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Foreword  

T h i s  i s  a  c o m p i l a t i o n  of a b s t r a c t s  o f  r e p o r t s  f rom P r i n c i p a l  
I n v e s t i g a t o r s  o f  NASA's O f f i c e  o f  Space S c i e n c e ,  S o l a r  System 
E x p l o r a t i o n  D i v i s i o n ,  P l a n e t a r y  Geo logy  Program. 

The p u r p o s e  i s  t o  p r o v i d e  a  document w h i c h  s u c c i n c t l y  
summarizes work c o n d u c t e d  i n  t h i s  p rog ram.  Each r e p o r t  
r e f l e c t s  s i g n i f i c a n t  accomp l i shmen ts  w i t h i n  t h e  a r e a  o f  t h e  
a u t h o r ' s  f u n d e d  g r a ~ t  o r  c o n t r a c t .  

No a t t e m p t  has been made t o  i n t r o d u c e  e d i t o r i a l  o r  s t y l i s t i c  
u n i f o r m i t y ;  on t h e  c o n t r a r y ,  t h e  s t y l e  o f  each r e p o r t  i s  t h a t  
o f  t h e  P r i n c i p a l  I n v e s t i g a t o r  and may b e s t  p o r t r a y  h i s  
r e s e a r c h .  B i b l i o g r a p h y  i n f o r m a t i o n  w i l l  be i n c l u d e d  i n  a 
s e p a r a t e l y  p u b l i s h e d  document.  

F u l l  r e p o r t s  o f  s e l e c t e d  a b s t r a c t s  were p r e s e n t e d  t o  t h e  annua l  
m e e t i n g  o f  P l a n e t a r y  Geo logy  P r i n c i p a l  I n v e s t i g a t o r s  a t  J e t  
P r o p u l s i o n  L a b o r a t o r y ,  Pasadena, C a l i f o r n i a ,  J a n u a r y  12-14, 
1982. 

Joseph M. Boyce 
D i s c i p l i n e  S c i e n t i s t  
P l a n e t a r y  Geo logy  Program 
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Chapter 1 

OUTER SOLAR SYSTEM SATELLITES 



IDENTIFICATION OF TWO U S E S  OF 10's VOLCANIC PLUMES 
Alfred S. McEwen and Laurence A. Soderblom, U.S. Geological Survey, 
Flagstaff, Arizona 86001 

Camparison of images of 10's surface, acquired by the Voyager 1 and 
Voyager 2 spacecraft, reveal that a major volcanic eruption, previously 
unnoted, occurred in the south-polar region of the satellite during the 
ti= between the two encounters. The fallout pattern from this 
eruptlon, centered on Aten Patera caldera (lat 48' S., long 311' We), is 
virtually identical to that from a similar eruption, centered on the 
caldera named "Surt" (lat 45' N., long 338' W.), that also occurred 
between the two encounters (Smith et ale, 1979b; Strom et ale, 1981). 
These two plume deposits and that of Pel6 (the first plume discovered; 
Morabito et al., 1979) are similar in scale and spectral properties, and 
we believe that they form a class of plume eruption distinct from the 
smaller active pliunes. The large plumes deposit red material over areas 
about 1,400 km in diameter and are probably shortlived, whereas the 
small plumes deposit bright white material over areas approximately 300 
km in diameter and are very longlived. Six small plumes were observed 
to be continaously active during both encounters, and simple probability 
indicates likely minimum durations of about 3 years. Pelewas erupting 
during the Voyager 1 encounter but had ceased 4 months later when 
Voyager 2 arrived; Surt and Aten Patera were evidently inactive during 
both encounters. 

The probable lifetime of a large plume is on the order of days, 
much less than the years that a small plume is likely to be active. 
Other differences between the two classes of plume eruptions have 
implications for basic geologic processes on 10. Evidence from the 
Voyager Imaging Experiment, the International Ultraviolet Explorer, 
ground-based telescopic spectra, and the Voyager Infrared 
Interferometric Spectrometer (IRIS) suggest that the smller plumes have 
substantial amounts of associated SO and eruptive temperatures of about 
300 K, whereas the lerge plumes are aepleted rich in SO2 and erupt at 
near 600 K (Sinton, 1980; Pearl and Sinton, 1981). 

Two general types of mo.1els have been proposed for the plume 
volcanism, in which either sulfur or SO2 is the driving volatile 
material (Smith et al., 1979; Reynolds et al., 1980; Kieffer, 1982). 
F r m  recognition of the two classes of plume eruption, we now contend 
that sulfur, originating from deep reservoirs, is the driving volatile 
material for the large plumes, whereas SO2 in shallow reservoirs drives 
the small plumes. The mobility of SO as a ground fluid would provide a 
continuous supply of volatile materia f s, and so the small plumes are 
very longlived. Sulfur, however, is very fluid over only a narrow range 
of temperatures and pressures, and so this volatile supply would not be 
replenished, and the large plumes are short lived. 

The distribution of these two plume classes suggests a globzi 
asymmetry in 10's crust. Whereas the small plumes are concentrated in 
an equatorial belt around the satellite, the three large plumes and 
surface markings that suggest previous large plume eruptions all occur 
in the hemisphere centered on long 300' W. Ground-based observations 
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s i n c e  1926 have c o n s i s t e n t l y  noted t h a t  t h e  long i tude  zone near 300" W. 
is much darker  and redder than the  c e n t r a l  and e a s t e r n  long i tudes  
(Morrison e t  a l . ,  1979). (The f i s s u r e  named "Loki" occurs where these  
a r e a s  over lap ,  and the  two plumes e r u p t i n g  from the  e a s t  and west ends 
of t h i s  f i s s u r e  d i s p l a y  a t t r i b u t e s  of both plume c l a s s e s . )  Where the  
l a r g e  plumes dominate, darkness  of the  s u r f a c e  i n  u l t r a v i o l e t  images 
sugges t s  l i t t l e  SO2 f r o s t ,  and t h e  s u r f a c e  is covered by many huge l ava  
flows. Elsewhere, near  the  Equator, where the small plumes a r e  
concen t ra ted ,  b r igh tness  of the  s u r f a c e  i n  u l t r a v i o l e t  images sugges t s  
abundant SO2, and few lava  f laws a r e  apparent .  Continuous depos i t ion  of 
p y r o c l a s t i c  m a t e r i a l s  and SO2 by the  m a l l  plumes is c o n s i s t e n t  with a 
l o r d e n s i t y  porous c r u s t ,  whereas the  c r u s t  near long 300" W. may 
c o n s i s t  mostly of lava  flows. 
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REGOLITH OUTGASSING BY SULPHUR FLOWS ON I0 

Baloga, S.M., P i e r i ,  D.C., Matson, D.L., J e t  Propulsion Laboratory, 
Pasadena, CA 91 109 

Bright l a t e r a l  surface markings o f t en  e x i s t  in c l o r e  assoc ia t ion  with 
voi  an ic  fea tures  on 10. In  previous s tud ie s  (1,2), we proferred t h e  
term "auras" f o r  the  br ight  d i s t i n c t i v e  ribbon-like markings adjacent 
t o  many of t he  sulphur flows ubserved i n  Voyager images. These auras  
general ly  exhib i t  a r e l a t i v e l y  in tense  image near  t h e  inner boundary 
with the  flow and a d e f i n i t e  surface pa t t e rn  co r r e l a t ion  with flow 
morphology. Aural pa t t e rns  gradually take  on a nebulous character  
toward the  outer  boundaries and u l t imate ly  merge into the  w e  back- 
ground o r  the bright markings associated with o ther  volcanic  fea tures .  

We a t t r i b u t e  t h e  formation of auras  t o  v o l a t i l e  release ac t iva ted  by 
sulphur flows. l h r e e  a l t e r n a t i v e  hypotheses f o r  t he  o r ig in  of t h e  
v o l a t i l e  species  have Seen examined : the  r e g o l i t h  beneath t h e  ob- 
served aura ,  t he  liow i t s e l f ,  and the  r e g o l i t h  predominantly bcrb- 
jacent  to  t he  ac t iva t ing  sulphur flow. Bv using high reso lu t ion  Voyager 
mission d2t3 on the volcanic complex -na Patera ,  a s u i t e  of t heo re t i ca l  
and geomorphological argummts ind ica tes  r e g o l i t h  outgassing from 
beneath the flow a s  the  most l i k e l y  hypothesis. Moreover, the f i n e  
s t ructxi-e  of t he  ana lys is  severly cons t ra ins  reasonable choices f o r  
dura l  mater ia l  candidates a s  highlighted below. 

Aura morphogenesis by v o l a t i l e  r e l ea se  from the  r e g o l i t h  underlying 
the observed auras  a t  Ra Patera  is precluded by the  l a t e r a l  dimensions 
of the auras ,  t y p i c a l l ~ l O - 2 0  h, and the  heat t r ans fe r  proper t ies  of 
t h e  r e g o l i t h  (31.  Regolith heating a t  such d is tances  from the  sulphur 
flaw, followed by l o c a l  v o l a t i l e  outgassing, requi res  a time scale 
exceedtng 0( lo1 5 ,  seconds. Aura formation processes requir ing such a 
time sca l e  a r e  grossly inconsis tent  with the surface renewal est imates  
derived from global volcanic plume and sulphur flow averages ( 4 , 5 ) .  
Consequently, the ac t iva t ing  flow i t s e l f  and the  r e g o l i t h  i n  i ts 
immediate v i c i n i t y  a r e  t he  more l i k e l y  hypotheses f o r  t he  o r ig in  of 
aura l  mater ials .  

To examine the  remaining two hypotheses, we evoke a s tochas t i c -ba l l i s t i c  
theory f o r  t he  above-surface emplacement of molecular species.  This 
theory considers v o l a t i l e  effusion a s  a s tochas t ic  process with b a l l i s -  
t i c  t r a j e c t o r i e s  between the  o r ig in  and the  point of emplacement in the  
aura. Using iden t i ca l  independent Gaussian d i s t r i b u t i o n s  f o r  t he  ver- 
t i c a l  and l a t e r a l  effusion ve loc i ty  components, it  can be ahown t h a t  
the l a t e r a l  emplacement probabi l i ty  densi ty  is given by, 



where KO is the  zeroth-order modified Berral  fun t ion  of the  aecond 
kind, I, = ~ 2 / &  i s  the  cha rac te r i r t i c  length, Q5 is the Gaussian 
variance, g denotes gravity a t  the  surface of 10, and x h d i c a t e r  
the distance from the  sulphur flow. h e  t o  the  f i n i t e  resolut ion of 
the  Voyager images (1.25 Irm/pixel), matching theore t ica l  and observed 
aura in tens i ty  decay curves requires division of the  cumulative 
emplacement probabil i ty implied by (1). 

into f i n i t e  s i z5  intervals .  With the  modest assumption tha t  the  
emplacement probability, the  a r e a l  density of the  aura l  deposit ,  and 
the  image in tens i ty  a r e  a l l  proportional, t h i s  procedure allows us  t o  
compare theore t ica l  and Voyager scan decay curves and quanti tat ively 
f i x  the  length sca le  of the  in tens i ty  decay i n  the auras a t &  
Patera. The histograms shown in Figure 1 a r e  an example of t h i s  
matching process, where the  dotted histogram indicates the  theore t ica l  
curve f o r  L = 9.7 km and the so l id  histograms represent the  envelope 
of Voyager observations in the v i o l e t  f i l t e r  f o r  one pa r t i cu la r ly  w e l l -  
expressed aura. Numerous f i t t i n g s  and analyses of observational noise 
lead t o  a best  estimate of L = 12 Ian fo r  t h i s  aura with L = 15 bn 
being the  most reasonable upper bound. 

To r e l a t e  the  result ing length sca le  t o  the  physical propert ies  of the  
effusion source, we borrow the random veloci ty W = JkT/m from the  
k inet ic  theory of gases. For a given molecular species, the  observed 
length sca le  of the  aura l  decay thus f ixes  a cha rac te r i s t i c  effusion 
temperature of the  source. Table 1 gives a p a r t i a l  l i s t i n g  of materials  
that  might be found i n  the  bright au ra l  markings and the  cha rac te r i s t i c  
temperatures using our best estimate of L = 12 Ian. 

TABLE 1 

Compound Mass (am)  Ef f . Temp. (K) 

By noting tha t  the  ac t iva t ing  sulphur flow s o l i d i f i e s  a t  about 384K, 
these calculated effusion temperatures d i f f e r e n t i a t e  the  source of 
the  effusion by molecular species. Molecules with temperatures l e s s  
than sulphur sol idus evolve from the regol i th  subjacent t o  the  flow, 
while those above issue from the flow i t s e l f .  



FIGURE 1 

Distance 

We have examined many mere candidate a u r a l  ma te r i a l s  than shown i n  
Table 1 ,  and, complemented by a va r i e ty  of morphological arguments, 
precluded a l l  spec ies  issuing d i r e c t l y  from the  flow i t s e l f .  With 
add i t i ona l  considerat ions such a s  degree of v o l a t i l i t y ,  s p e c t r a l  
p roper t ies ,  and chemical abundance on 10, w e  suggest t h a t  SO 
l i be ra t i on  from t h e  r e g o l i t h  beneath t h e  flow is t h e  most li it e l y  
hypothesis f o r  explaining the  ex is tence  of t h e  auras  at Ra Patera .  -- 
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THE EJECTION OF MATERIAL FROM I0 

Carl B. Pilcher, Institute for Astronomy and 
Department of Physics and Aetronomy, 

University of Hawaii, Honolulu 

We have reduced a group of - SO images shoving directional features 
in 10's sodium cloud, selected from our full data set of - 180 imager. 
The images were selected on the basis of their anticipated value in pro- 
viding constraints on possible models for the sodium ejection mechanism. 
The data reduction process encompasses the following steps. The data, 
including images of the scattered Jovian background radiation, are first 
digitized from the photographic plates. The data values are converted to 
intensity and the background imagee are then subtracted from those showing 
the sodium emission. A low pass filter is applied to the resulting images 
and these results are displayed as hard-copy contour plots. For images 
that are to be subjected to detailed numerical analysis, the two- 
dimensional instrument response function (which is non-uniform for optical 
reasons) is calculated. This function is then applied ae a correction to 
the data. 

Models of the process producing the directional features are being 
developed in collaboration with !%!. H. Smyth of Atmospheric and Envlronmen- 
tal Research, Inc. (Cambridge, Massachusetts). Our hypothesis is that 
sodium is collisionally swept from the trailing hemisphere of Io'e bound 
atmosphere by the nearly corotating heavy ion plasma. The swept sodium 
forms a hollow core which is projected onto the sky ahead of 10. In the 
absence of an asymmetric sodium sink, this projection would lead to the 
observation of a pair of directional featurzs, oblique to and symmetric 
about 10's orbital plane. An asymmetric sink is provided, however, by the 
plasma torus, which oscillates north-south about 10's position owing to 
the tilt of the Jovian dipole. When the plasma is largely to one side of 
10, neutral sodium in the corresponding directional feature rapidly under- 
goes electron impact ionization. Six-and-one-half hours later, when the 
plasma has reached the other extreme of its north-south oscillation, 
sodium in the other directional feature is similarly ionized. The appar- 
ent result is in general a single directional feature that npneare to 
oscillate about 10's orbital plane with a period equal to 10's magnetic 
period. The time lag between plasma symmetry with respect to 10 and fea- 
ture syarnetry with respect to the orbital plane is determined by the 
details of the ejection and ionization processes. We are using a set of 
obsetvations that show the feature moving through its symmetry point to 
constrain the paraueters in thds model. 

Variations in the overall intensities of the directional features can 
be due to variations in the sodium density in Io'r bound atmosphere or to 
changes in the plarma density. The root of both of there effects is 
likely a variation in Io'r volcanic activity. Dramatic evidence for such 
a variation ir contained in imagee, acquired during a 4-day interval in 
February 1980, which show anomaloualy bright sodium emlssion surrounding 
Io and anomalously prodnent directional features. Images of the @ c o w  
ponent of the plasma torus obtained on the rame nights may help us under 
rtand the origin of this unusual occurrence. 



VOYAGER SURFACE AND DISK-  INTEGRATED PHOTOMETRY OF I0 

D. Simonell i and J. Veverka, Laboratory f o r  P lanetary  Studies, 
Cornel 1  Un i ve r s i t y ,  I thaca,  N.Y. 

To date most o f  t he  c o l o r s  on 10 have been exp lc ined  i n  terms of 
va r ious  forms of elemental s u l f u r  and s u l f u r  compounds, i n c l u d i n g  
SO2 f r o s t .  One d i  f f i c u l t y  w i t h  the  un i ve r sa l  c o n v i c t i o n  t h a t  t he  
su r face  o f  10 i s  r i c h  i n  elemental s u l f u r  i s  t h a t  l abo ra to r y  measure- 
ments show the  spec t ra l  r e f l ec tance  curves o f  s u l f u r  aii;tropes t o  be 
temperature-dependent. For example, Gradi e  e t  a1 . (1992) f i n d  t h a t  
measurable changes i n  r e f l ec tance  and c o l o r  5 h o u 7 d  accompany d i u r n a l  
and pos t -ec l i pse  changes o f  surface temperature on 10, i f  t he  sur face 
conta ins apprec iab le  amounts o f  the  b r i g h t e r  sul  f u r  a1 l o t r opes  (es- 
pec ia l  l y  $3). So f a r  no such v a r i a t i o n s  have been noted e i t h e r  i n  
normal Voyager coverage (Veverka e t  d l . ,  1982), o r  i n  t he  pos t -  
e c l i p s e  sequences (Veverka * e t  a l  1 9 8 1  ). Before conc lud ing t h a t  
58 and o the r  b r i g h t  a1 l o t r opes  are no t  present i n  s u f f i c i e n t  
amounts t o  a f f e c t  the  sa te l  1  i t e m s  spectrum, one must cons ider  the  
poss i  b i  1  i t y  t h a t  the  r e q u i s i t e  temperature e f f e c t s  do occur,  bu t  t h a t  
they are masked by some compensating p e c u l i a r i t y  of 10 's  photometr ic  
p roper t ies .  I n  p a r t  t o  reso lve  t h i s  quest ion we have begun a compre- 
hensive determinat ion o f  10's d i sk - i n t eg ra ted  and d isk - reso lved  
photometr ic p roper t ies .  
Photometry o f  ~ n d i v i d u a l  Regions: Pre l  i m i  nary analyses (Clancy and 
Danielson, 1981 ; McEwen and Soderblom, 1982; Veverka - e t  dl.,  1982) 
have not produced any evidence t h a t  10 's  photometr ic p rope r t i es  are 
i n  any way pecu l i a r .  A t  l e a s t  the  small phase angle  Voyager data 
( a  5 20' ; cf .  Fig. 2) can be represented we1 1 by simple s c a t t e r i  ncj 
func t ions ,  i n c l u d i n g  Minnaer t ' s  equat ion (F igure  1) .  In  our i n i t i a l  
ana lys is  we have chosen a three-component c o l o r  c l a s s i  f i  c a t  i o n  sys- 
tem, i a b e l i n g  regions as e i t h e r  whi te,  oran e, c r  brown (where t h e  h-f brown mate r ia l  i s  conf ined l a r g e m  t e po a r  re*). F igure  1 
shows t h a t  the  observat ions f o r  the "orange" and "brown" reg ions can 
be descr ibed extremely we l l  by a s imple Minnaert  law. The s c a t t e r  i n  
the  "whi te"  reg ion data i s  l a rge r ,  but  a Minnaert  f i t  i s  s t i l l  ade- 
quate on average. The values o f  the  l imb darkening c o e f f i c i e n t s ,  and 
t h e i r  dependence on the  phase angle  (Table 1) are reasonable. Thus, 
the re  i s  no i n d i c a t i o n  t h a t  t he re  i s  anyth ing p e c u l i a r  about the  
photometr ic p rope r t i es  o f  t y p i c a l  reg ions on 10. The r e l a t i v e l y  
l a r g e r  random s c a t t e r  i n  the wh i te  reg ion data (F ig .  1) most l i k e l y  
i nd i ca tes  t h a t  our c l a s s i f i c a t i o n  i n  t h i s  case i s  too  coarse. The 
random nature o f  the s c a t t e r  does not s w p o r t  the  idea t h a t  the wh i te  
areas a re  pho tomet r i ca l l y  pecu;iar i n  some systemat ic way. 
D i  sk - in tegra ted  Photometry: F igure 2 shows the d i  s k - i  n tegra ted  
b r iqh tnesses  throuqh t he  Voyaoer oranqe and c;ear f i l t e r s  on a maqni- 
tude scale,  grcphed vs. pha;e-angle.  he low phase angle data ha ie  
been ro ta t i on - co r rec ted  us ing  the  earth-based r o t a t i o n  curves pub- 
l i s h e d  i n  Morr ison and Morr ison (1977). The phase c o e f f i c i e n t  f o r  10 
( a p p r o r w \ d t e  t o  the  wsvelength reg ion  covered by t he  Voyager c l e a r  



and orange f i  l t e r s )  d e r i v e d  f rom earth-based observa t ions ,  .02 
mag/deg (Morr ison and Morr ison,  1977), f i t s  t h e  low phase angle 
Voyager data w e l l  ( F i g u r e  2) .  The h i g h  phase ang le  data  a1 low us f o r  
t h e  f i r s t  t i m e  t o  d i r e c t l y  compute t h e  phase i n t e g r a l  q. We f i n d  
q 0.75 + 0.2 i n  b o t h  t h e  orange and c l e a r  f i l t e r s .  The l i b e r a l  
e r r o r  bar: a re  due t o  t h e  l a c k  o f  coverage a t  phase angles between 
20' and 100'. This va lue  f o r  q compares f a v o r a b l y  w i t h  t h e  e a r t h -  
based de te rm ina t ions  o f  q summarized i n  Tab le  12.2 o f  Morr ison 
(1977) ; pre-Voyager es t imates o f  q centered on e i t h e r  0.6 o r  0.9, 
a l though  Morr ison adopted a nominal va lue  o f  0.9 + 0.2. 

Th is  research was supported i n  p a r t  by NASA ~ F a n t  NSG 7156. 
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TABLE 1. Minnaer t  parameters (Bo and k )  f o r  10 
V i o l e t  F i l t e r  ( A  = .41 wn) ; Subspacec ' f t  l o n g i t u d e  = 20" 

Image Phase Angle 
(FDS No. ) (de9) B o 

1 6345.24 4.9 White .439 + .009 
Orange ,285 2 .003 
Brown . I52 2 .302 

20592.05 8.8 White .39 2 .01  
Orange .241 "- .004 
Brown . I38 2 .003 

16292.33 14 .5  White .37 2 ,O l  
Orange .248 2 .004 
Brown . I46 +- ,004 

- -  

Note: E r r o r s  a re  t h e  l e a s t  squares s tandard dev i  a t  ions.  



ORIGINAL P A X  I& 
OF POOR QUALITY 

I F ig.  1. Mfnnaert p l o t  f o r  the  * 
three classes of co lored 
regions i n  image FDS 16345.24 
( V i o l e t  F i l t e r ;  X = 0.41 pm). 
Far each class, the  s o l i d  
l i n e  i s  a least-squares f i t  
t o  a curve of the form 
I / F  cos e = BO(cos i ccs e)k, 
where i i s  the incidence angle 
and e i s  the  emission angle. 

0 

10 

0 Oranpa Filter 
o Clear Filter 

R a r e  Angle (drqnrr)  

Fig. 2. Disk- in tegrated phase curves fo r  10 (Voyager orange and c lea r  
f i 1 te rs )  . The d i  sk- in tegrated br ightness of the sate1 1 i t e  has been com- 
puted on a magnitude scale w i th  an a r b i t r a r y  zero po in t .  The low phase 
angle data have been r o t a t i o n  corrected using the earth-based r o t a t i o n  
curves of Morrison and Morrison (1977). S t ra igh t  1 ines have slopes o f  
8 = .02 mag/deg, the phase c o e f f i c i e n t  determined from te lescopic observa- 
t ions.  The approximate e f f e c t i v e  cen t ra l  passbands o f  the c l e a r  and 
orange f i l t e r s  are 0.48 and 0.59 um respect ive ly .  



REFLECTION SPECTRUM OF LIQUID SULFUR A N D  ITS IMPLICATION 
FOR I 0  

R.M. Ne l son ,  D.S. P i e r i ,  D ,  Nash, and S.M. Baloga  
J e t  P r o p u l s i o n  L a b o r a t o r y  
P a s a d e n a ,  C a l i f o r n i a  91 1 0 9  

We have  measured t h e  s p e 2 t r a l  r e f l e c t a n c e  f rom 0.38 
t o  0.75um o f  a column of  l i q u i d  s u l f u r  ( f i g u r e  1 )  a t  
s e v e r a l  t e m p e r a t u r e s  be tween t h e  m e l t i n g  p o i n t  ( - 1 1 8 ' ~ )  
and  1r130C. Below 1 6 0 ' ~  t h e  s p e c t r a l  r e f l e c t a n c e  was o b s e r v e d  
t o  r e v e r s i b l y  change a s  a  f u n c t i o n  of  t h e  t e m p e r a t u r e ,  
w i t h o u t  r e g a r d  t o  t h e  p r e v i o u s  t h e r m a l  h i s t o r y  of  t h e  
column. Once t h e  t e m p e r a t u r e  exceeded  1 6 0 ' ~ .  t h e  s p e c t r u m  
would n o t  change g i v e n  a  s u b s e q u e n t  d e c r e a s e  i n  t e m p e r a t u r e .  

Our r e s u l t s  show t h a t  a t  a l l  t e m p e r a t u r e s  a t  which 
l i q u i d  s u l f u r  e x i s t s ,  i t s  s p e c t r a l  r e f l e c t a n c e  (0.35c0.75um) 
measured i s  q u i t e  low, t h e  maximum b e i n g  1 9 %  a t  1 1 8 ~ ~  
( X = O m 7 5 ~ m ) ( f i g u r e  2 ) .  When t h i s  r e s u l t  i s  compared t o  t h e  
s p e c t r o p h o t o m e t r ~  of  s e l e c t e d  a r e a s  on 10 r e p o r t e d  by t h e  
Voyager imaging Team (Soderblom & &., 1 9 8 0 ;  Clancy and 
D a n i e l s o n ,  198 ' )  w c o n c l u d e  t h a t  a l l  t h o s e  10 a r e a s  a r e  
t o o  r e f l e c t i v e  t o  b e  l i q u i d  s u l f s r  e x c e p t  f o r  t h e  r e g i o n s  
c l a s s i f i e d  as " b l a c k  c a l d e r a  f l s o r  m a t e r i a l N  which h a v e  
r e f l e c t i v i t i e s  of  (25% of  a l l  l o y a g e r  camera  w a v e l e n g t h s .  
Mol ten  s u l f u r  a t  any t e m ~ e r a t u r e  wodld be  c l a s s i f i e d  a s  
b l a c k  by t h e  Voyager imaging r e s u l t s .  

These b l a c k  a r e a s  c o n s i t i t u t e  a ~ v r o x i m a t e l v  5 %  of 10 ' s  
v - -  

t o t a l  s u r f a c e  a r e a  ( ~ a r r  & c., 1'998). However, g roundbased  
t h e r m a l  i n f r a r e d  s t u d i e s  ~ u t  a  f r a c t i o n a l  l i m i t  of  = l o m 4  
f o r  t e m p e r a t u r e s  h i g h e r  t i a n  7 7 ' ~  ( M o r r i s o n  and ~ e l e s c o ,  1 9 8 0 ) .  
S i n c e  l i q u i d  s u l f u r  must be h o t t e r  t h a n  7 7 ' ~ .  o n l y  =0.2$ 
of t h e  b l a c k  s p o t s  o b s e r v e d  on 10 by Voyager c o u l d  b e  
mol ten  s u l f u r .  T h i s  i m p l i e s  t h a t  +he r e m a i n i n g  b l a c k  s p o t s  a r e  
s o l i d  and s u b j e c t  t o  r e s u r f a c i n g  f rom o t h e r  v o l c a n i c  d e p o s i t s .  
If s o ,  g i v e n  r e s u r f a c i n g  r a t e s  r e p o r t a d  by J o h n s o n  & &. 
( 1 9 7 9 ) ,  t h e n  t h e  l i fe t ime o f  a  t y p i c a l  b l a c k  s p o t  ( o n c e  
s o l i d i f i e d )  i s  a b o u t  l o 4  y e a r s .  P s i n g  r a t e s  e s t i m a t e d  
by P i e r i  -- e t  a l .  (1982)  r e d u c e s  t h a t  e s t i n a t e  by a  f a c t o r  o f  1 0 .  
Both r a t e s  assume t h a t  1  cm. o f  c o v e r i n g  m a t e r i a l  i s  t h e  
minimum r e q u i r e d  t o  o b l i t e r a t e  a  b l a c k  s p o t .  

The f i n d i n g  t h a t  l i q u i d  s u l f u r  a t  any t e m p e r a t u r e  a p p e a r s  
b l a c k  t o  t h e  Voyager cameras  h a s  s e v e r a l  a d d i t i o n a l  i m p l i c a t i o n s  
f o r  10 v o l c a n i s m .  F i r s t ,  t h e  u n i f o r m  and low a l b e a o  of  mol ten  
s u l f u r  a l l o w s  t h a t  a c t i v e  s u l f u r  c a l d e r a s  n u ~ d  z c t  h a v e  been 
h e a t e d  t o  t h e  t e m p e r a t u r e  r a n g e  o f  b l a c k  s u l f u r ,  b u t  c o u l d  
have  any r a n g e  o f  t e m p e r a t u r e s  above 1 1 8 " ~ .  T h i s  i s  c o n s i s t e n t  
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w i t h  t h e  r a n g e  o f  t e m p e r a t u r e - d e p e n d e n t  f l o w  morphology 
o b s e r v e d  ( ~ i e r i  et g., 1 9 8 2 ) .  F u r t h e r m o r e ,  some i s o l a t e d  
f l o w s  on I a  a p l e a r  q u i t e  d a r k  i n  t h e  Voyager imag ing  d a t a .  
These  c o u l d  e i t h e r  be  quenched b l a c k  s u l f u r  f l o w s  o r  a c t i v e  
l i q u i d  f l o w s  wiZh l i t t l e  o r  n o  o v e r c r u s t i n g  ( P i e r i  & a., 1982)  
a l t h o u g h  t h e r m a l  d a t a  ( M o r r i s o c  and T e l e s c o ,  1380 '  s e v e r e l y  
limit t h e  a r e a  which may be l i q u i d  s u l f u r .  

F i n a l l y ,  ( a )  i f  f l o w s  e x i s t e d  on 10 d u r i n g  t h e  Voyager 
e n c o u n t e r s ,  ( b )  i f  q u e n c h i n  d o e s  e f f e c t i v e l y  p r e s e r v e  t h e  
o r i g i n a l  a l l o t r o p i c  c o l o r s  k Nelson  and Hapke, 1 9 7 8 ) ,  and 
( c )  i f  t h e  v a r i g a t e d  and s y s t e m a t i c  co lo r -morpho logy  
a s s o c i a t i o n s  in f l o w s  a r e  i n d e e d  t h e  r e s u l t  o f  c o o l i n g  of' 
s u l f u r  l a v a s  (Sagan ,  1979 ;  P i e r i  & a., 1982 ;  Baloga  
e t  g,. , 1 9 8 2 ) .  t h e n  n e a r l y  a l l  f l o w s  on 11.. sere e j t h e r  i n a c t i v e  - 
a t  t h e  time of t h e  Voyager e n c o u n t e r s ,  o r  mcst of  t h e  act!.ve 
f l o w s  were r o o f e d  o v e r  by quenched  s u l f u r  c r u s t s .  

S e v e r a l  o u t s t a n d i n g  q u e s t i o n s  r emain .  It h s s  y e t  o t  be 
shown t h a t  l a r g e  masses  o f  s u l f u r  w i l l  r e t a i n  t h e i r  c o l o r  
upon q u e n c h i n g .  U l t r a p u r e  s u l f u r  w i t h  r e s p e c t  t o  c a r b o n  
may be  r e q u i r e d  i n  o r d e r  t o  p r e s e r v e  t h l ~  : f f e c t .  If s o  
t h e n  such  c o n d i t i o n s  m u s t  b e  c o n s i s t e n t  w ~ t h  the 10 
e a v i r o n m e n t .  I n  p a r t i c u l a r ,  i t  must be  r e c o n s i d e i * e d  w i t h  
t h e  p r e s e n c e  of o t h e r  s u r f a c e  m a t e r i a l s ,  most n o t a b l y  
t h e  s u l f i d e ;  of sodium aild s u l f u r  d j o x i d e .  

T h i s  work pe r fo rmed  under  N A S A  c o n t r a c t  tit t h e  J e t  P r o p u l s i o n  
L a b o r a t o r y  of  t h e  C a l i f o r n i a  I n s t i t u t e  ci Technolog:. 
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FIGURE CAPTIONS 

F i g u r e  1 .  The s p e c i a l  g l a s s  column d e p i c t e d  i n  t h i s  f i g u r e  
was c o n s t r u c t e d  i n  s u c h  a  f a s h i o n  t h a t  i t  was p o s s i b l e  t o  
f i l l  t h e  column w i t h  powdered s u l f u r  and measure  t h e  re-  
f l e c t i o n  spec t rum of a  3.8 cm t h i c k n e s s  o f  mol ten  s u l f u r  
t h r o u g h  a  f u s e d  s i l i c a  window a t  one  end.  The column was 
f i l l e d  u L l e r  a r g o n  w i t h  USP g r a d e  s u b l i m e d  s u l f u r  manu- 
f a c t u r e d  by M a l l i n c r o d t  I n c .  I t  was e v a c u a t e d ,  s e a l a d  and 
wrapped i n  h e a t e r  t a p e  o v e r  i t s  e n t i r e  l e n g t h ,  e x c e p t  f o r  
t h e  topmos t  p o r t i o n  and t h e  window. F i g u r e  1 shows a s k e t c h  
of t h e  g l a s s w a r e .  The t e m p e r a t u r e  was m o n i t o r e d  by an  
i r o n - c o n s t a n t a n  t h e r m o c o u p l e  i n  c o n t a c t  w i t h  t h e  g l a s s  
on t h e  s i d e  of t h e  column n e a r  t h e  window. The t e m p e r a t u r e  
was r e g u l a t e d  by a t e m p e r a t u r e  c o n t r o l l e r  a c t i v a t e d  by 
a t h e r m i s t o r  wich was a l s o  i n  c o n t a c t  w i t h  t h e  g l a s s  n e a r  
t h e  window. The s p e c t r a l  r e f l e c t a n c e  of  t h e  t o p  s u r f a c e  
of t h e  column of  s u l f c r  l i q u i d  was measured t h r o u g h  t h e  
window u s i n g  a  Beckman DK-2 r e c o r d i n g  s p e c t r o p h o t o m e t e r  
i n  t h e  s p e c t r a l  r e n g e  0.375 t o  0.75 mic rons .  

F i g u r e  2. R e f l e c t i a a  s p e c t r a  of  t h e  t o p  o f  t h e  m o l t e n  
l i q u i d  column a t  s e l e c t e d  t e m p e r a t u r e s .  Below 1 6 0 ' ~  
t h e  c o l o r  changed a s a f u n c t i o n  of  t e m p e r a t u r e .  Once t h e  
column was h e a t e d  above  1 6 0 ' ~ .  t h e  c o l o r  would n o t  change  
i f  t h e  t e m p e r a t u r e  was l o w e r e d  a g a i n  t o  j u s t  above  t h e  
m e l t i n g  p o i n t .  
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COLORS OF L A V A  FLOWS AT RA PATERA, I 0  
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Morphology and q u a l i t a t i v e  c o l o r  o b s e r v a t i o n s  have 
been used t o  a rgue  t h a t  long ( >  150 km) s inuous ,  r a d i a l l y -  
o r i e n t e d  f lows a t  Ra P a t e r a  a r e  t h e  r e s u l t  of t h e  e r u  t i o n  T: of molten s u l f u r  i n  a  t empera tu re  range  of 400 t o  525 K. 
( P i e r i  e t  a l .  1981, Baloga & &. , 1981) ,  We have sug- 
g e s t e d  t h a t  r a d i a t i v e  coo l ing  i s  t h e  predominate h e a t - l o s s  
p reocess  f o r  such v o l c a n i c  f e a t u r e s  and have shown t h a t  
morphology and c o l o r  t r a n s i t i o n s  occur  a t  approximate ly  
t h e  c o r r e c t  d i s t a n c e s  (210%) a s  would be expected  f o r  
molten s u l f u r  e r u p t i n g  a t  about  5 0 0 ' ~  f o r  t h e  Main Flow 
a t  Ra Pa te ra ,  Other f lows  e x h i b i t  d i f f e r e n t  morphologies 
a s  w e l l  as a  range  of c o l o r  sequences and t h u s  a  range  
of i n i t i a l  e f f u s i o n  t empera tu res  i s  l i k e l y  t o  be involved  
( P i e r i  et g., 1982).  

We have c l a s s i f i e d  f lows  a t  Ra P a t e r a  and e lsewhere  
on 10 using  f low morphology and c o l o r  sequence. "Complete 
f lowsn show t h e  f u l l  sequence of c o l o r  and morphology 
a s s o c i a t e d  with s u l f u r  l a v a s  ( ~ i e r i  et &., 1981, 1982; 
Baloga c& a l . ,  1981, 1982; Fink and Greeley,  1982, and 
Sagan, 1 9 7 n .  "Incomplete  f l o w s w  show t r u n c a t e d  c o l o r  
sequences,  t h a t  i s  they  do n o t  e x h i b i t  t h e  complete range 
of morphology and c o l o r  a s s o c i a t e d  wi th  an i n i t i a l  e r u p t i o n  
of t h e  h igh  t e ~ 2 e r a t u r e  a l l o t r o p e  ( i . e .  r ed -b lack  s u l f u r ) .  
A t  Ra P a t e r a ,  two k inds  of incomplete  f lows  e x i p t - - t h o s e  
t h a t  s t a r t  a s  da rk  r e d  o r  b l ack  s u l f u r  and do n o t  show 
t r a n s i t i o n  t o  t h e  lower t empera tu re  a l l o t r o p e  (orange)  
and t h o s e  t h a t , b e c a u s e  of c o l o r  and morphology o b s e r v a t i o n s ,  
appear  t o  have o r i g i n a t e d  a s  lower t empera tu re  and l e s s  
v i s c o u ~  s u l f u r ,  i n i t i a l l y .  

I n  suppor t  of t h e s e  s t u d i e s  we have compiled d e t a i l e d  
photometr ic  d a t a  on t h e  f lows  a t  Ra P a t e r a  and a t  o t h e r  
p l a c e s  on 10, us ing  h igh  r e s o l u t i o n  d e c a l i b r a t e d  Voyager 
Imaging d a t a .  Some r e s u l t s  of t h i s  e f f o r t  a r e  shown i n  
f i g u r e  I .  Here we p r e s e n t  c o l o r  d a t a  f o r  t h e  Upper, Middle, 
and Main Flows a t  Ra P a t e r a  which a r e  d e p i c t e d  i n  t h e  
ske tch  map i n  f i g u r e  2. F i g u r e  1  shows Voyager narrow a n g l e  
orange t o  b l u e  r a t i o s  v e r s u s  downflow d i s t a n c e  f o r  t h e  
d a r k e s t  p a r t  of t h e  f low determined from t r a n s v e r s e  scans .  
Evident  a r e  c l e a r  s y s t e m a t i c  t r e n d s  i n  t h e  d a t a  c o n s i t e n t  
wi th  a  p r o g r e s s i v e  change t o  h ighe r  a lbedo a l l o t r o p e s  as 
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one moves away f rom t h e  c a l d e r a .  T h i s  t r e n d  a p p e a r s  i n  a l l  
t h r e e  examyles.  On t h e  b a s i s  of  t h e s e  d a t a  a l o n e  we can 
conc lude  t h a t  b r i g h t e n i n g  o c c u r s  downflow cons i s t e1 . t  
w i t h  a l l o t r o p i c  t r a n s i t i o n s .  Upper and Middle  Flows a p p e a r  
t o  show c o l o r s  c o n s i s t e n t  w i t h  p r i m a r i l y  d a r k  r e d  t o  
b l a c k  s u l f u r  n e a r  t h e  c a l d e r a  changing  p r o g r e s s i v e l y  
t o  r e d  s u l f u r  downslope.  The t i g h t l y  s i n u o u s  morphology 
of t h e s e  two f l o w s  i s  a l s o  c o n s i s t e n t  w i t h  composi t ion 
main ly  of d a r k  h i g h - v i s c o s i t y  (1  O'cp) s u l f u r .  These  
two a r e  i n c o m p l e t e  f l o w s .  The Main Flow a t  Ra P a t e r a ,  
however,  a p p e a r s  t o  be  a comple t e  flow e r u p t i n g  a s  r e d -  
b l a c k  s u l f u r  and t e r m i n a t i n g  w i t h  a  d i s t a l  a ccumula t i on  
o f  o r ange  s u l f u r .  

REFSREN CES 

Baloga,  S.M., D O C .  P i e r i ,  R.M. Ne l son ,  and  C. Sagan,  1981,  
Vo lcan i c  S u l f u r  Flows on 10, =, 62, p,1080 

B a l o ~ a ,  S.M. , D O C .  P i e r i ,  and D. Matson, 1982,  
Auras of S u l f u r  Plows on 10, i n  p r e p a r a t i o ~ .  

F i n k ,  J o  and R ,  C r e e l e y ,  1982,  i n  p r e p a r a t i o n .  

P i e r i ,  D.C. ,  S.M. Baloga,  R.M. Ne l son ,  and C. Sagan,  1982,  
S u l f u r  Flows a t  Ra P a t e r a ,  10, i n  p r e p a r a t i o n .  

FIGURE CAPTIONS 

F i g u r e  1. Blue t o  o r ange  Voyager broadbal-d f i l t e r  d a t a  
r a t i o s  a r e  p r e s e n t e d  on t h e  v e r t i c a l  a x i s  v e r s u s  downflow 
d i s t a n c e s  f o r  t h e  Upper, Middle ,  and Main Flows a t  
Ra P a t e r a .  

F i g u r e  2. S k e t c h  map of Ra P a t e r a  showing t h e  l o c a t i o n s  
of t h e  f l o w s  d i s c u s s e d  i n  t h e  t e x t .  
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EXPERIMENTAL INSIGHTS INTO THE LACK OF IMPACT CRATERS ON EUROPA 
Greeley ,  R., Fink,  J . H . ,  Geology Department, Arizona S t a t e  U n i v e r s i t y ,  Tempe, 
AZ, 85287, and Gau l t ,  D.E., Murphys Center  f o r  P l ane to logy ,  Box 833, Murphys, 
CA 95247. 

The s u r f a c e s  o f  t h e  i c y  s a t e l l i t e s  o f  J u p i t e r  e x h i b i t  a  wide range  of 
impact c r a t e r  d e n s i t i e s ,  ranging  from t h e  i n t e n s e l y  p i t t e d  s u r f a c e  of C a l l i s t o  
t o  t h e  r e l a t i v e l y  smooth s u r f a c e  of Europa. These d i f f e r e n c e s  have g e n e r a l l y  
been a s c r i b e d  t o  v a r i a t i o n s  i n  e i t h e r  c r u s t a l  p r o p b r t i e s  o r  degree  of  
bombardment among t h e  s a t e l l i t e s .  The l a c k  of  many v i s i b l e  c r a t e r s  on Europa 
h a s  been a t t r i b u t e d  t o  t h e i r  slow v i scous  r e l a x a t i o n  i n  a  s o l i d  i c e  c r u s t  
having r e l a t i v e l y  h igh  h e a t  f low (e.g. ,  Parment ie r  and Head, 19811, s i m i l a r  t o  
t h e  p rocess  of pa l impses t  fo rma t ion  proposed f o r  Ganymede by Smith e t  a l .  
(1979) .  Based on impact exper iments ,  Gree ley  e t  a l .  (1982) and Fink  e t  11. 
(1981b) proposed t h a t  pa l impses t  fo rma t ion  may involve  a  n e a r l y  in s t an taneous  
r e l a x a t i o n  of c r a t e r s  excavated  i n  c r u s t s  w i t h  r e l a t i v e l y  f l u i d  r h e o l o g i c a l  
i x o p e r t i e s .  C r u s t a l  e v o l u t i o n  models f o r  t h e  G a l i l e a n  s a t e l l i t e s  (e .8. .  
Cassen e t  a l . ,  1980) have g e n e r a l l y  r e j e c t e d  t h e  p o s s i b i l t y  of a  l i q u i d  water  
mant le  du r ing  a l l  bu t  t h e  e a r l i e s t  p a r t s  of t h e i r  b i s t o r i e s .  Mora r e c e n t  
c a l c u l a t i o n s  sugges t ,  however, t h a t  Europa may have p re se rved  a  l i q u i d  mant le  
u n t i l  q u i t e  r e c e n t l y  (Squyres e t  a l . ,  1983) .  Hence t h e  p o s s i b i l i t y  a r i s e s  
t h a t  t h e  p a u c i t y  of  v i s i b l e  impact c r a t e r s  on Europa qay  be due t o  i n i t i a l  
c r a t e r  r e l a x a t i o n  o r  r e s u r f a c i n g  phenomena a s s o c i a t e d  w i t h  impacts  i n t o  a  
p l a n e t a r y  s u r f a c e  comprised of a  l i q u i d  mant le  o v e r l a i n  by a  t h i n  b r i t t l s  
c r u s t .  

As p a r t  of our  ongoing s e r i e s  of i n v e s t i g a t i o n s  a t  t h e  NASA Ames V e r t i c a l  
Gun Range i n t o  c r a t e r i n g  p r o c e s s e s  on i c y  s a t e l l i t e s ,  we conducted a  s e r i e s  of  
1 8  exper imenta l  impacts  u s ing  l a y e r e d  carbowax (Po lyg lyco l  600) t a r g e t s .  
These t a r g e t s  c o n s i s t e d  of  25 cm of t r a n s p a r e n t  l i q u i d  carbowax (me l t ing  p o i n t  
= 2 1 ' ~ )  o v e r l a i n  by f rozen  ca rbo rax  l a y e r s  ranging  i n  t h i c k n e s s  from 5 t o  
40 mm. Impacting pyre& p r o j e c t i l e s  ( d e n s i t y  = 2.3 glcm') had d i a m e t e r s  of  6  
o r  13  mm (118 o r  114 i n c h ) ,  and v e l o c i t i c b  ranging  from 0 .91  t o  2.27 h i s .  
Impa'cts took p l a c e  w i t h i n  a  vacuum chamber where t h e  p r e s s u r e  was mainta ined  
between 1 0  and 20 mm Hg ( 1  mm Hg=133 P a ) ,  and t h e  tempera ture  was kep t  between 
25 and 30 O C .  

C r a t e r  morphology and e v o l u t i o n  were q u i t e  v a r i e d  and depended upon 
c r n s t a l  l a y e r  t h i c k n e s s ,  p r o j e c t i l e  d iameter  and v e l o c i t y .  For c o n s t a n t  
c r u s t a l  t h i ckness  and p r o j e c t i l e  d i ame te r ,  i n c r e a s i n g  p r o j e c t i l e  v e l o c i t y  l e d  
t o  a  p rog res s ion  from (1) bowl-shaped c r a t e r s  e n t i r e l y  w i t h i n  t h e  c r u s t a l  
l a y e r ,  t o  ( 2 )  bowl-shaped c r a t e r s  t h a t  b a r e l y  p e n e t r a t e d  t h e  l i q u i d  s u b s t r a t e ,  
t o  ( 3 )  c r a t e r s  t h a t  p e n e t r a t e d  w e l l  i n t o  t h e  s u b s t r a t e ,  t o  ( 4 )  c r a t e r s  t h a t  
t o t a l l y  fragmented t h e  c r n s t a l  l a y e r .  A s i m i l a r  p r o g r e s s i o n  was saggec' d  by 
a  s e r i e s  of experiments  i n  which p r o j e c t i l e  c o n d i t i o n s  were kep t  neb, 'I- 
cons t an t  wh i l e  c r u s t a l  t h i c k n e s s  was s t e a d i l y  decreased .  However, 
v e r i f i c a t i o n  of t h i s  l a t t e r  t r e n d  r e q u i r e s  f u r t h e r  exper iments .  

Experiments of type ( 2 )  l e d  t o  c r a t e r s  t h a t  had c e n t r a l  p i t - l i k e  
depre s i o t s  (F ink  e t  a l . ,  l 9 8 l a ) .  l e f t  by t h e  d z a i n i n g  back of  small  amounts 
of  l i q u i d  s u b s t r a t e  m a t e r i a l .  I n  case  (31,  p e n e t r a t i o n  of t h e  s u b s t r a t e  was 
fo l lowed by f o r c e f u l  e j e c t i o n  of  % 'plume' of l i q u i d  carbowax t h a t  f i l l e d  i n  
t h e  c r a t e r  bowl, sometimes overf lowing and smoot t ing  t h e  i n i t i a l l y  c r a t e r e d  
s u r f a c e .  For t he  case  of t o t a l  d i s r u p t i o n  ( 4 ) ,  t h e  f ragments  of c r u s t  f l o a t e d  
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on the surfaoe, eventurlly melting. In one experiment, the liqoid substrate 
was heated to 42'~ before the impact, and the orustal layer fragmented at an 
anorrlously lor projectile velooity. 

Previous experimental impaots into targets with solid surfaces overlying 
liqoid substrates (Greeley et al., 1982) demonstrated tkat the cratering 
process oould vary from that charrcteristic of solid targets to that of liquid 
targets, depending upon the thiokness of tho crustal layer and tha projectile 
properties. Impacts into liquids wit5 thin or negligible surface layers 
produoed craters that disappeared shortly af ter formation. leaving only a ring 
of bubbles or other signs of disruption. Similar results occurred for thicker 
crusts if the projbotiles had sufficient energy. 

Extending these results to the oratering record of Europa, or lack 
thereof, requires a series of caveats about scaling (see, for e,g., Greeley et 
al., 1982). Nevertheless, based on our experiments we may qualitatively 
suggest that the presence of a liqoid mantle beneath a relatively thin ice 
crust on Europa coald explain the paucity of visible impact craters through 
two mechanisms. Large impact events would essentially 'ignore' the presence 
of the crust and produce a transient crater that immediately relaxed 
hydtodynamically. The 'scar' or disrupted zone coald then refreeze, leaving 
very little residual topography. Saaller impacts could punch through the 
crust, followed by the ejection of water in either a liquid or solid state 
which coald then o&er the surface of the surrounding crust. These deposits 
might then themselves tend o even out topogrtphy t3rough slow viscous flow. 

Additional experiments are planned to further quantify the relationships 
between crater morphology and crustal layer propertier and thicknesses. In 
particular, experiments should be run at reduced temperatures to try and 
simulate resurfacing and re-freezing processes. 
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GEOLOGICAL STUD1 ES OF I C Y  SATELL I TES : EUROPA AND ENCELADUS 
Steven W. Squyres , Ray T. Reynolds, P a t r i c k  b!. Cassen, NASA Ames Research 
Center, M o f f e t t  F ie ld ,  CA 94035, and Stanton 3 .  Peale, Dept. of Physics. 
Un i ve rs i t y  o f  Cal i formia, San:a Barbara, CA 93106. 

A number o f  models have been suggested f o r  the  evo lu t i on  and present 
s t a t e  of Europa ( 1  ,2,3). We have reca lcu la ted  i t s  thermal s ta te ,  and have 
obtained r e s u l t s  cons is ten t  w i t h  a l a r g e l y  dehydrated s i l i c a t e  i n t e r i o r ,  
an ove r l y i ng  ocean o f  l i q u i d  water tens o f  km th i ck ,  and a sur face l a y e r  
o f  i c e  w i t h  a mean thickness o f  roughly 10 km. The model incorporates 
radiogenic heating, and t i d a l  heat ing i n  both the s i l i c a t e  core and the 
i c e  she l l .  The c rus ta l  thickness i s  found t o  be s i m i l a r  t o  b u t  l ess  than 
the minimum value t h a t  would permi t  s o l i d  s t a t e  convection. I f  convect ion 
occurred, i t  would cause rap id  heat l oss  and f reez i  ng o f  the  ocean ( 3 )  . 
Our r e s u l t s  a re  d i f f e r e n t  from those o f  previous models f o r  three reasons. 
F i r s t ,  we consider t i d a l  heat ing i n  both the  s h e l l  and the  i n t e r i o r  
(Cassen -- e t  a1 . (2.3) neglected d i s s i p a t i o n  i n  the i n t e r i o r ;  Ransford 9 a l .  
(1 )  neglected t i d a l  d i s s i p a t i o n  a1 together) .  Second, we use a value of 
Q=25, appropr ia te  f o r  long per iod  o s c i l l a t i o n s  o f  the Moon ( 5 ) ,  r a t h e r  
than Q=100 (2,3). F i na l l y ,  we use a value o f  the  i c e  a c t i v a t i o n  energy 
constant E/kTmel tin =26, which i s  favored by Weertman (6)  and i nd i ca ted  by 
study o f  viscous c r j t e r  r e l a x a t i o n  ( 7 ) .  r a t h e r  than 18  (2,3). 

The t heo re t i ca l  ca l cu la t i ons  a re  cons is ten t  w i t h  a 1 i q u i d  ocean 
beneath the ice,  bu t  f o r  con f i rmat ion  we must t u r n  t o  the observat ional  
evidence. The surface o f  Europa shows widespread evidence f o r  f r a c t u r i  ng 
o f  the i c y  c r u s t  ( 8 ) .  F rac tu r ing  o f  the  c rus t ,  caused by t i d a l  f l e x u r e  
o r  membrane stresses, would r e s u l t  i n  b o i l i n g  o f  exposed water and 
deposi t i o n  o f  the vapor as recondensed f r o s t  . Several observations 
prov ide evidence f o r  an a c t i v e  f r o s t  l aye r .  F i r s t ,  the  pauc i ty  o f  impact 
c ra te r s  ind ica tes  very rap id  viscous r e l a x a t i o n  (9 )  and near-surface 
temperatures s u b s t a n t i a l l y  g rea te r  than the  s o l a r  equi 1 i brium temperature. 
A f r o s t  layer ,  w i t h  i t s  very low thermal conduc t i v i t y ,  would he lp  t o  
ma in ta in  h i gh  near-surface temperatures . Second, the photometric f u n c t i o n  
o f  Europa i s  q u i t e  d i f f e r e n t  from t h a t  o f  impact reg01 i t h  o f  equal 
re f lec tance  on Ganymede and Ca l l  i s t o  ( l o ) ,  b u t  cons is ten t  w i  t h  a tenuous 
f r o s t  l aye r .  F i n a l l y ,  the observat ion o f  SC? on Europa's t r a i l i n o  
hemisphere (11) i s  explained as a r e s u l t  o f  imp lan ta t ion  of maanetospheric 
s u l f u r  ions concurrent w i t h  depos i t ion  o f  H20. From the observed SO2 
column dens i ty  we ca l cu la te  a minimum g loba l  mean Hz0 f r o s t  depos i t ion  
r a t e  o f  roughly 0.1 microns per  year f o r  Europa. 

Saturn's small i c y  moon Enceladus shows evidence f o r  several 
episodes o f  geoloy ic  resur fac ing  spread over much o f  i t s  h i s t o r y  (12) .  
Tectonic features very s i m i l a r  t c  the grooves on Ganymede are  a l so  
observed, suggesting t h a t  Encel adus ' c r u s t  , 1 i ke Ganymede ' s  , has undergone 
extension. Extension was probably caused by f reez ing  o f  Hz0 i n  the  
i n t e r i o r .  L i  t h o s t a t i c  compressive stresses a re  very small on Encel adus 
due t o  the low g rav i t y ,  making i t  u n l i k e l y  t h a t  the  grooves there  a re  
grabens. Resurfacing took p lace by ~ r u p t i o n  o f  f r esh  mater ia l  , perhaps 
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con ta in ing  NH , t o  the surface. Ye1 t i n g  i n  the i n t e r i o r  may have been made 
more l i k e l y  ba the presence o f  NU . as t he  H 0-!IH system has a e u t e c t i c  
p o i n t  a t  1730K. T i da l  d i s s i p a t i o $  seems t o  Ke t h l  on l y  heat ing mechanism 
capable o f  me1 ti nrl Enceladus. Assueling thermal conduc t i v i  t y  l i k e  t h a t  o f  
pure H 0 i ce ,  the o r b i t a l  eccenc r i c i t y  would have t o  be h igher  by a f ac to r  
o f  5 t6  7 than the present value o f  0.0044 t o  ma in ta in  a mol ten i n t e r i o r .  
I t  may have t o  exceed the present value by as much as a f d c t o r  o f  20 t o  
cause me1 t i n g  i n  an i n i t i a l l y  f rozen  body. Recent experimental work (13) 
suggests, however, t h a t  i n c l u s i o n  o f  a small a~~ ioun t  of NH could  lower 
the conduc t i v i t y  as much as an order  o f  r t q n i  tude. I f  th?s were the  case, 
an e c c e n t r i c i t y  increase o f  a t  most a f ac to r  o f  8 would s u f f i c e  t o  
i n i t i a t e  me1 t i n g ,  and a molten i n t e r i o r  cou ld  perhaps marg ina l l y  be 
maintained by the present e c c e n t r i z i  t y .  
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SPECTRAL ANALYSIS OF TOPOGRAPHY ON GANYMEDE 
Robert E. Grim, Dept. o f  Geological Sciences , U n i v e r s i t y  o f  Tennescee , 
Knoxv i l le ,  TN 37996, and Steven W .  Squyres, NASA Ames Research Center, 
M o f f e t t  F ie ld ,  CA 94035. 

Ganymede's b r i g h t  resur faced t e r r a i n  i s  thought t o  have formed as the 
r e s u l t  o f  globa; extens ion (Smith -- e t  a l . ,  1979), probably caused by 
i n t e r n a l  phasc changes between i c e  polymorphs dur ing  d i f f e r e n t i a t i o n  
(Squyres, 1SdO). Pamen t i e r  e t  a1 . , (1982) have argued t h a t  the b r i g h t  
bands o i - iq ina ted  as 1;rgc g r a b e n s t h a t  were f looded and f i l l e d  w i t h  c lean 
i c e  deposi ts.  I t  i s  no t  c lea r ,  however, whether the grooves t h a t  a re  so 
cmmon i n  the r rsur faced ma te r i a l  represent  1 ong, very narrow grabens, 
ex ten i i on  f rac tu res ,  o r  d u c t i  l e  necking features.  Regular groove spacing 
i s  commonly observed and could r e s u l t  from extension o f  a b r i t t l e  surface 
l a y e r  over a viscous layer ,  causing a necking i n s t a b i l i t y  t h a t  m igh t  
r s r l  t i n  a n j  b r i  t t l e  deformat ion being concentrated a t  r egu la r  i n t e r v a l s  
{F ink  and F le tcher ,  1981). Squyres (1982) has po in ted ou t  t h a t  r egu la r  
spacing might  a lso  r e s u l t  from r a p i d  format ion o f  a cooled, strengthened 
zone around an extension f r a c t u r e  i m t d i a t e l y  a f t e r  i t s  formation. I n  
e i t h e r  case, the geothermal g rad ien t  a t  the t ime o f  deformat ion has been 
shown t o  be d i r e c t l y  r e l a t e d  t o  the ,;pacing o f  grooves. Q u a n t i t a t i v e  
determinat ions o f  groove spacing might  the re fo re  be used t o  cons t ra i n  
t h i s  impor tant  i n d i c a t o r  o f  p lane ta ry  evo lu t ion .  

I n  add i t i on ,  i t  has been suggested t h a t  co lder  o v e r a l l  temperatures 
w i t h i n  the c r u s t  could s u b s t a n t i a l l y  increase the stresses r e s u l t i n g  from 
extensions , causi  ng increased deep c r u s t a l  normal f au l  ti ng (Squyres , 
1982). For t h i s  reason, one might  expect topography i n  t e c t o n i c a l l y  
deformed areas t o  be less  r egu la r  i n  the p o l a r  regions, where co lder  
temperatures might  r e s u l t  i n  extens ive d i s r u p t i o n  o f  any regu la r  groove 
pa t t e rn  by propagat ion o f  deep nornal  f a u l t s  t o  surface. I f ,  instead, 
no v a r i a t i o n  o f  morphology w i t h  l a t i t u d e  e x i s t s ,  i t  may inl: :ate the 
presence of a r e g o l i t h  w i t h  unexpectedly s t rong  i n s u l a t i n g  p roper t ies .  
I n  order  t o  perform a q u a n t i t a t i v e  s t a t i s t i c a l  ana lys is  o f  groove 
spacing and morphology on Ganymede, we have adopted a spec t ra l  ana lys is  
technique, tak ing  Four ie r  transforms o f  a l a r g e  number o f  photmetr ic  
p r o f i l e s  across groove sets,  and exarni n i  ng the resu l  t a n t  power spectra 
f o r  the p o s i t i o n  and s t reng th  o f  peaks represent i r ig p e r i o d i i i t i e s .  

Approximately 160 t racks  perpendicu lar  t o  the t rend  o f  groove sets 
from 28 Voyager images were se lected f o r  study. These images p rov ide  a 
near l y  complete samp'e o f  a1 1 the  groove sets  observed a t  moderate t o  
h igh r e s o l u t i o n  by the Voyager cameras. Groove sets  se lected f o r  study 
had t o  s d t i s f y  a uniqueness c r i t e r i o n :  namely, t h a t  no grooves w i t h i n  
a g iven s e t  cou ld  be t raced unbroken i n t o  ad jaccnt  se ts .  One represen- 
t a t i v e  t r ack  was chosen w i t h i n  each g r m v c  cet .  Grooves t h a t  were n o t  
near l y  p a r a l l e l  were avoided, as were areas t h a t  were ex tens ive ly  
cra tered.  In add i t i on ,  features o f  l ess  than a few wtvelengths were no t  
used, e.g., s i n g l e  grooves and groove p a i r s .  Because o f  the l ack  o f  
s tereo coverage and the unsui t ab i  1 i t y  o f  many images f o r  d e t a i l e d  photo- 
c l i nome t r i c  analys is ,  d i g i t a l  photometr ic i n t e n s i t i e s  as recorded by 
the Voyager cameras through c l e a r  f i l t e r s  were considered t o  c o r r e l a t e  
w i t h  the r e l d t  i v e  amp1 i tudes and w?velengths o f  sur face topography. 



Anomalous cont rasts  i n  r e f 1  e c t i  v i  t y  t he re fo re  had t o  be avoided, such as 
those due t o  b r i g h t  e jec ta .  S i m i l a r l y ,  those groove se ts  judged n o t  t o  
have adequate con t ras t  t o  be c l e a r l y  reso lved from noise were n o t  used. 
The l a t i t u d e ,  long i tude,  and sca le  ( i n  km per  p i c t u r e  element) o f  each 
t rack  were ca l cu l a ted  us ing subspacecraf t  p o i n t  coordinates and image 
frame o r i e n t a t i o n  from the Voyager f i n a l  SEDR document and us ing the  
photogrammetri c con t ro l  po i  n t s  o f  Davi es and Katayama ( 1  981 ) . 

For each des i red cross-groove photometr ic t rack,  a s e t  o f  f i v e  
adjacent para1 1 e l  t racks  was summed, bandpass f i l  tered, and tapered i n  
the s p a t i a l  domain i n  o rder  t o  reduce the  e f f e c t s  o f  reg iona l  shading 
trends noise, a l i as i ng ,  and sidelobes i n  the wavenumber domain. The 
Power ill a g iven s p a t i a l  frequency i s  p ropor t iona l  t o  the square of the 
modulus o f  i t s  Four ie r  transform: 

A t  the  t ime o f  t h i s  w r i t i n g ,  we have completed t rack  s e l e c t i o n  and 
data reduct ion,  and a re  begin ing data an lays is .  A sample cross-groove 

.- 
t rack  and i t s  power spectrum are  showy i n  Figures 1 and 2. l h i s  spectrum 
shows a peak a t  approximately 0.3 km- (about 3 km wavelength), a1 though 
much o f  the  power i s  dispersed a t  h igher  f requencies.  Since we wish t o  
look f o r  va r i a t i ons  i n  groove spacing and morphology w i  t h  l a t i t u d e ,  power 
spectra w i t h i n  a g iven l a t i  tude band w i  11 be averaged and compared w i  t h  
o ther  l a t i  tutdes. The spect ra  w i l l  a l s o  be s t a t i s t i c a l  l y  analyzed w i t h  
respect  t o  viewing geometry parameters and spacecraf t  range i n  order  t o  
reveal  any hidden sys tema ti c e r ro r s .  When completed, t h i s  work w i  11 
prov ide a g lobal  p i c t u r e  o f  the v a r i a t i o n  o f  groove spacing on Ganymede. 
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PEDESTAL CRATERS ON GANYMEDE: INTERIOR MORPHOLOGY 
Vicki M. Horner and Ronald Greeley,  Department of Geology, Arizona S t a t e  
Univers i ty ,  Tempe, AZ 85287 

High r e s o l u t i o n  Voyager images of Ganymede show a c l a s s  of f r e s h  c r a t e r s  
d i s t i n g u i s h e d  by e j e c t a  with a  sha rp  terminus 1 2  f i g .  1 .  Grooves are  
sometimes recognizable  beneath the e j e c t a ;  however, c r a t e r  i i ~ t e r i o r s  appear un- 
d i s t u r b e d  by the grooves. The e j e c t a  thus  appears  t o  have conforned :o pre- 
e x i s t i n g  t ~ p o g r a p h y  dur ing emplacement. Although e a r l i e r  named "rampart 
c r a t e r s "  ( 4 ) ,  we suggest  t h a t  the t e r n  "pedes ta l  c r a t e r s "  b e t t e r  d e s c r i b e s  the 
appearance of t h i s  e  j e c t a  morphology. 

Our d a t a  bass c o n s i s t s  of 185 c r a t e r s ,  ranging i n  d iameter  from 6  t o  89 km. 
They were i d e n t i f i e d  from Voyager 1  and 2  images wi th  r e s o l u t i o n s  from 0.56 t o  
1.49 kmlpixel and s o l a r  i n c i d e r ~ c e  angles  >40°. There appears  t o  be no cor re ln -  
t i o n  of the normalized e j e c t a  e x t e n t  (de/dc;  the  r a t i o  of e j e c t a  d iameter  t o  
the  c r a t e r  d iameter)  with l a t i t u d e  or  longi tude.  Although it cac  be i n f e r r e d  
from the  d a t a  t h a t  a  c o r r e l a t i o n  e x i s t s  between Geldc iind t e r r a i n  types  
(grooved t e r r a i n  and dark c r a t e r e d  t e r r a i n )  the  d i f f e r e n c e  is fiot s t a t i s t i c a l l y  
s i g n i f i c a n t  ( 3 ) .  

The i n t e r t o r  morphology of the c r a t e r s  may provide c i u e s  t o  the  r e l a t i v e  
s t r e n g t h  of the inpac t  t a r g e t  (5.6).  Figure 2  compares the  d i s t r i b u t i o n  of 
c e n t r a l  peaks and p i t s  f o r  pedes ta l  c r a t e r s  on Ganymede ~ i t h  mar t ian  c r a t e r s .  
The percent frequency curve f o r  the d i s t r i b u t i o n  af c e n t r a l  peaks f o r  mar t ian  
c r a t e r s  r e p r e s e n t s  the f l u i d i z e d  e j e c t a  c r a t e r s .  The curve f o r  the  d i s t r i b u -  
t i o n  of c e n t r a i  p i t s  f o r  t w i t i a n  c r a t e r s  is comprised of a l l  f r e s h  c r a t e r s  
wi th in  a  region. 

Although the  frequency of martian c r a t e r s  with c e n t r a l  peaks i n c r e a s e s  over 
the  diameter i n t e r v a l  from 5  t o  30 km, the frequzncy of c e n t r a l  peaks i n  
Ganymede pedes ta l  c r a t e r s  decreases  i n  t h i s  i r i t e rva l  from a  high of 91% f o r  
d iameters  10 t o  15 km. This  can be i n t e r p r e t e d  e i t h e r  a s  an e f f e c t  . f d i f f e r -  
ing  su r face  g r a v i t i e s  O L  the r e s u l t  of d i f f e r e n t  t a r g e t  ma te r i a l s .  Severa l  
r eoearchers  ( 6 , 7 )  suggest  t h a t  g r a v i t y  has a minimal e f f e c t  on d i f f e r e n c e s  i n  
c r a t e r  i n t e r i o r  f e a t u r e s ;  thus ,  i t  appears t h a t  t a r g e t  m; , t e r i a l s  of Ganymede 
a r e  more conducive t o  the formation of : e n t r a l  peaks than a r e  mar t ian  t a r g e t  
ma te r i a l s .  

Figure 2  s l s o  shows the d i s t r i b u t i o n  of c e n t r a l  p i t  c r a t e r s  on Ganynede and 
Mars. In genera l ,  p i t  c r a t e r  frequency inc reases  with d iameter ;  however, on 
Mars c e n t r a l  p i t s  occur i n  smal ler  c r a t e r s .  

1. L u c c h i t t s ,  B.K. (1980) Ica rus  44. 481-501. -- 
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6 .  Wood, C.A. -- e t  a l .  (1978) roc .  Lunar Planet .  Sci .  Conf. 9 t h ,  p. 3691-3709. -- -- - - - 
7. Malin, M.C. and D. Dzur is in  (1978) J .  Geophys. - Res. 83: 233-243. 
8.  Mouginis-Mark, P.J. (1979) - J. ~ e o ~ h ~ s .  Res. 84: 80117022.  - -  





EvImcE FQR MDBILITY OF mTER ICE ON CAtLIm 
John R. Spencer, Lunar and Planetary Lab., University of Arizona 

Tucson, A2 85721 

Voyqer 1 images of Callisto provide good coverage of the north polar 
region. These images reveal that many high-latitude craters have an 
anomalous appearance, i n  that their south-facing slopes, tilted towards 
the sun, are darker than their north-facing slopes (figure 1). lhis 
effect is present, to a variable extent, i n  most regions above about 
50% w i t h  anmalwsly-br ight alopes facing fairly consistently 
northward (figure 2).  Voyager 2 ixaages of Callisto do not show high 
latitudes f a ~ r a b l y  and, probably for this reason, do not reveal the sane 
pherxmenon. Neither spacecraft imaged Callisto's south polar region. 
Bright north-facing slopes are not readily visible on Voyager Ganymede 
images either, but again, this may be due to unfavorable viewiw- geometry. 

me likely explanation for this phenomenon is that nort', f k i n g  
slopes, because of their lower man taperatures, have accunulated 
deposits of a bright volatile, presumably water ice. An adaptation of 
modellirq performed by Squyres (1980) &nus that this is a reasonable 
mechanism. Squyres calculated one-way diurnally-averaged sublimation 
rates (neglectirrg re-iropact of sublimating molecules) for ice on the 
Galilean satellites as a function of latitude. Assuming a typical 
interior crater wall slope of lSO, then for the purposes of t-rature 
de temi~t ions ,  the 'effective latitude' of the north-facing interior wall 
of a crater a t  60% w i l l  be 75%, and of the south-faciq w a l l ,  
45%. Applyinq Squyres' values for mean sublimation rates a t  these 
latitudes, it is clear that there is a large imbalance i n  the rates on 
opposite sides of the crater (figure 3). As the mean juop distance for a 
sublimating molecule is about 50 Ian (hrrves and Pilcher, 1980) greater 
than the diameter of most Callistoan craters, frost buildup on the south 
interior wall is almost inevitable given a supply of surface ice and an 
absence of more effective redistribution processes. The preseme of 
bright deposits on north-facing slopes is thus con£ irmation that ice 
migration on Callisto, a t  least on a local scale, is daninated by 
imlation-controlled temperature variations. 

lkoretical  models of ice transport on Csllisto (Purves and Pilcher , 
1980) predict substantial migration of ice from equatorial to temperate 
latitudes over the age of the solar system. Callisto's striking visual 
hanogeneity i n  latitude (t'igure a ) ,  is thus remarkable, especially when 
contrasted with Ganymede and its well-developed polar caps. Squyres 
(1980) attributed the lack of latitudinal brightness variations to a 
paucith of surface ice available for migration, but  the present 
observations shaw that Callisto's bright areas, a t  least, are icy and that 
the ice is capable of local migration across the surface. I n  addition, 
earth-based reflectance spectra of Callisto have been interpreted as 
indicating a minirrPsn of 30 wt .% free water ice on the surface, intimately 
mixed with silicates (Clark, 1980). A t  present, the problem of Callisto's 
hanogeneous appearance is still unresolved - for a full  discussion, see 
Spencer and Maloney (1983). 







VOYAGE3 GANYMDE STELLAR OCCULTATION AND SURFACE ICE TP(PERAnmES 
John R. Spenzer, Lunar and Planetary Lab., University of Arizona 

Tucson, AZ 85721 

Introduction In the past few years, several papers discussing ice 
----Ad+------ 

stability and transport on the Galilesn satellites have been published 
(e.g. kbofsky 1975, Purves and Pilcher 1980, Squyres 1980, Spencer and 
Maloney, 1983). An uncertainty in these models has always been the actual 
surface tenperature of the ice on the satellite surfaces, which is 
deperdant on ice albedo, emissivity, and thermal properties, none of which 
are well known. Because of the extreme variation of ice vapor pressure 
and evaporation rate with temperature, these teroperature mertainties 
result in large variations in possible transport rates. A direct 
observational constraint on ice temyerature can, however, be obtained by 
consideration of the tenuous water vapor atmospheres that these bodies 
must possess due to the finite vapor pressure of the exposed ice. 

In the case of Ganymede, an upper limit on the surface pressure of an 
equilibrium water vapor amsphere has been obtained from the Voyager 1 
UVS stellar occultation. Interpretation of this upper limit, however, 
requires some knowledge of the behaviour of Ganymedets tenuous, 
vapor-pressure controlled Hz0 atmosphere. 

Atmoqhere Behaviour A characteristic time for the adjustment of the ----- --------------- 
atnuspheric density to changing conditions is given by the ratio of the 
atmspheric column density to the surface sublimation rate. Both 
quantities are proportional to vapor pressure, so the adjustment time has 
rw pressure dependance, and can be sirrply shown to be given by equation 1: 

4 H t " - 
v (1) 

mere H is the scale height and V the mean atmospheric molecular 
speed. For a teqxrature of 150°~, implying a water vapor scale height 
of 4 8 h ,  this gives a characteristic time of about 8 minutes. Processes 
a£ fecting the atmosphere with substantially ioqer time constants will not 
greatly disturb atrrwsphere/surface equiiibriun. As Ganymedets rotation 
period is 7.2 days, the atmosphere can adjust effectively instantaneously 
to dixnal t-,ature variations. 

Pilcher (1979) considered loss mechanisms for an Hz0 atmosphere 
around 10. He concluded that themi escape would be negligable, and that 
IN photolysis would remove mlecules with a time constant of about 40 
days. He also predicted loss rates due to sputtering by charged particles 
in Jupiter's magnetosphere that are several orders of wnitude smaller 
than the rates of ' k m l  evaporation from the surface. kss by this 
mechanism at Ganymede should be smaller still. Therefore, in the abseme 
of other major loss mechanisms, Ganymt3dets H z 0  atmosphere should be in 
equilibrium with the surface below it at all times. 

milibrim entails the surface atnrospberic pressure being equal to 
the vapor pressure of the exposed ice, and this is true whether the ice is 
continuous or segregated into patches surrounded by non-volatiles, The 
reason is that at equilibrium the downward flux of mlecules impacting the 
surfam will be the same for both the icy and non-volatile regions, 



~'rovided that the scale of segregation is &ma!.ler than the mean mlecule 
junp distance, which is about 50 Ian (Purves and Pilcher, 1980). This flux 
will equal the upward flux £ran the ice patches, which is determined 
solely by the ice vapor pressure and thus temperature. 

m e  surface pressure of Ganymede's Hp atmosphere at any pint on 
the surface can thus be used as a probe of ice temperature, without 
requiring assumptions about the ice's emissivity, thermal properties, 
detailed surface distribution, or albedo. Ice vapor pressure as a 
fwtion of temperature in the temperature range of interest has been 
determined experimentally by Bryson et. al. (1974). Their data is shown 
in figure 1, together with the extrapolated curves from the International 
Critical Tables (1926-1933) and the CRC Handbook of Chemistry and Physics 
(1971) that have been used in previous studies of ice stability and 
mobility. 

er Stellar Occultation by Ganymede Occultation ingress occurred at 
"*,-'r=6~7-;;t a local t h  of 1:30 pn (Ganymede hours) over a 
mixture of bright and dark terrain (figure 2). ~ssumin~ a water vapor 
atmosphere at 150°~, an upper limit on the surface pressure of about 3 X 
10'~ mbar can be derived. (All data from B.R. Sandel, pers. cum.) 
This limit is only a weak function of the assumed tenperature. Using the 
Bryson et. al. vapor pressure curve, this gives an upper limit to the 
surface ice temperature in this region of 146%. Figure 3 compares this 
temperature upper limit to various theoretical estimates of the surface 
temperature at this latitude and time of day on Ganymede's surface. 
Equilibrium tenperatwe is shown for two different possible emissivities, 
as a function of albedo, which varies with terrain type and incidence 
aqle. The occultation oocurred at 3 solar incidence angle of 26O, at 
which the average albedos are about 0.26 and 0.32 for cratered and grooved 
terrain respectively (Squyres 1980, 1981). Temperatures for average light 
grooved and dark cratered terrain, derived from the thermal modelling of 
Squyres (1981) are also imdicatd. 

'Ihe occultation-derived upper limit to the ice temperature is slightly 
below all these thcaretical estimates. A likely reason for this is that 
the ice is somewhat segregated into bright patches so that its albedo is 
higher, and its terrperature lower, than the 'average' surface. With the 
current data the dmree of segregation and consequent lowering of ice 
ttnperature cannot be ascertained, but further data on the atmospheres of 
Ganlpde and the other Gali!%an satellites, from Galileo for instance, 
could powerfully constrain ice temperatures and, consequently, models of 
surface ice transport. 

Acknowl-nt I wish to thank Dr. B.R. Sandel for generously providing 
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- FII b w t ~  occultation is shown up to one scale-height above the 
surface a t  either side of the contact point. Dark terrain 
i s  strppled. k a n  molecular jump drstance is about 50 loo. 
so atnospherrc pressure w i l l  not affect surface ice 

1bm,'/ I -, terrperature varrations on scales much smaller than 50 km. 
H0 '53 160 110 Taken frau Voyager I image FDS 164iL.22 
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Figure 1 ti$ vapor pressure as a 
f~l l r t ion ~ ' f  temperature. Ihe 
expressions given in  the 1971 CW 
Hardbook and the Intertmtional Critical 
Tables, extrapolated from 
highel-terperature data, are ca~pared 
w i t h  the experhntal  data of Bryson e t .  
al .  and curves fit ted to this data. The 
break in the fit ted curve corresponds to 
an ass@ ice phase chanqe a t  153O K UrnEDC 
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ABSOLUTE AGES AND FLUX HISTORY FOR THE SATURNIAN SATELLITES 

J.E. T l e s c i a ,  J e t  Propulsion Laboratory,  C a l i f o r n i a  I n s t i t u t e  o f  Technology, 
Pasadeea, CA 91109 
J .  M .  Boyce, NASA Headquarters,  Washington, D.C.  20546 

Previously  we have repor ted  t h e  r e s u l t s  of  t h e  c r a t e r  d e n s i t y  de te rmina t ions  
f o r  t h e  var ious  t e r r a i n  types  on t h e  Sa tu rn ian  s a t e l l i t e s :  Mimas, Tethys ,  
Dicne, Rhea ( P l e s c i a  and Boyce 1982a) and Hyperion, Tethys,  Enceladus and 
Iape tus  ( P l e s c i a  and Boyce 1982b). Thus, we have e s t a b l i s h e d  t h e  r e l a t i v e  
chronologies  f o r  t h e  major even t s  on each body. A more complete unders tanding 
o f  t h e  geologic  h i s t o r i e s  o f  t h e  Sa tu rn ian  s a t e l l i t e s  r e q u i r e s  an es t ima t ion  
of t h e  abso lu te  f l u x  r a t e  o f  impacting bodies over t ime.  In  t h i s  way observed 
c r a t e r  d e n s i t i e s  can be c o r r e l z t e d  wi th  abso lu te  time. 

Several  e f f e c t s  must be taken i n t o  account i n  order  t o  compare c r a t e r  
d e n s i t i e s  between s a t e l l i t e s .  These iqc lude  t h e  g r a v i t a t i o n a l  focusing o f  
p r o j e c t i l e s  by Saturn  (Smith -- e% a l . ,  1982),  a  g rad ien t  i n  t h e  c r a t e r i n g  r a t e  
from t h e  apex t o  antapex o f  motion on a  t i d a l l y  locked s a t e l l i t e  (Shoemaker 
and Wolfe, 1981, Smith e t  a l . ,  1981, 1982) and t h e  v i scocs  r e l a x a t i o n  of  l a r g e  
c r a t e r  topography (Johnscn and McGetchin, 1973). The g r a v i t a t i o n a l  focus ing  
e f f e c t  of Saturn  produces sn i n c r e a s e  i n  t h e  c r a t e r i n g  r a t e  with dec reas ing  
o r b i t a l  r a d i i  such t h a t  t h e  r a t e  on Mimas i n  approximately 20 t.imes t h a t  on 
Iape tus .  Table I l i s t s  observed c r a t e r  d e n s i t i e s  f o r  va r ious  s a t e l l i t e  
s u r f a c e s ,  whi le  Table I1 lists t h e  same d a t a  a f t e r  c o r r e c t i o n  f o r  t h e  focusing 
e f f e c t  nomalized t o  t h e  f l u x  a t  I a p e t u s .  The g rad ien t  i n  c r a t e r i n g  r a t e  from 
t h e  apex t o  antapex and viscous  r e l a x a t i o n  do not a p e x  t o  have a f f e c t e d  t h e  
macroscopic c r a t e r s  viewed or tne  s a t e l l i t e s .  

In developing a  t h e o r e t i c a l  cumulative f l u x  h i s t o r y  we have nade s e v e r a l  
assumptions. These inc lude ,  f i r s t  t h a t  t h e  shape of  t h e  curve  resembles t h a t  
of t h e  Moon (Neukm and Wise, 1976) - An i n i t i a l  r ap id  decay of t h e  impact 
f l u x  over the  f i r s t  few hundred mi l l ion  yea r s  u n t i l  about 3.85 b.  y. ago 
then a  l i n e a r  decrease  t o  zero  over t h e  subsequent pe r iod .  The second 
assumption is t h a t  Population I c r a t e r s  were produced dur ing  t h e  i n i t i a l  r ap id  
f a l l  o f f  and t h a t  Population II c r a t e r s  formed dur ing t h e  subsequent per iod o f  
l i n e a r  decay. The l o c a t i o n  of  the  bend i n  t h e  curve  is based upon t h e  d e n s i t y  
a t  which t h e  s lopes  of  t h e  observed cumulative size-frequency d i s t r i b u t i o n s  
i n d i c a t e  a  change Crom Population I 80 112 For c r a t e r s  l a r g e r  than 20 km 
diameter t h i s  i s  about 25 c r a t e r s / l O  km . These assumptions a r e  supported 
by r e s u l t s  fro,n o u t e r  s o l a r  system o r b i t  evo lu t ion  s t u d i e s  (Shoemaker and 
Wolfe, 1981). 

Using t h e  c r a t e r  d e n s l t i e s  l i s t e d  i n  Table I1 and t h e  f l u x  h i s t o r y  o u t l i n e d  
above; the  ages l i s t e d  i n  Table I1 a r e  ind ica ted .  These d a t a  suggest  t h a t  t h e  
major i ty  of  s a t e l l i t e s  have m c i e n t  s u r f a c e s ,  i n  excess  of 3.8 b. y.. 



Rhea, Mimas, Tethys,  Kyperion, and I a p e t u s  a l l  have anc ien t  s u r f a c e s .  Any 
i n t e r n a l  a c t i v i t y  which occurred on those  bodies t r a n s p i r e d  over a  very s h o r t  
period of t ime,  j u s t  a  few hundred mi l l ion  yea r s  a f t e r  formation.  Enceladus 
has had a  prolonged geologic  h i s t o r y  extending over b i l l i o r s  of yea r s ,  w i t h  
t h e  o i d e s t  regions  being nea r ly  3.8 b. y. o l d  and t h e  youngest c r a t e r l e s s  
area: being no more than a  few hundred m i l l i o n  yea r s .  Two in te rmedia te  age 
p l a i n s  u n i t s  on Enceladus a r e  expected t o  be about 1.7 and 3.0 b. y. o l d .  
Dione has had a  h i s t o r y  t h a t  extended over a  r e l a t i v e l y  s h o r t e r  per iod of 
t ime.  The youngest u n i t  on Dione, m a t e r i a l  a s soc ia ted  with t h e  f r a c t u r e s ,  i s  
es t imated t o  be about 3.25 b. y. o l d .  The in te rmedia te  u n i t  i s  about 
3.6 b. y. o ld  and t h e  o l d e s t  u n i t  about 3.9 b. y. o l d .  T!le r e l a t i v e l y  young 
age f o r  t h e  south  pole  of  Mimas r e p r e s e n t s  a  resurfaci f ig  event  which occurred 
about 3.7 b. y. ago. This probably r e p r e s e n t s  a  l a r g e  impact event r a ~ h e r  
than an i n t e r n a l l y  d r iven  process .  The young age f o r  t h e  co-orb i t a l  1980S3 
most. l i k e l y  records  t h e  impact event which s p l i t  a  l a r g e r  o b j e c t  i n t o  t h e  two 
smal ler  co -orb i t a l s .  

A comparison of  t h e  Lunar f l u x  h i s t o r y  with t h e  Sa tu rn ian  s a t e l l i t e  impact 
f l u x  h i s t o r y  proposed here  suggests  t h a t  t h e  f l u x  of tmpacts was s i g n i f i c a n t l y  
lower i n  t h e  Saturnian s y s t m ,  i . e . ,  a  f a c t o r  of 2-3 lower a t  Mimas than on 
the  Moon. This i s  c o n s i s t e n t  wi th  o r b i t a l  evo lu t ion  c a l c u l a t i o n s  made 
r e c e n t l y  by Shoemaker ( o r a l  communication) f o r  oo te r  s o l a r  system d e b r i s .  
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Geometric Phase Pnase C o e f f i c i e n t  
albedo, p I n t e g r a l ,  q Pq (mag/deg) 
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VOYAGER PHOTCMETRY OF SATURN'S SATELLITES 

8. B u r a t t i ,  3.  Veverka, P. Thomas, Laboratory  f o r  P lanetary  Studies,  
Cornel 1 Uni v e r s i  t y  , I thaca,  NY 14853 

Sa tu rn 's  s a t e l l i t e s  e x h i b i t  a wide range ?f albedos (0.65-1.0) and 
o f  su r face  s c a t t e r i n g  p rope r t i es  (Table  1). F igure  1 shows t he  nonnal- 
i z e d  d i s k - i n t e g r a t e d  phase curves o f  Enceladus, Mimas, Te th js ,  Dione, 
and Rhea der i ved  from Voyager imaging observat ions.  I n  F i gu re  2 these 
phase curves are compared w i t h  those of  Europa, Ganymede, C a l l i s t o ,  and 
t he  E a r t h ' s  moon. There i s  a general tendency f o r  darker  ob jec t s  (Moon, 
C a l l  i s t o )  t o  have steeper phase curves than b r i  gh te r  bodies (Encel adus, 
Europa). 

Since the  b r igh tness  o f  t h e  s a t e l l i t e s  va r i es  w i t h  o r b i t a l  l o n g i -  
tude, t he  data i n  F igure  1 have been cor rec ted  f o r  t h i s  e f f e c t  us ing t he  
method o f  Noland e t  a l .  (1973). Ro ta t iona l  b r igh tness  v a r i a t i o n s  de- 
r i v e d  from voyage-a f o r  Rhea, Dione, and Tethys agree we l l  w i t h  
t e i  escopic observat ions (Franz and M i  11 i s , 1075; No1 and -- e t  a1 . (1974) ; 
those of Mimas and Enceladus, which were poo r l y  known from Earth,  ar?  
shown i n  F igure  3. Voyager observat ions i n d i c a t e  t h a t  t k e  ampl i tudes o f  
the r o t a t i o n a l  1 i ghtcurves o f  these two ob jec t s  do no t  exceed 0.20 
magnitude5 (about 20%). 

While t he  photometr ic p rope r t i es  o f  Phoebe, and even Dione and 
Rhea, can be adequakely descr ibed by a l u n a r - l i k e  s c a t t e r i n g  law,  those 
o f  Tethys, Mimas, and e s p e c i a l l y  Enceladus, a re  more c m p l i c a t e d  and i n -  
vo lve s i g n i f i c a n t  Lambert-1 i ke components. F igure  3 shows scans across 
t he  photometr ic  equators o f  Rhea and Enceladus. I f  the data a re  f i t t e d  
us ing a s i m p l i f i e d  ~ h o t o m e t r i c  f u n c t i o n  o f  t h e  farm 

TASLE 1. D isk - in tegra ted  Proper t ies  : Voyager Clear F i l t e r  !% 0.47 ~ r n )  

Mimas 0.6 2 0.1 0.8 2 3.1 0.5 2 0.1 0.021 2 0.001 
Ence:adus 1.0 2 0.1 0.8 2 G . l  0.8 2 0.1 0.017 2 0.002 
Tethys 0.71 5 0.07 0.9 2 0.2 0.6 2 0.2 0.014 2 0.002 
Dione 0.47 2 0.08 0.5 1 0.2 2 0.1 0.023 2 0.002 
Rhea 0.53 : 0.05 0 . 4 6 2 0 . 0 6  0 . 2 2 0 . 1  0 . 0 1 6 + 0 . 0 0 2  

*Values correspond t o  the  b r i g k t e r  and darker  areas o f  Phoebe (Thomas 
e t  d l . ,  1982). 



where I / F  i s  t he  f r a c t i o n  o f  r e f l e c t e d  r a d i a t i o n ,  f ( a )  i s  t he  phase 
f unc t i on ,  u o  and D are t he  cosines o f  the i nc i den t  and emission 
angles, and A i s  a parameter such t h a t  A = 1 corresponds t o  a l una r  
photometr ic f unc t i on  and A = 0 corresponds t o  a Lambert f unc t i on ,  we 
f i n d  t h a t  f o r  Rhea A = 1.0 i s  a good f i t ,  whereas f o r  Enceladus the  
best f i t  i s  0.30. 

The photoinetri  c p rope r t i es  o f  Enceladus have been s tud ied  i n  d e t a i  1 
t o  search f o r  photometr ic d i f fe rences  among t he  d i f f e r e n t  geolog ic  t e r -  
ra ins .  We f i n d  a marked u n i f o r m i t y  o f  a1 bedoes, co l o r s ,  and s c a t t e r i n g  
p rope r t i es  over Enceladus' g e o l o g i c a l l y  va r i ed  surface. Although some 
albedo v a r i a t i o n s  of up t o  10% occur i n  l ow - reso lu t i on  Voyager 1 images, 
t he  a1 bedoes o f  the  fou r  major geo log icd l  u n i t s  imaged i n  t h e  Voyager 2 
near-encounter sequence ( c r s t e red  t e r r a i n  , c ra te red  p l a i ns ,  r i dged  
p l a i n s  and smooth p l 3 ,ns )  d i f f e r  by 1-2% o r  less ,  even though t he  ages 
o f  these u n i t s  probably d i f f e r  by more than a f ac to r  o f  t e n  (4.5 t o  0.1 
b i  11 i on  years?) .  The lack o f  c o r r e l a t i o n  o f  spectrophotomat i c  proper-  
t i e s  w i t h  t e r r a i n  type suggests t h a t  the o p t i c a l  c h a r a c t e r i s t i c s  of 
Enceladus are determined by an ub iqu i tous  sur face l aye r  of r e l a t i v e l y  
recent age. The h igh  ceometric a1 bedo imp l i es  t h a t  t he  sur face l a y e r  i s  
remarkably f r e e  o f  opaque ma te r i a l  and i s  much more backsca t te r ing  than 
i s  common f o r  na tu ra l  or  l abo ra to r y  f r o s t  l a ye rs  on Earth. 

This research was supported by YASA Grant NSG 7156. 
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' ig .  3. 3rightness var ia t ions ( i n  
nagnitudes) 3s s funct ion o f  o r b i t a l  
longitade f C r  $nceiadus 3nd Vialas 
derived Cm Voyager images. A1 1 
measurmnts have been corYtc=ed t o  
a phase angle sf 6' using the ~ a s e  
coe f f i c ien ts  i rsted l a  Tdble  1. 
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Suuyras and Veverta 
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curve frm a u r a t t i  and 
Veverka ( 1982) . 
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THE P.LBED0 MARKINGS OF IAPETUS 
Steven W .  Squyres, NASA Ames Research Center, Fqoffett F i e l d ,  CA, and Car l  
Sagan, Cornel 1 Uni ve r s i  t y  , I thaca , NY 14853. 

Voyager images o f  Saturn's moon Iapetus ( 1,2) con f i rm deductions made 
from Earth-based observat ions o f  a very dark lead ing  hemisphere and a 
very b r i g h t  t r a i l i n g  hemisphere (3,4). The darkest  ared 1 i e s  a t  the apex 
o f  o r b i t a l  motion, w i t h  a gradual increase i n  albedo toward the antapex. 
The t r a i  1 i n g  hemi sphere i s  s u b s t a n t i a l l y  (about 10 t imes) b r i g h t e r  than 
the apex, and the poles somewhat b r ighcer  s t i l l .  The observed albedo 
d i s t r i b u t i o n  resembles the  ca l cu l a ted  a rea l  v a r i a t i o n  o f  the t rans-sa tu rn -  
i a n  meteorc t e  f l u x  ( 5 )  remarkably c l ose l y .  Dark areas correspond t o  
regions w i t h  the h ighes t  ca l cu l a ted  f l u x .  Whi le there i s  at. l e a s t  one 
dark - f loo red  c r a t e r  on the b r i g h t  t r a i  1 i ng hemisphere, no b r i g h t - f l o o r e d  
c ra te r s  a re  apparent anywhere on the  dark lead ing hemisphere. 

Several hypotheses have been proposed t o  account f o r  the albedo 
asymnetry of Iapetus. Cook and F r a n k l i n  ( 5 )  suggested impact e ros ion  o f  a 
t h i n  i c e  veneer from the lead ing  hemisphere o f  a dark e s s e n t i a l l y  s i l i c a t e  
body. 3But Voyager measurements show the densi t y  o f  Iapetus t o  be 1.16+O.O9 
g cm- (2 ) ,  i n d i c a t i n g  a bu lk  composi t ion o f  i ce ,  n o t  s i l i c a t e s .  Soter ( 6 )  
suggested t h a t  the  lead ing hemisphere i s  coated w i t h  dark ma te r i a l  
e jec ted  from Phoebe by impacts and dragged toward Saturn by the Poyct ing- 
Robertson e f f e c t .  This hslpothesis i s  i ncons i s t en t  w i t h  both the l a r g e  c o l o r  
d i f fe rences  between Iapetus and Phoebe ( 7 )  and w i t h  the observat ion of 
dark- f loored c ra te r s  on the  t r a i l i n g  hemisphere. Snli t h  e t  a1 . ( 2 )  have 
suggested t h a t  dark carbonaceous ma te r i a l  may have been extruded t o  the 
sur face p r e f e r e n t i a l  l y  on the 1 eadi ng hemi sphere. However, f o r  the  p a t t e r n  
of e rup t i ve  ma te r i a l  t o  so c l o s e l y  match t h a t  o f  the meteor i te  f l u x  would 
requi  r e  a co i  n c i  dence o f  remarkable propor t ions . The dense N -CH4 atnio- 
sphere o f  T i  tan  imp l ies  t h a t  NH and CH were incorporated i$ t h a t  body 
when i t  formed. I t  i s  l i k e l y ,  d e n ,  t h a t  1apet.o~ conta ins s i 5 n i f i c a n t  
amounts o f  methane and ammonia, as CH 'XH 0 and NH 'H 0. We propcse t h a t  
the dark md te r i a l  on Iapetus i s  compoged 6f organi?  c6romcphores produced 
from CH4-ri -t I i ce .  

Surface ma te r i a l  on Iapetus w i  11 experience ba l  l i s  t i c  d i f f u s i o n  from 
reg ions o f  h i gh  im2act f l u x  t o  regions o f  low impact f l u x .  Depending on 
t he  amount o f  ma te r i a l  coming from Phoebe, the impact mass f l u x  niay vary 
f r o n  lead ing t o  i r a i l i n g  he~nisphere by as l i t t l e  as a f d c t o r  of 2 o r  hs 
much as a f a c t o r  o f  100. The low g r a v i t a t i o n a l  acce le ra t i on  of Iapetus 
a l lows impact e j ec ta  t o  t r a v e l  l a r g e  d is tacces.  P a r t i c l e s  on the lead ing  
hemisphere w i l l  have a h i gh  p r o b a b i l i t y  o f  being e jec ted  and land ing  on 
the t r a i  1 i ng hemi sphere, bu t  a smal l e r  probabi 1 i t y  01' being re tu rned  by 
subsequent impacts t o  the lead ing  hemisphere. The impact f l u x  g rad ien t  
across the body w i l l  t he re fo re  r z s u l t  i n  a n e t  a b l a t i o n  o f  ma te r i a l  tram 
the  lead ing  hemisphere a rd  a n e t  acc~~ rnu ia t i on  o f  impact e j e c t a  on the  
t r a i l i n g  hemisphere. Because CH4-XH20 i s  much more v o l a t i  l e  than the o ther  
ices,  the n e t  r esu l  t o f  many inpac ts  w i  I 1  be t o  s t rong?y  aep le te  any 
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accumulated reg01 i t h  i n  CH4. 

U l t r a v i o l e t  i r r a d i a t i o n  o f  water i c e  and simple organic  i c e s  a t  Iape- 
tus  ambient temperatures (about 77OK) i s  known t o  y i e l d  a v a r i e t y  of more 
complex organic  products (8 )  ; desp i te  the  low temperature t he re  i s  sub- 
s t a n t i a l  f r e e  r a d i c a l  mobi 1 i ty .  V i s i b l e  wavelength organic  chromophores 
t h a t  m igh t  be expected t o  form on prolonged UV i r r a d i a t i o n  o f  CH /NH /H 0 
i ces  on Iapetus i nc l ude  conjugated polyenes , polyaromat ic h y d r o c f r b o k  
and porphyr ins.  We c a l c u l a t e  t h a t  very modest quantum y i e l d s  a re  r equ i r ed  
t o  a l l ow  UV darkening t o  keep pace w i t h  a b l a t i o n  by impacts on the  lead ing  
hemi sphere. 

A t h i n  dark l a y e r  r i c h  i n  urganics  can be maintained o n l y  on a 
surface t h a t  experiences no n e t  accumulation of impact e jec ta .  Th is  i s  
because, a f t e r  a s u f f i c i e n t  number o f  impacts, the  e j e c t a  wi 11 have been 
d i s t i l l e d  by the impact process, dep le t ing  i t  o f  CH4 and l eav i ng  i t  
permanefitly b r i g h t .  Where n e t  a b l a t i o n  takes place, the  sur face w i l l  be 
dark, as i c e  n o t  depleted i n  CH i s  c o n t i n u a l l y  exposed t o  UV i r r a d i a t i o n  
by removal o f  ove r l y i ng  mate r ia f .  Where ne t  depos i t i on  takes p lace  the  
sur face w i l l  be b r i gh t ,  as the  accumulating ma te r i a l  w i l l  have been 
depleted i n  CH . The process determin ing whether ab;ation o r  depos i t i on  
dominates i s  b f l l i s t i c  d i f f u s i o n ,  d r i v e n  by t ke  impact f l u x  g rad ien t .  
Because the a1 bedo o f  d sur face element depends on the  r e l a t i v e  r a t e s  of 
exposure o f  CH4-rich ddrkenable i c e  and o f  depos i t i on  o f  CH -poor non- 
darkenable i ce ,  the sur face albedo contours should f o l l o w  t f le impact f l u x  
contours, as observed. The dark- f loored c r a t e r  on the  t r a i l i n g  hemisphere 
may be r e a d i l y  understood o f  i t  i s  a young fea tu re :  an impact has r e l a -  
t i  ve l y  r ecen t l y  penetrated the b r i g h t  reg01 i th,  exposing CH - r i c h  i c e  
which has been UV-darkened bu t  which has no t  y e t  had t ime t d  be bu r i ed  
undei. b r i g h t  debbis. 

The surfaces o f  the uran ian s a t e l l i t e s  probably a l s o  con ta in  CH 

we l l .  '~ecause there  i s  no known source o f  re t rograde  debr i s  i n  the 
f and NH , so t h a t  the darkening process proposed here may f unc t i on  t h  r e  as 

uran ian system, these sate1 1 i tes should ldck  the s t ron?  a1 bedo asymmetry 
of iapetus.  Low a1 bedos have i n  f a c t  been repor ted  very r ecen t l y  f o r  
several  o f  the uran ian   at el 1 i t e s  ( 9 ) .  Conceivably, UV darkening i s  a lso  
respons ib le  f o r  the very low a l t edo  of  the  uran ian r i ngs ,  as the very low 
g r a v i t a t i o n a l  accelr t -a t i o n  o f  the  r i n g  p a r t i c l e s  would prevent  accumulation 
of a CH -depleted r e g o l i t h .  There w i l l  be an oppo r t un i t y  t o  i n v e s t i g a t e  
these pdssi  b i  1 i ti es when Voyager 2 encounters Uranus i n  1986. 
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PHOEBE : VOYAGER OBSERVATIONS 

P. Thomas and J. Veverka, Laboratory f o r  P lanetary  Studies , Cornel 1 
Un i ve rs i t y ;  D. Morrison, U n i v e r s i t y  o f  Hawaii ; M. Davies, Rand Corpora- 
t i o n ;  T. V. Johnson, J e t  Propuls ion Laboratory. 

Voyager 2  obtained images o f  Phoebe fo r  a  pe r i od  o f  24 hours from a 
range o f  2 x 106 km. These data prov ide in fo rmat ion  on t he  s ize,  
r o t a t i o n  ra te ,  surface markings, and photometr ic  p rope r t i es  unava i lab le  
from earth-based observat ions. The average equa to r i a l  and p o l a r  diam- 
e te r s  are 220 + 20 km, bu t  topography of 10-20 km probably ex is ts .  The 
r o t a t i o n  was mzni tored by observat ion o f  b r i g h t  spots and by d i s k -  
i n t eg ra ted  b r igh tness  v a r i a t i o n s  (Fig. 1) , y i e l d i n g  a prograde per iod  of 
9 , 4 2 0 . 2  hours. Because o f  t he  l i m i t e d  r e s o l u t i o n  o f  t he  images (11  
p i x e l s  across the d i s k )  c r a t e r  counts cannot be made, bu t  a  h igh c r a t e r  
dens i t y  cannot be ru l ed  out. The geometric a1 bedo o f  Phoebe var ies  w i t h  
l ong i t ude  from 0.046 t o  0.060 ( c l e a r  f i l t e r ,  X = 0.47 um) (Table 1). 
The most prominent surface markings are b r i g h t e r  patches a t  h igh  no r th -  
e rn  and southern l a t i t u d e s  t h a t  kave re f?ec tances  as much as 50% g rea te r  
than the dark, bland areas. These patches a re  sca t te red  and do no t  
appear t o  c o n s t i t u t e  po la r  caps. They may represent ma te r i a l s  exposed 
by impacts. Even the  b r i g h t e s t  have re f lec tances  o f  less  than < 12%. 
The Voyager c o l o r  data (Fig. 2)  agree w i t h  a a r l i e r  ground-based spectra 
and show t h a t  Phoebe has a f l a t t e r  spectrum than does t he  dark s ide of 
Iapetus; t h i s  observat ion i s  not cons is ten t  w i t h  simple contaminat ion o f  
Iapetus by debr is  from Phoebe. 

This research i s  supported by NASA Grant NSG 7156. 

TABLE 1 : Phoebe Photometr ic Resul ts 

(voyager Clear Filter: 0.17 urn) 

Geometyi c Phase Coefficient 
A 1  bedo mag/deg 

Bright Hemisphere 

Gark Hemis~here 

Bright Equatorial 

Dark Equatorial 

0.355 
0'022 ) intrrnric 

0.043 0.025 

i;ghtcurve Amplitude 

3. a Oa 0.29 mag 

a = 2 4 '  0 . 3 6 m a g  
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Fig.  2 :  Colors of Phoebe, Hyperion, and dark region 
of I a p e t u s ,  normalized t o  Voyager green f i l t e r .  
All Voyager 2 d a t a .  



C h a p t e r  2 

ASTEROIDS AND COMETS 

PRECEDING PAGE BLANK NOT f lLMED 



The United Kingdom - Cal t ech  As te ro id  Survey 
S. J. Bus, E. F. H e l i n ,  R. S. Dunbar, and E. M. Shoemaker 

C a l i f o r n i a  I n s t i t u t e  of Technology 

J. Dawe, J. Barrow, M. H a r t l e y ,  D. Morgan, K. R u s s e l l  and A. Savage 
Royal Observa tory  of Edinburgh 

The U.K.-Caltech As te ro id  Survey (UCAS) is a  s y s t e m a t i c  su rvey  f o r  
f a i n t  minor p l a n e t s  c a r r i e d  o u t  w i th  p l a t e s  t aken  wi th  t h e  U.K. 48-inch 
Schmidt t e l e s c o p e  a t  S i d i n g  S p r i n g ,  A u s t r a l i a .  The long-term goa l  of t h e  
su rvey  is  t o  e b t a b l i s h  a c c u r a t e  o r b i t s  f o r  about  1,000 f a i n t  a s t e r o i d s  
s u f f i c i e n t  f o r  t h e i r  r ecove ry  and f o r  p h y s i c a l  o b s e r v a t i o n s  a t  any t ime i n  
t h e  f u t u r e  ( o r b i t s  meet ing  t h e  r equ i r emen t s  f o r  numbering and f o r  y e a r l y  
p u b l i c a t i o n  of ephemer ides) .  One immediate o b j e c t i v e  is t o  e s t i m a t e  t h e  
popu la t i on  of f a i n t  Mars-crossing a s t e r o i d s  w i th  t h e  p r e c i s i o u  needed t o  
c a l c u l a t e  c o l l i s i o n  and c r a t e r i n g  r a t e s  on Mars, and the reby  t o  e s t a b l i s h  
t h e  a b s o l u t e  chronology of t h e  c r a t e r i n g  and g e o l o g i c a l  t ime s c a l e s  on 
Mars. Longer term o b j e c t i v e s  i n c l u d e  d e t e r m i n a t i o n  of t h e  d i s t r i b u t i o n  of 
compos i t i ona l  t ypes  among s m a l l  main b e l t  a s t e r o i d s ,  e s p e c i a l l y  among t h e  
sma l l  members of t h e  p r i n c i p a l  Hirayama f a m i l i e s .  The planned launch  of 
t h e  I n f r a r e d  Astronomical  S a t e l l i t e  (IRAS) was a f u r t h e r  i n c e n t i v e  t o  
e s t a b l i s h  a c c u r a t e  o r b i t s  f o r  f a i n t  a s t e r o i d s  s o  t h a t  t h e  o b s e r v a t i o n s  from 
IRAS could  be u t i l i z e d  t o  de t e rmine  a lbedos  and s i z e s  f o r  an  e x t e n s i v e  
sample of s m a l l  a s t e r o i d s .  

The b a s i c  s t r a t e g y  of t h e  i n i t i a l  UCAS survey  was t o  photograph a  
12' x 18' a r e a  of sky r e p e a t e d l y  f o r  a  pe r iod  of 3 months. An a r e a  of sky 
t h i s  l a r g e  was cl.?sen i n  o r d e r  t o  reduce t h e  pe rcen tage  of o b j e c t s  l o s t  by 
motion beyond t h e  photographed f i e l d .  S i x  i n d i v i d u a l  Schmidt f i e l d s ,  each  
6.5" x 6 . 5 ' ,  a r e  r e q u i r e d  t o  cove r  t h i s  a r e a  wi th  some o v e r l a p  a long  
a d j o i n i n g  edges  of t h e  f i e l d s .  T h i s  coverage  is s i m i l a r  to t h a t  of t h e  
p rev ious  Palomar-Leiden Survey (PLS) f o r  f a i n t  minor p l a n e t s  of  Van Houten 
e t  a l .  (1970);  however, i n  o r d e r  t o  sample o b j e c t s  i n  high i n c l i n a t i o n  
o r b i t s  wi th  l e s s  b i a s  than  t h e  PLS, t h e  long edge of t h e  photographed a r e a  
was o r i e n t e d  nor th-south .  The a r e a  surveyed  ex t ends  from e c l i p t i c  
l a t i t u d e s  + 2 O  t o  -16'. I n  o r d e r  t o  fo l l ow t h e  motions of t he  a s t e r o i d s ,  
t h e  p l a t e  c e n t e r s  were s h i f t e d  t o  fo l l ow t h e  ave rage  component of motion of 
main b e l t  a s t e r o i d s  p a r a l l e l  t o  t h e  e c l i p t i c  p lane .  Weather p a t t e r n s ,  t h e  
p o s i t i o n s  of t h e  e c l i p t i c  and g a l a c t i c  p l a n e s ,  and the  l o c a t i o n s  and phases 
of t h e  moon were a l l  f a c t o r s  cons ide red  i n  p l ann ing  t h e  t iming  of t h e  
photographed f i e l d s .  

