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INTRODUCTION 

The " Inves t iga t ion  of I n  S i t u  Phys ica l  P rope r t i e s  of 

Surface and Subsurfaez Site Yaterials by Engineering Geo- 

phys ica l  Techniques" p r o j e c t ,  o r  as i t  i s  gene ra l ly  r e f e r r e d  

t o  "In S i t u  Geophysical Studies",  w a s  begun on A p r i l  1, 1964. 

The purposes of t h e  I n  S i t u  Geophysical S tud ie s  P ro jec t  are: 

1) t o  i n v e s t i g a t e  t h e  ex ten t  t o  which geophysical  techniques 

can be used t o  determine the  phys ica l  p r o p e r t i e s  of su r f ace  

and subsur face  materials i n  small areas; 2) t o  determine the 

p r a c t i c a l i t y  of devis ing  lunar  geophysical  experiments t h a t  

could be done on e a r l y  Apollo landings; and 3) t o  develop 

i n t e r p r e t a t i o n  gu ide l ines  f o r  these  lunar  geophysical exper- 

iments. 

To accomplish these  ob jec t ives  two s tudy  sites would be 

s e l e c t e d  i n  which a number of seismic p r o f i l e s  would be s h o t  

and recorded. The areas would be geo log ica l ly  mapped i n  

d e t a i l ,  co res  obtained of rocks i n  t h e  s tudy  areas and measure- 

ments of phys ica l  p r o p e r t i e s  c a r r i e d  o u t  on samples obtained from 

cores  and outcrops i n  t h e  study areas. These ob jec t ives  have 

been equa l l ed  o r  exceeded i n  almost a l l  r e spec t s .  

Although much of t h e  data obtained during t h e  f i r s t  t h r e e  

months of opera t ion  of t h e  I n  S i t u  Geophysical S tud ie s  P ro jec t  

have n o t  been completely analyzed because of t h e  s h o r t  du ra t ion  

of t h e  p r o j e c t ,  p re l iminary  ana lys i s  of t h e  da t a  has l e d  t o  



several t e n t a t i v e  conclusions.  The r e s u l t s  are, however, based 

on l imi t ed  amounts of d a t a  and w i l l  probably r e q u i r e  some modi- 

f i c a t i o n s  as more data is analyzed. 

F i r s t ,  our da t a  i n d i c a t e  t h a t  i f  t h e  luna r  su r face  is 

microse ismica l ly  q u i e t  (as suggested by t h e  s c i e n t i f i c  consensus), 

and i f  a t t e n u a t i o n  rates of seismic energy are similar t o  those  

observed i n  t h i c k  c inder  depos i t s  nea r  Sunset Crater, then energy 

t ransduced i n t o  t h e  ground by a moderate blow of a geologic 

hammer can be de t ec t ed  a t  d is tances  up t o  500 f e e t .  The f a c t  t h a t  

such energy can be de t ec t ed  a t  t h e s e  d i s t ances  means t h a t  many 

u s e f u l  seismic experiments can be conducted on t h e  luna r  s u r -  

f a c e  without  us ing  explos ive  energy sources.  The second conclu- 

s i o n  is  t h a t  t h e  energy spec t r a  analyzed t o  d a t e  have a h igher  

modal frequency than  had been a n t i c i p a t e d  from exp lo ra t ion  d a t a  

publ ished i n  geophysical l i t e r a t u r e .  Maximum amplitudes w e r e  

gene ra l ly  observed i n  t h e  80-140 cyc le s  p e r  second (cps) band- 

width. I f  t h i s  p a t t e r n  persists,  t h e  s e n s i t i v i t y  of instruments 

can be increased  by r e s t r i c t i n g  t h e  band pass t o  a s i m i l a r  range, 

thereby maximizing t h e  s i g n a l  t o  no i se  r a t i o .  These a t t e n u a t i o n  

d a t a  have had an immediate use i n  t h e  recommendations f o r  a c t i v e  

se i smic  missions f o r  e a r l y  A p o l l o  designed around non-explosive 

energy sources .  

Coring opera t ions  i n  the Kana-a lava flow near  Sunset Crater 

have y i e lded  t h r e e  v i r t u a l l y  complete cores  of an e n t i r e  flow un i t .  
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The best core of the flow rock consists of about 27 feet of what 

appearst0 be a classic aa section. The top 13 feet consists of 

highly vesicular lava, the middle 12 feet consists of dense lava, 

and the lower 2 feet consists of lava with flattened vesicles. 

Analysis of the petrography and physical properties will provide 

a more complete understanding of an aa flow than is presently 

available in the geological literature. 

Geologic operations consisted of reconnaissance of all likely 

sites in the Flagstaff area, field mapping of the exposed rocks 

on S. P. flow and Kana-a flow, and preliminary petrographic 

analysis o'f rock samples collected from these areas. Sites in 

the Mohave Desert, California were also reconnoitered as potential 

study areas. 

In addition to the above scientific results, a number of 

potential study sites have been reconnoitered, field procedures 

devised, equipment tested, and the staff organized. Field 

measurements were conducted over a period of about six weeks and 

data analysis was begun in the latter part of the report period. 

The professional staff of the project consists of the authors 

of this report and Dr. J. C1. De Bremaecker (WAE), Associate 

Professor of Geophysics at Rice University in Houston, Texas. 

J. H. Whitcomb, seismologist, will join us in the summer of 1964. 

Equipment used to date consists of an HTL 7000-B 12-channel 

wide-band unit and an SIE p-19 portable unit. A wide-band 
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system (5-500 caps) including a Geo Space 111 amplifier and a 

Geo Space 334-300 magnetic tape recorder have been ordered and 

delivery has been promised during July, 1964. A drilling rig 

is being procured through MSC in Houston with delivery expected 

in late summer or early fall of 1964. 

The ability to record records on magnetic tape will greatly 

reduce the number of shots required to analyze frequencies be- 

cause a single shot can be replayed at different filter settings. 

Tape recording will also facilitate data analysis because records 

can be replayed a t  a variety of gain settings until the one is 

found which gives the clearest representation of the wave forms. 
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FIELD WORK AND DATA ANALYSIS 

In t roduct ion . -  A f t e r  reconnoitering p o t e n t i a l  study s i tes  

i n  the  r"1agstaff are=, four sites w e r e  s e l e c t e d  f o r  s tudy  during 

FY-64 i n s t ead  of two as o r i g i n a l l y  s p e c i f i e d  i n  t h e  Work Plan. 

Three of t h e  sites are i n  volcanic t e r r a i n s  and w e r e  chosen be- 

cause of t h e  l i ke l ihood  t h a t  similar areas e x i s t  on the  lunar  

sur face .  The fou r th  area, which l ies  on a limestone mesa, w a s  

chosen i n  o rde r  t o  compare seismic r e s u l t s  from f r a c t u r e d  l ava  

and loose c inde r s  wi th  r e s u l t s  from consol ida ted  rock. Recon- 

na issance  ind ica t ed  t h a t  each area presented p e c u l i a r  s c i e n t i f i c  

and l o g i s t i c  problems, some of which could no t  be overcome com- 

p l e t e l y  i n  FY-64. 

e n t i r e l y  wi th  a sh  and geologic information i s  l a r g e l y  dependent 

on cores  which i n  t u r n  were not a v a i l a b l e  u n t i l  la te  i n  the  r e p o r t  

per iod .  

a l a rge  po r t ion  of t h e  seismic e f f o r t  w a s  concentrated t h e r e .  

On t h e  o the r  hand, S. P. flow was exposed and samples could be 

r e a d i l y  obtained f o r  mapping and l abora to ry  a n a l y s i s .  

it is not  t r a f f i c a b l e  t o  vehic les  and seismic work was l imi ted  

t o  t h a t  which could be done with hand-carr ied equipment. It 

w a s  clear, t h e r e f o r e ,  t h a t  i f  only two si tes were used, some 

p a r t  of t h e  c r e w  would be used very i n e f f i c i e n t l y  whereas wi th  

For example, t h e  Kana-a flow is covered almost 

Kana-a w a s ,  however, e a s i l y  a c c e s s i b l e  and consequently 

However, 

fou r  areas, t h e  e n t i r e  crew could serve a t  nea r  peak capac i ty .  

F igure  1 shows loca t ions  of the fou r  sites. 
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The most extensively investigated area was the Kana-a 

flow east of Sunset Crater where we recorded 152 shots on 8 

spreads. The large number of shots and spreads is due to 

the extreme variability and complexity of structure. Shooting 

included instrument tests, optimum shot size tests, refraction 

spreads to determine ash thickness, band pass shots for pre- 

liminary spectral analys-ls, shots at various distances from the 

spreads in order to determine attenuation, and velocity logging 

of core holes. 

The second area of investigation is designated Cinder 

Hills, as it has no proper name. The Cinder Hills area lies 

northnortheast of Sunset Crater and consists of (50-100 feet) 

accumulations of loose ash and cinders erupted from Sunset 

Crater and other volcanoes in the area. Here we recorded 

only 58 shots on 4 spreads because as far as is known, structure 

is relatively simple and additional shots would probably have 

not yielded significantly more information. 

encountered in the Cinder H i l l s  area is the difficulty in 

obtaining samples. 

up suitable samples, but other techniques, such as pregrouting 

and coring with a split core barrel, are under study. 

One problem 

Both augering and coring have failed to bring 

The third area of investigation lies about 32 miles north 

of Flagstaff on the eastern edge of S .  P. flow. The surface 

of S. P. flow cannot be negotiated by any of our four-wheel 
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drive vehicles, consequently, data consists of 17 shots which 

were recorded on one spread using portable equipment carried 

in by hand. Permits have been obtained and negotiations are 

completed to bulldoze a trafficable road into the study area. 

Field investigation will be completed on S. P. flow when the 

road is finished. 

The fourth area lies near S. P. flow on a small mesa 

formed by outcropping Kaibab Limestone. 

shots on 2 spreads. Limestone, of course, will not be encountered 

on the lunar surface, but it is a relatively rigid rock with 

uniform seismic properties compared to the lavas and provides 

data which can be compared with data collected in areas underlain 

by lava. The most significant result of the comparison of shots 

Here we have recorded 48 

in this area is that good transverse waves are developed in the 

limestone, but no 'coherent transverse waves have been observed 

in the other areas. 

Field geological studies of Kana-a and S. P. flow areas have 

been completed and the samples which were collected during field 

studies are currently being petrographically analyzed. Physical 

properties of 24 samples from the S. P. flow area have been de- 

termined; physical property measurements of samples collected 

from core drilling and outcrops in the Kana-a area are scheduled 

for later this summer. 
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SEISMIC INSTRUMENTS AKD FIELD PROCEDURES 

F i e l d  opera t ions  were begun on May 19 ,  1964 us ing  an  S I E  E-19 

po r t ab le  r e f r a c t i o n  seismograph system. This equipment w a s  used 

during t h e  f i r s t  of two f i e l d  periods f o r  reconnaissance and de- 

v i s i n g  f i e l d  procedures. This eqiiipment, which ctjuld be c a r r i e d  

i n  a j eep  o r  hand c a r r i e d  by three men t o  r e l a t i v e l y  inaccess ib l e  

loca t ions ,  w a s  used t o  record 27 seismograms during t h e  i n i t i a l  

f i e l d  per iod.  On June 2 ,  a second per iod  of  f i e l d  opera t ions  

w a s  begun us ing  a truck-mounted HTL 7000-B instrument system. 

A t o t a l  of 228 seismograms w e r e  taken wi th  t h i s  equipment before  

f i e l d  work f o r  t h e  f i s c a l  yea r  was terminated on June 23, 1964. 

