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Seven seismic refraction profiles and four long-distance refraction 

shots have been used to investigate the Salton Sea geothermal area. 

From these data, two models of the geothermal and adjacent area are 

proposed. Model 1 proposes a basement high within the geothermal 

area trending parallel to the axis o f  the Imperial Valley. Model 2 

assumes a horizontal basement in the E-W direction, and proposes a 

seismic velocity gradient that increases the apparent basement 

velocity from east to west approximately 15% within the geothermal area. 

Both models propose basement dip of 3 degrees to the south, yielding a 

thickness of sediments of 6.6 km near Brawley, California, in the 

center of the Imperial Valley. Based on offsets infer 

sedimentary seismic layers of the geothermal area, two 

fault zones are proposed. The respective locations ar 
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2 km south  of Obsidian Butte, the southernmost of five volcanic domes 

a t  the southeastern t i p  of the Salton Sea. A thi rd f au l t  zone, also 

trending NW-SW, migh t  exist a t  Obsidian Butte. 

Sedimentary seismic yelocities reported from throughout  the 

Imperial Valley are  similar t o  the sedimentary seismic velacities found 

i n  the geothermal area. 

reported from the center o f  the valley agree very closely w i t h  sedi- 

mentary seismic velocities o f  the geothermal area. 

reported along the center and margins'of the valley average 6.2 and 

5.3 km/sec respectively. The occurrence of h igh  basement velocities 

along the center of the valley relative t o  the valley margins is inter- 

preted as the expression of a more basic rock type a t  the valley center. 

Emergent h i g h  amp1 i tude  secondary arr ivals  observed beginning near 

In particular, sedimentary seismic veloci t ies  

I 
Basement velocit ies 

8.2 sec on a N-S long-distance record a re  cons 

from basement, and arrivals beginning a t  8.6 sec are consistent w i t h  

reflections from a hori 

beginning near 8.6 sec 

v i  c ic  d i  sconti n u i  ty  . 

ent w i t h  reflections 

u 

i v  
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INTRODUCTION A N D  GEOLOGIC SETTING 

W i t h i n  the Imperial Valley of southern Cali 

Sea geothermal area is one o f  several expressions of  a l a  

physical anomaly related t o  crustal spreading. T h i s  

large reservoirs of ho t  l i q u i d s ,  i s  a candidate 

geothermal energy. The object of this study was 

refraction t o  investigate the known geothermal z 

areas i n  preparation for  such energy resource deve 

The Salton Sea geothermal area is located a 

t i p  of the Salton Sea, i n  the Imperial Valley o 

(Figure 1 ) .  The Imperial Valley, i t s e l f  a po r t ion  o f  

Trough, is  a broad structural  depression containing lacu 

del ta ic  s i l ts ,  sand and gravels of  l a t e  Tertiary age, and t h i c k  

Quaternary alluvium and lake sediments (Dibblee, 1954). The margins 

of the valley are step-faulted, w i t h  Mesozoic o r  older gran i t ic  and 

metasedimentary basement rocks comprising the bordering mountains 

(Elders -- e t  a i . ,  1972) (Figure 1 ) .  

1 

Associated w i t h  the geothermal area are p o s i t i v e  gravity and 
4 

magnetic anomalies, h i g h  heat flow, and recent volcanism (Elders 

- et _- a1 9 1972). The geothermal area also experiences ea 

swarms ( G i l p i n ,  1977; Hill,  1975). These character is t ics  are 

consistent w i t h  the suggestion t h a t  the Imperial Valley is the 

northern continuation of  the G u l f  of California tectonic province 

c 
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i s  located near five rhyolite domes (known as t h e  S 

(Figure 1 ) .  

16,000 and 50,000 years ago (Muffler and White, 196 

xenoliths, most commonly basalt and granite, provide a "grab sample" 

o f  the rocks beneath the valley (Elders, e t  a l .  

spaced approximately 2 km apart  along a northeast trend ( 

7 a l . ,  1976). The southern most of these domes i 

Obsidian Butte. 

These domes were extruded through the 

-- 
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PREVIOUS INVESTIGATIONS 

The ea r l i e s t  geophysical study of the geothermaT area was a 

vertical  intensity ground magnetic survey of t h e  Sal ton  Buttes 

conducted by Kelley and Soske (1936). 

steep magnetic gradients observed near 

sion o f  a sloping underground igneous m 

sion was given. Bas 

the same area,  Griscom and Muffler (-1971) p 

magnetic mass as the cause of a l inear  magn 

through the geothermal area. They caTculated 

of 2.1 km near Obsidian Butte. 

T 

were the -pres- 

on the resu l t s  of an aeromagnetic survey of 
I 

trending W-SE 

A I gravity map o 

A posit ive gravity a 

volcanic domes. App 

B i  ehl er concluded t h  

depth o f  approximately 6 

anomaly. 

studies of the geothermal and adjacent 

o f  well-core data and cuttings from tes 

area,  Randal 

o f  res i s t iv i ty  meas 

and Meidav et  a1 . c1974) proposed the 

fault ing and occurr 

w i t h i n  the geothermal area (Gilpin, 197 

Hill, 1975; and Savage e t  a l . ,  1974). 

W 

4 



i n  the Iniperial Valley (Biehler, 1964; Biehler et a l . ,  1964; and Kovach 

-- e t  a l . ,  1962). The locations of t h e  seismic profi les  a 

Figure 2 (indicated by numbers 1-8) and a summa 

models based on these profiles is given in.Tabl 

near the eastern flank of the valley (East Highline Can 

Canal -2 , Glami s-Ogi 1 by-4) the Mexi can Border-5,6, and t 

flank o f  the valley (Plaster City-7, Supersti t i  

by Kovach -- e t  a l .  (1962). The East Highl ine  Canal prof i le  proposes 

basement depth o f  3.05 kin and a velocity o f  5.5 km/sec 

flank o f  the valley. Additional seismic velocity models near the eastern 

flank of the valley (Frink), the center (Westmoreland), and western 

flank o f  the valley (Truckhaven) are provided by Biehler (1964) and 

Biehler -- et  a l .  (1964). The F r i n k  profile proposes basement depth of 

2.23 km and velocity o f  5.38 km/sec near the eastern flank o f  the 

valley. The Truckhaven profile proposes a depth of 1.69 km and 

velocity of 5.39 km/sec near the western flank o f  t h e  valley. 

Westmoreland profile porposes a basement velocity of 6.4 km/sec, and - 
extrapolating basement 

of approximately 6 km. 

toward the 



Index Map showing location o f  previous ref 
tion profiles in the Imperial Valley (afte 
Biehler, 1964). Letters (A)-( 
denote seismic cross-section 1 ines used by 
Biehler. The number 1-8 denote seismic 

3-East High1 ine Canal, 4,s-Superstition Hill 
5-6-Mexican Border. 7-Plaster City. 

- profiles: 1-Glamis-Ogil by, 2-Coachella Cana I 



. - _ _  - - . _ _ .  _. 

TABLE 1 

SUMMARY OF PREVIOUS SEISMIC VELOCITY INFORMATION OF THE IMPERIAL VALLEY 

Coachel 1 a P l a s t e r  9 Supersti t i o n  8 Glamis- 7 5 E. High1ine4 Hexican 
Canal Border Canal Cl ty Ogi 1 by n i i i s  

-- .-- -- Wes tmorel  and Truckhaven 2 F r l n k 3  

1.70 (0.18) 1.67 (0.12) 1.85 (0.15) 1.75 (0.43) 1.85 (0.49) 1.91 (0.4) ---- ----- - - v -  ------ 1.72 (0.21) 

1.96 (0.55) ---- ------ 2.07 (0.46) 2.32 (0.97) 2.31 (0.51) 2.22 (0.44) 2.11 (0.8) 2.12 (0.55) 2.13 (0.35) 

2.71 (0.975) 2.32 (0.26) 3.04 (0.43) 2.62 (0.26) 2.60 (1.19) 2.67 (0.75) ---- ----- ---- ------ 2.41 (1.20) 

3.76 (1.19) 3.69 (0.73) 4.20 (1.19) 3.81 (1.42) 3.63 (1.37) 3.37 (1.24) ---- ----- ---- ------ 3.26 (1.00) 

4.70 (2.68) --e- ------ _--- -- --__ - _ _ e  - _ a _ _ _  4-72 ---- ------ ---- - - -e -  ---,. ------ 4-33 

6.40* 5.38* 5.39* 5.5*  6.1* 5.86* 5.64* 

*Basement v e l o c i t y .  

VELOCITIES I N  KM/SEC. I 
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REFRACTION INSTRUMENTATION AND FIELD METHODS 

To investigate the sedimentary section and basement depth 

n the geothermal area, seven seismic refraction prof i les  were 

(Figure 3). Shot points were chosen.for ease of accessibi l i ty  

and s t ra teg ic  location w i t h i n  the geothermal area. The northern 

section of the geothermal f ie ld  was inaccessible due t o  flooding 

and agricultural  act ivi ty .  

maximum interrogation of the geot hemal 

information from previous seismic refract i  

and south (Biehler, 1964). 

shots were used t o  investigate areas adjacent t h e  geothermal area. 

A summary of shot-point and prof i le  informatfon is  contained i n  

Table 2. 

The profile tines were chosen t o  provide  

and also t o  augment 

Four additional long-distance refraction 

The seismic p r  

and moving the dete 

prof i 1 es were reversed. 

points (F igure  3) ,  t h u s  i 

T h i s  provides a check on depth calculations. 

were shot keeping t h e  

spread progressive1 

ro f i l e  l ines  inte  

Two seismic refraction s 

the seismic data, w i t h  both systems reco 

primary system consisted of two Dresser SIE 

amplifiers and a 24-channel 

junction w i t h  24 8hz geophon 

length was 1400 meters, w i t h  

meters. The secondary syste 

w i t h  12 8hz geophones. The spread-length was 335 meters, w i t h  a 

U 

t 8 
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TABLE 2 

SUMtlARY OF SHOT-POINT LOCATIObIS 

Shot- Poln t Locat ion  
Reverse 

z - Forward - 
1 20.7 Obsidian n u t t e  East H igh l i ne  Canal a t  S i n c l a i r  Road 

(33'10.16'N. LAT, 115'37.9'W. LONG) 

(33'10.15'N. LAT, 115'37.9'W. LONG) 

Obsidian Bu t te  
(33'1 0.16". LAT , 11 5'37.9'W. LONG) 

1 . 1 . 0 .  V a i l  L a t e r a l  6 a t  Lindsay Road 
(33'8.85". LAT, 115'38.9'W. LONG) 

I . I . D .  V a i l  La te ra l  7 a t  Young Road 
(33'7.9". LAT, 115°39.9111. LONG) 

Alamo R ive r  
(33'10.8'N. LAT, 11 5'34.75'W. LONG) 

I . I . D .  V a f l  L a t e r a l  5 a t  Severe Road 
(33'6.25". LAT, 115'37.R'W. LONG) 

Sta te  Highway 111 near F r ink  Spr ing  
(33'20.3'N. LAT, 115'37.7'W. LONG) 

Ent ry  t o  Sa l ton  Sea Test Rase Road 
(33'10.6'N. LAT, 115'53.4'61. LONG) 

New R ive r  a t  Severe Road 

(33'10.57 I N .  LAT, 11 5'24.7'W. LONG) 

(33'10.2'N. LAT, 11 5'34.2'W. LONG) 

Westslde Canal 
(32'53.4". LAT, 115'38.03' W .  LONG) 

Alamo R ive r  a t  L indsay Road 
(33'R,85'N. LAT, 115'34.06'W. LONG) 

Alamo R i v e r  a t  Young Road 
(33'7.9". LAT, 115'33.97'W. LONG) 

I n t e r s e c t i o n  of K a l i n  Road and Bowles Road 
(33'7.07". LAT, 115'34.57'W. LONG) 

I 

5.8 Obsidian Bu t te  Alamo R lve r  a t  KcKendry Road l* 

d 
0 
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geophone spacing of 30.5 meters 

Shot  holes were dr i l led to  depths between 10 and 16 meters. 

