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A SUMNARY OF GEOTHERMAL EXPLORATION AND 
OATA FROM STRATIGRAPHIC TEST WELL NO. 1 

MAKUSHIN VOLCANO, UNALASKA ISLAND 
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lRepubllc Geothermal, Inc., Santa Fe Sprlngs, CA 
2Unlverslty o f  Alaska, Falrbanks, AK 

ABSTRACT 

Geothermal resource lnvestlgatlons have been 
conducted for the past four years on Unalaska 
Island In the Aleutlan Chaln. The focus of  
the work has been Makushln Volcano, about 
12 mlles from the cltles o f  Unalaska and Dutch 
Harbor. 

In the summer o f  1982, three wldely spaced 
deep temperature gradlent holes were drllled 
whlch encountered hlgh temperatures. Durlng 
the summer o f  1983, a three Inch dlameter 
"sllm hole" well, ST-1. was drllled to 
1,949 feet. A shallow, low pressure, steam 
zone and a relatlvely productlve hot water 
zone at total depth were encountered. The 
lower zone produced 47,000 lb/hr, llmlted by 
reachlng crltlcal mass veloclty at the 
orlflce. The static bottomhole pressure and 
temperature were 478 pslg and 379'f, 
respectlvely. 

Analysls of  translent pressure and flow data 
ylelded a productlvlty Index of 
3,470 lb/hr/psl and a permeablllty-thlckness 
o f  50,900 md-ft for the three-foot (at the 
wellbore) lower zone fracture. A prellmlnary 
reservolr/wellbore flow evaluatlon for a 
posslble power plant lndlcates two commerclal- 
slze wells could fuel a 10 megawatt faclllty. 

INTRODUCTION 

Unalaska Island, located approxlmately 
900 mlles southwest o f  Anchorage, Alaska, I s  
one o f  the Fox Islands ln the central portlon 
of  the Aleutlan Islands arc (Flgure 1). 
Makushln Volcano, the 6,680-foot hlgh actlve 
volcano sltuated on the northern end o f  
Unalaska Island, has numerous fumarole flelds 
on Its eastern flanks, suggestlng the presence 
o f  geothermal resources beneath the volcano. 

The cttles of Unalaska and Dutch Harbor, whlch 
together comprlse the prlmary northern Paclflc 
port for the crabblng and bottom flshlng 
lndustrles, are located approxlmately 12,mlles 
east o f  Makushln Volcano on Unalaska Bay. The 
area's electrlcal demand of approxlmately 
1 1  megawatts l s  presently satlsfled by dlesel 
generators. Because fossll fuel costs (and 
thus electrlc power costs) are hlgh on 
Unalaska Island, both the local comnunlty and 

the state o f  Alaska have been Interested In 
evaluatlng the potentlal for economlcally 
exploltlng geothermal energy. T o  this end, In 
late 1981 the Alaska Power Authorlty (APA). 
advlsed by the Unlverslty of  Alaska and the 
Alaska Geologtcal Survey, contracted wlth 
Republlc Geothermal, Inc. (Republlc) to 
explore the vlclnlty of Makushln Volcano for 
geothermal resources. The multlyear explora- 
tlon project was to Include geologlcal. 
geochemlcal, and geophyslcal fleld work and 
culmlnate In the drllllng and testlng o f  a 
resource exploratlon well. Should a com- 
merclal resource be ldentlfled, addltlonal 
work beyond the scope o f  the project could 
lead to the constructlon o f  a small geothermal 
electrlcal generatlng faclllty to provlde 
economlcal, rellable electrlcal energy for the 
Island. 
Thls report flrst brlefly revlews the results 
of the 1982 exploratlon program, prlnclpally 
data from three thermal gradlent holes and the 
geothermal resource model that was developed. 
The focus o f  the dlscusslon whlch follows 
thereafter I s  the data from the drllllng and 
testlng of the flrst stratlgraphlc test well, 
ST-1, completed durlng the sumner of 1983. 

DRILLING OPERATIONS AND LOGISTICS 

Drllllng operatlons and loglstlcs were unlque 
In many respects because they were slgnlfl- 
cantly Influenced by a comblnatlon of rugged 
topography, llmlted access, avallable equlp- 
ment, and adverse weather. The topography of 
northern Unalaska Island I s  a mlxture o f  
glaclated (U-shaped) valleys, clrques, and 
aretes; volcanlc (lava and pyroclastlc) 
plateaus and cllffs; and deep, steep-slded 
stream and rlver valleys. Areas of reasonably 
gentle rellef capable of  adequately accom- 
modatlng a deep wellslte (wlthout the need for 
extenslve earthmovlng) were llmlted over much 
of  the geothermal ar-ea. 

