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ICE-COVERED VOLCANIC WATER FIIDWS ON GANYMEDE 

M. Lee Allison, Dept. of Geology & Geography, and Stephen M. Clifford, Dept. 
of Physics & Astronomy, Univ. of Massachusetts, Anherst, MA. 01003, 

The most geologically reasonable model for the origin of grooved ter- 
rain on Ganymede involves flooding of a planetary graben system by water or  
water-ice magmas that rose to the surface along normal f a u l t s  in  the r i f t  
zones (Allison et al., 1980; Parmentier e t  al., 1982) . To investigate t h i s  
process further, we have examined the thermal evolution of a water flow on 
Ganymede's surface. The model is a variation of ea r l i e r  mrk on ice-covered 
water flows by Lingenfelter et al. (1968), Wallace and Sagan (1979), and 
Carr (1982). It is based on the simplifying assumptions that  laminar flow 
and a concomitant solid ice cover are achieved relatively soon after e r u p  
tion; and that  the amount of energy l o s t  to the substratum is negligible (D. 
L, Stevenson, unpublished manuscript). 

We begin our analysis by considering the heat balance a t  the surface of 
an ice-covered water flow (Fig, 1; variables are defined i n  Table 1) . The 
two primary sources of heat a t  the ice surface are the fraction of solar 
radiation absorbed within the ice ((1-f)qi, where qi = I ( l - A ) ) r  and the 
conductive heat flux from the underlying water flow ( 9 ~  = k(273.15 - 
T)/x). These heat inputs are  balanced by radiative cooling (4aT4) and by 
the heat l o s t  through sublimation of the ice cover (Ls &,/at). Thus, 
the to t a l  surface heat balance is given by the equation: 

where f ,  the fraction of incident solar radiation which is transmitted 
through the ice, is (af te r  Carr, 1982) given by: 

f = exp(-Kx). (2) 

K, the bulk extinction coefficient (=.01 an-'), was selected on the basis 
of several studies on the optical  properties of t e r r e s t r i a l  sea and glacial  
ice (Grenfell and Maykut, 1977; Grenfell, 1979). ?he variation of f with 
depth is i l lus t ra ted  i n  Fig, 2. 

The equilibrium surface temperature required to solve the surface 
energy balance i n  Equation 1 was found using Newton's method. In  the same 
manner as  Carr (1982) t h i s  temperature was then used to determine the con- 
ductive heat loss  ( ) from the underlying water flow. Consideration of 
the heat balance a t  %e base of the ice layer shows that gc equals the sum 
of the fraction of the solar flux absorbed in  the water (fqi) and the 
la ten t  heat released by freezing (Lf dml/dt) a s  the ice cover thickens 
with t i m e .  More simply: 

= fqi + Lf dml/dt . (3) 

The increase in  ice thickness dx which occurs in the time interval d t  was 
calculated by noting tha t  dm,/dt = pdx/dt, Equation 3 was then solved for  
dx, yielding: 
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calculations (Equations 1-4) were repeated based on the increase i n  ice 
thickness determined i n  the previous t i m e  step. The net effect  of the 
increase in  ice thickness is to reduce both the conductive heat loss from 
the water (%) and the fraction of solar radiation absorbed i n  the water 
( f )  

The results of our calculations are sumnarized i n  Figures 3 and 4. 
During the first  few minutes following the eruption of the water-magma, the 
surface temperature of the ice cover drops from 273 K to  ~ 1 7 0  K. In the 
next several hours the temperature f a l l s  to 160 K; eventually the surface 
cools to below 150 K on a time scale of several tens of days (Fig. 3 ) .  
These surface temperatures assume a magma flow which is suff ic ient ly  deep 
that  a portion remains unfrozen beneath its protective ice cover over the 
given t i m e  period. The rate of increase i n  ice cover thickness is i l lus -  
trated in  Figure 4. During the f i r s t  hour, the ice cover thickens to more 
than 10 cm - after which the growth rate begins to  slow significantly. Thus 
a 5 m thick water flow, for example, would t ake  about 75-80 days to freeze 
t o  its base. 

The above results appear to  be independent of reasonable changes in  the 
assumed value of the bulk extinction coefficient or the albedo of the ice 
surface. The most sensit ive parameter is the thermal conductivity of the 
ice cov r r e ample, decreasing it by 20% from our assumed value of ,013 
ca l  cm -' ;s' K-' means tha t  a 5 m thick flow would take about 10 more 
days to freeze to  its base than i l lus t ra ted  in  Figure 4, 

Our results suggest tha t  water, under a protective and thickening ice 
cover, can ex is t  on the surface of Ganymede for significant periods of t i m e .  
For a typical Columbia River Plateau basalt  flow on Earth the average dis- 

'charge from a 1 km length of active fissure was approximately .1 km per 
day (Swanson et  al., 1975). Given a similar rate of discharge for water 
volcanism on Ganymede (per kilomety length of active fissure) , a 5 m thic5 
flow could flood an area of 20 km in  a single day - and nearly 1600 km 
i n  the time required t o  freeze the flow to its base. Based on these calc- 
ulations, we conclude that  it would not be d i f f i c u l t  for a series of water 
flows t o  f i l l  Ganymede's planetary r i f t  system and create the high albedo 
grooved terrain i n  a geologically reasonable interval of t i m e ,  

Acknowledgement: 

3 

This  work was supported in  part by NASA Grant NSG 7405. 

REFERENCES 

Allison, M.L., J.W. Head, E E.M. Parmentier, 1980, IAU Colloq. 57, The 

Carr. M., 1982, NASA TM-85127, p203-205. 
Grenfell,  T.G., and G.A. Maykut, 1977, J. Glac., v18, p445-463. 
Grenfell,  T.G., 1979, J. Glac., v22, p305-320. 
Lingenfelter, R.E., S.J. Peale, & G. Schubert, 1968, Science, 

Parmentier, E . K .  S.W. Ssuyres. J.W. Head, E M.L. Allison, 1982. 

Sate l l i tes  o f  Jupiter, 16-7. 

161, p266-269. 

Nature; 295,-290-293.' - 
Swanson, O.A.. T.L. Wright, E R.T. Helr ,  1975, Am. J. S C i . ,  275. ~877-905. 
Wallace, D., and 6. Sagan, 1979, Icarus, 39, p385-400. 

4 



W 
V z < 
J < 

c 
W 
1: 

m 

a 
L 
Y I 

: 
e e 

c 

c 
r u  

L 
al 
e, 
m 
3. 
L 
al > 
0 

al 
V c a 
m n 
- 
8 
L 
al c 
W - 
cn 

LL 
v- 

u r  u U 
U ~ 4 Y Y V  t - u -  

5 



O R I G I N  AND EVOLUTION OF THE SATURN SYSTEM. James B. Pol lack,  Space 
Science D iv is ion ,  NASA Ames Research Center, M o f f e t t  F ie ld ,  CA 94035 and Guy 
Consolmagno, Dept. o f  Ear th  and Planetary  Sciences, MIT, Cambridge, MA 02138 

i n s t a b i l i t y  w i t h i n  the so la r  nebula or  the  accre t ion  o f  a s o l i d  core t h a t  i n -  
duced an i n s t a b i l i t y  w i t h i n  the surrounding so la r  nebula. I n  e i t h e r  case, 
t h e  pro to-p lanet ' s  h i s t o r y  can be d iv ided i n t o  th ree  major stages: ear ly ,  
quasi -hydrostat ic  evo lu t i on  (stage 1);  hydrodynamical co l lapse (stage 2); and 
la te ,  quasi -hydrostat ic  con t rac t i on  (stage 3). During stage 1, Saturn had a 
rad ius  o f  several  hundred times t h a t  o f  i t s  present rad ius,  R , whi le  stage 
3 began when Saturn had a rad ius  o f  3.5 Rs .  
l o 7  years and 1 year, respec t ive ly ,  wh i le  stage 3 i s  con t inu ing  through 
the present epoch. 

Saturn 's  cu r ren t  excess l um inos i t y  i s  due, i n  par t ,  t o  the  loss o f  
thermal energy b u i l t  up by a f a s t e r  con t rac t i on  t h a t  marked the e a r l i e s t  
phases o f  stage 3. But, i n  con t ras t  t o  the s i t u a t i o n  f o r  Jup i te r ,  t h i s  i n -  
t e r n a l  energy source f a i l s  by a f a c t o r  o f  several i n  producing the observed 
excess luminos i ty .  The remainder i s  most l i k e l y  due t o  the g r a v i t a t i o n a l  
separat ion o f  he l ium from hydrogen due t o  i t s  p a r t i a l  i m m i s c i b i l i t y  i n  the 
ou ter  reg ion  o f  the  m e t a l l i c  hydrogen zone. 

The i r r e g u l a r  s a t e l l i t e  Phoebe was most l i k e l y  captured by gas drag ex- 
per ienced i n  i t s  passage through a b loated Saturn, j u s t  p r i o r  t o  the onset o f  
stage 2. During stage 2, a nebular d isk formed from the outermost po r t i ons  
o f  Saturn, due t o  a progress ive increase i n  t h e i r  r o t a t i o n a l  v e l o c i t y  as the 
p lanet  contracted. This increase may have been enhanced s i g n i f i c a n t l y  by a 
t r a n s f e r  o f  angular momentum from the  inner  t o  the outer  reg ions o f  the 
p lanet .  
s a t e l l i t e s  and probably the  r i n g  mater ia l .  Viscous d i s s i p a t i o n  w i t h i n  the 
nebula caused an inward t r a n s f e r  o f  mass, and thus may have determined the  
nebula 's  l i f e t i m e ,  and an outward t rans fe r  o f  angular momentum. It i s  not 
c l e a r  what the r e l a t i v e  r o l e s  o f  Saturn's l um inos i t y  and viscous d i s s i p a t i o n  
were i n  determin ing the  nebula 's  r a d i a l  temperature s t r u c t u r e  and i t s  evolu- 
t i o n  w i t h  time. 

As Saturn 's  excess l um inos i t y  dec l ined or  less  viscous d i s s i p a t i o n  i n  
the  nebula occurred dur ing  the  e a r l y  p o r t i o n  o f  stage 3, water was able t o  
condense at  p rogress ive ly  c lose r  distances t o  the center  o f  the system and 
water c l a t h r a t e s  and hydrates were able t o  form throughout much o f  the 
nebula, e s p e c i a l l y  i n  i t s  ou ter  regions. It i s  the  l i k e l y  presence o f  ices 
other  than pure water i c e  i n  at l e a s t  some o f  the regu la r  moons o f  Saturn 
t h a t  make them chemical ly  d i s t i n c t  from the  l a rge  i c y  moons o f  Jup i te r .  If 
Saturn 's  nebula had a h igh  enough pressure (greater  than several  tens o f  
bars)  i n  i t s  inner  region, a l i q u i d  so lu t i on  o f  water and ammonia, r a t h e r  
than water ice, would have been the  f i r s t  " i c y "  condensate t o  form. 

As was the case f o r  Jup i te r ,  Saturn formed e i t h e r  as a r e s u l t  o f  a gas 

Stages 1 and 2 7asted lo6- 

The nebular d isk  served as the b i r t h p l a c e  o f  Saturn's regu la r  
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Despite the  comparat ively small s i z e  (hundreds t o  about a thousand k i l o -  
meters) o f  the  inner  moons o f  Saturn, a number, e s p e c i a l l y  Dione and Rhea, 
may have experienced s i g n i f i c a n t  expansion and me l t i ng  du r ing  the  f i r s t  

1 x 109 years due t o  the  presence o f  subs tan t ia l  q u a n t i t i e s  o f  ammonia 
monohydrate ( 10-20% by  weight ) .  The occurrence o f  the  youngest known sur- 
faces i n  the  Saturn system on the  comparat ively small s ized  Enceladus i s  most 
r e a d i l y  a t t r i b u t e d  t o  s t rong t i d a l  heat ing  created by i t s  Torced o r b i t a l  
e c c e n t r i c i t y .  
t ime i n  i t s  past f o r  t i d a l  heat ing  t o  be q u a n t i t a t i v e l y  capable o f  i n i t i a t i n g  
mel t ing,  w i t h  the  cu r ren t  e c c e n t r i c i t y  being perhaps l a r g e  enough t o  mainta in  
a molten i n t e r i o r .  

have c a t a s t r o p h i c a l l y  d is rup ted  most o f  the o r i g i n a l  sate1 1 i t e s  o f  Saturn. 
Such" d is rup t ion ,  fo l lowed by reaccret ion,  may be responsible,  i n  par t ,  f o r  
the  occurrence o f  "Trojans" and "co -o rb i ta ln  moons i n  t h e  Saturn system, t h e  
apparent presence o f  a s todhast ic  component i n  the  t rend  o f  s a t e l l i t e  dens i ty  
w i t h  r a d i a l  distance, and the  present populat ion o f  r i n g  p a r t i c l e s .  

T i t a n ' s  atmosphere formed from the  hydrates and c l a t h r a t e s  - e s p e c i a l l y  
amon ia  monohydrate and/or n i t rogen c l a t h r a t e  and methane c l a t h r a t e  - t h a t  
c o n s t i t u t e d  the  s a t e l l i t e .  Over the  age o f  the so la r  system, a n o n t r i v i a l  
amount o f  atmospheric n i t rogen  (about several  tens o f  percent o f  the c u r r e n t  
atmospheric inventory )  and much more methane than i s  p resen t l y  i n  the atmos- 
phere have been l o s t ,  through a combination o f  N and H escape t o  space and 
t h e  i r r e v e r s i b l e  format ion o f  organic compounds. These considerat ions imply  
quasi - rea l  t ime b u f f e r i n g  o f  atmospheric methane by a near-surface methane 
r e s e r v o i r  and the  ex is tence of a layer  of 0.1-1 km th ickness o f  organic 
compounds c lose  t o  or  on T i t a n ' s  surface. 

But a s i g n i f i c a n t l y  l a rge r  e c c e n t r i c i t y  i s  requ i red  a t  some 

During the  e a r l y  h i s t o r y  of the  Saturn system, g i a n t  impact events may 
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The Laplacian Resonance and Tidal Dissipation 

Herzberg I n s t i t u t e  of Astrophysics, National Research Council 

Ottawa (on leave from the  Smithsonian Astrophysical Observatory, 

Massachusetts) 

The Laplacian resonance amongst Io ,  Europa and Ganymede has been 
d 

examined by several  authors (e.g., Yoder 1979, Greenberg 1982, Casen, Peal 

and Reynolds 1982) who took t i d a l  diss ipat ion i n  Jup i t e r ,  Io and Europa 

in to  account i n  various ways, The author and F.A. Franklin (Smithsonian 

Astrophysical Observatory) are completing a discussion i n  which it is  shown 

tha t ,  i n  equilibrium, it i s  not permissible t o  neglect diss ipat ion i n  

Europa nor the  torques o f  Jupi te r  on Europa and Ganymede. 

calculation has been made on the  assumption tha t  the t i d a l  torques and the 

torques i n  orb i t -orb i t  resonance have reached an equilibrium such tha t  the  

r a t e s  of decrease of  the mean motions of t he  s a t e l l i t e s  a re  i n  the  r a t i o s  

4:2:1. The r e su l t s  a re  

A formal 

where Q denotes the qua l i ty  a t  the  body's frequency of ro ta t ion ,  K i t s  

second degree Love number and the subscr ipts  J, 1 and 2 denote Jupi te r ,  Io  

and Europa, respectively.  The actual  Q i s  taken t o  be inversely 

proportional t o  the  synodic mean motion of each s a t e l l i t e ,  as expected a t  

frequencies w e l l  below any resonant frequencies (Stevenson 1983). The QJ 

J 

found above is  a t  Jupi te r ' s  frequency of ro ta t ion .  

diss ipat ion i n  Europa comes t o  one f i f t h  t h a t  of Io .  

The r a t e  of t i d a l  

Such a low value of 
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2. 

Q2/K2 can be plausible  i f  diss ipat ion i n  both Io and Europa is due t o  t i d a l  

f r i c t i o n  i n  f l u i d  against  underlying and overlying s o l i d  layers .  

We can eliminate by inspection the  poss ib i l i t y  t h a t  Europa is  

emitting energy a t  such a high rate through hot spots and suffer ing 

negl igible  thermal leakage through i t s  c rus t  as Io appears t o  do. There i s  

evidence fo r  a low level  o f  venting through the surface (Cook -- e t  a l .  1982). 

An additional process is required t o  open such vents: Perhaps the  process 

of generation of cracks proposed by Helfenstein and Parmentier (1983) i s  

s t i l l  act ive.  

The nominal value o f  Q / K  i n  current use is about 100, matching a 1 1  

r a t e  of diss ipat ion of 2 x lozo ergs 5-l i n  Io .  

QJ/KJ i s  17,000, t ha t  of Q 2 / K 2  i s  45. 

been in  e f fec t  fo r  long because the  corresponding r a t e  of evolution of the  

The corresponding value of  

Such a low value of Q cannot have J 

three  s a t e l l i t e  o r b i t s  i s  incredibly fast. Also t h e  only mechanism 

currently avai lable  t o  account f o r  such a low QJ/KJ is  t h a t  of "helium rain" 

( for  references see the  discussion of Stevenson 198'3). 

depletion of helium from Jup i t e r ' s  atmosphere becomes so rapid tha t  a short  

The r a t e  o f  

l i m i t  is  placed on the  t o t a l  duration of "helium rain". 

If there  has been a recent drop i n  Q / K  then, as discussed by 

Yoder (1979) and Greenberg (1982), Io and Europa may be i n  equilibrium 

together with t i d a l  torques from Jup i t e r  and j u s t  now overtaking Ganylnede 

J J' 

o r  they may merely appear t o  be doing so due t o  a recent quasi-periodic 

drop i n  Q / K  a d i s t i n c t  poss ib i l i t y ,  as pointed out by Stevenson (1983). 
J J' 

In  a l l  of these cases, the  value of Q / K  

and tha t  of Q /K is t o  be s l i g h t l y  reduced. 

found above becomes a lower l i m i t  2 2  

J J  
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THE STRUCTURE OF THE IONIAN LITHOSPHERE 

Michael H. Carr and Gary D. Clow. U . S .  Geological Survey, Menlo Park, CA 

This is a report on some exploratory work on the structure of the 
Ionian lithosphere. The approach is to examine temperature profiles 
within the lithosphere that result from different distributions of sulfur 
and silicates and different conductive heat fluxes, then compare such 
profiles with observations in the expectation that only a limited set of 
the profiles are possible. In this preliminary work some rather 
simplistic assumptions have been taken and the report should be viewed 
more as a demonstration of a method rather than a presentation of results. 

Temperature profiles were calculated as follows. Sulfur was assumed 
to decrease exponentially with depth and the thermal conductivity within 
the lithosphere was varied as though it changed linearly with the 
proportions f silicates and sulfur. 
and 2.5 x 10 
respectively. Tidal dissipation energy was assumed to be generated 
uniformly thoughout the rigid lithosphere, and the base of the lithosphere 
was defined as the depth at which the temperature reaches 0.75 times the 
melting temperature of silicates, at which point silicates generally 
undergo ductile rather than elastic deformation. 

Thermal conductivities of 4 x lo5 B erg/cm-see OK were taken for silicates and sulfur 

The temperature profile was computed by an iterative numerical 
procedure. The profile was first divided into small elements. The upper 
surface of the topmost element was set at 130"K, the thermal conductivity 
of the element was computed from the mix of silicates and sulfur as 
indicated above, and a conductive heat flux was assumed. The temperature 
at the base of the element could then be readily calculated. For the 
second element the flux is decreased to account for that fraction of the 
total flux that was generated higher in the profile by tidal 
dissipation. The other parameters were changed appropriately then the 
temperature at the base of that element was calculated. This process was 
repeated until the limiting temperature for elastic behavior was reached, 
which defines the base of the lithosphere. Initially the heat generated 
per unit volume of the lithosphere was computed on the basis of a 50-km 
thick lithosphere. Once a profile had been computed a revised value for 
the heat generated per unit volume based on the calculated lithosphere 
thickness was used, and the profile recalculated until consistency was 
achieved. 

The results can be displayed on a plot of the assumed scale depth for 
sulfur and the assumed conductive heat flux (figure 1). Parts of such a 
plot can be excluded on the basis of observational evidence. The depth of 
melting of sulfur cannot be shallower than 2 km (Clow and Carr, 1980) and 
significant amounts of sulfur must be present at depths where the melting 
temperature of sulfur is reached otherwise there would be no sulfur 
volcanism. For purposes of illustration, 5% was chosen as significant, 
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but other values could clearly be used. It is immediately apparent from 
the diagram that only a small fraction of the total heat lost by the 
sa ellite is lost through conduction. The total heat flux is close to 2 W 
m (Matson et al. 1980 ;  Sinton, 1980 ;  Cassen et al. , 1982) .  If th 
assumptions taken here are close to valid then no more than 0.3 W m can 
be lost by conduction. The rest must be lost through transport of 
materials upward through the profile. Reynolds f t  al. ( 1 9 8 0 )  showed that 
resurfacing by silicates at a rate of 0.1 cm yr causes heat loss at 
rate of 0.18 W m-2. The corresponding number for sulfur is 0.016 W m . 
Since the total amount of heat lost through transport of material to the 
surface, and the ratio of sulfur to silicates in the upper parts of the 
profile are defined by the model, the resurfacing rates for different 
conditions can be computed, and these are shown on f gure 1. The 
resurfacing rates are high, n the order of a cm yr , because such a 
large fraction of the 2 W m-' lost is effected by resurfacing. 

-5 
-5 

- 
-9 
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MODELING IO VOLCANISM: MAXIMUM VOLCANIC TEXFERATURES, DEPTHS OF 
WELTING AND MAGMA COMPOSITION 
Larry S. Crumpler and Robert G. Strom, Lunar and Planetary 
Laboratory, University of Arizona, Tucson, AZ 85721 

Interim results of thermal and structural modeling of volcanism 
on Io have been presented by Cr r and Strom (1). This abstract 
summarizes the final results of deling. The basic analysis is 
an evaluation of the *wmgma trigger" mechanism for initiating and 
maintaining eruptions. Secondary aspects include models of the 
mechanical mode of magma emplacement, interactions with a 
sulphur-rich upper crust, and more speculative implications for Io's 
volcanism. 

In simplest finite clement forin, the initial temperature (Tm) of 
the contact between sulphur in the upper crust of Io and a frcahly 
intruded silicate magma is given by: 

Here m-1 is a finite plane within the sulphur layer, m + 1 is a plane 
within the silicate intrusion, %+I and 4n-1 are the thermal 
diffusivities of the aulpher and ailicatc maEma reapectively, and t 
is time. The results for a reasonable temperature range of magma 
(1200-15OOK) and sulphur (130-4OOK) are about 700K 100K, or 
approximately the vapor temperature of elemental sulphur. A silicate 
sill or laccolith 10m thick will yield energetic vapor for a period 
of several weeks to several months depending on the precise vapor 
temperature and the amount of advective cooling of the 
sulphur-silicate interface. This model can account for the origin of 
plumes and sulphur flows, as well as for their observed temperatures 
(2) and lifetimes (3 ) .  If sulphur vapor temperatures at the contact 
are exceeded by no more than 40°K at the equator, then no sulphur 
vapor will be generated above about 50° latitude because the 
initial sulphur temperatures above these latitudes will not yield 
contact temperatures of the required temperature. This would explain 
the lack of large plumes in the polar areas. 

The darkest deposits on the floor of the average dark caldera 
cover 10% of the floor area. If these are hot areas (475-600°K), 
then the area of all dark calderas on Io covered by similar 
proportions of hot surfaces yields a heat flow from 0.8 - 2.9 W r 2 ,  
in agreement with the observed flux. 
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proportions of hot surfaces ranges from 0.8 - 2.9 #C2, in 
agreement with the observed flux. 

Estimates of the probable depth to the silicate magma source 
(hc) c,an be derived from laccolith hydraulics (4) in which: 

where amax Is the laccolith thickness, E in Young*s modulus, Ap 
is the magma-crust density contrast, h is the overburden thickness, 
u is Poisson*s ratio, r is the laccolith radius, and p s  is the 
sulphur crust density. Calculations indicate depths of 40 to 200hn 
to magma sources, with a most probable depth near - 1OOkm. Any 
magma capable of forming a laccolith has the necessary magma driving 
pressure to create surface silicate volcanism as well. A 40km thick 
crust is the minimum required to support the highest mountains of 
Io. For most viable mechanisms of building the observed mountains, 
however, a lithospheric thickness of l40km is required. 

The amount of melt that must make its way to the surface to 
carry the nominal tidal heat input depends on the average temperature 
of the melt and its heat capacity. In order for silicate melts 
between 1200-15OOOK to move 1 - the average of the tidal 
input and observed radiant output of Io - 10 to 4 average 
laccoliths 4x320 km) need to be erupted at the sulphur crust-silicate 
crust interface per year. This is within the range of probable 
frequency of thermal outbursts estimated at 10 per year (5 ) .  This is 
also within the volume limits of silicate magma necessary to mobilize 
the volume of sulphur inferred to be cycled from resurfacing rates. 

Temperatures much above the melting point of sulphur at the base 
of a sulphur crust would result in rapid overturn, or odvection. 
Thus, the temperature at the base of the sulphur crust may be 
buffered at - 40OoK. For this reason the existence of a "sulphur 
ocean" is unlikely. Similarly, the base of the silicate lithosphere 
may be maintained at the silicate melting temperature. The depth to 
melting 3s constrained either by the depth to which stressing and 
fracturing penetrates the lithosphere and initiates advective heat 
transfer, or the depth to which melting first occurs from a given 
conducted thermal gradient. On Io, there is no lack of heat for 
melting at any depth, and therefore, the depth to silicate melting 
may be buffered by the depth of tidal fracturing. 

Equation (1) sets a lower limit of 1200K for the silicate magma 
temperature if the base of the sulphur crust does not exceed 400K as 
implied above. Such a temperature is characteristic of silicic and 
alkalic magmas on the Earth (rhyolite or trachyte). The High A and 
Na in the Io torus may reflect high abundances of these elements in 
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the silicate crust ,and magma, both elements being abundant in 
terrestrial silicic magmas. For all other elements of the thermal 
model of advection to work coherently, all magmas shallower than 
about l 0 O h  will have temperatures of about 1200OK. Active 
silicate volcanism on Io of silicic composition intruded in a 
sulphur-rich crust best explains the observed characteristics of its 
overall thermal budget and volcanic style. 
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VOLCANIC FORMS IN THE KANE PATERA REGION, IO 
Frank R .  Karner, Geology Department, University of North Dakota, Grand 
Forks, ND 58202 

Four morphologically d i s t i n c t  major volcanic forms occur w i t h i n  
and adjacent t o  the Kane Patera,  h i g h  resolution map quad 
( l a t  15" t o  50" S. ,  long 355" t o  2O"W.) 
four types of features:  low-re1 ief shield volcanoes, domical shield 
volcanoes, large calderas and isolated groups of flows n o t  ob 
associated with a central  vent. 

Low-relief shield volcanoes. typ ica l ly  consis t  of a central  vent 
region 15-30 km in diameter and su l fur  flows extending typ ica l ly  
assymmetrically from the vents f o r  150-250 km. Mbali Patera (Figure 
1) with major recent flows b i l a t e ra l ly  extending t o  the south and north 
i s  an example. I n i t i a l  study of the central vent region suggests a 
pair  of rounded vents linked by elongate t rough  a l l  within a shallow 
depression a t  the top of the low broad sh ie ld .  Talos Patera (Figure 2 )  
w i t h  recent flows t o  the southwest and northeast i s  another example. 

Volcanic vents and flows form 

Figure 1. Low-relief shield volcano, Mbali Patera and related flows, 
centered a t  f a t  33" S . ,  long 8" W .  Recent su l fur  flows t o  the S a re  
darkest (dark reddish-brown t o  dark gray) and have l i g h t  (yellow t o  
yellow orange) margins o r  haloes. Older flows a re  intermediate tones 
(orange t o  brown). The central  vent region appears t o  consis t  o f  two 
dark (reddish brown t o  gray t o  black) i r regular  t o  rounded depressions 
consisting of elongate darkest (grey t o  black) regions which may be 
r i f t s  and/or flows. 

Domical shield volcanoes consis t  of a central  vent 10-20 km in 
diameter surrounded symmetrically by sulfur-si1 i ca t e  ( ? )  flows extending 
50-150 km from the vent t o  a marginal scarp. 
an example with nearly rounded form while Inachus Tholus just northeast 
of Ji2b i s  an example with almost perfect ly  rounded form. 

Taw Patera (Figure 2 )  i s  
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Figure 2.  Domical shield volcano, Taw Patera and related flows, centered 
a t  l a t  33" S . ,  long 359" W and low-re1 ief  shield volcano, Talos Patera and 
related flows, t o  the northeast centered a t  l a t  26" S. ,  long 356" W. The 
su l fu r - s i l i ca t e  flows from Taw Patera have intermediate tone (orangish tan)  , 
and appear t o  have steeper dips and higher r e l i e f  than those of low-relief 
shields with su l fur  flows. A scarp par t ly  out l ines  the outer margins of the 
uppermost su l fu r - s i l i ca t e  flows. The vent appears t o  be a small black c ra t e r  
with an assymmetrical b r i g h t  (yellow t o  orange) halo. 

Calderas consis t  of large depressions 50-200 km i n  diameter typ ica l ly  
developed on low-relief plains and surrounded by th in  surface deposits 
and/or low-relief flows. 
several apparent subsidence leve ls  within the c ra t e r .  Siun Patera and 
Paive Patera along with two unnamed depressions in  the northwest par t  
of J i2b a re  other examples. 

sulfur  flow complexes about 350 km long and 150 km wide. 
the western par t  of J i2b (Figure 3) a r e  an example. These flows are  
between Uta Patera and Mbali Patera b u t  do not appear t o  be derived 
from e i t h e r .  They may have a f i s su re  source ( W .  Elston, September, 1983; 
personal communication) o r  may have small or covered central  vents. 
Another example i s  present a t  the northeastern border of Ji2b. 

(1) detai led study of 
individual examples of the four major types of volcanic forms in 
Ji2b; ( 2 )  comparison with features  in other regions of Io; and (3)  
evaluation of the interrelat ionships  and processes of formation of the 
four types. 

Kane Patera (Figure 3) i s  an example w i t h  

Isolated g roups  of flows a re  fresh-appearing e l l i p t i c a l  regions of 
Flows i n  

Further study i s  be ing  directed toward: 
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Figure 3 .  
The caldera f loo r  in i t s  lowest level i s  black w i t h  bright (orange) 
intermediate levels  and a grey (greyish brown) extensive upper leve l .  
Faint dark grey (orangish brown) flows surround the caldera.  

Large caldera,  Kane Patera, centered a t  l a t  48" S . ,  long 14" W .  

Figure 4. Unnamed isolated group o f  flows centered a t  l a t  33" S. ,  
long 19" W between Mbali Patera t o  the E and Uta Patera t o  the SW. 
Young-appearing dark (dark grey t o  dark reddish brown) have broad 
l i g h t  ( l i g h t  grey t o  yellow) margins. They appear t o  extend t o  the 
W from small or covered vents on t he  E margin of the flow group. 
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PHOTOMETRY OF ICY SATELLITES: HOW IMPORTANT IS MULTIPLE SCATTERING IN 
DILUTING SHADOWS? 

8. Buratti* and J. Veverka, Cornel1 University 

Voyager observations have shown t h a t  the photometric properties of 
icy sa te l l i t es  are influenced significantly by large-scale roughness 
elements on the surfaces (Buratti and Veverka, 1983; Buratti,  1983). 
While recent progress has been made i n  treating the photometric effects of 
macroscopic roughness, i t  is s t i l l  the case t h a t  even the most complete 
models (e.g., Hapke, 1983) do not account for the effects of rmltiple 
scattering fully. I t  is clear that multiple scattering will dilute 
shadows caused by large-scale features, yet for any specific model i t  is 
diff icul t  t o  calculate the amount of dilution as a function of albedo. 
Accordingly, laboratory measurements were undertaken using the Cornel 1 
Goniometer t o  evaluate the magnitude of the effect. A pair of dark 
samples (reflectance = 0.02) was prepared; one f l a t ,  the other w i t h  a 
paraboloidal. crater (depth/diameter = 0.40) near the center covering 25% 
of the sample area viewed by the detector (Figure 1). A similar pair of 
bright samples (reflectance = 0.95) was also constructed. F o r  each pair 
( f l a t  and cratered) we held the emission angle a t  O", and varied the 
incidence and phase angles. For the dark samples, the measured difference 
( f l a t  minus cratered) of scattered l i g h t  agreed well w i t h  mdel 
calculations i n  which the d i l u t i o n  of shadows w i t h i n  the model crater (by 
multiple scattering) i s  neglected. (Fo r  details see Veverka and 
Wasserman, 1972; Buratti, 1983). For the bright samples, the measured 
difference was significantly less (by about  50%) t h a n  predicted by the 
model, and much less dependent on phase angle than f o r  the dark surfaces 
where the difference increases strongly w i t h  phase angle. 

The results are shown i n  Figure 2.  Specific conclusions include: 
a )  For  dark surfaces (which scatter according t o  a lunar-like law) the 

photometric effects of shadowi n g  i ncrease rapi d ly  w i t h  increasing phase 
angle a. These effects can be modeled adequately by theoretical 
calculations which neglect the d i l u t i o n  of large-scale shadows by multiple 
scattering (solid curve, bottom of Figure 2 ) .  

b )  For bri g h t  surfaces, especially those which scatter approximately 
according t o  Lambert's law, the photometric effects of shadowing remain 
approximately constant w i t h  increasing phase angle up  t o  a t  least a = 
70'. This constancy is  qualitatively consistent w i t h  the approximately 
isotropic nature of such scattering. In such cases, model calculations 
overestimate the magnitude of the effect, evidently because the 
theoretical calculations do not allow for the destruction of large-scale 
shadows by rmltiple scattering. 
c )  Our measurements suggest t h a t  for bright icy sa te l l i t es  (Europa, 

Enceladus, etc.) the effects of macroscopic roughness are overestimated in 
currently available models and t h a t  the importance of such effects i s  less 
dependent on phase angle t h a n  i s  the case for dark surfaces. 

This research was supported by NASA Grant NSG 7156. 

*Now a t  Jet Propulsion Laboratory. 
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FIGURE 1. Sketch o f  model c r a t e r  and d e f i n i t i o n  o f  s c a t t e r i n g  geometry. 
The inc idence angle i s  represented by i; E i s  t he  s c a t t e r i n g  angle 
and a i s  t h e  phase angle. I n  our experiment h/R was equal t o  0.4. 
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COMPARISON OF HAPKE I S  PHOTOMETRIC THEORY WITH VOYAGER OBSERVATIONS OF 
EUROPA, ENCELADUS, RHEA, AND MIMAS 

B. B u r a t t i *  and J. Veverka, Cornel1 U n i v e r s i t y  

Voyager imaging observat ions o f  t h e  s a t e l l i t e s  o f  J u p i t e r  and Saturn 
p r o v i  de an excel  l e n t  t e s t  f o r  var ious photomet r i  c t h e o r i  es t h a t  have been 
proposed t o  descr ibe t h e  s c a t t e r i n g  p r o p e r t i e s  o f  p lane ta ry  and s a t e l l i t e  
sur faces (Lumme and Bowell, 1981; Goguen, 1981; Hapke, 1981, 1983). Not 
on ly  does t h e  Voyager data s e t  i nc lude  observat ions o f  sur faces rang ing  
w ide ly  i n  albedo, but  i t  prov ides measurements ( i n  both d i s c - i n t e g r a t e d  
and d isc - reso lved forms) over a wide range of phase angles. We r e p o r t  on 
a d e t a i l e d  comparison o f  t he  above models w i t h  Voyager data f o r  Europa, 
Enceladus, Rhea, and Mimas. These s a t e l l i t e s  were se lec ted  because they 
cover a range o f  re f l ec tances  from 0.65 t o  1.0 ( B u r a t t i  and Veverka, 1983) 
and because f o r  them t h e  Voyager photometr ic  data sets  are most complete. 

Our main r e s u l t  i s  t h a t  Hapke's theory  (Hapke, 1981, 1983) f i t s  t he  
Voyager observat ions no t  on ly  we l l ,  bu t  cons i s ten t l y :  a cons is ten t  se t  o f  
parameters can be der ived  f o r  each s a t e l l i t e  f rom the  observat ions o f  
d i sc - i n teg ra ted  br igh tness  as a f u n c t i o n  of phase angle, - and f rom 
measurements o f  t h e  br igh tness  d i s t r i b u t i o n  across a s a t e l l i t e ' s  d i s c  a t  
i nd i  v i  dual phase angles ( rang ing  f rom near oppos i t i on  t o  we1 1 beyond 90" 
i n  some cases). 
The parameter g ( t h e  Henyey-Greenstein asymmetry f a c t o r )  descr i  bes t h e  
d i r e c t i o n a l i t y  o f  s c a t t e r i n g  by i n d i v i d u a l  s c a t t e r i n g  elements 
( " p a r t i c l e s " )  w i t h i n  t h e  sur face (negat ive  values i n d i c a t e  backscat te r ing ;  
f o r  i s o t r o p i c  s c a t t e r i n g  g = 0). w0 i s  t h e  s i n g l e  s c a t t e r i n g  albedo o f  
t h e  p a r t i c l e s  and h i s  t he  compaction parameter o f  t he  surface, def ined 
most s imply by h = k (p /po)  where p i s  t he  bulk  dens i ty  of t he  o p t i c a l l y  
a c t i v e  sur face  layer ,  po the  dens i ty  o f  i n d i v i d u a l  p a r t i c l e s  and k a 
constant approximately equal t o  2 (Hapke and Wells, 1981). 0 i s  t he  model 
mean s lope angle used by Hapke (1983) t o  descr ibe la rge-sca le  sur face 
roughness. We s t ress  t h a t  0 i s  a model parameter, usefu l  i n  comparisons 
among d i f f e r e n t  s a t e l l i t e s ,  but  d i f f i c u l t  t o  r e l a t e  r e l i a b l y  t o  ac tua l  
sur face  slopes measured on some s p e c i f i e d  scale. Only fo r  Europa and 
Mimas are t h e  Voyager data se ts  complete enough a t  l a r g e  phase angles t o  
de r i ve  values o f  0. 

as Mimas, Enceladus and Rhea have compaction parameters c l o s e l y  s i m i l a r  t o  
t h a t  o f  t he  l u n a r  surface. This  observa t ion  suggests t h a t  a t  l e a s t  t he  
o p t i c a l l y  a c t i v e  ou ter  l aye rs  o f  i c y  r e g o l i t h s  have t e x t u r e s  s i m i l a r  t o  
t h a t  o f  t he  rocky r e g o l i t h  on the  Moon. 
d i s t i n c t l y  more compact r e g o l i t h  than any of t h e  s a t e l l i t e s  i n  Table 1, 

Since Goguen's theory  (Goguen, 1981) i s  conceptua l l y  s i m i l a r  t o  that  
o f  Hapke (1983) we expect t h a t  it t o o  would a l so  f i t  t h e  Voyager data 
adequately, a l though we have not  c a r r i e d  out t h e  t e s t  i n  any d e t a i l .  We 
have, however, t e s t e d  the  Lumme-Bowel1 model, and f i n d  t h a t  a t  l e a s t  i n  
i t s  publ ished form (Lumme and Boweil, 1981) the  model does no t  f i t  t h e  

*Now a t  J e t  Propu ls ion  Laboratory.  

The r e s u l t s  are summarized i n  Table 1 and i n  F igu re  1. 

Except i n  the  case o f  Europa, our r e s u l t s  show t h a t  i c y  ob jec ts  such 

Europa appears t o  have a 
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FIGURE 1. Values of the parameters &, h and g derived by f i l ter ing 
Hapke's theory t o  Voyager observations o f  Europa, Mimas, 
Enceladus, and Rhea. Values for the Moon, derived from the 
observations of Lane and Irvine (1973), are shown for 
compa ri son. 
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Voyager observat ions o f  the  i c y  s a t e l l i t e s  adequately. A p a r t i c u l a r l y  
troublesome fea tu re  of t h e  Lumme-Bowel1 model i s  t h a t  d i f f e r e n t  model 
parameters r u s t  be used a t  small and l a r g e  phase angles. We suspect t h a t  
t he  f a i l u r e  o f  t h e  Lumme-Bowel1 model t o  f i t  observat ions o f  i c y  
s a t e l l i t e s  over a wide range o f  phase angles i s  i n  p a r t  due t o  s i m p l i f y i n g  
assumptions t h a t  a re  i n v o l  ved--for instance, t h a t  t he  s i n g l e  sca t te red  
l i g h t  component can be approximated i n  a l l  cases by t h e  behavior observed 
i n  the  case o f  as te ro ids  near opposi t ion.  

This  research was supported by NASA Grant NSG-7156. 
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Rad ia t i ve  t r a n s f e r  i n  the  sur faces o f  

- 
TABLE 1. Values o f  w0, h, g, and Mean Slope Angle Der ived by F i t t i n g  

Hapke's Theory t o  Voyager C lear  F i l t e r  Observations 

S ing le  p a r t i c l e  Hapke 
S c a t t e r i n g  Compact i on Asymmetry Model Slope 

A1 bedo Parameter .Factor Angle 
N 

Sate1 1 i t e  wo h g e 

Moon* 0.25 f 0.02 0.4 f 0.1 -0.25 f 0.02 

Eu ropa 0.97 f 0.01 1.0 f 0.2 -0.15 f 0.04 23 O 

M i  mas 0.93 f 0.03 0.7 f 0.2 -0.30 f 0.05 30 O 

Enceladus 0.99 f 0.02 0.4 f 0.2 -0.35 t 0.03 

Rhea 0.76 k 0.03 0.4 2 0.1 -0.35 t 0.05 

*Deri ved f rom observat ions by Lane and I r v i  ne (1973). 
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VOYAGER FEATURE-FIXED PHOTOMETRY OF IAPETUS 

J. Goguen, D. Morrison, and M. Tripicco, Institute for Astronomy, 
University of Hawaii, Honolulu, HI 96822 

Iapetus is one of the most mysterious objects in the Solar System. As 
indicated by previous ground-based studies and dramatically confirmed by 
the Voyager images, the surface of this satellite has a strikingly bimodal 
distribution of albedo and color. While the underlying object seems to be 
a largely icy satellite similar to Rhea, the leading hemisphere of Iapetus 
is dominated by a very dark patch of hemispheric scale. The symmetry of 
this dark material with respect to the orbital motion of the satellite 
strongly suggests an external control, if not necessarily an external 
origin, for the dark material. 

We are using quantitative photometric techniques to map the photometric 
function of the surface material over Iapetus. The approach is to study 
clearly defined surface areas that appear on a number of Voyager images 
obtained under different spacecraft and lighting geometries. The pixels 
within each area are then identified on each frame, and the reflectance as 
a function of phase angle determined for each spot. The areas studied 
appear to follow the standard relationships of brightness to angles of 
incidence and emission, permitting a determination for each area of a 
two-parameter characterization of the photometric function: r (normal 
reflectance); and p (linear phase coefficient). 

We have derived the values of r and $ for 23 fixed circular regions 200 km 
in diameter using Voyager 1 and Voyager 2 frames at phase angles from 10" 
to 90". This quantitative analysis confirms the bimodal character of the 
surface. For the bright areas, r = 0.38 and = 0.009; for the dark areas, 
r = 0.03 and e = 0.016. On the scale of 200-km-diameter areas, there are 
no spots with 0.06 < r < 0.25 except where the images clearly include a 
mixture of distinct light and dark pixels. The darkest area is at the apex 
of motion, but the brightest area is near 210" W, 60" N, rather than at the 
antapex. 

- 
- 

Additional analysis of higher-resolution Voyager 2 frames that include the 
boundary between light and dark areas indicate that the width of the 
transition zone is of the order of 200 km. We are continuing the higher- 
resolution studies with emphasis on the nature of this boundary. We expec.t 
that these results will place important limits on the mixing of the light 
and dark material, and may thus constrain models for the hemispheric 
dichotomy on this satellite. 
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THEORETICAL ASPECTS OF PHOTOCLINOMETRIC TERRAIN PROFILING ON THE GALILEAN 
SATELLITES 
Lionel Wilson and Marion A .  Brown, Dept. of Environmental Sciences, Univ. 
of Lancaster, Lancaster LA1 4YQ, U.K.; E . M .  Parmentier and J.W. Head, 
Dept. of Geological Sciences, Brown Univ., Providence, RI 02912 

For large parts of the surfaces of the Galilean s a t e l l i t e s  there i s  
no stereoscopic high-resolution imagery, and so fo r  shadow-free regions 
f a r  from the terminator, the only method of obtaining topographic infor- 
mation i s  photoclinometry, the technique of converting brightness varia- 
tions into local surface t i l t s  and hence i n t o  topographic profiles and 
contour maps {l-3). 

The conversion from brightness changes to  slopes requires knowledge 
of the angular photometric function for the type of planetary surface 
terrain being analyzed, i . e .  the relationship describing the brightness 
of the surface as a function of the angles of incidence ( I )  and emergence 
( E )  of l igh t  a t  a surface element. Theoretical analyses {e.g. re f .  4 )  
show that  the expected form of the function i s  approximately 

B = B  cos I 
0 ( cos1 + eosE 

where B 
i s  a f d c t i o n  of the phase angle ( G ,  the angle measured a t  the surface 
element between the incident and emergent l igh t  rays) .  Within any one 
spacecraft image of a planetary surface, G ( and  hence F ( G ) )  i s  very near- 
ly constant and so brightness variations are almost ent i re ly  dictated by 
the middle term i n  the equation, the so-called Lommel-Seeliger function. 
This approximation has been used by Squyres {5} t o  produce some terrain 
profiles on Ganymede. 

