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This report presents a portion of the results fmn a --year feasibility 

stu& sponsored by the E h c t r i c  Pmer &search Institute (EPIRI) to assess 

the feasibility of amstruchn ' g a 25-50 M e  geotkrmal  pmer plant using 

law salinity hydrothew fluid as the energy source. 

The inpact of power g e ~ r a t i o n  fran hydrathermal resour- on subsurface 

water flm, seismicity and subsidence are of acute interest in the 

cktemination of the envircmmtal acceptance of energy. A t  

the same tine, tk experience and data bases in these axeas are very 

limited. 

The objective of the project was to assess the tedmical, geotechnical, 

e n v i r m t a l  an3 eaoncmic feasibility of p d c i n g  electricity fmn 

hydrothermal resources like those. knuwn to exist in the United States.  

Tfie objective of this part of the study was to investigate the geatechnical 

aspects of gath=rmal power generation and &ir relationship to endron- 

-tal impacts in the Ircp?erial valley of California. 

This  port discusses geology, geqlysics, hydmgeology, seismicity and 

subsidence in terms of the availability of data, state-of-the-art analytical 

tehdqws, historical and technical background and inixzpretation of 

current data. It also discusses estimates of the inpact of these 

technicdl factars on the envirautlent in the Irrperial valley, if geothermal 
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The objective of the Feasib ty Study for a Iav S a l i n i t y  I - I y d r o t A d  

Plant" was t o  assess the technical, geotedmical, e d c  and environ- 

-tal feasibility of constructing a 50 Ewe &mnstration plant for a lm 

S a l i n i t y  h y d m t h e d  reservoir'and to describe the envi-al inpacts 

of such a facility. A t  this point, the Heber, California site has been 

reccmmded to the E l e c t r i c  Paver €&?search Institute (EPRI) as the mst 

feasible location for the g e e d  plant. 

recumended as the mst feasible Oonversian proctess. 

This report discusses the Imperial Valley w i t h  regard to: - 

I 

The binary pmcess has been 

0 Geology and Geophysics 

0 Hydrogeology ' / 

0 SeiSnricity and Subsidence 

ahe Imperial Val ley  is an area of high regional b a t  f l a v ,  intensive crustal 

kfoxrnatim, high.seismicity and subsidence and numzmus geothermal armdies. 

It is on3 of the xmst seismically active areas in the united states. The 

sedimnts at the Meber &mmaly are daninantly Quatenary deltaic sands and 

shales derived from Colorado River sources and persist to a depth of 2.5 km 

('8,203 ft)  , The baserrent at  Heber is at  a depth of apprmcjlrrately 7 km 

(22,967 ft). 

Tke Imperial Fault separates brackish central valley waters fran f- 

w a t e r s  to & east and thus explains sc~[13 of the i.nccx@ete groundwater 

mixing. 

iJ 
~ e e p  clay deposits separate shallm and &ep gr0undwa-r s y s m  

x i i i  



and tend to make the central valley wate r s  saltier and IIDZ stagnant than 

eastern or western waters. It has also been noted that artesian w a t e r s  

exist only east of the Alm River. 

W i t h  regard to chnical amstitmts, the principal Inperial Valley w a t e r s  

can be categorized as: 

0 Basin-edge w a t e r s  which strongly resenble Colorado 
River source waters 

0 Shallow Central Valley waters which are sarmht  mare 
saline and rickr in carbmate 

0 Deep valley w a t e r s  v h i &  tend to be mm~saline but 
-&le basin-edge wate r s  i n  ionic ratio 

Hydrothermal water which tends to have elevated silica, 
pH, =tal salts and salinity 

0 Hypersaljne geathennal k k s  which cclntajn unusually 
high salinities and are mnfined to the Salton Buttes. 

The geothermal brines of the Inpserial Valley do not differ greatly frcxn deep 

w a t e r s  in the area except for the additim of =tal salts and the dissolution 

of carbonates. 

the deeper hydmthamal w a t e r s  which is probably due to the presence of the 

c l q  cap rock. Gee- w a t e r s  are produced a t  a depth of 600 t o  1,900 m 

(1,968 to 6,232 f t )  w i t h  sodium chloride being the daninant dissolved 

mnstituent. 

trations are low enough to avoid scaling a t  the w e l l  bo= and surface pipes. 

The shalh groundtwater a t  Heber is vastly d i f f e m t  fmn 

The pI1 o€ t h e  w a t e r s  varies f m  6.8 to 7.4. Silica concen- 

Trial pmduction and injection aperatias a t  Heber have not SkraJn any 

corrosion or scaling problem to date. 

It -has been est imaM that between 50 to 60 producing w e l l s  and 20 to  30 

i n j e d o n  w e l l s  w i l l  be required for a 200 We net electricity plant a t  



i 
I 

w 

' U  

H e b e r .  

fluw pat-. 

between the geathermdl reservoir and the shallclw groundwater system at 

H e b e r ,  the only likely changes are the diversion of deep w a t e r  fran ather 

-as and increased salinity of deep ayxifers thmugh salt water IE- 

A develapEnt of this nature c d d  alter the undergmund w a t e r  

H m v e r ,  cmsidering tty3 effective hydrologic separation 

injection. TIE projected extent of such changes is minor. 

Only traces of hydrogen sulfide have been reported fmnwells and the 

mt of 0tk.r noncademable gases in the Heber geothermal w a t e r  is 

minimal.  ,~mever, this is not the case w i t h  the nonmndensable gases at  

the err0 Prieto,  Pkxico gee- facility whichcontainS C02 and H2S 

aonaentratims of 1,000 ppm and 300 ppm, nspectively. 

The United States Geological Survey (U.S.G.S.) and C a l i f d a  Institute of 

Technology ( C a l  Tech) have pennanent seismic d t o r i n g  stations located 

throughout the Irrperial Valley. These owanizations also have portable 

seismic d t o r i n g  equipxit  that can be mved to an area after a laqe 

magnitude event d record the sequence of aftershocks. 

plans t o  establish a closely spaced seismic net to gather infomation on 

back- seismicity and the relationship the praposd g e o t h d  pro- 

duction might have on seismic activity. 

begin in 1975 md w i l l  run amtinmusly thm@mut the period of pmer 

.prcduction. 

The U.S. aoaSt and Geodetic Survey in m a t i o n  w i t h  the U.S.G.S. has 

develqed an extensive pmgrm to mnitor ground rwtim through the Inperid 

Valley. This pr&m calls for triangulation and leveling surveys through- 

out the valley every t w o  years and mxe frequently i f  geothermal production 

Chevmn O i l  Ccarpany 

This project is scheduled to 



be- a reality i n  the valley. 

cmpleted by Chevron O i l  CarpMny in the Heber area. 

masued the relative elevation change in the Heber area for a period of 

one year. 

In additim, a private leveling survey was 

The 1974-1975 survey 

As stated previously, the Inper ia l  Valley is charackrized by a high level of 

seismic activity a d  a large mt of strain release. 

e- have registered greater than Magnitude 6 on the Rich- Scale. 

A large cancentration of seismic events has occurred i n  the Sal- Trough 

along faults af the San Andreas Systenn. 

swarms are also very ummn for faults i n  the San Andreas *stem. The 

-rial Val ley  fault system is mming right laterally a t  the curdative 

rate of appmximtely 8.0 cm/yr (3.1 in&). This is a 20-year average and 

is by no mans ocarring at a constant rate. -es occurring along 

Since 1900, 12 

Smaller shocks and 

. the San Andreas Fault System typically have focal depths of 5-8 Ian (3-5 mi), 

wh ich  is appmximately the basemnt-sedimnt interface. 

for hypocenters i n  the valley is about 12-15 Ian (6-9 mi)  because at  depths 

greater than this, sufficiently high temperatures cause the rocks to mve 

A limiting depth 

plastically in response to stress. 

this l imit ing &pth is lower. 

In the geothermal areas of the valley, 

Several studies have shown that there is a oorrelakion between micmearlkpke 

aCtiKLty and geothermal aMxnali es. 

is unusually high. High levels of microearthquake activity are found at 

In the Ixrperial Valley, the axrelation 

Salton Buttes, N o r t h  mawley and East &sa. To date, it is unhm whether 

such a relatimship also exists at Heber. 

be made about e- i n  t k  Valley's 

In any case, .several remarks can 

areas: 

i 



0 shodcs a& generally smaller in mgnitude and mre 
fmqllent in geuth3rmal areas than other axeas in the 
Sam? &stonl 'c setting. 

0 Faults related t o  the m i w s  may serve ,as 
conduits for circulating hrines. A t  the Salton Buttes, 
for ample, it was observed that C02 w e l l s  began 
emitting large quantit3es of gas j u s t  after earthquakes 
in the 1930's. 

geotknnal areas than in amss outside, implying 
that xnicmeartkpkes are related to  
pmcesses. Also, the arrplitude of e- 

outside. 

focal aepths are usually shallower in 

w i t h i n  - areas appears to be smaller than 

The possibility of t r i p i n g  earthquakes by 

reinjection is of same concern. Although existing producing fields at the 

Geysers, Cdlifoda an3 W a i r a k e i ,  New Zealand ha& long been associated 

with earthquake acti.&y, production has not been hanpered by -es 

and no associatioIls have been drawn between geothexnal pr0duCti.m and earth- 

quake activity. 

a t  Heber axe vastly different fran thme axeas that have experiend earth- 

quakes due to fluid injection fxan oi l  field and waste injection wel l s .  

