
w 

NASA Technical Memorandum 78572 

(NASA-PF e78572) FIELD MEASUREMElTS OF 
N79-21977 

PENETRATOB SEISBIC COUPLING I N  SEDIflENTS A N D  
VOLCANIC ROCKS (IVaSA) 60 p AC AOU/HF A 0 1  

CSCL 03B Unclas  
~ 3 / 9  1 i!r76 1 

Field Measurements of Penetrator 
Seismic Coupling in Sediments and 
Volcanic Rocks 
Yosio Nakanlura, Gary V. Latham, Cliff Frohlich, 
Maxwell B. Blanchard, and James P. Murphy 

1 

April 1979 

National Aeronautics and 
Space Administration 

https://ntrs.nasa.gov/search.jsp?R=19790013806 2020-03-22T00:14:00+00:00Z



NASA Technical Memorandum 78572 

-- 

Field Measurements of Penetrator 
Seismic Coupling in Sediments and 
Volcanic Rocks 
Yosio Nakamura 
Gary V. Latham 
Cliff Frohlich, The University of Texas, Marine Science Institute 

Galveston Geophysics Lzboratory, Galveston, Texas 
Maxwell B. Blanchard, NASA, Johnson Space Center, Houston, Texas 
James P. Murphy, NASA, Ames Research Center, Moffett Field, California 

- 

National Aeronautics and 
Space Administration 

Ames Research Center 
Moffett Field, California 94035 



FIELD llEASURF2IENTS OF PENETRATOR SEISMIC COUPLTNG I N  

SEDIMENTS AND VOLCANIC ROCKS 

Yosio Nakamura, * Gary V. Latham, * C l i f f  Frohl ich  , * Maxwell B . ~ l a n c h a r d ' ~  

'I and James P.  Murphy 

I. INTRODUCTION 

The u s e  of p e n e t r a t o r s  f o r  t he  emplacement of se i smic  s enso r s  has  been 
given s e r i o u s  c o z s i d e r a t i o n  i n  r ecen t  y e a r s  ( r e f .  1 ) .  A network of  seismome- 
ters deployed an t h e  Mart ian s u r f a c e  by p e n e t r a t o r s  i s  now considered a n  
a t t r a c t i v e  o p t i o n  f o r  f u t u r e  Mars missions ( r e f s .  2 and 3).  I n s t a l l a t i o n  of a 
p roper ly  designed se i smic  network i s  e s s e n t i a l  t o  t he  achievement of  a f i r s t -  
o r d e r  understanding of t he  dynamics and i n t e r n a l  s t r u c t u r e  of Piars. I n  plan- 
n ing  t o  u se  p e n e t r a t o r s  f o r  t h i s  purpose, i t  h a s  been assumed t h a t  t he  pene- 
t r a t o r  body i s  w e l l  coupled t o  tlze surrounding medium when emplaced i n  normal 
opera t ion .  However, excava t ion  of embedded p e n e t r a t o r s  has revea led  t h a t  they 
are u s u a l l y  surrounded by a t h i n  s h e l l  of crushed m a t e r i a l  ( r e f s .  4 and 5) .  
Th i s  has r a i s e d  a ques t i on  as t o  whether they may be p a r t i a l l y  decoupled from 
t h e  surrounding medium i n  t h e  frequency &and of i n t e r e s t  i n  seismic s t u d i e s .  

A s  f a r  as w e  know, theore t ica l .  s t u d i e s  on t h i s  proble~n a r e  e i t h e r  l a ck ing  
o r ,  a t  b e s t ,  a r e  i n s u f f i c i e n t .  A s tudy  by Wood-ward-Clyde Consul tan ts  ( r e f .  6)  
t r e a t s  t h e  response of a p e n e t r a t o r  s t a t i ca l1 ,y  placed i n  a marine sediment 
environment, b u t  t h e  e f f e c t  o f  t h e  d i s tu rbed  zone around a dynamically 
emplaced p e n e t r a t o r  i s  n o t  considered.  

A f i e l d  exper inent  was planned and esccuted  i n  o r d e r  t o  a s s e s s  how w e l l  
p e n e t r a t o r s  a r e  cccg1c.d t o  t h e  ground. The s p e c i f i c  purpose of t h e  experiment 
w a s  t o  determine whether t h e r e  i s  any s i g n i f i c a n t  d i f f e r e n c e  i n  response ,  
w i t h i n  t h e  frequency band of in te res t :  t o  seismology, betweer; a seismometer 
mounted on an  embedded p e n e t r a t o r ,  w i t h  51e impact-crushed zone surrounding i t ,  
and a seismometer mounted d i r e c t l y  i n t o  t h ?  undis turbed  rocks.  I n  o t h e r  words, 
w e  wished t o  finc! o u t  whether a seismomeCer mounted on an embedded p e n e t r a t o r  
can  func t ion  a s  w e l l  a s  a seismometer s t a t i c a l l y  emplaced by convent iona l  
methods. The problem of t h e  movement of a seismometer r e l a t i v e  t o  t h e  t r u e  
ground motion ( abso lu t e  response)  i s  a s u b j e c t  i n  i t s e l f ,  and i s  n o t  addressed 
i n  t h i s  s tudy .  

The p e n e t r a t o r s  used i n  t h e  experiment were e x a c t l y  one ha l f  a s  l a r g e  a s  
those  designed f o r  use  onbfal-s. Dry-lake bed d e p o s i t s  and v o l c a n i c  rocks were 
chosen a s  t a r g e t s ,  r ep re sen t ing  media of widely d i f f e r i n g  m a t e r i a l  p r o p e r t i e s .  
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The f i e l d  measurements w e r e  conducted on a dry-lake bed loca t ed  i n  t h e  Sandia 
Tes t  Range nea r  Tonopah, Nevada, on 9-12 October, 1978, and on a b a s a l t i c  l a v a  
flow l o c a t e d  i n  t h e  White Sands Missile Range nea r  Tularosa,  New Elexico, on 
24-26 October, 1978. 

I n  t h i s  r e p o r t ,  w e  desc r ibe  t h e  experimental  s e t u p  used f o r  t h e  f i e l d  
measurement, desc r ibe  t h e  f i e l d  tests, and p re sen t  and d i s c u s s  t h e  r e s u l t s  of 
t he  a n a l y s i s  performed on t h e  f i e l d  da t a .  F i n a l l y ,  w e  p re sen t  our  conclus ions  
and recommendations as t o  t h e  use  of  p e n e t r a t o r s  f o r  seismometer i n s t a l l a t i o n .  

