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1. SUMMARY 

Phase I of the Pre-Feasbi I ity study of the geothermal energy pros-
of the island of Efate, Republ ic of Vanuatu, has involved 

geological mapping of the Project Area (250 km2 ) at I :25,000, and 
assessment of the thermal springs and their regional context, 
principally by a thorough geochemical investigation. 

The islands of Vanuatu are part of the extensive island arc system 
of the SW Pacific. Efate island is composed of Early Pleistocene 
rhyol itic pumice breccias and bedded pumice tuffs overlain by ex
tensive Recent and raised Late Pleistocene reef I imestones, with 
two major centres of Pleistocene basaltic extrusion in the north 
and on the northerly offshore islands. 

The thermal springs are related to the major structural features of 
the island. Four groups discharge on or near the Eastern Boundary 
Fault of the Teuma Graben at temperatures ranging from 24 to 590C, 
resulting in a total excess heat discharge to the Teuma River of 
approximately 10 MW. Three groups of springs and other minor 
springs discharge near Takara on the north coast, in an ESE al ign
ment, at temperatures between 36 and 71 0C. They have a maximum 
combined flow of approximately 110 I/s, and a maximum excess heat 
discharge of 18 MW. In addition, high ground temperatures up to 
1000C occur at Takara over an elongated zone of ground parallel to 
but south of the spring I ine over at lea 2 km 2 , accounting for 
an extra 2.5 MW heat loss. 

In the Teuma Graben the chemical and isotopic characteristics of the 
three southerly groups of springs suggest they have experienced a 
similar evolution involving complex mixing of three components, 
although significant differences indicate different depths of 
circulation and extents of reaction. The northernmost springs are 
quite unrelated and result from meteoric water involved in si I icate 
alteration reactions during circulation at modest depths and tem
peratures, probably not in excess of 6SoC. Highest discharge 
temperatures and highest predicted base temperatures are associated 
with the Mid Teuma springs, for which it is estimated that chemical 
equilibration occurs at 200-21 SoC, either with tuffs of the Efate 
Pumice Formation, or with basalt intruded as dykes along the graben. 

The effects of deep thermal water circulation along the Teuma Graben 
may be masked by di lution with shal low groundwater in the limestones 
which overl ie and may be expected to be in hydraul ic communication 
with the Efate Pumice. If the thermal water is stored in the Efate 
Pumice and the heat flow is a lonal anomaly then an extensive 
hyd rotherma I reservo i r may ex i st at depth. If, on the other hand, 
basalt dykes intruded along the graben are the source of heat, then 
the reservoir may be 'more I imited. Geophysical surveys are required 
to test which of these two possibi I ities is correct. 
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At Takara the thermal springs indicate a mixing series for which 
the thermal component is identified as sea water that has reacted 
with basalt between 165 and 1800 C. Results from groundwater of 
880 C at a depth of 3 m in a borehole on Takara airfield are in 
close agreement. Correlation between rainfal I, spring discharge 
rate, and spring temperature and chemistry suggests that the flow of 
thermal water is governed by piezometric pressure in Quoin Hi I I or 
Mt Sussunatarr, inland from Takara. This further impl ies that the 
heat source is also to the south, rather than associated with the 
more recent volcanism on the northerly offshore islands. A heat 
source associated with the major basaltic extrusive centres in the 
north of Efate is suggested. 

A hydrothermal reservoir in which temperatures of 165 to 1800 C are 
common, and over 2000 C may exist in parts, is demonstrated. It is 
possible that the reservoir is extensive, and associated with the 
Efate Pumice which is I ikely to have favourable hydraul ic charac
teristics. Organic Rankine (Binary) Cycle technology offers the 
possibi I ity of generating electricity from primary fluids at less 
than the predicted temperatures. Accordingly, a geophysical surv8Y 
as Phase 2 of the Pre-feasibi I ity study of the geothermal potenti,~1 

of Efate is encouraged. The geophysical survey should define more 
precisely the shape of the basaltic intrusions, and indicate the 
depth and extent of thermal and hydrothermal anomal ies associated 
with them, thereby showing the most favourable sites for deep ex
ploration boreholes on Efate. Proposals include a reconnaissance 
resis·~ivity survey, a gravity survey and a microearthquake survey. 
it is suggested that the resistivity survey employs a combination 
of conventional Schlumberger traversing techniques and an audio
,n0gnetotel luric survey. The total cost is estimated at £225K, 
of which the highest priority, the resistivity reconnaissance, 
ac=ounts for £145K. 

• • • • 
• • 
• • 
• • • • • 
• 
• ., 
• .' • 
• • • 
• 
• • 
• • 
• • 
• • • 
• 
.1 
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I NTRODUCTI ON 

This report summarises the results and conclusions from Phase I 
of a pre-feasibi I ity study of the geothermal energy prospects of 
the island of Efate, Republ ic of Vanuatu, initiated as a Technical 
Cooperation agreement between the Vanuatu and the UK Governments. 

The administrative capital of Vanuatu, Vi la, is situated on Efate, 
which is the only island having a sizable demand for electricity. 
The tota I i nsta I I ed ~enerator capac i ty at Vi I a is 4 MW, and the 
demand is expected to increase to 10 MW by the year 1990. 

Data obtained previoLsly relating to the geothermal prospects of 
Efate (Lavigne & Marinell i, 1970; Demange, 1972; Greenbaum, 1973; 
Hochstein, 1977a; Giggenbach, 1977) have been summarised and dis
cussed by Grindley and Nairn (1974), Hochstein (1977b), Ash et al. 
(1978) and most recently by Wi I I iamson (1980), who defined the 
250 km2 Project Area of the present study. The current programme 
has employed the pre-feasibi I ity exploration methodology proposed 
by Wi I I iamson, 1980, and is simi jar to that previously suggested by 
Hochstein (1977b). f'hase I of this pre-feasibi I ity study is the 
prel iminary geological and hydrochemical reconna:ssance on the basis 
of which a geophysiccll survey (Phase 2) and a shallow dri II ing pro
gramme (Phase 3) might definG the thermal a noma I ies more precisely, 
with the ultimate objective of assessing the probabi I ity that an 
exploitable geothermal reser'voir exists in Efate, and to select 
sites for deep explol'ation boreholes. 

The Project Area inc udes the hot springs that discharge along the 
valley of the Teuma I~iver, (1";:; -:-hose along the coastal strip at 
Takara. Geological napping ;:f the Project Area at a scale of 
I :25,000, a thorough spring and river reconnaissance, and a pre
lim ina ry samp ling prog ramrne were comp I eted in Ap r i I 1982, (Ca I-ney , 
1982). A hydrochemkal assGssment of these samples (Bath, Carney 
and Cook, (982) precGded a tollow-up hydrochemical survey carried 
out in September 1982. The hydrochemical studies are described in 
full in Appendix I of this r'eport. All sample location numbers 
refer to sites defin8d in Appendix I. 
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3. 1 

3.2 

3.3 

REGIONAL SETTING 

The Island Arc System. 

Efate is one of the central southern group of islands of Vanuatu, a 
NNW trending archipelago in the extensive island arc system of the 
South West Pacific (Figure I). The Vanuatu islands and the Solomon 
Islands have a deep trench along their western and southern margin 
respectively, and respectively easterly and northerly dipping 
Benioff zones indicate subduction of the Indo-Austral ian plate 
beneath the Pacific plate - the opposite of the 'normal' Pacific 
polarity of subduction. A reversal in polarity of subduction along 
the Vanuatu trench in the Middle Miocene is dated at about 11-8 Ma 
(e.g. Carney and Macfarlane, 1982) and is associated with rotation 
and westward migration of the arc. Efate Island is part of the 
currently active Central Chain of islands, the most recent of four 
volcanic provinces (Figure 2) which have resulted from the complex 
plate tectonic evolution of the region - the Western Belt, the 
Eastern Belt, the Marginal Province and the Central Chain. 

The Volcanic Provinces. 

The Western Belt represents an extinct volcanic arc formed during the 
earl ier phase of westerly subduction, (Carney and MaCfarlane, 1978 
and 1982). Early to Middle Miocene basaltic and andesitic lavas 
and pyroclastics are common, with some dioritic and gabbroic in
trusions. Volcanic activity of the Western Belt was terminated by a 
Middle Miocene tectonic episode associated with the onset of polarity 
reversal. The basalts and andesites of the Eastern Belt, Upper 
Miocene to Lower PI iocene in age, represent the initial arc deposits 
of early easterly subduction. The Marginal Province, al igned with 
the Eastern Belt to the south of Efate and north of Mere Lava con
sists of island arc volcanics dating from 3.5 Ma (Middle PI iocene) 
to Recent, but is not currently active and is largely submerged. 

The Central Chain of islands forms the presently active volcanic arc 
and dates from the Upper PI iocene. Avai lable exposures suggest that 
only from Efate southwards do the Central Chain islands contain the 
older, pre-Mid Pleistocene volcanics. 

The Central Chain Islands. 

The earl iest volcanism of the Central Chain Islands Is daied at 2.4 
Ma (Carney and Macfarlane, 1979) on Tanna and Erromango. Fol lowing 
this, volcanic activity spread northwards to Efate in the Pleistocene 
between 1.5 and I. I Ma. Between 0.7 and 0.4 Ma there was a northward 
migration of volcanism to the islands of Epi, Ambrym, Gaua and Vanua 
Lava. Since 250,000 a there has been active volcanism on virtually 
al I the Central Chain Islands, represented off the north coast of 
Efate by the Recent volcanic cones of Nguna, Pele and Emau, al I 
young wei I preserved but extinct volcanic cones. 

In the main this presently active volcanic belt is 20 to 40 km wide 
and lies 130 to 150 km behind (east of) the trench axis. Efate is 
only 100 km from the trench and is the most frontally situated of 
the Central Chain Islands. 
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Figure I. The Island Arc Systems of the S\~ Pacific as part of the global • 
plate tectonic pattern, showing ~.ome major geothermal fields 
of the world (from White, 1981). • 

• • 
• J • 
• • • • • • 
• 



• l • I 

• • ) • ~ • ~ 

• ) 

• ) 

• ) 

• l • ~ • ~ 
• ~ • 
• 1 

• ~ • 1 

• J 

• • , • ) 

• ) • 
• ! • ~ • J • J • j 

• • ~ , 
• ) • ~ • l 
• ~ 

3.4 

6 

Geothermal Activity of the Central Chain Islands. 

Vanua Lava, Gaua and Aoba (the nothernmost three of the Central Chain 
Islands) al I have fumarol ic activity and thermal springs. Strato
volcanoes on Ambrym and Lopevi have recently been intermittently 
active, submarine volcanoes east of Epi and north of Tongoa have 
erupted within the last twenty-five years and a strato-volcano on 
Tanna has been active since 1774. 

The area of greatest geothermal potential in Vanuatu is ibly 
associated with the recently active basaltic volcanoes of the Central 
Chain of islands such as Mt Suretamati on Vanua Lava (Heming et al., 
1982). The rate of heat loss from the Mt Suretamati system is 
greater than 200 MW and there are numerous hot springs, fumarolEs 
and areas of steaming ground (Hochstein, 1977). 

However, Efate is the only island of Vanuatu which has a sizable 
demand for electricity e~ w~1 I as having thermal springs which 
exhibit favourable indicators of geothermal potential. The Project 
Area was defined to include the regions with hot springs of particular 
interest from the point of view of their chemical indicators, the 
Takara springs and the Teuma val ley springs. The Mele and Rentabau 
areas were omitted because their thermal spring waters have a sub
stantial seawater component which has not re-equi I ibrated in a 
reservoir at high temperature (Wi I I lamson, 1980). 
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Fi gure 2. Volcanic Provinces of the Vanuatu Island Arc. 
(after Ash, Carney and Macfarlane, 1978; Mere Lava and 
Futuna are now thought to represent the Marginal 
Prov i nee). 
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GEOLOGY AND STRUCTURE OF EFATE AND THE PROJECT AREA 

Geology. 

The most recent geological map of Efate, at a scale of 1:100,000 
(Ash, Carney and Macfarlane, 1978) is reproduced as Figure 3. The 
Project Area was mapped at a scale of I :25,000 by Carney (1982), 
who presented a more detai led subdivision of the stratigraphic 
nomenclature for Efate (Table I) originally proposed by Ash et al. 
(1978). The I :25,000 geological map is attached as Plate I. 

The oldest in-situ rocks belong to an Early Pleistocene series of 
pumice tuffs and breccias known as the Efate Pumice Formation. In 
North Efate these are overlain by the predominantly extrusive 
Basalt Volcanoes Formation. Both these volcanic units are uncon
formably mantled by the highly diachronous Reef Limestone Formation, 
mainly dating from 450,000 a B.P. The very young extinct cones 
of the offshore islands Nguna, Pele and Emau represent a recent 
resurgence of volcanic activity. 

Middle Miocene I imestone clasts in Pleistocene conglomeratic I ime
stones of the Teuma Graben provide the only evidence for a pre
Pleistocene basement on Efate, which is I ikely to consist pre
dominantly of older volcanic rocks with minor associated limestones. 