The HTL 7000-B system i s  mounted i n  a cab on an F-600 Ford 

body and c o n s i s t s  of a 12-channel ampl i f i e r  system, a c o n t r o l  

assembly, Log Level Ind ica to r  assembly, power s u p p l y ,  i n v e r t e r ,  

o sc i l l og raph  and b l a s t e r .  

For r e f r a c t i o n  shoot ing ,  the ga in  on t h e  ind iv idua l  ampl i f i e r s  

is  con t ro l l ed  by a 10-pos i t ion  switch,  each having a 10 db s t e p .  

Outputs of t h e  ind iv idua l  ampl i f i e r s  are matched by equa l i z ing  t h e  

reading  on t h e  tes t  and ohmmeter scale when a s i g n a l  of known 

vo l t age  i s  app l i ed  t o  each ampl i f i e r .  

The f i l t e r i n g  system cons is t s  of both s i n g l e  and double 

s e c t i o n  f i l t e r s  with seve ra l  cutoff  s lopes .  FreqLencies on the  

l o w  cu t  f i l t e r s  decrease i n  seve ra l  s teps  from 210 cps t o  18 cps 

and on t h e  high cu t  f i l ters  from 320 cps down t o  31 cps.  The 
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double section filter KK which was used in recording has a cutoff 

slope of 36 db per octave. 

An internal ohmmeter system and a built-in oscillator signal 

system are provided to perform various tests such as measuring 

geophone resistances, leakage t o  ground, amplifier outputs, and 

making oscillator tests with varying signal strengths. 

The Bi-Level switch on the control panel feeds twice the 

normal output of the amplifiers into one set of 12 galvonometers 

and half the normal output into another set of 12 galvonometers; 

the net result being a 4 : l  ratio of amplifier amplitude outputs. 

The Log Level Indicator (LLI) that accompanies the system 

is wired into channel six and is essentially a measure of the 

total energy of this amplifier. By use of calibration tests the 

input voltage can be determined. 

The SIE P-19 system consists of a 12-channel amplifier 

unit, power supply, oscillograph, blaster and a 12 volt battery. 

The equipment is completely portable. 

The amplifiers have four stages of gain which provide a 

usable sensitivity of one microvolt. Gain is controlled by 

a 10-position switch and sensitivity controls allow the output 

of the amplifiers to be evenly matched. The filtering system 

consists of three single section high cut filter positions 

at 30, 50 and 100 cps. 

10 



The fol lowing is  a desc r ip t ion  of f i e l d  methods t h a t  w e r e  

used i n  a l l  areas of study: 

1) 

po in t s  would be  approxinaately l eve l ;  except ions are Spread. 52 

( f igu re  13) on Kana-a flow, which i s  on t h e  s i d e  of a h i l l  and 

Spread CD ( f igure  24) on Cinder H i l l s  where t h e  sho t  po in t s  are 

o f f s e t  more than 50 f e e t  and a r e  approximately 30 f e e t  below 

average spread level.  

2) A l l  seismometers were leveled.  

3)  

All spread loca t ions  w e r e  chosen s o  t h a t  t h e  spread and sho t  

All seismometers were buried several inches t o  minimize t h e  

e f f e c t  of t h e  wind. 

4 )  

a t  the nor th  o r  east end of the spread and geophones 1, 4 ,  7 and 10 

w e r e  ho r i zon ta l  wi th  the  axis i n  l i n e  with t h e  spread ,  w i th  t h e  

top  of t h e  geophone poin t ing  t o  t h e  no r th ;  geophones 2 ,  5 ,  8 and 11 

w e r e  ver t ical ,  and geophones 3 ,  6 ,  9 and 12 w e r e  h o r i z o n t a l  w i th  

t h e  axis transverse t o  t h e  spread and t h e  cap poin t ing  w e s t .  

5) When recording f i l t e r  shots  one b l a s t i n g  cap was used a t  

o f f s e t  d i s tances  of 10 f e e t ,  and one-eighth pound w a s  used a t  

o f f s e t  d i s t ances  of 160 and 210 f e e t .  

6) 

instrument .  

7) O s c i l l a t o r  t e s t  records  were taken both before  t h e  f i r s t  

record  and a f t e r  t h e  las t  record each day. These w e r e  f i x e d  

11 
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gain calibration tests taken at the different sensitivities 

used during the day. 

were 1, 3, 10, 30, 100 and 300 microvolts and 1, 3, 10 and 30 

millivolts. 

The input voltages of the oscillator 
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DATA ANALYSIS 

Analysis begun during t h e  repor t  per iod cons i s t ed  of picking 

and t iming f i r s t  a r r i v a l s ,  scanning records f o r  evidence of co- 

herent  t ransverse  motion, and measuring amplitudes of t h e  f i r s t  

f u l l  wave f o r  a t t e n u a t i o n  and preliminary s p e c t r a l  ana lys i s .  

The f i r s t  a r r i v i n g  energy was picked and timed f o r  conven- 

t i o n a l  r e f r a c t i o n  a n a l y s i s .  Ampl i tudes  of e a r l y  a r r i v a l s  were 

r e l a t i v e l y  high and e a s i l y  picked. 

i n  picking and t iming occurred i n  those records where t h e  v e l o c i t y  

of t he  compressional wave through c inders  w a s  approximately the  

same as t h a t  through a i r .  When it w a s  discovered t h a t  these  

v e l o c i t i e s  w e r e  nea r ly  i d e n t i c a l  i n  sone areas, charges (both 

caps and dynamite) w e r e  buried i n  order  t o  ob ta in  a smaller 

a i r  wave. 

The only problem encountered 

Coherent t r ansve r se  motion has no t  been observed i n  da t a  

from the  lava flows and cinders ,  but i s  e a s i l y  d i s c e r n i b l e  on 

some records from t h e  Kaibab area .  The t r ansve r se  motion i n  the  

lava  f l o w  and c inders  a r r i v e s  a t  approximately the  same time as 

compressional motion which suggests t h a t  t h e  t r ansve r se  motion 

was generated near  t he  end of the  ray  path r a t h e r  than near  

t he  shot  po in t .  

s i b l e  t o  "ve loc i ty  f i l t e r ' '  the a r r i v a l s .  

obscured by noise  i n  the  o r i g i n a l  data may then become apparent .  

It i s  thought t h a t  t h i s  process w i l l  r evea l  coherent t ransverse  

When t h e  data  a r e  d i g i t i z e d ,  i t  w i l l  be pos- 

Ar r iva l s  which a r e  

motion i n  t h e  da t a  from t h e  cinders  and lava flows. 
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The p r i n c i p l e  of v e l o c i t y  f i l t e r i n g  i s  as follows: le t  us  

assume a wave with a ve loc i ty  V a r r i v e s  a t  the  f i r s t  d e t e c t o r  a t  

a t  t h e  second d e t e c t o r  a t  t -i d ,  a t  t h e  t h i r d  d e t e c t o r  a t  1 
3 2d and a t  t h e  jth de tec to r  a t  t 4- ( j - l ) d .  I f  a t i m e  delay tl 1 

of (i-1)d i s  introduced i n  each ch?zrznel (where i s  t h e  number 

of  both de t ec to r  and channel) ,  and the  amplitudes of a l l  channels 

are added, then waves t r a v e l i n g  with v e l o c i t i e s  V w i l l  i n t e r f e r e  

cons t ruc t ive ly  and appear as energy peaks. Waves t r a v e l i n g  a t  

o t h e r  v e l o c i t i e s  w i l l  i n t e r f e r e  des t ruc t ive ly .  At tenuat ion  

co r rec t ions  w i l l  be appl ied  t o  amplitudes of each channel;  without 

these, d a t a  from de tec to r s  c lose  t o  the  sho t  would have a d i s -  

p ropor t iona te  inf luence  i n  t h e  summation. 

Although amplitudes of ampl i f i e r  ou tputs  i n  the  7G00-3 

i n s t rmien t  were matched w i t h i n  a few percent ,  o s c i l l a t o r  tes ts  

ind ica t ed  t h a t  galvanometer outputs  var ied  by as much as 50 

percent .  Consequently, t he  f i r s t  s t e p  i n  ana lys i s  of da t a  f o r  

frequency spectrum and f o r  a t t enua t ion  c o n s i s t s  of measuring 

amplitudes on o s c i l l a t o r  t e s t  s t r i p s  and computing normalizing 

f a c t o r s  f o r  each channel on both high and l o w  levels.  A f t e r  

completion of t h i s  s t e p ,  amplitudes of f i r s t  z o t i o n  are 

measured on a l l  channels of the  f i e l d  tapes.  lJhen t h i s  

measurement i s  completed, amplitudes are normalized by mul t i -  

p l i c a t i o n  of t h e  f a c t o r  mentioned previously and a t t enua t ions  

and band pass s p e c t r a  are p lo t t ed .  
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As a f i r s t  approximation of t h e  a t t e n u a t i o n  func t ion ,  

it is assumed t h a t  the amplitude (A) of recorded seismic 

energy i s  inve r se ly  propor t iona l  t o  t h e  d i s t a n c e  (d) (from 

t h e  sho t )  r a i s e d  t o  some power (a) o r  A=kdea where & is 

some cons tan t .  This func t ion ,  when p l o t t e d  on log log  paper,  

appears as a s t r a i g h t  l i n e  wi th  a s lope  equal t o  a. 

Modif icat ions i n  the assumed a t t enua t ion  func t ion  w i l l  

be made when warranted by the  data.  

A prel iminary es t imate  of the spectrum w a s  obtained 

by record ing  energy i n  t h e  out-31, 30-66, 60-120, 120-215, and 

210-320 cps bands as w e l l  as the t o t a l  energy i n  t h e  out-320 

cps band. "Out" i n d i c a t e s  t h a t  no low-cut f i l t e r  w a s  used 

o t h e r  than  t h e  ampl i f i e r  response which is  6 db down a t  about 5 

cps.  The da ta  derived from t h i s  procedure a r e  q u a l i t a t i v e l y  

s i g n i f i c a n t  and, as previously mentioned, sGiggest t h a t  lunar  

instruments should have peak responses higher than convent ional  

r e f r a c t i o n  instruments.  However, t he  da t a  a r e  q u a n t i t a t i v e l y  

marginal .  S p e c i f i c a l l y  , t h e  lower (out-31) and upper (210-320) 

bands are n o t  even octaves and an inc rease  i n  the  number of 

bands is d e s i r a b l e .  Changes w i l l  be incorporated i n  f u t u r e  

procedures t o  increase  t h e  number of bands, and t o  make band 

widths  uniform f r a c t i o n s  of octaves. It i s  hoped t h a t  problems 

of analog t o  d i g i t a l  conversion can be overcome i n  t h e  f i r s t  
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ha l f  of N - 6 5 .  When the  da t a  a r e  d i g i t i z e d ,  Four ie r  a n a l y s i s  

w i l l  provide complete s p e c t r a l  response r a t h e r  than band pass  

response as provided by FY-64 inst rumentat ion.  
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STLDY AREAS 

Kaibab.- The Raibab s tudy area w a s  s e l e c t e d  because of  

t h e  n e c e s s i t y  of c n q a r i s o n  of seismic d a t a  recorded i n  t h e  

lava flows wi th  s e i s m i c  da t a  recorded i n  an area of r i g i d  rock. 

The Kaibab l imestone, which i s  of Zermian age,  c o n s i s t s  of a 

r e l a t i v e l y  t h i c k  sequence of l imestone beds and interbedded 

l imes tone -c l a s t i c  beds. The t e s t  area i s  locazed i m e d i a t e l y  

w e s t  of t h e  S. P. f low on top  of a s m a l l  rdesa ( f igu re  2). 

