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 his report presents a portion of the results gram a one-year feasibility 

study sponsored by the Electric Pawer &search I n s t i t u b  (EPFU) to assess 

the feasibility of mnstm&m ' g a 25-50 M e  -mal pmer plant using 

low salinity hydrothermal fluid as the energy source. 

The inpact of. pomr gerreration fran hydrathermal resour- on subsurface 

water flow, seismicity and subsidence are of acute i n w s t  i n  the 

determination of the en-tal aoceptance of g e o t k n d  emrgy. A t  

the sam tim, the experiene and data bases in tkse areas are very 

limited. 

The objective of the projec't was to  assess the technical, geatedmical, 

en-tal and emnanic feasibility of pmducing electricity frcan 

h y M - 1  resouroes like those 

The objective of this part of the study was to investigate the geatedmical 

aspects of geotknnal pow=r generation and their relationship to e n v i ~ -  

=tal inpacts in the m a l  V a l l e y  of California. 

This =port discusses geology, geq&ysics, hydmgeology, seismicity and 

subsidence in tenrrs of the availability of data, state-of-the-art maytical 

techniqLbes, historical and technical back- and inteqretation of . 

current data. It also discusses estimates of the irrpact of these g e  

technical f a e s  on the emrirammt in the - r ia l  Valley, i f  geothenml 

d e v e m t  pmceeds. 

to exist in the United States. 
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The folkwing mrts from this s- st&y are being considered for 

publication by EPRI: 

"Cmparison of IIyttrotherrnal Bsemirs in the Western 
united States" 

"Reservoir Enghee rhg  and &pecks of ceothermal Site 
Selection at Heber, California and V a l l e s  Cal-, New 
Mexico" 

"Energy Canversion and Eomcfnics for Geothermal P m e r  
Generatim at Heber, California; V a l l e s  Caldera, New 
U c o ;  and Raft River, Idaho - Case Studies" 

pwer Gmeration at Heber, California" 
"Preliminary En-tal A s s e s m e  of 

Geatechnical Enl&ramEntal Aspects of Geothermal Paer 
W a t i o n  at Heber, California" 

Socioeamanic ~nvironmental ~spects  of GmUmmal P e r  
Generation at Heber, California" 
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È he objective of ule'stt~easibility study for a w salinity w- 
Plant" was to assess the technical, geotedmicdl, e d c  and envi'rm- 

-tal feasibility of oanstructm ' g a 50 Ewe demnstration plant'for a low 

salinity hydmthermal reservoir d to describe the en-al inpacts 

of such a facility. At this point, the H e b e r ,  California site has been 

reccm'm?n&d lm the E l e c t r i c  P m r  &sear& Instihte (EPRI) k the mst 

feasible location for the geothermal plant. 

recurnm&d as the mst feasible aonversian pmuess. 

binary prooess has been 

This report discusses the Imperial Valley with regard to: 

0 Geology and Gecqhysics 

0 ww3-logY 

0 Seismicity and Subsidence 

T h e  Imperial V a l l e y  is an m a  of high regional heat f l u u ,  inmi- crustal 

defomaticm, high seismicity and subsidence and n- geothemal ananalis. 

It is orre of the rmst seismically active areas in the united states. The 

sedinu3nts at the Heber Anrrmaly are daninantly Qua- deltaic sands and 

from Colorado River sourow and persist to a depth of 2.5 km 

('8,203 ft). !%e basemat at Heber is at a depth of approximately 7 km 

(22,967 ft) . 
The Iroperial Fault separates  brackish central valley waters fran fnssher 

waters'to the east and thus &lains some of the in&lete groundwater 
I 

mixing. Deep clay deposits separate shallow and deep graundwater system 
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and tend to make the central valley waters saltier and mxe stagnant than 

eastern or =stern waters. 

exist only east of the Alarm River. 

It has also been noted that a r tes ian  w a t e r s  ' 

With mad to chemical constituents, the principal -rial V a l l e y  w a t e r s  

can be categorized as: 

0 Basin-edge w a t e r s  which strongly =&le Colorado 
Xvsr source w a t e r s  

0 'Shallaw Central valley waters which are s e t  m e  
saline and richer i n  carbonate 

0 Deep valley w a t e r s  which tend to be r n ~  saline but 
-&le basin-edge wate r s  in i d c  ratio 

0 Hydrothermal watek wh ich  tends to have elevated silica, 
pH, =tal salts and s a l i n i t y  

high salinities and are aonfined to the Sal- Buttes. 
0 Hypersaline geothermal kjnes which amtain unusually 

The geothermal brines of 

w a t e r s  i n  the area except for the addition of mtal salts and the dissolution 

of carbma*s. 

the deeper hyazrotherrrral w a t e r s  which is probably due to the presenoe of the 

clay cap e. Geothennal w a t e r s  are produced a t  a depth of 600 to  1,900 m 

Imperial Valley do not  differ gxeatly fran &ep 

TTie shallm gmundwabr at  Heber is vast ly  d i f fe ren t  fran 

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

oonstituent. 

trations are law enough t;o mid scaling at  the w e l l  bore and surface pipes. 

T r i a l  production and inject ion ape ra t ims  at  Heber have not shmn 

corrosion or scaling problems to dab. 

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

inject ion w e l l s  w i l l  be required f o r  a 200 me net e l e c t r i c i t y  p lan t  at 

The pH of these w a t e r s  varies fm 6.8 to 7.4. S i l i c a  concen- 



Heber .  A hve1-t of this nature c a d  alter the undergmund w a t e r  

flaw pattern. However, considering i h  effective hydrologic separation 

be- the geathermal reservoir and the shallw groundwater system a t  

H e b e r ,  the only likely changes are the diversion of deep water fran other 

=as and increased salinity of deep aquifers through salt w a t e r  re- 

injection. 

Only traces of hydirosen sulfide have been reparted franwe- and the 

amDunt of other nonmndensable gases in the Heber ge0then-d w a t e r  is 

pmjected extent of such changes is minor.. 

mmunal. 

the Cerro Prieto,  Wxico geothermal facility whichamtains C02 -and H2S 

concentrations of 1,000 ppm and 300 ppm, respectively. 

Huwever, this is mt  the case with the nonmndmsable gases at . .  

The United States Geological Survey (U.S.G.S.) and California Institute of 

Technology (Ca l  Tech) have pennanent seismic mcdtnring stations located 

throughout the Inperid valley. These organizations also have pbrtabk 

seismic &to?ing equi-t that can be mved to an area after a w e  

magnitude event a d  record the sequence of aftershocks. Ckvmn O i l  Capany 

sh a closely spaced seismic net to gather infomation on 

ty and the relationship ;the prapossd g e o t h d  pro- 

. duction might have m seismic activity. This project is scheduled to  

begin i n  1975 and w i l l  run mntinuously throughout the period of pwer 

.production. _ -  

The U.S. Coast and Geodetic Survey in moperation with the U.S.G.S. has 

develqed an w i v e  pmgrm to mOnitOr pa motion 

Valley. This pr&am calls for triangulation and leveling surveys throu#~- 

out the valley every two years and IIIDIE frecpntly i f  geothermal prqduct~ ‘on 

the m a l  
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becans a reality i n  the valley. In additim, a private leveling survey was 

aosrp?leted by &=man O i l  Cmpany in the Heber area. 

mafllred the relative elevatian change in  the Heber area for a period of 

The 1974-1975 survey 

one year. 

As stated previously, the Inperial Valley is characterized by a high level of 

seismic activity a d  a large amrt;mt of strain'release. 

e- have registend greater than Magnitude 6 on the Richter Scale. 

A large cogloentratirln of seismic events has occurred in the Saltan Trough 

almg faults of the san Andreas System. 

swarms a m  also very axmm for faults in the San Andreas System. 

Since 1900, 12 

Smaller shocks and e- 

The 

Imperial Valley fault system is lIlwhg right laterally at the curdative 

rate of appraximately 8.0 wyr (3.1 in/yr). This is a 20-year average and 

is by no mmns occurring at a cons-t rate. EarUqwkes occurring along 

the San Andrea Fault System tvpi&y h V e  fO& aepths Of 5-8 km (3-5 d) 8 

which is appmximately the basemnt-sedimnt interfaof?. 

for hypocenters in the valley is about 12-15 km (6-9 mi) because at depths 

greater than this, sufficiently high terrq?eratures cause the rocks to mve 

plastically in response to stress. 

this limiting depth is lm. 

