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Abstract 

The Earth Resources Technology Satellite makes it feasible For the first 
time to monitor tile level of activity at widcty separated volcanoes and to 
relay these data almost instantaneously to one central ottice. This capability 
opens a new era in volcanotogy where the hundreds ol' normally quiescenl but 
potentially dangerous volcanocs near populated regions around the world can 
be economically and reliably monitored. A prototype global volca,ao surveillance 
system has been established beginning in the Ia[I of 1972 with the help of local 
scientists on 15 volcanoes in Alaska, Hawaii, Washington, California, Iceland, 
Guatemala, El Salvador, and Nicaragua. Data on earthquake activity and ground 
tilt ave received 6 to 10 times daily in Menlo Park, California, within 90 minutes 
ol lransmission from the sites. Seismic event counters were installed at 19 
locations with biaxial boreholc t i l tmeters with 1 micro,'adian sensitivity in- 
,qalled at seven sites. Direct comparison ol seismic events that are counted 
with records from nearby seismic stations show the event counters work quite 
reliably. An order of magnitt, de increase in seismic events was observed prior 
to the eruption of Vole,fin Fuego in Guatemala in February, 1973. Significanl 
changes in tilt were obse,-ved on volcanoes Kilauea, Fuego, and Pacaya. This 
study demonstrates the technological and economic feasibility of utilizing svch 
a volcano surveillance system throughout the world. 

Introduction 

The  E a r t h  R e s o u r c e s  T e c h n o l o g y  S a t e l l i t e  ( E R T S )  has  o p e n e d  a 

new e ra  in v o l c a n o l o g y  in w h i c h  the h u n d r e d s  of  n o r m a l l y  q u i e s c e n t  

but  p o t e n t i a l l y  d a n g e r o u s  v o l c a n o e s  n e a r  p o p u l a t e d  r e g i ons  a r o u n d  

the w o r l d  can  be  e c o n o m i c a l l y  a n d  r e l i a b l y  r n o n i t o r e d  d a i l y  to w a r n  

when  any  one  v o l c a n o  is b e c o m i n g  ac t i ve  aga in .  In  the pa s t  on ly  a 

i ew  v o l c a n o e s  have  been  m o n i t o r e d  for  long p e r i o d s  of t i m e  b e c a u s e  

of the h igh  cos t  of  b u i l d i n g  and  s taff ing v o l c a n o  o b s e r v a t o r i e s .  Yet  it 
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is known f rom data collected in this century that  while perceptible 
signs of pending eruptions may occur only minutes  to days in ad- 
vance, measurable signs may be detected days, weeks, months ,  or even 
years before a major  eruption. Although predict ion of specific erup- 
tions is still an elusive goal, early warning of increased activity at 
quiescent volcanoes is now a distinct possibility. Such early warnings 

F~6. 1 -  Volcanoes monitored in this study. Seismic event counters  were placed at 
all volcanic sites. Til tmeters were placed on Lassen, Kilauea, Fuego, and 
Pacaya. 

can be used to reduce volcanic hazards and to focus research aimed 
at volcano predict ion on those volcanoes th roughout  the world that 
are most  likely to erupt  at any given time. 

A prototype volcano surveillance system was established during 
the latter par t  of 1972 and early 1973 on 15 volcanoes in Alaska, 
Hawaii, Washington, California, Iceland, Guatemala, El Salvador, and 
Nicaragua (Fig. 1, Table 1). Nineteen seismic detectors that  count  
four different sizes of ear thquakes and six biaxial, borehole t i l tmeters 
that measure  ground tilt with a resolution of 1 microradian have been 
installed. Data f rom these ins t ruments  are relayed through the ERTS-1 
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satellite and through a teletype link to the U. S. Geological Survey 
Office in Merdo Park for rapid analysis. 

Ear thquakes and tilt of the ground are moni tored  because these 
are two phenomena  that  have been observed most  consistently to 
change prior  to and during volcanic eruptions.  For hundreds  of years 
strong earthquakes have typically been felt just  prior  to major  erup- 
tions (e.g. HARLOW, 1971; SmMOZURt, 1971). Since the advent of sen- 
sitive seismometers,  orders of magni tude increases in the numbers  of 
earthquakes have been observed hours,  days, and months  pr ior  to 
eruptions (e.g. OMORI, 1914-1922; GORSHKOV, 1960; MINAKAMI, 1960; 
ADAMS and DIBBLE, 1967; SmMOZURU et al., 1969). All ear thquake 
swarms that  occur near  volcanoes are not  associated with eruptions 
so that such increases in seismic activity cannot be used to predict  
specific eruptions.  Nevertheless, the  swarms do provide a reliable in- 
dication of the potential increase in volcanic activity in a given region. 
Local tilts of the ground of up to 1000 microradians are also typically 
related to volcanic eruptions (OMORI, 1914-1922; OMOTE, 1942; MINA- 
~MI ,  1950; DECKr~R and KINOSHITA, 1971). While cont inuous measure- 
ments  of tilt are rare, they typically show (e.g. MINAr, AML 1942; EATON 
and MURATA, 1960) inflation of the volcano over a relatively long pe- 
r iod of t ime pr ior  to an eruption and rapid deflation during an erup- 
tion. Other types of measurements  of fumarole temperature,  pressure, 
and gas composi t ion (e.g. No6ucm and KAMIYA, 1963; MEmAYLOV and 
NIKITINA, 1967; STOIBER and ROSE, 1970; MOXHAM, 1971; TAZIEFF, 1971; 
and TONAm, 1971), and of gravitational, magnetic, or  electric fields 
(e.g. YOKOYAMA, 197I; JOHNSTON and STACEY, 1969) appear  tO be of po- 
tential application in the future  but  thus far have not  been exten- 
sively developed or observed. 

This initial experiment shows that  for the first t ime it is both 
technologically and economically feasible to build a global volcano 
surveillance system because of the advent of inexpensive satellite te- 
lemetry. Experience during this project  demonstrates  the feasibility 
of building inexpensive, low power, reliable ins t ruments  for such a 
system that  can be installed in remote  locations and can be expected 
to run una t tended  for a few years. Several details in the design and 
deployment of appropriate  low-power, inexpensive, and reliable in- 
s t ruments  still need to be worked out. 

Comparison of data from these new ear thquake counters with 
data f rom nearby s tandard seismometers shows that  the counters do 
normally indicate the level of seismic activity. During periods of high 
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seismic background noise, there may be a significant number  of spu- 
rious counts, but the existence and duration of such noisy periods 
are reliably indicated by data sent by the earthquake counters, The 
one eruption to occur to date, for which data were recovered via satel- 
lite, was on Volc~n Fuego in Guatemala and was preceded several 
days by an abnormally large swarm of earthquakes. An apparent in- 
flation of Volc~in Fuego was observed in the six months after the 
eruption. In Hawaii, in addition to an increase in microearthquakes, 
recordings from three tiltmeters showed large tilt changes as a result 
of a rift eruption on May 5, 1973. 

