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Abstract  

Ocean bottom seismometer measurements on the  southern Juan de Fuca Ridge and the  
southern Gorda Ridge show both a reas  t o  be se i smica l ly  a c t i v e .  Swarms of earthquakes 
coupled w i t h  low frequency tremor c h a r a c t e r i z e  the  s e i s m i c i t y  of the  the  Southern Juan 
de Fuca, and a r e  probably assoc ia ted  with the  volcanic system on the  r idge  a x i s .  The 
frequency of occurrence of earthquakes on the  southern Gorda Ridge is  lower than t h a t  
on t h e  nor thern  Corda Ridge or  the  Juan de Fuca Ridge, but numerous earthquakes were 
recorded.  The ep icen te r s  of earthquakes c o r r e l a t e  with f a u l t s  and volcanic  c e n t e r s  
observed on se ismic  r e f l e c t i o n  records .  These a c t i v e  f a u l t s  a r e  l i k e l y  zones of 
hydrothermal c i r c u l a t i o n  and s u l f i d e  depos i t ion  because they provide permeable 
pathways f o r  f l u i d  f low. Seismic r e f r a c t i o n  measurements on t h e  southern  Juan de Fuca 
Ridge suggest  t h a t  the  b a s a l t  wi th in  1 . 2  km of the  sea f loor  is highly  porous, thus  
al lowing e f f i c i e n t  flow of hydrothermal f l u i d s .  



In t roduct ion 

In  J u l y ,  August, and September of 1985 se ismic  experiments were c a r r i e d  out on 
the  southern Juan de Fuca Ridge and the  southern Gorda Ridge. The goal of these  
experiments was t o  c h a r a c t e r i z e  t h e  se i smic i ty  and se ismic  s t r u c t u r e  assoc ia ted  w i t h  a  
midocean r idge  hydrothermal vent f i e l d  and t o  use those  c h a r a c t e r i s t i c s  t o  help  l o c a t e  
po ten t i a l  s i t e s  of vent ing.  There is increas ing evidence t h a t  many r i d g e c r e s t  vent 
systems a r e  a ssoc ia ted  w i t h  a c t i v e  f a u l t  systems t h a t  provide a  permeable pathway f o r  
f l u i d  c i r c u l a t i o n  (Rona e t  a l . ,  1986).  In  a d d i t i o n ,  magmatic systems t h a t  provide the 
heat  source f o r  hydrothermal systems a r e  known t o  genera te  s i g n i f i c a n t  se ismic  
a c t i v i t y .  The d e l i n e a t i o n  of a c t i v e  a reas  using a  microseismic network of ocean 
bottom seismometers was the  primary o b j e c t i v e  of the work descr ibed here .  

Instrumentat  ion 

The major t o o l  f o r  microseismic surveys i n  the  ocean i s  the  ocean bottom 
seismometer (OBS). During t h e  experiments described here 3  d i f f e r e n t  types of OBS 
were used . The f i r s t  type records  da ta  from a  v e r t i c a l  and one hor izon ta l  geophone, 
a  hydrophone, and time code on magnetic tape  i n  a  continuous analog fash ion .  I t  has 
the  advantage t h a t  a  continuous record is  produced, but s u f f e r s  from l imi ted  dynamic 
range,  frequency response and recording f i d e l i t y .  S t a t i o n s  l abe led  S3, S14, and S23 
use instruments of t h i s  type .  A second type of instrument con ta ins  a  microprocessor 
system t h a t  d i g i t a l l y  records  d a t a  from a  v e r t i c a l  geophone , 2 orthogonal hor izonta l  
geophones, and a  hydrophone. I t  has the  advantage of recording a l l  th ree  components 
of ground motion wi th  super io r  f i d e l i t y ,  but has l i m i t e d  record ing  t ime.  Data is  thus 
s e l e c t i v e l y  recorded based on e i t h e r  predetermined recording windows or on a  t r i g g e r  
system which compares the  cur ren t  s i g n a l  w i t h  the  average background no i se  and 
t r i g g e r s  recording when l a r g e  s i g n a l s  a r e  detected.  S e l e c t i n g  an algori thm which 
records  the  des i red  events  but excludes noise  burs t s  is the  most d i f f i c u l t  pa r t  of 
s e t t i n g  up t h i s  system. S t a t i o n s  l abe led  S21 and S22 a r e  of t h i s  type .  The t h i r d  
type of instrument is  r e a l l y  a  v a r i a t i o n  of the  second type.  The d i g i t a l  recording 
system is i d e n t i c a l ,  but the  on ly  sensor is a  hydrophone. The package of geophone 
sensors  f o r  t h i s  instrument was l o s t  on a  c r u i s e  l e g  j u s t  p r i o r  t o  t h i s  work and could 
not be replaced i n  t ime.  S t a t i o n s  l abe led  S20 a r e  of t h i s  type .  

A l l  of the  instruments a r e  deployed i n  a  s i m i l a r  package. The instrument 
pressure  case  and f l o a t a t i o n  spheres  a r e  a t t ached  t o  a framework which is i n  t u r n  
a t t ached  t o  a  cement anchor with dual  burn wire  r e l e a s e s .  The package is allowed t o  
f r e e - f a l l  t o  t h e  s e a f l o o r .  A t  recovery time t h e  anchor is r e l e a s e d  and t h e  package 
r e t u r n s  t o  the  s u r f a c e .  Release can be t r i g g e r e d  e i t h e r  by a c o u s t i c  command o r  by 
dual  i n t e r n a l  t imers .  A l l  u n i t s  have a c o u s t i c  transpond c a p a b i l i t y ,  and the  d i g i t a l  
u n i t s  can a l s o  t r ansmi t  d iagnos t i c  information a c o u s t i c a l l y  from the  s e a f l o o r .  

