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W A R  BACKSCATTERING DATA FOR 
SURFACES OF GEOLOGICAL INTEEST 

I. INTRODUCTION 

Future  use  of microwave radar  f o r  remote sensing over areas of ag r i -  
c u l t u r a l  and geologica l  i n t e r e s t  ( fo r  example, see Reference 1) requ i re s  
b a s i c  information about t h e  r e t u r n  c h a r a c t e r i s t i c s  of such sur faces .  
This r e p o r t  p re sen t s  measurements of t h e  normalized backsca t te r ing  c ross  
s e c t i o n  (per u n i t  "projected" area), y ( e i ) ,  which have been made over t h e  
p a s t  f e w  years  on a number of sur faces  of geological  i n t e r e s t .  
sponding d a t a  f o r  a g r i c u l t u r a l  sur faces  are given i n  Reference 2. 

Corre- 

The s i g n i f i c a n c e  of t hese  ground-based r a d a r  measurements is  two- 
fold:  
estimates of r a d a r  r e t u r n  f o r  system des igners ;  secondly, they provide 
measurements over well-defined, homogeneous su r faces  which are accom- 
panied by r a t h e r  d e t a i l e d  su r face  desc r ip t ions .  
b a s i c  d a t a  f o r  t h e  i n t e r p r e t a t i o n  of su r face  response i n  terms of su r face  
parameters. 
r e p o r t ,  a l though a number of i n t e r e s t i n g  conclusions have a l ready  been 
drawn3 from t h e  d a t a  presented here.  

f i r s t ,  they serve as a c a l i b r a t i o n  f o r  a i rborne  r ada r s  and provide 

Thus they can serve as 

However, no s p e c i f i c  i n t e r p r e t a t i o n s  are of fered  i n  t h i s  

In many cases, br ightness  temperature d a t a  were taken f o r  t h e  same 
s u r f a c e  o r  s i t e  as t h e  r ada r  measurements on t h e  same day o r  (occasion- 
a l l y )  w i th in  one o r  two days. 
and may be i d e n t i f i e d  on t h e  b a s i s  of t h e  d a t e  and su r face  desc r ip t ions .  

These da t a  may be found i n  Reference 4 ,  

Def in i t i on  of t h e  Radar Cross Sect ion Parameters 

The o b j e c t i v e  of t h e  r ada r  measurements is  t o  determine t h e  nor- 
a l i z e d  backsca t te r ing  parameters of t he  te r ra in ,  ao jk(6 i )  o r  Yjk(e i ) ,  
where 81. is  t h e  angle  wi th  respec t  t o  the  su r face  normal. 
meter governing su r face  response a t  microwave frequencies  i s  a c t u a l l y  
t h e  normalized b i s t a t i c  s c a t t e r i n g  c ros s  sec t ion  (per u n i t  sur face  area) , 3  
aojk(i,s), where (see Fig. 1) t h e  subsc r ip t  j r e f e r s  t o  t h e  po la r i za t ion  
of t h e  r a d i a t i o n  inc iden t  on t h e  sur face  of area A,  and t h e  subsc r ip t  k 
des igna te s  t h a t  p o l a r i z a t i o n  component of t h e  s c a t t e r e d  s i g n a l  which is 
accepted by t h e  rece iv ing  antenna; i, s r e f e r  t o  the  angles  ( 6 i , + i )  and 

r e spec t ive ly ,  def in ing  t h e  propagation d i r e c t i o n s  of t h e  inc i -  
dent  and s c a t t e r e d  r ad ia t ion .  

The para- 
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Fig. 1. Geometry of t h e  s c a t t e r i n g  problem. 

Operat ional ly ,  t h e  b i s t a t i c  c ros s  sec t ion  is defined by consider ing 
an area A which is i l luminated by a plane wave of power dens i ty  I, 
(wat ts /m2),  and which produces a sca t t e red  i n t e n s i t y  Is a t  a d i s t ance  R. 
The normalized b i s t a t i c  s c a t t e r i n g  c r o s s  s e c t i o n  uojk( i , s )  is then de- 
f i n e d  by t h e  equat ion5 

4aR2 IS = ab (s,i) ( r e c i p r o c i t y  theorem), 
k J  (1) U O j k ( i , S )  = 

A Io 

where t h i s  normalized b i s t a t i c  c r o s s  sec t ion ,  GO, is r e l a t e d  t o  the  con- 
ven t iona l  r ada r  c r o s s  sec t ion ,  6, by uo = a/A. 
meter, t h e  normalized r ada r  backsca t te r ing  c ros s  sec t ion  is uojk( i , i )  o r  

j u s t  U'jk(8i). 
are designated by t h e  following nota t ion :  

I n  terms of t h i s  para- 

The p a r t i c u l a r  p o l a r i z a t i o n  states used in t h i s  r e p o r t  

2 



Transmitted wave Received s c a t t e r e d  wave 

0% v e r t i c a l l y  polar ized  v e r t i c a l l y  polar ized  

0% v e r t i c a l l y  polar ized  ho r i zon ta l ly  polar ized  

00m h o r i z o n t a l l y  polar ized  ho r i zon ta l ly  polar ized  

0oHv h o r i z o n t a l l y  polar ized  v e r t i c a l l y  polar ized 

The words " v e r t i c a l l y  polar ized" r e f e r  t o  a wave with i t s  e l e c t r i c  
v e c t o r  i n  t h e  p lane  of incidence; t h e  words "hor izonta l ly  polar ized" 
r e f e r  t o  a wave wi th  i t s  e l e c t r i c  vec to r  i n  t h e  plane of t he  sur face .  

To work wi th  a parameter which i s  independent of t he  i l lumina ted  
area of t h e  t e r r a i n ,  t h e  b i s t a t i c  r ada r  r e t u r n  parameter per  u n i t  
"projected" area, y, is introduced by the  r e l a t i o n  

a0 . ,(i,s> 4nR21s - Yjk(i,S) = - . 
cos Io@ cos ei) 

(2) 

Once aga in ,  t h e  parameter of concern here  i s  t h e  backsca t te r ing  component 
y -  ( i , i )  o r  y.  (ei) = 
is p l o t t e d  in Jkec t ion  IV.  

0 ' ( 0 ~ ) / c o s  ei. It i s  t h i s  parameter y(ei) which Jk  

11. INSTRUMENTATION 

The Ohio S t a t e  Universi ty  multi-frequency t e r r a in - r e tu rn  f a c i l i t y  
has been descr ibed i n  d e t a i l  elsewhere6. 
of f o u r  t r u c k  mounted radar  systems of t h e  high-gain, narrow beam, c-w 
doppler  type,  operated a t  1.8, 18, 15, and 35 GHz. The block diagram 
of a t y p i c a l  system i s  shown i n  Fig.  2.  The microwave systems are 
a t tached  a t  t h e  end of a hydraul ic  boom which i s  loca ted  a t  t h e  cen te r  
of t h e  t ruck  (see  Fig.  3 ) .  The doppler s i g n a l  is  generated by d r iv ing  
t h e  t r u c k  a longs ide  t h e  su r face  'to be measured. The angle of incidence,  
€Ii, is con t ro l l ed  from wi th in  a van mounted on t h e  rear of t h e  t ruck ,  by 
r o t a t i n g  t h e  enc losure  containing t h e  microwave system. 
i z a t i o n  may be obtained by r o t a t i n g  the  antenna. 

B r i e f l y  , however i t  cons i s t s  

Any l i n e a r  polar- 

Since two s i g n a l  processing channels are ava i l ab le ,  any two of t he  
fou r  r ada r s  may be operated simultaneously.  The instantaneous r e t u r n  
power is in t eg ra t ed  over a s t r i p  of t e r r a i n ,  t y p i c a l l y  100 f e e t  long, i n  
order  t o  reduce s t a t i s t i c a l  f l u c t u a t i o n s  i n  t h e  r e t u r n  parameters. The 
ins tan taneous  r e t u r n  power i s  monitored on an analog s t r i p - c h a r t  re- 
corder ,  whi le  t h e  in t eg ra t ed  power i s  recorded i n  d i g i t a l  form, a t  a rate 
of one sample p e r  second. 
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Fig:Z. Block diagram of a typical c-w doppler radar system. 
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A summary of t h e  radar  system s p e c i f i c a t i o n s ,  such as the  antenna 
beamwidths, t h e  l o c a l  o s c i l l a t o r  levels ,  and t h e  smallest measured l e v e l s  
of t h e  r a d a r  backsca t te r ing  parameter, y ( 0 i ) ,  is  given i n  Table I. The 
minimum de tec t ab le  l e v e l  of t h e  r ada r  backsca t t e r ,  which i s  a more real- 
i s t i c  index of system performance than system s e n s i t i v i t y ,  i s  less than 
t h e  smallest measured values  of y f o r  each r ada r  system. 