Sewdl studies have shmn that there is a correlation bebeen microearthquake 

A limiting aepth 

In the g e o a  areas of the valley, 

activity and ammalies. Ir) the Wial Valley, the conelation 

is unusually high. High levels of dc- activity are found at 

Salton Buttes, North mawley and E a s t  &sa. 

such a relat iaship also exists a t  Heber. 

~b date, it is unknmn whether 

can In any -8 .several 

be lrade about earthphs in the Valley's areas: 



0 

0 

0 

Shodcs axe generally smaller in mgnitude and l~lore 
f-t in geothermal -as thanather m a s  in the 
Saul2 'c  setting. 

Faults related t o  the microearthquakes my serve as 
anth i ts  for Circulating brines. A t  the Sal- Buttes, 
for -le, it was observed that c02 wells began 
emitting large quantities of gas just after earthquakes 
i n  the 1930's. 

E- focal depths are usually shallaer in 
w r m a l  areas than in areas outside, implying 
that micruearUxp&s are related to geathermal 
processes. Also, tihe cprplitude of earthp&s 

autside. 
within ge&hemd areas appears to be smaller than 

!he possibility of triggering earthquakes by geothermal production an 

reinjection is of so1y3 m x n .  =though existing producing fields at the 

Geysers, Califoda ard W a i r a k e i ,  New Zealand have long been a s d a t e d  

w i t h  

and no associations have been drawn betmen geothermal production and earth- 

quake activity. F&gbnal kecbnics, the stress fieldand the rock pxqerties 

at ~eber axe vastly 

quakes due to fluid injection frapn oil field and waste injection wells. 

In the Heber ama the effect that production might have on eartlquake activity 

activity, production has not-been hmpexed by earthquakes 

fran those areas that have experienced earth- 

. 1 of fluids may alter the deep grozxndlwater 

pattern and perhaps even the surface flcrw rake. The effect of these 

alterations on the tecbnic stress regirre is unknown. Any at- to de- 

qine these effects, and the effects of fluid e j e c t i o n ,  will require 

several years of oontirmus-ieismic and geodetic msnitoring during wfiich 

ba&ground seismicity am3 the location of active faults rrrust be established. 



The Inperial Valley is an 

area is part of this high 

area of high nsgional strain release and the H e b e r  

belt. The H e b e r  -ion could expect be- 64 

and 256 equivalent Magnitude 3 

of strain would be released by 10-40 Magnitude 4, 2-10 Magnilaxle 5 or 0.25 

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

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

Heber to allw predictions regarding possible injection-induced seismicity. 

Hawever, it appears unlikely that injection of w a s t e  brine w i l l  significantly 

every 30 years. &e sam= mt 

inaease seismicity i n  the Heber area; no faults have been detected as yet 

under Heber and the increase in pore pressure around hjection wells w i l l  not 

be excessive because of the relatively high -ability of the Heber 

reservoir. 

of the major active faults in the area. 

with respect to the praposed plant location is as follows: 

If a major earthquake occurs, it w i l l  m s t  likely oacu~ along one 

The locatim of the more active faults 

Fault D i s t a n c e  to Plant Site, km (mi) 

Irrq?erial 11 (6.8) 
Brmley 23 . (14.3) 
san Andreas 38 (23.6) 
Els ino re  27 (16.8) 
San Jacinto 6.5 (4.0) 

The Inperid ca;mty and the rds Angeles County Building wdes recocrmend a 

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

hazard). Acco&g to tkLose a, the H e b e r  area is classified as Zme 3. 

H u w e v e r ,  the U.S. w t  of the Anny publication "Seismic Design of 

Buildings" defines'Heber as a Class 4 (extremely h a z d u s )  area and 

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

design is 50 peroent mre oonservative than that required by the 

This 
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Oxmty regulations. Due to the pnmimity of W e  faults to the praposed 

plant site, 

justified. 

the mre conservative design criteria of 0.375 g seems to be 

Ground subs-hce and lateral mvemnt have been a b s d  a t  other sites 

where fluid Withdrawal has not been acccrrpMnied by fluid reinjection. 

the mal Valley, however, 'ground mi5011 and subsidence exist as part 

of the tectaru ' c  bad~gro~nd. 

manner w i t h  th= central portion of the Valley subsiding at a rate of h t  

1.5 an (0.6 in) per year relative b the surrounding muntains. A recent 

leveling survey by chevm~ O i l  may sugwsts that the Heber area is 

h g  up slightly With respect to E l  centra, but the dminant &on has 

been a dowrward t i l t ing northward and eastward. Land subsidence pmblenrs 

related to the proposed geothermal devel-t a t  Heber can cnly be speculated 

at this  ti^. Because of the fact that the geothermal fluid would be re- 

injected after heat extraction, any subsidace d= to kine production is 

likely t obe  small and mst likely no laryer than that due to te-c 

causes. W effect of subsidene is nut likely to prwe a significant 

en-tal calm. 

In 

valley is'nrrving horizontally i n  a ampla 

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

Heber g e o t h d  reservoir cannot be made until  the reservOirhas been 

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

s t ad .  wi thou t  this information, results fran are oansi& 

to be the next best source of infomation available, provided that 'the input 

reservoir pareters properly represent the reservoir. 



There are other mans for estimating future subsidene. One such 

m2thDd has been developed by Geertsma and by Raghaven and Miller. In 

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

duct icm w i l l  be the sirme and tly3 overburden pn?ssure has been a s h  to be 

fixed. Geanrrm 'cs has indicated in the past that the reservoir pressure drop 

dw to 

6.8 - 20.4 am (100-300 psia) arcxlnd the w e l l  bores. 

the pressure drcp w i l l  be nu& smaller. An average pressure drop for the 

entire reservoir should be less than 6 . 8 atm (100 psia) . The overall net 

P- 've thickness of the resemoir has been assum=d to be 734 m (2,408 ft) . 
Using these data, the capaction was estimated at 0.12 m (0.4 f t ) .  

pmduction of water for a 200 Me plant w i l l  be on the onkr of 

&my frm the w e l l s ,  

A s s h g  

the reservoir has the shape of a cylindrical disc of canstant thickness 

w i t h  its axis vertical and wi thou t  cop7sidering the variation of drawdam 

pressures w i t h  respect to t h r e  or for any tim lag i n  subsiden=, the 

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

assmptions that have been used, t k s e  values are at best only an i n d i c a t i c m  

of the possible true magnitude and should be ansidered to be canservative. 

w true m & g e  d m  is p-ly less.  he subsidence possibility is 

m m m a l  aver mst of the reservoir, but localized subsidenae amund the 

Considering the gross 

. .  

producing w e l l s  can be significant. 

AS a result of the above s w ,  the follo&ing conclusions and -ti- 

canbemade: 

0 a e V e l o p m t  at Heber is not likely ~ 

have any adverse inpact on the shallm gmundwater 
resource of the area. 



0 

Corrosion, scaling and pmence of nonmndensable gases 
shdprove*beminimal  far the &ber geothermal project. 

The Heber area lies in a general regiclBI of high seismicity 
and &rain release. 

N o  fault has yet been mapped directly under the Heber area. 
BE stress condition am3 the strength of tly3 rocks at 
Heber are not lcnmn. until such data are available, it 
is difficult to assess the possibility of increased 
seismicity due to geo-1 activity. 

The Heber area is subsiding and t i l t ing northeastward due 
' to tectmic causes. The fluctuating subsiden= rate is 
not -at and dxnzld pEsent no serious prablems. 

GeothermdL &velqment activity at Meber should have a 
small effect on subsidenoe ccclpared to that due to exist- 
ing l 3 x t m i . C  causes, 

Design of the slzu&ures should incorporate acceleration 
and resonane spectra which are available for the 1940 
earthquake, 
seismic stmctmal response should be made as part of any 
detailed structural design. 
not be less than 0.375 g. 

Baseline data should be oMained by d t o r i n g  the Heber 
area for s , e M c i t y  and subsiden= before paer production 
begins. 

A d i n e d  local soi l  test analysis and 

The design acceleration should 

It is also desirable to have a pemanent d t o r i n g  
sy!3tein thmughout th? life of the pawer plant. 



The H e b e r  geotkmal  prospect lies in  the south-oentral - r ia l  Valley 

of southeastern California (figme No. 1). This valley f o m  a part of 

a broad elmgate, northwest-trmdm g depreisicxn i n  southern California 

a d  Ekxicm called the Salton Trough. 250 kn (155 mi ) long and 

30 to 70 km (19 to 44 m i  1 wide, the Salton Trough ranges i n  elevation 

froan 50 m (164 f t  ) a t  The ColoraCb River Delta near the inbernational 

boxder to -75 m (-246 ft  ) a t  the Salton Sea. Bordering the trough 

to the west are ths 1.5 Ian (4,922 f t  ) high Peninsular Ranges while to 

the east lie t k  0.5-1.0 km (1,641-3,281 ft ) high -late and Orooopia 

M o u n t a i n s ; t h e G u l f o f C a l i f o ~ a i s t o t h e s o u t h a n d t h e S a n ~  

Mountains are l0mW to the north. 

