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INTRODUCTION 

x S % e  New Sebrides  i s l a n d  a r c ,  p a r t  o f  a s e i s m i c a l l y  a c t i v e  zone of 
-=-=-:kthÓsphere subduction, has  s e v e r a l  f e a t u r e s  which make i t  an 

a t t r a c t i v e  a r e a  t o  "catch" a l a r g e  ear thquake.  The shallow s e i s m i c i t y  
a s soc ia t ed  with the  boundary between t h e  convergent p l a t e s  i s  
cha rac t e r i zed  by t h e  frequent  occurrence o f  c l u s t e r s  of moderately large 
earthquakes r a t h e r  than by t h e  in f r equen t  occurrence of g rea t  
earthquakes such as i n  t h e  seismic zones o f  Chi le ,  t h e  Kur i l e s ,  and 
Kamchatka, In t h e  c e n t r a l  New Hebrides,  i s l a n d s  a c c e s s i b l e  t o  
in s t rumen ta t ion  a r e  loca t ed  unusual ly  c l o s e  t o  the  zone of t h r u s t  
f a u l t i n g  where the major shallow ear thquakes are generated.  To take 
advantage of these and o t h e r  f avorab le  f a c t o r s ,  Cornel1 University and 
the  French Off ice  de la Recherche S c i e n t i f i q u e  e t  Technique Outre-Mer 
(ORSTOM) a r e  working Hebrides government, t he  
Di rec t ion  d e s  Ressources Minerales and t h e  Service Topographique, i n  a 
program of earthquake s t u d i e s  which i n c l u d e s  monitoring t i l t  i n  the 
c e n t r a l  region of t h e  New Hebrides. 

\y.-: I - 

Y 

with agencies o f  t h e  New 

I 

The New Hebrides i s  an a r e a  where f i e l d  cond i t ions  do not favor 
s o p h i s t i c  a t  ed instrument a t  i on  r e q u i r i n g  const  ant  and s p e c i a l  a t t e n t i o n .  
Thus t h e  bubble-level borehole t i l t m e t e r s  developed by the  U.S. 
Geological Survey (USGS) and b u i l t  by Kinemetrics seemed a reasonable 
c h o i c e ,  although we f e l t  from t h e  beginning t h a t  t h e  extremely s h o r t  
b a s e l i n e  of t h e  instrument would b e  a problem i n  r e spec t  t o  long term 
s t a b i l i t y .  Accordingly, a l e v e l i n g  technique was adapted t o  cover rhe 
long term 'effects  and t o  measure t i l t  over  a s i g n i f i c a n t  base l ine .  In 
August 1975 measurements of  t i l t  began with t h e  i n s t a l l a t i o n  and 
l e v e l i n g  o f  two a r r ays  o f  bench marks. These a r r a y s  have dimensions of 
t h e  o rde r  of a ki lometer  and have been r e l e v e l e d  a t  i n t e r v a l s  of 
approximately 6 months In J u l y  and 
August o f  1976 a network o f  t i l tmeters  of t h e  borehole ,  bubble-level 
type comnenced operat ion and now i n c l u d e s  e i g h t  s t a t i o n s .  The 
r e l e v e l i n g  resul ts  and the  t i l tmeter  r eco rd ings  comprise t h e  d a t a  
discussed i n  t h i s  paper.  

during a n e a r l y  t h r e e  year per iod.  

.. 
' So f a r  t h e  c e n t r a l  New Hebrides has  been regarkably q u i e t .  No 

earthquakes with magnitudes (mb) g r e a t e r  than 5.4 ha$e occurred within 
t h e  network, while two events  w i th  magnitudes ( M s )  of 6.5 and 6 .9  
occurre-: about 140 km north and 350 km south of t he  network, 
r e s p e c t i v e l y .  No c l e a r  and unambiguous s i g n a l s  have been associated 
with t h e  earthquake sources.  Co-seismic o f f s e t s ,  changes i n  s lope,  and 
exponen t i a l ly  decaying o f f s e t s  are observed,  but t h e  d a t a  suggest t h a t  
t h e s e  are e f f e c t s  near  t h e  s t a t i o n s  o f  t h e  l a r g e  amplitude seismic 
waves. However, t h e  search f o r  p o s s i b l e  pre- o r  post-seismic s i g n a l s  
r e v e a l  c h a r a c t e r i s t i c s  o f  t h e  n o i s e  l e v e l s  and s e n s i t i v i t y  o f  t h e  
monitoring system. found f o r  a t i l t  s i g n a l  of 
marginal s ign i f i cance  t h a t  time-space migration of 
s e i s m i c i t y  i n  the c e n t r a l  region.  This s i g n a l  i s  produced by t h e  
l e v e l i n g  method, but some evidence f o r  i t  i s  found i n  the t i l t m e t e r  
r eco rd ings .  

In a d d i t i o n ,  evidence i s  
may be r e l a t e d  t o  a 
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MONITORING'TILT I N  THE CENTRAL NEW HEBRIDES 

T i l t m e t e r  Network 

Ten t i l tmeters  were obtained from Kinemetri,cs through t h e  USGS i n  
t he  Spring of 1976. One was even tua l ly  found t o  b e  d e f e c t i v e  ( the  
bubble l o s t  i t s  l i q u i d )  and eight  'riave been i n s t a l l e d  i n  t h e  c e n t r a l  New 
Hebrides. These u n i t s  have nominal o u t p u t s  of 40 m i l l i v o l t s  per 
microradian and are recorded with Rustrak s t r i p  c h a r t  r eco rde r s  a t  
s e n s i t i v i t i e s  a l l  w i th in  50% of about 2 mm/microradian. Chart speeds 
a r e  C.5 i n / h r .  Beginning i n  the  l a t t e r  p a r t  o f  1977 t i l t  has  a l s o  been 
recorded on a second Rustrak recorder  o p e r a t i n g  a t  c h a r t  speeds of 1-2 
i d d a y .  R a i n f a l l  a t  t h e  s i t e  i s  a l s o  recorded on t h e  s l o w  speed 
Rustraks.  -- 

The l o c a t i o n s  o f  t h e  s t a t i o n s  were chosen as a compromise among 
s e v e r a l  f a c t o r s .  Necessary cond i t ions  included topographic and 
subsurface c h a r a c t e r i s t i c s  thought t o  be f avorab le  t o  instrumental  
performance and reasonable  a c c e s s i b i l i t y .  Fo r tuna te ly ,  t hese  two 
f a c t o r s  t u r n  out t o  b e  p o s i t i v e l y  c o r r e l a t e d  i n  t h e  New Hebrides. The 
f l a t  c o r a l  t e r r a c e s ,  t h e  b e s t  t e r r a i n  f o r  t i l tmeters ,  a r e  a l s o  favored 
as  l o c a t i o n s  f o r  coconut p l a n t a t i o n s ,  and have t h u s  been c l ea red  and are  
reasonably a c c e s s i b l e .  Additional f a c t o r s  i n  t h e  l o c a t i o n s  included 
nearness t o  t h e  zone o f  shallow ear thquakes,  coverage of a l a r g e  area of 
t h e  seismic zone t o  i n c r e a s e  t h e  chances o f  c a t c h i n g  an even t ,  and 
spacing between s t a t i o n s  which provide some p o s s i b i l i t y  of  c o r r e l a t i o n s  
among the  recordings.  

The r e s u l t i n g  l o c a t i o n s  a r e  shown i n  F igu re  1. The r e l a t i o n s h i p  of  
t hese  loc 'a t ions t o  t h e  main zone of ear thquake g e n e r a t i o n  i s  shown i n  
Figure 2. The i s l a n d s  south of E fa t e  a r e  l o c a t e d  roo f a r  e a s t  of the 
shallow zone of ear thquakes t o  be use fu l  s i tes.  The Torres I s l ands ,  
l oca t ed  no r th  of Santo I s l and  and c l o s e  t o  t h e  sha l low earthqugke zone, 
are r e l a t i v e l y  i n a c c e s s i b l e  but a r e  s t i l l  p o s s i b l e  s i t e s  f o t  fu tu re  
s t a t i o n s  i f  s u f f i c i e n t  l o g i s t i c  support  can The w e s t  coast  
o f  Santo I s l and  i s  a l s o  d i f f i c u l t  l o g i s t i c a l l y .  

be managed. 

The s t a t i o n s  a r e  loca t ed  on l e v e l  and well-dr"aGned t e r r a i n  with a 
water t a b l e  w e l l  below t h e  three-meter depth o f  t h e  t i l t m e t e r  borehole. 
Clay-rich s o i l s  were avoided, p a r t i c u l a r l y  t h e  dense ,  s t i c k y  clays 
developed i n  t h e  vo lcan ic  ash deposi ted on t h e  o l d e r ,  h igh  co ra l  
t e r r a c e s .  Five o f  t h e  s i tes  a r e  loca t ed  on r e l a t i v e l y  young up l i f t ed  
c o r a l  t e r r a c e s ,  ;WO i n  s o i l ,  and one i n  sand. In  the l a s t  case 
(Southwest Bay) the t i l t m e t e r  s i t e  was b u i l t  up i n f o  a broad c i r c u l a r  
mound around t h e  t i l t m e t e r  enclosure i n  o r d e r  t o  keep t h e  bottom of the 
borehole cas ing  w e l l  above the  ground water l e v e l .  The s i t e s  on cora l  
t e r r a c e s  are i n  semi-consolidated c o r a l  material +nich at some s i t e s  
could be broken e a s i l y  with a pickaxe o r  shovel  b u t  a t  o t h e r  s i t e s  
required a jackhammer. This m a t e r i a l  i s  g e n e r a l l y  u e r y  w e l l  drained and 
con ta ins  no c l a y .  The o l d e r  t e r r a c e s  a t  Port  Q"Bty and Malapoa a r e  
covered with a near-surface l aye r  o f  c l a y  s o i l ,  but t h e  borehole and 
lower p a r t  o f  t h e  enc losu re  a r e  completely w i t h i n  ehe c l a y  f r e e  co ra l  
material. 
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The i n s t a l l a t i o n  procedure i s  b a s i c a l l y  s i m i l a r  t o  t h a t  developed 
by t h e  USGS, bu t  was modif ied t o  provide a d d i t i o n a l  p r o t e c t i o n  aga ins t  
moisture .  Aged i r o n  p ipes  with s i x  inch diameters  were used t o  case  t h e  
h o l e s  and were sea l ed  a t  t h e  bottom and capped a t  t h e  t o p  t o  keep 
mois ture  away from t h e  t i l t m e t e r  tube.  Cleaned, s i e v e d  and oven-dried 
c o r a l  sand was used t o  pack t h e  t i l t m e t e r  t ubes 'w i th in  t h e  i r o n  p i p e  
cas ing .  The sand was packed by tapping t h e  i r o n  p ipe  while monitoring 
t h e  t i l tmeter  output  and mechanically cen te r ing  t h e  t u b e  f o r  zero 
outputs  on both channels .  The i r o n  p i p e  i s  i t s e l f  i n i t i a l l y  set i n t o  
the  borehole with sandy b a c k f i l l  from the  excavat ion.  A f t e r  completion, 
one can move about i n  t h e  enc losure  r i g h t  next  t o  t h e  t o p  o f  t h e  i r o n  
pipe casing without caus ing  more than a few t e n t h s  o f  a microradian 
d is turbance .  