Explosive charge s izes  ranged from 4.5 kg t o  67.5 kg of DuPont 

60% h i g h  velocity seismic gel. For long-distance s 

o f  DuPont Pourvex Extra was usedJ w i t h  300 kg i n  t h  

holes. 

The seismic data were collected between Apr i l  

1975, w i t h  the a i d  o f  student volunteers and employ 

Ins t i tu te  o f  Geophysics and Planetary Physics from 

o f  California a t  Riverside. 

L 
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REFRACTION PROFILE DESCRIPTIONS 

Firs t  arr ivals  and a l l  major secondary arr ivals  are  presented 

i n  conventional time-distance plots. 

easily be read t o  +0.02 sec. Weak arrivals and any unusual 

behavior i n  f i r s t  energy are discussed i n  the text  of individual 

profiles. 

Most f i r s t  a r r iva ls  could 

Examples of the refraction arr ivals  are presented i n  

Figure 4.  

The f l a t  topography of the survey area and use of shallow 

s h o t  hole depths made elevation corrections unnecessary. 

Profile 1 

Th i s  profile (shown i n  Figure 5) was n o t  reversed i n  the con- 

ventional sense. The reverse profile was s h o t  0.8 km nor th  of the 

forward profile because of the lack of acceptable shot -poin t  loca- 

t ions along the l ine  of the forward profile. For purposes of 

interpretation, the data are presented i n  a reverse-profile format. 

Arrivals of 0.35 km/sec occurred as easily read secondary 

events. These arr ivals  were observed i n  

recording i n  the forward direction CFigu 

of these arr ivals  from other recordings 

.. 

f background noise genera 

conceal i n g  their  presence. 

0.35 km/sec a re  assumed p 

by a dashed-line i n  Figure 5 ) .  

First arr iyals  of 1.70 kmjsec were easily read i n  recordings u 



Representative tracing o f  recorded arrivals 

(A)  easily read arrivals 

[B) weak and noisy arrivals 

( C )  weak arrivals, w i t h  emergent secondary pe 

Tic marks c ' )  indicate interpreted f i r s t  breaks, an 

secondary arrivals. 
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---7 

a 

- .. 
Figure 6 

Representative tracing of refraction recording w i t h  1.70 km/sec 
f i r s t  arr ivals ,  represented by t i c  marks ( ' ) ;  interpreted reflec- 
t i o n  arr ivals  represented by A;  arr ivals  o f  0.35 km/sec, repre- . 
sented by V. 
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occurred i n  recordings of the forward directi  

i n  the 1.70 km/sec arr ivals  recorded a t  0.5 km (Figure 6).  A calcula- 

t i o n  assuming a horizontal reflecting interface and a two-way travel 

time of 0.2 sec yields a depth of 0.17 km. eparture from a l inear  

f i t  occurs a t  1 km i n  the 1.70 km/sec f i r s t  arr ivals  i n  the forward 

direction (Figure 5). Errors i n  t iming  and f i e ld  procedure can 

eliminated. 

yielded a velocity of 2.86 km/sec. 

interpretation of Profile 7 .  

Obtaining a best f i t  t o  the a r r iva ls  showing the departure 

Further discussion is given i n  the 

First a r r iva l s  of 1.98 km/sec were easi ly  read in recordings of t h e  

reverse profile. 

from both profile directions. 

as  emergent secondary events i n  recordings o f  the forward direction. 

First arr ivals  of 2.80 km/sec observed i n  recordings o f  the reverse 

direction were weak. 

Emergent secondary arr ivals  were observed i n  recordings 

The arr ivals  of 2.86 km/sec were observed 

The f irst  arr ivals  of 4.05 km/sec were easi ly  read i n  t h e  forward 

direction recordings. 

of 4.05 km/sec occurred as weak secondary events. A t  4.5 km an offset 

of approximately 0.1 sec occurs i n  the 4.05 km/sec first a 

(Figure 5) ,  which  is interpreted a s  resulting from a f a u l t  

of 215 meters. 

In recordings of the reverse direction, a r r iva ls  

The f i r s t  arr ivals  of 4.63 km/sec i n  recordings of t h  

direction were noisy and weak (Figure  7). 

arrival times were - + 0.05 sec, g iv ing  a range i n  

Uncertainties i n  first 

erpreted apparent 

velocity of - + 10%. 

velocity. 

Secondary arr ivals  aided i n  establishing the apparent 

First arr ivals  of 5.03 km/sec we 
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of the reverse direction. 

reverse (5.03 km/sec) apparent velocities indicates an easterly dip 

The difference in forward (4.63 km/sec) a 

on the order of 3 to 5 degrees. 

The first arrivals of 7.07 km/sec occurring in t 

direction recordings, interpreted as basement arrival 

weak (Figure 8). 

giving a range in interpreted apparent velocity of 

arrivals aided in establishing the apparent velocity. 

Uncertainties in first arrival times 

The arrivals o f  5.49 km/sec occurring in the fo 

interpreted as basement arrivals, are discussed in 

distance shot 4. 

Difficulties with the timing system were encountered by the 

secondary refraction recording system in the reversal o f  this profile. 

The first arrivals recorded by the secondary system are plotted with- 

out correction for the time o f  detonation of the explosive charge 

(Figure 5). These arrivals aid only in establishing the apparent 

layer velocities. The primary refraction recording system suffered no 

such malfunction. 

The interpretation of the seismic data of Profile 1 shows a 
( 

discrepancy of 0.3 sec in the forward and reverse direction reverse 

paints (Figure 5). It is doubtful that such a discrepancy i s  due 

only to the 0.8 km between the forward and reverse profile lines. 

possibility of missing seismic layers due to weak first energy arrivals 

The 

is also doubtful, as seismic layer velocities obtained from s i  

the east and north (Biehler, 1964) agree well wit 

seismic velocities in Profile 1. A remaining alt 
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c i 

Figure 8 

Representative tracing of refraction record- 
ing with weak and noisy f irs t  arrivals of  
7.37 km/sec. 
indicated by the t i c  marks ( ' ) .  
secondary peak i s  Ondicated by a. 

t.) 

Interpreted f irs t  breaks are 
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po in t  discrepancy is  the crossing o f  one o 

detected i n  Profile 1. T h i s  is  certainly 

faul ts  have been inferred w i t h i n  and adjacent the geothermal area 

(compiled by Jennjngs, 1975). These fau l t  

Andreas fau l t  zone, which, i f  extended south alo 

the Salton Sea (Jennings, 1967), passes through the area 

by Profile 1. 

Profile 1* 

The seismic data of this profile are present 

Profile 'I* was shot along the same line as 

For interpretive purposes, arr ivals  of 0.35 km/sec, denoted 

l ines  i n  Figure 9, are  assumed present i n  b o t h  prof i le  directions. 

The  duration time of recording d i d  not allow resolution o f  these arr ivals .  

For interpretive purposes, arr ivals  of 0.35 km/sec, denoted 

l ines  i n  Figure 9, are  assumed present i n  b o t h  prof i le  directions. 

The  duration time of recording d i d  not allow resolution o f  these arr ivals .  

Further discussion is contained i n  the introduction t o  t h e  refraction 

profile interpretations. 

The f i rs t  arr ivals  o f  1.70 km/sec were easily read i n  recordings 

from b o t h  profile directions. Beginning a t  1 kin, a departure from a 

l inear f i t  occurs i n  the 1.70 km/sec first  a r  

i n  t iming  and f ie ld  procedure can be eliminat 

t o  the arr ivals  showing the departure yielded 

Further discussion is  given i n  the interpretation o f  

The first arr ivals  o f  1.98 km/sec were e 

direction recordings. Arrivals of 1.98 km/se 

secondary events i n  the forward direction. 
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Firs t  arr ivals  o f  4.05 km/sec were e 

directicns. No 4.05 km/sec arr ivals  were 

t i o n  recordings. Easily read f i r s t  arr ivals  of 4.51 km/sec were 

observed i n  the forward direction. 

Extrapolating the 4.05 km/sec arr ivals  t o  a reverse poi 

comparing w i t h  the reverse p o i n t  obtained from the 4.51 km/s 

yielded a discrepancy of 0.1 sec. 

an obscure 0.1 sec of fse t  i n  the 4.05 km/sec a r r iva l s  produced by the 

fau l t  detected i n  Profile 1. 

T h i s  descrepancy was ex 

Lack of recordings beyond 2 km i n  the 

forward direction of Profile 1* prevented resolution of this faul t .  

Profile 2 

The seismic data of this profile a re  presented i n  Figure 10. 

For interpretive purposes, a r r iva ls  of 0.35 km/sec, denoted by dashed 

lines i n  Figure 10, are assumed present i n  b o t h  profile directions. 

Further discussion is contained i n  the introduction t o  t 

prof i le  interpretations. Arrivals of 1.70 kmjsec occurred as easily 

read f i rs t  and secondary events i n  the forward direction recordings. 

In the reverse direction recordings, no 1-70 km/sec a r r iva l s  were 

observed. Easily read first arr ivals  and emergent secondary a r r iva ls  

of 1.95 km/sec were observed i n  recordings of both prof i le  

Arrivals of 2.80 km/sec were noisy i n  the forward d i r ec t  

recordings, and easi ly  read i n  recordings of the reve 

Emergent secondary a r r iva ls  were observed i n  the f o  

recordings and 3.72 km/sec arr ivals  i n  the reverse d i rec t i  

were easi ly  read. 
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Figure 11 

Representative tracing o f  refraction recor 
w i t h  noisy f i r s t  arr ivals  o f  5.18 km/sec. 
Interpreted first breaks are indicated by 
t i c  marks I ' )  

* - 
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The f irst  arr ivals  o f  5.18 km/sec i n  the recordings o f  the W 

forward direction were noisy (Figure 11). 

arrival times were - + 0.05 sec, g i v i n g  a range i n  interpreted apparent 

velocity o f  - + 10%. Secondary arr ivals  aided i n  esta 

apparent velocity. The 5.18 kmfsec arr ivals  a re  n o t  interpreted as 

basement events, as the signature of the f i r s t  arr ivals  exhibits a 

h igh  frequency content that  i s  not consistent w i t h  basement a r r iva ls  

Uncertainties i n  f i rs t  

ng the 

. (personal communication, Biehler, 1978). A discussion o f  frequency 

content and seismic layer interpretation is contained i n  Dohr (1974). . 

Arrivals of 5.18 km/sec were not observed.in the reverse direction. 

The first arr ivals  o f  6.40 km/sec i n  the reverse direction 

recordings were noisy and weak, Uncertainties i n  first arr ival  

times were - + 0.05 sec, g iv ing  a range i 

of - + 10%. Secondary arr ivals  aided i n  

velocity. The  6.40 km/sec arr ivals  are  

No basement arr ivals  were observed i n  t 

Profile 3 

4 

The seismic data o f  t h i s  profile a 

retive purposes, arr ivals  of 0.35 km/sec 

2, are assum 

cussion i s  contain 

erpreta ti ons. Fi  r 

ecordi ngs were weak . Emergent 

kmfsec occurred in the forward directio 

departure from l inear i ty  begin a t  1 km. Errors i n  timing and field 
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u procedure can be eliminated. 

showing the departure yielded a velocity of 2.86 km/sec. 

discussion is given i n  the interpretation of Profile 3. 

Obtaining a best f i t  t o  the a r r iva ls  

Further 

Noisy f irst  a r r iva ls  of 2.80 km/sec were observed i n  the reverse 

direction recordings. The secondary arrivals of 2.86 km/sec i n  the 

forward direction were weak and noisy. 

The f i r s t  arr ivals  of 4.05 km/sec were easily read i n  recordings 

of the forward direction. Arrivals o f  4.05 km/sec were not observed 

i n  the reverse direction recordings. :Easily read f i rs t  a r r iva ls  of 

5.03 km/sec occurred i n  the reverse direction recordings. Arrivals 

of 5.03 km/sec were not observed i n  the recordings of the forward 

direction. 

Due to  logistical  problems, no recordings were made between 

4.5 and 5.5 kin i n  the reversed profile. 