F i e l d  Operations 

Ocean bottom seismometers were deployed on two c r u i s e  l e g s  of the S. P .  LEE 
during t h e  summer of 1985. The s h i p  l e f t  Redwood C i t y ,  Ca. J u l y  27 and proceeded 
d i r e c t l y  t o  the  southern  Juan de Fuca Ridge. The work a r e a  was centered a t  4 4 '  4 0 '  N 
l a t i t u d e  and 130' 20 '  W l ong i tude .  Previous i n v e s t i g a t i o n s  had shown the  ex i s t ence  of 
a t  l e a s t  5 a c t i v e  vents i n  t h i s  a r e a .  Ocean bottom seismometers were deployed i n  t h e  
p a t t e r n  shown i n  f i g u r e  1 .  Three were placed a long the  a x i s  of the  r idge  (S20, S21, 
and S23) .  S2O and S21 were placed on the  shee t  flows of the  r i f t  va l l ey  adjacent  t o  
the  a x i a l  c l e f t  i n s i d e  of which the  known vents  a r e  l o c a t e d .  S23 was dropped i n t o  t h e  
c l e f t  i t s e l f .  S3 and S14 were deployed approximately 5 km o f f - a x i s  i n  the  bordering 
h i l l s .  Deployment opera t ions  were hindered by heavy weather which made l abora to ry  
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Figure 1. Locations of ocean bottom seismometers deployed on the 
southern Juan de Fuca Ridge. The circles are identified 
sites of hydrothermal venting. S 2 1 ,  S 2 2 ,  and S 2 0  were 
digital recording instruments. S 1 4  and S23 were analog 
continuous recording instruments. S3 was not recovered. 
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opera t ions ,  deck work, and s h i p  pos i t ion ing  d i f f i c u l t  . 
After deployment of the f i r s t  5 u n i t s ,  2 r e f r a c t i o n  p r o f i l e s  were sho t  using an 

a r ray  of a i rguns  w i t h  approximately 1500 cubic  inches of t o t a l  capac i ty .  One p r o f i l e  
was shot  along the  a x i s  of the r i d g e  and the  second was shot perpendicular  t o  the  
r i d g e .  After the  r e f r a c t i o n  shoo t ing ,  a  s i x t h  ocean bottom seismometer was deployed 
(S22) near the  center  of the a r e a .  Again t h i s  un i t  was placed on t h e  shee t  flows 
adjacent  t o  the  a x i a l  c l e f t .  After a d d i t i o n a l  unre la ted  opera t ions  were conducted i n  
the  Blanco Frac tu re  Zone, the  S.  P .  LEE re turned t o  the a rea  t o  recover the  ocean 
bottom seismometers. A l l  u n i t s  except S3 were recovered.  S3 d i d  not  su r face  a t  the  
appropr ia te  time and t h e r e  was no a c o u s t i c  con tac t .  Given the  r e l i a b i l i t y  of the 
r e l e a s e  mechanism ( t h i s  was the  only  l o s s  i n  21 deployments t h i s  summer) and the  
redundancy of systems,  the  most probable cause f o r  the  l o s s  was t h a t  the  u n i t  had 
s u r f  aced e a r l i e r  and f l o a t e d  away. Poss ibly  t h i s  happened r i g h t  a f t e r  deployment when 
impact with the  bottom might have broken the  anchor loose .  While we were i n  t h e  
genera l  a r e a  a f t e r  launch,  the  heavy s e a  condi t ions  probably would have prevented us 
from s p o t t i n g  t h e  instrument a t  t h e  s u r f a c e .  

Data recovery on the  recovered instruments was i n  general  poor. S14 funct ioned 
c o r r e c t l y  and provides a  continuous da ta  record throughout the  deployment. S21 
recorded the  r e f r a c t i o n  p r o f i l e s ,  and a smal l  number of se ismic  even t s  t r i g g e r e d  
recording.  However i t  stopped t r i g g e r i n g  s h o r t l y  a f t e r  the  r e f r a c t i o n  work. S22 
recorded a  s e r i e s  of events  immediately a f t e r  deployment, but then i ts  tape ' d r i v e  
jammed. Times of t r i g g e r i n g  even t s  were s t i l l  recorded i n  i t s  computer memory and 
recovered s o  t h a t  we have a  record of a c t i v i t y  frequency,  but we have waveforms 
recorded on only the  f i r s t  few events .  520 c o l l e c t e d  no d a t a  because an i n s u l a t i n g  
connector was l e f t  off  a t  deployment time. The computer r e s e t  a s  the  instrument h i t  
the  water.  S23 developed a  tape  recorder  problem j u s t  a f t e r  deployment and recorded 
no d a t a .  In summary, one instrument recorded a  complete r ecord  and 2 o t h e r  
instruments recorded p a r t i a l  r ecords .  Despi te  t h e s e  problems, t h e  d a t a  recovered 
provide a  valuable and i n t e r e s t i n g  d a t a  s e t .  

The second c r u i s e  l e g  l e f t  Newport, Oregon on September 3. We proceeded d i r e c t l y  
t o  the  work a r e a  on the  southern  Gorda Ridge a t  4 1 '  N l a t i t u d e  and 127' 30 '  W 
long i tude .  We immediately began deployment of 5 ocean bottom seismometers,  
i n t e r s p e r s e d  with cor ing and se i smic  r e f l e c t i o n  opera t ions .  Figure 2 shows the  
d i s t r i b u t i o n  of seismometers f o r  t h i s  deployment. The ins t ruments  were spaced 
approximately 15 km apar t  i n  an at tempt t o  do a  reconnaissance l e v e l  survey.  Unlike 
the nor thern  Corda Ridge f o r  which t h i s  p ro jec t  was o r i g i n a l l y  proposed, we had no 
previous da ta  t o  allow us t o  concentra te  our e f f o r t s  on one a r e a .  By expanding the  
a r r a y ,  we were t r a d i n g  o f f  l o c a t i o n  accuracy and earthquake magnitude d e t e c t i o n  
threshold  f o r  a r e a l  coverage. After  being i n  place f o r  6 days ,  t h e  ins t ruments  were 
recovered.  

