
DO lSP, J=l,NR 
JJ=J-l 

X ( J ) =FA C *FLOA T (J J ) 

RETURN 

C PERIODOGRAK SMOOTHED EY BARTLETT WINDOW 

CALL STORE(S,NF) 

FAC=FRONYQ/FLOAT( NR 

A(J)=CAES(S(J)) 

190 CONTINUE 
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END 

REFRACT I ON. XY FLTR 

C MAIN SUBROUTINE TO FILTEl? AND WINDOW c ~ ~ ~ ~ * ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * * * ~ * * ~ ~ ~ ~ * ~ * ~  
SUEROUTINE XYFLTR (FTRAN ,NX ,NH ,CUTLO, CUTE1 ,DELTA, 

DIMENSION FTRAN(NX) ,H( NX) ,OU'I!(NX) 

WRITE (6,108 
NH2=NH/2 
NN=NX-NHZ 
NNPLl=NN+l 
CALL FILTER(CUTLO,CUTHI,R,NX,DELTA) 
CALL STORE (-9 NX ) 
CALL FORK (H ,NX, 1) 

CALL STORE(E,NX) 
DO 14 I=l,NE2 
II=I+NE2 
IJ=NNPLl-I 
H ( I I )=a ( I ) 
H ( I J )=CMPLX (a .P ,e .e ) 

DO 15 J=l,NH2 
JJ=J+NN 
H (J )=H( JJ 
H( JJ )=CF?PLX (0  .0,0.0 ) 

CALL FORK (H ,NX ,-1) 
DO 20 IX=l,NX 

CALL FORK(FTRAN,NX,l) 
DO 30 IX=l,MN 
IXX=IX+NHS 

1 NW IND, LAG ,H,OUT) 

corpmx FTRAN ,H 
NH, CUTLO, CUTE1 , I)EL?A, NU1 ND ,LAG 

CALL WINDOW (H , NX, LAG ,NW I ND 

14 CONTINUE 

15 CONTINUE 

FTRAN(IX)=FTRAN( IX)*R( IX) 
2 0  CONTINUE 

OUT(IX)=REAL(FTRAN( I X X ) )  
20 CONTINUE 

DO 40 IX=MNPLl,NX 
OUT( IX)=CVPLX(O.B,O .O) 

l e @  FORPAT(/lX, 'SPECS FOR THIS FILTER'/lBX, 'SIZE OF', 
40 CONTINUE 

1 ' FILTER=',15/l@X,'FREQ CUTS A R E  CUTLG=',F4.2, 
2 5X, 'CUTW', Fa. 2/1PX, 'SAPPLI R'G I N T = '  , F?. 3 / l @ X ,  
Z "WIND= ', I l / l 0 X ,  'LAGS= ', 15) 
RSTURN 
ENC 

REFRACTION.FILTER 
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b 

C CONSTRUCTS NH FOINT FILTER 
C 
C RESPECT TO NYQUIST 
C (e.e.LE.CCTLO.LT.CUlHI.LE.1.~) 
C DELTA = SANPLING RATE c * t 4 ~ ~ * t t t ~ ~ t t ~ t ~ ~ * ~ ~ t  

CUTLO 6 CUTHI = LOW & EIGH FRECUENCY CUTOFFS WITH 

SUBROUTINE FILTER(CUTLO,CUTHZ,H,NH,DELTA) 
COMPLEX H 

10 

11 
12 
13 
14 

DIMENSION H ( N H )  
NE2= (NH/Z ) +1 
A NE2=NE2 
CLl=CUTLC-@ .12@0@1 
CH 9=C UT H I 
DO 10 IX=l,NHZ 
AX=I X-1 
RAC=AX/ANHS 
H ( I X ) =C MPL X ( 1 . ,0. ) 
IF(RAD.LT.CLl.OR.RAD.GT.CE2) H(IX)=CMFLX(0.,0.) 
IF ( RAD . GE . 1.0 .AND. CHL” . GT .0.9999 ) H ( IX ) =CMPLX ( 1 . ,0 . 1 
CONTINUE 
FNC1=1.0/(2.12*DELTA) 
WAVLEN=l .@/FNQl 