IT. b1EASUREkIENT SETUP 

F igu re  1 i s  a block diagram of t he  f i e l d  and l abo ra to ry  se tups  f o r  t h e  
experiment. Two three-component geophone assemblies  were used f o r  d e t e c t i o n  
of seismic s i g n a l s .  One was mounted on t h e  a f t  end of t h e  pene t r a to r ,  us ing  
an adapter  b racke t  t o  ensure  v e r t i c a l i t y  of t he  geophone assembly i n  case  t h e  
penetraxor  was embedded a t  angle.  The o t h e r ,  used a s  a r e f e rence ,  w a s  
i n s t a l l e d  on o r  i n  t he  undisturbed ground using t h e  b e s t  m e t h ~ d s  we could 
dev i se  t o  ensure  good coupling t o  t h e  ground. The i n s t a l l a t i o n  methods w i l l  
be descr ibed  i n  d e t a i l  later. Mark Products  L-10-3D geophone assemblies ,  each 
conta in ing  a matched set of one v e r t i c a l -  and two horizontal-component geo- 
phones wi th  n a t u r a l  f requencies  of 4.5 H z  and c o i l  r e s i s t a n c e s  of 940 $2, were 
used. The nominal frequency response of t he  geopl-tones t o  ground v e l o c i t y ,  
with a 7.5 k8 damping r e s i s t o r  t o  g ive  a damping f a c t o r  of 0.71, i s  shown i n  
f i g u r e  2. The measured responses a r e  w i th in  4-0.3 and -0.8 dB of t h e  nominal 
va lues  f o r  f requencies  above 6 H z ,  and wi th in  4-1.2 and -1.0 dB of t he  nominal 
va lues  f o r  f requencies  below 6 H z .  The geophone assembly i s  encased i n  a 
c y l i n d r i c a l  alumirsum housing wi th  a diameter  of 6 .4  c m  (2.5 i n . )  and a t o t a l  
l ength  of  20 cm (7.9 i n . ) .  The weight of t he  assembly i s  about  1.5 kg. 

S igna l s  from each geophone assembly were f ed ,  through a 5-m, six-conductor 
cable ,  i n t o  a threa-channel ampl i f i e r  s e t .  The a m p l i f i e r s  were designed and 
b u i l t  i n  our  laborarory  f o r  t h i s  experiment. F igure  3 shows t h e  average mea- 
sured response of t h e  a m p l i f i e r s  a t  t h e i r  minimum ga in  s e t t i n g .  The ga in  is 
a d j u s t a b l e  between 40 and 70 dB in 6-dB s t e p s .  The t h r e e  response curves  
(A, B, and C) r ep re sen t  those  of (A) t h e  o r i g i n a l  des ign  used f o r  most of the  
Tonopah test, (B) extended high frequency ( f i e l d  modified) used i n  some of t he  
Tonopah t e s t ,  and (C) t h e  f i n a l  des ign  used i n  t he  'White Sands t e s t .  Responses 

I 

of i n d i v i d u a l  ampl i f i e r s  a r e  matched t o  w i th in  50.5 dB. 

The ampl i f ied  s i g n a l s  were t ransmi t ted  through a p a i r  of 35-m (115 f t )  b 

six-conductor cab le s  t o  a re-ording se tup  loca t ed  i n s i d e  a van, which was 
parked about  30 n~ (100 f t )  away from t h e  geoghnes .  Two types  of record ing  
devices  w e r e  used: a Gould Brush 260, six-chanliel c h a r t  r eco rde r  f o r  r e a l -  
time, v i s i b l e  recording;  and a B e l l  and IIowcll, Astro-Sciences M-14G, s ix-  
channel FM ( I R I G  wide-band gruop .I.) inso, :t,txcL?ncation t a p e  recorder  t o  record 
d a t a  i n  a form s u i t a 5 l e  f o r  l a t e r  l a t i>~ .>cory  ilnfzlysis. Owing t o  an equipment 
probl.em, t h e  B e l l  and Howell recorder  9zia ;-raplaced by an Ampex FR-1300 recorder  
(IRIG intermediate-band Fbl) f a t  t h e  last  few s h o t s  of che IJhite Sands test. 
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Figure 1.- Block diagram of experimental setup. 



Figure 2.- Nominal response o f  Mark Producfs  L-10, 4.5-Hz geophone. 
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Dummy pene t r a to r s  f i r e d  by a n  a i r  gun served a s  sources t o  gene ra t e  
se i smic  waves. They were s o l i d  aluminum cy l inde r s ,  10.2 c m  (4  i n . )  i n  diame- 
ter and 30.5 cm (12 i n . )  long. They w e r e  f i r e d  a t  a spe/:d of 150 m/sec (.t5%) 
v e r t i c a l l y  i n t o  t h e  ground a t  d i s t ances  ranging  from 9P m (300 f t )  t o  274 m 
(900 f t )  from t h e  geophones. A l l  t h e  dummy f i r i n g s  were made a long  a l i n e  
perpendiculr-r t o  t h e  l i n e  connect ing t h e  l o c a t i o n s  of t h e  pene t r a to r  and t h e  
r e f e rence  t o  main ta in  equa l  d i s t ances  t o  both of t h e  geophone assemblies  f o r  
each shot .  A t h i n  g r a p h i t e  rod ( a  p e n c i l  l ead )  placed on t h e  ground d i r e c t l y  
i n  t he  p a t h  of t h e  pene t r a to r  and connected t o  an  event  marker was used t o  
i n d i c a t e  on t h e  c h a r t  recorder  t h e  t i m e  of impact of t h e  pene t r a to r .  

Sine-wave and square-wave func t ion  gene ra to r s  combined wi th  an a t t e n u a t o r  
provided c a l i b r a t i o n  s i g n a l s  f o r  t h e  ampl i f i e r l r eco rde r  system. Ten-hertz 
s i n e  waves of known amplitude were f ed  i n t o  t h e  i n p u t s  of t h e  a m p l i f i e r s ,  and 
w e r e  recorded on magnetic t apes  t o  ob ta in  proper  o v e r a l l  ga in  through t h e  d i s -  
c r imina tor  ou tput .  A 1-sec t imer was added t o  t h e  se tup  t o  p l ace  t i m e  marks 
on an event  marker of t h e  c h a r t  r eco rde r  f o r  t h e  White Sands test a f t e r  i t  was 
learned  dur ing  t h c  Tonopah t e s t  t h a t  t h e  f l u c t u a t i o n  i n  t he  l i n e  frequency 
from a p o r t a b l e  power genera tor  caused l a r g e  f l u c t u a t i o n s  i n  t h e  c h a r t  speed. 

The analog magnetic t apes  were played back on a B e l l  and Howell VR-3700B 
magnetic t a p e  recorder/reproducer  us ing  direct-reproduce ampl i f i e r s .  The play- 
back was normally done st twice t h e  record ing  speed t o  reduce process ing  time. 
The reproduced s i g n a l s  were then  demodulated through EMR-4142 tunable  d iscr imi-  
n a t o r s .  The d i sc r imina to r  ou tput  was ad jus t ed  us ing  t h e  f ie ld-recorded 10-Hz 
c a l i b r a t i o n  s i g n a l s  so  t h a t  t h e  o v e r a l l  system ga in  was p r e c i s e l y  c a l i b r a t e d .  
The high-cut frequency of t h e  d i sc r imina to r s  w a s  normally set t o  100 Hz t o  
reduce a l i a s i n g  i n  d i g i t i z e d  s i g n a l s .  This  corresponded t o  50 Hz i n  real t i m e .  