Recently, Hapke {6,7 } has devel oped a more detailed theoretical 
model of planetary l ight-scattering which shows t h a t ,  even when G remains 
constant within the area of in te res t ,  the above equation in general re- 
quires considerable modification. The angles I and E are  replaced by 
(I+I') and (E+E'),  respectively, where I '  and E' are functions of the 
mean macroscopic slope, S ,  caused by the roughness of the te r ra in .  F ( G )  
i s  modified t o  include an expl ic i t  dependence on ( I + I ' )  and ( E + E ' )  as 
well as G and there a re  also other multiplicative terms i n  the equation. 

In order t o  inyestigate the effects  o f  these changes on the shapes 
of topographic profiles deduced from the functions, we have analyzed an 
area of grooved terrain ( l ines  500-505, samples 550-650 on frame 20640.27 
006052) using wide ranges of values of a l l  the adjustable parameters in 
Hapke's new photometric function (71.  
mainly on the macroscopic slope S ;  
parameters yield only u p  t o  5% variation i n  the heights and depths de- 
duced for  surface features. Table l i l lus t ra tes  the relationships 
between deduced topography and the value assumed for  S: the reference 
"height" in the Table i s  the height of an isolated h i l l  or the d e p t h  of 
a n  isolated crater  which would have been deduced using the simple Lommel- 
Seeliger function. The spread of height values as S varies shows t h a t  i t  

essent ia l ly  represents the normal albedo of the surface and F ( G )  

As expected, the dependence i s  
very wide variations in the other 
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i s  unlikely t h a t  e r r o r s  i n  r e l a t i v e  heights and local slopes wil l  be 
grea te r  than 15% no matter what value i s  adopted f o r  S. 

The aboye remarks apply t o  the frame analyzed and a l so  t o  other  
frames i n  which the  illumination and v iewing  geometry a re  f a i r l y  simple. 
However, when areas are  illuminated and viewed very obliquely, and when 
the planes containing the incident and emergent rays a r e  f a r  a p a r t ,  the 
deduced topography becomes more sens i t ive  t o  the cor rec t  choice of S and, 
indeed, t o  the  functional form of the photometric equation, We a r e  cur- 
rent ly  invest igat ing these e f f e c t s  on other  Voyager frames i n  an attempt 
t o  ident i fy  the  b e s t - f i t  set  o f  parameters of the  equations which apply 
t o  each t e r r a i n  type on the Galilean s a t e l l i t e s .  
References; 111 K.  Watson, U.S.G.S. Prof. Paper 599-8, 10 P P ,  1968; (2) 

(51 S ,  Squyres, NASA TM-8 
( 7 )  B. H a p k a  - 3, 3039, 1981; 

Table 1 ,  

Mean macroscopic Height of fea ture  Comme n t s 
s lope,  S (degrees) ( a r b i t r a r y  uni t s )  
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As S increases,  deduced 
height decreases a t  f i r s t  

For (improbably 1 arge;) 
values of S >about 25 
height increases again 
as S increases 
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oduction 

A fundamental limitation in the quantitative analysis of planetary 
geamorphology and structural geology results fram the absense of topo- 
graphic data. Among the studies that might be addressed, were such data 
available, are volumetric and slope relationships of ionian volcanics, 
fracture and annealing processes in icy crusts on Europa and Ganymede, 
and evaluation of viscous relaxation as a means of degrading landforms on 
Europa, Ganymede, and Callisto. The intent of this work has been to 
develop and apply a technique for acquiring topographic data on the gali- 
lean satellites using photoclinametry. 

Photoclinometry is a technique for determing slopes on the basis of 
brightness variations that result fram changes in declivity, illumina- 
tion, and viewing angles. It has had a long and checkered application to 
planetary problems, applied with less than total confidence owing to poor 
camera calibration and the stong interference effects of albedo (see 
e.g., 1, 2, 3 ) .  The Voyager cameras are photometrically well behaved and 
understood, with conservative estimates of relative precision (that meas- 
ure used in photoclinometric studies) of better than 3%. By selecting 
areas of relatively uniform albedo, @otoclinometry can, in theory, be 
used with modest potential for success (4 ) .  

One failing of topographic analysis by photoclinametric techniques 
is the uncertainty of slope azimuth, which prevents true, analytical, 
planimetric solutions. All photntric techniques integrate the 
along-sun component of slope. The cross-sun ccxnponent cannot be computed 
directly, but must be estimated by statistical (5) or heursitic averaging 
techniques . 

Our procedure uses C-matrices (6) for specific Voyager frames to 
compute viewing and illumination gentry values and planetocentric coor- 
dinates for every pixel in the frame (referenced to an oblate spheroid or 
tri-axial ellipsoid, depending on body). The frame is then geometrically 
transformed to a solar illumination coordinate system. After a reference 
slope is specified, the transformed image is integrated line by line, 
each line compared with its adjacent neighbors for deviations from sys- 
tematic, topographic trends. If such deviations exceed a specified 
tolerance, a more ccanplicated neighbor search determines if the trend has 
changed, or if there is an anomaly in the given line. If the latter, the 
line is forced to match its neighbors. Thus, a two dimensional portrayal 
of relief is developed by a heuristic averaging technique. The spacial 
and vertical resolution of these data will be samewhat less than the ori- 

c 
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ginal (<<lo&). After integration, the relief image is transformed back 
to planetary spacial coordinates. 

Results 

Figures 1 and 2 show several examples of landforms on Ganymede, 
including craters of different sizes and morphology, and grooves. 
Horizontal resolution in these 'wiremesh' presentations is about 1 km 
per grid, and they are shown without vertical exaggeration. Shaded 
relief presentations of the topographic data have been compared to actual 
images of the same features in order to determine the accuracy of the 
topography. The results of these cmparisons are extremely 
encouraging-the correlation is high and suggests that the derived topog- 
raphy is truely representative of the actual relief. 

The topographic data now in hand is being used to develop, among 
other things, an improved picture of depth/diameter relationships on 
Ganymede as a function of terrain type, crater 'age', etc. They are also 
acting as input and test constraints in numerical models of geophysical 
processes. Although presently limited to areas of uniform albedo, we are 
attempting to incorporate color/albdeo discrimination into our software 
(e.g., 7) .  This will open even larger applications of photoclinmetry to 
planetary surfaces. 
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Figure 2: Impact Craters 
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NEW MODELS FOR LANDFORM EVOLUTION O N  I O  

P e t e r  J.  Mouginis-Mark1, James L. Whitford-Stark2 and James W. Head3. 
1. P l a n e t a r y  Geosciences D i v i s i o n ,  H a w a i i  I n s t i t u t e  o f  Geophysics,  Univ. o f  
H a w a i i ,  Honolulu H I  96822. 2. Geology Department,  S u l  Ross S t a t e  Univ. ,  
Alpine TX 79832. 3. Department of Geologica l  S c i e n c e s ,  Brown Univ.,  
Providence R I  02912. 

A s  p a r t  o f  t h e  G a l i l e a n  S a t e l l i t e s  Mappers Program, we have been s t u d y i n g  
t h e  South P o l a r  r e g i o n  of  I o .  Our examinat ion of  t h e  Voyager images h a s  l e d  us  
t o  reassess t h e  p o s s i b l e  mechanisms by which c e r t a i n  u n i t s  w e r e  c r e a t e d  o r  
modif ied i n  t h i s  area. S p e c i f i c a l l y ,  o u r  a n a l y s e s  have focused on de termining  
t h e  re la t ive age  of t h e  mountain material and on t h e  p r o c e s s  by which t h e  
l a y e r e d  p l a i n s  material w a s  eroded.  

Both t h e  mountain material and t h e  eroded p l a i n s  material appear  t o  be 
p r e f e r e n t i a l l y  l o c a t e d  toward h i g h e r  s o u t h e r n  l a t i t u d e s ,  bu t  some examples of 
mountains can b e  found i n  e q u a t o r i a l  r e g i o n s 1 .  Schaberl  i n t e r p r e t e d  t h e  
mountain material t o  b e  t h e  o l d e s t  r e c o g n i z a b l e  u n i t  on I o ,  and c h a r a c t e r i z e d  
i t  as a t e c t o n i c a l l y - d i s r u p t e d ,  rugged s u r f a c e  w i t h  about  9 km of  r e l i e f .  The 
mechanism by which t h e  l a y e r e d  p l a i n s  are eroded h a s  been a t t r i b u t e d  t o  t h e  
c o l l a p s e  of  t h i s  u n i t  due t o  t h e  removal of  v o l a t i l e  materials from t h e  upper 
l a y e r s  ' y 2 .  B r i g h t  fumarole  d e p o s i t s  a l o n g  t h e  boundary s c a r p s  of t h e  l a y e r e d  
p l a i n s  u n i t  are thought  t o  b e  a s s o c i a t e d  w i t h  p i t  craters  t h a t  are formed 
d u r i n g  t h i s  v o l a t i l e  o u t g a s s i n g .  

The age  of  mountain material: Mountain material i s  f r e q u e n t l y  a s s o c i a t e d  w i t h  
p l a i n s  u n i t s , p a r t i c u l a r l y  t h e  l a y e r e d  p l a i n s .  Although p r e v i o u s  i n t e r p r e t a t i o n s  
a s s i g n  a n  o l d  re la t ive age  t o  t h e  mountain material1, i t  i s  ext remely  d i f f i c u l t  
t o  d i s t i n g u i s h  between o v e r l a p  and s u p e r p o s i t i o n  r e l a t i o n s h i p s  on t h e  b a s i s  of  
photogeologic  c r i te r ia .  T h i s  d i f f i c u l t y  a p p e a r s  t o  be p a r t i c u l a r l y  e v i d e n t  
where downslope movement h a s  caused t o p o g r a p h i c a l l y  h i g h e r  mountain material 
t o  o v e r l i e  t h e  p l a i n s  u n i t 3 .  Our mapping h a s  i d e n t i f i e d  several a t t r i b u t e s  of 
t h e  mountain material which sugges t  t h a t  i t  i s  younger than  t h e  sur rounding  
p l a i n s  : 

1) There i s  l i t t l e ,  i f  any ,  apparent  change i n  s c a r p  h e i g h t  where l a y e r e d  
p l a i n s  i n t e r s e c t  mountain material. I n  c e r t a i n  cases, one p a r t  o f  t h e  
mountain h a s  been removed by e r o s i o n  t o  show t h a t  p a r t s  of  t h e  l a y e r e d  
p l a i n s  c o n t i n u e  benea th  t h e  mountain ( e . g .  FDS 16391.18 and 16391.28). 
2) Mountain material i s  morphologica l ly  s i m i l a r  t o  t h e  material around 
act ive s o u r c e  r e g i o n s  of  l a r g e  plumes such  as P e l e  (FDS 16391.30).  It 
is  t h e r e f o r e  p o s s i b l e  t h a t  mountain material could  have been s e e n  by 
Voyager t o  b e  i n  t h e  p r o c e s s  o f  format ion .  
3) A c l o s e  a s s o c i a t i o n  between mountain material and r e c e n t  volcanism 
is sugges ted  by b r i g h t  h a l o e s  around several m a s s i f s ;  craters o r  crater 
c h a i n s  are sometimes w e l l  p r e s e r v e d  i n  t h e s e  m a s s i f s  (FDS 16391.18).  
4 )  The edges of  mountain material are f r e q u e n t l y  l o b a t e  i n  o u t l i n e  and 
g i v e  t h e  appearance of emplacement by s u r f a c e  flow. T h i s  h y p o t h e s i s  is 
f u r t h e r  suppor ted  by t h e  absence  o f  any s c a r p  between t h e  mountains and 
t h e ' a d j a c e n t  p l a i n s ;  i n  n e a r l y  a l l  cases t h e  edge of t h e  mountain is  a 
sha l low s l o p e ,  r a t h e r  t h a n  a n  escarpment (FDS 16391.28).  

On t h e  b a s i s  of  t h e s e  o b s e r v a t i o n s ,  w e  f e e l  t h a t  t h e  mountain material 
on I o  could  b e  much younger t h a n  p r e v i o u s l y  b e l i e v e d ,  and t h a t  r a t h e r  than  
b e i n g  e i t h e r  nunataks  o r  k ipukas  of  o l d e r  material r i s i n g  through t h e  younger 
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p l a i n s ,  mountains may a c t u a l l y  be young volcanic  c o n s t r u c t s  b u i l t  upon t h e  
layered  p l a ins3 .  

An e ros ion  ,mechanism f o r  t h e  layered  p l a ins :  Although w e  agree  wi th  previous 
i n v e s t i g a t o r s  who f e e l  t h a t  s ca rp  retreat due t o  v o l a t i l e  l o s s  i s  probably 
t ak ing  p l a c e  at some l o c a l i t i e s  on I o ,  w e  o f f e r  an a l t e r n a t i v e  explana t ion  f o r  
t h e  mode of formation of t h e  eroded layered  p l a ins .  We p r e f e r  a model involv ing  
thermal e ros ion  of t h e  layered  p l a i n s '  s u r f a c e  by subsequent l a v a  flows, r a t h e r  
than  the  d e v o l a t i l i z a t i o n  model c u r r e n t l y  i n  favor1y2. W e  base  t h i s  new model 
on t h e  fol lowing observa t ions :  

1) Erosion of t h e  layered  p l a i n s  seems t o  remove only d i s c r e t e  l a y e r s .  A 
comparison of l a y e r  t h i cknesses  i n  eroded areas and ad jacent  non-eroded 
s e c t i o n s  shows t h a t  i nd iv idua l  l a y e r s  are never only  p a r t i a l l y  removed 
(FDS 16391.50). Were c o l l a p s e  t o  be due t o  t h e  withdrawal of subsur face  
materials, w e  would expect t o  see p a r t s  of i nd iv idua l  l a y e r s  preserved 
r a t h e r  than  always complete l a y e r s .  
2) Active ven t ing  a t  t h e  base  of escarpments bordering layered  p l a i n s  
occurs a t  l o c a l i t i e s  where no subsidence is recognizable  i n  t h e  images, 
sugges t ing  t h a t  vent ing  and e ros ion  (o r  sapping) are no t  always l inked .  
3)  The areas of eroded layered  p l a i n s  are q u i t e  l i m i t e d  i n  t h e i r  ex ten t .  
Morphologically s i m i l a r  material can be found on e i t h e r  s i d e  of such an 
eroded area, but  t h i s  ad jacent  ma te r i a l  has been t o t a l l y  unaffected by 
e ros ion .  
4 )  Remnants of t h e  eroded layered  p l a i n s  are f r equen t ly  a l igned  (FDS 
16391.50). The long a x i s  of each remnant i s  o f t e n  s e v e r a l  t i m e s  l a r g e r  
than  t h e  s h o r t  a x i s ,  and several such remnants s u p e r f i c i a l l y  resemble 
mart ian s t reaml ined  i s l a n d s  t h a t  have then  been modified by scarp re t reat .  
5) I f  s ca rp  retreat and/or sapping w e r e  t h e  dominant e r o s i o n a l  mechanism 
respons ib le  f o r  a l t e r i n g  t h e  layered  p l a i n s ,  w e  would expect t o  f i n d  t a l u s  
o r  unconsol idated i n t r a - p l a i n s  d e b r i s  a t  t h e  foo t  of some escarpments. No 
such material  is  observed. 

W e  f e e l  t h a t  t hese  observa t ions  n e c e s s i t a t e  t h e  cons idera t ion  of an 
a l t e r n a t i v e  mechanism f o r  t h e  e ros ion  of t h e  layered p l a i n s  on Io .  I n  our  view, 
t h e  alignment of t h e  remnants of t h e  eroded p l a i n s  and t h e i r  s t reaml ined  
o u t l i n e s  suggest  t h a t  t h e \ l a y e r e d  p l a i n s  have been eroded by s u r f a c e  flow 
r a t h e r  than  by sapping and co l l apse .  The s p a t i a l l y - r e s t r i c t e d  d i s t r i b u t i o n  of 
t h i s  material, t h e  l a c k  of t a l u s ,  and t h e  l a c k  of down-cutting of t h e  p l a i n s  t o  
a common base  l e v e l  could a l l  be  c o n s i s t e n t  wi th  a form of thermal e ros ion  due 
t o  l a v a  flows. Such flows may have c rossed  t h e  layered  p l a i n s ,  eroded down t o  
t h e  l o c a l  base  level ,  and then  dra ined  away i n t o  nearby lowlands. The eroded 
segments of t h e  layered  p l a i n s  would have been removed from t h e  area along wi th  
t h e s e  l ava  flows. Ci rcumstant ia l  evidence t o  support  t h i s  model a l s o  e x i s t s  i n  
t h a t  no lava flows have been found t h a t  are preserved on layered  p l a i n s  mater- 
i a l ;  i n  a l l  areas t h e  flows appear t o  have c u t  escarpments a t  t h e  edge of a 
layered  p l a i n s  sequence. 
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G E O L O G Y  OF D I O N E  J . B .  P l e s c i a ,  J e t  P r o p u l s i o n  L a b o r a t o r y ,  
C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,  P a s a d e n a ,  C A  9 1 1 0 9 .  

D i o n e  i s  o n e  of  t h e  m o s t  g e o l o g i c a l l y  c o m p l e x  of  t h e  
S a t u r n i a n  s a t e l l i t e s .  Crater  c o u n t s  a n d  s u r f  ace m o r p h o l o g y  
i n d i c a t e s  t h e  g e o l o g i c  u n i t s  o b s e r v e d  a r e  o f  v a r i a b l e  a g e  a n d  
o r i g i n .  I n  a n  a t t e m p t  t o  u n d e r s t a n d  t h e  p r o c e s s e s  w h i c h  h a v e  
a f f e c t e d  D i o n e ,  a g e o l o g i c  map w a s  p r e p a r e d  ( f i g u r e  1 ) .  S e v e r a l  
g e o l o g i c  u n i t s  h a v e  b e e n  i d e n t i f i e d ;  a n c i e n t  h e a v i l y  c r a t e r e d  
t e r r a i n ,  two p l a i n s  u n i t s :  c r a t e r e d  p l a i n s  a n d  l i g h t l y  c r a t e r e d  
p l a i n s ,  l o b a t e  d e p o s i t s ,  c r a t e r  r i m  d e p o s i t s  a n d  b r i g h t  w i s p y  
m a t e r i a l .  

Cra t e r s  were o b s e r v e d  r a n g i n g  i n  d i a m e t e r  f r o m  200  km down 
t o  t h e  l i m i t s  o f  r e s o l u t i o n  ( 3  k m / l p ) .  A l l  c r a t e r s  a r e  s i m p l e  i n  
f o r m  a n d  r e l a t i v e l y  w e l l  p r e s e r v e d .  T h e r e  a r e  no  l a r g e  c o m p l e x  
m u l t i r i n g  s t r u c t u r e s  a s  o b s e r v e d  o n  Ganymede a n d  C a l l i s t o  o r  t h e  
t e r r e s t r i a l  p l a n e t s .  Two p o p u l a t i o n s  of  c r a t e r s  h a v e  b e e n  
r e c o g n i z e d  o n  D i o n e .  P o p u l a t i o n  I i s '  c h a r a c t e r i z e d  by n u m e r o u s  
l a r g e  c r a t e r s  w i t h  a s i z e - f r e q u e n c y  d i s t r i b u t i o n  s l o p e  o f  - 1 . 7 .  
P o p u l a t i o n  I1 i s  d o m i n a t e d  by s m a l l  c r a t e r s ,  n o n e  l a r g e r  t h a n  30  
km a n d  a s t e e p  d i s t r i b u t i o n  s l o p e ,  -2 .5  t o  -3.0. W h i l e  i n t e r i o r s  
were n o t  w e l l  r e s o l v e d  s e v e r a l  o f  t h e  l a r g e r  c r a t e r s  c o n t a i n  
b r i g h t  c o n c e n t r i c  r i n g s  w i t h i n  t h e  r i m  s u g g e s t i v e  of  t e r r a c e d  
w a l l s .  Craters  whose  i n t e r i o r s  w e r e  w e l l  r e s o l v e d  a l l  h a v e  
c e n t r a l  p e a k s ,  s i m p l e  c o n c i a l  h i l l s .  N e i t h e r  c r a t e r s  w i t h  c e n t r a l  
p i t s  n o r  f l a t  o r  b o w l  s h a p e d  i n t e r i o r s  were o b s e r v e d .  Cra te rs  
w i t h  c e n t r a l  p e a k s  o n  D i o n e  o c c u r  o v e r  t h e  d i a m e t e r  r a n g e  of  < 1 5  
km t o  1 7 5  km, w h i l e  o n  Ganymede s u c h  c r a t e r  o c c u r  i n  t h e  s i z e  
r a n g e  of  5 - 30 km. The  l a r g e r  s i z e  r a n g e  o n  D i o n e  c a n  b e  
a t t r i b u t e d  t o  t h e  l o w e r  s u r f  ace g r a v i t y  w h i c h  p r o d u c e s  l o w e r  
s t r e s s e s  f r o m  c e n t r a l  p e a k s  t h e r e b y  a l l o w i n g  t h e  c r u s t  t o  s u p p o r t  
l a r g e r  p e a k  s i z e s  r e l a t i v e  t o  Ganymede. O n l y  1 b r i g h t  r a y e d  
c r a t e r  ( C a s s a n d r a )  a n d  no  d a r k  r a y e d  c r a t e r s  were o b s e r v e d .  
S e v e r a l  c r a t e r s  a p p e a r  t o  h a v e  b r i g h t  e j e c t a  d e p o s i t s  s u r r o u n d i n g  
t h e i r  r i m s .  

S t r u c t u r a l  f e a t u r e s  a p p e a r  t o  b e  l i m i t e d  t o  t h e  "chasma"  and  
a s u b t l e  s e r i e s  o f  l i n e a m e n t s  a s s o c i a t e d  w i t h  t h e  b r i g h t  w i s p y  
m a t e r i a l .  T h e  c h a s m a  r a n g e  i n  w i d t h  f r o m  5-20 km. Some a r e  
s t r a i g h t  a n d  s i m p l e  w h i l e  o t h e r s  a r e  c o m p l e x  s i n u o u s  f e a t u r e s .  

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  c o v e r s  t h e  l a r g e s t  f r a c t i o n  of 
t h e  s a t e l l i t e .  W h i l e  mapped as a s i n g l e  u n i t  i t  m o s t  l i k e l y  i s  
much more  c o m p l e x  a n d  h e t e r o g e n e o u s  t h a n  c u r r e n t l y  r e c o g n i z e d .  
Cra te r  f r e q u e n c i e s  a r e  v e r y  h i g h  i n d i c a t i n g  t h a t  t h i s  s u r f a c e  
d a t e s  t o  t h e  p e r i o d  of  h e a v y  bombardmen t .  T h i s  i s  t h e  o l d e s t  u n i t  
o n  D i o n e .  

C r a t e r e d  p l a i n s  a n d  l i g h t l y  c r a t e r e d  p l a i n s  o c c u r  o n  t h e  
l e a d i n g  h e m i s p h e r e  b e t w e e n  30° a n d  60° l o n g i t u d e .  C o n t a c t s  
b e t w e e n  t h e  p l a i n s  u n i t s  a n d  w i t h  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  
a re  s h a r p  i n d i c a t i n g  t h a t  e a c h  i s  a d i s t i n c t  u n i t  a n d  t h a t  t h e  
p l a i n s  o v e r l y  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 .  T h e  p l a i n s  a re  
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c h a r a c t e r i z e d  by smoo th  s u r f  a c e s  w i t h  t o p o g r a p h y  b e i n g  a s s o c i a t e d  
o n l y  w i t h  c r a t e r s  and  t h e  chasma.  A lbedo  o f  t h e  p l a i n s  u n i t s  i s  
d i s t i n c t l y  h i g h e r  t h a n  f o r  t h e  c r a t e r e d  t e r r a i n .  A d d i t i o n a l l y  
t h e r e  i s  a n  a l b e d o  c o n t r a s t  b e t w e e n  t h e  p l a i n s  u n i t s ,  t h e  l i g h t l y  
c r a t e r  p l a i n s  ( t h e  y o u n g e r  of t h e  two)  b e i n g  b r i g h t e r .  Crater  
f r e q u e n c i e s  s u g g e s t  t h e  two p l a i n s  u n i t s  a r e  s l i g h t l y  d i f f e r e n t  
i n  a g e  and  t h a t  b o t h  a re  y o u n g e r  t h a 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 .  

A u n i t  w i t h  a s u r f a c e  m o r p h o l o g y  s u g g e s t i v e  of  f l u i d i z e d  
o r i g i n  o c c u r s  n e a r  45' S ,  60° W h a s  b e e n  t e r m e d  t h e  l o b a t e  
d e p o s i t s .  The s u r f a c e  of t h i s  u n i t  i s  m o t t l e d  w i t h  a s e r i e s  of 
n o r t h e a s t  t r e n d i n g  low r i d g e s  and  s h a l l o w  t r o u g h s .  P a r a l l e l  t o  
and  a l o n g  t h e  i n t r i c a t e  m a r g i n  of t h e  d e p o s i t  i s  a low r i d g e .  
M o r p h o l o g i c  a spec t s  of  t h i s  u n i t  r e s e m b l e  t h o s e  of  t h e  e j e c t a  
d e p o s i t s  of  t h e  M a r t i a n  r a m p a r t  c r a t e r s .  O r i e n t a t i o n  of s u r f a c e  
f e a t u r e s  s u g g e s t s  f l o w a g e  f r o m  s o u t h w e s t  t o  n o r t h e a s t .  The 
s u s p e c t e d  s o u r c e  r e g i o n  t o  t h e  s o u t h w e s t  w a s  n o t  imaged and  s o  
t h e  u n i t ' s  o r i g i n  r e m a i n s  o b s c u r e .  C ra t e r  f r e q u e n c i e s  on t h e  u n i t  
a r e  t h e  l o w e s t  of a n y ,  making  t h e  l o b a t e  d e p o s i t s  t h e  y o u n g e s t  
s u r f  ace.  

D e p o s i t s  of  b r i g h t  w i s p y  m a t e r i a l  f o r m  t h e  l a r g e s t  s c a l e  
f e a t u r e s  on  t h e  s a t e l l i t e .  Lane  of  t h e  m a t e r i a l  r a d i a t e  f r o m  a 
b r i g h t  r e g i o n  on t h e  t r a i l i n g  h e m i s p h e r e  and  e x t e n d  > 1 0 0 0  km 
i n t o  t h e  l e a d i n g  h e m i s p h e l r e .  No t o p o g r a p h y  o r  s u b d u i n g  of s u r f a c e  
f e a t u r e s  i s  o b s e r v e d  w h i c h  s u g g e s t s  t h a t  d e p o s i t  i s  r e l a t i v e l y  
t h i n .  Chasma o r  s u b t l e  l i n e a m e n t s  o c c u r  w i t h  t h e  b r i g h t  w i s p h y  
m a t e r i a l  w h e r e  i t  i s  o b s e r v e d  i n  h i g h  r e s o l u t i o n  images .  I t  i s  
s u g g e s t e d  t h a t  t h e  b r i g h t  m a t e r i a l  r e p r e s e n t s  a v o l c a n i c  d e p o s i t  
e x p l o s i v e l y  e r u p t e d  f r o m  t h e  chasma o r  l i n e a m e n t s .  

C r a t e r  r i m  d e p o s i t s  a r e  a s s o c i a t e d  w i t h  o n l y  a few c r a t e r s .  
G e n e r a l l y  t h e s e  d e p o s i t s  a r e  b r i g h t e r  t h a n  t h e  u n i t  on wh ich  t h e y  
l i e .  F o l l o w i n g  a n  i m p a c t  t h e  low s u r f a c e  g r a v i t y  of D i o n e  
a p p a r e n t l y  a l l o w s  t h e  e j e c t e d  d e b r i s  t o  b e  d i s p e r s e d  o v e r  a w i d e  
a r ea  r a t h e r  t h a n  i n  a c o h e r e n t  b l a n k e t  a r o u n d  t h e  c r a t e r .  

D i o n e  h a s  e v o l v e d  t o  some e x t e n t  behond  i t s  a c c r e t i o n a r y  
form.  Wide areas of  smooth  p l a i n s  w i t h  v a r i a b l e  c r a t e r  f r e q u e n c y  
i n d i c a t e  t h e  r e s u r f  a c i n g  a c t i v i t y  was p r o l o n g e d  and w i d e s p r e a d .  
The morpho logy  of t h e  young u n i t s  s u g g e s t  t h e y  were f o r m e d  by 
some t y p e  of  v o l c a n i c  p r o c e s s .  The m a t e r i a l  may h a v e  b e e n  e r u p t e d  
i n  a f l u i d i z e d  s t a t e  and  t h e n  f l o w e d  a c r o s s  t h e  s u r f a c e  o r  i t  may 
h a v e  b e e n  e x p l o s i v e l y  e r u p t e d  f a l l i n g  b a c k  t o  t h e  s u r f a c e  i n  a 
s n o w - l i k e  fo rm.  From t h e  i n d i c a t i o n s  of  p r o l o n g e d  e n d o g e n i c  
a c t i v i t y  i t  c a n  b e  i n f e r e d  t h a t  t h e  c o m p o s i t i o n  of D i o n e  i s  more 
c o m p l i c a t e d  t h a t  water i c e  and  s i l i c a t e s  A d d i t i o n a l l y  t h e  
p r e s e n c e  of l o w  m e l t i n g  t e m p e r a t u r e  c l a t h r a t e s  i s  s t r o n g l y  
i n d i c a t e d .  

T h i s  r e s e a r c h  w a s  c a r r i e d  o u t  at J . P . L .  and s p o n s o r e d  by 
N.A.S.A. 
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EVOLUTION OF THE URANUS-NEPTUNE 
Eugene M. Shoemaker and Ruth F. 
Arizona 86001 

PLANETESIMAL, SWARM: CONSEQUENCES FOR THE EARTH 
Wolfe, U.S. Geological Survey,Flagstaff, 

'' 

In our new Wnte Carlo study undertaken to evaluate the evolution of 
planetesimals in the outer Solar System, both stellar and planetary encounters 
have been considered from the outset. About 20% of the Uranus-Neptune 
planetesimals (UNP's) enter the comet cloud and are stored primarily in the 
region inside the observational limits of the Oort cloud. Half of the comets 
have survived to the present time; the cloud now has a mass of the order of 
Jupiter's mass. Wst UNP's are ejected from the Solar System, and about half 
of the planetesimal swarm is passed to the control of Jupiter prior to 
ejection. Jupiter's perturbations drive a large flux of these planetesimals 
into Earth-crossing orbits, and it now appears highly probable that UNP's 
account for most of the late heavy bombardment of the Won and Earth. 
Assuming that only water bound in clay minerals (-10% by weight of the solid 
objects) survives ablation by solar heating, the amount of water delivered to 
the Earth on ablated UNP's accounts for the oceans. If the rocky fraction of 
UNP's is similar to Type I carbonaceous chondrites, the carbon budget of the 
Earth's crust also appears to be approximately accounted for. Many and 
probably most UNP's perturbed to Earth-crossing orbits disintegrated into 
meteor streams. A significant fraction of organic chemicals of probable 
interstellar origin in UNP meteoroids may have survived encounter with the 
Earth and been delivered to the UNP-derived primordial ocean. 
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HIGH-RESOLUTION COLOR IMAGES OF IO A l f r e d  S. McEwen and Laurence A. 
Soderblom, U. S. Geological Survey, F1 ags ta f f ,  AZ. 

Color versions o f  t h e  h ighest  r e s o l u t i o n  Voyager images o f  Io have been 
produced by combining t h e  low- reso lu t ion  c o l o r  images w i t h  t h e  high- 
reso lu t ion ,  c l e a r - f i l t e r  images. 
blue-, and v i o l e t - f i l t e r  images are  produced by: 

High-resolut ion versions o f  t h e  orange-, 

orange = high-res c l e a r  * [low-res orange / low-res c lea r ]  

v i o l e t  = high-res c l e a r  * [low-res v i o l e t  / low-res c lea r ]  
b lue  = high-res c l e a r  * [low-res b lue  / low-res c l e a r ]  

The spect ra l  responses o f  t h e  high- and low- reso lu t ion  c l e a r  f i l t e r  images 
cancel, l eav ing  t h e  co lo r ,  wh i l e  t h e  s p a t i a l  frequencies o f  t h e  two low 
r e s o l u t i o n  images cancel, l eav ing  t h e  h igh  reso lu t ion .  

f i r s t  set  cons is ts  o f  po int -perspect ive images, wi thout  geometric 
t ransformat ion i n t o  a map pro jec t ion .  
from the  narrow-angle camera were combined w i t h  t h e  low-resolut ion,  wide-angle 
camera images which were shut tered near ly  simultaneously w i t h  t h e  narrow-angle 
camera. Some o f  t h e  wide-angle images are  p a r t l y  saturated from overexposure, 
bu t  when images i n  t h r e e  o f  t h e  f o u r  f i l t e r s  needed are  good, t h e  f o u r t h  has 
been approximated from the  others us ing t h e  r e l a t i o n :  3 * c l e a r  = orange + 
b lue  + v i o l e t .  

Mercator p ro jec t ion .  
l imb-darkening cor rec t ions  described i n  [l], and a phase c o r r e c t i o n  cons is t i ng  
o f  t h e  measured-disk i n teg ra ted  phase f u n c t i o n  o f  Io [2] d i v ided  by t h e  
i n t e g r a t i o n  o f  t h e  l imb-darkening funct ion.  
(C), as a func t i on  o f  phase angle ( a ) ,  are c l o s e l y  approximated by: 

Two sets  o f  resolution-enhanced c o l o r  mosaics have been produced, The 

High-resolut ion, c l e a r - f i l t e r  images 

A second s e t '  o f  enhanced-resolut i o n  c o l o r  mosaics has been produced i n  
A photometric normal iza t ion  has been app l ied  us ing t h e  

The r e s u l t i n g  phase co r rec t i ons  

C(a 3'-10') = 1.00 + 0,047a - 0.00198~~ 
2 C(a 10'-50') = 1.09 + 0.02a - 0.00018~ 

These mosaics cover t h e  e n t i r e  reg ion  o f  I o  from l a t i t u d e s  -60' t o  60'N and 
longi tudes 240' t o  45'W. 

image, r e s u l t i n g  i n  g rea ter  geologic i n t e r p r e t a b i l i t y .  A l l  o f  t h e  f i n a l  
images w i l l  be d i s t r i b u t e d  t o  t h e  reg ional  p lanetary  data f a c i l i t i e s ,  where 
they w i l l  be ava i l ab le  t o  t h e  p lanetary  science community. 

Each image combines t h e  best r e s o l u t i o n  w i t h  t h e  c o l o r  data i n t o  a s i n g l e  

References 
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SHORT TIME-SCALE SURFACE CUGES ON IO 

Richard J. Terrile, Jet Propulsion Laboratory, California Institute of 
Technology, Pasadena, CA 91109. 

Imaging data from the Voyager 1 and 2 encounters with the Jupiter 
system provide a data set for the examination of short time-scale varia- 
tions of surface features on Io. Clear evidence exists for variations 
near the known eruption sites (Strom et al. 1982) and for other areas 
which appeared to have erupted between the encounters (McEwen and Soder- 
blom, 1983). In this study we examine regions outside the known active 
eruption sites in order to look for variations in the surface scattering 
properties which may be due to undetected small-scale volcanic activity. 
The phase functions of many areas are intercompared in order to look for 
regions with phase functions outside the normal range for satellite surface 
properties. Areas with unusual scattering properties may be related to 
small-scale eruptions of gas or particles. Determination of the distribu- 
tion of these areas will have strong implications for the resurfacing 
rates for Io. 

-- 

For this analysis we used the region just south-east of the edge of 
the ejecta deposit surrounding Mafuike Patera (plume Pele). This area was 
choosen because it was imaged in four colors and at several times over a 
10 hour period by Voyager 1 .  These images show areas where relative con- 
trast changes occur in data recorded close together in time and at similar 
resolutions. These photometric effects must be due to local effects and 
not by material ejected from Pele. These areas are located well outside 
the ejecta envelopes of any known eruption sites. Images were geometri- 
cally scaled and photometrically calibrated in order to allow a pixel by 
pixel comparison of features. Photometric measurements were made of sev- 
eral terrain types and for features with and without relative contrast 
changes. In general, most features show a phase function in which bright- 
ness increases with decreasing phase angle and have uniform slopes in the 
orange, blue and violet filters. These slopes are similar to those meas- 
ured by Clancy and Danielson (1982) for generalized colored regions on Io. 
However, several regions were found with opposite slopes (limb brightening) 
and with a strong color dependence to the phase function. This kind of 
photometric behavior falls outside the envelope of scattering phase func- 
tions observed on the other Galilean satellite surfaces and for any reason- 
able model for surface scattering. Scattering from locally erupted gas or 
dust in one or more of the images may account for these peculiar photomet- 
ric properties. Further work on modeling the observed phase functions 
will be done in order to better characterize the scattering and to estimate 
the amounts of locally erupted materials needed. 
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GEOLOGIC STUDIES OF OUTER SOLAR SYSTEbI SATELLITES: IAPETUS 
S.W. Squyres and R.T. Reynolds, NASA Ames Research Center, 
CA 94035 

AND EUROPA 
Moffett Field, 

A number of  models have been formulated to  describe regolith evolution 
Such models have to  date not included the effects  on a i r less  bodies (1,2)* 

of  a strongly asymmetric impact flux across the body, as ex is t s  for  many 
synchronously rotating sate1 1 i tes. 
evolution on bodies subjected to  an asymmetric impact flux. The general 
effect  of an asymmetric impact flux is  b a l l i s t i c  diffusion of regolith 
from areas of high impact flux t o  areas of lower flux, 
pronounced on low gravity bodies where ejecta travel distances are large,  
and on bodies w i t h  strong flux asymmetries. 
on Iapetus, where retrograde debris from Phoebe s t r iking the leading 
hemisphere may produce a f l u x  asymmetry as large as 1OO:l from apex to  
antapex (3) .  

0 and longitude c p ,  Let J be a function that  gives the mass f l u x  of 
meteoritic material s t r iking the surface a t  any point. 
case, J will be largest  a t  the apex of orbital  motion, and smallest a t  the 
antapex. 
event t o  the mass of the projecti le,  The rate  of removal of material from 
a surface element a t  (@,(a) by impact ejection i s  therefore fJ(@,cp). Now, 
call  a the angular distance along the surface from an impact p o i n t .  There 
i s  a function F(a) that  describes the mass distribution of ejecta produced 
by an impact. I t  i s  largest  immediately adjacent t o  the point of  impact, 
and decreases w i t h  increasing angular distance away from the impact point 
( i . e . ,  with imcreasing a ) ,  
on the s a t e l l i t e ' s  surface may then be calculated by summing the removal 
rate due t o  ejection w i t h  the ra te  a t  which material i s  deposited from 
impacts on a l l  other parts of the s a t e l l i t e :  

We are  devel oping a model of regol i t h  

The e f fec t  i s  most 

I t  may be especially important 

Consider a point on a synchronously rotating s a t e l l i t e  w i t h  la t i tude 

In the simplest 

Call f the r a t io  o f  the mass of ejecta generated dufiing an impact 

The net erosion or deposition rate a t  any p o i n t  

In th i s  expression, R i s  the radius of the s a t e l l i t e ,  and 6 i s  the azimuth 
from the point under consideration, 
the erosion and deposition rates can be calculated as a function of position 
on any object. 

impact f lux distributions,  using a very simple form of F ( a )  based on the 
experimental work o f  Gault and Heitowit (4)-  We f i n d  tha t  the net amount of 
material transported by ball i s t i c  diffusion i s  inversely proportional t o  
s a t e l l i t e  density, b u t  that  the dependence on radius i s  more ciolmplex. 
very large s a t e l l i t e s  the e f fec t  is  small , because the large gravity resul ts  
in most e jecta  travell ing only small angular distances. With  decreasing 
radius, the e f fec t  becomes more pronounced. For very small s a t e l l i t e s  

I f  J(O,(a) and F(a) are known, then 

To date, we have performed solutions of equation (1) for  axisymmetric 

For 
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( R  < 25 km) ,  however, there is  net erosion over the en t i re  body, as s i p  
nif icant  quantit ies of ejecta reach escape velocity, (We neglect capture o f  
ejecta i n  planetary orb i t  and l a t e r  sweeping-up by the s a t e l l i t e ,  although' 
t h i s  process may be important on bodies such as  Phobos and Ueimos.) The 
amount of transport of course increases w i t h  increasing flux asymmetry. 
Preliminary calculations for  some of the Saturnian s a t e l l i t e s  suggest tha t  
erosion of a few meters t o  tens of meters over geologic time could be 
expected on the leading hemispheres of these bodies, Over the next year 
we will derive a more sophisticated expression fo r  F(a) based on both 
theoretical and experimental considerations, and expand the calculation 
technique to  consider more real i .st ic non-axisymmetric impact flux varia- 
tions. 

We have recently begun to  examine some of the consequences of our 
model fo r  the in te r ior  of Europa (5)  - t h a t  i s ,  a t h i n  ice crust  underlain 
by a substantial ocean of l i q u i d  water. Theoretical calculations and 
Voyager observations support the view tha t  t idal  heating has been suff ic ient  
t o  maintain a l i q u i d  layer throughout the history of the s a t e l l i t e .  
First , we have eval uated the habi tabi 1 i t y  of a europan ocean for t e r -  
restrial-type organisms, based on the assumption that  the ava i lab i l i ty  
of biologically useful energy is the 1 i m i t i n g  factor, Photosynthetic, 
thermal, e l ec t r i ca l ,  and chemical energy sources have been considered. The 
calculations suggest that  there may be regions on Europa, very limited i n  
space and time, w i t h  physical conditions that  are  w i t h i n  the range of 
adaptation of l i f e  on Earth (6) .  

Europa t h a t  could be s e t  up  by motion through Jupi te r ' s  magnetic field.  
The poss ib i l i t i es  for  e lectr ical  effects  on Europa are  much higher than 
f o r  Io  due to  Europa's higher e lectr ical  surface conductivity and lack of 
an appreciable conducting ionosphere. Calculations show, however, tha t  
for  a th i  k ice crust  the currents produced are s t i l l  very small ( less  than 

For the time varying eddy current mode, 
even a substantial liquid subsurface layer will not yield significant 
e lectr ical  effects.  For the transverse magnetic mode (unipolar generator) , 
however, a very t h i n  ice crust  o r  a transient liquid surface could produce 
locally significant currents and electr ical  heating under certain special 
conditions (7 ) .  

We will continue to  study the consequences of a l iquid water ocean 
on Europa over the coming year. While there i s  some f a i r l y  convincing 
evidence that  Europa has been recently resurfaced by eruptions of water 
vapor and condensation of f ros t  on the surface ( 5 ) ,  an actual eruption 
has n o t  yet been def ini te ly  observed. 
dynamic model of such an eruption t o  investigate i t s  detectabi l i ty  by 
e i ther  Earth-based infrared observation or  by the Gal i leo spacecraft. 

Second, we have quantitatively explored the electr ical  currents w i t h i n  

A for  a few km of ice) .  

We will construct a detailed hydro- 
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THE PLANET CROSSING 
POPULATIONS 

ASTEROID SURVEY -- PROGRESS I N  THE ANALYSIS OF 
AND TERRESTRIAL-PLANET CRATERING RATES 

Eleanor  F . Hel in  and R. S c o t t  Dunbar, 
Jet Propuls ion  Laboratory 

The Planet-Crossing Asteroid Survey (PCAS), now i n  i t s  e leventh  year ,  
w a s  i n i t i a t e d  wi th  t h e  a i m  of expanding t h e  database of known near-Earth 
a s t e r o i d s  f o r  t h e  purposes of a s ta t i s t ica l  eva lua t ion  of t h e i r  t o t a l  
populat ion and t h e i r  r e l a t i o n  t o  t h e  luna r  and terrestrial c r a t e r i n g  
record.  The d i scove r i e s  from t h i s  cont inuing photographic survey have 
r e f ined  t h e  estimates of t h e  populat ions of crater-forming bodies which 
have impacted t h e  E a r t h  and Moon and a l so  t h e  o t h e r  terrestrial p l a n e t s  
over  geologic  t i m e .  S tudies  of t h e  dynamics of t h e s e  bodies show t h a t '  
t h e i r  o r b i t s  change s i g n i f i c a n t l y  over t i m e ,  causing some o b j e c t s  not  
p re sen t ly  i n  planet-crossing o r b i t s  t o  become so  p e r i o d i c a l l y ,  and thus  
sub jec t  t o  c o l l i s i o n s .  Hence we must cons ider  not only those a s t e r o i d s  
which i n t e r s e c t  t h e  o r b i t s  of t h e  terrestrial p l ane t s ,  but a l s o  those  
which are i n  pre-crossing states, i n  those  regions of t h e  a s t e r o i d  b e l t  
which may be sources  of planet-crossing a s t e r o i d s  and meteor i tes .  The 
Hungaria, Phocaea, and F l o r a  regions of t h e  proper o r b i t  element phase 
space are of p a r t i c u l a r  i n t e r e s t ,  as they l i e  i n  t h e  neighborhood of t h r e e  
important s e c u l a r  resonances. The resonances,  f i r s t  s tud ied  i n  d e t a i l  by 
W i l l i a m s  (19691, d r i v e  l a r g e  o s c i l l a t i o n s  i n  t h e  o r b i t a l  e c c e n t r i c i t y  and 
i n c l i n a t i o n ,  and are viewed as a p l a u s i b l e  dynamical mechanism f o r  t h e  
t r a n s p o r t  of main-belt a s t e r o i d a l  material t o  t h e  inne r  s o l a r  system. 
These source regions are p a r t i c u l a r l y  important ,  as t h e  planet-crossing 
a s t e r o i d  populat ion i s  n e c e s s s a r i l y  shor t - l ived;  t h e  populat ion must be 
replenished con t inua l ly  t o  main ta in  t h e  observed numbers of e x i s t i n g  
ob jec t s .  