The design and response of this prototype global volcano surveil- 
lance system are summarized briefly in this paper together with an 
evaluation of the potential use of this system. These topics are describ- 
ed in considerable detail in a report by WAR~, et al., 1974. 

T h e  E R T S  D a t a  C o l l e c t i o n  S y s t e m  

The Earth Resources Technology Satellite (ERTS) is an experi- 
mental satellite launched by the National Aeronautics and Space Ad- 
ministration (NASA) on July 23, 1972. It travels in a polar orbit with 
a semi-major axis of 7286 km, circles the earth in 1.7 hours, and re- 
traces the same flight path every 18 days. The satellite contains in 
addition to several cameras, a radio relay system that receives and 
instantaneously relays data from small transmitters located on the 
ground and within sight of the satellite at any given time. These data 
are then received at tracking stations in either Goldstone, California 
or Greenbelt, Maryland if the satellite is visible from one of these 
sites at that time. The data are relayed by telephone lines to Goddard 
Spaceflight Center in Maryland and recorded. Within 90 minutes the 
data are processed and relayed by teletype to different users. Data are 
normally received from each remote site that is within 40 degrees of 
a tracking station three to five times during 
12 hours. 

The transmitters for sending data to the 
by NASA (1972). Each transmitter accepts 64 
parallel format or accepts 8 analog voltages 
converts to 8-bit digital words. In this study 

a 2-hour period every 

satellite were provided 
digital bits in serial or 
(0 to + 5 volts) that it 
the seismic event coun- 

ters are interfaced to the serial digital input. The tiltmeters are con- 
nected to the analog inputs. A digital controller in the transmitter  
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adds to the data  a 15-bit preamble ,  a 12-bit address  code that  is 
unique to each t ransmit ter ,  and 4 bi ts  runout .  These 95 bi ts  are convo- 
lutionally encoded,  fo rmat ted  to a nonreturn-to-zero level, and con- 
ver ted to a b iphase  format .  This fo rmat t ing  provides  a redundancy  
in the data  that  can be  t~sed to detect  t ransmiss ion errors .  This signal 
is then t ransmi t ted  in a 38 mill isecond bur s t  at a f requency of 401.55 
MHz and at a minium power  of 5 watts .  The t ransmiss ion rate can be 
set to once every 90 or  180 seconds and the average power  consump- 
tion is 0.085 wat t s  at 24 volts d.c. The t ransmi t te r  weighs abou t  7 kg 
(Fig. 2). 

Fro. 2 -Demons t r a t i on  set-up of t ransmi t te r  for sending data to the satellite (left), 
multi-level seismic counter  (center), and one year's supply of batteries (right). 
Except for geophone (left, front)  and t ransmi t te r  antenna (not shown), com- 
ponents  are placed in a metal  box for t ranspor ta t ion and semi-permanent 
field installation. 

A crossed dipole an tenna  with a ground plane that  is 1.2 m in 
d iameter  was provided with each t ransmit ter .  During the la t ter  half  
of 1973, a more  compac t  helical antenna,  7 cm in d iameter  and 28 cm 
high, was installed at sites in Washington and California where  ice 
and snow loading are a problem.  

Analysis of  over 72,000 messages  relayed through the satellite for 
this p ro jec t  shows that up to 8 % of the messages f rom the more  
dis tant  t ransmi t te rs  contain t rasmission errors,  bu t  that  all such 
errors  were proper ly  identified by the sys tem as a result  of the redun- 
dancy used in the data  encoding. Thus the satellite does relay the 
data  reliably. 

A data  collection system such as that  used on the ERTS-1 Satel- 
lite provides a relatively low cost  me thod  of collecting data  f rom re- 
mote  sites a round  the world.  I t  would  cost  on the order  of $ 3.5 rail- 
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l i o n  t o  b u i l d  a n d  l a u n c h  a d a t a  c o l l e c t i o n  s a t e l l i t e  a n d  b u i l d  a n d  

o p e r a t e  f o u r  g r o u n d  r e c e i v i n g  s t a t i o n s  a r o u n d  t h e  w o r l d  f o r  t h e  ex-  

p e c t e d  5 - y e a r  l i f e  o f  t h e  s a t e l l i t e  ( E .  PAinTER, o r a l  c o m u n i c a t i o n s ,  

1973). I t  is r e a s o n a b l e  t h a t  s u c h  a n  o p e r a t i o n a l  s a t e l l i t e  c o u l d  r e l a y  

d a t a  f r o m  10,000 g r o u n d  s t a t i o n s  m o n i t o r i n g  v o l c a n o e s ,  s t r e a m  f low,  

r a i n f a l l ,  p o l l u t i o n ,  a n d  m a n y  o t h e r  p h e n o m e n a  f o r  m a n y  d i f f e r e n t  

a g e n c i e s .  F o r  t h e s e  p u r p o s e s  d a t a  f r o m  a n y  o n e  s i t e  c o u l d  b e  r e l a y e d  

f o r  l ess  t h a n  $ 100 p e r  y e a r .  T h i s  c o s t  c o u l d  b e  s u b s t a n t i a l l y  r e d u c e d  

i f  t h e  s a t e l l i t e  w e r e  l a u n c h e d  << p i g g y - b a c k  ,, w i t h  c o m m e r c i a l  o r  m i l i -  

t a r y  s a t e l l i t e s .  T w o  s a t e l l i t e s  m i g h t  b e  l a u n c h e d  180 d e g r e e s  o u t  o f  

p h a s e  to  p r o v i d e  r e l i a b l e  c o v e r a g e  e v e r y  6 h o u r s .  

An  a l t e r n a t i v e  s y s t e m  c o u l d  u t i l i z e  a s t a t i o n a r y  s a t e l l i t e  t h a t  c o u l d  

p r o v i d e  d a t a  a t  a n y  r e g u l a r  i n t e r v a l  o r  a t  a n y  t i m e .  T h i s  t y p e  o f  s a t -  

e l l i t e  w o u l d  c o s t  a b o u t  $ 12 m i l l i o n  to  b u i l d ,  l a u n c h ,  a n d  o p e r a t e ,  

a n d  s e v e r a l  s a t e l l i t e s  w o u l d  b e  n e e d e d  to  c o v e r  t h e  v o l c a n i c  z o n e s  in  

t h e  w o r l d .  T h u s  s u c h  a s y s t e m  is  n o t  a s  e c o n o m i c a l  a s  a p o l a r  o r b i t -  

i n g  s a t e l l i t e  u n l e s s  t h e r e  is  a w i d e  d e m a n d  f o r  i t s  u se .  

