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EVALUATIONOF THE ST.
GEOLOGIC,GEOPHYSICAL,AND

Mark Ander, Fraser Goff,

LUCIA GEOTHERMALRESOURCE:
HYDROGEOCHEMICALINVESTIGATIONS

by

Bob Hanold, Grant Heiken,
Franqois Vuataz, and Kenneth Wohletz

ABSTRACT
St. Luciais a volcanicielandof the LesserAntillesarc. Much

of the southernportionof the island is.dominatedby mountainous
landscapethat,alongwith steamfumarolesand boilingpoolsnear the
tom of Soufriepe, atteststo its volcanicorigin. The major event
in thisvolcanicfield#as eruptionof the ChoiseulPumiceand forma-
tion of the Qualiboucaldera (32,000to 39,000 years ago). l%e
latestmagma-ticactivityh-thinthe caldew was the eruptionof large
dacitic domes and assoctitedtephra at Belfond (20,000to 32,000
yearsago).

Tuo majorNE-SW-trendingfaultsstraddlethe caldera;they cross
SC. Lucia and are parallelto smallgraben-formingfaults. Caldera
faults are best developedin northernsectionsof the caldera;they
define an arcuate uestern caldera margin, whereas those of the
southernmargin are crescentshaped and form a scallopedccddera
margin,affectedby regionalfault trends. Faultingand hydrology
have controlledthe locationof thermal springs. Regional linear
faults and caldera faults are the most important in providing
pathwaysto the surfacefor thermalintersoriginatingat depth. A
complex,multiplemagmabodyprobablyunderliesthe caldera;the size
of the magmachamberis estimatedto be in the rangeof 100 km3.

A 5.2-kwlong dipole-dipoleDC resistivitysurveywas conducted
a;ong a north-southtrendingline throughthe Qualiboucaldera. The
surveyuas centeredoverSulphurSpringsand the profilelocationu?as
stzlectedon the basisof the previousBritishresistivityinvestiga-
tion and the detailedgeologicevaluationperfowwl by Los Ahmos.
There is an apparent resistivityhigh, greater than 1000 otim,
locatedbelou the Belfondarea. Beneath this apparentresistivity
h{gh, there is deeper lo+resistivitymaterialthat is measuredat
~e~s thm 10 oh~m. There is a zone of very low apparentresis-
t<vity, less than 1 ohm-m, underlyingthe Etangs area. The zone
beneath EhangSis pela~edhothepma~ upwelling along a fault,
probablythe caldera-boundingfault.

BeneathSulphurSpringsand startingat a depthof approxinzztely
600 m, the~eis higherapparentresistivitymaterialrangingfrom 40
ohm-m up to 150 ohm-m in the center of a l-km-diameter high-
pi~~istivityclosure. Interpretationof the data stronglysuggests
the presenceof a veryhot dry steamfieldbeneathSulphurSprings.
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AnaZysi6and interpretationof hydrogeochemicaldata from the
Qualiboucaldem indicatethata main geothermalreservoirunderlies
the SulphurSpring6area and it conei6teof three two-phaselayer6:
(1) an upper steamcondensatezone; (2) an intermediatevaporzone,
ohichmay be restrictedto the SulphurSpring6area only;and (3)a
lowerbrinezone. Temperaturesas high a6 212‘Cuere mea6uredat a
depth of 600 m duringpreviousshallowdrillingat SulphurSpPing8.
Additiond evidenceindieate6that temperaturesof the brine Zayer
may exceed250‘C.

Three other outlying thermal eprings discharge in Qualibou
caldera,includingtwo alongthe northerncalderacollapsezone, but
their geochemistrydoes not indicatethey overlie high-temperature
reservoirs. Rather,they appear to be watersderivedfrom a steam
cono?en6atelayerin the vicinityof SulphurSprings. If thi~ is the
case,it 6upportstk theorythat the high-temperaturebrine upflows
in the area of Belfond-SuZphurSpringsand flow laterallyrwrthwzrds
towandthe caldem uall.

Each of the scientificinvestigationsyielded individualyet
remarkablysimilarreconunendationsfor the locationof the explora-
tory geothermalwells. !l%erecommendationmade by each field team
are coveredin greaterdetail in the appropriatesectionsof this
report. The selectedwell site locationsare a synthesi~of the
resultsof the geoloic, geophysical,and hydrogeochemicalinve8ti-
gation6. ?Basedon a 1 availabledata,the recommendedlocationsfor
exploratorydrillingin the Qualiboucalderaare a6 follows:

(1)

(2)

(3)

(4)

Craters of Belfond - Caldera-relatedfaulting and recent
phreatomagmaticvolcanismindicate fracture permeability,and
10U re6istivity6uggest6thatgeothermalbrinesoccur at a depth
of les6than1 km.

$%%%%&%%%j’Z%%%%e;ic%e ZZZ~Z~Z;il!s,h0LZpp~;i6g
formationre6istivityall indicatea geothemal brine reservoir
near a depth of 2 km uith the pos6ibi~ityof a hot dry steam
fieldabovethe brinereservoir.

Etangs - The 6outhern caldera fault and a very 10U shallow
i%FZsiZvitysuggesta reservoirof geothermalbrineat a depth
as shallouas 1 km.

DiamondSprin& BellePlaine,.--.—.— and the Valleyof thelli~y River
are also recommendedfor further explorationto ~ineate the

--—

6izeof the QuaZibougeothermalre6ervoir. Initialexploratory
drillingat the6elocation6,houever,is not recommended.

In 6ummary, the QuaZibou caldera ha6 exceltent geothermal
potentialand exploratorydrilling6houldre6uZtin the di6coveryof
a high-temperaturebrine reservoir. Geothermalbrines (and perhaps
dry steam)shouldbe foundat a depthof 1-2 km underthe centraland
southerncatderaareaand in abundanceuherepermeableformationsand
faultsallowgreaterfluidmovements.
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GEOLOGIC EVALUATIONOF THE QUALIBOU CALDERA GEOTHERMALRESOURCE,
ST. LUCIA, WEST INDIES

(KennethWohletz and Grant Heiken)

St. Lucia ie a volcanicisland of the Lesser Antillesisland
arc. Much of the southernportionof the island is dominatedby
mountainou~landscapethat, along with steam fumarole~and boiling
poolsnear the tom of Soufriere,atteststo ite volcanicorigin.

Basaltic lavas, dated at 5.5 Ma, crop out along the weztern
coagtand are overlainbg andesiticcompositeconesof Mt. Gimieand
Mt. Tabac,uhichform the highestridgeson the islandand have been
dztedat 1.2 and 0.9 Ma. Superimosed upon the andesiticconesare
dczciticdomes. fThe most spectacuar of thesedomes are the dacitic
plug domesof PetitPitonand GPOS Piton,datedat 0.25Ma. It must
be stressedhere that all of the conesand domes of this period of
activityuere eruptedbeforeformationof the Qualiboucaldera,along
fzultsassociated&th NE- and NW-trendingstructures.

The major event in this volcanic field uas e~uption of the
ChoiseulPumice and formationof the Qualibou caldera (32,000to
39,000 years ago). About 6 km3DRE (dense rock equivalent) of
lithic-crystalandesitictephrw was erupted mainly as pyroclastic
flowsand surges. Some of the thickestdepositsare locatedwithin
the 12-km2 caldew and have been identifiedin geothermaldrill
holes. Postcalderaeruptionsof daciteat TerreBlancheand Belfond
uere centeredslightlyoff-centeroithin the caldera. The latest
mzgmaticactivityh-thinthe calderauas the eruptionof Zargedacite
dcms and oxsociutedtephrczat Belfond(20,000to 32,000yeaPsago).

TWO majorNE-SW-trendingfaultsstraddlethe caldera;they cross
St. Luciaand are parallelto smallgraben-formingfaultg. Caldera
collapsefaultsare best developedin northernsectionsof the cal-
dera; they definea nearlycircularuestewzcalderamargin,vherea~
thoseof the southernmarginare crescentshapedand form a scalloped
calderamargin,affectedby the regionalfault trends. A collapseof
500 m overan area of 12.6km?oould be nearlyequalto the volumeof
tephra (DRE)ejected. Resurgentmagmatism,representedby Belfond
and Te?reBlanchelavasand pyroclasticdebris,accountedfor another
2’kms of maw that my have a~~o~edanothepsevepalhundpedmeters
of collapsein the centralportionof the caldera.

Faultingand hydrologyhave controlledthe locationof thermal
springs. Regional linearfaults and caldem faults are the most
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important -in providing ~thays to the surface for thermalwters
originatingat depth. A complex,multiplemagmabodypvobablyundm-
lie8the caldera;the sizeof the magmachamberis e8timatedto be in

the rangeof 100 km3. The magma chamberi~ likely8ti_llin a po6t-
magmatic8tagewith temperaturesof between3000 and 800‘C. Becuu86?
Belfonderuption~are datedat 2.0 - 3.2 x 104 year8ago, near-mag-
matic temperature can 8til1 exi8t in the chamber underlyingthe
Qudibou caldera.

Recommendation for further geothermal development in the
Qudibou caldew are in the follooingarea8: (1) Valleyof SulphuP
Spring6,(2)Crater6of Belfond,(3)BeZle Plaine,and (4)Valleyof
theMignyRiver.

I. INTRODUCTION

St. Lucia, an independentcountry of the Eastern Caribbean Commonwealth,

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, atteststo its

volcanic origin. Although the last large eruptions occurred between 20,000

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

geothermal resoume exists in the area of the Qualibou caldera. 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 exploratoryboreholes. Results of the overall project indicated a need

for further studies but indicated a favorable economic feasibility for geo-

thermal development. This report summarizes results of a three-week geologic

reconnaissanceof the Qualibou caldera in preparation for further geophysical

study and drilling. The purpose of the study is to build upon previous work
by Tomblin (1964),Merz and McLellan (1976), and Aquater (1982) in an attempt

to more precisely model the caldera substructurewith preparationof geologic

cross sections. To this end, cross sections drawn from previous maps using

inferred structuralconstraints,stratigraphic descriptions,and well log data

were prepared prior to field confirmation. These preliminary sections

indicated a need for further work to confidentlypredict subsurface structure.

Building upon previous studies the field work was successful in clarifyingthe

inconsistenciesin previous models and collecting important data for a refined

structuralmodel.
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Locationmap, Lesser Antil1es, includingSt. Lucia.
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formation, volcanic

reconnaissance included

near or in the caldera.
rock facies variation,

detailed stratigraphic

Using recent models of

description of pumice,

1ava, and 1ithic clasts, and bedding structures in tuffs and breccias, caldera
faults were located and the caldera structurewas 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 surmnarizedby Robson and Tomblin (1966) and Aquater

(1982).
Geothermal aspects of St. Lucia have long been recognized (Bodvarsson,

1951; F!obsonand Willmore, 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 documenta vapor-
dominated but noncondensible gas-rich geothermal system with a relatively

shallow reservoir. The likelihoodof a deeper resource in which meteoric water
is heated by magmatic sources is encouragingfor further geothermalexploration

and development.

The following sections summarize our analysis and conclusions about the

stratigraphyof 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 informationis
lacking and is very useful for new geophysicalinterpretationand 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-relatedrocks that consist

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

intracaldera dacitic tephra and lava domes (=0.020 to 0.032 Ma). The most

recent activity consists of steam explosionsat Sulphur Springs.

A. Oldest Volcanoes Within and Adjacent to the Qualibou Caldera

1. Basalt Flows. Basalt flows are 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 slope of Coubaril. Well No. 1, drilled northwest of Sulphur
Springs (Fig. 3), encounteredbasalt 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 southerncoast 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, authigenicquartz (?), and green clays.
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TABLE I

STRATIGRAPHICSEQUENCE, QUALIBOU CALDERA

StratigraphicUnit
.—

Ages

Historicphreaticblast,SulphurSprings 1766A.D.
(Reportedby deLatour,1782).

Belfond - Pyroclastic fall, flows,surges,and domes. 20,900to 34,200
Fotmation Cratersin doines,withassociatedtephra. yrs (Wrightet

al.,1984)

St. Phillip
Dacite--PossiblyBelfondtephra. 39,000yrs

(Tomblin,1964)

Terre31anche - Oacitedomes,craters.Probabletuffring No date
aroundbase of dome.

MorneBeninDome - Andesitedcnnethatmay or may not No date
be an intracalderaunit.

ChoiseulTuff - Quartz-richandesiticpyroclasticflowsand 39,000yrs
surgedepositsthat flankthe Qualiboucaldera. (Tomblin,1%4)
Presentbelowintracalderalavasand >32,840yrs
tuffswithinthe caldera. ~lff~ht et al.

?

Precaldera - FondDouxcomposite(?)cone- andesite. No date
Andesites

- Domes(s)of Rabot,PlaisanceandMalgretoute No date
Ridges (dacite similar to that of the Pitons).

- Domesof Boisd’IndeFranciou- andesite. No date

- GrosPitonandPetitPitonOomes. 0.23k 0.10Ma
0.29f 0.10Ma
0.26 * 0.04Ma
(Bridenet al.,
1979;Aquater,
1982)

- Compositeconesof Mt. Gimi[
(laharicbreccias,epiclast
andesiticlavas).

- Andesiticconeof Coubaril
withMt. Limie?).

Basaltflowsof JalousieandMalgretoute

andMt. Tabac 1.7i 0.2Ma
c gravels,and (Tomblin&

Westercamp,
1980)

contemporaneous No date

5.61 i 0.25Ma
5.21* 0.15Ma
6.1 f 0.6Ma
6.5 f 0.6Ma
(Aquater,1982;
Bridenet 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 t 0.25 Ma for a sample from Coubaril (Malgretoute)and

5.21 f 0.15Ma for a sample from Savannes (locationuncertain). 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 Sampledat Jalousie are generally aphanitic,with rare plagioclase

phenocrysts (zoned, An55_78) and clinopyroxene (Aquater, 1982). Most mafic

phases have been replacedby hematite and chlorophaeite.
2. Andesitic Composite Cones (Stratovolcanoes). Andesitic lavas, laharic

breccias, fanglomerates,and epiclastic sedimentsare 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 on

the east and north, being closer to source and sloping to the southwest. The

source(s) for these deposits are 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 5-10°. Interbedded with the laharic 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 t 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 Coubaril 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

10



have been altered to clay. Although deeply weathered to clays, chlorite and

carbonates, the Coubaril 1avas have been described as quartz-rich porphyritic

andesite.