A t  p resent ,  4 Atens, 32 Apollos,  36 Amors, and over  100 Mars-crossing 
a s t e r o i d s  are known, with about ha l f  of t h e  Amors considered t o  be  
p e r i o d i c a l l y  Earth-crossing under t h e  in f luence  of s ecu la r  perturba- 
t i ons .  More than  ha l f  of t h e  planet-crossers  of t h e s e  types discovered i n  
t h e  las t  t e n  years  are due t o  our sys temat ic  survey program. Populat ion 
estimates der ived from t h e s e  observed numbers remain c o n s i s t e n t  with those  
prev ious ly  published [Hel in  and Shoemaker (1979) ,  Wether i l l  and Shoemaker 
(19821, Hel in  ( 1 9 8 2 ) l .  I n  t h e  las t  f i v e  years  t h e  number of planet-  
c ross ing  and pre-crossing o b j e c t s  discovered by t h e  PCAS program has  
t r i p l e d  o v e r a l l ,  wi th  h ighe r  i nc reases  i n  t h e  numbers of Amors, Mars- 
c ross ing ,  Phocaea, Hungaria, and Flora-type objec ts .  This  l eads  n a t u r a l l y  
t o  a refinement of t h e  u n c e r t a i n t i e s  i n  t h e  populat ions,  though by t h e  
very na tu re  of t h i s  work t h e  build-up of s ta t is t ics  s u f f i c i e n t  t o  
s i g n i f i c a n t l y  improve t h e  populat ion estimates and r e l a t e d  u n c e r t a i n t i e s  
i s  a continuous and long-term e f f o r t .  There have been a number of 
independent r ed i scove r i e s  of known o b j e c t s  i n  t h e  p a s t  f i v e  years ,  and 
s imultaneously a somewhat h igher  discovery rate of new objec ts .  These 
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o f f s e t t i n g  e f f e c t s ,  while  probably purely due t o  t h e  s ta t is t ics  of small 
numbers, are p resen t ly  under s tudy  t o  determine what n e t  e f f e c t ,  i f  any, 
they have on t h e  est imated populat ions and t h e  corresponding crater rates. 

The survey program i s  fundamental t o  t h e  e n t i r e  process  of 
c a l c u l a t i n g  t h e  a s t e r o i d  populat ions and terrestrial p l ane t  c r a t e r i n g  
rates, f o r  without a broader knowledge of t h e  numbers and o r b i t s  of 
planet-crossing a s t e r o i d s  no meaningful conclusions can be reached. While 
t h e  present  d a t a  base is s t i l l  s m a l l ,  i t  has  been g r e a t l y  expanded over  
i t s  s t a t u s  t e n  years  ago. However, though t h e  numbers and o r b i t s  of t h e s e  
a s t e r o i d s ,  analyzed i n  t h e  contex t  of a c o n t r o l l e d  sys temat ic  search ,  are 
e s s e n t i a l  a t  t h e  o u t s e t  of any at tempt  t o  c h a r a c t e r i z e  populat ions and 
c o l l i s i o n  p r o b a b i l i t i e s ,  t h e  refinement of t h e  estimates depends on o t h e r  
types  of observa t ions  as w e l l .  Precise d e f i n i t i o n  of t h e  magnitude- 
frequency d i s t r i b u t i o n  f o r  each class of planet-crossing and pre-crossing 
ob jec t s ,  a necessary element i n  t h e  c a l c u l a t i o n  of c r a t e r i n g  rates, awaits 
a more comprehensive set of s tatist ics on t h e  su r face  s p e c t r a l  
r e f l e c t a n c e s  and albedos,  ob ta inable  from p h o t o e l e c t r i c  photometry and 
radiometry,  from which t h e  diameters  of t h e  a s t e r o i d s  may be c a l c u l a t e d  
and t h e i r  bulk compositions may be in fe r r ed .  These phys ica l  observa t ions  
necessa r i ly  l a g  t h e  survey and discovery work by a few years ,  mainly 
because of t h e  need f o r  a s t rome t r i c  observa t ions  t o  determine well-defined 
o r b i t s .  I n  l i e u  of t h e s e  observa t ions ,  w e  are beginning a program of 
photographic photometry of t h e  a s t e r o i d s  discovered i n  t h e  course of t h e  
UK-Caltech Astero id  Survey (UCAS). From t h i s  d a t a  w e  hope t o  i n f e r  rough 
albedo s ta t is t ics  from t h e  s tudy of t h e  phase func t ions  of t h e  near ly  1000 
a s t e r o i d s  from t h a t  program, thus  improving t h e  magnitude-f requency 
d i s t r i b u t i o n s  s i g n i f i c a n t l y .  This  program i s  t o  be c a r r i e d  out  over t h e  
next  s ix  t o  e i g h t  months. 

The d i scove r i e s  of new a s t e r o i d s  from t h e  PCAS have added t o  t h e  
knowledge of t h e  d i s t r i b u t i o n  of o r b i t s  of planet-crossing and pre- 
c ross ing  ob jec t s ,  occas iona l ly  o f f e r i n g  t a n t a l i z i n g  evidence as t o  t h e  
dynamical mechanisms which t r a n s p o r t  t h e s e  o b j e c t s  i n t o  t h e  neighborhood 
of t h e  terrestrial p lane ts .  Among t h e  recent  d i scove r i e s  from t h e  PCAS, 
which inc lude  an  Apollo, t h r e e  Amors, and a Hungaria (see t a b l e  below), 
t h e  deep Mars-crosser 1983 PA i s  a very i n t e r e s t i n g  objec t .  Its o r b i t  has  
c h a r a c t e r i s t i c s  of bo th  Phocaea-type and Hungaria-type a s t e r o i d s ,  and y e t  
i t  has  t h e  f o u r t h  smallest p e r i h e l i o n  d i s t a n c e  (1.45 AU) among t h e  known 
Mars-crossing a s t e r o i d s .  This i s  s t rong ly  sugges t ive  of an a s t e r o i d  i n  
t h e  process  of o r b i t a l  evo lu t ion  under t h e  in f luence  of nearby s e c u l a r  
resonances,  caught between t h e  main-belt source reg ion  and t h e  i n i t i a l  
plane t-c ros  s i n g  s ta t  e. 
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RECENT PLANET-CROSSING ASTEROID DISCOVERIES 

a (AU) e i (deg) q (AU) 5 P e  

1983 LC 2.63 0.71 1.5 0.77 Apollo 
1983 LB 2.31 0.48 25.0 1.19 Am0 r 
1983 RB 2.14 0.49 18.0 1.09 Amor 
1983 RD 2.04 0.47 9.3 1.07 Amor 
1983 PA 2.23 0.35 . 19.1 1.45 Mars-crosser 
1983 LD 1.95 0.04 19.1 1.75 Hung aria 

I n  summary, t h e  Planet-Crossing Asteroid Survey i s  making s teady  
progress  toward t h e  accumulation of t h e  d a t a  requi red  t o  make improved 
estimates of t h e  populat ions and c r a t e r i n g  rates which can be compared 
with t h e  e x i s t i n g  record of impact events .  The PCAS has been t h e  ch ief  
source  of new o b j e c t s  on which t o  base t h e s e  c a l c u l a t i o n s  over t h e  p a s t  
decade, and as such i s  an i n t e g r a l  p a r t  of t h e  cont inuing  refinement of 
t h e  estimates used i n  p l ane to log ica l  app l i ca t ions .  An adjunct  e f f o r t  t o  
determine albedo s ta t is t ics  from photometry of UCAS p l a t e s  i s  being 
pursued as w e l l ,  t o  b e t t e r  d e f i n e  t h e  magnitude-frequency d i s t r i b u t i o n s  of 
a s t e ro ids .  This  w i l l  improve t h e  q u a l i t y  of t h e  popula t ion  and c o l l i s i o n  
p r o b a b i l i t y  ca l cu la t ions .  F i n a l l y ,  t h e  survey e f f o r t  cont inues  t o  
discover  new a s t e r o i d s  whose o r b i t a l  c h a r a c t e r i s t i c s  may r evea l  t h e  o r i g i n  
and evo lu t ion  mechanisms repons ib le  f o r  t h e  t r a n s p o r t  of t h e  planet-  
c ros s ing  a s t e r o i d s  t o  t h e  i n n e r  s o l a r  system, which unde r l i e s  t h e  whole 
problem w e  have attempted t o  address.  
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SURVEY FOR MARS-CROSSING ASTEROIDS, 1983 
Shoemaker, E. M., U. S. Geological Survey, Flagstaff, AZ, and 
Shoemaker, C. S., California Institute of Technology, Pasadena, CA 

More than 35 asteroids and one long period comet were discovered in the 
past year, in the course of a survey f o r  Mars-crossing asteroids conducted by 
us with the Palomar 46-cm Schmidt camera. Among these objects, at least six 
are Mars-crossing asteroids: 1982 RA and 1983 RB are Earth-approaching Amor 
asteroids that pass deep inside the orbit of Mars; 1982 VB, 1983 AF2, 1983 AG2 
and 1983 FA1 are also fairly strong Mars crossers with osculating perihelion 
distances in the range 1.538 to 1.686 AU. These latter Mars crossers all have 
orbits with relatively high inclinations and occupy the Hungaria or Phocaea 
regions of orbital element phase space. One object, 1982 VB, has been linked 
with 1981 KE, initially discovered by A. Mrkos at Kletf. 
range in diameter from about one to ten kilometers. 

The new Mars crossers 

A very unusual -60 km diameter asteroid, discovered by C. S. Shoemaker in 
January 1983, has now been assigned number 2906 and has been named Caltech. 
This object, which probably is among the 300 largest minor planets, has a 
semimajor axis of 3.156 AU and an inclination of 30:74. 
relatively near neighbor in orbital element phase space. Instead of 
precessing under the influence of planetary perturbations in normal fashion, 
the argument of perihelion of 2906 Caltech librates around a fixed value in 
the same manner as the highly inclined distant asteroid 1373 Cincinnati [l]. 
Discovery of this relatively large body so late in the history of asteroid 
search can be attributed to the fact that it is seldom observed near the 
ecliptic. 

It has only one known 

Comet Shoemaker (1983~) is a long period comet on a retrograde orbit, 
with a perihelion distance of about 3.3 AU. It is relatively bright, for a 
comet of large heliocentric distance, and has an estimated absolute visual 
magnitude of about 4. 

Reference 
[l] Kozai, Yoshihide, Astron. J., 67, 591-598, 1962. 
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COMETARY NUCLEUS AND A C T I V E  REGIONS 

F r e d  L .  W h i p p l e  - S m i t h s o n i a n  A s t r o p h y s i c a l  O b s e r v a t o r y ,  
6 0  G a r d e n  S t r e e t ,  C a m b r i d g e ,  MA 0 2 1 3 8  

On t h e  b a s i s  o f  t h e  i c y  c o n g l o m e r a t e  m o d e l  o f  c o m e t a r y  
n u c l e i  v a r i o u s  o b s e r v a t i o n s  d e m o n s t r a t e  t h e  " s p o t t e d r 1  n a t u r e  
o f  many o r  m o s t  n u c l e i ,  i . e . ,  r e g i o n s  o f  u n u s u a l  a c t i v i t y ,  
e i t h e r  h i g h  o r  low.  R o t a t i o n  p e r i o d s ,  s p i n  a x e s  a n d  e v e n  
p r e c e s s i o n  o f  t h e  a x e s  h a v e  b e e n  d e t e r m i n e d .  The o b s e r v a -  
t i o n a l  e v i , d e n c e  f o r  v a r i a t i o n s  i n  a c t i v i t y  o v e r  t h e  s u r f a c e s  
o f  c o m e t a r y  n u c l e i  i n c l u d e s  a t  l e a s t  f i v e  d i f f e r e n t  e f f e c t s :  

P e r i o d i c  " p a r a b o l i c "  e n v e l o p e s  i n  t h e  coma ( C / D o n a t i ,  
f o r  e x a m p l e )  ; 
A c t i v i t y  c e n t e r s  t h a t  move on  P/Schwassmann-Wachmann I ,  
o b s e r v e d  as a s y m m e t r i c  comas ;  
P e r i o d i c i t y  i n  h a l o  d i a m e t e r s  of  t h e  coma i n  many 
c o m e t s  ; 
U n u s u a l  l i g h t  c u r v e s  ( P / E n c k e ,  f o r  e x a m p l e ) ;  
J e t s ,  r a y s ,  f a n s ,  s t r e a m s ,  e t c . ,  o f  t h e  i n n e r  coma ,  
s o m e t i m e s  a s s o c i a t e d  w i t h  e f f e c t s  i n  b o t h  t h e  d u s t  
a n d  i o n  t a i l s .  

SUMMARY OF E V I D E N C E  C O N C E R N I N G  FINE-DUST E J E C T I O N  
T h e  n a r r o w n e s s  o f  many j e t s  f o r  P / S w i f t - T u t t l e ,  1 8 6 2  
I11 ( P / S T ) , r e q u i r e s  b o t h  t h a t  t h e  d u s t  e m i s s i o n  a reas  
b e  s m a l l  a n d  t h a t  t h e y  b e  imbedded  i n  l a r g e r  a reas  of 
e q u a l  o r  g r e a t e r  a c t i v i t y .  O c c a s i o n a l  w i d e  f a n s  a n d  
h a l o s  d e m o n s t r a t e  t h e  phenomena  when t h e  l a t t e r  c o n d i -  
t i o n  i s  n o t  s a t i s f i e d .  
S e k a n i n a ' s  g a s  p r o d u c t i o n  r a t e  d e r i v e d  f r o m  t h e  j e t s  
t o  r a i s e  t h e  f i n e  d u s t  i s  much l ess  t h a n  t h e  a v e r a g e  
e x p e c t e d  f o r  a c o m e t  i n  P / S T ' s  b r i g h t n e s s  c l a s s ,  s u g -  
g e s t i n g  t h a t  t h e  a v e r a g e  p r o d u c t i o n  r a t e  a r o u n d  t h e  
d u s t  s o u r c e s  i s  g r e a t e r  t h a n  t h a t  w i t h i n  t h e  s o u r c e s .  
The  d u s t  p r o d u c t i o n  r a t e  c a l c u l a t e d  by S e k a n i n a  f r o m  
t h e  d u s t  s o u r c e s  i s  s m a l l e r  t h a n  e x p e c t e d  f r o m  a reas  
o f  a v e r a g e  d u s t / g a s  r a t i o s  f o r  o t h e r  s i m i l a r  c o m e t s .  
T h i s  may i m p l y  a n  o v e r l o a d  o f  d u s t  t o  i c e s  i n  t h e  
d u s t y  z o n e s .  
The g a s  p r o d u c t i o n  r a t e  i n  2 )  a b o v e  a p p e a r s  i n a d e q u a t e  
t o  r a i s e  t h e  l a r g e r  P e r s e i d  m e t e o r o i d s .  
The  v a r i a t i o n  o f  a c t i v i t y  o f  t h e  d u s t  s o u r c e s  w i t h  
z e n i t h  d i s t a n c e  o f  t h e  n o o n - d a y  Sun ,  as   COS)^*^, i s  
l a r g e r  t h a n  e x p e c t e d  f o r  o r d i n a r y  a c t i v e  areas  o n  
c o m e t s .  
D u s t y  c o m e t s  show smal le r  N G  a c c e l e r a t i o n s  t h a n  l e s s  
d u s t y  c o m e t s  o f  c o m p a r a b l e  i n t r i n s i c  b r i g h t n e s s .  
D u s t y  c o m e t s  t e n d  t o  f a d e  m o r e  r a p i d l y  a t  g r e a t  s o l a r  
d i s t a n c e s  t h a n  l e s s  d u s t y  c o m e t s .  
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The g e n e r a l  b e h a v i o r  o f  t h e  m i c r o n  d u s t  j e t  e m i s s i o n s  as I 

d e s c r i b e d  a b o v e  s u g g e s t s  t h a t  t h e y  a r i s e  f rom l o c a l i z e d  re- 
g i o n s  of somewhat less v o l a t i l e  m a t e r i a l s  t h a n  b r o a d e r  a c t i v e  
r e g i o n s  a r o u n d  them. If t h i s  is t r u e  I v i s u a l i z e  them as re- 
s e m b l i n g  e x p o s e d  g e o l o g i c a l  d i k e s ,  t i l t e d  s t r a t a  e x p o s e d  a b o v e  
t h e  s u r r o u n d i n g  a reas .  S u b l i m a t i o n  o f  n o n - u n i f o r m  ma te r i a l s  
would  p r o d u c e  g r o t e s q u e  f o r m a t i o n s  w i t h  o v e r h a n g i n g  l e d g e s ,  
mushroom t o p s  a n d  e x t r e m e l y  s l e n d e r  t o w e r s .  The i r r e g u l a r  
w a s t i n g  of s u c h  f e a t u r e s  wou ld  e x p o s e  s u r f a c e s  f o r  s u b l i m a t i o n  
on s u c c e s s i v e  c o m e t s  d a y s .  

The t o t a l i t y  of t h i s  e v i d e n c e  s u g g e s t s  t h a t  d u r i n g  t h e  
f o r m a t i o n  o f  c o m e t s  t h e r e  w a s  a c o n s i d e r a b l e  p e r i o d  o f  t i m e  
o v e r  a c o n s i d e r a b l e  r e g i o n  o f  s p a c e  d u r i n g  w h i c h  m i c r o n - s i z e d  
d u s t  a c c r e t e d  i n  r e l a t i v e l y  t h i c k  l a y e r s  on many c o m e t s  of  a l l  
s i z e s .  The t h i c k n e s s  of  t h e  l a y e r s  w a s  t h e  o r d e r  of a t  l e a s t  
t e n s  o f  meters ,  t h e  d u s t  b e i n g  a c c u m u l a t e d  a l o n g  w i t h  i ce s  of  
o n l y  m o d e r a t e  v o l a t i l i t y .  The e x p e c t e d  v o l a t i l i t y  d e p e n d s  d i -  
r e c t l y  upon t h e  unknown l o a d i n g  f a c t o r  of  t h e  d u s t / g a s  r a t i o ,  
w h i c h  may b e  h i g h .  

S p a c e  A d m i n i s t r a t i o n ' s  d i v i s i o n  of  P l a n e t a r y  Geology f o r  s u p -  
p o r t  of t h i s  r e s e a r c h  a n d  t o  t h e  S m i t h s o n i a n  I n s t i t u t i o n  f o r  
t r a v e l  s u p p o r t  t o  t h e  B u d a p e s t  c o n f e r e n c e .  D i s c u s s i o n s  w i t h  
Zdenek S e k a n i n a  h a v e  b e e n  e x t r e m e l y  v a l u a b l e .  

The a u t h o r  i s  i n d e b t e d  t o  t h e  N a t i o n a l  A e r o n a u t i c s  and  

COMET I R A S - A R A K I - A L C O C K  ( 1 9 8 3 d )  - An I n t i m a t e  S t u d y  

F . L .  W h i p p l e  and  R . E .  S c h i l d  - S m i t h s o n i a n  A s t r o p h y s i c a l  Obse r -  
v a t o r y ,  60  Garden  S t r e e t ,  Cambr idge ,  MA 02138  

On J u n e  11 t h i s  comet  a p p r o a c h e d  t h e  E a r t h  t o  a d i s t a n c e  
of 0.031 A U ,  t h e  n e a r e s t  s i n c e  C / L e x e l l ,  1 7 7 0  I ,  p r o v i d i n g  a 
u n i q u e  o p p o r t u n i t y  f o r  n e a r - n u c l e u s  o b s e r v a t i o n s .  Numerous 
images  w i t h  a r e s o l v i n g  power down t o  % 20 km w e r e  o b t a i n e d  
w i t h  t h e  CCD. p h o t o m e t e r  on t h e  2 4 - i n c h  r e f l e c t o r  a t  t h e  Whipp le  
O b s e r v a t o r y .  P r e l i m i n a r y  a n a l y s i s  of t h e s e  images  e s t a b l i s h e s  
t h e  s p i n  a x i s  of  t h e  n u c l e u s ,  w i t h  a n  o b l i q u i t y  t o  t h e  o r b i t  
p l a n e  of  a p p r o x i m a t e l y  5 0 ° ,  a n d  a l a g  a n g l e  o f  s u b l i m a t i o n  
a p p r o x i m a t e l y  3 5 O  f r o m  t h e  s o l a r  m e r i d i a n  on t h e  n u c l e u s .  The 
r o t a t i o n  i s  r e t r o g r a d e .  The l a r g e  l a g  a n g l e  s u g g e s t s  a moder- 
a t e l y  s h o r t  s p i n  p e r i o d ,  c o n f i r m e d  p r o v i s i o n a l l y  as gh 4Zm.5 
f rom v i s u a l  o b s e r v a t i o n s  of  d i a m e t e r s  by J . E .  B o r t l e ,  D . W . E .  
Green  a n d  C . S .  M o r r i s .  Asymmet r i e s  of t h e  i n n e r  coma s u g g e s t s  
a " c r a z y - q u i l t "  d i s t r i b u t i o n  of  i ce s  w i t h  d i f f e r i n g  v o l a t i l i t y  
o v e r  t h e  s u r f  a c e  o f  t h e  n u c l e u s .  Fu r the r - -  i n t e r p r e t a t  i o n s  of  
t h e  C C D  d a t a  r e q u i r e s  knowledge  of t h e  s p e c t r a  a s  a f u n c t i o n  of 
r a d i a l  d i s t a n c e  f rom t h e  n u c l e u s  and  m e a s u r e s  of a s y m m e t r i e s  
o v e r  a l a r g e r  f i e l d .  T h i s  r e s e a r c h  i s  p a r t i a l l y  f u n d e d  by N A S A  
G r a n t  N S G  7082 .  
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COMET P/HOLMES, 1892 111 - A Case o f  D u p l i c i t y ?  P 

F r e d  L. Whipple  - S m i t h s o n i a n  A s t r o p h y s i c a l  O b s e r v a t o r y ,  
60 Garden S t r e e t ,  Cambridge,  MA 02138 

T h e  o b s e r v a t i o n s  of Comet P/Holmes 1892 111, e x h i b i t i n g  
two 8-10 m a g n i t u d e  b u r s t s ,  h a v e  been  c a r e f u l l y  a n a l y z e d .  The 
phenomena a r e  c o n s i s t e n t  w i t h  t h e  g r a z i n g  e n c o u n t e r  o f  a s m a l l  
s a t e l l i t e  w i t h  t h e  n u c l e u s  on November 4 . 6 ,  1 8 9 2  and t h e  f i n a l  
e n c o u n t e r  on J a n u a r y  1 6 . 0 ,  1893 .  The g r a z i n g  e n c o u n t e r  p r o -  
duced ,  b e s i d e s  t h e  f i r s t  g r e a t  b u r s t ,  a n  a c t i v e  a rea  on t h e  
n u c l e u s ,  wh ich  w a s  r o t a t i n g  r e t r o g r a d e  w i t h  a p e r i o d  o f  1 6 . 3 h r  
and i n c l i n a t i o n  n e a r l y  1800.  A f t e r  t h e  f i n a l  e n c o u n t e r ,  t h e  
s p i n  p e r i o d  w a s  e s s e n t i a l l y  unchanged,  b u t  two areas became 
a c t i v e ,  s e p a r a t e d  some 1 6 4 O  i n  l o n g i t u d e  on t h e  n u c l e u s .  A f t e r  
t h e  f i r s t  b u r s t  t h e  t o t a l  magn i tude  f e l l  less t h a n  two magni- 
t u d e s  f rom November 7 t o  November 30  ( b a r e l y  n a k e d  e y e )  w h i l e  
t h e  n u c l e a r  r e g i o n  r e m a i n e d  d i f f u s e  or complex ,  r a r e l y  i f  e v e r  
showing a s t e l l a r  a p p e a r a n c e .  The f a d i n g  w a s  much more r a p i d  
a f t e r  t h e  s e c o n d  b u r s t  ( b a r e l y  naked  e y e  a t  maximum), w h i l e  
t h e  n u c l e u s  f r e q u e n t l y  a p p e a r e d  s t e l l a r  a f t e r  t h e  f i r s t  day .  
It seems r e a s o n a b l e  t o  c o n c l u d e  t h a t  t h e  g r a z i n g  e n c o u n t e r  d i s -  
t r i b u t e d  a volume o f  l a r g e  chunks  i n  t h e  n e i g h b o r h o o d  of  t h e  
n u c l e u s ,  m a i n t a i n i n g  a c t i v i t y  f o r  weeks .  The f i n a l  e n c o u n t e r  
o n l y  a c t i v a t e d  a new area on t h e  n u c l e u s ,  t h e  s h o c k  and f a l l  
back  d i s t u r b i n g  t h e  a r e a  a l r e a d y  e x p o s e d  by t h e  g r a z i n g  encoun-  
t e r .  More  q u a n t i t a t i v e  m a t e r i a l  i s  b e i n g  p r e p a r e d  f o r  p u b l i c a -  
t i o n .  T h i s  r e s e a r c h  i s  f u n d e d  by NASA G r a n t  NSG 7082. 
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F.P. Fanale and J. R. Sa lva i l ,  Planetary Geosciences Div., Hawaii In s t .  of 
Geophysics, Univ. of Hawaii, Honolulu, H I .  

A generalized model f o r  short  period comets i s  developed which 
in t eg ra t e s  i n  a f a i r l y  rigorous manner the  i s o l a t i o n  h i s t o r y  of regions on 
ro t a t ing  comets with spec i f ied  ax ia l  o r i e n t a t i o n  and the  complex feedback 
processes involving hea t ,  gas and dust t ranspor t ,  dust mantle development 
and coma opacity. Attention i s  focused on development, reconfiguration and 
p a r t i a l  or complete launching of dust mantles and the  rec iproca l  e f f e c t s  of 
these three  processes on i c e  surface temperature and gas and dust produc- 
t ion.  In  t h i s  model the dus t  mantle con t ro l s  t h e  H 0 f l u x  not only by i t s  
e f f e c t  on the  temperature a t  the i ce  in t e r f ace  bu% (dominantly) by i t s  
dynamic s t a b i l i t y  which strongly influences vapor d i f f u s i v i t y .  The model 
inclade,s the e f f e c t s  of l a t i t u d e ,  r o t a t i o n  and sp in  a x i s  o r i en ta t ion ,  and 
i s  applied t o  an i n i t i a l l y  "homogeneous" sphere of HzO i ce  and s i l i c a t e  
using the o r b i t a l  parameters of comet Encke. Numerous v a r i a t i o n s  of the 
model, using combinations of gra in  s i z e  d i s t r ibu t ion ,  dust-to-ice r a t i o ,  
l a t i t u d e  and sp in  a x i s  o r i en ta t ion ,  are presented and discussed. Included 
a l so ,  f o r  purposes of comparison with e a r l i e r  s tud ies ,  a re  some r e s u l t s  f o r  
a s imi la r  nonrotating, constant sun or i en ta t ion  model. 

It i s  found t h a t  i n i t i a l l y  homogeneous comets i n  typ ica l  shor t  period 
o r b i t s  tend strongly t o  be cyc l i ca l ,  dus t  mantles tend t o  be very t h i n  (< 
lcm) a t  a l l  o r b i t a l  pos i t i ons  and a l l  po in t s  on the  comet f o r  the range of 

cannonicaPf gra in  s i z e  d i s t r i b u t i o n s  and dus t - tw ice  r a t i o s .  Neverthe- 
l e s s ,  these t h i n  mantles can exe r t  a s ign i f i can t  influence on cometary 
a c t i v i t y ,  We f ind  t h a t  complex behavior, including gas and dust f l u x  
d i s c o n t i n u i t i e s  or "flareupsff can r e s u l t  f o r  even a simple homogeneous 
comet because of episodic regional changes i n  the  q u a l i t a t i v e  mode of vapor 
t ranspor t  through the  i ce  poor mantle e spec ia l ly  the t r a n s i t i o n  from a 
quiescent mantle where flow i s  cont ro l led  by Knudsen d i f fus ion ,  t o  a dis- 
rupted mantle. These changes do not necessar i ly  involve f u l l  mantle blow 
of f  and can precede the l a t t e r .  Rotation i s  shown t o  be the  key f a c t o r  i n  
l imi t ing  the thickness of dust mantles and i n  preventing t h e  growth of 
thick,  permanent mantles. Thus r o t a t i o n  and ob l iqu i ty  must be included i n  
any va l id  global cometary model. 

8f  

Comparison t o  the  observations has been so f a r  l imi ted  t o  in fe r r ed  H20 
f l u x  h i s t o r i e s  because i n  t h i s  case there  i s  enough r e l i a b l e  da ta  t o  t e s t  a 
generalized model. We f ind  t h a t  the H20 f l u x  h i s t o r i e s  of most shor t  
period comets a re  supr i s ing ly  coherent with each o ther  and with the  gen- 
e ra l i zed  model considering the simplifying assumptions s t i l l  re ta ined  i n  
the l a t t e r  and t h e  observational e r r o r s  associated with the  former. A 
c l e a r  exception is  comet Encke: Though we used r e a l i s t i c  values f o r  
Encke's a x i a l  o r i en ta t ion ,  o r b i t a l  parameters and ro t a t ion ,  the  model 
predicted t h a t  Encke should be capable of f r e e l y  s t r ipp ing  mantle during 
per ihe l ion  passage; i n  f a c t  i t  i s  easy t o  show t h a t  most of Encke i s  p e r  
s i s t e n t l y  mantled. Nonetheless we were ab le  t o  use the  model t o  analyze 
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Encke's behavior: The radar  data on Encke combined wi th  the  f luxes  may be 
used t o  show t h a t  only a t i n y  por t ion  of Enckes surface can cons is t  of 
exposed H20 ice.  Therefore we examined t h e  output of t he  model fo r  Encke 
on a regional bas i s .  The model suggests t h a t  two of the  most anomalous 
behavioral f ea tu re s  of Encke (a p rec ip i tous  drop i n  H20 f l u x  a t  "0.75 cou- 
pled with a model-anomalous low f l u x  f o r  a comet with Encke's radar c ross  
sec t ion)  can bes t  be simultaneouslv f i t  i f ,  during the  incoming leg, Encke 
were 98% covered by a th i ck  mantle but t h a t  an ac t ive  area or l a t i t u d i n a l  
band ex i s t ed  which represented -2 % of the  comet's a rea  and was located a t  
m65°N. 

These r e s u l t s  i nd ica t e  t h a t  th ick ,  permanent mantles, which can change 
a comet i n t o  an a s t e r o i d  l i k e  body, a re  very d i f f i c u l t  t o  i n s t i g a t e  f o r  an 
idea l ized  comet with an i n i t i a l l y  homogeneous nucleus, i n  an Encke o r b i t  
and with "canonical" values of g ra in  s i z e  parameters and dus t - twice  
r a t i o s .  Spec i f ica l ly ,  it i s  not poss ib le  t o  form permanent mantles on such 
idea l ized  shor t  period comets simolv by giving them Encke's current a x i a l  
o r i en ta t ion  and o r b i t  (although f o r  an imagined extreme case of constant 
sun or i en ta t ion  the  model d id  p red ic t  i r r e v e r s i b l e  asymptotic mantle thick- 
ening.) On Encke the p e r s i s t e n t  mantle development process must have been 
abetted by f a c t o r s  not quan t i t a t ive ly  t r ea t ed  i n  our model. The more 
l i k e l y  f a c t o r s  include: 1) i n t e rna l  compositional inhomogeneities involv- 
ing inherent or i n i t i a l  gross departures from the  dust: ice r a t i o  used i n  
the  model, 2 )  agglomeration of gra ins  which can l ead  t o  a discrepancy 
between the  ac tua l  s a i l  area-mass r a t i o  of s i l i c a t e s  and t h a t  cur ren t ly  
suggested by the observations and therefore  input t o  the  model, and 3)  
t h ree  dimensional e f f e c t s  such as t r a n s f e r  of dust  from one area of a comet 
t o  another. 

Although spontaneous o r ig ina t ion  of a permanent mantle on an idea l ized  
homogeneous sho r t  period comet i s  contraindicated,  the  model a l so  ind ica tes  
t h a t  only -3 cm of mantle i s  needed t o  i n s t i g a t e  i r r e v e r s i b l e  asymptotic 
thickening and evolution t o  an asteroid-like body. Because of t h i s ,  
because a t  l e a s t  one l a rge ly  mantled body e x i s t s ,  and because of general 
i n t e r e s t  i n  any poss ib le  genetic l i n k  between cometary and a s t e ro ida l  
ob jec ts ,  we used the  model t o  t r ace  the  long term evolution of a pos tu la ted  
t r a n s i t i o n a l  object.  This ob jec t ,  i n  o r b i t ,  had an i n i t i a l  mantle growth 
of '"1 cm on t he  f i r s t  cycle, and "0.1 cm on the  second. On t h e  t h i r d ,  man- 
t l e  d i s rupt ion  ceased and flow subsequently occurred by Knudsen d i f fus ion  
alone. From then on, u n t i l  t he  end of i t s  l i f e t ime  (now presumably l imi ted  
by c e l e s t i a l  mechanics -not evaporation- t o  0 y a r s )  t he  constantly 
decreasing H 0 f lux  averaged only 3 x g om sec Therefore, if any 
cometary Objects have evolved t o  Apollo objec ts ,  HzO i ce  should s t i l l  be 
ava i lab le  wi th in  a few meters (or even centimeters) of the surface despi te  
innumerable c lose  per ihe l ion  passages. 

8 -5 -f 
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PROPERTIES OF SIMULATED COMET MANTLE 

D r .  F razer  Fanale,  Univers i ty  of H a w a i i ,  D r .  R. Stephen Saunders, D r .  
Bruce Banerdt,  James Stephens and Eric Laue, Je t  Propuls ion  Laboratory,  
Pasadena, CA, and Steve Sut ton ,  Univers i ty  of Michigan 

The p r o p e r t i e s  of f reeze-dr ied d i l u t e  d i spe r s ions  of dus t  i n  water 
ice are of cons iderable  i n t e r e s t  i n  s t u d i e s  of comet nucleus mantles.  
The formation of a "rind" res idue  produced by t h e  subl imat ion  of water 
ice conta in ing  var ious  amounts of f i n e  c l a y  p a r t i c l e s  may be an  
important  process.  

We have attempted t o  s imula t e  t h e  development of t h e  dry dus t  r i nd  
on t h e  su r face  of comets. This  r ind  is t h e  r e s u l t  of p r e f e r e n t i a l  ice 
sublimation. 

We have s tudied  t h e  development and d i s r u p t i o n  of t h i s  r i nd  and i t s  
subsequent l e v i t a t i o n  by water vapor flow. These s imula t ions  were 
achieved by a v a r i e t y  of experimental  approaches. The most i n t e r e s t i n g  
r i n d  s imulant  i s  produced by d i spe r s ing  0.1 micron p a r t i c l e s  of 
montmori l loni te  i n  water i n  concent ra t ions  of lo%,  1%, and 0.1%. These 
d i spe r s ions  are then  sprayed i n t o  l i q u i d  n i t rogen  i n  t h e  form of '100 
micron d rop le t s .  The f rozen  d r o p l e t s  are then  "freeze-dried" i n  a 
vacuum which prevents  t h e  ice temperature from r i s i n g  above -3OOC. 
Sublimation of t h e  n i t rogen  and t h e  water produced dry r inds .  I n  those  
experiments which w e  be l i eve  t o  be the  c l o s e s t  t o  a realist ic s imula t ion  
of cometary condi t ions ,  t h e  most s t r i k i n g  r e s u l t  w a s  t h e  development of 
l a r g e  cohesive matrices of i nd iv idua l  c l a y  p a r t i c l e s ,  and i n  some cases 
a continuous cohesive c r u s t .  Scanning e l e c t r o n  microscope observat ions 
r evea l  t h a t  t h e  material formed by freeze-drying t h e  0.1% d i spe r s ion  
does not r e t a i n  t h e  o r i g i n a l  s p h e r i c a l  shape of t h e  sprayed 100 micron 
d rop le t s ;  i n s t e a d  i t  c o n s i s t s  of a continuous f i lamentary  network, as 
shown i n  t h e  SEM s t e r e o  micrographs. 

The r e s u l t s  of t h e  c o n t r o l  experiments show t h a t  formation of t hese  
r inds  does not  r e q u i r e  t h e  occurrence of cementation processes  involv ing  
t h e  leaching  of sa l t  and t h e i r  subsequent r edepos i t i on  between c l ay  
p a r t i c l e s .  In s t ead ,  s t rong ly  cohesive and even elastic s t r u c t u r e s  can  
apparent ly  be made simply as t h e  r e s u l t  of t h e  flow of co ld  water vapor 
around ind iv idua l  c l a y  g r a i n s  during t h e i r  release from t h e  ice and 
con tac t  w i th  t h e  growing f i l amen t s  t h a t  form tough, f i b r o u s  
s t r u c t u r e s .  One, as ye t  unproven, hypothesis  i s  t h a t  t he  flow of water 
vapor can cause enough electrical charging t o  cause t h e  c l ay  p a r t i c l e s  
t o  assemble i n t o  such f i lamentary  s t r u c t u r e s .  Once assembled, however, 
r e t e n t i o n  t h e  of charge o r  t h e  water does not  appear necessary t o  t h e  
s u r v i v a l  of t h e s e  agglomerates. These f i lamentary  s t r u c t u r e s  were 
examined at l eng th  under t h e  e l e c t r o n  microscope without  a conductive 
coa t ing  (gold o r  carbon) and ye t  p e r s i s t e d  as tough and p l i a b l e  
s t r u c t u r e s .  
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These processes  could play a major r o l e  i n  c r e a t i n g  the  g r a i n  s i z e  
d i s t r i b u t i o n  of silicates launched from t h e  comets and observed i n  t h e i r  
ta i ls .  Thus, an understanding of t h e  processes  involved i n  t h e  
formation and cohesion of t hese  aggregates  may be necessary t o  f u l l y  
i n t e r p r e t  t e l e s c o p i c  observa t ions  i n  terms of t h e  i n t r i n s i c  p r o p e r t i e s  
of t h e  si l icate component as i t  e x i s t s  i n  cometary nuc le i ,  i t s  state as 
a r e s i d u a l  r i n d  on cometary su r faces ,  and i t s  cond i t ion  as it  populates  
cometary dus t  ta i ls .  

A mantle  composed of t h i s  type of material should p 
combination of low thermal conduct iv i ty  and high vap 
These p r o p e r t i e s  combine t o  produce a near ly  opt imal  vapor counter-flow/ 
vacuum-radiation i n s u l a t i o n .  The q u a l i t y  of such i n s u l a t i o n  may impact 
our thermodynamic models f o r  comets and t h e i r  poss ib l e  evo lu t ion  i n t o  
a s t e r o i d s  

F igure  1:  SEM photomicrograph of freeze-dried 100 micron d r o p l e t s  of 
10% d i spe r s ion  of montmori l loni te  i n  water ice. Note t h a t  t he  c l a y  
p a r t i c l e s  i n  t h e  10% c l a y  d i spe r s ion  were i n  contac t  with one another  
and t h a t  t h e  d r o p l e t  s u r f a c e s  are maintained because t h e  p a r t i c l e s  w e r e  
not  f r e e  t o  move during sublimation. 
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B. R. Hawke and J.F. Bell ,  Planetary Geosciences Division, Hawaii I n s t i t u t e  
of Geophysics, Univ. of Hawaii, Honolulu, H I  96822 

Introduction: The Reiner Gamma Formation, an albedo and magnetic ano- 
maly i n  western Oceanus Procellarum, is the  only e a s i l y  observable nearside 
example of the enigmatic lunar  s w i r l  b e l t s ,  Swirls a r e  much more abundant 
on the fa rs ide  where concentrations e x i s t  north and e a s t  of Mare Marginis, 
i n  and near Mare Ingenii ,  near Gerasimovich c ra te r ,  and northwest of the 
Apollo basinlS2.  Early i n t e r e s t  i n  lunar  swirls centered around the  
unusual geometry of the albedo pa t te rns  which i s  markedly d i f f e r e n t  from 
common c r a t e r  rays 2,3. Renewed i n t e r e s t  i n  these unusual fea tures  has fol- 
lowed the determination t h a t  Reiner Gamma and other  s w i r l  concentrations 
a r e  associated with major lunar magnetic Recently, major 
controversies have developed concerning t h e  or ig in  of swirls and t h e i r  
associated magnetic anomalies. Hood and ~ o - w o r k e r s ~ * ~  86 have proposed t h a t  
the Reiner Gamma Formation cons is t s  of unusually magnetic secondary c r a t e r  
e jec ta  associated with the nearby cra te r ,  Cavalerius, or much l e s s  l i k e l y ,  
with Olbers A. According t o  t h i s  model, the formation's magnetism was 
created when shocked and/or heated e jec ta  fragments with abundant Feo 
cooled i n  the presence of a strong magnetic f i e l d .  Reiner Gamma's high 
albedo was a t t r i b u t e d  t o  the lack  of surface darkening because of the 
def lect ion of the so la r  wind by the magnetic anomaly . 6 

An a l t e r n a t i v e  hypothesis suggests t h a t  Reiner Gamma and o ther  swirls 
a r e  the imprints of one or more recent cometary impacts'". According t o  
t h i s  model, streamers of gas and/or dust i n  the inner ccpma struck the  lunar  
surface a t  high veloci ty  and produced major changes i n  the upper regol i th .  
Schultz and c ~ - w o r k e r s ' ~ ~ * ~  proposed t h a t  s w i r l s  a r e  r e l a t i v e l y  young and 
t h a t  the magnetism of Reiner Gamma was induced by the  cometary f i e l d  during 
impact . 

9 In a recent paper , we presented the r e s u l t s  of analyses of near- 
infrared spectra  obtained for various portions 'of Reiner Gamma and sur- 
rounding uni t s .  It was determined t h a t  spectra f o r  br ight  portions could 
be matched by mixtures of 90-95% fresh mare basa l t  and 5-109b f resh high- 
lands material .  These spectra a r e  very d i f f e r e n t  from those obtained f o r  
the mature highlands material  exposed i n  the Cavalerius e j e c t a  blanket and 
fresh highlands material  on the  i n t e r i o r  of Olbers A. No evidence was 
found f o r  the presence of "exotic" components such a s  magnetite, f r e e  iron, 
or cometary material .  

Although these r e s u l t s  placed major cons t ra in ts  on the  dominant 
hypotheses f o r  the or ig in  of Reiner Gamma, it was c l e a r  t h a t  additional 
spectral  data  were necessary, The needed data  were recent ly  obtained and 
the  r e s u l t s  of t h e i r  analysis  a r e  presented here. 

Method: H i g h e t r e s o l u t i o n  vidicon images of the Reiner Gamma region 
were obtained using a s i l i c o n  vidicon camera and processed using the  
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procedure and techniques described by McCord t 1.l'. Multispectral  r a t i o  
images and spectral  u n i t s  maps were prepared l'nlf. New n e a r i n f  rared spec- 
t r a  (0.6-2.5 pm) were acquired f o r  very small areas (1-2 km i n  diameter) 
associated with Reiner Gamma using the W 2.2m telescope a t  the Manna Kea 
Observatory. 11 spectra were processed using the techniques presented by 
McCord e t  a l .  . IP 

Results g& Discussion: The new high-resolution mult ispectral  images 
a r e  generally very similar- t o  the lower resolut ion 0.45/0.56 pm images pre- 
viously presented . Hence none of the fea tures  discussed a r e  due t o  
instrumental or processing a r t i f a c t s .  Of p a r t i c u l a r  i n t e r e s t  i s  the "red 
halo1' which surrounds Reiner Gamma and i s  c l e a r l y  seen i n  the 0.40/0.56 pm 
image. The region exhib i t s  low 0.40/0.56 pm values and has an intermediate 
albedo. Since t h i s  "red halo" appear o r r e l a t e  c losely with the mag- 
ne t ic  anomaly presented by Hood e t  a l .  '*fP19# it  i s  possible t h a t  the halo, 
ra ther  than the  br ight  swirls, may contain magnetized mater ia l .  

9 

N e a r i n f r a r e d  spectra  were obtained f o r  two port ions of the halo. One 
area was north of the s w i r l  and the other  was t o  the south. Analyses of 
these spectra  indicate  t h a t  the halo mater ia l  i s  very s imi la r  t o  loca l ,  
mature mare deposits. Abundant a g g l u t i n i t i c  g lass  i s  present. No "exotic" 
material  was indicated but may be present i n  amounts t o  l e s s  than those 
which we can detect by r e f l e c t i o n  spectroscopy. 

High s p a t i a l  resolut ion spectra were obtained f o r  the br ightes t  por- 
t ions  of the Reiner Gamma Formation. These spectra a re  f o r  areas (3  hm i n  
diameter whereas OUT previous spectra  were for areas  about 5 by 10  Inn i n  
extent.  Inclusion of small patches of darker t e r r a i n  i n  the areas  f o r  
which the previous spectra  were obtained was a major concern. Analysis of 
the new spectra f u l l y  confirm our previous r e s u l t s .  The br ightes t  port ion 
of Reiner Gamma cons is t s  of major amounts of f resh  mare b a s a l t  fragments 
s imilar  t o  those excavated by the nearby c r a t e r  Reiner K. Very minor 
amounts of highlands material  ('"5%) a r e  present. The presence of small 
amounts of highlands debris  i s  not surpr is ing since even l a r g e r  proportions 
of highlands material  were reported f o r  regol i th  samples returned from the 
Appollo 11 and 12 s i t e s  . A l l  of the  mater ia ls  i n  the br ight  areas a r e  
extremely fresh.  No agglutinate-rich surface layer  i s  present,  hence 
Reiner Gamma must have been formed i n  r e l a t i v e l y  recent times. 

14 

suggestions t h a t  Reiner Gamma was somehow re la ted  t o  
Caval:::?' prompted us t o  co l lec t  additional spectra f o r  t h i s  c ra te r .  
Spectra obtained f o r  the i n t e r i o r  of Cavalerius a r e  almost ident ica l  t o  
those of ex ter ior  e j e c t a  deposits. Apparently Cavalerius excavated and 
deposited highlands material  which has weathered t o  maturity. Since the 
composition and maturity level  of Cavalerius-related deposits a r e  q u i t e  
d i f f e r e n t  from those of the br ight  port ion of the Reiner Gamma Formation, 
(mature highlands vs. f resh  mare) a r e l a t e d  o r i g i n  seems unlikely.  