D e s i g n  o f  t h e  T i l t m e t e r s  

The borchole  t i l tmeter  used in the survei l lance p rogram to measure  ea r th  
tilt is a bull 's-eye level bubble  whose electro-chemical  liquid is an active par t  
of a resis tance bridge forming a two-axis level de tec to r  (Cooi,itr, 1970). The 
br idge is excited by a 3 KHz square wave, and the resul tant  signal is demodu- 
lated to give two electr ical  outputs  that  a,'e a function of rota t ions  about  two 
or thogonal  horizontal  axes. The level bubble  is housed in a 5-cm d iamete r  
s tainless steel tube I rn long for borehole  e lnplacemcnt  and is wired to external  
e lectronics  by cables contained in flexible conduit ,  thus al lowing the bubble  
sensor to be isolated in the most t empera ture-s tab le  part  of the  site. S tab i l i ty  
of the t i l tmeter  was tested by opera t ing  8 meters  on a single base (KnHI.ENBERGER, 
cl a#., 1973), by opera t ing  one meie r  hanging by a thin wire (JoH-~s'r0~, 1974), 
and by opera t ing  one meter  in a tub of sand next to a mercu~Ly-tube meter  
in San Francisco that had opera ted  rel iably for six years.  All tests show that 
the meter  has a drift  of less than 0.6 mic rorad ians  per  month  with a 95 % 
confidence level. 

Ins ta l la t ions  in Hawaii  and Guatemala  consist  of a pit 1 m in d i ame te r  
and 2 m deep, cased with steel culvert  and covered with a steel lid. F rom the 
bo t tom of this pit, a 14-cm hole is bored  down ar lolher  2 m. In this hole is 
placed a 10-cm pipe sealed at the lower end aud packed in place with clean 
fine sand or  with local mater ia l  Ihat is sull]cieutly dry anti easily packed. The 
t i l tmeter  sensor is placed in this pipe and packed with line (80-rnesh~, pure 
~iliea sand. During ernplacemerit  of the t i l tmeter ,  the X and Y outputs  are  
observed on an oscil loscope and the meter  n~,ovcd to a level position. After 
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mechanical zeroing, the tiltmeter sensor is completely buried in sand, and the 
10-cm pipe filled to the top. The tiltmeter electronics are placed on a shelf or 
low table in the pit. In some installations batteries, power supply, and (where 
used) analog telemetry equipment also occupy the same pit. The satellite tran- 
smitter and batteries are typically placed in a steel box nearby. This installation 
technique was developed over several years of trial and error and has proved 
quite suitable (ALLEN, 1972; ALL~N, et al., 1973). The surface ma:terial at the 
various sites include, in Hawaii, pumice from tile 1959 eruption as well as 
older weathered ash at other sites and, in Guatemala, lightly weathered ash 
with a low clay content. 

At Lassen Peak, a 10-cm diameter hole was drilled 1.5 m into dacite. The 
tiltmeter was placed in the hole and packed with sand as described in the 
previous paragraph. The hole was then capped with wax. The tiltmeter elec- 
tronics box was placed on the surface a few meters away with cables leading 
to batteries and the satellite transmitter. 

Results from the Ttltmeters 

In  late 1972 three  level-bubble t i l tmeters  were placed a round  Ki- 
lauea Caldera in Hawaii .  The data  were  te lemetered  via cables to the 
Hawai ian  Volcano Observa tory  where  they were  recorded  and also 
connec ted  to one satell i te t ransmi t te r .  These t i l tmeters  generally ope- 
ra ted  rel iably bu t  were  damaged several t imes by  l ightning that  appa- 
rent ly  induced high electric cur ren t s  in the long cables. This p rob l em 
was remedied  by  using a light emi t t ing  diode and photo- t rans is tor  to 
isolate electr ical ly the t i l tmeter  and electronics  in the ground f r o m  
the long cables. 

The record  f r o m  the east-west componen t  of  the level-bubble tilt- 
me te r  nea r  Uwekahuna  vault  in Hawai i  compared  wi th  s imul taneous  
records  f rom a mercury- tube  t i l tme te r  and a water - tube  t i l tmeter  ope- 
ra ted  in the vault  f rom December  1972 to Feb rua ry  1973 is shown in 
Fig. 3. During this 3-month per iod  there  was a lmost  no tilt activity at 
Kilauea, and data  f r o m  all three  ins t ruments  agree within a few 
microradians .  The r a the r  noisy record  f rom the water - tube  t i l tmeter  
reflects the relat ively low consis tency of readings to be expected f r o m  
this  type of ins t rument .  

The record  of bo th  componen t s  of  tilt  at the S u m m e r  Camp site 
(Fig. 3), before  the in s t rumen t  was damaged by l ightning on May 28, 
shows no apprec iable  change in ti l t  unt i l  the  volcano began deflating 
on May 5, only three  hours  before  an e rup t ion  began .-about 7 km to 
the southeas t  a t  Pauahi  Crater.  There  was no not iceable  change in 
ti l t  response  to the more  than 50 cm of ra in  that  fell in March. 
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The detailed tilt response of the level-bubble t i l tmeters  at  
S u m m e r  Camp, Uwekahuna,  and Ahua to the collapse of the summi t  
of Kilauea on May 5, 1973, are shown in Fig. 3 At this t ime only the 
S u m m e r  Camp t i l tmeter  was fully operat ional .  The Uwekahuna  and 
Ahua meters  had excessive long term drift  (about  20 microradians  per  
month)  af ter  they were c~amaged by  lightning in February.  These me- 
ters, however,  provided coherent  short- term records.  The ins ta taneous  
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Fro. 3 -  Typical data from three til,tmeters located around the central caldera of 
Kilauea Volcano, including a collapse of the caldera area on May 5, 1973. The 
data in the upper left, separated to t  clarity, shows a comparison of the new 
level bubble t i l tmeter with two other  types of t i l tmeters operated in Hawaii 
for several years. 

tilt vectors  f rom the three ins t ruments  are super imposed  on a map  
of the summit  area in Fig. 4. The data  f rom S u m m e r  Camp and Uwe- 
kahuna show collapse toward the center  of Kilauea Caldera, whereas  
the data f rom Ahua suggest collapse into the caldera fol lowed bv col- 
lapse toward the erupt ive center  at Pauahi Crater and Heake  Crater• A 
compar ison of these data with a chronology of the erupt ion provided by 
the staff of the Hawaiian Volcano Observa to ry  shows a close correla- 
tion. The erupt ion  of lava began in Pauahi at about  1025 hrs and 
ended by 1200 hrs with all but  abou t  20,000 m 3 of lava draining back  
down the vent by 1230 hrs. Note the tilt at Ahua at this point  was 
inward toward  Kilauea Calder, a and Ha lemaumau .  At abou t  1255 hrs 
a new lava ou tbreak  was spot ted  near  Heake  Crater.  Lava erupted  
from many fissures, increasing until abou t  1500 hrs and ending abou t  
1700 hrs, leaving about  440,000 m 3 of new lava in Heake  Crater  and 
about  500,000 m ~ of new lava flows outs ide  the crater.  During this 



- -  324 - -  

phase  of the eruption,  the t i l tmeter  at Ahua showed rapid  tilt down 
toward  the erupt ive  center  until  about  2000 hrs when  the tilt rate 
decreased. The tilt cont inued on for  at least another  16 hours  in the 
same direction. These three t i l tmeters  showed more  details of a sum- 
mit  collapse than previously  available. 