Profile 4 

The seismic data of thjs profile are presente 

For interpretive purposes, a r r iva l s  o f  

l ines  i n  Figure 73, are assumed present 

Further discussion is containe 

profile interpretations. 

read i n  the reverse direct  

ed i n  t he  recordings 

1.98 km/sec were easily 

c 
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L, The f i rs t  a r r iva l s  of 2.86 km/sec i n  the forward direction record- 

ings were noisy. Departures from a l inear f i t  are  attr ibuted t o  

uncertainties i n  first a r r iva l  times (+ - 0.04 sec). Emergent secondary 

a r r iva ls  were observed i n  the forward direction recordings. 

a r r iva ls  of 2.80 km/sec i n  the reverse direction recordings were easily 

read. 

First 

The first arr ivals  of 4.05 km/sec i n  the forward direction record- 

ings  were easily read. Arrivals of 4.05 km/sec were n o t  observed i n  

the reverse direction recordings. 

km/sec occurred i n  the reverse direction recordi 

5.03 km/sec were not observed i n  recordings of the forward direction. 

en the zero-point 

Easily read f i r s t  a r r iva ls  of 5.03 

Arrivals of 

Logistical problems prevented recordings be 

and 3 km. 

Profile 5 

The seismic data of this profile are  presented i n  Figure 74. For 

interpretive purposes, arr ivals  o f  0.35 

lines i n  Figure 14, are assumed present 

Further discussion is containe 

interpretations. The 

reverse direction recordings were easil 

in the forward direction recordings occurr 

events. First arrivals o 

he recordings of both  p r  

of 2.80 km/sec occurred i n  t h  

reverse direction f i r s t  arr ivals  of 2.80 km/sec show an offset  o f  61 
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w i t h  a throw o f  100 meters. 

Firs t  arr ivals  o f  3.66 km/sec were easily read i n  the forward 

direction recordings. Arrivals of 3.66 km/sec were not observed i n  

the reverse direction. 

occurred i n  recordings of the reverse direction. Arrivals of 5.18 

Easily read f i r s t  a r r iva ls  of 5. 

km/sec were not observed i n  the forward direction. 
I 
I 

Profile 6 

I The seismic data of this profile are  presented 

For interpretive purposes, arr ivals  of 0.35 km/sec 

dashed l ine i n  Figure 15, are  assumed t o  be present. F u r t h e r  ,discussion 

1 

is  contained i n  the introduction t o  the refraction prof i le  interpretations. 

First arr ivals  of 1.95 km/sec were weak and noisy. 

f i r s t  arrival times were - + 0.1 sec, g i v i n g  a range i n  interpreted 

apparent velocity of + l o % .  

i n g  the apparent velocity. 

read. The f i r s t  arr ivals  of 3.72 km/sec were noisy and weak. Noisy 

Uncertainties i n  

Weak secondary a r r iva ls  aided i n  establish- 

The f irst  arr ivals  o f  2.80 km/sec were easi ly  

secondary arr ivals  aided i n  establishing the apparent velocity. 

Logistical problems prevented recordings between the zero-point 

and 2 km. 

Logistical problems prevented recordings between the zero-point 

and 2 km. 



-DISTANCE REFR CTION SHOT DESCRIPTIO!4S 

Arrivals from this shot are presented i n  Figure 16. First 

Shot 1 

arr ivals  could n o t  be read accurately due to  h i g h  background noise. 

Secondary arr ivals  of 6.57 and 5.03 km/sec were weak. The 6.57 

km/sec arr ivals  are interpreted as  basement events. 

The apparent basement velocity obtained l’n Shot 1 c6.57 km/sec) 

is i n  close agreement w i t h  that  obtained in Profile 2 (6.40 km/sec). 

The 5.03 km/sec velocity is i n  close agreement wl’th the apparent , 
, 
I seismic velocities reported i n  Profiles, 1, 2 ,  3, 4 and 5 (5.03 
~ 

km/sec i n  Profiles 1, 3 and 4; 5.18 km/sec i n  Profiles 2 and 5). 

Shot 2 

, 

Arrivals from t h i s  shot are presented l’n 

arr ivals  could n o t  be read accurately due t o  h i g h  background noise. 

Secondary arrivals o i  5.2 

basement events. A discussion 

re i n  exact agreemen 

L., first arrivals of 5.77 km/sec we 

a r r iva l s  of 5.77, 3.16, 2.80 and 1.95 k 

34 c 
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Following the f i r s t  arr ivals ,  emerge 

were observed beginning a t  8.2 sec (F igur  

o f  these events is suggestive of ref lect io  

Biehler, 1978). Assuming these events a r  

shot p o i n t  t o  detector distance of 29 k 

sedimentary sectton velocity of 3.9 km/sec cco 

information from Profiles 1-5), the  two-way t r  

implies a reflecting horizon a t  a depth o f  approx 

T h i s  depth is consistent w i t h  proposed basement d 

Valley. 

analysis of Profile 2 yields a d e p t h  of 6.6 k 

o f  the computed two-way travel time depth  w i t h  p 

depths. suggests the events beginning a t  8.2 

t ions from basement- 

Biehler (1964) has proposed a basemen 

are indeed reflec- 

Beginni'ng a t  approximately 8.6 sec [Figure 171, a second set  

o f  emergent h i g h  amplitude a r r tva ls  were obs rved. 

geophones most d i s t a n t  from the shot  point come i n  sooner than 

The a r r iva ls  a t  

arr ivals  a t  the closer geophones. Assuming these a r r iva l s  a re  

reflections [suggested by the high a 

depths can be computed tha t  f i t  the two-way tr  

mately 8.6 sec. Unpublished seismic 

seismic s ta t ion recordtngs o f  Shot 3 (courtesy of Had 

provtde crustal velocity information 

expressed by the f i r s t  seven data points  sh 

range of 5.7 t o  6.3 km/sec. Assuming 

and a constant average crustal vel 
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w i t h  v e l o c i t y  informat ion from P r o f i l e  2), a depth on t 

23 km i s  consistent w i t h \ a  two-way t rave l  t ime o f  8.6 s 

a m n s t a n t  average c rus ta l  v e l o c i t y  o f  6.3 km/sec, a depth o 

consis tent  w i t h  an 8.6 sec two-way t rave l  time, and a d 

i s  cons is tent  assuming an average c rus ta l  v e l o c i t y  o f  C. 

These computed depths are  consis tent  with the depth t o  Mohorovicic 

d i scon t inu i t y  (Moho) i n  the  Imperial  Val ley (21 k B i e h l e r  

(1964) based on a regional  g r a v i t y  study. A minimum depth 

18 km a t  the head o f  the Gu l f  o f  C a l i f o r n i a  was d e t e h i n e d  

(1964). The close agreement o f  the  computed two-way 

w i t h  the proposed depth t o  Moho, suggests the  a r r i v a  

8.6 sec a re  r e f l e c t i o n s  from Moho. 
The problem remains t o  expla in  w h y  events a r r i v e  sooner a t  t h e  

fa r the r  geophones. The t rave l  t ime of the i n f e r r e d  Moho r e f l e c t i o n s  

a r r i v i n g  a t  the  far ther  geophones Csouth end of spread) i s  l ess  than 

t h a t  of r e f l e c t i o n s  a r r i v i n g  a t  the  c loser  geophones (nor th  end of 

spread). This suggests a d i p  o f  Moho toward the no r th  could be t h e  

cause. Assuming a one-layer c rus ta l  model with a constant average 

c rus ta l  ve loc i ty ,  the depth t o  the  r e f l e c t i n g  hor izon can be so lved 

as a func t ion  o f  t r a v e l  t ime and measured distance from t h e  shot 

po int .  A t r a v e l  t ime o f  8.62 sec observed a t  a 

(Figure 17) y ie lded  a depth o f  21.22 km (assumi 

velocl’ty of 6.Q km/sec). S imi la r ly ,  a t r a v e l  t i 

observed a t  a distance of 2Q.30 km (Figure 17) y ie lded  a d 

21.35 km. The di f ference i n  depth o f  0.13 km w i  

t a l  d istance of 0.20 km y i e l d s  a d i p  on the  order o f  30 deg 
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Admittedly, the calculation i s  very crude and subject t o  error because 

o f  the limited data  base. 

sharp local dip o f  Moho could explain reflections arriving ea r l i e r  a t ’  

the farther geophones. A regional d i p  o f  Moh 

p e e s  toward the north has been proposed by 

U 
However, the calculation does show t h a t  a 

f approximately 10 

dley (1978) based on 
I 

P-delay studies i n  the Imperial Valley. Additional information i s  needed 

t o  resolve the problem of the early arr ivals  a t  t h e  far ther  geophones. 

Shot 4 

/ 

low-f requency signature, 

basement events. Later occ 

read accurately. 
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The seismic profile interpretations were const 

information obtained from time-intercept formu 

Mota (1954) for  reversed sel'smic refraction p r  

the seismic models, data from a l l  profiles were used t 

existence o f  seismic layers no t  detected i n  e i ther  

reverse direction recordings. 

obtained from sites where the setsmic profiles interse  

calculated depths of the sel'smic velocity layers in te  

identical should agree, have also been incorporated 

t i o n  of the profile interpretations, Discrepancies 

depths a t  these depth-control intersection s i t e s  have been used t o  

Use of controls on de  

infer  structures . t h a t  would affect  the calculated layer t h i  

Data from wells w i t h i n  the geothermal area was not useful i n  the 

preparation of the seismic interpretation models. 

were not adjacent t o  the seismic profile l ines,  and did not reach suff i -  

cient depths t o  aid i n  the resolution of deep seismic layers (greater 

The well locations 

t h a n  3 km) o r  basement. The deepest wells reached dep ths  o f  2100-2400 

meters, b u t  core data was limited. 

o f  l i t t l e  use i n  the matter of seismic layers a t  depth. 

Information f rom sha 

All profiles were interpreted assuming the presence 

km/sec seismic layer detected i n  Profile 1. 

assumption are  the close proximity of the profiles t o  each o 

strong s imilar i t ies  i n  the near-surface sedimentary cover observed i n  

In support 





I .  

A sumary of the information contained in the prof i le  

t ions is contained in Table 3. 

Profile 1 

Two 3nterpretations of Profile 1 , differing only i n  

i n  the east-west direction, are presented i n  Figures 1 

interpretations show a fau l t  occurring w i t h i n  the sedi 

between 3 and 4 km from Obsidian Butte. The 

f a u l t i n g  i n  the 1.98 and 2.83 km/sec seismic layers a re  poor 

a s  t h i s  interpretation was based on secondary arr ivals .  The throw 

(215 meters) and location of faulting i n  the 4.05 km/sec s 

were computed from the 0.1 sec time delay observed i n  the 

Arrivals from the 4.82 and 6.13 km/sec seismic layers gave no apparent 

indication of faulting. 

The seismic layers of the sedimentary section, w i t h  on 

have very shallow d i p s  ( less  t h a n  1 degree). The exce 

km/sec seismic layer, has an easterly d i p  calculated 

(5 10%). 

The poin t  o f  intersection w i t h  Profile 5 is indicate 

19 and 20. The agreement i n  calculated depths ,  with o 

(refer t o  Profile 5 interpretation), was very good, w i t h  no differences 

greater than 10%. 

The h j g h  apparent basement velocity of 7.07 km/sec, 
, 

the reverse direction of Profile 1 ,  can be explained w 







models shown i n  Figures 19 and 20. The i n t e r p r e t a t i o n  presented i n  

Figure' 19 shows basement dipping sharply t o  the east w i t h  a ca lcu la ted  

d i p  o f  7.5 degrees. 

depth t h a t  i s  consistent w i t h  the absence o f  basement a r r i v a l s  from 

toward the  east), and 

The d i p  t o  the east produces an increasing basement 

ecordings o f  the forward d i r e c t i o n  (shooti  

y i e l d s  the high apparent up-dip v e l o c i t y  (7.07 km/sec) i n  the reverse 

d i rec t i on .  Extrapolat ing basement t o  the west denoted by question 

marks) y i e l d s  a depth of 2 km a t  Obsidian Bu t t  

depth o f  5 km a t  East H igh l ine  Canal. 

and t o  the east a 

f i c i e n t  data a re  not ava i l ab le  

t o  resolve the 4.82 km/sec and basement in te r faces  a t  t h e  west end o f  

the p r o f i l e .  The i n t e r p r e t a t i o n  presented i n  Figure 20 shows a 
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Calculated travel times indicate t h a t  t h i n n i n g  of  

seismic layer by approximately 0.25 km i n  the ran 

7.5 km (assuming remaining layers are  constant i n  

ailow f i r s t  arr ivals  from the 2.83 km/sec seismic 

I between 1 and  1.5 km. Outside this range, arriva 
L 

and 2.83 km/sec seismic layers occur as  secondary 

t h i n n i n g  of the 1.98 km/sec seismic layer i s  therefore 

I explain the occurrence o f  f i r s t  arr ivals  from the 
I 

layer between 1 and 1.5 km. 