The s imi la r i ty  i n  albedo of Olbers A ray deposi ts  t o  t h a t  of Reiner 
Gamma has been noted an# an associat ion between Olbes A c r a t e r  and Reiner 
Gamma has been suggested . Olbers A i s  a very fresh,  bright-rayed, l a t e  
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Copernican impact c r a t e r  which i s  located i n  t h e  highlands about 400 km 
west-northwest of Reiner Gamma. 

To f u r t h e r  i nves t iga t e  t h i s  question, spec t ra  were obtained f o r  
several a reas  along the  well-developed NE-trending Olbers A ray system i n  
western Oceanus Procellarum a s  wel l  a s  for nearby f r e sh  mare c r a t e r s  and 
mature mare surfaces.  The ray spec t ra  a r e  d i f f e r e n t  from those of both the  
parent c r a t e r  and the  Reiner Gamma Formation. This r e s u l t  suggests t h a t  
Reiner Gamma i s  not a product of the  Olbers A impact event. 

A previously unident i f ied  swirl-like f ea ture  i n  the  cen t r a l  highlands 
was pointed out  t o  us by Dr. P. Schultz. This f ea tu re  is loca ted  j u s t  west 
of Airy c r a t e r  a t  3OE, 18OS and e x h i b i t s  b r igh t  a reas  a s  wel l  a s  a dark 
lane. Spectra were obtained f o r  the  b r i g h t e s t  por t ion  of t h e  swirl-like 
f ea tu re  and the  nearby c r a t e r  Argelander D. The spec t ra  a re  iden t i ca l  and 
t h e i r  c h a r a c t e r i s t i c s  i nd ica t e  t h a t  immature, feldspar-rich highlands 
mater ia l  a r e  present i n  each area. 

Conclusions: The r e s u l t s  of analyses of n e a r i n f r a r e d  re f lec tance  
spec t ra  a r e  incons is ten t  with numerous previous in t e rp re t a t ions  of t he  
Reiner G ma Formation. These include: 1 )  n 6 rdente or volcanic ash 
depositsR, 2) volcanica l ly  derived sublimates I5,la7, 3 )  high albedo vol- 
canic deposits15, and 4)  highlands deb r i s  emplaced a These 
r e s u l t s ,  a s  we l l  a s  those of Schultz and co-workers s D 7 . p D  s t rongly  suggest 
t h a t  the  s e l e c t i v e  preservation of high albedo f ea tu res  (formed by secon- 
da r i e s )  by a loca l  magnetic f i e l d  enhancement i s  not a v iab le  hypothesis. 
Our r e s u l t s  a r e  generally cons is ten t  wi thr  but p l a  e c n s t r a i n t s  on, t he  
cometary impact hypothesis of Schul t z  and co-workers While the  pres- 
ence of a magnetized component was not detected i n  e i t h e r  the  b r igh t  or 
dark por t ions  of the Reiner Gamma Formation, t h i s  mater ia l  may be present 
i n  amounts under our cur ren t  de tec t ion  l i m i t s .  

i m  a c t  e j ec t a .  

References: 1 )  P. Schultz and L. Srnka (1980) Nature 284, 22; P. 
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THE PERIHELION BRIGHTNeSS SURGE OF SHORT-PERIOD COMETS 
Wolfe, R. F., U.S. Geological Survey, F l ags t a f f ,  AZ; Degewij, J., Technical 
College f o r  Computer Sciences, The Netherlands; Shoemaker, E. M., U.S. 
Geological Survey, F l ags t a f f ,  AZ 

Within 0.5 U of t h e i r  pe r ihe l i a ,  t h e  reduced nuclear magnitudes of 
r e l a t i v e l y  a c t i v e  short-period comets observed by E. Roemer show similar 
curves of r e l a t i v e  brightness when p lo t ted  aga ins t  the  parameter distance from 
the sun minus periheZim distance. * The shapes of these curves are independent 
of per ihe l ion  d is tance ,  which ind ica t e s  t h a t  t he  response of per iodic  comets 
t o  in so la t ion  i s  c lose ly  adjusted t o  t h e i r  present o rb i t s .  Apparently a l ag  
deposit  with a v o l a t i l e  content equ i l ib ra t ed  t o  the  in so la t ion  maximum i s  
formed on the  surface of each comet. 
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CHARACTERIZATION OF SURFICIAL GEOLOGIC UNITS ON VENUS FROM PIONEER VENUS 
RADAR DATA: A PROGRESS REPORT 
P.A. Davis, G.G. Schaber, and H. Masursky, U.S. Geological Survey, 
Flagstaff, AZ 86001 

Our previous research efforts on Venus have concentrated on 
statisical classification of Venus’ surficial units by linear discriminant 
cluster analysis of the Pioneer Venus radar data [1,2]. Four databases 
have been used in the classification process: altimetry, rms slope 
(surface roughness), topographic slope derived from the altimetry data 
[2 ] ,  and reflectivity either derived from the altimetry data or obtained 
from the 8x8 side-looking imaging mode. 
not used in the same classification because their mutual inclusion would 
give double weighting to reflectivity. 
were used in the classification in order to provide as much discrimination 
as possible between surficial units; however, the results from this number 
of data sets proved to be difficult to interpret in terms of each 
database‘s relative contribution to the resultant cluster units. The 
absence of a clear understanding, beyond theoretical considerations, of 
the geologic significance of each radar database and their interrelations 
in nature added to the ambiguity of the classification results. 

Both reflectivity databases were 

As many as four radar databases 

In order to simplify the interpretation of the classification 
results, by reducing to three the number of variables for the 
classification process, but still retaining the discriminatory power of 
the results, principal-comp9nent analysis was performed on each pair of 
Pioneer Venus databases. The principal component that retains the most 
variance of a pair of databases was deemed a suitable substitute database 
for the classification procedure. Of the four databases listed above 
(disregarding 8x8 reflectivity because of its smaller coverage), the first 
principal component of altimetry and topographic slope resulted in the 
highest retention of variance (80 percent) among the pairs of databases, 6 
to 14 percent higher than that for the other database pairs. This result 
is expected because the topographic slope database was produced from the 
altimetry data. Even though the topographic slope data are a byproduct of 
the altimetry data, the topographic slope data show more variation or 
detail in the higher elevations than the altimetry data, but the altimetry 
data show more detail in the lower elevations than the topographic slope 
data. The first principal component of these two databases retains the 
detailed variations at higher elevations displayed by the topographic 
slope data, and also the detailed variation in the lower elevations 
displayed by the altimetry data. 

With the reduction of the radar databases to three, we now plan to 
produce a classification database using the reflectivity (derived from the 
altimetry data), rms slope, and the first principal component of altimetry 
and topographic slope. We will then examine the resultant clustered data 
qualitatively as well as quantitatively, to establish the statistical 
integrity of each cluster by use of an interactive, ternary plotting 
algorithm. This algorithm plots, for a cluster, the position of each of 
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its pixels within a ternary diagram whose apices represent reflectivity, 
rms slope, and the first principal component. The digital values in these 
three databases have been normalized such that unity is represented by a 
value of 255 in each database. The frequencies of each plotted point 
within the ternary diagram are recorded in order to establish the mode of 
each cluster. The pixels of each cluster are displayed as one separate 
color; their ternary plot will show not only the interrelations between 
clusters, but also the presence of any anomalous points within a cluster. 

Once the pixels of each cluster are displayed within the ternary 
diagram, the cursor can be used to designate individual points or to draw 
a polygonal area around a group of points for further qualitative and 
quantitative examination. Qualitatively, the indicated point or polygonal 
area is highlighted on the displayed databases to determine its spatial 
relation to the other pixels within the cluster and the possible geologic 
significance of either its separation from or inclusion in an existing 
cluster. Quantitatively, the digital values in the three databases for 
the indicated point are listed, or the frequency, mean and standard 
deviation of a polygonal area are listed, in order to determine the 
statistical significance of the points in relation to their predetermined 
cluster unit and the other cluster units in the classification database. 

At this same time, we will be using existing lunar and terrestrial 
analog radar data to establish fields within this ternazy diagram that are 
indicative of as many different geologic materials and tectonic settings 
as possible. We will then use the resultant fields to determine 
empirically the geologic significance of the clusters resulting from the 
cluster analysis. We will check the results of this empirical examination 
for internal consistancy as well as for their consistancy with existing 
radar theory. This entire process should result in a better understanding 
of the Venus radar data, as well as the geologic and tectonic environments 
on Venus. 

REFERENCES: 
[I] Schaber, G.G., Kozak, R.C., Davis, P.A., and Eliason, E.M. (1982) 

Venus Pioneer: Ratios and composite maps of altimetry, RMS slopes and 
the Fresnel reflection coefficient (abs.): Lunar and Planetary 
Science XITI, Lunar and Planetary Institute, Houston, p. 683-684. 

[ 2 ]  Schaber, G.G., Davis, P.A. ,  Kozak, R.C., and Eliason, E.M. (1982) 
The tectonics and surface roughness of Venus: A progress report 
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WIND ABRASION ON VENUS: A MEANS FOR EXPERIMENTAL INVESTIGATIONS 
Ronald Greeley, Department of Geology, Arizona State University, Tempe, A 2  85287, and John R. Marshall, 
Department of Physics, University of Santa Clara, CA 95053 

Aeolian activity probably occurs on Venus and may be one of the few-if not the sole- 
surface-modifying process. We have completed a study to determine the feasibility of conduc- 
ting experiments to simulate the aeolian environment on Venus as related to wind abrasion. 
Ideally, such experiments should involve complete investigation of weathering, in which me- 
chanical, thermal, and chemical parameters are taken into account. This is particularly impor- 
tant for Venus, where atmospheric temperatures and pressures at  the surface produce an 
environment which is equivalent to low or medium grade metamorphic conditions on Earth. 
In this report, we present some details of the Venus Aeolian Abrasion Device (VAAD; Fig. 1)- 
an apparatus presently under consideration to study the weathering and erosion of rocks on 
Venus which are subject to aeolian processes. VAAD would enable experiments to be con- 
ducted with the same chemistry, temperature, pressure, and other physical properties of the 
Venus atmosphere near the surface. 

The proposed device enables the important aeolian parameters to  be controlled and moni- 
tored, including particle size, velocity, impact-angle and flux, atmospheric pressure, tempera- 
ture, and gas composition. Particles are directed toward rock targets as they would be in 
nature. There are no sources of atmospheric contamination other than potential reactions 
with the chamber materials; these reactions are minimized by the use of high-grade stainless 
steel and titanium- and gold-coated components where applicable. Figure 2 shows details of the 
abrasion chamber where rock targets are bombarded with particles. The particles are fired 
downwards at a target from position A by a gas flow which enters through a mesh at M, and 
exhausts through a mesh at  M, . After impact, the particles fall to the bottom of the chamber at 
B and are then recycled to position A by a reverse gas flow from M2 to M1. Controlled flow 
rates in both directions enabled flux and impact velocity to be varied systematically. Access to 
the abrasion chamber is obtained, by removal of the pressure vessel end plate, followed by 
actuation of a pneumatic cylinder built into the main ‘‘push-pull” shaft. This ejects the 
bellows/abrasion chamber unit from the pressure vessel while maintaining a rigid mounting for 
the unit during chamber inspection. Atmospheric composition in the abrasion chamber can be 
monitored during an experiment either by remote wavelengthanalysis techniques or by direct 
sampling methods. Gas flow is generated by two linked, reciprocating bellows (one on each 
side of the abrasion chamber) which are driven by a pneumatically-controlled shaft. To one of 
the bellows is attached a gas reservoir containing a high concentration of the minor, potentially 
reactive constituents of the Venus atmosphere: HC1, HF, H2S04, H 2 0 .  These gases can be 
released in controlled quantities into the abrasion chamber/bellows system at any time during 
an experiment. 

The abrasion chamber, bellows and reservoir comprise one sealed unit which is contained 
within a pressure vessel. Venus temperature (730 K) is achieved by beating elements wrapped 
around the pressure vessel. The latter also contains C02 reservoir tubes which are maintained 
at a pressure somewhat greater than 95 bar; they are linked externally through a regulator to 
the pressure vessel to  maintain a constant pressure in the system. The shaft operating the 
bellows passes through a bearing at the end of the pressure vessel and connects directly to a 
pneumatic cylinder. Continuous action of the cylinder is achieved by an automatically- 
actuated, pneumatic spool-valve. The pneumatics incorporate a counter which registers the 
number of particle-impact cycles. It also incorporates a reciprocating-piston delay system 
which enables ‘‘relaxation” time between cycles for particle settling in the abrasion chamber. 
Calibration of particle velocity and flux are obtained via high-speed motion pictures taken 
through a glass port. During filming, the chemically-resistant metal front of the abrasion 
chamber is replaced by a glass plate. 

VAAD can produce gas flows of any speed up to  20 m/s and these are highly reproducible 
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for each impact cycle because the gas volume is confined by the bellows and the bellows are 
operated by an essentially invariable mechanism. The large velocity range enables tests to be 
conducted at 1 bar with particle speeds typical of terrestrial environments to  serve as experi- 
mental controls. 

Measurements of target abrasion would be accomplished in two ways: 1) the target would 
be weighed before and after each run; however, this technique may require extremely long runs 
because of the low particle speeds on Venus; weight loss also may be affected by the high 
temperatures through dehydration and chemical alteration of minerals, or thermally-induced 
mechanical damage; 2) The second method involves the use of a stylus-profiling technique 
which provides topographic profiles of surface damage at a resolution of one micron. In addi- 
tion, both targets and particles will be examined with the scanning electron microscope to 
discern the nature of any mechanical, thermal, and chemical damage. 

It is also planned to conduct atmospheric chemistry experiments as part of the investigation. 
By continuously monitoring gas chemistry, it should be possible to determine gases released 
into the atmosphere or extracted from the atmosphere by rocks and particles in the chamber. 
Such experiments would provide insight into the origin of atmospheric constituents on Venus 
by determining, for example, the atmospheric/lithospheric interactions for a quiescent environ- 
ment (no aeolian action) and comparing them with interactions for a mobile surface (wind- 
blown particles) where fresh material is continuously exposed to the reactive environment. 
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AEOLIAN PROCESSES ON VENUS 
Ronald Greeley, Department of Geology and Center for Meteorite Studies, Arizona State University, Tempe, AZ 85287 

Aeolian processes were predicted for Venus by Ronca and Green (1970) from considerations of the surface 
environment. Subsequently, Sagan (1975), Hess (1975), Iversen et al. (1976), and Iversen and White (1982) 
predicted the minimum wind friction speeds required to entrain particles on Venus based principally on extra- 
polation from experiments performed under terrestrial conditions. In 1975 the Soviet landers, Veneras 9 and 
10, measured Venusian wind speeds of 0.5 to 1 m/s at the height of the wind sensors (-1 m above the surface). 
More recent measurements of wind speeds obtained by the Pioneer-Venus atmospheric probe imply a surface 
wind speed of 1 to 2 m/s (Counselman et al., 1979). Although it is difficult to convert these measurements to  
surface wind friction speeds (u,) without detailed knowledge of the wind speed profile and surface roughness, 
these values are well within the range predicted as necessary for particle movement. Venera images of the sur- 
face show rock slabs, rock fragments several cm across, and fines (<1 em), which could all contribute material 
in the size range appropriate for aeolian activity. Further evidence of fine particles on the Venusian surface is 
discussed by Garvin (1981) based on Venera and Pioneer Venus data which suggest that particles 18 to 30 /.m 
in diameter were raised as dust clouds by the landers and the probe. Thus, both requirements for aeolian 
processes-small particles and winds of sufficient strength to move them-appear to be met on Venus. Given the 
possibility of aeolian transportation of surface materials, several questions may be asked: 

1. 

2. 

3. 

4. 

What is the nature of particle movement on Venus? For example, what are the velocities and trajectories 
of entrained particles? Are the particles sufficiently energetic to cause abrasion of rocks and concommitant 
particle attrition and comminution? 
What is the sedimentary “budget” on Venus if materials are transported by wind? Do certain regions act 
predominantly as source areas while others act as regions of deposition? 
Does the transport of material give rise to familiar aeolian bedforms such as ripples and dunes? If so, 
what are the characteristics of these sedimentary features? 
Is the transported material in sufficient quantity to cause significant chemical changes of surface deposits 
and of the composition of the atmosphere? 

Many of the questions regarding aeolian processes on Venus and the subsequent implications for surface 
history involve understanding the physics of particle motion in the Venusian environment. The approach in 
this investigation is to simulate the surface environment of Venus as closely as practicable using the Venus 
Wind Tunnel (Greeley et al., 1981) and to determine threshold wind speeds, particle flux, particle velocities, 
and the characteristics of various aeolian bedforms. 

Results from experiments run thus far have implications for several aspects of the surface evolution of 
Venus, as related to the questions posed above. On Earth and Mars, aeolian processes play a significant role 
in surface modification by erosion and deposition. I t  has been suggested that aeolian processes on Venus may 
transport weathered material from the highlands into low regions to form the extensive lowland plains observed 
via radar (Warner, 1980; McGill et al., 1983). The experiments show that despite the relatively low wind 
speeds on Venus, the flux of windblown material on Venus is potentially high and that a high fraction of 
material is transported as surface creep by rolling; estimates yield rates up to 100 kg per cm lane width per year 
depending upon the availability of material and wind frequency, suggesting that the formation of lowland plains 
by aeolian processes and the burial of various landforms such as impact craters could occur on short geological 
time-scales. This result also has bearing on the atmosphere. Aeolian activity has been suggested by Nozette and 
Lewis (1982) as the mechanism for geochemical “buffering” of the Venusian atmosphere. They suggest that 
calcium- and magnesium-rich weathering products are generated from igneous rocks and are transported by 
surface winds. During entrainment, the fine-grained, windblown weathering products react with the atmosphere 
to produce the observed abundances of CO,, H,O, SO,, and HF. Thus, given the potentially high flux of 
aeolian particles, this model of atmospheric buffering may well account for the observed composition of the 
Venusian atmosphere. 

Ripple marks have been reported from analysis of Venera 13 and 14 images (Florensky et al., 1983). Wind 
tunnel studies have also been conducted to assess the characteristics of various bedforms which might form in 
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the Venusian environment. Because of the dense atmosphere on Venus, the morphologies of some aeolian 
erosional and depositional features may be different from those found on Earth. For example, the geometry of 
ripples is at least partly related to the trajectory path of grains in saltation (Bagnold, 1941; Sharp, 1963). 
Estimates by Greeley et al. (1980) and White (1981) suggest that the saltation path lengths of grains on Venus 
are relatively short, which in turn implies that the wavelength of ripples may also be relatively short-perhaps 
a few centimeters-in contrast to ripples on Earth which have typical wavelengths of 10-15 cm. Wave-like struc- 
tures of various configurations have been observed to form in the Venusian experiments. They have approxi- 
mately the same height and wavelength as terrestrial ripples although their geometry is somewhat different. 
Because of the very short saltation path lengths at Venusian atmospheric density, these wave-like structures 
may, in fact, be small dunes, rather than ripples. It is yet to be determined whether or not these particular 
features are indeed Venusian analogues of terrestrial bedforms. 

In summary, aeolian processes appear to be active on Venus at present and are likely to have been active 
in the past. Wind tunnel simulations demonstrate that aeolian processes may be very effective in modifying the 
surface through erosion and deposition and may have an important influence on the composition of the 
atmosphere. 
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NEW MAPS OF LAKSHMI PLANUM AND EASTERN APHRODITE, VENUS 
George E. M c G i l l ,  Department of Geology and Geography, 

Univers i ty  of  Massachuset ts ,  Amherst, MA 01003 

All c u r r e n t  models f o r  t h e  thermal  s t r u c t u r e  of Venus p r e d i c t  a ho t  
and t h i n  l i t hosphe re ;  t h i s  imp l i e s  a p o s i t i v e  buoyancy f o r  t h e  l i t h o -  
sphere  (1) and thus  t h e  absence of s l a b  p u l l ,  one of t h e  f a v o r i t e  
d r i v i n g  f o r c e s  f o r  p l a t e  t e c t o n i c s  on Ear th .  Furthermore, n e i t h e r  
Pioneer Venus a l t i m e t r y  nor  r a d a r  images from Ear th  and from Pioneer  
Venus support  t h e  presence of an  Ear th- l ike  system of p l a t e - t ec ton ic  
landforms (2) even though t h e  d a t a  are capable  of r e so lv ing  many of 
t hese  landforms i f  they were p resen t  ( 3 ) .  

Two opposing viewpoints  have developed regard ing  Venus t ec ton ic s :  
1) Venus is a one-plate  p l ane t ,  and i t s  t e c t o n i c  s t y l e  is dominated by 
h e a t  loss  through hot  s p o t s  ( 4 ) ,  o r  2) Venus is cha rac t e r i zed  by many 
s m a l l  l i t h o s p h e r i c  p l a t e s ,  and i t s  t e c t o n i c  s t y l e  is dominated by h e a t  
loss along fas t - spreading  d ivergent  boundaries  (5) .  Nei ther  of t h e s e  
would produce g loba l -sca le  landforms l i k e  those  due t o  modern-Earth 
p l a t e  t e c t o n i c s .  It is i n t e r e s t i n g  t o  no te  t h a t  t h e  same two hypotheses 
have been proposed by va r ious  persons t o  expla in  t h e  t e c t o n i c  s t y l e  of 
Earth during t h e  Archean when r a d i o a c t i v e  h e a t  genera t ion  w a s  several 
t i m e s  g r e a t e r  than  now. 

I n t e r e s t  on Venus has  centered  on t h r e e  regions:  11 Aphrodite 
Terra, e s p e c i a l l y  east of t h e  main upland po r t ion ,  2) I s h t a r  Terra, 
e s p e c i a l l y  Lakshmi Planum and i ts  bounding sca rp  and mass i f s ,  and 
3) Beta Regio-Phoebe Regio. The l a s t  reg ion  is topographica l ly  s imi la r  
t o  t h e  East Afr ican  r i f t  system, and has  been i n f e r r e d  t o  have a similar 
t e c t o n i c  o r i g i n  (6) .  
t e c t o n i c  zone ( 7 )  t h a t  seems b e s t  explained as due t o  ex tens ion ,  and t h a t  
may r ep resen t  ho t  s p o t s  c l u s t e r e d  a long  an i n c i p i e n t  d ivergent  p l a t e  
boundary. The most i n t e r e s t i n g  and complex po r t ion  of t h i s  t e c t o n i c  zone 
i s  t h a t  p a r t  of e a s t e r n  Aphrodite between T h e t i s  Regio and A t l a  Regio. 
I n  c o n t r a s t ,  t h e  Lakshmi Planum region  has  many topographic  charac te r -  
istics sugges t ing  t h a t  i t  is  a t r u e  con t inen t ,  and thus i n d i c a t i v e  of 
convergence and a t h i c k  c r u s t  ( 4 ,  8).  

The Aphrodite reg ion  i s  p a r t  of a 21,000 km long 

Figures  1 and 2 are new, d e t a i l e d  topographic contour  maps of 
e a s t e r n  Aphrodite Terra and of Lakshmi Planum. 
i n  order  t o  make them a v a i l a b l e  t o  those  i n t e r e s t e d  i n  t h e  t e c t o n i c  s t y l e  
of Venus. 

They are publ ished he re  
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VENUS BANDED TERRAIN: EVALUATION OF TECTONIC MODELS FOR THE O R I G I N  
OF BANDING. Sean C. Solomon, Dept. o f  E a r t h  and Space Sciences and I n s t i t u t e  
o f  Geophysics and P lanetary  Physics, U.C.L.A., Los Angeles, C A  90024 
(Permanent address: Dept. o f  Ear th  and P lanetary  Sciences, M.I.T. , Cambridge, 
MA 02139); and James W. Head, Dept. o f  Geologica l  Sciences, Brown U n i v e r s i t y ,  
Providence, R I  02912. 

o f  t h e  t e r r e s t r i a l  p lanets ,  a r e  t h e  dominant mechanism o f  l i t h o s p h e r i c  heat 
l o s s  [l] and t h e  o r i g i n  o f  h i g h l a n d  and mountainous t e r r a i n  [2]. A v a i l a b l e  
topograph ic  [3] and imaging [4] da ta  f o r  Venus a r e  a t  t o o  coarse a r e s o l u t i o n  
t o  decide unequ ivoca l l y  whether Venus d i s p l a y s  f e a t u r e s  d i a g n o s t i c  o f  l a r g e -  
s c a l e  h o r i z o n t a l  mot ions and p l a t e  r e c y c l i n g  as on Earth, o r  i s  more l i k e  t h e  
s m a l l e r  one-p late p l a n e t s  w i t h  more l i m i t e d  h i s t o r i e s  o f  volcanism and 
p r i m a r i l y  v e r t i c a l  t e c t o n i c s .  The h i g h l a n d  reg ions  o f  Venus, and i n  
p a r t i c u l a r  t h e  mountain b e l t s  o f  I s h t a r  Terra [ Z ] ,  a r e  u n l i k e  t e r r a i n  on t h e  
one-p la te  p l a n e t s  and a t  l e a s t  s u p e r f i c i a l l y  resemble most c l o s e l y  t h e  
c o n t i n e n t s  and mountain ranges o f  t h e  Earth, 

Recent images o f  I s h t a r  Terra ob ta ined a t  3 km radar  r e s o l u t i o n  by t h e  
Arec ibo Observatory [SI show t h a t  t h e  mountain b e l t s  o f  I s h t a r  a r e  charac ter -  
i z e d  by a s e r i e s  o f  l i n e a r  bands o f  a l t e r n a t i n g  g r e a t e r  and l e s s e r  r e f l e c -  
t i v i t y .  The bands a r e  g e n e r a l l y  a l i g n e d  w i t h  t h e  l o n g  a x i s  of t h e  mountain 
ranges, and t h e  o u t l i n e s  o f  t h e  b r i g h t e s t  banded t e r r a i n  g e n e r a l l y  c o i n c i d e  
w i t h  t h e  topograph ic  contour  d e f i n i n g  t h e  mountain u n i t s .  Spacing between 
ad jacent  bands i s  somewhat v a r i a b l e ,  b u t  15 t o  20 km i s  a t y p i c a l  va lue [S]. 

A number o f  hypotheses have been considered f o r  t h e  o r i g i n  o f  these 
bands, i n c l u d i n g  wind a c t i v i t y ,  mass wasting, volcanism, and tectonism; t h e  
d e t a i l e d  geometry o f  t h e  bands and t h e  r e l a t i o n s h i p  o f  banded t e r r a i n  t o  
topography suggest t h a t  a t e c t o n i c  o r i g i n  i s  most l i k e l y  [ S I .  
we consider  two types  o f  q u a n t i t a t i v e  t e c t o n i c  models f o r  t h e  fo rmat ion  of 
band s t r u c t u r e :  f o l d i n g  models and ex tens iona l  models. Our goals a r e  t o  t e s t  
t h e  v i a b i l i t y  o f  each t y p e  o f  model, t o  determine t h e  i m p l i c a t i o n s  o f  each 
model f o r  t h e  mechanical p r o p e r t i e s  o f  t h e  Venus c r u s t ,  and t o  assess whether 
a d d i t i o n a l  i n s i g h t  may be gained i n t o  t h e  coupled issues  o f  t h e  mechanism o f  
Venus heat l o s s  and t h e  o r i g i n  o f  Venus mountain b e l t s .  

I f  t h e  bands are  f o l d s  i n  t h e  u n d e r l y i n g  rock u n i t s ,  
analogous t o  f o l d s i n  t e r r e s t r i a l  mountain b e l t s ,  then t h e  band spacing may be 
used t o  i n f e r  bo th  t h e  t h i c k n e s s  o f  t h e  l a y e r  t h a t  underwent f o l d i n g  and t h e  
magnitude o f  t h e  compressive s t r e s s  t h a t  ac ted  t o  induce t h e  f o l d s  [S I .  For  a 
s i n g l e  e l a s t i c  l a y e r  o f  t h i c k n e s s  T, Young's modulus E, and Poisson 's  r a t i o  v 
o v e r l y i n g  an i n v i s c i d  f l u i d  o f  d e n s i t y  p i n  a g r a v i t a t i o n a l  f i e l d  o f  
a c c e l e r a t i o n  g, t h e  wavelength h o f  f o l d  growth a t  t h e  l e a s t  va lue o f  
h o r i z o n t a l  compressive s t r e s s  Q i s  r e l a t e d  t o  T by [6] 

I n t r o d u c t i o n .  Two major  unsolved problems f o r  Venus, t h e  most E a r t h - l i k e  

I n  t h i s  paper, 

F o l d i n g  Models. 

and t h e  c r i t i c a l  compressive s t r e s s  i s  

where y = pg, B = E/12(1-v2), and A = 1. 
v = 0.25, p = 3 g/cm3, and E i n  t h e  range 1 O l 1  t o  1012 dyne/cm2. 
h = 15-20 km from t h e  observed band spacing g ives  T = 0.5 - 1.5 km and 
Q = 1.5 - 4 kbar. 

For Venus, we t a k e  g = 887 cm/s2, 
Using 
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The large,  and perhaps excessive, value o f  compressive s t r e s s  r e q u i r e d - t o  
induce f o l d i n g  o f  a s i n g l e  l a y e r  a t  t h e  observed wavelength o f  t h e  bands may 
be reduced i f  t h e  f o l d e d  member c o n s i s t s  o f  a s tack o f  l a y e r s  between which 
t h e  f r i c t i o n  i s  zero. I n  t e r r e s t r i a l  mountain b e l t s ,  such l a y e r i n g  occurs 
th rough a sequence o f  sedimentary u n i t s  o f  d i f f e r i n g  mechanical p r o p e r t i e s ;  on 
Venus such l a y e r i n g  might  be a t  l e a s t  p a r t l y  o f  v o l c a n i c  o r i g i n .  For  n l a y e r s  
of t o t a l  t h i c k n e s s  T f o l d e d  together ,  (1)  and (2)  s t i l l  h o l d  except A = n2I3.  
For  n = 10 (IO), (T i s  reduced by a f a c t o r  o f  4.6 (?1.5), and T i s  increased 
by t h e  same f a c t o r .  Me conclude t h a t  f o l d i n g  i s  an acceptable exp lanat ion  f o r  
t h e  bands, and t h a t  t h e  r e q u i r e d  s t resses  a r e  reasonable as l o n g  as t h e  f o l d e d  
u n i t  has some i n t e r n a l  l a y e r i n g .  

Extens ional  Models. We nex t  eva lua te  t h e  hypothes is  t h a t  t h e  banded 
t e r r a i n  a r i s e s  b y m s p h e r i c  extension, i.e., t h a t  t h e  banded reg ions  have a 
basin-and-range t y p e  s t r u c t u r e .  Such extens ion may a l s o  a r i s e  f rom t h e  
spreading o f  mountain u n i t s  under t h e  i n f l u e n c e  o f  g r a v i t y ;  because o f  t h e  
h i g h  sur face  temperature o f  Venus, such spreading may occur by v iscous creep 
a t  much more r a p i d  r a t e s  than on Ear th  [7]. 
a r e  n o t  p r imary  f e a t u r e s  assoc ia ted  wi th t h e  o r i g i n  o f  t h e  mountain b e l t s ,  b u t  
r a t h e r  secondary f e a t u r e s  produced d u r i n g  t h e i r  l a t e r  m o d i f i c a t i o n .  

As a bas is  f o r  severa l  ex tens iona l  models we begin w i t h  t h e  hypothes is  o f  
Vening-Meinesz [8] t h a t  once an e l a s t i c - b r i t t l e  l a y e r  under extens ion f a i l s  
a long a through-going normal f a u l t ,  s l i p  on t h a t  f a u l t  w i l l  induce bending 
s t resses  i n  t h e  p l a t e  on e i t h e r  side. I f  ex tens ion  cont inues, t h e  nex t  f a u l t  
w i l l  form where t h e  h o r i z o n t a l  bending s t r e s s  i s  most extens ional ,  Th is  
t h e o r y  has been used s u c c e s s f u l l y  t o  p r e d i c t  t h e  w id ths  o f  c o n t i n e n t a l  r i f t s  
[8,9]. As a p p l i e d  t o  Venus, we cons ider  t h r e e  a l t e r n a t i v e s :  
wavelength o f  Venusian bands equals t h e  graben width;  ( i i )  once a graben 
forms, t h e  nex t  ad jacent  graben forms i n  a p o s i t i o n  o f  f a v o r a b l e  bending 
s t r e s s ;  ( i i i )  ex tens ion  occurs by i m b r i c a t e  normal f a u l t i n g  r a t h e r  than by 
horst-and-graben format ion.  These a l t e r n a t i v e s  y i e l d  s l i g h t l y  d i f f e r e n t  
r e l a t i o n s  between t h e  t h i c k n e s s  T o f  t h e  e l a s t i c / b r i t t l e  l a y e r  and t h e  band 
wavelength 1: A l l  f o l l o w  equat ion ( l ) ,  w i t h  A = 4 f o r  case ( i ) ,  A = 1.18 f o r  
case ( i i ) ,  and A = 10.1 f o r  case ( i i i ) .  For X = 15-20 km, these a l t e r n a t i v e s  
g i v e  T = 0.5-7 km. 

A d i f f e r e n t  model f o r  basin-and-range s t r u c t u r e  has been proposed [ l o ]  
based on t h e  ex tens iona l  neck ing  o f  a p l a s t i c  sur face  l a y e r  o v e r l y i n g  a 
s u b s t r a t e  t h a t  deforms by power-law creep, Ry t h i s  model, t h e  r a t i o  o f  t h e  
wavelength o f  neck ing  t o  t h e  t h i c k n e s s  o f  t h e  sur face  l a y e r  i s  i n  t h e  range 
3.4 t o  4 [ lo ] ;  X = 15-20 km corresponds t o  T = 4-6 km. 

Conclusions. A t e c t o n i c  o r i g i n  f o r  Venus banded t e r r a i n  i s  c o n s i s t e n t  
w i t h  band spacing. Both compressional ( f o l d i n g )  and ex tens iona l  models f o r  
band fo rmat ion  can f i t  present  observat ions.  Band spacing cannot t h e r e f o r e  
d i s t i n g u i s h  among scenar ios f o r  g loba l  heat l o s s  and f o r  t h e  o r i g i n  o f  
h i g h l a n d  t e r r a i n  111. The p r i n c i p a l  new r e s u l t  i s  t h a t  t e c t o n i c  models f o r  
band fo rmat ion  i n d i c a t e  t h a t  t h e  s u r f i c i a l  b r i t t l e  l a y e r  i n  t h e  Venus 
h igh lands  i s  no more than a few k i l o m e t e r s  t h i c k .  

By t h i s  explanat ion,  t h e  bands 

( i )  t h e  h a l f -  

References: S.C. Solomon and J.W. Head, JGR, 87, 9236, 1982; [2] H. 
Masursky e t  a1 JGR, 85, 8232, 1980; [37 G. H.etcngill e t  al., JGR, 85, 
8261, 1980; C4j'D.B. CGpbe l1  and B.A. Burns, JGR, 85, 8271, 1980; Dx. 
Campbell e t  a l .  , Science, submit ted,  1982; [ 6 ~ M . ~ o h n s o n ,  Phys ica l  
Processes i n  Geology, Freeman Cooper, 1970; [7] 3. Weertman, PEPI ,  19, 197, 
' 1 9 7 9 ; ' W . A .  Heiskanen and F.A. Vening Meinesz, The Ear th  a m t s - & a v i t y  
F i e l d ,  McGraw-Hi 11 , 1978; [?I] M.H.P. B o t t ,  T e c t o n o ~ s ~ 3 7 ~ 1 ~ 0 ]  - 
R.C. F l e t c h e r  and B. H a l l e t ,  - JGR, i n  press, 1982. 
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V E N U S :  
J.B. Garvin ,  J.W. Head, M.T. Zuber and P ,  Helfenstein, Dept. o f  Geologi- 
cal Sciences, Brown Univ. , Providence, RI 02912 

THE NATURE OF THE SURFACE FROM V E N E R A  PANORAMAS 

Images of the surface of Venus obtained by the Soviet Venera 9 ,  10, 
13 and 14 landers have been analyzed t o  provide a basis for  understanding 
the nature of geologic processes operating there. 
landed in the Beta-Phoebe region a t  median elevations i n  the upland rol- 
l i n g  plains province. The landing points are each separated by distances 
of more than a thousand kilometers, The Venera panoramas were digit ized 
and transformed i n t o  various perspectives i n  order t o  f a c i l i t a t e  analysis 
and comparison with other planetary surfaces, Bedrock i s  exposed a t  the 
Venera 10,  13 and 14 s i t e s  and is  characterized by semi-continuous, f l a t  
polygonal t o  subrounded patches u p  t o  several meters in w i d t h .  The bed- 
rock surface i s  often dominated by sub-horizontal t o  horizontal layered 
plates w i t h  thicknesses of several cm and a b u n d a n t  l inear  and polygonal 
vertical  f ractures ,  Angular t o  subangular layered t o  platy blocks in the 
5 t o  70 cm range dominate the Yenera 9 s i t e  and  occur much less frequent- 
ly a t  the other s i t e s .  
the exposed bedrock and are interpreted to  be largely derived from i t ,  
Soils (par t ic les  <1 cm) are abundant a t  the Venera 9 ,  10 and 13 s i t e s ,  
b u t  are uncommon a t  Venera 14, Features indicative of a s t r o n g  eolian 
influence (moats, dunes, wind t a i l s )  are  n o t  observed. A s t r iking as- 
pect of the Venera landing s i t e s  i s  t he i r  extreme s imilar i ty  despite 
separation distances of thousands of kilometers. Several hypotheses are  
considered fo r  the origin of the bedrock surfaces, and i t  i s  concluded 
that  bedrock originated from surface lava flows. In t h i s  interpretation, 
the broadly platy nature of the surface i s  analogous t o  the roll ing and 
u n d u l a t i n g  nature o f  t e r r e s t r i a l  pahoehoe flows caused by the formation 
and deformation of a semi-solid crust. The layering i s  interpreted t o  be 
formed by a combination o f  upper thermal boundary layer formation and 
horizontal sheets formed by cooling and shearing during flow emplacement. 
Vertical fractures are a t t r ibuted largely t o  j o i n t  patterns formed d u r i n g  
cooling. This interpretation made on the basis of surface morphology i s  
consistent with Venera 13 and 14 geochemical resul ts  which reported h i g h  
potassium basalt  and t h o l e i i t i c  basalt compositions, respectively. I f  
t h i s  interpretation is  correct large re ions of the Beta-Phoebe area are  
l ikely to  be characterized by lava flows. 
features observed by the Veneras suggests t h a t  erosion rates  are  very low 
or  t h a t  some bedrock surfaces are geologically oung.  

The four spacecraft 

Blocks appear t o  share many characterist ics with 

The relat ive freshness of 

( T h i s  paper has been submitted f o r  publication. r 
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GEOLOGY OF MAXWELL MONTES, VENUS 
J . W .  Head, Dept. of  Geological Sciences, Brown University, Providence, RI 
02912, D . B .  Campbell, Arecibo Observatory, P .O .  Box 995, Arecibo, PR 
00612, A . R .  Peterfreund, Brown University, and S.A. Zisk, MIT/Haystack 
Observatory, Westford, MA 01886 

Maxwell Montes represent the most dis t inct ive topography on the 
surface o f  Venus, rising some 11 km above mean planetary radius. The 
mountainous structure superposed on Ishtar Terra has been attr ibuted t o  
numerous geological processes, including a fault-bounded massif of vol- 
canic origin ( 1 )  and a domed or folded up l i f t  ( 2 ) .  The nature of major 
mountain ranges on the planets i s  important  evidence concerning the types 
of surface process and the major modes of lithospheric heat t ransfer  (3 ) .  
The purpose of t h i s  contribution is  t o  analyze the multiple data se t s  of 
the Pioneer mission and Earth-based radar observations t o  characterize 
Maxwell Montes. 

Maxwell Montes is  a pork-chop-shaped feature ( F i g .  l a )  located a t  
the eastern end of Lakshmi Planum. The main massif trends about  N20W for 
approximately 1000 km and the narrow “handle” extends several hundred km 
WSW from the nor th  end of the main massif, descending down toward Lakshmi 
Planum. The main massif i s  rect i l inear  and approximately 500 km wide. 
The southern and northern edges of Maxwell Montes coincide w i t h  major 
topographic boundaries defining the edge of Ishtar Terra. The eastern 
and western boundaries separate two d is t inc t  subprovinces within Ishtar 
Terra ( 4 ) .  
t a i n  belts on Ishtar Terra ( 1 , 5 ) .  The central p a r t  o f  the massif r i ses  
over 11 km above mean planetary radius and over 7 km above Lakshmi Planum. 
The topography i s  markedly asymmetric, with the steepest slopes toward 
the west (Fig. l b ) . o  A t  the existing 100 kmoresolution, most slopes 
average less  than 3 a long  the western flanks. 
Radar  images from Arecibo ( 5 )  a t  3-6 km resolution reveal more detailed 
character is t ics  of Maxwell ( F i g .  l c ) .  The radar image can be subdivided 
into several units (Fig. I d )  including: 
l inear  t o  curvilinear bands with an average sepa.ration of 10-20 km. 
These bands parallel the long axis of the massif and are best developed 
on the central h i g h  plateau. 
Ishtar. 2 )  
ern slopes of the main massif. 
t h a n  abou t  80 km in diameter. 
of these irregularly outlined patches. 4) A c i rcular  region w h i c h  con- 
s i s t s  of three superposed circular  features of  differing backscatter; 
the intermediate structure i s  approximately 105 km i n  diameter, the 
outermost i s  about 200 km diameter, and the innermost feature i s  o f  low 
backscatter, abou t  40-50 km diameter and  offset  t o  the Nbl. Topographic 
d a t a  suggest t h a t  t h i s  100-200 km c i rcular  feature may be a depression 
b u t  the resolution i s  insufficient t o  define i t s  detailed structure.  

Radar d a t a  show that  the slopes of Maxwell Montes are extremely 
rough a t  the centimeter t o  meter scale (6 ,7 ,8 ,9 ) .  A t  12.6 cm wavelengths 
the signal scattered back from Maxwell i s  about 50 times the intensity of 

Maxwell Montes i s  the most prominent of several Jinear moun- 

b u t  locally exceed 5-7 

1 )  Banded - a dis t inct ive se t  of 

Bands are  seen on other mountain ranges on 

Patchy areas of low backscatter less 
Mottled areas developed primarily on the southern and north- 

The banded terrain terminates a t  the edges 
3)  
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that  received from the surrgunding te r ra in  and is heavily depolarized. 
RMS slopes often exceed 4.5 However, the highest backscatter i s  
n o t  correlated with the highest elevations on Maxwell. Rather, highest 
backscatter appears correl ated with the mottled units occurring on the 
steep slopes a t  the northern, southern, and western flanks of Maxwell. 
Maxwell Montes is  also a region of very high re f lec t iv i ty  (10). The h i g h  
re f lec t iv i ty  has been interpreted to  indicate the presence of s ignif icant  
amounts of a conducting mineral (such as pyrite) as inclusions i n  rock 
exposed a t  the surface (10) .  
References: 1 )  H .  Masursky e t  a l .  (1980) J.G.R., 85, 8232. 2)  McGill 
e t  a l .  (1983) Chapter 6 ,  Venus, i n  press. 
(1982) J.G.R., 87,  9236. 4) J .  Head e t  a l .  (1983) LPSC XIV. 5) I). 
Campbell e t  al .71983) Science, in review. 6)  G .  Pettengill e t  a l .  
(1980) J.G.R., 85, 8 2 6 1 m .  Campbell and B .  Burns (1980) J.G.R., 85, 
8271. 8 ) J u e e n s  (1970) Radio Sc i . ,  5 ,  435. 9 )  A. Basilevsky e t  a l .  
(1982) Moon and Planets , - 2 7 ,  89. 10) G.Pettengi 11 e t  a1 . (1982) Science 
217. 640. 

( 1 , 6 ) .  

Solomon and J .  Head 

IAU LONGITUDE 

0 5W KILOMETERS 

W Y r 
M A X W E L L  f i  MONTES 

J L 

M A X W E L L  
e- 

- * -  E 
f! '- : ,. 
J Y 

1 -  

.- 
0 Tx) 200 S W  400 8W *W 

N I T U I C E  t K W  

I \ t 

N I T U I C E  t K W  

65" ~ 

1 1 MAXWELL MONTES 
RADAR UNITS 

N =BANDED MOTTLED 

PATCHY n CIRCULAR 

1 
5" 10" 

60" 4 
345" 350" 355" 0" 

Figure 1. a. Topography of Maxwell Montes (1 ,2 ,6) .  Contour interval 
500 m. b .  Topographic profile of Maxwell Montes. c. Radar image of 
Maxwell Montes with a two-tier s t re tch (black i s  a higher backscatter 
than the gray background). d. Radar re f lec t iv i ty  unit  map. 

80 



1. 

VENUS: GLOBAL DISTRIBUTION OF PIONEER-VENUS RADAR ROUGHNESS AND REFLEC- 
TIVITY AND GLOBAL CORRELATION OF ALTIMETRY, ROUGHNESS AND REFLECTIVITY 
OBSERVATIONS 
J.W. Head, J.B. Garvin and A.R.  Peterfreund, Dept. of Geological Sc i . ,  
Brown University,  Providence, RI 02912, S,A. Z i s k ,  MIT/Haystack Observ- 
atory,  Westford, MA 01886, G .  Pet tengi l l  , Dept. Earth and Planetary 
Sciences, NIT, Cambridge, MA 02139, and V.S. Sharpton, Brown Univ. 

