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I. INTRODUCTION 

The evaluation of the potential for subsidence of geothermal resource 
areas is an important consideration in resource development and exploitation. 
Subsidence, if it occurs, may cause a significant environmental impact as 

well as present problems in field operation. 
Prediction are required. 

Handbook (Atherton, et al., volume 1, chapter 9, 19761, two approaches are 
currently available for ence: the analysis method uses 

mathematical models; the elies on a subjective analysis and 
comparison of geological and hydrological features of the site under study 

with the corresponding featur 
in the past. The comparisons the analogy method thus require 
detailed information on sites 

This report provides such de 

of subsidence. 

Consequently, methods for its 
As described in the SCI Geothermal’Subsidence 

. 

r sites that have undergone subsidence 

have already exhibited subsidence. 
rmation on four areas with histories 

L 
This research, performed under Purchase Order 3003802, was 

a part of the ongoing Geothermal Subsidence Research Program being conducted 
by Lawrence Berkeley Laboratory of the University of California under the 
auspices of the Division of Ge 
Energy. 

1 Energy of the U.S .  Department of 



11. SUMMARY OF RESULTS 

The project  w a s  divided in to  two major phases; 1) The select ion of 

case h is tory  sites and 2) carrying out the case h is tor ies .  

Selection of Case History S i t e s  

Four subsidence sites were selected f o r  detai led case studies,  These 

se lec t ions  were made on the  bas i s  of: 

areas t o  high p r i o r i t y  U.S. geothermal sites i n  terms of withdrawn geofluid 

type, reservoir  depth, reservoir  geology and rock charac te r i s t ics ,  and 

overburden charac te r i s t ics ;  .2) Data completeness, quali ty,  and ava i lab i l i ty .  

1) Physical relevance of subsidence 

\ 

ites w a s  made i n  order t o  determine 

) of areas with past  subsidence 

geothermal areas were divided i n t o  

six categories as follows: 

A caldera is a large,  roughly 
in ,  typical ly  caused by 

the  explosion and subsequent collapse of a volcanic cone o r  vent. 
The depression is generally bounded by a series of arcuate f a u l t s  
known as "ring faul ts ."  The 
depression is typical ly  f i l l  olcanic debris erupted a f t e r  
the collapse. Some alluvium 

Radial f a u l t s  may a l so  be present. 

is  characterized by horst  and graben s t ructure .  
. val leys  of thiS province represent down-dropped f a u l t  blocks separated 

from each other by mountain ranges. 
region are commonly associated with range f ron t  faul t ing.  

The many broad 

The hot springs found i n  t h i s  

-1 



Category 4: 
resources i n  t h i s  category are intermediate between the  w e l l  developed 
basin and range s t ruc ture  of Category I11 and the volcanic t e r r a i n  
Of Category 1. 
have a graven type s t r u c t u r e ,  they are typical ly  located i n  broad 
river valleys,  where the volcanic rocks are overlain by alluvium. 

Alluviated Valleys i n  Volcanic Terrain - Geothermal 

LJ Although some of the resource areas included may 

Category 5: 
of thick accumulations of sedimentary rocks, which may range from 
unconsolidated alluvium a t  the  surface t o  hard sandstone and sha le  
a t  depth. 
such as along the U.S. Gdlf Coast. 

Deep Sedimentary Basins - This category includes areas . 

Fluids contained in these basins are mmetimes geopressured 

Category 6 :  
Alluvial  Cover - While associated with volcanic areas, these resources 

Folded and Faulted "Hard" Rocks, With L i t t l e  o r  No 

are not located i n  volcanic rocks, and may therefore have d i f f e ren t  
subsidence character is t ics .  

~ 

Subsidence areas w e r e  selected so t ha t  the case studies  would cover 

as many.of the geothermal site categories as possible. 

f i n a l l y  selected are 1) Chocolate Bayou o i l  and gas f i e ld ,  Texas; 2) R a f t  

River Valley, Idaho; 3) Wairakei geothenual f i e ld ,  New Zealand; and 4) 
' 

The Geysers geothermal f i e ld ,  California. Brief summaries of the  case 
studies  on each of these sites are presented below. 

fac tors  a t  each of the case study sites favoring, or  not favoring subsidence 

is shown i n  Table 1. 

The four sites 

A list of physical 

CHOCOLATE BAYOU, TEXAS 

The Chocolate Bayou o i l  and gas f i e l d  near Houston, Texas was selected 

for a case study because it  is large,  has produced f o r  over 35 years,  

largely from the geopressured zone, good geological data  are available,  

and subsidence has been documented across pa r t  of the  f i e ld .  The strat- 
igraphy a t  the s i te  is typical  of the region and consis ts  of interbedded 

de l t a i c  sand and shale wedges from Cretaceous to  Recent age with major 

hydrocargon production from the Tert iary sands. 

is a faul ted a n t i c l i n a l  s t ruc ture  from which o i l  is produced from about 8000 

t o  10,000 foot  depth. 

The Chocolate Bayou f i e l d  

From 10,000 t o  over 15,000, the f i e l d  produces 

geopressured gas. 

11-2 



Phise All-liquid Mostly Part Cas Yes 

Pressure Geopressured (overprcssured) No Partly No 
Density High No ye6 No 

Volumes - Yes Yes No 
2. PRODUCTION FLUID 

Fluid levels1 long time. extensive areas Some Yes Ye6 

Formation flashing No6 yes6 YtS6 
. Pore pressured ,, ton8 time, extensive arens Yes Yes ? 

3. CEOHY6ROLWY 
Natural recharge1 Low rates . Partially Yes No 

4. RESERVOIR HATERIALS 
V P C  
Predominant grain site 
Grain shape 

Consolidatiodcementat 

Preconsolidation2 
Hydrothermal a$teration Prenent 
Admixed mineral conten 

Thickness (in communication) Great vertical section 
Deformation properties3 Highly deformable 

POCO6itJ 

Mieocene and younger 

Yes Yes Yes 
? No Yes 

- Yes No Yes? 
Yes Yes ?art17 

Yes Some IC6 

Yes Some Yes 
ye8 No No 
Some ye6 ? 

Yes Yes Yes? 
Partly Partly Yes 

Yes Some ye6 

S. L s ~ w t i m  mmrrr.g 
tlrpe Some -Yes Some 
Occurrence No ye6 No? 

Width/ thickness ra tio4 No 

7. OI'ZWL!!E?! 
Thickness 
Coapetence lidsted 6ediments 
Deformation propertiesS Highly def 
Density 

Yes IC0 
YeCr YE3 
Yes Yes 
No a0 

6. SITE GEOLOGY. STRUCTURE 

gfonal 6tresses 

1. Dcpendfs) upon formation propo 
2. Preconsolfdntcd materials have 
3. Elastic constants. compaction 
4. Of the produclng %one. 
5. tan the overburden mntertnl6 pond 
6. mcnnlng wbulclmc 

Similarly. a ycR m m n  

No 
Yea 
No 

Yes 
? 
No? 
No6 

YCS 

No 
No 
Yes? 
No 
No 

No 
Yes 
No? 
No 
Yes 
No 

Some 
No? 

Io0 

Tee 

No 
1 ec 

NO 
No 
NO 
Yes 
No 

no 
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Four f lu ids  are extracted a t  Chocolate Bayou: ground water (from 

the  upper 1000 f ee t ) ,  o i l ,  gas, and brine associated with hydrocarbon 
production. 

compared with leveling da ta  showing subsidence at the  f ie ld .  

on a f i r s t  order ley,pl l i n e  crossing the  NW par t  of the f i e l d  have been 

releveled a t  least four times since 1918. A pro f i l e  along t h i s  line of 

benchmarks shows a pkogressive increase i n  rate of elevation change with 

t h e ,  and a l so  across the  f ie ld .  

Production records f o r  these four f lu ids  were compiled and 
Benchmarks 

Correlation of subsidence data  with production f igures  shows that 

although ground water withdrawal has caused some subsidence, brine and 

o i l  production appear t o  have caused 0.5 to  1.2 f e e t  of the maximum 
observed subsidence of 1.8 f e e t  s ince 1943. 

is  indicated, and as of the  period 1964-73, subsidence rates were still 

increasing despi te  much lower production rates a t  Chocolate Bay0 

A l ag  t i m e  of several years 

Within the scope of our study, cer ta in  data  were not obtained e i the r  
because they did not e x i s t  o r  would have been too cost ly  to  compile. Such 

data include brine production f o r  the f i r s t  25 years of operation, casing- 

head gas production pr ior  t o  1970, rock properties f o r  reservoir  sand- 

stones and interbedded shales,  consolidation charac te r i s t ics  of clays i n  

the upper 1000 f ee t ,  production data by w e l l  and by depth zone, and large 

scale mapping showing surface traces of growth fau l t s .  

have been desirable t o  have a leve l  l i n e  crossing the f i e l d  i n  a N-S 
direction, par t icular ly  across the area where production has been princi-  

pa l ly  from the  gas pressured zone. 

It would a l so  

f 

RAFT RIVER VALLEY, IDAHO! 

The Raft River Valley i n  southern Idaho is unlain by saturated,  

s l i gh t ly  consolidated sediments and lava flows i n  a basin formed i n  

essent ia l ly  impermeable older rock. 

the  1860s and has evolved i n t o  a predominantly grain and catt le ra i s ing  

industry. 

Agricultural development began i n  

U s e  of ground water f o r  agr icu l tura l  purposes essent ia l ly  began 

' i n  the 1920s, and has been increasing since. Ground water use has ex- 

ceeded recharge of the basin resu l t ing  i n  a decline of the  water tab le  

of as much as 50 f ee t ,  and loca l  ground surface subsidence probably ex- 
ceeding the maximum measured amount of 2.6 fee t .  



The Raft 'River geothermal d lopment , ope'r/jt!ed EGG-Idaho a t  L d  

the  head of the valley,  w i l l  use rge quant i t ies  of ound water. The 

reservoir  system envisioned 

downward, become heated by 

along more permeable f a u l t  zone 

r t h i s  KGRA assumes meteoric waters percolate  
eep heat source, then rises to  the surface 

where w e l l s  tap i n t o  it. 

The subsidence e f f ec t s  of water use by t h i s  geothermal development 

are presently unknown, but 

1) the  correlat ion of geo 

the  geothermal area; 2) physi ropert ies  including i d  r a t i o  .and 

consolidation poten t ia l  of s i n  the geothermal ea from ground 

surface t o  the production hydraulic continuity between the ne 
surface,  cool water reservo e geothermal reservoir;  and 4) - t h e  

ssessed with addi t ional  d a t  

between the known subsidence area and 

I predicted changes of water pore pressures i n  these reservotrs.  

Additional, o r  more detai led base-line da ta  on leveling and subsurface 

compaction should a l so  be 

Wairakei is a geothe 

Island, cen t ra l  volcanic bulk of the  ste 
Wairakei is  obtained from perme umice breccias (Waiora Formation). 

urden materials (from d o shallowest) are a r te intrusion 

the w e s t  (Hapara n impermeable serie 
rmation), and permeabl 

mice alluvium covers (Wa cia and Recent Pumice 

and pyroclast ic  r 

c t ion  of impe 

11-5 



Production a t  Wairakei s t a r t ed  i n  the ear ly  1950s; however, major 

increase i n  production began i n  1958 when power generation w a s  s ta r ted .  

I n  the ear ly  years of production, pr ior  t o  1963, recharge t o  the reser- 
voi r  was  much less than production volume (%lo%), thus causing la rge  

Pressure drops i n  the reservoir ( in  the order of 250 psig in the  western 

production area and over 300 psig i n  the eastern production area). 
After 1963 pressure decline i n  the  reservoir leveled off t o  less than 

10 psig per year. 

t h a t  grown subsidence went r e l a t ive ly  slow pr ior  to  1960, and then In- 

creased t o  a sustained maximum subsidence rate from 1962 through 1971. 

By 1974, the maximum subsidence of the Wairakei area reached over 15 fdet.  

Through 1974 the rate of subsidence continued t o  be high, even though 

reservoir  pressures have remained nearly constant s ince 1968. 

F i r s t  and second order level ing s ince 1956'has shown 

Maximum subsidence a t  Wairakei occurs away from the main production 

area, i n  the eastern pa r t  of the f ie ld .  

explanations fo r  t h i s  unusual phenomenon. 

explanation is  the much greater  thickness of the Waiora Formation reservoir  

There are a number of possible 

Probably the most important 

under the eastern area. In  addition, the groundwater pressure gradient 

f a l l s  strongly from w e s t  t o  east i n  the Waiora aquifer.  

pressure drops due to  production would tend t o  be greater  i n  the east. 

As a re su l t ,  

THE GEYSERS 

The Geysers is a vapor-dominated geothermal system lin cent ra l  C&l$Zforn$a 

first used f o r  commercial power generation $n 1960,' ExploitatTon of the. 

resource has increased s ince then with. the  present productZr)n €king aliout 

80 X la5 lb /hr ,  

observed with steam production 

Well-head pressure declines, of ahout 180. psf. bave been 

11-6 



The Geysers area is underlain by northwest-trending f a u l t  bounded 

wcidges of Jurassic  and Cretaceous consolidated rocks of the Great Valley 

Sequence and the Franciscan assemblage. 

seismicity with several  major act ive f a u l t s  nearby. 

rocks are believed to  be dominantly fractured Franchaan metagraywacke 

overlying a hot brine reservoir  a t  a depth of about 5 km. 
probably heated by a deep (about 30,000 f e e t )  magma chamber. 

It is an area of moderately high 

The steam reservoir  

The system is 

Geodetic surveys s ince 1972-73 reveal t h a t  s ign i f icant  vertical and 

horizontal  subsidence has occurred i n  the Geysers region. 

subsidence i n  the  area are indicated by the data: 

due t o  f a u l t  movement; and 2) l oca l  subsidence direct lyqrelated t o  the 

area of pr incipal  steam production. 

has occurred over a 4-1/2 year measured period i n  the area of most cancen- 

t ra ted  steam withdrawals. 

centimeters per year, w a s  a l so  measured during t h i s  period. 

Two types of 
1) a regional subsidenc- 

A maximum subsidence of 13 centimeters 

Horizontal ground movement as much as two 

I 





hd 111. SUBSIDENCE SITE SELECTION 

The select ion of case his tory sites w a s  done by examining both 

promising geothermal sites i n  

h i s to r i ca l ly  measured subsidenc 
paring the i r  various chara istics. The r e su l t s  of t h i s  process 

are presented i n  t h i s  sect 

d States ,  and a wide range of 

throughout the world, and com- 

I n  order t o  seek proper analogues t o  geothermal areas, the geo- 

log ica l  environments of 38 geothermal resource areas i n  the western anc 

southwestern United States  were studied. 

w a s  t o  es tabl ich "catego 

geofluid production areas subsidence occurred. 

The purpose of t h i s  study 

f geological s e t t i ngs  f o r  comparison with 

In  t h i s  subtask, the fucused its e f f o r t s  on the  37 

geothermal areas studied Corporation as prospective sites 
f o r  geothermal developemn t these sites were most impor- 

t a n t  because they would b high i n t e r e s t  i n  future  DOE geothermal 

f geological se t t ings ,  we researched 

the  geology, s t r u  e type fo r  each of the 37 areas (plus 

Klamath Fa l l s ,  Oregon, which elonged on the  list). Because of 
the importance of subsurf n determining subsidence potent ia l ,  

o look f o r  simila 

categories were estab 

and resource type was  

i n  t h i s  table. 

. The following is 

of *he geothermal areas which belong i n  tha t  category on the  basis  of 

what we know about t h e i r  geologic CLSd? 



%EscmcE r n k  
w?D 

S r m F r n  m.. 

Hot water convec- 
t ion 165% 

~~~ ~ 

PRINCIPAL SOURCES OF 
GEOLOGIC &\D HYDROLOGIC 

DATA 

Waring. G.A., 1965 
USGS Prof. Ppr. 692 
Schuster, J.E., 1974 
Livinnston. V.E.. Jr. 

Probably hot water 
convection, with 
temp. < 100*C. 

Probably hot water 

California Division 
of nines 6 Geol., 
1958, Geologic Map 
of California, Alcur- 
6s sheet. 

Greeley. R. id.. 1974 

Glass Htn., CA 

Puna, H I  

Lassen. CA 

Active volcano 

Active volcano 

Probable caldera 
s t ruc ture  with aa- 
sociated r ing  faul l  
f nx 

tSTInAm 
DEm tc 
TOP OF 

U?SERvOIII 

GEOLOGIC 

SITS (SFlTING) 

Baker + H.S., WA Active volcanic 

a0THER.W @NIROM!ZXT OVERBURDEN 
CHARACrmIsTIcs 

RESERVOIR 
CHAUCTERISTICS 

? Quarternary and Tert iary 
volcanic flows; (mainly 
andesite) some pyroclastic 
rocks. 

Granite, overlain by Ter- 
tiary lava flpv.. 

Active volcano I M t .  Hood, OR 1000 m. Hot water convec- Peck 6 others, 1964 
Waters, A.C.. 1968 I t i o n  12S.C.. 

Quaternary and Ter t ia ry  
lava flows and tuff  aceaous 
rocks. 

Probably fractured Quater- 
nary. and Tert iary volcafkfci 

Andesite and basa l t  flows 
with somc Quatarnary mud- 
flows and &lac ia1  deposits 

Holocene t o  Late Tert iary.  
Volcanics-rhyolite ande- 
site, bMal t  and pyroclas- 
t i c  rocks 

t 

Pracwred basa l t ic  flow 
rocks and asb Beds. 

? Quaternary basa l t  flows 
and ash beds' convections with . I Steams. H.T.. 1966 temp. 

Vapor dominated - Williams. H.. 1932 
240.C. 

Hot water c i v e c -  Californfa Dfv. of 
tiii  220% Mi;res 6 Ceol.. 1967 

Geologic Map of Cal., 
Uariposa Sheet, 

lob0 1. Quaternary volcanic rocks, 
mostly dacite; s o w  ande- 
site and bacralt. 

Quaternary and possibly 
Late Tert iary volcanics. 

Bishop tuff  and C l a s s  Km. 
Rhyolite of Pleistocene 
age. 

Caldera with asso- 
ciated r ing  fault- I inn and normal 

Uono-Long 
Valley. CA 
(Casa Dfablo) 

1000 m. Interbedded tuff .  flow 
rocks and a l l u v i m  of 
Quaternary age. 

C a d r n i a  oiv. of 
Mines 6 Geol.. 1963, 
Geol. Hap of Calif., 
Walker Lake Sheet 
Recent work by USGS 
Pub. i n  Journal of 
Gemhysical Research 

c 



Valle8 Caldera, 

mal fau l t0  vi  
over l$OQ m. o f f r e t  

ihallw 
:one<2OOa 
ireper 

- 
500 m. 

@MteClUCy V O 1 C 8 d C 8  and 
8- hh bd8 .  Principa 
wit i8 t h e  Bandolier tuf  
a velded 8.h flout. Ertcrr 
8 i v e  hydrothemel altera- 
tion. 

Alluvial  fan. l8k8 bed 8ni 
pedillwnt doporite of P 

6aadrtone. baoalt, dirt-  
i t a  8nd ruff. Resource La 
f a u l t  controlled. 

QWt8nUv Age; Tert iary 

Quaternary alluvlua and 
Tertirry-Quatemclry vol- 
Callice UD CO -2000 .. 
thick 8c~rpuhCed~in 
doun4rapp.d ba8in. 

Oldest vulcanic8 ara ?lie 
cenu bault. . Volcanic p i I e  tion 240*-280mC 
include8 baealt, andeeite. 
drc i te ,  quarts ,  latite. a d  
rhyolfte. 

Hot water convec- 

ire near rhyol i te  plugr or 
flows. 

Smith. R.L.. and 
other:., 1970 

S M r 8 ,  Welt.. 1965 

CSA 116 (1966) 

* Smith. R.L.. and 
otbers. 1961. USCS 
Prof. Ppr. 349-D 

Gr1gg.e R.L.. 1964 

TItuo, F.B.. Jr. 1961 

A U l t I n ,  C.F. a d  J.K. 
Prinqlr, 1970 
Duffield. W.A., 1975 

Imphere. ?LA. 8nd 

A.A.P.C. Highvay HAP Ceolcgical Northern 

Rocky Mtn. Region 
Smd.8, H.X. rad H.J. 
P r o a t b .  1972, CSCS 
Prof. Ppr. 72% 

ochers, 1975 

b.8 ,  C.P. and 
other.. 1955 

Willden, C.R. and 
R.C.'Speed. 1968 
C8i#ide, L.J., 1974 

* Nev. Dureau of nine8 
and Ccol., llpt. 21. 

other.. 1975 
01P.t.d. P.M. Md 

Duffia1d.W.A. and 
1.0. Fournier, 1974 
Ford, R.S. and others 
1963. DUR Bull. 98 

White. D.E., 1955 
CSA Bull. r01. 56 

e 
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Ri:SEWVOIR 
CIU9GTERlSTICS 

I- A voc , OR 

RESOURCE TYPE 
AND 

SUBSURFACZ I"P. 

LSTIXATED 
CECLOCIC DEPTIl TO 

E:; V I  ROh%EST TOP cr OVERBURDEN 
(SETTISC ) RESERVOIR CI~RACTERISTICS 

Tert iary and Qurtrrn8ry 
volcanica, h t a r l t  t o  in- 
term. composition, crop 
out in  mtna t o  NE. and are 
probably preaanr a t  depths 
of up t o  3000 .. 
Pliocene Idaveda volcanic. 
r i l l c i c .  . l a t h ,  chief ly  
layered of devi t r i f ied  
woldcd tuff  but includra 
BOW Yitric tuff ,  lava 
f l o w ,  and roar rhyol i t ic  
rock.. 

Croup (Miocene and O l i o -  
cane). 

BaSalt8 Of Colmbia R i V 8 r  

b a i n  6 Rangr gra- 
ben. Fault# not 

thI7 and QIIat8n- 
a?y volcanice i n  

well known. T 8 r  

~~ ~ 

Hot water convec- 
t i o n  Probably 
,200.C. 

Hot water convec- 
t ion  184*-200*C 

Hot water convec- 
tion >200*C. 

Hot Water COnVIC- 
tim 180.C. 

ci ia  Xtnr. t o  NE. 

&#in 6 Rang9 Bra- ? 
ben. ?aulta not 
well known. 

Alluvfal valley i n  30P a 
volcanic terrain:  

large graban atruc- 
two.  Many mub- 
para l le l  high an j lc  
faul ts .  

U y  b8 ,pa t t  Of 

Baaaltr of Columbia River 
croup. 

Alluvial grr.ve1, rand and 

, ur1, diatOmit8, lieeatonc 
and interbedded volcanicr, 
looaelv t o  firmly conaol. 

' silt with S a 8  gyp#Um, 

Hot water convec- 
t ion  130*C . 

AlluviM, 8VapOIitI#, 
other sedincntary rock.  
May alao be aoma inter- 
bedded baaalta. 

Rhyodaeite. andeaite, and 
basalt. 

0-900 n Pliocene to 
Holocene f l u v i a l  and lac- 
uatr ine depoaitr (Idaho 
Croup) with intercalated 
baaal t  and nah; und8r- 
l a in  by Pliocene baaalt. 

Hot water convec- 
t ion  200% 

I Valcaaic terrain.  
Region character- 
ized by closely 
spaced KW-trcnding 
fo lds  with amo 
eub-parallel f a u l t  

val ley portions) under- 
l a i n  by Pliocena and P h i .  
8tocenn. eedimentr of Idahc 
group. 

Sclriconmolidated t o  -11 
consolidatad tuffaceous 
madstone. s i l t s tone ,  
claystone of Cenozoic age 
with rocla interbedded ba- 
ealt flows. 

I 
Alluvial Va1lO)f  in 500 n Tufbceoua aadimente and 
volcanic te r ra in ;  interbedded flow rocke. 
probable graben 
r t r u e t ~ r e ~  v i t h  nu- 
mrous NU-trending 
f au l  ts . 
Basin L R4ng8: 1500 E Alluvium and lak. beds 
graben bounded by 

1 

over rhyodacite. andasit8 
normal fault.. and basal t  v i t h  MIW in- 

torbedded t u f f a  and f l o u  
breccia.. 

Quatiilury and Tertiary 
lava flow.. 

~ 

I PRIICIPAL SOURCES O? 
:EOLOGIC AND HYDROLOGIC 

DATA 
~~~ 

Wilson, C.D. and 
other'., 1969. Ceolo- 
gic Uap of Arizona 

R.S. Jonea, 1947 
Curhean, R.C. and 

Wilson, E.D., and 
others, 1969. Gaol. 
Map of Arizona 
UcDonald, H.R. and 
other., 1947 
Young, H.W. and R,L. 
WhitShead, 1975 IDWS 
Bull. 30. par t  2 

Young, H.W. and J.C. 
Hitchell, 1973 IDVS 
Bull. 30, part 1 

Young. H.U. and R.L. 
Whitehead, 1975, IDWS 
Bull., par t  3 . 
Young. H.U., and J.C. 
Mitchell, 1973, IDUS 
Bull. 30, par t  1 
Weucomb, R.C., 1970 
USCS flfrc. Ceol. Inv. 
Map 1-507 

Corcorsn, R.E. and 

Walker, C.W., 1977 
othera, 1968 

Peterson, N.V. and 
L A .  Croh, 1967 
Lund, J.W. and othera 
1974 

Croh. EA., 1966 
Walker, C.W.. 1977 
Walker, C.W., and 
C.A. Repenning, 1965 

c C 
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t Table 2 ( o a : i n d  I ESTIMATED I I 1 

RESOURCE TYPE 
RESERVOIR 

QWULCPERISTICS I SUBS&& TPIP. 

PRINCIPAL SOLI(CES OF 
GEOLOGIC ASD HYDROLOGIC 

DATA 
1 'kYO?( 0VERBLW)EN 

cEoLocIc 
ENVIROSXEM I (SETTING) RESERVOIR CHARACTERISTICS 

CEOTHERPUL 
SITE 

Basin 6 Range; gra- 300 m 
ben bounded by nor- I Steamboat Spring8 

liv 
Granodiorite Hot water convec- 

tion 210%. 
White, D.E., C.A. 
Thompson and C.H. 
Sandberg. 1966; USCS 
Prof. Ppr. 658-8 
White, D.E.. 1968 

Siliceous sinter over Plef 
stocene alluvium, tuff 
breccia 6 trachyte flows. 
Sinter deposit6 occur alor 
trace of major E-dipping 
faults with apparent nor- 
mal displacement. 

Less than 150 m. of Qustei 
nary alluvium, fans and 
loa88 Over *:ertiary tuff, 
breccia and flow rocka. 

I 
?aft River. ID Iace, R.L. and others 

1961, USCS Vat. Sup- 
ply Paper 1587 
tofgren. B.E., 1975 - Williams, P.L., 197% 

overlain by Tertiary vol- 
canics. 

I 
c 
H 
I 
VI 

Quaternary fan deposits 
along W side of Mineral 
Mtns. Tertiary intrusive~r 
and volcanicr 6 Paleozoic 
setamorphies cropour to E. 
Sprines related to normal 
faulting along mtn. front. 

Roosevklt H.S. Probably Precambrian schis 
gneiss, and aignutite in- 
truded by'Tertiary granite 
'overlain by volcanics. 

Mundorff, J.C., 1970 Hot water convec- 
tion 230--260*C. Pctetson, C.A., 1973 

Uncontolidated and silica 
cemented alluvium of 
Quaternary age (including 
sand dunes). Mtns. to 1ow 
and S. have many faults 
which may continue under 
alluvium. 

Ihermo, UT Hundorff, J.C.. 1970 
Peterson, C.A.. 1973 tion 200.C. 

Unconsolidated Quaternary 
- alluvium and fan deposits 
probably underlafa by con- 
solidated sedimentary 
rocka with some volcanics 

Paleozoic sedimentary and 
metamorphic rocks. Ter- 
tiary volcanics. 

Hintze. L.F., 1963 
Hundorff. J.C., 1970 

Cove Port/ Probably hot water 
convection 200-C 
but may be vapor 
dominated. 

Hot water convec- 
tion 170*-200*C. 

Leach, NV Basin 6 Range; 8ra- 7 
ben bounded by nor- 
mal faults. I Quaternary and Late Tar- 

tiary sediments overlying 
Mesozoic and Paleozoic 
rocks with sone inter- 

Tertiary and older sedi- 
mentary rocka. Possibly 
some volcanics. Springs 
are related to normal 
faulting. 

A.A.P.C. Geological 
Highway Hap, Pacific 
Southwest Ragion. 
Olmoted, F.H. and 
others, 1975 I bedded volcjnics. I I 

I 

Bewave, Nv Basin (L Range: gra- 1000 m. Y o a g  and old alluvium 
ben bounded by nor- overlying Tertiary volcan- 

~~ ~- 

rocks; in valley, geofluid 
may'be in mod. hard sedi- 
mentary rock. 

- ~ _ _ ~ ~ _ _  

Roberts, R.J., K . I .  
Montgomery, and R.E. 
Lcbner, 1967, Nevada 
Bureau of Mines. 
Bull. 61 

I mal faults. I I ice en toD of Paleozoic I Valmy Fm.- (quartzite cher.: 
and shale). Active fault 
along vaiey margin. Stevart. J.H. and I E A  McKee, 1970 

Huse, R.K. and B.B. 
T8YlOr. 1974 I I 
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OVERBURDEN 
CHARACTERISTICS 

H 
H 
H 
I 
a3 

RESOURCE TYPE 

SUBSURFACE TEMP. 
RESERVOIR AND 

CWCI'ERISTICS 

Nexicali-Imperial 
Rift Valley 
including 
Bravley 
East Mesa 
Heber 
Sa1:on Sea 
Clamie 
Dmes 

Gulf Coast 
Geopressured Re- 
source 

Typical profile: 0-180 m 
unconsolidated clay, silt. 
sand, and gravel; 180-335 m 
evaporites in clay-carbon- 
ate matrix; 335-900 m . 
shale, siltstone and sand- 
atone. Below 900 m rockn 
are hydroLharnally altered. 

Geysers. CA 

Altered shale, miltstona, 
and sandstone,to 6100 m. 
Oldest sediments Late 
hfocene to Early Pliocene. 

CEOLOCIC 
ENVIRONMENT 
(SETTIIG) 

Unconsolidated alluvium Undercompacted clay, shales 
underlain by sandstone, 
shale. and siltstone of age; reservoirs separated 
Late Tertiary m d  Quater- 1 by regional gravity faults. and sandstones of Miocene? 

Deep sedimentary 
basin cut by NW 
trending faults. 

Geopressured hot 
water saturated wit1 
methane. 

140'-160*C. 

ESTIHATEE 
DEPTH TC 
TOP OF 

1500 m. 

Deep coastal sedi- 
mentary basin cut 
by E-W trending 
normal faults. 

Folded and faulted 
sedimentary and vol- 
canic rocks. Near 
volcanic field. 

2400- 
3000 m. 

1000 m 

Table 2 Continued 

f- I 

I 
Hot water convec- 
tion 135*-340*C. 
(Salton Sea is hot- 
test). 

nary age. 

Jurassic and Cretaceous 
graywacke. greenstone, 
shale. chert, and serpen- 
tine of Franciscan Assem- 
blage. 

bably more fractured. -240.C. 

~ ~~~ ~ 

I PRWCIPAL SOURCES OF 
CEOLOCIC &XD HYDROUCIC 

DATA 

I 9 Dutcher, L.C.. and 
others, 1972 

9 Elders.'W.A.. and 
others, 1972 . Rex, LE., 1971 
Wilson. J.S. and 
others. 1974 

White, D.E., and D.L. 
Williams, eds., 1975. 
USCS Circ. 726 
Custavson, T.C. and 
C.W. kreitler, 1977 
Kreitler, C.W.. 1976 

Bacon, C.F. and 
others, 1976 

1 McLaughlin, R.J.. 
1974 



I Caldera Structure - A caldera is a large,  roughly c i r cu la r ,  de- 

pression i n  volcanic terrain, typical ly  caused by the  explosion and sub- 

sequent collapse of a volcanic cone o r  vent. 

bounded by a series of arcuate f a u l t s  known as "ring faults". 

faults may a l so  be present. 

canic debris  erupted a f t e r  the collapse. 

sent i n  older calderas. 

be e i ther  hot water or  vapor dominated, and springs of ten emerge along 
bounding fau l t s .  

The depression i s  generally 
Radial 

The depression is typica l ly  f i l l e d  with ~ 0 1 -  

Some alluvium may a l so  be pre- 

Geothermal resources in caldera s t ruc tures  may 

Geothermal areas i n  t h i s  category include: 

1. Lassen, California 

2. Mono-Long Valley, California 

3. Valles Caldera, New Mexico 

4. Coso, H.S. 
5. W. Yellowstone, Montana 

11 Active Volcanoes eothermal resources in this category are 
associated with ac t ive  volcanism, and are in areas of widespread and 

thick volcanic rocks, with l i t t l e  or no alluvium. Geothermal areas i n  



I11 Block-Faulted Grabens of B a s i n  and Range Province - Elany geo- 

thermal resource areas are found in the  basin and range geomorphic pro- 

vince, which includes Nevada, Southern New Mexico and p a r t s  of Oregon, 

California, Idaho, Utah, Arizona and Texas. 

ized by horst  and graben structure.  

vince represent down-dropped f a u l t  blocks separated from each other by 
mountain ranges. 

ciated with range front  fault ing.  

This province is character- 

The many broad val leys  of t h i s  pro- 

The hot springs found in t h i s  region are commonly asso- 

Geothermal areas in t h i s  category include: 

1. 

2. 
3. 

4. 
5 .  

6. 

7. 

8.  

9 .  

Alvord, Oregon 

Surprise Valley, California 
Safford, Arizona 

Chandler, Arizona 

Steamboat Springs, Nevada 

Leach, Nevada 

Beowawe, Nevada 

Brady, H.S., Nevada 

Raft River, Idaho 

10. Roosevelt H.S., Utah 

11. Thermo, Utah 

12. Fort Cove/Sulphurdale, Utah 

I V  Al lwia ted  Valleys in Volcanic Terrain - Geothermal resources 

,in t h i s  category are intermediate between the  w e l l  developed basin and 

range s t ructure  of Category I11 and the volcanic terrain of Category I. 
Although some of the resource areas included may have a graben type 



bd 
structure, they are typically located in broad river valleys, where the 
volcanic rocks are overlain by alluvium. 

Geothermal areas in this category include: 

1. Bruneau-Grandview, Idaho 
2. Weiser-Crane Cree 
3. Vale H. S., Oregon 
4. Klamath Falls, Oregon 

v 
accumulations of sedimentary rocks, which may range from unconsolidated 
alluvium at the surfac 
contained in these basins 
Gulf Coast. Geothe gory include: 

Deep Sedimentary Basins - This category includes areas of thick 

to hard sandstone and shale at depth. Fluids 
ometimes geopressured such as along the U.S. 

1. Texas Gulf Coa 

2. Louisiana G 

. Mexicali-Impe 

VI 
Cover - While associated w i t h  volcanic areas, these resources are not 
located in volc therefore: have different subsidence 
characateristic 
fits into this 

accommodated within t 
tween geothermal resourc 

€11-9 



Summary of Information Available f o r  Each Subsidence Area 
\ 

The major subsidence sites caused by geofluid withdrawal were 
examined i n  terms of t h e i r  physical charac te r i s t ics  and data  availa- 
b i l i t y .  

above, and assess i n  terms of t h e i r  relevance t o  geothermal sites. 

Data ava i l ab i l i t y  of each site w a s  a l so  assessed. 
subsidence site summaries are given i n  Table 3 .  

They were placed i n  geological categories,  which are discussed 

The r e s u l t s  of these 

Subsidence S i t e  Selection 

Based upon the information presented i n  Tables 2 and 3 ,  the  pro- 

ject team prescreened eleven candidate subsidence sites for fur ther  
evaluation. A f t e r  more detai led review of the  avai lable  l i t e r a t u r e  

on these eleven sites, and discussions with LBL personnel, four sites 

were ult imately selected f o r  case h is tor ies .  

summary of the  select ion ra t iona le  and resu l t s .  

relevance t o  geothermal sites were the  primary Considerations, and both 

these considerations w e r e  t o  be evaluated as sa t i s f ac to ry  in order f o r  

a site t o  be acceptable. 

gories as possible was  another important fac tor  i n  the select ion.  

Table 4 gives a condensed 
Data a v a i l a b i l i t y  and 

The des i re  t o  cover as many geologic cate- 

111-10 
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Table 3 
e r i s t i c s  and Data Avai labi l i ty  f o r  Subsidence S i t e s  

b c h  loca l  fau l t ing  
t 

I Generally Metamorphic 

Reservoir 

Same as over- 
burden 

dated allwlal 
and bay 
m e n t s  of 
Pliocene and 
Pleistocene age 

gic Character is t ics  

Eloy-Picacho consolidated allti- 
ial and lacus t r ine  

I 
I 
I 
I 

Santa Clara 

I 

~ CALIFCRNIA 

'Wilmington oneolidated shale, 

s i l t s tone  of Pliocene 
600-2300, most d, claystone and 

' -9 and Pleistocene age. 

1 ' -  
CALIFORNIA 

1 
The Geysers 

Unconsolidated 
t o  semi-consoli- 
dated sand with 
interbedded claj 
and shale 

Hydrothermally 
a l t e r ed  Fran- 
ciscan grey- 
wacke with 
basa l t  in te r -  
bedded meta- 
morphic 

I Relevance t o  
Category Geothermal S i t e s  

111 I Poor, too shallow 

V 

V Quite good f o r  shallow 
geothermal sites with 
loca l  f a u l t s  

I 

Relevant! t o  metamorphic 
areas, but subsidence I has been minimal 

I. 