Figures 13 and 20 so as to avoid confusion w i t h  offse 

more accurate depth-control information. 

The proposed t h i n n i  

Profile 1* 

The seismic interpretation of Profile 1* is presented i n  Figure 

21.  The 1.98, 4.05 and 4.51 km/sec seismic layers a re  interpreted 

as  horizontal, due t o  a lack of reversal information. 
~ 

I 

1 

~ 

1 
~ 

1 

Arrivals o f  4.51 km/sec were not observed i’n any other prof i le  
, of this investigation. 

resu l t  from a previously undetected seismic layer. 

volcanism i n  the area, i t  t’s possible these a r r i  

from dike-swarms or  flows tha t  have intruded t h  

I t  is  unlikely therefore tha t  these a r r iva ls  
I 

I n  view of h i s tor ic  

As Profile l* Cforward direction) was identical  w i t h  the forward 

direction l i ne  of Profile 1, and both profiles 

and geophone spread locations, the a r r iva ls  sho 

f i t  t o  1.7Q km/sec beginning a t  1 km i n  both pr 

I the same source. Lack o f  recordings i n  Profile 
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observance o f  arr ivals  from the 2.83 km/sec seismic layer. 

discussion, refer  t o  the interpretation o f  Profile 1.  

For further 
W 

Profile I 2 

The seismic interpretation of Profile 2 i s  presented i n  F igure  22. 

Discrepancies i n  calculated seismic layer dep ths  a t  the points where 

Profiles 3, 4 and 6 intersect Profile 2 have been used to  infer  fau l t s  

i n  the sedimentary section between the zero-point and 6 km. The throws 

and locations of faulting cannot be precisely detailed w i t h  the 

existing data, as  the depth-control information from Profiles 3 

and 4 rely on extrapolations 'of seismic layer interfaces. 

W i t h  one exception, the interpreted seismic layers have very 

shallow dips. Calculated d i p s  of the sedimentary s 

ere less than one degree c+ 10%). The  exception, 

a calculated d i p  of 3 

t o  the north yields a 

la t ion o f  basement to  

Brawley, California (Figure 1 ) .  

The absences of c 

f the forward or reverse direction a re  conststent w i  

nterpretation o f  Profile 2. The absence of 1.70 
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f i r s t  energy o r  masking. 

creating a velocity contrast w i t h  the 3.69  km/sec s 

approximately 1.75 t o  1 ,  together w i t h  the gradual 

The decrease i n  basement 

5.18 km/sec layer toward the north, could have been capable of 

concealing the presence of a r r iva ls  from the 5.18 km/s 

layer. 

could be a resul t  o f  the proposed basement d i p  t o  the south. 

Profile 3 

The absence o f  basement a r r iva ls  i n  the forward direction 

The seismic interpretation o f  Profile 3 is  presente 

Discrepancies i n  calculated layer depths a t  the poi 23.  

Profiles 2 and 5 intersect Profile 3 were used t o  infer  f au l t s  i n  

the sedimentary section. The throws and locations o f  faul t ing cannot 

be precisely detailed,  as the depth-control i’nformation r e l i e s  on the 

extrapolation o f  seismic layer interfaces.  

The seismic layers, w i t h  one exception, have very shallow d i p s .  

Calculated dips were less than one degree (+ - lo%) ,  w i t h  the exception 

of the 4.82 km/sec seismic layer,  which has a calculated dip t o  the 

east  of approximately 4 degrees [+ - 10%). 

The absences o f  certain seismic layer a r r iva ls  from recordings 

of the forward or reverse direction a re  consistent w i t h  t h e  seismic 

interpretation o f  Profile 3 .  The absence o f  ’1.98 km/s 

from the forward direction recordings is  consistent w i  

o f  the 1.98 km/sec seismic layer i n  the west (based on 

and the larger velocity contrast (1.7 t o  1 )  produced by t h  

2 .83  km/sec seismic layer w i t h  the 1.70 km/sec seismic l a  
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absence o f  4.82 km/sec seismic layer a r r iva ls  from 

t i o n  recordings is  consistent w i t h  the inc 

kfijsec layer produced by the eastward d i p .  

a r r iva ls  from recordings of the reverse dire 

the proposed t h i n n i n g  of the 4.05 km/sec s 

The arr ivals  beginning a t  1 km i n  t h  
- 

(Figure 12) that  show an apparent depart fro 

preted as first a r r iva ls  from the 2.83 kmjsec seismic 

interpretation i s  based on the 2.86 km/se 

through a best f i t  of the a r r iva ls  and ca 

Calculation of travel times indicate tha t  

of the 1.98 km/sec seismic layer o f  0.25 km (assu 

layers are constant i n  thickness) near 1 kin would a l l o  

from the 2.83 km/sec seismic layer t o  beg’l’n a t  1 km. A t  distances 

less  than 1 km, arr ivals  from the 1.93 and 2.83 km/sec seismic layers 

occur as secondary events. Local t h i n n i n g  of the 1.98 km/sec seismic 

layer near 1 km is therefore proposed to  explain first a r r iva l s  from 

the 2.83 km/sec seismic layer occurri’ng a t  1 km. The proposed 

t h i n n i n g  i s  not shown i n  Figure 23 so a s  to avoid confusion w i t h  

offsets inferred from more accurate depth-cont 

Prof i le  4 

The seismi’c interpretation of Profile 4 i 

24. 

where Profile 2 intersects  Profile 4 were used 

the sedimentary section. The throws and loca 

be precisely detailed,  as the depth-contr 

Discrepancies i n  calculated seismic layer depth  
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extrapolation of  seismic layer interface 

sec t i on  with Profile 5, calculated seism 

excellent agreement. 

The seismic layers, w i t h  one exceptio 

Calculated dips were less than 1 degree (+ 

of the 4.82 km/sec seismic layer, which had a calcu 

east  of approximately 4 degrees (2 10%). Sufficien 

available t o  resolve the 4.05 and 4.82 km/sec inter 

end of the profile. 

- 

The absences of certain seismic layer a 

of the forward or reverse direction are consistent wi th  the seismic 

interpretation of  Profile 4. 

from the forward direction recordings i s  consistent w i t t i  the t h i n n i n g  

of  the 1.98 km/sec seisntic layer i n  the west and the larger velocity 

The absence of 1-98 km/sec a r r iva ls  

contrast (1.7 t o  1 )  creased by the 2.83 km/sec and 1.70 km/sec seismic 

layers. Absence o f  4.82 km/sec seismic layer a r r iva ls  f r o m  the forward 

direction recordings i s  consistent w i t h  the increasing depth t o  the 

4.82 km/sec seismic layer produced by the eastward d ip .  The absence 

of 4.05 km/sec arr ivals  from recordings of the reverse directSon is 

consistent w i t h  the proposed t h i n n i n g  o f  the  4.05 km/sec seismic 

1 ayer . 

Profile 5 

The seismic interpretation of Profil 

Discrepancies i n  the calculated depth of 

layer a t  the points where Profiles 1 and 

infer faul ts  i n  the sedimentary section. 

ersect  were u 
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throws and locations of fault ing cannot be precisely detai l  

depth-control information r e l i e s  on extrapolat 

interfaces. 

seismic layer, which was based on the 0.07 sec 

the f i r s t  a r r iva ls  (Figure 15). The throw was 

meters. A t  the point of intersection w i t h  Pro 

depths of seismic layers were i.n good agreement. 

The exception is the f au l t  shown i n  the 2.80 km/sec 

I 

Of the interpreted seismic layers,  a l l  b u t  the 3.69 

c seismic layers had calculated horizont 

d i p  o f  the 3.69 km/sec seismic layer was appr 

(+ - 10%) to  the south. The 5.18 krn/sec se’l’srnic layer was assumed 

horizontal, as no reversal information from t h i s  layer was recorded. 

I 
1 I 

I 
I 

The absences of certain seismic layer a r r iva ls  from ,recordings 

of the forward o r  reverse direction are  consistent w i t h  the seismic 

interpretation of Profile 5. 

from the reverse direction recordings Ts consistent w i t h  the velocity 

contrast (1.9 to 1 )  created by the 5.18 km/sec and 2.80 km/s 

seismic ’layers masking arr ivals  from the 3.69 km/sec seismic 

The absence of a r r iva ls  from the 5.18 km/sec seismic layer 

forward direction recordimgs is  consistent w i t h  the increased thick- 

ness of the 3.69 km/sec seismic layer i n  the south maskin 

The absence of 3.69 km/sec a r r iva ls  

from the 5.18 km/sec seismic layer. 

Profile 6 

~ The seismic interpretation o f  Profile 6 is present 

The seismic layers shown are assumed horizontal ,  
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br VELOCITY MODELS 

From the seismic data and contro ls  on ca lcu lated depths obtained 

from in te rsec t i ng  p ro f i l es ,  two three-dimensional models o f  the geo- 

thermal and adjacent area are proposed. 

Figure 27, and "Model 2" i n  Figure 28. The models show the sedimentary 

sect ion i s  composed o f  near ly  hor izonta l  se ismica l ly  def ined layers.  

Calculated dips o f  the sedimentary seismic 'layers are less  than 

1 degree (+ - lo%),  w i t h  the exception o f  the 4.82 km/sec seismic l a y e r  

which has a ca lcu lated eastward d i p  of 4 degrees c+ - 10%). Agreement 

o f  seismic v e l o c i t i e s  o f  the sedimentary sect ion i s  goo 

inconsistencies greater tnan 10%. 

"Model 1" i s  presented i n  

Based on the  o f f se ts  i n f e r r e d  i n  the  sedimentary sec t ion  seismic 

layers  shown i n  both models, two NW-SE t rending f a u l t  zones a r e  proposed. 

The respect ive locat ions are 3 km east and 2 km south o f  Obsidian Butte.  

Based on extrapolat ions,  the existence o f  a t h i r d  f a u l t  zone a t  

Obsidian But te  may be ind icated by the lack  0 

o f  i n te rsec t i ng  seismic layers. The two prap 

consis tent  w i th  microearthquake a c t i v i t y  reported i n  the  geothermal 

area. 

1 ineat ions of epicenters adjacent Obsidian B u t t  

the two proposed f a u l t  zones are consis tent  

loca t ions  surrounding Obsidian But te  (OBB) sho 

I 

reement i n  t h e  depth 

G i l p i n  (1977) and Johnson and Hadley (1976) show NW-SE t rend ing  

The loca t ions  o f  

The basement i n t e r p r e t  i o n  proposed i n  

i s  a high, t rending p a r a l l e  t o  the ax is  o f  

The h igh i s  impl ied by proposed d ips o f  basement t o  the south 
b.i, 

60 
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MODEL I 

Figure 27 
"Model 1'' o f  the geothermal and adjacent ar 
Dashed 1 ines represent proposed layer inter- 
faces. Question marks indicate interface 

/ extrapolation. The model terminates i n  the 
5 t  ,*' east  a t  the East Highline Canal and  i n  the 
6 p  south near Brawley, California. 
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B A S E M F N I  

DISTANCES IN KM 
HORIZONTAL = VERTICAL SCALE 
LAYER VELOCITIES IN K M / S E C  

MODEL 2 

"!lode1 2" of the geothermal and adjacent area. 
proposed layer interfaces.  Question marks indicate interface extra- 
polation (excepting the basement shown i n  the E-W direction, which i s  
assumed horizontal). A seismic velocity gradient t h a t  increases the 
apparent basement velocity from east  t o  west by approximately 15% i s  
proposed. The niodel terminates i n  the east  a t  t he  E a s t  Highline Canal 
and i n  the south near Brawley, California. 

