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ABSTRACT 

A res is t iv i ty  survey of E f a t e  Island, Vanuatu, m a d e  during 
1985-86 has  loca ted  a l a r g e  low res is t iv i ty  anomaly in t h e  
nor the rn  p a r t  of t h e  island. This i s  in terper ted as 
represent ing extensive hydrothermal  a l t e ra t ion  caused by a 
geo the rmal  sys t em which f eeds  cu r ren t ly  ac t ive  neutra l  
chlor ide h o t  springs on t h e  nor thern coast. Geochemical  
reconnaisance has  revealed no acid  wa te r s  or chlor ide springs 
a t  e levat ions  significantly above sea l  level. However, 
ev idence  of acid  a l t e ra t ion  was observed in t h e  western p a r t  
of t h e  res is t iv i ty  anomaly where  low res is t iv i t ies  were  found 
at highest  e levat ion.  The  source of a n  a c t i v e  geo the rmal  
sys t em probably ex i s t s  in this  nor th  western pa r t  of Efate .  
P rob lems  associated with geophysical reconnaisance on 
t ropical  volcanic islands a r e  discussed. 

N 

Figure  1. Locat ion Map. 

INTRODUCTION 

T h e  geo the rmal  po ten t i a l  of Efa te ,  which is t h e  four th  
l a rges t  island and adminis t ra t ive  c e n t r e  of Vanuatu, see 
Figure  1 f o r  a locat ion map, has been under  s tudy s ince 1970. 

Detai led geochemical  sampling s t a r t ed  with Lavigne a n d  
Marinelli's 1970 reconnaissance which was followed by  
Damanage  (1972) and  Ciggenbach (1977). Their resul ts  are 
summarised and considerably extended by Burgess et a1 1983. 
Comprehensive geological  mapping on  Efa te  s t a r t e d  with Ash 
et al 's 1978 geological  m a p  of E f a t e  followed by a more  
de ta i l ed  s tudy of North  and Cen t ra l  E f a t e  by Carney  (1992). 
A considerable  amoun t  of geophysical l i t e ra tu re  exis ts  for 
E f a t e  and  t h e  c e n t r a l  region of t h e  New Hebrides arc 
including g rav i ty  and magnet ics  (Malahoff 1970) and  
ea r thquake  seismology (Carney and MacFarlane 1982). T h e  
f i r s t  res is t iv i ty  survey was  conducted on North  Efa te  by 
Hochstein (1977) who conducted a limited series of 
measuremen t s  a long t h e  coas ta l  road. This was followed by a 
very de ta i l ed  res is t iv i ty  s tudy of t h e  Takara  geothermal  a r e a  
(Saos, Pers Cornm in: Williamson 1980). Both t h e s e  s tudies  
revealed t h e  ex i s t ance  of shallow low res is t iv i t ies  in North 
E f a t e  however  the i r  relationship with geo the rmal  act ivi ty  
was not  c l e a r  because  of t h e  potent ia l  complicat ion 
int roduced by s a l t  w a t e r  intrusion. The p resen t  s tudy was 
under taken in o rde r  to ex tend  resistivity survey coverage 
ove r  t h e  nor thern p a r t  of t h e  island and in pa r t i cu la r  fur ther  
inland f rom t h e  coast. I t  was  hoped t h a t  th is  d a t a ,  t oge the r  
with a review of t h e  geochemistry  would b e  suff ic ient  to 
ident i fy  t h e  source of t h e  geo the rmal  wa te r s  and  identify 
drilling targets .  