-. 
. The f i b e r g l a s s  enc losu re  w a s  bur ied  above t h e  cased  sand-packed 

t i l t m e t e r  tube as shown i n  Figure 3 .  Styrofoam shee t  planks cu t  i n t o  
c i r c u l a r  forms were i n s t a l l e d -  i n  t h e  enc losure  t o  provide  thermal 
in su la t ion .  The f i b e r g l a s s  t ops  were f i t t e d  with rubbe r  gaske ts  and 
bo l t ed  down t o  t h e  enc losure  t o  prevent any moi s tu re  leakage. 
Condensation i s  minimized by p lac ing  a Styrofoam plank v e r y  c l o s e  t o  the  
t o p  o f  t h e  enc losure .  A polye thylene  sheet  i s  f i t t e d  over  t h e  pipe and 
sea led  t o  i t  and t o  t h e  bottom of  t h e  f i b e r g l a s s  enc losu re  t o  exclude 
water vapor e n t e r i n g  t h e  enc losure  from the  bottom. 

The record ing  system, housed in a second enc losu re ,  i s  shown in 
Figure 4 .  The r e c o r d s  obtained from the  t i l tmeter  s t a t i o n s  are 
summarized i n  Fi'gure 5 .  Many o f  t h e  record gaps were due t o  problems 
with t h e  Rustrak r e c o r d e r s .  Modif icat ions t o  t h e  r eco rd ing  system and 
t h e  add i t ion  o f  a second Rustrak ( a s  shown i n  . F i g u r e  4 )  has 
s i g n i f i c a n t l y  improved the c o n t i n u i t y  of  t h e  record ings  obta ined .  

T i l t  Determined By F i r s t  Order Relevel ing of Benchmark Arrays - - --- 
During July-October 1975, two networks o f  benchmarks were 

e s t ab l i shed  nea r  t h e  s i tes  where t h e  DevilOs Point and Ratard t i l tmeter  
s t a t i o n s  a r e  now opera t ing .  These networks a r e  shown i n  Figure 6 .  The 
D e v i l O s  Point t i l tmeter  was loca ted  near  but n o t  w i t h i n  t h e  o r i g i n a l  
l eve l ing  network. The network was expanded i n  1976 t o  inc lude  t h e  
t i l tmeter  by t h e  a d d i t i o n  o f  a s m a l l  a r r a y  of  four  bCnchmarks i n s t a l l e d  
around the  t i l t m e t e r  (PD 6-9 i n  Figure 6 ) .  In 1977, t h r e e  more 
benchmarks were added t o  s t rengthen  t h e  a r r a y  i n  t h e  north-south 
d i r e c  t ion .  

Each benchmark c o n s i s t s  o f  a marine-grade s t a i n l e s s  s t e e l  rod (3 /8"  
or 1/2" diameter)  about 0.5 t o  1 m long embedded i n  a bu r i ed  concre te  
p i e r .  p i e r  vary  but occupy a volume of  
approximately 0.15 cubic  meters. Typica l ly ,  t h e  p i e r  i s  poured i n t o  a 
h o l e  excavated i n  semi-consolidated c o r a l  d e p o s i t s .  It i s  then 
re inforced  and is  f u r t h e r  anchored by rods  d r iven  i n t o  t h e  ground be fo re  
t h e  concrete  i s  poured. The s t a i n l e s s  s t e e l  rod upon which t h e  l e v e l i n g  
s t a f f  i s  placed is  a t t a c h e d  t o  cross-pieces  and embedded in t h e  p i e r .  
It has  i t s  upper end f i l e d  t o  a smooth rounded su r face .  The upper end 
is protec ted  with a 

The dimensions and shape of  t h e  

p l a s t i c  pipe and a cap. 
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The l e v e l i n g  i s  done by s t anda rd  f i r s t  o r d e r  t echn iques .  Zeiss 
N i - 1  s e l f - l e v e l i n g  i n s t r u m e n t s  and Wild inva r  r o d s  w i t h  1 cm g r a d a t i o n s  
and s tee l  rod s u p p o r t s  are used. The i n i t i a l  l e v e l i n g  o f  t h e  Ratard 

. a r r a y  i n  1975 w a s  done w i t h  f o o t  p l a t e s  as t u r n i n g  p o i n t s ,  but  a l l  
subsequent l e v e l i n g s  of b o t h  a r r a y s  were done with permanent ly  i n s t a l l e d  
t u r n i n g  p o i n t s .  These a r e  ga lvan ized  pipes  d r i v e n  i n t o  t h e  ground o r  
set i n t o  c o n c r e t e  on rocky t e r r a i n .  The permanent t u r n i n g  p o i n t s  
s i g n i f i c a n t l y  r educe  c l o s u r e  e r r o r s  and i n c r e a s e  t h e  speed and 'ease o f  
t h e  l e v e l i n g  work. The l e v e l i n g  o f  an a r r a y  t a k e s  about  t h r e e  t o  four  
days.  Since 1975 each a r r a y  h a s  been l e v e l e d  6 t i m e s ,  w i th  i n t e r v a l s  
between l e v e l i n g s  v a r y i n g  between about 1 t o  11 months. Since 1976 t h e  
i n t e r v a l s  have  been between 5 and 8 months. 

Both t h e  Devil's Po in t  and Ratard a r r a y s  i n c l u d e  s m a l l  c l u s t e r s  o f  
t h r e e  or  fou r  benchmarks spaced c l o s e  enough t o g e t h e r  t o  b e  l e v e l e d  with 
one c e n t r a l  i n s t rumen t  s e t u p .  The spacings between t h e  benchmarks a r e  
t y p i c a l l y  about 70 m. The purpose o f  t h e  s m a l l  a r r a y s  i s  t o  check 
benchmark s t a b i l i t y  and t o  p rov ide  a means t o  determine l a r g e  t i l t s  ve ry  
r a p i d l y .  As shown i n  F igu re  7a ,  t h e  r e l a t i v e  movements of  two 
benchmarks as determined f o r  two success ive  l e v e l i n g s ,  are mos t ly  w i t h i n  
t h e  n o i s e  l e v e l s  o f  t h e  l e v e l i n g  technique.  The s m a l l  Ratard a r r a y  R-1, 
2, and 3 shows a grouping o f  v a l u e s  between 0 . 3  and 0.5 mm which a r e  
s l i g h t l y  l a r g e r  t h a n  t h e  e r r o r s  expected from t h e  closures(0.1-0.3"). 
For a given p a i r  o f  benchmarks t h e s e  movements o s c i l l a t e  between p l u s  
and minus v a l u e s  f o r  s u c c e s s i v e  l e v e l i n g s  s o  t h a r  l i t t l e  o r  no n e t  

. movement h a s  accumulated.  These f l u c t u a t i o n s  are  most ly  s m a l l ,  however, 
and do not  i n d i c a t e  a s e r i o u s  problem of benchmark s t a b i l i t y .  The 
DevilOs Point benchmarks appear  t o  b e  more s t a b l e ,  e s p e c i a l l y  R 6 , 7 , 8  
and 9. 

The e r r o r s  i n  do te rmin ing  movements between the more widely spaced 
benchmarks o f  t h e  e n t i r e  a r r a y  are  i n d i c a t e d  by t h e  c l o s u r e s  o b t a i n e d  i n  
t h e  double r u n  l i n e s  between two benchmarks. The c l o s u r e  i s  taken a s  
t h e  d i f f e r e n c e  between t h e  r e l a t i v e  e l e v a t i o n s  determined by t h e  forward 
and backward r u n s  between two benchmarks. Of t h e  c l o s u r e s  t h u s  f a r  
o b t a i n e d ,  75% are less t h a n  1 mm, 93% l e s s  t han  2 nrm, and a l l  are l e s s  
t h a n  3 m. The c l o s u r e s  depend on t h e  l eng th  o f  t h e  l i n e s ,  which va ry  
from about 350 t o  900 m. In F igure  7b, a h i s tog ram o f  t h e  c l o s u r e s  i s  
g iven  i n  terms o f  t h e  e q u i v a l e n t  t i l t ,  i . e .  t h e  g i l t  c a l c u l a t e d  by 
d i v i d i n g  t h e . c l o s u r e  by t h e  l e n g t h  of t h e  l i n e .  This h i s tog ram g i v e s  an 
i n d i c a t ' o n  t h a t  s e n s i t i v i t y  o f  t h e  method c"owld b e  about 1-2 
mic ro rad ians .  T i l t  change i n  t i m e  i s  determined b y  s u b t r a c t i n g  the  
r e s u l t s  o f  s u c c e s s i v e  l e v e l i n g s ,  which i n c r e a s e s  tlhe e r r o r ,  and by 
combining t h e  redundant  r e s u l t s  o f  t h e  s e v e r a l  l i n e s  i n  a g iven  a r r a y  t o  