The demodulated s i g n a l s  were then f e d  i n t o  an Adac 12-b i t  analog-to- 
d i g i t a l  conver te r  con t ro l l ed  by a combined PDP-111PDP-15 computer, and w e r e  
d i g i t i z e d  a t  a r a t e  of 400 sampleslsec, corresponding t o  a rea l - t ime rate of 
200 samples/sec. The d i g i t i z e d  d a t a  were recorded on magnetic tapes .  F ina l ly ,  
t h e  d i g i t i z e d  da t a  were used t o  perform cross-spec t ra l  a n a l y s i s  u s ing  a PDP-15 
computer. 

111. FIELD MEASURENENT 

Tonopah Tes t  

The f i r s t  series of t e s t s  was conducted on a dry--lake bed loca t ed  i n  a . 
p laya  i n  t h e  Sandia Labora tor ies  Tes t  Range about 50 km (31  mi les )  sou theas t  
o f  Tonopah, Nevada (approximate coord ina tes  37"511N, 116°44YW), r ep re sen t ing  
unconsolidated sediments.  Figure 4 shows a s e c t i o n  of t h e  topographic map 
covering t h e  a rea .  The e n t i r e  t e s t  se tup ,  inc luding  t h e  se i smic  s i g n a l  
sources,  was loca t ed  on t h e  l a k e  bed and was a t  l e a s t  s e v e r a l  hundred meters 
from the  edges of t h e  l a k e  bed o r  any o t h e r  i r r e g u l a r i t i e s .  The t e s t  arrange- 
ment on t h e  l a k e  bed i s  shown schemat ica l ly  i n  f i g u r e  5. An a n a l y s i s  by 
Woodward-Clyde Consul tants ,  of a s o i l  co re  sample i n  t he  a r e a  (unpublished 
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data) shows the following sequence of sediments: from the surface, 0.3 m 
(0.98 ft) of sand; 0.8 m (2.6 ft) of silty clay; 1.5 m $ 4 - 9  ft) of clayey 
sand; 0.3 m (0.98 ft) of sand; and at least 1 m (3.28 St) aE silty sand. The 
dry density of the sediments ranges from 1.47 to 1.76 g/cmJ. 

The test was conducted as follows: A half-scale penerrator was fired 
into the ground at a speed of 150 m/sec (+5%) using a Sandia Laboratories air 
gun. The penetrator was a steel cylinder 6.35 cm (2.5 in.) in diameter and 
61.0 cm (24 in.) long with a pointed nose cone; the penetrator did not contain 
geophones when it was fired. The firing embeddnd the penetrator to a depth of 
250 cm (8.2 ft) at its aft end. The initial firing of the Fanetrator was mon- 
itored at three different distances by two triaxial heophone assemblies (only 
the vertical and the longitudinal horizontal axes were used) and an additional, 

+ vertical-component geophone without an amplifier. This was done to obtain 
estimates of the seismic signal strength to be expected from the later dummy 
firings, and also to obtain seismic travel-time information, from which to 
deduce the near-surface seismic velocity structure. 

After the penetrator was embedded, a trench was dug on one side of the 
penetration hole using a backhoe down to the level of the aft end of the pene- 
trator. The sedinent surrounding the main body of the penetrator was not dis- 
turbed. The trench was 55 cm (2.1 it) wide, 250 cm (8.2 ft) deep, 335 cm 
(11 ft) long at the surface, and 220 r x  (7.2 ft) long at the bottom. The 
penetrator was found to be tilted by ~33out 8'. A geophone assembly was mounted 
to the aft end of the penetrator using an adapter bracket with a 10' wedge to 
bring the geophone assembly within 2' of vertical alignment (see fig. 6(a)). 
Another geophone (reference geophone) assembly was installed inside a recessed 
hole on the same side of the trench as the penetrator and at about the same 
depth as the other geophone assembly on the penetrator. It was firmly coupled 
to the ground using plaster of paris. The horizontal separation between the 
geophones was 1 m (3.28 ft) which was more than 10 times the thickness of the 
zone of deformation caused by the impacting penetrator. 

While the trench was still open, a dcmmy penetrator was fired into the 
ground at a distance of 9 1 m  (300 ft), and the resulting seismic signals were 
recorded. This was done to test the mounting of the geophone assemblies while 
they were still accessible, and at the same time to observe the effect of the 
open trench on the observed seismic signals. The dummy penetrator penetrated 
to a depth of about 75 cm (2.5 ft) at its aft end. 

A steel pipe with an outer diameter of 11.4 cm (4.5 in.) was then placed . over the instrumented penetrator to protect the penetration hole, and the 
trench was back-filled and dry-compacted. The entire amount of soil originally 
taken out of the trench was used for the filling, and upon completion, the sur- 
face of the ground was level with the surrounding area. Thus, the dry compac- 
tion achieved the same average density for the filled soil as the surrounding, 
undisturbed sediments. The steel pipe was then removed, leaving an open pene- 
tration hole. 

Two additional dummy penetrators were fired to this first instrumented 
penetrator at distances of 31 m (300 ft) and 183 m (600 ft), and the seismic 



(a) Mounted on p e n e t r a t o r  Nc. 1 w i t h  a  lo0-wedge a d a p t e r .  

( b )  Tonopah t e s t .  
F i g u r e  6 .  - Refe rcncc  grophone  a s sembly .  

1 0  



signals were recorded. It was found th~?. the transverse-component reference 
geophone was not functioning properly, apparently because the reference geo- 
phone assembly had been tilted excessively during the dry compaction of the 
trench. Therefore, it was decided to repeat the test, paying more attention 
to keeping the reference geophone undisturbed during compaction. 

A second penetrator was fired at a distance of 10 m (32.8 ft) from the 
first penetrator along the extension of the line from the first penetrator to 
the reference at the same speed as before. It penetrated to a depth of 260 cm 
(8.5 ft) at its aft end, and embedded at less than lo tilt. As before, a 
trench was dug to expose the aft end of the penetrator and a geophone assembly 
was mounted to the aft end of the penetrator using an adapter bracket without 
a wedge. 

The reference geophone assembly was installed with more care than previ- 
ously. The geophone assembly was first mounted on a flat aluminum plate, 
34 cm x 29 cm x 6.4mm(13.4 x 11.4 x 0.025in.). Four 19-mm diameter (0.75-in.) 
bolts were attached to the four corners of the plate to increase the surface 
area through which the assembly was to be coupled to the surrounding medium. 
A recessed hole, approximately 50 cm (19.7 in.) wide, 40 cm (15.7 in.) deep, 
and 50 cm (19.7 in.) high, was made on the trench wall as before at a distance 
of 1 m (3.28 ft) from the penstrator. The floor of the hole was carefully 
cleaned to remove loose soil. Three 19-mm (0.75-in.) diameter, 15-cm (6-in.)- 
long lag bolts were driven into the floor sf the recessed hole and the top 
ends of the bolts were leveled. The plate assembly with the geophones was 
then placed on +.:q 9f the bolts and was cemented to the floor using plaster of 
paris; the pi-,%,r;, of paris covered the edges of the plate, including the four 
atta~hed ha l , t s ,  and filled the entire space between the floor and the bottom 
of  he pl,a te (see fig. 6 (b) ) . 