The M a l  Valley is a gently northward-sloping valley surficially covered 

w i t h  playa deposits i n  its center and alluvial fans and aeolian dunes'on 

its flanks. 

. 

~ t '  lies largely below sea level and is protected fm the mf 

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

The naturally arid valley was transfomd  in^ a rich agricultural district 

a t  the turn of the century by the introduction of Colorado River water 

through an extensive system of irrigation canals. The northern end of the 

valley, which is the lmst part of the depression, contains a 1,200 sq km 

(463 sq m i  ) -'of saline wa-, generally less than 4.6 m (15 ft ) 

deep, called the Salton Sea. The sea was fo& in 1905 &en a 

1 
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break in the Colorado River Delta was enlarged by flood waters int0 a 

breach' l k m  (3,281 f t  ) wide and 15m (49 ft ) deep that required lxo years 

of massive camumity effort to bring under control. 

The Heber geothermal area .lies j u s t  south of E l  Centro in an extensive 

array of cultivated fields (figure No. 2) . 
elevation near sea level d has no m& outcmp~ings. 

13ae climate of -the Inperid Val ley  is characterized by law rainfall, high 

It is a very flat region.with an 

humidity d E  to high evapotranspiration, high winds and hot surmy3rs. 



Geologic map of the So ton Trough. 

FIGURE N0.2 

GENERAL GEOLOGIC MAP OF THE IMPERIAL VALLEY (54) 
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!3Lm TmJGH 

The Salton Trough is a -lex rift val ley of Mi- Age that forms the 

landward extension of the Gulf of California (17). 

to great depths w i t h  fluvial, lacuslxhe and marine deposits of Tertiaxy 

The Trough is f i l l e d  

and Quaternary age which a ie  primarily derived f r a n  Colorado River 

sources and in-ttent marine incurSians (13,47,68). The Peninsular 

Rim- to the west are ccrrposed chief ly  of cretaaeous southern CaLifornia 

batholith granites 00) .while the Qloaolate and Oocrclopia lbuntains to the 

east con- Wozoic and oldler granitic and n~tamrphic rocks (18) . 
Unlike most rift valleys, the Sal- Trough is bunM by active strike- 

slip faults trending obliquely to its axis, causing the observed r i f t ing 

usually due to llormal fault mtion (18). Seismic refract ion surveys (5 )  

s h  that the trmgh is 6-7 Ian (3.7-4.4 mi ) deep in the central Inperial 

Valley (Figure No. 3) , but despite this great thickness of low density 

s-ts, the trough has a positive B o u p  gravity (Figures 4 and 5 ) .  

This inplies that the crust beneath the Sal- Trough is either thinner 

or Wer than normal ccntinental crust, or both. Gravity -ling by 

=dav and lbtstein (43) suggests that the crust i n  the Imperial Valley 

m y  be as thin as '14 Ian (8.7 mi'). 

5 



DEPTH TO BASEMENT. IMPERIAL VALLEY, CALIFORNIA. 

FIGURE N0.3 

DEPTH TO BASEMENT ISOPACH MAP (55) 



FIGURE NO. 4 

BOUGUER GRAVITY FOR T H E  IMPERIAL VALLEY (6) 
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, In  a sense, the existence of the Salton may be explained 

I w i t h  plate tectonic Itlodels. The observed crustal  thinning and basificatim 
I I may be a m t d  for by the fact that the Sal-n Trough caprises a part 

r of the active Pacific-North Amrican Pla te  Eoundary, Figure No. 6' (23). The 

I s t r u m  of the trmgh may be largely amtrolled by the East Pacific rise, an 

oceanographic spreading qerrter that extmds up thmugh the Gulf of California. 

An evolutionq mdel for the deve-t of the trough in this framwork 
I 
I 

is given in figure No. 7 which shms h m  a thinner , denser crust may be 

forming under the saltan Traugh by processes analogous to oceanic crustal 

sp-g. . 

The Inperial Valley is the mst technically active part of the Sal ton 

Trough. 

defoxmtim (18), high seismicity and subsidence activity (26,271 and 

I 1 
1 
1 

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

numrous -1 ananalies (11). 

TQ-E -r ial  Valley is one of t k  m o s t  seismically active areas i n  the 

Wted States (2,26,22. Tkbe seismic activity has taken the form of both 
h 

the classical main shock-aftershock sequences and maxm activiiy. 

N ~ r o u s  active strike-slip faults of the San ImIreas system trend in- 

t k  valley and mst of the &served seismic activity occursalong these. 

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

and the El s ino re ,  San Jacinto, and Superstition Hillsfaultswhich lie at  

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

* 



FIGURE NO. 6 

TECTONIC SETTING OF THE SALTON TROUGH (23) 
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Fault and Eirawley Fault, the sites for much of the hbserved historical 

seismic activity (2). Seismicity w i l l  be discussed further belm. 

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

4 and 8. 

and positive gravity closwes, w i t h  ea& geothermal a n d y  having an 

associated gravity positive. 

-mal exploration in the valley, m q  be denrmstrated w i t h  a ccn- 

These show a strcglg m l a t i o n  between -1 gradient ananalies 

This factor, wh ich  has w a t l y  simplified 

vectiw mass transfer mdel in which heated subsurface brines cool and 

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

is a large a w n t  of intergranular mineralization and near surface densi- 

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

It is worth noting that six of tk seven geothermal systems found in  the 

valley hzive no swface leakage manifestation. 

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

self-sealed by -al precipitation froan circulating brines (4).  

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

by recent volcanism and the occurrence of rrold pots and hot springs. 

These systems are either 

The 

JJEBERANOMALY 

 he H- ~nomaly is located i n  the s&-central part of the 

Valley (Figure No. 2). S-ts are dominantly Quaternazy deltaic sands 

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

the deltaic m t s  persist to a depth of at least 2.5 lcm (8,203 ft ) 

(53), although a 25 m (82 ft ) thick gabbroic sill was enmtered i n  

one of the Chevron O i l  -any w e l l s .  Depth to basenmt at  Heber, as 

12 





estimated froan seismic surveys (5) is 7 Ian (22,967 f t  ),  which is equal 

to the greatest baserilant depth thus far -un& in the valley (Figure 

No. 3). 

Based on deep ahd shallaw borehole data, Ikax (55) estimated that the Heber 

heat f lm ananaly occupies about 35 sq lun (13.5 sq mi ) (figure No. 8) . 
Nm~rous m h y s i c a l  smys were conducted in the Meber area (35,42) 

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

ananalies associated with the heat flaw high. 

2 nyal gravity positive over Heber of approXimately the s a r ~  shape and size 

as the heat f l a w  high (Figure No. 4) .  

larger positives found over the Salton Buttes, North Brawhy and E a s t  

&sa geothermal fields. 

pointed to  the possible existence of a pure steam phase at the Heber field, 

B i e h l e r  (6) discovered a 

This gravity cmtxasts with mch 

B i e h l e r  (6) postulated that the lmr gravity 

but to date, drilling has not mnfimed his assertion. An analysis of 

a detailed gravity survey of the ~ e b e r  area by the chevron O i l  Carpany 

indicates that the relative gravity high is surraunded by a nodera* 

gravity law. 

whemeby minerals are dissolved frcgn the rocks on the periphery and 

deposited i n  the central partion of the field. 

This may indicate a selective leaching and deposition processr 

&idav and Furgersm (42) 

that the Heber field has an associated law resistivity m l y  

(figure No. 9) dtbugh it was nuted that the observed resistivity ccntrast 

is srnall because the background resistivities are also very l w  (less 

than 2 dm-~ters ) .  These lcrw background resistivities were probably 

caused by high w a t e r  salinities du= t o  incatplete mixing and sluggish 

transport of regional ground water .  ' &idav and Furgerson (42) also 

1 4  
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shaved that the Bqerial Fault serves as an mtard in the H e k r  area 

which  separabs brackish central valley waters f m n  fresher waters to the 

east (Figure No. 10) .  This aplains sogi13 of the hccrrq3lete ground water  

mixing. 

16 
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~ D u c r I o N  
The hydmlogic and chemical cixxacteristics of the Inperial Valley wa- 

are highly dependent on m t a r y  stratigmphy and the locatim of 

p-t faults. 

determining grand water quality and distribution in the valley. Hydre 

tbenral processes may also play an inportant role in altering w a t e r  guality 

and f l m  characteristics. 