Data 
Avai lab i l i ty  

In-house. Only gen- 
eral da ta  on subsid- 
ence and geology 
- Other. Fa i r  da ta  on 
most ca tegor ies  being 
compiled by USGS 

In-house. Extensive 
reviews and w e l l  test 
data 
r)ther. Very good data  
of most types avai l -  
able  

Very good da ta  of a l l  
types ava i lab le  in  
la rge  quan t i t i e s  

- 
In-house. Mostly sununary 
data  on geology 
Other. Subsidence da ta  
l imi ted  t o  Lofgren (1978) 
- 



S t a t e l s i t e  
CALIFORNIA 

Valley 
San Jac in to  

Relevance t o  
Category 1 Geothermal S i t e s  

CALIFORNIA 
San Joaquin: 
Los Banos- 
Keitleman City 
Area 

Data 
Avai lab i l i tv  

I 

Alluvium and basin 

~ ~~ 

CALlFORNIA 
San Joequin: 
Tulare-Wasco 
Area 

Basin fill 

CALIFORNIA 

San Joaquin: 
Arvin-Maricopa 

V 

V 

CALIFORNIA 
Baldwin H i l l 8  

Probably too  shallow, but 
f a u l t  ac t iva t ion  nay be 
analogeous t o  deeper 
geothermal sites 

Fai r  f o r  shallow geo- 
thermal sites with con- 
fined reservoi rs  

c 

Unconsolidated a l lu-  
v i a l  and l acus t r ine  
sediments of recent 
t o  Pliocene age 

Unconsolidated a l lu -  
v i a l  and lacus t r ine  
sediments of recent 
t o  Pliocene age r* 

Unconsolidated a l lu-  
v i a l  and l acus t r ine  
sediments of recent 
t o  Pliocene age 

Unconsolidated a l lu -  
v i a l  and l acus t r ine  
sediments of recent 
t o  Pliocene age with 
much f au l t i ng  

Table 3 - Conttnucd. 
General Charac te r i s t ics  and Data Availabil i ty f o r  Subsidence S i t e s  

Same as over- 
burden. Aqui- 
f e r s  are general 
ly confined 

Same as over- 
burden. Aqui- 
f e r s  are sed-  
contained 

Same as over- 
burden, aqui- 
f e r s  are semi- 
confined and 
confined 

Sedimentary 
rocks of Plio- 
cene and Hiocene 
age 

General Data: 
Withdrawn Fluid 
Reservoir Depth (m) 
Maximum Subsidence (m) 

V 

Cold water 
Depth unknown 
-.6 

Poor, too shallow 

Cold water 
300-1000 
-7 

V 

Cold water 
150-320 
Y3.7 

Fair,  f o r  shallow geo- In-house. Only gen- 
thermal s i t a s .w i th  much eral information on 
fau l t ing .  Subsidence subsidence and causes 
probably due both t o  o i l  
ex t rac t ion  and Tectonic 
a c t i v i t y  TTG limited and un- 

Other. Data appears 

ava i l ab le  f o r  sme 
ca tegor ies  

Cold water 
250-400 
-2 

Petroleum 
300-700 
-3 

In-house. Very l i t t l e  
da ta  
Other. Good surface 
subsidence da ta  i n  some 
areas,  but l i t t l e  sub- 
surface da t a  

- 

Excellent 

Excellent 

I I 

I I 

c 
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Table 3 - Continued. 
istics and Data Availability for Subsidence Sites 

COLORADO 
Denver Alluvial sediments 

I I 0.3 

Raft River Val 

KANSAS 

Central Kansas Cold water (salt4 solution) 
Devth unknown 

Reservoir Category Geothermal Sites I Availability 
I I 

Fair, but somewhat shal- In-house. Only general 
summaw data I Alluvium and 

Cretaceous sedi- I LO" 
I mentary rocks 1 0tt;Probably quite 

Limestone with 
beds of sand, shallowness and over- 

burden. , Uncharacteristic 
of geothermal site Probably quite 

Unconsolidated 
alluvial gravel, 
sand and silt 
with some per- 
meable basalt 

I11 - Poor, too shallow. How- 
ever, it may be relevant 
to the Raft River Geo- 
thermal site (same loca- 
tion) depending on de- 
sired depth of geothermal 
resource 

r 

Probably Poor, subsidence process 
not the same V 

In-house. Only summary 
data 
- Other. According to 
L34, quite limited 

In-house. Only ab- 
stract Information 
- Other. Probably poor 

Alluvial sedi- V Poor, too shallow In-house. Only ab- 
ments stract information 1 YEthd Probably 

I I I 

I I 



S t a t e l s i t e  

LOUISIANA 
New Orleans 

Relevance t o  
Geothermal S i t e s  

Poor, too shallow 

NEVADA 

La8 Vegan 

Data 
Avai labi l i ty  

In-house. Only ab- 
stract information 

Y 
U 
U 
I w 
0. 

TEXAS 
Goose Creek Fair  f o r  *'A** category 

geothermal sites, but 
too shallow f o r  Gulf 
Coast geopressured sites 

Fair  f o r  "A" category 
neothermal si tes, .  but 

TEXAS 
Saxet 
(Carpus Cristi) 

Fair,  but da t a  on 
subsidence is old 
and probably in- 
su f f i c i en t  

In-house. Very l i t t l e  
da ta  

Tabla 3 - Continued. 
General Character is t ics  and Data Availabil i ty fo r  Subsidence S i t e s  

General Data: 
Withdrawn Fluid 
Reservoir Depth (m) 
Maxim Subsidence (m) 

Cold water 
Robably shallow 
- e 8  

Cold water 
60-215 
-1.7 

Pe t ro l em and water 
220-1450 
-1 

Pe t ro l em and gas 
Shallower than 
Chocolate Bayou 

Geolonic Characterist ics 
Overburden 

Nlwial sediments 

Alluvial  and lacu- 
s t r i n e  s tdinents  
and clays of 
Quaternary age, set 
i n  a basin and range 
region 

Nlwiua war 
Tert iary sandstone 
and shale  

Allwim wer 
Cenogoic sandstone 
and shale 

Reservoir 

Alluvial  sedi- 
ments 

Nlwial mdi- 
ments of late 
Tert iary and 
Quaternary age, 
set in a basin 
and range 
region 

Sandstone and 
shale of 
Oligocene t o  
Pliocene age. 
Deeper pa r t  is 
i n t ens i ty  
faulted 

Sandstone and 
shale of late 
Tert iary age 

Category 

V 

111 

V 

V 

Poor, too shallow In-hwue. Only sum- 
mary information on 
subsidence 
O t h e r .  From Hindling. 
database looks good. 

ized f i e l d  may make 
subsurface d a t a  d i f -  
f i c u l t  t o  obtain 

C c 
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Table 3 - Continued. 
General Characteristics and Data Availability for Subsidence Sites 

Relevance to 

TEXAS 
Chocolate Bayou 

I 
I 

I 

Reservoir Category Geothermal Sites Availability 

h e  to depth and geo- In-house. A small Same as wer- V 
burden. Deep pressured nature of re- amount of sumnary 
portion of gas servoir. this site is information. 
reservoir is uniquely analogous to 

Gulf Coast geothermal available at Texas 

Poor, too shaltow 

cause of the number 
of wells i n  the area, 

May have fair relevance 
to local geothqrmal site 
such as Roosevelt hot 

In-house. Only one 
survey paper on sub- 
sidence and geology. I 111 

burden 

springs, but generally Ocher. Not known, I ptobably many data too shallow I 
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Table 3 -0 Continued 
General Characterist ic3 and Data Availabil i ty f o r  Subsidence S i t e s  

&untry/Site 
ENGLAND 

Themes Estuary 

JWGLAND 
Cheshire 

ITALY 

Venice 

~~ 

ITALY 

Po Delta 

General Data: 
Withdrawn Fluid 
Reservoir Depth (m) 
Maximum Subsidence (m) 

Cold Water 
Probably < 100 
-.2 

Salt brine 
-700-1300 

Cold water 
Up t o  30Om 
A t  least .15 

Methane Gas 

In the o rd t r  of 2-4 
- 600-1000 

Geologic Characterist ics 
0verburd;n , 

Alluvial  sediments 
and London clay 

Alluvial  sediments, 
rands, clays .and 
marl 

Alluvial  sand end 
c lay  sediments 

Relatively unconsoli, 
dated. Quaternary 
marine deposits. 
Quite sandy but with 
some clay 

Reservoir 

London clay 

Same as wer- 
burden with 
salt  beds 

Alluvial sand 
and c l ay  sedi- 
ments 

Same as over- 
burden 

Category 

V 

P 

V 

V 

Relevance t o  
Geothermal S i t e s  

Poor, too shallow 

Poor, too shallow 

Poor, too shallow 

Good €or very.ahallow 
“A“ class geothermal 
site, but generally too 
shallow 

Data 
Avai labi l i tp  

In-house. Only gener- 
a l  summary data avail-  
able. 
w. Not known, 
probably poor 

In-house. Very l i t t l e  
data. 

m. Probably some 
good da ta  i n  England 
on recent subsidence, 
but most Subsidence 
occurred i n  the 19th 
century 

In-house. Summary in- 
formation and 
Gambolati model papers 
with assoc$ated data.  
E. Unknown, but 
w h a t  da t a  t h a t  is 
avai lable  would be 
d i f f i c u l t  t o  obtain 

In-house. Only summary 
information on sub- 
sidence and geology. 
- Other. Unknown, but 
probably d i f f i c u l t  t0 

,obtain 
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Tabl'e 3 - Continued. 

eologic Characterist ics 

Chocolate Bayou 

I 
~ 

w w 
W 
'I w 
VI 

UTAH 

Milford 

Petroleum and methane gas Unconsolidated sand, Same as wer- 
2500-4000 clay and silt of burden. Deep 
-.4 Oligocene t o  Pliocene portion of gas 

reservoir is 

V 

Cold water lUnconsolidated sed%- I Same as wer- I I11 

~~ 

Relevance t o  Data 
Avai labi l i ty  Geothermal S i t e s  

Due t o  depth and geo- Xn-house. A small 
pressured nature of re- amount of sumnary 
servoir. t h i s  site is information. 

Gulf Coast geothermal 
sites avai lable  a t  Texas 

Poor, too shallow Excellent, da t a  on 
subsidence, but be- 
cause of t he  number 
of wells i n  the  area, 
extraction infor- 
mation probably d i f -  
f i c u l t  t o  decipher 

I 
May have f a i r  relevance 
t o  loca l  geo the ,ml  s i te  
such as Roosevelt hot 

Xn-house. Only one 
survey paper on sub- 
sidence and geology. 

I voids 



Countrylsite 
ENGLAND 
Thames Estuary 

Relevance t o  
Geothermal S i t e s  

ENGLAND 
Cheshire 

Data 
Avai labi l i ty  

ITALY 
Venice Poor, too shallow 

Good €or very.shallow 
"A" class geothermal 
site, but generally too 
shallow 

ITALY 
Po Delta 

- Other. Probably some 
good da ta  i n  $@and 
on recent subsidence, 
but most subsidence 
occurred i n  the 19th 
century 

In-house. Summary in- 
formation and 
Gambolati model papers 
with associated data.  
- Other. Unknown, but 
w h a t  da t a  t h a t  is 
avai lable  would be 
d i f f i c u l t  t o  obtain 

In-house. Only summary 
information on sub- 
sidence and geology. 
- Other. Unknown, but 

obtain , 

probably d i f f i c u l t  t o  

Tabla 3 - Continued 
General Characterist icn and Data Avallabil i ty f o r  Subsidence S i t e s  

General Data: 
Withdrawn Fluid 
Reservoir Depth (m) 
Maximum Subsidence (m) 

Cold Water 
Probably 100 
-.2 

S a l t  btine 
-700-1300 

Cold water 
Up t o  30Om 
A t  least .15 

Methane Gas 

In the ordhr of 2-4 
-600-1000 

Geologic Characterist ics 
Overburden . 

Alluvial  sediments 
and London clay 

~ U l u v l a l  sediments, 
sands, clays .and 
marl 

Alluvial  sand end 
clay sediments 

Relatfvely unconsoli~ 
dated. Quaternary 
marine deposits. 
Quite sandy but with 
some clay 

Reservoir 

London clay 

Same as over- 
burden with 
salt  beds 

Allwial sand 
and c l ay  sedi- 
ments 

Same as over- 
burden 

Category 

V 

v 

V 

V 

Poor, too shallow 

Poor, too shallow 

In-house. Only gener- 
a l  sumnary data  avail-  
able. 
Other. Not known, 
probably poor 
- 

In-house. Very l i t t l e  
data. 

c c 



Table 3 - Continued. 

Relevance t o  
Geothermal S i t e s  

Poor, too shallow 

Probably too shallow 

Good f o r  shallow "f' 
class geothermal sltes, 
but generally too 
shallow 

, 
General Characterist ics and Data Availabil i ty fo r  Subsidence S i t e s  

Data 
Avai labi l i tv  

In-house. Good sum- 
mary information on 
subsidence and geo- 
logy. Some detai led 
data. 
- Other. Good da ta  pro- 
bably avai lable  in 
Japan. Likely d i f -  
f i c u l t  t o  obtain 

In-house. Poor sum- 
mary of subsidence 
and geology. 
- Other'. Unknown, but 
since most da t a  is 
probably i n  Japan, 
d i f f i c u l t  t o  obtain 

In-house. Only sum- 
mary information OII 

subsidence and geo- 
logy - Other. Good da ta  pro- 
bably avai lable  in  
Japan, but d i f f i c u l t  
t o  obtain 

Withdrawn Fluid 

Osaka 

JAPAN 

Geologic Characteristics 
Overburden Reservoir Category 

1 

I 
Alluvial and d i luv ia l  Sane as over- 
sands and clays of burden 
Quaternary age 

I 
I 

I 

d as over- 
sands and clays of burden 
Quaternary age I 

I 
mmts of sand, consolidated 

Cenogoic age. 
Some lnter-  

Generally unconsoli- Same as over- 
dated and a l l u v i a l  burden 
and d i l l w i a l  sedi- 
m e n t s  of Quaternary 
age 

V 

V 

v 

V Poor, too shallow Generally poor and 
d i f f i c u l t  t o  obtain 



country ./Site 
n E x I C 0  

Uexico City 

Primarily p m i c  
breccia with 
sandstone and 
some rhyo l i t i c  

I intrusion 

m ZEALAm 
Wairakei 

. . .  . . . . . . . . . . . . . . . . . . .  ...... ...................... ................ ................... , - _  ,., 
I ,  , 1 .  , . , ~ -  . .  

Tsble 3 -- Continued. 

General Characterist ics and Data Availabil i ty for  Subsidence Sites 

General Data: 
Withdrawn Fluid 
Reservoir Depth (n) 
Haxiunm~ Subsidence (m) 

Cold water 
50-300 
-7.5 

Methane #as 
- 2 9 0  
0.W 

Rot water 
150-1360, primarily 
180-300 
-7 

Geologie Characterist ics 
Overburden , Reservoir 

Bentonitic clay and 
cemented Mnd layers  
with some basal t  
f lsrs 

Bandstone and clays 
probably ymms 
allwial deposits 

Sand and gravel 
with interbeddec 
Bentonitic clay 

I 

Riaurtily sand- 
stone 

Ftdce alluvium an4 
tuffaceous mudstone 
and sandstone 

Cateffory 

Iv 

V 

I V  
and 

I 

Relevance t o  
Geothermal S i t e s  

Poor, too shallow 

Fair,  except very l i t t l e  
subsidence has occurred 

Very gocd, since it is 
a geothermal site. Its 
character is t ics  are 
generally representativi 
of U.S. Category IV 
geothermal sites 

Data 
Availabil i ty 

tn-house. Only stmr 
nary information 011 
subsidence and aeo- 
LOSY 

In-house. Mostly modal- 
Ling study data  avail-  
able. 
b. It appears t h a t  
an excellent data  
gathering program exists 
Cor t h i s  f i e ld ,  however 
mst of the data  is in  
the Netherlands 

In-hOUSC. Mostly 8Um- 
mary data  on geology 
and subsidence history. 
e. Some detai led 
d a t a  may be avai lable  
from NSF (or s3). An 
excellent.  data,base 
has been developed on 
t h i s  case 



Table 3 - Continued. 

stics and Data Avarlabil i ty for Subsidence S i t e s  

General Data: 
Withdraw Fluid 
Reservoir Dcpth (n) 
Maximum Subsidence (la) 

Geologic Characterist ics Relwance to 
Geothermal S i t e s  

Data 
Avai labi l i ty  Country /S i t e  

NEW ZEALAND 
Broadlands 

Overburden Reservoir Category 

Hot water 
Host 200-800 

b i c e  alluvium. 
Lacustrine s i l t s t o n e  
mnd sandstone . 

Pumice and tuff  
breccias w i t h  
sandstone and 
rhyol i t ic  in- 
trusion 

I V  
and 

I 

lery good. since it is 
I geotherrsal site 

?air ,  wells are wer 506 
ieters deep 

In-house. Mostly-data 
on geology of the area 
Since subsidence is 
small, l i t t le  sub- 
sidence information 

A brief  sura- 

l i t t l e  other 

Other. Good data 
may be available. but 
very hard t o  obtain 

0.22 , 

Same as wer- 
burden 

V Unconsolidated, i n t e  
bedded sands. hard 

Haraaibo 

I 



Table 4 
SELECTION OF SUBSIIXNCE SITES BASED UPON RKLE'JAHCE TO G E O T H E W L  

SITFS AND DATA AVAILABILITY 

---- - 

Kelcvancc 
To Ceo- Data 

Ccolagic t licrninl Av;lll- 
Sibsidence S&tes Cat cgor y Sites ahi 1 i t  y Acc cp t a b l i  

1. Eloy-Picacho 
2. S;tnL;r Cliira Val.lcy 
3. tJilmiiigton 
4 .  The Geysers 
5. San J a c i n t o  Valley . 
6. San Joaquin (Los Banos- 

Kct t Jcm: in  City Area) 
7.  Soit Joaquin (Tulare-Wasco) 
8.  Snn Joaqiiin (Arvin-Maricopa) 
9. Hnldwi11 l i i l l s  

10. Denver 

12. Rif i  kiveL Volley 
13. Ccncral Kiinsas 
14 .  Baton Kouge 
15. New Orleans 
16. U s  Vegas 
17. Goose Creek 
18. S:,xct 
JY .  (:llocolnte nay011 
20. IloiisL on-Galvcs t on 
21 .  Milford 
22.  Tbames Estuary 
23.  Cheshire 
24.  Venicc 
2 5 .  Po Delta 
26. Osaka 
27 .  Tokyo 
28 .  NJJgiita 
29. Other Japanese Areas 

1:. SA\csii i ir( i i  

I11 
V 
V 

V I  
V 
v .  

V 
V 
V 
V 
v 

I11 
V 
V 
V 

111 
V 
V 
V 
V 

111 
V 
V 
V 
V 
V 
v 
V 
V 

Poor X 
Poor x 
Good 
Good 
Poor X 
F a i r  

Poor X 
Poor X 
F a i r  J 
Fair J 
Poor X 
F a i r  J 
Poor X 
Poor X 
Pnor X 
Poor X 
F a i r  
Cood 

Poor X 
F a i r  
Poor X 
Poor X 
Poor X 
Good 
Poor X 
Poor X 
P a i r  J 
Poor X 

Good J 

30. Flexico City 
1 1  . C r c i i i  inj;cn 
32. W.1Irakcl 
33. Broadlands 
34. Imkc khracaibo 

I V  Poor x 
v , F;ilr J 

T Q xv c001i J 
I 6 I V  Cood 4 

V F a i r  J 

Poor X 

Good -4 
F a i r  I/ 
F a i r  
Good J 

Cood J 

Cood J 
Cood J 
F a i r  
Poor X 
l'oor X 
Fair 
Poor x 
Poor X 
Poor X 
Good J 
F a i r  
Poor X 
Fai r  4 
Good J 

? 
Poor X 
Poor X 
F a i r  J 
Poor X 
F a i r  
Poor x 
F a i r  J 
Depends 
on area 
Poor x 
Cocrl J 
Good J 
F a i r  4 
Poor X 

J 
J 

J 

J 

J 

J 

J 

J 

4 

4 
J 
4 

Case 
History 
S i t e s  

0 

0 

0 

0 
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1. INTRODUCTION 

Chocolate Bayou is an o i l  and gas f i e l d  approximately 30 m i l e s  

south of Houston, Texas. 
Coast zone (Category 5 ) .  

normally and geopressured z 
depth of about 10,000 f ee t )  

subsidence of nearly 2 f e e t  

posed Gulf Coast geo 

geology and subsiden 

an idea l  case study site. 

Th 

O i l  and gas 

f i e l d  lies i n  the deep sedimentary Gulf 

he geopressured area li 
alate Bayou has experie 

t o  i t s  strong similariti 

its f a i r l y  good data base on 
ayou f i e l d  w a s  considered t o  be 

1 
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2. NATURAL CONDITIONS 

2.1 PHYSIOGRAPHY 

The Chocolate Bayou o i l  and gas f i e l d  is located about 25 miles 
south of Houston in northeastern &azoriaCounty, Texas. 
occupies approximately 25 square miles i n  Township 6 South, Ranges 38, 39 

and 40 East, between 95'00' and 95O30' N l a t i t u d e  and 96'00' t o  96"30' 
longitude (see Figure 13. 

Petroleum Company, although Texaco, General Crude and several smaller operators 

a l so  have w e l l s  in the f i e ld .  

The f i e l d  

The pr incipal  operator of the  f i e l d  is P h i l l i p s  

In the v i c in i ty  of the o i l  and gas f i e l d ,  the Gulf Coast plain d ips  very 
gently southeastward, and is traversed by many meandering streams and sloughs. 

Surface elevations a t  the  f i e l d  are approximately 10 t o  40 f e e t  above sea 
level. 
and clays with some clayey sand and silt. 

use. 

Surface soils are mainly slough and levee deposi ts  c o n s i s t h g  of mud 

Agriculture is the dominant land 

2.2 REGIONAL GEOLOGY 

2.2.1 Structure 

The Texas and Louisiana Gulf Coast Region forms the northern flank 

of a major geosyncline, the  axis of which trends approximately p a r a l l e l  t o  

t h e  continental  margin as shown i n  Figure 2.. 

f i l l e d  with a sequence of sedimentary rocks, approximately f i v e  t o  nine m i l e s  

. thick and ranging i n  age from Late Paleozoic and Triassic  t o  Quaternary ( W i l -  

helm and Ewing,1972). 

This s t r u c t u r a l  basin is 

Approximately the uppermost 25,000 f e e t  are sandstone and 

v-2 



FIGURE 1 CHOCOLATE BAYOU LOCATION MAP 
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shale; the  rocks below 

1976) . Gravity f a u l t  

contemporaneously w i t  , resul t ing i n  a basinward thickening of 

t he  s t ra t igraphic  se 
f a u l t s  whose d ip  is s t e e p  

vidual f a u l t  blocks 

t h  are pr incipal ly  shale  (Dorfman and Deller, 

1 t o  the geosynclinal ax i s  has occurred 

as’ growth , f a u l t s  , these are 
he surface but f l a t t e n s  out with depth. Indi- 

l e  giant landslide masses i n  cross  section. 

Althoughactive fau l t ing  is common i n  the Gulf Coast Region, it is  
not  generally accomp arthquakes. In  f ac t ,  no earthquakes of 
Modified Mercalli In  

Gulf Coast Region (Coffman Hake, 1973). 

eater have been reported fo r  the  Texas 

The significance of growth fau l t ing  i n  the Gulf Coast Region is 

that it is the pr incipal  mechanism by which abnormally pressured sand and 

shale layers  are created. layers  are formed when loose and s o f t  

saturated sediments are d aulted against  less permeable materials, so 

that the  normal migration 

sol idat ion i s  halted o r  retarded. 

by f ac i e s  changes o 6. Because the  trapped pore water 

is incompressible, 

These abnormally pr 

ore  water l o s t  during compaction and con- 

Migration of water is blocked down-dip 

igh t  of the overlying sediments. 
e, have pore pressures in excess 

lumn of s a l ine  ter is equivalent 

tely 0.465 p s i  per f (0.429 p s i / f t ’  
__ - - -. .- . 

I 

o a pressure gradient of 

reserved the te lu id  pressure 

t o r  greater,  b ses of t h i s  repor 

en ts  i n  excess of 

ressured. 

essured sedime 

Region has been known f o  rs; the evidence provided bykthe 

L i d  
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many deep o i l  and gas w e l l s  d r i l l ed .  

depth t o  the top of the  geopressured zone is typica l ly  8000-10000 fee t .  

Fluid pressures within the geopressured zone often vary from one strata 
t o  another. 

geopressured zone where f l u i d s  have been able  t o  migrate along f a u l t  zones 

o r  i n t o  permeable zones bf lower pressure. 

Downhole measurements indicate  tha t  

Even normally pressured layers  may occur within. the 

2.2.2 Stratigraphy 

Data sets from petroleum exploration have also,been used f o r  s tud ies  

of Gulf Coast Tert iary stratigraphy .(e.&, Baker, Jr., 1977; Houston Geo- 

log ica l  Society, 1954; Rainwater, 1964). 

the  subsurface Quaternary,Tertiaryand Cretaceous sect ions consis t  of a 
series of off-lapping, basinward th ickedng sand and shale wedges underlain 
by thick Jttrassicsalt beds, and Triassic red beds. Delineation of t he  de- 
t a i l ed  stratigraphy is complicated by the  f ac i e s  changes typical  of depos- 

i t i o n  in d e l t a i c  environments, and a l s o  by the  down-dip thickening of units 
across growth faul ts .  

micro paleontological methods. 

Regional s tud ies  have shown that 

Stratigraphic correlat ion is fac i l i t a t ed  by the use of 

Many regional cross  sections of the Gulf Coast have been published, 

most of them showing only t he  Tert iary units.which have been a major source 

of petroleum and na tura l  gas since the  beginning of t h i s  century. 

stratigraphy of the  Quaternary un i t s  has not been a subject o f - in t ens ive  

study by petroleum geologists, but the  overa l l  re la t ionships  have been 

determined in connection with groundwater investigations.  Such s tudies  

have shown that, as in the  Tert iary uni ts ,  f ac i e s  changes are common in 

the Quaternary:units and groundwater aquifers  do not always correspond t o  

formationalcunits. 

The 

Table.1 shows the  generalized s t ra t igraphy of the  Upper 

Gulf Coast Region of Texas. The subsurface d i s t r ibu t ion  of t he  u n i t s  
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Table 1. GENERALIZED STRATIGRAPHY OF 
W T  CENTRAL BRAZORIA COUNTY 

SERIES 

Holocene 

Pleistoca 

Pl Aocene 

Miocene 

' 7  

.? 

Paleocene 

Pre-4 

I GROUP OR FORMATION 
PRINCIPAL I HYDROGEOLOGIC 

-lentley Fin. 
Willis Sand 

Anahuac Fm. (Catahoula in 

Yegua Fm. 
Crockett-Cook Htn 
Sparta Sand 
Weches Fai. 
Queen City Sand 
Reklaw Fm. 
Carrizo Sand 

1 

differentiated I 
I 

Uodified from: 
Wesselman, 1973; Baker, Jr., 1977 and Bebout, et al., 1976. 

Porter and Chimene, 1953; Houston Ceol. SOC.. 1954; Sandecn and br 



shown i n  Table 1 are i l l u s t r a t ed  i n  Figure 3,  a down-dip regional geologic 

cross section reproduced from a recent Bureau of Economic Geology publi- 

cation (Bebout, et  al., 1976). From the location of the  section, it can 

be seen that the  down-dip (southern) par t  passes throudh the  Chocolate 

Bayou f ie ld .  Growth f a u l t s  have been omitted from t h i s  sect ion by the  

authors because the f a u l t s  tend t o  obscure regional trends. 

spaced w e l l s  w e r e  used fo r  correlation, but many were omitted from the  

f i n a l  section fo r  the sake of c l a r i t y .  

Closely 

No discussion of regional stratigraphy would be complete without 

mention of the salt domes and d iap i rs  which have intruded the Tert iary 

sediments i n  many pa r t s  of the Texas Gulf Coast. 

mobilized by the  weight of the  tremendously thick Tert iary sediments have 

moved upward, doming and intruding the overlying rocks. 

deepest w e l l s  i n  the Chocolate Bayou f i e l d  have not penetrated any salt  

beds, i t  has been proposed (Allen and Allen, 1953) that the  f i e l d  is under- 

l a i n  by a buried salt dome. 

s a l i n i t i e s  of water i n  the geopressured zones a t  the bottom of the reser- 

voir.  

the  Danbury salt dome. 

The Jurassic  sa l t  beds, 

Although the 

This hypothesis is supported by the  very high 

Furthermore, Chocolate Bayou is less than f i v e  m i l e s  northeast  of 

2.3 GEOLOGY OF THE SUBSIDENCE AREA 

The geology of the Chocolate Bayou area is  typica l  of the Gulf 

Coast Region, as described above; the subsurface s t ruc ture  is  w e l l  known 
from o i l  and gas w e l l s  d r i l l e d  i n  eastern Brazoria County. 

discovered in  the area have substant ia l  reserves of na tura l  gas along with 

some petroleum and,of these, the la rges t  is  Chocolate Bayou. Histor ical ly ,  

the greatest  production has been from East Chocolate Bayou, an a n t i c l i n a l  

s t ruc ture  bounded by major growth f a u l t s  on the southeast and northwest. 

These f a u l t s  separate the main s t ruc ture  from two other areas of substan- 

tial hydrocarbon production known as West Chocolate and South Chocolate. 

G a s  f i e l d s  
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G a s  is a l so  recovered from several  other smaller blocks (such as North 

and Southeast Chocolate), but production there is much less than i n  the  

three main areas. 
principally a natural  gas f i e ld ,  moderate t o  la rge  amounts of crude o i l  

have a l so  been produced, par t icu lar ly  i n  the West Chocolate Block. 

It should be noted that although Chocolate Bayou is 

Figures 4, 5 and 6 adapted from Myers, 1968, show the general 

subsurface s t ruc ture  of the Chocolate Bayou f i e ld ,  i n  the 8000 t o  16,000 

foot depth range. 

Audrau Sand, a majgr gas sand i n  the f ie ld .  

cross sections of the f i e ld ,  showing the iocation of gas production zones 

and the pressure relat ionships  across the  two major fau l t s .  

f igures  show, the f a u l t s  are important hydrologic boundaries, and pressures 
are often qui te  d i f fe ren t  from one s ide  of a f a u l t  t o  the  other. 

Figure 4 is a generalized s t ruc ture  map of the  Lower 

Figures sand  6 are generalized 

As these 

The major f a u l t s  i n  the Chocolate Bayou f i e l d  are not known t o  

break the surface, but Kreitler (1976) has extrapolated them upward t o  

correspond with lineaments he has 

sent  time, no data are available t o  determine whether o r  not surface fau l t -  

ing i s  occurring along these trends. 

- 
mapped from aerial photos. A t  the  pre- 

The sedimentary sequence above the Chocolate Bayou f i e l d  consis ts  

os' the Oligocene-Miocene Anahuac shale from approximately 6500 t o  8700 

f ee t  (Allen and Allen, 1953) overlain by massive Miocene and Pliocene sands 

fram about 2500 t o  6500 f ee t ,  and by Pliocene t o  Holocene sand and clay beds 

i n  the uppennost 2500 feet .  

several tens  of f e e t  per m i l e  with the angle of d ip  generally increasing 

with depth. 

These formations d ip  coastward a t  a few t o  

Detailed data  on the engineering characteristics and mechanical 

properties of the Plio-Pleistocene materials a t  the site are not available,  
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but the sediments present in the Chocolate Bayou area belong t o  the  same 

geologic un i t  as the materials of the Houston area and probably have 

similar gross characteristics. 

has caused more than 7.5 f e e t  of subsidence i n  t h e  Houston area and is 

probably responsible fo r  a t  least some of the  observed subsidence i n  

the Chocolate Bayou area. Subsidence w i l l  be discussed fur ther  i n  a 
later section 

Compaction in the  compressible deposits 

t; 

2.4 RESERVOIR CHARACTERISTICS - GROUNDWATER 
2.4.1 Geology and Hydrology 

The groundwater resources of Brazoria County have been studied 
most recent ly  by Sandeen and Wsselman (1973); Baker, Jr. (1977); Kre i t le r ,  

et al., (1977); and Naftel, et al., (1976) from which the following dis-  

cussion is largely drawn. 

Surface water is drained through several bayous and a series of 

canals and ditches,  which cross the area. 

Chocolate on the  west, Halls on the  east, and Mustang Bayou which crosses 

The pr incipal  bayous are 

the o i l  and gas f ie ld .  

Fresh ground water occurs i n  the Pliocene t o  Holocene sands 

t o  a maximum depth of 1000 to  1200 f ee t ,  although most w e l l s  are less 
than 700 feet deep.. The pr incipal  aquifers  are the  Chicot and the 

Evangeline (Sandeen and Wesselman, 1973); both are a l luv ia l ,  coastward 

dipping u n i t s  of regional extent. 
upper and lower uni t ,  which are separated by clay. 

Quaternary in age, is typica l ly  a combination water t ab le  and artesian 
aquifer consisting of interconnected shallow sands between the surface 

and 100 t o  300 feet. 

The Chicot aquifer is divided i n t o  an 
The upper unit, Late 

The lower unit is Pliocene t o  Pleistocene i n  age, 

e, 
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u 
and is an a r tes ian  or leaky ar tes ian  aquifer. 

"Alta Loma" sand mapped i n  other par t s  of the Houston region. 
of the Upper Chicot i n  the  Chocolate Bayou area is a t  an elevation of -50 

t o  -200 feet, and the base the Lower Chicot i s -a t  an elevation ox -700 
t o  -850 feet. 

f i e l d ,  elevation and de t h  are roughly equivalent.) 

prepared by Sandeen and 

i n  the  upper uni t  and 90 t o  250 feet of sand i n  the lower uni t  of the Chicot 

with the greatest  sand thickness being t o  the southeast. 

east-central  Brazoria Gounty show tha t  w e l l s  completed i n  the Chicot aquifer 

have coeff ic ients  

per foot;  permeab 

foot  (Sandeen an data are based on the  r e s u l t s  of , 

tests on three we Bayou f i e ld .  Wells at  the f i e l d  

may have somewhat 

It includes the massive 

The base 

(Due t o  the near sea l eve l  a l t i t u d e  of t 

S 
sselman (1973) show approximately 65-feet of sand 

Aquifer tests i n  

,000 to 75,000 gallons per day 

f 400-650 gallons per day per square 

L a t e  Tert iary t o  Pleistocene Age is a 
clays with an aggregate thickness of over 

quifer  which contain fresh t o  s l i g h t l y  

dred f e e t  of the aquifer i n  the Chocolate 

thickness from a few to about 100 feet. 

n t r a l  Brazoria County (Naftel, e t  al., 

sequence of a l ternat ing sands 

1000 fee t .  In the sections o 

sa l ine  water (only the upper f 
Bayou area) individual beds 

Published records of w e l l s  
1976; Sandeen and Wesse ow that most' w e l l s  are 

ou f i e l d  tap  the Eva 
gel ine i n  Brazoria 

ing 400 feet a kness of f resh  

t a t ion  of elect eab i l l t y  of 25 

l i t y  of the heavily p 

a t  less i n  the Choc area because of a thickness of 

esh w a t e r  sands. 



,Between the fresh aquifers of Pliocene t o  Holocene age and the 

o i l  and gas sands of Oligocene and Miocene age, are a series of thick pre- 

dominantly-sand or predominantly-shale units.  

f e e t  sands of the Evangeline and older  aquifers  contain sa l ine  water. 
water produced with the o i l  and gas a t  Chocolate Bayou is pumped in to  s a l i n e  

aquifers below a depth of 2000 feet. 
from the  f resh  water aquifers by thick shale  sequences. 

Below depths of 1000 t o  1200 

Sa l t  

The receiving aquifers  are separated 

Since they were not readi ly  available,  detai lsaof  the mineralogy 

and petrology of the geologic u n i t s  overlying the Chocolate Bayou, o i l  and 

gas reservoirs have not been compiled. 

sidence has occurred i n  the  Houston-Galveston region east of Brazoria County, 

indicating that clays i n  the  Pliocene and younger un i t s  are susceptible t o  
compaction, i f  they are subjected to  increased ef fec t ive  stress. Gabrysch 

(1970) reports  that the clay f rac t ion  of fine-grained deposits i n  the 

region typical ly  has a mineral assemblage consisting of montmorillonite, 

i l l i t e ,  and kaolinite,  with montmorillonite making up a t  least half of the  

material f ine r  than two microns. 

However, over f i v e  f e e t  of sub- 

2.4.2 Chemical Character of Groundwater 

.Water from the Chicot aquifer is of t he  sodium bicarbonate type 

with moderate hardness and dissolved solids.  Chloride levels are var iable ,  

but are typical ly  i n  the range of 100-200 ppm ,(Sandeen and Wesselman, 1973, 

p. 190-191). 

aquifer is of similar quality,  but with higher chloride levels .  

intrusion of the f r e sh  w a t e r  aquifers  could be a poten t ia l  problem w i t h  
continued overdraft ,  but t h i s  has not been reported t o  date. The trend 

toward increased use of surface supplies makes t h i s  poss ib i l i ty  unlikely. 