The rugged topography also llmlted overland 
access to the area. Although thls problem 
should not prevent the constructlon o f  a road 
I f  a power plant l s  eventually bullt, budget 
llmltatlons requlred that both the exploratlon 
program and the deep well drllllng be sup- 
ported entlrely by hellcopter. 
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Weather probably provlded the blggest opera- 
tlonal constralnt, because It llmlted the 
project to a relatlvely short sumner fleld 
season (approxlmately May 1 to September 15). 
Snow was up to elght feet deep at the base 
camp plateau (1,200 feet) In mld-May, and 
remained on the ground at that elevatlon well 
Into late-June. Snow and freerlng raln were 
comnon early and late In the season, and raln 
was prevalent throughout the operatlons. The 
two blggest weather constralnts, however, were 
wlnd and fog. WInds of 40 to 50 mph were com- 
mon, and gusts of hurrlcane force were not 
Infrequent. These condltlons often hampered 
hellcopter transport of materlals by sllng. 
Fog also frequently grounded the hellcopter. 
TEMPERATURE GRADIENT HOLES 

Followlng geologlcal, geophyslcal. and geo- 
chemical surveys of the Makushln geothermal 
area, three +1,5OO-foot temperature gradlent 
holes were slted and drllled In the sumner of 
1982(1). Temperature gradlent hole 0-1 was 
drllled on a plateau approxlmately one mlle 
northwest of the base camp (Flgure 1). The 
hole was spudded ln glaclal boulder tlll that 
mantled a sequence of Makushln Volcanlcs 
extendlng to 1,220 feet. The volcanlcs, are a 
serles o f  essentlally unaltered andeslte flows 
wlth Interbeds of clnders, lahars, and 
gravel. Below the volcanlcs, from 1,220 feet 
to total depth (1.0.) at 1.429 feet, the hole 

UHALASKA ISLAN 

FIGURE 1. UNALASKA GEOTHERMAL EXPLORATION 
PROJECT LOCATION MAP 

penetrated a hlghly altered and fractured, 
flne-gralned dlorlte. The dlorlte was 
Intensely fractured and velned In the upper 
portlon, wlth most fractures havlng near- 
vertlcal lncllnatlons. Alteratlon mlnerals 
Included sulfur, pyrite, kaollnlte, calclte, 
epldote, quartz, anhydrlte, and chlorlte. 
Most of these mlnerals are products of the 
reactlon between the rock and hlgh temperature 
(>300'F) hydrothermal flulds. 

Temperature measurements made ln 0-1 
(Flgure 2) lndlcated essentlally Isothermal 
convectlve condltlons (ground water clrcula- 
tlon) to approxlmately 700 feet. Below thls 
depth the temperature Increased at a hlgh rate 
(22OF/lOO ft) In a conductlve (ltnear) manner 
to 1.0. The elevated temperature recorded at 
T.O. (212'F), the hlgh gradlent, and the hlgh 
temperature alteratlon of the surroundlng rock 
all suggest the presence of a relatlvely 
shallow (24.000 feet) hydrothermal system. 
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FIGURE 2. TEMPERATURE GRADIENT HOLES 

The E-1 hole, located near the base camp, 
penetrated a sandy tuff from surface to 
approxlmately 40 feet (Flgure 1). It then 
encountered weathered dlorlte whlch qulckly 
graded Into relatlvely fresh, hard, masslve 
dlorlte. The dlorlte extended from 40 feet t o  
T.D. at 1,501 feet, In marked contrast to the 
0-1 hole In whlch andesltes and other volcanlc 
rocks comprlse the flrst 1,220 feet of hole. 
Velns and fractures were present throughout 
the hole, but were comnonly found ln 10 to 
15-foot thlck zones separated by masslve 
unfractured dlorlte. The major fractures were 
domlnantly vertlcal, wlth the smaller frac- 
tures and velns dlpplng about 45' to the core 
axis. The alteratlon and veln-fllllng 
mlnerals were essentlally the same as those In, 
the 0-1 hole, wlth quartz, epldote, and' 
anhydrlte representlng the hlgher temperature 
hydrothermal alteratlon mlnerals. 
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The temperature proflle In E-1 was essentlally 
conductlve from surface to T.O. Gradlents In 
the flrst 1,200 feet were qulte conslstent and 
hlgh, and averaged 26'F/100 ft (Flgure 2). At 
1,200 feet, the proflle began to roll over and 
the gradlents declined abruptly to about 
5'F/100 ft over the last 285 feet. Thls was 
taken to lndlcate that the hole had nearly 
penetrated the self-sealed zone and that lt 
was approachlng a convectlve hydrothermal 
s ys t em. 