Geological  Setting 

E f a t e  Island (17O 45"'S, 168' 25'E) i s  a volcano-sedimentary 
island which evolved in t h e  late Tert iary  and Quaternary.  
The  oldest  exposed rocks  a r e  submarine pumice breccias  and  
ep ic l a s t i c  tuffs ,  overlain by Reef  l imestones  which outcrop a t  
a range  of e l eva t ions  f rom present-day off- shore fringing 
r e e f s  to ove r  600m above sea-level. On t h e  basis o f  
r ad iomet r i c  age dat ing of t h e  limestones, a n  up-lift r a t e  Of 
0.5 to I m m  per  yea r  h a s  been e s t ima ted  by Gr immelmann  
(1983). Dat ing of t h e  older volcanic rocks  gives  a n  age  Of 
700,000 yea r s  B.P.. Basement  rocks  beneath t h e  pumice 
b recc ia s  have  no t  been identified but  it is likely t h a t  
crysta l l ine  volcanic  rocks  a r e  present  at g rea te r  depth.  

In t h e  nor th  of E f a t e  extensive outcrops of basal t  a r e  found 
on  both E f a t e  and t h e  off- shore islands of Nguna, Pe le  and  
Emau. They a r e  considered by previous wr i t e r s  to b e  
Pleis tocene in age. However, t h e  absence of l imestone 
t e r r a c e s  around most  of these  basal ts  and their  ve ry  youthful 
morphology suggests  t h a t  they may b e  much younger. 

T h e  major s t ruc tu ra l  f e a t u r e  of E f a t e  is t h e  T e u m a  Graben 
which roughly bisects  t h e  island in to  eas t e rn  and western 
halves. The  s t r u c t u r e  runs  north- south with a n  a v e r a g e  width 
of 1.5km and c a n  b e  followed fo r  more  than  20km. Fur the r  
to t h e  nor th  t h e  s t r u c t u r e  becomes less c l ea r ,  with t h e  
Macdonald-Putuet f au l t  complex forming a n  apparen t  
boundary to  t h e  graben. However, a north-south faul t  is 
identified on t h e  nor thern edge  of t h e  Epuli basin, be tween  
Fa tma lapa  and  Quoin Hill, which is in line with t h e  wes te rn  
boundary f au l t  of t h e  graben. 
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The  Takara waters  a r e  believed to b e  in c o n t a c t  with basal t  
at depth. Basalt- seawater interact ion has  been investigated 
experimental ly  by severa l  workers, principally in s tudies  of 
hydrothermal  sys tems  associated with mid-oceanic ridges. 
These s tudies  (Bischoff and Dickson, 1975; Mottl and Holland, 
1978; and Bowers and  Taylor (1985) have identified t h e  
following sequence of react ions as occurring during t h e  
circulat ion of seawate r  through high t empera tu re  basal t  
formations;  

A ser ies  of northwest- southeast striking faul ts  considered t o  
be  contemporaneous with t h e  deposition of t h e  older  
l imestones a r e  recognised ei ther  s ide of t h e  Teuma Graben. 
These f a u l t s  die  o u t  with progressive coastwards "younging" 
of t h e  limestones. Step-faulting within t h e  l imestones and 
back- tilting of individual blocks to t h e  north or northeast  is  
interpreted by Bath et a1 (1982) to indicate  an t i the t i c  
faul t ing re la ted  to north or northeastern flexuring of t h e  
island's c rus t .  

Geo the rmal  Activity With increasing temperature ,  loss of so4 and C a  
through deposition of anhydrite. In the  vicinity of M t  Fatmalapa previous geothermal  act ivi ty  

is evidenced by jasperoid veins in basal t ic  breccias  and 
silicified l imestone with vuggy quar tz  in veins and cavities. 
It  is considered t h a t  t h e  system was developed in a similar 
se t t ing  to t h e  present-day Takara Geothermal  Area - at a 
formerly reef  fringed shoreline, ascending geothermal  fluids 
r e l a t ed  to a basal t ic  h e a t  source travelling la teral ly  across  
t h e  top  of a saline wa te r  intrusion to e m e r g e  a t  t h e  shoreline. 
Probable advanced argi l l ic  a l terat ion encountered both near  
t h e  summi t  of blt Fatmalapa and south of M t  Sussunatar 
suggests  ac id  aquifers  also existed in this  area.  