~, Andesitic and Dacitic Lavas of Malgretoute, Rabot, Plaisance,and Fond
Doux Ridges. These lava domes and cones(?) are located along a N-S line,———
immediatelyeast of the Pitons. Little is known of the extent or structureof

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,

1 km long and 0.5 km wide. A similar ridge (Plaisance) extends
Rabot.. Tomblin (1964) mapped Plaisance ridge as a Piton-type

each about

south from

dome lava.

These lavas at well No. 1 (locatedat the northern end of
total thickness of about 600 m. Field relationships

Malgretoute, Rabot, and Plaisance ridges are domes that

during caldera collapse.

Rabot ridge) have a

indicate that the

were cut by faults

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 sunmnit,open toward

the north. Dark green lavas exposed near the summit are highly fractured and

chloritized (fractures are filled with carbonate). The lavas have been

described as an orthopyroxene-hornblendeandesite (Tomblin, 1964) and as an

“evolved” andesite (Aquater,1982).

~. The Piton Dacite Domes. The most visible and best exposed dacite
domes in the volcanic field are the Petit and Gros Pitons, which are located

along the coast south of Soufriere town. The Petit Piton is 1 x 2 km,

elongatedNNE 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-trendingfault.

Flow banding is nearly vertical and is visible on all sides of the dome.

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-consolidatedtuff-breccia (visible from

the sea). Tomblin (1964) described a “Piton-type”dacite agglomeratecomposed

of 70% subangular blocks, up to 2 m long, within 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 t 0.04 Ma (Bryden et al., 1979). K-Ar dates

for the eruption of the Gros Piton are 0.23 f 0.1 Ma and 0.29 * 0.1 Ma

(Hunziker,in the Aquater report, 1982).
Lavas from the Pitons are characterizedby

crysts. They also contain olivine, hornblende,

in a holocrystallinegroundmass.

5. Domes of Bois d’Inde Franciou. Near the

large, rounded quartz pheno-

and plagioclase phenocrysts,

Gros Piton are three domes
that form a line trending N60”E. Stratigraphicrelations of these domes are

not known, but all three appear to have erupted along a NE-trendingfault that

may or may not be associated with caldera collapse. It is most likely that

the fault is part of a NE-trending graben that crosses the volcanic field.

The domes are describedby Tomblin (1964) as pale andesite. Samples frcnnthe

talus around these domes are weathered orthopyroxene-hornblendeandesites

(Aquater,1982).

B. The Caldera-FormingEruption - 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 andesiticpumice fall and flow,” “vulcanianandesitic 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, pyroclastic

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 illustratethe geographicalvariationsas describedbelow.

The Choiseul Pumice is a vitric-crystalor crystal-vitrictuff whose glass

compositionis rhyolitic (Tables II and III), which is not unusual for volcanic

rocks composedof a nonequilibriumcombinationof glass and crystals.In outcrop

it is light brownish-greyto light brown, dependentupon grain sizeand degreeof

weathering. There are generally lapilli to block-sizeclasts of dark and light

grey, poorly vesiculardacite and, in some facies, dacitic pumice. Exceptin the

lower part of Ravine Duval, north of the caldera, the tuff is nonwelded.

Results of energy dispersive spectral (EDS) analyses of pyroclast sur-

faces and scanning electronmicroscopic (SEM) analyses of pyroclast shapes are

shown in Tables IV and V. EDS data show a variation of glass compositions

12
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and Belfond Formation. East coast,

and surge deposit tephra. The flow

near AriseGer.

tephra shows surface

compositionsmore similar to “fresh’’analysesobtained by the electrmmicroprobe

(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 grain

surfaces. Typically this relationship is a product of phreatomagmaticerup-

tion. Grain morphologicaldata (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.

transport abrasion features are greatest for

ship is demonstratedfor Belfond tephra and

Plateaus located south, southeast, and

Correspondingly,alteration and

surge tephra. A similar relation-
s discussedbelow.

northwest of the caldera are com-
posed 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

tuff fills only the bottoms of stream valleys.

the tuff is well preserved;above this elevation,

14

and north of the caldera the
Below an elevation of 3% m, i
it is deeply weathered.



TABLE 11

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

G1assa #3 #4 #7 #8

Sf02 75.26 75.07 74.76 74.18
Ti02 .08 .15 .12 .12

‘1203 12.68 12.39 12.47 12.49
FeO 1.15 1..16 1.20 .97
MnO .04 .03 .02 .06
MgO .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 % .30 96.38

Feldsparsb#1 #2 #5 K #9 #lo

Si02 45.89 49.51 53.E6 52.02 49.04 52.24
Ti02 .0 .0 .0 .0 .0 .02
A1203 35.23 32.49 29.69 30.58 33.38 30.79
F(?O .17 .14 .14 .16 .19 .17
MDO .03 .0 .03 .02 .01 .02
MgO .0 .0 .0 .0 .0 .02
CaO 16.75 15.15 11.42 13.10 16.24 12.94
Na20 1.33 2.72 4.53 3.90 2.34 4.00
K20 .04 .11 .21 .17 .11 .17
Total 99.15 100.11 99.54 99.98 101.31 100.37

a

b
All analysesof pumiceousglasspyroclasts.
Sampleusedfor electronmicroprobeanalysesis froma tIYroclastic
flowdepositnearCanaries.

.-

Analyses1 and 2--coreand rim of a plagioclasephenocrystin a
pumiceclast.Analyses5 and6--coreand rim of anotherlarge
plagioclasephenocrystin the samepumice.Analyses9 and 10--core
and rim of a plagioclasephenocryst.

lhfck~esses of this tuff are difficult to determine. Most of our

striitfgraphic sections are partial. Along the coast it is possible 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 is 50 m thick in a valley fill. Over paleoridges,the thicknessmay be

only a few meters. Close to the caldera, it is possible that thicknessesare
up to 100 m; near the village of Daban, it is over 50 m. Within the caldwa,
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TABLE III

CHOISEULPLMICE--MODALANALYSES

Mode (;) (:) (i (;)

G1ass 47.3 29.3 44.0 43.6
Vesicles 36.6 20.0 29.6 39.0
Plagioclase9.0 22.6 17.3 11.0
Hornblende 0.0 0.0 0.0 5.0
Biotite 0.0 1.3 0.0 0.0
Fe-Tioxides0.3 1.0 0.6 tr
Quartz 2.3 11.3 2.6 0.0
K-feldspar 1.6 1.0 0.0 0.0
Hypersthene2.6 13.0 5.6 1.3
Xenoliths 0.0 0.3 0.0 0.0

Modesbasedon 300 points.
1. Porphyriticpumiceclastfrompumicefallunit1 km

NW of Choiseul.
2. Vitric-crystaltufffromsurgebed,1 km NW of

Choiseul.
3. Porphyrtticpumicepyroclastfrompyroclasticflow

nearCanaries.
4. Plinianpumicefallfrom1 km northof Soufri~re.

TABLE IV

ENERGY DISPERSIVESPECTRAL ANALYSES OF PYROCLASTSURFACES

Choiseul Belfond
Flow(5) Surge(4) F1ow(12)

Sioz
Ti02

‘1203
FeO

MnO
MgO

CaO
Na20

K20
Total

74.33
0.10
14.98
1.65

0.10
0.52

1.68
0.85

3.16
97.37

68.82
0.11

22.29
6.08

---
1.50
0.69
0.06

0.32
99.87

65.79
0.10
17.04
7.65
0.13
3.69
3.11
4.69

1.27
103.47

Averageanalyses;numberof pyroclastsurfacesanalyzedis shown
in parentheses.
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TABLE V

SCANNINGELECTRONMICROSCOPE DESCRIPTIONOF PYROCLASTTEXTURES

Choiseul Belfond
Texture Surges(3)F1OWS(2) Fall(1) Surge(1) Flow(1)

we:

Blocky 55 38
Vesicular 29 ;; 63 ;: :;
Fused 16 10 0 25 6

Alteration:

Fresh 5 25
Partly 25 ;: 75 3: $?
Totally 70 11 0 67 0

Abrasion:

Rounded 70 26 25 67 71

Percentagesdeterminedby graincountsfor numberof samples
shownin parentheses.

boreho’leshave penetrated Up to 180 m of tuff; these tuffs are petrographi-

call,yequivalent to units described by Tomblin that are now called the

Choiseul Pumice (Tomblin, 1964)0 Most river valleys on the southern, south-
western, and northwestern slopes of the volcanic field appear to be resur-

rected pre-Choiseulpaleovalleys,exposing only the thickest sectionsof tuff.

1. GeographicVariations—
~Juth 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 paleostreamchannels but does—
not crop out on ridge tops along the southeasterncoast 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

by about 4mof

of the underlying conglomerate. Surge deposits are overlain

pyroclastic flow deposits containing 10-20% blocks in an ash
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matrix. In several vaileys, pyroclastic flows are overlain by surge deposits

a few meters thick. At Ravine Languedoc,the tuff sequence is underlainby 40
cm of very wel1 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). Representativeof the tuff in this area is a 30-m-thick section at Grand

Caine Point that overlies andesitic breccias of Mt. Gimie and is, in turn,

overlain by grey laharic breccias and gravels derived from intracaldera

volcanoes. At the base of this sequence are well-bedded surge deposits,

overlain by 15 reversely graded pyroclasticflow deposits and some interbedded

surge deposits;most have a pinkish hue.

Between Soufriere and Canaries, Choiseul Pumice is visible in road cuts
and consists of massive pyroclastic flows overlain by well-bedded 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 Caldera Rim. At elevationsover 396 m it is difficult to identify

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

red or brown clay, but relict textures and bedding are visible and may be used

to identifythe tuff.

2. Discussion. The Choiseul Pumice represents a major caldera-forming
event in this volcanic field. It exhibits multiple facies laterally and

vertically. The eruptionmay 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 deposition of pyroclastic surges,

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

pyroclastic surges. There are some lenses of gravel and volcanic mudflows

interbeddedwith 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 1ocations near Mt. Gimie. Our conclusions are based on the

1ocation of the caldera structure,outflow thickness variations, and wel1 1og

data within the caldera. For example, Choiseul Pumice was not distributed

towards the northeast because of the shielding effect of the high composite

COrK?S Of Mt. Gimie and Mt. Tabac.
At this time we can only provide a crude estimate of the volume of the

Choiseul Pumice. Much of it must have been deposited in the sea. Pyroclastic

flow and surge deposits studied on 1and have a minimum volume of 11 km3, about
6.5 km3 DRE. This compares favorably with an estimated volume for caldera

CO11apse of between 5 and 10 km3.*

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 CO11ected by Tomblin (1965) was from one of the

Choiseul Pumice deposits; it has an age of 39,050 t 1500 years.

C. IntracalderaVolcanic Rocks..— .—
1. Morne Benin Dome. Located in the southeast corner of the caldera,

Mornefi30nindome 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 postcalderadome, erupted from a caldera-boundingfault. All samples

are “Fromtalus; there are no in situ exposures. A sample from this talus——
consists of a quartz-poor dacite; a porphyritic, holocrystalline lava with

phenocrystsof orthopyroxene,plagioclase,quartz, and Fe-Ti oxides.

2. Terre Blanche. Terre—
located immediately northeast
are two craters and one small

Belfond dome-crater complex.

Blanche is a l.5-km-diameter,450-m-high dome,

of Sulphur Springs. Associated with the dcme
dome (100 m high) located between it and the

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 approximatevolume 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 tllffson the Plateaus filled
paleovalleysthat are now resurrectedin part. This observationwas confirm-
ed in s.eacliffexposures. Volume in the caldera was determined by an esti-
mate of caldera area and tuff thickness seen in drill holes. No estimate was
made of the ash that went into the sea or was carried off in a plume. The
DRE was determinedby multiplyingthe volume by 0.6.
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been altered by hydrothermalactivity from the base to about 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,

authigenicquartz, 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 of
Sulphur Springs. The lavas and lithic-crystaltephra 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 170 m above the

surroundingmoat (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 km; 50 m deep.

3. Near Dasheene (filledwith 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 at the summit and at a few places on

the flanks. The Belfond dome(s) consist of porphyriticdacite, containing 42%

phenocrysts in a glassy groundmass. The dome lava contains 2% granodiorite

xenoliths. The dome(s) are buried by tephra from the tuff rings or tuff cone

(La Dauphine) (Figs.7 to 9). Belfond tephra also drapes most of the pre- and

postcalderadomes with a blanket ranging in thickness from less than 1 m to 40

m at Sulphur Springs. Belle Plaine appears to have been filled, in part, with

Belfond tephra; the thicknessis 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-bearingmedium lithic ash; surge deposits are planar, reversely graded

plane beds with block lenses. Some surge deposits show plastic deformation

around blocks. Belfond tephra consists of mostly subequant,subangularto sub

rounded, porphyritic dacite pyroclasts; most contain only rare vesicles

(Table V--more pumiceousclasts have less than 10% 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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TABLE VI

BELFOND FORMATION--CHEMICALCOMPOSITIONSOF GLASSAND
PLAGIOCLASECRYSTALS (ALL IN WT%)

G1assa #3 #6 #11

sio2 72.02 74.65 73.65
Ti02 .05 .15 .19
A1203 13.99 11.66 13.41
FeO 1.03 1.46 1.68
MnO .04 0.00 .03
MgO .09 .19 .36
CaO 2.13 1.08 1.75
Na20 3.35 2.46 3.36
K20 3.64 4.17 3.71
Total %.35 95.75 98.06

Plagioclaseb #1 #2 #4 #5 #7 #8

S102
Ti02

‘1203
FeO
MnO
MgO
CaO
Na20
K20
Total

55.97
.01

28.40
.08
.00
.00

10.18
5.56
.32

100.52

54.63
.04

28.55
.12
.02
.00

10.55
5.15
.29

99.35

45.69 53.67
.04 .07

34.61 30.28
.18 .16
.01 .02
.03 .03

17.43 12.06
1.24 4.49
.05 .24

99.27 101.02

56.76
.03

27.55
.05
.00
.00

9.24
6.23
.36

100.21

53.20
.02

29.79
.15
.00
.00

11.43

4.73
.20

99.53

a

b
Analysesof glass crusts aroundphenocrysts.