Temperature gradlent hole 1-1 was located ln 
Glacler Valley, approxlmately three mlles 
south-southwest of the camp and the E-1 slte 
(Flgure 1). Stratlgraphlcally, 1-1 was very 
slmllar to E-1. and conflrmed the. hitherto 
unknown wlde dlstrlbutlon of the dlorlte 
lntruslve body. The hole was spudded on the 
remnant of a terrace underlaln by glaclal tlll 
and pyroclastlc materlals about 40-feet 
thlck. From 40 feet to T.D. at 1,500 feet, 
the rock drllled conslsted of masslve, 
cryptocrystalllne to medlum-gralned dlorlte. 

The dlorlte I s  generally altered, as In E-1, 
with alteratlon mlnerals lncludlng chlorlte, 
quartz, carbonate, clay, and epldote. The 
upper thlrd of the hole contalned pervaslve 
fractures c o m o n l y  llned wlth pyrlte. quartz, 
and epldote that were deposlted durlng an 
older, hlgh-temperature hydrothermal eplsode. 
Fractures fllled wlth a varlety of secondary 
mlnerals were, as In the other holes, dlstrlb- 
uted throughout the bottom two-thlrds of the 
hole. 

The temperature data recorded In 1-1 
(Flgure 2 )  was qulte dlfferent from that found 
In the flrst two holes. The proflle lndlcated 
two separate thermal reglmes. The flrst was a 
shallow (surface to 225+ feet) system that 
produced large flows (>150 gpm) of 64'F to 
77'F arteslan water whlle drllllng. The 
second system extended from about ,250 feet to 
T.O. and appears to be a relatlvely conductlve 
system, with gradients of 2OF/lOO ft to 
5'F/100 ft and a maxlmum temperature of 176'F 
at 1,400 feet. The data In Flgure 2 also 
shows that there I s  a small temperature 
reversal (4'F) over the last 100 feet of the 
hole. 

The overall temperature reglme and proflle of 
thls hole lndlcates that It I s  on the southern 
edge of the present geothermal system, at 
least for thls depth range, although the 
lntense fracturlng and mlnerallzatlon lndl- 
cates the prevlous presence of a hlgh 
temperature geothermal system. 

The geochemlstry of the cuttlngs from the 
gradlent holes (e.g., enrlchments o f  Hg, F .  
L l ,  A s ,  S )  suggests the exlstence of a llquld- 
domlnated reservolr not far below 1.500 feet. 
The local exlstence of fumarollc actlvlty and 
of chlorlde-poor thermal waters Implles that a 
steam cap overlles the hot-water reservolr. A 
vapor zone does not appear to be ublqultous, 
but may be llmlted to areas beneath the actlve 

fumaroles where open fractures permlt 
bolllng. Lower elevatlon hot sprlngs In 
Glacler and Orlftwood Bay Valleys are 
chlorlde-rlch. 

The statlc temperature measured tn E-1 
suggests that the subsurface geothermal reser- 
voir temperature exceeds 380'F. The 
geochemlcal slgnatures of the core recovered 
from E-1 Imply a fluld temperature greater 
than 390'F.. Calculatlons utlllzlng four dlf- 
ferent geochemlcal thermometers and samples 
from the fumaroles and hot sprlngs lndlcate 
resource temperatures as hlgh as 570'F. 

GEOTHERMAL RESOURCE MOOEL 

The geothermal resource model descrlbed below 
was developed followlng synthesls of the 
results of studles conducted on the Makushln 
volcano geothermal area through 1982. (2) 
Flgure 1 deplcts the surface locatlons of the 
geologlc cross sectlons contalned In 
Flgure 3. These north-south and east-west 
cross sectlons best Illustrate the proposed 
model of the Hakushln geothermal system. 
Flgure 3 also Includes temperature lsotherms 
that have been overlaln on the geology. 

The heat source of the Hakushln geothermal 
system appears to be a burled Igneous 
lntruslon assoclated wlth the volcano. 
Fourteen hlstorlcal eruptlons of Makushln 
suggest that molten or parttally molten rock 
I s  currently llkely to exlst. The temperature 
and post-glaclal volcanlc dlstrlbutlons 
suggest that the heat source for the system l s  
not dlrectly beneath the s u n l t ,  but rather l s  
offset asymetrlcally to the east. 

The geothermal reservolr I s  probably sltuated 
prlmarlly wlthln the Hakushln dlorltlc stock 
at conerclally exploltable depths. The 
occurrence of most of the surface geothermal 
manlfestatlons wlthln dlorlte outcrops, the 
hlgh, conductlve temperature proflles recorded 
In the dlorlte. and the elevated observed 
temperatures are all evldence for a dlorlte 
reservolr. Some volcanlc rocks act as a seal 
for the reservolr. as seen In 0-1. whlle 
chemlcal preclpltates appear to have "self- 
sealed" the dlorlte, as seen In E-1. 