I n  east-central Brazoria County, w a t e r  i n  the  Evangeline 
S a l t  water 

V-18 



u 
2.5 RESERVOIR CHARACTERISTICS - OIL AND GAS FIELD 

2.5.1 Geology and Hydrology 

As discussed above, the Chocolate Bayou f i e l d  produces from a 
faulted an t ic l ine ,  divided in to  three pr incipal  producing areas by major 

growth f a u l t s  on the  northwest and southeast (see Figures 3, 4 and 5). 
t i on  is  out of 

edded with sha 

e Frio Formation, from a series of sands 

ucing zones range in depth from 8600 

feet t o  more than 13,000 f e e t  as shown i n  Figure 8, and are underlain and 

overlain by th ick  shales. 

shaly down-dip across 

The Frio becomes progressively thicker and more 

This relat ionship is 

- apparent from Figures the  interval betwe 

Frio A Sand, near the  top , and Andrau Sand i n  the  

t e l y  2600 feet in the  West r par t  of the produc 

ocolate block, incre he E a s t  Chocolate block 
and 5000 f e e t  i n  the South 

(1953), the pay sands t o  a dep 

degree o i l  (equivalent t o  a s 
below t h i s  depth produce main 

have gas caps. 

ing. t o  Allen and Allen 

u t  10,200 f e e t  produce ma 
v i t y  of 0.8251), and res 

ndensate. Most of t he  o i l  sands 

The general shape 

ure 3, a s t ruc tu ra l  map 

voir,  production is f r  f f e ren t  pay zon 

hickness. (See F 
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2.5.2 Reservoir Material Properties 

The porosity and permeability of Frio Sands have been the subject 

of a recent study by Loucks, e t  al. (1977). 
compositional var ia t ion of these sands from the lower Gulf Coast t o  the 

upper Gulf Coast, where Chocolate Bayou is located. 

upper Gulf Coast have re la t ive ly  greater  amounts of quartz, with lesser 
amounts of feldspar and volcanic rock fragments, while the lower Gulf Coast 

sands are higher i n  volcanic rock fragments and feldspar than i n  quartz. 

Carbonate rock fragments are most common along the lower Gulf Coast, de- 

creasing i n  abundance t o  the north (Lindquist, 1976). 

Figure 8 i l l u s t r a t e s  the 

The Frio Sands of the 

I n i t i a l  rock composition plays an important r o l e  i n  the control  

of reservoir porosity and permeability, especially with respect t o  late 
carbonate cementation. 

late carbonate cementation is apparently a function of the o r ig ina l  per- 

centage of carbonate grains (Loucks, et  al., 1977). Rock consolidation 

processes ac t ive  i n  the Frio Sands of Chocolate Bayou are shown i n  Figure 9, 

The degree t o  which primary porosity is reduced by 

which a l so  i l l u s t r a t e s  the changes i n  porosity caused by these consolidation 

processes. 

Porosity and permeability data f o r  some of the reservoir sands 

a t  Chocolate Bayou have been presented by Bebout, et  al . ,  (1978), who 

found considerable var ia t ion i n  these parameters, both ve r t i ca l ly  and 

l a t e ra l ly .  

porosity values ranging from 2 t o  27 percent and permeabili t ies up t o  

thousands of millidarcys. 

porosity and permeability values appear t o  vary with the deposit ional 

environment (see Figure lo), being highest a t  the  top of de l t a i c  cycles i n  

the d is t r ibu tary  channel-fill and distributary-mouth bar deposits (Bebout, 

e t  al., 1978, p. 80). 

Measurements on unconfined cores a t  atmospheric pressure gave 

When correlated with logs of the formation, the 
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Effective permeabili t ies of t h i n  (10-30 feet) r e l a t ive ly  t i g h t  

gas sands at  Chocolate Bayou have been determined from production flow 

tests and are estimated a t  1 t o  6 mill idarcys (Bebout et  a l ,  1978)*. 

Absolute permeabili t ies were estimated t o  about 2 t o  10 mill idarcys.  

Figure l l i s  a p lo t  of permeability vs. porosity from core measurements 

made a t  atmospheric pressure for a w e l l  i n  South Chocolate Bayou. 

tes.ted were from the intervals 15826-15900 and 16035-16885. 

shows the  wide range of measured permeabili t ies from less than 0.1 t o  

several  hundred millidarcys. 

Samples 

This f igu re  

_ _  

The large  difference between permeability values determined by 

laboratory tes t ing  and those obtained by w e l l  tests on in-s i tu  reservoir  

materials, is probably due i n  la rge  pa r t  t o  t he  e f f ec t  of confining 

pressure which reduces porosity and hence the  permeability measured by 

in-situ tests. Other important fac tors  which can a f f e c t  the r e l i a b i l i t y  

of laboratory tests are temperature e f fec ts ,  damage t o  the  sample during 

coring and retrieval, and the chemical character of br ine  present i n  the 

reservoir,  but absent from the  laboratory specimen. Bebout et  al.,  1978 

did not report  how many w e l l  flow tests were analyzed to  arrive a t  t h e i r  

- 

permeability estimates, but a t  least nine tests are described. 
I 

Descriptions of the mineralogy of the  Frio shales  interbedded 
r 

with the producing sands of Chocolate Bayou, were not encountered i n  our 

data search; these shales are not generally reservoir  rocks on the Gulf 

Coast, and thus, they have not been the  subject of extensive research. 

Shale permeabili t ies have been examined by Fowler (1970, p. 423) 

who calculated a maximum vertical permeability on the order of 7.1 x 

* 
Effective gas permeability is the Permeability of the  reservoir  t o  gas 
i n  the  presence of other f lu ids ,  typ ica l ly  o i l  and/or water. 
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CI1 
millidarcys. 

Within the  reservoir  interbedded shale sections may be as think as five t o  ten  

feet, but are more typical ly  50 t o  100 f e e t  with occasional thicker sect ions 

(see Figure 7). The percentage of shale  in t h e  reservoir  is probably on the  

order of 60 percent i n  Ea& and West Chocolate Bayou, but i t  increases 

down-dip i n  South and Southeast Chocolate Bayou. 

The reservoir  is bounded above and below by thick sha le  wedges. 

2.5.3 Reservoir Fluid Character is t ics  

Three d i f fe ren t  f l u ids  are present within the  Chocolate Bayou 

reserv6ir - o i l ,  gas (including condensate) and water. The crude o i l  has 

API gravity of 30.4 t o  50.0 degrees, with most production being in the 

40.0 t o  50.0 range. 

the rate of more than three mil l ion b a r r e l s  annually. 

Ph i l l i p s  Petroleum Company, operator of 70 t o  80 percent of the  w e l l s  a t  
the  f i e l d ,  show tha t  annual w a t e r  production from t h e i r  w e l l s  has been 

approximately two t o  three mil l ion ba r re l s  i n  the  pas t  several  years, with 

about half  coming from the normally pressured Frio A and B Sands near the 

top of the  reservoir.  

by records of salt water disposal  a t  the f i e l d ,  which agree f a i r l y  w e l l  with 

records of water production. 

4 t o  5 in jec t ion  w e l l s ,  2000 t o  4000 f e e t  deep, four in the  m a i n  producing area 

and one in Southeast Chocolate Bayou. 

connected t o  trunk l i n e s  so disposal records fo r  individual w e l l s  are not 

available.  

Since Ph i l l i p s  operates about 70-80 percent of the w e l l s  a t  Chocolate Bayou, 
t o t a l  br ine production f o r  the  f i e l d  is probably on the order of 

5 mill ion ba r re l s  annually. 

Brine is a l so  produced from many w e l l s ,  current ly  a t  
Data obtained from 

The amount of water produced can a l so  be measured 

Disposal of the br ine is accomplished through 

The four w e l l s  i n  the  main area are 

Disposal w e l l s  current ly  i n  use by Ph i l l i p s  are shown i n  Figure 12. 

3 t o  

The chemical character of the  water produced a t  Chocolate Bayou 

has been discussed by Fowler (1970), by Kharaka, et al . ,  (1977) and 

et al., (1978). 

Bebout, 

Figure 1 3  i l l u s t r a t e s  the sal ini ty  and temperature of water 
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from w e l l s  i n  

solved so l id s  

the  Chocolate Bayou f i e ld .  

below the normally pressured zone is apparent. Since water 
i n  t h e  geopressured zone of other f i e l d s  is of ten found t o  be less sa l ine  

than waters of the normally pressured zone (Jones,1975) the rapid increase 

is suggestive of a buried sa l t  s t ruc ture  below the Chocolate Bayou f i e l d .  

Therapid  increase i n  t o t a l  dis-  

Kharaka, et al., (1977) have presented more detai led analyses 

of w a t e r  from three w e l l s ,  as shown i n  Table 2. 

t he  da ta  set fo r  the  Cozby Number 2 w e l l  is indicat ive of mainly condensed 

water vapor ra ther  than f o  

c ipa l ly  on the  much lower 

A more complete discussion of the methodology is avai lable  i n  Qaraka, et 
al., (1977). 

proceedings of the  3rd Geopressured Geothermal Energy-Conference are 

published. 

The authors propose tha t  

ion water. This conclusion is based prin- 

e ra ture  calculated from the Na-k-Ca r a t io .  

AddStional data  w i l l  be avai lable  later t h i s  year; when 



Table 2 

Well Number 

Production Zone 

Perf. Interval ( f t . )  

Temperature, O C  

Calculated from 

Bottom Hole Pressure 

Chemical Composition 

Measured 

Na-k-Ca geothemembers 

(original), psi 

(%/I) 

Tds 
Na 

K 
Rb 

"3 
Ms 
Ca 
Sr 
Fe 

Mn 
c1 
K O 3  

s04 

H2S 
sio2 
B 

PH 

Analyses of Water in Wells Near the 
Chocolate Bayou Field, With Additional 
Data on Production Depth, Temperature 
and Pressure* 

Kitchen No. 1 

Fr io "B" 
8688-86 97 

100 
112 

4,000 

42,000 
16,500 
13 0 
0.35 
9.8 

60 

290 
22 

0.15 
0.52 

23,200 

1,660 

39 

1.6 

70 

42 

7.0 

Cozby No. 2 
Schenk 

10,905-11,037 

114 
86 

6,770 

3,100 
1,075 

8.5 
K0.2 

8.8 

3.0 

100 

5.8 
11.0 

I 

- 
1,740 

90 

12 

0.85 
1.5 
1.8 

5.2 

Gardiner No. 1 
Lower Welting 

11,772-11,785 

129 
124 

7,589 

68,500 
24,000 

300 
0.80 

26 

235 
2,000 

380 
8.0 
2.7 

40,500 

520 

0.6 

0.32 
87 

30 

6.3 

*After Kharaka, et al., 1977) V-40 



3. PRODUCTION HISTORY 

3.1 OIL AND GAS DEVELOPMENT 

Discovered i n  1941, the  Chocolate Bayou f i e l d  has produced a t o t a l  

of over 16 x 10l2 standard cubic f e e t  of na tura l  gas and over 35 mill ion 

ba r re l s  of oi l .  

addi t ional  41 mill ion barrels .  

by the Texas Railroad Commission have been compiled f o r  t he  f i e l d  and 

are shown graphically i n  Figure 14. 
of o i l  and l iquid hydr ons was grea tes t  during the late 1940's t o  

ear ly  1960's, while s peaked i n  1962. By f a r  

t he  grea tes t  pe t ro l  been the Upper Fr io  (includes 
As sham i n  Figure 7, 

r i o  Formation. Together these 

Liquid hydrocarbons from gas w e l l s  have contributed an 

Annual production f igures  published 

This f igure  shows t h a t  production 

Sands. 

a1 o i l  production from the  

f i e ld .  Other impor bs, Houston Farms and 

since 1974, the  902 acted from oil w e l l s  a t  

ocolate Bayou has 

70, when the Texas 
standard cubic f e e t  annually s ince 

tha t  operators 
t o  peak produc- 

V-41 
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is generally from the deeper sands such as Frio P, "S" Sand, Andrau, 

Schenek and Lower Weiting (see Figures 5 and 7) ,  with w e l l s  commonly 

deeper than 15,000 fee t .  

Along with hydrocarbons, w e l l s  a t  Chocolate Bayou produce 
brine. 

with the Texas Railroad Commission, these data are not r e a d u y  obtainable. 

However, Ph i l l i p s  Petroleum Company provided recent water production and 

salt disposal records fo r  t h e i r  leases at Chocolate Bayou. 
operates some 70 t o  80 percent of the w e l l s  at  the  f i e l d ,  t h i s  data is 

probably representative of the general volume of water produced a t  the 

f i e l d  as a whole. Records of br ine disposed of by in jec t ion  have been 

kept only s ince 1965 (during earlier years of the f i e l d ' s  operation, 

disposal w a s  t o  surface evap 

representative within about 10% of br ine produced. 

Since operators are not  required t o  f i l e  water production records 

Since Ph i l l i p s  

I 

Available data on b r  

Although water production data 

t h a t  the  annual volume of b r  

about the  same as the annual 

expecially i f  i t  is taken i n t o  account tha t  the water records shown are 

re shown in Figure 14. 
a i l a b l e  pr ior  t o  1965, it is clear 
uring the period 1965-1973, is 
produced during peak years, 

Since 1965, br ine  has 

ing, since wa 

within the  reservoir  as a tion. Fowler, of P s Petroleum 
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Company, has made detai led s tudies  of Chocolate Bayou (1964, 1970) and 

summarizes the overal l  pressure relationships i n  the f i e l d  as follows 

(1970, p. 412): 

Within a major f a u l t  block, each aquifer usually contains 

a s ingle  f lu id  system. 

depth within each f a u l t  block is generally similar. 

The var ia t ion of pressures with 
A 

normally pressured section extends down from the surface, 

showing l i t t l e  change i n  pressure gradient throughout ex- 
cept fo r  a possible very s l igh t  increase a t  great  depths. 

Below t h i s  normally pressured section is a section where 

pressure gradients increase from values c lose t o  hydro- 

static t o  gradients approaching geostat ic  over a compara- 

t ive ly  short  vertical distance. 

is a long interval, connnonly extending t o  the limits of 

subsurface control,  where pressure gradients are approach- 

ing geostatic.  

increase with depth in the lower par t  of the section, 

pressures are still increasing with depth at a rate w e l l  
above hydrostatic, and the  f lu ids  w i l l  still tend t o  flow 

Underlying t h i s  section 

Although pressure gradients may show l i t t l e  

v-44 

upward toward the lower-energy environments i n  the shallower 

beds. 

An analogous pat tern of pressure var ia t ion is  observed along 

a dip section of each cor re la t ive  horizon. 

area of normally pressured sediments extends downdip from 

the outcrop, showing l i t t l e  var ia t ion i n  pressure gradient. 

Then, across one o r  two f a u l t  blocks, pressures increase 

downdip from values close t o  hydrostatic t o  pressures ap- 

proaching geostatic. 

A considerable 

These rad ica l  pressure changes usually 



occur across major growth fau l t s .  Basinward from t h i s  in- 
terval, pressure gradients may increase s l i gh t ly ,  i f  a t  

al l ,  t o  the downdip 1imits .of  subsurface control  i n  the  

cor re la t ive  section. Again, although gradients may not 

increase much downdip, pressures are increasing with 

depth at  a gradieqt f a r  i n  excess of hydrostatic, and the  
poten t ia l  energy of the  f lu ids ,  o r  potentiometric surface 

w i l l  increase downdip. Hence, any flow w i l l  tend t o  be 

updip, 

As shown in Figures 4 and 5 ,  t h e  producing zones i n  West Chocolate 

Bayou are a l l  normally pressured; i n  East Chocolate Bayou, both normally 
and abnormally pressured zones are present; and in South Chocolate Bayou, 
a l l  pays are abnormally pressured owler (1970, p. 413) mentions the  

presence of a t  least one.abno 

f a u l t  block. H i s  explanation 

ressured shale, i n  the  West Chocolate 

s anomaly is tha t  although the  normally 

pressured sand underlying t h  

normally pressured shale thwest and southeast, it does ad- 

join normally pressured 
f l u i d  pressures t o  diss ipate .  

diss ipat ion of abnormal pressures. 

pressured shale is faul ted against  ab- 

the  southwest, which has allowed excess 
eab i l i t y  i n  the  shale has prevented 

Bebout, et al., (19 
gas production h is tory  
perforated i n  d i f fe ren t  

shown in Figures 15 t h r  

From these figures,  it 
drops off rapid1 

el. Temperatu 
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ANNUAL CONDENSATE PRODUCTION 
(thousands o f  barrels ) 

ANNUAL GAS PRODUCTION (mncf) 

FIGURE 15 PRODUCTION HISTORY OF GENERAL CRUDE NO. 3 HOUSTON FARMS 
DEVELOPMENT COMPANY, CHOCOLATE BAYOU FIELD (from Bebout 
e t  a1 , 1978) (See Figure 12 for well location) 
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ANNUAL O I L  PRODUCTION ( T h o u s a n d s  of B a r r e l s )  

I I I I 
I I I I I I 

0 - --x -c-- --- - ----- 
I I I t I 

I I I I 1 I d I 

0 0 0 -  
0 g 8  0 8 * ! 2 3  t E! 

ANNUAL GAS PRODUCTION (MMCF) 

FIGURE 17 PRODUCTION HISTORY OF PHILLIPS NO. 1 GARDINER, SOUTH 
CHOWLATE BAYOU FIELD (from Bebout e t  a1 , 1978) (See 
Figure 12 for w e l l  location) 
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FIGURE 21 PRODUCTION HISTORY OF PHILLIPS NO. 1 HOUSTON "FF," SOUTH 
CHOCOLATE BAYOU F I E L D '  ( f r o m  Bebout et  a1 I 1978) (See 
Figure 12 for well location) 
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Changes i n  the  chemical character of water produced with o i l  and 
gas may provide a clue as t o  whether shale compaction is occurring i n  the  

reservoir. Fowler (1970) noted a general trend toward decreasing s a l i n i t y  

with time i n  the water produced in Chocolate Bayou. 
t o  d i lu t ion  of the or iginal  formation waters' by fresher  water released by 

H e  a t t r i b u t d  t h i s  
- .  

the compacting shale beds as f l u i d  pressures i n  the reservoir were drawn 

down. 

freshening was  a t t r ibu ted  a t  least i n  par t ,  t o  the addition of condensed 

water vapor (from the gas reservoir)  t o  the more saline formation waters. 

Kharaka, et al., (1977) used geothermometry t o  determine the  degree t o  

which chemical analyses of o i l  f i e l d  waters w e r e  ac tua l ly  representative 

of formation waters, or  had been d i lu ted  by condensed water vapor. 

- _  
For individual w e l l s  where the gadwater  ra t io  increased with time, 

3.3 HISTORY OF GROUNDWATER PRODUCTION 

According t o  Sandeen and Wesselman (1973) the pr incipal  use of 
groundwater in Brazoria 

being second. In  1967, the latest year fo r  which published data  are avail-  

able, i r r i ga t ion  use was 22.6 mill ion gallons per day (mgd), while municipal 

and domestic use was only 7.7 mgd. 

nearest  population center f o r  which data  on municipal groundwater use are 
reported is Alvin: 

County is fo r  i r r iga t ion ,  with indus t r i a l  use 

Indus t r ia l  pumpage w a s  12.7 mgd. The 

1945 - 0.150 mgd. 

1955 - 0.517 mgd. 

1960 - 0.714 mgd. 

1965 - 0.736 x d .  

1966 - 0.719 mgd. 

1967 - 0.842 mgd. 
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1.J 

w 

thwest of Chocolate Bayou has a 

1945 - 0.100 W d .  

1965 - -0.957 mgd. 
1966 - 0.901 mgd. 
1967 - 0.917 mgd. 
Use of groundwat the county sin 

in considerable pressure decline in 
Chicot and Evangeline (see discussion above). 
production has been main1 

ands of the Evange 

In the Chocolate Bayou area, 
the Chicot, probably partly because the 
e saline. Figure 6 shows that the amount 

decline in the 

Table? show e water levels for wells in the Choco- 
late Bayou area. The 3 are as follows: 

BH-65-46-601 



Tab1 3 -Water Levelsin Wells Near the Chocolate 
Bayou Field (In Feet Below Land Surface)* 

Well A: BH-65-46-601 Well B: BH-65-46-801 
Stanolind Oil 6 Gas Co. 
Elevation: 23 Elevation: 26 . 
Depth: 226 Feet 

Emson Company 

Depth: 311 Feet 

~ -~ ~ 

Date Level Date Level 
July 19, 1946 
Jan. 3, 1949 
Aug. 19, 1949 
Jan. 16, 1950 

Jan. 12, 1951 
Aug. 23, 1951 
Jan. 11, 1952 
Aug. 14, 1952 
Jan. 15, 1953 
July 23, 1953 
Jan. 29, 1954 
Aug. 4, 1954 
Aug. 19, 1955 
Jan. 20, 1956 

Jan. 25, 1957 
Aug. 12, 1957 
Jan. 22, 1958' 
Aug. 8, 1958 
Aug. 13, 1959 
Aug. 3, 1960 
Jan. 23, 1961 
Jan. 22, 1962 
Aug. 15, 1962 
Jan. 31, 1963 
Aug. 27, 1963 
Aug. 12, 1964 
Jan. 28, 1965 
Aug. 11, 1965 
Jan. 20, 1966 
Jan. 25, 1967 
Aug. 11, 1967 
Jan. 22, 1968 
Jan. 28, 1970 
Aug. 12, 1971 
Aug. 15, 1972 

Aug. 21, 1950 

Aug. 3, i956 

7.98 
7.20 
6.72 
6.55 
6.85 
7.20 
8.10 
8,27 
7.80 
7.89 
8.41 
7.17 
8.71 
10.24 
10.23 
13.96 
14.61 
15.28 
14.55 
12.84 
9.94 
13.27 
8.53 
10.07 
10.14 
11.72 
9.54 
9.43 
9 e 1 0  
10.00 
8e97 
8.58 
10.27 
8.72 
9.79 
10.07 
8.27 

July 29, 1946 1.89 
Jan. 4, 1949 12.13 
Aug. 29, 1949 8.38 
Jan. 17, 1950 3.52 
Aug. 30, 1950 4.63 
Jan. 15, 1951 4.50 
Jan. 11, 1952 9.79 
Aug. -14, 1952 6.52 
Jan. 15, 1953 7.73 
July 23, 1953 7.60 
Jan. 29, 1954 4.71 
Aug. 4, 1954 10.48 
Aug. 19, 1955 IO. 84 
Jan. 20, 1956 8.87 
Aug. 3, 1956 9.70 
Jan. 25, 1957 13.28 
Aug. 9, 1957 8.95 
Jan. 22, 1958 7.57 
Aug. 8, 1958 8.15 
Aug. 26, 1960 5.01 
Jan. 23, 1961 4.15 
Aug. 18, 1961 '4 . 03 
Jan. 22, 1962 3.95 
Aug. 15, 1962 4.49 
Feb. 1, 1963 5.05 
Aug. 27, 1963 7.58 
Feb. 3, 1964 5.98 
Aug. 12, 1964 6,30 
Jan. 21,- 1965 6.41 
Aug. 11, 1965 6.89 
Jan. 20, 1966 7,38 
Jan. 25, 1967 5.59 
Aug. 11, 1967 6.21 
Jan. 26, 1968 5.98 
Aug. 6, 1968 5.39 
Jan. 29, 1969 5.68 
Aug, 14, 1969 5.97 
Jan. 22, 1970 6.27 
Aug. 11, 1970 5.21 
Jan. 13, 1971 4.77 

t 
Data from Sandeen and Wesselman, 1973 and Naftel, et al., 1976. 
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Table 3 -- Cont hued . 
Well C: BH-65-47-201 Well D: BH-65-47-401 

Texaco, Inc. Phillips Petroleum Co. 
Elevation: 26 Elevation: 23 
Depth: 691 Feet Depth: 400 Feet 

July 23, 1953 
Jan. 20, 1956 
Aug. 3, 1956 Aug. 21, 1950 33.46 
Jan. 25, 1957 Jan. 12, 1951 '33.76 

Jan. 22, 1958 Jan. 11, 1952 56.57 
Aug. 8, 1958 
Aug. 13, 1959 
July 22, 1960 July 23, 1953 64.72 
Jan. 23, 1961 Jan. 29, 1954 62.83 
Jan. 22, 1962 Aug. 4, 1954 67 . 81 

67.40 Aug. 15, 1962 Jan. 31, 1955 
Feb. 1, 1963 Aug. 19, 1955 
Aug. 27, 1963 
Feb. 3, 1964 
Jan. 21, 1965 

Aug. 12, 1957 Aug. 23, 1951 47.44 

I 

I 

Jan. 23, 1961 

U 
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Table 3 - Continued. 

Well D - Continued: BH-65-47-401 

Aug.  11, 1967 86.96 
Jan. 22, 1968 87.76 
Bug. 5, 1968 88.49 
Jan. 27, 1969 89 . 10  
Aug. 14, 1969 90.64 
Jan. 22, 1970 92.23 
Aug. 12, 1970 92.77 
Jan. 18, 1971 94.10 
Aug. 12, 1971 94.67 

Aug. 15, 1972 96.57 
Jan. 29, 1973 97.20 
Aug. 7, 1973 95.91 
Jan. 22, 1974 86.13 
Aug. 9, 1974 87.18 

Jan. 19, 1972 95.47 

, , , I 

. '  

c, 

-. - 
Hydrograph of Well No. BH-65-47-401 
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of t h i s  w e l l  with other w e l l s  

w e l l s  (screened i n  the unconfined Upper Chicot), have not had subs tan t ia l  

w a t e r  l e v e l  declines,  whereas the other deep w e l l ,  which taps the Lower 

Chicot, has had a head decline of nearly 45 f e e t  Over the 23 year period, 

1951 to  1974. 

a b l e 3  shows tha t  the  two shallower 

Detailed data on groundwater production are not consistently 

Published data  on extract ions avai lable  f o r  the Chocolate Bayou area. 
are e i the r  for  Brazoria County as a whole, or fo r  spec i f ic  municipali t ies.  

Some da ta  have been assembled cal Survey 

f o r  use In hydrological model Houston-Galves ton These 
data,  :made avai lable  by Robert Gab 

Houston shdw that the only areas chocolate Bayou where average 
groundwater consumption i n  recent years has exceeded one mil l ion gallons 

per day (mgd), are a t  

few where groundwater 

over the  pas t  few yea 

groundwater aquifers.  

ormat by the U.S. G e  

areas are als 

tab i l ized  o r  decre 

The available data  late Bayou f i e l d  show t h a t  s ince 
‘1961, groundwater usage hbs b t .02 mgd per square m i l e ,  

h is lower than mos 

bly a minimum, how 
consumption and e f f i c i e  

area. Despite low extr 
cer ta in ly  been affected 

e l ls  i n  the  C 



4.1 

4. SUBSIDENCE 

LOCATION AND AMOUNT 

Land surface subsidence in the Houston-Galveston region has 

been w e l l  documented (Gabrysch, 1970 and 1977; Gabrysch and Boxmet, 1975; 
Kreitler, 1976 and 1977). The primary cause of subsidence i n  t h i s  area 
has been groundwater overdraft t o  meet spiral ing municipal, indus t r ia l ,  
and agricul tural  water needs. 

subsidence occurred near Houston, in Harris County. During the G a m e  
period fewer than two f e e t  of subsidence occurred i n  east-central Brazoria 

Between 1943 and 1974, over seven f e e t  of 

County as shown in Figure 23. 
? 

The national Geodetic Survey has several  l i n e s  of benchmarks f o r  

ve r t i ca l  control i n  the Chocolate Bayou area, which have been surveyed 

t o  f i r s t  order precision. 
Figure 24, and are described below: 

* 
These l ines  are shown diagrammatically in 

1. Line 101 along the Missouri Pac i f ic  Railroad 
between Angleton and Algoa; 

2. Line 101 from Algoa to  northwest of Alvin along 
the Atchison, Topeka and Santa Fe Railroad; 

3. Line 108 from Algoa t o  Hitchoock along the 
Atchison, Topeka and Santa Fe Railroad; and 

4. Line 107 south and w e s t  of Alta Loma. 

* 
F i r s t  order precision is defined as the maximum difference between for- 
ward and backward s ights  of (4mm) x Jdistance in b. 

bf 
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0 IO - miles 

/ Line 101 
Lines 107 and 108 

FIGURE 24 FIRST ORDER LEVEZING 
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Second order leveling (maximum difference between forward and 
Jdistance i n  lan ), . .has  a l so  been done along backward s ights  of 8 mm x 

south from Liverpool 

second order leveling is 

use i n  subsidence studies of t h i s  type. 

idered t o ' b e  suf f ic ien t ly  

Of the f i r s t  order l i n e s  available,  ohly l i n e  101 has been re- 
eveled frequently enough i n  a detai led subsidence analysis. me 
r i g i n a l  benchmarks were 

t o  first order precision in 1951, 
i n  1918, and the most re 

w a s  done i n  1973. Lin 
1954 (only a few point 1973, but is 

An examination of e l  n changes along line 108 between the 

years 1951 and 1973 shows t 

feet. Subsidence on a l l  t h  
1.13 2 0.15 f e e t  as shown below. 

Subsidence 1951-73 
(In Feet) 



I 

A subsidence p ro f i l e  for  Line 101 between Angleton and Algoa 

has been prepared by Lofgren (1977) as shown i n  Figure 25. 
1943 w a s  chosen as the base l i n e  fo r  t h i s  p ro f i l e  because the majori ty-  

of the  benchmarks were surveyed i n  tha t  year. (See Figure 1 2  for . loca-  
t ion  of benchmarks.) 

and 1973, w a s  1.8 f e e t  f o r  benchmark K 691, which is i n  good agreement 

with the 1.5 f e e t  shown on the regional map, Figure 23. 

The year 

Maximum subsidence on t h i s  l ine ,  between 1943 

The year 1950 w a s  used as a baseline f o r  a prof i le  of L ine  101 
from Algoa t o  Alvin, as shown i n  Figure 26. 

has a l so  been shown fo r  comparison. 

the  period 1950 to  1973 w a s  1.256 f e e t  a t  benchmark W53. From 1918 t o  
1973, t h i s  benchmark subsided a t o t a l  of 1.899 f e e t  (see Figure 1 2  f o r  

location of benchmarks used in Figure 26). 

tha t  subsidence has not been appreciably greater  at  Alvin, where ground- 

water use is re la t ive ly  high, than a t  other points along the prof i le .  

Where available,  earlier data 

Maximum subsidence on t h i s  line f o r  

It is in te res t ing  t o  note 

4.2 I N  STRUMENTATION 

I 

! 

Unfortunately, no instruments fo r  measuring subsidence (such 

as compaction recorders or  tiltmeters) are presently ins ta l led  i n  the  

Chocolate Bayou area, so tha t  measurements of v e r t i c a l  d i s t r ibu t ion  of 

compaction, or  horizontal movements are not available. No damage t o  the 

w e l l s  a t  Chocolate Bayou has been reported (B i l l  Fowler, Phi l l ips  Petro- 

leum Company and Frank Wellborn, Jr., Texaco, o r a l  communication) nor has 

any other surface e f fec t  of subsidence been noted. 

4.3 SUBSIDENCE CHARACTERISTICS 

4.3.1 Subsidence Rates 

Table 4 shows how average subsidence rates have increased s ince 

i n i t i a l  leveling of Line 101 by the Geodetic Survey i n  1918. It is notable 
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Table 4 Comparison of Average Subsidence Rates From 
1918-1943 and From 1964-1973 for Benchmarks 
Leveled i n  1918 Survey (First-Order) 

i 
Average Subside Average Subsidence Approximate Amount 

Benchmark. Rate 1918-1943 Rate 1964-1973 Increase i n  Rate 

Angleton t o  Algoa: 

F 53 “ 5x 
H 53 - 
I 53 .00604 Ft/Y Not Recovered in  1973 - 
P 53 -2ox 

R 53 -13X 

v 53 Destroyed After 1964 ” 

w 53 .08266 Ft/Yr - 5x 
2 53 .07111 Ft/Yr “3%X 



/ 
tha t  i n  the ear ly  19OO's, subsidence rates w e r e  about t w i c e  as high 

near Alvin and Algoa as a t  Angleton. It is a l so  apparent t h a t  sub- 
sidence rates have increased dramatically i n  the Chocolate Bayou area 

(benchmarks P53 and R33) since the ear ly  surveys. 

surrounding the f i e l d  have a l so  increased, but t o  a much lesser extent. 
Figure 27  i l l u s t r a t e s  these relat ionships  graphically. 

his tory of each benchmark which w a s  repeatedly releveled is shown 

individually. 

Rates i n  the  area 

The subsidence 

An examination of Figure 27 shows several in te res t ing  relat ion-  

ships. 

l ines)  has not changed great ly  since the  1950 releveling f o r  benchmarks 
northeast of H691, while benchmarks southwest of H691 show a rapid increase 

i n  subsidence rate a f t e r  the 1964 releveling. 

contributed t o  these differences are tha t  a t  Angleton, average ground 

w a t e r  consumation nearly doubled between 1960 and 1965, t o  reach i ts  

F i r s t ,  the rate of subsidence (equivalent t o  the  slope of the 

Factors which could have 

current level of about 1 mgd. 

may have been affected by the onset of major o i l  production, beginning i n  

the  late 1940's. 

f l u id  extraction and surface expression of compaction a t  depth. 

Benchmarks near the Chocolate Bayou f i e l d  

In  both cases, there  is probably some lag  time between 

Another s ignif icant  pat tern shown by Figure 27 is that although 

hydrocarbon production a t  the  Chocolate Bayou f i e l d  has been decreasing 

s ince 1964, t he  average rate of subsidence from 1964 t o  1973 w a s  g rea te r  

than from 1959 t o  1964 f o r  a l l  benchmarks, especially those from H691 t o  

the northwest, across the f ie ld .  

the f i e l d  has contributed t o  subsidence, then the  f a c t  t h a t  subsidence' 

If extract ion of o i l ,  gas and brine from 

rates are still increasing suggests t ha t  there  is probably a l ag  time of 

at  least several years between extract ion of deep f l u i d s  and t h e  appearance 

of subsidence e f f ec t s  a t  the surface. The groundwater extract ion da ta  

compiled by the U.S. Geological Survey indicates  tha t  pumpage in the east- 

cent ra l  par t  of Brazoria County has generally not increased rapidly s ince 
t 
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the 1960's, so tha t  the steepening of curves on Figure 27 should not be 

d i r ec t ly  a t t r ibu tab le  t o  increasing groundwater use, except perhaps a t  
Angleton. 

A th i rd  relationship which appears i n  Figure 27 is tha t  ~ although 

the maximum observed subsidence has occurred' over the Chocolate Bayou f i e l d  

(benchmark K691), benchmarks t o  t he  north (W53) and northwest a l so  show 

cumulative subsidence which is of about the same magnitude as tha t  shown 

by benchmarks P53 and 5691, in the Chocolate Bayou f ie ld .  

4.3.2 Surface Effects of Subsidence 

No surface e f f ec t s  of subsidence have been reported i n  the Choco- 

late Bayou area. In other areas where subsidence has occurred, faul t ing,  

ground cracking, disruption of w e l l  casings, and settlement damage t o  

s t ructures  has been noted. 

in the Houston-Galveston area is often accompanied by ve r t i ca l  movement 

along pre-existing growth fau l t s ,  but t o  date, no such movement has been 

documented i n  east-central Brazoria County. Kreitler (1976) mapped photo 

lineaments in the  Gulf Coast region, and attempted t o  cor re la te  them with 

growth f a u l t s  projected upward t o  the surface from subsurface s t ruc tu ra l  

data. 

published a t  a large enough scale for  a detai led evaluation in the Choco- 

late Bayou and as par t  of the present study. 

mapped a lineament and an extrapolated f a u l t  trace through the Chocolate 

Bayou f ie ld ,  and proposedthat a graben bounded by these features  has 

Kreitler (1976) has reported that subsidence 

In  some cases a good correlat ion w a s  observed, but the data  are not 

Gustavson and Kreitler (1976) 

been developed in  t h i s  area.. Their projected lineament coincides with 
benchmark P53 on Figure 25, and the extrapolated f a u l t  trace intersects 
the prof i le  between benchmarks M691 imd N691. 

these features  can be traced across the Alvin t o  Algoa prof i le ,  Figure 26. 
It is not known whether 
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Although it  1- cert inly possible tha t  subsidence a t  Chocolate Bayou has 
been controlled by exis t ing f au l t s ,  fur ther  study, including surface map- 
ping o r  perhaps trenching of the  l i nea r  features  would be necessary before 

a d e f i n i t e  re la t ionship between subsidence and ex is t ing  f a u l t  traces can 

be established. 

i 
4.4 CAUSES OF SUBSIDENCE 

Major fac tors  which could contribute t o  the  observed subsidence 

at  Chocolate Bayou are . .  tectonic  movements, groundwater production, and 

deep oil-and-gas production. 

on the  Gulf Coast, but wou 

r e s t r i c t ed  area such as Chocolate Bayou par t icu lar ly  over a time period of 

only 30 years. Fo inc ipa l  causes are believed to  be 

production of groundwater, o i  

Tedtonic movements are known t o  be occurring 

probably not be a primary fac tor  within a 

- 

In  order t o  de te  amount of subsidence which would 

be posssble from g empirical re la t ionship between , 

subsidence, head d 

used. This co r re l  he Houston-Galveston area bv 
i n  the production zone has  been 

w 

Gabrysch in 1970 (see Figure a previous section of this  report ,  
i t  was reported tha t  nearly all pumpage was from the Chicot aquifer,  with 

otal. sand thickness of t, which extends t o  elevation -810, 
epth of approximate the Chocolate Bayou f i e ld .  Since 

clay content is highly the aquifer,  percent of c lay  has 
been computed based on t h e  sand thickness i n  the  v i c i n i  

k K691. From Sandeen sselman (1973), these sand thick- 
s are approximately o r  t he  Upper Chicot and 120 feet f o r  the  

ico t ,  o r  a t o t a l  and. Thus, percen 

puted as follows: 



bd 

Using a head decline of 50 f ee t ,  the  graph i n  Figure 28 gives an estimated 

1.05 t o  1.3 feet of subsidence which could be a t t r ibu ted  t o  groundwater 

I 

I 

production near benchmark K691. 

based on the somewhat higher sand percents given by Kreitler, et  al., 

(1977), (30 t o  40 percent sand i n  the upper 1000 f ee t ) .  

This value is believed t o  be conservative, 

I f  accumulative 
sand thickness is taken a t  40% of the t o t a l  thickness, estimated sub- 

sidence (using Figure 28) would be less than one foot. 