A t o t a l  of 85 pho tog raph ic  p l a t e s  f o r  UCAS were ob ta ined  from February  
t o  May, 1981. Hydrogen-soaked 14 x 14 inch  Kodak IIIa-.J p l a t e s  were 
exposed wi th  a  Scho t t  g l a s s  GC-395 f i l t e r .  Exposures v a r i e d  i n  l e n g t h  from 
45 minutes  t o  70 minutes  t o  reach  a  p r e f e r r e d  c e n t r a l  sky d e n s i t y  of 1.0 
above fog.  Sens i towe t ry  spzrs were a p p l i e d  t o  a l l  t h e  p l a t e s  du r ing  t h e i r  
exposure  i n  t he  t e l e s c o p e  t o  a i d  i n  photographic  photomeirqi clf :kc 
d i s c o v e r e d  o b j e c t s  . The i n i t i a l  obse rv ing  scheme c a l l e d  f o r  photographing  
t h e  e n t i r e  12' x  18" a r e a  tw ice  d u r i n g  each of t h e  da rk  moon p e r i o d s  i n  



February and May, and a t  l e a s t  t h r e e  t imes  d u r i n g  t h e  d a r k  p e r i o d s  i n  March 
and A p r i l .  The c e n t e r  of t h e  photographed a r e a  was s e l e c t e d  t o  pass  
through o p p o s i t i o n  on Narch 20. T h i s  cor responded approximate ly  t o  t h e  
equinox,  and a l s o  t o  f u l l  moon. Thus, t h e  su rge  i n  t h e  b r i g h t n e s s  of 
o b j e c t s  due t o  t h e  o p p o s i t i o n  e f f e c t  was, t o  some exterrt, avoided .  The 
t h r e e  s e t s  of o b s e r v a t i o n s  i n  both Elarch and A p r i l  were t o  be sp read  ove r  
a t  l e a s t  10 days .  From t h e s e  o b s e r v a t i o n s ,  s h o r t  a r c  c r b i t s  could  be 
tndependent ly  c a l c u l a t e d  f o r  both March and A p r i l ,  which would s i m p l i f y  t h e  
p roces s  of l i n k i n g  o b s e r v a t i o n s  from one da rk  pe r iod  t o  t h e  n e x t .  Weather 
encountered  a t  S i d i n g  Spr ing  d u r i n g  t h e  months of t h e  su rvey ,  however, d i d  
not a l l ow  f o r  t h i s  s t r a t e g y  t o  be comple te ly  fo l lowed.  Four o b s e r v a t i o n s  
spanning  a r c s  of 10 t o  14 days  were ob ta ined  i n  t h e  March da rk  p e r i o d ,  b u t ,  
i n  many c a s e s ,  on ly  one good o b s e r v a t i o n  i n  A p r i l  was a v a i l a b l e .  The 
photographs taken  i n  February and Nay a r e  adequate  t o  de te rmine  t h r e e  month 
a r c s  f o r  most a s t e r o i d s  d ? s c c v c r ~ d :  a l t hough  t h e  February and May 
o b s e r v a t i o n s  were a l s o  a d v e r s e l y  a f f e c t e d  by t h e  weather .  

The p l a t e s  were q u i c k l y  i n s p e c t e d  a f t e r  p r o c e s s i n g  t o  f i n d  any o b j e c t s  
which needed immediate fol lowup.  Any a s t e r o i d  whose motion would not  be 
fol lowed by t h e  ave rage  s h i f t  of p l a t e  c e n t e r s  could  be fo l lowed up 
independen t ly .  Comet 1981 b was d i scove red  by t h i s  i n i t  t a l  s cann ing ,  bui  lis 
s p e c i a l l y  fast-moving a s t e r o i d s  were found. Glass  c o p i e s  of t he  o r i g i n a l  
p l a t e s  were made a t  t h e  U.K. Schmidt Te lescope  Unit .  The o r i g i n a l s  and one 
s e t  of c o p i e s  were then  s e n t  t o  Ca l t ech l JPL  f o r  r e d u c t i o n .  

To d a t e ,  t h e  p l a t e s  taken  d u r i n g  March and A p r i l  have been v i s u a l l y  
scanned and a l l  measurable  a s t e r o i d  t r a i l s  have been i d e n t i f i e d .  The 
p r o b a b i l i t y  of d e t e c t i n g  on a s t e r o i d  t r a i l  by tile v i s u a l  methods used is 
about 98 pe rcen t  f o r  o b j e c t s  a t  l e a s t  0.5 magnitude above t h e  p l a t e  
l i m i t .  Owing t o  t h e  e x i g e n c i e s  of s e e i n g  c o n d i t i o n s ,  t h e  p l a t e  s e n s i t i v i t y  
v a r i e s  c o n s i d e r a b l y  between some of t h e  exposu re s ,  s o  t h a t  many f a i n t  
a s t e r o i d s  a r e  recorded  only  on Lhe b e s t  p l a t e s .  

As t rome t r i c  p o s i t i o n s  a r e  being measured wi th  t h e  X-Y measuring e n g i n e  
of t h e  blt. Wilson - Las Campar:as O b s e r v a t o r i e s .  Conversion from 
r e c t a n g u l a r  t o  c e l e s t i a l  c o o r d i n a t e s  is made us ing  p l a t e  c o n s t a n t s  
detprmined i r o n  a  second-order  f i t  t o  app rox ima te ly  50 r e f e r e n c e  s t a r s  
d i s t r i b u t e d  over  each  p l a t e .  Typ ica l  r e s i d u a l s  from t h e  f i t s  made t o  t h e  
r e f e r e n c e  s t a r s  average  1.4 a r c seconds .  Owing t o  t h e  sma l l  number of 
observa t ior i s  ob t a ined  d u r i n g  A p r i l ,  s h o r t  a r c  o r b t t s  a r e  only  d e t e r n i n e d  
from thta Mart.\) o b s e r v a t i o n s .  An ephemeris  is gene ra t ed  from t h i s  o r h i t  t o  
i d e n t i f y  t hc  o b j e c t s  i n  A p r i l ,  l e a d i n g  t o  a r e f i n e d  o r b i t  de te rmined  From 
t h e  one month a r c .  The ephemeris  gene ra t ed  from t h e  one month a r c  w i l l  
t h e n  be used i n  l i n k i n g  o b s e r v a t i o n s  from February and May. These 
measurements, pre1im;nat-y o r b i t s  , and p r e l i m i n a r y  rough e s t  ima te s  of t h e  
v i s u a l  magnitudes a r e  being r e p o r t e d  t o  t h e  ?f inor  P l a n e t  Center  of t h e  
Smi thsonian  As t rophys i ca l  Observa tory  f o r  p u b l i c a t i o n  i n  t h e  Minor P l a n e t  
C i r c u l a r s .  

$t  t h e  time o t  w r i t i n g ,  p i a r e s  iakeii i n  ?'_?rr.!! 2nd .April of t h e  two 
sou the rn  most f i e l d s  had been measured and o r b i t s  f o r  185 a s t e r o i d s  had 



been c a l c u l a t e d .  A l l  but one o r  two of t h e s e  a s t e r o i d s  a r e  unnumbered. 
A l l  of the  o b j e c t s  have i n c l i n a t i o n s  above 4 O ,  owing 9 t h e  e c l i p t i c  
l a t i t u d e s  of t h e  f i e l d  tudied.  Four of t h e  new a s t e r o i d s  a r e  Mars- 
c r o s s e r s  and one is  an Eer th-cross ing Amor (Table 1 ) .  The Amor (1981 ET3) 
was discovered near  a p h e l i l o n ,  a t  which time i ts  apparent  motion resembled 
t h a t  of main-belt a s t e r o i d s .  Severa l  of t h e  a s t e r o i d s  found have been 
l inked t o  o b j e c t s  d iscovered i n  t h e  Palomar-Leiden Survey. 

On t h e  b a s i s  of the  a s t e r o i d s  d e t e c t e d  i n  scanning t h e  p l a t e s  from 
March and Apr i l ,  we expect  t o  o b t a i n  a minimum of 1,000 o r b i t s  f o r  which 
t h e  observed a r c  w i l l  span 2 t o  3 months. Approximately 500 more o b j e c t s  
w i l l  be repor ted  with o r b i t s  based on r e l a t i v e l y  s h o r t  a r c s .  In t h e  cornin2 
years  t h e  main t a s k  of t h e  survey w i l l  be t o  o b t a i n  obse rva t ions  a t  f u t u r e  
a p p a r i t i o n s  and from p l a t e s  taken i n  previous  y e a r s ,  i n  o rde r  t o  e s t a b l i s h  
r e l i a b l e  o r b i t s  f o r  the  long term. Observations f o r  1982 a p p a r i t i o n s  a r e  
now being taken on t h e  Palomar 48-inch Schmidt. The Earth-crossing Amor 
(1981 ET3) vas recovered i n  1982 and i t s  o r b i t  i s  now secure .  Once t h e  
ascrutiictry snd i n i t i a l  o r b i t  c a l c u l a t i o n s  have been completed, an  a t tempt  
w i l l  be made t o  determine accura te  magnitudes f ~ r  a l l  objects from 
measurements by a high p r e c i s i o n  scanning densi tometer .  Where f e a s i b l e ,  we 
w i l l  determine approximate phase c o e f f i c i e n t s  f o r  each a s t e r o i d  observed. 



Table 1. Plane t -c ross ing  a s t e r o i d s  d i scovered  t o  d a t e  i n  the  llCAS Survey 

l /  */ 
Aste ro id  q(AU) a(AU) e 1 B( 1 ,O) A~(Au)- b3 ( AV 1- 
1981 ET3 1.022 1.769 0.422 22O.16 -15.5 -0.685 -0.027 

UCAS 3210 1.645 2.319 0.291 7*.97 -17.0 -0 .078 

UCAS 3169 1.659 2.368 0.300 12O.08 -15.5 -0 -037 

1981 EJS 1.702 2.200 0.226 4O.94 -16.0 -0.056 

1981EC3 1.783 2.357 0.244 7O.74 -!7.0 -0 .027 

' 1  A4 is  the deepes t  o v e r l a p  of the  o r b i t  of the  a s t e r o i d  with the  o r b i t  of - 
Msru a1or.g the  r a d i u s  v e c t c r  rc; the  node a s  c a l c u l a t e d  by the  method of 
Will iams (1969, 1979). A nega t ive  va lue  i n d i c a t e s  t h a t  the  rad ius  v e c t o r  t o  
t h e  a s t e r o i d  o r b i t  a t  t h e  node i s  l e s s  than t h e  rad ius  vec to r  t o  t h e  o r b i t  of 
M ~ T s .  

2 /  A is  the  deepes t  over lap  of the  o r b i t  of the  a s t e r o i d  with the  o r b i t  of - 
the  Gar th ,  a s  c a l c u l a t e d  by the  method of Will iams.  h negat ive  va lue  f A3 
i n d i c a t e s  t h a t  the  a s t e r o i d  is an Ear th  c r o s s e r ,  capable  of c o l l i d i n g  : i t h  the  
Ear th  s o l e l y  a s  a  c0nsequenc.e of s e c a l a r  p e r t u r b a t i o n s  of the  o r b i t s  of rhe 
a s t e r o i d  and the Ear th .  
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evolution of small solar-system bdies  has been dominat .ed largely by 

impact ciatering. A major consequence of impacts on these bd ies  is the formation of 

regoliths. Models of regolith evolution have been constructed (Hcusen et  al., 1979; 

Langevin and Maurettc, 19801, but have cansistently approached the problem from a 

determinate point of view. A statistical approach, adopted here, necessarily yields a 

wider body of information. 

Consider a fictitious powlation oi a large number of initially indistinguishable asterbids. 

Each body is subjected to the same jmpacting-projectile population. The amount of 

regolith developed on any given asteroid depends primarily on three fiictors. ( I )  The 

number of craters as a function of size. Fo: exam+le, a body which ha.; been pelted by 

many small impacts should develop less regolith than all asteroid with a l,l~.ger proportion 

of big craters because large craters arc the ones responsible for creating new regolith via 

excavations into bedrock whereas smali craters merely rework existing regolith. (2) The 

order or occurrence of craters. The regolith should be relatively deep if the largest 

craters form late in the ev~lution. If they occur early, then much of the regolith tney 

generate will be ejected from the asteroid by numerous small impacts. (3) 1 he relative 

positions of craters. As mentioned above, new egolith is generated when craters 

puncture through the existing debris layer and excavate bedrock. On some bdies  the 

krgrr  cratc:s wi l l ,  by chance, occur in the regio~s where the regolith layer is very thin 

cnr,~pared to other areas on the surface. Such bodies will develop more regolith than 

those asteroids on which the large cratrrs preferentially formed in the deeper parts of the 

debris layer. These thrrie quantities are all random variables, i.e., we cannot exactly 

predict the number of craters produced on an asteroid (even tnough an average crater f lux 

might be specified exactly), their crder o! occurr-nce or their relative posilions. Thlzs, 

corresponding to each body IS a unique surficial distribution of regol~th depths. 



The distribution of regolith depth c a n  be determined by.  considering t h e  evolution a t  a 

randomly c k s e n  point on t h e  sdt-face of an asteroid se lec ted  at random f rom t h e  
4 

population of bodies. The depth i s  a random vai rabl t  for  t h e  t h r e e  reasons mentioned 

above and because the  surface point was chosen as random. The probability t h a t  t h e  

depth is less than some value, x, is denoted by P(x,t), where t denotes t h e  evolution time. 

P(x,t) can be found by noting tha t  t h e  probability t h a t  t h e  regolith depth is less than  x at 

t ime t+dt  is just t h e  sum of two  componerits: (1) t h e  probability t h a t  t h e  depth was less 

than x at t i m e  t and tha t  t he re  were  no crater ing events  which af fec ted  t h e  depth in  t h e  

t ime interval d t  and (2) t h e  probability t ha t  t h e  depth was less than  some value, say x-u, 

a t  t ime t and tha t  a cratering t ~ e n t  occurred in d t  which changed t h e  depth by an amount 

u. That is, 

where A d t  is t h e  probability t ha t  a cra ter ing  event  a f fec ted  t h e  regolith depth at t h e  

point in t h e  t ime  interval d t  (Poisson statistics).  and g(u)du is t h e  probability t h a t  t h e  

depth was changed by an amount u during t h e  event. Note t h a t  A i s  just t h e  r a t e  a t  which 

events  occur. The function g is determined by c r a t e r  and ejecta blanket morphology. 

Taking the  limit a s  d t  approaches zero  one finds 

Housen (1981)' has shown tha t  if an  asteroid does not experience a ne t  gain cf mass in an  

impact then P becomes independent of t ime,  ior  l a q e  t. That  is, t h e  regolith se t t les  into 

a s t a t e  of s tat is t ical  equilibrium. A characteris t ic  t ime,  te, required t o  reach equilibrium 

is given by 



where m l  and m 2  a r e  t h e  f i rs t  two  moments  of t h e  functioh g, i.e., t h e  mean and variance 

of t h e  change in regolith depth caused by a cra ter ing  event .  Values of te  and es t imates  of 

mean lifetimes against collisional f ragmenta t ion  for  several  s izes of asteroids a r e  listed in 

Table 1. For most sizes of bodies t h e  t i m e  t o  reach equilibrium vastly exceeds t h e  

fragmentat ion l i fet ime and even t h e  a g e  of t h e  solar  system. These bodies a r e  

fragmented long before equilibrium can  be at tained.  Hence,' regolith models which 

assume equilibrium a r e  questionable (e.g., Duraud e t  al., 1979). 

The probability distribution of regolith depth a t  t h e  t i m e  of a catastrophic fragmentat ion 

can  be  found from tquati0.n ( 2 )  by numerical methods. An example of such a numerical 

solution is shown in Figure 1, which applies t o  a 301) km diameter  rocky asteroid. The 

mean regolith depth is found t o  be 3.3 km. The probability density function, i.e., t h e  

probability t ha t  t h e  regolith depth is in some interval  dx, is shown in t h e  f igure as a 

dashed curve (with no vert ical  scale). The  broadness of th is  curve  implies t h e  regolith 

depth varies considerably about  t h e  mean value. In f a c t  t h e  s tandard deviation of t h e  

regolith depth is roughly equal  t o  t h e  mean. Thus, models of regolith evolution should 

addresc more  than just average values. Note tha t  t h e  large standard deviation results 

from variations in regolith depth over  t h e  su r f ace  of any given asteroid and from 

variations between "otherwise s~mi la r "  bodies. Housen (1981) has shown t h a t  these  two  

components of variance a r e  comparable ir! magnitude. 

The mean regolith depth for  t h ree  s izes of rocky asteroids and a Phobos-size body 

comprised of a much weaker material  a r e  listed in Table I. The  largest  asteroids should 

develop several-kilometer thick debris layers. The depth decreases for  smaller bodies 

because more e jec ta  escape and because t h e  collisional l i fet imes a r e  shorter.  Rocky 

asteroids smaller than a few tens of ki lometers  in d ~ a m e t e r  should develop very l i t t le  

rego!ith. The Phobos-size body 1s ab le  t o  genera te  a substantial debris layer because 

e j ec t a  velocities a r e  rather  low in t h e  assumed weak t a rge t  material.  Note tha t  Veverka 

and Thomas (1979) e s t ima te  t h e  regolith depth on r .obos t o  b e  of order  lOOm in 

agreement with t h e  e s t ima te  given in Table 1. 

In all  cases thr standard deviation is comparable t o  t h e  mean. These large stochast ic  

variations should give rise t o  large differences in regolilths for  asteroids of similar size. 

As a result,  spacecraft  imager) of asteroids c a n  be  expected  t o  reveal  a wide variety of 

sur face  morphologies. Indeed, t h e  observed morphological differences between Phobos 

and Deimos may be  largely a t t r ibutable  t o  "statistical fluctuations." 
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Time to reach Fragmentat  ion Mean depth 
Asteroid equilibrium l i f e t i m e  a t  f rag. 

1000 km, rocky 800 b.y. 

300 krn 50 

100 Am 1 

20 km. weak 4 

Frgure I: The probabilrty drstribution of regolith depth for a 300 km diameter rocky 

asterold. 



ICE-POOR REGOLITH DEVELOPMENT AND DESTRUCTION ON SMALL ICY-DUSTY OR ICY-ROCKY OBJECTS, 
F.P. Fenale and J.R. S a l v a i l ,  P l a n e t a r y  Geoeciences D i v i s i o n ,  Hawaii  I n s t i t u t e  o f  Gaophy- 
mica, U n i v e r s i t y  o f  Hawaii  e t  Manoa, Honolu lu,  Hawai i  96822. 

k v e l o p m e n t  o f  i c e - p o o r / s i L i c a t a - r i c h  "mantlesn on  cometery o b j e c t s  has been 
d r r c r i b e d  by  s e v e r a l  i n v e s t i g a t o r s  and ha8 been t h e  s u b j e c t  o f  a t  Least  one d e t a l  l e d  quan- 
t i t e t i v e  model ( B r i n  6 Hendis, 1979; B r i n ,  19801. I c e  r u b l i n e t i o n  i s  t h e  c r e a t o r ,  t h e  
"bol l e r " / d i s r u p t e r ,  and t h e  Launcher o f  ica-poor r e g o l i t h s .  I n  o u r  model, t h e  ma jo r  phy- 
r i u l  prOCCS60S which e r e  q u a n t i t a t i v e l y  descr ibed  ere:  1 1  M o d i f i c a t i o n  o f  t h e  p e r i o d i c  
o rb1  t a l  thermal  "wave" t h a t  reaches b u r i e d  condensed v o l e t i  les,  by t h e  f i n i t e  the rma l  con- 
d u c t i v i t y  o f  any o v e r l y i n g  ice-poor  r e g o l i t h ,  21 M o d i f i c a t i o n  o f  t h e  vapor o u t f l u x  by t h e  
f i n i t e  and changing vapor d i  f f u s i v i t y  o f  t h e  i n c i p i e n t  r e g o l i t h ,  31 The e f f e c t  o f  v o l a t i l e  
f Lux and p r e f e r e n t i a l  Launching o f  s m a l l e r  g r ~ i n s  on  t h e  th ickness  and g r a i n  s i z e  d i s t r i -  
b u t t o n  o f  t h e  r e g o l i t h ,  41 Cont inuous feedbeck o f  deve lop ing  r e g o l i t h  p r o p e r t i e s  i n t o  t h e  
t h e m e l  and v w o r  t r a n s p o r t  desc r ibed  i n  "1 .I' and "2." 5) The compound e f f e c t s  o f  m u l t i -  
p l e  peS6eS. 

The model i n c l u d e s  La ten t  h e a t  e f f e c t s ,  H20 and Q p r o p e r t i e s ,  o b s c u r a t i o n  b y  
c t r e w i n g  dust,  and p o s s i b l e  t r a n s i t i o n s  from one dominant v o l e t i l e  Loss mechenism t o  
another  (see below] .  I n  i t s  p r e l i m i n a r y  form, i t  does n o t  c u r r e n t l y  i n c l u d e  s c a t t e r i n g  
a f f e c t s  o f  i c e  h a l o s  o r  g l o b a l  e f f e c t s  such as  sys temat i c  Launching o f  g r e l n s  f rom one 
r e g i o n  on a  comet accompanied by t h e i r  sys temat i c  a c c r e t i o n  on another .  A lso,  because o f  
t h a  comp lex i t y  o f  t h e  mant le  development model, we have n o t  y e t  ;oup!ed i t  w i t h  s o p h i s t i -  
c a t e d  i n s o l a t i o n  h i s t o r i e s  f o r  comets w i t h  a p p r o p r i a t e  r o t a t i o n  r e t e s ,  o r b i t s  and o b l i q u i -  
t l e o .  Rather  we have so f a r  considered o n l y  two L a t i t u d e s  on comets w i t h  a r c h t y p i c e l  
o r b i t s  and en o b l i q u i t y  o f  90 degrees. We hope t o  c o n s i d e r  more i n t e r e s t i n g  and r e a l i s t i c  
o r b i t s ,  o b l i q u i t i e s  end r o t e t i c n  r a t e s .  

Decp i te  t h e  p r e l i m i n s r y  s tage o f  the  i n v e s t i g a t i o n ,  ou r  r e s u l t s  suasest  some g e n e r a l  
i n fe rences :  An o b j e c t  i n  an ' .e rch typ ice l t '  s h o r t  p e r i o d  cometery o r b i t  can undergo e t  
Least t h r e e  d i s t i n c t  phases o f  r e g o l i t h  dsvelopment i n c l u d i n g  11 A mo lecu la r  d i  f f u s i o n  
phase, when the  g e 6 : s i l i c a t e  r e t i o  o f  the  o u t f l u x  16 h i g h  b u t  t h e  ges f l u x  i s  v e r y  Low. 
T h i s  phese i s  most e f f e c t i v e  - 3-5 AU end a  comet i n  near  c i r c u l a r  a t  t h i s  h e l i o c e n t r i c  
d is tance  would p robab ly  f i r s t  develop e  watec i c e  end dus t  r e g o l i t h  poor i n  o t h e r  vo la-  
t l t e s  and then, u l t i m a t e l y ,  e  permanent s i l i c a t e - r i c h  r e g o l i t h .  I n  t h i s  phase, t h e  r e g o l -  
i t h  i n h i b i t s  vapor f l u x  end thermal  f l u x  via i t s  p o r o s i t y  and a b s o r p t i v e  p r o p s r t i e s  which, 
i n  tu rn ,  e r e  darermined by g r a i n  s i z e  d i s t r i b u t i o n  and p r i o r  h i s t o r y .  21 A  phese ( o n s e t  
'SAU] i n  w5ich tho  t h e r m a l l y  c o n t r o l l e d  v o l a t i l e  f l u x  can i n  t u r n  c o n t r o 4  t h e  r e g o l i t h  
0eometry by r e g o l i t h - d i s r u p t i n g  processes. commencing when gas p ressure  exceeds L i th06-  
t a t i c  pressure. The t r e n s i t i m  from mo lecu le r  d i f f u s i o n  through e  f i x s d  r e g o l i t h  m a t r i x  
t o  v o l e t i  l a  f l u x  c o n t r o l  o f  t h e  m a t r i x  geometry m igh t  be 4 nsous i n  some weys t o  t h e  
t r a n s i t i o n  from s t i l l  e v e p o r a t i v e  processes t o  b o i l i n g .  3 t h e  m o l e c u l a r  d i  f f u e i o n  
phase i s ~ m c h i n g  o f  even s m a l l  g r a i n s  by H20 s u b l i m a t i o n  e l d  ( r i  t h o u t  p a r t i c i p a t i o n  o f  
o t h e r  i ces1  i s  ext remely i n e f f e c t i v e .  However. d u r i n g  t h a  d i s r ~ p t i o n / S o i  l i n g  phase, H,o 
e u b l i m a t i o n  r e t e s  approach f r e e  s u b l i m e t i o a  of dusty  H20 i c e ,  end can g e n e r a l t y  launchCa 
r u b e t a n t i e l  dust  f l u x ,  a l b e i t  s t i l l  s t r o n g l y  weighted t o  f irar grs:ns., 31 A t  sme l t  
h e l i o c e n t r i c  d is tances  [ - IAUI  Launching o f  g r a i n s  can become i n d i s c r i m i n a t e  and , a t  ve ry  
s m a l l  dis;ances [-.3ALil even H20 s u b l i m a t i o n  can Launch Large bou lders .  Hnrrever t h e  
dependen~e o f  launch e b i  li t y  cn  h e l i o c e t ~ t r i c  d i s t a n c e  end i c e  compos i t i on  i s  g r e a t l y  
m d e r e t e d  by l e t a n t  h e a t  e f f e c t s .  Table I g i v e s  a  rough i d e a  o f  these dependencies. H o w  
aver  i t  should be borne i n  mind t h a t  the  va lues i n  t h i s  t a b l a  a r e  f o r  i d e a l i z e d  therma l  
h i e t o r i e e  - a  f i x e d  subso la r  p o i n t  o r  a  f i x e d  60 degrees inc idence  ang le  - end may n o t  be 
g e n e r a l l y  a p p l t c a b l a  t o  comets. Ol i r ing t h e  i n d i s c r i m i n a t e  Leunch phase, e j e c t e e  have t h e  

H20: rock  f l u x  as the  comet mass, and severe e r o s i o n  occura i n  s teady s t a t e  and i s  
n o t  eccospanied by any i c e  p o o r - r e g o l i t h  r e t e n t i o n .  
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An I c e  poor r e g o l i t h  i s  "se l f -p ro tec t ing"  and mantle growth I c  "sel f -aggrnvat iny" 
bacause 1 I A mantle modulates the thermal shock experienced a t  the b u r i e d  i c e  i n t e r f a c e  
near p r r i h e l i o n .  Even w i th  thermel t r ans fe r  i n  red ia t i vs ,  conductiva and convect ive 
~ d e 8 ,  r s t a t i c  mantle o f  s u f f i c i e n t  th ickness end f ineness can p r o t e c t  and enlarge i t s e l f  
bacrusa o f  i t s  i n s ~ ~ l e t i n g  p rope r t i es  and f u r t h e r  suppress the v o l a t i l e  f l u x  d i t f u s l n g  up 
through i t  f o r  any given thermal h i s to ry .  Also, the th i cke r  the e x i s t i n g  r e g o l i t h  the 
Lrar  vulnerable i t  i s  t o  phys ica l  d i s rup t i on  by an excess o f  vapor preasure over i t s  
L l t h o r t r t i c  prsssure. Herce whether a  p a r t i c u l e r  comet undergoes the above t r e n s i t i o n e  
 depend^ on whether i n c i p i e n t  r e g o l i t h  growth achieved s ince the Last p e r i h e l i o n  i s  suf-  
f l c i a n t  t o  p ro tec t  th3  mantle against  the next  pe r i he l i on .  I f  i t  i s ,  then the mantle w i l l  
I r r e v e r s i b l y  evolve t o  permanence. If not,  the comet w i l l  c yc le  reve rs ib l y  through the  

Maximum Requi red 
Launchable t!20 [C02] 

(Radius, cm) F l ~ x .  
glcmLsec 

l X 1 o - 4  ~ 2 ~ 1 0 - 9  
(dus t )  ( 2 . 3  x 10-91 

1 x 10-2 
(sand) 

1 x 100 
(pebbles) 

1 x 102 
(bou lders)  

1 x 103 
( l a r g e  
b c ~ l d ~ r s )  

Requ i red 
T f o r  

F l u x .  *K 

151 
1971 

170 
11131 

195 
11351 

229 
11681 

2  50 
I1911 

preceding sreges u n t i l  i t  i b  g l o b e l l y  d iss ipated.  I t  would appeer t h a t  any v i r g i n e l  i c y  
rocky ob jec t  placed i n  en o r b i t  w i t h  p e r i h e l i o n  <1AU would heve l i t t l e  chance o f  d e v e l o p  
I n g  a  permanent r e g o l i t h  [except  f o r  "global1' e f f e c t s  mentioned above wh ic~,  are n o t  con- 
a ldared he re l .  Hence i t  would disappear a f t e r ,  say, hundreds o f  peoses. On the  o the r  
hand, any postu la ted e x i s t i n g  i n i t i a l  mentle o f  '4cm o r  more cou ld  p r o t e c t  i t s e l f  even a t  
a  pe r l he l t on  distsnce of -1.7AU if only  H-0 i c e  were preeent. A  much greater  i n i t i  1  
thickness of i c e  poor mantle m u l d  be requfred i f  the comet expected t o  surv ive  a  & 
Apol lo  p e r i h e l i o n  passage a t  0.7AU wi thout  beginning t o  cycle. I f  an ice-poor rego1it.1 ad_ surv ive  i n i  t i e 1  passage i n t a c t ,  i t  would' s tay  i n  the molecular d i f f u s i o n  stage end 
would grow asympto t ica l ly  w i th  t i a e  t o  a  thickness o f  perhaps severa l  tens t o  hundreds o f  
meters - depending on exact vapor d i f f u s i v i t y  end h e l i o c e n t r i c  distances. Whether the 
"cometury" core o f  such an ob jec t  would be detecteble by remote sensing techniquoe & 
o f  dens i ty  measurements i s  e  f asc ina t i ng  question, and the water f l u x  i t s e l f  i s  probebly 
the  most t e l l i n g  c lue  t o  such en ob jec t .  The greater  thd  s e n s i t i v i t y  o f  gas f l ux  measure- 
mentr, and the greater  the renge o f  h e l i o c e n t r j c  distences e t  which these can be nede on 
ob jec ts  i n  eccent r ic  o r b i t s ,  the more chance o f  eve luat ing  the ac tua l  na ture  o f  cometery 
r e g o l i t h  evo lu t ion  by observing phenomena such as the sharp hypothesized t r a n s i t i o n  
batween inc-eesi  ng molecular d i f f u s i o n  end the bo i  l i ng /d i s rup t i on  phase o r  p red i c ted  
s t rong ve r i a t i ons  i n  the H20: dust r a t i o .  

I n  generel, the main d i f f e rence  between our model r e s u l t s  and those o f  o thers  i s  
tha t ,  where eppropr iate,  we a l low Knudsen f low (where mantle p rope r t i es  c o n t r o l  the f l u x 1  
arid no t  continuum f low be the r a t e  l i m i t l n g  mode o f  vapor t ransport .  As e  consequence, 
the I n h i b i t i n g  e f f e c t  o f  eliy i n c i p i e n t  r e g o l i t h  which develops towerd aphel ion i s  a  very 
e f f e c t i v e  b a r r i e r  t o  development o f  whec would otherwise be a  mul t i cent imeter  i c e  poor 
rag011 th. 

Table I. Minimum* Requirements For  Launching S i l i c a t e s  
From a  Comet W i t h  Albedo = 0.1.  Radius - 2  km 

Requi red 
I n s o l a  i o n  5 erg l cm sec 

Requ i red 
AU i f  

Subsolar  
P o i n t  

1 .8  
13.01 

0 . 2 1  
[O. 341 

0.07 
I O . 1 1 1  

asstime l nunc l l  dccompl ished w i t h  d i u r n a l  maximwn f l u x  

Requi r e d  
AU 60' 

L a t i t u d e  

f4 . 9 
111.91 

3 . 7  
18.21 

1 .3  
12.21 

0.47 
10.761 

0.05 
[0.08] 

Rafarencrr: Br ln ,  G.D. and Mendie O.A., Oust Rsleasr and U r n t l a  Davrloplaant I n  
Comatr, A s t r o ~ h y e i c a ~  JournrL, 229, 402-408, 1979. Br ln ,  G.D., Thrra tiodala o f  Ourt 
Layerr on Comet Nucls i  , &&xhv8lw w, 237, 265-279, 19W. 

6 2  



ORIGINAL PAGE IS 
OF WOR Q U A L I ~  

Albecb ad mpholog ica l  characteristics of asteroidal objects derived fma laboratory 
sinulatiuts. 
N.A.Bamci ad M.Fulchigmi 
I s t i t u to  d i  Astrof i s ica  Spaziale CNR, Reparto d i  Planetologia, V. l e  dell ' lhiversita,l l 
00185 Rana, I t a l y  

Asteruids are the largest popr la t im o f  sol id  W i e s  in the Solar System which 
may be the key for  vderstanding the processess occurred b r i n g  the formation of the 
planets fmn the protosolar nebula and the f i n a l  phases of the planetary accretia?. 

Due t o  the 1 ack of space missions tcuard the asteroids, a l l  the available information 
about such an interesting set o f  bodies has been obtained with telescopic observatims 
and has been collected in the TRIAD catalogue. An at las of asteroids' photanetric l i gh t  
curves i s  i n  preparatim ( B a w c i  et al., 1983) ad i t  w i l l  contains a l l  the lightcurves 
phl ished i n  the worldride l iterature. 

The photanetric l igh t  c u m  of  an asteroid i s  affected by several parameters: 
1) the shape of the object; 2) the orientation of tho astero'd i n  space with respect 
t o  the Earth and :.he Sm; 3) the mor$alogical surface characteristics; 4) the variat ion 
of the albedo properties of the surface mter ia ls .  Points 3 and 4 are canected both 
with the chemical ccnposition of the outer layers and with the m l u t i v e  history of 
each body. 

The aim of our experimental research i s  t o  cnderstand the effects o f  each of the 
above l is ted parameters cn the l i gh t  curve o f  an asteroidal dl by means o f  laboratory 
s!rrulations. 

an atterrpt t o  r e p d c e  esperimentally the observed asteroid l i gh t  curves using 
12 different rotating asteroid rrrodels (hnlap 1971) yielded fa r  frcm satisfactory resdts; 
th is  particular research l ine  was therefore c b r d c d .  

Our research program can be schfmatized as fol.lows: 
1. Setting 4, of  the experimental device SAM. (the achmim stands for System for 
Asteroid Pkdel); 
2. Study of the effects of the variat ion of the orientation paraneters on the lightcurve 
of m y l a r  ard hanogeneous bi-and t r i a x i a l  e l l ipsoid nrodels; 
3. Study cf the influence of albedo variations (black and white p 3 t c h e  s)m the arplitude 
and shape of the l i gh t  curve. 
4. St*  of the influence of the surface mrphcrlogital marks (craters, ridges, r i l les,  
etc.) m the arplitude i and shape o f  the l igh t  curve; 

5. Study of the scattering properties of the rrrxkls' coating materials; 
6. Study of the Qpendence of the l i gh t  curve on the chemistry of the surface materials. 

The present state of the research program l i s ted  cnder points 1 t o  6 above i s  
as follous: work m points 1 ard 2 i s  carpleted, points 3 and 4 have been looked i n to  
a d  sane interesting results have been .sbtained, preliminary results are available 
for point 5 and more m e a w r m t s  are in  progress while the e x p e r i m t a l  work corrected 
with point 6 i s  s t i l l  i n  a preliminary stage. 

Hcre below we describe the states of the a r t  ad discuss the obtained results. 
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1. Description o f  the S.A.M. 
The experimental device Mmed System fur  Asteroid k d e l  was b u i l t  by A.Di Paoloantonio 

wd C.Giuliani in  the workshop of the Collurania Observatory (Term, I ta ly) .  The S.A.M. 
i s  carposed by: i) a mechanical sLpport for  the asteroid -1s uhich allows the automatic 
variation (by means of step rotors) of the &I orientation paraneters (i.e. aspect, 
o b l i w i t y  and phase angles) with respect t o  the l igh t  source ad the observer; ii) 
a Light source uhich prcxhces a paral le l  beam of ~ s i - s o l a r  light; iii) a photaneter 
which collects the l ight  reflected by the nakl; iv)  an e lec t rw ic  interface, which 
drives a l l  the m m t s  of the mockl, i.e. rotat ion arand the polar axis and the 
set- of i t s  orientatim; v) a recording system, uhich gives the resulting Light curves 
both on paper r o l l s  and on magnetic tapes. A m r e  detailed description of the S.A.M. 
can be f o u d  i n  Baucci et at. (1982). 

2. The effects of the variation of the orientation parameters on the lishtcurve of 
b i  and t r iax ia l  eLL;psoid models. 

Several sets o f  measurements on f i ve  d i f f e ~ e n t  b i -  and t r i a x i a l  e l l ipsoid models 
have been carricd cut, taking i n to  accant previous results both thewet ical  (Barucci 
and F u l c h i p i )  and nunerical (SurJey and Surdey 1978). The parmeters characterizing 
the shapes of the used d l s  are l i s ted  i n  Table 1. 

TARLE 1 

Model N. Shape a a / b  b / c  M a t e r i a l  

1 B i a x i a l  i0.CO 1.67 1.00 wood 

2 B i a x i a l  8.00 1.6C 1.00 wood 

3 B i a x i a l  ( c i g a r )  8.00 2.67 1.00 wood 

4 T r i a x i a l  10.00 1.43 1.17 uocd 

5 T r i a x i a l ( 9  M e t i s )  8.00 1.29 1.70 Plaster of Paris 

The W l s ,  a l l  hcmogeneous and regularly shaped, have been sprayed u i t h  grey p i n t  thus acwi-  
ring a miform albedo of 0.44.45. 

For each model ue cbtained 147 lightcurves, varying respectively the aspect angle 
f r m  3' t o  900 (step : 1501, the oblicplity angle fmm 00 to  MO (step : 150) and the 
phase ang:e i n  the ;a- 00 - 350 with steps of 7O (the phase angles have been selected 
I n  order to rep&ce the observational conditions). The res l~ l t s  obtained by the S.A.M. 

are i n  excellent agreement with the theoretical ones and can be s c m ~ r i z e d  as follows: 
- the variation of the hightcurve arplitude u i t h  the aspect i s  larger u i t h  increasiw 
values of the aspect angle; 
- the erfect of the c h l i q i t y  i s  negligible for mll k s e  angles uhi le i t  i s  preQminant 
for phases larger than 25C-W; 

- the highe: the phase angle, the larger i s  the maximm ~ L i t d e  of the l igh t  curve; 



- the arplitude of the l i gh t  curve grows with the aspect angle as a f m c t i m  o f  the 
ra t io  alb. Furthermore i n  the t r i a x i a l  e l l ipsoid mxk ls  as m effect of the ra t io  b/c, 
the -lit& values for  intermediate aspect angles are lower than in  the corresponding 
biaxial nodels. 

3. In f  luec\ce of albedo variations. 
The data have been obtained by the S.A.M. using black (albedo 0.2) and white 

(albedo 0.9) c;rcular patches on the gray nodels. The patches haw different d i w t e r s  
D ( 2 a I ~  ratios equal respectively t o  .125, .187, .ZM) and were located respectively 
i) on the oole of the &l, a d  along the -tor corresponding t o  ii) the minimm 
area side and iii) the mxirnrr! area side. The polar alb& variations do not affect 
the anp!itude of the Ligh:curve, tut thei r  influence i s  revealed by an increase (white 
patches) and a decrease (tlack patches) i n  the absolute rqn i tude of the objects. the 
f o l l w i n g  significative variations i n  the sh- of the l ight  curves are cwsed by the 
presence of the ewator ia l  patches: the minimm (case i;) i s  deeper u i t h  the black 
patches and m r e  shallow with the white ones while the m a x i m  (case iii) i s  higner 
with the white a d  Lower u i t h  the olack patches. an exanple of the magnitude variations 
and their dependence cn the patches' dimecxicns i s  given in figure 1. 

minimum maximum 

:2 p ' x  \ , black patch 

/ 
/Y b k k  patch 

Fig.1 - Variations of the lightcurve anpl-it& vs. aspect angle &e t o  
black d white albgdo ptches Located respectively on the minimm area 
side(1eft)and the mximrr, area s idd  right) of an asteroidal model (a:b=1.29, 
b/c=l.X)).The curves refe.- t o  different size ptches with d i m t e r l a  rat ios 
D = . 2 5 0 ,  D , = . 1 6 7 , D  = . 1 2 5 .  

1 L 3 
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4. Influence of a l a w  crater on the l i qh t  curve. 
The study of the influence on the l ight  curve of the asteroid surface morphology 

has beem recently Lndertaken. A t  the present time measurements have been carried cut 
on models with a large crater (2a/D=.23 located in the center of both i) the mini.nm 
and ii) the m a x i m  area side. The influence of swh a crater on the l igh t  curve i s  
negligible within the expe r im ta l  errors ( 0.02 mag). 

5.Scatterim prowrt ies of the cwt inq  materials. 

The scattering properties of the spray point have been investigated and sane meawe- 
m t s  are reported i n  fig.2. 

Fig.2 Ratio of the brightness ( c  )/brightness (0" ) o f  

a painted plane surface vs. the angle o f  emercp- 
ce per varicus value of the angle o f  incidence i. 

We are studying these results i n  order t o  obtain an analytical and/or a m r i c a l  
expression for the scattering, taking into a c c m t  works pb l ished by L m  and Bowell 
(19811, Tharpxxl and Van Blerkm (1987) and i n  progress at the Come11 lh ivers i ty  (Gradie, 
7982). 

C.Chemistry of the surface mter ia ls .  

We are wrk inq on the preparation of a coating mixture, h i c h  a l l o w  us i) t o  vary 
the chemical carposition of the surface of the used rrodels; ii) t o  operate easily changes 
i n  the surface mrpholocjy; iii) t o  ensure the control of the grarulanetric d is t r ibut ion 
of the adopted materials. 
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L CHONDRITES: A PHOTOGEOLOGISTfS SEARCh FOR PHYSICAL PROCESSES 

Charles A. Wood and Alan S i l l iman ,*  Johnson Space Center ,  Houston, TX 
77058. *NASA Planetary  Geology I n t e r n ,  1982. 

Chondrites a r e  t h e  most common type of m e t e o r i t e s ,  comprising 51% o f  a l l  
known specimens, and 87% of a l l  recovered f a l l s  (Dodd, 1981) .  H and L 
c: londri tes a r e  very 1:early equa l ly  represented with 589 H's and 578 L ' s  
c u r r e n t l y  known (exc lus ive  of Anta rc t i c  f i n d s ) .  Despi te ,  o r  perhaps be- 
cause o f ,  the  l a r g e  number of m e t e o r i t e s ,  m e t e o r i t i c i s t s  have never com- 
p i l ed  comprehensive c a t a l o g s  of  m e t e o r i t e s  t h a t  l ist  p r o p e r t i e s  o t h e r  than 
f a l l  c h a r a c t e r i s t i c s  and pe t ro log ic  type ( e  .g . , Hey, 1966; Hutchison e t  
a l . ,  1977; and Motylewski, 1978).  The l a r g e  number of m e t e o r i t e s  i n v i t e s  
s t a t i s t i c a l  i n v e s t i g a t i o n ,  and toward chat  end we a r e  compiling c a t a l c g s  
o f  physical  and chemical da ta  f a r  H and L c h o n d r i t e s  (Wood and Lee-Berman, 
i n  prep;  Wood and S i l l iman ,  i n  prep. ) .  The c a t a l o g s  - Houston Chondrite 
Regis ter  - c ~ n t a i n  t h e  following d a t a  f o r  each meteor i t e :  

name, p e t r o l o g i c  type ,  f a l l  l o c a t i o n ,  f a l l  d a t e ,  f a l l  hour ,  
mass, Fa % i n  o l i v i n e ,  t o t a l 4  w t .  % Fe, SiO /MgO, shock c l a s s ,  
meta l lographic  shock c l a s s ,  He ~bundance .  6, Th-He gas  r e t e n t -  
ion age ,  K-Ar gas r e t e n t i o n  a c e ,  and exposure age.  

These pa rane te r s  were s e l e c t e d  (1) t o  r epresen t  the  b a s i c  chemical and 
physical  c h a r a c t e r i s t i c s  of t h e  m e t e o r i t e s ,  and ( 2 )  t o  e a s e  d a t a  c o l l e c t -  
ion because many of  them have been previously  compiled i n  va r ious  public-  
a t i o n s .  One of  the  major r e s u l t s  of  t h e  ca ta log ing  e f f o r t  is t h e  r e a l -  
i z a t i o n  t h a t  a l l  of  the  bas ic  d a t a  types  l i s t e d  above a r e  a v a i l a b l e  f c r  
only  8  meteor i t e s  ( 8  ou t  of l l 6 7 ! ) ,  and only mass and o l i v i n e  composition 
a r e  a v a i l a b l e  fo r  s i g n i f i c a n t l y  more than 50% of  t h e  samples. A l a r g e  
number o f  ana lyses  a r e  s t i l l  needed t o  provide t h e  chemical ,  shock,  and 
age d a t a  t h a t  a r e  bas ic  t o  understanding m e t e o r i t e s .  

P a r t i a l  a n a l y s i s  of  t h e  H c h o n d r i t e  d a t a  has r e s u l t e d  i n  t h e  d i s -  
covery of me teor i t e  streams i d e n t i f i a b l e  through c l u s t e r i n g  i n  exposure 
ages (Wood, ?982a, b) . ' k e  L c h o n d r i t e s  do no t .  apparen t ly ,  t r a v e l  i n  
such well  defined meteor i t e  s t reams,  but  o the r  i n t e r e s t i n g  c h a r a c t e r t s t i c s  
have been noted : 

Fragmentation o f  L Chondrites:  Few L c h o n d r i t e s  a r e  smal le r  than 2  
kg, anc! the  l a r g e s t  is 600 kg. Although t h e r e  is cons ide rab le  s c a t t e r  t h e  
average mass of  L chondr i t e s  dec reases  w i t h  inc reas ing  exposure age (F ig .  
1).  A l l  L ' s  weighing >5C kg have exposure ages  <25 rn.y., and no L w i t h  
exposure age >25 m.y. weighs >50 kg. %his r e l a t i o n s h i p  may be due t o  
fragmentation both in  space and i n  t h e  Ear th ' s  atmosphere. A s tone  t h a t  
was l a s t  involved i n  a  l a r g e  s c a l e  c o l l i s i o n  (which r e s e t  t h e  exposure 
age)  30-50 m .y. ago may have s l n c e  experienced repea ted ,  lower energy co l -  
l i s i o n s  which f a i l e d  t o  fragment i t  but did produce zones o f  weakness, 
r e s u l t i n g  i~ s i g n i f i c a n t  fragmentation i n  the  Ear th ' s  atmosphere, and t h u s  
only a  small  percentage of  t h e  meteor i t e  survi.ved. A l t e r n a t i v e  i n t e r p r e t -  
a t i o n s  (such a s  higher average c o l l i s i o n a l  v e l o c i t i e s  >25 m.y. ago) a r e  
poss ib le .  



Shock H i s t o r i e s :  S t rongly  shocked me teo r i t e s  (shock f a c i e s  e and f -- 
of Dodd and Jarosewich,  1979) i n v a r i a b l y  have young g a s  r e t e n t i o n  ages  - 
t h a t  is ,  t h e  l a s t  big c o l l i s i o n  which r e s e t  t h e i r  U,'lh-He c l o c k s  occurr4ed 
dur ing  t h e  l a s t  1 .5 b.y. (F ig .  2 ) .  This confirms th? o r i g i n a l  d i s cove ry ,  
based on a smal le r  da t a  s e t ,  by Heymann (1967) who i n t e r p r e t e d  t h e  r e l a t -  
ion i n  terms of p a r t i a l  r e s e t t i n g  of ages f o r  m e t e o r i t e s  t h a t  were shocked 
only  weakly. Avai lable  Ar-Ar ages ,  which more a c c u r a t e l y  d a t e  t h e  shock 
even t ,  i n d i c a t e  t h a t  Heymann was c o r r e c t ,  f o r  t h e r e  is no evidence f o r  
major c o l l i s i o n s  o l d e r  than approximately 500 m.y. ago. h i s  imp l i e s  t h a t  
L chondr i t e s  were no t  comnon a s  m e t e o r i t e s ,  nor presumably a s  c r a t e r -  
forming p r o j e c t i l e s ,  p r i o r  t o  about 500 m.y. ago. h e  on ly  t e r r e s t r i a l  
impact c r a t e r  thought t o  have been formed by an L chondr i t e  is Brent 
(Grimve, 1978). which is 450 m.y. o l d  (Lozej  and Beales ,  1975). A second 
f i nd ing  r e l a t e s  shock h i s t o r y  t o  t r a v e l  t ime t o  Ear th :  t h e  average expos- 
ure  age f o r  L c h o n d r i t e s  w i t h  gas  r e t en t j - an  ages >600 m.y. is 15.7 m.y. 
but  only 7.7 m.y. f o r  m e t e o r i t e s  involved i n  t h e  500 m.y. shock event .  
Perhaps e j e c t a  from t h e  51~0 m.y. c o l l i s i o n a l  event  was placed i n t o  an 
o r b i t  more favorab le  fo r  d e r i v a t i o n  o f  m e t e o r i t e s  than m a t e r i a l  no t  invol -  
ved in  t h e  c o l l i s i o n .  F i n a l l y ,  t h e s e  f i n d i n g s  sugges t  t h a t  exposure age 
is a rough guide t o  both shock age and i n t e n s i t y  f o r  L chondr i t e s .  

Enigmatic Rela t ions :  Recognizing t h e  above exyocure-shock age tend- 
ency f o r  L chondr i t e s  we have d iv ided  t he  m e t e o r i t e s  i n t o  two extreme pop- 
u l a t i o n s  The ltyoungtt group (n  = 28) c c n s i s t s  o f  t hose  s t ones  with u.'I?I- '< He ages -1 g,y. and exposure ages  <8  y .y ;  t h e  lloldll group i n  = 31) ha s  
U,Th-He ages -2 b.y. and exposure ages -20 m.y. 'Ihese two groups a r ?  re -  
markably d i f f e r e n t  in  chemis t ry ,  macs. and hour o f  f a l l ,  but  have v i r t u a l -  
l y  i d e n t i c a l  d i s t r i b u t i o n s  f o r  month of  f a l l  and p e t r o l o g i c  type  (Table 
1) .  Nt,te t h a t  t he  d i f f e r e n c e  in  average X Fa ( F i g .  3) is s t a t i s t : c a l l y  
s i g n i f i c a n t ,  and t h a t  t he  second value f o r  average masss d i s coun t s  t h e  
s i n g l e  l a r g e s t  s t one  in  each group. The g r e a t e r  mass of  t h e  young group 
is c o n s i s t e r ~ t  w i t h  F i g w e  1 ,  and t h e  d i f f e r e n c e  In o l i v i n e  composition 
sugges ts  t h a t  t h e  two groups may r ep re sen t  d i f f e r e n t  pa r en t  bodies .  h e  
remarkable concent ra t ion  of daytime f a l l s  f o r  t h e  o ld  group must r e f l e c t  
some unique o r b i t a l  coherence or v e l o c i t y  s t r u c t u r e .  

Refersiices: Dodd, R .  T. ( 1981) Me teo r i t e s ,  Cam5ridge Univ. R e s s .  
Dcdd, R .  T. i d  E. darosewich (1979) Earth P l ane t .  S c l .  L e t t .  44, 335. - 
Grieve ,  R.A.F. (1'378) Proc. Lunar P lane t .  S c i .  Conf. 9 t h ,  2579. Hey, M. 
H .  (1966) Catalogue of  Me teo r i t e s ,  B r i t i s h  Museum. kymann,  D. (1967) 
I ca rus  6. 189. Hutchison. R . .  A .  W. R .  Bevan. and . I .  M.  Hall  (1977) - -  . - -  
Appendix t o  t h e  Catalogue of Me teo r i t e s ,  B r i t i s h  Museum. b z e j ,  G . P .  and 
F.W. Beals (1975) Can. J .  Ear th  S c i .  12,  606. Motylewski, K. (1978) The --- 
Revised Cambridge Chondrite ~ompendiumT Smithsonian Astrophysical  ~ s e t  - 
va to ry ,  cambridge, Mass. Wood, .c. A .  (1982a) Lunar- planet'. &i.  1 3 ,  873. 
Wood, C.  A .  (1982b) 45th Ann. Met. Soc.  Meeting, Abs t r ac t s ,  XIII-10 Lunar 
and P lane ta ry  I n s t .  Houston. Wood, C A. and ~ , ~ e e - & m a n  ( i n  prep.)  
Houston Chondrite Regis te r  - H Chondri tes .  Wood, 17. A .  and A .  Si l l iman  
( i n  prep.)  'iouston Chondrite Regis te r  - L Chondri tea.  
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Double o r  Mul t ip le  Cometary Nuclei? 

Fred L. Whiyple 
Smithsonian A s  t r o p h j s  i c a l  Observatory 

The ques t ion  a s  t o  b'hether double o r  m u l t i p l e  cometary n u c l e i  might 
t .: re:- ponsible  f o r  comet s p l i t t i n g  d i scussed  by Whipple and S*:. ' a ~ i k  
! 1216:)) ,  has  been r a i s e d  aga in  by Van Flandern (1981). Because t h e  sspara-  
' I c n  9 '  m u l t i p l e  cometary n u c l e i  rendered o r b l c a l l y  u n s t a 5 l e  b y . s o l a r  
. ? ~ a v  i t a t i o n  would no t  s t r e s s  t h c  n u c l e i ,  o u t b u r s t s  3f a c t i v i t y  should n o t  
accomp-ny such s e p a r a t i o n s ,  con t ra ry  t o  the  fi-equent simultaneous o c c u -  
ence of o u t b u r s t s  and s p l i t t i n g .  

The i n t r o d u c t i o n  of d i f f e r e n t i a l  nongrsvicat i r ,aa l  (DNG) f o r c e s  i n t o  
the  eheory d r a s t i c a l l y  ch-nges :he s i t u a t i o n .  I f  the  primary nucleus  and 
i t s  smal le r  s a t e l l i t e s  s u f f e r  DNG a c c e l e r a t i o n s  r a < . a l  t o  t h e  Sun compar- 
a b l e  t o  those  observed f o r  many comets, the  p e r t u r b a t i o n e  must exceed 
t h e  d i r e c t  s o l a r  d i f f e r e n t i a l  a c c c l e r a t i ~ ~ n s  f o r  a f ia i r lv  ~ i g h t l y  bLund 
system when t r a v e r s i n g  the  inner  s o l a r  system. The r e s u l t  i n  t h e  coplaae.  
c a s e  (comet o r b i t  and s a t e l l i t e  o r b i t  i n  t h e  same plane) i r  simply de te r -  
mined and i s  t y p i c a l  of t h e  more g e n e r a l  case .  The semimajor a x i s  of t h e  
p a i r  s u f f e r s  nc change bu t  t h e  o r b i t  genera l ly  swin:;s around s o  t h a t  t h e  
e c c e n t r i c i t y  of t h e  o r b i t  i n c r e a s e s .  F i n a l l y  t h e  s a t e l l i t e  encounters  
t h e  nucleus.  Thia should produce a v i o l e n t  d j -s rupt ion of m a t e r l a l  even 
a t  t h e  low v e l a c i t i e s  involved (mete r s l sec ) .  Hence a v i o l e n t  o u t b u r s t  
should occur ,  pcss ib ly  two o r  more on success ive  r e v o l u t i o n s .  

I t  is  suggested t h a t  two major ou:bu;sts of 9 magnitudes or 4000 
t imes i n  b r i g h t n e s s  f u r  two Faint  shor t -per iod comets, P/Tutt le-Giacoblni-  
Kresa l  i n  1971 and P/Holmes i n  1892 may be caused by such encounters .  
Otherwise i t  1s d i f f i c u l t  t o  understand how such o1.d comet n u c l e i ,  
presumably the  c o r e s  of much g r e a t e r  comets, could suddenly e x h i b i t  such 
v! o l e n t  a c t i v i t y  . 

S t a t i s t i c a l  evidence,  on the  o t h e r  hand, sugges t s  t h a t  conet  s p l i t t i n g  
i n  genera l  and most t y p i c a l  cometary o u t b u r s t s  a r i s e  fr9m t h e  i n t r i n s i c  
p r o p e r t i e s  of the  nucleus m a t e r i a l .  Newer comets wi th  a g r e a t e r  p ropor t ion  
of a c t i v e  v o l a t i l e  m a t e r i a l  show a much g r e a t e r  chance of s p l i t t i n g  than t h e  
rernanent co res  of o l d e r  ccmets. 
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TECTONICS AND SURFACE ROUGHNESS OF VENUS: A PROGRESS REPORT 
Gerald G. Schaber, P h i l i p  Davis, Richard C. Kozak, and E r i c  M. El rason - 
U.S. Geological Survey, F l ags ta f f ,  AZ 86001 

Considerable progress was made dur ing  1982 i n  t h e  i n v e s t i g a t i o n  o f  
Venus' t ec ton i cs  and surface-roughness var ia t ions.  A formal r epo r t  
descr ib ing  1 i m i  t e d  extension and vo l  cani  sm a1 ong zones o f  g loba l  
1 i thospher ic  weakness on Venus was pub1 ished by Schaber (1982) , and 
these data were a l so  presegted a t  t h e  Planetary R i f t i n g  Conference i n  
t h e  Napa Val ley,  Cal i f . ,  i n  December 1981. 

I nves t i ga t i on  of t h e  d i s t r i b u t i o n  o f  surface roughness on Venus has 
been centered dur ing  1982 on appl i c a t  i on o f  an unsupervised 
1 inear-d iscr iminant  c l u s i e r i n g  a lgor i thm t o  var ious Pioneer-Venus (P-V) 
data sets. The goal was t o  determine regions t h a t  have t h e  f o l l ow ing  
simi: a r  proper t ies :  100-km-scale reg ional  slope, r e f l e c t i v i t y ,  and rms 
slopes a t  1- t o  100-m scale. The t h ree  data sets used inc lude  t he  P-V 
a l t ime t r y ,  r e f l e c t i v i t y  ( p  f a c t o r )  and t he  C- factor  der ived from t h e  
Hagfors sca t t e r i ng  model. The side-1 ooking-radar- image (8 X 8  imaging) 
P-V data set  was not  used as 5 f o u r t h  dimension i n  t h i s  ana lys is  because 
r e f l e c t i v i t y  was a1 ready used i n  t h e  preparat ion o f  t he  8 X 8  data base; 
thus, i t s  i nc l us i on  would g i ve  t h i s  data se t  double weight. The 100- t o  
150-km-scale slope data used i n  t h i s  analys is  were der ived from the  P-V 
a l t i m e t r y  date base over reg iona l  topographic wavelengths equal t o  o r  
greater  than 100 km. Slope was used instead o f  a l t i t u d e  because i t  has 
greater  physical  s i gn i f i cance  i n  terms o f  surface charac te r i za t ion ;  t h e  
100-km-wave1 ength i n t e r v a l  represents the  reso lu t i on  o f  t h e  a1 t i m e t r y  
data. 

The advantage o f  t he  c l u s t e r i n g  a l $ o r i t h  over previous v isua l  
ana lys is  (Schaber e t  al., 1982) i s  t h a t  t h i s  a lgor i thm i s  t o t a l l y  
unsupervised and depends on ly  on t he  p rec i s i on  o f  t h e  i npu t  data 
(Jayroe, 1976). The 1 inear -d i  scr iminant c l a s s i f i e r  was chosen over  
csximum- 1 i ke l  i hood, nearest- neighborhood, and minimum-distance 
algor i thms because it; (1) def ines c l u s t e r  boundaries as hyperplanes i n  
three-dimensional space, (2) def ines hyperplane boundaries t h a t  a re  not  
r e s t r i c t e d  t o  t he  o r t hogona l i t y  o f  t he  t h ree  axes, (3) def ines 
hyperplane boundaries by s t a t i s t i c a l  analys is  o f  c luster -over1 ap 
reg'7.15, and (4) def ines hyperp; ane boundaries f o r  each c l u s t e r  whose 
d i  stdnces from t h e i r  respec t i ve  c l u s t e r  cen t ro i d  are independent of t he  
o ther  hyperplane distances f o r  t h a t  c l us te r .  Once t he  hyperpl anc 
boundaries f o r  each c l u s t e r  a re  defined, each p i c t u r e  element of t he  
input-data bases i s  assigned a number from 1 t o  2 i n d i c a t i n g  t h e  c l u s t e r  
t o  which i t  belongs. A map o f  these numbers i s  then constructed; t h i s  
map shows the  d i s t r i b u t i o n  o f  u n i t s  w i t h  s i m i l a r  reg ional  slope, 
r e f l e c t i v i t y ,  and smal l -scale m s  slopes. 

Once t he  i ~ ~ i t i a l  c l u s t e r i n g  o f  t he  P-V data sets  i s  complete, t h e  
Earth-based data on Venus surface sca t t e r i ng  from Goldstone 2nd Arecibo 
w i l l  be incorporated i n t o  t he  inves t iga t ion .  
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MORPHOLOGY AND TOPOGRAPHY OF APHRODITE TERRA, VENUS. W i l l i a m  J. Ehmann 
and James W.  Head, Dept. o f  Geol. Sc i . ,  Brown Univ.,  P r ~ v i d e n c e ,  R I  02912. 

Aphrod i te  Ter ra  i s  t h e  l a r g e s t  o f  t h e  t h r e e  major  upland reg ions  on Venus. 
We have d e f i n e d  t h e  base o f  Aphrod i te  t o  be t h e  6051.5 km e l e v a t i o n  l e v e l ,  
which i s  t h e  mean p l a n e t a r y  r a d i u s  (mpr) (Masursky e t  a1 . , 1980). Th is  cho ice  
de l i nea tes  a  c o n t i n u o ~ s  upland, t w i c ?  t h e  s i z e  o f  A f r i c a ,  t h a t  covers  
7.3 X l o 7  km2 (16%) o f  t h e  venusian su r face .  Aphrod i te  t rends  dominant ly  
east-west  f o r  22, 180 km between 45" and 255" l q n g i t u d e  and ranges between 
60" N and S l a t i t u d e s  ( F i g u r e  1 ) .  W i t h i n  Aphrod i te ,  a  v a r i e t y  o f  geo log ic  
feat i i res e x i s t ,  i n c l u d i n g  b rcad  mountains, i s o l a t e d  peaks, i n d i v i d u a l  and 
a1 igned p i t s ,  l i n e a r  and a rcua te  t roughs,  and c i r c u l a r  s t r u c t u r e s .  Using 
Pioneer-?enus data,  we have subd iv ided Aphrod i te  Ter ra  i n t o  s i x  p rov inces  on 
t h e  bas i s  o f  e l e v a t i o n ,  s lope,  and t h e  presence o r  absence o f  s p e c i f i c  geo- 
morphic fea tu res ,  b u i  l d i  no upon e a r l  i e r  s t u d i e s  by Schaber (1981, 1982). 

The Western Highlands (13.6 X l o 6  krn2) i s  t h e  t h i r d  i a r g e s t  p rov ince,  h a l f  
t h e  s i z e  o f  North America, and extends 6865 km a long t h e  ma jo r  east-west  t r e n d  
of Aphrod i te .  The p rov ince  i s  dominated by Ovda Regio (6056.8 krn), an e l l i p -  
t i c a l  and e s s e n t i a l l y  cont inuous mountain r e g i o n  t h a t  i s  bounded by s teep 
s lopes.  Hypsometric p l o t s  show t h a t  65% o f  t h e  p rov ince  i s  above 6053 km 
e l e v a t i o n ,  and t h a t  t h e  topography i s  n e a r l y  e q u a l l y  d i s t r i b u t e d  among t h e  
t h r e e  c e n t r a l  1 .5  k l ,~  i n t e r v a l s  ( F i ~ u r e  2 ) .  I he I n t e r i o i -  Highlands (15.9 X 
106 km2) i s  t h e  l a r g e s t  p rov ince ,  t w i c e  t h e  s i z e o f  A d s t r a l i a ,  \ ~ n d  f o l l o w s  ?. 
NE/SW t r e n d .  A break i n  c o n t i n u i t y  o f  h igh land  topography, broader  s lopes,  
and a  zone of low r e f l e c t i v i t y  separa te  t h e  p rov ince  f rom t h e  Western High- 
lands.  Th is  r e g i o n  con ta ins  T h e t i s  Regio (6057.2 km), a  l e s s  cont inuous h igh-  
l a n d  than Ovda, and seve ra l  s c a t t e r e d  pea is  of1 a broad, more g e n t l y  s l o p i n g  
upland. Hypsometric p l o t s  revea l  a  s h i f t  o f  topoqraphy towards l ower  e leva-  
t i o n s ,  3s t h i s  p rov ince  con td ins  15% more lowlands than  t h e  !Ilestern Highlands.  
The - Arternis Chasma pl-ovince (4 .4  Y l o 6  km2! i s  a  g e n e r a l l y  f l a t ,  c i r c ~ l l a r  
r e g i o n  2600 km i n  d iameter,  c o n t d i n i n g  two a r c u z t e  t roughs.  Artemis Chasna 
proper  spans 280" o f  a rc ,  averas ing 200 km wide and 1  km deep f o r  a  d i s t a n c e  
o f  5700 km. I t  i s  f lanked on bo th  s ides  by  narrow, < 200 km wide r i d g e s ,  
a1 though t h e  i l i t e r i o r  w 6 l l  i s  u s u a l l y  h i g h e r  than  t h e  o u t e r  w a l l  (Schaber, 
1981).  The s m a l l e r  t rough  l i e s  w i t h i n  t h e  n o r t h e r n  p a r t  o f  Ar temis  and opens 
c a s t .  U n l i k e  Artemis Chama, i t  i s  n o t  c o n s i s t e n t l y  bounded by r i d g e s ,  
a1 though a 200 kni d iameter peak I .es t o  t h e  south .  Hypsometry sb,ows t h a t  
Artemis Chasma p rov ince  has n e a r l y  t w ~ c e  as much area between 6051.6 and 
6053 km thdn e i t h e r  t h e  Western Highlands o r  t h e  I n t e r i o r  Highlands.  The 
Cen t ra l  Chasma r e g i o n  i s  a  broad, E-l.1 t r e n d i n g  a rch  cove r ing  11.6 X l o 6  km2 
- - -- - 
o f  t h e  venusian su r face  and c u t  by numerous t roughs and p i t s .  Al though hypso- 
m e t r i c a l l y  s i ~ i l a r ,  t h e  Cen t ra l  Chasma p rov ince  d i f f e r s  f rom Ar temis  by  t h e  
: i n e a r  t rends  o f  t h e  t roughs w i t h i n  i t .  Dal i Chasnla r ims east-west  f o r  3600 krr, -- 
along t h e  c r e s t  o f  t h e  r e g i o n a l  a rch ,  f l a n k e d  on bcith s ides  by e longa te  r i d g e s  
which vary by as much as 2.5 krn f rom one s i d e  o f  t h e  t r o i ~ g h  t o  t h e  o t h e r  
(Schaber, 1981). The low land  reg ions  on e i t h e r  ;ide o f  Dal i a r e  b r o a d l y  sym- 
m e t r i c  about  the  t rough a x i s .  Diana Chasma t rends  NE/SW f o r  970 km a l o ~ g  t h e  
western edge o f  D a l i .  F u r t h e r  t o  t h e  nor thwest ,  a  t h i r d  t rough  i s  o r i e n t e d  i n  
such a  way as t o  suggest a  c o n t i n u a t i o n  o f  D a l i  Chasma. The Eastc -- -- I iifqVJmds - 
prov ince  (13.0 )! 10"m2) t rends NWISE atid con ta ins  two rnounta i r .  c l s t r i c t s :  
facr  major  peaks on an 1.-shaped upland t o  t h e  n o r t h ,  and t h e  pyramid-shaped 
A t l a  Reyio (6057.2 km) t o  t h e  sodth .  Between them i s  a  69C km d iameter  tnpo- 
qt'aphic low w i t h  a  peak i n  r h e  cen te r .  Slopes a r e  more gradual  and ~ ~ n i  ; o m  
over  a l l  e l e v a t i o n s  than elsehlhere i n  Aphrod i te .  Hyp:onletric da ta  show t h a t  





the Eastern Hiyhlands are intermediate between the chasna provinces and the 
I n t e r i o r  Highlands. The Eastern Pinnacles province covers 14.2 X 106 kln2 as a 
d i s t i n c t i v e  t e r r a i n  o f  i so la ted  topogra-c highs se t  on a patchwork o f  
arcuate lows. It i s  separated from the Eastern Highlands by a break i n  topo- 
grahic con t i nu i t y ,  roughly along the 6052 km contour 1 ine. Fourteen 300 km 
diameter peaks def ine two major, i n te rsec t i ng  trends : a 8200 km N-S trend, 
and a 5400 km E-W t rend which terminates near Beta Regio. Hypsometric p l o t s  
suggest t h a t  the  Eastern Pinnacles province i s  most l i k e  Artemis Chasma prov- 
ince, w i t h  the  p r i n c i p l e  d i f fe rence bein? the shape and o r i e n t a t i o n  of peaks 
and lowlands. 

Several Aphrodi t e  provinces are s i m i l a r  i n  morphology and e leva t i on  t o  
Beta Regio, bu t  are d i s t i n c t  from t e r r a i n  i n  I s h t a r  Terra. Each province i s  
roughly the  s i ze  o f  the Tharsis region on Mars. We are present ly  comparing 
the provinces and features w i t h i n  Aphrodite t o  geologic s t ructures on the  
0 t h ~ ~  t e r r e s t r i a l  planets i n  an e f f o r t  t o  t e s t  hypotheses f o r  the o r i g i n  and 
evo lu t ion  o f  the  venusian surface. 

Refsrences : 1) Masursky e t  a1 . (1980) JGR 85, 8232. 2) Schaber (1981) 
L P I  Contr ib.  #457, 31 . 3) ~ c h F b F ( l 9 8 2 )  GRL - 9,299.  4)  Schaber and 
Masursky (1980) NASA TM 82385, 82. 
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IDENTIFICATION OF BANDED TERRAIN IN  THE MOUNTAINS OF ISHTAR TERRA, VENUS. 
3 .  W .  Head (Dept. o f  Geol. Sci.,  Brown Univ., Providence, K I  02912) and D. 0 .  
Campbell (Nat '  1. Astron. and Ionosphwe itr., Arec i  bo, Puerto Rico, 00612). 

C r i t i c a l  t o  t h e  understanding o f  t he  t e c t o n i c  s t y l e  of Venus i s  t h e  o r i g i n  
of t h e  majcr  mountain ranges on I s h t a r  Terra (F ig .  1 ) .  These mountainous re -  
g i  ons a re  u n l i k e  h igh  topography observed on t h e  Moon, Mars, and Mercury, 
which i s  predominantly associated w i t h  l a r g e  volcanoes o r  t h e  r ims of 'large 
c i r c u l a r  impact basins (1) .  Recently, images have been obta ined o f  t he  I s h t a r  
Terra  r eg ion  w i t h  t he  12.6 cm wavelength radar  system a t  t he  Arecibo Observa- 
t o r y .  These images, which map the  backscat ter  c ross -sec t ion  per u n i t  area 
(su r face  r e f l e c t i v i t y ) ,  have reso lu t i cns  o f  3-6 km, a  s i g n i  t i c a n t  improvement 
over p rev ious ly  publ ished Earth-based images. Because t h e  subearth p o i n t  on 
Venus i s  r e s t r i c t e d  t o  + 9" o f  t he  equator, the  angle  a t  which t he  surface i s  
i l l u m i n a t e d  by the  i n c i d e n t  radar  wave va r i es  f rom near zero near t he  equator 
t o  over 65" a t  h igh l a t i t u d e s .  Appropr ia te  s c a t t e r i n g  laws as a  f u n c t i o n  o f  
inc idence angle, as w e l l  as methods o f  data a c q u i s i t i o n  and d isp lay ,  a re  d i s -  
cussed elsewhere ( 2 ) .  At  t he  h i gh  l a t i t u d e s  t y p i c a l  o f  I s h t a r  Ter ra  (55" t o  
75" N) t he  s lope o f  t he  s c a t t e r i n g  law increases, suggest ing t h a t  bo th  small 
sca le  (wavelength-sizej  sur face rouphness , and average slope- induced changes 
i n  t h e  sca t te red  s igna l ,  a re  impor tant .  The average s c a t t e r i n g  p r ~  j e r t i e s  o f  
t he  p lane t  have been removed (2 )  so t h a t  t h e  images show the  r a t i o  o f  the  
rece ived power t o  t h a t  o f  a  homogeneous Venus surface w i t h  average sca t t e r i ng  
p roper t ies .  

The new k,igh r e s o l u t i o n  radar  images show a  d i s t i n c t i v e  s e t  o f  h igh  
r e f l e c t i v i t y  bands extending along the  s t r i k e  o f  Akna Montes f o r  i t s  f u l l  ex- 
t en t ,  cu rv ing  eastward a t  the nor thern  end o f  Akna t o  merge i n t o  s i m i l a r  
banded t e r r a i n  i n  F rey ja  Montes. The bands begin  abrup t l y  a t  t he  southwestern 
edge of I s h t a r  where a t  l e a s t  s i x  p a r a l l e l  bands w i t h  wid ths of 10 t o  20 km 
occur. These merge i n t o  two t o  th ree  major bands o f  very h igh  r e f l e c t i v i t y  
and t h i s  major t e x t u r a l  p a t t e r n  extends the  f u l l  l eng th  o f  t he  southern 
arcuate p o r t i o n  o f  Akna Montes. As Akna Montes tu rns  toward t he  n o r t h  and t he  
t e r r a i n  decreases i n  e leva t ion ,  t he  bands become some~hat  l ess  d i s t i n c t  b u t  
can s t i l l  be t raced  i n t o  F rey ja  Moqtes. To t he  east,  t h e  banded t e x t u r e  
disappears near t he  base o f  t h e  mountains and ' s  no t  cbvious i n  the  very low 
r e f l e c t i v i t y  Lakshmi Planum reg ion.  To t h e  west, bands o f  comparable lengths 
and widths bu t  lower r e f l e c t i v i t y ,  a re  v i s i b l e  t o  the  edge o f  I s h t a r  Terra,  a  
d is tance o f  about 400 km. The 1  f near east-west p o r t i o n  of F rey ja  Montes i s  
dominated by t h e  same type o f  banded t e x t u r e  seen i n  Akaa Montes. The banded 
t e r r a i n  i s  200-300 km wide and i s  composed o f  up t o  f i f t e e n  radar  b r i g h t  bands 
separated by bands o f  lower r e f l e c t i v i t y  . High r e f i e c t i v i t y  bands a re  10-20 km 
i n  w id th  and up t o  several  hundred km i n  length.  The h ighes t  r e f l e c t i v i t y  
bands genera l l y  c o r r e l a t e  w i t h  t he  h ighest  topography. The 300 km wide h i gh  
t e r r a i n  a t  the  eas te tx  end o f  Frey ja  i s  character ized by h igh  r e f l e c t i v i t y  h u t  
the pa t te rns  are domicated bv sho r t e r  l i n e a r  segments arrayed i n  a  v a r i e t y  o f  
d i r e c t i o n s .  High r e s o l u t i o n  radar  images o f  Maxwell Montes show l e v e l s  o f  
r e f l e c t i v i t y  and banded t ex tu re  cmparab le  t o  Akna and Frey ja  Montes. The 
d i s t i n c t i v e  banded t e r r a i n  i s  ioncent ra ted i n  west -cent ra l  Maxwell , i n  the  
h ighes t  r eg ion  o f  t he  mountain range, and trends p a r a l l e l  t o  t he  long ax i s  o f  
the topography. On t h e  mountain t o  the  no r t h  and south ( a t  lower e leva t ions )  
the  banded t e r r a i n  merges i n t o  mot t led  regions o f  h igh backscat ter .  To t h e  
east  on t h e  lower slopes o f  Maxwell, t he  we1 1-developed banded t e r r b i  n  i s  r e -  
placed by a  c i r c u l a r  backscat ter  f ea tu re  over 100 km i n  diameter. 

A number o f  hypotheses can be proposed t o  e x ~ l a i n  the  nature and o r i g i n  
of the h i gh  r e f l e c t i v i t y  bands, i nc l ud ing  bas ic  geolog ica l  processes such as 



wind a c t i v i t y ,  mass wasting, volcanism, and tectonism, Eo l ian  processes can 
produce s o r t i n g  o f  sedimentary p a r t i c l e s  i n t o  1  inear  bands (dunes) o f  va ry ing  
g r a i n  s ize,  o f t e n  o r i en ted  p a r a l l e l  t o  s lope. However, t he  wide spacing o f  
these bands coupled w i t h  t he  l i k e l i h o o d  t h a t  e o l i a n  e ros ion  on Venus i s  l ess  
e f f i c i e n t  than on Earth ( 3 ) ,  suggest t h a t  e o l i a n  a c t i v i t y  i s  no t  the  pr imary 
process respons ib le  f o r  the  o r i g i n  o f  t he  bands. Volcanic processes can pro- 
duce lava  f lows which d i f f e r  from surrounding t e r r a i n  i n  terms of composit ion, 
surface roughness, and topography, a l l  f a c t o r s  which csn cause v a r i a t i o n s  i n  
radar  backscat ter  and ;:ius i n  d i s c r i m i n i b i l  i t y  on radar  images. I n  add i t i on ,  
10-20 km wide l ava  f lows o f  hundreds o f  km l eng th  a re  known f o r  t h e  Moon ( 4 )  
and Mars (5), and some huthors have proposed ti vo lcan ic  o r i g i n  f o r  Maxwell 
Montes, one o f  t he  r rz jor  mountain ranges where t h e  b a ~ d e d  t e r r a i n  occurs. 
However, the  vast  ~ n a j o r i t y  o f  l ava  f lows are o r i en ted  normal t o  t he  s t r i k e  of 
reg iona l  slope, w h i l e  t h e  vas t  m a j o r i t y  o f  t he  bands descr ibed here r un  pa ra l -  
l e l  t o  t h e  s t r i k e .  Mass wast ing processes a re  known t o  produce s v a r i e t y  o f  
features on Earth, such as slumps and t a l u s  aprons, which produce g r a i n  s i z e  
and l o c a l  s lope  va r i a t i ons ,  and a re  o r i en ted  p a r a l l e l  t o  reg iona l  slopes. The 
d i s t i n c t i v e  topography o f  these mountains seem t o  make these features very 
suscep t ib le  t o  e ros ion  and mass wast ing processes, even though t he  na tu re  of 
these processes i s  no t  known f o r  Venus. However, t he  extremely l i n e a r  and 
continuous nature o f  many o f  these bands over hundreds o f  k i lometers  suggests 
t h a t  mass wast ing processes a re  n o t  t he  pr imary cause o f  t h e i r  o r i g i n ,  
a l though such proces- 2s may have becn s i g n i f i c a n t  i n  t h e i r  enhancement. 
k f o m a t i o n a l  features on Ear th  ( f o l d s  and f a b l t s )  are  o i t e n  extremely l i n e a r  
and a c m b i  n a t i  on o f  format iona l  and degradat i  onal (e ros iona l  ) processes can 
produce major be1 t s  o f  1  i nea r  h i gh  topography which could be perceived as 
banded t e r r a i n  i n  radar images. The Basin and Range Province o f  the  western 
Uni ted States, f o r  example, i s  character ized by a  broad topographic h igh  
several  hundred km i n  w id th  , and a se r ies  o f  1  i nea r  mountains produced by ex- 
tens ion  and b lock f a u l t i n g ,  w i t h  dimensions comparable t o  some pa r t s  o f  t h e  
banded t e r r a i n .  The Appalachian Mountains o f  t h e  eastern Uni ted States form 
a broad l i n e a r  topographic h i gh  approximately 1500 km i n  leng th  and 100-200 km 
i n  wid th .  The Appalachians a re  chs rac te r i zed  by numerous f o l d s  and f a u l t s  
formed a t  an anc ient  conversent p l a t e  boundary i n  a  compressional t e c t o n i c  
regime and were subsequently exposed by erosion. Fo ld  wave1 engths and f a u l t  
separat ion distances are t y p i c a l l y  i n  t he  5-20 km range and these fea tu res  
a re  o r i en ted  p a r a l l e l  t o  t he  topographic t r end  of  the  m c m t a i n  range. 

On the  bas is  o f  t he  c lose  c o r r e l c t i o n  o f  t he  banded t e r r a i n  occurrence 
and d i s t i n c t i v e  mountainous topography, t he  p a r a l l e l  ism o f  topography and 
bands, and t he  extremely continuous nature and regu la r  spacing o f  t he  bands, 
we conclude t h a t  de foma t i ona l  processes ( f o l d i ng ,  f a u l t i n g )  are a  s t rong 
candidate f o r  t he  o r i g i n  o f  the  banded t e r r a i n .  These c h a r a c t e r i s t i c s  I r e  
more comparable t o  p l a t e  t ec ton i c - r e l a ted  features on Earth, such as fo lded 
mountdin b e l t s ,  than they are t o  any f e a t l ~ r e  known on the smal ler  t e r r e s t r i a l  
p lane ts .  The exact nature o f  p o t e n t i a l  deforma ti onal o r  t e c t o n i c  processes 
remains unclear,  however, bo th  because of t h e  l ack  o f  s u f f i c i e n t  r e s o l u t i o n  
t o  d i s t i n g u i s h  geolog ica l  d e t a i l s  and because o f  the poor understanding o f  
p o t e n t i a l  t e c t o n i c  processes on Venus (7,  8, 9 ) .  Indeed, a  form o f  deforma- 
t i o n  associated w i t h  v iscous r e l a x a t i o n  of mountainous topogrdphy enhanced by 
the h igh  temperature of Venus near-surface rocks (10) may be a f ac to r  i n  the 
format ion of t he  banded t e r r a i n .  A more q u a n t i t a t i v e  assessment o f  t he  
geometry and t e x t u r a l  pa t t e rns  of the  banded t e r r a i n  i s  p resen t l y  underway and 
may prov ide data t o  f u r t h e r  d i s t i n g u i s h  p o t e n t i a l  modes o f  fo rmat ion  o f  these 
d i s t i n c t i v e  features. 



ORIGINAL PAGE 1s 
OF W O R  QUALlW 

Figure 1. The mountains o f  western I sh ta r  Terra (Mercator Pro jec t ion) .  I sh ta r  
Terra i s  ou t l ined by the 6053.0 contour which defines the base of the highlands 
province on Venus (6).  Elevations are  expressed i n  terms of planetary radius.  
Dotted regions 1 i e  below t h i s  a1 t i t u d e .  The base o f  Maxw l l  Montes i s  outl ined 
by the 6056.0 krn contour. The base o f  a l l  o ther  mountains are ou t l ined by the 
6055.5 km contour. Topographic p r o f i l e s  o f  Akna, Freyja and Maxwell Montes 
are shown (w i th  50:l v e r t i c a l  exaqgeration) and compared t o  the Colorado Rocky 
Yountains (where elevat ions are i n  km above sea l e v e l ) .  
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UNSMOOTHED VEWJS TOPOGRAPHIC 3ATA I N  HARD COPY 

George E. McGill and Susan J.  S t e e n s t r u p ,  Department of  Geology and Geo- 
graphy, Univers i ty  of Massachusetts ,  Amherst, MA 01003 

The Pioneer  Venus r a d a r  a l t i m e t e r  measured the  r a d i u s  of Venus a t  
thousands of p o i n t s  between 7 4 O ~  and 6 3 O ~  l a t i t u d e s .  Computer-smoothed 
ve r s ions  of t h e s e  d a t a  have been publ ished a s  small-format g loba l  topo- 
g raph ic  maps. Also,  smoothed d a t a  a r e  a v a i l a b l e  on magnetic t a p e  a t  
NSSDC; b u t  unsmoothed a l t i m e t r y  d a t a  a r e  not  now a v a i l a b l e  t o  t h e  pro- 
f e s s i o n  a t  l a r g e .  Although computer smoothing g r e a t l y  enhances t h e  ap- 
pearance of g loba l  maps, and e l i m i n a t e s  many a r t i f a c t s ,  high-frequency 
r e a l  informat ion a l s o  is  l o s t .  

A hard-copy d a t a  s e t  is i n  p r e p a r a t i o n  a t  t h e  U n i v a s i t y  of Massa- 
c h u s e t t s  t h a t  shows t h e  c e n t e r  of each a l t i m e t e r  f o o t p r i n t  ar.d t h e  "ele- 
vat ion"  corresponding t o  t h a t  f o o t p r i n t  f o r  a l l  a l t i m e t e r  p o i n t s  except  
the  high a l t i t u d e  pre-orbit-culmination p o i n t s  and those  p o i n t s  deemed 
of doub t fu l  v a l i d i t y  by P. Ford of  MIT. The d a t a  a r e  p r i n t e d  on to  16 
l a r g e  s h e e t s ,  8 on Lambert polyconic p r o j e c t i o n s  (poleward of k30° l a t i -  
tude) and 8 on Mercator p r o j e c t i o n s  (equatorward of +35O l a t i t u d e ) .  The 
s h e e t s  a r e  p r i n t e d  such t h a t  t h e  Lambert and Mercator p r o j e c t i o n s  have 
i d e n t i c a l  s c a l e s  a t  30° l a t i t u d e .  

This  d a t a  s e t ,  w i th  accompanying e*:?lanation, w i l l  be a v a i l a b l e  to 
p lane ta ry  g e o l o g i s t s  i n  t h e  nea r  f u t u r e  ( f o r  informat ion c o n t a c t  t h e  
f i r s t  au thor ) .  The s h e e t s  d i s t r i b u t e d  w i l l  be  o z a l i d  cop ies ,  and each 
w i l l  be  on t h e  o r d e r  of 1 x 1.5 meters  i n  dimensions. I t  is  o u r  hope 
t h a t  t h i s  d a t a  s e t  w i l l  be  of p a r t i c u l a r  use  t o  those  wishing unsmoothed 
da ta ,  t o  those  who p r e f e r  t o  draw topographic maps manually, and t o  
those  wi thou t  t h e  f a c i l i t i e s  necessary  t o  use a l t i m e t r i c  d a t a  on mag- 
n e t i c  tape .  



RADAR-BRIGHT RIfGS ON THE MON AND VENUS, R. S. Saunders, T. W. 
Thompson, and A. J. Graz , J e t  Propuis ion Laboratory, C a l i f o r n i a  I n s t i t u t e  of * 
Technology, Pasadena, CA 91109, P r ince ton  Univers i ty ,  prince to^, NJ. 

Radar images of the  Moon obta ined a t  3.8 an and 70 cm wavelengths may 
provide a b a s i s  f o r  i n t e r p r e t i n g  Venus radar  images. Ihe a v a i l a b i l i t y  of high 
r e s o l u t i o n  v i s u a l  images of the  Moon permits  a b e t t e r  understanding of t h e  
l u n a r  r a d a r  images. We have examined l u n a r  radar-bright  f e a t u r e s  a s  poss fb le  
analogs t o  b r igh t - r ing  f e a t u r e s  on Venus. The 3.8 cm lunar  images of Yisk & 
a l .  (1974) have r e s o l u t i o n s  of 1-3 km. lhompson e t  a l .  (1980) have examined - 
the  lunar  radar-bright  f e a t u r e s .  Zhe suggested progress ion i n  the  evo lu t ion  
of lunar  impact c r a t e r s  is t h a t  they have b r i g h t  f l o o r s ,  wa l l s ,  and rims when 
f i r s t  formed. These a r e  the  l a t e s t  Copernican age c r a t e r s .  Many Copernican 
and Eratos thenian age c r a t e r s  appear a s  b r i g h t  r i n g s ,  wi th  t h e  f l o o r s  having 
about the  same r e f l e c t i v i t y  a s  the  surrounding t e r r a i n .  Most of the  Lmbrian 
and o l d e r  c r a t e r s  have i s o l a t e d  b r i g h t  p o r t i o n s  b u t  genera l ly  do not appear a s  
b r i g h t  r i n g s ,  with the  except ion of the  c r a t e r  Maclear wldch is mapped a s  
Imbrian. ' h e  b r i g h t  r i n g  f e a t u r e s  do not 01% . I , .  . . ! - ibferential ly on e i t h e r  mare 
or  t e r r a .  

We have s tud ied  the  lunar  b r i g h t  r i n g  f e a t u r e s  i n  depolar ized 3.8 cm 
images between 0' and 60' inc idence angles .  Depolarized images a r e  s e m i  t i v e  
t o  s u r f a c e  roughness i n  t h i s  range of ang les  r a t h e r  than t o  topography. The 
sample of b r i g h t  r i n g s  measured Included only those  f e a t u r e s  with complete, 
c i r c u l a r  and uniformly b r i g h t  r i n g s  l a r g e r  than 15 Ian. 

'Ihe ou te r  and inner diameters of the  r i n g s  were measured and compared 
wi th  t h e  r i m  c r e s t  diameter of t h e  a s s o c i a t e d  c r a t e r  (Figure  1) .  

We have concluded t h a t  the  b r i g h t  r i n g s  a r e  a s s o c i a t e d  with s lopes  both  
i n t e r i o r  and e x t e r i o r  t o  t h e  r i m .  Ihe  dark f l o o r s  probably become smooth 
r a t h e r  quickly  by processes of mass wasting from c r a t e r  w a l l s  and by meteor i t e  
comminution. Slopes have roughness elements t h a t  a r e  continuously renewed by 
weathering from impact gardening and downslope movement. When sl.opes a r e  
reduced t o  those  t y p i c a l  of Imbiian age and o l d e r  c r a t e r s ,  they no longer 
appear b r i g h t  i n  the  3.8 cm images. Volcanic f looding does not appear t o  be a 
s i g n i f t c a n t  f a c t o r  i n  reducing roilghness s i n c e  only t h r e e  c r a t e r 9  +n our 
sample have flooded f  l o c r s .  

A t e s t  of the  s lope c o n t r o l  hypothes ts  f o r  radar-br ight  f e a t u r e s  is pro- 
vided by Pike 's  (1977) r e l a t i o n s h i p s  f ~ r  the  diameter of the  r a i s e d  c r a t e r  r i m  
versur, r i m  c r e s t  diameter and f l o o r  diameter ve r sus  rim-crest diameter. lhese  
r e l a t i o n s h i p s  hold for  Copernican and Eratos thenian c r a t e r s .  The ou te r  diame- 
t e r s  of r t ida r -b r igh~  r ings  f a l l  c l o s e  t o  Pike's r e l a t i o n s h i p  f o r  the  diameter 
of the ra i sed  l i p  versus rin! c r e s t  a s  shown i n  the  .upper l i n e .  Zhe inner  
d iameters  of the  rcdar-bright  r i n g s  compare c l o s e l y  t o  the  Cloor width of 
Pike 's  r e l a t i o ~ s h i p .  

Using t h e  same c r i t e r i a  f o r  c i r c u l a r  f e a t u r e s  i n  Venus images (p-mpbell b 
Burns, 1980) we have i d e n t i f i e d  and p l o t t e d  seven Venus b r i g h t - r +  ,, (Figure  
1). The p a i r s  of inner tind o u t e r  d iameters  a r c  p l o t t e d  on t h e  d n a t e .  'Ibe 
bar  is of dn a r b i t r .  , width placed over the  Pike r e l a t i o n b h i p *  The p a i r s  of 
b a r s  f o r  each f e a t a r t  ~ v e r l a p  i n d i c a t i n g  at. l e a s t  a  r e a s m a b l e  f i t  t o  the  Pike 
r e l a t i o n s h i p  f o r  Lmpact c r a t e r s .  We suspect  t h a t  s loves  on Venus a r e  much 



lower than those  on t h e  Moon e ince  t h e  Venus inrages use  the  po la r i zed  r e t u r n  
and s e e  l i t t l e  i n d i c a t i o n  of s l o p e  c o n t r o l .  Most of the  image b r i g h t n e s s  
appears  t o  be  modulated by roughneoe v a r i a t i o n s  on Venus. We p o s t u l a t e  t h a t  
these  f e a t u r e s ,  whether of vo lcan ic  or impact o r i g i n ,  a r e  b r i g h t  because of 
s l o p e s  and t h a t  t h e r e  is a weathering process  and downel.ope movement t h a t  is 
i n  equ i l ib r ium with the  production and removal of the  s lopes .  

If of impact o r i g i n ,  i t  appears  t h a t  we may b e  see ing  only a f r a c t i o n  of 
the  c r a t e r s .  ?here is no way t o  e s t i m a t e  the  r a t e  of removal, or  evo lu t ion  
from b r i g h t  t o  dark,  of t h e  c r a t e r s  a s  we can on t h e  Moon e ince  rhe Venusian 
f e a t u r e s  may evolve very quickly  o r  elowl> h e r e  a r e  a b o ~ t  a f a c t o r  of t en  
fewer b r i g h t  r inge  on Venus per  u n i t  a r e a  than t h e r e  a r e  on t h e  Moon. 
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LOG VISUAL RIM CREST DIAMETER, krn 

Open c i r c l e s  a re  outer d i a ~ e t e r  of lunar bright rings plotted against the r i m  
crest  diameter of the associated cra ter .  Filled c i r c l e s  are corrzepouding 
inner ring diameters. Lines are from Pike ( 1 9 7 7 ) .  $per l ine  l o  the diameter 
of the raised rim plotted against rim cres t  diameter. The l o v  l ine  is the 
f loor  width versus diameter. Bars are the inner and outer r i n  iamcters f o r  
seven Venusian bright rings placed a l o q  the Pike relat ionship.  
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RA3AR ROUGHNESS AT VENUS LANDING S ITFS .  James B. Garv in  and Games W .  
Pead I I I, Dept,  o f  Geol . Sci . , Brown Univ.  , Vov idence ,  R I  02912. 

Remote sensing o f  t h e  sur faces o f  t h e  t e r r e s t r i a l  p ? m e t s  has g r e a t l y  
improved o u r  u r~dc -s tand ing  o f  t h e  s u r f a c e  c h a r a c t e r i s t i c s  o f  these bod ies  a t  
a  v a r i e t y  o f  scales,  rang inq  from m i l l i m e t e r s  t o  k i l o m e t e r s .  With t h e  advent 
o f  spacecra?t  capable o f  l a n d i n g  on t h e  s ~ ; , " a c e s  o f  t h e  Moon, k r s ,  and Venus, 
i t  has been p o s s i b l e  t o  observe l o c a l  areas i n  s i t u  w i t h  h i g h  r e s o l u t i o n  (m 
t~ cm) cameras, and t c  analyze t h e i r  s u r f ~ i e  p r o p e r t j ~ s  i n  terms o f  t he  gco- 
l o g i c  processer t h a t  would most l i i . 2 1 ~  produce such landscapes. Radar obser- 
va t i ons  o f  t h e  ililoon, Mars, a d  even o f  t h e  Ear th  have r e c e n t l y  proven t o  be 
v.~;uat\le i n  t h e  i n t e i ' p r e t a t i o n  o f  p l a n e t a r y  s u r f a c e  roughness a t  a  cen t ime te r -  
decameter s c a l e  over  wide dreas ( 1  ,2,3). The exac t  r e l a t i o n s h i ?  between 
radar -de r i ved  measurements o f  su r face  ruughness ( i  .e., b lock  concen t ra t i on ,  
dune arrarigernent, e t c . )  i s  i ~ n p c r f e c t l y  known, b u t  f o r  t h e  Moon and Mars, a 
c o r r e l a t i o n  appears t o  e x , -  when su r face  images a r e  compared w i t h  o r b i t a l  o r  
Earth-based rddar  obsc rva t i cns  (1,2) .  Surveyor, Lunokhod, and A p c l l o  photo-  
graphs o f  t h e  l u n a r  - " r f a c e  show vt?r ious types o f  t e r r a i n s  a l l  o f  wl!ich have 
a  c h a r a c t e r s t i c  !oc61-scale r o q h n e s s  ( i . e . ,  f r e s h  impact  : jecta \IS. mature 
mare reg01 i t h  vs. h  iql,ldn.'- ) - - t h i s  l o c a l  - s c a l e  roughness c b r r e l a t e s  w i t h  
o r b i t a l  b i s t a t i c  rada r  observat ions  (1,2) ,  and suggests t h a t  s tVr face images 
can be used t o  c a l i b r a t e  our i n t e r p r e t a t i o n  o f  t h e  phys i ca l  ( g e o l o q i c )  n a t u r e  
o f  reg ions f o r  which t h e r e  i s  rada r  coverage. I t I S  t l lus  possib!e t o  ex t rap -  
o l a t e  3 l o c a l -  sca le  view t o  an e n t i r e  r e g i c ?  us ing  r a d d r  rouqhnes in fo rma t ion  
and su r face  p i c t u r e s .  For Mars, r a d a r  and i i l f r a r e d  thermal i n e r t i a  measare- 
rnents were use3 t o  h e l p  s e l e c t  the V i k i n g  l ander  s i t e s  ( 4 ) .  A t  t h e  V i k i n g  
l ander  1  s i t e  i n  Chryse P l a n i  t i a  t h e r e  i s  good c o r r e l a t i o n  Letween o r b i t a l  
and Earth-based remote sensing data  and t h e  views cl,' t h e  s l r r face f ra in t h e  VL-1 
cameras. Radar measuren~e-nts g i v e  rms s lope  va lues near  5.0" which s u ~ g e s t s  3 
r e l a t l v e ! ~  rough - + locky s u r t a c e  ( 2 )  . High r e s o l u t i o n  o r b i t a l  photography 
(8-10 ~ n / p i x e l  ) g i v e >  jolirt! i n d i c a t i o n  t h a t  much o f  t h e  r e g i o n  i n  Chryse near 
VL-1 i s  b locky  aria covered w i t h  n ~ e t e r - s c a l e  d r i f t s  o r  dunes. Thermal i n e r t i a  
data  From t h e  V i k i n g  o r b i t e r  IRTM suppor ts  t h e  Dresence o f  i ~ l o c k s  i n  t h c  VL-1 
area as w e l l  1 3 ) .  On t h e  bas i s  o f  these c o r r e l a t i o n s  between su r face  rough- 
ness x a s u r e d  on il r e g i o n z l  sca1;z by rada r  and 9n a l c c a l - s c a l e  by sur face 
cameras f o r  cile Moon a;;d Mars, we seek t o  e x p l o r e  t h e  na tu re  o f  t h e  venusian 
surface i n  t h e  same manner. To dccompl ish t h i s ,  v~e use t h e  P ioneer  Venus 
arc; t e r  rada r  experiment data  (roughness expressed as C - f a c t o r  o r  rms s lope  
i n  degrees) and t h e  'Jevera l ander  panoramas (Venet'as 9, 13, 13, 14) and 
r e l a t e d  data .  Due t o  ,he s i m i l a r i t i e s  ' e t w e n  t h e  s p a t i a l  r e s o l u t i o n  anc 
wavelength o f  t he  PV and Apo!lo o r b i ~ a l  rada rs  arid t h e  f a c t  t h z t  t h e  Irmar 
rada r  roughness does c o r r e l a t e  w i t h  s u r f a c e  photography, we ai*e f n t e r 2 s t e d  i n  
comparing Venera pangravas w i t h  PV r a d a r  roughness. I s  t h e r e  a c o r r e l a t i o n  
between landerm-scale rouy lness a: seen i n  t r ~ e  Venera panwarnas and t h e  
r e g i o n a l - s c a l e  roughness near t h e  l a i i d inq  s i te :  as measured by the  PV r a d a r  
i ns t rumen t?  Can h l c ~ k  arundance be r e l a t e d  t o  radicr r o u g k e s s ?  How oo t h e  
lander  s i t e  rada r  roughness s igna tu res  co~npare w i t ,h  t h e  m a n  Venus rcughness 
o r  w i t h  r ~ g i o n a l  averages ( i . e . ,  f o r  Aphrod i te ,  Beta, I s h t a r ,  c t c . ) ?  Here 
we focus cn t h e  PV rada r  data a d  t.he Veners l ander  panoramas i n  terms o f  what 
they can te !  1  LJS o f  t h e  l o c a l  and reg iona l  s c a l e  g e c l ~ c .  o f  Venus. 

Pefore c o n s i d e r i m  t h e  rada r  rcuqhness data  f o r  t h e  Venus l a n d i n a  s i t e s  
(see Tat  l e  I), i t  i s  apo rop r ja te  t o  sumrar ize t h e  s u r f a c e  obse rva t i ons  made by 
each spacec ra f t .  Venera ( V )  8 w a s u r e d  a  s u r f a c e  albedo i n  excess a f  0.20, 
sugqest ina b r i r h t  r ; a t e r i a l s ;  and the  K. U, and Tk c o n t ~ r :  o f  s u r f a c e  m a t e r i a l s  
usi:cf ,-rci:+ 5 p e c t r ~ r w t  r v  and foutid evidence f o r  ;ycni t i c  m a t e r i a l  (5.6). 



V 9 and 10 produced the f i r s t  photographs o f  t he  surface, measured t he  albedo, 
and used y- ray spectrometry, d iscover ing darker mater ia ls  w i t h  K, U, Th con- 
ten ts  s i m i l a r  t o  most basa l ts  (5.6). The V 9 l o c a l i t y  was l i t t e r e d  w i t h  
c l ose l y  spaced fragments 5-70 cm i n  leng th  and ccarse f i n ~ s  could be obse:vad 
amongst t he  somewhat ar- ,qlar blocks (? ) .  The !ocal t e r r a i n  appeared t o  be 
s lop ing  a t  a 10'-15O angle, suggestinq the land ing  was made on a t a l u s  slope 
(5.7). V 10 observed p l a t e - l i k e  outcrops alnid zones o f  s o i l  and small pebbles 
- - there  were few i s o l a t e d  blocks as a t  V 9. Apparently dust  was more e a s i l y  
mobi l ized a t  V 10 than a t  V 9 because photometry data suggests a s i g n i f i c a n t  
dust  c loud was produced a f t e r  the f r e e - f a l l  landing. The s lope o f  the  l o c a l  
t e r r 2 i n  appear< t o  be s l i g h t  (8,9). V 11 and 12 d i d  no t  ob ta i n  images, b u t  
eat: h made phn+.. . i ~ e t r i  c measurements w h i l e  on t he  surface. The r e s u l t s  suggest 
thui V 11 ;sll,-d on h igh  albedo ma te r i a l  (10).  The PV Day Probe surv ived f o r  
over an hour on t he  surface-- i t s  p a r t i c l e  de tec t ing  nephelometer recorded a 
po: -.impact disturbance t h a t  can be i n t e r p r e t e d  as a dust c loud ( 8 , l l ) .  V 13 
and 14 produced almost 360" panoramas o f  t h e i r  l o c a l  areas, as w e l l  as measur- 
i n g  t he  major element abvndances i n  surface rocks v i a  X-ray f luorescence (12). 
The V 13 l o c a l i t y  i s  reminiscent o f  the  V 10 landscape, w i t h  slabby rocks and 
f i n e  mater ia ls .  A landing -induced dust c loud was l a rge  enough t o  emplace 
cm-scale c lods o r  pebbles on the  lander r i n g .  The V 14 !andscape i s  remarkably 
uni  form--a continuous sequence of layered rocks ( a t  cm-scal e)  character izes 
the l ~ c a l  area. The s i t e  i s  almost devoid o f  f i nes ,  pebbles, o r  i s o i a t e d  
fragments. 

A l l  of these observations i l l u s t r a t e  the  importance o f  scale i n  making 
co r re l a t i o i i s  between radar and photographic observat ions. The radar (17 cm) 
i s  sens i t i ve  t o  sca t te re rs  (blocks, dunes, undulat ions) a t  0.1 m t o  10 m 
scales, bu t  averaged over l a r g e  areas ( >  160 km2), wh i l e  the  photographic 
observations have cnr-reso: u t i o n  and cover an area 6 orders o f  magnitude smaller 
than the radar  c e l l  s i z e  (13) .  However. there  i s  evidence from the Moon and 
Mars (1,3) t h a t  lander-scale areas a re  o f t e n  represen ta t i ve  o f  much l a r g e r  
regions. 

I h e  PV radar roughness data can be expressed i n  C- factor  o r  rms s lope 
format, and i s  der ived from the  radar  a l t i m e t e r  measurements by means o f  f i t s  
t o  t heo re t i ca l  and empir ica l  templates (13, 14). Our c r i t e r i a  f o r  data selec- 
t f o n  a l lows on ly  those radar data po in t s  f a l l i n g  w i t h i n  a 1" c i r c l e  about t he  
most recent  lander coordinates t o  be considered. I n  add i t ion ,  C- factor  data 
w i t h  an e r r o r  o f  over 10'3% are ignored. A l l  v a l i d  data (usua l l y  .L 50 po in t s )  
are averaged (see Table I) and compared w i t h  the g lobal  Venus averages (avg. 
Q 2.g0;17% o f  p l a r e t  i n  1.5-2.F range). Over 60% of  Venus i s  smoother than 
3.0" rms, y ~ t  most o f  the lander  s i t e s  are rougher than t h i s  value. Table I 
describes our p re l im inary  r e s u l t s .  Our p re l im inary  analyses thus f a r  permi t  
the  f o l l ow ing  general conclusions t o  be drawn: 

1)  On Venus there appears t o  be a p o s i t i v e  c o r r e l d t i o n  (as on the Poon) 
b ~ t w e e n  radar  roughness and roughness observed i n  Venera sur face panoramas. 
The roughest ( b l o c k i e ~ t )  surface images have the h ighest  rms slopes (above 4" 
rms) as determined by +hose PL radar  f o o t p r i n t s  f a l l i n g  w i t h i n  the confidence 
l e v e l  f o r  the Venera 1 andi ng e l  l i pses . For example, V 9 i s  rocky and has a 
h igh average r ~ s  slone (s 4" ) ,  i n  con t ras t  w i t h  V 14 whizh i s  almost devoid o f  
rocks and has d low average rms slope (Q 2.9").  2) Much e f  the sur face o f  
Venus i s  smo the r  than the t e r r a i n  viewed by the Venera landers ( q t  l e a s t  i n  
terms of 17 cm radar  rouahness)--only the  r c ~ i o n s  around V 8 and 15 are  near 
t o  the Venus mean roughness (x 2.9" rrns). - ,  The V 10 land ing  reg ion  has an 
extremely uni form radar roughness charac te r - -a l l  of the  PV radar  observat ions 
w i t h i n  the 1" landing e l l i p s e  c l u s t e r  about an nns slope o f  3.5'. The stan- 
dard d e v i a t i o ~  i s  0.25", versus 0.70" f o r  the next  bes t  landing area radar  

ORIGINAL i*A6EE IS 
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roughness. This suggests the  t e r r a i n  seen by the V 10 spacecraft  may be 
reg iona l l y  extensive. 4)  Both t he  V 8 (no imaging) and V 14 landing areas 
d isp lay  a radar roughness character  ( i n  te rns  o f  rnls s lope) t h a t  f a l l s  w i t h i n  
the g lobal  Venus average range (2.5"-3.0' rms). 5)  The V 9 l o c a l i t y ,  w i t h  
a surface b lock cover of over 35% (more blocky than VL-2 on Mars), has a 
radar  roughness t h a t  i s  comparable t o  t h a t  fo r  the  VL-1 s i t e  on Mars ( a t  
s i m i l a r  radar instrument wavelengths) . This provides f u r t h e r  evidence fo r  
the agreement between radar and photographic observat ions o f  surface roughness 
on t e r r e s t r i a l  p lanets  (Moon, Mars, and Venus). 
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Table I: Radar roughness of Venus !anding s i t e s  as derived from Pionee~ Venus o r b i t a l  radar -- 
experiment data (expressed FS rms slopes on a scale o f  1-10 m). 

I Lander S i t e  I Coordinates 

( l a t  . .Ion. L - -  1 ---- 
Venera 8 

~ e i e r a  9@ 

Venera 10 e 

Venera 11 

,Venrr3 12 

Venera 1 3@ ( 1982) 

Venera 14@ (1982) 

P-V Day (1578) 

VL-1 (Mars)" ( l96 j  i ---. 

Average 
nns slope* 
( deyees 

Standard 
dev ia t ion  
rms slope 
(degrees 

1.04 

0.90 

0.25 

0.70 

1.50 

1.20 

0.69 

0.95 

N/ A 
- - - - - - - 

Range o f  
nns slaves 
(degrees 

1.1-5.1 

2.9-5.7 

3.3-4.0 

2.2-3.7 

3.1-8.1 

1.9-5.7 

1.8-4.2 

1.6-4.7 

4.0-5.7 
--- 

Average 
e r r o r  

( 9 )  

59 

61 

5 3 

51 

61 

56 

54 

43 

q.20 
. 

"Best"' 
rms slope 
data p o i n t  

(dearees ) 
.-- 

2.2 

5.4 

3.5 

2.6 

5.2 

3.4 

2 . 3  

3.4 

5.6 -- - 
*of a l l  P-V radar data points  w i t h i n  ! 1" o f  landing s i t e  coordinates 

*the radar data po!nt nearest the landing coordinates w i t h  the lowest e r r o r  I n  rms slope 

#from Larth-based radar observations made a t  Arecibo (12.6 cm) and Vikina b i s t a t i c  radar data 
[$impson and Tyler. 1978, 1980; Ty le r  eLaL,, 19761. 

@surface images e x i s t .  



MECHANISMS FOR LITHOSPHERIC HEAT TRANSFER ON 
SURFACE VOLCANIC AND TECTONIC 

VENUS: PREDICTIONS FOR 
FEATURES 

Sea0 C. Solomon, Dept. o f  Ear th  and Planetary Sciences, V. I.T., Cambridge, 
MA 021 39; and James W. Head, Dept. o f  Geological Sciences, Brown Un i ve rs i t y ,  
Providence, R I  0291 2. 

In t roduc t ion .  The mechanism o f  heat t r anspo r t  across the  ou te r  100 km 
o f  a  p lane ta ry  i n t e r i o r  p lays  a  p i v o t a l  r o l e  i n  determining the s t y l e s  and 
magnitudes o f  t ec ton i c  and vo lcan ic  a c t i v i t y  a t  the  p l ane t ' s  surface. For 
t h e  Earth, heat t ranspor t  i s  dominated by the  processes o f  p l a t e  c rea t ion ,  
coo l i ng  and subduction [I]. For the small e r  t e r r e s t  r i  a1 p lanets  , heat 
t r anspo r t  i s  p r i  nc i  pal  l y  by conduction through a g lobal  l y  continuous 
1 i thospher i c  she1 1 [Z]. For lo,  vo lcan ic  a c t i v i t y  a t  i n d i v i d u a l  e rup t i ve  
centers  dominates t he  p lane ta ry  heat f l u x  [3-41. For the  p lanet  Venus, t he  
evidence on t he  mode o f  1  i thoshper ic  heat t r a n s f e r  i s  equivocal [5-91. I n  
t h i s  paper we evaluate each o f  t he  t h ree  mechanisms observed on o ther  s o l i d  
p lanets  and sate1 1 i t e s  ( p l a t e  recyc l  i n g  , 1 i thospher ic  conduction, and ho t  
spot volcanism) as candidates f o r  t he  dominant process o f  l i t h o s p h e r i c  heat 
t r anspo r t  on Venus. Further,  we make s p e c i f i c  p red i c t i ons  f o r  the type and 
d i s t r i b u t i o n  o f  surface vo lcan ic  and t ec ton i c  features expected f o r  each 
mechani sm. 