Hen-, tk local geology plays an important role in 

HYDmm 

The areal and vertical distribution of sedirru3nts i n  the valley stmngly 

de& on contributions fran the Colorado River, w h i c h  has been the 

daninant source of valley !3edimnts since th2 Miocene (47). In general, 

the grain s i z e  of valley mts is inversely praportianal to the 

distance fmm the present day Colorado River Delta (45) so that  sedbwnts 

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

and central valley deposits. This relationship generally holds to a depth 

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

valley -its. 

fran t k  Colorado River than frnm local sources. 

tend to amcentrate coarse deposits (sands) on the flanks and fine aepoSits 

(clays) i n  the central valley: 

West valley deposits are less affected by ccntributions 

Other p r ~ a e s s e ~  

these are northwest prevailing winds w h i c h  



-te sands i n  south and easterly dm3 belts, and the several post- 

Miocene 1- which ooncentrate clays i n  the central Inperial Valley. The 

net effects of these s - w  processes ~IE that they tend to form 

natural stratigraphic cap rocks for central valley 

separate shallm and deep ground water system and xnab central valley 

systens, 

waters saltier and mre stagnant than eastern or western waters. 

midav and F'urgerson (42) have shuwn that many of the San system 

faults act as for marginal valley wa-s. They postulate that 

c 

The Colorado River supplies 80 percent of Inperial Valley ground water 

through direct omnnmicatbn, canal leakage and irrigation discharge. The 

repnaining water is derived fmm precipitation and runoff f m  local 

watershed areas. The total vlolunre of water i n  storage has been estimated be- 

tween 1.4 and 3.7 trillion cubic 

(16,55) (The figure variance occurs because the fontler estimate was made 

(1.1 and 3 b i l l im  acre-feet) 

high salinity gradients existing affoss northwest-trending faults further 

increase salinities of central valley ground waters by forming barriers 

to fluid mixing. It was nated, for instance, that m i a n  waters exist 

only east of the Alarm River, suggesting the this riwr marks one of the 

proposed @tar&. 

northwest salinity gradient. 

single =charge source a t  the colorado River which implies that waters 

northward and westward are older, and mre saline by prolonged contact w i t h  

&idav and Furgersm (42) have also observed a southeast- 

This could be acmunW for by assuming a 

SOUFCES OF WIEEFt AND HYDRXDGIC -TICS 
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from porosity calculations of sediruents shall- than 2,438 m (8,000 ft ) 

and classification of "usable" water as that with less than 35,000 l?pn 

dissolved solids. 

in the Sal- Buttes e a ,  exceeds this figure). 

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

of tk deep mial Valley water ,  particularly 

Tbtal recoverable 

annual &arge is about 493 m i l l i c m  cubic mters (400,000 acre-feet) . 
"he regional w a t e r  flow patkrn is acgiplicated but in general, water f lms  

northward and westward fran the p r h  sources near the Colorado River Delta. 

Flow pattern aclnplicathns arise fran natural (fault and stratigraphic) 

aquitards which chanr~l water flow and frm hydmthennal systens whose local 

convective patberm tend to cause regional waes to flow inwad to the 

ancanaly. Stratigraphic separatirns of &ep and shallow w a t e r s  also tend 

to mqlicate flow patberm especially when shallow and deep waters can 

oonanclnicate by fault-indu& permability. 

have all& local flow patterns to be deduced (4) 8 but the general pic- 

ture still largely remaiTls unclear. 

In saw cases, careful analyses 

The flow rate of Inperial Valley w e l l s  is variable and depends on the location 

and de.pth of the well. Many shallow w e l l s  at  eastern and westem valley 

rmryins have f l d  F a t e r  than 0.063 cu dsec (1,000 gpn) whereas central 

valley shal low wlls have produced only a fraction of this. This is partly why 

the extensive irrigation system was needed in the Irtperial Valley. Ikeg 

w e l l s  in the oentral valley, have-, flow as w e l l  or  better than deep 

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

available, however, to clearly establish a pat-. 

20 



CHEMIC& Qup;LITy OF l4RIERS I N  THE lm?EmAL- 

werial Valley waters may be divided M c a l l y  into several different 

categories, of which the principal ones are: 

0 Basin-edge w a t e r s  which stmngly Colorado 
River source waters (See Table Nos.  1 and 2). 

0 ShallckJ Central Valley w a t e r s  which are sanewhat 
m x ~  saline and nckr in m a t e  (Table No. 3) .  

Deep valley w a t e r s  which tend to  be more saline 
but resepnble basin-edge w a t e r s  in i d c  ratio. 

0 yIdrOtherrna1 water which tends to have increased 
silica, pH, =tal salts, and salinity (Table No. 4) .  

0 Hypersaline brines which contain un&ually 
high salinities and are a m f h d  to the Salton Buttes 
(Table NO. 5). 

0 

W variety of w a t e r s  demcnstra*s the ocmplexity of the hydmlogic system 

in  the Valley. The quality of the w a t e r  is dependent upan geologic and 

spurce factms. Table Nos. 1-5 s b w ,  for exanpk, that dissolved bon- 

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

€&cent studiqs (38). shcrw that the shallaw ground w a t e r  in the V a l l e y - h a s  

, changed i n  quality due to source water,changes, extensive irrigation and 
I 

use of fertilizers. Consequently, the g r o u n d  wa- has beaxre mre saline. 

This trend is expected to mntinue. 

The Va l l ey ' s  geothermal brines do not differ greatly fropn deep waters i n  

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

carbonates. Hence, S ~ I E  g e o t h d  w e l l s  evolve 032 gas. 

in the Salton But&s ama is very unusual (See Table No. 5) . 
contains up? to 300,000 

The deep brine 

This brine 
I 

I 

I dissolved solids which, in addition to major 

21 



TAEENO. 1 

144 
97 
30 

163 
362 
119 

35 

950 I 

constituent 

~ 

6 . 1  

220 
5129 

22 
304 

20 
9014 
1082 

15791 

Na 
ca 
Ms 
Ha33 
so4 c1 
others 

m 

108 
85 
31 

14 5 
3 07 

98 
17 

791 

TlABLENO. 3 

-No. 2 

oonstituent I ppm 

Na 
ca 
m 
Ha33 
so4 c1 
others 

TDS 

constitmt 

PH 

Si02 
Na 
m 
Ha33 
"4 c1 
others 

m 
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I sZ&m SEA BEUNES 
€M?ERSAUNE BRINE AT THE SHEIlt I.I.D. NO. 2 WELL' (24) 1 

I 
1 
I 

ccinstituent 

Na 
K 
Li 
Ba 
ca 
Sr 
w 
Fe 
m 
Pb 
Zn 

53 I 000 

210 
250 

27 800 
440 
10 

2 # 000 

80 
500 

3 
155 I 000 

500 
30 

390 
400 

16 # 500 

1,370 

259,000 



m t s  of sodium, calcium, potassium and chloride ions, contajns signifi- 

cant 

fluoride, strontium and uthers. 14ae corrosive and scaling properties of 

the Sal- Buttes brine have been the major deterrent i n  develCping that 

geotknnal field. 

of corrosive HC1 and H2S04, as w e l l  as traces of l i t h i u m ,  

--AT= 

The shallm gmund water a t  H e b e r  is characteristic of Central -id 

Val ley  w a t e r s  (Table No. 3 ) ,  but there is evidently very little cammi- 

cation with deeper hy- waters since the character of this water 

is vastly different. 

cap rock above the geothermal reservoir that is several hundred feet thick. 

This is probably due t o  the presence of a clay and silt 

G s t k r m a l  waters a t  Heber are produd  fran a depth of 600 to 1,900 m 

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

five geothermal ells. Sodium chloride is the predoglun - ant dissolved 

canstituent of the ge0tkrn-d wa&r and the average pH indicates a slightly 

acidic to neutral condition. 

that si l ica scaling a t  the ell bore or surface pipes w i l l  not be a 

prablem at H e b e r  and trial p d e o n  iurl injection operations a t  Heber 

have not shown any corrosion or scaling problem t o  date. 

hydrogen sulfide have been reported franwells and the arrrount of nancondensable 

gases in Heber ge0them-d water is minimal. 