An improved version of the  Pioneer-Venus o r b i t a l  data {Nov. 82) 
was used f o r  a s t a t i s t i c a l  analysis  of global radar roughness ( a ' )  and 
r e f l e c t i v i t y  ( p ) .  
scales of 0.10-10 m as a function of area is  skewed heavily toward the 
"smooth" end of the spectrum; only 7% of the planet approaches the a' 
of the lunar hjghlands o r  martian fresh volcanic plains.  
i s  2.59Ok1.4' . 
trend of increasing a' w i t h  if. This increase is  non-monotonic and the 
mean a'vs, z d i s t r i b u t i o n  shows a ser ies  of d i scre te  plateaus (constant 
a ' ) ,  t r a n s i t i o n s  (increasing a ' )  and peaks. 
upland ro l l ing  p la ins  ( U R P )  and the highlands (6053 km) coincides w i t h  
a change i n  the a' d i s t r i b u t i o n ,  w i t h  the  l e a s t  elevated highlands hav- 
i n g  a f a i r l y  constant a' compared t o  the highest plains .  Highest a l t i -  
tude regions (>4,5 km) who highest a' values (23.0 ). 
between the  plains-lowlands boundary (6051 km) and changes i n  the  a' 
d i s t r i b u t i o n  is observed. The pat tern of Fresnel p follows a s l i g h t l y  
skewed Gaussian d i s t r i b u t i o n  with a mean of 0.13k0.03. Over 48% of the 
surface fa1l.s w i t h i n  the range 0.10-0.16 (vs. 49% w i t h i n  l o  of the a' 
mean). There i s  no correlat ion between p and t ,  as observed w i t h  a'. 
The widest range of p occurs i n  the U R P ,  and the highest concentration 
of values >0.30 occurs near mean planetary radius (6051.5 k m ) .  The d i s -  
t r ibu t ion  of p vs. t i s  non-monotonic; regions above 4.5 km elevation * 

show the highest p values. A general decrease i n  p w i t h  i! occurs i n  the  
lowlands and plains provinces. 
the plains-highlands boundary (6053 km) ,  a s  w i t h  a'. The l e a s t  elevated 
highlands (<3.5 km) have almost constant p ,  b u t  p increases w i t h  z i n  
regions a t  3.5-5.0 km. Chasmata have var iable  a' and p values, possibly 
due t o  compositional/textural differences between t h e i r  walls and f l o o r s .  

Classif icat ion maps of the Venusian surface have been produced i n  a 
supervised manner on the  basis  of s t a t i s t i c a l  and empirical s tudies  of 
the individual data s e t s .  The primary objective i s  t o  assess the degree 
of homogeneity of surface radar properties w i t h i n  topographic provinces 
i n  order t o  map possible geologic boundaries, 
re la t ing  two data s e t s  a t  a time. Altimetry divisions (radius  km) were 
chosen t o  be s imi la r  t o  those defined i n  Masursky e t  a l .  (1980 JGR 85, 
8232): 1 )  <6051.0, lowlands; 2 )  6051-6053.0, r o l l i n g  u p l a n d s ; 3 )  
6053.0-6055.5 , highlands; and 4) >6055.5, mountainous regions. Rough- 
ness (degrees RMS) and r e f l e c t i v i t y  divisions were based on s t a t i s t i c a l  
d i s t r ibu t ions  ( -mean + s . d . )  as well as an in te rpre t ive  scheme. Rough- 
ness divis ions used were: 1 )  <2.0°, smooth; 2 )  2.Oo-4.O0, t r a n s i t i o n a l ;  
and 3) >4.0°, blocky and/or hummocky. Reflect ivi ty  divisions were: 1 )  

The d i s t r i b u t i o n  of a' i n  terms of RMS slopes on 

The mean a' 
Correlation o f  a' w i t h  a l t imetry ( t )  demonstrates a 

The boundary between the 

No correlat ion 

A change i n  the d i s t r i b u t i o n  occurs a t  

Maps were produced by cor- 
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< O . l ,  low bulk density ( Q . 0  9/cm3) and absence of h i g h  d i e l e c t r i c s ;  
2 )  0.1-0.2, bulk density (2.0-3.2 g/cm3) andminor amounts of h i  h 
d i e l e c t r i c s  ( < l % ) ;  and 3)  0,2-0.5, h i g h  b u l k  density ( > 3 . 2  g/cm ) and/ 
o r  h i g h  concentration of d i e l e c t r i c s .  Lowlands and r o l l i n g  uplands a r e  
mostly cbmposed of mater ia ls  w i t h  low t o  moderate r e f l e c t i v i t y ,  and a r e  
smooth t o  moderately rough. Anomalous regions include a rough region 
e a s t  of Beta Regio, and h i g h  r e f l e c t i v i t y  regions e a s t  of Tethus Regio, 
southwest of I sh ta r  and southeast  of Aino Plan i t ia .  Highland regions 
have a broad range of radar charac te r i s t ics  indicat ing a d i v e r s i t y  of 
formational/modificational processes. 
rough, b u t  do not display a h i g h  r e f l e c t i v i t y ,  Classif icat ion of 
s p e c i f i c  regions,  such a s  I sh ta r ,  has demonstrated t h a t  d i s t inc t  geo- 
logic  units can be ident i f ied.  

9 

Mountainous regions a r e  radar 

f 
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Chapter 4 

CRATERING PROCESSES AND LANDFORM DEVELOPMENT 
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HARTIAN CRATER SIZE/FREQUENCY DISTRIBUTIONS AND TERMIN AGES 

Nadine 6. Barlow and Robert G. Strom, Lunar and Planetary Laboratory, 
University of Arizona, Tucson, Az 8S721 

The crater sizelfrequency distributions of large ( > 8 km) 
craters on the moon and terrestrial planets display two very 
different curves representing two crater populations. The heavily 
cratered regions of the Moon, Mercury, and Mars show the same highly 
structured curve which cannot be represented -by a single-slope 
distribution function. This crater population was emplaced during 
the period of late heavy bombardment by a family of impacting objects 
which became extinct about 4 B. Y. ago on the Moon. In contrast, the 
lunar post-mare crater population has a size/frequency distribution 
which differs significantly from that in the highlands over the same 
diameter range, and can be represented by a single-slope distribution 
function of -2.8 differential. A Chi-square statistical test 
indicates that this crater population is different from that in the 
highlands at the 99% confidence level. On areas of martian lightly 
cratered northern plains, the crater population is essentially 
identical to that of the post-mare population. This indicates that 
the same two families of impacting objects were responsible for the 
cratering records on both the Moon and Mars. 

The origin of the objects responsible for the period of late 
heavy bombardment is uncertain. They may have been long lived 
remnants left over from the accretion of the terrestrial planets 
(Ref. 1). a gravitationally disrupted planetesimal perturbed into the 
inner Solar System (Ref. 21, or comets as suggested by Shoemaker. 
Any of these origins have orbital dynamics that lead to a termination 
of heavy bombardment which is essentially contemporaneous on the Moon 
and Mars, i.e. - 4 B. Y. ago. Consequently, Martian surfaces which 
have a highly structured crater size/frequency distribution (the 
highlands signature) are older than about 4 B. Y., and surfaces with 
a single slope (-2.8) size/frequency distribution are younger than 
about 4 B. Y. Furthermore, the relative ages of various terrains 
within the major time divisions can be determined from differences in 
the crater densities. Determining absolute ages from crater 
densities within these time divisions requires a knowledge of the 
impact rate and how it varies with time (Refs 3, 4, 5 ) .  This, in 
turn, depends on the origin of the impacting objects which is still 
uncertain. 

The Martian surface has been divided into about 20 major 
geologic units based mostly on published Mariner geologic maps and 
extensive remapping of certain areas from Viking data. Craters 
within the geologic units have been mapped over most of the surface 
from available U.S.G.S. Viking 1:2 I4 photomosaics. Only MC-1, MC-30 
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and HC-26 SW SI SE have not been mapped because they are not yet 
available. The craters are classified according to whether they 
pre-date (are partially buried) or post-date the surface on which 
they occur. It was also noted whether the craters pre-date or 
post-date tectonic structures. At present the craters are being 
measured. 

Preliminary results for various lightly cratered northern plains 
units in HC 2-7 show they all have a size/frequency distribution for 
post-plains craters similar to the lunar maria and are therefore 
younger than 4 B. Y. In contrast, the pre-plains (partially buried) 
craters have a size/frequency distribution that shows a severe 
paucity of small craters relative to the post-plains curve. At 
larger diameters the curve is the same as the post-plains curve, but 
the diameter at which the pancity begins varies from unit to unit. 
This shows that the thickness of mantling material (probable lava) 
varies among the various plains units, and can be calculated from 
the depth/diameter scaling relations for martian craters (Ref. 6 ) .  
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MERCURY: N E W  IDENTIFICATION OF ANCIENT MULTI-RING BASINS AND IMPLICATIONS FOR GEOLOGIC EVOLUTION 
Paul D. Spudis, U.S. Geologlcal Survey, Flagstaf f ,  AZ 86001 and Dept. o f  Geology, Arizona State 
Univ., Tempe, AZ 85287 

I n i t i a l  examination of  photographs of  Mercury provided by Mariner 10 almost a decade ago 
revealed the presence of  numerous impact features including large basin-sized structures 111. I n  
subsequent studies of  these photographs, many workers have attempted to make a systematic 
inventory of  the large basin population of  Mercury I2-71. Recent geologic mapping of  the 
Michelangelo (H-12) quadrangle I81 indicates t h a t  the regional geology i s  strongly control  led by 
the presence of four large, nearly ob l i t e ra ted  mul t i - r ing basins f91. Under t h i s  impetus, a 
systematic survey of  the e n t i r e  Mariner 10 coverage of  Mercury was performed to determine the 
number, d i s t r i b u t i o n  and dimensions o f  addi t ional  ancient basins on the p lanet  (Table 1). 

Ancient multi-ringed basins on Mercury can be recognized by the following c r i t e r i a :  1) arcs 
o f  massif chains and isolated massifs t h a t  protrude through younger units; 2) arcuate segments o f  
lobate ridges (rupes) t h a t  a l i g n  w i th  massifs I n  c i r c u l a r  patterns; 3) arcuate scarps t h a t  are 
aligned wi th  ridges and massifs; and 4) isolated regions of  anomalously high topography w l t h i n  
the in tercrater  regions of heavi ly cratered terrain. A l l  of the newly i den t i f i ed  basins predate 
the mercurian in tercrater  plains, previously held to be the o ldest  geologic u n i t  on the p lanet  
1101. The degradational s ta te  of these features i s  comparable to ancient lunar baslns such as 
AI-Khwarlzmi-King I l l ,  121 and some nearly ob l i terated martian mul t i - r ing basins I131. Thus, the 
current  inventory (Table 1 )  i s  probably an underestimate due to the r e l a t i v e l y  poor Mariner 10 
photographic coverage of  Mercury. These mul t i - r ing basins are here named f o r  unrelated, 
superposed craters  and named p la ins regions, fo l lowing a s i m i l a r  pract ice developed f o r  naming 
degraded lunar basins 1121. 

Subsequent s t ructura l  evolut ion of  various regions has been influenced by the presence o f  
these basins. A global network of lobate r idges (rupes), interpreted as th rus t  faul ts,  had been 
previously recognized I141. I n  many cases, the arcuate trend of  these ridges out l ines an ancient 
basin r i n g  (e.g., Hero Rupes, p a r t  of  r i n g  2 o f  Vfncente-Yakovlev). I n  other instances, a more- 
or- less continuous r idge network may encounter a pre-existing basin r i n g  obliquely, fo l low the 
o u t l i n e  of t h a t  r ing,  d e f l e c t  i n  towards the next r i n g  and re-establish the c i r c u l a r  ou t l i ne  of  
an i n l y ing  r i n g  b g . ,  Adventure-Discovery Rupes and r ings 3-5 o f  Andal-Coleridge). These 
re la t i ons  suggest t h a t  although the r idge system i s  probably re la ted to global compression, local 
trends are control led by pre-existing s t ructura l  pat terns provlded by ancient mul t i - r ing basins. 

Extensive smooth p la ins deposits were recognized I n  the i n i t i a l  geologic mapping e f f o r t  of 
I101, but  controversy over the o r i g i n  of t h i s  u n i t  continues I14, 151. The d i s t r i b u t i o n  of  
smooth p la ins mater ia ls on Mercury has been remapped f o r  t h i s  e f fo r t .  Smooth p la ins un i t s  appear 
t o  be more extensive than mapped by I101 and more than 90 percent of them appear to be basin 
contained o r  basin related. As none of  these ancient basins has preserved ejecta deposits, It IS 
un l i ke l y  t h a t  the smooth p la ins u n i t s  are an ejecta facies f ran the basins. Moreover, a paucity 
of large fresh basins w i th in  the study regfon o f  Mercury precludes a Cayley-type o r i g i n  fo r  the 
major i ty of these deposits. A typ ica l  occurrence I s  the expanse of  smooth p la ins a t  l a t  -25", 
long 100' where the r i ngs  o f  adjacent basins Bartok-Ives and Matisse-Repln Intersect. The 
concentration of  extensive smooth p la lns material w i t h i n  and associated w i t h  basin s t ructura l  and 
depositional environments suggests a volcanic o r i g i n  fo r  most of this unit, analogous to the 
lunar maria. 

The new iden t i f i ca t i ons  of  mercurlan basins may change concepts o f  crater ing h i s to r i es  f o r  
the t e r r e s t r i a l  planets. Previous studies o f  mercurian basins have a l l  emphasized the apparent 
deficiency of basins on Mercury r e l a t i v e  to the Moon 12-4, 71. Cumulative tas ln  density on 
Mercury (D L 200 km) i s  reported by I71 to be only 37 percent o f  t h a t  of  the Moon. The Mo n h S 

a t  least  62 basins ( D L 2 0 0  km; 141) resu l t i ng  I n  a average density of 1.7220.13 per 10 km . 8 9  
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Only about 35 percent of Mercury's surface was photographed w i t h  l i gh t i ng  conditions adequate 
I161 k recognize ancient basin structures. The newly i den t i f i ed  basins suggest t h a t  Mercury has 
a t  least  50 basins (D > 200 km) w i t h i n  t h i s  area. Thus, the average density of mercurian basins 
I s  1.92 5 0.14 per 10 . This value suggests t h a t  Mercury i s  not d e f i c i e n t  I n  mul t i - r ing 
basins and may possibly have more per u n i t  area than the Moon. The presence o f  a large 
population of m u l t l - r i  ng basins t h a t  pre-date the mercurian i n te rc ra te r  p la ins suggests t h a t  
basin production was a more- or- less continuous process during the ear ly  h is tory  of  planets, and 
lends support to hypotheses of cont lnual ly  decl in ing crater ing ra tes  I171 ra ther  than k a l a t e  
'*cataclysm1* model of bas1 n production. 

- 6 2  

The recogni t ion of a large number of previously unrecognized ancient mul t i - r ing basins on 
Mercury has several imp1 icat ions concern! ng the geologic evolut ion of  t e r r e s t r i a l  p lanet  
crusts. It now appears t h a t  a l l  t e r r e s t r i a l  bodies w i th  preserved ancient surfaces (Moon, 
Mercury, Mars) have a large population of  multi-ringed impact structures. A l l  o f  the newly 
discovered mercurian basins pre-date the i n te rc ra te r  plains on a pIanetwIde basis. This r e l a t i o n  
suggests a d i s t i n c t  epoch of in tercrater  p la ins formation t h a t  a t  least  pa r t l y  erased the pre- 
ex is t ing crater  population, leaving remnants of only the largest  structures. Thus, the process 
responsible f o r  formation of the in tercrater  p la ins un i t s  must have been a planetwide 
phenanenon. The hypothesis t h a t  the in tercrater  p la ins material i s  a primordial c r u s t  I101 
appears untenable; i f  it were, a spectrum of mul t i - r ing basin preservation s tates would be 
evident. The mercurian i n te rc ra te r  p la ins material may be a t  l e a s t  p a r t l y  volcanic f181, I t s  
surface morphology having been dlsrupted by the l a s t  phases of heavy bombardment. The tendancy 
o f  global tectonic patterns to be l oca l l y  influenced by mul t i - r ing basin s t ructure appears 
analogous to s im i la r  patterns on the Moon [191 and Mars I131. Thus, basins appear to provide the 
basic s t ructura l  pat tern of ear ly t e r r e s t r i a l  planetary crusts. The concentration of regional 
smooth p la ins deposits w i th in  and associated with ancient basins argues fo r  a dominantly volcanic 
o r i g i n  fo r  t h i s  material, analogous to the lunar maria and martian highlands p la ins (e.g., Slnal 
Planum I131). 

REFERENCES 1 1 1  Murray, B. e t  a1.(1974) S c i e n c e E ,  169 I21 Wood, C. and Head, J. (1976) PLSCZ, 
3629 I31 Malin, M. (1976) PLSC 2, 3589 I41 Schaber, G. e t  al. (1977) PEP1 - 15, 189 I51 DeHon, R. 
(1978) NASA TM 79729, 150 I61 Croft, S. (1979) Ph.D. Thesis, UCLA I71 Frey, H. and Lowry, B. 
(1979) PLPSC 10, 2669 I81 Spudis, P. and Prosser, J. ( i n  press) USGS Map, H-12 quadrangle I91 
Spudis, P. (1983) GSA Ann. Mtg. 16 I101 Trask, N. and Guest, J. (1975) JGRE, 2461 I 1 1 1  El-Baz, 
F. (1973) Science 180, 1173 [ 1 2 1 ~ i l h e l m s ,  D. and El-Baz, F. (1977) USGS Map 1-948 I131 Schultz, 
P. -- e t  al. (1982) J K X ,  9803 1141 S t r a n ,  R. e t  a l e  (1975) JGR 80, 2478 I151 Wilhelms, D (1976) 
lcarus 2, 551 I161 Strom, R. (1979) Space Sci. Rev. E, 3 117rHarImann, W. (1975) lcarus E, 
181 [181 S t r a n ,  R. (1977) PEP1 15, 156 1191 Wilhelms, D. ( I n  prep) Geologic h is tory  of the Moon, 
USGS Prof. Paper, 
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RING SPACING OF MRCURIAN MULTI-RING BASINS AND BASIN RING FORMATION 
R. J. Pike, U. S. Geological Survey, Menlo Park, CA 94025, and P. D. Spudis, U.S. Geo 
Survey, Flagstaff, A2 86001 Dept. o f  Geology, Arizona State Univ., Ai! 85287. 

ogical 

Introduction: Recent systematic mapping of  Mercury has revealed many ancient and previously 
unrecognized mult i - r ing basins Ill. The population of these basins now stands a t  20, possibly i s  
as large as 25, and includes a t  l eas t  76 measurable rings. From the new data base, we present 
some systematics of basin r i n g  spacing on Mercury, compare them w i th  s i m i l a r  data for the Moon, 
and draw some preliminary conclusions on conditions of  r i n g  formation fo r  basins on the 
t e r r e s t r i a l  planets. 

Observations: The r ings of basins on Mercury are spaced a t  an in terva l  t h a t  Increases 
incremental l y  outward ty approxtmately 2-'D, the m u l t i p l i e r  f i r s t  recognized to best describe 
r ings of  the f resh lunar mul t i - r ing basin, Or ienta le  121. The incremental spacing o f  basin r ings 
i s  evident f ran  graphical analysis. P lo t t i ng  r i n g  diameters against  t h a t  of the 
physiographically strongest r i n g  I31 f o r  each basin i n  the loglo domain I41 separates most of  the 
76 mercurian r ings I n t o  f i v e  l inear  c lus te rs  (Figure l), which are subparallel, slope a t  about 
unity, and are spaced a t  roughly 1'. Rings are no t  evenly distr ibuted, but  vary from s i x  to 14 
per cluster. Some r ings f a l l  between the better-defined trends, and i n  four cases, two closely- 
spaced r ings f ran the same basin occupy a posi t i o n  normal l y  f l  I led ty only one. These f i v e  
distr ibut ions,  p lus a s i x t h  formed w p l o t t i n g  the strongest r i n g  against i t s e l f ,  const i tu te  an 
empirical s t a t i s t i c a l  model f o r  r i n g  spacing on Mercury. If the s i x  groups are numbered I 
through V I ,  i n  order of  Increasing r i n g  size, the strongest and most frequently occurring r ing,  
the topographic r i m ,  ranks as IV .  Provisional taxonomy followed here f o r  the other r i n g  groups 
i s :  ( 1 )  Inner, ( 1 1 )  Peak, ( I l l )  Intermediate, ( V I  Outer-1, and ( V I )  Outer-2. The equivalent r i n g  
diameters are D,.,.vl* 

The s i x  groups i n  Figure 1 have fam i l i a r  lunar equivalents. Mercury groups I I  through V I  
are essent ia l ly  the f i v e  c lusters  of lunar r ings evident i n  Figure 27 of  131. 
groups also seem to be the classes of lunar rl ngs i den t i f i ed  ty 141, t h e i r  ff innerfs ri ng group 
being equivalent t o  Mercury groups I I  and 1 1 1 .  Ring groups I I ,  I l l ,  and I V  correspond, 
respectively, to the lunar central-peak ring, intermediate ring, and outer r i n g  of 151. Mercury 
r i n g  groups I through V a lso correspond to the s i x  lunar classes o f  I61, h i s  two types o f  
"intermediatel~ r i ngs  being equivalent to Mercury group I l l .  
outer arc whose lunar counterpart may be represented trf the lmbrium "outer r ing"  171, but I s  r a r e  

The same f i v e  

The s i x t h  r i n g  on Mercury i s  an 

161 

Ring in terva ls  on Mercury correspond we1 I to the 2-20 model although variance w i th in  the 
f i v e  groups i n  Figure 1 (see a lso I811 precludes t rea t i ng  the 2 D spacing as a determin is t ic  
ltlaw.ll Departures of observed from theoret ical  spacings, which are a t t r i bu ted  to sample size, 
s t a t i s t i c a l  scatter, and the degraded s ta te  of  many of the ancient mercurian basins 1 1 1 ,  are 

f o r  the geometric mean o f  Dlv. 
mult ip les of Dm2 range fran 0.011 (DI) t o  0.046 (DvI) (Table 1). Analogous values of  percentage 
deviations fo r  r i ngs  of  mul t i - r ing basins on the Moon are s imi lar .  
are higher than those of  Mercury, slopes of the lunar equations are much closer to unity, and an 
inverse dependence of r i ng - ra t i o  deviat ion upon sample stze t h a t  i s  evident f o r  the 56 lunar 
r ings I s  tenuous f o r  the 76 mercurian r ings (Table 1). 
bet ter  preservation of basin r i ngs  on the Moon. 

-2 

evaluated ly f i t t i n g  each r i n g  group wi th  a Ieas-Fsquares expression and ca lcu lat ing D I . , . V I  /D 
Differences between this r a t i o  and the c loses t  f ract ions o r  

However, lunar values of r 

These di f ferences l i k e l y  r e f l e c t  the much 

Of the f i v e  equations r e l a t i n g  Dlv to  other r i n g  diameters on Mercury, t h a t  describing 
DII/DIV, f o r  the peak ring, 

1.106 
DII  = 0.251 D I V  (1 )  
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1, 

e 

r i n g  spacing include: 1) pre-existing target  s t ructure and topography assoclated w l  t h  o lder  
baslns I17,181; 2) l i thospher ic  thickness a t  the t i m e  of basln impact [19,201; and 3) subsequent 
endogenic m d i  f i c a t i o n  of bas! n topography [3,15,16,211 
other llwaveqt models I13,221: basin r i n g  topography 1s n o t  the r e s u l t  o f  a "frozent1 t rave l l ng  wave 
I n  rock, but  rather derives f ran s t ructura l  f a i l u r e  a t  d iscrete zones of  weakness lnduced try 
concentrations of standing-wave stress. Such a model appears to accommodate most geologic and 
physical observations of basin r ing5 on the t e r r e s t r i a l  planets 16,11,15,161. 

This scheme d i f f e r s  c r l  t i c a l  l y  f ran 

REFERENCES: Ill Spudis, P. (1983) t h l s  volume; I21 Fielder, 6. (1963) N a t u r e E ,  1256; I31 
Hartmann, W. and Wood, C. (1971) Moon 3 3; 141 Wilhelms, D. e t  al. (1977) Impact Expl. 
Cratering, 539; I51 Head, J. (1977) Impact Expl. Crater ing 563; I61 Croft, S. (1981) PLPSC E, 
227; (71 Wilhelms, D. and McCauIey, J. (1971) USGS Map 1-703; I81 Clow, G. and Plke, R. (1982) 
LPS X I I I ,  123; I91 Pike, R. (1983) LPS XIV, 610; I101 Plke, R. (1982) NASA TM 85127, 117; I 1 1 1  
McCauIey, J. (1977) PEP1 15, 220; 1121 Head, J. (1974) M o o n s  327; 1131 Baldwln, R. (1981) 
PLPSC 12A, 275; 1141 Chadderton, L. e t  al., (1969) Nature 223, 259; [ 151 Schul tz, p. (1976) Moon 
Morph., 626 p.; 1161 Spudis, P. (1982) Ph.D. thesls, Ariz. State Univ., 292 p.; I171 Spudis, P. 
and Head, J. (1977) PLSCS 2785; I181 Schultz, P. and Spudls, P. (1978) LPS IX, 1033; [191 
Melosh, H. and McKInnon, W. (1978) GRL2, 985; I201 M&etchin, T. e t  al. (1979) NASA TM 80339, 
168; I211 Schultz, P. (1979) Conf. Lunar Highlands Crust, 141; I221 Murray, J. (1980) Moon and 
Planets 22, 269. 
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Table I. Theoret lcdi  and 

I 6 0.87 0.85 
II 13 1.106 0.251 
I II 10 1.201 0.176 
I V  20 -- 
V 14 0.934 2.198 
V I  9 0.917 3.248 

-- 

i 4 0.92 0.35 
II 15 1.028 0.415 
I I1 1 1  1.010 0.669 
I V  15 -- -- 
V 9 1.022 1.178 
VI 2 1.0 1.8 

* Geanet r lc  m ~ ?  

Flgure 1. 
funct lon o f  Topographic r i m  diameter, DIV, for 20 
mul t i - r ing baslns on Mercury I l l .  LInes are 95% 
confidence In terva ls  f o r  f i v e  resu l t i ng  c lusters  
o f  rings. Accompany1 ng I1 near least-squares 
f i ts, spaced a t  roughly 2 D increments, are 
given I n  Table 1. Open c i r c l e s  are p a r t l a l  arcs 
only 111; bracketed polnts  (see tex t )  averaged 
for ftts. 

Rlng diameter, D,o.*vl, (n=76) as a 

-2 

Otserved R i n g  Spacl rg f o r  the Hoon and Mercury 

Rlng Ratlo. Oev la t ion  r I-Slope 

01 ... v I'DIv 

('Jheor.1 (gbs.) ((T-O)/T) 

MERCURY 

0.354 0.35 tO.01 0.85 tO.13 
0.500 0.507 -0.014 0.990 -0.11 
0.707 0.698 tO.013 0.988 -0.20 
1.000 -- 
1.414 1.362 t0.037 0.985 t0.07 
2.000 1.908 W.046 0.964 W.08 

-- -- -- 

MOON 

0.354 0.33 W.06 0.99 W.08 
0.500 0.505 -0,010 0.989 -0.03 
0.707 0.721 -0.020 0.996 -0.01 
1.000 _- 
1.414 1.364 tO.035 0.992 -0.02 
2.000 1.8 +0.1 -- ..- 

-- -- -- 
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i s  of special interest. Average D /o i s  0.51, almost ident ica l  t o  0.50 D /D f o r  t he  34 two- 

r i n g  basins on Mercury described by 
I I  I V  I 

1.071 Di = 0.338 D , (2) 

where D I s  the outer r i n g  and D 
s im i la r  f o r  t h e i r  combined 47 data points to be represented by a s ing le  expression, 

t he  inner ring. The two d i s t r i bu t i ons  thus are s u f f i c i e n t l y  
i 

1.036 
DI I = 0.406 DIV 9 

f o r  which average DII/DIV i s  0.50. 
(n=201 

The lunar case i s  s im i la r  191. Protobasins, where on Mercury 

Di = 0.394 DOagg8, (4) 

are omitted from the f i t  because t h e i r  inner r i ngs  d i f f e r  so obviously i n  geometry from those of 
two-ring and mul t i - r ing basins 1101. Equation (3) slopes s l i g h t l y  more than 1.0. Slopes of  each 
of  the two o r ig ina l  equations (1,2) exceed un i t y  by more than this,  but not enough f o r  peak r i ngs  
o f  two-ring basins (eq. 2) t o  a l i g n  wi th  intermediate r ings of  mul t i - r ing basins, t he  next- 
highest group o f  r ings i n  Figure 1: 

1.20 DIII = 0.18 DIV (5) 

Moreover, average D III/DIv f o r  t h e  10 intermediate r ings i s  0.70, f a r  i n  excess o f  t h e  0.50-0.51 
r a t i o  of a l  I DI d i s t r i bu t i ons  on Mercury. 

Adjacent r ings observed f o r  a basin on Mercury do not afways occupy adjacent groups i n  
Figure 1. For example, the four r ings of  t he  Eitoku-Milton basin 1 1 1  f a l l  i n t o  groups I I ,  IV ,  V, 
and V I ,  but  not 1 1 1 .  However, the 2 D spacing s t i l l  applies t o  t h i s  basin, because a l l  i t s  
other r ings belong t o  2-2D groups; t h e  D l  I I posi t ion simply I s  unoccupied. Thus not  a l l  adjacent 
observed rings, e.g., r ings I I  and I V  o f  Eitoku-Milton, are necessarily spaced a t  t he  2 D 
interval. instead, some are spaced a t  mult ip les or  f ract ions o f  it, such as 2,O o r  0.5 I31. The 
*9nlssing~~ r i n g  I I1 of  Eitoku-MI l t on  basin may have formed but  i s  now buried, o r  it may not have 
formed i n i t i a l l y ,  It fol lows fur ther  t h a t  t h e  0.5 D /D spacing frequently documented fo r  two- 
r i n g  basins (e.g., eq. 2) could be a var iant  on the  2 D spacing wherein a potent ia l  r i n g  
pos i t ion always remains u n f i l l e d  i n  small basins. The 0.5 in terva l  of two-ring basins thus could 
have arisen from the same fundamental mechanism(s) t h a t  formed the mu l t i p le  r ings o f  larger 
bas ins. 

-2 

-2 

1-2 

Discussion: The s t r i k i n g  regu la r i t y  of  r i n g  spacing on both the Moon and Mercury (Table 1 )  
strongly suggests physical control  by some per iod ic  function. Numerous models have been proposed 
f o r  basin r i n g  origin, including act ive megaterracing 1 1 1 1 ,  passive megaterracing 1121, "nested" 
craters due t o  crustal  layer ing 141, and "tsunami-iikelf deformation i n  f l u id i zed  rock 1131. The 
constancy o f  r i n g  spacing f o r  mul t i - r ing structures on the Moon and Mercury suggests t h a t  
standing 1141, not  t rave l i ng  1131, waves are involved in  r i n g  formation. The physics o f  standing 
wave patterns on s o l i d  planetary bodies was discussed i n  de ta i l  by 1141, who demonstrated t h a t  
both concentric and rad ia l  stress patterns r e s u l t  from a point-source release of  energy. 
Standing stress waves from a large impact could have created concentric patterns o f  rock fa i lure,  
resu l t i ng  i n  mul t ip le  r i ngs  o f  predominently s t ructura l  o r i g i n  131. Numerous geologic studies 
have marshalled evidence fo r  s t ructura l  deformation associated wi th  basin r ings 13,11,15,161. 

stress induced by standing waves. 
We suggest t ha t  basin r ings form by complex b r i t t l e  f a i l u r e  o f  rocks along annular zones o f  

Secondary e f fec ts  tha t  modulate the  basic pattern of constant 
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IMPACT ORIGIN OF 
E. M. SHOEMAKER, 

! R 

UPHEAVAL DOME, UTAH 
U.S. Geological Survey, Flagstaff, AZ and 

K. E. Herkenhoff, California Institute of Technology, Pasadena, CA 

Reexamination of Upheaval Dome in the Canyonlands National Park, Utah, 
has shown that the structure of this remarkable feature conforms with that 
expected for a deeply eroded astrobleme. The structure is definitely not 
compatible with an origin due simply to plastic flowage of salt and other 
rocks in the underlying Paradox Formation, as suggested by McKnight [l]. The 
most strongly deformed rocks at Upheaval Dome are bounded by a series of 
circumferential listric faults. Beds of the Wingate Sandstone, Kayenta 
Formation, and Navajo Sandstone are displaced toward the center of the dome. 
Near the center, these same beds have been deformed by convergent flow into 
tight to open folds that plunge away from the apex of the dome. Thinning of 
the Wingate Sandstone reported by McKnight [l] is due entirely to faulting. 
At the center of the dome, beds of the Moenkopi Formation are duplicated by 
displacement along numerous small thrust faults. Sand from the underlying 
White Rim Sandstone Member of the Cutler Formation has been mobilized and 
injected into the Moenkopi as large massive clastic dikes. 

The convergent displacement of the rocks at Upheaval Dome corresponds to 
the deformation that results from collapse of a transient cavity produced by 
high-speed impact. Beneath the listric faults, beds are deformed in a broad 
structural dimple that is bounded, at least on the north, by a partial 
circumferential anticline. This type of structure is produced by plastic flow 
of rocks at great depth beneath large impact craters. Asymmetry of the 
development of the deep anticline suggests that impact may have been from the 
south. 
flow during opening of the initial cavity, as well as to late stage 
collapse. It is likely that the presence of plastic beds in the Paradox 
Formation at depth facilitated early growth of the dome. 

Growth of a central dome probably was due partly to early convergent 

From considerations of the probable depth of exposure of the impact 
structure and upward extrapolation of the listric faults, the final collapsed 
crater is estimated to have been about 8 to 10 km in diameter; the impacting 
body probably was on the order of 0.5 km in diameter. 
appear to have been removed by erosion since the impact structure was 
formed. Restoration of this thickness of rocks suggests that the impact 
occurred in latest Cretaceous or Paleogene time. 

As much as 2 km of beds 

Reference 

[l] McKnight, E. T., Geology of area between Green and Colorado Rivers, Grand 
and San Juan Counties, Utah, U.S. Geol. Survey Bull. 908, 147 p., 1940. 
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MORPHOLOGY OF FRESH CRATERS ON GANYMEDE AND THE ORIGIN OF PEDESTAL CRATERS 
Vicki M. Horner and Ronald Greeley, Department of Geology, Arizona State University, Tempe, AZ 85287 

Properties of the planetary surface and subsurface can affect the morphology of impact craters (1). We 
propose a mechanism to explain pedestal craters and domed floors within fresh craters on Ganymede. Voyager 
1 and 2 images with resolutions G3.2 km/lp were examined and 523 fresh craters have been identified. For 
each crater, the rim and ejecta diameters were measured, and the crater was characterized by ejecta class(es), 
interior features, floor morphology and target terrain. Of the craters examined, 97 show moderate to promi- 
nent doming of the crater floor; 340 craters have continuous ejecta which terminates in a scarp [“pedestal 
craters”, (2)], of which 86 (25%) have a high-albedo diffuse deposit beyond the pedestal. 

Even before Voyager spacecraft reached the Jovian system some researchers predicted that the h&h pro- 
portion of ice (detected spectroscopically) on the surfaces of the outer Galilean satellites would result in sub- 
dued and/or obliterated topography by slow, viscous relaxation (3,4). With the return of Voyager images, the 
domed floors seen within many craters have been cited as proof of a slow viscous relaxation effect (5,6). We 
observe, however, that 97 fresh craters show a moderate to prominent convexity, and within this group, 17 
craters have ray systems (fig. l), indicative of their relative youth. Most of the fresh craters with domed floors 
are larger than 40 km; the smallest fresh craters with domed floors are about 15 km in diameter. There appears 
to be no correlation between terrain type and fresh craters having domed floors. If we assume that crisp craters 
and ray systems are characteristic of relatively young craters (6), then floor doming either occurs immediately 
after impact or at times much less than those required for ray removal [-0.5--2 b.y. ( 6 ) ] .  Recent work 
indicates that ice viscosity may be underestimated by several orders of magnitude-from earlier values of lo2 

poise at TGanymede = 115 K (7). This increased “stiffness” would greatly inhibit a 
slow viscous relaxation of topography for essentially any fresh crater on Ganymede (7). 

Pedestal crater ejecta are sometimes truncated in a given direction at terrain boundaries, or ridge-groove 
sets. Twenty-seven pedestal craters with truncated ejecta have been identified, suggesting that either: (1) some 
ridge/groove systems may have formed after the impact and pedestal emplacement, and thus transected the 
pedestal ejecta, or (2) as the ejecta flowed across the boundary, it was disrupted (possibly by turbulent flows) 
and was not preserved as a coherent blanket and pedestal. 

Hypothesis 1 could explain some craters with truncated ejecta. However, for many craters in which the 
pedestal ejecta is truncated at a ridge/groove boundary, the crater is superimposed on the boundary and post- 
dates it. In some cases material crosses terrain boundaries (fig. 2), and therefore hypothesis 2 may explain 
pedestal ejecta truncation. Presently, (2) seems to be the more acceptable explanation for most truncated 
pedestals. This would imply that the emplacement of pedestal ejecta can be affected by changes in surface 
topography, and therefore during part of the emplacement process the ejecta must travel along the surface. 

As discussed above, 25% of all pedestal craters have an outer, generally high-albedo, diffuse annulus beyond 
the pedestal. Hypotheses for the origin of pedestals, which may reflect impacts into volatile-rich targets (2), 
must also include an explanation for this diffuse deposit. As the temperature difference between fusion and 
vaporization of H 2 0  is only 100 K at 1 bar, most ejected products from impact into ice will be steam and ice 
fragments. Kieffer and Simonds (8) show that at the 100 kb isobar within an icy target during impact, solid 
H 2 0  should begin to melt or vaporize, and that approximately five times as much melt and gas should be 
generated as would be expected for a granite target. They predict that the melt would be in the form of steam 
which would condense to snow (or rain) and disperse over a wide area. This may explain the bright outer 
ejecta deposits. 

At surface temperatures -115 K, ice should behave similar to silicate rock so that some of the target 
undergoes brittle deformation during impact. Previous work (e.g., 9) shows that for craters in silicates, a range 
of fragment sizes is ejected. If the ice fragments are ejected in sufficient quantities they could trap some of the 
escaping steam, so that the mass behaves as a lubricated flow. The mass would cease to flow when the gradual 
escape and/or condensation of the steam increases the density of the flow past some threshold value. This is 
similar to models proposed for martian flow ejecta crater emplacement. In particular, Carr et al. (10) hypothe- 
size that after the ballistic emplacement of martian crater ejecta, the ejecta was sufficiently fluidized to contin- 
ue flowing outward along the surface. A more recent hypothesis (1 1) includes martian crater ejecta in the form 
of rock fragments, ice, steam, and a small amount of water. The steam nucleates on the dust-sized ejecta, 
forming droplets with freezing times greater than the ballistic flight time, thus enhancing flow. 

poise to 
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The effect of shockwave passage through ice may also explain the presence of convex floors within rela- 
tively fresh craters. Peak pressures occur closest to impact: for a 1 km diabase meteorite with an initial velocity 
of 17 kmlsec, initial pressures at the impact site within an ice target have been calculated (8) to exceed 1900 kb, 
with 44% of the initial energy of the impact transferred to the ground. The distance to the 100 kb isobar from 
the impact site is calculated as 1.54 km; the distance to the 1 kb isobar from the origin is calculated as 5.20 km 
(8). Therefore, beyond the 100 kb isobar limit for ice phase transition (8), s energy is still imparted to the 
icy surface via the shockwave. Several researchers have indicated the possible importance for impacts into 
silicate rocks of the loss of material strength with the passing of the shockwave, and have tried to calculate 
the effects of a shockwave which reduces cohesive strength as the peak pressure is increased for given ranges 
from the impact (12,13). It was found that for a MohrCoulomb material with a von Mises limit, there is an 
increase in the final radius-to-depth ratio compared to calculations for craters where loss of cohesiveness was not 
considered (12,13). This loss of cohesiveness could correspond to a decrease in viscosity for icy target materials 
and thus facilitate topographic relaxation shortly after an impact. Impact cratering experiments (14) indicate 
that at high impact energies and low target viscosities, viscous topographic deformation does occur immediately 
after the impact event. Thus, much of the viscous relaxation of the crater floor could occur shortly after the 
impact event, before the site cools to its equilibrium temperature. We emphasize that this hypothesis does not 
preclude viscous relaxation resulting from higher surface heat flows early in the history of Ganymede (15). 
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Figure 1. The crater Osiris, shown above, has the most prominent ray system on Ganymede yet the crater floor 
is convex. FDS 2063 7.59. 

Figure 2. Although this impact occurred in the smooth plains, the ejecta crossed into the dark cratered terrain 
to the NE during emplacement: Compare the pedestal ejecta form represented on the smooth plain 
with the bright diffuse ejecta form on the ancient terrain. FDS 20640.25. 
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Does "Saturation" Cratering exist i n  the Solar System? 
William I(. Hartmann, Planetary Science Ins t i tu te ,  Tucson, Arizona 86719 

A number of researchers , such as Strom, Woronow, and co-workers , have 
concluded tha t  saturation equilibrium cratering exists nowhere i n  the 
so la r  system, and therefore tha t  diameter dis t r ibut ions i n  even the most 
heavily cratered provinces reveal i n i t i a l  production functions related to  
impacting bodies. Based on this premise, they identify different  popu- 
la t ions of impactors i n  d i f ferent  epochs and regioils of the solar  system. 
These hypotheses are clearly crucial t o  interpreting planetary h i  story and 
need fur ther  independent examination. 

I have assembled my own cra te r  counts on heavily cratered surfaces 
throughout the solar  system. As shown i n  Figures 1 and 2 ,  I found tha t  the 
most heavily cratered regions of the lunar highlands, the lunar maria a t  
small c ra te r  diameters , Mercury, Mars , Phobos , Deimos , Call i s t o  , Mimas , 
Tethys, and Rhea a l l  c luster  around (within a factor 2)  the same -1.83 
power law for  c ra te r  densit ies (0.06<D<1448 km). T h i s  envelope is well 
below the theoretically proposed saturation equilibrium values of Woronow, 
Strom, and Gurnis (1982, i n  Sa te l l i t es  of Jupi ter ,  ed.  D. Morrision), by 
a factor of about 2 to  6. A s t r i k i n g  coincidence would be needed i f  a l l  
these surfaces were unsaturated b u t  a l l  had about the same cra te r  density. 
Instead, I propose that  the data points i n  Figures 1 and 2 define an 
empirical saturation level reached on some surfaces i n  d i f ferent  parts of 
the solar system. 

The c r a t e r  counts on frontside lunar uplands, used by Strom and co- 
workers as a basic reference curve identified w i t h  one of t he i r  populations 
of early impactors, are  confirmed by my counts. However, this area i s  
contaminated w i t h  ancient, ejecta-masked basal ts (Hawke, Bell, and Clark, 
1983, Natural Sa te l l i t e s  Colloquium abstracts,  Cornell). The c ra te r  
population is deficient i n  1 - 16 km c ra te rs ,  which may be obliterated by 
the lavas. 
lands, and is of questionable value as a standard comparison curve. 
''pure" highlands show a " f l a t t e r " ,  less structured curve, as shown i n  
F ig .  1. 

T h u s  this curve is - not representative of heavily cratered h igh-  
The 

There is  ev dence of a turndown a t  large diameters i n  these popula- 
tions. The production function i n  the outer solar  system may differ from 
that  in the inner solar  system, as proposed by Woronow, Strom, and Gurnis 
(1982), b u t  i t  is also possible tha t  viscous relaxation of ice craters  
or  immediate flooding of craters  t ha t  penetrate through an ice l i tho-  
sphere into watery substrate may explain the greater deficiency of large 
craters  on icy moons. T h i s  problem i s  controversial and needs more study. 

97 



IO 

' P  

N - 
NHc 

. I  

.01 

I I I I I I I I I t I I I 1 
INNER SOLAR SYSTEM 

D 

MERCUW AT D)32KM 
MOON: PURE UPLANDS 

' B MOON: MARIA AT D<O.5 KM 
P PHOBOS 
D DEMOS 
I I I I I I I I I I I I I I 

.06 .I2 .25 .5 I 2 4 8 16 32 64 128 256 512 1024 
DIAMETER (KM) 

Fig .  1. Crater densit les on the m a t  heavily cratered surfaces i n  the 
inner so la r  system, including regions on Mercury, Moon, Phobos, and Deimos. 
The gra h is a re la t ive plot, showing observed number of craterslkmz i n  
each Jrp diameter b i n  (N) ,  re lat ive to  an estimated best f i t  for  heavily 
cratered regions ( NHC) . The sol i d  horizontal 1 ine represents NHC, which  
is a power law with exponent-1.83. Observed clustering of most counts 
from heavily cratered regions w i t h i n  a factor o f  2 of this line suggests 
an empirical identification of saturation equi l ibr ium cratering. 
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Fig .  2. 
solar  system. Coincidence of the m a x i m u m  c ra te r  densit ies w i t h i n  factor 
2 of values i n  inner solar  system reinforces the suggestion of an empir- 
ical  saturation equilibrium cra te r  density, shown by the horizontal l ine.  
T h i s  l ine  is well below the saturation equ i l ib r ium densities proposed 
theoretically by Woronow and co-workers, w i t h  consequent important 
imp1 ications about planetary surface evolution. 

Same as Figure 1 ,  f o r  four heavily cratered moons i n  the outer 
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DIFFERENTIAL DEGRADATION OF MARTIAN IMPACT BASINS 
Marianne Stam, Department of Geology and Geography, University 

of Massachusetts, Amherst, MA 01003 

Among t h e  major problems of martian geologic h i s t o r y  are the cause 
of t h e  highland-lowland dichotomy, and of t he  scarp separa t ing  these  two 
global-scale provinces. These f e a t u r e s  w e r e  formed a f t e r  much of the  
ea r ly  bombardment w a s  completed (Wise et al . ,  1979); consequently, many 
of t h e  s u w i v i n g  impact bas ins  very l i k e l y  w e r e  present during t h e  
c rea t ion  of t he  dichotomy, and i t  is poss ib le  t h a t  d i f fe rences  i n  t h e i r  
present morphologies as a func t ion  of l oca t ion  and of r e l a t i v e  age may 
provide c lues  t o  t h e  t ec ton ic  and geomorphic processes responsible f o r  
the dichotomy and the  scarp. 

