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I N T R O D U C T I O N 
• S i ^ 

At the request of the Regional Government of the Azores 
(RGA) and with the financial support of the United State.s Agency 
for International Development (AID), scientists of the United 
States Geological Survey (USGS)carrled out geothermal studies on 
the Island of Sao Miguel, Azores, from 1981 to 1983. The 
Laboratory of Geosciences and Technology (LGT) within the 
Secretariate of Commerce, and Industry was the-RGA agency with 
which the USGS maintained direct - technical contact. 
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Initial USGS studies were restricted to Furnas and Sete 
Cidades volcanic centers, because concurrently, other organi
zations were studying Agua de Pau under direct contract to RGA. 
However, as the results of this contracted work became available, 
it was apparent that additional work was desirable on Agua de 
Pau. Thus, the AID, RGA, and USGS combined financial resources 
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F i g u r e 1. I n d e x m a p of Sao M i g u e l . T h e t o p o g r a p h i c r i m s of the 
three calderas (Sete Cidades, Agua de Pau, and Furnas 
from west to east) discussed in this report are indi,-
cated by hachured lines. Black dots locate some of 
the towns of the Island. 
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to support USGS studies on Agua de Pau, as well as on Furnas and 
Sete Cidades, during the final field campaign in the summer and 
fall of 1983. 
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PREVIOUS WORK 

The framework within which and the starting point from which 
the present geothermal program was carried out were provided 
mainly by USGS volcanologist David A. Johnston. Johnston visited 
Sao Miguelxin 1979,' researched pertinent published literature 
from all available sources, and subsequently assessed geothermal 
resources aissociated with each of the three silicic volcanic 
centers in a report dated March, 1980. Conclusions and 
recommendations in his report served as the main basis for RGA's 
request to AID to support the present USGS program. 

Johnston concluded that the combined geothermal electrical 
potential of hydrothermal-convection systems associated with 
Furnas, Agua de Pau, and Sete Cidades volcanic centers is nearly 
700 megawatts for 30 years. This potential is more than 30 times 
the presently installed electrical generating_capaeity (about 20 
megawatts) that serves the entire island of Sao Miguel, and thus 
could provide all electrical energy requirements (including major 
expansion of energy consumption) for the island from an 
indigenous source, even if only a few percent of the assessed 
resource were developed. 
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Figure 3. A schematic diagram showing the interrelations of the 
terras resource base, resource, and reserve f or 
geothermal energy. The vertical axis is degree of 
economic feasibility, and the horizontal axis is 
degree of geologic assurance. The scales are 
arbitrary and thus the relative sizes of the 
rectangles have no necessary relation to the relative 
magnitides of the categories. 
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Initial attempts to develop part of this res 
the late 1970's when the RGA initiated a program 
installation of a geothermally-powered, 3 megawat 
generator in 1980 at Ribeira Grande, on the lower 
Agua de Pau Volcano. This RGA program was prompt 
accidental discovery of a hydrothermal-convection 
volcanologic research drilling at Ribeira Grande 
scientists of Dalhousie University, Canada. By t 
Johnston's resource-assessment study, subsurface 
been measured in bore holes that penetrated this 
system, and geoelectrical surveys partly delineat 
extent of the system. Scientists of Geonomies, u 
RGA, carried out a variety of studies that predat 
work and concluded that the Ribeira Grande geothe 
200 to 400 megawatt electrical capacity (without 
time constraint at this power rating). Based on 
Johnston concluded that the capacity was about 14 
30 years, and noted that the large discrepancy be 
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similar discrepancy in the proposed volume of the 
system. The results of our subsequent studies ar 
with Johnston's interpretation, and, moreover, su 
hydrothermal fluids of the Ribeira Grande area re 
relatively thin, tongue-like lateral outflow from 
primary hydrotherma1-convective upwelling located 
kilometers south, higher on the flank of Agua de 
This finding is perhaps the most important result 
study, at least in terms of possibilities for nea 
exploitation of geothermal energy on Sao Miguel, 
documentation and explanation follow in the secti 
Pau Volcano. 
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AGUA DE PAU V O L C A N O 
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T e m p e r a t u r e - v e r s u s - d e p t h profiles that were obtained during 