Analyses 1 and 2--core and rim of a 300-nsn-long
lithicpyroclast.
Analyses4 and 5--coreand rim of a plagioclase
lithicpyroclast.
Analyses7 and8--coreand rim of a plagioclase

plagioclasefroma

phenocrystfroma

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 (oIO-m) pyroclastic flows and surge deposits that

originated at Belfond. Flow and surge deposits are present on the summit of

Fond Doux volcano, west of Belfond.
Most clasts in these deposits consist of

dacite (up to 50% dacite pyroclasts). In
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TABLE VII

BELFONDFOF!4ATIONMODES AND GRAIN COUNTS

Mode (i) (:) Grain Count (;) (:) (:)

Groundmass51.3 45.6 Porph.Dacite 54.6 54.3 54.6
Vesicles 5.0 9.0 -------------
Plagioclase22.3 32.6 Plagioclase27.0 26.3 29.6
Hornblende5.0 3.0 Hornblende4.0 4.0 0.6
Bio~ite 1.3 1.3 Biotite 0.3 0.3 1.6
Fe-Tioxide1.0 0.6 Fe-Ti oxide 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 modesand graincountsbasedon 300 points or grains.

1.

2.

3.

4.

5.

Porphyritic dacite lava from the northern summit of the Belfond

dome.

Pumicepyroclastfromplanarbeds,westernslopeof the Belfond
tuffring.

Tephrafromsample2.

Tephrafrommassivelithicash,westernslopeof the Belfondtuff
ring.

Tephrafrommassivepyroclasticflows, southern sloge of the
Belfondtuffring. “-

south of the 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.

Charco~l from the Belfond Formation shows an age range from 20,900 years to

34,000 years (Wrightet al., 1984).

~, Oeposits from the Phreatic Eruption of 1766 A.D. (?) The Sulphur

Springs area,

of a phreatic

wide” (Lefort

fumaroles and

which includes abundant hot springs and fumaroles,was the site

explosion in 1766 that “spread a thin layer of cinders far and

de Latour, 1787, as reported in Robson and Tomblin, 1%6). The

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 bedded Iithic 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 1argest hot pools,

CU1t to confirm, that this

III. STRUCTURALFRAMEWORK

10 m in diameter. It is possible, although diffi-

pool was the site of the phreatic explosion in 1766.

The present-daystructure of the Qualibou caldera is dependent upon three

primary structural mechanisms: 1) the regional stress field of the Lesser
Antilles, which has developed in response to island arc subduction, 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 an area of
complex structural nature resulting in the intersectionof both deep, linear,

through-going,vertical faults with curvilinear,moderate- to low-angle local
faults associated with caldera collapse. Delineation of these structural

features is difficult because of the lateral facies variations typical of
silicic volcanic fields. Hence many of our structural observationsare 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 from
geothermal drill holes is developed,which builds upon the interpretationsof

Tomblin (1964) and Aquater (1982).
A. Regional Faults

The age of the western Lesser Antilles island arc is inferred from

physical data to be around 9 Ma (Pitman and Talwani, 1972; Briden et

1979); however, volcanic rocks span ages from O to 40 Ma in the southern

geo-

al.,

part

of the island arc. A present-daysubduction rate of 2 to 4 cm/year (Sykes et

al., 1982) or 0.5 cm/year (Westbrook,1975)

and volcanism. Westercamp (1979) analyzed

Antilles showing NE-SW faults related to

subductionzone.

Two major NE-SW-trendingfaults occur

is reflected in ongoing seismicity

the regional fabric of the Lesser

the lithospheric block above the

adjacent to the Qualibou caldera.
These faults straddle the caldera; the northernmost one parallels Ravine

Toraille and cuts the north slopes of Mt. Gimie, and the southernmostone is

parallel to the drainage of the L’Ivrogne River, aligned with three small

domes near Bois d’Inde Franciou and Morne Benin near Migny. These faults

cross St. Lucia and are parallel to small graben-formingfaults such as those

near Fond St. Jacques and Fond Cannes.
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litt”

time

disp

Overall movement on the faults appears to be dominantly vertical, with

e variation in trend. Movement on these faults has occurred over a long

as is shown by large displacementof 5 Ma aphyric basalts and smaller

acement 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-controlledpaleovalleys.

Perhaps the best evidence of the deep projection of regional faults is

the ~lignment of vents along them. Examples are the domes of Bois d’Inde

Franciou and Morne Benin and the NE-SW alignment of major edifices such as Mt.

Gimie, Terre Blanche, and Petit Piton, Gros Piton, Fond DOUX, and Belfond”

The occurrence of major volcanic vents along regional faults is typical of

volcano-tectonic regions such as the West Indies, as well as the Cascade

volcanoes and the Jemez Mountains of New Mexico.

The influenceof regional faults on the present-dayshape of the Qualibou

caldera is reflected in its apparent elongation along the trend and offset of

caldera faults in the Migny area and in Ravine Toraille; hence the dis-

continuous boundariesand noncircularshape 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 at AriseChastanet
near Grand Caine 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 coincidentwith the Ravine Citron.

B. Caldera Faults——————
Caldera-relatedfaulting 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/brecciasshow the greatest displace-

ment by these curvilinear,steeply dipping faults. Younger units such as the

Choiseul Pumice and dome lavas are partly cut by and partly drape the faults.

As a result, the major collapse occurred nearly simultaneouslywith eruption

of the Choiseul Pumice. The volume of this tuff is nearly equal to that of
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the caldera and is strong evidence that it represents most

erupted during caldera collapse.
Major caldera faults are best developed in northern

caldera where over 300 m of topographic and stratigraphic

of the material

sections of the

displacement are
evident near Ravine Claire

major western caldera fault
through the area of Belfond

recent lavaso Its position
lithologies encountered in

and the ridge along Plaisance-Malgretoute. The

along the ridge of Malgretoute no doubt projects

and Fond Lloyd where it has been covered by more

is further constrainedby the remarkably different

wells No. 1 and No. 2. These faults define a

nearly circular western caldera margin, whereas those of the southern margin
are crescent shaped and form a scalloped caldera margin affected by the

regional fault trends. The southern caldera faults show at least 300 m of
displacement.

With the resurgenceof dominantlyeffusive activity in the caldera during

formation of the Terre Blanche and Belfond domes and associated craters,

further piecemeal collapse may have occurred within earlier 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-MignyRiver 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 projectionsofno more than several kilometers. Their

dip is between 45° and vertical, consistent with

caldera faults, associated with eruption of Terre

are of major importanceto circulationof thermal

Springs.

C. SlumD Faults

their origins. The inner

Blanche and Belfond dcines,
waters at and near Sulphur

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 surface

exposures of major faults like those at Cresslands. Faults of a slump nature

often form a caprock for surface thermal emanations. Slumps from Terre
Blanche and Rabot Ridge appear to have covered portions of the Sulphur Springs

thermal area.
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D. Discussionof Volcano-TectonicRelationships——
Considerationof the distributionand thicknesses of major stratigraphic.

units with the discussionof faults summarized above allows athree-dimensional

structuralmodel of the caldera to be constructed. A major constraint of the

model is stratigraphicdata from well logs of the Sulphur Springs area. Pre-

vious attempts to fit well log data to structural features were unsuccessful
(Aqudter,1982); recognition of the nature of major caldera faults has

improved our understandingof these data.
~e~haps the biggest limitation in 3-D modeling is determining the sub-

surface extent of stratigraphicunits and lateral facies changes within these

units. Precaldera rocks consist of basalts and andesites. Eruption of these

Iavas in the Lesser Antilles typically results in the formation of a strato-

cone with upper slopes of lava and lower slopes of breccias (agglomerates)and

mudflows. All these units tend to interfingerwith larger volumes of elastic

rock than lavas, as seen on other nearby islands such as St. Vincent. The

distributionof 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-daymoat level (an elevationof 0305 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 Belfond lavas and

pyroclasticmaterials so that the previous level of the caldera floor may have

been considerablylower.

Smith (1979) has shown that, typically, caldera-formingeruptions empty

about 10% of their underlying magma chambers. This estimate is based upon

chemical and eruptive mechanism considerations of an evolving silicic,

volatile-richmagma chamber, such as the one at Crater Lake, Oregon, which is

of similar size and composition as the Qualibou caldera. Furthermore, in

Smith’s models, caldera margins have a diameter equivalent to that of the
underlying chamber. Knowledge of the volume of the caldera-formingeruption

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 ash) is 11 km3 (06-km3 DRE) and the diameter of its

caldera is about 4 km. A collapse of 500 m over an area of 12.6 km2 would be

nearl:yIequalto the volume of magma ejected.
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Resurgent magmatism, representedby Belfond and Terre Blanche lavas and

pyroclastic debris, accounted for another 5 km3 of magma that may have allowed
another several hundred meters of collapse in the central portion of the

caldera. Assuming a precalderavolcano height of 1000 to 2000 m (similar to
Mt. Gimie and other Lesser Antilles volcanoes), as much as 1000 m of pre-

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 structuresbut also to intersect the geothermal

wells drilled near Sulphur Springs.
The A-A’ (NW-SE) section shows the multiple caldera faults on the

northern margin, with greatest offset occurring just 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 is
exposed. This fault also appears 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 Choiseul Pumice over-
lain by 0300 m of Terre Blanche dacite and Belfond dacite (south). Note that

vent(s) of the Belfond dacite are shown to occur along arcuate caldera faults
and that these lavas and related pyroclasticmaterial 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
displacementalong 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 andesites and Piton-type dacites on the western

caldera rim and andesite breccias within the caldera. Its position in the

caldera has been extrapolated from well No. 1, where the basalt was

intersectedat a
Rabot and Terre

the section, as
and 4.
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depth between 400 and 500 m. The inner caldera fault between
Blanche appears to have displaced the basalt even deeper in

revealed by intersectionof only younger rocks in well Nos. 7
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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 appears to coincide with steam-producingstrata in well No. 7
above the Choiseul Pumice. On the northeast

Pumice shows successive upward displacements

of the caldera.

East-west cross section C-C’ especially

side of the caldera, the Choiseul

of ~300 and 0400 m stepping out

shows displacement along caldera
faults. The aphyric basalt occurs at sea level near Jalousie but is not found

to several hundredmeters below sea level in well No. 1. Piton-typedacite of

the western caldera margin appears to be stratigraphicallyequivalent to the

precalderaandesitebreccias.

In all of the cross sections, Belfond tephra

blanket the caldera moat area with up to 30+ m of
Belfond tephra completely blankets Rabot Ridge,

fall and flow deposits

unconsolidatedmaterial.

making it -difficult to

ascertainthe nature of the underlyingstructuralblock.

F. Deep Structureof the Qualibou Caldera

Results of exploration drilling near Sulphur Springs and geophysical

surveys made during 1974 and 1975 give clues to the nature of the subsurface.

The drilling program provided lithologic descriptionsto 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 resistivitysurvey (Greenwood and Lee, 1976) provided informationon

water circulation at shallow depths that has structural significancerelating

to caldera wall margins and faults. Comparison of resistivity profiles

illustrated in that report with the location of mapped faults in this area

shows good agreement, especially for faults along the west caldera margin and

in the area of Sulphur Springs and Diamond (mineralbaths).

The only information missing that is needed to complete this
structural model is the total thickness of the island’s volcanic section

and the nature of interbedded sedimentary rocks. Regional surveys (Aquater,
1982) indicate that basalt and andesite (Miocene?) overlie limestones in the

northern part of the island. Martin-Kaye (1%9) found limestoneblocks m-thin
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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

of the surface. The magma has

limestones below basaltic and

km thick. These are overlain by

The high C02 content of Sulphur

mode-lingpurposes,the caldera may overlie a magma body or bodies with the top

of the magma chamber located within 6-7 km

intrud~d volcanics containing interbedded

andesitic lavas and tuffs that are nearly 2

caldera-related rocks about 0.5 km thick.

Springs gasses may reflect the decarbonizationduring contact metamorphism of

limestonesnear the magma chamber but the 13C signature of -s.!lsO/oo in C02 at

Sulphur Springs (see section by Goff and Vuataz) indicates a magmatic/mantle

origin, The subsurface model also includes a picture for the documented

magmtic resurgences. Initial caldera collapse indicates a chamber nearly 4

km in diameter, topped with andesitic to dacitic magma. Apparent collapse
associ~ted with resurgence of Terre Blanche and Belfond extrusive may have

occurred above a second intrusion 2 km in diameter and consisting of

crystal-richdacite. Accordingly,Kerneizon et al. (1981) have dated plutonic

xenoliths of metadacite, hornfels, and diorites in Belfond dacites. The K/Ar
dates indicatecooling ages of an initial magma body nearly I Ma ago. Belfond

dacite!;have an age of 0.02 to 0.03 Ma.

Iv. D:[SCUSSION

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 of Mt. Gimie and Mt. Tabac, which form the highest ridges on the isliind

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 dlInde Franciou may be contemporaneous with Fond Doux.

The most spectacular of the dacite domes of this period of activity are the
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Fig. 11.
Schematiccross sec~ion, Qualibou caldera.

PIug domes of Petit Piton and Gros Piton, dated at 0.25 Ma. The Pitons are
1ocated at the coastline, peripheral to the volcanic field. It must be
stressed here that we believe al1 of the cones and domes of this period of
activity were erupted before formation of the Qualibou caldera, along faults

associatedwith 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 and 10
km3 (DRE) of lithic-crystalandesitic tephra, mainly as pyroclastic flows and

surges, filled paleovalleys surrounding much of the present-day caldera and
formed tuff plateaus sloping towards the sea. Some of the thickest deposits
are located within the 12-km2 caldera and have been identified in geothermal

drill holes. Dates of this event are 32,000 to 39,000 years. The magma body
associatedwith this eruptionmust be a major source of heat.

Morne Benin, an andesite dome, erupted along a fault located on the south-

eastern edge of the caldera. Postcaldera eruptions of dacite were centered
slightly off-center 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

one smal1,
altered by

with a volume of 0.6 km3. Associated

peripheral dome. The west side of

the hydrothermal activity of Sulphur

with it are two craters and

this dome has been deeply

Springs and is the site of

severalmajor slumps.