4.1.1 Efate Pumice Formation 

The Efate Pumice Formation underl ies the whole of Efate. Its base 
is not exposed. An estimate of its thickness of 400 m on Mt Macdonald 
is therefore regarded as a minimum value. Two units are recognised, 
massive pumice breccias and bedded pumice tuffs. The former, 
generally unsorted in beds of up to several metres thickness, con
stitute 90% of the Efate Pumice Formation in the Project Area, 
including the whole of the Mt Macdonald massif. The wei I-bedded 
pumice tuffs are mainly exposed to the north of the Macdonald Fault 
and have a minimum thickness of 200 m. 

The breccias and tuffs of the Efate Pumice Formation are for the 
most part friable and porous. 

4.1.2 Basalt Volcanoes Formation 

The Basalt Volcanoes Formation comprises basalts and 01 ivine basalts 
outcropping on the northern Efate mainland, and on the offshore 
islands of Nguna, Pele and Emau, activity on the two provinces 
being separated by about 800,000 a. On northern Efate the basalts 
outcrop only north of the Macdonald-Putuet Fault, centred on the 
two extrusive centres of Mt Fatmalapa and Quoin Hi I I. On Mt Fatmalapa 
highly indurated massive volcanic breccias with evidence of sub
marine extrusion in a westerly/south-westerly direction are cut by 
NE trending basalt dykes. Northerly dips in pil low lavas to the SW 
of Mt Fatmalapa are evidence for post volcanic ti Iting in the area. 
The massive structureless breccias of Quoin Hi II are interbedded 
further east along the Lukunto River with compound lava flows. NE 
trending dykes are suggested by faint photo I ineaments. K-Ar dating 
of the Quoin Hi I I basalts indicates an age of approximately 1.14 Ma. 
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TABLE I. Stratigraphic Nomenclature for Efate, Vanuatu. 

Fringing Reefs 

Present A I I uv j um 

Raised Alluvial Plain 

Older Alluvium 

",6000 a B.P. Recent Raised Reef 

0.2 - 0.08 Ma Teuma Calcarenites 
Reef Limestone Formation 

0.45 - 0.08 Ma Plateau Limestones 

> I. I Ma Older Raised Limestones 

Volcanic Breccias 

Paraconglomerates 

1.5 - 1.1 Ma Pillow Lavas Basalt Volcanoes Formation 

Lithic Tuffs 

Intrusions 

Bedded Tuffs 
1.5 Ma Efate Pumice Formation 

Pumice Breccias 
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The three volcanic centres on Nguna are al igned NW-SE, on a southern 
continuation of which I ies the island of Pele. Emau, to the east of 
Pele, is the only one of the three volcanic islands to the north of 
Efate which has signs of present day geothermal activity. The most 
I ikely age of the volcanism Is thought to be about 200,000 a B.P., 
deduced from field relationships (Carney, 1982). 

4.1.3 Reef Limestone Formation: 

• • • • • • • • • • • • 
• • • • • • 

The Reef Limestone Formation outcrops over 70% of the Project Area. 
It rests with considerable angular and erosional unconformity on 
the older formations. Its two modes of occurrence are as reef com
plexes manti ing positive topographic elements and as bedded reef
derived calcarenites Infi I ling structural depressions. The manti ing 
reef complexes are seldom thicker than 130 m, but the infi I ling 
calcarenites of the Teuma and Epule basins may be up to 250 m thick. 
The four subdivisions of the Formation, representing successively
retreating fringing complexes, are diachronous. 

The Older Raised Limestones outcrop around the summit of Mt Fatmalapa, 
fringing the Basalt Volcanoes Formation north of the Macdonald Fault. 
East cf the Teu~a Graben they mantle Mt Putuet north of the Sarra
namoana Fault. Jasperoid veins and cavity-infl I I ing quartz in the 
highest limestones around Mt Fatmalapa may indicate the former 
presence of hydrothermal activity In this area (Section 5.4). 

The TEuma Calcarenites, predominantly hard wei I bedded gritty cal
carenites and calcisi Itites, infi I I the Teuma Graben except where 
the Sarranamoana Fault has uparched the graben axis. The Teuma 
Calcarenite/Plcteau Limestone contact becomes increasingly uncon
formable sou+'-,'.!ards, graben faulting and transverse faulting having 
preceded dep03iti~n of the Calcarenites. 

Reefal and lagoonal I imestones of the Recent Raised Reef are ex
tensively developed as a 500 to 1000 m wide plain extending into 
the kara coastal area. 

4. 1.4 A I I uv i um 

• •• .: 

4.2 

Lacusirine deposits of the Older Alluvium comprise pure steel-grey • 
clays in isolated depressions west of Mt Fatmalapa. Sands and con-
g 1 orner'ates, with mi nor arg ill aceous I nterca I at ions, of the Ra I sed • 
Alluvial Plain are continuous over the southernmost 7 km of the 
Teuma Graben and as Isolated pockets overlying the Teuma Calcarenites •• 
furth€lr north. An actively forming alluvium comprises flood plain 
sands and gravels in the channel of the Teuma River. • 

Structure. 

The main structural features of Efate are the Teuma Graben, the 
Macdona I d-Putuet ult complex and the NW-SE Crossfault Complex 
(Flgur-e 4). There are two major zones of anticlinal flexuring, one 
related to the early northward-throwing movements of the Macdonald
Putuet Complex faults and another further south responsible for the 
antithetic southward-throwing Crossfault Complex, including the 
Duck Lake, Bouffa, Namaral, Forari and Sarranamoana Faults. The 
Teuma Graben first developed across the northern line of flexuring 
and subsequently propagated southwards coincidentally with the 
development of the Crossfault Complex. The graben is defined by 

• • • • 
• • • • 
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10 !eM 

... , 
I \ 

I \ 

WBF 

EBF 

S 

Thermal Springs 

Western Boundary Fault 

Eastern Boundary Fault 

Sarranamoana Fault 

Structural Map of Efate, showing locations of Thermal Springs 
(Carney, 1982) 

Arrows indicate direction of inferred flexuring and ti Iting. 
Dashed arrows represent fOFmeF flexuring north of the Macdonald
Putuet Faults. Bard' ines and diamond symbols show axes of 
inferred major change in direction of flexuring. 
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two oppositely throwing faults (200 m displacement) separated by less 
than 1000 m, and probably marks the induced ivation of a pre-
existing structure. The Eastern Boundary Fault appears to be anti
thetic to the 'main' Western Boundary Fault. A hinge I ine associated 
with the Forari Fault divides the graben into a northern and a 
southern sector. In the northern sector graben faulting preceded 
deposition of the Plateau Limestones, and in the southern sector 
faulting continued during and after deposition. 

The physiography of Efate reflects the interplay of differential 
upl ift of fault blocks during the Pleistocene and the extensive 
development of fringing reef complexes. The Teuma Graben forms a 
major morphological feature over 26 km and acts as a topographic 
divide between the elevated western massif of Mt Macdonald (max. 
elevation 650 m) and a lower plateau-I ike surface to the east (max. 
elevation 450 m). 

• 
• • 
• • 
• • • • • • • 
• • 
• .; 
• • 
• • .i 
• • • .' • • • j , 

• 
• • • • 
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GEOTHERMAL ACTIVITY 

Thermal Springs and Hot Ground. 

There are several thermal springs and seepages in the Project Area 
(Figure 4), 

along the course of the Teuma River, south of the Sarranamoana 
Fau I t 

on the coastal strip at Takara 

minor occurrences at Siviri and on Emau Island 

Sketch maps of the individual spring local ities, showing sampl ing 
locations, are given in Appendix I. An outl ine summary of their 
physical and chemical characteristics, as sampled in 1982, is given 
In Table 2 (page 26). 

The Teuma springs, theIr temperatures ranging from 24 to 59DC, are 
associated with the Eastern Boundary Fault of the Teuma Graben. 
Previous accounts have noted the Lower, Mid and Upper Teuma springs; 
in addition, Carney (1982) has described two more northerly springs 
cal led here the Northern springs. The total heat discharge from the 
known springs of the Teuma Graben is less than I MW, of which the 
Mid Teuma springs contribute nearly 0.25 MW. A conductivity survey 
of the river has given evidence for substantial thermal discharges 
to the river in the vicinity of the Upper and Mid Teuma springs. 
Total excess heat discharge to the river is approximately 10 MW. 

Three groups of springs near the coast at Takara, (the West, Central 
and East Takara spr i ngs), a I i gned ESE, discharge at temperatu res 
between 36 and 71 0 C with a maximum combined flow of approximately 
110 I/s. Total convective heat discharge from the springs at Takara 
is approximately 18 MW during periods of high flow, above an ambient 
temperature of 250 C. I n add it i on to th i s the heat discharge from 
a zone of anomalous ground temperatures is approximately 2.5 MW 
(Hochstein, 1977, based on data from Greenbaum, 1973, and an empirical 
relationship between heat flux and ground temperature given in 
Robertson & Dawson, 1964). The maximum excess heat flow from the 
Takara area is therefore approximately 20 MW. 

Minor coastal springs and seegages of thermal water occur at Undine 
Bay south of Siviri (29 to 32 C, combined discharge approximately 
20 I/s), and on the beach on the northwest of Emau Island (390 C, 
discharge> 10 I/s). Other thermal springs and seepages outside 
the Project Area were omitted because they have been shown 
(Wi I [ iamson, 1980) to have a substantial seawater component which 
has not re-equi 1 ibrated in a reservoir at temperatures higher than 
their moderate discharge temperatures. 
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5.1.1 Teuma Graben Springs 

5.1 .2 

The Lower Teuma springs, 1.2 km NNE of Teuma Bay, discharge at 
temperatures between 24 and 290 C and with chloride concentrations 
between 30 and 1180 mg/I. There is no direct correlation between 
temperature and sal inity. Numerous springs with a combined flow 
of 100 to 200 I/s discharge into a depression near the termination 
of the Erkau Fault against the Eastern Boundary Fault of the Teuma 
Graben, where relatively impermeable alluvial sediments of the 
graben have been downfaulted against the karstic raised reef I ime
stone. The springs are a major point of discharge from the I ime
stone. 

The Mid Teuma spring is a single outflow of up to 61 0 C (Lavigne 
and Marinelli, 1970) and about I I/s discharging through alluvium 
on the eastern bank of the river near the Eastern Boundary Fault, 
opposite the crest of an arched structure on the Western Boundary 
Fault. A discharge temperature of 550 C was measured in March 1982 
and 490 C in September 1982 when the flow was diminishing - four 
days later it had reduced to a trickle. Earl ier accounts (Greenbaum, 
1973; Wi I I iamson, 1980) have described several hot springs along a 
few metres of the eastern river bank, but these may be masked at 
times of high river flow. Total discharge of thermal (sal ine) water 
from the Mid Teuma spring to the river has been estimated at 44 I/s 
by consideration of sal inity change~ in the river ~see 5.2 below). 
Cooler subsidiary springs in the vicinity persist when the 
hottest spring has al I but disappeared, and these may be dominated 
by cooler shallow groundwater from the limestone. 

The Upper Teuma springs comprise a ~one of seepage discharge on the 
eastern bank of the river from alluvium both just above and below 
the river level. Although Individudl sprinqs are I ittle more than 
seepages the total discharge from t,ls zone h~s been estimated as 
approximately 70 I/s by considering river sal inity (see 5.2 below). 
Seepage temperatures have been meas'lred variously between 26 and 
40oC, and are clearly Influenced by the amount of mixing with river 
bank storage water. 

Two groups of spri ngs and seepages '=;eparated by about I km, about 
5 km north of the Upper Teuma springs, first reported by Carney 
(1982), have simi lar characteristics and are together named the 
Northern Springs. The most northerly consTitute a series of warm 
seepages over a 50 m stretch of the river bank, emerging from pumice 
breccia at temperatures between 32 and 42oC. A southerly pair dis
charge at about I I/s at temperatures of 27 and 31 oC. All are 
alkal ine and of low sal inity with dissolved chloride less than 30 mg/I. 

Takara Springs 

Groups of thermal springs, separated by several hundred metres, dis
charge from I imestones of the Recent Raised Reef in an ESE al ignment 
parallel to the coast, marking the I ine of intersection of the water 
table and ground surface at Takara. These perennial discharge sites 
where the discharge rates vary considerably in response to seasonal 
rainfal I, are an expression of the hot groundwater which occurs at 
shal low depth in the I imestone over an area of at least 4 km 2 • 

• • • • • • • • • • • • .' • • • • • • • • • • • .' • • • • • • • • • 
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Discharge temperatures increase in direct response to higher flow 
rates. Temperature and flow variations at one discharge area were 
monitored for a year by Greenbaum (1973) during which increase in 
discharge temperature was associated with greater discharge rates, 
the temperature varying from 57 to 63.50 C and the associated dis
charge from 36 to 65 lis. The thermal groundwater is associated 
with a region of hot ground, where temperatures reaching a maximum 
of lOOoC at a depth of less than 0.5 m occur over a large area (see 
Section 5.3), In a 19 m deep borehole on the airfield at Takara 
the water table is 3 m below ground level at a temperature of 
> 88oC. The orientation of the thermal anomal ies and its 
paral lei ism with photo I ineaments crossing Mt Fatmalapa and major 
E-W fault structures, suggests an underlying structural control, 
possibly a permeable faulted zone in the basalts which underl ie the 
reef I imestone at no great depth. 