Outcrops i n  an  ad jacent  v a l l e y  i n d i c a t e  t h a t  t h e  th ickness  of 

t h e  Kaibab exceeds 80 f e e t  i n  the  s tudy area. 

mapping has  been corcpleted but  co res  i n  t h e  area w i l l  be taken 

a t  a later da te .  Seismic experiments conducted i n  the  area 

inc lude  r e f r a c t i o n  p r o f i l e s ,  t e s t s  f o r  charge s i z e ,  instrument  

tests,  band pass sho t s ,  and a t t e m a t i o n  sho t s .  

Alnost no geologic  

Seismic energy i n  t h e  Kaibab s tudy area d i f f e r s  from energy 

recorded i n  t h e  lava f i e l d s  i n  t h a t  it e x h i b i t s  coherent  motion 

i n  t h e  t r ansve r se  plane,  however the  na tu re  and cause of t h i s  

motion are n o t  y e t  clear.  

The Kaibab area w a s  f i r s t  i nves t iga t ed  on May 19-20, 1964 

when 24 records  were taken using the  S I E  P-19 equipment. These 

records  cons is ted  mainly of seismometer dup l i ca t ion  tests.  

Two continuous spreads (A and 3), each with four  groups 

a t  50 f o o t  i n t e rva l s ,were  recorded. Each group had t h r e e  

17 
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Figure 2. Aerial photograph showing locations of S. P. flow study area and 
Kaibab study area relative to S. P. crater and flow. Small lines within 
study areas indicate seismic spread locations. 
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seismometers placed together--one ver t ica l ,  one ho r i zon ta l  i n  

l i n e  with t h e  spreads ,  and one h o r i z o n t a l  t r ansve r se  t o  t h e  l i n e  

of t h e  spread. Spread A was recorded from seve ra l  sho t s  a t  o f f -  

set d i s t ances  of 100 and 263 f e e t  north of t h e  spread and ar: 200 

f e e t  south of t h e  spread. Spread B w a s  recorded from several 

charges sho t  200 f e e t  riorth and 200 f e e t  south of t he  spread. 

One sho t  was t r i e d  wi th  a two alid one-half pound charge s u s -  

pended t h r e e  f e e t  above the  ground on a s t i c k .  F i l t e r  s e t t i n g s  

of  100-out and 50-out w e r e  t r i e d  a long  wi th  d i f f e r e n t  charge s i z e s  

vary ing  from one-half t o  th ree  poucds.  

On June 19, 1964 t h e  a rea  w a s  aga in  inves t igz t ed  wi th  t h e  

HTL 7000-B instrument.  A total of 24 seismograms w e r e  recorded 

wi th  t h i s  equipment. One r e f r a c t i o n  s p r e e i  cons i s t ing  of 12  

v e r t i c a l  seismometers placed 50 f e e t  a p a r t  was recorded from 

o f f s e t  d i s t ances  of 50, 100, 200, 300,  400 2nd 500 f e e t  no r th  

of  t he  spread and from 50 f e e t  south o f  t h e  spread. The f i l t e r  

s e t t i n g  used wzs 75 KK-out and the  charge s i z e  was two and one- 

h a l f  pounds a t  a depth of one f o o t .  

F i l t e r  sho t s  were taken a t  two spreads loca ted  wi th in  t h e  

r e f r e c t i o n  spread ( f igu re  3 ) .  These s-,reads had t h e  sane lay- 

ou t  as descr ibed  above; i. e. fou r  gron?s of th ree  seismon;eters 

each. Spread A1 w a s  recorded s i x  t i m e s  Erom an o f f s e t  d i s t m c e  

of  160 f e e t  no r th  us ing  t h e  following f i l t e r  s e t t i n g s :  320 SK- 

Out, 320 KK-210 IN, 215 KK-120 KK, 120 KK-60 KK, 66 IN-30 KK 
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and 31 KK-out, and once from a n  o f f s e t  d i s t a n c e  of 10 f e e t  south 

wi th  a f i l t e r  s e t t i n g  of 320 KK-out. Spread A w a s  recorded t h e  

same way as A l ,  only  t h e  o f f s e t  d i s t a n c e  f o r  t h e  s ix  f i l t e r  set- 

t i n g s  w a s  10 f e e t  n o r t h  and f o r  t h e  south  s h o t  p o i n t  t h e  d i s t a n c e  

w a s  160 f e e t .  I n  o t h e r  words, the sho t  points w e r e  t he  same, 

but  t h e  geophone spread w a s  moved. 

2 

Frequency response curves  a r e  shown f o r  Spread A i n  1 

f i g u r e  4. 

f o r  both spreads  are cur re i i t ly  Seing ca l cu la t ed .  

Frequeacy curves f o r  Spread k2 and a t t e n u a t i o n  curves 
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S. P. f low.-  S. P. flow i s  a r ecen t  b a s a l t i c  lava flow, 

loca ted  about 32 m i l e s  nor th  of F l a g s t a f f ,  Arizona, on the  nor thern  

edge of the  San Francisco volcanic  f i e l d .  Geologic mapping i s  

e s s e n t i a l l y  complete but  seismic work has been delayed pending coni- 

p l e t i o n  of a t r a f f i c a b l e  road. 

S. P. flow emerges a t  t h e  base of S. P. Mountain, a contemporary 

c inder  cone, and extends northward i n  a s l i g h t l y  sinuous fash ion  

f o r  about 4.5 m i l e s  ( f i gu re  2) .  The flow i s  about 1,000 f e e t  wide 

a t  S. P. Xouztain and expands northward t o  a m a x i m u m  width of about 2.4  

m i l e s  i n  i t s  middle p a r t ,  The average th ickness  a t  i t s  narrow southern 

end is about 40 f e e t ,  bu t  t h e  flow th ickens  northward and i n  i t s  

wider nor thern  th ree -qua r t e r s ,  raiiges i n  th ickness  from 150 t o  2 0 0  

f e e t .  This t h i c k e r  p a r t  i cc iudes  the  area of study. Tne S. P. 

f low poured out  onto an e ros i ana l  s u r f z c s  cn t  i n  the Kaibzb Limestone 

of Permian age and probably a l s o  i n  p laces  La o lde r  Quaterzary vol -  

can ic  depos i t s .  Sabels  (1960, p .  192) assigr-s 811 age of 1500 years  

t o  t h e  S. P. flow on the  bas i s  of a corcparison of thermoluminescence 

w i t h  t h e  Bonito f l o w ,  1 7  miles t o  t h e  southeas t .  The Bonito f low 

has been dated a t  900 years  by dendrochronology (Smiley, 195s). The 

r e l i e f  of t h i s  e ros ion  sur face ,  as shorn on t h e  western s i d e  of  t he  

flow, i s  l o c a l l y  more than SO f e e t .  

S. P. flow i s  an exce l l en t  example of block lava as descr ibed 

by Finch (1933) and Wentworth and MacDonald (1953, p. 3 2 ) .  The 

su r face  c o n s i s t s  mainly of l o o s e l y  packed, angular ,  equant ,  polygonal 
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blocks of l ava  t h a t  range from 4 i ~ c h e s  t o  6 f e e t  ac ross  and 

average about 2 f e e t  ( f igures  5 and 6 ) .  

of  t h e  loose ly  packed rubble  ranges from 20 t o  35 percent .  

The blocks are i n  general  smooth, bu t  cormonly have a t h i n ,  

one t o  two inch t h i c k ,  scoriaceous l a y e r  oil s x  s i d e ,  which 

E s t i m a t e s  of po ros i ty  

probably r ep resen t s  t h e  o r i g i n a l  cool ing  sur face .  Elocks are 

now l a rge ly  randomly o r i e a t e d  and only i n  s c a t t e r e d  sna i l  

areas do they f i t  t i g h t l y  together  i n  t h e i r  o r i g i n a l  o r i e n t a -  

t i o n  ( f igures  7 and 8). These siriooth, eqzent blocks c o n t r a s t  

sha rp ly  wi th  t h e  p l a t y ,  s?inose,  c l i r - i e ry  cha rac t e r  of  t r u e  

aa lavz, as cha rac t e r i zed  by the Bonito and Kana-a flows i n  the  

Sunset Crater area. 

Blocks forming the  upper sur fece  of Che flow are heaped 

i n  snail r idges  t h a t  r i se  as hLgh as 50 f e e t  above t h e  genera l  

level or' t h e  f l o w .  I n  p l an  view the  r idges  of blocks s;low a 

d e f i n i t e  r e l a t i o n  t o  t h e  flow d i r e c t i o n  of t he  va r ious  io3es of 

t h e  flow ( f igure  9). It i s  obvious t h a t  t he  fo rces  t ha t  f o n e d  

t h e  rubb le  from t i g h t l y  jo in ted  lava did no t  move t h e  blocks 

f a r  from t h e i r  o r i g i n a l  pos i t ion .  Some r idges  are c r e s c e r t i c  

w i th  t h e i r  convex s i d e  dom-s t r ean  and appear t o  otqe the i r  

t o  drag on the  s i d e s  of t h e  lobes.  Others are s u b p a r a l l e l  t o  

t h e  lo3e xarg ins  and t h e  d i r e c t i o n  of flow, whereas s t i l l  o t h r s  

occur i n  s t r a i g h t  se ts  t h a t  appear t o  i n t e r s e c t  each o the r  zt 

obtuse anr-les, It i s  con-xnon f o r  t he  c r e s c e c t i c  r idges  t o  be 
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Figure  5 .  V i e w s  of t h e  s u r f a c e  of S .  P. flow. A - Looking 
south  from s tudy  area toward S .  P. crater.  
a long  t h e  edge of t h e  flow. 
of sedimentary rocks.  

B - Looking n o r t h  
P l a t e a u  i n  t h e  d i s t a n c e  c o n s i s t s  
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Figure 6 .  Close-up of surface of S .  P .  f l o w  showing rubbly texture.  
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Figure 7. Close-up of surface showing tightly fitted polygonal 
blocks in their original orientation. 
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Figure  8 .  Mass of blocks still tightly fitted together. 
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si,gnoidal i n  o u t l i n e  a i d  t o  be t runca ted  by t h e  longer r idges  t h a t  

p a r a l l e l  t he  lo3es.  This f a c t  suggcses t h a t  longer r i d g e s  repre-  

s e n t  shear  zones between lobes,  or sep . en t s  w i th in  t h e  lobes,  

between which the  c r e s c e n t i c  r idges  have been deformed. The 

i n t e r s e c t i n g  s t r a i g h t  sets of rFdgcs s n ~ ~ e s t  ccnjugate  s e t s  of 

shear  f r a c t u r e s  o r  fo lds .  I n  m y  czse i t  i s  apparent  t h a t  t he  

flow p a t t e r n  even wi th in  t h e  sm.11 area of s tudy i s  corqlex.  The 

present  rubbly cha rac t e r  02 the s u r f 2 c e  is  due i n  p a r t  t o  polygonal 

jo i r i t ing  caused 5y contraccLon during cool ing ,  2nd i n  p a r t  due t o  

lava movenents during and a f t s r  t h e  cool ing  of t h e  sur face .  The 

depth of t h e  loose rubble  is  not  known, bu t  t h e  presence of s m a l l  

doines and b lun t  p innac les  on KOP of t he  flow, and more i r r e g u l a r  

=asses on t h e  s i d e s  i n  which the blocks f i r  t i g h t l y  toge the r ,  sug- 

g e s t s  t h a t  t h e  rubble  i s  i lnderlain a t  shallow depth by a h ighly  

j o i n t e d  but  f a i r l y  s o l i d ,  continllous r o c k  rass.  The upper p a r t  

of t:?E continuous mass may 32 i r r e g u i a r  wit5 h igh  po in t s  poss i3 ly  

represented  by the above-rnenrioned szail i m e s  and pinnacles .  