Fbderate conoentrations of silica suggest 

Only traces of 

The geothermal water froan Heber shcrws similarities to that from the Cerro 

Prieto, &xi00 geatherrrral resemir (Table No. 7 ) ,  particularly in regard 

to tatal dissolved solids concentrations. This suggests a c u m m  original 
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TABUNO. 6 

Tatal 
Dissolved 
solids 
(W) 

Si02 
Li 
N a  
K 
ca 
w c1 
=4 
033 
H a 3  
F 
B 
Fe 
Mn 
Pb 
Zn 
cu 
Ba 
Sr 
Al 
Ag 
Ill 
PH 

N o w h  # 

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 

26 8 
4 

5 , 500 
220 

1,062 
5.6 

7 , 420 
100 
NA 
NA 
1.7 
4.1 
I5 

0.9 
1.6 
0.3 
0.5 

6 
37 
15 

NA 
NA 
NA 

H o l t ~  #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 

15,430 

267 
2.8 

4,688 
181 
891 
4.7 

8 , 320 
I52 
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 
3.4 

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 

NA 
NA 
6.5 

mospt pH, a l l  param-s are i n  parts per million. 
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ANALYSIS bF WCIER FKM 
cERw3 PIIIFIID, B.C., MEXIaO 

W e l l  N m b e r  

Total Dissolved 
sol ids  ( T m  

nd = N o t  Detemhed 

- 
l-A 

4,450 

600 

12 

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 

2 18 

820 

18,041 

- 
M-5 

5,820 

1,570 

19 

280 

8 

LO, 420 

14.1 

3.1 

0.2 

0.0 

73 

71  

740 

1,600 

700 

733 

19,018 

- 
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 

w 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 

115 

770 

nd 

nd 

1,000 

21,915 
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source of water, prcbably the Oolmxdo River, for both reservoirs. One 

significant difference exists between the reported content of nmcondensables 

in Cerro Prieto -1 fluids and those at.Heber. Whereas a t  Oerro 

PrietO the content is about 1,000 ppn, d the H2S amtent is about 300 

pp, them? are only traoes of 002, H2S and other noncondensables in the 

Heber g e o t h d  fluids. 

It is estimated that between 50 to 60 producing w e l l s  and 20 to 30 in- 

jection wells w i l l  be required for a 200 W net electricity plant a t  EEeber. 

"he injection wlls w i l l  be located on aonoentric circular arrays w i t h  

&amstem of about 3,020 m (9,900 f t )  . 
water flow pattern d m  to this &velcpmt 

The possible &anges in ground 

be: 

0 Changes in graund water quantity and f l m   direct^ 'an 

0 Chemical changes in ground w a t e r  as a'result of 
possible mixing with reinjection waters 

0 ' ~ivers-  of deep wa- fmm ather areas 

0 E f f e c t  on deep waters of salt water reinjection 

Considering the effective hydrologic separation between the 

reservoir and the shallow grotlnd water system at Heber, the only likely 

changes am= the diversion of deep w a e  frcpn &her areas and the effect 

on deep waters of salt water reinjection, and the projected extent of 

-such changes is minor. A t  Germ Prieto, 6or exanple, shallow ground wa- 

has hardly been affectedby qe&hemd developmit except in cases &ere 

wastewater directly injected into the local water system. 

27 



SEISMIC Z N l  SuBsIENCE KNI'IOKtNG 

Eartkaquake data in the Imperial V a l l e y  ha= been recorded an a broad scale- 

since 1927. In 1934, a seismic station in the valley was established as 

part of the California I n s t i t u k  of Tedmology's (Cal T e d )  pemanent 

southern California seismic net. 

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

as the mal e- 02 1940, and recQTd the sequence of -. 

The plan for recording was to m 

In  1973, the UniW States Geological Survey (U.S.G.S.)  in couperation 

with t k  California Institu* of Technology established a sixteen-station 

telen'eix%red ~~elxork in the Inpenal  Val l ey  (Figure No. 11) to reoord and 

interpret related to the geothermal phencmmm (27). In the 

Heber area Chevmn O i l  Ccqxmy plans to establish a closely spaced seismic 

= t i  to  gather information on background seismicity and the relationship 

the p-d geothermal production m i g h t  have on seismic activity. Tkbe 

above project is s-ed for inp-tation in 1976 and w i l l  run con- 

tjnumsly -ut the period of pwer P~OdUction (according to E. W i c k  

in a personal Oarrarnrnication i n  March, 1976). 

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

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

f i r s t  triangulation and leveling netmrk there. 

in 1941, 1954, 1967 and 1972. 

The netmrk was remaswed 

In 1970, as part of the Irq?erial V a l l e y  
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Project  (55,), an array of 141 benchmXkS was established in the southem 

-r ial  V a l l e y  to d t o r  fault mtim (Figure No. 12) .  In 1971, the U.S. 

Coast and Geodetic Survey, i n  Cooperation With the U.S.G.S., undertook an 

extensive program to d t o r  graund d c i n  thmugh the Inperial V a l l e y .  

This program calls for t r iangulat ion and leveling surveys throughout the 

valley evwy two years and mre frequently i f  geothermal produdon beams 

a reality in tk valley (39). In addition, a sys- of tile-, extenso- 

mters and level nets w a s  established at  Sal ton Buttes, E a s t  *sa and Heber 

to detect any ground ntqtion related to gee- production (Figure Nos. 13 

and 14) . 
C k r o n  O i l  Capany in the EEeber area. 

relative elevation change in the Heber area over a year's perid. 

Added rn the above data was a private leveling survey done by 

This 1974-1975 survey neasured the 

The Sal- Trough i n  general, and the Inperid V a l l e y  in particular, is 

charact+ized by a high level of seismic activity and a large aauount of 

strain release. Riater (59) reports that l2 earthquakes of magnit& 6 

or greater have occuned i n  & Saltan Trough since 1900 (Figure No. 15) 

and nine greater than magnh.de 6.7 have occurred since 1850 

(Figure No. 16) . Figure No. 17 is an epicentral I M ~  for Qreater 

than magnituik 4.0 that occurmd be- I932 and 1972 in southem California. 

It is evident that a large Canaerrtration of events occurred i n  the Sal- 

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

quake - are also very ommn for faults in the San -as System (26,27). 

The Inperial Val l ey  fault system, which includes the Banning-Missian Creek, 

Iqerial ,  Brawky, Elsinore and San J&to Faults, mDng others, is 
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FIGURE N0.13 

NETWORK OF FIRST ORDER VERTICAL CONTROL AND 

2-YEAR CHANGE IN ELEVATION, 1972-1974 (39) 
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CALIFORNIA-NEVADA EARTHQUAKES, MAGNITUDE 6 

AND OVER,1903-1956(59) 
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FIGURE N0.16 
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LARGE EARTHQUAKES IN CALIFORNIA REGION 
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mving right laterally at  the crarmlative rate of approorimately 8.0 an/yr 

(3.1 in&) (62). This 'figure is a 20-year average of cumulative shear 

taken frun the peninsular Ranges to the %st of the valley to the Qlooolate 

mtains to the east (70J. !h actual mwemnt is by no mans constant 

but has varied greatly w i t h  tim3 (18) and location in the valley (622 . 
Eartkbquakes occurring along the San Andreas Fault system typically have 

focal depths of 5-8 km (3.1-5.0 mi), d c h  is appmAmitely the basenmt- 

sedimnt interface. 

and are frequently assochted.with Qua- fault scarps. 

depth for hypocenw i n  the valley is about 12-15 km (7.5-9.3 mi) because 

at depths Qreater than this the high thenral gradients gen&ra& sufficiently 

high 

stress; i n  the geothermal m a s  of t h  valley this limiting depth is h e r  (31). 

THE DPEKtAL VALEX OF 1940 

This was the mst significant earthquake to have occurred in the Salton 

Traugzl in terns of human distuxbane. 

into Baja California ( M x i c o ) ,  the adjacent Yuma Valley and the Salton Sea 

area to the north. 

(112 mi). casualty XEpOrts shad that seven persans W X e  killed by the 

collapse of wak s t r u w * s ,  me persm b d  to death and one died 

later frrm injuries. 

loss of crops dw to interruption of wakr services and serious damage to 

-e 

Events gerrerally occur on nearly mcal fault planes 

A l imimg 

to cause the rocks to mve plastically i n  respqnse to 

Damage caused by the -extended 

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

Darnage was estimated qt 5-6 million dollars, including 

all tams of central and southern Inperial valley. 



The publkhed magnitude for the earthqmke was 6.7 but this was later re- 

vised to 7.0 (59). The focal &pth was ShdLlm aril the dominant mtion was 

right lateral d i s p l a e  along the Irtperial Fault (Figure No. 18).  

face faulting could be traced for miles northwest and southeast of the 

epicenter but the character of the traces was variable. Norkhwes.aJard, 

Sur- 

the fault displacenmt gradually diminished f r o m  1.5 m (4.9 f t )  offsets 

near E l  Centra to 15 an (5.9 in) near Brawley. The fault trace curved and 

splayed mrthwes.tWarduntiln0 evidence of surface faulting a u l d  be found 

the border. 

occur on t k  sam faults as major shocks (27)- Swanrrs that have occurred 

since 1969 have been s-ed carefully and these have yielded a wealth 

of data on the s t ruc ture  and t e a =  of the area. 