Cur ren t  geothermal  act ivi ty ,  in t h e  form of warm springs, is  
located in t h e  following areas: 

Formation o f  a l t e ra t ion  phases, in particular semect i te .  
Loss of Mg from solution through uptake by s m e c t i t e  
and release of C a  into solution. 

Exchange of Na in solution for C a  through albitisation 
of plagioclase 

Anhydrite deposition will cont inue as C a  is  released 
into solution until  a lmost  all SO4 is removed f rom 
solution. 

The chemica l  changes observed are consistent with field 
examples  of seawate r  geothermal  systems such as t h e  
Svartsengi field in Iceland (Ragnarsdottir et al, 1984). In this  
field silica and Na-K-Ca geothermometry is in good 
agreement  with measured t empera tu res  indicating t h e  
seawate r  has  chemical ly  reequilibrated with reservoir rocks. 
A t  Takara ca t ion  geothermometry indicates  t h e  fluid was last 
in equilibrium at a subsurface t empera tu re  of 160°C (Table 
1.). However t h e  presence of relatively high Mg levels in 
some  of t h e  Takara  water  suggests some  shallow mixing with 
seawate r  may b e  occuring which in turn diminishes t h e  
reliability of geothermometry.  

Dissolution of Limestone 

a )  The Teuma Graben 
b) The Takara Geothermal  Area 
c )  Coas ta l  occurrences and Emau Island 

In t h e  present  study t h e  geophysical survey, consisting of 
res is t ivi ty  t raverses  and soundings, focussed on t h e  Teuma 
Graben and  Northern Efa te  with only superficial a t t en t ion  to 
o the r  a reas .  A similar concentrat ion of e f f o r t  was made  in 
t h e  geological and geochemical  reconnaissance. 

GEOCHEMISTRY 

Intepretat ion of t h e  chemistry of Efa te  the rmal  wa te r s  has  
revealed th ree  dominant  chemical  and physical processes 
control l ing t h e  composition of t h e  waters: 

Cold groundwaters  on Efa te  a r e  calcium bicarbonate  waters. 
The calcium and bicarbonate  a r e  most likely derived f rom t h e  
reef l imestone t h a t  dominates  t h e  surface geology of t h e  
island. Dissolution of l imestone is only e f fec t ive  when 
dissolved C 0 2  is present ,  derived principally f rom t h e  soil 
horizon through plant respiration and decay. C 0 2  is a 
reac tan t  in t h e  dissolution of calcium ca rbona te  via t h e  
overal l  reaction: 

CaCOg + C 0 2  + H 2 0  = Ca++ + 2HCO3- 

By this  react ion t h e  resul tant  molar C a l H C 0 3  rat io  is 0.5. 
This is  t h e  case for  t h e  cold groundwaters  of Efate  (Table 2). 

1. high- temperature react ion of seawater  with basal t  at 
Takara  

2. dissolution of reef  l imestone 
3. mixing of seawate r ,  modified seawate r ,  and 

groundwater 

Basalt-Seawater React ion 

Seawate r  is significantly modified chemically when reac ted  
a t  high t empera tu res  with volcanic rock and this  is r e f l ec ted  
in t h e  composition of t h e  coastal Takara waters. These ho t  
wa te r s  h a v e  salinities approaching t h a t  of seawate r  and lie on 
a n  isotopic mixing line with seawate r  but  a r e  significantly 
depleted in Mg, SO4 and  Na and enriched in Ca. 

TABLE 1 : SELECTED CHEMISTRY OF EFATE THERMAL WATERS AND GROUNDHATERS 

Vanuatu Regional Spring thmstry Water thmistry: 

-0 Mar-67 27.2 7.0 
Sop-82 25.2 ?3 6.9 
Sep-67 27.1 )IO? 7.0 

-5 Mar-82 54.8 7.3 
1985 56.0 7.4 

Sip-82 31.9 6.8 
7 0  Mar-82 31.5 6.55 

Spo-82 35.2 0.1-0.15 8.5 
Sep-82 83.1 6.4 
Spo-82 64.5 7 . 3  6.3 
Sep-82 71.4 0 6.4 
sea-82 36.6 

