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GEOTHERMAL ENERGY DEVELOPMENT FROM 
THE SALTON TROUGH TO THE HIGH CASCADES 

Nonnan E. Goldstetn 
Earth Sciences Dtvlston 

Lawrence Ber'keley Laboratory 
Berkeley, Cal i fornta 94720 

INTRODUCTION 

gram i n  Geothermal Energy 
Oevelopnent a t  the Lawrence Berkeley Laboratory 
(LBL) began i n  1973 I n  response t o  the nattonal 
goal o f  developing al ternate energy sources. To 
stimulate tndustr ta l  development o f  geothermal 
resources f o r  e l e c t r t c  power generat ion t h e  
U.S.A.E.C. requested tha t  LBL begin research and 
investigations i n  several areas. These were: an 
assessment o f  geothermal s t tes  f n  northern Nevada 
for a proposed 10 HW demonstratton plant; devel- 
opment o f  a btnary-f lu id power plant f o r  d e r a t e  
temperature, low-salinity brtnes; and various 
geochemical and geophysical studtes related t o  
the chemistry and thermodynamtcs of brtnes and 
reservoir  rocks. An addttional support project, 
t he  Nat iona l  Geothermal In fo rmat ton  Resource 
(GRID), comnenced w i th  the responsibi l t ty f o r  
compiling data on geothermal energy and develop- 
ing  a computer-based storage and re t r i eva l  system 
f o r  t h i s  Informatton. 

Stnce 1973 the national program approach has 
been modtfied. The AEC was ul t tmately tncorpora- 
ted i n t o  the Department o f  Energy (DOE), and the 
ortgtnal  geothermal group a t  LBL has grown i n t o  
t h e  Ear th  Sctences Dtv ls ion ;  now tnvolved I n  
research ou ts tde  geothermal program areas. A 

, simpl i f ted organtzation chart o f  the LBL Geother- 
mal Energy Group and i t s  r e l a t t o n  t 
other organtsattons i s  shown tn Ftgure 

Since the tnceptton o f  the program 
o f  LBL geothennal projects have been 
and terminated. Overall, the scope o f  the LBL 
geothermal work has grown p r t m r l l y  through the 
addtt lon o f  the Reservotr Engineering and Subst- 
dence Programs f o r  whtch LBL serves as the  
lead-laboratory. Despite pol I cy  changes fran 
Yashington and several reorgantzatfbns wtthtn the 
Div is ion o f  Geothermal Energy, the focus o f  LBL 
work remafns on resources belongtng t o  t h e  
convecttve hydrothermal type. Resources o f  t h t s  
type are being explotted worldwide. One o f  the 
best known examples o f  t h i s  type I s  The Geysers 
i n  Ca l i f o rn ta ,  and we expect t h a t  convect lve 
hydrothermal systems w t l l  have t h e  grea tes t  

t o  come. 

tn t h e  s ta tes  border fng  t h e  P a c l f t c  Ocean, 
resources extendtng from the known reservoirs l n  
t h e  Sa l ton  Trough t o  p o t e n t t a l  rese rvo t r s  I n  
the High Cascades o f  Ongo 
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The map I n  F igure  2 shows the  p r tnc tpa l  
s i tes where LBL has been o r  I s  current ly tnvolved 
i n  some aspect o f  geothermal energy development. 
The types o f  ac t tv t t les  pursued a t  each s i t e  are 
shown symbolically. subdtvided i n t o  three general 
classtftcattons: 

a. Exploratton Technology 
b. Reservoir Engi neert ng 
c. U t t l i za t ton  and Converston 

I t  i s  beyond t h e  scope o f  t h t s  paper t o  
dtscuss our ac t t v t t l es  and t h e i r  n la t i onsh ip  t o  
geothermal development a t  each s i t e .  I w f l l  
therefore l i m i t  t h t s  dlscusston t o  current work 
t n  two con t ras t i ng  geo log ica l  environments. 