research drilling sponsored by Dalhousie University and during 

subsequent d e v e l o p m e n t a l drilling by companies under contract to 

RGA documented a temperature reversal at several hundred meters 

depth in the Ribeira Grande area. The most reasonable i n t e r p r e 

tation of t~hese profiles is that a relatively thin p e r m e a b l e 

z o n e , above the de^pth at which temperature begins to dec:rease, 

carries lateral flow fed" from a region of h y d r o t h e r m a l upflow 

located higher on the flank of the v o l c a n o . Chemical 

c h a r a c t e r i s t i c s of thermal waters from the wells at Ribeira 

Grande and from thermal springs at Caldeira V e l h a , Caldeiras da 

Ribeira G r a n d e , and near Lombadas upslope to the south (Fig. 4) 

are consistent with this interpretation. 
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n-18 content of thermal waters from 
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that they are similar to thermal waters 

c rocks at many other localities 
n t r a s t , the chemical compositions of 
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Lombadas indicate that these springs are 
of steam rising from depth and by shallow 
ated by this steam. The steam presumably 
ing plume of thermal water that boils in 
onfining pressure experienced during 
terpretation of these relations is that 
low is localized in the area between 
n d e , Caldeira V e l h a , and Lombadas (see 
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• c c l t ' O g i j e f a t . u n 2 C 0 t d e ' 0 I H i rn 

S t o Leve^ : ~ S e o Levfll 

2 Km 

- 3 Km 

Figure 5. North-30-degrees-west, south-30-degrees-east cross 
section through Agua de Pau Volcano. The hachured 
lines mark the top of an electrical conductive zone 
(10 ohm-meters) identified from audiomagnetotelluric 
soundings. Inwardr-d ipping solid lines are caldera 
faults. The curving arrows diagramatically depict 

, flow lines of a hydrothermal convection system. The 
solid dot at the bottom of the flow line at the center 
of the system represents flow into the plane of the 
cross section and the circled dot represents flow out 
of the plane of the cross section, a reminder that the 
hydrothermal system has radial rather than bilateral 
symmetry. The heat source is Interpreted to be a 
composite body of magma and solid, hot plutons. 
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According to this proposed scheme, thermal fluids wit: bin the 
zone of upwelling should be hotter-than those that have flowed 
laterally away frorathe heat source. The thermal waters in the 
upflow zone are not suitable for chemical g e o t h e r m o m e t r y , because 
they consist of shallow groundwater and condensed geothermal 
steam, rather than water directly from an underlying h y d r o t h e r m a l 
system. M o r e o v e r , application of g e o t h e r m o m e t r i c analysis to 
g e o t h e r m a l gases of the upflow zone is subject to an undefined 
but possibly large error due to alteration of gas composition 
d u r i n g i t s a s c e n t t o t h e s u r f a c e . 

Th 
more su 
g e o t h e r 

g r e a t e r 

m e a s u r e 

a n d w a t 

s i m i l a r 

t e m p e r a 

t e m p e r a 

p r e s e r v 

c o o l i n g 

p r e e i p i 

we lis a 

been a 

that th 

higher 

the sul 

suggest 

consist 

unspeci 

e waters 
itable f 
mometer 
than 2 2 

d direct 

er equil 

results 

tures of 

ture may 

ed by in 

, or it 

tation o 

t Ribeir 

constant 

e Ribeir 

temperat 

f ate-wat 

s temper 

ent with 

fied dep 

from ge 
luids f o 
indicate 
0 degree 
ly in bo 
ibrate r 
, wherea 

about 2 
reflect 

comple te 
may ref 1 
f calcit 
a Grande 

serious 
a Grande 
ure than 
er, oxyg 
atures p 
the ide 

th withi 

othe 
r ch 
s te 
s Ce 
re h 
apid 
s th 
85 d 
a h 
re-

PC t 
e. 
by 
pro 
pro 
tha 

en-i 
erha 
a th 
n th 

rmal 
emi e 
mper 
Isiu 
oles 
ly. 
e Na 
egre 
ighe 
equi 
n r o f 

Seal 
pree 
blem 
duet 
t me 
sot o 
ps a 
at g 
e zo 

well 
al ge 
ature 
s, ab 
. Th 
The 

-K-Ca 
es Ce 
r tem 
libra 
o T-o n t-

s at 
othe 
s ne 
out 
is i 
Na/K 
geo 

Isiu 
pera 
tion 
•I a 1 

Ribeira 
rmomet ry 
ar or pe 
the same 
s expect 
geother 

thermome 
s. This 
ture in 
during 

1 r. c o r. f 

ing of the geothe 
ipitation of calc 

The most relia 
ion fluids are f r 
asured in the wel 
pe geothermometer 
s high as 300 deg 
eothermal water i 
ne of upflow. 