S21A and S14A both recorded throughout the  per iod.  S23A recorded f o r  about 18 
hours a f t e r  deployment before i t  su f fe red  a  t ape  jam. Unfor tunate ly ,  i t  was the  f i r s t  
instrument deployed and thus  provided recording over lap  of only  about 10 hours w i t h  
S14A and no over lap  w i t h  S21A. S22A and S20A both s u f f e r e d  t ape  jams and recorded no 
waveforms, however both recorded the  times of t r i g g e r i n g  even t s  and t h e r e f o r e  provided 
d a t a  on a c t i v i t y  frequency l e v e l s .  The problem of tapes  jamming was p a r t i c u l a r l y  
perplexing.  Before t h i s  summer's work i t  had happened on ly  twice i n  a l l  of our work 
d a t i n g  back t o  1980. We were never ab le  t o  d u p l i c a t e  t h i s  f a i l u r e  mode i n  t h e  
l a b o r a t o r y .  Before redeploying the  ins t ruments ,  we conducted some t e s t s  i n  t h e  
r e f r i g e r a t e d  core  van. These showed t h a t  t h e  source  of the  problem was a  p l a s t i c  
i n s e r t  i n  a  pul ley  t h a t  loosened under low temperature cond i t ions  due t o  d i f f e r e n t i a l  



Figure 2. Location of ocean bottom seismometers deployed on the 
southern Gorda Rldge on the initial deployment. The dark 
lines are the 3000 meter contours that define the axial 
valley. The light outlines are volcanic edifices identified 
from seismic reflection records. 



shrinkage.  A small amount of epoxy f i x e d  the  problem. 

Since the  da ta  from the  f i r s t  deployment d id  not conclus ively  show any "hotspots"  
of se ismic  a c t i v i t y  on i n i t i a l  inspec t ion ,  we decided t o  redeploy a  second smal ler  
network i n  the  same a r e a ,  where we could take  advantage of the  transponder network 
deployed f o r  camera and heat  flow work. Figure 3 shows t h e  l o c a t i o n  of instruments i n  
the second network. After  deployment, a s e t  of two r e f r a c t i o n  p r o f i l e s  were shot 
using the  airgun a r r a y  source .  One p r o f i l e  was o r i e n t e d  along t h e  r idge a x i s  and the  
o the r  was o r i en ted  perpendicular  t o  i t .  After about 4 days the instruments were 
recovered. S21 B, S20B, S238, and S14B recorded p e r f e c t l y  throughout the  deployment. 
S22B recorded the  r e f r a c t i o n  d a t a  on a l l  but the  v e r t i c a l  geophone channel. Since 
unscheduled events  a r e  t r i g g e r e d  on the v e r t i c a l  channel ,  which was not working, no 
t r i g g e r i n g  events  were recorded on t h i s  ins t rument .  

Data Reduction and Analysis  

Unlike many methods of geophysical surveying t h a t  provide rea l - t ime records  f o r  
i n t e r p r e t a t i o n ,  the  d a t a  t a p e s  from ocean bottom seismometers r e q u i r e  s u b s t a n t i a l  
processing before the  information can be eva lua ted .  This processing can only be 
accomplished by p u t t i n g  t h e  d a t a  i n  a  computer compatible form. For the  d a t a  from 
d i g i t a l  instruments t h i s  is  l e s s  of a  problem. The d a t a  is  a l ready  recorded on the  
f i e l d  t a p e s  i n  d i g i t a l  form and needs only  t o  be t r a n s c r i b e d  t o  s tandard computer 
media (9- t rack t a p e ) .  

However the  analog recorded d a t a  needs t o  be d i g i t i z e d  by a computer system. 
Since  i t  i s  impossible t o  d i g i t i z e  the  continuous record ( t h i s  would r e q u i r e  hundreds 
of t a p e s ) ,  we must f i r s t  s e l e c t  the  d a t a  t o  conver t .  We do t h i s  i n  the  same way t h a t  
an instrument opera t ing  on the  s e a f l o o r  would; t h a t  is  by using an event de tec t ion  
a lgor i thm.  A master l i s t  is  then c rea ted  from t r i g g e r i n g  even t s  occurr ing on any of 
t h e  instruments ( d i g i t a l  and analog)  and the  por t ions  of the  analog t a p e s  
corresponding t o  the  l i s t  a r e  d i g i t i z e d .  After c o r r e c t i o n s  f o r  instrument clock 
d r i f t ,  t he  t r ansc r ibed  d i g i t a l  t apes  and the  d i g i t i z e d  analog t apes  a r e  used a s  the 
da ta  base f o r  a l l  f u t u r e  a n a l y s i s .  

Analyses of the r e f r a c t i o n  and s e i s m i c i t y  d a t a  a r e  very d i f f e r e n t  a f t e r  t h i s  
point .  For r e f r a c t i o n  d a t a ,  the  known o r i g i n  time and l o c a t i o n  of the  source  is 
combined wi th  the  recorded d a t a  t o  form a  record s e c t i o n  showing the  change i n  t r a v e l  
time and waveform w i t h  sho t - rece ive r  separa t ion .  Travel  t imes of the  phases a r e  then 
picked from an i n t e r a c t i v e  graphics  terminal  and,  a f t e r  c o r r e c t i o n  f o r  bathymetry and 
sediment th ickness ,  a r e  inver ted  f o r  se ismic  v e l o c i t y  as  a f u n c t i o n  of depth.  

