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EVALUATION OF THE ST. LUCIA GEOTHERMAL RESOURCE:

GEOLOGIC, GEOPHYSICAL, AND HYDROGEOCHEMICAL INVESTIGATIONS
 

by 

Mark Ander, Fraser Goff, Bob Hanold, Grant Heiken,.
 
Frangois Vuataz, and Kenneth Wohletz
 

ABSTRACT 
St. Lucia is a volcanic island of the Lesser Antilles arc. Muchof the 3outhern portion of the island is. dominated by mountainous 

landscape that, along with steam fumaroles and boiling pools near thetown of Soufriere, attests to its volcanic origin. The major event

in this vo'canic field was eruption of the Choiseul Pumice and formation of the Qualibou caldera (32,000 to 39,000 years ago). The
latest magmetic activity within the caldera was ,he eruption of largedacitic domes and associated tephra at Belfond (20,000 to 32,000 
years ago).


2Tw, major NE-SW-trending faults straddle the caldera; they cross

St. Lucia and are parallel to small graben-forTing faults. Caldera
faults are best developed in northern sections of the caldera; they
define an arcuate western caldera margin, whereas those of the
southern 
margin are crescent shaped and fcrm a scalloped caldera

margin, affected by regional fault trends. Faulting and hydrologyhave controlled the location 
of thermal springs. Regional linear

faults and caldera faults are the most important in providing

pathways to the u,'.face for thermal waters originating at depth. Acomplex, multiple magma body probably underlies the caldera; zhe sizeof the magma chamber is estimated to be in the range of 100 km3. 

A 5.2-km*-long dipole-dipole DC resistivity survey was conductedalong a north-south trending line through the Qualibou caldera. The 
survey was centered over Sulphur Springs and the profile location wasselected on the basis of the previous British resistivity investiga
tion and the detailed geologic evaluation performed by Los Alamos.There is an apparent resistivity high, greater than 
1000 ohm-m,

located below the Belfond area. Beneath this apparent resistivityhigh, there is deeper low-resistivity material that is measured at
less than 10 ohm-rn. There is a zone of very low apparent resis
tivity, less than 1 ohm-m, underlying the Etan~s area. The zonebeneath Etangs is related to thermal upwelling along a fault,
probably the caldera-bounding fault.
 

Beneath Sulphur Springs and starting at a depth of approximately
600 m, there is higher apparent resistivity material ranging from 40
ohm-m up ohm-m theto 150 in center of a 1-km-diameter high
resistivitd closure. Interpretation of the data strongZy suggests

the presence of a very hot dry steam field beneath Sulphur Springs.
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Analysis and interpretation of hydrogeochemicaZ data from theQualibou caldera indicate that a main geothermal reservoir underliesthe Sulphur Springs area and it consists of Ahree two-phaes layers:(1) an upper steam condensate zone; (2) an intermediate vapor zone,which may be restricted to the Sulphur Springs area only; and (3) alower brine zone. emperatures as high as 2Z2 0C were measured at adepth of 600 
m during previous shallow drilling at Sulphur 'prings.Additional evidence indicates that temperatures of the brine 
layer
may exceed 250 oC.
 
Three other outlying thermal springs discharge in Qualibou
calde-a, including two along the northern caldera collapse zone, but
their geochemistry does 
not indicate they 
overlie high-temperature
reservoirs. Rather, they appear 
to be waters derived fror a steam
condensate layer in the v'cinity of Sulphur Springs. 
If this is the
case, it supports the theory that the high-temperatur brine upflows
in the area of Belfond-Sulphur Springs and flows laterally northwards
 

tot'2ni the caldera Jiall.Each of the scientific investigations yielded individual yetremar' :bly similar recommendations for the location of the exploatory geothermzl ?elZs. The recommendations mcade by each field team
are covered in greater detail in the appropriate sections of this
report. The selected well site locations are a synthesis of
results of the geoloric, geophysical, 
the
 

and hydrogeochemical investigations. 
 Based on atl available data, the recommended locations for
explo,,atory drilling in the Qualibou caldera are as follows:
 

(1) Craters _of Beond - Caldera-related faulting and recentphreatomagmatic volcanism indicate fracture 
permeability, and
low resistivity suggests chat geothermal brines occur at a depth

of less than 1 .
 

(2) Vallel of Sulohur Sorings The- presence of hot springs andTumarofst ' -hemical compositions, and the lowformation resistivity all 
indicate a geothermal brine reservoir
 near a depth of 2 km uith 
the possibility of a hot dry steam
 
field above the brine reservoir.
 

(3) Et-ings - The sguthern caldera fault and a very low shallowresistvity sug.est 
a reservoir of geothermal brine at a depth 
as shallow as ckm. 

(4) Diamond.rinL Belle PZainev, and the oValle) thei:ryRver
Tar aso er-ie 
 o ute' xlrto to deineaitthe".72 of the Q:4alibou geothermal reservoir. 
 Initial exploratory

drilling at thes. locations, however, is not recommended.
 

In sumary, 
 th , Qualibou caldera has excellent 3eothermnal
potential and expor' to.q drillin.
7 should result in the discovery of
a hsih-temprature b"-ne reservoir. 
 Geothermal brines (and perhaps
dry steam) should be 
 ',11dat a depth of 7-2 km under the central andsouthern,~ calderi a 
 in abuindance where permeable formations and
faults 'ilow greiter f-4id movements.
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GEOLOGIC EVALUATION OF THE QUALIBOU CALDERA GEOTHERMAL RESOURCE,
 
ST. LUCIA, WEST INDIES
 

(Kenneth Wohletz and Grant Heiken) 

St. Lucia is a volcanic 
island of the Lesser Antilles island
 arc. Much of the southern portior of the island is dominated by
mountainous landscape that, along with 
steam fumaroles and boiling

pools near the toin;of Soufriere, attests to its volcanic origin.
 

Basaltic lavas, dated at 5.5 qa, crop 
out alZng the western
coast and are ove-iain by andesitic composite cones of Vt. Gimie and
Mt. Tabac, which form the highest ridges on the island and have been

dated at 7.2 and 0.9 Ma. Superinposed upon the andesitic cones are
dacitic domes. The most spectacutar of these domes are the dacitic 
plug domes of Petit Piton and Gros Piton. dated at 0.25 Ma. It must

be stressed here that all of the cones and domes of this period ofactivity were erupted befo'e formation of the Qualitsu caldera, along

faults associated with NE- and NW-trending structures.
 

The major event in this volcanic field vas erupi:ion of the

Choiseul Pumice and formation of the Qualibqu caldera (.32,000 to

39,000 years ago). About km 3
6 DRE (dense rock equivale4t) oflithic-crystal andesitic 
tephra was erupted -zainly as pyroclastic
flows and surges. Some of the thickest deposits are located within 
the 12-km caldena and have been identified in geothermal drill
holes. Postcaldera eruptions of dacite at Te-re Blanche and Belj'Jnd 
were centered slightly off-center within the caldera. The latestmagmatic activity within the caldera was the eruption of large dacite
domes and asociated tephra at Belfond (20,000 to 32,000 years ago). 

Two major NE-S-tre.ding faults straddle the caldera; they crossSt. Lucia and are Parallel to small graben-forming faults. Caldera
collapse faults are best developed in northern sections of the cal
dera; they d~fine a nearly circular western caldern margin, whereasthose of the southern margin are crescent shaped and form a scalloped
caldera margin, affected by the regional fault trends. A collapse of500 m over an area of 72.6 km2 would be nearly equal to the volume of_tephra (DRE) ejected. Rpsurgent magmatism, represented by Belfond
and Terre Blanche lavas and pyroclastic debris, accounted for another
2 km3 of magma that mzy have allowed another several hundred meters 
of collapse in the central portion of tho caldera. 

Faulting and hydrology have controlled the location of thermal
springs. Regional linnar faults caldera faults theand are most 
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impoat2nt in providing pathways to the surface for thermal watersoiginacing at depth. 
A complex, multiple magma body probably underlies 	the caldera; the size 	of the magma chamber is estimated to be inthe 	range of 100 km3. The 	magma chambe, is likely still in a postmagmatic etage with temperatures of between 3000 and 800oC. 
Because
Belfond eruptions are dated at 2.0 3.2 10 4- x years ago, near-magmatic temperatures can still exist in the chamber underlying the
Qualibou caldera.
 

Recommendations for 	 further geothermal development in theQualibou calder-a are in the following areas:Springs, (2) 	 (1) Valley of SulphurCraters of Belfond, (3) Belle Plaine, and (4) Valley of 
the Migny River. 

I. 	INTRODUCTION
 

St. Lucia, an independent country of the Eastern Caribbean 
Conmionwealth, 
is a volcanic island of the Lesser Antilles island arc (Fig. 1). The 	southern
 
portion of the island 
is dominated by mountainous landscape which, along with
 
steam fumaroles and boiling pools near the town of Soufriere, attests to its 
volcanic origin. 
 Although the last large eruptions occurred between 20,000

and 40,000 years ago, geologic -nd geophysical studies 
indicate a significant

geothermal resource exists in area the Qualibou caldera.the of The U.K
 
Ministry of Overseas Development retained engineers, drillers, 
and 	geological

and 	geophysical consultants 
 in the mid-1970s to explore the geothermal
 
resource (Williamson and Wright, 1977; 1978). Steam was 
found in four of
 
seven exploratory boreholes. 
 Results of the overall project indicated a need 
for further studies but 	 indicated favorablea economic feasibility for geo
thermal development. This report 
summarizes results of a three-week geologic

reconnaissance of the Qualibou 
caldera in preparation for 
further geophysical

study and drilling. The purpose of the study is to build upon previous workby Tomblin (1964), Merz and McLellan (1976), and Aquater (1982) in an attempt 
to more precisely model the caldera substructure with preparation of geologic
cross sections. To this end, cross sections drawn from previous maps using
inferred structural 
constraints, stratigraphic descriptions, and well 
log data
 
.ere prepared to field
prior 	 confinration. These preliminary sections

'ndicated a need for further work to confidently predict subsurface structure. 
Building upon previous studies the field work was successful in clarifying the
inconsistencies in previous models and collecting important data for 	a refined 
structural inodel.
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The methods used during reconnaissance included 
detailed stratigraphic
 
analysis of over 100 sections 
near or in the caldera. Using recent models of
 
caldera formation, volcanic rock facies 
variation, description of pumice,
 
lava, and lithic clasts, and bedding structures in tuffs and breccias, caldera
 
faults were located and the caldera structure was analyzed.
 

Tomblin (1964) prepared the first detailed 
description of geology of

southern St. Lucia. 
 In that work a detailed study was centered in the 
area
 
near Soufriere where the Qualibou caldera 
was first identified. Petrologic

analysis revealed the andesitic to dacitic compositions of 
lavas and tuffs,
 

and K/Ar and 14C dating suggested that the caldera 
age is between 0.04 to
0.30 Ma. This work is summarized by Robson and Tomblin (1966) and Aquater
 
(1982).
 

Geothermal aspects of St. 
 Lucia have 
long been recognized (Bodvarsson,
 
1951; Robson and Wilimore, 
1955), especially because of accessibility to
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Sulphur Springs and nearby hot springs that have been used for mineral baths 
since early European settlement. 
 More recent studies (Williamson, 1979;
Greenwood and Lee, 1976; 
Merz and McLellan, 1976; Aquater, 1982) outline 
new
 
geologic and economic studies of the Sulphur Springs area and document a vapordominated but noncondensible gas-rich geothermal system with a relatively
shallow reservoir. The likelihood of a deeper resource in which meteoric wateris heated by magmatic sources is encouragi:ig for further geothermal exploration 
and development. 

The following sections summarize our analysis and conclusions about the 
stratigraphy of the Qualibou caldera and its structural 
framework. Again, our
emphasis has been to create geologic cross sections of the caldera that are 
consistent with previous studies and well 
logs. This type of 
information is
lacking and is very useful for new geophysical interpretation and well siting.
 

II. STRATIGRAPHY
 
The volcanic history of southern St. 
 Lucia (Table I; Fig. 2) spans over 5
Ma and consists of several 
periods of eruptive activity that overlap in time.


These are: 
 (1) 5 to 6 Ma basaltic lava 
flows, overlain by andesitic to

dacitic composite cones 0.75 to 1.0 Ma; 
(2) caldera-related rocks that consist

of andesitic to dacitic tephra falls and pyroclastic flows (.0.04 Ma); and (3)

intracaldera dacitic tephra and lava domes (.0.020 to 0.032 Ma). The most 
recent activity consists of steam explosions at Sulphur Springs.

A. Oldest Volcanoes Within and Adjacent to the Qualibou Caldera
 

1. Basalt Flows. Basalt areflows exposed along the western coast at
Jalousie and the base of Coubaril Ridge (north and south of the Petit 
Piton).
Tomblin (1964) proposed that vents for these flows are near Coubaril. Basalt
 
crops out from sea level to an elevation 
of 230 m at Jalousie and to about 45 
m on the western slcpe of Coubaril. Well 
No. 1, drilled northwpst of Sulphur

Springs (Fig. 3), encountered basalt at a depth of 182 m below sea level 
(Merz

and McLellan, 1976). Other major outcrops of basalt form part of a ridge (Mt.
Gomier) that reaches the southern coast at Laborie.
 

The lavas are massive, aphyric basalts that 
are metamorphosed and deeply

weathered. 
 Outcrops appear to be massive, although Tomblin (1964) noted the 
presence of flow banding. 
 Joints and amygdules in the basalts are 
filled with
 
calcite, authigenic quartz (?), 
 and green clays.
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TABLE I
 

STRATIGRAPHIC SEQUENCE, QUALIBOU CALDERA
 

Stratigraphic Unit 


Historic phreatic blast, Sulphur Springs 

(Reported by deLatour, 1782).
 

Bel fond - Pyroclastic fall, flows, surges, and domes. 

Formation 
 Craters in domes, with associated tephra. 


St. Phillip

Oacite--Possibly Belfond tephra. 


Terre Blanche - Dacite domes, craters.. Probable tuff ring 
around base of dome. 

Horne Bonin Dome - Andesit2 dome that may or may not 

be an intiacaldera unit.
 

Choiseul Tuff - Quartz-rich andesitic pyroclastic flows and 
surge deposits that flank the Qualibou caldera. 

Present below intracaldera lvas and 

tuffs within the calder.. 


Precaldera 
 - Fond Doux composite(?) cone - andesite. 

Andesites
 

- Domes(s) of Rabot, Plaisance and Malgretoute

Ridges (dacite similar to that of the Pitons).
 

-
Domes of Bois d'Inde Franciou - andesite. 


- Gros Piton and Petit Piton Domes. 


- Composite cones of Mt. Gimie and Mt. Tabac
(laharic breccias, epiclastic gratels, and 
andes~tic lavas). 

-
Andesitic cone of Coubaril (contemporaneous
with Mt. Gimie?). 

Basalt flows of Jalousie and Malgretoute 

Ages
 

1766 A.D.
 

20,900 to 34,200
 
yrs (Wriqht et
 
al., 1984)
 

39,000 yrs
 
(romblin, 1964)
 

No date
 

No date
 

39,000 yrs
 
(Tomblin, 1964)
 
>32,840 yrs
 
(Wright et al.
 
1984)
 

No date
 

No date
 

No date
 

0.23 t 0.10 Ma
 

0.29 i 0.10 Ma0.26 ± 0.04 Ma 
(Briden et al.,
1979; Aquater,
 
1982)
 

1.7 t 0.2 Aa
 
(Tomblin &
 
Westercamp,
 
1983)

No date
 

5.61 i 0.25 Ma 
5.21 t 0.15 Ma 
6.1 ± 0.6 Ma 
6.5 i 0.6 Ma 
(Aquater, 1982; 
Briden et al., 
1979)
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The basalts have been dated, using the K-Ar method. Briden et al. (1979)
published dates of 5.61 ± 0.25 Ma for a sample from Coubaril (Malgretoute) and
5.21 ± 0.15 Ma for a sample from Savannes (location uncertain). K-Ar analyses

by Hunziker (Aquater, 1982) of basalt 
from Jalousie indicate ages of 6.1 ± 0.6 
Ma and 6.5 ± 0.6 Ma. 

Lavas sampled at Jalousie 
are generally aphanitic, with 
rare plagioclase
phenocrysts (zoned, 
An5578) and clinopyroxene (Aquate,, 
 1982). Most mafic
 
phases have been replaced by hematite and chlorophaeite.
 

. Adesitic Composite Cones (Stratovolcanoes). Andesitic lavas, 
laharic

breccias, fanglomerates, and epiclastic sediments are exposed along the cliffs
north of Soufriere and along parts of the 
easternmost caldera 
wall. Similar
 
rocks crop 
out along the coastline east of 
Qualibou and 
along pre-Qualibou
ridges located southeast of the caldera. 
 These deposits are 
much thicker en
the east and north, being closer to source and sloping to 
the southwest. 

source(s) for these deposits are 

The
 
the composite cones 
(or cone remnants) of Mt.
Gimie (950-m elevation), 
Mt. Tabac (680-m elevation), 
and ridges located
 

between them.
 
Laharic breccias within 
this sequence 
exhibit massive, normally graded


and reversely graded bedding. 
 They slope southwest, away from 
source at an
angle of 5-100. Interbadded with 
the 'aharic breccias are light grey
andesitic lavas of unknown 
thickness. 
 The lavas 
and laharic breccias within
the highlands, 
above 457-m elevation, are 
deeply weathered to clays; there
 
are, however, excellent relict 
textures that indicate rock 
type. These
deposits 
are well preserved at lower 
elevations. 
 These deposits are called
the "caldera wall 
 andesite agglomerate" by Tomblin 
 (1964). They 
 are
encountered in geothermal wells 
7, 4, and 5 at a depth of 250 m below sea
 
level and at about 60 m above sea level 
in well No. 2. 

Andesite lavas of Mt. Gimie have been dated by Snelling at 1.7 ± 0.2 Ma

(Tomblin and Westercamp, 1980) and 0.9 ± 0.08 Ma by Hunziker (Aquater, 1982).
Mt. Gimie lavas are two-pyroxene andesites with phenocrysts of orthopyroxene
and plagioclase 
in an aphanitic groundmass. Plagioclase 
phenocrysts have

reaction rims and traces of resorbed olivine are present.


The ridge between Soufriere 
town and Plaisance (the Coibaril 
ridge) has
been described 
as an 
andesitic cone, contemporaneous 
with the cones of Mt.
Gimie and Mt. 
Tabac. This 
correlation 
is difficult to confirm. 
 There are
mostly dacitic lavas and breccias exposed along the road around Coubaril; most
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have been altered to cl.ay. 
 Although deeply weathered to clays, chlorite and
 
carbonates, the Coubaril 
lavas have been descrlbea as quartz-rich porphyritic
 
andesite.
 

3. Andesitic and Dacitic Lavas of Malgretoute, Rabot, Plaisance, and Fond
Doux Ridges. These lava domes and cones(?) are located along a N-S line, 
immediately east of the Pitons. Little is known of the extent or structure of
these volcanoes; they appear to be cut by caldera-boundary faults and are 
partly buried by a blanket of tephra from the Belfond craters. 

Malgretoute and Rabot are parallel, NS to NNE-trending ridges, each about 
I km long and 0.5 km wide. A similar ridge (Plaisance) extends south from
Rabot. 
 Tomblin (1964) mapped Plaisance ridge as a Piton-type dome lava. 
These lavas at well 
No. 1 (located at the northern end of Rabot 
ridge) have a
 
total thickness 
of about 600 m. Field relationships indicate that the 
1l3gretoute, Rabot, and Plaisance ridges are domes that were c-It by faults 
during caldera collapse.
 

Fond Doux, located immediately south of Plaisance, is a 506-m-high
 
andesite ridge. 
 There are agglomerates, believed to be 
associated with this
 
domelike ridge, that crop out along the L'Ivrogne River near the coast. Seen
from the north, Fond Doux appears to have a crater at the summit, open toward 
the north. Dark green lavas exposed near the summit 
are highly fractured and
chloritlzed (fractures are filled with carbonate). The lavas have been 
described as an orthopyroxene-hornblende andesite (Tomblin, 1964) and as an 
evolved" andesite (Aquater, 1982).
 

4. The Piton Dacite Domes. 
 The most visible and best exposed dacite
 
domes in the volcanic field are the Petit Grosand Pitons, which are located 
along the coast south 
of Soufriere town., 
 The Petit Piton is I x 2 km,
 
elongated NNE and has a summit 743 m above sea level. A large fragment of the
dome, on the north side, has slumped about 300 m along a NW-SE-trending fault. 
Flow banding is nearly vertical and is visible on all .sides of the do,.


Gros Piton is about 3 km in diameter 
 at the base and has a summit 777 m 
above sea level. It is an asymmetric pyramid, with faces oriented NNE, N-S 
and E-W. At the base, from sea level to an elevation of about 200 m, is an 
apparent tuff ring consisting of well-consolidated tuff-breccia (visible from 
the sea). 
 Tomblin (1964) described a "Piton-type" dacite agglomerate composed

of 70% subangular blocks, to withinup 2 m long, 12.5 km of the base of the 
Pitons. These blocks consist of grey or pink dacite clasts.
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The Pitons were erupted between 200,000 and 300,000 years ago. A K-Ar
 
date for the Petit Piton is 0.26 ± 0.04 Ma (Bryden et al., 1979). 
 K-Ar dates
 
for the eruption of the Gros Piton 
are 0.23 t 0.1 Ma and 0.29 . 0.1 Ma
 
(Hunziker, in the Aquater report, 1982).
 

Lavas 
from the Pitons are characterized by large, rounded quartz pheno
crysts. 
 They also contain olivine, hornblende, and plagioclase phenocrysts,
 
in a holocrystalline groundmass.
 

5. Domes of Bois d'Inde Franciou. 
 Near the Gros Piton are three domes
 
that 
form a line trending N60 E. Stratigraphic relations of these domes 
are
 
not known, hut all three appear to have erupted along a NE-trending fault that 
may or may not be associated with caldera collapse. It is most likely thatthe fault is part of a NE-trending graben that crosses the volcanic field.
The domes are described by Tomblin (1964) as pale andesite. Samples from the 
talus around these domes 
are weathered orthopyroxene-hornblende 
andesites
 
(Aquater, 1982).
 
B. The Caldera-Forning Eruption - The Choiseul Pumice
 

Qualibou caldera is flanked on nearly 
 all sides by pyroclastic flow and 
surge deposits collectively called the 
Choiseul Pumice. Tomblin 
(1964)
separated various 
subunits within 
the Choiseul 
 Pumice and designated them
 
"older andesitic pumice fall 
and flow," 
"vulcanian andesitic agglomerate," and
 younger andesite pumice." We believe that these represent different 
phases

of the Choiseul Pumice eruption. The name "Choiseul 
Pumice" was chosen by

Wright et 
al. (1984) to describe many of the pyroclastic flow, oyroclastic
 
surge and pumice fall deposits covering the 
southern and southwestern slopes.
of St. Lucia. 
 Figures 4 to 6 show representative stratigraphic 
sections of
 
this unit and illustrate the geographical variations as described below.
 

The Choiseul Pumice is
a vitric-crystal or crystal-vitric tuff whose glass
composition is rhyolitic (Tables 11 and Il1), which is not unusual for volcanic
 
rocks composed of a nonequilibrium combination of glass and crystals. In outcrop

it is light brownish-grey to light brown, dependent upon grain size and degree of
 
weathering. There are generally lepilli 
to block-size clasts of dark and light

grey, poorly vesicular dacite and, in
some facies, dacitic pumice. Except in the 
lower part of Ravine Duval, north of the caldera, the tuff is nonwelded.
 

Results of energy dispursive spectral 
(EUS) analyses of pyroclasti sur
faces and scanning electron microscopic (SEM) analyses of pyroclast 'shapes are
shown In Tables IV and V. EDS data show a variation of glass compositions
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MASSIVE ASH BEDS, 0.1-0 8 m THICK. 
WITH LENSES OF LITHIC FRAGMENTS 

WELL BEDDED ASH SHOWING COBBLE 
STRINGERS AND SOME REWORKING.
SOME DUNE-LIKE BEDS OF POSSIBLE 
SURGE ORIGIN 

4. 

MASSIVE ASH 
,.J
 
w 

_ __-_Fig. 4.PLANAR BEDDED SURGE HORIZON 	 Choiseul Pumice. Near Saphire 
on the south coast. 

COBBL. BRECCIA OF ANDESITEI m~TLAVA 	 FRAGMENTS 

01 MASSIVE 	 ASH WITH PEBBLESTRIN13ERS THIN 1-5 cm PLANAR
 
BEDDED BREAKS AT I TO 2 m
 

0 aINTERVALS
 

ODACITIC PUMIZE BLOCK-BEARING1COARSE ASH. OCCASIGNAL 
GAS PIPES 

0- 2 CM OF FINE WHITE ASH AT BASE 

; MASSIVE PYROCLAsrIC FLOW WITH 

U. 10% 2-5 cm DIAMET.R PUMICE CLASTS
IL * IN A FINE ASH MATRIA MUCH 	 OF MAIRIX 

IS ALTERED TO CLAY PHENOCRYST
z RICH PUMICE PYROCLASTS 

WELL-DEVELOPED GAS PIPES WITHIN 
THE FLOW 

SEPARATION BETWEEN SECTIONS

o , CREAM-COLORED MASSIVE
PYROCLASTIC FLOW MATRIX

* o SUPPORTED. WITH PUMICE BLOCKS, 
UP eO 2 cm IN DIAMETER, IN ANI ' ASH MATRIX 

,. .f JSURGE DEPOSIT BROAD DUNES OF
LAPILLI-BEARING COARSEFig. 5. 	 0 FJORMALLY GRAO-3O 

ASH 
F PUMICE BEDChoiseul Pumice and Belfond Forma-
 u PUMICE LAPILLI TO COARSE ASH 

I) ' 2-tO- LAVA FRAGMENTStion. Composite stratigraphic PYROCLASTIC FLOW CRYSTAL-LITHICLsection in road cuts at Newfield, 0 - TUFF THOROUGHLY WEATHERED 
near Choiseul. 
 . TALUS 
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VLAHAR AND SOIL WITH TALUS 

" 1 SOIL HORIZON 

0z MASSIVE PYROCLASTIC FLOWK 
o * O- PUMICE BLOCKS 

DUNE BEDDED SURGE 

*o ASH AND PUMICE LAPILLI FALL 

. a j MASSIVE TUFF WITH 1117W0 : PUMiCEnUS BLOCKS UP TO 25. •*Oj IN DIAMETER cmOF ANOESITE I1%ASHY 

MATRIX UNDLILATING CHANNELLIKE BREAK 

a0 PUMICE BLOCK AND LITHIC BEARING 
"'' EAPILLI TUFF WVITHDUNE BEDS OFFINER ASH 

C (.0. BOULDkR RICH BED OF GRAY ANDESIT 
c o~e BOULDER* LAHARIC BRECCIA 

Fig. 6. 

Choiseul Pumice and Belfond Formation. East coast, near Anse Ger. 

(altered) between flow and surge deposit tephra. 
 The flow tephra shr,'s surface

compositions more similar to "fresh" analyses obtained by the electrcnmicroprobe

(Table III) 
than those of the surge tephra surfaces, 
which are highly altered
towards dacitic composition. This alteration appears to reflect wetter erup
tion and emplacement conditions, which cause hydrothermal effects on grainsurfaces. 
 Typically this relationship is a product of phreatomagmatic erup
tion. Grain morphological data (Table V) indicate greater effect of phreato
magmatic pyroclast formation in samples from surges and flows than those from
fall deposits, which are mostly vesicular. Correspondingly, 
alteration and
 transport abrasion features 
are greatest for surge tephra. 
 A similar relation
ship is demonstrated for Belfond tephra and is discussed below. 

Plateaus located south, southeast, and northwest of the caldera are composed of pyroclastic flows and surges of the Choiseul Pumice. These plateaus
slope toward the sea at angles of 3 to 6 ° and are cut by subparallel stream
valleys. Tuffs of this sequence are exposed along ridge tops, in stream
valleys, in road cuts, and in sea cliffs. East and north of the caldera the

tuff fills only the bottoms of stream valleys. Below an elevation of 396 m,
the tuff is well preserved; above this elevation, it is deeply weathered. 
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TABLE II
 

CHOISEUL PUMICE AND FELDSPARS--CHE4ICAL ANALYSES (ALL IN WT%)
 

03 04 
 0 08
 

SiC2 75.26 75.07 74.76 74.18 
TfO2 .08 .15 .12 .12 
A1203 12.68 12.39 12.47 12.49 
FeO 1.15 1.16 1.20 .97 
Nno .04 .03 .02 .06 
Hg0 .19 .18 .17 .20 
CaO 1.65 1.62 1.63 1.66 
Na20 2.47 3.01 2.44 3.13 
K20 3.48 3.43 3.48 3.57 
Total 96.99 97.04 96.30 96.38 

Feldsparsb #1 #2 05 6 9 010 

SfO2 
TfO 2 

45.89 
.0 

49.51 
.0 

53.86 
.0 

52.02 
.0 

49.04 
.0 

52.24 
.02 

A1203 
FaO 

35.23 
.17 

32.49 
.14 

29.69 
.14 

30.58 
.16 

33.38 
.19 

30.79 
.17 

MnO 
"go 

.03 

.0 
.0 
.0 

.03 

.0 
.02 
.0 

.01 

.0 
.02 
.02 

CaO 

Na20 
K20 

16.75 

1.33 
.04 

1IS.1 

2.72 
.11 

11.42 

4.53 
.21 

13.10 

3.90 
.17 

16.24 

2.34 
.11 

12.94 

4.00 
.17 

Total 99.15 100.11 99.54 99.98 101.31 100.37 

a All analyses of pumiceous glass pyrociasts.

b Sample u3ed for electron microprobe analyses Is from a pyroclastic
 
now deposit near Canaries.
 