. determine two components o f  t i l t ,  which r educes  t h e  e r r o r . ,  The 
de te rmina t ions  o f  t i l t  changes desc r ibed  i n  a la te r  s e c t i o n  o f  t h i s  
paper  i n d i c a t e  t h a t  t h e  r e s o l u t i o n  o f  t h e  l e v e l i n g  method i s  c l o s e  t o  
1-2 mic ro rad ians .  
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TILTMETER PERFORMANCE: ENVIRONMENTAL AND INSTRUMENTAL NOISE 

The p r o c e s s i n g  of t h e  Rustrak r e c o r d s  i n c l u d e s  d e t a i l e d  examination 
o f  t he  o r i g i n a l  r e c o r d s ,  d i g i t i z a t i o n  o f  t h e  r e c o r d s  a t  i n t e r v a l s  of  1 
hour ,  and computer r e - p l o t t i n g  of t h e  d a t a  wi th  several  d i f f e r e n t  t ime 
s c a l e s .  A t  t h e  most compressed t i m e  s c a l e  a low-pass f i l t e r  i s  appl ied 
t o  t h e  d a t a  t o  remove t i d a l  o s c i l l a t i o n s .  The f i l t e r e d  p l o t s  a r e  then 
composited i n t o  a s i n g l e  r e c o r d  f o r  each component a f t e r  e l e c t r o n i c  
o f f s e t s  , e t c .  a re  removed. Otherwise , f u r t h e r  p r o c e s s i n g  i n t o  t i l t  
v e c t o r s ,  d e r i v a t i v e s  , e t c .  i s  avoided. We f e e l  t h a t  t h e  i n t e r p r e t a t i o n s  
a t  t h i s  s t a g e  a re  b e s t  done as c l o s e  t o  t h e  o r i g i n a l  d a t a  as p o s s i b l e .  

The d a t a  i s  i l l u s t r a t e d  i n  p l o t s  with s e v e r a l  t i m e  s c a l e s  i n  
F igu res  8 t o  10. These p l o t s  show t h e  g e n e r a l  c h a r a c t e r  o f  t h e  d a t a  a s  
w e l l  a s  g i v e  examples o f  s e v e r a l  t ypes  o f  n o i s e  s i g n a l s  t h a t  have been 
i d e n t i f i e d .  

-_ .. 

P e r i o d i c  Noise: T i d a l  Loading - and Diu rna l  Thermal O s c i l l a t i o n s  -- 
S i g n a l s  w i t h  t i d a l  p e r i o d i c i t i e s  are  c l e a r l y  r eco rded  a t  Malapoa, 

Devil 's Point , Lamap, and Ra ta rd ,  which are  a l l  l o c a t e d  a t  d i s t a n c e s  
less than 1 km from t h e  n e a r e s t  c o a s t l i n e .  T i d a l  s i g n a l s  a re  b a r e l y  
p e r c e p t i b l e  o r  n o t  recorded at Olry,  Sarmet, Southwest Bay and Tukutuk. 
Olry and Sarmet are l o c a t e d  a t  d i s t a n c e s  of 1.5 t o  2 km from t h e  c o a s t .  
The l a s t  two are l o c a t e d  on narrow s t r i p s  o f  l and  n e a r l y  halfway 
between two nea rby  c o a s t l i n e s ,  and are t h u s  i n  p o s i t i o n s  where t h e  
load ing  e f f e c t  on t i l t  would tend t o  c a n c e l  o u t .  These f a c t s ,  i n  
a d d i t i o n  t o  d e t a i l e d  ocean t i d e s  a t  
Mal'apoa and Devi l ' s  Po in t  (Marthelot  e t  a l . ,  i n  ? r e p a r a t i o n ) ,  show t h a t  
t h e  t i d a l  s i g n a l s  observed on t h e  r e c o r d s  are  probably l a r g e l y  due t o  
t h e  load of t h e  ocean t i d e s  as a p p l i e d  w i t h i n  a d i s t a n c e  o f  a ki lometer  
o r  less o f  t h e  s t a t i o n .  Mar the lo t  e t  a l .  show t h a t  t h e  e f f e c t  can be 
exp la ined  by a Boussinesq-type model which i s  modif ied t o  i n c l u d e  a low 
r i g i d i t y  n e a r - s u r f a c e  l a y e r .  Malapoa, l o c a t e d  on ly  100 m from t h e  
n e a r e s t  c o a s t ,  i s  most a f f e c t e d  by t h e  l o w - r i g i d i t y  l a y e r  and r eco rds  a 
v e r y  l a r g e  t i l t  o f  3.5 mic ro rad ians  p e r  me te r  of water load ( s e e  
F igu res  9d-e). Devil 's  P o i n t ,  l o c a t e d  700 m from the s h o r e ,  r eco rds  
o n l y  0.5 mic ro rad ians  p e r  meter o f  water  l o a d ( a 1 s e F i g u r e s  9d-e), while  
t h e  more d i s t a n t  s t a t i o n s  from t h e  > o a s t  r e c o r d  s m a l l e r  s i g n a l s .  Tne 
e s t i m a t e  o f  t h e  t h i c k n e s s  o f  t h e  low r i g i d i t y  l a y e r  ob ta ined  by 
Marthelot e t  a l .  i s  0.5 t o  1 km. 

c a l c u l a t i o n s  of  t h e  l o a d i n g  o f  t h e  

These t i d a l  s i g n a l s  are q u i t e  u s e f u l  i n  mon i to r ing  instrument 
performance and s e n s i t i v i t y .  I n  one c a s e ,  a n a l y s i s  o f  t h e  t i d a l  s i g n a l  
l e d  t o  t h e  d e t e c t i o n  o f  an  e r r o r  i n  in s t rumen t  p o l a r i t y .  However, a t  
Malapoa t h e  e f f e c t  i s  so  l a r g e  t h a t  t h e  t i l t  r eco rded  t h e r e  may be 
s i g n i f i c a n t l y  coupled t o  v a r i a t i o n s  i n  sea leve l  and t h u s  t o  v e r t i c a l  . 
t e c t o n i c  motions.  gauge o p e r a t i n g  a c r o s s  t h e  bay from 
t h e  s t a t i o n  c a n  b e  used t o  s e p a r a t e  t h e  t i l t  from t h e  load ing  e f f e c t s .  
Both in s t rumen t s  r e c o r d  a 25 minute s e i c h e  i n  t h e  bay  a t  about t h e  same 
ampli tudes r e l a t ive  t o  t h e  t i d a l  s i g n a l .  

Data from a t i d e  

Seve ra l  o f  t h e  s t a t i ' ons  have recorded a s t r o n g  d i u r n a l  o s c i l l a t i o n  
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which i s  i n f e r r e d  t o  b e  a thermal e f f e c t .  A t  Southwest Bay t h e  e f f e c t  
Seems t o  be a t h e r m o e l a s t i c  response o f  t h e  s m a l l  mound o f  e a r t h  around 
t h e  tiltmemeter. The o s c i l l a t i o n s  can b e  s i g n i f i c a n t l y  reduced by 
covering t h e  mound and nearby a r e a  with coconut f r o n d s .  This t reatment  
works w e l l  a t  Southwest Bay, Ratard and Lamap, bu t  h a s  had l e s s  success 
a t  Sarmet and Tukutuk. The cause o f  t h e  o s c i l l a t i o n s  a t  those two 
s t a t i o n s  i s  n o t  c l e a r .  The ampli tudes have "spontaneously" ciecreased t o  
a r easonab le  l e v e l  a t  Sarmet, w h i l e  Tukutuk h a s  n o t  changed s i n c e  t h e  
i n c e p t i o n  o f  r e c o r d i n g .  Tukutuk i s  s i t e d  i n  a v e r y  l e v e l  a r e a .  It i s  
n o t  c l e a r  why t h e r e  l a r g e r  than 
a t  s e v e r a l  o f  t h e  o t h e r  s t a t i o n s .  The e f f e c t  con t inued  unchanged a f t e r  
replacement o f  t h e  t i l tme te r  e l e c t r o n i c s  and con t inued  t o  be a s soc ia t ed  
with o n l y  one o f  t h e  components. The o s c i l l a t i o n  may be due t o  a very 
the rma l ly  s e n s i t i v e  component w i t h i n  t h e  b o r e h o l e  u n i t  i t s e l f .  

t h e r e  should b e  a t h e r m o e l a s t i c  e f f e c t  

R a i n f a l l  E f f e c t s  

R a i n f a l l  i s  one o f  t h e  most important  sou rces  o f  n o i s e  on t h e  
t i l tmeter  r e c o r d s .  The s u s c e p t i b i l i t y  o f  t h e  t i l tme te r s  t o  r a i n f a l l ,  
however, v a r i e s  q u i t e  remarkably. Devil 's  Po in t  shows v i r t u a l l y  no 
e f f e c t  a t  a l l .  Other s t a t i o n s ,  such as Malapoa, Southwest Bay, and 
Olry,  show c h a r a c t e r i s t i c  s i g n a l s  o f  up t o  about 4 microradians 
a s s o c i a t e d  wi th  t h e  h e a v i e s t  r a i n f a l l s  (which can b e  10-20 cm within a 
day) but are n o t  o t h e r w i s e  s e r i o u s l y  a f f e c t e d .  The s i g n a l s  a r e  
e x p o n e n t i a l - l i k e  s t e p s ,  i n  t h e  c a s e  o f  Olry and Southwest Bay, and 
un ipo la r  t r a n s i e n t  waveforms approximated by t h e  f u n c t i o n  T*exp(-T/To), 
i n  t h e  c a s e  o f  l4alapoa. The t i m e  c o n s t a n t s  involved a r e  about one day. 
Long per iod e f f e c t s  with t i m e  c o n s t a n t s  o f  t h e  o r d e r  o f  10 days a r e  a l s o  
v i s i b l e  a t  Malapoa, b u t  t h e s e  are small .  At  Ratard a long per iod bay- 
l i k e  d i s t u r b a n c e  wi th  t i m e  c o n s t a n t s  o f  t h e  o r d e r  o f  10 days i s  
a s s o c i a t e d  wi th  heavy r a i n f a l l .  The s u s c e p t i b i l i t y  seems t o  be somewhat 
worse than  the aforementioned s t a t i o n s .  The bay-l ike s i g n a l s  account 
f o r  much o f  t h e  c h a r a c t e r  o f  t h e  f i l t e r e d  r e c o r d  shown i n  Figure lob. 
The worst s t a t i o n s  i n  terms o f  r a i n f a l l  e f f e c t s  are Lamap and Sarmet. 
Both s h o r t  and long pe r iod  e f f e c t s  c a n  b e  l a r g e ,  i . e .  t e n s  o f  
mic ro rad ians .  The r e c o r d s  have been r e p e a t e d l y  drriven o f f s c a l e  and 
s e v e r a l  t i m e s  t h e  t i l tme te r  tube  i t s e l f  had t o  b,e reset i n  o r d e r  t o  
r e c e n t e r  t h e  in s t rumen t .  However, d u r i n g  r e l a t i v e l y  d r y  p e r i o d s  t h e  
in s t rumen t s  o p e r a t e  a t  r e a s o n a b l e  n o i s e  l e v e l s .  