For the  s e i s m i c i t y  d a t a ,  seismograms a r e  p l o t t e d  on a  graphics  terminal  and,  where 
the  d a t a  a r e  of s u f f i c i e n t  q u a l i t y ,  phases a r e  i d e n t i f i e d  and t h e i r  a r r i v a l  times a t  
the  s t a t i o n s  picked. These a r r i v a l  times a r e  then used t o  l o c a t e  the  earthquake using 
a  computerized l o c a t i o n  program. The d a t a  a r e  o f t e n  i n s u f f i c i e n t  t o  determine an 
a c t u a l  l o c a t i o n ,  but conta in  information about the  d i s t ance  of the  event from a  given 
s t a t i o n  o r  t h e  azimuth from the  ep icen te r  t o  t h e  network. Addi t ional  information 
concerning the  subsurface  v e l o c i t y  s t r u c t u r e  i s  necessary f o r  computation of the  
l o c a t i o n .  T h i s  information is provided by t h e  se i smic  r e f r a c t i o n  l i n e s  and,  i n  the  
Case of the  sedimented southern  Gorda Ridge, from the  se i smic  r e f l e c t i o n  p r o f i l e s .  

Resu l t s  

Southern Juan de Fuca Ridge 



Figure 3. Location of ocean bottom seismometers deployed on the 
southern Gorda Ridge on the second deployment. The dark 
lines are the 3000 meter contours that define the axial 
valley. The light outlines are volcanic edifices identified 
from seismic reflection records. 



Figure 4 shows a  p lo t  of the observed se ismic  a c t i v i t y  l e v e l s  on the  southern 
Juan de Fuca Ridge. The instrument a t  s t a t i o n  S14 provides the  best record  of 
a c t i v i t y  l e v e l s  because i t  recorded continuously.  Typical background l e v e l s  a r e  about 
one t r i g g e r i n g  event per hour. During a  24 hour period on August 2 and 3 recorded 
l e v e l s  reached almost  200 events  per 6 hour period.  Figure 5 i s  a  s e c t i o n  of the 
waveform recorded from a  v e r t i c a l  geophone a t  the  beginning of t h i s  a c t i v i t y ,  and 
shows t h a t  the a c t i v i t y  i s  almost continuous. In f a c t ,  the  l e v e l s  shown i n  f i g u r e  4 
a r e  an underest imate of the  a c t u a l  number of even t s  because the  event de tec t ion  
algorithm considers  a l l  t r i g g e r s  detected wi thin  a  30-second window a s  a  s i n g l e  event .  
Iden t i fy ing  phases t h a t  would allow one t o  c o n s t r a i n  t h e  l o c a t i o n  of these  even t s  is 
very d i f f i c u l t  because of in te r fe rence  from mul t ip le  even t s .  However, the  waveforms 
a r e  not incons i s t en t  with the  events  having occurred on t h e  r i d g e c r e s t  a t  a  d i s t ance  
of 5 km from S14. 

S22 was deployed i n  during the  middle of t h i s  swarm of a c t i v i t y .  The p a t t e r n  of 
event t r i g g e r s  on t h a t  instrument a l s o  i n d i c a t e s  a  peak i n  a c t i v i t y  e a r l y  on August 3 .  
Comparison of the a c t u a l  numbers of t r i g g e r s  on S22 and S14 i s  not va l id  a s  an 
i n d i c a t i o n  of t h e  r e l a t i v e  a c t i v i t y  l e v e l s  i n  t h e  two a r e a s  because the  event 
de tec t ion  a lgor i thms f o r  the  d i g i t a l  and analog systems a r e  d i f f e r e n t .  However the  
da ta  from S22 do provide evidence f o r  an earthquake swarm i n  the  a rea  on August 3. 

The waveforms from the  events  recorded on S22 before  the  tape jammed a r e  
extremely i n t e r e s t i n g  (Figure  6 ) .  I n  a d d i t i o n  t o  high frequency ( > 5  h z )  s i g n a l s  
normally assoc ia ted  with microearthquakes, t h e r e  i s  a  s i g n i f i c a n t  amount of low 
frequency (1-2 h z )  energy. I n  some cases t h i s  energy appears t o  be a  general  
background no i se  upon which the  high frequency s i g n a l s  a r e  superimposed, but i n  o the r  
cases ,  i t  appears t o  s t a r t  a t  t h e  same time a s  the  high frequency s i g n a l s .  Such low 
frequency s i g n a l s  have been observed on s u b a e r i a l  volcanic  systems i n  t h e  form of 
harmonic tremor and low frequency earthquakes.  A t  M t .  S t .  Helens these  types  of 
SikTalS have been observed on ly  i n  conjunction wi th  e r u p t i v e  cyc les  (Fehler and 
Chouet, 1982). The low frequency energy is genera l ly  thought t o  be caused by a  
resonance phenomenon i n  magma f i l l e d  cracks or  chambers (Chouet , 1981 1. Theref o r e  one 
explanat ion f o r  our  t h e  August 3 event is  t h a t  i t  r e p r e s e n t s  t h e  i n t r u s i o n  or erupt ion 
of magma along the  r i d g e c r e s t .  The low frequency i n  the  earthquake may be caused by 
resonance i n  a  f l u i d  f i l l e d  crack and the  high frequency b u r s t s  may be caused by 
f r a c t u r i n g  a s s o c i a t e d  with the  propagation of t h a t  crack.  