Analyses I and 2
 core ard rim of a plagioclase pheno:ryst ina
pumice clast. Analyses 5 aid 6--core and rim of another large
plagioclase phenocryst inthe same pumice. Analyses 9 and 10--core
and rim of a P'3gioclase phenocryst.
 

Thicknesses of this tuff 
are difficult to determine. Most of our
stratigraphic sections are partial. Along the coast it is rossible to see
substantial 
lateral variations in thickness from thick 
valley fills to thin
cappings on ridge tops. 
 At Choiseul, 
located on the south coast, the Choiseul
Pumice is50 m thick ina
valley fill. Over paleoridges, the thickness may be
only a few meters. 
 Close to the caldera, it is possible that thicknesses are
 
up to 100 m; near the village of Daban, itisover 50 m. Within the caldera,
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TABLE III
 

CHOISEUL PLICE--MODAL ANALYSES
 

Mode 1 2 3 4 
(M () (1) M 

GI .s. 47.3 29.3 44.0 43.6 
Vesicles 36.6 20.0 
 29.6 39.0
 
Plagioclase 9.0 
 22.6 17.3 11.0
 
Hornblende 0.0 
 0.0 0.0 
 6.0
 
Biotite 0.0 1.3 
 0.0 0.0
 
Fe-Ti oxides 0.3 
 1.0 0.6 tr
 
Quartz 2.3 
 11.3 2.6 0.0
 
K-eldspar 1.6 1.0 
 0.0 0.0
 
Hypersthene 2.6 
 13.0 5.6 
 1.3
 
Xenoliths 0.0 
 0.3 0.0 
 0.0
 

Modes based on 300 points.
 
1. Porphyritic pumice clast from pumice fall unit 1 km 

NW of Choiseul. 
2. Vitric-crystal tuff from surge bed, 1 km NW of 

Choiseul.
 
3. Porphyritic pumice pyroclast from pyroclastic flow
 

near Canaries.
4. Plinian pumice fall from I km north of Soufri~re. 

TABLE IV 

ENERGY DISPERSIVE SPECTRAL ANALYSES OF PYROCLAST SURFACES
 

Choiseul 
 Bel fond
Flow(5) Surge(4) Flow(12)
 

SbO2 74.33 68.82 65.79 
TfO2 0.10 0.11 0.10 
A12 03 14.98 22.29 17.04
 
FeO 
 1.65 6.08 7.65
 
MnO 0.10 -.- 0.13 
M90 
 0.52 
 1.50 3.69
 

CaO 1.68 0.69 
 3.11 
Na 20 0.85 0.06 4.69
 
K20 3.16 0.32 
 1.27
 
Total 
 97.37 
 99.87 103.47
 

Average analyses; number of pyroclast surfaces analyzed is shown
 
in parentheses.
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TABLE V
 

SCANNING ELECTRON MICROSCOPE DESCRIPTION OF PYROCLAST TEXTURES
 

Ch:oiseul Bel fond 
Texture Surges(31 Flows(2) Fall(L) Surge(l) Flow(11
 

apEe: 

Blocky 55 33 
 38 50 47
Vesicular 29 58 63 25 47
Fused 16 
 10 0 25 6
 

Alteration:
 

Fresh 
 5 16 25 0 29
Part!, 25 
 74 75 33 71
 
Totally 70 11 
 0 67 0
 

Abrasion:
 

Rounded 70 26 25 67 
 71
 

Percentages determined by grain counts for number of samples

shown inparentheses.
 

boreholes have penetrated up to 180 m of tuff; these 
tuffs are petrographi
cally equivalent to units described by Tomblin that are now called the 
Choiseul Pumice (Tomblin, 1964). Most river valleys on the southern, south
western, and northwestern slopes of the volcanic field appear to be resur
rected pre-Choiseul paleovalleys, exposing only the thickest sections of tuff.
 

1. Geographic Variations
 
South Coast. Massive pyroclastic flow deposits, ranging from 10 to 50 m
 

thick, fill paleovalleys along the south coast (Figs. 4 and 5). One of the 
thickest of these deposits, at Choiseul, consists of nonvesicular and
 
pumiceous dacite blocks, up to 30 cm long, in a matrix of lapilli-bearing
medium ash. Breccia lenses are intermittent throughout the massive pyro
clastic flow deposits. These are, in turn, overlain by thin pyroclastic flow 
and surge deposits. Surge deposits 
are visible at the top of the section in
 
almost every road Cut, along ridges that run from the caldera rim to the coast. 

Southeast Coast. 
 The Choiseul Pumice fills paleostream channels but does 
not crop out on ridge tops along the southeastern coast of St. Lucia. Some of 
these channel fillings are visible along the main highway between Vieux Fort 
and Castries (Fig. 6). Well-bedded surge deposits are plastered onto the 
sides and base of the paleovalleys and, in places, ash is injected into spaces 
between boulders of the underlying conrlomerate. Surge deposits overlain
are 

by about 4 m of pyroclastic flow deposits containing 10-20% blocks 
in ar' ash
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matrix. 
 In several valleys, pyroclastic fluws overlain by surge deposits
are 

a few meters thick. At Ravine Languedoc, the tuff sequence is underlain by 40
 
cm of very well bedded, very fine brown ash.
 

Northwest Coast. 
 A large, dissected, fan-shaped plateau located between

Soufriere and Canaries 
is almost entirely underlain by Choiseul Pumice (Fig.

2). Representative of the tuff in this area 
isa 30-m-thick section at Grand
 
Caille Point that overlies andesitic breccias of Mt. Gimie 
and is, in turn,

overlain by grey laharic breccias and gravels derived 
from intracaldera
 
volcanoes. At base
the of this sequence are well-bedded surge deposits,

overlain by 15 reversely graded pyroclastic flow deposits and 
some interbedded
 
surge deposits; most have a pinkish hue.
 

Between Soufriere and Canaies, Choiseul 
Pumice is visible in road cuts
 
and consists of massive pyroclastic 
flows overlain by well-tedded surge
deposits. 
 In the Ravine Duval, 1 km ESE of Canaries, there is over 80 m of
 
massive welded tuff that partly fills the valley. 
 It is massive, consisting

of 20-30% subangular dacite blocks 
in a grey ash matrix. There is well
-developed columnar 
jointing within 
the unit; 3.5 km east 
of Canaries the

deposit is nonwelded. 
 In the Millet River valley, due north of the caldera,
 
the deposit is 50 m thick.
 

South Caldea Rim. At elevations over 396 
m it 15 difficult to identify

the Choiseul Pumice because of the deep weathering. It is composed of mostly

rcd or brown clay, but relict textures and bedding are visible and may be used
 
to identify the tuff. 

2. Discussion. The Choiseul Pumice represents a major caldera-fornmng

event in this volcanic field. It 
 exhibits multiple facies laterally and
vertically. 
The eruption may have begun with a Plinian phase, but outcrops of

the pumice fall are rare; only a few meter-thick 
beds were seen along the

south coast. This was followed by of
deposition pyroclastic surges,

block-rich pyroclastic flows 
(th3t filled many paleovalleys), and ended with

Dyroclastic surges. There 
 lenses of gravel
are some and volcanic mudflows
 
interbedded with the tuff that may have been deposited by floods that occurred
during the eruption. Wright et al. 
 (1984) describe the facies variations.
 

The vent 
(or vents) for this eruption were apparently located within the
 
12 km2 of the Qualibou caldera, with pyroclastic flows and surges moving down
the southeastern, southern, western, and northwestern 
flanks of the volcanic
 

field. This conclusion differs from that of Wright et al. 
 (1984), who suggest
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central vent locations near Mt. Gimie. Our conclusions are based on the 
location of the caldera structure, outflow thickness variations, and well log 
data within the caldera. For example, Choiseul Pumice was not distributed 
towards the northeast because of the shielding effect of the high composite 
conEs of Mt. Gimie and Mt. Tabac.
 

At this time we can only provide a crude estimate of the volume of the 
Choiseul Pumirle. Much of it must have been deposited in the sea. Pyroclastic
 
flow and surge deposits studied on land have a mir ,
- vIume of 11 km3 ,"about
 
6.5 km3 DRE. This compares favorably with an es"r.ed volume 
for caldera
 

collapse of between 5 and 10 km
 
Wright et al. (1984) dated one 
piece of carbonized wood in the Choiseul
 

Pumice, collected south of Saltibus; 
it has an age of >32,480 years. They
 
suspect that the carbon sample collected by Tomblin (1965) was from 
one of the 
Choiseul Pumice deposits; it has an age of 39,050 ± 1500 years. 
C. Intracaldera Volcanic Rocks
 

1. Morne Bonin Dome. Located in the southeast corner of the caldera,
 
Morne Bonin dome has been 
called a pale andesite by Tomblin (1964). The
 
summit is about 330 m above the caldera floor at Belle Plaine. It is believed
 
to be a postcaldera dome, erupted 
trom a caldera-bounding fault. 
 All samples
 
are from talus; there are no in situ exposures. A sample from this talus
 
consists of a quartz-pour dacite; 
a porphyritic, holocrystalline lava with
 
phenocrysts of orthopyroxene, plagioclase, quartz, and Fe-Ti oxides.
 

2. Terre Blanche. Terre Blanche is a 1.5-km-diameter, 450-m-high dome,
 
located immediately northeast 
of Sulphur Sprirgs. Associated with the dome
 
are two craters and one small 
dome (100 m high) locijted between it and the 
Belfond dome-crater complex. Terre Blanche dome appears to have erupted 
through a tuff ring, with well-bedded medium-ash size 
surge deposits exposed
 
on the northeast flank. Drilling 
at Sulphur Springs indicates a total dome
 
thickness of 600 m, with an 
approximate volume of 0.6 km3
 . The dome consists
 
of pink 
or grey dacite with good flow banding. The west side of the dome has
 

*Volume was estimated on the assumption that tuffs on the plateaus filled
 
paleovalleys that are now resurrected in part. This observation 
was confirmed in seacliff exposures. 
 Volume in the caldera was determined by an estimate of caldera area and tuff thickness seen in drill No
holes. :stimate was
made of the ash 
that went into the sea or was carried off in a plume. 
 The
ORE was determined by multiplying the volume by 0.6.
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been altered by hydrothermal activity from the aboutbase to 300 m above the 
base. The side affected by hydrothermal activity is broken by 
numerous

slumps, including a major one, with a fault scarp crossing just below the 
summit. 

The dome lava consists of hornblende-orthopyroxene dacite; on the west 
side of this dome, most mineral phases 
have been replaced by hematite,
 
authigenic quartz, and clays.
 

3. Belfond Dacite Dome(s) and Tephra. 
 The latest eruptive activity

within the caldera (not including a historic phreatic blast) is that of the 
Belfond dome and craters, located near the center of the caldera, south ofSulphur Springs. The lavas and lithic-crystal tephra 
are easily distinguished
 
by the presence of large (>5-mm) biotite and hornblende phenocrysts. With 
a

summit elevation of 472 m, the dome-crater complex rises 17G m above the 
surrounding moat (Belle Plaine); 
1.5 km wide at 
the base, the Belfond dome is
 
cut by four craters:
 

1. La Dauphine Estate 
- 0.75 x 0.5 km; 150 m-deep.
 
2. East of La Dauphine - 0.37 x 0.25 kin; 50 m deep.
 
3. Near Dasheene (filled with water)  0.25 km; depth not known.
 
4. Between Belfond and Bois d'Inde 
-
0.6 x 0.5 km; 60 m deep.

Massive dacite of the dome crops out ,t the sunm.t and at a few places on 

the flanks. The Belfond dome(s) consist of porphyritic dacite, containing 42%
phenocrysts in a glassy groundmass. The dome lava contains 2% granodiorite
xenoliths. The dome(s) 
are buried by tephra frorr 
the tuff rings or tuff cone
 
(La Dauphine) (Figs. 7 to 9). Belfond tephra also drapes most of the pre- and
 
postcaldera domes with a blanket ranging in thickness from less than I 
m to 40
 
m at Sulphur Springs. Belle Plaine appears to have been filled, in part, with
 
Belfond tephra; the thickness is unknown.
 

The tuff cones and rings have dip slopes of 10-20* and consist of 5 M+ of
 
graded tephra-fall and surge deposits. 
 Fall deposits" are normally graded,

block-hearing medium lithic ash; surge deposits 
are planar, reversely graded

plane beds with block lenses. Some surge deposits show plastic deformation
 
ar6und blocks. Relfond tephra 
 consists of mostly subequant, subangular to sub
rounded, porphyritic dacite oyroclasts; most contain 
only rare vesicles

(Table V--more pumiceous clasts have less than 100%vesicles). As can be seen
 
in Tables VI and VII, the 
 tephra was most likely derived from the dome lavas,
possibly by explosive interaction of volatile-poor magma and meteoric water 
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Fig. 9. 
Belfond Formation. Southern slope
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Fig. 8.Belfond Formation. North rim of 
Belfond crater. 
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TABLE VI 
BELFOD FORMATION--CHEMICAL COMPOSITIONS OF GLASS AND 

PLAGIOCLASE CRYSTALS (ALL IN WT%)
 

Glassa #3 6 
 #11
 

Si02 72.02 74.65 73.6S
 
TO2 .05 .15 
 .19 
A1203 13.99 11.65 13.41
 
FeO 1.03 1.46 
 1.68
 
HnO .04 0.00 
 .03
 
M90 
 .09 .19 .36 
CaO 2.13 1.08 1.75
 
Na20 3.35 2.46 
 3.36 
K20 3.64 4.1? 3.71
 
Total 96.35 95.75 
 98.06
 

Plagioclaseb #1 #2 04 #5 7 08
 

Sf0 2 55.97 54.63 45.69 53.67 56.76 
 53.20
T1O 2 .01 .04 .04 
 .07 .03 
 .02

A1
203 28.40 28.55 34.61 30.28 
 27.55 29.79

FeO 
 .08 .1P 
 .18 .16 
 .05 .15
MnO .00 .02 .01 
 .02 .00 
 .00
HgO .uO .00 .03 
 .03 .00 
 .00

CaO 10.18 10.55 
 17.43 12.06 
 9.24 11.43
Na20 5.56 5.15 1.24 4.49 6.23 4.73K2 0 .32 .29 .05 .24 
 .36 .20
Total 100.52 99.35 
 99.27 101.02 100.21 99.53
 

a Analyses of glass crusts around phenocrysts.

b Analyses Iand 2--core and rim of a 
300-m-long plagioclase from a
 

Analyseslithic pyroclast.
4 and S--core and rim of a 
plagioclase phenocryst from a


lithic pyroclast.

Analyses 7 and 8--core and vfm of a 
plagioclase pyroclast.
 

within the dome, which resulted in some grain-surface chemical alteration 
(Table IV).

A few valleys south and southwest of Belfond (outside the caldera) con
tain relatively 
 thin (.lO-m) pyroclastic flows and 
surge deposits
originated at Belfond. Flow and 

that 
surge deposits are present on the summit of 

Fond Doux volcano, west of Belfond.
 
Most clasts in these deposits consist of vesicle-poor, hornblende-biotite 

dacite (up to 50' dacite pyroclasts). In .nme pyroclastic flow deposits, 
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TABLE VII
 

BELFOND FOM4ATION ficuES AND GRAIN COUNTS 

1 2 3 4 5
Mode (9) () Grain Count 
 im) (11 (1)
 
Groundmass 51.3 45.5 Porpn.Oac'te 54.6 54.3 54.6
 
Vesicles S.0 9.0 ------------- .
 
Plagioclase 22.3 32.6 
 Plaqoclase 27.0 26.3 
 29.6
 
Hornblende 5.0 
 3.0 Hornblende 4.0 
 4.0 0.6
 
Biotite 1.3 1.3 Biotite 
 0.3 0.3 
 1.6
 
Fe-TI oxide 1.0 0.6 Fe-TI ox'.e 0.3 Tr
 
Quartz 8.6 
 7.6 Quartz 6.0 
 8.0 4.3
 
K-feldspar 
 3.3 K-feldspar 5.0 4.3 6.3
 
Xenoliths 2.0 
 Xenoliths 1.6 
 2.3 2.3
 

Hypersthene 1.0 0.3 0.3
 

All modes and grali count; b,':c on 300 points or grains.
 

1. Porphyritic daclte lava fnr, he northern summit of the Belfond
 
dome.
 

2. Puilce pyroclast frcm planar beds, western slope of the Pelfond
 
tuff ring.
 

3. Tephra from sample 2.
 

4. Tephra from massive lithic ash, western slope of the BelfoI tuff
 
ring.
 

S. Tephra from mai'sfvepyroclastic flows, southern slope of the 
Belfond tuff ring.
 

south of t_ caldera, there are pumice clasts with the same phenocryst assem
blage. Diorite and granodiorite xenoliths are present in the Belfond Tuff. 
In addition to the large biotite and hornblende phases, there are phenocrysts 
of plagioclase, quartz, Fe-Ti oxides, clinopyroxene, and orthopyroxene.

Charcoal from the Belfond Formation shows an age range from 20,900 years to 
34,000 years (Wright et al., 1984).
 

4. Deposits from the Phreatic Eruption of 1766 A.D. (?) The Sulphur
Springs area, which includes abundant hot springs and fumaroles, was the site 
of a phreatic explosion in 1766 that "spread a thin layer of cinders far and 

- wide" (Lefort de Latour, 1787, as reported in Robson and Tomblin, 1966). The 
fumaroles and springs are located In slump blocks derived from a fault scarp
along the east face of Rabot Ridge. Deposited on one of these slumps, within 
the area affected by hydrothermal activity, is a thin (70-cm) deposit of 
thinly bedaed lithic ash. It overlies a breccia that may be part of that 
deposit or rubble from the slumps. The well-bedded ash is peripheral to one 
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of the largest hot pools, 10 m in diameter. It is possible, although diffi
cult 	to confirm, that this pool 
was the site of the phreatic explosion in 1766.
 

III. 	 STRUCTURAL FRAMEWORK 
The present-day structure of the Qualibou caldera is dependent upon three

primary structural mechanisms: 
 1) the regional stress field 
of the Lesser

Antilles, which E~s developed 
in response to island 
arc sub'luction, 2) local
 
tectonic adjustments related 
to caldera 
formation associated 
with 	volcanism,
and 	3) gravity slumping and 
sliding of oversteepened topographic 
surfaces.
 
Combinations 
of these 
three structural elements have produced
complex str:ictural 	 an area ofnature resulting in the intersection of both deep, linear, 
through-going, vertical faults with curvilinear, moderate- low-anglefaults associated 	 to localwith caldera collapse. Delineation of these structural 
features is difficult because of the 	 lateral facies variations typical ofsilicic volcanic fields. 
 Hence many of 
our 	structural observations 
are 	geo
morphological and 
 volcanological. 
 Aerial photo interpretation 
 has 	 been
discussed by Aquater (1982). 
 An important result of our work, 
as discussed
 
below, is that a structural evaluation consistent with information fromgeothermal drill 
holes is developed, which builds upon the 
interpretations of
 
Tomblin (1964) and Aquater (1982).
 

Regional Faults 
The 	 age of the western Lesser Antilles island arc 	 is inferred from geophysical data to he around 9 Ma (Pitman and Talwani, 1972; Briden et aT.,
1979); however, volcanic rocks span 
 ages from 0 to 40 Ma in the southern part


of the island arc. A present-day subduction 
rate 	of 2 to 4 cm/year (Sykes etal., 	 1982) or 0.5 cm/year (Westbrook, 1975) is reflected in ongoing seismicity
and 	volcanism. Westercamp (1979) 
analyzed the regional 
fabic of the 
Lesser
Antilles showing NE-SW faults related to the lithospheric block theabove 
subduction zone.
 

Two 	 major NE-SW-trending faults occur adjacent to the Qualibou caldera.
These faults straddle the caldera; 
the 	northernmost 
one 	parallels Ravine

Toraille and ct:cs the north slopes of Mt Gimie, and the southernmost one is
parallel to the drainage of che L'Ivrogne River, aligned with three smalldomes near Bois d'Inde Franciou 
and 	Morne Bonin near Migny. These faults
 
cross St. Lucia and are parallel to small graben-fonning faults such as those 
near 	Fond St. Jacques and Fo-d Cannes.
 

24 



Overall movement on the faults appears to be dominantly vertical, with 
little variation in trend. Movement on 
these faults has occurred over a long

time, as is shown by large displacement of 5 Ma aphyric basalts and smaller 
displacement of younger units such 
as the Choiseul Pumice. Present-day

drainage follows these fault lines, often cutting into considerable thick
nesses 
of tuff, indicating that caldera-related tuffs were deposited in
 
fault-controlled paleovalleys. 

Perhaps the best evidence of the deep projection of regional faults is 
the alignment of vents along them. Examples are the dome: of Bols d'Inde 
Franciou and Morne Bonin and the NE-SW alignment of major edifices such as 4t. 
Gimie, Terre Blanche, and Petit Piton, Gros Fond
Piton, Doux, and Belfond.
 
The occurrence of major volcanic vents along regional faults is typical of 
volcano-tectonic regions such as the West Indies, well
as as the Cascade
 
volcanoes and the Jemez Mountains of New Mexico.
 

The influence of regional faults on the present-day shape of the Qualibou 
caldera is reflected in its apparent elongation along the trend and offset of 
caldera faults in rligny and in Ravinethe area 	 Toraille; hence the dis
continuous boundaries and noncircular shape of the Qualibou caldera.
 

Cutting across the regional fault trend are SE-NW faults, 
one of which is 
evident along the Migny River. This fault produces offsets in Choiseul Pumice 
evident near Bouton. Another SE-NW fault is well defined ;,t Anse Chastanet
 
near Grand Calle Point and Rachette 
 Point where, in places, the Choiseul 
Pumice is in contact with old precaldera andesite agglomerates. This fault 
also extends across Soufriere Bay and cuts older andesites at Coubaril as well 
as extending into the Sulfur Springs area. This fault may project across the 
caldera and be coincident with the Ravine Citron.
 

B. 	 Caldera Faults 
Caldera-related faulting began sometime between 40,000 and 30,000 years 

ago as a response to collapse of the volcanic edifice into a shallow, par
tially evacuated magma chamber 
 during eruption of the Choiseul Pumice.
 
Aphyric basalts and andesitic agglomerate/breccias show the greatest displace
ment by these curvilinar, steeply dipping faults. Younger units such as the 
Choiseul Pumice and dome lavas partlyare cut by and partly drape the faults. 
As a result, the major collapse occurred nearly sit.ltaneously with eruption 
of the Choiseul Pumice. The volume of this 	t,jf is nearly equal to that of 
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F-the caldera and is strong 
evidence that 
it represents most of 
the material
 

erupted during caldera collapse.

Major caldera faults are 
best developed in northern sections of the
 

caldera where 
over 300 m of topographic and stratigraphic displacement

evident near Ravine Claire the 

are
 
and ridge along Plaisance-Malgretoute. The
 

major western caldera fault 
along the ridge of Malgretoute no doubt projects

throuqh the area of Belfond and Fond Lloyd where it has 
been covered by more
 
recent lavas. Its position is further constrained by the remarkably different
lithologies encountered 
in wells 
No. 1 and No. 2. These faults define a
 
nearly circular western caldera margin, whereas those of the 
southern margin
are crescent shaped form
and a scalloped caldera margin affected 
by the
 
regional 
fault trends. The sout:!rn caldera faults show at least 300 m of
 
displacement.
 

With the 
resurgence of dominantly effusive activity in the caldera during

formation of Terre
the Blanche and Belfond domes and 
associated craters,
 
further piecemeal collapse may have occurred within eartier caldera margins

but with a smaller radius. Such faults 
are largely covered by lavas and

tuffs. They are, however, apparent 
west of Terre Blanche along the Sulfur
 
Springs area and the St. Phillip-Migny River drainage. Movement along 
these
 
faults is estimated from well data to be around 100-200 m.
 

Although the caldera 
faults display marked topographic effects, they

likely have only shallow projections of no more 
than several kilometers. 
 Their
 
dip is between 450 and vertical, consistent with 
their origins. The inner
 
caldera faults, associated with eruption 
of Terre Blanche and Belfond domes,
3re of m3jor importance to circulation of thermal 
waters 
at and near Sulphur
 
Springs.
 

C. Slump Faults
 
Oversteepened 
caldera margins and dome slopes have produced both large


and small slump blocks. Although 
of minor extent and displacement, these

faults have caused movement of large slump blocks near Zenon, 
on the northern
 
caldera 
rim, and on Terre Blanche dome. 
 These faults are important because
 
they have caused blocks of "mega-breccia" to come 
to rest over ,.urface
 
exposures of major faults like those at 
Cresslands. Faults of a slunp nature

often form 
a caprock for surface thermal emanations. Slumps fro'. Terre
 
Blanche and Rabot Ridge appear to have covered portions of the Sulphur Springs
 
thermal arti.
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D. Discussion of Volcano-Tectonic Relationships
 
Consideratinn of the distribution and 
thicknesses of major stratigraphic
 

units with the discussion of faults summarized above allows athree-dimensional
 
structural model 
of the caldera to be constructed. A major constraint of the
 
model is stratigraphic data from well 
logs of the Sulphur Springs area. Pre
vious attempts to fit well log 
data to structural features viere 
unsuccessful
 
(Aquater, 1982); recognition of the 
nature of major caldera faults has
 
improved our understanding of the;e data.
 

Perhaps the biggest 
limit ion in 3-D modeling is determining the sub
surface extent of stratigraphic units and lateral facies changes within these
 
units. Precaldera rocks consist of basalts 
and andesites. Eruption of these
 
lavas in the Lesser Antilles typically results in the formation of a strato
cone with upper slopes of lava and lower slopes of brecc!as (agglomerates) and
 
mudflows. All these units tend to interfinger with larger volumes of clastic
 
rock than lavas, as seen on other 
nearby islands such as St. Vincent. The
 
distribution of these rocks, however, is fairly continuous 
across the area of
 
the Qualibou caldera. Postcaldera rocks, especially lavas, 
are largely con
fined to the moat 
and central 
areas of the caldera. Much of their volume may
 
have been emplaced below the present-day moat level (an elevation of P305 m).
 

The extent of caldera collapse can be estimated. At least 300 m is
 
evident on caldera walls to the northeast and 200 m on the south. 
 Much of the
 
moat and dome area has been filled by Terre Blanche and Relfond lavas and
 
pyroclastic materials so 
that the previous level of the cldera floor may have
 
been considerably lower.
 

Smith (1979) has shown 
that, typically, caldera-forming eruptions empty
 
about 10% of their underlying magma chambers. 
 This estimate is based upon

chemical and eruptive mechanism considerations 
 uf an evolving silicic,
 
volatile-rich magma chamber, such as 
the one at Crater Lake, Oregon, which is
 
of similar size and composition as the Qualibou 
caldera. rurthermore, in
 
Smith's models, 
caldera margins have a diameter equivalent to that of the

underlying chamber. Knowledge of the volume of the caldera-formtng eruption 
then allows an estimate of the volume involved 
in collapse. A conservative
 
estimate of the volume of the caldera-forming Choiseul Pumice (including 
distal and submarine 3ash) is 11 km3 (P6-km DRE) and the diameter of its 
caldera is about 4 km. 
 A collapse of 500 2m over an area of 12.6 km would be 
nearly equal to the volume pf magma ejected.
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Resurgent magmatism, represented by Belfond and Terre Blanche lavas and 
pyroclastic debris, ccounted 5 km3for another of magma that may have allowed 
another several 
 hundred meters of collapse central
in the portion of the
 
caldera. Assuming a precaldera volcano height of 1000 to 2000 
m (similar to
 
Mt. Gimie and other Lesser Antilles volcanoes), as much as 1000 m preof
caldera andesites and postcaldera 
fill may exist below the general level of

today's caldera floor (e.g., Sulphur Springs, Belle Plaine, Fond Doux).

E. Caldera Cross Sections
 

Three profiles for the Qualibou caldera are shown in Fig. 10, corres
ponding to NE-SW, NW-SE, and E-W cross 
sections. 
 The sections were drawn not
only to show important mapped structures but also to intersect the geothermal 
wells drilled near Sulphur Springs.