The r a d a r  systems are c a l i b r a t e d  on an absolu te  b a s i s  by comparing 
t h e  r e t u r n  from the  t e r r a i n  with t h e  r e t u r n  from an 8" metal sphere,  
which i s  o s c i l l a t e d  by a shaker ( t o  provide t h e  doppler s h i f t )  a t  t h e  
s tandard  antenna-surface d is tance  of 20 f e e t .  A l l  four  radar  systems are 
e s s e n t i a l l y  similar t o  t h a t  shown i n  Fig.  2 ,  except t h a t  t h e  1 .8  GHz sys- 
t e m  uses  a parabola  in s t ead  of a horn,  and t h e  10 GHz system rece ives  both 
the d i r e c t  and cross-polar ized l i n e a r  components of t h e  r e t u r n  s igna l .  
The cross-polar ized channel is  c a l i b r a t e d  r e l a t i v e  t o  the  d i r e c t  channel 
by r o t a t i n g  an a r r a y  of d ipoles  as a t a r g e t .  The r o t a t i o n  of t h e  t a r g e t  
modulates t h e  r e f l e c t e d  s i g n a l  amplitude, and t h e  sidebands provide t h e  
r equ i r ed  frequency s h i f t s  f o r  system operat ion.  

The reduct ion of t h e  radar  d a t a  e n t a i l s  t ransformation of t h e  in t e -  
g ra t ed  audio s i g n a l  powers from t h e  t e r r a i n  and from the  s tandard t a r g e t  
t o  a normalized r ada r  backsca t te r ing  c ros s  s e c t i o n  pe r  u n i t  area, ao(O>,  
using t h e  r e l a t i o n s h i p  

(3) 

where Prec = received power from t e r r a i n ,  

Pst = received power from standard t a r g e t ,  

oT = r a d a r  c ros s  s e c t i o n  of s tandard t a r g e t ,  

Ro = d i s t ance  from antenna t o  t a r g e t ,  

B = cons tan t  i n  exponent of one-way antenna power p a t t e r n ,  

IB = value of i n t e g r a l  t abula ted  by Barrick-/. 
2 

one can show t h a t  y(0) Q (Prec/Pst) (uT/Ro) ( B l n ) ,  i .e . ,  y depends only on 
the measured power leveis 
processing and da ta  reduct ion are given i n  Reference 6. 

For a narrow beam antenna with one-way power p a t t e r n  .f ($J) = exp(-B 4 ) , 
2 2 

b e a m i d t h ,  and oT/R2 . Details of t he  s i g n a l  

6 
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111. DESCRIPTIOM OF THE DATA 

The d a t a  presented i n  P a r t  I V  of t h i s  r epor t  are of two kinds,  f irst  
the desc r ip t ion ,  or cha rac t e r i za t ion  of t h e  var ious  su r faces ,  ( t h e  "ground 
t ru th"  da ta )  and second t h e  measurements of t h e  normalized r ada r  r e t u r n  
parameter y( 6) , ( the  "sensor response" d a t a ) ,  
at  f o u r  test sites, namely Mono Craters, Mono County, Ca l i fo rn ia ;  Pisgah 
Lava F l o w  and L a v i c  Dry Lake, San Bernardino County, Cal i forn ia ;  Marble 
C l i f f  (Hobo) Quarry, Frankl in  County, Ohio; and Marblehead Quarry, O t t a w a  
County, Ohio; i n  add i t ion ,  d a t a  f o r  a number of o the r  su r faces  are given 
f o r  comparison purposes. I n  order  t o  f a c i l i t a t e  t h e  c o r r e l a t i o n  of sen- 
s o r  response wi th  ground t r u t h  da t a ,  a l l  of t h e  d a t a  f o r  an ind iv idua l  
s i te are presented  toge ther ,  each s i t e  represent ing  one s e c t i o n  of P a r t  I V .  
I n  each s e c t i o n ,  a genera l  geological  desc r ip t ion  of t h e  s i te ,  supported 
where poss ib l e  wi th  topographic maps and radar  imagery, is followed by 
more d e t a i l e d  desc r ip t ions  of t h e  p a r t i c u l a r  su r f ace  elements of which 
t h e  r a d a r  s c a t t e r i n g  p rope r t i e s  were measured. 

The measurements w e r e  made 

Following the su r face  desc r ip t ions ,  t h e  a c t u a l  r ada r  da t a ,  i n  t h e  
form of graphs of t h e  radar  r e t u r n  parameter y (e i )  vs angle  of incidence 
6. are given. The f igu res ,  with t h e  exception of Figs .  24-26, are machine 
pkot ted  from computer processed d a t a  averaged over t e r r a i n  s t r i p s  approx- 
imately 100 to 300 feet long. I n  the case of Figs .  24-26, i t  was  not  
poss ib l e  t o  average over s u f f i c i e n t l y  long t e r r a i n  s t r i p s  t o  produce mean- 
i n g f u l  averages.  Thus f o r  t h e  l a t te r  su r faces ,  only s t r i p  cha r t  records 
of t h e  ins tan taneous  values  of t h e  r e t u r n ,  and some r a t h e r  crude es t imates  
of t h e  average va lues  of y based on the  c h a r t  records,  are presented.  

Each measurement i s  assigned a "group number" (groups 1-99 correspond 
t o  d a t a  obtained i n  1965, groups 100-199 i n  1966, and s o  f o r t h ) ,  which 
was  introduced t o  provide a convenient c ross  re ference  between t h e  f igu res ,  
and the s u r f a c e  i d e n t i f i c a t i o n  ("ground t ruth") .  
gives  t h e  day, month, and l a s t  d i g i t  of t h e  year  of t h e  measurement; f o r  
example, 16 Aug 6 corresponds t o  16 August 1966. 
t h e  numerical  va lues  of y(e)  and c r " ( 0 )  f o r  each d a t a  group, i d e n t i c a l  
i n  Eormat t o  those  included i n  Reference 2 are ava i l ab le ,  bu t  have not  
been included i n  th i s  repor t .  

The da te  on t h e  f igu res  

Computer p r i n t o u t s  of 

The accuracy of t h e  d a t a  obta inable  wi th  t h e  mobile r ada r  system 
has  been discussed i n  some d e t a i l  i n  Reference 6 i n  which i t  w a s  pointed 
out t h a t  t h e  q u a l i t y  of t h e  da t a  depends not  only on t h e  instrumentat ion,  
bu t  a l s o  t h e  phys ica l  condi t ions under which t h e  measurements w e r e  taken. 
I n  genera l ,  t h e  e r r o r s  which occur i n  t h e  backsca t te r ing  measurements arise 
from t h e  fol lowing sources:  (1) s t a t i s t i c a l  f l u c t u a t i o n s ,  which are in- 
s i g n i f i c a n t  h e r e  since t h e  r e t u r n  is averaged over many independent samples; 
(2) c a l i b r a t i o n  e r r o r s ,  due t o  alignment inaccurac ies  of t h e  c a l i b r a t i o n  
t a r g e t  ( e spec ia l ly  a t  K,-band) and ground e f f e c t s  ( i n  t h e  case of S-band); 
d r i f t  between pre- and 
recording of ampl i f i e r  

- .. 

pos t -ca l ibra t ion ;  and sporadic  human e r r o r s  i n  t h e  
gains ,  etc. (Error  i n  t h e  absolu te  c a l i b r a t i o n  w i l l  

1 .  