Another estimate of subsidence as a r e s u l t  of head decline w a s  

made by Sandeen and Wesselman (1973, p. 49) who compared subsidence a t  four 

benchmarks with water-level measurements i n  a nearby w e l l .  The w e l l ,  com- 

pleted i n  the Upper Chicot w a s  located i n  Freeport about 25 m i l e s  south of 
the  Chocolate Bayou f ie ld .  

decline r a t i o  of 1 t o  100 f o r  t h i s  location. 

than 1 foot  of the subsidence of Chocolate Bayou is due t o  groundwater 

withdrawal. 

Their comparison showed a subsidence t o  head 

This would suggest t ha t  less 

The form of the leveling prof i les ,  Figures 25 and 26, suggests 

that some of the observed subsidence southwest of Algoa is due t o  hydro- 

carbon production from the Chocolate Bayou f i e ld .  

Railroad, along which the benchmarks of the Angleton t o  Algoa leveling 

l i n e  are located, crosses the southeast edge of the West Chocolate Bayou 

block of the f ie ld .  Gustavson and Kreitler (1976) compared the  average 

rates of subsidence with hydrocarbon production and concluded t h a t  the 

maximum subsidence rates w e r e  coincident with periods of maximum gas pro- 

duction from the geopressured zone. 

The Missouri-Pacific 

dther evidence, some of which was  not available t o  Gustavson and 

Kreitler, suggests tha t  the pr incipal  cause of subsidence from development 
of the f i e l d  is the extraction of o i l  and brine. The benchmarks along the  

Missouri-Pacific Railroad are located on the West Chocolate block of the  
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f i e ld ,  which produces mainly o i l  and brine from an average depth of about 
9500 f ee t  (see Figure 11). 

t o  the marked increase i n  the  subsidence rate a f t e r  1950, as shown i n  

Figure 22. 

ear ly 1960's, production of brine has probably remained steady or  increased 

with decreasing o i l  production. 

Maximum rate of o i l  production a l so  corresponds 

Although o i l  production has declined s igni f icant ly  since the 

The fact tha t  subsidence rates over the f i e l d  have continued to,  

increase since 1964, while o i l  and gas production has dropped t o  a f rac t ion  

of peak values, suggests tha t  theEe is  some l ag  time between f lu id  extrac- 
t ion a t  depth, and the occurence of surface subsidence. 

observed i n  other subsidence cases, such as a t  Wilmington and in the San 
Joaquin Valley, California, where subsidence continued after f lu id  extran- 

t ions were stopped o r  s tabi l ized.  

water extraction alone is insuf f ic ien t  t o  account of a l l  of the  observed 

subsidence a t  Chocolate Bayou, nor can it account f o r  the  continuing 

increase i n  observed subsidence rate since 1950. O i l  and gas with associated 

br ine production from the Chocolate Bayou f i e l d  is believed to have caused 

a t  least 0.5 t o  1.2 f e e t  of the observed 1.8 f e e t  of maximum subsidence. 

Of the  f lu ids  withdrawn, it appears most l i ke ly  tha t  o i l  and br ine ex- 

t rac t ion  has been the pr incipal  cause of t h i s  subsidence. 

This f a c t  has been 

/ 
In  conclusion, it appears t ha t  ground- 
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t 

t, 1. INTRODUCTION 

Raft River Valley, Idaho has had up to 2.6 feet of subsidence 
due to ground water overdraft. This subsidence, which has occurred in 
the northern part of the valley, probably began in the early 1950's and 
has been documented by releveling a line of bench marks established in 
1934 and 1958. 
fifteen years, water levels have s tab i l i zed  since 1970. The effect of 
rising water levels on total subsidence and subsidence rate is not yet 
known, but may be analyzed after the scheduled 1978 releveling. 

After a maximum head decline of more than 50 feet in 

Subsidence in the Raft River Valley is of particular interest 
I 

because 
The existing geolog 
probably occurs between 
reservoirs, so that ce due to shallow ground water 
extraction may be useful in 
from geothermal development 

of geothermal development in the southern part of the valley. 
ta suggest that some communication 
water and deeper geothermal 

ing potential for subsidence resulting 

Chemical analyses 
waters in the valley, inclu 

les suggest that all ground 
aters, are meteroric in origin. 

ground water flows 
reservoirs are probably re 
tion - approximately 15 
extraction from geothe 

the ground water and geothermal 
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cannot be definitely analyzed without additional data on stratigraphy of 

the basin and physical properties of individual sedimentary horizons 



2. NATURAL CONDITIONS- 

2.1 PHYSIOGRAPHY 

Raft River Valle assia County in south-central Idaho 
(Figure 1). The 15 by 40 includes parts or all of TlOS to 
T16S and R26E to R28E. 
connect all the small rural communities of Idahome, Malta, Bridge, and 
Strevell. 

Highways 81, 30s and 80N traverse the valley and 

constriction known as the Up 

Valley on three sides. 
and rises about 2500 feet 
volcanic capped block hav 

Raft River Va t and southeast, 
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‘ u  The arid climate of this part of Idaho supports a grass-sage- 
brush-greasewood plant association on the valley floor, while juniper, 
lodge pole pine, douglas fir, and spruce grow on the higher slopes and 
mountains. 
potatoes, seed crops, sugar beets, sheep, and cattle are the main produce- 

Agriculture supports the local economy, where wheat, alfalfa, 

2.2 

The earliest geologic investigations of the Raft River area 
were reconnaissance studies of eastern Cassia County, begun in 1928 and 
published by Anderson in 1931. 
et al., (1970), is still the most detailed published investigation 
available for most of the Raft River Valley. The U.S. Geological Survey 
and others have an on-going project in the Raft River geothermal area in 
the southwestern portion of the valley. 
being released as open-file reports and include gravity measurements 
(Mabey and Wilson, 1974) ; aeromagnetic data (USGS, 1974) ; seismic ref rac- 
tion measurements (Ackermann, 1975); audiomagneto-telluric soundings 
(Hoover) ; Schlumberger sounding (Zohdy et al. , 1975) ; geologic mapping 
(Williams et al., 1974, 1976); and bore hole data (Crosthwaite, 1974, 
1976; Covington, 1977, 1978). Others currently studying the area include 

This work, as later modified by Walker 1 

Data from this project are 

The geologic map of Raft River Valley (Figure 3) shows the 
areal distribution of rock units. 
of Raft River Valley and provides data on lithology and water bearing 
characteristics. 

Table 1 summarizes the stratigraphy 

the Idaho Department of Water Resources, Energy Resources Development 
Administration, Idaho National Engineering Laboratory, and E.G. & G.- 
Idaho, Inc. 

2.2.1 Stratigraphy 
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WATER BEARING PROPERTIES OF THE RAFT RIVER 

Rock Unit . Water-bearing Properties 

Sandy 6 gravelly alluvium yields  
considerable ground water t o  wells, 
especially where p d i n g  induces 
recharge; windblown silt 6 land- 
s l i d e  deposits are not important 
aquifers but transmit precipitation 
t o  underlying material 

Physical Characterist ics 6 Distribution 

:lay, silt, sand, gravel 6 boulders 
rnderlying valley f loors  6 hillslopes;  
Lncludes alluvium, a l luv ia l  fans, 

Naternary sed- 
tmentary depo- 

ional permeability high 
because of j d h t i n g  6 rubbly con- 
tacts; rock permeability low; 
yields  large amounts of unconfined 
water t o  w e l l s  where it l ies b e l w  
the water table;  receives 6 trans- 
m i t s  recharge readily; i n t e r f l w  
sediments yield little or no water 

Paft formation Partly consolidated clay, silt, sand, 
6 gravel; underlies much of Raft R i v e r  
Valley floor; crops out near mouth of 
river 

Lacustrine facies  yields mall 
amount of water t o  domestic wells; 
elsewhere is a good aquifer 

Strat i f ied sedimentary 6 volcanic rock 
including clay, sandstone, conglbarer- 
ate,  ash, and volcanic flow rocks; ex-, 

morphosed sediments 6 granitics:  folded 
& faulted; crop out i n  hillssurrounding 
va 1 ley 

Jo in t s  6 f a u l t s  in f l w s ,  welded 
tu f f ,  coarse-grained ash beds, sand 
6 gravel yield small t o  d e r a t e  
amounts of water; nonpermeable al- 
tered beds 6 some f a u l t s  contro 
ground water movement; importan 
ar tes ian aquifer locally. 

Salt Lake group 

Pre-Tart iary 
rocks 

Generally very f w  permeability; 
fractured rock yields small amounts 
of water; important chiefly a s  base 
ment rock i n  transmitting water fro1 
catchment area t o  lowlands 

Source: Walker, et  al. (1970). Hundorff, Crosthwaite. and Kilburn (1964) and Crosthwaite (1957) 



0 Pre-Tertiary Rocks. The oldest rocks of the area 0 6 5  
million years) are a diverse group of metamorphic rocks - quartzite, 
marble, schist - consolidated sedimentary rocks such as limestone, 
sandstone, shale, and chert, and igneous granitic rocks. 
the pre-tertiary group are rocks of the Cassia batholith, Phosphoria and 

Included in 

! 

Wells Formation, Harrison series, and undifferentiated rocks of Missis- 
sippian and Cambrain age. 
ground water occurs in them chiefly in open joints or solutions cavities 
in the limestones. 
surrounding the valley and are found at considerable depth beneath the 
valley. 
surface runoff to the valleys, lowland areas, and aquifers. 

These rocks are generally impermeable, and 

The pre-tertiary rock crop out in the mountains 

They form the "basement" rock of the area and tend to divert 

0 Salt Lake Group. The Salt Lake group, a term suggested by 
Crosthwaite (personal communication, 1978) for those Pliocene and Miocene 

i sedimentary and volcanic rocks mapped by others as Payette or Salt Lake 
Formation (Anderson, 1931; Nace and others, 1961; Walker et al., 1974, 

1976), quartz latite (Anderson, 1931), and volcanic domes and welded 
tuff (Williams et al., 1974, 1976). 
thick where it is exposed in the Malta Range and more than 4000 feet 
thick beneath the southern end of Raft River Valley (Prestwich, personal 
communication, 1978). Thinner sections blanket parts of the Sublett and 

The unit is at least 2500 feet 

Black Pine Ranges. I 

t 
I i 

For the purpose of this report, the Salt Lake group is divided, 
1) the upper where known, into four members (after Walker et al., 1970): 

member consist of welded tuff, glassy latite or rhyolite, and some I 

interbedded sand and tuff; 2) a volcanic member chiefly of flow rocks; 3) a 
sedimentary member of landslide debris, sand, silt, conglomerate, and 
some fresh-water limestone; 4) and a lower member predominantly of welded 
tuff. 
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Most of the we produce water from 'the Salt Lake group 
i 

penetrate only beds of , conglomerate, and occasional layers of 
clayey silt and volcan 
grohd water aquifer of the group. 

cks. The upper member is the principal 
Medium yield of water to wells in 

the Salt Lake group is about 1600 gpm (Walker et al. , 1970). 

0 "  Raft Formation is a sedimentary deposit 
of middle or late Pleistocene age that underlies much 
Valley lowlands but crops 
was first identified by Stearns et al., (1938) as the Raft Lake Beds, 
but the name has since been 
alluvial and possibly fluvi 

of the Raft River 
only at the north end of the valley. It 

nged to Raft Formation to reflect the 
cia1 facies in the unit. The formation 

f thin bedded and interlensed, unconsolidated and semiconsoli- 
the proportion of coarse grained 
acustrine.beds have low perme- 
has been obtained from the 

dated clay, silt, san 
material increasing t 
ability, but good gro 
alluvial portions of 

is difficult to determine 
because the contact with w d  
defined, but it is believed to be less than 1000 feet thick (Prestwich, 

ng Salt Lake group is often poorly 

ke River Plain 
re is contempo 



0 Quaternary Sedimentary Deposits. Geologically recent, 
unconsolidated silt, sand, and gravel blanket much of the present landscape 
of the Raft River area. Mapped only in those areas were thickly accumu- 
lated, this unit consists of alluyial, fan, landslide, glacial, and 
wind-blown deposits. Where the deposits have been transported long 
distances, they are well sorted and stratified; where transportation has 
not been great, they are poorly sorted, jumbled, and coarser grained. 
Only in the vicinity of the KGRA has sufficiently detailed mapping 
allowed subdivision of the unit. 

' 

0 Soils. The various soil types developed in Raft River 
Valley and their general characteristics are listed on Table 2; their 
distribution is indicated on Figure 4. 
Valley are classified as loams, meaning a mixture of clay, silt, sand,, 

All soils in the Raft River 

and organic matter; all are moderate to well drained; and most are more 
saline-alkaline than normal. The texture varies with distance from 
parent material. 
the lowest permeability, is in the narrow Cassia Creek valley, along the 
Raft River flood plain, and in the central portion of Raft River Valley. 

The greatest concentration of clay loam and likewise 

2.2.2 Structure 

The overall structure of the Raft River Valley is believed to 
be that of a graben, downdropped along a series of steeply dipping, 
north-trending normal faults, as shown in the cross sections of Figure 5. 
Downwarping of-the Tertiary and Quaternary sediments within the basin 
has also occurred over the course of geologic time. 

With the exception of the Jim Sage Mountains, where detailed 
mapping has been done, only reconnaissance geologic mapping has been 
completed. 
in the mountain ranges), reflects mainly the level of effort of original 

Consequently, the fault pattern shown on Figure 3 (especially 
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loam loan, alkali, moderately well to 
well-drained 
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Depth 
(inches) 

20-4Qt 

20-404- 

<40 

4ot  

Underlying 
Restrictive material 

Layers (40-96") 

none to clay silty clay, 
layer or in- loam, gravel, 
durated cal- cobble 
iche below 

40" 

none to clay silty clay, 
layer below loam, gravel, 

46' cobble 

none to bed- gravel, bed- 
rock rock 

none to c- bedrock, 
pacted lime loess, gra- 
at 20-40" vel 

Surface 
Texture 6 
Uodifiers 

loam, very 
cobbly ail- 
ty clay 

loam, ail- 
ty clay 
loam, silty 
laom 

Subsoil 
Texture 6 
Modifiers 

loam, clay 
loam, very 
cobbly silty 
clay 

loam, clay 
loam, silt 
loam 

loam, rocky 
loam 

loam, silt 
loam 

Silt 10- 

silt loam. 

clay loam, 
gritty loam 

silt loam, 
clay loam, 
gravelly 
loam 

Silt 10aB 

silt loam 

4Qt 

<20 to 4Qt 

~ 

none to loess 
slightly com- 
pacted lime 
layer 

basalt, in- bedrock, 
durated cal- loess 
iche, alight- 
ly compacted 
l i m e  layer 

Table 2. Continued 

Available 
Hater holding 

Capacity 
(inches) to 48" Remarks 

'Soil 
Association 

emability 
(inchedhr) 

-05-2- 5 4.5 to >6 moderate saline-alkali, re- 
stricted permeability, well 
drained 

H 

0.2-2.5 4.5 to >6 high water table, moderate 
saline-alkali, poor to well 
drained 

well drained 

well drained 

0.2-2.5 e3 6 4 - 5 6  . 

0.8-5.0 >4.3 

0.2-2.5 >6 

C3 6 >4.5 0.2-2.5 well drained 
rocky e i l t  
Loclm 

c r 



FIGURE 4 GENERALIZED SOCIATION MAP OF RAFT R 
SEE EXPLASATION ON FOLLOWING PAGE 
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Soil Association 

A 

' B  

D 

E 

F 

H 

I 

J 

K 

0 

P 

C 

EXPLANATION 

Physiographic unit 

Alluvial plains and fans 

Alluvial fans or pediments 

Bottoms and Terraces 

Alluvial fans 

Alluvial fans and terraces 

Alluvial fans and plains 

Bottoms. alluvial fans, and terraces 

Alluvial fans 

Toe slopes and alluvial fans 

Loess sheet 

Loess sheet 

Hills and mountains 

Notes 
1) Topogr8phic ba6e from a portion of U.S. Geological Survey 

1:250,000 aup, Pocatello, Idaho 

2) From Chugg et. al. (1967) 

Slope 

0 - 4% 

0-127. 

0-4% 

0-127. 

0-47. 

0-4% 

0-47. 

4-12% 

4-20% 

0-20% 

0-12% 

Figure 4 
Generalized Soil Association 
~ a p  Qf Raft River Valley area 

cd 
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mapping. 

shown, but because these rocks do not form important aquifers, mapping 
has delineated only the major faul ts .  The many f au l t s  shown i n  the J i m  
Sage Mountains a re  the resu l t  of detailed geologic mapping i n  tha t  area 

and do not necessarily r e f l ec t  a greater degree of tectonic act ivi ty .  

Pre-tert iary rocks are  probably more extensively faulted than 

Folds and f au l t s  i n  the region generally have a northeast t o  
northwest trend except i n  the Raft River Range a t  the south edge of the 
valley. This range is an antiform whose axis  trends east-west; i ts  

northern flank i s  cut by east-west-trending normal fau l t s .  

Sublett  and Black Pine Ranges, the folded pre-Tertiary rocks have been 

of fse t  several thousand feet by normal and thrus t  fau l t s .  
s t r a t a  show less deformation, and dip gently towards the valley. 

In  the 

The Tertiary 

The Malta Range west of the valley is  a t i l t e d  block with a 
steep eastern scarp produced by re la t ive  downdropping of Raft River 
Valley. 

3000 f e e t  (Anderson, 1931). 
degrees eas t  on the f a u l t  plane near Bridge (the "Bridge faul t"  i n  
Figure 3). One hot spring and one hot w e l l  a re  located near the f a u l t  
here, and the Raft River geothermal wells a re  located t o  penetrate the 

intersection of t h i s  f a u l t  and the Narrows structure.  

Displacement along t h i s  bounding f a u l t  i s  probably greater than 

Kunze e t  a l . ,  (1975) report  a dip of 60 

. .  

Two other f au l t s  a re  of major significance i n  the Raft River 
These are  the Narrows Structure and a s t r ike-s l ip  f a u l t  through Valley. 

the central  par t  of the valley. 

extends from the south end of the Jim Sage Mountains t o  the north end of 

the Black Pine Range. I t  is believed t o  be a major shear zone probably 

of r ight- la teral  faul t ing (Williams e t  a l . ,  1975), confined t o  the  pre- 
t e r t i a r y  rocks. 

the Raft River KGRA (Prestwich, personal communication, 1978). 

s t r ike-s l ip  f a u l t  crossing the valley near Malta has apparently produced the 

The Narrows Structure (see Figure 3 )  

It may be the source s t ructure  of geothermal heat i n  

The 
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L, 
right-lateral shift of the Cotterel Mountains and Sublett Range with 
respect to the Jim Sage Mountains and Black Pine Range. 
mapped by Williams et al., (1976); its precise location and nature are 
not presently known. 

This fault was 

Normal faulting with similar orientation to that which has 
displaced the tertiary rocks has 
cene time and displaced quaternary sediments and basalt. 
River downwarp’has tilted these rocks 5 to 8 degrees to the north near 
the mouth of the valley. 

ntinued through middle to late pleisto- 
The Snake 

I The present-day structure s depicted on the geologic cross 
sections, Figure 5, is basically that of a downdropped and downwarped 
block surrounded by norma hree sides. Over the course of 
geologic time, thick depos 
the basin and form the p 

ermeable material have accumulated in 
rce of ground water. 

2.2.3 Tectonic History 

The earliest f tectonic stress on the Raft River 
area are recorded 5n the pre- 
in these strata indica 
stress from the west and s 
during the Laramide rev 

The folding and faulting 
strong compression with maximum 

ces were probably 

ended by a tensional 
Magma was int 

The end result of these s 

In Pleistocene an 

Plains area. Some of 



create a higher base level for the accumulation of sediments in the 
valley. 

Evidence of alpine Pleistocene glaciation is vaguely seen in 
the Black Pine Range (Anderson, 1931), but the valley was probably not 
covered by ice. 

Tensional faulting, volcanic activity, erosion, and deposition 
has continued through latest Pleistocene. 
seismically stable period with little abnormal geologic stress being 
manifested in the valley, although Zoback and Thompson (1978) indicate 
the Basin and Range Province as a whole is presently undergoing extension 
along a N6S0W-S65 (+20°) trend. 

The Holocene seems to be a 

2.2.4 Holocene Tectonism 

The Raft River Valley is located within the Basin and Range 
Province, an area generally associated with current tectonic activity, 
and adjacent to both the Intermountain Seismic Belt, a broad area of 
intense historic tectonism and macroseismicity, and the generally aseismic 
Snake River Plain. This information, together with the basic geologic 
framework, suggests that the area has a high rate of Holocene (>11,000 
years before present) tectonism. 

Detailed studies have shown that several faults have offset 
Pleistocene (2,000,000-11,000 years before present) alluvial fans in the 
southern end of the valley (see Figure 3). 
these faults was several hundred thousand years ago (Williams et al., 
1976). 
but lack of detailed geologic mapping has not yet permitted its identifica- 
tion. 

The most recent movement on 

It is likely that similar faulting occurs in the northern valley, 
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- The only case of appa nt Holocene tectonic deformation was 
reported by Lofgren (1975) 
along precisely leveled lines, he has discovered as much as 0.21 foot of 
uplift in the forty year.period between 1934 and 1974. .This movement is 
confined to the Cassia Creek area between the Cotterel and Jim Sage 
Mountains. 
but a strike-slip fault is shown in that area by Williams et al., (1976), 
and some indications of faulting have been observed in the bedrock of 
that area by recent investigators (Crosthwaite, -personal communication, 
1978). 

By studying vertical elevation changes 

The pattern of this deformation is not clearly understood, 

No historic macroseismic activity has occurred within the Raft 
River Valley (Kumamoto, 1976). The nearest (and only) events recorded 
i n  Cassia,County are listed below: 

COORDINATES RICHTER MAGNITUDE (M) 
March 12, 1934 42.0°N/114.00W 
November 19, 1937 42.1°N/113.90W 
December 1973 42.2°N/113.750W 1.5-2.5 

ithin 0.1*, or approximately 210 km, 
at best;: No focal depths cou 

recorded on only a 

e Raft River Geothermal Prospect ' 
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L dis tan t  events were recorded daily. 
from -0.45 M t o  +0.17 M and included one swarm of four events. Kumamoto 

(1976, p. 34) concludes "The seismicity ra te  of the Raft River Prospect, 
less than 0.2 events per day (M greater than 0 . 0 )  , i s  extremely low and 
categorizes the area as  being seismically more akin t o  the Snake River 
Plain than t o  the Intermountain Seismic Belt." 

These events ranged i n  magnitude 

The Idaho National Engineering Laboratory and EG&G-Idaho, Inc. 
have operated a microseismic network fo r  the past  four years i n  conjunction 
with t h e i r  work on the Raft River KGRA. 
event has been detected with H greater than 1.6 (Spencer, personal 
communication, 1978). 

1 Hz. ver t ica l  geophones, although only two were operating as  of March 
1978. 
spring 1978, and attempts a re  being made t o  convert t o  a t r i -ax is  system. 

Within t h i s  time, only one 

The system currently consists of three Sprengnether 

The system w i l l  be expanded t o  four s ta t ions set i n  bedrock by 

2.3 RESERVOIR CHARACTERISTICS 

2.3.1 Regional Geohydrology 

The Raft River drainage basin encompasses about 1560 square 
About 715 square miles of t h i s  i s  i n  the Raft River Valley sub- miles. 

basin, about 740 square miles i n  upstream and bordering t r ibu tary  areas, 

and about 175 square miles i n  the Snake River Plain (see Figure 1). 
The climate ranges from humid t o  subhumid i n  the higher mountains and t o  
semiarid on the valley floor.  

A l l  the water entering i n  the Raft River basin originates as 

snow or  ra in  f a l l i ng  within the basin. A par t  of t h i s  precipi ta t ion i s  
returned d i rec t ly  t o  the atmosphere as evaporation and transpiration; a 
pa r t  replaces depleted s o i l  moisture; a par t  goes in to  ground water 
storage; and the remaipder leaves the basin as  streamflow and ground 
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water outflow. 

evaporation and transpiration. 
fo r  the  e n t i r e  Raft River basin (Walker e t  a l . ,  1970) i s  140,000 acre- 

f e e t  and f o r  the Raft’ River Valley subarea 27,700 acre-feet. 

annual precipi ta t ion ranges from. l e s s  than 10 inches on the  central  p a r t  
of the val ley f loor  t o  more than 30 inches near the summits of the  

Water yield i s  the t o t a l  average annual input minus U 
The most recent estimate of water yield 

The average 

mountains where it occurs mainly as  snow. 
precipi ta t ion is on Figure.6. Average annual precipita- 

The seasonal dis t r ibu-  

t i on  over the en t i r e  basinqis 0 inches or  1,280,000 acre-feet  of 

r (Walker e t  a l . ,  1970). 

Although i n  i t s  condition the Raft River maintained 
flow throughout i t s  e n t i r e  diversions fo r  and a lowered 
water tab le  have caused flow ase i n  summer r Bridge. 

A t  the  present time, the r 
natural  conditions, about i r d  of the water yield (47,000 acre- 
fee t )  moves in to  the cent ra l  valleys as  surface flow (Walker e t  a l . ,  

a ins  dry nearly t o  i t s  mouth. Under 

1970). Most of the remainin i r d s  (93,000 acre’f 

and through the va The Raft River Valley therefore 

, as  runoff f peripheral  . . 

mountains, from surface f l  a f t  River and i ts  t r ibu ta r i e s ,  and 

a s  underflow from the Uppe Most of the ground water er basin. 

then flows through the genera eable va l l ey - f i l l  ‘deposiis, from 
ts  f o r  i r r iga t ion  and domestic it is pumped i n  increa 

use. 

The Raft River ystem is probably the r 
rculat ion of gro a jo r  fau l t s .  W i l l i  

(1976) propose a model r i c  water co l lec ts  i 
rmation Rocks) i n  

U 
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’ I 25-inch preclpltutlon belt for Alblan and Sublett Ranges 
3 

Siuthetn Raft River ralley (south of Malta) 11.10-Inches I 
0 I I 
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. 

FIGURE 6 GENERALIZED SEASONAL PRECIPITATION DISTRIBUTION FOR 
DIFFERENT PARTS OF THE RAFT RIVER BASIN (from Walker, 
et al, ’ 1970) 
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to heat it to 145OC.' The heated water then migrates upward along the 
Narrows structure and along north-trending faults. Wells intersecting hd 
these structures or springs aligned along them provide an outlet for 
these heated water. -The conduit system includes not only these faults, 
but also permeable aquifers in the Salt Lake Formation, fractured zones 
in the Precambrain rocks, and perhaps thrust faults in the pre-tertiary 
rocks. 
tritium analysis indicates all thermal water is pre-1952 in origin 
(Stoker et al, , 1977). 

The time required for circulation of the water is unknown, but 

I 

The hydraulic continuity between geothermal and cool, near 
surface water is unconfirme 
within the basin. The occu 
wells scattered throughout th 
from- a deep petroleum explora 
1976) suggests that the geot 
Bridge area. It is likely t 
are in hydraulic continuity, 
only in zones of high permeabil 

but both waters originate as precipitation 
nce of warm water in springs and shallow 

t River area and 7OoC wa 
well near Malta (William 
resource is not confined to the 
re that the geothermal and cool waters 
hat free mixing of the two occurs 

2.3.2 Reservoir Geometry 

Although that Raft ainage includes several ground 
water basins, subs ithdrawal has occurred only 

race area of ab 
The ground 'water s valley includ l 

ions of Cenz ake River basalt, Raft Formation, 
depth of more tha 

e than 7000 feet 

, 
east; and the S 

at the north. 
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Total capacity of the near surface (domestic and i r r igat ion)  
aquifer i s  about 12 million acre-feet; the capacity below the near 
surface, but above the geothermal aquifer, is  about 50 million acre- 
feet ;  and the inferred capacity of the geothermal aquifer i s  about 
288,000 acre-feet (Stoker, e t  a l . ,  1977). 

The extent and shape of the geothermal reservoir i n  the Raft 
River area have not yet  been fu l ly  determined. 
describe the geothermal "reservoir" as having a thickness ranging from 
900 f ee t  t o  1750 f ee t ,  averaging 1200 feet .  
lower par t  of the Sa l t  Lake Formation and some "basement" rocks. 
effective permeable producing thickness is  about 600 feet .  
extent of the geothermal reservoir i s  about 5 square miles. 

Stoker e t  a l . ,  (1977) 

This includes mostly the 
The 

The apparent 

c 

Contour maps showing the general shape of the water table  i n  
Raft River Valley have been published since 1936. 
these maps i s  for  1966 and is shown on Figure 7,  along with the boundary 
of the Raft River Valley basin. Geologic cross sections A-A', B-B', and 
C-C' on Figure 5 show the 1966 water table  re la t ive  t o  geologic conditions. 
Figure 23 indicates i n  par t  the depth of the water table  along 3ighway 
30s. 

The most'recent of 

The depth t o  ground water ranges from 0 f ee t  near par t s  of the 
Raft River t o  more than 400 feet, but is generally less than 150 feet .  
Ground water is  deepest i n  three areas: 1) beneath the a l luv ia l  apron 
eas t  of Jim Sage Mountains where the depth t o  water increases toward the 
west from 150 f ee t  t o  more than 400 feet ;  2) a long, narrow s t r i p  beneath 
the a l luv ia l  fans along the eastern margin of the valley where the water 
table  depth ranges from 150 t o  300 feet ;  and 3) a t  the north end of the 

valley beneath the Snake River basal t  where the water depth is more than 
250 fee t .  

of the land surface, and varying depths t o  ground water r e f l ec t  the 
The slope of the water table  i s  much f l a t t e r  than the slope 
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W FIGURE 7 SPRING 1966 WATER LEVEL IN THE RAFT RIVER VALLEY 
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u difference in these slopes rather than different ground water bodies. 
overall northward gradient of the water table is about 15 feet per mile. 

The 

Depth to the base of the ground water reservoir is known only 
at a few points in the central valley area. 
RRGE-1, 2, and-3 penetrated basement rock (quartz schist) at depths of 
4595 to 5400 feet at the south end of the valley. 
along with geophysical data were used by Williams et al., (1976) to draw 
their crass section (D-D', Figure 5). 
head of the valley, so an overall average depth at valley centerline may 
be on the order of 6500 feet. 
about 2 miles south of Malta (see Figure 16 for location) and probably 
reached basement rock, but the details of this boring are unknown (Stoker, 
personal communication, 1978). 

Geothermal tests wells 

These intercepts 

This section was drawn near the 

One petroleum exploration well was drilled 

2.3.3 Overburden Properties 

Overburden for the shallow ground water basin may include 
soil, alluvium, Raft Formation, or Snake River basalt. The geothermal 
reservoir is overlain by soil, alluvium, Raft Formation, and the upper 
sections of the Salt Lake group. These overburden materials, with the 
exception of soils, also compose the ground water reservoir; they have 
been described previously in the Geology section and will be discussed 
in further detail in the following section. 

2.3.4 Groundwater Reservoir Material Properties 

Alluvium, Snake River basalt, Raft Formation, and the upper 
unit of the Salt Lake Formation constitute the main water-bearing units 
in the Raft River Valley. 
Salt Lake Formation are probably relatively impermeable (Walker, 1970) 
and generally are not penetrated by most irrigation wells. 

The volcanic (middle) and lower units of the 

These units 
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. have recently been exploited as sources of geothermal water. 

description of the geologic 
has been given in the secti on stratigraphy. Unfortunately, little 
additional detail exists on the sedi otologic, consolidation, alteration, 
and deformation properties of these 

A general ' 

nd water-bearing properties of these units 
LJ 

* 

The most detailed lithologic description of the main water- 
~ 

bearing units is from the part of Raft River Valley, near the 
geothermal development. 
Raft Formation,. and upper Salt Lake Formation (Table 3) 
can be pieced together from 
the interlensing and facies 
not be duplicated elsewhere in the basin, but should serve as the best 
approximation to date. * 

Here a detailed stratigraphic column of alluvium, 

ork of Crosthwaite (1976). Because of 
es of these units, this section will 

By studying drillers' logs of water wells, approximate contacts 
between geologic units may b 

Walker et al., (1970) has used ata to produce isopachous (equal 
thickness) maps of the principal -bearing units. These maps are 
duplicated as Figures 8 to 11. 
tend to be thickest beneat 

d and their thickness estimated. 

course of the Raft River except 
he thick sediments follow the 

original river c 

rn are r 

r yield and sp ield per foot of dra 
s in the Raft River Va 

L, 

listed on Table 4. The specific yield (the ratio of the volume of water 
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Table 3 COMPOSITE STRATIGRAPHIC 
DEPTH CORE HOLES IN THE 
(Data from Crosthwaite, 

k s c r l p r l o n  

20 Locss u l r h  30-4of rhynllre. anaular to subrounded 
.) 3/&4 lacllcs (1-10 en) sI80 rmge. 

170 

243 

SI3 

'980 

Anplar c rawl .  h b b l c s  ad cobbles oC rhyn l l t r  
ulrb n l iwr  amounts of tuf t .  dolmltc.  IIrerLonu. 
md qu..rtrtta: mlxlng probably ladleaccn lntcr-  
boaJJcd Can travels and Rnft R l w r  eravels. 
is tan s i l t  to randy #Ut, son-calcarmun. 

PNT(?)FORMTIO3 Clay. Tan, uady, non-calcsrecur. 
Scattered p b b l r s  o f  tuff, quartrite. a d  rhycl l te 
bela, 170 It. (S2m). ?ebb)cm are angular to rub- 
rounded and up t o  0.8 In  (2cm) I n  s l u .  Thln, 
~ray l r l r uh l te ,  ash bods locally. 

Sandstone. tan co gray-broun. coirw t o  fino: nlnor 
allc. clay, and gravel bcd a feu en thlck. 
cerr f  pebbles of rhyolite a d  tuff throujihaat. 
?sr.(eIca m t l y  rhyo l t te  both glassy and da r i t r l -  
ficd. quartz. feldspdr. cuff and 81a.s shards. 

Sadstone. ecmaLParrte. *Ut, and clay, lntcr- 
bedded; tan to  ecJy-brOwI. alaor ca rb ta tc  ceomc. 
and craeas u l  rarbonirrd plant rFlillns. Clasts 
arc p r i aa r l l y  rbyo l l te  and t d C .  
are mostly rhyollta. both glassy md dcr l t r l f led .  
y-.rr. i8Ai.p4l. tui i .  and aaass snards. 

SALT LATS +-TIO!4. L ! R  ?ART Coa8lorrratu. 
gray. w l l  ccrnced. subangular to subrounded pcb- 
blcs of r h p l l t c ,  q tu r t r l t c .  cul l .  and limestone. 
up to 2 In. OCI). ?mu thln sandstone beds. pray. 
d l u a  to flm 8ralrr .  concalnlnfl I lwstmc prbles 
to  3 / L  An. (2~1). l h - c a l c a r r a u .  

?(airax 

Ycnt- 

Sarllrr pr r r le les  

1040 Siltstone. gray to  @raygrc..a. slightly calcarrous. 
Thla w r y  f ine sandstom ulth abundanr b lo t l t e  
throu&out. 

1101 Smdstar,  gray. wbrundrd t o  -gular mcdlin to  
CMrse gralns. 
011te up to 2-112 1.. (-1 nd calcarcoun ctrv 
ba l l s  up to l - l l t  In. ( 4 a ) .  t y r i t o  a d  calclra 
throughout. 

S c a t t c r d  r d d  pcbhlcs of  rhy- 

1191 Slltsrono Intorbddcd ulth flm aandsio~. *reen 
to  Rray-breun. R m - c n k u m r s .  m y  .*Il, 1.1p.n 
anglu fau l ts  cameneed ulth calcltc and stllrr. 

I232 

COLUMN FROM INTERPIEDIATE 
RAFT RIVER GEOTHERMAL AREA 
1976) 

L JSO 

1436 

1518 

1162 

Sadston.; 8ray-ween. diu3 gratned, subanaular 
t o  subrounded. clear LO trostod. l.l&ht pray n o r  
ulearaous slay*. u t r l x .  Abundant pyr l ta.  k a y  
open fraccuros ccntalnlnq calclte and sll lea.  
Awrase t o t a l  (Mreslcr 0 36.5%: aversgo effacclve 
porosity - 32.62. 
Slltscone-aandscma toterbcdded. l l g h t  $ray-8rem 
sl lcr tonr,  sl l lccwo cment. Snnd#tune. md lun  
&r r lwd,  Crcnted. riibin!;ul.ir to nubrmindrd. s l l ~ l i t -  
l y  calrrrcous tu non-calearcaus. 
Ha.* ope- fractures ultli wlcltr and r l l l c r .  Abun- 
dant carbunsccws l u t c r l r l .  Areraw t o t a l  pOrn*lty - 4L.11; average e[fecclvu poroslty - 40.52. 

Ssndsc-lltstaic-r Iayscmr lnterbcddcd. %ray 
14 color. S a d  IS d t u m  cs f ine y.ratmd .iid cat- 
crrcnia. .\bund.tnt carbiureeu+ %it&rl.il. Avc*r.lce 
tot.11 poroslcy - 85.X: ava-racm df.etlvn poroslcy - 31.5%. 

.\bidan: pyr l t r .  