The A-A' (NW-SE) section shows the multiple caldera faults on thenorthern margin, with greatest offset justoccurring northwest of the Terre
Blanche dome; however, the caldera topographic rim appears near the Cresslands
 
hot springs where several hundred meters of precaldera andesite breccia
exposed. This fault also appears 

is 
to be related to a major regional NE-SW 

fault or caldera margin fault. Within the caldera, precaldera andesite
breccia is displaced downward several hundred meters as shown in well Nos. 7 
and 5. Above the breccia within the caldera is 200 m of Cholseul Pumice overlain by P300 m of Terre Blanche dacite and Belfond dacite (south). Note that 
vent(s) of the Belfond dacite are shown to occur along arcuate caldera faultsand that these lavas and related pyroclastic material partly fill the southern 
caldera moat. 

NE-SW section B-B' highlights the major vents of Gros Piton, Terre
 
Blanche, and Mt. Gimie. 
 Again, multiple caldera faults are 
evident with major
displacement along those near Plaisance on the west and Ravine Claire to the 
east. The basalt, which represents the oldest dated 
lava of the volcanic

field, underlies precaldera anelesites and Piton-type dacites on the western
 
caldera rim and 
 andesite bre,:cias within the caldera. Its position in thecaldera has heen extrapolated from well 
 No. 
 1, where the bisalt was
 
intersected at a depth between 400 and 500 m. .The inner caldera fault betweenRabot and Terre Blanche appears to have displaced the basalt even deeper in 
the section, as revealed by intersection of only younger rocks in well Nos. 7 
and 4.
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Terre Blanche lavas fill in the caldera directly above the Choiseul 
Pumice and precaldera andesites, 
as revealed in well Nos. 7 and 4. 
A

tuffaceous collar, which is exposed 
near 
the Migny River, surrounds the Terre
 
Blanche dome and toappears coincide with steam-producing strata in well No. 7above the Choiseul Pumice. On the northeast side of the caldera, the Choiseul 
Pumice 
shows successive upward displacements of 
.,300 and 400 m stepping out
 
of the caldera.
 

East-west cross 
section C-C' especially shows displacement along 
caldera 
faults. The aphyric basalt occurs at sea level near Jalousie but is not f(c'nd
to several hundred meters below sea level in well No. 1. Piton-type dacite of 
the western caldera margin appears to be stratigraphically equivalant 
to the
 
precaldera andesite breccias.
 

In all of the cross sections, Belfond tephra fall and flow deposits
blanket the caldera moat area with to 30+up m of unconsolidated material. 
Belfond tephra completely blankets Rabot Ridge, 
 making it -difficult to
 
ascertain the nature of the underlying structural block.
 
F. Deep Structure of the Qualibou Caldera
 

Results of exploration drilling near Sulphur Springs and geophysical 
surveys made during 1974 and give to nature1975 clues the of the subsurface. 
The drilling program provided lithologic descriptions to depths of over 600 m.

Well locations were based upon early geological mapping and an electrical 
resistivity survey conducted 
a year earlier. The lithologies intersected by

boreholes (Merz and McLellan, 1976) 
may be correlated with post-Miocene

stratigraphy of the area; however, no information was obtained as to rock 
units deeper than an aphyric basalt.
 

The resistivity survey (Greenwood and Lee, 1976) 
provided information on
 
water circulation at shallow depths that has structural significance relating 
to caldera wall margins and 
faults. Comparison of resistivity profiles
illustrated in that report with the location of napped faults thisin area 
shows good agreement, especially fcr faults along 
the west caldera margin and
 
in the 
area of Sulphur Springs and Diamond (mineral baths).
 

The only information missing 
 that is needed to complete this
st.'icturdl model is the total thickness of the island's volcanic section
 

and the nature of interbedded sedimentary 
 rocks. Regional urvey'.(Aquater,
1982) indicate that basalt and andesite (Miocene?) overlie limestones in the 
northern rprt of island.the Martin-Kaye (1969) found limestone blocks within 
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the Choiseul Pumice. If a similar arc structure occurs on the southern part of
 
St. Lucia, one would expect interbedded volcanic rocks and limestone to 
be
 
located below the basalts of the Qualibou volcanic field (Fig. 11). For 
modeling purposes, the caldera may overlie a magma body or bodies with the top 
of the magma chamber located within 6-7 km of the surface. The magma has 
intruded volcanics cuntaining interbedded limestones below basaltic and
 
andesitic lavas and tuffs that are 
nedriy 2 km tnick. These are overlain by
 
caldera-related rocks about 0.5 km thick. The high CO2 content of Sulphur 
Springs gasses may reflect the decarbonization during contact metamorphism of
 
limestores near the magma chamber but the 13C signature of -5.95O/oo 
in CO at
 
Sulphur Springs (see section by Goff and Vuataz) indicates a magmatic/mantle 
origin. The subsurface model also includes a picture for the documented 
magmatic resurgences. Initial caldera collapse indicates a chamber nearly 4 
km in diameter, topped with andesitic to dacitic magma. Apparent collapse 
associdted with resurgence of Terre Blanche and Belfond extrusives may have 
occurred above a second intrusion 2 km in diameter 
and consisting of
 
crystal-rich dacite. Accordingly, Kerneizon et al. (1981) 
have dated plutonic 

xenoliths of metadacite, hornfels, and diorites in Belfond dacites. The K/Ar
dates indicate cooling ages of an initial magma body nearly I Ma ago. Belfond 
dacites have an age of 0.02 to 0.03 Ma.
 

IV. DISCUSSION 
A. Summary of Eruption History in the Qualibou Volcanic Field
 

Basaltic lavas, dated at 5.5 Ma, crop out along the western coast and are 
believed to have been erupted from nearby vents, 
although none of these vents
 
have been identified. These basalts are overlain by the andesitic composite 
cones cf Mt. Gimie and Mt. Tabac, which form the highest ridges on the island
 
of St. Lucia. Deposits from these cones 
include laharic breccias, lava flows
 
and associated epiclastic sediments that form aprons reaching the sea. The
 
andesites have been dated at 1.2 and 0.9 Ma.
 

Superimposed upon the andesitic cones of Mt. Gimie and Mt. Tabac 
are
 
domes and cones located along north-south trends near the coast. These
 
include the ridges of Rabot, Plaisance, and Malgretoute (dacitic lavas) and 
the andesitic Cone of Fond Doux. Small andesitic domes located along a NE
trending fault at Bois d'Inde Francio, may be contemporaneous with Fond Doux. 

The most spectacular of the dacite domes of this period o-f activity are the 
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Fig. 11.
Schematic 
cross section, Qualibou caldera.
 

plug domes of Petit Piton and Gros Piton, dated at 0.25 14a. The Pitons arelocated at 
the coastline, peripheral 
to the volcanic field. 
 It must be
stressed here that we believe all of the cones and domes of this periodactivity were 	 oferupted before formation of the Qualibou caldera, along faults 
associated with NE- and N-trending structures.


The major event in this volcanic field was eruption of the Choiseul
Pumice and formation of the Qualibou caldera. Eruption of between 5 andkm3 (ORE) of lithic-crystal andesitic tephra, mainly 	

10 
as pyroclastic flows and
 

surges, filled 
paleovalleys surrounding much of the present-day calderaformed tuff plateaus sloping towards 	
and 

the sea. Some of the thickest deposits
are located within the 12-km2 caldera and have been identified in geothermaldrill holes. 
 Dates of this event 
are 
32,000 to 39,000 years. 
 The magma body

associated with this eruption must be a major source of heat.
 

Horne Bonin, an andesitp dome, erupted alonq a fault located on the southeastern edge of the 
caldera. 
 Postcaldera eruptions of 
dacite were 
Centered
slightly off-cen*er within the caldera and adjacent to caldera faults located 
on the caldera's west side. Terre Blanche is a hornblende-orthopyroxene 

/ 
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dacite dome with a volume of 0.6 km3
 . Associated with it
are two craters and
 
one small, peripheral dome. The west 
side of this dome has been deeply.
altered by the hydrothermal activity of..Sulphur Springs and is the site of 
several major slumps.
 

The latest maomatic activity within the 
caldera was the eruption of the
 
large dacite dome (or domes) and associated craters of Belfond. Tomblin 
(1964) has a 14C date of' 39,000 years etfor the Belfond eruption, and Roobol 
al. (1983) report ages of 29,000 to 34,000 years. The dome(s) rise 120 m
ab6ve the caldera moat and are cut by craters up to 150 m deep. Dacitic 
tephra from this eruption has forned a well-developed tuff cone complex and 
blanKets the surrounding area. Some pyroclastic flow and surge deposits from 
this eruption reached the south coast.
 

The latest explosive activity was a short phreatlc blast in the Sulphur 
Springs area in 1766 A.D. 
 Since 1766 A.D. there has been only hot spring and
 
fumarolic activity.
 

B. Thermal Regime
 
The state of the present heat source occurring at depth below the
 

Qualibou caldera can only be inferred. The following model outlines the 
nature of that heat source, assuming that it is the cooling magma body resp
onsible for the Pleistocene volcanism Qiualibou. model
of The is primarily
based upon observed petrologic and structural constraints (Fig. 11).
 

Evolution of magmas at Qualibou has occurred in several stages.' Those
 
stages directly related 
to caldera Formation appear to have culminated several 
million years of volcanism and took place over the last several tens of 
thousand years. 
 Four and possibly five extrusive phases can be associated
 
with these last stages: 
 (1)eruption of large volumes of andesitic to dacitic
 
ash and pumice concurrent with collapse of the Qualibou caldera and deposition
 
of the Cholseul Pumice; (2) moat eruption of Morne Bonin andesite lava; (3)
eruption of the dacite lava dome of Terre Blanche; and (4) dacite lava dome 
eruption at Belfond. The possible fifth stage might include renewed activity
at Belfond evidenced by vulcanian 
eruption of Belfond lava, pumice, and 
ash,
 
which destroyed part of the Belfond complex. Recent phreatic activity, by
definition, is not considered to 
be a primary magmatic event. [An additional
 
consideration of this evolution is that later lavas appear to be more crystal
rich, which indicates that crystal fractionation may have occurred in the 
magma system.) 
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Concurrent with the last 
stages of magma 
extrusion are 
two pronent

tectonic phases: (1) large-scale collapse associated with eruption of theChoiseul Pumice, producing a 4- to 5-km-diameter caldera; and (2) possibly
ring faults, associateo 
with the Terre 3lanche dome, 
producing additional
 
collapse with a diameter near 2 km.
 

The conclusion 
 drawn from petrologic and structural consideratiorn. is
that a corplex, episodically replenished i14jma body underlies toiu '.li:, j
caldera. Using the caldera model ef Smith (1979), we can estimate the size
the magna chamber by measuring the volume of caldera-foming tuffs 

of 

and lavas;the volume of the magma chamber is approximatelI one order of magnitude
 
larger. 
 The Choiseul Pumice represents about 
 6 km of magma and its chamber
 
was likely in the range of 100 km3

. The3 magma chamber of the postcalderaTerre Blanche-Belfond eruptions was likely no more 3than 20 km . Using the
conductive cooling model 
of Smith and Shaw (1975), the Qualibou chamber needed
 
over 3 x 105 years to cool to 300'C. Considering the maximum age ofChoiseul Pumice theas 40,000 years, 
its magma chamber is likely still in a post
magmatic stage with temperatures of between 300 ° and 800°C. Since Belfond 
eruptions are dated at 21,000 to 32,000 years, magmatic temperatures werepresent at that time and near-magmatic temperatures can still exist in the 
chamber underlying the Qualibou caldera.
 

At present Williamson (1979) has developed the only geothermal model for 
Sulphur Springs, and the reader is referred to his work for more details.
Important points of that model 
are as follows: 
 The presence of dominantly CO2
 gas in nonconden3ible 
geothermal vapors at 
Sulphur Springs and the likely

existence of subvolcanic limestone on 
the island (Martin-Kaye, 1969) 
indicate
 
that the magma chamber intrudes limestones. 
 Furthermore, 
the temperature

gradient measured 
at 220°C/km suggests magmatic 
temperatures 
at a shallow
 
depth. The steam-producing 
interv.l intersected 
in the previous drilling
program was near 300 m and thought to correspond to permeable lava breccias 
underlying Terre !3lanche lavas. 
 This permeable horizon serves as a steam trap
for dry steam separating 
 from hot brines rising to the surface. The pathw3y 
for the steam, qases and fluids to the surface is provided by the innercaldera margin fault west of Terre Blanche and a through-going, NW-SE fault 
cutting the north edqe of Rabot 
Ridge. Thus 
the extent of the model 
atSulphur 
Springs largely reflects drilling experience there. H4owever, geo
thermal fluids and vapors should be found at a depth of I tn 2 km under the 
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entire caldera area and in abundance where permeable rocks allow greater fluid 
movement. Part'cularly well fractured areas at depth should occur in the 
Belfond tuff cone crater complex (vents) and Belle Plaine, Fond St. Jacques, 
and Cresslands areas (intersecting caldera margin and regional faults). 
 Deep
 
sources (2 to 4 kin) of geothermal fluids may occur, depending on the per
meability of precaldera breccias and possibly the underlying carbonate rocks.
 

V. 	 REC4ME;DATIONS FOR DRILLING IN THE QUALIBOU CALDERA 
'Recomendations for further development in the Qualibou caldera are based 

upon relationships between the regional tectonic framework, faults associated 
with collaps,.! of the Qualibou caldera, interpretations of eruption mechanisms 
(the degree of involvement of meteoric water in the youngest eruptions), and 
size and nature of the thermal source or sources (Fig. 3). 
A. Valley of Sulphur Springs
 

In addition to the presence of active surface manifestations of a hydro
thermal system, this valley marks the edge of an inner caidera fault and inter
sects what may be a precaldera fault. The area is 1.5 km long and 0.5 km 
wide. These faults may continue through the crater of Fond Lloyd and the 
unnamed crater adjacent to it. Because of fractures associated with such 
vents at depth, both craters are potential drilling targets (neither, however, 

- has access roads). 
As has already been proved by drilling in the Sulphur Springs area, deep 

permeability is related mostly to fractures along fault systems. Drilling 
here will involve the usual problems of searching for fracture permeability 
along faults.
 

B. 	Craters of Belfond
 
Three 
 deep craters on the Belfond dacite dome define the youngest 

activity in the area. 
 They 	appear to line up along extension of the outermost
 
-- western caldera fault. The 	presence of pyroclastic surge deposits in medium

to fine-ash beds interbedded with pyroclastic fall and flow in the tuff rings 
surrounding these craters supports the hypothesis that 
some magma/water inter
action was involved in these eruptions. As there is no evidence for the
 
presence of a crater lake, this implies the presence of a'permeable ground

- water reservoir at some unknown depth below this crater. Not enough 
 lithic 
fragments are 	 to
present, however, identify the reservoir rocks. On this
 
basis, plus the possible fracture permeability associated with vents, 
we
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recorqimend that these craters be drilled. There is a road into the largest of 
the Belfond craters. As it is part of a working far, there may be some land 
and environmental problems associated with drilling.
 

C. Belle Plaine
 
Located in the caldera moat, this area Is filled with tephra from the 

youngest eruption is mostand the accessible of all targets. We believe itoverlies an intersection between a major NE-trending fault and a caldera 
fault.
 
0. Valley of the Miqny 'ver
 

It is possible that 
a major tectonic (and caldera) fault 
;s present along

the Migny River in the northeastern part of Lhe caldera. 
 This proposed fault 
intersects a NE-trending fault at Cresslands (a hot spring). 
E. Reservoir Rocks
 

The deepest rocks intersected by drilling within the caldera 
are the
 
andesitic breccias of Mt. 
Gimie (at 620-m depth). Alteration of tuffaceous
 
sandstone matrix 
or tuff matrix to clay within these 
rocks indicates that
 
there would be low permeability.
 

Stratigraphically, basalt flows lie below the andesitic breccias. The 
flows are fractured, but most of the fractures (in outcrop) are sealed. Wedon't know lies thewhat below basalt but infer the presence of limestone 
(because of 
the high CO2 content and limestone 
in older rocks exposed in
 
northern St. Lucia).
 

ECplosive breccias below the craters of Terre Blanche and Belfond may be 
very permeable; as discussed earlier, these breccias, consisting of fractureddacite blocks, may have intersected a permeable ground-water unit during the 
eruption.
 
F. Engineering Problems
 

Most of the sites we recommend are accessible by road (although con
siderable improvement will be needed for some of those roads before a drill
rig can be brought in). In areas of considerable hydrothermal alteration,
slope stability is a serious problem. Most of the flanks of the valley ofSulphur Springs (Rabot Ridge, Terre Blanche dome) are broken by numerous 
landslides; it appears that the Sulphur Springs 
are within one of these
 
landslides. Location anyof well site in this area must be made with slope 
instability in mind.
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APPENDIX 

PROJECTED DRILLING LITHOLOGY: QUALIBOU CALDERA
 
Areas within the Qualibou caldera that were considered for geothermal 

4:xploration include: (1) Sulphur Springs, (2) Belfond, and Belle(3) Plain. 
These locations 	are shown on the geologic map (Fig. 3). Previous drillingexperience in the Sulphur Springs area was gained by Merz and Mctellan (1976 
drilling report) and extends to a depth of about 600 m. Geologic cross
sections of the Qualibou caldera were prepared that included data from welllogs. These cross sections are here extrapolated to 2,000 m to predict 
drilling lithologies and 
potential difficulties 
at the three areas listed
 
above.
 

Sulphur Springs 	 area is located in a valley between Terre Blanche dome 
and Rabot Ridge (Figs. 3 and 11). The area is 1.5 km long by 0.5 km wide and
is accessible by one maintained road. 
 Two major faults 	crossing this area are

shown on the geologic map: (1) a curvilinear caldera fault along the east side 
of Rabot Ridge, dipping at a high angle toward the east with a vertical 
displacement of 300-400 m and (2) a linear NW-SE-trending regional fault witha vertical displacement of 300-400 m to the west. A slump block on the west 

* side of Terre Blanche dome may fracture surface rocks at Sulphur Springs to a*depth of 100-200 m. The following general lithology may be expected below tle 
Sulphur Springs area. 

Estimated

V 
 Thickness 
 Lithology
 

1. 0-10 m 	 Ash; fine-grained, well-bedded, hydrothemrally
altered, clay-rich, containing dacite boulders 
from nearby slopes. 

2. 1-40 m 	 Ash; coarse-grained tephra of the Belfond

Formation, hydrothermally altered and lithified. 

3. 200-250 m Dacite lava of Terre Blanche dome; altered,
mineral 
phases replaced by hematite, authigenic 
quartz, and clays.
 

4. 	 50-100 m Bedded tuff; permeable, containing blocks up to
1 m, dacite, steam-producing horizon. 

5. 125-175 m 	 Andesite agglomerate, pumiceous 
tuff; partly
 
lithifled Choiseul Pumice. 

39 

J -: 



V 

.'projected 

6. 500-1500 m Andeslte lava brecciaand interbedded with some 
dacite lava breccia, laharic breccia, fanglomerate, 
and bedded epiclastic sediments; pre
caldera andesitic rocks of Mt. Gimie.
 

7. 100-1000 m Btsalts; massive and aphyric, locally altered to
 
greenstone, containing amygdules and joints.
 

8. 400-2000 m Interbedded 
 basaltic lavas, 
 limestone and
 
clastic sedimentary rocks; probably altered to 
skar. and hornfels.
 

Wellhole wall stability may problem layers 2,be a in 1, and 4. Lost 
circulation Is expected in layer 4; fractured rock bemay encountered locally 
to TD.
 

Belfond area is characterized by a series 
 of closely spaced explosion
craters, each several 
hundred meters in diameter and up to 50 n deep. 
 These
 
craters appear to be located along the southern ring fracture of the caldera,
which is of unknown displacement (Figs. 3 and 11). Access to the floor of 
several of these craters is possible by graded but nonmaintained gravel roads.Because these craters represent explosive eruptive activity that occurred late
In the development of the caldera, much of the subsurface Is expected to be 

characterized by strongly fractured and brecciated rock. The width of thebrecciated conduit beneath each crater is on the order of a crater radius to 
one diameter. 
 Each conduit appears 
to have pierced a similar stratigraphy
 

for the Sulphur Springs area.
 

Estimated
 

Thickness 
 Lithology
 

1. 200-2000 m Brecciated dacite 
 lava and tuff 
intersected
 
locally by dacite dikes 1-20 m wide; 
crater

conduit material, vertically fractured.
 

(The following stratigraphy is expected if the 
drilling does not 
follow the crater conduit
 
material.)
 

2. 0-100 m Dacite 
tuff; well-bedded, poorly consolidated,
 
containing some large blocks of lava up to 1 
m.
 

3. 175-200 m Andesite agglomerate, breccia, and 
 tuff;

Choiseul Pumice, 
 locelly fractured and
brecciated 
 with hydrothermally altered,
clay-rich horizons. 
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4. 500-1500 m Andesitic lava and breccia; cut locally by
dacite dikes.
 

5. 100-1000 m 
Basalt; altered and fractured.
 
6. 400-2000 m Limestone; locally altered to hornfels and cut 

by dacite dikes. 

Drilling difficulties are expected to be mainly related to hole stability 
because of the fractured and brecciated 
nature of the vent conduit fillings.

Increased permeability and possible loss of circulation may occur at depths of
250-500 m, the depth at which eruptive explosions may have initiated beneath 
the crater,. 

Belle Plaine area is a flat-lying rural site covering several square
kilometers. 
The surface geology indicates that the area is
a graben filled by

poorly consolidated tuffs and seliments to a depth of as much as several
hundred meters. Because this location is in the southeast moat area of the 
caldera, faulting is expected. 300-500 m of vertical displacement related to
both caldera collapse and through-going regional faults is projected. Theintersection of two major regional faults, NE-SW and otherone the NW-SE, 
appears to occur in the Belle Plaine area. The following stratigraphy is
 
probable.
 

Estimated
 
Thickness 
 Lithology
 

1. 20-200 m Pumiceous ash and fine-grained sediments;
Bel fond pumice fall, loosely compacted. 

2. 0-100 m 
 Dacite lava and breccia of Belfond; locally

hydrothemally altered.
 

3. 0-50 m Dacite tuff; well-bedded, poorly consolidated, 
permeable, possible alteration. 

4. 0-250 m Andesite lava and breccia of Morne Bonin.
 
S. 0-200 m Caldera wall breccia; andesite lava and tuf

faceous material forming large blocks tens ofmeters in size contained within permeablea
breccia.
 

6. 100-200 m Andesite agglomerate and breccia; Choiseul
 

Pumice.
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7. 500-1500 m Andesite 
 lava, breccia, and epiclastic 
sediments; fractured.
 

8. 100-1000 m Basalt; 
 massive, aphyric, 
 partly altered,
 
fractured.
 

9. 400-2000 m Interbedded limestone 
and basalt; fractured,
 
altered, possibly permeable. 

The main difficulty in drilling this area may be due to the proximity of 
two, large, intersecting faults. Also the nearness of the caldera wall sug
gests 
a likelihood of intersecting coarse 
breccias that commonly form 
in the
 
area. Caldera wall 
breccia present highly variable drilling conditions from

hard lavas to soft clastic material on 10-m Intervals. The problems of lost 
circulation 
and hole stability, however, should be less 
than those at the
 
other two locations.
 

In summary, 
 previous experience with 
shallow drilling at Qualibou

indicates geothermal fluids will be intersected at a depth of several hundredmeters with temperatures as high as 2200C. 
Lost circulation in zones of steam
 
production and high permeability is expected. A large proportion of poorly 
consolidated and incompetent rock will 
be intersected by drill holes.
 

[4
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DEEP RESISTIVITY MEASUREMENTS IN THE "QUALIBOU CALDERA, 
ST. LUCIA, WEST INDIES 

(Mark Ander)
 

A 5.2-ki-long dipole-dipole DC resistivity survey was conductedalong a north-south-trending line through 
the QualCbou caZdera from
just north of Ruby 
to just north of Victoria Junction. A nominal
dipole length of 200 m was selected to obtain high resolution andmeasurements were made at a total of 32 electrode stations. 
 To get
resistivity data to a depth of 2 kn, a 35-kW trailer-mounted DCtransmitter was used. 
 The survey was centered over Sulphur Springs
and the profile location was selected on the basis of the previousBritish resistivity investigation and the detailed 
 geologic
evaluation performed by Wohletz and Heiken A'amos.of Los Theapparent resistivity profile shows 
similar characteristics 
to the
British dipole-dipote data in the upper 700 m. There is an apparentresistivity high of greater than 1000 ohm-m located below the Betfond
area. 
 Beneath this resistivity high, 
there is deeper low apparent
resistivity material that is measured at less than 10 ohm-r. Theregions containing less than 10 ohm-m material are highly suggestiveof zones containing thermal waters. There is a zone of very lowapparent resistivity, less than 1 ohm-m, underlying the Etangs area.The zone beneath Etangs is related to themal upwelling along afault, probably the caldera-boundingfault. Beneath Sulphur Springs,startingat a depth of approximately 60C m, there is higher apparentresistivity material ranging from 40 ohm-m up to 150 ohm-m in thecenter of a 1-km-diameter high-resistivity closure. Interpretation
of the data strongly suggests the presence of a very hot dry steamfield beneath Sulphur Springs. 
 Based on the deep apparent
resistivity data, the recommended drilling sites are at (1) Cratersof Belfond, (2) Valley of Sulphur Springs, and (3)Etangs.
 

I. INTRODUCTION
 
Direct current (DC) electrical resistivity methods have been employed for

geothermal exploration in many countries and have proved to be an invaluable 
adjunct to the drilling of shallow or deep holes. Numerous case studies 
indicate that high-quality (>200EC) liquid-dominated geothermal reservoirs are 
characterized by a resistivity of less than 10 ohmn-m. This fact prevails
regardless of the resistivity of the host rock, which may be many orders of 
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magnitude higher in resistivity than that of the high-quality reservcir.
 
Field data from drilled geothermal fields such as 
Wairakei, Broadlands, East
 
Mesa, Heber, Salton Sea, North Brawley, Niland, Yellowstone, Roosevelt, .Dieng,
 
and 
Kawah Kamojang show remarkable correlations between the resistivity
 
anomaly and the occurrence of an economically viable hydrothermal reservoir
 
(Katherton et al., 1966; Lumb and MacDonald, 1970; Risk et al., 
 1970; Risk,
 
1975; Banwell and MacDonald, 1965; Meidav and Rex, 1970; Meidav and Furgerson,
 
1972; Meidav et al., 1976; Harthill, 1978).
 

The range of resistivities 
of rocks in geothermal environments varies
 
over many 
orders of magnitude. The electrical resistivity of rocks is
 
affected by six factors: 1) temperature, 2) porosity, 3) degree of fluid
 
saturation of 
the pore space, 4) salinity of the saturating fluid, 5) pore
 
space geometric factors, and 6) rock matrix 
 resistivity (Keller and
 
Frischnecht, 1966). 
 Rocks such as granite, basalt, limestone and sandstone
 
are essentially infinitely resistive at 
temperatures of less than 450-5000C.
 
The electrical current conduction 
in rocks other than clays, shales, or
 
massive metalliferous zones is carried 
through an electrolyte, or ground
 
water, that 
fills *the pore space. The interrelationship between electrical
 
resistivity and the many factors 
tnat may influence it in a geothermal
 
environment is very complex. Fortunately, many of these factors 
combine to
 
enhance the resistivity contrast of the reservoir 
making DC resistivity a
 
highly successful geothermal exploration tool.
 

II. DEEP RESISTIVITY MEASUREMENTS AS A GEOTHERMAL EXPLORATION TOOL
 
Electrical resistivity is a geophysical technique permitting the deter

mination 
of the distribution of earth resistivities as a function of depth.
 
Depth control is achieved through control of the geometry and spacing between
 
a set of transmitting electrodes and another set of receiving electrodes. 
 The
 
earth's apparent resistivity (,a) is defined as:
 

0a=2 V K 
a IT 

where I is the current 
injected in the ground at the transmitting electrodes,
 
V is the voltage measured at the receiving electrodes, and K is a geometry
 
factor given by:
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K= +~~ 
R22  R2 / 

The Rij are the distances between the ith voltage electrode and jth current
 
electrode. The depth of current flow is a function 
of the inter-electrode
 
distance. As the electrode distance is expanded, the 
current is forced to
 
penetrate deeper and deeper into the ground.
 

The apparent resistivity isthat which ismeasured when the earth isnot
 
homogeneous. The apparent tesistivity may also be defined as 
the resistivity
 
of a layered or heterogenous 
medium relative to the resistivity of a
 
homogeneous 
medium. To obtain the actual resistivlties in a ayered or
 
heterogeneous medium, the apparent resistivity data must be computer modeled.
 