CH2=CH2*FNCl 
IF( CLl.LE.0 .0 .ANE.CHL”.GT. .000@1) WRITE(6 11 ) 
IF(CL1 .GT.0 .a .AND.CH2.GT .CLl ) WRITE( 6,12j 
IF(CL1 .GT. .00@l .AND .CH2 .GT .FNQl-.@@@l) WRITE(6,13) 
IF ( C L 1  . GE . CE2 ) W R I TE ( 6,14 ) 
WRITE(6,ZE) FNQl,YAVLEN,CLl,CE2 
FCRPAT( lX, ’LOW PASS FILTER USED’)  
FORMAT(lX,’EAND PASS FILTER USZD’) 
FORPAT (1X. ’E1 GH P A S S  FILTER USED ’ 1 

CLl=(CLl+e.00001)*FNCl 

- _ - ~  
FORMAT(lX, ’IFPOSSIBLE FILTER ATTEkPTEC. ’, 
1‘ FILTER MUST BE PROPERLY RESPECIFIED.’) 

20 FORPAT(2X. ’NYC FREQ=’,F1@.5 * ’  CYCLES/CATA I Y T ’ ,  
1/2X,’NYQ WAVLEN=’,Fl@.S,’ DATA INT’,/ZX, 
2’LOW FREQ CUT OF l?ILTEE=’,Fl@.S, ’CYCLES/DATA’, 
2’  INT’,/ZX,’HIGH FREO CUT OF FILTER=’,FlC.S, 
4 ’  CYCLES/CATA INT’) 
RETURN 
END 

REFRACTICN.FORK 

C COMPUTES FAST FOURIER TRANSFORM 
SUBROUTINE FORE (CX, LX, NSIGN 1 
CCPPLEX CX(LX) ,CARG,CEXP,CV,CTEFP 
PI=3.14159265 
S I G N  I =NS I GN 
J= 1 
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SC=l./FLOAT(LX) 
DO 30 I=l.LX 

d 

IF(I.GT.J) GO TO 10 
CTEP"FCX( J) 
CX(J)=CX(I) cx ( I )=CTEMP 

10 V=LX/S 
20 IF(J.LE.M)GO TO 70 

J=J-M 

IF(V.GE.1)GO TO 2121 
36 J=J+M 

L=l 
40 ISTEP=2*L 

DO 50 M=I,L 
CARGz(0. ,le )*(PI'~SIGNI*FLOAT(V-l))/FLOAT(L) 

DO 50 I=M,LX,ISTEF 
CTEPP=CW*CX(I+L) 
CX(I+L)=CX(I)-CTEMP 

L= I S TEP 
IF(L.LT.LX)GO TO 40 
IF(SIGNI.GT.0.0) RETURN 
DO 60 I=l,LX 

60 CX(I)=CX(I)*SC 
RETURN 
END 

r=wz 

CW=CEXP(CARG) 