The instrument a t  S21 recorded only 8 event  t r i g g e r s  because dur ing most of its 
recording period i t  was opera t ing  i n  window mode f o r  t h e  r e f r a c t i o n  shoot ing.  
However, those  even t s  t h a t  i t  d id  record look very much l i k e  those  a t  S22 i n  t h a t  they 
d i sp lay  s i g n i f i c a n t  amounts of low frequency energy.  We have not observed events  of 
t h i s  type a t  any o t h e r  l o c a t i o n .  Since both S21 and S22 a r e  very c l o s e  t o  a c t i v e  
hydrothermal ven t s ,  we cannot exclude the  p o s s i b i l i t y  t h a t  the  anomalous earthquakes 
a r e  a ssoc ia ted  w i t h  the  hydrothermal systems r a t h e r  than d i r e c t l y  with t h e  magmatic 
system. However, the  recording of swarm a c t i v i t y  by the  o f f - r idge  instrument (S1 4 )  
i n d i c a t e s  t h a t  t h e  source  of the  a c t i v i t y  need not be immediately ad jacen t  t o  the 
recording s t a t i o n .  

The r e f r a c t i o n  d a t a  from S21 a r e  of p a r t i c u l a r l y  high q u a l i t y .  Very few 
r e f r a c t i o n  surveys have been s u c c e s s f u l l y  completed d i r e c t l y  on a  r idge  a x i s  because 
of genera l ly  rough bathymetry. The data  s e t  t h a t  we obta ined along the  f l a t  lava  
p l a i n  is one of the  best  yet c o l l e c t e d  f o r  s tudying uppermost c r u s t a l  s t r u c t u r e  a t  the  
r idge  a x i s .  Figures 7,  8 ,  9 ,  and 10 show record s e c t i o n s  of the  raw d a t a  f o r  the  l i n e  
shot  along the  r idge  a x i s .  The presence of low frequency noise  (poss ib ly  t remor)  can 
be seen i n  t h e  p r o f i l e  sho t  t o  the  south of the ins t rument .  To both t h e  nor th  and 
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Figure 4. Histograms of activity levels recorded on the southern 
Juan de Fuca Ridge. The large peak on August 3 is an 
intense earthquake "swarm". 
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Figure 5. Waveforms recorded on the vertical geophone of S14 at the 
beginning of the swarm noted in figure 4. Each line 
represents 30 seconds of data with time increasing from 
left to right and top to bottom. Almost 7 minutes of 
data are displayed. Note the almost continuous activity. 
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Figure 6. Waveforms recorded on S22 (ridge axis) during the earthquake 

swarm activity. Two separate events are shown. In the upper 
event, high frequency bursts are superimposed on a low 
frequency tremor-like signal. In the lower event, the 
low frequency signal seems to start at the same time as 
high frequency signal. This behavior is similar to that 
of long period earthquakes from subaerial volcanic 
sys terns. 
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Figure 7. Reduced time record section of refraction data from S21. 
The shots on this line are to the north of the instrument. 
The energy at about 1.8 seconds between 2 and 13 km is 
being refracted as a compression~l wave through the upper 
2 km of the crust. This is a vertical geophone recording. 
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south  of S21 we see  a  s i m i l a r  pa t t e rn .  The d i r e c t  water a r r i v a l  is  t h e  f i r s t  a r r i v i n g  
phase f o r  the  f i r s t  1.5 km of the p r o f i l e .  From 1 . 5  t o  8 km the f i r s t  a r r i v a l  is a  
wave r e f r a c t e d  i n  the  b a s a l t .  A curve connecting the  f i r s t  observable  s i g n a l  on each 
seismogram has a  concave downward shape,  which requ i res  a  gradual  inc rease  i n  se i smic  
ve loc i ty  with depth. A t  about 8 km range t h e  f i r s t  a r r i v a l  decreases  i n  amplitude 
below the  noise  l e v e l  and a  l a t e r  phase with higher phase v e l o c i t y  becomes the f i r s t  
a r r i v a l .  T h i s  r e q u i r e s  a  sha rp  decrease i n  the  ve loc i ty  g rad ien t  a t  the  depth t o  
which the  rays  a r e  pene t ra t ing .  The v e l o c i t i e s  may even decrease  beyond t h i s  depth .  
S t i l l  deeper the v e l o c i t y  must again  increase  t o  genera te  t h e  energy beyond 8 km. 

Decreases i n  v e l o c i t y  with depth have been suggested a s  i n d i c a t o r s  of magma 
r e s e r v o i r s  a t  depth below r i d g e c r e s t s  (e.g.  Orcut t  e t  a1. ,1976).  However, f i g u r e s  9 
and 10 suggest  t h a t  t h i s  is not the  cause of the  ve loc i ty  S t r u c t u r e  respons ib le  f o r  
the  amplitude decrease a t  8 km. The f i g u r e s  show t h e  observed hor izon ta l  ccfnp0nent of 
ground motion and c l e a r l y  show shear  waves t h a t  propagate through t h i s  pa r t  of the  
c r u s t .  A magma r e s e r v o i r  is un l ike ly  t o  propagate shear  waves and would need t o  be 
deeper than our p r o f i l e s  sample. Multichannel p r o f i l e s  a c r o s s  the  r i d g e  i n  t h i s  a r e a  
show r e f l e c t i o n s  from deeper l e v e l s  i n  the  c r u s t  t h a t  a r e  i n t e r p r e t e d  a s  r e f l e c t i o n s  
from a  magma r e s e r v o i r  (Morton and S leep ,  1985). 