7.3 
8.2 

633 
60 
469 
400 
960 
305 
43 3.7 31 
54 2.9 IO 

4910 272.0 3000 
3810 
4w 
7510 
2740 
11020 

12 
6 
7 

4.5 
7 

176 

52.0 I54 

37.0 115 
64.0 84 
124.0 290 

33.0 214 

4.5 m 
38.0 
5.0 

28.0 

IlBo 
112 
860 
764 
19DO 
854 

4.60 
0.53 
2.00 

214 
m 
2 9  
75 

154 

0.55 
0.05 
0 . 3  
0.91 
1.90 
0.87 
0.13 
0.07 

10.20 
7.40 

4.20 
1.30 
4.60 
0.03 
0.02 

(0.02 
0.10 
0.02 
0.09 

8.90 

43 
I8 
52 

-4.8 -26 39.7 
-5.5 -33 7.6 
-5.1 -30 29.4 
-4.9 -29 23.2 

59.5 
-5.0 -33 n.1 

39.9 
7.3 
29.9 
23.0 
50.8 
26.7 
3.7 
2.8 

399.4 
286.1 
320.5 
415.9 
159.3 
618.7 
4.4 
4.8 
4.2 
0.2 
4.4 
13.1 

m 
y52 

W l  
W70 
w68 
UT) 
u61 
W87 

wn 

Lwer lwa Springs 
Lwei 1- Springr 
Lowr lwa Springs 
Hid lmma Springs 
Hid l r a a  Springs 

U p p ~  l w r  Springs 
Northern Springs IS) 
Northern Spring 1111 

T h r a  Bore 
Cntral lalara 

E s t  Takara 
Enw Bewh 

Siviri 
Sea Uater (w~rigel 
Epule River Spring 
Liwstone Spring 

Malatao River Spring 
H I  HrDonald Spring 
Luhuniva R. Spring 

hnua bore 

1.1 
0.9 
3.4 
2.0 
0.4 
14.6 

141 

88 
LIS 
99 

129 
88 
112 
Y 

2.20 
IS 
28 

14000 

5 
6 

194 

I91 
117 
29 

-5.3 -31 3.8 
-5.2 -23 3.0 
-2.3 -13 375.4 38.00 

n.00 
32.00 
34.00 
19.50 
69.00 
0.08 

0.05 

0.05 

MY) 
W 5 I  
U65 

200.0 2140 
243.0 25ho 
299.0 644 
118.0 148 
408.0 422 
3.0 78 

(0.6 85 
(0.6 Bo 
0.1 54 
0.6 82 
5.8 71 

53.0 
39.0 

864.0 

9964 
11170 
13410 
5400 

19Wo 
12 

I95 
228 
1740 
649 

2775 
5 
3 
4 

(5 
3 
53 

63 
42 
85 

-3.0 -19 282.0 
-2.5 -12 329.4 
-1.4 -11 437.2 
-5.1 -31 156.2 
0.0 0 619.5 
-5.6 -30 4.8 
-5.3 -29 4.8 
-6.3 -37 4.5 

3.0 
-6.6 -36 4.6 
-5.6 -34 12.9 

F k 8 2  31.5 
1982 31.6 
1982 24.2 
1982 22.5 
I382 22.0 
1985 
1982 2 . 8  
1982 

324.0 
1m.o 

3.4 

267 
145 
244 

51 
4 
42 

3.1 
1.9 
0.8 

IO 
12 
7 

273 
2-32 

9 
5 

7 
u 

7.4 

7.0 
2.1 
19.0 

244 
251 
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TADLE 2 : MOLAR RATIOS AND GEOTHERMOMETRY FOR DATA OF TABLE 1 
Vanuatu Regional Spring Chm,iiirq H o h  Chnical R r r l o s  

Cation bothnmmter i  ('c) SYRllffi LDCATloi CVCa  C I / W  CIA Cll8r N M  NYCa C M 3  fqu i l ib r iu  leaperalures of Silica Phases ('C) 
QR CU4 QR YlA CW a-cLIS 0-CRIS WM m a  mili-cr mg 