UWEKAHUNA / ~ " ' - ~ ' ~  
0000%o'0 .,!~,~E'i, oo ~ ///)~K, 
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KILOMETERS 
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CRATER 

ATER 
FIG. 4- Cumulative changes in tilt (plotted vertically) for the three tiltmeter sites 

shown as triangles. Tilt vectors are plotted for every two hour period during 
the May 5-6, 1973, eruption of Kilauea. The eruption took place in and around 
Heake and Pauahi Craters. 

Volc~n Fuego in Guatemala  erupted in mid-February  abou t  two 
months  before  the t i l tmeter  was  installed and has since been very 
quiet. Tilt da ta  f rom April 9, 1973 (Fig. 5) suggest that  Volc~n Fuego 
swelled about  35 microradians  by  early August and has remained  quiet  
since that  time. Although it is still p rematu re  to conclude the signifi- 
cance of this swelling, it might be  in terpre ted  as evidence that  Fuego 
is p r imed for  more  erupt ive act ivi ty since it has swollen ra ther  than 
subsided.  

Ground tilts of up to 150 microradians  were  recorded  on Volc~n 
Pacaya in Guatemala  be tween  Ju ly  and December,  1973. The flank of 
the volcano appeared  to tilt ou twa rd  150 microradians  and tilt back 

10 
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nearly the same amount ,  all during a per iod be tween  active extrus ions  
of lava. The magni tude  of the tilt seems large and may  be  explained 
by  the p lacement  of the meter  in a region of block-fault ing on the 
west  flank of the volcano. A second t i l tmeter  has been installed on 
the southeas t  side of Pacaya to examine the apparent  tilting in more  
detail. 

Tilt data recorded at Lassen Peak in California during the winter  
of 1972-1973 show significant changes in tilt (Fig. 6). The au thors  be- 
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Fl(;. 5 - Cumula t ive  changes  in tilt p lo t t ed  by vec tors  at 20-day in tervals  for  a t i l t m e t e r  
instal led about  two m o n t h s  a f t e r  the  e rup t ion  began,  February  22, 1973, at Vol- 
cfin Euego in Gatemala .  Since April 9, 1973, day 100, the volcano a p p e a r s  Io 
have gradual ly  in | la ted.  

lieve the tilts measured are related to freezing and thawing of wa te r  
ill the joints  in the rock outcrop containing the t i l tmeter  and to a 
leak in the case of the tiltrneter in the spring. If this in terpre ta t ion 
is correct,  then it appears,  as suggested by Kl~x6 (1971), that shallow 
installations of t i l tmeters  in volcanic ash or  sand are p robab ly  bet ter  
than shallow installations in solid rock. 

These results  show that the portable,  easy-to-install t i l tmeters ,  
with a sensitivity of 1 rnicroradian, are working quite s tably at several 
sites in the field, that they are recording real tilts associa ted with vol- 
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canic  ac t iv i ty ,  a n d  t h a t  t hey  a re  no t  a f fec ted  by  heavy  local  ra infa l l ,  
e x a m i n e d  in de ta i l  in Hawa i i  and  G u a t e m a l a  (WARD, et al ,  1974). Con- 
t i nued  r e c o r d i n g  fo r  a m u c h  longer  p e r i o d  of  t ime  is needed  b e f o r e  
t he  va lue  of  these  t i l t  d a t a  in p r o v i d i n g  ea r l y  w a r n i n g  of  e r u p t i o n s  
can  be  c lea r ly  ca lcu la ted .  At this  po in t  t he  m o s t  i m p o r t a n t  observa-  
t ion  is t ha t  l a rge  changes  in t i l t  f r o m  30 to poss ib ly  150 m i c r o r a d i a n s  
have  been  o b s e r v e d  on  t h r e e  vo lcanoes  o c c u r r i n g  be fo r e ,  dur ing ,  and  
a f t e r  e r u p t i v e  pe r iods ,  w h e r e a s  no  s igni f icant  changes  in tilt ,  excep t  
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Fro. 6 - Recorded tilt of ground on Lassen Peak through the winter of 1972-73. Melt- 
ing snow crushed the transmitter antenna in late April, 1973. 

those  a p p a r e n t l y  r e l a t ed  to f r eez ing  a n d  thawing ,  has  been  n o t e d  on  
Lassen  Peak,  the  one  vo l cano  w h e r e  t i l t  is be ing  m o n i t o r e d  t h a t  has  
h a d  no  o b s e r v e d  vo lcan ic  ac t iv i ty  f o r  m o r e  t han  50 years .  

Design of the Seismic Event Counters 

Since the satellite relay system can only transmit 64 digital bits of data 
each 12 hours and seismic data are normally gathered at a rate of about 
20 million digital bits during the same time, it is necessary to process the 
seismic data at each remote site. The data that have been observed most 
often to change prior to volcanic eruptions are simply the numbers of small 
earthquakes of different sizes. These numbers typically change by orders of 
magnitude before eruptions. Some experience was developed from automatic 
earthquake counters built by P~a~ET (1937) and DECKER (1968). Their experience 
plus experience from prototype seismic event counters built by several different 
individuals and companies (unpublished results from T. Matumoto, J. Unger, 
Kinemetrics, Inc., Systron-Donner, and Bendix) has been used to develop a 
significantly new design in seismic event counters for this project. 