E 



FIGURE 8 APPROX’IMATE THICKNESS OF COMBINED ALLUVIUM, BASALT, AND 
RAFT FORMATION WHERE THESE CONSTITUTE PRINCIPAL AQUIFIERS 
(from Walker,et al, 1970) 



a 

FIGURE 9 APPROXIMATE THICKNESS OF HOST PERMEABLE DEPOSITS IN THE 
COMBINED ALLUVIUM, BASALT, AND RAFT FORMATION (from 
Walker, et al, 1970) 
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from Walker, e t  al, 1970) 
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FIGURE 11 APPROXIMATE THICKNESS OF ALL PRINCIPAL WATER-BEARING 
DEPOSITS IN THE RAFT RIVER SUBBASIN (from Walker, e t  al, 
1970) 
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Table 4. YIELDS AND SPECIFIC CAPACITIES OF WATER WEUS 
I N  THE RAFT RIVER BASIN 

Yie ld  (gpm) Specific capacity 
Formation No. of Aver- Median No.  of Aver- Median 

tests age tests age 
~~~ 

Limestone of 
pre-Tertiary age 2 22.5 - 

Upper unit of the 
Salt Lake Forma- 
tion 9 27 19 

Raft Formation 64 32 25 

Basalt of Snake 
River Group 4 250 - 



which a deposit will yield by gravity, after being saturated, to the 
volume of the deposits drained) for various materials in the Raft River 
basin is listed in Table 5. A map showing the distribution and average 

specific yield of water-bearing deposits in the Raft River Valley is 
shown on Figure 12. 

Permeability, bulk density, grain density, porosity, and 
effective water porosity for some of the deep materials in the Raft 
River KGRA are listed on Tables 6 and 7. 
shown on Figure 13. 

Locations of these samples are 

I 

2.3.5 Water Characteristics 

Several chemically distinct types of ground water are pumped 
from wells in the Raft River Valley. 
variations in the water's history since its meteoric origin. 
variations are man-made, such as the change in irrigation water returned 
to the water table. The chemical quality of water from selected stream, 
spring, and well locations is shown diagrammatically on Figure 14. Also 
indicated are the boundaries of some of the distinct ground water types. 

These differences are due to 
Some 

One large body of ground water extends through the lowlands 
the full length of the valley. 
chemically to surface water in the Raft River. 
concentration ranges from 600 to 1000 mg/l, the salinity hazard for 
agricultural uses is high, and the silica (Si02) content ranges from 30 
to 70 mg/l. 

This water appears to be closely related 
Its dissolved-solids 

The most extensive body of characteristic ground water is 
beneath and within the alluvial fans on the east side of the valley. 
The distinguishing characteristic of this water is that it has a total 
dissolved solids concentration ranging from about 320 to 500 mg/l (medium 
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Table 5. ESTIMATED SPECIFIC YIELD OF WATER-BEARING SEDIMENTS 
I N  RAFT RIVER BASIN 

Material Range % Average X 

Clay 1- 5 2 

Sandy Clay 3-12 7 

Fine Sand 10-32' ' 21 

S i l t  3-12 8 

Medium Sand 15-32 26 

Coarse Sand 20-35 27 

Gravelly Sand 20-35 25 

Fine Gravel 17-35 25 

Medium Gravel 13-26 23 

Coarse Gravel 12-26 22 
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EXPLANATION 

0 0 -  

Raft River bas in  boundary 

Boundary of Raft River v a l l e y  
subbasin ground-water s torage  u n i t  

Spec i f i c  y i c ld  of t h i n  sa tu ra t ed  
alluvium about 10 percent 

LF] ._.. . . .:. . _........ ._.... . ., 
.' .:. .:..:. . . . . . ... . . ...... .:. . . 

.I.._._ :. __ ... 

Spec i f i c  y i e ld  of t h e  shallow depos i t s  
about 20 percent and of the  despos i t s  
deeper than about 25 f e e t  below t h e  
1966 water t a b l e  about 10 percent.  

2::'.:;f...-.- 
;::.>:..-::;? El .. *>.- *:.- 

Spec i f i c  y i e ld  of t he  alluvium and Raf 
Formation about 20 percent t o  a depth of 
about SO f e e t  below the  1966 water t ab le ;  
about 15 percent f o r  deeper depos i t s .  

Specif I C  y i e l d  of t h e  most permeable depos i t s  
i n  the  alluvium and Raft  Formation about 20 
percent to  a depth of about 100 f e e t  below 
the  1966 water t ab le ;  about 15 percent f o r  
depos i t s  100-200 f e e t  below the  
tab le .  

FIGURE 12 ESTIMATED AVERAGE SPECIFIC YIELD OF WATER-BEARING DEPOSITS IN 
RAFT RIVER VALLEY (from Walker, et al, 1970) 

.._ 
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Table 6 RAFT RIVER GEOTHERMAL EXPLORATORY 
WELL CORE PERMEABILITIES 

Permeability 
Well Depth, KB (Millidarcies) Rock Type 

4,227 ft .003 - .04 (cap) Silts tone RRGE-1 

Tuffaceous RRGE-1 4,506 ft 5.0 

RRGE-2 . 4,372 ft 0 

Siltstone 

0022 (cap) Shale 
, 

a 25 Sandstone 

Tuffaceous 

Tuffaceous 
Siltstone 

w 
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1 1.53 

1 2.31 

11.97 

I 33.1 

1 38.3 

1' 14.4 

Table 7 PHYSICAL PROPERTIES OF RAFT RIVER GEOTHERMAL WELL CORES 
(from Stoker et al, 1977) 

WET 
BULK 
DENSITY 
(GM/CC) 

WET 
BULK 
DENS I TY 
(GM/CC) 

FF. 
ATER 
OROS I TY 

(%I 
GRA I N 
DENSITY 
(GM/CC) 

TOTAL 
POROSITY 

(%I SAMPLE 

RRGE-1 4500.5' 1.88 2.62 28.8 

17.6 

28.8 

14.3 4518.0' 2.20 2.67 
~ 

4687 . 0' 2.73 2.79 2.2 0.8 
~~ ~~~ 

RRGE-2 3728.4' 

- 

2.16 

~ 

2. 66 18.8 13.2 

15.0 

17.4 

c 
H 
I 
& 
0 

4223.8' 2.07 

2.20 

2.66 22.2 

4227.0' 2.29 2.72 19.3 

13.6 14.5 

2.7 

4373.0' 

6560.0' 

2.67 

2.64 

2.28 

2.57 0.8 

2.60 RRGE-3A (L) 3365.0' 11.3 1.74 

2.48 34.7 3365 . 0' 
2.70 9.1 RRGE-3C 4994.0' 

2.66 23.0 5273.0' 

5550.5' 2.70 I 2.2 1.2 

C c 
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salinity hazard). The qu 
of the area and in spri 
underlying ground wate 
the Raft'River Mountains and along the east flank of the Malt 

of the water found in the various springs 
ublett Creek is almost identical to the 
at ground water occurs along the base of 

u 

80 mg/l. 
Most of the water is very hard. Silica content ranges from about 15 to 

The ground water pumped from beneath the Cassia Creek fan is 
similar to the water of Cassia Creek. 'The shallow water generally has a 

ed solids concentr 320 mg/l, or less, and so has 
only a medium salinity hazard. 

A local body of ineralized ground water occurs in 
Calcium is the predominant the northern part of the Raft 

cation in this water, p 
sodium 'hazard for irrig 
high. The dissolved-solids ration ranges from 1500 to 3400 mg/l 
so the salinity hazard is v 
in this area is unknown, but it p 
water. Water temperature is no 
The dissolved-solids co out the same as that in thermal 
flowing wells; however, 

a few wells north of Idahome, so the 
, and the hardness' is exceedingly 

he source of the mineralization 
ly is from recirculated irrigation 

for the-ground water of the area. 

centage is much lower. 

Geothermal water flo artesian pressure fr 
of Bridge. The wat 
C) to 211O F (99O 

, 1961). A comparison cal analyses of wa 

wells and at least one spring s 
low wells ranges from 

ese wells with water e cold-water wells in the valley is 
Table 8. Fraizer Spring (near Bridge) flows at 120 

for irrigation (Wa 
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Table 8 CHEMICAL ANALYSES OF WATER FROM SELECT WELLS 
W 

IN TKE RAFT RIVER VALLEY (from Nace and others, 1961) 

Analyses by Geological [Chemical constituents in parts per million. 
Survey and Idaho Department of Public Health] 

Well .................... 10s-25E- 11s-26E- 13s-27E- 15s-26E- 15s-26E- 
lObal 14abl 23bbl 

Depth of well (feet) 
Date of collection 
Temperature (OF) 
Silica (Si02) 
Iron (Fe) 
Calcium (Ca) 
Magnesium (Mg) 
Sodium (Na) and Potassium (K) 
Bicarbonate (HC03) 
Sulfate ( SO4) 
Chloride (Cl) 
Flouride (F) 
Nitrate (NO3) 
Boron (B) 
Dissolved solids: 
Parts per million 
Tons per acre-foot 

Hardness as CaC03: 
Total 
Noncarbonate 

Percent Sodium 
Sodium-adsorption ratio 
Residual sodium carbonate 
Specific conductance 

PH 

(micromhos at 25%) 

' 175 
4-8-49 

57 
44 
-- 
60 
40 
39 

242 
56 

I '157 ' 28 
6-9-49 6-25-47 

54 49 
54 
_- . 14 
59 59 
11 18 
49 240 

151 220 
26 54 

-- 

98 105 360 
u .4 .1 

3.5 .3 -- 
. 02 m o  _- 

414 540 
49 

199 211 
82 84 
-- -0 

52 125 
1.7 3.3 
530 1,070 
58 45 
59 64 
820 1,800 
8.9 6.0 

.O 1.0 
05 04 

460 
-63 

3 14 
116 
21 
1.0 
. 00 
780 
0- 

379 618 
. 52 . 84 
192 221 
68 41 
36 70 
1. 5 7.0 
. 00 . 00 

658 u 

- 7.7 
s 

1,580 3,180 
2.2 4.32 

136 326 
89 288 
90 88 
20 26 

.. 00 . 00 
2,920 6,010 

'Water- table well. 
'Artesian well. 
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400 gpm under-artesian pressur ( K u n z e  and Miller, 1977). The general 
characteristics of these three wells are indicated on Table 9, and a 
comparison of the chemical analyses of the water produced by each well 

Lt 

with that from the Raft River and from two shallow thermal wells are 
shown on Table 10. 

, 

In general, the the ater is high in Chloride, Fluoride, 
and Sodium and Potassium 
Dissolved solids range fr g/l. Its use as irrigation 
water would involve a very high salinity hazard and a very high sodium 

other Raft River Valley water. 



Table 9 PERTINENT C i  ICs OF RbFT RIVER 
GEoTiIEREIAL EXPLORATION ELLS 
(from Kunte and Xiller. 1977) 

RRGE #l - Completed in lhrch 1975, 5000 ft deep 
solids in water: 1700 =/liter 

Artesian Pressure: 50 psig cold 
175 psig hot 

Reservoir Temperature: 297.F (147.C) 

Flow Experience: 400 gallons per minute for 
many days with artesian 
pressure only 870 gallons 
per minute for 4 days with 
a pump, drawing down 375 ft 
below ground level 

Predicted after 10 
years of operation: 1100 gallons per minute 

with 900 ft drawdown below 
ground level 

RRGE #2 - Completed in June 1975, 6500 ft deep 
Solids in water: 1800 mglliter 

Artesian Pressure: 60 psig cold 
165 psig hot 

Reservoir Temperature: 298.F (148.C) 

Flow Experience: 400 gallons per minute for 
several days with artesian 
pressure only 

Predicted after 10 
years of operation: 800 gallons per minute 

with 900 ft drawdown 
below ground level 

URGE #3 - Completed in June 1976, 5917 ft deep 
Solids in water: 4600 =/liter 

Artesian Pressure: 40 psig cold 
140 psig hot 

Reservoir Temperature: 301.F (149.C) 

Plow Experience: 350 gallons per minute for 
a day under artesian 
pressure (291.F at surface) 

Predicted after 10 
yearr of operation: 500 gallons per minute with 

1000 it of drawdown below 
ground level 
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Chemical 
Species 

c1- 
F- 

1- 
B r- 

*HCO; 
SO; 

NO; 

m 3  
lotar 

Total 
P 

Si(OH)4 
Si 
Na 
K 
Sr 
Li 
Ca 

Mg 
PH 
Total 
Dissolve( 
Solids 

'm 
Conduc- 
tivity 
*Total 

co2 

Table LO COMPARISON OF CHEMICXL ANALYSES OF THERMAL WELLS 
. AND THE RAFT RIVER (Deviations In vg/mL) 

RRGE-I - 
- 
X - 

776 
6.32 
<1.5 

36 
63.9 
60.2 
<o. 2 

1.56 

0.023 

182 
56.6 
44 5 
31. 
1.56 
1.48 
53.5 
2.35 

1560 
.898 

3373 

33.4 
0.10 
0.03 
30.6 
0.13 
0.49 
1.91 - 

- 
sX - 
84 
.47 

.003 
0.8 
.7 

.19 

.014 

3 
6: 7 
9 
* O  

.35 
40 

.5 

.09 

0.14 
0.01 
20. a 
0.17 
0.21 

2.48 - 

RRGE- 2 -- 
- x 

708 
8.25 
a.5 
0.021 
41.3 
54.1 
GO. 2 

- 

0.60 

0.021 
0.251 
201 
61.2 
416 
33 :4 
1.03 
1.21- 
3s. 3 
6.58 

1267 
1 

0.61 

0.27 

SX - 
70 

1.06 

0.01! 
11.2 
5.1 

0.41 

0.01: 

40 
14.5 
44 
3.3 
0.32 
0.57 
8. 
0.80 

0.69 

0.56 
2 

3 - 

RXGE-3 RAFT RIVER 

- 
X - 

is3 
0.65 
(1.5 
0.06( 
172.1 
55.2 
3.8 

1.0 

0.031 

40.4 
18.7 
77 
7.7 
0.52 
0.04 
85.3 
23.9 
i.94 

- 
sx - 
70 
0.21 

0.01 
45.0 
28.0 
(0.2 

0.02 

21.0 
1.5 
26 
0.7 
0.16 
0.01 
29.6 
9.8 
0.15 

BLM W 

- 
X 

1139 
5.6 
CQ. 15 
C0.04 
83 
54 

- 

0.59 

0.27 

13 2 
46 
550 
20 
1.35 
1.4 
55 
0.2 

1640 
.870 

12.9 
0.11 
N.D. 
12.4 
0.05 
0.16 
0.15 - 

4.11 
<o. 15 
<o. 04( 

54 

142 
49 
1074 
34 
0.36 

130 
0.5 

3720 
.143 

I 

t 

*NO; 'concentrations ar 
*Conductivity is record 
X--Average Value 
- 

Sx--Standard Deviation of a single value 

from: McAtee h Allen (1972). 
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3.1 

3. PRODUCTION HISTORY AND SUBSIDENCE 

HISTORY OF DEVELOPMENT AND USE 

Probably the first permanent settlers i n  what is  now Cassia 

County were those se t t l i ng  i n  the Raft River Valley (Idaho Water Resource 
Board, 1973). 
a t t racted cattlemen. 

1883 the area had gained such prominence tha t  it was granted a post 
office.  

It  was the "lush grass of the Raft River Valley" tha t  
The first c a t t l e  arrived i n  spring 1868, and by 

Beginning i n  the 1870's, large t r a c t s  were i r r iga ted  by diversion 
of surface flow from the Raft River and i t s  t r ibu tar ies  (Shanklin, 

1977). 
t h e i r  report on ground water of the Snake River plain.  

Stearns e t  a l . ,  (1938, p. 211) have described t h i s  process i n  

"During the i r r iga t ion  season the whole r iver  i s  diverted i n  
the v ic in i ty  of Malta, and hence fo r  a short  distance the  

channel is dry. 
col lects  from i r r iga t ion  waste and ground water inflow t o  make 
it profi table  t o  diver t  the r iver  again fo r  i r r igat ion.  

procedure is  repeated several times before the river f ina l ly  
empties into Lake Walcott." 

However, within a few miles suf f ic ien t  water 

This 

- 
Another ear ly  method of obtaining i r r iga t ion  water was through 

the use of collector ditches (Steams e t  a l . ,  1938). These were dug 
radial ly  on a l luv ia l  fans a t  a grade s l igh t ly  less than the slope of the 

land. The trenches were dug 1000 t o  2000 feet long, OK unt i l  they 

\ 

intersected the water table,  lined with t i l e ,  and backfilled. These 

drains had considerable discharge i n  the Spring, but were inaffective 

during periods of low ground water levels.  
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Over the years, v i r tua l ly  a l l  divertable surface flow during 6lJ 
the growing season has been exploited, and by 1928 the t o t a l  consumptive 
use of surface water is  estimated t o  have been 47,000 t o  48,000 acre- 
f e e t  (Walker e t  a l . ,  1970). 
value decreased so tha t  by 1960 only about 20,000 acre-feet of surface 

As pumping of ground water increased, t h i s  

water was used. 

Pumping ground water for  i r r iga t ion  i n  the valley began i n  the 
In 1938 Stearns e t  a l . ,  show 114 wells on t h e i r  map of the Raft 1920's. 

River Valley area. 
table  and were generally of poor construction. 
1950 tha t  large scale pumping began t o  supplement i r r iga t ion  by surface 
diversion and t o  i r r iga t e  large t r a c t s  remote from surface 

The increase i n  number of i r r i g  
pumpage, and ground water pumpa 
the period 1948 t o  1966 are  shown on Figure 15. 
location of water wells in the valley as of 1966. 

These wells extended a few fee t  below the water 
It  was not u n t i l  about 

on wells, cumulati percent of t o t a l  
as computed from e lec t r i c i ty  used fo r  

Figure 16 indicates the 

Increased use of ground water i n  ear ly  1960's caused the Idaho 
State  Reclamation Engineer t o  declare on July 23, 1963 the Raft River 
Valley a Cr i t i c  
appropriate gro 

s i tua t ion  (Haight, 1964 
and l i t i ga t ion  followed 
Cotterel  Road, 
Water Area desi  
new wells being d r i l l e d  o 

t ion  was challenged 

ion is expect 

er applied fo r  
6-1981 and abo 

at ion should d 
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FIGURE 15 GRAPHS SHOWING PUMPAGE AND "MBER OF IRRIGATION WELLS I N  
THE RAFT RIVER BASIN (from Walker, et al, 1970 and 
Chapman & Sisco 1973) 
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ION MAP OF RAFT RIVER VALLEY, 1966 
(from Walker e t  al, 1970) 



more e f f i c i e n t  spr inkler  i r r i g a t i o n  increases. 

should remain near i t s  present low level .  

Domestic water consumption 

The f irst  Raft River geothermal w e l l  began production ea r ly  i n  
Total monthly flow of the  three current ly  producing wells through 1975. 

December 1977 i s  shown on Figure 17. 
percolate back in to  the  ground water reservoir  from surface ponds. 
re inject ion t e s t ing  has been done on RRGE-2, bu t  because of decreased 
production following in jec t ion ,  the  t e s t ing  was stopped (Kunze and 

Miller, 1977). A re inject ion w e l l  (RRGI-4) w i l l  eventually be used t o  

i n j e c t  spent geothermal water a t  depths below the  near surface aquifer  

( 600 feet). 
but 1200 gpm flows f o r  many years a r e  necessary f o r  an economical geother- 
mal in jec t ion  w e l l  (EGGrG-Idaho, 1978). 
continue t o  increase,  but  re in jec t ion  of th i s  water back in to  the  ground 
water reservoir  should minimize the  amount of water consumed. 

The spent geothermal f lu ids  present ly  
Some 

Tests have proven it can eas i ly  accept a flow of 600 gpm, 

Geothermal water use should 

3.2 CHANGES I N  RESERVOIR PROPERTIES AS A FUNCTION OF USE 

As mentioned previously, l i t t l e  is known about t he  physical 
propert ies  of the  material  making up the  Raft  River Valley ground water 

reservoir,  and nothing has been published on how these propert ies  may be 

changing with use. The main concern has been how use has affected water 
leve ls  ra ther  than how the  withdrawal has affected the  reservoir.  
Nearly f i f t y  years of record ex i s t s  on a t  l e a s t  some aspects of t h i s  

topic.  Stearns e t  a l . ,  (1938, p. 217) write.. .  

"From the few measurements made i n  the  spring of 1928 and from 
the  f a c t  that much of the  land adjacent t o  the  Raft  River i s  

submerged i n  the  spring by floodwater, which causes the  water 

t o  rise t o  the  surface,  the  average annual rise of this water 
t ab le  i n  the  area enclosed by the  contour showing 10 foot  
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depth t o  water is  estimated a t  about 4 fee t .  
foot l i ne  i n  the f a l l  would approximate the position of the 6 

foot l ine  i n  the spring. 

of t h i s  area, ground water has been observed on several thousand 
acres standing pract ical ly  a t  the surface. 

Thus, the 10 

During the spring i n  the middle pa r t  

Also numerous 

borrow p i t s  and natural  depressions only a few fee t  deep were 
kept supplied by ground water, even i n  the l a t e  f a l l ,  and 
hence the l ine  of 10 foot depth t o  water was controlled by 

. many observations of natural  depressions and swampy t rac ts .  
Within much of the land of t h i s  area the depth t o  water i s  

only 1 t o  3 f ee t  i n  the spring." 

By contrast, Sisco (1976) reports the high water level for  observation 
wells i n  the area i n  1975 a t  about 12 feet depth. 

One method of documenting the overall  change in water level  is  

When through repeated measurements i n  water w e l l s  o r  observation wells. 

these data a re  plotted as depth t o  water versus time, a hydrograph i s  
produced. 

inflow superimposed on a long term water level  trend. 
s ix  selected hydrographs from Raft River Valley wells t ha t  document 

water levels from as early as 1947 (the beginning of heavy ground water 
use) t o  as recently as 1975. 

These graphs usually show the seasonal function of water 

Figure 18 shows 

The hydrograph of well 16S-27E-26balY located near Naf, where 

i r r iga t ion  has not affected the water level ,  is included i n  Figure 18 t o  
show the natural  fluctuation'of the water level.  

rise i n  l a t e  winter or early spring as a resu l t  of precipi ta t ion and 

runoff, peak i n  summer and decline t o  a seasonal low i n  l a t e  winter. 

This hydrograph also shows periods of below average precipi ta t ion,  such 
as  1954-55, 1959-60, and 1966, and intervening normal or  high r a i n f a l l  
periods. 

Water levels begin t o  
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The additional hydrographs on Figure 18 indicate water level 
fluctuation in areas of the Raft River Valley where irrigation has 
affected water levels. 
similar to the Naf well with a high in spring and declining from May 
until October or November when irrigation wells are pumping. 

These show a seasonal change in water level 

The hydro- 

graphs also indicate: 
began in 1952 and somewhat stabilized 
in water level sensitivity to annual precipitation variations with 
distance from the source (northward in the valley). 

1) the long term decline in water level that 
in 1969-1970, and 2) the decrease 

Figure 19 shows contours of net water level change for the 
Raft River Valley from 1952 to 1966. 
distribution, but not the concentration, of water wells (Figure 16). 
The largest pumping depressions are in the north valley and amount to 
more than 50 feet in depth. 
was removed from storage in this fourteen year period (Walker et al., 
1970). 

These contours closely follow the 

A total of about 513,000 acre-feet of water 

The only additional published data on reservoir changes with 
use pertain to the geothermal waters. 
Inc. on their three exploratory wells indicate projected change in 
pressure versus flow for the deep artesian acquifer as shown in Figure 20. 

Tests conducted by EG&G-Idaho, 

3.3 INSTRUMENTATION USED TO MEASURE SUBSIDENCE 

3.3.1 Surface Measurements 

Subsidence in the Raft River Valley was first detected when 
Lofgren (1975) determined the change in relative elevation of bench 
marks established in 1934 and later, and releveled in 1974. 
releveling was done to investigate possible ground movement prior to 
geothermal development and was to include only bench marks south of 

The 1974 
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Meadow Creek 

Raft River basin boundary 

* 

FIGURE 19 NET WATER-LEVEL CHANGE I N  RAFT RIVER VALLEY, SPRING 1952 
TO SPRING 1966 (from Walkerset a l ,  1970) 
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Malta. 
Cassia Creek after recognition of an earth fissure in the Idahome area 
probably related to ground water drawdown. 
used in this comparison, as well as bench marks set in 1974, are shown 

The program was expanded north to Horse Butte and east along u- 
The location of bench marks 

on Figure 21. 

The U.S. Coast and Geodetic Survey established most of the 
’ original bench marks in the Raft River Valley. The shrvey line following 
Highway,SOS down the middle of the valley was originally leveled in 
September 1934. A portion of line, from near Horse Butte to Malta, 
was releveled, and additional ch marks established in July 1958. The 
line along Cassia Creek, alta’, follows the Oakley Road, and was 
originally surveyed in 
established but not releveled : a September 1960 line following 
a gravel and dirt road southe 
(probably abandoned due 
from Malta along a gravel road 
line along the east side of 
surveyed in 1935 and releve 
foothills, west from Strevell. 

ditional lines that have been 

Horse Butte to east of Malta 
on of Highway 80N); a line east 
ed in August and September 1960; a 
running south to Sublett Creek, 
; and a 1934 line alqng the south 

All of these lines have second-order 

accuracy (closure within km) 

The U.S. first leveling in the valley was 
in 1967 along a gra through the Narrows. During their 
releveling surveys in 1974 
long the Highway 80s line 

1 bench marks were established 
n either side of 
where it passes 

alt east of Inters 
from Highway 80 

. 
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Spencer and Dep 1976) have described the grid establihsed 
subsidence in the area of Geothermal wells 
rs a 9 square mile area with elevation 

rter mile centers (see Figure 21). 

by EG&G-Idaho, Inc: to c 
RRGE-1 and 2. This grid 
points established on o 

tc, 

The 
a1 position of 

order accuracy and its 
as originally set out with second- 
asured to third-order accuracy (6 mm x 

d-n-km), tying in to four established U.S.G.S. bench marks 
within the grid (Stoker, personal communication, 1978). 
elevation points were levele e 1975, but were not verified by 

The grid was narr 

The original 

o those points within 1-1/2 mile 
November 1975, lev d the lines closed in 

This smaller grid is 
in April 1978. The f will include additiona 

rtheast (Spencer, written 
communication, 1978). The system is such that only 
relatively large changes i 
In comparing the three lev 
Spencer and Depot (1976) 
the grid. Figure 22 is a of these data. It shows a definite 
pattern of change, but the 

June 1975 and September 1976, 
ication of any settlement within 

ordering mountains by the U.S.G.S and the 
odetic Survey). These 

inaccurately located 

numents along dirt ro 
to the valley margin 

thirty additional points 

n of horizontal chang 
ified to date (Lofgren 



@ Geothermal Well 'Area of tentative rise in elevation 

073 Survey Points -. Area of tentative drop in elevation 
\ 

,-& Zero change contour 

FIGURE 22 ELEVATION CHANGE MAP OF PART OF THE RAFT RIVER GEOTHERMAL AREA 
JUNE 1975 THROUGH SEPT 1976 
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3.3.2 Subsurface Meas 

Gravity studies have been done by the U.S.G.S. in the southern 
Raft River area (Mabey and Wilson, 1974). 
baseline conditions from which subsi nce could be calculated from the 
change in gravity due to ground water withdrawal. 

These could be used to establish 

Installation of at two extensometers is planned for 
(Spencer, personal communication, 

feet) and intermediate 
spring 1978 in the geothermal 

depth (1500 feet) monitor we 

Of the level lines described that have been repeatedly 
surveyed, only the Highway 30s 

The major subsidence 
s shows a consistent drop in elevation. 
5 miles north of Malta and increases 

measured at the end point 

the last point, as this p 
pumping depression shown i [)ne area near Bridge and another 

encing minor subsidence of about 

Tenative subside s have been drawn 

t in the Salt 



I 

adequately contour t h i s  depression. The subsidence cont 
Lj as subconcentric arcs about a center located near the PO 

Raft River is  f i r s t  deflected by the Snake River basa l t  f l o  
r a t e  of movement averaged over the for ty  year interval  of 
0.065 foot per year a t  bench mark L122. 
ear ly  1950's with increased ground water pumpage, the maximum subsidence 
ra te  would be about 0.13 foot per year. 

I f  subsidence began 

A prof i le  along Highway 30s depicting subsidence, depth t o  
Historic water table,  and subsurface geology i s  shown on Figure 23. 

water levels,  derived from water level  contour diagrams, tend t o  be 
subparallel w i t h  the more recent levels lower than the previous ones by 
amounts ranging from 1 t o  28 feet. 
t ion  occurred-in the 24 year interval  between 1928 and 1952 than i n  the 
14 year interval  between 1952 and 1966. 

Less change i n  water level  configura- 

The four areas of greatest  water level  decline 
1tA*t(-16') , 1tB0(-28') , t tCt9(-15e) , and 1*Dt*(-151). 
area of maximum measured subsidence; "B" i s  a t  the edge of the subsidence 
bowl; "C" and "D" a re  located i n  areas where no subsidence has occurred. 
The correspondence between declines i n  water level  and subsidence of the 
g r d s u r f a c e  probably depends on the type of material dewatered. Where 
the dewatered section was predominately sand and gravel as a t  "C" and 

"D", no subsidence occurred; where thick clay uni ts  were detwatered, as  
a t  "A" and "Bo, subsidence did occur. 

enough t o  permit correlation between amount of subsidence and amount of 
clay. 

"A" corresponds t o  the 

The d r i l l e r s '  logs a re  not detailed 

The only observed surface manifestations of subsidence i n  the 
Raft River Valley are  the ear th  f issures  i n  the northwestern pa r t  of the 

valley about 1 mile nothwest of Idahome (Figure 21). Lofgren (1975) 
describes t h i s  feature as being a single,  N24OW trending f i ssure  3.3 

I 
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u miles long. 
and SCI in March 1978 revealed a N2OoW to north-south-trending series of 
an echelon cracks greater than 1500 feet in total length near this 
location. 
that time. 

A site visit by representatives of Earth Sciences Associates 

Figures 24 and 25 show how some of these fissures appeared at 
Individual openings in the ground surface measured as much 

as 3 by 10 feet. 
surficial fill was encountered. 

The fissures tapered downward as far as 8 feet before 

The fissures were first observed in the early 1960's (Lofgren, 
1975) after a period of intense rainfall (Crosthwaite, personal communica- 
tion, 1978). 
on the western margin of a cone of pumping drawdown. 
have been observed along the edges of other ground water basins where 
water level declines have been observed (such as the Phoenix area in 
Arizona and the San Joaquin Valley, California). The mechanism by which 
such fissures are formed is not clear and, in fact, there may be several 
contributing factors. Such fissures typically develop along the margins 
of the basin, probably at a location controlled by an unknown subsurface 
features. Surface and ground water running down the cracks enlarge them 
by piping; the eventual accumulation of coarse material causes the crack 
to bridge and fill in near the surface. 

They appear to be tension features that originate at depth 
Similar fissures 

3.5 IMPLIED CAUSES OF SUBSIDENCE 

The proximity of subsidence in the northern Raft River Valley 
to the area of maximum decline of ground water level implies a direct 
cause-and-effect relationship between the two. Water in this area is 
unconfined and mainly produced from Quaternary alluvium and Raft Formation. 
The fall in groundwater levels has dewatered only the upper part of 
alluvium which ranges in thickness from 150 to 300 feet in this area. 
This has increased the effective load on the soil particles, resulting 
in compaction of the dewatered alluvium. If the maximum subsidence is 
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2.6 feet from 1934 to 1974 and the water level dropped from a depth of u 
34 feet to a depth of 85.7 feet during this period, the ratio of subsidence 
to water level decline is 0.050 foot per foot. 

Lowering of ground surface elevation may occ r 
causes such as active faulting, continued downwarping of the Snake River 
Plain, and loading by the Snake River basalt; howeve 
causes are consistent with the local and regional ge 
The possible influence of these factors may be demonstrat 
Highway 30s line with the recently established 1974 
releveled. 
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1. INTRODUCTION . 

Wairakei is a.geothenna1 f i e l d  lying on the.New Zealand 
North Island. 

Wairakei has one of the bes t  overa l l  subsidence data  bases. Modeling 

s tudies  already accomplished (Pritchett ,  1976 and 1978, Mercer, 1975) 
have brought much of the available data base t o  the  U.S., and have 

added t o  our knowledge of the  Wairakei system. 

analogeous t o  many of the U.S. geothermal sites i n  geologic categories 
I and IV,  and therefore should prove t o  be a valuable case study. 

Of a l l  the subsidence sites reviewed i n . t h e , p m j e c t ,  

Vairakei is qu i t e  

Production a t  Wair 
major increase i n  production 

s ta r ted .  I n  the ear ly  y pr io r  t o  1963, recharge 

t o  the reservoir  was  much l e  ion volume @lo%>, thus 

causing l a rge  pressure drops i r  (in the order of 250 
psig i n  the western production 

production area). After  i ne  i n  the reservoir  leveled 

off t o  less than 10 psig 
s ince 1956 has shown tha s r e l a t ive ly  slow p r io r  
t o  1960, and then increase ned maxi- subsidence rate from 

1962 through 1971. By 1974, 

s t a r t ed  i n  the ear ly  1950; however,a 

i n  1958 when power generation was  

er 300 psig i n  the eastern 

second order leveling 

mum subsidence of the Wairakei area 
reached over 15 feet. Throygh he rate of subsidence continued t o  

res have remained near high, even though rese 

Maximum subsidence e2 occurs away from 

i n  the eastern p f i e ld .  There are a 
e explanations f o  enomenon. Probab 

b+ 
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important explanation is the much greater thickness of the Watora 
Formation reservoir under the eastern area. In addttion, the ground- 
water pressure gradient falls strongly from west to east in the Wafora 
aquifer. 
be greater in the east. 

As a result, pressure drops due to production would tend to 
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2. NATURAL CONDITIONS 

2.1 PHYSIOGRAPHY 

2.1.1 Location 

The Wairakei-geothermal f i e l d  lies i n  an active vo 
igure 1). The f i e l d  bo on the North Island of N 

be approximately defined 

east, the Waikato River 
the  south, and Poihipi road 

akei stream i n  the north and north- 

east, the Waipouwerawera stream i n  

2.1.2 Topography 

The topography the Wairakei f i e l d  area consists of h i l l s  of 

300 and 500 f e e t  above re la t ive ly  

lluvium. The h i l l  slopes are 
e alluvium, and outcrops are 
reccia has been s i l i c i f i e d  by scarce except i n  steep b luf fs  

hydrothermal act ivi ty .  

covered by native scrub w i t  
latter have since colo ra Valley. In the last  few 

elopment, the hydrothermal area was 
lumps of self-sown pine trFes; the 

een cleared for d r i l l i n g  
s connected w i t h  geothermal 

11 slopes are still, however, 

are slowly being k i l l ed  by 



- Faul ts with known Holocene displacement - - - Quaternary faults without Holocene displacement 
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FIGURE 1 MAP SHOWING LOCATION OF THE WAIRAKEI FIELD AND REGIONAL 

STRUCTURE OF CENTRAL NORTH ISLAND, NEW ZEALAND (modified 
from Evison et al, 1976, p. 626) 
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2.2 GEOLOGY OF AREA 

2.2.1 Structure  and Stratigraphy 

The regional geologic se t t i ng  of the Wairakei geothermal f i e l d  
has been concisely described in a report  by Systems Control, Inc. C1976,v2 

p. 2-97) from which the following discussion i s  adapted. 

The Wairake thermal area of New Zeal i tua ted  i n  the 

North Island's cen 

ear ly  Pleistocene time. The present and latest prehis tor ic  

a c t i v i t y  has been conce 

20 miles wide) whi 

t o  White Island i n  lenty CGrindly, 1965, p. 13) . This 

trough, known as the Ta 

c d i s t r i c t ,  which 

d in an eloxigate s t ruc tu ra l  trough ClO t o  

proximately 150 miles south of Lake Taupo, 

i c  Zone, is the landward extension of a 

a-Kermadec trend, a boundary between 
s the  regional Alpine f a u l t  zone, major c rus t a l  plates ,  

located t o  the so 

subdivided s t ruc tua l ly  i n t o  up and 
down-thrown blocks est and northeast-trending 

f a u l t s  with dominantly ent. The horst  and graben s t ruc tu re  
is indicat ive of r eg i  are tensional ature. Con- 

emporaneous fau l t ing  

aupo depression. 

tral par t ,  i n  wh areas occur, is co 

nce of rhyo l i t i c  tu f fs ,  and tuf fac  

located t o  the so 

ubdivided s t ruc tua l ly  i n t o  up and 
down-thrown blocks est and northeast-trending 

f a u l t s  with dominantly ent. The horst  and graben s t ruc tu re  
is indicat ive of r eg i  are tensional ature. Con- 

emporaneous fau l t ing  

r sediment uni ts .  

aupo depression. 

tral par t ,  i n  wh areas occur, is co 

nce of rhyo l i t i c  s, tu f fs ,  and tuf fac  ediments which 

been pierced 
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FIGURE 2 LOCATION OF MAJOR ACTIVE FAULTS AND VOLCANOES ACTIVE SINCE 

d;' THE PLEISTOCENE (from Richter, 1958) 
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Basement rocks i n  the cent ra l  North Island are hterbedded 

graywacke and a r g i l l i t e  of Permian t o  Cretaceous age. 

w e l l  exposed i n  the mountain ranges east and w e s t  of the Taupo Volcanic 

Zone, and have been inferred to  extend beneath the Volcanic Zone on the 

bas i s  of geophysical data W d r i n i a k  and Studt, 1959; Hochstein and 

Hunt, 1970). 
stress patterns,  have proposed tha t  the sedimentary basement rocks are 
- not  continuous beneath the Taupo Volcanic Zone, but instead, t h a t  the 

molten o r  semi-molten material which supplies heat t o  the geothermal 