It seems probable t h a t  each lobe of t he  flow i s  a f a i r l y  continuous,  

coherent  u n i t ,  save f o r  l a r g e  scale f r a c t u r e s  r e l a t e d  t o  co l l apse  

s t r u c t u r e s  and i a rge  scale voids such as Iwa  caves ail2 tabes .  

According to Wentworth and YfcDonald (1953, p.  62-63),  

v i scous  flows t h a t  produce block and aa lavas ger,c.raily advance 

over  deb r i s  t h a t  has f a l l e n  from t h e i r  own f r o n t s .  Thus a l aye r  

o f  loose  rubble  i s  t o  be expected below the  continuous rock m a s s .  
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The f r o n t  of t h e  S. P. flow r i s e s  s t e e p l y  frcn 120 t o  160 f e e t  i n  

t h e  nor thern  p a r t  of t he  floig, 2nd it i s  probable t h a t  a cons ider -  

a b i e  amount of rubble  would be der ived from such a s t e e p  f r o n t  

and over-ridden by t h e  main p a r t  of che f low.  The th inne r ,  sub- 

s i d i a r y  lobes would hav2 l i t t l e  o r  ilc 5 - s a l  r u 5 b l e  l277-s. -> -* A sub- 

s t a n t i a l  rubble  l aye r  i s  t o  b e  2xpec"ted i n  t h e  area of study. 

The S. P. flow i s  ~ 2 n e r a l l y  Lacking py roc lz s t i c  d e b r i s ,  s o i l ,  

and vege ta t ion ,  bu t  minor zre2s o f  g rassy  s o i l  occur a long the  

edges of t h e  flow and i n  ~ ~ E T T O : ?  t c x ~ c e s  t h a t  p ro j ec t  i n t o  rhe  flow, 

c h i e f l y  between t h e  major lobes. IfL addizion m a l l  patches of 

grassy  s o i l  are spa r se ly  s c a t t e r e d  through t h e  bare  block lava 

of t h e  i n t e r i o r  sur face  of t ! l e  f l ~ ~ .  The sot1 on which t h e  g ra s s  

grows appears t o  be a l n o s t  e z l c i r e l y  d z r i v e l  2rox a red-weathering 

p a r t l y  p y r o c l a s t i c  rock, which is  t h e  c c l y  ir.->s::~n: Tninor rock 

type i n  t h e  flow. This rock c o n s i s t s  of nedlzsr. gray 2nd dark 

r e d  rrotr led,  very f i n e  grained,  a l ~ ~ s t  nonvesicular  b a s a l t  i n t e r -  

bedded wi th  loose ly  cemented, red-weathering, ScoriEceous, l a p i l l i  

t u f f .  The beds range i n  thickness  f r o 2  1 inch  t o  E few f e e t ,  and 

e i t h e r  rock type may be l o c a l l y  predominant. The soil is l a r g e l y  

der ived  from t h e  e a s i l y  weathered Luff ,  t ha  outcrops 3- r - 3 -  .--ch are  - - .  

coniionly surrounded by a grass-covered apron of unconsoliCated 

l a p i l l i  t h a t  washes down-slope and i n  p laces  cevers  the 5loc:c lava.  

The reddish  t c f f  and. basa l t  3cds a r e  genera l ly  s t e s p l y  dip-  

ping,  and form s t e e p ,  jagged msses t h a t  p ro j ec t  proininencly above 
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t he  general  level of t he  block lava (fLgure 10). The red-  

weathering beds occur i n  dLsconcindous u n i t s  raziae,  f r o 2  a 

fcw f e e t  t o  a f e w  t e n s  of fee-i In t5lLciurtess. They are confined 

t o  the  margins of t he  flow and t o  nar row areas between t h e  majcr 

lobes of t h e  flow. i3e lzrgss; SLCL L;:cei-loSe z ~ e a  cxtezds iz- 

ward from the  westera s i d e  of E k e  i l o r i ;  i n  ;ddLcion t o  t he  red- 

d i s h  Luff and b a s a l t  becs ,  th i s  arsz conzains hornicos ( s p a t t e r  

cones) and o ther  f e z t u r e s  zssoc ia ted  with gas a c t i v i t y  cha t  rtre 

e n t i r e i y  lacking elstv,:.czz i n  the flaw. The F o s i t i o n  o f  t he  

red-weathering beds, t h e i r  disri.~?ted tilted s t r u c t u r e ,  an? t h e i r  

h i g h l y  oxidized p y r o c l a s t i c  characzer a l l  po in t  t o  t h e i r  being 

t h e  product of an ea r l i e r ,  x o r e  explosive e r o i t i o n  t h a r  w a s  

broken-up by t h e  advance of ehe ~ r : C c ~ r l r a n t  block lava. liheti..er 

o r  not  t h e  earlier e rup t ion  wzs r a i a t e d  t o  che S. P. eru?Zion 

cannot be detemir ied on t h e  3as i s  o f  ----- y , ~ a e x t  t v i S e x e ,  Sut  -ihe 

apparent  r e s t r i c t i o n  of t h e  red-wcathering bees t o  the  margins 

of t h e  main lobes 0 2  tile S. 1. flow suggests  chzt they are the  

products of an  ear l ier  phase of t he  S. P. e rupt ion .  

The predominant blocky b a s a l t  i s  dark gray t o  gray ish  b lack ,  

f i n e  gra ined ,  and f i n e l y  ves i cu la r ;  t he  blocks are  wezzhered 

mott led d x k  brown, reddish  brown, ai--d yel lowish bro;;r=. h a l l  

phenocrysts,  ~7hich  average about 1 rn i n  l ens th ,  0, plz;ioclase,  

pyroxene, an2 

rock. Kearly 

r a r e l y  o l i v i n e  z re  spz r sc ly  s c z t t e z e 2  :hrsL;:I t h e  

every s?ecimen exar?.ined contaLns a few, rcscnded, 
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Figure 10. Steep jagged mass of reddish tuf f  and basalt 
projecting above the general level of the f l o w .  
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Tne v e s i c l e s  are genera l ly  tu3e- l ike  an< d i s t i n c t l y  Zlatcened; 

t h e i r  width ranges from l e s s  than .5 t o  5 r m ;  and averages 

about  1 ml, 2nd t h e i r  l ength  r m g e s  from 1 t o  10 n ~ ;  and a v e r q s s  

s h e e t - l i k e  v e s i c l e s  t o  slight i n  s u ’ x i r u l a r  v e s i c i e s .  I r r e g u l a r  

v e s i c l e s  a r e  present ,  b u t  EZS g z r e r z l i y  r?.cch l e s s  comon than 

of t h e  S. P. flow rzEges f - ro~ .  l e s s  than 5 t o  50 percent  and 

averages abcilt 15 p e r c e n ~ .  ?.e lxer l e v e l s ,  as seen f r ~ i n  the  

s i d e s  of t he  f low,  s ee3  less ves l cu ie r  than t h e  q p e r ,  but  t h e  

fragmental  cha rac t e r  of t h e  s ldes  xakes ir i q o s s i b l e  t o  be cer -  

t a i n  of the pos i t i on  Ln rhe flow of roc!< ir.ssses exposed t h e r e ,  

s t r u c t u r e  i s  p r o b b i y  a reflecti~n of  i t s  mors ~ : ~ s c o u s  cha rac t e r .  

conten t .  The following approxiEaCe model co iqos ic ion  given by 

Eodges (1962, p .  22)  seems rezsonable i n  the  l i g h t  of our p r e -  

should be increased t o  about 15 percezz.  
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Preliminary ana lys i s  of 23 t h i n  sectLons i n d i c a t e  t h a t  lava of 

t he  S. ?. flow i s  q u i t e  unir'orn i n  t ex tu re  and composition. 

ch ief  v a r i a t i o n  is i n  the  degree of v e s i c u l a r l t y ,  which ranges 

fro-, less than 10 t o  n o r e  than 30 ?ercent  and corresponds t o  t h e  

ca l cu la t ed  po ros i ty  or' the l ~ b o r z t o r y  tests. 

poros i ty ,  such as i n t e r s t i t i a l ,  w a s  seen i n  t h i s  s ec t ion .  

The 

So o t h e r  type ~f 

The rock has  a po rphyr i t i c  E y a l o ? i l i t i c  t e s t u r e  n a i n l y  

conposed of e longate  la ths  of p l z s ioc i a s s  and stilbby prisrns of 

p r o s e n e  s e t  i n  a bese of  3 r o m  ;lass. "he p l z s i o c l a s e  l a t h s  

i n  general  show a d i s t i n c t  f l u i d 2 1  o r i e n t a t i o n  t h a t  bends and 

swirls around t h e  phenocrysts,  whick are mainly pyroxene. The 

g r a i n  s i z e  ranges from .01 mi EO 5.,0 IEZ, snd averages about .07 m. 

Xle p lag ioc lase  i s  Eos t ly  c a l c i c  a;lcssii;e, ;_cica;ing . - .  t h a t  t he  

rock  i s  probably a b a s a l t i c  acdes i t e  o r  an Enccs l t i c  b a s a l t .  D e -  

t a i l s  of p r e l i x i n a r y  petrogrzphy ;re as follo;.rs. 

P lag ioc lase .  20-26%--Generally nc l l t ip ly  twinnzd; normal 

zoning from hAc40 a t  ria 2 0  -:-a a t  core, however, xost c r y s t a l s  

range f r o m  A"44 t o  An- Plagiociase l a r h s  range i n  length  from .Ol 

t o  -75 mm, and average about .07 nm; those I n  t h e  range .2 t o  .75 mrn 

a r e  c a l l e d  phenocrysts ,  but  i n  c a n y  s e c t i o z ~ s  there  seeas Lo be a 

continuous grada t ion  i n  s i z e  f r o n  smallesc zr; l a r g e s t .  The za rg ins  

of t h  p lag ioc la se  c ryscz i s  a r e  s l i ; h t l y  c o r r d e d  by the  g lassy  

" nroundaass. I n  genera l ,  no important d i f f e rences  could be seen 

between the  var ious  s i z e s  of p lag ioc lase  c r y s t a l s ,  bu t  one la rge ,  

h igh ly  resorbed c r y s t a l  was seen, which i s  probably a xenocryst ,  

f o r e i g n  t o  t h e  lava. 
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Pyroxene. 20-24%--The pyroxene is  gene ra l ly  c o l o r l e s s  and 

monoclinic, however, it i s  commonly zoned and t h r e e  genera t ions  

of c r y s t a l s  are present:  (1) f i ne  (average about .02 mm), equant 

g r a i n s  of t h e  groundmass, not no t iceably  zoned o r  corroded; (2) 

s m a l l  phenocrysts (average about .imm) rounded, serongly corroded 

by g lassy  groundmass, subhedral pr i sms ,  d i s t i n c t  o s c i l l a t o r y  

zoning ( inc luding  "hourglass" zoning), spa r se  s i m p l e  and mul t ip l e  

twinning; 2Vz about 40" t o  45", phenocrysts disseminated through 

rock;  (3) l a r g e r  phenocrysts (average about .8mm), euhedral,  no t  

no t i ceab ly  corroded, o s c i l l a t o r y  zoning and "hourglass" zoning; 

sparse simple and mul t ip l e  twinning; 2V about same as smaller 

phenocrysts ,  one euhedral c r y s t a l  had a rounded core  t h a t  probably 

r e p r e s e n t s  an enclosed smaller phenocryst. 