Techno1 ogy 

(a) The Cerro Prteto Geothermal 
F te ld  - Salton Trough, Baja 
Cal t fo rn t  a 

(b) Mt. Hood Volcano, Htgh 
Cascades, Oregon. 

Cerro Pr ie to  Geothermal F ie ld  

The Cerro Prteto geothermal reservotr i s  the 
southern most o f  several known reservoirs l y i ng  
wtthin the Salton Trough. The Trough, considered 
by many t o  be one o f  the major geothermal re- 
source areas t n  the  world, i s  a graben- l ike 
deprestton, 50 km wide. bounded by the  San 
J a c i n t o  and San Andreas f a u l t  systems i n  t h e  
southwest and northeast, respectively. The 
trough I s  a l s o  c u t  by numerous o ther  NU-SE 
s t r t  k e - s l i p  f a u l t s  whose loca t i ons  have been 
determined fm d r i l l i n g  and earthquake studies. 
The trough, ye t  subsidtng a t  the ra te  o f  a few 
cm/yr, i s  f t l l c d  wtth up t o  6 kin of post-Oligo- 
cene coarse-c las t i c  con t inenta l ,  and marine 
sedtments capped by younger d e l t a t c  sands, 
g rave ls  and s t l t s tones .  The heat source i s  
be l leved t o  be magmattc. Aeromagnetic ev i -  
dence suggests lgneous bodies a t  depths o f  2100 
t o  3100111 i n  the Salton Sea area. Volcanic rocks 
outcrop are re la t i ve l y  minor: Obstdlan Buttes on 
the south end o f  the Salton Sea and the  small 
Cerro Pr ie to  volcano, whtch lends i t s  name t o  the 
nearby geothermal fteld. 

Presently. carmercial developers tn  the U.S. 
are well advanced i n  t h e t r  plans t o  begin reser- 
vo t r  and power plant demonstrattons a t  reservoirs 
a t  Niland, East &sa, Brawley and Heber. These 
ut11 come on-stream I n  t h e  1980-1982 pertod. 
However, the Comiston Federal de E lec t r k tdad  
(CFE) o f  k x t c o  has operated the Cerro P r i c to  
geo fheml  f f e l d  stnce 1973 and it remains y e t  
the only water-dominated geothermal f t e l d  genera- 
t i n g  e lec t r i c  pmver I n  North knertca (Figure 3). 
Currently, 16 productng wells supply 750 tons o f  
steam per hour t o  generate 75W. A t  the same 
ttme, 1500 tons o f  br ine per hour are disposed 
tn to  an evrporatton pond. Conttnued exploratory 
d r i l l i n g  has extended the boundaries o f  the f t e l d  
north and eastward, and a second 75W plant I s  
scheduled t o  s t a r t  operatton i n  February 1979. 
Despite nearly constant exploration and develop- 
ment ac t t v t t y  stnce the ear ly 1960's, the  u l t t -  
mate t t z e  and producttvt ty of the f t e l d  has not 
been determtned. Production 1 s  expected t o  be 
doubled again t o  about 300 #W by 1984, but the 
ultf lnate productton ra te  could be f a r  larger. 

- 
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How la rge  no one i s  prepared t o  guess yet. 
However. i t  appears tha t  the reservoir  IS upab le  
o f  producing more power than needed i n  Baja 
California. and U.S. u t i l i t i e s  could be buylng 
geothermally-produced e lec t r i c  power fT CFE i n  
the f a i r l y  near future. 

I n  J u l y  1977 a cooperat ive agreement was 
slgned between CFE and bDE t o  conduct a stu4y of 
the f ie ld .  LBL sewes as project coordirrptor for  
DOE. The project  includes studies o f  the geolog- 
ic,  hydrogeologic, geochemical and geophysical 
character ist ics of the f ie ld ,  as w e l l  as rewr- 
v o i r  engineering and subsidence. The objective 
o f  t h i s  work, from the DOE perspective!. i s  t o  
develop a thorough understanding o f  the nature 
and magnitude o f  the resource and t o  deternine 
the impact o f  exploi tat ion on changes i n  local  
s e i s m i c i t y  and subsidence. The knowledge 
gained could prove invaluable t o  U.S. geothermal 
developers i n  the Imperial Valley. 