12 
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The seismic event counter  system (Fig. 7) utilizes a geophone, which pro- 
duces a voltage propor t ional  to ground velocity. The geophone was selected 
to have a natural  f requency of  4.5 Hz because of the high-frequency charac- 
teristics of microear thquakes  and is opera ted  at 80 % of cri t ical  damping. An 
a t tenuator  switch is placed between the second and third amplifier  stages for 
field gain adjus tment .  The amplified signal is full-wave rectified for the level- 
detection circuit. The rectified signal is then connected parallel to four  level 
detect ion circuits whose reference voltages are set by a voltage divider  circuit  
across  a zener  diode. The most  sensitive level detector  puts out a logic 1 
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Fro. 7-  Block diagram of the multi-level seismic even counter logic. 

output  pulse when the level of any peak in the rectified signal exceeds the 
40 to 50-millivolt reference voltage. The output  from the level detector  then 
goes to a divide-by-10 counter,  reset by a one-shot t imer  every 1.2 seconds. The 
counter  requires I0 pulses to occur in 1.2 seconds to register  a count. This 
requirement  makes  the counter  insensitive to seismic signals with predomi- 
nant frequencies of less than 4.2 Hz. When a count is registered, another  one- 
shot t imer  is t r iggered to inhibit the count circuit for 15 seconds. The event 
counter  is then registered in a 10-bit binary counter.  Three additional level 
detectors at 12 db, 24 db, and 36 db below the max imum g a i n  settings function 
in the same way. The 12 db interval gives the seismic event counter  a 36 db 
range of detection. The extended range allows detection of ma jo r  changes in 
the seismicity and determinat ion of the numbers  of ear thquakes  of different 
sizes. 

In order  to distinguish noise from earthquakes,  the output  of the 15-second 
one-shot t imer  in the noise reject  circuit  goes to an elapsed time interval coun- 
ter. If  this noise reject signal is on for 60 to 70 seconds, or in o ther  words if the 
counter  is inhibited for such a period of time, one noise count is registered. 

13 
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There are inhibit  counters  for the three most  sensitive levels of detection, and 
all the data except the seven mos t  significant bits of the third counter  are 
t ransmit ted,  together  with a pari ty bit. 

As a back up system for data recovery, a thermographic  recorder  records 
data  at a 6-hour pr int  rate. The pr in te r  uses a simple 4 by 5 mat r ix  system for  
binary-coded data f rom the counters.  At the 6-hour pr in t  ra te  a 75 me te r  roll  
of paper  tape lasts approximately  one year. A solenoid-activated stepping moto r  
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F1G. 8 - Response curves for the multi-level seismic event counter (dashed lines) and 
high gain short period seismographs (solid l~nes). Lower set of curves ate for 
the electronic responses of both systems and upper curves include geophone 
respinses. 

is used for the tape advance mechan i sm and is the only moving part  in the 
system aside f rom the geophone, 

The geophone assembly and seismic event counter  weigh approximately  
10 kg. Power to the unit  is supplied by external  batteries.  Less than 50 milli- 
watts  of power  are required for a 24-hour period. As a result  of the extensive 
use of CMOS integrated circuits the seismic event counter  can be operated con- 
t inuously for years. 

Eleven short-period, high-gain se i smometer  stat ions were  installed adjacent  
to event counters  in Washington, California, Guatemala,  E1 Salvador, and Ni- 
caragua (Table 1) to allow compar ison of the counts with s tandard seismic re- 
cords. The se i smometer  te lemetry systems installed are s imilar  to systems 
described by SMITH. et  al. (1971) and WESSON. et  al. (1973). These se ismometers  
have na tura l  frequencies of 1 or 2 Hz and are operated at 80 96 of critical damp- 
ing. After being te lemetered via VHF radio. FM signals are demodula ted  and 
subsequently recorded on heat-sensitive paper  at 60 m m / m i n .  The unit magni- 

14 
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fication curves for both the event counter system and the standard short-period 
1-dgh-gain systenl (Fig. 8) show that approximately three times more output is 
derived from the event counter system geophone. 

Verification of the Seismic Event Counters 

The seismic event counter  is designed to process seismic data that  
occur at  the rate of about 20 million digital bits per twelve hours  and 
to provide only 64 digital bits of data in the same time. This compres- 
sion is accomplished by requesting to know only the number  of earth- 
quakes with ampli tudes greater than four  discrete levels and by de- 
signing an electronic circuit to detect ear thquakes  and measure their 
ampli tude.  Detecting ear thquakes  is not always easy. Even two seis- 
mologists might disagree whether  a small event recorded at only one 
stat ion is an ear thquake or is spurious noise caused by people, ani- 
mals, wind, and so on. Thus, it is of prime importance to establish 
how reliably the new event counters  detect and count ear thquakes  
and under  what  conditions these counts may be contamina ted  by 
counts of spurious seismic noise. 

One event counter  was placed in Hawaii next to a s tandard  seis- 
mic stat ion with data telemetered to lhe Hawaiian Volcano Observa- 
tory. A special interface board was at tached to the event counter  that,  
with the use of seven one-shot timers, put out d.c. pulses of varying 
length, depending on which of the seven counters  in the seismic event 
counter  was activated at a part icular  time. These pulses modula ted  
a voltage-controlled oscillator. The result ing signal was telemetered 
with the seismic signal, discriminated at the central recording site, 
and recorded next to the seismic trace. This system, in addit ion to 
the data  printed by the event counter  every 1.5 hours, gave a direct 
indication of what the event counter  was detecting. 

Comparison of the data f rom the event counter  pr inter  with the 
corresponding number  of pulses on the telemetered trace for 1.5 hour  
intervals shows a one-to-one correspondence.  Thus, the special inter- 
face circuit worked as designed and did not appear  to introduce spu- 
rious data. As expected, all ear thquakes  with suiticient ampli tudes 
and frequency content were counted. The magnitudes of ear thquakes  
counted only on the most sensitive detection level range from 1.1 to 
2.5, and the magnitudes of ear thquakes  counted on the second most  
sensitive detection level range from 1.6 to 2.8. This range of earth- 
quake magni tudes  is expected since ampl i tudes  vary with distance to 

15 
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the epicenter. High ground noise caused by wind and vehicle traffic 
on a road 0.25 km from the event counter site caused spurious counts 
on the most sensitive counting level. Noise counts were also recorded 
during periods of wind and serve to indicate periods of probable high 
wind activity. ¢, Noise ~ counts in general were not triggered by pass- 
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FiG. 9 - Seismic events  counted  by the  event coun te r  on Mt. St. Helens in Wash ing ton  
compared  to ea r thquakes  detected by a seismologist  us ing s e i smograms  f rom 
a se i smograph  s ta t ion opera ted  nearby.  

ing vehicles. Thus, it is important that sites be located away from 
sources of cultural noise to increase the reliability of the data. 

A comparison of events counted electronically on Mt. St. Helens 
in Washington with earthquakes counted by a seismologist studying: 
typical seismograms is shown in Fig. 9. This figure shows a close cor- 
relation of event counts to earthquakes except during periods of high 
wind when there are significant numbers of noise or counts. These 
types of data together with the detailed comparison of the event 
counter done in Hawaii provide the basis for the following conclu- 
sions about the reliability of these seismic event counters. 