Previous authors (Greenbaum, 1973; Hochstein, 1977) have named the 
discharge areas at Takara 'West', 'Central 1 and 'East', their West 
and East springs being the largest features (e.g. West 65 lis total, 
63.50 C maximum; East 10 lis, 750 C maximum in Greenbaum, 1973) and the 
Central spring being relatively minor (3 lis, 690 C in Greenbaum, 1973). 
In the present study the.previously named 'Central' springs were 
not located but a minor more westerly spring (WI7) was sampled. The 
West Takara springs of previous authors therefore become the Central 
Takara springs of this report. Detai led location sketches and 
sampl ing points are given in Appendix I . 

As defined here the major springs are at Central and East Takara 
where temperatures up to 60 and 71 0 C respectively were measured in 
1982 (Table 2) though previously temperatures up to 630 C, (Lavigne 
and Marinell I, 1970), and 78oC, <Giggenbach, 1977), have been re
ported. At each location there are numerous dispersed points of 
discharge from alluvium overlying the I imestone having different 
temperatures and conductivities; this may account for some variation 
in measurements reported by previous investigators (Table 3). The 
discharge area of the East Takara springs is smaller in area than 
the Central Takara springs, and the springs had almost stopped 
flowing on the second visit in September 1982. 

Minor seepages occur along the shore, for example at Takara Landing 
where the seepages occur in the inter-tidal zone and are I ikely to 
be contaminated by seawater. 

5.1.3 Minor Coastal Occurrences and Emau Beach Springs 

Seepages from beach sands occur along a 100 m section of the shore
I ine of Undine Bay south of Siviri at slightly elevated temperatures 
of between 29 and 32oC, and a combined discharge of about 20 I/s . 
Their relatively high Mg 2 + and marine Na/CI (see Appendix I) in
dicates them to be a mixture of unreacted sea water and fresh water 
which has been warmed sl ightly by circulation to only moderate 
depth. They are not considered further as part of the hydrothermal 
system. 
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17 • 
• Hot springs at 390C on the beach of NW Emau Island, and vents of 

warm air on the lower western slopes, are the only surface thermal • 
activity on the three offshore volcanic islands. The combined 
discharge of the seepages is approximately 10 lis, but the di luted • 
sal inity of a seawater sample taken from the incoming tide 
suggests there may be significant sub-marine seepage of thermal • 
water from the area. Hydrochemical analysis (Appendix I) indicates 
a thermal fresh-water component that may have equi I ibrated at about • 
1500C. 

Discharge of Thermal Water to the River Teuma. 

Increases in the electrical conductivity values for Teuma River 
water downstream of the Upper and Mid Teuma springs were reported 
in Carney (1982), These changes have been investigated in more 
detal I and confirmed by chemical analyses (Table I, Appendix I). 
t-.·-_ significant temperature changes can be distinguished, but small 
changes would be masked by diurnal temperature fluctuations in the 
open reaches of the ri ver. It is a I so i mposs i b I e to discern any 
change in total flow rate of the river, which was gauged as ~3.9 m3/s 
at Bordes' House in September 1982 (J-M Bouchez, OPSTOM data), The 
downstream changes in EC25 in September 1982 are illustrated in 
Figure 5 which is comparable with data for March 1982 in Figure 2 
of Bath et al. (1982), The changes can be summarised as: 

River before River cfter 

EC25 CI-, mg/I EC25 CI-, mgll 

March 82 250 9 342 33 
U Teuma { 

Sept 82 300 13 370 27 

March 82 358 37 400 41 
M Teuma { 

Sept 82 395 34 425 46 

These changes, accompanied by small Increases in Na+, K+, Ca 2+, 
HC03- and B, are indicative of inflow of thermal spring water 
through the river bed in quantities greater than via the springs 
observed above river level; at the Upper Teuma springs some dis
charge into the alluvium and river bed was observed. 

Heat losses to the river (Appendix 2) have been estimated from 
determination of electrical conductivity and from chloride ion 
concentration, Heat loss in the vicinity of the Mid Teuma springs 
is approximately 6 MW, and in the vicinity of the Upper Teuma 
springs is approximately 3 MW. There are no temperature anomal ies 
in the river because an overal I rise in river temperature by 10C 
would require a heat gain of approximately 16 MW. 
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Ground Temperature Surveys at Takara Airfield. 

A survey of ground temperatures carried out by Greenbaum (1973) 
del ineated the areal extent of the temperature anomal ies of which 
the most obvious evidence is shal low temperatures up to 1000C. 
The areal anomaly so defined has been refined by a second survey 
(September 1982), the contoured results of which are shown in 
Figure 6. The anomalous zone is elongated paral lei to but south 
of the spring I ine over an area of approximately 2 km 2 

The anomaly appears I imited to the west at the end of the airfield 
and to the south by the rising ground which represents the contact 
between the raised reef I imestone and the Quoin Hi I I basalt. The 
greatest concentration of 'hot-spots' occurs roughly E-W paral lei 
to and south of the airstrip. This may be the result of upwel ling 
of hot water which is effectively confined in or by the basalts 
to the south. The hot ground must represent the surface manifes
tation of a hot water-table at shal low depth In the reef I imeston~. 
This is confirmed by the presence of hot water at ~ 3 m in the 
airfield borehole. The hot spots themselves are very local ised, 
susgesting that the bulk of the I imestone acts as an 'impermeable' 
cap which is broken only by fissures or solution features up which 
steam can travel rapidly, condensing in the shal low sub-soi I to 
give ground temperatures around 100 C. 

~ydrothermal Alteration. 

There are no significant signs of active hydrothermal alteration c~ 
deposition of hydrothermal minerals on Efate. None of the thermal 
Gischarges are acidic and there are no corrosive gases emitted. 
There is ~herefore no evidence for a condensate phase; the near 
~e~tral or sl ightly aikal ine discharge Indicate a hydrothermal 
raTrler than a vapour dominated geothermal system. Dissolved 
sl I ica revels at the discharge points have generally been reduced 
by mixing to concentrations below which deposition of 51 I Iceous 
~Inters is expected (I.e. dissolved sl I ica levels not exceeding 
amorphoJs si I Ica saturation) although In the irrmedlate vicinity of 
the East Takara springs a thin deposit of amorphous sl I ica crusts 
the sandy calcareous surface debris. Minor travertine deposition 
is associated with the Lower Teuma springs, but not more than is 
usual for springs from a karstic I imestone system. 

There Is evidence of a former hydrothermal system in the area of 
Mt Fatmalapa from the presence of jasperoid veins, usually barren 
of metal I Iferous mineral isation, cutting basaltic breccias, and of 
associated si I iclflcation of I imestones of the raised reef complex 
fringing Mt Fatmalapa, Maona and Bald Hi I I at an elevation of 
approximately 400 m. A white clay mineral and abundant interspersed 
barite laths are sometimes present in the microcrystal I ine quartz 
of the jasperoid velnlets and quartz encrustations in the limestone. 
The jasperoid veins have a preferred orientation NE, EW and NNE, 
probably control led by structural I ineaments, and the hydrothermal 
system may have been active prior to the upl ift which fol lowed 
cessation of the Basalt Volcanoes Formation at about I. I Ma, in 
a setting analagous to the presently active system at Takara. 

• • • 
• • • • • 
• • • • 
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• • 
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The general lack of abundant si I iceous deposits at Takara and along 
the Teuma is not in itself evidence for reservoir equi I ibration 
temperatures being less than about 1800 C (EI I is and Mahon, 1977), 
because the si I ica levels are I ikely to have been reduced by mixing. 
At the Teuma Graben springs the low rates of flow may have al lowed 
precipitation of amorphous si I ica prior to discharge. But the lack 
of abundant sil iceous deposi does imply that the discharge rates 
and temperatures of the flow systems have not been significantly 
higher in the recent past, However, on the north coast, if the 
'fossl I' geothermal system on Mt Fatmalapa is indeed an analogue to 
the present day activity at Takara, the implication is that location 
of the surface activity has changed in the last one mil I ion years. 
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HYDROLOGY 

Regional Aspects. 

A summary of the hydrology of the Project Area is given by Carney 
(1982). The 30-year (1948-77) average annual rainfal I at Vi la 
(altitude 20 m) is 2367 mm, and the average annual termperature is 
24.7oC. Lower temperatures are to be expected at the higher 
altitudes within the Project Area. 

The oxygen and hydrogen isotope compositions of the non-thermal 
springs and seepages are grouped according to their locations on 
either side of the groundwater divide, (Figure 7), Thus stable 
isotope composition distinguishes between precipitation fal ling 
in the north (-6.6 to -6.0%" 0 180 and -37 to -34%.:, 02H) and centrall 
south (-6.0 to -4.8%., 0 180 and -35 to -28%., 02H) parts of the Project 
Area. The north of Efate, to the leeward side of the prevai ling 
south-easterly winds, has a significantly lower rainfal I than the 
south . 

The southern and central part of the area is dominated by the Teuma 
River whose flow, measured as 3.9 m3 /s at Bordes House (J-M Bouchez, 
ORSTOM data), is predominantly the discharge from groundwater con
tained in the karstified I imestone formations. Relatively minor 
contributions to its total flow derive from smal I streams flowing 
off o~tcrop of the Efate Pumice formation and from springs and 
seepages from fracture zones in the Efate Pumice or from contact 
zones between I imestone and pumice. Karstic I imestone springs (some 
with discharge> 100 lis) have temperatures in the range 22.5-24.4oC 
throughout the upper Teuma River region, and in the source regions 
of the Nai lep, Epong, Epule and Lukunto Rivers which occur at alti
tudes over 50 m asl. A simi lar spring with high discharge into the 
Teuma River at lower altitude (W8) flows at 500 lis and 25.7oC which 
suggests a deeper circulation. Springs in other I ithologies have a 
simi lar temperature range between 21.5-25.7oC. Streams flowing into 
the Teuma River have temperatures (measured at confluence) between 
19.0oC (W65) and 24.0oC (Namarai R). Springs associated with the 
Basalt Volcanoes Formation in the northern part of the area are prob
ably al I derived from overlying I imestone; their temperatures are 
between 21.8-23.0oC. River temperatures, where there is no known 
contribution from thermal inflow, are between 22.0-23.50 C which must 
represent the groundwater inflow temperatures modified to varying 
extents by diurnal fluctuations in ambient temperature and bV solar 
heating. 

Hydrogeological Aspects. 

In the absence of quantitative data describing the hydrogeology of 
the Project Area only I imited general isations may be made about the 
hydraulic characteristics and relationships of the formations en
countered. The pumice tuffs of the Efate Pumice Formation are 
noticeably porous and friable at outcrop and are I ikely to have 
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favourable storage and permeabi I ity. The I ithic tuffs and basalt 
flows of the Basalt Volcanoes Formation are I ikely to have a low 
storage and low primary permeabi I ity but where they are fractured 
or at interfaces between individual flows a secondary permeabi I ity 
may be developed. The large source springs of the Teuma River and 
other rivers are evidence for the dramatic fissure permeabi I ity of 
the karstified I imestones of the Reef Limestone Formation in which 
shal low groundwater circulates rapidly. 

Groundwater in the Efate Pumice Formation may be in hydraul ic con
tinuity with the karstic I imestone system where the limestones 
directly overl ie the pumice, but where the Basalt Volcanoes Forma
t ion sepa rates the two (i n the vic i n i ty of Mt FatmCiI apa, Mt 
Sussunatarr and Quoin Hi I I) it may act as a confining barrier to 
the pumice. 

Piezometric pressures in the basalts must be control led by the water 
tables on Mt Sussunatarr, Mt Fatmalapa and Quoin Hi I I. The large 
seasonal variation in flowrate of the Takara sprln~s and the direct 
relationship between springflow and temperature (Section 5.1.2) 
suggests that the the rma I component of the d i scha r~le is cont ro I led 
by tre piezometric head in Quoin Hi II. This in turon suggests the 
heat source is located south of the Takara dischar~le area, towards 
Quoin Hill rather than to the north towards the mor'e recently active 
volcanoes of the offshore islands. 

There also appears to be a seasonal variation in flowrate nnd tem
perature of the springs associated with the Easterr, Boundary Fault 
of the Teuma Graben, suggesting that in this case c Iso thE piezo
metric control of the thermal component Is an uncorfined w3ter table 
- poss i b I Y on Mt Macdona I d or ~J,-r Putuet for the Nor'thern SPI i ",gs, 
and the I ower ground adjacent to the graben for thE' more s,):..;ther I y 
springs. Further monitoring of springflow, chemis1ry and tern:1era
ture of the thermal springs may give a better indication of these 
control I ing factors. 
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7.1 

HYDROCHEMISTRY 

A detailed account of the hydrochemical studies of the thermal 
springs of the Project Area is given in Appendix I. An outl ine of 
the springs! physical and chemical characteristics as of Apri I 
1982 is given in Table 2, and their chemical features, including 
the results of geothermometry, in Table 3. 