As before, one dummy penetrator was fired with the trench still open at a 
distance of 9 1 m  (300 ft). After the trench was carefully back-filled and com- 
pacted, three dummy penetrators were fired at distances of 91 m (300 ft), 
183 m (600 ft), and 274 m (900 ft), and the seismic signals were recorded. 
Because there appeared to be very little high-frequency ground noise in the 
recorded data we decided to extend the high-frequency response of the filters 
built into the amplifiers. Therefcre, we modified the amplifiers as described 
earlier (fig. 2), and fired two additional dummy penetrators at 183 m (600 ft) 
using two different gain settings. 

While we were conducting this experiment, anccher unrelated series of 
tests was being performed nearby; it involved the firing of artillery guns. 
These guns, about 2.5 km (1.6 miles) east of our setup, generated seismic sig- 
nals observable at our site. Air-coupled surface wave signals generated by 
two of these firings were recorded to provide supplementary data. 

White Sands Test 

The second series of tests was c.onducted in a lava field located at the 
southwest end of the Malpais lava flow about 40 km (25 miles) northwest of 



Tularosa,  New Mexico, jcst i n s i d e  the  e a s t e r n  boundary of t h e  Mite  Sands 
Missile Range (approximate coord ina tes  330L9'N9 106°19'W), r ep re sen t ing  v o l -  
c a n i c  rocks. Figure 7 shows a s e c t i o n  of t h e  topographic map covering t h e  
a rea .  A t  t h l s  l oca t ion ,  vo lcan ic  rocks of b a s a l t i c  composition are exposed, 
forming rock  "f ingers"  extending out  of t h e  main body of t h e  l a v a  bed. The 
rocks  have an  approximate p o r o s i t y  of 30%. The l a v a  beds are at  l e a s t  s e v e r a l  
meters th i ck ,  and c o n s i s t  of a l a r g e  number of i n d i v i d u a l  flows, each wi th  a 
th ickness  of 1 0  t o  20 cm (3.9 t o  7.9 i n . )  and o f t e n  separa ted  from one another  
by l a r g e  c a v i t i e s .  

Since t h e  main body of t h e  l a v a  bed w a s  i n a c c e s s i b l e  t o  t he  v e h i c l e  car -  
ry ing  t h e  air-gun equipment, t h e  one-half-scale p e n e t r a t o r s  were f i r e d  i n t o  
t h e  exposed rock  "f ingers ."  Dummy pene t r a to r s ,  used t o  genera te  se i smic  waves, 
were f i r e d  i n t o  t h e  d e s e r t  alluvium l y i n g  ad jacen t  t o  t h e  l a v a  bed. F igure  8 
i s  a schematic map of t h e  a r e a  showing t h e  t e s t  se tup .  

The test was conducted a s  fol lows:  p r i o r  t o  t h e  f i r i n g  of t h e  f i r s t  pene- 
t r a t o r  i n t o  t h e  l ava  bed, t h e  two geophone assemblies  were i n s t a l l e d  wi th  a 
64-cm (2-ft)  s epa ra t ion  between them a t  t h e  p laces  where t h e  pene t r a to r  and 
t h e  r e f e rence  geophones w e r e  t o  be placed. Then, t h e  f i r s t  dummy p e n e t r a t o r  
w a s  f i r e d  i n t o  t h e  d e s e r t  alluvium a t  a d i s t a n c e  of 91 m (300 f t ) ,  and t h e  
se i smic  s i g n a l s  were recorded. This  was done t o  determine how t h e  s i g n a i s  
from two s i m i l a r l y  i n s t a l l e d  r e fe rence  geophones compare w i t h  each o t h e r  i n  
view of t h e  apparent  nonuniformity of t h e  l a v a  bed i n  t h e  area. 

The f i r s t  pene t r a to r  w a s  f i r e d  i n t o  t h e  l ava  bed a t  a speed of 150 m/sec 
(kg%). It was embedded wi th  a t i l t  of 21" from v e r t i c a l ,  exposing a few cen- 
t ime te r s  of  i t s  a f t  end above t h e  s u r f a c e  of t h e  rock.  The f i r i n g  was aga in  
monitored zit t h r e e  d i f f e r e n t  d i s t ances  t o  o b t a i n  t ravel- t ime da t a .  

Af te r  t h e  pene t r a to r  was embedded, a geophone assembly was mounted t o  i t s  
a f t  end us ing  an  adapter  b racke t  ( s e e  f i g .  9 ( a ) ) .  This  adapter  b racke t  was 
d i f f e r e n t  from those  used f o r  t h e  Tonopah test, a s  i t  allowed a v a r i a b l e  
adjustment of t h e  mo~turing ang le  by use  of a bal l -and-plates  mechanism; thus  
t h e  geophone assembly could be mounted v e r t i c a l l y  r e g a r d l e s s  of t h e  ang le  of 
t i l t  of t he  pene t r a to r .  Yne r e f e rence  geophone assembly was f i r m l y  i n s t a l l e d  
on  the s u r f a c e  of t h e  l ava  bed us ing  p l a s t e r  of p a r i r  a t  a d i s t a n c e  of 56 cm 
(1.8 f  t) from t h e  pene t r a to r  ( s ee  F ig .  9 ( a ) )  . 

Three dummy pene t r a to r s  were f i r e d  - a t  d i s t a n c e s  of 9 1  m (300 f t ) ,  183 m 
(600 S t ) ,  and 274 m (900 f t )  - and t h e  se i smic  s i g n a l s  recorded. For t he  l a s t  
s h o t ,  however, t h e  tape record ing  was missed because of a f a i l u r e  i n  r a d i o  
commun~.cations between t h e  f i r i n g  crew and t h e  record ing  crew. 

The t e s t  was repeated us ing  another  pene t r a to r ,  which w a s  f i r e d  i n t o  
another  outcrop a t  a d i s t a n c e  of 5.2 m (17 f t )  from t h e  f i r s t  one. It com- 
p l e t e l y  pene t ra ted  the  f i r s t  l a y e r  of t h e  l a v a  sequence, and embedded i n  t h e  
second l a y e r  wi th  i t s  a f t  end exposed i n s i d e  a c a v i t y  which e x i s t e d  about 
1 0  cm (3.9 i n . )  below the  su r f ace .  It was t i l t e d  by 10' from t h e  v e r t i c a l .  A 
geophone assembly was mounted t o  t h e  a f t  end of the  pene t r a to r  u s ing  t h e  same 
10"-wedge adap te r  bracket  t h a t  had been used i n  t h e  Toncpah test ( s e e  
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f i g .  9 (b ) ) .  The bal l - type adapter ,  which had been used with t h e  preceding 
pene t r a to r ,  w a s  n o t  used t h i s  time because i t  appeared t h a t  t h e  ba l l -adapter /  
geophone system had a mechanical resonance a t  a frequency of about  90 Hz; t he  
resonance was c l e a r l y  v i s i b l e  on t h e  se i smic  records.  The r e fe rence  geophone 
assembly w a s  i n s t a l l e d  386 cm (12.7 f t )  away on another  outcrop t h a t  looked 
more s t a b l e  than  t h e  one on which t h e  pene t r a to r  r e s t e d .  