~n the Heber axea the effect that production might have on -e d ~ W  

prduction and 

F&gional technics, the stress field and the rock pxqeztis 

pattern i d  perhaps even the surface flaw rate. 

alterations on the technic stress regim is unbum. 

mine these effects, and the effects of fluid h j e c t i m ,  will require 

several years of continuous seismic and geodetic d t o r i n g  during which 

badcgrorad seismicity and the location of active faults must be established. 

% effect of these 

Any at- to deter 

. 
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The Inpenal Valley is an area of high nqional s t r a i n  %ease and the H e b e r  

area is part of this high belt. 

and 256 equivalent Magnitude 3 

of strain would be released by 10-40 &hgnitude 4, 2-10 lkgnitude 5 or  0.25 

to 2.0 Magnitude 6 e-, or by aseismic creeping. Adequate data do 

The H e b e r  -ion could expect between 64 

every 30 years. The same amxznt 

not exist on the local stress pat- and the strength of the fonnation at  

H e b e r  to allw predictions regarding possible injection-induced seismicity. 

Huwever, it mars unlikely that injection of waste brine w i l l  significantly 

increase seismicity in the Heber area; no faults have been de- as yet 

under Heber and the increase in pore pressure around injection w e l l s  w i l l  not 

be excessive because of the relatively high p m x b i l i t y  of 

reservoir. 

, 

Heber 

If a major earthquake occurs, it w i l l  mst likely occur along one 

of the majoy active faults i n  the area. 

with respect to the proposed plant location is as folluws: 

The location of the mre active faults 

Fault D i s t a n c e  to Plant Si te ,  Ian (mi) 

Imperial 11 (6.8) 
Brawley 23 (14.3) 
san Andreas 38 (23.6) 
E l s ino re  27 (16.8) 
San Jachto  6.5 (4.0) 

Tlae Inpenal caunty and the Ios Angeles Qunty Building codes recmmnd a 

design acceleration of 0.25 g for an area classified as Zone 3 -(high seismic 

hazard). 

H o w e v e r ,  the U.S. Departnwt of the Zumy publication "Seidc Design of 

Accozding to tbse codes, tfie Heber area is classified as Zone 3. 

Buildings" d e f h s  Heber as a Class 4 (extremely hazardous) area and 

reaosrmeds that buildings be designed for an acceleration of 0.375 g. 

design is 50 percent mre oonservative than that required by the Imperial 

This 



county regulations. 

plant site, the mre cons em ti^^ design criteria of 0.375 g seems to be 

justified. 

Due to the proximity of t h s e  faults to the proposed 

(srorard subsidence and lateral rmvemxk have been &served at other sites 

where fluid withdrawal has not been acanpanied by fluid reinjection. In 

the I m p e r i a l  Valley, however, ground d o n  and subsidence exist as part 

of the tectom. 'c background. The V a l l e y  is mnring horizontally i n  a acarplex 

manrer with the central portirm of the Valley subsiding at a rate of about 

1.5 an (0.6 in) per year mlative to the surraxnding muntains. A recent 

leve&g survey by Gx3nmn O i l  Capany suggests that the Heber area is . 

mvhg tp slightly With respect to E l  Centro, but the daninant &on has 

been a dowrrward t i l t ing  northward and eastward. Land subsidence p~&lem 

related to the proposed mermal develqun?nt a t  Heber can only be spe'axlated 

a t  this tim. Because of the fact that the fleathermal fluid would be re- 

injected af ter  heat extraction, any SUbsideMce d= to brine production is 

lik6ly to be small and mst likely no larger than that due to tectonic 

causes. The effect of subsidence is nut likely to prwe a significant ~ 

A t  this t h ,  reliable estimates of future subsidene i n  the area of the 

Heber geothermal resemir canwt be made mtil the resenair has been 

q q a t e d  for a period of time and the c o w  g land survey results 

studied. 

to be the next best sate of infonmticn availdde, provided that the input 

reservoir paranetem properly represent the reservoir. 

Without this jnformation, results fran Ocnrputer mdels are considered 



There are other mans for estirkting future subsidence. such 

ItEthOd has been developed by Geertsma and by Raghaven and M i l l e r .  In 

cperating the Heber reservoir, the rate of fluid injection and fluid pro- 

d u c t i o n ~ l l  be the Sam2 and the averburden pressure has been a s d  to  be 

fixed. 

due to the pmduction of waW for a 200 We plant w i l l  be on the order of 

Gearxxru 'cs has indicated in the past that the reservDir press- drop 

6.8 - 20.4 atm (100-300 psiaj around the w e l l  bores. may fragn the w e l l s ,  

the pressure drap will be nuch smaller, An -age pressure drop for the 

entire reservoir should be less than 6.8 atm (100 psia) . The overall net 

productive thickness of the reservoir has been ass& to be 734 m (2,408 f t ) .  

Using these data, the capaction was estimated at 0.12 m (0.4 f t ) .  Assuming 

the resemir has the shape of a cylindrical disc of constant thickness 

with its axis vertical and without Cansi-g the variation of drawdam 

pressures with respect to tim or  for any tim lag i n  subsidence, the 

subsidence has been estimated to be 0.21 m (0.7 f t ) .  

assutptions that have been used, these v a l m  are a t  best only an indication 

of the possible t n ~  magnitude and should be considered to be conservative. 

The t n ~  average value is p-ly less. 

Considering the gross 

The subsidence possibility is 

nummal ovsr mst of the reservoir, but localized subsidence amuhd the . .  

producing w e l l s  can be significant. 

AS a result of the above s w ,  the folluwing conclusions and r eco~~~&t ims  

canbemade: 

a developznt at Heber is not likely to 
have any adverse inpact on the shallow gmundwater 
resource of the area. 



I 0 Oorrosim, scaling and presence of nonmndensable gases 
LJ 

I 
should pmve to be minimal for the Heber geothermal project. 

0 The H&r area lies i n  a gemral mion of high Seidci ty  
and strain release. 

0 No fault has yet beenmapped directly under the Heber area. 
T k  stress oonditian and the strength of the rodcs a t  
H&er are not knmn. 
is difficult ~ assess the possibility of increased 
seismicity due to 9-1 a d ~ t y .  

W Hebcr area is subsiding and t i l t ing  nortkas- due 
to tectonic causes. 

W t i l  such data are available, it 

0 
The fluctuating subsiden- rate is 

not mt and ShOLlld present no seriaus pmblem. 

0 Geothermal d=velcgmsnt activity a t  Heber should have a 
small effect on subsidence ccclpared to that due to exist- 

Design of the structures should incaporate acceleration 
and resonance spectra which are wailable for the 1940 
earthquake. A d i n e d  local soil test analysis and 
seismic structural response should be made as part of any 
detailed structural design. 
not be less than 0.375 g. 

ing tectonic causes. 

0 

The design acoeleration should 

0 Baselinedatashauldbeobtame d by d t o r h g  the H e b e r  
area fcx seismicity and subsidence befoxe paver productian 
begins. 
system throughout the *life of t k  pmer plant. 

It is also desirable ta have a penrmcnt d e i n g  



I 

W 

' .  

. 

The Heber geothermdl prospect lies in the south-central Inperid Valley 

of southeastem California (figure No. 1). This valley forms a part of 

a broad elmgate, northest-trendm ' g depressian in southern California 

and M d c o  cal led  the Salton Tmugh. SORE 250 km (155 m i  ) long and 

30 to 70 'km (19 b 44 mi ) wide, the Salton Trough ranges in elevation 

frcan 50 m 

border to -75 m (-246 ft ) at the Sal- Sea. Br&ring the trough 

to the west are the 1.5 km 

the east lie l 3 ~  0 . 4 1 . 0  km 

mtains; the Gulf of California is to the south and the San Bernardino 

muntajns are located to the north. 

(164 ft ) at The Colorado River Delta near the international 

(4,922 f t  ) hi* Peninsular Ranges while to 

(1,641-3,281 ft ) high Chocolate and Orooopia 

W Inperial Valley is a gently northward=sloping valley surficially.covenA 

with playa wits in its center and alluvial fans and aeolian dmes on 

its flanks. It lies largely belaw sea level and is protected fr&n the GIU 

of California waters by the natural dam f o m d  by the Colorado fiver Delta. 

T k  naturally arid valley was transfomd into a rich agricultural district 

at the turn of the century by the introduction of O o l o d  River water 

through an extensive system of irrigation canals. 

valley, which is the lmst part of.& depresion, contains a 1,200 sq Ian 

(463 sq hi. ) body of saline water, generally less than 4.6 m (15 f t  ) 

I 

I 

The northern end of the . 

deep, called the Sal -  Sea. The sea was f o n d  in 1905 when a 

1 
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REGIONAL SETTING OF THE IMPERIAL VALLEY (38) 
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break in the Colorado River Delta was enlarged by flood waters in- a 

bkach lkm (3,281 f t  ) wide and l 5 m  (49 f t  ) deep that required two years 

of massive CamMlity effort - bring under contml, 

The Heber 

array of cultivated fields (Figure NO. 2). 

elevation near sea level an3 has no rock outcraPPings. 

ansa lies just south of E l  centra in an extensive 

It is a vay f l a t  region w i t h  an 

The climate of the Inperid Valley is characterized by lm rainfall, high 

hmidity due to high evapbtranspirath, high winds and hot sumers. 