P la te  Rec c l i n  . The c rea t i on  o f  new l i thosphere ,  i t s  coo l i ng  dur ing  
sea f loo r  -+ sprea ing, and i t s  subsequent subduction account f o r  about 65% o f  
t h e  cu r ren t  heat loss  o f  the  Earth, est imated a t  4 . 2 ~ 1 0 ~ ~ W [ l ] ;  the  
remainder o f  the heat l oss  i s  con t r ibu ted  by l i t h o s p h e r i c  conduct ion (20%) 
and rad ioac t i ve  decay i n  the  con t inen ta l  c r u s t  (15%). P la te  t ec ton i cs ,  i n  
add i t i on  t o  i t s  dominant r o l e  i n  heat t r a n s f e r  i n  t he  outer  po r t i ons  o f  the 
Earth, accounts fo r  most of t he  c h a r a c t e r i s t i c s  of t he  l a rge  scale 
topography of  t h i s  p lanet ,  i n c l ud ing  t he  mid-ocean r idges,  t he  systems o f  
trenches and i s l a n d  arcs, t he  l i n e a r  mountain b e l t s  a t  Andean-type 
subduction zones o r  a t  Himalayan-type con t inen ta l  c o l l i s i o n s ,  and 
u l t i m a t e l y  t he  formation, growth and d i s t r i b u t i o n  o f  cont inents.  Venus, 
s i m i l a r  i n  mass and rad ius  t o  t he  Earth, i s  l i k e l y  t o  have a roughly  
s i m i l a r  heat budget, an assumption cons is ten t  w i t h  the  Venera measuremmts 
of surface r a d i o a c t i v i t y  and the  Pioneer measurements o f  atmospheric '+OAr. 
Sca l ing by mass from the  Ear th  g ives t he  Venus heat loss  a t  3.4x1012 W. A 
reasonable hypothesis i s  t h a t  Venus, l i k e  the Earth, loses much o f  t h i s  
heat by p l a t e  recyc l ing.  

This hypothesis has been chal lenged i n  the  l i t e r a t u r e  on the  bas is  o f  
:e:di;l arguments : (1) t h a t  topographic features i n d i c a t i v e  o f  p l a t e  
t ec ton i cs  can ' t  be "seen" on Venus [5,6,10]; ( 2 )  t h a t  most of the Venus 
surface i s  "anc ient "  on t he  bas is  o f  the d i s t r i b u t i o n  o f  i n f e r r e d  impact 
c r a t e r s  and basins[10]; ( 3 )  t h a t  because o f  the  h igh surface temperature, 
t h e  Venus l i t hosphere  i s  l ess  l i k e l y  t o  subduct than oceanic l i t hosphz re  on 
Ear th  [8,11]; and (4)  t h a t  because o f  the h igh surface temperature, p l a t e  
r e c y c l i n g  i s  a  less  " s i g n i f i c a n t "  process f o r  removing heat than on Ear th  
C121. 

These arguments are a l l  assanption-dependent, however, and i t  can be 
demonstrated [1 ;,I41 t h a t  none of  them are s u f f i c i e n t l y  compel 1  i n g  t o  r ~ l e  
ou t  p l a t e  r ecyc l i ng  on Venus a t  present. In  p a r t i c u l a r ,  the  search f o r  
topographic analogs on Venus t o  p l a t e  t e c t o n i c  fea tu res  on Earth i s  made 



d i f f i c u l t  by the coarse ho r i zon ta l  r eso lu t i on  o f  Pioneer Venus a l t i m e t r y  
and, f o r  oceanic-type features,  by the  lack  o f  an ocean and by the  l i k e l y  
l esse r  temperature drop across t he  l i t h o s p h e r i c  thermal boundary l a y e r  on 
Venus [5-81. Fur ther ,  many t e r r e s t r i a l  t e c t o n i c  features may owe t h e i r  
p r i n c i p a l  c h a r a c t e r i s t i c s  t o  t he  abundance o f  surface water o r  t o  t he  low 
temperature rheology o f  rocks. I s l and  arc  volcani  sm, f o r  instance, may 
requ i r e  the  subduction o f  mate r ia l  con ta in ing  f r e e  water o r  hydrated 
minera ls  and t he  release o f  t h a t  water a t  depth t o  i n i t i a t e  mel t ing.  
Notably, there are topographic features,  such as 1  i nea r  mountain be1 t s ,  
con t inen ta l  - s i  z T p l a t e a u s  and arcuate r idges  and troughs, which resemble 
t e r r e s t r i a l  features o f  p l a t e  t e c t o n i c  o r i g i n  [7, 101. 

The hypothesi s  t h a t  p l a t e  recyc l  i n g  domi nates 1  i t hosphe r i c  heat 
t r anspo r t  on Venus leads t o  t h e  p r e d i c t i o n  (Table 1) t h a t  the  r o l l i n g  p l a i n s  
and lowl  ands provinces [ l o ]  a re  analogs t o  t e r r e s t r i  a1 ocean basins. I n  
order  f o r  p l a t e  r ecyc l i ng  t o  remove t h e  necessary heat, spreading centers  
would be character ized by r a p i d  spreading ra tes  and modest r e l i e f  i n  
comparison t o  Earth. The Venus highlands [ l o ]  would be analogs t o  
t e r r e s t r i a l  cont inents ,  a t  l e a s t  i n  terms o f  g rea te r  c rus ta l  th icknesses and 
probably greater  ages o f  surface u n i t s  than elsewhere. Venus mountain b e l t s  
would form as on Earth, by con t inen ta l  c o l l i s i o n  (Himalayan analog) o r  i n  
t h e  process o f  subduction beneath con t inen ta l  1  i thosphere (Andean analog). 

Conduction. I f  a l l  o f  the heat from Venus were t ranspor ted by 
conduction, t he  l i t h o s p h e r i c  thermal grad ient  would be roughly tw i ce  t h a t  i n  
t e r r e s t r i a l  ocean basins [15], o r  about 24OCIkm. Thus temperatures 
corresponding t o  t he  base o f  the  thermal l i t hosphe re  i n  oceanic reg ions on 
Ear th  [ I 5 1  would be reached a t  about 40 km depth. It i s  d i f f i c u l t  t o  
env is ion  mechanisms f o r  support ing t he  13 km o f  re1 i e f  on Venus i f  t he  
thermal l i t hosphere  i s  t h i s  t h i n .  One l i k e i y  i m p l i c a t i o n  o f  t he  hypothesis 
t h a t  conduction dominates heat t r a n s f e r  on Venus i s  t h a t  - a l l  sur face 
topographic re1 i e f ,  a t  l e a s t  on scales smal l e r  than charac te r i  s t i c  
ho r i zon ta l  scales o f  mantle convection, must be geo log i ca l l y  young. 

The hypothesi s  t h a t  1  i thospher ic  heat f l u x  on Venus occurs p r i  nc i  pa l  l y  
by conduction leads t o  the  p r e d i c t i o n  t h a t  major topographic features are 
t h e  response o f  a  r e a d i l y  deformable l i t hosphe re  t o  shear t r a c t i o n s  
associated w i t h  mant le convect ion (Table 1). Modestly e levated reg ions i n  
t h e  r o l l i n g  p l a i n s  may be areas o f  r ecen t l y  extended and th inned c r u s t  and 
1 i thosphere,  areas which w i  11 subside t o  lowl  and e leva t ions  dur ing  l i t h o -  
spher ic coo l i ng  and th icken ing  [ld]. The more e levated highlands may be 
areas o f  th ickened c r u s t  and 1 i thosphere r e s u l t i n g  from 1 i thospher i  c  
c o m ~ r e s s i  on. 

Hot Spot Volcanism. I f  ?n Vends, as on 10, t he  dominant mechanism o f  
1  i t h o 5 e r i c  heat t r a n s f e r  i s  vo lcan ic  a c t i v i t y  a t  i n d i v i d u a l  vents, then 
t he re  are profound i m p l i c a t i o n s  f o r  vo lcan ic  f l u x  and ra tes  o f  resur fac ing.  
The most prominent ho t  spot on Earth, Hawaii , has an average vo lcan ic  f l u x  
f o r  the past 42 m.y. o f  2 ~ 1 0 - ~  km2/yr [17]; a t  t h i s  r a t e  Hawaiian volcanism 
con t r i bu tes  l ess  than .01% o f  the Ear th ' s  heat loss.  Whether the number o f  
impor tant  hot spots on Ear th  i s  20 [18] o r  c i ose r  t o  100 [1912 t he  t o t a l  
c o n t r i b u t i o n  o f  ho t  spot volcanism t o  t e r r e s t r i a l  heat l oss  i s  minor. I f  
a l l  o f  the Venus heat were l o s t  by hot  spot volcanism, a  t o t a l  o f  l o 4  
"Hawaiis" would be needed, o r  one "Hawaii" f o r  each 200-km square o f  Venus 



surface. Evtry 2 m.y. these hot spots would add enough volcanic mater ia l  
t o  cover the e n t i r e  Venus surface t o  a depth o f  1 km. 

The hypothesis t ha t  hot-spot volcanism dominates l i thospher ic  heat 
t ransport  on Venus leads t o  the pred ic t ion  t h a t  most topographic features 
are o f  volcanic o r i g i n  (Table 1). In p a r t i ~ u l a r ,  the Venus highlands would 
most 1 i ke ly  have been formed by volcanic construction. Tectonic a c t i v i t y  
i n  the absence o f  large-scale horizontal  motions should be p r i n c i p a l l y  
r e s t r i c t e d  t o  tha t  associated w i th  v e r t i c a l  motions o f  the l i thosphere. 

Conclusions. M i  thout more detai  1 ed informati on on the Venus surface, 
a1 1 o f  the m e c 6 i s m s  f o r  1 i thospher ic  heat t rans fer  considered here should 
be considered as p o t e n t i a l l y  important f o r  Venus. So, too, should 
scenarios i n  ~ h i c h  combinations o f  mechanisms operate [e.g., 81 o r  i n  which 
the dominant mecnani sm changes during the course o f  planetary h i s to ry  
[e.g., 51. ;I though the spec i f i c  impl icat ions of these mechanisms f o r  
tec ton ic  and volcanic features on the Venus surface are qu i te  d i f f e r e n t  
(Table I ) ,  each o f  the hypotheses tha t  one o f  these mechanisms dominates 
leads t o  the pred ic t ion  tha t  many i f  not most o f  the topographic features 
of the Venus surface are geological ly  young. 

Table 1. Impl icat ions o f  End-member Hypotheses f o r  L i thospher ic  Heat Transport on Venus 

Surface Charac te r i s t i cs  P la te  Recycl ing , L i  thospheric Conductton Hot-Spot Volcanism 

I 
Volcanic a c t i v i t y  

Tectonic features 

Extensive; a c t i v i t y  Hi n o r  
dominantly a t  
divergent boundaries 

Extensive; a c t i v e  
centers near ly  
cover sur f  ace 

Widespread; dominated Possib ly  extensive P r i m a r i l y  v e r t i c a l  
by p l a t e  in te rac t ions  deformation o f  tec ton ics  

t h i n  l i thosphere 

Nature o f  mountain b e l t s  I Products o f  p l a t e  Anomalously t h i c k  c r u s t  Volcanic copstructs  
coavergence and 1 i t  hosp here 

Ages o f  surface u n i t c  

Nature o f  highlands I Analogs t o  t e r r e s t r i a l  Thickened c r u s t  and Thickened vo lcsn lc  
cont inents 1 i t  hosphere c r u s t  

. o i l i n g  p l a i n s  and Unconstrained; ancient k c h  o f  surface 
1 owl ands geo log ica l l y  impact features m y  young (<, l o 7  y r )  
young (< lo8 y r )  be preserved 
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IMPACT AND VOLCANISM REVISITED, WITH EMPHASIS ON VENUS 

Wolfgang E. Elston, Departmcnt of Gaology, University of New lkx ico ,  
Albuqwrque, NM 87131 

The great  impact-versue-volcanism controveruy of t h e  1960's seema 
naive i n  re t rospec t ,  a s  both processes a r e  now well-establ ished on the  
Moon and inner  planets .  Exploration of space coincided with the  r i s e  
of t e r r e s t r i a l  p l a t e  tec tonics ;  both gave new perspect ives  t o  planetary '.., 
evolution. We now recognize a continuum, ranging from umall and rela- 
t i v e l y  i n e r t  bodies l i k e  the  Moon and Mercury, on which impact s ca r s  
a r e  dominant f ea tu re s ,  t o  l a r g e r  and dynamic bodies l i k e  Earth,  on 
which impact fea tures  a r e  r e l a t i v e l y  obscure. However, no body of the  
inne r  s o l a r  system turned out t o  have been miraculously shielded from 
e a r l y  in tense  accret ionary bombardment, o r  l a t e r  s t ages  of protracted 
but diminished cometary and/or a s t e ro ida l  bombardment. All  bodies the 
s i z e  of the Moon o r  Larger were shown t o  have complex thermal h is tor -  
ies, s u f f i c i e n t  f o r  two pr inc ipa l  s tages  of p a r t i a l  melting on the  
e a r l y  Moon. On Earth, the i n t e r n a l l y  heated l i thosphere has in te rac ted  
with the ex terna l ly  heated hydrosphere and atmosphere t o  c r ea t e  t he  
ocean-continent dichotomy and vigorously in t e rac t ing  l i t h o ~ p h e r e  
p l a t e s .  While the l a rges t  number of t e r r e s t r i a l  volcanoes is a t  
p l a t e  boundaries, there  i s  a s t rong  tendency f o r  volcanic ed i f i ce s  t o  
develop t h e i r  l a rges t  s i ze s  i n  p l a t e  i n t e r i o r s ,  both oceanic cuAJ con- 
t i n e n t a l .  

Mars occupies an intermediate pos i t ion  between emaller and long- 
i n e r t  bodies l i k e  the  Moon and PZercury and dynamic bodies l i k e  Earth. 
There is no evidence f o r  t rue  p l a t e  boundaries o r  f o r  t rue  cont inenta l  
c rus t .  Even on topographically high regions l i k e  the  Tharsis Ridge, 
l a rge  volcanoes take forms more c h a r a c t e r i s t i c  of the  i n t e r i o r  of t e r -  
r e s t r i a l  oceanic p l a t e s  (e.g., Hawaii) than of e i t h e r  the i n t e r i o r  of 
cont inental  p l a t e s  o r  p l a t e  boundaries. 

In the  Earth-to-Moon continuum, what is  the pos i t ion  of Venus? 
By analogy with Mars, there  has been a tendency t o  i n t e r p r e t  l a rge  
constructs  a s  volcanoes and possible  c ra te r - l ike  fea tures  a s  impact 
s i t e s .  Actually, it is possible  t h a t  la rge  accret ionary impact 
c r a t e r s  have been destroyed o r  obscured by processes analogous t o  
development of t h i n  and pr imi t ive  cont inental  c rus t .  On Earth,  forma- 
t i o n  of s i a l  is fur thered by both sed imnta ry  and magmatic processes. 
Sedimentation e f f ec t ive ly  d i f f e r e n t i a t e s  pr imit ive b a s a l t i c  c r u s t ,  by 
removing Na t o  sea  water and evapori tes ,  Ca t o  limestone; Mg t o  dolo- 
mite and sea water,  and Fe t o  special ized chemical sediments, leaving 
a residue enriched i n  S i ,  Al, and K ( i . e .  , s i a l )  . Analogous processes 
a r e  l e s s  e f f i c i e n t  on Venus. Although chemical weathering may be 
e f f e c t i v e ,  t ranspor ta t ion  and redeposition a re  l i k e l y  t o  be inef  fec- 
t i v e  i n  the absence of water. However, magmatic processes l i k e  those 
of the  pr imit ive Earth,  leading t o  s i a l i c  segregat ions,  may wel l  have 
been operating on Venus, t o  form t h i n  continent-like c rus t .  It i 3  



prec ise ly  i n  areas  of t h i n  o r  thinned con t in t a l  c r u r t ,  i n  p l a t e  in te -  
r i o r s ,  t t the  l a rges t  t e r r e s t r i a l  volcano-tectonic caldera complexes 
occur. In tedSi0nal t ec ton ic  regimes, c r u s t a l  thinning r e s u l t s  i n  
r i s i n g  isotherms and p a r t i a l  melting of s i a l i c  components. The r e s u l t s  
can be seen i n  la rge  calderas  and r i n g  complexes, tern of km t o  7 100 
km i n  diameter, p a r t l y  buried under t h e i r  awn e j e c t a  of ignimbri tes  and 
o the r  pyroc las t ic  mater ials .  Poorly understood thermal events  have 
resu l ted  i n  t h i s  s t y l e  of erupt ion over wide cont inenta l  a reas  of Earth,  
s u f f i c i m t l y  f a r  removed from p l a t e  boundaries s o  t h a t  no simple con- 
nection with plate-boundary processes has been es tab l i shed .  The Pan- 
African event, about 500 t o  700 m.y.b.p., is a poss ib le  example; by one 
i n t e r p r e t a t i o c  ( ~ r ' d n e r ,  1979) i t  represents  a t r a n s i t i o n a l  s tage  of 
cont inental  evolution, from pre-plate t ec ton ic  t o  p l a t e  tectonic .  The 
t r u l y  gigant ic  Proterozoic r i ng  corcplexes (up t o  900 km diameter) pos- 
t u l a t ed  by Kloosterrnan (1966 and personal communication, 1973) i n  t he  
Guiana sh i e ld  of Braz i l  may have formed under s imi l a r  circumstances. 
In  Pi~anerozoic time, i n t r a p l a t e  thermal events a r e  more l i k e l y  t o  have 
occurred i n  cont inental  r i f t s  and e n s i a l i c  backarcs, where c r u s t a l  
thinning temporarily caused a reversion t o  Precambrian-like conditions.  
The Basin and Range province of southwestern North America is an example 
(Eaton, 1982). About 200 and 500 i g n i d ~ i t e  caldera comple~es~formed 
there  between 40 and 20 m.y.b.p., over an , a rea  of 1 mil l ion km , during 
a period of massive d u c t i l e  extension of t he  cont inental  l i thoephere.  

It is proposed t h a t  t e r r e s t r i a l  i n t r a p l a t e  cont inental  a reas  of 
extensional  tec tonic  regimes and l i thosphere  thinning may be analogs 
of c ra te red  t e r r a i n s  of Venua. The c ra t e r - l i ke  fea tures  on Venus would 
be in te rpre ted  a s  la rge  calderas  o r  volcano-tectonic depressions, formed 
on a t h in  continent-like c rus t  i n  a pr imi t ive  s t a t e  of evolution. 
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VENUS, AS I AN VOLCANOTECTON I CS , AND LANDSAT AND SHUTTLE IMAGERY. 

J .L.Wtii t fo rd -S ta rk ,  Geology Dept. Sul Ross S ta te  Un ivers i t y ,  A lp ine  
Texas 79830. 

The K-U systematics of t he  Venusian surface mater ia ls  der ived by 
ana lys is  o f  Venera 8, 9, and 10 data i nd i ca ted  the presence o f  two rock  
types; one w i t h  p roper t ies  c h a r a c t e r i s t i c  o f  t h o l e i  4 t i c  basal t s ,  and t he  
o ther  w i t h  the  p roper t ies  o f  a1 k a l  i basal t s  and basani tes(1).  A s i m i l a r  
dichotomy has been found between mater ia ls  a t  the  Venera 13 and 14 s i t e s  
(2 ) .  The s i t e s  w i t h  a1 ka l  i basa l t  character is t ics(Veneras 8 and 13) a re  
genera l l y  topographica l ly  h igher  than those w i t *  t h o l e i i  t i c  cha rac te r i s t -  
i c s .  A1 though a1 k a l i  basa l ts  are found on oceanic i s lands  on Earth, the  
m a j o r i t y  o f  a1 ka l  i basal t s  a re  found i n  con t inen ta l  environments. 

The author has been compi l ing volcanic,  tec ton ic ,  and geochemical data 
(3,4) f o r  mainland Asia i n  an at tempt t o  r e l a t e  a l l  three, and t o  prov ide 
a data base f o r  comparicon w i t h  e x t r a t e r r e s t r i a l  bodies. The major Ceno- 
zo ic  vo lcanic  areas and t ec ton i c  fea tu res  o f  Asia are i l l u s t r a t e d  i n  F ig .  
1. The area i s  one o f  extreme s t r u c t u r a l  complexi ty con ta in ing  areas o f  
cont inent -cont inent  c o l l  i sion, ocean-continent c o l l  i s i on ,  back-arc bas in  
devel opment, r i f t i n g ,  t ranscur ren t  f a u l t i n g ,  and domal up1 ift. Volcanism 
appears t o  be r e l a t a b l e  t o  each o f  these environments. Fig.2 shows the 
composit ional v a r i a t i o n  among the Asian volcanics.  It i s  poss ib le  t o  
d i s t i n g u i s h  th ree  types o f  v a r i a t i o n  among the  separate provinces. F i r s t l y  
there  are those provinces w i t h  1 i t t l e  variation(B,F,H,L,M) . Secondly, 
those w i t h  m i l d  a1 k a l i  enrichment(G), and, t h i r d l y ,  those w i t h  s t rong 
a1 ka l  i enrichment(A,E,J ,N,P). Province J could be separated from the  t h i r d  
group as a r e s u l t  o f  a poss ib le  "Daly" gap. I n  the context  o f  a venusian 
comparison, two i n t e r e s t i n g  areas a re  Provinces G(Mongo1 i a and Mancnuri a) 
and P (T i be t ) .  Province G i s  c u r r e n t l y  loca ted  f a r  from any p l a t e  boundary 
and volcanism i s  most ly associated w i t h  l a rge  f a u l t s .  The province i s  
dominated by a1 ka l  i basal t s  o f  deep-seated o r i g i n  w i t h  few s i  1 i c a - r i c h  
volcanics.  A d e t a i l e d  study o f  the  Wudalianchi area o f  Province G has been 
submitted f o r  pub1 i c a t i o n ( 5 )  and a Landsat ana lys is  o f  the  area i s  underway. 
The volcanics o f  T ibe t  r e s u l t  from the  con t inen ta l  c o l l i s i o n  between t he  
Ind ian and Eurasian p la tes .  Although the  mater ia ls  a re  as a l k a l i n e  as those 
of Province G, s i l i c a - r i c h  mater ia ls  abound(4). Along the Baykal r i f t  zone 
(F) ,  a l k a l i  basa l ts  are found i n  quan t i t y  on l y  a t  the extreme nor theastern 
(V i  t i m  F l  ateau;E) and western(Tuva;G) . Di fEeren t ia ted  vo lcanics w i t h  up t o  
62 % SiO2 are found on the V i t i m  Plateau(4). The vo lcanics o f  Province N 
r e s u l t  from the eastward subduction o f  the  Ind ian Ocean and range i n  comp- 
o s i t i o n  from andes i t i c  i n  the west t o  b a s a l t i c  i n  t he  east. The Tengchong 
d i s t r i c t  o f  China i s  thought(6) t o  mark the easternmost boundary o f  the  
i n d i  an p la te .  Northern Tengchong , composed o f  01 i v i n e  basal t s ,  was imaged 
by the Shu t t l e  Imaging Radar experiment(7). 

On the basis o f  the Asian vo lcanic  compositions, i t  i s  p red ic ted  t h a t  i f  
p l a t e  tec ton ics  has occured on Venus there  w i l l  probably be subs tan t ia l  
volumes o f  s i l i c i c  volcanics.  I f  p l a t e  tec ton ics  has n o t  taken place, the  
"con t inen ta l "  t e r r a i n s  w i  11 probably be dominated by a l k a l i -  and v o l a t i l e -  
r i c h  ext rus ives.  A f u r t h e r  f ea tu re  o f  t he  con t inen ta l  vo lcanics o f  Asia i s  
t h a t  they tend t o  form f l a t - l y i n g  lava  f i e l d s  w i t h  associated c inder  cones 



(4,5,7), no t  large central-vent volcanoes. I f  the topographical ly h igh 
features of Venus, such as Beta Regio, are o f  volcanic o r i q ia ,  an o r i g i n  
v ia  a process s im i l a r  t o  t ha t  r e s u l t i n g  i n  t e r r e s t r i a l  oceanic i s l and  
formation would seem more consistent w i t h  t h e i r  morphologies than a form- 
a t i o ~  v i a  p la te  in te rac t ion .  A r ift and dome analogy(8) f o r  the Beta Regio 
area would not, however, be inconsis tent  w i th  the Baykal data. 
References: 1) Surkov,Yu.A. 1977 Proc. Lunar Planet .Sci .Conf .8th ,2665-2689 m. 1982 Nature 296, 607-608. 3) Whi tford-Stark,J. L. 1981 Reports 
o f  Planetary Geology Program-1981. p. 180-182. 4: Whi tford-Stark,J .L. 1983 
J .Vol can01 .Geotherm. Res. i n  press. 5) Feng ,M. and Whi tford-Stark,J .L. 1983 
J.Volcano1 .Geotherm. Res. submi tted.6Fan ,P.F. 1978 Tectonophys.45, 261-267 
7) Whi tford-Stark,J. L. 1982. Submitted t o  Spaceborne Imaging Radar Symp. 
8) McGi 11 ,G. E. e t  - a1 1981 Geophys. Res. Le t t .  8, 737-740. 

Figure Captions: 
1. Vol canotectonic map o f  eastern Asia. Horizontal  r u l  in4  rmresents  back- 
arc basins ; sol i d shading i s  Cenozoic vol  cani cs - pal eog60graphi c recon-, 
s t ruc t ions  f o r  the U.S.S.R., outcrop fo r  remaining areas; l i n e s  w i t h  s o l i d  
t r iang les  are p la te  boundaries; l i n e s  w i t h  hollow t r i ang les  are former 
p la te  boundaries; hachured 1 ines are r i f t s ;  remaining 1 ines are 1 arge 
f a u l t s  w i th  d i r e c t i o n  o f  motion ind,icated, where known (from 4).  

2. AFM diagrams f o r  the Asian volcanic provinces. Province A i s  the east- 
ern seaboard o f  the U.S.S.R., I3 i s  the Aniusky Range, E i s  the V i t i m  
Plateau, F i s  the Baykal region, G i s  Mongolia and par ts  o f  Manchuria and 
the southern U.S.S.R., H i s  northeast China and the eastern U.S.S.R. in land 
o f  the coastal be1 t, J i s  northern Korea, L i s  eastern China, M i s  Indoch- 
!na, N i s  Burma, and P i s  Tibet.  
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'iBE EFFECT OF CRDSTAL VISCOSITY 9N INPACT CEATERINO OF ICY SATELLITE8 
Fink, J. J., Greeley,  8. (Geology Department, Arizona S t a t e  Univers i ty ,  Tempe, 
IX 85287) and Gaul t ,  D.E. (Murphys Center f o r  Planctology,  Uurphys, CA 95247) 

Impact c r a t e r s  a r e  the  p r i n c i p a l  geologic s t r u c t u r e s  r v r i l a b l e  f o r  t h e  
remote determinat ion of p l a n e t a r y  c r u s t a l  p r o p e r t i e s .  Ind iv idua l  c r a t e r s '  
morphologies and t h e  p lane ta ry  s t a t i s t i c s  of c r a t e r  s i z e s  and shapes have both  
been used t o  i n f e r  the  n a t u r e  of r e g o l i t h s ,  s t r a t i g r a p h y ,  and r e l a t i v e  ages  of 
s u r f a c e s  on the  Mooc, Herciiry and Mars. Hypervelocity h p a c t  rxperiments i n t o  
sand and o t h e r  dry  t a r g e t s  have provided an empir ica l  b a s i s  f o r  s c a l i n 8  laws 
r e l a t i n g  c r a t e r  dimensions t o  impactor p r o p e r t i e s ,  g r a v i t y  and t h e  c r u s t a l  
s t r e n a t h s  of these  p l a n e t s .  The presence OF n e a r s u r f a c e  v o l a t i l e s  on Yl r s  
has been used t o  e x p l a i n  t h e  f l u i d - l i k e  e j :  . ta morphology of some of i t s  
c r a t e r s .  Experiments designed t o  s imulate  such impacts r e q u i r e  t a r g e t s  
capable of f l u i d  behavior ,  and c l a y  s l u r r i e s  wi th  Bingham type r? leologies  
proved most success fu l  (Gaul t  and Greeley,  1978; Greeley e t  a l . ,  1980, 1982: 
Fink e t  a l . ,  1981).  

The g a l i l e a n  and s a t u r n i a n  s a t e l l i t e s  provide new c r a t e r i n g  cond i t ions  t o  
eva lua te  which favor  a  d i f f e r e n t  s c a l i n g  r e l a t i o n  t h a t  t a i e s  account of the  
v i s c o s i t y  of tho p l a n e t a r y  su r face  a s  well  a s  g r a v i t y  and c a r t a l  s t r eng th .  
In order  t o  i n v e s t i g a t e  the  e f f e c t s  of v i s c o s i t y  independent of t a r g e t  
s t r eng th ,  we have performed a  s e r i e s  of 218 impact exper iae  a t  the  NASA 
Ames V e r t i c a l  G u n  F a z i l  i t y ,  using homogeneous Newtonian o i l  t a r g e t s  (Fink e t  
a l . .  1982) .  V i s c o s i t i e s  ranged from 0.01 t o  10' Pa-s, whi le  su r face  t ens ions ,  
d e n s i t i e s  and tharmsl p r o p e r t i e s  remained n e a r l y  cons tan t .  

By measuring t r a n s i e n t  c r a t e r  bowl diameters  i n  h igh speed motion 
p i c t u r e s ,  we were a b l e  t o  d e r i v e  empir ica l  r e l a t i o n s h i p s  among c r a t e r  s i z e  (V) 
and shape (depth-to-diameter r a t i o ) ,  impactor diumeter (Dp), mass (mi) and 
vel . .city (U). and t a r g e t  v i s c o s i t y  (q) and d e n s i t y  ( p ) .  h o  d i s t i n c t  r e  i n e s  f can be def ined by p l o t t i n g  t h e  dimensionless gronpi n, =[VplmI Il.61gDp/U 1"' 
and n,=[q/pDpU1. Below a  value  of about n,=0.005, d imens io t l e s s  volume (n,) 
i s  independent of t a r g e t  v i s c o s i t y ,  whereas f o r  va lues  of n, l a r l e r  than about 
0.1,  volume decreases  s t e a d i l y  a s  v i s c o s i t y  inc reases ,  and I s  independent of 
g r a v i t y .  Cra te r  d e p t h - t o - d i u e t e r  r a t i o s  show a  s i m i l a r  two-part dependenoe 
on v i s c o s i t y .  Below the t r a u s i t i o n ,  a11 c r a t o r s  have approximately the  same 
shape. For l a r g e r  va lues  of n,, c r a t e r s  have p rogress ive ly  smal ler  d iameters  
f o r  a given depth ( o r  equ iva len t ly ,  c r a t e r s  of  the  same diameters  a r e  deeper ) .  

I f  x e  assume t h a t  these  c r i t e r i a  can be e x t r a p o l a t e d  t o  p l a n e t a r y  s c a l e  
c r a t e r s ,  then viscoas  e f f e c t s  w i l l  be favored by small impacting bodies  
t r a v e l i n g  a t  low v e l o c i t i e s  h i t t i n g  p l a n e t s  wi th  lor va lues  of g  and high 
ki.nematic v i s c o s i t i e s .  Condit ions on the  i c y  s a t e l l i t e s  may favor  t h i s  
v iscous  regime, especially i n  t h e  za tu rn ian  system where s l o a  movina impacting 
bodies have been pos tu la ted  and where the  small s a t e l l i t e s  have low 
g r a v i t a t i o n a l  a c c e l e r r t i o n s  and lor sur face  d e n s i t i e s .  

The r e l a t i v e  ases  of c r a t e r s  on i cy  u a t e l l i t o r  have b e e t  es t imated from 
t h e i r  depth-to--diameter r s t i o r  (0.8.. Passey and Shoeraker, 1982).  Tbese 
i n t e r p r e t a t i o n s  assume t h a t  a l l  c r a t e r o  form r i t h  bowl-shaped p r o f i l e s  and 
then r e l a x  by slow viscous flow over geologic time. F l u t t e r  c r a t e r s  a r e  thus  
s r s i a n e d  g r e a t e r  rges  than d e a l e r  c r a t e r s .  Emever ,  t r a r s i e n t  c r a t e r s  i n  
v iscous  m a t e r i a l s  could hovc r e l a t i v e l y  g r e a t e r  depth-to-diameter r a t i o s  than 



c r a t e r s  i n  adjaoent  t o r r a i n s  wi th  d i f f e r e n t  m a t e r i a l  p roper t i e s .  Thus, f o r  
example, i f  an ioy  s a t e l l i t e  had some reg ions  wi th  h igh hea t  flow, these  m i l h t  
y i e l d  more f l u i d  s l u r r i e s  dur ing impaot. Rapid readjus tment  then ooold 
prodom f i n a l  o r r t e r s  wi th  lower depth-to-diameter r a t i o s  than those  i n  oolder  
areas .  S imi la r  u b i g u i t i e s  ooeld a r i s e  f r a  improtors of d i f f e r e n t  v e l o o i t d o s  
o r  r i a e s  h i  t t i o g  i d e n t i o a l  surface8.  

I n  summary, r e l a t i v e  age determinat ions  of d i f f e r e n t  aurfaoes  on t h e  ioy  
r a t ~ l l i t e s  must take  i n t o  aooount t h e  p o s s i b i l i t y  tmt  o r a t o r s  subjeotad t o  
v isooor  s a a l i n ~  laws would have d i f f e r o s t  shapes and volumes than  those 
oon t ro l l ed  s o l e l y  by g rav i ty .  

Fink, J.B., Oreeley, R. and Q a u l t ,  D.B. (1982) The e f f e c t  of v i s o o s i t y  on 
impaot a r r t e r i n a  of the  ioy  s r t u r n i a n  s a t e l l i t e s .  Geophysical Research 
L e t t e r s  [ i n  p ress ] .  

Pink, J . B . ,  Qreeley,  R. and Q a u l t ,  D.E. (1981) Impact o r r t e r i n g  experiments i n  
Binghrr m a t e r i a l s  and the  morphology of o r a t e r s  on Mars and Oanyaede. 
Proo. Lunrr Soi. Conferenoe, 12th .  p. 1649-1666. 

Qau l t ,  D.B. and Oreeley, 61. (1978) Explora tory  experiments of h p a o t  o r a t e r s  
formed i n  v iaoous- l iquid  t a r g e t s :  Analogs f o r  mar t ian  rampart o r a t o r s ?  
Ioarue,  v. 34, p. 486-495. 
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Oreeley, R., Fink, J.B., Gault ,  D.E. and Guest, J.B. (1982) Impact c r a t e r i n g  
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Mudrains on Mars -- What Causes Ejecta  t o  Flow? 
Michael C. Malin, Department of Geology, Arizona S t s t e  University,  Tempe, 

Cra te rs  with mult iple ,  loba te  e j e c t a  b lanke ts  with d i s t a l  and s u r f i c i a l  
evidence of flow have been the  subjec t  of considerable  and o f t en  heated 
debate s ince  t h e i r  i d e n t i f i c a t i o n  i n  Viking Orbi te r  images. I n  a l i t e r a t u r e  
of papers and a b s t r a c t s  f a r  too voluminus t o  ci te  i n  t o t o  here  (see e.g., -- 
1, 2 a s  represen ta t ive  examples) numerous i nves t i ga to r s  have examined t h e  
d i s t r i bu t ion ,  morphology and re levant  photogeological c r i t e r i a ,  discussed 
possible  emplacement mechanisms, and evaluated environmental o r  geophysi- 
c a l  implicat ions of these mechanisms. Laboratory experiments have sought 
ta simulate,  a t  l e a s t  on a small sca l e ,  f ea tu re s  of flow-ejecta c r a t e r s .  
Theoret ical  models have attempted t o  i s o l a t e  d iagnos t ic  c r i t e r i a  by para- 
meterizing flow behavior. The d i v e r s i t y  i n  i n t e r p r e t a t i o n  is  at l e a s t  a s  
great  a s  the  number of d i f f e r e n t  names by which these  c r a t e r s  a r e  ca l l ed .  

Essen t ia l ly  a l l  i n t e rp re t a t i ons  invoke some form of v o l a t i l e - s i l i c a t e  
rock i n t e r a c t i m ,  though the  d e r a i l s  vary widely. It is probably s a f e  t o  
say t h a t  among t h e  leading ideas  a r e  1) in t e r ac t i on  of rock e j e c t a  with 
v o l a t i l e  atrrospheric gasses ( e i t h e r  by aerodynamic breaking (3) o r  by 
ingest ion and f l u id i za t i on )  and 2) i n t e r ac t i on  of rock and v o l a t i l e  e j e c t a ,  
with the  e jec ted  v o l a t i l e  most o f ten  discussed being l i qu id  water. Examin- 
a t i ons  of t a r g e t  mater ia l s ,  a t  l e a s t  i n  small s a l e  laboratory impact 
experiments, have concentrated on r e l a t i v e l y  low v i s c o s i t i e s  ( 5  lo3 poise) 
and s t rengths .  

A t h i r d  idea might be t o  combine the e j e c t i o n  of v o l a t i l e  mater ia l s  
and post-eject ion in t e r ac t i on  of these mater ia l s  with the  e jec ted  rock 
mater ia l .  Such a concept would draw upon the  experience of t e r r e s t r i a l  
volcanologis ts  and sedimentologists who encounter such phenomena i n  t he  
formation of accret ionary l a p i l l i  and p i s o l i t e s  i n  condi t ions of high a t -  
mosp~e r i c  water vapor and dust  content (e.q., a s  i n  py roc l a s t i c  volcanic  
erupt ions) .  Applying t h i s  idea t o  hypervelocity impact c r a t e r ing  might 
lezd t o  the  following scenerio: 

1. Impact i n t o  rock and i c e  mater ia l s .  I c e  may be e i t h e r  i r de r -  
s t i t i a l  o r  segragated. Frozec water reduces thz  need f o r  spec ia l  
environmental, geothermal, o r  s t r a t i g r a p h i c  requirements. 

2. Ejecta  i n  the  form of a )  rock fragments, b) i c e ,  c) steam, and d) 
a very small amount of water (probably negl igable) .  It i s  the 
steam (some percent of the t o t a l  ava i l ab l e  v o l a t i l e )  t h a t  is  
important. 

3.  A s  e j e c t a  cu r t a in  expands, the steam cools  and nuc lea tes  on the  
dust  i n  the  cloud, forming drople t s .  The timescale f o r  t h i s  nuclea- 
t i o n  and drople t  formation is less than the b a l l i s t i c  f l ight- t ime 
fo r  e j e c t a  from c r a t e r s  of a c e r t a i n  s i z e  o r  l a rge r .  

4. Droplets of condensed water and dus t  (e.g., accret ionary l a p i l l i  
o r  p i s o l i t e s )  cool much more slowly than steam. Timescale f o r  
f reez ing  i s  grea te r  than f l i g h t  time. 



5 .  E j e c t a  s t r i k e s  ground a s  mud drops  and chunks. Flowage occurs  a s  
d e p o s i t  i n t e g r a t e s ,  a ided  by l i q u e f a c t i o n .  

6 .  M a t e r i a l s  e j e c t e d  a t  d i f f e r i n g  a n g l e s  and/or exper iencing d i f f e r e n t  
h e a t i n g  h i s t o r i e s  dur ing  impact account f o r  m u l t i p l e  d e p o s i t s .  
" Je t t ed"  m a t e r i a l s  have s h o r t  f l i g h t - t i m e s ,  h igh ,  ob l ique  velo- 
c i t i e s ,  and hence have l i t t l e  chance t o  a l low condensation.  Thus, 
they form d i s t a l  secondary c r a t e r s .  Some m a t e r i a l s  f a l l  i n  a r e a s  
of condensation,  but  s e g r a g a t i o n  of v o l a t i l e  and non-vo la t i l e  
phases allow:. c o n c e n t r i c  zones of i n c r e a s i n g  and then dec reas ing  
water con ten t .  Innermost a r e a  has  m a t e r i a l s  t h a t  a r e  aga in  "dry" 
o r  "dryer" and g ive  rise t o  t h i c k e r ,  more v i scous  f lows.  

7.  Small c r a t e r s  do not  have flow e j e c t a  because t r z v e l  t i m e s  a r e  
l e s s  than condensation t imes .  
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&ti81 Distribution of Crater8 on the nDan and Callinto 
Alex ~ u e ? F a - n r t  G. Stram, Lunar and Planetary Laboratmy, 

Rw crater sina/freguency distribution on Callisto (and Ganygaedt) has 
a marked deficieq of craters greater than about 30 km diamter relative 
to the heavily cratered regions on the terrestrial planets (raercury, b n  
Md Mars). This deficiency has been attributed to either (a) an 
obliteration of large craters by viacoua relaxation when the crust of 
Callisto was more thermslly active (1, 2,), or (b) the fiPpact of a 
population of objects which was intrinsicilly deficient in large objects 
(3, 4) 

To distirquish between these tm, explanations, Woronow and Stram (4) 
~ u c t &  a Pbnte Carlo conputer simulation in which a lunar highland 
siw/frequency distribution was inprinted on a surface and craters 
elini~ted in such a way as to produce the observed Callisto 
si ze/f requemy distribution. m e  simulation was ccmpletely independent 
of any assuqtions concerning the thermal history, crustal-thickness 
history or ice rheology of Callisto. Ihe shulated surface (Pig. 2d) 
showed a crater spatiai distribution markedly different tram that 
observed on Callisto (Fig 2c). On the simulated surface, extensive 
mratered areas were prod& by the obliteration of large craters; a 
condition r r ~ t  observed on Callisto. Gurnis (5) carried this approach 
farther by using a variety of size distributions in the Monte Carlo 
simulation a d  coqxring the resulting spatial distributions with that 
observed on Callisto by .nearest neighborm statistical methods. This 
more rigorous study confirmed the previous results and set more accurate 
limits on the amount of large-crater obliteration on Callasto. Both 
studies idicate that the observed crater size/frequency distribution on 
Callisto is essentially a production population which differs 
signif icar~tly f ran that on the terrestial planets. 

In order to further test these Monte Carlo carputer results, an 
actual surface of the lunar farside highlands was selected to perform a 
suaewtrat similar simulation for c-~aparison with Callisto. Although two 
lunar areas were idtally chosen for their apparent lack of plains and 
m ndary craters, one of these areas has a super-abundance of wsller 
craters relative to 0E.9~ regions of the lunar highlands. Until 8m 

urderstand the rensm for this anomaly (possibly clusters of oecorrbrries 
frm Orientale and mother nearby basin), only the more typical region 
will be considered in this preliminary report. 

'Ihe goal of this study was to compare the spatial distribution of 
craters 8 h diameter an an area of Callisto with that of a lunar 
highlands area fran which craters had been removed to produce the 
Ca!listo size/freguency distribution. 'Ihe rqion on Callisto was one 
used earlier by Wronow and Stran (41 for their comparison with the Monte 
Carlo simularion, and conprises an area of 6.4 x lo5 km2 (Fig Zc). 
m e  similar-sized lunar area (6.2 x lo5 km2) is centered at 1 6 m ,  
65% in the farside north polar region (Fig. 2a). 

Craters in the lunar area were mepped and classified sacording to 
degradational type using the five-fold LPL scheme where C1r.s~ 1 is the 
freshest and Class 5 the most degraded. m e  size/frequency distribution 



was 'hen determined and -red w i t h  that for the Callisto area (Fig. 1). 
Claters were rwved- from 

the 1.unar area so that the 
size/frequen=y distribution 
mtched that of the Callisto 
area. The obliteration sequence 
was detedned bll the 
S e q 3 ~  dational state of the 
cr\ .ers;  the older degraded 
c s  =re removed f i r s t  
fokl& by proyressively 
2resher craters. A t  the larger 
SF%! even sane of the relatively 
fresh craters had to be remved 
to I eproduce the Callisto curve. 

Figure Za, shows the spatial 
dis: ribution of craters i n  the 
lun: lr area while Fig. 2b shows 
the distribution after the 
wqmpriate nuaber of craters 
were remved to produce the 

# Y m Y I )  8 . 8 -  
-car. h 

4 

Fig. 1. Size/£ requency distributions 
for the lurlar and Callisto areas 
shown in Fig. 2a and c. 
distribution (Fig. 1). A visual o h .  wed callisto size/£ requency 

catparison of Figures 2b and 2c shows that the spatial distributions of 
the two areas are very different despite the similarities i n  the overall 
crater density and size/frequency distribution. 6n the lunar area t!!ere 
are large relatively crater-free regions m t  observed on Callisto, 
?mause of the necessity of removing substantial numbers of large, 
r:el.atively fresh craters in order to derive the Callisto size 
Iistribution. On the other hand, the derived spatial distribution of 

, he lunar area (Fig. 2b) is similar to Figure 2d, which is the spatial 
c',ist:ribution derived from the Monte Carlo camp~ter simulation of a 
lunar-like iw i t  history done by Woronow and Strom (4). This confirms 
the validity uf the earlier kclte Carlo simulations. 

Xt~e results of this stu3y, together w i t h  those of the Monte Carlo 
cxmquter simulationso strangly suggest that the Callisto (and Ganymede) 
crater population is Lasically a production population deficient i n  
h ~ t !  craters relative to that of the terrestrial planets. This 
irdicates that the population of hq?act.ing objects responsible for the 
peri1.d of heavy bombardment in the inner Solar System was different f ran 
that at.. Jupite:., md probably had a different origin as well. 
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Fig. 2 .  Spatial distributions of  craters observed on the lunar 
area (a) the Cal l i s to  area ( c ) ,  a f t e r  crater removal 
from lunar area to produce C a l l i s w  sizelfrequency 
distribution (b) and from Monte Carlo computer simulation 
(d) .  Scale bars represent 100 km. Fig. 2c and d are 
from Woronow and Strom (4). 



Effects of the Lunar Orientale Impact 
on the Pre-Existing Crater Population 

Robert G. Strm, Alex Woronow and John Spencer 
Lunar and Planetary Lab., Univ. of Ari-mna 

Tucson, AZ~OM 85721 

m e  crater size/freq~ency distributions were studied in a hemisphere 
of the Moon centered on the Orientale basin in order to determine the 
effects of basin ejecta on the pre-existing crater population. The 
Orientale-centered hemisphere was gridded radially and concentrically into 
1440 equal-area segments. Crater diameters down to 8 Ian have been used 
over mst of this hemisphere, but sane regions are measured down to only 
20 KIU. Regions of mare flooding were eliminated from the study. 

Basin ejecta has two effects on the pre-existing crater population: 
(1) a dianeter dependent obliteratior. within the continuous ejecta blanket 
out to about one basin radius, and (2) the addition of secondary craters 
beyond this distarce. The size/frequency distributions were compared with 
each other as a function of radial distance and azimuthal direction with 
respect to the Orientale basin, and these, in turn, where compared with 
distributions in other highland areas. Finally, all size/frequency 
distributions were compared to the crater population superposed on the 
Orientale basin and continuous ejecta deposits (Hevelius fm.). This 
crater population is a production population uneffected by basin secondary 
cratering and ejecta blanketing, and represents the pre-mare accmulation 
of craters near the en3 of heavy bombardment through the post-mare epoch. 
The size/frequency distribution of the postqrientale/pre-mare crater 
population is different from the post-mare population at the 99% 
confidence level, and similar to the average highland population at the 
sake confideme level (Fig. 1). The similarity between the 
post-Or ientale/pre-mare crater population and the average lunar highlands 
inplies that in general the highlands crater population is in production 
and representative of the impacting bodies responsible for the period of 
heavy bombardment. (1) 

Fig. 2 shows the size/frequency distributions of highland craters in 
the hemisphere surrounding the Orientale basin beyond the continuous 
ejecta blanket. The dashed line is the distribution on the front side 
highland portion of the hemisphere while the solid line is the 
distribution on the farside pcrtion of the hemisphere. The farside 
hemisphere distribution shaws a knee in the curve below a diameter of 
about 20 laa which probably represents a significant contribution of 
Orieniale basin secondaries. m v e r ,  the knee is not present on the 
frontside curve. This, together with the asymnetric distribution of the 
continuous ejecta blanket, suggests that the Or ientale basin was formed Ly 
an oblique impact caning frm the southeast which preferentially 
distributed secondarias on the farside hemisphere. To test taw common 
this secondary distribution is, the crater size/frequency distribution of 
t m  areas of the farside 150° distant from Orientale where studied. 
'Iheae areas were chosen for their lack of plains units and great distance 
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from Orientale. The size/frequency distribution of one area (Riemem, 
Fabry, Olcott) shws a knee in the curve below 20 lan diameter, while the 
other (Hertz, Pasteur, King) does not (Fig. 3). This suggests that 
concentrations of basin secondaries is spotty, but lacally can be great 
enough to significantly alter the shape of the highland crater 
distribution at diameters less than 20 km, a circumsWe first recognized 
by Wilhelms, et. al. (2). Based on the cauparison between the 
post-Orientalelkre-mare and highland curves, we conclude that locally, in 
particular the f arside reg ion surrounding Or ientale, secondaries f ran 
Orientale and other basins cause a knee in the size/frequeru=y distribution 
below 20 km dianeter. In other areas the contribution fran basin 
secordaries has not significmtly altered the primary crater 
sizc/f requency distribution, at least between 8 - 20 km diameter. 

The Orientale continuous ejecta blanket out to about a basin radius 
from the basin rim (Cordillera Mts.) has either obliterated pre-existing 
craters or degraded them to Classes 4 and 5. Almost all craters 
superpod on the ejecta blanket are fresh Class 1 craters. ! lbse 
derlying the blanket are degraded Class 4 and 5. No Class 3 craters are 
present within the ejecta blanket. This indicates that the ejecta blanket 
has degraded all pre-existing Class 1 - 3 craters to Class 4 or 5 
craters. The obliteration of pre-existing craters within the blanket, has 
been substantial (Fig. 4). The percentage of craters obliterated ~arges 
from about 80% for craters 8 - 12 )an diameter to about 408 for craters 
greater than 50 km diameter. Beyond a basin radius no significant crater 
obliteration has occurred for diameters greater than 8 lan. 

In sunaaa~y, the size/frequency distribution of craters in most areas 
of the highlands represects the primary production population for 
diameters greater than 20 km. In the farside region surroundiq Orientale 
out to at least 90° from the basin center, basin secondaries have caused 
an excess of craters at diameters less than 20 km. This excess of smaller 
craters is found locally in some other areas of the highlands and also is 
probably the result of secondaries from other basins. The size/frequency 
distrjbutiorr in other areas of the highlands is essentially identical to 
the post-Orientale/pre-mare population and appears to be significantly 
effected by basin seco:daries larger than 8 km diameter. Within one basin 
radius up to 80% of pre-existing craters (8 - 12 km dia.) can be 
obliterated by the continuous ejecta deposit. Beyond that distance no 
significant obliteration occurs for diameters greater than about 8 km. 
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PROCELLARUM, A GIANT PLANETARY BASIN 
Don E. Wilhelms, U.S. Geological Survey, Men10 Park, CA 94025 

Cadogan (1974, 1981' and Whitaker (1981) proposed that a giant impact 
basin controls the semicircular outline of Oceanus Procellarum and occupies 
much additional area of the Moon's near side. Cadogan estimated the dia- 
meter of the "Gargantuan" basin as 2400 km and its center as 23' N., 29' 
W. He also suggested that an early volcanic filling by KREEP basalt8 
explains the concentration of KRSEP in the Imbrium-Procellarum area, and 
thac ejected "anorthosite" (aluminous terra material) explains the high 
Al/Mg ratios detected on the limbs and far side by the orbiting X-ray 
spectrometer. Whitaker showed that many otherwise-unexplained terra and 
mare features in a large area fit three rings 1700, 2400, and 3200 km in 
diameter centered at 23" N., 15" W. The basin center lies within the much 
younger Imbrium basin. Its outer, 3200-km, ring encompaees all major near- 
side maria except Crisium, Fesunditatis, and Nectaris. Orientale and 
Smythii also lie outside the basin. My studies not only have convinced me 
that the basin as mapped by Whitaker exists, but have shown that it exerts 
fundamental control over lunar near-side petrology, structure, geophysics, 
and stratigraphy. 

Most of Procellarum's effects stem From its control of the thickness 
of the terra crust (Cadogan, 1981; Whitaker, 1981). The lower the surface, 
the thinner the crust and the higher the underlying mantle. Altimetry data 
show generally lower terra elevations inside than outside the basin, a fact 
that is commonly ascribed to a fundamental nearside-farside difference in 
crustal thickness (Kaula and others, 1974). In detail, the basin undnutt- 
edly has a steplike concentric structure like Orientale and other well- 
exposed basins, descending in elevation from the exterior terra through two 
concentric, interring troughs to the central basin. Seismometry suggests a 
75-km crustal thickness in the Apollo 16 region (Nakamura, 1981), in the 
outer trough. This value is close to estimates of the average crustal 
thickness, which range between 61 and 86 km (Kaula and others, 1974; Billa 
and Fcrrari, 1977; BVSP, 1981, p. 671). The most precise seismic data are 
from an area of southern Oceanus Procellarum and suggest a 50-60 km 
thickness for that region (ToksSz and others, 1974; Koyama and Nakamura, 
1979), most of which lies within the inner of the two concentric troughs. 
Hence the 50-60-km figure reflects the crustal thinning under that trough. 

The central basin must overlie a still thinner crust. The mantle may 
have been almost reached by the combined Procellarum and Imbrium impacts, 
judging from the petrology of one or two small clastb in the Apollo 15 Mon- 
tes Apeninnus collection (Herzberg and Baker, 1980). Even the lmbrium sam- 
ples are mostly crustal, however, consisting of KREEP-rich breccia8 (Apollo 
14) and ANT clasts and low-K KREEP matrices (Apollo 15). Therefore Procel- 
larum alone did not pierce the crust, and it was shallower than 61-86 km. 

The shallow mmbined excavation by two of the largest lunar basins 
supports the hypothesis that basins are much shallower, relative to their 
diameters, than craters (Baldwin, 1963; Head and others, 1975). If the 
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outer ring of a basin is also the boundary of excavation (Wilhelms and 
others, 1977), the depthldiameter ratio of Procellarum was less than 1137 
(8613200) and probably closer to 1164 (5013200). The crust was excavated 
more by lateral stripping than by the deep, hemispherical scooping observed 
in simple craters. Because of their ehallowness, enormous basins may form 
without destroying a planet. 

The terra surface materials of the three concentric depressions and 
the exterior terrain differ in c ,mposition. The X-ray spectrumeters show 
that the Apollo 16 region and the far side are the most aluminous terra 
(Adler and others, 1973). The Apollo 15 and 17 tracts, composed mostly of 
younger basin rims formed closer to the Procellarum center, are more mag- 
nesian. The innermost Procellarum basin is KREEP-rich, judging by the Fra 
Mauro Formation derived therefrom. Csmposition and crustal thickness are 
therefore related (Haines and Metzger, 1980). The correlations are consis- 
tent with a layered terra crust in which KREEP-rich materials are the deep- 
est, magnesien ANT intermediate, and aluminous ANT highest. The steplike 
structure of Procellarum has exposed successively deeper layers inward 
toward its center, and the whole basin has stripped off aluminous material 
and added it to the surrounding terra (Cadogan, 1974). Thus the differ- 
ences in crustal thickness and composition that are usually attributed tc 3 
nearside-farside dichotomy (Kaula and others, 1974) are partly or entirely 
effects of the Procellarum impact. 

The terra configuration created by Procellarum and superposed basins 
set the stage for later mare volcanism. The mantle and therefore the 
source of the basalts was uplifted beneath each bapJ 7 to compensate for the 
removed crust. The crustal thinning and the mantle b2lifts were additive 
where the basins were superposed. The mcst massive maria are Imbrium and 
Serenitatis, which are superposed on central Procellarum, whereas the least 
massive maria relative to the size of their containing basfns are outside 
Procellarum. Mare ages arid compositions also correlate with Procellarum. 
For example, the massive, imbrian-age fillings of Imbrium and Serenitatis 
are low in Ti. Imbrian high-Ti hasalts were extruded in western Tranquill- 
itatis, in the tmer Pr,?c?Ilns-irn trot~gh. Eratosthenian and Copernican 
high-Ti magmas were extruded directly into the western extension of the 
same trough and from the central basin into the margin qf Mare Imbrium. 
Lunar volcanism endured the longest in this Proccllarum-Imbrium region of 
thin crust. The thin, aluminous basales oi Smythii and Fecunditatis 
(Hubbard, 1979) were extruded onto the thick crust1- outside Procellarum. 
Within an age group, zones of mare composition as indicated by the teles- 
copic and orbital geochemical d ~ t a  are concentric gith Procellarum and cut 
across the younger superposed basins. The basins that are the immediate 
hosts of the maria only modulate the pattern established by Procellarum. 

Lithospheric thicknesses resulting from the steplike Procel1.arum 
excavation determined the degree and style of tectonic deformation. The 
terra crust generally is assumed to deform elastically, and wa3 probably 
equivalent to the elastlc lithosphere during most mare volcanism and 
tectonism. Subsidence of mare basalts to achieve isostatic compensation 



opened arcuate grabens by stretching the lithosphere, and was aided by weak 
lithospheres and inhibited by strong lithospheres (Solomon and Head, 
1980). Therefore moat arcuate grabens formed inside Procellarum. The thin 
lithosphere permitted more complete isostatic compensation than did the 
thick lithospheres under auch maria as Orientale, Nectnris, Smythii, and 
the far-side maria. Because subsidence of those maria was hindered, they 
display large mascons despite their relatively small masses of basalt 
(Solomon and Head, 1980). Most craters with highly uplifted floors are 
also in or dear the basin. 

Most mare ridges are concentric with Procellarum (Whitaker, 1981). 
Even such details as the gravity structure of southwestern Procellarum 
(Scott, 1974) correlate with its ring structure: positive anomalies with 
the thickest basalts, parallel negative anomalies with the raised rings 
underlying thin basalts (compare Scott, 1974, fig. 2). 

In summary, so many aspects of lunar geology and geophysics correlate 
with position relative to a 3200-km, three-ringed Procellarum impact basin 
thi~t its existence seems firmly established. First-order planetary struc- 
turcs may tiicrefore be of impact origin. One might examine the hemispher- 
ical dichotomy of Mars for similar clues to basin origin. A basin three 
times larger than Procellarum may have stripped several tens of kilometers 
of crustal material from half of Mars, resulting ultimately in the 
different geologic styles of the two mactian hemispheies. 
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THE EXCAVATION OF LUNAR MULTI-RING BASINS 

Paul D. Spudis,  Dept. of Geology, Ariz. S t a t e  Univ., Tempe A2 85287 - and 
U. S. Geological  Survey, 2255 N. Gemini Dr., F l a g s t a f f  AZ 86001. 

In t roduc t ion  The formation of m l t i - r i n g  b a s h e  is the  most important  - 
process  i l x h e  e a r l y  geologic  h i s t o r y  of t h e  Moon. Exhaustive s tudy of 
these  enigmatic f e a t u r e s  has produced no c l e a r  consensus on t h e i r  o r i g i n a l  
s i z e  and depth of excavat ion (e.g.,  compare 1,Z). One problem i n  the  
approach of many bas in  s t u d i e s  is t h e i r  focus on only one aspec t  of bas in  
geology (photogeology , samplz s t u d i e s ,  e t c .  ). This e f f o r t  u t i l i z e s  
information from photogeologic,  lunar  sample, geophysical  and remote 
sens ing  d a t a  t o  oddless  t h e  problem of the  o r i g i n a l  bas in  c a v i t y  d iameter  
and e f f e c t i v e  depth of excavation.  This s tudy  extends  r e s u l t s  f o r  the  
Or ien ta le  bas in  ( 3 )  t o  t h e  l u n a r  bas ins  Necta 'r is ,  Crisium, S e r e n i t a t i s  and 
Imbrium (4).  

Geology and E j e c t a  of Lunar Basins. This s e c t i o n  b r i e f l y  summarizes t h e  
compositions of e j e c t a  from f i v e  lunar  bas ins ' and  some c o n s t r a i n t s  on the  
s i z e  of the  c r i g i n a l  bas in  cav i ty .  Deta i led  geologic  r a t i o n a l e  f o r  t h e s e  
c o n s t r a i n t s  may be found i n  (4) .  
Or ien ta le .  The O r i e n t a l e  bas in  (930 km diameter)  formed i n  a  t h i c k  (T190- 
100 km; 5 )  highland c r u s t  and con ta ins  s e v e r a l  pre-basin s t r u c t u r e s  ( 6 , 7 )  
t h a t  suggest  the  boundary of t h e  o r i g i n a l  bas in  c a v i t y  probably occurs 
wi th in  the  o u t e r  Rook r i n g  of t h a t  bas in  (500-600 km diameter c a v i t y ) .  
Mixing models of o r b i t a l  geochemical d a t a  f..)r O r i e n t a l e  e j e c t a  (8)  sugges t  
t h i s  m a t e r i a l  i s  composed of a  2 : l  mixtbre of a n o r t h o s i t e  and a n o r t h o s i t i c  
gabbro. These r e s u l t s  suggest  Orient  a l e  e f f e c t i v e l y  excavated t o  depths 
nc g r e a t e r  than about hal f  the  th ickness  of the  c r u s t a l  t a r g e t  (about 50 
km; 3);  i f  the  o r i g i n a l  c a v i t y  s i z e  wes g r e a t e r  than t h i s  e s t ima te ,  2 

s i g n i f i c a n t l y  h igher  mafic content  i n  the  bas in  e j e c t a  would be seen. 
Nectar is .  The Nec ta r i s  bas in  (860 km d iamete r )  formed w i t h i n  a  t y p i c a l  
nea r s ide  highlands c r u s t  (average T-70 km; 5). The nor the rn  and western 
e j e c t a  a r e  covered by Apollo 16 o r b i t a l  d a t a  and t h e  Apollo 16 s i t e  l i e s  
200 km NW of the  o u t e r  Nectar is  r ing.  Nec ta r i s  is too  degraded t o  
recognize any pre-basin s t r u c t u r e s  w i t h i n  t h e  outer- r i n g  but r e s u l t s  f o r  
Or ien ta le  suggest  t h e  o r i g i n a l  c a v i t y  was wi th in  the  o u t e r  r i n g  and was 
about 500-600 km i n  diameter.  Mixing model r e s u l t s  f o r  Nec ta r i s  e j e c t a  
(9 , lO)  i n d i c a t e  a  3 : l  mixture of a n o r t h o s i t i c  gabbro and low-K Fra Mauro 
b a s a l t .  This suggests  excavat ion t o  rniddle c r u s t a l  l e v e l s ,  about 50 km i n  
t h i s  region of the  Moon. 
Crisium. The Crisium bas in  (635 km diameter)  Impact occurred i n t o  a  
highlands t a r g e t  (average T=60 km; 5 1 ,  geochemically s i m i l a r  t c  t h e  
Nec ta r i s  bas in  t a r g e t .  An unusucl h s i n  m d i f  l c a t i o n  s t y l e ,  involving 
long-term endogenic modif ica t ion with concurrent  mare f lood ing  i n  r i n g  
troughs ( 4 1 ,  precludes i d e n t i f i c a t i o n  of pre-basin s t r u c t u r e s .  O r b i t a l  
geochemical coverage of the  southern  e j e c t a  blanket  i n d i c a t e s  Crisium 
e j e c t a  c o n s i s t s  of a n o r t h o s i t i c  gabbro and low-K Fra Mauro b a s a l t  (10) i n  
about the  same propor t ions  a s  i n  Nzc ta r i s  e j e c t a  ( 3 : l ) .  This sdgges t s  
Crisium basin excavat ion t o  crus ta l .  s t r a t i g r a p h i c  l e v e l s  comparable t o  



N e c t a r i s .  Due t o  t h e  t h i n n e r  c r u s t  i n  t h i s  r e g i o n  (51, Cris ium probably  
sampled d e p t h s  up t o  35 t o  45 km. 
S e r e n i t a t  is. Thc? S e r e n i t a t i s  b a s i n  (880  ko  d i a m e t e r )  impact occu r r ed  
w i t h i n  an ave rage  th i cknebs  c r u s t  (60  km; 5 )  t h a t  was geochemica l ly  
d i s t i n c t  from bit11 Cr is ium and N e c t d r i s  b a s i n  t a r g e t s  ( 4 , 9 ) ,  Ex tens ive  
mere f l o o d i n g  and m o r ~ L o l o g i c  d e g r a d a t i o n  by t h e  Lrcbrium impact p r o h i b i t  
t h e  i d e n t  i f i c a t i o n  of pre-bas in  topograohy.  Mixing model s t u d i e s  PC t h e  
Taurus-Lit t row h i g h l a n d s  ( 9 )  sugges t  S e r e n i t a t i s  e j e c t a  c o n s i s t s  of 
g r e a i e r  t han  90 pe rcen t  n o r i t e  w i t h  minor amouilts of KREEP, mare b a s a l t  
and a n o r t h o s i t e .  Th i s  e j e c t a  ~;:ompoaition s u g g e s t s  S e r e n i t a t i s  may have 
excavated  n e a r l y  t h e  e n t i r e  c r u s t a l  column i n  t h i s  r eg ion  of t h e  Moon, &s 
d ~ ~ p  as 50 t o  60 km, c o n s i s t e n t  w i th  t h e  r e s u l t s  from o t h e r  b a s i n s  i n  t h i s  
s t u d y  ( c f .  N e c t a r i s ,  s i m i l a r  i n  s i z e  LO S e r e n i t a t i s ) .  
Imbrium. Imbrium (1200 km d i a m e t e r )  is one of t h e  nos t  complex l u n a r  --- 
m u l t i - r i n g  b a s i n s .  Grav i ty  d a t a  ( 5 )  s u g g e s t  a  r e l a t i v e l y  t h i n  c r u s t  f o r  
t h e  pre-basil1 t a r g e t  r e g i o n  ( ave rage  T-50 krn) t h a t  c o n s i ~  ttd of c o m ~ l e x  
ma r e  and KREEP v o l c a n i c  l a v a s  o v e r l y i n g  a  predominantly n o r j  t i c  h i k n l a c d s  
c r u s t  (4 ) .  Numerous pre-Imbrian b a s i n s  i n t e r s e c t  t h e  Imbrium o u t e r  r i n g  
and i n  p a r t i c u l a r ,  t h e  p r e s e r v a t i o n  of an i n n e r  b a s i n  t opograph ic  h igh  
nea r  t h e  Apennine Bench (11 ,12 )  may have r e s u l t e d  from t h e  Imbrium basfn 
o u t e r  r i n g  i n t e r s e c t i c n  w i t h  t h e  a n c t e c t  Insu larum b a s i n  (13) .  T h i s  
s u g g e s t s  t h e  o r i g i n a l  Imbrium c a v i t y  r a y  have been a h u t  600-800 km i n  
d i ame te r  ( 4 ) .  Mixing model s t u d i e s  of lmbrium e j e c t a  11 . c a t e  s u ' x q u a l  
amounts of low-K Fra Mauro b a s s l t ,  U E E P  and mare b a s a l t s  w i th  .&nor 
amounts of a n o r t h o s i t i c  gabbro (14) .  h m w  geochemical  m p  of t h e  
Apennine mountains d t s p l a y s  a  l a r g e  component of n o r i t e  w i t h i n  t h e  Imbrium 
e j e c t a  (15) .  These r e s u l t s  sugges t  Imbrium excavated  a t  l e a s t  t h e  e n z i r e  
c r u s t a l  t h i c k n e s s  i n  t h i s  r eg ion  and p o s s i b l y  some q u a n t i t y  of l u n a r  
mantle  m a t e r i a l s  ( 4 ) .  

Discu.mion.  The f i v e  basl.ns d e s c r i b e d  h e r e  r e p r e s e c t  a  spec t rum of b a s i n  
s i z e s ,  ages  and morphologies. Where t h e  o r i g i n a l  c a v i t y  d i ame te r  car1 be 
c o n s t r a i n e d  by p r r s e r v a t  i o n  of pre-bas i n  topography ( O r i e n t a l e ,  Zmbrium) , 
t h e  o r i g i n a l  c a v i t y  is  found t o  be s i g n i f i c a n t l y  s n a l l e r  than  t h e  p r e s e n t  
b a s i n  t opograph ic  rim, The i n f e r r e d  d e p t h s  of bas in  excava t ion  based on 
e j e c t a  composi t ion  and r e g i o n a l  c r u s t a l  t h i c k n e s s  a r e  t y p i c a l l y  l e s s  t n a n  
t h e  l o c a l  c r u s t a l  t h i c k n e s s  and a r e  on t h e  o r d e r  of o m - t e n t h  t h e  d i a m e t e r  
of t h e  i n f e r r e d  bas in  o r i g i n a l  c a v i t y .  This  r e l a t i o n s h i p  f o r  l u n a r  bas in  
e x c a v a t i o n  c a v i t i e s  has been sugges t ed  p r e v i o u s l y  from a n  e n t i r e l y  
d i f f e r e n t  l i n e  of r ea son ing  (16) .  An a t t empt  was orade t o  compute r b e  
t o t a l  volume of m t e r i a i  excavated  by t h e s e  impacts .  Th i s  was done by 
assuming a  hemisphe r i ca l  c a v i t y  shape  wi th  a  p e n e t r a t i o n  dep th  of one- 
t e n t h  t h e  i n f e r r e d  d i ame te r  e x c a v a t i n g  a  sph  r i c a l  Moon (3 .4) .  R e s u l t s  5 f o r  O r i e n t o l e  range from 4.9 t o  9.3 x  106 km of e j e c t a ,  a  r e s u l t  i n  good 
agreement w i t h  p r w i o u s  e s t i m a t e s  from g r a v i t y  ( 1 7 )  and photogeologic  d a t a  
(18).  Ana lys i s  of t h i s  geometr ic  f i g u r e  of e x c a v a t i o n  fu: r h e r  i n d i c a t e s  
t h a t  f o r  O r i e n t a l e ,  90 pe rcen t  of t h e  b a s i n  e j e c t a  is der i - led  from d e p t h s  
s h a l l o d e r  than   bout JO t o  40 km ( 3 ) ,  i n  good agreement w l th  t h e  i r ighly 
a n o r t h o s i t i c  composi t ion  of O r i e n t a l e  e j e c t a  (8 ) .  In t h e  c a s e  of Imbrium 
( t h e  l a r g e s t  ba s in  s t u d i e d ) ,  t h i s  a n a l y s i s  i n d i c a t e s  a s  much a s  16 p e r c e n t  



of t h e  t o t a l  e j e c t a  volume may be d e r i v e d  from s u b - c r u s t a l  r eg ions .  T h i s  
m a t e r i a l  may be now l a r g e l y  b u r i e d  by t h e  mare f l ows  t h a t  f i l l  t h e  b a s i n ,  
bu t  d e t a i l e d  s t u d y  02 t h e  o r b i t a l  geochemical  d a t a  i n d i c a t e  t h e  p re sence  
of minor amounts of u l t ramaf  i c  material w i t h i n  t h e  Apenaines (19 ) .  

Conclusions.  Lunar mult i - r i n g  bas in s  form by t h e  t opograph ic  modif i c a z i o n  
of i n i t i a l l y  s m a l l % r ,  sha l low t r a n s i e n t  c a v i t i e s .  The r e s u l t s  of t h i s  
s tudy  sugges t  an  i n i t i a l  e x c a v a t i o n  c a v i t y  v i t h  a  d i ame te r  approximate ly  
0.6-0.7 t imes  t h e  p r e s e n t  b a s i n  t opograph ic  r i m  d iameter .  The geochemica l  
d a t a  sugges t  e dep th  about  0.1 t imes  t h e  d i ame te r  of t h i s  e x c a v a t i o n  
c a v i t y .  These r e s u l t s  suppor t  hypotheses  t h a t  b a s i n  o u t e r  r i n g s  form by 
g r a v i t y  slump'?g around an i n i t i a l l y  s m a l l e r  t r a n s i e n t  c r a t e r  (e.g.,  20- 
22). Bas i r  i m e r  r i n g s  may r e s u l t  from s t r a t i g r a p h i c  u p l i f t  ( 23 ,24 )  a l o n g  
w i t h  a i n o r  o s c i l l a t o r y  movement (23 ,25) .  Th i s  excavation model is 
c o n s i s t e n t  w i th  a  wide v a r i e t y  of s t u d i e s  of Apollo l u n a r  h igh land  sdmples 
t h a t  i n i i c a t e  a pauc i ty  of m a t e r i a l  d e r i v e d  from t h e  l u n a r  mant le  
(e .g. ,26)  w i t h i n  t h e  l u n a r  h ighlands .  
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CRATER PEAKS TO BASIN RINSS: M E  TRAJSITION ON MERCURY AND OTHER BODIES 
Richard J. Pike, U.S. Geolcgical Survey, Wenlo Park, CA 94025 

Analysis of the morphologic contrasts between large impact craters 
and small basins may contribute to a better understanding of both 
features. Recent efforts have focused on a possible link between central 
peaks in craters and interior rings in basins 11-81. In connection with 
rrew work on the craters of Mercury, I have reexamined the dimensions of 
peaks and rings on six planets and satellites. Emphasis was on (1) 
central-peak basins, small transitional basins that have both a central 
peak and an inner ("central-peak" or "peak") ring, and (2) the planet 
Mercury, which has more (12) central-peak basins than the other bodies. 
The peak ring also is defined as the inner one in two-ring basins; it is 
designated "ring XI" in multiring basins, where the main ring is ranked as 
IV and the intermediate ring as I11 [9,10]. All measurements of mercurian 
basins are new [11,12]; the data for basins elsewhere are either new or 
were compiled from published sources !e.g., 41. Basal diameters for 
central peaks were obtained from work by the Brown Miversity group [e.g., 
61. Analysis of peak-and-ring geometry suggests a.1 interpretation of the 
crater-to-basin transition, as exemplified here by Mercury (Yig. l), 
wherein the morphologic contrasts may not indicate a major discontinuity. 

A similar pair of correlations, between central-peak and crater size 
and between peak-ring and basin size, is observed on the Earth, the Moon, 
Mercury, Mars, Ganymcde, and Callisto. Both resulting linear log-log 
least-squares fits excl:~de central-peak basins, which have a different 
geometry (Fig. 1). Peak rings are fully half the size of their main basin 
rings, whereas central peaks are barely a quarter the size of their host 
craters; the respective logarithmic curves do not intersect on the graph 
[cf. 5-81. LoglO basal diameter of central peaks (Dc ) increases 
monotonically with loglO rim diameter of the cratzr (Dr) f"tercepts of 
least-squares fits at a crater diameter of 50 km range lrom 10 to 13 km. 
Log diameter ot the peak ring (D or DII) also increases monotonically 
~ i t h  loglO diameter of the main!' or topographic, rinz ( D  or DI ). 
Intercepts of least-squares fits at a basin size of 200 km range from YOO 
to 110 km. The peak-ring/main-r-ng curve parallels other log-log 
monotonic relations between the main and remaining basin rings [9,10]. 
The 2:l relation between main- and peak-ring diameter for double-ring 
basins is identical to that for multiring basins [cf. 21.  

Overlap of the D /D and DII/D data marks the transition from 
craters to basins on C%aci body. #e diameter range bracketing the 
smallest peak ring and the largest central peak generally includes most 
central-peak basins. The ranges of diameter overlap are approximate; that 
for the Earth may be about 15 to 25 km, for the Moon 140 to 200 km [cf. 
81, for Mercui-y 75 to 150 km, for Mars 45 to ' &a, for Ganymede possibly 
70 to 120 km, and for Callisto perhaps 80 to 100 km. Some of these 
threshold diameters may correlate inversely with surface gravity [13]. 

The geometry of central-peak basins differs from that of complex 
craters and other basins in two key respects. First, the relation between 
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A new model for the crater-to-basin transition, exemplified by 
details for Mercury, showing how peal: rings replace central peaks as the - 

size of impact increases. Both peaks and rings follow essentially linear 
monotonic relations except in central-peak basfns, where both (either) 
peak rings and (or) central peaks systematically diminish in size. 
Vertical lines connecting the ring and peak of each basin emphasize this 
complementary relation: either the ring is large and the peak small, or 
vice versa. The least-squares fit to peak rings olid line, 1-1134, 
ceatral-peak basins excluded) is D I = 0.460D 1*6P5; the fit to csqtral- 
peak data compiled fro , Fig. 2 1  (dashed line, n=110) is estimated 
(only) at D, 0.25Dr g*44. The four tentative intermediate rings 141, 
which are laeger than peak rings by a factor of about $? [9, lo], parallel 
the first two trends. 
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s i z e  of t h e  peak r i n g  and e i z e  of t he  accompanying cen t r a ;  peak is 
complementary. Second, e i t h e r  one o r  both f e a t u r e s  a r e  s - a l l e r  than  they  
would be had they appeared a lone  i n  a  c r a t e r  o r  ba s in  of t h a t  diameter .  
This  c o r r e l a t i o n  is e s p e c i a l l y  ev iden t  on Mercury (F ig .  1 )  and Mars 
( n = l l ) .  I n  a t  l e a s t  7 of t h e  12 central-peak bas in s  on Mercury, t h e  peaks 
a r e  s u b s t a n t i a l l y  sma l l e r  i n  ba sa l  d iameter  than  t h e  Dc /Dr d a t a  shov L O  

be t y p i c a l  of complex c r a t e r s ;  s i m i l a r l y ,  10 of t he se  bz s in s  have sma l l e r  
peak r i n g s  than t h e  DII/DIy d a t a  show t o  be t y p i c a l  of two-ring and 
m u l t i r i n g  bas ins .  I n  none o  t he  12 bas in s  do both peak-ring and c e n t r a l -  
peak d iameters  a t t a i n  t h e  l a r g e r  "normal" va lues  t h a t  a r e  found i n  c r a t e r s  
and bas in s  o u t s i d e  t he  t r a m i t i o n  zone. S imi l a r ,  i f  l e s s  c l e a r l y  de f ined ,  
complementary r e l a t i o n s  occur  on t h e  Moon (n-2) and t he  Ea r th  (n=2);  
Ganymede and C a l l i s t o  may have no central-peak bas ins .  

Three f e a t u r e s  of t he se  d a t a  sugges t  t h a t  t he  c r a t e r - t o -bas in  
t r a n s i t i o n ,  whei-ein r i n g s  r e p l a c e  peaks a s  c e n t r a l  f e a t u r e s ,  may be a  l e s s  
d r a s t i c  phys ica l  d i s c o n t i n u i t y  than was prev ious ly  thought .  ( 1 )  Cent ra l -  
peak bas in s  a r e  much more common on Mercury and Mars than  on t h e  Moon, 
where breaks i n  t he  size-morphology a r r a y  of impact c r a t e r s  were f i r s t  
def ined .  This  wider occurrence of t r a n s i t i o n a l  ba s in s  sugges t s  t h a t  t h e  
c ra te r - to -bas in  change is  l e s s  abrupt  than  once implied by t he  l una r  
case .  ( 2 )  Magnitude of t he  ' c e n t r a l  d i s t u rbance ,  a s  r e f l e c t e d  by s i z e  of 
peaks o r  r i n g s ,  i nc r ea se s  monotonical ly  wi th  s i z e  of t he  hos t  c r a t e r  o r  
bas in .  The p a r a l l e l  Dc / D ~  and D ~ ~ / D ~ ~  p l o t s  sugges t  t h a t  "normal" f u l l -  
s i z ed  c e n t r a l  peaks a n 8  peak r i n g s  both form a t  a  l e v e l  of energy t h a t  
i n c r e a s e s  monotonical ly  wi th  t he  magnitude of impact. ( 3 )  T1:e r e l a t i o n  
between peak and inner - r ing  s i z e  i n  cen t ra l -peak  bas in s  i s  
complementary. A t  some phys i ca l  t h r e sho ld ,  r i n g s  r ep l ace  peaks a s  t he  
more e f f i c i e n t  s t r u c t u r a l  exp re s s ion  f o r  t h i s  f r a c t i o n  of c r a t e r i n g  
energy. However, q u a l i t a t i v e  change i n  t h e  form of t he  c e n t r a l  u p l i f t  
does not  n e c e s s a r i l y  i n d i c a t e  a  change i n  t h e  energy f r a c t i o n  i t s e l f :  
where ba th  a  peak and a  peak r i n g  form i n  t he  same small  bas in ,  one o r  
both f e a t u r e s  a r e  smal le r  than  normal. Thus t h e  energy a v a i l a b l n  f o r  t he  
c e n t r a l  d i s t u rbance  probably is shared between t he  peak and t h e  r i n g  
r a t h e r  than increased  t o  accommodate both f e a t u r e s .  

References:  
[ I ]  Wood. C. A.. and Baad. J. W. (1976) ? roc .  Lunar Sc1. Conf. 7 t h ,  p. 

3629-3651. 
121 Baad. 1. W. (1977) i n  I-pact and Explosion Cra te r in&.  N .  Y., P e r g u o n .  

p. 815-841. 
(31 Bead. J .  w. (19'C:&mr ? l a n e t .  Sc l .  IX. b w t o o ,  p. 485-067. 
141 C r o f t ,  S. K. (1'119) -. U.C.L.A., 264 pp. 
151 Hale, U. 5.. a d  Haad, J. U. (1979) N.A.S.A. Tech. Hero. 80339, p. 

160-162. 
161 Bale,  U. S.. and Brad. J .  U. (1980a) ?roc.  h o a r  Plane t .  S c i .  Con!. 

11th.  p. 2191-2205. 
(71 B x  U. 5 . .  and Bald. J. W .  (198Ob) xr!-~;a;";;d t o  Conf. Mult i-  

Klna Baains. Lunar P l a n e t .  I n r t . .  Bouaton. p 2 - . 
[(I]  Hale, U. S. ,  and C r l a v r ,  I. A. ?. (1982) ? roc .  Lurur ? l a n e t .  S c l .  

Conf. 13th.  i n  J. h o p h y s .  h a . ,  z. 1. p reaa .  
191 P ike ,  1. 1. (19iil) N.A.S.A. Tech. Maw. 84211. p. 123-125. 
110) C l w ,  G. D. .  and ? l k e ,  I. J .  (1582) Lunar P l a n e t .  S r l .  I I I I J ,  

Bourton. p. 123-121. 
I l l ]  U. S .  Gaol. Survey (197b-1979) ~ t l a s  o. l lcrcur  -. 10 s h e e t s .  
1121 Davlem, M .  I!., Drornik,  S .  t . ,  C a ~ l t ,  D. I!., a i d  S t r a ,  I. G .  !1979) 

Atlaa of M r c u r  N.A.S.A., 127 p. 
1131 Pike.  I. I. ~ d '  2 )  Lunar P l a n e t .  Sc l .  (III, Bouaton, p. 627-628 



ORIGINAL PA%E IS 
OF POOR QUALITY 

GEOMORPHOLOGY OF CRATERS ON MERCURY: FIRST RESULTS FROM A ANEW SAMPLE 
Xichard -1. P i k e  and Gary D. Clow, U .  S .  G e o l o g i c a l  Survey ,  Menlo Pa rk ,  CA 
94025 

C u r r e n t l y  we a r e  reexamining  i n  d e t a i l  t h e  morphology of  f r e s h  impact 
c r s ; P r s  on Mercury. One o b j e c t i v e  is t o  e x p l a i n  t h e  d e v i a t i o n  of 
mercu r i an  c r a t e r s  from t h e  p o s t u l a t e d  l i n e a r  r e l a t i o n  between s u r f a c e  
g r a v i t y ,  g ,  and mean d i a m e t e r ,  D t ,  t h a t  marks t h e  t r a n s i t i o n  from a  s imp le  
t o  8 complex mcrpho!.rgy ( I ] .  Another o b j e c t i v e  is t o  o b t a i n  improved 
depth /d i .ameter  (d/D) v a l u e s  thaL r c r : e l a t e  w i th  t h e  o t h e r  morphologic 
f e a t u r p s  nt each  c r a t e r  ( F i g .  1 ) .  P r e l i m i n a r y  r e s r j l t s  from Mar iner  10 
images sugges t  t h a t  t h e  simple-to-complex threshol .3  !:, x a c h e d  z +  - 
s m s l l e i  c r a t e r  s i z e  t h a n  i n d i c a t e d  by e a r l i e r  s t u d i e s  !2-61. J u s t  how 
ruch  t h e  r e v i s e d  D t  v a lue  f o r  c r a t e r s  on Mercury wili d i f f e r  from t h e  
e a r l i e r  16-km v a l u e  [ I ]  must awai t  comple t ion  of ou r  d/D work now i n  
prnAress  and ,  t o  a  l e s s e r  e x t e n t ,  expans ion  of t h e  sample LO t h e  planned 
2b0 c r a t e r s .  The d a t a  g a t h e r e d  t h u s  f a r ,  from 95 c r a t e r s  between 2 km and 
150  km a c r o s s  ( F i g .  l ) ,  i n d i c a t e  t h a t  D t  i s  no g r e a t e r  t h a n  1 2  km. Our 
i n i t i a l  a t t emp t  a t  a d/D c u r v e  ( n o t  shown) from t h i s  sample s u g g e s t s  t h a t  
t h e  i n t e r s e c t i o n  of l e a s t - s q u a r e s  f i t s  t o  d i s t r i b u t i o n s  of s imp le  and 
complex c r a t e r s  l i e s  below t h i s  c r a t e r  s i z e ,  between 6-ku and 8-km 
d i a m e t e r  -- a  r e s u l t  commensurate w i t h  t h e  now-diminished v a l u e  of  D t .  

F i g u r e  1  i l l u s t r a t e s  t h e  morphologic t r a n s i t  i o n  f o r  t he  9 5 - c r a t e r  
sample.  The l a r g e s t  s i m p l e ,  deep and bowl-shaped, c r a t e r s  on Mer r l ry  a r e  
no more t h a n  13 km i n  d i a m e t e r ,  whereas t h e  s m a l l e s t  c r a t e r s  i n  which 
unambiguous complex-cra te r  c h a r a c t e r i s t i c s  ( c e n t r a l  peaks ,  f l a t  and 
sha l l ow  f l o o r s ,  s c a l l o p e d  rims, slump b l o c k s ,  and w a l l  t e r r a c e s )  can  be 
i d e n t i f i e d  a r e  no l e s s  t h a n  1 1  km a c r o s s .  C r a t e r s  w i t h  a  morphology t h a t  
i s  t r a n s i t i o n d l  between t h o s e  of s imp le  ~ n d  complex c r a t e r s  range  i n  
d i ame te r  from 7 km t o  16  km. Three  a s p e c t s  of F i g u r e  I wa r r an t  
emphas is .  (1) The o n s e t  of w a l l  t e r r a c i n g  o c c u r s  a t  a  much l a r g e r  c r a t e r  
s i z e  ( 2 1  km diam.)  t han  does  o n s e t  of t h e  o t h e r  f i v e  ~ 0 r p h 0 1 0 g i c  f e a t u r e s  
(11-12 km diam.) .  The peaks -be fo re - t e r r ace s  o r d e r  on Mercury is  
c o n s i s t e n t  w i th  t h a t  observed  on o t h e r  p l a n e t s  [ 1-61 and may f i g u r e  
prominent ly  i n  a  g e n e t i c  i n t e r p r e t a t i o n  of t h e  t r a n s i t i o n  1  ( 2 )  
C r a t e r s  w i th  a t r a n s i t i o n a l  morphology, r e sembl ing  t h a t  of such l u n a r  
c r a t e r s  a s  Dawrs a n d  B e s s e l ,  n e a t l y  b r a c k e t  t h e  s imple- to-complex d i ame te r  
t h r e s h o l d .  Our p r o v i s i o n a l  d/D d a t a  ( n o t  shown) i n d i c a t e  t h a t  such  
c r d t e r s  a r e  s y s t e m a t i c a l l y  s h a l l o w e r  t han  s imp le  c r a t e r s ;  t h i s  
c o r r e l a t i o n  a lyeady  is  e v i d e n t  f o r  c r a t e r s  on t h e  Moon [ l ;  F i g .  9 1 .  ( 3 )  
N e i t h e r  c e n t r a l  peaks nor  w a l l  t e r r a c e s  have been i d e n t i f i e d  i n  t h e  n ine  
t r a n s i t i o n a l  c r a t e r s  s t u d i e d  on Mercury. I t  may be ,  however, give11 
ev idence  from h i g h - r e s o l u t i o n  l u n a r  p i c t u r e s ,  t h a t  n a s c e n t ,  low-re1 i e f  
c e n t r a l  peaks l i e  b u r i e d  benea th  t h e  slump d e p o s i t s .  
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CRATER DIAMETER, km 
FIGURE 1. ~) lamete r , ' rnor~hology  a r r a y s  f o r  e i g h t  i n t e r i o r  c h a r a c t e r i s t i c s  
of  m e r c u r i a n  impact  c r n t 2 r s .  D e p t ' ~ ~ d i a m e t e r  ( d / ~ )  r e s u l t s  a r e  
p r o v i s i o n a l  , but  r a d i c a l  c h . ~ n y e s  a r c  n o t  e x p e c t e d  . Symbols d e n o t e  
unambiguous L d e n t i f i c a t t a n s  of m a r p h o l o . ~ i c  f e a t u r e s  on  M a r i n e r  10 images 
f o r  95  f r e s h  c r a t e r s :  d o t s ,  o b s e r v a t i o n s  on e i t h e r  s i m p l e  (11x35) o r  
complex (n=51)  c r a t e r s ;  c r o s s e s ,  o b s e r v a t i o n s  on c r a t e r s  (1119) t h a t  have  
d i s t i n c t i v e l y  t r a n s i t i o n a l  rilorphology. Compare w i t h  Jet61 f u r  Mars [ I ,  
F i g .  7 1 .  

Our p r o v t s i o n a l  d a t a  on r r n t e r  d i a m e t e r  and especially c r a t e r  C e p t h ,  
which were  o b t a i n e d  from measurements  of shadow l e n g t h s ,  a r e  r , ~ t h e r  c r u d e  
b e c a u s e  t h e  M a r i n e r  10 S u p p l e m e n t a r y  E x p e r i m e n t a l  D 8 t . s  Record (SEDR)  1 7 )  
c o n t a i n s  i n a c c u r a c i e s .  S e v e r i t y  o f  the r e s u L t i n g  e r r o r s  i n  c r a t e r  
d i a m e t e r  and d e p t h  v a r i e s  c o n s i d e r a b l y ,  d e p e n d i n g  m o s t l y  on s u r f a c e  
Lat t t u d e  and t h e  d l s t , i n c r  of .I g i v e n  c r a t e r  f tom t h e  s u h s p i l c e c r a f t  
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p o i n t .  The 1 :15 ,000,000-sca le  map of Mercury [ 8 ] ,  which used t h e  l a t e s t  
mercur ian  c o n t r o l  n e t ,  f u r n i s h e s  t h e  most a c c u r a t e  posi:ions f o r  s u r f a c e  
f e a t u r e s  on t h e  p l a n e t .  We combine v a l u e s  of  l a t i t u d e  and l o n g f t u d e  from 
t h i s  map w i t h  d a t a  on s p a c e c r a f t  a l t i t u d e  and t h e  p o s i t i o n  of t h e  Sun 
(from t h e  SEDR but  independent  of p o s i t i o n  on t h e  p l a n e t  and t h u s  no t  
s u b j e c t  t o  e r r o r s  i n  t h e  c a l c u l a t e d  pa rame te r s )  and i n p u t  them t o  a n  
a l g o r i t h m  t h a t  recomputes view a n g l e ,  sun  a n g l e ,  phase a n g l e ,  and image 
s c a l e  f o r  each  s e t  cf p o i n t s  r e q u i r e d  t o  g e n e r a t e  a c r a t e r  d i ame te r  and a 
shadow l e n g t h .  T h i s  a l g o r i t h m ,  which c u r r e n A l y  is be ing  encoded, e n a b l e s  
any c r a t e r  f o r  which a  shadow l e n g t h  can  be measured t o  be used f o r  d / ~  
a n a l y s i s ,  no m a t t e r  how s t r o n g l y  f o r e s h o r t e n e d  i t s  image on Mariner-10 
p i c t u r e s .  Bes ides  g r e a t l y  improving che q u a l i t y  of d/D a n a l y s i s  f o r  
Mercury, t h i s  added f l e x i b i l i t y  expands t h e  sample of f r e sh - look ing  
c r a t e r s  t h a t  can  be i nc luded  i n  morphologic i n v e s t i g a t i o n s  on any p l a n e t .  

Although t h e  r e s u l t s  t h u s  f a r  a r e  p r e l i m i n a r y ,  o u r  d a t a  s u g g e s t  t h a t  
t h e  t ~ a n s i t 3 o n  from s imp le  t o  complex c r a t e r s  on Vercury o c c u r s  a t  a 
s m a l l e r  d i ame te r  t han  i n d i c a t e d  by e a r l i e r  d a t a .  However, t h e  7  km t o  
12-km-diameter range  w i t h i n  which t h e  r e v i s e d  t r a n s i t i o n  probably  l i e s  
w i l l  no t  n e c e s s a r i l y  i n c l u d e  t h e  8 km v a l u e  of Dt t h a t  would be 
c o n s i s t e n t  w i th  an i n v e r s e  f u n c t i o n a l  r e l a t i o n  w i t h  g  o r  s i l i c a t e  b o d i e s  
( t h e  g:D r e l a t i o n  f o r  n o n s i l i c a t e  b o d i e s  d i f f e r s  [ 9 ] ) .  Thus t h e  
anomalous!y h i g h  Dt va lue  f o r  Mercury p robab ly  i s  r e a l ,  i f  no t  s o  l a r g e  a s  
p r e v i o u s l y  thought .  We do n o t  expec t  t h e  r e v i s e d  Dt  v a l u e  f o r  c r a t e r s  on 
Msrcury t o  be s o  low as t h e  6-km va lue  o b t a i n e d  f o r  c r a t e r s  on Mars [ I ] ,  a 
d i f f e r e n c e  a lmos t  s u r e l y  a s c r i b a b l e  t o  t h e  d i v e r s e  p h y s i c a l  p r o p e r t i e s  of  
t h e  t a r g e t s .  The p r o v i s i o n a l  new va lue  f o r  D t  on Mercury remains  
c o n s i s t e n t  w i th  t h e  p o s s i b l e  fourth-power s c a l i n g  r e c e n t l y  proposed f o r  
t h e  g:Dt r e l a t i o n  [ l o ] .  F i n a l l y ,  d e t a i l e d  a n a l y s i s  of  mercur ian  c r a t e r s  
c h a r a c t e r i z e d  by a t r a n s i t i o n a l  morphology may f u r t h e r  e l u c i d a t e  t h e  
simple-to-complex problem. 
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A NEW TIME-SAVING CRATER-COUNT TECHNIQUE, WITH APPLICATION TO NARROW 
FEATURES 
Kenneth L. Tanaka, U.S. Geological Survey, F l a g s t a f f ,  AZ 86001 

Standard c ra te r -coun t i  ng techniques on p lanetary  s x f a c e s  ( 1) have 
been v i t a l  f o r  s t r a t i g r a p h i c  co r re l  a t i ons  o f  geol ogic and geomorphic 
un i t s .  They have, however, requ I red tedious, time-consumi ng, and eye- 
s t r a i n i n g  e f f o r t ,  and the  r e s u l t s  have been 1  im i t ed  t o  the average 
c r a t e r  dens i t y  o f  a  given area. A new technique ( o r i g i n a l l y  
conceptual ized by Laurence Soderblom) i7as been devised t h a t  reduces the  
number o f  smal l -d ian~eter  c ra te r s  t o  be counted. The same method can be 
empl oyec! separately t o  obtaT n  c r a t e r  counts f o r  superimposed o r  
p ro t rud ing  geologic features such as f a u l t s ,  scarps, r idges,  c r a t e r  
r ims, and channels. 

The new technique i s  based on the observat ion t h a t  a  1  inear  ( o r  
c u r v i  1  inear )  fea tu re (s )  o f  1  im i t ed  o r  i n s i g n i f i c a n t  area has a  dens i t y  
o f  superirnposed impact c r a t e r s  t h a t  depends on the  area def ined by the  
c r a t e r  diameters. Thus, an areal c r a t e r  dens i t y  can be ca lcu la ted  on 
t he  bas is  o f  the  sum o f  the areas o f  these l i n e a r  features,  i n c l ud ing  a  
surrounding ares. t h a t  depends on the average c r a t e r  s i ze  selected fv- 
count ing . Because the ex ten t  of c r a t e r - e j e c t a  b lankets  may vary 
considerably f o r  2 given cr,aLer diameter, on ly  c ra te r s  whose r ims 
over lap the l i n e a r  features are counted. For a  given l i n e a r  feature,  AR 
i s  def ined as the  area contained by the  envelope c i rcumscr ib ing  one 
c r a t e r  rad ius R outward from the outer  edge o f  the fea tu re  (see F igure 
1). Expressed i n  equation form, 

where L  i s  the leng th  and W the wid th  o f  the l i n e a r  feature.  
Crater  dens i t i e s  may be ca l  cu l  ated by sunning i nd i v i dua l  l y  

determi ned counts From 1  argest t o  small es t  c r a t e r  diameters. Usual 1 y, 
however, c r a t e r  diameters are binned w i t h i n  s i ze  1  i rn i ts ,  I f  the 
ind iv idua l  diameters are measured, t h e i r  a r i t hme t i c  mean [ the  geometric 
mean, used by ( I ) ,  i s  i n co r rec t ]  can be used as an average diameter. 
Otherwise, a  weighted mean diameter can be ca lcu la ted  on the bas is  o f  
t h  observat ion t h a t  most cumulat ive c r a t e r  counts are p roqor t iona l  t o  
D-', where D i s  the c r a t e r  diameter; i .e., Nc = (const.)D-". The 
average diameter D  of D, and Db (Db > D,), weighted by the c ra te r -  
dens i t y  func t ion ,  i s  

The c~ tmu la t i ve  count i s  the suin of the i nd i v i dua l  counts, s t a r t i n g  
w i t h  the l a rges t  b i n  s ize.  I f  the l a rges t  b i n  s ize,  b i n  1, c o n t a i ~ s  nl 
c ra te r s ,  the  next l a rges t  b i n  s ize,  b i n  2 ,  n2 c ra te r s ,  and so f o r t h ,  
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then 

where A j  i s  t h e  area t h a t  corresponds t o  t h e  average c r a t e r  d iameter o f  
t h e  j t h  b i n .  F i n a l l y ,  l e t t i n g  

k  

be the  number o f  cumula t ive  c r a t e r s  i n  t h e  k t h  and l a r g e r  d iameter  b i n s ,  
t h e  one-u conf idence i n t e r n a l  i s  fN,/ 

C ra te r  d e n s i t i e s  f o r  densely c r a  !I ered 12* t e r r a i n  o r  l a r g e  areas, o r  
bo th ,  can be determined q u i c k l y  by o v e r l a y i n g  t h e  area w i t h  a  templa te  
o f  1  i ne segments and coun t ing  t h e  c r a t e r s  t h a t  i n t e r s e c t  t h e  1  i nes. So 
as no t  t o  count l a r g e  c r a t e r s  repeated ly ,  t h e  spacing between 1  i n e  
segments should be g r e a t e r  than the  l a r g e s t  d iameter  c r a t e r  be ing  
counted. I f  these 1  i nes  are  g i ven  wid th ,  i t  w i l l  cause more ma1  1  e r  
c r a t e r s  t o  be counted. When 1  i near geo log ic  f e a t u r e s  a re  be ing counted, 
each f e a t u r e  must be measured f o r  l e n g t h  and width.  For c u r v i l i n e a r  
o b j e c t s ,  such as c r a t e r  r ims,  equat ion  (1 )  can be mod i f i ed  t o  more 
a c c u r a t e l y  determine the  c ra te r -coun t  areas. 

The c r a t e r  l i n e - c o u n t  method presented above i s  c u r r e n t l y  be ing  
used i n  c o n j u n c t i o n  w i t h  1:15M sca le  mapping and g loba l  s t r a t i g r a p h i c  
s tud ies  o f  Mars, employing t h e  1:2M photomosaic subquads f o r  t h e  
counts.  Pre l  im ina ry  r e s u l t s  i n  the  Lunae Planum r e g i o n  (MC 18 SW) 
c-,nfinn the  usefulness of t h i s  technique.  F i g u r e  2  compares t h e  c r a t e r -  
d e n s i t y  curves o f  a  standard area count ,  an area l i n e  c ~ u n t ,  and a  count  
o f  the  mare r idges.  The area 1  i n e  count used a temp1 a t e  o f  1  i ne 
segments 1 by 90 mn (cor respond ing t o  2 by 180 km) a t  10 mn (20  km) 
i n t e r v a l s .  As an expediency, o n l y  the  c e n t r a l  o r  c r e s t a l  0.5 rnn ( 1  km) 
of t h e  mare r i d g e s  were examined t o  b e t t e r  c o n t r o l  t h e  counts o f  smal l -  
d iameter c r a t e r s .  Table 1 shows t h a t  t he  compromise o f  g r e a t e r  e r r o r  
f o r  coun t ing  fewer s~nal 1  er -d iameter  c r a t e r s  i s  no t  o v e r l y  ser ious .  An 
unexpected r e s u l t  i s  t he  o l d e r  c r a t e r  age o f  t h e  mare r i dges .  
C o m p a t i b i l i t y  o f  t h e  area l i n e  counts w i t h  those obta ined f o r  Sy r ia  
Planum lava  f lows [ u n i t  spl ( 2 )  of MC 17 SE] i n d i c a t e s  t h a t  t h e  mare 
r i d g e s  a r e  p r o t r u d i n g  remnants o f  an o l d e r  sur face t h a t  has been embayed 
by younger lavas.  L o c a l l y ,  t h i s  r e l a t i o n  i s  observable (e.g., a t  l a t  
20 S., i ong  80 W.) .  The o l d e r  sur face i s  c o r r e l a t i v e  w i t h  subd iv ided 
r i d g e d  p la teau  m a t e r i a l s  ( 3 ) .  
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THICKNESS AND DISTRIBUTION OF VOLCANIC MATERIALS ON MARS: 
A PROGRESS REPORT 
R. A. De Hon, Department of Geosciences, Northeast 
Louisiana University, Monroe, La. 71209. 

Unlike the moon, martian volcanic materials exhibit a 
wide range of ages, widespread distribution, and multi- 
plicity of surficial characteristics (1, 2). Martian 
volcanic materials range from positive cox~structional 
features to lowlying plains. A minimum volume of material 
may be derived frox the topography of the volcanic con- 
structional features. The thickness of some plalns- 
fonring materials may be estimated by the extend these 
materials bury pre-existing craters. On Mars, with an 
active erosional regimen, the relationship between crater 
diameter and rim height is less precise than that of the 
moon (3, 4), but a general trend is assumed to be 
preserved if burial is sufficiently rapid. 

The current status of martian thickness studies and some 
generalized trends in distrihtion of volcanic materials 
are reporter here (Table 1). Photomosaic base maps of 
Mars are incomplete ; hence, the thickness 
studies are incomplete. Isopach maps of volcanic plains 
materials require more detailed control of unit contacts 
than are available at this time. 

Approximately 600 thickness estimates over 35% of the 
martian surface are incorporated in the data base. The 
data distribution is random to clustered depending upon 
the presence ~f suitable materials, the age of the sub- 
jacent surface, and the thickness of surficial materials. 
The average thickness of the data is approximately 800 m 
f 300 m. Many regions of materials in excess of 2 km 
thickness are not included in the data; hence, the bulk 
of the data tends to be weighted in terms of southern 
highland intercrater materials. 

Major volcanic centers iominated by positive construc- 
tional forms (such as the Tharsis and Elysium regions) 
are beyond the capabilities of thickness measurements 
based on busied craters. The volume of materials within 
the constructs may be estimated from surface geometry, 
but thick deposits adjacent and subjacent to these 
centers have unknown subsurface configurations. Only 
minimum values may be estimated from surface configura- 
tions and from the assumption that thizknesses exceed 
1.5-2.0 km. Volcaric materials exceed a thickness of 
1.5 km throughout most of the Tharsis Province, Elysium 
Planum, and Syrtis Major Planm. Measurements less than 
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TABLE I  
CURRENT STATUS At13 RESUI.TS OF TFJCKL;ESS STUDIES 

PROVINCE 
SECTION THICKNESS RANGE 

TAARSIS 

Olympus 0.5-0.75 km S u r f i c i a l  flow m a t e r i e l s  and au reo le  
o f  vo lcan ic  c o n s t r u c t .  T o t a l  
t h i c k n e s s  unmeasured. 

Low t e r n  and f l a n k i n g  m a t e r i a l s .  
Gel,. r a l  mass not  measured. 

h a r e  is 
Monte3 0.5-1.6 krn Lobatc s u r f l c i a l  f lows.  

S u r f l c l a l  f lows s i m i l a r  t o  T h a r s l s .  

Ridced plains-form in^ m a t e r i a l s .  
Measurements a r e  t o t a l  t h i c k n e s s  
of exposed m a t e r i a l s .  

Lunae 0.0-1.5 km 

NORTHERN WkLAtiDS 

Chrysc 0.25-1.0 kni R l d ~ e d  n ~ a i e r i a l s  In b a s l n .  Deepest 
p o r t l o n  unmeasured. 

hmnzon!s 
Arcadla 
Acidkl ia  Incomplcte Data 
Utoplr  
I s i d i 8  

Scattered measurrments h i t h  In su f -  
f i c i e n t  d a t a  d l ~ t r l b u t i o n  t o  
de tenr , lnc  t r ends .  

Elysium >1.5-2.0 L.m Volcnnlc flows e s s o c i a t e d  with 
Elysium and IIec~tec  Mom. 

Dlscontlriuous r i d ~ e d  p l a i n s -  
f'ornine materials In  t o p o r  
e r a p h l c  lows. S i m i l a r  t o  
Lunae Plnnua m a t e r i a l s  but 
more c r a t e r e d .  

CENTRAL SVBPRO'I. 

Cen t r a l  
Highlandr 

0.0- 1 .25  km Sane an Western Hlghlnnds.  

210 Data Basin f i l l .  

S y r t i r  Major >I.:-2.0 ~m Low ~ a t c r a  w i th  In  b a s i n .  Thln 
e6ges  and t h l c k  c e n t e r .  

0.5-:.C km P la t eau  vo lcan lc s  w i th  p a t e r a .  
I l~comple t c  Data Extens ive  d l s t r l b u t l o n  on SW 

f l a n k  of K e l l s s  Bas ln .  

Aust r a l e  

Eas t e rn  
H i @ i l a ? h  

t icaper la  

Y O  Data Same a s  Ye6tern and Cen t r a l  Hieh- 
l ands  

No Data P a t e r a  complex wlth w?desyreaJ 
I l a n k l n e  r ldged  p l a i n s  m a t e r i a l  



1 km are found only along the outer edges of the exten- 
sive volcanic piles (3, 4) and on surficial mantling 
flows (4, 5) . 
In the highland province, probable volcanic materials 
exist as low patera, basin fill, and plains-forming 
materials flooding low lying terrain. Contacts with the 
more highly cratered materials range from sharp to grada- 
tional depending upon the nature of the topographic low 
into which the meterials are emplaced. Partialiy buried 
craters allow reasonable estimates of thickness, but the 
absence of adequate contact relationships and com~iete 
map coverage do not allow volume sstimates. Current data 
suggests that tLe thickness of volcanic materials aver.- 
ages less than 1 km throughout the cratered highlmds 
vtth local th$'c-ses in excess of 1.5-2 km in major 
basins only (Table I). 
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GEOLOGIC MAP OF OLYMPUS MONS 
E. C. Mor r i s ,  U.S. Geological  Survey, F l a g s t a f f ,  AZ  86001 

D e t a i l e d  geo log ic  mapping, based on h i g h  r e s o l u t i o n  V i k i n g  o r b i t e r  
photography, has a e l  i nea ted  s t  r a t  i g r a p h i c  and s t ruc tu t .a l  elements of t h e  
huge s h i e l d  volcano, Olympus Mons (Fig.  1). I t s  f l a n k s  a re  covered by  
t h i n ,  l o w - v i s c o s i t y  l a v a  f lows, 2nd on t h e  nor theast  and southwest s ides 
o f  t h e  s t r u c t u r e ,  young f l ows  have p a r t l y  b u r i e d  t h e  escarpment t h a t  
surrounds t h e  volcano and have streamed ou t  onto  t h e  basal p l a i n s  t o  a  
d i s tance  o f  alrllost 200 km (1) .  Ages o f  t h e  f lows a re  determined by 
s t r a t i g r a p h i c  re1 a t  i ons  and morphol og ic  c h a r a c t e r i s t i c s .  Flows on t h e  
lower and upper f l a n k s  d i f f e r  d i s t i n c t  j i n  cha rac te r  and i n  age of  
emplacement. Flows on t h e  lower  f l a n k s  a re  t y p i c a l l y  long, and narrow 
and have 12vees; they  a re  severa l  hundred meters t o  a  k i l o m e t e r  wide and 
10-100 km l o n g  (1) .  These f l ows  are  t h e  youngest fea tu res  o f  t h e  
volcano, and they  appear f r e s h  and p r i s t i n e  compared t o  t h e  o l d e r  f l o w s  
on t h e  upper f l a n k s  and summit. The most recent  o f  t h e  yousg f l o w s  have 
d i s t i n c t  l o b a t e  te rm ina t ions  and sharp boundar ies (F ig .  2), and a r e  
found most ly  on the south and n o r t h  f lanks.  Flows on t h e  upper f l anks  
and near t h e  summit have rough, humnocky sur faces and are  i n d i s t i n c t ;  
some are stubby and a  few o the rs  a re  broad and shee t l i ke .  

Oljmpus Nons probab ly  grew over  a  l o n g  p e r i o d  o f  t i m e  w i t h  many 
e r u p t i v e  episodes (2) .  Lava f l ows  are numerous and ex tens ive;  t h e i r  
boundaries a r e  intermeshed and g e n e r a l l y  i n d i s t i n g u i s h a b l e .  Only t h e  
young postscarp f lows are qappable as d i s t i n c t  f l o w  u n i t s .  Consequently 
on ly  prescarp e r u p t i o n s  and two major  postscarp  e r u p t i v e  sequences have 
been de l i nea ted  on t h e  f ; a ~ k s  o f  Olympus Mans (Fig. 1) .  