16 
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Nearly all local earthquakes are detected and counted unless  they 
are too small  to have 10 peaks of their full-wave rectified signal occur 
above the threshold of  the most  sensitive counter or they occur at a 
t ime when the counter is inhibited by high background noise or by 
the occurrence of another earthquake less than 15 seconds earlier. A 
typical earthquake counted is shown in Fig. 10A. Failure to detect 
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Fu6. 10-  Examples  of microcarthquakes from two Central American volcanoes.  The 
top example from Izalco Volcano, El Sah, ador, i l lustrates the high frequency 
microearthquakes that the event counters  normally count reliably. Recorded 
on the lower record are low frequency microearthquakcs  recorded at Pacaya 
Volcano, Guatemala• These events,  associated with ash eruptions,  are often 
not counted by the event counter. One minute between time marks.  
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earthquakes during periods of high background noise is not  serious, 
since the noise will inevitably cause some spurious counts  and the 
high noise counts will flag the number  of event counts as being sus- 
pect. Failing to detect earthquakes that occur rapidly in succession 
is also not  serious since such events will occur rarely except during 
swarms of earthquakes when the percentage of such undetected earth- 
quakes will be low. 

The only other  types of local ear thquakes observed in this study 
that  are typically not  counted are low frequency, emergent  events like 
those shown in Fig. 10 B. The event counter  is totally insensitive to 
frequencies below 4.2 Hz because of the criterion for counting that  
requires 10 peaks of the full wave rectified signal occur above a given 
threshold in 1.2 seconds. This criterion was chosen to reduce the num- 
ber  of teleseismic events counted, but  we have found out  that at some 
volcanoes, part icularly Pacaya, San Cristobal, and St. Helens in this 
study, there are many local ear thquakes with significant low-frequency 
content.  Such events have also been noted at Rainier (URGER and DECK- 
ER, 1970), Kilauea (R. KOYANAGI, personal communicat ion,  1973), and 
Augustine (J. KIENLE, personal communicat ion,  1973). These events 
are generally not  counted because they begin with small ground ampli- 
tudes that  build up to a max imum in about 5 seconds. In many 
instances one peak in ampli tude may start  the detect ion counting cir- 
cuit, but  more  peaks in the signal large enough to exceed the threshold 
do not  occur for another  0.5 or 1 second. These events might  well be 
detected if the criterion were ch.anged to something like 10 peaks in 
2 seconds. Experimentat ion with this criterion continues. 

Spurious counts can be caused by ground noise f rom cultural 
sources but  are predominant ly  caused by wind induced ground noise. 
Such spurious counts either are infrequent  or are usually accompa- 
nied by significant noise counts. Noise f rom cultural sources can be 
successfully avoided at nearly all sites by placing the ins t rument  in 
remote areas away f rom frequently traveled roads or trails. Wind-in- 
duced ground noise is reduced by placing the sensors at low elevation, 
sheltered f rom high winds, away f rom trees, at 25 to 30 m from the 
large antennas, and by using smaller types of antelmas. Major changes 
in the background noise level caused by wind can not  be totally 
avoided. Spurious even counts caused by high wind, however, can 
be readily identified by the s imultaneous registration of high noise 
counts. Moderate levels of ground noise may cause spurious event 
counts but  may not  trigger counts. Such cases can usually be identi- 
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fled, however, since when a large number of event counts triggered 
by earthquakes is recorded on one channel, approximately 15 to 30 % 
of these events should be counted on the next most sensitive channel. 
This relationship occurs because earthquakes are known to be distrib- 
uted in size according to the GUTENBERG and RICHTER (1949) relation- 
ship modified by SuzuKi (1953) 

l o g N =  - b l o g A + C  

where N is the number of earthquakes with maximum amplitude 
greater than or equal to A. C and b are constants for a given region 
and b, which is of interest here, is typically between 0.8 and 0.9 
(ISACKS and OLrVER, 1964; PAGE, 1968) but may be as high as 3.5 for 
shallow earthquakes within a kilometer of the summit of some vol- 
canoes (MINAKAMI, 1960). 

Thus, an order of magnitude increase in seismic events accom- 
panied by a small increase in events on the next most sensitive chan- 
nel, and no noise or inhibit-time counts, can be reasonably assumed 
to indicate an order of magnitude increase in seismicity. The occur- 
rence of may inhibit-time counts for the most sensitive channel would 
indicate that the events are probably spurious counts and do not rep- 
resent a change in seismicity. It is possible that a short-term (such 
as one day) increase in seismicity might occur during a storm when 
the background noise is high. The probability of such an occurrence 
is low. Furthermore, an increase in seismicity related to a large erup- 
tion can be expected to be several orders of magnitude (MINAKAMI, 
1960, 1968; SmMOZtmU, 1969), SO that noise on one channel will not 
obscure the changes on the lower gain channels. 

Thus, we can conclude that the event counters do normally and 
quite reliably indicate the level of seismicity within an order of mag- 
nitude. These seismic event counters are significantly more reliable 
than earlier counters because they combine the following design fea- 
tures: 

a) There must be several cycles of ground motion above a given 
threshold. 

b) There must  have been no peak above the threshold in the 
15 seconds preceding the detected signal. 

c) Some indication of the m, ise level is provided. 
d) Several different thresholds are used. 
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There are a number of tradeoffs in the choice of these design fea- 
tures and particularly in the choice of appropriate time costants. 
Perhaps the least obvious choice relates to what should constitute a 
noise count. In the present design a noise count is registered if at 
least one peak occurs above a given threshold every 15 seconds for a 
continuous period of 60 to 70 seconds. The resulting count is signifi- 
cantly less than one would get by counting the individual periods of 
15 second inhibits and dividing by 4. The method adopted will not 
count many short periods when the counter is inhibited or periods 
when the noise level is causing separate inhibits. The main benefit of 
this method is that it will not count the codas of most local earth- 
quakes as periods of noise. 

The results from these new seismic event counters are very en- 
couraging and show that significant compression of seismic data can 
be done with processing by relatively simple electronic circuits. These 
counters are adequate to operate in a global volcano surveillance sys- 
tem, but we also have begun to think of ways to improve the amount 
and quality of the compressed data and thus are continuing to exper- 
iment with other types of counters. 

Changes in Seismicity Observed 

A microearthquake swarm occurred near Augustine Volcano in 
Alaska between January 11 and 23, 1973. There is an excellent corre- 
lation (Fig. 11)between the numbers of microearthquakes observed 
on a standard seismigraph (J. KIENLE, personal communication, 1973) 
and those counted on the third most sensitive event counter channel. 
The two mgst sensitive counter channels were inoperative because of 
an electronic oscillation caused by low temperature that was not dis- 
covered until it was impractical to reach the instrument in the win- 
ter. Since the third channel is 16 times less sensitive than the most 
sensitive channel, the number of events counted would be on the or- 
der of 16 times less than the number of earthquakes counted on the 
seismograms. The actual difference is a factor of 22 and depends on 
the value b of this particular swarm and the amplifications set in the 
two different instruments. 