The locatlon of the geothermal reservolr 
appears to be structurally controlled by a 
major northeasterly strlklng fracture zone. 
Thls zone I s  a long, ulde, older tectonlc 
feature whose Inherent weakness probably 
played a major role In the lntruslon of the 
orlglnal dlorlte stock. Thls zone has been 
refractured at least twlce slnce the lnltlal 
dlorltlc lntruslon, as shown by several 
sequences of veln-fllllng mlnerals In the 
three gradlent holes. More recent movement 
along thls northeastern-trendlng zone maln- 
talns the permeablllty wlth fractures In the 
present-day geothermal reservolr, as well as 
the ruptures In the Impermeable cap along 
whlch the majorlty of the surface geothermal 
manlfestatlons occur. The gravlty data and 
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mercury sol1 anomalles conflrm the posltlon 
and extent of the northeasterly trendlng 
fracture zone. 

In sumnary, the Hakushln geothermal system 
appears to be a llquld-domlnated resource wlth 
temperatures In excess of 390'F. It I S  
sltuated In fractured dlorlte wlthln a north- 
easterly trendlng zone about two mlles wlde. 
The comnerclally exploltably reservolr Is 
probably below 2.000 feet and may cover more 
than seven square mlles. Reservolr waters 
rlslng upward (convectlng) boll below an ele- 
vatlon of 1.200 feet In locallzed open 
fractures to form a steam cap that Is llmlted 
tn slze and extent. Leakage of steam from 
this cap feeds fumaroles and mlxes wlth ground 
waters to form chlorlde-poor hot sprlngs. 
Reservolr waters appear to be mlxlng wlth 
ground waters before exltlng In Glacler and 
Drlftwood Bay valleys as chlorlde-rlch hot 
sprlngs. 

Thls model of the hydrothermal system, In con- 
junction wlth loglstlcal conslderattons, was 
used as a basls for setecttng the test well 
locatlon drllled In the sumner of 1983. 
DRILLING OF ST-1 

The declslon to support the deep drllllng 
operatlons by hellcopter placed certaln llml- 
tatlons on the drllllng equlpment whlch could 
be used. "Hellcopter" rotary rlgs, whlch have 
been modlfled so that all loads are smaller 
than 4,000 pounds (the maxlmum llft capaclty 
of a medlum hellcopter), have been created for 
use ln slmllar sltuatlons, but feu now exlst. 

The two whlch were located were both rated to 
16,000 feet and would require the support of 
at least two medlum hellcopters. Thls pushed 
the estlmated cost of drllllng a full-slze 
deep well to approxlmately $6,000,000. 
Because the Longyear 38 contlnuous wlrellne 
corlng rlg used to drlll the three 1.500-foot 
temperature gradlent holes had performed well, 
lt was declded lnstead to drlll a small- 
dlameter stratlgraphlc test well uslng a Long- 
year 44, a sllghtly larger wlrellne dlamond 
core drllllng rlg. Thls lowered the cost to 
about one-thlrd of that estlmated for the 
rotary rlg, although the lesser depth capa- 
blllty of the rtg (4,000 feet) and smaller 
dlameter of the bottomhole (2-3 Inches) some- 
what llmlted the amount of reservolr 
productlvlty data obtalnable. 

Stratlgraphlc Test Well No. 1 (ST-1) was 
spudded on July 2, 1983 near the E-1 tempera- 
ture gradlent hole (Flgure 1). The well was 
Intended to provlde a "sllm hole" (three lnch 
dlameter) test of the stratlgraphy and the 
geothermal resource to about 4,000 feet. A 
number of drllllng problems were encountered. 
These were prlmarlly assoclated wlth boulders 
In the shallow volcanlc tuff/lahar, lost clr- 
culatlon zones, low strength (small dlameter) 
core plpe, and llmlted cementlng capablll- 
tles. Hechanlcally, the well was completed 
wlth H.Q. core plpe (3.06 Inches 1.0.) 
cemented to 650 feet, and 2.98 tnch dlameter 
open hole below to a total depth of 
1.949 feet. 
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D l o r l t e  w l t h  v a r y l n g  degrees o f  a l t e r a t l o n  and 
f r a c t u t l n g  was cored c o n t l n u o u s l y  f rom below 
t h e  sha l l ow  v o l c a n l c s  (1705 f e e t )  t o  T.D. The 
f l r s t  s l g n l f l c a n t  open f r a c t u r e s  were 
encountered a t  672 f e e t .  L l m l t e d  t e s t l n g  a t  
t h l s  depth l n d l c a t e d  a steam zone w l t h  a shu t -  
I n  p ressu re  o f  t109 p s l g  and bot tomhole 
temperature I n  excess o f  310'F. Flow r a t e s  
w l t h  o n l y  13 p s l g  wel lhead p ressu re  were l e s s  
than 5,000 l b / h r .  The zone was m o s t l y  shu t -  
o f f  w l t h  l o s t  c l r c u l a t l o n  m a t e r l a l  and cement, 
and c o r l n g  cont lnued.  