I 
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a f f e c t  only the  abso lu te  level of t h e  c ross  sec t ions ,  bu t  no t  t h e  rela- 
t ive va lues  f o r  a given measurement. Measurements on which absolu te  
c a l i b r a t i o n s  are i n  doubt have been ind ica ted  by "absolute c a l i b r a t i o n s  
i n  doubt.") ; ( 3 )  system geomstry - s ince  t h e  t ruck  i s  dr iven along t h e  
t e r r a i n ,  t h e  look angle  and antenna he ight  can vary due t o  boom o s c i l -  
l a t i o n ,  t ruck  bounce, etc. I n  add i t ion ,  a t  a number of sites i t  w a s  
necessary t o  measure s c a t t e r i n g  by t i l t e d  w a l l s  of material r a t h e r  than 
h o r i z o n t a l  beds o r  su r faces ,  and some d i f f i c u l t y  was encountered i n  main- 
t a i n i n g  cons tan t  range from rada r  t o  sur face  under these  condi t ions ,  and 
i n  maintaining a cons tan t  m g l e  of incidence with respec t  t o  the  mean 
t i l t e d  sur face .  

It should be  pointed out  t h a t  the  absolu te  level of t he  1966-67 
X-band cross-polar ized d a t a  is  i n  doubt s ince  a s u i t a b l e  c a l i b r a t i o n  was 
not  ava i l ab le .  
by t h e  r e c i p r o c i t y  condi t ion  f o r  t h e  cross-polarized r e t u r n s ;  t h a t  i s ,  
yovK(ei) = yoHV(6 i ) .  
sys temat ic  d i f f e rences  between these  two parameters are due t o  a s m a l l  
d i f f e rence  i n  gain between t h e  two da ta  processing channels. I n  p r a c t i c e ,  
care has  been taken t o  minimize t h e  above sources  of e r r o r ,  and i t  i s  
f e l t  t h a t  the  repor ted  measurements are accura te  t o  wi th in  + 1.5 dB 
although t h e r e  may be occas iona l  bad da ta  po in t s .  S imi la r ly ,  f o r  t h e  
majori ty  of measurements over r e l a t i v e l y  smooth ho r i zon ta l  su r f aces ,  t he  
accuracy i n  maintaining the  angle  of incidence is  wi th in  + 3 " ,  although 
over rough te . r ra in  o r  t i l t e d  su r faces ,  poorer accuracy muFt be  expected. 

An i n d i c a t i o n  of t he  consis tency of t h i s  d a t a  i s  provided 

P a r t i c u l a r l y  i n  t h e  ear l ier  measurements, apparent 

9 



IV. SITES AND DATA 

A. Mono Craters8 

Mono Craters occur i n  eas t - cen t r a l  Ca l i fo rn ia  i n  Mono County, j u s t  
south of circular Mono Lake and 6-7 miles east of t he  Sierra Nevada f r o n t .  
The area is  one of NASA's fundamental test sites ( lunar  analog) f o r  re- 
mote sens ing  techniques.  The c r a t e r s  are comprised of a series of spec- 
t a c u l a r  obs id ian  domes and flows (coulees) ,  and pumice cones. Their 
geologic  youthfulness  (Late P le i s tocene  o r  Recent) i s  a t t e s t e d  t o  by t he  
e s s e n t i a l l y  unmodified volcanic  forms t h a t  they d isp lay .  
of t h e  craters is a continuous arc concave toward ' the w e s t  t h a t  i s  nea r ly  
ten m i l e s  long. 
d i s t ance  t o  t h e  south.  The L a p i l l i  Surface,  which is  one of two su r faces  
on which r a d a r  da t a  w a s  gathered,  occurs between two tongues of an obsid- 
i a n  flow (North Coulee) (see loca t ion  map, Fig. 4 ) .  Presumably, t he  
L a p i l l i  P l a i n  r e s u l t e d  from a v i o l e n t  explosion from one of t h e  crater 
f l anks  t h a t  spewed out  material i n  ho r i zon ta l  fashion.  
f ace  occurs nea r  t h e  crest of t h e  craters wi th in  the  vent of t he  South 
Coulee (see Fig. 4 ) .  This sur face  occurs on t h e  property of t he  U. S. 
Pumice Company whose permission t o  e n t e r  i s  g r a t e f u l l y  acknowledged. 
The l o c a t i o n  of su r faces  is a l s o  designated on Pig. 5,  which is a K-band, 
side-looking a i rbo rne  radar  image of Mono Craters and t h e  ad jo in ing  area. 

The main body 

I s o l a t e d  obs id ian  domes extend f o r  nea r ly  an equiva len t  

The pumice Sur- 



'N 

j 

Fig. 4. This  topographic map of Mono Craters, Ca l i fo rn ia  
shows t he  l o c a t i o n  of the L a p i l l i  Surface & and t h e  Pumice Surface @?. 
The map was constructed from the  eas t - cen t r a l  po r t ion  of t h e  Mono Craters, 
Ca l i fo rn ia  15-minute topographic quadrangle and the  west-central  po r t ion  
of t h e  Cowtrack MouEtain, Ca l i fo rn ia  l5-mPnute topographic quadrangle. 

(Location map). 
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Fig. 5. S U R  Image of Mono alifornia. Direst return, 
K-band, side-looking, airbo of the Pisgah Craters area 
ShO location of radar te o ~ ~ ~ ~ o n s  are "A" Mo 
IIgf! th Crater, "C" North South Coulee, "E" U. S. 
"l" Lapilli test surface, a tes t  aarface, 



1. L a p i l l i  Surface (MQnO 1) 

Group Nos. 1, 2 ,  3, 4 

Location. Mono Craters, Ca l i fo rn ia  

Descr ipt ion.  
c a l l y  f l a t  p l a i n  t h a t  s lopes  gent ly  nor th  toward. Mono Lake (see Fig.  4 ) .  
The material is  a mixture of l a p i l l i - s i z e d  p a r t i c l e s  (diameter > 4.0 m) 
and vo lcan ic  a sh ,  with t h e  l a t t e r  predominating. The bimodal character 
and poor s o r t i n g  c o e f f i c i e n t  are obvious from Table 11. The l a r g e s t  
p a r t i c l e s  r a r e l y  exceed 30 mm and the re  i s  almost a t o t a l  l ack  of clay- 
s i z e d  p a r t i c l e s  (0.0039 mm). There i s  some concentrat ion of coarser  
p a r t i c l e s  a t  t h e  s u r f a c e  and f i n e r  p a r t i c l e s  a t  depth caused by the  
e l u v i a t i o n  e f f e c t  of r a i n .  
pacted i n  t h e  f i r s t  few inches ,  bu t  some moisture w a s  ev ident ly  present  
a t  shallow depths ,  because t h e  su r face  supported a sparse  ground vege- 
t a t i o n  (see Figs .  6 and 7). 

The l a p i l l i  sur face  was measured a t  a s i te  on a topographi- 

The material w a s  pe r f ec t ly  dry and uncom- 

Tex tu ra l ly  and compositionally,  t he  p a r t i c l e s  a r e  very simple. Be- 
l o w  0.5 mm i n  diameter most of t h e  p a r t i c l e s  are angular ,  clear t o  l i g h t -  
gray, r h y o l i t i c  g l a s s  with some admixture of organic  f i b e r s  and sphe r i ca l  
bodies .  Above 0.5 mm the re  i s  a gradual  increase  i n  the  number of white 
t o  l igh t -gray  g r a i n s  showing l i n e a t e d  t o  non-lineated, microvesicular t o  
vesicular s t r u c t u r e .  These g ra ins  dominate t h e  s i z e  samples g rea t e r  than 
2.0 m. All of these  v e s i c u l a r  gra ins  and p a r t i c l e s  can be c l a s s i f i e d  
as puaice and are probably r h y o l i t i c  i n  composition. 

Radar da t a  are p l o t t e d  i n  Figs. 8 and 9.  

TABLE If 

S ize  d i s t r i b u t i o n  by Weight % i n  a l a y e r  from 
t h e  su r face  t o  two inches below the  sur face .  

Diameter (mm) - 
> 12.7 

, 12.7-5.0 
5.0-4 .O 
4 .O-2 .O 
2.0-1.0 
1.0-0.5 
0.5-0.25 
0.25-0.125 
0.125-0.063 
< 0.063 

Weight % 

1.5 
16.8 
1.1 

20.4 
24.3 
23.3 

8.4 
2.4 
0.9 
0.9 

156-3 
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2. Pumice Surface (Mono 2A) 

Group Nos. 17 ,  18, 19 

Location. Mono Craters, Cal i forn ia  

Descr ip t ion .  
of volcanoes t h a t  make up Mono Craters. S p e c i f i c a l l y ,  t h e  s i t e  was with- 
i n  the probable vent  area of t h e  so-cal led South Coulee (a  s h o r t ,  blocky, 
s teep-sided l a v a  flow, genera l ly  composed of g lassy  r h y o l i t i c  material) 
(see Fig. 4 ) .  