2 

More work has  t o  be done t o  p i n  down t h e  compositions of t h e  

pyroxenes, prel iminary a n a l y s i s  sugges ts  t h a t  they  are probably 

aug i t e .  

O1ivine.<l-3%--ClearJ  uncorroded euhedra ranging from less 

than  .06 t o  -1 mm i n  length,  r eac t ion  rims are absent .  

Glass. 25-36%--Brown, c l e a r ,  wi th  abundant c l e a r  bubbles, 

averaging about .001 mm i n  diameter, t h a t  have low r e l i e f  and no 

b i r e f r i n g e n c e ,  poss ib ly  gas o r  f l u i d ;  g l a s s  has index of about 1.54, 

which g ives  a s i l i c a  content i n  t h e  range 56 t o  65%. 

Magnetite. Trace--Disseminated euhedral cubes and octahedra 

averaging about -01 mm, l o c a l l y  oxidized t o  hemati te  or l imoni te ,  
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v a r i a t i o n s  i n  magnetite, e i t h e r  o r i g i n a l  o r  due t o  oxida t ion ,  

could account f o r  v a r i a t i o n s  i n  t h e  magnetic s u s c e p t i b i l i t y .  

For example, samples 1 and 16, which are h ighes t  i n  magnetic 

s u s c e p t i b i l i t y ,  are a l s o  r i c h e s t  i n  magnetite. 

Vesicles.  10-30%--Genera?ly f l z t t e n e d  and i r r e g u l a r ,  no 

no t i ceab le  f i l l i n g ,  average about 2 mm i n  length  and range from .2 mm 

t o  5 m o r  more. 

D i a m e t e r  of quar tz  g ra ins  averages from 1 t o  2 mm; they  are 

gene ra l ly  h igh ly  resorbed and surrounded by a r e a c t i o n  rim of 

brown g l a s s  and f i n e  aug i t e  c y r s t a l s .  According t o  Hatch and 

o t h e r s  (1961, p. 326) ,  primary qua r t z  i n  b a s a l t  occurs i n  t h e  

groundmass, and can be assoc ia ted  wi th  o l i v i n e  only i n  e q u i l i b -  

rium. I n  view of t h i s  t h e  r e l a t i v e l y  l a rge  qua r t z  g ra ins  wi th  

r e a c t i o n  rims are s t rong ly  suggestive of xenocrys ts ;  t h e  commonly 

f r i a b l e ,  underlying Coconino Sandstone through which t h e  lava 

must have moved t o  t h e  sur face  i s  a l i k e l y  source f o r  t hese  g ra ins .  

With t h e  except ion of tensi le  s t r e n g t h  tests,  t h e  complete 

s u i t e  of phys i ca l  p r o p e r t i e s  measurements as o r i g i n a l l y  s p e c i f i e d  

i n  t h e  work p l an  has been run  on 24 samples from outcrops on t h e  

S. P. flow. Tens i l e  s t r e n g t h  w i l l  be determined f o r  a l l  f u t u r e  

samples. The da ta  from t h e  phys ica l  p roper ty  measurements are 

summarized i n  f i g u r e  11. Compressional and shear  wave v e l o c i t i e s  

w e r e  determined by 3 d i f f e r e n t  methods; pu lse ,  bar  resonance, 

computation from s ta t ic  determinations of Young's modulus and 
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Poisson's r a t i o .  

f u t u r e  tests because they  are redundant and r e q u i r e  r e c u t t i n g  of 

Bar resonance measurements w i l l  be dropped from 

t h e  cores.  

inch  diameter) core  from t h e  holes i f  ends of t h e  co re  samples rzrc 

c u t  and planed. 

A l l  o t h e r  measurements can be conducted on t h e  NX (2 1/8 

The d iscrepancies  between va lues  of Poisson ' s  r a t i o  determined 

by bar resonance and va lues  of t h e  r a t i o  determined by pulse  and 

s t a t i c  tests are n o t  understood. Those va lues  determined by s ta t ic  

and pulse  measurements are thought t o  be b e t t e r  because they  are 

more n e a r l y  mutually agreeable and because they  agree  more c l o s e l y  

wi th  va lues  i n  t h e  l i t e r a t u r e  where Poisson's r a t i o  is gene ra l ly  

about 0.250. 

The S. P. flow w a s  i nves t iga t ed  dur ing  t h e  f i r s t  f i e l d  per iod  

wi th  t h e  SIE P-19 por t ab le  equipment. All equipment w a s  hand- 

c a r r i e d  onto t h e  flow by th ree  men. 

during t h e  two days. 

One spread, which cons i s t ed  of  four groups wi th  an i n t e r v a l  

Seventeen records  w e r e  taken 

of 50 f e e t  and t h r e e  seismometers per  group mounted on one base 

p l a t e ,  was  recorded on t h i s  flow. The seismometers had t h e  same 

layout as descr ibed above f o r  t h e  Kaibab area. This  spread was  

recorded from o f f s e t  d i s t ances  of 100 and 200 f e e t  no r th  and 

from 100, 200 and 300 f e e t  south o f  t h e  spread. Charge s i z e s  

vary ing  from one-half t o  th ree  pounds were t r i e d ,  both on t h e  

su r face  and bur ied  at  depths of two t o  two and one-half f e e t .  
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The f i l t e r  sett ing was 100-out for a l l  shots. 

These data essential ly  consist of refraction profi les  with 

bc I horizontal and vert ical  detectors. The data are being 

analyzed i n  order to determine the layering within the flow and 

i n  order t o  detect and measure transverse motion i f  i t  ex i s t s .  
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Kana-a flow.- The Kana-a flow i s  loca ted  about 15 m i l e s  

no r theas t  of F l a g s t a f f ,  Arizona, and outcrops extend from about 1 

m i l e  east of S m s e t  Crater northeastward about 5 miles t o  the 

f low's  end ( f igu re  12). 

is  similar t o  t h a t  of t h e  Bonito flow which is being  used as a 

test  area f o r  o t h e r  lunar  p r o j e c t s ,  such as Surveyor, Rover, Apollo, 

and Lunar Ter ra in  Analysis.  The Bonito flow is  under t h e  manage- 

ment of t h e  U. s. Park Serv ice  which has imposed s t r i n g e n t  condi- 

t i o n s  on experimentat ion on Bonito f low i n  order  t o  preserve  the  

n a t u r a l  state and beauty of t h e  area. The n e c e s s i t y  of roads on 

t h e  flow f o r  seismic work and assoc ia ted  core  d r i l l i n g  would un- 

doubtedly d i s f i g u r e  t h e  flow t o  an undes i rab le  e x t e n t .  

quent ly ,  t h e  Kana-a flow was  s e l e c t e d  as a test  s i t e  because of 

i t s  a c c e s s i b i l i t y  and t h e  s i m i l a r i t y  of condi t ions  wi th  t h e  Bonito 

flow. The area of t h e  flow which has been c u r r e n t l y  under i n v e s t i -  

g a t i o n  i s  covered wi th  0 - 20 f e e t  of ash ,  but an area of exposed 

flow has been loca ted  near  t h e  south  end of t h e  flow and w i l l  be 

i n v e s t i g a t e d  during FY-65. 

It is  an o l i v i n e  b a s a l t  whose composition 

' 

Conse- 

The flow follows a narrow v a l l e y  t h a t  i s  flanked by o lde r  

c inder  cones and flows; its width ranges from about .15 t o  -70 

m i l e s .  It i s  genera l ly  mantled by ash,  except f o r  a small patch 

about .1 m i l e  wide and . 3  mile long near t h e  end of t h e  flow. 

However, t h e  flow can be r ead i ly  t r aced  by numerous, small outcrops 
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Figure 12. Aerial photograph showing Kana-a flow study area. Cinder Hills 
study area, seismograph spreads, core holes, and prominent nearby topographic 
and cultural features. 
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of jagged aa lava t h a t  p r o j e c t  upward through the  ash ( f igu re  14). 

The margins of t he  flow can be approximately de l inea ted  on 

aerial photographs by a d i s t i n c t  c o n t r a s t  i n  vegeta t ion  between 

t h e  flow and the  surrounding t e r r a i n .  The area between the  

westernmost outcrop of t he  Kana-a flow and Sunset Crater is 

e n t i r e l y  ove r l a in  by t h i c k  ash depos i t s .  It i s  the re fo re  

impossible t o  determine whether the  f l o w  issued from t h e  vent  

beneath the  c r a t e r  i t s e l f  o r  from one nearby. 

The area of study is  located a t  the  western end of t he  

outcrop of t he  flow ( f igu re  12  and 13) .  

t h i s  area the  ash  i s  very t h i n ,  probably averaging only a few 

f e e t ,  and outcrops of lava a r e  abundant, however, i n  t h e  western 

p a r t  of t h e  area south of t he  Wupatki Road ( f igure  12), t h e  

a sh  is  very t h i c k ,  and outcrops of the  lava are r a r e .  Pine trees 

and low bushes are spa r se ly  sca t t e red  i n  t h e  a sh ,  but grass  is 

nea r ly  absent  and broad patches of bare  ash  sepa ra t e  t h e  trees and 

clumps of bushes ( f igure  14). 

I n  the  e a s t e r n  p a r t  of 

The ash  mantle of t he  Kana-a flow t h i n s  northeastward away 

from i ts  source ,  Sunset Crater (Colton, 1950, p. 33) .  This 

th inning ,  however, i s  complicated by numerous l o c a l  i r r e g u l a r i t i e s .  

The ash- f ree  area near  t h e  nor theas t  end of t he  flow i s  considered 

by Hodges (1960, p. 67) t o  be an i n d i c a t i o n  t h a t  t he  lava and 

a s h  e rupt ions  were contemporaneous. I n  he r  view, t h e  ash- f ree  

toe of lava w a s  produced by a f i n a l  drainage of lava from the  
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Figure 14. 
A - View showing outcrop, ash, and vegetation. 
outcrop. 
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l a r g e l y  s o l i d i f i e d  flow a f t e r  the c lose  of t h e  a s h  e rup t ion .  

contemporaneity of lava and ash  e rup t ions  tends t o  be s u b s t a n t i a t e d  

by t h e  thermoluminescence study of Sabels (1960, p .  192), who 

ass igned  an  age of 1400 years  t o  t h e  Sunset Crater (cinder cone) 

and 1500 years  t o  t h e  Kana-a flow. The contemporaneity of lava  

and a sh  e rupt ions  would i n s u r e  t h a t  t h e  o r i g i n a l  s u r f a c e  of t h e  

Kana-a flow is v i r t u a l l y  untouched by eros ion .  

The 

The g r a i n  s i z e  of t h e  a s h  mantle ranges from t o  4 mm i n  

diameter. Hodges (1960 p. 63) states t h a t  t h e  a sh  becomes f i n e r  

gra ined  t o  t h e  no r theas t  away from Sunset Crater, averaging 

about 3; t o  4 mm i n  diameter a t  t h e  end of t h e  flow and about 3 nun 

n e a r e s t  t h e  c r a t e r .  .The statement appears  gene ra l ly  t r u e ,  but 

su r f ace  i n d i c a t i o n s  of g ra in  s i z e  v a r i a t i o n s  are misleading,  and 

our observa t ions  i n d i c a t e  t h a t  the g ra in  s i z e  v a r i a t i o n  of the ash  

is  more complex. The wind winnows out t h e  f i n e s  and i n  places 

leaves  a concent ra te  of coa r se r  g ra ins  t h a t  g ives  an erroneous i m -  

p re s s ion  of t h e  o r i g i n a l  g r a i n  s i z e .  A few p i t s ,  2 t o  3 f e e t  deep, 

dug i n  the  ash  i n  t h e  study a rea ,  i n d i c a t e  t h a t  t h e  ash  is deposited 

i n  beds t h a t  range from -5 foo t  t o  more than 3 f e e t  i n  th ickness .  