PIaximm 

Win- minimum s e l h  get beluw 0 C (32 F). 

tation is approximately 7.1 an (2.8 in) ,  mst of which occurs during surmer 

cumonly exoeed 46 C (116 F) in July and August. 

The average annual precipi- 

3 



Geologic map of the S o l t o n  Trough. 

FIGURE N0.2 

GENFRAL GEOLOGIC MAP OF THE IMPERIAL VALLEY (54) 
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The Salton Trough is a -lex rift valley of Miocene we that fonns the 

landward extensian of the Gulf of California (17). The Trough is filled 

to great depths w i t h  fluvial, lacustrir~ and mrine deposits of Tkrtiary 

and Quatexnary age which are primarily h i v e d  from Colorado River 

souxces and intemitrnt marine incursions (13,47,68). The peninsul ar 

Ranges to the west are ocnposed chiefly of cretaaeous southern California 

batholith granites QO) while the Chocolate and Oamcqia lbuntains to the 

east contain Bksozoic and older granitic and rretatmrphic rocks (18). 

Wile mst rift valleys, the Saltan Tmugh is bo- by active strike- 

slip faults trending o b l i q ~ l y  ,to its axis, causing the.abser~ed ri&g 

mually due m nomtal fault mtion(18). Seismic refractian surveys (5) 

shew that the. trough is 6-7 km (3.7-4.4 mi ) deep in the central frtperial 

Valley (Figure No. 3), but despite this great thicbess of lm density . 

sedinmts, tk traugh has a positive Bouger gravity (figures 4 and 5). 

This inplies that the crust beneath the Salton Trough is either thinner 

or denser than normal cantimntal crust, or both. Gravity -ling 

Wd&v and IatSlAn (43) suggests that the crust in the Inperial valley 

m y b e a s t h i n a s 1 4 h  ( 8 . 7 m i ) .  

5 



FIGURE N0.3 

DEPTH TO BASEMENT ISOPACH M A P  (55) 
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In  a general sense, the exbtenoe of the Sal- Trmgh 

w i t h  plate ectml 'c models. 

may be accounkd for by the fact that the Salton Trough oonprises a part 

of the active Pacific-North Anmxkan Plate Ebmda?y, Figure No. 6' (23). The 

structure of the trcugh may- be largely aantrolled by the East Pacific rise, an 

be explained 

The observed crustal thinning and basification 
* 

oceanographic spmading center that extends up thqmgh the Gulf of Califoda. 

AII evolutionaq mdel for the develapnrent of the trough i n  this framwork 

is given in No. 7 which shows haw a thinner, denser crust my be 

forming under the saltosl Trough by pnxesses analogow to oceanic crustal 

spreading- 

IMPE€uALllNxEY 

The Inperid Valley is the mst tecbnically a e v e  part of the Salton 

Traugh. 

defomtion (18), high seismicity and subsiden- activity (26,271 and 

'nunemus geothermal anamlies (11). 

It is an area of high regional heat flow (551, inbnsive crustal 

. The Inperial valley is on= of ths mst seismically active axeas in the 

Lhked States (2,26,23. The seismic activity has taken the form of both 

the classical main shodc-aftersbck seqcu3nces and swam activity. 

Numerous active strike-slip faults of the San Andreas systepn trend into 

the valley and mst of the observed seismic actidty occursalong these. 

The San Andreas fault which bounds the valley to the east (Figure No. 3) 

and the Elsinon=, San Jachto, and Superstition Hil l s  faults which lie a t  

the western boundaries of the valley are presently less active than the 

oentral valley faults (2,26,23. These faults, which inclub the Inper id 



FIGURE NO, 6 

TECTONIC SETTING OF THE SALTON TROUGH (23) 
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Fault and Brawley Fault, are the sites for much of the obsemed historical 

seismic activity (2). seismicity will  be discussed further belw. 

Gravity and thermal gradient maps of the valley are given in Figure Nos. 

4 and 8. 

and positive gravity closues, w i t h  each geothermal anmaly having an 

associated gravity positive. 

These shw a s t rmg correlation between thermal gradient ananalies 

This factor, which  has greatly s i q l i f i e d  

exploration in  the valley, may be demmstrated with a con- 

vective mass transfer mdel in which heated subsurface brines cool and 

precipitate mineral phases w h i l e  rising up fault mduits. The result 

is a large mount of intergranular mineralization and near surface densi- 

fication of country rock; hence, positive gravity ancmlies occur (44).  

It is worth noting that six of the seven geothermdL sys- found in the 

valley have no swface leakage manifestation. 

stratigraphically sealed (by thick inpermable clay beds, for exanple) or 

self-sealed by m i r e r a l  precipitation fm circulating brines (4). The 

These system are either 

only exception to this is the S a l t o n  Buttes field which is characterized 

by =cent volcanism and the occuzrence of m d  pots and hot springs. 

HEBERANOMALY 

The Heber Ancxnaly is located i n  the south-central part of the Inperid 

valley (Figure No. 2). se3nEnts are dcgoinantly Quaternq deltaic sands 

and shales derived fran Colorado River sources (47). Boreholes show that 

the deltaic sedimnts persist t o  a depth of at  least 2.5 km 

(53), although a 25 m (82 ft ) thick gabbmic sill was encomered in . 

one of the chevran O i l  -any w e l l s .  

(8,203 ft ) 

Depth to basenu3nt at Heber, as 

12 



FIGURE NO. 8 

THERMAL GRADIENT M A P  OF THE IMPERIAL VALLEY (11) 
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estimated f m n  seismic surveys (5) is 7 km (22,967 ft ) 8 which is equal 

to the greatest basement aepth thus fa r  encounten& in the valley (Figure 

No. 3) .  

i. 

Based on deep and shallm borehole data, (55) estimated that the Heber 

heat f lm an&y occupies about 35 sq km (13.5 sq mi ) (figure No. 8). 

Nm?rrxls geophysical surveys were conducted in the Heber area (35,421 , , 

and it was found that the area has gravity and electrical resistivity 

anomalies associated with the heat f low high. Biehler (6) disomered a 

2 nyal gravity positive over Heber of approximately the sam shape and size 

as the heat flow high (Figure No. 4). !Chis gravity mtras ts  with mch 

larger positives found aver the Sal- W x t t e s ,  North Elrawley and E a s t  

Mesa geothermal fields. Biehler (6) postulated that the laver gravity 

pointed to the possible &ten- of a pure steam phase at the Heber field, 

but to date, drilling has not mnfirm=d his assertion. An analysis of 

a detailed gravity survey of the Heber area by the chevron O i l  Carpany 

indicates that & relative gravity high is surrrxlnded by a IllDderate 

gravity low. This may indicate a selective leaching and deposition process, 

whew minerals are dissolved froan the rocks an the periphery and 

deposited i n  the ent ra l  portion of the field. bkidav and Furgerson (42) 

shuwed that the Heber field has an associated low resistivity a n m y  

(Figure No. 9) although it was  noted that the observed resistivity contrast 

is small because the background resistivities are also very low (less 

than 2 dun-rceers). These low background resistivities were probably 

caused by high w a t e r  salinities due t o  i n q l e t e  mixing and sluggish 

transport of regional ground water .  &idm and Furgerson (42) also LJ 

1 4  



FIGURE N0.9 

ELECTRICAL RESISTIVITY M A P  FOR THE VALLEY (42) 



sh& that the Inperid Fault serves as an @tard in the Heber area 

wh ich  separaks brackish central valley waters  from fxeskr waters to the 

east (Figure No. 10).  This explains sok~y3 of tkae h q l e t e  ground water  

mixing. 

16 
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The hydmlogic and & m i d  c i m r a e i s t i c s  of the Inperial Valley wam 

are highly de-t rn sedinrtntary stratigmphy and the lccation of 

prcminent faults. 

determining gr& waw quality and distributirn in the valley. Hydro- 

mce, tk local geology plays an inportant role in 

and f h  charackristics. 

HYDmmGY 

The areal and vertical distributicm of sediments i n  the valley stmngly 

&ped rn contributions frun the Colorado River, which has been the 

dmninant souroe of valley E e d i m n t S  since tk? Miooene (47). In  general, 

the grain size  of valley e t s  is invemely prcportional to the 

distance from the present day Colorado River ~ e l t a  (45) so that sedimnts 

of the southern and eastern Imperial Valley are much coarser than northern 

and central valley deposits. This relationship gmerally holds to a aepth 

of a t  least 2 Ian (6,562 f t )  (53) and holds best for central and eastern 

valley d w i t s .  West valley deposits are less affected by ccmtribukions 

fran the Colorado River than fran local sources. 

tend to amcentra& cuarse deposits (sands) on the flanks and fine -its 

(clays) i n  the central valley: these are northwest prevailing winds w h i c h  

other processes 

6.i 
18 



ccwK=entrate sads in south and easterly dune belts, and the several post- 

Mioceru3 lakes &ich ooncentrate clays i n  & central Inperial Valley. - 
net effects of these sedimmtary processes e that they tend to form 

natural stratigraphic cap rocks for central valley 

separate shallow 4 deep graund water system and make central valley 

waters saltier and mre stagnant than eastern or western waters. 

systems, 

Meidav and Furzperson (42) have shown that many of the san Andreas system 

faults act as aqdtards for mginal valley waters. They postulate that 

high salinity gradients existing across northwest-trending faults e 
increase salinities of cmtral valley ground waters by fonning barriers 

to fluid mixing. 

only east of the Alam River, suggesting that this river marks one of the 

prqx>sed aquitards. Widav and Eb.rgsrsm (42) have also o b s e d  a southeast- 

northwest s a l i n i t y  gradient. This could be amom& for by assmhg a 

single recharge source at the -lorado River which inplies that waters 

northward ard westward e older, and mre saline by prolonged amtact w i t h  

reservoir rocks. 