There are many different standard arrays 
in which the current and
 
voltage electrodes may be placed (Bhattacharya and Patra, 11968; Van Nostrand
 
and Cook, 1966). The dipole-dipole array is often select'ed because of 
its
 
ability to obtain an almost continuous cross section to total depth. Because
 
of this, the dipole-dipole array has gained considerable popularity in
 
geothermal exploration. The dipole-dipole array combines horizontal and depth

profiling but requires long straight cable 
runs to achieve results. It is
 
quite sensitive to lateral changes in resistivity. In this method, constant
 
dipole lengths are usually employed for the transmitter and receiver dipoles.
 
For geothermal exploration, dipole lengths of 200-1000 m are 
characteristic,
 
although both shorter and longer sr'cings have been used.
 

A. Previous Resistivity Studies on St. Lucia
 
Shallow resistivity studies have been carried 
out in the Qualibou
 

caldera of St. Lucia by the 
Institute of Geological Sciences, London, England
 
(Greenwood and Lee, 1976). They performed 13 dipole-dipole DC resistivity

profiles throughout the region, obtaining data to 
a maximum depth of 700 m.
 
Low apparent resistivity values were 
found in the north around Soufriare, La
 
Pearle, and Cresslands and other areas generally north of Sulphur Springs.
 
Additional lows were ceitered in the suuth 
around Belle Plaine, Etangs, and
 
Fond Doux. Apparent resistivity highs were associated with the Belfond 
area
 
and beneath Sulphur Springs, starting at 
a depth of 600 m. The typically low
 
apparent resistivity values are associated with the geothermal system. 
Itwas
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suggested that the higher va~ues seen 
at depths beneath the Sulphur Springs
 
area may be due to a steam field.
 

B. 	Field Operations in the Qualibou Caldera
 
After evaluating all available data, Los Alamos performed a 
deep
 

resistivity survey 
(to a depth of 2.0 km) centered on Sulphur Springs. The
 
profile location was determined 
based on the previous British resistivity
 
study and a geologic study performed by the Los Alamos National 
Laboratory.
 
The decision was made 
 to run a 5.2-km-long, north-south 
 trending,
 
dipole-dipole DC resistivity profile from just north of Ruby to just north of
 
Victoria Junction (Fig. 1). 
 This profile traverses extreme topography and
 
dense jungle and was conducted during January 1984.
 

A nominal dipole length of 200 m was selected for the St. Lucia survey
 
to obtain hign resolution. Because of the difficult terrain on St. Lucia, it
 
was impossible to keep a constant 200-m spacing. Two short regions along the
 
profile have electrode spacings of less 100 m, giving
than 	 even higher
 
resolution in criticalthese areas. The 5.2-km-long profile line across the 
Qualibou caldera contained a of electrode stationstotal 32 	 as depicted in 
Fig. 1. 

To get resistivity data to a depth of 2 km, a 35-kW trailer-mounted DC 
transmitter (Fig. 2) was used. 
 This transmitting system was built by the Los
 
Alamos National Laboratory and is designed handleto high current output, up 
to 70 amps peak-to-peak, over a single dipole or to automatically alternate 
high over twocurrent output separate dipoles. This capability permits the 
transmitter to be easily used 
in a wide variety of DC resistivity methods
 
requiring both single and multiple current 
 electrodes. The transmitter
 
operates with an input of 440 to 480 V AC, three phase, 50 to 60 Hz at 35 amps
 
or less. The transmitter output can be selected from 0 to 1000 V DC and from
 
0 to 70 amps peak-to-peak 
 (maximum current is not available at maximum
 
voltage). The output current is reversed positive/negative (to produce a
 
square wave) at selectable times of 1 to 99 seconds. The negative current is
 
selected so 
that it may have either the same duration as the positive current,
 
or twice the positive current, thus allowing for polarity identification.
 

Figure 3 shows an electrical block 
diagram Gf the DC resistivity
 
transmitter and Table 
I contains the detailed transmitter specifications. The
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stations) across the Qualibou caldera.
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Photograph of the DC resistivity transm~itter showing operator's console. 

DC transmitter is powered by a trailer:,iounted 60-k¢W diesel generator. The
 
generator output is 480 V, 60 Hz, three phase. 

Each of tne four portable voltage measuring units (Fig. 4) consists of a
 
voltage strip chart recorder and a DC voltage bucking box. The strip chart
 
recorder 
and bucking box is shock mounted in a small portable aluminum
 
transportainer. They are designed to apply a DC offset voltage 
to the
 
incoming signal before 
it is plotted on the strip chart recorder. This is
 
necessary to keep the measurements on scale because the currents produced by 
tile DC transmitter (signal) are superimposed on natural earth currents 
(nuise)
 
known as telluric currents, which rapidly fluctuate in magnitude. Telluric 
currents nave several sources. The two most important are inducLions frum tile 
motion of charged particles in the ionosphere and the motion of charged 
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OUTPUT:~CULUTTO00Vl nuAdutbe0t sltdfoElectrical block diagram of the DC resistivity transmitter. 

TABLE I
 

[JEEP DC RESISTIVITY TRANSMITTER SPECIFICATIONS
 

INPUT: 	 440-480 VACline-to-line
 
Three pnase nYEpulse neutral
 
50/60 HE
 
35 amps 
40 I&VA lessor 

OUTPUT: 	 Adjustable 0 to 1000 VC, isolated from input

Ripple voltae less than 1%. at 720 Hz
 
0 to 70 amps peak-to-peak (mix current not available at max
voltage

Two Independent outputs isolated from chassis. each controll
able as follows: 
.
 Ouitputcurrent reversed positive/negative at Selectable
 

time of 1-99 seconds.
 
. Negative current selected for same or double the duration 

of the positive current.
 
- Output on time selectable for 1-99 minutes.
 
Either output may be selected, or the outputs may alternate at
 
Independently selected time durations.
 

SIZE: 	 Approximately 3 ft x 3 ft x 4 ft enclosed 

WEIGHT: 	 Approximately 1500 lb (without trailer)
 

CONTROLS: 	 AC power on/off (p6nic buttor OFF)

UC power on/off (panic button OFF)
 
Digital OUTPUT CURRENT meter, 0-50 amp. 0.1 amp resolution
 
Bipolar analog voltmeters on each output (2), * 1000 V
 
Output Select
 
. Output I
 
- Alternate
 
- Output 2
 
Output I on time select 1-99 minutes
 
OUtput 2 on time select 1.99 minutes
 
Output I current reversal time select 1-99 seconds

OUtput 2 current reversal time select 1-99 seconds
 
Negative curreit time Normal/Doubled
 
RESET TII.
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cloud,;. 
 The smallest signal that can be recorded by this .receiving system is
 
21.V. The receiver system is powered by an internal rechargeable Ni-Cd
battery, which gives app-oximately 10 hours of continuous use on a single 
charge.
 

111. 	 RESISTIVITY DATA
 
The resulting apparent resistivity data 
 from 	 the dipole-dipole


soundings are plotted as a function of depth in Fig. 5 (a plot of apparent
resistivity versus 
 depth is called a pseudosection). 
 Also 	 shown for

comparison in Fig. 5 is the geologic cross section A-A' developed by Los 
Alamos. The geologic cross section is oriented approximately 100counterclockwise 
relative to the dipole-dipole apparent resistivity cross
 
section, with the sections intersecting at Sulphur Springs.
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Proposed Proposed Proposed
A Well No. 2 Well No. 1 %:allNo. 3 

MAL MASON SULPHUR EPRINGS- Existing Wells TERRE BLANCHE GELFOND 
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Fig. 5.Apparent resistivity data from the dipole-dipole survey plotted as 
a function of depth. Resistivity
values are in ohm-m and are shown beneath the appiropriate geologic cross section. 
Shaded areas depict resistivity contours of 10 ohm-m or less.
 



The upper 
700 m of the pseudosection shows similar characteristics to
 
the British dipole-dipole data. 
 In general, there is conductive material
 
with a resisitivity 
less than 40 ohm-m located to the 
north of Sulphur
 
Springs. There is an apparent resistivity high, greater 
than 1000 ohm-m,
 
located below the Belfond 
area. Beneath this resistivity high, there is
 
deeper low apparent resistivity material that is measured at less than 
10 ohm-m. There a of lowis zone very resistivity, less than 1 ohm-m, 
underlying the Etangs area. 
 Beneath Sulphur Springs and starting at a depth
of approximately 600 m, there is higher apparent resistivity material ranging
 
from 40 ohm-m up to 150 ohm-in in the center of a 1-km-diameter high apparent
 
resistivity closure.
 

IV. INTERPRETATION OF RE.ISTIVITY DATA
 
There are some interrelated interpretations possible from the apparent


resistivity data. regions
The containing 
less than 10 ohm-m material are
 
highy suggestive of zones containing 
therinai waters. The zone beneath 
Etangs, containing material less i ohm-m,of than is related to thermal
 
upwelling along 
a fault, probably the caldera-bounding fault, mapped earlier
 
by Los Alamos geologists between Etangs and Belfond. A swampy (at
area 

electrodes 30 and 31) located on 
a hillside with good drainage could be 
a
 
surface manifestation 
of the fluid upwelling. The highly resistive shallow
 
block associated with the Belfond area is a zone of
devoid fluid
 
penetration. It is fault bounded to the south and may also be fault bounded
 
to the north. 
 Beneath this highly resistive block, however, is a large zone
 
of low apparent resistivity material (less 
than 10 ohm-m) Zhat strongly
 
suggests the presence of 
a large thermal reservoir. This region could not
 
have been identified without the use of the deep DC resistivity survey. 
 The
 
location of Sulphur Springs is believed to be entirely lault controlled.
 

Based on the resistivity data alone, the deep higner resistivity zone
 
located beneath Sulphur Springs can be interpreted in two ways: (l)the
 
higher resistivity layer 
is due to a very not dry steam field; wet steam
 
fields typically have resistivities around 30-60 ohm-m, while 
very hot dry
 
steam fields can reach the higher 
resistivities measured 
in this area,
 
(2) the higher resistivity zone beneath Sulphur Springs to
is due a more
 

*- .. .. L 
 - • ;• 
 -


52 



fluid impermeable caprock. The presence of steam in four of the seven
 
shallow drill holes around Sulphur Springs and results from the
 
hydrogeochemical studies suggest that the first interpretation is correct.
 

The region between the two resistive zones (deep under Sulphur Springs and
 
shallow under Bel'ond) most probably represents a fault along which thermal
 
fluids are moving up dip from south to north to emerge in Sulphur Springs at
 
the surface. This would suggest that the geothermal reservoir that feeds
 
Sulphur 
Springs is located to the south beneath Belfond. This model is
 
supported by the presence of upwelling, fault-controlled fluids in the Etangs
 

area,
 

V. RECOMENDATIONS FOR DRILLING IN THE QUALIBOU CALDERA
 

Based on the interpretation of the deep -resistivity data, the following
 

drilling recommendations are made:
 

(1) Craters of Belfond. The first well should be drilled in the
 
Belfond area, preferably close to the location of the Belfond dance hall
 
because of the ease of 
access for a drilling rig. The well is expected to
 
encounter dry volcanic materials to a depth of 600-900 m where it is expected
 
to pass through an impermeable hydrothermal boundary into a geothermal brine.
 

(2) Valley of Sulphur Springs. The second well should be drilled in
 
the valley of Sulphur Springs, preferably south of the area of surface
 
manifestations. This well is expected to encounter very hot dry steam between
 
600-1700 m and a geothermal brine by approximately 1800 m. It is also
 
possible that a more impermeable, less fluid-bearing rock will be encountered
 
instead of" a steam zone above the deeper lying brine reservoir.
 

(3) Etangs. The third well should be drilled in the Etangs area,
 
preferably 
south of the road near the Nutmeg Bar. This well should pass
 
through the southern caldera-bounding fault and is expected to encounter
 

geothermal fluids at shallow depths associated with the fault. Te depth of
 
the reservoir in this location could be as shallow as 1000 m.
 

Lii 
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HYDROGEOCHEMICAL EVALUATION OF THE QUALIBOU CALDERA GEOTHERMAL SYSTEM, 
ST. LUCIA, WEST INDIES
 

(Fraser Goff and Frangois-David Vuataz) 

Analysis and interpretation of hydrogeochemicat data from the
Qualibou caldera, St. Lucia, indicate that a geothermal reservoir
underlies the Sulphur Springs area and consists of three layer's: (1)
an upper steam condensate zone; (2) an intermediate two-phase (vapor)zone, which may be restricted to the Sulphur Springs area only; and(3) a lower brine zone. Although temoeratures of 212 0C at depths of600 m were encountered by previous drilling at Sulphur Springs, fourlines of evidence indicate that temperatures of the brine layer mayexceed 250 0C. Three other outlying thermal springs discharge in the

QualZibou c:ldcra, including two along the northern caZdera collapse
zone but their geochemistry does not indicate 
 they overlie
high-temperature reservoirs. Rather, they appear to be waters
 
derived from the steam condensate layer in the vicinity of Sulphur
Springs. If this is the case, it supports the theory that the
high-temperxture brine upflows in the area of Belfond-Sulphur Springs

and flows laterally northwards toward the ca7dera wall. 
 Only theweakest 
evidence suggesti a small component of south lateral flow.

On the basis of this evaluation, four sites are suggested for deepexploratory drilling 
to define the resource and investigate its
hydrological dymnics. These sites are at (1)Belfond area near theyoungest silicic volcanisra, (2) Sulphur Springs proper, (3) Etangs
area near the so,tthern caldera collapse fault, and (4)Diamond Spring
 
near the north caldera wall.
 

I. INTRODUCTION
 

Several hot springs discharge within Qualibou caldera but by far the most 
impressive thenm3l features occur at Sulphur Springs 
(Robson and Wilmore,
 
1955), which is close 
to the caldera center and 
the youngest pyroclastic 
vents. Curiosity regarding St. Lucia's geothermal potential began many years 
ago (Bodvarsson, 1951), but nothing was initiated until the 1970s when the 
U.K. Minktry of Overseas Cevelopment financed a drilling project at Sulphur 
Springs (Williamson, 1979). Although seven shallow wells were drilled
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to depths as great as 700 m and steam was encountered at temperatures above 
200*C, tnis project was terminated because of high CO2 content of the vapor, 
difficulty in finding permeable fractures, and lack of money. Soon 
thereafter, the Italian consulting firm Aquater (1962d) conducted 

comprehensive gEothermal evaluation of QualiI u caldera and recommended areas 
for deep exploration drilling. To date, no;-tver, the only qells drilled on 
St. Lucia are the shallow wells at Sulphur Spi :igs.
 

rhe purpose of this report 
 is to combine pret;ious geochemical data with 
new data 
recently acquired by the authors to determine: (I) the type of
 
geothermal system present, (2) the temperature of various geothermal liorizons 
at depth, and (3) the possible configuration and dimensions of the geothermal 
reservoirs. This latter objective considers available geologic and
 
geophysical data as well. Finally, four sites are recomnended for deep 
exploration drilling. A brief surrnary of our work ueei
has previously
 
reported (Goff arid Vuataz, 1984).
 

I. GEOLOGIC AND GEOPHYSICAL BACKGROUND
 

The geology of St. 
Lucia consists of several distinct volcanic- sequences
 
interstrdtified with minor marine sedimentary rocks (Aquater, 1982a). In
 
general, volcanism was initiated in the north around 10 Ma ago and migrated 
southwdrds. RocK compositions evolved from basaltic to andesitic to dacitic 
types through time but andesites volumetrically dominate. the precaldera 
rocks surrounding Qualibou caldera 
are composeo almost entirely of andesites
 

in the 2.5-Ma range (i.e. Mt. Gimie). Later dome eruptions built the ddcite
edifices of Petit and Gros Pitons (,.25 1a) before caldera formation. These 
extrusive eruptions produced large quantities of breccias and tuffs as well 
as
 
typical domes and flo.is.
 

The exact age of formation of Qualiboti caldera was previously estimated 
at 0.5 Ma (Aspinall et al., 1976), but new radiocarbon ages by Roobol et al. 
(1983) indicate an age less than 40,000 years. This is confirmed by recent 
geologic work by Wohletz and Heiken (1984) who find that caldera formation 
postdates the Pitons. Following caidera collapse, 4 large central dacite dome 
was extruded inside the caldera that constructed the towering peak of Terre 
Blanche. rhe most recent volcanism has centered around [elfond in the 
south-central part of the caldera with creation of up to 10 phreatomagmatic 
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vents of rhyodacitic composition. These vents are dated at 39,000 to 20,000 
years by C techniques on organic remains in the ash deposits (Towiblin, 
1965; Roobol et al., 1983). The well-preserved cones testify that these vents
 
are very young. 
 Because Sulphur Springs lies a scant I km northwest of these 
vents, it is assumed that the shallow magma chamber producing the silicic 
pyroclasts is the heat source driving surface hydrotnermal activity. 

Qualibou caldera is 3 to 4 km from NW-SE, small inacross comparison 
with many known caldera systems (Smith, ,979). The caldera is elongate in a
 
SW-NE direction because of a major regional tectonic pattern (Wohletz and
 
Heiken, 1984). Tne caldera margins are very distinct on the north, east, and
 
southwest sides because rivers have entrenched along the caldera-bounding
 
faults. The west caldera margin is now recognized by Wohletz and Heiken
 
(1984) from stratigraphic relations to pass between the ridges of Dasheene arid
 
Rabot. Although some silicic domes have erupted along intracaldera faults in
 
the Belfond area, the pronounced "ring" of domes observed at many large
 
calderas (SUCh) ds the Valles Caldera; Smith and Bailey, 1968) 
is not seen at
 
Qualibou caldera. Hot 
springs at Diamond and Cresslands issue from the
 
northwest sector of the caldera collapse zone Aquater (1982o) noted that
ana 


H2S and B anomalies are found around tne north and south caldera margins.
 
According to Williamson (1919), the main thermal area, Sulphur Springs 

valley, is oriented parallel to faults and fractures that strike NW-SE and dip 
60 to 70°NE. Faults of this trend are also shown on the maps of Aquater 
(1982a). Wohletz and Heiken (1984) believe tnat the Sulphur Springs faults
 
consist of an arcuate collapse fault associated with the inner western wall of
 
Qualibou caldera and a major througin-going regional NW-SE fault system.
 

Aquater (1982a) conducted a gravity survey over Qualibou caldera that
 
yielded a very surprising result; a positive gravity anomaly of roughly 20
 
Mgals underlies the caldera depression. The depth to the high-density layer
 
is aoout 500 m in the south but nearly 1000 inin the north. Because calderas
 
form large "holes" in t'- earth's surface that fill up with low-density tuffs
 
and oreccias, they invariably produce negative gravity anomalies (i.e. Segar,
 
1974). Therefore, the cause of the high-density layer in Qualibou caldera
 
invites speculation. Williamson (1979) notes that the drill holes Sulphur
at 

Springs penetrate "caldera-wall agglomerates" at depth, presumably precaldera
 
basaltic and andesitic rocks. The authors observed several 
nundred meters of
 
what appears to be precaldera basalt or basaltic andesite along the 
sea eoast
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nurtn and souto of Petit Piton. These outcrops are shown on the maps of 
Aquater (1982a). There no obvious
is reason, however, why denser precaldera 
rocks of basaltic or andesitic composition would not occur both within and 
outside the caldera.
 

A second possibility is that neutral-chloride geothermal fluids 
at depth

have been Ihydrotherinally 
altering the host volcanics such that their 
bulk
 
density iias increased. 
 rhis would occur if the Ca contained in the volcanics
 
was converted to 
calcite and epidote, both stable minerals at the temperatures
 
Known Ieneato Sulphur Springs and common alteration minerals in basaltic and
 
andesitic rocks.
 

Aspinall et al. (1976) performed a microearthquake survey at Qualibou
 
caldera arid recorded seen events during a 39-day period. 
 The seismic records
 
are characterized uy emergent P-waves and 
missing or attenuated S-waves,
 
characteristics 
that denote the presence of fluid bodies (magma or water) at
 
deptn. Analysis of the data that
indicates Lhe attenuating medium occurs at
 
depths less than 2 km extending from Sulphur Springs to the nortn caldera
 
wall; cous, tnese researcners conclude thcLt a geothermal system occupies this
 
zone. Fhe distribution of known hot springs inside the caldera is coincident
 
with tfie attenuating zone.
 

Electrical resistivity measurements (dilliamson and Wright, 1978;
 
Aquater, 1982a) indicate 
that conductive zones 
_30 onm-m occur to depths of 
7U inli tne Sulpnur Springs area, correlating well with the known presence of 
2000C steam and near-surface acid alteration. Each of the above authors
 
implies *tnat the conductive zones extend well beyond Sulphur Springs the
to 

north and soutn but hastens to add that 
the steep topography and complicated
 
contdcts anong intracaldera rocks may 
cause apparent anomalies that have no 
geothermal significance. Conductive zones at depth in geothermal areas often 
denote the presence of hot saline waters 
and/or clay-oearing hydrothermally 

altered rocks. 
The best evidence tor presence of neutral-chloride not waters 
at depth
 

comes from drilling (Williamson, 1979). 
 Large quantities of concentrated
 
geothermal fluid were dischdrned 
from British well #4 at Sulphur Springs
 
during wet/dry cycling witn Cl concentration ranging from 10,000 to 70,000
 
mag/.. Because of thne cyclic discharge, samples of unevaporated deep fluids
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were never obtained (Bath, 1977), although Williamson and Wright (1978) state
 
the actual Cl content is probably about 25,000 mg/P.
 

In summary, geologic data show that Qualibou caldera is very young

(r40,000 years) and contains relatively shallow magmatic heat sources.
 
Geothermal fluids appear 
to ue fault and fracture controlled both inside the
 
caldera and along the northwest caldera margin. 
 Gravity data indicate that
 
"high-density" material of unexplained origin fills 
or underlies the cdldera
 
at shallow depths. 
 If the buried, high-density zone is caused 
by extensive
 
hydrothermal alteration 
in precaldera mafic 
rocks, this would correlate with
 
the depth of shallow fluid bodies inferred from microseismic data and with the
 
distribution of conductive zones delineated by electrical 
methods. Because
 
drilling has yielded hot, neutral-chloride brines from well 600 m
one at 

beneath Sulpnur Springs (Bath, 1977), 
it is easy to assume that a large deep
 
geothermal system underlies the central and 
northern portions of Qualibou
 
caldera. It remains 
to be seen from drilling of more widely spaced wells how
 
large this system really is, whether it consists of several subsystems, and
 
how permeable the reservoir is. Clearly, however, Qualibou caldera has great
 
geothermal potential.
 

III. GEUOCHEMISTRY
 

Although thermal springs in Qualibou caldera have been known and used in
 
the past, no scientific data were reported from the Sulphur Springs area until
 
Bodvarsson (1951) first 
investigated its geothermal possibilities. Robson and
 
Willmore 11955) estimated the natural 
heat flow at 36 MW(t). The first
 
comprehensive geocnemical 
studies were performed by Bath (1916; 1977) during
 
the 9eothermal drilling project of the 1970s. 
 Chemical and isotopic data from
 
these wells provide fundamental data to our interpretations. Little data 
on
 
outlying springs were available until the reconnaissance work of Aquater
(19820). Tne authors visited St. 
Lucia in July, 1983, and obtained samples
 
from Sulphur Springs and from outlying hot springs and cold waters within the
 
caldera. For tne purposes of this report, 
the geochemistry in later sections
 
is discussed by area because informition on the temperature of resource
the 

comes from Sulphur Springs while ideas on 
the dimensions of the resource come
 
from the outlying springs.
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Temperature, pH, Eh, and conductivity of all sample locations were 
measured using a portable digital meter. All waters were collected,
 
preserved, and chemically analyzed according to methods described in Goff et 
al. (1982) and Vuataz et al. (1984). Stable isotope samples of water 
were
 
analyzed by either the Centre d'Etudes Nucldaires de Saclay, France, or C. 
Janik, U.S.G.S., Menlo Park, California. Iritium samples were analyzed at tile
 
Tritium Laboratory of University ilami, Florida. Gasestile of were collected 
ir,evacuated 125-mv tubes according to methods described in Goff et al. (1984) 
and analyzed by B. Evans and D. White (U.S.G.S., Menlo Park) for bulk
 
composition and stable isotopes of CU2. Sulfur isotopes were analyzed by 
Geochron Laboratories, Cambridge, Massachusetts, and alteration pnases were
 
determined by x-ray diffraction (D. Bish, Los Alamos National Ldboratory). 

A. Sulphur Springs
 

Sulphur Springs is one of the must impressive areas of acid springs and 
fumaroles ever seen by the authors, rivaling the Mud Volcano of Yellowstone, 
Bumpass Hell at Lassen, and Ketetahi Springs in New Zealand. Tile ".ost coirvion 
thermal features are numerous broad pools or cauldrons filled with bubbling 
arid fountaining blaCK water. A sketch map and temperature survey was made at 
Sulphur Springs (Fig. I and Table 1) to positively identify the sources of
 
samples. Table 11 lists tle locations, field data, and types of samples taken.
 

Tile main zone of activity occurs in a northwest-trending belt aoout 100 
by 2b('in at tne base of the northeast flow of hornblende dacite from Rabot arid 
along the southwest side of Diamond Creek, but the entire altered zone extends 
across tie dacite lavas on tthe flanks of Terre Blanche. The original dacites 
surrounding Sulphur Springs have been converted to cristobalite-quartz
natroalunite-kaolinite-bearirng rocks. Sulfur, gypsum, and 
 pyrite are
 
concentrated near fumaroles and steaming ground. Iron oxides form orange and 
red stains in dry spots arid around the margin of tile active area. All these 
features are characteristic of acid-sulfate hot spring systems (White et al., 

1971).
 

1. Fluid Cnemistry of Surface Manifestations. Spring waters at Sulphur
 
Springs display chemical compositions that are very characteristic of
 
acid-sulfate systems (Tables Ill and IV). They iiave relatively low pH, high 
So4 , and low Cl with one important exception discussed below (steam 
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TABLE I
 
TEMPERATURE SURVEY OF THERMAL FEATURES AT SULPHUR SPRINGS,
 

ST. LUCIA, LESSER ANTILLES '
 

Kap location 0 To "erature
 
(Fig . ) - Dscript on -- ( 90
 

I seep
 
2 black bubbling pool 63 •
 

3 grey bubbling pool%
 

4 bubbling seep 8
 

5 steam vent 101
 

6 steaming ground
 

I boiling cauldron 9
 

8clear bubbling pool 72
 

gflowing clear spring 69 

I0 flowing clear spring 93 

1I flowing clear spring so 

12 superheated steam vent I11 

13 large black cauldron at edge as 

14 black cauldron 73 

is %team vents 96-98 

16 light grey boiling pool 95 

I? black cauldron 81 

18 grey pool 9 

19 bubbling pool8 

?0very small bubbling pool g
 

(19o0ng clear spring 5
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TABLE II
 
FIELD DATA AND PHYSICAL PARAMETERS OF WATERS AND GASES FROM ST. LUCIA
 

(July, 1983)
 

map 
 Temperature

no. Conduct. Discharge
Name No. (*C) pH Eh(mV) (uS/cm) ( m n Sampling
 

S~uLur Iorn~s
 

5 Steam vent 
 SL-1 103 
 gas5 Steam vent 

SL-2 
 103
 

14 Black cauldron SL-3 73
 
14 Black cauldron L-4 73 gasgas
 
8 Clear bubbling pool SL-S 72 gas


- Leak around geoth. well SL-7 37.8 4.8 -

gas 

484  water
10 Flowing clear sDg. 
 SL-8 92.7 
 6.2 -322 
 800 1.5 water
8 Clear bubbling pool SL-g 
 64.8 2.50 -38 
 - water16 Light grey boil. pool SL-10 96.0 1.55 
3300 


+110 10900 
 - water5 Steam vent 
 SL-11b 
 103 7.78 '489 970 
 - condensate8 Clear biubbling pool SL-19 72 

gas
16 Orowned fmarole SL-20 95 
 gas
 

16 Drowned fjmarole SL-21 95 gas
 

15 Steam vents 
 SL-22b 96-98 8.19 '413
19 Bubbling pool SL-23 AD80a 1050 -- condensate 
-19 Bubbling pool gas
SL-24 >80 


gis
12 Superheated steam vent 
 SL-25 171 

gas
12 Superheated steam vent 
 SL-26 171 

gas
12 Superheated steam vent 
 SL-27 171 

condensate
 

Thermal sorings, Qualibou taldera
 
-- Oiamond warm spg. 
 SL-12 43.1 
 6.45 -106 
 1300 3 
 water
- Cresslands hot sog. SL-15 55.7 
 6.55 -0.20 2490 
 2 water
-- Malgretoute warm spg. SL-17 35.2 
 8.57 
 *!6 1530 
 -- water
 

Cold waters. Quallbou Caldera 
-- Diamond Creek. Sul. Spgs. SL-6 
 26.3 6.60 
 200 170 
 - water- aterf31l at Diamond SL-13 27.3 
 4.33 '164 
 1070 1200 
 water -- Cresslands cold sog. SL-14 26.5 
 6.24 '186 272 
 18 water
- Migny River 
 SL-16 25.9 
 8.06 -37 165 
 2400 water
-- Dasheene sog. SL-18 26.5 
 6.80 +10 
 26? --
 water
 

a Numbered points except SL-7 can 
be located on Fig. 1; SL-7 was sampled approximately 100 m southeast
 
of Sulphur Springs.
 

b 
For the condensates SL-11 and SL-22. pH, Eh. and conductivity were measured in the labpratory
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TABLE III
 
MAJOR AND MINOR ELEMENTS (mg/k) FOR THE WATERS FROM ST. LUCIA
 

(July, 1983) 

ime. lin la Nq 1" ,rSt. .M fe"f,' urn1 so4 * Don 

Sulpu..r ing$ 
Leak ar. qeoth. well 

Flowlnq clear sp9. 