A s  an approach t o  t h e  understanding of t h e  geomorphic and t ec ton ic  
processes active e a r l y  i n  martian h i s to ry ,  I a m  sys temat ica l ly  mapping 
5 bas ins  with respect t o  t h e  morphology of associated landforms, tec tonic  
fea tures ,  and materials. Tectonic and landform maps have been completed 
fo r  t h ree  of t he  bas ins  c i t e d  by Schultz e t  a l .  (1982) : Ladon (-18O, 
29'), Sirenum (-43.5O, 167O), and A 1  Qahira (-15.5O, 190°). 
chosen f o r  t h e i r  s i m i l a r  diameters ( ~ 1 0 0 0  km) and f o r  t h e i r  wide geo- 
graphic d i s t r i b u t i o n .  The t ec ton ic  maps portray f ea tu res  t h a t  are 
believed t o  be dominantly of endogenic o r  endogenic p lus  impact or ig in :  
r idges and scarps, massifs,  knobs and platforms, grabens, and f loor -  
f rac tured  craters. The landform maps por t ray  f ea tu res  dominantly of 
exogenic or ig in :  narrow va l l ey  networks, outflow channels and associ- 
a t e d  chaot ic  t e r r a i n ,  longi tudina l  v a l l e y  systems (Baker, 19821, furrowed 
crater w a l l s ,  and zones of heavy t o  l i g h t  furrowing. The areal d i s t r i -  
butions of some of t he  mapped landforms and s t r u c t u r e s  con t r ibu te  t o  the  
d e f i n i t i o n  of t he  bas in  shape on photographs and maps, and t h e  relative 
importance of d i f f e r e n t  f ea tu re s  f o r  bas in  discrimination has been rank 
ordered f o r  each basin. Other landforms and s t r u c t u r e s ,  although not 
cont r ibu t ing  t o  our a b i l i t y  t o  d iscr imina te  the  bas in ,  do exh ib i t  
d i s t r i b u t i o n s  suggesting some s o r t  of con t ro l  by the  bas in  s t r u c t u r e  on 
t h e i r  formation. 

These were 

Preliminary r e s u l t s  suggest t h a t  t h e  inner  r ings  of a l l  t h r e e  
basins are b e s t  defined by concentric arrangements of massifs, knobs, and 
platforms. The outermost r ings ,  how.ever, s e e m  b e s t  defined by scarps. 
I n  addi t ion  t o  these  similarities, the re  are some i n t e r e s t i n g  
d i f fe rences .  

Ladon has a w e l l  developed r a d i a l  system of narrow va l l ey  networks 
Floor-fractured craters t h a t  c l e a r l y  defines the  innermost bas in  r ing .  

and furrowed craters appear t o  be  abnormally ab.undant hetween t h e  second 
and four th  def inable  r i n g s  (counting from t h e  bas in  cen te r ) .  Large out- 
flow channels and chaot ic  t e r r a i n  a l s o  are assoc ia ted  with Ladon, and 
some segments of the  scarp  bounding t h e  chaot ic  t e r r a i n  have t rends  and 
pos i t ions  suggesting s t r u c t u r a l  con t ro l  by t h e  basin.  
i n t e r e s t  is the  absence of narrow va l l ey  networks associated wi th  the  
younger and s l i g h t l y  overlapping bas in  t o  the  SW (Holden). 

Of p a r t i c u l a r  

This r a t h e r  
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remarkable d i f f e r e n c e  i n  two immediately ad jacent  b a s i n s  is of p o t e n t i a l  
s i g n i f i c a n c e  f o r  t h e  h i s t o r i e s  of r e g o l i t h  v o l a t i l e s  and v a l l e y  network 
formation, b u t  more such d a t a  w i l l  be  needed t o  develop a model. 

I n  c o n t r a s t  t o  Ladon, t h e  Sirenum b a s i n  shows poorly developed 
narrow v a l l e y  networks’, few f loo r - f r ac tu red  craters, and no outf low o r  
l o n g i t u d i n a l  v a l l e y  systems. However, a w e l l  developed r e g i o n a l  r i d g e  
system is d e f l e c t e d  around the innermost and second r i n g s  (Chicarro e t  
a l . ,  1983),  thus  he lp ing  t o  d e f i n e  t h e  b a s i n  form. Zones of l i g h t l y  fur -  
rowed t e r r a i n  a l s o  h e l p  d e f i n e  t h e  b a s i n  form, p a r t i c u l a r l y  around t h e  
second r ing .  The t r end  and l o c a t i o n s  of grabens,  on t h e  o t h e r  hand, 
seem unre l a t ed  t o  t h e  b a s i n  s t r u c t u r e .  

A 1  Qahira is  t h e  most c r y p t i c  of t h e  t h r e e  bas ins .  The most 
important f e a t u r e s  f o r  b a s i n  d e f i n i t i o n  (o the r  than  mass i f s ,  knobs, and 
platforms)  are t h e  approximately concen t r i c  arrangements of zones o f f u r -  
rowing,changes i n  t h e  d e n s i t y  of r idges ,  and changes i n t h e  width,  depth,  
and t r end  of  t h e  l o n g i t u d i n a l  v a l l e y  systems found east of t h e  b a s i n  
cen te r .  Narrow v a l l e y  networks east of t h e  b a s i n  center a l s o  seem t o  
have a vague (but no t  very  convincing) d i s t r i b u t i o n  concen t r i c  t o  t h e  
c e n t e r  of A l  Qahira. 
than those  a s soc ia t ed  w i t h  Ladon, b u t  b e t t e r  developed than  those  i n  
t h e  Sirenum area. 

These v a l l e y  networks are much less w e l l  developed 

These pre l iminary  r e s u l t s  are encouraging because they  demonstrate 
t h a t  t h e r e  are, i n  f a c t ,  second-order d i f f e r e n c e s  i n  t h e  p re sen t  
morphologies of impact b a s i n s  t h a t  can b e  r e l a t e d  t o  relative age o r  t o  
l o c a t i o n  of the bas ins .  These morphologic d i f f e r e n c e s  presumably 
r e f l e c t  d i f f e r e n c e s  i n  t h e  t e c t o n i c  o r  geomorphic processes  t h a t  have 
been active. 
t o  provide a l a r g e r  d a t a  base  f o r  a n a l y s i s .  

Addi t iona l  mapping of t h e s e  and of o the r  bas ins  is  needed 
This  work is i n  progress .  
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PROGRESSIVE IMPACT CRATERTNG 

R. A. D e  Hon, Department of Geosciences, Northeast 
Louisiana Universi ty ,  Monroe, LA 71209. 

Most c r a t e r i n g  experiments are designed t o  study t h e  
e f f e c t s  of a s i n g l e  hyperveloci ty  impact i n t o  a t a r g e t  
of uniform p r o p e r t i e s  (1). hxperiments involving mul t ip l e  
impacts are usua l ly  l imi t ed  to  l o w  v e l o c i t y  p r o j e c t i l e s  
and unconsolidated t a r g e t  materials. Gault  (2) descr ibed 
s a t u r a t i o n  c r a t e r i n g  i n  an unconsolidated target, Quaide 
and Oberbeck (3) s tudied  crater forms produced by hyper- 
v e l o c i t y  impact i n t o  layered t a r g e t s .  Several i n v e s t i -  
g a t o r s  (4 ,  5, 6) have modeled t h e  generat ion of e i t h e r  
a r e g o l i t h  o r  megaregolith by repeated impact on p lane tary  
sur faces ,  

S tudies  now i n  progress  examine changes i n  crater morpho- 
logy and target p r o p e r t i e s  by repeated impact i n t o  an 
i n i t i a l l y  consol idated t a r g e t ,  Current s t u d i e s  employ 
low v e l o c i t y  p r o j e c t i l e s  (2 g a t  0.5 km/sec) and con- 
so l ida t ed  s a l t  t a r g e t s .  Records of crater s i z e ,  morpho- 
logy, and accumulated ejecta th ickness  are maintained as 
impacts collect  on the  surface.  

I n i t i a l  impacts i n t o  the  t a r g e t  block produce simple, 
bowl-shaped craters (approximately 3.2 c m  d i m .  and 1 .5  c m  
deep) wi th  minor s t r u c t u r a l  r i m s .  During this e a r l y  s t age  
of c r a t e r i n g ,  w h i l e  impacts a r e  e s s e n t i a l l y  i n  una l te red  
target ma te r i a l ,  a l l  ejecta is  fine-grained. Once crater 
s a t u r a t i o n  i s  reached and impacts begin t o  impinge on 
previously formed craters, l a r g e  blocks of e j e c t a  begin 
t o  dominate t h e  growing e j e c t a  mantle. A t  t h i s  later 
s tage ,  craters tend t o  be 2 t o  5 t i m e s  l a r g e r  than the  
i n i t i a l  craters and e x h i b i t  i r r e g u l a r  morphologies. The  
o v e r a l l  morphology i s  l a r g e l y  con t ro l l ed  by t h e  i r r e g u l a r  
th ickness  of the ejecta mantle, t h e  i r r e g u l a r  boundary 
between s o l i d  s u b s t r a t e  and concomitant mantle, and the 
d i s t r i b u t i o n  of l a r g e  blocks wi th in  t h e  ejecta mantle. 

Continued impact comminution of t h e  s u r f i c i a l  m a t e r i a l s  by 
repeated impact reduces t h e  population of l a r g e  blocks and 
inc reases  t he  th ickness  of t h e  s u r f i c i a l  mantle by bulking 
of ejecta and continued quarrying of t h e  s u b s t r a t e .  I n  
t h i s  l a te  s t a g e  of c r a t e r i n g ,  craters acqu i re  classic 
bowl-shaped morphologies w i t h  well-defined ejecta r i m s .  
The 'overa l l  crater dimensions inc rease  t o  greater than 
1 0  t i m e s  t h e  s i z e  of t he  i n i t i a l  craters i n  an unmodified 
t a r g e t  material, 
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Current studies are obviously constrained by experimental 
conditions to strength craters formed by a single impact 
energy at terrestrial gravity and atmospheric pressure. 
Nevertheless, these experiments shed light on the inter- 
action between crater-forming processes and alteration of 
the target as impacts accumulate on the surface. At this 
scale, crater morphology is strongly controlled by 
irregular development of the surficial layer, The non- 
uniform nature of surface topography, mantle thickness, 
and substrate boundary layer precludes the development of 
a characteristic progression of crater forms as a simple 
function of increasing mantle thickness with time. 
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ODE TO GRAVITY: DEPTH/DIAMETER FOR FRESH CRATERS ON MERCURY. 
R. J. Pike and G. D. Clow, U. S. Geological Survey, Menlo Park, CA 94025. 

Opinions conflict over the role of surface gravity in shaping impact 
craters on Mercury. One view holds that the effects of g are evident in 
measurable aspects of crater form; other investigators find little or no 
evidence for g's geomorphic importance (see review by Strom [l]). We 
believe that ambiguity in the role of g and other variables in cratering 
on Mercury stems largely from uncertainty in identifying major geomorphic 
contrasts and the crater sizes at which they occur. One of these, 
depth/diameter (d/D), undergoes a major change at the transition from 
simple (bowl shaped) to complex (peaks and terraces) crater interiors 
121 

Four least-squares d/D fits for fresh craters on Mercury have been 
attempted [3-61. The results are inconsistent. Here we present d/D data 
that should resolve previous shortcomings. The revised d/D distributions 
for simple and complex craters, which intersect at a diameter of about 5 
km, support the initial thesis [3]  that g substantially influences the 
form of Mercury's craters. 

We calculated depth and diameter for 316 fresh craters 225 m to 160 
km across. The selected craters have a crisp overall morphology, 
continuous rims, and where resolution permitts, some indication of 
textured ejecta or satellitic craters. The shadow-length technique used 
to calculate depth further limited the sample to craters close to the 
terminator, mostly in the Northwest quadrant of the imaged hemisphere. 
The craters were divided into two subsets on the basis of terrain type: 
"cratered terrain" (CT) and "smooth plains" (SP) [7], mostly by 
interpretation of photomosaics [8]. 

Mean rim-to-rim diameters and maximum (bowl-shaped interior) or mean 
(complex interior) shadow lengths were measured directly on Mariner-10 
images with an optical comparator. Repeatability of measurements was 
judged very good. Shadow tips were identified without photometric 
analysis [9], but visual discrimination of shadow umbra from penumbra 
introduced no detectable error into the depths. Positional data from the 
latest Mercury control net eliminate errors in the published SEDR 
parameters that resulted from camera-pointing uncertainties. Depths and 
diameters were obtained by calculations that accommodate virtually any 
spacecraft altitude or look angle, location on the planet, or degree of 
foreshortening. Bowl-shaped craters wherein the shadow tip lay more than 
5% D from the crater center were rejected. 

We recognized four morphologic classes among the 250 remaining 
craters: Simple (deep, bowl shaped); Modified Simple (less deep, bowl 
shape but very small, usually unidentifiable, central feature); Immature 
Complex (wall failure but no terrace ( s ) ,  maybe a central peak; similar 
to lunar Class TRI [lo]; Mature Complex (terraces and peaks; like lunar 
Class TYC [lo]). 
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Figure 1. Least-squares fits, with 95% confidence interval, to 
depth/diameter (d/D) data for Mercury (Table 1) and three other silicate 
planets (Pike, 1980). For Mercury, the crater distributions from left to 
right are Simple, Modified Simple, Immature Complex, and Mature Complex 
(confidence envelope not given for combined complex-crater fit, only 
partly shown by heavy dashes). Curves for other planets describe complex 
craters only. Upper curve for the Moon is upland (n=37), lower curve 
mare (n-20). For Mars, upper curve is cratered terrain (n=54), lower 
curve plains (n=51). The curve for Earth represents 12 craters. Arrow 
indicates intersection of simple and complex d/D curves for Mercury at 
0.95 + 0.11 km/ 4.8 - + 0.6 km - 

105 



Linear least-squares fits to the d/D distributions at the 95% 
confidence level (Figure 1, Table 1) differ from previous results. The 
equation for Mercury's simple craters, whose d/D remains a high 1/5 
throughout, resembles those for simple craters on the Moon and Mars 
[2]. Earth's craters are shallower. The expression for all complex 
craters (immature plus mature), is steep and falls between those for 
lunar and Martian complex craters, but lies closer to the Martian 
curves. It intersects the simple-crater equation at a diameter of 4.8 + 
0.6 km, about half the value reported from prior analyses of d/D [3-6]T 
The CT/SP contrasts in d/D for each class of crater are too small to show 
up in Figure 1, thus supporting the thesis [7,11] that contrasts in the 
Mercurian substrate have little effect on crater shape. 

The 4.8 km intersection diameter, Dd/D, for Mercury is consistent 
with the direct gravity-scaling of depth for complex impact craters on 
silicate bod'es. The inverse monotogic felation between DdlD, in km, and 
g, in cm/sec , roughly Dd g- , for craters on Mercury, Earth, 
the Moon, and Mars [2, &ble 31, applies primarily to the first three 
bodies. The Dd/D value for Mars, 3.1 + ca. 0.5 km, is lower than 
expected, an anomaly that could well reflect the volatile-laden Martian 
crust. Evidence for a non-1.0 inverse g-scaling of crater depth, 
probably about -0.25, for non-silicate bodies [12] awaits reliable d/D 
data for fresh craters on the outer satellites. 
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TABLE 1. LEAST-SQUARES FITS TO DEPTH/DIAMETER FOR MERCURIAN CRATERS 

Class n r Slope 95% C.I. for d at 
Slope D= 1 km - -  

SIMPLE 104 0.997 0.995 0.981-1.010 0.199 
MODIFIED SIMPLE 19 0.975 1.029 0.908-1.150 0.151 

MATUkE COMPLEX 58 0.823 0.496 0.408-0.589 0.353 
COMPLEX (ALL) 127 0.898 0.418 0.382-0.454 0.492 

IMMATURE COMPLEX 69 0.766 0.490 0.389-0.590 0.410 

95% C.I. for 
d at D=lkm 

0.194-0.204 
0.116-0.197 
0.309-0.544 
0.244-0.503 
0.435-0.557 

I 
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MORPHOMETRY OF BURIED CRATERS: LAVA THICKNESS ESTIMATES BY SIMULATED 
FLOODING. 
Ted A. Maxwell and Victoria F. Avery, Center for Earth and Planetary 
Studies, National Air and Space Museum, Smithsonian Institution, 
Washington, D.C. 20560 

Partially and completely buried craters on planetary surfaces are 
used as probes to determine the thickness and extent of the overlying 
material as well as the composition of underlying terra 
craters protruding through mare basalts on the Moon hav 
extensively by DeHon (1977, 1979) to develop isopach maps of both the 
circular and irregular maria. Such estimates are possible because of 
Apollo topographic data and the extensive coverage by Lunar Orbiter 
photographs at various sun angles. On planetary surfaces without such 

of 

data, however, shadow measurements can only be made by pixel listings 
with appropriate assumptions concerning support data. In addition, high 
resolution geochemical data is not available to determine whether the 
exposed crater rim is composed of material dissimilar from the lavas. 
Because of the need for lava thickness data, we have simulated flooding 
of lunar mare and highland craters for which topographic data is 
available in order to determine empirical relationships between 
dimensions observed in orbital images and the thickness of the "lava". 
The method is similar to that proposed by Baldwin (1970), but differs in 
that detailed Apollo topography is used for the analysis. 

the surrounding terrain (beyond the ejecta) was measured for crater 
exterior thickness estimates (Re), and the percent of crater depth 
flooded was measured for interior estimates (Ri; using rim height to the 
bottom of the crater). In the case of exterior estimates, the percent of 
rim height flooded was compared to the diameter of the exposed crater 
(De), ratioed to rim crest diameter (D). Five highland craters were 
used in the study, ranging in diameter from 13 to 140 km, as well as six 
mare craters with a smaller diameter range of 10 to 23 km. Because of 
the extreme variations in topography surrounding the highland craters, 
the relationship between Re and exposed diameter (De) is particularly 
dependent on an arbitrary determination of De. In contrast, craters on 
level terrain such as the lunar maria would be circled symmetrically by 
lava and exhibit a logarithmic relationship between the geographic extent 
of the remaining crater and the percent of rim elevation flooded (Fig. 
1). For the 6 mare craters studied, a relationship of: 

For the simulated flooding, the percent of rim height flooded above 

5.11 D/De 
Re = 0.66e 

provides a good fit (r = 0.93) to the simulated flooding. 

of interior crater fill, the simulation of lava flooding was continued 
after the rim was breached. Using the same set of lunar craters, the 
percent of crater depth flooded has been plotted as a function of the 
extent of observed original crater rim (Ri/D). 
ejecta blanket was held at a constant level as the crater filled. As 

In order to use observed crater morphology to estimate the thickness 

External flooding of the 
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expected from hummocky 
rapidly obscures floor 

would be 
flooding 

and flat-floored craters, initial 
relief, yet contributes little to the 

thickness. As lava rises to the steeper slopes of the interior walls, 
the thickness increases rapidly with the corresponding decrease in 
exposed rim. Finally, when the lava level within the crater equals that 
outside, obscuration of the rim occurs more rapidly until the entire 
crater is buried. Based on these observations of the simulation, the 
relationship between exposed rim and lava thickness is divided into three 
sections, and each was fit with a linear regression (Fig. 2). 

In previous estimates of lava thicknesses on the Moon, DeHon and 
Waskom (1976) noted that a wide range in error was introduced by using 
the rim width/diameter measurements to determine depth of burial. 
However, since no detailed topographic data are available for Mars 
(unless resorting to pixel counts or image modeling), estimates of lava 
thickness based on flooded crater morphometry provide an independent 
check on pixel measurements and the ability to study areas not covered by 
images with suitable sun angles. The method proposed here is applicable 
to studies of volcanic flood volumes as weM as load-induced tectonism. 
The use of these relationships is dependent on the topographic 
characteristics of the pre-lava terrain, the degradation state of the 
flooded crater, and for applications to other planets, the assumption of 
similar crater morphometry. We are presently applying this method to 260 
craters in the western hemisphere of Mars which have been classified 
according to degradation and type of flooding. The resulting thickness 
estimates will be compared with previous estimates of thicknesses for the 
Tharsis region (Plescia and Saunders, 1980), and will be used for further 
stratigraphic and structural studies. 

/ 
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THE BOREALIS BASIN OF MARS 
Don E. Wilhelms, U.S. Geological Survey (MS 46), Menlo Park, CA 94025 and 
Steven W. Squyres, NASA Ames Research Center (MS 245-3), Moffett Field, CA 
94035 [l] . 

Why the lowlands of Mars are concentrated in the northern hemisphere 
and the highlands in the southern hemisphere is probably the most fundamen- 
tal unsolved problem in martian geology [2]. No explanation that accounts 
both for this asymmetric distribution and for the isostatic equilibrium 
across the scarp or sloping transition zone dividing the two provinces [3] 
has been generally accepted; thinning of the lithosphere in the northern 
hemisphere by internal processes has been suggested [4]. Because other 
lowland-highland distributions on Mars [5], Moon, and Mercury are con- 
trolled by impact basins, we propose that a giant basin formed early in 
Mars' history has caused the martian hemispheric dichotomy as well. 

We found that many massifs and narrow plateaus that are not parts of a 
previously known basin lie along a small circle which coincides with the 
largest contiguous parts of the highland-lowland province boundary (fig. 
1). The circle is about 7,700 km (130" of latitude) in diameter (measured 
along the surface curvature) and is centered at 50' N., 190' W. The area 
south of the circle contains almost all of the cratered highland province, 
including lowlands concentrated in previously known basins. Most of the 
terrain north of the circle is lowland, including Vastitatis Borealis and 
Amazonis, Arcadia, Elysium, and Utopia Planitiae. We propose that the 
circular alignment of mountains and scarps defines a 7,700-km basin, which 
we call Borealis because it encloses Vastitatis Borealis and because of its 
northern location [l]. 

The Borealis basin readily accounts for (a) the largest otherwise 
unexplained topographic depression on Mars, (b) the corresponding restric- 
tion of heavily cratered highlands to outside the basin rim, that is, to 
terrane probably underlain by basin ejecta or to prebasin terrane, (c) 
existence and concentric orientation of massifs and narrow plateaus not 
related to other basins, (d) isolated highland tracts surrounded by lowland 
plains but lying along the circle (for example, the Mareotis-Tempe terra), 
(e) redistribution of mass from the lowlands to the highlands followed by 
isostatic compensation, (f) abrupt scarps between highlands and lowlands, 
most of which are readily explained as parts of the inward scarp of the 
basin's rim, and (g) the annular transition zone of highland breakup, 
localized by the rim and inner wall of the basin. Locally the breakup zone 
has retreated outside the trace of the basin rim, as in Acidalia Planitia. 

A possible objection to the proposed basin, that such a large impact 
might destroy the planet, is answered by the fact that the 2,500-km South 
Pole-Aitken basin and the 3,200-km Procellarum basin did not destroy the 
smaller Moon [6]. The radius of Procellarum is 0.92 times that of the Moon 
and the radius of the Borealis basin is 1.1 times that of Mars (3,394 
km). Basins penetrate less deeply in proportion to their diameters than do 
small, simple craters 171, and therefore inflict less damage than their 
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great diameters might suggest. Judging from the lack of mantle material in 
the samples returned from the Moon [SI even the giant Procellarum basin did 
not substantially penetrate the 74f12-km-thick lunar crust [6,9]. If the 
depth/diameter ratios of the Borealis and Procellarum basins were the same, 
Borealis did little damage below 175 km, only 5 percent of Mars' radius. 

The energy required to form a basin as large as Borealis is readily 
attained by a large,impact. Calculations based on scaling relations for 
small cr ters suggest that a body 600 km in diameter, having a density of 
3.0 g/cm , and impacting at 24 km/s (the orbital velocity of Mars), would 
generate the requisite energy [l]. Moreover, a significantly smaller body 
would suffice for a proportionally shallower excavation. 

3 

The probability that such a large impact occurred on Mars is supported 
by estimates based on ancient impact rates on the Moon. Basins cover the 
lunar terra [10,11]. At least 39 basins >300 km in diameter were formed 
before emplacement of the visible mare bacalts began about 3.8 aeons ago 
[ll]. Stabilization of the lunar crust by about 4.2 aeons [12] sets an 
approximate maximum age for the oldest observed basins. Therefore, during 
this 400-million-year interval a population of large projectiles created 
lunar basins at a minimum rate of 98 per aeon. Extrapolation of the 
basins' size-frequency distribution [based on data from 111 shows that the 
same population impacting at the same rate would theoretically contain 
projectiles capable of producing a 7,700-km basin once every 3.5 aeons on 
the Moon or once every 0.9 aeon on the 3.8-times larger area of Mars. The 
odds of such a large basin forming on Mars are even more favorable if the 
basin-production rate was greater than the lunar rate or if the impact rate 
was greater before 4.2 aeons ago, both of which are likely 1131. Creation 
of a basin the size of Borealis on Mars is therefore consistent with the 
distribution of highlands and lowlands on Mars and with the early impact 
history of the terrestrial planets. 

[l] This is a condensation of a paper submitted in August 1983 for publica- 
tion in Nature. The research was funded by the Planetary Geology Program, 
NASA (DEW) and by a National Research Council postdoctoral fellowship 
(SWS). [2] Mutch T. A., Arvidson R. E., Head J. W., Jones K. L. & Saunders 
R. S. (1976) The Geology of Mars: Princeton, 56; Carr M. H. (1981) The Sur- 
face of Mars: Yale, 65, 73. [3] Janle P. (1983) The Moon and the Planets 
28, 55-67. [4] Wise D. U., Golombek M. P. & McGill G. E. (1979) - JGR 84, 
7934-7939. [5] Wilhelms D. E. (1973) - JGR 78, 4084-4095; Schultz H. & 
Glicken H. (1979) JGR 84, 8033-8047; Schultz H., Schultz R. A. & Rogers J. 
(1982) - JGR 87, 98-9820. [6] Whitaker E. A. (1981) Multi-ring basins: 
Geochim. Cosmochim Acta suppl. 15, 105-111; Wilhelms D. E. (1982) NASA TM 
85127, 111-113; Wilhelms D. E. (1983) Lunar & Planetary Sci. XIV, 845- 
846. [7] Baldwin R. B. (1963) The Measure of the Moon: Chicago, 166; Head 
J. W., Settle M. & Stein R. S. (1975) Proc. Lunar Sci. Conf. 6, 2805- 
2829. [8] Herzberg C. T. & Baker M. B. (1980) Proc. Conf. on Lunar High- 
lands Crust: Geochim. Cosmochim. Acta suppl. 12, 113-132. [9] Basaltic 
Volcanism Study Project (1981) Basaltic Volcanism on the Terrestrial Plan- 
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ets: Lunar & Planet. Inst., 671. [ lo]  Howard K. A., Wilhelms D. E. ti Scott 

D e  E. 
Prof. 

Di-  H. (1974) Rev. Geophys. Space Phys. 12, 309-327. [ll] Wilhelms 
(in press) The Geologic History of the Moon: U.S. Geol. Survey 
Paper. 1121 Taylor S. R. (1982) 
Lunar and Planet. Inst., 246. [13 
A., Herman B. M. & Kreidler T. J. (1974) Icarus 22, 239-263; Neukum G. & 
Wise D. U. (1976) Science 194, 1381-1387; Hartmann W. K. (1976) Icarus 31, 
260-276; ref. 9, 1075-1081. m 

Fig. 1. Polar stereographic projection of part of Mars centered about 50" 
N., 190" W. Dotted circle indicates inferred rim of Borealis basin. Ac, 
Am, Ar, E, H, I, SM, U = Acidalia, Amazonis, Arcadia, Elysium, Hesperia, 
Isidis, Syrtis Major, and Utopia Planitiae, respectively; L = Lyot, 215-km 
ringed basin; MT = Mareotis-Tempe terra; OM = Olympus Mons. Black = mas- 
sifs and narrow plateaus believed part of Borealis basin (including 3 near 
E that may be part of inner ring); shaded = other highland terrain; 
stippled = modified highland terrain in the highland-lowland transition 
zone (frets, chaos, knobs, channels, etc.); blank = young terrain 
(including OM and three Tharsis Montes shown separately). (The numbered 
boxes refer to figures in [l]). 
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CRATERING HISTORY OF THE SATURNIAN SATELLITES J . B .  P l e s c i a ,  J e t  
P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,  
P a s a d e n a ,  C A  9 1 1 0 9  a n d  J . M .  B o y c e ,  EL-4, NASA H e a d q a u t e r s ,  
W a s h i n g t o n ,  D . C .  2 0 5 4 6 .  

I n  a n  a t t e m p t  t o  r e l a t e  t h e  o b s e r v e d  c r a t e r  f r e q u e n c i e s  o n  
t h e  s a t u r n i a n  s a t e l l i t e s  ( P l e s c i a  a n d  B o y c e ,  1 9 8 2 , 1 9 8 3 )  w i t h  
a b s o l u t e  t i m e ,  w e  h a v e  m o d e l e d  t h e  c r a t e r i n g  h i s t o r y  of  t h e  
S a t u r n  s y s t e m .  The  m o d e l  i s  b a s e d  u p o n  s e v e r a l  a s s u m p t i o n s .  
F i r s t ,  t h e  c u m u l a t i v e  f l u x  h i s t o r y  a t  s a t u r n  r e s e m b l e s  t h a t  o f  
t h e  i n n e r  s o l a r  s y s t e m .  T h a t  i s  t o  s a y ,  a h i g h  c r a t e r i n g  r a t e  
w h i c h  r a p i d l y  ( e x p o n e n t i a l l y )  d e c a y e d  o v e r  t h e  f i r s t  f e w  h u n d r e d  
m i l l i o n  y e a r s  f o l l o w e d  by a s i g n i f i c a n t l y  l o w e r  b u t  more  c o n s t a n t  
f l u x  t o  t h e  p r e s e n t  ( W e t h e r i l l ,  1 9 7 5 ;  S h o e m a k e r ,  p e r s o n a l  
c o m m u n i c a t i o n ) .  S e c o n d ,  t h e  e n d  o f  t h e  h e a v y  bombardment  o c c u r e d  
a b o u t  3 . 7 - 3 . 8  b . y .  a g o .  T h i r d ,  P o p u l a t i o n  I c r a t e r s ,  d o m i n a t e d  by 
l a r g e  d i a m e t e r s  a n d  h a v i n g  a s h a l l o w  s i z e - f r e q e u c n y  d i s t r i b u t i o n  
s l o p e  ( S m i t h  e t  a l . ,  1 9 8 1 , 1 9 8 2 ) ,  were  f o r m e d  d u r i n g  t h e  p e r i o d  o f  
h e a v y  bombardmen t .  P o p u l a t i o n  I1 c r a t e r s ,  c h a r a c t e r i z e d  by s m a l l  
c r a t e r s  a n d  a s t e e p  d i s t r i b u t i o n  s l o p e ,  h a v e  f o r m e d  s i n c e  t h e  
h e a v y  bombardmen t  e n d e d .  

B e f o r e  t h e  o b s e r v e d  c r a t e r  f r e q u e n c i e s  c a n  b e  i n t e r c o m p a r e d  
b e t w e e n  s a t e l l i t e s  a c o r r e c t i o n  m u s t  b e  made f o r  t h e  
g r a v i t a t i o n a l  f o c u s i n g  of  p r o j e c t i l e s  by S a t u r n .  T h e  f o c u s i n g  
r e s u l t s  i n  an 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  w i t h  d e c r e a s i n g  
o r b i t a l  r a d i i ,  i . e .  r a t e s  a re  l o w e s t  a t  I a p e t u s  a n d  h i g h e s t  a t  
M i m a s .  To c o r r e c t  f o r  t h i s  e f f e c t  t h e  o b s e r v e d  c r a t e r  f r e q u e n c i e s  
f o r  I a p e t u s  h a v e  b e e n  h e l d  c o n s t a n t  a n d  t h o s e  of t h e  o t h e r  
s a t e l l i t e s  r e d u c e d  by f a c t o r s  ( b a s e d  o n  d a t a  f r o m  S m i t h  e t  a l . ,  
1 9 8 2 )  r a n g i n g  f r o m  1 .9  f o r  Rhea t o  2 0  f o r  M i m a s .  

The m o d e l  u s e s  t h e  d i s t r i b u t i o n  o f  2 0  km c r a t e r s .  T h i s  
d i a m e t e r  w a s  c h o o s e n  b e c a u s e  i t  b a l a n c e s  s t a t i s t i c s  w i t h  
r e s o l u t i o n .  Maximum r e s o l u t i o n  o n  t h e  s a t u r n i a n  s a t e l l i t e s  r a n g e d  
f r o m  1 k m / l p  t o  1 7  k m / l p  h e n c e  c r a t e r  c o u n t s  c o u l d  n o t  b e  
c o n s i s t e n t l y  made a t  d i a m e t e r s  < 20km. The  f r e q u e n c y  of  c r a t e r s  
o b s e r v e d  o n  t h e  s a t e l l i t e s  v a r i e s  by a n  o r d e r  of  m a g n i t u d e  
b e t w e e n  t h e  l e a s t  a n d  m o s t  c r a t e r e d  s u r f a c e s .  On some of  t h e  
l e a s t  c r a t e r e d  s u r f a c e s ,  s u c h  as t h e  p l a i n s  o f  D i o n e  a n d  a l l  o f  
E n c e l a d u s ,  c r a t e r  > 2 0  km a re  e i t h e r  f e w  o r  c o m p l e t e l y  l a c k i n g .  
H e n c e  u s e  of  a l a r g e r  s i z e  w o u l d  h a v e  r e q u i r e d  e x t r a p o l a t i n g  f r o m  
s m a l l e r  d i a m e t e r s .  

U n d e r  t h e  a s s u m p t i o n  t h a t  t h e  d i f f e r i n g  p o p u l a t i o n s  of  
c r a t e r s  r e f l e c t  s y n -  a n d  p o s t -  h e a v y  b o m b a r d m e n t ,  t h e  c r a t e r  
f r e q u e n c y  c o r r e s p o n d i n g  t o  t h e  e n d  o f  t h e  h e a v y  bombardment  w a s  
e s t i m a t e d .  Most  o f  t h e  c u m u l a t i v e  s i z e - f r e q u e n c y  d i s t r i b u t i o n s  
o b t a i n e d  c o u l d  be a s s i g n e d  t o  e i t h e r  P o p u l a t i o n  I o r  I1 b a s e d  o n  
t h e  s l o p e  o f  t h e  d i s t r i b u t i o n  a n d  t h e  l a r g e s t  c r a t e r  s i z e  
o b s e r v e d .  T h e  c r a t e r  f r e e q u e n c y  w h i c h  s e p e r a t e d  t h e  two g r o u p s  
w a s  a s s u m e d  t o  r e p r e s e n t  t h e  f r e q q u e n c y  a t  which t h e  h e a v y  
bombardmen t  e n d e d .  
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The  p r o j e c t i l e s  w h i c h  p r o d u c e d  P o p u l a i o n  I c r a t e r s  w e r e  f r o m  
a v a r i e t y  o f  s o u r c e s .  Shoemaker  and  Wolfe  ( 1 9 8 1 )  h a v e  e s t i m a t e d  
t h e  c o n t r i b u t i o n  f r o m  s e v e r a l  s o u r c e s ;  J u p i t e r  f a m i l y ,  S a t u r n  
f a m i l y  and  l o n g  p e r i o d  c o m e t s  and  c o n c l u d e d  t h a t  t h e  S a t u r n  
f a m i l y  c o m e t s  d o m i n a t e .  They and S m i t h  e t  a l .  h a v e  i n t e r p r e t e d  
t h e  P o p u l a t i o n  11 c r a t e r s  t o  b e  t h e  r e s u l t  of  e i t h e r  m a t e r i a l  
e j e c t e d  f r o m  t h e  s a t e l l i t e s  d u r i n g  l a r g e  i m p a c t s  e v e n t s  ( i . e .  
H e r s h c e l  o r  O d y s s e u s )  and f r o m  t h e  d e s t r u c t i o n  o f  s m a l l  co-  
o r b i t i n g  b o d i e s  ( i . e .  D i o n e  B).  F i n a l l y  t h e y  p r o p o s e  a t h i r d  
p o p u l a t i o n  of o b j e c t s  w h i c h  i s  r e s p o n s i b l e  f o r  t h e  c u r r e n t  
c r a t e r i n g  w i t h  a f l u x  s o  low t h a t  i t  i s  r e f l e c t e d  o n l y  t h e  i n  
m i c r o m e t e o r  s i z e  r a n g e .  

We d i s a g r e e  w i t h  t h e  p r o p o s e d  o r i g i n  o f  t h e  o b j e c t s  wh ich  
p r o d u c e d  p o p u l a t i o n  I1 c r a t e r s .  B l o c k s  of  ma te r i a l  e j e c t e d  f r o m  
t h e  s a t e l l i t e s  wou ld  b e  of r e l a t i v e l y  s m a l l  mass and h a v e  low 
v e l o c i t y ,  as escape v e l o c t i e s  a r e  o n l y  a f ew h u n d r e d  meters  p e r  
s e c o n d .  U l t i m a t e l y  t h e  e j e c t e d  d e b r i s  wou ld  r e t u r n  w i t h  
a p p r o x i m a t e l y  t h e  o r i g i n a l  v e l o c i t y .  I t  seems h i g h l y  u n l i k e l y  
t h a t  c r a t e r s  20-30 km i n  d i a m e t e r  c o u l d  b e  f o r m e d  by s m a l l  low 
v e l o c i t y  i m p a c t s .  Such  a p r o c e s s  would  a l s o  p r e d i c t  t h a t  t h e  
h i g h e s t  d e n s i t y  of s u c h  " s e c o n d a r y "  c r a t e r s  would  o c c u r  on t h e  
t r a i l i n g  h e m i s p h e r e  c o n t r a r y  t o  wha t  i s  o b s e r v e d .  U s i n g  t h e  t h e  
o b s e r v e d  c r a t e r  f r e q u e n c i e s  t o  e s t i m a t e  t h e  l o c a l  f l u x  r a t e  a t  
e a c h  s a t e l l i t e  a t  v a r i o u s  t i m e s  i t  a p p e a r s  s t a t i s t i c a l l y  u n l i k e l y  
t h a t  c o - o r b i t i n g  b o d i e s  l i k e  D i o n e  B would  be  d e s t r o y e d  a f t e r  t h e  
end  of t h e  h e a v y  bombardment  t o  p r o d u c e  d e b r i s  t o  f o r m  P o p u l a t i o n  
I1 c r a t e r s .  

W e  t h e r e f o r e  i n t e r p r e t  P o p u l a t i o n  I1 c r a t e r s  t o  b e  t h e  
r e s u l t  of  p r o j e c t i l e s  f r o m  o u t s i d e  t h e  s a t u r n  s y s t e m ,  i . e  
m a t e r i a l  i n  s o l a r  o r b i t  o r  i n  o r b i t  a r o u n d  S a t u r n  w i t h  h i g h  
i n c l i n a t i o n s ,  e c c e n t r i c i t i e s  and p e r i o d s .  The s o u r c e  p o p u l a t i o n  
o f  t h e  p r o j e c t i l e s  a p p e a r s  t o  h a v e  e v o l v e d  o v e r  t i m e  as  r e f l e c t e d  
i n  t h e  s l o p e s  o f  t h e  s i z e - f r e q u e n c y  d i s t r i b u t i o n s .  The l e s s  
c r a t e r e d  t h e  s u r f a c e  i s  ( i . e .  t h e  y o u n g e r  i t  i s )  t h e  s t e e p e r  t h e  
s l o p e  of t h e  d i s t r i b u t i o n .  T h i s  s u g g e s t s  t h a t  t h e  l a r g e r  
p r o j e c t i l e s  w e r e  b e i n g  removed f rom t h e  p a r e n t  p o p u l a t i o n  by some 
p r o c e s s  w i t h  t i m e .  

The  mode led  f l u x  p r e d i c t s  a " n o r m a l i z e d "  c r a t e r i n g  r a t e  
a p p r o x i m a t e l y  e q u a l  t o  t h a t  of  t h e  Moon a t  3.5 b.y.  and  a b o u t  a n  
o r d e r  of m a g n i t u d e  l o w e r  s i n c e  t h e n .  T h i s  i s  c o n s i s t e n t  w i t h  
es t imates  o f  t h e  c r a t e r i n g  r a t e  a t  S a t u r n  by o t h e r s  ( e .g .  
Har tmann ,  1 9 7 7 ) .  

C r a t e r  f r e q u e n c i e s  t h u s  i n d i c a t e  t h a t  t h e  m a j o r i t y  o f  
s u r f a c e s  o n  t h e  s a t e l l i t e s  a r e  > 3 . 5  b.y o l d .  A c t i v i t y  o n  T e t h y s ,  
Rhea  and M i m a s  o c c u r e d  > 3.5 .  b a y .  ago .  D i o n e  a p p e a r s  t o  h a v e  h a d  
a more  p r o l o n g e d  h i s t o r y  w i t h  a c t i v i t y  e x t e n d i n g  t o  < 3 . 0  b.y. 
w i t h  t h e  f o r m a t i o n  of t h e  p l a i n s  and l o b a t e  d e p o s i t s .  E n c e l a d u s  
d i s p l a y s  s u r f a c e s  w h i c h  r a n g e  i n  a g e  f r o m  3.7 b.y.  t o  p e r h a p s  
t h e  p r e s e n t .  The a g e  r a n g e s  a p p e a r  t o  i n d i c a t e  t h a t  a c o r r e l a t i o n  
e x i s t s  b e t w e e n  t h e  l e n g t h  of e n d o g e n i c  a c t i v i t y  and  t h e  b u l k  
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d e n s i t y  of t h e  s a t e l l i t e .  The h i g h e r  t h e  b u l k  d e n s i t y  t h e  l o n g e r  
t h e  body a p p e a r s  t o  have  b e e n  a c t i v e .  

T h i s  r e s e a r c h  was c a r r i e d  o u t  a t  J . P . L .  u n d e r  c o n t r a c t  w i t h  
N.A.S.A. 
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GEOMORPHIC CLUES TO THE MARTIAN VOLATILE INVENTORY; I. FLOW EJECTA BLANKETS 

David P i e r i ,  Jet Propulsion Laboratory, Pasadena, CA 
Stephen Baloga, U. S .  Department of Energy, Washington, D. C. 
Mary Norris*, V i rg in i a  Polytechnical  I n s t i t u t e ,  Blacksburg, VA. 
*NASA Summer I n t e r n  

The apparent r o l e  of v o l a t i l e s  is  perhaps one of t h e  most pervasive 
themes i n  martian geomorphology, and important i n  t h i s  context is  t h e  
h i s t o r y  and d i s t r i b u t i o n  of v o l a t i l e s  on Mars and r e l a t ed  implicat ions f o r  
climatic h i s to ry .  There are classes of landforms whose presence on Mars i s  
s t rongly  suggestive,  i f  not confirmatory, of t h e  p a r t i c i p a t i o n  of v o l a t i l e s ,  
presumably water, i n  i ts  geomorphic development: (1)  va l ley  networks, ( 2 )  
outflow channels, ( 3 )  l ands l ides ,  and (4) f low-ejecta  blankets.  The f i r s t  
two may represent  landforms generated by the  movement of v o l a t i l e s  from 
sources,  while the  l a t te r  two probably represent  t h e  d i s s i p a t i o n  of energy 
generated by forcing inpu t s  (e.g., k i n e t i c  energy and g rav i ty )  modulated by 
v o l a t i l e s .  I n  many areas on Mars, a l l  four  processes have acted on the  same 
l i t h o l o g i c  materials and were influenced by t h e  composition of those u n i t s ,  
and possibly by the  climatic regime at  the  t i m e  of t h e i r  formation. 
Inevi tab ly ,  i n  any discussion of e i t h e r  va l l ey  networks (Ref. 1) o r  outflow 
channels (Ref. 2), t he  quest ion of t he  amount and d i s t r i b u t i o n  of the  
generat ive v o l a t i l e s  (presumably groundwater) is  r a i sed ,  but has not ye t  
been conclusively addressed f o r  e i t h e r  landform. One of our approaches t o  
t h i s  s p e c i f i c  problem of landform genesis ,  and t o  the  general  problem of the  
present  and p a s t  states of mart ian v o l a t i l e s ,  i s  t o  attempt t o  cons t r a in  the  
d i s t r i b u t i o n ,  amount, and h i s t o r y  of ava i l ab le  v o l a t i l e s  by using poss ib le  
evidence of v o l a t i l e  p a r t i c i p a t i o n  expressed i n  the  morphology of o ther  
r e l a t ed  landforms (e.g., flow-ejecta blankets  and l ands l ides )  coupled with 
physical  models f o r  landform genesis.  

Previous work on flow-ejecta blankets  has involved surveys of t h e i r  
d i s t r i b u t i o n  and morphology, as w e l l  as c l a s s i f i c a t i o n  (Refs. 3, 4 ,  5, 
6, 7, 8, 9, 10, 11, 12). Laboratory s tud ie s  (Refs. 13, 14, 15) have shown 
tha t  some of the  fu l l - s ca l e  martian ejecta morphology can be dupl icated i n  
miniature.  Theore t ica l  work has addressed the  r o l e  of impact m e l t  and 
v o l a t i l e s  (Ref. 16) ,  ejecta as low-angle l ands l ides  (Ref. 171, and the  
p o s s i b i l i t y  of atmospheric i n t e r a c t i o n  (Ref. 18). While i n t e r e s t i n g  work on 
l ands l ides  (' 'acoustic f lu id i za t ion" )  suggests  the  p o s s i b i l i t y  of emplacement 
of flow-ejecta without v o l a t i l e s  present  (Refs. 19, 20), the  preva i l ing  
opinion holds t h a t  flow-e jecta blankets  probably r e s u l t  from optimally-sized 
impacts  i n t o  vo la t i l e - r i ch  layered subs t ra te .  