The radar  response t o  pumice w a s  measured wi th in  t h e  chain 

The test s i te  i s  i n  an area of extremely rough macrotopography t h a t  
is completely devoid of vege ta t ion  and made up of a jumble of l a r g e  pu- 
mice blocks and sp ines  of  pumice lava  showing vertical  flow s t r u c t u r e .  
The p a r t i c u l a r  area i l luminated by r ada r  i s  along a bulldozed access road. 
In s p i t e  of t h i s  a c t i v i t y  i t  i s  be l ieved  t h a t  the  blocks examined are 
approximately i n  t h e i r  n a t u r a l  state. The average c ross -sec t iona l  area 
of t h e  blocks i s  131 square inches and t h e  average diameter is 11.5 in- 
ches (see Fig. 10) .  The range i n  diameters is  4 t o  34 inches.  The 
pumice i t s e l f  i s  medium-dark gray, t rans lucent  glass t h a t  shows unusually 
coarse v e s i c u l a r  s t r u c t u r e  and almost always some flow s t r u c t u r e .  Vesi- 
cles are t y p i c a l l y  s e v e r a l  m i l l i m e t e r s  i n  diameter. The blocks are a l l  
ve ry  angular  and a r e  unweathered, although yellowish d i sco lo ra t ions  on 
some su r faces  i n d i c a t e  minor hydrothermal (deuter ic )  a l t e r a t i o n .  

Radar d a t a  f o r  t h i s  su r f ace  are shown i n  Figs. 11 and 1 2 .  
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B. Pisgah Crater, Pisgah Lava Flow, and Lavic Dry Lake9 

Pisgah Crater, Pisgah Lava Flow, and Lavic Dry Lake occur i n  
San Bernardino County, Ca l i fo rn ia ,  approximately 30-35 m i l e s  east-south- 
east of Barstow and j u s t  south of highway U.S.  66. 
w i t h i n  t h e  Basin and Range physiographic province and t h e  Mojave Desert 
subprovince,  and is  one of NASA's fundamental test  si tes ( lunar  analog) 
f o r  remote sens ing  techniques.  The Pisgah Lava Flow is  composed of a 
series of t h i n  s h e e t s  of o l i v i n e  b a s a l t  lava, which merge t o  a s i n g l e  
s h e e t  nea r  t h e  margin. They were erupted over a s h o r t  per iod of t i m e  
i n  the Late P le i s tocene  o r  Recent, and thus ,  primary volcanic  f e a t u r e s  
are w e l l  preserved.  The flows extend from a 300-foot high c inder  cone 
c a l l e d  Pisgah Crater, which is  t h e  probable vent  area, a d i s t ance  of 
approximately 1 4  m i l e s  downslope i n t o  t h e  Lavic Dry Lake bas in .  The 
dry  l a k e  is a p laya  da t ing  from p l u v i a l  per iods during the  l a t te r  p a r t  
of t h e  P le i s tocene ,  and was nea r  t he  head of t he  l o c a l  drainage system 
a t  that t i m e .  
n e n t l y  mud cracked. The Pisgah Lava Flow i n  p a r t  over r ides  the  p laya ,  
and is i n  p a r t  bu r i ed  by playa c l ay .  

The area l i e s  well 

The playa su r face  i s  nea r ly  p e r f e c t l y  f l a t  and is promi- 

A l l  of t h e  s u r f a c e s  on which r ada r  d a t a  w a s  gathered f o r  t h i s  re- 
p o r t  occur  a t  t h e  southern terminus of t he  Pisgah flow a t  i t s  junc t ion  
w i t h  Lavic Dry Lake. This  p a r t  of t he  flow is  charac te r ized  by l a r g e  
c o l l a p s e  areas and t i l t e d  blocks of kava c r u s t  r e s u l t i n g  from underflow 
of l i q u i d  lava and withdrawal of support  from t h e  s o l i d  c r u s t  s h o r t l y  
a f t e r  t he  t i m e  of e rupt ion .  
marked on a l o c a t i o n  map, Fig. 13. The same loca t ions  are marked on 
Figs.  14(a )  and 14(b ) ,  which are K-band, side-looking a i rbo rne  r ada r  
images of t h e  Pisgah area. 

Location of t h e  s p e c i f i c  su r faces  t e s t e d  is  

NOTE: The playa surface L1 was measured near the center o f  square 27. 
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Fig. 13. (Location Map). This topographic map of t he  Pfsgah Flow-Lavic 
Dry Lake tesf: s i te  shows t h e  loca t ion  of su r faces  on which r ada r  d a t a  
was gathered,  These su r faces  are: 

1 - Playa and cinder-covered playa su r faces  
2 - Mosaec c inde r  su r face  
3 - Pahoehoe lava su r face  
4 - Smooth b a s a l t  l ava  and aa lava su r faces  
5 - Smooth b a s a l t  l a v a  su r face  with squeeze-up 

The map is from t h e  nor th-cent ra l  po r t ion  of t h e  Lavic, Ca l i fo rn ia  
15-minute topographic quadrangle. 
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Fig. 14, 
and cross-polarized return, K-band, 
of the Lavic D r y  Lake-Pisgah flow te 
test surfaces. Letter notations are Sunshine Crater, "B" Sunshine 
flows "6" Bisgah fault ,  "D" Lavie D 
"F" area of test surfaces. 

SLAR Images of Pisgah Crater Area, California. Direct return 
looking, airborne radar images 
te showing the area of radar 

ke playa, "E" Pisgah Flow, and 
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1. Playa Surface (Pisgah L1) 

Group Nos. 5 ,  6 ,  11, 1 2 ,  1 3 ,  14, 15, 16 

Descr ip t ion .  
D r y  Lake a t  the  south end of t h e  Pisgah Lava Flow i n  the  Efojave Desert, 
C a l i f o r n i a  ( see  Fig. 13) .  A playa i s  the  f l a t  c e n t r a l  bas in  of a d e s e r t  
plain,  which a t  rare and i r r e g u l a r  i n t e r v a l s  becomes a broad, shallow l ake .  
Lavic Dry Lake (playa)  i s  c l a s sed  as a playa of t h e  dry-surfaced type 
wi th  a ha rd ,  dry,  compact c r u s t  (Neal, 196510). The c r u s t  is broken 
by eon t r ac t ion  (des s i ca t ion )  c racks  and divided i n t o  polygons of t h r e e  
genera l  dimensions (see Fig. 15). The l a r g e s t  of t hese  polygons are 
20 f e e t  o r  more i n  diameter ,  and are bounded by con t r ac t ion  c racks  t h a t  
produce depressions up t o  one f o o t  i n  depth. Intermediate  polygons are 
about one foo t  i n  diameter ,  and t h e  smallest polygons are one t o  t h r e e  
inches i n  diameter.  The l a t te r  show upturned edges and are r e a d i l y  
e x t r a c t e d  from t h e  playa f l o o r  although they are f r i a b l e .  Bulk physi- 
cal  p r o p e r t i e s  of Lavic Lake playa samples  are as follows (Kerr and 
Langer , 1965") : 

Radar p r o p e r t i e s  of playa su r faces  w e r e  determined on Lavic 

S p e c i f i c  g r a v i t y  .............................. 2.08 
Bulk dens i ty  .................................. 1.67 g/cc 
Compaction r a t i o  (1.0 = 0 poros i ty )  ........... 0.80 
Nons t ruc tura l  water........................... 5.8% 

Playa  material is l i g h t  tan and shows a d u l l  t o  almost waxy l u s t e r .  
Mechanical a n a l y s i s  showed t h a t  96.6% of t h e  g r a i n s  i n  t h e  su r face  l a y e r  
(about one inch th i ck )  are less than 0.074 mm i n  diameter,  i n d i c a t i n g  a 
great predominance of silt- and clay-sized p a r t i c l e s .  About 74% of bulk 
p laya  samples from Lavic Lake are c l a y  according t o  Kerr and Langer (1965). 
Grains are crudely graded i n  t h e  top one-inch l a y e r  with the  f i n e r  ones 
near t h e  sur face .  This s u r f a c e  l a y e r  i s  a l s o  very porous i n  appearance 
on a microscopic sca l e .  
by montmori l loni te  (12.5 A ) ,  with  secongary amounts of i n t e r l a y e r e d  mont- 
m o r i l l o n i t e - i l l i t e  and some i l l i t e  (10 A) according t o  X-ray sna lyses  
( K e r r  and Langer, 1965). 
1.0 mm ( t h e  maximum gra in  s i z e )  are mostly scoriaceous b a s a l t ,  bu t  comprise 
less than  12 of t h e  samples by weight. 
f e l d s p a r  and o l i v i n e ,  and an abundance of a white  t o  pa l e  bronze mica- 
l i k e  mineral  dominate t h e  material between 0.25 and 0.074 mm. Sa l ines ,  
which make up about 0.2% of bulk samples, are dominated by h a l i t e  (Kerr 
and Langer, 1965). Calcite i s  a common cons t i t uen t  judging by t h e  per- 
s i s ten t ,  vigorous r e a c t i o n  of  playa samples i n  d i l u t e  HC1. 