Clear bubbling pool 

Drowned fumarole 

Steam vent 

Stem vents 

St-7 

SI-S 

S. 9 

St-to 

St-ll 
51-2? 

0.06 

0.04 

0.09 

0.05 

-

-

27 

49 

54 

6 

-

6.3 

6.8 

13.7 

6.7 

-

10.7 

10.3 

9.3 

72.0 

-

50.2 

61.5 

7?.3 

270 

0.71 

0.77 

0.66 

0.04 

O.RR 

0.54 

0.11 

6.53 

0.12 

n.07 

16.4 

f68.6 

0 

309 

0 

0 

-

710 

35.6 

108% 

6750 

171 

109 

16.9 

19.7 

32.9 

5 

1.3 

6.7 

0.j7 

0.11 

D.05 

0.0 

0.01 

0.0s 

I51 

191 

186 

160 

, 

! 

0.36 

10.9 

1s.1 

77.9 

5 
0.60 

494 

721 

1486 

7518 

-

4.78 

6.2S 

7.72 

20.03 

5.77 

6.93 

18.47 

110.72 

T,..m l ,-ng$1 . ,libou cald 
Oaind warm spq. SL-I? 
Cressland$ hot spo. SL-IS 

Mlugretoute warm spg. SL-I 

ra 
0.22 

0.67 

0.41 

129 

257 

267 

11.0 

16.S 

15.4 

42.3 

r6.5 
20.3 

69.2 

163 
?3.1 

0.4: 

1.41 

0.69 

0.29 

0.35 

40.01 

0.70 

1.11 
0.03 

8q6 

171% 
64R 

21.R 

0.77 
105 

40.0 

151 
A 

0.1% 

2.60 

0.16 

171 

110 
101 

11.1 

25.0 
A.91 

1183 

1994 

1764 

I.SR 

24.58 
14.91 

17.83 

74.18 

14.90 

Cold waters. Qualbou caldera 
Diamond Cr.. Sul. Spqs. S.-6 

Waterfall at Dieaond 5t-13 

Cresslands cold spi. St.14 
NIgny River SL-16 

&Oa*enespg. SL-18 

(0.01 

0.08 

40.01 

(0.01 
c0.01 

I5 

37 

16 

1? 
20 

4.0 

6.1 

?.? 

1.7 

3.9 

3.28 

18.3 

7.2 

4.4 

S.A 

13.1 
84.6 

23.8 

13.4 

19.3 

0.07 

0.30 

0.13 

0.07 

0.08 

0.02 

1.18 

(0.01 

0.01 

(0.01 

0.27 

0.71 

(0.01 

0.04 

0.04 

57.3 

0 
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69.6 

97.6 

10.6 

50 

11.7 

2.73 

7.6 

'.1 

36.0 

20.6 

13.1 

27.8 

0.10 

0.07 

0.07 

0.08 

0.11 

61 

96 

46 

47 

82 

0.15 

26.2 

0.10 

0.11 

0.16 

183 

815 

231 

164 

260 

1.69 

7.58 

2.54 

1.60 

2.42 

1.68 

9.08 

2.S? 

1.57 

2.41 
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TABLE IV
 
TRACE ELEMENTS (mg/z) FOR THE WATERS FROM ST. LUCIA a
 

(July, 1983)
 

........... At .r .d. Co n3 N NH N . 1 1 rn, ph sh ,. in 
ulphu:..Ar ti... 4 


teak ar. qeoth. well 
 St.7 C0.Os 0.0s C0.1 C0.001 .0.001 a 0.07 .0.05 0.77FlowInq clear spq. s[-8 .0.00n 0.6 0.7 1.1 0.!8 (0.3o. is o.3? 0.1 0.003o .00 .0.5 .0.0?0 o.ni n.os 1&.6Clear bubbling pool "0.001 d0.5 !-.1St 9 27 0.13 tO.1 0.003 .0.1 .0.03 .0.3 0.5 0.07O.004 0 (I.rf,.' n.o, 41,.? 0.094 3.%.Drowned fwlarole St. 10 .i n. 0.I1 .0.1 .0.%290 0.01 '1 0 0.19q n 11.13 0.?S 7.4? 0.0 4 %
, 

'0.% .1
Steam vent ,1 1.49 0.4
St 33 1.? O.?R- C0.2 
steam vents -0.s ,0.I .0.7SL 7?  -

-O. 0.1 . 
Thermul_ prin$"QuCauibo 
 caldera
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condensate springs!. Divalent and trivalent cations (Ca, Mg, Al, Fe) domi 
 te
 
over Na+K and most *race elements other than B are relatively low.
 
Acid-sulfate qaters are mixtures of rising stea-n dnd gases that condense -n
 
the near-surface environment. Oxidat.kn of H2 S to 11SO4 leads to acidic
 

conditions. The condensed acid waters may or may not mix with near-surface
 
ground water to produce liybrid compositions (White et al., 1971).
 

No attempt was made to sample every feature at Sulphur Springs because
 
its acid-sulfate nature was known from earlier work. Instead, samples 
were
 

taken from unique features after our sketch map and temperat'ire survey were
 
completed to obtain ranges in che-ical composition that would help us
 
understand the dynamics of the system. From our data and observaticns, we can
 

identify four types of thermal features.
 

(1) 	Steam Condensdte Springs (Hot Spring #10): This group of springs iss.,,
 

only from hign ground ,.round the southwest margin of Sulphur Springs. A
 
cluster composed of springs 9, 10, 11, and 21 dnd a number of seeps
 
above spring 19 (Fig. 1) all discharge similar water. These springs are
 
notewortny because they form small deposits of CaCO 3 (travertine),
 

which is unstable in acid environments. Chemically they are near
 

neutral inipH and contain HCO3 Cs the major anion.
 

Waters of this type issue from higher levels at many vapor-dominated
 

(steam) geothermal systems. Examples include The Geysers (White et ai.,
 
1971) and Lassen (Muffler et al., 1982), both in California. According
 

to Mahon et al. (1980), HCO3-ric steam condensate waters commonly
 

form a cap or carapice to many deep neutral-chloride systems in excess
 
of 2000C (i.e. Broadlands, New Lealand, and Kamojang, Indonesia).
 

Recognition of this water type around acid-sulfate zones has useful
 

dpplicdtions in formulating a model of a geothermal system.
 

(2) 	Cauldron Springs (Hot Spring #8): As mentioned above, these are the
 
most conon type at Sulphur Springs. They are typical acid-sulfate
 

waters containing various amounts of surface ground waters. They
 

discharge a. interconnected pools to Diamond Creek.
 

(3) 	Drowned Fumaroles (Hot Spring #io): Only or.- spring obviously belongs
 
to this group. Hot spring #16 lies in a shallow depression and boils
 

violently from steam and noncondensible gas passing rapidly through the
 
water. Because of continuous condensation and evaporation of steam and
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only minor dilution from surface ground water, drowned fumaroles are the
 
most acid and concentrated of the springs.
 

(4) Fumdroles (Steam Vents #5, #12 
and #15): 
 These are merely open cavities
 
discharging stean and gas 
to the surface, ranging from steaming ground
 
to gaping holes. Most features discharge at boiling temperatures but
 
two features, #5 and #12, 
were superheated. Vent was
#12 measured at
 

one the1710 C and is of hottest fumaroles known, surpassing the 1590C 
recorded for a fumarole 
at Lassen, Californ;a (Muffler et al., 
1982).

Williamson (1979) recorded a temperature of 185°C at vent #12 in the 
1970s. Partial analysis of the steam shows high SO4 and low Cl. Most 
interesting, however, is 
the extremely high B/Cl ratio in the
 
superheated vents, a cnaracteristic noted by Aquater (1982b). 
 High B/Cl 
ratios in steam generally indicate the steam originates by deep boiling 
of higl-tegperature brine (Tonani, 1970; Ellis ana Mahon, 1977). 

Acid-sulfate waters do necessarilynot Indicate that a vapor-dominated 
system lies at depth. The available drilling data reported by Williamson 
(1979) indicate variable two-phase r nditions 
in the vapor zone beneath
 
Sulphur Springs. Temperatures 
approa., 2200C and pressures are <32 b.a. 
"True" vapor-dominated systems ideally display temperatures of 2400 C and
 
pressures of 32 b.a. (White al.,et 1971), thus conditions at Sulphur Springs 
are suggestive of a vapor-dominated zone of as yet unknown size.
 

2. Deep Reservoir Fluid, #4.
Well Wells #4 through #7 were drilled
 
about 100 m south of Sulphur Sprbigs 
in a flat area adjacent to Terre 
Blanche. Well is#4 unusual in that it produced slugs of geothermal brine 
during wet/dry cycling. The temperature of this brine at 
a depth of 600 m was 
2030C (Bath, 1977). Partial chemical analyses of the brin, (Table V) show 
tremendous chemical variation but display rather constant molar ratios of Na,

K, Ca, and Mg to Cl as documented by Bath (1977, Table 2). Because of this,
 
the variations 
are thought to be due to steam loss from liquid in a fracture
 
system of limited volume.
 

It is impossible to say what the exact composition of the resL.-voir 
brine is because of the variable discharge of the well. Williamson and Wright

(1978) suggest a true Cl l:evel of 25,000 mg/t but do not indicate why they 
believe this. 
 The brine chemistry is extremely unusual because Ca is roughly
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TABLE V 
LIQUID FLOW AND CHEMICAL GEOTHERMOMETRYa FROM WELL #4, SULPHUR SPRINGS, ST. LUCIAb 

Date 

..-....... 

--
7120175 
417176 

413176 

414176 

416176 

4110176 

4115/76 

4122176 

pH 

-
-

5.69 

5.39 

5.80 

5.85 

5.07 

4.75 

4.52 

Na 

... 

5650 

4500 
3500 

6300 

360 

500 

5900 

8300 

In0O 

K 

..... 

-
255 

151 

330 

20 

50 

290 

390 

565 

"9 Ca 

..... -

220 21100 

190 12100 
42 5300 

130 13700 

6.6 710 

17 1850 

100 11600 

140 16300 

190 22200 

S04 CI SI ? B 

.......................................................... ................. - - - -- -

180 53500 p300 550 
500 31600 --

-- 18000 .. .. 
-- 40500 .. .. 
30 2330 36 -

174 6120 88 870 
1195 3700 712 3500 
240 49700 i?0 --

850 70200 103 --

-

Eavions' 

- -

!110 
870 

420 

980 

50 

120 

890 

1200 

1610 

)Fi$C 

-

1510 

900 

510 

1140 
65 

175 

1070 

140D 

2000 

Qtz 

--

3709 

--
--

-

89 

130 

17 

148 

138 

0 

-

Na-K-Ca 

- 413 a - 113 

- - -

. .. 

109 153 
107 143 

120 153 
59 135 

71 160 

120 151 

126 151 
137 158 

Na-K 

-

172 

155 

167 

171 

216 

163 

19 

166 

a 

b 

C 

Fournier (1981j. 
Analyses Inmg/l are listed by Bath (1976). 

Cations and anions suard in meqlf. 

The first sample w4as prwnired frr'w 315 . all othors from 617 im. 



twice Na by weight and the brine is extremely rich in 8. It is unfortunate
 
that the data of Bath (1976; 1977) are not more comprehensive. The
 
cation-anion balance of the analyses 
in Table V is consistently low on the
 
cation side. This may be compensated by the relatively low pH of the brine.
 
It is probable that the brine contains suostantial Li, Dr, and possibly other
 
trace elements. The extreme varia:.iz- - SiO 2 suggests that tie silica 

analyses are unreliable. 

CaCl 2-rich genth-er,-ai zri,. very unusual compared with most 
geothermal fluids. lhe." .:cur on', settings near the ocean su i as the
 
Salton Sea, '-Lor:i.,. t,,e CjKjanes field in Iceland, or aiong oceanic 
spreading rt.nc-., ' .; the Atlantic II Deep (Hardie, 1983). Even these 
geothp.;,,al .. a v'es. veve., contain more Na than Ca, making the Sulphur
 
Spr.;nn br;,,e tru'. rem.arkable. 

j. Subsurface Temperature of Brine Reservoir. Several lines of
 
idence point" to extremely high temperatures beneath Sulphur Springs and its
 

underlying brine reservoir. 
 Drilling to depths of 700 m encountered
 
temperatures of 2200C (Williamson, 1979), but the following data indicate that
 
higher tenperatures exist.
 

(1) Stable Isotopes of Water: A plot of deuterium (D) versus oxygen-18
 
(10) is shown in Fig. 2 in which 
discrete symbols refer to data
 
collected by the authors, while the two clouds refer to brines and stewi
 
condensdtes collected from well 
#4 during wet/dry cycling (Bath, 1977). 

The composition of brine is essentially identical in D but considerably 
heavier in 0 tian surface water, indicating extensive exchange of 
oxygen between water and rocK in the reservoir (Craig et a., 1956). A 
pronounced "shift" in 180 is a characteristic repeatedly observed in 
the deep reservoir fluids of geothermal systems >25r' C (White, 1968). 
The magnitude of the shift at Sulphur Springs is rather extreme
 
(13*/,,), rivaling the shift observed in the geothermal brines of the
 

Salton Sea, California (14%/co).
 

The composition of 180 in Sulphur Springs brine is unusually
 
heavy (+10o/,,) but the cause of this is not entirely clear. If the
 
brine is reacting isotopically with silicic intracaldera rocks, which
 
should possess ,ISO of +100o/, and possibly higher (Taylor, 1968),
 
it suggests the volume of water is small compared to the volume of rock
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and/or the system is so young it is isotopically dominated by the
 
signature of the rocks. Because tie know the caldera is only 40,000
 
years old, we would favor the second argument.
 

(2) Gas Geothermometry: 
 Six samples of gas were collected from various
 
thermal features, including the two superheated fumaroles (Table VI).
 
When air contamination is corrected, 
 all samples are virtually
 
identical. CO2 is the dominant noncondensible gas as it is in all
 
high-temperature geothermal systems. There are also 
 substantial
 
quantities of H2S and I2' Several 
 samples contain minute but
 
detectable quantities of CO, which is produced only 
in relatively
 
high-temperature geothermal -systems (Evans et al., 
1981). Using the
 
empirical gas geothermometer of D'Amore and Panichi (1980), Sulphur
 
Springs gases indicate a consistent subsurface reservoir temperature of
 

2800C.
 
(3) Enthalpy of Superheated Fumaroles: Muffler et al. (1982) discuss the
 

thermodynamic significance of the superheated fumaroles at Lassen,
 
California, in some detail. According to authors, superheated
tnese 

fumaroles discharge steam from subsurface reservoirs by means of an
 
adi,ibatic rather than isothermal process. If we plot the measured 
temperature of steam vent #12 on Fig. 3 (which shows 
the relationship
 
between saturated steam and the isothermal decompression paths of
 
superheated steam pure we note that an
for water), isoenthalpic
 
(vertical) line lies to the right of 
the maximum enthalpy of saturated
 
steam, approximately 2360C at 31 bars. If we analyze Fig. 
 3
 
qualitatively, the curve surrounding saturated 
steam is shifted to the
 
right if the fluid system consists of a brine instead of pure water.
 
The temperature of maximum enthalpy of steam is also 
increased in a.
 
brine system. Thus, if the steam dischargin from vent #12 originates
 
from isoenthalpic decompression in the reservoir, the deep brine
 
temperature must be >236°C, possibly in the neighborhood of 2600C.
 

(4) High-t-mperature Behavior of Boric Acid: Tonani (1970) Ellis and
and 

Mahon (1977) discuss the behavior of volatile boric acid in
 
high-temperature geothermal systems and the use of B in geothermal 
exploration. Both authors state that high B/Cl ratios in geothermal 
steam indicate that the steam probably originates from high-temperature 
U-riLh Lrine. Although the B analyses of the brine from British well #4 
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Fig. 2. 
Plot of deuterium versus oxygen-18 of surface waters, steam, and brine'from
 
Sulphur Springs, St. Lucia.
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Fig. 3. 
Plot of log pressure versus enthalpy showing the relations between saturated 
steam, the isothermal decompression paths of superheated steam, and the
surface entnalpy, temperature and pressure of a superheated 'fumarole, Sulphur
Springs, St. Lucia. Tlhe vertical dashed line is an tsoenthalptc line (adaptedJfrom Muff ler et al., 1982). SE 
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TABLE VI
 
CHEMICAL AND ISOTOPIC ANALYSES OF GASES AT SULPHUR SPRINGS, ST. LUCIA
 

Steam Black
Name Vent 
 Cauldron 


map No. 5 14 
. 

Sample No. SL-2 SL-4 
Temp. ("C) 103 73 

Gases (vol- %) 
He 0.005 0.005

H2 4.90 5.40 


H2
Ar <0.003 0.013 

02 0.035 0.105

N2 1.08 1.87 

014 0.62 0.70
CO2 91.53 90.24 


C2(06 4.01 '0.01 

H2S 1.78 1.20 
CO 0.003 0.006 
Total 99.95 99.53 

Isotopes on CO2 ('1..) 

a13C -6.1 -6.0 

a10 *38.4 *44.7 


Emorical Gas Geothermometer (C0a
 

C02"H2S-H2-CH4 284 280 

a D'Amore and Panichi (1980).
 

(July, 1983) 

Clear 
Bubbling
Pool 

Drowned 
Fumarole 

Bubbling
Pool 

Superheated
Steam Vent 

.....---------------. 
--.........

8 16 19 12 
SL-19 SL-21 SL-24 SL-26 

72 95 72 171 

<0.005 
5.04 

O.0O5 
4.89 

<0.005 
4.5 

0.005 

40.003 0.003 .9
<0.003 

5.63
0.03 

0.022 
1.11 

0.020 
1.06 

0.012 
1.00 

0.54 
2.51 

0.64
91.33 0.63 

92.07 
0.62 

91.67 
0.69 

89.59 

<0.01 <0.01 <0.01 4.01 
1.67 1.84 1.78 1.09 

<0.003 0.006 4.003 0.0C6 
100.41 100.52 100.03 100.09 

-6.0 -6.0 -6.0 -5.6 
+37.4 .34.3 +35.9' -38.4 

283 284 284 280 

are not systematic (Table V), we can calculate a rough estimate of the
 
subsurface brine temperature by using the B data of Table V and Fig. 4 
modified from Ellis and 
Mahon. As mertioned, Williamson and Wright
 
(1978) suggested the brine cnemistry was approximately 25,000 mg/ 
Cl or
 
closest to the analysis of sample 4/10/76, Table V, which contains 3500
 
mg/z B. If we calculate the value 
 of -log Kd (where Kd =
 
concentration of B in vapor/concentration of B in brine) using values
 
for B of 95 ing/. (Table III) and 3500 mg/,. respectively, the estimated
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Fig. 4.Plot of -log Kd versus temperature for boric acid in the steam-liquid water 
system (adapted from Ellis and Mahon, 1977).
 

reservoir temperature is 230°C. If we use the other analyses of B in 
the brine from Table V, the calculated reservoir temperatures are even 
higher (>300C). The B concentration of tne brine at Sulphur Springs is 
very high, exceeding values reported from such 
 high-B geothermal
 
provinces as Ngawha, New Zealand, and fne Geysers in California.
 

4. Chemical Geothermometry of Brine. Curiously, the estimated
 
temperature of the brine reservoir using the 
brine chemistry and standard
 
geothemometers (Fournier, 1981; Table 4.1) is lower
much than the
 
temperatures measured in the drill (>2000C) the
British holes or inferred
 
temperatures discussed above (>230*C). 
 For example, T(Qtz, maximum steam 
loss) = 172 0c, r(Na-K-Ca) = l5l0C, and T(Na-K) = 163 0C u:sing dnalysis 4/10/76, 
Table V. There may be several reasons for these anomalies. Tne brine 
chemistry is so unusual that it may not represent an equilibrium fluid of the 
type used by Fournier and Truesdell (1973) to define their empirical equation 
for tile Na-K-Ca geothennometer. Because the brine is flashing before 
collection, there may be complex but rapid precipitation reactions that change
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the brine chemistry, reflecting, perhaps, the flashing temperature. Also, we
 
must recall that British well #4 is cycling wet/dry and could be located 
near
 

the interface between an -overlying vapor zone and underlying brine zone.
 
Thus, there may be complicated mixing going on between descending steam
 

condensate waters and deep geothermal brine that disturbs the true equilibrium
 

chemistry. Finally, the SiO 2 analyses of Table V are so unsystematic that
 

they may not be reliable.
 

5. Speculations on the Origin of Sulphur Springs Brine and CO2. As
 
mentioned dbove, Hardie (1983) nas argued convincingly that CaCl2-rich
 

geothermal brines are generated by reacting sea water with basaltic rocks at
 
temperatures above 2500C. The original basalts are transformed into
 

albite- ipidote-chlorite rocks accompanied by deposition of quartz, calcite,
 

and anhydrite. Circumstantial evidence suggests the Sulphur Springs brines
 
may have formed in this manner because the area lies a mere 3 to 4 km east ot
 

the ocean where a thick sequence of precaldera basaltic rocks can be seen
 

beneath the later silicic rocks. Wohletz and Heiken (1984) show these
 
basaltic rocks occuring inside the caldera based on lithologic information
 

from the British wells. On the other hand, Bath (1977) has pointed out that
 
the deuterium content of the brines is roughly -10/o. corresponding to
 
meteoric water on the island, not sea water (Fig. 2). Bath also notes that
 
the Br/Cl ratio of the brine is much lower than sea water, although it is not
 

clear that Br would behave as conservatively as Cl in such an unusual, hot
 
fluid. Possibly, the salt content of the brine was derived originally from
 

sea water and by subsequent reactions with basaltic rocks, but this water has
 
since been boiled away and replaced by recharging meteoric water in a manner
 

suggested by Truesdell et al. (1979) for the Salton Sea geothermal field.
 

Bath (1976) offers an interesting mechanism for formation of the Ca-rich
 
brine in which HCl-rich volatiles from magmatic sources react with carbonate
 

rocks tnought to underlie the volcanic sequence to release CO2 gas and Ca
 

and Cl into solution. Xenoliths of marine carbonate have been identified in
 

some of the intracaldera pumice eruptions (Martin-Kaye, 1%9) and marine
 

carbonates outcrop on the north edge of St. Lucia. However, the 13C
 
signature of Sulphur Springs CO2 is -5.95+0.08/°. (Table VI) or within 
tie raig,. of -5 to -80o/, reported for mantle-derived carbon (Barnes et al., 

1978). If we calculate the isotopic composition of 13C in CaCO3 .that
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would produce CO2 at reservoir temperatures of 200 to 300C (using methods
 
described in Goff et al., 1984), the resulting parent 13C would be -6.3 to
-8.10/,. This is consideraoly lignter than the 0 to -20/.o in 13C
 
reported for world average marine 
carbonate (Hoefs, 1973; p. 26). If we
 
assume thdt tue caroonates aeneath the Qualibou caldera have not undergone any

isotopic reconstitution, then 
it would seem that Bath's mechanism of brine
 
foBration does not fit the carbon isotope data and that the CO2 at Sulphur 
Springs is primarily magmatic/mantle derived, not formed by thermal breakdown
 
of marine carbonates. 

B. Outlying Thermal Springs and Cold waters
 
Three areas occur west and north of Sulphur Springs where other hot 

springs emerge: Diamond, Cresslands, and Malgretoute. These areas were
 
previously v'sited by Aqudter (1982b). 
 The authors asked many local people if
 
they knew of otner thermal areas but to no avail. 
 As hot springs go, none of
 
the areas are very impressive except for the luxurient rain forest and steep

topography in wnicili they issue. The first two sites occur within andesitic to 
dacitic rocks along the north collapse zone of Qualibou caldera. Diamond 
Spring dnd several related seeps issue from E-W-trending fractures above the
 
east bank of Diamond Creek about 100 m north of Diamond Waterfall. Water from
 
the main spring flows down a drain 
to a series of mineral baths. Cresslands 
Spring discharges from a mound of iron-stained CaCO3 travertine along the 
southern edge of the ,Migny River. Aquater (1982b) did not sample this spring
during their investigations out sample somewhatdid a cooler spring of 
different chemistry that 
we could not relocate. Malgretoute Spring flows from
 
what appears to be a contact zone between precaldera basalts and andesites. 
The outflow of this spring was sampled at a waterfall spilling over a cliff,

and our analysis is very similar to Aquater (1982D) who measured an emergence 
temperature of 57°C. No attempt was made to assess possible hydrothermal 
alterations at any of these sites because of the weathered nature of the rocks
 
and poor exposure. 
However, no obvious alturations were noted.
 

1. Fjjid Cnemistry. The striking fact about the chemistry of this 
group is the general resemblance to steam condensate 
waters at Sulphur 
Springs. iley contain nigh HCO-, high B, variable SO4, and 
relatively low Cl (Table 11). Although Na is the dominant cation, Ca+Mg may 

j
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be relatively nigh. Trace element concentrations are low (Table IV). 
Analyzed values of B, Cl, and F in Diamond Spring are identical to those of 
Hot Spring #10 (Table I1), suggesting they nave formed by similar processes. 
Waters of this type form along the cooler margins and tops of deep geothermal 
systems by condensation of CO -rich steam (Manon et al., 198U). The CO, 
is converted to HCU and volatile uorf' acid appears as B. H2S may be
 
converted to SO4 . Te CI comes from leaching of surface rocks into which 
these vapors condense. Because the solubility of Ca+Mg decreases with
 
increasing teinperature in any fluid that has appreciaole HC0 3 , these waters 
do not indicate equilibration at temperatures above 1009C.
 

Cresslands hot spring contains the most 
 Cl and Br of tnis group,
 
suggesting somewhat deeper circulation and/or longer residence time in the 
ground than toe other two. This spring resembles many HCO 3 and B-rich 
waters that discharge east of The Geysers geothermal system in California
 
((,off et a]., 1977). Althougn they do not directly tap a *deep
 
neutral-clloride system, HCU3-rich often a
the waters indicate zone of
 

condensation above a high-temperature deeper zone of boiling.
 

2. Cnemnical G,ot .ernometry, Outlying Springs. Chemical geothcrmometers
 
are widely used with the chemistry of hot spring waters to explore for
 
geothermal resources. They rely on the temperature-dependent solubility of 
particular chemical components to infer the temperature of the reservoir at 
deptn from which springs issue (Fournier, 1981). Many assumptions must be 
made regarding equilibrium conditions at depth, re-equilibriu, situations as 
the waters rise to cooler surface temperatures, and mixing between aquifers. 
The geothermometers themselves can be problematic in that many are empirical 
or depend on solubility relations with cnemical phases tnat may or may not be 
present. In spite of the difficulties, the geothermometers are very useful in
 

approximating the probable temperatures of geothermal systems.
 
Subsurface temperature estimates using chemical data from the outlying
 

springs are listed in Table VII for four widely used geotnermometers: (1) 
silica, (2) Na-K-Ca, (3) Na-K, and (4) Na-Li. The first two are broken down 
into several variations depending on high- or low-temperature situations
 

(consult Fournier, 1981 for explanation of variations). It is beyond the
 
scope of 
this report to analyze the subtleties of each variation. However,
 
two conclusions can be drawn from this data:
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TABLE VII
 
CHEMICAL GEOTHERMOMETRY OF OUTLYING THERMALSPRINGS, ST. LUCIA, CARIBBEAN
 

Silica 
 Na-K-Ca Na-K 11a.L
Measured 
l" QtZ Chal. Amorlh., I. 413 a - 113 10g-corr. 

. .... 
 ................................-..........................
 

SL-1Z Diamond Spring 
 43.1 169 14? 4? 77 (157) 41 171 108 
SL-15 Crs'-mds Spring 55.7 143 it? 22 LO 1:48) Se 144 136
 
SL-17 Miretoute Spring 35.2 
 138 111 18 (126) !.59 - 11 	 01
 

(1) 	The most optimistic estimate of temperature at depth is approximdtely 
170*C using T(Qtz) and T(Na-K) if we assume the outlying springs are 
connected to the deep geothermal system; and
 

(2) 	Tha more conservative e:timate of temperature is l0C or less,
 
suggesting these springs are not connected to the deep system.
 
Conclusion (2) is favored because 
the 1C03-rich character of the
 

waters indicates they arc merely formed in a condensation zone. It is not 
clear, riowever, inether tne condensation zone is directly above the source of
 
steam or laterally displaced from the source.
 