I n  an attempt t o  create a high-quality high-resolution d a t a  base of 
flow-ejecta morphology, we compiled a series of 16 morphologic maps and 4 
s t r a t ig raph ic /geo log ic  u n i t  maps from t h e  bes t  examples, with extensive use 
of s t e r e o  images where avai lable .  From these  da ta ,  we have begun t o  develop 
our own preliminary c l a s s i f i c a t i o n  scheme on the  b a s i s  of primary morpho- 
l o g i c  characteristics (e.g., (1) s i n g l e  o r  mul t ip le  blankets ,  (2)  squat  o r  
elongated lobes,  (3 )  t he  presence o r  absence of r a d i a l  stria- 
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t i o n s )  and secondary c h a r a c t e r i s t i c s  (e.g., (1)  ex ten t  of blanket ,  (2 )  
t e r r a i n  of emplacement, (3) thickness  of the  b lanket ,  ( 4 )  edge morphology, 
(5)  albedo, and ( 6 )  ex ten t  of zone of b a l l i s t i c  e j e c t a ) .  We have a l so  begun 
a more q u a n t i t a t i v e  assessment of volume of ejecta and the  presence o r  
absence of pre-existing craters, as w e l l  as de ta i l ed  examinations of flow 
past  obs tac les  i n  order  t o  develop a cons t r a in t  between the  flow ve loc i ty  
and the  blanket v i scos i ty  ( o r  i t s  analog) (Ref. 21). 

We have begun t o  inves t iga t e  the  topographic p r o f i l e  of t h e  flow-e jecta 
blanket  as a cons t r a in t  on the  emplacement process,  where u l t imate ly  we want 
t o  compare t h e o r e t i c a l l y  derived p r o f i l e s  t o  photogrammetric and/ o r  photo- 
c l inometr ic  data.  We have approached it as a "free-boundary" problem where 
the  height  of t he  flow i s  f r e e  t o  vary according t o  the  d e t a i l s  of the  flow 
c h a r a c t e r i s t i c s  with l o c a l  and t o t a l  ejecta volume cons t ra in ts .  The 
loca t ion  of t he  f r e e  boundary condi t ion,  namely the  vanishing of t he  shear  
stress of i t s  analog a t  the  sur face  of t he  flow, must be determined as p a r t  
of the  so lu t ion .  During the  emplacement'of the  ejecta blanket ,  l o c a l  mass 
conservat ion i s  guaranteed by the  equat ion 

dh 1. d - + - .  - ( r .  h . J )  = 0 ,  d t  r d r  

where h=h( r , t )  i s  the  loca t ion  of t he  f r e e  boundary sur face  of the  flow, r 
is  the  r a d i a l  coordinate ,  and J=J (h )  is  the  l o c a l  volume f l u x  (volume p e r  
u n i t  cross-sect ional  area p e r  u n i t  time) i n  the  flow. Subject t o  appropri- 
ate boundary condi t ions,  t h i s  equation governs the  p r o f i l e  of the  ejecta 
blanket.  We a lso  have the  t o t a l  e j e c t i o n  volume conservat ion l a w ,  

where the  zero subsc r ip t  i nd ica t e s  values at the  b a l l i s t i c  to  flow t rans i -  
t i o n  and rf i s  the  loca t ion  of t h e  flow f ron t .  This equation simply 
accounts f o r  volume addi t ions  t o  the  flow by modifying the  in tegra ted  
p r o f i l e  and de l inea te s  t h e  region of v a l i d i t y  of equation (1)  by v i r t u e  of 
t he  e x p l i c i t  appearance of rf. Although we cannot witness the  dynamic 
evolut ion of an e j e c t a  blanket ,  equation ( 2 )  provides the  r e l a t i o n ,  

= Trn h ( r , t s m )  r d r ,  
I- 

v O  
- 
0 

where Vo is  t h e  t o t a l  volume e j ec t ed  and r, i s  the  observable terminal 
l oca t ion  of t he  blanket flow f ront .  Whether we ob ta in  Vo from estimates of 
t h e  crater excavation or d i r e c t l y  from photogrammetric and/or photo- 
c l inometr ic  observat ions,  t h i s  r e l a t i o n  e s t ab l i shes  an important cons t r a in t  
on any predic t ive  f r e e  sur face  e j e c t a  blanket model. Equations (1)  through 
( 3 )  must be supplemented with another physical  law such as t h e  Navier-Stokes 

117 



equat ion  as a model f o r  t h e  d i s s i p a t i o n  of momentum i n  t h e  l a y e r s  of t h e  
ejecta blanket ,  This equat ion f o r  t h e  i s s i p a t i o n  of momentum i n  a reg ion  
l imi t ed  by a f r e e  boundary l o c a t i o n  and equat ion (2 )  i s  t h e  c r u c i a l  l i n k  i n  
determining the dependence of J on h. The h e a r t  of t h e  ana lys i s  is t o  f i n d  
reasonable  t h e o r e t i c a l  models which y i e l d  a J (h)  dependence cons i s t en t  with 
t h e  
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measured p r o f i l e s  and equat ion (3). 
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VOLCANIC PROCESSES AND LANDFORMS 
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EAST BUTTE - A VOLCANIC DOME OF THE EASTERN SNAKE RIVER PLAIN, IDAHO 
John E. Bretches and John S. King, Department of Geological Sciences, 
State University of New York at Buffalo, Amherst, N.Y. 14226 
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Figure 1. View of East Butte to the east-southeast from 2.5 km away. 

of the Idaho National Engineering Laboratory facility. East Butte is com- 
posed nearly entirely of rhyolite, which can be placed into several groups 
based on megascopic appearance. 

Previous investigations dealing with the Buttes of the Eastern Snake 
River Plain have yielded various interpretations for their origin. East 
Butte and Big Southern Butte were first thought to have been steptoes - 
ancient rhyolitic volcanoes surrounded by a sea of basalt (Russell, 1902). 
Stearns and others (1938) proposed that faulting was the key in the develop- 
ment of East and Middle Buttes. Faulting generated a mountain range which 
was later differentially eroded because of the existence of both silicic and 
mafic lavas. Two prominent highs (East and Middle Buttes) were the result 
of these processes. Only in the last 20 years were the Buttes identified 
as rhyolitic domes, and even more recent speculation suggests that the parent 
magma developed due to remobilization of a rhyolitic basement beneath the 
basalts (Spear and King, 1977). 

Armstrong and others (1975) determined a K-Ar age of 0.6 f 0.01 m.y. 
B.P. for the rhyolite of East Butte compared to 0.30 + 0.02 m.y': B.P. for the 
rhyolite of Big Southern Butte, located 31 km to the southwest. 
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In this study, preliminary mapping has shown East Butte to be a single, 
large cumulo-dome composed dominantly of rhyolite. 
sified into three main groups based on color and structure. The first group, 
which makes up the largest volume of East Butte, consists of a massive, light 
to moderate gray rhyolite. The second group is also massive, but is reddish 
to pinkish gray in color. The third group is flow-layered with pinkish gray 
bands (fig. 2). 

This rhyolite can be clas- 

Figure 2. Flow-layered rhyolite on the south slope of East Butte. Width of 
photograph is approximately 5 meters. 

In a reconnaissance petrographic study, Spear (1977) suggested that ob- 
served variations in the rhyolites of East Butte were due to the percentage 
of glass in the matrix. In this study, geochemical analyses of numerous sam- 
ples will be carried out to determine if the color variations of the rhyo- 
lites are compositionally unique. 

The rhyolite of East Butte is aphanitic with phenocrysts of sanidine 
and quartz which vary from 1 to 5 mm in length. 

Vesicular reddish black inclusions of basalt up to 10 cm in length are 
found in all varieties of the East Butte rhyolites. These basalt inclusions 
are believed to have originated from fragmentation of the basalt walls of 
the conduit by rhyolitic magma as it was emplaced. Most of the inclusions 
contain plagioclase phenocrysts. These phenocrysts measure up to 1 to 2 cm 
in length and have a typical euhedral, tabular habit. 

Figure 3 shows an example of one of the basalt inclusions in a flow- 
layered rhyolite on the south slope of East Butte. 
surround the inclusion indicating that it was carried up during the growth 
of the dome and followed flow patterns of the rhyolite until the silicic 
magma solidified. 

East Butte indicate that they are generally inclined away from the center, 

Rhyolite flow bands 

Dips taken from various outcrops of flow-layered rhyolite observed on 
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Figure 3 .  Basalt inclusion in flow-layered rhyolite of East Butte. Flow 
bands surround the inclusion. Size of the inclusion is about 10 cm. 

although variations in the degree of dip readings around the Butte were 
observed. 

located at the top of East Butte. Evidence supporting the fact that the 
depression is a crater is displayed by three small (3  to 5 m in height) 
mounds of massive rhyolite which border the depression (fig. 4 ) .  These 

A 250 m diameter depression which has the appearance of a crater is 

Figure 4 .  Rhyolite mound bordering the depression at the top of East Butte. 
Height of mound is approximately 4 meters. 
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mounds are believed to have been formed when viscous rhyolite magma was 
extruded from fractures which bounded the crater. 
resulted when a portion of the rhyolitic magma within the conduit leading 
to the top of East Butte withdrew. 

earth. 
and the Rumker Hills in the northern Oceanus Procellarum are two such analogs 
found on the Moon. 
to East Butte and other Buttes like it on the Eastern Snake River Plain. 
These lunar domes may have been created by processes similar to those which 
occur on the Snake River Plain and other terresrial volcanic provinces. 
theory explaining the existence of lunar domes is a more viscous mafic lava, 
with possibly a slightly higher silica content, being extruded to form a 
steep-sided volcanic construct. 

These fractures may have 

No other evidence was observed. 
Volcanic morphologic features such as domes are not unique to the 
The Gruithuisen dome region at the northwest edge of Mare Imbrium 

Although larger, these domes are morphologically similar 

A 
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CHRONOLOGY, MORPHOLOGY AND STRATIGRAPHY OF PUMICEOUS PYROCLASTIC- FLOW 
(IGNIMBRITE) DEPOSITS FROM THE ERUPTION OF MOUNT ST. HELENS ON 5/18/83 

C. William Criswell and Wolfgang E.  Elston, Department of Geology 
University of New Mexico, Albuquerque, NM 87131 

Between 1217 and 1620 hours (PDT), on May 18, 1980, the magmatic 
eruption column of Mount St. Helens formed an ash fountain (1) and 
pyroclastic flows dominated the eruption process over tephra ejection. 
Eruption-rate pulsations generally increased to a maximum at 1600 to 
1700 hrs. After 1620 hrs, the eruption assumed an open-vent discharge 
(2) with strong, vertical ejection of tephra ( 3 ) .  Relative eruption 
rates (relative mass flux rates) of the pyroclastic flows have been 
determined by correlating sequential photographs and SLAR images (4), 
obtained during the eruption, with stratigraphy and surface morphology 
of the deposits. 

3 The pyroclasty flows formed unwelded ignimbrite and cover 
approximately 15 km ; the volume is estimated to be less than 0.5 km 
(5). A preliminary stratigraphic column consists of pyroclastic units 
Pa, Pb, Pc, Pd and the ash-cloud deposit, unit Pe. Components of 
pyroclastic flows are poorly sorted dacitic ash and pumice clasts, 
crystals and variable amounts of lithic fragments. Flow deposits are 
enriched in crystals with respect to vitric ash, compared to pumice 
compositions. Finely comminuted vitric ash was reconcentrated in 
ash-cloud (nuee ardente) deposits northeast and downwind of the 
ignimbrite. Ash clouds did not form primary flows. 

Unit Pa is a lower sequence (10 m exposed by erosion) of poorly 
stratified to locally well-bedded and graded ash-flow deposits, each 
about 10 cm to 1 m thick, containing several percent lithic lapilli. 
Unit Pb (6-10 m thick) is unstratified and contains several percent 
small lithic blocks and pumice lapilli. Its surface is relatively flat, 
consisting of low, ridged plains, locally mantled by lithic ash and 
lapilli, producing a smooth, dark-toned, modified plain (6). Surficial 
unit Pc (3-20 m thick) is graded block-and-ash flow containing 
disseminated and locally concentrated lithic blocks; it has a surface of 
ridged plains and marginal ridged channels (6), consisting of 
light-toned, fines-depleted pumice clasts. Unit Pd is a thin (2-4 m), 
local, poorly graded upper unit having abundant lithic and pumice 
lapilli; its surface is characterized by furrowed channels, incised into 
unit Pc. The furrowed channels are characterized by longitudinal 
erosional channels with inward dipping, low-angle scarps that truncate 
primary flow structures. In contrast, ridged plains and channels on 
surfaces of unit Pc are depositional landforms (6). Unit Pe consists of 
vitric ash ( 5 ) ,  with a few percent lithic and pumice lapilli. Its 
discontinuous flat surfaces are generally duned, but locally grade into 
small secondary flow lobes on steep slopes. 

Times of emplacement and changes in rates of eruption were 
determined by correlating clock times, registered on photographs, with 
positions of pyroclastic-flow margins and azimuths of nuee ardente 
clouds. Marginal lobes of units Pc and Pd are traceable up the 
northwest flank of the volcano, where they have been correlated with 
strandline positions. The strandlines consist of light-toned pumice 
clasts and migrated outward from the crater breach during the eruption, 
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indicating an increasing mass flux during the latter stages of 
pyroclastic flow. 

Estimates of mass flux were determined by measuring the 
cross-sectional area of the breach (from topographic data) occupied by 
the pyroclastic flows, over specified time periods. Because it was 
assumed that flow velocities remained constant, results are minimum 
values. Actually, velocities may have increased with increasing 
eruption rates. Mass-flux rates during the emplacement of unit Pb and 
Pc are estimated to be 2 and 5 times greater than that during 
emplacement of unit Pa. Calibration of absolute rates requires 
volumetric data and correlation of the ash-fall stratigraphy (7); this 
work is still in progress. 

An eruption sequence, interpreted from these data, includes: start 
of pyroclastic flow at 1217 hrs (unit Pa); increase in volume, beginning 
about 1430 hrs (unit Pb); peak flow from 1530 to 1610 hrs (unit Pc); 
and, markedly reduced flow (unit Pd) and transition to strictly tephra 
ejection by 1630 hrs. Volume increase and timing of pyroclastic flows 
is consistent with changes in amplitudes of harmonic tremors (8) and 
heights of the eruption column (9), as depicted in Figure 1. The 
striking correlation between mass flux (pyroclastic flow) and seismic 
tremor amplitude suggests that the signals recorded were triggered by 
pumiceous masses, moving in the conduit. 
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CLASSIFICATION OF VOLCANOES OF THE KANE PATERA QUADRANGLE OF I O :  
PROPORTIONS OF LAVA FLOWS AND PYROCLASTIC FLOWS 

Wolfgang E. E ls ton ,  Department of Geology, Univers i ty  of New Mexico, 
Albuquerque , NM 87 131 

Voyager 1 images shows 14 vo lcan ic  c e n t e r s  wholly o r  p a r t l y  w i t h i n  t h e  
Kane P a t e r a  quadrangle of I o  ( la t .  -15 t o  -50", long. 20 t o  355") , which 
can be d iv ided  i n t o  f o u r  major classes: 
Class 1: Sh ie ld  wi th  p a r a l l e l  f lows , l ength lwid th  of f lows > 3 (example: 
unnamed f e a t u r e ,  l a t .  -33", long. 18"; Fig.  1, B ) .  
Class 2: Sh ie ld  wi th  e a r l y  r a d i a l  fan-shaped flows wi th  l e n g t h / w i d t h t 2 ,  
late r a d i a l  f lows wi th  length/width > 5  (examples: Mbali Pa t e ra ,  la t .  -35" , 
long. 3"; Fig.  1, A; Talos  Pa te ra ,  l a t .  -26", long. 356"; Fig.  1, E) .  
Class 3: Shie ld  wi th  r a d i a l  f a n  shaped f lows,  s u r f a c e s  of f lows t ex tu red  
wi th  l o n g i t u d i n a l  r i dges ,  length/width el. (example: Taw Pa te ra ,  l a t .  -33", 
long. 0 " ;  Fig.  1, C ) .  
Class 4: Depression surrounded by plateau-forming scarp-bounded, 
untextured depos i t s ,  length/width el (example: Kane Pa te ra ,  l a t .  -48", 
long. 14"; Fig.  1, E). 

both l a v a  and p y r o c l a s t i c  f lows,  r ega rd le s s  of s i l icate  and/or s u l f u r  
composition. Any g e n e t i c  i n t e r p r e t a t i o n  of volcanoes on I o  is  r i s k y ,  
cons ider ing  t h e  incomplete s ta te  of knowledge on t h e i r  topography, 
composition, d r i v i n g  mechanisms, and h e a t  sources  (1, 2 ,  3 ) .  However, 
l imi t ed  ana logies  wi th  terrestrial  volcanoes are poss ib l e ,  under t h e  
fol lowing s impl i fy ing  assumptions: 
1. Magmas on both Earth and I o  are capable  of evolving a v o l a t i l e  phase i n  
low-pressure regimes. 
2. Magmas on both Earth and I o  span a wide range of v i s c o s i t i e s ,  depending 
on both temperatures  and compositions. 
3.  Low-viscosity h igh -vo la t i l e  magmas tend t o  have t h e  g r e a t e s t  p ropor t ion  
of p y r o c l a s t i c  d e p o s i t s  r e l a t i v e  t o  lavas .  

I n  t h i s  l i g h t ,  t h e  f o u r  classes can be i n t e r p r e t e d  as arranged i n  
o rde r  of i nc reas ing  v o l a t i l e  conten t  of magmas. Consequently, p y r o c l a s t i c  
e rup t ions  p l ay  an inc reas ing ly  important r o l e ,  re la t ive t o  lavas, i n  t h e  
progress ion  from classes 1 t o  4. 

explained by i n t e r p r e t i n g  t h e i r  v e n t s  as f i s s u r e s .  Terrestrial 
Ice land-s ty le  b a s a l t  f i s s u r e  e rup t ion  o r  f l a n k  e rup t ions  of Mauna Loa are 
p o s s i b l e  analogs,  The e a r l y  fan-shaped depos i t s  of Class 2 can be 
i n t e r p r e t d  as p y r o c l a s t i c  flows from a v o l a t i l e - r i c h  source ,  later flows of 
high wid th / length  as lavas. The f r e s h e s t  l a v a  f lows of both classes 1 and 
2 have low albedos and high-albedo f r i n g e s ,  t h e  "auras" of Baloga and 
o t h e r s  (4) .  The f r i n g e s  can be i n t e r p r e t e d  as subl imates ,  o r  ash-cloud, o r  
surge depos i t s ;  subl imates  of s u l f u r  o r  s u l f u r  compounds are t h e  most 
probable explanat ion.  

from a v o l a t i l e - r i c h  magma. The t ex tu red  s u r f a c e s  of f a n  shaped d e p o s i t s  
may be formed by s m a l l  l a t e - s t age  p y r o c l a s t i c  flows; a l t e r n a t i v e l y  they  
are s m a l l  l a v a  flows of d e v o l a t i l i z e d  res idues .  Class 4 d e p o s i t s  are 
i n t e r p r e t e d  as overlapping widespread p y r o c l a s t i c  f lows,  analogous t o  
terrestrial  ign imbr i te  p l a t eaus ;  t h e  source p i t s  resemble l a r g e  

The t e r m  flow is h e r e  used without  g e n e t i c  connota t ion ,  t o  inc lude  

Class 1 c o n s i s t s  predominantly of lavas ;  p a r a l l e l  f lows can be 

The albedo c o n t r a s t s  f ade  p rogres s ive ly  wi th  t i m e .  
The d e p o s i t s  of Class 3 are i n t e r p r e t e d  as dominantly p y r o c l a s t i c ,  
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non-resurgent collapse calderas. Lavas are confined to small patches of 
low-albedo material within calderas. 

The interpretation attempted here hinges largely on the ability to 
distinguish lava flows from pyroclastic flows by remote sensing. 
Pyroclastic deposits are highly complex and difficult to characterize, even 
for well-observed terrestrial eruptions as at Mount St. Helens in 1980 (5, 
6, 7). There are obvious limitations in extrapolating terrestrial 
conditions to I o  but the interpretations given here are permitted by the 
present state of knowledge, 
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Figure 1. Examples of volcanoes from the  Kane P a t e r a  quadrangle of 
Io: A - Mbali Patera (class 2 ) ,  B - Unnamed (class I), C - Taw Patera  
(class 3 ) ,  D - Talos Pa te ra  (class 2)  E - Kane P a t e r a  (class 4 ) .  
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DISTRIBUTION AND PROPERTIES OF SMALL VOLCANOES IN ACIDALIA PLANITIA 
Herbert Frey and Ann Semeniuk, Geophysics Branch, Goddard Space Flight 
Center, Greenbelt, MD 20771 

which are thousands of subkilometer volcanoes(1). 
apparent morphometric variation as a function of terrain type for the cones 
in the Cydonia area(2)and here extend our study to the rest of Acidalia for 
which high resolution Viking imagery exist. 
counts for the six types of plains identified, density distributions of sub- 
kilometer cones found on each type of terrain, and morphometric data by 
morphological subclass as a function of terrain for more than 1400 cones. 

and smooth. 
but not always contiguous, and which differ principally in that subdued frac- 
tured plains (pfs) have fewer, less well-defined fractures lacking sharp 
edges and deep bottoms than the fractured plains (pf) proper. Inter- 
fracture plains are generally smooth and impact craters, small cones and 
occasional mesas are widely scattered. Smooth plains have been subdivided 
into four units. Uniform smooth plains (psu) are restricted in extent and 
have uniform albedo and texture. Small craters are rare. Uniform smooth 
plains/fractured (psu/f) designates a single unusual occurance of smooth 
plains surrounding a steep ridge-like feature from which fractures appear to 
originate(2,3). Patterned smooth plains (psp) have a blotchy appearance 
and higher crater density than psu. Mottled smooth plains (psm) show albedo 
variations like psp but also greater textural variation, due to small scale 
topographic irregularities and a high density of very small craters, perhaps 
secondaries from the Bamberg impact(4). 

In the 420,000 km2 which we have mapped in detail, pfs and psp are the 
most abundant plains-forming units, each occupying 35-40% of the sampled 
area. As shown in Figure la the number of subkilometer cones for which we 
have high quality measurements varies roughly as the distribution of plains. 
When separated by morphological subclass, the distribution of cones by ter- 
rain is as shown in Figure lb. Mound-like forms dominate everywhere, 
generally comprising more than 50% of the sample on each type of terrain. 
Elliptical and cone-like forms generally make up less than 20%. "Others" 
refers to mixed types or cones whose unusual structure does not permit simple 
c 1 as si f ic a t ion. 
as a function of terrain. Where mound-like forms are most common (psu, 
psu/ f , "others" are least common. 

on an image-by-image basis were found for cones on each type of terrain. 
Minimum values were obtained by counting only those cones for which high 
quality measurements were available. Maximum values were found by adding 
similar small cones which also appeared on the images but which were 
generally too small for accurate cone and crater diameter measurements. 
Average cluster densities were found by restricting the counting area to 
that immediately around discrete groups of cones. 
were found as above. 
where between these extremes. 
and cluster density show the same pattern of variation with terrain: 

Eastern Acidalia Planitia contains a wide variety of terrain types on 
We previously reported 

The present sfudy includes crater 

The plains-forming units in Acidalia are of two major types: fractured 
The fractured plains consist of two subclasses which are often 

Not e the ant i -c or r e 1 at ion bet ween "0 t her s " and "mound- 1 ike" 

Density distributions were calculated in two ways. Average densities 

Minimum and maximum values 
The actual density (number/1000 km2 probably lies some- 

Note that in Figure IC both image density 
cones 
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are dense ly  grouped on psu and p s u l f ,  t h i n l y  d i s t r i b u t e d  on pf and p f s ,  and 
have in te rmedia te  d e n s i t i e s  on psp and psm. 
i s  more than a f a c t o r  of two. 
f o r  psm i s  due t o  2 c l u s t e r s  (of  a t o t a l  of  6 i n  a s m a l l  a r e a )  wi th  very  
high d e n s i t i e s  o f  more than  450/1000 km2. Note by comparison of  F igures  l a  
and IC t h a t  t h e  p l a i n s  wi th  t h e  smallest sample s i z e  (psu ,  p su / f ,  psm) have 
t h e  l a r g e s t  average d e n s i t i e s .  

due t o  t h e  s m a l l  areal e x t e n t  of some p l a i n s ,  t h e  l a r g e s t  diameter  c u t o f f  
a v a i l a b l e  f o r  a l l  t e r r a i n  u n i t s  i s  2 km. 
number of  c r a t e r s  l a r g e r  than 2 km per  1000 km2, d iv ided  by t h e  average c r a t e r  
d e n s i t y  f o r  t h e  e n t i r e  s tudy area. 
area than t h e  o t h e r  t k r r a i n s  and are probably the  youngest p l a i n s .  
f r ac tu red  p l a i n s  are c l e a r l y  o lde r .  
an t i - co r re l a t ed :  
p l a i n s  with t h e  fewest c r a t e r s  have t h e  h ighes t  d e n s i t y  of vo lcanic  cones.  
Also shown i n  Figure Id are d i r e c t  counts  f o r  c r a t e r s  wi th  d iameters  > 0.5 km, 
normalized by t h e  average fo r  t h e  e n t i r e  a rea .  
t he  d e n s i t y  o f  s m a l l  c r a t e r s  are obvious f o r  psu and psm, perhaps due t o  
secondary impacts.  

d i s t r i b u t i o n  of  c r a t e r / c o n e  diameter  r a t i o s  f o r  psu and psu/f  compared t o  
o t h e r  types  of t e r r a i n ( 2 ) .  
f o r  1200 well-measured cones throughout Ac ida l i a .  Only psu and psu l f  l ack  
the  s i n g l e  sharp  peak i n  the  0.45-0.54 b in .  A s  shown i n  F igure  l e  the  r a t i o  
of number of  c r a t e r l c o n e  va lues  i n  t h e  0.45-0.54 b i n  t o  those  i n  the  0.35- 
0.44 b i n  ( t h e  b i n  d i s t r i b u t i o n  r a t i o )  i s  n e a r l y  1 .0  f o r  psu and p s u l f .  p f s  
has  a r a t i o  of  2 .3  and in te rmedia te  va lues  are found f o r  p f ,  psp and psm. 
I n  gen rea l  t he  v a r i a t i o n  i n  tde b i n  d i s t r i b u t i o n  r a t i o  fol lows t h a t  f o r  t he  
crater counts ,  a l though t h e  r a t i o  f o r  p f s  i s  somewhat l a r g e .  

r a i n  u n i t s  may be e x p l i c a b l e  i n  terms o f  n a t u r a l  e r o s i o n a l  evo lu t ion  and 
a e o l i a n  depos i t i on  i n  t h e  area. 

The v a r i a t i o n  i n  c l u s t e r  d e n s i t y  
The extremely h igh  maximum c l u s t e r  d e n s i t y  

W e  counted impact c r a t e r s  l a r g e r  than 0 .5 ,  1, 2 ,  and 4 km diameter ,  but  

Shown i n  F igure  Id are t h e  cumulative - 
psu and psu / f  have fewer c r a t e r s  per  u n i t  

The 
Note t h a t  Figure Id  and IC are i n  gene ra l  

h igh  c r a t e r  d e n s i t y  corresponds t o  lower cone d e n s i t y  and 

S i g n i f i c a n t  enhancements i n  

W e  p rev ious ly  r epor t ed  f o r  t h e  Cydonia area a lone  a d i f f e r e n c e  i n  t h e  

F igure  2 shows his tograms of  t h i s  parameter 

The somewhat sys temat ic  v a r i a t i o n s  of p r o p e r t i e s  f o r  both cones and ter- 

I n  genera l  t h e  d e n s i t y  of small vo lcanic  
cones inc reases  wi th  decreas ing  t e r r a i n  c r a t e r  d e n s i t y :  
have denser  cone d i s t r i b u t i o n s .  The inc rease  i n  t h e  b i n  d i s t r i b u t i o n  r a t i o  

younger p l a i n s  

( t h e  sharpening of t h e  peak i n  t h e  0.45-0.54 b i n  i n  F igure  2) could be due 
t o  gradual  widening of t h e  c r a t e r  diameter  wi th  t i m e  due t o  e ros ion .  
ke t ing  of what i s  now p f s  t e r r a i n  by d u s t  would f u r t h e r  enhance t h i s  r a t i o  
by decreas ing  cone d iameters  (F igure  l e ) .  Such b l anke t ing  would a l s o  
decrease  s m a l l  c r a t e r  d e n s i t i e s  somewhat and might a l s o  decrease  cone den- 
s i t ies  by covering over t h e  smallest cones.  Combined e r o s i o n  of  o ld  cones 
and b l anke t ing  could a l s o  produce more unusual morphological t ypes ,  l ead ing  
t o  more "others"  as seen on p f s  i n  F igure  l b .  Likewise,  a high f l u x  of 
small impacts on psm (Figure  I d )  could a l s o  cause enough damage t o  cone 
s t r u c t u r e  t o  inc rease  "others" (F igure  l b ) .  
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THE 1950 SULFUR FLOW OF MAUNA LOA: CONSIDERATIONS FOR IO 
Ronald Greeley, Ehene Theilig, and Philip Christensen, Department of Geology, Ariqona State University, 
Tempe, AZ 85287 

Lava flows on Io exhibit features that are typical of terrestrial flows of silicate composi- 
tions. Estimates by Clow and Can (1980) of the material properties of the ionian flows near 
their source vents also suggest silicate compositions. On the other hand, spectral properties 
of the surface indicate the presence of sulfur and/or sulfur-rich compounds, although the 
spectral properties apply only to the upper few millimeters and the sulfur may be only a 
“sprinkling” of material over silicate flows. Thus, the composition of flows on Io remains in 
question. One approach to address the question is through the study of flow morphology; 
because of the unusual rheological properties of sulfur (it becomes less viscous as it cools 
through the range of 200” to 16OoC), it has been suggested that distinctive landforms may 
develop in sulfur flows. Because little is known about sulfur flow morphology, we have con- 
ducted laboratory experiments to simulate sulfur eruptions (Greeley et al., 198 1 ), carried out 
numerical modelling of sulfur flows (Fink et al., 1983), and initiated study of full-scale natural 
and manmade sulfur flows on Earth (the subject of this report). 

Natural sulfur flows are rare on Earth (see review by Theilig, 1982); however, the 1950 
sulfur flow of Mauna Loa, Hawaii, is well-preserved and relatively accessible. In August, 1983, a 
field excursion was completed to examine this flow. First described by Skinner (1970), the 
flow occurs on the western side of Sulphur Cone, a cinder-and-spatter-cone located at the 
11,200 ft level on the southwest rift of Mauna Loa. The flow is about 27 m long, 14 m wide 
and ranges in thickness from 10 to  45 cm, and was derived from secondary (fumarolic) sulfur 
deposits which were presumably mobilized by heating related to the 1950 Mauna Loa eruption. 
Fumarolic sulfur deposits are common throughout this part of the rift zone, and the loose 
rubble comprising the talus deposits on the flank of Sulphur Cone, from which the sulfur flow 
originated, would be ideal for fumarolic accumulation. Sulfur becomes relatively fluid at its 
melting point (-1 15OC) and given typical basalt flow temperatures of >lOOO°C, it is reasonable 
to expect mobilization of the sulfur, even if it is not in direct contact with the molten lava. 
Moreover, several segments of the rift pass directly through the cone, thus increasing the likeli- 
hood of heating above the sulfur liquidus during the 1950 eruption. 

The Mauna Loa sulfur flow is fan-shaped with the apex pointing toward the apparent source 
which is buried beneath the talus. The distal end is marked by a 1 to 1.5 m fault scarp which 
Skinner cites as having truncated the sulfur flow. However, we noted that in one area sulfur 
has flowed over the scarp. Thus, either new sulfur flows have occurred since Skinner’s visit in 
1967, or the overflow was not apparent at that time. Flow surface features include sheet 
flows, a leveed channel, and numerous flow lobes ranging in size from 1 to 10 cm wide, a few 
cm to 50 cm long, and up to  2 cm thick. The flow lobes are overlapping and anastomosing in 
a pattern suggesting repeated outflow from the source area. Most of the flow lobes occur in the 
upper (near-source) 1/3 of the flow; in the lower part of the flow, the lobes grade into a knobby 
texture which also appears to be a primary flow texture. Many of the lobes have small pits 
along the axis, suggestive of small, partly collapsed “lava” tubes. Parts of the southern (lateral) 
margin of the flow appear to have been ablated; the margin is very smooth, forming an overhang 
of -8 cm, and follows the contours of some rocks, but is separated from the rocks by several 
cm. In addition, a small lava tube having a diameter of -30 cm and a roof thickness of about 
5 cm is exposed along this margin; unfortunately, a talus block has broken the roof and the 
full extent of the tube cannot be determined. The tube appears to have fed a small flow lobe 
measuring 4 m long by 2.5 m wide. 

In addition, patches of sulfur occur as “splashes” on the surrounding basalt flows; these 
“splashes” are as large as 25 cm across and are found as far as 5 m from the flow. Evidently, 
turbulence in the flow was sufficiently vigorous to eject blobs of very fluid sulfur away from 
the flow. 
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Despite the fact that the entire Mauna Loa sulfur flow is smaller than a single Voyager image 
resolution element (pixel) on Io, some of the geological relationships observed in the flow may 
apply in considering volcanic processes on Io: 

1. Given the presence of sulfur/sulfur compounds in the eruption plumes and on the surface 
of Io, it is likely that extensive secondary deposits of sulfur exist, some of which may be 
of fumarolic origin and analogous to the Mauna Loa deposit. 

2. Given the likelihood of silicate volcanism of Io based on the inferred material properties 
of some flows, and the attendant high temperatures for silicate volcanism, it is likely that 
the secondary surface deposits of sulfur would have been mobilized without being heated 
to the high viscosity stage. 

3. Mobilized sulfur flows on Io may flow long distances as a result of: a) low viscosities in the 
melting range, b) sustained effusion resulting from continued heating of source area, c) 
continued remobilization within the flow as a consequence of surges from the source, and 
d) extension via lava tubes, or similar conduits through which there is little heat loss. 

4. Sulfur flows may form a relatively thin veneer over silicate flows and other surface units, 
given their fluidity and low mobilization temperature; furthermore, active splashing and 
splattering may spread sulfur over a wider area than the flow itself, contributing the bright 
“blooms” observed in association with some ionian flows, 
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VOLCANISM IN THE VALLES MARINERIS 
Baerbel K. Lucchitta, U.S. Geological Survey, Flagstaff ,  Arizona 86001 

contemporaneous w i t h  large-scale volcanism i n  the Tharsis area nearby. Was 
this tectonism accompanied by volcanic activity inside the troughs? A careful 
examination of V i k i n g  stereoscopic images reveals several features best 
expl a i  ned as of vol canic o r ig in ,  and ci rcumstanti a1 evidence a1 so suggests 
t h a t  volcanic activity occurred. T h i s  report discusses some of these features 
and evidence. 

The Valles Marineris have a long his tory of tectonism t h a t  i s  par t ly  

Mafic Vol cani sm 

The deposits insi de the troughs here call ed basin beds, are i nterl ayered 
w i t h  beds of low albedo, one of which appears on V i k i n g  images as dark as 
shadows. T h i s  bed forms a resistant ledge exposed i n  a steep hillside, and 
sheds dark ta lus .  
beds i n  Nevada. The albedo and morphology of the martian bed indicate t h a t  i t  
is  most likely a resistant ledge of mafic volcanic rock t h a t  is being exposed 
by erosion. I t  could be a s i l l ,  b u t ,  by analogy w i t h  the Nevada exposures, i t  
is more likely a buried lava layer. 

floor of Candor Chasma. T h i s  t rough i s  f i l led w i t h  level, very dark material 
t h a t  embays adjacent gullies, a conf igura t ion  suggesting t h a t  the material was 
a l i q u i d  wh ich  flooded subjacent terrain. 
rock. T h i s  probable volcanic flow appears t o  be relatively young, because i t  
i s  not  buried by windblown material, although i t  could also be an older flow 
t h a t  has been exhumed. 

valley floors or  from steep slopes on eroded basin beds. 
are surrounded by deposits of dark materials. The knobs measure about 0.5 t o  
2 km i n  diameter and resemble vents surrounded by ash. However, the knobs 
could a l so  be necks of former volcanic feeders t o  in t ra -bas in  bed flows; the 
surrounding dark material would then be eroded neck material dispersed by the 
wind. These necks, also, could have fed the ancient lavas of the Lunae P l a n u m  
plateau, a1 though  1 avas probably were erupted through fissures a1 ong f au l t s  
rather t h a n  from circular vents. T h i s  interpretation is supported by the 
presence of resistant spurs projecting i n t o  the troughs along f a u l t  traces; 
these spurs could be remnants of ancient dikes. 

Dark patches on the Moon have been attributed t o  explosive volcanism 
c11. This hypothesis was confirmed when returned samples showed the dark 
deposits t o  be composed of volcanic glass C21. Dark patches on Mars are 
generally interpreted as  having been deposited by the wind and being derived 
from some distant, unknown source. Wind-deposited dark materials commonly 
occur where trapped by physiographic obstacles, such as crater rims o r  
scarps. In the Valles Marineris, some dark patches fan outward from p o i n t  
sources w i t h o u t  obvious t raps  nearby. 
material spread from small vents or necks. 

volcanic flows. The floors of the valles, however, are buried i n  most places 
by eolian material t h a t  would cover such flows. Therefore, the absence of 
obvious flows may not  be significant. 
flowlike features 'and of several possible vents suggests t h a t  mafic activity 
d i d  take place. 

The exposure resembles t h a t  of basaltic layers i n  bas in  

Stereoscopic images show an elongate trough on the western p a r t  of the 

The low albedo suggests mafic 

In several places i n  the Valles Marineris, dark knobs protrude from 
Commonly these knobs 

These patches may well be volcanic 

In the Valles Marineris, few features occur t h a t ,  by shape alone, suggest 

The evidence of a t  least two dark 
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Fel sic Vol cani sm 

Evidence for  felsic volcanism is difficult t o  obta in  because vent 
structures may be s i l ic ic  domes t h a t  appear on satel l i te  images as small the 
undiagnostic hummocks. 
the Valles Marineris, they could be attributed t o  various causes. 

Circumstantial evidence, however, suggests t h a t  felsic volcanism 
occurred. The basin beds locally have a higher albedo t h a n  most other units 
on Mars except the polar caps and beds exposed i n  the Memnonia quadrangle, 
which are interpreted as ignimbrite C31. The beds i n  the Valles Marineris are 
so f t  and easily eroded by the wind. Similar i ly  eroded are the beds i n  the 
Memnonia quadrangle and some deposits on the Earth C41. 

The volume of the basin beds suggests addi t ion  of extraneous material. 
The volume of the interior beds i s  larger t h a n  t h a t  eroded from the trough 
walls, many of which are steep faultline scarps. 
material i n  the basin beds may have come from the walls and been deposited i n  
lakes and playas [SI, a contribution of material from elsewhere i s  also 
required. Because the surrounding plateau surface i s  l i t t l e  dissected, this 
contribution probably came from the trough interior by volcanism. 
alternative source might be deposition by wind, although the bedding i s  too 
even for t h i s  mechanism. Mind deposition associated w i t h  polar layered beds 
C61, assuming t h a t  the pole was situated over the Valles Marineris, i s  
unlikely because no equivalent layered deposits occur on the adjacent 
plateaus. I f  the basin beds do, indeed, contain volcanic material, i t  i s  more 
likely felsic t h a n  mafic because of the h i g h  albedo of most of the beds. 

domes or large calderas where massive ignimbrite flows were erupted. 
Valles Marineris, only one structure was identified t h a t  forms a crater of the 
dimensions of terrestrial calderas: I t  i s  a circular crater about  10 km 
across, nested inside a more elongate crater. T h i s  circular crater is situated 
on basin beds i n  east-central Candor Chasma. The two craters have no obvious 
rims. Dark material has streamed in to  the smaller crater from an exposure on 
the north side of i t s  rim. The structure could be of impact o r ig in ,  and i t s  
peculiar morphology could be due t o  impact in to  unusually sof t  material; 
however, the nested shape more nearly resembles t h a t  of volcanic craters. 
Nonetheless, no collapse structures common to  calderas are visible, and i t  is 
difficult t o  ascertain whether the crater, i f  volcanic, is a caldera or  an 
explosion p i t .  Overall, the evidence for felsic volcanism i n  the Valles 
Marineris is less convincing t h a n  t h a t  for mafic volcanism, b u t  the 
possibility remains, nevertheless. 

accompanied by volcanism. The proposed volcanic features, though probably 
contemporaneous w i t h  the gigantic ones i n  the Tharsis area, are composed of 
small, mafic and, possibly, somewhat larger felsic flows. The size of these 
features i s  similar t o  t h a t  of volcanic flows on the Earth. 

Al though such hummocks are visible on the floors of 

Even though some of the 

An 

Silicic volcanism on the Earth i s  associated w i t h  vents t h a t  have formed 
In the 

I n  summary, tectonism i n  the Valles Marineris appears t o  have been 
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VOLCANISM I N  ELYSIUM PLANITIA, MARS 

P e t e r  J. Mouginis-Mark, P lane tary  Geosciences Div is ion ,  H a w a i i  I n s t i t u t e  of 
Geophysics, Univ. H a w a i i ,  Honolulu, H I  96822 

With t h e  continued a n a l y s i s  of t h e  Viking O r b i t e r  image da ta  set ,  i t  is 
inc reas ing ly  apparent  t h a t  Mars possesses  a wide d i v e r s i t y  of vo lcanic  land- 
forms, many of which are no t  represented  by t h e  volcanoes i n  t h e  Tha r s i s  
Kegion'. I n  p a r t i c u l a r  , s e v e r a l  vo lcanic  f e a t u r e s  wi th in  Elysium P l a n i t i a  
have no d i r e c t  equ iva len t s  w i th in  Tha r s i s ,  thereby o f f e r i n g  t h e  oppor tuni ty  
t o  conduct comparative i n v e s t i g a t i o n s  of r e l a t i v e l y  young2 , cons t ruc t iona l  
vo lcanic  provinces1 9 3 on Mars. 

Recently,  geomorphic mapping has  revealed t h a t  t h e  t h r e e  volcanic  
cons t ruc t s  w i th in  Elysium P l a n i t i a  (Hecates Tholus, Elysium Mons and Albor 
Tholus) are very  d i f f e r e n t  i n  t h e i r  o v e r a l l  morphology and r ep resen t  t h r e e  
d i s t i n c t  types of mart ian volcano. Hecates Tholus has  been found t o  possess  
t h e  most l i k e l y  poss ib l e  example of a young, explosively-generated,  a i r - f a l l  
depos i t4 ,  whi le  t h e  volume of magma erupted  from Elysium Mons appears  t o  have 
been o rde r s  of magnitude l a r g e r  than  t h a t  e rupted  from Albor Tholus5. A fou r th  
volcanic  c e n t e r ,  which l acks  any a s soc ia t ed  cons t ruc t iona l  f e a t u r e ,  has  a l s o  
been recognized i n  t h e  Elysium Fossae area5. 