Gompositionally, t h e  c l a y  f r a c t i o n  i s  dominated 

Grains c o a r s e r  than 0.25 mm, bu t  less than 

Glassy g r a i n s  of qua r t z ,  some 

Radar d a t a  f o r  t h i s  su r f ace  are shown i n  F igs .  16-19. 
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Fig. 15. Lavic Lake Playa. The sur face  of t he  playa is  almost pe r f ec t ly  
f l a t  except f o r  small scale roughness generated by contract ion (dessica- 
t i on )  cracks.  
t h ree  d i s t i n c t  s i z e s :  
sured i n  terms of a few f e e t ;  and C - measured i n  terms of a f e w  inches. 
I n  the  intermediate  d is tance  is the  radar  t ruck being used t o  make cali- 
b ra t ion  measurements and i n  the  f a r  dis tance t o  the  l e f t  are the  black 
b a s a l t  l ava  flows from Sunshine Crater. The view is t o  the  northwest. 

These cracks break t h e  playa sur face  i n t o  polygons of 
A - measured i n  terms of 10 ' s  of f e e t ;  B - mea- 
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2, 

- Location. 

Playa Surface with P a r t i a l  Cover of Basalt Cinders 

Lavic Dry Lake, C a l i f o r n i a  

Descr ipt ion.  ?%e playa su r face  i n  t h i s  set of measurements i s  i d e n t i c a l  
to t h e  previous one except t h a t  it i s  covered i n  p a r t  by b a s a l t i c  c inde r s ,  
der ived from t h e  Pisgah Crater Lava Flow. The c inde r s  are r a t h e r  jagged 
and angular  i n  shape, and are gene ra l ly  one t o  t h r e e  inches i n  diameter 
(see Fig. 20). 
i n  c o n t a c t  with one another.  ?he photograph (Fig. 2 0 ) ,  which r ep resen t s  
a t y p i c a l  c inde r  populat ion,  53as used t o  determine t h e  area covered hy 
c inde r s .  The method employed ind ica t ed  t h a t  t h e  su r face  i s  29.7% c inde r s  
and 70.3% clay-r ich playa from a vertical  look-angle. The area covered 
by c i n d e r s  apparent ly  inc reases  as t h e  look-angle decreases ,  of course,  
s i n c e  t h e  c inde r s  s t and  above t h e  e s s e n t i a l l y  f l a t  playa su r face .  For 
instance, a t  a look-angle a few degrees above h o r i z o n t a l ,  t he  su r face  ap- 
pea r s  t o  be completely covered with cinders  (see Fig. 21). The cinders  
are sco r i aceous ,  a p h a n i t i c ,  o l i v i n e  b a s a l t  ( f o r  a more d e t a i l e d  d e s c r i p t i o n ,  
see t h e  following s e c t i o n  of t h i s  r e p o r t ) .  It i s  bel ieved t h a t  they have 
been deposi ted i n  t h e i r  present  p o s i t i o n  by ice r a f t i n g .  
r e l a t i v e l y  s h o r t  runs represented by t h e  cinder  covered area, and because 
it was n o t  poss ib l e  t o  d r i v e  p a r a l l e l  t o  t h e  lava shown i n  Fig.  21, aver- 
age va lues  of y could n o t  be obtained f o r  t hese  su r faces .  However, s t r i p  
chart recordings of t h e  instantaneous va lue  of t h e  r e t u r n  s i g n a l  (with 
pen d e f l e c t i o n  propor t iona l  t o  the  s c a t t e r e d  electric f i e l d )  were made, 
t o  i l l u s t r a t e  t h e  n a t u r e  of t h e  v a r i a t i o n s  i n  s i g n a l  s t r eng th  from t h e  
p l aya ,  lava, and c inde r  covered su r faces  i l l u s t r a t e d  i n  Fig. 21. For 
example, Fig.  22 shows t h e  record from a run a t  45" angle  of Incidence,  
vertical p o l a r i z a t i o n ,  (upper trace, 1.8 GIlz, lower trace 10 Gf-lz) . The 
r e t u r n  s i g n a l  i s  a narrow band no i se  s i g n a l ,  with cen te r  frequency a t  t h e  
doppler  frequency c h a r a c t e r i s t i c  of a po in t  a t  t h e  cen te r  of t h e  i l lumin-  
a t e d  s p o t ,  and bandwidth (approximately t h e  inve r se  of t h e  fading rate 
for  t h e  envelope) determined by t h e  d i f f e rence  i n  doppler between t h e  
leadfng and t r a i l i n g  edges of t h e  spot .  The d i f f e r e n c e  i n  level between 
the  r e t u r n  from t h e  lava ( l a r g e  s i g n a l ) ,  c inde r s ,  and playa (smooth sur- 
face, s m a l l  s i g n a l )  i s  c l e a r l y  shown. One may n o t e  on t h e  record t h e  
s h o r t  s t r i p  of playa c l e a r  of c inde r s  (a2 t h e  p o s i t i o n  of t h e  human f i g u r e  
i n  Fig. 21) between t h e  lava and t h e  cinders .  A s imi la r  run i s  shown i n  
F ig .  23,  f o r  the high frequency p a i r  of r a d a r s  a t  15  and 35 GIiz. 

They a re  f a i r l y  uniformly d i s t r i b u t e d  and usua l ly  are no t  

Because of t h e  

It is  r a t h e r  d i f f i c u l t  t o  analyze t h e s e  b r i e f  samples i n  a quanti-  

- a b s o l u t e )  va lues  of y(0 )  vs 0 ,  based on a v i s u a l  estimate of t h e  s i g n a l  
tat ive way. However, an attempt has  been made t o  p l o t  re la t ive (not 

s t r e n g t h s  i n  a number of runs similar t o  those shown i n  Fig. 22 and 
Fig .  23 .  The r e s u l t s  are shown i n  Figs.  24-26. Reference levels f o r  
y are a r b i t r a r y ,  but have been chosen so t h a t  t h e  r e t u r n  from t h e  playa 
s u r f a c e  agrees  roughly with thatmeasured i n  t h e  cen te r  of Lavic Lake 
(surface L l ) .  The r a t h e r  l a r g e  values  f o r  t h e  lava material may be due 
p a r t l y  t o  t h e  f a c t  t h a t  t h e  outcrop was several f e e t  high ( thus  reducing 
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Fig. 20. Lavic Lake playa covere by basaltic cinders. This i s  a 
vertical view of vesicular basalt fragments s i t t ing  on playa surface, 
which is broken by small-scale dessication cracks. 
mud-crack polygons and the cinders can be  judged from the inch-scale 
a t  the bottom of the photograph. 

The s i z e  of the 
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Fig. 21. Lavic Lake playa covered by basa l t ic  cinders. A low angle 
view from cinder-free playa, across par t ia l ly  cinder-covered playa, t o  
the front of the Pisgah basalt  flow. Notice that a t  t h i s  angle the 
playa surface appears t o  be almost completely covered with cinders, where- 
as i n  actual fact ,  only approxbmtely 30% is cinder covered. The track 
i n  the right-center of the photograph is the path of the radar truck as 
it  moved back and for th  "scanning" the surface. Notice that the wheels 
of the l w t o n  vehicle hardly made an indentation i n  the hard, compact 
playa surface. 
on the contact between lava flaw a d  playa. 