The latest magmatic activity within the caldera was the eruption of the

large dacitel~ome (or domes) and associated craters of Belfond. Tomblin

(1964) has a C date of 39,000years for the Belfond eruption, and Roobol et

al. (1.983)report ages of 29,000 to 34,000 years. The dome(s) rise 120 m
above the caldera moat and are cut by craters up to 150 m deep. Dacitic

tephra from this eruption has formed a well-developed tuff cone complex and

blankets the surroundingarea, Some pyroclastic flow and surge deposits from

this eruption reached the
The latest explosive

Springs area in 1766 A.D.
fumarolic activity.

B. Thermal Regime.——

south coast.
activity was a short phreatic blast

Since 1766 A.D. there has been only

in the Sulphur

hot spring and

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 of Qualibou. The model is primarily
based upon observed petrologicand structuralconstraints (Fig. 11).

Evolution of magmas at oualibou 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 andesiticto dacitic
ash and pumice concurrentwith collapse of the Qualibou caldera and deposition

of the Choiseul Pumice; (2) moat eruption of Morne Bonln andeslte la(a,

and”(4) dacjte ljva” d~~eruption of the dacite lava dome of Terre Blanche; .

eruption at Belfond. The possible fifth stage might include renewed activity
at llelfondevidenced 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

considerationof 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 prominent

tectonic phases: (1) large-scale collapse associated with eruption of the

Choiseul Pumice, producing a 4- to 5-km-diameter caldera; and (2) possibly

ring faults, associated with the Terre Blanche dome, producing additional
collapse with a diameter near 2 km.

The conclusion drawn from petrologic and structural considerations is

that a complex, episodically replenishedmagma body underlies the Qualibou

caldera. Using the caldera model of Smith (1979),we can estimate the size of

the magma chamber by measuring the volume of caldera-formingtuffs and lavas;

the volume of the magma chamber is approximate
i

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. The magma chamber of the postcaldera
Terre Blanche-Belfond eruptions was likely no more than 20 km3. Using the

conductivecooling model of Smith and Shaw (1975), the Qualibou chamber needed

over 3 x 105 years to cool to 300”C. Considering the maximum age of the

Choiseul Pumice as 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 were

present

chamber
At

Sulphur

at that time and near-magmatic temperatures can still exist in the

underlyingthe Qualiboucaldera.
present Williamson (1979) has developed the only geothermalmodel for

Springs, and the reader is referred to his work for more details.
Importantpoints of that model are as follows: The presence of dominantlyC02

gas in noncondensible geothermal vapors at Sulphur Springs and the likely
existence of subvolcaniclimestone on the island (Martin-Kaye,1%9) 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 interval intersected in the previous drilling
program was near 300 m and thought to correspond to permeable lava breccias

underlyingTerre Blanche lavas. This permeable horizon serves as a steam trap
for dry

for the
caldera

cutting
Sulphur

thermal
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steam separating from hot brines rising to the surface. The pathway

steam, gases and fluids to the surface is provided by the inner
margin fault west of Terre Blanche and a through-going,NW-SE fault

the north edge of Rabot Ridge. Thus the extent of the model at

Springs largely reflects drilling experience there. However, geo-

fluids and vapors should be found at a depth of 1 to 2 km under the
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entire caldera area and in abundance where permeable rocks allow greater fluid

movement. Particularly well fractured areas at depth should occur in the

Belfond tuff cone crater complex (vents) and Belle Plaine, Fond St. Jacques,

and Cresslands areas (intersectingcaldera margin and regional faults). Deep
sources (2 to 4 km) of geothermal fluids may occur, depending on the per-

meability of precalderabreccias and possibly the underlyingcarbonate rocks.

v. RECOMMENDATIONSFOR DRILLING IN THE QUALIBOU CALDERA

Recommendationsfor further developmentin the Qualibou caldera are based

upon relationshipsbetween the regional tectonic framework, faults associated.—
with collapse of the Qualibou caldera, interpretationsof eruption mechanisms

(the clegreeof 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 manifestationsof a hydro-

thermal system, this valley marks the edge of an inner caldera 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 extensionof the outermost
western caldera fault. The presence of pyroclastic surge deposits in medium-

to fine-ash beds interbeddedwith pyroclastic fall and flow in the tuff rings
surroundingthese 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 present, however, to identify the reservoir rocks. On this

basis, plus the possible fracture permeability associated with vents, we
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recommend that these craters be drilled. There is a road into the largest of

the Belfond craters. As it is part of a working farm, there may be some land

and environmentalproblemsassociatedwith drilling.

C. Belle Plaine
Located in the caldera moat,

youngest eruption and is the most

overlies an intersection between

fault.
D. Valley of the Migny River

this area is filled with tephra from the

accessible of all targets. We believe it

a major NE-trending fault and a caldera

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

the Migny River in the northeasternpart of the caldera. This proposed fault

intersectsa NE-trendingfault 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. We

don’t know what lies below the basalt but infer the presence of limestone

(because of the high C02 content and limestone in older rocks exposed in

northern St. Lucia).
Explosive breccias below the craters of Terre Blanche and Belfond may be

very permeable; as discussed earlier, these breccias, consisting of fractured
dacite blocks, may have intersected a permeable ground-water unit during the

eruption.

F. EngineeringProblems

Most of the sites we recommend are accessible by road (although con-

siderable improvementwill 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 of

Sulphur Springs (Rabot Ridge, Terre Blanche dome) are broken by numerous
1andS1ides; it appears that the Sulphur Springs are within one of these

1andslides. Location of any well site in this area must be made with slope

instability in mind.
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APPENDIX

PROJECTEDDRILLING LITHOLOGY: QUALIBOU CALDERA

Areas within the Qualibou caldera that were considered for geothermal

exploration include: (1) Sulphur Springs, (2) Belfond, and (3) Belle plain.
These locations are shown on the geologic map (Fig. 3). Previous drilling
experience in the Sulphur Springs area was gained by Merz and McLellan (1976

drilling reportj and extends to a depth of about 600 m. Geologic cross

sections of the Qualibou caldera were prepared that included data from well

logs. These cross sections are here extrapolated to 2,000 m to predict

drilling lithologies and potential difficulties at the three areas listed

above.

>ulphur 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 accessibleby one maintained road. Two major faults crossing this area are

shown on the geologic map: (1) a curvilinearcaldera fault along the east side
of Rabot Ridge, dipping at a high angle toward the east with a vertical

displacementof 300-400 m and (2) a linear NW-SE-trendingregional fault with
a vertical displacementof 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 100-200m. The following general lithologymay be expected below the

Sulphur Springs area.

Estimated
Thickness Lithology

i. O-lOm— Ash; fine-grained, well-bedded, hydrothermally
altered, clay-rich, containing dacite boulders
from nearby slopes.

2. 1-40 m Ash; coarse-grained tephra of the Belfond
Formation,hydrothermallyaltered and lithified.

3. 200-250m 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-producinghorizon.

5. 125-175m Andesite agglomerate, pumiceous tuff; partly
lithifiedChoiseul Pumice.
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6. 500-1500 m

7. 100-1000m

8. 400-2000m

Andesite lava and breccia interbedded with some
dacite lava breccia, laharic breccia, fanglom-
erate, and bedded epiclastic sediments; pre-
caldera andesitic rocks of Mt. Gimie.

Basalts;massive and aphyric, locally altered to
greenstone,containingamygdules and joints.

Interbedded basaltic lavas. limestone and
elastic sedimentary rocks; p~obably altered to
skarn and hornfels.

Wellhole wall stability may be a problem in layers 1, 2, and 4. Lost

circulationis expected in layer 4; fractured rock may be encounteredlocally

to TD.

Belfond area is characterized by a series of closely spaced explosion

craters, each several hundred meters in diameter and up to 50 m 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 nonmaintainedgravel 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 the

brecciated conduit beneath each crater is on the order of a crater radius to

one diameter. Each conduit appears to have pierced a similar stratigraphy

projected for the Sulphur Springs area.

Estimated
Thickness Lithology

1. 200-2000m 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,
containingsome large blocks of lava up to 1 m.

3. 175-200m Andesite agglomerate, breccia, and tuff;
Choiseul Pumice, locally fractured and
brecciated with hydrothermally altered,
clay-richhorizons.
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4. 500-1500m Andesitic “lava and breccia; cut locally by
dacite dikes.

5. 100-1000m Basalt; altered and fractured.

6. 400-2000 m Limestone; locally altered to hornfels and cut
by dacite dikes.

Drilling d-ifficulties 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 craters.

~elle Plaine area is a flat-lying rural site covering several square

kilometers. The surface geology indicatesthat the area is a graben filled by

poorly consolidated tuffs and sediments 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 displacementrelated to

both caldera collapse and through-going regional faults is projected. The

intersection of two major regional faults, one NE-SW and the other NW-SE,

appears to occur in the Belle Plaine area. The following stratigraphy is

probable.

Estimated
Thickness Lithology
.—

1. 20-200 m

2. 0-100 m

7w,. 0-50 m

4. 0-250 m

K;.. 0-200 m

6. 100-200m

Pumiceous ash and fine-grained sediments;
Belfond pumice fall, loosely compacted.

Dacite lava and breccia of Belfond; locally
hydrothermallyaltered.

Dacite tuff; well-bedded, poorly consolidated,
permeable,possible alteration.

Andesite lava and breccia of Morne Benin.

Caldera wall breccia; andesite lava and tuf-
faceous material forming large blocks tens of
meters in size contained within a permeable
breccia.

Andesite agglomerate and breccia; Choiseul
Pumice.

41



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

8. 100-1000m 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, intersectingfaults. Also the nearness of the caldera wall sug-

gests a likelihood of intersectingcoarse breccias that commonly form in the

area. Caldera wall breccia present highly variable drilling conditions from

hard lavas to soft elastic material on 10-m intervals. The pr-ot)lernsof 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 intersectedat a depth of several hundred
meters with temperaturesas high as 220”C. Lost circulation in zones of steam

production and high permeabilityis expected. A large proportion of poorly
consolidatedand incompetentrock will be intersectedby drill holes.
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DEEP RESISTIVITYMEASUREMENTS IN THE QUALIBOUCALDERA,
ST. LUCIA, WEST INDIES

(MarkAnder)

A 5.2-km-longdipole-dipoleDC reGi~tivitysurveyoas conducted
along a north-south-trendingline throughthe Qualiboucalderafrom
juet north of Ruby to just north of VictoriaJunction. A nominal
dipole lengthof 200 m ws Gelectedto obtain high resolutionand
m~~asupement~uere made at a total of 32 electrodestations. To get
resistivitydata to a depth of 2 km, a 35-kW trailer-mountedK
transmitterwas used. The surveywas centeredover sulphuPSprings
and the profilelocationuxzsselectedon the basis of the previous
British resistivity investigation and the detailed geologic
evaluation performed by Wohletz and Heiken of Los Alamos. The
apparent re~istivityprofile shoos similar characteristicsto the
B~itishdipole-dipoledata in the upper 700 m. Thereis an apparent
p,zsistivityhighof greaterthan1000 ohm-mlocatedbeloL) the Belfond
area. Beneaththis resistivityhigh, there is deeper 10U apparent
rwsistivitymaterial that is measuredat less than 10 oh.n+m. The
regionscontainingless than10 ohm-mmaterialare highlysuggestive
of zones containingtherwaluaters. There is a zone of very 100
apparentresistivity,less than 1 ohm-m,underlyingthe Etangsarea.
!l%ezone beneath Etangs is related to thermal upwellingalong a
fault,probablythe caldera-boundingfault. BeneathSulphurSprings,
startinga-ta depthof approximately600 m, thereis higherapparent
plzsistivitymaterialrangingfrom 40 ohm-m up to ISO ohmm in the
c,znterof a I-kn+diameterhigh-resistivityclosure. Interpretation
of the data stronglysuggeststhe presenceof a very hot dry steam
field beneath Sulphur Springs. Based on the deep apparent
rl~sistivitydata, the recommendeddrillingsitesare at (1) Craters
of Belfond,(2)Valleyof SulphurSprings,and (3)Etangs.

I. INTRODUCTION

Direct current (DC) electrical resistivitymethods 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 (>ZOO°C) liquid-dominatedgeothermal reservoirs are

characterized by a resistivity of less than 10 ohm-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 reservoir.

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

(Hathertonet 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 450-500°C.

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 interrelationshipbetween electrical

resistivity and the many factors that 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 successfulgeothermalexplorationtool.

II. DEEP RESISTIVITYMEASUREMENTSAS A GEOTHERMALEXPLORATIONTOOL

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 transmittingelectrodesand another set of receiving electrodes. The

earth’s apparent resistivity (Pa) is defined as:
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where I is the current injected in the ground at the transmittingelectrodes,

V is the voltage measured at the receiving electrodes, and K is a geometry

factor given by:



( 1K = ~+ & - ~ - —
’11 22 ’12 )’21 “

The R .
IIJ

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

penetratedeeper and deeper into the ground.

The apparent resistivity is that which is measured when the earth is not

homogeneous. The.apparent resistivitymay also be defined as the resistivity

of a layered or heterogeneousmedium relative to the resistivity of a

homogeneous medium. To obtain the actual resistivities in a layered or

heterogeneousmedium, the apparentresistivitydata must be computer modeled.

There are many different standard arrays in which the current and

voltage electrodes may be placed (Bhattacharyaand Patra, 1968; Van Nostrand

and Cclok,1966). The dipole-dipole array is often selected 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-dipolearray 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 200-1000m are characteristic,

although both shorter and longer spacings have been used.

A. previous ResistjvityStudies on St. Lucia——
Shallow resistivity studies have been carried out in the Qualibou

caldera of St. Lucia by the Instituteof Geological Sciences, London, England

(Greenwood and Lee, 1$376). 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 Soufrii$re,La

Pearle, and Cresslands and other areas generally north of Sulphur Springs.

Additional 10WS were centered in the south 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 resistivityvalues are associatedwith the geothermal system. It was
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suggested that the higher values seen at depths beneath the Sulphur Springs

area may be due to a steam field.