Teuma. 

The three groups of springs and seepages in the lower part of the 
Teuma Graben have simi lar maximum observed sal inities and their 
chemical and isotopic characteristics imply that they have a common 
source. Apparent differences reflect different circulation depths 
and extents of reaction for each . 

At Lower Teuma the discharge temperatures are low (up to 28.40 C) and 
the total discharge is relatively high. The spring chemistries are 
col inear with respect to chloride, suggesting that they have a common 
sal ine component which might be seawater after reaction with si I i
cates. The di lution mixtures with this component have formed before 
circulation, rather than close to the spring outflows, and have 
achieved Temperatures of up to I 100C according to quartz geothermo
metry. 

Highest discharge temperatures and predicted base temperatures occur 
at Mid Teuma where up to 61 0 C has been measured. These springs are 
characterised by marked K+ enrichment and extreme Mg2+ depletion in 
the thermal water which is mixed with shal low groundwater or river 
water prior to sampl ing. There is a possibi I ity of two separate 
thermal groundwaters at Mid Teuma, one with low sal inity and one with 
higher sal inity, based on the evidence of different mixing relation
ships of K+ and Si02 with CI-. A maximum base temperature of 2050C 
is predicted by quartz geothermometry, for the spring water with 
highest determined dissolved Si02 (Goguel, 1977), by correcting 
for the assumed di lution of the reservoir Si02 concentrations due to 
addition of cold groundwater. The highest dissDlved Si02 determined 
during the present study indicates a base temperature of 1850C by 
the same method. Na-K-Ca geothermometry supports this base tempera
ture prediction with values of 200-2150 Cforthe inferred high
temperature components. 

The Upper Teuma seepages may have a thermal component simi lar to 
that at Mid Teuma, with depleted Mg2+, but in which the chemistry 
has been disturbed due to shal low groundwater mixing and possibly 
also by exchange reactions with fine-grained sediments through which 
seepage occurs. Therefore chemical geothermometry grovides minimum 
estimates of base temperature which range up to 145 C from quartz 
sol ubi I ity,although the di lution corrections cannot be appl ied due 
to the probabi I tty of conductive cool ing . 

The Northern Springs are not related to the three groups of sal ine 
springs and are characterised by low-chloride chemistries resulting 
from si I icate alteration reactions only during deep circulation; 
i~a-K-Ca geothermometry predicts maximum temperatures up to only 650 C 
whi 1st predictions up to 1450C due to quartz sol ubi I ity may be 
erroneou sly hi 9 h. 
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Ref T CI Na/CI Ca/l>~g CI/Br CI/SO~ 5102 Geothermometers* (oCl 
(oCl (mg/I) (mg/I) T quartz TNa-K-Ca 

B,e,C (W17l 40.8 3400 0.39 18.6 - 38 50 102 

L,~I 63 10224 0.42 28 - 40 78 124 
H 56 8670 0.41 37 - 62 83 127 
WG 57 8230 0.25 70 - 58 99 137 
WG 50 5780 0.39 33 - 38 81 126 
RG 59 7658 0.41 43 - 43 93 133 
W 61 9750 0.37 27 361 23 79 124 
B,C,e ('1118) 60 7000 0.38 46 311 51 75.7 122 
B,M ('1150) 60.5 9960 0.38 40 398 51 87.5 130 

L,M 44 9940 0.39 32 - 44 95 134 
H 66 10700 0.44 67 - 63 94 134 
WG 78 10700 0.39 62 - 51 132 153 
WG 71 11530 0.39 63 - 162 115 145 
B,C,C (\'/19) 70 11900 0.40 62 60 117 146 
B,M ('1151) 71 11170 0.40 65.6 349 49 112 144 

B,M ('1187) 88. I 14000 0.35 211 368 72 129 152 

L,M 28 44 0.75 19 - 6.3 39 91 
L,M 25 115 0.61 16 - 9.6 22 67 
H 25 177 0.46 9.6 >88 47 99 
'II 27 750 0.41 - - 9.3 34 85 
'II 26 37 0.76 - - 2.0 19 62 
B,e,C ('1131 ) -27.2 1180 0.54 3.9 257 9.5 43 95 
B,C,C ('1132) '27.2 43 0.74 20 270 7.2 48 100 
B,M (W57) 27. I 860 0.54 4. I 307 9.5 52 104 
B,M (W551 26.3 30 0.80 17 214 5.0 . 40 92 

L,M 61 156 0.59 44 - 49 156 163 
L,M 54 409 0.59 10 - 41 100 137 
II 42 156 0.84 I - 20 III 144 
we 54 250 C'.70 ~O - II 163 166 
WG 30 654 0.37 8.5 - 33 86 129 
RG 50 41 1.73 - - 2 165 167 
'II 56 146 0.78 - - 7 /49 16/ 
'II 50 700 0.53 /36 280 30 13/ 153 
B,C,C (W41) 54.8 760 0.53 76 - 54 141 157 
8,M (W70) 49. I 588 0.54 54 372 49 135 155 

H 31.5 640 0.49 5.4 - 10 82 126 
B,C,G (\'/3) 30.6 465 0.41 37 - 66 114 145 
B,M (\'/68) 31.9 850 0.36 63 386 85 88 130 

B,G,C (W39) 31.5 15 2.89 17 - 3 115 145 
B,"\ (W60) 33.5 13 3.46 18.7 - 3.3 80 125 

B,C,G (W38l 35.5 25 1.88 35 - 4.2 118 147 
8,M (W61) 35.2 28 1.93 25 - 4.7 99 137 

TABLE 3. Summary of toe Chemical Features and Geothermometry Results 
of the Efate Thermal Springs. 

L,M 
H • 

liG 
RG 
w. 
B,G,C 
8,M 

Lavigne & Marinel II (1970), sampled August 1970 
Hochstein (1977), sampled November 1975 
Giggenbach (1977), sampled Yarch-Apri I 1977 
Goguel (1977), sampled August 1977 
Wi i 1 iamson (1980), sampled October-November 1980 
Bath, Carney and Cook (1982), sampled January-April /982 

:' Bath and /I.arks (Appendix I, this report), sampled September 

'Takara Nest' of previous authors - see text 

1982 

• Geothermometry formulae of Truesdel I (1975), Mg correction of FournIer 
" Potter (1979). 
N.n. No allowance for mixing in these figures. For discussion of 

IN) <lpplicnbllity of the gcothermometry results see text. 

156 

157 
156 
178 
162 
154 
161 
159 
161 

162 
152 
168 
165 
162 
164 

165 

40 
47 
66 

178 
27 

175 
38 

170 
36 

214 
197 
199 

209 
/99 
218 
206 
214 
206 
210 

181 
175 
174 

48 
54 

62 
66 

TNa-K-Ca-Mg 

138 

151 
156 
178 
157 
154 
150 
157 
158 

156 
152 
168 
165 
162 
164 

165 

-----
66 
-
67 
-

210 
140 
40 

203 
139 
218 
--

206 
208 

86 
175 
174 

-
-
-
-



7.2 Takara. 

The springs at Takara are the discharge from a shal low thermal 
groundwater which is also present at the water-table intersected 
by the airfield borehole and accounts for the occurrence of hot
ground over an extensive area where the water-table in the reef I ime
stone approaches the surface. Chemical and thermal characteristics 
respond to flow variations which suggest a seasonal effect of 
recharge with I imestone groundwater as well as probable mixing with 
normal sea water. The thermal water which feeds this shal low re
reservoir is seawater which has reacted with basaltic rock at high 
temperature thereby depleting Mg2+, S04 2- and Na+, and enriching 
Ca 2+. Anomalous CI-/Br- ratios suggest that CI- enrichment or Br
depletion relative to seawater is occurring. Na-K-Ca geothermo
metry predicts a base temperature of 1650 C from the water sampled 
at the airfield borehole, and a simi lar temperature is predicted 
from the composition deduced from extrapolation of spring chemis
tries to marine CI- concentration. Si02 concentrations, which also 
correlate roughly with CI-, suggest a base temperature of around 
1800 C by extrapolation and di lution correction procedures on quartz 
geothErmometry. 

There is insufficient evidence avai lable to support one geothermo
meter against the other so it is concluded that the base temperature 
of thE circulation feeding the Takara system is probably in the 
range 1650 -1800 C. 

• 
• • 
• • 
•• 
• • 
• • • • 
• • • • 
• • ., 
• • • 
• 
• • • ., ·i I • ., 
• 
• • 
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GEOPHYSICS 

As a result of regional surveys a I imited amount of gravity, magnetic 
and seismic data exist for Efate. Two prel iminary resistivity traverses 
have also been carried out. The geothermal impl ications of these data 
have been considered by Hochstein (1977a) and Wi I I iamson (1980). 
They provide the basis for a prel iminary geophysical interpretation 
of Efate, but are inadequate for a geothermal assessment of the Project 
Area. There have been no measurements of conductIve heat flow on 
Efate. 

Gravity and Aeromagnetic Data. 

Gravity data relating to Efate are described by Malahoff (1970) from 
approximotely 60, predominantly coastal, stations and ORSTOM (1977) 
from offshore data. Aeromagnetic data are also described by Malahoff 
(1970). The prominant gravity and aeromagnetic anomal ies on the 
north-east of Efate in the Project Area (+ 170 mgal Bouger anomaly 
peak, 300 gamma peak to peak magnetic anomaly) have the same source 
body, interpreted as an eroded volcanic plug (Figure 8, after 
Ma I ahoff, 1970), wh i ch the most recent, offshore, data CORSTOM, 1977) 
suggest is centred further north in the Takara geothermal area. 
Other magnetic anomlles, and the southward positive gravity sal ients 
~Iong the Teuma Graben and the Forari Fault, are interpreted as due 
to dyke intrusions. 

Seismic; 

The regional seismicity of the central New Hebrides Island Arc has 
been described by Isacks et al. (1981) from data of large earthquakes 
(Ms > 6.9) of the past 75 years, moderate sized earthquakes (Ms < 7.0, 
mb > 4.4) over the past 20 years, and smaller earthquakes (mb 2.5 
to 4.5) located by local networks. 

Marked variations in the pattern of seismicity along the strike of 
the New Hebrides Island Arc define four segments, each about 100 km 
long. The Efate segment is characterised by a persistently high 
rate of earthquakes of magnitude Ms < 6.5, contrasting with large 
fluctuations in activity elsewhere. Since 1978 the networks have 
monitored activity at a threshold level of mb 3.0. Microearth
quakes (mb -2 to 3) which might be associated with faults at a 
depth of less than 5 km, of interest to the shal low geothermal 
system, would not be recorded on these networks. The lack of re
corded data for earthquakes on Efate with hypocentres shal lower 
than 35 km does not therefore imply the absence of microseismicity. 

Resistivity. 

Two prel imlnary DC resistivity traverses across the boundary of the 
Takara geothermal area (inferred from the occurrence of hot ground) 
have been carried out using the Schlumberger array (Hochstein, 1975; 
Saos, pers. comm. in Wi I I iamson, 1980). Saos used an extremely 
short electrode separation (AB/2 10 m) and found apparent resis-
tivity values typically between 5 and 20 11m and locally less than 
5 11m within the thermal area, and between 30 and 100 11m outsIde. 
Hochstein used a separation of AB/2 500 m and found apparent 
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resistivities of between 1.5 and 2.6 ~m, and uniformly low resis
tivities to depths of at least 300 m. Both traverses were close 
and parallel to the coast. It is I ikely that ubiquitous sea water 
intrusion dominates the resistivity structure of the coastal region, 
masking the effect of the geothermal anomaly. The consequences of 
this are discussed below . 

Heat Flow. 

The background conductive terrestrial heat flow of Efate has not 
been measured, but a model has been proposed by Hochstein (1977) 
to estimate the conductive heat flow anomaly due to a 3 km thick 
layer of cool ing lavas 0.7 Ma old. The present day temperature 
gradient would be increased by 200 C/km and the conductive heat 
flow would be 40 mWm- 2 above the regional heat flow. A cool ing 
lava pi Ie 1.5 km thick would result in a present day heat flow 
anomaly of 10 mWm- 2 • 

Summary. 

The interpretation of the gravity anomaly data in terms of a basal
tic magma centre in the north of the Project Area is in accord with 
the field observations. Whi Ie it is I ikely that these intrusions 
are the source of heat for the hydrothermal systems at Takara and 
along the Teuma Graben, existing geophysical data are inadequate 
to define the heat sources precisely or to indicate anomal ies due 
to the presence of thermal fluids in a reservoir at depth. There 
is no direct evidence for dyke intrusion along the Teuma Graben 
and Forari Faults such as may be responsible, at le3st in ~art, for 
the gravity anomaly sal ients. To refine the gravity interrretation 
of Efate in terms of more precise location of centres of I~+rusion 
a greater inland spread of gravity measurements Is needed. 

AFI electrical resistivity reconnaissance of the Project Area 3i1d 
Its env: I !"ons Is reou i red to sea rch for I-es j st I v T ty -;J in i n::l that rray 
re I ate to a geotherma I reservo i r assoc i ated with th 3 sourcr.' (s) of 
heat. Resistivity surveying is the most widely usej geophysical 
techniq'J:3 in geothermal exploration. Reconnaissance mapping by 
resistivity traversing is the first step in determining the resis
tivity structure and has been extensively and successfully appl ied, 
notably in New Zealand (e.g. Risk, 1981). 