The'  r a i n f a l l  e f f e c t s  a r e  most l i k e l y  r e l a t e d  t o  t h e  va r ious  - 
f a c t o r s  a f f e c t i n g  runof f  and p e r c o l a t i o n  o f  r a i n w a t e r  i n  t h e  immediate 
v i c i n i t y  o f  t h e  t i l tmeter  i n s t a l l a t i o n ,  and t o  p o s s i b l e  d i l a t a n t  
e f f e c t s  on c l a y  mater ia l .  The two worst s i t e s ,  Lamap and Sarmet, are 
both s i t e d  i n  brown f r e e ,  wh i l e  a t  t h e  
o t h e r  s i t e s  t h e  i r o n  t u b e  i s  b u r i e d  i n  c l a y  f r e e  and f a i r l y  well-drained 
porous c o r a l  mater ia l  ( o r  sand in t h e  c a s e  of  Southwest Bay). In  
r e s p e c t  t o  r a i n f a l l ,  Devil's Point  i s  t h e  b e s t  s t a t i o n  and has  t h e  most I 

level l o c a l  topography. It is s p e c u l a t e d  r h a t  t h e  va ry ing  responses 
among t h e  moderate t o  good s t a t i o n s  depends upon h e t e r o g e n e i t i e s  i n  the  
p e r c o l a t i o n  o f  r a i n w a t e r  nea r  t h e  i n s t a l l a t i o n .  The u n i p o l a r  t r a n s i e n t  
s i g n a l s  may r e p r e s e n t  a l o c a l i z e d  load ing  e f f e c t  due t o  temporary 
c o n c e n t r a t i o n  o f  water w i t h i n  the.  non-uniform p o r o s i t y  o f  t h e  c o r a l  

s o i l  which i s  n o t  e n t i r e l y  c l a y  



t h e  s t e p s  d u r i n g  December 1976 and June 1977. 

Lone Pe r iod  Noise 

F igu re  10 shows t h e  t i l t m e t e r  d a t a  f i l t e r e d  and p l o t t e d  a t  t h e  most 
compressed t i m e  s c a l e .  Over t h e  20 month p e r i o d  sampled, t h e  r eco rds  
show an o v e r a l l  d r i f t  o f  a s  l i t t l e  as s e v e r a l  m i c r o r a d i a n s  t o  a s  much a s  
s e v e r a l  t e n s  o f  mic ro rad ians  i n  t h e  c a s e  o f  t h e  Devil 's  Point ENE 
component. I n  some c a s e s  t h e  two components show some c o r r e l a t i o n s  
wh i l e  i n  o t h e r s  t h e y  do n o t .  - ' he  Devil's Po in t  r e c o r d ,  f o r  example, 
shows a l a r g e  d r i f t  d u r i n g  t h e  f i r s t  h a l f  o f  t h e  pe r iod  on t h e  ENE 
component which does n o t  a p p e a r  on t h e  o t h e r  component, wh i l e  t h e  second 
h a l f  o f  t h e  r e c o r d  i s  dominated by a l a r g e  bay - l ike  excur s ion  apparent 
on bo th  components. It i s  i n t e r e s t i n g  t h a t  t h e  bay-l ike excur s ion  with 
a s imi la r  pe r iod  and phase i s  observed a l s o  on t h e  Malapoa ENE component 
(see a l s o  F igu re  11) .  

The r e s u l t s  o f  r e l e v e l i n g  t h e  Devi l ' s  Point  benchmark array,  
however, do n o t  show t h e  l a r g e  e x c u r s i o n s  i n d i c a t e d  by t h e  t i l t m e t e r  
(see F igure  1 1 ) .  The r e s u l t s  from t h e  l a r g e  a r r a y  and from the  small  
fou r  po in t  a r r a y  surrounding t h e  t i l tme te r  (PD 6,7,8,and 9)  both do not  
y i e l d  t h e  l a r g e  t i l t  e x c u r s i o n s  shown by t h e  DevilOs Point  t i l t m e t e r .  
Nei ther  a r r a y  shows a t i l t  change g r e a t e r  t h a n  about  2 microradians 
between s u c c e s s i v e  l e v e l i n g s .  Thus t h e  l a r g e  t i l tmeter  d r i f t s  must be 
i n s t r u m e n t a l  i n  o r i g i n  o r  r e f l e c t  t i l t i n g  ove r  d h e n s i o n s  s i g n i f i c a n t l y  
smaller than  t h e  70 meter dimension o f  t h e  s m a l l  a r r a y  surrounding the  
t i l tmeter .  An i n s t r u m e n t a l  problem i s  sugges t ed  where t h e r e  i s  no 
c o r r e l a t i o n  between t h e  two comTonents, as i n  t h e  c a s e  o f  t h e  large 
d r i f t  on Devil's Point  ENE a t  t h e  end o f  1976. Replacement o f  t h e  
e l e c t r o n i c s  and experiments with r e c o r d i n g  w i t h  a r e s i s t i v e  network i n  
p l a c e  o f  t h e  t i l tme te r  senso r  a t  DevilOs P o i n t  have shown t h a t  t h e  l a r g e  
d r i f t  o f  t h e  d e f e c t i v e  d'omponents e x t e r n a l  
t o  t h e  t i l tme te r  tube.  On t h e  o t h e r  hand, t h e  l a r "ge?bay- l ike  excursion 
seen du r ing  t h e  second h a l f  o f  t h e  DevilOs Point  r e c o r d  and a l s o  a t  
Malapoa may b e  a s e a s o n a l  e f f e c t  on t-le s i t es .  

ENE component i s  n o t  due t o  

EARTHQUAKES MONITORED BY THE TILTMETERS 

The ea r thquake  a c t i v i t y  f o r  a p e r i o d  d u r i n g  which t h e  t i l t m e t e r s  
ope ra t ed  is  shown i n  Figure 12. S ince  t h e  i n c e p t i o n  of t i l t  
measurements i n  August 1975, no sha l low e a r t h q u a k e  with a body-wave 
magnitude g r e a t e r  t h a n  5.4 has  occurred i n  t h e  c e n t r a l  New Hebrides. 
Three e v e n t s  recorded a t  Olry,  one event  a t  Ratard and two events  a t  
Devil 's Point  and Malapoa had magnitudes (mb) between 5.0 and 5 .4  and 
were l o c a t e d  at ( s t r a i g h t - l i n e )  d i s t a n c e s  from t h e  hypocen te r s  t o  the  
s t a t i o n s  of  between 30 and 65 km. In t h e  e n t i r e  a r c ,  t h e  l a r g e s t  event 
occurred on August 2, 1976 about 350 km s o u t h  o f  t h e  t i l t m e t e r  s t a t i o n s  
on Efate i s l a n d .  This  event  h a s  a t h r u s t - t y p e  focal. mechanism, and a 
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magnitude (Ms) of 6.9. 1977 a magnitude ( M s )  6.5 event 
n o r t h  o f  Santo i s l a n d  about 140 km from t h e  n e a r e s t  t i l t m e t e r  

op Santo ( O l r y ) .  These even t s  are  p robab ly  t o o  f a r  away from t h e  
t i l tmeter  s t a t i o n s  t o  produce any s t r o n g  e f f e c t s .  

dn September 4, 

Never the l e s s ,  t h e  d a t a  a r e  examined f o r  t h e s e  e v e n t s  as w e l l  as  t h e  
l a r g e s t  o f  t h e  ea r thquakes  which occur red  w i t h i n  t h e  network o f  
o b s e r v a t i o n s .  The d a t a  are p l o t t e d  wi th  t h r e e  d i f f e r e n t  t i m e  s c a l e s  i n  
F igu res  8-10. The c o p i e s  o f  t h e  o r i g i n a l  r e c o r d s  cove r  pe r iods  from 
minutes  t o  n e a r l y  one day (F igu re  8 ) .  Time-compressed p l o t s  o f  

' u n f i l t e r e d  d a t a  cover  pe r iods  from s e v e r a l  hour s  t o  about one month 
(F igu re  9 ) ,  and p l o t s  o f  f i l t e r e d  d a t a  which cover  p e r i o d s  from about 
s e v e r a l  days t o  n e a r l y  two y e a r s  ( F i g u r e  l o ) .  The l e v e l i n g  d a t a  a r e  
a l s o  p l o t t e d  wi th  t h e  long t i m e  b a s e  i n  F i g u r e s  11 and 15. 