Also important i s  the question handling the 
present 1500 tons/hr o f  brine. Surfrcc disposal 
and evaporation my not be the best solut ion t 
the br lne mnagement problem. Currently, 260x10 
cal /hr  i n  separated water represents the t o t a l  
wasted thermal energy. Various proposals have 
been made regarding the  brines: 

(a) Continued reliance on evaporation 
ponds, 

(b) Evaporation ponds w i th  extract ion 
of lithium and potassium f r a n  the 
evaporite, and 

(c) In jec t ion  of waste water back i n t o  
the reservoir. 

In jec t ion  o f  separated water 6ack i n t o  the  
reservoir, if feasible, would not only solve the  
disposal problem but could s ign i f i can t l y  lengthen 
the productive l i f e  o f  the f ie ld ;  providing an 
add i t i ona l  source o f  thermal water recharge, 
reducing subsidence and ataintaining reservoir  
pressure. A t  present, an obsewcd decrease i n  
reservoir  pressure i s  a prime concern t o  CFE. 

CFE has conducted var i  ous laboratory studies 
t o  evaluate al ternat ive in jec t ion  methods: cold 
o r  ho t  i n jec t i on ,  w i t h  open, c losed o r  mixed 
systems. The purpose o f  these t e s t s  i s  t o  
establ ish the scale-forming tendencies. There 
has been an understandable reluctance by CFE t o  
proceed too rap id ly  I n t o  actual In jec t ion  f i e l d  
tes ts  because of the  fear  o f  w e l l  plugging or, 
worse, r u i n i n g  r e s e r v o i r  p o r o s i t y  around t h e  
in jec t ion  w e l l .  However, w i th  LBL assistance. 
CFE i s  preparing t o  make such tes ts  t h i s  year. 

One o f  the aspects o f  in jec t ion  addressed by 
LBL i s  nodeling the heat t ransfer - MSS flow by 
means. o f  a two-dimensional s teady-s ta t t  f low 
nodel (Tsang, Bodvanson, LIppMnn and Rivera, 
1976). This model, which assumes constant f l u i d  
properties; 1.e.. i t  ignores chemical reactions, 
simulates a system of N production and M in jec- 
t i o n  we l l s  i n  a ho r i zon ta l  aqui fer .  For t h e  
calculations it was assumed hat 50 percent o f  

through 3 o r  4 wells i n  an aquifer 25Om thick. 
The breakthrough t ime  i s  the t i m e  i t  takes for 
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t he  produced water (1,375 m 6 /hr) I s .  i n j e c t e d  

the cold water thermal f ron t  t o  appear a t  the 
production wells. Because the cooler in jected 
water extracts heat from hot te r  reservoir  rocks. 
the t h e m 1  f ron t  moves 2 t o  5 times slower than 
the hydrodynamic front. A temperature o f  loOoC 
was used f o r  t h e  "cold' i n j e c t e d  water and 
250% was assumed f o r  the reservoir. Figure 4 
shows one o f  several cases modeled u s i n  a 
combinat i o n  o f  e x i s t  i n g  non-producing we l l  s. 
designated by an M, and new i n j e c t i o n  wel ls.  
designated by an X. The dashed l i nes  are stream- 
l ines  and the so l i d  l ines  are the thermal fronts 
a f te r  5, 20 and 50 years. The numbers indlcate 
t h e  breakthrough t i n e  i n  years and the re fo re  
provide an upper l i m i t  on the roductive l i f e t ime  
o f  t he  f i e l d .  Natural  hycfrologic f l o w  was 
ignored i n  these ca lcu la t ions ,  a l though t h i s  
parameter could have been accepted i n t o  the model 
had it been known. 