There is no doubt that the location of the surface features of the 
hydrothermal system are fault-control led. Records of the micro
seismicity may al low determination of the depths over which these 
faults are seismically active due to fluid movement, and give clues 
to the relationship of the spring discharges to thE heat source, 
and of the Takara geothermal area to the Teuma Graben geothermal 
area. 

A recommended strategy for the collection of further geophysical 
data relating specifically to the geothermal potential of Efate 
is discussed in Section 9" and outl ined in Appendix 3. 
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CONCLUSIONS 

The Thermal Anomalies. 

The thermal anomal ies on Efate are restricted to two areas within 
the Project Area. One, associated with the Teuma Graben, manifests 
itself as a series of thermal springs and seepages at or close to 
river level. Another is manifested as a series of springs and an 
elongated area of hot ground in an ESE al ignment along the Takara 
coastal area. The locations of the surface features of both hydro
thermal systems are fault control led. 

Heat loss from the Teuma springs is approximately 10 MW (thermal), 
estimated from spring discharge measurements and a river conduc-
tivity survey. At Takara the maximum heat loss is approximately 
20 MW, 08 MW during periods of high flow from the springs and 2.5 MW 
from the hot ground area). 

Both hydrothermal flow systems discharge close to sea level or at 
river level in the Teuma Graben. There is no evidence for pressures 
other than hydrostatic pressures acting on Efate; the anomal ies are 
evidence for a hydrothermal rather than a vapour dominated geothermal 
system. 

At Takara the direct relationship between rainfal I, and temperature 
and flow rate of the thermal springs, suggests that the hydrothermal 
flow system may be driven by the piezometric pressure of groundwater 
in the Basalt Volcanoes Formation of Quoin Hi I I or even Mt. Sussunatarr 
to the south-west. This suggests that the source of heat also lies 
to the south of Takara, rather than towards the sites of more recent 
volcanic activity on the offshore islands of Nguna, Pele and Emau to 
the north. 

The Teuma Graben springs exhibit no such straightforward relationship, 
and their chemistry impl ies a more complex mixing pattern. 

Reservoir Temperature and Sources of Water. 

Maximum reservoir temperatures are estimated to be 200-2150 C in the 
Teuma Graben and 165-1800 C at Takara. At Takara seawater reacts in 
a basalt 'reservoir', the conditions of which may be quite uniform. 
Along the Teuma Graben there appear to be other discrete flow systems 
which equi I ibrate at lower temperature, and a more complex mixing 
pattern involves a sal ine component and a meteoric component (pro-
bably groundwater from the Teuma Calcareni ) which mix prior to 
deep circulation. 

Reservoir re in the 

Chemical stUdies indicate that the Lower, Mid and Upper Teuma 
springs are not the result of simple two component mixing, but have 
a complex origin. Although the thermal components of each have a 
common source, independent flow histories have led to different 
temperatures of chemical equl I ibration. The temperature of chemical 
equi l1bration is commonly taken as the reservoir temperature. In 
this case the highest reservoir temperature is indicated by the 
Mid Teuma spring; 2050 C by quartz geothermometry after correction 
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for di lution and 200-2150C by cation geothermometry. Equi I ibration 
probably occurs in a si I icate I ithology underlying the Teuma Cal
carenites, either tuffs of the Efate Pumice Formation or basalt 
dykes of the Basalt Volcanoes Formation which may have been in
jected along the Teuma Graben. The thermal component at Upper 
Teuma may be simi lar, but the situation is less clear due to 
shal low groundwater mixing and exchange reactions close to the 
seepage points. The thermal component of the Lower Teuma springs 
has a lower temperature of chemical equi I ibration, up to approxi
mately I 100C, according to si I ica geothermometry (quartz). 

The Northern Springs, previously undescribed, are unrelated to the 
more southerly three groups, and their less sal ine character may be 
explained by si I icate alteration reactions during circulation of 
meteoric groundwater at only 650C. 

The range of apparent temperatures of chemical equi I ibration in tile 
Teuma Graben are associated with a number of discrete groundwater 
circulation systems, and a complex mixing pattern. 

9.2.2 Reservoir Temperature at Takara 

The thermal springs at Takara are also mixtures, bUT in this case 
the thermal component can be more precisely defined as sea water 
\~hich has reacted with basaltic rock at a more uniform elevated 
temperature, between 1650C (cation geothermometry) and ISOoC 
(si I ica geothermometry with di iution correction). 

9.3 The Heat Source. 

The most real istic assumption is that a cool ing igneous body at s)me 
deoth is the ultimate source of heat responsible for the observed 
surficial thermal anomal ies on Efate. I\~ajor fault structures all)w 
the flow of groundwater which results inconvective loss of heat. 
The conductive heat flow on Efate has not been measured, but model 
studies suggest a cool ing layer of lavas 0.7 Ma old and 3 km thick 
wOllld increase the heat flow locally by 40 mWm- 2 , and the present 
day temperature gradient by 200C/km. 

• • 
• • 
• • • 
• • 
• • 
• • 
• • • 
• • • 

Gravlty and magnetic anomal ies may be guides to the location of • 
the heat source at depth. A positive 50 m Gal.gravity anomaly, 
previously thought to be centred at the north end of the Teuma graben • 
(Malahoff, 1970) is shown by more recent ORSTOM data to be centrEd 
further north at Takara. There is an approximately coincident mag- • 
netic anomaly near Takara. A shal low basaltic body in northern 
Efate is the most convincing explanation of the gravity and magnetic • 
anoma lies. • Although the flow of groundwater and the resulting convective heat 
loss is control led by major fault structures which apparently define • 
two separate hydrothermal systems, the actual source of heat may be 
common to both. • 

• • • 
• • 



~ 
~ 
~ 
~ 
~ 

• I 

~ , , 
~ , 
~ 
~ 

• 
~ 

~ , 
~ , , , , 
~ 

~ 
~ , , 
• 
~ 

• , 
• , , 

9.4 

9.5 

The Nature of Reservoir. 

The indications from al I the thermal springs are that the chemical 
character of their thermal component is determined by reaction of 
circulating groundwater with si I icate rocks. At Takara, the water 
is seawater and the reservoir is probably basalts of the Basalt 
Volcanoes Formation. In the Teuma Graben the water is meteoric 
and the reservoir may be tuffs of the Efate Pumice Formation, or 
basalt dykes intruded along the Graben from the north. 

The chemistry of the thermal component of the springs at Takara is 
simi lar to that expected for sea water which has reacted with the 
basaltic Layer 2 of the oceanic crust (e.g. Humphris and Thompson, 
1978). Such reaction is commonly observed at spreading centres of 
mid-oceanic ridges (Spooner and Fyfe, 1973). Reykjanes, in 
Iceland, is a geothermal field in which sea water reacts with 
basalt at temperatures up to 3000 C (Tomasson and Kristmansdottir, 
1972). In the vicinity of Takara the temperature of reaction is 
more moderate, between 165 and 180oC, but there may be extensive 
association between sea water and basalt at depth where fracturing 
al lows the sea water access . 

In the north of Efate, in places where the basalt is unfractured it 
may act as a cap rock to the Efate Pumice, and if association with 
the heat source al lows, the pumice may also act as a reservoir for 
geothermal fluids. It is I ikely to have favourable storage capacity 
and reservoir characteristics. 

South of the Basalt Volcanoes Formation the Efate Pumice is uncon
fined. It contains cold meteoric groundwater that is in hydraul ic 
communication with groundwater of the Reef Limestone Formation and 
may be suppressing by di lution and cool ing, uprising thermal water. 
The possibi I ity that the Efate Pumice in the south of the island 
forms the reservoir for the thermal component of the Teuma Graben 
Springs has yet to be demonstrated. Although the highest tempera
ture of geochemical equi I ibration is seen in the Teuma Graben there 
is evidence for more moderate base temperatures and a complex mixing 
pattern. If heat is suppl ied by cool ing dyke intrusions rather 
than from a larger regional heat source then the availabil ity of 
thermal water for exploitation may not be extensive. 

Discussion and Recommendations. 

Although not unconditionally favourable, geochemical indications 
encourage the view that extensive water-rock reaction is taking place 
at moderate to high temperatures, associated with a heat source in 
the north of Efate. More precise indication of the size and loca
tion of the thermal anomal ies is needed, and an estimate of their 
probable depth, to al low the location of exploration boreholes with 
the minimum risk of fai lure. To do this, further geophysical in
vestigations must be undertaken. 



35 • 
• 

The minimum temperature at which a hydrothermal system becomes ex- • 
ploitable for generation of electricity by conventional turbogenera-
tors is 2000C. On this criterion the grounds for further investiga- • 
tion of the geothermal system on Efate as a potential resource for 
electricity generation are marginal. However, plant is now • 
available for generation of electricity from fluid sources at tem-
peratures wei I below 2000C, using a system known as the Organic • 
Rankine Cycle. Under this system, heat is transferred from the 
geothermal fluid via a heat exchanger to an organic working fluid, • 
which can then be flashed at atmospheric pressure to drive a turbine. 
Key system components are commercially avai lable at a total cost of • 
approximately fIOOO/KW, in units of the order of 10 K\'ie. Although 
initially developed to generate electricity from waste industrial • 
heat, they are suitable for geothermal sources C\\food and Ram, 1983). 

• 
Minimum temperatures required by an ORC turbogenerating system are • 
IIOoC (for water) and 1000C (for steam" at atmospheric pressure). 

I n vi eyl of 

(a) the great va I ue to Efate of any e I ectri ca I energy generated 
fr~m indigenous geothermal resources, 

(b) the I ikel ihood of the existence of a geothermal resource in the 
nmge 165 to 1800C, if not greater than 2000C, 

and 

(c) tile possihi I ity of exploitation offered by CFC turbogenerators, 

it is r"ecommer,oac that geophysical investigations be undertaken \'lith 
the airl of locating sites for deep e):;ploration boreholes. As indicated 
in Sec-ion 8, the requirerrents in order of priority are: 

(I) an electr-ical resistivity survey, 

(2) an extension of the avai lable measured gravity stations, 

and 

(3) a survey of the microseismicity. 

• • • 
• • • • • • • • • • The aim of the resistivity survey would be to locate areas of 

anomal~usly low apparent resistivity, attributable to hot thermally • 
altered rocks at depth rather than to shal low sal ine intrusion in 
the coastal areas. A combination of conventional resistivity pro- • 
fi I ing using the Schlumberger technique, and an audio-magnetotelluric 
(AMT) survey is recommended. The AMT survey would al low greater • 
depth of investigation in the coastal areas by use of long period 
natural electromagnetic fluctuations, and an interpretation of the • 
resistivity structure to be made in terms of formation depths. It • 
would also al low the resistivity reconnaissance more readi Iy to 
cover the difficult inland terrain on Mt MacDonald, Mt Sussunatar, • 
and the Teuma Graben. 

• • • • 
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The aim of the gravity survey would be to define more precisely 
the three-dimensional shape of the basaltic intrusions in northern 
Efate, that are I ikely to be associated with the heat source, and 
to investigate the possibi I ity of dyke intrusion along the Teuma 
Graben. 

A survey of the natural microseismicity would be used to investigate 
whether seismic activity is associated with the movement of thermal 
fluids along faults. If so, the depth I imits of such movement 
should be estimated, which may indicate more favourable areas for 
exploration dri I ling. 

A I isting of necessary ~ersonnel, time and estimated costs for the 
proposed geophysical surveys of Phase 2 is given in Appendix 3. 
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Figures 

Stable Isotope Composition of Cold Springs, Seepages 
and Rivers in the Project Area . 

Sketch Diagram of Lower Teuma Springs showing Locations 
of Samples and Measurements of Temperature and Conductivity. 

Ion Concentrations versus Chloride in Teuma Graben Springs 
(including data from previous studies). 

Relationship between Stable Isotope Compositions and 
Chloride in Teuma Graben Springs. 

Dissolved Sil ica versus Temperature for Lower Teuma Springs 
(data from previous studies included). 

Sketch Diagram of Mid Teuma Springs and Associated River 
Measurements. 

Dissolved Si I ica versus (a) Temperature and (b) Chloride for 
Mid Teuma Springs (data from previous studies included). 

Graphical Estimation of Base Temperature at Mid Teuma from 
Si02 (Quartz) Solubi I ity assuming Di lution due to Mixing with 
Cold Water before Discharge. 

Sketch Diagram of Upper Teuma Springs and Associated River 
Measurements. 

Sketch Diagram of Locations of some of the Northern Springs 
in the Teuma Graben. 

Sketch Diagram of Central Takara Thermal Spring Area (re
ferred to by previous authors as Western Takara) showing 
Locations of Temperature and Conductivity Measurements. 

Sketch Diagram of East Takara Thermal Spring Area showing 
Locations of Temperature and Conductivity Measurements. 

Sketch Diagram of Takara Beach showing Locations of Warm 
Seepages. 