It was noted, for instance, that artesian waters exist  

SOUFCES OF WRIER AND HYD€XILDGIC -TICS 

The Cblorado River supp?lies 80 percent of Iqerial V a l l e y  ground water 

tlwough direct oamnunication, &al leakage and'irrigation discharge. The 

remining w a t e r  is derived froan precipitation and runoff froan local 

watershed anas. Tfae total m l m  of water i n  storage has been estimated be- 

txeen 1.4 ard 3.7 trillion cubic (1.1 and 3 billion acre-feet) 

(16,55) (The figure Variance occurs because the formqestimh was made 

19 
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fmn parosity calculations of sedhents shallower than 2,438 m (8,000 ft ) 

and classification of "usable" w a t e r  as that with less than 35,000 ppn 

dissolved solids. 

in the Salton Buttes -a, exceeds this figure). 

w a t e r  is estimated to be abmt 20 percent of the water in storage (16) ; 

annual xedmrge is abaut 493 millicn cubic meters (4008000 acre-feet) . 

Scm of the deep Imperial Valley water ,  particularly 

Tatal remverable 

The regimal w a t e r  f low pattern is q l i c a t e d  but i n  general8 w a t e r  fl- 

northward and westward fran the prim S O ~ ~ O ~ S  near the Colorado River Delta. 

Flaw p a w  carplications arise fran natural (fault and stratigraphic) 

quitards wh ich  chann=l waer flaw and fran hydmtkmal system whose local 

ccmvective pat- tend to cause regional waters t6 f law i n w d  t o  the 

m y .  Stratigraphic separatim of deep and shallm w a t e r s  also tend 

to axplicate f h  patterns especially when shallaw and deep waters can 

aarranunicate by fault-induced -ability. In s c ~ ~ 1 3  cases8 careful analyses 

have all& 1 0 C d  flaw patternS to be deduced (4) 8 but the PiC- 

ture still largely remains unclear. 

The flow rate of Inperid Valley w e l l s  is variable and depeds on the location 

and &pth of the w e l l .  Many s h a l h  w e l l s  at  eastern and western valley 

mrgh have flowed water  than 0.063 cu Wsec (1,000 g p )  whereas central 

valley shallaw wlls have pmduced only a fraction of this. 

the exknsive irrigation system was needed i n  the Irtperial Valley. 

w e l l s  i n  the central valley, haever, f law as w e l l  or better than deep 

This is partly wkry 

Deep 

w e l l s  a t  the valley margins. -te smpling of these wells is not yet 

(J available, h v v e r ,  to clearly establish a pat-. 

20 



cx-mmxl QUALITY OF lllmERs IN THE lIwEmAL lmLEY 

Iinperial ~al.ley waters my be divided &emically into several different 

categories, of which the principal ones axe: 

0 Basin-edge w a w  whi& strongly r e d l e  Colorado 
River souras waters (See Table Nos. 1 and 2 ) .  

m o z  saline and nckr in carbonate (Table No. 3) . 
Deep valley waters whi& tend to be more saline 
but xesable basin-edge waters in ionic ratio. 

yldratherroal water whi& tends to have increased 
silica, pH, m a  salts, and sa l in i ty  (Table No. 4 ) .  

0 ShallajJ central Valley waters which are ScXEwhat 

0 

0 

0 Hypersaline brines wh ich  contain unusually 
high salinities and axe mfined to the Saltan But- 
(Table NO. 5 ) .  

The variety of waters demmstrates the ocmplexity of the hydmlogic system 

in the Valley. The quality of e water is dependent upan geologic and 

source famrs.  Table Nos. 1-5 ShrXlJ., for -le, that dissolved oon- 

stituents range f r a n  790 to 259,000 ppn. 

Bent studies (38) shm that the shallm ground water in the Valley has 

changed in quality due to source water changes, extensive irrigation and 

use of fertilizers. 

This trend is expected to amtinu=. 

The Valley's ge&bmal brines do not differ greatly fran deep waters in 

the area except for the addition of =tal salts and the dissolution of 

caxbonat~~. Elme,  sa^ geothermal wells evolve 002 gas. 

hi the Saltan Buttes m a  is v t 3 q  unusual (See Table No. 5 ) .  

Consequently, the g r o u n d  w a k r  has b e m  more saline. 

.. 
The deep brine 

This brine 

21 



TABLENO. 1 

TABLENO. 3 

A v E R A I ; E m  IMPERIAL 
ln&LEx l"EB (38) 

TD6 

9 32 
23 
12 

204 
88 

1330 
115 

i 2510 . 

TARLE NO. 2 

oonstituent 
Na 
ca 
w 
H003 
m 4  
cl 
others 

TD6 

144 
97 
30 

16 3 
362 
119 

35 

950 

TABU3 NO. 4 

TYPICAL BEUNE 
MESA 6-1 (65) 

C o n s t i t m t  

PH 

Si02 
Na 
w 
H003 
so4 cl 
Others 

TDS 

6 . 1  

220 
5129 

22 
304 

20 
9014 
1082 

15791 
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TABLEND. 5 

SALmSEABRlMEs 
BIUNE AT THE SHEXL I.I.D. NO. 2 WEIL (24) 

coaistituent 

53 I 000 
16 I 500 

210 
250 

27 , 800 
440 
10 

2 ,000 
1,370 

80 
500 
3 

155 I 000 
500 
30 
390 
400 

259 I 000 

23 



munts of sodium, calcium, potassium and &lori.de ions, contains signifi- 

cant m t s  of corrosive HC1 and H2O4, as w e l l  as traces of lithium, 

flwri.de, s tmnt im and athers. The comive and scaling pmperties of 

the Salton Buttes brine have been the major deterrent in h l o p i n g  that 

geothermal field. 

"he shallow gmmd water a t  Heber is characteristic of central Wial 

Valley waters (Table No. 3), but there is evidently very little camnmi- 

cation w i t h  deeper hy- waters Since the character of this water 

is vastly different. 

cap rock above the g e o t h d  reservoir that is several hundred feet thick. 

This is probably due to  the presenoe of a clay and silt 

Geathermal w a t e r s  a t  Heber are produced from a depth of 600 to 1,900 m 

(1,968 to 6,232 f t  ); Table No. 6 presents chemical analyses data f m  

five geothermal w e l l s .  Sodium chloride is the predormn - ant dissolved 

constituent of the geotkrmal w a t e r  and the average pH indicates a slightly 

acidic to  neutral condition. 

that silica scaling a t  the w e l l  bore or surface pipes w i l l  not be a 

prablem at  H e b e r  and t r ia l  production ard injection operations at Heber 

-ate concentrations of silica suggest 

have not shuwn any corrosion or scaling problem to  date. Only tra- of 

hydrogen sulfide have been reported fmn w e l l s  and the m u n t  of noncondensable 

gases in H e b e r  geothemal w a t e r  is nununal. . .  

The geothermal w a t e r  fmn H e b e r  sbws similarities to  that frm the err0 

Prieto, W o o  reservoir (Table No. 7) ,  particularly in regard 

to wtal dissolved so l id  concentrations.  his suggests a -n ori- 

24 
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TARLENO. 6 

Si02 
Li 
Na 
K 
ca 
w c1 
=4 
033 
H a 3  
F 
B 
Fe 
MI 
Pb 
Zn 
cu 
Ba 
Sr 
Al 

L1 
PH 

-~ 

N w b  #1 

14 , 100 

120 
6.6 

3,600 
360 
880 
2.4 

9,000 
100 

4 
. 20 

1.6 
4.8 
0.9 
NA' 
0.1 

0.68 
0.2 
NA 
NA 

0.04 
NA 

4 
7.1 

H o l t z  #1 

13 , 168 

268 
4 

5 , 500 
220 

1,062 
5.6 

7,420 
100 
NA 
NA 
1.7 
4.1 
l5 

0.9 
1.6 
0.3 
0.5 
6 

37 
l5 

NA 
. N A  
NA 

Holtz #2 

16 , 330 

187 
4.1 

4 , 720 
231 

1,062 
23 

8 , 242 
148 
NA 
NA 
1.5 

8 
5 

0.9 
0.6 
0.1 
0.4 
3 

42 
l2 

NA 
NA 
7.4 

2.B. Jackson #1 

l5,430 

267 
2.8 

4,688 
181 
891 
4.7 

8 , 320 
152 
NA 
NA 
0.9 
4.8 
20 

1.3 
0.6 
0.4 
0.4 
3 

32 
0.5 
NA 
NA 
5.8 

J.D. Jackson #1 

15,275 

268 

4,563 
197 
781 
3.8 

8 , 076 
150 
NA 
NA 
0.6 
5.2 

10 
1.9 
0.9 
0.5 
0.4 
3 

36 
18 

3.4 

NA 
NA 
6.5 

mcept p ~ ,  all  parar~t;ers are i n  parts per million. 
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TABK:No. 7 