% ~ 4 4 m m  
59 27 11 m m 1% 39 m 

cncf 

166 175 65 

163 170 67 
236 206 206 

m m . m  m m 217 203 202 
1% 99 99 
172 48 m 
129 67 m 
127 160 160 

98 68 48 I m 106 168 m 
Siviri 38.19 21 1173 578 39.5 32.28 0.79 105 105 76 55 8 m 112 167 m 

z m m m m  101 174 m 
9s 64 44 m m 313 19 m 
31 3 m m m  m m m  
8 m m m m  m m m  

m H s m m m  ID m m 
1 8 m m t m m  171 m m 
65 31 16 m m 93 60 m 

Y31 Lower l m a  Sprimgs 8.89 26 651 578 20.9 7.42 0.94 94 
Y:2 Lwei l e w  Springs 1.41 30 B3 476 22.7 1.16 0.57 f4 
E 7  LWI lema S~rings 8.45 26 749 692 21.6 7.11 0.76 104 104 74 53 6 m 
W I  Hid lema Sprimgr 10.23 147 255 m 11.3 8.33 1.71 157 151 135 107 5B 35 
I470 Hid lema Sprtngs 7.02 m 289 m 13.2 1.77 ' m m 
6 6  k p e r  1-1 Sprihqs 4.49 230 258 871 15.7 2.48 2.12 I30 128 103 79 31 I1 
Y39 Noritern Springs (S) 0.3 8 34 m 19.8 2.20 0.n 145 141 119 9s 46 2.1 
UCl Northern Springs (N) 3.17 13 120 31.7 9.41 0.13 137 133 110 86 37 16 
lm l h r a  Bore 5.14 196 418 830 30.7 2.78 161.69 152 147 127 101 52 30 
US0 Central lalara 5.26 138 410 898 32.4 3.10 51.n 130 127 102 79 31 10 
MI East l&.ara 4.93 133 383 787 30.9 3.01 92.79 144 139 118 93 44 23 
YES Fnau Beach 23.M 21 974 689 42.7 20.33 11.53 98 
U16 

Spa Mater (averH)p) 53.04 19 1312 647 45.9 45.53 4.43 15 
U2 fpule River Spring 0.17 7 114 3% 6.8 0.27 0.49 94 
Y24 Linestone Spring 0.13 9 145 m m 0.12 0.47 36 
UY) Halala0 River Spring 0.17 8 m 520 m 0.15 0 . 2  19 

m-2 HI nrchnald Spring 0.15 m 21 m 127.6 0.1s m HI 
)US Lukuniva R. Spring 0.18 12 189 598 19.8 0.15 0.51 26 
U88 Chesua bore 4.46 14 9 9  m 51.6 4.32 0.43 66 

132 164 164 

In 164 164 

T e u m a  Graben Springs 

Thermal  wa te r s  discharged in to  t h e  Teuma River  a t  four  
locat ions  along t h e  Teuma Graben and  a r e  denoted t h e  
Lower, Mid, Upper and  Northern Teuma springs (Fig 2). The 
Lower Teuma springs a r e  cool sodium chlor ide wa te r s  with up  
to 1200ppm C1 measured. The  Mid Teuma wa te r s  a r e  warm- 
to-hot sodium chlor ide wa te r s  with up to 1800ppm C1. The  
Upper Teuma w a t e r s  a r e  cool chlor ide wa te r s  s imilar  in 
composition to t h e  Lower Teuma springs. The Northern 
Springs discharge warm,  low-chloride, sodium bicarbonate  
water .  The e levat ion of t h e  Teuma River increases  ve ry  
slowly f rom t h e  coast and t h e  Lower, Mid and Upper Teuma  
springs a r e  respect ively  abou t  1, 5 and I5mASL. Therefore ,  
a l l  t h e s e  wa te r s  may or iginate  f rom depths  where  seawa te r  is 