Four dununy p e n e t r a t o r s  were f i r e d  i n t o  the  d e s e r t  a l luvium wi th  t h i s  s e tup  
at: d i s t an r  2 s  of 9 1  m (300 f t ) ,  91  m (300 f t )  , 183 m (600 f t )  , and 274 m 
(900 f t ) .  The f i r s t  dununy f i r i n g  was n o t  recorded on a magnetic t ape  because 
of a tape  r eco rde r  malfunction. F i n a l l y ,  t o  confirm our  susp ic ion  t h a t  t h e  
bal l - type adap te r  allowed a high-frequency resonance t o  occur ,  t h e  adapter  was 
replaced by t h e  ba l l - t ype -adap te r ,  and t h e  s i g n a l s  from t h e  f i n a l  dummy pene- 
t r a t o r  f i r c n g  a t  a d i s t a n c e  of 183 m (600 f t )  were recorded. 

Data Obtained 

Table 1 l ists  t h e  d a t a  obtained during t h e  f i e l d  experir.lent. Copies of 
t h e  cha r t  record ings  are provided i n  t h e  appendix. 

I V .  DATA ANALYSIS AND RESULTS 

Travel  Times and Near-Surface S t r u c t u r e s  

CopFes of s e l e c t e d  c h a r t  recordings,  arranged according t o  d i s t a n c e ,  a r e  
shown i n  f i g u r e s  10  and 11 f o r  t h e  Tonopah test and <he White Sands t e s t ,  
r e spec t ive ly .  I n  both  t e s t s ,  i n i t i a l  body-wave a r r i v a l s  a r e  followed by a 
large-amplitude s u r f a c e  wave t r a i n .  The surface-wave t r a i n  i s  s impler  and 
s h o r t e r  f o r  t h e  White Sands s i te  than f o r  t h e  Tonopah site,  poss ib ly  i n d i c a t i n g  
t h a t  no low-velocity,  near-surface channel e x i s t s  a t  t h e  White Sands site. A 
low-velocity, near-surface channel probably i s  r e spons ib l e  f o r  t h e  prolonged 
surface-wave t r a i n  w i th  low group v e l o c i t y  t h a t  i s  observed a t  t h e  Tonopah 
site. The air-coupled su r f ace  wave, which t r a v e l s  a t  t h e  speed of sound i n  
t h e  a i r ,  i s  a l s o  v i s i b l e  a s  a high-frequency a r r i v a l  on record ings  from both 
sites. 

The t r a v e l  t imes of t he  i n i t i a l  a r r i v a l s  were r e a d  from the  c h a r t  records  
and, a f t e r  be ing  co r rec t ed  f o r  c h a r t  speed v a r i a t i o n s ,  p l o t t e d  i n  f i g u r e s  12 
and 1 3 .  The t rave l - t ime curve f o r  t he  Tonopah site c o n s i s t s  of two d i s t i n c t  
s t r a i g h t - l i n e  segments, r ep re sen t ing  two v e l o c i t i e s :  0.6 km/sec and 
2.0 km/sec. The 13-msec o f f s e t  of t h e  f i r s t  segment from t h e  o r i g i n  i s  proba- 
b l y  caused by t h e  de lay  between t h e  i n s t a n t  when t h e  pene t r a to r  h i t  t h e  
ground su r f ace  ( thus  breaking t h e  g raph i t e  rod) and t h e  time when t h e  penetra-  
t o r  began t o  impart  a s i g n i f i c a n t  amount of energy i n t o  t h e  ground a t  some 
depth  below t h e  su r f ace .  Assuming, as a f i r s t  approximation, a cons t an t  decel-  
e r a t i o n  of t h e  pene t r a to r  dur ing  i t s  3-m (9.8 f t )  pa th  thruugh t h e  ground 
b e f o r e  s topping,  a pene t r a to r  wi th  an f ~ i t i a l  speed of 150 m/sec p e n e t r a t e s  
1 .3  m (4.3 f t )  i n  t h e  f i r s t  13 msec of pene t r a t ion ,  and t akes  40 msec t o  s top .  

15 



(a) Assembly mounted on penetrator No. 3 with a ball-type adapter bracket 
(right), and the reference geophone assembly installed on the ground 
(left); White Sands test. 

(b) Assembly mounted on penetrator No. 4 with a 10"-wedge adapter bracket. 

Figure 9.- Mounting of geopho~e assembly on penetrators Nos. 3 and 4. 

16 



TABLE 1.- RECORDED SEISMIC DATA.*' 

Date Time sourceb Distance Remarks 
(hr : min) (m) 

Tonopah Test 
Oct* 9 12:20 

Oct. 11 14:00 

m i t e  Sands Test 
d c t . 2 5  13:40 

open trench 

91 open trench 

91 

183 

183 modified f i l t e r ,  low gain 

183 modified f i l t e r  

91 two references 

23,46,46 one geophone off shooting l ine  

15:U D-17 2 74 

16:21 D- 18 183 with ball-type adapter 

*Penet ra tor  f i r i n g  s i g n a l s  were recorded on c h a r t  r eco rde r  only.  
b ~ = p e n e t r a t o r ;  D=dummy pene t r a to r  ; G=gun f i r i n g .  

17 
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Figure 12.- Travel time-distance diagram for the Tcnopah site. The dummy-penetrator signals 

tend to arrive earlier because the initial time delay is less than those for the penetra- 
tor shots, and the geophone is at depth for these shots. 
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Figure 13.- Travel time-distance diagram for the White Sands site. The off-line data represent a 
transmission mostly through the lava bed. Others are from lava bed to alluvium. 



For the  dummy p e n e t r a t o t s ,  t h e  dece l e ra t ion  w a s  more r a p i d  because of t h e i r  
f l a t  f r o n t  f aces .  Again assuming a cons t an t  d e c e l e r a t i o n  dur ing  i t s  1-m 
(3.28-ft) pa th  through t h e  ground be fo re  s topping,  a dummy p e n e t r a t o r  w i t h  an  
i n i t i a l  speed of 150 mlsec s t o p s  i n  zbout 13 msec. I n  c a l c u l a t i n g  t h e  thick-  
cess of t h e  top l a y e r ,  t he re fo re ,  t h e  fol lowing assumptions a r e  made: f o r  t h e  
pene t r a to r  sho t s ,  t h e  source i s  assumed t o  be a t  a depth  of 1 .3  m ( 4 . 3  f t )  
w i th  an  i n i t i a l  de l ay  of  1 3  msec; f o r  the  dummy sho t s ,  t h e  source i s  assumed 
t o  be a t  a depth of 0.4 m (1.3 f t )  w i th  an i n i t i a l  d e l s y  of 4 msec. Also taken 
i n t o  account a r e  t h e  depths of t he  de t ec to r s :  zero f o r  t h e  p e n e t r a t a r  sho t s ,  
and 2.5 m (8.2 f t )  f o r  t h e  dummy sho t s .  Assuming f l a t - l y i n g  l a y e r s ,  t h e  ca l -  
c u l a t i o n s  suggest  t h a t  t h e  near-surface s t r u c t u r e  a t  t h e  Tonopah s i te  c o n s i s t s  
of  a 26-m (85-f t )- thick s u r f a c e  l a y e r  wi th  a P-wave v e l o c i t y  of 0.6 kmlsec 
over ly ing  a l a y e r  of undetermined th ickness  w i th  a P-wave v e l o c i t y  of 
2.0 kmlsec. \&at t h i s  2.0 kmlsec l a y e r  at  a depth of 26 m (85 ft) r e p r e s e n t s  
cannot b e  determined from t h e  seismic d a t a  alone.  