The t i l t m e t e r  d a t a  show two c h a r a c t e r i s t i c  s i g n a l s  which can be 
c l e a r l y  a s s o c i a t e d  with t h e  occurrence o f  e a r t h q u a k e s ,  o r  r a t h e r  with 
t h e  passage o f  seismic waves. The f i r s t  i s  a s imple o f f s e t  i n  t h e  t r a c e  
which h a s  been recorded f o r  both l o c a l  and more d i s t a n t  r e g i o n a l  even t s .  
The second type  o f  s i g n a l  i s  an e x p o n e n t i a l  r e c o v e r y  fol lowing a co- 
seismic o f f s e t .  Most o f  t h e  l o c a l  e v e n t s  produce an  e x p o n e n t i a l l y  
decaying s i g n a l  with a t i m e  c o n s t a n t  a p p r o p r i a t e  t o  the overloading of 
t h e  e l e c t r o n i c  low-pass f i l t e r s  i n  t h e  system. EEOwever, t h e  l a r g e r  
e v e n t s  sometimes produce a s i g n a l  w i th  a s i g n i f h c a n t l y  longer  t i m e  
c o n s t a n t ,  o f  t h e  o r d e r  of 10 minu tes ,  which cannot be exp la ined  as an 
e l e c t r o n i c  e f f e c t  ( s e e  F igu re  8 ) .  These s i g n a l s  are q u i t e  s i m i l a r  t o  
t h e  "tilt  impulses" desc r ibed  by McHugh and Johns ton  (1977) f o r  t he  
c e n t r a l  C a l i f o r n i a  t i l tme te r  network. The New Hebr ides  r e s u l t s  a r e  
s i m i l a r  a l s o  i n  r e s p e c t  t o  t h e  l a c k  o f  c o n s i s t e n c y  and r e g u l a r i t y  i n  t h e  
o b s e r v a t i o n s .  This i s  i l l u s t r a t e d ,  f o r  example, i n  F i g u r e s  8c-e by t h e  
r e c o r d i n g s  o f  e v e n t s  by t h e  Devil 's Po in t  and Malapoa t i l t m e t e r s .  These 
s t a t i o n s  are l o c a t e d  o n l y  11 km a p a r t  and 55 t o  70 km from t h e  sources .  
A s t e p  i s  recorded by Devil's Point b u t  n o t  t h e  Malapa t i l t m e t e r  i n  one 
c a s e ,  bu t  i n  a n o t h e r  t h e  r e v e r s e  i s  t r u e  f o r  an "impulse". These d a t a  
suppor t  t h e  , c o n c l u s i o n  t h a t  t h e  s i g n a l s  are e f f e c t s  o f  t h e  passage o f  
t h e  l a r g e  ampli tude se i smic  waves a t  o r  n e a r  t h e  t i l t m e t e r  r a t h e r  than 
e f f e c t s  n e a r  t h e  source.  

I .  

Rapid changes i n  d r i f t  r a t e ,  s e e n  as c o r n e r s  B ~ ~ k i n k s  i n  t h e  t i l t -  
meter p l o t s ,  sometimes occur  n e a r  t h e  t i m e s  o f  l o c a l  e v e n t s .  The most 
remarkable c a s e  i s  recorded a t  Ratard f o r  t h e  Barge ear thquake o f  
September 4 ,  1977 l o c a t e d  217 km n o r t h  o f  t h e  station ( s e e  Figure lob ) .  
The co inc idence  o f  t h e  change i n  d r i f t  r a te  and t h e  e a r t h q u a k e  i s , q u i t e  
c l o s e .  However, t h e  Olry t i l tmeter ,  l o c a t e d  aboue 77 km c l o s e r  t o  
e v e n t ,  shows no s i m i l a r  change i n  d r i f t  r a t e  ( s e e  Fiigure l o a ) .  Changes 
i n  d r i f t  r a t e  can be seen  a t  Ratard f o r  t h e  e a r t h q u a k e s  o f  December 6 ,  
1976 and February 5, 1977 (Figure gal ,  b u t  are not ev iden t  f o r  l o c a l  
even t s  recorded by Olry (F igu res  9b-c). Changes i n  d r i f t  r a t e  a r e  a l s o  
recorded a t  Malapoa and Devil's Po in t .  Both s t a t i o n s  r e c o r d  a change i n  
t h e  same sense on t h e  ENE components n e a r  t h e  t i m e  o f  t h e  November 9 ,  
1976 e v e n t ,  a l t hough  t h e  change i s  small and t h e  t i m i n g  r e s o l u t i o n  poor 
(see F igure  9d) .  A remarkable change i n  d r i f t  rate on t h e  ENE component 
of DevilOs Point  b e g i n s  about one day a f t e r  t h e  Octaher  10, 1976 event 
(see  Figure  10e ) .  This  change i s  c o r r e l l a t a b l e  w î t k  much smaller but 
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r e s o l v a b l e  changes on t h e  SSE component o f  Devil's Point  as w e l l  as on 
t h e  ENE component o f  Malapoa (see F igure  IOd). I n  g e n e r a l ,  t h e  
l e v e l i n g  d a t a  do n o t  suppor t  t h e  l a r g e  d r i f t  r a t e s  s een  on t h e  Ratard 

'and Devil's Point  t i l tmeter  r e c o r d s .  This  ev idence ,  i n  a d d i t i o n  *o t h e  
l a c k  of  c o r r e l a t i o n  between Olry and Ratard f o r  the September 4 e v e n t ,  
suggest  t h a t  t h e  changes i n  d r i f t  r a t e  may a g a i n  be s i t e  o r  
i n s t r u m e n t a l  e f f e c t s  o f  t h e  l a r g e  ampl i tude  seismic waves reaching the  
s t a t i o n s .  

F u r t h e r  examination of t h e  r e c o r d s  r e v e a l s  no o t h e r  s i g n a l s  which 
can b e  c l e a r l y  a s s o c i a t e d  with t h z  ea r thquakes .  The bay-l ike s i g n a l s  
recorded at: Ratard that: appear  t o  b e  a s s o c i a t e d  with t h e  ea r thquakes  o f  
December 1976 and February 1977 (see F igure  9a) a r e  probably a s s o c i a t e d  
wi th  r a i n f a l l .  A t  t h a t  t i m e  t h e  n e a r e s t  r a i n  gauge ope ra t ed  17  km away. 
However, s i m i l a r  s i g n a l s  have been observed s i n c e  then which a r e  c l e a r l y  
r e l a t e d  t o  l o c a l  r a i n f a l l  as r eëo rded  at t h e .  s i t e .  I n  g e n e r a l ,  t h e  
s e a r c h  f o r  e f f e c t s  r e l a t e d  t o  t h e  ea r thquakes  has  demonstrated t o  u s  t h e  
a b s o l u t e  n e c e s s i t y  f o r  having r a i n f a l l  recorded con t inuous ly  a t  t h e  
s t a t i o n  along with t h e  t i l t .  

TILT RECORDED BY RELEVELING: A REAL SIGNAL AT RATARD? 

I n  Figure 13 t h e  r e l e v e l i n g  r e s u l t s  are skown i n  terms o f  changes 
of r e l a t i v e  e l e v a t i o n s  between two benchmarks as a f u n c t i o n  o f  t i m e .  
The t i l t  change i s  ob ta ined  by d i v i d i n g  t h e  e l e v a t i o n  change by t h e  
l e n g t h  o f  t h e  l i n e .  Thus each l i n e  measures t h e  component o f  t i l t  i n  
t h e  d i r e c t i o n  o f  t h e  l i n e ,  and t h e  a r r a y  can be thought o f  as a m u l t i -  
component t i l tme te r .  This method o f  p r e s e n t a t i o n  remains c l o s e  t o  t h e  
o r i g i n a l  d a t a  and a l s o  y i e l d s  a p l o t  d i r e c t l y  comparable t o  a t i l t m e t e r  
r e c o r d i n g .  Coherence o f  t h e  "records"  of two independent bu t  n e a r l y  
p a r a l l e l  l i n e s  i s  a good tes t  t h a t  a rea l  t i l t  i s  being observed. I n  
F igu re  13 t h e  l i n e s  are grouped a c c o r d i n g l y .  

The DevilOs Point a r r a y  shows r e l a t i v e  s t a b i l i t y ,  w i th  a sugges t ion  
of  small d r i f t  i n  t h e  sense  o f  a t i l t  downwards t o  t h e  WNW o r  towards 
th.e t r e n c h .  These r e s u l t s ,  i f  n o t  merely e r r o r s  o f  measurement, 
i n d i c a t e  a r a t e  o f  about one m i c r o r a d i a n  pe r  yea r .  Th'ë d r i f t  appea r s  on 
both t h e  l i n e s  PD6-PD1 and PD4-PD5. As, mentioned-akove, t h e  l e v e l i n g  
r e s u l t s  do no t  s u b s t a n t i a t e  t h e  l a r g e  e x c u r s i o n s ' e x h i b i t e d  by t h e  
t i l tmeter ,  

The Ratard r e s u l t s  i n d i c a t e  what appea r s  1 3  b e  a r e a l  t i l t  s i g n a l  
which i s  coherent  over t h e  dimensions o f  t h e  a r r a y .  The s i g n a l  i s  
marginal  i n  t h e  sense t h a t  i t  i s  r e p r e s e n t e d  by a s i n g l e  r e l e v e l i n g .  
This  t i l t  o c c u r s  between t h e  August 1976 and A p r i l  1977 r e l e v e l i n g s  and 
i s  approximately recovered i n  t h e  n e x t .  i n t e r v a l  terminated by t h e  
October 1977 r e l e v e l i n g .  l'he r e l a t i o n s h i p  o f  t h e  measurements a long 
i n d i v i d u a l  l i n e s  t o  t h e  o v e r a l l  t i l t  i s  shown i n  a s i m p l e  g r a p h i c a l  form 
i n  F igu re  14. 

The dashed l i n e s  i n  F igu re  14 g i v e  an approximate e y e b a l l  f i t  t o  
t h e  d a t a .  In  a d d i t i o n ,  a l e a s t  s q u a r e s  procedure was used t o  c a l c u l a t e  
t h e  t i l t .  In t h i s  c a l c u l a t i o n  t h e  t ilt  i s  t a k e n  as t h e  s l o p e  o f  a p l ane  
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which b e s t  f i t s  t h e  d a t a  on changes i n  t h e  r e l a t i v e  e l e v a t i o n s  o f  
benchmarks. In  double-run l e v e l i n g s  o f  f o u r  benchmarks, f o r  example, s i x  
l i n e s  can b e  measured and y i e l d  12  d a t a  on changes i n  ' r e l a t i v e  
e l e v a t i o n s  o f  t h e  s i x  p a i r s  o f  benchmarks. 