B. Field Operationsin 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 conductedduring January 1984.

A nominal dipole length of 200 m was selected for the St. Lucia survey

to obtain high resolution. Because of the difficult terrain on St. Lucia, it

was impossibleto keep a constant 200-m spacing. Two short regions along the

profile have electrode spacings of less than 100 m, giving even higher

resolution in these critical areas. The 5.2-km-long profile line across the

Qualibou caldera contained a total of 32 electrode stations as depicted in

Fig. 1.

To get resistivity data to a depth of 2 km, a 35-kW trailer-mountedDC

transmitter (Fig. 2) was used. This transmittingsystem was built by the Los

Alamos National Laboratory and is designed to handle high current output, up

to 70 amps peak-to-peak, over a single dipole or to automatically alternate

high current output over two 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 transmitteroutput can be selected from O to 1000 V DC and from

O 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 of the DC resistivity

transmitter and Table I contains the detailed transmitterspecifications. The
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DC transmitter is powered by a trailer-mounted60-kW diesel generator. The

generatoroutput is 480 V, 60 Hz, three phase.

Each of the four portable voltage measuring units (Fig. 4) consists of a

aluminum

to the

This is

voltage strip chart recorder and a DC voltage bucking box. The strip chart

recorder and bucking box is shock mounted in a small portable

transportainer. They are designed to apply a DC offset voltage

incoming signal before it is plotted on the strip chart recorder.

necessary to keep the measurements on scale because the currents produced by

the DC transmitter (signal)are superimposedon natural earth currents (noise)

known as telluric currents, which rapidly fluctuate in magnitude. Telluric

currents have several sources. The two most important are inductionsfrom the

motion of charged particles in the ionosphere and the motion of charged
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Electricalblock diagram of the DC resistivity transmitter.

TABLE I

DEEP DC RESISTIVITYTRANSMITTERSPECIFICATIONS

INFUT:

OUTPUT:

~:

HEIGHT:

CONTROLS:

440-480 VAC1ine-to-l ine
Three phase WYEpulse neutral
50/60 HZ
35”amps
40 kVAor less

Adjustable O to 1000 VDC,isolated from input
Ripple voltage less than 1%, at 720 Hz
O to 70 amps peak-to-peak (max current not available at max
voltage
Two independent outputs isolated from chassis, each controll-
able as follows:

CWtput current reversed positive/negative at selectable
time of 1-99 seconds.
Negative current selected for same or double the duration
of the positive current.
IXtput on time selectable for 1-99 minutes.

Either outp~t may be selected, or the outputs may alternate at
independently selected time durations.

Approximately 3 ft x 3 ft x 4 ft enclosed

Approximately 1500 lb (without trailer)

ACpower on/off (panic button OFF)
DCoower on/off [oanic button OFF)
Oig\tal OUTPUTCtiRRENTmeter, 0-50 amp, 0.1 ampresolution
Bipolar analog voltmeters on each output (2), ~1000 V
Wtput Select

output 1
Alternate
output 2

titput 1 on time select 1-99 minutes
Output 2 on time select 1-99 minutes
llJtput 1 current reversal time select
Cutput 2 current reversal time select
Negative current time Normal/Ooubled
RESETTIME

1-99 seconds
1-99 seconds



Fig. 4.
Photograph of a portable measuring unit showing voltage strip chart recorder
and DC voltage bucking box.

c1ouds. The smallest signal that can be recorded by this receiving system is

z~vo The receiver system is powered by an internal rechargeable Ni-Cd

battery, which gives approximately 10 hours of continuous use on a single

charge.

III. RESISTIVITYDATA

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 10°
counterclockwise relative to the dipole-dipole apparent resistivity cross

section, with the sections intersectingat Sulphur Springs.
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The upper 700 m of the pseudosectionshows similar characteristicsto

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. here is a zone of very low resistivity, less than 1 ohm-m,

underlying the Etangs area. Beneath Sulphur Springs and starting at a depth

of approximately600 m, there is

from 40 ohm-m up to 150 ohm-m in

resistivityclosure.

higher apparent resistivitymaterial ranging

the center of a l-km-diameterhigh apparent

IV. INTERPRETATIONOF RESISTIVITYDATA

There are some interrelatedinterpretationspossible from

resistivity data. The regions containing less than 10 ohm-m

highy suggestive of zones containing thermal waters. The

the apparent

material are

zone beneath

Etangs, containing material of less than 1 ohm-m, is related to thermal

upwelling along a fault, probably the caldera-boundingfault, mapped earlier

by Los Alamos geologists between Etangs and Belfond. A swampy area (at

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 devoid of 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) that strongly

suggests the presence of a large thermal reservoir. This region could not

have been identifiedwithout the use of the deep DC resistivitysurvey. The

locationof Sulphur Springs is believed to be entirely fault controlled.

Based on the resistivity data alone, the deep higher 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 is due to a more
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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 Belfond) 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. l%is model is

supported by the presence of upwel-” - ‘“ “ ‘- “ ‘- ““ “

area,

v. RECOMMENDATIONSFORDRILLING

Based on the interpretation

Ilng, tault-controlled fluids In the Etangs

IN THE QUALIBOU CALDERA

of the deep resistivity data, the followlng

The first well should be drilled in the

drilling recommendationsare made:
{1) Craters of Belfon~.

Belfcmclarea, 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 impermeablehydrothermalboundary into a geothermalbrine.

(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

600-17t10m and a geothermal brine by approximately 1800 m. It is also

possible that a more impermeable,less fluid-bearingrock will be encountered

instead of a steam zone above the deeper lying brine reservoir.

(3) Etan~. 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.-boundingfault and is expected to encounter

geothermal fluids at shallow depths associated with the fault. The depth of

the reservoir in this locationcould be as shallow as 1000 m.
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HYDROGEOCHEMICALEVALUATION
ST.

(FraserGoff

-. —.

OF THE QUALIBOU CALDERA GEOTHERMALSYSTEM,
LUCIA, WEST INDIES

and FranCois-DavidVuataz)

Analysis and interpretation of hydrogeochemical data from the
Qualibou caldera, St. Lucia, indicate that a geothermal re~ervoir
underlies khe Sulphur Spr<ngs area and consists of three layers: (1)
an upper steam condensate zone; (2) an intermediate tuo-phase (vapor)
zone, uhich may be restricted to the Sulphur Springs area only; and
(3)a Zouerbrinezone. Although temperatures of 2120c at depths of
600 m Mere encountered by previous drilling at Sulphur Springs, four
l{nes of evidence indicate that temperatures of the brine layer may
e:zceed 250°C. Three other outlying thermal qrings discharge in the
QuaZibou caldera, includi~g two along the northern caldera collapse
zone but their geochemistry doe6 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. -lf this iG the case, it supportG the theory that the
high-temperature brine upflous in the area of Belfond-Sulphur Spring8
and flous laterally northmrds toward the caldera VXZZZ. Only the
oaakest evidence suggests a Gmalt component of south lateral flow.
On the basis of thi6 evaluation, four sites are suggested for deep
exploratory drilling to define the resource and investigate its
hydrological dynamics. !l%eGesites are at (1) Belfond area near the
youngest Silicic Volcanism, (2) Sulphur Springs proper, (3) EtangG
area near the southern caZdera collapse fault, and (4) Diamond Spring
near the north caldem vail.

I. INTRODUCTION

Several hot springs dischargewithin Qualibou caldera but by far the most

impressive thermal features occur at Sulphur Springs (Robson and Willmore,
1955), which is close to the caldera center and the youngest pyroclastic

vents. Curiosity regarding St. Lucia’s geothermal potential began many years

ago IBodvarsson, 1951), but nothing was initiated until the 1970s when the

U.K. Ministry of Overseas Development 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 C02 content of the vapor,

difficulty in finding permeable fractures, and lack of money. Soon

thereafter, the Italian consulting firm Aquater (1982a) conducted a

comprehensivegeothermal evaluation of Qualibou caldera and recommended areas

for deep exploration drilling. To date, however, the only wells drilled on

St. Lucia are the shallow wells at Sulphur Springs.

The purpose of this report is to combine previous geochemicaldata with

new data recently acquired by the authors to determine: (1) the type of

geothermal system present, (2) the temperatureof various geothermal horizons

at depth, and (3) the possible configurationand dimensions of the geothermal

reservoirs. This latter objective considers available geologic and

geophysical data as well. Finally, four sites are recommended for deep

exploration drilling. A Drief summary of our work has been previously

reported (Goff and Vuataz, 1984).

II. GEOLOGIC AND GEOPHYSICALBACKGROUND

The geology of St. Lucia consists of several distinct volcanic sequences

interstratified with minor marine sedimentary rocks (Aquater, 1982a). In

general, volcanism was initiated in the north around 10 Ma ago and migrated

southwards. Rock compositions evolved from basaltic to andesitic to dacitic

types through time but andesites volumetrically dominate. The precaldera

rocks surrounding Qualibou caldera are composed almost entirely of andesites

in the 2.5-Ma range (i.e. Mt. Gimie). Later dome eruptions built the dacite

edifices of Petit and Gros Pitons (0.25 Ma) before caldera formation. These

extrusiveeruptions produced large quantities of breccias and tuffs as well as

typical domes and flows.

The exact age of formation of Qualibou caldera was previously estimated

at 0.5 Ma (Aspinallet 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. Followingcaldera collapse, a large central dacite dome

was extruded inside the caldera that constructed the towering peak of Terre

Blartche. 7%e most recent volcanism has centered around Belfond in the

south-centralpart 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
14years by C techniques on organic remains in the ash deposits (Tomblin,

1965; Roobol et al., 1983). The well-preservedcones testify that these vents

are very young. Because Sulphur Springs lies a scant 1 km northwest of these

vents, it is assumed that the shallow magma chamber producing the silicic

pyroclasts is the heat source driving surface hydrothermalactivity.

Qualibou caldera is 3 to 4 km across from NW-SE, smal1 in comparison

with many known caldera systems (Smith, 1979). The caldera is elongate in a

SW-NE direction because of a major regional tectonic pattern (Wohletz and

Heiken, 1984). The 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 and

Rabot. Although some silicic domes have erupted along intracalderafaults in

the Belfond area, the pronounced “ring” of domes observed at many large

calderas

Qualibou

northwest

H2S and B

(sucn as the Valles Caldera; Smith and Bailey, 1968) is not seen at

caldera. Hot springs at Diamond and Cresslands issue from the

sector of the caldera collapse zone and Aquater (1982b) noted that

anomalies are found around the north and south caldera margins.

According to Williamson (1979), the main thermal area, Sulphur

valley, is oriented parallel to faults and fractures that strike NW-SE

60 t.O 70°NE. Faults of this trend are also shown on the maps of

(1982a). Wohletz and Heiken (1984) believe that the Sulphur Springs

Springs

and dip

Aquater

faults

consist of an arcuate collapse fault associatedwith the inner western wall of

Qualibou caldera and a major through-goingregional 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 about 500 m in the south but nearly 1000 m in the north. Because calderas

form large “holes” in the earth’s surface that fill up with low-densitytuffs

and breccias, they invariablyproduce 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 at Sulphur

Springs penetrate “caldera-wallagglomerates” at depth, presumably precaldera

basaltic and andesitic rocks. The authors observed several hundred meters of

what appears to be precaldera basalt or basaltic andesite along the sea coast
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north and south of Petit Piton. These outcrops are shown on the maps of

Aquater (1982a). There is no obvious 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-chloridegeothermal fluids at depth

have been hydrothermally altering the host volcanics such that their bulk

density has increased. This would occur if the Ca contained in the volcanics

was converted to calcite and epidote, both stable minerals at the temperatures

known beneatn Sulphur Springs and common alteration minerals in basaltic and

andesiticrocks.

Aspinall et al. (1976) performed a microearthquake survey at Qualibou

caldera and recorded seven events during a 39-day period. The seismic records

are characterized by emergent P-waves and missing or attenuated S-waves,

characteristicsthat denote the presence of fluid bodies (magma or water) at

depth. Analysis of the data indicates that the attenuatingmedium occurs at

depths less than 2 km extending from Sulphur Springs to the north caldera

wall; thus, these researchersconclude that a geothermal system occupies this

zone. The distributionof known hot springs inside the caldera is coincident

with the attenuatingzone.

Electrical resistivity measurements (Wi11iamson and Wright, 1978;
<30 ohm-m occur to depths ofAquater, lgaza) indicate that conductive zones –

700 m in the Sulpnur Springs area, correlatingwell with the known presenceof

200”C steam and near-surface acid alteration. Each of the above authors

implies tnat the conductive zones extend well beyond Sulphur Springs to the

north and south but hastens to add that the steep topography and complicated

contacts among 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-bearing hydrothermally

altered rocks.

The best evidence for presence of neutral-chloridenot waters at depth

comes from drilling (Williamson, 1979). Large quantities of concentrated

geothermal fluid were discharged from British well #4 at Sulphur Springs

during wet/dry cycling with Cl concentration ranging from 10,000 to 70,000

mg/1. Because of the 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/1.

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

(40,000 years) and contains relatively shallow magmatic heat sources.

Geothermal fluids appear to be 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 caldera

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 microseismicdata and with the

distribution of conductive zones delineated by electrical methods. Because

drilling has yielded hot, neutral-chloride brines from one well at 600 m

beneath Sulphur Springs (Bath, 1977), it is easy to assume that a large deep

geothermal system underlies the central and northern portions of Qualibou

calderii. 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

geothermalpotential.

111. GEOCHEMISTRY

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 investigatedits geothermal possibilities. Robson and

Willmore (1955) estimated the natural heat flow at 36 MW(t). The first

comprehensive geochemical studies were performed by Bath (1976; 1977) during

the geothermal 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

(1982b). The 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 the purposes of this report, the geochemistry in later sections

is discussed by area because information on the temperature of the resource

comes f’romSulphur 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 Nuc14aires de Saclay, France, or C.

Janik, U.S.G.S.,Menlo Park, California. Tritium samples were analyzed at the

Tritium Laboratoryof the Universityof Miami, Florida. Gases were collected

in evacuated 125-m! tubes accordingto 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 C02. Sulfur isotopes were analyzed by

Geochron Laboratories, Cambridge, Massachusetts, and alteration phases were

determinedby x-ray diffraction (D. Bish, Los Alamos National Laboratory).