The basal  m a t e r i a l  upon which Olympus Mons was b u i l t  i s  exposed i n  
t h e  nor th ,  northwest, west, and southeast seg~nents of t h e  complex scarp 
t h a t  surrounds t h e  volcano. Blocks of t h i s  m a t e r i a l  a re  found along t h e  
r i m  o f  t h e  scarp d i p p i n g  toward t h e  c e n t e r  o f  t h e  v o l c a n ~ .  The sur faces 
o f  some o f  these b locks,  where exposed, show channels and grabens 
s i m i l a r  t o  those on t h e  f r a c t u r e d  p l a i n s  m a t e r i a l  east  o f  Olympus 
Mons. However, a  few exposures o f  scarp  m a t e r i a l  i n  t h e  west segment 
have a  cor rugated o r  r i d g e d  surface suggest ive  of t h e  sur face o f  some 
aureo le  m a t e r i a l  (Fig.  3). 

Lands l ides and slump b locks  are  p reva len t  a long t h e  western 
scar?. Two sec t fons  o f  t h e  scarp, one almast 100 km wide, have 
co l l apsed  and f lowed onto  t h e  ad jacent  p la in .  The eas te rn  segments of 
t h e  scarp  do n o t  have l a n d s l i d e  and slump features  which may i n d i c a t e  a  
d i f f e r e n c e  i n  t h e  s t r e n g t h  of t h e  m a t e r i a l s  t h a t  make up t h e  scarp. 
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THE ORIGIN OF THE WENIW CRATER FLMOS 
B.R. Hawka, P l ane ta r y  Geosciences Div., Hawai i  I n e t .  o f  Gaophys., Univ.  o f  
Hawai i ,  Honolu lu ,  H I  96822; J. Whi t ford-Stark ,  Dept. o f  Geology, Univ .  o f  
M i ssou r i  , Columbi a ,  HO 65211 

In t roduct ion. :  The o r i   in o f  t h e  f l o w s  i n  Chenier  c r a t e r  on t h e  Lunar 
f a r s i d e  have Lorig been t h e  s u b j e c t  o f  i n t e n s e  debate. A v b r i e t y  o f  vo l -  
can i c  [e.g., El-Baz and worden' , ~ e s t 2 ,  v i  l l e l  la3 and impact  (Whi t f o r d -  
S t a r k  and ~ a w k e ~ 1  o r i g i n s  have been suggested. I n  p a r t i c u l a r ,  v i  1  l a 1  la3  
argued t h a t  t h e  f l ows  o r i g i n a t e d  from the  subst i r face movement o f  magma gen- 
e ra ted  es a r e s u l t  o f  t h e  Ts i o l kovsky  impact  event.  As a r e s u l t  o f  r ecen t  
s t u d i e s  o f  Lunar i s p a c t  m e l t  and c l a s t i c  d e b r i s  depos i t s ,  s u f f i c i e n t  ev i -  
dence now e x i s t s  t o  demonstra ie  an impect  m e l t  o r i g i n  f o r  these en i gma t i c  
f l ows .  

Morpholrmy o f  f l o w  u n i t s :  The two  flow^ under c o n s i d e r a t i o n  occur  i n  
t h e  f l o o r  o f  Chenier  c r a t e r  which i s  a  37  km pre -Ts io lkovsky  impact  s t r uc -  
t u r e  Locate,J 21.5 km no r t heas t  o f  Ts i o l kovsky .  The l onges t  f l o w  ( f l o w  21 
extends f o r  14.7 km and v a r i e s  i n  w i d t h  f rom -3 t o  ' 5  km. The f l o w  t h i c k -  
ness i 6  q u i t e  v a r i a b l e ,  be i ng  t h i n n e s t  where t h e  u n i t  c rosses a topograph ic  
i n f l e c t i o n .  There i s  ev idence t h a t  t h e  f l a w  m e t e r i e l  o r i g i n a l l y  covered a 
Larger area b u t  moved downslope t o  merge w i t h  t h e  main u n i t .  The s u r f a c e  
t e x t u r e  o f  f l o w  2 v a r i e s  from p i t t e d  t o  g e n e r a l l y  smooth and e x h i b i t s  ne i -  
t n e r  L o n g i t u d i n a l  no r  t r ansve rse  r idges .  The s h o r t e r  o f  t h e  two f l o w s  
( f l o w  I 1 i s  8.7 km i n  Length and v a r i e s  f rom about  1 .5 t o  2.3 km i n  w id th .  
Topographic da ta  suggests a  maximum th i c kness  o f  about  '150 m. L a t e r a l  
r i dges  e x i s t  a long  p o r t i o n s  o f  t h e  f l o w  and one o r  more grooves can be seen 
a long  much o f  t h e  leng th .  

O r i n i n  and mode o f  emplacement; A l though  t h e  f l o w s  a r e  concen t re ted  i n  
topograph ic  Lows, p o r t i o n s  a r e  dreped ove r  sub j  ecen t  t v r r a i  n  from which 
they f a i  l e d  t o  comp le te ly  d r a i n .  Such r e l a t i o n b h i p s  suggest emplacement as 
f l u i d i z e d  f l o w  and a r e  common i n  impact  m e l t  de o s i  t s  around o t h e r  l u n a r  

!! c r a t e r s  (e.g., K ing  c r a t e r ;  Howard and W h i l s h i r e  , Hawke and ~ e a d 6 ) .  The 
Lobate form o f  t h e  deposi t s  a l s o  suggests  f l u i d  emplacement. 

The Chenier  f l ows  c l e a r l y  over  l i e  Ts i  o l kovsky  e j e c t a  d e p o s i t s  end t hus  
ware emplaced e f t a r  t he  t e r m i n a t i o n  2 f  r a d i a l  f l o w  o f  c r a t e r  e j e c t e .  The 
f l ows  appear t o  have o r i g i n a t e d  h i g h  on t h a t  p o r t i o n  o f  t h e  Chewier c r a t e r  
n a l l  ad j acen t  t o  Ts i o l kovsky .  The apparent  source can be i d e n l i  i i e d  i n  t h e  
v i c i n i t y  o f  a  major  Lands l ide  scar  v i s i b l e  on A p o l l o  photographs as w e l l  as  
t h e  topograh ic  map o f  t h e  area.  Abundant L i  n e a t i o n s  c l e a r l y  demonstrate 
t h a t  t h e  f l o w  m a t s r i a l  moved down t h e  Chenier  w a l l  t o  t h e  c r a t e r  f l c o r .  
The presence o f  a  scar  i n  t h e  source area i s  a  f u r t h e r  i n d i c a t i o n  t h a t  f l o w  
f o rma t i on  was i n i  t i a t e d  a f t e r  t h e  d e p o s i t i o n  o f  Ts i o l kovsky  e j e c t a  and 
hence t h e  f l u i  d i z a t i  on o f  t h e  f l o w  ma te r i a  1  cannot  be a t t r i b u t e d  mere ly  t o  
f o r c e f u l  e j e c t i o n .  I t  i s  i n s t r u c t i v e  t o  n o t e  t h a t  t h e  apparent  source a rea  
f o r  t h e  f l ows  was ad jacen t  t o  a  hummocky, b u t  g e n e r a l ~ y  f l a t ,  Ts i o l kovsky  
e j e c t a  u n i t  which i s  s t r i k i n g l y  s i m i l a r  t o  d e p o s i t s  i n t e r p r e t e d  t o  be com- 
posed o f  c l as t - bea r i ng  impact  m e l t s  by Hawks and ~ e a d ~ .  Simi l a r  m a t e r i a l  
was p robab ly  p r e s r n t  i n  t h a  source r e g i o n  o f  t h e  f l o w s  p r i o r  t o  t h e i r  



An extremely e f f i c  l e n t  emplacement mechanism i s  rlequi red  t o  account 
f o r  the  t r a n s p o r t  o f  f l ow  m a t e r i e l  f a r  beyond the  base o f  t he  o r i g i n e t i n g  
slope. The f l ow  u n i t  t r ave led  a meximum h o r i z o n t e l  d is tance o f  '26 km, 
experienced a meximum v e r t i c e l  drop o f  -1 .Q km, end has a Low e f f e c t i v e  
c o e f f i c i e n t  o f  f r i c t i o n  (0.0731. Flow 2 would have t r a v e l e d  an even 
greeter  d is tance had I t  no t  encountered the  e levated t e r r a i n  on the  
nor theast  s i de  o f  the Chenier c r a t e r  f l o o r .  Th is  Low c o e f f i c i e n t  o f  f r i c -  
t i o n  i m p l i e s  an extremely e f f i c t e n t  mode o f  t r anspo r t .  Such m o b i l i t y  would 
n o t  be expected o f  a dry f low o f  c l e s t i c  debr is  empleced e f t e r  t he  termine- 
t i o n  o f  t he  c r a t e r i n g  event when a r a d i e l  v e l o c i t y  component due t o  force- 
f u l  e j e c t i o n  would no Longer be importent .  Dry Lunar evalenches c l e e r l y  
due t o  l o c e l  s lope Pe i l u re  a re  no t  very e f f i c i e n t .  Howerd7 noted t h a t  o n l y  
a r a r e  few o f  t he  evalenche depos i ts  recognized on c r e t e r  w e l l s  extend 
beyond the  steep c r a t e r  w e l l  ou t  onto the  f l o o r .  Typ i ce l  o f  these few i s  
t he  l ands l i de  on the  w e l l  of Jansen B c r a t e r  [Diemeter = 17 hl. The coef- 
f i c i e n t  o f  f r i c t i o n  o f  t h i s  Landsl ide i s  0.435, much h igher  than the  0.073 
c a l c u l e t s d  f o r  the  Chenier f lows. A d d i t i o n a l  s tud ies  o f  c e r t e i n  lunar  
c l a e t i c  deb r i s  deposi ts  t h e t  were p rev ious l y  thought t o  have bcen very 
e f f i c i e n t  [e.g., the  Apo l lo  17 L igh t  mantle1 have demonstrated t h a t  they 
were p e r t l y  p rope l l ed  by impact proceSSeS (Howard7, Lucch i t te01.  I n  L i g h t  
o f  the  above consideret ions,  i t  eppeers t h a t  the Chenier f lows e r e  n o t  dry 
c l e s t i c  deb r i s  deposi ts  bu t  were f l u i d i z e d  by some egent. I n  view o f  the  
absence o f  a s i g n i f i c a n t  Lunar atmosphere and the  anhydrous neture  a f  the 
Apo l lo  samples, e i r  end weter can be r u l e d  out  es f l u i d i z i n g  pgents. The 
one L i q u i d  component known t o  be cepable o f  producing such f l u i d i z e d  depo- 
s i t e  i s  impact mel t ,  which, as discussed above, was probebly present  i n  the  
source reg ion  o f  the Chenier f lows. 

Loav end d i s t r i b u t i o n  o f  Tsio lkovskv i m ~ e c t  me l t  deposi ts :  Abun- 
dant me l t  deposi ts  cen be recognized i n  end eround Tsio lkovsky end e x h i b i t  
a number o f  d i s t i n c t i v e  morphologies i n c l u d i n g  f l ow  10befi end chennels, 
hard rock veneer, end complexly f r e c t u r e d  ponds. Although much o f  the  
c r a t e r  f l o o r  i e  ccvered by mare base l t ,  unf looded p o r t i o n s  o f  the  f l a o r  
e x h i b i t  both ponded m a t e r i e l  and hummocky ereas which ere  draped w i t h  a 
t h i n  hard rock veneer. Numerous me l t  poods can be seen on the  c r e t e r  w e l l s  
and a r e  p a r t i c u l a r l y  ebunde,;t on the  eastern we l ls .  

While veneer, f lows, and ponds occur on tha  c r a t e r  r i m ,  ponds are the 
dominant morphology end conte i  n the  b u l k  o f  the recogni zeble me l t  volume. 
Flows o f  impact me l t  e re  no t  common eround Tsio lkovsky b u t  a re  we l l -  
developed on t h e  no r th  we1 1 o f  Waterman cre ter l  f 4 .  Numerous i nter-pond 
areas on the  southeestern p o r t i o n  o f  t he  c r a t e r  r i m  e x h i b i t  a subdued 
appearance asaocieted w i t h  melt-draped regions and t h i s  veneer m a t e r i a l  
e x h i b i t s  g rada t i one l  contec ts  w i t h  pond m a t e r i a l .  Veneers a re  p a r t i c l a r l y  
w e l l  developed i n  the  reg ion  o f  Weterman c r a t e r .  E x t e r i o r  ponds ere  
loca ted around over lBOO o f  the  c r a t e r  per imeter  b u t  a re  most extensive i n  
t he  southesetern quadrant o f  the r i m .  Here, the me l t  ponds occur a t  a max- 
inurn d i s tencs  o f  30 t o  55 km from the r i m  c r e s t .  



o t i o n s h i ~  o f  Chenier f lows t o  o t m s k v  me l t  Qpppsi ts; A* 
diecussad above, the hummocky, f l a t  u n i t  i n  the v i c i n i t y  o f  the source o f  
the  Chenisr f lows i s  probably conpoeed o f  cleat-baerlng Impact melt.  This 
u n i t  i s  w e l l  w i t h i n  the zone o f  w l t  deposits seen on other po r t i ons  o f  the 
Tsiolkovaky r idt5t6. I n  add i t ion,  the u n i t  i s  no t  i n  the approach direc- 
t i o n  f o r  the obl ique impact end occurs adjacent t o  a Tsiolkovsky r f n  c r r e t  
Low, both fac to rs  which have been shown t o  be important i n  con t ro l  l i n g  mal t  
d i s t r i  b u t i o n 5 ~ 6 ,  C lear l y  def ined mel t  ponds have been i d e n t i  f l e d  i n  the 
v i c i n i t y  o f  the hummocky u n i t  and f low source. Impact mal t  pond8 and f low 
features have been i d e n t i f i a d  between the hummocky region end the Tsiolkov- 
sky r i m  c rest ,  on t h a t  p a r t  o f  the Tsiolkovsky w a l l  adjacent t o  the h u b  
mocky u n i t ,  end on the south r i m  o f  Chenier c ra te r .  Impect mel t  deposits 
are  qui t e  abundant fur ther  t o  the south. 

Conclusions end I m ~ l i c e t i o n s :  An ena lys i  s o f  the Chenier f low u n i t s  
he8 shown tha t  they ere not  L i ke ly  t o  be c l a s t i c  debr is f lows o r  volcanic 
deposi t s .  Based on f low unl t morphology end norphometry, s t ra t ig raphy,  end 
r e l a t i o n s h i p  t o  Tsiolkovsky mel t  deposits, es w e l l  as comparison w i t h  othar 
Lunar impact mel t  deposi t e  and Lendslide deposi te, I t  i s  conchded t h a t  the 
Chenier f low u n i t s  ere composed of c last-bear ing impact mel t  end were 
empleced 6s me l t - f l u id i zed  f lows e f t e r  the terminat ion o f  the Tsiolkovsky 
impect event. 

The c r i t e r i a  developed i n  t h i s  study can be used elsewhere on the Moon 
t o  d i s t i ngu ish  f lows o f  impact mel t  from c l a s t i c  debr is deposits. I f  i t  
can be demonstrated t h a t  e given f low was i n i  t i e t e d  and emplaced e f t e r  te r -  
minat ion o f  c r a t e r  e jec te  r a d i a l  f low end if the deposit exhtbi t s  e low 
ef fec t ive  c o e f f i c i e n t  o f  f r i c t i o n ,  en impact mel t  o r i g i n  i s  indicated.  

Reference@: 11 El-Bez, F. and Worden, A.M. (19721 Apol lo 15 PSR, 
25.1-25.27. 21 West, M.N. (19721 Apol lo 15 PSR, 25.81-15.83. 31 V i  LlelLa, 
C.J. [ I9771 m, u, 343. 41 Whitford-Stark, J. end Hewke, 8. [ I9791 
NASA TM-80339, 163. 51 Howard, K. and W i  [ sh i re ,  H. (18751 d. h. E W. 
@rvey, 3, 237. 61 Hawke, 8. and Heed, J. (19771 Iaa~ac t  & ~ x D l 0 8 i o n  
Creter ing,  815. 71 Howard, K. (19731 Science, m, 1052. 81 Lucchi t ta,  
B.K. [I9771 u e r u s ,  30, 80. 
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GEOMORPHIC CLASSIFICATION OF ICELANDIC VOLCANOES 
Richard S. Williams, Jr., U.S. Geological Survey,,Reston, Virginia 22092; Sigurdur 
Thorarinsson, University of Iceland, 101 Reykjav~k, Iceland; and Elliot C. Morris, 
U.S. Geological Survey, Flagstaff, Arizona 86001 

In 1959 and l%O, Thorarinsson published his first classification of the 13 principal 
types of Icelandic volcanoes and, in 1968, published a revision of his earlier one. 
Both landform dassificaticns were based on the relationshipof the type of eruptive 
products (lava, lava and tephra, or tephra), number of eruptions (one or more than 
one), and the form of the eruptive vent (circular or linear). 

In 1980, Thorarinsson, working with K ristja'n Saern undsson, made a modification to 
his previous classification schemes. T k  nurn ber of volcanic landforms was reduced 
to I1 and limited to subaerial basalt volcanoes. The number of eruptions necessary 
to produce a given landform was eliminated. The stratovolcano (Snaefellsj8kull) 
and the stratified ridge (Hekla) landforms were also eliminated, because they are 
central (composite) volcanoes. 

On the basis of this p-evious work, many years of direct field observation and study 
(ground and air), and review of the relevant literature on geomorphology of 
Icelandic volcanoes, a new geomorphic classification of Icelandic volcanoes has 
been developed (figures 1-4). The new geornorphic classification, which includes 
all types of Icelandic volcanoes, distinguisks 29 discrete landforms (Williams and - 
others, 1982). It relates the nature of volcanic activity (effusive, mixed, or 
explosive); environment during formation (subaerial, subglacial, or submarine); and 
form of feeder conduit (short fissure/tubular conduit or long fissure) for the three 
primary compositional classes of Icelandic volcanoes: basalt (figure I) (ef f usiv2: 
lava ring, lava shield, lava shield row, table mountain, subglacial ridge, seamount, 
submarine ridge; mixed: spatter cone, s p t t e r  cone row, scoria cone, scoria cone 
row, mixed cone row; explosive: tephra ring, tephra ring row, maar, maar row); 
rhyolite (figure 2) (eff ~ ; v e :  flow dome); and central (figure 3) (mixed composition 
of basic, intermedate, and ac idc  lavas and tephra: composite cone, composite 
ridge, composite volcano massif ). A pseudovolcano landf arm (explosive: pseudo- 
craters, figure 4) is also included in the classification. The new geomorphic 
classification will form the basis for a National Aeronautics and Space Adrninistra- 
tion book, "Illustrated Ceomorphc Classification of Icelandic Volcanoes" (Williams 
and others, 1981). 
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Figure I - Icelandic types of basalt volcanoes (modified from Thwarimson,  1959, 1960, 
and 1968; and from Thorarimson and Saemmdsson, 1980). 
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Figure 2 - Icelandic types of rhyolite volcanoes. 
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Figure 3 - Icelandic types of central volcanoes (composition includes basic, intermediate, 
and acidic rock types). 
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Figure 4 - Volcanc4ike landforms in Iceland. 
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IMPLICATIONS OF LARGE-SCALE, EXPLOSIVE MELT-WATER INTER- 
ACTIONS: PARTICLE CHARACTERISTICS AND DISPERSAL FATTERNS 

Michael F. sheridan' and Kenneth H. wohletz2 
1 )  Department of Geology, Arizona State University, Tempe, 
AZ 85287. 2) Earth and Space Science Division, Los Alamos 
National Laboratory, Los Alamos, NM 37545. 

Fuel-coolant interaction (FCI) results from the mechanical 
mixing of hot (fuel) and cool (coolant) fluids, the temperature 
of the fuel being above the vaporizaton temperature of the 
coolant. Explosive melt-water interaction is a type of fuel- 
coolant interaction (FCI) that is common in a large fraction 
of explosive terrestrial volcanic eruptions. Although steam- 
blast explosions have been recognized for a long time ( 1 1 ,  
their importance had been underestimated. FCI is the mechanism 
for surge explosions where magma extrudes beneath a shallow 
body of water (2,3). However, subeurface water can also 
promote FCI in chambers as deep as 3 to 5 km (4). A large 
fraction of terrestrial volcanic events have features that 
are at least in part controlled by FCI mechanisms. 

FCI could occur on the surface of other planets and may 
be a major process on some. The requirements are that a 
substance with a low vaporization temperature (coolant) be 
brought into contact with a high temperature fluid (fuel). 
Volcanism provides one vehicle for this mechanism, as demon- 
strated by abundant terrestrial examples. Howader, other 
mechanisms, such as those associated with giant impacts, should 
not be dismissed without a consideration of the processes and 
time-scales of FCI in relation to current models of cratering 
events. 

What are the sources of information on FCI? Melt-water 
experiments have been unde~~taken at Sandia National Labor- 
atories in relation to nuclezr plant safety (5,6,7). Larger- 
scale experiments were done at Los Alaros National Laboratory 
to model volcanic phenomena (8,9,10). At an even greater 
scale, a body of data has accumulated in the past 15 years 
on volcanic base-surge phenomena and deposits. Several new 
hydromagmatic eruptions occur each year, for example the May 
1980 eruption of Mount St. Helens ( ? I ) ,  providing abundant 
new information on this phenomena. Unfortunately, the 
systematic incorporation of such data into a model of hydro- 
volcanism is still in its initial stages (12). 

What can be said about FCI involving water and a magma- 
like coolant? Efficiency of conversion of thermal to 
mechanical energy (9) is dependant on scale, geometry, and 
composition (melt to water ratio). The maximum experimental 
efficiency exceeds 30% but natural explosions may approach 
50%. Under optimum experimental conditjons the melt is 
fragmented into very small particles (10 to 50 urn) that have 



a distinctive appearance (7,10). Particles produced by hydro- 
volcanic explosions have shapes and sizes that are similar 
to the experimental products (13). If the waker content 
exceeds an optimum value, the exploded ,syr:.em could be wwe'c'i 
including steam, water, and solid particles (12). Th5 glassy 
clasts produced would rapidly hydrate and their resulting 
deposits would lithify due to secondary mineral growth. 

Dispersal of FCI products, whether of vol.csnic or 
otherorigin, should have a distinct$.ve patternu. Computer- 
assisted maps of surge deposits can be satisfactorily modeled 
by an energy-cone algorithm (14,151. Terrestrial volcanic 
constructs (16) may be sheet-like (tuff . {.rigs) to cone-forming 
(tuff cones). The range of surface textures on FCI products 
of other planets could be expected to mimic terrestrial pyro- 
clastic flows, pyroclastic surges, and lahars. 
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EXPERIMENTAL MELT-WATER INTERACTIONS 

Wohletz, Kenneth H., Earth and space Science Division, Los Alamos 
National Laboratory, Los Alamos, N M  87545 

Experiments in which molten thermi t e  rxplosively vaporized water 
have been pertormed to obtain information on the effects cf impact 
:ratering in a wet target. Results oC in i t ia l  experiments (1) in which 
large masses of melt (100 kg) explosively mixed with water were com- 
pared w i t h  those of other studies of melt-water interactions (2.3). 
This analysis showed that the conversion efficiency of thermal to  mechan- 
ical energy i s  strongly de;endent on the water-to-melt mass ra t io  for  
constant confinement pressures and contact geometries. The fine-grained 
nature (1-10L pm) of ejecta and their  bal l is t ic  and surge emplacement 
in vapor-rich flows have been assessed for importance i n  formation of 
Martian rampart crater e jec ta ' (4) .  Present work has been aimed a t  
obtaining more quantitative data relating efficiency to  water-to-melt 
mass ratio. This work also includes shape and size analysis of ejected 
debris. 

1. Series I 1  Experiments 
Series I 1  experiments employ a new design (5)  in which less tban 

10 kg loads of me1 t are used. Explosive energy i s  scaled by the vertical 
l i f t  of the confinement vessel nroduced by a downward directed vent. 
Records incl ude those o f  high-sqeed cinematography and internal -pressure 
transducers ( se t  80-81;. These records were used to evaluate the t ra-  
jectory of the .#escel and the efficiency of thermal-energy conversion. 
Set 82 experiments a1 so include osci 1 loscope records of the vessel ' s  
vertical displacement measured by vol tage-di stance recorders. Figure 1 
shows results of the vessel's total 1 i f t  versus water-to-me1 t mass ratio.  
Lift i s  directly proportional to efficiency and the range of ratios 
studied complements those reported ear l ie r  (1). A marked increase in 
efficfency i s  lpparmt for those experiments using a high in i t j a l  con- 
f inement pressure. The experimental design i s  currently being modified 
t o  use a rigid,  large-gauge spring system to measure impulse pressure. 

2 .  - Experimental Ejecta Characteristics 
E.jected debris recovered from the ~ x ~ e r i m e n t s  has been subjected 

t o  scanning el ectron microscopy (SEM) w d  er~erpy-dispersive spectral 
aniilysis (EDS) . Size analysis of the debris i s  only semiquanti ta t ive 
because representative sampl es of the 2ntire size population have not 
been successfu; ly recovered. 

Small er-scal e experiments conducted a t  Sandia Laboratories ( 3 )  have 
yielded representative size analyses for less efficient explosions. 
These data are plotted against calculated efficiencies i n  Figure 2 and 
show a range in median diamccers from 4000 pm ( -24)  to 250 pm ( 2 4 ) .  
Characteristic sizes observed by SEM in our samples are i n  the range of 
10 to 50 pm for higher efficiency explosive frtigmentations. 

Representative EDS analyses of ejected debris are shown i n  Table 1. 
Quartz sand added to the themite  produces s i l ica te  melts and variable 
chemical compositions t h a t  are dependent upon the ejected part ic le  
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shape. SEM analysis shows tha t  ejected par t i c les  have dominantly 
mass-1 i ke, convoluted shapes and spherical o r  drop-1 i ke shapes (Fig. 3). 
Subordinant pa r t i c l e  shapes are blocky and equant as well  as plate-like. 
These shapes show strong s i m i l a r i t i e s  t o  the shapes of volcanic ash 
par t i c les  produced by explosive magma-water interact ions.  

The s ize and shape character is t ics  of experimental ejects give ad- 
d i t i ona l  information tha t  can be used i n  assessment o f  the fragmentation 
mechanism o f  me1 t-water interact ions.  The e f f i c iency  of t h i s  process 
i s  due i n  par t  t o  the f i n e  fragmentation resu l t i ng  from superheat 
vaporization, f l u i d  i n s t a b i l i t i e s ,  and shock-wave propagation (6,7,8,9). 
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SIMULATING AEOLIAN PROCESSES ON VENUS WITH A HIGH-PRESSURE N2 ATMOSPHERE 
John Marshal1,RoQnan Leach, Cheryl Trea t ,  Dept. of Physics,  Univ. of Santa 

Clara,  a t  NASA Ames Research Center, Moffett Field.  CA 94035 
Ronald Greeley , Department of Geology, Arizona S t a t e  Universi ty ,  Tempe, AZ 

85287 

The venusian atmosphere has  a sur face  pressulte of -90 ba r s  and a temp- 
e r a tu re  of 730 K. Although windspeeds near t he  sur face  of Venus a r e  pro- 
bably extremely low -- a few meters per secotd,  aeo l ian  entrainment of 
p a r t i c l e s  has been predicted t o  occur under these  conditions.  This  aeo l ian  
ac t ion  is being invest igated with t h e  Venus Witd Tunnel a t  NASA Ames Research 
Center, Cal i fornia .  Simulation of t he  Venus atmosphere is done on the  b a s i s  
of coeparable dens i t i e s .  Operation of t he  tunnel with C02 a t  30 ba r s  and 
room temperature generates  a gas densi ty  equivalent  t o  t h a t  on Venus. 

To da te ,  t he  tunnel has been operated with CO, as t h e  par t ic le -en t ra in ing  
f l u i d  because t h i s  is the  major cons t i t uen t  of t h e  Venus atmosphere. The 
COP is s tored  a s  a l i qu id  a t  low temperatures and is re leased  i n t o  t h e  
tunnel a s  a gas a t  room temperature a f t e r  being heated i n  an intermediate  
reservoi r  s tage.  This process r equ i r e s  severa l  hours and demands the  near ly  
constant a t t e n t i o n  of the  operator .  The concern of t h i s  r epo r t  is t h e  use 
of ni t rogen a s  a s u b s t i t u t e  f o r  carbon dioxide. N2 is supplied a s  a gas a t  
high pressures ,  but a t  room temperature, and simply r equ i r e s  t r a n f e r  from a 
r e se rvc l r  t o  t he  tunnel without an intermediate s tage.  A s  a r e s u l t ,  
operating times a r e  reduced t o  a few minutes, and is less cos t ly  ihan C02. 
Aside from t h i c  p r a c t i c a l  aspec t ,  i t  is  c l e a r l y  important t o  know whether 
pianetary atmospheres, a t  l e a s t  i n  terms of t h e i r  aeo l ian  ac t ion ,  can be 
modelled with a gas other  than t h a t  occurring on the  p lane t  i n  question. 

I n  order  f o r  N 2  t o  a c t  a s  a s u b s t i t u t e  f o r  C02, it must have the  same 
behavioral c h a r a c t e r i s t i c s  when i ts  densi ty  is the  same, s ince  f l u i d  dens i ty  
is  being used a s  t he  comparator f o r  Venus. I ts behavior was judged on the  

- - 

bas i s  of two c r i t e r i a :  threshold f  reestream ve loc i ty  (U , t)  and threshold 
f r i c t i o n  speed (U*t) ; N 2  has a lower molecular weight than C02 and thus 
requi res  considerably higher operat ing pressures  t o  achieve t he  same densi ty .  

Entrainment thresholds  were determined with N2 f o r  a l a r g e  range of gas 
pressures  (dens i t i es )  and a l a rge  range of p a r t i c l e  s i z e s  and compared t o  
those obtained previously with C02. A t  a l l  dens i t i e s ,  both freestream 
v e l o c i t i e s  and f r i c t i o n  speeds (Fig. 1) were found t o  be e s s e n t i a l l y  t he  
same f o r  both gases. Although the re  was some divergence i n  t he  v i s c o s i t i e s  
of t he  two gases a t  lcw pressures ,  t h i s  did no t  appear t o  have any not ice-  
ab l e  e f f e c t  on threshold. The s l i g h t l y  lower U*r values  f o r  C02 can be 
accounted f o r  by the  use of a d i f f e r e n t  d e f i n i t i o n  of threshold.  Reynolds 
Numbers fo r  t he  d i f f e r e n t  pressures  (dens i t i es )  and d i f f e r e n t  p a r t i c l e  
s i z e s  were a l s o  found t o  be v i r t u a l l y  t he  same f o r  t he  two gases.  

F r i c t i on  speed is a represen ta t ion  of t he  ve loc i ty  p r o f i l e  and as such, 
can be considered t o  determine the  behavior of the  p a r t i c l e s  once they a r e  
a i rborne.  Alone, it  is  i n s u f f i c i e n t  a s  a c r i t e r i o n  because it can simply 
def ine a dimensionless s i m i l a r i t y  between the  ve loc i ty  p r o f i l e s  of two 
gases. I f  absolute  v e l o c i t i e s  fo r  any given height  within t he  p r o f i l e s  
were t"fferent,  t h i s  would be r e f l ec t ed  i n  t he  b a l l i s t i c  behavior of t he  
par t ic  s, e.g.,  s a l t a t i o n  he ights  would d i f f e r  f o r  t he  two gases.  But, 

B because Umt remained constant  f o r  both gases,  t h e  boundary l ayc r  a t t a ined  
the  same thickness  and the  windspeed a t  any height  within t h e  i~oundary layer  
was the  same. It is concluded, therefore ,  t h a t  ni t rogen may be used as a 
s u b s t i t u t e  fo r  carbon dioxide t o  simulate aeo l ian  ac t i on  on Venus when the  
densi ty  of both gases is  the  same. 

165 

PRECEDING PAGE BW4K NOT FllMED 



ORIGINAL PAGE IS 
OF: POOR QUALlw 

+ toz DATA 
0 N, DATA 

Figure 1. Wind threshold curves for three different atmospheric 
d?nsit ies ,  comparing C02 with N2. The vrilue of u, for C02 being 
systematically lover than that for N2 could be duet to threshold 
being determined by different observers. 
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WINDBLOWN SAND ON VENUS: PRELIMINARY LABORATORY SIMULATIONS 
R. Greeley and S. Williams, Department of Geology, Arizona S t a t e  Univerei- 
t y ,  Tempe, Arizona 85287 

Aeolian t r a n s p o r t  of f ine-grained m a t e r i a l  on Venus by t h e  wind 18 
suggested by Venera images of the  venusian s u r f a c e  and by Venera and Pio- 
neer  Venus measurements of n e a r s u r f a c e  wind speeds. Aeolian t r a n s p o r t  of 
weathering products  from the highlands  t o  the  lowlands may play a n  impor- 
t a n t  r o l e  i n  the  chemical buf fe r ing  of the  lower p a r t  of the  venusian a t -  
mosphere (Nozette and Lewis, 1982). T h e o r e t i c a l l y ,  winds of the  s t r e n g t h  
measured a t  Venus a r e  we l l  w i t h i n  the  range t o  move p a r t i c l e s  (Creelsy  e t  
a l . ,  1976; Ive r sen  e t  a l . ,  1376; Ive r sen  and White, 1982). Tn nfarbr t o  
i n v e s t i g a t e  the  physics of windblown p a r t i c l e s  on Venus, a wind tunne l  
capable of ope r a t i n g  a t  venusian atmospheric d e n s i t y  was const ructed.  The 
tunne l  opera tes  with C02 a t  room temperature and 35 bar pressure ,  which 
y i e l d s  the  same gas  d e n s i t y  a s  the  735 K, 90 bar venusian atmosphere. A 
s e r i e s  of pre l iminary  t e s t s  were conducted t o  determine the  minimum wind 
f r i c t i o n  speed, u * ~ ,  required f o r  p a r t i c l e  s a l t a t i o n  f o r  a range of p a r t i -  
c l e  d iameters  fror. 23 t o  833 vn. The r e s u l t i n g  wind th resho ld  curve cor- 
responds f a i r l y  wel l  wi th  the  t h e o r e t i c a l  curve (Figure 1). The equat ion 
f o r  tne  t h e o r e t i c a l  curve is: 

A - O.l29[[1+0.006/p gD 2~5]0*5]/[1.928~o~092-1]0~5 f o r  Dp<lOOvm P P 

A = 0.121 [ 1 + 0 . 0 0 6 / p p ~ ~ p 2 ~ 5 ~ 0 * S ~  1 1 - 0 . 0 8 5 8 e [ - ~ - ~ ~ ~ ~ ~ ~ ~ ]  f o r  D P >lOOym 

where pp  = p a r t i c l e  d e n s i t y  
p, = atmospheric d e n s i t y  
g - deceleration due t o  g r a v i t y  

Dp = p a r t i c l e  diameter 
v - kinematic v i s c o s i t y  

P a r t i c l e s  with a diameter of -70 v,n a r e  most e a s i l y  moved by the  wind 
on Venus, wi th  both smal ler  and l a r g e r  p a r t i c l e s  reql l i r ing s t r o n g e r  winds 
f o r  s a l t a t i o n  t o  occur. Th i s  is smal ler  than the  -100 pm p a r t i c l e  s i z e  
most r e a d i l y  moved on the  Ear th  and Mars. The wind f r i c t i o n  speed re- 
qu i red  t o  move m a t e r i a l  on Venus is about an o rde r  of magnitude l e s s  than 
t h a t  required on Ear th ,  and about two o r d e r s  of magnitude l e s s  than t h a t  
required on Elars. The d i f f e r e n c e s  a r e  due t o  the  d i f f e r e n t  d e n s i t i e s  of 
gas involved. However, i n  these  pre l iminary  experiments a poss ib le  source  
of e r r o r  i n  the  determinat ion of th resho ld  f r i c t i o n  speedo is a s  follows: 
The c e n t e r l i n e  wind speed,  U-, is the  q u a n t i t y  measured !n the  wind tunnel  
t e s t s .  This is r e l a t e d  t o  u* by the  c o e f f i c i e n t  of f r i c t i o n ,  cf, t h a t  
c h e r a c t e r i z e s  the  s u r f a c e  involved,  where: u * / b  5 [ c f / 2 1 ~ * ~ .  The quaa- 
t i t y ,  c f ,  is  found from bas ic  f l u i d  mechanics. An e r r o r  i n  c f  would g ive  
an  e r r o r  i n  u*, and i t  is p a r t i c u l a r l y  s e n s i t i v e  f o r  smal l  p a r t i c l e s .  
Work is underway t o  measure the  u * / b  r a t i o  from boundary l a y e r  p r o f i l e s .  



The g r e a t e r  d e n s i t y  of  t h e  venus i an  atmosphere a l l o w s  a mode of aeo- 
l i a n  p a r t i c l e  t r a n s p o r t  not  encountered  on E a r t h  or Mars; o b s e r v a t i o n s  of  
c o a r s e  (-500 vm)  p a r t i c l e s  i n  t h e  wind t u n n e l  show that they  began t o  r o l l  
a t  wind s h e a r  speeds  j u s t  s l i g h t l y  below those  r e q u i t e d  f o r  s a l t a t i o n .  
aecause  t h e  s u r f a c e  winds observed a r e  i n  t h e  range  of  t h r e s h o l d  wind 
speed,  t h e  r o l l i n g  mode of  t r a n s p o r t  may move ~ i g n i f i c a n t  q u a n t i t i e s  of  
m a t e r i a l  (see Greeley  and Wiliams, 1982; Williams and Gree ley ,  t h i s  vol- 
ume 1. 
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Threshold wind friction speed as a function of particle diameter. The 
line is the theoretical equations given in text. The horizontal lines are 
wind tunnel measurements. Quartz sand was used in the tests. 



FLUX OF WINDBLOWN PARTICLES ON VENUS: PRELIMINARY LABORATORY RESULTS 
Steven H. Williams and Ronald Greeley (Dept, of Geology, Arizona State Univ., 
Tempe AZ 85287) 

Aeolian activity may be important in the distribution of surficial mater- 
ials on Venus. An aeolian saltation flux equation has been developed from 
theoretical considerations and wind tunnel tests under terrestrial and martian 
conditione by White (1979) as follows: Q = 2.61 ~~/g(u*-u*~)(u*+u*~)~; where 
Q = saltation flux, pa = atmospheric density, g = gravitational acceleration, 
u* = wind friction speed and u * ~  - threshold wind friction speed. In order to 
test the validity of this flux equation for the environment of Venus, a wind 
tunnel capable of operating at venusian atmospheric density has been construc- 
ted. Very good agreement is found between the wind tunnel data and the flux 
equation for particle diameters of 75-90 vm, the size most easily moved on 
Venus (Figure 1). However, flux of particles with diameters in the range of 
500-600 pm is not in agreement as closely (Figure 2). The discrepancy may be 
due to: 1) an inaccurate value of the surface coefficient of friction, cf, 
which is used to correlate measured wind tunnel freestream wind speed, b and 
the wind friction speed used in the flux equation, with u+/ur I (~~/2)~/', 2) 
improper accounting for the effect of particle diameter in the flux equation, 
or 3) unknown factors dealing with fluids of densities not previously studied. 
Current investigations are in progress to derive experimentally determined cf 
as a function of particle diameter and to derive a more general flux equation 
to include particle diameter and particle density. 

The theoretical and wind tunnel saltation flux determinations have impli- 
cations for the geologic evolution of the venusian surface. Even modest wlnds 
occurring relatively infrequently can move large quantities of sand-sized pay- 
ticles long distances (Table 1). If winds measured at t% surface cf Venus by 
Venera correspond to wind tunnel free-stream wind speeds (a reasonable assunp- 
tion) then even a conservative estimate of the frequency with which that wind 
occurs result in large quantities of sand movement. For example, for a wind 
speed of 1 m/s occurring 5% of the time, 28 kg of sand will pass over a 1 cm 
width in one terrestrial year. If the average sand speed is 0.5 m/s, a con- 
servative estimate, a typical particle would be capable of moving -800 km in a 
terrestrial year. Obviously, such travel over long distances over short times 
reqc?.res unrealistically ideal conditions, such as a smooth surface with no 
sand traps, however, it is clear that, over geologic time, very large quan- 
tities of sand-sized material can be transported great distances. Thus, wide- 
spread redistribution of chemically-weathered material could take place, which 
nay explain why only fine and co,arse particles are observed at the Venera 
sites; the intermediate-size (100-500 um! particles might have been removed by 
wind deflation. The low, rolling plains units observed by Pioneer Venus may 
be depositional "sinks" for this aeolian material. The rate of aeolian trans- 
port of fines by the venusian wind is apparently sufficient to allow the buf- 
fering proposed by Nozette and Lewis (1982) of C02, H20, SO2 and HF in the 
lower atmosphere by reaction with chemically weathered materials from the up- ( 

land areas. 
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TABLE 1 

Saltation Flux, Q, in kg/cn*yr 
Smooth surface Dp -100 pa 

Freestream wind speed, u., m/s 
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W l N D  F R I C T I O N  S P E E D  c m r r r c  

F i g u r e  1. S a l t a t i o n  f l u x  as a f u n c t i o n  of wind f r i c t i o n  speed.  The l i n e  is 
from t h e  t h e o r e t i c a l  e q u a t i o n  g iven  i n  t h e  t e x t .  Quar tz  p a r t i c l e s  
w i t h  75-90 pm d i a m e t e r s  were used i n  t h e  wind t u n n e l  t e s t s .  

W l N D  F R I C T I O N  S P E E D  crn1m.c 

F i g u r e  2. S a l t a t i o n  f l u x  as a f u n c t i o n  r j f  wind f r i c t i o n  speed.  The l i n e  is 
from t h e  t h e o r e t i c a l  e q u a t i o n  g tven  i n  t h e  t e x t .  q u a r t z  p a r t i c l e s  
w i t h  500-600 pa d i a m e t e r s  were used i n  t h e  wind tunne l  t e s t s .  



PARTICLE MOT ION OF VENUSIAN SALTATION 

B.R. White, Department o f  Mechanical Et~g ineer ing,  U n i v e r s i t y  o f  C a l i f o r n i a ,  
Davis, C a l i f o r n i a  95616, R. Greeley, Department o f  Geology, Ar izona S ta te  
Un ive rs i t y ,  Tempe, A r i  zona 85281 

Numerical so lu t ions  of  t he  equations o f  mot ion f o r  pa r r  i c l e  t r a j e c t o r i e s  

on the surface o f  Venus were ca lcu la ted.  The path lengths and maximum 

v e r t i c a l  he ights  t h a t  sa l  t a t i n g  p a r t i c l e s  achieve were found t o  be i n s e n s i t i v e  

t o  va r i a t i ons  o f  the sur face pressur-e w i t h i n  :? t o  100 bars pressure and the  

surface temperature f rom 600 t o  900 '~ .  P a r t i c l e s  i n  s a l  t a t t o n  obtained 

maximum he igh t  o f  on l y  two o r  l ess  cent imeters and pa th  lengths o f  l ess  than a 

meter, regardless o f  p a r t i c l e  diameter. These lengths are much shor te r  than 

those t h a t  occur on e i t h e r  Ear th  o r  Mars under s i m i l a r  condi t ions.  Typ i ca l l y ,  

impacting p a r t i c l e s  c g l l i d e  a t  t h e  sur face w i t h  angles vary ing between 2 and 

5' f o r  values o f  wind speeds a t  a he igh t  o f  1 m vary ing  from 1 t o  3 mlsec. 

The r a t i o  o f  f i n a l  p a r t i c l e  speed t o  the p a r t i c l e  th resho ld  f r i c t i o n  speed was 

found t o  be many t imes l a rge r  than t h a t  o f  Earth, up t o  values o f  25. For 

Ear th  t h i s  value i s  known t o  be approximately un i t y .  

The sqinning o f  p a r t i c l e s  i n  s a l t a t i o n  a t  atmospheric pressure have been 

shown t o  have a profound i n f l uence  on the  r e s u l t i n g  t r a j e c t o r i e s  (White and 

Schulz, 1977). The i n v e s t i q a t i o n  o f  the  present p a r t i c l e  mot ion was 

accomplished through t he  study and eva lua t ion  o f  high-speed motion p i c t u r e s  

taken i n  the  Vefiusian wind tunnel .  The f i lmed  t r a j e c t o r i e s  were then compared 

w i t h  t r a j e c t o r i e s  obtained by numerical i n t e g r a t i o n  o f  the  equations o f  mot ion 

inc lud ing  the sp in  e f f e c t .  

The s a l t a t i n g  ma te r i a l  was 550 micron diameter quar tz  p a r t i c l e s  w i t h  a 
3 dens i t y  2.5 glcm . The se lec t i on  o f  quar tz  was made t o  serve two purposes. 

F i r s t ,  The shape o f  quar;z was s i m i l a r  t o  t h a t  o f  na tu ra l  windblown ma te r i a l s  

(Greeley e t  al., 1977). Second, the  non-c i rcu la r  geometry of i n d i v i d u a l  

p a r t i c l e s  made measurements o f  r o t a t i o n  r a t e s  poss ib le .  

The equations o f  motion were solved numer ica l l y  by a computer. Thc 

so l v i ng  scheme was an i n f  t i a l - va l ue  ord inary-d i  t i e r c n t i a l - e q u a t i o n  so lve r  

using a p red ic to r -co r rec to r  compotation algor i thm. The i n i t i a l  values 



(posi t ion,  ve loc i t ies ,  and spin r z t e )  were obtained from experimental 

measurements taken i n  the wind tunnel a t  the beginning o f  each o f  the 

par t  <c les l  t ra jec tory .  

A comparison war made between the f i l n e d  path traced 9ut by a p a r t i c l e  

k : t h  two theore t ica l  solut ions. The f i r s t  s c l ~ ~ t i o n  was w i th  no spfn, and the 

s2cond so lu t ion  used the experimental l y  measured spin rate. Good agreement 

was found between the f i lmed t r a j e c t o r y  and the numerical so lu t ion  w i t h  

p w t i c l e  spin. The measured and calculated p a r t i c l e  cpeeds along the 

'r; i jectory were essen t i a l l y  the same f o r  the so lu t ion  w i t h  p a r t i c l e  spin. The 

r n cp i n  compari son had poor agreement. 

!n many other t ra jec to r i es ,  the p a r t l c l e  spln was not e n t i r e l y  i n  the 

v e r t i c a l  long i tud ica l  plane which resul ted i n  a "negative l i f t "  tha t  pushed 

the p a r t i c l e  downward. I n  sme t r a j e c t o r i e s  the s?in s tar ted out clockwise 

( "pos i t i ve  l i f t " )  and r a p i d l y  decelerated, resu l t i ng  i n  counterclockwise spin 

("negative l i f t " ) .  The same r e c u l t  was fuund by Abb3t.t and Francis (1977) f o r  

p a r t i c l e  motion i n  water. This phenomenon occurred i n  approx~mately 

20 percent o f  a l l  sa l t a t i ng  p a r t i c l e s  observed. 
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W I N D  ABRASION OF ROCKS: COMPUTER SIMULATION 
Ronald Greeley (Department of Geology and Center f o r  Meteor i t e  S tud ies ,  
Arizona S t a t e  Univers i ty ,  Tempe AZ 85287) 

Three p r i n c i p a l  f a c t o r s  a r e  involved i n  c a l c u l a t i n g  r a t e s  of wind 
a b r a s i o n  of v e n t i f a c t s  (Greeley e t  a l . ,  1982): 1 )  wind frequency,  2) var- 
i o u s  p a r t i c l e  c h a r a c t e r i s t i c s  s m h  a s  speed and f l u x  as f u n c t i o n s  c' wind 
s?eed,  and 3 )  t h c  s u s c e p t i b i l i t y  t o  ab ras ion  of var ious  rocks. Data on 
a l l  t h r e e  f a c t o r s  have be<n obtained f 3 r  t e r r e s t r i a l  and mart ian  condi- 
t i o n s  through experiments. I n  order  t o  p r e d i c t  t h e  e r o s i o n  of va r ious  
rocks  a  computer program has been w r i t t e n  which combines a l l  t h r e e  f a c t o r s  
and c a i c u l a t e s  the volume eroded a s  a  func t ion  of windspeed, p a r t i c l e  sup- 
p l y ,  rock type,  z tc .  The program f u n c t i o v  i n  an  i n t e r a c t i v e  mode a s  p a r t  
of the  Arizona S t a t e  Univers i ty  Inage Process ing F a c i l i t y .  "Two- 
dimensional" rocks of any shape can be en te red  a s  a  s t a r t i n g  cond i t ion  
a long with wirtd speed, and such f a c t o r s  as p a r t i c l e  s i z e  and rock type. 
Evolut ion of the shape of the  rock can then be followed as a  func t ion  of 
time a s  !-t i s  abra 'ed .  Fiqure  1  shows an example of one run; note  t h a t  
maximum abras ion  c c u s  about 10 cm above the  ground, i n  agreement wi th  
r e s u l t s  from experiments by Sharp (1964, l98O), and a s  shown i n  Figure  2. 
Th i s  height of ~ a x i m u n  a b r a s i o n  r e s u l t s  frgm the  optimal combination of 
p a r t i c l e  flu:; and ve loc i ty .  

A t  p resen t ,  only a  l i m i t e d  d a t a  base is  en te red  i n  tile program re- 
garding p a r t i c l e  v e l o c i t i e s ,  f l uxes ,  and t r a j e c t o r i e s  a s  func t ions  of 
f r ees t ream windspeed and atmospheric pressure .  Work i l  progress  involves  
expansion af the  base f o r  a  wide range of cond i t ions  app:oprlate f o r  Ear th  
and Mars; f u t ~ r e  work w i l l  involve  incorpora t ion  of v a l e s  f o r  Venus. 
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DUST STORM ACTIVITY ON MARS DURING THE VIKING MISSION. A. R. Peterfreund, 
Dept. o f  Geology, Arizona State Univ., Tempe, A2 85287. (now a t  Dept. o f  Geol. 
Sci . , Brawn Univ., Providence, R I  02912). 

Contemporary aeol ian processes on Mars are best demonstrated by the 
annual occurrence o f  l oca l  and major dust storms. The charac ter is t i cs  of 
these storms, t h e i r  loca t ion  o f  o r i g in ,  and the nature o f  the surface i n  the 
area o f  o r i g in ,  are inpor tant  clues i n  understanding aeol ian processes on 
Mars. Observationc .,lade by the Vik ing o r b i t e r s '  instruments, p a r t i c u l a r l y  the 
camera systems (VIS) and the i n f ra red  thermal mappers (IRTii), over the four 
years o f  mission ope ation, a l low f o r  a de ta i led  documentation of l oca l  and 
global a c t i v i t y .  

Thirty-one l oca l  dust clouds have been i d e n t i f i e d  from the I R T M  daytime 
data using a search rou t ine  tha t :  1) determined the thermal opac i t  of the 
atmosphere b t  911m ( I ) ,  defined as 19, for each IRTM sequence, and 2 3 using 
the average r9 as a standard, i d e n t i f i e d  anomalies w i t h i n  a given sequence 
tha t  were i nd i ca t i ve  o f  l oca l  concentrations cf dust ( i  .e., clouds). The 
average 19, a1 though uncertain i n  absolute magnitude by a factor of 2 due t o  
uncer ta int ies i n  the sca t te r ing  proper t ies o f  the dust, are used t o  describe 
the r e l a t i v e  dust abundance o f  the martian atmosphere over the per iod of 
V i  k ina operat ion (Figure 1).  

The two major dust storms o f  1977 are apparent i n  Figure 1 as the large 
spikes i n  opacity. The discrepencies between the opaci t ies derived from the 
two o rb i t e rs  are the r e s u l t  of the d i f f e r e n t  l a t i t u d i n a l  coverage. The ea r l i e r  
increase i n  opacity observed by VO-2, p r i o r  t o  the f i r s t  1977 storm, i s  a t t r i b -  
cted t o  the aeol ian a c t i v i t y  along the recedefng south po lar  caD which 
increased the dust loading o f  the atmosphere i n  the southern hemisphere. VO- 1 
observations were concentrated i n  the northern hemisphere a t  t h i s  time and 
subsequently d i d  not  record an increase i n  the dust loading. P r i o r  t o  the 
second storm i n  1977, the dust loading was subs tant ia l l y  more uniform between 
the two hemispheres. The I R T M  data covering the dust storm season i n  1979 
were less complete than tha t  o f  1977 due t o :  1) l i m i t e d  observations by the 
s ing le  operating o r b i t e r  (VO-1). and 2 )  the h iatus i n  operat ion (Ls-230"-350") 
due t o  the Voyager Jup i te r  encounter. However, an increase i n  opacity can be 
seen s t a r t i n g  a t  Ls-135". approximately the same t'me as the increase was 
observed i n  1977. A t  Ls-208", the time o f  the i n i t i a t i m  of the f i r s t  1977 
major dust storm, the rl! values do not exceed 0.2, suggesting tha t  a s im i l a r  
starm d i d  not occur a t  t h i s  e a r l i e r  time. Clhether o r  not  a major stor111 d i d  
occur i n  the per iod when I R T M  data were not co l  lec'wd i s  uncertain. Lander 
data obtained, however, have been i n te rp re t ted  t o  suggest t h a t  a s to rn~ d i d  
occur a t  I s  205" (2 ) .  

The catalog o f  IRTM-observed loca l  dust clouds provides a s t a t i s t i c a l l y  
s i g n i f i c a n t  data se t  o f  storms f o r  which thermal proper t ies can be described. 
The nonuniformi t y  o f  the thermal c h a r a c t e ~ i  s t i  cs of these storms i s  i nd i ca t i ve  
o f  the diverse nature o f  the aerosols t h a t  make up the clouds. The observed 
rar,ge i n  albedo o f  the loca l  dust clcuds, -15 t o  .40, i s  i n te rp re t ted  t o  sgg- 
gest t ha t  the charac ter is t i cs  o f  l oca l  sediments are re f l ec ted  i n  the proper- 
t i e s  o f  the c10uL .  

By combininy the I R T M  record a f  loca l  dust storm w i th  thc V I S  data (3 )  
and the wealtb o f  h is to r ' ca l  Earth-hased observations ( 4 ) ,  a number o f  patterns 
of dust storm a c t i v i t y  are evident. Dust storms occur over a broad l a t i t u d i n a l  
band centered on the sub-solar l a t i t u d e ,  and, i n  time, are concentrated r90' 
of per ihe l ion  (Ls -250") (Figure 2 ) .  Correlat ions of dust cloud occurrence w i th  
loca l  topography imply tha t  ne i ther  e levat ion nor slope d i r e c t i o n  i s  a major 
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f ac to r  i n  de f in ing  where the dust clouds occur. However, slope magnitude i s  a 
significant fac tor .  The thermophysical charac ter is t i cs  o f  the  regions where 
dust storms occur are not unique. However, dust storms r a r e l y  o r i g ina te  i n  
regions o f  high albedo and low thermal i n e r t i a  ( i  .e., regions i n te rp re t ted  t o  
be blanketed by substant ia l  dust deposits).  Rather, evidence suggests t h a t  
dust storms general ly begin i n  r e l a t i v e l y  sandy regions. This h y ~ o t h e s i s  i s  
based an the observations tha t :  1) dunes are of ten present i n  regions o f  
recurrent  dust storm a c t i v i t y ,  and 2) the ma jo r i t y  o f  dust storms o r i g ina te  
i n  regions where t h e m p h y s i c a l  proper t ies suggest the presence o f  sand-si ze 
pa r t i c l es .  These observations are cons i s t e n t  w i  ,.h experimental studies of 
threshold ve loc i t i es  (5)  which suggest t ha t  i t  i s  much easier t o  i n i t i a t e  
p a r t i c l e  motion i n  regions where sand i s  abundant as opposed t o  regicns where 
i t  i s  not. 
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Figure 1. At~nospheri c thermal opacity, ~9 d s r i  ved from the IRTM data 
fo r  the durat ion of the Viking o r b i t e r s '  missions. The opac i t ies  are derived 
from observations obtained w i t h i n  time r e r i o d  o f  ten revolut ions (approximately 
equal t o  ten days). P lo t ted  separately are ~9 derived from VO-1 ar! YO-2 
observations. Offsets between the two data sets are due t o  var l : t lms i n  the 
coverage by the separate o rb i t e rs .  



Figure 2 .  L a t i t u d i n a l  d i s t r i b u t i o n  of l o c a l  dust storms as a f u n c t i o n  o f  
s o l a r  longi tude (Ls ) .  The l o c a l  dust storms p l o t t e d  are tho;e i d e n t i f i e d  
f r o m  V ik ing IRTM and V I S  observations, and the  h i s t o r i c a l  record o f  Earth- 
!lased observations. The s o l i d  l i n e  i s  the  sub-solar l a t i t u d e  and the snaded 
areas represent the  maximum ex ten t  o f  the  po la r  caps. 



EROSION OF SURFACE MATERIALS AT THE MUTCH MEMORIAL STATION (LANDER I), MARS 
Moore, H. J., U.S. Geological Survey, Menlo Park, CA, 94025 

Five conical piles of surface materials were constructed in the sample 
field of Lander 1 to detect and measure erosion by martian winds and other 
processes. After about two martian years on the surface, one of these piles 
finally changed (conical pile 4 of Moore snd others, 1979). Conical pile 4 
was placed next to a ventifact on Sol 344 (Table 1). During construction, 
spillage of fines from the surface sampler formed a dark appearing depoeit 
around and downwind of the plle, but the bulk of the material formed a cone 
about 4-5 cm tall and 9-10 cm wide. By Sol 441, subsequent sedimentation of 
fines from the atmosphere had almost completely obscured these dark spillage 
deposits; however, the pile showed lirtle or no evidence of change or 
reduction in relief up to Sol 921. Pictures taken more than one martian 
year later on Sol 1765 showed that the relief of conical pile 4 had been 
substantially reduced and that originally buried edges of the ventifact were 
expased . 

Although pictures of conical pile 4 were taken 884 sols apart, the 
changes probably occurred within an interval of 64 sols because the other 
conical piles appeared to be unchanged on Sol 1601 (Table 1). Conical piles 
3 and 5 appeared unscathed on Sol 1543 and conicel piles 2 and 5, which were 
constructed on and near rock 3 (Moore and others, 1979), appeared to have 
survived intact to Sol 160'. I expect that subsequent pictures, which 
should be available in October 1982, will show that conical piles 2, 3, and 
5 have also changed. 

The interval during which the changes are inferred to have occurred was 
near the winter solstice; it coincides with the stormy season on Mars, when 
winds are strong in the north (Ryan and Henry, 1979). Conical pile 4 is 
coqposed chief ly of very fine grained (0.14-2 pm) cohesive, drift material 
which would require threshold friction speeds of 10 to 40 m/s for saltation 
to occur (Iverson and others, 1976, equation 8). Threshold friction speeds 
must have been smaller than 10 to 40 m/s because objects as large as 1 cm or 
so should also have moved, but they did not. Minimum threshold friction 
speeds would be near 2 m/s for cohesionless particles near 150,um in size 
(Iverson and others, 1976). Thus, erosion of conical pile 4 could have been 
caused by impacts of ocher msterials saltated or entrained by the winds or, 
alternately, there may be small cohesionless "clodlets" in the pile that 
were entrained by the wind. 
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Table 1. Construction Solo, picture frame numbere, and Lander Science 
coordinates for conical piles at the Mutch Memorial Station (Lander l), 
Mars. 

Pile Constructed - Coordinates (m) -- PrePile Early Frame Last Frame 
No. on Sol 2 Y X Frame with Pile Unchanged 

* Frame that showed changes of conical pile 4 wss 115130/1765. 



NEW METHOG FOR DETECTIYG CONTRAST CHANGES AT THE MUTCH MEMORIAL 
STATION (VL1) : RESULTS FOR THE FIRST THREE YEARS 
E. A. Guinness and R. E. Arvidson, McDonnsll Center f o r  the Space 
Sciences, Washington Univers i ty ,  S t .  Louis, Missouri , 53130 

The Vik ing Lander 1 cameras are based on photodiodes equipped 
w i t h  i nterferenc , q i l  t e r s  (Patterson e t  a1 . , 1977 1. Because o f  the 
ra ther  h igh o p t i c a l  depths observed on Mars, the  diode output  
voltage, v, produced by the spectral  radiance from a given patch o f  
surface, a t  a given incidence, emission, and phase angle, must be 
ex~ ressed  as: 

'0 

where c i s  a c a l i b r a t i o n  constant, S( A ) i s  the  solar spectral  
. ;I .- .- r adlance, 5 : A ) i s  the atmospheric transmittance, SKY( A i s  tCle 
sky1 i g h t  spectral  i r rad iance,  T(,\ ) i s  the camera t rans fer  funct ion, 
and f ( A i s  the b i d i r e c t i o n a l  spectral  re f lectance o f  the  surface 
patch. The re la t i onsh ip  between vol tage and the 6 - b i t  DN ( d i g i t a l  
number) returned t o  Earth can be expressed as: 

where A and 6 are constants. Changes i n  camera response, which were 
monitored f o r  the f i r s t  1000 sol  s (Wall , 1981) can be expressed i n  
the fo l low ing  form: 

where T i s  the sensor temperature, S i s  the so l ,  and M and K are 
constants. T=30 i s  a sensor temperature equivalent t o  30 DN and S=O 
corresponds t o  the day o f  landing. For the  red  channel (0.60-0.75 
micrometers) the values o f  M and K are such t h a t  dur ing the f i r s t  
three years o f  observations the change i n  ON due t o  d r i f t  i n  the 
camera response i s  small enough t o  be wel l  w i t h i n  the q u a n t i t i z a t i o n  
step o f  the 6-b i  t encoding from voltage. Thus, d r i f t  i n  the camera 
response can be ignored. The red channel was chosen because scene 
cont ras t  i s  higher than i n  the blue and green channels. 

Given these re1 at ions, we derivea a new method t o  measure 
changes i n  a given scene imaged a t  two d i f f e r e n t  t imes a t  the same 
l i g h t i n g  gecmetry. Consider a scat ter  diagram o f  the DN's f o r  a 
given scene acquired a t  two d i f f e r e n t  t imes w i t h  a l i g h t i n g  geometry 
t h a t  produces a minimum o f  shadows (F igure 1A). I f  there were no 
surface changes and no change i n  the cha rac te r i s t i cs  o f  the 
i l l um ina t i on ,  the p l o t  would cons is t  o f  a s t r a i g h t  l i n e  w i t h  a slope 
o f  un i ty .  Changes i n  the i l l u m i n a t i o n  can be shown from equatioa 1 
t o  on ly  vesul t i n  a change i n  slope. However, 1 ocal changes i n  
scene cont ras t  would tend t o  increase the spread o f  point: i n  a 
d i r e c t i o n  roughly perpendicb a r  t o  tqe main t rend (F igure 18). We 
u t i l  ized p r i nc ipa l  components analys is  t o  solve f o r  the f rac t i ona l  
variance along the d i r e c t i o n  perpendicular t o  the main trend. We 
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also generated images by p ro jec t i ng  the data po in ts  along the vector 
d i r e c t i o n  t h a t  i s  perpendicular t o  the main t rend (Figure 2).  This 
technique e l  imi  nates changes due t o  varying ill umi nat ion and 
del ineates 1 ocal surface changes. As a cal  i brat ion,  the f rac t iona l  
variance a1 ong the perpendicul ar vector d i rec t i on  for two scenes 
acquired one sol apar t  dur ing the beginning o f  the mission i s  0.05%. 
whi le  the f rac t iona l  variance f o r  a scene w i t h  and without the 
surface sampler arm and trenches i s  7.73%. Figure 3 i s  a p l o t  o f  
the f rac t iona l  variance contained a1 ong the perpendicular d i r e c t i o n  
fo; pa i r s  o f  images acquired under s im i l a r  1 l gh t i ng  geometries (h igh 
sun angle) f o r  the three years o f  the Lander mission. The f a c t  t h a t  
the variances are gre. t e r  than zero and do not  forw a t rend 
indicates t h a t  contrast  changes occur on a regular basis, i .e. ,  the 
scene i s  dynamic. Since the contrast  var ia t ions  are due t o  wind 
erosion and depostion, one can conclude t h a t  threshold drag 
v e l o c i t i e s  have been reached a t  the s i t e  repeatedly over the three 
year timescal e o f  the Lander mission. 
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Figure I - (a )  Scatter diagram f o r  two images acquired on sols 469 
and 470; ( b )  Scatter diagram f o r  two images acquired on sols  1268 
and 1934. Diagonal l i n e  has a slope of un i t y .  The second scat te r  
diagram shows evidence fo r  loca l  surface charlges. 





WIND TUNNEL MODELING OF BRIGHT AND DARK CRATER-ASSOCIATED STREAKS 

Jam& D. Iversen, Professor, Iowa State University 
Ronald Greeley, Professor, Arizona State University 

James B. Pollack, Research Scientist, NASA Ames Research Center 

There have been many discussions of ttc crater-associated wind 
streaks on Mars, and many conjectural proposals concerning their 
origin--i.e., are bright streaks depositional, are dark streaks 
deflational, or is there currently too little information to tell? 

We have performed a considerable number of wind tunnel experi- 
ments at quite small scale which resulted primarily in deflational 
streaks. We have also obtained depositional streaks, however, by 
injecting material through the crater floor or by simply placing 
erodible material only within the crater rim [Greeley et al. 1974a, 
1974b; Iversen ei al. 1973, 1975, 1976, 1978; Veverka et al. 1976). 

Veverka et al. [I9811 propose still a third scenario for the 
occurrence of &positional (bright) streaks. They have noted that 
some craters trail both bright streaks and dark streaks in different 
directions. They conclude that meteorological conditions rather 
than crater geometry determine whether bright streaks or dark streaks 
occur. They further contend that bright depositional streaks form 
during the clearing phases of global dust storms. Because of the 
dust in the atmosphere, the upper layer of the atmosphere warms, the 
surface cools, ~ n d  the atmospheric layer adjacent to the surface 
becomes very stable. Because of this stability, craters with raised 
rims block the wind so that it must flow arouqd the lateral sides of 
the crater rather than over. A quiet zone exists to the lee of the 
crater (in contrast to the neutral atmospheric layer), and dust fall- 
ing out of the atmosphere in the clearing stage of the storm deposits 
preferentially in the lee. 

Although simulation of stratified flow in the wind tunnel at 
small scale is difficult, some recent experiments were perfomled in 
the Iowa State University er~vironmental wind tunnel to test the 
bright-streak stable-layer hypothesis. Figure 1 illustrates the 
normal neutral layer deflation streak. Figure 2 illustrates an 
attempt to simulate stable stratification by  lacing a layer of dry 
ice at the inlet of the test scction. The cold CO gas and cooled 
air flows along the wind tunnel test section floor: and the much 
warmer ambient air is drawn into the test sec'ion above the colder 
gas, resulting in stable stratification (the temperature difference 
i t *  the wind tunnel corresponds to potential temperature difference 
in the atmosphere). The crater model in Figures 1 and 2 is the same. 
The particles (glass spheres, diameter (125 vm) are also the same 
except that in Figure 2 the spheres are damp and more cohesive, with 
a correspondingly higher threshold speed. The flow pattern in the 
two tests was obviously quite different. The deflation streak in 
the crater wake in Figure 1 resulted in the dark streak; the greatest 
deflation in Figure 2 took place on either side of the wake, l2aving 
a bright streak. 

Veverka et al. [ ' J D l ]  present a parameter r (basically 2 f p r . ,  
of the Richardson numt i ) which they iadicate must be of the order 





of one for sufficient stability to block the flow. If one assumes 
that the temperature change from bottom to t ,) of the crater model 
is 100° C ir the wind tunnel test, then the value of r in the wind 
tunnel is only 0.02. This seems to be large enouph, however, to 
cause flow blockage to occur. Comparison of parametric valued for 
the wind tunnel model with thore for a full-scale crater on Mars 
with equal and unequal values of Richardson number is shown in 
Table 1. Although there may be other causes for the difference 
between bright and dark streaks, such as different ripple wave- 
lengths inside and outside the streaks, the stable-stratification 
hypothesis seems to be plausible. 

Table 1. Comparison of model  an^ 1111 scale parametric values in 
stably-strat lficd >lr. 

--- - -- -0 - 

Wind Speed 
at C:ater Rim 

Model Run (rn/sl 
- -- 

7-1-2 (Figure 1) 2.4 
7-2-1 (Figure 2) 4.8 
Martian Crater 16.0 
Eartian Crater 2.4 

Crater 
Ri,: hardson Crater Rim 
?cumber 2 Diameter Height 
gL/OO U 

-- 
(m) (m) 

0 0.3 Q.04 
0.02 0.3 0.04 
0.02 1000 120 

1 1000 130 
- 
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EARS: INFLUENCE OF OBSTACLE TYPE AND SIZE ON WIND STREAK PRODUCTION 

S. W. Lee, P. Thomas, and 2. Yeverka, Labora tory  f o r  P l sqe ta ry  Studies, 
C m e l l  U n i v e r s i t y ,  I thaca,  New York 14853 

We have analyzed the  c h a r a c t e r i s t i c s  .f n.i nd s t reaks  assoc ia ted  
w i t h  c r a t e r s  and h i l l s  i n  the  s i z e  range cc 1. 100 m t o  32 km us ing  
V i k i n g  G r o i t e r  fnagrs o f  Mars. The increased resolution o f  t h e  V i k ing  
coverage a l l  ows the  r e s u l t s  o f  p rev ious  Fiad ne r  9-based stud1 cs 
(Arv idson,  1374; Veverka -- e t  al. ,  1978, tc, be extended t o  s i g n i ' i c a n t l y  
smaller obs tac le  sizes. 

Our data can be used t o  t e s t  va r i ous  ideas on how t h e  l eng th  o f  a  
s t reak  should depend on obs tac le  he igh t .  For exapple, Veverka e t  a l .  : 198:) p r o p o s ~ d  t h a t  b r i g h t  (depos i t i ona l  ) s t reaks  r e s u l t  from- 
b l o c k i n g  o f  atmospheric * l ? w  du r i ng  t imes o f  h igh  s t a t i c  s t a b i l i t y  and 
dust  l oad ing ,  and suggested t h a t  t h e  maximum s t reak  l e n g t h  shauld be a  
constant  m u l t i p l e  o f  obs tac le  he igh t  H. 

The major f i n  :gs and i m p l i c a t i o n s  o f  our  s tudv are:  
1. B ~ t n  dark and b r i o h t  Type i st reaks  (Thomas -- e t  a l . ,  ,581) f o m  over 
the e n t i r e  range of obse, red obs tac le  s i res - - f rom q2 100 m t o  % 32 km. 
2 .  Pre fe r red  obs tac le  s izes  f o r  p ~ o d u c i n g  b r i g h t  s t reaks  are t v i d e n ~ :  
a) 2-8 km c r a t e r s  are ,;lost comon ly  associated w i t h  w i g h t  s t reaks ;  few 

are  found a t  l a r g e r  s izes  (Fig.  1). 
b )  Hi 11 s are  as e f f e c t i v e  as comparably-s; zed c r a t e r s  i n  produci  ., 

b r i g h t  s t reaks  ( h  i l l  - r e l a t e d  dark st reaks are r a r e \ .  This f i n d i n g  
supports the e a r l i e r  conc lus ion  of Cha ik in  .- e t  a l .  (1981). based on 
data r e s t r i c t e d  t o  t he  Cerberus region.  

c. Based on the  r i m  he igh t  vs. c r a t e r  diameter d~  a  of P ike  (1977): 
and he igh t  estimate; o f  h i1  1s from shrdow neasurerr~ents, obs tac les  i n  
t he  s i ze  rapr >f' 2-8 km correspond tc? he igh ts  o f  several tenc t o  a  
few hundred IF- !rs. 

3. The s i t u a t i o n  f o r  Type I dark s t reaks  i s  much more area-dependent, 
bur i f  the  data f o r  d i f f e n 3 e a t  r e g i m s  are averaged, a  prt: 'e?r~d raage o f  
c r a t e r  diameters o f  4-16 km i s  suggested. 
4. Streak l eng th  t o  obc tac le  . . ~ z e  r a t i o s  ( L / D )  are s i m i l a r  i n  mean 
va lue  ana ~n dependence on obs tac i *  s i z e  f o r  bo th  b r i g h t  and dark 
st reaks.  A t y p i c a l  (LID) vs. C curve for- b r i g h t  s t reaks  i s  Shown i n  
Fig.  2. 
5. For b r i g h t  s t reaks  assoc ia ted  w i t h  c r a t e r s  t h e  s t reak  l eng th  t o  rSm 
he igh t  r a t i o  (L/H) c' creases w i t h  i nc reas ing  H, r a t h e r  t+an  remaining 
constant  as t h e  s imple b lock ing  model o f  Veverka -- e r  a:. (1981) su2- 
gests. The r e l a t i o n s h i p  shown i~ Fig. 3 i s  rep resen ta t i ve  o f  t h a t  ob- 
ta in ' lng  f r t h e  o the r  regions t h a t  we have studied.  The imp1icai;idn i s  
t h a t  smal le r  c b s t a c l e i  : Mars are re la t i s l e l y  more e f f i c i e n t  s t reak 
producers th8n 1 arger  oces . 

This  research Has supported by NASA Grant NSG-7546.  
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Fig.  1 .  Occurrenc3 uf br ight ;  s t reaks  i n  t he  v i c i n i t y  o f  Kasei 
Val1 i s/Lunae Planum. Data a re  grouped i r t o  l o g  (base 2) 
b i ns  o f  t he  c r a t e r  d i a r ~ e t e r .  E r r o r  bars a re  based on 
the  square r o o t  o f  t h e  number 04 st reaks i n  each "in. 
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MARS EOLIAN SEDIMENTATION: HOW MUCH, HOW FAST? 

P. Thomas, Laboratory f o r  Planetary Studies, Cornel 1  Un ive rs i t y  

Morphologic, co lo r ,  and photometric observations o f  d i f f e ren t  
eo l i an  features on Mars have provided new cons t ra in ts  on the present 
eo l i an  sediment environments on Mars. 

Dust deposi t ion.  Color data i nd i ca te  t h a t  simple two-component 
mixes o f  b r i g h t  dust and "background" mater ia l  descr ibe several dust 
depos i t ion regions: c r a t e r  streaks, i n t ra - c ra te r  b r i g h t  deposits, 
t rough and sheet streaks. Crater b r i g h t  streaks i n  widely scat tered 
areas o f  Mars have maximun dust coverage o f  10-20% (area), regardless of 
t he  type o f  substrate; i n t r a - c r a t e r  deposi ts have 30-50X coverage; and 
sheet streaks have 20-30s cover of dust. The b r i g h t  margins o f  some 
dark streaks i n  Oxia Palus appear' t o  be mixes o f  dust and the  e x t e r i o r  
mater ia l .  The amount o f  dust cover i n  a1 1 these features should be less  
than 10-3 g/un2, by comparing the experimental data o f  We1 1 s  
(1982). Some dust depos i t ion features end abrup t l y  near t h e i r  apparent 
sources. From t h i s  r e l a t i o n  it i s  i n f e r red  t ha t  once ent ra ined t h i s  
dust was rap id l y  redeposited and had s e t t l i n g  ra tes o f  p a r t i c l e s  greater 
than 10 um i n  diameter. 

Dune and c r a t e r  sp lo tch a c t i v i t y .  Color and rnorphologic data 
i nd i ca te  t h a t  dark streaks o r i g i n a t i n g  a t  splotches and dunes have 
complex and var iab le  mixtures o f  mate r ia l s  ( ~ i ~ .  1). Although some o f  
these streaks appear t o  be simple mixtures o f  dune mater ia l  and sur-  
rounding p l a i ns  mate r ia l ,  most are complex assemblages o f  it l eas t  three 
mater ia ls.  Only a  small amount o f  dune mate r ia l  i s  p rese :~ t  i n  most 
streaks. The b r i g h t  margins are t ime var iab le  and represent dust red i  s- 
t r i b u t e d  by a c t i v i t y  w i t h i n  the  streak; they are not  d i r e c t l y  r e l a ted  t o  
che b r i g h t  deposi ts i n  the source craters.  The c ra te rs  i n  Oxia Palus 
encompass f i v e  separate sedimentary systems: (1 ) b r i g h t  i n t r a -  
c r a t e r  dust deposi t ion,  ( 2 )  a c t i v i t y  o f  splotches and dunes, ( 3 )  erosion 
o f  o lde r  c ra te r  f i l l ,  ( 4 )  a c t i v i t y  i n  dark streaks, ( 5 )  dust depos i t ion 
and erosiorl a t  streak margins. A1 though the co lo r  data show l i t t l e  i f  
any dust can reside on the dunes, a c t i v i t y  o f  these deposits need on ly  
be on the order o f  0.2 ~ m ~ / a n / ~  i n  order t o  i n j e c t  a  loose s u r f i c i  a1 
layer  o f  dust i n t o  suspension. Such low ra tes would imply rates o f  
motion o f  dunes o f  on ly  an/103 y r .  The presumed a c t i v i t y  w i t h i n  the 
dark streaks may imply s l i g h t l y  higher minimum rates,  but  under any 
circumstance, they do not  have t o  be h igh by t e r r e s t r i a l  standards. 

The shapes and sizes o f  dark "depos i t i ona l "  streaks i n  several 
areas o f  Mars suggest t h a t  t h e i r  forms are c o n t r o l l e d  by regional  
meteorology o r  regional  h i s t o r y ,  r a t he r  than s t r i c t l y  by dune s i  ze, 
c ra te r  s i ze  o r  the dimensions o f  the dune f i e l d .  The dunes, however, 
occur p r e f e r e n t i a l l y  i n  c ra te rs  t h a t  show s i g n i f i c a n t  erosian o f  f l a t -  
l y i n g  i n t r a c r a t e r  deposits. 

Dark dunes i n  most areas o f  Mars appear s i m i l a r  i n  co lo r ;  splotches 
t ha t  are wel l  resolved i n t o  non-dune f l a t  areas are b r i g h t e r  and 
redder than those resolved i n t o  dunes. Within any one region, however, 
dunes and splotches make coherent mixes of co lors ,  w i t h  dunes being t he  



dark, b l ue r  end member (Fig. 1). A s t r i k i n g  r e s u l t  of the global  
mapping has been the  assoc ia t ion of  dune f i e l d s  w i t h  areas of both 
revers ing winds and th ick ,  regional  dus t (? )  deposi ts (Thomas, 1982) : The 
po la r  dunes are associated w i t h  revers ing winds and po la r  layered 
deposi ts,  Oxi a and He1 lespontus dunes are associated w i t h  both 
i n t rac ra te r  deposits and nearby regional  dus t (? )  depos i ts  (Arabia; 
Hel las) .  The ephemeral nature o f  most present dust deposi t ion,  and the 
rap id  so r t i ng  o f  dust and sand, imply t h a t  condi t ions leading t o  
depos i t ion o f  the la rge  sediment deposits on Mars are incompletely 
represented by some o f  the contemporary, smal le r -sca le  phenomena. 

This research i s  supported by NASA Grant NAGW-111. 
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Fig. I .  Example of  co lo r  groupings o f  streaks and splotches i n  Oxia 
Palus region. Although the streak l i e s  between the dunes 
and p la ins,  i t  i s  not a continuous mixing l i ne .  The b r i g h t  
margins, however, do show a continuous mixing w i t h  the 
p l a i ns  mate r ia l .  Patterns of co lors  i n  o ther  Oxia ?alus 
streaks have a l l  or pa r t  o f  t h i s  pa t te rn ;  some shcw d i r e c t  
mixing o f  p la ins  and splotches. 



Aspects of t h e  aeol ian  dynamic i n  t h e  northern circumpolar sand sea of  
Mars. 
b1, MAINGUET arid C. I43REAU, b b o r a t o i r e  de Geographic Physique Zonale , 
Universitg de Reims , France. 

The s a t e l l i t e  images o f  Orbi te rs  1 and 2 (Viking Mission) revealed the  
exis tence o f  a circumpolar sand sea o f  700 000 km2 (1) (2) (3) around 
the  northern pole o f  t h e  planet  Mas. The sand shee t  of this continuous 
sand sea  becomes th inner  between 30° and 70° W. A c l a s s i f i c a t i o n  of  dunes 
and t h e i r  dynamical meaning w i l l  be exposed. 

I- The d i f f e r e n t  types of dunes - More than 90 % o f  t h i s  sand sea  is 
composed o f  t ransverse e d i f i c e s  which a r e  i so l a t ed  o r  grouped i n  chains 
o f  barchanic edif ices .  Their form is o r i g i n a l  on krs,  more ovoid shaped 
than on t h e  Earth. 

b b = width of  t h e  body (up and downwind s lopes )  L) = - 
a a = dis tance  between t h e  two wings 

For t h e  m r t i a n  barchan : a = b :  1'5 
For t h e  t e r r e s t r i a l  barchan : a = b x 2 

So D Earth < D Mars. 

Average width b (Kars) = 250 m, f o r  mega barchan B (Mars) r 4 000 m. 
The d is tance  from t h e  polar  ice-cap is never less than  100 km. 

The i s o l a t e d  barchanic ed i f i ce s ,  j u s t  l i k e  those o f  t h e  Earth,  a r e  on t h e  
edge o f  t h e  sand sen. They a r e  a l s o  organized in chain llrempart" o r  i n  
co l l ec t ive  barchanic chains. The last t ransverse e d i f i c e s  are t ransverse  
chains : l e s s  frequent and ever located i n  t h e  Chasm, 

The second category is t h e  l i n e a r  dunes ( s e i f  type) .  Their  ex is tence  is 
l imited t o  t h e  regions where t h e  Chasms a r r i v e  i n  the  sand s e a ,  probably 
where t h e  wind reg in  is of  two main wind d i r ec t ions  : one from t h e  Chasm 
and the general  wind d i r ec t ion  i n  t he  circumpolar sand sea.  

Less frequent category of dunes is so ca l l ed  "erosional  dunesn o f  sand- 
r idge  type. These dunes a r e  l imited t o  a very small region (155O W t o  
210° E' and superimposed on t ransverse chains. This type o f  dune e x i s t s  on 
E a r t h  when t h e  sand exportat ion is more important than importation ( 4 ) .  



II- Dynamical i n t e rp re t a t ion  - The majority o f  t ransverse  e d i f i c e s  is a 
good indica t ion  o f  t h e  phase of  increasing sand deposi ts .  The very few 
l o w i t u d i n a l  dunes are t h e  only ind ica tor  of a s t a r t i n g  negative sand 
supply. The heavier form o f  t h e  barchanic e d i f i c e s  can d r ive  t o  the  hypo- 
t h e s i s  of  l e s s  dune movement than  on t h e  Earth. 

Three main d i r ec t ions  o f  wind were detected : 1- t h e  general  c i r cu l a t ion  
i n  t h e  sand sea i n  a counter-clock,wise d i r ec t ion ,  2- f h m  t h e  North t o  
t h e  South as i n  t h e  SakI'a. ( 5 )  i n  t h e  Chasm where t h e  wind d i r ec t ion  is 
t raced  from t h e  d i r ec t ion  o f  t h e  Chasm. O r ,  b e t t e r ,  t h e  carving o f  t h e  
Chasm r e s u l t s  dominantly from wind ac t ion ,  3- a c i r c u l a t i o n  on t h e  sou- 
t he rn  sand sea border from South t o  Horth before joining ths general  
counterclock c i r cu l a t ion .  

We Fropose t h e  following hypothesis ; t h i s  sand sea is a young one with 
more sand a r r i v i n g  than  exported. The high amount of t ransverse  e d i f i c e s  
and t h e i r  s i z e  i nd ica t e  a long phase of c l imat ic  s t a b i l i t y  with a pos i t i ve  
sand supply. But t h i s  sand sea is undergoing a n  evolut ion as indicated by 
t h e  appearance o f  sandridges. 
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SOIL HUMIDIFICATION AS A TRIGGER OF DUST STORMS ON MARS 
R.L. Huguenin and S.M. C l i f f o r d ,  Dept. Physics/Astronomy, 
Hasbrouck Lab, UMassachusetts, Amherst, MA 01003 

One of t h e  most s t r i k i n g  dynamical phenomena on Mars is t h e  equa- 
t o r i a l  dust  storm. They have occurred near ly  everyMartian year  s i n c e  
observat ional  records have been kept. The major storms have developed 
p r e f e r e n t i a l l y  near per ihel ion.  They have a l s o  appeared a t  c e r t a i n  speci-  
f i c  loca les  on t h e  planet .  I n i t i a l  plumes appeared suddenly, o f t e n  by 
dawn, extending s e v e r a l  hundred ki lometers  ac ross  i n  regions t h a t  were 
c l e a r  t h e  previous days. Frequently t h e  major storms i n i t i a t e d  wi th  
b r i l l i a n t  white plumes t h a t  l a t e r  turned yellow. 

What t r i g g e r s  these  e q u a t o r i a l  storms? A p r e v a i l i n g  i d e a  is t h a t  
dust  might be ra i sed  b y s a l t a t i o n  impact of sand g ra ins  (~160clrn). Threshold 
s a l t a t i o n  v e l o c i t i e s  were es t imated t o  b e  50 + 25ms-I ( I ) ,  which a r e  some- 
what h igher  than observed wind v e l o c i t i e s .  Hourly averaged wind speeds 
a t  t h e  Viking lander  sites around t h e  onse t s  of t h e  1977 storme, f o r  
example, were 17.7 ms'l (VL1) and 13.6 ms'l (VL2), wi th  gus t s  t o  26 me-1 (2). 
Similar  wind v e l o c i t i e s  were deduced from Viking IRTM observat ions  of 
appare:,; plume v e l o c i t i e s  a t  t h e  storm s i t e s  (3). It has been proposed 
t h a t  combinations of regional  topography and insolation-induced modif icat ions  
of thermal gradient  may produce high enough l o c a l  turbulance t o  r a i s e  t h e  
dust  (e.g. 3,4). That high enough wind speeds could be generated has  
been questioned, however (5).  I n  add i t ion ,  Lhe s a l t a t i o n  models do no t  
adequately expla in  t h e  appearance of plumes by dawn on Day 1 of t h e  storms. 
They p red ic t  ins tead  t h a t  t h e  onset  c f  a c t i v i t y  should occur c l o s e r  t o  
midday during peak i n s o l a t i o n  and maximum preva i l ing  winds. Furthermore, 
the re  is inadequate agreement between t h e  regions  of predic ted h ighes t  
~ u r f a c e  v e l o c i t i e s  and t h e  observed sites of dust  plume generat ion (6). 
F ina l ly ,  t h e  co lo r  change from an i n i t i a l  white plume t o  yellow is not  
explained by t h e  s a l t a t i o n  models. 

An a l t e r n a t i v e  dust  i n j e c t i o n  hypothesis  was proposed by Johnson et a1 
(7). It was argued from labora to ry  d a t a  t h a t  s o l a r  hea t ing  r a t e s  of 
~ 5 0 0  hr'l could produce a rapid  desorpt ion of gas wi thin  t h e  upper few cm. 
Subsurface pressures  could b u i l d  t o  t h e  point  t h a t  t h e  s u r f a c e  could ex- 
p los ive ly  rupture ,  i n j e c t i n g  dus t  i n t o  t h e  atmosphere. Gas j e t s  could a l s o  
develop along microf issures  i n  t h e  dus t  l ayer ,  according t o  t h e  model, t h a t  
c o d d  r a i s e  a d d i t i o n a l  dust  i n t o  t h e  atmosphere. A modif icat ion of t h e  
Johnscn e t  a 1  model has been proposed 5y Huguenin et a 1  (8 ,9) ,  and Greeley 
and Leach (5) .  It was argued by Huguenin e t  a 1  t h a t  i f  t h e  s o i l s  contained 
cdsorbed H20 a s  we l l  a s  C02, % 4 times as much gas (12 mg cm-2 C02 + 36mg 
cme2 H20) might be desorbed dur ing t h e  d iu rna l  hea t ing  cycle.  Ae a r e s u l t  
t h e  h.eating r a t e  could be  % 4 times lower (% 130 hr-1) and r e l e a s e  t h e  same 
amount of gas a s  i n  the  Johnson et a 1  experiments. The h e a t i n g  rates a r e  
c lose  t o  t h e  observed average h e a t i n g  r a t e s  near  pe r ihe l ion  a t  t h e  Southern 
hemisphere dust  storm s i t e s  (% 150 hr-1);  consequently it was proposed 
t h a t  dust  st~rms may i n i t i a t e  a t  those  s i t e s  due t o  enhanced l e v e l s  of 
adsorbed H20 i n  the  s o i l s  there .  Greeley and Leach presented b e l l  j a r  and 
wind tunnel experi-ente t h a t  supported t h i s  model, and they showed t h a t  t h e  
presence of adsorbed H20 could a c t  t o  reduce t h e  threshold  v e l o c i t y  f o r  



sa l t a t i on .  
The ro l e  t h a t  H20 plays i n  t r igger ing  the equa tor ia l  s t o r m  may be 

even more d i r ec t .  A phenomenon was observed during the  Viking PGaa Ex- 
change experiments on Mars t ha t  suggests t h a t  Hz0 may produce a catastro-  
phic desorption of gas from the r o i l  under appropriate  conditions.  Such 
conditions could develop around per ihel ion on Mars, and i t  is possible  
t ha t  t h i s  phenomenon may t r i gge r  rome of the  storma. In  pa r t i cu l a r ,  when 
samples of ~ e i t i a n  s o i l  were humidified i n  the GEx test c c l l r ,  t he re  were 
sudden and spontaneous re leases  of gas from the sampler. Over 9600 nmol 
of gas was r e l eamd  per gram of sample, and most was generated wi th in  
the  f i r s t  few hours (10). A i l  gases, with the exception of some of the 
02, were derived from adsorbed atmospheric conr t i tuen ts  (10). While most 
a t t en t ion  has focused on the  unusual production of 02 during the  G t x  
experiments, the  explosive re lease  pf adsorbed garee by rimple humidifica- 
t i on  was spectacular ,  

It has been proposed tha t  the mechanism f o r  dr iving off  the  adsorbed 
gas was base hydrolysis ( l l ) ,  whereby a d s ~ r b e d  gases were replaced by t h e  
H20. This is a common react ion,  but not with the  i n t e n s i t y  t h a t  occurred 
during the  GEx experiment. The difference i n  i n t e n s i t y  can be a t t r i b u t e d  
t o  the  apparently highly dessicated s t a t e  of the  Martian s o i l s ,  revealed 
i n  pa r t  by near-IR telescope s t e c t r a  (12). A t  the  low Martian surface 
temperatures, Hz0 is  more s t ab l e  a s  i c e  than a8 adsorbed H20 and minimr.1 
H20 ( l e s s  than 1 monolayer equivalent) would e x i s t  i n  the adsorbed 
s t a t e  (13). The i c e  is unstable i n  t he  regions where the equa tor ia l  s t o r m  
occur (14), and hence the  s o i l s  a r e  highly desiccated. When there  s o i l s  
were exposed t o  H20 vapor a t  % 5OC during the  GEx experiment, t he  H20 
would be expected t o  spontaneously replace the adsorbed gases. With such 
a small fractfor, of the  adsorbed species  being. H20, t he  i n t ens i t y  of the  
GEx deso rp t io ,~  react ion can be explained. I f  the s o i l s  on Mars were 
s imi la r ly  h m i d i f i e d  by some means, a s imi la r  desorption react ion could 
conceivably occur. 

We have recent ly  reported evidence fo r  H20 vapor source regions on 
Mars (15). and i t  was noted tha t  the outgassing a c t i v i t y  peaked during 
the per fhe l ic  dust storm periods. It was argued tha t  seasonal melting 
of ground i c e  within the  upper meter of s o i l  possibly occurs during t h i s  
period (15). I f  t rue ,  the melted i c e  would tend t o  migrate upward i n t o  
the dry overburden and dampen the s o i l .  This would provide a r imi l a r  
condition t o  t h a t  which drove off  adsorbed gases during the  GEx experiment, 

I f  it is assumed tha t :  1) humidification during the  melting event 
can dr ive off  adsorbed gases t o  the same extent  (% 9600nml g-1) a s  i n  the  
GEx experiment; 2) s o i l  po ro r i t i e s  i n  the surface layer  a r e  % 0.5; 3) s o i l  
temperatures a r e  % 0 - P C ;  and 4) t ha t  the escape of gas is diffusion-  
inh ib i ted ,  as. discussed by Farmer (14), Bernoulli 's  equation ind ica tes  
t h a t  pore-space pressures of up t o  0.4 atmoephere could develop. Eacape 
ve loc i t i e s  of up t o  450mIs could develop along microfi8sures i n  the r o i l .  
Theoe pressures and j e t t i n g  ve loc i t i e s  would be more than adequate t o  i n j e c t  
dust i n t o  the atmosphere. Indeed a mini d w t  storm event ins ide  the  CEx 
chamber may have produced the clogging of the drain l i n e ,  a s  discussed by 
Hugwnin ( 16) . 

In  addi t ion t o  providing a mechanism f o r  r a i s ing  dust on Mare, t he  
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s o i l  humidification/derorption model could exp la in  some o t h e r  duet r t o m  
c h a r a c t e r i s t i c s .  F i r e t l y ,  t h e  high i n i t i a l  moisture c o n t r n t r  of the  
escaping vapor could exp la in  the  whi te  co lo ra t ion  of t h e  i n i t i a l  plumer. 
Secondly, the  onset6 by dawn could be accounted for .  I n  p a r t i c u l a r ,  t h e  
events  would be t r iggered  by rearonal  warming of t h e  r o i l  t o  t h e  melt ing 
point  of i ce .  During t h e  cold nightt ime and e a r l y  m r n i n g  hour8 e r c a p i n ~  
H20 vapor would be expected t o  f reeze  out  near  the  rurface .  Thin could 
form b a r r i e r s  along t h e  mic rof i s ru re r  and pores t h a t  would i n h i b i t  t h e  r a t s  
o f  outgassing,  and i t  could conceivably permit pressures  t o  b u i l d  and 
r e s u l t  i n  explosive  o u t g a r s i n g / d w t  i n j e c t i o n  events.  Thirdly,  t h e  
model could account f o r  the  repeated occurrences of t h e  s t o w  events  a t  
c e r t a i n  s p e c i f i c  locales .  Indeed, t h e  primary storm r i t e 8  coincide  wi th  
the  th ree  s i t e s  where Hz0 outgasr ing repeatedly  occur6 (15). 
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MARS VALLEY NETWORKS AS INDICATORS OF FOBXER CLIMATIC 
CONDITfONS. 

M i c h r e l  H. C a r r ,  U.S. G e o l o g i c a l  S u r v e y ,  Menlo P a r k ,  C A  

The p r e r e n c e  of  f l u v i a l  f e a t u r e s  on t h e  m a r t i a n  r u r f a c e  18 

commonly c i t e d  a r  e v i d e n c e  f o r  d i f f e r e n t  c l i m a t i c  c o n d i t i o n r  i n  
Marr' p a r t .  T h i r  p a p e r  i s  a  p r o g r e r r  r e p o r t  on work t o  z a r e r r  
more p r e c i r e l y  what  t h c  p r e s e n c e  o f  c h a n n e l s  i m p l i e s  a b o u t  p a r t  
m a r t i a n  c l i m a t e s .  

Marr  h a s  two main t y p e s  o f  c h a n n e l s ,  o u t f l o w  c h a n n e l s  and  
r u n o f f  c h a n n e l s  ( v a l l e y  n e t w c r k r ) .  TFe o u t f l o w  c h c n n e l r  a r e  
commonly b e l i e v e d  t o  have  formed by : o o d r  w i t h  h i g h  d i s c h a r g e  
r a t e r  and r h o r t  d u r a t i o n s  ( e . 8 .  M i l t o n ,  1 9 7 3 ,  Bake r  and  M i l t o n ,  
1 9 7 4 ) .  L a r g e  f l o o d r  would u n d e r g o  i n s i g n i f i c a n c  l o r r e r  by 
f r e e z i n g ,  e v a p o r a t i o n ,  and  s u b l i m a t i o n ,  e v e n  on t h e  Moon 
( L i n g e n f e l t e r  e t  a l . ,  1 9 6 8 ) .  and  t h u s  c o u l d  p r o b a b l y  c a r v e  t h e  
l a r g e  m a r t i a n  o u t f l o w  c h a n n e l s  u n d e r  p r e s e n ?  c l i m a t i c  
c o n d i t i o n s .  The c o n d i t i o n r  u n d e r  wh ich  t h e  b r a n c h i n g  v a l l e y s  
c o u l d  fo rm a r e ,  howeve r ,  more p r o b l e m a t i c .  The \ . a l l e y s  a p p e a r  
t o  r e s u l t  f rom s l o w ,  s u e t a i n e d  e r o s i o n  by s t r e a m s  9f modeet  
d i s c h a r g e ,  much l i k e  t e r r e s t r i a l  v a l l e y s  ( P i e r i ,  1 9 7 6 ) .  Such  
r t r e a m s  would f r e e z e  f a s t e r  t h a n  t h e  l a r g e  f l o o d m ,  ~ d  t h e  
q u e s t i o n  a r i e e e  w h e t h e r  t h e y  c o u l d  a c c o m p l i s h  a r i g n i f i c a n t  
amount  o f  e r o s i o n  b e f o r e  f r e e z i n g .  The o b j e c t  o f  t h e  work 
r e p o r t e d  h e r e  i s  t o  d e t e r m i n e  t h e  c o n d i t i o n s  u n d e r  which  e m a l l  
s t r e a m s  c o u l d  f o r m  and  s u r v i v e  on  t h e  m a r t i a n  o u r f a c e  t o  c u t  t h e  
o b s e r v e d  c h a n n e l s .  The p rob lem f a l l s  n a t u r a l l y  i n t o  two 
p a r t , .  The f i r s t  i r  t o  d e t e r m i n e  how l o n g  a  s t r e a m  o f  a  g i v e n  
d i r c h a r g e  w i l l  f l o w  b e f o r e  i t  f r e e z e s .  The r c c o n d  p a r t  of  t h e  
p r ) b l e m  i r  t o  d e t e r m i n e  how s u c h  a  r t r e a a  c o u l d  o r i g i n a t e .  
S i g n i f i c a n t  p r o g r e s s  h a 8  been  made o n l y  on t h e  f i r s t  p a r t  o f  t h e  
p ~ o b l e m .  

F r e e z i n g  r a t e r  of  m a r t i a n  s t r e a m s  were c a l c u l a t e d  f o r  
v a r i o u r  r u r f a c e  t e m p e r a t u r e r  and  p r e r r u r e s .  The c a l c u l a t i o n r  
a r e  s i m i l a r  t o  t h o r e  o f  W a l l a c e  and  S a g a n  ( 1 9 7 9 )  b u t  d i f f e r  i n  
r e v e r a l  i m p o r t a n t  r e r p e c t s  a s  e l a b o r a t e d  on  be low.  A r a n g e  of  
a t m o r p h e r i c  p r e e r u r e s  war c o n s i d e r e d ,  and  t h e  s u r f a c e  
t e m p e r a t u r e s  a p p r o p r i a t e  t o  e a c h  p r e r r u r e  were  d e r i v e d  f rom t h e  
a t m o r p h e r i c  m o d e l r  o f  P o l l a c k  ( 1 9 7 9 ) ,  Toon e t  a l .  ( 1 9 8 0 )  and  
H o f f e r t  e t  a l . ,  ( 1 9 8 1 ) .  F o l l o w i n g  W a l l a c e  and  Sagan  ( 1 9 7 9 )  and  
C o l b e r t  ( 1 9 8 0 ) ,  i t  war a r r u m e d  t h a t  on a n y  body o f  w a t e r  a t h i n  
i c e  c o v e r  w i l l  f o rm.  Under  g i v e n  c o n d i t i o n r  o f  a t m o r p h e r i c  
t e x p e r a t u t e ,  p r e s r u r e ,  and  wind v e l o c i t y ,  t h e  e n e r 8 y  b u d g e t  a t  
t h e  i c e - a t m o r p h e r e  i n t e r f r c e r  c a n  he c a l c u l a t e d .  The u p p e r  
r u r f a c e  o f  t h e  i c e  r e c i e v e r  d i r e c t  r o l a r  r a d i a t i o n  i n  t h e  
v i r i b l e ,  i n f r a r e d  r a d i a t i o n  m o r t l y  f rom t h e  a t m o s p h e r e ,  and  h e a t  
c o n d u c t e d  upward t h r o u g h  t h e  i c e .  The Lncoming e n e r g y  i r  
b a l a n c e d  by h e a t  r e r a d i a t e d  a t  t h e  e v r f a c e  t z m p e r a t u r e  o f  t h e  
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i c e  a n d  h e a t  l o e t  t h r o u g h  s u b l i m a t i o n .  H e a t  may b e  a l s o  l o e t  
o r  g a i n e d  by c o n d u c t i o n  t o  t h e  a t m o e p h e r e  a n d  c o n v e c t i o n  
d e p e n d i n g  o n  t h e  r e l a t ' v e  t e m p e r a t u r e s  o f  t h e  i c e  a n d  a i r  a t  t h e  
s u r f  a c e .  

The  f i r s t  s t e p  i n  t h e  c a l c u l a t i o n  i e  t o  d e t e r m i n e  t h e  
t e m p e r a t u r e  o f  t h e  i c e  s u r f a c e  a t  w h i c h  t h e  e n s r g y  i n f l o w  a n d  
o u t f l o w  a r e  e q u a l .  Once  t h i s  s u r f a c e  t e m p e r a t u r e  i s  known,  t h e n  
h e a t  l o s t  by c o n d u c t i o n  f r o m  t h e  i c e - w a t . r  i n t e r f a c e  c a n  b e  
c a l c u l a t e d ,  a n d  b e c a u s e  t h i s  h e a t  l o s e  i s  b a l a n c e d  by r a d i a t i o n  
penetrating t h e  i c e  a n d  by t h e  i a t e n t  h e a t  o f  f u e l o n  r e l e a s e d  by 
f r e e z i n g ,  t h e  r a t e  o f  f r e e z i n g  c a n  be  c a l c u l a t e d .  T h e  i c e  i s  
a p p r o p r i a t e l y  t h i c k e n e d  f o r  t h e  t i m e  i n t e r v a l  u n E z r  
c o n s i d e r a t i o n  a n d  t h e  c a l c u l a t i o n e  r e p e a t e d .  I n  t h i s  v a y  t h e  
g r o w t h  o f  i c e  o n  a  s t r e a m  c a n  b e  t r h c k e d  o v e r  a  w i d e  r a n g e  u f  
c l i m a t i c  c o n d i t i o n s .  

The  m o s t  c o m p l e x  p a r t  o f  t h e  p r o b l e m  i e  c a l c u l a t i o n  o f  t h e  
s u r f a c e  t e m p e r a t u r e  o f  t h e  i c e .  The c c l c u l a t i o n s  h e r e  d i f f e r  
f r o m  t h o s e  o f  W a l l a c e  a n d  S a g a n  ( 1 9 7 9 )  a s  f o l l o w s :  ( 1 )  
R a d i a t i o n  i n  t h e  v i e i b l e  a n d  i n f r a r e d  a r e  t r e a t e d  s e p a r a t e l y ;  
( 2 )  e m p i r i c a l  e x t i n c t i o n  c o e f f i c i e n t s  a r e  u s e d  t o  c a l c u l a t e  
a b s o r p t i o n  o f  t h e  v i s i b l e  r a d i a t i o n  by t h e  i c e  ( W a l l a c e  a n d  
S a g e n  a s s u m e d  t h a t  a  f i x e d  f r a c t i o n  was  a b s o r b e d ) ;  a n d  ( 3 )  a  
c o n d u c t i o n  t e r m  is  i n t r o d u c e d  t o  a c c o u n t  f o r  t h e  h e a t  l o s c  o r  
g a i n e d  b. t h e  i c e  t h r o u g h  c o n d u c t i o n  t o  o r  f r o m  t h e  
a t m o e p h e r e .  The m e t h o d  u s e d  h e r e  t o  c a l c u l a t e  c o n d u c t i o n  i s  
s i m i l a r  t o  t h a t  u s e d  by G i e r a e c h  a n d  T o o n  ( 1 9 7 3 ) .  I a  t h e  
i n i t i a l  c a l c u l ~ a t i o n s ,  t h e  i n f r a r e d  f l u x  was  d e r i v e d  f r o m  t h e  
d i f f e r e n c e s  b e t w e e n  t h e  a u r f a c e  t e m p e r a t u r e s  p r e d i z t e d  f r o m  t h e  
v a r i o u e  a t a o s p h e r i c  m o d e l s  a n d  t h o s e  t h a t  w o u l d  p r e v a i l  w i t h  n o  
a t m o e p h e r e .  A m o r e  r e f i n e d  m e t h o d  o f  e s t i m a t i n g  t h e  i n f r a r e d  
f l u x  i s  r e p o r t e d  o n  e l s e w h e r e  i n  t h i s  v o l u m e  ( C l o w ,  1 9 8 2 ) .  
S u b l i m a t i o n  r a t e s  w e r e  c a l c u l a t e d  by a  m e t h o d  i d e n t i c a l  t o  t h a t  
u s e d  by W a l l a c e  a n d  S a g a n .  The e s t i m a t e : :  o f  t h e  f r e e z i n g  r a t e  
were t e s t e d  a g a i n s t  known f r e e z i n g  r a t e s  a t  two l o c a l i t i e s  i n  
A l a s k a  a n d  p r e d i c t i o n s  w e r e  w i t h i n  30  p e r c e n r  o f  t h e  o b s e r v e d  
r a t e s .  

The  r e s u l t s  i n d i c a t e  t h a t  f r e e t i n g  r a t e s  a r e  r e l a t i v e l y  
i n s e n s i t i v e  t o  c l i m a t i c  c o n d i t i o n s .  F o r  e x a m p l e ,  f o r  t h e  m o d e l  
a t m o s p h e r e  o f  H o f f e r t  e t  al. ( 1 9 8 1 ) ,  a n d  a  f r i c t i o n a l  wind  
v e l o c i t y  o f  1 0 0  c m / a ,  a n d  a n  i c e  a l b e d o  in t h e  v i s i b l e  o f  0 . 8 ,  a  
s t a n d i n g  body  o f  w a t e r  1 m e t e r  d e e p  w i l l  t a k e  1 8  d a y s  t o  f r e e z e  
o n  Mars  a t  a a  a t m o s p h e r i c  p r e s s u r e  o f  1 0  mb. Under  a  p r e s s u r e  
o f  300 mb i t  w i l l  t a k e  4 2  d a y s  t o  f r e e z e .  F r e e z i n g  o f  a s t r e a m  
w o u l d  b e  s l o w e r  b e c a u e e  o f  f r i c t i o n a l  h e a t i n g .  The f r e e z i n g  
r a t e s  a r e  s l o w  c o m p a r e d  w i t h  f l o w  v e l o c i t i e s  of s t r e a m d s .  
D u r i n g  1 8  d a y a  a  s t r e a m  i n i t i a l l y  1 u c t e r  d e e p  c o u l d  t r a v e l  500-  
2 ,000  km f o r  a  p l a u s i b l e  r a n g e  o f  s l o p e s  (Komar ,  1 9 7 9 ) .  T h u s  i t  
a p p e a r s  t h a t  i f  f l o w  c a n  b e  i n i t i a l i z e d  t h e n  e v e n  t h e  v a l l e y  
n e t w o r k s  c o u l d  f o r m  u n d e r  c l i m a t i c  c o n d i t i o n s  s i m i l a r  t o  t h o s e  



that currently prevail. 
The main difficulty ie initiating the flow. If the 

channels are cut entirely by sapping (Pleri, 1980) then surface 
flow is initiated simply by leakage from the groundwater system 
and climatic conetraints on formation of the valleys are 
loose. On the other hand, if the streams form by surface 
runoff, such ae by melting of surface ice, then the climatic 
constraints on their formation are likely to be severe. The 
specific conditions under which streams could be initiated by 
runoff are currently being investigated. 
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LLEY NETWORKS ON MAR G AND MORPHOGENE s IS OF POOR QUALITY 

Vic to r  B. Baker, Department of  Geosciences,  Univers i ty  of Arizona,  Tucson, 
Arizona 83721 ; G. Robert Brakenridge,  Department of Ear th  Sciences ,  
Dartmouth Col lege ,  Hanover, New Hampshire 03755; R. Cra ig  Kochel, 
Department of Environmental Sciences ,  C la rk  H a l l ,  Univers i ty  of  V i r g i n i a ,  
C h a r l o t t e s v i l l e ,  V x r g i ~ i a  22903 

Geomorphic mapping of v a l l e y  networks i n  t h e  h e a v i l y  c r a t e r e d  t e r r a i n s  
of Mars (Figures  and 2) h a s  revealed a complex h i s t o r y  of  v a l l e y  morpho- 
genesis .  The v a l l e y s  show prominent l o c a l  s t r u c t u r a l  c o n t r o l  by 
l ineaments,  anastornosing reaches ,  l o c a l  zones of r e l a t i v e l y  h igh  d ra inage  
d e n s i t y ,  unusual  widening and narrowing, and very  i n d i s t i n c t  s i n k  r e l a t i o n -  
sh ips .  

Many a r e a s  show a very  complex h i s t o r y  t h a t  involved v a l l e y  develop- 
ment over  a long t ime span marked by cont inued impact c r a t e r i n g .  
Dzposi t ional  phases followed by exhumation phases  may be  r e q u i r e d  t o  
exp la in  i n v e r t e d  topography i n  network systems such a s  Auqakuh V a l l i s  
(F igure  2). The v a l l e y s  a l s o  appear  t o  have been e x t e n s i v e l y  modified by 
mass movement, thermokars t ic ,  and e o l i a n  processes .  

Va l l eys  of t h e  Aeo l i s  r eg ion  (F igure  1 )  a r e  developed i n  t h e  Cra te red  
P la teau  M a t e r i a l  mapped by S c o t t  and o t h e r s  (1978). Flow is  d i r e c t e d  down 
the  r e g i o n a l  topographic g r a d i e n t ,  h e r e  es t ima ted  a t ' 0 . 5  t o  1 n/km (U.S. 
Geological  Survey, 1976). ' 

Auqakuh V a l l i s  (Figure  2) i s  developed i n  a l aye red  p l a t e a u  m a t e r i a l  
t h a t  t h i c k l y  mant les  a n  o l d e r  densely  c r a t e r e d  su r face .  Large c r a t e r s  have 
been e x t e n s i v e l y  reduced t o  s u b c i r c u l a r  depress ions  by b u r i a l .  High- 
r e s o l u t i o n  Viking p i c t u r e s  r e v e a l  a n  i n t r i c a t e  landscape of mesas, 
sca l loped  v a l l e y  s i d e s ,  p i t t i n g ,  and " inver ted"  topography. 