Grande 
The s 

rhaps so 
as temp 

ed becau 
mome ter 
ter yiel 
higher 

the upfl 
late ral 

--" " } 

rmal pro 

ite has 
ble indi 
om a sys 
Is is p r 
. This 
rees- Ce 1 
s this h 

are mu ch 
ilica 
mewha t 
e rature s 
se silica 
yields 

ds 

ow zone, 

flow and 

d u e t i o n 

in fact 

cation 

tem at 

ovided by 
technique 
s ius , 
ot at an 

Geoel 
upflow and 
the Ribeir 
northwes t-
da Ribeira 
t owa rd t he 
respect ive 
s everal in 
better def 
are interp 
upflow, al 
of transit 
fault zone 
reflection 
about a ki 
anomaly th 
fault as so 
The inters 
lies wtthi 
Caldeira V 
mirror ima 
east is al 

ectrical surveys help delineate 
indicate continuity with the o 

a Grande area. Audiomagnetotel 
trending conductive zones that 
Grande and Caldeira Velha. Th 
locations of wells RG 1 and 2, 

ly, and coincide with fault zon 
vestigators. The conductive zo 
ined than that at Caldeiras da 
reted to mark zones of consider 
though Caldeiras da Ribeira Gra 
ion to lateral outflow. The co 
s is also conductive but somewh 
of lower permeability. A tell 

lometer east-southeast of Calde 
at is interpreted to reflect th 
elated with caldera collapse ab 
ection of this fault with a nor 
n the strong conductive anomaly 
elha area and is an attractive 
ge intersection of faults about 
so an attractive drilling targe 

this proposed z 
utflow zone down 
luric soundings 
pass through Cal 
ese trends proje 
and PV 1 and 2 , 

es (Fig. 4) mapp 
ne at Caldei ra V 
Ribeira Grande . 
able hydrotherma 
nde may be near 
rridor between t 
at les s so, perh 
uric-survey prof 
ira Velha shows 
e position of an 
out 15,000 years 
thwest trending 

associated with 
drilling target. 
two kiIome ters 

t but may be les 

one of 
slope in 
s h o w 
d e i r a s 
ct 

ed by 
elha is 

Both 

1 

the zone 

he two 

aps a 

ile 

an 

arcuate 

ago. 

fault 

the 

The 

to the 

s 

n 



accessible to a drill rig. 

Audiomagnetotelluric soundings have also newly identified a 
conductive zone on the south flank of Agua de Pau Volcano. Gross 
similarity in electrical expression and geologic setting on the 
flank of Agua de Pau suggests the potential for a hydrothermal 
system that may broadly be the mirror image of that on the north 
flank of the volcano. However, this "discovery" is based on only 
a few soundings, and addi t iona 1 studies are necessary to evaluate 
the extent and significance of the conductive zone. 

• • . FURNAS VOLCANO 

Furnas Volcano is built on a 1- to 4-million-year-old_vol-
canic complex that forms approximately the east fifth of Sao 
Miguel. The contact between Furnas and these older lavas is 
exposed along the coast near Ribeira Quente and along the base of 
the walls of Furnas caldera. Xenoliths of the older lavas are 
locally common in pyroelastic deposits erupted from Furnas. 

Furnas Volcano is late Pleistocene and Holocene in age and 
. C J . . - . t 3 . . . T - _ ^ ^ ^ J 4 _ - l J ^ , - _ I T - . . H _. _ _ _ -
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Figure 6. Topographic map of Furnas Volcano. Contour interval 
is 100 meters. The dash-dot-dash hachured line marks 
the topographic rim of the caldera. The dashed lines 
mark fault zones Inferred from the distribution of 