Although the  d a t a  t o  t h e  nor th  and south  of t h e  OBS a r e  s i m i l a r  i n  appearance, 
the re  a r e  smal l  d i f f e r e n c e s .  Figure 1 1  compares the  f i r s t  a r r i v a l  t r a v e l  times from 
both the  nor th  and sou th  p r o f i l e s .  Ar r iva l s  from the n o r t h  a r r i v e  s l i g h t l y  e a r l i e r  a t  
d i s t ances  beyond 4 kin range and show higher phase v e l o c i t i e s  over  t h e  same range.  
When t h e s e  d a t a  a r e  inver ted  f o r  ve loc i ty  s t r u c t u r e  ( f i g u r e  121, the  v e l o c i t y  
d i f f e r e n c e s  become apparent  a t  depths below 500 meters.  

Because of the  experimental  geometry ( su r face  s o u r c e s ) ,  no r a y s  a r e  observed a s  
f i r s t  a r r i v a l s  t h a t  t u r n  i n  the  upper 250 meters and r e t u r n  t o  t h e  r e c e i v e r  without 
having sampled the  lower se ismic  s t r u c t u r e .  We have modeled t h a t  region a s  a  l a y e r  of 
constant  v e l o c i t y  g rad ien t .  The t r a v e l  time c o n s t r a i n t s  of t h e  deeper tu rn ing  r a y s  
r e q u i r e  t h e  v e l o c i t y  a t  the  s e a f l o o r  t o  be 2.5 k m / s  and t o  i n c r e a s e  very r a p i d l y  t o  
about 4.5 k d s  a t  250 meters depth. The v e l o c i t y  then i n c r e a s e s  mclre slowly down t o  a  
depth of about 1 . 2  km, where i t  s t o p s  inc reas ing .  The t r a v e l  time d a t a  r e q u i r e s  only  
t h a t  the  v e l o c i t y  s t o p  inc reas ing ,  but the  rap id  decrease  i n  amplitude of t h e  s i g n a l s  
a t  a  sho t - rece ive r  s e p a r a t i o n  of 8 km suggests  t h a t  the  v e l o c i t y  may even decrease  
below 1 .2  km. A t  a  depth of 1.5 km t o  t h e  sou th  and 2.0 km t o  t h e  nor th ,  the  v e l o c i t y  
inc reases  r a p i d l y  t o  6.1 km/s- in  t h e  south  and 6.5 k m / s  i n  t h e  nor th .  

V e l o c i t i e s  of massive (low poros i ty )  b a s a l t s  a r e  t y p i c a l l y  5.5 k d s .  Aside from 
rock type and mineralogy, poros i ty  and temperature a r e  t h e  two f a c t o r s  most 
r e spons ib le  f o r  c o n t r o l l i n g  the  ve loc i ty  s t r u c t u r e  on t h e  r idge .  Higher p o r o s i t i e s  
w i l l  tend t o  decrease  v e l o c i t y  a s  w i l l  higher temperature.  Beneath the  r i d g e ,  
temperature inc reases  with depth and poros i ty  is l i k e l y  t o  decrease  w i t h  depth,  
producing competing e f f e c t s  on ve loc i ty .  These two f a c t o r s  a r e  not  independent. In 
a r e a s  of high p o r o s i t y ,  temperature g rad ien t s  a r e  probably low because the  c i r c u l a t i o n  
of water e f f i c i e n t l y  d i s t r i b u t e s  the hea t .  The v e l o c i t i e s  i n  t h e  upper 1 . 2  km of the  
Crust  must be con t ro l l ed  by poros i ty  changes because our d a t a  shows a  r a p i d  inc rease  
i n  Velocity w i t h  depth .  A t  t h a t  depth ,  the  se i smic  v e l o c i t i e s  a r e  t y p i c a l  of very low 
porosi ty  b a s a l t  which probably r e s t r i c t s  t h e  flow of hydrothermal f l u i d s .  The 
inc rease  i n  v e l o c i t y  a t  depths of 1.5 t o  2 km probably r e p r e s e n t s  the t r a n s i t i o n  from 
e x t r u s i v e s  t o  a  sheeted dike complex. The very low v e l o c i t y  a t  t h e  s e a f l o o r  i n d i c a t e s  
t h a t  the  near s u r f a c e  b a s a l t s  a r e  highly porous. The lower v e l o c i t i e s  t o  the  sou th  
(beneath the  vent f i e l d )  a r e  cons i s t en t  with higher thermal g rad ien t s  and poss ibly  a  
shallower heat  source .  
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Figure 11. Travel time vrs. distance plot of first arrivals picked from 
figures 7 and 8. The diamonds are data from south of the 
instrument and arrive slightly later than the plus signs 
which represent data from the north. All travel times 
have been corrected for variations in bathymetry. 
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Figure 12. The velocity models derived from inverting the travel 
time data in figure 11. The profile to the north has higher 
velocities and velocity gradients than the structure to 
the south at depths between 0.5 and 1.5 km. 
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A f u r t h e r  check on the  v e l o c i t y  models is t o  eva lua te  amplitude l e v e l s .  The 
higher ve loc i ty  g rad ien t s  t o  t h e  nor th  w i l l  t u r n  more r a y s  and should generate higher 
amplitude s i g n a l s .  Figure 13 compares the observed energy from the two p r o f i l e s ,  and 
shows t h a t  the data  from s h o t s  t o  t h e  nor th  of the  OBS a r e  considerably more e n e r g e t i c  
as expected. 

These ve loc i ty  models should provide useful  input f o r  a d d i t i o n a l  processing of 
multichannel r e f l e c t i o n  d a t a  i n  t h e  a rea .  