50 CX(I)=CX(I)+CTEMP 

REFRACTICN.STORE 

SUBROUTINE STORE( H, NX) 
COMPLEX E (NX) 
N X l = N X / 2 + 1  
N X Z = N X 1 + 1  
DO 50 IX=NXS,NX 

RETURN 
END 

50 E(IX)=CONJG(H(NX-IX+Z) 

REFRACTION.YINDOW 

C CONSTRUCTS NX LENGTH WINDOW 
C NWIND=@ NO WINDOW 
C =1 RECTANGULAR 
C =2 BARTLETT 
C =3 EAMMING-TUKEY 
C =4 PARZEN 
C LAG - SMOOTHING FACTOR FOR WINDOW c * 9 ~ ~ ~ , * t ~ t 8 ~ ~ ~ ~ * t t t ~ ~ * ~ ~ * t ~ ~ ~ * ~ ~ ~ * ~  
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SUBROUTINE WINDOW(E,NX,LAG,NWIND) 
COMPLEX H 
DIMENSION H(NX) 
PI=3 .la159265 
NX2= ( NX/S ) +1 
XL=LAG 
XL2=XL/2 . 
XNX=NXZ 
IF(NWIND.EQ.0) GO TO 500 
IF(NWINC.EQ.1) GO TO le0 
IF(NUIND.EC.2) GO TO 5410 
IF(NWIND.EQ.3) GO TO PO0 
IF(NWIND.EQ.4) GO TO 400 

let? DO l(E1 IX=l,NXZ 
AX=I X-1 
IF (AX .GT .XL) H( IX)=CMPLX( 0 .@ ,, C! .@ ) 

le1 CONTINUE 
WRITE(6,102) LAG 

102 FORFAT(lX, 'RECTANGULAR WINDOLl USED 
GO TO l0ee 

200 DO 201 IX=l,NX2 
AXZIX-1 
FAC TCR=l .(?-AX /XL 
H( III )=H (IX )*FACTO€! 
IF(AX.GT.XL) B(IX)=CMPLX(0.0,@.@) 

LAG=', 15) 

2fZl CONTINUE 
WRITE(6,202) LAG 

GO TO 100e 
202 FORMAT(lX, 'EAETLETT WINDOW USED LAG=',IS) 
300 DO 301 IX=l,NX2 

AX=IX-1 
FACTCR=0 .5* (1.0+CCS (PI*AX/XL) ) 

IF (AX .GT . XL B ( IX )=E( IX)*FACTOR 
B ( IX )=CMPLX ( e .  0, 0.0 ) 

201 CONTINUE! 
WRITE(6,3e2) L A G  

902 FORPAT(lX, 'HAPMING-TUKEY VINEOW USED 
GO TO 1000 

400 DO 401 IX=l,NX2 
AX=IX-1 
FACTOR=l .E- (6.0*( (AX/XL)**2) ) +(6.0*( (AX/XL ) * * 3 )  ) 
IF (AX .GT .XL2 ) FACTORz2 . a*( 1.0-( ( AX/XL ) * * Z  ) ) 

LAG=',15) 

H(IX)=R(IX)*FACTOR 
IF(AX .GT .XI,) H(IX )=CMPLX(O .0,0 -0) 

401 CONTINUE 
WRITE(6,402) LAG 

402 FO€!PAT(lX, 'PARZEN WINDOW USED 
GO TO le@@ 

500 WRITE(G,Z02) 
LAG= ', 15) 

502 FORP.AT(lX, 'NO WINCOWING H A S  BEEN APPLIEI!') 
l00@ RETURN 

END 
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REFRACSCTION.DISP 

C PLCTS THE ROOSEVELT HOT SPRINGS REFRACTION DATA 
C REQUIRES : @ASG,TR 11. ,8C9,2479 TAPE ASSIGNMENT 
C FILE #l MUST CONTAIY TCOR ANC ALFHA 

CIMENSION S( 9S,l), SS( 22.2) ,R (10~33) ,TCOR (5) ,ALPBA ( 5 )  
1,NTEGER SS 
I M FL I C I T I N TS GER ( F , T ) 
REAL T ,T1 ,T2, TINCH,TCOR 
DATA SS / 5*1,3*3,3*5,2$6 ,4967 !,8,4*9, 

READ(5,101) XPLOT 
CALL IDPLOT(XFLOT.15 * )  
WRITE (6 ,1438 ) 