3. Gas Chemistry, Outlying Springs. Aquater (19821) obtained gas
 
analyses on tne dissolved gases 
in the outlying springs discussed herein and
 
their 	data appear in Table VIII. It must be remembered that the temperature 
arid chemistry of the spring that atAquater sampled Cresslancis do not resemble 
in any way tne spring sampled by tne 
authors. Thus, the gas chemistry
 
reported from is of
in Table VIII Cresslands limited value. Nonetheless,
 
several facts suggest these gases are 
 not 	 derived directly from a
high-temperature resource at depth and that the main condensation zone is 
laterally displaced from the springs: (I) the gases contain no measurable 
H2S, (2) their concentrations of H2 are exceptionally low, (3) their 
concentrations of N2 (presumably from air) are very high, and (4) their 
differences from analyses of deep gases at Sulphur Springs (Taole VI) are
 
remarkable.
 

Several authors 
nave 	usea the ratio of H S/CO, from a series of
 
widely dispersed 	 2 2gas seeps to find the main source of upflov in a geothermal 
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TABLE VIII
 
ANALYSES OF DISSOLVED GASES FROM OUTLYING THERMAL SPRINGS,
 

QUALIBOU CALDERA, Sr. LUCIA
 
[values in volt; data from Aquater (1982b)]
 

01moid Sortns Cresslands Spring Malgratoute Spring 

(Sapte 1130) (Saw]e 1107) (Smeple 1109) 

C02 7.46 6.30 90.80 90.36 a 62.5 63.98 a 
H2S a a 

H2 0.0006 tr O.OOS 0.003 0.001 0.0012 
He tr tr tr tr 0.0009 0.0008 0.0008 0.0024 

N2 78.53 89.91 8.25 9.41 91.34 37.00 35.43 98.52 
02 13.84 3.77 0.76 0.17 1.81 0.58 0.12 0.32 

Ar -

CH4 0.17 0.53 0.20 0.73 6.80 0.39 0.47 !.16 
C2H64 .. 
CO.. - .-

Total 100.00 100.51 100.01 100.72 99.95 100.47 100.00 100.00, 

' CO2 and other soluble 9aSes asorbed into N. 

system (D. Glover, D.S.I.R., Wairaket, New Zealand, oral commun., 1983).
 
Seeps above the upflow have the highest H2 S/CO2 , whereas seeps displaced 
away from the upflow have lower H2S because of oxidation to H2SO or to
4 


pyrite. Because there is so little H2S at Diamond and Malgretoute Springs
 
(even though the waters resemble steam condensate waters at Sulphur Springs),
 
one suspects that H2S has been lost during lateral flow from a main zone of
 
condensation near Sulphur Springs. 
 If this is lot the case, it suggests that
 
the geothermal fluids beneath Diamond and Malgretoute are much cooler in 
temperature and/or the zone of condensation is so thick it removes H2 S from 

the gas.
 

4. Tritium, Qualibou Caldera. tritium (3H) is an isotopic tracer
 

that was produced in copious amounts during atmospheric nuclear testing from
 
1953 to 1964. Because it has a short half-life of 12.3 years, H is very
 
useful for tracing shallow ground-water flow (Vuataz et al., 1983). The 3H 
values of 10 natural waters around Qualibou Lildera are listed in Table IX. 
Surface waters such as Migiy k'v/er and Diamond Creek, which certainly have 
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TABLE IX
 
ISOTOPE ANALYSES OF WATERS AND ROCKS FROM ST. LUCIA
 

(July, 1983)
 

Name 


Sulphur S rt.n91~
 

Flowing clear spg. 

Clear bubbaing Pool 

Drowned fumarole 

Steam vent 

Steam vents 

Steam vent 

SjlPlur sublimate 

Sulohur sublim4te 

Otlyl ther....s,... 


Diamond warm sag. 

Cresslanas hot sag. 

No. 3i(TU) 

SL-8 5.01*0.21 

5L-9 4.76*0.19 

SL-10 0.72*0.12 

SL-11 


SL-22 

SL-27 


F83-46 


F83-47 


l3 bou :dera 

SL-12 0.97*0.11 

SL-I5 0.51*0.20 

Malgretoute warm sag. SL-11 1.89*0.12 

Co. t....t...... .Oualibou cal.eri 
D'jmomd Cr.. Sil. Sods. SL.6 3.11s0.16 

Cresslanas cold sag. SL-1 4 3.72*0.18 

PMiqny River SL-16 4.46*0.1:8 

Dashe, ne sag. SL-19 9.13&0.29 

Water 

6H(o/..) 6180('b..) 

Rock 

a34S('/..) 

-14.1" 

-9.5 
-10.2 

'3.0 

-20.7 
-21.6 

-24.0 

-2.15" 

-1.1 
-1.0 

*10.08 
*10.11 

.5.48 
05.5? 

*3.88 
*3.97 

-33.6 
-32.3 

03.89 
13.87 

- - -9.4 
-8:9 
-11.4 

-11.5" -2.65* 

-12.8 
-13.8 

-11.9t 
-12.4 
-15.2 

-2.91 
-2.78 

-2.700 
-2.70 
-2.54 

-8.9" -2.20* 

-7.0' 

-7.9' 
-1.9 
-9.0 

-2.25* 

-Z.45* 
--.56 
-2.48 

-12.6 -2.95 

a Analyzed by the Tritium Laboratory, Univcrsity of Miami. F'orida. 
b Analyzed b, C. Jan',';.S. Geolog3ical Survey. Menlo Park. California; orecisionD. S0.5I.. and '.-0 * 0.1'1... Data with - were determined by the 

Centre d/EtudeS Nuc'eaires ,:eSaclay, France. precision Is 62H * *0I.. andsO.*0.15'1... 

is 

C Analyzed by Geochr'on Liboratores Division. Krueger Enterprises. Inc.. Cambridge,
Massacnutetts$ 2recision is 3s *0."1 
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-.hort residence time 
in the ground, range from 3 to 5 tritium units (T.U.);
 
-.his 
is less than half the background value of the southwestern U.S.A. (n33


"U.) becausp 
of the latitude effect. Cresslands cold spring has short
 
::esidenrie time because 
of its 3H value of 3.7 T.U., similar to surface
 
--avers. Dasheene Spring, on the other hand, 
contains the highest tritium
 

easured (9 T.U.) and thus represents a slightly older water that Wds
 

-nfiitrated 
 when the 3H background was higher. The underground transit time
 
f Dasheene Spring is probably a few years (2 to 5 ?).
 

At Sulphur Springs, variable 3H contents are observed in the thermal
 
- atures, ranging from <1 to 5 T.U. The pool 
and flowing spring, which are
 

ixed witn surface water, 
show 3H values equivalent to cold surface water.
 
negative correlation exists between 
3H and mineralization while a positive
 

-orrelation exists between 3H and pH. 
 The drowned fumarole (SL-1O) shows
 
fhe lowest 
3H because it is composed almost eriirely of condensed steam
 
oiling off a deep geothermal reservoir. Presua,3bly, the geothermal reservoir
 

_ontains water having 0 T.U. 
(prebomb), thus its age is relatively oid, at
 
z--east >30 years. Tnis is no 
surprise because most deep geothermal reservoirs
 

ontain 0 to 1 T.Ub
 
The three outlying rheronal springs of Oualibou caldera have rather low
 

H contents, indicating they are composed mostly of older water with an
 
-nderground transit time 
 >20 years. As mentioned above, the chemical
 
imilarities between the flowing condensate spring at Sulphur Springs (SL-8)
 

- id Diamond/Malgretoute 
Springs suggest 
they have all for ned by similar
 
-rocesses. The fact that Malgretoute and Diamond 
Springs have significantly
 

awer 3H argues that these two springs originate from a main condensation
 -- ne aoove a geothermal system. 
 Their H values of 1 to 2 T.U. suggest that
 
.=-ey are composed mostly of 
steam from the geothermal reservoir with A few
 

rcent of young surface water or composed of steam condensdte waters near the
 
-ijlphur Springs area that flow laterally to the north and west.
 

5. Leakage Anomalies. 
 The report of Aquater (1982b) contains a rather
 
-ngthy discussion of what they 
term leakage anomalies. Tnese anomalies 
are
mprised of volatile components 
 C02, NIl3, and H38O3 (boric acid),
 

ich 
are released with steam during boiling of underlying geothermal fluids.
 
!sides the Sulphur Springs 
ared, three other areas contain measurable
 
antities of these volatile substances:
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(1) the zone northwest 
and north of Sulphur Springs (i~e. Malgretoute to 
- §i 'Diamond Spring), 

(2) the north caldera collapse zone from Diamond Spring to about 1.5 kin east
 
of Cresslands, and
 

(3) the southwest caldera collapse zone between Fond Doux and Gros Piton..
 
The quantity of anomalous volatile components decreases from area (1)to area
 
(3) and, in fact, area (3) is nnly weakly anomalous. Aquater (1982b)

interpret these data only in the broadest sense, stating that they originate
 
from a geothermal resource at depth. Because Sulphur Springs 
 is
 
overwhelmingly anomalous in these substances while other areas 
are only weakly
 
anomalous by comparison, it suggests major upflow of 
fluids in the Sulphur
 
Springs area an~d latera; flow to the nortn and northwest. Possuly there is a
 
small 
amount of lateral flow from Sulphur Springs to the southwest.
 

6. Lateral Flow Volcanic Geothermal Systems. This section is added as
 
coment but itshould be seriously considered as a afechanism for the Qualibou
 
caldera. Geothermal systems in volcanic terrains, whether they 
are andesitic
 
stratovolcanoes or silicic calderas, ofteii display lateral flow 
or outflows
 
(ilealy and Hochstein, 
1973). There are many examples of this phenomena,
 
including the geothermal systems at Lassen, California (Muffler et a]., 1932),
 
Valles Caldera, New Mexico (Goff et al., 1981), El Tatlo, Chile (Healy and
 
Hochstein, 1973), and 
Mokai, New Zealand (Hulston et al., 1981). The
 
essential ingredients appear to be steep rugged terrain, 
a potent centralized
 
heat source, permeability through volcanic pyroclastics, brecias and/or
 
faults, and recharge by precipitation on nearby, heights. Geothermal fluids
 
rise above tne heat sot-rce by convection and then flow horizontally away from
 
the heat source down the hydrologic gradient following stratigraphic horizons,
 
tectonic fractures or ootn. 
 A vapor zone may appear alove the lateral outflow
 
as evidenced by surface acid-sulfate springs. These surings, however, do not
 
necessarily occur directly aoove 
the upflow zone; they may be displaced off
 
the upflow zone as at Mokal (Hulston et al., 1981). If the outflow zone 
is
 
relatively deep, it may appear many kilometers away from the main geothenmial
 
area down the hydrologic gradient as Cl-rich thermal springs (i.e. Valles
 
Caldera; Goff et al., 1981). Sometimes the outflow zone is so deep that it
 
never intersects ground surface and this may be the case at Qualibou caldera.
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Importantly, the temperature gradient the upflow
over zone rises but
 

then goes nearly isothermal to the bottom of the reservoir, where presumably 
it will rise conductively. Pi contrast, the temperature gradient "ises over 
the zone of horizontal flow but goes through a temperature rever al beneath 

the plume of geothermal fluid. This is the most decisive criteria by which 
outflow zones in geothermal systems are recognized. Temperature reversals
 
such as this are documented in wells drilled through outflowing plumes of
 
geothermal water Mokai, Zealand, TaLio, andat New Et Chile, Valles Caldera, 
New Mexico.
 

Both the resistivity data reported by Williamson and Wright (1978) and 
the deeper resistivity results of Ander (1984) indicate that a zone of low 
resistivity extends from the Sulphur Springs-Belfond area in the south of
 
Qualibou caldera 
toward the north caldera wall. Because the acid-sulfate
 
springs of Springs vapor zone located
Sulphur suggest a centrilly at
 
relatively high elevation overlying 
a deeper brine zone, we strongly suspect
 
there is lateral flow of deep brine to the north where it pools against 
collapse faults of the north caldera wall. The outlying thermal springs are
 
not connected directly to this brine but represent ei.her steam condensed from
 
boiling directly underneath them or lateral .lor. of condensed steam and 
shallow ground water from the Sulphur Springs area.
 

IV. CONCLUSION: MODEL OF GEOTHERMAL RESERVOIR, QUALIBOU CALDERA
 

A model of the geothermal system beneath the Sulphur Springs area, 
Quallbou caldera is presented in the two schematic cross sections of Fig. 5. 
No stratigraphy is shown on these sections to avoid any more speculation than
 
necessary, but readers are referred to the cross sections of Wohletz and
 
iHeiken (1984) and to the resistivity pseudosection of Ander (1984) for more 
information. The only definite subsurface control 
is provided by the cluster
 
of wells drilled at Sulphur Springs. Using these data and our interpretations
 
of the geochemical data presented above, the geothermal system at Sulphur
 
Springs consists of three layers: an upper c6'densation zone; an intermediate
 
vapor zone or two-phase zone (Williamson, 1979); and a lower brine zone.
 

The vapor zone reaches ground surface only at Sulphur Springs, no doubt
 
becaLse of localized faulting and fracture permeablity. The thickness of the
 
vapor zene is conjectural because of the highly variable discharge
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characteristics of the wells at Sulpnur Springs; a rough estimate is 600 m
 
based on the experience of the British -jells, but it may be as 
great as 1 to
 
1.2 km (Williamson, 1979). The shape of Zhe vapor zone is even more
 
conjectural; it apparently does not extend 700 m north of Sulphur Springs to
 
well #1 where a temperature of only 66*C was recorded at 450 m (Williamson,
 
1979). 
 The extent of the vapor zone inother directions iscompletely unknown
 
and 
itmay be that the vapor zone ismerely a vapor conduit existing only at
 
Sulphur Springs. In that case, the zone of condensation would surround the
 
vapor zone and directly overlie the brine zone.
 

We know even less about the brine zone except that it exists beneath
 
Sulphur Springs. Seismic and electrical resistivity data suggest it extends
 
as far north as the caldera wall. From its composition, it appears to be
 
derived from 
sea water that has reacted with basaltic rocks inthe subsurface
 
and isthen replaced by recharging meteoric water. 
 Several lines of evidence
 
indicate the deep brine exists at temperatures >2500C. It is not clear,
 
however, whether 
it upflows beneath Sulphur Springs or beneath the Belfond
 
area where tne youngest volcanism is. It is also not clear if there are
 
several isolated systems, perhaps beneath Sulphur Springs and 
the north
 
caldera collapse zone. 
 Evidence for existence of a separate high-temperature
 
system in the northern collapse zone is not good because there Ore no
 
high-temperature springs or gac discharges.
 

Our best information on the dynamics of the Qualibou caldera geothermal
 
system comes from the condensation zone. Waters formed 
 from condensation of 
steam and noncondensible gases mixed with surface ground water exteld from 
Sulphur Springs to Malgretoute and Diamond Springs. It appears from gas 
chemistr, and 3H that these fluids are condensing in the vicinity of Sulphur
Springs and flowing laterally to the northwest and north down the hydrologic
 
gradient. 
 Leakage anomalies suggest tnat there may be some additional outflow
 
of condensed steam to the southwest. Recognition of lateral flow in the
 
condensation zone may indicatc 
similar lateral flow in the underlying brine
 
zone as suggested by electrical resistivity data. The setting of Qualibou
 
caldera and the position of Sulphur Springs at relatively high ground in the
 
center of the caldera would encourage such a system to develop.
 

NI 
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A. Reconmiendations on Exploratory Orilling
 
Four sites for relatively deep drilling are recommended below that will
 

provide information on the size of the geothermal 
resource and the dynamics of
 
its flow. 
 The sites are discussed in order of importance.
 

1. Well near Belfond. We recommend the first site to be located not
 
more than 1.5 km southeast of Sulpnur Springs in the Belfond area. 
 The object
 
of this well is to see if the main area of geothermal upflow is centered 
within the area of youngest volcanism. We recommend that this well be drilled
 
to a deptn of not less tnan 
1.5 km; deeper if temperatures of 150 0C and fluids 
are encountered. [he Belfond area is peppered with young pyroclastic vents 
that may afford excellent shallow permeability. It may be in this area where
 
much hot fluid is easily extracted.
 

2. Deep Well at Sulphur Springs. We reconmnend that the second well be 
sited in the same flat as #4 and #7 and toarea wells drilled a depth of at 
least 2 km. The importance of this well cannot be stressed enough. It will 
penetrate far beneath the vapor (two-phase) zone and provide us with reliable
 
samples of fluid from the brine zone. It should be deep enough to see if 
there is a temperature inversion 
in the well and, thus, infer where the main
 
upflow in the reservoir is.
 

3. Well near Etangs. We recommend the third site to be located near 
Etangs where leakage anomalies noted by AqLater (1982b) and resistivity lows 
observed by Ander (1984) suggest geothermal brine may be located at depth. 
It
 
is not clear if the fluid is flowlnc laterally from the Belfond area and is 
trapped against the southern caldera collapse faults or if fluid is rising 
convectively from deptn.
 

4. Well near Diamond 
Sprin. An aiternate site is suggested near
 
Diamond Spring, drilled to a depth of at least 
1.5 km; deeper if temperatures
 
exceed 1500C at this depth and hot fluid is encountered. The object of this 
well is to determine whether or not deep geothermal fluids exist in thenorthern collapse zone of Qualibou caldera. 
 If fluids are encountered, their
 
chemistry will indicate whether 
it is a unique system or connected to the
 
system beneath SulpIur Springs. Temperature inversions will also be looked
 
for to determine the hydrology at this depth.
 

i I . - - . , , /i .. / ,,. ,, 
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B. 	General Recommendations
 

We urge that 3-m or longer oriented core samples be obtained frGm these
 
wells at intervals of 100 m. These cores will provide information on
 
permeability, porosity, density, lithology, fracture orientations, 
 and
 
hydrothermal alterations that cannot be matched with cuttings. The additional
 
information will provide data to constrain geophysical models and establish
 
sound stratigraphic and structural control. Alteration assemblages will yield
 
information on age, evolution, and dynamics of the reservoir.
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RECOMMENDED SITES FOR EXPLORATORY DRILLING
 

(Bob Hanold)
 

In each of the previous sections of this report, recommendations were
 
made for the location of exploratory wells within the Qualibou caldera. Each
 
of the evaluations (geologic, geophysical, and hydrogeochemical) yielded
 
individual yet remarkably similar recommendations for the location of the
 
wells. In summary, the identified locations were as follows:
 

Geologic Geophysical Hdrogechemical 
Sulphur Springs Belfond Felfond 
Belfond Sulphur Springs Sulphur Springs 
Belle Plaine Etangs Etangs 

Migny River Diamond Spring 

Each of *the field teams individually agreed that an exploration well 
should be drilled in the Craters of Belfond and the Valley of Sulphur 
Springs. In terms of priority, it was suggested that the initial exploratory
 

well be drilled at Belfond because of:
 

(1)The anticipated shallower depth of the geothermal reservoir.
 

(2) The higher probability of intercepting a high-temperature brine
 
reservoir In a horizon that has high fracture permeability.
 

(3)The uncertainty associated with the existence of a hot dry steam
 
field beneath Sulphur Springs and overlying the anticipated brine
 

reservoir.
 
(4) The expectation that the drilling experience ga'ned in the Belfond
 

well would be very valuable during the drilling of the deeper
 

.Sulphur Springs well..
 

(5) The more secluded location of the Belfond well would be an advantage
 
during initial setup, drilling, logging, and flow-testing operations.
 

Based on the above considerations, it is recommended that the first
 
exploration well be drilled 
in the Craters of Belfond and the second in the
 
Valley of Sulphur Sorin.1 . In selecting the third location, it was noted
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that part of the significance of a well in the Valley of the Migny River or 
at Diamond Spring was to delineate the size of the Qualibou geothermal 
reservoir. 
 Although this could eventually be of importance, a higher
 
priority was assigned to completing the initial production well field and
 
establishing geothermal power for the island 
of St. Lucia. Drilling a
 
step-out well in the northern 
or eastern Caldera margins would not be
 
consistent with this priority. This decision narrowed the choice for the 
third site to Etangs and Belle Plaine.
 

A synthesis of the available field and laboratory data suggests that the
 
third well be drilled at Etangs because:
 

(1) A zone of very low apparent resistivity, less than 1 ohm-m,.
 

underlies the Elangs area.
 
(2)The low-resistivity zone beneath Etangs is related to thermal fluids
 

upwelling along a fault, probably the southern 
caldera -bounding
 
fault.
 

These recommended well locations are illustrated in Fig. 1. Initial 

drilling operations may suggest changes in 'the ranking of the subsequent
sites and each new well location should be reevaluated based on available 
drilling data.
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OVERVIEW
 

The Qualibou caldera on St. Luiia sits above a large untapped reservoir of 
The hot springs of
geothermal energy, the natural heat of the Earth's interior. 


the Island have most recently been used for tourism, but economic needs now sug

gest a new use: generation of electric power ard process heat to improve the
 

national economy and the well-being of St. Lucia's people.
 

The volcanic origin of St. Lucia is well known, but specific informatior 

about the suitability of geothermal resource development has been limited. ThE
 

Los Alamos National Laboratory study is the most thorough to date and indicate,
 

This work present!
that justification for geothermal development may exist. 


technical findings and recommendations to the St. Lucian goveremeniL to assist if
 

evaluation of the cptions: the decisions wili be made by the St. Lucian govern.
 

ment, although Los Alamos will be available to provide information as requestqd
 

A computer model has been developed that should enable the Government o
 

the possible scenarios for developmentSt. Lucia to evaluate the findings and 

Los Alamos will provide training to the St. Lucian staff in the use and applica
 

tion of the computer equipment and model. This computer capability will allo
 

St. Lucia's decision-makers to carefully and closely Elplore and evaluate th 

ramifications of their options.
 

DEVELOPMENT IMPLICATIONS
 

The study includes a hypothetical plan with calculations based on an ar
 

bitrary 30-year time span. The projections assume the reservoir beneath th 

Qualibou caldera will be probed with three exploratory wells at Belfond, Sulphu
 

Springs, and Etangs (see Fig. 1). The locations of the recommended W&plorator
 

drilling sites are based upon the best geologic approximations, although sut 

sequent research and drilling may suggest changes in the ranking ot th
 

recomme:ided sites. 

Assuming that experimcntal wells are drilled in 1984 and that the reservoi
 

be possible to install the first 10 megawatts (is successfully tapped, it may 

electricity by 1987. Additional 2.5 megawatt units could be added, beginning 

a 5-year interval and then at decreasing intervals as the power demat 

:I- increases. Implementation of these proposals will depend upon the changit
 

environment and the decisions of the St. Lucian government.
-economic 
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The 30-year period for which Los Alamos calculated the projection could
 

yield a net saving of $264 million EC($97.8 million US)* over all-diesel gener

ation if the factors used for the estimations are realized. The savings may vary
 

depending on the nature of funding for the initial exploratory wells. The costs
 

of geothermal development ar! discussed more thoroughly on p. 26.
 

Geothermal development could m.ke energy less costly and thus allow expan

sion in all economic sectors, ranging from industrial investment to personal
 

spendable income. Possible economic ramifications of geothermal development are
 

delineated on p. 31. It is also noted that geothermal energy, either as process
 

heat or as an electricity-generating system, could be one of several factors at

tracting new industry to St. Lucia.
 

Possible Applications of Geothermal Power
 

If 10 megawatts of geothermal electric power production can be installed by
 

1987, it appears that additional geothermal power generation would not be needed
 

by qt. Lucia until 1993. Geothermal generation should also moderate power
 

costs, but the price of electricity is still not likely to be low enough to at

industry on that basis alcne. However, a successful well could also,
tract new 


he exploited for its heat, as production of electricity makes large ameunts of
 

process heat available that would otherwise be lost. To be cost effective, such
 

exploitation depends upon wells being u:ed at full capacity.
 

If process heat could be developed as a resource, this would improve the
 

suitability of St. Lucia for new industrial development and expansion of exist-


Table 1 indicates some of the industrial applications of
ing industries. 


process heat that could be explored. These applications are discussed on pp. 30
 

to 31.
 

Costs and Savings
 

Geothermal generation could reduce the cost of energy in the long run,
 

Other conversion techespecially if oil prices continue to rise (Fig. 2). 


nologies, such as coal- and oil-fired steam plants, would be less expensive than
 

the present Oiesel generation but would still be more costly than geothermal
 

development according to the best assumptions that can be made at this time. If
 

actual wells become more productive than the assumptions adopted for this
 

cost should be lower than our orijinal projected estimates.
report, geothermal 


*1983 dollars are used throughout.
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TABLE 1
 

POTENTIAL APPLICATIONS OF GEOTHERMAL HEAr IN THE
 
SOt1FRIERE OR VIEUX FORT AREAS 

Source of Heat
 

Power
 
Plant
Activity 
 Residual Wellhead 
 Feasibility
 

Coconut oil production X X yes
 

Timber processing 
 X 
 yes
 

Concrete block production X yes
 

Beer production 
 X 
 yes
 

Alcohol from sugar cane 
 X 
 yes
 

Dry ice production 
 X 
 maybe
 

Banana chips 
 X X yes
 

Hotel hot water 
 X 
 yes
 

Fresh water from geothermal

fluids X maybe
 

The estimates in this report assume that wells would each cost $5.4 million
 
EC($2 million US) and have a lifespan of 20 years. The generation system may

cost $2,700 EC($1,000 US) per kilowatt of installed power. 
Adding other es
timated costs and contingencies yields a projected cost of $0.170 EC($O.063 US)
 
per k;lowatt hours. 
 In comparison, diesel-generated power would cost $0.243
 
EC($0.090 US) per kilowatt hour over the same projected period of time, presum
ing all other variables remain the same. 
The costs are discussed further on
 
p. 26.
 

GEOLOGIC CONSIDERATIONS
 
St. Lucia has a long volcanic history reflected in its many hot springs,

volcanic vents, and rugged features. The most recent eruption is thought to 
have occurred between 20,000 to 37,000 years ago at Belfond. The large magma
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0.0 0.1 0.2 0.8I 
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5. OIL-FIRED STEAM 

6. 	COAL-FIRED STEAM 

S I I I I i I 

000 0.02 0.04 0.06 0.08 0.10 0.12 
$US/kWh 

Fig. ?. 	Cost comparison of electricity from geothermal
 
generation and from alternative technologies.
 

the
body believed to be the 	heat source for the geothermal reservoir underlies 
Qualibou caldera, which 	was probably formed about 40,000 years ago.
 

Geologic, geophysical, and geochemical studies were performed to evaluate
 

Resistivity of rock to electrical penetration,
the geothermal resource. 


regional 	fault relationships, fluid and gas temperatures, and water isotope 
con

tent were some of the indicators used to assess the nature and extent of 
the 

reservoir. Details of the methods and conclusions are given beginning on p. I 

report, and will be elaborated upon in the technical document to beof 	this 


issued shortly.
 

In brief, these are the geologic findings:
 

" Geothermal potential 	exists and we recommend that drilling begin.
 

" 	 Most promising sites for exploratory drilling appear to be 

Belfond, Sulphur Springs, and Etangs. Belfond, with its many 

young vents, provides excellent access to the geothermal fluids. 

" The high-temperature 	reservoir is believed to exist at 1,000 to 

2,000 meters beneath the Qualibou caldera, although at Belfond
 

geothermal waters may occur at only 600 to 900 meters.
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0Thewater temperature is estimated at 240 to 280°C (464 to536 F), which should be adequate for industrial and power
generating applications.
 

CONCLUSIONS
 
The geologic economic studies indicate potential for geothermal resource 

development. The resource is present and may be less costly to use than the
 
alternatives. 
This saving could stimulate economic growth as energy consumption
 
increases. 
 Los Alamos will be available to advise or provide additional infor
mation to the St. Lucian government as St. Lucia determines its follow-up
 
activities.
 



GEOLOGIC BACKGObND
 

a volcanic island of the Lesser Antilles arc. Much of the
St. Lucia is 


southern portion of the island is dominated by mountainous landscape which,
 

along with steam fumaroles and boiling pools near the town of Soufrinre, attests
 

to its volcanic origin. Although the last large eruption occurred about 20,000
 

years ago, geologic and geophysical studies indicate a significant residual
 

The UK Ministry of Overseas
geothermal resource in the Qualibou caldera. 


Development explored this geothermal resource by drilling seven shallow ex

found in four of the seven boreholes. Results of
ploratory wells. Steam was 


that project suggested a need for further studies, but also indicated a feasible
 

economic baSs for geothermal development.
 

The Los Alamos assessment, funded by the Trade ano Development program
 

(TDP) of the US Government, is the most complete evaluation to date of the
 

The assessment of the congeothermal potential beneath the Qualibou caldera. 


tributing geologists, engineers, and economists is that geothermal and economic
 

potential is demonstrated and that the drilling phase shoula begin.
 

This report begins with a description of the geothermal assessment, which
 

consisted of three independent studies by geologists, geophysicists, and
 

geochemists: (1) hydrochemical sampling in July 1983, (2) geological surveys in
 

October-November 1983, and (3) geophysical surveys in January-February 1984.
 