Relationship between Stable Isotope Compositions and Chloride in 
Takara Area Thermal Springs. 

Ion Concentrations versus Chloride in Takara Area Thermal 
Springs (a) K+, Na+ (b) Mg2+, Ca 2+. 

CI/Br Ratios versus Chloride in Takara Area Thermal Water. 

Stable Oxygen and Hydrogen Isotope Compositions versus Bromide 
Concentrations in Takara Area Thermal Water. 

Silica versus Chloride Concentrations for Takara Area Thermal 
Water, showing Inferred Mixing Trends. 

19. Sketch Map of Siviri Beach showing Locations of Seepages. 



APPENDIX 1 

Tables 

I. Downstream Hydrochemical Changes in Teuma River. 

2. Hydrochemistry of Cold Springs, Seepages and Streams in 
East and Northern Efate. 
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Al 

INTRODUCTION 

In September 1982 a fol low-up visit to the Project Area was made 
with the fol lowing objectives: 

(a) to make temperatu~e and flow measurements of Teuma River to 
est i mate therma I i nf lows; 

(b) to make temperature, flow, conductivity measurements at Takara 
and to establ ish regular monitoring; 

(c) to re-sample Mid- and Upper-Teuma springs at low flow of Teuma 
River and to establ ish regular monitoring of one thermal spring 
in Teuma Graben; 

(d) to attempt to evaluate thermal yield of 'hot ground' area near 
Takara airstrip; 

(e) to obtain gas/condensate sample, if possible, from reported 
vents on Emau Isl~nd; 

(f) to obtain any further geochemical Information which might help 
to improve the prediction of reservoir temperature. 

Estimates of the themal inflows to the Teuma River are described in 
Appendix 2 of the mair report. A re-definition of the hot ground 
anomaly at Takara is ~ummaris~d in the main report. Regular monitoring 
of the mid-Teuma sprirg, the ;-euma River at Borde's House, the Central 
and East Takara Sprin~s, and +~e Takara airstrip and Takara Lodge 
boreholes has been es1abl ished: an assessment of the data wi I I be 
made ina further repc rt as r.e\~e:;sary. 

This Appendix outl ine~ a morE: detal led hydrochemical assessment of 
the thermal springs oi Efate than was possible after the prel iminary 
hyd rochem I ca I survey (Ca rney: 1982; Bath et a I., 1982). 

AI I sample numbers re'er to sites defined in the spring location 
sketches. 

A summary of the geoth3rrromet;-y results from this and previous studies 
Is given in Table 6. 
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2. 

3. 

3. 1 

A2 

REGIONAL HYDROCHEMISTRY 

The oxygen and hydrogen isotope compositions of non-thermal springs 
and seepages are grouped according to their locations on either 
side of the water divide (Figure I); thus stable isotope com
position distinguishes between precipitation fal I ing in the north 
(-6.6 to -6.0~0180 and -37 to -34%~02H) and central/southern 
(-6.0 to -4.8%00 18 0 and -35 to -28~o2H) parts of the project area. 
The north of Efate, to the leeward side of the prevai I ing south
easterly winds, has a significantly different pattern of rainfal I 
with lower amounts than the south. 

The cold springs, seepages and streams have conductivities (EC25 ) 
in the narrow range 100-450 ~S cm- I , with the 1 imestone springs 
tending to be slightly more mineral ised. They are al I Ca-HC0 3 
type water with chloride between 10-20 mg/I CI- and low sulphate 
«7 mg/I)' In contrast to these figures, the Teuma River rises to 
430 ~S cm- 1 and 57 mg/I CI- downstream of the Upper and Mid Teuma 
thermal springs (Table I); the significance of this has been dis
cussed in Section 5.2 of the main report. A possible temperature 
anomaly in the Lukunto River in northern Efate (Carney, 1932) was 
investigated and found to have been a result of solar warming. A 
shal low borehole (4.2 m depth) dri I led in 1980 into recent reef 
limestone close to the shore at Onesua (W88) conta i ns s I i gilt I Y sa I ty 
water with EC25 = 1400 ~5 cm- 1 and 280 mg/I CI-, Table 2~ the fresh
water component of this mixture is probably representative of the 
non-thermal groundwater in the reef I imestone of northern Efate. 

Dissolved si lica concentrations in springs vary widely between 4 
and 154 mg/I Si02 and there is no obvious dependence upon lithology 
or flow rate, though the only two measurements above 85 mg/I are 
both for very low flow springs (W4 & 6) associated with calc
arenite in the Teuma Graben. Cold springs contributing signifi
cantly to the Teuma River have 5i0 2 between 60-80 mg/I and this is 
reflected in values for the river itself which are between 64-73 
mg/I; there is no significant SI02 anomaly in river water 
associated with the thermal springs (Table 11. The range in back
ground dissolved Si02 values corresponds to that between quartz 
and amorphous si I ica sol ubi I ities; there is no single mineral 
buffer corresponding to the values found in the non-thermal Teuma 
springs. 

TEUMA GRABEN THERMAL SPRINGS 

Lower Teuma. 

The springs have measured temperatures between 24.3 and 28.4oC 
and chloride concentrations between 30 and 1180 mg/I CI- (Table 3, 
Figure 2). There is no direct correlation between temperature and 
CI-, although the warmest tend to have high CI-. The spring 
chemistries seem to fal I along mixing series for Na+, K+, Mg2+ and 
S042 (Fig~re 3) which suggests a single source of sal inity. The 
Na/CI ratio in the sal ine springs is around 0.54 (cf.0.56 in sea
water), but the Mg/CI ratio is lower than for seawater and the K/CI 
ratio is higher (Table 4). 
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• A10 

• • TABLE 4. Chemi (Of Teuma Graben Therma I Springs. 

• • wt/wt ratios 
TOC 'CI Ca/Mg CI/SOlj CI/Br GI/B K/CI 

• • W31 L. Teuma 3/82 27.2 54 3.95 9.5 257 2145 0.04 
W32 " 3/82 27 .2 74 20 7.2 270 759 0.1 1 
W55 " #12 9/82 26.3 80 17.4 5.0 214 938 0.16 • W54 !f #10 9/82 25.1.57 18.5 9.9 1712 0.05 
W52 " it 8 9/82 25.2.54 18 11.2 211 2074 0.[14 • W53 " # 7 9/82 24.3,53 12.5 10.7 327 2286 [1.04 
W56 " #13 9/82 26.5,61 8.7 8.5 338 1779 0.07 • W58 " #15 9/82 28.4,56 4.9 10.2 380 1875 0.05 
W81 " #16 9/82 28.0,53 5.2 9.6 260 2297 0.04 • W57 " #14 9/82 27 . I. 54 4. 1 9.5 307 2457 0.04 

• • W41 Mid Teuma 3/82 54.8.53 76 54 835 0.08 
W70 " 9/82 49. 1.54 54 49 372 852 0.09 
W71 !l 9/82 31.7.64 11.5 23 333 700 0.12 • W79 " 9/82 28.5.51 31.7 35 286 745 0.08 

• • WI dis of Upper 
Teuma 2/82 31 .3.66 22.5 >73 763 0.27 

• W2 dis of Upper 
Teuma 2/82 29 .41 34.3 49 894 0.03 

• W3 U. Teuma 2/82 30.6.41 37 66 894 0.05 
W59 11 9/82 30.9.40 49.7 76 400 883 0.05 

• W68 " 9/82 31.9.36 63 85 386 977 0.04 

• W39 Northern 

• Springs (S) 3/82 31.5.89 17 3 115 0.25 
W60 Northern 

• Springs (S) 9/82 33.5.46 18.7 3.3 157 0.30 

• W38 Northern 
Springs (N) 3/82 35.5.88 35 4.2 410 0.13 

• W61 Northern 
Springs (N) 9/82 35.2.93 25 4.7 394 0.10 • W62 Northern 
Springs (N) 9/82 31.8.71 22 3.5 400 0.21 • • • • • • • • • 



All 

The CI/Br ratio varies irregularly with ~al inity and exceeds the 
value for seawater (CI/Br = 288) in several cases. Also, the oxygen 
and hydrogen I compositions do not form a regular mixing 
series against CI (igure 4). It is concluded that the Lower 
Teuma springs are not the result of a simple 2-component mixing, 
but have a complex origin. The chemical and isotopic evidence 
indicates that seawater alone is not the major source of sal inity. 
It seems that groundwater with many different flow paths and pos
sibly also recharge sources, indicated by 0180 and o2H variations, 
converges on this location as a point of discharge from the I ime
stone. The presence of some recently-recharged groundwater is 
indicated by a smal I but positive amount of thermonuclear ( 
1953) tritium in sample W81 <Table 5). 

It Is not possible to define the sources of salinity although the 
increased K/CI and decreased Mg/CI suggest seawater after reaction 
with si I icates at lo~ temperatures as a possible component. The 
5102 concentrations ere fairly wei I correlated with temperature 
(Figure 5) rather then with C,- which again indicates that the 
solutions with different sal inities evolved before circulation to 
depth and are not mi7tures of two or more components close to the 
discharge point. The lowest SI02 concentrations at these springs 
represent equl I Ibriurr with chalcedony at discharge temperature but 
the higher concentrations su circulation temperatures up to 
80°C if a chalcedony solubi I j model is appl ied, and up to II00C 
if quartz is assumed to buffer Si02 (Table 6). Predicted base 
temperatures from N2i"'-K-Ca'caTion geothermanetry are of dubious re-
I lab! I ity in a,predom;nantly : irr:8stone environment wiTh c:omplex mixing. 

In summary, it is concluded -j-"at the Lower Teuma springs are the 
convergence of many differen+ flow-paths through the karstic 
plateau limestone. 58me of the r and longer flow-paths could 
have penetrated to underlying pumice and undergone chemical modi
fication particularly of K+ ~nd ~g2+. The general increase in 
sal inity which is I ik~ly to be correlated with depth of circulation 
may derive from residual mar-he fluids in the limestone or from 
simi tar fluids derived from previous lagoonal conditions and 
trapped in the alluvium and/0r calcarenites of the lower part of 
the Teuma Graben. 

3.2 Mid Teuma. 

The Mid Teuma spring (Figure 6) comprises a single outflow at which 
temperatures up to 61 0C have been measured (Lavigne & Marinel I i, 
19~0)~ 550C was measured at relatively high flow in March 1982 and 
49 C In September 1982 when flow was diminishing - it was only a 
trickle 4 days after this last measurement. Cooler flows occur in 
the immediate vicinity and one (W79) was found to persist (~I I/s) 
when the hot spring had virtually ceased to flow. These cooler 
subsidiary springs must be mixtures dominated by cooler limestone 
groundwater. There is the added problem that the springs discharge 
at river level in the loose alluvium, close to apparently! in-situ' 
I imestone outcrop, and therefore suffer varying degreees of di lution 
by river water. The low but detectable thermonuclear tritium in 
W70 (Table 5) probably originates from dilution by river or shal low 
groundwater. 

• • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • 
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TABLE 5. 

No. 

W61 

W70 

W81 

A13 

Thermonuclear Tritium Analyses of some Teuma Graben 
The rma I Spr i ngs. 

Descri pt i on TU* 

Northern Springs (35.2oC) 5±2 

Mid Teuma Spring (49. 1°C) 3±2 

Lower Teuma Spring #16 (28.0oC) 4±2 

* TU is Tritium Unit which is I tritl0m atom In 1018 H atoms. 
(Measurements by AERE Harwell) 

(Average TU values in rainfall at the rearest 'l'IMO/IAEA 
monitoring station which is Brisbane, f,ustral:a were down to 
~ 10 TU in 1975: the most recent data evai lable). 

• • • • • • • • 
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• • 
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The record of temperature observations and chemical analyses by 
various investigators shows large variation In CI- whi 1st tem
perature remains around 500C: this may reflect the difficulty 
of sampl ing. Concentrations of Na+ and K+ plotted versus chloride 
show a I inear relationship between these data except at low CI 
(Figure 3); it is possible that a low CI- component distinct 
from river water and with high K+ is present (e.g. W71, W79). 
However the anomalously high K+ found by Giggenbach (1977) is 
above these K+ vs CI- trends and might be in error. 

The Na/CI ratio (Table 4) Is very close to that found at Lower 
Teuma and the value for seawater, however large depletion of Mg2+ 
and reduction of S04 2- are reflected In very high Ca/Mg and CI/S04 
ratios. These depletions and particularly the virtual el imination 
of Mg are very characteristic of high temperature alteration reactions. 
The CI/Br- ratios (Table 4) are signifrcantly higher than the seawater 
value (288), as with values found at Lower Teuma 

The 01B O and 02H values for the Mid Teuma spring samples are simi lar 
to values found for the more sal ine samples from the Lower Teuma 
springs ( Table 3). Therefore there Is some chemical and stable 
isotopic evidence for the Mid and Lower Teuma springs having 
common source water with varying mineralisation, probably due to 
_complex mixing with I imestone groundwater. However, In the case 
of Mid Teuma this source water has clearly been subjected to higher 
temperatures and is also mixing with shal low alluvium groundwater 
or river water at the point of discharge. The higher temperatures 
are indicated by elevated K+, SI02 and 8 whi 1st Mg2+ and S042- are 
strongly depleted and pH Is raised; these are all typical of 
alteration reactions with si I icate minerals. 