areas extends t o  within about 2-4 miles c3-6 km) of the surface i n  this 

These rocks are 

Evison, et al., (1976) i n  an interpretat ion of regional 

clastic and includ d c e  breccias and tuf fs .  Flow rocks 

i d e t a i l  in<subsequent s 

ng basins separate 

s tu la ted  on the ba 

and Studt, 1959) and F g n e t i c  measurements 

information (Grindley , 
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DIAGRAMMATIC SOUTHWEST-NORTHEAST CROSS SECTION SHOWING 
POSSIBLE RELATIONSHIP OF WAIRAKEI FIELD TO DEEP STRUCTURE 
AND TO RHYOLITIC VOLCANIC CENTER. ARROWS SHOW DIRECTION Q 
OF PRESUMED GROUNDWATER MOVEMENT. (from Grlnd ley ,  1965) 
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TABLE 1 STRATIGRAPHY AT WAIRAKEI GEOTHERMAL FIELD 

rl 
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Mostly vitric lapilli tuff, with Maximum preserved 

200 - 1000 feet 

ce breccia and sandstone wit 

rite at base and top. 
des the Waiora Valley 
ed volcanic flow up to 



W 
thickness variations in the Huka Fa l l s  and Waiora Formations, Csee 
Table 1) which are relat ively th in  on the upthrust block and thicken 

substant ia l ly  in the surrounding basins. 
blocks are bounded by f au l t s  of re lat ively large displacement, they are 

Though the main s t ruc tura l  

not internal ly  simple, but are themselves cut  by faults of re la t ively 

small offset .  

The Wairakei block is an area of anomalous high gravity measure- 

ments (kd r in i ak  and Studt, 1959) w h i c h  r e f l ec t s  the presence of intrusive 
rhyol i te  in the sedhentary'sequence and possible basement u p l i f t  i n  the 

v ic in i ty  of the Wairakei f ie ld .  The area is underlain by relat ively 

th in  sequences of Huka Fa l l s  and Waiora sediments, respectively less 
than 100 f e e t  (30 m) and roughly 1420 f e e t  (430 m) thick (Grindley, 
1965).  

of over 3000 f e e t  (900 m). 

Basement rocks have not been encountered by d r i l l i n g  t o  depths 

Grindley (1965) has estimated depth to  basement rocks a t  about 

6000 f e e t  (1800 m). 

The Taupo-Reporoa b a s h  is a northeast-trending, complex 

depression which is located on the southeastern s ide  of the Wairakei 
block. 
level i n  the deepest par t  of the basin east of Wairakei and is 4000 f e e t  

(1,200 m) lower than on the crest of the Wairakei block (Modriniak and 

Studt, 1959). 
of the Huka Fa l l s  Formation, probably underlain by the Wairakei Ignimbrites. 

Basement is  postulated at least 8500 f e e t  (2,600 m) below sea 

The basin is f f l l e d  with pumice pyroclastics and sediments, 

Because dr i l lho les  have penetrated the Wairakei Ignimbrite 

only a t  the northeast edge of the Taupo-Reporoa Basin, the thickness of 
the Waiora formation and depth t o  Wairakei Ignimbrites are not w e l l  
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known. Dril lholes  on the southeast s ide  of the Wairakei high show an 

increase i n  thickness of both the H u h  Fa l l s  Formation and the Waiora 

Formation, but the direct ion and rate of thickening of the Waiora Formation 

can only be inferred from the observed thickening'of younger uni t s  and 
from geophysical data. 

To the northw of the Wairakei block is the Taupo-Rotorua 

basin, a la rge  depression which is subdivided by fau l t ing  i n t o  several 

horst  and graben blocks. The Te Mihi basin, that par t  ,of the  Taupo- 
Rotorua basin which is adjacent t o  the Wairakei f i e ld ,  appears t o  have 
been produced by tectonic subsidence and modified by later fault ing.  

from the Waira 

of holes d r i l l e d  through 

t h a t  the d i rec  

Wairora Formation. 

epora basin, the  absence 

he underlying Wairakei Ignimbrite means 
oorly known f o r  the  

2.2.2. Faul 

s of the Taupo Volcanic Zone began i n  

lower Pleastocene ion of the Ohakuri Group Csee 

urface scarp, 100 f e e t  

t i on  of t h i s  f a  

1y small. How 
esumed t o  increase 

formations, as is req 

re known, the  f a c t s =  assumption. For 
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qr, 
wairakei f i e l d ,  the Waiora f a u l t  displaces the base .of the  Hub F a l l s  

Formation 10 f e e t  (3 m) t o  nearly lOQ f e e t  (30 m) w h i l e  displacement of 
t he  base of the Waiora Formation is 140 f e e t  (42 m) t o  400 feet (122 m) 
(Grindley, 1965). For many fau l t s ,  the  amount of vertical displacement 

a t  various depths is .unknown. 

unknown, but is considered t o  be small and r igh t - la te ra l  i n  or ientat ion 
(Grindley, 1965) . 

The amount of horizontal  o f f s e t  I s  a160 

The northeast-trending faults, by f a r  the most numerous, are 
mostly normal fau l t s ,  but  some have a s igni f icant  proportion of ro t a t iona l  

o r  hinge displacement. 
known, ranging Yrom 65 degrees to 88 degrees. 
f a u l t  which t ransects  the production area is downthrown on the north 
side, but the d ip  of the f a u l t  plane, and, therefore, the extensional or 

compressional nature of the  fault ing,  is unknown (Grindley, 1965). 

They s lope both east and westwfth dips, where 
The northwest-trending 

I 

Despite the closely-spaced faul t ing and ro ta t iona l  movement of 

some f a u l t  blocks, the strata in the Wairakei area are essent ia l ly  f l a t -  

lying. 
few degrees acquired during sediment a c c d a t i o n  on previously eroded 

topography. 

Ohakuri Group and the overlying Wairakei Ignimbrites is interpreted t o  
r e s u l t  from rotat ion during an intervening period of erosion (Grindley, 
1965). 

Some portions of the sequence display small initial dips of a 

An angular discordance of 15 degrees between strata of the 

The sediment sequence has been pierced and intruded by feeder 

dikes, domes, and sills associated with rhyo l i t i c  centers a few kilometers 

south and northwest of Wairakei. 

geothermal f i e ld ,  a rhyol i te  sill  up t o  1500 feet (460 m) thick has 
intruded the  medial p a r t  of the  Wairoa Formation. 

Beneath the southern pa r t  of the  

The sediments and 
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basement rock below the sill have subsided by an amount equal t o  its 
thickness (Grindley, 1965). 

The Wairakei geothermal f i e l d  is located i n  the central  volcanic 

d i s t r i c t ,  an area of moderately high seismicity., characterized by deep- 

focus earthquakes of small t o  moderate magnitude along the western edge, 

and numerous shallow-docus earthquakes i n  a narrower zone along the 
Taupo-Fault bel t .  

volcanic ac t iv i ty .  

accompanied by faul t ing,  with the formation of low scarps michter ,  

1958, p. 457). 

These shallower earthquakes are of ten associated with 

Some, l i k e  the Taupo earthquakes of 1922, have been 

I n  a recent s tud eismicity i n  the Central North Island 

(Evison, e t  al., 1976), it found that both microearthquakes arld 

macro-earthquakes were ma 

than i n  e i t h e r  the adjo 

east (see Figure 1). ion CRichter, 1958) that the Seismicity 

of the region is do 
results of the study by Ev t al., (19761. During a limited period 

of -observation (le 1 they obtained or ig ins  f o r  29 micro- 

earthquakes, of wh by three separate swarms. The 

pa t te rn  of macroseismicity ame region during a three year period 

e8 more frequent i n  the Taupo Fault  B e l t  

i n s  o r  on the Kaingaroa Plateau t o  the 

swarms, is borne out by the 

arthquakes of m a p  

adjacent basins, k d  idua l  events 
Deeper focus an nine miles t l 5  km). 

New Zealand t 

s l i p )  f au l t i ng  along a n s shown i n  Figure 



b 
r igh t - la te ra l  Alpine f a u l t  extends northeastward along the South Island, 

branching in to  several  splays i n  the southeast par t  of the North Island. 

Displacement on t h i s  f a u l t  could be as much as 200 m i l e s  c35 km) (Richter, 

1958). Grindley, (1965) indicates t ha t  the pr incipal  horizontal  stress 

f o r  the zone a t  Quaternary transcurrent fau l t ing  and folding is i n  an 

east-west direction. 

In  contrast ,  he postulates an east-north-east direct ion of 

compression f o r  the Wairakei area, where f a u l t  trends are northeast 

and northwest and movement is i n  a normal sense. Based on t h e i r  seismicity 

investigations,  Evison, e t  al., (1976) have proposed a c rus t a l  model f o r  

the Central North Island, as shown i n  Figure 4. 
to,explain the occurrence of deep-focus earthquakes east of the Reporoa 

Basin, the low observed seismicity i n  the basin i t s e l f  and the predominantly 

shallow-focus earthquakes in the Taupo Fault  B e l t .  The authors maintain 

t h a t  t h i s  c rus t a l  model is consistent with the gravity data presented by 

Modriniak and Studt, (1959). They a l so  f e e l  t ha t  the high l eve l  of 

semi-molten material beneath the Taupo Fault  B e l t  and Taupo-Reporoa 

Basin helps t o  explain the presence of geothermal resources i n  t h i s  

region. 

(at a maximum depth t o  date  of 7200 f e e t  (2200 m), t h i s  model remains t o  

be ver i f ied.  

This model was  developed 

Since d r i l l ho le s  a t  Wairakei have not reached basement rocks 

2.3 CHARACTEX OF OVERBURDEN MATERIALS 

The bulk of the steam production a t  the Wairakei geothermal 

f i e l d  i s  obtained from pumice breccias of t he  Waiora Formation. Over- 

burden materials (from oldest  t o  youngest) are the Haparangi Rhyolite, 

Huka F a l l s  Formation, Wairakei Breccia and Recent Pumice Alluvium, a l l  

pr incipal ly  of volcanic origin. A second pumice breccia aquifer,  the  
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CI) 
Ohakuri Group, is separated from the principal aquifer by a thick sec- 

t i on  of ignimbrites, known as the Wairakei Ignimbrites. 

sect ions showing these un i t s  i n  the Wairakei area are given i n  Figure 5-8. 

Geologic cross- 

2.3.1 Ohakuri Group 

The oldest  unit d r i l l ed  at  the geothermal f i e l d  is the Ohakuri 

Group, composed of pumice breccias and interbedded freshwater pumiceous 

sediments, which are encountered a t  elevation 3200 f e e t  (920 m) i n  a 

d r i l l ho le  a t  the northern edge of the f ie ld .  A t  t h i s  location, the 

overlying Wairakei Ignimbrites are only 800 f e e t  (240 m) thick. 

w e l l s  have been d r i l l e d  over 1500 f e e t  i n to  the Ignimbrites without 

reaching Ohakuri Group sediments. 

Ohakuri Group is  probably present beneath the whole f i e ld ,  but a t  depths 

below present d r i l l i n g  capabi l i t ies .  

Other 

Grindley (1965) states tha t  the 

The Ohakuri Group encountered during d r i l l i n g  comprises a t  

least 600 f e e t  (180 m) of pumiceous sediments with interbedded pyro- 

clastics, described by Grindley (1965) as ' I . .  . re la t ive ly  compact tuff-  

breccia containing small subangular pumice and rhyol i te  fragments i n  a 

fine-grained tuffaceous base," and "wel l  bedded tuffaceous sandstone and 

s i l t s t o n e  - probably deposited on the f loor  of a lake." Grindley (1965) 

has interpreted the 30 degree t o  35 degree dip of beds i n  the Ohakuri 

Group t o  indicate  block faul t ing and t i l t i n g  pr ior  t o  deposition of the 

overlying Wairakei Ignimbrites. 

postulated f o r  these rocks. 

mineralogy o r  physical properties of the Ohakuri Group a t  Wairakei. 

An ear ly Pleistocene or Pliocene age is 
No information has been published on the 
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2.3.2 Wairakei Ignimbrite 

Healy (1965, p. 218:4)  described the Wairakei Ignimbrite as 

11 ... a dense quartz-b 

with minor hypersthene b io t i te .  In  the production area, it lies 

approximately 2000 f e e t  (610 m) beneath the surface . 
r ing rock containing a l so  abundant plagioclase 

Where encountered 

i n  the dr i l lho les ,  the upper surface is  usually highly a l te red  and 

s i l i c i f i e d ,  but the degree of a l t e r a t ion  decreases downwards." 

Thickness of the  Wairakei Ignimbrite varies from about 400 
f e e t  (120 m) on the northwest of the  f i e l d  t o  more than.1700 f e e t  (520 

m) on the southeast, which 

topographic surface. 

series of high tempe 

c rys t a l  r i ch  ignimbrite 

area during ear ly  P le i s to  rindley (1965). Basaltic and 

rhyo l i t i c  flow rocks are 
loca l i t i e s .  Subseq 1 a l t e ra t ion  has a l te red  the ferromagnesian 

be a r e su l t  of deposition on 'an +irregular  

i Ignimbrites are interpreted as a 

thene-biotite, quartz-plagioclase, 

ib ly  or iginat ing i n  the Lake Taupo 

i n  the top ignimbrite sheet f o r  many 

minerals t o  chlor i te ,  ealc c l inozois i te  and other  secondary minerals, 

resu l t ing  i n  a typical  ale green color. Mineralogy of 

a typical  core specime i ignimbrite i s  given by Hendrickson 



2.3.3 Waiora Formation 

Unconfonoably overlying the Wairakei Ignimbrite is a thick 

series of pyroclastic rocks, ignimbrites and interbedded sediments, 

col lect ively known as the Waiora Formation, of middle Pleistocene age. 

These rocks have been encountered i n  a l l  but the shallowest d r i l l ho le s  

a t  Wairakei and are believed t o  be widespread i n  the subsurface, despi te  

the scarc i ty  of outcrops. 

from about 1300 f e e t  (400 m) on the crest of the Wairakei Block, t o  over 

2500 f e e t  (760 m) i n  the adjoining basins, where the base of the Waiora 

has not been dr i l led.  The Waiora Formation is the  geothermal reservoir  

tapped a twai rake i ,  and is discussed i n  d e t a i l  on Section 3 of this 
repor t . 

The t o t a l  thickness of the Formation ranges 

2.3.4 Waiora Valley Andesite 

A buried andesite flow i n  the lower pa r t  of the Waiora Forma- 

t ion  has been d r i l l e d  a t  Wairakei i n  the western pa r t  of the production 

area. The andesite is closely associated with the  major f a u l t s  i n  the 

f i e l d  (especially the Waiora, Wairakei and Upper Waiora Faults1 and is 

believed t o  have been extruded along f i ssures  a t  the f a u l t  intersect ions.  

This mode of emplacement has been inferred from the rapid thinning away 

from f a u l t  planes and the steeply dipping flow banding observed i n  hand 

specimens. 

and th in  sections typical ly  show fresh andesine phenocrysts i n  a glassy 

matrix with chlor i te ,  calcite wairakite, magnetite and leucoxene. Ande- 

si te breccias suggestive of blecky flows have a l so  been encountered i n  

some dr i l lho les  (Grindley, 1965). 

The andesites show a high degree of hydrothermal a l t e r a t ion ,  
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The maximum observed thickness .of andesite is .nearly .60 f e e t  

(183 m) which occurs near f a u l t  intersections.  

Member 2 of the Waiora Formation, and i n  some locations replaces i t  i n  

the str 'atigraphic sequence. 

It is the same age as 

2.3.5 Huka F a l l s  Formation 

Valley Andesite, 

are a series of sedimen 

Fa l l s  Formation. These re 

pyroclastic rocks 

is widely dis t r ibuted thro 

As shown H u h  Fa l l s  Formation is thinnest  

southwest of the ess than 100 f e e t  C30 mj , thicken- 
ing basinward t o  the outheast. The typical  s t ra t igraphic  

sequence is bedded mud 

shale. I n  the Te  Mihi 
conglomerate. The age o a126 Formation 

Middle t o  &ate P le i s to  

F a l l s  Formation 

ts of d e t r i t a l  

11y present. T 

t ion as do the tuf f  

t i on  is the conversio 

. 
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. 
groups. 

noted by Steiner.  

Alteration by zeol i t izat ion and feldspathization has a l so  been 

Wairakei Brecci 
, 

stocene alluvium and the H u b  

f pyroclastic deposits known as the Wairakei 

t u f f s  with pumice and rhyol i te  l a p i l l i ,  

uff s with tuffaceous sands tone. 

ha t  of a plagioclase’hryolic with phenocrysts 

perstheal (Grindly, 1965). 

The Wairakei B been encountered by most of the 

ent from some hcles  on the east, d r i l l ho le s  a t  Wairakei, 

southeast and w e s t  edges of e f ie ld .  The top of the  unit represents 
an erosional surface, 

mined. Maximum prese s is about 550 feet (168 m) i n  the 
w e s t  par t  of the f i e l d  

ginal  thickness has not been deter- 

f the  breccias inferred t o  be 
\ 

Middle-Upper Pleistocen ts st rat igraphic  position. 

g ear ly  Uppet P1 

w 



2.3.8 Recent Pumice Cover 

The Wairakei area is covered by pumice ash and pumice alluvium 

deposited following eruption and p a r t i a l  erasion of the  Wairakei Breccia. 

These pumiceous deposits are of late Pleistocene t o  Recent ,age and are 
rare ly  mre than 100 feet thick. 

composition of a pumice sample from a depth of X34 f e e t  c41 m): 

Hendrickson (-1976, p. A31, gives the 
- 

2.4 

Composition 

Matrix material and voids 

Rock fragments 

Feldspars 

Altered Mafic minerals 

Pyroxenes 

Opaques 

Quartz 

Amphiboles 

RESPONSE TO STRESS CHANGES 

Percent by Volume 

43 

24 

1 7  

6 

3 

3 

2 

2 

The physical properties of rocks a t  the Wairakei Geothermal 

Field have been investigated by Hendrlckson C1976) of Terra Tek, Inc., 
who performed an extensive series of tests on representative core 
samples obtained from d r i l l bo le s  at the  Wairakei f ie ld .  Five sampling 

in te rva ls  were tested: 

1. Pumice, Borehole No. 45, depth 1.34 f e e t  

2. H u h  Formation, Borehole No. 37, 700 t o  730 f e e t  
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3. Waiora Formation, Borehole No. 37, 1130 to  1135 f e e t  
(referred to  a s  "Waiora 1130 feet" in t es t ing  program] ' 

4. Waiora Formation, Borehole No. 37, 2296 t o  2618 feet 
(ref erred t o  as "Waiora 2618 fee t"  i n  tes t ing  program] 

5 .  Wairakei Ignimbrite, Borehole No. 24, depth 2482 f e e t  

The samples were approximately ten years old and were d 

by Terra Tek's laboratory i n  California. 

the  rock properties determined by Terra Tek, Inc. 

when received 

The following i s  a summary of 

2.4.1 Physical Properties 

Determination o dry bulk den ties, e f f ec t ive  
porosity, t o t a l  porosity, 

Wairakei samples are s 

employed by Ter 

ed porosity and grain density for the  

Table 2. For d e t a i l s  of the methods 

wave (Vtt wave) 

ned bulk moduli an 



TABLE 2 SATURATED AND DRY BULK DENSITIES, EFFECTIVE POROSITY, TOTAL POROSITY, 
OCCLUDED POROSITY AND GRAIN DENSITY FOR CORE SAMPLES FROM WAIRAKEI 
GEOTHERMALFIELD . 

Bulk Density* 
Saturated Dry Effective Porosity Total Porosity Occluded Porosity Grain Density* Rock Dust g/cm3 g/cm3 Percent By Volume Percent by Volume Percent by Volume g/cm3 

0 + 0.8 2.71 Pumice 1.88 1.39 48.8 & 0.5 47.7 5 0.3 - 
Huka Falls 1.97 1.56 30.7 5 0.5 42.2 & 0.3 1.5 5 0.8 2.70 

- Huka Falls** 2.01 1.62 39.0 5 0.5 

2 001 1.59 41.6 5 0.5 42.4 & 0.3 c Waiora 1130 
H .  

0.8 5 0.8 2.76 

H - 
00 
h) I Waiora 1130** 2.04 1.65 39.1 2 0.5 

- Waiora 1130** 2.07 1.69 37.9 5 0.5 

38.8 5 0.3 3.2 5 0.8 2.68 Waiora 2618 1.99 1.64 35.6 5 0.5 

Waiora 2618** 1.99 1.60 39.1 5 0.5 
- 

Ignimbrite 2.34 2.20 13.8 5 0.5 18.2 5 0.3 4.4 5 0.8 2.69 

- Ignimbrite** 2.38 2.23 15.0 5 0.5 

** Indicates different samples from same footage 

* Bulk density and grain densit3 measurements are 
accurate to within 005 Mg/m 

J 



TABLE 3 VELOCITIES AND MODULI AT FIVE CONFINING PRESSURES I N  PUMICE, 134' 

1.05 .532 
1.17 .560 

CONFINING 
PRESSURE 

MPa 

.328 . 

.332 
.35 
.69 
3.45 
5.52 
6.89 

VELOCITIES 
P-WAVE 
Kmlsec Wsec 

1.39 . 827 .225 
1.51 ,910 I .215 
1.58 942 .224 ' 

MODULI 
CONSTR, SHEAR BULK YOUNG'I 

GPa GPa GPa GPa 
~ 

1.50 .385 .989 1.02 
1.70 .427 1.13 1.14 
2.62 ,930 1.38 2.28 
3.10 1.13 1.60 2.74 
3.40 1.21 1.79 2.96 

m 

TABLE 4 VELOCITIES SIX CONFINING PRESSURES I N  HUKA FALLS 

COW ININ( 
PRESSURE 

Mpa 

VELOCITIES 

1.64 1*17 
1.73 
1.77 1.20 . 

1.77 . 1.19 . 

POISSON'S 
MODULI 

CONSTR. SHEAR BULK YOUNG'I 
GPa GPa GPa GPa 

1.36 4.30 
1.81 4.77 

Note: 1 MPa = 10 bars 
1 GPa = 10 kbars 

-2 9 



TABLE 5 V E L O C I T I E S  AND MODULI AT SEVEN CONFINING PRESSURES I N  WAIORA 
FORMATION, 2618' 

cr, 
I 

ONFINING 
RESSURE 
MPa 

0 

3.45 

6.89 

10.3 

13.8 

17.2 

21.0 

V E L O C I T I E S  
P-WAVE S-WAVE 
W s e c  K m l s e c  

2.22 1.08 

2.46 1.23 

2.59 1.31 

2.63 1.34 

2.66 1. 37 

2.69 1.38 

2.71 1.39 

N o t e :  1 MPa - 10 bars 

1 G P a  = 10 kbars 

POISSON ' S 
RATIO 

.344 

.333 

.329 

.324 

.321 

.322 

.322 

MODULI 
CONSTR SHEAR BULK YOUNG'! 

G P a  G P a  G P a  G P a  

9.85 2.34 6.73 6.29 

12.1 3.02 8.05 8.06 

13.4 3.41 8.82 '9.07 

13.9 3.60 9.06 9.54 

14.1 3.73 9.16 9.85 

14.5 3.79 9.40 10.0 

14.6 3.84 9.52 10.1 

TABLE 6 V E L O C I T I E S  AND MODULI AT SIX CONFINING PRESSURES I N  WAIRAKEI 
IGNIMBRITE, 2482' 

:ONFINING 
'RESSURE 

MPa 

0 

3.45 

6.89 

10.3 

13.8 

17.2 

VELOCITIES  
P-WAVE S-WAVE 
W s e c  Wsec 

4.22 2.52 

4.25 2.54 

4.30 2.57 

4.33 2.59 

4.36 2.61 

4.38 2.62 

POISSON'S  
RATIO 

. 223 

.221 

.223 

.222 

.222 

-222 

MODULI 
CONSTR. SHEAR BULK YOUNG'! 

G P a  G P a  GPa G P a  

41.6 14.8 21.8 36.2 

42.1 15.1 22.0 36.8 

43.1 15.4 22.6 37.6 

43.8 15.6 22.9 38.2 

44.3 15.8 23.2 38.6 

44.6 16.0 23.4 39.0 

N o t e :  1MPa = 10 bars 

1 G P a  = 10 kbars 
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summarized in Tables 7 and 80 
deformation testing with these calculated from ultrasonic velocity 
measurements reveals,th 
higher values for the 
. . . "while 
porous or less comp 
show ultrasonic mod 
by deformation tests." 

A comparison of the moduli determined by 

tlrasonic determination gives significantly 
n '(L1976, p A371 reports that' 
terials, it is typical for this a typical for coup 

ent rocks. Discrepancies of this sort normally 
to four times. greater than those found 

2.4.3 Permeability 

Permeability values for aquifer and overburden materials have 
been published by several investigators. Some of the more recent values 
are summarized in Table 9. 



TABLE 7 BULK MODULUS MEASUREMENTS DETERMINED FROM 
EYDROSTATIC AND TRIAXIAL TESTS I N  THE THREE 
FORMATIONS 

CONFINING PRESSURE BULK MODULUS 
SAMPLE IDENTIFICATION MPa GPa +lo% 

PWce ,  B34, 134' 

Hub, B37, 700'-725' 

Waiora, 1130' 

Waiora 2618', C 1  

Waiora 2618', #2 

Note: 1 MPa - 10 bars 
1 GPa = 10 kbars 

0 t o  0.2 0.032 

0.2 to 0.4 0.057 

0.4 t o  0.8 0.096 

0.8 t o  1.1 0.29 

0 t o  1.0 

1.0 t o  5.0 

0.89 

2.06 

0 t o  3.5 0.41 

3.5 t o  10.4 2.03 

10.4 to 17.2 1.70 

0 t o  3.5 0.69 

0 to 3.5 

3.5 t o  10.4 

10.4 t o  17.2 

0.73 

1.98 

2.86 
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TABLE 8 YOUNG'S MODULUS, POISSON'S RATIOANDSHEAR 
MODULUS MEASUREMENTS, DETERMINED FROM HYDRO- 
STATIC AND TRIAXIAL TESTS 

YOUNG 'S PoIssoN's  SHEAR 
CONEINING MODULUS RATIO MODULUS 

IDENTIFICATION PRESSURE, MPa MPa 2 MPa MPa 5 MPa 
SAMPLE 

Pumice B34, 134' 

Hub, B37, 700'-725' 

Waiora, 1130 ' 

Waiora, 2618' #l 

Waiora, 2618' #2 

1.0 176 2 2 -07 2 -003 

5.0 154 5 2 .37 2 .008 

3.5 0.91 0.21 
10.4 1.48 0.24 
17.2 1.75 0.22 

3.5 2.65 0.11 

3.5 2.90 0.12 

82 2 .7 

56 2 1 

0.38 
0.66 
0.72 

1.19 

1.30 
1.82 
1.99 
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TABLE 9 SOME PUBLISHED PERMEABILITY VALUES FOR ROCKS AT WAIRAKEI 
GEOTHERMAL FIELD 

Remarks Rock Unit Millidarcys Source 

Waiora Formation 

Waiora Formation 

Waiora Formation 

Waiora Formation 

Waiora Formation 

Huka F a l l s  

Huka Fa l l s  
Muds ton 

2 100 Grindley , 1965 

5- 30 

< 1  

.loo 

.05 

.10 

.063 

Grindley , 1965 

Grindley, 1965 

Calculated from pressure downdraw f o r  
w e l l s  tapping f a u l t  zone 

Calculated from pressure drawdown f o r  
wells drawing on aquifer storage 

Calculated from pressure drawdown f o r  
w e l l s  i n  stongly cemented pa r t s  of 
aquifer 

Mercer, e t  a l . ,  Horizonal permeability, from Elder, 
1975 1966 

Hendrickson, 1976 From core test a t  e f fec t ive  stress = 
50 bars (confining pressure = 150 bars) 

Mercer, e t  al., Vertical permeability 
19 75 

Hendrickson, 1976 From code test a t  e f fec t ive  stress = 
6.9 bars (confining pressure = 6.9 bars) 



'3. RESERVOIR CHARACTERISTICS 

3.1 REGIONAL GEOHYDROLOGY 

The Wairakei f i e l d  produces primarily hot water, although dry 

steam has been tapped i n  one w e l l  and flashed steam is accumulating i n  

the  upper pa r t s  of the system because of decreased f l u i d  pressures 
caused by production (Grindley, 1965). The water is mostly of meteroic 

or ig in  (Grindley, 1965), but the chloride concentration, oxygen isotope 

r a t i o ,  and comparison of ac tua l  mass withdrawal with values calculated 

from gravity c h g e s  suggest t ha t  5 t o  10 percent of the  w a t e r  is magmatic 

(Hunt, 1970). 
below. 

The geohydrology of Wairakei is very complex as indicated 

3.1.1 Wairakei Formation 

A t  the surface is a catchment in the w e s t ,  with runoff 

and percolation$hrough the e i  Breccias directed eastward toward 

the  Waikato River. Wher are high, and dens i t ies  therefore 

low, a greater  depth of water is required t o  balance the cold w a t e r  i n  

the surrounding country; t h i s  results i n  B raised water tab le  and hot 
springs. In the hi 

though hot, does no surface; steam rises from the water 

table,  giving rise 

w e s t  is a zone in which w a t e r ,  

Confining Bed 

er is confined t o  the top two o r  

three hundred feet of t 

on conditions a t  greater  de 

uence and has no d i r e c t  bearing 

for i t  is underlain by the Huh Mud- 

stones (see Figures 3, ch provide a r e l a t ive ly  impermeable 

V I I - 3 5  



bar r i e r  t o  the ve r t i ca l  movement of water. 

account f o r  the large extent of the Wairakei f i e ld ,  s ince the hot water 
is forced t o  migrate l a t e r a l l y  beneath these beds before it can escape 

t o  the surface. 

f au l t s ,  mostly s t r ik ing  north-north-east, along which many surface 

hydrothermal features  are aligned. 

The mudstones undoubtedly 

The escape paths are provided by a number of tension 

The long l i f e  and constancy of the heat  flow may also be 

a t t r ibu ted  t o  the influence of the mudstones. 

reasons f o r  believing that, without such an impeding layer, the  hydrothermal 

system could not exist; t h e  energy would be dissipated by eruption. 

In  f ac t ,  there  are good 

3.1.3 Waiora Formation 

Beneath the H u h  mudstones are the  permeable Waiora Breccias 
(see Figure 3 and Table l), which const i tute  the main hot aquifer,  

varying i n  thickness from about 1,200 f e e t  i n  the w e s t  t o  more than 

2,600 f e e t  i n  the east of the  f ie ld .  

water produces a pseudo-artesian pressure so tha t  d r i l l ho le s  tapping the  

aquifer discharge spontaneously, o r  stand under pressure when shut in .  

The aquifer is not  a r tes ian  in  the  conventional sense, f o r  the water 
level may be as much as 200 f e e t  below surface i n  d r i l l ho le s  tha t  have 

been cooled by circulat ing cold water; pressure develops only when 

temperatures recover. This pressure, here referred t o  as "therm- 

artesian" pressure, is ent i re ly  due t o  high temperature. not only i n  the  
aquifer i t s e l f ,  but a l so  i n  the  overlying beds, f o r  t h i s  maintains a low 

density i n  the upper pa r t  of the water column. 

Here, the low density of the hot 
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3.1.4 

The Waiora Formation is underlain by the Wairakei Ignimbrite, 

There is wide speculation a r e l a t ive ly  impermeable eonfining material. 

t h a t  a rea l ly  extensive 

e x i s t s  below the Waira 

is  thought t o  be responsible f o r  lateral movement of hot water t o  the 

production area. Where expo 

f i e l d ,  tlie Ohakuri Group contains several la teral ly-pers is tent  breccia 

layers  enclosed in less permeable tuffaceous sediments 

are extensive beneath the production area, the formation MY be an 

important second aquifer 

1: aquifer (called the Ohakuri aquifer] 

imbrites (see Figure 3). This lower aquifer 

a t  the surface 32 km away from the  

3.1.5 Faults and Fissur 

depth i n  the  upper pa r t  of the 

upward by con- 

ha t  the Waiora 

aquifer i s  fed through 1 sures i n  the ignimbrites which are 

associated with the Wa PO, and upper Waiora fau l t s .  The 
f i ssures  are l imited t 

a small s t ruc tu ra l  dome 

f i ssures ,  being voids 

are kept open by pred 

t rock of the Wa 

thickness may be as 

dry steam which was  i l l h o l e  (Grindley, 1965). 



tr 
3.1.6 Flow Patterns Through the Waiora Aquifer 

In the v ic in i ty  of the Wairakei Field, Studt (1958) found t h a t  

a strong pressure gradient decreasing from w e s t  t o  east occurs i n  the 

Waiora aquifer. 

must therefore be i n  the same direction, with recharge i n ' t h e  w e s t  and 

discharge i n  the east. This conclusion is supported by a surface magne- 

t i c  survey reported by Cullington (1954) and Modriniak and Studt (1959). 

They found a general increase i n  magnetic in tens i ty  from w e s t  t o  east, 
indicating that the source of hot f lu id  is t o  the w e s t ,  and t h a t  the  

general flow is from w e s t  t o  east. 

The general movement of water through the Waiora aquifer 

There have been no d i rec t  measurements of the na tura l  recharge 

rate a t  the Waiora Aquifer. 

showed that the annual recharge rate w a s  as l o w  as 10% of the production 
rate during the ear ly  years and rose t o  about 90% or  more during later 

years . 

Rough estimates presented by Hunt (1977) 

3'. 2 RESERVOIR GEOMETRY 

3.2.1 Areal Extent 

Resis t iv i ty  measurements have been used t o  indicate  the presence 

of hot water a t  depth. 

meters) generally shows a geothermal anomaly. 

Low electrical r e s i s t i v i t y  <F about 10 ohm 

A r e s i s t i v i t y  survey was  carr ied out i n  the Wairakei area i n  

1963-1964; Figure 10 shows the r e s i s t i v i t y  contours resu l t ing  from t h a t  

survey. 
regions, a t  Wairakei and a t  Tauhara, with a r e l a t ive ly  narrow neck 

These contours def in i te ly  indicate  two l a rge  low r e s i s t i v i t y  
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connecting them. 

kawa a lso  corresponds t o  a geothermally ac t ive  region - two w e l l s  d r i l l e d  

a t  Rotokawa.provide process heat for a su l fu r  plant  located there, and 
temperature as high as 307OC have been measured downhole. No’definite 

evidence ( r e s i s t i v i ty  o r  otherwise) exists f o r  a connection between 

Wairakei and Rotokawa. The r e s i s t i v i t y  data does, however, strongly 

suggest a connection between Wairakei and Tauhara. 

A few miles t o  the east, the r e s i s t i v i t y  low a t  Roto- 

I 

3.2.2 .Vertical Extent 

Production w e l l s  in the Waiora aquifer range from about 450 t o  

4000 f e e t  deep. 
the reservoir can bes t  be seen from the geological sections shown i n  

Figures 6 ,  7 and 8. 

The horizontal var ia t ion  i n  the depth and thickness of 

In general, the reservoir is  thicker to the w e s t  

and east of the main borefield and qui te  t h in  at  the borefield. 

the borefield lies on the Wairakei High (an area of shallow Wairakei 

Since 

Ignibr i tes) ,  the reservoir is a l so  a t  about its shallowest pofnt i n  the  

v ic in i ty  of the borefield. 

3.3 RESERVOIR MATERIAL PROPERTIES 

The permeable members (stratigraphic subunits) of the Waiora 

Formation comprise the pr incipal  aquifer tapped by geothermal w e l l s  a t  

Wairakei. 

d r i l l ho le  213 south of the productton area, where the formation is un- . 
faul ted and re la t ive ly  unaltered. This section, described i n  Table 10, 

shows the l i tho logic  var ia t ion  Within the formation. The Haparangi 

Rhyolite is an instrusive uni t ,  considered separate from the Waiora 

The type section designated by Grindley (1965, p.23) is from 

Formation. 
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"In the south-eastern p a r t  of the f i e l d  where the Waiora 

Formation is thickest  t 

some l a i d  down as ash-f 

strata are f i n e r  grained 

interbedded sandstones an 

dominant. There are also ded mudstones, s i l t s t o n e s  and sand- 

stones a t  a l l  levels.  The sediments contain numerous th in  tuff  
bands and show good graded 

On the  western l i m i t  of the area d r i l l ed  the member of t 

t ion  are s o f t  t o  poorly c 

greater  degree of compact 

thermal a l t e r a t ion  with d a. The pumice 

breccias i n  some cases include appreciable amounts of 

a t  lower leveis." (Healy, 19 

be a dominance of p w c e  breccias, 

but some redposited. I n  general the 

of  the f i e l d  where - 
us tuffs  of f i n e  t o  coarse grade are 

d small-scale slump features.  

, especially 

The mineralogy of the Waiora Formation is variab 

the d i f fe ren t  'rock t y  

by Bendrickson (1976) 

f e e t  (344-346 m) w a s  

dominant fine-grained and phenocrysts of feldspar. Its , 

composition was  as follows 
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TABLE 10 

Waiora Formation 

Member 5: Ignimbrite, quartz-plagioclase, rhyo- 
lite inclusion 

Pumice sandstone, quartz-plagioclase, 
rhyolite fragments 

Ignimbrite, quartz-olagioclase, rhyo- 
lite inclusions 

Pumice breccia, quartz-plagioclase, 
rhyolite fragments 

Haparangi Rhyolite, Phyolite Sill 

Member 4: Pumice breccia and Sandstone, quartz 
absent, small mount of rhyolite 
fragments 

Dark siltstone 

Member 3: Pumice sandstone and breccia, quartz 
absent 

Thickness (Feet) 

130 

100 

70 

40 

250 

520 

20 

180 

Rhyolitic breccia, minor pumice, quartz 50 

Pumice breccia and sandstone, quartz 
plagioclase 50 

Grey siltstone 20 

Pumice sandstone, quartz-plaghclase 80 

Member 2: Dark grey silty mudstone 20 

Pumice sandstone, grit, siltstone, quartz 
absent 150 

Pumice sandstone, rhyolite fragments quartz 130 

100 Member 1: Ignimbrite, quartz-plagioclase, ptrmiceous 

Ignimbrite, quartz-plagioclase, lenticular 
pumice 2 30 

VII-42 



A second sample from the depth interval 2296-2618 f e e t  (700- 

800 m) is described as a light-brown a l te red  tuff  with a fine-grained 

matrix consisting of-glass ,  quartz, feldspar and la rge  fragments of 

a l te red  mafic material. The feldspars show some a l t e r a t ton  to  clay, 

Hendrickson (1976, P. A6) gives the composition as: 

COMPOSITION PERCENT BY VOLUME 

Fine-grain glassy matrix 82 

14 Voids 

Opaques Trace 

r materials were a l so  

ents  include saturated 

and dry bulk dens i t ies  

porosity and grain densi t  arized i n  Table 2. For 
d e t a i l s  of the measuremen 

porosity, occluded 

more recent- V a l  

arises from t h  

ork within the  sys te  
b i l i t i e s  are much lower 

I 



Lp 

Similarly, the measured porosi t ies  are higher than those 

actual ly  found i n  the reservoir based upon i ts  performance. 

analyses of the reservoir response a t  Wairakei mercer, e t  al., 1975; 
Pr i tche t t ,  et  al., 1976) have used ef fec t ive  permeabilities of the  order 

of 100 ruillidarcies and porosi t ies  of about 20 percent f o r  the Raiora 

aquifer with f a i r l y  good success. 

Theoretical 

The elas t i c  moduli characteristics of the reservoir are described 

i n  Section 2.4.2. 

3.4 , FLUID CHARACTERISTICS 

3.4: l  Chemistry 

Geothermal water from the Nairakei Field is remarkably pure, 

which is probably the reason why it is discharged d i rec t ly  to  the Waikato 

River. The typical  t o t a l  mass f ract ions of dissolved species in Wairakei 

geothermal waters reported by Wilson (1955) and by E l l i s  (19701 are 
3.94 x and 4.46 x respectively. These mass loadings are around 
one-eighth those of sea water. 

3.4.2 Temperature and Phase 

The Waiora reservoir or iginal ly  produced hot water a t  a temper- 

a ture  of about 25OoC. 

accumulating i n  the upper par t s  of the system because of decreased 