NmfS: 

mcw, Cuartr - no  i t e m  loss, WK iournier (1979) 
QR wiA C u r t z  - adiabatic stem loss Manti iournier L lruesdell (1973) 

UYIL Chaltedony (Tournier, 1981) 
a-CRIS a - C r i s t o t d  (rournirr, 1961) 

b-Criitobilite (Tournier, 1981) b-CRIS 
h i p b u s  Silica (Fournier, 1981) tftw 

- (iournier L Potter, 1982) m I M H g  Tournier L Potter (1978) 

The Lower Teuma wa te r s  have  re la t ively  high Mg levels a n d  
appea r  to be con tamina ted  with seawater .  Mixing 
calculat ions  in f a c t  show t h a t  t h e  Lower Teuma waters ,  with 
a Na/K ra t ion  of 21, c a n  be der ived f i r s t  through mixing o f  
abou t  95% Mid Teuma  wa te r  (Na/K = 1 1 )  with 5% seawa te r  
(Na/K = 46) followed by  dilution to varying degrees with 
groundwater .  

. -  
present.  The Northern Spring wa te r s  a r e  low in chlor ide (less than 
The Mid Teuma w a t e r s  a r e  t h e  highest t e m p e r a t u r e  wa te r s  in 3oPPm) a n d  a r e  the re fo re  dis t inct  f rom t h e  o t h e r  E f a t e  
t h e  T~~~~ Graben (up to 560C) and have a low N ~ / K  ratio of waters. Bicarbonate  is balanced principally by sodium ra the r  
11-1 2.  The  Na-K-Ca geo the rmomete r  indicates  subsurface than calc ium.  The wa te r s  may have  fo rmed  through t h e  
temperatures of 200 - 2 1 0 0 ~ .  This is higher than ' passage Of c 0 2  g a s  through t h e  pumice breccia  basement  
geo the rmomete r  t empera tu res  for  Takara. rocks  which in t h e  graben. 

- KEY 

@ S P R I N G S  
UT. UPPER TEUMA 
MT. MID TEUMA 
LT. LOWER TEUMA 
0 HYDROTHERMAL 

ALTERkTION 

F i g u r e  2 .  Map showing l o c a t i o n  of a l t e r a t i o n  and h o t  s p r i n g s  on E f a t e .  
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RESISTIVITY SURVEY 

Interpretat ion Philosophy 

Resistivity surveys are used to def ine areas of low resistivity 
associated with geo the rmal  activity. These low resis t ivi t ies  
may b e  caused by t h e  presence of e lectr ical ly  conduct ive 
geo the rmal  fluids or hydrothermal  a l t e ra t ion  in both source 
and outf low regions. In deep sys tems  only an  overlying acid 
a l t e ra t ion  zone may b e  de tec ted  over t h e  source region by 
normal  DC resistivity methods. Consequently, it c a n  b e  
difficult to de te rmine  t h e  na tu re  of a geo the rmal  system 
f rom i t s  associated resistivity anomalies, and in par t icular  to 
de te rmine  t h e  current  e x t e n t  of geo the rmal  fluid act ivi ty .  

Resis t ivi ty  Traversing (or Profiling) is used to locate and 
de l inea te  areas of low apparent  resistivity. Schlumberger 
Vertical Electr ical  Soundings (VES) a r e  used to determine 
t r u e  resistivity distribution with depth at selected s i tes  which 
assis ts  in te rp re ta t ion  of t h e  t ravers ing apparent  resistivity 
anomaly pat terns .  The  resistivity traversing is carr ied out  
using t w o  current  e l ec t rode  spacings at each  measurement  
s i t e  which enables qual i ta t ive interpretat ion of resistivity 
s t r u c t u r e  with depth and assis ts  interpolation of resistivity 
s t r u c t u r e  be tween  VES. 