Southern Corda Ridge 

Because of the complex sedimentary s t r u c t u r e  over ly ing  the  volcanic basement and 
the  lower s i g n a l / n o i s e  r a t i o  of t h e  se ismic  r e f r a c t i o n  d a t a  i n  t h e  Escanaba t rough,  a  
d e t a i l e d  ve loc i ty  a n a l y s i s  s i m i l a r  t o  the  one i n  t h e  southern  Juan de Fuca r idge  i s  
beyond t h e  scope of t h i s  p ro jec t .  I n s t e a d ,  we have used t h e  r e f r a c t i o n  d a t a  t o  v e r i f y  
the  sediment th ickness  below the  r e c e i v e r s  determined from r e f l e c t i o n  d a t a ,  and t o  
c a l c u l a t e  an average c r u s t a l  ve loc i ty  (6 .5  k m / s )  f o r  use i n  the  earthquake l o c a t i o n  
computations. 

The l o c a t i o n  of earthquakes i n  t h i s  a r e a  was p a r t i c u l a r l y  d i f f i c u l t  because of 
the v a r i a b l e  sediment th ickness .  Conversions of P t o  S  waves and S t o  P waves a t  t h e  
sediment-basement i n t e r f a c e  a r e  p a r t i c u l a r l y  important t o  i d e n t i f y  because the  
sediments c o n t r i b u t e  a  l a r g e  amount t o  t h e  t r a v e l  time ( p a r t i c u l a r l y  f o r  shea r  waves). 
Wi th  the  t r i a x i a l  geophone package of our d i g i t a l  instruments i t  was poss ib le  t o  
i d e n t i f y  t h e s e  ind iv idua l  phases i n  most cases .  

Figure 1 4  and 15 show the  a c t i v i t y  l e v e l s  f o r  a l l  of the  instrument deployments 
i n  the  Escanaba trough.  From t h e  f i r s t  deployed network, i t  is c l e a r  t h a t  h ighest  
se ismic  a c t i v i t y  l e v e l s  were measured i n  t h e  trough a s  opposed t o  the  adjacent  h i l l s .  
We d i g i t i z e d  and reviewed 685 poss ib le  event t r i g g e r s  on t h e  f i r s t  deployment and 1008 
f o r  the  second drop. Of these  t r i g g e r s  only a  very few were from l o c a l  ear thquakes .  
Many were emergent s i g n a l s  from t e n s  of kilometers t o  t h e  n o r t h ,  and many o t h e r s  were 
apparent1 y  due t o  l o c a l  b io log ica l  a c t i v i t y  d i s t u r b i n g  the  ins t ruments .  We conclude 
t h a t  these  d is turbances  were b io log ica l  because t h e r e  were l a r g e  s i g n a l s  On the  
v e r t i c a l  and hor izon ta l  ground motion components but no s i g n a l  a t  a l l  on the  
hydrophone. Earthquakes invar iab ly  caused s i g n a l s  on a l l  t h r e e  components. 

A t  the  beginning of t h e  f i r s t  deployment on ly  t h e  instrument a t  S23A was i n  
pos i t ion .  O f  t he  recorded e v e n t s ,  6 were c l e a r l y  ear thquakes  with n e a r l y  i d e n t i c a l  
waveforms, i n d i c a t i n g  a  common source  point  and mechanism. One of these  even t s  
occurred a f t e r  S 1 4 ~  was a l s o  deployed. ~t produced no s i g n a l  on S14A, suggest ing an 
o r i g i n  t o  t h e  nor th .  The r e l a t i v e  a r r i v a l  times of P and S  waves a t  S23A i n d i c a t e  
t h a t  the  source  is  loca ted  approximately 20 km away from S23A. I f  the source  is  on 
the  r idge  a x i s ,  then the  earthquakes should be a t  a  l a t i t u d e  of 41 '  1 7 '  N .  Given the  
l imi ted  d a t a  on these  e v e n t s ,  we can only s p e c u l a t e  on t h e  accuracy of t h i s  l o c a t i o n .  
Two small  event occurred very c l o s e  (wi thin  4 k m )  t o  S23A, but they were not recorded 
on any o t h e r  instrument.  Only i n  one case  were we a b l e  t o  l o c a t e  an event  from the  
f i r s t  deployment i n  a  more q u a n t i t a t i v e  way, us ing two events  t h a t  had i d e n t i c a l  
waveforms a t  S14A, i n d i c a t i n g  t h a t  they had t h e  same o r i g i n .  The f i r s t  happened while 
S23A was opera t ing  but before  S21A was i n  p lace .  The second occurred when S21A was 
recording but a f t e r  S23A stopped recording.  Data from t h e  two even t s  recorded by t h e  
t h r e e  s t a t i o n s  loca ted  the  events  on the  e a s t  wall  of the  a x i a l  va l l ey  a t  40' 45' 
l a t i t u d e .  T h i s  approximate l o c a t i o n  is c o n s i s t e n t  with t h e  t imes t h a t  t h e  second 
event t r i g g e r e d  S22A and S20A (although we d o n ' t  have waveform records  from those  



Figure 13.  The energy i n  the  compressional wave a s  a funct ion of 
range. Diamonds a r e  f o r  da ta  north of the r ece ive r ,  s t a r s  
a r e  da t a  south of the rece iver .  The upper two curves a r e  
the  water borne energy and show only a small d i f fe rence  
i n  energy. The lower curves a r e  from the ground waves. 
They show cons is ten t ly  higher amplitudes t o  the north 
which is cons is ten t  with higher ve loc i ty  grad ien ts  t he re .  
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Figure 14. Histograms of activity levels recorded on instruments during the 
initial deployment on the southern Gorda Ridge. 
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instruments due t o  t ape  jams).  