Due t o  c o n t l n u l n g  severe l o s t  c l r c u l a t l o n  
problems, t h e  w e l l b o r e  was cemented f rom 
1,056 f e e t  t o  550 f e e t  and then r e d r l l l e d .  I t  
I s  unc lea r  whether these l o s t  c l r c u l a t l o n  
problems were due t o  the  breakdown o f  t h e  zone 
a t  672 f e e t  o r  t o  m u l t l p l e  f r a c t u r e  zones 
below t h l s  p o l n t .  Below 1,056 f e e t  COtlng 
con t lnued  w l t h  90 pe rcen t  r e t u r n s  t o  
1,916 f e e t ,  where t o t a l  l o s t  c l r c u l a t l o n  was 
exper lenced agaln.  The w e l l  was cored " b l l n d "  
(no  c l r c u l a t l o n )  t o  1,926 f e e t  and then a t e s t  
was at tempted,  b u t  sus ta lned  f l o w  c o u l d  n o t  be 
ob t a l  ned . 

A f t e r  c o r l n g  b l l n d  an a d d l t l o n a l  20 f e e t  
( t o  1,946 f e e t ) ,  t h e  d r l l l s t r l n g  dropped f r e e  
f o r  t h r e e  f e e t ,  I n d l c a t l n g  a major v o l d .  I n  a 
p r e l l m l n a r y  t e s t ,  t h e  w e l l  f lowed steam and 
water f o r  t h r e e  hours w l t h  a g r a d u a l l y  
I n c r e a s i n g  wel lhead p ressu re .  A f t e r  shut  I n  
wel lhead p ressu re  reached 102 p s l g ,  w l t h  t h e  
w e l l  r e p o r t e d l y  s t a n d l n g  f u l l  o f  water .  
P repara t l ons  f o r  a fo rma l  t e s t  were begun. 

TEST FACILITIES AND INSTRUMENTATION 

L o g l s t l c a l  c o n s l d e r a t l o n s  s e v e r e l y  l l m l t e d  the  
t y p e  o f  t e s t  f a c l l l t l e s  and l n s t r u m e n t a t l o n  
u h l c h  c o u l d  c o s t - e f f e c t l v e l y  be employed t o  
t e s t  ST-1. A r e l a t l v e l y  s lmple two-phase 
o r l f l c e  meter and James tube were I n s t a l l e d  a t  
t h e  end o f  a f l o w  l l n e  t o  measure t h e  f l o w  
r a t e .  Upstream/downstream o r l f l c e  pressures 
were recorded c o n t l n u o u s l y  w l t h  a d l f f e r e n t l a l  
p ressu re  f l o w  meter .  James tube l l p  p ressu re  
was mon l to red  c o n t l n u o u s l y  and manual ly  
recorded a t  f r e q u e n t  I n t e r v a l s  u s l n g  a care-  
f u l l y  p r e - c a l l b r a t e d  t e s t  q u a l l t y  gauge. 
Pressure and temperature were a l s o  recorded 
f r e q u e n t l y  a t  t he  wel lhead and elsewhere u s l n g  
conven t lona l  gauges. 

I n  t h e  absence o f  a separator  o r  welr,. I t  was 
necessary t o  es t lma te  t h e  f l u l d  .enthalpy t o  
c a l c u l a t e  a f l o w  r a t e  f rom the  James(3) tube 
p ressu re .  Th ls  was done u s l n g  t h e  two-phase 
o r l f l c e  p ressu re  drop da ta  and/or by est lma-  
t l o n  f rom the  measured p r e - f l a s h  f l o w l n g  w e l l -  
bo re  temperature a d j u s t e d  f o r  uphole hea t  
l osses .  

Downhole p ressu re  and temperature were 
measured u s l n g  conventIona1 Amerada I n s t r u -  
ments m o d l f l e d  f o r  h l g h  temperature s e r v l c e .  
Two elements o f  each t ype  were a v a l l a b l e  and 
each was c a l l b r a t e d  b e f o r e  and a f t e r  t e s t l n g .  

Temperature elements wl th  a 200-5OO'F range, 
s e n s l t l v l t y  o f  one p a r t  I n  2,000, and accuracy 
o f  52°F were employed. Pressure elements w l t h  
a 0-4.000 p s l g  range, one p a r t  I n  2,000 
(+2 p s l g )  s e n s l t l v t t y ,  and 58 p s l g  accuracy 
were used. 