%e figure i n  the center of the photograph is standing 
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1.86Hx 4 5 O  V 
(ENVELOPE ONLY 1 

10GHz 45"V 
(ENVELOPE ONLY 9 

Fig. 22. S t r i p  chart record of amplitude of the return from the area 
shown in  Fig. 21, constituting playa, a cinder covered!region, 
a short s t r i p  of playa, and a lava outcrop. Frequencies 
1.8 GHz and 10 GHz; polarization V, angle of incidence - 4 5 O  e 
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Fig. 25. Relative radar return parameter y vs angle of incidence 
f o r  lava, cinders, and playa at: 10 GHz. (Relative 
level only). 
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Fig. 26. Relative radar return parameter y vs angle of incidence 
for lava, cinders, and playa a t  35 GHz. (Relative level  
only. ) 
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3. Mosaic Cinder Surface (Pisgah 1B) 

Group Nos. 7,  8, 9 ,  10 

Location. Pisgah Lava Flow, Pisgah Crater, Ca l i fo rn ia  

Descr ip t ion .  The mosaic c inder  s u r f a c e  i s  nea r ly  h o r i z o n t a l  and l ies  
approximately e i g h t  f e e t  above t h e  playa su r face  on b a s a l t  l ava  bed- 
rock nea r  t he  southern terminus of t h e  Pisgah flow. It i s  smooth 011 a 
gross  s c a l e  ( f e e t ) ,  bu t  extremely rough on a smal l  s c a l e  (1-2 inches) .  
The s u r f a c e  is  made up of c lean ,  v e s i c u l a r  b a s a l t  fragments n e a t l y  packed 
toge the r  i n t o  what a t  f i r s t  glance appears t o  be  a s o l i d  s u r f a c e  ( see  
F ig .  27) .  However, t h i s  material i s  e a s i l y  loosened exposing a concen- 
t r a t i o n  of p laya- l ike  material on which t h e  su r face  fragments seem t o  be 
" f loa t ing"  above t h e  lav bedrock. 

Approximately 97% by weight of t h e  loose  s u r f a c e  material is  coarser  
than 1 mm. The median s i z e  is  17.4 mm and the  maximum diameter is  about 
45 mm. Almost a l l  of t h i s  material i s  b lack ,  v e s i c u l a r  b a s a l t  t h a t  i s  
s l i g h t l y  p o r p h y r i t i c  wi th  an a p h a n i t i c  ground-mass. The b a s a l t  fragments 
at the  very  s u r f a c e  show some d e s e r t  varn ish .  
s u r f a c e  l a y e r  of c inders  and bedrock (between approximately one and t h r e e  
inches below the su r face )  is  bimodal i n  cha rac t e r  with approximately 70% 
by weight less than  0.074 mm ( s i l t  and c l a y ) ,  and with most of t he  re-  
mainder g r e a t e r  than  1.0 mm. Mineralogical ly ,  t h i s  sample is  i d e n t i c a l  
t o  p laya  samples except t h a t  c a l c i t e  seems more abundant. Typica l ly ,  
p laya  material  is  cemented wi th  c a l c i t e  onto the  underside of su r face  
c inders  and w i t h i n  ind iv idua l  v e s i c l e s .  

The material between t h e  

The mosaic c inde r  su r face  w a s  probably made when the  p laya  was 
covered by tu rbu len t  water  a t  l e a s t  e i g h t  f e e t  deep. 
on t h e  s u r f a c e  of t h e  l ake  over a b r i e f  per iod of t i m e  organized t h e  
c inders  i n t o  a n e a t l y  packed arrangement. Following evaporat ion and 
runoff of t h e  l ake ,  e l u v i a t i o n  by la te r  r a i n s  concentrated p laya  c lay  
and s i l t  j u s t  below t h e  su r face  leav ing  a l a g  o r  r e s idue  of "clean" cin- 
ders .  

Gentle wave a c t i o n  

Radar d a t a  are shown i n  Figs ,  28 and 29. 
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4. Pahoehoe Lava Surface (Pisgah 1A) 

Group Nos. 28, 30, 31, 33, 35 

Location. Pisgah Lava Flow, Pisgah Crater, Ca l i fo rn ia  

Descr ipt ion.  
of t h e  Plsgah flow a t  t h e  contact  wi th  t h e  playa. The lava su r face  has  
been t i l t e d  as a r e s u l t  of co l l apse  caused by withdrawal of molten lava 
from beneath t h e  hardened c r u s t  ( sur face  examined) s h o r t l y  a f t e r  e rupt ion .  
The s u r f a c e  d i p s  approximately 40" SW toward the  playa and s t r i k e s  east- 
w e s t .  The lava su r face  i s  s o l i d  and presents  a smooth, ropy appearance 
t y p i c a l  of pahoehoe lava. The western p a r t  of t h e  su r face  is well l i n -  
ea t ed  as a r e s u l t  of flow and contains  a few imbedded scoriaceous blocks 
(see Fig. 30). 
contains  an abundance of embedded cindery blocks,  and thus i s  much rougher 
than t h e  w e s t  s i d e .  The lava i t s e l f  is scoriaceous b a s a l t  with elongate  
vesicles (elongat ion p a r a l l e l  t o  t h e  flow sur face)  2 t o  20 mm long. It 
is medium-dark gray on f r e sh  su r faces  and s l i g h t l y  porphyr i t ic .  Surfaces 
exposed t o  t h e  atmosphere show a resinous l u s t e r  and brownish-black co lo r  
due t o  d e s e r t  varnish.  Microscopic examination of t h i n  sec t ions  shows 
a p o r p h y r i t i c - i n t e r s e r t a l  t e x t u r e  with euhedral phenocrysts of p e r f e c t l y  
f r e s h  o l i v i n e  embedded i n  a nea r ly  opaque glassy groundmass containing 
euhedral  l a t h s  of l a b r a d o r i t e  and granules  of clinopyroxene and magne- 
t i te .  
is  evident  i n  s e c t i o n s  normal t o  the  flow su r face ,  but  no t  i n  p a r a l l e l  
s ec t ions .  A t y p i c a l  mode is  l i s t e d  below: 

The pahoehoe su r face  measured i s  near  t h e  southern terminus 

The eastern p a r t  of t he  su r face  is  poorly l i n e a t e d  and 

Plow s t r u c t u r e  shown by paral le l  arrangement of f e ldspa r  l a t h s  

Groundmass (opaque g l a s s )  ............................ 55.2% 
P lag ioc la se  ( l ab rador i t e )  ............................ 20.4% 
Oliv ine  ( f o r s t e r i t i c )  ................................. 8.4% 
Clinopyroxene and Magnetite ........................... 2.5% 
Vesicles ( p a r t l y  f i l l e d  with playa c lay  cemented with c a l c i t e )  ........... 13.5% 

100.0% 

Radar d a t a  are given i n  Figures 31., 32 and 33. 
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5 .  Smooth Basa l t  Lava Surface (Pisgah 2A) 

Group Nos. 21, 2 4 ,  26 

Location. Pisgah Lava Flow, Pisgah Crater, Ca l i fo rn ia  

Descr ipt ion.  
t o  t h e  Pahoehoe Surface except t h a t  i t  is  nea r ly  p e r f e c t l y  f l a t  and does 
n o t  show t h e  t y p i c a l  ropy s t r u c t u r e  of pahoehoe. The su r face  d ips  about 
25" SE and s t r i k e s  N 45" E. It conta ins  a few embedded c inde r s ,  and is 
composed of  t h e  same v e s i c u l a r ,  s l i g h t l y  po rphyr i t i c  o l i v i n e  b a s a l t  as 
t h e  Pahoehoe Surface.  

The smooth b a s a l t  lava su r face  i s  s i m i l a r  i n  a l l  respects 

Radar d a t a  are given i n  Figs .  34 and 35. 

6 .  A a  Basalt Lava Surface (Pisgah 2B) 

Group Nos. 22, 2 5 ,  27 

Location. Pisgah Lava Flow, Pisgah Cra t e r ,  Ca l i fo rn ia  

Descr ipt ion.  
Basalt Lava Surface ,  bu t  i s  demarcated from it along a very sharp boun- 
dary.  The s u r f a c e  i s  extremely rough on a scale of a few inches t o  one 
f o o t ,  bu t  is f l a t  on a gross  scale (see  Fig. 3 6 ) .  The su r face  developed 
on t h e  l a v a  flow when the  c r u s t  w a s  s emi -b r i t t l e  ar,d the  main body of 
t h e  flow was st i l l  molten. The stress set up by underflow d is rupted  the  
weak, p a r t i a l l y  cooled s u r f a c e ,  b u t  t he  broken su r face  was s t i l l  hot  
enough t o  "weld" i n t o  a more o r  less s o l i d  m a s s .  