F i m  No. 19 gives epicenters for seismic events in the Inperial and kkxicali 

Valleys during &ril and May 1969. These earthquakes were recorded shortly 

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

hy cal T w l .  Frcan these reams, as w e l l  as from previous recordings, and 

other geological and geophysical data, -can and United States scientists 

r e r e  able t o  draw s m ~  conclusions about the formation of the Salton Trough. 

"hey pmposed a model that related the cpening of the Gulf of California to 

d o n  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.(59) 
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FIGURE NO. 19 

SEISMOGRAPHIC 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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Andreas Fault System forms a transform plate boundaq that mmcts the divergent 

Plate - ‘es in the Gulf of California and the Pacific Ocean north of 

san Francism. In the salton Tmu* the s a  Andreas fonns several dis- 

mntinuous selpllents separated by axltirrental spreading centers. These 

produced continental spreading centers which include Salton Buttes, North 

mawley ard Oerro Prieto, a l l  generally m a s  of high heat flcrw, young 

volcanism, high seismicity and crustal thinning and extension. The 
, 

mchanism for local crustal spreading, suggested from fault plane solutions, 

involves an edElon normal and s t r ikes l ip  faults trending oblique to 

the regional transform faults. 

the observed crustal, rifting. 

fi& No. 11 gives epicenters of l i q y 5 a l  Valley 

1973 to Ey, 1974. This period was the first year of aperation of the 

U.S.G.S.-Cal Tech sixteen-station seismic net i n  the valley. Several 

swarms wxre remrded during this period near Brawley, Salton Buttes arad 

near E l  C e n b  on the Irrperial Fault. 

annual mgional,seismicity al.thaugh camrage was mt uniform for 

smaller than &hgnitude 2. These data tend to verify earlier 

ckservations on regional seismicity (40) and establish definite fault 

traces for the Brawley and Imperial fad-. 

bbtion along these faults oould account for 

from June, 

The figure gives a picture of the 

Focal depths for these earth- 

quakes along a section of the Iqe5al.faul.t are given in Figure N0.-20. 

During late Jan-, 1975 the Brawley area was the site of a mjor eakhqWe 

swann. Wicenters frcmn a five day period are given in fim No. 21. 

~ y s e s  of f a  depths, tenporal migration, and first  mtion of earthquake 

yielded the fo lming  observations: (1) Earthquake focal depths were 

shall- h i d e  the Brawley thermal an=a than outside, probably because 

4 1  
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FIGURE N0.21 

EPICENTERS OF EARTHQUAKES OF THE BRAWLEY 

JANUARY' 1975 (31 ) 
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higher subsurface temperatures cause deeply buried rocks to mve plastically 

in response to stress; (2) In  the Brawley field m y  e-s occurred 

along northeastward-- left lateral and n o d  faults (Faults A and B 

in Figure NO. 21, for exarrp?le). 

for the observed spreading at Brawley. 

of earthqmkes along the Brawley fault with respect to depth. 

quakes occurred be- 3 and 8 Ian (1.9 and 5 mi)  in depth. 

 his type of &ion is assureti responsible 

Figam No. 22 illustrates the n e  

Wst  earth- 

Sam? researchers(17)lmve included Heber as anotkr  region of crustal spreading, 

but its position relative to transform fault segrrrents makes this assertion 

do~btful. 

North Brmley or Salfmn F3ut*s (25,26,27). 

a 6 V i t y  a t  Heber is also noticeably less than at 

t 

RELXCICN QF EAfiIHQuzliKEs TO ACTM'IY 

Several studies have shown that tkre  is a aorrelation between microearth- 

guake activity and geothermdL anamlies ( 36,39) . 
t k  correlation is unusually high. 

In the Imperial Valley, 

High levels of microe- activity 

are found at Salton Buttes (26), North B r a l e y  (31) and East W a  (12). To 

date, it is unhuwn whether such a relatianship also exists at Heber. In 

any case, several. remarks can be ma& about eartlquakes in the Valley's 

geothermal areas: 

Shocks are -ally smller in kcpituck and mre 

sane 'c setting (69). 
f I l 3pn t  in g e o t k n d  areas than other areas in the 

0 Faults related lm the microe- may serve as 
&ts for circulating brines. A t  the Salton B u t t e s ,  
for -le, it was &served that 032 w e l l s  began 
emitting large quantities of gas jus t  after e-s 
in the 1930's. 

44 



80 - 

60 - 

40 - tn 
c 
4, > u 

Y 

't; 20- 

n 
E 

L .  
Q, 

z 0 ' -  

0 2 

i I L I 
I 

6 10 
Depth in km 

I FIGURE N0.22 

DEPTHS OF EARTHQUAKE HYPOCENTERS FOR EVENTS. OF 

THE BRAWLEY SWARM JANUARY, 1975(31) 

45 



0 Earthquake focal'depths are usually shallmer i n  geothermal 
m a s  than in other seismic areas, inplying that microearl31- 
quakes are related to geotbnnal processes. @so, the 
mplitude of earthquakes w i t h i n  areas m a r s  
to be smaller than atsi.de. 

The possibility of triggering earthquakes by geathermal produ=t~ 'on and 

reinjection is of s m  aoncern. 

Geysers, California and Wairakei, New Zealand have long been associated 

w i t h  earthquake activity, productian has not been haripered by earthquakes 

and no associations have been d r a m  between geothemd production and earth- 

quake activity. 

Althaugh existing producing fields at  the 

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

t o  tfbe effect that fluid injection has on t r i g s i n g  e-. Of the 

thousands of existing o i l  field and waste injection w e l l s ,  only two instances 

of earthquakes triggered by fluid injection have been cited in the literature. 

Q-E of them is a t  the 

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

Nxukain Arsenal waste disposal wel l  near 
3 

Colorado (52). 

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

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

results i n  shear failure therefore redming'the normdl stress across fracture 

sqrfaw. w i d  teetcru ' csr  the S-SS field, and rock properties a t  

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

Heber are vastly different from Rangely. Therefore, the Fangely experiene 

is not necessarily applicable to Heber. 

In the Heber area the effect that production might have on e- activity 

may only be speculated. W i t h d r a w a l  of fluids may alter the deep gmmd 

water pattern and perhaps even the surface flaw rate (16). The effect of 

&se alterations on the tectmu 'c stress r e g h  is unknavn. Arry at- 
c 
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EPICENTERS OF INJECTION-INDUCED EARTHQUAKES AT RANGELY, COLORADO (52) 
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to  detennine these effects and the effects of fluid reinjection w i l l  re- 

quire several years of continuous seismic and g&tic mnitoring &ring 

which backgrourd seismicity and the location of active faults IcLust be 

established. 

SEISMtC RISK QF THE HEBEZ? AREA 

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

period 1933-1963. 

3 earthquakes themby expressing strain release. 

sham to be an area of high regional strain release and the Heber area is 

part of this high belt. 

sq km (39 sq m i )  region a d d  expect between 64 and 256 @valent Magni- 

tude 3 eart&mkes every 30 years. 

released by 10-40 ~ g n i t u d e  4, 2-10 Magnitude 5 or 0.25 to 2.0 Magnitude 6 

earthquakes, or by aseismic Creeping. 

strain w i l l  be released, but rather how mch should be released. 

The shadings depict I3-e numbers of equivalent Magnitude 

T k  Irtperidl Valley is 

The diagram suggests that near Heber a typical 100 

The sam ammt of strain would be 

The diagram does not suggsst how the 

In Figme No. 25 a fn=qu?ncy-magnitu3e =lation (recumence curve) is plot- 

for eartlquakes in tk Inp?erial Valley during the period 1932-1972. 

F&currence a~rves are useful i n  establishing a seismicity pattern for an 

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

If frequencies of different magnitude earthquakes fonn a linear pattern, 

such as in Figure No. 25, then the frequency of their ocmrrenae in the 

future can be predicted w i t h  reawnable certain ' ty. This does not  an, 

bwever, that the extent of their occurrence can be predicted. When points 

f a l l  off the curve such as the lawer n~gnitud? events i n  figme No. 25, it 
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SMOOTHED STRAIN RELEASE MAP OF SOUTHERN CALIFORNIA FROM 
1933 THROUGH 1963 (2) 
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often mzans that data cmpilaticm for tbse e- is inmlete. 