The t rave l - t ime curve f o r  t he  White Sands s i t e  can  b e s t  be  represented  by 
a s i n g l e  s t r a i g h t  l i n e  through the  o r i g i n .  Fror  t h e  s l o p e  of  t h e  l i n e ,  we  
o b t a i n  1.5 km/sec f o r  t h e  P-wave v e l o c i t y  of t h e  s u r f a c e  l a y e r .  The th ickness  
of t h i s  l a y e r  i s  a t  l e a s t  100 m (328 f t )  i f  t h e  P-wave v e l o c i t y  i n  t h e  under- 
l y i n g  l a y e r  i s  2 km/sec o r  g rea t e r .  There i s  l i t t l e  d i f f e r e n c e  between t h e  
measured v e l o c i t i e s  a long t h e  paths  t h a t  l i e  mostly i n  t h e  l a v a  bed and those  
along t h e  pa ths  through t h e  d e s e r t  alluvium. It i s  p o s s i b l e  t h a t  t h e  al luvium 
depos i t  i s  a t h i n  l a y e r  covering an ex tens ion  of t he  l a v a  bed which l ies  under- 
neath.  W e  occupied t h i s  s i te  immediately fol lowing a heavy r a i n  t h a t  l a s t e d  
s e v e r a l  days. Therefore,  an a l t e r n a t i v e  explana t ion  may be t h a t  t h e  1.5-km/sec 
v e l o c i t y  r e p r e s e n t s  water-saturated d e s e r t  a l luvium d e p o s i t  t h a t  l ies  over  a 
d r y  alluvium depos i t  o f  lower seismic ve loc i ty .  I f  so ,  i ts  th i ckness  may be 
much less. However, t h e  simple surface-wave t r a i n  of h igh  group v e l o c i t y  
descr ibed above does no t  f avo r  t h i s  l a t t e r  i n t e r p r e t a t i o n .  

Comparison of S igna l  C h a r a c t e r i s t i c s  

A v i s u a l  comparison of se i smic  s i g n a l s  from the  pene t r a to r  and t h e  r e f e r -  
ence  r e v e a l s  very  l i t t l e  d i f f e r e n c e  i n  most r e s p e c t s  a t  both sites (see  seis- 
mograms i n  appendix). The s i g n a l  waveforms a r e  nea r ly  i d e n t i c a l  throughout 
t h e  wave t r a i n ,  inc luding  both body-wave and surface-wave a r r i v a l s .  There a r e  
no  v i s i b l e  s i g n s  of phase d i s t o r t i o n  f o r  t he  geophones on t h e  p e n e t r a t o r  com- 
pared wi th  t h e  re ference .  The amplitudes of t h e  s i g n a l s  are a l s o  n e a r l y  iden- 
t i c a l  f o r  t h e  most p a r t .  

A c l o s e r  observat ion,  however, r e v e a l s  a few minor d i f f e r ences .  For t he  
Tonopah t e s t ,  t h e  l o n g i t u d i n a l  ho r i zon ta l  component geophone on the  pene t r a to r  
tends t o  show s l i g h t l y  reduced smpli tude r e l a t i v e  t o  t h e  r e f e rence  f o r  waves 
of f requencies  h igher  than about 10  Hz. However, t h e  d i f f e r e n c e  i s  very  
s l i g h t ,  amounting t o  only a few dec ibe l s  i n  t h e  20 t o  30 Hz range. On t h e  
o t h e r  hand, f o r  t h e  White Sands t e s t ,  t h e  l o n g i t u d i n a l  h o r i z o n t a l  component 
geophone on t h e  pene t r a to r  tends t o  show a s l i g h t l y  l a r g e r  amplitude f o r  waves 
of f requencies  h igher  than about 20 Hz. For t h e  most p a r t ,  however, t h e  
observed d i f f e r e n c e s  i a  amplitudes a r e  w i th in  t h e  unce r t a in ty  of t h e  



instrument response, which i s  estimated t o  b e  about f l  dB. (The v e r t i c a l  
component s i g n a l s  from gun f i r i n g  No. 1 and the  dummy penet ra tor  s h o t s  Nos. 4 
and 5, a l l  of which were recorded i n  the  morning of October 12, seem t o  be  
exceptional ,  showing smaller s igna l s  f o r  the  penetrator-mounted geophone. 
Circumstances i n d i c a t e  t h a t  the  ampl i f ie r  ga in  may have been erroneous.) 

Things a r e  c l e a r l y  d i f f e r e n t  f o r  waves of very hkgh frequencies.  When 
operated wi th  t h e  f i l t e r s  open f o r  high frequencies,  a l a r g e  d i f fe rence  i n  
s igna l s  of frequencies higher than about 50 Hz was observed. The d i f ference ,  
however, does not  seem t o  represent  the  i n t r i n s i c  d i f f e rence  i n  ground ccu- 
p l ing  between the  penet ra tor  and t h e  reference.  This was p a r t i c u l a r l y  evident  
when we  compared t h e  s igna l s  from two s imi la r ly  i n s t a l l e d  reference  geophones 
i n  the  White Sands tests. Clearly d i f f e r e n t  high-frequency s i g n a l s  were 
observed when we moved geophones from one flow u n i t  t o  another ,  even when the  
d is tance  moved was only a few centimeters.  It appears t h a t  the  loca t ion  of 
t h e  geophone on a p a r t i c u l a r  flow u n i t  o r  a sec t ion  of a flow u n i t  a c t u a l l y  
makes a s i g n i f i c a n t  d i f f e rence  i n  t h e  s igna l s  a t  these  very high frequencies. 