For t h e  Ratard a r r a y  t h e  l e a s t  s q u a r e s  s o l u t i o n s  y i e l d  t i l t  changes 
wi th  magnitudes o f  0.8, 3.5,  3 . 5  and 0.4 m i c r o r a d i a n s ,  r e s p e c t i v e l y ,  f o r  
t h e  four  success ive  i n t e r v a l s  covered by t h e  r e l e v e l i n g s  du r ing  t h e  
pe r iod  1975-1977. The same a n a l y s i s  a p p l i e d  t o  t h e  r e s u l t s  from t h e  
Devil's Point a r r a y  y i e l d s  magnitudes o f  t i l t  a l l  less than  1.5 
mic ro rad ians  f o r  a l l  s u c c e s s i v e  i n t e r v a l s .  In t h e  c a s e  o f  t h e  d c t o b e r ,  
1977 t o  A p r i l ,  1978 i n t e r v a l ,  a t  Ra ta rd ,  where a l l  6 l i n e s  were measured 
i n  both l e v e l i n g s ,  t h e  12 d a t a  y i e l d  an  e s t i m a t e  o f  3 .5  + 2.9 
mic ro rad ians ,  where t h e  plus/minus v a l u e  i s  t h e  95% confidence i n t e r v a l .  
This  estimate,- . in a d d i t i o n  t o  t h e  c o n s i s t e n t l y  low magnitudes o f  t i l t  
f o r  t h e  f i r s t  and l a s t  i n t e r v a l  a t  Ratard aand f o r  a l l  t h e  i n t e r v a l s  a t  
DevilOs P o i n t ,  suggest  t h a t  t h e  t i l t  s i g n a l s  i l l u s t r a t e d  i n  F igu res  13  
and 14 r e p r e s e n t  r ea l  t i l t  s i g n a l s  which are cohe ren t  ove r  t h e  
dimensions o f  t h e  Ratard a r r a y .  

The t i l t  i s  3.5 mic ro rad ians  downward toward t h e  sou theas t  du r ing  
t h e  f i r s t  i n t e r v a l  , July 1976-April 1977, and then  i s  approximately 
recovered du r ing  the  fol lowing i n t e r v a l ,  A p r i l  1977-October 1977, w i t h  a 
t i l t  o f  3 . 5  micro rad ians  downward toward t h e  ï"W. The t i l t  d i r e c t i o n s  
are approximately pa ra l l e l  t o  t h e  s t r i k e  o f  t h e  i s l a n d  a r c  and 
subduct ion zone. 

The t i l t  determined along one of t h e  l i n e s  approximately p a r a l l e l  
t o  t h e  e s t ima ted  t i l t  excur s ion  i s  p l o t t e d  t o g e t h e r  with t h e  a p p r o p r i a t e  
t i l tmeter  component i n  F igu re  15. The ave rage  t r e n d  of t h e  SSE 
component o f  Ratard i s  approx ima te ly  l i n e a r  du r ing  two p e r i o d s :  (1) 
December 1976 t o  t h e  r a i n f a l l  s i g n a l  o f  A p r i l  1977, and ( 2 )  May 1977 t o  
t h e  middle  o f  August 1977. If t h e s e  two t r e n d s  a r e  e x t r a p o l a t e d  
throughout t h e  per iod covered by t h e  t h r e e  l e v e l i n g s  i n  1975 and 1 9 7 7 ,  
i . e .  i f  t h e  r a p i d  d r i f t s  p r i o r  t o  December 1976 and a f t e r  August 1977 
and t h e  r a i n f a l l  s i g n a l  o f  A p r i l  1977 are e l i m i n a t e d ,  t hen  the  agreement 
between the  l e v e l i n g  and t h e  t i l t m e t e r  d a t a  i s  e x c e l l e n t .  This i s  
encouraging , but  t h e  t i l tmeter  d a t a  a l o n e  wo$d be c o n s i d e r a b l y  
u n c e r t a i n .  t 

The p a t t e r n  of s e i s m i c i t y  i n  t h e  r e g i o n  around t h e  Ratard l e v e l i n g  
a r r a y  r e v e a l s  an i n t e r e s t i n g  f e a t u r e  p o s s i b l y  r e l a t e d  t o  the  t i l t  e v e n t .  
The s e i s m i c i t y  i n  t h e  New Hebrides  i s  i n  g e n e r a l  c h a r a c t e r i z e d  * by a 
s t r o n g  degree o f  c l u s t e r i n g  i n  t i m e  and space.  The p a t t e r n  . o f  
occu r rence  nea r  t h e  Ratard a r r a y  d u r i n g  the t h r e e  yea r  per iod i s  shown 
in Figure  15. A c l u s t e r  occu r s  f i rs t  i n  Malekula. A f t e r  t h i s  t h e  two 
r e l a t i v e l y . i s o l a t e d  even t s  l o c a t e d  c l o s e  t o  t h e  Ratard a r r a y  occur  i n  
December 1976 and February 1977. Then i n  t h e  Spring and Summer o f  1 9 7 7  
a c l u s t e r  occu r s  i n  n o r t h e r n  Santo.  F i n a l l y ,  t h e  l a r g e  even t  o f  
September 4 ,  1977 occurs  n o r t h  o f  Santo. The t i l t  excursion i n f e r r e d  
from t h e  r e l e v e l i n g  data  could t h u s  b e  r e l a t e d  t o  the  northward 
p rogres s ion  o f  s e i s m i c i t y .  One c a n  s p e c u l a t e  t h a t  a propagating stress 
p u l s e ,  perhaps. o f  t h e  type  d i s c u s s e d  by E l s a s s e r  (1969) and o t h e r s ,  
passed northward along t h e  s t r i k e  o f  t h e  a r c  and produced t h e  t i l t  
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~. me small  a r r a y s  a t  Ratard a p p a r e n t l y  do n o t  have t h e  r e s o l u t i o n  t o  
d e t e c t  t h e  s i g n a l .  The c l o s u r e  e r r o r s  o f  0.1-0.2 mm f o r  a g iven  l e v e l i n g  
of t h e  small a r r a y s  imply a t i l t  e r r o r  o f  1.4-2.8 mic ro rad ians .  The 
e l e v a t i o n  changes between s u c c e s s i v e  l e v e l i n g s  a r e  somewhat l a r g e r  t han  
t h i s ,  as d i scussed  i n  a p rev ious  s e c t i o n ,  ( s e e  Figure 7 a ) ,  and y i e l d  
t i l t  changes with magnitudes up t o  5-6 microradians.  However, t h e  t i l t s  
do no t  ag ree  with those  d e t e r m i n e d .  f o r  t h e  l a r g e r  a r r a y  e i t h e r  i n  
magnitude or  d i r e c t i o n .  Although t h e s e  r e s u l t s  could b e  i n t e r p r e t e d  a s  
an . i n a i c a t i o n  o f  small  wavelength i r r e g u l a r i t i e s  i n  t h e  t i l t  f i e l d ,  i t  
is more l i k e l y  t h a t  l a r g e r  t i l t s  determined by t h e  small a r r a y s  a r i s e  
from e r r o r s  i n  measurements o r  s m a l l  movements o f  t h e  benchmarks. A l l  
t h a t  i s  r equ i r ed  t o  produce t i l t s  o f  observed amounts i s  an a d d i t i o n a l  
few t e n t h s  o f  a m i l l i m e t e r  above t h a t  i n d i c a t e d  by t h e  c l o s u r e s .  -- .. . 

The d a t a  i n d i c a t e  t h a t  t h e  r e s o l u t i o n  of t h e  l a r g e  a r r a y s  
approaches 1-2 mic ro rad ians ,  w h i l e  t h a t  o f  t h e  small  t r i a n g u l a r  a r r a y s  
o f  Ratard and t h e  one a t  Devil’s P o i n t  i s  probably not  b e t t e r  t han  about 
5 mic ro rad ians .  The s m a l l  f ou r -po in t  a r r a y  around t h e  Devil’s Point  
t i l tme te r ,  however, seems q u i t e  s t a b l e  and has  a r e s o l u t i o n  approaching 
t h a t  o f  t h e  l a r g e r  a r r a y s .  

CONCLUS I O N S  

The bubble-level b o r e h o l e  t i l tmeters  a r e  r e l a t i v e l y  n o i s y  
in s t rumen t s  which a p p e a r  b e s t  adap ted  t o  monitor  i n  t h e  s h o r t  pe r iod  

‘ p a r t  o f  t h e  spectrum o f  t r a n s i e n t  de fo rma t ions .  As i l l u s t r a t e d  by t h e  
o r i g i n a l  r e c o r d s ,  t h e  n o i s e  l e v e l s  are s m a l l  i n  t h e  range o f  p e r i o d s  
between minutes  and h o u r s ,  and t h e  s e n s i t i v i t y  i n  t h i s  .range can 
approach 0.1 microradians.  R a i n f a l l  s i g n a l s  a r e  an important  s o u r c e  of  
n o i s e  a t  pe r iods  o f  hour s  t o  weeks, bu t  t h e  r a i n f a l l  t r a n s i e n t s  are  
f a i r l y  e a s y  t o  i d e n t i f y .  However, r a i n f a l l  must b e  monitored a t  t h e  
s i t e .  A t  pe r iods  o f  days t o  weeks, t h e  s e n s i t i v i t y  i s  probably o f  t h e  
o r d e r  o f  a microradian a t  t h e  b e t t e r  s t a t i o n s  where r a i n f a l l  e f f e c t s  a r e  
n o t  t o o  s e r i o u s  and are c a r e f u l l y  monitored.  A t  longer  p e r i o d s  t h e  
s e n s i t i v i t y  dec reases  t o  probably t h e  o r d e r  o f  10 micGoradians a l though  
c e r t a i n  components o f  c e r t a i n  s t a t i o n s  may have s”igpificant1y b e t t e r  
s e n s i t i v i t y .  In g e n e r a l ,  as p e r i o d  i n c r e a s e s  t h e  performance c.f t h e  
in s t rumen t  i s  degraded by long  p e r i o d  e f f e c t s  o f  r a i n f a l l ,  i n s t r u m e n t a l  
n o i s e ,  and p o s s i b l y  o t h e r  e f f e c t s  i n  t h e  s i t i n g  (which a r e  poor ly  
unde r s tood) ,  i n  a d d i t i o n  t o  t h e  problems o f  ma in ta in ing  an a c c u r a t e  
b a s e l i n e  f o r  t h e  coinplex e l e c t r o n i c  r e c o r d i n g  system over a long pe r iod  
o f  t i m e .  l e v e l i n g  technique a s e n s i t i v i t y  o f  t h e  
o r d e r  o f  a microradian i s  p r e s e r v e d  a t  long pe r iods .  In  r e t r o s p e c t ,  t h e  
l e v e l i n g  system has provided t h e  b e s t  d a t a  on t i l t  so f a r  i n  t h e  New 
Hebrides .  