P a s t  s t a t ements  concerning t h e  paleoenvironmental  s i g n i f i c a n c e  of 
v a l l e y  networks on Mars have h e r e t o f o r e  been genera l i zed  and >r r e s t r i c t e d  
t o  a few s p e c i a l  c a s e s  (e.g. Baker, 1972; Mars Channel Worki. Group, i n  
p ress ) .  However. t h e  developing body of d e t a i l e d  morphogenetic mapping 
s t u d i e s  of i n d i v i d u a l  network systems is now providing new d a t a  w i t h  which 
t o  a s s e s s  t h i s  important ,  b u t  d i f f i c u l t  problem. Future  work needs t o  con- 
c e n t r a t e  on a s y n t h e s i s  of d e s c r i p t i o n s ,  g e n e t i c  models, and l a r g e - s c a l e  
impl ica t ions  s i m i l a r  t o  t h a t  achieved f o r  s t u d i e s  of t h e  outf low channels .  
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Figure 1 .  I . ; i rg~~-~ . c? l c .  gPomorpliic map of a v o l l c y  network on the  A r o l i s  
Qu;~dranglc~ a t  14" 5 ,  ?O6* W .  V a l l e y s  trcnd t o  the  N E  from t h e  h e a v i l y  
cratered uplands  t o w . ~ r d  Elysium I ' l o n i t i ; ~ .  



Fi-fur 2 .  Geomorphic map o f  Auqakuh V a l l i s  i n  the S y r t i s  Major region o f  
Ma?=, 3 @ N ,  300°W. The system represents northward flow ( t o  the bottom of 
;he map). 



ANCIENT FLUVIAL DRAINAGE SYSTEMS: MARGARITIFER SINUS AREA, MARS 
BOOTHROYD, Jon C . ,  Dept. of Geology, Univ. of Rhode I s land ,  Kingston, 
RI 02881 

Stereo p a i r s  of  Viking Orbi te r  images have been used t o  map f l u v i a l  drain-  
age systems in  the west cent ra l  a rea  of t h e  Margar i t i fe r  Sinus Quadrangle 
(MC-19) (Fig. 1 )  and in  t he  northernmost pa r t  of the Argyre Quadrangle 
(MC-26). I t  i s  possible ,  w i t h  this technique, t o  determine drainage basin 
boundaries, t o  de l inea te  source a reas  f o r  srrall outflow channels,  and t o  
iden t i fy  depositional basins.  Preliminary s tud i e s  i nd i ca t e  t h a t  some val- 
ley networks were t r i b u t a r y  t o  o ld  outflow channel system, o r  flowed i n t o  
depositional basins formed i n  regional lows. Other networks show reac t iva-  
t i on  a f t e r  mantling by c r a t e r  e j e c t a  o r  presumed eo l ian  mater ia l  ; s t i l l  
o thers  have been beheaded by l a t e r  development of chaot ic  t e r r a i n .  These 
observations suggest t h a t  while some of the val ley networks a r e  very old,  
o thers  were ac t i ve  during the time of  formation of the l a rge  outflow chan- 
ne ls  and chaot ic  t e r r a i n .  
The Ladon Val les dra i r  age system occupies t he  1 a rges t  segment of  the area 
mapped t o  da te ,  w i t h  a i aurce  area t o  t he  nor thsas t  of t h e  c r a t e r  Holden, 
an a r ray  o f  outflow channels (Ladon Val l e s  proper),  and a probable deposi - 
t iona l  basin northwest of Ladon Valles.  The Ladon system may be p a r t  of 
an o lder  Uzboi -Hol den-Ladon system a s  reporaed by P i e r i  (1980). The 
Ladon drainage continues northward t o  the  presumed deposi t ional  p la in  in- 
s i de  an older ,  highly de raded, multi-ringed basin,  the boundaries of which 
were mapped by Saunders 9 1979) and discussed by Schultz and Glicken (1 
Figure 2 i l l u s t r a t e s  the s t ruc tu ra l  control imparted t o  the Ladon Val1 
drainage course by another old-basin margin (P i e r i  and Parker,  1981), 
we1 1 as  a val ley network draining toward the deposi t ional  basin. 
dany workers, including P i e r i  (1980) and Carr (l98O), consider t h e  va 
networks t o  be very old,  whereas outflow channels mau have s ~ a n n e d  a 
considerable periob of martian h i s tory  (Masursky e t  a1 . , 1977). However, 
t he  period of val ley network formation is  qu i t e  complex and is  interwoven, 
in  pa r t ,  w i t h  the development of chaot ic  t e r r a i n  and w t f l o w  channels. 
Figure 3 shows several o ld  stem va l leys  adjacent t o  f r e she r  appearing 
val leys  and a small ,  unnamed outflow channel. Stereo mapping together  
w i t h  earth-based radar p r o f i l e s  (Downs e t  a l . ,  1978; Roth e t  a l . ,  1980), 
ind ica te  t h a t  t he  paleoslope was away from Eos chasma t o  a deposi t ional  
area nok exhib i t ing  chaot ic  col lapse.  The drainage is ,  i n  e f f e c t  be- 
headed. In addi t ion ,  the Osuga Valley outflow channel (Fig.  3) cu t s  
through a subs tan t ia l  r idge which may have been ac t i ve ly  growing during 
formation of the  channel system. 
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CHANNEL DEPOSITS ON HARS 
Moore, H. J . ,  U.S. Geological Survey, Menlo Park, CA 94025 

A rearch of Viking Orbiter photographr hae revealed that r o m  martian 
channels hiwe arrociated deporitr. The purpore of thir abrtract ir to 
make the e~tirtence and ;0~8ti01U of there channel deporitr known to other 
workerr (Table 1) and to briefly dercribe them. 

The hmzonis channel deporitr apparently have not been recognized 
previously. Pluidr that carved the channelr originated somewhere near the 
Equator from a vast expanre northwest of Apollinarer and then flowed 
northeastward, where well-defined broad channelr occur (fig. 1). These 
well-defined broad channels with rtreamlined irlandr can be traced north- 
eastward from 180'~. , 10'~. , to 17S0W., 12.-19'~. , where they become 
partly filled. The channel6 dirappear and the deporitr become 
progresrively thicker and more extenrive to the northeart, where they 
terminate againiqt mountainr and ar thick lober and frontr. According to 
crater counts, there deposits m y  be younger than Olympus Mons. 

Table 1. Locations of channels and channel deposits, crater age6 of 
channels, and selected Viking Orbiter picture frames. 

- - -- -- 

Channe 1 Location of Location of Crater Age Selected Orbiter 

Name Channel( a) Deposit8 N/km2 (D>1 - km) Picture Framer 

Hrad 3b0NS 218'~ 41°N, 230'~ 
41eN, 230'~ 4 4 ' ~ ~  240'~ 

Mangala to south of 6'~, 145'~ 
deposit8 

bOs, 151'~ 



Elysium channel deposits could be extensive. Fluids that carved the 
channels probably issued from huge, elongate chaem radial to Elyeium b n s  
such as the one near 223'W., 26'~. Nearby narrow deep channele coalesce 
to form a wide channel that distributes near 232'~., 31'~. The southern 
branch of these distributary channels becomes progreseively filled by 
deposits that appear to overflow the channel locally, but evidence for the 
channel persists to 242'~. , 37'~. The deposits terminate near 246'W., 
37'N., as abutments against higher terrane and as lobes and fronte. The 
crater-retention age of these deposits is compatible with the age of the 
channels, according to my interpre ation of the counts of Carr and Clow 5 (l98l), i.e. lf0.8xl0-~ crnterslkm . 

Dark deposits occur in and adjacent to Hrad Vallis ~ o u t h  of the 
Viking Lander 2 site. In some places, the Hrad channels are filled with 
dark-appearing material in varying amounts up to the point of overflowing; 
in other places, overflow is indicated by dark levees, dark lobes that 
extend away from Hrad, and dark marginal plains. Dark deposits that abut 
against and are superposed as a lobe on the ejecta of crater Chincoteague 
appear to be related to the Hrad channel. In still other places, the Hrad 
channel appears to be free of deposits. 

Demonstrable deposits created by overflows of Kasei Vallis are 
scarce, if they exist at all. One possible exaaple is shown in picture 
frame 555610, where thin lobes and sheets can be traced sway from an 
arcuate "bayou" of the northern edge of Kasei. These sheets and lobes may 
represent an overflow of sediment laden-fluids. Farther upztream there 
are additional lobes that may be lavas from the general directicn of 
Ascraeus Mons. Similar flow deposits may be present near the mouth of 
Joventa Chasma, near 58', 63", and 64"~., 5 " ~ .  

Channel deposits occur at the mouths of .the Mangp1 4 Valles along with 
convincing examples of superposed lava flows. On the p a i n s  below the 
Mangala scarp, these smooth-appearing deposits have irregular shallow 
rimless depressions and steep, in some places leveed, margins where they 
border the scarp and valley walls. Near 15O0w., 5"~., the smooth deposits 
can be traced upstream about 60 km; a second segment of the channel floor 
appears smooth a& far as 8"s. In some places, wide leveed channels can be 
traced to the scarp, where they narrow, and onto a fanlike structure at 
the base of the scarp, where they widen again. 

Deposits occur near the edge of the head of Harmakhis Vallis, where a 
partly leveed sheet, as much as 20 km wide, extends 50 km southward and 
narrows to 10 km. Other flowlike deposits, with flow units 10 km wide, 
converge from the east. 

The origins of the deposits are puzzling. The intimate and grada- 
tional relation between the Amaeonis channel and deposits, in combination 
with an absence of evidence for a volcanic source, suggest that the 
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depoeite may be eedimentary--poeeibly mudflowr or alluvial depoeite 
peculiar to Mare. The eane poreibill.tiee ehould be conridered for the 
Elyeium and Hrad channele, even though the eource of the fluids and 
depoeite appeare to be the Elysium volcanic center. The depoeite on the 
Mangala plaine do not reeemble the nearby lava flow8 from the Areia 
region; perhapr the rimless depreeeione may be kettle8 and represent the 
eitee of ice that ham vaporized. The depoeite of H a m k h i r  could be mud- 
flow depoaite (Numedal and Prior, 1981) or even glacier8 (Lucchitta and 
othere, 1981). 

Whatever their poeeible origine, theee depoeite deserve further 
careful study. 

Carr, M. H., and Clow, G. D., 1981, Martian channele and valleys: their 
characterietice, dietribution, and age: Icarus, v. 48, p. 91-117. 

Lucchitta, B. K., Andereon, D. M., and Shoji, H., 1981, Did ice etreame 
carve martian outflow channels?: Nature, v. 290, p. 759-763. 

Nummedal, Dag, and Prior, D. B., 1981, Generation of martian chaoe and 
channels by debris flows: Icarus, v. 45, p. 77-86. 
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MEANDER RELICS: EVIDENCE OF EXTENSIVE FLOODING ON MARS 
David H. Scot t  - U.S. Geological Sutvey, F l ags ta f f ,  AZ 86001 

Many morphologic fea tu res  whose f o r m t i o n  i s  commonly assoclated 
w i t h  running water a lso  can be dupl i ca ted  uy o the r  processes. On Mars 
t h i s  ambiguity has caused some controversy over t h e  format ion o f  
channels (1). Although most p lanetary  i nves t i ga to r s  now agree on t h e  
f l u v i a l  o r i g i n  o f  t he  l a r g e r  channels, t he re  i s  less  evidence and 
agreement on t he  extent  o f  f loodwaters i n t o  t h e  p l a i ns  beyond t h e  
immediate v i c i n i t y  o f  channel mouths. Previous s tud ies ( 2 )  i nd i ca ted  
t h a t  a l l u v i a l  channels w i t h i n  t he  Chryse bas in  extended f a r t h e r  i n t o  t h e  
nor thern p l a i ns  than had been mapped. This w r k  was based p r i m a r i l y  on 
t he  recogn i t i on  o f  scout- and depos i t i ona l  features associated w i t h  t h e  
r ap id  and tu rbu len t  f l ow  of water; t h e i r  i d e n t i f i c a t i o n  d i d  no t  extend 
much beyond l a t  30' N. 

One c h a r a c t e r i s t i c  t h a t  i s  probably unique t o  format ion by running 
water i s  t h e  meander pa t t e rn  developed along t h e  courses o f  mature 
streams and r i ve r s .  As r i v e r s  w i n g  from s ide  t o  s ide  i n  f l ow ing  across 
t h e i r  f l o o d  p la ins ,  meanders gradual l y  migrate  downstream as bends i n  
t h e i r  channels a re  eroded. Cutof fs are formed where e ros ion  creates 
shor te r  courses, and even tua l l y  a  pa t t e rn  o f  abandoned meanders i s  
marked by scars, s c r o l l  s, and oxbows on the f l ood  p la in .  

R e l i c t  c rescen t i c  depressions t h a t  are near l y  i d e n t i c a l  both  i n  
shape and s i ze  t o  meander pa t te rns  o f  t e r r e s t r i a l  streams occur i n  
Chryse P l a n i t i a  (Fig. 1). These postu la ted meander scars a re  espec ia l l y  
we1 1 developed a1 ong the  1 ower course o f  Ares Val 1 i s ,  where they a re  
conf ined w i t h i n  t he  scu lp tured banks o f  t he  main channel. However, t h e  
inc reas ing ly  subdued shape downstream o f  t he  wa l l  s  o f  t he  channel as t h e  
meander remnants become more conspicuous suggests t h ~ t  s lope g rad ien ts  
had decreased s u f f i c i e n t l y  t o  a l low a l ess  t u rbu len t  type o f  d ischarge 
as f loodwaters spread out  over t he  p la ins.  I n  places, these presumed 
meander loops appear t o  terminate near the v a l l e y  wa l l s ,  where they may 
have been covered by s l  un~p mate r ia l  o r  debr i s  f lows. Elsewhere w i t h i n  
the  Chryse-Acidalia P l a n i t i a  region, rnea~~der remnants have been bur ied  
more completely and do not  show such we1 1-developcd forms. They 
general l y  can be recognized, however, by a  n2rrcw near-central  r i dge  
w i t h i n  t h e  channel t roughs, dl though such r idges  do not occur i n  s i m i l a r  
appearing crescent ic  trodghs i n  t he  Cebrcnia quadrangle ( l a t  45' N, long 
185'). The o r i g i n  o f  these medial r i dges  i s  uncer ta in ;  they may 
represent coalesced p ~ i n t  bars d l  ong the i ns i de  bends o f  meander 
channels o r  elongate sandbanks down the  mied le  o f  t he  chanllels, where 
the re  i s  less bottom turbulence. On t e r r e s t r i a l  f l ood  p l  a ins ,  s c ro l  l- 
1 i k e  pat terns o f  r idges form wherc s h i f t i n g  o f  meander f low channels has 
occurred. 

It may a lso be t h a t  t he  chsnnei r idges formed i n  a  p e r i g l a c i a l  
envi t-onment. Subsurface pore water migrates and accumulates most ly  toward 
the lower-central  pa r t  o f  an abandoned r i v e r  channel. With decreasing 
temperatures a f t e r  a  warm per iod  t h a t  induced f lood ing ,  encroaching 
permafrost would f u r t h e r  concentrate the remaining pore water toward the 
channel center  (Fig.  2) .  Eventual f reez ing and expansion o f  t he  water would 
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c rea te  an ice-cored r i dge  along the v a l l e y  f l o o r  beneath a  cover of 
a1 1  uvium. High ly  e l  ongate p i  ngm occur i n  va l  l e y - f l  oor sediment on Pr ince 
Pa t r i c k  Is1 and, Northwest Ter r i  t o r l e s ,  Canada, where they may be re1 ated 
t o  freeze-thaw processes associated w i t h  i n v a s i m  and r e t r e a t  of the sea 
along low- ly ing  areas (3) .  

Whatever the o r i g i n  c f  the  mar t ian  r idges,  they appear t o  be 
d iagnos t i c  o f  meander channels i n  t h i s  reg ion and thus a f f o r d  a means of 
i d e n t i f y i n g  f l  uvS a1 channel s from troughs created by t ec ton i c  and other  
processes. Their  r ecogn i t i on  as f a r  as l a t  45' N. i n  Acidal  i a  P l a n i t i a  
suggests t h a t  water f lood ing was pervasive i n  the  nor thern p la ins .  
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SPECTRAL ANALYSES OF MEANDERING CHANNELS ON EARTH AND MARS 

Komar, Paul D., School of Oceanography, Oregon State Un ive rs i t y  , 
Corval l  i s  , Oregon 97331 

It i s  we l l  establ ished t h a t  the  meandering cha rac te r i s t i cs  o f  a r i v e r  

dcpend mainly on the discharge, several inves t iga tors  having a r r i ved  a t  

empir ical  re la t ionsh ips  fo r  the meander "wavelength" as a func t ion  o f  t he  

discharge ( I n g l i s ,  1949; Leopold and Wolman, 1957; 1960; Dury, 1965; 

Carlston, 1965). The data upon which these relationships are based are 

h igh l y  scattered. Par t  o f  the  reason f o r  t h i s  may be the s u b j e c t i v i t y  

o f  the measurement methods of the "wavelength" f o r  a s t r e t c h  o f  i r r e g u l a r  

r i v e r .  According t o  Speight (1965; 1967), the t r a d i t i o n a l  methods o f  

measuring meander wavelengths are probably the most ser ious obstacle t o  

progress i n  quant i fy ing the neander re la t ionsh ips .  This  was a major 

factor  i n  Speight's f i r s t  t u rn ing  t o  the spectra l  analys is  approach i n  an 

attempt t o  ob ta in  more r e l i a b l e  and repeatable evaluat ions of meander 

wavelengths. 

Speight (1965) focused on the Angabunga River i n  New Guinea, a r i v e r  

which or ig ina tes  i n  a mountainous region where i t  i s  confined between 

rock wa l l s  bu t  then passes through an a1 l u v i a l  p l a i n  where i t  has we l l  

developed meanders. Analyses were ca r r i ed  out f o r  both courses. Speight 

(1967) continued the analys is  o f  the Angabunga River, bu t  a l so  included 

a number o f  r i v e r s  i n  the Melbourne area o f  southern Aus t ra l i a  i n  order 

t o  obta in data a t  d i f f e r e n t  discharges. 

I n  these studies a s t re t ch  o f  r i v e r  i s  f i r s t  d i g i t i z e d  a t  equal inc re-  

ments o f  channel distance, the increment being on the order of twice the 

channel width. Rather than performing the  spectral  analyses d i r e c t l y  on 

these measurements, due t o  the r i v e r  doubling back i t  was instead necessary 

t o  analyze the angles made between successive segments of the  r i v e r  length. 

I n  s p i t e  o f  t h i s  the spectra l  analyses do y i e l d  evaluat ions i n  terms o f  

wave1 engths t h a t  dominate the "energy" o r  " i n tens i  ~ y "  o f  the meandering. 

A1 1 o f  the spectra obtained by Speight are complex w i t h  many peaks, 

the dominant peaks representing wavelengths considerably longer than thore 



selected v i s u a l l y  according t o  t r a d i t i o n a l  approaches. The peaks i n  the 

spectra were found t o  be s tab le  along the channel length, even up i n t o  

the .mountainous reaches where the channel woul d no t  normally be charac- 

t e r i zed  as "meandering" a1 though there was some tendency f o r  organized 

i r r e g u l a r i t i e s .  Speiyht was able t o  r e l a t e  the wavelengths o f  the various 

peaks t o  the flow discharge, much as i n  the t r a d i t i o n a l  analyses, bu t  o f  

course obta in ing d i f f e r e n t  re la t ionsh ips  f o r  the several peaks. His C 

peak, t h a t  w i t h  the t h i r d  highest wavelength, corresponded most c lose ly  

t o  the former empir ical  re la t ionsh ips  such as t h a t  o f  Leopold and Wolman 

(1960). But i n  many cases t h i s  C peak appeared ra ther  i n s i g n i f i c a n t  i n  

the spectra i n  comparison w i t h  other  peaks w i th  greater energy. 

Subsequent inves t iga t ions  t h a t  have employed spectral  analysis techni-  

ques t o  study chmnel meandering are those o f  Toebes and Chang (1967), 

Chang and Toebes (1970) and Ferguson (1975). The spectra obtained by 

Chang and Toebes are s im i l a r  t o  those o f  Speight (1965), but they were 

able t o  discern an in f luence from the l oca l  geology and s o i l s  as wel l  as 

from the flow discharge and channel slope. Ferguson (1 975) analllzed 

nineteen r i v e r s  i n  B r i t a i n .  F i r s t  p e r f o r m i ~ g  spectral  analyses on the 

angle changes as d i d  Speight (1965), Ferguson d i d  no t  obta in s i g n i f i c a n t  

polymodal spectra as d i d  Speight, a t t r i b u t i n g  t h i s  t o  the complete 

dominance by high o r  i n f i n i t e  wavelengths caused by va l l ey  bends (which 

he d i d  not  f i  1 t e r  ou t ) .  Ferguson obtained improved spectra and b e t t t r  

wavelength estimates by analyzing d i rec t i ona l  changes of the meandering 

channels, the d i f ferences between successive angles o f  channel d i rec t i ons  

rather  ihan the angles themselves. This improvement r e s u l t s  mainly from 

the new analysis approach e l im ina t ing  the e f fec ts  o f  l a rge  va l l ey  bends. 

However, the wave1 engths ~ b t a i n e d  are s t i l l  substant ia l  1 y l a rge r  than 

those determined by the t r a d i t i o n a l  methods. Ferguson d i d  f i n d  t h a t  the 

wavelength estimates cor re la ted  wel l  w i th  channel widths and r i v e r  d i s -  

charges, but  were appwent l  y unaffected by other  var iables . 
These few studies using spectral  analysis techniques t o  inves t iga te  

channel meandering have l e f t  many issues unresolved. I n  some cases they 

even c o n f l i c t  i n  t h e i r  f i n a l  conclusions. Yet c l e a r l y  the approach has 

promise, no t  only  f o r  the more ra t i ona l  se lec t ion  o f  meander wavelengths 



bu t  a l so  as a t o o l  f o r  more f u l l y  i n v e s t i g a t i n g  meander p roper t ies .  I t  

was f o r  t h i s  reason t h a t  t he  present i n v e s t i g a t i o n  was begun. A t  p resent  

I am s t i l l  i n  the  i n i t i a l  stages o f  t h e  study, examining t he  usefulness 

of  fi 1 t e r i n g  t o  remove the longer  wavelengths and t e s t i n g  whether maximum 

entropy power spectrum methods w i  11 prov ide b e t t e r  r e s u l  t s  than Four ie r  

analys is .  My analyses t o  date have focused on the  t e r r e s t r i a l  r i v e r s  

u t i l i z e d  by Leopold and Wolman (1957, 1960) i n  t h e i r  c l a s s i c  examination 

of channel meandering. The i r  data form the  bas is  o f  most of the  standard 

empi:-ical r e l a t i o n s h i p s  f o r  channel meandering, y e t  i t  i s  somewhat 

incons is ten t  w i t h  o ther  data sets,  so t h a t  i t  w i l l  be wor thwhi le  t o  

reexamine those r i v e r s  u t i  1 i z i n g  r e f i n e d  techniques. Once t h i s  has been 

acconlpl i shed and I f e e l  more con f iden t  about our  ana lys is  procedures, 

and hope fu l l y  have learned more about the  spec t ra l  c h a r a c t e r i s t i c s  o f  

t e r r e s t r i a l  r i v e r s ,  I then p lan t o  t u r n  t o  the mar t ian  channels i n  an 

at tempt t o  ob ta i n  q u a n t i t a t i v e  conipari sons w i t h  the  t e r r e s t r i a l  systems. 
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FLUME EXPERIMENTS ON THE FORMATION OF STREAMLINED ISLANDS 

Koniar, Paul D., School o f  Occanogt.aphy, Oreqon S t a t e  U n i v e r s i t y ,  

Corval  1  i s ,  Oregon 97331 

Stream1 i n e d  i sldnds i n  r i v e r s  atid cotliparable landforms i n  t h e  Channeled 

Scabland of  Wzsh i n s t m  and i!i the  o u t f l o w  channels on Mars have shape: 

tr la t r e  c l o s e l y  s i m i l a r  t o  syiiuirtt.rici11 ; l i r f o i l s  w i t h  l e n g t h  t o  w i d t h  

( L / W )  r a t i o s  o f  3 t o  4 on dverage (Bahc:', 1979; ';J!,PI' a, ,d  Kachel . '^?9; 

K o m r ,  1981 ) . Llii.cct co~ i ipar i  sons w i t h  drag liieaSai,G ~ r t l t s  on a i r f o i  1  s  have 

shown t h a t  these averdye L/W values correspond c l o s e l y  t o  t h e  shape 

hav ing t h e  ~ii ininiuni t o t a l  d raq o r  r r s i  s tance t o  t h e  f lowinl ;  f l u i d  e r o d i n g  

the  l and fo r~ i i s  (Koniar, 1981 ; i n  r e v i e w ) .  

A s e r i e s  of  f luliie exper in io i t s  t i c~ve t w t i  cn~i ip l  c ted  w i t h  iilodel i s l a n d s  

t o  examine how the  p ro to types  nctiit?vtvl t t i e i  r s t t w r i l  i n e d  shapes. The 

~ i iode ls  were coliipostd o f  i i i i x tu res  o f  ~ i i t ~ d i u i i i - q r ~ i n e d  sand w i t h  j u s t  enough 

c l a y  t o  prov i d e  col ics ivt \  s t l 'cnqt l i .  I n  niost o f  the  exyerinrerits t h e  i s l a n d s  

i n i t i d l l y  werr  givt.r i  <I c i r ' cu l ,~ t *  sh.\pr o f  nhout  15 clii d idnieter .  A few 

exper i l iwnts i n v o l v t x i  t i i q t ~ l y  e lo i i ! la t td  i s 1  ands w i t h  l a r g e  i n i t i a l  l e n g t h  

t o  w i d t h  r a t i o s .  Thr t ~ x p t ~ r i ~ l i e n t s  wci'e conducted i n  t h e  7.6 ~ i ~ e t e r  long,  

50 cni wide f 1  uiiie '1 t C)~.cqon Std t t 3  hi vo 's  i t y  . 
One i w i n  v n r i  ,tt i o n  ht~t.wtvn d i  f f t ~ r t w t  t .xp>r i i i~enta\  runs  i n v o l v e d  t h e  

f low depth  i n  c o ~ i i p ~ ~ r - i  son w i  tti the  i s l a n d  h e i g h t .  Evidence f rom t h e  

Channeled Scahlnnd i sldnds atid t t i r ~ c  i n  tlir M a r t i a n  o u t f l o w  chdrlnel s  

i n d i c a t e s  t h t  smile i s l a n d s  w c r ~  f u l  l y  suhsit.tyed d u r i n g  fo rma t ion  w h i l e  

o t h e r s  extended ahovr t l i ~  w,~tcr  sut-facc. For t h i :  redsun, the present  

expet- i~ i icnts i n c l u d c d  run.; f'ot. bo th  i o n d i  t  ions .  Otherwise t h e  ~ i i a i n  

v d r i a b l e  hc twtv t i  runs w,~s t.tit> f l o w  d i sc t i t~ tSqr .  

The f i q u r e  i 1 l u s t r d t c s  t t ~ c  r c s u l  t s  obt ,~ incd wlicn the  water  depth was 

t h e  s a w  o r  s l  i q h t l y  ICSS t t i ~ n  t t i ~  i r i i  t , i ,~l  i s l d n d  h e i g h t .  The d i scha rge  

increases f r o ~ i i  l e f t  t o  r i q h t  i n  t I \v  rliaqrani, tht. v c r t i z a ?  g i v i n g  a tinre 

sequence o f  cti,\nye.; f o r  t?,\cli rx iwt . in i tv t .  The il ic.ih,~r!le i r icrease a l s o  

rep resen ts  a pr-cyrvss ivt. i nc.t.ec~sc i n  the  I s l  Rttynolds nu~irber Re and 

t h e  f l o w  f roudc nunihrr F I., v,11 UPS hi nq (11 ven i t i  t h e  f i g u r e .  I n  t h i s  

s e r i e s  o f  expcr i t i icnts t!itl d r v ~ l o p n ~ o i t  o f  t l i v  stre,wil i ned  fort i \  i z  due more 
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STREAMLINED ISLAND MODELS 

t o  depos i t i on  i n  the i s l a n d ' s  wake than t o  i s l a n d  eros ion.  Th is  i s  

espec ia l l y  t he  case a t  t he  lower discharges where t h e  deposi ted sand 

completely f i l l e d  i n  the wake reg ion.  A t  t he  in te rmed ia te  discharge a 

s t rong V-wave i n  the i s l a n d ' s  l e e  d i v e r t e d  t he  sand movement, producing 

a r a t h e r  unusual depos i t i ona l  p a t t e r n  (see f i g u r e ) .  A t  t h e  same t ime, 

more in tense ob l ique  waves formed on the  i s l a n d ' s  f lanks and these 

became s i g n i f i c a n t  i n  erod ing t he  i s land ,  the  pos i t i ons  where these 

waves "a t tach"  t o  t he  i s l a n d  being the  foca l  po i n t s  of maximum erosion. 

A t  the h ighes t  discharge these obl  iqbe waves were ab le  t o  erode the  

i s l and  down t o  a  stream1 ined shape, whereas the  l e e  waves became l ess  

e f f ec t i ve  i n  d i v e r t i n g  the  sand movement. I n  these experiments notches 

tended t o  form a t  the  "attachment" po in t s  o f  the  ob l  ique waves. I have 

been unable t o  conc lus ive ly  i d e n t i f y  such notches on the  s t reaml ined 

i s lands  i n  t he  Channeled Scabland and i n  the  Mar t ian  o u t f l o w  channels. 

i f  the 

i c i e n t  t o  

The pt ocesses of s t reaml in ing  a re  more e f f e c t  

i s l and  i s  s l i g h t l y  submerged, the water depth be 

" top"  the i s land .  Under such a circumstance the  

i v e  and r a p i d  

i n g  j u s t  s u f f  

f l o w  becomes 
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s u p e r c r i t i c a l  over the i s l a n d  due t o  t he  low f l o w  depths and h i gh  

v e l o c i t i e s ,  producing a hyd rau l i c  jump along the i s l a n d ' s  lee.  The 

hydrau l i c  jump combines w i t h  the  s t i l l - p r e s e n t  ob l ique  waves on the 

i s l a n d ' s  f l anks  t o  q u i c k l y  erode away the sides and shape the  l e e  i n t o  

a  po in t .  The mod i f i ca t i on  o f  the i s l a n d  form i s  a t  f i r s t  ve ry  rap id ,  

bu t  as i t  approaches a streaml ined shape the  e ros ion  r a t e  dec l  ines so 

t h a t  the  streaml ined i s l a n d  can p e r s i s t  f o r  a  considerable t ime. A t  

t h i s  stage the  model i s l a n d  looks much l i k e  a  m in i a tu re  i s l a n d  from the  

Channeled Scabland, having l eng th  t o  w id th  r a t i o s  i n  t he  range 2.4 t o  3.0. 

I n  some o f  the  experiments t he  ob l  ique waves tended t o  focus the  f l o w  

coming over the  top  o f  t he  i s l and ,  producing a cross-over channel compar- 

ab le  t o  those described by Baker (1978) on the  streaml ined i s l ands  i n  the  

Channeled Scabland and a lso  observed on i s lands  i n  a c t i v e  r i v e r s .  

Therefore, w i t h  the  model i s lands  on l y  s l i g h t l y  submerged, i n  a d d i t i o n  

t o  developing good streaml in ing ,  they a1 so dupl i c a t e  o ther  features seen 

on proto type streaml i ned i s lands .  
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Alan D. Howard and Charles McLane, Department of Ehvlronmental 
Sciences, University of Virginia ,  Char lo t tesv i l le ,  VA 22903 

The r o l e  of groundwater sapping in t h e  development of va l ley  
networks on Earth and Mars is being s tudied  by a combination 
of experimental, t heo re t i ca l ,  and simulation approaches r 

Flow tank experiments: Extensive experiments have been conducted -- 
i n  a narrow groundwater flow tank of sapping processes in fine-grained 
sediments. A t heo re t i ca l  model of conditions f o r  i n i t i a t i o n  of 
sapping erosion has been developed (~oward  and McLane, 1981). 
Three eones occur i r t h e  flow tank experiments: 1) an i n t e r i o r  zone 
with groundwater flow through the sediment with neg l ig ib l e  erosion;  
2 )  t he  sapping face ,  where a combination of g rav i t a t i ona l  f o r c e s  and 
flow forces  due t o  emergent groundwater con t ro l  t h e  rate of sapping1 
and 3) a zone of f l u v i a l  t r anspor t  of sediment derived from the  sapping 
f a c e  and channel bed erosion ( ~ i g u r e  I). The last two eones intergrade. 
Experiments t o  d a t e  ind ica te  t h e  following r e l a t ionsh ips  among flow, 
geometric, and sapping-rate parameters : 

CS = sediment outflow (g/s) 

q = discharqr  (g/s) 

v = water v i scos i ty  (g/(s  cm)) 

S = channel gradient  ( ~ i ~ .  1 )  

i = groundwater gradient  ( ~ i g .  1) 

f = form r a t i o  ( ~ i ~ .  1 )  

R2 = proportion of var iance explained 

-32 a 5 6  -a25 
q =  i f v 

2 R =O.5 
1.09 2.19 

Ss ( i  - i c )  S , where ic = 0.08 R ~ = .  70 

These experiments confirm t h e  l i n e a r  r e l a t i onsh ip  between 
sapping r a t e  and t h e  excess hydraul ic  grad ien t  ( i - i  ) reported 
previously (~oward  and McIane , 1981). Additional e b r i m n t s  now 
underway are inves t iga t ing  the e f f e c t s  of p a r t i c l e  g ra in  s i z e  and 
s o r t i n g  upon these  re la t ionships .  

Numerical modelling of flow condit ionst  Two c h a r a c t e r i s t i c s  of 
our  experiments make numerical simulation of t he  flow conditions 
near  the  sapping face  e s sen t i a l .  F i r s t l y ,  t he  sapping r a t e s  a r e  
determined by flow conditions at the sapping face ,  which can be 
considerably d i f f e r e n t  than t h e  ove ra l l  flow gradients ,  Secondly, 
because of t h e  in t e rac t ion  between channel and sapping processes, 
t h e  experiments are inherent ly  t rans ien t .  Finite-element groundwater 
flow models a r e  being used t o  ca l cu la t e  t h e  de t a i l ed  flow n e t  and 
a r e  being compared with extensive piemmetr ic  measurements made 
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during the expetrimnte. 

Analogue experlments; A s e r i e s  of experiments on va l le  development 
w i l l  be conducted i n  a small cham* (about 1' x 4' x4' I under a 
wide-range of boundary conditions, w i t i ;  a wide range of materials, 
and with additional processes considered, olich as freeze-thaw. These 
experimnts w i l l  be a continuation of those a u ~ a d y  conducted by Craig 
Kochel ( t h i s  volume) and w i l l  be made ln collabor.ation with Mr. Kochel. 
These experiments w i l l  investigtute the e f fec ts  of such fac tors  as 
wide variations in flow gradients, tiubstrate ~nhomogeneities (such as 
layering and simulated c ra te rs ) ,  and f reeze-Chaw ef fec ts  upon valley 
network geometry developed by sapping. 

Simulation modelling: Sapping processes are presumed t o  lead t o  
development of dendri t ic  valley networks by a process of "groundwatsr 
capture" in  which an extending netvrork gains a competitive advantege 
by v i r tue  of the high-gradient flow path t o  the head of the eroding 
stream. The flow-tank experiaents reported above demonstrate the 
competitive advan e of se.pping faces with short  flow paths (high 
hydraulic gradients 7 . This process should be amenable t o  simulation 
modelling, and such a iaodel is presently being developed. The experimento 
i n  non-cohesive sediinents w i l l  serve as a t e s t  of the model, which can 
then be extended t o  a rb i t ra ry  flow geometries and f o r  d i f fe ren t  assumed 
processes of groundwater sapping to  investigate t he i r  e f fec ts  upon 
valley development . 
References; 
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Figure 1. Geometrical def lni t iono f o r  flow tank experiments. 



SURFACE CHANNEL NETWORKS DEVELOPED BY GROUNDWATER SAPPING IN A 
LABORATORY MODEL: ANALOGY TO SAPPING CHANNELS ON MARS 
R. Craig Kochel, Department of Environmental Sciences, 
University of Virginia, Charlottesville, VA 22903, Victor R. 
Baker, Department of Geosciences, University of Arizona, 
Tucson, AZ 85721, David W. Simmons and Carl J. Lis, Department 
of Geology, State University College, Fredonia, NY 14063 

Crudely dendritic channel networks in many areas of Mars 
have been interpreted as having been produced by groundwater 
sapping processes. Investigations of the morphology of 
terrestrial channel networks created by groundwater sapping 
processes is limited because of modification of these systems 
by overland flow. Howard and McLane (1981) discussed 
groundwater flow theory applied to a two-dimensional model. 
Our experiments with a three-dimensional sapping chamber were 
designed to empirically investigate valley morphornetry in 
channel systems formed by groundwater sapping and compare 
these to presumed sapping networks developed on Mars. 

A mixture of 90% 2.250 fine sand and coal fly ash was 
used as a sedimentary medium in a sapping box constructed from 
marine plywood and sealed with roofing tar (Fig. 1) . A 
constant h c a d  was maintained throughout the experimental runs 
by using a recervoic in the rear of the tank (Fig. 1). Before 
each of 23 runs the box was drained, regraded, and a new slope 
recorded. Time zero was taken as the time when sapping was 
first observed at the surface somewhere along the slope. Once 
channels were initiated headward and lateral extension 
occurred by sapping at the base of channel walls and 
subsequent collapse. The average duration of sapping runs was 
about 100 minutes. 

In most cases an initial escarpment of 2 to 5 cm was cut 
near the slope base prior to the run. Once sapping was 
initiated a period of rapid ascarpment retreat and channel 
extension occurred for 15 to 60 minutes (F:g. 2). After the 
adjustment period, sapping processes caused escarpment retreat 
by slumping but at a much reduced rate (Fig. 2). Major 
sapping channels formed with regular inter-channel spacing. 
Channels enlarged most rapidly in the reentrant areas of major 
escarpment slumps where subsurf ace flows bacame concentrated. 
Channel bifurcation occurred and tributaries appeared to 
extend headwardly at similar rates (Fig. 2). Subsurface 
piracy was common (Fig 2, Run 16) during later stages of 
network development. The channels formed were steep-sided, 
flat-floored, and terminated in blunt, amphitheater heads 
similar to presumed sapping channels on Mars. Temporal and 
spatial development of sapping channel networks was recorded 
by tracing channel patterns at selected time intervals on a 
transparent frame mounted above the sand surface (Fig. 2). 

Morphometric parameters were calculated for 69 channel 
networks formed in the sapping box and compared to 70 sapping 
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Figure 1. Schematic of the experimental sapping box. 

Figure 2. Examples of surface channel patterns developed by 
groundwater sapping in the sapping box. Numbers indicate time 
in minutes from the onset of sapping at the surface. 



channel networks observed in Viking imagery of the Valles 
Marineris and western Kasei Vallis regions of Mars (Table 1). 

TABLE 1 MORPHOMETRIC PARAMETERS OF SAPPING VALLEYS 
MEANS OF LINEAR MORPHOMETRIC PARAMETERS 
n Channel Shreve Bif urca- Inter- 

samples Length Magn. tion Ratio. channel Ratio 
1:2 1:3 2:3 

SAPPING BOX 69 1.13 1.36 1.20 4 -45 2 -28 60 
MARS 70 1.35 1.69 1.18 4.83 3 -32 64 

MEANS OF AREAL MORPHOMETRIC PARAMETERS 
n First Order Shape Drainage Junction 

samples Fr eqtlency k Density Angles 
SAPPING BOX 69 0 .O 5/cmL 2.1 8 0 .27cm/cmA 42.3'' 
MARS 70 0.01/km2 2.12 0 .15km/kma 51.3' 

Space limitations preclude a detailed discussion of the 
comparative morphometries of Martjah sapping channels and 
those developed in the sapping box experiments. However, 
several similarities are readily appareut. Sapping channel 
systems on Mars and in the sapping box exhibit some degree of 
organization t o  their spatial occurrence manifest by the 
regular interchannel distance along the basal escarpments. 
This spacing is about 20 km on Mars and about 9 cm in the 
sapping box (Fig. 2) . This 0rganizati.m is also apparent in 
the dimensionless interchannel spacing ratio (lateral 
escarpment distance divided by the average interchannel 
spacing). Channel networks on Mars and in the box have 
similar channel length values. Junction angles developed by 
sapping processes averaged 40 to 50 degrees. Lubowe (1964) 
showed that junction angles in Ist, 2nd, and 3rd order 
dendritic terrestrial stream networks averaged 60 to 85 
degrees. 

Our next series of experiments will attempt to integrate 
a quantitative monitoring of flow conditions and look at 
surficial morphologies developed in varied sedimentary media 
and environmental conditions. 

References: 
Lubowe, J.K., 1964, Stream junction angles in the dendritic 
pattern: Amer. J. Sci., v. 262, p: 325-339; Howard, A.D., and 
McLane, C., 1981, Groundwater sapping in sediments: Theory and 
experiments: N.A.S.A. Tech. Mem.84211, p. 283-285. 



GEOMORPHIC MAPPING OF MANGALA VIILtISr MARS 
R. Craig Kochel, Dept. of Environmental Sciences, University 
of Virginia. Charlottesville, VA 42903, Cassandra J. Runyon, 
Dept. of Geology, Southern Illinois University, Carbondale, IL 
62991, and Victor R. Baker. Dept. of Geosciences, University 
cf Arizona, Tucson, AZ 85721 

Mangala Vallis is one of the large outflow channels on 
Mars carved by enormous volumes of northerly-flowing fluids. 
Mangala Vallis occurs at longitude 153' and extends f tom -10 
to -4" south latitude. The channel bifurcates into two 
distributaries before terminating ;n the Amazonis Planitia 
basin (Figure 1). 

Geomorphic mapping of Mrngala Varlis followed the format 
of Baker and Kochel (1979) and is shown in figure 2. It is 
apparent that the hilly and cratered host terrain has been 
extensively modified by catastrophic f luvial f low(s) and was 
later subjected to post-diluvial modification processes. 
Table 1 summarizes the comparative geomorphology of Mangala, 
Maja, and Kasei Vallis. Mangala Vallis most closely resembles 
Maja Vallis. Their geomorphic similarities may be largely due 
to similarities of host terrain materials in which these 
channels were eroded, i.e. hilly and cratered terrain. Unlike 
the Kafiei Vallis channel developed in lunae planum material, 
Maja and Mangala show minor post-diluvial modification of 
channel walls. These differences are probably due to 
contrasting behavior of different ground-ice and regolith 
character between the two host terrain types. The absence of 
extensive fracture system8 in the region of Maja and Mangala 
Vallis relatjqre to Kasei Vallis also indicates contzasting 
regoliths and/or structural histories. Channel floor bedzorms 
developed in Mangala are similar to those de.ecribed in Kasei 
and Maja Vallis (Baker and Kochel, 1979) with the exception of 
a sinuous flat-topped mesa in the eastern part of the study 
area (Fig. 1, site 5; Fig. 2, site IR). This feature may 
represent the former floor of a valley filled with some 
resistant material such as lava. The lava may have acted like 
a caprock causing relief inversion. Eolian deposits and 
landforms are more significant in Mangala Vallis than in Kasef 
or Maja Vallis. Crater streaks are abundant as are large 
areas of low-relief eolian mantles in some breached craters 
and protected channel floors. Large dune fields also occur at 
the mouths of the two Mangala distributaries and may represent 
reworked fluvio-deltaic sediments. 

References: 
Baker. V. R., and Kochel, R. C., 1979, ~ a r t i a n  channel 
morphology: Maja and Kasei Vallis: J. Geophys. Res., v. 84, p. 
7961-7983 . 
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.LAKES OR PLAYAS IN VALLES MARINERIS 
R. K. Lucch i t ta ,  U.S. Geological Survey, F lagstaf f ,  AZ 86001 

Layered mate r ia l s  i n  Va l l es  Mar iner is ,  which were f i r s t  recognized on 
Mariner 9 p ic tures,  were a t t r i b u t e d  t o  depos i t i sn  i n  lakes (1). Moderate- 
and h igh- reso lu t ion  V i k i n g  images, some w i t h  stereoscopic coverage, now 
permit  a c r i t i c a l  eva lua t ion  o f  t h i s  hypothesis. These new images c l e a r l y  
show t h a t  t he  layered mate r ia l s  are i n t e r i o r  depnsi ts and not  eros ional  
remnants of former ly  more ex tens ive  plateaus. The i n t e r i o r  ma te r i a l s  a r2  
f i n e l y  and evenly layered, whereas the  wa l l s  of the  plateaus are not. 
Overlap o f  t he  h i g h l y  eroded i n t e r i o r  remnants of t he  p la teau by t h e  
1 ayered mate r ia l s  ind ica tes  t h a t  these layered mate r ia l s  postdate t he  
p la teau rock and e x t e ~ s i v e  e ros iona l  a c t i v i t y .  Both depos i ts  d ' f f e r  i n  
eros ional  aspects: t he  slopes o f  t he  layered mate r ia l s  a re  d issec ted  i n t o  
numerous p a r a l l e l  g u l l i e s  and show few lands1 ides, whereas t h e  wa l l rock  i s  
character ized by anastomosing spurs and g u l l i e s  w i t h  many lands l ides.  
Also, u n l i k e  the  wal l rocks,  t he  i n t e r i o r  depos i ts  a re  h i g h l y  suscep t ib le  
t o  wind erosion; thus they are probably l ess  we l l  indurated and d i f f e r  i n  
composition. 

Evidence from V i k i ng  images a lso  supports a sedimentary depos i t i ona l  
o r i g i n  associated w i t h  water. The f i n e  and even bedding i n  t h e  layered  
mate r ia l s  i s  cons is tent  w i t h  emplacement i n  playas o r  lakes; t u r b u l e n t  
winds associated w i t h  the  rugged re1  i e f  o f  Va l les  Mar iner i s  a re  un l  i k e l y  
t o  have created such even bedding. Also, s i m i l a r l y  layered wind depos i ts  
would then occur on t he  surrounding plateau, bu t  they do not. If t h e  
i n t e r i o r  depos'ts were former p o l a r  deposits, as suggested f o r  1 ayered 
deposi ts elsewhere i n  t he  equa to r i a l  area ( Z ) ,  they should, again, no t  be 
r e s t r i c t e d  t o  the  troughs. However, t he  volume of the  i n t e r i o r  depos i ts  
appears t o  be l a r g e r  than t h a t  of mate r ia l s  eroded from t h e  t rough  wa l l s ,  
many o f  which are f a u l t  scarps; t h e  add i t i ona l  mate r ia l s  a re  probably f rom 
vo lcan is~n i ns i de  the troughs (3) .  

Involvement o f  water i n  t he  depos i t i on  o f  t he  i n t e r i o r  beds i s  a l so  
suggested by r e l a t i ve -e l eva t  i o n  data (4). The p o s i t i o n  of t he  h ighes t  
po in ts  o f  the  i n t e r i o r  deposi ts about 2,000 m below t he  p la teau r ims 
ind ica tes  t h a t  slopes ex i s t ed  toward the  i n t e r i o r .  Even though t h e  f l o o r  
e leva t ions  o f  Ophir and Candor Chasmata d i f f e r  by as much as 4,000 m, t h e  
f a c t  t h a t  the  contained beds reached s imi  1 a r  e leva t ions  s t r ong l y  suggests 
f l u v i a l  depos i t ion a t  a comnron base leve l .  The physical  resemblance of 
t he  i n t e r i o r  beds t o  bas in  beds i n  f a u l t  t roughs o f  t he  Rasin and Range 
province of the American West a1 so supports depos i t i on  of these mar t ian  
beds ir, -2kes o r  playas. 

Runoff frm the  surrounding plateaus, i n  add i t i on  t o  sapping, may 
have c o n t r i b ~ t e d  water and sediment t o  former lakes i n  Va l les  Mar iner is .  
General ly,  t r i b u t a r y  canyons t o  the  troughs lack v i s i b l e  drainages above 
t he  canyon heads, and they presumably eroded headward by sapping (5) .  
However, debouchment of i n tegra ted  val  l e y  networks from t h e  S i  na i  P l  anum 
p la teau i n t o  t r i b u t d r y  canyons south of Ius  Chasma suggests t h a t  runof f  
from the plateaus played a s i g n i f i c a n t  r o l e  i n  some places. Other such 
v a l l e y  networks may have e x i s t e d  elsewhere bu t  now are not  recognized 
because they were poor ly  developed i n  the  r e s i s t a n t  lavas t h a t  cap t he  
plateaus, and were l a t e r  burSed by wind deposits. 



A d i f fe rence i n  wal l  morphology between o l d  and young wa l l  segments 
o f  Val les Mar iner is  suggests t h a t  a c l i m a t i c  change took place dur ing 
development o f  the wal l  s and t h a t  o l d  wa l l  segments developed dur ing a 
f 1 uv i  a1 epoch. 01 d wal l  segments, cnaracter i  zed by spur-and-gul l y  
morphologies, occur on the  upper par t  o f  the f a u l t  scarps t h a t  form the  
wal l  s , whereas young wa l l  segments, character ized by smooth t a l  us s l  opes, 
occur on the lower par t  o f  the  same f a u l t  scarps; t he  t r a n s i t i o n  between 
these two wa l l  types i s  abrupt. Also, a l l  young lands1 ide scars are 
smooth walled and do not show t r a n s i t i o n a l  forms t o  spur-and-gully 
morpholcgies. The o l d  spur-and-gul l y  type o f  wa l l  dates back t o  the  t ime 
o f  valley-network formation on Mars and thus i s  l i nked  t o  an epoch o f  
f l u v i a l  a c t i v i t y .  Because i n t e r i o r  deposits are associated w i t h  the spur- 
and-gu l i j  morphology, they a lso belong t o  the  o lder  f l u v i a l  epoch. This 
associat ion supports t he  hypothesis t h a t  the i n t e r i o r  deposits were 
emplaced by water. 

Spur-and-gully morphology may be an erosional s t y l e  t h a t  develops 
p re fe ren t i a l  l y  i n  a subaqueous environment. Radio-echo sounding on the  
Ear th reveals remarkably s i m i l a r  erosional forms on the wa l ls  of submarine 
canyons. This s i m i l a r i t y  suggests t h a t  the  spur-and-gul l y  morphology on 
Mars developed i n  deep bodies o f  water t ha t  f i l l e d  Val les Mariner is,  
although the resemblance o f  many subaerial  erosional forms on Mars t o  
subaqueous forms on Earth weakens the argument. 

Circumstantial evidence a1 so supports the idea t h a t  Val l e s  Mar iner i  s 
may have contained lakes o r  were f i l l e d  t o  high l eve l s  by deposits from 
ephemeral lakes and playas. The headwaters o f  Simud Val 1 i s  once extended 
i n t o  Val les Marineris. The present f l o o r  gradient on Simud Val 1 i s  between 
Valles Mar iner is  and the Chryse B x i n  i s  v i r t u a l l y  f l a t ,  and movement o f  
water through the va l ley  would have been d i f f i c u l t .  Flow would have been 
grea t ly  f a c i l i t a t e d  i f  Val les Mar iner is  were once enclosed and formed 
lakes tha t  eventual ly overflowed a t  high sp i l lway  levels ,  and thus 
provided the necessary gradient f o r  Simud ValBis. Breaching o f  the  
containing dam by headward erosion along the  ancestral  Simud Val l i s  could 
have caused a g igant ic  f lood  t h a t  created the necessary gradient and gave 
Simud Val1 i s  i t s  present corif i gu ra t  ion. 

None o f  the  above observations a1 one concl us i  ve ly  denlonstrates t b s t  
lakes o r  playas ever ex is ted  i n  Val les Mariner is,  but  a l together  the 
evidence i s  h igh l y  suggestive. Therefore, the  ea r l y  hypothesis (1) i s  
supported by more de ta i l ed  observations. Val l e s  Mar iner is  once, dur ing a 
more f l u v i a l  epoch on Mars, probably contained water i n  permanent o r  
ephemeral lakes, and received sediment t h z t  was deposited i n  the 
i n t e r i o r .  
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PREFERENTIAL DEVELOPMENT OF CHAOTIC TERRAINS ON SEDIMENTARY DEPOSITS, MARS 
B. K. Lucch i t ta ,  U.S. Geological  Survey, F l ags ta f f ,  AZ 86001 

Chaotic t e r r a i n s  on Mars are character ized by polygonal f r a c t u r e  
systems, angular mesas, and rounded hurmocks arranged d i s o r d e r l y  i n  
i r r e g u l a r  hollows, c i r c u l a r  depressions, o r  a t  t he  base o f  scarps. Sharp 
(1) ascr ibed t he  o r i g i n  o f  chao t i c  t e r r a i n s  t o  poss ib le  co l lapse  through 
t h e  degradat ion o f  ground ice. Here, I examine t h e  p ropos i t i on  t h a t  some 
chao t i c  terra-ins are associated w i t h  f l  u v i a l  depos i t i ona l  centers  and 
suggest t h a t  chaot ic  t e r r a i n s  may have developed p r e f e r e n t i a l l y  on 
sedimentary deposits. 

Po lygonal ly  f r a c t u r e d  ground occurs i n  several low areas (2 )  i n  
Va l les  Mar iner is .  One such area i s  i n  t he  cen te r  o f  Candor Chasma, where 
outwash from lands1 ides apparent ly converged and pooled (3). The depos i t  
from t h i s  former pool has a l e v e l  surface, embays t he  surrounding t e r r a i n ,  
and has a surface t e x t u r e  o f  i r r e g u l a r  plaques and hummocks t raversed  by 
numerous cracks. Two other,  sma l le r  low spots i n  East Candor Chasma show 
a s i m i l a r  surface texture.  These observat ions suggest t h a t  sediment 
deposi ted i n  ponded water on Mars may y i e l d  surfaces t h a t  are t raversed  by 
cracks and broken i n t o  plaques and hummocks s i m i l a r  t o  chao t i c  t e r r a i ns .  

Chaotic t e r r a i n s  a re  a1 so associated w i t h  f l  u v i a l  a c t i v i t y  elsewhere 
Dn Mars. I n  Margar i t  i f e r  Terra  (MC-19 SE) , several  v a l l e y  networks, 
i n c l u d i n g  Paran i  V a l l i s ,  d r a i n  toward a reg iona l  low; t h i s  depression i s  
occupied by deposi ts w i t h  chao t i c  arrangements. Chaotic t e r r a i ?  occurs 
where N i rga l  V a l l  i s  debouches i n t o  Holden V a l l  i s  (4) ,  where Mawrth V a l l  i s  
empties i n t o  t h e  Chryse Basin, and where Ma'adim V a l l i s  enters  a  cra ter .  
These observat ions suqqest t h a t  d e l t a i c  o r  f a n  depos i ts  formed 1 ocal  l y  
alonq t he  course o f  mar t ian  va l l eys  and t h a t  such depos i ts  favored t h e  
development o f  chao t i c  tex tures.  

Other depressions on Mars con ta in  chaot ic  t e r r a i ns .  Three 1 arge 
c i r c u l a r  lows i n  Sirenum (MC-24 NW) con ta in  ma te r i a l s  t h a t  have chao t i c  
arrangements. These depressions are probably ancient c r a t e r  scars t h a t  
were f i l l e d  w i t h  sediment f rom l o c a l  runo f f .  Volcanic a c t i v i t y  i n  t h i s  
reg ion  (5) may have con t r i bu ted  t o  t he  re lease o f  water from the  ground o r  
from emanated v o l a t i l e  mater ia ls .  Here, as i n  Val l e s  Mar iner is ,  t h e r e  
appears t o  be an assoc ia t ion  between deposi t ion31 centers and t h e  eventual 
development o f  chao t i c  t e r r a i ns .  

The main area o f  chao t i c  t e r r a i n s  on Mars 1  i e s  i n  M a r g a r i t i f e r  Sinus, 
where it occupies t he  reg iona l  low between t h e  Tharsis up1 i f t  t o  t he  west 
and the  mar t ian c ra te red  highlands t o  t he  east. Carr  (6 )  suggested t h a t  
subterranean aqu i fe rs  emerged and formed spr ings i n  t h i s  low area, and 
Boothroyd (7)  discovered t h a t  anc ient  va l l ey  networks converged on t h i s  
low, where they may have coalesced t o  form t runk  streams ancest ra l  t o  t h e  
present ou t f law channels. These observat ions su?port t h e  view t h a t  t he  
present chao t i c  t e r r a i n  may l i e  on a former f l o o d  p l a i n  and i t s  water-  
saturated sediment. Chaotic t e r r a i n s  a lso  occur i n  many places a long t h e  
no r t h  h igh land boundary; there,  a lso,  they may have formed on t h e  de l t as  
o r  f l o o d  p l a i ns  o f  some o f  t h e  ancient va l leys  t h a t  f lowed toward t h e  low 
area of the  nor thern p la ins.  



I n  summary, t he  assoc ia t ion  o f  chao t i c  t e r r a i n s  w i t h  apparent former 
f l  u v i a l  a c t i v i t y  and ponding suggests t h a t  sedimentary deposi ts  may have 
been favored mater ia ls  f o r  the  eventual development o f  chao t i c  te r ra ins .  
The reason f o r  t h i s  may be th ree fo ld .  [l] Cracking up01 f r eez ing  o r  
d r y i ng  o f  water-saturated mater ia ls  may have l e d  t o  t he  t y p i c a l  polygonal 
s t ructures;  [2] segregated i c e  masses may have formed i n  t he  f l u v i a l  
sediment, which has s r a i n  s izes t h a t  favor the  development of segregated 
i c e  (sand and gravel  f u r n i s h  t he  needed aqui fers ,  and s i l t  i s  most 
suscept ib le  t o  t he  massive growth o f  i ce ) ;  and 131 degradation o f  t he  
segregated i c e  masses l e d  t o  eventual  co l lapse  o f  the  ground. 
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Modification of Martian Fretted Terrain 
Dean B. Eppler and Michael C. Malin, Department of Geology, Arizona State 

University, Tempe AZ 85287 

Fretted terrain is one of several lowland landscapes found on Mars that 
suggest intense geosorphic actjvity. First described by Sharp (l), subse- 
quent studies have concentrated on description and classification (2 ) ,  age 
relationship ( 3 , 4 ) ,  and mechanisms and vigor of modification processes (3 , 
5,6,7). This study is concerned principally with the temporal, material, 
and environmental constraints that can be placed on the modification of 
fretted terrain by, in particular, the formation and maintenance of reason- 
ably smooth surfaced, convex, lobate aprons that surround high standing 
mesas and occur at the base of many scarps. 

Measurements of apron width perpendicular to the superjacent scarp, 
scarp height above the apron, and scarp azimuthal orientation, as well as 
crater counts, were performed in Deuteronilus Mensae on 52 aprons and 
associated plains and highland units. Flow width shows no particular 
relationship to scarp height, nor dc~ high scarps have preferred orienta- 
tions. The clustering of scarp heights does imply, however, detectable 
layering in the materials underlying the upland surface. There is a strong 
suggestion of a correlation of average apron width with orientation: those 
between N75'~ and N165OE are wider than those at other azimuths. We will 
return to this observation shortly. Aprons have few, if any, superimposed 
impact craters (5). Surrounding terrains have a more normal compliment of 
such craters. From this it may be inferred that: 1) the aprons are young 
with unmodifieJ surfaces, 2) the aprons are young with surfaces modified 
by young or on-going processes, or 3) the aprons are old but with surfaces 
modified by young or on-going processes. In each case, however, we appear 
to be dealing with relatively recent (perhaps contemporary) process(es). 

Material factors must also be considered when evaluating potential 
candidates for mechanisms of degradation. The distinct change in landform 
character frorn scarp to apron implies a variation in material. Possible 
explanations for the observed relationships include, alternatively, aprons 
made of coherent bedrock, coherent fragmental debris, or unconsolidated 
fragmental debris. The fragments could be coarse, fine, or mixed. Each 
of these alternatives implies certain properties and emplacement histories, 
yet to choose one is not possible at present. Examination of XRI'M high 
resolution observations may permit this problem to be resolved. 

Environmental factors, including temperature, atmospheric pressure, 
and the abundance of H20 in solid or liquid form, are, intuitively, ex- 
tremely important to the evolution of fretted terrain, though this is by 
no means proved. The current conditions do not permit liquid water in 
the near surface materials (8,9), although climatic changes induced on lo5 
yr timescales by astronomical perturbations m y  produce conditions allowing 
but not necessarily ensuring the presence of liquid water (10). The pre- 
sumed importance of liquid water to apron formation rests principally on 
the ability of many processes, relying on water-related erosion and trans- 
port, to create landforms similar to those seen in fretted terrain. The 
relationship between scarp azimuthal orientation and apron width suggests 
a possible link between rapid morning temperature changes and apron forming 
processes. Processes of planation operating on bedrock, or masa; movement 



phenomema, p a r t i c u l a r l y  d e b r i s  avalanches,  f lows,  o r  creep,  seem most l i k e l y  
respons ib le  f o r  t h e  aprons i n  t h e  f r e t t e d  t e r r a i n .  It is most probable t h a t  
these  processes  a r e  a c t i v e  dur ing per iods  of h igh o b l i q u i t y ,  and may now be 
less a c t i v e  o r  inopera t ive .  
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POSSIBLE EVIDENCE OF HY DR~COMPACTI@l WITHIN THE FRETTED TERRAINS OF MARS 

D. Weiss, and J .  J. Fagan, Department o f  Earth and Planetary Sciences, 
C i t y  College o f  CUNY, New York, N. Y .  10031 

Many researchers have been concerned about the erosional h i s t o r y  and main- 
tenance of the Martian Highlands-Lowlands boundary i n  the v i c i n i t y  o f  the 
f re t ted  t e r r a i n  o f  the Deuteroni 1 us Mensae. The geomorphic development o f  
t h i s  nor th- fac ing f r o n t  and i t s  associated val leys,  channels, and o u t l i e r s  
was o r i g i n a l l y  described by Sharp (1) as being the r e s u l t  o f  undermining 
caused by the evaporation o f  ground i c e  exposed a t  the escarpment face o r  
by groundwater emerging a t  the f o o t  of the escarpment. Squyres (2) pro- 
posed t h a t  the removal o f  debris produced by the receding escarpment could 
be accomplished by aeol ian d e f l a t i o n  a f te r  weathering o r  by f l u v i a l  t rans-  
po r t  under d i f f e r e n t  c l i m a t i c  condit ions than those present ly ac t i ve  on 
Mars. 

The presence o f  debris aprons a t  the base o f  many va l l ey  and o u t l i e r  es- 
carpments were described by Squyres (2) as being lobate w i t h  a d i s t i n c t  
convex p r o f i l e .  Carr (3) ind icates t h a t  erosion by mass w ~ s t i n g  along 
the boundary around the mesas and out1 i e r s  i s  persuasive. The debr is  
aprons can extend as f a r  as 20 Km from escarpment surfaces and do not  
appear t o  be cratered. 

An examination o f  "Survey" ser ies h igh reso lu t i on  Vik ing imagery taken 
along the northern highlands boundary area indicates the presence o f  a 
"moat-likeN depression o r  swale on the debris apron a t  i t s  contact w i t h  
various excarpment surfaces. Thess features appear t o  be about 3 Km 
wide and, a t  the most, a few tens o f  meters deep. When found on the 
debris aprons surrounding the o u t l i e r s  the "moats" do no t  have a pre- 
ferred o r i en ta t i on  o r  side on which they develop. Figure 1 i l l u s t r a t e s  
a t yp i ca l  "moat" surrounding an o u t l i e r .  A few moats were observed t o  
enc i rc le  the out;ier, but  most d i d  no t  go around completely. When ob- 
served on the debris aprons along the va l l ey  escarpments (Fig. 2). the 
"moats" fo l low the trend o f  the va l l ey  wal ls .  Thusly many of the debris 
aprons i n i t i a l l y  described by Squyres (2) as having continuous convex 
surfaces are, as shown i n  Figures 1 and 2, topped by a "moat-l ike" 
depression. 

The o r i g i n  o f  the "moats" has l e d  us t o  examine four  p o s s i b i l i t i e s :  
aeol ian erosion, sapping, basal s l i p  o r  slumping, hydrocompaction. 
When f i r s t  observed i t  was assumed t h a t  the "moats" were aeol ian i n  
ori;: n. They general l y  appeared t o  have a preferred or ien ta t ion .  
Further examination of the area indicated a non-randomness t o  t h e i r  
d i s t r i b u t i o n  and the lack o f  other wind-derived features such as dunes. 
A wind induced streamlining a f fec t  was a lso se t  aside. Sapping a lso 
presented i t s e l f  as a possible mechanism espec ia l l y  when the "moats" 
were observed i n  several o f  the val leys south o f  the o u t l i e r s .  L a i t y  
and Saunders (4 )  have invoked sapping as a process responsible f o r  the 
continued development of the val  leys along the high1 ands northern 



escarpment. The removal o f  debr is  apron ma te r i a l  would be i n i t i a t e d  by 
the  sapping process t o  be then ent ra ined i n  the  down v a l l e y  movement o f  
sediment. Unfor tunate ly  down e leva t i on  outf lows were no t  observed f o r  the  
"moats" surrounding the o u t l i e r s .  The depressions could a l so  be t he  r e s u l t  
o f  basal s l ip /s lumping a c t i v i t y  w i t h i n  the  debr is  aprons. Slope i n s t a b i l i t y  
leading t o  the  development o f  s l i p  surfaces could produce en masse down- 
slope movement of the  debr is  apron. The depressions could th-e analo- 
gous t o  t he  grabens developed a t  t he  head o f  slump blocks and o ther  s i m i l a r  
mass wasting features. 

The f o u r t h  p o s s i b i l i t y  i s  t h a t  o f  hydrocompaction. On earth,  t he  in t roduc-  
t i o n  o f  water i n t o  under-saturated o r  mois ture d e f i c i e n t  low dens i t y  sed- 
iments can cause the r e o r i e n t a t i o n  o f  the  sedimentary p a r t i c l e s  and the  
co l lapse o f  the  i n t e r n a l  sedimentary s t r u c t u r e  occurs. Thusly the  weight 
o f  the overburden compacts the  mater ia l  as former pore space i s  reduced. 
Where observed on Earth, most hydrocampacted ma te r i a l s  inc lude  a1 l u v i a l  
fan, a l l u v i a l ,  and wind-blown s i l t s  such as loess and r e l a t e d  sediments. 
The phenomena i s  genera l l y  r e s t r i c t e d  t o  ma te r i a l  w i t h  bu lk  dens i t i es  of 
l ess  than 1.3 g/cm3 which has a h igh vo id  r a t i o .  Where observed on ear th ,  
the water needed t o  b r i n g  about hydrocompaction i s  in t roduced i n t o  the  
sediment as a r e s u l t  o f  i r r i g a t i o n ,  leakage from canals and we l l s ,  and 
storm r u n o f f .  Subsidence o f  up t o  6 m has been repor ted f o r  a l l u v i a l  
sediments o f  the San Joaquin Va l ley  o f  Ca l i fo rn ia .  

On Mars one can speculate about the poss ib le  di,charge sources fo r  water 
t h a t  can b r i n g  about h drocompaction. Sharp ( I ) ,  Squyres (2) , Sharp and 
Ma1 i n  (5),  and Carr (3 3 i n d i c a t e  t h a t  the  re lease o f  ground-ice and/or 
groundwater have brought about the  eros ion o f  the  f r e t t e d  t e r r a i n  and 
va l l eys  of the highlands nor thern f r o n t .  L a i t y  and Saunders (4 )  and 
Howard and McLane (6)  a1 so invoke the  re lease o f  water i n  order  t o  develop 
sapping features on Mars. Carr ( 7 )  proposed a mechanism f o r  the  r a p i d  
re lease o f  water from subsurface aqu i fe rs .  I t  i s  q u i t e  poss ib le  t h a t  a 
s i m i l a r  mechanism, a c t i n g  much slower, would b r i n g  about the re lease o f  
water needed t o  produce the observed "moat-1 i ken features.  Thusly, a1 ong 
the escarpment faces o f  o u t l i e r s  and va l leys ,  the re lease o f  water i n  
s u i t a b l e  q u a n t i t i e s  t o  b r i n g  about hydrocompaction i s  poss ib le .  
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QUANTITATIVE MORPHOLOGY OF THE VALLES MARINERIS SCARPS 
P. C. Patton, Department of Earth ahd Environmental Sciences, 
Wesleyan University, Middletown, CT 06457 

Analysis af the network characteristics of the Valles Mari- 
herib spur and gully topography can be used to infer a sequen- 
tial development to the chasma scarps. Observations of the 
regional distribution of wall scarp morphology in the Valles 
Marineris and comparitive studies of large scarps on Earth can 
be used to place limits on the processes that are important in 
the formation of the martian scarps. 

Measurements were made of the quantitative morphology of 
nearly 600 spur networks throughout the Valles Marineris. An 
individual spur network is defined by the master spur that con- 
nects the hillslope system to the crest of the scarp (1). Scarp 
networks have the inverse pattern of the intervening gully net- 
works. Network samples included both spur networks that are 
truncated by apparent fault scarps as well as scarp networks 
whose slope basesare more sinuous and lacking in structural con- 
trol. Spur networks were also sampled along the length of the 
Valles Marineris in order to ascertain any regional variations 
in scarp morphology. The additional quantitative data on spur 
network topology confirms many of the initial results of this 
study (1). Networks that have fault scarps at their btse have a 
greater density of bedrock spurs and are apparently weathering 
limited slopes where transport processes are dominant.  scar^^ 
crests are also more linear suggesting a more uniform rate of 
headward erosion. In cont--st': slopes which lack basal scarps 
have lower bedrock spur dei.- -ies and are apparently transport 
limited hillslopes where debris is stored on the slope masking 
the spur topgraphy. Slope crests are more sinuous implying un- 
even rates of headward erosion as a few rnaszer gullies become 
dominant. This is reflected in the increased width of the hill- 
slope networks which coalesce concommittantly with the capture 
of adjacent gully networks. The correlation nf fine-textured 
spur topography with basal fault scarps inplies that regolith 
removal by dry mass-movement processes is the most important 
process on these slopes. Where the slope base is not rejuvenated 
by faulting more debris is produced on the slope than can be 
transported and a more subdued topography results. 

Observations on the regional distribution of spur and gully 
topography provide addition evidence for this process. The 
nc,rthern walls have a fine-textured spur and gully topography 
which terminates against an apparent basal fault scarp. In con- 
trast the southern wall lacks a basal scarp, has a lower spur 
density and has a more sinuous crest and base. It is logical to 
assume that both scarps were created at the same time. If both 
scarps are the sane age, then a radically different scarp evolu- 
tion has occurred on either side of the chasma. A regional 
comparison of north and south scarps throughout the Valles Mari- 
neris does not reveal any preferential development of either 
scarp form. Therefore, the difference is scarp morphology does 



not appear to be related to regional geology or other spatial 
variables such as slope aspyct. Instead these observations 
further argue that the spur and gully topoeraphy is related to 
the tectonic control of the scarp base and that other processes 
are less efficient in transporting regolith off the slopes. 

Comparitive studies of the chasrna scarps with fault scarps in 
the Basin and Range Provincd of the western U.S. provide impor- 
tant contrasts. Mountain fronts in the Basin and Range of 
various tectonic activity (2,3) were studied. The density of 
spur and gully topography is largely independent of the morphol- 
ogy of the mountain front scarp. This is because the fluvial 
processes which dominate these scarps are efficient removers of 
slope regolith. This negative evidence further supports the 
suggestion that the rirtian spur and gully topography evolvesby 
mass wasting procrsses that require a continually lowered base 
level. 
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COLLAPSE: A MECHANISM FOR MARTIAN SCARP RETREAT 
BASKERVILLE, C h a r l e s  A . ,  U.S. G e o l o g i c a l  S u r v e y ,  952 N a t i o n a l  
C e n t e r ,  R e s t o n ,  VA 2 2 0 9 2  

C o l l a p s e d  c h a n n e l  wall ,  a n d  c o l l a p s e d  d e p r e s s i o n r  h a v e  
b e e n  i n t e r p r e t e d  f r o m  i m a g e s  t a k e n  o n  t h e  V l k i n g  m i s s i o n  a r o u n d  ., -.; 
H a r e .  The  q u e s t i o n  t h a t  a r i s e s  i s ,  w h e r e  d i d  t h e  m i s s i n g  
m a t e r i : : l  g o ?  A l l  o f  t h e  c o l l a p s e  b a s e d  o n  d e g r a d a t i o n  o f  
c o n t a i n e d  g r o u n d  i c e  d o e s  n o t  seem t o  a c c . o u n t  f o r  a l l  t h e  
m a t e r i a l  f o r m e r l y  o c c u p y i n g  t h e  d e p r e s s i o n s .  Some s u g g e s t i o n s  
a r e  made t o w a r u  e x p l a i n i n g  t h i s  l o s a .  

On s c e n e s  2 0 6 S 2 1  ( F i g .  1 )  a n d  2 3 1 8 3 5  ( F i g .  2 ) ,  s l u m p s  o r  
c o l l a p s e  s t r u c t u r e s  c a n  b e  s e e n  a l o n g  v a l l e y  w a l l s  w h i c h  a r e  
many t imes l a r g e r  t h a n  s im i l a r  E a r t h  f e a t u r e s  ( M u t c h  a n d  
o t h e r s ,  1 9 7 6 ) .  I t  i s  s u g g e s t e d  t h a t  t h e  l o w e r n o s t  n a t e r i a l o  
a l o n g  t h e  v a l l e y s  w e r e  removed  by f l u i d  f l o w i n g  down t h e  
c h a n n e l ,  u n d e r s i n i n g  t h e  o u t s i d e  c h a n n e l  w a l l s  a l o n g  m e a n d e r  
b e n d s .  The b r o a d l y  a r c u a t e  f i s s u r e s  a l o n g  t h e  p l a t e a u  e d g e  
( a r r o w s  o n  p h o t o s )  a b o v e  t h e  c h a n n e l  a r e  s u r f a c e  e x p r e s s i o n s  o f  
s l u m p s  i n  t h e  e a r l y  s t a g e s  of d e v e l o p m e n t .  

A p o s s i b l e  e x p l a n a t i o n  f o r  s l u m p i n g  a l o n g  t h e s e  v a l l e y  
w a l l s  i s  t h a t  t h e  l o w e r w o s t  m a t e r i a l  may b e  a n  e n g i n e e r i n g - l i k e  
s o i l ,  w h i c h  i s  d e f i n e d  a s  a l l  l o o s e  w e a t h e r e d  ma t e r i a l  
1nc:uding d e c o m p o s e d  b e d r o c k  w i t h  no  c e m e n t e d  s t r e n g t h  o f  i t s  
own, w h i c h  c o n t a i n e d  i n t e r s t i t i a l  i c e  - p e r m a f r o s t  o r  g r o u n d  
i c e  ( M u t c h  a n d  o t h e r s ,  1 9 7 6 ) ;  t h e  i c e  may h a v e  b e e n  warmed by 
f l u i d s  moving  i n  t h e  c h a n n e l  r e d u c i n g  s t r e n g t h .  The  o v e r b u r d e n  
w e i g h t  o f  t h e  c h ~ n n e l  w a l l s  c o u l d  t h e n  s q u e e z e  o u t  t h e  w e a k e n e d  
s o i l  a n d  c a u s e  c o l l a p s e  of t h e  o v e r b u r d e n  m a s s  a l o n t  t h e  
a r c u a t e  s t r e s s  r e l i e f  f r a c t u r e s .  M a r t i a n  c h a n n e l ,  v a l l e y ,  a n d  
c h a s m a  w a l l s  c a n  r a n g e  .from many t e n s  o f  m e t e r s  t o  k i l o i n e t e r  
d i m e n s i o n s  i n  h e i g h t .  I f  t h l s  l o w e r  u n i t  i s  s i l t -  o r  c l a y - r i c h  
(Mutch  a n d  o t h e r s ,  1 9 7 6 ) ,  i t  may h o v e  h a d  l a r g e  a m o u n t s  o f  r c e  
i n  t h e  p o r e  s p a c e s .  When h e a t e d  by t h e  a f o r e m e n t i o n e d  f l u i d s ,  
f o r m e r l y  i c e - l a d e n  r i g e d  s i l t  o r  c l a y  c o u l d  h a v e  f l o w e d  
p l a s t i c a l l y  a n d  c a u s e d  s u b s i d e n c e  by l o s s  o f  s u p p o r t i n g  
power .  A s i ~ i l a r  r e a c t i o n  i s  r e p o r t e d  i n  p e r i g l n c i a l  
e n v i r o n m e n t s  o n  E a r t h  by F r e n c h  ( 1 9 7 6 ) .  

An i l l u s t r a t i v e  phenomenon ,  t h o u g h  n o n - s t a t i c ,  c a u  t a k e  
p l a c e  on  e a r t h - b o u n d  e n g i n e e r i n g  p r o j e c t s  w h e r e  t h e  w e i g h t  of a  
s u r c h a r g e ,  w h i c h  may be  3  o r  4  meters t h i c k ,  i s  u s e d  i n  a n  
a t t e m p t  t o  c o n s o l i d a t e  a n d  s t r e n g t h e n  s i l t s  a n d  c l a y s  w l t h  
i i t t l e  o r  no s h e a r  s t r e n g t h .  When t h e  p l a c i n g  o f  t h e  s u r c h a r g e  
i s  n o t  p r o p e r l y  c o n t r o l l e d ,  a "mud wave" may r e s u l t ,  w h i c h  i s  
t h e  e n g i n e e r ' s  t e r m i n o l o g y  f o r  a f a i l e d  m a s s  f l o w i n g  f r o m  
b e n e a t h  t h e  o v e r - b u r d e n  s u r c h a r g e .  

On V i k i n g  i m a g e s  2 3 2 S 1 3  ( F l g .  3 ) ,  2 1 2 S 2 1  ( F i g .  4 )  a n d  
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S28 ( F i g .  5 1 ,  t h e r e  t r e  l a r g e  (L 5  Km) f l a t - f l o o r e d  c r a t e r s  
c h  a p p e a r  t o  b e  c r a t e r u  f o r m e d  by c o l l a p r e  i n t o  a n  
o r l y i n g  l a r g e  v o i d ;  t h e s e  c r a t e r o  l a c k  e j e c t a  b l a n k e t s  a n d  
s c d  r i m e  a s  s e e n  a e r o c i a t e d  w i t h  i m p a c t  c r a t e r s .  S i m i l a r  

f e a t u r e s  c a l l e d  a l a s e s  a r e  f o u n d  o n  E a r t h  ( W a s h b u r n ,  1 9 7 3 ) .  I n  
2 1 2 8 2 8  t h e  i n n e r  m a t e r i a l  o f  t h e  c r a t e r  h a s  b r o k e n  i n t o  
b l o c k s .  S c e n e  2 1 2 8 2 1  i n d i c a t e s  s l u m p i n g  a n d  c e n t r i p e t a i  
d r a i n a g e ,  shown by d r a i n a g e  l i n e r  l e a d i n g  i n t o  t h e  c r a t e r ,  
a r o u n d  t h e  s c a r p  o f  t h e  c r a t e r .  S i m i l a r  f e a t u r e s  a r e  p r e s e n t  
a r o u n d  t h e  s c a r p  of  t h e  l a r g e  c r e t e r  i n  t h e  n o r t h e a s t  c o r n e r  o f  
232813 .  2 3 2 8 1 3  a d d i t i o n a l l y  h a s  a w i n d o w - l i k e  c l o s e d  l o w e r  
s u r f a c e  e x p o s e d  b e n e a t h  t h e  mair. c r a t e r  f l o o r .  

P a g a n  a n d  o t h e r s  ( 1 9 b 1 )  h a v e  s t u d i e d  c o l l a p s e  c r a t e r s  a n d  
shown h y p o t h e t i c a l  s e q u e n c e s  f o r  t h e i r  f o r m a t i o n  a l o n g  t h e  
h i g h l a n d s  - l o w l a n d s  b o u n d a r y .  They  i n d i c a t e  t h a t  t h e s e  f o r m s  
may b e  f r a c t u r e  c o n t r o l l e d ,  as e v i d e n c e d ,  i n  some i n s t a n c e e ,  by 
s u b c i r c u l a r  o u t l i n e s  o f  t h e  c r a t e r  rims and  l i n e a r  o d p e s - - a  
h y p o t h e s i s  t h i s  a u t h o r  s u p p o r t s  b a s e d  o n  e x a m i n a t i o n  o f  a 
numbrer o f  t h e u e  f e a t u r e s  o n   mar^ p h o t c d r a p h y .  V i k i n g  i m a g e  
2 1 6 8 2 6  ( F i g .  6 )  d e p i c t s  a n  e l o n g a t e d  n o n - c i r c u l a r  c o l l a p s e  
R t r u c t u r e ,  many k i l o m e t e r s  i n  l e n g t h ,  t h a t  a p p e a r s  t o  be  
a l i g n e d  w i t h  a  f r a c t u r e  s t r i k i n g  e a s t - n o r t h e a e t  ( s e e  erxo:r  o n  
2 1 6 8 2 6 ) .  R o s s b a c h e r  a n d  J u d s o n  ( 1 9 8 0 )  d i s c u s s  s i m i l a r  
d e p r e e s i o n s  w h i c h  t h e y  a t t r i b u t e  t o  w a s t a g e  o r  d e g r a d a t i o n  o f  
l a r g e  v o l u m e s  of g r o u n d  i c e  i n  s e g r e g a t e d  m a s s e s  and  i n  p o r e  
s p a c e s ,  g i v i n g  r i s e  t o  t h e r m o k a r s t  t o p a g r a p h y .  

I t  i s  I n d i c a t e d  t h a t  t h e  b r e a k u p  o f  t h e  m a t e r i a l  i n  
s u b c i r c u l a r  d e p r e s s i o n s ,  a s  i n  s c e n e  2 1 2 8 2 8 ,  c o u l d  h a v e  b e e n  
i n i t i a t e d  by t e c t o n i s m  l o c a l l y  a f f e c t i n g  f r a c t u r e  s e t s  r e l a t e d  
t o  a  l a r g e  r e g i o n a l  f r a c t u r e  s y s t e m  (Mli tch an.d o t h e r s ,  1 9 7 6 ) .  
T h i s  t y p e  o f  m e c h a n i s m  i s  p r o b a b l y  t h e  c o n t r o l  f o r  t h e  e i o n g a t e  
c l o s e d  d e p r e s s i o n  i n  s c e n e  2 1 6 8 2 6 .  The  e r o s i o n  by f l u i d s  a n d  
a r a v i t a t i o n a l  w a s t i n g  o f  t h e  m a t e r i a l  i n  t h e  s u b c i r c u l a r  
d e p r e s s i o n s  c o u l d  h a v e  b e e n  s t a r t e d  by t h e  a f o r e m e n t i o n e d  
t e c t o n i c  d e f o r m a t i o n 8  w h i c h  o p e n e d  t h e s e  f r a c t u r e s ,  a l l o w i n g  
more  r a p i d  e r o s i o n  o f  t h e i r  wal ls .  Thr  a p p a r e n t  i n t e r n a l  
d r a i n a g e  s y s t e m s  h a v e  b e e n  i n s t r u m e n t a l  a s  c h a n n e i w a y s  i n  
c a r r y i n g  away t h e  m a t e r i a l  e r o d e d  i n  t h e s e  d e p r e s s i o n s .  
S e d i m e n t  t r a n s p o r t  was p r o b a b l y  i n i t i a t e d  by v o l c a n i c  h e a t  
w h i c h  c o u l d  d e g r a d e  p o r e  i c e  s u c h  as  p o s t u ! d t e d  by R o s s b a c h e r  
a n d  J u d s o n  ( 1 9 8 0 ) .  T h i s  h e a t  was  t r a n s f e r r e d  t h r o u g h  some of 
t h e  f r a c t u r e s .  The  r e s u l t i n g  melt water t r a n s p o r t e d  s e d i m e n t  
by t r a c t i o n  a n d  s u s p e n s i o n  i n t o  t h e  o p e n  f r a c t u r e s  w i t h i n  t h e  
d e p r e s s i o n s ,  a n d  t h e n c e  i n t o  s u b t e r r a n e a n  c h a n n e l w a y s  a n d  
c a v e r n e .  T h e s e  s u b t e r r a n e a n  c a v e r n s  a n d  c h a n n e l w a y e  may b e  i n  
r o l ~ b l e  s t r a t a ,  a n a l o g o u s  t o  c a v e r n e  i n  k a r s t  r e g i o n s  o n  E a r t h  
s u c h  as t h e  r e c e n t  F l o r i d a  s i n k h o l e s ,  o r  i n  b u r i e d  l a v a  
t u n n e l r ,  n s  f o u n d  i n  v o l c a n i c  r e g i o n s  o n  E a r t h ;  b o t h  i n s t a n c e s  
o n  Mars  b e i n g  of much l a r g e r  s c a l e .  

A c k n o w l e d g m e n t s  
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LANDSLIDES OF VERMILLION CLIFFS, ARIZONA: APPLICATION TO MARS 
Kenneth 1. Tanaka, U.S. Geological Survey, F lags ta f f ,  AZ 86001 

Rotat ional b locksl  ides and p las t i c - f l ow  landsl ides appear t o  be end 
members o f  landsl ide  s ty les  found along the base o f  50 km o f  the 
Vermi l l ion C l i f f s  i n  northern Arizona, as wel l  as along a few ki lometers 
o f  the neighboring Echo C l i f f s .  These c l i f f s  are composed of the  
fo l low ing cont inenta l  , Mesozoic format ions (from oldest  t o  youngest) : 
Moenkopi Formation ( xm), Chinle Formation ( q c ) ,  Moenave Formation 
( Tmo) , Kayenta Format ion ( T k )  , and Navajo Sandstone ( TJn)  . 
Reconnaissance mapping has p a r t l y  shown the extent, geologic re la t ions ,  
and morphometry o f  the landsl ides (1,2,3,4). Further f i e l d  
inves t iga t ion  o f  some o f  the la rges t  landsl ides has revealed t h e i r  
s t ruc tura l  d e t a i l s  and mechanisms of emplacement. 

The ro ta t i ona l  blockslSdes i n  the v i c i n i t y  o f  long. 112"OO' W. and 
l a t .  36'45' N. involve 400-500 m o f  sandstone and s i l t s t o n e  from the 
lower par t  of the Moenave Formation t o  the present surface o f  the  Navajo 
Sandstone (Fsg. I . ) ,  which overrode and, i n  some cases, ca r r i ed  along 
par ts  o f  the  underlying benton i t i c  shale beds o f  the Chinle Formation. 
The s l i d e  deposits have a t o t a l  length o f  up t o  20CO m and a width o f  
over 8000 m a t  t h i s  loca l  i t y .  The i n i t i a l  s l  ides next t o  the c l  i f f s  
underwent l a t e r  col lapse o f  t h e i r  d i s t a l  port ions, as a r e s u l t  three 
success ive stages o f  ro ta t i ona l  b l  ocksl ides extend outward from the 
c l i f f .  These s l i des  produce the cha rac te r i s t i c  s ta i r - s tep  appearance of 
the c l i f f s .  Thicknesses are general ly less than 150 m f o r  the f i r s t  
stage s l ides  and 100 m f o r  succeeding stage sl ides. Indiv idual  s l ides  
are as much as 2000 m i n  width and 700 m i n  length. Vestiges o f  an 
older, more eroded sequence form a b e l t  less than 1000 m long and 6000 m 
wide a t  a  distance o f  2500 m from the c l i f f  face ( I  i n  Fig. 1). 

Slides o f  the f i r s t  two stages emplaced adjacent t o  the c l i f f s  are 
well preserved ( I  I a  and I I b  i n  Fig. I ) ,  whereas only  l oca l  remnants of 
blocksl ides o f  the t h i r d  stage are present. Beds w i t h i n  the s l i des  have 
been rotated backward 15-50" from an i n i t i a l  d i p  o f  4" N. The 
landsl ides have steep head f a u l t s  which f l a t t e n  out i n t o  sole fau l t s  on 
the overridden erosion surface o r  w i t h i n  the Chinle Format ion. Because 
they are general ly l i n e a r  i n  s t r i k e  the head f a u l t s  are probably 
cont ro l led  by j o in t s .  Obvious shearing and loca l  f a u l t i n g  and t i g h t  
f o ld ing  has taken place i n  the underlying Chinle Formation. Sandstone 
beds i m d i a t e l y  above the sole fau l t  have been broken up i n t o  meter- 
scale blocks which are brecciated o r  f rac tured i n t o  centimeter- t o  
decimeter-size fragments. Small t h rus t  f au l t s  occur 1 ocal l y  i n  
s i l t s t o n e  beds o f  the Moenave and Kayenta Format ions incorporated i n  the 
blocksl ides. Another area o f  b locksl  iding, s i m i l a r  i n  s ize and s t y l e  of 
movement t o  the one j u s t  described, i s  found a t  l a t .  111°51' W. and 
long. 36'45' N. 

Farther east a p las t i c - f l ow  type of landsl ide  dominates. Here a 
lower set o f  c l i f f s ,  as much as 100 m high, was formed because o f  the 
erosional resistance o f  the Shinarump Member a t  the base o f  the Chinle 
Format ion which over1 i es  the Moenkopi Formation. The bentonit  i c  shale 
beds o f  the Chinle Formation, carry ing chaot ic mixtures of the over ly ing  
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formations, have been pushed over these c l i f f s .  Th is  k i n d  o f  lands l  i d e  
genera l l y  occurs when t he  lower c l i f f s  are w i t h i n  2000 m o f  t he  upper 
c l i f f s .  

One o f  t h e  l a r g e r  s l i d e s  a t  long. 111°47' W. and l a t .  36'43' N. was 
inspected f i r s t  hand. This loba te  s l i d e  f lowed a5out 600 m past t h e  
lower c l i f f  face, sp lay ing out  from 300 m i n  width a t  t he  c l i f f  t o  a 
maximum o f  750 m. A t  t h e  toe, t h e  s l  i d e  i s  about 25 m t h i c k ,  5-10 m of 
t h e  Chin le  Formation a t  t he  base i s  o v e r l a i n  by 5-20 m o f  c h a o t i c a l l y  
mixed red  sandstone and s i l t s t o n e ,  and a few boulders o f  t he  Navajo 
Sandstone and lenses o f  shale and 1 imestone from the  Chin le  Formation 
are mixed in.  The s l i d e  surface i s  character ized by roughly 
t ransverse ly  o r i en ted  swales 20-30 m i n  wavelength and 5-8 m i n  
amplitude. The surface grad ient  d ips  i n  t h e  d i r e c t i o n  o f  t r anspo r t  a t  
6-10". Other p l  as t i c - f l ow  s l  ides exposed along t he  lower c l  i f f s  appear 
t o  have t he  same morphology and s t ra t igraphy.  

Rotat ional  b locks l ides  are t y p i c a l  o f  areas i n  which t h e  s l i d e  mass 
overrode f l a t  t e r r a i n ;  p l a s t i c - f l o w  lands l ides  occur where t h e  s l i d e  
mater ia l  has been t ranspor ted over a c l i f f  o r  a steep slope. It i s  
supposed t h a t  t he  lands l  ides i n  t h i s  area are Ple is tocene i n  age because 
t he  wet c l imate  o f  t h a t  per iod  would have f a c i l i t a t e d  t h e i r  movement and 
because o f  the  1 im i t ed  amount of eros ion s ince 1 andsl i d e  emplacement. 
Other r o t a t i o n a l  b locks l  ides s i m i l a r  i n  nature t o  t h e  f i r s t  type 
described have been documented e l  sewhere i n  t he  western U.S. (5,6,7). 
They a1 1 have t he  same s t ra t i g raphy  - a mechanically s t rong mater ia l  
such as sandstone, lava, o r  welded ash ove r l y i ng  shale o r  l oose l y  
consol ida ted  vol can i c l  as t  i c  mate r ia l  i n  which f a i l u r e  occurs. 

Appl i c a t  i o n  t o  Mars: Many 1 andsl ides and suspected 1 andsl ides have 
been documented a long,mar t ian scarps. The s l i d e s  w i t h i n  Va l les  
Mar iner i s  appear t o  have been r a p i d l y  emplaced, perhaps.aided by 
v o l a t i l e s  i n  the  s l i d e  mater ia l  (8). Landslides along t he  northwest and 
northeast f l a n k  o f  t he  Olympus Mons escarpment are o f  a t  l e a s t  t h ree  
d i f f e r e n t  types; one s t y l e  has a s t a i r - s t e p  morphology s i m i l a r  t o  t he  
r o t a t i o n a l  b l ocks l  ides descr ibed above, however, t he  mar t ian examples 
are l a r g e r  i n  size, i n  accordance w i t h  the  l a rge  escarpment. One 
mar t ian example, a t  long. 135'20' W. and l a t .  23'30' N., f e l l  f rom a 
9000 m c l i f f  (Fig. 2 ) .  The s l i d e  i s  40 km long and as much as 30 km 
wide; i t  has four h a j o r  s l i d e  segments t h a t  probably were formed i n  t h e  
same successive s l i d e  stages as those i n f e r r e d  f o r  t h e  V e r m i l l i o n  C l i f f  
b locks l  ides. Each s l i d e  b lock i s  capped by c l  i f f - f o rm ing ,  r e s i s t a n t  
mate r ia l  whose surface d ips backward, imply ing backwards ro ta t ion .  The 
s l i d e  has a 45 km northwest- t rending 1 inear  scar; t h e  scar i nd i ca tes  
f a u l t  cont ro l .  Other s l  i de  sequences along the  Olympus Mons escarpment 
have one t o  four  segments. No lands l ides  o f  t h e  p l a s t i c - f l o w  t y p ~  have 
been found; however, these may be l ess  p l e n t i f u l  because o f  t h e  lack o f  
a bench o r  steep t e r r a i n  over which low s t reng th  mater ia l  can f l o w  and 
because o f  the  d i f f i c u l t y  o f  d i s t i n g u i s h i n g  p l  as t  i c - f l ow  types from 
o ther  types o f  l ands l i de  found along t he  escarpment owing t o  l i m i t a t i o n s  
i n  image resolut ion.  Another poss ib le  major l o c a l  i t y  o f  r o t a t i o n a l  
1 andsl ides occurs a1 ong the  southeastern, s t a i r - s t e p  appearing 
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escarpment o f  Olympus Mons. P a r t i a l  b u r i a l  by lavas, however, make 
i n te rp re ta t  ions tentat ive.  

The occurrence o f  ro ta t i ona l  b l  ocksl ides and other s l  ides a1 ong the 
Olympus Mons escarpment suggest the  presence o f  low-strength mater ia l  
below the lavas. This mater ia l  could be the previously proposed ash 
flows o r  lands1 ide  mater ia ls  w i t h i n  the escarpment (9,lO). The 
b locksl  ides probably occurred soon a f t e r  escarpment formation because 
they are embayed by post escarpment lavas; other  exposed lands l ide  types 
mostly post date the lavas. 
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Vermi l l i on  C l i f f s ,  Ar izona  

Figure 1. Rotat ional b locksl  ides mapped along the  Vermi l l  i o n  C l i f f s ,  
Arizona; I i s  an o lder  sequence, I 1  i s  youngest sequence; a,b r e f e r  t o  
s l i d e  stages o f  11. 
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Figure 2. I n fe r red  ro ta t i ona l  b locksl  ides, basal f a u l t s  (heavy dashed 
l i n e s )  and weak mater ia l  along the northwestern escarpment o f  Olympus 
Mons, Mars; a,b,c,d are proposed s l i d e  stages. 



CONTINENTAL MARGIN SEDIMENTATION: ITS RELEVANCE TO THE MORPHOLOGY ON MARS. 

Dag Numnedal, Department o f  Geology , Loui s i  ana State Univers i ty  , Baton Rouge, 
LA 70803. 

The cont inental  margin (slope and r i s e )  const i tu tes one o f  the most 
extensive geologic provinces on earth, accounting f o r  as much as 9 per cent 
of the surface. Sediment movement on the cont inental  margin i s  domirrated by 
mass movement, inc lud ing s l i d i ng ,  s l  umpina, debr is flowage and t u r b i d i t y  \. --$ % 

cur rent  t ranspor t  (Saxon and Nieuwenhuis, 1982). I n  contrast ,  sediment trans- 
po r t  elsewhere on ear th  i s  heav i ly  dominated by f l u i d  bottom t r a c t i o n  and 
suspension transport  ( r i ve rs ,  longshcre currents, she l f  t i des  and storm waves, 
winds). As a consequence, on a l l  scales the ear th 's  sl3pe and r i s e  morphologi- 
ca l  l y  are d i s t i n c t  from other, and t r a d i t i o n a l l y  be t t e r  known, geologic provinces. 

Mass movement appears t o  be the dominant mode o f  sediment t ranspor t  a l so  
on Mars, probably because there are no e f f e c t i v e  competing processes. Wind 
i s  the only exogenic sediment t ranspor t  agent on Mars today, and aeol ian ero- 
s ion appears not  t o  be very e f f ec t i ve  (Arvidson e t  a1 . , 1979, Nuinmedal et g. , 
1982). The f r u s t r a t i o n  expressed by many authors i n  attempting morphological 
comparisons between the ear th ' s  cont inental  surface and Mars i s  eas i l y  under- 
standable. Comparisons were made between surfaces subject  t o  fundamental l y  
d i f ferent  mechanisms o f  erosion and sediment t ransport .  I n  those cases where 
subaerial t e r r e s t r i  a1 analogs t o  spec i f i c  'If1 uv i a l "  features on Mars have 
been proposed, the analogies appear ra ther  strained. 

Recent cont inental  slope mapping w i t h  s ide scan sonar of long range 
(e.g. "Gloria", s l an t  range: 70 km), medium range (e.g. "Se8 MARC", s l an t  
range 6 km) and short  range (e.g. E.G. & G, s l an t  range 0.5 km) permit  the 
fo l lowing generalized character izat ion o f  cont inental  margin morphology. The 
examples which have been sumnarized i n  t h i s  descr ip t ion a l l  come from tec- 
t o n i c a l l y  passive cont inental  margins. 

The cont inental  slope i s  inc ised by numerous cavyons (Emery and Uchupi, 
1972). On the U.S. Mid-At lant ic slope canyons occur every few ki lometers 
along slope (Farre, 1982). Some o f  the la rger  canyons connect w i t h  f l u v i a l  
paleo-channels on the she l f  (tludson, Balt imore canyons) others appear t o t a l l y  
unrelated t o  paleo-drainage systems. The upper reaches o f  the canyons d is -  
p lay t r e l l  i s - 1  i ke drainage patterns formed by second and t h i  rd-order t r i b u t a r i e s  
w i t h  a spacing o f  about 300 m and 100 m respect ively.  T r ibu ta r ies  o f  adjacent 
canyons general ly meet, and have completely dissected the in tervening spurs. 
The major canyons d isp lay a h igh ly  meandering thalweg. The channel wal ls  are 
scalloped; debr is on the channel f l o o r  i n  some places suggests t ha t  these 
scallops are crescent-shaped s lump scars. The smaller canyons (which do no 
indent the she l f  edge) are s t ra igh te r  and d isp lay long i tud ina l  channel- f loor 
r idges. Large l e n t i c u l a r  avalanche scars scu lp t  the regional slope between 
the major canyons (Ryan, 1982; Farre, 1982; Malahoff e t  a1 . , 1980). 

Submarine s l ides  and slumps have now been ident i 'F ieTon near ly  a l l  COP- 
t i nen ta l  margins. These range i n  s i ze  from a s l i d e  covering more than 45,000 km2 
on the cont inental  r i s e  o f f  Northwest A f  i c a  (Embley and Jacobi , 1977) t o  i n -  5 div idual  s l i des  measuring less than 1 km on the Miss iss ipp i  de l t a  f r o n t  (Numnedal 
and Pr io r ,  1981). Mass-rmvement appears t o  be the dominant mechanism f o r  t rans- 
po r t  o f  sediment from shallow t o  deep water on a l l  cont inental  margins. Marine 
geologic evidence indicates t h a t  many submarine s l ides  are transformed downslope 
i n t o  debr is f lows and t u r b i d i t y  currents (Hampton, 1972; Embley, 1982, Heezen 
and Ewinq, 1952). The morphologic expression o f  the debr is f low deposits and 
t u r b i d i t i e s  i s  inadequately known la rge ly  due t o  the  scarc i t y  o f  deeo-water 
s ide scan sonar surveys. It i s  known, however, t h a t  long, continuous gent ly 
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sinuous channels traverse the continental r i s e  and abyssal p la ins away from 
major canyon systems (Curray and Moore, 1974). Some o f  these channels are 
more than 1000 km long, a few km wide and up t o  100 m deep. Dee-sea fans 
appear t o  include both b i fu rca t ing  and meandering channel segments. 

The assemblage o f  features due t o  mass-movement on t .  ? earth 's  con- 
t inenta l  margins i s  i den t i  ,. : i n  scale, topographic se t t i ng  and rnorphologic 
de ta i l  t o  the complex erosional features on Mars. 
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WUR BASAL MLTIHC CN MA&. 
Stephen M. Clifford, Deparmnr of Physics and htronany, University of hnssachusetts, knherst, HA 
01003. 

lh wsslbility of polar basal melting on k r s  has bean d l ~ ~ u m d  as a potentially important 
process tn uderstandinq the climatic history of h20 on h r s  rd the evolution of the mrtlan 
polar terrains (Clifford, 198Oa,b,c; Ward, 1981). In this abstract 8meral key points of thls 
subject will be reviewed. 

Q? Earth, thc tern 'basal melting" la usually applid o n ~ j  bhem melting occurs at the 
Interface bet-n an ice sheet and the bed on chich it rests. 'hat IS, If a Ice snret is thick 
enouqh for the cdlnation of the Earth's ysothennsl heat flux a d  m y  frictional haat produced by 
glacial slidiq to raise the tonpcrature at its bsse to the nltlnp wint - thm basal a1t:ng is  
said to orrur. !bwver, consider the znse Mere the thickness of the ice nheet falls short of that 
required for rltlrq to cccur at the ice sheet's base. In thls instance the ncltinq isotherm will 
lie at some depth below the b s c  of the ice sheet but within the bed an hi& the ice shnt rests. 
It is important to note tha", i t  the bcd is porous, pxv Ice is likely to exist in the reqlon 
between the melting is~ttictm an3 the barn of thc ice sheer. If additional snow or ice accunulates 
on the surface of the ice sheet, then the melting isotherm will rise hiqher in the frozen bed in 
response to the added insulation. As the isotnerm rlses It wi'' release, as a liquid, any ice 
lhich m y  have previously existed within the pores of the froztn M. Mile mlting will not 
technically occur at the actual ba.w of the ice sheet, an increase in the ice sheet's thickness 
will nevertheless result in the melting of pore Ice teneat1 the ice sheet. In the discussion hich 
follows, the use of the telm *basal melting" wil? te-1.d to include any situation where pre, 
or glacial, ice is mired as the result of a chnge in the prsition of the melting isotherm. 

Basic assurptions. The exteni. of the lnsrtiar~ cryospherc is determined by both the If vdinal 
variahn of mean amla1 surface tt*npratures a d  by the value of the mrtlrn gsotheraal .'adlent. 
Present thermal models suggest that the depth ta the 273 K iso'*erm varies £ram 8pproximte:y 1 kv 
at the quator t '  perhaps as much as 3 kn at thc mrtisn poles (Farmla, 19768 Rosobachtr and 
Judson, 1980). Rhcent estimates of the t 3t4l inventory cf H 0 on Mars (hllack ad Black, 1979; 
Lewis, personal cunnunic@tion, 1980) are uufflciently large & a t  the q r o d  ice capxity of th' 
mrtian cryosphere, at least near the poles, Is likely to be saturated. Therefore, as in the 
exanple discussed in the previouv paragraph, the deposition of any additionzl material in the 
martian plar regions will result in a situation here the aquilioriun depth tk the nltlnq 
isotherm has been exceeded - thus, basal meltiq will begin, a d  continue, until che equilibriun 
depth to the melting isotherm is once again established. Any mltuatcr produced as the result of 
this resdjustment will fill the available pore space that exlsa beneath the marttan cryoophere. 
Cslculatlons, based on a lurar m a l q  indicate that the mrtlan crust my remain prrus to a depth 
of almost 10 kn (Clifford, 198la). Irdeed, *h availabe pore volune beneath the mr'c:an cryon~here 
appears sufficient to store a sizablz reservoir of H as groundwater. This storye potential 
may have inportant consequences for the climatic khador of water on Mars - a sub]ezt hich will 
be discusst4 in greater detail later in this abstract. 

~ermal calculatlcms. nte Lhickness of the martian polar deposits rcqulred for basal nclting 
can be calculated from: 

here k is the efftctive thermal conductivity of the polar deposits, ? 13 the melting 
point t*ra:ure oi the ice (thich may k depressed below 273 K due to &ssure md solute 
effects), T is the mem annual surface temperciture, is the geothermal heat flux, and Qf 
is the frlCt70~1 hat due to glacial sliding (Clifford, q98Oa). 

'fhe effective thermal conductivity of the polar deposits is dependent on the quantity of dust 
e.ltraintd in the ice. Mter & Vries (1963, 1975) the effective rJonductivlty, keft0 of this two 
canponent mixture can be calculated fran the relation: 

here ki and kd are the thermal co~~tivities of K C  Md dUSt, f Md f are their 
respective v o l w  fractions (f t f = l), a d  *ere F IS a utightiq & . o r  that represents 
the ratio of the sveraqe t&&rdt&e gradient throuqh thc- dust grains verrur the averqe 
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TWLE 1. THICKNESS W POUR EPOSITS REPUIREO FOR CZXmikX@lAL CIELTIK; (Ts- 165 K) . 
h s t  Content of Required Thickness (km) 
Polar Ice Tm= 220 K TW= 250 K TW- 273 K 

- 

3 Mopted edalwj: k.= 2.7~10~ cal/(an yr K) , kd= 3.1~10 calllan yr K) , 
Qg=22 cal/(a yrt. Q:- 0. b2.05. 

temperature gradient through the ice. Ihe actual value of F is also dependent on the size 
distribution, shape, and orientation of the dust grains (the derivation of Equation 2 Md the 
appropriate formula for calculating the weighting factor F can be f o d  in de Vries (1963, 1975)). 

Calculated values of H far various dust coptents and melting temperatures are presented in 
Table 1; assuned values for the varicus banstants in Equtions 1 and 2 are also listed in the 
table. Ihe listed value of F was calculated for ellipsoidal particles with a mjor axis six tiares 
the length of each minor axis; the particle orientation is assuned to be randan ( W w ,  1969). 'Itbe 
nelting point tenperatures of 220 K and 250 K were included to allow for the pssibility that ults 
contained in ehe dust (specifically: CaCl and NaC1 ) might significantly lower the tempiature 
required for basal melting. m e  presence 8f even a &all quantity of salt may Lx important - for 
it opens the possibility that melting may occur, not at a discrete depth defined by a particular 
isotherm, but w e r  a broad range of temperatures represei ting m equally broad range of depths 
within the polar deposits. 

Stor e of a rimitive ice sheet. Based on the p3ssit.e identification of table mountains and 
r e l a t e  ogiet -n Mars, it has been proposed that an extensive ice sheet may h a w  m 
covered sizable areas of 4 t h  the rnrthern and southern hemispheres (Allen, 19796; tbdges and 
Hoore, 1979). Arvidson et al. (1980) have argued against such a proposal on the basis that the 
difficulties involved ir s e  rennva? and storage of such a large volune of ice appear 
insukuntable. Homer, the process of basal meltirq m y  resolve both of these major objections 
(Clifford, 1980~). 

Ice will remain stable on the mart.ian surface only at latitudes U~ere the daily temperature 
remains continuously below the frost p~int. If b r s  ante possessed extensive polar ice sheets, 
then this fact may help to account for their subsequent d.sapparance. Consider for exam;;;e that, 
after the ice sheets h d  reached their m a x i m  areal c?xtent, t..? martian climate w a d .  As man 
annual temperatures increased in the equatorial and temperate zones, the position of the frost 
point latitude migrated towards the poles. men this latitud: passd the outer perimeter of the 
ice sheet, the ice began to &late and redistribute itself poleuard via cold-trapping. & a 
consequence, *at the ice sheet lost in areal extent it oained in thickness at the poles. With 
this added thickness, the melting isotherm readjusted to maintain its equi1ibr:m depth from the 
surface - resultirq in the initiation of basal melt~ng. If the area involved in btisal melting was 
equal to the present extent of the north M d - ~ u t h  polar depsits, and if the qeothe,ml heat flux 
had a value of approximately 22 cal an-2 yr (Fande, 1976), then a 500 m thick ice shee: that 
once covered 408 of the planet's surface could be introduced into the martian crust as grouduater 
in just a few million years. 

m e  -origin of Chasm breale It has been suggested (Clifford, 1980a,b) that Oms& Bornale 
(85'~~ OW), and ~Tmilayfeatures In Lntl~ the north ard suutll polar terrains, may have 
formd by the catastrophic reldase of a large subsurtace reservoir of glaclsl meltwater. This 
hypothesis is consistent with the depths for basal melting presented in Table 1 ard with certain 
rorphologic similarities between Chasm Boreale and features, folnd elsebhere on the planet, *hose 
origin is populsrly attributed to a catastrophic release of groundwater. Of particuls; interest. 
are the similarities between Olasma Boreale and Riva Vallis (2%, 43%. Ihe differences that. 
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exist kt- Wsa t m  features crr r.uarubly tm attributd to their d!fferlng geoloqic 
onviroruents. br exuple, the large blocks of disrupted crwtrl mterisl alch are vislblc on the 
floor of Riva Vsllis uwld k t  be expctd in Chrrv Boreale. lb r e a m  for thls is that the 
polar dopoalts rpprrently m i s t  of fine dust psrtlcl~s rrtralnod In a matrix of wter ice. 7 b  
diaruptlon of these dapoalts, by th catatmphlc relearn of r 8Uxjlacial lake, uwld rlter the 
wnrltlw insolation blm that had previously preucval this polar materiel. Ih. ch.nge in s m  
angles .nd the upowre of low albedo dust uould Ilkely result in the waporation of interstitial 
ice from the disrupted blocks of polar deposits. 'Ihe rrrw.1 of this binding qont w 1 d  alht 
strong polar winds, h i n d  by the channel, to erode m3 transport the resultlaq &dinar?t 4onq 
the channel floor (btts, 1973). *lie a flwial origin for Qwlu breale is not tho only 
explanrtion for thls future, it is consistent 4 t h  h t  o m  might ex- if polar Rwsl melting 
ueta wl&spr.d on Wra. It should be noted thnt a slnilat i b  for tln orlgln of Owu Boreale 
was propaed in a slightly different context by Uallace snb Ssqm (1999). 

lh climatic khwior of H 0. M t  calculations on thc st&illty of groud ice in tno 
aprst~?GEZq~an OE Mrs m g q a s h t  any q r d  ice, earlier than 3.5 billion years spo, 
may have long s i m  been lost by subllmtlu, to tho atm@mre (Clifford rd Hlllel, 1982). Yet 
various lines of mrphologic evidence -st that substantial guantitias of gmund ia have 
existed in thr quatorial region of h r s  thr~lghout its geoloqic history (Johansm, 1978; Allen, 
1979; -rbachar and Judson, 1981). In an a t t a p  to address this apparent canfluX, a nodal for 
th. cllnrtic bhrvior of 0 on h r s  ha been p r o w  (Clifford and l&guenin, 1980; Clifford, 3 1981b). This model upges that as equatorial grows3 is drpletad, it may k raplmishd by 
the thenmi ralqration of H 0 from rn extensive subpmfrost grourdwter system. lhe qroudwster 
systn is in turn replrnldmd t&cn H 0, rearltlrq £ran the aubllastlcn of equatorla1 proud ice, 
is add-trsepd into the polar rrgi& - *re, as before, the d d d  layer of lnwlatlan results in 
basal melting. lb prinlclprl asset of this model is that it reprerents m essentially steady- 
state hMroloqic cycle h i c h  does m t  requlre m y  significant priods of cliaatic chyrge to accornt 
for the ql&l redistribution of H 0 A major mcertair.ty a d  potmt!nl shortcamlq of this 
d l  1s hther the H20 inventory % )Yrs is 1anp em!& to -rt u* required planet-ui,lb 
grourduster system. 