The aa Basalt su r face  is a cont inua t ion  of t h e  Smooth 

Radar d a t a  are given i n  Figs.  37 and 38. 

7.  Smooth Basalt Lava Surface with Squeeze-up (Pisgah 1 C )  

Group Nos. 20, 23  

Location. Pisgah Lava Flow, Pisgah Crater, Ca l i fo rn ia  

Descr ipt ion.  
Basalt Surface descr ibed previously except t h a t  t he re  is  a l ava  squeeze- 
up i n  t h e  c e n t e r  of t h e  sur face .  
i n  b r i t t l e  c r u s t  ( t h e  major por t ion  of t h i s  sur face)  t h a t  ove r l a id  molten 
l ava .  
wi th  i t ,  and overflowed the  o l d e r  c r u s t .  The na tu re  of t h i s  su r f ace ,  
t h e r e f o r e ,  i s  e s s e n t i a l l y  a t i l t e d  (N 5" W ,  21" N E ) ,  smooth, b a s a l t  l ava  
s l a b  with a s t r i p  of aa- l ike l ava  across  i t .  

This  su r face  is  i d e n t i c a l  i n  a l l  r e spec t s  t o  the  Smooth 

The squeeze-up occurred along a f r a c t u r e  

The l a v a  wel led up from below, car ry ing  many fragments of c r u s t  

Radar d a t a  are given i n  Fig. 39. 
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Fig. 36. Aa Basalt. The photogra the extremely rough surface 
characteristic of aa lava. Althou ce appears to be composed 
of loose rubble, it is actually fa de The reason for th is  fs 
that after the original l n by underflow, there 

get he^. Scale Be 
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C. Marblehead Quarry12 

The Ibrb lehead  quarry occurs  i n  O t t a w a  County, Ohio on t h e  eastern 
terminus of  Marblehead Peninsula ,  which Lies no r th  of Sandusky Bay and 
south  of  Lake E r i e  proper  ( see  Location Map, Fig. 4 0 ) .  It i s  operated 
by The Standard Slag Company, who generously permit ted access  t o  t h e i r  
property.  
was gathered  is  Columbus l imestone of  Devonian age. 
t he  s i t e  i s  on the  Columbus-Delaware cues ta  wi th in  the  I n t e r i o r  Lowlands, 
and s t r u c t u r a l l y  i t  l i e s  j u s t  east of t h e  c r e s t  of t he  Findlay Arch. 
The s t ra ta  d i p  impercept ibly a few t ens  of f e e t  pe r  m i l e  t o  t h e  east ,  bu t  
f o r  a l l  p r a c t i c a l  purposes they are f l a t l y i n g  and undeformed. 
po in t  of  i n t e r e s t  a t  t h i s  s i t e ,  however, i s  t h a t  wi th in  the  area t h e r e  
are acres of g l a c i a l l y  abraded l imestone t h a t  has  been l a i d  ba re  by 
s t r i p p i n g  as p a r t  of t h e  quarrying opera t ion .  The g l a c i a l l y  abraded sur-  
f a c e  is  smooth, almost po l i shed ,  and is  marked by paral le l  g l a c i a l  s tr ia- 
t i o n s .  

The rock be ing  qua r r i ed  and the  material on which r ada r  da t a  
Physiographical ly ,  

The main 

1. Columbus Limestone Surface ( P ! ! D  PARGV and MARHD PPGV) 

Group Nos. 149,  150, 151, 152, 159, 160, 161, 162 

Locat ions.  Standard Slag Co., Marblehead Stone Divis ion,  Marblehead, Ohio 

- Descr ip t ion .  Two sets of r ada r  da t a  were c o l l e c t e d  i n  the famous Marble- 
head Quarr ies  a t  t h e  e a s t e r n  end of Marblehead Peninsula ,  Ohia. The rock 
i s  f o s s i l i f e r o u s ,  l igh t -gray  Columbus l imestone, which i s  nea r ly  i d e n t i -  
cal  t o  t h a t  of t h e  Marble C l i f f  q u a r r i e s  i n  Columbus. However, the  sur -  
f ace  examined r e s u l t e d  from g l a c i a l  abrasion and i s  no t  an unmodified 
bedding p lane  such as t h e  su r faces  examined a t  Marble C l i f f .  The Marble- 
head s u r f a c e  w a s  o r i g i n a l l y  covered by a t h i n  l a y e r  of till ,  b u t  t h i s  
was  c l ea red  i n  t h e  course of quarrying opera t ions .  Rain has  s i n c e  washed 
t h e  s u r f a c e  p e r f e c t l y  c lean  of a l l  deb r i s .  The su r face  was dry when 
measured end f r e e  of any obvious weathering e f f e c t s .  It is f l a t  except 
f o r  some g l a c i a l  grooves, which were avoided. The su r face  i s  smooth 
almost t o  the  e x t e n t  of being pol i shed ,  and i s  charac te r ized  by p a r a l l e l ,  
very narrow and shal low g l a c i a l  s c ra t ches .  
es ( d i r e c t i o n  of ice movement) is  genera l ly  S 73" W. One set of measure- 
ments w a s  made parallel  t o  these  sc ra t ches  (Group No. 149-150, 161-162), 
l a b e l l e d  MARHD PARGV, and the  o t h e r  perpendicular  t o  the  sc ra t ches  (Group 
No. 151-152, 159-160), l a b e l l e d  MARHD PPGV. The rock is broken by a few 
t i g h t  j o i n t s ,  which bea r  no r e l a t i o n s h i p  t o  the  g lac ia l .  s c ra t ches .  

The o r i e n t a t i o n  of t he  scra tch-  

Radar d a t a  are given i n  Figs .  41-44. 
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Fig. 40. 
Marblehead quarries on Marblehead Peninsula is  marked@ on the location 
map. 
i c  quadrangle. 

(Location Map). The area where radar data was acquired in the 

The map is part of the Helleys Island, Ohio 7 1 / 2  minute topograph- 
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D. Marble C l i f f  (Hobo) Quarry 

The Marble C l i f f  (Hobo) Ouarry occurs i n  Frankl in  County, Ohio along 
t h e  w e s t  bank of t h e  Sc io to  River approximately f i v e  m i l e s  west-northwest 
of downtown Columbus ( see  Location Map, Fig.  4 5 ) .  The quarry i s  owned 
and operated by t h e  Marble C l i f f  Quarries Company, who k indly  permit ted 
us access  t o  t h e  property.  The rock on which radar  da t a  w a s  gathered 
is the  Columbus l imestone of Devonian age. I n  t h e  quarry t h e  Delaware 
l imestone (Devonian) is  also exposed, bu t  i t  lies above the  Columbus and 
i s  inaccess ib ly  high on the  quarry wal l .  The Delaware i n  t u r n  i s  over- 
l a i n  by Wisconsin d r i f t ,  which i s  t h e  n a t u r a l  su r f ace  ma te r i a l  i n  t h i s  
a rea .  The s t r a t a  d ip  imperceptibly t o  t h e  e a s t  and are, the re fo re  essen- 
t i a l l y  f l a t l y i n g  and undeformed. The quarrying opera t ion  has exposed 
bedding p lanes  of t h e  massive Columbus l imestone along s e v e r a l  prominent 
benches. It i s  these  n a t u r a l  su r f aces  of Devonian sedimentation t h a t  
were i n v e s t i g a t e d  a t  t h i s  s i te .  