M.AJLYSIS OF WXI’ER I X M  
CERFiD PRIGIO, B.C., MEXI00 

Na 

K 

Li 

ca 

w3 

a 
Br 

I 

Fe 

Total Dissolved 
so l ids  (TDS) 

nd = N o t  Determined 

1-A 

4,450 

600 

l2 

210 

30 

7,420 

5.2 

1.0 

nd 

7.0 

52 

52 

24 0 

nd 

nd 

699 

13,082 

M-3 

5,310 

1,100 

17 

310 

11 

9,680 

10.0 

2.8 

0.2 

15 

60 

55 

4 80 

680 

218 

820 

18,041 

W e l l  N-r 

M-5 

5,820 

1,570 

19 

280 

8 

10,420 

14.1 

3.1 

0.2 

0.0 

73 

71  

740 

1,600 

700 

733 

19,018 

26 

M-6 

5,000 

504 

11 

388 

33 

9,000 

12.6 

2.5 

nd 

16.4 

I58 

21 

151 

420 

37 

1,106 

18,412 

M-7 
~~ 

5,250 

910 

13 

230 

18 

9,310 

9.2 

2.6 

nd 

3.4 

71  

32 

390 

940 

180 

649 

16,240 

~~ 

M-8 

6,100 

1,860 

17 

390 

6 

11,750 

14.3 

3.2 

nd 

0.0 

890 

l l 5  

770 

nd 

nd 

1,000 

21,915 



source of water, prcbbly the Colorado River, for both reservoirs. 

significant diffemnce d s t s  between the reported oontent of noncondensables 

in Cerro Priew geotkmd fluids and those a t  Heber. Whereas at Cerro 

One 

Pfietm the CO2 content is about 1,000 ppn, and the H2S content is about 300 

pp, there are only traces of 002, H2S and other n o n e & -  in the 

Heber geothermal fluids. 

It is estimated that between 50 to 60 producing wells  and 20 to 30 in- 

jection wells w i l l  be required for  a 200 MW net electricity plant a t  Heber. 

The injection wells w i l l  be located on m a n t r i c  circular arrays with 

diamters of about 3,020 m (9,900 Et) The possible changes in p o d  

water flow pattern d= to this &vel-t may be: 
. 

0 

0 

Changes in ground w a t e r  quantity and f l m  direct ia 

Chemical changes in ground wa- as a result of 
psible mixing w i t h  reinjection w a t e r s  

Diversion of deep wa- from other areas 

Effect on deep wa-rs of salt watex reinjection 

0 

e 

the effective hydro s w a t i a  between the geothermal 

ground waer system at Heber, the-only likely 

ion of deep waer froan other areas and the effect 

reinjectian, and the projected extent of 

such changes is minor. A t  Cerro Pdeto ,  for exarrple, shallm graund wa- 

developnmt except in cases where 

local water sy 
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SEISMIC AND SUBSIIENCEl M3"IORING 

data i n  the Imperial V a l l e y  haw been recarded m a broad scale 

since 1927. 

park of the California Institute of Te&nologyls (Cal Tech) permanent 

southern California seismic net. 

portable seismic stations to an area after a large magnit& event, such 

as the Inperial e- 05 1940, and recard the sequence of -. 

In 1934, a seismic statim in t k  valley was established as 

Tkbe plan for reoording was to mve 

In 1973, the united Sta tes  Geological Survey (U.S.G.S.) in aoOperation 

w i t h  the California Institute of Technology established a sixteen-station 

telemtered ne-& in the Inpenal V a l l e y  (Figure No. 11) to record and 

inkrpret e- related to the geothermal phencmnon (27). In the 

Hebe.r area Wvmn O i l  Ccanpany plans to establish a closely spaced seismic 

net to gather information on background seismicity and the relationship 

the prqosed geothemd pmduction might have on s e i d c  activity. The 

above project is scheduled for implerm~tat ion in 1976 and w i l l  run con- 

tinuously thmughout the period of paver PrOdUCtkn (according to E. Drobic 

in a personal aosrpnunicatim in March, 1976). 

Gmmd d o n  data (both horizontal and vertical) have been available in ' 

the valley since 1934 when the U.S. Coast and Geodetic Survey established the 

f i r s t  triangulation and leveling network there. 

i n  1941, 1954, 1967 and 1972. 

The network was remasured 

In 1970, as part of the Inperial Va l l ey  
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Project (551, an array of 141 benct..rmarks was established in the southem 

Imperial V a l l e y  to d t o r  fault d o g l  (Figure No. 1 2 ) .  

Coast and Geodetic Survey, in Cooperation With the U.S.G.S., un&rbok an 

-ive program to mnimr ground mtim mugh the Inperial Valley.  

This program calls for triangulatim and leveling surveys throughout the 

valley &exy two years and mre frequently i f  geothermal production m s  

a reality i n  the valley (39). ~n addition, a system of tile-, extenso- 

mters and level nets was established a t  Salton Buttes, E a s t  &sa and Me23er 

to detect any grwnd mtim related to geothenml production (Figure Nos. 1 3  

and 14) .  

C k v m n  O i l  Carrpany in the Heber area. 

relative elevation change in tk Heber area over a year's period. 

In 1971, the U.S. 

pdded to tk above data was a private leveling survey &ne by 

This 1974-1975 survey measured the 

HImRIcAL SEISMICITY 

The Salton Tmugh in general, and the Inperial V a l l e y  i n  particular, is 

charaeized by a high level of seismic activity and a large munt of 

strain release. ~i&ter (59) reports that 12 eartkLquakes of magnit& 6 

or greater ha= oacurred in tfre Saltan Trough since 1900 (Figure No. 15) 

and nine greater than magnit& 6.7 have oocurred since 1850 

(Fiw No. 16).  

than magnitude 4.0 that oc(xvTed be- 1932 and 1972 in southern California. 

It is evident that a large ccncentration of events o c d  i n  the Sal ton 

Trough along faults of the San Andreas System. Smaller shocks and earth- 

quake swarm are also - 0 0 ~  for faults in the San Andreas System (26,271. 

Figure No. 17 is an epicatral mp for 

The Inperial Valley fault systern, which i n c l d  the Banning-Mission Creek, 

Imperial, Brawley, E l s i n o z  and San Jacinto Faults, m n g  e s ,  is 
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lst.order leveling Fault 
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2-year change. in centinetrer d o t t e d  c'nc*a'ed 
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FIGURE NO.13 

NETWORK OF FIRST ORDER VERTICAL CONTROL A N D  

2-YEAR CHANGE IN ELEVATION, 1 9 7 2 - 1 9 7 4  (39) 
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FIGURE N0.14 

GEOTHERMAL AREAS OF LOCAL VERTICAL AND HORIZONTAL 

CONTROL(39) 
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FIGURE N0.16 

LARGE EARTHQUAKES IN CALIFORNIA REGION ( 5 9 )  
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mving right laterally at the d a t i v e  rate of app&tely 8.0 an/yr 

(3 .1 i.n&r) (62). This figure is a 20-year average of d a t i v e  shear 

taken fmn tk Peninsular mges to the west of the valley to the Chocolate 

~ ~ ~ ~ t a i n s  to tk east (701. 

but has d e d  greatly w i t h  time (18) and location in the valley (62) . 
TIE actual mvemnt is by no mans constant 

Occurring along the San Andreas Fault system typically have 

focal depths of 5-8 km (3.1-5.0 mi) I which is appm2dma~ly the basemnt- 

sedirtlent inbsrfaas. 

and are -tly associated w i t h  ouaternary fault scarps. A limiting 

depth for hypocenters in the valley is about 12-15 Ian (7.5-9.3 mi) because 

at depths greater than this the high thennal gradients generate suffiuenfly 

high tenperatuxes to cause the rocks to mve plastically in response to 

stress; in the geuthend -as of the valley this limiting depth is luer (21). 

THE IMpEIiIAL VAIlteY EAKlsEQuAKE OF 1940 

 his was tlae mst significant e- to have occ~rred in the a t o n  

/ 

Events gemrally occur an nearly TRlrtical fault p lans  

Traugh in terns of hman distu&ano=. 

into Baja California (hkxico), the adjacent Yuma Valley and the Salton Sea 

area to the north. 