Dashed l ines  represent 
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Figure  29 

Tentative f au l t  locations based on microearthquake ac t iv i ty  occ 
near the Salton Sea geothermal area (a f te r  Schnapp and F u i s ,  1977). 
Large X denotes epicenter o f  earthquake w i t h  mapnitude greater than 3; 
smallx magnitude less t h a n  3.  
i n  the Imperial Valley network installed in 1973- 
seismograph stations installed i n  November. 1976- 

Solid tr iangles a re  seismograph s ta t ions 
Solid c i r c l e s  a re  - 
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(3 degrees) and east (7.5 degrees). 

west yields a depth o f  2 km at Obsidian Butte. 

basement to the north (Obsidian Butte) and east (East Highline Canal) 

yields depths of 5.2 and 5 km, respectively. An extrapolation of 

basement- to the south yields a depth of 6.6 km near Brawley, Cali- 

fornia, in the center of the Imperial Valley. 

Extrapolating basement to the 

Extrapolation of 

A second interpretation of basement is proposed in Model 2 

(Figure 28). This interpretation assumes a horizontal basement inter- 

face in the E-W direction, and proposes the existence of a seismic 

velocity gradient in the basement within the geothermal area that 

increases the apparent velocity from eas o west. The amount of 

increase, based on a calculated linear increase that assumes an 

initial 6.13 km/sec velocity (consistent with seismic velocity informa- 

tion from Profile 2 (and long-distance shots l and 3), is on the 

order of  15%. Extra- 

polations of basement to the south, north and east were mentioned in 

the discussion of Model 1. 

The basement depth at Obsidian Butte is 5 km. 

Extrapolations of basement proposed in Model 1 and Model 2 

might be naive, as baseme nterrogation was mited to areas 

approximately midway betw 

Profiles 1 and 2 (Figure 3). 

adjacent Obsidian Butte were not observed in th 

due to the placeme 

depth at Obsidian Butte {based on extrapolation 

5.2 km) is a consequence. To obtain such basement arrivals would have 

required either the extension of the profile lines beyond the present 





DISCUSS I ON 

The seismic interpretations proposed in Model 1 and Model 2 are 

consistent with results from other geophysical studies that have 

included the geothermal and adjacent areas. Based on an aeromagnetic 

study (Griscom and Muffler, 1971), the dept computed to an inferred 

igneous mass trending NW-SE through the geothermal area (2.1 km near 

Obsidian Butte) is in agreement with the depth to the basement high 

proposed in Model 1 (2 km near Obsidian Butte). 

(Figure 30) and aeromagnetic data adjacent Obsidian Butte (Figure 31 ) 

shows a similar gradient in the E-W direction, o f  which the seismic 

Inspection of gravity 
. .  

velocity gradient proposed in Model 2 could be an expression. Rough 

calculations of density contrasts, made assuming the basement inter- 

pretations in Model 1 and Model 2 are the cause of the gravity 

anomaly near Obsidian Butte (Appendix I), yield values of 0.29 gm/cc 

(Model 1 )  and 0.11 gm/cc (Model 2). These are consistent with density 

contrasts proposed by Biehl er (1964) based on ha1 f-width computations 

of the gravity anomaly. j 
I 

The basement depth of 6.6 km near the center o f  the Imperial Valley 

proposed in Model 1 and Model 2 is consistent with the depth to 

basement proposed by Biehler t1964). Biehl 

6 km based upon extrapolation o f  the Westmo 

and Model 2 show a basement depth of approx 

of intersection with the Wesmoreland profile. 

In view of the geophysical and geologi 

thermal area (e.g. high heat flow, recent volcanism), it is possible bi 
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Aeromagnetic map o f  the Salton Sea 
geothermal area (after Gri scom and 
Huffler, 1971). Contour interval 
is 50 gammas. 
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:he interpretations given in Model 1 and Model 2 might be explained 

proposed basement high is part of a large intrusive mass at shallow depth. 

by mechanism involving magmatic activity at depth. 

proposed in Model 1 might be the result o f  uplift caused by the 

emplacement o f  magma into the basement beneath the geothermal area. 

Increasing pressures from expanding gasses’and heating c 

The basement high 

produced a flexure in basement. An alternative to uplift is that the 

The seismic velocity gradient proposed in Model 2 might also result 

from a magmatic process. Ascending magma might produce gradients in 

parameters that determine seismic velocity (e.g. density, porosity). 

In a seismic refraction investigation, such gradients could be expres- 

sed by a seismic velocity gradient. The creation o f  an oceanic type 

,crust within the Imperial Valley as a result of ascending basalt magma 

has been proposed by Elders et al. (1972). This effect might be ex- 

pressed by a seismic velocity gradient. 



LJ SUFIPlARY OF IMPERIAL VALLEY SEISMIC VELOCITIES 

Tab? e 

representat 

Sedimentary 

center of t 

presents a summary of seismic velocity models from 

ve areas o f  the Imperial Valley (Figure 2 and 3 ) .  

section seismic velocit ies reported from areas near the 

e valley (Profiles 1 and 2 ,  Westmoreland and Mexican 

Border) agree very closely. 

velocit ies from areas along the eastern margin (East Highline Canal 

and F r i n k )  and western margin of the valley (Truckhaven and Superstition 

Hil ls)  i s  not as  pronounced. 

near the center of the valley (Profiles 1 and 2, and Westmoreland, 

averaging 6.2 ‘km/sec) a re  higher than those reported from areas along - 

Agreement of sedimentary section seismic 

Basement velocit ies reported from areas 



. . ,  . .. .. .. . . . . . , _- . , , , . , 

P r o f i l e  1 P r o f i l e  2 

1.70 ( - 1 3 )  1.70 ( .08) 

1.98 ( .57)  1.95 ( .55) 
2.83 ( .32) 2.80 ( .94)  
4.05 (2.41) 3.69 (1.15) 
4.82 (1.4) 5.18 (2.8)  
6.13* 6.16* 

TABLE 4 

S E I S M I C  VELOCITIES 1N THE IMPERIAL VALLEY 

Wes tmore land  Mexican Border2 E .  H i g h l l n e  Canal3 F r i n k  4 

1.70 ( . l a )  1.85 (.49) 1.75 ( .43)  1.85 ( .15) 

1.96 (.55) 2.31 ( .51) 2.32 ( .97)  2.07 ( .46)  

2.71 ( .975) 2.60 (1.19) 2.62 ( .26 )  3.04 ( .43 )  
3.76 (1.19) 3.63 (1.37) 3.81 (1.42) 4.20 (1.19) 
4.70 (2.68) 4.72 
6.40* 5.5* 5.39* 

---- ---- 

*Denotes basement v e l o c i t y  

V e l o c i t i e s  i n  km/sec. 
(Average Layer Thickness) i n  km. 

1.  B i e h l e r  (1964) 
2 .  Kovach g a l .  (1962),  p r o f i l e  5 and 6 
3. Kovach et c. (1962),  p r o f i l e  3 

4. 
5. 
6.  

5 6 
Sliperst i t i ! i ! i  !ii! !>- . -._c__- Truckhavcn - 

1.67 ( . 1 2 )  1.72 ( 6 . 2 1  1 
---- 2.13 ( 0 . 3 5 )  

2.32 ( .26)  2.41 (1  .2(J) 

3.26 ( 1 . W )  3.69 ( .73) 
---- 4.33 

5.38* 

B i e h l e r  (1964) 
B i e h l e r  (1964) 
Kovach 9 g .  (19621, p r o f i l e s  4 and 8 



SUMMARY AND CONCLUSIONS 

This  seismic refraction investigation has studied the sedimentary 

section and basement w i t h i n  the Salton Sea geothermal area. 

the seismic data, two models of the geothermal and adjacent area are 

proposed. 

that  trends parallel t o  the axis o f  the Imperial Valley. 

Based on 

Model 1 proposes a basement high w i t h i n  the geothermal area 

Model 2 

assumes a horizontal  basement interface i n  the E-W direction, and 

proposes a seismic velocity gradient in the basement w i t h i n  the 

geothermal area t h a t  increased the apparent velocity from east  t o  

west on the order of 15%. A mechanism i n v o l v i n g  magmatic ac t iv i ty  a t  

depth might explain the basement h i g h  proposed i n  Model 1 and the 

seismic velocity gradient proposed i n  Model 2. 

Both seismic models show the sedimentary section o f  the geothermal 

and adjacent area is composed of nearly horizontal  seismically defined 

layers. Sedimentary section seismic velocities reported from areas 

throughout the Imperial Valley are consistent w i t h  the sedimentary 

seismic velocities reported i n  the geothermal area.. 

sedimentary seismic velocities reported near the center o f  the valley 

agree very closely w i t h  the sedimentary seismic velocities of the 

geothermal area. 

In particular, 

Both Model 1 and Model 2 propose a basement d i p  of 3 degrees t o  

the south, which yields a thickness o f  sediments o f  6.6 km near 

Brawley, California, i n  the cente 

Basement velocities observed 
1 

Imperial Valley average 6.2 km/sec and 5.3 km/sec, respectively. The 

occurrence o f  h i g h  basement velocities along the center of the valley Lid 
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reiative t o  the valley margins is interpreted as the expression of  

more bas ic  type rocks existing at the valley center. 

Based on offsets inferred in the sedimentary seismic layers near 

Obsidian Butte, two NW-SE trending fault zones are proposed. The 

respective locations are 3 km east and 2 kin south o f  Obsidian Butte. 

The discrepancy in the depths of intersecting seismic layers at 

Obsidian Butte, based on extrapolations, suggests a third fault zone 

may exist at Obsidian Butte. The two proposed fault zones are 

consistent with NW-SE trending lineations of epicenters nearby Obsidian 

Butte, and are in close agreement with two tentative fault locations 

proposed by Schnapp and Fuis (1977). 

Subsequent to the first arrivals in the recording o f  long-distance 

refraction shot 3, emergent high amplitude arrivals were observed 

beginning near 8.2 and 8.6 sec. 

are consistent with reflections from basement, and the arrivals begin- 

ning at 8.6 sec are consistent with reflections from a horizon at a 

depth on the order of 21 km. The arrivals beginning at 8.6 sec are 

interpreted as reflections from the Mohorovicic discontinuity. 

The arrivals beginning at 8.2 sec 
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Aszuiiiing the proposed basement in t e rp re t a t ions  of "Model 1" 

2nd "Fradel 2:' are  responsible fo r  the gravi ty  anomaly near Obsidian 

B u t t e ,  a rough determination o f  the  density con t r a s t s  required can 

be made. Modeling basement as a semi- inf ini te  horizontal  s l a b ,  

~g = 12 .77  x Ap z, where Ag i s  i n  mgal, Ap i n  gm/cc, 

f e e t ,  the density contrast  can be determined by solving far Ap. The 

maximum value of the gravi ty  anomaly i s  approximately 24 ;gal. Given 

the basement depths near Obsidian Butte shown i n  "Model 1" and "Model 

2" [2 km (6550 f t )  and  5 km (16400 f t )  respectively], and solving for 

~ p ,  y ie lds  values of 0.29 gm/cc (."!lode1 1")  and 0-11 gm/cc ("Model 2 " ) .  

These density contrasts  a r e  consis tent  w i t h  values obtained by 

Biehler (1964) from half-width computations o f  the g rav i ty  anomaly. 
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APPENDIX I1 

SUMNARY OF INTERPRETED FIRST ARRIVAL TIMES 

Typical precision of f irs t  arrival t imes is  
50.02 sec. Less precise times (50.05 sec) 
are indicated by brackets ([ 3) .  