Each team made independent recommendations about the nature of the geothermal
 

reservoir and possible .trilling sites. Remarkably, upon comparison the recom

mendations were nearly the same.
 

We then describe the engineering work, which examines and compares the
 

direct costs of a hypothetical geothermal development designed to produce
 

electric power with competing sources of electricity.
 

We cenclude with the economic analysis, which examines the wider direct and
 

indirect e".;cts of the hypothetical development.
 

GEOLOGIC EVALUATION OF THE QUALIBOU CALDERA GEOTHERMAL RESOURCE
 

Introduction
 

The Qualibou caldera was first identified in 1964 during detailed geologic
 

The caldera is between 40,000 - 300,000 years old. The
mapping near Soufriere. 


geothermal aspects of St. Lucia have long been apparent because of the Sulphur
 

Springs and nearby hot springs that have been used for mineral baths since early
 



European settlement. More recent investigations outline .lew geologic and
 
economic studies of the Sulphur Springs area and document a steam-rich geother
mal system within a relatively shallow reservoir, although the presence of
 
carbon dioxide ..
i the steam poses some problems for geothermal energy recovery.
 
Eruption History of the Qualibou Volcanic Field
 

Lavas (5.5 million years old) crop out along the western coast and probably
 
erupted from nearby vents, although 
none of these vents has been identified
 
(Figs. 3 and 4). 
 These lavas are overlain by the'romposite volcanic cones of
 
Mt. 
Gimie and Mt. Tabac, which form the highest ridges on the island of
 
St. Lucia. Deposits from these cones 
include coarse gravels, lava flows, and
 
associated sediments that form aprons reaching the sea. 
 The cone- are between
 
1.7 and 0.9 million years old.
 

Superimposed upon the cones of Mt. Gimle and Mt. Tabac are younger volcanic
 
demes and cones located along coastal north-south trends, including the ridges
 
of Rabot, Plaisance, and Malgretoute and the cone of Fond Doux. 
 The most spec
tacular volcanic domes of this period of activity 
are the plug-domes of Petit
 
Piton and Gros Piton, dated at 0.25 million years. The Pitons are located along
 
the western side of the caldera (Figs. 3 and 4). 
 The cones and domes of this
 
period of activity erupted before formation of the Quallbou caldera.
 

The major event in this volcanic field was eruption of large volumes of ash
 
(Qualibou Tuff) and formation of the Quallhou caldera. 
 Calderas form by col
lapse of the ground surface during an eruption. Eruptinn of 15 cubic kilometers
 
of volcanic ash, mainly as 
flows and surges, filled valleys surrounding much of
 
the present-day caldera, and formed tuff plateaus sloping toward the 
sea
 
(Fig. 3). 
 Some of the thickest deposits are 
located within the 12-square
kilometer caldera and have been identified in the shallow geothermal drill
 
holes. 
 The magma body associated with this eruption must be a major source of
 
-onthermal heat.
 

After the caldera collapsed, volcanic eruptions continued and formed the
 
domes and ash deposits filling the caldera, including domes located southeast of
 
and 
near the center of the caldera. Terre Blanche is
a dome with a volume of
 
0.6 cubic kilometers: associated with it are two craters 
and one small,
 
peripheral dome. 
 The west side of this dome has been deeply altered by

hydrothermal activity at Sulphur Springs. 
 The most recent magmatic activity
 
within the caldera was the eruption of a large volcanic dome (or domes)
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Fig. 3. Reconnaissance geologic map of the southern portion of St. Lucia.
 

The Quallbou Tuff underlies most of the gently dipping slopes of 

the southern portion of the island and is the major eruptive
 
unit from the Qualibou caldera.
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Dates of 20,000 to 32,000 years
and the associated craters of Belfond (Fig. 4). 


for the Belfond eruption have been reported. The dome(s) rises 120 meters above
 

the caldera floor and has craters up to 150 meters deep. Volcanic ash from re

lated steam eruptions has formed a well-developed tuff cone complex that
 

blankets the surrounding area.
 

Structural Framework
 

Two major northeast-southwest trending faults straddle the Qualibou
 

the northcaldera. The northernmost fault parallels Ravine Toraille and cuts 

slopes of Mt. Gimie, whro-as the southernmost fault is parallel to the drainage 

of tne L'Ivrogne River, aligned with three small domes near Bois D'Inde Franciou 

and Morne Bonin. These faults cross St. Lucia and are parallel to small valley

forming faults such as those mear Fond St. Jacques and Fond Cannes. There are 

also minor southeast-northwest faults evident along the Migny River, at Anse
 

Chastanet near Grand Caille Point, and at Rachette Point (Fig. 4).
 

Caldera-related faulting began about 40,000 years ago as a response to vol

canic field collapse into a shatlow, partially evacuated magma chamber during
 

eruption of the Qualibou Tuff. Pre-caldera rocks show the greatest displacement
 

by these curved faults, whereas younger lavas are partly cut and partly drape
 

the faults.
 

Major caldera faults are best developed in northern sections of the caldera
 

where over 300 meters of topographic displacement is evident near Ravine Claire
 

and the ridge along Plaisance-Malgretoute. These faults define a nearly cir

cular western caldera margin, whereas those of the southern margin are crescent

shaped and form a scalloped caldera margin (Fig. 4).
 

Post-caldera eruption of the Terr3 Blanche and Belfond dome% and their as

sociated craters may have initiated further collapse. These faults are apparent
 

west of Terre Blanche along the ajlphur Springs area and the St. Phillip-Migny
 

River drainage.
 

The extent of caldera collapse can be
Volcano-Tectonic Relationships. 


A conservative estimate of the volume of the caldera-forming
estimated. 


Qualibou Tuff is 15 cubic kilometers (approximately equivalent to eruption of 9
 

cubic kilometers of magma) and the diameter of the caldera is about
 

A collapse of 700 meters over an area of 12.6 square kilometers
4 kilometers. 


would be nearly equal to the volume of magma erupted. Later volcanic activity
 

of Belfond and Terre Blanche accounted for another 5 cubic kilometers of magma
 

that may have allowed another several hundred meters of collapse in the caldera.
 

Sr
I • | 
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As much as 
1,000 to 2,000 meters of pre-caldera rock and post-caldera rock may
exist below the level of today's caldera floor (e.g., Sulphur Springs, Belle
 
Plaine, Fond Doux) (Fig. 5).
 

Structural Control of Thermal Springs. 
Faulting has controlled, for the
most part, the location of thermal springs. Regional faults and caldera faults
 
are the most important inproviding pathways to the surface for thermal 
waters.
Porous rock units such 
as those of the Terre Blanche vent appear to be nearsurface steam collectors and therefore provide an 
intermediate reservoir for
steam. Sulphur Springs occurs along a 
curved fault west of Terre Blanche; much
hydrothermal alteration of the rock is apparent on the western flanks of Terre

Blanche and on Rabot Ridge, where a 
northwest-southeast trending fault crosses
 
the caldera.
 

Deep Structure of the Qualibou Caldera. 
For modeling purposes, the caldera
isassumed to be over a magma body (or bodies) located at a depth of 3 to
4 kilometers. 
 The magma body is in limestone, which is overlain by volcanic

rock nearly 2.5 kilometers thick. 
 The high carbon dioxide content of Sulphur

Springs gases may result from magma contact with limestone (calcium carbonate).

Caldera collapse indicates 
a magma chamber nearly 4 kilometers in diameter.
Further collapse associated with eruption of Terre Blanche and Belfond lavas may
 
have occurred.
 

Discussion
 
The following model outlines the nature of the heat source, assuming thatthe cooling magma body is responsible for the volcanism associated with theQualibou caldera. 
A complex, multiple magma body underlies the caldera; the
size of the magma chamber is estimated to be 100 cubic kilometers. Conductive


cooling of the magma chamber requires about 300,000 years for the magma to reach
 
300 C (572°F) from its initial temperature of 9000C (1652°F). 
 Assuming that the
maximum age of the Qualibou Tuff is40,000 years, then the magma chamber is be
tween 
3000 (572 0F) and 8000C (1472°F). 
 Since Belfond eruptions are even
younger, temperaturts 
near 9000C (16520) can 
still exist in the magma chamber.
 

The presence of dominantly carbon dioxide gas in the geothermal vapors at
Sulphur Springs and the presence of limestone fragments in the young volcanic

deposits indicate that the magma chamber exists in limestones. Furthermore, the
temperature gradient of 220°C/kilometer (428%F/kilometer) measured inwells sug
gests temperatures of 600 (1112F) to 800C (1472F) at a depth of 3 to
 
4 kilometers. 
 The pathway to the surface for steam, gases, and water is
 
6 



DACITE OF BELFOND 

eD O OACITE OF TERRE BLANCHE 

" C2 OJALUOU TUFF 

DACITE OF THE PITONS -

0 PRE-QUAUBOU ANDESITES 

BASALTS 

-S-

. 
"°'°; 

*t&.t >l
t 

::: 
VOW, 

. * * ** 

NO S,°MM OLSON 

Fig. S. Geologic cross-sections of the Qualibou caldera: A -A' is north-northwest to south-southeast,B - B' is northeast-southwest with a bend at Terre blanche~and C 
- C' is east-west on the western

side of the caldera.
 



provided by the caldera faults west of Terre Blanche and by a 
fault cutting the
 
north edge of Rabot Ridge. Hot waters not driven to the surface by steam or
 
carbon dioxide gas appear to emanate at a lower water table level 
near 60 meters
 
(above sea level) at Cresslands, Diamond mineral baths, and Malgretoute.
 
Geothermal fluids and vapors should be found at 
a depth of about I to
 
2 kilometers under the entire caldera area and in abundance where permeable
 
rocks allow greater fluid movement.
 

DEEP RESISTIVITY MEASUREMENTS INTHE QUALIBOU CALDERA
 

Introduction
 
Measurement of the direct current (DC) electrical resistivity of rock has
 

been employed for gpothermal exploration in many countries and has proved to be 
an invaluable adjunct to the drilling of shallow or deep holes. Numerous case 
studies indicate that high-quality >200 C (392 F) hot-water geothermal 
reser
voirs usually have an electrical 
resistivity of less than 10 ohm-meters. This
 
fact prevails regardless of the resistivity of the host rock, which may be much
 
higher than that of the high-quality reservoir. 
rield data from drilled 
geothermal fields such as Wairakel, Broadlands, East Mesa, Heber, North Brawley, 
Niland, Yellowstone, Roosevelt, Dieng, and Kawah Kamojang show remarkable cor
relations between 
 low resistivity and the occurrence of an economically viable 
geothermal reservoir.
 

The range of rock resistivities in geothermal environments varies 
over a
 
span greater than 1,000 ohm-meters. The electrical resistivity of rocks is af
fected by six factors: (1) temperature, (2) porosity, (3) degree of fluid
 
saturation of the pore space, (4) salinity of the saturating fluid, (5)pore
 
shapes, and (6)rock resistivity. Rocks such as 
granite, basalt, limestones,
 
and sandstones are essentially infinitely resis.tive (not penetrable) at tempera
tures less than 450 to 500 C (842 to 932 F). 
 The electrical current in rocks
 
other than clays, shales, or massive metalliferous zones is conducted through
 
the groundwater that fills the pore spaces.
 

The interrelationships between electrical resistivity and the many factors
 
that may influence it in a geothermal environment are very complex.
 
Fortunately, many of these factors combine to enhance the resistivity contrast
 
between the reservoir and host rocks, making DC resistivity a highly successful
 
geothermal exploration tool.
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Previous Resistivity Studies on St. Lucia
 

Shallow resistivity studies in the Qualibou caldera constste1 of 13 dipole
 

dipole DC resistivity profiles taken throughout the region to a maximum depth c,
 

700 meters. The typically low resistivity values are associated with tt
 

in the north around Soufriere, La Pearle
geothermal system ind were found 


Additional lov
Cresslands, and other areas generally north of Sulphur Springs. 


and Fond Doux
were centered in the south around Belle Plaine, Etangs, 


Resistivity highs were associated with the Belfond area and beneath Sulpht
 

The higher values measured beneat
Springs starting at a depth of 600 meters. 


the Sulphur Springs area may be due to a steam zone.
 

Deep Resistivity Measurements as a Geothermal Exploration Tool
 

We obtain deep resistivity measurements through control of the geometry ai
 

spacing between a set of transmitting electrodes and another set of receivil
 

The depth of current flow is a function of the inter-electro.
electrodes. 


distance. As the electrode distance is expanded, the current is forced
 

Apparent resistivity is measur
penetrate deeper and deeper into the ground. 


in zones where the rocks are heterogeneous. To obtain the actual resistiviti
 

in layered or heterogeneous rocks, the apparent resistivity data must be co
 

puter modeled.
 

There are rany different standard arrays in which the current and volta
 

electrodes may be placed. The dipole-dipole array was selected because
 

provides data for a continuous cross section to total dei'th. The dipole-dipc
 

array needed long, straight cable runs for best results. For geothermal e
 

ploration, dipole lengths of 200 to 1,000 meters are characteristic, althoL
 

both shorter and longer spacings havP been used.
 

Field Operations in the Qualibou Caldera
 

After evaluating all available data, Los Alamos geophysicists made a dee
 

resistivity survey centered on Sulphur Springs. The decision was made to rur
 

5.2-kilometer-long, north-south trending, resistivity profile (Fig. 6).
 

nominal dipole length of 200 meters was selected for the St. Lucia survey in f
 

der to obtain high resolution. Because of the difficult terrain, it w
 

Two short regions along I
Impossible to keep a constant 200-meter spacing. 


profile have electrode spacings of less than 100 meters, which gives even hg
 

resolution. The 5.2-kilometer-long profile line across the Qualibou cald,
 

contained a total of 32 electrode stations (Fig. 6). In order to get res"
 

tivity data to a depth of 2 kilometers, we used a 35-kilowatt DC transmit
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designed and built by Los Alamos National Laboratory. This transmitter is
 

capable of producing currents of up to 80 amperes and 1,000 volts.
 

Resistivity Data
 

Data from the cipole-dipole soundings are plotted as a function of depth in
 

Fig. 7 (pseudosection). Also shown in Fig. 7 is the geologic cross-section A-


A'. The geologic cross-section line is nearly coincident with the resistivity
 

cross section.
 

The upper 700 meters of the pseudosection show characteristics similar to
 

a
earlier dipole-dipole data. In general, there is conductive material with 


There
resistivity of less than 40 ohm-meters located north of Sulphur Springs. 


is a resistivity high of greater than 1,000 ohm-meters located below the Belfond
 

area. This zone of resistivity high overlies low-resistivity material that is
 

measured at less than 10 ohm-meters. There is a zone of very low resistivity,
 

less than 1 ohm-meter, underlying the Etangs area. Beneath Sulphur Springs, at
 

depths greater than 600 meters, there is higher resistivity material ranging
 

from 40 ohm-meters up to 150 ohm-meters.
 

Interpretation of Resistivity Data
 

The regions containing less than 10 ohm-meter material are probably due to
 

the presence of thermal waters. The zone beneath Etangs, containing material of
 

les-s than 1 ohm-meter, is possibly related to hot water rising along a fault. A
 

swampy area (at electrodes 30 and 31) located on a hillside with good drainage
 

is the surface manifestation of rising hot water. The highly resistive block 

under the Belfond area seems devoid of water and is bounded to the south and 

north by faults. 

The deep, high-resistivity zone located beneath Sulphur Springs can be
 

reasonably interpreted in two ways. (1)The high-resistivity layer is caused by
 

a very hot, dry steam field. Ws't steamfields typically have resistivities
 

around 30-60 ohm-meters, whereas very hot, dry steam fields can approach the
 

higher resistivities measured in this area. (2)The higher resistivity beneath
 

Sulphur Springs is cau:'1 by less permeable rock. The latter interpretation
 

suggests that the region of low resistivity between Belfond and Sulphur Springs
 

represents a fault along which thermal fluids are rising and moving from south
 

to north to emerge at Sulphur Springs. Furthermore,this intepretation suggests
 

that a geothermal reservoir beneath Belfond feeds Sulfur Springs. This model is
 

supported by the presence of fault-cont-.1Ied rising water at the southern end 

of the resistivity line.
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Fig. 7. Resistivity data from the dipole-dipolt survey plotted as a function of depth.
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HYDROGEOCHEMICAL EVALUATION OF THE QUALIBOU CALDERA
 

Introduction
 

Although thermal springs in the Qualibou caldera have been known and used
 

for hundreds of years, no scientific data were reported frown Sulphur Springs un

til its geothermal possibilities were first investigated in the early 1950s.
 

The first comprehensive geochemical studies were done during the British
 

No data on outlying springs were
geothermal drilling effort of the 1970s. 


reported until the recent reconnaissance work of Aquater.
 

Los Alamos geochemists visited St. Lucia in duly 1983 and obtained fluid
 

cold waters within the caldera and fromsamples from outlying hot springs and 

in the Sulphur Springs area. This section presents a disnumerous sources 


cussion of (1) the type of geothermal system present, (2)th temperature of the
 

various geothermal horizons, and (3)the possible shape and size of the geother

onmal reservoirs. The geochemistry is discussed by area because information 

the temperature of the reservoir comes from Sulphur Springs, whereas concepts of
 

the reservoir dynanics come from the outlying thermal springs.
 

Sulphur Springs
 

The most common thermal features are broad pools or caldrons filled with 

mainly in a northwest-trending 100 byfountaining muddy water. Accivity cccurs 

the base of Rabot Ridge. The lavas are altered to clay.
250-meter belt at 


Sulphur, gypsum, and pyrite are concentrated near fumaroles and steaming ground,
 

whereas iron oxides stain the surrounding rocks to various hues of red and
 

orange.
 

Hot spring waters at Sulphur Springs are strong, acidic, and sulfate-rich
 

with generally low chloride. Acid-sulfate waters are mixtures of rising steam
 

and gases that condense in the near-surface environment. Oxidation of hydrogen
 

sulfide to sulfuric acid creates the acidic conditions. The acij waters may mix
 

with near-surface ground water to produce hybrid compositions.
 

Acid-sulfate waters do not necessarily indicate that a steam-dominated sys

tem lies at depth. However, conditions at Sulphur Springs are highly suggestivC
 

of a steam-dominated zone. The available drilling data indicate variable condi.
 

tions in the steam zone beneath Sulphur Springs. TemperaLures approach 2200( 

(428 0 F) and pressures are less than 444 pounds per square inch (psi). "True' 

steam-dominated systems ideally display temperatures of 240
0C (4640F) and pres. 

sures of 444 psi.
 



Well #4, drilled by the British in a flat area 100 meters south of Sulphur 
Springs, is unusual because it alternately produced geothermal brine ard steam. 
The temperature of this brine at a depth of 600 meters was 203 0C (397 0 F).
 
Partial chemical analyses of this brine show tremendous variation but display 
constant ratios of certain elements. Because of this constancy, chemical varia
tions are thought to be due to steam loss from brine in a fracture system of 
limited volume. The brine is calcium-chloride rich and may be derived from 
seawater.
 
Temperature of Subsurface Brine Reservoir
 

Four lines of evidence point to extremely high temperatures beneath Sulphur
 
Springs and/or of the brine reservoir supplying steam to Sulphur Springs. The 
three best indicators are as follows:
 

(1) Stable Isotopes of Water: The brine shows deuterium and oxygen com
positions that indicate extensive exchange of oxygen between water
 
and rock in the reservoir. The pronounced "shift" in oxygen composi
tion measured is characteristic of deep reservoir fluids with 
temperatures in excess of 250 0C (482 0F).
 

(2) Gas Temperature: When we use gas temperature indicators, Sulphur
 
Springs has a consistent subsurface reservoir temperature of 280C 
(536 0F) (Table 2).
 

(3) Temperature of Superheated Fumarole: 
 Judging from thermodynamic con
siderations, the .ubsurface temperature of brine needed to produce the
 
superheated fumaroles at Sulphur Springs may be as hot as 260 0C 

(500 0 F). 

Outlying Thermal Springs
 
Three thermal 
areas occur west and north of Sulphur Springs where other hot
 

springs emerge: Diamond, Cresslands, and Malgv'etoute (Fig. 4). The chemistry
 
of this group bears a striking resemblance to that of the steam condensate
 
waters in the upper levels at Sulphur Springs and indicates that water formed
 
along the cooler margins and tops of deep geothermal systems by condensation of
 
carbon dioxide-rich steam. They do not directly tap a deep system. Two other
 
facts suggest that these fluids are not directly connected with a deep brine 
reservoir: 
 (1)chemical indicators show equilibrium temperatures below 100 0C 
(212 0 F), and (2) the chemistry of associated gases does not suggest an underly
ing boiling zone.
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TABLE 2
 

GAS TEMPERATURE INDICATORS, SULPHUR SPRINGS
 

BUBBLING SUPERHEATED 
POOL VENT 

TEMP, C (OF) 72(161) 171(340) 

H2(voI-%) 5.04 	 5.63 

02 	 0.02 0.54 
1.11 	 2.51N2 

0.64 	 0.69CH4 

H2S 	 1.67 1.09 
91.93 	 89.59CO2 

TOTAL 	 100.4 100.1 

GAS GEOTHERMOMETER. 0C (OF) 
283 (541) 280 (536) 

Tritium Investigations
 

Tritium is 	very useful for tracing shallow groundwater flow. Surface
 

waters such 	as those of the tigny River have a short residence time in the
 

* 	 ground, therefore they range from 3 to 5 Tritium Units (T.U.), which is con

sidered to be background level for the caldera today. Dasheene Spring, on the 

other hand, contains the highest tritium measured (9 T.U.) and represents 

slightly older water.
 

At Sulphur 	Springs, the flowing steam condensate spring is 5.0 T.U., in

dicating that it is composed of young surface groundwater and condensed steam.
 

The three outlyin3 thermal springs all show rather low tritium contents ((1.0
 

T.U.), indicating that they are composed mostly of older water (>20 years in the
 

ground). Therefore, the outlying thermal springs apparently are merely part of
 

a surface outflow system of steam condensate water that originates in the
 

Sulphur Springs area and moves down slope to the .north and west. 

Model of Geothermal Reservoir 

The geothermal system beneath the Sulphur Springs area is best visualized 

by examining cross-section A-A" with the resistivity pseudosection (Fig. 7). 

The only subsurface control is provided by the cluster of wells drilled at and 
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nDrth of Sulphur Springs. Using these data and the geochemical data, we predict
 
the geothermal system at Sulphur Springs to consist of three layers: 
 (1)an up
per condensation zone, (2)an intermediate but small steam zone, and (3)a lower
 
brine zone.
 

The steam zone reaches ground surface only at Sulphur Springs because
 
of localized faulting and fracture permeability. The thickness of the steam
 

zone is conjectural because of the highly variable discharge characteristics of
 
the wells at Sulphur Springs. The shape of the steam zone is 
even more
 
conjectural. Itapparently does not extend 700 meters north of Sulphur Springs
 
to well #1 because a temperature of only 660C (150 0F)was recorded there at
 
450 meters. The extent o, the steam zone inother directions is completely un
known, and itmay be that the zone merely exists along a conduit only at Sulphur
 
Springs. Inthat case, the zone of condensation would surround the steam zone.
 

Even less isknown about the brine zone, except that itexists beneath the
 
Sulphur Springs area. Electrical resistivity data suggest that fi extends 
as 
far north as the caldera wall. Judging from the brines composition, sea water 
appears to be reacting with volcanic rocks below Sulphur Springs. Several lines 
of evidence indicate, however, that the deep brine exists at temperatures of 
more than 250 0C (4820F). Whether the brine rises beneath Sulphur Springs or 
beneath the Belfond area is not clear, however. It isalso not clear whether 
there are several isolated systems, perhaps beneath Sulphur Springs and the 
northern caldera. Evidence of a separate high-temperature system inthe north
ern caldera isnot strong because there are no high-temperature springs or gas
 
discharges.
 

;he best information on dynamics of the Qualibou caldera geothermal system
 
comes from the condensation zone and the geophysical data. Waters, formed by
 
condensation of steam mixed with carbon dioxide and surface groundwater, flow
 
from Sulphur Springs to Malgretoute and Diamcnd Springs. Tritium and gas
 
chemistry indicate that these fluids condense at Sulphur Springs and flow
 
laterally to the northwest, north, and possibly to the southwest. Recognition
 
of lateral flow inthe condensation zone may indicate similar lateral flow in
 
the underlying brine zone. The setting of the Qualibou caldera and the position
 
of Splphur Springs on relatively high ground in the center of the caldera would
 
allow a horizontal outflow system to de':elop.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS OF THE GEOLOGIC WORK
 

Each of the evaluation methods yielded individual yet remarkably similar
 

recommendations for exploratory drilling. The recommendations made by each
 

field team are covered in greater detail in the technical document to be issued
 

shortly. The following recommendations are a synthesis of the combined results
 

of the geological, geophysical, and geochemical studies. These three areas are
 

recommended for exploratory drilling in the Qualibou caldera, St. Lucia:
 

(1) Craters of Belfond - caldera-related faultig and volcanic 

explosions indicate fracture permeability, and low resistivity sug

gests that geothermal waters occur at a depth of 600 to 900 meters.
 

(2) Valley of Sulphur Springs - The presence of hot springs dnd fumaroles,
 

the fluid chemical compositions, and the low rock resistivity all in

dicate a geothermal brine reservoir near a depth of 2,000 meters.
 

(3) Etangs - The southern caldera fault, a low shallow resistivity, and 

surface water point to a possible reservoir of geothermal brine at 

1,000 meters. Diamond Spring and Belle Plain are also recommended for 

exploration to help delineate the size of the Qualioou geothermal
 

reservoir.
 

ENGINEERING AND ECONOMIC EVALUATION OF HYPOTHETICAL
 

DEVELOPMENT OF THE QUALIBOU CALDERA GEOTHERMAL RESOURCES
 

Although geologic, geophysical, and geochemical studies show that the 

resource is present, to determine the feasibility of developing a sufficiently 

large and hot thermal reservoir, we must also evaluate the economic potential of 

this energy source. This evaluation requires that the cost of electricity 

produced from the geothermal enerqy be estimated and compared with other ap

propriate methods of electric power generation.
 

In addition to electrical power generation, direct use of the thermal 

energy as process heat may also be possible. This heat can be obtained directly 

from the well or by using waste heat from the generation of electricity. The 

cost of both types of thermal energy must he estimated. To determine the 

usefulness of this erergy, we must examine the heat requirements of potential 

new industries. This information, along with existing economic data for 
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St. Lucia, was used to develop a policy model that allows study of the impact of
 
different government policies upon selected target variables.
 

The combined results of this investination provide a set of analytical
 
tools designed for use on an 
IBM/PC, which will enable the Government of St.
 
Lucia 
to make refinements and enhancements to 
their energy and economic
 

planning.
 

METHODOLOGY
 

St. Lucia Electricity Services Limited (Lh' has predicted an annual
 
electrical demand increase of 5% in the northern -J 'id 4% in the southern 
grid. With these data, it is possible for us to calculate future average and 
peak electric power consumption. We assume that for every two geothermal wells 
drilled, sufficient energy will be available to provide 2.5 MW of electric 
power. This assumption and the predicted increase in demand can be used to
 
select the desired rate for the introduction of geothermal electric power gener
ation. 
 This rate should maximize the geothermal electric power generation while
 
operating the geothermal units so as to remain as 
close as possible to being
 
base-loaded, an efficient scheme because the major cost of geothermal 
power is
 

the invPrstment for capital equipment.
 
A design concept for the power production system helps determine the cost
 

of geothermal electricity. 
This conceptual design considers well characteris
tics, field layout, the actual power generation system to be used, and the
 
process heat system. 
After these components have been determined, we can es
timate initial investments and operating costs. 
 lhese costs are then used to
 
calculate the levelized life cycle cost (LLCC), which represents the equalized
 
periodic cost of the development. 
The LLCC results from equating the revenue
 
realized by the facility and the total 
costs for building and operating the
 
facility during its lifetime. Varying the input estimates will show how sensi
tive to changes in the initial estimates the LLCC-based conclusions can be.
 

By compiling labor, energy use, and output data for industries that might
 
consider location in St. 
Lucia, an initial assessment can be made identifying
 
industries that merit further study to determine their suitability for St.
 
Lucia. The assessment can show the advantage that would accrue to these in
dustries from somewhat less expensive electrical energy and from considerably
 
less expensive thermal 
energy than is currently available. With these facts in
 
hand, recommendations for future industrial expansion can be made.
 

,• , ° ,..'... 
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MODELING THE EFFECTS OF INDUSTRIAL EXPANSION/DEVELOPMENT
 

The simplest and most aggregate (i.e., inclusive and comprehensive)
 

economic framework contains households that spend all income on consumer goods
 

and firms that sell all output to households (Fig. 8). However, in our inves

tigation of the St. Lucian economy, the importance of international trade became.
 

readily apparent, so international trade in capital goods imports and agricul

tural exports were added to the basic domestic economy. Fixed investment
 

includes purchases of newly produced capital goods such as machinery and newly
 

built structures. Inventory accumulation was not considered.
 