A. Sulphur Springs

Sulphur Springs is one of the most 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. The most common

thermal features are numerous broad pools or cauldrons filled with bubbling

and fountaining black water. A sketch map and temperaturesurvey was made at

Sulphur Springs (Fig. 1 and Table I) to positively identify the sources of

samples. Table II lists the locations,field data, and types of samples taken.

The main zone of activity occurs in a northwest-trendingbelt about 100

by 2!50m at the base of the northeast flow of hornblendedacite from Rabot and

along the southwest side of Diamond Creek, but the entire

across tne dacite lavas on the flanks of Terre Blanche.

surrounding Sulphur Springs have been converted to

natroalunite-kaolinite-bearing rocks. Sulfur, 9ypsum,

altered zone extends

The original dacites

cristobalite-quartz-

and pyrite are

concentratednear fumaroles and steaming ground. Iron oxides form orange and

red stains in dry spots and around the margin of the active area. All these

features are characteristicof acid-sulfatehot spring systems (White et al.,

1971).

1. Fluid Chemistryof Surface Manifestations. Spring waters at Sulphur

Springs display chemical compositions that are very characteristic of

acid-sulfate systems (Tables III and IV). They have relatively low pH, high

’04’ and low Cl with one important exception discussed below (steam
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Fig. 1.
Sketch map of Sulphur Springs, St.
Lucia; numbers by thermal features
refer to Table 1.

TABLE I
TEMPERATURESURVEY OF THERMAL FEATURES AT SULPHUR SPRINGS..

ST. LUCIA, LESSER ANTILLES
Maplocation #

(Fig. 1)

1

2

3
4

5

6

7

8

9
10

11
12

13

14

15

16

17

18

19

20

21

Description

seep
black bubbling pool

grey bubbling pool

bubbling seep

steam vent

steaming ground

boiling cauldron

clear bubbling pool

flowing clear spring

flowing clear spring

flowing clear spring

superheated steam vent

large black cauldron at edge

black cauldron

steam vents

light grey boiling pool

black cauldron

grey pool

bubbling pool

very small bubbling pool

flowing clear spring

Temperature
(“c)

94

63

96

88
103

90
72

69

93

58
171

88

73

96-98

95

81

96

80
80

56
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TABLE 11

FIELD DATA AND PHYSICAL PARAMETERSOF WATERS AND GASES FROM ST. LUCIA
(July, 1983)

Mapa Temperature Conduct. Llischar e
no. Name No. (“c) pH Eh(mV) (IIS/cm) (kl/min ? Sampling

.--—.—--—.-—--—-——-—-- -----—--——-----—-— —----

Sulphur Springs---—
5 Steamvent
5 Stem vent

14 Black cauldron

14 Black cauldron

8 Clearbubbling pool

— Leak around geoth. well

10 Flowing clear SW.

8 Clear bubbling pool

16 Light grey boil. pool

5 Steam vent

8 Clear bubbling pool

16 Drowned fumarole

16 Drowned fumarole

15 Steam vents

19 Bubbling pool

19 8ubbling pool

12 Superheated steam vent

12 Superheated steam vent

12 Superheated steam vent.

SL-1
SL-2
SL-3

SL-4

SL-5
SL-7
SL-8

SL-9
SL-10
SL-llb
SL-19

SL-20
SL-21
SL-22b

SL-23

SL-24
SL-25

SL-26
SL-27

Thermal sprin~s, Qualibou Caldera—-—- -—--—---—--.--
-- Diamond warm spg. SL-12

— Cresslands hot spg. SL-15

— Malgretoute warm spg. SL-17

Cold waters, Qualibou Caldera.-------—----------
-- Diamond Creek,Sul. Spgs. SL-6
— Waterfallat Oiamond SL-13
— Cresslandscold spg. SL-14

— Migny River SL-16

— Dasheene spg. SL-18

103
103
73

73

72
37.8
92.7

64.8
96.0

103
72

95
95

96-98

>80

>80

;71

171
171

43.1

55.7

35.2

26.3

27.3

26.5
25.9
26.5

4.8

6.2

2.50

1.55
7.78

8.19

6.45

6.55

8.57

6.60
4.33

6.24
8.06
6.80

— 484

-322 800

-38 3300

+110 10900
+489 970

+413 1050

-106 1300

-0.20 2490

+16 1530

+200 170

+164 1070

+186 272

-37 165
+10 267

—

1.5

—
—

--

3

2
--

—

1200

18
2400
—

gas
gas
gas

gas

gas
water

water

water

water

condensate

gas

gas

gas

condensate

gas

gas

gas

gas

condensate

water

water

water

water

water

water

water

water

a Numbered ooints excegt SL-7 can be located on Fig. 1; SL-7 was sampledapproximately100 m southeast
of Sulphu} Springs.

b For the condensates SL-11 and SL-22, pH, Eh, and conductivity were measured in the laboratory
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TABLE 111

MAJOR AND MINOR ELEMENTS (m@!) FOR THE
(July,1983)

Name No. I_i+Na+ K+ Mg++ Ca++ Sr* Mn++ Fe++

- .---.-—-. ------ .- ------ .- . --- . ___.-. --- . .- .. . . ---- .- .- . .- . . . . . . . . - . - . . . - -- - - . .

S!!@Lw!w
Leak ar. geoth. wel1 SL-7 0.06
Flowing c I ear spg. SL-8 0.04

Clear bubbling pool SL-9 0.09

Orownedfumarole SL- 10 0.05

Steamvent SL-11 -

Steamvents SL-22 -

Thermal springst ~ualibou caldera—---- . . . - - ...-. ..- -------
Oiamond warm spg. SL-12 0.22

Cresslands hot spg. SL-15 0.67
Malgretoute warmspg. st-17 0.41

Cold waters Qualibou caldera—---—---t ----------- —
OiamondCr., Sul. Spgs. SL-6 <0.01
Uaterfall at D{?anond SL-13 0.08

Cresslands cold spg. SL-14 <0.01

Migny River SL-16 <0.01
Oasheenespg. SL-18 <0.01

27

49

54

6

129

257
267

15

37

16

12

20

6.3 10.7 50,2 0.21 0.88

6.8 10.3 61.5 0.27 0.54

13.7 9.3 72.3 0.66 0.81

6.7 72.0 220 0.04 6.53
--

11.0 42.3 69.2 0.47 0.29

16.5 56.5 163 1.41 0.35

15.4 20.3 23.1 0.69 <0.01

4.0 3.28 13.1 0.07 0.02

6.1 18.3 84.6 0.30 1.18

2.2 7.2 23.8 0.13 <0.01

1.7 4.4 13.4 0.07 0.01

3.9 5.9 19.3 0.08 <0.01

0.32

0.02

16.4

68.6

0.20

1.71

0.03

0.27

0.71

<0.01

0.04

0.04

HC03

. .

0

309

0

0

686

1215
648

WATERS

so4--

..-. . . .

230

35.6
1085

6750

121
In’-l

21.8

0.77

105

57.3 10.6
0 508

103 11.7

69.6 2.73

97.6 7.6

Cl- F- Si02

. . . . . . . . . . . . . -,

Ifl.q

39.7

32.9

5

1.3

6.7

40.0

153

74

18.1

36.0

20.6

13.1

22.8

0.17

0.11

0.05

0.0?

0.03

0.05

0.15

2.60

6.16

0.10

0.07

0.07

0.08

0.11

151

197

186

360

<1

1

171

110

101

61

96

46

47

82

B

. . . .

0.36

10.9

15.1

?2.9

95

0.60

11.1

15.0

8.ql

0.15

?6.2

0.10

0.11

0.16

494

721

1486

7518

1183

1994

1?64

183

815

231

164

260

4.78

6.25

7.72

?0.03

12.88

24.58

14.91

1.69
7.58

2.54

1.60

2.42

..-.--.—

5.27

6.93

18.47

110.72

12.83

24.38

14.90

1.68

9.08

2.52

1.57

2.41

a Cations and anions are sumned in mea/t.

m
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TABLE IV

TRACE ELEMENTS (mg/!t) FOR THE WATERS FROM ST. LUCIAa
(July, 1983)

Name No. Al Ba Br Cd Co C03 Cr MO NH4 Ni ‘?

—---------------- ..- --------- ---- ----------- ---------- ----------- ------------ ----------- ..---.-..------

N03

. . . . .

0.2

<0.1

<0.1

<1

<0.1

P04 Rb Sb Se Zn

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

Sulphur S~ri~-------- —
Leak ar. geoth. well S1-7 <0.05 0.05
Flowing clear spg. SL-B 0.15 0.12
Clear bubbling pool SL-9 22 0.13

Drownedfunarole SL-10 290 0.03
Steam vent SL-11 - -

Stem vents SL-22 - -

<0.1

<0.1

<0.1

<1

<0.2

<0.1

<0.001

<0.001

<0.001

0.001

<0.001 0 o.c02 <0.05 0.22

0.002 0 <0.001 <0.05 16.6

0.004 0 0.026 <0.05 46.7

0.010 0 0.173 0.25 2.42

0- - -

0- - -

<0.001 0.6

<0.001 <0.5

0.014 1.5

0.045 <0.5

<0.5

<0.5

1.1 0.18 <0.1 <0.5

<0.1 <0.01 <0.1 <0.5

<0.1 0.11 <0.1 <0.5

<1 1.48 0.41 1.2

<0.2 - - -

<0.02

<0.02

0.09

0.28
-’

<0.02

<0.02

<0.02

<0.02
0.04

<0.02

<0.02

0.07

<o.

2.

<o.

<o. <0.01 <0.1 <0.5

Thermal springs Qualibou caldera—------ .*-- ----._----— -----
Diamondwarmspg. SL-12 <0.05 0.09

Cresslands hot spg. SL-15 <0.05 0.40

Malgretoute warmspg. SL-17 <0.05 0.06

<0.1

0.5

0.1

<0.ctll

<0.001

<0.001

<0.001 0 <O,cml <0.05 0.24

<0.001 0 <0.002 <0.05 0.01

<0.001 13.8 <0.001 <0.05 <0.01

0.001 7.9

<0.001 <0.5

<0.cell 1.0

0.3

4.9

<0.1

1.1

2.7

0.9

2.9

<0.1 0.10 <0.1 <0.5

<0.1 <0.01 <0.1 <0.5

Cold waters, Qualibm caldera---------------- ----.--——
DiamondCr., Sul. Spgs. SL-6 0.84 0.05

Materfall at Oianond SL-13 8.8 0.04

Cresslandscold spg. SL-14 <0.05 <0,01

Migny River SL-16 0.20 <0.01

Oasheenespg. SL-18 <0.05<0.01

<0.1

<0.1

<0.1

<0.1

<0.1

<0.001

<0.001

<0,001

<0.001

<0.001

<0.001 0 <0.001 <0.05 <0.01

0.007 0 0.003 <0.05 29.3

<0.001 0 <0.001 <0.05 0.03

<0.001 0 <0.001 <0.05 <0.01

<0.001 0 <0.001 <0.05 <0.01

<0.001 <0.5

0.002 <0.5

<0.001 <0.5

<0.001 <0.5

<0.001 <0.5

0.05 <0.1 <0.5

0.09 <0.1 <0.5

<0.01 <0.1 <0.5

0.05 <0.1 <0.5

0.15 <0.1 <0.5

<o.

<o.

<o.

<o.

0.

a The following trace elements concentrations are below the detection Itmit for all the samples:
Ag <0.001; As <0.05; CU <0.001; Hg <0.1; Pb <0.001; U <0.5



condensate springs). Divalent afidtrivalent cations (Ca, Mg,

over Na+K and most trace elements other than B are

Acid-sulfate waters are mixtures of rising steam and gases

the near-surface environment. Oxidation of H2S to H2S04

Al, Fe) dominate

relatively low.

that condense in

leads to acidic

conditions. The condensed acid waters may or may not mix with near-surface

ground water to produce hybrid compositions (Whiteet 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 temperature survey were

completed to obtain ranges in chemical composition that would help us

understandthe dynamics of the system. From our data and observations,we can

identifyfour types of thermal features.

(1) Steam Condensate Springs (Hot Spring #10): This group of springs issues

only from high ground around the southwest margin of Sulphur Springs. A

cluster composed of springs 9, 10, 11, and 21 and a number of seeps’

above spring 19 (Fig. 1) all discharge similar water. These springs are

noteworthy because they form small deposits of CaC03 (travertine),

which is unstable in acid environments. Chemically they are near

neutral in pH and contain HCO~ as the major anion.

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

(steam) geothermal systems. Examples include The Geysers (White et al.,

1971) and Lassen (Muffler et al., 1982), both in California. According
t. Mahon et al. (1980), HCO~-richsteam condensate waters commonly

form a cap or carapice to many deep neutral-chloridesystems in excess

of 200°C (i.e. Broadlands, New Zealand, and Kamojang, Indonesia).

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

applicationsin formulatinga model of a geothermalsystem.

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

waters containing various amounts of surface ground waters. They

discharge as interconnectedpools to Diamond Creek.

(3) Drowned Fumaroles (Hot Spring #16): Only one spring obviously belongs

to this group. Hot spring #16 lies in a shallow depression and boils

violently from steam and noncondensiblegas passing rapidly through the

water. Because of continuous condensation and evaporation of steam and
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(4)

only minor dilution from surface ground water, drowned fumaroles are the

most acid and concentratedof the springs.

Fumaroles (Steam Vents #5, #12 and #15): These are merely open cavities

discharging steam 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 #12 was measured at

171°C and is one of the hottest fumaroles known, surpassing the 159°C

recorded for a fumarole at Lassen, California (Muffler et al., 1982).

Williamson (1979) recorded a temperature of 185°C at vent #12 in the

1970s0 Partial analysis of the steam shows high S04 and low Cl. Most

interesting, however, is the extremely high B/Cl ratio in the

superheated vents, a characteristicnoted by Aquater (1982b). High B/Cl

ratios in steam generally indicate the steam originates by deep boiling

of high-temperaturebrine (Tonani,1970; Ellis and Mahon, 1977).

Acid-sulfatewaters do not necessarily indicate that a vapor-dominated

system lies at depth. The available drilling data reported by Williamson

(1979) indicate variable two-phase conditions in the vapor zone beneath

Sulphur Springs. Temperatures approach 220°C and pressures are <32 b.a.—
‘True” vapor-dominated systems ideally display temperatures of 240”C and

pressures of 32 b.a. (White et al., 1971), thus conditions at Sulphur Springs

are suggestiveof a vapor-dominatedzone of as yet unknown size.