Cross-Spectral Analysis 

We have performed cross-spectral  ana lys i s  on the  d i g i t i z e d  s igna l s  i n  
order  t o  ob ta in  more quan t i t a t ive  comparison between s igna l s  recorded on the  
penet ra tor  and on t h e  reference,  Spec i f i ca l ly ,  we have ~.:mputed (1) the  power- 
s p e c t r a l  dens i ty  (PSD) r a t i o s ,  (2) t h e  coherence s p e c t r a  and (3) the  cross- 
phase spec t ra  f o r  a l l  respect ive  p a i r s  of recorded s igna l s .  The coherence and 
phase spec t ra  of s i g n a l s  A and B a r e  defined by ~anasewich  ( r e f .  7,  pp. 115- 
116) : 

(csosyectrum of A and B ) ~  + (quadrature spectrum of A and ~2~ 
Coherence (a) = - (power spectrum of A) x (power spectrum of B) 

1 quadrature spectrum of A and B Phase (o) = tan' - 
cospectrilm of A and B 

The spec t ra  were computed f o r  the  e n t i r e  length  of the  s i g n a l s  (general ly 
7.5 sec)  using a Parzen window with a maximum width of 5128 sampling points .  
With the  d i g i t i z a t i o n  sampling r a t e  of 200 samples/sec, t h i s  gives a frequency 
reso lu t ion  of 0.78 Hz and a one-half power band width of k1.00 Hz. Tables 2-4 
l ist  the  ranges of computed PSD r a t i o ,  coherence, and phase d i f ference ,  respec- 
t i v e l y ,  within th ree  frequency bands of 3 t o  10, 10 t o  20, and 20 t o  30 Hz. 
We l i m i t  t he  ana lys i s  i n  t h i s  range because t h e  s i g n a l  power i s  general ly very 
small ou t s ide  the  range, thus increas ing the  uncer ta in ty  of cross-spect ra l  
est imates.  Some representa t ive  computed spec t ra  a r e  shown i n  f i g u r e s  14-17. 

T;'e coherence between the  penetrator  and the  reference  s i g n a l s ,  t a b l e  3,  
is  sxtremely high. For frequencies below 10 Hz, i t  i s  genera l ly  g rea te r  than 
99%. The apparently low lower-limit values f o r  the  White Sands da ta  f o r  t h i s  
frequency range occur only a t  the  low-frequency end of the  spectrum, where the  
s p e c t r a l  power i s  very small. Excluding t h i s  value,  t h e  remaining values of 
coherence f o r  the  White Sands da ta  a r e  a s  high a s  those f o r  the  Tonopah data .  
Somewhat lower values of coherence a r e  observed a t  frequencies above 10 Hz. 



TABLE 2.-  RANGES OF OBSERVED POWER SPECTRAL RATIOS. 

Vertical Longitudinal Horizontal 

Geovhones Source 3-10 Hz 10-20 Hz 20-30 Hz 3-10 Hz 10-20 Hz 20-30 Hz - 

Tonopah Ave. * - 0 . 3 4 . 2  -0.9w-MJ.4 - 1 . 9 4 . 1  -0.5@+0.4 - 3 . 5 ~ - 0 . 1  - 5 . 6 ~ - 0 . 8  

W .  S .  Ave. - 0 . 4 4 . 4  - 1 . 6 4 . 3  -3 .541 .7  -0.8-i-1.5 -H).lUrl.8 -0.3&+5.6 

~ e f / R e f  D-10 - 0 . 5 4 0 . 4  -3.34-0.3 -3.4-1.2 - 0 . 2 4 . 8  0.04-0.9 0 . 0 4 0 . 7  

*excluding D-4 and D-5 results  



TABLE 3.- RANGES OF OBSERVED COHERENCE. 

Vertical Longitudinal horizontal 
Geo~hones Source 3-10 Hz 10-20 Hz 20-30 Hz 3-10 Bz 10-20 Hz 20-30 Hz 

- - - - -- - 

Tonopah A v e .  99-100 96-100 91-100 99-100 71-100 40-90 

W. S .  A v e .  92-100 97-100 74-100 80-100 97-100 58-97 



TABLE 4.- RANGES OF OBSERVED PHASE DIFFERENCES. 

Vertical Longitudinal horizontal 

Geophones Source 3-10 Hz 10-20 Hz 20-30 Hz 3-10 Hz 10-20 Hz 20-30 Hz 

Tonopah Ave. - t4~+6 -347 -1243 -9"-5 -25&+3 -5 7*+1 

W. S. Ave. -2A3 - 4 4 3  -12d24 -14-+4 +2&16 -ll~+-I45 . 
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(a) Power spectral densities. 

Figure 15.- Longitudinal horizontal power spectral densities, coherence, and 
cross-phase spectra of seismic siznals from a dummy penetrator firing at 
a distance of 183 m (600 ft), observed by vertical-component geophone at 
the Tonopah test site, and the penetrator/reference PSD ratio. 
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(a) Power spectral densities. 

Figure 16.- Vertical power spectral density, coherence, and cross-phase 
spectra plots of seismic signals from a duminy penetrator firing at a 
distance of 183 m (600 ft) observed by vertical-component geophones at 
the White Sands test site, and the penetrator/reference PSD ratio. 
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Extremely low v a l u e s  are always a s soc i a t ed  w i t h  low PSD va lues  and must be  
discounted. However, a comparison of t h e  pene t r a to r  vs r e fe rence  d a t a  f o r  t he  
White Sands tests with t h e  r e f e rence  vs r e fe rence  d a t a  (Ref./Ref. i n  t a b l e  2) 
r evea l s  t h a t  t h e  lower coherence va lue  i s  s i g n i f i c a n t  only a t  f r equenc ie s  
above 20 Hz. The coherence s p e c t r a  thus  i n d i c a t e  t h a t  t h e  s i g n a l  waveforms 
are n o t  s i g n i f i c a n t l y  a f f e c t e d  a t  e i t h e r  site by us ing  t h e  pene t r a to r  f o r  
i n s t a l l i n g  t h e  geophone f o r  f requencies  below 20 Hz, except  f o r  t h e  h o r i z o n t a l  
component a t  t h e  Tonopah site,  f o r  which one of t h e  p e n e t r a t o r s  showed a 
s l i g h t l y  lower coherence. 

The phase d i f f e r e n c e  between t h e  pene t r a to r  and t h e  r e f e rence  s i g n a l s ,  
t a b l e  4, gene ra l ly  remains less than  10" f o r  t he  v e r t i c a l  component a t  f r e -  
quencies below 20 Hz. For t h e  h o r i z o n t a l  component, i t  i s  s l i g h t l y  l a r g e r ,  
bu t  t h e  d i f f e r e n c e s  gene ra l ly  remain w i t h i n  20' of each o the r  f o r  t h e  same 
frequency range. Somewhat l a r g e r  d i f f e r ences  are observed a t  f r equenc ie s  
above 20 Hz, e s p e c i a l l y  f o r  t h e  h o r i z o n t a l  component. A s  above, extremely 
l a r g e  d i f f e r e n c e s  a r e  a s soc i a t ed  wi th  very  low PSD values ,  and must be d i s -  
counted. The phase s p e c t r a  thus  i n d i c a t e  t h a t  phases of t h e  s i g n a l s  are no t  
s i g n i f i c a n t l y  a f f e c t e d  by p l ac ing  t h e  geophone on t h e  p e n e t r a t o r  f o r  frequen- 
cies below about 20 Hz. For f requencies  between 20 and 30 Hz, some e f f e c t s  
a r e  observed - e s p e c i a l l y  f o r  t h e  h o r i z o n t a l  component - t h a t  appear as a phase 
l a g  f o r  t h e  Tonopah s i t e ,  b u t  a s  a phase advance f o r  t h e  White Sands site. 