Damage caused by the -extended 

The shock a u l d  be felt for a radius of about 180 Ian ~ 

(112 mi). casualty relparts s m  that seven persons wxe kil led by the 

collapse of wak structu~~s, me persan bunaed to death and one died 

later fran injuries. 

loss of crops d e  to internqtion of water services 

Daxmge was estimated at 5-6 million dollars, including 

and Serious damage to 

a l l  trrwns of central and southern Irrperial valley. 
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The publid& magnitude for the earthquake was 6.7 but this was later re- 

vised to 7.0 (59). The focal mawas shallow and the daninant d o n w a s  

right lateral displacxmnt h g  the m a l  Fault (Figurrt No. 18) . SUP 

face faulting could be traced for m i l e s  mrthest and southeast of the 

epicen- but the charackr of the t r a e s  was variable. Northwestward, 

the fault displacen-mt gradually diminished frcxn 1.5 m (4.9 f t )  offsets 

near E l  @ntm to 15 an (5.9 in) near Brawley. The fault trae c u m d  and 

splayed mrthwestwarduntilm evidence of surface faulting could be found 

mrth of F3rawley. --,the trace was nearly straight and offsets 

eduntilmne could be foin?d 25 Ian (15.5 m i )  south of . . .  SraaUallY - 
the border. 

swarm activity is ummn i n  the val ley;  inmany cases,swarrr~ 

cccur on the sarne faults as major shocks (27), Swanrr; that have occurred 

since 1969 hwe been studied carefully and these have yielded a wealth 

of data on the structure and tectonics of the area. 

Figure No. 19 

Valleys during April and May 1969. 

after an extensive seismic net in the Salton Tmugh region was established 

epioenters for seismic events i n  the Irrperial and W c a l i  

These eartfiquakes were m n 3 e d  shortly 

by cal Tech. FrcHn these reoordings, as well as fran previous recordings, and 

other geological and geophysical data, &xican and United States scientists 

m e  able t o  draw sac conclusions about the formation of the Salton TIOW. 

They proposed a model that related the opening of the Gulf of California to 

mrtiOn along the San Andreas Fault System. In this model (Figure No. 6) the San 
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FIGURE N0.18- 

IMPERIAL VALLEY EARTHQUAKE 9 1940. M A P  SHOWING 

LOCATION OF FAULT, INSTRUMENTAL EPICENTER,ETC.(SO) 
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FIGURE NO. 19 

SElSMOGRAPHlC STATIONS IN NORTHERN BAJA CALIFORNIA, MEXICO (RHM , 
EGM, SFP) AND SOUTHERNMOST STATIONS OF CAL TECH NETWORK IN 
SOUTHERN CALIFORNIA (BAR, GLA) (40) 
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Andr.eas Fault System fonns a transform plate baundary that connects the divergent 

plate boundan 'es in the Gulf of California and the Pacific Ocean north of 

san mancisco. 

continuous v t s  separated by amtinmtal spreading enters. 

produced continental spreading denters which i n c l e  Salton Buttes, North 

In the salton Trough the san Andreas form several dis- 

These 

Brawley and Cerro Prieto,  a l l  -rally areas of high heat flaw, young 

mlcanism, high seismicity and crustal thinningandextension. "he 

rrrechanism for local crustal spreading, suggested fmrn fault plane soluticms, 

inmlves an echelon mxml and strike-slip faults trending oblique to 

the regional transform faults. 

the observd crustal rifting. 

mtion along these faults could acaxznt for 

figure No. 11 gives epicenters of Inperial Valley eartfiquakes from June, 

1973 to May, 1974. This period was the first year of operatian of the 

U.S.G.S.-Cal Tech S b c k e ~  station seismic net in the valley. Sevepl  

SWamE Ere 3xx!orded dunring th is  period near Brawley, sallxm Buttes and 

near E l  Centro on the Irrpenal Fault. 

annual regional seismicity although coverage was not miform for 

smaller than ~ g n i t u d e  2. These eart@uh data tend to verify earlier 

observations rn regional seismicity (40) and establish definite fault 

traces for the Brawley and liprial faults. 

quakes along a sectirn of the Inperial fault are given in F i g u e  No. 20. 

During late January, 1975 the 

swann. Qicenters froma rid are given in Figure NO. 21. 

Analyses of focal depths, tenporal migration, and f i r s t  d o n  of earthquake 

The figure gives a picture of t k  

Focal depths for these earth- 

area was the site of a major e- 

yielded 43x2 following &servations: (1) fdcal depths were 

shall- inside the Brawley thennal e a  than autside, probably because 

. 41 
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higher subsurface temperatures cause deeply buried rocks to mve plastically 

in reSpOllSe to stress; (2) In the Brawley field many eartkpkes occurred 

along nor the as^-^ l e f t  lateral and nonnal faults (Faults A and B 

in figure No. 21, for exarrple). This type of mtion is a s d  responsible 

* for the observed spreading a t  EWawley. Figem No. 22 illustrates the nunher 

of earthqmkes along the Brawley fault w i t h  respect to depth. 

quakes occurred between 3 and 8 km (1.9 and 5 mi) i n  depth. 

Wt earth- 

rese-s (17)lave k l t r l e d  Heber as another region of CrCLstal spreading, 

but its position relative to transfonn fault segzrrents makes th is  assertion 

doubtful. activity a t  Heber is also noticeably less than at 

North Brawley or S a l t o n  But- (25,26,27). 

RELxrIcN OF EnFaHQuAKEs m GEDnEmm A c r m  
Several studies have shown that there is a comelation between microearth- 

I 

the correlation is unusually high. 

are found at Sal- Buttes (26), North Brawley (31) and E a s t  m a  (12). 

High levels of dcroeartlqde activity 

To 

dab, it is unkncrwn whether such a relationship also exists at Heber. 

any case, several remarks can be made about eartkpkes in the Valley's 

In 

geothermal areas: 

0 Sbcks  are -ally &ler in magnitu& and 

s a  becbnl 'c setting (69). 
fxE!qlent in areas thanother areas in the 

0 Faults relal& to the microear&q&es serve as 
ccglduits for cirdating.brineS. 
for -le, it was &served that 032 w e l l s  began 
emitting large quantities of gas j u s t  after earthquakes 
in the U3O's. 

A t  the Saltan B u t t e s  
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DEPTHS OF EARTHQUAKE HYPOCENTERS FOR EVENTS OF 

THE BRAWLEY SWARM JANUARY, 1975 (31) 
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0 Earthquake focal depths are usually shallaver in geothemd 
-as than i n  other seismic areas, inplying that mi- 
quakes are related to geatkrsnnal processes. Also, the 
anplitude.of e-s w i t h i n  areas appears 
to be smaller than outside. 

The possibility of triggering earthquakes by geothermal produch 'on and 

reinjection is of scme oonoern. Althwgh existing producing fields a t  the 

Geysers, California and Wairakei, New Zealand have long 

w i t h  eartkpke actiyity, production has not been harpred by e a A h p h s  

associated 

and no associations have been drawn between geothemd pmduction and earth- 

quake activity. 

to the effect that  fluid injection has on triggering e-. 

Existing oil field and waste w e l l  data have yielded clues 

Of the 

thousands of existing oi l  field and waste  injectim wells ,  only .two instances 

of e- triggered by fluid injection have been cited i n  the literature, 

One of them is a t  the axky r m n m  Arsenal was te  disposal w e l l  near 

Denver, Colorado and the other is a t  the Rangely O i l  Field in northwestern 

colarado (52). 

triggered earthqmkes a t  Rangely where events registered up to  Magnitude 6. 

Eartlquakes are inferred to  be caused by an increase in pore pressure that 

results in shear failure therefore reduing the noLmal stress across fracture 

Figure No, 23 is a plot of the epicenters of injection 

surfaces. wicnal b=ctdcs, the s-ss field, and mck properties at 

H e b e r  are vastly different frogn Rmgely. 

is not necessarily applicable to Heber. 

Therefofe, the Fhngely eXpefieIIOe 

In the H e b e r  area the effect that pruduction might have on e- activity 

may only be speculated. 

water pattern and perhaps even the surface f l m  rate (16). 

these alterations on the tectonic stress reg- is UIIIUI-. 

W i t h d r a w a l  of fluids my alter the deep ground 

The effect of 

~ n y  at- 
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EPICENTERS OF INJECTION-INDUCED EARTHQUAKES AT RANGELY, COLORADO (52) 
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to detefinine these effects and the effects of fluid rehjectim w i l l  re- 

quire several years of continuous seismic and geodetic mnitoring during 

wh ich  backgraund seismicity and tk location of active faults must be 

established. I 

SEZSMtC FUSK OF THE HEBEE AFU?,A 

Figure No. 24 is a strain release map for Smthern California during the 

period 1933-1963. 

3 e- t h e  expressing strain release. 

shown to be an area of high regional strain release 'and the Heber e a  is 

part of this high belt. 

sq km (39 sq mi) region cmld expect between 64 and 256 equivalent Magni- 

tude 3 -s every 30 years. 

released by 10-40 Magnitude 4, 2-10 Magnitude 5 or 0.25 to 2.0 Magnit- 6 

earthquakes, or by aseismic Creeping. 

strain w i l l  be released, but rather h m  much should be released. 

The shadings depict tk nmbers of equivalent Magnitude 

The Inperial Va l l ey  is 

!&e diagram suggests that near H e b e r  a typical 100 

The sam ammt of strain would be 

The diagram d e s  not supst h m  t k  

In Figure No. 25 a frequency-magnhde relation (recurrence curve) is plotted 

for earUqmhs in the Inperial V a l l e y  during the period 1932-1972. 

Fexnence curves are useful in establishing a seismicity pattern for an 

area and have been used as guides for deterrrrrmn ' ' g regional seismic risk. 