* vents for post-caldera eruptions and from the 
physiography of the caldera. Thermal manifestations 
are marked by black dot-with-pigtal1 symbol. F=town 
of Furnas. RQ=town of Ribeira Quente. 
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de Pau Volcano in the preceding section 
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Geothermal development in Furnas caldera may be undesirable 

for environmental r e a s o n s . A tourist industry thrives around the 

many spectacular thermal m a n i f e s t a t i o n s within the caldera, where 

the ambiance is one of tranquility and scenic beauty undisturbed 

by industrial d e v e l o p m e n t . E x p e r i e n c e elsewhere in the world 

(for e x a m p l e , in New Zealand, Italy, and the United States) has 

shown that exploitation of a h y d r o t h e r m a l - c o n v e c t i o n system can 

cause such associated natural m a n i f e s t a t i o n s as hot springs and 

fumaroles to change character; flow at hot springs may decrease 

and eventually cease in response to exploitation of a 

h y d r o t h e r m a l - c o n v e c t i o n system that feeds them, and fumaroles may 
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become more vigorous as drawdown of a system exposes deeper and 
therefore hotter rock to the boiling interface between hot-water 
and vapor-dominated parts of the system. Thus, if development 
proceeds anywhere within the caldera the possibility that long-
term production through well bores might affec^t the character of 
the natural manifestations should be considered. 

SETE CIDADES VOLCANO 
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P o s t - c a l d e r a t r a c h y t e d o m e s , f l o w s , a n d p u m i c e r i n g s a r e 
a b u n d a n t on the w e s t f l a n k of t h e v o l c a n o a n d w i t h i n t h e 
c a l d e r a . At l e a s t 22 p o s t - c a l d e r a t r a c h y t l c e r u p t i o n s o c c u r r e d 
f r o m v e n t s w i t h i n t h e c a l d e r a . O n e e r u p t i o n p r o d u c e d a d o m e , a n d 
a l l o t h e r s p r o d u c e d p u m i c e r i n g s a n d a s s o c i a t e d a i r - f a l l p u m i c e 
d e p o s i t s . C a r b o n - 1 4 a g e d e t e r m i n a t i o n s i n d i c a t e t h a t t h e 
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c a l d e r a f l o o r and m a y be l o c a l i z e d a l o n g a r i n g f a u l t t h a t f o r m e d 
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S i m i l a r to A g u a de P a u and F u r n a s V o l c a n o e s , m a f i c l a v a s 
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an e x t a n t c r u s t a l r e s e r v o i r of t r a c h y t l c m a g m a b e n e a t h t h e 
c a l d e r a is the s a m e as t h a t d e s c r i b e d f o r b o t h A g u a de P a u a n d 
F u r n a s . A p o t e n t d e r i v a t i v e m a g m a t i c h e a t s o u r c e a p p a r e n t l y l i e s 
w i t h i n t h e c r u s t b e n e a t h e a c h of the t h r e e c a l d e r a s . 

S u c h t h e r m a l m a n i f e s t a t i o n s as h o t s p r i n g s a n d f u m a r o l e s a r e 
n o t k n o w n w i t h i n S e t e C i d a d e s c a l d e r a . O n l y t w o t h e r m a l s p r i n g s 
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23°, 50 

Figure 7. Topographic map^ of Sete Cidades Volcano. Contour 
interval is 100 meters. The dash-dot-dash hachured 
line marks the topographic rim of the caldera. The 
dashed line mark a ring fault Inferred from the 
distribution of vents on the floor of the caldera. 
The solid lines mark normal faults; the ball and bar 
are on the downdropped side of these faults. Thermal 
manifestations are marked by black dot-with-pigta 11 
symbol. SC=town of Sete Cidades. 
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are known on the flanks of the volcano, one on the northwest 
coast near Ponta dos Mosteiros and one on the west coast at Ponta 
da Ferraria (Fig. 7 ) ; each of these is low-temperature and highly 
diluted with sea water, precluding any attempts to- define the 
temperature and composition of a geothermal-reservoir fluid 
through geochemicalmeans. 
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CONCLUSIONS AND RESOURCE CALCULATIONS 

The potential for the existence of commercially exploitable 
geothermal resources on Sao Miguel is high. The three late 
Quaternary silicic calderas (Agua de Pau, Furnas, and Sete 
Cidades), each of which has been the site of voluminous post
caldera silicic eruptions, provide assurance that a crustal 
magmatic (and/or hot plutonic) heat source exists beneath each 
volcanic center. Abundant vigorous thermal manifestations within 
Furnas caldera provide direct evidence of an underlying 
hydrotherma1-eonvection system; geochemical evidence suggests 
that this system consists of hot water overlain by local vapor 
caps and that subsurface temperatures may be as high as 300 
degrees Celsius. 