The lnaccuracy.  l n s e n s l t l v l t y ,  and e r r a t l c  
response o f  t h e  p ressu re  elements I n  t h e  l ow  
pressure,  0-500 p s l g ,  range l a t e r  proved t o  be 
a major problem. However, I t  should be noted 
t h a t  I n l t l a l  p l a n n l n g  was f o r  r e s e r v o l r  p res -  
sures o f  about 1.600 p s l g  (+4,000-foot T.D.). 
Even when t e s t l n g  was l n l t l a t e d ,  about 
900 p s l g  was a n t l c l p a t e d  (1,950- foot  T.D., 
- t100 p s l g  s h u t - l n  wel lhead p ressu re ) .  When 
t h e  c r l t l c a l  va lue  o f  t h e  0-500 p s l g  range was 
recogn lzed  a f t e r  t h e  f l r s t  survey, t h e  end o f  
t h e  "sumner" o p e r a t l n g  season was near .  Delay 
o f  t h e  t e s t l n g  t o  l o c a t e ,  mod l f y  ( f o r  geo- 
t h e r m a l ) ,  and c a l l b r a t e  new Ins t rumen ts  was 
n o t  f e a s l b l e .  

FLOW TEST MEASUREMENTS 

The f l o w  t e s t  p l a n  was a s lmp le  one c o n s l s t l n g  
o f :  ( 1 )  l n l t l a l  s t a t l c  pressure/ temperature 
(P/T) surveys; ( 2 )  f l o w  u n t l l  s t a b l e  a t  t he  
h l g h e s t  p r a c t l c a l  r a t e  w l t h  bot tomhole P/T 
measurements; ( 3 )  f l o w  a t  a reduced r a t e  u n t l l  
s t a b l e  w l t h  P/T measurements I n  the  h o l e  
d u r l n g  the  r a t e  change; ( 4 )  shut  I n  and b u l l d -  
up w l t h  two p ressu re  Ins t rumen ts  I n  t h e  ho le ;  
and ( 5 )  f l n a l  s t a t l c  P/T  surveys. I ns t rumen ts  
c o u l d  n o t  be I n  t h e  h o l e  d u r l n g  t h e  l n l t l a l  
drawdown because o f  t h e  danger o f  " f l o a t l n g "  
I n  t h e  smal l  h o l e ,  u h l c h  c o u l d  n o t  be eva lu -  
a t e d  u n t l l  t h e  r a t e  was known. Extreme 
tu rbu lence  l n  t h e  two-phase f l o w  r e g l o n  a l s o  
prevented any meanlngfu l  da ta  f rom b e l n g  
measured above t h e  f l a s h  p o l n t .  

F l g u r e  4 shows s t a t l c  p ressu re  t r a v e r s e s  
measured I n  ST-1 b e f o r e  (Run 1 )  and a f t e r  
(Run 7 )  the  f l o w  p e r l o d .  F l g u r e  5 shows 
correspondlng s t a t l c  temperature data.  A t  t h e  

RUN NO. 1 
ELEMENT NO. 21367 

ELEMENT NO. 22407 
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FIGURE 4. MAKUSHIN ST-1 UNALASKA ISLAND 
STATIC PRESSURE PROFILES 
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llquld gradlents In the wellbore durlng flow 
from T.O. to at least thls depth. 

The test ratehellhead pressure hlstory Is 
shown on Flgure 6 along wlth the downhole 
pressures measured at the 1.900-foot datum 
throughout the test. Wellhead pressure 
decllned from 108 pslg to a stable 36 pslg 
wlthln 1 5  mlnutes o f  openlng the well. The 
rate stablllzed at 47,000 lb/hr ln the same 
15-minute perlod. Calculatlons showed that at 
thls rate, the well was llmlted by reachlng 
crltlcal mass veloclty at the orlflce. Only 
mlnor perturbatlons assoclated wlth runnlng 
the Amerada Instruments In and out were 
experlenced thereafter. The flowlng pressure 
measured at 1,900 feet several hours after 
openlng the well was stable. The absolute 
value o f  the lndlcated drawdown o f  25 to 
30 pslg 1 s  suspect (element No. 22407). how- 
ever, because (as prevlously noted) the 
element was posslbly damaged durlng the run-ln 
through the two-phase zone and later returned 
to a 'statlc" value uhlch was about 20 pslg 
low. The same element 19 hours later agaln 
lndlcated stablllty, but 5 pslg hlgher. 

Upon lowerlng the rate to 34,700 lb/hr, the 
wellhead pressure rose to 5 2  pslg wlthln flve 
mlnutes and was stable untll shut In. The 
downhole pressure showed no change for over an 
hour after the rate change and then went down 
about one pslg rather than up (No. 22407). 
Whlle the absolute pressure magnltudes are 
suspect, both pressure elements also exhlblted 
thls phenomena of  decllnlng pressure upon 
shut-In. Both elements exhtblt slmllar 
character durlng the bulldup, flrst decllnlng 
one to two hours after shut-In, then 
flattenlng and then rlslng slowly for many 
hours, wlth a curlous more rapld rlse In the 
last three hours. The statlc survey a day 
later showed that no further pressure Increase 
had occurred. 