No significant change in volcanic activity was noted to accom- 
pany or follow this swarm. Augustine is an island that is uninhabited 
in the winter, however, so that a minor eruption might well go unde- 
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tected. This volcano has been quite active since a violent explosion in 
1883 during which a mud flow, or lahar, generated a destructive tidal 
wave (KIF_~LE, e t  al., 1971). A lava dome has continued to grow in the 
central crater by over 85 meters since 1957. This swarm clearly illus- 
trates why a two or even three orders of magnitude change in seis- 
micity does not necessarily allow one to predict a specific eruption. 
However, such a change does indicate, particularly when these swarms 
occur regularly, that this volcano is very active and has a relatively 
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Fro. 1 1 -  A histogram of (a) earthquakes counted on short period seismograms from 
standard seismograph, Augustine Volcano, Alaska (J. KIENL~, personal com- 
munication, 1973), and a histogram of (b) events detected by a multilevel 
seismic event counter showing excellent correlation on the third most  sensi- 
tive channel of detection. 

high potential for eruption. After the seismic activity has been moni- 
tored for a period of months and years at a given volcano, it should 
be possible to say with some certainty whether an eruption is likely 
in terms of days, weeks, months, or years. 

The number of seismic event counts recorded at Santiaguito Vol- 
cano in Guatemala from March through mid-October, 1973, are shown 
in Fig. 12. The number of events increased by about an order of mag- 
nitude three times, hut each of these periods was accompanied by 
a significant number of noise counts. Thus, no changes in the event 
counts in Fig. 12 stand out as designating changes in seismicity. The 
seismicity in this region does, however, stand out as generally high. 

ROSE (1974) described a nu6e ardente eruption of Santiaguito on 
April 19, 1973, that was the largest since 1929. The eruption occurred 
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on a cloudy night  and was not  observed. Only steady rumbl ing and  
a s t rong odor  of SO2 were detected by inhabi tants  7 km to the south. 
The deposit  appeared to originate f rom the Caliente Vent area of 
Santiaguito.  A second, smaller  nude ardente  occurred o n  September 
16, 1973, and originated at  the toe of a lava flow coming off of the 
dome. Rose and BoNIs (personal communicat ion,  1973)suggest  the 
possibility tha t  both of these nude ardentes  may have originated at  or  

~_~°~ 1 ,g ...,L'~3 "E.u.r,o.', ~ ~6 sterE~BE.'z~ "E.0Pr,~N" 

A P r i L  ~ & Y  ,1 ~J KE JULY A~G~$¥ i S~pyE~||mr , 
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FIG. 12- Histograms of seismic event counts and noise counts for two channels 
of a seismic event counter installed within 7 km of an active dacite dome 
at Santa Maria Volcano in Guatemala (Channel 2 shaded). 

very near the surface and may  not be related directly to changes in 
the volcano at  depths where  ear thquakes  typically occur. 

Seismic events associated with  the erupt ion of Volcfin Fuego in 
Guatemala  are shown in Fig. 13. This volcano erupted on February 
22, 1973, only nine days af ter  the event counter  w.as installed. The 
small  erupt ion ended on March 2 and  was confined only to the sum- 
mit  area. 

An order  of magni tude  increase in seismic events was observed 
on the low gain (second most  sensitive) channel  five days before the 
erupt ion and a similar, but  larger, increase occurred on the high gain 
(most  sensitive) channel. These seismic events can be assumed to be 
most ly  ear thquakes  since very few noise counts  were recorded at the 
same time. A similar bu t  smal ler  increase was noted on a counter  
operat ing 15 km away f rom Fuego, bu t  no change at  all was noted 
on a counter  30 km away. Thus the change in seismicity was obviously 
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in the vicinity of Fuego. During the e rup t ion  the  n u m b e r  of  events  
remained high, bu t  af ter  the erupt ion  very few events were  recorded.  
It  seems reasonable  to assume that  the level of activity pr ior  to Feb- 
ruary  13 was low and similar  to that  af ter  March 4, bu t  there  is no 
way  to be sure. 

A se ismograph installed next to the event  coun te r  on Fuego began 
opera t ing  four  days af ter  the erupt ion  began. The level of harmonic  
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FIe;. 13 - H i s t o g r a m s  of  s e i smi c  even t  c o u n t s  a n d  no i se  c o u n t s  [or  two  c h a n n e l s  o[  a 
s e i s m i c  even t  c o u n t e r  ins ta l l ed  n e a r  Volcan  F u e g o  in G u a t e m a l a  in ear ly  
1973. Note  the  inc rease  in s e i s m i c  ac t iv i ty  d u r i n g  the  e r u p t i o n  w h i c h  began  
in F e b r u a r y  22, 1973. A h i gh  gain  s h o r t  pe r iod  s e i s m o g r a p h  ins ta l led  a d j a c e n t  
to the  even t  c o u n t e r  r eco rded  tl~e re la t ive  ciaanges in the  level o[  h a r m t m i c  
t r e m o r .  I n t e r v a l s  of  e r u p t i v e  ac t iv i ty  a re  ind ica ted .  

t r emor  or  ground noise that  is commonly  bel ieved to be associa ted 
with underground  movement  of lava w, as approximate ly  100 t imes 
greater  than the background  seismic noise one month  af ter  the erup- 
tion. As expected, there  are large number s  of event  counts  and noise 
counts  on the two mos t  sensitive channels during the per iods  of high 
t remor .  
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On March 18, two peaks of over 150 event counts recorded on 
the highest gain counter  chanrml correspond to a period of increased 
tremor.  There are no noise counts to suggest that  this is a period of 
high ground noise. Such a condit ion occurs when the signal level is 
jus t  high enough to occasionally trigger event counts but  does not re- 
main  above the detection level longer than a minute  to trigger noise 
counts. These peak in event counts can be readily identified as spu- 
rious, however, because there are not sufficient corresponding counts 
on the next most  sensitive channel. 

This example from Fuego shows one type of increase in seismic 
activity pr ior  to erupt ions that  a surveillance system might  monitor ,  
except that the  t ime between the increase in seismicity and the erup- 
tion might, f rom historic accounts, be expected to increase as the size 
of the eruption and thus the volcanic hazard increases. As recording 
continues, long-term changes in seismicity from year to year should 
be very significant for delineating changes in the state of volcanic 
activity at different volcanoes. 