In  c o n t r a s t ,  w i th  t h e  

’ 
Although t h e  l e v e l i n g  method cou ld  b e  app l i ed  a t  weekly i n t e r v a l s ,  

for example, p r a c t i c a l  c o n s i d e r a t i o n s  l i m i t  i t  t o  longer  i n t e r v a l s .  More 
f r equen t  l e v e l i n g s  w i l l  b e  made t e m p o r a r i l y  a f t e r  a l a r g e  ea r thquake .  
Neve r the l e s s ,  t h e r e  i s  a gap  i n  t h e  measurements provided by t h e  
t i l tmeters  and t h e  l e v e l i n g .  The g a p  i n c l u d e s  approximately t h e  r ange  
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of p e r i o d s  between t i l tmeter  r e c o r d s  show 
i n c r e a s i n g  n o i s e  but which i s  t o o  s h o r t  r o  b e  e a s i l y  covered by t h e  
l e v e l i n g  method. We t h i n k  t h a t  t h e  b e s t  way t o  cover t h i s  gap i s  with a 
' long-basel ine l i q u i d  l e v e l  t i l t m e t e r .  This type of i n s t rumen t  i s  simple 
and i n  ou r  opinion has  t h e  b e s t  chance t o  achieve. long t e r m  s t a b i l i t y  
and s e n s i t i v i t y .  We are  now i n s t a l l i n g  a system of about 100 meters  
l e n g t h  n e a r  t h e  Devil's Po in t  s i t e .  The t e r r a i n  i s  f l a t  enough t o  use a 
h a l f  f i l l e d ,  buried tube  (Beavan and Bilham, 19771, .so t h a t  thermal  
problems w i l l  b e  minimized. A s i m p l e  sensing technique w i l l  b e  used t o  
o b t a i n  a s e n s i t i v i t y  o f  O. 1 m i c r o r a d i a n s .  

days and months i n  which t h e  
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P e t e r  Horla. Important c o n t r i b u t i o n s  t o  t h e  program were made by J. 
Laurent ( D i r e c t i o n  des  Ressources  Mine ra l e s ,  New Hebrides) ,  C. Stephens,  
J. York, M. Barazangi,  R. Cardwell  ( a l l  a t  C o r n e l l ) ,  B. P o n t o i s e ,  G. 
Reichenfeld,  and R. Decourt ( a l l  a t  ORSTOM, Noumea) . 
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FIGURE CAPTIONS 

F igure  1. Most o f  t h e  
seismograph s t a t i o n s  shown were p a r t s  o f  temporary networks o p e r a t e d  f o r  
pe r iods  o f  1-2 months. The heavy l Jne  wi th  f . i l l e d  t r i a n g l e s  shows t h e  
t r a c e  o f  t h e  zone of t h r u s t  f a u l t  c o n t a c t  between t h e  subducted oceanic  
p l a t e  t o  t h e  west and t h e  i s l a n d  a r c ,  as i n f e r r e d  from se i smic  s t u d i e s .  

P r e s e n t l y  o p e r a t i n g  network i n  t h e  New Hebrides.  

F igu re  2. V e r t i c a l  c r o s s  s e c t i o n  through New Hebrides Subduction Zone 
showing l o c a t i o n s  o f  t i l t m e t e r  s t a t i o n s .  The d o t t e d  a r e a  shows t h e  most 
a c t i v e  zone o f  t h r u s t  t y p e  ea r thquakes  along t h e  convergent  p l a t e  
boundary. 

F igu re  3 .  T i l t m e t e r  i n s t a l l a t i o n .  -- 

Figure  4 .  T i l t m e t e r  r e c o r d i n g  system i n  use  now. The d i g i t a l  r e c o r d e r  
i s  s t i l l  under development. The o r i g i n a l  system inc luded  on ly  
Rustrak B. 

. _  

F i g u r e  5 .  Tiltmeter r e c o r d s  o b t a i n e d  and analyzed f o r  t h i s  pape r .  The 
s t a t i o n s  have cont inued t o  produce r e c o r d s  through t o  t h e  p r e s e n t .  The 
gaps i n  r e c o r d s  are due ma in ly  t o  r e c o r d i n g  problems, p r i m a r i l y  paper 
jams o r  r e c o r d s  running o u t .  

F igu re  6.  Map view o f  Devil's Po in t  and Ratard bench mark a r r a y s .  The 
e l e v a t i o n  v a r i a t i o n s  w i t h i n  t h e  a r r a y s  v a r y  from t e n s  o f  c e n t i m e t e r s  t o  
about 5 meters .  See F i g u r e  1 f o r  t h e  l o c a t i o n s  o f  t h e s e  a r r a y s  in t h e  
New Hebrides.  Both are  l o c a t e d  on young c o r a l  t e r r a c e s .  

F igu re  7a. Histograms o f  changes i n  r e l a t i v e  e l e v a t i o n s  between p a i r s  
o f  bench marks wi th in  the s m a l l  a r r a y s  i n  t h e  Ratard and D e v i l O s  Point  
a r r a y s .  These a r e  changes between s u c c e s s i v e  r e l e v e l i n g s .  

F i g u r e  7b. Histogram o f  c l o s u r e  e r r o r s  expressed i n  terms o f  
mic ro rad ians  o f  t i l t .  These d a t a  are f o r  t h e  long l i n e s  w i t h i n  t h e  
Ratard and Devil 's Point  a r r a y s .  

F igu re  8a. Ratard t i l tme te r  r e c o r d s  f o r  two ear thquäkes.  The d i s t a n c e s  
given a re  s t r a i g h t  l i n e  d i s t a n c e s  between hypocenter and s t a t i o n .  The 
v e r t i c a l  l i n e s  i n d i c a t e  h a l f  hour  i n t e r v a l s .  The v e r t i c a l  s c a l e  f o r  
t h i s  and following r e c o r d s  is c l o s e  t o  about 2 Rustrak u n i t s / m i c r o r a d i a n  
o r  25 mic ro rad ians  f u l l  s c a l e .  Top: Dec. 6 ,  1976, depth=29. km, 
d i s t ance=38  km, mbz4.8. Bottom: Feb. 5, 1977, depth=39 km, d i s t a n c e = 3 4  
km, mb55.2, Msz4.6. In t h i s  f i g u r e ,  t h e  ' s o l i d  t r a c e  i s  t h e  ENE 
component (down on t h e  r e c o r d  e q u a l s  t i l t  downward t o  t h e  ENE) and t h e  
dashed component i s  t h e  SSE component (down on t h e  r e c o r d  e q u a l s  t i l t  
downward t o  t h e  SSE). 
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F i g u r e  8b. Olry r e c o r d s  o f  t h r e e  ea r thquakes .  Top: May 21, 1977, 
depth'35 km, d i s t ance=46  km, mb=5.2, Ms=4.6. Middle: June 18, 1977, 
depthz37 km, d i s t ance=51  km, mb=5.4, Ms=4.8. Bottom: Aug. 25, 1977, 
depthz35 km, d i s t ance=40  km, mb=5.1. The s i g n a l  about 7 t o  4 h o u r s  
b e f o r e  t h e  June 18 event i s  seen  a t  o t h e r  t imes without ea r thquakes  and 
i s  probably an e f f e c t  o f  r a i n f a l l .  I n  F igu res  8b-8e, t h e  s o l i d  t r a c e  i s  
t h e  ENE component (up on t h e  r e c o r d  equa l s  t i l t  downwards t o  t h e  ENE) 
and t h e  dashed t r a c e  i s  t h e  SSE component (up on t h e  r e c o r d  e q u a l s  t i l t  
downward t o  t h e  SSE). Th i s  a p p l i e s  t o  a l l  r e c o r d s  except  Ratard which 
h a s  t h e  o p p o s i t e  p o l a r i t y .  

F i g u r e  8c.  DevilsOs Po in t  r e c o r d s  f o r  four  ea r thquakes .  The same 
ea r thquakes  as recorded by Malapoa a r e  shown i n  F igu re  8d. Top: Oct. 
10, 1976, depth=22 km, d i s t a n c e 4 3  -- km, mbz4.8. Upper Middle: Nov. 9, 
1976, depth=32 km, d i s t a n c e = 5 5  km-, mb=5.0. Lower Middle: Dec. 14, 1976, 
d e p t h 6 8  km, d i s t ancez68  km, mbz4.9. Bottom: May 16, 1977, depth=30 km, 
d i s t ance=54  km, mb=5.1, Ms=5.3. 

F i g u r e  8d. Malapoa r e c o r d s  f o r  t h e  same four  ea r thquakes  a s  shown f o r  
Devil 's  Point  i n  F igu re  8c.  Note t h e  l a r g e  e x p o n e n t i a l l y  decaying 

- s i g n a l  fol lowing t h e  Dec. 14 e v e n t .  Top: Oct. 10, 1976, depth=22 km, 
d i s t ance=70  km, mb=4.8. Upper Middle: Nov. 9,  1976, depth=32 km, 
d i s t ance=55  km, mb=5.0. Lower Middle: Dec. 14, 1976, depth=68 km, 
d i s t ance=70  km, mbz4.9. Bottom: May 16, 1977, depth=30 km, 
d i s t a n c e 4 1  km, mbz5.1, Ms=5.3. 