Although Cerro Pr ie to  i s  not truly represen- 
ta t i ve  o f  geothermal reservoirs i n  the Salton 
Trough, they a l l  d i f f e r  I n  temperature, sa l in i t y ,  
and b r i n e  composition, i t  i s  hoped t h a t  t h e  
r e s u l t s  from t e s t s  a t  Cerro P r i e t o  w i l l  he lp  
solve potent ia l  probloms tha t  U.S. producers i n  
the Imperial Valley w i l l  face. 

The F i r s t  Symposium on t h e  Cerro P r i e t o  
Geothennal F ie ld  was organized by L6L and held i n  
S i n  Diego l a s t  September. Approximately 500 
attendees heard 30 papers which are now being 
assanbled i n t o  a Proceedings volume i n  English 
and Spanish. 

Ut. Hood, Oregon 

I n  c l is t inct  contrast t o  the Salton Trough, 
the Pleistocene-Holocene volcanoes o f  the High 
Cascade Range, extending from M. Lassen, Ca l l f -  
ornia i n t o  southern B r i t i s h  Columbia, represent a 
largely unknown and untested geothernial resource. 
F i  ure 5 shows the d i s t r i bu t i on  o f  Quaternary 
vofcanics and t h e  stratovolcanoes. We see 
represented here a major thermal event which 
began sane tens o f  thousands o f  years ago and 
which continues, although weakly. t o  the present. 

The M. Hood stratovolcano developed on a 
th ick  sequence o f  Pliocene andesite and basalts 
which had been assymmetrically folded and th rus t  
faul ted by tectonic stress, mxlmun compressive 
stress was horizontal north-south (M. Beeson. 
1979. personal communication). North-south 
tenslonal fractures, sgne dike-f i l led,  a lso were 
created and same o f  these probably sewed as the 
conduits f o r  l a t e r  andesites which const i tute the  
cone. There i s  no discrete heat flow anomaly ye t  
recognized f o r  the  volcano. Instead it occurs i n  
a narrow (50-mile-wide) north-south b e l t  & high 
heat f l o w  values (2.0-2.5 hfu) w i th  lower values 
as 1.0 hfu i n  the Yil lamette Valley t o  the west 
and 1.5 h fu  values t o  the east (D. Blackwell, 
1979, personal comnunication). 

I n  1977 WE i n i t i a t e d  a jointly-sponsored 
progrun w i th  the U.S. Geological Suwey, the U.S. 
Forest Sewice and the Department o f  Geology and 
Mineral Industries (WGAFIZ), Oregon t o  assess the 
geothennal potent ia l  of m. Hood. Although a 
complete assessment was wel l  beyond the scope o f  
the project, the w i n  objectives were t o  learn 
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which exploration techniques are applicable and Three other d r i l l  holes have been attempted 
how t o  apply them i n  t h i s  complex geo log lca l  near Timberline Lodge located midway between the 
se t t ing  where basic information was sparse or  summit and Swim Springs. D r i l l i n g  has proven 

r lacking. It was a l so  hoped t h a t  through a extremely d f f f i c u l t  and no s ign i f i can t  informa- 
l im i ted  d r i l l i n g  program o f  shallow and moderate t i o n  has b ten  obtaized below the  coldwater 
depth holes. enough cou ld  be learned about hydro log ic  washout. On t h e  f l a n k s  o f  t he  
t h e  thermal regime and subsurface geology t o  volcano t h i s  washout occurs i n  a zone extending 
guide comnercial developers. from surface t o  depths o f  a t  least  220m due t o  a 

Ht. Hood was se lec ted  main ly  because o f  2oC) movlng down-grad ien t  i n  a porous  and 
federally-owned land and f t s  proximity t o  Port- permeable ash and block flow. Not only does the 
land, 60 miles t o  the west. It i s  hoped tha t  hyd ro logy  make d r l l l ' i n g  d f f f i c u l t .  b u t  i t  
Suf f i c ien t  quant i t ies of hot water w i l l  be found a l so  completely masks t h e  t r u e  heat f l o w  and 
t o  supply space-heating and indus t r ia l  processes temperature gradlent. 
i n  the Portland &rea. 