Far the Inperial Valley, figwe No. 25 shms that a Magnitude 6 earU4mke, 

for exanple, can be expected about every 100 y e - 8  a Magnit& 5 every 

ten years, and lmr magnitude shocks much mre frequently. The figure 

also provides a statistical recurrence curve for e- +in the Imperial 

Valley per 1,000 km2 (622 mi2) .  

H m - ,  a m d  Of Caution mt be elQreSsed with Egard to the @ f i C  

applicability of the g a r a l  recurn=nce curve in figure No. 25 to a small 

area such as Heber. 

is representative of the sun of a l l  quakes i n  the valley. Hwever, these 

took place ahmg the active faults in the valley. No knckJn faults occur 

in H e b e r  or near it. Hence, the recurrence curve may ha- a limited use- 

fulness in predicting earthqmk oc- in the H e b e r  area itself: 

Xiequate data do not exist cn the local stress pattern and the strength of 

the formation at ~eber m. a1.1~ predictions regarding possible injection- 

induced seismicity. H ~ W ,  it'appears unlikely that injection of waste 

brine wirll significantly increase seismicity in the Heber area; no faults 

have been detected as yet under Heber and the increase in pore pressure 

m d  injection wells w i l l  not be exessive because of the relatively high 

pemeability'of the Hehc reservoir. 

Figure Nos.  24 and 25 imply that the Iqerial Valley is a zone of relatively 

high seismicity and structuxes planned for the valley should be designel w i t h  

this in mind. 

ground acceleration due to earthquakes to be expected at H e b e r  and its 

inplication in designing structuxes. 

The activity used for c0nstruch.n ~ g t h e r e c u r r e n o e c ~  

 he following section presents a discussion of the maxjmnn 
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l4zmMuM GmuND AcmLRATION 

Figure No. 26 shows estimates by various authors of the maximum ground 

acceleration 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 maxinarm acceleration decreases. 

that an earthquake of Magnitude 6.5 occurring a t  a distance of 20 Ian (12.5 mi) 

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

 his difference i n  the estimate of mainnnn acceleration is due to h e  

effects of different so- mchanism, geologic envircmmts, travel paths 

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

mates by the sam authors for e-s of Magnitude 7, 7.5 and 8, =* 

spectively. 

- 

It shows, for ample, 

Figure No. 30 sham reasonable average valms of maxhnun 

acceleration for earthpkes with a focal depth of 10 to 15 km (6.2 to 9.3 mi). 

It should be mtioned that s a  

applying these estimtes to  any particular site, based on the kncrwledge of 

local site wnditims. 

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

maximum rock acceleratims in Figure No. 30 are substantially 1-r than 

the maximUm grmnd accelerations proposed by Housner (28) and Cloud (lo), 

of j u d m t  must be exercised i n  

It may be noted that except for locations very 

which refle'ct the aplifying influence of many soil deposits. The 

ameleration read of the 1940 E l  Centm e-ake (figure No. 31) shm 

a maximLlITl acceleration of 0.32 g. This valw is in good a w t  with 

the maXinaan anticipated acceleration on soil  deposits Shawn in Figure No. -32. 

Hcmever ,  Figure No. 31 also suggssts that i f  the record& station had 

been located on a rock outcrap, the maximum remrded acceleration would have 
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ATTENUATION OF M A X I M U M  ROCK ACCELERATION WITH INCREASING 
DISTANCE FROM CAUSATIVE FAULT, M r  6.5 (63) 
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been only about 0.20 g. 

upper baud for the rnaximm acceleration recorded a t  E l  centra, during the 

May 1940 e-, is still higher ( about 0.50 g) . 
highlights the difference between anticipated rock motianS and the recorded 

In  addition, Hausner (28) has clairced that the 

This argunwt 

graund surface miions and these differences may be attributed to the 

mdiQing influence of the soil deposits underlying the recording station 

on the notions develqed at the ground surface. 

mta presented by Duke and keds (15) show that the soil deposits a t  the 

recording station a t  E l  centra m i s t s  of about 30 m (100 of s t i f f  

clay underlain by several thousand feet of sedirru3nts. 

erations recoded over such si- would tend to be higher than anticipates 

for sites on rock outcrop. 

ditbns (Figure No. 32) is mre applicable for the E l  Centra site. 

The maximum accel- 

Hence, Housner's curve for s t i f f  Soil am- 

The preceding discussion points out the w i d e  variations in recorded 

accelerations 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 Schnabel ard Seed (61) cmduckd further research into the relation- 

S t i l l  greater 

It is with these un- ties in mind 

ships bebeen maxbmm accelerations and the distane frcan the causative 

fault. 

a l l  possible ranges of 

additional data following the February 1, 1971 San Fernando eart2qmke. 

Figwe  No. 34 ccmpares data gathered during the San Fernando earthquh 

with previouS results. 

The results of their work are Shawn in Fi- No. 33, which shows 

accelerations, and is partly based on 

b 

Schnabel and Seed's (61) analysis of the data also 
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RANGES OF M A X I M U M  ACCELERATIONS IN ROCK 
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FIGURE NO. 34 

ATTENUATION -EQUATIONS FOR MAGNITUDE 6.5 COMPARED TO 
DATA FROM STRONG MOTION STATIONS RECORDING SAN 
FERNANDO EARTHQUAKE, FEBRUARY 9,1971 (14) 

62 



* 
incoqoraM new analyatical tools wh ich  pennit the asses-t of rock 

RKYtions  from recxlrds obtaured on soil deposits. ~heilr-results ( f i ~  

No. 33) are additional data, whereas prevbus researchers (63) had based 

their cmclusions on very l i m i t e d  data. For this reason, Figure No. 33 

should provide more realistic estimates of the mpcimLrm ground acceleratim. 

ocmparing infoxnation in figme Nos. 25 and 33, Geonanicsrreccprmends that 

a value of 0.375 g be amsidered as the mininun design value for the 

stmcture a t  Heber, and that due ccglsideration be gim for the possible 

res&ce anplificaticm effect for different design options. It is also 

reoatmad& that the possibility of liquefaction of near surface -ts' 

i n  the event of a mjor  earthqualce be investigated. 

S U B S I ~ C E  m G x m D  m0N 

The effect that fluid withdrawal without reinjection has on ground subsidene 

is well established. Land subsidence related withdraml of fluid has 

been on the order of 10 m (32.8 f t )  in Img  Beach, 4 m (13 f t )  in the Santa 

4 m (7.9 ft) in H a u s t o n  (39).. The Cerro Prieto and 

operations a c h  do not reinject fluids have also been 

f e w  by subs &lens. Hori rmvamts in respanse to fluid 

withdrawal have also documented. W i l m i n p  .oil field, land 

has been observed to mve horizontally 3.5 m (11.5 f t )  during the t3.m of 

productian without Cxrncurrent reinjection. Extensive cracks and fissures 

have also b&n observed there. 
I 

1 In the Imperial Val ley  gmmd motion and subsidence exist as part of the 

tectonic backgrourd. 

that the valley is IIy3ving horizmtally i n  a occrp?lex manner and that the 

I 

I n  Figure No. 35 triangulation and leveling data show 



FIGURE NO. 35 

GEODETIC MEASUREMENT IN THE IMPERIAL VALLEY FROM 1934 TO 1967 (17) 



c 

central valley is subsiding a t  a maximLIIIl rate of about 1.5 an (0.6 in) 

per year relative to the surmundm * g nrnmtains. It is clear fnm this 

figure that the horizontal mtion is far mrre’cazlplex than the assunred 
e 

right-handed shear mdel (70) and that the northern and central & of 
the valley are sbwing grea&st subsidence. The Brwley area has recently 

been mving downward at the highest rate, whi& may be related to the 

large n m k r  of recent eartlq&es (26,27) and the high strain rate on the 

Inperial and Braley faults (17,31) . 
C h e m  O i l  Cupany, according to E. Dobrich in a personal aonrrmnication 

in March’l976, suggests that the Heber area is moving up slightly w i t h  

respect to E l  Centra but that the dominant mtion has been a dumward t i l t ing  

northward and eastward. 

A recent k v e h g  survey by the 

. 

c 

Land subsidence prablems related to t-he proposed geothermal &velqm=nt at  

Heber can only be speculakd at this t i n e .  Because of the fact that the 

geothermal fluid would be reinjected after heat extraction, aqy subsidence 

due to kine pmduction is likely to‘k mall and mst l i ~ ~ ~ l y  110 larger 

than that due t o  tectonic causes. 

to  prove a significant environmntal concern. 

preliminary study of the subsidence aspects of geothermal pcxsr develqmnt 

The effect of subsidenoe is not likely 

~ l a e  follawing se,Ction is a 

. atHeber. 