Some of the samples from this study (W41, 70, 79) and from previous 
Investigations (Lavigne & Marinell i, 1970; Will iamson, 1980) show a 
fairly linear relationship of Si02 to CI- which is due to the mixing 
with shallow groundwater or river water (Figure 7). However 
there are several analyses from previous Investigations which do 
not I Ie on this trend but are strongly enriched in Si02 up to 
165 mg/ I. I n the absence of ev i dence to the contrary, I t must be 
assumed that a separate source of water with different characteris
tics to W41 is dischar~lng at this location; W71 may be derived from 
this and river water. The base temperatures predicted by quartz solubi I ity 
are I 670C and 1550C respectively for the two high Si02 components 

(Goguel (1977), Giggenbach (1977) and W41)' However if-it is assumed that 
the high-SiC2 spring waters observed are themselves the products of 
mixing a deeper hot component with cold groundwater then it is 
possible to estimate the Si02 concentration in this deep hot com-
ponent and thence its temperature. The model appl ied to this assumes 
that the deep hot comoonent is buffered by quartz and that, if over 
1000C, it ha~ undergone steam loss and adiabatic cool ing in addition 
to mixing with cold water. The graphical estimation (Truesdel I 
and Fournier, 1977) predicis 205 C and 1850C respectively for the 
two waters (Figure 8). The appl icabi I ity of this extrapolative 
method depends on a simple model for spring water evolution, in-
cluding for instance the absence of any conductive cool ing which 
would lead to an overestimation of temperatures. The elevated K+ 
concentrations lead also to high base temperature prediction with 
the Na-K-Ca geothermometer (Fournier & Truesdell, 1973), If it is 
assumed again that there are two separate high temperature water 
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sources represented by data given by Giggenbach (1977), Goguel 
(1977), and Wi I I iamson (1980; NH01) and this investigation, then 
these sources have simi lar predicted base temperatures in the range 
200-2150 C (Table 6). 

Upper Teuma. 

The Upper Teuma springs comprise an area of seepage on the bank 
alluvium and in the bed of the Teuma River (Figure 9). The large 
extent of the overal I seepage is demonstrated by the raised 
mineral isation (Appendix 2) of the river downstream of the area. 
The temperatures of the seepages are lower than the springs at Mid 
Teuma although the CI- values are similar (Table 3). Ca/Mg, CI/S04, 
CI/Br and CI/B ratios are also simi lar to the Mid Teuma springs 
<Table 4) although Na/CI is significantly lower (",0.4), suggesting 
a loss of Na+. The loss of Na+ is balanced by higher Ca 2 + with 
lower pH. K+ is not enriched as at Mid Teuma and fal Is close to 
the K+ versus CI- trend of the Lower Teuma springs (Figure 3). 
The 6 180 and 62H data are simi lar to data for both Lower and Mid 
Teuma 3prings (Figure 4). 

It is concluded that the Upper Teuma seepages have a simi lar orIgin 
to the Mid Teuma springs but have a different flow path which has 
conclu~ed in movement through fine-grained sediments resulting in 
the di Ffuse seepage pattern; this might also account for relative 
depletion of Na+ by ion exchange and also raises the possibi I ity 
of K+ ~aving teen lowered by the same process. A higher original 
K+ con:::entratinn would be consistent with the very depleted Mg2+ 
and CI IB simi ;ar to conditions at Mid Teuma. Therefore predictive 
cation geother~ometry may give a minimum estimate in this case: 
the Na-K-Ca geothermometer gives a base temperature estimate of 
90-!00JC using a value of 4/3 for the e factor and 1740 C for B = 1/3 
(see FJurnler and Truesdell, 1973). SI02 concentrations in samples 
collecred in September 1982 (W59,68) are lower than in the more 
mineral ised sample collected in February 1982 (W3; see Table 3); 
presumably thIs reflects the difficulty of representative sampl ing 
and th3 probable complexity of mixing befere discharge of the 
spring. It is not possible to apply an extrapolation to correct for 
cold w~ter mixing since the high Si02 concentration coupled with low 
measured temperature strongly suggests that conductive cool ing has 
already occurred. Therefore minimum temperatures predicted from 
quartz solubi I ity alone range from 1450 C down to 12SoC (Table 6). 

Northern Springs. 

These two groups of seepages (Figure rO), upstream of the Upper 
Teuma springs, were reported by Carney (1982). Although separated 
by about I km and discharging on opposite banks of the river, they 
have simi lar characteristics and wi I I be described together. 

• • • 
• 
• • • • 
• • 
• • • 
• • • • • 
• • • 
• 
• • • • • 

Measur'ed temperatures range up to 35.SoC and conductivities up to • 
460 ~S cm- 1 (EC2S)' Chloride concentrations reach 28 mg/I at the 
northern group. Na/CI ratios are between 1.8 and 3.S and are • 
therefore considerably enriched in Na relative to Na/CI in the 
other springs or in seawater. The pH values are relatively high, • 
particularly those of the northern group (W61, 62; Table 3) 
which are >8, whi 1st HC03- concentrations are fairly low (I IS mg/I). 4t 

• • 
• 
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These hydrochemistries are typical of water which has circulated 
in basaltic I ithologies and reacted with si I icate minerals taking 
mostly Na+ into solution. There is no evidence for reaction with 
I imestone, and the sl ight enhancement in CI- over concentrations 
found in cold springs might be due to leaching of traces of resi
dual CI- in the volcanic rocks . 

018 0 and 02H values are around -S.3%uand -31%orespectively which 
are slightlyheavierthan values for the low-CI- springs at Lower 
Teuma (Figure 4); this lends support to the suggestion that the 
isotopically-heavier, high CI- spring-waters at Lower Teuma might 
be derived from recharge in the centre of Efate fol lowed by deep 
ci rculation. The Si02 concentrations, 80-118 mg/I, are simi lar to 
values at Upper Teuma, but it is possible that in this case they 
result from the inferred si I icate alteration reactions rather than 
being buffered by quartz. Quartz buffering of these concentrations 
would imply deep temperatures up to 14SoC, which is unl ikely since 
Na-K-Ca geothermometry suggests a maximum temperature of only 65°C 
(Table 6). It is concluded that these seepages are not related to 
the deeper circulation responsible for the three larger groups of 
Teuma Graben springs . 

Summary. 

The Lower, Middle and Upper Teuma springs have simi lar characteris
tics which suggest they have a common source. However, important 
differences are also demonstrated which reflect the different ex
tents of reaction and deep ci rculation . 

The large flow at lower Teuma is inferred to represent a discharge 
of southwards and westwards regional flow in plateau I imestone where 
the karstic flow paths are intersected by the graben boundary fault 
bringing fine-grained sediments adjacent to the limestone . 

The springs at Middle and Upper Teuma are assumed to comprise pre
dominantly the same water source which has circulated to greater 
depths, in the case of the Middle Teuma spring having probably 
penetrated underlying si licate lithologies (? basalt, pumice) 
and reacted at temperatures up to 200-2150 C. 

The Upper Teuma spring indicates temperatures up to only 100-ISOoC 
by chemical geothermometry although shal low modifications of the 
seepage water may be masking evidence of conditions simi lar to 
the Middle Teuma spring. 

TAKARA AREA THERMAL SPRINGS 

Takara. 

Hot groundwater occurs at shal low depths in the reef limestone 
aquifer over an area of at least 4 km 2 at Takara. Evidence for 
this I ies in the discharge of thermal springs at the intersection 
of water-table and general surface parallel to the coast; there 
is also thermal groundwater at ~3 m depth in a borehole on the 
Takara airfield and hot ground temperatures, reaching maximum 
~IOOoC in the shal low subsurface, occur over a large part of this 
area (see section 5.3 of the main report). 
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TABLE 6. Summary of the GeothermometryResults. 

Ref. T CI S 102 Geothermometers' 
(oC) Img/l) (mg/l) Tchaic Tqt2 TNa-K-C" lMg-corr 

II 3/4 B 1/3 

Lower Teuma W31 27.2 1180 42.6 62 95 137 175 65 
1'132 27.2 43 48.3 68 100 38 160 -
W55 26.3 30 40.2 60 92 36 170 -
1'154 25. I 89 16.5 22 57 37 139 -
1'152 25.2 112 18.0 25 60 39 137 -
W53 24.3 160 18.8 27 61 54 147 -
W56 26.5 169 47.7 68 100 73 165 -
\~58 28.4 600 64.2 83 114 113 169 76 
W81 28.0 781 42.4 62 94 119 171 80 
W57 27. I 860 52.0 72 104 125 170 67 

III d Teuma 1'141 54.8 760 141 135 157 154 206 206 
W70 49. I 588 135 129 154 156 209 208 
1'71 31.7 140 106 113 140 107 199 144 
W79 28.5 283 88 10/ 130 94 185 -
WGH 54 250 163 142 166 130 209 203 
RG" 50 ~ I 165 143 167 142 218 218 
w'" 50 146 131 127 153 161 214 -

Upper TeulIKI ~13 30.6 465 114 118 145 92 175 175 
1'159 30.9 660 80 96 125 101 176 176 
1'168 31.9 850 88 101 130 99 174 i 74 . 

Northern Springs (S) W39 31.5 15 115 118 145 48 146 -
~160 33.5 13 80 96 125 54 148 -

Northern Springs (N) W38 35.5 25 118 120 147 62 143 -
W61 35.2 28 99 109 137 66 137 -
W62 31.8 14 91 103 132 63 149 -

West Takara WI7 40.8 3400 50.1 71 102 120 156 1"'8 

Central Takarat ~il a 60 7000 75.7 93 123 134 159 i 57 
1'150 60.5 9960 67.5 102 131 145 160 158 
W82 59.2 9950 92.6 105 134 145 161 159 

East Takara 1'119 70 11900 117 121 147 152 162 162 
w51 71.4 11170 112 118 145 151 164 164 

Takara Beach W20 41.2 8900 78.3 95 125 148 158 109 
1'/83 41.2 12280 58.8 80 III 177 160 44 

Takara Pool W21 39 11800 114 119 146 153 163 161 

Takara Borehole W87 88.1 14000 129 127 153 152 164 161 

Siviri WI6 31.5 5000 53.9 74 106 205 167 -
W49 30.2 3976 54.5 75 106 197 170 -

[mau 1'/40 38.8 13800 43.8 65 97 222 168 -
1'185 36.6 13410 46 52 85 236 169 -

• Geothermometry formulae of Truesdel I (1975), Mg correction of Fournier & Potter (1979). See text for dis
cussion of appl icabi I ity. 

t 'Takara West' of previous authors. 

•• WG : Gi9genbach (1977) •• RG Gogue I (1977) •• 1'1 Wil I iamson (1980) 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
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The spring I ine caused by discharge of ~hls thermal groundwater 
has several foci which discharge perennially or almost perenni
ally and have been described and sampled by several investigators. 
However it Is clear that the discharge rates of these springs vary 
widely in response to seasonal rainfal I which suggests either a 
direct component of infi Itration water or an influence due to 
hydraul ic loading up-gradient of the thermal groundwater. The 
major springs (Central and East Takara) occur several hundred 
metres apart (Figure 4 of main report) and temperatures up to 600C 
and 71 .40C respectively were measured in 1982 (Table 7) though 
previously temperatures up to 630C and 780 C have been reported. 
At each location, there are many dispersed points of discharge 
from alluvium overlying the I imestone, having different temperatures 
and conductivities (Figures I I, 12): this may account for some 
variation in measurements reported by previous investigators (Table 
6). The same flow at Central Takara gave identical chemical re-
sults when sampled over two weeks in September 1982 although the 
flow rate had diminished considerably (W50 and W82, Table 7). 
Greenbaum (1973) monitored this spring over almost a year during 
which flow varied threefold and temperature varied between 570C and 
63.50 C. There appears to be a IDose correlation between flow rate 
and temperature and conductivity data at Central Takara. The East 
Takara springs occur over a smaller area and had virtuall-y dr.ied- up 
on the second visit in SeDtsm~er 1982. The chemical composition of 
this spring has remained remarkably constant since at I~ast 1977 
nable 6), although temperature and flow rate are known -to vary 
together (GreenbaiJm, 1973). Similarly, the higher temDerature at East 
Takara is reflected in higher EC2S than at Central Takara. 