2. Deep Reservoir Fluid, Well #4. Wells #4 through #7 were drilled

about 100 m south of Sulphur Springs in a flat area adjacent to Terre

Blanche. Well #4 is unusual in that it produced slugs of geothermal brine

during wet/dry cycling. The temperatureof this brine at a depth of 600 m was

203°C (Bath, 1977). Partial chemical analyses of the brine (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 reservoir

brine is because of the variable discharge of the well. Williamson and Wright

(1978) suggest a true Cl level of 25,000 mg/L but do not indicate why they

believe this. The brine chemistry is extremely unusual because Ca is roughly
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twice Na by weight and the brine is extremely rich in B. It is unfortunate

that the data of Bath (1976; 1977) are not more comprehensive. The

cation-anion balance of tne analyses in Table V is consistently low on the

cation side. This may be compensatedby the relatively low pH of the brine.

It is probable tnat the brine contains substantial Li, Br, and possibly other

trace elements. The extreme variation in Si02 suggests that the silica

analyses are unreliable.

CaC12-rich geothermal brines are very unusual compared with most

geothermal fluids. They occur only in settings near the ocean such as the

Salton Sea, California, the Reykjanes field in Iceland, or along oceanic

spreading centers like the Atlantic II Deep (Hardie, 1983). Even these

geothermal brines, however, contain more Na than Ca, making the Sulphur

Springs brine truly remarkable.

3. Subsurface Temperature of Brine Reservoir. Several lines of

evidence point to extremely high temperaturesbeneath Sulphur Springs and its

underlying brine reservoir. Drilling to depths of 700 m encountered

temperaturesof 220°C (Williamson,1979), but the following data indicate that

higher temperaturesexist.

(1) Stable Isotopes of Water: A plot of deuterium (D) versus oxygen-18

(180) is shown in Fig. 2 in which discrete symbols refer to data

collected by the authors, while the two clouds refer to brines and steam

condensates collected from well #4 during wet/dry cycling (Bath, 1977).

The composition of brine is essentially identical in D but considerably

heavier in 18
0 than surface water, indicating extensive exchange of

oxygen between water and rock in the reservoir (Craig et al., 1956). A

pronounced “shift” in 180 is a characteristic repeatedly observed in

the deep reservoir fluids of geothermal systems >250°C (White, 1968).—
The magnitude of the shift at Sulphur Springs is rather extreme
(130/00), rivaling the shift observed in the geothermal brines of the

Salton Sea, California (14°/00).

The composition of
18
0 in Sulphur Springs brine is unusually

heavy (+10°/00)but the cause of this is not entirely clear. If the

brine is reacting isotonicallywith silicic intracaldera rocks, which
18should possess ~ o of +10°/00and 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 isotonically dominated by the

signature of the rocks. Because we know the caldera is only 40,000

years old, we would favor the second argument.

(2) Gas Geothermornetry: 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. C02 is the dominant noncondensible gas as it is in all

high-temperature geothermal systems. There are also substantial

quantities of H2S and H2. 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

280”C.

(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

Fumaroles discharge steam from subsurface

adiabatic rather than isothermal process.

these authors, superheated

reservoirs by means of an

If we plot the measured

‘temperatureof steam vent #12 on Fig. 3 (which shows the relationship

between saturated steam and the isothermal decompression paths of

superheated steam for pure water), we note that an isoenthalpic

{vertical ) 1 ine 1 ies to the right of the maximum enthalpy of saturated

Steam, approximately 236°C at 31 bars. If we analyze Fig. 3

qualitatively, the curve surrounding saturated steam is shifted to the

~’ight if the fluid system consists of a brine instead of pure water.

(4)

The temperature of maximum enthalpy of steam is also increased in a

brine system. Thus, if the steam discharging from vent #12 originates

from isoenthalpic decompression in the reservoir, the deep brine

temperaturemust be >236°C, possibly in the neighborhoodof 260”C.

~ligh-temperatureBehavior of Boric Acid: Tonani (1970) and Ellis 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

B-rich brine. Although the B analyses of the brine from British well #4
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Fig. 2.
deuteriurnversus oxygen-18 of surface waters, steam, and brine from
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 enthalpy, temperature and pressure of a superheated fumarole, Sulphur
Springs, St. Lucia. The vertical dashed line is an isoenthalpicline (adapted
from Muffler et al., 1982).
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TABLE VI

CHEMICAL ANO ISOTOPICANALYSES OF GASES AT SULPHUR SPRINGS, ST. LUCIA
(July, 1983)

Clear
Steam Black Bubbling Orowned Bubbling Superheated

Name Vent Cauldron Pool Fumarole Pool Steam Vent

-— .-..—-— ------------------------------------------------------

Map No.

Sample No.

Teinp.(”C)

Gases (vol-%)-—
He

Hq

A;

09

N;

;io

C()*

CZH6

HZS

co

Tct.al

5

SL-2
103

<0.005
4.90

<0.003

0.035
1.08
0.62

91.53

<0.01

L.78

0.003

99.95

Isotopes on C02 (“/..)
——— ——--——_

~13c -6.1
~180 +38.4

14

SL-4
73

<0.0Q5
5.40

0.013

0.105
1.87

0.70

90.24
<0.01

1.20

0.006

99.53

-6.0
+44.7

8

SL-19
72

<0.005
5.04

<0.003

0.022
1.11

0.64

91.93

<0.01

1.67

<0,003
100.41

-6.0
+37.4

Empirical Gas Geottternmmeter (“C)a———-—-.——------------—-

c02-H2s-H2-cH4284 280 283
—.
a D’A~re and Panichi (1980).

16

SL-21
95

<0.005

4.89

<0.003

0.020
1.06
0.63

92.07

<0.01
1.84
0.006

100.52

-6.0

+34.3

284

19

SL-24
72

<0.005

4.95
<0.003

0.012

1.00
0.62

91.67

<0.01
1.78

<0.003

100.03

-6.0
+35.9

284

are not systematic (Table V), we can calculate a rough

12

SL-26
171

<0.005
5.63

0.03

0.54
2.51
0.69

89.59

<0.01
1.09

0.006

100.09

-5.6
+38.4

280

estimate of the

subsurface brine temperature by using the B data of Table V and Fig. 4

modified from Ellis and Mahon. As mentioned, Williamson and Wright

(1978) suggested the brine chemistry was approximately25,000 mg/R Cl or

closest to the analysis of sample 4/10/76, Table V, which contains 3500

mg/1 B. If we calculate the value of -log ‘d (where ‘d =
concentration of B in vapor/concentrationof B in brine) using values

for B of 95 mg/~ (Table III) and 3500 mg/L respectively,the estimated
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Fig. 4.
Plot of -log Kd versus temperature for boric

sys~em (adapted from Ellis ancl Mahon, 1977).

reservoir temperature is 230”C. If we
the brine from Table V, the calculated

higher (~300°C). The B concentrationof

very high, exceeding values reported

acid in the steam-liquid

use the other analyses of

water

B in

reservoir temperatures are even

tne brine at Sulphur Springs is

from such high-B geothermal

provinces as Ngawha, New Zealand,and The Geysers in California.

4. Chemical Geothermometry of Brine. Curiously, the estimated

temperature of the brine reservoir using the brine chemistry and standard

geothermometers (Fournier, 1981; Table 4.1) is much lower than the

temperatures measured in the British drill holes (>ZOO°C) or the inferred—
temperatures discussed above (L230”C). For example, T(Qtz, maximum steam

loss) = 172°C, T(Na-K-Ca)= 151°C, and T(Na-K) = 163°C using analysis4/10/76,

Table V. There may be several reasons for these anomalies. The brine

chemistry is so unusual that it may not represent an equilibriumfluid of the

type used by Fournier and Truesdell (1973) to define their empirical equation

for the Na-K-Ca

collection, there
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geothermometer. Because the brine is flashing

may be complex but rapid precipitationreactions that

before
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the briflechemistry, 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

condensatewaters and deep geothermalbrine that disturbs the true equilibrium

chemistry. Finally, the Si02 analyses of Table V are so unsystematic that

they may not be reliable.

5. Speculations on the Origin of Sulphur Springs Brine and C02. As

mentioned above, Hardie (1983) has argued convincingly that CaC12-rich

geothermal brines are generated by reacting sea water with basaltic rocks at
temperatures above 250°C. The original basalts are transformed into

albite-epidote-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 of”

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°/00 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 tnan sea water, although it is not

clear that Br would behave

fluid. Possibly, the salt

sea water and by subsequent

since been boiled away and

suggestedby Truesdellet al

Bath (1976) offers an

brine in which HC1-rich vol

as conservatively as Cl in such an unusual, hot

content of the brine was derived originally from

reactions with basaltic rocks, but this water has

replaced by recharging meteoric water in a manner

. (1979)for the Salton Sea geothermalfield.

interestingmechanism for formation of the Ca-rich

atiles from magmatic sources react with carbonate

rocks thought.to underlie the volcanic sequence to release C02 gas and Ca

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

some of the intracaldera pumice eruptions (Martin-Kaye, 1969) and marine

carbonates outcrop on the north edge of St. Lucia. However, the 13C

signature of Sulphur Springs C02 is -5.55~0.08°/oo (Table VI) or within

the range of -5 to -8°/00 reported for mantle-derivedcarbon (Barnes et al.,

1978). If we calculate the isotopic composition of ‘3C in CaC03 that
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would produce C02 at reservoir temperatures of 200 to 300”c (using methods

described in Goff et al., 1984), the resulting parent ‘3C would be -6.3 to

-8.1°/.0. This is considerably lighter than the O to -2°/00 in 13C

reported for world average marine carbonate (Hoefs, 1973; p. 26). If we

assume that tne cart)onatesbeneath the Qualibou caldera have not undergoneany

isotopic reconstitution, then it would seem that Bath’s mechanism of brine

formation does not fit the carbon isotope data and that the C02 at Sulphur

Springs is primarily magmatic/mantlederived, 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

previouslyvisited by Aquater (1982b). The authors asked many local people if

they knew of other thermal areas but to no avail. As hot springs go, none of

the areas are very impressiveexcept for the luxurient rain fo~est and steep

topography in which 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 CaC03 travertine along the

southern edge of the Migny River. Aquater (1982b) did not sample this spring

during their investigations but did sample a somewhat 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

and our analysis is very similar to Aquater

temperature of 57°C. No attempt was made

alterations at any of these sites because of

waterfall spilling over a cliff,

(1982b)who measured an emergence

to assess possible hydrothermal

the weathered nature of the rocks

and poor exposure. However,no obvious alterationswere noted.

1. Fluid Chemistry. The striking fact about the chemistry of this

group is the general resemblance to steam condensate waters at Sulphur

Springs. They contain high -‘c03’ high B, variable ‘-’04 ‘ and

relatively low Cl (Table III). Although Na is the dominant cation, Ca+Mg may
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be relatively hign. 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 III), suggestingthey nave formed by similar processes.

Waters of this type form along the cooler margins and tops of deep geothermal

systems by condensation of C02-rich steam (Mahon et al., 1980). The C(12

is converted to HCO~ and volatile boric acid appears as B. H2S may be

converted to S04. The Cl comes from leaching of surface rocks into which

these vapors condense. Because the volubility of Ca+Mg decreases with

increasing temperature in any fluid that has appreciable HCO~, these waters

do not indicateequilibrationat temperaturesabove 100°C.

Cresslands hot spring contains the most Cl and Br of this group,

suggesting somewhat deeper circulation and/or longer residence time in the

ground than the other two. Tnis spring resembles many HCO~ and B-rich

waters that discharge east of The Geysers geothermal system in California

(Goff et al., 1977). Although they do not directly tap a deep

neutral-chloride system, the HCO~-rich waters often indicate a zone of

condensationabove a high-temperaturedeeper zone of boiling.

2. Cnemical Geothermometry,Outlying Springs. Chemical geothermometers

are widely

geothermal

particular

depth from

used with the chemistry of hot spring waters to explore for

resources. They rely on the temperature-dependentvolubility of

chemical components to infer the temperature of the reservoir at

which springs issue (Fournier, 1981). Many assumptions must be

made regarding equilibrium conditions at depth, re-equilibrium situations ~s

the waters rise to cooler surface temperatures, and mixing between aquifers.

The geothermometersthemselves can be problematic in that many are empirical

or depend on volubility relations with

present. In spite of the difficulties,

approximatingthe probable temperatures

Subsurface temperature estimates

cnemical phases that may or may not be

the geothermometersare very useful in

of geothermalsystems.

using chemical data from the outlying

springs are listed in Table VII for four widely used geothermometers: (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 conclusionscan be drawn from this data:
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I
TABLE VII I

CHEMICAL GEOTHERMOMETRYOF OUTLYING THERMAL SPRINGS, ST. LUCIA, CARIBBEAN I

Silica Na-t(-Ca Na-K Na-Li
Measured

T Qtz Chal. Amrph. B = 4/3 8 = 1/3 Mg-corr.
---..—--— ------- ---------------------------------------------------------------

S(.-12OfamondSpring 43.1 169 147 47 77 (157) 41— 171 108
SL-15 Cress]andsSpring 55.7 143 117 22 g (148) 58 144 136
SL-17 MalgretouteSpring 35.2 138 111 18 (126) & – 135 101

(1) The most optimistic estimate of temperature at depth is approximately

170”C using T(Qtz) and T(Na-K) if we assume the outlying springs are

connected to the deep geothermal system; and

(2) The more conservative estimate of temperature is 100”C or less,

suggestingthese springs are not connected to the deep system.

Conclusion (2) is favored because the HCO~-rich character of the

waters indicates they are merely formed in a condensation zone. It is not
clear, however, whether the condensationzone is directly above the source of

steam or laterallydisplaced from the source.

3. Gas Chemistry, Outlying Springs. Aquater (1982b) 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

and chemistry of the spring that Aquater sampled at Cresslandsdo not.resemble

in any way the spring sampled by the authors. Thus, the gas chemistry

reported in Table VIII from Cresslands is of 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: (1) the gases contain no measurable

H2S, (2) their concentrations of H2 are exceptionally low, (3) their

concentrations of lqz (presumably from air) are very high, and (4) their

differences from analyses of deep gases at Sulphur Springs (Table VI) are

remarkable.