SUBSILENCE POGsmILITm AT HEBER 

A t  tk outset of this short-tern study of subsidence in the area of the 

Heber geoi3xxnd reservoir, it was considered desirable to discuss sub- 

sidence w i t h  chevron O i l  engineers inml&d in evaluating the 
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reservoir and in forecasting its performanoe. 

learned that a subsi&noe detedm caranit- has been f d  in Imperial 

County. 

cul tural  operations. 

profiles of canals and ditches in the county. 

Through the -y, it was 

This amnittee has strdied subsidence i n  ccnnection with agri- 
0 

The Inpenal Irrigation D i s t r i c t  surveys and makes 

Mmitoring of the leveling in the valley is continuas. 

lines are scheduled far suzveys biennially. 

ties to the west, east, and north of El Centro m considered stable, 

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

a slight regional tilt f m  south to  north. 

The f irst  order 
$ 

Significantly, t k  bedrock 

The cmnty surveyor's office knew of no localized subsidence caked by 

agricultural operations. 

nrust be established in the areas of geothermal fluid reservoir with local 

surveys being made per idca l ly .  

first and s e d  order netmrjcs for the purpose of detecting subsiden=. 

It also was mtioned that bench marks by l a  

The results are to be related to the rmjor 

Fluid withdrawal and injection affect reservoir fluid pressures, which, 

in tp, can cause changing land surface elevations. 

elevatims to net fluid withdrawal and to  reservoir pressure differenaes 

and then projecting the results into the fu tue  has been done sucoessfully 

in the Wilmingtan O i l  Field, Inng Reach, California. 

has been the subject of rnz  subsidsce studies than any other underground 

fluid reservoir in the world. 

were held with Dennis Allen, Subsidence Control Ehginer, Dept. of O i l  

Iklating bench mark 

This field probably 

As part of the present work, discussions 
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~ q e r t i e s ,  city of mg Beach, regarding pa& studies of subsiden= and 

the Curmt central program i n  the wilmingtan Field. 

One is led to the cmclusim that reliable estimates of future subsidence 

in the area of the Heber Gsthennal reservoir cannot be made mtil the 

reservoir has been operated for a period of tim and the corresponding 

land k y  results studied. Without this informtion, results fran 

ccnputer mQaels are considexed to be the next best sou~ce of infomation 

available, provided that the reservoir pareters used prqerly represent 

the reservoir. Choice of such pararreters is indeed a major problepn. A l l  

the physical pamre- such as the elastic prqerties of the reservoir 

rodc, distributicm of the in-situ stresses, etc. are not yet h a m  for the 

H e b e r  m. Hence, it was not amsidered worthwhile pzparing such a model. 

w v e r ,  Chevrcn O i l  ccmpany is atterrpting to develop such a Illode1 of Heber; 

their preliminary m u l t s  indicate that subsidence due to production at 

H&er w i l l  be small and should pose no serious problem, according to Mr. 

Lloyd Mann in a personal amnunicatkm in July 1976. 

There are few other mans for es- cj future subsiden-. One such 

rnethod has been discussed by and by Raghaven and Miller (51) . 
This nehod is app 

an 

in the next section of the present report to * 
of possible s&sidence in the Heber area. 

EstilMtion'Of catpa &ion and Subsidence 

In operating the Heber reservoir, the rate of fluid injection and fluid pror 

duction has been ass- to be the sane. Assuming the. overburden pressure to 

be fixed, this mans that any resulting rock Ccmpaction and subsidenae would 
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. 
be attributable mly to the pressure drmdmns causing flm tumrd the 

producing wel l s ,  and hence subsidene, if any, sbuld ,OOCUT only in the 

vicinity of the producing w e l l s .  

Acoording t o  ceertsma (19), i f  the lateral dhmsion of a reservoir are 

large oonpared to its thickness, then it w i l l  deform predasrunan * t l y i n  

the vertical plane. 

& the foxmation conpactim per un i t  change in pore pressure (fluid pressure) 

lreductim: 

A uniaxial canpaction coefficient, &, is defined 

% = - z  l a p  az .....E 11 
in which  z is the vertical coordinate and p the fluid pressure, 

A s s d g  that a fixed v a l ~  can be assigned to c, for the fluid presswe 

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

AH = H ....[ 21 
ki whichap = (pi - p) is the drop in fluid press- frcgn its initial 

valw, and H is the initial thickmss of the reservoir, H is the capaction. 

Geonanics' &port (20) indicates that I2-e reservoir pzessure dmp due to 

the pmductian of w a t e r  for a 200 MV plant W i l l  be of the order of 

6.8 - 20.4 atm (100 to 300 psia) around the w e l l  bores. 

wells, pressure drq w i l l  be much smaller. 

h a y  fropn the 

average value i n  the entire 

reservoir forAp, in  equation [Z], should be less than 6.8 atm (100 psia), 

In the sane report the overall net productive thickness of the r e m & ,  H, 

is taken as 734.111 (2,408 ft) for the pressure analysis ma& there. 

value can be assigned to H in quation [2]. 

This 

I 
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Coefficient % can be estimated w i t h  Geertsma's equation (19) put i n  

tk form: 

I 
in which v = Poisson' s ratio, a s s d  0.2 for the Heber reservoir; 

% = 4.9 x 

and 5 = 0.16 x lom5 car?/kg (0.112 x 

m2/kg (3.4 x in2/lb) _frcnn Tzpble No. 8 cited abow; 

in2/&), a s h  the sam as 

for quartz. substituting i n  quation C31: I 

% = 2.37 x lom5 an2/kg (1.65 x in2/&) 

.....[ 41 

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

CcBnpaCltion is g i v a  by: 

A H  = 0.12 m (0.4 ft) . ..... c51 

If the reservo** is a s s 4  to ham the shape of a cylindrical disc of 

constant thickness w i t h  its axis vertical., the subsidence can be estimted 

using the equation (51) : 

% = -2 % (1 - V)AP . H (1 + n )  
1 + n2 

. . . . .[6] 

in which % is t k  subsidence, and n the ratio of the reservoir depth to 

its radius, D/FL Jn applying equation [6], the cylindrical disc xesemir 

is ass& to be isolated fnrm its surroundings by an -able barrier. 

The entire reservoir is caarsidered to behave as a tank w i t h  fluid withdrawal 
A 

taking plaae uni.fomly throughout the Systm. In the present instane, 

D = 610 rn (2,000 ft) and R = 6.44 Ian (4'mi) = 6,440 m (21,120 f t )  (20) . 
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Henoe, n = (D/R) = (610/6,440) = 0.0947. 

i n  equation C6l the subsidene is given by: 

% = -0.21 m (-0.7 f t )  

Substi tuting numrical values 

The paran~ters used in these carp?action and subsidence calculations are 

gross estimates . 
the calculated average valw of -0.21 m (-0.7 f t )  is at best my an 

indication of the psible true mgnitde, but is believed to be am- 

servative. The t r ~  average value prcbably is less. %e subsidene 

possibility is minimal over mst of the reservoir, but localized subsidenoe 

aramd tk producing w e l l s  can be significant. A better cannot 

be m d e  w i t h  the cited Geertsma mthod u n t i l  better values of the para- 

mters are available. 

account for the variation of drmdam p ~ ~ s r p r e s  w i t h  tim or for any tim 

lag in subsidene. 

Considering this plus the idealized reservoir ass&, 

&breover, the nethod of analysis used here does not 

, 
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1. dewlqment at Heber is not likely w ha~e any adverse 

inpact an the shallw ground water resomce of the area. 

2. Cormsim, scdting and presence of mmrdensable gases should 

for the Heber geothed  project. . .  provt3Wbermzllmal 

3. au3 Meber area lies in a general region of high seismicity and 

strain release. 

= 4. No fault has yet been mapped directly under the Heber m a .  The 

stress condition and the strength of the rocks at Heber are not 

lcrmwn. 

the possibility of increased seismicity due to g e o t ~ ~ r m a l  activity. 

, 

Until such data are available, it is difficult to assess 



7. &sign of the structws should take into a c m t  acceleration 

and resonance spectra which  e available for the 1940 

A &hed local soil test analysis and seismic structural response 

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

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

8. Baseline data should be obtained by mnitonng the Heber area for 

seismicity and subsidenoe before paver production kegins. 

desirable to have a permanent mnitoring system thmughout the l i f e  

of the pcxrJer plant. 

It is also 
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