Resis t ivi ty  Traverse  Survey 

Resis t ivi ty  measurements ,  using t h e  Schlumberger a r ray  with 
a r ray  spacings of 500m and lOOOm AB/2, were made, 
predominantely in t h e  northern half of Efate ,  along roads, 
vehicle-accessible t r a c k s  and on foo t  t racks in r emote r  areas. 
Meaurements  were  made  at a n  approximate spacing of about  
500m along t h e  profiles. The  rugged topography meant  t h a t  
t h e  t r ave r se  profiles in t h e  interior were  o f t e n  constrained to 
follow ridges, where  t h e  forest  cover  was less dense, or  along 
dry wa te r  courses. At tempts  were  made to keep a n  average  
spacing of 2 km between profiles, but  this  was not a lways 
possible d u e  to t h e  diff icul t  access in some  areas .  

Resul ts  of t h e  resistivity traversing are presented in figures 3 
and 4 as contour  maps of apparent  resistivity at array 
spacings of AB/2 = 500m and AB/2 = lOOOm respectively. 
Both maps  indicate  a broad area(100 sq.km) of moderately 
low apparen t  resistivity (less than 50 ohm-m) in t h e  sector  of 
E f a t e  north of M t  McDonald. The north western half of this  
a r e a  shows a strong dec rase  o f  resitivity with depth beneath 
an  a r e a  of high topographic e levat ion cen t red  on t h e  M t  
Sussunatar - Fatmalapa  region. 

Analysis of soundings in this  a r e a  indicates t h a t  this  relates 
to low resistivity, probably caused by hydrothermal 
a l terat ion,  at elevat ions up to several  hundred met res  above 
sea level. A corridor of low resistivity (less than  10 ohm-m) 
appears  to connect  this  region with t h e  coas ta l  plain south of 
Paonangisu. Low resistivity is not  indicated to exist beneath 
o r  in t h e  a r e a  to t h e  south of Quoin Hills which suggest tha t  
t h e  Takara  springs do  not have a source in this  area. Very 
low apparen t  resistivities were  measured along all low 
elevat ion coastal traverses. No significant anomaly exis ts  
nea r  t h e  Takara hot springs, but  t h e  soundings indicate  t h a t  
t h e  lowest  res is t ivi tes  in this  a r e a  a r e  probably too shallow to 
strongly influence t h e  measurements  made  with t h e  large 
t ravers ing arrays. Sea  wa te r  instrusion into t h e  l imestone 
reef  formations t h a t  cons t i tu te  t h e  coastal plains probably 
dominates  t h e  apparen t  resistivity pa t t e rns  in these  a r e a s  and 

E f f e c t  of Proximity to Sea on Resistivity Measurements. 
The e f f e c t  of sea wate r  on resistivity traversing and sounding 
measurements  made  nea r  t h e  coast was expected to be  
significant. Intrusion of seawate r  beneath low elevation 
coastal plains is a well known phenomenon and t h e  proximity 
of a measurement  made  close to a highly conductive medium 
such as t h e  sea c a n  also b e  significant. Mundry and Worzyk 
(1979) have  calculated t h e  e f f e c t  of expanding t h e  
schlumberger  array nea r  a highly conductive sheet ,  such as 
t h e  sea. They have shown t h a t  apparent  resistivities c a n  b e  
g rea t ly  reduced when t h e  s i ze  of t h e  AB/2 a r r a y  is more than 
severa l  t i m e s  t h e  d i s t ance  between t h e  MN a r ray  and  t h e  sea. 
A sounding made close to t h e  coast at Ulei in an  a r e a  
believed to be  beyond t h e  main geothermal  system measured 
low resis t ivi t ies  at large AB/2 spacings closely following the  
pa t t e rn  predicted by Mundry and Worzyk. 

makes t h e  detect ion 
difficult.  

of any o the r  geothermal  outflows 
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Schlumberger  Soundings 

A program of 29 soundings were  conducted on north E f a t e  
during th i s  geophysical programme.  Soundings conducted 
over  t h e  hi hlands d e t e c t e d  seve ra l  zones  of moderate ly  low 
resistivity 8ess than  20 ohm-m) which, because they a r e  a t  
e levat ions  well above  sea level,  a r e  probably associated with 
hydrothermal  a l tera t ion.  Fur the r  nor th  in t h e  low elevat ion 
coas ta l  plain, soundings were  near ly  a lways character ised by 
very low res is t iv i t ies  (less than  5 Ohm-m). Here  t h e  
in t e rp re t a t ion  i s  complicated by t h e  potent ia l  e f f e c t s  of salt 
wa te r  intrusion. 