F i g u r e  8e.  Large r e g i o n a l  e a r t h q u a k e s  (bo th  sha l low dep th )  as recorded 
by t h e  n e a r e s t  s t a t i o n s .  The upper two r e c o r d s  a t  Devil's Po in t  and 
Malapoa show t h e  Aug. 2, 1976 (Ms=7.0) event l o c a t e d  sou th  o f  E f a t e  
I s l a n d  and t h e  lower two f o r  Olry and Ratard shJw t h e  Sept .  4 ,  1977 
(mbx6.0, M s 4 . 5 )  event l o c a t e d  n o r t h  o f  Santo I s l a n d .  Top: DevilOs 
P o i n t ,  Aug. 2, 1976, d i s t a n c e = 3 5 0  km. Upper Middle: Malapoa, Aug. 2, 
1976, dis tance=350 km. Lower Middle: Olry,  Sept .  4,  1976, 
d i s t ance=150  km. Bottom: R a t a r d ,  Sep t .  4, 1976, d i s t ance=215  km. 

F i g u r e  9a.  In t h i s  and i n  F i g u r e s  9b through 9e t h e  t i l tmeter  d a t a  are 
u n f i l t e r e d  and p l o t t e d  on t h e  same t i m e  .The p l b t s  a re  made from 
h o u r l y  d i g i t i z a t i o n s .  The r a i n f a l l  d a t a ,  given i r 2  Q a i l y  t o t a l s ,  a r e  
t aken  from a r a i n  gauge l o c a t e d  17 km from t h e  Ratard t i l tme te r .  In  
F i g u r e s  9 and 10  t h e  d i s t a n c e  i s  t h e  s t r a i g h t  l i n e  d i s t a n c e  between t h e  
hypocenter  and t h e  s t a t i o n .  

F i g u r e  9b. Olry r e c o r d s  f o r  ea r thquakes  i n  t h e  Spring o f  1977. The 
l a r g e  o f f s e t s  occur r ing  a t  t h e  end o f  March i n  t h e  upper p l o t  are  Che 
e f f e c t s  o f  a magnitude (mb) 5.7 intermediate-depth ear thquake (depth=109 
km) l o c a t e d  n o r t h e a s t  o f  Santo.  The r a i n f a l l  da ta  are o b t a i n e d  from a 
Ca tho l i c  Mission l o c a t e d  about  3 km from t h e  s t a t i o n .  

F i g u r e  9c.  Ratard and O l r y  r e c o r d s  f o r  t h e  l a r g e  Sept .  4 ,  1977 event  
l o c a t e d  n o r t h  o f  Santo (see a l s o  F igu re  8 e ) .  Again r a i n f a l l  d a t a  are 
t aken  from a gauge l o c a t e d  17  km from t h e  t i l tmeter .  The l a r g e  o f f s e t s  
a s s o c i a t e d  with t h e  Sept .  4 event  a re  removed but  t h e  amount o f  o f f s e t  
i s ' n o t e d  i n  t h e  f i g u r e .  

s c a l e .  

. 
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F igure  9d. Devil's P o i n t  and Malapoa r eco rds  f o r  a n  even t  i n  Nov. 
1976, A small  r a i n f a l l  t r a n s i e n t  i s  i l l u s t r a t e d  on t h e  l e f t  s i d e  o f  t h e  -_  
Malapoa r eco rds .  The r a i n  da ta  f o r  both p l o t s  are t a k e n  from t h e  Port  
v i l a  r a i n  gauge l o c a t e d  about 2 km from Malapoa and about 13 km from 
Devil's Po in t .  

F i g u r e  9e. Devil 's Po in t  and Malapoa r e c o r d s  f o r  t h e  May 16, 1977 
e v e n t .  The downturning o f  t h e  Malapoa t r a c e s  fo l lowing  t h e  ear thquake 
i s  b e l i e v e d  t o  b e  due t o  f a i l u r e  o f  t h e  lead-acid s t o r a g e  b a t t e r i e s  
be ing  used a t  t h e  s t a t i o n  p r i o r  t o  t h e  Summer o f  1977. The r a i n f a l l  
d a t a  are from t h e  same s o u r c e  a s  d e s c r i b e d  f o r  F igu re  9d. 

F i g u r e  IOa. This and F i g u r e s  lob-10f a r e  a l l  p l o t t e d  on t h e  same t i m e  
s c a l e .  The d a t a  have been  f i l t e r e d  by t a k i n g  a running 1 2  hour  average 
of t h e  h o u r l y  d i g i t i z a t i o n s  o f  t h e  --Rustrak r e c o r d s .  Note t h e  s t e p - l i k e  
t r a n s i e n t s  a s s o c i a t e d  w i t h  r a i n f a l l  i n  January and' June  o f  1977. The 
b a s e l i n e  was preserved through t h e  gap i n  r eco rd ing  i n  Oct.-Dec. 1977.  
R a i n f a l l  d a t a  are taken from a gauge a t  a d i s t a n c e  o f  about  3 km from 
t h e  s t a t i o n .  The d a t a  a re  g i v e n  as d a i l y  t o t a l s  i n  mm accord ing  t o  t h e  
s c a l e  on t h e  lower l e f t  hand s i d e  o f  t h e  f i g u r e .  

F igu re  lob .  F i l t e r e d  d a t a  f o r  t h e  Ratard s t a t i o n .  R a i n f a l l  d a t a  a r e  
t aken  from a gauge l o c a t e d  17  km from the  s t a t i o n ,  and are g iven  as 
d a i l y  t o t a l s  i n  mm, a s  i n d i c a t e d  by t h e  s c a l e  on t h e  lower l e f t  hand 
s i d e  o f  t h e  f i g u r e .  N o  r a i n  d a t a  are a v a i l a b l e  f o r  March and A p r i l  
1978. 

F i g u r e  1Oc: F i l t e r e d  d a t a  f o r  Southwest Bay. The r a i n f a l l  d a t a  a r e  
, t aken  from the  n e a r e s t  r a i n g a u g e  l o c a t e d  at Lamap, a d i s t a n c e  o f  40 km 
on t h e  o t h e r  s i d e  o f  t h e  i s l a n d .  Hence t h e  c o r r e l a t i o n s  are  ve ry  
u n c e r t a i n .  The s t e p - l i k e  t r a n s i e n t  i n  June 1 9 5 7  a s s o c i a t e d  wi th  t h e  
heavy r a i n f a l l  a t  Lamap i s  confirmed by l a t e r  r a i n f a l l  d a t a  r eco rded  a t  
t h e  Southwest Bay s i t e .  

F i g u r e  10d. F i l t e r e d  d a t a  f o r  Malapoa. The r a i n  d a t a  are t aken  from 
t h e  raingauge i n  Port  V i l a  l o c a t e d  2 km away from t h e  s t a t i o n .  

F i g u r e  10e. F i l t e r e d  d a t a  from Devil's Po in t .  . The x a i n f a l l  d a t a  a r e  
taken from Port  V i l a ,  13 km from t h e  s t a t i o n .  The b a s e l h e  was n o t  l o s t  
through t h e  gap i n  r e c o r d s  d u r i n g  February-April 1977. The d o t t e d  
segment t h e r e  i s  shown t o  i d e n t i f y  t h e  t r a c e s  on t h e  l e f t  o f  t h e  gap. 

1. 

Figure  l o f .  F i l t e r e d  d a t a  from t h e  s t a t i o n  a t  Tukutuk. The s t a t i o n  
commenced o p e r a t i o n  i n  l a t e  September 1 9 7 7 .  The l a r g e  o s c i l l a t i o n s  on 
t h e  SSE component accompany a l a r g e  d i u r n a l  s i g n a l  of unknown o r i g i n .  
R a i n f a l l  d a t a  from P o r t  V i l a .  

F igu re  11. Comparison o f  l e v e l i n g  d a t a  a t  Devil 's P o i n t  and t i l t m e t e r  
d a t a .  The l e v e l i n g  r e s u l t s  
are shown with t h e  same s c a l e  o f  t i l t  as f o r  t h e  t i l t m e t e r s .  See F igu re  
13. 

See Figure 6 f o r  l o c a t i o n s  o f  obse rva t ions .  
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F igure  12. f o r  t h e  p e r i o d  August 1976 - 
December 1977. The t i l tme te r  s t a t i o n s  a r e  shown by  t r i a n g l e s  and a r e  
i d e n t i f i e d  i n  F i g u r e  1. Only sha l low ea r thquakes  a re  shown. 

Earthquakes l o c a t e d  by t h e  PDE 

F igure  13. Level ing r e s u l t s  summarized f o r  each p a i r  o f  bench marks i n  
t h e  Santo and E f a t e  a r r a y s .  The l o c a t i o n s  o f  t h e  bench marks a r e  shown 
i n  Figure 6. C i r c l e s  are unadjusted v a l u e s '  ( a v e r a g e  o f  foreward and 
backward runs )  and t r i a n g l e s  a r e  a d j u s t e d  v a l u e s .  

F igu re  14. T i l t  change a long  l i n e s  between two bench marks p l o t t e d  as a 
f u n c t i m  o f  azimuth o f  t h e  l i n e .  The i n t e r v a l s  ove r  which t h e  t i l t  
change i s  computed a r e  shown i n  t h e  f i g u r e .  The dashed l i n e  i s  t h e  
v a r i a t i o n  i n  t i l t  i f  t h e  t i l t  i s  uniform and cohe ren t  ove r  t h e  a r r a y ,  
and i s  a g r a p h i c a l  f i t  t o  t h e  d a t a .  The e s t i m a t e d  t i l t  i s  4 
microradians a l o n g  t h e  azimuth o f  t h e  maximum of t h e  dashed l i n e ,  o r  
about southwest and n o r t h e a s t ,  r e s p e c t i v e l y .  

F igu re  15. Comparison o f  l e v e l i n g  d a t a  and t i l tmeter  d a t a  f o r  Ratard,  
as i n  Figure 11. See a l s o  F igu res  6 and 13. The s e i s m i c i t y  d a t a  i s  
taken from t h e  l i s t i n g  of  t h e  PDE f o r  t h e  pe r iod  concerned,  and t 
areas covered shown i n  t h e  f i g u r e .  
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