TEMPERATURE (DEGREES FJ 

FIGURE 5. MAKUSHIN ST-1 UNALASKA ISLAND 
STATIC TEMPERATURE PROFILES 

selected bottomhole datum o f  1,900 feet, a 
substantlally subhydrostatlc lnltlal pressure 
o f  478 pslg was measured. After the flow, 
element No. 21367 returned to 473 pslg, whlch 
1 s  essentlally the same as the.lnltla1 pres- 
sure wlthln the rated accuracy o f  the Instru- 
ment. However, element No. 22407 was lower by 
about 20 pslg. Thls element (No .  22407) 
suffered severe buffetlng In the two-phase 
zone on Its lnltlal run Into the well whlle 
flowlng (Run 3) and Is suspect In all Its sub- 
sequent measurements (even though It recall- 
brated "OK"  after the test). Both temperature 
runs are In reasonable agreement wlth a 
bottomhole temperature o f  379'F at 1.900 feet. 

The most strlklng feature o f  the statlc sur- 
veys 1 s  the presence o f  a gas zone above 
900 feet, both before and after the flow. 
Steam apparently refluxes up to about 
300 feet, wlth a noncondensable gas (>  95% 
C02) "cap" above that. A maxlmum stable 
shut-ln wellhead pressure of 136 pslg has 
slnce been measured (two months later). Thls 
can only be attrlbutable to noncondensable gas 
evolutlon from the shallow dry steam zone, 
Inasmuch as the noncondensables measure: In 
the flowlng fluld were extremely low 
(t300 ppm). Apparent dlfferences ln the gas 
zone pressure between runs may elther be 
attrlbutable to the erratlc response o f  the 
elements In thls low pressure range, t o  varl- 
able shut-ln tlmes, or to sllght pressure 
leak-off at the lubrlcator packlng upon Inlit- 
atlon o f  each run. 

Two addltlonal features o f  the Statlc tempera- 
ture surveys deserve comment. The coollng 
anomaly In Run 1 at about 700 feet probably 
reflects the contlnuous loss o f  drllllng 
flulds to the lost clrculatlon zone at 
672 feet. The apparent coollng In the well- 
bore above 1,600 feet after the flow (Run 7) 
Is extremely puzzllng. Flashlng was always 
above 1.000 feet as shown by the exlstence o f  

PRESSURE/FLOW 'ANALYSIS' 

Any analysts o f  the translent pressure data 
descrlbed above would be speculatlve at best 
at thls stage because: ( 1 )  the pressure draw- 
down achlevable from thls reservolr wlth a 
three-Inch wellbore Is apparently sllght; 
(2) the response o f  element No. 22407 Is 
suspect for the reasons prevlously mentloned; 
(3) the apparently valld response o f  element 
No. 21367 Is wlthln the range o f  Its rated 
accuracy (l.e., 28 pslg); and (4) some llmlted 
r m m n l c a t t o n  between the shallow steam zone 
and the main llquld reservolr (1,946-49 feet) 
exlsts, at least at the wellbore. and may be 
lnfluenclng the apparent responses (e.g., 
crossflow or hlgh compresslblllty steam cap). 

Nonetheless, the data from element No. 21367 
should be analyzable In prlnclple, and may 
actually represent a valld reservolr 
response. At a mlnlmum, It Is posslble to 
calculate a productlvlty index (PI) and, from 
It, a permeablllty-thlckness (kh) based on a 
porous medla, radlal flow model as follows: 
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P I = q =  kh 
Pl-Pf (10.21) Btr In (re/ru) 

Where: 

9 = 34,700 lb/hr 
(flow rate) 

PI -Pf 
(Inltlal pressure-flowlng pressure) 

8 = 1.14 
(formatlon volume factor) 

(vlscoslty) 

In re/rw = 9 (40-acre radlal dralnage 
assumed ) 

(ratlo of effectlve dralnage 
radlus to wellbore radlus) 

= 478-468 PSlg = 10 pslg 

tr = 0.14 CP 

PI = 3,470 = kh 
14.67 

kh = 50,900 md-ft 

A llnear flow model may be more approprlately 
applled to the Makushln fractured reservolr, 
but posslble lnterpretatlons are hlghly sensl- 
tlve to assumed fracture dlmenslons uhlch are 
unknown. Attempts at matchlng/analysls of the 
bulldup data employlng conventlonal type 
curves, etc., were unsuccessful. 