After years of production, flashed steam is  

f l u i d  pressures caused by production. Isotherms a t  various depths were 
determined by Banrsel l  (1958) during ear ly  production, and are presented 

i n  P r i t che t t  et  al., (1978 pp. 77-82). 
waters are generally in areas close t o  f a u l t s  and f issures .  

As s ta ted  earlier, the ho t t e s t  



4. PRODUCTION HISTORY AND SUBSIDENCE 

4.1 HISTORY OF DEVELOPMENT AND USE 

The f i r s t  experimental bores a t  Wairakei w e r e  d r i l l e d  in 1950. 

A t o t a l  of about 141 bores ave been d r i l l e d  since then. Of these, 65 
bores account f o r  about 95 

e n t i r e  f i e ld ,  which a t  of 1976 w a s  about 33 x 19 pounds 
(Pr i tche t t  et al., 1978 

1952 were a l l  shallow, 

unproductive. Dri l l ing of deeper bores, t o  3000feet, 

These deeper bores marked the beginning of s ign i f i c  
the area. 
i n  order t o  in t e r se  

of 1500 t o  2000 f e e  ions of mass production, enthalphy 

and d r i l l i n g  a c t i v i t y  11 and 12. A time his tory  of ' 

t o t a l  f i e l d  productio e 13. A steady increase i n  

production occurred after 1 eneration began. The d r i l l i n g  
of new w e l l s  ceased i n  1968 

ercent of the t o t a l  f l u i d  produced from the 
1 2  

from 1950 through 

t deep, and r e l a t ive ly  

e ear ly  bores d r i l l  

g from 500 t o  1500 

The most productive dr i l lho les  are s i tua ted  near f a u l t  traces 
res occuring along the f a u l t  zone a t  depths 

production rate has s teadi ly  

f a l l e n  since then, due primarly t o  reservoir pressure decline. 

(1978, pp. 110-12 

ich  the annual rechar 

s ince remiiined. It ap 
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FIGURE 11 SPATIAL DISTRIBUTION OF MASS PRODUCTION, MEAN DISCHARGE 
ENTHALPY, AND DRILLING ACTIVITY, WAIRAKEIiTAUHARA FIELD ’ 

K E Y  
6 31304-Total mass produced, 10 pounds 

519-Mean discharge enthalpy, BTU/pound 

7-Number of bores (monitor bores excluded) 

Notes: 1. Shaded area is the main production area 
2. From Pritchett et al, 1978 
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PRODUCTION, EAN DISCHARGE 
ENTHALPY, ITY, MAIN BORE FIELD AND 
VICINITY. (for key, see Figure 11) 

Notes: 1. Shaded area is the.main production area 
2. From Pritchett et al, 1978 
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FIGURE 13 MASS DISCHARGE RATE ( a l l  b o r e s )  AS A FUNCTION OF TIME 
(from Prltchett, 1978) 
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Li 

I 
I 

i n  which mass inflow nearly balanced outflow, and at  the present rate of 
withdrawal, the f i e l d  w i l l  not be depleted of water f o r  a long t i m e .  

Cumulative recharge values calculated from the annual recharge 

values are shown i n  Figure 14 and indicate  tha t  by the end of 1974 about 
9 9 695 x 10 kg of water had replaced 965 x 10 kg of water withdrawn." 

4.2 CHANGES IN RESERVOIR PROPERTIES DUE TO PRODUCTION 

4.2.1 Pressure Decline 

Extensive pressure measurements have been carri 
main Wairakei bore f i e l d  as w e l l  

excellent coverage of t h i s  topic, of t h i s  section is 
y Pr i t che t t  et al., (1978). 

1 holes is contained in f i l e s  

book shelf space a t  the Ministry 

order t o  reduce the amount of 

occupying about f i f t e e n  l i n e  

of Works laboratory near Wai 

data analyzed, Bolton (1970) t et al., (1978 e focussed 
on data a t  two representative h t a l  planes, 500 and 900 f e e t  below 
sea level (RL-500 and pressure d i s t r i b t  
essent ia l ly  hydrostatic with ores, a s ingle  d 

a t  RG500 o r  RG900 can then 
a par t icu lar  point in t i m e .  

e e n t i r e  pressure p ro f i l e  a t  

Bolton (1970) found ressure reponse of 

f i e l d  t o  f l u i d  withd 
suggesting a high degre oxnunication and 

ra aquifer. Figures 



n 

-1 000 

c 
X 

v) 

Cumulative net mass loss 

Cumulative recharge o f  ma 
Q, > 
c, 
.C 

V 
C ' * ' , * @  * I  @ 1 1 * 1 1 1 . 1 1 1 1 1 1 1 I ~  

Time (yr) 
1950 1955 1960 1965 1970 

FIGURE 1 4  

CUMULATIVE RECHARGE AND CUMULATIVE NET MASS L O S S ,  ESTIMATED 

FROM CORRECTED GRAVITY D I F F E R E N C E S  A T  BENCH MARK A 9 7 ,  

WAIRAKEI GEOTHERMAL F I E L D  (from Eunt, 1 9 7 7 )  
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W 

PRESSURE MEASUREMENT 

Pritchett, 1978)  

OR 



TI ME 

FIGURE 16 PRESSURE MEASUREMENTS AT RL-900 AS A FUNCTION OF TIME FOR 

j d  
BORES FOLLOWING T3E TREND OF THE MAIN BORE FIELD (from 

P r i t c h e t t ,  1978) 
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t i m e  f o r  a l l  measurements taken a t  the RL-500 and XU-900 levels. It can 

be seen t h a t  there is l i t t l e  difference between the RL-500 and a - 9 0 0  

data,  except f o r  a s h i f t  in scale due t o  the greater  hydrostat€c head a t  
RL-900 (equivalent t o  about 173 psia).  There is a de f in i t e  areal change 

of pressure reduction, as shown i n  Figure 17. 
the  pressure reductions are as much aa  30% greater C-90 p s i  greater)  i n  

the  eastern pa r t  of the production zone. 

T h i s  f igure shows tha t  

Magnetic tapes of a1 
been compiled by P r i t che t t  et  (1978). They an t ic ipa te  using these 

data i n  their continuing model 

ressure data a t  RL-500 and RL-900 have 

elopment work on Wairakei. 

4.2.2 Temperature Changes 

both with bore location 

and depth. Bolton (1970) i 
three groups geographically, 

Figures 18, 19, and 20 show 
f o r  each of the  three groups. 

d t h i s  var ia t ion by dividing the bores -nto 

intervals of 400 feet. 

Figure 18 shows t h a t  

terval (1000 €t), and that above 

rate of temperature 

epth, from 1000 feet below sea 
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WEST EAST 

FIGURE 17 EAST-WEST PRESSURE DISTRIBUTION AT WAIRAKEI AT.RL-900 FOR 

LiJ 1956, 1964, AND 1968 (from Bolton, 1970) 
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For the outer area bores, Figure 20 indicates l i t t l e  change i n  

temperature over t i m e .  

those i n  the other two' groups, and the temperature/depth var ia t ion is 

s l igh t .  

The bores i n  t h i s  group are much deeper than 

A more detai led representation of temperature var ia t ion w i t h  

time between 1957 and 1969 in the western production area is shown i n  

Figure 21. 

temperatures f o r  the western production area bores has been about 12OC, 
and tha t  the  main fall occurred over the  period 1963-1964. 

This f igure shows that the  average f a l l  in the maxLmtrm 

Detailed representations of the  s p a t i a l  temperature var ia t ions 
in the reservoir  are presented i n  a set of horizontal  temperature pro- 

f i l e s  or ig ina l ly  developed by Banwell (19581, and given by Pr i rche t t  

(1978, pp. 77-98). 

4.2.3 Phase Alteration 

The behavior of the Vairakei f i e l d ,  under explotation, is 

largely governed by the saturat ion temperature-pressure r e l a t ion  f o r  
water (Bolton, 1970). 

al., (1976) and Mercer (1975), i t  is  believed that the upper portions of 

the reservoir s t a r t ed  flashing soon a f t e r  production commenced Csee 
Figure 22a). This would have helped to maintain the reservoir pressures 

i n  the ear ly  years of production (Figures 15 and 16). 
boi l ing region kept growing with continued production; in the years 
1959-1960, the two-phase region began t o  invade the production horizon 

According t o  the modeling work done by P r i t che t t  et  

The two-phase 
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Bol ton ,  1970)  
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FIGURE 2 2  

I I I 
0 1 2 4 lm 3 

I 0 

VARIATION OF VAPOR SATURATION 
P r i t c h e t t  et al, 1976) 
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CONTOURS WITH TIME (from 



W 
i 

I 
(Figure 22b). 
(see Figures 15 and 16) due to  the relative permeability effect* i n  two- 

phase flow. Eventually round 1964) t h e  e n t i r e  production region 

s t a r t e d  t o  b o i l  (see F i  

Field pressures then c1.959-19601 began t o  drop rapidly 

e ~ Z C ) ,  which marked the onset of the relative 
f l a t t en ing  of the pressure drop curve Gigure  ,151 

4.2.4 Apparent Rock Strength Changes 

An analysis by Pr i tche t t ,  e t  al., (1976) suggests t ha t  the 

reservoir rock may have increased by a 

3 and 1975. This conclusion was drawn 

compressibility of she 

f ac to r  of 15 times be 

from a cross  p lo t  of reservoir pressure drop Cat elevation -150 m) 
versus subsidence of - b 

From 1953-1963 the def 

pressure drop per meter of 

decreased smoothly; th een f a i l i n g  progressively. From 

1971-1975 it again behav 

bars/meter, 15  times more 

and final compressibil i t ie 

mark A97 -- a pseudo stress-strain Curve. 

ar elastic, a t  a rateof 36 bars 
Between 1963 and 1971 the  slope 

inearly,  but a t  a rate of 2.4 

d 45 times greater,  respectively,  
than those determin tests on small samples. 

' .  

ate the dangers i n  making predictions 

more so f o r  a vir 
compensibility is typical  

s upon a var ia t ion  of the  
a range from "permeability 
steam". The latter perme- 

a b i l i t y  is obviously 
pressure adjustment. 

s greater,  enabling more rapid 



preproduction seimic measurements are l ike ly  to be of much help in 
determining i n  advance the  required long-term non-linear stress-strain 
relat ions.  

from the analysis  of geological, subsidence, and production data f o r  

It appears more l i k e l y  t ha t  some guidance might.be obtained 

geothemal and oi l /gaa reservoirs  with well-documented production and 

subsidence h is tor ies ,  t o  t r y  to  ident i fy  the mechanisms which cause non- 

l i nea r  behavior. 

4.3 INSTRUMENTATION USED TO MEASURE EFFECTS 

The temperatures discussed in Section 4.2.2 w e r e  recorded 

using geothermograph runs, Pr i t che t t  et  al., c1978). These data were 

recorded ins ide  cased boreholes, thus surrounding rock temperatures may 

not  have been properly measured. 

requires a long standing time before recording can be properly taken. 

Even w i t h  long standing times, the convective pat terns  within the measured 

wellbore may cause spurious recordings. 

temperature data presented here, and by Pr i t che t t  e t  al., 

be used with caution. 

This temperature measurement technique 

Uith these fac tors  in mind, the 

C1978>, must 

Pressures, discussed i n  Section 4.2.1, were not d i rec t ly  

measured pr ior  t o  1959. 
(whose accuracy is questionable as discussed above), and assmdng hydrostatic 

equilibrium, pressure estimates were made. 

However, using water l eve l  and temperature da ta  

S tar t ing  in about 1959, Amerada Bourdon tube type pressure 

gauges were used t o  d i rec t ly  measure pressures. 

the accuracy of the earlier ind i rec t  determinations as 2 20 ps i ,  and of 
the d i r e c t  measurement as 5 1 0  psi. 

Bolton (19771 estimates 
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Ground subsidence a t  Wairakei was first measured in  1956 when 

bench mark levels were compared with those e s t ab l i s  

1970). A subsidence measurement network w a s  then e 

evolved over a period of time, f i r s t  on the steam main supports and then 

outward i n t o  the f ie ld .  

marks i n  use in 1971. 

Figure 23 shows the location of various bench 

Bolton (1970) gave the following description of the bench 

marks and leveling operation 

marks generally comprise reinforced 
concrete cast les d r i l l e d  t o  depths 

rete is enlarged to 
nd an ident i f ica t ion  

ess steel pins set 
concrete pipe sup- 

steel pins em- 
f concrete and 

are generally 
necessary f o r  first-order geodetic leve l l ing  o f f e r  no 
appreciable advantage when measuring ground subsidence. 

umber of bench mark 

inch diameter wo 

bench m a r k s  of 
catien markers. 

i 3 



i 

c, 

i 

F I G U R E  23  BENCH MARK L O C A T I O N S  F O R  1 9 7 1  S U R V E Y  (from Pritchett 

hd et al, 197.8) 
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However, the  procedures are slow and unsatisfactory 
r e s u l t s  are obtained $f the rate of subsidence i s  
large.  
e s sen t i a l  i f  r e l i ab le  leve ls  are required. It has 
been found tha t  a compromise between accuracy and 
speed of leve l l ing  generally produces the bes t  re- 
s u l t s .  In  the  Wairalcei production f i e l d  the dura- 
t i o n  of a re-levelling survey is normally confined 
t o  a period of 2 weeks. 
l i n g  a t  speeds up to  3 miles per day." 

In  areas of known ground subsidence speed is 

This entails double-level- 

Most of the level ing a t  Y a i r &  
the  need f o r  rapid measurement 

precise  l e v e l  network took 

1975). Local subsidence i n  

un t i l1968 ;  then annually. w a s  made in 1977 Rritchett 

second order level ing due t o  
een.1956 and 1971, checking of the 

re f i l e d  was checked every s i x  months 

e t  al., 1978). 

A bench mark 
w a s  a r b i t r a r i l y  chosen 

t h a t  any subsidence t 

ide  the zone of subsid 

giho and 1471. A uad r i l a t e ra l  
gure 25) was then adopt 

or recomputatio 
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F I G U R E  24 W A I R A K E I  SURVEY CONTROL NETWORK. VECTOR MOVEMENT P E R I O D  

1966 TO 1974 (from Stilwell et al, 1975) 
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F I G U R E  25 O R I G I N  OF W A I R A K E I  S U R V E Y  CONTROL NETWORK (from Stilwell 
w 

et al, 1975) 



1 

4.4 SUBSIDENCE CHARACTERISTICS 

Subsidence a t  Wairakei has been thoroughly reported by Eatton 

(1970) and St i lwel l  (1975), and subsequently by Pr i tche t t  et al., (197 

1978). 

sources. 

Most of the information contained i n  t h i s  section is from these 

Figure 26 shows the average annual subsidence rates around the 

area, over 15 years from 1956 t o  1971. 

greatest  subsidence has occurred a t  the eastern end of the main production 

f i e ld .  
presented by P r i t che t t  et  al., (1.978). 
Figure 27. 

1971. 

P r i t che t t  are given i n  Table 11. 
mains control network) have been conducted. 

f o r  the 1974 and 1977 surveys. 

This f igure has shown that the 

Plots  of ground levels VS. t i m e  f o r  selected bench marks were 
A f e w  of these are presented i n  

They indicate  the time variat ion i n  subsidence rates through 

The f i r s t  and second order leveling results as summarized by 

Since 1971, only loca l  surveys (steam 
Table 1 2  gives the results 

The horizontal movement vectors a t  Wairakei f o r  the period 

1966-1974 are shown i n  Figure 24. 

towards the center of subsidence. The horizontal  control network was  

resurveyed i n  1977 (Figure 28). The 1977 survey confirmed the vector 

direct ions determined by St i lwel l  and others  in 1975 (Figure 24). 

Annual horizontal  movement between 1968 and 1977 was  between 4.3 

inches/year a t  a radius of 800 f e e t  from the center.of subsidence 

decreasing t o  about 0.6 inchedyear a t  2500 f e e t  radius (pr i tchet t  

1978) . 

“ypically the vector movement is 
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F I G U R E  26 AGE LAND S U B S I D E N  T O U R S  OF EQUAL 
I D E N C E  I N  I N C H E S  

M I L L I M E T E R S  P E R  Y E A R .  
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a t ' 1247 
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FIGURE 27 SUBSIDENCE EISTORY AT SELECTED BENCH MARKS. ABSCISSA I S  

TIME, PEARS, I . E . ,  19--; ORDINATE I S  SURFACE ALTITUDE, 

FEET BL (from Pritchett e t  81, 1978) 
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Table 11 

Maraetai Datum 

Bench Mark 
Aratiatia Fund. 
Taupo Fund. 
R a n g i t a i k i  Fund. 
B.M. 1 (Huka) 
B.M. 7 

8 
9 

1 5  
16  
1 7  
1 8  
1 9  

2 20 
7 2 1  
2 22 

2 3  
24 
2 5  
26 
27 
28 
29 
30 
3 1  
32 
33/1 
34 
34/1 
35 
36 
37 

19 6 3-19 64 
1152.254 

2455.068 

1681.646 
1668.263 
1528.780 
1306.261 
1388.648 
1522.363 
1713.138 
1652.717 
1391.572 
1268.941 
1478.130 
1142 . 136 
1162.629 
1310.081 
1701.485 
1760.210 
1598.309 
1613.281 
1625.814 
1400.713 
1480.865 

1455.536 

1536.246 
1434.646 
1333.756 

FIRST AND SECOND ORDER LEVELING RESULTS 
1963/1964, 1966, 1971 
from P r i t c h e t t  (1978) 

Order of 
1966 Levelinq - 

2 1152.248 

1 2455.217 
1174.743 

2 1681.507 
2 1668.109 

2 1306.074 
2 1388.446 
2 1522 . 1 7 1  
2 1713.138 
2 1652.717 
2 1391.432 
2 1268.795 
2 1478.085 
2 1142.031 
2 ' 1162.613 
2 1309.618 
2 ' 1701.426 
2 1760.214 
2 1598.187 
2 1613.180 
2 1625.726 
2 
2 

2 1528.687 

2 1455.272 

2 1536.098 
2 1434.603 
2 1333.317 

Order of 
Leveling 

2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 

2 
2 
2 

1971 
1152,206 
1199 . 618 

7 

1174.350 
1681.255 
1667.744 
1528.464 

1388.122 
1521.666 
1312 . 702 
1652 . 321 
1391.275 
1268.585 
1478.077 
1141.873 
1162 . 5t?9 
1309.604 
1701.265 
1760.114 
1597.952 
1613.090 
1625.543 
1400.703 
1480 . 763 

1454.964 
1501.460 

1434 . 451 
1333.492 

1562 364 

1535.830 

Order of 
Leveling 

2 
2 

2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

' 2  
2 
2 
2 
2 
2 
2 
2 

Origin A.93 = 1193.320 
Difference Annual 

1971 to 1966 Rate of 
or 1963,64 Subisdence  
- - 0 4 2  -0 .008  

+O. 058 + . 1 4 9  - 0393 - . 0 7 9  - .252  - . 0 5 1  - , 3 6 5  - . 0 7 3  - - 2 2 3  - . 0 4 5  

- .324  - .505  - .436  - .396  - -157  - 0210 - - 0 0 8  - .158  - - 0 2 4  - - 0 1 4  - . 1 6 1  - ,100  - .235  - 0090 - - 1 8 3  - . 0 1 0  - 0102 

- , 3 0 8  

- , 2 6 8  - - 1 5 2  - . 2 2 5  

c 

- . 0 6 4  - 0099 - . 0 8 5  - .077  - . 0 3 1  - . 0 4 1  

-0 .031  
-0.005 
-0 .003  
- 0 . 0 3 1  
-0 .019  
-0 .045  
-0 .017  
-0.035 

-0 .013  

-0.059 

-0.026 
-0.015 
-0 .043  

c 



Table 11 FIRST AND SECOND ORDER LEVELING RESULTS 
196311964, 1966, 1971 

, Maraetai Datum f ran Pr i t c he t t ( 1978) Origin A.93 = 1193.320 . 

Difference Annual 
Order of 1971 to 1966 Rate of 

or 1963,64 Subisdence 
Order of 

1971 Leve 1 inq - 1966 Leveling - Bench Mark 

BO. M. 88 1480,397 2 
A. 92/1 1262.827, 1 1262 . 838 1 

A. 94/3 2 
A. 95 1151.181 2 2 -0.043 -0.*009 
A. 96 2 -0.332 -0.067 

2 -2.267 -0.447 
, 1286.661 2 -0.459 -0.090 

-0.406 -0.080 1286.368 2 
Z194.949 2 -0.273 -0.054 ~ 

* 1237.224 2 
1355.835 2 -0.075 

2 -0.013 
2 +O. 061 +O. 008 

A, 93 1193.320 1193,320 Datum 
2 -0.003 - I A. 9.4/1 1141.613 2 1141.61 

I 

1 
I 

AA. 4/18 
I AA. 5 +O. 003 
I AA.6 , 1593.557 1 1593.545 2 2 -0.033 

AA. 7 1 1468.072 2 1467.893 2 -0.179 
AA. 7/1 1465.278 I 

AA. 7/2 1416.025 
-0.356 -0.071 AA. 8 2 1363.857 2 1363.501 2 
-0.279 -0.056 AA. 9 2 1166.016 2 1165.737 2 

AA. 10 3 1444.605 3 1444.168 2 -0.437 -0.084 
AA. 11 3 1264.429 3 1264.. 181 2 -0.248 -0.047 

-0.067 -0.026 AA. 12 3 1396.112 3 
-1.120 -0.223 2 1322.552 2 1321.432 2 

2 1491,556 2 1491.092 2 -0.464 -0.092 AA. 14 
AA. 15 2 1673.603 2 1673.286 2 -0.316 -0.063 
AA. 16 2 1597.238 2 1596 . 961 2 -0.277 -0.055 

-0.051 AA 2 1586.648 2 +O. 389 

-0.036 I 

AA. i3 

, 
\ 

I 

/ 
i 
, 

-,..,,I ,, , ~ l l " l " l l l - . - ~  i- -*- ".llllll*~ll-l..--.m.-- ".-""".-- " _ . - 1 * _ _ _ ( P  " , , , , 



Marcaetai Datum 

Bench Mark 
AA. 18 
AA. 19 
AA. 20 
AA. 21 
AA. 22 
AA. 23 
AA. 25 
AA. 26 
AA.53 
AA. 53/1 
AA.69 * 

AA. 70 
AA, I1 

c AA.72 - AA.74 
AA. 75 
AA. 76 
AA. 77 
AA. 78 
AA. 79 
AA. 79/1 
AA. 80 
AA. 81 
AA. 82 

. AA.83 
AA. 84 
AA. 85 
AA. 86 
AA. 87 
AA. 88 

p AA.73 
m 

c 

Table 11 FIRST AND SECOND ORDER LEVELING RESULTS 
196311964, 1966, 1971 

(coctinxxI) from Pritchett (1978) 

Order of Order of Order of 
1963-1964 Leveling - 1966 Levelinp - 1971 Leveling 
1655.762 2 
1696.767 2 
1804.528 2 
1384.659 3 1384.291 3 1383.549 2 
1401.877 3 1401.670 2 1401.363 2 
1469.896 3 1469.657 2 1469.374 2 
d197.271 2 
1193.751 2 
1250.897 2 1250.392 2 

1246.777 2 
1124.551 2 1124 . 560 2 1124.532 2 
1160.655 2 1160.622 2 1160.547 2 
1229 . 482 2 1229.057 '2 1228.178 2 
1331,560 3 1331.489 3 1331.351 . 2 
1687.549 2 1687.403 2 1687.091 2 

2 1599.679 2 1599 . 484 2 1599.246 
1285.497 2 1285.228 2 1284.768 2 
1301.111 2 1300.688 3 1300.091 2 
1516.728 2 1516.494 3 1516.203 2 

2 1182 . Q74 2 1181.941 2 1181.697 
1302 . 446 2 1302.286 2 

1300.945 2 
1419.231 1 1419 . 066 1 1418.701 2 
1518.504 1 1518.478 1 1518.374 2 
1531.721 1 1531.826 1 1531.885 2 
1628,191 1 1628.228 1 
1715.098 1 1715.146 1 
1855.369 1 1855.443 1 
1803.767 1 1803.864 1 
2240.760 1 
2245.002 1 2245.165 1 

Origin A.93 = 1193.320 . 
Difference Annual 
1971 to 1966 Rate of 
or 1963,64 Subisdence 

-0.742 -0.145 
-0.061 -0.307 
-0.056 -0.283 

-0.505 -0.195 

-0.028 
-0.075 
-0.879 
-0.138 
-0.312 
-0,238 
-0.460 
-0.597 
-0.291 
-0.244 
-0.160 

-0.006 
-0.015 
-0.177 
-0.028 
-0.062 
-0.048 
-0.090 
-0.115 
-0.056 
-0.050 
-0.062 

-0.071 -0.365 
-0.020 -0.104 
+o. 011 +O. 059 

+O. 037 +0.014 
+O. 048 +0.019 - 

+O. 029 +O. 074 
+O. 097 +O. 038 

i-0.163 +0.063 

.c 



SECOND ORDER LEVELING RESULTS 
1963/1964, 1966, 1971 
from Pritchett (1978) Orig in  A.93 = 1193.320 

Difference Annual  
Order of Order of 1 9 7 1  to 1966 R a t e  of - 1966 L e v e l i n g  - 1 9 7 1  L e v e l i n g  or 1963,64 S u b i s d e n c e  Bench Mark 

AD. 1 1395.465 1 
AD. 2 1462.710 1 
AD. 3 1582.082 1 
AD. 4 1787.615 
AD. 5 1843.958 1844.052 1 +O. 094 +0-036 
AD. 6 .  1901.569 +O.  117 +0.045 
AD. 7 1947.372 +O. 131 +O. 0 5 1  

1991.809 +0.138 +0.053 
2082.228 +O. 138  +O. 053  

+O. 144 +O. 056 
+O. 148 +0.057 , 

2378.017 +O. 155  +0.060 

2449 . 446 2449.590 +O. 1 4 4  +0.056 
AD. 15 2446.110 2446.252 +0.142 +O. 055 
AD. 1 6  2464.598 1 2464.742 1 +O. 144 +0.056 
AD. 1 7  

+O. 060 AD. 18 2518.569 1 2518.723 1 +O. 154 
AD. 18/1 (H. 1 4  1 2459.827 1 +O. 147 +O. 057 
AD. 18/2 (11.14 1 '  2329.781 1 +0.147 +O. 057 
AD. 18/3 (H. 1 4  1 2275.124 1 +O. 150 +O. 058 
AD. 18/4 (H. 1 4  1 2265.544 1 +O. 155  +O. 060 
P.H.2 1158,398 2 1157.693 2 -0.705 -0.143 
P.H.5 2 1144.071 2 i i 4 3 . 9 r 5  2 -0.156 -0.032 

1425.025 2 
TH7 2 1133.968 2 
B.M. L & S 

2408.085 +O. 144 + O e  056 



Table 12 WAIRAKEI STEAM MAIN CONTROL NETWORK 
SUBSIDENCE RATE 

GROUND SURVEY MARKS 
from Pritchett et a1 (1978) 

J 

1968 - 1977 Reduced Levels ( f t. ) 
Station 1977 1974 1968 h R.L. Annual Rate 

(ft. 1 (ft . /year)  

GS 1 
G s 2  
GS 3 
GS 4 

GS 5 
GS 6 
G s 7  
GS 8 
GS 9 
GS 10 
GS 11 
GS 12  
GS 1 3  

1267.34 
1240.02 
1134.91  
1228.59 
1237.17 
1245.49 
1331.37 
1247.45 
1229.04 
1273.55 
1276.12 
1491.81  
1336.84 

1268.54 
1240.26 
1134091 .r 
1228.95 
1237.60 
1247.21 
1333.53  
1248.97 
1231.41  
1274.25 
1276.68 
1492.27 
1336.90  

1271.00 
1240.74 
1134.91  
1229.96 
1238.47 
1250.87 
1338.32 

- 
1236.93  
1275.61  - 
1494 . 29 
1338.94 

-3.66 
- .72  

0.00 
-1.37 
-1.30 
-5 .38  
-6.95 
-1.52 ** 
-7 .89  
-2.06 
-0.56 ** 
-2 .48 
-2.10 

-. 407 
-. 080 

0000 * 
-- 152 -. 144 
-0590 
-.732 
- .507 ** 
-. 187 
0.229 
0 .187  ** 
- .276 
-. 233 

RP 1 1566.40 1566.59 1567.01  -0.61 -. 068 

Waixakei 1624.88  1625.08 1625.66 -0 .78  -. 087 

* O r i g i n  
** For 1974 - 1977 o n l y  

c 



FIGURE 28 HORIZONTAL GROUND MOTION, 1968-1977 (from Pritchett 

et a l ,  1978) 
hd 
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4 05 CAUSES OF SUBSIDENCE 

The most obvious cause.of subsidence a t  Wairakei. has been the  

la rge  pore f l u i d  pressure drop i n  the Wsiora Formation reservoir caused 

by f l u i d  withdrawal without reinjection. This has be? great ly  ass i s ted  

by the apparently la rge  decrease i n  the  s t rength of the Maiora reservoir 
rock during production, as described i n  Section 4.2.4. 

Many other  fac tors  which favor subsidence suscept ib i l i ty  are 
present a t  Wairakei.' These, taken from a l i s t i n g  of many possible 

factors  by Atherton, e t  al., 0 9 7 6 ,  Vol. 1, Table 5.51 include: 

Reservoir Materials 

Sediments 
High porosity (35-42%) 
Unconsolidated, uncemented 
No preconsolidation 
Young age 
Large thickness i n  communication Cl200-2600 f t )  

Overburden 

Thin (less than 100 f t )  
Incompetent, unconsolidated sediments 
Highly deformable 

S i t e  Geology, Structure 

Normal fau l t ing  
Much, recent 'fracturing 
Tensional regional stresses 

GeohydrologlL 

Restricted recharge rates, par t icu lar ly  during ear ly  
production 

VII-80 



Maximum subsidence a t  Wairakei occurs away from the main production 

area, i n  the eastern par t  of the f ie ld .  

explanations fo r  t h i s  pheonomenon 

is the much greater thickn 

eastern area (see Figure 8 

gradient f a l l s  strongly from w e s t  t o  east i n  the Vaiora aquifer, as reported 

i n  Sections 3.1.6 and 4. a resu l t ,  pressure drops due t o  production 

would tend t o  be greater east; t h i s  is suggested by Figure 22. 

Further explanations fo r  t h i s  phenomonon, such as the  possible s p a t i a l  

var ia t ion i n  reservoir material strength, have been pointed out,  but are 
not suf f ic ien t ly  backed by the available data base. 

There are a number of possible 

Probably the most important explanation 

f the Waiora Formation reservoir under the 

n addition, the groundwater pressure 
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1. INTRODUCTION 

5 .  

The Geysers is a a t e ly  dry stream .geothkrmal .resource 

respects i t  is a unique geothermal area in Central Calffornia. 

resource, being the only U.S. 
(see Section 1111, and 

However, the Geysers r 
rock, a characteristic of 

herma1 si te i n  geologic category VI 
few dfy steamxesources o f  the world. 

de up o f  predominately hard fractured 

the U.S. geothermal sites, 
case study subsidence sites of this 

it worthwhile to  examine 

overburden under the e f f ec t  the behavior of the  

of .geofluid withdrawal. 

ced a t  the  Geysers in 

1960. Exploitation of t e has increased s ince  t h  
present production being 

1972 reveal that  a m a x m  g idence of about 13 ce6timeters 



2. NATURAL CONDITIONS 

2.1 PHYSIOGRAPHP 

The Geysers geothermal area is located in the northern Coast 
Ranges of California, about 75 miles north of San Francisco (Figure 1). 
The area of steam production lies predominantly in the northeastern 
corner of Sonoma County.and extending partly into Lake County, in T1lN 
and R8 and 9W. An area of hot water potential exists at the north and 
northeast, but since production has not begun in this area, it will be 
discussed in this report only insofar as it pertains to the regional 
setting. 
either Healdsburg or Cloverdale on Highway 101. 

Access to the main Geysers area is by two narrow roads from 

The Mayacmas Mountains trend northwesterly across the area and 
are dissected by a series of northwest-flowing streams. 
range from about 1300 feet in the stream beds to 4722 feet at Cobb 
Mountain. 
partly open grassland. 
loped, except for the geothermal steam production and generating units. 
Natural hot springs and fumaroles are spread over an elongated area on 
the northeast side of Big Sulphur Creek. 

Elevations 

The slopes are partly wooded or covered with chaparral and 
The area is sparsely settled and largely undeve- 

1 

2.2 

The Geysers area is characterized by a complex series of 
generally northwest-trending fault blocks and thrust plates (Figure 2). 
This pattern is obscured to the northeast and southeast by later volcanic 
deposits. 
units: 
or the Clear Lake Volcanics. 

Most of the area is underlain by one,of four major geologic 
the Franciscan assemblage, ophiolite, the Great Valley sequence, 

In some places, these rock units are 
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covered by geologically recent (Quaternary) sedimentary deposits including 
alluvium, colluvium, terrace deposits, and landslide debris. 
the area is mantled by resi slopewash soils to variable 
depths. Several cross-se area are given in Figure 3'. 

2.2.1 Geologic Units 

Most of 

0 Franciscan Assemblage. The Franciscan assemblage can be 
o three major structural units, based on 1) gross lithology, 

and 2) degree of shea , that are separated by faulting 
into complex thrust p ructurally lowest, Franciscan 

unit is referred to her shale and sandstone unit. This 
unit also contains ma 
greenstone, and serpe 
here called the metag 
metagreenstone and metachert. 
here designated as the graywac 

unit. Due t o  its widespread e in the area and 

and limestone also occ 

stone unit contai 
ic types, and i 
the vicinity of 
sponds to the lo 
McLaughlin' s (1 

m a l  development. 
eous unit of McNi 
ural units. Most 

cterized by high cl 
slides. The term If 

-5 
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been applied to Franciscan rocks of simila 
(1969). 
gray to black shale matrix co 
of metagraywacke type sandstone, chert, greenstone, serpentinite, silica 
carbonate rock and metamorphic rock (including glaucophane schist, 
eclogite, and amphilbolite). 
(McLaughlin, 1974) also occurs locally within melange units. 
the metamorphic rock types mentioned above occur as hard, resistant 
blocks ranging from less than 1 foot up to about 100 feet long. 
greenstone, serpentinite, and silica carbonate rocks may occur in blocks 
up to 5 miles long. 

The melange generally consists of a highly sheared, lustrous 
ining abundant, hard, resistant blocks 

Sheared conglomerate or sedimentary breccia 
Most of 

However, 

Greenstones 'are altered mafic submarine volcanic rocks that 
include gray to greenish gray spilitic basalts in the form of pillow 
lavas, massive flow rock, tuffs, and breccias In many parts of the 
area, they occur as discrete masses no more than a few hundred feet 
thick, but McNitt (1968 h 
massive pile that trends northwestward for several miles from the vicinity 
of The Geysers Resort. 
of fossiliferous limes 
blueschist minerals or i 
are slightly to extensive1 

estimated a thickness of 7000 feet for the 

In some places, the rocks contain minor amounts 

s" into the low 
and occurs as sheets, 



Silica-carbonate rock, a product of the hydrothermal alteration 
of serpentinite, can be a relatively hard and strong rock and often 
crops out as a cliff-forming unit. 
masses of highly variable size associated with serpentinite. 

It occurs most often in blocks and 

The second unit of the Franciscan assemblage corresponds to 
the metagraywacke unit of Blake and others (1971) and consists of 
principally of metagraywarke sandstone with lesser amounts of other 
metamorphic conetituents including metagreenstone and metachert, This 
unit is characterized by blueschist metamorphic-grade minerals such as 
glaucophane, lawsonite, and jadeitic pyroxene. 

The third, upper, Franciscan unit corresponds to McNitt's 
(1968) upper Jurassic-Cretaceous unit, and has widespread outcrops in 
the area, particularly west and north of The Geysers geothermal develop- 
ment. 
with minor greenstone, limestone, and chert, and some lenses of conglome- 
rate. 
frequently shattered and commonly veined with laumontite. 

It consists predominantly of graywacke-type sandstone and shale 

The sandstone ranges from massive to thin bedded, but the rock is 

0 Ophiolite. Igneous rocks, including basaltic pillow lavas 
and breccias, quartz diabase, diorite gabbro and diabase, and ultramafic 
rocks, largely pyroxenite and serpentinite, are in fault contact with 
underlying Franciscan rocks and form the base of the Great Valley sequence. 
These rocks represent oceanic crust on which the Great Valley sequence 
and Franciscan assemblage were deposited. 

0 Great Valley Sequence. The Jurassic and Cretaceous Great 
Valley sequence consists mainly of well bedded sandstone and shale, and 
siltstone or mudstone with minor sandstone, and conglomerate lenses and 
beds. 
tionary masses but aggregate to only a very small percentage of the 

Carbonate rocks occur locally as thin lenticular beds and concre- 
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total volume of Great Valley sequence rocks in the area. 
(19701, in their studies of a nearby area, have described 35,000 feet of 
clastic sedimentary strata, ranging in age from Late Jurassic to Late 
Cretaceous, as belonging to the Great Valley sequence. 
the entire sequence intosfour main stratigraphic units, three of which, 
although relationships are complicated by faulting, are apparently 
conformable successions ta. The fourth consists of several 
segments of.similar age 

Swe and Dickinson 

They have divided 

, 

omded entirely by faults. 

. 0 Clear Lake Volcanics. The Clear Lake Volcanics cover much 
of the area northwest of The Geysers development. Volcanism apparently 
began about 2.5 million years ago in the early Pleistocene epoch (Hearn 
and others, 1975). The vo activity continued into the Holocene 
epoch, as evidenced in-part by geothermal activity and the presence of 
mafic ash beds as young 
beneath Clear Lake (Sims an 

ears old in cores of sediments 

In addition, a low (Chapman, 1966, 1975) and 
a regional resistivity 1 
as indicating a large bo 
less (Chapman, 1975) .- 

hers, 1973) may be interpreted 
airly shallow depths - 10 km or 

t 

ny of the volc 
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domes is a further indication of their young age and physical strength. 
Previous workers (Brice, 1953) delineated two massive landslides, one 
involving andesitic and other rhyolitic rocks, on the southeast flanks 
of Boggs and Cobb Mountains, respectively. 
(1976) present convincing evidence that the Ford Flat area southeast of 
Cobb Mountain is not a landslide complex but that a series of northeast- 
trending normal faults accounts for the topographic and lithologic 
relationships in the area. They do, however, indicate that numerous 

However, Goff and McLaughlin 

. 

smaller, shallower landslides occur in the area. 
work by Hearn and others (1975) supports the presence of massive landslides 
on the south-southeast flanks of Boggs Mountain. 

On the other hand, 

e Alluvium. A few mappable alluviated areas occur in the 
Mayacmas Mountains and represent an older drainage system disrupted by 
block faulting and tilting (McNitt, 1968). Sizable deposits of alluvium 
are also found along most of the larger streams in the area even though 
major parts of the stream courses are narrow and lie along steep walled 
canyons and valleys. 

The alluvial deposits consist of locally variable proportions 
of generally unconsolidated clay, silt, and gravel deposited as flood 

plain, alluvial fan, channel, or lake deposits. Thicknesses of alluvial 
deposits are also highly variable. 

0 Landslide Deposits. Landsliding is common in much of The 
Geyser area. According to Bacon and others (1976), about 50 percent of 
the wells and two power plants (Units 1 and 2 and Units 3 and 4) at The 
Geysers steam field are sited on mapped landslide deposits. 

Types of landslides range from rockfalls to mudflows and 
include earthflows, block glides, and rotational slumps. Individual 
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landslides vary A area ,;om a 
acres and in'depth from 
factors influencing slop 
nature of the bedrock an 

tens of square feet to several hundrei 
feet to more than 100 feet. The 

area include slope steepness, 
ial deposits, high seasonal 

precipitation, man's disturbance, and seismic shaking. 

In general, th 
conditions because of ch 

assemblage is unstable under natural 
tion and abundant faults and shear 

Most of the natu s that occur in the F 
assemblage are caused ei 
stability characterictics inherent to the melange unit. 

or indirectly by the poor slope- 

According to Frizzel 
underlain by mela 

dslides do occur in 
this unit, especi 
activity. The sh 
lapdslide susceptibili 
about 30 percent of the uni 
of the greenstone outcrop 

landslide terrain. About 45 percent 
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The ophiolite rocks at the base of the Great Valley sequence 
are not generally unstable themselves, but they may promote instability 
in shales where the shale slopes are steepened abutting the more resistant 
ultramafics. 

Landsliding in the Clear Lake Volcanics seems to be relatively 