Thermal manifestations and drill holes on the north flank of 
Agua de Pau Volcano provide direct evidence that a vigorous 
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h y d r o t h e r m a 1 - c o n v e c t i o n system is associated with this volcanic 
c e n t e r . G e o c h e m i c a l evidence suggests chat the system is 
dominated by hot water that convects upward beneath the upper 
north -flank of the volcanic edifice, and feeds (in the 
s u b s u r f a c e ) a zone of lateral outflow that has been penetrated by 
dri l l i n g on lower parts of the flank, at Ribeira G r a n d e ; 
t e m p e r a t u r e s within the upflow zone may be as high as 300 degrees 
C e l s i u s . 

Direct evidence for a similarly vigorous h y d r o t h e r m a 1 - c o n -

vection system at Sete Cidades is lacking, but the general geo

logic and geophysical r e l a t i o n s , and the existence of two thermal 
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As 

Table 1. Geothermal resources assoclaCed with Agua de Pau Volcano 

Calculations follow the methodology of U. S. Geological Survey Circular 790 (Assessment of Geothermal Resources of the 
United States--!978: L.J.P. Muffler, editor; published tn 1979); a d'stalled explanation of the methodology can be found 
on pages 20—28 of this Circular. Energy values for the upflo« zone on the north flank of Agua de Pau Volcano are means 
and associated standard deviations, assuming the minimum, most likely, and maximum values of the recovery factor are 
0.0, 0.25, and 0.5 respectIvely. Energy values for the outflow zone lin the Ribeira Grande area are most likely values. 

Reservoir 
area 

(km^) 

Reservoir 
thickness 

(km) 

Rese rvolr 
tempe rature 

C C ) 

Reservolr 
thermal energy 

(10^^ Joules) 

Wellhead 
thermal energy 

(10 18 Joules) 

Electrical 
Energy 

MWe for 30 yrs 

Upflow zone on the north flank of Agua de Pau Volcano (see Figure A) 

3.5* 1.8' 275' 4.5 ± 1.2 1.1 -t- 0.3 U O t 70 

Outflow zone in the Ribeira Grande area (see Figure A) 

Johnston 

Geonomlcs 

8.0 

8.0 

0. 15' 

2.65 

200 

200-250 

0.6 

7 

0. 15 14 . 3 

2 00-4 00' 

2 2 7 
a. Estimated values for reservoir area: minimum 2.0 km , most likely 3.5 km , maximum 5.0 km 
b. Estimated values for reservoir thickness: minimum 1.0 km, most likely 2.0 km, maximum 2.5km 
c. Estimated values for reservoir temperature: minimum 240°C, most likely 285*0, maximum 300°C 
d. Reservoir thickness constrained by temperature reversals In drill holes 
e. No time interval for power production specified 
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ELECTRICITY. IN MEGAWATTS ELECTRICAL FOR 30 YEARS 

Figure 8. Probability distribution for electrical energy of the 
upflow zone on the north side of Agua de Pau 
Volcano. Vertical axis gives the probability that 
electrical energy is greater than or equal to a value 
indicated on the horizontal axis. 
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(2) We recommend that any further development on the Ribeira 
Grande project be delayed until the area of Caldeiras da 
Ribeira Grande, Caldeira Velha, Lombadas is evaluated. 

(3) Additional geoelectrical surveys on the south flank of Agua 
de Pau Volcano, at Sete Cidades Volcano, and at Furnas would 
help to better define conductive zones and structures that 
may provide permeable channelways for hydrothermal fluids. 
However, we recommend that this work be done only on a time-
and-money-available basis, at a lower priority, than work in 
the area noted in reeomraendation (I). 

In closing we note that, given the present electrical 
generating capacity for Sao Miguel (about 20 megawatts), it is 
not unreasonable to expect to double this capacity with a few 
successful geothermal wells. Many geothermal fields in similar 
geologic environments at various locations worldwide produce 5 
megawa11s e lectrie per well. Thus even moderate success for a 
project in the Caldeiras da Ribeira Grande, Caldeira Velha, 
Lombadas area might satisfy increased electrical energy needs for 
many years to come, and in doing so provide sufficient time for 
an orderly assessment of geothermal resources elsewhere on Sao 
Miguel and of the desirability or need to consider development at 
other locations on the island at some future date. 

21 