One way t o  probe through the cold Isothermal 
The program was coordinated by OOGAMI and surface layers without d r i l l i n g  i s  by means o f  

consisted o f  various geological . geophysical and e lec t r i ca l  r e s l s t i v l t y  surveys. LBL has perform- 
geochemical studies, including d r i l l i n g .  Table 1 ed two types o f  surveys on the mountain: 
1 i s t s  the studies and the responsible organiza- magnetotellurics (Goldstein and Mozley. ldx] 
tions. LBL had respons ib i l i t i es  f o r  (a) geochem- which u t i l i z e s  natural low-frequency electromag- 
i s t r y  and (b) e lec tmagne t i c  surveys. n e t i c  energy  and (b )  c o n t r o l l e d - s o u r c e  EM 

(Morrison, e t  al.. 1978) which depends on a 
The geochemical work Included samplfng and strong man-made source o f  low-frequency energy. 

analyses o f  warm and cold spring waters, country Because o f  the geological complexity present, the 
rocks. and fumarol ic gases t o  determine t h e  reduced and processed data are generally d i f f i -  
temperatures a t  depth I n  c i rcu la t ing  hydrothermal c u l t  t o  interpret. A concerted e f f o r t  i s  under- 
systems, and the hydrologic pathways. Waters way t o  interpret  these data using new computer 
were analyzed f o r  t race and major elements by codes f o r  2- and data using new computer codes 
gamma-ray spectrometr ic,  neutron ac t  I vat Ion, f o r  2- and 3-dimensional earths. However, on the 
and X-ray fluorescence techniques a t  LBL. for northeast s lde  o f  t he  mountain, c lose  t o  the  
oxygen and hydrogen iso tope r a t i o s  by mass Cloud Cap eruptive center (age 12.000? 
spectrometry a t  Saclay, France. Gases from the y.B.P.) we have interpreted what appears t o  be an 
fumaroles were analyzed by the  USGS I n  Henlo in t r lgu ing  anomaly (Figure 7). Below the cold and 
Park. r e s l s t i v e  near-surface zone, we i n t e r p r e t  a 

conductive and possibly warmwater zone a t  about 
The only warm water surface manifestation 600111. A second conductive zone begins a t  2 km 

occurs a t  Swim S r i n g s  6 mi les  south o f  t he  and extends downward f o r  an undetermined depth. 
summft (F igure  6p. There, several  o r i f i c e s  We have recomnended that a hole be d r i l l e d  i n  
discharge a low volume o f  water with temperatures t h i s  area t o  tes t  the e lec t r i ca l  anomaly, and 
o f  l O O C  - 15%. A t o t a l  thermal discharge o f  t he re  i s  t he  p o s s i b i l i t y  t h a t  a ho le  can tie 
0.5 MY f rom t h e  spr ings  has been estimated. d r i l l e d  t h i s  year. 
compared w i th  3 MW thermal.output from the sumnit 
fumaroles (J. Robison, 1979, personal comnunica- Beginning t h i s  year, the U.S.G.S. w i l l  begin 
t ion). a Regional Cascade Program. seeking evidence f o r  

geothermal resources over the en t i re  length of 
The chemistry suggests t h a t  nos t  o f  t he  the High Cascades. The Ht. Hood work w i l l  be 