A cooler, less sal ine flow was sampled west of Central Takara in 
February 1982 but by September this had ceased to flow (WI7). 
Seepages occur along the shore in the north-east corner of the area, 
particularly at Takara Landing (Figure 13) at which the seepages 
occur in the inter-tidal zone and are therefore I ikely to be sea
water contaminated (W20,a3). Further evidence of the distribution 
of the thermal groundwater under water-table conditions is the pool 
at the east end of the airfield (W21), which had mostly drained and 
was cool and stagnant in September 1982. Also, there is a 19 m 
deep borehole, drl I led in 1980, just south of the airfield, in which 
water at aaoc was sampled from a water table at ~3 m (W87). As ex
pected from its high temperature this groundwater has the highest 
mineral isation of samples collected (Table 7), 

The e180 and o2H values for the Takara samples are roughly col inear 
when plotted versus CI-, and the curves extrapolated through them 
from the fresh water isotopic composition for this area intersect 
the marine CI- concentration close to 0%0 in both cases (Figure 14). 
This is convincing evidence that sea-water is the thermal fluid. 
However, the chemical compositions of West, Central and East Takara 
springs when extrapolated to marine CI- concentration sug~est a 
chemical composition different from that of sea-water: Mg + is 
heavi Iy depleted, Ca 2+ is enriched, Na+ is 51 ightly depleted, and 
S04 2- is also strongly depleted (Figure 15), These chemical altera
tions are very typical of sea-water which has reacted with basalt 
at elevated temperature . 
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Sketch Diagram of Central Takara Thermal Spring Area (referred to 
by previous authors as Western Takara) showing Locations of Temperature 
and Conductivity Measurements. 
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• • Sketch Diagram of East Takara Thermal Springs Area showing Locations. 
of Temperature and Conductivity Measurements. 
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Ac.':J • • 
The CI/Br ratio in these thermal waters (Table 8) is also higher than th~ 
of normal sea-water (Figure 16) which demonstrates that Cl- en-
richment or Br- depletion or both is occurring. A plot of 618 0 • 
and 62 H versus Br- suggests that this might be depleted (Figure 17) 
but the evidence is not conclusive, particularly since the bore- • 
hole sample (W87) plots on the right of the 6180 and 62H versus 
CI- trends in Figure 14. CI- enrichment, which could result from • 
leaching of young basalts, would affect the val idity of the extra-
polation of cation concentrations in Figure 15: it is noteworthy • 
that K+ and Na+ concentrations for the Takara borehole sample (W87) 
plot just below the Takara springs trend. A possible explanation • 
is that the Takara springs samples are mixtures of 3 components: 
altered thermal sea-water, normal sea-water and fresh water, • 
whereas the borehole sample comprises only the thermal fluid and 
fresh water. Certainly the minimum Mg2+ found in W87 suggests • 
that this is the least contcminated and most representative sample 
of thermal fluid. • 

Na-K-Ca geothermometry predicts a base temperature of 1650C from 
W87 (Table 6), and the extrapolated composition corresponding 
to marine CI- (Figura 15) also leads to a prediction of "'1650C; 
the question as to the absolute concentrations in the reservoir 
has I ittle influence since the Na-K-Ca geothermometer is sensitive 
to the ratios Na/K a'1d Na/Ca. 5i02 concentrations also correlate 
roughly with C,- (Figure 18); since 5i02 in cold sea water is 
very low, this gives an estimate of contamination in the shore-
I ine springs (e.g. W20 & W83). Central Takara samples might be 
contaminated in 5ept~mber !~g2 (W50 & 82) unl ike February 1982 
(WI8). The 5i02 ver;us CI- ! ine intersects marine CI- at approxi
mately 180 mg/l 5i02 which ccrresponds to a base temperature of 
~1740C on tho qua soluhl! 1ty ~odol. This is considorod tho ~cst 
est i mate of base tem )eratu rt:' us i ng the s iIi ca geothermometer. The 
Takara borehole sampe, which contains 129 mg/I SI02 suggests a base 
temperature of 1520 C on the basis of quartz sol ubi I Ity alone, and 
this is not apprecia~ly affected by applying the di lution-mixing 
model and extrapolat'ng to ui'rpixed component after allowing for 
steam loss. 

Si vi ri . 

The seepages on the shore at Siviri (Figure 19) have relatively high 
(Figure 15) and marine Na/CI (Table 8) and thus do not belong to 
the same mixing series as trat forming the thermal groundwater at 
Takara. The absence of Mg2+ depletion suggests that these springs 
are a mixture between unreacted sea water and fresh water with 
"'60-70 mg/I SI02 (see Figure 18); it is not possible to tel I 
whether mixing has occurred before or after circulation, though the 
latter seems most probable. 

Emau. 

The seepage in the inter-tidal zone in Emau Island has a component 
which is sl ightly depleted in Na+ and Mg2+ and strongly depleted 
in S042-, demonstrated by the sample taken in March 1982 (W40j 
Table 8). The sample taken in September 1982 (W84) is mixed with 
unreacted sea water although the temperature was only slightly 
lower than previously. A warm fresh water component for this 
flow is inferred; the Si02 concentration of this component could 

• • 
• • • • • 
• • • • 
• • • • 
• • • • • • 
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• 
~ TABLE 8. Chemical Features of Takara & Emau Thermal Springs. -
~ CI- wt/wt ratios 

• TOC mg/I Na/CI Ca/Mg CI/S04 CI/Br CI/B K/CI , - WI6 Siviri 2/82 31.5 5000 0.55 0.46 7.7 256 3846 0.02 , 

~ W49 II 9/82 30.2 3976 0.58 0.58 7.04 3313 0.03 

~ WI7 W. Takara 2/82 40.8 3400 O. 18.6 38 1417 0.02 • ! 

~ WI8 C. Takara 2/82 60 7000 0.38 46 51 311 1275 0.02 
W50 II 9/82 60.5 9961 0.38 40.4 51. I 398 1346 0.02 • W82 " 9/82 59.2 9950 0.38 40.8 51.0 1330 0.02 

~ WI9 E. Takara 2/82 70 11900 0.40 62 60 1253 0.02 ., W51 " 9/82 71.4 11170 0.40 65.6 49 349 1255 0.02 ., 
W20 Takara beach 2/82 41.2 8900 0.43 9.5 1471 0.02 

~ W83 II 9/82 41.2 12280 0.49 2.9 " .7 361 2020 0.02 

• • W21 Takara pool 2/82 39 11800 0.40 42 53 1301 0.02 

) 

~ W87 Takara b/h 9/82 88.1 14000 O. 21 I 72 368 \373 0.02 

~ W40 Emau beach 3/82 38.8 13800 0.51 0.76 86 3833 0.02 
~ W84 II 9/82 36.6 13410 0.56 0.75 7.7 394 3170 0.02 

• J 
SEA WATER 19500 0.56 0.32 7. I 288 4349 0.02 • W85 "Sea" at Emau 9/82 31.6 15780 0.57 0.59 7.4 277 3460 0.02 ) 

• ,1 

• 
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~ 

• • f 

~ 

• ; 

• --3< 

• ., 
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be up to 130 mg/I (i .e. 1500 C on quartz geothermometry) although 
it is unl ikely that the simple I inear mixing model shown in 
Figure 18 is val id since it is known that the sal ine component of 
the mixture also takes part in alteration reactions. However, a 
moderate-temperature source of fresh water percolating through 
the basalts of Emau Island is supported by the warm moist air 
r i sing f rom severa I 1 vents 1 on the hi I I above th i s seepage. Con
tact between percolating water and a shallow dike or simi lar in
trusion of recent age seems probable. 

Of some significance is the di lute( sal inity of the sample (W85) 
taken from the incoming tide at the same location. The low 
sal inity accompanied by raised Ca 2 + and Si02 relative to seawater 
<Table n is clear evidence that there is an extensive sub-marine 
seepage of water simi lar to that found in \"84. 

Summary. 

Hot groundwater occurs over an extensive area at Takara where the 
water table in the reef I imestone approaches the surface. Flow 
rates and discharge temperatures 01 the spr'ings increase as a 
response to seasona I increase in rc i nfa II, suggesti ng that the 
reservoir of thermal water is to tte south of the discharge area. 
The springs are a mixture of a ther'rnal sal ine component and shallow 
fresh groundwater of the reef lime~,tone. In places a cold sea water 
may also be involved in the mixing. The t:18rmal component is sea 
water which has reacted with basal1" at a t~mperature between 165 
and 1800 C. 

Seepages on the shore at S i vir i a rE ami xtu '-8 between fresh water 
and sea water I'lhlch has not reactec at a s:gnlficantly elevated 
ternperatu re. 

The intertidal seepage at Emau represents 3 mixture, the thermal 
component of which is a fresh water which :'1ay have had a maximum 
temperature of 1500 C. 
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APPENDIX 2 

Calculation of Heat Losses to the Teuma River. 

Increases in electrical conductivity of the Teuma River downstream of the 
Upper and Mid Teuma springs (Figures I and 2, Appendix 2, and Figure 5, 
main report) suggest discharges of mineral ised thermal water to the river. 
The highest EC25 and CI- values from chemical analyses of river water 
(Table I, Appendix I) and an average chemical composition for each set of 
springs are used below to calculate the resulting total heat losses to the 
ri ver. 

If spring inflow x I/s @ EC25 y & CI z 

and river flow upstream 

and river flow downstream 

then x = a (m-b) or 
(y-m) 

(a) For Upper Teuma: 

x 3900 x (370-300) 
<3280-370) 

94 1/5 (f rom EC25) 

(b) For Mi d Teuma: 

x = 3900 x (425-395) 
(3100-425) 

44 1/5 (from EC25 ) 

a I/s @ EC25 b & CI 

a+x 1/5 @ EC25 m & CI 

a (n-c) 

or 3900 x (27-132 
(850-27) 

or 66 I/s (from CI-) 

or 3900 x (46-34) 
(760-46) 

or 44 1/5 -(from CI ) 

c 

n 

The thermal springs are 8.90 C (Upper Teuma) and 31 .SoC (Mid Teuma) above 
background temperature (~ 230 C), and therefore these flows represent exce~s 
heat losses of approximately 3 and 6 megawatts respectively. The absence 
of any temperature anomal ies in the river is not surprising, since it 
would require about 16 MW to raise the temperature of the river by IOC. 



APPENDIX 2 

Figures 

I. Summary of Conductivity Measurements in Teuma River South 
of Upper Teuma Springs, 13th-14th September 1982. 

2. Summary of Temperature and Conductivity Measurements made 
in the Teuma Graben, 7-IOth September and 13-14th 
September 1982. 

.1 
i .' • • • .j .1 

• 
• • • • 
• • 
• • • • 
• • • • • • • ·1 .1 
• • • • • • • ~ 



• • • , 
• ! , 
• ) , , , , 
• ) , , 
~ 

• i 

• • > • j 

• I 

• / 

• ) , 
• ! 

• ! 

~ • } 

• J 

• T4-30F 

• > 

~ Figure I. 

• ) 

o 
I 

~~ {t\ 

£c.. .a.:.a..<I!..-1; 
Uffer ,....~ffoQ.. 

$f.-{"'~S 

N 

t 

2 k.,.. 

Summary of Conductivity lV1easurements in Teuma River south of Upper 
Teuma Springs, 13-14th Sept. 1982. 
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APPENDIX 3 

Estimated Costs for Phase 2, Efate Geothermal Project. 

Cost Estimates. 

Item: 

I) Resistivity Reconnaissance 

2) 

3) 

(a) Sch I umberger travers i ng 

IGS Staff 2 (HSO + SSO) 
Preparation I week 
Field Duration 3 months (6 man months) 
Interpretation 2 man months (SSO) 
Trave I (Fre i ght, 40 kg) 

Sub Tota I: 

( b ) AMT survey 

Approx. Contractor costs [lOOK for 50 
stations 

IGS Staff I (SSO) 
Field Duration 9 weeks 
Trave I 

Sub Tota I: 

Gravi ty Su rvex: 

I GS Staff 2 (HSO + SSO) 
Prepa rat i on I week 
Fie I d Du ra t i on 2 weeks ( I man month) 
I nterpretati on 2 weeks (HSG) 
Fre i ght 20 kg 

Sub Tota I : 

Mi crose i smi city Survey 

I GS Staff 3 (PSO, SSO, PT02) 
Prepa rat ion I man month (PT02) 
Field Duration 10 days (PSO + PT02) 

I month (PSG) 
2 months (SSO) 
3 months (PT02) 

I nterpretati on 0 months (SSm 
Trave I (Retu rn FI i ghts, 5 . , Freight, 3 tons) 

Sub Tota I : 

Estimated Cost: (£) 

} 18 500 

15 120 

100 000 

} 5 350 

5600 

} 3 810 

2 120 

} 30 760 

25 720 

[ 620 

[ I 10 950 

£ 5 930 

[56 480 



Item: 

4) Coordination and Reporting 

Notes 

I GS Staff 
Fi e I d Durati on 
Reporti ng 
Travel (Return 

I (SSO) 
2 of I month visits 

2 months (SSO) 
FI ights, 2) 

Sub Tota I : 

TOTAL 

Estimated Cost: (£) 

} 9 200 

7 640 

£ 16 840 

£ 223 820 

• • • • • • • • • • • • • The estimate':' ·---:d C0st for the recommended resistivity reconnaissance, 
grc_ :,",:roseismicity survey is approximately £225K. • 

The resl;:>Tivi1'y r-ec", , "'jissance alone would cost approximately £145K. The • 
gravity survey would be carried out by the same IGS staff on the same trip • 
and its inclu~ion would increase the cost by £6K. 

The contractor costs ~or the AMT survey are based on estimates given by • 
commercial conpanies ~nd the University of Edinburgh Department of Geophysics, • 
and would include substantial home-based interpretation. 

• • 
• • • • • • • • 
• • 
• • 
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