C INPUT TRACES TO EE PLOTTED 

$ 1,2,3,4,5,2,3,4,2,~,4,3,q,2,214,2,~,4,5,5,2,2,4,5/ 
C INPUT THE X DIMENSION FOR CALCOKP PLOTTER IN INCEES 

100 FORPAT(lX, ’ENTEII START-THEN END FILE & TRACE’) 

181 FORPAT( 1 
READ ( 5,lel) FILE1 , TRACE 1 ,FI LE 2 ,  TRACE2 

WRITE(6,102) SS(FILE1,l) ,SS(FILE1,2),TRACEl, 

102 FORVAT( 1X, ‘SHOT’, 12, ’ SPREAD’, 12, ’ TRACE’, 13, /1X, 
& S S ( FILE2,l) , SS ( FILE2.2 ) , TRAC E2 
$ ’TO SHOT’,I2,’ SPREAD’,IZ,’ TRACF’,I3) 
IF(SS(FILEl,l).NE.SS(FILE2,1)) GO TO 12245 
FILE=FILE2-FILEl 
IF( FILE .EQ .0) pNSEIS=TRACES-TRACE1+l 
IF(FILE.NE.0) NSEIS=25-TRACEl+(FILE-l)”” -L 4 + T RE. C E 2 

C INPUT TCOR--SPREAC STARTING TIME CORRECTION 
C 

READ(1.103) (TCOR(J),ALFHA(J) ,J=1,5) 
ALPHA-- FACTOR FOR NORMALIZING APPLITUCES 

103 FORPAT( F5. Z ,F10.5) 
C , INPUT 
C 
C ECUALS 1 FOR NO SHADING 
C 
C 

EXP-ALL TRACES PULTIPLIED BY DISTANCE**XXP 
NFILL--EQUALS 9 FOR SHADING POSITIVE PEASS 

XFAC--ALL TRACES WILL BE DIVIDED BY XFAC 
REDVEL--REDUCI NG VELOCITY IN METERS/SEC 

REAC(5,lOl) EXP,NFILL,XFAC ,REDVEL 
F L OV E R=F I L E 1- 1 
TROVER=TRACEl-l 
CALL SKPFLS t i  1 ,FLOVER,TROVER) 

C INPUT X1--STARTING CISTANCE IN METERS 
C XZ--ENCING DISTANCE IN METERS 
C T1--STARTING TIME OF PLOT IN SEC 
C TS--ENCING TIME OF PLOT IN SEC 

READ(5.lel) X1.X2 
REAC(5;lQl) Ti;T2 
NX=IFIX( (XS-X1)/250 .+e .01) 
XINCH=FLOAT(NX)/2.54 
NT=IFIX( (T2-T1+4. )*5.+.@1) 
TP=T2+4. 
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TI NCH=FLOA T (N T ) /Lc . 54 
VRITE(6,104) XlTX2,XINCH,NX 

WRITE (6 , 185) TI, T2, TINCH , NT 
184 FORWAT(/GX, ‘X1 x2 XINCH NX‘,/2F10.@, 1 F10.5,15) 

185 FORMAT(/GX, ’T1 T2 TINCE NT’,/FS.I, 1 F10.1 ,F11.5,15) 

SCALE OF PLOTS X= 4 CM PER KILOMETER 

SX=(X2-Xl)/XINCB 
SZ=(TZ-Tl)/TINCH 
STEP= @ @04/SZ 
NXl=NX+l 
NTl=NT+l 
CALL PLOT(l.,l.,-Z) 
DO 10 I=l,NXl 
X=( 1-1 )/S . f 4  

WRITE(6,lBE) NSEIS 
106 FORPAT(lX,’ NSEIS=’,I4) 

C 
C T= 5 CM PER SEC OF BEDCCED TRAQEL-TIM3 

CALL PLOT(X,0. ,2) 
CALL FLOT (X. . 1 .SI 

10 CALL PLOT(X;O. ;2 j 
CALL PLOT(O.,TINCH,3) 
DO 20 I=l,NTl 
T=TINCH-(I-1)/2.54 
CALL PLOT(0..1.2) r - ,  ~ 

CALL PLOT ( .1 p T  , S i  
20 CALL PLOT(0..T.2) . - -  

FIL=1 

DO 80 I=l,NSEIS 
CALL INOUT (1 , 11, R , 1003) 
NSHOT=INT(B(l)) 
NSPRD=INT(R(Z)) 
NTRAC=INT ( R  ( 3 )  ) 
IF(I.EQ.NSEIS) GO TO 30 
IF ( NTRAC . EQ .2 4 ) CALL SKPFLS ( 1 1 , 1 €3 ) 
IF (NTRAC .EC .24 ) FIL=FIL+l 
IF(NTRAC.EC.lf.OR.NTRAC .EQ.E4) GO TO 913 