The power-spectral d e n s i t y  r a t i o  between t h e  pene t r a to r  s i g n a l  and t h e  
re ference  s i g n a l ,  t a b l e  2 ,  gene ra l ly  r lmains w e l l  w i th in  t h e  u n c e r t a i n t y  of 
instrument s e n s i t i v i t y ,  es t imated  t o  be about +1 dB, a t  both s i t e s  f o r  frequen- 
c i e s  below 1 0  Hz. (The t h r e e  v e r t i c a l  component d a t a  record ings  from t h e  Tono- 
pah s i t e  a r e  except ions,  and a s  d iscussed  e a r l i e r ,  a r e  judged t o  have been 
recorded a t  wrong ampl i f i e r  ga ins . )  The d i f f e r e n c e s  a r e  s l i g h t l y  l a r g e r  a t  
higher  f requencies ,  but  f o r  t he  v e r t i c a l  component they are no l a r g e r  than  
t h a t  f o r  t h e  r e f e rance / r e fe rence  va lue ,  i n d i c a t i n g  t h a t  they cannot be a t t r i b -  
u ted  t o  t h e  pene t r a to r  ground coupling. The d i f f e r e n c e  between t h e  pene t r a to r  
s i g n a l  and the  r e f e rence  s i g n a l  i s  aga in  s l i g h t l y  l a r g e r  f o r  t h e  h o r i z o n t a l  
component than  f o r  t h e  v e r t i c a l  component. A t  f r equenc ie s  h ighe r  than  20 Hz, 
h o r i z o n t a l  s i g n a l s  from t h e  penetrator-mounted geophone a r e  a few d e c i b e l s  
lower than  t h e  r e f e rence  a t  t h e  Tonopah site,  and a few d e c i b e l s  h ighe r  than 
t h e  r e f e rence  a t  t h e  Tonopah site. 

Thus i t  appears  t h a t  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  ground coupling 
between t h e  pene- ra tor - ins ta l led  geophone and t h e  r e f e rence  geophone over  '-he 
range of f requencies  of i n t e r e s t  i n  most se i smologica l  s t u d i e s .  In t h e  fie- 
quency range of 3 t o  20 Hz, t h e  pene t r a to r  i s  a s  f i rmly  coupled t o  the  ground 
as the  r e f e rence  geophone. I n  t he  frequency range of 20 t o  30 Hz, t h e  pene- 
t r a t o r  f i r e d  i n t o  t h e  dry-lake sediments appear t o  be  s l i g h t l y  less w e l l  cou- 
pled t o  t h e  ground than t h e  re ference ,  p a r t i c u l a r l y  f o r  h o r i z o n t a l  ground 
v i b r a t i o n s ;  t he  pene t r a to r  f i r e d  i n t o  t h e  l a v a  bed appears  t o  be  s l i g h t l y  
b e t t e r  coupled t o  t h e  ground than  t h e  r e f e rence  f o r  h o r i z o n t a l  ground v ib ra -  
t i ons .  The d i f f e r e n c e ,  however, never exceeds 10  dB i n  t h i s  frequency range. 



V. DISCUSSION 

The results of the analysis described in the preceding section indicate 
that tllc penetrator-installed geophones are as well coupled to the ground as 
the carefully instailed reference geophones. This conclusion holds over the 
frequency range of about 3 Hz to 30 Hz, in which the observed signal strength 
from dummy-penetrator firings was high enough to allow meaningful comparison. 
Great care was taken during the present experiments in the emplacement of the 
reference geophones, using plaster of paris to firmly mount them to specially 
selected and carefully cleaned sites. Thus it is quite likely that these ref- 
erence geophones were better coupled to the ground than are some conventionally 
installed geophones, which might simply be placed on the ground or on an out- 
crop, or perhaps buried in a shallow hole. Although we make no experimental 
comparison between the penetrator-mounted geophones and those simply placed on 
the ground (which appears to be the most likely method of seismometer installa- 
tion on planetary surfaces from a soft lander at present), it is quite proba- 
ble that the ground coupling of the former is actually superior to that of the 
latter. 

Small differences were observed between the penetrator-mounted geophones 
and the refereace geophones at the high-frequency end of this range (above 
20 Hz). Whether chese differences are a consequence of differences in ground 
coupling or real difference in ground motion at different sites is not known. 
For frequencies below about 3 Hz, both the level of the source spectrum and 
the response of the 4.5 Hz geophones were too low to give meaningful data. 
However, there is no reason to believe that coupling at frequencies below 3 Hz 
is not as good as that in the 3 to 10 Hz range. 

The present experiment was performed using a half-scale model of the pen- 
etrator designed for use on Mars; we do not have data to use for extrapolating 
the present result to full-scale penetrators. A full-scale penetrator would 
presumably be heavier than a half-scale penetrator, and would also generate a 
larger disturbed zone around its point of impact. Both of these would contrib- 
ute to lowering the characteristic frequency of the penetrator/ground system. 
Although the results of the half-scale test are quite encouraging and although 
these effects are not likely to alter the results significantly, full-scale 
tests are needed to evaluate the influence of these factors. 

The digitized, three-component, seismic data allow one to try many other 
signal analyses than those described here. For example, the signals could be 
enhanced for certain given particle motions and compared. The cross-spectral 
analysis could be performed separately for different parts of the wave train 
independently, representing body waves and surface waves. However, after 
observing the nearly identical wavefcrms for the penetrator-mounted geophones 
and the reference geophones, we judged that any further analyses were not 
necessary. 



VI. CONCLUSIONS AND RECOMMENDATIONS 

This field experiment demonstrated that seismometers deployed by penetra- 
tors will be as well coupled to the ground, for the frequencv range of interest 
in earthquake seismology, as are seismometers installed by tlre best conven- 
tionslmethods. It is quite likely that they will be better coupled to the 
ground than would be seismometers simply placed on the ground or buried in a 
shallow hole. Some differences were observed but only at frequencies higher 
than those of normal interest to seismology. At these higher frequencies 
(above 30 Hz), local structural heterogeneities and resonances in the seis- 
mometer assembly appear to be more important than the effect due to the possi- 
ble decoupling of penetrators from the ground.. 

The use of penetrators as a means of deploying seismometers in remote 
areas is feasible. For operations at frequencies much higher than those nor- 
mally of interest in earthquake seismology, possible problems other than 
decoupling cf penetrators from the ground must be considered. 



APPENDIX 

PENETRATOR AND REFERENCE GEOPHONE CHART RECORDINGS 

The following are reduced copies of chart recordings of signals from 
dummy penetrator (denoted by "D") and artillery gun firing, (denoted by "GI1). 
The traces are, from top to bottom, the vertical (V), longitudinal horizontal 
(L), and transverse horizontal (T) components of the penetrator-mo~nted geo- 
phone sign~,ls, and those of the reference geophone signals. The chart sensi- 
tivity was fixed at 100 mVldiv, giving a full-scale range of 52.5 V. The dis- 
tance and the nominal value of amplifier gain are given at the top of each 
record. The actual overall sensitivites may vary within 21 dB. Penetrators 
P-1 and P-2 were fired during the Tonopah (dry-lake bed) test, and P-3 and P-4 
were fired during the White Sands (lava flow) test. Refer to table 1 for 
additional descriptions of each shot. 
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