The g r a i n  s i z e  i n  t h e s e  beds v a r i e s  markedly from bed t o  bed wi th  

some sugges t ion  of grading upward from coarse  t o  f i n e .  

t h e  range i n  g r a i n  s i z e  w i t h i n  a few v e r t i c a l  f e e t  i s  a t  l e a s t  as 

g r e a t  as t h e  lateral su r face  range given by Hodges f o r  t h e  6 m i l e s  

e x t e n t  of t h e  flow (3; mm t o  3 mm i n  diameter).  It seems l i k e l y ,  

I n  f a c t ,  
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then, t h a t  each bed represents an episode of ash  e r u p t i o n  and 

grades from coa r se r  t o  f i n e r  upward as w e l l  as l a t e r a l l y  away 

from t h e  source,  

The ash  i s  only s l i g h t l y  weathered and yel lowish brown, 

weathered g r a i n s  are spa r se ly  s c a t t e r e d  through the  predominantly 

dark gray, f r e s h  gra ins .  In a few p laces ,  mostly near  t h e  

h o r n i t o s  and o the r  phenomena a s soc ia t ed  wi th  gas a c t i v i t y ,  ash  

I n  genera l ,  ‘ g r a i n s  are oxidized t o  va r ious  shades of red. 

a s h  g r a i n s  are rounded, scoriaceous,  and glassy.  The g l a s s  is  

commonly d e v i t r i f i e d  t o  some degree and i n  more weathered g r a i n s  

it is  completely d e v i t r i f i e d ,  

The Kana-a flow i t s e l f  i s  t y p i c a l  aa lava  (Wentworth and 

MacDonald, 1953, p. 57-63) and t h e  su r face  t h a t  p r o j e c t s  above 

t h e  a sh  c o n s i s t s  of jagged, spinose,  v e s i c u l a r ,  c l i nke ry  blocks 

and p l a t e s ,  which are commonly t i l t e d  up a t  var ious  angles  

( f igu re  15). Small breached domal s t r u c t u r e s  and h o r n i t o s  (or 

remnants t he reo f )  are common on t h e  flow, e s p e c i a l l y  i n  t h e  

s tudy  area. One nea r ly  p e r f e c t  h o r n i t o  about 10 f e e t  high, 

composed of welded r edd i sh  agglomerate p i l e d  around an open, 

cy l indr ica l  ven t  s i ts  a s t r i d e  a lava cave i n  the  western p a r t  

of t h e  area of study, no r th  of Wupatki Road ( f igu re  16).  The 

l ava  cave is about 50 f e e t  long, 10 f e e t  wide, and 2 t o  15 f e e t  

h igh ,  and t r ends  NE roughly p a r a l l e l  t o  t h e  d i r e c t i o n  of flow. 

The c e i l i n g  of t h e  cave i s  studded wi th  lava  s t a l a c t i t e s  as 
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/- 

Figure 15. Jagged, t i l t e d  plates of aa lava projecting 
through ash i n  Kana-a study area. 
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Figure 16. Hornito i n  Kana-a study area'.' This cone sits 
over a lava cave 50 feet long, LO f e e t  wide and from 2-15 
feet high. 
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much as 6 inches long. 

j e c t  a few f e e t  above t h e  flow. 

l i n e a r  f e a t u r e s  w i t h i n  t h e  outcrops are e longa te  p a r a l l e l  t o  t h e  

d i r e c t i o n  of flow and i n  s p i t e  of t h e  ash  mantle,  g ive  an  ind ica-  

t i o n  of t h e  s t r u c t u r a l  g r a i n  of t h e  flow. F igure  12 shows t h e  

p r i n c i p a l  flow d i r e c t i o n s  as based on t h e  above l i n e a r  outcrops. 

I n  c o n t r a s t  t o  t h e  s i t u a t i o n  p reva i l i ng  i n  t h e  nearby S. P. flow, 

t h e  h ighly  i r r e g u l a r  su r f ace  of t he  Kana-a flow beneath t h e  a sh  

is  gene ra l ly  f i rmly  a t t ached  t o  the underlying more massive p a r t  

of t h e  flow. 

The l ava  is medium gray t o  medium dark gray, and weathers 

dark gray; l o c a l l y ,  e s p e c i a l l y  near h o r n i t o s ,  r edd i sh  hues are 

common. It i s  f i n e  gra ined ,  though d i s t i n c t l y  c o a r s e r  than  t h e  

lava o f , t h e  S. P. flow, and is very s p a r s e l y  and f i n e l y  p o r p y r i t i c .  

Ol iv ine  and p l ag ioc la se  phenocrysts occur i n  about equal  amounts, 

bu t  t h e  l a r g e r  (average about 2 mm i n  diameter),  rounded, g lassy  

green o l i v i n e  c r y s t a l s  are much more conspicuous. The p lag io-  

clase phenocrysts occur as t h i n  l a t h s  less than  1 rmn long. 

Kana-a lava i s  much more v e s i c u l a r  than t h e  S .  P. lava; t h e  

vesicles being l a r g e r  and less f l a t t ened .  Such f l a t t e n i n g  as 

does occur does n o t  show a noticeably p re fe r r ed  o r i e n t a t i o n .  

vesicles range i n  diameter from l e s s  than  1 mm t o  more than  20 mm 

and average about 5 mm i n  diameter. 

t u b u l a r  and are perhaps as abundant as subspher ica l  forms; t h e  

I n  places small, grooved "pushups" pro- 

I n  genera l ,  ou tcrops  of l ava  and 

The 

The 

Many tend t o  be i r r e g u l a r l y  
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l a r g e r  vesicles tend t o  be more i r r e g u l a r .  Ves ic le  f i l l i n g s  are 

extremely rare and are composed c h i e f l y  of calcite. 

Outcrops i n  t h e  area of study i n d i c a t e  t h a t  t h e  h igh  ves icu-  

from 10 t o  50 percent  and averages about 25 percent ;  t h e  upper 

p a r t s  of t h e  c l inke ry  c r u s t  t end  t o  be more v e s i c u l a r  than  t h e  more 

massive flow below. This c r u s t  c o n s i s t s  of more o r  less randomly 

o r i e n t e d  p l a t e s  and blocks i n  which t h e  v e s i c l e  o r i e n t a t i o n  no 

longer r e f l e c t s  t h e  d i r e c t i o n  of flow. I n  add i t ion ,  t h e  flow s u r -  

f ace  has  l a r g e r  s c a l e  domes and b l i s t e r s  i n  which t h e  v e s i c u l e s  

have been t i l t e d  t o  var ious  angles r e l a t i v e  t o  t h e  gene ra l  su r f ace  

of t h e  flow. However, i n  t h e  main p a r t  of t h e  flow, below t h e s e  

s u r f a c e  f e a t u r e s ,  vesicle o r i e n t a t i o n  s h o d d  show a d e f i n i t e  re- 

l a t i o n  t o  t h e  d i r e c t i o n  of flow. They are probably e longa te  p a r a l l e l  

t o  t h e  d i r e c t i o n  of flow (Wentworth and MacDonald, 1953, p. 62), 

but  t h e  l i m i t e d  exposures d i d  not  a l low t h i s  r e l a t i o n  t o  be v e r i f i e d .  

The Kana-a l a v a  i s  an o l i v i n e  b a s a l t  wi th  a modal composition 

similar t o  t h a t  of t h e  Bonito flow. Hodges (1962, p. 28) g ives  

t h e  approximate modal composition of t h e  Bonito flow as follows: 

Olivine ................ 15% 
Plag ioc la se  ............ 45% 
Pyroxene ............... 10% 
Magnetite .............. 20% 
Vesicles ............... 10% 

100% 

This  composition i s  thought t o  be a reasonable approximation f o r  

t h e  Kana-a lava, b u t  t h e  percentage of v e s i c l e s  given is  w e l l  
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below t h e  average of 20 t o  25 percent seen i n  s u r f a c e  outcrops.  

The t e x t u r e  is  gene ra l ly  h o l o c r y s t a l l i n e ,  microporphyr i t ic ,  and 

in t e rg ranu la r .  Rounded phenocrysts of o l i v i n e  l i e  i n  a ground- 

mass of s u b p a r a l l e l  l a b r a d o r i t e  l a t h s ,  equant g r a i n s  of magnet i te ,  

and i n t e r s t i t i a l  pyroxece. Glass i s  rare, but when p resen t  i t  is  

dark wi th  magnet i te  i nc lus ions .  The o l i v i n e  and pyroxene are 

p a r t i a l l y  resorbed and embayed by t h e  groundmass. A l t e r a t i o n  is  

minor, but has produced i d d i n g s i t e ,  z o i s i t e ,  c a l c i t e ,  and hematite.  

P l ag ioc la se  l a t h s  and t h e  elongated v e s i c l e s  are s u b p a r a l l e l ,  a 

f a c t  t h a t  s t rong ly  sugges ts  t h a t  both l i e  s u b p a r a l l e l  t o  t h e  

d i r e c t i o n  of flaw. 

A t o t a l  of 152 seismograms were recorded i n  t h i s  area; 6 

on May 27, 1964 wi th  t h e  SIE equipment and 146 wi th  t h e  7000-B 

instrument  during n ine  days f i e l d  t i m e .  

The 6 r eco rds  taken wi th  the SIE equipment cons i s t ed  of 

t h r e e  r e f r a c t i o n  spreads sho t  10 f e e t  o f f  each end. 

had 12 groups, one vertical seismometer per group, wi th  an 

i n t e r v a l  of 50 f e e t .  The charge s i z e  used w a s  two and one-half 

The spreads  

pounds bu r i ed  fou r  f e e t .  

f i l t e r  whi le  a 100-out f i l t e r  was  used on spreads B and C. 

Sp readA w a s  recorded on a 50-out 

With t h e  7000-B instrument,  fou r  r e f r a c t i o n  spreads w e r e  

recorded on d i f f e r e n t  p a r t s  of the flow i n  o rde r  t o  measure t h e  

th i ckness  of t h e  ash,  determine the  v e l o c i t y  of se i smic  energy 

i n  t h e  a s h  and t h e  v e l o c i t y  i n  t h e  underlying lava.  These d a t a  
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w i l l  be used i n  conjunction with su r face  geology, cor ing ,  and 

co re  h o l e  geophysics t o  prepare  a subsurface map of t h e  flow. 

The loca t ion  of t h ree  of t h e s e  spreads (AzA2, BC and DE) are 

equiva len t  t o  spreads A ,  B,  and C ,  r e spec t ive ly ,  mentioned above. 

Figure 13 shows loca t ion  of  A1A2, BC, and DE. 

corded from o f f s e t  d i s tances  of 50, 100, 200, 300, 400 and 500 

f e e t  no r th  of  t h e  spreads.  A charge s i z e  of  f i v e  pounds bur ied  

about  two f e e t  w a s  used on spreads DE and FG whi le  only two and 

one-half pounds bur ied  about one and one-half f e e t  was  used on 

spreads A1A2 and BC. 

except  t h e  f i r s t  one t h a t  was recorded, DE, where a 120 KK-out 

f i l t e r  w a s  used. 