ST=R(S)+TCOR(FIL) 
D IST=R ( 8 ) 

C READS ONE FILE FOIi E A C H  TRACE 

30 NPTS=INT(R(B)) 

T=ST-ABS(CIST>/SECVEL 
C FRIKTS OUT SBOT,SPREAD, 6 TRACE TO ASSURE TEAT THE 
C PRCPER PLACE ON THE TAPE IS BEING R E A D  

WRITE(6,le7) NSHOT, NSPRC,NTRAC 
le? FORPAT(lX,’SSOT=’,I2,’ SPREAC=’,I2,’ *** TRACE=’, 

1 IS.‘ ***’I 
WRITE(GT10e) NPTS,DIST,?,NTRAC 

le@ FORPAT(‘ NFTS DIST ST ID’,/16 , 1 F9.0,F10.3,19) 
C INFUT IAMS--ECUAL 1 TC PLOT CUIIR:ENT TFPCE 



107 

C ECUAL 5 TO SKIP ONE TRACE 
C EQUAL 9 TO EXIT P R O C R A M  

REA9(5,101) IANS 
IF(IANS.EQ.9) GO TO 12345 
IF(IANS.EQ.5) GO TO 80 
DO 40 J=1,59Z 
S (J)=R( J+10 )/254@0 . 
DEXP=ABS (EIST/100@ . )**EXP 
YRITE(6,1@9) DEXP 

SC=ALFHA(FIL)*DEXP 
XD=(DIST-Xl )/SX 
CALL FLOT(XD,e.,3) 
N=O 
IPEN=3 
IF(NFILL.EC.9) GO TO 65 

C FOR NO SHADING 
EO 60 J=1,953 
S(J)=-L*S(J)*SC/XFAC 

4@ CONTINUE 

le9 FORPAT(lX.Fl0.5) 

Y=(T+(J-l)*;004-T1)/SZ 
X=XD+S( J) 
CALL FLOT (X .Y , IPEN) 
IPEN=S 

60 CONTINUE 
GO TO 86 

C FOR SEADING POSITIVE PEAKS 
65 DO 78  J=1,993 

S(J)=-l*S(J)*SC/XFAC 
Y=(T+(J-1)+.004-Tl)/SZ 
X=XD+S( J )  
CALL FLOT (X,Y, IPEN) 
IF(S(J).GE.0.0) GC TO E? 
IF(N.EQ.l) GO TO 66 
N = l  
GO TC 67 

66 CALL FLOT(XD,Y,IPEN) 
CALL FLOT ( XD, Y + S T E P ,  I PEN ) 
N=C 

6’7 IPEN=2 
70 CONTINUE 
8 0  CONTINUE 

T=O . 
CALL FLOT(XINCH+l.,T-l.,-3) 
CALL PLOT (0 . ,O. ,999) 

12345 CALL FIN1 
STOP 
E N D  

EWINV .MAIN 
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PRCGRAK FOP. COMPUTING VELOCITY VARIATION WITH CEPTH 
FROM INPUT VELOCITY-DISTANCE DATA, VELOCITIES ARE 
INTERFOLATED USING 2ND DEGREE CURVES FIT TO 3 FOINTS. 
N= NUY3FR OF INTERPOLATED DISTANCE POINTS 
M= NUMBER OF INPUT VELOCITY OR DISTANCE POINTS 
NK = NUMBER OF INTERPOLATED DEPTHS 
DX = DISTANCE INTERPOLATION INTERVAL 
DH = DEPTH INTERPOLATION INTERVAL (LAYEII THICKNESS) 
DIMENSION X(9e),V(90),XXX(180),VV(l~~),Z(l80) 
DIMENSION Vl(90) ,X1( 90) ,Z1( 98 ,H1(90) ,TTL (1€) 
PI=3.14159265 