'he potential lrport~cc of polar bn-1 ralting on Nrrs is not limltd to U* amples 
d!&ussod a h .  Ebr instur*, ~~ [i981) hssl rmntly Lugq.rted that polar bwml ml~!rq m y  
be responsible for the origin ot the e t ~ W  plains and kaluad ridges of the much polar ragion. 'b 
adoress these ard other gucstions, a mre detailed treatant of polar basal meltiq on hats is is 
prepration. ?his research uss w r t e d  mder EUSh Gra .t H9G 7405. 
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Duwayne M. Anderson 
State University of New York at Buffalo 

Terrestrial permafrost varies widely in its physical and 
uacbanical pmperties and behavior. Ice content, for example, m y  
range frrrn 0 to 100%. Moreover, the ice content of penmfrost is only 
a fraction, albeit the predaainant one, of the total water content. A 
significant fmtioa of the total arater present exists in an u n f m n  
state and is distributed throughout the pore space and interfacial 
voluaes. The proportion of ice to unfmzen aater varies in a 
chaFacteristic nnnner with tenperature and solute concentration. 
These basic facts determine, far example, the strength and defonmtion 
pmperties of permafrost and also its hydmlogical and electrical 
properties. Reliable relationships among these pmpertles are 
derivable from basic thermodynamic theory and from empirical 
relati0118hips m t l y  established by laboratory and field data. 

FeIIllaf~ost exists at all latitudes on Mars. The temperatures and 
pressures characteristic of the various locations and regions 
detexmine, to a large extent, the depth and distribution of penmfrost 
and together with ground water salinity, contml its ice content, 
strength and defor,mt+on characteristics, hydrological and electrical 
pmperties, etc. Calculations based on the Viking Mission Data 
results indicate that penmfmt thicknesses range frrm about 3.5 
kllaneters at the equator to approximtely 8 Mlameters in the polar 
regions. The depth to the bottan of Martian pemafmet are mre than 
three times the depths characteristic of p e m f r o s t  in terrestrial 
polar locations. MaFtian pelmafmst is much colder than terrestrial 
permpimet. Consequently, the proportion of unfmem water to ice is, 
in general, mch lower. This, hmever, m y  be arnearhat offset by the 
higher salinity of Martian penmf'mst. The canbicaticn of law 
tenperatures and great thicknesses of Martian pelmafrat, coupled with 
the lar atmospheric pre8mn-e and very snrrll mowfall, enhance the 
stability of the Martian swface. The "active layer" on Mars is 
extremly thin cunpared to that of terrestrial permfrost, making 
Martian penmifrost much more resistant to erosional processes than is 
the case cn Earth. 



ICE-WEDGE POLYGONS, BAY DJARAKHS, AND ALASES I N  LUNAE PLANUM AND CHRYSE PLANITIA, 
MARS. George A.  Brook, Department of Geography, Un i ve rs i t y  of Georgia, Athens, 
Georgia 30602 

Based upon the  est imated temperature regime permafrost must e x i s t  every- 
where a t  shallow depth below the  Mar t ian surface. Furthermore, t he  
morphological evidence, i nc l ud ing  pat terned ground, poss ib le  thermokarst 
depressions, massive slumps (chao t i c  t e r r a i n ) ,  and rampart c ra te r s  (1, 2) 
s t r ong l y  suggests the  present o r  former ex is tence of considerable volumes of 
ground ice.  A t  the  present t ime water i n  t he  form of i c e  could e x i s t  i n  
equ i l i b r i um w i t h  t h e  atmosphere i n  the po la r  l a t i t u d e s  t o  approximately 4 40" 
(3)  and meandering stream channels a re  persuasive evidence t h a t  water was much 
more comnon a t  o r  near t he  Mar t ian  surface i n  the  past. 

Two 1 andforms comon i n  t e r r e s t r i a l  permafrost areas, namely i ce-wedge 
polygons and thermokarst alases, have a t t r a c t e d  a g rea t  deal o f  a t t e n t i o n  
because morphological 1y s imi i a r  forms have been i d e n t i f i e d  on Mars. Polygonal 
pat terns on the  Mar t ian surface a re  abundant throughout t he  nor thern  l a t i t u d e s .  
I nd i v i dua l  polygons, however, range from 2-20 km i n  diameter and most a re  
there fo re  much l a r g e r  than t e r r e s t r i a l  examples which r a r e l y  exceed 100 rn across 
(4).  Black (5 )  po in t s  ou t  t h a t  on Mars the  reduc t ion  of g r a v i t y  t o  a t en th  of 
t h a t  on Ear th  would permi t  some enlargement o f  polygons b u t  no t  t o  ten t imes 
the size. A1 though i t  i s  1 i ke l y  t h a t  Mar t ian ice-wedge polygons could exceed 
100 m i n  diameter, the l a r g e r  features i d e n t i f i e d  a re  more l i k e l y  t o  be 
developed i n  rock r a t h e r  than i n  i c e - r i c h  sediments, and may have formed i n  
response t o  t ec ton i c  tens ional  stresses (6) .  

Depressions t h a t  resemble t e r r e s t r i a l  thermokarst a1 ases i n  morphology and 
s i ze  have been i d e n t i f i e d  i n  Chryse P l a n i t i a  i n  a tab le land  comprised o f  layered 
deposi ts (1 )  and i n  suspected aeo l ian  deposi ts i n  Lunae Planum (7 ) .  I n  both 
areas depressions have f l a t  f l o o r s ,  steep sides, and c i r c u l a r  t o  i r r e g u l a r  
p lan imet r i c  ou t l i nes .  Coalesced forms a re  common. I n  add i t ion ,  The i l  i g  and 
Greeley repo r t  t h a t  i n  the Lunae Planum examples, a knobby t ex tu re  tends t o  
occur along the sides which may i n d i c a t e  areas where the process o f  a las  forma- 
t i o n  d i d  not  go t o  completion. I f  these Mar t ian depressions are indeed alases, 
the var ious stages o f  development from i ce-wedge polygon t c  ? as topography 
should be evident.  Ne i ther  Carr and Schaber nor T h e i l i g  a; ee ley r e p o r t  
having seen the f u l l  range o f  forms t y p i c a l  o f  a las topograp,_ 2n Earth. 

As described by Soloviev (8 )  development o f  t e r r e s t r i a l  a las topography 
begins w i t h  the format ion o f  h igh  centered polygons and i n t e r s e c t i n g  networks 
o f  t r ough - l i  ke depressions as the  polygonal system of ice-wedges beyins t o  thaw. 
Further me l t ing  Jeepens the  troughs causing the sides o f  the polygons t o  slump 
and t o  form conica l  mounds c a l l e d  baydjarakhs. As degradat ion continues the  
baydjarakhs co l  lapse and decay w i t h  the format ion o f  uneven-floored depressions 
(dujodas) w i t h i n  the baydjarakh f i e l d .  Continued co l lapse u l t i m a t e l y  produces 
c i r c u l a r  t o  ~ v a l  depressions w i t h  steep sides and f l a t  f l o o r s  (alases).  

De ta i led  examination o f  V ik ing  o r b i t e r  images of the areas o f  Lunae Planum 
and Chryse P l a n i t i a  p rev ious ly  examined by The i l  i g  and Greeley ( 7 )  and Carr 
and Schaber ( 1  ) has revealed 7andforms t y p i c a l  o f  the var ious stages o f  a l as  
development on Earth. The sequence o f  forms i s  best seen on V ik ing  image 8A74, 
which covers a small p a r t  o f  Chryse P l a n i t i a  (F ig .  1 ) .  I n  t h i s  area l i gh t - t oned  
polygonal pat terns (3.1-1.0 km i n  diameter are v i s i b l e  adjacent t o  several  f l a t -  

. i 
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f l oo red ,  steep-hlal l e d  depressions which resemble alases. The polygons appear 
t o  be o f  the  low-centered v a r i e t y  and i n t e r s e c t  t h e  w a l l s  o f  some depressions 
(e.g., a t  A and B i n  Fig.  1 ) .  The i r  sca le  i s  on l y  s l i g h t l y  l a r g e r  than i ce -  
wedge polygons on Ear th  suggesting t h a t  they may have been produced by thermal 
con t r zc t i on  o f  i c e - r i c h  sediments. Small -sca le  polygonal pa t te rns  a re  a1 so 
v i s i b l e  on V ik ing  images 3A72 and 34A83 of Chryse P l a n i t i a .  

Polygoqs 250 m across a t  l o c a t i o n  C i n  F igure 1 a re  high-centered and form 
a knobby t e r r a i n  where they merge w i t h  a f l a t - f l o o r e d  depression t o  the  west. 
The topography a t  C i s  s i m i l a r  t o  knobby t e r r a i n  around t he  margins of f l a t -  
f l oo red  depressions i n  Lunae Planum (7 )  and c l o s e l y  resembles t e r r e s t r i a l  
baydjarakh topography produced by degradat ion o f  i ce-wedge polygons. I n d i v i d u a l  
knobs i n  Lunae Planum (V i k i ng  images 74 A09 and 74A10) a re  0.4-1.0 km across 
and a re  the re fo re  o f  comparable s i z e  t o  knobs and polygons i n  Chryse P l a n i t i a ,  
and t o  small-scale, low-centered polygons 0.4-1.0 km across a t  17.6ON, 57.0°W 
i n  Lunae Planum (9) .  

The sequence o f  landform development i n  Lunae Planum and Chryse P lan ' t i a  
from small -scale,  h igh-  and 1 ow-centered polygons, through knobby t e r r a i n  
resembl i n g  baydjarakh topography, t o  f l a t - f l o o r e d ,  steep-wal led,  r im less  
depressions s i m i l a r  t o  alases and a ias  v8 l  leys,  exac t l y  para1 l e l s  landform 
evo lu t i on  i n  t e r r e s t r i  a1 i ce-wedge thermokarst regions. Moreover, morphological l y  
s i m i l a r  landforms on Ear th  and Mars have comparable dimensions. This s imi  l d r i  t y ,  
and the  presence of well-developed rampart c ra te r s  near poss ib le  t h e r m k a r s t  
topography i n  Chryse P l a n i t i a ,  suggests t h a t  the  sedimentary b lankets  i n  
Lunae Planum ant  Chryse P lan i  t i a  p resen t l y  con ta in  ( o r  once contained) l a r g e  
volumes o f  ground i ce ,  and t h a t  ground i c e  degradat ion has produced thermokarst 
features.  
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GROUND ICE AND DEBRIS FLOWS I N  THE FRETTED TERRAIN, MARS 
Baerbel K. Lucchi t t a ,  U.S. Geological  Survey, F l ags ta f f ,  AZ 86001 and 
J. H. Persky, Dept. o f  Geology, Boston Un i ve rs i t y ,  Boston, MA C2215 

The h igh land boundary i n  P ro ton i l us  and k u t e r o n i l u s  Mensae i s  
d issected i n t o  f l a t - f l o o r e d  va l l eys  and angular mesas, t h e  so-cal l e d  
f r e t t e d  t e r r a i n .  Sharp (1) a t t r i b u t e d  i t s  o r i g i n  t o  t he  sub l imat ion  o f  
i c e  on scarps, mass wasting, and poss ib ly  removal o f  t he  ma te r i a l  by 
wind. V i k i ng  p i c t u res  show debr i s  w i t h  apparent 1  i nea r  f l o w  markings i n  
va l leys  and below scarps. The i n f e r r e d  mass movement was a t t r i b u t e d  ?y 
Carr and Schaber (2) t o  g e l i f l u c t i o n  and by Squyres ( 3 )  t o  r ock -g l ac i a l  
flow. The present study, based on an examination o f  V i k i n g  images, 
o f f e r s  a  new i n t e r p r e t a t i o n  f o r  t h e  o r i g i n  o f  f r e t t e d  t e r r a i n .  

Our study conf i rms previous observat ions which noted t h a t  debr i s  
b lankets  extend, on average, no more than  20 km from t h e  scarps ( 3 , 4 ) .  
Because t he  debr i s  b lankets  are young and t o o  small t o  account f o r  scarp 
r e t r e a t  o f  more than about 5 km, Squyres (3 )  proposed t h a t  t h e  major 
d i ssec t i on  o f  t he  f r e t t e d  t e r r a i n  belonged t o  a  former epoch and was 
done by a  d i f f e r e n t  mechanism, and t h a t  t h e  p resen t l y  observed mass 
movement i s  on ly  a  minor r e a c t i v a t i o n  o f  e ros i cn  on t he  scarps. Ye 
be1 ieved t h a t  t he  o r i g i n  o f  the  debr i s  b l a n k t s  i s  t he  r e s u l t  of 
i ncorpora t ion  o f  seasonal f r o s t  i n t o  t a l uc  t h a t  then f lowed from the 
scarps l i k e  rock g lac ier5.  We disagree w r th  t he  view t h a t  a  d i f f e r e n t  
mechanism was respons ib le  f o r  t he  format ion o f  f r e t t e d  t e r r a i n  i n  the  
past and t h a t  seasonal ly added i c e  i s  t be  mechanism respons ib le  f o r  t he  
f l ow  o f  debris. Even though t runk  va l l eys  such as Mamers Val1 i s  may 
have formed when water e ros ion  played a  s i g n i f i c a n t  r o l e  i n  t he  past, 
t he  major d i ssec t i on  o f  the  h igh land scarp i n t o  f r e t t e d  t e r r a i n  has 
probably been due t o  the  same deb r i s - f l ow  process t h a t  we observe 
today. Moreover, seasonal f r o s t  appears t o  be i n s u f f i c i e n t  t o  act  as a  
l ub r i can t .  Reasons f o r  these asser t ions are given below. 

1) The seasonal water f r o s t  observed a t  t he  Lander 2 s i t e  i s  very 
t h i n  and sublimated a f t e r  some months (5).  Perco la t ion  of t h i s  water 
i n t o  a  t a l u s  p i l e  i s  u n l i k e l y  under present mar t ian condi t ions.  Squyres 
(3)  v i sua l i zed  b u r i a l  o f  such f r o s t  l ayers ,  bu t  bur i31 would imply r a p i d  
t a l u s  accumulation; such rock p i l e s ,  however, would d i l u t e  t he  i c e  t o  an 
ex ten t  t h a t  would p r o h i b i t  e f f e c t i v e  l u b r i c a t i o n  and f l o w  o f  rock 
g lac iers .  

2) Most t r i b u t a r y  canyons t o  f r e t t e d  channels are f i l l e d  w i t h  
young l i n e a t e d  debr i s  whose surfaces a re  graded toward t he  main 
channels. The debr i s  comes from round, c i rque1  i k e  v a l l e y  heads t h a t  
apparent ly extended headward by sapping. This sapping process and t he  
accompanying debr i s  flows created t he  f r e t t e d  channels t h a t  we see 
today; t he re  i s  no ceed t o  c a l l  on a  former d i f f e r e n t  process f o r  t he  
f o r n a t i o n  o f  o l de r  f r e t t e d  channels. Also, t h e  t y p i c a l  angular shape o f  
o u t l y i n g  meras appears t o  be a  d i r e c t  r e s u l t  o f  the  r a p i d  removal o f  
mate r ia l  from c l i f f s  by debr i s  f lows; again, the  shape o f  t he  scarps and 
the  f l o w  o f  debr i s  appear t o  be i n t i m a t e l y  re la ted ,  and a  d i f f e r e n t  
mechanism f o r  t h e  o r i g i n a l  format ion o f  the  angular mesas seems 
un l  i kely.  



3) Bent and t i l t e d  surface layers a t  the edge o f  scarps, and 
layers c ~ l l a p s e d  over 1 inear troughs ind ica te  tha t  subsurface mater ia l  
was removed. Such removal could have been by f low o r  by l oss  o f  
substance t o  the ground o r  the  atmosphere. I n  e i t h e r  case, the  presence 
of i ce  would f a c i l i t a t e  the removal of mater ia l ;  i c e  would l ub r i ca te  
rocks and promote f l ow  o r  i c e  would sublimate o r  melt. Thus, i t  i s  
l i k e l y  t h a t  the ground i n  the v i c i n i t y  o f  the  f r e t t e d  t e r r a i n  contains 
ice. Such ice, f resh l y  exposed i n  steep scarps, could have mobi l ized 
the material  i n  the s ~ a r p s ,  and served as l ub r i can t  fo r  the rock-g lac ia l  
flow. 

4) The volume o f  ma+.erial removed from t r i b u t a r y  canyons i s  l a rge r  
than tha t  deposited i n  debris aprons i n  the main channels. S imi la r ly ,  
as pointed out by Squyres (3), the volume of mater ia l  removed from 
iso la ted  mesas i s  not matched by the volume i n  debris blankets 
surrounding the mesas. Add i t iona l ly  , elongate and enclosed troughs 
contain debris blankets, but, because o f  the enclosure, the loss  o f  
matel*ial cannot be due t o  flow. In a l l  the above cases there i s  a 
problem w i t h  the m a s  balance; because the deposits are too  small, one 
i n f e r s  tha t  mater ia l  disappeared. Erosion by wind has been c i t e d  
previously (1) t o  account f o r  the loss. However, even though f ine-scale 
wind features can be detected on very h igh-resolut ion pictures, the 
overa l l  landscape does not suggest in tensive erosion by wind; f o r  
instance, p a r a l l e l  r idges and g u l l i e s  t yp i ca l  o f  wind erosion i n  
Memnonia and the Valles Marineris are absent, instedd, the landscape i s  
dominated by smoothly curved debris aprons w i th  f low-1 ineated surfaces 
and broadly s c a l l  oped scarps i nd i ca t i ve  o f  mass wasting processes. Wind 
erosion appears t o  have been r e s t r i c t e d  t o  the 1 i f t i n g  o f  f i n e  mater ia ls  
already chemically d is integrated o r  mechanically dispersed. Our 
preferred explanation fo r  the l oss  of la rge  amounts of mater ia l  from the 
debris blankets i s  t ha t  the blankets contained more I ce  than prev iously  
thought (30 percent estimated by Squyres ( 3 ) )  and that ,  perhaps, they 
are vore l i k e  g lac ie rs  than rock glaciers. The i c e  could disappear 
eventual ly by subl imation i n t o  the atmosphere o r  by percolat ion i n t o  the 
ground a t  the base o f  the aprons. Because we believe, as pointed out 
above, t ha t  the i ce  i n  the aprons i s  derived from ground ice, i t  fo l lows 
tha t  the ground underlying the f r e t t e d  t e r r a i n  i s  a lso h igh l y  charged 
w i th  ice. 

Squyres (3) noted tha t  debris aprons on Mars are concentrated i n  
two l a t i t u d i n a l  be l t s ;  the be l ts ,  about 25" wide, are centered on 
l a t i t u d e  40" N and 45" S. He a t t r i b u t e d  t h i s  zoning t o  c l ima t i c  cont ro l  
and the acqu is i t ion  o f  seasonal f ros t .  We agree w i t h  the c l i m a t i c  
contro l  hut disagree w i th  the f ros t  hypothesis, and we o f f e r  an 
a l t e rna t i ve  explanation. According t o  Farmer and Doms (6). i c e  a t  a 
depth o f  about 1 rn i s  i n  equ i l ib r ium w i th  the atmosphere nor th and 
southward o f  40" l a t e  This l a t i t u d e  coincides roughly w i th  the b e l t  
occupied by the debris blankets, and i v  t h i s  region, near-surface i ce  
c o ~ : d  remain i n  the  round f o r  an extended period of time. Farther 
south, i n  the equator ial  area, i ce  exposed i n  scarps would subl imate 
from the ground an3 the scarps would s t a b i l i z e  through the shedding of 
ta lus ;  f a r t h e r  north, the temperatwe would probably be too co ld  t o  



permit g lac ia l  o r  rock g l a c i a l  flow. Ir, the l a t i t u d e s  of the f r e t t e d  
te r ra in ,  where the debris blankets occur, condit ions would permit both 
re ten t i on  o f  near-surface i c e  i n  the ground and movement of i ce - r i ch  
material. 

Thus, the fo l lowing s e t t i n g  can be envisioned f o r  the formation of 
the f r e t t e d  te r ra in :  i ce - r i ch  ground underlying scarps o f  tec ton ic  or, 
perhaps, ancient f l u v i a l  o r i g i n  became mobil i r e d  and the  i ce - r l ch  debr is  
flowed away under i t s  own weight, r e s u l t i n g  i n  col lapse o f  the scarps o r  
undermining and sapping a t  va l l ey  heads. The col lapsed material  a lso  
became mobi l ized g i v ing  r i s e  t o  continued f resh  exposures on scarp 
surfaces and continued r e t r e a t  o f  the scarps. Many years o f  exposure of 
the f lowing material  t o  the atmosphere eventual ly  caused subl imation of 
the  ice; the  small amounts o f  rock contained i n  the debris blankets may 
have d is integrated and been dispersed by the  wind. The young age o f  the  
debris blankets suggests t h a t  the process tha t  formed the  f r e t t e d  
t e r r a i n  i s  cu r ren t l y  ac t i ve  (3). I f  t h i s  process were rapid, then the  
f r e t t e d  t e r r a i n  would be young; i f  t h i s  process were slow, which i s  more 
probable under present mart ian environmental condit ions, then the  
incept ion of the formation o f  f re t ted  t e r r a i n  could be old. The process 
could a1 so have been i n te rm i t t en t  and re1 ated t o  astronomical c l  imat i c 
cycles. Further study may shed l i g h t  on these a l te rna t ives*  
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DOWNWARD-TRAVELLING INFRARED FLUX AT THE MARTIAN SURFACE FOR PAST co2h20 
ATMOSPHERES 
Gary D. Clow, U.S. Geological Survey, Henlo Park, CA 94025 

The martian polar laminae and quari-dendritic valley network8 indicate 
that the climate of -Hats has changed with time. The morphology of the 
valley networks is most consirtent with formation by running water [ 1 ] . 
Although periodic orbital variations may cause the eurface pressure to 
orcillate between <1 mb and 20 mb as CO ir exchanged between the regolith, 
atmosphere, and polar caps [2,3 1 , rue6 variations cannot induce climate 
change of the magnitude necesrary for the formation of valley networks. 
Despite occasional midday equatorial temperaturer above 273'~ 141, the 
present climate is simply too cold to rupply enough liquid water to rupport 
valley network formation. Wallace and Sagan [5] found that the evaporation 
rate of ice ir sufficiently slow even with the prerent martian climate that 
liquid water could flow beneath a 10 to 30 m thick ic 1 yer for hundreds 
of kilometers with discharges on the order of loo1 >s-'. However, the 
source of the running water remains a problem. Although the melting of 
subsurface ice or permafrosrt by geothermal activity may have supplied water 
for some valley networks 151, nearly all the valley networks are restricted 
to the old cratered terrain and they themselves probably ceased to form 
shortly after the decline in the intense bombardment 3.9 billion years ago 
161. As discussed by many authors, a greenhouse effect may have enhanced 
surface temperatures during a period of high surface pressure, to the p~int 
that liquid water could exist on or in the ground that might subsequently 
run off or seep into the valley networks. A compa~lron of the volatile 
inventories of the terrestrial planets by Pollack and Black [7] showed that 
the equivalent of from 1 to 3 bars of C02 may have been outgassed from 
Mars. Pressures of at least 500 mb are required for the mean global 
surface temperature to reach 273'K with a co2/H20 greenhouse effect 
[3*8,91 

The thermal structure of the lower atmosphere, the disposition of 
volatiles in the eoil, and the evaporation rates of surface water ice and 
C02 frost, all partially depend on the exchange of energy at the ground- 
surface interface. The downward-travelling infrared flux emitted by the 
atmosphere is likely to have been a significant component of the surface 
energy balance for past martian climates. To aid in the study of near 
surface processes, the downcoming IR flux from the atmosphere reaching the 
ground (IS) was calculated for various rurface pressures and temperatures 
for atmospheres composed primarily of C02 with traces of water vapor. Carr 
[ l o ]  is currently incorporating the effect of IS , a term that was ignored 
in the study by Wallace and Sagan [S], into his invertigation of the 
stability of ice overlying running water. In the calculation of I+, each 
atmospheric level was assumed to emit black-body radiation at the local 
temperature. Absorption of the propagating radiation by C02 and H20 
molecules was approximated through the ure of absorption bands that were 
modified from those used by Hoffert et a1. [ 9 ]  to yield the band 
absorptances for downward-travelling radiation and to guarantee that the 



abrorption of upward- and downward-travelling IR radiation would be the 
r a w  when traversing the r a m  atmorpheric path. The bandr include the 
effects of the 15 Dm fundamental tranrition of C02, the hot bandr of CO at 
10 and 15 pm, the rotation bandr of H 0 from 18 to 100 pm, and the e-fype 
continuum of H20 from 8 to 12 pa, I tmgrpheric prerrure war arsumed to 
decreare exponentially with altitude uring 8 m a l e  height rppropriate for 
C02 while the H20 vapor pressure war rcaled with the fourth power of 
rtmorpheric prerrure. The relative humidity war arrumed to be 100% at the 
rurface for thir set of caluclationr. In an attempt to duplicate the 
approximate radiative equilibrium conditions for the present martian 
ataorphere, temperatures were arrumed to drop exponentially with altitude 
to a limiting value of 160°K (75% of the effective planetary temperature, 
212'K) with a thermal scale helght of 4 0  km. 

The calculated downcoming infrared fluxes (I+) are rhown in figure 1 
along with the envelope of values for mean global surface temperature as a 
function of rurface pressure nr determined by Cess et a1.[8], Hoffert et 
a1.[9], and Pollack [ll]. As expected, I is a rapidly increaring function + of surface temperature which is in turn an increasing function of rurface 
pressure. The downcoming IR flux approaches the values for the upward- 
travelling infrared flux emitted by the ground as surface pressurn 
increases, when the ground temperature and the surface air temperature are 
equal. For situations where the ground temperature is significantly below 
the mean surface air temperature, such as for soils at night or small 
bodies of surface ice, the difference between the upward-travelling IR flux 
from the ground and the downcoming IR flux from the atmosphere can become 
quite small. The value of I associated with the mean global yrface 
temperature exceeds the curten\ mean absorbed solar flux (113 W/m ) for 
surface precuurcs greater than 100 mb. Fowever, much of the solar flux is 
abrorbed by the atmosphere. Assuming ~n atmospheric optical depth of 0.3, 
the mean glo a1 solar flux absorbed by a soil with an albedo of 0.2 is 

Y 
4 abo t 90 W/m while that for thick ice with an albedo of 0.5 is about 55 

W/m . Although the dovncoming infrared flux is small in comparison with 
the absorbed solar flux for the present climate, it was an important 
component of the surface energy balance if the surface pressure ever 
exceeded 30 mb on Mars. 
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P i s u r e  1. Downcsming i n f r a r e d  f l u x  e v a l d a t e d  a t  graund l e v e l  a s  a f u n c t i o n  
of  s u r f a c e  p r e s s u r e  and a i r  t empera tu re .  Dashed l i n e  1s th,? upcominp 
i n f r a r e d  f l u x  from t h e  ground a t  t empera tu re  T (emissf vity-0.15). The 
s t i p p l e d  a r e a  shows t h e  range  of v a l u e s  f o r  mean i l a b a l  s u r f a c e  t empera tu re  
a s  a f u n c t i w  of s u r f a c e  p r e s s u r e  as de termined  by s e v e r a l  workers  
~ ~ 9 , 1 1 1 .  
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PLAINS IUDGES: INDICATORS OF U)MPRESSIONAL STRESS ON THE MOON, MARS AND 
M E R C U R Y  

Tab A. Maxwell, Nat iona l  Air and Space Museum, Smithsonian I n s t i t u t i o n ,  
:?aehFngt.on, D.C. 20560 

The morphology and o r j c n t a t i o n  o f  p l a n e t a r y  r i d g e  sys tems have been 
s t u d j c d  l o c a l l y  i n  d e t a i l  b u t  a l s o  provide  ev idence  of  conpres s iona l  e t r e s s  
o n  n d l o b a l  s c a l e .  Thr se r i d g e s ,  s i m i l a r  t o  l u n a r  mare r idp r - s  o r  wr ink le  
r i d q e s ,  a r e  h e r e  c a l l e d  " p l a i n s  r i d g e s "  f o r  a p p l i c a b i l i t y  to  t h e  Man, a s  
well as Mars and Mercury. P l a i n s  r i d g e s  can  b e  used f o r  bo th  q u a l i t a t i v e  
m.. p a n t i t a t i v e  e s t i m a t e s  o f  t h e  e x t e n t  and magnitude of  compression 
o ; :c~i r r ing  a f t e r  p e r i o d s  o f  p l a i n s  volcanism. On t h e  MrJon, r i d g e s  forreed 
p r l m ~ t i l y  i n  l a t e  Imbrian through E r a t o s t h e n i a n  time (3.8 t o  2.0 b.y.) ,  as 
judgcd from c r a t e r  coun t s ,  c o r r e l a t i o n  wi th  Apollo agc.s, and s u p e r p o s i t i o n  
o f  mare b a s a l t  u n i t s  i n  which they  form. On Mars, r i d g e s  su r round ing  t h e  
T h a r s i s  v o l c a n i c  p r o v i n r s  occu r  or. p l a i n s  o f  t h e  Hesper ian  sys tem,  rough ly  
th; e q u i v a l e n t  o f  t h e  E rd toa then ian  system on t h e  f i o n  (1 ) .  Mercurian 
r i d g e s  i n  i n t e r c r a t e r  p l a i n s  a r e  o f t e n  g r a d a t i o n a l  w i th  t h e  m r e  well-known 
s c a r p s ,  and formed a f t e r  t h e  pe r iod  o f  h igh  impact b ~ a ~ b a r d m e n t ,  b u t  befc-e 
t h e  C a l o r i s  b a s i n  ( 2 ) .  Independnnt of  age ,  t he  o r i e t i t a t i o n s  of  p l a i n s  
r i d g e s  a r e  u s e f u l  f o r  de t e rmi rdng  t h e  geogra;hic e x t e n t  o -  l o c a l ,  r e g i o n a l  
and p o s s i b l y  g l o b a l  compressive s t r e s s .  

Local E f f e c t s .  The rims of  p a r t i a l l y  and c o m p l e ~ e l y  b u r i e d  c r a t e r s  provide  
one  example of  t h e  i n f l u e n c e  of  subsurf i+ce s t r u c t u r e  and topog:aphy on  t h e  
fo rma t ion  o f  p l a i n s  r i d g e s .  Such r i d g e  r i n g s  may be used tc, e s t i m a t e  t h e  
minimum t h i c k n e s s  o f  superposed p l a i n s ,  s i r ,ce t h e  u n i t  must be  g r e a t e r  t han  
t h e  rim h e i g h t  o f  t h e  unde r ly ing  c r a t e r .  Rldge r i n g s  o n  t h e  Moon &na Mars 
a r e  m r p h o l . o g i c a l l y  i d e n t i c a l  ( 3 ) ,  and g e n e r a l l y  occu r  i n   region^ of t h i n  
v o l c a n i c  f!.ll (a1:hough a n o t a b l e  excep t ion '  is t h e  iamunt s t r u c t u r e  o n  t h e  
Moon). Mapplng of  p l a i n s  r i d g e s  su r round ing  t h e  T h a r s i s  r e g i o n  o f  Mars 
i n d i c d t e a  t h a t  r i d g s  r t n g s  occu r  predominantly on  t h e  e a s t e r n  edge of t d e  
Lunae P a l u s  acd Copra tes  r idged  p l a i n s ,  and tiuggest 3 minimum t h i c k n e s s  o f  
about  1 icm f o r  v o l c a n i c  p l a i n s  i n  t h i s  reg ioo .  The geo log ic  s e t t i n g  and 
r a d a r  topography f o r  nor th-south  o r i e n t e d  r i d g e s  i n  e a s t e r n  Coprates  pro- 
v i d e s  f u r t h e r  ev idence  f o r  l o c a l  e f f e c t s .  Although t h e  main r i d g e  sys tems 
s o u t h  o f  V a l l e s  Mar ine r i s  a r e  developed on p l a i n s  t h a t  sloprt g e n t l y  to t h e  
wes t ,  t h o s e  i n  e a s t e r n  Copra tes  (50' t o  57'W l o n g i t d e )  occur  i n  a  
t opograph ic  t rough a l i g n e d  nor th-south  wi th  an a x i s  at 5S0W ( s e e  F igu re  ;6 
i n  r e f e r e n c e  4 )  I t  is l i k e l y  t h a t  r i d g e  format ion  h e r e  was a ided  by sab- 
s i d e n c e  o f  p l a i n s  m a t e r i a l ,  s i m i l a r  t o  methods proposed f o r  l u r 3 r  b a s i n s ,  
b u t  r e s u l t i n g  i n  l i n e a r  nort.h-south t r e n d s  r a t h e r  than  t h e  c o r c e n t r i c  and 
r r rd ia l  a r rangemeuts  o f  r i d g e s  i n  l u n a r  b a s i n s  (5 ) .  

Regional  S t r e s s  Ind i ca to - s .  Ridge s y s  tems w i t h i n  mu1 t i - r i n g  b a s 1  ns i n d i -  -- 
c a t e  t h e  importance of  bo th  r a ? i a l  and c o n c e n t r i c  compression t h a t  accom- 
panied  t h e  downdropping o f  t h e  c e n t r a l  b a s i n  f i l l  (6,  7 )  Seve ra i  
geome t r i c  models f o r  c r u s t a l  s h o r t e n i n g  due t o  b a s i n  s u b s i d  -rice and g l o b a l  
compression have been proposed,  i n c l f  ;ling c o l l a p s e  of t h e  f i l l  from a 



s p h e r i c a l  to p lanar  su r face  (8 ) ,  r educ t ion  of circumference due to inward- 
d ipp ing  bounding f a u l t s  ( 6 ) ,  and combinations of  l o c a l  and global-scale  
compression on a bending p l a t e  (7,  9 ) .  In  c o n t r a s t  to the dominantly c i r -  
cumferent ia l  p a t t e r n  of r idge  systems of mul t i - r ing bas ins  on the  Moon and 
t h e  Ca lo r i s  b a s i n  on Mercury, r i d g e s  wi thin  mar t ian  bas ins  a r e  cc t r o l l e d  
p r imar i ly  by regional  and poss ib ly  g loba l  t e c t o n i c  forces .  Circumferent ia l  
o r  a rcua te  o r i e n t a t i o n s  of r idges  a r e  present  surrounding the b a s i n  edges 
of  seven mart ian  bas ins ,  al though thase  c l o s e s t  to the Thars i s  region a r e  
s t r o n g l y  influenced by regional  compression generated by the  Tharois load. 

The deg-oe of correspondence between the  m d e l e d  s t r e s s  f i e l d  and 
a c t u a l  r idgc  o r i e n t a t i o n s  has been q u a n t i t a t i v e l y  wmpcred e a s t  of  the  
Thars i s  province (5) .  Comparison of r idge  o r i e n t a t i o n s  i n  Lunae Palus  and 
Coprates to a Thars i s  c e n t e r  a t  1°N, 123"W (10)  i n d i c a t e s  t h a t  m r e  than 
63% of  the  t o t a l  length  of r idges  is orthogonal to  a normal from t h i s  
cen te r .  Non-orthogonal r idges  ere seen to have genera l  m r t h e r l y  or ien-  
t a t i o n s  a f t e r  1 .nr-ral of the Thars i s  brthogonai populat,ion. Comparison of 
t h e  frequency oc orthogonal a:~d non-orthogonal r idges  f u r t h e r  suggests  t h a t  
loading due to the  Thars is  r l a t e a u  was e f f e c t i v e  i n  producing compressional 
f e a t u r e s  as  l a r  a s  4000 km from the c e n t e r  of the load;  a d d i t i o n a l  sources  
f o r  compressional s t r e s s  a r e  necessary to  account f o r  r idge  systems a t  
g r e a t e r  lis:anLes from the Thars i s  p la teau.  Fur ther  s t u d i e s  a r e  i n  
progress  to d e t e r r i n e  whether :;.$re is ally systerrtati.  t r ends  o i  those  r i d g e  
systems t h a t  do not conform to m o d e l e ~  s t r e s s  c l r i en ta t ions  on both  rhe :Iroon. 
and Mars. 

Global Compre-sion. - Ir o rder  to  account f o r  the  ex( :ss of nor ther ly-  
t rending r idgec  i n  l u n s r  bas ins  ( l l ) ,  and the  pronounced n o r t h e r l y  t rend of 
r idges  on Mar- a f t e r  removal of those or thogcnal  to Thars i s  ( 5 ) ,  globa l  
s c a i s  E-k coupression has been suggested a s  a . .robable source  mechanism. 
Pre1ini: laty es t ima tes  of l i n e a r  shor ten ing  i n  martian ridged p l a i n s  and 
lunar  bas lns  indi*:ate values of 0.5 t o  1.5% s t r a i n  based on simple fo ld  
models, al though g r e a t e r  values a r e  poss ib le  i f  s i g n i f i c a n t  t h r u s t  f a u l t i n g  
has occurred.  I f  the s t r a i n  represented by lunar  b a s i n  r idge  systems were 
averaged over the  e n t i r e  ;*on, these  values would suggest  a decrease  of 
r ad ius  on the  o r d e r  of 15 km, an o rder  of magnitude g r e a t e r  than t h a t  e s t i -  
mated f o r  Mercury (2).  Consequeqtly, the  d e l i n e a t i o n  of  l o c a l  and r e g i ~ n a l  
sources  f o r  compressive s t r e s s  is an important p r e r e q u i s i t e  to e s t ima t ing  
t h e  amount of s t r a i n  represented by r idge  systems. 
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STRAIN ESTIMATES FOR THE RIDGED PLAINS OF MARS: EVIDENCE OF COMPRESSION 
I N  THE COPRATES QUADRANGLE 

Thomas R. Watters and Ted A. Maxwell, National  A i r  and Space Museum, 
Smithsonian I n s t i t u t i o n ,  Washington, D.C. 20560 

The compressional r i d g e  systems surrounding the  Thars i s  province of 
Mars comprise some of the  mst i n t e r e s t i n g  s t r u c t u r a l  f e a t u r e s  on the  
p lane t .  The i n t e n s i t y  and complexity of the  systems a r e  b e s t  represented 
i n  the  Coprates and Lunae Pa lus  quadrangles. Saunders and Gregory (1980) 
measured the  spacing of r idges  i n  va r ious  l o c a l i t i e s  i n  these  regions.  
They suggested t h a t  a Biot (1961) type dominant wavelength of f o l d i ~ g  
(Figure  1 )  could account f9r tne  observed mean r idge  spacing. Biot 's 
theory  involves  the  f o l d i n g  of a v i s c o e l a s t i c  media i n  response to  
compressive s t r e s s .  ~ h e ' d o m i n a n t  wavelength (Ld) of a s i n g l e  folded u n i t  
o f  th ickness  (h )  is r e l a t e d  to t h e  r a t i o  of the  v i s c o s i t y  of the  folded 
u n i t  ( n )  t o  t h a t  of the under ly ing u n i t  (n l )  by the  fo l lowing equat ion:  - 
Using th icknesses  f o r  t h e  p l a i n s  u n i t  obta ined from methods of DeHon 
(1979), Saunders and o t h e r s  (1981) used t h i s  r e l a t i o n s h i p  to  show t h a t  the  
r a t i o  of  r i d g e  spacing to  p l a i n s  th ickness  is approximately 30, 
corresponding to a v i s c o s i t y  r a t i o  ( p l a i n s  to  s u b s t r a t e )  of 500. 

With a p p r o p r i a t e  assumptions,  Biot ' s  theory of fo ld ing  may be m r e  
e x t e n s i v e l y  appl ied  to the ridged p l a i n s  to provide es t ima tes  of 1)  the  
s t r a i n  represented by the  r i d g e s ,  2 )  the  v i s c o s i t y  r a t i o  between p l a i n s  and 
s u b s t r a t e ,  and 3 )  the  th ickness  of  the  p l a i n s  u n i t .  I f  any two of the  
t h r e e  v a r i a b l e s  a r e  known, and r i d g e s  i n  the  region represen t  a s i n g l e  
fo lded u n i t ,  then the  t h i r d  f a c t o r  can be  c a l c u l a t e d  on the  b a s i s  of t h i s  
modsl. Ln o rder  to  e s t ima te  the  degree of s t r a i n  i n  the  r idged p l a i n s ,  both  
t h e  he igh t  and width of the  r idgeo must be determined. The r idge  he igh t  
can be c a l c u l a t e d  from Viking o r b i t e r  images using a s i n e  funct ion 
invo lv ing  the width of the  shadow and the  s o l a r  i n c i d e n t  angle. 
Measurernents of two p a r a l l e l  r i d g e s ,  63.2 km a p a r t  i n  SW Coprates 
(measurements were made from a 4 X  enlargement of Viking frame # 608645) 
indicil e he igh t s  of 410 and 440 meters. Comparison measurements made us ing 
p i x e L  - i s r i n g s  support  the  measurements from the  p r i n t s .  Assuming the  
r i d g e s  a r e  simple symmetric f o l d s  (Fig. l ) ,  the  cross-sect ional  a r e a  of 
t h e  fo ld  was es t imated by mult ipying b t h e  width of the  r idge  by heiLht .  
The volumetr ic  s t r a i n  (AV/V) was c a l c u l a t e d  f o r  a range of p l a i n s  th ickness  
(0.5-2.5 km) f o r  one wavelength. A range of approximately 0.5 t o  2.5% 
s t r a i n  was obta ined.  This s t r a i n  es t ima te  is independen: ,>f v i s c o s i t y  
c o n t r a s t ,  but  a s  shown, is dependent on th ickness  of the  tolded l a y e r  and 
dominant wavelength of fo lding.  

Dsing B l o t ' s  theory i t  is poss ib le  to c a l c u l a t e  the v i s c o s i t y  r a t i o  
( n / n l )  f o r  a given th ickness  holding i d  constant .  Viscos i ty  r a t i o s  f o r  
th icknesses  wi th  a c  Ld of 40, 63.2, 80 km were ca lcu la ted  (Fig. 3). The 
most r e a l i s t i c  range of v i s c o s i t y  r a t i o s  (503-3C00) sugges t s  a th ickness  of 
1.0 t o  2.0 km f o r  the  p l a i n s  u n i t  i n  Coprates. The s e l e c t e d  range of 



v i s c o s i t y  r a t i o s  seems r e a s o n a b l e  s i n c e  as S a u n d e r s  and Gregory  (198U) 
p o i n t e d  o u t ,  t h e  r i d g e d  p l a i n s  (most likely v u l t a n i c  i n  o r i g i n )  are 
p r o b s b l y  u n d e r l a i n  by a n  e x t s n s i v e  r c s l i t h  w i t h  a low e f f e c t i v e  v i s c o s i t y  
r e l a t i v e  t o  t h e  p l a i n s  u n i t ,  The r e e u l t i n g  t h i c k n e s s  v a l u e ,  however, is 
g r e a t e r  t h a n  t h e  0.5 km e s t i m a t e d  by  DeHon (1981) .  b u t  agrees w i t h  a 1.5 km 
e s t t r c a t e  by k u n d e r s  and Gregory  (1980'  f o r  W. S o l i s  Plenum. A t h i c k n e s s  
o f  between 1.0 and 2.0 k q  s u g g e s t  a s t r a i n  o f  between 0.6 and  1.1% (F ig .  
2 1. 

These  s t r a i n  .+timates may b e  f u r t h e r  t e s t e d  u s i n g  t h e  B i o t  theory .  
Once a dominant  wave leng th  o f  f o l d i n g  is e s t a b l i s h e d ,  t h e  d e g r e e  o f  de- 
velopment  is dependt  ~t o n  t h e  e x t e n t  o f  a m p l i f i c a t i o n  (Ad) of  t h e  
wclv~'1ength. The amount o f  a m p l i f i c a t i o n  r e p r e s e n t s  t h e  f a c t o r  by which a 
f o l d  o f  a g i v e n  wave lens t l l  is m u l t i p l i e d  a f t e r  a p e r i o d  o f  time. The 
a n i p l i f i c a t i o n  i n t e n s i t y  a t  any  o n e  time ( t o )  d u r i n g  t h e  f o l d  h i s t o r y  is 
c a l c u l a t e d  w i t b  r e s p e c t  t o  a  time ( t l )  wh2n t h e  l a y e r  has b e e n  s h o r t e n e d  
2 5 t  and is r e l a t e d  by t h e  f o l l o w i n g  e q u a t i o n :  

logII .u = t01t1(n13n1)2'3 = x / 2 5 ( n / 3 n l )  213 ( 2 )  

whrrt! x i s  t h e  X s t r a i n  a t  t i n e  to. An upper  l i m i t  o f  25% s t r a i n  is c h o s e n  
s i n c e  s t r a i n s  e x c e e d i n g  t h i s  a ~ m u n t  would e r a s e  a l l  e f f e c t s  o f  f o l d i n g  
( B i o t ,  19b1).  Us ing  t h i s  e q u a t i o n ,  s t r a i n  f o r  a  r a n g e  o f  v i s c o s i t y  r a t i o s  
aud i ~ m p l i f i c a t i o n  f a c t o r s  were c e l c a l a t e d  (F ig .  4) .  Based o n  s t r a i n  o f  
11.6 t o  1 . 1 X  c a l c u l a t e d  above ,  a v i s c o s i t y  c o n t r a s t  o f  a p p r o x i i a a t e l y  3000 
s a t i s f i e s  t h e  l a r g e s t  r a n g e  o f  s m p l i f  i c a t i o n  f a c t o r s  (Fiu,. 4) .  

I n  a > u c l u s i o n ,  p r e l i m i n a r y  s t u d i e s  of t h e  r i d g e d  p l a i n s  i n  SW a p r a t e s  
i n d i c c i t e :  1) r i d g e  h e i g h t s  o f  approximately 401) nr; 2 )  t h e  p l a i n s  u n i t  is 
be tween  1.0 and 2.0 km t h i c k ;  3 )  t h e  v i s c o s i t y  r a t i o  between t h e  p l a i n s  
u n i t  and t h e  s u b s t r a t e  is a p p r o x i m a t e l y  3000;  and  4 )  t h e  s t r a i n  r e c o r d e d  i n  
t h e  r i d g e s  is between 0.6 and 1.1%. O t h e r  methods t o  estimate s t r a i n  are 
u n d e r  i n v e s t i g a t i o n  to p r o v i d e  checks  o n  t h e  i n t e r n a l  s e l f - c o n s i s t e n c y  o f  
t h i s  model. 

Suppor ted  by NASA Grant  NAGW-129. 
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RIDGES RELATED TO IMPACT CRATERS AN9 BASINS ON MARS 

Chicaxro A. F. and Marron Ph. ,  Laboratoire de Cdologie Dynamique 
Interne, (ERA 804/02), Univerritd Paris-Sud, 91405 Orsay, France.  

Mort large (over 100 km) impact cra ter8  and basinr on Mars exhibit 
numerour poritive r t ruc turer  in their  floor material  (1). In contrast to  
the relative concentricity to  the basin r i m  of most mare  wrinkle-ridges 
on the Moon, impact structure6 ridge pattern8 on Mars ahow a grea ter  
variety of r t ructural  directions (2, 3). 

In Schiaparelli basin for  inrtance (4), almost a l l  ridges aye randomly 
oriented (few showing a NW trend), and there is a lso  a non- oriented 
pattern in the ridged p1ai.a~ north of the basin (fig. 1). In other cases,  a 
clearly concentric patiern can be seen, such a s  in Huygens and Herschel 
basins. Then, other ridge syr tams traneect basins without altering their  
directions like in Copernicus, thus showing a st  ructurzl pattern which 
p r o s b l y  respond to regional compreesive s t r e s ses .  
Small c ra te r s  (50-1 00 km), a lso  exhibit some ridge patterns in their  
interior  (fig. 2), and in some cases ,  ridge formation has been al tered by 
the existence of a c ra te r ,  a s  some ridges tend t o  follow the r i m  c res t .  

Therefore, ridge formation seem to be a common phenomenon in c ra te r  
floor material,  a s  a l l  basins and many impact c r a t e r s  a r e  ridge bearers .  
Even Argyre, a supposed ridge-free basin, shdws a couple of ridgee in 
the northern and eas tern  parts  of the basin, which do not seem to have 
been covered by recent floor deposits (fig. 3). Naturally, those a r e  not 
to be interpreted a s  the sinuous "polar-like" s t ruc tures  one can s e e  in 
the sauthern part of the basin. 

So, why c r a t e r  floor material tend to  show a ridge morphology when 
deformed ? Concentric ridge patterns may suggest (3s on the Moon), that 
this matet ial  is relatively thick (several  hundred meters) ,  and then may 
be deformed by subsidence due to the c ra te r  filling materiai  load. And in 
the much more frequent crossing o r  randomly oriented patterns, subsidence 
may play a role but cannot account for  the whole deformation. 
Then, we may suggest that the rmooth, relatively young, and probably 
fine grained c r a t e r  floor material  (which may be interpreted a s  aeolian 
and/or volatile rich deposits (5 ,  6)) i s  more likely to  show a ridge 
morphology in response to local o r  regional compressive s t r e s s e s ,  than 
the c ra te r  surroundings material,  Fiowever, flow rlepoelts In bounded 
charma,  which may be comparable to c ra te r  filling m .terials for their  
phyrical properties,  a r e  rara iy  ridged. 

Therefore, ridges a r e  probably nct the only mor.phologica1 feature respon- 
ding to comprersive r t r e r s c r .  But it seeme that certain materials  (e. g. 
c ra te r  floor fiiling material),  tend to be deformed a s  ridges, rather  than 
other more rerir tant  units, which ma;. not respond the same way to 
compressive @tresses .  







COMPARATIVE GEOLOGY OF ORIENTALE, CALONIS, AND ARGYRE BASINS 

THOMAS, P . G . , MASSON, Ph. , L a b o r a t o i r e  d e  GQologie Dynamique I n t e r n e  
(ERA 8O4/02 ) , U n i v e r s i t 6  Par is-Sud,  9 1 405 ORSAY Cedex, France.  

The g e o l o g i c  and t e c t o n i c  mapping o f  t h r e e  l a r g e  impact  b a s i n s - O r i e n t a l e  
on t h e  Moon, C a l o r i s  on Mercury, and Argyre on Mars- is under taken  a t  t h e  
L a b o r a t o i r e  d e  ~ h o l o g i e  Dynamique I n t e r n e  ( U n i v e r s i t h  Paris-Sud, Orsay, 
F r a n c e )  i n  cooparat  . I w i t h  t h e  U .  S.  G e o l o g i c a l  Survey ,  Branch o f  Astrogeo- 
l o g i c  S t u d i e v  ( F l a g s ~ a f f ,  Az. 1. The shaded relief maps (1:5,OOO,OOO s a l e ,  
Comparative P lane to logy  S e r i e s )  o f  t h e s e  t h r e e  b a s i n s  a r e  used a s  base  .iaps 
(11, (21, ( 3 ) .  

The O r i e n t a l e  and C a l o r i s  s t r a t i g r a p h y  is now w e l l  known (41 ,  (5) .  The 
o u t e r  l i m i t  o f  t h e  t r a n s i e n t  c a v i t y  is c h a r a c t e r i z e d  by "massif  and blocky" 
mountains  up t c  1 o r  2 km above t h e  s u r r o u n d i n g  t e r r a i n s  : t h e  P,?tes Rook 
format ion  ( O i r e n t a l e ) ,  and t h e  C a l o r i s  Montes fo rmat ion  ( C a l o r i s ) .  The t r a n -  
s i e n t  c a v i t y  is surrounded by e j e c t a  o l a n k e t s  which show hummocky o r  r a d i a l  
f a c i e s .  The Argyre s t r a t i g r a p h y  e s t a b l i s h e d  from Vik ing  images is a p p a r e n t l y  
d i f f e r e n t  of t h e  s w a t i g r a p h y  Based on Mariner  9 images (61, and does  n o t  
look l i k e  its l u n a r  and mercur ian  c o u n t e r p a r t s .  There  i s  no r a d i a l  f a c i e s ,  
and on ly  few pa tches  or' hummocky f a c i e s  are Observed around Argyre. But,  
t h e  "massif and blucky" f a c i e s  a p p e a r s  t o  be more impor tan t  t h a n  on Mercury 
and on t h e  Moon. T b i s  f a c i e s  i s  300 km wide ( e q u i v a l e n t  t o  1 transie:!: c a v i t y  
r a d i u s ) ,  and a p p a r d n t l y  shows b locks  and r i d g e s  s e p a r a t e d  by r e c t i l i n e a r  
t r o u g h s  ( f i g .  1 ) .  The d i r e c t i o w o f  t h e  r i d g e s  and o f  t h e  t r o u g h s  seem t o  
i n d i c a t e  t h a t  they  a r e  tiot r e s u l t i n g  o f  e j e c t a  d e p o s i t i o n ,  a s  t h e  Hevel ius  
fo rmat ion ' s  on t h e  Moon, b u t  t h a t  t h e y  a r e  c o n t r o l l e d  by f a u l t s .  T h i s  i n d i c a -  
tes t h a t  t h e  Argyre blocky f a c i e s  is n o t  t h e  r e s u l t  o f  an  o v e r t u r n e d  f l a p ,  
a s  proposed f o r  t h e  O r i e ~ t a l e  Montes Rook formatxon (51, b u t  t h a t  i t  c o r r e s -  
ponds e s s e n t i a l l y  t o  t h e  preimpact  f a u l t e d  b a s e w n t .  

The t h r e e  b a s i n s  a r e  surrounded by c o n c e n t r i c  s c a r p s ,  u s u a l l y  i n t e r p r e -  
t e d  a s  g r a v i t y  slumping downward a n  inward t h e  t r a n s i e n t ,  c a v i t y .  Importance 
and d i s t r i b u t i o n  o f  t h e  s c a r p s  d i f f e r  i n  t h e  t h r e e  b a s i n 3  : O r i e n t a l e  shows 
one cont inuous s c a r p ,  a weak and d i s c o n t i n u o u s  s c a r p  i s  s e e n  around C a l o r i s ,  
and numerous and d i s c o n t i n u o u s  s c a r p s  sur round  Argyre ( f i g .  1 1. 

The o u t e r  s c a r p  s u r r o u n d i n g  a r e a s  o f  O r i e n t a l e  and C a l o r i s  do no t  
show b a s i n  r e l a t e d  t e c t o n i c  f e a t u r e s .  But ,  t h e  Ca. lor is  e j e c t a  e x h i b i t  u p l i f t e d  
and c'ownwarped b l o c k s  (71, i n d i c a t i n g  impor tan t  t e c t o n i c  movements d i r e c t l y  
o r  i n d i r e c t l y  r e l a t e d  t o  impact  mecanism (8 ) .  

Argyre i n t e r i o r  is completely  embayed by r e c e n t  p l a i n s  m a t c r j a l  and does  
no t  show any t e c t o n i c  f e a t . u r e s  r e l a t e d  t o  impact  mecanism. The O r i e n t a l e  non 
more f looded  i n t e r i o r  shows e l o n g a t e d  and complexly f r a c t u r e d  domes produced 
by compressional  s t r e s s  ~ I u t d n g  t h e  f i n a l  s t a g e s  o f  t h e  c r a t e r i n g  sequence.  
The C a l o r i s  f l o o r  i s  i n t e n s i v e l y  r i d g e d  and f r a c t u r e d  by t e c t o n i c  movements. 
I t  h a s  been proposed (8) t h a t  t h e s e  t e c t o n i c  f ' e a t u r e s  cou ld  be t h e  mnsequen- 
c e  o f  C a l o r i s  r a d i u s  s t ~ o r t n i n g  under  g l o b a l  compression o f  t h e  n e r c u r f a n  
l i t h o s p h e r e .  



Despite of t he i r  morphologic s imi l a r i t i e s ,  the detailed comparative 
geologic and. tectonic  s tudies  of Orientale, Caloris, and Argyre basins show 
im~or t an t  differences due t o  external fac tors  (martian erosion) and t o  in te r -  
nal evolution ( crustal  and l i thospheric  properties) . 

. r e  .,.. limit of the transient cavity - -. concentric scarp Lx "massif and blpcky" facles 

ORIENTALE BASIN CA LORIS B A S I S  

fig 1 COMPARATIVE STRUCTURAL MAPS O F  A R C Y R E , O R I E N T A L E  AND CA1,ORIS I 
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STRUCTURAL CONTROL OF GEOMORPHIC FEATURES IN THE KASEI VALLIS 
REGION OF MARS 
R. Craig Kochel and Cynthia M. Burgess, Department of 
E n v i r o n m e n t a l  S c i e n c e s ,  U n i v e r s i t y  o f  V i r g i n i a ,  
Charlottesville, VA 22903 

Schumm (1974) suggested that large Martian outflow 
channels such as Kasei Vallis may have a structural origin 
related to regional tectonic processes. Raker and Yochel 
(1979) suggested that outflow channels may have initially 
inherited their geometry from structural features and were 
extensively modified by later catastrophic flooding. 

Major geomorphic features of this region include: outflow 
channel6 with qrooved floors, streamlined hills in outflow 
channels, lunae planum plateau material which served as host 
terrain, and craters. Major structural elements visible in the 
region include: NE-SW trending grabens, N-S trending wrinkle 
ridges, sapping channels extending away f r o m  c h a n n e l  
escarpments anG on channel floors, and major fracture systems 
of undetermined origin (probably joints). Figure 1 is a 
simplified geomorphic map of the study area showing these 
structural and geomorphic features. Details of these features 
is found in Baker and Kochel (1978,1979). 

Orientations of these features were measured from Viking 
images and are summarized in Figure 2. Comparison of Figures 
1 and 2 indicate that only a fair correlation exists between 
orientations of major straight outflow channel segments and 
major fracture and graben systems. The poor correspondence 
may result from the local variation in fracture orientations 
over the region (Fig. 2). Large-scale outflow channel 
orientations appear most closely alligned with graben trends 
(Fig. l), which may suggest that originally found more 
accessable outlets through grabens but were inhibited by the 
normally trending wrinkle ridges. Baker and Kochel (19?9! 
have shown that although some wrinkle ridges appear to 
post-date channeling, most were formed prior to the channeling 
episode and served as f l ~ w  ob~lacles. As expected, tensional 
fractures (grabens) ano compressional features iwrinkle 
ridges) exhibit an orthogonal relationship and both have very 
well-defined trends. Features interpreted as sapping channel8 
show some correlation to graben orientation and regional 
f r a c t u r e  p a t t e r n s .  T h i s  m a y  b e  i ~ d i c a t i v e  o f  
structurally-controlled groundwater flow patterns through 
zones of enhanced secondary permeability. 
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F i g u r e  2 .  Rose d i a g r a m s  o f  a z i m u t h a l  o r i e n t a t i o n s  o f  
geornorphic and s t r u c t u r a l  e l e m e n t s  i n  w e s t e r n  K a s e i  V a l l i s .  
Data i s  grouped i n  5 d e g r e e  i n t e r v a l s .  P l o t s  i n  t h e  o u t l i n e s  
a r e a  a r e  l o c a l  f r a c t u r e  pat t . erns .  Plots o i u t . ~ i d e  t h e  a r e a  a r c  
d a t a  from t h e  e n t i r e  s t u d y  a r e a .  



Yartian Global Tcc tonics  
.ichard A. ~ c h u l t s  and Michael C. Plalin, Department of Geology, Arizona 

S t a t e  Universfty, Tempe, AZ 85287 

Scarps, ~ i d g e s ,  and graben within the : . ~ ~ v L l y  c ra te red  t e r r a i n  of Mere 
def ine  d i e t i n c t  groups of s t r u c t u r a l  t rends  dn a regional  s ca l e ,  and a 
pa t t e rn  of c r u s t a l  deformation on a global  sca le .  These t rends  a r e  t he  
r e s u l t  of regmnel  deformation of t b  c r u s t ,  r a t h e r  than the  impositicn of 
a s i n g l e  planetwide stress systsm. Centers of de fo rmt ion  a r e  s p a t i a l l y  
r e l a t ed  by a systematic global  pa t te rn .  A s  t he  r e l a t i v e  ages of measured 
s t ruc tu re s  seem t o  general ly  predate both the emplacement of Lunae Planum- 
aged volcanic u n i t s  and the  s t r u c t u r a l  and volcanic a c t i v i t y  near Tharsio,  
t h i s  s t r u c t u r a l  pa t t e rn  is thought t o  r e f l e c t  a fundamental g loba l  organi- 
zat ion of volcanic and t ~ c i  i c  a c t i v i t y .  T!~is pa t t e rn  was es tab l i shed  
e a r l y  i n  martian histor!, and eerved t o  l o c a l i z e  subsequent c r u s t a l  modifi- 
cat ion.  The e a r l i e s t  -2lanif e s t a t i o n  of t h i s  pa t t e rn  was i n  pr imari ly  mechan- 
i c a l  de fo rmt ion  of t~,.: c ru s t .  This  was global ly  asynnetr tc  and mort 
h t e n s e  i n  the northern t h j r d  of t h e  p l ane t ;  it  guided the  formation of the 
planetary dichotomy boundary, much of the  o r i g i n a l  structurlr  of the  asso- 
c ia ted  f r e t t e d  t e r r a i n  and, i n  addi t ion  t o  l oca l  volcanism, may navz con- 
t r i bu t ed  t o  the  NE-SW asymmetry of the i a t e r  Thars in- re la ted  graben sets. 
The other major phase of a c t i v i t y  was pr imari ly  thermal: t h i s  producsd the  
extensive volcanic p 1 A . s  of Lunae Planunl-age near Thars i s  and, t o  a l e s s e r  
ex ten t ,  i n  S y r t i t  Major and Hesperia P l an i t i ae .  Subsequent, more l oca l  
a c t i v i t y  along t h i s  global pa t t e rn  seems t o  have contr ibuted t o  p l a in s  
volcanism southwest of Hel las ,  cons t ruc t iona l  volcasl.srn i n  the  Tharsie  
region, and modification cf surface landforms i n  a r ea s  of f r e t t e d  t e r r a i n .  



FRACTUZE ORIEFlTATIONS . I N  THE THARSIS PROVIllCE OF MARS 

R , S i a n c h i ,  M.Fulchignoni  and R . S a l v a t o r i ,  I s t i t u t o  d i  
A s t r o f i s i c a  S p a z i a l e  d e l  C . N . R . ,  v i a l e  d e l l t ' U n i v e r s i t a '  11 
00185 Roma - I t a l y  

The m a r t i a n  r e g i o n  T h a r s i  s - V a l  l e s  M a r i n e r i s ,  because o f  i t s  
p e c u l i a r  v o l c a n i c  s t r u c t u r e s ,  has been c a r e f u l l y  i n v e s t i q a  
t e d  by  many a u t h o r s .  S e v e r a l  t e c t o n i c  s t r u c t u r e s  n e a r  ~ h a r  
s i s  P l a t e a u ,  as graben,  s u g g e s t  an e v i d e n t  r e l a t i o n  betwe: 
en v o  ~ s n i s m  and t e c t o n i s m .  M o r p h o l o q i c  s t u d i e s  have been 
c a r r i e d  o u t  on t h e  r e g i o n  T h a r s i s - V a l  l e s  M a r i n e r i s  (1 ,2 ) ,  
and t h e  o b t a i n e d  r e s u l t s  made i t  n e c e s s a r y  t o  f u r t h e r  i n -  
v e s t i g a t e  t h e  t e c t o n i s m  o f  t h i s  r e g i o n ,  i n  o r d e r  t o  c l a r i -  
f y  t h e  g e o l o g i c  d v o l u t i o n  o f  t h e  w h o l e  p l a n e t .  The s t u d y  
o f  t h e  l i n e a m e n t s  o f  Mars ( 3 , 4 ) ,  a l l o w e d  s c i e n t i s t s  t o  p u t  
f o r w a r d  t h e  h y p o t e s e s  t h a t  a  c e r t a i n  mechanism o f  p l a t e  t e  
c t o n i c  t o o k  p l a c e  on Mars. On t h e  o t h e r  hand t h e  s t u d y  o f -  
f r a c t u r e s  and r i d g e s  o r i e n t a t i o n  i n  t h i s  r e g i o n  (5,6,7) ma - 
de i t  p o s s i b l e  t o  guess t h a t  g e o l o g i c  e v o l u t i o n  o c c u r r e d  
u n d e r  d i f f e r e n t  c i r c u m s t a n c e s .  The s o l  u t i o n  o f  t h e   rob- 
lems c o n c e r n i n g  t h e  c o r r e l a t i o n  be tween s u r f a c e  s t r e s s  d i -  
r e c t i o n s  and t h e  o r i e n t a t i o n  o f  t e c t o n i c  f e a t u r e s  w o u l d  e-  
n a b l e  t h e  s c i e n t i f i c  communi ty  t o  r e c o n s t r u c t  t h e  g e o l o g i c  
e v o l u t i o n  o f  t h e  who le  p l a n e t .  D i f f e r e n t  t y p e s  o f  s t r e s -  

THARSIS - VALLES MARINERIS REGION ses have d i  s t u r -  
I-~---T--+ bed t h e  s u r f a c e  

p r o d u c i n g  e x t e n -  

b s i v e  and compres 
I s i v e  t e c t o n i c  fe 

a t u r e s .  The f r a -  
c t u r i  n g  moda l i t i  
es i n  t h e  r e q i o h  

F i g .  1  - Geogra- 
p h i c a l  d i s  t r i b u -  
t i o n  o f  a l l  t h e  
5 r a c t u r e s .  

ORIGINAL PAGE IS 
or: POOR QUALrn 



~ h a r s i s - V a l l e s  M a r i n e r i s  can be r e l a t e d  b o t h  t o  t h e  p o s s i -  
b l e  s t r e s s e s  caused b y  t h e  a n c i e n t  m a n t l e  movements and t o  
t h e  l o a d  o f  t h e  v o l c a n i c  m a t e r i a l  on t h e  s u r f a c e .  The a r e a  
s u r r o u n d i n g  t h e  vo . l can i  c  r e g i o n  o f  T h a r s i s  p r o b a b l y  p r e s e -  
n t s  a l l  t h e  f e a t u r e s  ~ r o d u c e d  b y  t h e  t e c t o n i c  e v e n t s  t h a t  
d e t e r m i n e d  t h e  c u r r e n t  a s p e c t  o f  t h e  r e g i o n .  The d i s t i n c -  
t i o n  between d i f f e r e n t  t y p e s  o f  f r a c t u r e  sys tems w o u l d  be  
v e r y  i m p o r t a n t  t o  g a i n  f u r t h e r  i n f o r m a t i o n  on t h e  o r i e n t a -  
t i o n  and n a t u r e  o f  t h e  s t r e s s e s  t h a t  c h a r a c t e r i z e d  t h e  r e -  
g i o n  d u r i n g  i t s  h i ~ s t o r y .  I n  o r d e r  t o  a t t e m p t  a  p r e l i m i n a r  
d i s t i n c t i o n  among f r a c t u r e  sys tems i n  more s i g n i f i c a n t  d i -  
r e c t i o n s  we have s t a t i s t i c a l l y  examined 6723 f r a c t u r e s  i n  
t h e  r e g i o n  l i m i t e d  be tween 170"  and 40" l o n g .  and *50" l a t .  
( f i g .  1 ) .  I n  a  p r e v i o u s  
work ( 7 , 8 ) ,  u s i n g  a z i n u t h  
f r e q u e n c y  and c u m u l a t i v e  
l e n g h t s  d iag rams ,  we f o u n d  
a  main  a z i m u t h a l  t r e n d  i n  
a  N - S  d i r e c t i o n  and a  s e -  
c o n d a r y  one a l o n g  an E-W 
a x i s .  I n  f i g .  2 i s  r e p o r -  
t e d  t h e  f r e q u e n c y  d i s t r i -  

F i g .  2 - Frac ture  az imuths  '% - 
f requency  d i s t r i b u t i o n .  

THARSIS- VALLES MARINERIS REGION 

Fig. 3 - F r a c t u -  
r e  o r i e n t a t e d  

i a l o n g  t h e  d i re -  
c t i o x  28Of 3Ofrom -1 North .  
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F i g .  4  - F r a c t u r e  1 I I 
1 1 1 1 1 1  1  ' I  1 1 1  1 

o r i e n t e d  a l o n g  404 4 
t h e  d i r e c t i o n  I 

b u t i o n  o f  a l l  t h e  4 I 

f r a c t u r e s  a r i m u -  
t h s  grouped i n  45 
c l a s s e s  o f  4' each 
I n  o r d e r  t o  g roup  
t h e  a z i m u t h a l  v a l  
l u e s  i n  v e r y  n a r -  
row a n g u l a r  t r e n d s w  160 140 wo IW w a0 o 

t h e  a n g u l a r  i n t e r v a l  was chosen t o  be  j u s t  l a r g e r  t h a n  t h e  
i n s t r u m e n t a l  e r r o r  due t o  t h e  d i g i t i z i n g  o p e r a t i o n ,  i .e.$3P 
Gauss ian  d i s t r i b u t i o n s  were f i t t e d  t o  t h e  peaks  i n  t h e  f r a -  
c t u r e  a z i m u t h s  h i s t o g r a m  o b t a i n i n g  s e v e r a l  d i r e c t i o n a l  fam- 
i l i e s .  Assuming t h e  mean v a l u e  ( f  t h e  i n s t r u m e n t a l  e r r o r )  
o f  each gauss ian  c u r v e  as  t h e  s t a t i s t i c a l l y  s i g n i f i c a n t  o r i  
e n t a t i o n  we e x t r a c t e d  t h e  f r a c t u r e s  b e l o n g i n g  t o  each  f a m i -  
l y .  F o r  example, i o  f i g .  3 and 4 a r e  shown two g roups ,  r e s -  
o e c t i v e l y  a l o n g  t h e  d i r e c t i o n s  2 8 O t 3 "  and 13Of3' f r o m  N. 
E x a m i n i n g  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n  o f  t h e  f r a c t u r e s  i n  
each d i r e c t i o n  and c o n s i d e r i n g  t h e  m u t u a l  d i s t a n c e s  among 
f r a c t u r e s  i n  t h e  a reas  where t h e y  a r e  more f r e q u e n t  i t  i s  
o o s s i b l e  t o  a t t e m p t  some s p e c u l a t i o n  on t h e  f r a c t u r i n g  mo- 
d a l i  t i e s  i n  T h a r s i s  r e g i o n .  

R e f e r e n c e s :  1) B l a s i u s  K . R .  e t  a 1 . ( 1 9 7 7 )  J .Geophys .Res .  8 2 ,  
4067. 2 )  L u c c h i t t a  B . K .  ( 1 9 7 9 )  J .Geophys .Res .  8 4 ,  8097 .  
3 )  Masson P. (1977)  I c a r u s  30, 49 .  4 )  Masson P .  ( 1 9 7 9 )  The 
Moon and  t h e  P l a n e t s  2 2 ,  212.  5 )  Wise D . U .  e t  a l .  ( 1 9 7 9 )  
I c a r u s  38,  456.  6 )  Maxwell  T.A. ( 1 9 8 2 )  P r o c .  L u n a r  
and  P l a n .  S c i .  Conf .  i n  p r e s s .  7 ) S a l v a t o r i  R. e t  a 1 . ( 1 9 8 1 )  
NASA TM 84211,  386 .  8 )  S a l v a t o r i  R .  e t  a l .  ( 1 9 8 2 )  s u b m i t -  
t e d  t o  I c a r u s .  
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STRUCTURAL CONTROL OF SAPPING VALLEY NETWORXS ALONG VALLES 
MARINERIS, MARS 
R e  C r a i g  K o c h e l  a n d  A l l a n  P. Capar, D e p a r t m e n t  o f  
E n v i r o n m e n t a l  S c i e n c e s ,  U n i v e r s i t y  o f  V i r g i n i a ,  
Charlottenville, VA 22903 

Valles Marineris is widely accepted to be of structural 
origin. Support for this interpretation is provided by the 
parallelism of extensive graben systems along the southern rim 
of the canyon. Considerable geomorphic modification has 
occurred along the canyon escarpments since their formation. 
This modification is apparent as extensive landslides, slumps. 
flows, and talus accumulation (Lucchitta, 1979) . A simplified 
geomorphic map of the study area including the western chasms 
is shown in Figure 1. Crudely dendritic networks of deep 
blunt-end valleys have developed along the canyon rims (Figure 
1) and have been interpreted as having formed by groundwater 
sapping processes. These sapping networks are particularly 
well-developed along the northern rim of Valles Marineris. If 
these channels were formed by groundwater sapping it is likely 
that they would show a strong structural control because of 
structural effects such as increased secondary permeability 
along fracture/fault zones. To determine if the proposed 
sapping channels are structurally controlled the orientations 
of 257 channels and 147 grabens were measured and compared 
(Fig. 2). From Figure 2 it can be seen that when all sapping 
channels are included in the data there aren't any clear 
trends or correlations with structure. However, if the 
smaller sapping channels less than 15 kilometers long are 
filtered out of the analysis a clear orthogonal set of 
orientations is visible (Fig. 2) . Although the channel trends 
do not correspond precisely with the graben orientation 
trends, there is a strong suggestion of structural control in 
the orthogonal pattern. This pattern is similar to patterns 
developed in joint-controlled drainage networks on earth. 

A fair correspondence exists between the overall graben 
trends of WNW-ESE and NE-SW and sapping channel orientations 
of NE-SW and NW-SE. Some of the deviations from perfect 
correspondence could be explained by modification of sapping 
valleys by mass wastage processes and the effects of secondary 
fracture systems unrelated to the grabens. Viking frames used 
to prepare Figure 1 show clear evidence at several locations 
of sapping channels that have extended headwardly along the 
axis of grabens along the southern rim of Valles Marineris. 

References: 
Lucchitta, B.K., 1979, Landslides in Valles Marineris, Mars: 
J. Geophys. Res., v. 84, p. 8097-8113. 
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F i g u r e  1 .  S i m p l i f i e d  geomorphic  map o f  w e s t e r n  V a l l e s  
Marineris. C2 craters  are young craters  with raised rims, 
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ALIGNED SUBSIDENCE DEPRESSIONS IN THE VICINITY OF CERTAIN 
MARTJAN VFTILEYS 

J. Steiner, C. Sodden and D. Weiss, Department of Earth and 
Planetary Sciences, City College of CUNY, New York, 
N. Y. 10031 

Large valley forms, commonly with amphitheater terminations, 
dissect the steep walled escarpment of the northern plateau 
terrain. Elongate graben-like and monocline-like forms which 
contribute to the formation of patterned ground on highlands 
(figure l), comprise a subset of structures which logically 
relate to the development of valleys. To these elongate 
features may be added the tendency for depressional basins, 
impact craters, and subsidence depressions to be elongate in 
a systematic manner in relation to major lineations. 

Of particular importance in this regard are subsidence basins, 
characterized by steep-walled boundaries, flat floors, and the 
absence of ejecta blankets, which occasionally offset ejecta 
of adjoining impact craters (1). These basins can be separ- 
ated into two major groups: relatively small diameter basins 
which punctuate the floor of upland terrains, and distinctly 
larger basins which can be included in the beds of sinuous 
valley channels. These latter features, together with channels, 
define much of the discernable accordant lowland surface which 
abuts highland rocks. About 3500 of these and related basins 
have been digitized according to various parameters of morph- 
ology in an attempt to arrive at meaningful discriminations 
between basin forms. 

The degree of elongation of basins can be expressed as the 
eccentricity cf the basins in relation to an ellipse ( 2 ) ,  
and plotted as a vector whose direction is that of the major 
axis, and whose length is defined as the eccentricity (e = cla) 
of the ellipse. Figure 1 shows a vector field made up of all 
vectors related to the more obvious subsidence basins, as 
presently recognized. It is readily apparent that the basins 
o..~ highlands in the vicinity of the valley walls comprise a 
set conformable to that of basins on the lowlands (e.g. within 
sinuous channels, or, in other locations, at levels close to 
valley floors). This set of vectors is also subparallel to the 
east-west direction of the valley floor (mosaic unresolved to 
true north). Thusly, there appears to be an evolutionary 
relationship between subsidence depressions and large valleys. 

Valley formation and headward erosion have been related to 
sapping at the headwalls ( 3 , 4 ) .  It has also been speculated 
to occur along valley walls and portions of the major escarp- 
ment (5). Present observations suggest that depletion of the 
Plateau terrain may occur internally as well as marginally, 



and that basin form growth may involve the production of the 
large subcircular forme visible in sinuous channels. In this 
context, graben-like features may reflect subsidence struc- 
tures which in general have a transverse orientation in 
respect t? vectors. 
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Figure 1. Map of eccentricity vectors connected to subsidence 
basins in fretted terrain at 38N 345W. Alignment 
of vectors subparallel to the traced east-west 
valley relates subsidence to valley forms. 
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PRELIMINARY SURVEY OF KNOBS ON THE SURFACE OF MARS-. 
L. S. Manent, National A i r  and Space Museum, Smithsonian I n s t i t u t i o n ,  
Washington, D. C. 20560, and Farouk El-Bar, I t e k  Optical  Systems, 
Lexington, MA. 02173 

Pos i t i ve  i so la ted  features or  knobs have been observed on Mars 
since Mariner 9 f i r s t  photographed the planet i n  1972. More recent ly ,  
the Viking Orbi t o r s  photographed the surface a t  increased resolut ion.  
d i t h  the  use o f  Viking photomosaics, a systematic search f o r  these 
features was completed. Data co l lec ted  on the knobs are from U.S. Geo- 
l og i ca l  Survey ~hotomosaics a t  1 :2,000,000 scale (Figure 1) .  Of the 68 
mosaics, 19 contained iso la ted  posi t i v z  features. These mosaics cover 
the Diacr ia  (MC-2), Arc-adia (MC-3), Mare Acidalium (MC-41, Cebrenia 
(Mc-7), Amazonis (MC-8j, S y r t i s  Major (MC-13), Elysium (MC-151, Aeol is 
(MC-231, and Noachis (MC-27) reg1 w s .  

The knobs were character ized by length ( long ax is )  , width 
(perpendicular t o  the length a t  v,idest po in t ) ,  geographic locat ion,  prox- 
i m i  t y  t o  streaks and geologic surroundings. These knobs occur i n  three 
surface un i t s :  a) the lowlands, consis t ing of p la ins  mater ia l ,  b )  a 
rugged up1 and te r ra in ,  and c )  the  plains/highlands border areas. 

The Diacr ia Quadrangle (MC-2) contains knobs i n  the  smooth and 
mott led p la ins  un i t ,  which dominates the area (Morr is and Howard, 11181). 
The knobs age dissemigated throughout the northern pa r t  o f  the quad 
between 140 W and 160 W, and are re1 a t i v e l y  small. Their average le,igth 
and width i s  4.8km and 3.6km respect ively,  w i th  a length t o  width r a t i o  o f  
1.34. The knobs are more rounded but elongate ones are or iented south t o  
southwest. Wind streaks are not prominent but Thomas and Veverka (1979) 
ind icate a southerly wind regime, based on global wind streak d i rec t ions  
(Figure 2 ) .  There i s  an arPa of knobby t e r r a i n  i n  the southwest sect ion 
of the quad t h c t  extends t o  the Elysium volcanic province. These knobs 
are surroliilded by p la ins  materi a1 , but form a r:!gged up1 and te r ra in .  
They are assocfated w i th  o l d  c ra ter  rims and wai ls.  They are s l i g h t l y  
larger  w i th  an average length and width of 6.2km and 4.8km and the  same 
proport ion o f  rounded t o  elongate forms. Morr is and Howard (1981 ) i n -  
t e rp re t  these as remnants o f  ancient c ra ter  t e r r a i n  tha t  was dissected by 
f a u l t s  and fractures and embayed by p la ins  un i ts .  

Eastward i n  the Arcadia Quadrangle (MC-3) i n  the northgrn 
section, small knobs are a lso disseminated throughout. Along 50 N i n  the  
northeast sect ion of Arcadia, large iso la ted  knobs are present a t  the 
northwest edge o f  Tempe Plateau i n  the etched-upland mater ia l .  Knobs i n  
t h i s  region have an average length and width of 13km and 8.8km respect ive- 
l y ,  and a length t o  width r a t i o  o f  1.56. They are mere elongate than 
those i n  the p la ins  mater ia l  and are or iented i n  a sou thws te r l y  d i rec t ion .  
Global d i s t r i b u t i o n  of wind streaks ind ica te  a south t o  southwest wind 
d i rec t i on  (Figure 2). S t ruc tura l  trends i n  the area are a lso t o  the 
southwest. The knobs are probably f ' racture-control  l ed  erosional remnants, 
w i th  wind as a modif ier o f  t h e i r  forms. 

I n  the northeast sect ion of Mare Acidalium (MC-41, knobs are 
present i n  the mot t led p la ins  mater ia l  w i t h  average length and width of 



5.4km and 3.6km. The length t o  width r a t i o  i s  1.5. Streaks are absent but  
knobs are or iented i n  a southerly d i rec t ion .  I n  the p la ins  mater ia l  i n  the 
southeast section, knobs are scattered throughout, and t h e i r  average length 
and width i s  4.lkm and 3.3km. S i m i l a r i l y  i n  the south-central section, the 
knobs are scattered and small i n  size, w i th  an average length and width of 
4.8km and 3.4km. However, i n  the southeast section, there are a lso some 
knobs forming a rugged upland t e r r a i n  tha t  are c lose ly  spaced and s l i g h t l y  
larger.  Their average length and width i s  5.8km and 4.2km. 

I n  the Cebrenia Quadrangle (MC-71, knobs occur along the eastern 
side i n  the Phelegra Montes and surrounding h i l l y  t e r ra in .  They are 
grouped together i n  an u p l i f t e d  area o f  an in tensely cratered ancient 
surface tha t  has been degraded. Their average length and width i n  the 
northeast i s  8.72km and 6.48km, and i n  the southeast 6.92km and 4.9km. 
I n  the south-central par t ,  scattered smal l e r  knobs without streaks occur 
w i th  an average length and width o f  5.19km and 3.52km. 

Knobs occur i n  the  western hal f  o f  the Amazonis Quadrangle (MC-8) 
i n  a rugged upland t e r r a i n  forming par ts  o f  o l d  c ra te r  r ims and wal ls.  
Their average length and width i s  6.9km and 4.8km i n  the northwest and 
5.3km and 3.6km i n  the southwest. Streaks are abundant i n  the area and 
show a southwest wind d i rec t i on .  Simi lar ly ,  the knobs have a southerly 
and southwesterly o r ien ta t ion .  

I n  the Elysium Quadrangle (MC-15) knobby 1 andforms occur i n  
h ighly  cratered and rugged t e r r a i n  tha t  extends i n  an arc from the south- 
centra l  pa r t  t o  the northeast pa r t  o f  the quadrangle. Northeast-trending 
streaks are present throughout and are concentrated i n  the Cerberus region. 
The average length and width of the knobs i n  the northeast i s  7.0km and 
4.8km, i n  the southeast 5.7krn and 3.9km, and i n  the southwest 6.3km and 
4.6km. Length t o  width r a t i o s  are 1.58, 1.52, and 1.58 respect ive ly .  

Knobs are present along the p la ins lh ighland border of the 
Aeol i s  Quadrangle (MC-23). These are s i g n i f i c a n t l y  larger  and appear t o  
have been produced by erosional r e t r e a t  o f  the boundary scarp (Scott ,  
Mo-rris and West 1978). Their average length and width i s  l l km and 9.lkm 
and t h e i r  length t o  width r a t i o  i s  1.58. These knobs are or iented i n  a 
northwest-southeast d i rec t ion .  

I n  the Noachis Quadrangle (MC-271, knobs are located i n  the 
t rans i t i ona l  zone between He1 lespontus and He1 las, i n  the ancient 
cratered highlands of Mars. These knobs are the largest,  w i th  average 
length and width being 12.5km and 8.5km. Length t o  width r a t i o  i s  1.55. 
These knobs are general ly or iented i n  a northwest-southeast d i rec t ion .  

These observations suggest t ha t  i n  the p la ins  region, northern 
hemisphere o f  Mars, knobs are disseminated throughout and are s i g n i f i  - 
cant ly  smaller than anywhere e lse  on Mars. They are comnonly less than 
5km i n  diameter and tend t o  be or iented along the global wind regime. 
Streaks are not dominant i n  the region. North o f  the p la ins lh igh land 
boundry i n  a rugged upland t e r r a i n  region, knobs are s l i g h t l y  la rger  and 
associated w i th  streaks. They are comnonly between 5km and lOkm i n  d i -  
ameter. Fault ing, f ractur ing,  slumping, and wind erosion appear t o  be 
the knob-forming processes. Knobs along the p l  a i  n lh igh l  and border and 
highland t e r r a i n  region are la rger  and more s t r u c t u r a l l y  contro l led,  w i t h  





MARS: SUBDIVISIONS OF HIGHLAND ROCKS 
David H. Scott - U.S. Geological Survey, F lagstaf f ,  AZ 86001 

The highland te r ra ins  o f  Mars were onl; coarsely subdivided i n t o  
four  basic rock un i t s  during the Mariner .geologic-mapping program. 
Other geologic un i ts  werp recognized i n  the highlands from the Mariner 
images but  were more o r  less ubiquitous t o  the planet as a who1 e. 
Geologic mapping and pal eostrat igraphic studies cu r ren t l y  i n  progress 
have revealed many new highland rock un i t s  m d  have allowed the f u r t h e r  
subdivision o f  others. Figure 1 i l l u s t r a t  , the general re la t i ons  
between the  Viking map u n i t s  and those previously establ ished from 
Marl ner p ic tures ; these un i t s  are present ly ass1 gned only  prov is ional  l y  
t o  t he  mart ian t ime-s t ra t ig raph ic  systems. As on other  planetary maps, 
the  names o f  the various rock un i t s  re f l ec t  t h e i r  most outstanding 
observable physical features but not necessari ly t b e i r  primary surface 
forms o r  construct ional morphologic character is t ics.  

I n  many places, boundaries between un i t s  are not shcrp contacts b u t  
represent gradational zones whose surfaces show varying degrees of 
modi f icat ion by resurfacing and f ractur fng.  The plateau u n i t s  ( f i g .  1 )  

9 eneral ly  exh ib i t  a regular  t r a n s i t i o n  between the h i l l y  ( r "  1, cratered 
p lc ) ,  and smooth ( p l  s) mater ia ls  t ha t  suggests increasing mounts of 

volcanic o r  eol fan deposits. The ridged plateau ( p l  r )  and r idged p la ins  
(p r )  uni ts ,  on the other  hand, may have d i f f e r e n t  or ig ins.  Ridges 
w i th in  the plateau mater ia l  t y p i c a l l y  are more prominent, broader, and 
more nearly resemble elongate m o ~ n t a i n  chains than t h e i r  p la ins  
counterparts. The plains-type ridges, also, are more l i k e l y  t o  occur i n  
topographical l y  1 ow areas, where they appear t o  be assaci ated w l  t h 
f n f i l l  ing  materials,  such as lava flows. A1 though the end members o f  
these two ridge- forming un i t s  are read i l y  d l  s t ingu i  shabl e, gradations 
between them are comnon, and i n  such areas t h e i r  assignmer,: t o  one o r  
the  other  p a r t i c u l a r  type i s  less re1 i ab l  e. 

Another, possibly unique, problem of r idge i d e n t i f i c a t i o n  has 
ar isen i n  the Lunae Planun region. Here, the  r idge systems resemble 
t yp i ca l  plains-type wr ink le ridges; the  ages of the ridges, however, as 
determined by c ra te r  counts ( I ) ,  are consis tent ly  o lder  than those o f  
the smooth p la ins tha t  encompass them. These r i4ges may belong t o  the 
o lder  r idged plateau u n i t ,  whose surface has been mostly buried oy l a t e r  
lava flows; the  exposed narrow cres ta l  par ts  o f  the plateau r idges 
resemble those more t y p i c a l  s f  the plains. 

Several new p la ins  un i t s  (Atp 4 have been mapped i n  the  Tempe 
Terra ( l a t  40' N., long 75' W.) p a k  o f  the highlands. These u n i t s  
appear t o  be embayed i n  places by ear ly  lava flows from Tharsis Mantes 
and thus may be s l i g h t l y  o lder  than the mazonian system t o  which they 
have been assigned; possibly,  the age of these u n i t s  should be 
designated hzoniat i -Hesper ian (AH). 

The o ldsst  appearing mart ian rocks ( u n i t  Nbc) are exposed along the  
southern par t  o f  C lar i tas  Fossae ( l a t  30' S., l o r g  iOOO W.). I n  t h i s  
general region, they a1 so occur as is lands of  rugged mountains 
surrounded by lava f lows of Tharsis Montes. I n  places, t h i s  basement 
complex i s  also gradational w i th  other  un i ts ,  ga r t i cu l  ary the h i1  l y  
plateau (Nplh) and fractured p la ins  (Npfl) materials. 
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Figure 1. Subdiv is io~s o f  major highland geologic un i ts  from Mariner and 
Viking mapping. Correlations shown are only approximate; some of the 
new (Viking) map un i ts  occur w i th in  more than one of the or ig ina l  Mariner 
uni ts shown on the 1:25 m i l l  ion-scale geologic map of Mars (2). 
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I n i t i a l  a n a l y s i s  o f  V i k i r 8  O r b i t e r  s c e n e s  s u g a e s t e d  t h e  I 
n' 

p r e s e n c e  of s u b t l e  t o n a l  d i f f e r e n c e s  t h a t  m i g h t  be  t. 
e x p r e e s l o n e  of  g e o l o g i c  f e a t u r e s .  D i g i t a l - i m a g e  p r o c e s s i n g  I 

was u s e d  t o  a d j u s t  t h e  s c e n e  c o n t r a s t  a s  axi a i d  t o  t h e  ! \,. 
i n t e r p r e t a t i o n  of  a  s u b s e t  o f  f r a m e  no. 534A04. The  
c o m p u t e r  p rog ram8  u s e d  a r e  p a r t  of t h e  O f f i c e  of  Remote 
S e n s i n g  o f  E a r t h  R e s o u r c e s  (oRSER) p a c k a g e  d e v e l o p e d  a t  The 
P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  f o r  enhancemen t  of  
m u l t i s p e c t r a l  images  r e c o r d e d  f r o m  a i r c r a f t  and  t h e  L s n d s a t  
and  S k y l a b  s a t e l l i t e s  ( T u r n e r  and  o t h e r s ,  1978;  S a b i n s ,  
1 9 7 8 ) .  

I n  t h e  s t a n d a r d ,  u n e n h a n c e d  s c e n e ,  wh ich  was r e c o r d e d  
i n  t h e  555 - 650 n a n o m e t e r s  ( K .  K l a a s e n ,  p e r s o n a l  commun., 
1982)  w a v e l e n g t h  r e g i o n ,  a b r i g h t  ! . i nea r  zone  was n o t e d  
a l o n g  t h e  m i d d l e  of a  v a l l e y  w a l l .  T h i s  f e a t u r e  was 
i n t e r p r e t e d  t e n t a t i v e l y  a s  a  l i t h o l o g i c  u n i t .  However ,  i n  
t h e  c o n t r a s t - e n h a n c e d  image  ( L i l l e s a n d  a n d  K i e f e r ,  1 9 7 9 )  
t h i s  f e a t u r e  was d e t e r m i n e d  t o  be  a  t o p o g r a p h i c  bench .  
A p p a r e n t l y ,  t h e  s t r a t a  a b o v e  t h e  b e n c h  h a v e  e r o d e d  more  
r a p i d l y  t h a n  t h e  l o w e r  s t r a t a ,  p o s s i b l y  s u g g e s t i n g  a  
l i t h o l o g i c  d i f f e r e n c e .  

O t h e r  t o n a l  f e a t u r e s  of p b s s i b l e  g e o l o g i c  i m p o r t a n c e  
( V e r s t a p p e n ,  1 9 7 7 )  w i l l  b e  a n a l y z e d  u s i n g  t h e  ORSER program.  
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SIR-A IMAGES REVEAL MAJOR SUBSURFACE DRAINAGES I N  THE EASTERN SAHARA: 
APPLICATIONS TO MARS 
J. F. McCauley, G. G. Schaber, C. S. Breed, and M. J. G r o l i e r ,  U.S. 
Geological  Survey, F l a g s t a f f ,  AZ 86001 

The S h t t l e  Imaging Radar (SIR-A), c a r r i e d  on Columbia i n  November 
1981, penetrated t h e  extremely d ry  Selima Sand Sheet and a s s o c i a t e d  
dunes and d r i f t  sand of t h e  Eastern  Szhara t o  r e v e a l  previously  unknown 
buried v a l l e y s ,  geologic  s t r u c t u r e s ,  and poss ib le  stone-age occupation 
s i t e s .  Radar responses from bedrock and g r a v e l  s u r f a c e s  beneath s e v e r a l  
cen t ime te r s  t o  poss ibly  meters of windblown sand d e l i n e a t e  sand- and 
a l luvium-f i l led  r e l i c t  s tream v a l l e y s ,  some n e a r l y  a s  wide as t h e  Nile 
Valley and perhaps a s  old a s  middle T e r t i a r y  ( f i g .  1) .  Under f i t  and 
inc i sed  wadis, many superimposed on t h e  l a r g e  v a l l e y s ,  r e p r e s e n t  t h e  
e f f e c t s  of i n t e r m i t t e n t  running water ,  probably dur ing  Quaternary 
p l w  i a l  episodes.  

The presence of t h e s e  o therwise  i n v i s i b l e  d ra inage  networks beneath 
the  e o l i a n  veneer  ( f i g .  2)  was suspected on t h e  b a s i s  of e a r l i e r  f i e l d  
and Landsat s t u d i e s  of t h e  G i l f  Kebir region.  There numerous s teep-  
walled inc i sed  d ry  wadis debouch from a d i s s e c t e d  p l a t e a u  on to  t h e  
surrounding d e s e r t  p l a i n s ,  from which n e a r l y  a l l  t r a c e s  of former 
f l w i a l  a c t i v i t y  have been eroded o r  buried by wind (Breed and o t h e r s ,  
1982; McCauley and o t h e r s ,  1982a, b) .  In t h e  Eas te rn  Sahara,  the  s i z e  
and reg iona l  ex ten t  of c ld  buried f l w i a l  networks has  now been 
confirmed by radar  images. Radar-brightness u n i t s  were mapped, using 
techniques f i r s t  appl ied  t o  lunar  mapping (McCauley, 1967), these  maps 
show a z e r r a i n  formed under e a r l i e r ,  l e s s  a r i d  c l i m a t i c  c o n d i t i o n s  
(McCauley and o t h e r s ,  1982a, b) .  The nowvanished major r i v e r  systems 
revealed by SIR-A probably accomplished most of t n e  e r o s i o n a l  s t r i p p i n g  
6f t h i s  now e x t r a o r d i n a r i l y  f l a t  hyperarid regiog.  

The p resen t ly  hyperarid Eas te rn  Sahara provides numerous analogs  
f o r  sv :face geologic  processes  and land forms on Mars, inc lud ing  r e l i c t  
f luv i a l  channels,  yardangs, dunes, c o n i c a l  h i l l s ,  and p i t t e d  rocks 
(McCauley and o t h e r s ,  1979, 1980, 1982a; Gro l i e r  and o t h e r s ,  1980; Breed 
and o t h e r s ,  1980, 1982; G r o l i e r  and Schu l t e jann ,  1982). Most of these  
f e a t u r e s  a r e  of hybrid o r i g i n  and r e f l e c t  an i n t e r p l a y  of wind wi th  
ep i sod ic  running water and wi th  mass wasting. The Eas te rn  Sahara,  
though on a much s h o r t e r  time s c a l e ,  c l e a r l y  shows t h e  e f f e c t s  of e o l i a n  
takeover of a previous f l w i a l  t e r r a i n ,  a s  descr ibed f o r  Mars. 

The t h e o r e t i c a l  pene t ra t ion  of sand (o r  i c e )  by radar  depends on 
t h e  wavelength and incidence ang le  of t h e  radar  beam ( i n  t h e  c a s e  of 
SIR-A, 24 crn and 47' a t  the  s u r f a c e )  and on the  e l e c t r i c a l  p r o p e r t i e s  of 
the  mate r i a l ,  which a r e  l a r g e l y  determined by s o i l  mois ture  (Chi la r  and 
Ulaby, 1974; Elachi  and o t h e r s ,  1982). The ca lcu la ted  d e p t h  of r a d a r  
pene t ra t ion  of d ry  sand and g ranu les ,  based on l abora to ry  measurements 
of t h e  e l e c t r i c a l  p r o p e r t i e s  of samples from t h e  Selima Sand Sheet ,  i s  
a t  l e a s t  5 m. Pene t ra t ion  of dry  sand by imaging r a d a r  thus  provides  a 
new t o o l  f o r  geologic  i n v e s t i g a t i o n s  of hyperarid reg lons  whose 
palimpsest  f l w i a l  f e a t u r e s  art? obscured by a veneer  of d r y  ( o r  f rozen)  
sediment. A s i m i l a r  imaging-radar experiment f o r  Mars should r e s u l t  i n  
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h i t h e r t o  unknown v i ews  o f  t h e  mar t i an  t e r r a i n  b e n e a t h  t h e  p o l a r  i c e c a p s  
and t h e  e o l i a n  d u s t  b l a n k e t s  and dune f i e l d s  t h a t  p r e s e n t l y  obscu re  much 
of  i t s  s u r f a c e .  
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S IR-A RESULTS FROM COASTAL NORTHERN CALIFORNU. 

J.B. P lesc ia  and R.S. Saundere , Jet Propulsion Laboratory, Cal i forn ia  
I n s t i t u t e  of Technology, Pasadena, CA 91109 

Two SIR-A images of the  coas t a l  northern Cal i forn ia  a rea  were acquired during 
the  STS 2 f l i g h t  i n  November 1981, during o r b i t s  20 and 21 and a r e  re fe r red  t o  
a s  takee 24A and 248 respect ively.  

The northern coast  of Cal i forn ia  is a heavily fores ted  a r ea  canpoeed 
predominantely of Mesozoic c l a e t i c  marine uni te .  Mort notable of these u n i t s  
is  the  Franciscan complex which has been in te rpre ted  a s  a subduction 
complex. The Franciscan l i e s  between Tertiary-Cretaceous c l a e t i c o  t o  the west 
and Paleozoic c l a s t i c s  and alluvium of the  Sacramento Valley t o  the  northeast  
and ea s t .  Contacts between each major u n i t s  a r e  general ly  tec ton ic  r a t h e r  
than deposi t ional .  Faul t s  within t he  region a r e  general ly  northwest s t r i k i n g  
(~20-30%) pbra l le l ing  the coast.  The most important e t  r uc tu ra l  f ea tu re  i e  
t he  Coast 'Range Thrust which forms the  ea s t e rn  margin of the  Franciscan 
uni ts .  The Coast Range Thrust,  and other  associated th rus tu  i n  t he  
Paleozoics,  trend ea s t  t o  northwest and d ip  north t o  n o r t h e a ~ t .  

Major con t r a s t s  i n  radar r e f l e c t i v i t y  a r e  la rge ly  confined t o  the  a r e a  
underlain by the Franciscan uni t s .  Within t h a t  region elongate zones and 
smaller rectangular patches of low r e f l e c t i v i t y  occur. Many, but by no m a n s  
a l l ,  of t he  elongate zones occur along ridge c r e s t s .  These low r e f l e c t i v i t y  
zones may be a reas  which have been deforested exposing the  ground surface.  
The smaller rectangular  patches general ly  have t h e i r  long axes or iented north 
t o  northwest. These may r e f l e c t  outcrops of ul t ramafic  serpentine-rich rocks 
which commonly occur i n  the  Franciscan. The ultramafice do not support 
subs t an t i a l  f o r e s t  growth. Other r e f l e c t i v i t y  contraote  a r e  assoc ia ted  with 
the courses of the la rger  r i v e r s  which c ross  the region. A l l  a r e  marked by 
low return.  This i s  most l i k e l y  due t o  f l a t  va l ley  bottoms f i l l e d  with f i n e  
grained mater ia l  of much smaller s i z e  than the  radar wavelength. 

We have examined the azimuth61 d i s t r i b u t i o n  of lineaments observed between the  
coast  and the western margin of the Sacramento Valley from both s t r i pe .  Thie 
was done i n  order t o  compare the lineament observed on the radar with t he  
known s t ruc tu re  of the  region. 

Few mapped f a u l t s  were d i r e c t l y  observable on the radar image. Only the Coast 
Range Thrust is readi ly  i d e n t i f i a b l e  apparently because of its co r r e l a t i on  
with the  south fork of the T r in i t y  River. The absence of i d e n t i f i a b l e  f a u l t s  
on the radar image may r e s u l t  from severa l  i n t e r r e l a t ed  causes. F i r s t  t he  
region is  heavily forested and therefore  the  ground i s  not exposed, thus any 
r e f l e c t i v i t y  contrast  between rock types across  a f a u l t  which might produce a 
lineament a r e  hii'den from view. Secondly, a l l  t he  rock typee i n  the region 
a r e  f a i r l y  sirnilhr marine c l a e t i c s  and probably rould have low r e f l e c t i v i t y  
cont ras t s .  Final ly  the s tuc tu re s  do not seem t o  have produced pronounced 
topogriiphic expressions which would r e s u l t  i n  observable lineaments. 

There a r e  some examples of co r r e l a t i ons  between lineaments and fea tures  
observable on the ground. Along the  coas t ,  wi thin t he  Tertiary-Cretaceous 
c l a s t i c s ,  a s e r i e s  of short  lineaments broken by numerous canyons which cut  
the  coas t a l  region p a r a l l e l  the  coast.  These lineaments can be cor re la ted  



w i t h  bedding wi th in  t h e  c l a e t i c  eect ion. D i s t i n c t  bedding apparent ly  occurs  
only w i th in  "Le Tertiary-Cretaceoue uec t ion  and not  w i th in  t h e  Franc i rcan  t o  
t h e  e a r t .  1 recond s e r i e s  of l ineamente which occur along t h e  wcetcrn mnrgin 
of t h e  S.cramen..o Valley can a l r o  be c o r r e l a t e d  wi th  sediarantary bedding. 
Here t h e  Cretaceour c l a r t i c  r e c t i o n  ham been u p l i f t e d  exporing bedding i n  a 
c u r v i l i n e a r  p a t t e r n  along t h e  margin of t h e  va l l ey .  The l i n e a a c n t e  obrerved 
c l o r e l y  parllel t h e  outcrop p a t t e r n  of t h e  un i t .  

Three t ype r  of angular  frequency h i s t o g r a m  were prepared from t h e  da ta .  
There inc lude  a )  t h e  number of l ineaments  independent of t h e i r  l eng th  a s  a 
func t ion  of azimuth, b )  t h e  s a w  da t a  weighted f o r  l eng th  of t h e  l ineaments  
and c )  on ly  those lineamente g r e a t e r  than  5 km length.  F igure  1 i l l u s t r a t e e  
t h e  h i e t o g r a w  of l i neaoan te  g r e a t e r  t han  5 km l eng th  f o r  t a k e s  2bA and 24B. 
The average d i r e c t i o n r  f o r  each of t h e r e  a n a l y s i e  is l i e t e d  i n  Table I i n  
tenne  of d i r e c t i o n  r e l a t i v e  t o  t h e  f l i g h t  l i n e  and t o  geographic nor th .  The 
major i ty  of l ineaments  a r e  o r i en t ed  a t  an ang le  of approximately SO0 t o  a 
d i r e c t i o n  p a r a l l e l  t o  t h e  f l i g h t  t r a c k  (40' from a normal t o  t h e  f l i g h t  
t r ack ) .  Ae t h e  two o r b i t  f l i g h t  t c ack r  d i f f e r  by approximately 20° i n  
o r i e n t a t i o n  ( ~ 7 8 ' ~  vs. N1OoOE), hence t h e  l ineaments  eeen on them a r e  not  
o r i e n t e d  i n  t he  same d i r e c t i o n .  The observed d i f f e r e n c e  is  we l l  ou t s ide  any 
probable e r r o r  i n  euch an  ana lys i e .  Addi t iona l ly  none of theee  d i r e c t i o n s  a r e  
s i m i l a r  t o  t he  g e n e r ~ l l y  ~20-25% o r i e n t a t i o n  of t h e  s t r u c t u r a l  f e a t u r e s  
obeerved i n  t h e  region.  Such a d i s t r i b u t i o n  of l ineaments  euggeets  t h a t  they 
a r e  not a d i r e c t  r e s u l t  of s t r u c t u r e  but  r a t h e r  a r e  an a r t i f a c t  i n  t h e  data .  

The r e e u l t e  obeerved here  i n d i c a t e  t h a t  extreme cau t ion  m e t  be exe rc i s ed  when 
a t tempt ing  t o  map e t r u c t u r a l  f e a t u r e s  i n  such reg ions  from rada r  images. 
S imi ia r  r e e u l t e  t o  thoee reeented he re ,  t h a t  a l l  l ineamente do not  r ep reaen t  
r e a l  e t r u c t u r e ,  has a l e o  been repor ted  by Elder  e t  a l . ,  1974 and Johnston - e t  
a1 1975. -* ' 
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Fig. 1 - T i l t  p r o b a b i l i t y  
dens i ty  func t ion  f o r  Chryse 
P l d n i t i a  V ik ing  Lander 1 s i t e .  

MARS SURFACE PROPERTIES FROM VIKING BISTATIC RAOAR 
Richard A. Simpson, G. Leonard Ty ler ,  and H. Tay lor  Howard 

Center f o r  Radar Astronomy , Stanford Un i ve r s i t y  , Stanford, CA 94305 

Data from V ik ing  b i s t a t i c  radar observat ions a t  h = 13 cm wavelength 
have been f i t t e d  t o  power spectrum templates ca l cu l a ted  us ing t h e  Hagfors & 
Geophys. Res., - 69, 1964) s c a t t e r i n g  f unc t i on  

4 2 -312 o,,(C,@) - (COS 6 + C s i n  8) 

Surface roughness est imates from t h i s  ana lys is  (Table I )  agree c l ose l y  w i t h  
values obtained from earth-based observat ioas (Downs e t  fi., Icarus,  26, 1975; 
Simpson e t  a1 . , Icarus,  36, 1978) where ground t r a c k s i n t e r s e c t  -- i n  c ra te red  
t e r r a i n  aswell a s p p l a i n s .  There are no s t r i k i n g  c o r r e l a t i o n s  between t h e  
radar r e s u l t s  and photogeology. This r ea f f i rms  our ea r l  i e r  conclusion (Simp- 
son e t  al., Icarus, 32,- 1977;- I ca rus  49, 1982) t h a t  processes w+ich dominate 
~ a r r y u T f a c e  texture-at scale-rt~tit t o  r ad io  wave s c a t t e r i n g  ((100 m) - .  
cannot be e a s i l y  i n f e r r e d  from o r b i t a l  images. 

Values o f  surface roughness determined us ing t h e  Hagfors f unc t i on  a re  30- 
40% lower than those der ived p rev ious ly  w i t h  gaussian temp1 ates (Simpson and 
Tyler,  Icarus,  46, 1981). Prev ious ly  pub! ished est imates from the  permanent 
nor th  p ~ c a p s h o u l d  be reduced, therefore,  t o  about 2'. Invers ions of 
power spectra (Fig. 1) suggest t h a t  uH(CSa) only adequately describes sur-  
face ti lt on Mars. There i s  usua l l y  a  h igher  p ropor t ion  of sur face elemonts 
w i t h  near-zero t i l t s  than t he  Hagfors func t ion  would p red ic t .  On t h e  moon 

u (C,c)) was judged the best of th ree  funct ions (gaussian, Hagfors, and ex- 
po#en t i a l )  i n  comparisons w i t h  radar data (Simpson and Ty ler ,  I E E E  Trans., AP- 
30, 1982). The d i f f e rence  on Mars may be t he  way i n  which aeo l ian  and o t h e r  - 
processes modify t he  small -sca le  surface s t ruc tu re .  