water a t  t h e  Springs Is meteor ic water which channeled I n t o  tha t  program, and we expect tha t  
entered the system a t  a point  high on the moun- LBL, through WE. *ill par t i c ipa te  i n  the program. 
tain. LEL and Oregon workers have proposed a 
hydrologic model i n  which t h i s  water i s  heated by I n  conclusion, I only wish t o  say that t h i s  
p rox im i t y  t o  t h e  mountaln's c e n t r a l  condu i t  paper i s  intended t o  give a general overview Of 
system, then moves quickly down-gradient. mixing LBL's geothermal energy development work, and t o  
as l t  f lows with c o l d  near-surface meteor ic discuss a small part  o f  t h i s  work i n  re la t ion  t o  
waters. Chemical geothermometers and m ix ing  two current projects. Because o f  the required 
nodel ca l cu la t l ons  suggest a l k a l i  and s i l i c a  brevity. only a few pOints could be mentioned. 
equ i l ib ra t ion  temperatures o f  water entering the Wevertheless. I hope tha t  t h i s  t a l k  conveys an 
S w i m  system o f  104OC - l7OOC (Yo l l enberg ,  Idea o f  LBL's work i n  the national geothermal 
e t  al.. 1979). I n  suff ic ient  quantity, water a t  energy program and 
t h i s  temperature could be used f o r  loca l  space 
heat lng  ( s k i  lodges, etc.) as w e l l  as o the r  
d i rec t  heat applications between Ht. Hood and REFERENC~S 
Port land. Current ly.  one u t i l i t y .  Worthwest 
Natut'al Gas, i s  looking i n t o  t h i s  poss ib i l i t y  Goldstein. W.E. and E. Mozley, 1978, A t e l l u r i c -  
and they have d r i l l e d  a 4000-foot wel l  West o f  the munta ln  a t  Old Maid Flat. The w e l l  penetra- a p re l im ina ry  study: Lawrence Berkeley 
t e d  and bottomed i n  pre-Xt. Hood volcanics. Laboratory. LBL-7050. 
Although the bottom-hole temperature was high 
enough f o r  space heat ing  app l ica t ions ,  t h e  k r r l s o n ,  H.F.. N.E. Goldstein, 6.1. Hoversten, 
volcan$cs were un f rac tured  and l i t t l e  water 6. Oppliger and C. Riveros, 1978, Descrip- 
entered the hole. t ton .  f i e l d  t e s t  and da ta  ana lys fs  o f  a 

c o n t r o l l e d - s o u r c e  EM system (EM-60): 
Lawrence Berkeley Laboratory, LBL-7088. 

strong f l o w  o f  isothermal, cold meteoric water ( 

* government research 

* magnetotelluric survey a t  Ht. Hood. Oregon - 

I 
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FIGURE CAPTIONS 

Figure 1 . A simp1 i f i e d  organizat ion ch 
Group -and i ts  relation t o  other governmental organizat ions.  

of the LBL Geothermal Energy 
- (XBL 791-7337) 

Figure 2. Location map showi ng p r j  nci pal sites and types o f  invest i-  
ga t ions  conducted by the LBL Geothermal Energy Group s ince  

(XBL 791-7338) 

Figure 3, Plant and well l o c a t i  ns a t  the Cerro Prieto Geothermal 
Field.  Proposed wells have been completed and proposed power 
p lan t  No. 2 will begi start-up operations i n  February 
1979. (XBL 7710-1 

Figure 4. 1 ated breakthrough times the thermal f ron t  due 
t o  injection o f  50 percent of present brine production. 
(Af te r  Tsang et a1 . ,19780) . (XB 

Figure 5. t ion o f  Quaternary volcanics and s t ra tovolcanoes 
of the High Cascade Range. 

Figure 6. location map 

Figure 7. One-dimensional ( layered earth) i n t e r p r e t a t i o n  of magneto- 
telluric da ta  taken a t  the-Cloud Cap s t a t i o n ,  
i n d i c a t e  a p l aus ib l e  family curves accounting for ambiguities 
i n t  roduced by surf ace i nhomogen ties, such as loca l  t e r r a i n  
variations , . (XBL 785-805) 
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Table 1 

MT. HOOD GEOTHERMAL PROJECT 

Y 

A. GEOLOGY 
a 

Columbia River Basalt  S t r a t  5 graphy 
Mt. Hood Geology 
Hydro1 ogy 

Portland State Universi ty 
Universi ty o f  Oregon 

USGS 

6. GEOPHYSICS 

Aeromagnetic Studies USGS 
Gravity Oregon State Universi ty 

USGS Seismic Studies 