, 

A ( h )  

0.21 
0.27 
0.34 
0.40 
0.46 
0.52 
0.58 
0.64 
0.70 
0.76 
0.82 
0.88 
0.94 
1.01 
1.07 
1.13 
1.19 
1.25 
1.31 
1.37 
1.43 
1.49 
1.55 
1.62 

1.37 
1.40 
1.43 
1.46 
1.49 
1.52 
1.55 
0.58 
1.62 
1.65 
1.68 
1.71 

1.80 
1.83 
1.86 
1.89 
1.92 
1.95 
1.98 
2.01 

T(sec) 

0.175 
0.205 
0.234 
0.270 
0.310 
0.333 
0.375 
0.385 
0.415 
0.445 
0.460 
0.480 
0.505 
0.525 
0.560 
0.580 
0.610 
0.640 
0.675 
0.695 
0.730 
0.760 
0.785 
0.800 

0.800 
0.81 5 
0.830 
0.845 
0.865 
0.882 
0.899 
0.916 
0.935 
0.947 
0.955 
0.965 

1.059 
1.079 
1.093 
1.115 
1.133 
1.152 
1.159 
1.161 

A ( k m )  T(sec) 

2.04 1.165 
2.07 1.169 
2.10 1.178 
2.13 1.184 

2.13 1.187 
2.16 1.196 
2.19 1.200 
2.22 1.204 
2.26 1.210 
2.29 1.217 
2.32 1.227 
2.35 1.236 
2.38 1.246 
2.41 1.255 
2.44 1.264 
2.47 1.276 

2.50 1.268 
2.53 1.277 
2.56 1.286 
2.59 1.295 
2.62 1.305 
2.65 1.318 
2.68 1.324 
2.71 1.334 
2.74 1.340 
2.77 1.345 
2.80 1.355 
2.83 1.364 

2.99 1.404 
3.02 1.411 
3.05 1.418 
3.08 1.425 
3.11 1.431 
3.14 1.440 
3.17 1.447 
3.20 1.452 
3.23 1.460 
3.26 1.468 
3.29 1.473 
3.32 1.480 

3.41 1.515 
3.44 1.524 

A ( k m )  

3.47 
3.51 
3.54 * 

3.57 
3.60 1 

3.63 
3.66 
3.69 
3.72 
3.75 

3.75 
3.78 
3.81 
3.84 
3.87 
3.90 
3.93 
3.96 
3.99 
4.02 
4.05 
4.08 

4.11 
4.15 
4.18 
4.21 
4.24 
4.27 
4.30 
4.33 
4.36 
4.39 
4.42 
4.45 

4.54 
4.57 
4.60 
4.63 
4.66 
4.69 
4.72 
4.75 
4.79 

33 

PROFILE 1 

FORWARD 

ir) 

T( sec) A(krn) T(sec) 

1.530 4.82 1.955 
1.530 4.85 1.968 
1.542 4.88 1.978 
1.548 
1.556 4.97 1.994 
1.564 5.00 2.004 
1.572 5.03 2.009 
1.582 5.06 2.016 
1.591 5.09 2.024 
7 -601 

1.584 
1.588 5.21 2.064 
1.598 5.24 2.073 
1.606 5.27 2.084 
1.616 5.30 2.087 
1.626 
1.634 6.19 2.300 
1.640 6.22 2.308 
1.650 6.25 2.313 
1.659 6.28 2.321 
1.666 6.31 2.330 
1.676 6.34 2.338 

6.37 2.342 
--- 6.40 2.350 
--- 6.43 2.358 

1.729 6.46 2.364 
1.742 6.49 2.370 
1.750 6.52 2.379 
1.761 8.29 --- 
1.771 8.35 --- 
1.781 8.41 
1.790 8.47 --- 
1.800 8.53 2.885 
1.812 8.59 2.900 
1.822 8.66 2.915 

8.32 2.930 
1.863 8.78 2.945 
1.875 8.84 2.965 
1.886 8.90 2.970 
1 .go2 8.96 2.990 
1 .go9 9.02 2.995 
1.924 
1.930 
1.935 9.20 3.030 
1.946 9.27 3.055 

--- 
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PROFILE 1 

FORWARD (cont . ) 
A ( k r n )  T(sec)  A(km) T(sec) A b )  T(sec) 

9 .33  3.070 14.57 --- 23.74 [6.088} 
9.39 3.075 14.63 --- 23.80 C6.1031 
9.45 3.100 14.69 C4.2031 

9.57 3.115 14.81 C4.2351 
9.63 3.130 14.87 C4.2531 
9.69 3.140 14.93 C4.2631 

15.00 C4.2681 
10.09 3.192 15.06 C4.2811 

10.15 3.212 15.18 C4.3131 
10.18 3.217 15.24 E4.3231 
10.21 3.220 15.30 C4.3331 
10.24 3.222 
10.27 --- 18.20 C4.998) 
10.30 3.237 18.26 C5.0031 
10.33 3.242 18.32 [5.008] 
10.36 3.248 18.38 E5.0181 
10.39 --- 18.44 C5.023) 
10.42 3.242 18.50 [5.038] 

18.56 C5.053) 
12.13 C3.6901 18.62 c5.0581 
12.19 --- 18.68 C5.0731 
12.25 C3.7021 18.74 [5.078] 
12.31 E3.7121 18.81 C5.0931 
12.37 C3.7401 18.87 C5.1031 
12.44 13.7603 18.93 [5.113] 
12.50 c3.7721 18.99 [5.118] 
12.56 ~3.7771 19.05 [5.153] 
12.62 C3.7901 19.11 C5.158) 

12.74 C3.8121 19.23 t5.1831 
12.80 C3.8231 19.29 C5.1931 
12.86 C3.8271 19.35 C5.198) 

22.95 [5.95&] 
23.01 --- 
23.07 C5.9681 
23.13 C5.9783 

. 23.19 C5.988) 

9.51 --- 14.75 --- 

10.12 --- 15.12 --- 

12.68 C3.8031 .19.17 C5.1781 

23.26 --- 
14.14 14.1031 23.32 --- 
14.20 C4.1081 23.38 --- 
14.26 C4.1431 23.44 --- 
14.32 c4.1531 23.50 C6.0431 
14.39 C4.1631 23.56 --- 
14.45 C4.178) 23.62 --- 
14.51 t4.188) .23.68 C6.078) 

h.’ 



i 

0 ( kn! 

0.50 
0.34 
0.37 
0.40 
0.43 
0.46 
0.49 
0.52 
0.55 
0.58 
0.61 
0.64 

0.85 
0.91 
0.98 
1.04 
1-10 
1.16 
1.22 
1.28 
1.34 
1.40 
1.46 
1.52 
1.58 
1.65 
1.71 
1.77 
1.83 
1.89 
1.95 
2.01 
2.07 
2.13 
2.19 
2.26 

3.63 
3.69 
3.75 
3.81 
3.87 

i 3.93 
3.99 

i 4.05 
I 
~ 

~ 

I 

I 
1 
~ 

T(5f .C) 

0.167 
0.188 
0.209 
0.228 
0.246 
0.266 
0.288 
0.308 
0.326 
0.345 
0.365 
0.385 

0.519 
0.552 
0.590 
0.617 
0.649 
0.687 
0.718 
0.749 
0.782 
0.812 
0.847 
0.879 
0.906 
0.935 
0.968 
0.996 
1.029 
1.059 
1.092 
1.120 

1.185 
1.213 
1.253 

1.925 
1.945 
1.973 

2.025 
2.050 
2.072 

--- 

--- 

A ( k d  
4.11 
4.18 
4.24 
4.30 
4.36 
4.42 
4.48 
4.54 
4.60 
4.66 
4.72 
4.79 
4.85 
4.91 
4.97 
5.03 

5.21 
5.27 
5.33 
5.39 
5.46 
5.52 
5.58 
5.64 
5.70 
5.76 
5.82 
5.88 
5.94 
6.00 
6.07 
6.13 
6.19 
6.25 
6.31 
6.37 
6.43 
6.49 
6.55 
6.61 

7.53 
7.59 
7.65 
7.71 
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PROFILE 1 

REVERSE 

T(sec) 

2.095 
--- 
--- 
--- 
2.225 
2.248 
2.255 
2.270 
2.285 --- 
--- 
2.352 
2.372 
2.390 
2.405 --- 

--- 
--- 
--- 
--- 
2.557 
2.577 
2.597 
2.620 

2.660 
2.680 

--- 

--- 
--- 
2.750 

2.775 
2.795 
2.820 

2.865 
--- 
--- 
--- 
2.920 
2.945 

3.115 

3.140 
3.150 

--- 

A ( k m )  

7.77 
7.83 
7.89 
7.95 
8.02 
8.08 
8.14 

10.03 
10.09 
10.15 
10.21 
10.27 
10.33 
10.39 
10.45 
10.52 
10.58 
10.64 
10.70 
10.76 
10.82 
10.88 
10.94 
11.00 
11.06 
11.72 
11.19 
11 -25 
11.31 
11.37 
11.43 

12.47 
12.53 
12.59 
12.65 
12.71 
12.77 
12.83 
12.83 
12.95 
13.01 
13.08 
13.14 
13.20 

T (sec) A(krn) T(sec) 

3.160 13.26 C4.1341 
3.175 13.32 --- 13.38 --- 
3.205 13.44 C4.1661 
3.230 13.50 t4.1691 
3.240 13.56 
3.250 13.62 C4.1861 

--- 13.75 [4.206] 
--- 13.81 t4.2171 

--- 

13.68 --- 

3.645 
3.650 
3.655 
3.670 14.69 C4.3323 
3.680 14.75 r4.3471 
3.685 34.81 c4.3571 
3.695 14.87 C4.3621 
3.705 14.93 t4.3671 
3.715 15.00 c4.3771 
3.720 15.06 
3.730 15.12 E4.3971 
3.740 15.18 C4.4071 
--- 15.24 f4.4071 
3.765 15.30 C4.4121 
--- 15.36 C4.4181 
--- 15.42 C4.4221 
3.805 
3.815 15.54 C4.4471 
--- 15.60 [4.452] 
3.840 15.67 c4.457) 
3.855 15.73 c4.4701 
3.860 

15.48 --- 

--- 
-- - 

16.49 c4.608) 
[ 4 - 058) 16.55 14.613) 
C4.067) 16.61 C4.6181 
[ 4.0721 16.67 c4.628) 

--- 16.73 c4.633) 
[4.084] 16.79 c4.638) 
[ 4.0891 16.85 c4.6431 
C4-0951 16.92 r4.6531 
C4.1021 16.95 --- 
[4. I 091 
t4.119 J 

--- 



A ( h )  T(sec) 

17.16 
17.22 
77.28 
17.34 
17-40 
17.46 
17.53 
17.59 
17.65 
17.71 

C4.673) 
C4.6781 
[ 4.683) --- 

--- 
c4.7133 
C4.7181 
C4.728) 
r4.7383 --- 

83 

PROFILE 1 

REVERSE (cont . ) 
A(km) T(sec) 

20.09 [5.101] 
20.15 r5.115) 
20.21 C5.133) 

20.33 C5.1411 
20.27 p.1451 

17.77 E4.7581 



PROFILE 1* 

FOR WA F? D REVERSE 

~ ( k z ~ )  T(sec) A ( k m )  T(sec) A(km)  T(sec) 

0.24 0.179 
G.33 0.215 
0 . 3 7  0.245 
0.43 0.284 
C.49 0.321 
0.55 0.355 
0.61 
0.67 
0.73 
0.79 
0.85 
0.91 
0.98 
1 .G4 
1.10 
1.16 
1.22 
1.28 
1.34 
1.40 
1.46 
1.52 
1.58 
1.05 

2.07 
2.10 
2.13 
2 .I6 
2.19 
2.22 
2.26 
2.29 
2.32 
2.35 
2.38 
2.41 

0.387 
0.407 
0.427 
0.454 
0.485 
0.505 

0.569 
0.586 
0.607 
0.632 
0.666 
0.687 
0.720 
0.750 
0.774 
0.797 
0.823 

1.033 
1.054 
1.071 
1.091 
1 .lo9 
1.719 
1.124 
1.138 
1.148 
1.156 
1.171 
1.178 