Comparison of roughness estimates from data i n  which two approximately 
equal or thogonal ly  po la r i zed  echoes were received shows no s i g n i f i c a n t  d i f f e r -  
ences i n  the  spectra of the  two components. Separation of the  echo i n t o  de- 
t e r m i n i s t i c  (po la r i zed)  and random (unpolar i  zed) components showed occasional 
presence of the l a t t e r .  I n  p a r t i c u l a r ,  near (72'W, 17's) where Downs -- e t  a l .  
(1c;rus. 26, 1975) repor ted de tec t ion  o f  a 9 o l a r i z e d  echo, we found unpolar-  
i z e  echo-power. Though e x i s t i n g  models are inadequate f o r  q u a n t i t a t i v e  i n -  
t e r p r e t a t i o n  of p o l a r i z a t i o n  data the re  i s  ~ e n e r a l  agreement t h a t  unpol . j r i  zed 
and depolar i  zed power ind ica tes  the presence o f  b locks or  o ther  i r r e g u l a r  
s t r uc tu re  on t h e  surface. 
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I ORIGINAL FAGE ' TABLE I 

t 
a p00R  QUA^ 

Surface Roughness from V I  k ing  B l s t a t l c  Radar 
I Temp1 3te F i t s  Using Hagfors' Scattering Law 
i 

(arranged approximately I n  order o f  decreasing l a t  I tude) 

Area 

North Polar Cap 

South of VL-2 

Olympus Mons 

VL- 1 

T r i  ton1 s Lacus 

S y r t i s  Major 

Lunae Planum 

Arsia Mons 

Apol l  i n e r l s  

S l  nai  /Sol l s P l  ana 

Soviet S i t e  

He1 1 as 

Ground Track 
S ta r t  Stop 

OW O N  OW O N  - - 
129.60 85.38 175.59 88.70 

239.64 34.33 230.39 37.41 

142.23 25.75 132.10 34.04 

45.55 21.33 46.95 23.55 

247.52 18.28 249.43 20.03 
250.26 21.85 250.11 23.90 

291.11 8.98 298.98 9.57 

51.53 8.42 69.62 9.80 

125.46 -13.85 131.18 -9.32 

166.33 -19.86 167.88 -13.13 
193.29 -21.86 190.57 -16.26 

80.46 -25.07 73.92 -13.34 
83.16 -24.27 78.12 -17.?0 

26.65 -24.56 22.72 -21.73 

295.96 -46.25 300.50 -37 024 
295.14 -49.90 294.54 -45.46 

Day o f  year. Day numbers la rger  than 300 were from 1977; the  remainder were 
1978. 

** Generally given as a mean value and standard dev la t lon  # - -  9' "5.68k0.54." HIgh and low values along the ground t rack  are  ndlcated by 
"3.97-7.95;" assume considerable variat ion. An approxlmately monotonic 
t rend from ground t rack s t a r t  t o  stop I s  Indlcated by "3.40 t o  4.27." Dual 
entry  f o r  He1 l a s  042 g l  ve; r e s r ~ l t s  derived Independently frm two polar1 za- 
t lons. 



ANALYSIS OF THE APOLLO LUNAR SOUNDER EXPERIMENT DATA - A PROGRESS REPORT- 
V. L. Sharpton, 3. W. Head, Depart. o f  Gw log i ca l  Sciences, Brown Univers i ty ,  
Providence, R I  02912, and R. W. Shorthi 11, Univ. o f  Utah Research I n s t i t u t e ,  
Research Park, S a l t  Lake City,  UT 84108. 

Background: ALSE was a three channel, synthet ic-aperture radar experi- 
ment i n  operat ion during o r b i t s  16, 17 and 18 o f  the Apol lo 17 mission [1,2]. 
The primary ob jec t ive  was +.G detect var ia t ions  i n  the  lunar  subsurface 
e l e c t r i c a l  proper t ies and thereby deternine subsurface layer ing  and st ructure.  
The HF-1 channel ( A  Sm) provided the dee9est subsurface sounding. 

process in^: A1 1 HF-1 raw data signal f i  1m was transformed t o  holographic 
f o r m a ~ c o h e r e n t  opt ical-processing techniques [3]. Unl i ke photographs, 
holog-ams preserve the f u l l  dynamic range and phase in format ion o f  the 
processed data. A spec ia l l y  designed hologram viewer 12) a1 lows the observer 
t o  adjust  the Doppler bandwidth and magnify the reconstructed radar image on 
a viewing screen. These Dopp ler - f i l te red  Images can then be photographed 
and mosaicked. 

In te rpre ta t ion :  Early d i g i t a l  and holographic analycis i 1lustra4ed 
t h a t  radar data co l lec ted  dur ing a s4ngle lunar o r b i t  was no t  . ~ r f f i c i e n t  t o  
det,ermine subsurface r e f l e c t 1  ons from o f f -  t rack surface c l u t t e r .  I n  order t o  
reduce t h i s  ambiguity, a mu1 t i p l e  o r b i t  data co r re la t i on  technique was de- 
vised which involved comparing the hologrsphical l y  processed radar data frcm 
two adjacent E-W o r b i t s  and f i l t e r i n g  out those re f l ec t i ons  which d i d  not  
occur i n  both o r b i t s  a t  the same time delay (depth) anc azimuth ( longi tude)  
[S]. This technique was tested f o r  traverses across M a r i ~  s ere nit at is and 
C r i  s i  um. Spati a1 l y  coherent radar returns were detected across both maria : 
two horizons i n  Seren i ta t i s  and one i n  Crisium [4]. Calculat ions o f  power 
r e f l e c t i o n  coef f i c ien ts  i nd i ca te  t h a t  these radar horizons are most l i k e l y  
r e g o l i t h  layers interbedded w i t h  more massive 1 i thologies [4]. The subsur- 
face horizons i n  Mare Seren i ta t i s  have recent ly  been assigned t o  major s t r a t i -  
graphic boundaries on the basis o f  de ta i led  surface analysis, thus penni tti ng 
the s t ruc tu ra l  and s t ra t i g raph ic  evo lu t ion  o f  the basin t o  be Set te r  
ascertained [5] . 

Present Invest igat ion:  The ALSE coverage 4ncl uded a number o f  mare 
regions i n  add i t i on  t o  Seren i ta t i s  and Crisium: the nor th  f lank  o f  Fare 
Vaporum, the southern she l f  o f  Mare Imbri um and an extensive travertse across 
Oceanus Procellarum. We have recent ly  undertaken an e f f o r t  t o  analyze these 
remaining ALSE data i n  holographic format and cor re la te  the data between 
adjacent o r b i t s .  The hologram viewer a t  the Univers i ty  o f  Utah has been 
reassembled and f i ne  tuned. Second and t h i r d  generation s ignal  and hologram 
f i l m  f o r  a1 1 lunar regions covered by ALSE has beer! examined and catalogued. 
We have conducted t e s t  runs f o r  the t raversc i o r b i t  17) across Oceanus 
Procttllarum i n  the v i c i n i t y  o f  SON, 50°W and are cur ren t ly  analyzing these 
images . 
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CLASSIFICATION OF SURFACE UNITS IN  THE EQUATORIAL REGION OF MARS 
BASED ON VIKING ORBITER COLOR, ALBEDO, AND THERMAL DATA 
R.E. A rv~dson  and E.A. Guf nness, McDonnell Center f o r  t he  Space 
Sciences, Washf ngton Unfversf t y ,  St. Loui  s, Mf ssourf 63130 

A consfderable amount o f  Vfkfng Orbf t e r  data now e x i s t s  t h a t  i s  
p e r t f  nent t o  understandf ng t he  d i s t r i  bu t f  on o f  s u r f i c f  a1 and perhaps 
bedrock u n i t s  on Mars. The most app l i cab le  data se ts  c o n s i s t  o f  
three co lo r  (0.45 t o  0.59 micrometers) image data (Soderblom e t  a t . ,  
19781, together wf t h  thermal f n e r t i a  est imates and broadband (0.3 t o  
2.5 mfcrometers) albedo data der ived from the  I n f r a r e d  Thermal 
Mapper ( K f  e f f e r  e t  a1 . , 1977 1. We have quantf t a t f  ve l y  searched f o r  
c l u s t e r s  wf t h i n  the 3 dimensional data se t  cons i s t i ng  o f  Red IV io le t  
r a t f  os from the  approach mosaic (nor thern  1 a t e  sprf  ng) , together  
w f t h  a l b  l o  and thermal f n e r t i a  est imates f o r  the  f i r s t  300 days o f  
the V i ~ f n g  Orb i te r  mission. These Mars Con5ortium data were f i r s t  
p laced i n  r eg i s t e red  image format and then a p r i n c i p a l  components 
r o t a t i o n  was performed t o  obtaf  n three new axes t h a t  b e t t e r  exp la f  n 
the var iance pa t te rns  inheren t  i n  the dat? (Arvfdson e t  a l . ,  1992). 
We f i n d  t h a t  about 502 o f  the  var iance ( i n f o rma t i on  con ten t )  for  tbe  
reg ion  spanning 15 degrees on e i t h e r  s ide  o f  the  equator f s  c a r r i e d  
along the  f i r s t  p r f  ncf pa l  component vector df r e c t f  on. I n  essence, 
t h i s  means t h a t  the  data form an elongat.: swarm i n  R/V,  albedo, 
thermal i n e r t i a  space. The swarm was "s t re tched"  i n t o  a spher ica l  
shape, t o  remove the dominate t r end  and t o  emphasize the 
d i s t r f  bu t f  on o f  c l us te r s ,  by f ncreasf ng the  dyndmfc range a long t he  
p r i  ncf pa l  component d i r ec t i ons .  An f nverse coordf nate r o t a t f  on was 
then performed t c  ob ta i n  the  decorre la ted values o f  R / V ,  albedo, and 
themal i n e r t i a .  I he new values were then p l o t t e d  f n a t r f  angul ar 
. :agram and c l u s t e r s  wpre v fsua l  l y  def ined and t es ted  f o r  
s t a t i s t i c a l  val  f d i t y  (Arv f  dson e t  a1 . , 1982). Unf t maps f o r  t he  
reg ion bounded by 0 t o  50" and 290 t o  360" W. l ong i tude  were 
generated based on the c l us te r s .  F i ve  main c l u s t e r s  were i d e n t i f i e d  
t h a t  a re  p a r t  o f  a t rend  w f t h  two end members: A b r i g h t ,  r e d  r eg ion  
w i t h  low thermal i n e r t i a  (Arab ia ) ,  and a dark, gray reg ion  w i t h  h i gh  
thermal f n e r t f  a. The f a c t  t h a t  three d i s c r e t e  unf t s  can be 
discerned between these end mmt2 rs  may be re1 ated t o  d i s c r e t e  
mix ing o f  " b r i g h t "  and "dark" conponents by  aeol f  an processes. 
Mant l i ng  by sediments f s  p reva len t  i n  Arabia, wh i l e  the  darker, 
grayer unf t s ,  w i t h  hf gher thormal f n e r t i a ,  exh ib f  t mare- l fke p l a i ns .  
The mantl f  ng i s  apparent f 11 vf k i  ng Orbf t e r  images w i t h  r eso l  u t f  ons 
from 8 t o  30 meters per p i  ~ 2 1 .  These r e s u l t s  imply  a c o r r e l  at'on !n 
the study area between co lc * .  albedo, and thermal i i i e i - i j a ,  which a r e  
p obes o f  near surface mater i  a1 5 ,  and debrf s mantles, whf ch extend 
t o  depths o f  meters. However, caut fon must be exercf sed i n  
i n t e r p r e t i n g  +he u n i t s  maps f c r  a t  l e a s t  two reason?. F i r s t ,  
r e s u l t s  o f  Jacobberger e t  a l .  (19821, who used the  same techniques 
t o  map rocks and sof 1 s f n  eastern Egypt usfng Landsat MSS data, 
demonstrate t h a t  mfnera log fca l l y  d i s t i n c t i v e  rocks can be grouped 
w i  t h f  n a s i n g l e  c l u s t e r  because o f  1 fmf ted  spec t ra l  coverage 
( i  .s.  broad bands, on ly  4 bands, 1 fm i ted  p a r t  o f  spectrum). Second, 



Str ick land (1982) examined the Mart ian study area w i t h  o r b i t a l  co lo r  
data and has been able t o  del ineate co lo r  c lus te rs  t h a t  correspond 
t o  u n i t s  no t  resolved a t  the r e l a t i v e l y  coarse spat ia l  reso lu t i on  o f  
the approach mosaic. We are present ly  inc lud ing  the o r b i t a l  co lo r  
data i n  our c lus te r  analyses. 
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CORRECTIONS FOR ELEVATION OF VIKING OZBITER MEASUREMENTS OF MARTIAN THER- 
MAL INERTIAS 
James R. Zimbelman, Department of Geology, Arizona S t a t e  Univers i ty ,  
Tempe, Arizona 85287 

Thermal i n e r t i a s  determined from Viking I n f r a r e d  Thermal Mapper d a t a  
d i s p l a y  a genera l  t r end  of dec reas ing  value  wi th  i n c r e a s i n g  e l e v a t i o n  
1 , 2  Three a t a o s p h e r i c  e f f e c t s  c o n t r i b u t e  t o  t h i s  trend: dec reas ing  
thermal conduc t iv i ty  of p a r t i c u l a t e  m a t e r i a l s  wi th  dec reas ing  atmospheric 
p r e s s u r e  (3 ) ,  dec reas ing  atmospheric thermal r a d i a t i o n  t o  the  s u r f a c e  wi th  
i n c r e a s i n g  e l e v a t i o n ,  and dec reas ing  d u s t  o p t i c a l  depth  wi th  i n c r e a s i n g  
e l e v a t i o n  (2;. These e f f e c t s  a r e  p a r t i c u l a r l y  pronounced f o r  topograph- 
i c a l l y  h igh a r e a s  such a s  the  vo lcan ic  c o n s t r u c t s  (4 ,5) .  New radar-  
de r ived  topography i n d i c a t e  t h a t  the  1976 Mariner 9 topography (6)  is 2 t o  
5 km too  high i n  p a r t s  of the  nor the rn  hemisphere (7 ) ;  e a r l i e r  s t u d i e s  
u s i n g  the  1976 e l e v a t i o n s  may r e q u i r e  some reeva lua t ion .  We a r e  working 
on removing the  elevation-dependent e f f e c t s  from the  observed thermal in- 
e r t i a s  s o  t h a t  the  r e s u l t i n g  s p a t i a l  v a r i a t i o n s  of s u r f a c e  p r o p e r t i e s  a r e  
enhanced. 

Laboratory experiments wi th  a v a r i e t y  of p a r t i c u l a t e  m a t e r i a l s  have 
e s t a b l i s h e d  the  pressure-dependent v a r i a t i o n s  i n  thermal c o n d u c t i v i t y  
(8 ,9) .  The thermal conduc t iv i ty  v a r i e s  a s  the  square roo t  of the  p r e s s u r e  
f o r  mar t ian  c o r d i t i o n s  so t h a t  t h e  thermal i n e r t i a  v t i r ies  a s  the  f o u r t h  
r o o t  of the  p ressure  (3) .  P ressure  can be a s s o c i a t e d  w i t h  e l e v a t i o n  
t h r o t g h  the  atmospheric s c a l e  he igh t  and an a p p r o p r i a t e  c o r r e c t i o n  made t o  
t h e  thermal i n e r t i a s  a t  t h a t  e l eva t ion .  

Jakosky ( 1 )  showed t h a t  the  removal of the  atmospheric thermal radia-  
t i o n  term from the  s t andard  models r e s u l t e d  i n  a s i g n i f i c a n t  i n c r e a s e  i n  
t h e  der ived thermal i n e r t i a  f o r  the  Ars ia  Mons ca lde ra .  We have run ther-  
mal models wi th  varying atmospheric r a d i a t i o n  c o n t r i b u t i o n s  and the  resu l -  
t i n g  thermal i n e r t i a  changes can aga in  be r e l a t e d  t o  the  e l e v a t i o n  through1 
t h e  atmospheric pressure .  

The c o n t r i b u t i o n  of atmospheric d u s t  t o  the  thermal r a d i a t i o n  inc i -  
den t  on the  s u r f a c e  is cons ide rab ly  more d i f f i c u l t  t o  model. Severa l  ap- 
proaches have been taken t o  t h i s  problem (1,10,11). Visua l  (12) and in- 
f r a r e d  (13) measurements provide d u s t  o p t i c a l  depths  f o r  the Viking opera- 
t i o n s  per iod which should a l low the  d u s t  c o n t r i b u t i o n  t o  thermal i n e r t i a  
va lues  t o  be evaluated.  
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EFFECTS OF LAYERING ON REFLECTANCE AND ABSORPTION BAYD CONTRAST 
Bruce Hapke, Dept, of Geology and Planetary  Science, U n i v e r s i t y  o f  
P i t t sburgh ,  P i t t sburgh ,  PA 15260 

Approximate so lu t ions  t o  the  equat ion o f  r a d i a t i v e  t r a n s f e r  have 
been obta ined which g i ve  the  re f l ec tance  o f  a  ho r i zon ta l  l y - s t r a t i f i e d ,  
two-layered medium. I t  i s  found t h a t  the dependence o f  the  r e f l ec tance  
on the o p t i c a l  th ickness r o f  the  upper l a y e r  depends s t r o n g l y  on the 
a1 bedos o f  t he  upper and lower layers .  Here, ';t = NrQ t, where N i s  the 
number of p a r t i c l e s  per u n i t  volume, o i s  the pa r t i c16  cross-cect iona l  
area, Q i s  the e x t i n c t i o n  e f f i c i e n c y  ( f o r  s o i l s  1 5 1). and t i s  the 
th ickneks o f  the upper l aye r .  When a derk materia! o v e r l i e s  a b r i g h t  
surface, a  cover ing o f  r = 1 (correspondincl t o  about a  monolayer) i s  
s u f f i c i e n t  t o  reduce the  re f l ec tance  t o  near l y  t h a t  o f  the dark substance. 
Hcwever, when a l i g h t  ma te r i a l  o v e r l i e s  a  dark surface, a  cover inq o f  
T > 10 i s  requ i red  t o  make the  re f l ec tance  approach t h a t  o f  the  b r i g h t  
substance. This t heo re t i ca l  p r e d i c t i o n  i s  cons is ten t  w i t h  experimental 
r e s u l t s  of Wells and Veverka. 

If one o f  the l aye rs  has an absorpt ion band. the r e l a t i v e  con t ras t  
between the cen te r  and wings o f  the band i s  s t r onq l v  a f f e c t e d  by l aye r i n? .  
If the  band i s  i n  the bottom layer ,  a  cover ing o f  T = 1.5 i s  s u f f i c i e n t  
t o  reduce the con t ras t  by more than 90k, independent o f  whether the  
darker  o r  l i g h t e r  ma te r i a l  i s  on the top. If the  band i s  i n  the  top  
layer ,  the con t ras t  reaches near l y  i t s  f u l l  value when r = 1 i f  the  
dark ma te r i a l  i s  on top; however, if the l i g h t  ma te r i a l  i s  on top, a  
cover ing of T > 19 i s  requi red.  

This theory should be use fu l  i n  i n t e r p r e t a t i o n s  o f  many t oo i cs  i n  
p lane ta ry  geology, i nc l ud ing  e f f e c t s  o f  dust  depos i ts  on the  Mar t ian 
surface, e f f e c t s  o f  the Ya r t i an  atmosohere on sur face photometry, and 
ef fec ts  of f r o s t  depos i ts  on ou te r  p lane t  s a t e l l i t e s .  For instance, i n  
the  l a t t e r  a p p l i ~ a t i o n ,  the r e s u l t s  o f  t h i s  study imply t h a t  f r o s t  l a ye rs  
on l y  a  few mg/cm t h i c k  on a s i l i c a t e  s o i l  would be s u f f i c i e n t  t o  com- 
p l e t e l y  h ide c h a r a c t e r i s t i c  s i  1  i c a t e  absorpt ion bands. 



SPECTRAL EV!DENCE FOR ALUMINOUS IRON 9 X I D E S  ON MA8S 

Richjr; i  V.  Mor r i s  (NASA Johnson Space Center, Houston, TX 77058) and Howard 
V .  L m t ~ ,  J r .  (LEMSCO, Houston, TX 7?058). 

I NTRODUCT 1 ON ...---..--.- 

One prominent f ea tu re  i n  the r e f l ec tance  spect ra  o f  both the b r i g h t  and 
dark reg  ions o f  Mars i s  an absorpt ion edge that. extends from about 0.75 t o  
0 . 4 0  urn (e.9.. Siryet. ct  a ) .  , 1979). This sdge i s  genera l l y  a t t r i b u t e d  t o  
surne combinnt ion o f  i r i t e re lec t ro t ;  i t -  nd charqe- t ransfer  t r a r i s i  t ions i n -  
3volvi11g tt.,.ric i r o n  je.y., Huguenin e t  a l . ,  1977; Singer e t  al., 1979; 
Shriasn e t  d l . ,  1932). Becsusr the spec t rd l  datd  (10 !at g i ve  t ~ y n t  
mirter., ' ryicdl cons t ra in ts ,  the re  i s  no t  ye;ieral agrecn~r:* on the nature o f  
; , )PC iiil- f c r r  i c  ox ide phases i n f e r r e d  frotr the spec t ra l  data. Some workers 
.,~sgcst d Fe203/Fc00H assemblage ( e  g., Singer e t  al. ,  1979) which may be 
; i in~phoirs ( S  inget., 1982). Other suggest ions inc  1 ude maghemi t e  
!e 9 . .  Hatyraves e t  ,\I., 1979) and the maynetiz FeOOH polymor-ph T-Fe20$s 6-Fe0 H 
( i ~ t n s ,  1 1 )  Wh i It. some aspects o f  the spec t ra l  p rope r t i es  o f  the above 
phases s a t i s f y  the const r -d in ts  o f  the observdt iona l  data, there are o ther  
aspects which agree poo r l y  o r  not a t  a l l .  For example, the absorpt ion edge 
t'o1. hemat i t e  (tr-FeZC3) i s  no t  a t  a short  enough wdvelength. 

I t  i s  poss ib le  arid t ven  l i k r l y  under na tu ra l  cond i t i ons  on Mars t h a t  
imptrt.~ t y  iori subst i t u t  ion OLCUI's a t  l eas t  t o  some degree f o r  f e r r  i c  i ron.  
1'111 the eat-tti, dluminutn cornrnorily subs t i t u t es  f c i -  f e r r i c  i r o n  i n  na tu ra l  
s i t i r ,~ t  ions, ~ n d  constquetit l y  we dnt i r i p a t e  a s i m i l a r  s i t u a t i o n  may ociur. on 
Mars. The wo1.k r t lpor ted by Sommer and Buck inghan~ (1981) suggests t ha t  
c \ lumi~um s i rbs t i t i r t i on  i n  f e r r i c  oxides i s  important o p t i c a l  l y .  A l tho~rgh 
they d i d  no t  r epo r t  on the spec t ra l  behavior o f  the absorpt ion edge, they 
d i d  repor t  that, the band mi11  i m u ~  nedr 3.86 r m  i n  hemati te s h i f t s  t o  longer 
wdvr lc'nqt hs w i t  t i  increas ing aluminum content.  We t-eport here p r e l  iminary 
w s i ~ l t s  o f  our s tud ies  o f  the o p t i c a l  p rope r t i es  of the s o l i d - s o l u t i c n  
se r ies  bt3t.wtvn cr - A l $ 3  and a - f e ~ U 3  i n  syn the t i c  systeins and discuss the  
imp 1 i c ,~ t  io1i3 o f  t tie r;su 1 t  s i,w the r e f  1t.c t arice spect ra  of Mars. 

E XPE R I MINTAL PROCfD l lRE  S - . . - -- - - 

The s t  a r t  ing p o i n t  f o r  the syn the t i c  procedwe was w i u t  ions o f  
appt'opri,qte  mounts o f  i r o n  drid dltrniintrm su l f a t e  sa l t s .  Add i t i on  o f  excess 
bdse t'esli 1 ted i r i  prec i p i  t a t es  which were subsequently washed repeated ly  
w i t h  neutr,\l w ~ t r t ' .  The p r e c i p i t a t e s  were then hydrolyzed i n  e i t h e r  n e u t r z l  
wattlt. o r  ,t FARR p ressu t .~  vessel a t  -10O0C. washed i n  neu t ra l  water, d r i e d  i n  
d i r .  and f i n a l l y  heated i n  a i r  a t  tempwatures ~ b o v e - 6 0 0 ~ C .  Formation o f  
so l  i d  so lu t ions  was v e r i f i e d  by s h i f t s  i n  the pos i t i ons  o f  peaks i n  the x -  
r a y  d i f t r d c t  ion pat terns.  

Thr d i r' f irsr r e f l e c t  ancr spec t t-a werc recorded a t  room terr?eratui-e over 
t  tit. spectt-a1 rdnge - O . N - Z . Z  P ~ I  on a Cary-14 spec t r o p t i o t o m e : ~  conf igured 
w i  t.h ,I 9- inch 11 i,\mt>ter inteyr 'at  ing sphere. Thr s p e c t ~ ~ a  were t 'ucxded 
r e l d t  i ve  t o  HALON ,311d subsequently converted t o  absolu te  t -ef lectance usir ig 
the dat; o t  Wridner and Hsid  (1981). 



RESULTS AND DISCUSSION 

I n  F igure  1 we p l o t  the  p o s i t i o n  o f  t he  band minimum f o r  t he  band near 
0.86pm i n  pure hemati te and the  short-wavelength p o s i t i o n  o f  t he  absorpt ion 
edge as a  f unc t i on  o f  the  aluminum content  as t.he A l IFe  atomic r a t i o .  There 
are add i t i ona l  bands between the above band and t he  absorpt ion edge i n  t he  
spectra, bu t  we w i l l  no t  consider them here. A l l  o f  t he  samples used i n  t he  
p l o t  gave de f inab le  x- ray d i f f r a c t i o n  l i n e s  and so are no t  amorophous. 

I n  agreeaent w i t h  Somner and Buckingham (1981) we f i n d  t h a t  t he  band 
minimum s h i f t s  t o  longer wavelengths w i t h  inc reas ing  aluminum content.  The 
1.05 p m  band minimum f o r  the  most aluminum-rich composit ions i s  e s s e n t i a l l y  
the  same as the value repor ted by Lehmann and Harder (1970) f o r  n a t u r a l  
corundum samples con ta in ing  f e r r i c  i r o n  impu r i t i e s .  I n  con t ras t  t o  t he  band 
minimum, the  absnrpt ion edge s h i f t s  t o  shor te r  wavelengths w i t h  inc reas ing  
aluminum content.  The p o s i t i o n  o f  the  edge f o r  the  most aluminum-rich 
compositions, which i s  below the 0.30 urn 1 i m i t  o f  our data, a l so  appears t u  
be c m s i s t e n t  w i t h  the  data o f  Lehmann and Harder (1970), bu t  a  d i r e c t  
comparison i s  d i f f i c u l t  s ince they r e p o r t  t ransmission spectra. 

The above r e s u l t s  suggest t h a t   he shortward s h i f t  r e l a t i v e  t o  
hemati te o f  the  absorpt ion edge i n  t he  mar t ian spect ra  i s  spec t ra l  evidence 
f o r  aluminous i r o n  oxide phases on Mars. We have n o t  y e t  attempted t o  
est imate a  value o f  Al/Fe f o r  the  mal-tian ch- f t  because we have no t  y e t  
determined the  p o s i t i o n s  o f  the spec t ra l  fea tu res  a t  temperatures appro- 
p r i a t e  f o r  Mars and because we have focnd t h a t  t he  p o s i t i o n s  o f  t he  fea tu res  
a lso seems t o  depend on the degree o f  c r y s t a l l i n i t y .  Add i t i ona l l y ,  da ta  i n  
reg ion  Al /Fe = 0.1 t o  0.4 are requ.red. Ye a n t i c i p a t e  tha t ,  s ince the  
p o s i t i o n s  o f  t he  band minimum and the  ab.,orption edge vary  i n  oppos i te  
d i r ec t i cns ,  an est imate o f  an A1/Fe r a t i o  from the  mar t ian spec t ra l  da ta  
w i  11 be reasonably we1 1 cons t ra i  )led. 

Burns (1980) Nature 285, 647. 
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Huguenin e t  a l .  (1977) L S V I I I ,  Lunarand-planetary 
Lehmann and Harder (197D-I E. Min. 55. 98-105. 
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M E  ATUUlC M T I O  

F igure  1. P l o t  o f  the  p o s i t i o n s  o f  t he  band minimum and absorpt ion 
edge as a f unc t i on  o f  the  atomic r a t i o  Al/Fe f o r  members o f  t he  s o l i d  
so i u t  ior: ser ies  o f  a-A1203 and s-Fe203. Arrows i n d i c a t e  upper 1 i m i  t s  due t o  
ins t rumenta l  l im i t a t i ons .  
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ALTERATION OF ROCKS I N  HOT C02 ATMOSPHERES: FURTYER EXPERIMENTAL RESULTS 
AND APPl ICATION TO MARS 
J. L. Gooding, SN2/Pl anetary Mater i  a1 s  Branch, NASA Johnson Space Ceoter, 
Houston, TX 77058. 

Ii4TRODUCTION. Reaction o f  rock ma te r i a l s  w i t h  hot,  h igh-pressure 
atmospheres r i c h  i n  C02 may have been a s i g n i f i c a n t  process dur ing  the  
respec t i ve  geologic h i s t o r i e s  o f  Mars and Venus. On Venus, such reac t ions  
should have been a na tu ra l  consequence o f  the  hot,  dense C02 atmosphere 
which envelops the  p lane t .  On Mars, s i m j l a r  reac t ions  might have occurred 
i n  response t o  t r a n s i e n t  high-pressure atmospheres generated by impact 
c r a t e r i n g  fir vo lcan ic  events which therma l l y  d is tu rbed  r e g o l i t h  r i c h  i n  
adsorbed o r  condensed C02. Previous experimental work ( 1 )  exp lored 
poss ib le  e f f e c t s  o f  h ~ t ,  d r y  C02 on rocks as a  s imu la t ion  o f  the  Venusian 
weathering environment. Th is  r e p o r t  sumnarizes a d d i t i o n a l  observat ions on 
some o f  those products bu t  a lso  descr ibes r e s u l t s  o f  a  s imulated Mar t ian 
"hydrothermal" event. 
BASALT I N  HOT, DRY C02. As descr ibed p rev i ous l y  ( I ) ,  the  p r i n c i p a l  change 
observed i n  powdered sarnples o f  U. S. Geological  Survey standard basa l t  
BdVO-1 exposed t o  ho t  C02 was progress ive decrease i n  spec t ra l  r e f l e c -  
t i v i  t y .  However, the x- ray d i f f r a c t  i on  (XRD) p a t t e r n  o f  a  C02-treated 
sample included s peak a t  3.97+0.021 which was n e g l i g i b l e  t o  abs n t  i n  1 pat te rns  o f  both unheated and N2-treated samples (F ig .  1 ) .  The 3.97 peak 
i s  no t  a t t r i b u t a b l e  t o  any common ox ide o r  carbonate minera l  bu t  can be 
p r o v i s i o n a l l y  explained as the  (004) peak o f  pachnol i te,  NaCaAlF6*H20, o r  
as the  (111) peak o f  lud lami te ,  Fe3(P04)2*4H20. It i s  a t  l e a s t  conceivable 
t h a t  such phases could have formed by a1 t e r a t  i on  o f  pr imary f l u o r a p a t i t e  
a1 though the  requ i red  reac t  iocs  remain u n i d e n t i f i e d .  The spec t ra l  dark- 
ening e f f e c t  was probably unre la ted t o  the  3.97-94 phase(s) bu t  cou ld  have 
a r i sen  by ox i da t i on  o f  Fe- r i ch  s i l i c a t e s  according t o  r eac t i ons  o f  the  type 

3 FeO + C02 + Fe3Oq + CO. 
Unfor tunate ly ,  complicated over lap o f  s i l i c a t e  and ox ide minera l  XRD peaks 
prevented p o s i t i v e  i d e n t i f i c a t i o n  o f  poss ib le  ~ e ~ + - o x ~ d e  reac t i on  products. 
However, the  XRD peak-height r a t i o  I (2 .528) /1 (2 .58~)  increased by -10% 
dur ing  heat t reatment o f  the sample w i t h  Cop. The 2.521 peak s h ~ u l d  have 
includea con t r i bu t i ons  from the  s t r on  (311) peaks of any e x i s t i n g  i magnetite or  maghemite whereas the  2.58 peak should have been def ined 
p r i n c i p a l l y  by p igeon i te  o r  Fe - r i ch  d iops ide (131). Thus, spec t ra l  
darkening o f  the samples by ox i da t i on  remains unconfirmed bu t  a t  l eas t  
cons is ten t  w i t h  the observat ions.  
BASALT I N  HOT C02/H20. A 0.59-g a1 i quo t  o f  powdered BHVO-1 (he ld  i n  an A1203 
c r u c i b m 8 o f  d i s t i l l e d  Hz0 were placed i n  the pressure bomb used 
p rev ious ly  ( 1 ) .  A f t e r  svacuat ion o f  a i r ,  the  bomb was sealed and heated t o  
2000C a t  which p o i n t  i t  was back-f  i 1 l ed  t o  a  measured pressure w i t h  C02 gas 
( > 99.5% pure) .  The mix tu re  was then heated t u  3500C and 100 atm and he ld  
under those cond i t i ons  f o r  48 hrs .  The r e l a t i v e  p ropor t ions  o f  Hz0 and C02 
used gave a f i n a l  molar r a t i o  H20/C02= 9. The run  product was "quenched" as 
before (1 ) .  
The f i n a l  BHVO-1 product was d r y  bu t  s u f f i c i e n t l y  indurated t h a t  i t  broke 
i n t o  c lods upon removal from the c ruc i b l e .  A f t e r  gen t le  r e - p u l v e r i z a t i o n  o f  



the friable clods, the sample gave a reflectance spectrum which ahowed considerable darkening (Fig. 2). Its XRD pattern included a weak 3.97 peak 
and an apparent increase in the 1(2.528)/1(2.58!) ratio discusbed above. 
However, both XRD and spectrophc+ometric evidence for hydrous minerals was 
neaat i ve. 
IM~LICATIONS FOR MARS. Previous workers (2) suggested that impact 
cratering in vol ati le-rich regol i th might lead to hydrothermal rock 
alteration on Mars. Vaporization of adsorbed Hz0 and C02 from a powdered 
basalt model regol ith (3) should produce a molar ratio H20/C02 = 6 in the 
hydrothermal fluids. However, exposure of a crystalline basalt to H OICO2 
= 9 (equivalent to model reg01 ith with adsorbed gases plus water icef at a 
reasonable hydrothermal temperature and pressure produced only minor alter- 
ation after 48 hrs. Thus, it seems that longer-lived hydrothermal systems, 
abundant 1 iquid water (as opposed to water vapor), or more susceptible rock 
materials would be required for significant amounts of hydrous minerals to 
form in impact craters on Mars. Hydrothermal longevity would be favored by 
hot initial temperature and deep buridl whereas a1 teration susceptibi 1 itj' 
would increase with glass content of the rock. Hydrous mineral formation 
should probably be limited to areas of glassy melt-rock, liquid water 
circulation, and slow cool ing. Hydrothermal a1 teration at small, shallow 
craters and at craters in H20-poor regolith may be limited to oxidation 
effects. 
Acknowled ment. This work was performed at the Jet Propulsion Laboratory, 
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in the Earth and Space Sciences Division. 
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Figure 1. X-ra diffraction atterns of experimentally treated basalt 7 samp es. The 3.97 f phase formed in the CO2 experiment may be 
pachnol i te or ludl ami te. 

Figure 2. Visible (0.35-0.70~rn) and near-infrared (0.6-2.5~m) reflectance 
spectra of experimentally treated basalt. The sample reacted in 
H20/C02 (molar ratios9) darkened, possibly by oxidation of mafic 
minerals. 



MARS SO IL/WATER/AMOSPHERE DYNAMICS KNTE CTIONS INVES TIGATION9 R. 
tephen Saunders, J a u  Be Stephens, Bruce B a n e r d t y  and Frase r  P. Fanale , 

'Jet ir puls ion  Laboratory, C a l i f o r n i a  b e t i t u t e  of lkchnology, Pasadena. CA 
91109, L i v e r s i t y  of Hawaii a t  Xanoa, Honol"lu, H I  96822. 

' h e  c u r r e n t  set of experiments i n  our i n v e e t i g a t i o n a  of 8011, water,  and 
atmosphere dynamic i n t e r a c t i o n s  addreeses t h e  quest ion of ttrermal i n t e r a c t i o n s  
on a d i u r n a l  and seasona l  bas i s .  ' h e  e a r l i e r  experiments r epor ted  i n  Fanale 
et a l .  (1 and 2) provided b a s i c  parameters f o r  atmospheric and s o i l  in te rac -  
t i o n s  f o r  t h e  i sothermal  case. The p r e s e n t  experiments w i l l  determine t h e  
thermal p r o p e r t i e s  of dry mar t ian  s o i l  i n  a C02 atmosphere under mar t ian  pres- 
s u r e  and temperature condi t ions .  

In o r d e r  t o  perform t h e  thermal wave experiment, we designed,  f a b r i c a t e d ,  
i n s t a l l e d  and t e s t e d  a martian s o l a r  s imula to r  (a heated aluminum g r i d  bur ied  
under t h e  s u r f a c e  of t h e  e o i l )  f o r  t h e  Mars S o i l  'lhermodynamic and Fluid  Dyna- 
mic P r o p e r t i e s  Chamber. Ihe chamber was pumped down, the  e o i l  was vacuum 
d r i e d ,  l eake  were f ixed  and t h e  f i r s t  co ld  run was a t t e m t e d .  Af te r  some 
c a t a s t r o p h i c  b a c k f i l l s  (a hoee f e l l  of f  a manometer and the  e l e c t r i c  power was 
shu t  o f f )  and more l eaks  were f ixed ,  t h e  chamber end al.1 i t s  a s s o c i a t e d  8)s- 
terns were ready f o r  the  cold thermal wave experiment. 

' h e  cold  (-50°c s o i l  temperature) thermal wave experiment was s t a r t e d  
with the  chamber a t  Mare atmospheric p ressure  (5 t o  7 mHg). m e  s o l a r  simu- 
l a t o r  was turned on (42 w a t t s  i n t o  a 2 f o o t  d i V m e t e r  aluminum g r i d )  and the  
progress  of the  thermal wave down through the  s o i l  was monitored by the s o i l  
p r e s s u r e  and temperature probee. The thenoe l  wave was shown t o  have moved 
only a few inches  i n  a week's time. We suspect  t h a t  the  thermal conduc t iv i ty  
of t h e  s o i l  is s t rong ly  dependent upon t h e  C02 p reeeure  aver  a range of 5 t o  
10 mmIlg a t  temperatures t y p i c a l  of Mars. We a c c i d e n t l y  allowed the  p ressure  
t o  b r i e f l y  r i s e  t o  10 mmHg and no t i ced  a marked i n c r e a s e  tn t h e  thermal con- 
d u c t i v i t y .  

Ille chamber was warmed up and va r ious  r e p a i r s  were made. 2he e o i l  i n  t h e  
chamber was d r i e d  out  again and a room temperature (+ 20'~) thermal wave 
experiment m e  performed a t  m r t i a n  CO pressure  (6 mmHg) with the  mar t ian  J s o l a r  s imula to r  p l a t e  held a t  + 54O~. t e r  4 weeks the  thermal wave t r a v e l e d  
t o  t h e  bottom of t h e  e o i l  c o n t a i n e r  (1 meter depth).  A room temperature pres-  
s u r e  wave experiment w i l l  fol low. 
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RAP I D  ESTIMATION OF MARTIAN TOPOGRAPHY FROM VIKING ORBITER IMAGE 
PHOTOMETRY 
Phi 1 i p A. Davis , Laurence A. Soderblom, and Er ic  M. El l ason, U.S. 
Geological Survey, F lags ta f f ,  AZ 86001 

We have developed a rap id  method of est imating mart ian topography 
w i th  a computer-based i ntcrac t  i ve  system tha t  uses c a l l  brated accurate 
Viking Orbi ter  image data i n  i t e r a t i v e  photometric and tensor 
calculat ions. F i r s t ,  an estimate of the brightness o f  1 i gh t  scattered 
by the atmosphere i s  made and subtracted from the image. This step i s  
extremely important because the scattered cotriponent can be a l a rge  
f rac t i on  o f  the t o t a l  image brightness. Two models are cur ren t ly  
operable i n  the i n te rac t i ve  program. The f i r s t  model i s  designed 
s p e c i f i c a l l y  f o r  features w i th  cy l  i n d r i c a l  symnetry i n  topography and 
a1 bedo, f o r  example, craters;  t h i s  model assumes tha t  the c ra te r  has 
rad ia l  symnetry i n  i t s  albedo and topography, and compares two traverses 
extending from the center of the c ra te r  t o  beyond the r i m .  I n  
simp1 i f  ied  concept, r a t i o i n g  the two brightness traverses cancels out 
the brightness changes due t o  symmetrical albedo patterns, and remaining 
var ia t ions  i n  the r a t i o  are due only t o  changes i n  slope. The second 
model i s  designed for  asymnetric topography (e.g. dunes, ridges, and 
val leys)  but can a1 so be used on craters;  t h i s  model requires 
i d e n t i f i c a t i o n  o f  a f l a t  surface along the p r o f i l e  and cannot compensate 
f o r  changes i n  albedo. 

Both models involve the same i t e r a t i v e  loop o f  photometric and 
tensor analysis, The re lat ive-height  p r o f i l e  along the designated 
traverse paths i s  f i r s t  determined by using a user-suppl led  photometric 
funct ion t o  solve f o r  the slope i n  each p i xe l ;  tensor analysis i s  tnen 
used t o  map the o r i g ina l  t raverse across the undulating topography. For 
example, a traverse across a c ra te r  f l oo r ,  on an oblique, image, w i l l  
appear as an arc tha t  bows toward the spacecraft and w i l l  be longer than 
the o r i g ina l  s t ra igh t  1 ine designated by the user. The traverse must 
then be expanded t o  accommodate the addi t ional  p ixe ls ;  the brightness 
values along the corrected traverses are used t o  recalculate the 
slopes. These photometric and tensor ca lculat ions are repeated 
i t e r a t i v e l y  u n t i l  the t o t a l  height along the p r o f i l e  does not change. 

To t e s t  the derived p ro f i l e ,  a synthet ic image o f  the c ra te r  (o r  
other landform) i s  calculated from the derived albedo and topography 
pro f i les ,  the model photometric function, and the viewing, i l l uminat ion ,  
and range of the o r i g ina l  image. The observed brightness values o f  the 
c ra te r  i n  o r i g ina l  image are then divided by those o f  the synthet ic 
image of the crater ;  the resu l t  i s  examined v isua l ly .  If the match i s  
poor, the user ref ines the photometric funct ion or chooses d i f f e r e n t  
p r o f i l e  d i rec t ions  so as t o  continue. I n  most cases, c ra te r  i n t e r i o r s  
do not have completely symnetrical albedos. Thus, i f  the derived albedo 
and topography p ro f i l es  are accurate, the r a t i o  image w i l l  show 
i r r e g u l ~ r  scattered patches or  crescent ic concentrations o f  low- or  
high-albedo areas i n  the craters. If the user happened t o  choose the  
o r i g i n a l  p r o f i l e  d i r e c t i o n  t o  pass over one of these i r r e g u l a r  patches 
of albedo or  topography i n  the c rd ter ,  the r a t i o  image w i l l  show 
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concentr ic  r ings.  I n  t h i s  case, t he  user should repeat the p r o f i l i n g  
rou t i ne  and choose a p r o f i l e  d i r e c t i o n  t ha t  does not inc lude  areas of 
topogr.;phy o r  of a symmetric albedo; i f  t h i s  r e p e t i t i o n  i s  not possible,  
the  c r a t e r  cannot be p r o f i  1 ed. 

The accuracy o f  the methods described above was tested by prof11 i n g  
c ra te r s  whose topography had been der ived by stereo photogramnetry and 
by shadow measurements. Table 1 compares the resu l t s ;  the accuracy o f  

8% f o r  r i m  heights,  computer methods i s  1 t o  5% f o r  diameters, 5 t o  
2 t o  5% for slopes. 

l e  1. Comparison o f  r e s u l t s  from computer p r o f i  

those from shadow measurements and stereo 

l i n g  methods w i t h  

photogranmetry*. 

693A03 Bowl-shapd 3.3 3.1 520 507 --- --- 
467AlO flat-floored 9.4 9.4 850 770 --- --- 

Corguter nodel versus S t e m  Photogrmtry 

* 
Shadad measummt~ by nethod of D. W. G. Arthur; stereaphotogrametry rwir l ts frun 
S. S. C. NJ and colleagues. 



BEHAVIOR OF WATER-SOLUBLE CATIbNS AND AN IONS IN COLD DESERT ENVIRONMENTS 
Everet t  K. Gibson, SN7, MASA Johnson Space Center, Houston, TX 77058 
Sarah A. Hokanson, Dept. o f  Geology, Wellesley College, Wel?esley, W. 

(formerly Lunar and Planetary I n s t i t u t e  Sumner I n  te rn)  
Susan 3. Wentworth, LEMSCO, 1830 NASA Rd. 1, Houston, TX 
Roberta Bustin, Dept. o f  Chemistry, Arkansas Col 1 ege, Batesvi 1 le ,  AR 

Weathering, diagenesis , and chemical a1 t e r a t i o n  o f  various so i  1 p ro f i l es  
from the Dry Valleys o f  Antarct ica have been studied as an analcg of s o i l  
development w i t h i n  the Martian regol  i t h .  Horowitz e t  a \ .  (1) had e a r l i e r  
sugpsted t h a t  the Dry Val 1 eys should be the best  t e r r e s t r i a l  analog of the 
Mart ian surface. Our previous studies have shown t h a t  the Dry Val leys have 
weathering processes operat ing which may be s i m i l a r  to those observed on Mars 
(2-5). Surface processes operat ing i n  the Dry Valleys are s i m i l a r  to h r t i a n  
surface procgsser i n  the fo l low ing respects: low temperatures (mian temprr- 
a lu re  o f  -17 C i n  Wright Val ley),  low absolute humidit ies, d iu rna l  freer:- 
thaw cycles , low annual precipi tat ' ion, desiccat ing winds, sal  t - :* ich rcgr l l  i th, 
and o x i  d i  z i  ng ent:i ronment . Previous studies have suggested t h a t  pirysical d r  
mechanical weathering (6) predominates over chemical weathering processes. 
Even though chemical a l t e r a t i o n  i s  a secondary weathering process i n  the Dry 
Valleys, i t  plays an important r o l e  i n  regol i t h  development (5) .  

During the 1979-80 austra l  sumner a s u i t e  o f  core and surface s -  tnples 
near evapori te and b r i ne  ponds were co l lec ted  from Wrjght and Taylor Dry 
Val 1 eys. Previously, we reported resul  t s  from the study o f  water-sol uble ca t -  
ions and anions from four  cores (4) and now the r e s u l t s  froni seven add i t iona l  
cores have been examined. A de ta i led  descr ip t ion  o f  the chemical weathering 
and diageeesis of a one-meter deep s o i l  p i t  has recen t l y  been reported ( 5 ) .  We 
wish t o  discuss the analysis and our in te rpre ta t ions  o f  the r e s u l t s  from the 
eleven core sampl es (ranging from 13 t o  32 cm i n  length  and analyzed i n  1 cm 
segments) fo r  t h e i r  water-soluble ions which represent i o n i c  t ranspor t  pro- 
cesses above the permanently frozen zone. Abundances o f  these soluble ions 
r e f l e c t  the nature o f  'he secondary minerals which have been produced by 
evaporation and weathering processes. 

The sample s u i t e  includes core samples from: (1)regions of permanent 
mature br ine  ponds (DJ-2074, DJ-33, DJ-39) associated w i t h  Don Juan Pond, (2) 
b r ine  ponds which are  intermediate i n  matur i ty  sssociated w i t h  Don Quixote Pond 
!DQ-35, DQ-20). (3) temporal b r ine  ponds from the VXE-6 s i t e  (WV-42) , (4) sea- 
sonal evapori te >on& which conta in standing water f o r  on1 shor t  periods of 
time i n  the South Fork, Wright Val ley (DJ-21, WV-38, WV-52 ! , (5) regions near 
Lake Hoare, a fresh-water lake (TV-50), and ( 6 )  Pros e c t  Mesa which has the 
o ldest  s o i l s  w i th in  the Antarc t ic  Dry Valleys (WV-11 ! . Petrographic studics 
of the Dry Val ley s o i l s  ind icated tha t  most s i l i c a t e  minerals and li t h i c  frag- 
ments e x h i b i t  some degree o f  a l t e r a t i o n  (5) .  Chemical a l t e ra t i ons  occur i n  
samples from both above and f n m  v i  t h i n  t t e  p e p n e n t l y  frozen zone. $oneen- 
t ra t i ons  o f  water-soluble cations ( ~ a + ,  K , Ca ) and anions (C1-, SO4 ', NO3') 
decrease s i g n i f  i c h n t l y  fmm the surface t o  the permanently frozen zone, suggest- 
ing major inovement o f  water-sol uble species. Enrichments i n  secondary mineral 
abundances cor re la te  w i t h  water-sol uble ion  concentrations. A~r th i  genic second- 
a ry  minerals i n  the Dry Val ley s o i l s  include: h a l i t e ,  gypsum, tnenardite, soda 
n i  ter ,  b loedi  te, c a l c i t e ,  1 i m n i  te, chabazi te,  aragonite, tmna, m i rab i l  i te, 
epsomi te, drapskite, s y l v i t e ,  a n t a r c t i c i t e ,  t a c h j d r i  te ,  b ischof i te ,  and "clay" 
minerals(5). 



Chloride and cal c i  um abundances w i t h i n  the cores general l y  r e f l e c t  the 
nature o f  the secondary mineralogy. Chlor ide ions are associated w i t h  s a l t  
(NaCl) and a n t a r c t i c i t e  (CaCl *6H20), whereas the calcium i o n  abundances r e -  
f l e c t  phases such as gypsum, g a l ~ ~  t e  and a n t a r c t i c i t e .  Chlcr ide abundances 
ranged f r o m  as low as 10 p o l e s  f o r  samples co l lec ted  i n  Taylor Val ley near 
Lake Hoare t o  values as great as 3600 and 3800 !moles i n  sa l  t - r i c h  evapori te 
layers i n  s o i l s  from the edge o f  Don Juan Pond and on PI x p e c t  !%?sa (Table 1 ) .  
Soi ls  from near permanent b r ine  ponds (i,e.,Don Juan Pond and VXE-6) t y p i c a l l y  
contain approximately 400  moles C1 throughout the s o i l  column w i t h  the ex- 
ception o f  s a l t - r i c h  layers (usual ly  w i t h i n  4 t o  10 cm of the surface) which 
contain as much as 3 8 0 0 , l e s  C1. So i l  s f r o m  the seasonal ponds general ly  
contain between 40 and 100 j m l e s  C1 throughout the soi! colurm w i t h  the ex- 
ception o f  s a l t - r i c h  layers, where C1 concentrations increase t~ 400 p o l e s .  

I n  comnon w i t h  s o i l s  from other  a r i d  par ts  o f  the world, soluble s a l t  
concentrations are charac ter is t i c  o f  Dry Val ley s o i l s  and cores. The o r i g i n  
o f  the water-soluble ions forming the Dry Val ley s a l t s  i s  controvers ia l  : pro- 
posed o r i g ins  i n c l  ude chemical weathering o f  rocks, hydrothermal f l  uids, mar- 
ine aemsol and the e a o r  t i o n  o f  water rom marine incurs ions,  Ratios of 
\at/cl-, M$'/SOf-, I-, and C1-/SO4 d -, which are uniform regardless 
of+surfa e s o i l  ocat ion Na IS% an s i m i l a r  t o  those o f  sea water (7) ,  suggest t h a t  
Na , SO>-, and C1- are o f  marine o r i g i  Pa $or and,Bockheim (7)  concluded, 
however, t h a t  the less abundant ions C;. 8' , Mg2, an d,, K Mg$$/Kd w e er ived t y i n l ~  
from rock weathering because the r a t i o s  o f  Mg /Ca , and Ca /K 
resemble those f o r  the 1 i thosphere. 

Isotope measurements v e r i f y  t h a t  most su l f a te  i s  robably o f  marine o r i -  
38 gin, although some may be o f  hydrothermal o r i g in ;  S S of gypsum i n  Wright 

Val l e y  ranges from t14.1 t o  20.3 o/oo (8 ) .  Nakai e t  a1. (8!1~1so concluded 
tha t  carbonate i s  i n l y  o f  marine o r i g in ;  f o r  c a l c i t e ,  g C = -14.4 t o  
t17.6 Oleo and El$ = -3.4 t o  t22.3 O/Oo. Ca l c i t e  encrustations, however, 
are found on ly  i n  areas containing carbonate country rocks, i nd i ca t i ng  t h a t  
leachi r ~ g  and redeposi t i o n  take place. S t ron t i  um isotope measurements suggest 
t ha t  the s a l t  content o f  Lake Vanda (Wright Val ley) and nearby s o i l s  o r i g i n -  
ated by rock weathering (9 ) .  

From the above data, i t  seems probable t h a t  a l a rge  po r t i on  of the wateri 
soluble ions i n  Dry Valley s o i l s  and cores i s  o f  marine o r i g i n  (espec ia l l y  Na , 
C1-, and so4'-), butp$ome o f  $$e ions were derived by rock weathering. Accord- 
ing  to  ( l o ) ,  most Ca and Mg come from pyroxenes and amphiboles i n  diabasic 
rocks and f r o m  b i o t i t e + i n  g r a n i t i c  rocks. Muscovite and potash feldspar con- 
t r i bu ted  most o f  the K . 

Keys aod Will iams (11) studied the d i s t r i b u t i o n s  o f  s a l t  minprals i n  the 
Mc:!urdo region. They discovered t h a t  surface s o i l s  conta in ing Na and C1- de- 
creas2 i n  abundance w i t h  increasing distance f r o m  the coast, which i s  consis t -  
ent  w i th  a mar'ne ae'rosol o r i g i n  fo r  these ions. Sul fates are evenly d i s t r i -  
buted, bu t  SO '- s t i l l  appears t o  be o f  mafine o r i g i n  because o f  the isotope 
datadiscusse d above. S a l t s c o n t a i n i n  M a r e f o u n d ~ ~ i n l y  i n a r e a s c o n -  
ta in ing  basic igneous country rocks. 9 11 3 concluded t h a t  f o r  surface so i l s ,  
sa l t s  of marine o r i g i n  are the most important w i t h  respect t o  volume b u t  t h a t  
chemical weathering of rocks and s o i l s  i s  a1 so s ign i f i can t .  Chemical weathering 
would cont r ibu te  t o  the l oca l i zed  enrichments o f  s a l t s  observed i n  cores. 

It i s  known t h a t  the Martian surface condit ions may be favorable f o r  chem- 
i c a l  weathering ( lZ, l3) .  Primary s i l  icates would be expected t o  be reac t ive  
minerals such as pyroxene, o l i v i n e ,  and feldspars. Because of the possible 
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existence o f  an extensive subsurface systen o f  water-ice and maybe even l i q u i d  
water j u s t  beneath the Martian surface (14), i t  seems l i k e l y  tha t  water i s  
avai lable t o  ass is t  i n  the weathering o f  the react ive minerals. Such weather- 
ing could r esu l t  i n  the formation o f  clays, sulfatzs, carbonates, hydrates, 
and zeol i tes. Fcrmat!on of pedogenic zeol i tes (14, 15) under cold, a r i d  
Antarct ic conditions opens the possi b i l  i t y  tha t  zeol i tes may a1 so form i n  
the Martian regol i t h .  Terrest r ia l  zeol i tes are especial ly c o m n  so i l s  de- 
r i ved  from volcanic ejecta (16), and such s o i l s  may be c o m n  on Mars. Zeo- 
1 i tes are we1 1-known f o r  t he i r  v o l a t i l e  exchange and storage properties. Con- 
sequently, the possible presence of a s ign i f i can t  abundance o f  zeol i t e s  i n  the 
Martian regol i t h  might have a profound e f f ec t  on the v o l a t i l e  inventory and bud- 
get of Mars. Specif ical ly, zeol i tes could be a repository o f  atmospheric gas 
including CO f O2 and H20* 

Changes i n  pressure and temperature might induce 
Martian zeol tes t o  take up o r  release large quant i t ies o f  vo la t i les .  Move- 
ment of water wi th in the rego l i th  would ass is t  i n  the chemical weathering, 
leaching and sal t-forming processes operating I n  the near surface region o f  Mars. 

~ I ~ v ~ d q e  0 . G  i. dnd i . l i . ' ~ n r n ~ b c ~ ~ ~ ~ 1 9 ? ? 1  h a l l  h!. 1;3. 2 7 i - 3 4 .  
* e . \  ., ? .  and h, MI I 1 I,+II:> ( I W I  ) t i eu~ t i im .  Ti<bj5)k!liL~;.- &t! i>. ::99-:3J4 
MOI!~I~ J . L .  ( 1 ~ ~ 7 8 )  I C J ~ U S  3 3 .  ? 1 ! n 7 T  

: ' ) l t h  11.1;. drld H.H. i , i i??erTI973\  J ~ . ~ G e o ~ l l l ~ ~ .  6eb. $3.  i S ~ l 9 - l h l 3 .  
I1:!,1r: i ;A. ( 1 ~ 1 )  1h:r.d ~ n t e r r i d t i o ~ i ~ l  H,I.V\ i ; i l ~ l q u i ~ i l : ,  rp. JJ-3-. 

"k  ',3, 3 5 e t  d l  . ( I 9 t i 2 )  R r p t s .  P lane t  Geol . NASA T r i h  bkau dl- ' I1  . Jvc--  :... 
" I .  4.i il,r;:! M.!,.A. Shor t  Course Note\  un Ndturdl  ; & i l ~ t t . b  i lp .  ?:-rJ. 



INCIPIENT WEATHERING OF LOW TEMPERATURE SOLAR SYSTEM OBJECTS 
R. L. Huguenin, Dept . Physics/As tronomy - Haeb rouck Laboratory, 

Univers i ty  of Massachusetts, Amherst 0 1003 

There is s i g n i f i c a n t  evidence t h a t  low-temperature o b j e c t s  i n  t h e  
So la r  System have undergone i n c i p i e n t  weathering. Evidence f o r  contem- 
porary weathering on Mars, f o r  example, has  been r e c e n t l y  d iscussed (1,2). 
Analysis  of carbonaceous chondr i t e s  have i n d i c a t e d  t h a t  low-temperature 
i n  s i t u  weathering apparent ly  occurred i n  those  o b j e c t s  (3). There is 
a l s o  spec t roscop ic  evidence f o r  a l t e r a t i o n  products on t h e  s u r f a c e s  of 
low-albedo a s t e r o i d s  (4). 

The apparent  occurrence of i n c i p i e n t  weathering on such low-tempera- 
t u r e  o b j e c t s  h a s  been a s u b j e c t  of considerable  i n t e r e s t .  F i r s t l y ,  t h e  
occurence of weathering impl ies  t h a t  precursor  phases were subsequently 
exposed t o  d i sequ i l ib r ium environments. Secondly, i t  has  been broadly  
assumed t h a t  l i q u i d  H20 was t h e  medium of a l t e r a t i o n  f o r  a': l e a s t  t h e  
meteor i t e s  and a s t e r o i d s .  The latter assumption i n  p a r t i c u l a r  has  r a i s e d  
numerous unanswered quest ions  about the  h i s t o r i e s  of these  o b j e c t s  and t h e  
So la r  System. A major quesr ion is whether l i q u i d  H 2 0  was r e a l l y  r equ i red  
t o  produce the  weathering phases on these  ob jec t s .  

We have argued t h a t  on Mars the  exposure of primary s i l i c a t e s  t o  H20 
vapor a t  low temperatures can produce a chemical a l t e r a t i o n  of the  minera ls  
(2 , s ) .  Could such processes have occurred i n  meteor i t e s ,  a s t e r o i d s ,  and 
o the r  low-temperature o b j e c t s  i n  t h e  So la r  System? The required cond i t ions  
would be c o n s i s t e n t  wi th  cur ren t  models of i cc lminera l  assemblages f o r  
meteor i tes ,  a s t e r o i d s ,  and o u t e r  Solar  System s a t e l l i t e s .  

The exposure of mafic s i l i c a t e s  t o  Hz0 a t  i c e  temperatures would be 
predic ted  t o  r e s u l t  i n  r eac t ion ,  whereby H+ from d i s s o c i a t e d  H z 0  a t  t h e  
minera l l i ce  i n t e r f a c e  would be drawn i n t o  the  mineral  t o  negat ive  d e f e c t s  
(2).  The excess OH' a t  the  mineral  s u r f a c e  and H+ i n  t h e  mineral ,  according 
t o  t h e  model, c r e a t e s  a charge imbalance t h a t  is r e l i e v e d  by: 1) removal 
of e l e c t r o n s  from sur face  OH- and incorpora t ion  i n t o  the  c r y s t a l  a t  p o s i t i v e  
d e f e c t s ;  and 2) migration of metal ions  (dur ing prolonged exposure t o  i c e )  
toward g r a i n  s u r f a c e  and i n t o  the  i c e  l a y e r  ( 2 , 5 ) .  The mineral  becomes 
hydrated ( 2 ~ +  + l a t t i c e  o*' + l a t t i c e  H+ + l a t t i c e  OH-) and i t  l o s e s  metal  
ions  i n  t h e  process. There is a l s o  a chemical reduct ion of the  a i n e r a l  
and an cx ida t ion  of  the  i c e  (OHice -t OHice  + e-rnineral). Laboratory s t u d i e s  
ind ica ted  t h a t  the  oxidat ion product is apparent ly  chemisorbed hydrogen 
peroxide and i t s  decay product,  chemisorbed 0 ( 2 ) .  The l i f e t i m e  of t h e  H202 
was est imated t o  be  lo4 - 106yr a t  -500C (2 ) .  

The chemically reduced and hydrated mineral  was proposed t o  break down 
i n t o  poorly charac te r i zed  phases (2 , s ) .  Red i s t r ibu t ion  of ions  toward the  
su r face  and i n t o  t h e  i c e  was predic ted  t o  r e s u l t  i n  the  breakdown of  t h e  
precursor  mineral  t o  c l ay ,  metal oxices ,  carbonates ,  and s a l t s  (5). The 
weathering products would be  p red ic ted  t o  be c o l l o i d a l  o r  poss ibly  amorphous, 
s i n c e  the  l i q u i d  H20 medium i n  which more well-developed minerals  polyme- 
r i z e  would not be present .  It was suggested t h a t  prolonged exposure t o  the  
frozen H20 may poss ibly  d r i v e  the  polymerization of some g e l s  i n t o  c l a y ,  
oxide, carbonate,  and s a l t  c r y s t a l l i t e s ;  however, well-developed c r y s t a l s  
should probably not  be expected (5) .  The redox g rad ien t  between t h e  mineral  



and i c e  could produce fu r the r  complexities i n  t h e  phases t h a t  a r e  ul t imately 
produced. 

Evidence from meteorites. Are t h e  weathered phases i n  meteori tes  
consis tent  with t he  predicted frost-weathering assemblages? For t he  car- 
bonaceous chondrites,  a t  l e a s t ,  they do i n  f a c t  appear t o  share  some of the  
pr inc ipa l  charac te r i s t ics .  

F i r s t l y ,  the  weathering products a r e  extremely f i n e  grained and poorly 
developed. The weathered matrix mater ia l  c ~ n s i s t s  of int imate  mixtures of 
extremely f i n e  grained o r  metacolloidal clay, oxides, carbonate, s a l t s  
(primarily s u l f a t e )  and su l f ides .  A s ign i f i can t  f r ac t i on  of the  mixture 
is PCP (poorly caaracter ized phases), which is la rge ly  formless o r  amorphous 
s i l i c a t e ,  oxide, carbonate, and s u l f a t e  mater ia l  enriched i n  metal ions (3). 

Secondly, the  petrographic data  a r e  cons is ten t  with the  proposed 
r ed i s t r i bu t ion  of metal ions toward and beyond the  grain surface.  I n  
Murray, f o r  example, r e l a t i ve ly  iron-depleted (FeO + Fez03 = 20.9; Si02 = 
37.2) phy l lo s i l i c a t e  w a s  s i t ua t ed  adjacent t o  o l iv ine ,  and spreading outward 
from t h i s  was a sequent ia l  development of more Fe r i c h  phy l lo s i l i c a t e  and 
f i n a l l y  iron-enriched PCP (FeO + Fe2O3 = 54.4; SiO2 = 11.5) over dis tances  
ranging from a few microns t o  a few tens of microns (3). In  Nogoya, s imi l a r  
sequences could be seen within a l t e r ed  c l a s t s .  There precursor c l a s t s  were 
nearly completely pseudomorphed during i n  situ a l t e r a t i o n  with the  o r i g i n a l  
shape out l ines  sharply preserved. Layers of phy l lo s i l i c a t e s  extend from 
poorly c rys t a l l i z ed  o r  amorphous Mg-Si-rich i n t e r i o r  port ions t o  more Fe- 
r ich layers  toward f r ac tu re  boundaries. The f r ac tu re s ,  where the i c e  would 
have been s i t ua t ed ,  were f i l l e d  with magnetite i n  Nogoya, I n  other  meteo- 
rites, where weathering was less advanced, f r ac tu re s  a r e  f i l l e d  with metal 
ion-rich PCP. In numerous cases the phy l lo s i l i c a t e s  t h a t  contain the  re- 
d i s t r i bu t ed  metal ions developed i n t o  a layered colloform texture .  Such a 
tex ture  would be consis tent  with the  predicted long-term ordering of the  
disordered phases (perhaps under the influence of i c e ) ,  analogous t o  long- 
term d e v i t r i f i c a t i o n  of glasses.  Colloform tex tures  a r e  a l s o  seen i n  
hydrothermally a l t e r ed  rocks, however. 

Thirdly, phase re la t ionsh ips  and i so topic  da ta  point t o  low tempera- 
tu res  of a l t e r a t i o n  (3). Alterat ion phases were apparently formed with 
upper limit temperatures of 4000K. Thermally l a b i l e  carbonaceous compounds, 
some of which appear t o  have formed before o r  during a l t e r a t i o n ,  argue fo r  
prolonged upper l i m i t  temperatures of 300°K o r  lower. Isotopic  da ta ,  
pa r t i cu l a r ly  6 3 4 ~ ~  point  t o  2730K o r  lower temperature fo r  the su l fur -  
bearing phases (J. S. Lewis, p r iva te  comunication) . 

A fourth property of weathered phases t ha t  is cons is ten t  with a 
possible frost-weathering o r ig in  i s  the r e l a t i v e l y  broad range of redox 
poten t ia l s  represented within the assemblages, ranging from hydrated i ron  
oxides , through magnetite, t o  reduced carbonakeous mater ia l .  While such 
d i s t r i bu t ions  would not be unique to  a frost-weathering or ig in ,  they a r e  
a t  l e a s t  c o n s i ~ t e n t .  O f  pa r t i cu l a r  i n t e r e s t  i n  t h i s  context a r e  observa- 
t ions of ubiquitous coatings of amorphous carbonaceous coatings on phyllo- 
s i l i c a t e s  from CM matrices (6,7). An intimate associat ion of ex t rac tab le  
organics with phy l lo s i l i c a t e s  i n  PCP was a l so  noted (3) .  The phy l lo s i l i c a t e s  
would be predicted by the  frost-weathering model t o  be s t rongly chemically 
reduced, with up t o  2, 1 0 2 2 e  and e' incorporated per gram (2). Such highly 



reduced minerals should tend t o  re turn  t o  a redox s t a t e  t h a t  is i n  equi- 
l ibrium with t h e i r  surroundings, i.e., they would be predicted t o  t r a n s f e r  
e lec t rons  and chemically reduca t h e i r  surrounding6 u n t i l  the  redox poten- 
t i a l s  reach equilibrium. This may account f o r  the aesociat ion of the 
highly reduced phases with the phyl los i l i ca te .  Production of highly 
oxidized phases i n  the i c e  during weathering might explain the  occurence 
of hydrated f e r r i c  oxides and s u l f a t e s  i n  nearby a reas  of t he  matrix. 

i t  can be concluded tha t  the m t e o r i t e  da ta  is consis tent  with 
possible a l t e r a t i o n  by frost-weathering. It has been argued tha t  weather- 
ing may h a w  been by l i qu id  HzO, and ae discussed by Bunch and Chang (3), 
the observed phases could be explained by t h a t  model a s  wel l .  The pr inc ipa l  
advantage of the  frost-weathering model, however, is tha t  complex scenarios  
f o r  s t a b i l i z i n g  l i qu id  Hz0 (T > 2730K, pH20 > 5mb) a r e  not  needed. Simple 
Hz0 icelmineral assemblages i n  r e l a t i ve ly  small as te ro id  o r  comet-sized 
parent bodies would be predicted t o  lead t o  phases s imi l a r  t o  those t h a t  
a re  observed. 

Evidence from aateroids.  Unlike the meteorites,  compositional infor-  
mation about as te ro ids  and outer  Solar System objec ts  is derived from remote 
sensing observations. A synthesis  of high resolut ion I R  spec t ra  (0.9 - 
2.5pm) and narrow band photometric da ta  (3,O - 3.5pm) f o r  a s t e ro ids  1 Ceres, 
2 Pa l las ,  and 324 Bamberga led  t o  the proposal t h a t  c lays  and s a l t s  with 
in te r layer  water may be present on the surfaces  of these ob jec t s  (4). The 
spectrum of 324 Bamberga shows addi t iona l  evidence below 2.5um f o r  abundant 
magnetite. It was argued tha t  a l t e r a t i o n  by hqueous o r  analogous processes 
processes is implied (4).  

~ m ~ l i c a t i o n s  fo r  other  ou te r  Solar System objec ts .  Models of nebular 
condensation and accret ion argue tha t  H20 i c e  may have been an abundant 
phase i n  the outer  Solar system. ~ e m o t e  s p e c t r a l  observations of Galilean, 
Saturnian, and Uranian s a t e l l i t e s  and Saturn's Rings indeed point t o  the  
presence of abundant H20 ice .  I f  the  Hz0 condensed on mafic s i l i c a t e  
grains ,  frost-weathering type react ions could have conceivably occurred. 
Conditions on these ob jec t s  would i n  theory support such reac t ions ,  and i t  
is possible t ha t  s i gn i f i can t  a l t e r a t i o n  might have occurred. The near-IR 
spectra  of these ob jec t s  contain s ign i f i can t  s t ruc tu re ,  and t h e i r  in te r -  
p re ta t ions  have been subjec ts  of considerable controversy. 
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BBDUIBIC AND ReDTE 8EWBIm mUDIe8 OF THE 8MI-IUBR R8810W 
B.R. Hawka and J.F. B a l l ,  P l r na ta r y  Oaoscianca8 Div., Haw811 I n 8 t i t u t r  o f  
Gaophyrics, Univ. o f  Hawaii, Honolulu, H I  86822 

I n t r oduc t i on :  The Schickard-Schi 1 l o r  rag ion  (400-600 S; 360-880 W )  i m  
a major expanse o f  Largely h igh land  t e r r a i n  Locatad routhwoat o f  Mrra 
Humrum. The rag ion  conta ins Schickard, S c h i l l a r ,  k r g m n t i n ,  Phocyl idar,  
and Mae c ra te r s  as w e l l  as the S c h l l l a r B c c h i u 8  baslnl-3. Numarou~ 
Inbrian-aged L igh t  p l a i n s  depoei t e  occur i n  ragion4'5. Schul tz  r n d  Spudi8 
noted t he  prasance o f  abundant dark-haloed impact c ra te r8  on n o m r e  u n i t s  
i n  the Schickard-Schl l lar  rag ion and proposad t h a t  tho rag ion had barn the  
s i t e  a x t m s i v a  vo lcanic  f l ood ing  e a r l y  i n  lunar  h i r t o r y  and the  r e e u l t i n g  
basa l t  deposi t s  were subsequently covered w i t h  vary ing thicknassaa o f  high- 
lands e j  ecte . More recen t l y ,  Hewke and 80 1 l7 presented the  p r a l i n i n a y  
r e s u l t s  o f  spec t ra l  s tud ies  o f  th ree  dark-haloed c r a t e r s  (Schlckard R, Nog- 
gerath F, and Inghi rami  W l  i n  t h i s  ragion. While anelysas o f  the8e epactra 
suggestad t h a t  these c ra te r s  had excavated b a s a l t i c  mate r ia l ,  i t  was c l e a r  
addi t i o n a  1 spect ra  w i t h  h igher  spat ia!  end spec t ra l  r eso lu t i on  ware naadrd. 
These were racen t l y  (Auguot and September, 1881 1 obtained w i n g  tha  Mauna 
Kea 2.2n telescope. The purposes o f  t h i s  study inc lude  the fo l lowing:  1 1 
t o  conf i rm the existence and determine tho composit ion o f  t he  po r tu l a tad  
b e s a l t i c  component i n  the e jac te  dapoei t s  o f  dark-haloed impact c r a t e r s  i n  
the  Schickard-Schi l l e r  region, 21 t o  resesass the geolcg ic  h i e t o r y  o f  the 
region, and 31 t o  i nves t i ga te  the processes responsible f o r  l i g h t  p l a i n8  
formation. 

Park-Haloed I m ~ a c t  Craters; F igure  1 shows the three spect ra  which a re  
c r i t i c a l  t o  understanding the q r i g i n  o f  derk-haloed impact c r a t e r s  i n  the 
Schickard-Schi 1 l e r  region. Noggerath F i s  a r e l a t i v e l y  young dark-ha l o r d  
impact c ra te r .  The s p e c t r m  o f  i t s  bowl i s  very s i m i l a r  t o  t h a t  o f  the 
f resh  c r a t e r  i n  the m r e  deposi t  Located on the  nor thern  p o r t i o n  o f  the 
Schicksrd c r a t e r  f l oo r .  The Noggerath F bowl spactrum i s  very d i 8 t i n c t  
from t h a t  of  Schickerd X, a fresh highlands c r e t e r  i n  the w a l l  o f  the 
Schickard. The Schickard X spectrum i s  s imi l o r  t o  those obtained f o r  o ther  
f resh highlands c r a t e r s  on the western Limb. These spectra were t r ea ted  t o  
continuum removal and Gaussian f unc t i on  bend f i t t i n g  procedure8. 80th the 
Ncggerath F and the Schickard mare c r a t e r  exposed high-Ca pyroxenes, i n d i -  
c a t i v e  of  mere besa l ts lo .  Shickri-d X c r a t e r  exposed n a t a r i a l  w i t h  l o r k  
orthopyroxene, t y p i  c e l  o f  h igh land rocks. The spectrum obtained f o r  the 
Inghi rami  W bowl 16 olmost i d e n t i c e l  t o  t h a t  o f  the Noggerath F bowl. 
Fresh mare base l t s  ere exposed on the i n t e r i o r s  o f  both o f  theee dark- 
heloed impact c ra te rs .  

Spectre obtained f o r  the drrk-helo o f  Noggerath F e x h i b i t  charac ta r i r -  
t i c s  which are in termediate between those o f  f resh  mare besa l t s  and the 
mature mem surfaces o f  the  ponds i n  the NU and SE po r t i ons  o f  the  f l o o r  of 
Schickard. This dark m a t e r i e l  i s  mare basa l t  which i s  coneidarably more 
msturs than t h a t  on the c r e t e r  i n t e r i o r .  Fresher m a t e r i a l  would be 
expected t o  be exposed on tho i n t e r i o r  beceues o f  mass wasting on stoep 
inner  slopes. 

Inghirami W c r a t e r  sxcevates ma te r i a l  from bansath the i nne r  faces of 
the Hevel ius Formation e6 mapped by Sco t t  e t  al.ll. Both Schickard R end 
Ncggsrath F e re  Located i n  Imbrian-aged l i g h t  p l a i n s  deposi ts5-7 which a re  
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i n t e r  r e t a d  t o  hove been mp laosd  6s s colrsequmnce o f  t he  Or i an te l e  impast h event . Noggerath F, I ngh t ran i  W ,  and S c h i c k r d  R excavate mare b a r l t s  
from beneath l i g h t  p l a i n s  ana o ther  O r i a n t r l s r e l a t a d  depoai ta .  Ikrk- 
haloed impact c ra te r s  a re  both abundant ( M S I  and widely d i s t r i b u t e d  i n  
the  Schickerd-Schi!ler reg ion  and a re  concentrated on Or ian ta le - re la ted  
deposl t s .  Hence, i t  reems l i k e l y  t h a t  p r d r i e n t a l a  mere vo lcanic  a c t i v i t y  
n o t  on ly  occurred bu t  was exteneive i n  the region. Perhaps the  depos i t ion  
o f  h igh iand e jec ta  on pre-ex is t ing mare surfaces has been an impor tant  pro- 
cess i n  L igh t  p l a i n s  format ion elsewhere on t he  Moon. 

Some newly acqui red spec t ra l  data e x i s t s  f o r  o ther  Lunar ragiona. A 
pcel iminary  ana lys is  o f  the spectrum o f  the  dark-halo impact c r a t e r  NE o f  
Petavi  ue s t r ong l y  suggests t h e t  b a s a l t i c  m a t e r i a l  was excavated from 
beneath Petavius c r a t e r  e jecte.  Sirni l a r  r e s u l t s  were ob ta i  nod from ana- 
Lyees o f  the spectra o f  dark-haloed c r a t e r s  SE o f  Po~e idonus  and south o f  
Hercules. 

l o n i c  Studies o f  the  Schi ckard-Schi l l e r  Reaion; Addi t i ona  1 geoloo ic  
s tud ies  were conducted i n  the Schickard-Schi l l e r  reg ion i n  order  t o  b e t t e r  
understand i t s  vo lcenic  h i s t o r y .  A v a r i e t y  o f  addi t i o n a l  f ac to r s  would 
favor the  existence o f  en anc ient  pre-Orientale phase o f  volcanism i n  the  
region7: 11 The Schi 1  ler-Zucchius bas1 n i s  s i  tue ted  w i t h i n  the region1 c2. 

Impact basin format ion produces topographic lows and extensive c r u s t a l  fac- 
t u r e  systems, both of which ere conducive t o  the ex t ruo ion  end accumulation 
o f  vo lcanic  mater ie l12. 21 The unusual i n t e r i o r  morphology o f  Wargentin 
c re te r  i s  most e a s i l y  explained by e a r l y  f l ood ing  o f  the  s t r u c t u r e  by 
bese l t s  which were subsequently covered by e t h i n  layer  o f  l i g h t  p l a i n s  
ma te r i e l  emplaced as a r e s u l t  o f  the Or i en ta l e  event. 31 The p rox im i t y  o f  
the Schickard-Schi 1 l e r  reg ion t o  O r i en ta l e  suggests t h e t  any p re -ex is t ing  
mare deposi ts could have been bu r i ed  by Or ien ta le - re la ted  deposits. 

Post-Orientale volcanic a c t i v i t y  may have been more prevalent  i n  the 
reg ion then has been commonly recognized. I n  p a r t i c u l a r ,  the re  i s  s t rong  
evidence t h a t  the Schi l l e r  p l a i ns ,  wh!ch occupy a p o r t i o n  o f  the  Schi l l e r -  
Zucchfus basin (southwest o f  S c h i l l e r  c r a t e r ) ,  are o f  v o l c e n ! ~  o r i g i n .  
These p l a i n s  e x h i b i t  both a lower albedo end a lower c r e t e r  dens i t y  than 
nearby highlands p l e i  ns4 end a re  d i s t i n c t  on Whi t ake r ' s  c o l o r  d l  f ference 
photography as w e l l  es on the m u l t i s p e c t r a l  image mosaic o f  ~ o d e r b l o n l 3 .  
These p l a i n s  embay adjacent h i gh  lands t e r r e i  n  end Or i en ta l e  eecondery 
c r a t e r s  and d isp lay  mare-type r idges which a re  genera l l y  r a d i a l  t o  Orian- 
t a l e .  These r idges a re  probably the r e s u r t  o f  the shellow b u r i a l  o f  r idges 
associated w i t h  O r i en te l e  aecondery chains by post-Orientale volcenics.  

References: 11 W. Hartmann and G. Kuiper (19621 Comun. Lunar a 
Planetary  j&. , m. ef A r i  ton@ 1, 51 . 21 W. Hartaann and C. Wo~d  (1971 1 

3 ,  3. 31 D. Wilhelms (19811 NASA-TM 84211, 405. 41 T. O f f i e l d  
(1971) b& 1-56.  51 0 .  Wilhelms and J. k c a u l e y  (19711 =@mI- 
m. 61 P. Schul tz  and P. Spudis (19791 10, 2899. 71 B. Hawke and 
J. B e l l  (1981sl PLPSC 2, 665. 81 B. Hewke and J. B e l l  ~ 1 9 8 1 b l  w-T)II 
84211, 135. 91 T. McCord e t  01. (19811 a &, 10883. 101 J. Adams (19741 
,@ a, 4829. 11) D. Sco t t  e t  e l .  (19771 SGS M u  1-1034. 121 S. Solomon 
[ I9751 h, 1021. 131 La J o l l a  Consortium (19771 P_LSC Q, f ron t i sp iece .  



Figure 1. Spectre of c ra ters  I n  tha Schicknrd-Schiller region. ALL 
been divided by A ~ o l  l o  18. 
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MAGNEI'IC EFFECTS ASSOCIATED WITH HYPERVEMCITY IMPACTS 

Coradini M., Capaccioni F., F l m i n i  E., h r t e l l i  0. 
I s t i t u t o  d i  Ae t ro f i s i ca  Sprs ia le ,  Reparto d i  Planetologia 
Roma, I t a l y  
Cerroni P., Hurren P., Smith P.N. 
University of Susaex 
Brighton, U.K. 
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The problem of t h e  o r ig in  of lunar  mgnetism has been a controvers ia l  
t o p i c  s ince  t h e  magnetic mapping of t h e  Moon carr ied out by t h e  Apollo 
14 and 15 sub-sa te l l i t e s  and trie discovery of t h e  su rpr i s ing ly  hign 
remanent magnetism of lunar  samples. Whether lunar  magnetism is due 
t o  a pr ino td ia l  ambient f i e l d  o r  t o  t h e  effect  of c r a t e r i n g  is still 
debated. at h ef  f ea t  s a r e  probably contributory. In  our experimente 
of macroscopic hypervelocity e tudies  w e  have shown t h a t  magnetic 
e f f e c t s  do accompany hypervelocity cra tezing ( 1, 2,  3 ) .  Kowever, a 
b e t t e r  understan?.ing of t h i s  phenomenon can be achieveci by f 'urther 
measurements .,:ith diagnost i c  i n s t  mmentat ion improve? i n  t h e  l i g h t  of.  
past  experience. I n  p a r t i c u l a r  our experiments a r e  Cevoted t o  t h e  
comprehension of t h e  following problems : a )  t h e  exact t hree-kimensional 
morphology of t h e  remanent magnetic f i e l d  i n  t h e  n~ighberhood of t h e  
impacted area;  b) t a r g e t  t y p i c a l  time f o r  viscous re laxa t  ion; c ) the  ef- 
f e c t s  of t h e  t r a n s i e n t  magnetic f i e l d s  producerl i n  t h e  impact region 
on t h e  magnetism of t h e  t a r g e t  mater ia l  boti; i n  t h e  c r a t e r  region an?. 
i n  , the  e j e c t a  blanket; d )  t h e  e f f e c t s  of t h e  enhancement of t h e  pre- 
e x i s t i n g  magnetic f i e l d  jus t  before impact. 

The impacting p r o j e c t i l e  is obtaine? from a shaped charge by using only 
t h e  foremost part of t h e  j e t  which is composed of t h e  f m g r  3nt ~ i t h  
t h e  highest speed, tile remainder of t h e  j e t  being removed by a +eflec- 
t i n g  charge (4).  Estimates of t h e  p r o j e c t i l e  m x s  r?uring f l i g h t  a r e  
obtained from o p t i c a l  am? s o f t  X-ray pnoto~rapb~s.  A time of fli,:ht tech- 
nique provides t:.e p r o j e c t i l e  veloci ty ,  which r e s u l t s  t o  be of t h e  
order  of 10 b /s  o r  so. Tr~ese p r o j e c t i l e s  impact onto a t i f i c i a l  ferro- 
magnetic concrete t a r g e t s  which proviee both mecianical and magnetic 
i so t rop ic  response. 

Preliminary measurements of t h e  surface  magnetic f i e l  '. of t h e  impacted 
t a r g e t s  imve been r r r i e d  out and t h e  r e s u l t s  have been numerically 
elaborated in  order t o  produce magnetic isomaps. A f i r s t  ana lys i s  
of these  isomaps yielCed f a i r l y  homogeneous r e s u l t s  f o r  a l l  t h e  examined 
t a r g e t s  and evicienced a common t rend  both f o r  t h e  v e r t i c a l  and f o r  t h e  



hori ~ o n t a l  corqponenta of the  m e t  i o  fielA, A a t r ik ing  feature prement 
in  411 the isomps of the  verticcrl oomponent is ooncentrioal tmr! 
of the  magnetic linen of foroe around the  physical orator ( eee 
f igure below). This oould imply the  exietenoe of eome m m e t i s i n g  
meohanism oonnected t o  the  formation of the crater. A number of 
effeote could be invoked t o  axplain t h i s  behwiour, such a6 .for 
example those propoeed i n  refs. 5 t o  7. 
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PRELIMINARY GEOIOGICAL MAP OF RA PATERA QUADRANGLE ( J i Z a ) ,  10 
R. S ree ley  (Dept. of Geology, Arizona S t a t e  Univ., Tempe AZ 85287), 
P. D. Spudis (U. S. Geological  Survey, F l a g s t a f f  A? 86001 and Arizona 
S t a t e  Univ.) and J. E. Guest (Univ. of London Observatory) 

The Ra P a t e r a  quadrangle is one of th ree  a r e a s  on 10 covered by h ighes t  
r e s o l u t i o n  Voyager images s e l e c t e d  f o r  d e t a i l e d  g e o l ~ g i c a l  mapping a t  a s c a l e  
of 1:2M t o  provide i n s i g h t  i n r o  vol&anih  processes and mate r i a l  u n i t s .  
Covering a n  a r e a  of n e a r l y  1.3 x 10  km , prel iminary  photogeological  mapping 
(Fig.  1 )  shows t h a t  the  quadrangle a r e a  can be subdivided i n t o  f i v e  p r i n c i p a l  
types  of geo log ica l  u n i t s :  

1 )  ~ h i e l d ~ v o l c a n o e s :  c o n s i s t  of r a d i a l  o r  s u b r a d i a l  flows emanating from 
r e l a t i v e l y  small  c e n t r a l  ven t s ;  inc ludes  Ra a broad s h i e l d  760 x 270 
km a c r o s s  composed of - a t  l e a s t  7 p r i n c i p a l  flow u n i t s  including channel- and 
tube-fed flows and broad s h e e t  i l bws ,  a l l  o r i g i n a t i n g  from a vent  25 x 40 
km. The wide range of c o l o r  and a lbedo of the  Ra flows may i n d i c a t e  va r ious  
a l l o t r o p e s  of s u l f u r  and nay inc lude  a c t i v e  s u l f u r  flows. Hephaestus Pa te ra  
and an asymmetric s h i e l d  (Vent E) a r e  included i n  t h i s  category.  Vent E ,  
l oca ted  on the  nor theas t  f l a n k  of Ra P a t e r a ,  c o n s i s t s  of 4 Plow u n i t s  and may 
be an i n c i p i e n t  s h i e l d  volcano i n  t h e  e a r l y  s t a g e s  of development. 

2)  " p i t "  c r a t e r s  and a s s o c i a t e d  flows: c o n s i s t  of vent complexes a s  l a r g e  
a s  100 km a c r o s s  and a s s o c i a t e d  f lows; inc ludes  Mazda Catena ( 4  o r  poss ibly  5 
s e p e r a t e  ven t s ,  inc lud ing  a cone),  Mihr Patera  ( c i r c u l a r  c a l d e r a  60 km a c r o s s  
wi th  near-vent flows and a plateau-forming flow u n i t ) ,  G i b i l  Pate=, Horus 
Pa te ra ,  and Vent D. 

3)  "Break-out" s h i e l d  (Mihr A)  : a complex vent / f  low system d i s p l a y i n g  
numerous "tonguew-like flows t h a t  appear  t o  have broken out from a s i n g l e  
maasivc cool ing u n i t ;  may represen t  a s t y l e  of volcanism unique t o  the  
rheo log ica l  p r o p e r t i e s  of s u l f u r  ( 1,2). 

4) Miscellaneous vents :  occur a t  random i n  the  map a r e a ,  ranging i n  s i z e  
up t o  80 km; some occur wi th in  p i t  c r a t e r  flows and may be r o o t l e s s  vents .  

5) In te rven t  flows and p l a i n s :  flows and p l a i n s  not having i d e n t i f i a b l e  
source vents ,  named i n t e r v e n t  p l a i n s  i n  pre l iminary  geo log ica l  mapping 
(3 ,4 ) ;  may be o l d e r  c e n t r a l  vent  flows blanketed by plume d e p o s i t s  or  !my 
represen t  f i s su re - s ty le  e rup t ions .  

These f i v e  types  of volcanic  u n i t s  combine t o  form a su r face  on 10 which 
may be analogous t o  "p la ins"  volcanism on Ear th ,  i .e. a s e r i e s  of coa lesc ing  
low-profi le s h i e l d  volcanoes and in te rven ing  shee t  flows (5 ) .  

Preliminary mapping sugges t s  the  fo l lowing s t r a t i g r a p h i c  sequence 
(o ldes t -  to-  your,gest): 1) e r u p t i o n  of p l a i n s  u n i t s  and flows a s s o c i a t e d  wi th  
o l d e s t  c e n t r a l  ven t s ;  some p l a i n s  u n i t s  may represen t  "floodw-type volcanism, 
probably a c t i v e  throughout the  geo log ica l  h i s t o r y  of the mapped a r e a ;  2) 
e r u p t i o n  of o l d e r  p i t  c r a t e r  flows and a s s o c i a t e d  c a l d e r a  formation (Mihr, 
Horus and G i b i l  Pa te rae )  and o l d  s h i e l d  mate r i a l s  (Hephaestus P a t e r a ) ;  3)  
e r u p t i o n  of young p i t  c r a t e r  flows (Mazda Catena) and "breakout" s h i e l d  f lows 
(Mihr A); 4) formation of Ra Pate ra  s h i e l d  volcano (poss ib ly  a c t i v e ) .  
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PRELIMINARY GEOLOGIC MAP OF THE SOUTH POLAR REGION OF 
GtWYME DE 
R. A .  DP Hon, Department of Geoaciences, Northeast 
Louisians Vniveraity, Monroe, La. 71209. 

Preliminary photog~?ologic ma~ping gf the sonth polsr 
region of Ganymede is based on 35 unrectified Voyager 
!.mages. Resolution of the imagery varies greatly de end- P ing upon the distance of the spacecraft from the sur ace 
and a wide range of viewing and illumination angles. 
Approximately one-half of the quadrangle is beyond the 
terminator, and about 1.0% of the illuminated portion is 
at such an extreme viewing angle is to be unusable. 
Rectified frames and photomosaics are n ~ t  presently 
available; hence, preliminary mapping includes a wide 
range of scales, and positional accuracy varies. 

The major physiographic/geclogic units in the region 
consist of various types of grocved or furrowed terrain, 
hummocky materials, crater and basin deposits (Fig. 1). 
The oldest materials are rugged cratered terrain materials 
(unit tc) and dark, cratered plains materials (unit pc). 
The cratered plains unit is modified by the l,.~~er forma- 
tion of bright, grooved terrain material (unit tg) which 
consists of multip?-e sets of grooves (graben) Tcgether, 
the dark plains and bright grooved terrain form a mosaic 
of dark polygonal patches bounded by linear swsths of 
bright terrains. In contrast, polar furrowed terrain 
material (unit tf) constitutes a large continuous region 
of subparallel ridge and trough development with per-is- 
tent directional trends. Ycunger, dark plains-forming 
material (unit p) occurs in small patches filling some 
craters and in topographic lows overlying most other 
materials. 

The largest basin in the polar region is Gilgamesh which 
consists of a 150-175 km diameter central depression 
surrounded by hummocky and radial basin ejecca (unit b). 
Several arcuate scarps in the rugged materials define 
basin concentric rings, but none are continuous. Hurn- 
mocky and lineate materials extend roughly two basin 
diameters from the central depression. A well-defined 
secondary crater field extends beyond the rugged basin 
deposits and is clearly auperposed un both dark cratered 
plains material and bright grooved terrain materials. 

Crater materials may be dated by superposition on terrain 
units and by degradation morphology. The oldest craters 
within crater plains and crntered plain materials are 
incomplete and highly degraded. Some craters superposed 





on grooved terrain material are overlapped by secondaries 
from Gilgamesh. Younger craters arc superposed on Cilga- 
mesh ejecta. The youngest craters are well-developed, 
bright rayed features that are superposed on all other 
materials. Many bright patches near 190'-210' longitude 
are part of the extensive ray pattern associated with the 
crater Osiris outside the region. 

The earliest period of high im act rates is poorly pre- 
served on Ganymede. Most of t R e early cratered terrain 
was obliterated by crater relaxation and subsequent over- 
printing by the formation of grooved and furrowed terrains 
(1). The grooved terrain has formed over a lon time span 3 (2) in response to planet-wide tectonism relate to the 
lanetary thermal state and the changing thickness of the 

Pithosphere (4, 5, 6). Retention of basin and crater 
forms after the formation of furrowed terrains indicates 
that the crust has been fairly stable since the period of 
grooved terrain formation and that meteor impact has been 
a major though declining process for most of geologic 
time . 
Acknowledgements. This study represents cne phase of 
research conducted under NASA Planetolo~y Programs Grant 
NSC 7628, Northeast Louisiana University-. ~eorogic mapping 
of the South Polar Region of Ganymede (Jg-15, 1:5M) by 
Hal Massursky, U.S.G.S., Ra Arvidson, Washin ton Univer- h P sity, and Rene De Hon, Nort east Louisiana Un versity 
is part of the Jovian Satellite Mapping Program. 
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CEOLOCIC MAPPING OF EIIROPA: PROCRESS REPOHT 

Konrad I l i l l e r ,  Ludwig-Maximill i a n s  U n i v e r s i t a t  and DFVLR, Munich, FRC 
David P i e r i ,  J e t  Propulsion Laboratory,  Pasadena, C a l i f o r n i a ,  USA 

Work is cont inuing on t h e  geo log ica l  mapping of t h e  Je-3 quadrangle 
of Europa a s  p a r t  of the  Galilean S a t e l l i t e  Mapping Program. We have 
t r i e d  t o  d i f f e r e n t i a t e  t e r r a i n  u n i t s  by morphology, t e x t u r e ,  and c o l o r  
a s  wel l  a s  by lineament c h a r a c t e r  of t h e  predominate lineament type  
wi thin  the  t e r r a i n  u n i t s .  I n  a d d i t i o n  w e  a r e  t r y i n g  t o  formulate  
a lincnment genera t  ion sequence and t o  couple such a sequence t o  t h e  
l a r g e r  ques t ions  of t h e  I n t e r i o r  evo lu t ion  of Europa. 

The suggest  ions  of 1.uccitta and Soderblom (1981) a s  t o  d i f f e r e n t i a t i o n  
by s p e c t r a l  type a r c  under  stud:^ a s  well  a s  d e t a i l e d  conf i rmat ion o f  
e a r l i e r  g loba l  s t u d i e s  (e.l;. P i e r i ,  1981). Broad d i f f u s e  p a t t e r n s  of 
a lbedo and s p e c t r a l  d i f f e r e n t i a t i o n  a r e  a l s o  under study in t h e  (..ontext 
of implantat  ton of cxot  i c s  ( e  .g. SO,) from circum-Jovian space 
(Johnson, 1982 -personal  communicctt i6n) . 
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GEOLOC ICAL MAP OF MARS, 1 : 1  5N SCALE, NORTHEAST QUADRANT 

K. Gree ley ,  Depar tnent  of Geology and Center  f o r  M e t e o r i t e  S t u d i e s ,  A r i -  
zona S t a t e  U n i v e r s i t y ,  Tempe, AZ 85287 

A s  p a r t  of t h e  U.S. Geo log ica l  Survey program, g e o l o g i c a l  maps of  
Mars a r e  c u r r e n t l y  being prepared  a t  a  s c a l e  of 1:15!1 by D. S c o t t  ( P r i n c i -  
p a l  I n v e s t i g a t o r ) ,  M.H. C a r r ,  J.S. King, K. G ree l ey ,  and J . E .  Gues t ,  w i t h  
e a c h  i n v e s t i g a t o r  being r e s p o n s i b l e  f o r  n a j o r  r e g i o n s ;  t h i s  g l o b a l  mapping 
i s  based on Viking images. T h i s  r e p o r t  concerns  t h e  n o r t h e a s t  quad ran t  of 
Mars (0' t o  65' North;  18U0 t o  360° West); i n d i v i d u a l  1:2M photomosaics  
( t o t a l  of 30)  were mapped g e o l o g i c e l l y  and then  compiled on t h e  new 
U.S.G.S. 1:15K a i r b r u s h  map base. P r e l i m i n a r y  c o m p i l a t i o n  shows t h a t  t h e  
app rox ima te ly  36 mapped u n i t s  can  be c l a s s i f i e d  i n t o  t h e  fo l lowing  major  
groups :  1 )  p l a i n s  u n i t s ,  2)  p l a t e a u  u n i t s ,  3)  v o l c a n i c  u n i t s ,  4)  v a r i o u s  
c r a t e r  u n i t s ,  and 5 )  s u r f i c i a l  u n i t s .  

P l a i n s  u n i t s  ( e x c l u d i n g  obvious  v o l c a n i c  u n i t s )  occu r  p r i m a r i l y  i n  
t h e  n o r t h e r n  lowlands  and a r e  i n t e r p r e t e d  t o  be t h e  r e s u l t  of v a r i o u s  
p e r i g l a c i a l  and a e o l i a n  p roces se s .  P l a t e a u  u n i t s  a r e  found p r i n c i p a l l y  i n  
t h e  c r a t e r e d  uplands  i n  t h e  sou thwes t e rn  p a r t  of t h e  map; t hey  appea r  t o  
be n a n t l i n g  m ~ t e r i a l s  o i  p o s s i b l e  v o l c a n i c  and /o r  a e o l i a n  o r i g i n ;  some of  
t h e  p l a t e a d  u n i t s  have been i n c i s e d  by v a l l e y  networks and "e tched"  by 
wind, wa te r ,  and /o r  s app ing  p roces se s .  Volcanic  u n i t s  occu r  p r i n c i p a l l y  
i n  a s s o c i a t i o n  wi th  t h e  Elysium reg ion  and i n  S y r t i s  Major. They i n c l u d e  
s h i e l d - b u i l d i n g  l a v a  f l ows ,  flood-and p l a in s - type  l a v a  f l ows ,  and p o s s i b l e  
l a h a r s ;  sma l l  c o n i z a l  h i l l s  (many w i t h  summit c r a t e r s )  found i n  some of  
t h e  n o r t h e r n  l a t l t u d e  p l a i n s  nay be c i n d e r  cones and /o r  " p s u e d o c r a t e r s "  of  
t h e  I c e l a n d i c  type.  C r a t e r  u n i t s  i n c l u d e  m a t e r i a l s  a s s o c i a t e d  wi th  c r a -  
t e r s  of a l l  s i z e s ,  i n c l u d i n g  b a s i n s ;  however, c r a t e r  m a t e r i a l s  ( r i m  a n d / o r  
e j e c t a  d e p o s i t s )  s m a l l e r  t han  about  1UU km a c r o s s  were no t  mapped. S u r f i -  
c i a 1  u n i t s  i n c l u d e  a l b e d o ,  v a r i o u s  mass-movement m a t e r i a l s ,  channe l  depo- 
s i t s ,  and p a t t e r n s  presumed t o  be a e o l i a n  i n  o r i g i n .  

The mapping 5s now i n  review. When completed,  t h e  1:15M s e r i e s  w i l l  
s e r v e  a s  the  prim&ry d a t a  base f o r  the  Nars Conso r t i un  P r o j e c t .  



ORIGINAL PAGE IS 
OF POOR QUALlW 

GEOLOGIC MAPPING OF MARTIAN VALLEY SYSTEMS 11: 
AEOLIS REGION 

D.C.  ~ i e r i '  a n d  T.  P a r k e r 2  

' ~ e t  P r o p u l s i o n  L a b o r a t o r y ,  P a s a d e n a ,  C a l i f o i m i a  91109 
' ~ e p a r t m e n t  of  Geo logy ,  C a l i f o r n i a  S t a t e  U n i v e r s i t y  a t  

Los  A n g e l e s  

As p a r t  o f  a c o n t i n u i n g  e f f o l - t  t o  p r o d u c e  a  s e r i e s  
of maps of s e l e c t e d  small v a l l e y  s y s t e m s  a c r o s s  Mars, 
we a r e  mapping a n  a r e a  o f  t h e  h e a v i l y  c r a t z r e d  t e r r a i n  
n e a r  A 1  Q a h i r a  V a l l i s  i n  t h e  A e o l i s  r e g i o n .  T h i s  i s  
one  o f  t h e  o l d e s t  a r e a s  of Mars a n d  shows e x t e n s i ~ r e  
v a l l e y  ne t - !ork  d e v e l o p m e n t  i n  v a r i o u s  s t a g e s  o f  o b l i t e r a t i o n .  
Our d a t a  b a s e  i s  a l m o s t  e x c l u s i v e l y  t h e  new h i g h -  
r e s o l u t i o n  S u r v e y  M i s s i o n  d a t a  o b t a i n e d  d u r i n g  t h e  l a s t  
o p e r a t i o n a l  p e r i o d  o f  O r b i t e r  1 .  

Our mapping a r e a  c o n s i b  o f  a r e g i o n  o f  h e a v i l y  
c r a t e r e d  t e r r a i n  wh ich  h a s  b e e n  h e a v i l y  e r o d e d  a n d  
f a u l t e d .  I m p a c t  c r a t e r s  a r e  ubiquitous,superimposing 
a n d  b e i n g  s u p e r i m p o s e d  by v a l l e y  n e t w o r k s .  I n  t h i s  a r e a  
v a l l e y  n e t w o r k s  a p p e a r  t o  g c c u r  p r e f e r e n t i a l l y  i n  l o w e r  
s m o o t h e r  i ~ t e r c r a t e r  p l a i n s  u n i t s ,  a l t h o u g h  t h e y  
e x i s t  i n  a l l  o f  o u r  p r e l i m i n a r y  u n i t s .  I m p a c t  c r a t e r  
m o r p h c l o g i e s  r a n g e  f r o m  h i g h l y  d e g r a d e d  t o  f r e s h ,  
w i t h  l a r g e  ( 2 5  km) c r a t e r s  showing  w e l l - d e v e l o p e d  
a n d  e x t e n s i v e  r a m p a r t  e j e c t a  b l a n k e t s .  U n i t s  downcut  
by t h e  f l o w s  f o r m i n g  A 1  Q a h i r a  V a l l i s  h a v e  i n t r i c a t e  
d i g i t a t e  v a l l e y  n e t w o r k s  s u p e r i m p o s e d  on them which  
w e r e  t r u n c a t e d  by t h e  A 1  Q a h i r a  f l o w s .  

P r e l i m i n a r y  c r a t e r  c o u n t s  show t h e  v a l l e y  n e t w o r k s  
t o  b e  q u i t e  o l d ,  w i t h  f a i n t  i n t e g r a t e d  n e t w o r k s  
a p p e a r i n g  t o  b e  t h e  o l d e s t .  S t e e p - w a l l e d  s t e m  s y s t e m s ,  
r a r e  i n  t h i s  a r e a ,  a p p e a r  y o u n g e r ,  a n d  a r e  c o n f i n e d  
t o  t h e  i n k e r c r a t e r  p l a i n s .  T h i s  a r e a  a p p e a r s  t o  b e  
q u i t e  complex  w i t h  r e g a r d  t o  v a l l e y  f o r m a t i o n ,  a n d  i t  
a p p e a r s  t h a t  a  v a r i e t y  o f  n e t w o r k  m o r p h o l o g i e s  s p a n  
much of  t h e  p e r i o d  o f  r e g i o n a l  d e v e l o p m e n t  a n d  a r e  
p r e s e n t  i n  o l d e r  s u b s t r a t e  as  w e l l  as  t h e  newer  i n t e r c r a t e r  
p l a i n s .  I n  a n y  c a s e ,  however ,  t h e  sys t e rxs  a r e  p r o b a b l y  
o l d e r  t h a n  2by BP. 



VOYAGER CARTOGPAPHY 
R e  Me Batson, U. S. Geological Survey, F lags ta f f ,  AZ 86001 

The Jov ian and Saturnian s a t e l l i t e s  are be ing mapped a t  several  
scales from Voyager 1 and 2 data. De ta i l s  o f  the  Ga l i l ean  s a t e l l i t e  
mapping program are given by Batson and others  (1980). T 
s a t e l l i t e  mapping p lan  and o ther  d e t a i l s  of methods used 
cartography are summarized by B3tson and others  (1981). 

Compi lat ion o f  a i rb rush  maps o f  t he  Gal i l e a n  sate1 1 
o f  1 :5,000,000 are progess i ng we1 1. Two maps of Europa, 
th ree  o f  Ganmede are i n  Dress. One mar, o f  10 and t h ree  

he Saturnian 
i n  Voyager 

t e s  a t  a  sca le  
two o f  10, and 
of Gafiymede are 
t u r n i a n  i n  compi lat ion. S ix  p re l im inary  p i c t o r i a l  maps o f  t he  Sa 

s a t e l l i t e s ,  compiled w i t h  Voyager 1 and 2 data, have been pub1 ished. 
An a t l a s  con ta in ing  the  p re l im inary  maps o f  t he  Saturnian 

s a t e l l  i t e s  i s  i n  press. The a t l a s  contains both conformal and equal- 
area p ro jec t ions  o f  each map, Voyager 1 and 2 images t h a t  were s p e c i a l l y  
processed and perspect ive g r i ds  f o r  each o f  t h e  images. 
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1 : 2,000,000 SCALE CONTROLLED PHOTOMOSAICS OF MARS 
R. M. Batson and R. L. Tyner, U. S. Geological Survey, F lagstaf f ,  A Z  
86001 

Compilation o f  a series o f  140 con t ro l l ed  photomosaics o f  Mars a t  a 
scale of 1:2,000,000 i s  i n  pro ress. Deta i l s  o f  the ser ies are 
discussed by Batson and Tyner 9 1981). To date, 94 mosaics have been 
pub1 ished, 12 are i n  press, and 34 are i n  preparation. The l a t t e r  
include mosaics o f  the po lar  regions, where i l l um ina t i on  angles, surface 
f r o s t  condit ions, and cloud cover vary widely. Consequently these 
mosaics have a patchy appearance, and, i n  many cases, a dynamic range 
not we1 1 acconmodated by the p r i n t i n g  process. Some of the mosiacs 
published e a r l i e r  d i d  not have complete coverage o r  contained areas of 
coverage by p ic tu res  o f  quest ionable qua1 i t y  because a3 1 the  Vik ing 
p ic tu res  had not been cataloged a t  the t ime o f  compilation. Current 
plans c a l l  f o r  upgrading these maps w i th  newly located photographic 
coverage. 
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REVISIONS OF 1:5,000,000 SCALE MARS MAPS 
R. M. Batson a ~ d  P. M. Bridges, U. S. Geological Survey, F lagstaf f ,  
AZ 86001 

Several o f  the 1:5,000,000 shaded r e l i e f  maps o f  Mars o r i g i n a l l y  
compl i l e d  from Mariner 9 p ic tu res  are being upgraded by adding d e t a i l s  
from the V ik ing  Orb i t e r  p ic tu res  t o  the o r i g i n a l  a i rb rush  drawings. Yo 
attempt i s  being made t o  repos i t i on  features according t o  new cont ro l  
data; the maps remain t i e d  t o  the  Mariner 9 datum (Davies, 1973). The 
maps i n  t he  northern hemisphere o f  Mars are p a r t i c u l a r l y  improved by 
these rev is ions  because the reso lu t i on  o f  Mariner 9 p i c tu res  vas very 
poor i n  t h a t  region. Also, Mariner 9 p ic tu res  taken near per iaps is  i n  
the mart ian equator ia l  reg ion are o f t en  degraded by c loud o r  haze 
cover. The maps are therefore improved considerably by the  add i t i on  of 
in format ion from the V ik ing  Ocb i te r  pictures. The s ta tus  of the 
rev is ions  i s  as fo l lows:  

Quadrangles pub1 i shed o r  i n  press: 9 
Quadra:,qles i n  rev i s i on  process: 5 
Quadrangles ye t  t o  be done 16 
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SPECIAL PURPOSE MARS MAPPING 
R. M. Batson, U. S. Geological Survey, F lags ta f f ,  AZ 86001 

Two special maps of Mars are i n  press. These are the Chryse 
P l a n i t i a  map and the topographic map o f  the Phoenicis Lacus NW 
quadrangle o f  Mars; the shaded re1 i e f  was done by P a t r i c i a  Yagerty and 
the  contour overpr in t  was described by Wu and others (1980). 

A special  ser ies o f  con t ro l l ed  photomosaics has been designed f o r  
compilat ion a t  the scale o f  1:500,000. These maps w i l l  contain the 
highest reso lu t i on  p ic tu res  taken by Viking, many o f  which have 
resolut ions of 10-30 m per p ixe l .  Some s9acecraft telemetry required 
f o r  computation o f  image r e c t i f i c a t i o n  parameters i s  not avai lab le f o r  a 
very 1 arge number o f  these pictures, so W. T. Borgeson and Kathleen 
Edwards h w e  developed special  software f o r  synthet ic  r e c t i f i c a t i o n  by 
d i g i t a l  - image processing methods. Compil a t  i on  o f  the f i r s t  quadrangles 
i n  the  ser ies has begun. 
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ALBEDO MAP OF MARS 
R. M. Ratson and Susan L. Davis, U. S. Geological  Survey, F l a g s t a f f ,  
AZ  86001 

A l a r g e  number o f  p i c t u res  were taken by t he  V i k i n g  1 spacecraf t  
f rom near apoapsis under near zen i t h  i l l um ina t i on .  One l a r g e  set  was 
taken dur ing  r evo lu t i ons  614 through 699, and a second se t  dur ing  
r evo lu t i ons  1323 through 1347. The mar t ian  season, o r  L dur ing  which 
t he  p i c t u res  were taken, ranges from 52' through 87'. ~ f i e s e  seasons 
cover approximately 85 percent o f  t h e  area shown on t h e  two equa to r i a l  
sheets o f  the  newly pub:ished 1:15,000,000 map o f  Mars. The p i c t u res  
c o n s t i t u t e  t h e  l a rges t  ava i l ab l e  image data set  kaken over a narrow 
t ime-frame, under c l e a r  atmospheric condi t i m s ,  f rom which a synopt ic  
a!bedo map o f  Mars can be made. 