Our economic framework covers imports, exports, consumption expenditures,
 

investment, and manufacturing. Data sources for the project include the
 

Government of St. Lucia, Agricultural Producer Cooperatives, and the World Bank.
 

Geothermal development could have both short- and long-term impacts on the
 

St. Lucian economy. The following two sections present the methodology used in
 

this two-pronged investigation of the immediate and long-term effects of
 

geothermal development.
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Fig. 8. Circular flow of payments inan economy.
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Comprehensive EconomicModeling
 
A typical approach for short-term economic forecasting and planning
 

develops an overall, or macroeconomic, framework (model) of the economy using
 
data on economic varidbles such as production, consumption, government expendi
tures, etc. 
 The model developed for, St. Lucia highlights agriculture and
 
tourism and will be useful in overall economic planning and forecasting. Like
 
many developing countries, St. Lucia has a relatively large foreign trade sec
tor, to which greater attention was accorded in
our model. The economic modelf
 
developed for St. Lucia consists of 21 mathematical expressions describing the
 
economic behavior of 
important agents in the economy, e.g., producers,
 
consumers. The model is completed by constructing five mathematical definitions
 
describing relationships among economic variables. 
 In the statistical calcula
tions, we make standard assumptions about the mathematical form of these
 
relationships. 
The model does not consider the monetary sector and consequently
 
does not determine the absolute level of wages or prices.
 

ETA-MACRO Modeling
 
To estimate long-term growth given a variety of energy supply scenarios, we
 

applied the widely-used computer model, ETA-MACRO (Energy Technology Assessment-

Macroeconomic). 
 The model is divided into two parts to account for the benefi
cial effects of oil 
import reduction afforded by geothermal developed in the
 
energy-economy interaction shown in Fig. 9. 
The model can be exercised for
 
energy-economy planning by examining the effects of different world oil prices,
 
rates of geothermal development and industrial development, and other variable
 
factors.
 

The ETA submodel 
considers the energy resources and technologies a ailable
 
tn St. Lucia and then calculates the best technology mix and time of installa
tion for the available technologies. 
 The model does this by finding the lowest
 
cost of energy supply given the resource, technology, and..investment constraints
 

that St. Lucia encounters.
 

The MACRO submodel maximizes long-run cumulative consumption. Consumption

is dependent upon gross output, which in turn is constrained by labor, capital,
 
and energy--the foundations of economic productivity. Energy-economy interac
tions occur because high-energy costs can prevent rapid economic growth: money
 
spent to pay energy bills cannot be used for investing in new capital nr for
 
hiring more labor. Some frcedom of substitution of these inputs in the
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Fig. 9. An overview of ETA-MACRO.
 

production process is possible and accounted for in the MACRO submodel. A
 

tradeoff also exists between consumption and investment. Consuming all of the
 

country's output today would decrease consumption in the future because saving
 

today is required to maintain or increase investment, output, and consumption in
 

the future. The submodel MACRO selects the level of investment that maximizes
 

consumption in the time period considered (30 years,.
 

The ETA-MACRO model gives (1)a schedule of the least-cost energy tech

nologies that should be used in an economy, (2) the projected growth rate for
 

consumption, and (3) the optimal investment levels.
 

POWER AND HEAT-GENERATING SYSTEMS
 

According to the Los Alamos estimates, a hot water reservoir exists at
 

depths of 1,000 to 2,000 meters. Temperatures range from 240 to 2800C (464 to
 

5360 F). Pressures should be comparable to those in other high-quality reser

voirs and be capable of providing the usual geothermal steam turbine inlet
 

pressures of 50 to,115 psia. The initial wells may be located in the Belfond
 

Sulphur Springs, or Etangs areas. Total capacity and effective reservoir
 

lifetime will be known with some accuracy only after flow data from existing
 

wells are accumulated and analyzed.
 

If wellhead generating mnodules are installed, it should be possible to gen

erate power while the field is also-beIng evaluated. If well drilling can be
 

started by late 1984, we assume that by the end of 1987, four wellhead modules
 

w-g .-- am"- , X,, ,
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could be installed to provide 1u MWe. This production level would satisfy the
 
base-load power demand projected by St. Lucia planners, and higher levels would
 
not be required until about 1993 (see Fig. 10). 
 Therefore, 5 years would be
 
available to learn more about (1)the geothermal reservoir, (2)tne maintenance
 
requirements, (3)the operation and control of the generator system, and (4)the
 
possible environmertal problems. A more centralized system could also be
 
planned and constructed. According 'o St. Lucia's projections, base-load power
 
requirements will rise to 30 MWe by the year 2012; a central power station would
 
be appropriate for this level of power production. A centralized system wuuld
 
include aDoveground piping for the geothermal fluid, and both older and newer
 
wells and steam generators would be interccnnected. The avai'ability arid
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Fig. 10. 	 A scen~ario for the introduction of geothermal electric power

in St. Lucia.
 

22 
 I j 



reliability of the system would be improved by an integrated gathering system.
 

An artist's sketch of the surface components of the geothermal system is shown
 

In Fig. 11.
 

Preliminary engineering estimates have been made of the desig, and perfor

mance characteristics of a representative generating system that would use well-


We wanted to select the simplest technical
established technology. 
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JFig. 11. 	 Artist's conception of future geothermal power and heat.,:.
 

production systems in St. Lucia.
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approach consistent with reasonable generation efficiency, reliability, and min
imum environmental Impacts. The selections were guided by 
numerous
 
conversations with industrial experts in the field. 
First, the arbitrary as
sumption was made that each production well would supply enough fluid and energy
 
to produce 2,500 kWe net power. 
This assumption is conserv;cive compared with
 
other wells at various locations around the world. It 
was assumed that steam
 
produced in a single flash steam-water separator would be used to drive turbo
generators. Hydrogen sulfide and particulate removal subsystems should be
 
included upstream of the turbines. Because the turbine performance is very sen
sitive to back pressure, the existencn of a low-pressure steam condenser was
 
assumed. The noncondensable gases that would probably be encountered in the
 
(jeothermal fluid will be removed by a steam-driven ejector subsystem. The
 
residual geothermal fluid will be reinjected underground into permeable or
 
naturally fractured strata so as to avoid interference with aquifers that might
 
be tapped for potable domestic water.
 

The wellhead fluid temperature selected for the design-point case is 250 0C
 
(482°F). 
 The fluid will pump itself out of the well by forming a steam-water
 
mixture in the upper sections of the well. The flashing process will 
be com
pleted in a steam-water separator operating at 
the selected design-point
 
pressure of 90 psia. 
 Twenty per cent by weight of the fluid will become steam
 
and the remaining 80% will be hot water at 160 0C (320"F). Some steam pressure
 

en to teis lost route turbine thus reducing the design-point turbine entry 
pressure to 75 psia. 
 The estimated optimum turbinc back-pressure is 3 in.of
 
mercury (1.5 psia). The total 
well flow rate was calculated as 122,900
 
kIlograms/hour (270,900 pounds/hour). 
The above design-point conditions will
 
vary as the technical and economic system optimization process progresses into
 
more definitive detail.
 

Among the many design considerations, one if the most important is the
 
cooling method Lsed in the steam condenser subsystem. Cooling can be performed
 
with air flowing in a forced-draft tower. In the warm climate of St. Lucia,
 
cooling will put a significant paras.itic power load on the system, and the con
densing temperature and pressure may still be somewhat higher than desired.
 
Local water could be 
 -ed, but such water supplies may not be readily available.
 
Therefore, we recommend that ocean water be considered for use 
in the follow-on
 
systems that will be built after the intial wellhead generator phase of the
development. 
 Cold water pumped from the ocean depths offshore Soufriere could
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be a valuable asset. A study of a representdtive design of an ocean water pump

ing system for cooling a condenser located at a possible power plant site like
 

Crasslands found the power consumption and costs to be reasonable. In the case
 

studied, the inlet line was 4 kilometers iong with 1.6 kilometers deployed off

shore to a 500 meter depth. The inlet water temperature was estimated as 13.30C
 

(560F). Even colder water would ',p available if greater depths can be tapped.
 

A large quantity of thermal energy is contained in the residual water flow

ing from the steam-water separator. The 160°C (320"F) temperature is suitable
 

for many industrial process heat applications. For example, about 35% of the
 

process heat in the US is at 65 to 175 0C (149 to 346°F) temperature levels.
 

Therefore, a number of possible applications of the above heat were
 

investigated.
 

/ The heat can be transferred from the geothermal fluid to the clean and 

chemically controlled water flowing in closed loops between the power generator 

and the industrial facilities. The possible arrangement is illustrated in Fig. 

11 where one loop is shown supplying industrial plants in Soufriere near the 

Copra Manufacturers, Ltd., plant. An extensien is shown as running out to pos

sible newi tourist hotels in the Anse Chastanet Hotel vicinity. Another loop is
 

directed toward Choiseul and Vieux Fort.
 

A summary of the possible geothermal systems investigated shows that even 

with conservative assumptions there are no insur-ountable obstacles to develop

ment of either power generation or heat delivery systems. However, a great deal
 

of work still needs to be done on matters such as plant siting, steam condensing
 

subsystems and coolants (ocean, indigenous water, air), single or double flash
 

steam systems, bi-phase (water and steam) systems, binary primary C^ bottoming
 

systems, the actual effluent to be expected from the well, expected demand for 

process heat, and location of the industrial plants using the heat.
 

ENGINE"rlING/ECONOMIC IMPACT OF GEOTHERMAL ENERGY DEVELOPMENT IN ST. LUCIA
 

X 'Introducing Geothermal Power
 

Curves for future average and peak electricity consumption are shown in 

Fig. 10. Also shown in Fig.. 10 is the recommended rate for the introduction of
 

geotherma'l-based electric power generation. These curves show that it is
 

desirable to install the first 10 MW as quickly as possible (by 1987).
 

Thereafter, the completion of additional 2.5-MW systems will be needed in inter

vals varying from 5.years initially to 2 years shortly after the turn of the
 

25 



century. To calculate LLCC, we do not need to extend the scenario beyond the
 
year 2016, when a geothermal capacity of 30 MW is attained. 
Because the
 
geothermal system should be operated as close to its full capacity as 
possible,
 
additional power generation capacity is required for, peaking. 
We assume that
 
peaking power will continue to be provided by the existing diesel units, which
 
will be replaced as it becomes necessary. For this reason, a curve showing the
 
desired total power production capacity (including reserve) is also shown in
 
Fig. 10.
 

Geothermal Power Costs
 
From the scenario represented in Fig. 10, estimates can be made of the
 

capital and operating expenditures over the lifetime of the project. A project

lifetime of 30 years has been assumed. 
 Costs are itemized by year, and a dis
counted cash flow computer code calculates the LLCC for the system under study.


For the base case, it is assumed that the geothermal wells will have a
 
lifetime of 20 years and that the generation eqLipment will require replacement
 
after 30 years of service. 
 Wells are assumed to cost $5.4million EC($2 million
 
US) each and the generation system 
$2,700 EC( $1,000 US) per kilowatt of in
stalled power. Contingency factors of 25% 
have been added to both capital
 
equipment costs and operating costs. 
 With these costs ano the other necessary
 
expenses over the years, 
a LLCC of $0.170 EC($0.063 US) per kilowatt hour is
 
obtained.
 

If UN funding is obtained for drilling the first three wells and repayment
made according to the required consistency of UN schedule, the LLCC is slightly
 

less, amounting to $0.167 EC($0.062 US). The cost of producing the much smaller
 
amount of peaking power by the existing diesel method is $0.275 EC($0.102
 
US) per kilowatt hour. 
 If all the future electricity were to be produced en
tirely by a diesel system, the generation cost would be a little less than the
 
above diesel 
cost and would amount to $0.243 EC($0.090 US) per kilowatt hour;
 
however, the lower cost if the geothermal generation, which produces most of the
 
electricity where the combined systems are in use, results in reduced of oil 
im
ports as well as 
a cost savings. 
 For the proposed system indicated by Fig. 10
 
during its 30-year operation, a 231-million-gallon reduction of diesel oil 
use
 
results, corresponding to a decrease in expenditure for imported oil 
of $783
 
million EC(S209 million US). The difference in total cost between all diesel
 
generation and geothermal base-load plus diesel peaking would save $264 million
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over the 30-year period, if the UN funds drilling of the
EC($98 million US) 

first three wells. 

. It is also interesting to determine the sensitivity of input variations of 

conclusions based on the cost estimate. Sensitivity studies were made for
 

variation in the cost of drilling the wells, the cost of the generating equip

ment, interest rate, inflation rate, insurance rate, and capacity factor.
 

(These results are presented in full in the detailed report.) The cost of well
 

drilling and of the generation equipment are two factors that affect the
 

geothermal costs alone, whereas the other factors have a similar effect on all
 

of the generation systems considered.
 

The cost of the electricity generated from geothermal power can be even
 

less than predicted above with conservative assumptions. When the exploratory
 

wells have been drilled, closer estimates will be possible. Wi1th a favorable
 

combination of several of the parameters studied for sensitivity or with more
 

productive wells than those assumed here, the cost of the electricity could be
 

as much as 40 to 50% lower than estimated here.
 

Power Cost of Other Conversion Technologies
 

Fo," comparison the generation cost was also estimated for coal-fired and
 

Provided that these plants can be base-loaded,
oil-fired steam power plants. 


they are less expensive than diesel generation but more expensile than the
 

geothermal system. In addition, these plants must be added in larger incre

much to the
ments, which consequently makes it more difficult to contribute as 


total power demand while remaining close to the base-load condition. A summary
 

of the cost estimates for each of the above-mentioned generation systems is
 

given in Table 3 and Fig. 2.
 

Cost of Thermal Energy
 

To make cost estimates of both waste and dedicated well process heat, we
 

must begin with a conceptual system design and assume a load on the system to
 

determine its capacity factor. Three heat-delivery cases were studied to deter

is either
mine a cost range. All of these cases assume that the heat source 


waste heat from the power generation process or from a heat production well lo

cated, arbitrarily, near Cresslands.
 

In Case 1, the heat is delivered over 2.4 kilometers to potential users in
 

Soufriere. The heat is taken from the 160 0C (320 0F)-temperature water from the
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TABLE 3
 

COST COMPARISON--ELECTRICiTY FROM GEOTHERMAL ENERGY AND FROM
 
ALTERNATIVE TECHNOLOGIES
 

a 
 Savingsb
LLCC

System (SEC/kWh) (SM EC) 
 Remarks
 

1. Geothermal 
 0.170 253 
 No U.N. funds
 
2. Geothermal 
 0.167 
 264 U.N. funds three wells
 
3. Diesel (peaking) 0.275 --- Add on to base-load system
 
4. Diesel (total) 0.243 
 0 Continuation of present
 

system

5. Oil-fired steam 
 0.233 
 5
 
6. Coal-fired system 0.192 
 167
 

aAll $ here and elsewhere in this report are 1983 $ unless otherwise noted. 
See
 
text for US dollar equivalents.
 

bSavings represent difference in total expenditures between continued diesel
generation and using diesels for peaking only plus alternate systems for base
load for 30-year period.
 

steam separator and the maximum temperature delivered to the user plant is 140 C
 
(2850F). 
 Case 2 uses a well dedicated to heat production only and delivers heat
 
into a Soufriere plant at 223°C (433 0F). 
 Case 3 is similar to Case I except 
that the heat is delivered to the Vieux Fort Industrial Park through a 21-km
 
piping system, and the final delivery temperature is 132 0C (270°F).
 

Capacity factors 
(ratio of heat delivered to maximum available for
 
delivery) of 0.22 to 0.94 were used in the cost calculations. The 0.22 capacity

factor corresponds to the full output of one well being used in 
a plant operat
ing on a one-shift, 5-day per week schedule. 
The 0.94 factor is for a three
shift, 7-day per week schedule, both factors allowinq for a 94% availability of
 
the heat transfer and heat 
source systems. Electricity to drive the system
 
pumps was assumed to cost either $0.216 EC($O.0810 US) per kilowatt hour
 
(approxim3te busbar cost) 
or $0.518 EC($0.192 US) per kilowatt hour (assumed

sale price). 
 An additional variable is the minimum useful temperature in an"v
 
particular process heat activity. 
 Two values, 270C (800F) and 660C (1500F),
 
were used.
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Figure 12 shows costs to deliver waste heat to a nearby plant (Case 1). As
 

expected, the data show that to keep heat costs down, the plants should be
 

operated as continuously as possible, and the therefore only data for three

shift operations are shown. The use of residual heat from a power cycle results
 

in the lowest costs. At a capacity factor of 0.67 (3 shifts, 5 days a week), 

heat to Soufriere costs from $2.25 EC($0.83 US) to $4.45 EC($1.65 US) per mil

lion Btu. At a factor of 0.94 (3 shifts, 7 days a week), the costs range from 

$1.73 EC($0.64 US) to $3.62 EC($1.34 US) per million Btu. The costs at Vieux 

Fort are $7.60 EC($2.81 US) to $14.50 EC($5.37 US) per million Btu for a 

capacity factor of 0.67 and $5.67 EC($2.10 US) to $11.42 EC($4.23 US) for a fac

tor of 0.94. 

MAXIMUM TEMPERATURE IN THE FACTORY PROCESS 
HEAT LOOP IS ASSUMED AS 1400C (2850F) 

SEC $us 
3 SHIFTS 

2.00 
LL+J 5 

[.00 30.00 7 

OAYSIWEEK 

SHIFTS 
DAYSIWEEK 

I
1.60 

- 4.00 , 

0 1.20 
0 3.00-	 N\ 

0.00. 

1.0 o-.40, , ". "- /1

1.00 -*0.40 "" 

MINIMUM WORKING 6500 1506F) 270C (80 0 F) 
TEMPERATURE IN 
THE FACTORY 
COTS or POWER TO 0.52 $EC/kWh 0.22 SEC/kWh 

RUN PUMPS. ETC. (0.190 $USkWh) (0.08 $US/kWh) 

Fig. 12. 	 Cost of process heat delivered to a .factoryover a distance
 

of 2.4 kilometers.
 

29 

http:EC($4.23
http:EC($2.10
http:EC($5.37
http:EC($2.81
http:EC($1.34
http:EC($0.64
http:EC($1.65
http:EC($0.83


'" S...- , , I-- .. . .. A .. . 

InCase 2, the cost of heat are higher because all the heat cost must be
 
charged to the heat production system. 
This case would only be justified if
 
there were a requirement for the higher temperature that this design 
can 
provide. 

The costs of the geothermal heat compare favorably with heat from oil, 
which costs about $21.00 EC($7.77 US) per million Btu, although only careful' 
planning will maximize the usefuliiess and cout effectiveness of the heat 

resource. 

Potential Electricity-Intensive Industries 

Although the cost of geothermal electricity is estimated to be less than 
diesel electric power generation, it still is not cost competitive with 
electricity prices in many other places. Therefore, it is doubtful that a new
 
industry would be attracted to St. Lucia on the basis of only the projected cost
 
of geotnermal electricity for St. Lucia. However, it was noted during the
 
course of the investigation that the cost of process water is high in St. Lucia.
 
With more data, harnessing geothermal electricity to pump process water from
 
wells may prove economical and attractive to industry.
 
Potential Process Heat Applications
 

The development of geothermal energy in St. Lucia will make available large
 
quantities of process heat. 
 With assumed well capacities and temperature levels
 
of the available thermal energy, we can consider potential applications. Several
 
industries were considered (see Table 1), 
but for the sake of brevity, only the
 
two most promising will be discussed here.
 

Coconut Oil Production. 
 Copra processing requires heat at temperatures'
 
compatible with the geothermal resource. The temperatures required range'"from
 
71°C (1600F) to ZO0°C (3920F). The lower temperatures can easily be supplied by
 
the waste heat cases, but the highest temperatures would require energy from the
 

primary wellhead flow as in Case 2. 
The Copra Manufacturing, Ltd., plant in Soufriere is a good forcandidate 

the use of geothermal process heat. 
 This plant now uses 80,000 to 100,000 im
perial gallons of Bunker C fuel per year, amounting to a total energy input of
 
18 billion Btus. The plant operates three shifts, 5 or 6 days per week. If the
 
total number of work days per year is 240 and the boiler efficiency is 85%, the
 
process heat usage rate is 2.66 million Btu/hour. This is less than 4% of the
 
heat available from a well dedicated to heat production. One such well could
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supply a number of similar plants. Alternatively, the system output could be
 

reduced to match the demand more closely.
 

Dry Ice. Dry ice can easily be produced in St. Lucia and could be an
 

easily transportable source of refrigeration (275 Btu/lb at -110 0 F), 
which in
 

turn coul, lead to an expanded fishing industry or could possibly be exported to
 

other Eastern Caribbean countries. The key to the success of such an industry
 

is carbon dioxide (C02 ), which is present in the geothermal steam. Typically,
 

geothermal noncondensable gases contain about 1% of CO2, which could supply ap

proximately 1,400 tons/year per producing well and provide sufficient
 
.
 

refrigeration to cool and freeze 3.5 million lb/year of fish from 85 to 0r
 

Dry ice production relies on steam used to drive compressors that raise the
 

CO2 pressuire to 1,100 psi. Each ton of dry ice requires 20,000 pounds of steam.
 

The only other resource required is labor, which averages 8 man-hours per ton.
 

The availability of both low-cost geothermal steam and CO2 would make this in

dustry attractive. Further detailed studies should be made when the exact
 

composition of the geothermal resource is known.
 

Other Applications. The other possible uses of geothermal process heat
 

evaluated were timber processing, concrete block production, beer production,
 

alcohol from sugar cane, banana chips, hotel hot water, and fresh water extrac

tion from geothermal fluids. All of these potential applications are worthy of
 

further investigation. Sea water desalination was also considered but did not
 

appear practical.
 

Economic Results
 

Econometric Model. In the development of the econometric model, attention
 

focused on consumption and output. These two components contain a total of
 

seven behavioral equations. The output equations focused on the important
 

private sectors of the economy: tourism, services, industry, and agriculture.
 

The consumption equations dealt with food and beverages, fuel and light, and
 

durable goods.
 

Forecasts for these seven important sectors indicate an increase in
 

economic activity led by increases in agricultural output (see Table 4). This
 

increase is due in part to higher yields and to the adoption of better cultiva

tion practices in banana production in the posthurricane period.
 

Consumption of durable goods is expected to slow as automobile imports
 

decline. This decline will reduce output in the service sector, which will
 

depress .gross domestic product (GDP) growth. However, a countervailing force is
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TABLE 4
 
FORECAST LEVELS OF CONSUMPTION AND PRODUCTION;
 

ST. LUCIA, 1983 AND 1984
 

1983 1984USj- "
 $n1,=0 EC($370 % Change
 

Consumption

Food &Beverages 30,321 30,683 
 1.2

Fuel & Light 4,384 
 4,547 3.7

Durable goods 8,136 8,147 0.14
 

Production
 
Agriculture 
 26,863 28,576 6.4
Tourism 11,872 12,327 3.8

Industrial 
 20,315 20,798 2.4

Services 71,743 71,969 0.32
 

the substitution of geothermal electricity for electricity generated from im
ported diesel fuel, resulting inhigher consumer incomes which lead to a higher
 
durable goods consumption growth rate (a9.3% increa;a). 
 Increased consumption
 
(consumer spending) stimulates the overall economy which in 
turn leads to im
proved living standards.
 

ETA-MACRO Model. Two electricity-generating technologies were considered
 
for the application of ETA-MACRO to St. Lucia: 
 (1)continued exclusive use of
 
diesel generators; and (2)gradual introduction of geothermal capacity with
 
decreasing reliance on diesel generators. Itwas assumed that geothermal energy
 
reaches a capacity of 10 MW by 1992 and 30 MW by 2012.
 

As stated earlier, ETA-MACRO chooses the mix of energy technologies and in
vestment rate that maximizes cumulative consumption. Consumption is calculated
 
on an annual basis by subtracting investment and energy costs from the total
 
output. Consumption isthe total amount that St. Lucians have to spend on food,
 
clothing, shelter, and luxury goods. 
 Therefore, a relative increase inconsump
tion raises the stendard of living by making spendable income more available.
 
The economic model focuses 
on the well-being of St. Lucians and so maximizes
 
consumption. 
 As stated earlier, increases inthe amount which consumers have to
 
spend also presume investment growth and expansion 
in all segments of the
 
economy. ETA-MACRO selects an 
optimal level of investment that will most
 
benefit St. Lucia.
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Figure 13 shows the ETA-MACRO results for a specific assumption about oil
 

price increases. The benefit of geothermal energy is examined under two dif

ferent assumptions about the future price of oil, because the exact future oil
 

price is unknown. The bar graphs show the increase in annual consumption due to
 

installation of geothermal power. Comparison of the bars shows that for both 

assumptions about future oil prices, consumption is greater if geothermal
 

capacity is installed. In general, as the annual rate of increase for oil
 

prices becomes larger, the relative benefit of geothermal energy to the economy
 

increases.
 

In conclusion, the two economic models predict a growing economy led in the 

short run by increases in agricultural production, followed by increases in 

tourism. This growth has a spill-over effect that leads to growth in consump

tion of fuel and light, food and beverages, and to a lesser extent consumer 

durables. In the longer run as geothermal electric generating capacity is 

added, a significant increase in the standard of living is seen.
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Fig. 13. Increase in annual consumption due to installation of
 
geothermal power.
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Further Considerations
 
It must be remembered that the cost estimates and any conclusions about the
 

applicability of additional industries are based upon assumed well production,

geothermal fluid composition, and fluid conditions. 
 When data are available
 
from actual wells, it will be possible to optimize the electric power generation
 
system as well 
as the thermal energy system. 
This, in turn, will allow better
 
estimates to be made and will affect decisions about the feasibility of new in
dustries for St. Lucia. 
Also at that time, a more detailed study will 
be
 
possible of the relative advantages and disadvantages of the many options for
 
detailed pnwer system design and for the introduction of new irJustries.
 
Therefnre, all conclusions are considered preliminary and will be subject to
 
refinement based on more information.
 

The impact of industrial development upon the environment should also be
 
considered. However, all 
results ohtained to date indicate a favorable outcome
 
for the development of geothermal 
electric power on St. Lucia and for the
 
availability of inexpensive process heat in large quantities.
 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
 

St. Lucia has an enormous natural 
resource 
in its geothermal reservoir.
 
This resource, properly exploited, can provide energy to vitalize the economy
 
and improve the lives of St. Lucia's people.
 

This report summarizes the field and laboratory work leading to the Los
 
Alamos National Labo.-atory's evaluation of the geothermal anomaly (hot spot) 
at
 
Soufriere on 
the Island of St. Lucia. We are confident that this is the most
 
thorough investigation to date of this anomaly and the potential impact of its
 
development, and 
we present a solid foundation on which the Government of St.
 
Lucia and its advisors can make decisions regardinj further investi(lations.
 

This report gives a nontechnical overview. 
The technicai reviewer is
 
referred to the more detailed technical document to be issued shortly.
 

To summarize, our conclusions and recommendations are these:
 

" The Oualibou caldera has excellent geothermal potential and deep
drilling should result in the discovery of a high-temperature

brine reservoir.
 

" Geothermal fluids and vapors should be found ata depth of 
1,000
to 2,000 meters'under the central and southern caldera Area and
 

go 
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in abundance where per,..eable rocks and faults allow greater fluid
 

movements.
 

" 	 Brine geothermometry, the presence of stable isotopes of water, 
and gas geothermometry measurements predict the deep brine tem

peratures in the Sulphur Springs area to be between 240 and 280
0C 

(464 and 536°F). 

" 	The resisitivity cross section suggests that the geothermal
 
to the south',
reservoir feeding Sulphur Springs is located 


beneath Belfond.
 

* 	Because it has numerous young vents, the Belfond area should
 

provide excellent permeability and access to hot brines.
 

We 	recommend that the first three production wells should be
" 

drilled in (1) the Belfond area, (2)Sulphur Springs south of the
 

area south of the
surface manifestations, and (3) the Etanjs 

road. These locations are shown in Fig. 1 and 6 and are dis
cussed on page 17.
 

" 	The geothermal system was the most economic '3r the generation of
 

electricity when compared with competing technologies.
 

At present, the cost of geothermal electricity alone is not low
 

enough to induce electricity-intensive industries to locate in
 

St. Lucia. However, the abundance of low-cost thermal energy
 
resulting from geothermal development should attract industries
 
that require large amounts of process heat.
 

" 


a long-term net in" 	 The introduction of geothermal power causes 
crease in consumption of $25 million EC($9.3 million US) to $50 

million EC(18.5 million US) over the projected 30-year period, 
depending upnn assumptions about the price of oil. Iiicreased
 
consumption will stimulate the overall economy, improve the stan

dard of living, and boost the spending power of the population by
 

$130 to $250 million EC($48.1 to 92.6 million US) over the next
 
30 years.
 

" 	The difference in cost between all-diesel generation and geother
mal base-load generation plus diesel peaking will save $264
 
million EC($9.78 million US) over the 30-year period.
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