1. Columbus Limestone Surface (MARBLE ST 1) 

Group Nos. 139, 142 

Location. Marble C l i f f  Quarries, Columbus, Ohio 

Descr ipt ion.  Two sets of measurements were made on the  Columbus l i m e -  
s tone  i n  t h e  Hobo Quarry. 
exposed during t h e  quarrying opera t ion ,  and occurs 47 f e e t  below the  con- 
tact  with t h e  Delaware l imestone on a prominent quarry bench, 
is  a massive, whi te  t o  very l igh t -gray ,  h ighly  f o s s i l i f e r o u s ,  exception- 
a l l y  pure l imestone. The l imestone is  broken by s e v e r a l  sets of t i g h t  
j o i n t s .  Most of t hese  are v e r t i c a l ,  but  some d ip  a t  low angles  (see 
Fig. 4 6 ) .  No e f f e c t s  of weathering w e r e  noted and t h e  su r face  was per- 
f e c t l y  dry.  The a c t u a l  a r ea  i l lumina ted  by r ada r  is  a runway 7 t o  10 
f e e t  w i d e  and 85 feet  long t h a t  was swept p e r f e c t l y  c lean ,  except f o r  a 
patch t h a t  w a s  t h i n l y  covered wi th  fine-grained quarry rubble  ( see  
Fig. 4 7 ) .  
ance of f o s s i l  s h e l l s  (see Fig.  4 8 ) .  I n  add i t ion ,  t h e  su r face  shows a very 
shallow r o l l i n g  topography wi th  randomly d i s t r i b u t e d ,  equant peaks and 
bas ins ,  which are probably primary f e a t u r e s  of t h e  o r i g i n a l  su r f ace  of 
sedimentation. 
r e l i e f .  

This one w a s  made on a hor i zon ta l  bedding plane 

The rock 

The su r face  i s  somewhat rough plf'imarily due t o  t h e  protruber-  

The macrotopography r a r e l y  exceeded one inch i n  t o t a l  

Radar d a t a  are given i n  Figs .  49 and 50. 
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Fig. 45. 
(Hobo) Quarry is  marked @ on the location map. 
Southwest Columbus, Ohio 7 1 /2  minute topographic quadrangle. 

(Location Map). The test site area within the Marble C l i f f  
The map is  part of the 
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Fig. 46. Most j o h t s  in 
the Columbus limestone are tight: and nearly vertical, although there 
are exceptions. O f  the two sets of joints i;llustrated by this photo- 
graph, the one extending from the upper-left corner dips  45' toward the 
lower l e f t  corner. The other set is vertffcal. 
inches, and the pen is about five inches long. 

Joints Cutthg Columbus Lfmestone (Site 1 ) .  

The tape scale is in 
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Fig. 47. Radar Test Str ip ,  S i t e  1, The f i r s t  Columbus lbestone 
surface e.xa&ned occurs on a bench 47 feet  below the Delaware-Columbus 
contact. The test s t r i p  was swept clear of quarry debris except for a 
small patch toward one end. 
back and forth can be seen to the P e E t  of the runway. 

Tracks made by the radar truck as it scanned 
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Fig. 48, Roughness of the First Surface (Site 1) - This rough, irregu- 
lar surface results  from protsuberance of f o s s i l  structures from the 
bedding plane (note the coiled cephalopod just to the righ 
The tape scale is  in  inches, 

of eke pen). 
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2. Columbus Limestone Surface (MARBLE ST 2) 

Group Nos, 141, 143, 144, 145, 146, 148 

Location. Marble C l i f f  Quarr ies ,  Columbus, Ohio 

Descr ip t ion .  The second s u r f a c e  measured on t he  Columbus l imestone i n  
the Hobo Quarry occurs  23 f e e t  below t h e  f i r s t ,  o r  64 f e e t  below the  
Columbus-Delaware contac t .  The phys ica l  condi t ions  and p r o p e r t i e s  of 
th i s  s u r f a c e  are very similar i n  many r e spec t s  t o  t h e  f i r s t .  Again, 
the s u r f a c e  is  on a prominent bench developed i n  the  quarry opera t ion .  
The s u r f a c e  is  s i g n i f i c a n t  s t r a t i g r a p h i c a l l y  i n  t h a t  i t  r ep resen t s  t he  
c o n t a c t  between t h e  upper p a r t  of t he  Columbus l imestone,  which is very 
pure  (high l ime)  , and t h e  lower p a r t ,  which i s  dolomit ic  (magnesian). 
A s  i n  t he  f i r s t  su r f ace ,  t h e  p a r t i c u l a r  area u t i l i z e d  w a s  swept c lean  of 
all loose debr i s .  The rock is  a very l i g h t  gray t o  be ige ,  f i n e l y  crys- 
ta l l ine,  dolomi t ic  l imestone conta in ing  f a i r l y  abundant f o s s i l s .  Since 
f o s s i l s  are not as abundant as i n  the  f i r s t  su r f ace ,  t h e  second is  nota- 
bly smoother (see Fig. 51).  Furthermore, t h e  second s u r f a c e  l a c k s  the  
shallow p i t c h  and s w e l l  macrotopography of t h e  f i r s t .  

Radar d a t a  are given i n  Figs. 52-57. 
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Fig. 51. Smoothness of the Second Surface ( S i t e  2) The second surface 
on the Columbus limestone measured d t h  radar is notably smoother than 
the first. This is presumably due t o  the presence of less abundant fos- 
sils. Note the poor development of s in t s .  The tape scale is i n  inches. 
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Fig. 53. Columbus limestone surface (NARBLE ST2). 
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E. Others 

1. The a s p h a l t  s u r f a c e  and plowed and disced s u r f a c e  sites are 
loca ted  on The Ohio S t a t e  Univers i ty ,  Columbus, Ohio 

Asphalt  Surface 

Group Nos. 76, 7 7 ,  78, 79 

Location. In f r o n t  of ElectroScience Laboratory,  Columbus, Ohio 

Descr ip t ion ,  
l o c a t e d  i n  f r o n t  of The Ohio S t a t e  Universi ty  ElectroScience Laboratory. 
The s u r f a c e  has  a r . m . s .  roughness of approximately 0.3 mrn; r e l a t i v e  
d i e l e c t r i c  cons tan t  i s  

Measurements were made on an a s p h a l t  su r f ace  which i s  

= 4 . 3  -t j O . 1 .  

Radar d a t a  are given i n  Figs.  58 and 59. 

Bare S o i l  Surface,  Plowed and Disced  

Group Nos. 319, 320 

Location. Ohio S t a t e  Universi ty  Farms - West of the  ElectroScience 
Laboratory 

Descr ipt ion.  
f a c e s  which w e r e  loca ted  on The Ohio State  Universi ty  Farms. 
s u r f a c e  had 8"-12!' diameter c lods ; t h e  d isced  su r f  ace had approximately 
4" diameter c lods  with 2"-3" r idges.  

Measurements were made on f r e s h l y  plowed and disced sur-  
The plowed 

Radar d a t a  are given i n  Figs.  60. 
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2. The Purdue Sandfarm i s  loca ted  about 1 1/2  m i l e s  NE of  Monterey, 
Indiana (see Location Map, Fig.  61). More complete desc r ip t ions  of t h e  
s u r f a c e s  are given on t h e  d a t a  shee t s .  

Bare S o i l  Surface,  I r r i g a t e d  (SNDFM SL I) and Nonirrigated 
(SNDFM SL N I )  

Group Nos. 127, 129, 128, 130 

Location. Purdue Sandfarm 

Descript ion.  
i r r i g a t e d  (SNDFM SL N I )  p l o t s  a t  the  Purdue Sandfarm. The i r r i g a t e d  
bare s o i l  had 6" furrows a t  s ix-foot  i n t e r v a l s  with t h e  s u r f a c e  washed 
to a smooth c r u s t .  The noni r r iga ted  bare s o i l  had some t r a c t o r  t i re  
tracks; t h e  s u r f a c e  was covered with 1" clods.  The s o i l  moistures f o r  
the two s u r f a c e s  are presented i n  Table III. 

Measurements were made on i r r i g a t e d  (SNDFM SL I) and non- 

Radar d a t a  are given i n  Figs.  62 and 63. 

TABLE I11 

S o i l  Moisture of t h e  I r r i g a t e d  and 
Nonirrigated Bare S o i l  Surfaces 

S o i l  De.pth 

Surf ace 

6" 

9%; 

15" 

21" 

2 7" 

33" 

I r r i g a t e d  I Nonirrigated 

5% 

4% 

25% 

28% 

18% 

15% 

16% 

<2% 

3% 

10% 

16% 

16% 

17% 

18% 
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F i g .  61. (Location Map). The Purdue Sandform 
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Fig. 62. Bare soil surface, irrigated (SNDE'M SL I) and 
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