If freqLlencies of diffemt magnitude earthquakes form a linear pattern, 

such as in Figure No. 25, then the freqwncy of their ~ccur ren~e in the 

future can be predicted with reasaMble (xxtaln ' ty. This does not wan, 

bwver, that the extent of their occurrence can be predicbd. When points 

fall off the curve such as the laver magnitude events in Figure No. 25, it 
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, 1933 THROUGH 1963 (2) 
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. 
often mans that data ampilation for those e- is inmtplete. 

For the Inperial Valley, Figure No. 25 shows that a Magnitude 6 e-, 

for -le, can be expected about every 100 years, a Magnit& 5 every 

ten years, and 1-r magnitude shodcs much m e  frequently. 

also provides a statistical recurmce curve for ear&qu&es i n  the Inperial 

The figure 

Valley per 1,000 km2 (622 mi2). 

H k v e r ,  a word of caution must be expressed with Egard e the specific 

applicability of the g e r a l  reanene curve in Figure No. 25 to a s m a l l  

area such as Heber. The activity used for constructm ' g t h e r e c u r r e n a e m  

is qresentat ive of the sum of all  quakes in IA-E valley. 

took place along the active faults in the valley. No knuwn faults occur 

Huvever, these 

in Heber or near it. ' Hence, the recunm~ce curve may have a limited use- 

fulness in p r e d i d g  eartkpke occurrence in the H e b e r  area i tself .  

pdequate data do not exist on tk local stress pattern and the strength of 

the formation at  Heber to allm predictions regarding possible injection- 

induced seismicity. Huwever ,  it appears unlikely that injection of was- 

brine w i l l  significantly increase seismicity in & Heber area; no faults 

have 

around injection w e l l s  w i l l  not be excessive because of the relatively high 

permeability of the ~ e b e r  reservoir. 

tie&- as yet under Heber mii the increase in pore pressure 

Figure Nos.  24 and 25 inply that the Wial Valley is a za-e of relatively 

high seidcity and structms planned for the valley should be designed with 

this i n  mind. The following section presents a discussion of the Itlaximum 

ground acceleration dus to  earthquakes to be expected a t  H e b e r  and its 

inplicatim h designing s t r u c t e s .  W 
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Figure No. 26 shaws estima&s by various authors of the rnaxhm~ ground 

acceleratim caused by an earthquake of Magnitude 6.5 as a function of the 

distance fmm the causative fault. AS the distance fran the' causative 

fault increases the maxirmFm acceleration de-ases. It shaws, for -le, 

that an earthqwb of Magnitude 6.5 occurring at  a distance of 20 Ian (12.5 mi) 

f r an  a given structure can cause an acceleration of about 0.09 to 0.12 g. 

This difference i n  the estimate of maxirmrm acaeleration is due to the 

effects of different SOWE md.lanisms, geologic envirogllrrents, travel paths 

and local site conditions. Figure Nos.  27 through 29 shm similar esti- 

mates by the sane authors $or earthqdes of Magnitude 7, 7.5 and 8 ,  re- 

Spectively. Figure No. 30 sham reasonable average valws of muchum 

acceleration for e a r t k p h s  w i t h  a focal depth of 10 to 15 km (6.2 to 9.3 m i ) .  

It should be mtioned that SUE degree of judgmnt must be exercised in 

-lying these estimates to any particular site, based on the knowledge of 

local site conditiopls. It m y  be noted that except for locations very 

near the causative fault for earthqdes w i t h  Magnitude 8 or greater, tbe 

rmxbnum rock acceleratims in Figure No. 30 are substantially luwer than 

the maximUm ground accelerations proposed by Housner (28) and Cloud (lo), 
which  reflect the mplifying influence of many soil deposits. The 

acceleration rean3 of the 1940 E l  Centra earthqmke (Figure No. 31) sham 

a maximLpn acceleration of 0.32 g. This vale is in good agreemmt w i t h  

the maximum anticipated acceleration on soil deposits shuwn in Figure No. 32. 

Have=, Figure No. 31 also suggz?ks that i f  the reardmg * station had 

been located on a rock outcrap, ttae maximm recorded acceleration would base Lr 
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ATTENUATION OF MAXIMUM ROCK ACCELERATION WITH INCREASING 
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been only about 0.20 g. 

upper bound for the maximum acceleration recorded a t  E l  Centro, during the 

In addition, H o u s n e r  (28) has elah-& that the 

. May 1940 e-, is still higher ( about 0.50 g) . This argupllent 
highlights the difference be- anticipated rock mrrtionS and the =rded 

ground surface d o n s  and these differences may be attributed to the 

d f y i n g  influence of the soil -its underlying the r e a d i n g  sta t ion  

on the m o n s  d e v e l m  at the g m d  surface. 

Data presented by Duke and beds (15) shm that the soil deposits at the 

recording station at E l  Cen- m i s t s  of about 30 m (100 f t )  of s t i f f  

clay underlain by several thousand feet of sedimnts.  The maximmi accel- 

erations recorded over such sites wculd ten3 to be higher than anticipated 

for sites m rock outaop. 

ditions (figure No. 32) is mre applicable for the E l  Centro site. 

Hence, Housner's cume for s t i f f  soi l  m- 

The preceding discussion points out the wide variations i n  remrded 

acceleratims that can be caused by local site conditions. 

scatter may be caused by ather factors, such as earthquake source mchanism 

and elastic wave travel paths. 

that Schnakl and Seed (61) mducbd f u r t h s  research into the relation- 

S t i l l  greater 

It is w i t h  these uncertam ties i n  mind 

ships be- maximum accelerations and the distance froan the causative 

fault. The results of their work are shown in figure No. 33, wbich shms 

a l l  possible ranges of expected accelerations, and is partly based on 

additional data follaJing the February 1, 1971 San Fernando e-. 

Figure No. 34 mqares  data gathered during the San Fernando e- 

w i t h  previous results. . SChnabel and &ls (61) analysis of the data also 
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RANGES OF MAXIMUM ACCELERATIONS IN ROCK 
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FIGURE NO. 34 

ATTENUATION EQUATIONS FOR MAGNlTUDE 6.5 COMPARED TO 
DATA FROM STRONG MOTION STATIONS RECORDING SAN 
FERNANDO EARTHQUAKE, FEBRUARY 9,1971 (14) 
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inoorporated new analyatical tools which permit the assessnrent of rock 

d o n s  f m  records obtained on soil deposits. Their results (fiw 

No. 33) are additional data, -as previous researchers (63) had based 

their conclusions on very lirrdted data. For this reason, Figure No. 33 

should provide mre realistic estimates of the maxinun ground aweleratim. 

m a r i n g  informtion in Figure Nos. 25 and 33, G e o r w m i C s r r e ~  that 

design value for the a value of 0.375 g be considered as the fmnmm 

stmcture a t  Heber, and that due consideration be given for the possible 

resonance anplificatim effect for different design options. It is also 

reommnded that the possibility of liquefaction of near surface sedhm~ts 

in  the event of a major e- be investigated. 

. .  

SuBSIlENcE AND GEmLND ma 
The effect’that fluid w i m w a l  witbut  dnject5on has on grand subsidene 

is w e l l  established. 

been on the order of 10 m (32.8 f t )  in Long Beach, 4 m (13 ft) i n  the Santa 

Clara Valley and 2.4 m (7.9 f t )  in Hauston (39) . The G e r m  Prielm and 

w a i r ~  geathermal uperatiom which do nut reinject fluids have also teen 

affected by idence pmblems. Horimtal xmvamks in respanse to fluid 

withdrawal have also been documa-. 

has been observed to mve horizontally 3.5 m (11.5 f t )  during the time of 

pmduction without amcurrent reinjection. 

have also been observed there. 

In the Iqerial Valley gromd mtim and subsidence exist & part of the 

Land subsidence related lm withdrawal of fluid has 

In the W i l m i n g - b n  o i l  field, land 

Extensive cracks and fissures 

#ectonic background. 

that the valley is m v h g  horizontally in a ocrrp?lex manner and that the 

In Figure No. 35 triangulation and leveling data show 
< 
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FIGURE NO. 35 

GEODETIC MEASUREMENT IN THE IMPERIAL VALLEY F R O M  1934 TO 1967 (17) 
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central valley is subsiding a t  a ncurimUm rate of about 1.5 an (0.6 in) 

per year relative to the surromdm ’ g muntains. It is clear from this 

figme that 

right-handed shear mdel (70) and that the northern and central parts of 

horizontal motion is far IlwxTe -lex than the ass& 

the valley are skvJwing greatest subsihce. The &=ley area has reoently 

been mving damward at the highest rate, wh ich  may be related to the 

large nmker of recent e-s (26,27) and the high strain rate on the 

Inperial a d  Brawley faults (17,31). - A recent leveling survey by the 

Chevron O i l  m, a m d i n g  to E. Dobfich in a personal COrrrrmnication 

in Manb 1976, suggests that the Heber area is IIlcNing up slightly With 

respect to E l , M t m  but that t k  dcminant mtion has been a bmward t i l t ing  
* 

northward and eastward. 