--- 

0.40 0.243 3.60 1.714 
0.43 0.261 3.63 1.725 
0.46 0.284 3.66 1.733 
0.49 . 0.302 3.69 1.740 
0.52 0.324 3.72 1.749 
0.55 I 0.342 3.75 1.753 
0.58 
0.61 
0.64 
0.67 
0.70 
0.73 

0.91 
0.98 
1.04 
1.10 
1.16 
1.22 
1.28 
1.34 
1.40 
1.46 
1.52 
1.58 
1.65 
1.71 
1.77 
1.83 
1.89 
1.95 
2-01 
2.07 
2.13 
2.19 
2.26 
2.32 

0.360 3.78 1.758 
0.381 3.81 1.769 
0.402 3.84 1.775 
0.420 3.87 1.781 
0.440 3.90 1.790 
0.460 3.93 1.795 

0.530 4.15 1.837 
0.561 4.21 1.847 
0.594 4-27 1.863 
0 - 631 4.33 1.877 
0.662 4.39 1.885 
0.694 4.45 1.901 
0.729 4.51 1.916 
0.762 4.57 1.932 

4.63 1.945 
0.830 4.69 1.958 
0.862 4.75 1.968 
0.896 4.82 1.984 
0.915 4.88 1.997 
0.954 4.94 2.009 
0.991 5.00 2.029 
1.022 5.06 2.037 
1.059 5.12 2.052 
1.084 - 5.18 2.065 
1.128 5.24 2.081 
1.152 5.30 2.095 
1.185 5.36 2.101 
1.214 5.43 2.109 
1.250 5.49 2.128 
1.279 5.55 2.140 

--- 



~- 

35 

PROFILE 2 . 
h d  

FORWARD 

a(kn) T(sec) A ( k d  T(sec) A (km) T(sec) A(km) T(sec) 

0.43 0.316 3.05 --- 5.70 2.295 11.52 C3.867) --- 5.73 2.301 11.58 t3.882) 0.52 0.336 3.11 
5.76 2.312 11.64 C3.902) 0.55 0.351 3.17 1.458 

0.58 0.365 3.23 --- 5.79 2.325 11.70 t3.9121 
2.325 11.76 c3.927) 0.61 0.383 3.29 --- 5.82 

0.64 0.403 3.35 --- 5.85 2.335 11.83 t3.9471 
0.67 0.417 3.41 1.568 5.88 2.345 11.89 C3.9521 
0.70 0.433 3.47 1.588 5.92 2.355 11.95 C3.9671 
0.73 0.441 3.54 1.613 12.01 C3.9821 
0.76 0.456 3.60 1.633 6.83 2.607 
0.79 0.468 3.66 1.653 6.86 2.620 15.42 C4.632) 

3.72 1.668 6.89 2.628 
0.94 0.560 3.78 1.693 6.92 2.638 15.54 f4.6521 
1.01 0.582 3.84 1.713 6.95 2.647 15.60 c4.667) 

1.13 0.645 7 -01 2.660 15.73 C4.6871 
1.19 0.670 4.11 1.818 

e-- 7.07 2.690 15.85 C4.7121 1.25 0.705 4.18 
1.31 0.735 4.24 1.886 7.?0 2.700 15.91 C4.7221 

4.30 --- 15.97 c4.7323 1.37 0.760 
1.43 --- 4.36 1.903 9.08 3.286 16.03 c4.747) 
1.49 0.825 4.42 1.923 9-11 3.296 16.09 C4.7521 
1.55 --- 4.48 1.943 9-14 3.306 76-15 --- 
1.62 0.895 4.54 1.961 9.17 3.31 6 16.21 C4.7821 
1.68 e-- 4.60 9.20 3.321 16.28 c4.7871 
1.74 0.955 4.66 9.23 3.331 16.34 C4.8021 
1.80 1.000 4.72 2.025 9.27 3 - 341 16.40 14.812) 
1.86 1.020 4.79 2.048 9.30 3.346 16.46 C4.8223 
1.92 1.045 4.85 2.068 9.33 .3.356 16.52 c4.8321 
1.98 7.080 4.91 2.080 16.58 C4.842) 
2.04 --- 4.97 2.108 10.61 3.687 16.64 t4.847) 
2.10 1.112 5.03 2.128 10.67 3.697 '16.70 r4.8571 
2.16 1.125' 5.09 2.141 10.73 3.712 16.76 C4.8721 
2.22 1.142 5.15 2.163 10.79 --- 16-82 C4.8771 
2.29 1.165 5.21 2.183 10.85 3 - 732 

0.46 0.300 2.99 --- 5.67 2.285 11.46 ~3.8571 

15.48 

1.07 --- 3.90 1.728 6.98 2.655 15.67 r4.6721 

7.04 2.677 15.79 c4.692) . 

--- 

- .__- 

2.50 1.213 
2.56 1.233 
2.62 --- 
2.68 1.278 
2.74 1.303 
2.80 1.323 
2.86 1.338 
2.93 1.368 

5.27 
5.33 
5.39 
5.46 
5.52 

5.61 
5.64 

5.58 

2.200 
2.223 
2.233 
2.248 
2.273 

2.255 
2.272 
2.275 

10.91 
10.97 
11.03 
11.09 
11.16 
11.22 
11 -28 
17.34 

* 11.40 

3.747 22.92 
3.762 22.98 
3.77 23.04 
3.79 23.10 --- 23.16 
3.87 23.22 _-- 23.29 
f3.8371 23.35 
[ 3.8421 23.41 

L6.065J 
[ 6. OSO] 
f6.1103 

c6.1353 
f6.1451 
1 6.1 551 
c6.1651 
C6.1751 

f6.1201 
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23.47 
23.53 
23.59 
23.65 
23.71 
23.77 
23.83 
23.90 
23.96 
24.02 
24.08 
24.14 
24.20 
24.26 

26.85 
26.91 
26.97 
27.03 
27.10 
27.16 
27.22 
27.28 
27.34 
27.40 
27.46 
27.52 

, 27.58 
27.64 
27.70 
27.77 
27.83 

I 27.89 
~ 

I 

T (sec)  

f5.1853 
C6.1901 
[S. 21 01 
[ 6.2201 
C6.235) 
[ 6.2451 
c6.2601 

C6.2801 
c6.295 J 
[ 6.3051 
[ 6.31 51 
c6.3301 
[ 6.3401 

C4.1081 

[4.143] 
C4.1581 
C4.1631 
C4.1681 
C4.198) 

[ 4.208) 
[ 4.2281 
[ 4.2481 
r4.263) 
C4.2831 
[ 4.3081 
C4.3131 
C4.3281 
C4.3531 

--- 
--- 

C4.200) 

PROFILE 2 

FORWARD (cont  . ) 
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PROFILE 2 

REVERSE b 

A (  T (  S P C )  A(krn) T(sec) A (km) Tfsec)  d k m )  

0.55 0.327 3.44 1.799 9.75 3 - 864 15.12 
0.61 0.345 3.47 1.814 9.81 3.874 
0.64 0.355 3.51 1.824 9.88 3.893 17.92 
0.67 0.377 3.54 1.834 9.94 3.914 17.98 

3.57 1.849 10.00 3.930 18.04 0.70 
0.73 0.412 10.06 , 3.933 18.10 

3.63 1.847 10.12 3.962 18.17 0.76 
0.79 0.444 3.66 1.858 10.18 3.987 18.23 
0.82 0.459 3.69 1.876 10.24 4.002 18.29 
0.85 0.478 3.72 1.893 10.30 4.012 18.35 
0.88 0.494 3.75 1.908 10.36 4.025 18.41 
0.91 0.510 3.78 1.934 10.42 4.042 18.47 

3.81 1.948 10.48 4.055 18.53 
2.16 1.169 3.84 1.962 10.55 4.063, 18.59 
2.19 1.183 3.87 1.975 10.61 4.076 18.65 
2.22 1.197 3.90 1.983 10.67 4.094 18.71 

18.77 2.26 1.208 3.93 1.993 10.73 --- 
2.29 1.220 3.96 2.008 10.79 4.137 18.84 

18.90 2.32 1.238 10.85 
2.35 1.250 4.54 2.230 10.91 4.162 18.96 
2.38 1.269 3.60 2.255 10.97 4.182 19.02 
2.41 1.280 4.66 2.275 11.03 4.192 19.08 
2.44 1.295 4.72 2.305 11.09 4.209 19.14 
2.47 1.309 4.79 2.326 19.20 
2.50 1.325 4.85 2.356 13.90 C4.9131 19.26 

19.32 4.91 2.377 13.96 --3 

2.56 1.364 4.97 2.403 14.02 --- 
2.59 1.369 5.03 2.420 14.08 f4.9281 30.14 
2.62 1.388 5.09 2.440 14.14 c4.9433 30.20 
2.65 1.403 5.15 2.468 14.20 t4.9531 30.27 
2.68 1.419 5.21 2.483 14.26 t4.9681 30.33 
2.71 1.426 5.27 2.510 14.32 E4.9881 30.39 
2.74 1.431 5.33 2.537 14.39 t4.9881 30.45 
2.77 1.445 5.99 2.550 14.45 14.9931 30.57 
2.80 1.462 5.46 2.580 14.51 E4.9981 30.57 
2.90 1.505 5.52 2.603 14.57 c5.0281 30.63 

5.58 2.620 30.69 
3.23 1.694 5.64 2.645 30.75 

5.70 2.665 30.81 
5.76 2.685 30.87 

3.32 1.751 5.82 2.714 30.94 
3.35 1.761 5.88 2.728 31 -00 
3.38 1.774 5.94 2.750 31.06 

31.12 3.41 1.782 9.69 3.849 15.06 --- 
31.18 

--- 

--- 

--- 

u 

T (sec) 

[5.09a] 

C5.5071 
c5.5133 

C5.5481 
C5.5573 
[ 5.5621 
[ 5 . 580) 
[ 5.5833 
[ 5.6001 
C5.6151 
C5.625) 
C5.6331 

15.5301 

--- 

17.4763 
[ 7.4841 

E7.4963 
[ 7.51 31 
[ 7.5243 
[ 7.533) 

--- 
t7.4943 

--- 
--- --- 
--- 
--e --- 

c7.584) 
[ 7.588) 
[ 7.5881 
r7.6111 



PROFILE 3 

s(kd 
0.98 
1.04 
1 . l o  
1.16 
7.22 
1.28 
1.34 
1.40 
1.46 
1.52 
1.58 

5.85 
5.91 
5.97 
6.03 
6.10 
6.16 
6.22 
6.28 
6.34 
6.40 

6.52 
6.55 
6.58 
6.61 
6.64 
6.67 
6.71 
6.74 
6.77 
6.80 
6.83 
6.86 

FORWARD 

- r  I t [S i lC/  

0. 
0. 
0. 
0. 