It must be concluded that elther the reservolr 
response 1s exceedlngly complex, or that the 
lnstrumentatlon sensltlvlty/accuracy I s  Inade- 
quate for thls appllcatlon. It I s  Intended 
that testlng over a longer perlod durlng the 
summer of 1984 wlll be performed employlng a 
quartz crystal pressure transducer and 
caplllary tube In order to at least resolve 
the lnstrumentatlon amblgultles. 

POWER POTENTIAL 

The estlmatlon of Indlvldual well power poten- 
tlal for comnerclal operatlons requlres the 
fundamental assumptlon that an extenslve 
reservolr can be represented by the fluld 
propertles, Inltlal pressure, temperature, and 
productlvlty lndex derlved from the sllm hole 
data. Glven thls as a bases, then a wellbore 
flow model yleldlng wellhead pressure vs rate 
must flrst be valldated agalnst the measured 
sllm hole condltlons. Once a match 1 s  
achleved, then wellhead pressure vs rate 
curves for varlous comnerclal-slze wellbore 
conflguratlons may be generated and related to 
approprlate power cycles wlth some degree of 
confldence. 

The flow slmulator used for thls study was 
developed by Intercomp(3) and has been used 
extenslvely by the lndustry for geothermal and 
geopressured wellbore flow calculatlons for 
several years. It I s  a commercially avall- 
able, vertlcal, multlphase flow slmulator 
uhlch Incorporates treatment for varlable well 
dlameter wlth depth, heat losses, and non- 
condensable gases. The "nomlnal" comnerclal 
well condltlons arrlved at were as follows: 

Inltlal Pressure = 
Bottomhole Temp. = 
Sal In? ty - - 
C02 Content - 
Productlvlty Index = 
13-3/8 Inch caslng to 
12-1/4 Inch open hole 

Using these condlttons. 

478 pslg 63 1,900 feet 
379'F @ 1.900 feet 
6,000 ppm TDS 
300 ppm 
3,470 lb/hr/psl 
1,750 feet 
to 1,900 feet 

a cross-plot of a 
doubie flash steam cyc.le and t h e  slmulator 
generated curve for wellhead pressure vs flow 
rate was constructed. An optlmum output of 
870,000 lb/hr at 60 psla wellhead pressure was 
found to generate slx gross megawatts of power 
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(Figure 7). Thus, two comnerclal-slze wells small requlrement for power on Unalaska (cur- 
could supply the 10 megawatts deslred to ser- rently about 11 megawatts) and the estlmated 
vlce the current needs of Dutch Harbor and seven square mlle resource extent, there Is 
Unalas ka . strong lndlcatlon even at thls early stage 

that a more than adequate geothermal Power 

/ 

FIGURE 7. COMMERCIAL SIZE WELL - FLOW RATE VI. WELLHEAD 
PRESSURE AND POTENTIAL POWER GENERATION 

CONCLUSIONS 

The Unalaska geothermal exploratlon program 
has been very successful thus far. 
Geologlcal, geophyslcal, and geochemlcal 
surveys of the Makushln area resulted ln the 
sltlng of three temperature gradlent holes ln 
1982. Two of these holes provlded strong 
evldence of a geothermal resource whlle the 
thlrd deflned a southern llmlt. The resource 
model subsequently developed was then tested 
wlth the drllllng of a deep sllm hole produc- 
tion well In the sumner of 1983. 

Results from the sllm hole conflrmed the baslc 
model of a shallow steam zone overlylng a 
llquld-domlnated reservolr ln fractured 
dlorlte. Temperature (379°F) was about 10°F 
lower than predlcted, but the well barely 
penetrated the top of the reservolr at 
1,949 feet. Planned deepenlng next sumner 
(1984) may yleld substantlally hlgher tempera- 
tures If some of the geochemlcal lndlcators 
are valld. 

Flow testlng of the well proved that the 
reservolr Is potentlally hlghly productlve, 
wlth only three feet of fractured Interval (at 
the wellbore) produclng 47,000 lb/hr through 
three Inch plpe and llttle reservolr pressure 
drawdown. Unfortunately, problems wlth 
lnsensltlve and/or Inaccurate pressure lnstru- 
mentatlon in the unexpectedly low pressure 
range encountered does not allow rlgorous 
analysts. A "ball park" productlvlty Index of 
3,470 lb/hr/psl and permeablllty-thlckness of 
50.900 md-ft can be calculated. Addltlonal 
testlng next sumner wlth Improved lnstrumenta- 
tlon I s  expected to resolve present 
amblgultles. 

Assumlng the condltlons encountered In the 
slim hole are representatlve of an extenslve 
reservolr, the power potentlal of a 
comnerclal-slze well I s  estlmated to be \ n  the 
range of S I X  megawatts. Glven the relatlvely 

faclllty can be developed. 
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