Land subsikce problems Elated to the praposed 

Heber can only be speculated at this tim. Because of the fact that the 

geothennal fluid would be reinjected after heat extraction, any subsi-ce 

due to kine productian is likely to be small and mst likely no larger 

than that due to ectonic causes. 

to prme a significant envixonwntal concern. 

preliminary study of the subsidence aspects of geuUmmal puwer develcplilent 

&vel-t a t  

The effect of subsidence is not likely 

The following section is a 

a t  Heber. 

SuBsIlENa POSSIEILITIES’A!F HEBEX 

A t  * outset of this short-term study of subsidence in  the area of ti?e 
Heber gee- reservoir, it was considered desirable to discuss s u b  

sidene with Ckevron O i l  Capany engineers involved i n  evaluating the ad 
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reservoir and in forecasting its perfoman-. 

learned that a subsiden- detection carmittee has been fonred in Imperial 

mty. 

cultural operations. 

profiles of canals and ditches in the mty. 

-ugh the ~cmpany, it was 

This mmnittee has s td i ed  subsidene in cmnection with agri- 

The -rial Irrigaticn D i s t r i c t  surveys and makes 

M t o r i n g  of the leveling in the valley is continuous. 

lines are scheduled far surveys biennially. 

The f i r s t  order 

Significantly, the bedrock 

ties to the west, east, and north of El Mtm are considered stable, 

although this has not been proven. The surveys made to date disclose 

a slight regional tilt froan south to north. 

The county surveyor's office knew of no localized subsidence caused by 

agricultural operations. 

must be established in the areas of g e o t h d  fluid reservoir with local 

surveys being made periodically. 

first and second order nebmlrks for the purpose of detecting subsiden=. 

It also was mtioned that bench marks by lm 

Tlae resul ts  are to be related to the major 

Fluid withdrawal and injection affect -emir fluid pressures, which, 

i n  tun, can cause changing land surface elevations, 

elevatiogls to net fluid withdrawal and to  reservoir pressure differences 

and then projecting the results into the futm has been done successfully 

i n  the Wilmington O i l  Field, Iong Bead, California. 

has been the subject of m~ subsidence studies than any other undergmund 

fluid m r v o i r  in the world. 

we= held w i t h  Dennis Allen, Subsidence Qntrol Engineer, Ept. of O i l  

e l a t ing  bench mark 

This field probably 

As part of the present work, discussions 
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P-s, city of Lmg Beach, regarding past studies of subsidence and 

the curmt central program in e W i - 6  Field. 

One is led to the coazclusicm that reliable estimtes of future subsidence 

in tk area of the Heber GeatherrrdL reservoir cannot be made until the 

reservoir has been -rated for a period of tim and the corresponding 

land survey results studied.. W i W t  this information, w results fran 

cccrputer &ls are considered to  be the next best source of information 

available, prcnrided that tk &rmir parameters used pxrperly represent 

the reservoir. AIJ mice of such piiramters is indeed a major problem. 

the physical param- such as the elastic properties of the resemir 

rock, distribution of the in-situ stresks, etc. axe not yet knuwn for the 

Heber area. Hence, it was not considered mrthhile preparing such a m&l. 

However, C h e m  O i l  acmpany is attenpting to develop such a mdel of Heber; 

their pzlilninary results indicate that subsidence due to production at 
' Heber w i l l  be snail and should pose no serious problem, according to M r .  

Lluyd Mann in a personal anununicathn in July 1976. 

W are few other mans for esthatm ' g future subsidence. One such 

~ t h o d  has been discussed by Geertsma (19) and by Ragham and lliller (51). 

This ~ t h o d  is applied in the next section of the present report to obtain 

an approximate extimite of possible subsidence in the Heber area. 

Estimation of ccsnpa c t b n  and Subsidence 

DI operatting the Heber resemir, the rate of fluid injection and fluid pr0- 

duction has been assured 'to be the sam. Assuming the overburden pressure to 

be fixed, t h i s  mans that any resulting rock ampaction and subsiden= would 

@ 

W 
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be attributable only to the pressure drawdams causing flaw tuward the 

pmdhcing w e l l s ,  and hence subsidence, i f  any, shtruld occur only in the 

vicinity of the producing wells.  

According t o  GeertsM (19), i f  the labral -ion of a B e r v o i r  are 

large anpared to its thickness, then it w i l l  deform predlopruJlan - tly in 

the vertical plane., A Uniaxial capactian coefficient, q,, is defined 

as the fomt ion  conpactian per unit  change in pore pressure (fluid pressue) 

% = - z -  1 d P  az .....[ 11 
in which z is the vertical coordinate and p ths fluid pressure. 

Assuming that a fixed val- can be assigned to c, for the fluid pressure 

range of interest, equation [l] can be integrated to yield: 

AH = q,,*Ap H .... [a] 
in whichap = (pi - p) is the drop in fluid pressure fm its initial 

value, and H is the initial thickness of the reservoir, H is the acsnpactim. 

Geonanics' %port (20) indicates that the resenoir p e s u r e  drop due to 

the pmductim of w a t e r  for a 200 MV plant w i l l  be of the order o$ 

6.8 - 20.4 atm (100 to 300 psia) a r o d  the we11 bores. h a y  fran the 

wells, pressure &-I average value in  the en- 

reservoir forap,  in  equation C23, should be less than 6.8 atm (100 psia) . 
In the sam report the overall net pduc t ive  thickness of the reservoir, H, 

is W e n  as 734 m (2,408 ft) for the pressure analysis =de there. 

value can be assigned to H in equation [Z]. 

w i l l  be much smaller. 

This 

e 
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tbe form: 

in wh ich  v = Poisson's ratio; assured 0.2 for the Heber reservoir; 

= 4.9 x 10-5 an2/kg (3.4 x in2/lb) frcm T a l e  No. 8 cited above; 

.and cr = 0.16 10-5 &kg (0.112 10-6 in2/u;>), -assunred the S- a~ 

for quartz. substituting in equation C31: 

% = 2.37 x an2/kg (1.65 x in2/lb) 

..... C41 

€&tuning to equation [2] and substituting for %,Ap, and H, the 

A H  = 0.12 m (0.4 ft) ..... t51 

If the -rvoir is ass& to have the shape of a c y W c a l  disc of 

constant t h i h s  with its ax isyver t ica l ,  ttae subsidence can be estimated 

using the equation (51) : 

% = -2 % (1 - v)Ap . H (1 + n )  

. . . . .[6] 

s 1 + n2 . 
in hi& % is tk subsidene, and n tbe ratio of the reservoir depth to 

its radius, Q/R. In applying equation [6], the cylindrical disc reservoir 

is assund to be isolated from its surrotzndings by an -able barrier. 

The entire reservoir is considered to behm as a tank w i t h  fluid withdrawal 

taking place dformly throughout the s y s ~ .  In the present instan&, 

D = 610 m (2,000 ft) and R = 6.44 Ian (4 mi) = 6,440 m (21,120 ft) (20). 

W 
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Hence, n = (D/R) = (610/6,440) = 0.0947. 

i n  equation [6] the subsidme is given by: 

Substituting nUrnerical val& 

= -0.21 m (-0.7 f t )  

T k  p a m r e w  used in these ccnpaction and suzjsidence calculations are 

gross estimates. conSi&ring this plus the idealized reservoir assmed, 

the calculated average -=-of -0.21 m (-0.7 f t )  is at best only an 

indication of the possible true mgnitde, but is believed to be con- 

servative. The - average valw probably is less. aZe subsidene 

possibility is minimal ov=r mst of the reservoir, but localized subsideme 

around * producing w e l l s  can be significant. A better estimate cannot 

be made w i t h  the cited Geertma mthod u n t i l  better values of the para- 

mters are available. Mxeover, the ~ t h o d  of analysis used here does not 

account for the variation of drawdam pressures w i t h  tim or for any tim 

lag i n  subsidence. 
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1. 

2. 

3. 

5. 

6. 

1 

03NcUTsIoNS AND REawmumoNs 

Geothermal develcpent at Heber is not likely to have any adverse 

impact an the shalluv ground water resource of the area. 

Qrmsion, scaling and presence of mmdensable gases should 

pmto&minimal for Heber geo*rmal project. 

W &ber area lies in a general region of high seismicity and 

strain release. 

No fault has yet been mapped directly u n a  the Heber -a. The 

stress oxitition and the strength of the rocks at ~e33er are'& 
known. 

the possibility of increased seismicity due to geatherml activity. 

' C  The Heber area is subsiding and t i l t ing northeastward due to tectom 

causes. The subsidence is not -at and shauld present no serious 

prablerns at its pmsent rate; hmever, leveling surveys have sham 

that the rates are not constant. 

ceotfu3rmal develqmnt activity at Heber should have a d l  effect 

Until such data are available, it is difficult to assess 

on-subsidence ccrtpared to that due to existing tectmu. ' c  cawes. 
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7. Design of the structures should take into acaxznt acceleration 

and resonance spectra which  am= available for the 1940 -e. 

A ax&ined local soil test analysis and seismic structural reSpOllSe 

should be mde as part of any detailed structural design. The 

design acceleration reccnmn&d should be no less than ..375 g. 

8. B a s e l i n e  data sbu ld  be obtained by mxlitoring the Heber area for 

seismicity and subsidence before paver production begins. It is also 

desirable to have a permanent nrmitoring system Wughout the l i f e  

of the PatJer plant. 

c 
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