580 
605 
625 
645 

0.665 
0.690 

0.740 
0.765 

0.815 

2.408 
2.423 
2.468 
2.488 
2.503 
2.528 
2.543 
2.553 
2.573 
2.593 

2.642 
2.662 
2.672 
2.687 

2.707 
2.717 
2.727 
2.737 
2.747 
2.757 
2.767 

--- 

--- 

REV E RSE 

A h )  T(sec) ~ f k d  T(sec)  

0.64 0.383 3.23 1.746 
0.67 0.399 3.29 1.774 
0.70 0.418 3.35 1 -802 
0.73 . 0.437 3.41 --- 
0.76 
0.79 
0.82 
0.85 
0.88 
0.91 
0.94 
0.98 

1.10 
1.16 
1.22 
1.28 
1.34 
1.40 
1.46 
1.52 
1.58 
1.65 
1.71 
1.77 
1.83 
1.89 
1.95 
2.01 
2.07 
2.13 
2.19 
2.26 
2.32 
2.38 
2.44 
2.50 

2.93 
2.99 
3.05 
3.11 
3.17 

0.453 3.47 1.848 
0.467 3.54 
0.489 3.60 
0.517 3.66 
0.528 -72 1.944 
0.549 -78  1 -968 
0.568 3.84 1.993 
0.591 3-90 2.011 

3.96 2.048 
0.673 4-02 2.073 
0.708 
0.741 4-36 2.175 
0.771 4.39 2.190 
0.800 4.42 --- 
0.837 4.45 2.220 
0.868 4.48 2.230 
0.903 4 -51 2.245 
0.936 4.54 2.257 
0.968 4.57 2.272 
1.002 4.60 2.280 
1.036 4.63 2.295 

--- 4-69 2,310 
- -- 4.72 2.310 - 
- -- 4.75 2.322 

2.330 --- 4.79 
4.82 2.335 

--- 4.85 2.340 
1.299 4.88 2.345 
1.341 4.91 2.350 
1.363 4.94 2.355 

--- 

1.378 4.97 --- 
1.427 5.00 2.370 

5 -03  2.380 
1.603 
1.648 5-18 2.428 
1.676 5.24 2.443 
1.690 5.30 2.463 
1.720 5.36 2.478 , 

iwJ 



c 
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PROFILE 3 

REVERSE 
LJ 

~ ( k t n )  T(sec) 

5 - 4 3  2.488 
5.49 2.503 



2.83 1.475 
2.56 1.432 
2.90 1.503 
2.93 1.508 
2.96 1.528 
2.99 1.538 
3.02 1.553 
3.05 1.565 
3.08 1.581 
3.11 1.596 
3.14 1.601 
3.17 1.608 

3.35 C1.683) 
3.41 [1.706] 
3.47 C1.7161 
3.54 --- 
3.60 C1.7601 
3.66 C1.7901 
3.72 C1.8171 
3.78 C1.8451 
3.84 C1.8701 
3.90 C1.8941 
3.96 C1.908) 
4.02 C1.9281 
4.08 c1.9401 
4.15 C1.9571 
4.21 [1.968] 

4.97 [2.267] 

5.09 C2.2881 

5.21 C2.327) 
5.27 C2.3391 
5.33 C2.3641 

5.46 c2.402) 

5.58 2.437 
5.64 2.457 
5.70 2.470 
5.76 2.490 
5.82 2.519 

5.03 --- 
5.15 --- 

5.39 C2.379) 

5.52 --- 

A ( k d  
5.88 
5.94 
6.00 
6.07 
6.13 
6.19 
6.25 
6.31 
6.37 

6.55 
6.61 
6.67 
6.74 
6.80 
6.86 
6.92 
6.99 
7.04 
7.10 
7.16 
7.22 
7.28 
7.35 
7.41 
7.47 
7.53 
7.59 
7.65. 
7.71 
7.77 
7.83 
7.89 
7.95 

8.14 
8.17 
8.20 
8.23 
8.26 
8.29 
8.32 
8.35 
8.38 
8.41 
8.44 
8.47 
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PROFILE 4 

FORWARD 

T(sec) 

2.536 
2.558 
2.582 
2.589 
2.615 
2.632 
2.658 
2.671 
2.689 

2.724 
2.738 
2.757 

2.785 
2.802 
2.825 
2.832 
2.854 
2.865 
2.878 
2.904 
2.908 
2.925 
2.940 
2.959 
2.976 
2.987 
3.004 
3.022 
3.039 
3.058 
3.071 
3.090 

--- 

3.114 
3.137 
3.147 
3.154 
3.164 
3.179 
3.187 
3.196 
3.208 
3.217 
3.227 
3.237 



PROFILE 4 

REVERSE 
\p.i 

~ [ k r n )  T(sec) A(km) T(sec) A (km) T (sec) 
@ 

9.06 0.043 2.41 1.344 5.70 2.686 
0.09 0.062 5.76 2.719 
0.12 0.078 2.86 1.589 5.82 2.727 
0.15 0.101 2.93 1.619 5.88 . 2.742 
0.18 0.121 2.99 1.649 
0.21 0.139 3.05 1.674 6.03 , 2.761 
0.24 0.158 3.11 --- 6.07 2.766 
0.27 0.181 3.17 1.735 6.10 2.776 
0.30 0.197 3.23 1.766 6.13 2.781 
0.34 0.220 3.29 --- 6.16 2.794 
0.37 0.246 3.35 1.822 6.19 2.796 
0.40 0.266 3.41 1.850 6.22 2.801 

3.47 1.879 6.25 2.806 
0.73 0.448 3.54 1.897 6.28 2.813 
0.76 0.466 3.60 1.915 6.31 2.818 
0.79 0.483 3.66 1.939 6.34 2.826 

6.37 2.831 0.82 0.499 6.72 --- 
0.85 0.521 3.78 2.000 
0.88 0.535 3.84 2.033 
0.91 0.553 3.90 2.063 
0.94 0.572 3.96 2.094 
0.98 0.591 4.02 2.117 
1.01 0.609 4.08 --- 
1.04 0.628 4.15 2.172 
1.07 0.642 4.21 2.199 

4.27 2.223 
1.25 0.744 
1.31 0.772 4.60 2.311 
1.37 0.808 4.66 2.336 
1.43 0.841 4.72 2.361 
1.49 0.874 4.79 --- 
1.55 0.905 4.85 --- 
1.62 0.926 4.91 2.422 
1.68 0.972 4.97 2.448 
1.74 1.000 5.03 2.473 
1.80 1.030 5.09 2.502 
1.86 1.051 5.15 2.530 
1.92 1.093 5.21 2.552 
1.98 1.125 5.27 2.578 
2.04 1.145 5.33 2.596 
2.16 1.217 5.39 2.609 
2.22 1.251 5.46 2.626 
2.29 1.284 5.52 2.639 
2.35 --- 5.58 2.659 

5.64 2.674 ,u 



c i h )  

0.55 
0.5; 
0.67 

c. 79 
0.85 
0.91 
0.98 
1.04 
1.10 
1.16 
1.22 
1.28 
1.34 
1.40 
1.46 
1.52 
1.58 
1.65 
1.71 

r 1.77 
1.83 
1.89 
1.95 

2.13 
2.19 
2.26 
2.32 
2.38 
2.44 
2.50 
2.56 
2.62 
2.68 
2.74 
2.80 
2.86 
2.93 
2.99 
3.05 
3.11 
3.17 
3.23 
3.29 

a. 73 

f ( s e c )  

0.398 
0.360 

0.430 

0.499 
0.533 
0.564 
0.600 
0.635 
0.669 
0.700 
0.735 
0.760 
0.797 
0.830 
0.863 
0.896 
0.928 
0.960 
0.994 
1.025 
1.060 

--- 

--- 
--- 

1.248 
1.270 
1.300 

1.357 
1.387 
1.414 
1.439 
1.465 
1.500 

1.531 
1.559 
1.587 
1.612 
1.634 
1.657 
1.677 

1.724 

--- 

--- 

--- 

a(km> 

3.35 
3.41 
3.47 
3.54 

3.75 
3.81 
3.87 
3.93 
3.99 
4.05 
4.11 
4.18 
4.24 
4.30 
4.36 
4.42 
4.48 
4.54 
4.60 

. 4.66 
4.72 
4.79 
4.85 
4.91 
4.97 
5.03 
5.09 
5.15 

5.30 
5.33 
5.36 
5.39 
5.43 
5.46 
5.49 
5.52 
5.55 
5.58 
5.61 
5.64 

5.64 
5.67 
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PROFILE 5 

FORWARD 

T (  sec) 

1.753 
1.776 
1.793 -- - 

1.894 
1.915 
1.937 

1.982 
2.003 
2.027 
2.051 
2.076 
2.102 
2.122 
2.165 
2.179 
2.201 
2.220 
2.240 
2.257 
2.279 
2.300 
2.320 
2.343 
2.360 
2.376 
2.394 

2.449 
2.459 
2.467 
2.471 
2.483 
2.490 
2.503 
2.512 
2.520 
2.530 
2.538 
2.544 

2.532 
2.538 

--- 

A ( k d  
5.70 
5.73 
5.76 
5.79 . 
5.82 
5.85 8 

5.88 
5.91 
5.94 
5.97 

6.10 
6.13 
6.16 
6.19 
6.22 
6.25 
6.28 
6.31 
6.34 
6.37 
6.40 
6.43 

2.551 
2.562 
2.573 
2.574 
2.585 
2.595 
2.608 
2.622 
2.634 
2.648 

2.659 
2.671 
2.680 
2.694 
2.699 
2.702 

2.738 
2.754 
2.764 
2.771 



',' ,. , -  .. 

A ( k x j  

1.92* 
1 .95.- 
1 .38'k 
2.01" 
2.04* 

T ( s e c )  

i .063 
1.077 
1 .G96 
1.109 
1.119 

A ( k m )  

4.54 
4.60 
4.66 
4.72 
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T (  sec) 

2.194 
2.219 
2.242 



A (  km) 

0.40 
0.43 
0.46 
0.49 
0.52 
0.55 
0.58 
0.61 
0.64 
0.67 
0.70 
0.73 

0.85 
0.88 
0.91 
0.94 
0.98 
1.01 
1.04 
1.07 
1.10 
1.13 
1.16 
1.19 

1.22 
1.25 
1.28 
1.31 
1.34 
1.37 
1.40 
1.43 
1.46 
1.49 
1.52 
1.55 

1.71 
1.77 
1.83 
1.89 
1.95 
2.01 

\ 
1 
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PROFILE 5 

REVERSE 

b 

T (sec) 

0.271 
0.290 
0.310 
0.326 
0.339 
0.356 
0.377 
0.400 
0.421 
0.441 
0.459 
0.475 

0.528 
0.548 
0.563 
0.582 
0.595 
0.609 
0.627 
0.646 
0.669 
0.681 
0.698 
0.71 4 

0.709 
0.730 
0.751 
0.770 
0.790 
0.803 
0.819 
0.834 
0.852 
0.873 
0.892 
0.91 2 

--- 
1.021 
1.054 
1.088 
1.116 
1.147 

A (km 1 
2.07 
2.13 
2.19 
2.26 
2.32 
2.38 
2.44 
2.50 
2.56 
2.62 
2.68 
2.74 
2.80 
2.86 
2.93 
2.99 
3.05 
3.11 

3.32 
. 3.38 

3.44 
3.51 
3.57 
3.63 
3.69 
3.75 
3.81 
3.87 
3.93 
3.99 
4.05 
4.11 
4.18 
4.24 
4.30 
4.36 
4.42 
4.48 
4.54 
4.60 
4.66 
4.72 

4.94 

T (  sec) 

1.174 
1.208 
1.252 
1.281 
1.316 
1.345 
1.367 
1.396 
1.427 
1.457 
1.481 
1.510 
1.540 
1.575 

1.627 
1.655 
1.686 

1.782 
1.804 
1.836 
1.861 
1.883 
1.910 
1.935 
1.968 
1.992 
2.020 
2.046 
2.069 
2.084 
2.121 
2.154 
2.178 
2.203 
2.228 
2.250 
2.271 

2.332 
2.362 

--- 

--- 

2.421 

5.00 2.440 
5.06 2.458 
5.12 2.476 
5.18 2.495 
5.24 2.512 
5.30 2.532 
5.36 2.551 
5.43 2.570 
5.49 2.589 
5.55 2.610 
5.61 2.627 
5.67 2.649 
5.73 2.664 
5.79 2.680 
5.85 2.694 
5.91 2.703 
5.97 2.714 
6.03 2.730 
6.10 2.748 
6.16 
6.22 2.760 
6.28 2.778 
6.34 --- 


	Acknowledgements
	Velocity Models
	Discussion
	Summary of Imperial Valley Seismic Velocities
	Summary and Conclusions
	the Imperial Valley
	Summary of Shot Point Locations l
	Thicknesses for Profiles1-6
	Geologic Map
	Imperial Valley

	Reflection Arrivals and Arrivals of 0.35 km/sec
	4.63 km/sec
	7.07 km/sec

	9 Time-Distance Plot of Profile I*
	10 Time-Distance Plot of Profile 2
	5.18 km/sec
	12 Time-Distance Plot of Profile 3
	13 Time-Distance Plot of Profile
	14 Time-Distance Plot of Profile 5
	15 Time-Distance Plot of Profile
	Amplitude Arrivals Beginning at 8.2 and 8.6 sec

	Reduced-Time Plot Based on Shot
	East


	Basement
	Interpretation of Profile l*
	22 Interpretation of Profile
	23 Interpretation of Profile