They were re- 

A 75 KK-out f i l t e r  w a s  set on a l l  spreads 

On each of t h e  r e f r a c t i o n  spreads AlA2, BC and DE t h r e e  

s h o r t  spreads w e r e  recorded f o r  frequency a n a l y s i s .  

cons i s t ed  of  fou r  groups of th ree  seismometers each,  two h o r i -  

z o n t a l  and one vertical ,  w i t h  a group i n t e r v a l  o f  50 f e e t .  

On r e f r a c t i o n  spread FG only two spreads were l a i d  ou t  f o r  

t h e  frequency ana lys i s .  Each of t h e  above spreads w e r e  recorded 

These spreads 

w i t h  t h e  same f i l t e r s  i temized f o r  t h e  Kaibab area. The same 

s h o t  po in t  l oca t ions  w e r e  used f o r  a l l  f i l t e r  spreads wi th in  a 

r e f r a c t i o n  spread s o  t h e  o f f s e t  d i s t ances  are e i t h e r  10, 160 

o r  210 f e e t .  

the ground wi th  a shovel on a wide band f i l t e r ,  320 KK-out. 

Frequency response curves ca lcu la ted  f o r  spreads C and D are 

shown i n  f i g u r e s  1 7  and 18. 

Spreads B and F were a l s o  recorded from a h i t  on 
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Besides t h e  r e f r a c t i o n  and f i l t e r  sho t s  recorded on t h i s  

flow, two uphole surveys were shot  i n  Core Hole Numbers IA and 3A 

( f igure  13). The spread f o r  these  surveys w a s  four  groups o f  

- thrnn -*--L---- - - - 7 -  - - -  1 
c L L L c s .  bGuylLuLL=a TQUL Idiu out r'rom t h e  hole. The first  group w a s  

a t  a d i s t ance  of approximately four f e e t  from t h e  ho le  and o the r  

groups w e r e  a t  i n t e r v a l s  of 50 f e e t .  

t h r e e  f e e t  from the  bottom a t  39 f e e t  up t o  15 f e e t .  The h o l e  

co l lapsed  a t  two f e e t  a f t e r  t h e  15 f o o t  shot .  Hole 3A w a s  a l s o  

sho t  every t h r e e  f e e t  from t h e  bottom a t  40 f e e t  up t o  12 f e e t .  

Another sho t  taken a t  f i v e  feet  col lapsed t h e  h o l e  a t  two f e e t .  

These v e l o c i t i e s  determined from these  ho le s  are shown i n  f i g u r e s  20 

and 23. 

Hole l A w a s  surveyed every 

There have been 5 h o l e s  d r i i i e d  t o  maximum depths of  40 feet 

i n  t h e  Kana-a flow s tudy  arez. The loca t ions  of  t hese  ho le s  are 

shown i n  f i g u r e  13, geologic and v e l o c i t y  logs  of the ho le s  are 

shown i n  f i g u r e s  19, 20, 21, 2 2 ,  and 23.  A t o t a l  of 170 f e e t  w a s  

d r i l l e d  wi th  NX cores  (2 1/8"). The d r i l l i n g  w a s  d i f f i c u l t  i n  

t h e  lava. S p e c i f i c  d i f f i c u l t i e s  included des t ruc t ion  and loss  of 

a rock  b i t  i n  hole.No. 1 while  reaming of t h e  hole  ( the  h o l e  w a s  

n o t  completed because t h e  p iece  of t h e  b i t  could not  be recovered 

from t h e  bottom); and another  ho le  (3) w a s  abandoned when i t  caved 

i n  dur ing  d r i l l i n g .  A t h i r d  hole  caved i n  before  v e l o c i t y  logging 

could  be coinpleted. 

The No. 2 ho le  ( f igures  13 and 21) i s  t h e  most s i g n i f i c a n t  

i n s o f a r  as it y ie lded  a v i r t u a l l y  complete ver t ical  s e c t i o n  of 
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F i g u r e  20. 

GEOLOGIC LOG OF DRILL HOLE 

U. S. Geological Survey 

Core Box Kos. 
1 -  
I- 

Core Eit 
#A3623 

ered of cfndex 

I 

;i 

~ 

i 1 
i 

I 
I 
I 

4.9' 

300* 

S.6' 

2.Gt 

l . Z S  

Elev. 

Cinders 

Basalt 

C l n l e t s  

E s t  iz.3 t e d  
1500 fps 

9000 fps 

1000 f p s  

61 



F i g u r e  21. 
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PLgare 22.  
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F i g u r e  2 3 .  

GEOLOGiC LOG OF DULL HOLE 
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I : 

aa lava flow approximately 27 f e e t  th ick .  The upper 13 f e e t  

c o n s i s t s  of  h igh ly  v e s i c u l a r  lava, t h e  lower 2 f e e t  c o n s i s t s  of 

f l a t t e n e d  v e s i c u l a r  lava and the intermediate  1 2  feet c o n s i s t s  

of dense basa l t .  

Four a d d i t i o n a l  40 f o o t  holes  are planned f o r  t h i s  area. 

Measurement of phys ica l  p rope r t i e s  w i l l  be made on samples s e l e c t e d  

from t h e  9 ho le s  when t h e  d r i l l i n g  i s  completed. The cores  have 

been macroscopical ly  exaiiined by one of us  (Loney); and t h i n  

s e c t i o n s  of t h e  rocks are being made f o r  pe t rographic  ana lys i s .  
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Cinder H i l l s . -  The Cinder H i l l s  area l ies  nor thnor theas t  of 

Sunset Crater and c o n s i s t s  of accumulations of ash whose th ickness  

ranges from 50 t o  100 fee t  according t o  seismic r e f r a c t i o n  da ta .  

Locations of 4 spreads which were recorded he re  are shown i n  

f i g u r e  24 .  Tes t s  included r e f r a c t i o n ,  band pass ,  and a t t e n u a t i o n  

sho t s .  During four  days of  s tudy wi th  the  7000-B instrument ,  58 

seismograms w e r e  recorded i n  t h e  Cinder H i l l s  area. 

Two r e f r a c t i o n  spreads (AB and CD),  ( f i gu re  2 4 )  separa ted  by 

about  one-half m i l e ,  were l a i d  out and recorded i n  t h e  same m n n e r  

as i n  the  Kana-a area. A l s o ,  as i n  t h e  Kana-a area, two s h o r t  

spreads  w e r e  recorded on each r e f r a c t i o n  spread f o r  a frequency 

a n a l y s i s  s tudy.  Spread A w a s  l a i d  out  between groups 9 and 12 

and spread B between groups 6 and 9 of r e f r a c t i o n  spread  AB. Spread 

C w a s  between groups 6 and 9 and spread D between groups 3 and 6 

of r e f r a c t i o n  spread CD. 

A s h o r t  r e f r a c t i o n  spread  (E) w a s  placed between groups 4 

and 6 of spread CD. 

p laced  a t  intervals of 10 f e e t .  Using a 320 KK-out f i l t e r ,  a re- 

cord ing  w a s  made by h i t t i n g  t h e  ground with a shovel  a t  t h e  Number 12 

geophone pos i t i on .  Other recordings were made us ing  caps a t  o f f s e t  

d i s t a n c e s  of 10 f e e t  and charges of one-eighth and two and one-half 

pounds a t  d i s t ances  of 100 f e e t .  Although da ta  from t h i s  area 

are incompletely analyzed a t  t h e  present  time, some approximate 

frequency s p e c t r a  determined from the  da t a  recorded i n  t h e  area are 

shown i n  f i g u r e  25. 

This  s p r e a d  cons i s t ed  of 12 v e r t i c a l  geophones 
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Shallow p i t s  dug i n  t h e  a rea  i n d i c a t e  t h a t  t h e  c inders  are 

bedded i n  much t h e  same manner as those c inde r s  which cover t h e  

Kana-a flow. 

samples  of t h e s e  c inders  which show r e l a t i v e l y  undis turbed bedding. 

The p ro jec t  d r i l l e r ,  N, G. Bailey,  i s  i n v e s t i g a t i n g  commercially 

a v a i l a b l e  s o i l  sampling devices  which might ob ta in  s a t i s f a c t o r y  

samples .  Some co re  b a r r e l s  are made which inc lude  small spring-  

loaded t r a p  devices  nea r  t h e  base of  t h e  b a r r e l  t o  prevent loose  

izatcrFal frem f a l lLng  "y be successfu l  in obta in ing  samples. 

Another technique which has  been used success fu l ly  i n  sone engineer-  

i n g  sampling c o n s i s t s  of  d r i l l i n g  a small ho le  us ing  a plaster o f  

p a r i s  base mud. 

However, we have been unable t o  c o l l e c t  s a t i s f a c t o r y  

The mud flows through t h e  core  b a r r e l  then out  

i n t o  t h e  surrounding material. 

Tne co r ing  device i s  withcirawn and t h e  =id allowed t o  harden. 

Then t h e  ho le  i s  r e d r i l l e d  wi th  a larger diai?zeter co re  b i t  and a 

r e l a t i v e l y  undis turbed sample i s  withdrawn. Thin sec t ions  can be  

prepared from t h e  sample o r  t h e  mud can be d isso lved  wi th  a weak 

a c i d  fo r  g r a i n  ana lys i s .  
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LUNAR TECHNIQUE DEVELOPMENT 

During f i e l d  s t u d i e s  i n  the  Kana-a and Cinder H i l l s  areas, a 

series of tests involving non-explosive energy sources  were con- 

ducted. 

m i c  r e f r a c t i o n  p r o f i l e s  can be recorded over d i s t ances  of 500 f e e t  

o r  more without use of explosive energy sources .  

on which t h i s  statement is based are as follows: 1) t h e r e  i s  

n e g l i g i b l e  microseismic no i se  on t h e  lunar  s u r f a c e ,  2) energy 

a t t enua t ions  on t h e  lunar  sur face  are of t h e  same order  as those 

observed i n  t h e  four  areas inves t iga t ed  in F'Y-64, 3) geophone output ,  

l i n e  impedance, and o the r  lunar equipment c h a r a c t e r i s t i c s  are t h e  

same as those  of equipment used during t h e  tests, and 4) t he  lunar  

a m p l i f i e r  has a peak t o  peak noise  threshold  of microvol ts  o r  less. 

On t h e  b a s i s  of t hese  tests it seems l i k e l y  t h a t  lunar  seis- 

The assumptions 

These conclusions are based on a t t e n u a t i o n  measurements made 

by us ing  t h e  amplitude of t h e  f i r s t  f u l l  seismic a r r i v a l s .  

o f  t h e  a n a l y s i s  are as fol lows.  Le t  t h e  amplitude of t h e  ground 

motion be A, t h e  d i s t ance  t o  the sho t  po in t  be d ,  and k and a be 

cons tan ts .  Then experimental  evidence i n d i c a t e s  t h a t  t h e  ampli- 

tude  can be empi r i ca l ly  related t o  t h e  d i s t ance  by t h e  expression 

Details 

A = kd-a. 

geophones was  approximately 100 microvol ts .  

a 

the s i g n a l  w i l l  exceed t h e  assumed ampl i f i e r  no i se  threshold  of 10 

microvol t s  a t  d i s t ances  up t o  approximately 500 f e e t .  