Several authors have used the ratio of H2S/C02 from a series of

widely dispersed gas seeps to find the main source of upflow in a geothermal
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TABLE VIII
ANALYSES OF DISSOLVEDGASES FROM OUTLYING THERMAL SPRINGS,

QUALIBOU CALDERA, ST. LUCIA
[values in VOI%; data from Aquater (1982b)]

Oiamond Spring Cresslands Spring Malgretoute Spring

(Sample 1130) (Sample 1107) (Sample 1109)

.—

CO* 7.46 6.30 90.80

H2S

‘2 0.0006 tr 0.0005

He tr tr tr

‘2 78.53 89.91 8.25

02 13.84 3.77 ‘0.76

Ar

CH6 0.17 0.53 0.20

C2H6
co

Total l@).cQ 100.51 !00.01

90.36

tr

9.46

0.17

0.73

100.72

a

a

0.003

0.0009

91.34

1.81

6.80

99.95

62.5

0.001
0.0008

37.00

0.58

0.39

100.47

63.98

0.0008

35.43

0.12

0.47

100.00

a

a

0.0012

0.0024

98.52

0.32

1.16

.

100.00

——
a C02 and other soluble gases absorbed into NaOtl.

system (D. Glover, D.S.I.R., Wairakei, New Zealand, oral communo, 19~3)o

Seeps above the upflow have the highest H2S/C02, whereas seePs displaced

away from the upflow have lower H2S because of oxidation to H2S04 or to

pyrite. Because there is so little H2S at Diamond and MalgretouteSprings

(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 not the case, it suggests that
the geothermal fluids beneath Diamond and Mdlgretoute are much cooler in

temperature and/or the zone of condensation is so thick it removes H2S from

the gas.

that

1953

4. Triti~m, Qualibou Caldera. Tritium (SH) is an isotopic tracer

was produced in copious amounts during atmospheric nuclear testing from

to 1964. Because it has a short half-life of 12.3 years, 3H is very
useful for tracing shallow ground-water flow (Vuataz et al., 1983). The 3H
values of 10 natural waters around Qualibou caldera are listed in Table IX.

Surf~ce waters such as Migny River and Diamond Creek, which certainly have
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TABLE IX

ISOTOPEANALYSES OF WATERS AND ROCKS FROM ST. LUCIA
(July, 1983)

Water Rock
b

Name No. 3H(TU)a 62H(”/Oo) *180(”/0.)b 634S(”/..;

.--..—— -----------------------------------------------------------------
SulphurSprf~~

Flowingclear spg. SL-8 5.01*0.21

Clear bubblingpool SL-9 4.7@o.19

-14.1* -2.15*

-9.5
-10.2

-1.1
-1.0

+10.08
+10.11

Drownedfunarole SL-10 0.72*0.12 +3.0

Stem vent SL-11 - -20.7
-21.6

-24.0

+5.48
+5.57

Steamvents SL-22 - +3.88
+3.97

Steamvent SL-27 - -33.6
-32.3

+3.89
+3.87

-9.4
-8;9

-11.4
-11,1

SuIphur sublimate F83-46 -

Sulphur sublimate F83-47 -

Outlyinq thermal sprin~s, Qualibou caldera------- -.------------ -------------

Diamond warm spg. SL-12 0.97*0.11

Cresslands hot spg. SL-15 0.51+0.20

-11.5* -2.65*

-2.91
-2.78

-12.8
-13.8

Malgretoute warm spg. SL-17 1.890.12 4;.:*

-15:2

y:*

-2:54

Cold waters,Qualiboucaldera------------------—---

DiamondCr., Sul. Spgs. SL-6 3.11+0.16

Cresslandscold spg. SL-14 3.72*0.18

Migny River SL-16 4.45+0.18

_8,9* -2.20*

-7.0* -2.25*

-7.9*
-7,9
-9.0

-2.45*
-2.56
-2.48

Oasheene spg. SL-18 9.13*0.29 -12.6 -2.85

a Analyzed by the Tritium Laboratory, University of Miami, Florida.

b Analyzed byC. Janik~U.S. GeologicalSurvey,Menlo Park,California;precisionis
.52H_ *o-5 /.. and 6 80 = ●0.1”/.o. Oata with ● were determined by the
Centre d/Etudes Nucleaires de Saclay, France: precision is 62H = +0.5”/.. and
6180 - *o.15”/.. .

c Analyzed by Geochron Laboratories Divisjon, KruegerEnterprises,Inc.,Cambridge,dMassachusetts; precision is 63 S u *0.5 /...
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short residence time jn

this is less than half

T.U.) because of the

residence time because

the ground, range from 3 to 5 tritium units (T.U.);

the background value of the southwestern U.S.A. (~30

latitude effect. Cresslands cold spring has short
.

of its ‘H value of 3.7 T.U., similar to surface

waters, Dasheene Spring, on the other hand, contains the highest tritium

measured (9 T.U. ) and thus represents a slightly older water that was

infiltrated when the ‘H background was higher. The underground transit time

of Dasheene Spring is probably a few years (2 to 5 ?).

At Sulphur Springs, variable ‘H contents are observed in the thermal

features, ranging from <1 to 5 T.U. The pool and flowing spring, which are

mixeclwitn surface water, show 3H values equivalent to cold surface water.

A negatiVe correlation exists between 3H

correlation exists between 3H and PH.

the lowest 3H because it is composed

boiling off a deep geothermal reservoir.

contains water having O T.U. (prebomb),

and mineralizationwhile a positive

The drowned fumarole (SL-1O) shows

almost entirely of condensed steam

Presumably,the geothermal reservoir

thus its age is relatively old, at

least>30 years. Tnis is no surprise because most deep geothermal reservoirs

contain O to 1 T.U.

The three outlying thermal springs of

3H contents, indicating they are composed

underground transit time >20 years. AS—
similarities between the flowing condensate

Qualibou caldera have rather low

mostly of older water with an

mentioned above, the chemical

spring at Sulphur Springs (SL-8)

and Diamond/Malgretoute Springs suggest they have all formed by similar

processes. The fact that Malgretoute and Diamond Springs have significantly

lower 3H argues that these two springs originate from a main condensation

zone above a.geothermal system. Their 3H values of 1 to 2 T.U. suggest that

they are composed mostly of steam from the geothermal reservoir with a few

percent of young surface water or composed of steam condensatewaters near the

Sulphur Springs area that flow laterallyto the north

g. Leakage—Anomalies. The report of Aquater

lengthy discussion of what they term leakage anomal

and west.

(1982b) contains a rather

ies. These anomalies are

comprised of volatile components C02, NH3, and ‘3B03
(boric acid),

which are released with steam during boiling of underlying geothermal fluids.

Besides the Sulphur Springs area, three other areas contain measurable

quantitiesof these volatile substances:
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(1) the zone northwest and north of Sulphur Springs (i.e. Malgretoute to

Diamond Spring),

(2) the north caldera collapse zone from Diamond Spring to about 1.5 km east

of Cresslands, and

(3) the

The quant

(3) and,

interpret

from a

southwestcaldera collapsezone between Fond Doux and Gros Piton.

ty of anomalous volatile components decreases from area (1) to area

in fact, area (3) is only weakly anomalous. Aquater (1982b)

these data only in the broadest sense, stating that they originate

geothermal resource at depth. Because Sulphur Springs is

overwhelminglyanomalous in these substanceswhile other areas are only weakly

anomalous by comparison, it suggests major upflow of fluids in the Sulphur

Springs area and lateral flow to the north and northwest. Possibly 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

comment but it should be seriously considered as a mechanism for the Qualibou

caldera. Geothermal systems in volcanic terrains, whether they are andesitic

stratovolcanoes or silicic calderas, often display lateral flow or outflows

(Healy and Hochstein, 1973). There are many examples of this phenomena,

includingthe geothermal systems at Lassen, California (Muffleret al., 1982),

Vanes Caldera, New Mexico (Goff et al., 1981), El Tatio, 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 pyroclast’ics, breccias and/or

faults, and recharge by precipitation on nearby heights. Geothermal fluids

rise above the heat source by convection and then flow horizontallyaway from

the heat source down the hydrologicgradient following stratigraphichorizons,

tectonic fractures or both. A vapor zone may appear above the lateraloutflow

as evidenced by surface acid-sulfatesprings. These springs, however, do not

necessarily occur directly above the upflow zone; they may be displaced off

the upflow zone as at Mokai (Hulston et al., 1981). If the outflow zone is

relatively deep, it may appear many kilometers away from the main geothermal

area down the hydrologic gradient as Cl-rich thermal springs (i.e. Vanes

Caldera; Goff et al., 1981). Sometimes the outflow zone is so deep that it

never intersectsground surface and this may be the case at Qualibou caldera.
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Importantly, the temperature gradient over the upflow zone rises but

then goes nearly isothermal to-the bottom of the reservoir, where presumably

it will rise conductively. In contrast, the temperature gradient rises over

the zone of horizontal flow but goes through a temperature reversal beneath

the plume of geothermal fluid. This is the most decisive criteria by which

outflow zones in geothermal systems are recognized. Temperature reversals

suctIas this are documented in wells drilled through outflowing plumes of

geothermalwater at Mokai, New Zealand, Et Tatio, Chile, and Vanes 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 wal1. Because the acid-sulfate

springs of Sulphur Springs suggest a vapor zone centrally located 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 either steam condensed from

boiling directly underneath them or lateral flow of condensed steam and

shallow ground water from the Sulphur Springs area.

IV. CONCLUSION: MODEL OF GEOTHERMALRESERVOIR,QUALIBOU CALDERA

A model of the geothermal system beneath the Sulphur Springs area,

Qualibou caldera is presented in the two schematic cross sections of Fig. 5.

No stratigraphy is shown on these sections to avoid any more speculationthan

necessary, but readers are referred to the cross sections of 140hletzand

Heiken (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 condensationzone; 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

because of localized faulting and fracture permeability. The thickness of the

vapor zone is conjectural because of the highly variable discharge
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characteristicsof the wells at Sulphur Springs; a rough estimate is 600 m

based on the experience of the British wells, but it may be as great as 1 to

1.2 km (Williamson, 197~). The shape of the vapor zone is even more

conjectural; it apparently does not extend 700 m north of Sulphur Springs to

well #l where a temperature of only 66°C was recorded at 450 m (Williamson,

1979). The extent of the vapor zone in other directions is completely unknown

and it may be that the vapor zone is merely a vapor conduit existing only at

Sulphur Springs. In that case, the zone of condensation would surround the

vapor zone and directly overl’ie the brine zone.

tieknow 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 in the subsurface

and is then replaced by rechargingmeteoric water. Several lines of evidence

indicate the deep brine exists at temperatures >250”C. It is not clear,—
however, whether it upflows beneath Sulphur Springs or beneath the Belfond

area where the 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 are no

high-temperaturesprings or gas discharges.

Our best informationon 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 extend from

Sulphur Springs to Malgretoute and Diamond Springs. It appears from gas

chemistry and
3

H that these fluids are condensing in the vic’inity of Sulphur

Springs and flowing laterally to the northwest and north down the hydrologic

gradient. Leakage anomalies suggest that there may be some additional outflow

of condensed stettm to the southwest. Recognition of lateral flow in the

condensation zone may indicate 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.
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A. Recommendationson ExploratoryDrilling

Four sites for relatively deep drilling are recommended

provide information on the size of the geothermal resource and

its flow. The sites are discussed in order of importance.

1. Well near Belfond. We recommend the first site to

below that will

the dynamicsof

be located not

more than 1.5 km southeast of Sulphur 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 depth of not less than 1.5 km; deeper if temperaturesof 150”C and fluids

are encountered. The 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 recommend that the second well be

sited in the same flat area as wells #4 and #7 and drilled to 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 Aquater (1982b) and resistivity lows

observed by Ander (1984) suggest geothermalbrine may be located at depth. It

is not clear if the fluid is flowing

trapped against the southern caldera

connectivelyfrom depth.

4. Well near Diamond Sprinq.

laterally from the Belfond area and is

collapse faults or if fluid is rising

An alternate site is suggested near

Diamond Spring, drilled to a depth of at least 1.5 km; deeper if temperatures

exceed 150”C at this depth and hot fluid is encountered. The object of this

well is to determine whether or not deep geothermal fluids exist in the

northern 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 Sulphur Springs. Temperature inversions will also be looked

for to determine the hydrology at this depth.
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B. G~2neralRecommendations——
We urge that 3-m or longer oriented core

wellls at intervals of 100 m. These cores

permeabi1ity, porosity, density, lithology,

hydrothermalalterationsthat cannot be matched

samples be obtained from these

will provide information on

fracture orientations, and

with cuttings. The additional
information will provide data to constrain geophysical models and establish

sound stratigr~phicand structuralcontrol. Alteration assemblageswill yield

informationon age, evolution,and dynamics of the reservoir.
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RECOMMENDEDSITESFOR EXPLORATORYDRILLING

(Bob Hanold)

In each of the previous sections of this report, recommendationswere

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 identifiedlocationswere as follows:

Geologic Geophysical Hydrogeochemical—----- —
Sulphur Springs Belfond Belfond

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)

(2)

(3)

(4)

(5)

The anticipated shallower depth of the geothermal reservoir.

The higher probability of intercepting a high-temperature brine

reservoir in a horizon that has high fracture permeability.

The uncertainty associated with the existence of a hot dry steam

field beneath Sulphur Springs and overlying the anticipated brine

reservoir.

The expectation that the drilling experience gained in the Belfond

well would be very valuable during the drilling of the deeper

Sulphur Springs well.

The more secluded location of the Belfond well would be an advantage

during initial setup, drilling, logging,and flow-testingoperations.

Based on the above considerations, it is recommended that the first

explorationwell be drilled in the Craters of Belfond and the second in the
Valley of Sulphur Springs. In selecting the third location, it was noted
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that part of the significanceof a well in the Valley of the Migny River or

at Di amend 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 availablefield and labor

third well be drilled at Etangs because:

(1)A zone of very low apparent resist

underliesthe Etangs area.

(2

atory data suggests that the

vity, less than 1 ohm-m,

The low-resistivityzone 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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