uncommon, judging by recent detailed geologic mapping by Hearn et al. 
(1975). However, a large, complex slide mass exists on the southeast 
slopes of Boggs Mountain in andesitic bedrock. 

0 Soils. Because there is such a variety of rock types and 
topography in the area, the soils that have developed range widely in 
slope, surface texture, and horizon development. In general, the soils 
are easily eroded, especially if natural vegetative cover is removed or 
disturbed. 
loamy textures with moderately good to somewhat excessive natural drainage, 
and subsoil permeability ranging from very slow to rapid (Miller, 1972). 

They occur on slopes ranging from 15 to 75 percent, have 

Highly expansive soils are present in the Big Sulphur Creek 
valley downstream from The Geysers Resort and scattered elsewhere in the 
area, 
withmuch shrinkage (Bacon and others, 1976). These soils can present 
engineering problems for structures which are very sensitive to differen- 
tial vertical movement. 

Soils near large serpentine bodies are plastic when wet, and dry 

2.2.2 Structure 

The geologic structure of The Geysers area is dominated by 
generally northwest-trending faults and folds with the faults exhibiting 
normal, reverse, thrust, or strike-slip displacement. Figure 4 is a 
schematic cross section trending northeast through The Geysers showing 
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NORTHEAST, DEPICTING STRUCTURAL ELEMENTS OF THE GEYSERS-CLEAR 
LAKE GEOTHERMAL SYSTEM. (from McLaughlin, 1977) 
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these structural elements and how they may relate to the geothermal 
sys tem . 

Stratigraphically, one of the most significant faults in the 
area is the northwest-trending Coast Range (or Soda Creek) thrust fault 
noted by Swe and Dickenson (1970). 
series of imbricate thrust faults that have thrust Great Valley rocks 
southwestward over Franciscan rocks. 
apparently follows the line of ophiolite outcrops trending northwestward 
from Long Valley between Cobb Mountain and Boggs Mountain (Figure 2). 

This feature is one in a complex 

This major thrust fault zone 

Several additional significant faults occur within the study 
area. These include the Haacarua and Mercuryville fault zones, the 
Collayomi fault zone, and Big Sulphur Creek fault zone, which is one of 
the controlling structures for The Geysers steam field (McNitt, 1968; 
McLaughlin and Stanley (1975). 
faults that are younger, and therefore offset, the Coast Range thrust 
faults. 

These are high angle, normal and reverse 

The major fold in the area is the Mayacmas antiform. This 

structure is a broad, northwest-trending, southeast-plunging upwarp in 
the Franciscan assemblage (Figure 2 and 4). 
part broken by major strike-slip and extensional faults and probably was 
produced in later Tertiary to Quaternary time (McLaughlin, 1977). 

It is bounded by and in 

2.2.3 Stress History 

The deformed ophiolite sheet underlying the Great Valley 
sequence between Cobb and Boggs Mountains represents the upper plate of 
the Coast Range Thrust. 

dipping subduction zone of Jurassic and Cretaceous ages. 
This feature is the remnant of an eastward- 

During this 
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period, a spreading oceanic 

zone. Volcanic activity alon s ridge spewed forth new oceanic 
crustal rocks which, combined 

moved eastward toward th zone. Upon reaching the subdliction 

that was acc 

zone. As se the Franciscan sediments 
were thrust-faulted to form 
zone. These units locally the overlying rocks. Th 
subduction zone shifted wes 
time. Following this event 
beneath the over-riding Great Valley rocks and were faulted upward, and 
in some places, through the ophi 

i 

the overlying Franciscan sediments, 

, these rocks were d rd beneath the Great Valley sequence 
nental margin east of the subduction 

imbricate wedges in the subduction 

illion years, the pre 
compressive stress orie 

initiated. During this pe he older thrust faults were 
reactivated as strike 

ompression) tre 

eothermal flu 

, 
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2.2.4 Holocene Tectonism 

The Geysers is in an area of moderately high seismicity, with 
several major active fault systems ,to the south, east and west,. and 
several major potentially active faults are present within and near the 
area, such as the*Healdsburg - Rogers Creek, the Maacama, the Collayomi, 
and the Big Sulphur Creek. 
exhibit predominantly right-lateral strike-slip offset. 
with the regional tectonic pattern of the San Andreas system, suggesting 
that continued movement along one or more of these faults is likely. 
Table 1 outlines earthquake parameters for the major faults affecting 
The Geysers area. 

These faults all trend northwesterly and 
This fits well 

No major earthquakes have originated within The Geysers area, 
but many events of Richter Magnitude less than 4.6 have occurred. The 

greatest concentration of these small earthquakes are in the area of 
geothermal steam production (Marks and Bufe, 1978). 

A microearthquake study in the area by Hamilton and Muffler 
(1972) indicated that most epicenters lie in a zone about 2-1/2 miles 
long and 2/3 miles wide centered on the producing geothermal field and 
extending a short distance east and northwest. 
ranged from near surface to about 4 km (Figure 5). 

Associated focal depths 

Bufe and Lester (1975) conducted another microearthquake 
survey at The Geysers field and found a diffuse pattern of faulting at 
depth in the reservoir. They found both normal and right-lateral strike- 
slip faulting on a north-northwest-trending plane dipping steeply southwest. 

Because microseismic baseline studies were not conducted prior 
to geothermal development, the effect of steam production or reinjection 
on the current seismic pattern is not known. 

li 
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LEFT: MAP VIEW. RIGHT: VERTICAL CROSS SECTION SHOWING DISTRIBUTION 
OF MICROFURTHQUAKE HYPOCENTERS AND INFERRED RELATION TO STEAM 
RESERVOIR. (from McLaughlin & S t a n l e y ,  1975) 
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2.3 RESERVOIR CHARACTERISTICS 

2.3.1 Regional Geohyd 

The- Mayacmas Mo re the major drainage divide i n  the 

region. Precipitation fa  the southwest side of the mountains 
flows generally west n River Basin; while t ha t  fa l l ing  on 

r theast  side flows east  into the Sacramento River Basin. 

Streamflow varies mounts of precipitation; high 

streamflow periods follow p f high-rainfal l .  Ag’proximately 88 
percent of the annual pr  is received from-November through 
April, which i s  also the time reatest  peak flows. Flows are  
lowest from July through Septe en there i s  l i t t l e  o r  no r a in fa l l .  

Most streams withi 
i s  from runoff, with litt water base flow. 

The geologic forma 

have low porosity and permea 
for  example, is 5 percentw 
Ground water is general 

e Geysers area character is t ical ly  
The average Franciscan graywacke, 

e (Bailey and others, 1964). 

ermal f lu ids  

out t h i r t y  the  

mixing of thermal water with near surface water occurs. 



I 

Goff and others (1977) have described the thermal spring water 
as being composed of steam condensate, mixed in some cases with cold 
surface water, and in some cases with oxidized H 2 S gas. The thermal 
waters are acidic, with pH values as lo& 
relative to amorphous silica in the temperature range of the spring, and 
most contain appreciable sulfate. 
with near surface rocks at temperatures less than 100OC. 

as 1.8. They are undersaturated 

These waters have reacted primarily 

The reservoir fluid-flbw system currently envisioned for The 
Geysers is illustrated in Figure 4. 
takes place through volcanic vents consisting of fractured lava or 
breccia zones. 
(Cobb Mountain and Boggs Mountain), and another eighty are located to 
the northeast (Goff and others, 1977). 
of The Geysers is probably separated from the predominantly steam reservoir 
by a ground water barrier formed by the Collayomi fault zone. 
of the hot water reservoir is sufficient to-keep it supplied with water. 

Recharge of the hot water reservoir 

Two of these vents are located in the area of The Geysers 

The hot water reservoir northeast 

Recharge 

In the steam field, natural recharge is not sufficient to keep 
up with discharge, and the hot water level has dropped enough to allow a 
vapor-dominated phase t o  develop above the hot water or brine. 
flows along fractured zones in the reservoir rock to areas of lower 
pressure and eventually surfaces as fumaroles or throigh wells t h a t  

intersect these fractured zones. 
surface condensation of steam in the vapor-dominated reservoir or by 

Steam 

Warm springs in the area form by near 

direct flow to the surface of liquid from the hot water reservoir. 
I 

2.3.2 Reservoir Geometry 

- 
The inferred outline of the vapor-dominated reservoir and the 

area of present steam production at The Geysers is indicated on Figure 1, 

Li 
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A generalized cross section through the area is shown on Figure 4. The 
vapor-dominated reservoir is bounded by the Collayomi fault zone on the 
northeast and the Mercukille fault zone on the southeast. The north- 
western boundary is drawn midway between The Geyser and Highland Springs 
where the water is chemically different from that found in The Geysers 
area (Goff and others, 1977). The southeastern limit is uncertain at 
this time due to a lack of data. Estimates of the vertical extent of 
the vapor-dominated reservoir 
surface (Lipman and others, 1977) to on the order of 15,000 feet beneath 
the surface, based on 
Beneath the vapor-dominated 
that has not yet been tappe 
estimated to be about 30,OO 

th to the underlying magma chamber is 
(Goff and others, 1977); 

. Drilling at evealed a two part, vapor-do- 
minated reservoir: 1) oir, and 2) a much more 
extensive deep reservoir. Ea rilled to depths less than 
2100 feet produced fro 
on the top of this res 
reservoir increased toward 
of the steam source. Rese 

Figure 6 shows contours 

nter of the field, indicating the area 
tudies predict an ultimate recovery of 

reservoir (Garrison, 
deep reservoir was 

showing the inferred r een the two reserv 
e differentials betwe 

and deep reservoir indicate interval with no sig 

Overburden Propert ? .  

soils, landslides, and IJ 
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(elevations relative to sea level) 

FIGURE 6 CONTOURS ON FIRST STEAM AS ENCOUNTERED I N  WELLS AT THE GEYSERS 
(from Garrison, 1972) 
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Clear Lake Volcanics, ophiolite, and rocks of the Great Valley sequence. 
The barrier that caps the reservoir is theorized as being either 1) 
impermeable Franciscan rocks, 2) permeable, but chemically sealed Franci- 
scan, or 3) a high, meteroic water table. 

The first theory is supported by McLaughlin (1977) who has 
done the most recent and most detailed geologic mapping in the area. 
contends the reservoir is capped by low permeability rocks (see Figure 4). 
He writes on p. 7 of his 1977 report: 

He 

"Ultramafic rocks belonging to the ophiolite in the upper 
plate of the Coast Range thrust, structurally overlie Franciscan 
rocks over much of this region; and in addition, another 
structurally lower thrust slice of actinolitic serpentinite is 
present within The Geysers steam field. 
ultramafic sheets, along with sheet-like, sheared shaly melange 
units have very low permeabilities, and as such, they also 
have poorer thermal conductivities than interlayered slabs of 
fractured graywacke carrying water in the liquid and vapor 
phases. 
important both in retaining heat and water in the geothermal 
system, and in directing heat to the southwest.'' 

These thick sheared 

The serpentinites and shaly melange units are thus 

Lipman and others (1977) concur with McLaughlin's opinion, but 
add that the fracturing that does occur in the cap material is normally 
sealed with secondary quartz or calcite. 

Bailey and others (1964) have described Franciscan graywacke 
near The Geysers as being hydrothermally altered to a montmorillonite- 
rich rock. 
reservoir locally. 

Such clays tend to be impermeable and could help seal the 
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Core samples taken near the surface of the production area 
were described by Ramey (1970) as being effectively sealed by crystalline 
deposits which he contends serve as the cap rock. 
by hot water flowing into cooler regions or calcium may be deposited by 
cool water flowing into heated regions (Garrison, 1972). Grindley and 
Browne (1976) also describe a 900 feet thick cap sealed with hydrothermal 
minerals. 

Silica may be deposited 

The third type of r oir cap involves a near surface ground 

water body in hydrostatic equilibrium with the steam reservoir. 
type of cap has been described by McNitt (1963), whose calculations 
support the validity of the th 

This 

2.3.4 Reservoir Material Properties 

The reservoir rock is entirely Franciscan graywacke that has 
undergone slight to moderate metamorphism. 
the physical properties 
companies involved in ener 

difficulty in obtaining 
environment. In genera stones" are very dense and 

osities less than 10 

high, except for 

Not much data exist concerning 

ause of the hesitancy of 
o divulge information and the 

gs in a high temperature 

reas (Garrison, 

und interstitial poro t and penneabilities to 

ereable, steam mus 

some have bee 



secondary quartz and calcite (Lipman and others, 1977). 
reported are generally less than 6 inches wide (Ramey, 1970). 
logs report thick sections of "soft formations" where caving or sloughing 
is common and where circulation is often lost when drilling with mud, 
In some instances, a 10 foot drop of the drill bit has been reported 
(Ramey, 1970). 
zones is the high fluid reinjection rates of about 1200 gallons per 
minute with no back-pressure. 
respect to water is from 20,000 to 150,000 millidarcy feet (Chasteen, 
1976). 

The fissures 
Drillers' 

Another indication of the degree of fracturing in some 

The permeability-thickness products with 

The extent of the fracture network is unknown, but it may 
connect at depth to the hot water reservoir (McLaughlin, 1977). 
90 percent of the development wells in The Geysers are successful (Reed 
and Campbell, 1976), the fracture network must be quite pervasive. 

Since 

2.3.5 Fluid Characteristics 

Water vapor is not the only gas present in The Geysers steam 
Of the emitted vapor in new wells, up to 2 percent by weight is field. 

noncondensable gases. 
produced and eventually stabilizes at about 0.4  to 0.5 percent (Anderson 
and Axtell, 1972). 
to about four times the total of all other noncondensable constituents 
(see Table 2). 
water vapor. 
pic0 curies per liter (Reed and Campbell, 1976). 

This amount tends to decrease as the wells are 

COP is the most abundant noncondensable gas, amounting 

Rock dust and radon also come to the surface with the 
The maximum amount of radon reported in the vapor is 8.3 

The temperature of the reservoir increases with depth. The 
normal geothermal gradient in California is about 0.015 to 0.030°F per 
foot. By comparison, Ramey (1970) found the near surface gradient to be 
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Table 2 CONSTITUENTS CARRIED IN THE STEAM FROM ~ 

WELLS AT THE GEYSERS FIELD* 

Averaget 

Constituent Average High (kgh-1 

Concentration flow into 
(mg/kg) 110 MW unit 

Carbon dioxide (COP) 290 3260 30 600 2700 
Hydrogen sulfide (ASS) 1 600 180 
Methane (CH4) 1 447 160 
Ammonia 1 060 160 
Boric acid 223 
Nitrogen 38 
Hydrogen 18 

Ethane 19 
Arsenic 0.05 

75 
43 
46 
6.6 
0.016 

Mercury 0.018 0.004 

n steam input of 

b 
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about 0.5OF per foot down to 350 feet. 
decreased downward to the lirnit of his data at 5000 feet. 
presents subsurface temperature data for both the Big Geysers area and 
the Sulphur Bank - Happy Jack area. 
in the temperature gradients between these two producing areas. 

Below 300 feet, the gradient 
Figure 8 

There is no significant difference 

The pressure gradients in individual wells in the area follow 
that of saturated steam (Lipman and others, 1977). 
at sea level is 514 psia (35 am), but this changes with production, as 
discussed in Section 3. Figure 9 indicates pressure at sea level for 
the production area in 1977. 

The initial pressure 

Temperature and pressure in the reservoir are directly related. 
The change in both of these quantities with depth is shown on Figure 10. 

Chemical analyses and other pertinent data for thermal springs 
in the vapor-dominated area are indicated on Table 3. These waters 
cannot be used to estimated subsurface temperature because they are 
steam condensates and do not reflect equilibrium at depth (Goff and 
others, 1977). 
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L CHEMICAL ANALYSES, FLOW RATES, AND BEDROCK FOR THERMAL 
IN THE GEYSERS AREA 

Table 3. PART1 

c 

from: Goff and others ,  1977 

WATERS 

n n 
0 - 
0 
Y 

J 
J 
i 

n n 
V Y o  

U Y 

n - 

7 Thermal Spr ings  and WelZs 
W h, Castle Rock Spring 73 113 <62 --- <62 --- --- 24 6 --- 30 F ---# --- --- W 

Geysers Spring #I 100 66 58 108 18 6 176 766 1.5 

Geysers Spring #2 100 225 47 281 12 5 0 5710 0.5 

$ 

Harbin Spring 48 53 2.7 1.8 130 0.7 260 10 31 

**Analyses from t h e  following sources: 
\ 

m = R. Mariner and o thers  (unpub. data) ,  ions i n  mg./l. 
w = Waring (1915), ions i n  ppm. 
wh = White and o thers  (1971), ions i n  ppm. 

scan assemblage; GV, Great Valley sequence; G, gabbro. 

c 



.3. PRODUCTION HISTORY, SUBSIDENCE ,' m HORIZONTAL DEFORMATION' * 

Discovery of The Ge s was first recorded by a hunter in 
1847 who identified the ar 
was established. 
during the last 
twentieth centu 
by Laizure (1926) of the S 

as the "Gates of Hell", By 185 
The hotel flourished as a nationally known health spa 

on The Geysers property and ved the idea of developing steam for 
in the summer of 1921, but was 

abandoned when the casing c 

15 feet off the bottom 
a *temperature of 53 

ompany, J .D .  Grant, pres purchased several 
f the "heat belt". 

h of 320 feet in 192 

t seven moths 
feet depths, when return wate 
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from 67.5 to 291 psi. 
deliver steam totaling 137,500 pounds per hour or generate 4500 kw. 
Although the wells proved successful, there was no market for the energy 
at that time, and the project was suspended. 
the engines of the drill rigs for nine months and two small reciprocating 
steam engine generators for light at the resort. 
abandoned in 1969. 

Calculations indicated wells No. 4 to No. 7 would 

The steam was used to run 

These wells 

In 1955, Magma Power Company obtained a ninety-year lease on 
The Geysers Development Company property, and a joint venture was formed 
with Thermal Power Company. 
feet and produced steam at 157,000 pounds per hour (Killcenny, 1975). 

The first well, *Magma No. 1, reached 817 

& 

In 1957, four successful wells were drilled by the joint 
On the basis of flow tests, venture, the deepest being 1414 feet. 

Pacific Gas and Electric Company (PGSIE) was approached to construct a 
steam-electric power plant at The Geysers, and a contract between the 
companies was signed October 30, 1958. In June 1960, a 12,500 kw generating 
plant went on line using about 250,000 pounds per hour of steam supplied 
by four wells. Five more wells were drilled in 1959 and another in 1960 
at The Geysers to supply a second 12,500 kw generating plant. 

In 1961, exploration began a mile northwest of The Geysers on 
Big Sulphur Creek. 
the Sulphur Bank area, many bottoming between 2000 and 4000 feet depths. 
A shut-in pressureaf480psi was measured in several of these wells, and 
flow tests justified the construction of a 27,500 kw generating plant, 
completed in 1967. 

From 1961 to 1965, nineteen wells were drilled in 

A second 27,500 kw generating plant was completed in 
the Sulphur Bank area in 1968. 

Between 1965 and 1968, six wells were drilled in the Happy 
Jack area between Sulphur Bank and The Geysers. Productivity was variable 
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u 
with depths ranging from 3000 to 4500 feet, but pressures were comparable 
to the Sulphur Bank area (Kilkenny, 1975), and two 53,000 lcw generating 
units were completed here in 1971. 

In 1966, Union any acquired a tract of land adjacent 
ase and drilled a 5392 feet deep well. 

Between 1967 and 1975, seventy-one wells were drilled by 

and north of the Thermal- 
An agreement in 1967 pooled all properties of both parties with Union as 
the operator. 
this group (about o 
capacity to 502 mw. 

1 per month), and PG&E increased their generating 
f 1975, Union-Magma-Thermal was producing about 

80 x 10 5 pounds per 

tive geothermal we1 

There are severa The Geysers geothermal 
area. These include: 1) P rgy Corporation, with thirteen 
wells south of Big 
fourteen wells in the Castle 
will supply steam 
eastern part of the field; 
55 mw plant (Unit 15) sout 
has apparently drilled successful wells north and northwest of the 

Burmah Oil and Gas 
3) Aminoil, USA, which 
(Unit 13) in the south- 

ics, which will supply steam to a 
phur Creek; 5) McCulloch, which 

Average total de 
location of well 

ts the capacity a 

Y 



STEAM WELLS IN THE GEYSERS GEOTHERMAL AREA - NOVEMBER 1974 
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TABLE 4 

GEYSERS ELECTRICAL DEVELOPMENT 

Unit Operation - 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12l 
14l 
15' 
13l 
162 
172 
182 
1g2 
202 
212 

1960 
1963 
1967 
1968 
1971 
1971 
1972 
1972 
1973 
1973 
1975 
1978 
1978 

Net Capacity @W) 
Unit Cumulative - 

1979 
1979 
1981 
1981 
1982 
1982 
1982 

1982 

Notes : 
'under construction 
'proposed 

From Houland & Storchillo, 1977 
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11 
13 
27 
27 
53 
53 
53 
53 
53 
53 
106 
106 
110 
55 
135 
110 
110 
110 
110 
110 

110 

11 
24 
51 
78 
131 
184 
237 
290 
343 
396 
502 
608 
718 
773 
908 
1018 
1128 
1238 
1348 
1458 

1568 

- 



Reinjection of steam condensate into the reservoir began in 
1969 and amounted to 4,149,000, 
gallons per day were injected into six wells (Chasteen, 1975) which 
amounts to about 25 percent of 
injection wells were originally 
ihen converted to reinjection b 
way to their total (bottom) depths, which range from 2364,to 8045 feet. 
Reservoir fluids steam pressure is less than hydrostatic pressure, so the 
injected flow without pumping to depths below adjacent producing wells. 

gallons by 1975. In 1975, 4,700,000 

daily steam output (Budd, 1975), . The 
lied as steam production wells and 
stalling perforated casing all the 

Steam product on from The Geysers reservoir is a confidential 
matter and has not been released directly by the producers. 
gives four estimates of ste production. Ramey's (1970) reservoir 
engineering study, conducted for an Internal hevenue Service hearing, 
although covering producti 
the most accurate through 
began. The production Val 
Northern Sonoma County Air 
the most accurate for the int 
and others (1977) are very 
but increase at a greater ra 

Table 5 

to 1977. The values of Weres 
se of Ramey (1970) through 1962, 

n Ramey's, reflecting greater utilization 

(1976) and using 
1 idea of stea 

Factors that 
cturing in the r 
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TABLE 5 

STEAM PRODUCTION AT TIFE GEYSERS 

* Calculated from gross generation assuming 20lb/KWH 
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Since these factors a re  not constant over the reservoir, some areas w i l l  

be more productive than others 
re la t ion of the variables of depth and hold s ize .  

Figure 12 indicates productivity i n  

The values on Tab do not r e f l ec t  t o t a l  steam removed from 

The Geysers reservoir. Stea 

ways. A constant amount of 

occurring fumaroles and i n  the form of water from the hot springs. 

Steam is also vented during t h  
production capacity. 
t o  4000 pounds per hour and periodically vented fo  

more a t  f u l l  output t o  -loose e r i a l s .  The 
cyclone separators us 
pounds per hour (Free 

once-common practice of f ree  

but t h i s  practice is  now dec 
releases probably 50,000 t o  15 
have las ted several years i n  d 

l o s t  from the reservoir i n  a var ie ty  of 

r is  released through the naturally 

d r i l l i ng  operation 

Idle  wells a re  continuously 

s t  and water vent about 3000 t o  4000 

1977). 
new wells for  an 

n e  occasional bf 

Much steam was l o s t  by the 

pounds per hour f o r  periods that 

+ In  t h i s  respect, the production 

figures of Weres and others (1977) most complete, including t o t a l  
de steam producti 

. 3.2 CHANGES IN RESERVOIR PROPERTIES WITH USE 

Geysers continue 

lustrated on F i  

1 (not producin 

ion zone drops 

areas of steam production pressure i n  t h i s  
h cyclic pressure f luc  9 psi .  On the othe 

Mountain No. 1, anoth s located between Ge 
o 8 and 11 on the and 10 on the eas t  

time since 1971, and a 1/4 inch vent 



I 

j '  

I 12 I 

Productive Index: Steam 000's#/hr. according to volume of 
hole,first steam-T.D. 

FIGURE 12 PRODUCTIVE INDEX MAP OF THE GEYSERS (from Garrison, 1972) 

c) 

k4 
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FIGURE 13 PRESSURE HISTORIES OF TWO STEAM WELLS OF THE GEYSERS 
(from Lipman b others, 1977) 



has been measured monthly (Lipman and others, 1977). 
pressure readings in Cobb Mountain No. 1 seem to correspond to the 
addition of generating units and increased withdrawal from the reservoir. 
Lipman and others (1977) found the readjustment time to reach a new 
stabilized level varies from six months to three years. 
the two well pressures, it seems that the production zones are bounded 
by constant pressure boundaries. 

The declining 

By comparing 

As production increases, the area of lower pressures increases 
Figure 14 shows the growth of the 500 psi isobar from 1966 

The older, larger pressure sink developed as a result of steam 
with time. 
to 1977. 
withdrawals for Generating Units 1 to 8 and 11. 
from withdrawal for Units 9 and 10. 
except in 1971 following the three year development hiatus preceding the 
addition of Units 5 and 6. Another development hiatus is occurring, and 
it remains to be seen whether pressure stabilization will occur before 
Unit 12 comes on line (Lipman and others, 1977). 

The other sink developed 
The pressure sink has grown yearly 

3.3 INSTRUMENTATION USED TO MEASURE SUBSIDENCE 

Information on subsidence and related measurements at the 
Geysers is primarily limited to, but well documented by Lofgren (1978 
Much of the foregoing discussion in this report comes directly from that 
document. 

3.3.1 Surface Measurements 

A network of precise vertical control was established in the 
geothermal production area in 1973. 
order leveling through the production area and a line extending northeast- 

It consists of a loop of first- 

ward to bench mark Y626 near Lower Lake (see Figure 15). This net was 
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FIGURE 16. NETWORK OF PRECISE HORIZONTAL CONTROL IN RELATION TO AREAS OF 
PRESENT AND POTENTIAL GEOTHERMAL PRODUCTION AND W O R  FAULT 
(from Lofgren, 19 
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resurveyed in fall 1975, and an additional tie line surveyed southwestward 
from the loop to bench mark D106 (Figure 15) near Lytton (north of 
Healdsburg). 

and continuing into spring 1978 the net was further expanded to include 
all the dashed lines of Figure 15. 
order accuracy, first order accuracy in this case had closure errors, 
less than 1 mu times the square root of the loop distance in kilometers 
and were run by the National Geodetic Survey or the Topographic Division of 
the U.S. Geological Survey. 

Then in late fall 1977, all the 1975 net was resurveyed, 

All the above surveys were of first- 

Figure 16 shows the network of precise horizontal control 
established in The Geysers area. Two types of surveys are included in 
this net, (1) long-distance regional control lines surveyed with highly 
precise, long-distance, electronic distance measuring (EDM) equipment -- 
with precision better than 3 mm per 10 km of line length (solid lines in 
Figure la), and (2) local control lines surveyed with medium-range EDM 
equipment (dashed lines, Figure 16) -- with a precision of better than 
3 mm per 1 km of line length. 
narrow zone, the accuracy of highly precise equipment spanning long 
distances is about the same as the less precise equipment spanning 

For changes occurring in a relatively 

shorter distances. 

Layout of the network of first-order horizontal control in The 
Geysers-Clear Lake area began with several dozen lines surveyed in 1972 
and has been progressively expanded through 1977. As of December 1977, 
the extensive network array of Figure 16 is being monitored. 
the lines have been surveyed three or four times; others have been 
surveyed only once. 
control is concentrated in the area of geothermal production and becomes 
less dense in outlying areas. The net is depigned to monitor,horizontal 
ground movement throughout the region, with special emphasis on areas of 

Many of 

As shown in Figure 16, the network of horizontal 
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suspected movement -- areas of active steam production and principal 
fault zones. 

( In a region as tectonically active as The Geysers, absolute 
stability of any area is unlikely. 
however, is of principal concern in detecting both natural or induced 

surface changes. Thus, all surveys have been referenced to bench marks 
outside the region potentially affected by geothermal steam production. 
Bench mark Y626 near Lower Lake has been assumed to be stable and its 
elevation, established in 1942, 
1977 surveys. 
near the edge of probable geothermal development. 
analysis of changes within the loop through the production area, Figures 16 
and 17, bench mark R1243 was assumed to be stable. 

Relative movement within the region, 

This bench mark is east of the principal fault zones, and 

In the interpretive 

Actually, bench mark 
o stable Y626 from 

1973 to 1977. 

e U.S. Geological Survey established 

region of steam production and to a 150 gravity station networ 
e north in 1974 (Islerw These measurements are being used 

Verticle Nov 



' A" 

c 
FIGURE 17 RELATIVE ELEVATION CHANGE MAP OF THE GEYSERS AREA, 1973-77 

c 



of 1.6-km radius around each producing power plant. 
each bench mark are for 1973-77, calculated relative to bench mark R1243 

Changes shown at 

(at the south end of the loop) assumed to be stable during the 4-1/2 
year period. Bench mark R1243 
outside the area of steam prod 
Figure 18, and appears as stable as any mark of the region. 
in Figure 1.7 is the northwest-t 
which graphically shows the re1 
along the southwestern limb of the survey loop near Big Sulphur Creek. 

as arbitrarily selected because it is 
tion, is common to control lines of 

Also shown 
ding line of profile A-A" (Figure 18) 
e change in elevation of bench marks 

Ve r tica 1 changes 3-75 and 1975-77 along profile A- 
A'-A" (Figure 18) suggest f ground movement: (1) a tectonic 
local tilt, apparently do 
and (2) substantial subsidence reas of steam production for power 
plants 1-2, 3-4, 5-6, 7-8, and Maximum subsidence rates octurred 
where the circles of influenc er plants 1-2, 3-4, 5-6, and 7-8 
overlap, and decreased fr 
Wl244 at power plants 5-6) in 1 
1975-77. The more or less un 
1977 southeast of the area 
due in par to thermal exp 

d the northwest, for about 3.5 km 

centimeters per year (bench mark 
to 2.0 centimeters per year in 
arent relative uplift from 1975 to 
ithdrawal may be real -- possibly 
e overburden in areas of new drilling, 

m holding bench mark R1243 
changes in the vicinity of 

wer plants 9-10 are minima 17), even though large-scale steam 

Declines in d 
atest soon after new 

sure and rates of subsidence a) 
eam are put on'l 

each steady-state 
f power plants 9- ting that in t 
cone of pressure decline by 

w 
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1977 (Lipman, Strobel, and Gulati, 1977, Figure 19) most of the pressure 
change and thus most of the net fluid extractions were considerably west 
of the line of control bench marks through the area. 

Figure 19 shows the relation between subsidence of bench marks 
along line A-A’ (Figure 17) and fluid pressure in the geothermal- 
reservoir system (Lipman, St 
area of maximum subsidence, reservoir pressures had declined about 126 
meters of hydraulic head (180 psia) from 1969 and 1977 due to steam 
extractions. Also, 13.7 centim rs of subsidence, largely due to 
reservoir compaction, occurred 1973 t o  1977. This suggests a crude 
correlation of about 1 centime 
per 5 meters of hydraulic head 
of subsidence per meter o 
record nor the accuracy o 
change) in this computation a 

el, and Gulati, 1977, Figure 7). In the 

of subsidence (reservoir compaction) 
line or a ratio of 2.0 x loo3 meters 

hough neither the length of 
action and pressure 

te to predict long-term trends, 
this type of correlation ha 
of stress and strain relate 

ffective in defining the relationships 
production and the compressibility 

characteristics of sub 

3.4.2 Horizontal Movemen 

Two types of d movement were a 
-- (a) slow right-1 

t zones, and (b) radial 
during the layout of the 
‘creep, principally along ma 
a1 compression of the geot 
e laid out to accommoda of both proces 

2-77 indicate t movement are c 
-Clear Lake reg 

characteristics of subsu 

3.4.2 Horizontal Movemen 

Two types of ho d movement were a 
-- (a) slow right-1 

t zones, and (b) radial 
during the layout of the 
‘creep, principally along ma 
a1 compression of the geot 

ut to accommoda of both proces 

2-77 indicate t movement are c 
-Clear Lake reg 
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Only a few lines of the control net are alined directly across 
the steam production area but would include at least a component of 
right-lateral tectonic change that might occur in the Big Sulphur Creek 
fault zone. The generalized local vectors of horizontal movement in the 

. 

production are 

lines after removal of apparent regional tectonic changes. 
denote calculated rates of relative movement within the production area 
and are not changes in lengths of survey lines. 
movement in the production area, in all instances in a direction toward 
the center of fluid withdrawal, range from about 15 millimeters per year 
in areas of heaviest fluid production to about 14 millimeters per year 
in the peripheral area. 

resolved from measured changes along local control 
I 

These vectors 

The rates of horizontal 

Of particular int the abrupt changes in rate of 
on of ground-movement, in 
Survey lines spanning the 
(upper two graphs) showed 

earn production began in 1975. Lines 

o graphs) show double the 
uniform changes. As with 
oir system, surface measure- 

ssion of the deep reservoir 
ges -- changing rapidly 

are felt, and gradually 
e rates of compression as the rate 

ssure decline stabilizes. 

Both ‘the areal magnitude of reported 
s 1-8 closely agree 
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FIGURE20 RATES OF HORIZONTAL GROUND MOVEMWT ON LINES CROSSING THE GEYSERS AREA. 

RATES ARE I N  WILLIHETERS PER YEAR; LENGTHENING (+) ABOVE LINE, SHORTENING 
(-) BELOW. (From Lofgren,]978) 



subsidence, and suggest a direct causal relationship. 

change in subsidence rat 
agrees in time and magnitude with stepped pressure drops caused by 
periodic increases in steam production (Lipman, Strobel, and Gulati, 

1977, Figure 9). 

Also, the marked 

between the 1973-75 and the 1975-77 periods 
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