The map i s  being compiled i n  two phases. The f i r s t  phase, now 
complete, cons is ts  o f  an a i r b rush  drawing superposed on t he  two 
1:15,000,000 equa to r i a l  map sheets. P i c t u res  taken through t h e  r e d  
f i l t e r  on t h e  V i k i ng  1 camera were used f o r  t h i s  drawing. The p i c t u res  
taken dur ing  rev01 u t  ions 614 through 699 were r a d i o m t r i c a l  l y  processed 
t o  produce c o l o r  images and were d i g i t a l l y  transformed t o  Mercator 
p ro j ec t i ons  (Batson and others,  1979). The second se t  has not  undergcnz 
such processing, and t h e  albedo pa t te rns  were i n t e r p r e t e d  v i s u a l l y  f r o q  
standard images a v a i l  dble from t h e  Planetary  Data F a c i l  i ty. Absolute 
albedo l e v e l s  on a planetwide bas is  were c o n t r o l l e d  by t h e  V i k i ng  
I n f r a r e d  Thermal Mapper (IRTM) So la r  albedo image ava i l ab l e  from t h e  
Mars Consort iurn data se t  (P leskot  and Miner, 1981). D i g i t a l  processing 
and mosaicking o f  a1 I the  images, which c o n s t i t u t e s  t h e  second phase o f  
t he  e f f o r t ,  i s  now underway. 
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TEE CONTROL NETWORKS OF THE SATELLITES OF JUPITER AND SATURN 
Davier, WLrton E., The Rand Corporation, Santa Monica, Ca l i fo rn ia  90406 

Geodetic con t ro l  network8 a r e  being computed photogrammetrically f o r  the  
l a r g e  r a t e l l i t e r  of J u p i t e r  and many of the  s a t e l l i t e s  of Saturn using 
p ic tu res  from the  Voyager 1 and 2 encounters. Control po in t s  have been 
i d e n t i f i e d  on the  s a t e l l i t e s  and t h e i r  coordinates computed by single-block 
a n a l y t i c a l  t r iangula t ionr .  The e t a t u s  of the con t ro l  n e t r  i r  r u m a r i z e d  i n  
the  following t ab le :  

Normal Overde t e r -  
S a t e l l i t e 8  Points  P ic tu res  Measuremeni Equations minations o(pm) 

Jupiter 
10 598 240 9812 1916 5.12 12.36 
Europa 174 120 3664 708 5.18 11.88 
Ganymede 1669 295 17212 4223 4.08 21.37 
C a l l i s t o  575 207 8736 1771 4.93 17.95 

Saturn 
Mimas 110 3 2 1356 316 4.29 13.43 
Enceladus 71 22 1052 208 5.06 19.19 
Tethys 110 2 7 924 301 3.07 13.32 
Diolre 126 2 8 1322 336 3.93 16.63 
Rhea 336 84 3554 924 3.85 20.93 
Iape tua  

( V g r l )  15 14 218 72 3.03 22.62 
(Vgr 2) 44 66 1632 286 5.71 11.84 

Coordinates f o r  the  con t ro l  po in t s  on the  Gali lean s a t e l l i t e s  have been 
reported i n  Davies and Katayama, 1981. The mean r a d i i  a s  measured by the  
t r i angu la t ions  a r e  l o ,  1815 km, Europa, 1569 km, Ganymede, 2631 km, and 
C a l l i s t o ,  2400 km. The longitude systems of Europa, Ganymede, and C a l l i s t o  
a r e  defined by c r a t e r s  on t h e i r  surfaces ;  because of the extensive volcanism 
on 10, no f e a t u r e  has been chosen f o r  t h i s  purpose on To. 

The surfaces  of the Saturnian s a t e l l i t e s  Mimas and Enceladus a r e  e l l i p s o i d a l .  
FOP Mimas t h e  bes t  f i t  axes a r e  a = 200 km, b = 196 km, and c = 194 b; 
f o r  Enceladus the  axes a r e  a = 256 b, b = 250 Ian, and c = 248 km (see Davies 
and Katayama, 1982). The mean r a d i i  of the o the r  Saturnian s a t e l l i t e s  a r e  
Tethys, 525 km, Dione, 560 km, Rhea, 765 km, and Iapetua,  725 km. In the  
computation of the con t ro l  n e t s  i t  is important t h a t  the p i c t u r e s  and po in t s  
completely e n c i r c l e  the  body; wizh flyby missions t h i s  is eometimes d i f f i c u l t  
t o  achieve because of the  great  d i f fe rence  i n  r eso lu t ion  between p ic tu res  
taken e a r l y  and l a t e  i n  the  f lyby.  Sometimes p i c t u r e s  from a second flyby 
help f i l l  gapa; thus the  control  n e t s  of Tethys, Dione, and Rhea contain 
p ic tu res  from both Voyager 1 and 2 encounters and do e n c i r c l e  the  s a t e l l i t e s .  
Tb8 con t ro l  n e t  of Wmas conta ins  p i c t u r e s  taken by Voyager 1 and does 
e n c i r c l e  the  s a t e l l i t e ,  whereas the con t ro l  of Enceladus conta ins  p i c t u r e s  
taken by Voyager 2 and does not e n c i r c l e  the s a t e l l i t e .  The con t ro l  n e t  of 
Iapetua conta inr  two regions,  one from p ic tu res  taken by Voyager 1 and 
another from pic ture8 taken by Voyager 2. The region6 do not  overlap and 
i t  har not  been pos r ib le  t o  t i e  them photograumetrically. 



7ME CONTROL NETWORKS OF THE SATELLITES OF JUPITER AND SATURN 
Davies, Merton E. 
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THE CONTROL NETWORK OF MARS: Septtmbclr 1982 
Davies, Merton E., The Rand Corporation, Santa Monica, Cal i forn ia  90406 

S t r i p s  of Viking sapping p i c tu re s  a r e  being added t o  t he  planetvide control  
networks of Mars. These high reso lu t ion  s t r i p s  run from the  Viking 1 
lander  s i te e a s t  t o  Airy-0, nor th  along the  0' meridiau t o  60' l a t i t u d e ,  
southwest through the  Viking 1 lander  r i t e  t o  the  equator ,  and west along 
the  equator t o  180° longitude. Everywhere along these  s t r i p s ,  old po in ts  
a r e  incorporated i n  the  measurementn thus assur ing  t h a t  the  s t r i p s  and 
planetwide ne t  make up a s i n g l e  l a rge  da ta  s e t .  The con t ro l  po in ts  a r e  
much denser i n  the a reas  covered by the s t r i p s  than i n  those regions not  
covered by s t r i p s  and a s  they a r e  u ~ u a l l y  aesociated with smaller  c r a t e r s  
t h e i r  coordinates w i l l  be more accurate.  Within the  s t r i p s  the  standard 
e r r o r  of the  coordinates of the  cont ro l  po in ts  is  estimated t o  be l e s s  
than 3 km and the e r r o r  i n  longitude of e few poin ts  near A i r y 4  is less 
than 40 m. 

The hor izonta l  mord ina t e s  of the  cont ro l  po in ts  on Mars have been updated 
with a single-block planetwide a n a l y t i c a l  t r i engu la t i on  computed i n  
September 1982. Coordinates of the  po in ts  w i l l  be published l a t e r  t h i s  
year.  The computation containd 47524 measurements of 6853 po in t s  on 1811 
p i c tu re s .  These comprised 1054 Mariner 9 and 757 Viking frames. The 
overdetermination f ac to r  was 2.48 and 19139 normal equat ions were solved. 
The standard c r r o r  of measurement was 18.06 pm. The longi tude of the 
Viking 1 lander  s i t e  was 47:962 and the l a t i t u d e  of Airy-0 das  -5?152. 
The l a s t  published cont ro l  net  (Davies e t  a l . ,  1978) contained c o o r d i n a t , ,  
of 4138 cont ro l  po in ts  cnd gave the  longitude of the  Viking 1 lander s i t e  
a s  47:968 and the l a t i t u d e  of Airy-0 a s  5?142 thus the  loca t ion  of the  
Viking 1 lander s i te  was moved 360 m and Airy-0 was moved about 600 m. 
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MAPPING PRECISION OF THE VIKING LANDER IMAGES 
Sherman S.C. Wu, Loretta Barcus, and Francis 3. Schafer, U. S. 
Geological Survey, Flagstaff ,  AZ 86001 

The so lu t ion  t o  the problem o f  photogramnttrtc mapping o f  the 
Viking Lander inages i ncl  udes t w  approaches : O f f  -1 ine and on-1 i ne  
(Wu, 1979; Wu e t  a1 . , 1982). The o f f -1  ine  d i g i t a l  image processing 
introduces errors i n  1 i near Snterpolat ion f ran  the GE(E1 s t re t ch  
method. Therefore the most accurate method i s  the on-l ine approach, 
where a l l  conversions and correct ions are nude i n  real  time on an 
ana ly t i ca l  p lo t te r .  However, map prec is ion i s  1 imi ted by the 
performance o f  the facs iml l  e cameras and the imwe reso: ut ion. Imges 
from the Viking Lander cameras i n c l  ude two d i f f e r e n t  resol u t  i o ~ s  wi th 
p ixe l  sizes o f  0.04O and 0.12O, i .e. high and low resol  u t i o m  respec- 
t i v e l y .  Because each image element i s  obtained by scanning i n  both the 
azimuth and e levat ion d i rec t ions  (ku, e t  a1 . , 1982), the photogrammetric 
accuracy f s  i n d i r e c t l y  determined by the performance of the servo 
mechanisms. Analyses by Huck e t  a1 . (1975) g ive maximun angular eb *s 
o f  fO. lSO and f0.3U0 f o r  azimuth and elevat ion, respect ively,  i n  the 
low-resolut ion images; and tO.1°  and t0.2' f o r  azimuth and e levat ion 
respect ively,  i n  the h i  gh-resol  tio on images. These f igures i n c l  ude a1 1 
errors o f  the servo mechanisms, pos i t ion  of the photosensor array and 
the camera rnounti ng deviations. Therefore these f igures wi 11 determine 
the absolute precision, where as the image resolut ion,  the sma1:est 
resolvable image element car) be used t o  deternine the re1 a t i v e  
precision, i n  the analysis of the mapping prec is ion o f  the Viklng Lander 
images. 

If XC, YC, and Zc, i n  tfro Viking Lander camera coordinate system 
are cooratnates o f  a ground object (Wu, e t  a1 ., 198%). o f  which A A , ~  and 
bAZ2, an6 El and E2, are azfmuth and e levat ion elements on photographs 
from cameras 1 and 2 res?ect ively,  and the base between the t w o  cameras 
i s  designed by b which has a ca l ib ra ted  distance o f  0.821 m, then 

Yc = - v2 Zc ( tan  bAZl tan bAZp) 

tan El tan E 2  - 
'c - - '2 'c (cos bAZ1 

t 
COS bAZ2 1 

The standard er rors  o f  these three coordinates can be determined 
based on the theory o f  e r ro r  propagation by p a r t i a l l y  d i f f e r e n t i a t i n g  
these three coordinates wi tn respect t o  t h e i r  var iable components. They 
can be expressed as: 
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- y2 + u2 + ( s i n  2E1 t s i n  2E2) uE] "2 (6 )  
u ~ - X [ ~ O ~ z  z2 Z 

Using equations 4, 5, and 6, r e l a t i v e  and absolute mapping 
p r e l i  s ion from Vik ing Lander images are ca lcu la ted  respec t i ve ly  w i t h  t he  
image reso lu t i on  and the t incer ta in t ies  due t o  the performance o f  t he  
cameras. 

Re la t i ve  Prec is ion - With a  L 04' and a  0.12' smel lest  reso lvab le  image 
element ( p i x e l )  f o r  both azimuth and e leva t ion ,  r espec t i ve l y  f o r  t h e  
high- and low-reso lu t ion images, the  r e l a t i v e  mapping p rec is ions  are 
ca lcu la ted separately f o r  each reso lu t i on  as l i , ted i n  Table 1. 
Z-coordinates, the ranges o f  objects,  are ca lcu la ted  every 2 m from 1 rn 
t o  9  m; Y-coordinates, which are 90' t o  Z, and are a t  l e f t  and r i g h t  o f  
:he range, are ca lcu la ted from +5 m t o  -5 m; and X-coordinates, which 
are e l h a t i o w  o f  object  po in ts  w i t h  p ~ s i t i v e  toward the ground, are 
ca lcu la ted  from 1.0 m t o  2.0 m wiT,h an increment of one-hal f  meter. 
These f igures cover the mappable areas o f  the two V ik ing  Landers. For 
example i n  Table 1, the standard e r ro r s  o f  Z, Y, and X from h igh 
reso l  u t i ~ n  images are 3  nun, 3  ~rm, and 5 ~rm respec t i ve ly  f o r  a po in t  a t  
the  l o c a t i o n  of Z = 1 m, Y = 1 m, and X = 1.5 m. 

Absolute Prcc is ion  - With angular e r ro r s  0.1' and 0.2' r espec t i ve l y  f o r  
azirnutli and el  evat ion of h igh-resol  u t i o n  irnaqcs, and 0.15' and 0.30' - - 

respec t i ve ly  f o r  i i m ~  3 and e l eva t i on  o f  low-resol  u t i o n  images, 1  irniteci 
by the  performance o f  the  camera, the  absolute mapping p rec i s i on  are 
ca lcu la ted separately f o r  each r e s o l u t i o n  as l i s t e d  i n  Table 2. The 
actual  mapping p rec is ion  i s  considered b e t t e r  than the  p rec i s i on  as 
l i s t e d  i n  Table 2  due t o  the f a c t  t h a t  the  camera b o l t  dodn e r ro r s  had 
been caref cl l  l y  cal  i brated and had been corrected i n  the mapping process 
(Wolf, 1576, Wu, ~t al., 1982). 
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TABLE I - WLAT IVE W P l N G  PRECl SlON OF BOTH HIOH- AND LOW-RESOiUrlON IMAGES FR(W 

I Resolution I HlgL Resolut lon lar Resolutlon 
- 

0 fl +2 f3 f4 1f5 
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TABLE 2 - ABSOLUTE W P  l NG PRECl S l ON OF BDTH t i  I @I- AND LW-RESOLIIT ION IMAGES F R M  
FACSIMILE CAFERAS OF TI€ TWD VIKING LANOERS 

High R e s o l u t i o n  I Lou R e s o l u t i o n  I 
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PLANETWIDE CONTROL NETWORK OF MARS 
Sherman S.  C. Wu and Franc is  3. Schafer, U. 5. Geological Survey, 
F l ags ta f f ,  Arizona 86001 

P ic tu res  taken by V ik ing  O rb i t e r s  1 and 2  a re  being used t o  make 
planetwide contour maps o f  Mars (Wu, e t  al., 1982). Pub l i ca t i on  a t  
1  :2,000,0bO and 1:15,000,000 i s  planned. The photographs a re  used i n  a  
block adjustment t o  produce a  planetwide c o n t r o l  network i n  an 
equa to r ia l  band and a po la r  band. The equa to r ia l  band covers 
approximately 60' of l a t i t u d e .  The two po la r  reg ions beyond t h e  
l a t i t u d e  o f  65' a re  almost e n t i r e l y  covered by t he  p o l a r  band. 

A t o t a l  o f  800 photographs a re  used w i t h  500 f o r  t h e  equa to r i a l  
coverage a ~ d  300 f o r  t h e  coverage o f  t h e  p o l a r  band outs ide o f  t h e  
equa to r ia l  reg ion (Table 1). Foo tp r i n t s  o f  photo coverage a re  shown i n  

Figures 1  and 2  r espec t i ve l y  f o r  t h e  equa to r ia l  and t he  po la r  bands. 
Geodetic coordinates o f  ground po in t s  a re  ca lcu la ted  by a n c l v t i c a l  
ae ro t r i angu la t i on  through a  block adjustment using t h e  U. ' -0logica1 
Survey's GIANT program. Control  data f o r  t h e  adjustment ir, ~e  t h e  
spacecraft pos i t i ons  determined by Earth-based t rack inq ,  occu I f a t  i o n  
po in t s  from both Mariner 9 and V ik ing  missions (K l  i o r e  e t  al. ,  1970, 
L i  ndal , l978),  Earth-based radar observat ions (Downs e t  a1 ,1982) and t he  
p lan imet r i c  con t ro l  net  der ived by Davies (Davies e t  a1 , 1982). 
Spacecraft pos i t  ions a re  g iven very h igh  weight ing i n  t he  computations, 
beza~rse they cannot be determined accura te ly  any o ther  way. Simi 1  a r l y ,  
t he  hor i zon ta l  components o f  t he  Davies p lan imet r i c  ne t  aad t h e  v e r t i c a l  
components o f  the  radar  and o c c u l t a t i o n  ne t  a re  given h i gh  weight. New 
v e r t i c a l  values are computed f o r  t he  po in t s  i n  t h e  p l an ime t r i c  net, and 
new hor i zon ta l  values f o r  t h e  radar  and o c c u l t a t i o n  measurements. 
Camera pos i t i ons  and o r i e n t a t i o n s  a re  a1 so adjusted f o r  t h e i r  i n t e r n a l  
consistency. The f i n a l  ne t  inc ludes no t  on l y  t h e  above po in ts ,  bu t  the  
hor i zon ta l  and v e r t i c a l  l o ca t i ons  o f  a  t h i r d  set  o f  image po in t s  
requi red t o  con t ro l  photogrammetric mapping. 

TABLE 1  - CATGORIES OF VIKING ORBITAL PHOTOGRAPHS USED FOR THE PLANFTARY 
CONTROL NETWORK OF MARS 

The planetwide c o n t r c l  network o f  Mars i s  expected t o  be completed 
i n  the f i r s t  h a l f  of f i s c a l  j e a r  83. 

TOTAL 

93 
-I!&.-- 

798 

. .----- ---- - 
BAN 

MIssPOhi vo-Fw18__4UI 
L P  K 

40 
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4  3  
117 
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VO-2 

2 1  
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VO-2 

10 
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North Pole South Pole 

Figure 2 - Photo coverage of Mars control net (polar band) 
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THE SOLUTION OF THE LAYOVER PROBLEM OF SIDE-LOOKING RADAR IMAGES 
Sherman S.C. Wu, U. S. Geological Survey, F l ags ta f f ,  Arizona 86001 

Because o f  i t s  method o f  i l l u m i n a t i o n  and image format ion,  t he  
d i r e c t  use o f  radar  irnages fo r  map crwnpilat ion i s  precluded on 
conventional photograrnmetric equipment. Both radar shadow, which occurs 
a t  :ow depression angles, and radar layover  (non-unique r e t u r n  a t  h i gh  
depression angl ee) make s tereo mapping d i f f i c u l t  and cavpl  ica ted.  
However, radar shadow can be e l  iminated from the  s tereo coverage area 
w i t h  images taken from the same side, where as the  layover  problem i s  
mathematical ly solvable. 

Layover i s  caused by the f a c t  t h a t  the radar measures range from 
the radar antenna t o  an ob jec t  regard less o f  the t e r r a i n  r e l i e f .  For 
a i rborne  system,  h igher  e l eva t i on  t e r r a i n  features appear c l ose r  t o  the 
antenna and may over1 ap 1 ower e l eva t i on  t e r r a i n  features; radar energy 
scat tered o f f  the  tops o f  mountains r e tu rns  t o  the antenna before t h a t  
scat tered o f f  the ,nountainsl toes. This phenomina i s  j u s t  the oppos i te  
from conventional a e r i a l  photography, therefore the  radar image 
disp1acement.s due t o  elevated t e r r a i n  are toward t o  the nad i r  po i n t  o f  
t he  cainera ( radar  s t a t  i m )  where as d i  sp l  acements o' convent ional  a e r i a l  
photography are away from the nad i r  po i n t  o f  the  camera s ta t i on .  Th is  
i s  perhaps one of the  most severe obstacles i n  s tereo radar napping. 

The mathematical sol  u t i o n  t o  the radar  '1 ayover problem invo lves two 
equations, each o f  which represents a  c i r c l e  o r  a  sphere, and r e l a t e s  
the radar s t a t i o n  and radar range t o  a  ground po in t  i n  each o f  a  p a i r  o f  
overlapped radar irnages. As shown i n  f i g u r e  1, P and P a re  two f l i g h t  
paths, from which s tereo raddr images are taken; k1 and are two radar  
s t a t i ons  from vrhich radar images o f  ground' po i n t  G are en; and R l  and 
R are ranges o f  G measured respec t i ve l y  frm S1 and S2. By assuming 
t f i a t  the coordinates of t he  beginning and the  ending po in t s  o f  each 
path, B and E are known, o r  any o ther  con t ro l  po i n t s  along the radar  
paths are knobin, then the coordinates X H , and X ,Y2, H2 o f  S1 
and S2 can be in te rpo la ted .  P1 and P &nYI$ s t r a i g h t  ?lnes, o r  can be 
curves if add i t i ona l  in termediate  con 5 r o l  po in ts ,  I ' s ,  are  known along 
the paths. The two equations, C1 and C2, r espec t i ve l y  f o r  the two 
c i r c l e s  are: 

and the unknown coordinates,  XG,YG, and HG are  the  ground coordinates o f  
G, which i s  then one o f  the two i n t e r sec t i ons  o f  the two c i r c l e s .  The 
two equations are: 



ORIGINAL PAGE IS 
OF POOR QUALITY 

Where HG = [ ( H ~  t H2) - (R1 s i n  o1 + R2 s i n  9 )  J 
and, ol and o2 are  depression angles o f  G r espec t i ve l y  a t  radar s t a t i ons  

S1 and S2. I f  01, and Q2 are i n  the same v e r t i c a l  plane, they can be 

detenni  ned by the fo l  1 okri ng equat i t lns : 

2 

o1 = arc cos [ R12 + 2 B2 R1 - B R2  I 

R i s  the a i r  base between the two radar s t a t i ons .  

This w i l l  leave on ly  two unknowns, X and YG, t o  be solved i n  two 6 equations. O f  course two so lu t i ons  w i l l  e obtained f o r  each o f  XG,  

YG. Only one o f  those two answers i s  co r rec t  and i s  detevnined by the  
depression angles. 

On the a n a l y t i c a l  s tereo p l o t t e r ,  once XG, YG and H ar? 
determined, the computer w i l l  cause the radar images t o  g e d isp laced as 
i n  conventional a e r i a l  photoyraphy, so t h a t  the s tereo model can be 
re ta ined.  

Combined w i t h  techniques o f  image c o r r e l a t i o n ,  t h i s  concept o f  the 
s o l u t i o n  of the radar  layover  problem i s  a new approach which can be 
used i n  the f u t u r e  design of a radar  s t e reop lo t t e r ,  and which w i l l  a l so  
c e r t a i n l y  inc lude general cases such as s here the  ground po in ts  and the  
two radar  s t a t i ons  are not i n  a v e r t i c a l  plane 
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THE COMPLETION OF PHOTOGRAMMETRIC COMPILATION OF THE ------ GLOBAL TOPOGRAPHIC 
MAP% THE WOON 
Sherrnan S. C. Nu, IJ. S. Geological  Survey, F l a g s t a f f ,  Ar izona 86001 

A new g loba l  topograph ic  map o f  t he  Moon, based on a new 
topograph ic  datum (Wu, 1981a), i s  under c o m p i l a t i o n  a t  a s c a l e  of 
1:5,000,000 w i t h  a contour  i n t e r v a l  o f  500 meters. Tile coo rd ina te  system 
used i s  the  same as t h a t  o f  the c o n t r o l  ne ts  de r i ved  by t h e  Defense 
Mapping Agency (Doyle e t  a1 , 1977). 

Contour maps compi 1 ed by pho tog ra rmet r i c  methods us ing  a1 1 
v a i l a b l e  s te reo  p a i r s  o f  m e t r i c  photographs from t h e  Apo l l o  15, 16, and 
7 miss ions (Nu, 1981b) were compi led as an i n te rmed ia te  step, and w i l l  

be pub l ished as spec ia l  maps i n  t h e  DMA LOC format,  a t  a sca le  of 
1:2,750,000. P r e l i m i n a r y  cop ies  of t h e  LOC-3 map (Nu, 1981b) have Seen 
d i s t r i b u t e d  t o  p r i n c i p a l  i n v e s t i g a t o r s  i n  the  P lane ta ry  Geology Program. 

F igu re  1 i s  an example o f  t h e  map formats of LOC-1, -2, and -4. 
F igu re  2 shows the  s t e r s o  coverage o f  t h e  models used t o  compi le LOC- 
4. P u b l i c a t i o n  o f  a l l  f o u r  sheets i n  f i s c a l  year  33 i s  planned. 
Complet ion and pub1 i c a t i o n  o f  t he  g loba l  map i s  a l s o  planned f o r  f i s c a l  
year  83. 

Th is  comp i la t i on  was done on a n a l y t i c a l  s t e r e o p l ~  :ers from 566 
s te reo  models (see t a b l e )  w i t h  t h e  c o l l  abora t  i o n  o f  Raymond Jordan, 
F ranc i s  Schafer, M i c h e l l e  K e r r i c k ,  Annie-El p i s  Howington, P a t r i c i a  
Garcia, C o l l  een Maurer, Carol Hildeman, Sher r i  Bergstrom, Susan Roemi ng , 
and L o r e t t a  Barcus. 
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VIKING LANDER MONITOR MISSION IMAGING INVESTIGATION 

STATUS REPORT 

Stephen D. Wall , Je t  Pvoyulsion Laboraiory 

;ne Viv ing  Lander Monitor Mission ope ra t i s  t h e  Mutch Memortal 
S ta t  im, former-ly t h e  V ik ing  I lander,  which cont inues t o  prov ide i.iagery, 
rnet .uc~~1c.g~. and ranging data on a weekly bas is  from Mars. The lander  
i s  pr*ogri:.nned t o  cont inue operat ions through 1994, and cu r ren t  i nd i ca t i ons  
are ~ t . ~ i ' +  ".te lander  may su rv i ve  un t f  1 then i f  t he  s t o r i q e  capac i t y  o f  t h e  
four onooard b a t t e r i e s  can be maintained. Considerable engineer ing e f f o r t  
i s  being devoted t o  pro longing b a t t e r y  1 i f e  through cond i t i on i ng  (charge- 
discharge) cycles.  F l i g h t  so f t ka re  changes have buen made t h i s  year which 
have performed cond i t i on ing  e x e r c i s e s .  As a r e s u l t  t h ree  o f  t h e  f ou r  
b a t t e r l e a  have been res to red  t o  about 80% o f  t h e ? r  o r i g i n a l  capac i ty .  A l l  
o ther  c r i t i c a l  systems on t h e  lander  are o p e r ~ t i n g  nominal ly.  

Imaging data i s  processed r o u t i n e l y  by SPLrs Image P r v c s s i n g  Lab and 
released p e r i o d i c a l l y  t o  t he  NASA Regional P lanetary  L i b ra r i es .  The imaging 
s t r a tegy  i s  t o  n i o n i t ~ r  a few areas spproximately monthly, and otherwise 
t o  repeat previous i ~ a g e s  w i t h  the  same l i g h t i n g  geometry t o  i d e n t i f y  
changes. Such images ( " repros" )  have shown t h a t  t h e  s c m e  i s  dynm ic ,  
though no t  s t r i k i n g l y  so. Fine ma te r i a l  i s  p e r i o d i c a l l y  r e d i s t r i b u t t d ,  30th 
eroded and deposited, and t h e r e  i b  no c l e a r  s i qn  t h a t  e i t h e r  domina?.es. 
Figure 1 i s  a repro p a i r  comparing so l  1402 w i t h  so l  2068 showing t y p i c a l  
r e d i s t r i b u t i o n  o f  a t h i n  l a y e r  above t he  cemented surface near t he  lander.  
More evidence o f  r e d i s t r i b u t i o n  can be seen near t he  hor izon. Figure 2 i 5  

no t  a repro p a i r ,  bu t  desp i te  d i f ferences i s  l i g h t i l l g  i t  i s  c l e a r  t h a t  a 
centtmeter o r  two has b?en removed from a p i l e  made uy the sur face sampler. 
These images were taken on so l s  441 and 1765. Although i t  i s  no t  poss ib le  
t o  determine t h e  t i n e s  of these events, rep ro  and o ther  p a i r s  can brdcket 
them, and t he  t imes are cons is ten t  k i t h  a t h i r d  year dust  storm i n  t he  same 
season o r  perhaps somewhat l a t e r  than t he  f i r s t  two years '  storms (Ryan and 
Shaman, J. Geo h s. &e. 86, C4). We hope t h a t  meteorology data car1 
fu r the r  l k a  ? I r e  thhse occurences i n  time. 







RECENT STUDY I N  SUPPORT OF A MARS NETWORK MISSION 
Steven W. Squyres, Palmer Dyal , Robert M. Haberle, Robert W. Jackson 
James P. Murphy, and Ray T. Reynolds, NASA-Ames eesearch Center, Mof fe t t  
Field, CA 94035. 

The general ob jec t ive  04 the Mars Network Mission i s  t o  es tab l ish  
a global network o f  seismic s tat ions,  meteorological stat ions, and 
geochemical and geophysir-a1 observation s i  tes 'on Mars. This ob jec ti vt! 
can be accomplished by '.he emplacement o f  penetrators, which are 
instrument-laden miss1 le-1 i ke p r o j e c t i l e s  tha t  impact the surface a t  
high ve loc i ty  and becomk buried. A network mission has many a t t r a c t i v e  
features, inc luding the acqu is i t i on  o f  data from s i t e s  too dangerous f o r  
so f t  landers, d i r e c t  sampling o f  subsurface material ,  so l  i d  coup1 ing  
t o  the ground f o r  seismic experiments, acqu is i t i on  o f  data from many 
widespread s i t e s  on Mars a t  a cos t  f a r  lower than possible by other  
means, and use o f  simple and tested technology. 

The basic penetrator design i s  rocket-shaped w i th  a b u l l e t - l i k e  
nose and a f l a r e d  conical a f t  section. The penetrator i s  approximately 
10 cm i n  diameter and 140 cm long, and has a mass o f  30-43 kg. When i t  
penetrates the surface, a small af terbody separates and remains a t  the 
surface, where i t  performs s c i e n t i f i c  observations and comnutiicates w i t h  
an o rb i t e r .  The forebody and afterbody are connected by an umbil icus 
tha t  i s  deployed from a storage area i n  the forebody. A radioisotope 
thermal generator (RTG) i n  the forebody provides power f o r  both sections. 
The afterbody i s  subjected t o  a decelerat ion o f  about '20,000 8 fo r  
2-3 msec upon impact, wh i le  the forebody i s  subjected t o  2,00 -20,000 g 
depending on the deptb o f  penetration. 

The o r b i t e r  design f o r  the network science mission has no t  y e t  
been determined, but  w i  11 c lose ly  f o l  low tha t  eventual ly chosen f o r  
other proposed low cost  Mars o rb i  te rs  i n  order t o  minimize hardware 
development. The only science instruments under considerat ion f o r  the 
o r b i t e r  are ones tha t  would d i r e c t l y  support the surface ~bse rva t i ons .  

A network of penetrators and the corrmunications re lay  o r b i t e r  can 
be del ivered t o  Mars by one o f  several types o f  missions. For example, a 
low-cost Payload Assis t  Module (PAM-A) upper stage could ta rge t  and 
separate 4 penetrators from approach and provide enough propel l a n t  f x  
an o r b i t a l  re lay  spacecraft t o  enter a 24-hour e l l i p t i c a l  o r b i t .  A 
la rger  SRM-1 dppw stage could ta rge t  and separate 20 penetrators from 
approach o r  10 penetrators from a low a l t i t u d e  c i r c u l a r  o r b i t .  An 
a t t r a c t i v e  a1 te rna t ive  might be t o  use a spacecraft already i n  o r b i t  
around Mars from some previous mission fo r  the re lay.  The penetrators 
could then be car r ied  t o  Mars on a simple penetrator bus and would be 
ta rge te j  and separated from the bus during approach t o  Mars. A 
separate launch pei letrqtor mission using a PAM-A could eas i l y  carry  6 
penetrators and poss:bly as many as 8 i f  a l igh twe igh t  bus could be 
designed. 



Two major considerations govern the se lec t ion  o f  penetrat ion s i  tes : 
establ  i s h m n t  o f  e f f e c t i v e  l oca l  and global seismic and magnetic networks, 
and acqu is i t i on  o f  data from areas o f  widely varying meteorologic and 
geologic charac ter is t i cs .  A t  l e a s t  three closely-spaced penetrators 
should be placed i n  an area o f  suspected h igh seismic i ty .  A good 
candidate would be the Tharsis region. The p e w t r a t o r  spacing should be 
close enough to  make detect ion o f  weak o r  i n f r e q u e ~ t  seismic events 
l i k e l y  (on the order o f  500 km). As many add i t iona l  penetrators as 
possible should be widely d i s t r i b u t e d  t o  g i ve  good global seismic, 
magnetic, geochemical, and meteorological coverage a t  s i t e s  of h igh 
geolngic in te res t .  A t  l e a s t  4 penetrators separated by distances of 
roughly 5000 km would be required f o r  an e f f e c t i v e  g lobal  seismic 
network. One o f  these cculd o f  course be p a r t  o f  the l oca l  network. 
Prime ta rge t  candidates would inc lude the po la r  layered deposi ts  , 
major out f low channel f loors ,  areas o f  suspected i c e - r i c h  permafrost, 
and ancient cratered highlands. A major volcano could presumably be 
included i n  a seismic array I n  the Tharsis area. 

A wide var ie ty  o f  s c i e n t i f i c  experiments could be conducted by a 
network mission. These include: 

Seismometry - One a t t r a c t i v e  design f o r  d penetrator seismometer 
would be a combined bubble t i 1  tmeter and force balance acce le ro~~  e t e r  
t ha t  has been invesbigated a t  Cal tech. A bandwidth o f  0.01-5 Hz and 
a reso lu t i on  o f  10' g would be desi rable and should be achievable. 
The p r i n c i p l e  areas where work i s  required f o r  a penetrator seismometer 
are event detection, data compression, and impact surv iva l .  A data 
compression a lgor i thm f o r  the t i 1  t e r / a c c e l e r m t e r  instrument has been t"f devised t h a t  would produce 1.5 x 10 b i t s  per  day. Some successful 
h i  gh g- load tes ti ng has been performed on seismometer components. 

Magnetometry - The best magnelomctry instrument f o r  a penetrator 
would probably be three orthogonal f luxgate magnetometers. Detcrmination 
o f  the bulk e l e c t r i c a l  conduct iv i ty  proper t ies o f  Mars would a lso  
requi re simultaneous moni t o r i ng  o f  changes i n  the forcing magnetic f i e l d  
oy a magnetometer on the o rb i t e r .  

Heat Flow - Heat f low measurement, could be conducted w i th  
temperature sensors i r> the penetra t o r  forebody, i n  the afterbody, and 
sparzd a t  regular i n te rva l s  along the umbil icus. The sensors could be 
platinum resistance thermometers, so l  id -s  ta t e  temperature sensors, 
thermistors, o r  low temperature thermocouples. 

Gamna Ray Spectrometry - An ac t i ve  gamna ray experiment f o r  a 
penetrator would consis t  o f  a pulsed neutron source and a NaI o r  CsI 
gamna ray detector. Pulsed neutron sources are c l ~ r r e n t l y  avai l a b l e  
tha t  would be we1 1 sui ted t o  a penetrator mission. Such cources mi t 
10 pulses o f  14 MeV neutrons a t  an l n tens i  t y  o f  106 nb us-- produced 
by a deuter ium-t r i  t ium react ion. Typical sources have diameters of  5 cm 
and lengths o f  15 cm. These nelrtron sources have been thorouqn:;. ~ e s t e d  
i n  penetrators on Earth. A NaI o r  Csl detector  would be capable o f  



g iv ing  r e l a t i v e  abundances o f  a1 1 the major rock-forming elements. 
Typical detectors are 20-25 cm long. NaI detectors hsve Cettei; reso lu t i on  
than CsI by a fac to r  o f  2, bu t  s ing le  c rys ta l  NaI detectors are 
considerably more f r a g i l e  than s ing le  c rys ta l  CsI detectors. A 
recent ly  developed NaI po lycrys ta l  detector, however, has NaI ' s  
reso lg t ion  w i  th  subs tant ia l l y  improved strength. 

Mater ia l  Propert ies (Strat igraphy)  - The instrument required f o r  
determination o f  subsurface mater ia l  proper t ies and s t ra t ig raphy i s  an 
accelerometer. This i ns trument waul d sense the decelerat ion experienced 
by the penetrator forebody as i t  slowed m d  came t o  r e s t  beneath the 
surface. Variat ions i n  mater ia l  proper t ies would appear as i r r e g u l a r i -  
t i e s  i n  the decelerat ion record. An instrument o f  t h i s  type i s  a lso  
requi red t o  determi ne :he depth o f  penetration. Such accelerometers 
e x i s t  and have been extensively tested on penetrators. 

Imaging - One a t t r a c t i v e  type o f  imaging system f o r  a penetrator 
would be a small charge-cowled device (CCD) . The camera would o f  
course be mounted on the h ighest  p a r t  o f  the penetrator afterbody. A 
t yp i ca l  design would have about 8 b i t s  per p i c tu re  element, and no 
f i  1 te rs  f o r  mechanical s imp l i c i t y .  CCD arrays have been successful ly 
tested t o  very high 9-loads. 

Meteorology - Several instruments would be required t o  make up a 
meteor01 ogy package i n  the penetrator afterbody. These inc lude pressure, 
temperature, humidi t y  , opaci t y  , w i  nd d i rec t ion ,  and wind ve loc i  t y  
sensors. As yet,  no instrument prototypes have been developed f o r  use 
i n  penetrators. Much add i t iona l  in format ion could be gained from an 
i n f ra red  radiometer onboard the o rb i  t e r  t h a t  gives atmospheric thermal 
p r o f i  1 es. These p r o f i  1 es , when combined w i  t h  simul taneous meteorological 
obse rv~ t i ons  from a netwwk o f  surface s i tes ,  would subs tan t i a l l y  
improve our understanding o f  the mart ian atmospheric c i  r cu la t i oc .  

Costs f o r  Mars network missions have been estimated by Science 
Appl icat ions Incorpcrated ( S A I )  . The costs f o r  these missions are 
comparable t o  those f o r  Mars orb i te rs ,  and very much less than those f o r  
s o f t  1 anders or  rovers. 



SPATIAL RESOLUTION AND AREAL COVERAGE OF MARS BY THE VIKING ORBITER 
CAMERAS 
M.H. Edwards and R.E. Arvidson, McDonnell Center f o r  the Space 
Sciences, Washihgton Univers i ty ,  S t .  Louis, Missouri 63130 

As noted by Davies and Murray ( 19711, the areal coverage a t  
some stated spat ia l  reso lu t ion  ( o r  be t te r )  i s  a useful  way t c  
visual i z e  how wel l  a given planetary ob jec t  has been covered by 
imaging data. The Viking Orbi ter  VIS system has provided the best  
coverage t o  date for Mars (Snyder, 1979). However, because o f  
competing imaging needs durins the beginning. o f  the mission and 
because o f  o r b i t a l  changes, the image coverage i s  no t  uniform. 
Thus, we have invest igated both how much of the surface area of Mars 
i s  covered by a given reso lu t ion  (o r  be t te r )  and the d i s t r i b u t i o n  i n  
map form o f  the coverage. 

I f  we assume t h a t  the V I S  v id icon sample array of 1056 1 ines 
and 1182 samples proper ly  samples the system 1 im i  t i n g  spat ia l  
frequency (e.g., the resolv ing power i n  cycles/mn) then no more than 
about 373 x 418 cycles could be properly sampled on the v id icon face 
plate, since 2 n  TV l i n e s  are needed t o  assure proper sampling o f  a 
given spat i  a1 frequency. These val ues correspond t o  a resol  v ing  
power of about 30 cycles/mn when the dimensioris o f  the image on the 
v id icon are considered. According t o  Benesh and Thorpe ( l975),  a t  
"30 cycles/mn, the came -as have a contrast  attenuat ion o f  "0.5, or 
-50% o f  the scsne contrast  i s  attenuated. This cont ras t  at tenuat ion 
value i s  t y p i c a l l y  used t o  def ine the 1 i m i t i n g  spat ia l  frequency or  
the resolv ing power o f  a system. We can thus consider the ground 
reso iu t ion  o f  the V I S  images t o  be " 2 p  times the width covered by a 
p i c tu re  element on the ground. 

To determine the areal coverage a t  some stated ground 
reso lu t ion  or be t te r  we u t i l i z e d  data from frames 003A01 t o  973A10, 
004801 t o  705852, and 122S01 t o  485S24. The p lanet  was t reated as 
an array o f  elements w i t h  1 " x 1 ' spacing and a computer search was 
conducted t o  f i n d  frames tha t  cover a given g r i d  in te rsec t ion .  I f  
the ground reso lu t ion  f o r  a given frame was be t te r  than the value 
a1 ready assigned t o  the in tersect ion,  the new reso lu t i on  value 
rep1 aced the 01 d value. The r e s u l t  i s  a map o f  the coverage w i th  a 
stated ground resolut ion,  which can be d i sp l  syed as an image (Figure 
1). The image was generated both as a simple c y l i n d r i c a l  p ro jec t i on  
and es a Lamhert equal area pro ject ion.  The br ightness histogram 
from the 1 a t t e r  image was used t o  generate the p l o t  o f  ground 
r e s o l u t i m  vs. areal coverage shown i n  Figure 2. These two data 
presentations are valuable adjuncts t o  understanding how wel l  Mars 
has been covered by imaging data. For instance, according t o  Figure 
2, somewhat l ess  than 10% o f  the surface has been covered w i t h  image 
data tha t  have a ground reso lu t ion  a f  be t te r  than -100 meters. Less 
than 1% i s  covered w i th  a reso lu t ion  o f  be t te r  than -30 meters and 
most o f  t h a t  coverage i s  i n  the northern mid la t i tuder .  
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S. Winterha l te r ,  J e t  Propulsion Laboratory,  C a l i f o r n i a  I n s t i t u t e  of Technology, 
Pasadena, C a l i f o r n i a  91109 

During F i s c a l  Year 1982 201,586 Viking O r b i t e r  products  were processed. 
These products  were broken down i n t o  the  fol lowing groups and d i s t r i b u t e d :  
o r i g i n a l  negatives-  5,929; * * p l i c a t e  pos i t i ves -  17,787; d u p l i c a t e  negatives-  
71,148; s t r i p  contac t  p r i n t s -  83,006; enlargements- 23,716. 

Systematic  process ing  produced shading co r rec t ed  and h igh  pass  f i l t e r e d  
orthographic p ro j ec t ion  ve r s ions  of t hese  images i n  t h e  form of negat ive  
r o l l s ,  s t r i p  con tac t  p r i n t s  and 8x10 inch  enlargement p r i n t s .  Systematic  
processing,  lagging  the  r e c e i p t  of  d a t a  by yea r s ,  f i n i s h e d  t h e  negat ive  
products  i n  Apr i l  1982. A s  t h e  photoproducts become a v a i l a b l e ,  they a r e  
d i s t r i b u t e d  t o  Viking i n v e s t i g a t o r s ,  Regional P lanetary  Image F a c i l i t i e s ,  
NASA and NSSDC . 

The s t r i p  con tac t  p r i n t s  a r e  nosaicked t o  produce t h e  most u s e f u l  
p re sen ta t ion  of t he  Viking Orb i t e r  images. Approximately 700 mosaics have 
been generated from the  iirst 1,000 o r b i t s  of Viking O r b i t e r s  1 and 2 about  
Mars. Th i r ty  of these  cover a r e a s  mapped dur ing  t h e  Survey and Extended 
Missions. Nearly 400 more mosaics need t o  be produced. They w i l l  be 
comprised of 20 t o  100 ind iv idua l  p i c t u r e  frames. Each mosaic w i l l  be 
annotated wi th  Mars r e g i c . a l  i d e n t i f i c a t i o n ,  ground s c a l e  ba r s ,  su r f ace  
coverage and o r i e n t a t i o n  i n d i c a t i o n  a s  w e l l  a s  p i c t u r e  i d e n t i f i c a t i o n .  

The mosaics a r e  then photographed f o r  d i s t r i b u t i o n .  8x10 inch negat ives  
and p r i n t s ,  4x5 inch negat ives  and 20x24 inch enlargements were d i s t r i b u t e d  
t o  t he  Regional P lanetary  Image F a c i l i t i e s ,  NASA and NSSDC. I n  order  t o  
c u t  down on c o s t s ,  only 8x10 inch p r i n t s  and 4x5 inch  nega t ives  w j l l  be 
d i s t r i b u t e d  from October 1, 1982 on. 

The most recent  Survey Mission mosaics produced a r e :  
Global  Monitoring: S y r t i s  Major and He l l a s  0 Lad320  Lon 
Global Monitoring: Elysium and Amazonis -18 Latl148 Lon 
Global ~ o n i t o r i n g :  ~ h a r i s  and Val les  Marineras 
Olympus Mons 
Arsia-Pavonis Bore Wave Study Board 1 
Arsia-Pavonis Bore Wave Study Board 2 
Mangala, Survey I1 
Survey 1 Mosaic 1979 
Survey 1 Mosaic 1979 
Survey 1 Mosaic 1979 
Survey 1 Mosaic 1979 
South of Olympus, IMC Mapping 
A 1  Qahira Mapping 
A 1  Qahi r a  Mapping 
A 1  Qahira Mapping 
Mangala Mapping 
Mangala Mapping 
Memnonia Block Mapping 
Femnonia Block Mapping 
Memnonia Block Mapping 
Memnonia Mapping 
Memnonia Mapping 

-6 L a t l  43 Lon 
17 Lat1133 Lon 
.5 Latl125 Lon 6 201107 

-12 Lad119  Lon 6-1.6198 
-6 LatI159 Lon 
32 Latl312 Lon 
31 Lat1312 Lon 
30 Lati294 Lon 
29 Latl291 Lon 

7 L a t l l 4 0  Lon 
-19 ta t1190 Lon 
-14 Latl198 Con 
-22 L a t l l 8 1  Lon 

-7 h t 1 1 5 2  Lon 
-2 Latl145 Lon 

-11 Latl163 Lon 
-15 Lat1154 Lon 
-10 Latl163 Lon 
-12 Latl178 Lon 
-20 Latl166 Lon 



Chryse Planitia 
Chryse Planitia 
Mangala and Memnonia 
Mangala and Memnonia 
Survey 1 Mosaic 
Survey 1 Mosaic 
Survey 1 Mosaic 
Survey 1 Mosaic 
Mareotis Fossae 
Tempe Fossae 
North Polar Monitor 

35 Latll3 Lon 
35 Lad20 Lon 

-.01 Latl145 Lon 
5 Latll40 Lon 

340 Latl32 Lon 
350 Lat133 Lon 
353 Latl33 Lon 
335 Latl32 Lon 
70 Latl51 Lon & 87 Latl43 Lon 
63 Latl47 Lon & 52 Latl43 Lon 

An atlas containing the location of all the Viking Orbiter mosaics is 
being compiled at this time, The mosaics are being located and outlined 
on 1:5,000,000 maps. 

This present research conducted at the Jet Propulsion Laboratory, 
California Institute of Technology under contract NAS 7-100 sponsored 
by the Planetary Geology Program, Office of Space Science and Applications, 
National Aeronautics and Space Administration. 
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Data from Planetary Science Missions Available to Rerearcherr 
Robert W. Vostreys, National Space Science 3ata Center, 
Goddard Space Flight Center, Code 601, Greenbelt, MD 20'171 

With the advent of a new era of decreased planetary exploration, data 
from past missions become of increasing importance to rerearcherr. lhe 
repository for most of the planetary data (as well as data from other 
space science missions) is the National Space Science Data Center 
(NSSDC ) . 
NSSDC was established by the National Aeronautics and Space 
Administration (NASA) to provide data and information from space science 
experiments in support of additional studies beyond those performed by 
principal investigators. In addition to ite main function of providjng 
,selected data and supporting information for further analysis of apace 
science flight experiments, NSSDC produces relevant publications. Among 
these are a report on active and planned spacecraft and experiments, a 
data listi~g, and various users guides. 

The Planetary and Heliocer.tric Spacecraft and Investigations volcmb of 
the Data Catalog Series of Space Science and Applications Flight Missions 
was recently published. It contains information, by planet, on the 
investigations conducted for which NSSDC has data. The Data Set 
description volume will be published later this year. For lunar 
missions, the Catalog of Lunar Mission Data is available. Virtually rll 
the data available at or through NSSDC result From individual experiments 
carried on board individual spacecraft. The Data Center has developed an 
information system utilizing a spacacraft/investigation/data 
identification hierarchy. Table 1 summarizes t.he lunar and planetary 
investigations by planet. Table 2 summarizes them by diecipline area. 

Mercury 
Venus 
Moon 
Mars 
Jupiter 
Saturn 
Interplanetary 

Table 1 

Spacecraft and Investigations by Planet 
for which NSSDC has Data 

Spacecraft Investigations 



Table 2 

Invest,igations by Discipline Area 
f o r  which NSSDC har Data 

Imaging 
Par t ic les  and Fields 
Ultraviclet  
Inf rated 
Radio Science and 
Celes t ia l  Mechanics 

Atmoepheres 
Physical/Cheaical Properties 
Interplanetary Pa r t i c l e s  

Lunar P l a n e t a q  Inrerplanetary 

NSSDC provides f a c i l i t i e s  f o r  reproduction of data and f o r  onsi te  data 
use. Resident and v i s i t i n g  researchers are  invited t o  study the  data 
while a t  the  Data Center. The Data Center e taf f  w i l l  a s s i s t  user8 with 
additional data searches and with the  use of equipment. In addition t o  
e a t e l l i t e  data, the  Data Center maintains some supporting information and 
other supporting data t h a t  may be re la ted  t o  the  needs of rerearcherr.  

The services provided by NSSDC a r e  available t o  any individual o r  
organization reeident i n  the  United Statee and t o  researchers outr ide the  
United Sta tes  through the  World Data Center A f o r  Rockets and S a t e l l i t e s  
(WDC-A-RLS). Normally a charge is made for  request data t o  cover the  
cost  of reproduction and the processing of the  request. The researcher 
w i l l  be not i f ied  of the  charge, and payment must be received pr ior  t o  
processing the  request. H~wever, a s  resources permit, the  Director of 
NSSDC/WiX-A-R&S m y  waive the  charga fo r  modest amounts of data when they 
a re  t o  be used fo r  s c i e n t i f i c  s tudies o r  f o r  special  educational -mrposer 
and when they a re  requested by an i n d i v i b a l  a f f i l i a t e d  with: ( 1 )  NASA 
ins ta l la t ions ,  NASA contractors,  o i  GXSA grantees; ( 2 )  other U.S. Govern- 
ment agencies, t h e i r  contractors,  o r  t h e i r  grantees; ( 3 )  univermitier o r  
colleges; (4 )  s t a t e  o r  local  governments; o r  ( 5 )  nonprofit organizationr. 
A researcher may obtain data by a l e t t e r  or  telephone request, o r  an 
onsi te  v i s i t .  

Data can h? provided i n  a format or  medium other than t h a t  or ig inal ly  
supplied by the  pr?.ncipal inveatigatorr.  Por example, magnetic tapes can 
be reformatted, computer printout  o r  microfilmed l i s t ing8  can he 
reproduced from magnetic tape, enlarged paper print6 a re  available from 
data on photographic f i lm and microfila,  e tc .  me Data Ccnter w i l l  
provide the  requarter w i t h  an eetimate of the  remponre t i m e ,  and when 
appropriate, the charge for  much requests. When requesting &ta  on 



magnetic tape, the urer mhould 8 p c i f y  whathar ha w i l l  nrpply now Upam 
a f t e r  the data have been copied, or pay for new tap.6. 

The Data Centerg. addremm for requemtm $8 a6 follow@: 

National Space Science Data Center 
Coda 60 1 .4 
Goddard Space Plight Center 
Greenbelt, Maryland 2077 1 
Phone: (30 1 1 344-6695 

Researchers who reside autside the U.S. mhould direct requemtm for data 
t o  the foliowing address: 

World Data Center A for Rocket8 and Satellite8 
Code 60 1 
Goddard Space Plight Center 
Greenbelt, Maryland 2077 1 U. S.A. 
Phone (301)  344-6695 



IMAGE STORAGE AND DI  ;:'LAY USING CONSUMER VIDEO TECHNOLOGY 
L.K. Bo le f ,  McDonnell Center f o r  the Space Sriences, 5JasMngton 
Un i ve rs i t y ,  St .  Louis, Missour i ,  63130 

Lunar and p lane ta ry  image data can be exanined i n  p i c t o r a l  
form, the  d ~ t a  c w  be d i g i t a l l y  processed t o  e x t r a c t  in format ion,  
and i n  some cases data acquired f o r  the same reg ion  over some t ime 
<pan can be viewed i n  movie form. We have examined ways of 
u t i l i z i n g  videotapes and videodisks as re1 a t i v e l y  iil, xpensive 
(f.e. consumer technology) b u t  in fo rmat ion  dense media. We have 
i n t e r f aced  our BIRP search and r e t r i e v a l  sof tware t o  a SONY LDP-1000 
i n d u s t r i a l  v ideodisk pl  a),, to ?mine i n  analog, p i c t o r a l  form 
those frames t h a t  meet BIRP search cons t ra in ts .  Th is  " e l ec t r on i c  
browsing" system provides a user w i t b  a c a p a b i l i t y  t o  search through 
image engineer ing da ta  and t o  then i r t e r a c t i v e l y  examine the frames. 
We have a lso  used a S3NY PCM-1630 (used i n  record ing  s tud io  audio) 
t o  encode a d i g i t a l  V i k i ng  Lander image and t o  s t o re  the data on 
314" videotape f n NTSC compatibl e !rmat. The inverse  o p e r ~ t i o n  was 
then performed t o  decode tcle da:? ,nd t o  generato a d i g i t a l  image. 
The two images and tnd p i c t u r e  d i f f e rence  are shown i n  F igure 1. 
Wfth the  e r r o r  co r rec t i ons  i n t r i n s i c  t o  the  PCM-1600, the re  was no 
degradation i n  imsge qua1 i t y .  A one hour videotape would ho ld  
5x10f*9 b i t s  o f  data a t  the  record ing dens i t y  used t o  s t o re  t be  
V ik ing  Lander frame. We have a lso  used the videotape recarder i n  
animation s tud ies where color-coded values o f  the  topography of  
Ear th  and Venus were p ro jec ted  onto globes seen from an o r b i t i n g  
spacecraf t .  Several thousand frames were generated t h a t  show zn 
approach an- o r b i t  sequence for  each p lanet .  The frames wer? then 
w r i t t e n  onto videotape i n  sequent ia l  form i n  order t o  generate t hd  
appropr ia te  ani,dation sequence. I n  order t o  p roper l y  sequence the  
placement of frames on the  videotape, an encoder was b u i l t  t h a t  
places t ime code markers I n  t he  audio t rack .  The frame l o c a t i o n s  
were then keyed t: the  code markers through the  use o f  appropr ia tp  
softwats. The o v e r a l l  i n t e n t  o f  these a c t i v t i e s  i s  t o  u t i l i z e  
e x i s t i n s ,  cctsume~--dr iven technologies t o  he1 p reduce the  cos ts  o f  
e l ec t r on i c  handl ing and ana lys is  c f  data. 





THE MARS CHANNEL WORKSHOP: A REPORT 

Komar, Paul D. , School of Oceanography, Oregon State Un ivers i ty  , 
Corvall i s  , Oregon 97331 

The Thi rd Mars Channel Workshop was held a t  Timberline Lodge, east o f  

Portland, Oregon, on 27-28 A p r i l  1982. This was fol lowed by a two-day 

Cield t r i p  t o  the Mount S t .  Helens region. Thir teen NASA inves t iga tors  

in terested i n  mart ian channels par t i c ipa ted  i n  the wcrkshop and f i e l d  

'cri p. 

I n  t o t a l ,  s ixteen presentations were made a t  the workshop, sumnarizing 

our newly completed o r  on-going research. On average each t a l k  las tcd  

about an hour, although two ind iv idua ls  pers is ted f o r  a0 hour and a h a l f .  

There were a1 so shor ter  "show-and-tell " sessions where we could inspect 

the products o f  mapping e f f o r t s  re la ted  t o  the mart ian channels. 

Several o f  the presentations dea l t  w i th  the smal! v a l l  ey systems, the 

o r i g i n  and s igni f icance o f  which are s t i l l  under debate. J. L a i t y  

presented the r e s u l t s  o f  her inves t iga t ion  o f  sapping processes on the 

Colorado Plateau and comparisons w i t h  mart ian val leys.  A. Howard and 

C. Kochel are. involved i n  laboratory experiments and numerical models o f  

sapping processes. V. Baker focused on the d issect ion o f  volcanoes by 

small channel s where sapping has been important, comparing the d issect ion 

o f  Hawaiian volcanoes w i th  those on Mars, suggesting t h a t  i t  may have 

been a s i g n i f i c a n t  process on the mart ian volcanoes. D. P i e r i  presented 

h i s  resu l t s  on the mapping o f  Margari fer Sinus. J. Boothroyd i s  i n  the 

midst o f  the f i r s t  de ta i led  analysis o f  "drainage basins" i n  the Ladon 

Val 1 i s  region, determining the areas o f  cont r ibu t ion  t o  the small va l leys.  

M. Carr i s  concerned w i th  the s t a b i l i t y  o f  water and i c e  on Mars under 

various atmospheric condit ions, especia l ly  focusing on the smal le r -sca l  e 

f lows one presumably had i n  the va l l ey  networks. 

Other studies re la ted  more t o  the 1 arge out f low channels, inves t iga t ions  

o f  t h e i r  processes o f  formation, secondary a1 te ra t ions  and mapping. C. 

Kochel and V. Baker have prepared a morphological mak o f  Mangal a Val 1 i s .  

B. Lucchit ta has used the Earth ,ased radar t r a n s i t s  of Mars t o  determine 

elevat ions and then gradients o f  four o f  the out f low channels, concluding 



t h a t  T iu  and Simud are essen t i a l l y  l eve l  o r  even s l i g h t l y  reversed. She 

presented a model o f  o r i g i n  f o r  these channels wh~ch  involved ponding of 

:rater i n t o  lakes which then overflowed ca tas t roph ica l l  y  , carv ing the 

channels. M. Kal i n  described h i s  f i e l d  studies i n  nor th-centra l  Iceland 

of the catastrophic f loods produced by volcanic erupt ions suddenly 

mel t ing g lac iers,  r e l a t i n g  the channels and deposits o f  these f loods t o  

t h e i r  flow condit ions. D. Numnedal described channels i n  the oceans 

formed by col lapse and g r a v i t y  flows, the observations being re levant  t o  

channel formation and slope processes on Mars. P. Komar has completed 

an analysis of streamlirted is lands on Earth and Mars, concluding t h a t  

those on Mars d i d  approach a least-drag conf igurat ion and must h a v ~  

formed i n  f l u i d  flows a t  high Reynolds numbers, most 1 i ke ly  catastrophic 

water f 1 ows . 
I t  i s  o f  s ignif icance tha t  a1 1 o f  the presentations acknowledged t h a t  

water f lows played the primary r o l e  i n  formation o f  both the small va l leys 

and the large outflow channels. A1 though problems o f  i n te rp re ta t i on  

remain, the flnw o f  water i s  i d e n t i f i e d  as a necessary i n g r d i e n t .  There 

also appears t o  be a growing impression tha t  there might have been a 

s i g n i f i c a n t  recyc l ing  o f  the water, espec ia l l y  i n  connection w i t h  the 

sapping processes. This and o ther  evidence suggests t h a t  Mars has 

undergone c l ima t i c  changes i n  the past w i t h  periods o f  more clement 

condit ions. The small channel networks a lso appear t o  be more systematic 

than previously thought. They are no t  j u s t  random small channels, 

d i s t r i b u t e d  over the mart iar  surface without much order, bu t  instead 

appear t o  belong t o  we1 1 -developed drainage systems. Local l y  they flow 

toward ancient trunk streams t h a t  may be precursors of the out f low 

channels. Some small va l l ey  networks and out f low channels may have 

belonged t.o the same integrated systems. 

The f i e l d  t r i p  t o  Mount S t .  Helens fo l low ing the workshop was organ- 

ized by Mike Mal in and Dan Dzurisin. We f i r s t  took a two-hour char ter  

f l i g h t  around the volcano i n  order t o  o b t a i t ~  an overview of the b l a s t  

area, the la rge  mudflows and the e f f e c t s  o f  the f 

the r i v e r  va!leys. Two f u l l  days were then spent 

lows t h a t  t rave  

on the ground, 

l led  down 

mainly 



focusing on the llludflow deposits and the changes produced w i  t h i n  the 

nor th  and south branches o f  the T o i ~ t l e  R iver .  The f i e l d  t r i p  was hoth 

s c i e n t i f i c a l l y  worthwhile and e x c i t i n g ,  the exci ten~ent  i r ~ c l u d i n y  

p lay ing "chicken" w i th  logging trucks and the discovcry o f  a ncw 

sub-hu11m species, H m .  I r ) : ~ t u l i . ~ c : l ,  c h ~ r a c t t l r i z e d  hy havi t y  one continuous 

eyebrow and a s a d i s t i c  g r i n .  



THE GALILEAN SATELL IT€ GEOLOGICAL MAPPING PROGRAM, CONTINUED. 
B. K. Lucchi t ta ,  U.S. Geological Survey, F l ags ta f f ,  AZ 86001 

The Ga l i l ean  Sate1 1 i t e  Geological  Mapping Program was es tab l i shed  
t o  ill uminate d c t a i l e d  geologic re1 a t ions  on t he  f o u r  l a rge  sate1 1 i t e s  
o f  Jup i te r .  The program invo lves about 40 i nves t i ga to r s  from var ious 
un i ve rs i t i es ,  research i n s t i t u t e s ,  and government o f f  i ces  i n  t h e  Uni ted 
States, England, Germany, and I t a l y .  A t o t a l  o f  twenty-four researchers 
have been assigned t o  map 10 quadranyles on Ganymede, 15 t o  map 6 
quadrangles on 10, and 4 t o  map 2 quadrangles on Europa. A1 1 maps are 
a t  a  sca le  o f  1:5,000,000 except f o r  th ree  o f  the  10 maps, where h igh-  
r eso lu t i on  p ic tu res  permi t ted  compi la t ion o f  se lected areas a t  l a rge  - 
scales. 

Curing 1982, the  product ion o f  base mater ia ls  has prsceded as 
planned. Pre l iminary  a i rb rush  maps o f  c e n t r a l  and souther11 Europa were 
completed at>d sent t o  the  mappers t o  i n i t i a t e  geologic mapplng and f o r  
review. Col l e c t i o n s  o f  photographs prepared i n  F l a g X a f f  wel*e a l so  
suppl i e d  t o  the mappers; these 9hotographs consisted o f  unf i ' l i ~ r e d  
(shading cot-rected) and h i  gh-pass-f i 1 t e red  versions o f  l e v e l  1 (cosmetic 
and rad iometr ic  co r rec t  ions) and l eve l  2 (map p ro jec t  ion)  images. For  
10, the  f i n a l  phctomosaics and brownl ine Cronaflexes o f  the  th ree  
special  ( largescale)  maps (Ra Patera, Kane Patera, and Maasaw Patera) . 
were t ransmi t ted  t o  t he  mappers. Also completed and mai led was t h e  
a i rbrush vers ion o f  t he  10 1:5,000,000 map, J i2.  Image packages 
conta in ing l e v e l  1 and l e v e l  2  p i c t u res  and ava i l ab le  c o l o r  composites 
of t h e i r  respect ive quadrangles were forwarded t o  a ? l  10 mappers, 
inc lud ing  those whose base maps are not y e t  prepared. Pre l im inary  
a i rbrush versions o f  the  1 : 5,000,000-scale 397 and Jg3 quadrangles o f  
Ganymede, as we l l  as newly processed images, were d i s t r i b u t e d  t o  t he  
respect ive mappers. The remaining Ganymede quadrangles e x i s t  as 
con t ro l l ed  photomosaics, and a i rb rush ing  i s  i n  progress. 

A meeting o f  a1 1 mappers was convened i n  Pasadena, Cal if., i n  
January 1982. The p a r t i c i p a n t s  were informed about the  s ta tus  o f  t h e  
program, updated product ion schedules f o r  t he  .del ivery o f  base 
mater ia ls ,  and a change i n  the  ccordinates o f  t he  spec ia l  map f o r  10's 
Ra Patera. Furthermore, p r e l  iminary  smal l -scale geologic maps o f  10, 
Europa, and Ganymede, pub1 ished i n  the book "Sa te l l  i t e s  o f  J u p i t e r "  ( I ) ,  
were discussed a t  the meeting. It was concluded t h a t  more d e t a i l e d  
mapping than t ha t  on the  p re l im ina ry  maps i s  e s s ~ n t i a l  t o  thoroughly 
understand the geologic h i s t o r y  o f  the s a t e l l i t e s  and t h a t  the Ga l i l ean  
Sate1 1 i t e  Geologic Mapping Program i s  necessary t o  accompl i s h  t h i s  task. 

References 
es o f  Jup i t e r ,  Un i ve rs i t y  o f  (1) Morrison, David, S a t e l l  i t  

Press, i n  press. 
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R.E. Arvidson McDonnel Center f o r  the  
Space Sciences  

Washington Univers i ty  
S t .  Louis,  MO 63130 

PLANETARY GEOLOGY SPEAKERS BUREAU: THE SECOND YEAR 
R. Greeley,  Department of Geology and Center f o r  Meteor i te  S t u d i e s ,  Arizona 
S t a t e  Univers i ty ,  Tempe, AZ 85287. 

The P lane ta ry  Geology Speakers Bureau was e s t r b l i s h e d  i n  the  Spring of 1981 
and is now i n  i ts  second year of o i e r a t i o n .  F i f t e e n  P lane ta ry  Geology Pr inc i -  
p a l  I n v e s t i g a t o r s  comprise the  Bureau and a r e  a v a i l a b l e  t o  u n i v e r s i t i e s  and 
resea rch  i n s t i t u t e s  t o  speak on a v a r i e t y  of t o p i c s  (Table 1). Twice a year 
announcement f o r  the  program and a l ist  of speakers  and t o p i c s  a r e  s e n t  t o  
geoscience departments as l i s t e d  i n  the  American Geological  I n s t i t u t e  d i rec -  
to ry .  Arizona S t a t e  Univers i ty  se rves  a s  Coordinator f o r  the  program by se- 
cu r ing  the i n i t i a l  po in t  of c o n t a c t  f o r  the  hos t  i n s t i t u t i o n  and scheduling 
p o t e n t i a l  speakers.  The hos t  i n s t i t u t i o n  is  expected t o  pay reasonable  and 
customary expenses a s s o c i a t e d  wi th  t h e  speaker ' s  t r a v e l .  

Experience has shown thus  f a r  t h a t  most speakers p resen t  a genera l  l e c t u r e  
open t o  the  pub l i c  p lus  a more s p e c i a l i z e d  seminar a t  the  hos t  i n s t i t u t i o n .  

For a d d i t i o n a l  informat ion c o n t a c t  R. Greeley,  Department of Geology, A r i -  
zona ? t a t e  Univers i ty ,  (602) 965-7045. 

Table 1 

Geologic Evolut ion of Mars 
and Venus 

Remote Sensing of the  Ear th  

J .M.  Boyce Mail Code EL-4 
NASA 
Washington, D.C. 20546 

F. El-Baz Nat ional  A i r  6 Space Museum 
Smithsonian I n s t i t u t i o n  
Washington, D.C. 20560 

R. Greeley Dept. of Geolcgy 
Arizonh S t a t e  Univers i ty  
Tempe, AZ 85287 

J . W .  Head, I11 Dept. of Geological  Sciences  
Brown Univers i ty  
Providence,  R I  01912 

E.A. King Dept. of Geology 
U n i v e r s i t y  of Houston 
Houston, TX 77004 

Impact Cra te r ing  S tud ies  
S t r a t e g y  of So la r  System 

Explora t ion  
Science  Planning 6 Admin. 

The Dese r t s  of Ear th  and Yars 
Studying the  E a r t h  fcom Space 

Geologic Exp lora t ion  of the  
S o l a r  System 

P lane ta ry  Volcanism 
Aeolian (Wind) Processes  

Tectonic ,  Geologic Evolut ion 
of the  T e r r e s t r i a l  P l a n e t s  

Lunar and P lane ta ry  Impact 
Basins  

Or ig in  of T e k t i t e s ,  Chon- 
d r i t e s ,  Chondrules 

Apollo Exp lora t ions  of the  
Moon 

The Lunar Samples 
The Origin  of Asteroids  



H. Masursky U.S. Geo log ica l  Survey 
2255 N. Gemini Dr ive  
F l a g s t a f f ,  AZ 86001 

S a t e l l i t e s  o f  t h e  h t e r  
P l a n e t s  

Geology of  Venus 
Mar t i an  P o l a r  6 Channel 

D e p o s i t s  

Dept. of Gen!~gy d Geogrdplky 
U n i v e r s i t y  of Massachuse t t s  
Amherst,  MA 01003 

k i n e m a t i c s  of  Utah Graben 
T e c t o n i c s  of Venus 

G.E. McCill  

D. Nurnmedal 

R. S. Saunders  

P.H. S c h u l t t  

Dept. o f  Geology 
L o u i s i a n a  S t a t e  U n i v e r s i t y  
Baton Rouge, LA 70803 

The Channels  on Mars 
Gene ra l  Geology of Mars 

E x t r a t e r r e s t r i a l  Geology 
The Geology of Venus 
Exp lo r ing  t h e  S o l a r  System 

Jet P r o p u l s i o n  Labora to ry  
4800 Oak Grove Blvd., 183-50! 
Pasadena ,  CA 91103 

Lunar d P l a n e t a r y  I n s t i t u t e  
3303 NASA Road 1 
Houston,  TX 77058 

T a r g e t  E a r t h  
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DEVELOPMENTS OF 1,LANETARY GEOLOGY PROGRAMS I N  FRANCE 

MASSO" Ph., MERCIER, J. L., L a b o r a t o i r e  d e  GBologie Dynamique I n t e r n e  
(ERA :. ./02), U n i v e r s i t 6  Par is-Sud,  91 405 Orsay Cedex, France.  

S i n c e  the p r e v i o u s  r e p o r t  on P l a n e t a r y  Geology A c t i - q i t i e s  and Develop- 
ments i n  France  h a s  been p u b l i s h e d  i n  1980 (11 ,  t h e  P l a n e t a r y  Image F a c i l i -  
t y  l o c a t e d  i n  t h e  L a b o r a t o i r e  d e  Ghologie  Dynamique I n t e r n e  (LGDI) o f  t h e  
U n i v e r s i t h  Paris-Sud (UPS) a t  Orsay ( F r a n c e )  developed and s e r v e d  a s  a  Regia- 
n a l  F a c i l i t y  f o r  f rench  u s e r s .  

The f a c i l i t y  c o n t a i n s  most o f  t h e  Mar iner ,  Viking and Voyager images 
provided by t h e  World Data  Cente r  A f o r  Rockets  and S a t e l l i t e s  (NASA Goddard 
Space F l i a t  C e n t e r ,  G r e e n b e l t ,  Md.) and by t h e  NASA-Caltech Jet P r o p u l s i o n  
Labora tory  (Pasadena,  Ca.).  These d a t a  a r e  a v a i l a b l e  f o r  c o n s u l t a t i o n  under  
d i f f e r e n t  fo rmats  ( p a p e r p r i n t s ,  n e s a t i v e  and p o s i t i v e  f i l m s ,  and photomo- 
s a i c s ) .  The r e t r i e v a l  system based on m i c r o f i c h e  l i b r a r y  i s  i n  t h e  p r o c e s s  
of bee ing  r e p l a c e d  by t h e  P l a n e t a r y  I a a g e  Videodiscproduced by JPL. Compute- 
r i z e d  d a t a  f i l es  f o r  u s e  by BIRP (2) i n  p r e p a r a t i o ~ .  a t  JPL w i l l  be  a v a i l a -  
b l e  w i t h  t h e  l a b o r a t o r y  computers.  I n  a d d i t i o n  t o  p l a n e t a r y  images,  t h e  fa -  
c i l i t y  c o n t a i n s  complete  sets o f  c u r r e n t l y  pub l i shed  maps (shaded r e l i e f ,  
topographic ,  g e b l o g i c )  o f  t h e  Moon, Mars, Mercury, Vet?us and t h e  s a t e l l i t e s  
o f  J u p i t e r  and S a t u r n .  These maps a r e  provided by t h e  U .  S .  G e o l o g i c a l  Survey,  
Branch of As t rogeo log ic  S t u d i e s  ( F l a g s t a f f ,  Az.). The f a c i l i t y  l o c a t e d  on t h e  
Campus of  UPS a t  Orsay,  is suppor ted  by t h e  I n s t i t u t  N a t i o n a l  dlAstronomie 
e t  de Ghophysique (INAG) du CNRS, and by t h e  C e n t r e  N a t i o n a l  d l E t u d e s  Spa- 
t i a l e s  (CNES). 

I n  a d d i t i o n  t o  t h e  o p t i c a l  equipments ,  such  a s  m i c r o f i c h e  r e a d e r ,  l i g h t  
t a b l e ,  image a n a l y z e r ,  zoomtransferscope and s t e r e o s c o p e ,  a v a i l a b l e  f o r  i n  
s i t u  image r e t r i e v a l  and a n a l y s i s ,  a  v i d e o d i s c p l a y e r  and two computers w i t h  
d i g i t a l  p l o t t e r  and p r i n t e r  a r e  now a. a i l a b l e  f o r  q u i c k  image r e t r i e v a l  and 
c o n s u l t a t i o n .  An image p r o c e s s i n g  f a c i l i t y  ( C e n t r e  de  D d p o u i l l m e n t  e t  d e  
SynthGse d e s  Images,  CDSI) o p e r a t e d  by t h e  I n s t i t u t  d lOpt ique  (UPS, Orsay)  
and suppor ted  by CNRS, i s  a v a i l a b l e  f o r  image computer ized p r o c e s s e s  and co- 
l o r v i d e o  enhancements. A new f a c i l i t y  i n v o l v i n g  a  d i g i t i z i n g  t a b l e  i n t e r f a -  
ced w i t h  t h e  CNRS r e g i o n a l  computer c e n t e r  (CTRCE, Orsay j  i s  under  comple- 
t i o n ,  and w i l l  a i l o w  produc t ion  o f  t h e m a t i c  d i g i t i z e d  maps. 

The P l a n e t a r y  Geology Programs under  development 3r under  complet ion 
i n  France w i t h  t h e  p l a n e t a r y  d a t a  a v a i l a b l e  a t  Orsay,  a?e mainly conducted 
i n  t h e  framework of  t h e  NASA P l a n e t a r y  Geology Program, t h e  Mars Data A n a l y s i s  
Program (MDAP), and t h e  J u p i t e r  Data A n a l y s i s  Program (JDAP), by f i v e  g roups  : 
LGDI  (UPS, O r s a y ) ,  L a b o r a t o i r e  de  Ghographie Physique Zonal-e ( U n i v e r s i t k  de  
Reims) , I n s t i t u t  de  GQographie ( U n i v e r s i t d  d e  Nantes )  , D e p r t e m e n t  d e  G6o- 
g r a p h i e  ( U n i v e r s i t h  d t O r l h a n s )  and I n s t i t u t  de  Physique du Globe ( U n i v e r s i t k s  
de  Par isVI-VII) .  These g roups  a r e  suppor ted  by I N A G  i n  t h e  franework of  ATP 
"P lan6 to log ie" .  They conduct f o u r  main t y p e s  o f  s t u d i e s  : 

- s t r u c t u r a l  a n a l y s i s  o f  Mars, - Comparative s t u d y  of  l a r g e  b a s i n s  i n  t h e  S o l a r  System, - S t u d i e s  o f  e r o s i o n a l  landforms and p r o c e s s e s  07 Mars, - T h e o r i t i c a l  s t u d i e s  and l a b o r a t o r y  s i m u l a t i o n s  o f  i c e  deformat ion  
on t n e  i c y  s a t e l l i t e s  o f  t h e  g i a n t  p l a n e t s .  

ORIGINAL PAGE 1s 
-F POOR ~ u u f l ,  :a 



The s t r u c t u r a l  a n a l y s i s  of Mars is conducted a t  Orsay (LGDI, UPS). It 
aims t o  r e l a t e  t h e  t e c t o n i c  s t r u c t u r e s  ( f a u l t s ,  grabens,  s ca rps ,  r i d g e s )  
observed on t h e  mar t ian  s u r f a c e ,  t o  t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  p lane t  
m d  t o  i t s  s t r u c t u r a l  evolu t ion .  A gene ra l  inventory c f  compressive-type 
~ t r u c t u r e s  ( s ca rps ,  r i d g e s )  is under completion ( 1  Ph D i n  i n  
cooperat ion wi th  t h e  Lunar and P l ane t a ry  I n s t i t u t e  (Houston, Tx) ,  ( 3 ) .  A 
geomorphic s tudy  o f  s c a r p s  and r i d g e s  is  i n i t i a t e d  a t  t h e  Departement de 
Ghographie (Un ive r s i t 6  d t0r16ans) .  

Comparative s tudy  of l a r g e  bas in s  i n  t h e  S o l a r  System a r e  conducted 
a t  Orsay ( 4 )  i n  cooperat ion wi th  t h e  U .  S. Geological  Survey, Branch o f  
Ast rogeologic  S t u d i e s  ( F l a g s t a f f ,  Az. ) . This  s tudy  aims t o  compare Mare 
O r i e n t a l e  on t h e  Moon wi th  C a l o r i s  Basin on Mercury and Argyre on Mars. 
Three geologic  maps, a t  t h e  same s c a l e  (1:5,000,000) and i n  s t e r eog raph ic  
p ro j ec t ions  centered  on t h e  bas in  c e n t e r s ,  w i l l  be published j o i n t l y .  Two 
prel iminary maps ( O r i e n t a l e  and C a l o r i s )  a r e  c m p l e t e d .  The t h i r d  map (Argyre) 
is under completion. 

Comparative s t u d i e s  o f  e o l i a n  precesses around t h e  n o r t h  polar  cap o f  
nars wi th  t e r r e s t r i a l  ana logs  ( e s p e c i a l l y  North African d e s e r t s )  a r e  under 
completion a t  t h e  Labora to i re  de G60graphie Physique Zonale (Un ive r s i t 6  de 
Reims). These s t u d i e s  were conducted i n  cooperat ion wi th  t h e  U .  S.  Geologi- 
c a l  Survey, Branch of  Ast rogeologic  S t u d i e s  ( F l a g s t a f f ,  Az.),  t h e  Universi- 
t y  o f  Arizona (Tucson, Az.), and t h e  Smithsonian I n s t i t u t e  (Washington, D. C . ) .  
De t a i l ed  geomorphic s t u d i e s  of  channels ,  f l u v i a l - l i k e  f e a t u r e s ,  e r o s i o n a l  
prooesses ,  and s l o p e  evo lu t ion  nf t h e  I'a::es X a r i n e r i s  and t h e  Maja V a l l i s  
regions of  Mars, a r e  conducted a t  t h e  1n ; t i t u t  de G60graphie (Un ive r s i t 6  de 
Nantes)  . A prel iminary geomorphic map o f  Val les  Mar iner i s  is completed ( 5 ) .  

T h e o r i t i c a l  s t u d i e s  and l abo ra to ry  s imu la t ions  o f  i c e  deformation a r e  
conducted a t  t h e  I n s t i t u t  de Physique du Globe (Un ive r s i t 6  P a r i s  V I - V I I )  i n  
o rde r  t o  c o n t r i b u t t  t o  t h e  interpretation of  t h e  grooved t e r r a i n s  observed 
on Ganymede ( 6 ) .  These s t u d i e s  a r e  ccnducted i n  cooperat ion wi th  t h e  Sroupe 
de Recherches en  GCod6sie S p a t i a l e  (CRGS/CNES, Toulouse) . 

Most of  t he  r e s u l t s  r e l a t e d  t o  t h e  r e sea rch  programs descr ibed  above, 
were presented dur ing  t h e  Planetology Workshop organized i n  P a r i s  (February 
1992) by I N A G  ( 7 ) .  
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BACKSCATTER TECHNIQUES AS APPLIED TO FI'..; GRAINED ROCKS WITH POSSIBLE 
APPLICATION TO MAP,TIAN AND LUNAR ROCKS. D.H. Krinsley and K. Pye. 
Dept. of Geology, Arizona S t a t e  Universi ty,  Tempe, AZ 85287 
Dept. of Earth Sciences, Universi ty of Cambrid8e, CB2 3EQ, U . K .  

In  the course of scanning e lec t ron  microscopic observation of rock 
t h i n  sec t ion l~  f o r  use i n  mar t i a l  eo l i an  s tud ies ,  we u t i i i z e d  a technique 
which has great  po ten t i a l  i n  the study of f ine  grained mater ia ls  of a l l  
kinds. It i s  use of the backscat ter  e l ec t ron  (BS) mode f o r  the examination 
of rock t h i n  sect ions:  the technique produces, under the proper opera t ing 
condit ions,  Z (atomic number) con t ras t  and simulated 3-dimensional topo- 
graaphy (Robinson, 1975; Robinson and Nickel, 1979; Hall and Lloyd, 1981). 
We concentrate here on the desc r ip t ion  of mudrock th in  sect ions .  

Sedimentary pe t ro log i s  t s  have not s t r~d ied  mudrocks i n  t h i n  sec t ion  f re- 
quently because thoy a r e  extremely f i n e  grained, and using l i g h t  micros- 
copy, many of the rock cons t i tuen t s  cannot be resolved. D i f f i c u l t i e s  a l s o  
a r i s e  due t o  the intermixing of various c lay  minerals and the common occur- 
rence of opaque hematite s t a i n  o r  organic mater ia l .  Addit ionally,  i t  i s  
almost impossible t o  d i s t ingu i sh  between quar tz  and fe ldspar  i n  mudstones 
nxcept i n  the few circumstances when fe ldspar  i s  twinned. Since mudrocks 
comprise more than 50 percent of the s t r a t i g r a p h i c  c o l m ~ ,  the lack of da ta  
i n  t h i s  area  comprises one of the most important unknowns i n  sedimentary 
geology. The technique i s  a l s o  appl icable  t o  o the r  f i n e  grained igneous and 
metamorphic rocks (Bla t t ,  1982). 

Standard t h i n  sect ions  of mudrocks were prepared i n  the normal manner, 
polished as  f ine ly  as 'poss ib le ,  and l e f t  uncovered. The specimens were then 
coated with approximately 1008 of carbon t o  e l iminate  charging (Goldstein, 
e t  a i . ,  1981), mounted on SEM stubs ,  and examined with the  SEM i n  the back- 
s c a t t e r  mode a t  kVs ranging from 20 t o  30. Useful photographs can be made 
up t o  about 10,000X; a non-dispersive X-ray u n i t  should be ava i l ab le  t o  
determine elemental composition. 

Two samples were s tudied,  a Devonian gray shale  from Pennsylvania and an 
Upper Ordovician black mudstone from Wales, U.K. Three d i f f e r e n t  types of 
backscatter  de tec to r s  and micrt-scopes, i n  both the U.K. and the U.S.A., were 
used. Figure 1 i s  c normal secondary e lec t ron  micrograph (SEM) of the 
Devonian shale;  the magnification (0.55kX9 550X) should be doubled t o  give 
the ac tua l  magnification (1100X). The l a s t  l i n e  under the X i s  a 10 micron 
marker. Figure 2 i s  a backscat ter  e l ec t ron  micrograph of the same area ,  a t  
magnification of double 740X, o r  1480X. The 10 micron bar below the X i s  
correct .  Figure 3 i s  a backscatter  e l ec t ron  micrograph of the Wales mud- 
stone;  f igure  4 was taken a t  another point  i n  the same mudrock sec t ion .  A l l  
of the bars a t  the bottom of these photographs represent  10 microns. 

Figure 1, an uncovered t h i n  sec t ion  t i l t e d  a t  about 45', demonstrates the 
type of d e t a i l  and information t h a t  normally can be obtained from t h i n  sec- 
t ions .  Mineral alignment from southeast  t o  northwest i s  very noticeable,  
but a s  always, i t  i s  next t o  impossible t o  l o c d e  individual  minerals, o r  t o  
study t h e i r  t ex tu ra l  r e l a t ionsh ips ,  o r i en ta t ion ,  e t c .  Figure 2, however, 
d isplays  a g rea t  deal  of add i t iona l  information when examined i ~ r  conjunction 
with a non-dispersive X-ray u n i t  --.both atomic number con t ras t  and topographic 



r e l i e f .  A t  l e a s t  fou r  mineral  phases (qu8ktz, dspar ,  p y r i t e ,  i l l i t e )  can 
be i d e n t i f i e d  on the  b a s i s  of t h e i r  c o n t r a s t ,  supported by X-ray microanal- 
y s i s .  Each mineral  hall i t s  own topographic r e l i e f .  Th,: two l a r g e  minera ls  
i n  the  approximate censer  of the  photograph "lap" a g a i n s t  each o t h e r  and 
d i sp l ay  a weal th of d e t a i l .  The whi te  mineral  t o  the  r i g h t  ( p y r i t e )  has 
t h in ,  dark planes running trough i t ,  r ep re sen t ing  a d i f f e r e n t  chemical com- 
p o s i t i o n  o r  mineral ,  mc. is  s h a t t e r e d .  The composition, o r i e n t a t i o n ,  a r e a ,  
sur f  ace expression,  and f r ac tu re l c l eavage  p a t t e r n s  could be s tud i ed  i n  de- 
t a i l .  Closeups of the same a rea  h a w  been taken a t  7,00OX, and the  con tac t s  
between the mineral  phases can be s e e 1  i n  g r e a t  d e t a i l .  

Figure 3, the  Wales mudstone, cc:~lains an egg-shaped group of p y r i t e  
frambaids i n  the  cen t e r  of the micrograph, surrounded by a l a r g e  number of 
phases, inc luding  i l l i t e ,  qua r t z ,  f e ld spa r ,  and chlori te-mica s t a c k s .  I n  
p a r t i c u l a r ,  the l a rge  chlorite-mica s t a c k  on the  lower l e f t  of the  framboid 
group c o n s i s t s  of a s e r i e s  of l i g h t ,  b r i ck - - l i ke  fragments of c h l o r i t e ,  while  
the  mica po r t i on  of the s t ack  i u  composed of twis ted  f i b e r s .  Figure 4 i s  a 
d e t a i l e d  micrograph of one of these  s t a c k s ,  the lower p o r t i o n  being the 
f i b e r s  of mica and the upper, the "bricks" of i l l i t e .  I t  looks as i f  t he  
mica f i b e r s  were the  l a s t  t o  grow, and d i s rup ted  the  i l l i t e .  I f  t h i s .  i s  
t rue ,  i t  po in t s  the way toward an i n t e r e s t i n g  s o l u t i o n  of a complex d i a -  
geue t i  c growth problem. 

I t  i s  obvious, we be l i eve ,  t h a t  the  technique can be used t o  i n i t i a t e  a 
new o r  r e v i t a l i z e d  s h a l e  pe t ro loby ,  i n  which i t  w i l l  be p c s s i b l e  t o  s tudy i n  
g rea t  d e t a i l  g r a in  o r i e n t a t i o n ,  con tac t s  between g r a i n s ,  r e l a t i v e  hardness,  
composition, pore space, su r f ace  a r ea ,  e t c . ,  and f i n a l l y ,  presumed paragene- 
s i s .  The technique can a l s o  be i?sed t o  examine the  d e t a i l s  of f i n e  grained 
cements i n  sandstones and l imestones,  and the  f i n e  gra ined  components of 
metamorphic and i jpeous  rocks. I t  should be of g r e a t  va lue  i n  p l ane t a ry  
geology, no t  only i n  t he  s tudy  of rock t h i n  s e c t i o n s ,  bu t  a l s o  with r e spec t  
t o  the  f a b r i c  of presumed analogs t o  mar t ian  rocks.  
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PARTICLE ATTRITION DEVICE FOR EARTH AND MARS. D.H. Krinsley and J . R .  
Marshall. 
Dept. of Geology, Arizona S t a t e  Universi ty,  Tempe, A2 85287 
Mail Stop 242-6, NASA-Ames Research Center, Mof f e t t  F ie ld ,  CA 94035 

This inves t igat ion i s  concerned with the ex ten t  t o  which various bas ic  
mineral gra ins  derived from b a s a l t  and associated rocks, which a r e  presumed 
t o  e x i s t  on Mars, can withstand extensive abrasion. Hardly any information 
is avai lable  on the degree t o  which sand-size mineral grain8 w i l l  withstand 
extensive eo l i an  t ranspor t ,  p a r t i c u l a r l y  under condit ions c h a r a c t e r i e t i c o f  
the martian surface.  Glassy b a s a l t ,  o l iv ine ,  bas ic  fe ldspar ,  pyroxene, aug- 
i t e ,  and quartz ( fo r  comparison, a s  a great  deal  is known about the eo l i an  
 brasi ion c h a r a c t e r i s t i c s  of t h i s  mineral) a r e  prepared f o r  abrasion i n  an 
eo l i an  device spec i f i ca l ly  designed f c c  t h i s  purpose, and described below. 
It is  then hoped t o  p l o t  the t ranspor t  d is tance  survival  r a t e  of the 
various bas ic  minerals. Addit ionally,  inrormation may be produced on the 
composition of eo l i an  sands and dune f i e l d s  on Mars. 

The p a r t i c l e  a t t r i t i o n  device (which has Seen constructed and is ready 
f o r  use) consis ts  of s i x  pa r t i c l e -c i rcu la t ion  chambers i n  which mobil ization 
is achieved by a i r  j e t s  from a compressed a i r l r e g u l a t o r  f i l t r a t i o n  system. 
It w i l l  eventually be equipped with e l e c t r o s t a t i c  p r e c i p i t a t o r s  s o  t h a t  
f ines  which have bern generated by the a t t r i t i o n  process can be col lec ted.  
The apparatus permits long-term t e s t i n g  of a s  much as  severa l  years, i f  
necessary, and can handle p a r t i c l e s  between 100 and 5OOOum i n  diameter a t  
any reauired velocity.  

Although the device does not appear t o  function l i k e  a na tu ra l ,  open 
system, the surface textures  produced on quar tz  p a r t i c l e s  bombarded i n  i t  
a re  absolutely s imi la r  to  na tu ra l  surfaces,  unlike the textures  produced i n  
a number of other experimental devices (Marshall, Whalley, and Krinsley, 
manuscript). Thus we f e e l  confident t h a t  i t  w i l l  permit analog s i t u a t i o n s  
t o  be studied with a f a i r  degree of accuracy. 

The t e s t s  w i l l  include s tud ies  of the longevity s t rength  of p a r t i c l e s  
under Earth and Mars condit ions,  t ex tu ra l  evo1u:ion with time, abrasion 
mechanism changes with time, and r a t e s  of rounding. Later ,  when e lec t ro -  
s t a t i c  p rec ip i t a to r s  a re  at tached to  the columns, r a t e s  of f ines  production 
and the types and amounts of f i n e s  produced w i l l  be examined. P a r t i c l e  
ve loc i ty  w i l l  be measured by high speed photography. 



A c t i v e  Volcanism on for A Unified nodal md nachanism 
L.S.Crmpler and Robert C. Stroar 

Dapt. of Planetary Sciences, Univ. of Arimrn 
Tucmn, A ~ ~ M M  85721 

Nuaerial mudels indidrte that the obsarvad lifatiaws, tho struetura 
and tho low-lctitd*e amcentration of t ict in calderas and volcsnic PI-s 
on Io an rasult f r a  the injection of s i l i a t e  sills a t  the interface 
betmen a -lid sulfur crust a f e w  ki'.ometers th ick  and a c i l i a t e  
l i tbsphen fronr 100 to 200 br thid I1 I .  

The s i l i a t e  aagnbm trigger m'i of Io volcanism b s  ken aV811Sted 
by aonsidering the onedhnsional laat transfer between &mt r i l i a t a  
maw and initially oold sulfur. For a proable range of initlal ~ g a a  
tamperatuns and initial sulfur crwt ta~iperat*xes, the aontact between 
silicate magma and sulfur w i l l  be on t b  order of 700 K, or approXi.rteiy 
the vapr  point of a l ~ t a l  sulfur (Figure 1). Taking the thickness of 
the silicate sill Into acoount, this a m t a c t  temperature w i l l  k main- 
tained for periods of several mnths to set-eral years for intrusive rills 
of the order of 10m and 100 m respectively. This is in agreement with 
inferred lifetimes for volcanic pl-s on Io. 

Similar methods have bean used to  detmnstrate tha t  the lifethie of 
sulfur lava lakes or dark-floored calderas, a2d the time scale for surfam 
freeze-var is oonsistent w i t h  initially mltem sulfur ponding to depths 
of between 10 to 100 m. Many of the structural features and albedo mark- 
ings on the floors of dark-floored aalderas may be t l m  result of vrrti- 
cal rsvenmts ( imam,  oMdng) of solidified sulfur crusts on aolten lava 
lakes i n  which subsequent extrusion of nrolten sulfur bs  occurred. Con- 
centric fractures resulting from such nnvements nay prpvide the channels 
for additional plw-like activity rasulting in the dark diffuse deposits 
also associated with mmny calderas. 

Detailed area asasureme~ts of the various albedo types in dark- 
floored calderas haws been fitted with wdel temperatures assuning apm- 
lation w i t h  various sulfur allotropes. The total radiant heat f w from $3 a l l  dark-floored calderas estimated by this mans  is 1021 t o  10 o gs 8-1 

Io a t  Infrared wavalengths I2 I .  
i. or about th same as that  derived from recent terrestrial 01;servat ns  of' 

A unified -1 of Io volcanism has been developed which favors tha 
follo~lli~gr *st of the hbat flow from lo is d i r s ip r r td  by adwetion, not 
amduction, and the heat flow is mdulated by the efficient transfer of 
heat from siliaate m l t s  generated a t  100 to 200 Ian depth, injected a t  tha 
ulfur-silicate crustal interfaas and interacting with a sulfur crust 

about 2 Ian thick. 
For uniform global aonductivr haat flow, the prevailing tampamtun 

a t  the base of th sulfur crust w i l l  be lower a t  polar latitulas. M a 1  
results indicate that there is no rulfur vapor generated a t  the rulfur 
crust-silicate crust interfa- whsn the init ial  planetary surf.a to- 
peratum l s  about 80 to 90 It. Thnfore, the lack of observable p l u r s  
a t  the polas of fo m y  be a oonsaqrma of the a~ lda r  r . rface tomperat\~.s 
a t  high latitules. 
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Pmrailing temperatun ot base of sulfur ausl 
prior to contact with silicate magma (W 1 

Figure 1. Temperatures of thn aontact between mlten sili te and solid 
sulfur for various initial sulfur and s i l ioate  melt temperatures. 
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INTERFAC XNG VIDEOD ISC PLAYERS AND MICROCOMPUTERS 

Michael DO Martin and R. Stephen Saunders, Jet Propulsion Laboratory, Cali- 
fo rnnia  I n s t i t u t e  of Pechnology, Pasadena, CA 91109 

This abs t rac t  describes a c t i v i t i e s  within JPL's Planetary Image Facil-  
i t y  u t i l i z i n g  an Apple I1 microcomputer t o  cont ro l  t he  display of planetary 
image data  s tored on o p t i c a l  videodiscs. lhese a c t i v i t i e s  r e su l t ed  in :he 
development of two software/hardwere systems which demonstrated the  poten- 
t i a l  f o r  providing a user-friendly access capab i l i t y  t o  s tored  information. 

Ihe f i r s t  demonstration system c o n s i s t s  of an Apple I1 computer with 
48K of memory, an MCA/Discovision PR7820-2 Videodisc player and a Coloney 
?reductions VAI-2 Videodisc In te r face  Card f o r  t he  Apple 11. Software f o r  
the  system was wr i t ten  in The Applesoft BASIC language. The in t e r f ace  card 
and accompanying software allow the  user  t o  cont ro l  t he  videodisc player  
from the  BASIC program by PRINT'ing cont ro l  commands with a spec i a l  p r e f i x  
charac te r  which a r e  then captured by an object  code rou t ine  s tored  i n  t h e  
Apple's memory and converted i n t o  the appropriate  one byte  codes fo r  t rans-  
mission t o  t h e  Videodisc player. Some of t h e  commands o re  l i s t e d  below: 

IN IT - 
PLAY (adr) - 
SLOWFWD (adr) - 
SLOWREV (adr) - 
S TEPFWD - 
S TEPREV - 
FIND (adr) - 
FDSPON - 
FDSruFZ - 
APPLE - 
VIDEO - 
ABORT - 
REJECT - 

I n i t i a l i z e  videodisc player.  
I n i t i a t e  play moae a t  spec i f ied  t rack  address. 
I n i t i a t e  slaw f arward mode a t  address. 
I n i t i a t e  slow reverse mode a t  address. 
Step videodisc one frame forward. 
Step videodisc one frame backward. 
Search fo r  frame. 
Tbrn frame display on. 
fin frame display off  . 
Display Apple video on the  monitor. 
Display videodisc image on the  monitor. 
Abort current  command. 
Reject videodisc player. 

The play and slow conmrands a l s o  allcw spec i f i ca t i on  of an ending 
address (adr l ,  adr2) which w i l l  terminate t h a t  mode when tha t  address i s  
reached. Other commands tu rn  t he  audio channels on and o f f ,  check the  
s t a t u s  of the player and re turn  the frame number cur ren t ly  being displayed 
by the  player. An a t t r a c t i v e  f ea tu re  of the  Coloney in t e r f ace  is the  
i n t e r n a l  switching of the  video display so t ha t  two separa te  monitors a r e  
not required. 

The demonstration developed using t h i s  i n t e r f ace  cons i s t s  of a program 
which explains the c a p a b i l i t i e s  of the videodisc player for  s t o r ing  s i n g l e  
frame, imagery then cycles through a sample of each of t he  var ious commands 
u t i l i z i n g  mater ia l  from the planetary image test d i sc  produced by Discovi- 
s i o n  Asso. A t  t he  end of the  automatic demonstration t h e  user  is prompted 
t o  take control  of the playback by pressing any key on ~ ? e  Apple key- 
board. If no response is made i n  30 seconds t he  automatic demonstration 
continues. If a key is typed a menu display appears which allows the  user  



t o  type  one l e t t e r  commando t o  a c t i v a t e  t h e  v a - i w s  f e a t u r e s  of the  vidco- 
d i a c  p layer ,  inc luding the  play,  o l a v  and r t e p  mcsdeo, f  r a m  d i s p l a y  on/off  
and f r a m  mearch c a p a b i l i t i e o .  l h e  uaer  may a l s o  l ist  a s e t  of f r equen t ly  
a c c e a a d  oegmnta  on the  d i a c  and a e l e c t  a sequence f o r  playbrck. lhis 
menu l i a t  10 otored i n  a t e x t  f i l e  and can be  modified f c r  any given app i i -  
ca t ion.  

I h e  oecond syrtem u t i l i z e d  t h e  Apple I1 with a SilW Videodisc p layer  
Model LDP-1000 and m i n t e r f a c e  card  r u p p l i t d  by SON (not  a c o ~ r c i a l l y  
a v a i l a b l e  product) .  This e y e t e a  was a l s o  developed uaing Applesoft 
BASIC. 'he i n t e r f a c e  t o  the  p layer  was implemented i n  a more rudimentary 
famhion than wi th  the  Cc?onty system and reqq~ired cotnmand va lues  (reprc- 
rented by 1-byte i n t e g c r o )  t o  be put i n  c e r t a i n  memory l o c a t i o n s  then 
t r a n r f e r r e d  t o  t h e  p layer  by m o b j e c t  code r o u t i n e  s t o r e d  on the  i a t e r f a c e  
card. lhis oyotem required the  use of two monitors (one f o r  Apple d i s p l a y  
and one f o r  v ideodisc  imager) end presented a graphic  c o n t r o l  sc reen  fea- 
t u r i n g  the  var ioua playback modes and c a p a b i l i t i e s  of the  SONY player.  
tber inpu t  una v i a  a Joys t i ck  equipped u f t h  puahbuttons. By menipulating 
the  joyo t i ck  a f laohing cursor  could be placed over the  des i red  opt ion.  In 
:he play mode simply aroving t h e  j o y s t i c k  from l e f t  t o  r i g h t  cycled the  
p layer  through 22 d i f f e r e n t  playback epecds ( I 1  forward and 11 reverse ) .  

Both demonstrat ion systems were developed f o r  s p e c i f i c  even t s  ( t h e  
Coloney spstsm f o r  P l a n e t f c r t  '81 and the  SOW system f a r  the  Sen Francisco 
Wdeo expos i t  ion) and ue re  designed more t o  demonst r a t e  potent  l a 1  r a t h e r  
than t o  r e r v a  aa working t o o l s  wi th in  the  Image F a c i l i t y .  

We a r e  c u r r e n t l y  developing aof tware r.a allow t h e  product ion and play- 
back of geology t u t o r i a l s ,  us ing the  Apple I1 t o  s t o r e  and d i s p l a y  t e x t  
f i l e s  which deac r ibe  t h e  images conta ined on t h e  Planetary  Image Videodisc. 



THE ROLE OF PERMAFROST IN LARGE SCALE FAILURE ON MARS. 

Dag Numnedal, Department of Geology, Louisiana State University , Baton Rouge, 
LA 70803. 

Over most of Martian history i t  apDears as i f  mass movement, including 
sliding, sluming and gravity flowage, has been the dominant mode of sediment 
transport. Trlis may be due t o  lack of effective competing processes. Wind 
i s  the only exogenic sediment transport agent on Mars today, and aeolian ero- 
sion appears not t o  be very effective (Numnedal et fl., 1982). As a consequence, 
the morphology of the Martian surface assumes an overall appearance very different  
from most of the subaerial surface of the Earth. 

In terms of scale, topographic set t ing and morphologic de ta i l ,  the 
assemblage of erosional features found on Mars is most closely related t o  the 
mass-movement morphology found on the earth 's  submarine continental margins 
(Numnedal, 1982; Numnedal and Prior, 1981). There i s  no indication, however, 
that  a submarine environment was ever present on Mars. Rather, t h i s  paper 
presents the argument that  the processes responsible for t h i s  remarkable morpho- 
logic suite were those presently active i n  t e r res t r i a l  permafrost terradns. 

Mapping on Mars has identified features morphologically similar t o  those 
comnonly found i n  terres.tria1 permafrost regions. These include clast. polygons 
and str ipes (Carr and Schaber, 1977). a range of thennokarst features (Sharp, 
1973; Gatto and Anderson, 1975; Carr and Schaber, 1977). mass-movement deposits 
(Squyres, 1979; Lucchitta, 1978, 1981) and hillslope features comnonly found in 
permafrost terrains (Squyres, 1979; Lucchitta, 1981). I t  i s  demonstrated in th i s  
paper that small, poorly integrated drainage systems on Mars (valleys) a lsu  
have their  close analogs in arc t ic  Alaska, 

This paper argues that  also the larger-scale erosional features on Mars, 
channels, valleys and chaos, are permafrost-re1 ated. The process scenario i s  
envisioned to be as follows: (1) In i t i a l  deposition of sediment i n  hydrol.ogic 
basins permi t t ing growth of i ce-bonded permafrost. Mapping on Mars has indicated 
many areas of 1 arye-scale sediment "pending" (Lucchi t t a  and Boothroyd , pers. 
corn.). ( 2 )  Long-term decay of the ice matrix, probably by sublimation. This 
process I S  most effective i n  equatorial lat i tudes where the adsorbed i c e  is-most 
readily exchanged w i t h  the atmosphere (Fanale and Cannon, 1974). (3) The re- 
duction in sediment strength through ice matrix decay would ultimately lead t o  
fai lure due to  gravity-induced stress even on very gentle slopes. Gravity 
flowage occurs on slopes as gentle as 0.2" on the Mississippi delta ( N m d a l  
and Prior, 1981). (4 )  Retrograde fa i lure  of oversteepened headscarps formed in 
step (3) could expand the fai lure scar upslope. Loading of debris on unstable 
downslope sediments could cause rene\.ed fa i lure  and consequent expansion of the 
Failure scar downslope. If me1 twater was part of the process, these fai lures 
would be similar to  arc t ic  "thaw slumps" (Washburn, 1980). Similar features, 
however, could probably also occur in Martian "freeze dried" sediments, Mor- 
phologically, they would be expected to  resemble sllbmarine fa t lure  scars (Numnedal, 
1982). I 

On Earth such permafrost featuers are of limited size because of modification 
by vegetation and ra infal l .  On Mars, however, where processes of mass movement 
would lack effective competition, the fa i lures  would grow t o  reach imnense size. 
Consequently, the morphology would assume scales and characteristics similar t o  
those of tbe submarine continental slope, the only morphogenetic province on 
Earth where mass-movement controls sediment transport. 
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Volcanism i n  I c e  on Europa 

A. F. Cook, Herzberg I n s  ti t u t e  o f  Astrophysics  , Nat iona l  Research 
Council ,  Ottawa (on l eave  from Smithsonian As t rophys ica l  Obssiva- 
t o r y ,  Cambridge, Massachuse t t s ) ,  E.M. Shoemaker, L.A. Soderllom, 
K.F. Mull ins ,  U.S. Geological  Survey, F l a g s t a f f  and R.  F i e d l e r ,  
Dibias  , Oberpf af f enhof en. 

The f i n a l  frame of a c r e s c e n t  huropa taken  dur ing  t he  
t h i r d  day a f t e r  Voyager 2 ' s  encounter  wi th  J u p i t e r  e x h i b i t s  
a b r i g h t  s p o t  on t h e  sou thern  p a r t .  This  s p o t  appears  a t  a 
c o n t r a s t  f a r  g r e a t e r  than  seen  f o r  any o t h e r  a lbedz  f e a t u r e  on 
Europa. Image process ing  has  shown t h a t  t h i s  b x i ~ h t  f e a t u r e  
extends beyond t h e  b r i g h t  limb a t  low l i g h t  l e v e l .  I t  cannot  
be seen t o  extend beyond t h e  t e rmina to r .  I ts  p ro j ec t ed  c e n t r e  
l ies  a t  longi tude  270 E ,  l a t i t u d e  -31°. This  i s  an a r e a  viewed 
i n  s e v e r a l  o t h e r  frames from both  Voyager 1 and Voyager 2. N c  
s p e c i a l  f e a t u r e  i s  seen  on the se  down t o  approximatply 2% con- 
t r a s t .  Also,  a l l  observed dark a lbedo  f e a t u r e s  on  rhe c r e s -  
c e n t  match those on t h e  USGS map of  Europa. 

A l l  low and h igh  r e s o l u t i o n  images of Europa have been 
searched and y i e l d  no o t h e r  v a r i a b l e  f e a t u r e .  The observed 
a c t i v e  reg ion  d i d  n o t  show a d e p o s i t  p ~ t t e r n ,  perhaps because 
i t  was e i t h e r  a new e rup t ion  o r  one which reappeared i n  a 
long dormant a r ea .  On the  o t h e r  hand t'iere a r e  a few unusu- 
a l l y  b r i g h t  reg ions  which e x h i b i t  a reCuced c o n t r a s t  compared 
t o  most of Europa, b u t  t he se  showed no evidence of  c u r r e n t  
a c t i v i t y  a l o f t .  

Johnson e t. a 1  . (19 82) have con<> t r u c t e d  m u l t i s p e c t r a l  - - 
mosaics of Europa. They sugges t  t h ~ t  s u l f u r  i o n  implan ta t ion  
may exp la in  a r a t h e r  obvious d i f f e ~ e n c e  between t h e  t r a i l i n g  
and lead ing  f aces  of Europa. The former is exposed t o  an over- 
t ak ing  magnetosphere loaded w i t h  i ons  i n j e c t e d  from 10. It  
must a l s o  be s u b j e c t  t o  s p u t t e r i n g  by magnetospheric ions .  
Europa is a l s o  undergoing cont inuous e ros ion  by meteoroids.  
The i on i zed  atoms and s r r a l l e s t  charged s o l i d  p a r t i c l e s  e j e c t e d  
by t h i s  bombardment w i l l  be swept away by the over tak ing  r l g -  
5.2 tosphere  of J u p i t e r .  The remaining s p a l l  x i 1 1  e i t h e r  escape 
o r  be r edepos i t ed  over  a r a t h e r  l a r g e  a r ea .  This  s p a l l  does 
n o t  completely obscure t h e  s t r u c t u r e  of t h e  ice f i e l d  which 
must be a c t i v e  r a t h e r  than  a r e l i c  o f  t h e  d i s t a n t  pa s t .  Evi- 
d e n t l y ,  m u l t i s p e c t r a l  composite images r t  t h e  h i g h e s t  r e s o l u -  
t i o n s  a r e  requi red  f o r  f u r t h e r  p rogress  i n  e s t ima t ing  t h e  
r e l a t i v e  importance of t h e s e  pcocesses.  

I t  i s  e n t i r e l y  pos s ib l e  4 h a t  t h e  s c a t t e r e d  l i g h t  beyond 
the  b r i g h t  limb from t h i s  e r u p t i o n  is caused by a plume of 
very smal l  i c e  c r y s t a l s  c a r r .  i n g  e l e c t r i c a l  charges  and be ing  
t r a n s p o r t e d  by Lorentz f o r c e s .  Accordingly w e  a b s t a i n  from 
c a l c u l a t i o n s  based on a b a l q . i s t i c  model. 

We wish t o  c a l l  a t t e n t i o n  t o  t h e  f a c t  t h a t  a l i q u i d  
ocean under Europa's  i c e  f . . e ld  i s  s u b j e c t  t o  a resonant  e f f e c t  
from J u p i t e r ' s  t i d a l  actic.1 a t  l a t i t u d e s  & 300. Th i s  is a 
resonance of t h e  f o r c i n g  '.requency wi th  t h e  C o r i o l i s  f r e -  
quency a t  t he se  l a t i t u d e s  These may be enhanced by non- 
uniform bottom topography below poss ib ly  combined wi th  non- 



uniform th ickness  of  i c e  above. 
This r e p r e s e n t s  one phase of  r e s e a r c h  c a r r i e d  o u t  a t  JPL, 

C a l .  Tech., under Cont rac t  NAS 700, sponsored by NASA and sup- 
por ted  by JPL a t  SAO and USGS and suppor ted  by t h e  NASA Plane- 
tary Geology Program a t  SAO under Grant  953617. 
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