1 READ(1.43) TTL 
43 FORMAT (16A5) 

READ (1 .2 ) N ,M,NK, EX, DH 
2 FORPAT (315,2F5.3) 
READ(1,3) (X(I),I=l,M) 
WRITE ( 6 , 3  ) (X (I ) , 1=1 ,M) 
READ(1.3) (V(1) ,I=l ,M) 
WRITE(6.Z) (V(I),I=l,M) 

1=0 
XX=X(l)-DX 

K=l 
13 I=I+l 

3 FORHAT (8F10.0) 

5 FORMAT(lBX.Fl5.5) 

6 FORMAT(ZBX,IlQ) 
D=X ( I *X ( I +1) * (X ( I + 1 )-X ( I ) ) +X ( I ) *X ( I +2 ) * ( X ( I ) - 
1 x(I+2))+x(I+l)*x(I+2)*(x(I+2)-x(I+1) 1 
A0= (V( I )*x (I+1 )*x (1+2)* (x ( 1+2 )-x ( 1+1) )+v( I+1) *x ( I ) 
1 *x ( I+2  )* (x (I 1-x( I +2 1 +V( 1+2 1 *fX ( I )*x ( I+l)* (x ( I + 1 ) -  
2 X(I)))/D 

1 X(1+1)**2+(V(I+l)-V(I) )*X(I+Z)**Z)/D 
Al=((V(I+2)-V(I+l))*X(1)**2+(V(I)-V(I+2))* 

A2=(V(I)*(X(I+2)-X(I+l))+V(1+1)*(X(I)-X(I+2))+ 

FRINT 71, D,A0 ,Al, A2, K 

DO 10 J=K,N 
K=J 
XX=XX+DX 

1 v(I+~)*(x(I+~)-x(I)))/D 

71 FORVAT( lX, 4F20.5, I8 ) 

IF (XX,GT.X(I+l)) GO TO 11 
17 VV( J)=AB+Al*XX+A2*XX*XX 

XXX (J )=XX 
le CONTINUE! 

GO TO 12 
11 xx=xx-EX 

GO TO 13 
12 CONTINUE 

K=N+1 
31 K=K-1 

L=K-1 
IF (K.EC.1) G O  TO 32 
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zv=0.0 
D O  I@ I = l , L  
A R = Z . * V V ( K ) / (  VV(  I ) + V V (  I+1)  ) 
DQ=(DX/PI)*ALOG(AES(AR)+SORT(ABS(AR*AR-I.))) 
ZV = ZV+DQ 

30 C O N T I N U E  
2 ( K ) =ZV 
GO T C  31 

33 C O N T I N U E  

H H = 0  . 
J=O 
K=l 

80 J=J+1 

Z(1)=0.0 

I F  ( H H . G T . Z \ N  
HE="-DH 
DO E l  I = K , N K  
K = I  
H H = H H + D H  

1 GO TO 82 

I F  ( B H . G T . Z ( J + l ) )  G O  T O  e0 
A~=(HH-z(J))/(z(J+~)-z(J)) 
V~(I)=VV(J)+AC*(VV(J+I)-VV(J)) 
Xi ( I  ) = X X X  ( J )+Ao* (XXX ( J+I  ) -XXX ( J )  ) 
2 1  ( I  )=BH 

82 H l ( l ) = D B / S .  
81 H I ( I ) = D K  

H 1  (NK)=0.0 
F R I N T  4@.T ' IL  

40 FORPAT ( ) , Z X , l E A Z , / / , 2 6 E  D I S T A N C E  CEPTH 
1 1 6 H P - V E L  T H I C K N E S S )  9 
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