These f e a t u r e s  a r e  i l lus t ra ted in a n  in t e rp re t ed  resistivity 
cross- section, Figure  5.  T h e  13 ohm-m de tec ted  by SI5 
probably represents  a zone  of neutra l  a l t e ra t ion  underneath 
Mt Sussunatar.  Fur the r  south, i n t e rp re t a t ed  resistivities of 
soundings 513 and SI4 a r e  significantly higher suggesting t h a t  

neutra l  a l t e ra t ion  i s  absen t  or significantly less  in tense i n  
this  region. Both soundings d e t e c t e d  a thin venee r  of low 
res is t iv i ty  ( 5  - 12 ohm-m) ma te r i a l  however. Acid a l t e ra t ion  
and sulf ides  have been observed in this  region and w e  
in t e rp re t  t hese  soundings as indication a re la t ively  l a rge  
shallow zone  of acid  a l t e ra t ion  between Mt  Sussunatar and  
Mt McDonald. To t h e  north, qu i t e  low res is t iv i t ies  w e r e  
d e t e c t e d  in t h e  coas ta l  plain. The in te rp re t a t ion  of these  
soundings is ambiguous because of possible sea w a t e r  
intrusions, however s o m e  of t h e  interpreted res is t iv i t ies  h e r e  
h a v e  values  of only I ohm-m or  less, which a r e  unlikely t o  b e  
a s soc ia t ed  with cold seawa te r  s ince this would imply a very 
low fo rma t ion  f ac to r  (approximately 3). This suggests  t h a t  
t h e s e  very low res is t iv i t ies  may b e  associated with an 
outf low of  geo the rmal  brine. 

F i g u r e  4 .  Apparent  r e s i s t i v i t i e s  a t  nominal AB/2=1000 m.  
Con tours  i n  Ohm-m. 
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F i g u r e  5. I n t e r p r e t e d  r e s i s t i v i t y  c r o s s - s e c t i o n .  R e s i s t i v i t i e s  i n  Ohm-m. 
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CONCLUSIONS 

1. A large a r e a  (100km’) of low resistivity which is 
probably caused by hydrothermal a l terat ion exis ts  in 
North Efate .  Sur face  indications of hydrothermal 
a l t e ra t ion  a r e  observed in two  locations within t h e  a r e a  
of t h e  resistivity anomaly. 

2. Low resistivities at high elevat ion and evidence of 
decreasing resistivity with depth in an  a r e a  cen t red  on 
hlt Sussunatar -Fatmalapa indicate  t h e  source probably 
exis ts  in this  region. A low resistivity corridor suggests 
a connection between this  region and t h e  coast south of 
Paonangisu however t h e  e f f e c t  of salt wa te r  intrusion 
makes  it difficult to trace any geothermal  outflows to 
t h e  Takara a r e a ,  5 km to t h e  east. 

3. Neutral  chloride hot springs nea r  sea level  in t h e  
northern pa r t  of t h e  island indicate  t h a t  t h e  system is 
s t i l l  active. Geothermometry suggests t h a t  t h e  wa te r s  
last equilibrated. at 160OC bu t  t h e  t empera tu re  of t h e  
d e e p  reservoir fluid is still unknown. 

4. The Ef fec t  of salt water  instrusion, proximity to t h e  
sea  and raised cora l  t e r races  complicates  t h e  process of 
geo the rmal  exploration in t ropical  volcanic islands such 
as Efate .  These e f fec t s ,  however, c a n  b e  reduced by 
concentrat ing resistivity measurements  in inland a r e a s  
using as large e lec t rode  separations as possible. 
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