S y s t e m  E v a l u a t i o n  

The cost of installing an event counter,  t i l tmeter,  and satellite 
t ransmit ter  on a volcano in some quantity is about  $ 5,000 or roughly 
similar to installing this equipment  with analog recorders located near  
the volcano. The yearly maintenance cost for the satellite telemetry 
equipment  would at most  be a small fraction of the cost of main- 
taining local on-site recording, however. Furtherm.o,re, experience dur- 
ing this project  clearly demonstrates  that the satellite telemetry system 
is substantially more reliable than on-site recording methods  commonly  
used now unless a skilled technician is available in every region to 
maintain the equipment .  This high reliability of the satellite relay 
system stems primarily f rom the fact that  the self-contained, small 
event counters,  t i l tmeters,  and transmit ters  that  can be located almost 
anywhere and, based on experience in this study, are less susceptible 
to bat tery failure and to damage by lightning, vandalism, and climatic 
extremes than are equivalent systems connected to local recording sta- 
tions by cable, telephone lines, or radio. The satellite system provides 
for rapid data collection and rapid analysis by specialists. The stand- 
ard local recording techniques provide more  data when the equip- 
ment  functions properly but  the equipment  can be expected not  to 
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function for long periods of time unless skilled technicians are paid 
to be available at any time for repairs. Thus the maintenance of a local 
analog recording system would cost at least an order of magnitude 
greater more than maintaining the satellite system. 

A satellite volcano surveillance system has two principal purposes: 
basic research and early warning of increased hazard. Basic re- 
search ultimately is aimed at providing more reliable early warning 
and even specific predictions of eruptions. The need for early warning 
is probably best served by a satellite system with rapid data relay, in 
which a few specialists could examine the data rapidly and notify 
local scientists or officials when abnormal activity is noted. The need 
for basic research might best be served by on-site recording or by 
spending the same dollars on more intensive studies of fewer volca- 
noes. In order to weigh these considerations, continuing research is 
directed toward demonstrating the types and reliability of data collect- 
ed by the different approaches and determining how complete the 
data, for example on seismicity, could be made by fur ther  develop- 
mcnt of on-site data processing schemes. 

The economic impact of a global volcano surveillance system is 
diflicult to estimate reliably. Such a system would safeguard lives and 
reduce loss of mobile property by providing an early warning of the 
reawakening of a volcano and criteria for judging the degree of unrest 
of each volcano. Such information would aid in minimizing the dis- 
ruption to the local economy caused by a volcanic eruption. Loss of 
life depends critically on the location of population centers near vol- 
canoes. As populations increase, so do concentrations of people on and 
near the fertile flanks of rnany volcanoes. Thus the exposure to vol- 
canic hazards continues to increase. Furthermore, as construction of 
facilities such as the nuclear power plant just west of Mr. St. Helens 
in Washington State proceeds, it becomes increasingly important that 
early warning of an eruption is sufficient to consider closing down 
such reactors. The ultimate risk from many volcanoes may be dam- 
age and loss of life resulting from failure of dams, nuclear power 
plants, and other facilities caused by eruptive activity. An average of 
sever.al hundred people per year have been killed by volcanoes during 
the last 500 (VAN BEMMELEN, 1949) and 1000 (R. DECKER, personal 
communication, 1974) years. Specific eruptions may kill over a hun- 
dred times this number of people in one small area and cause extreme- 
ly large and concentrated economic loss. Even the reduction by a 
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few percent  in the number  of deaths f rom volcanic eruptions might  
~, pay ,, the cost of a global volcano surveillance system. 

The direct criteria for judging the degree of unrest  of various 
volcanoes provided by such a surveillance system would  aid in land- 
use pl'anning for regions around volcanoes. Construction and devel- 
opment  should proceed, i.f no other  choice is possible, on those vol- 
canoes showing the least amount  of activity over several years and 
should be avoided around those volcanoes showing the  greatest amount  
of activity or showing rapid changes in activity. 

A global volcano surveillance system would also focus use of 
available resources on detailed studies of volcanoes that  have the 
higest probabil i ty of erupting, increase the efficiency of research on 
prediction of specific volcanic eruptions,  and thus decrease the related 
costs in dollars and manpower.  With present  technology it is feasible 
to install large, temporary,  portable networks of ins t ruments  rapidly 
anywhere in the world. Several international teams of experts could 
be established to study those volcanoes m o s t  likely to erupt.  These 
teams could move rapidly into areas where eruptions are considered 
imminent  not only for research purposes but  to advise local leaders 
regularly and rapidly on the probability and possible scope of a po- 
tential eruption. The reliability of such predictions should increase 
rapidly with a global surveillance system for focusing use of the re- 
search funds and taJents of many  different countries. 

Conclusions 

A global volcano surveillance system is now technologically and 
economically feasible but  more  work is required to demonstra te  that  
such a system will be effective and reliable for predict ing eruptions. 
More specific results are as follows: 

a) A new seismic event counter  that reliably indicates order of 
magni tude changes in seismicity has been designed, deployed at 19 
locations, and thoroughly tested. This event counter  is significantly 
more  reliable than any such system previously available. 

b) A t i l tmeter  that  can be installed quickly and easily has been 
successfully deployed at seven remote locations and shown to operate 
reliably and stably for at least a year. 

c) The seismic event counters and ti l tmeters have been inter- 
faced with satellite t ransmit ters  and installed simply, reliably, and 
securely in remote areas and in many environmental  extremes. 
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d) The ins t rumenta t ion  has worked extremely well, but  expe- 
rience developed in this project  is being used to develop even more  
reliable design, construction,  and installation techniques. Even though 
we conclude that  a global system is technologically feasible, there are 
still many details in design that need to be worked out  in an orderly 
development program. 

e) Local earthquakes were detected on all volcanoes moni tored  
in this study, suggesting that even the volcanoes of the Cascade Range 
are not  extinct. 

f) An order of magni tude increase in seismicity was observed 
several days pr ior  to the erupt ion of Volcfin Fuego in Guatemala in 
February, 1973. 

g) Tilts of f rom 20 to 150 microradians were observed on the 
volcanoes Kilauea, Fuego, and Pacaya. 

h) A volcano surveillance system moni tor ing seismicity and tilt 
at 1000 locations around the world could be installed and operated 
for five years at a cost of about $ 11 million it the satellite relay sys- 
tem were shared with many users. This expense might be shared by 
many countries. 

The results of this initial project  are extremely encouraging. It 
appears that a global volcano surveillance system utilizing satellite 
telemetry may be very practical and desirable and that it offers a 
radically new approach to the surveillance of potentially hazardous 
volcanoes. Considerable evaluation and development still needs to be 
done, however, to demonstra te  just  how valuable such a system would 
be and how soon it should be built. 
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