A t  a d i s t ance  of SO f e e t ,  output  of vertical component 
L 

I f  we assume t h a t  

4.0, which i s  an unusual ly  l a rge  va lue ,  then the  amplitude of 
-2 
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The au thors ’  previous experience and da ta  published i n  t h e  

geophysical l i t e r a t u r e  i n d i c a t e  t h a t  h ighes t  a t t enua t ions  are 

encountered i n  unconsolidated materials. I n i t i a l  tests i n  t h e  

Cinder H i l l s  area y ie lded  an a t t enua t ion  coas t an t  k) of  -1.8 

which is  about t h e  same magnitude r epor t ed  by Kovach and o t h e r s  

(1963) who measured a t t enua t ions  i n  a l luvium 

weathered g r a n i t e  = -1.4). However, latest  experimental  

d a t a  from t h e  lava and c inder  areas y i e l d  a t t e n u a t i o n  cons tan ts  

(a) ranging from about -1.5 t o  about -4.0. There is  no obvious 

r e l a t i o n s h i p  between the  cohesiveness of t h e  rock  a t  t h e  su r face  

and t h e  a t t e n u a t i o n  constant ;  i n  f a c t ,  t h e  l a r g e s t  a t t e n u a t i o n  

(2 = -2.3) and 

ra te  so far ,  a = -4.5, w a s  observed i n  da t a  from t h e  Kaibab area. 

The cause of t h i s  phenomenon i s  obscure.  It may w e l l  be, however, 

t h a t  c inde r s  are wel l -consol idated a t  depth o r  t h a t  pecu l i a r  

v e l o c i t y  versus  depth r e l a t i o n s  ex is t  i n  one o r  t h e  o the r  areas. 

During t h e  r e p o r t  per iod  J o e l  S. Watkins and Norman G. Sa i l ey  

a s s i s t e d  i n  t h e  a s t ronau t  f i e l d  program at  t h e  Philmont Boy Scout 

Ranch near Cimarron, New Mexico i n  order  t o  g ive  a s t ronau t s  prac- 

t i c a l  experience i n  t h e  conduct of seismic opera t ions .  Short  

(100 feet  and 500 fee t )  seismic r e f r a c t i o n  l i n e s  were l a i d  out  i n  

a s m a l l  v a l l e y  p a r t i a l l y  f i l l e d  wi th  alluvium. Astronauts  l a i d  
-2 

c a b l e ,  hooked up geophones, f i r e d  s h o t s ,  and i n t e r p r e t e d  d a t a  

which revea led  depth and v e l o c i t y  of  water t a b l e  and of underlying 

bedrock. Miniatur ized seismic equipment weighing less than 100 

pounds w a s  obtained from the  experiment t o  g ive  added sense of 

realism t o  t h e  t r a in ing .  

7 1  



Problem.-  The only major problem encountered i n  the  

program t o  da te  has  been the  extremely heavy load  placed on the  

p r o j e c t  geologis t .  It has been h i s  r e s p o n s i b i i i c y  LO review the  

l i t e r a t u r e  f o r  l i k e l y  s i tes ,  reconnoi te r  t h e  most l i k e l y  s tudy 

si tes,  map t h e  d i s t r i b u t i o n  of surface rocks i n  these  s i tes ,  

c o l i e c t  samples and conduct petrographic  ana lyses  of t h e  rocks,  

and assist i n  planning o f  loca t ions  of seismic spreads.  These 

numerous d u t i e s  prevent  him from extending mapping i n t o  areas 

adjacent  t o  the  s tudy areas, and l i m i t  the  degree of d e t a i l  t o  

which h e  can perform petrographic  analyses .  For optimum p r o j e c t  

e f f i c i e n c y  another  geologis t  w i l l  have t o  be added t o  t h e  p ro jec t .  

A second problem of uncerrrain m g n i t u d e  was r evsa l ed  by t h e  

d r i l l i n g  programs carriec! o u t  s o  far. The f i r s t  5 h o l e s  cored 

i n  the  Kana-a flow area r e s u l t e d  Ln uilcscally heavy wear on 

diamond core b i t s .  I f  wear of d r i l l  Sits i n  o the r  lavas i s  as 

heavy as t h a t  i n  h o l e s  of t he  Una-a  flow, sone m d i f i c a t i o n s  i n  

budgeting w i l l  have t o  be made t o  provide funds f ~ r  a much h igher  

rate of b i t  replacement than had o r i g i n a l l y  been an t i c ipa t ed .  
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Future plans.-  Three p o t e n t i a l  s i t es ,  Meteor Crater, Arizona, 

Amboy Crater, Ca l i fo rn ia ,  and Pisgah Crater, Ca l i fo rn ia  have been 

reconnoi tered.  Mono Craters area, Ca l i fo rn la ,  is being reconnoi te red  

during p repa ra t ion  of t h i s  repor t .  It i s  a n t i c i p a t e d  t h a t  f i e l d  

s t u d i e s  w i l l  be i n i t i a t e d  i n  these  areas during t h e  f i r s t  'naif of 

FY-65 

Among those  si tes which have no t  been reconnoi tered but  have 

rece ived  s e r i o u s  cons idera t ion  i s  Pahute Kesa a t  t he  Nevada Tes t  

S i t e  i n  Southern Nevada. Prel iminary arrangements have been made 

wi th  Survey personnel  working a t  t h e  T e s t  S i t e  t o  conduct seismic 

r e f r a c t i o n  and r e f l e c t i o n  t e s t s  in t h e  welded t u f f s  of Pahute Nesa. 

Tine t u f f s  are bedded and should y i e l d  r a f l e c t i o n s .  This w i l l  be 

t h e  f i r s t  a t tempt  a t  seismic r e f l ecs ions  by the  I n  S i t u  p r o j e c t .  

The normal s u i t e  of a t t enua t ion ,  frequency spec t r a ,  and P arid S 

wave v e l o c i t y  measurements w i l l  be ccndccted. ZK the s s m e  tine. 

A number of deep w e l l s  have been d r i l l e d  on Pz5c:re Xesa and t h e  

p o s s i b i l i t y  of a s u i t e  of inhole  logging measur2ments i s  being 

inves t iga t ed .  

In conjunct ion wi th  the  Apollo Mission Simulation s t u d i e s  

be ing  conducted by Don E l s tox  of t h e  Astrogeology Branch of t h e  

U. S. Geological Survey, p lans  a r e  being made t o  r econno i t e r  a 

group of s i tes  which are a l s o  under cons idera t ion  as tes t  s i tes  

f o r  t h e  ..4po:lo 5 i s s i o n  SLmulation s t u d i e s .  The Aibs3y and Pisgah 

c r a t e r s ,  C a l i f o r n i a  were r e c o m o i t e r e d  i n  conjunct ion wi th  Steve 
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Gawarecki of t h e  Remote Sensing p r o j e c t  d i r e c t e d  by W i l l i a m  F i sche r ,  

Theore t ica l  Geophysics Branch, U. S. Geological Survey, Washington, I). C. 

O Z h r  S ~ ~ O , E  selec+_~_d fn the f u t u r e  w i l l  be coordinated wi th  o the r  

lunar  p r o j e c t  requirements insofar  as poss ib le .  

As previous ly  mentioned, p ro jec t  c a p a b i l i t i e s  will be s i g n i f i -  

c a n t l y  enhanced i n  FY-65 by t h e  a d d i t i o n  of orre new seismograph 

i n  Ju ly ,  1964, a d r i l l  r i g  i n  l a t e  sum'er o r  e a r l y  f a l l ,  and a 

second seisrcograph i n  l a t e  f a l l  o r  e a r l y  win ter .  This equipment 

w i i i  a l low simultarLeoiis recorZicg of 1 6  3 -coqonen t  geophones at 

var ious  d i s t ances  from shots  and i n  va r ious  conf igura t ions  f o r  maxi- 

mum information i n  each area. The d r i l l i n g  r i g  ass igned t o  t h e  

p r o j e c t  will be used f o r  extensive cor ing  opera t ions  a t  t e s t  s i tes  

an2 some shot  ho le  d r i l l i n g .  

Tne t a p e  record ing  c a p a b i l i t y  of t h e  new seisz.ogra?hs w i l l  

f a c i l i t a t e  d i g i t a l  ana lys i s  because dazla cari be e l e c t r o n i c a l l y  

d i g i t i z e d  and f o m t t e d  f o r  cozputer usage i n  a f r a c t i o n  of t he  

t i m e  r equ i r ed  t o  do s o  from paper tapes .  

Operatio-s during FY-65 w i l l  be expanded i n t o  non-volcanic 

t e r r a i n s  sdch as loose,  dry alluvium and consolidaced igneous and 

metamorphic rocks  t o  provide a more complete p i c t u r e  or' t he  var i -  

a t i o n  of seismic p rope r t i e s  as a func t ion  of phys i ca l  Trsperties.  

Sand dunes near  Amboy flow, Ca l i fo rn ia  have been examined as a 

poss ib l e  s i t e  of i nves t iga t ion .  

74 



A number of  caves have been discovered i n  volcanic  a reas  

reconnoLtered t o  date .  These caves, which are b e s t  developed i n  

t h e  Fisgah flow, are a hazard t o  heavy equipment used i n  t e r r e s t r i a l  

i nves t iga t ions  and w i l l  undoubtedly be equa l ly  hazardous during 

lunar  operat ions.  It i s  thought t h a t  t hese  caves can be ioca ted  

by son ic  resonance recorded by s e i s ~ o n e t e r s  over t h e  caves. The 

phenomenon which w i l l  be inves t iga t ed  i s  s imi l a r  t o  t h a t  used as 

one pounds t h e  i n t e r i o r  w a l l  of a house t r y i n g  20 l o c a t e  a s tud  

ir, c rde r  to hang a p ic tu re .  

without  s tuds  i s  caused by t h e  l o w  resonant  frequency of t he  

wal lboard-a i r  system. The wallboard-stud system has a h igher  

resonant  frequency which can s m e t i n e s  be de t ec t ed  wi th  the  un- 

a ided  earl  

i n  the  v i c i n i t y  of t h e  caves,  Czlcu le t lons  i n d i c a t e  t h a t  such 

surveys can success fu l ly  loca t e  l a r g e r  caves.  

The "hollow" sound observed i n  areas 

Magnetic and g rav i ty  surveys ~ 7 i l l  a l s o  be c a r r i e d  out  



Sumarv.-  Operations conducted i n  FY-64 have gene ra l ly  

m e t  o r  exceeded goals  presented i n  t h e  Work Plan. A few 

changes were made, however, i n  order  t o  take advantage of  

f i e l d  condi t ions  and increase  p ro jec t  e f f i c i e n c y ,  t h e  most 

i z p o r t a n t  of which w a s  the  increase  i n  study areas from a 

proposed two t o  an  a c t u a l  four .  

Prel iminary da t a  suggests  t h a t  (1) non-explosive eriergy 

sources  can be  de tec ted  t o  d i s t snces  up t o  500 f e e t  on t h e  

lunar  su r face  wi th  i n s t r u n e n t s t i o n  comparable t o  t h a t  p re sen t ly  

ava i l ab le ,  and (2) f requencies  observed a t  s h o r t  d i s t a x e s  are 

h igher  than  o r i g i n a l l y  expected. 

va lue  i n  t h e  design of lunar  se i sz6c  mLssions and instrumenta- 

t i o n .  

These two f a c t s  w i l l  be of 

"he I n  S i t u  Geophysical Studies  p r o j e c t  i s  being coordinated 

wi th  t h e  Apollo Mission Simulation p r o j e c t ,  3emote Sensing p r o j e c t ,  

and Astronaut  t r a i n i n g  p r o j e c t  t o  the. extent: t h a t  j o i n t  recon- 

naissance of p o t e n t i a l  s i tes  have been made, da t a  exchanged, and 

and observed and a s s i s t e d  i n  as t ronaut  t r a i n i n g  program. 
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