On the  second deployment (Figure  3 ) ,  we were a b l e  t o  l o c a t e  a  few more events  
because more instruments were opera t ing.  Two events  ( t h e  bes t  l o c a t e d  of a l l )  were 
located d i r e c t l y  beneath t h e  volcanic cen te r  a t  40' 53'  N. A t h i r d  was loca ted  i n  t h e  
same general  a roa ,  but s l i g h t l y  t o  t h e  west where se ismic  r e f l e c t i o n  records  show a  
normal f a u l t  c u t t i n g  through t o  the  s u r f a c e .  The only  o t h e r  l o c a t a b l e  event was j u s t  
West of the  volcanic cen te r  a t  41 06'  N .  T h i s  l o c a t i o n  is  c l o s e  t o  t h e  previously 
deployed s t a t i o n  S23A (Figure  2 ) ,  and may come from t h e  same source  a s  t h e  two even t s  
near t h a t  s t a t i o n  noted above. Figure 1 6  summarizes the  known l o c a t i o n  of the 
recorded events .  

I n  general  the s e i s m i c i t y  l e v e l s  i n  t h e  Escanaba trough a r e  low when compared t o  
t h e  nor thern  Corda Ridge where we could t y p i c a l l y  l o c a t e  1-2 e v e n t s  per hour even with 
an a r r a y  having 15 km element spacing.  This may be r e l a t e d  t o  t h e  i n s u l a t i n g  sediment 
blanket t h a t  r a i s e s  c r u s t a l  temperatures and r e s u l t s  i n  more d u c t i l e  than b r i t t l e  
behavior,  o r  i t  may r e f l e c t  a  d i f f e r e n t  t e c t o n i c  regime. 

Conclusions 

1 .  Resul ts  of se ismic  r e f r a c t i o n  s t u d i e s  on the  Juan de Fuca r i d g e  i n d i c a t e  t h a t  
p o r o s i t i e s  a r e  very high i n  the  upper 1 .2  km below t h e  s e a f l o o r  a l lowing c i r c u l a t i o n  
of hydrothermal f l u i d s .  Below t h a t  depth ,  poros i ty  is  smal ler  and c i r c u l a t i o n  is  
probably reduced or  confined t o  f r a c t u r e s .  Seismic v e l o c i t i e s  were s l i g h t l y  lower 
below t h e  vent f i e l d  than t o  the  n o r t h ,  suggest ing e leva ted  temperatures beneath the  
vents.  

2. Seismic a c t i v i t y  i n  t h e  southern  Juan de Fuca vent a r e a  was charac te r i zed  by an 
in tense  earthquake swarm t h a t  we could not  l o c a t e .  Ins t ruments  deployed very near 
a c t i v e  Vents on t h e  r i d g e  a x i s  showed harmonic-tremor-li ke a c t i v i t y  dur ing  t h i s  event 
suggest ing a  magmatic i n t r u s i v e  or  e rup t ive  episode was t a k i n g  place .  

3. S e i s x i c i t y  l e v e l s  i n  t h e  Escanaba trough a r e  r e l a t i v e l y  low compared t o  the  
nor thern  Gorda Ridge. Many of t h e  recorded even t s  were e i t h e r  from d i s t a n t  
earthquakes or  t h e  r e s u l t  of b io log ica l  a c t i v i t y  near the  ins t ruments .  There were 
i n d i c a t i o n s  of se i smic  a c t i v i t y  a t  41'  17 '  N along t h e  a x i s ,  but  o n l y . 6  even t s  could 
be loca ted  with some confidence. Two of t h e s e  were l o c a t e d  on t h e  e a s t  v a l l e y  wall  a t  
40' 45' N .  The two most accura te ly  loca ted  even t s  were d i r e c t l y  beneath t h e  dome a t  
40' 53' N, and another  was l o c a t e d  s l i g h t l y  west of t h e r e .  One event was l o c a t e d  
s l i g h t l y  t o  the  west of the  dome a t  41 '  06 '  N .  There was no i n d i c a t i o n  of l o c a l  
a c t i v i t y  (o the r  than b i o l o g i c a l )  near the  volcanic  e d i f i c e  a t  41 '  00 '  N ,  on which our 
a r r a y  of instruments was cen te red .  

4 .  Despi te  the  low l e v e l s  of se ismic  a c t i v i t y  i n  t h e  Escanaba trough r e l a t i v e  t o  t h e  
nor thern  Gorda Ridge, t h e  record ing  of a  number of l o c a t a b l e  e v e n t s  dur ing  on ly  two 
weeks of recording sugges t s  t h a t  f a u l t s  i n  the  a r e a  a r e  c u r r e n t l y  a c t i v e .  Seismic 
r e f l e c t i o n  records  show a  number of f a u l t s  c u t t i n g  through t h e  sediments ,  and some of 
these  c o r r e l a t e  w i t h  the  l o c a t i o n s  of e p i c e n t e r s  t h a t  we computed. These a c t i v e  
f a u l t s  a r e  prime t a r g e t s  f o r  f u t u r e  experiments t r y i n g  t o  l o c a t e  a c t i v e  hydrothermal 
venting s i t e s  and massive s u l f i d e  d e p o s i t s .  



.gure 16. Summary of locat ions of earthquake epicenters on the 
southern Gorda Ridge. The heavy l ines  are  the 3000 meter 
contours defining the axia l  val ley.  The l i g h t  l ines  a re  
volcanic ed i f i ces  located from seismic re f l ec t ion  records. The 
dark c i r c l e s  a re  places where two events were located a t  
the same place. The s t a r s  are  s ingle events. The 
crosshatched box t o  the north is a region where several  
events a re  thought to  have originated,  but could not be 
precisely located. 
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