P l a n i t i a  is t o  f u r t h e r  understand t h e  volcanic  and t e c t o n i c  evolu t ion  of t h e  
area by t h e  i d e n t i f i c a t i o n  and i n t e r p r e t a t i o n  of  i nd iv idua l  l ava  flows and 
t h e i r  source ven t s .  Lava flow s i z e ,  s p a t i a l  d i s t r i b u t i o n ,  flow d i r e c t i o n  and 
t h e  s t r a t i g r a p h i c  r e l a t i o n s h i p s  of t h e s e  lava flows t o  ad jacent  s t r u c t u r a l  
f e a t u r e s  have a l l  been measured. A comparable s tudy of t h e  Tha r s i s  Region6 
demonstrated t h e  va lue  of such an approach, i n  t h a t  t h e  ven t s  on A r s i a  Mons 
(and on 
con t r ibu te  major amounts of lava dur ing  t h e  formation of t h e  Tha r s i s  P l a i n s ,  
and t h a t  few of t h e  preserved ven t s  are loca ted  beyond t h e  per imeters  of t h e  
four  l a r g e s t  s h i e l d  volcanoes.  An a n a l y s i s  of t h e  l a v a  flows and vent  d i s t r i -  
bu t ion  wi th in  Elysium P l a n i t i a  (Figure 1) shows a markedly d i f f e r e n t  s t y l e  
of r eg iona l  volcanism compared t o  Tha r s i s .  Ef fus ive  a c t i v i t y  has  been t h e  
dominant way inwhich t h e  surrounding p l a i n s  i n  both  reg ions  have been resur -  
faced,  bu t  t h e  topographic form of Elysium Mons has  t o t a l l y  con t ro l l ed  t h e  
flow d i r e c t i o n  of l a v a  flows wi th in  Elysium P l a n i t i a .  Both Hecates Tholus 
and Albor Tholus are  seen t o  have been p a r t i a l l y  bur ied  by Elysium Mons lauas, 
which a l l  appear t o  pos tda te  e f f u s i v e  a c t i v i t y  on t h e  t h o l i .  Lava flows from 
Elysium 
d i r e c t i o n  from t h e  volcano bu t ,  un l ike  Tha r s i s ,  paras i t ic  ven t s  l oca t ed  
beyond t h e  recognizable  volcanic  cons t ruc t  a l s o  conform t o  t h i s  r a d i a l  p a t t -  
e rn .  These p a r a s i t i c  vents  have been loca ted  by t h i s  s tudy t o  l i e  more than 
400 km from t h e  summit of Elysium Mons i n  some ins t ances .  

high frequency of occurrence of s inuous channels t h a t  are morphologically 
s i m i l a r  t o  l una r  s inuous r i l l e s 7 y 8 .  Over 40 such channels w i th in  Elysium 
P l a n i t i a  have been i d e n t i f i e d  i n  t h i s  s tudy:  t h i s  number r ep resen t s  over ha l f  
t h e  t o t a l  number of such f e a t u r e s  s o  f a r  found on Mars. Curren t ly ,  two 

A primary a i m  of t h e  p re sen t  r eg iona l  geo log ica l  a n a l y s i s  of Elysium 

a p a r a s i t i c  cone t o  t h e  south of  t h e  Arsia Caldera) w e r e  seen t o  

Mons can be t r aced  f o r  d i s t a n c e s  of 150 - 250 km i n  a r a d i a l  

A second unusual c h a r a c t e r i s t i c  of t h e  Elysium P l a n i t i a  reg ion  is  t h e  
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Figure 1: D i s t r i b u t i o n  map of a l l  lava flows (arrows) and sinuous channels 
w i th in  Elysium P l a n i t i a ;  l eng th  of  each l i n e  shows t h e ' d i s t a n c e  f o r  which 
t h e  flow lobes  can be t r aced .  Map prepared us ing  medium and high r e s o l u t i o n  
Viking O r b i t e r  images, w i th  t h e  ou t l ined  area a t  top  l e f t  showing t h e  
coverage a t  a r e s o l u t i o n  of 150 meters pe r  p i x e l  o r  h igher .  Dashed l i n e  t o  
t h e  south of Elysium Mons shows t h e  l o c a t i o n  of t h e  r ada r  groundtrack along 
which t h e  topographic d a t a  w e r e  acquired (Figure 2 ) .  Note t h a t  t h e  o u t l i n e s  
of t h e  volcanic  cons t ruc t s  are only approximate, p a r t i c u l a r l y  i n  t h e  case 
of Elysium Mons where many lava flows extend ac ross  t h i s  boundary t o  t h e  
no r th  and w e s t .  
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a l t e r n a t i v e  models by wlhch lava channels  may have p r e f e r e n t i a l l y  formed a t  
t h i s  l o c a l i t y  are being inves t iga t ed .  The f i r s t  model involves  t h e  e rup t ion  
of unusual ly  f l u i d  and/or  l a r g e  volumes of magma; t h e  second model cons iders  
t h e  e f f e c t s  of unusual ly  s t e e p  r eg iona l  s lopes  which may have promoted t h e  
formation of t u rbu len t  lava flows and, hence, more l a v a  channels due t o  
excess ive  thermal erosion'. Some i n d i r e c t  information is  a v a i l a b l e  t o  support  
t h i s  second model, because Earth-based r ada r  measurements of l o c a l  topography' 
show t h a t  t h e  steepest r eg iona l  s lopes  (on a scale of 100 - 300 km) y e t  
measured on Mars occur  t o  t h e  south  of Elysium Mons and Elysium Fossae 
(Figure 2 ) .  However, i n  o r d e r  t o  f u r t h e r  c o n s t r a i n  such an i n t e r p r e t a t i o n ,  
more d e t a i l e d  measurements of channel dimensions are c u r r e n t l y  be ing  made. 
Future  work w i l l  a l s o  be  d i r e c t e d  toward p l ac ing  t h e  t i m e  of e rup t ion  of t h e  
l ava  flows i n t o  t h e  sequence of t e c t o n i c  events  r e spons ib l e  f o r  t h e  formation 
of t h e  c i r cumfe ren t i a l  graben around Elysium Mons''. I n  t h i s  way, i t  i s  hoped 
t o  more f u l l y  c o n t r a s t  t h e  volcanologica l  and s t r u c t u r a l  evolu t ion  of Elysium 
P l a n i t i a  wi th  t h e  more f r equen t ly  s tud ied  Thar s i s  Region. 

Figure 2: Topography of southern  Elysium P l a n i t i a  a t  22.13"N, as measured by 
Earth-based radar'.  Groundtrack of r ada r  i s  shown i n  Figure 1. 
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EFFUSION RATE, LENGTH, AND AREA RELATIONSHIPS FOR SOME LAVA FLOWS ON 
HAWAII AND MOUNT ETNA WITH PLANETARY IMPLICATIONS. 

David Pieri, Jet Propulsion Laboratory, Pasadena, CA 91109 
Stephen Baloga, Department of Energy, Washington, De C. 20545 

Much of the work on the correspondence of morphological and process 
parameters has been qualitative and/or empirical (Refs. 1, 2) and few 
theoretical treatments have been attempted (Refs. 3, 4, 5, 6). We have 
outlined a model for the cooling by radiation of thermally well-mixed lava 
flows and have applied that model to a remote sensing study of 
extraterrestrial lavas (Ref. 7). Other work on the relationship between 
effusion rate and length and area is summarized here. 

We start with a simple one-dimensional heat transport equation (Ref. 
7) 

4 pcp(B/h + u 6/6x)TYW = -E& W 

where T=T(x,t), W=W(x), and Y=Y(x) respectively denote flow temperature, 
width and depth for a constant effusion rate and mean flow velocity u,  p 
is the density, c is the specific heat capacity at constant pressure, E 
is the emissivity, u is the Stefan-Boltzmann radiation constant, t is 
time, and x is the distance down the flow. 

If the flow width (W) is known, remembering that Q=uWY, and knowing 
the time dependency of the source temperature, To(t) at x = O ,  we arrive at 
the following solution for equation (1) 

P 

* o  
If we assume a constant source temperature, then from (2) we arrive at 

If we allow the distance x2-x1 to equal the flow length, L, and T1 and T2 
to be equal to the initial eruption temperature, To, and the 
solidification temperature of the flow, Ts, respectively, equation (3 )  

where A is the plan area of the flow. 
We can address here simply the formation of a solidified cover or 

lava tube and derive bounding values for the length of a given flow either 
under a solidified insulating cover or freely radiating. 

Equation (4) can be rearranged to 

where & is the length of the flow if it is well-mixed thermally. If it 
is not thermally well-mixed and is crusted, the surface of the flow is 
always below the solidus, i.e., 
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yielding 

where Lu is the length of the same flow with an insulating cover. Thus 41 
We can interpret T as follows. If the length of a lava flow and 

parameters other than t%e solidification temperature are known, we can 
solve for Ts. Assuming the slowest possible heat loss for that flow, that 
is, radiation through an insulating cover, Ts becomes the effective 
radiation temperature (Teff) of the insulating cover. For freely 
radiating, rapidly cooling flows (relatiaely short with high effusion 
rates) we calculate effective temperatures of about 1000-llOO°K. For 
relatively well-insulated tubed flows (long with low effusion rates) we 
calculate effective radiation temperatures of about 400-500°K. 

If radiative cooling is the prime mode of heat loss for a lava flow, 
we should expect to see a stronger correlation between the effusion rate 
(Q) and the plan area (A=W*L) of the flow, than between effusion rate and 
just flow length. Different flows on a single volcano with differing 
initial temperatures, volatile content, and gross compositions should 
yield different areas for a given effusion rate and thus plot with 
different slopes on a graph of effusion rate versus area. Likewise, a 
range of slopes for the relationship between effusion rate and flow area 
should result from comparisons between different volcanoes. 

As a test of these ideas, we surveyed available data on the effusion 
rates, lengths, and areas of volcanic flows. We utilized compilations 
kindly provided by M. Malin (Hawaiian flows) and by R. Lopez and J. Guest 
(Ref. 8) (Etnean flows), as well as data extracted from excellent 
monographs on Hawaiian and Etnean flows (Refs. 9, 10, 11). We examined 
the statistics of effusion-rate/area and effusion-rate/length relation- 
ships for individual flows during a given eruption, for individual flows 
in different eruptions on the same volcano, and for flows on different 
volcanoes. 

We found (1) that the effusion-rate/area correlation was statisti- 
cally more significant than the correlation between effusion rate and 
length for four out of the five eruption episodes which met the necessary 
criteria of more than three individual flows with area, length, and 
effusion rate independently measured; (2) that there exists a minimum 
length and area for a given effusion rate, reflecting competition between 
the rate of heat loss  and the mass flux; and (3)  that each volcano has an 
overall characteristic proportionality between effusion rate and flow 
length, width, and area. 

The statistics of effusion rate versus plan variables and insight 
gained from the radiative cooling model indicate that combining the 
measurements of many flows is a randomizing process, but that for 
individual flows analyzed here, the correlations are statistically more 
meaningful. Roth and Saunders (Ref. 12) analysis generally supports the 
idea that grouping flows by some criteria (e.g., composition) enhances the 
correlation. Small variations in initial eruption temperature and 
solidification temperature will have a marked effect on the extent of the 
flow. Such variations will occur as a function of change in volatile 
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content  and general  flow composition. I n  addi t ion,  t he  l i n e a r  
dependencies on the  o the r  ind ica ted  parameters w i l l  a t  t i m e s  a l s o  be 
s ign i f i can t .  Where lava  tubes form, a d r a s t i c  a l t e r a t i o n  of the  thermal 
regime occurs and low e f f e c t i v e  r a d i a t i o n  temperatures allow flows t o  
enlarge g r e a t l y  at only modest e f fus ion  rates. 

An important appl ica t ion  of t hese  ideas  i s  found i n  planetary l a v a  
flows (Refs. 5, 12) where dimensional d a t a  are f a r  more abundant than 
compositional d a t a  and where t i m e  h i s t o r i e s  may be only vaguely known. 
The l i t e r a t u r e  on planetary volcanism is  extensive (Ref. 13). We have 
applied the  r a d i a t i v e  cooling model t o  l ava  flows a t  R a  Patera on I o  (Ref, 
7) and have concluded t h a t  they are pr imari ly  of s u l f u r  composition, 
erupt ing at  e f fus ion  rates c h a r a c t e r i s t i c  of l a r g e  terrestrial b a s a l t i c  
e rupt ions  (% 10l1 cm3/sec). Further  appl ica t ions  e x i s t  f o r  l ava  flows on 
Mars where high r e so lu t ion  Viking Orbi te r  da t a  have spa t i a l  r e so lu t ion  of 
less than 50 meters and where s t e r e o  coverage exists. For ins tance ,  i f  a 
s u i t e  of flow dimensions (e.g., l ength ,  width, area, thickness)  can be 
measured f o r  a given volcano, bounding estimates can be made f o r  e f fus ion  
rates f o r  well-mixed flows (with l a v a  channels) and unmixed flows (with 
lava tubes) f o r  var ious e rupt ion  temperatures. 
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EXPERIMENTS ON WATER/MELT EXPLOSIONS, NATURE OF PRODUCTS, 
AND MODELS OF DISPERSAL 

O t  

Michael F.Sheridan' and Kenneth H. Wohletz2. 1) Department 
of Geology, Arizona State University, Tempe, AZ 85287. 
2) ESSI, Los Alamos National Laboratory, Los Alamos, NM 87545 

I I I e I I I I I I I 

Experiments were carried out in a steel pressure device 
using controlled amounts of water and thermite melt to examine 
the mechanical energy released on explosive mixing following 
the initial contact of the two materials. An experimental 
design was used to allow the direct calculation of the 
mechanical energy by the dynamic lift of the device as 
recorded both optically and physically. A large number of  
experiments were run to accurately determine the optimum 
mixture of water and melt for the conversion of thermal to 
mechanical energy. The maximum efficiency observed was about 
12% at a water/thermite mass ratio of 0.50. Very little 
mechanical energy is developed for water/melt ratios less 
than 0.2. Experiments were not conducted at water/melt ratios 
higher than 1.0. However, it appears that there would be 
very little mechanical energy released for water/melt ratios 
greater than 2.0. 

o= 5200 psi 
X =  ZOO0 psi 
e =  900 psi 

'7-1 
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These experiments (Wohletz and McQueen, 1983) are the 
basis for the development of models of hydroexplosions 
(Sheridan and Wohletz, 1983) and melt fragmentation. 
Particles collected from the experimental products are smilar 
in size and shape to pyroclasts produced by much larger 
hydrovolcanic explosions (Wohletz, 1983). Melt rupture at 
optimum ratios produces very fine particles (less than 50 
um), whereas rupture at high o r  low water/melt ratios produces 
large melt fragments. Grain surface textures in the 
experimental products are also related to the water/melt ratio 
and the mechanism of explosive mixing. It is thus possible 
to have qualtiative information about the nature of the 
explosion from the sizes and shapes of the fragments produced. 

Volcanic hydroexplosions produce particles with the same 
general sizes and shapes as those from the experiments. 
Because natural explosions are much larger than those possible 
in the laboratory, the products from hydrovolcanic explosions 
might be useful for interpretation of materials on the 
surfaces of planets with significant water. To this end a 
scanning electron microscope was used to characterize the 
various surface textures on pyroclasts that relate to melt 
rupture and the transport, deposition, and diagenesis o f  the 
particles (Sheridan and Marshall, 1983). 

The first conclusion of this work is that particles 
resulting from hydroexplosions are very fine grained. The 
second conclusion is that particles produced by strong 
water/melt interaction are generally hydrated. Thus, 
hydroexplosions could be a possible source for the presence 
of palagonite (hydrated basaltic glass) on the surface of 
Mars . 

The lateral dispersal of fine-grained particles from 
large explosions has recieved a great deal of attention and 
many models have been proposed. A general computer-assisted 
model based on the energy line concept was tested f o r  the 
products of the 1980 Mount St. Helens blast (Malin and 
Sheridan,l982) and several explosive volcanic eruptions in 
Italy (Sheridan and Malin, 1983). The model only assumes 
that the bulk of the particles lifted by the explosion 
disperse laterally under the effect of a gravitational field 
to a distance controlled by the internal friction of the cloud 
of dust and gases. Although the details of the rheology of 
the flows is not considred in the present model, it produces 
a good first-order approximation to the distribution of 
gravity-driven particulate flows on Earth and may be an 
appropiate means to test the empalcement of similar types 
of deposits on other planets. 
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RIDGES ON BASALT FLOWS 
Eilene Theilig, Department of Geology, Arizona State University, Tempe, Arizona 85287 

Pressure ridges are surface features on basaltic lava flows and, as with other surface features, 
they may be related to the emplacement of a flow and the rheological properties of the lava. 
Ridges are common but not ubiquitous on basaltic flows and may reflect differences between 
flow emplacement which are not yet understood. Several mechanisms of formation have been 
proposed for pressure ridges but none can explain all types of pressure ridges and usually have 
been applied to explain only the ridges within a certain flow. Of these, the two most favored 
are: 1) inflation by continued addition of material either locally (Wentworth and Macdonald, 
1953) or behind a slowly advancing flow front (Holcomb, 1980); and 2) buckling or crumpling 
of the crust associated with withdrawal of molten lava from a flow and subsequent loss of 
support (Skeats and James, 1937; Nichols, 1946; Parker, 1963; Champion, 1973). Field work 
has been initiated to determine ridge morphology on a variety of lava flows (Wapi flow, Idaho; 
McCartys flow, New Mexico; Schonchin Butte flow, California; and various flows on Kilauea, 
Hawaii) in order to define ridge types and to place constraints on mechanisms of formation. 
By understanding the factors important in the formation of pressure ridges it may be possible 
to place constraints on the method of emplacement, the eruptive rate, and the rheological 
properties of basaltic lava flows which contain them. Since many ridges are of sufficient size 
(as much as 20 m high, 50 m wide, and hundreds of meters long) t o  be detected on high resolu- 
tion orbital images, an understanding of pressure ridges could provide a means for interpreting 
volcanic flows on other terrestrial planets. 

Three different types of pressure ridges have been identified, so far, on the basis of morpho- 
logy. Type I ridges are the most common and are associated with multiple flow unit pahoehoe 
in which the ridges are embayed by secondary toe-fed lava. They tend to be restricted to wider 
sections or margins of the flow and to be oriented longitudinal to flow direction; however, 
oblique or transverse orientation is not uncommon. 

Profiles and crack locations are both related to the size of the ridge. Wide ridges tend to 
form domed arches with major cracks located near the margins and with minor medial cracks. 
Smaller, narrower ridges are usually gable-shaped with one major medial crack. Most type I 
ridges are intermediate between these two extremes. Preliminary analysis suggests that total 
crack width is also related to ridge size. Many of the cracks are asymmetric, with'vertical offset 
of the surface or one wall at a much shallower angle than the other. This suggests a nonequal 
amount of rotation for each block. Very little lateral offset is exhibited. One feature which 
may be a unique characteristic of this ridge type is collapse areas along the ridge margin. 

Bulbous squeeze-ups are common within cracks and may reflect relative timing of crack 
formation. This secondary material can completely fill a crack (in a few cases it flowed onto 
the surface of a ridge); but more commonly, the squeeze-up is attached to one wall suggesting 
continued crack separation after the source of the squeeze-up material had been cut off. In 
several cases, a series of squeeze-ups have been identified indicating alternate periods of crack 
formation and injection of 'material or slow crack separation and squeeze out of lava after a 
critical width was reached. Squeeze-up material attached to one wall generally grades down- 
ward into the ridge material and could be used to estimate depth to liquid lava. 

The interior structure of type I ridges, as revealed by the large cracks and roadcuts, consists 
of an upper slab section which generally contains columnar joints and a lower massive section 
with an irregular surface. This basic distinction may mark the thickness o f  the surface crust 
when ridge formation was initiated. 
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Type I1 ridges occur in association with type I and are very similar with the exception of 
secondary squeeze-out material. Instead of only filling cracks, the secondary material on 

these ridges originated from underneath a thin crust and flowed as toes or channels from the top 
and sides of the ridge. Medial cracks are smaller on these ridges. 

Type I11 ridges are present on the Schonchin Butte block lava flow and have much steeper 
sides (almost vertical at the top) than the other types. Medial cracks are very wide and the 
crack walls are convex upward. No squeeze-ups are present. The main difference between type 
111 and the others may be reflection of viscosity. Morphometric analyses are being done to 
determine other possible distinctions. 

Evidence of the collapse mechanism for ridge formation as proposed by Skeats and James 
(1 937) and Nichols (1 946) includes: 1 ) definition of a plane by the relative ridge crest heights 
and 2 )  presence of a lower flow adjacent to and originating from the primary flow containing 
the ridges. Relative ridge crest heights have been determined on the Wapi, McCartys, and 
Schonchin Butte flows and no consistent pattern can be established. On only one of a sequence 
of profiles across the McCartys flow can a plane be defined by ignoring smaller ridges and using 
only the major ridges in the interior of the flow. On the Schonchin Butte flow a general pattern 
of higher ridge crests upstream and toward the center of the flow can be identified, but ridge 
crest heights vary and do not define a plane. Secondary material can be identified on the Wapi 
and McCartys lava flows. A field map was produced of a section of the McCartys flow to 
determine the relationship of the primary and secondary material. The ridges predominantly 
consist of primary material and the secondary material forms a series of flow units filling the 
depressions between ridges, with only one unit located on the outer edge of the flow. If the 
secondary material originated by draining from the primary flow and initiating collapse, then 
one would expect this material to be predominantly located outside or downstream of the main 
flow. However this is not the case. No secondary material was identified on the Schonchin 
Butte flow. Based o n  this evidence it seems unlikely for the pressure ridges studied so far to 
have formed by collapse. 
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Calderas  i n  the S o l a r  System 

C. A. Wood, SN4/NASA Johnson Space Center, Houston, TX 77058 

Cal dera- topped vol canoes a r e  the 1 a r g e s t  vol canic edi f i ces on a p l  anet , 
and represent r e l a t i v e l y  long term development of near  surface magma cham- 
bers. In this r e p o r t  I compare the types ,  geometr ies ,  numbers, and distri- 
but ions  of c a l d e r a s  on the Ear th ,  Mars, Venus, and Io. No c a l d e r a s  ( a s  
d i s t i nc t  from g r a v i t a t i o n a l l y  en1 arged c r a t e r s  on smal 1 shiel d volcanoes , 
see Wood (1984))  are known from the Moon, Mercury, o r  s a t e l l i t e s  o t h e r  than 
Io. 

T e r r e s t r i a l  Calderas .  Following Williams (1941) , terrestrial c a l d e r a s  
a r e  commonly defined a s  l a r g e ,  more o r  less c i r c u l a r ,  vo lcanic  c o l l a p s e  de- 
p re s s ions ,  w i t h  diameters cons iderably  l a r g e r  than any included vent. Some- 
what a r b i t r a r i l y  c a l d e r a s  have been defined a s  having d iameters  >1 mile o r  
sometimmes >1 km; sma l l e r  depress ions  a r e  termed craters.  In ac tua l  prac- 
t i ce  these diameters  do separate near ly  a l l  c r a t e r s  on cinder cones,  maars, 
tu f f  r i n g s ,  and summit pits  on s t r a tovo lcanoes  - most of w h i c h  a r e  simple 
erupt ion  vents - from depress ions  r e s u l t i n g  from p a r t i a l  emptying of  near 
s u r f a c e  magma chambers. Only three general  c l a s s e s  of  c a l d e r a s  a r e  numeri- 
c a l l y  important  on Earth:  shield c a l d e r a s  (e.g. , Mauna Loa),  s t r a t o c o n e  
c a l d e r a s  ( C r a t e r  Lake) , and ashflow c a l d e r a s  (Valles). Sh ie ld  c a l d e r a s  
occur  on broad, t a l  1 basal t i c  shiel d volcanoes when tumescent summits sub-  
side along near v e r t i c a l  r i ng  f r a c t u r e s  fol lowing p a r t i a l  d ra inage  o f  magma 
from near su r face  chambers i n t o  r i f t  zones. Evidence t h a t  b a s a l t i c  ash was 
a s soc ia t ed  w i t h  ca lde ra  formation a t  Kilauea (Hol comb, 1981 ) , Fernandina 
( S i m k i n  and Howard, 19701, and Masaya (Bice, 1980) sugges t  t h a t  while co l -  
l a p s e  i n t o  a p a r t i a l l y  dra ined  chamber is the main mechanism of ca lde ra  
formation on shields, explos ive  a c t i v i t y  may a l s o  p lay  a s i g n i f i c a n t  role. 
S t ra tocone  cal  de ra s  t r u n c a t e  the summits of 2-3 km high s t r a tovo lcanoes  
(Frances and Abbott, 1973) fol lowing e rup t ions  of 0.1 t o  100 km3 of s i l i c i c  
ash and pumice. Caldera formation occurs  2-3 times i n  many s t r a tovo lcanoes  
(e .g . ,  Etna,  F u j i ) ,  and most e x t i n c t  s t r a tovo lcanoes  have a ca lde ra  o r  a 
dome f i l l e d  one. Ashflow c a l d e r a s  result from s i m i l a r  e rup t ion  processes  
b u t  the eruptive volume i s  huge (100-1000 k m 3 ) ,  and commonly no single 
p re -ex i s t ing  cone e x i s t e d .  

The diameter  d i s t r i b u t i o n  of  t e r r e s t r i a l  c a l d e r a s  (F ig .  1 ), based on 
da ta  f o r  220 c a l d e r a s  compiled by Pike (1978) and Pike and Clow (19811, 
shows t h a t  each ca lde ra  class is dominant f o r  a p a r t i c u l a r  diameter ( D )  i n -  
terval: shield c a l d e r a s ,  D<2 K m ,  s t r a t o c o n e  c a l d e r a s  D = 2-13 km, ashflow 
c a l d e r a s  D>13 km. 

To a i d  i n  the i n t e r p r e t a t i o n  of poss ib l e  c a l d e r a s  on o t h e r  p l a n e t s  ad- 
d i t i o n a l  topographic  d a t a ,  averaged from va lues  l is ted i n  Pike (1978) and 
Pike and Clow (1981) a r e  given i n  Table 1. The r e l a t i o n  of ca lde ra  c l a s s e s  
t o  t e c t o n i c  environments is  sumnarized i n  F igure  2. 

Martian Calderas .  About 2 dozen c a l d e r a s  have been recognized on Mars 
and these have been c l a s s i f i e d  into a mu1 t i  t u d e  of d i s t i nc t  morphological 
types.  However, Alba Pa te ra ,  domes, and shields a l l  appear  t o  be shield 
c a l  dera  v a r i a n t s .  High1 and pa te rae  and amphi t r i  tes ca l  d e r a s  a r e  c l e a r l y  
different  from the mart ian shields (and  each o t h e r )  and are u n l i k e  any ter- 
r e s t r i a l  ca lde ra  c l a s s e s .  T h u s  only 3 c l a s s e s  of  ca lde ra  a r e  r e l a t i v e l y  
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common on Mars, b u t  the mechanisms of formation of the non-shields  are n o t  
understood. 

Io ian  Calderas .  One hundred percent of Io  i s  covered by volcanic  de- 
p o s i t s ,  and c a l d e r a s  and p i t  c r a t e r s  abound. The d i s t i n c t i o n  between cal-  
deras and p i t  c r a t e r s  i s  apparent ly  the presence of  r a d i a t i n g  flows from 
the former (Schaber,  1980) , b u t  both types  of  depress ions  a r e  c a l d e r a s  mor- 
phol og ica l  l y  , I o i  an ca l  deras , however , a r e  no t  formed on mountain summits 
b u t  appear t o  1 ie on f l a t  plains  (Car r  e t  a1 . , 1979).  The l a r g e  diameters  
(ave.  = 54 km) and low relief o f  c a l d e r a s  on I o  suggested t o  Car r  e t  a l .  
(1979) and Schaber (1980) t h a t  ashflow c a l d e r a s  a r e  the best terrestrial 
analog. T h i s  is un l ike ly  based on the sh ie ld  l ike morphology of the c a l -  
deras  themselves, and the lack  of  evidence of  resurgence o r  r i n g  e x t r u s i o n s  
i n  the ion ian  ca lde ras .  

Venusian Calderas .  The evidence f o r  c a l d e r a s  on Venus is  inconclus ive  
b u t  sugges t ive .  Theia Mons i s  the best candida te  on Venus f o r  an Olympus 
Mons-like shield volcano and ca lde ra  (Saunders and Malin, 1977) .  Other low 
relief calderas may exist on Venus, b u t  the l i m i t a t i o n s  of  r a d a r  da t a  
c u r r e n t l y  a v a i l a b l e  makes d i f f i c u l t  deciding between impact and volcanic  
o r i g i n s  fe .g . ,  Burns and Campbell , 1983). 

Caldera  Comparisons on Different Worlds. T h e  number of  c a l d e r a s  on a 
p l a n e t  i s  roughly propor t iona l  t o  the p l a n e t ' s  mass (Fig .  31, w h i c h  is  a 
major f a c t o r  i n  r e g u l a t i n g  p l ane ta ry  thermal evolu t ion .  Based upon the re- 
l a t i o n  shown i n  Figure 3,  Mercury may have a few c a l d e r a s  (none have been 
found on the 46% of  the p l a n e t  photographed by Mariner 101, Venus should 
have a few hundred, and T i t an  and smal le r  s a t e l l i t e s  should have none. I o  
is  a c l e a r  anomaly, b u t  i t s  volcanism i s  t i d a l l y  produced, no t  the result 
of i n te rna l  thermal evol u t i  on. 

Only 4-5 ca lde ra  c l a s s e s  ( e rup t ion  mechanisms) a r e  common i n  the s o l a r  
system. Sh ie lds  a r e  the most common type of c a l d e r a s  on the observed 
p l a n e t s ,  a t t e s t i n g  t o  the prevalence of  s i m i l a r  thermal and t e c t o n i c  mecha- 
nisms ( h o t  s p o t s ) .  I t  i s  remarkable t h a t  the- t o t a l  volume o f  i n d i v i d u a l  
l a r g e  shields ( o r  shield lines - e.g., Hawaii-Emperor Chain - on Ear th )  i s  
near ly  the same (1-3 x 106 km3) on Earth,  Mars, and Venus, perhaps implying 
r e l a t i v e l y  s i m i l a r  compositions ( inc lud ing  r a d i o a c t i v i t y  c o n t e n t s ) .  

The average diameters  f o r  c a l d e r a s  on Earth,  Mars, Venus, and I o  a r e  5 ,  
85, %75,  and 54 km, r e spec t ive ly .  I f ,  a s  a t  Kilauea,  c a l d e r a  diameter  
approximately equal s magma chamber diameter and d e p t h  , t e r r e s t r i a l  magma 
chambers a r e  s i g n i f i c a n t l y  small er  and s h a l l  ower than are their counter-  
p a r t s  on o t h e r  p l ane t s .  However, since shield ca lde ra  diameters  are about  
10% of  shield edifice diameter on Ear th ,  Mars, and Venus, the smallness  of 
terrestrial magma chambers probably r e f l e c t s  simply the small s i z e  of the 
Earth ' s shiel d vol canoes.  

References . .  Ct (1980) Absts/Programs GSA 12,  98; B.A. BURNS and D.B. CAMP- 
BELL (1983) "Radar,evidence f o r  c r a t e r i n g T n  Venus", i n  press; M.H. CARR e t  
a l .  (1979) Nature 280, 729; P. FRANCIS and B. ABBOTT (1973) Nature 244, 22; 
R. HOLCOMB V iTS 'GS  Open Fi le  Rpt.  81/354; R.J. PIKE ( 1 9 7 8 8 o Z T L u n a r  
P lane t .  Sci. Conf 9 t h ,  3239; R. J .  PIKE and G.D. CLOW (1981) USGS Open bile 
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WIND STREAKS ON MARS: COMPARISONS OF PRODUCTION MODELS WITH 
OBSERVATIONS OF BRIGHT STREAKS 

Steven W. Lee, Cornel1 U n i v e r s i t y  

To i n v e s t i g a t e  t h e  i n f l u e n c e  of c r a t e r  s i z e  on mar t ian  wind streaks, 
t h e  c h a r a c t e r i s t i c s  o f  b r i g h t  s t reaks  associated w i t h  c r a t e r s  ranging from - 100 m t o  - 80 km i n  diameter have been analyzed i n  severa l  regions 
(Lee, 1983). The r a t i o  o f  s t reak length  t o  obstac le  he igh t  (L/h) could be 
d iagnos t i c  of t h e  r e l a t i v e  ef fect iveness o f  d i f f e r e n t  s i zed  obstac les i n  
d i s t u r b i n g  near-surface atmospheric f l o w ;  s ince t h e  c r a t e r  r i m  he igh t  t o  
diameter r e l a t i o n s h i p  has no t  p rev ious l y  been determined f o r  Mars, t he  r i m  
he igh ts  o f  numerous c ra te rs  have been estimated from shadow measurements 
(Fig. 1). I n  a l l  areas studied, b r i g h t  s t reak  L/h values decrease w i t h  
i nc reas ing  h, i n d i c a t i n g  t h a t  smal le r  obstacles produce longer  s t reaks  
r e l a t i v e  t o  t h e i r  he igh t  than do l a r g e r  obstacles. 
b r i g h t  s t reak product ion have been considered t o  exp la in  t h i s  behavior. 

Several models o f  

hz0.031 (D56 km 1 
h = 0.075 D (D>6 km) I 

FIGURE 1. Cra ter  ‘ r i m  he igh t  
(h)  t o  diameter (D) r e l a t i o n -  
sh ip  f o r  Mars. R i m  he igh ts  
are der ived  from shadow mea- 
surements. N i s  t h e  number 
o f  c r a t e r s  included. Least -  
squares f i t s  t o  t h e  data are 
shown. 

0.1 0.5 1 5 10 50 100 
Crater Diameter (km) 

A. B lock ing  model: Veverka e t  a l .  (1981) proposed t h a t  b r i g h t  s t reaks  
r e s u l t  when atmospheric f l ow  i s  blocked downwind o f  an obs tac le  du r inq  
t imes o f  h igh  s t a t i c  s t a b i l i t y  and s i g n i f i c a n t  dust load ing  (such as t h e  
l a t e  stages o f  g lobal  dust storms). 
zone and i s  deposited on t h e  surface, formin? a b r i g h t  streak. I n  t h i s  
model, s t reak  length  i s  p ropor t i ona l  t o  h/Cd3where cd i s  a drag 
c o e f f i c i e n t  r e l a t e d  t o  t h e  sur face roughness. Least-squares f i t s  o f  t h i s  
model t o  t h e  L/h data f o r  b r i g h t  s t reaks have been made us ing  cd as the  
f r e e  parameter (Fig. 2). 

Dust s e t t l e s  out o f  t he  she l te red  

For t h e  areas considered, t h e  match between 
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FIGURE 2. Models o f  
b r i g h t  s t reak product ion 
compared t o  s t reak occur- 
rence data f o r  several 
regions. Mean L/H values 
(squares) represent t h e  
observed s t reak behavior; 
e r r o r  bars denote one 
standard dev i  a t i  on i n  
L/h. Least-squares f i t s  
o f  t he  b lock ing  model 
( s o l i d  l i n e ) ,  t he  constant 
eddy d i f f u s i o n  model 
(do t ted  l i n e ) ,  and the  
he i  ght -dependent dust 
l oad ing  model (dashed 
l i n e )  are shown f o r  each 
area. 
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model and 
obstac les 
t h i s  mode 
o f  c r a t e r  

observed lengths  i s  good f o r  smal l e r  c ra te rs ;  however, l a r g e r  
genera l l y  produce s h o r t e r  s t reaks  than would be expected f rom . It may w e l l  be t h a t  as c r a t e r  diameter, and hence complexi ty 
and e j e c t a  morphology (Pike, 1980) increases, so does Cd, 

e f f e c t i v e l y  producing t h e  observed negat ive s lope i n  L/h vs. h. 

1983) has suggested t h a t  dust d i f f u s i o n  i n t o  the  l e e  of an obs tac le  i s  due 
t o  eddies induced by t h e  surrounding r a t h e r  than by t h e  obs tac le  i t s e l f .  
I n  t h i s  case, s t reak  l eng th  i s  p r o p o r t i o n a l  t o  ( U / v ) h 2  where U i s  t h e  
f ree-st ream wind speed and v i s  an i s o t r o p i c  eddy d i f f us ion  c o e f f i c i e n t .  
Using U/v as t h e  f r e e  parameter f o r  least-squares f i t s ,  t he  t r e n d  
p red ic ted  by t h i s  model i s  c l e a r l y  cont ra ry  t o  t h e  observat ions (Fig. 2). 

t ime  o f  s t reak  fo rmat ion  i s  concentrated near t h e  surface, i nc reas ing  t h e  
he igh t  o f  a b lock ing  obs tac le  may y i e l d  l i t t l e  increase i n  t h e  amount o f  
dust  a v a i l a b l e  f o r  deposi t ion.  The simple b lock ing  model descr ibed above 
can be mod i f iep  t o  account f o r  t h e  dust sca le he igh t  (H) so t h a t  L - 
H(1-e-h/H)/(Cd5). 
e t e r s  agree w i t h  the  observat ions reasonably w e l l  (Fig. 2). However, t he  
est imated dust sca le  he ights ,  ranging f rom a few tens t o  a few hundred 
meters, are d i f f i c u l t  t o  accept as r e a l i s t i c ;  observat ions o f  mar t ian  dust 
s torm clouds suggest un i fo rm dust l oad ing  w i t h i n  the  lower km o r  more o f  
t h e  atmosphere (Conrath, 1975; Po l lack  e t  al., 1979). 

cons i s ten t  w i t h  the  observat ions by assuming t h a t  Cd i s  a f u n c t i o n  o f  
c r a t e r  diameter and does not make any unreasonable assumptions about 
mar t ian cond i t ions .  Model B i s  c l e a r l y  incompat ib le  w i t h  the  observa- 
t i o n s .  Model C can be made t o  f i t  t h e  data very we l l ,  bu t  i nvo l ves  
an assumption (dust load ing  s t r o n g l y  concentrated near t h e  sur face)  which 
i s  i ncons is ten t  w i t h  genera l l y  accepted i n t e r p r e t a t i o n s  o f  cond i t i ons  on 
tila r s  . 

6. Constant eddy d i f f u s i o n  model: R. Kahn (personal  communication, 

C. Height-dependent dus t  loading:  I f  most o f  t h e  suspended dust a t  t h e  

Least-squares f i t s  us ing  H and cd as f r e e  param- 

We conclude t h a t  Model A i s  t h e  most s a t i s f a c t o r y .  It can be made 

This  study was supported by NASA Grant NSG-7546. 
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MARTIAN DUST STORM WITNESSED BY VIKING LANDER 1 

Henry J. Moore (U.S. Geological Survey, Menlo Park, CA., 94025). E. A. 
Guinness, R. E. Arvidson (Department of Earth and Planetary Sciences, 
Washington University, St. Louis, MO., 63130). 

Viking Lander 1 (Mutch Memorial Station) observations on Mars were 
punctuated by a strong local dust storm after two martian years of mild 
wind conditions (1, 2, 3). Tens of micrometers of dust settled to the 
surface during global dust storms of the first two falls and winters; 
some of this dust was locally removed during the second year (4). A 
late-winter local dust storm of the first year (5) caused little or no 
erosion of the surface materials (6) despite wind speeds of 25-30 m/s 
(5) 

The strong local dust storm occurred during late winter of the 
third martian year (3). Winds of this storm altered and demolished 
small conical piles of surface materials constructed at the onset the 
first winter, removed 4-5 mm-size fragments, displaced centimeter-size 
fragments, destroyed clods in areas disrupted by the sampler and 
footpad, eroded impact pits, and darkened the sky. Most of the erosion 
occurred where cohesions of the surface materials were destroyed by the 
sampler; otherwise the surface materials appeared to be quite stable. 

Movement of erosional products and tiny wind tails indicate 
easterly to northeasterly winds. If the 4-5 mm size fragments were 
entrained and removed by the wind, threshold friction speeds (7) near 3 
to 5 m/s would have been required for the atmospheric temperatures and 
pressures that prevailed during the late-winter of the third year. 
Using the Von Karman relationship, surface roughness values of 0.1 to 
1.0 cm (8), and these friction speeds, we would expect wind speeds of 
40-90 m/s at the height of the meteorology wind sensor (1.6m). 

A global dust storm was in progress early in the fourth fall season 
(2,3) 9 
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LONG RANGE TRANSPORT OF FINE GRAINED SEDIMENTS ON MARS: ATMOSPHERIC 
DUST LOADING, AS INFERRED FROM V I K I N G  LANDER IMAGING DATA. James B. Po l lack  
and David S. Colburn, Space Science D iv is ion ,  NASA h e s  Research Center, 
M o f f e t t  F ie ld ,  CA 94035. 

During a t y p i c a l  Mar t ian  year, hundreds o f  l o c a l  dust  storms and one 
o r  several g lobal  dust storms occur. In  add i t i on  t o  i n v o l v i n g  s a l t a t i o n  b y  
100 micron-sized sand grains,  these storms a lso r e s u l t  i n  the  emplacement o f  
micro-sized dust p a r t i c l e s  i n t o  suspension. Once i n  suspension, the  dust i s  
c a r r i e d  long d is tance by the  p r e v a i l i n g  winds before being deposited. 
Studies o f  t he  amount o f  dust loading i n  the  atmosphere over the course o f  a 
Mar t ian year and i t s  in terannual  v a r i a t i o n  help t o  de f ine  the r a t e  a t  which 
aeol ian eros ion and deposi t ion are occur r ing  over l a rge  d is tance scales.  

We are analyz ing V ik ing  lander imaging data i n  order t o  ob ta in  quant i -  
t a t i v e  est imates o f  atmospheric dust loading. 
a t  both land ing  s i t es ,  o p t i c a l  depths f o r  the dust can be obtained i n  a 
s t ra igh t fo rward  manner by apply ing Beer's law t o  p i c t u r e s  taken o f  the sun 
w i t h  the  sun diode. A t  l a t e r  times, no sun diode data i s  avai lab le,  bu t  
the br ightness o f  the sky and ground can be modelled w i t h  a r a d i a t i v e  
t r a n s f e r  code t o  der ive  somewhat less accurate values o f  the dust o p t i c a l  
depth. This approach makes use o f  microphysical  p roper t i es  o f  the dust 
and the  photometr ic f unc t i on  o f  the  surface der ived from e a r l i e r  pa r t s  
o f  the  mission when the  o p t i c a l  depth was found from sun diode images. 
I n  apply ing t h i s  technique, we have c a r e f u l l y  se lected several  patches 
a t  the lander 1 s i t e  t h a t  show l i t t l e  change i n  con t ras t  over the  
mission. Opt ica l  depths are der ived independently f o r  both several  
ground patches and several  po r t i ons  of the sky t o  p rov ide  a check on the  
accuracy o f  t h i s  technique. 

During the f i r s t  V i k ing  year, two 
g lobal  dust storms occurred and they cont r ibu ted  about 90% o f  the dust 
suspended i n  the  Mart ian atmosphere on a g lobal  average, over the course 
o f  t h i s  year. The remainder was due t o  the cumulat ive e f f e c t  o f  l oca l  
dust  storms. When g l o b a l l y  d i s t r i bu ted ,  the  amount o f  suspended dust 
in t roduced i n t o  the  atmosphere t h i s  Mart ian year was about 5x10'3 g/cm*. 
This mass load ing  was der ived from the incremental o p t i c a l  depths measured 
over t h i s  year and est imates o f  the mean s i z e  o f  the dust p a r t i c l e s  ( 2.5 
microns).  
more muted than dur ing  the  f i r s t  year. No near -per ihe l ion  dust storm 
occurred, and a somewhat weaker dust storm may have occurred near the  
s t a r t  o f  the sp r ing  season i n  the  southern hemisphere, a t  about the same 
t ime t h a t  the  f i r s t  g lobal  dust storm of the f i r s t  year occurred. Thus, 
t h e  dust load ing  der ived  f o r  the  f i r s t  Mart ian year may be somewhat 
higher than the average over many Mart ian years, a conclusion t h a t  appears 
t o  be supported by our p re l im ina ry  s tud ies o f  Mar t ian years beyond the  
second V ik ing  year on Mars. 

During the f i r s t  900 SOLS 

Resul ts  t o  date are as fo l lows:  

During the second Mart ian year, g lobal  dust storms were f a r  
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DUST STREAKS ON MARS: COLORS AND PHOTOMETRY 
P. Thomas, Laboratory f o r  P lanetary  Studies, Cornel1 U n i v e r s i t y  

I thaca, New York 14853 

Photometr ic s tud ies  of c r a t e r - r e l a t e d  b r i g h t  and dark s t reaks have 
s t r o n g l y  supported t h e  hypothesis t h a t  the b r i g h t  s t reaks are excess dust  
deposi ts  and dark s t reaks are eros iona l  windows i n  a p a r t i a l  dust  cover. 
The f i n d i n g s  inc lude:  

1. Colors o f  streaks. Red-blue (and r e d - v i o l e t )  p l o t s  such as Fig. 
1 show t h a t  b r i g h t  s t reaks are cons is ten t  w i t h  mosaics o f  b r i g h t  red dust  
( taken t o  be s i m i l a r  t o  b r i g h t e r  p a r t s  o f  Arab ia )  and background mater- 
i a l .  Here t h e  p l a i n s  a re  a l s o  cons is ten t  w i t h  a p a r t i a l  cust  cover; t h e  
dark s t reak i s  t h e  l e a s t  covered area. 

r e l a t i v e  t o  surrounding p l a i n s  a t  phase angles over looo, i n  v i o l e t  f i l t e r  
(heff - 0.45 pm) images (Fig. 2a). Laboratory s imu la t ions  o f  dust  depo- 
s i t i o n  can crudely  s imu la te  t h i s  behavior w i t h  e i t h e r  o p t i c a l l y  t h i c k  o r  
o p t i c a l l y  t h i n  dust deposi ts  (Fig. 2b). The s i m i l a r  phase behavior o f  
both b r i g h t  and dark s t reaks supports the  idea t h a t  they are both changes 
i n  t h e  amount o f  dust cover. 

3. Red-v io le t  p l o t s  o f  b r i g h t  s t reaks are m s t  e a s i l y  expla ined by 
mosaics o f  o p t i c a l l y  t h i c k  dust and p l a i n s  mater ia l .  O p t i c a l l y  t h i n  coat-  
ings  o f  dust g ive mix ing l i n e s  on r e d - v i o l e t  p l o t s  t h a t  p r o j e c t  above t h e  
v i o l e t  r e f l e c t a n c e  o f  dust; t h e  b r i g h t  s t reak data p r o j e c t  a t  o r  below t h e  
dust  value. This  behavior can be matched by mosaics of o p t i c a l l y  t h i c k  
dust, i n  s o r e  cases p r e f e r e n t i a l l y  deposi ted on t h e  p a r t s  of background 
b r i g h t e r  i n  t h e  v i o l e t  (on s o i l  between boulders?). 

Th is  suggests t h e  s t reak  deposi t ion,  i f  i n  t h e  mosaic p a t t e r n s  i n d i c a t e d  
above, i s  a f u n c t i o n  o f  a v a i l a b l e  s i t e s  of deposi t ion,  r a t h e r  than atmo- 
spher ic  dust loading. D i f fe rences  i n  wind shear may c o n t r o l  t h e  percent-  
age o f  t h e  ground a v a i l a b l e  f o r  dust depos i t ion  and thereby c o n t r o l  t h e  
average br ightness o f  t h e  ground. 

Contrasts  o f  dark s t reaks w i t h  p l a i n s  i n d i c a t e  the  p l a i n s  have 
f r a c t i o n a l  dust  covers near ly  as great  as t h e  maximum a d d i t i o n a l  cover i n  
b r i g h t  streaks. The b r i g h t  s t reaks thus s t o r e  very l i t t l e  o f  t h e  g loba l  
sup l y  o f  gust. The amounts of dust  i n  s t reaks may be rmch less  than 
10-3 gm/cm (Wells - e t  al., 1983). The t o t a l  amount o f  dust  i n  a l l  
b r i g h t  s t reaks  on Mars might be only - lo5 tons. P a r t i a l  dust  coverage 
of t h e  p l a i n s  can e a s i l y  accommodate dust r a i s e d  i n  mar t ian g lobal  dust 
storms (Po l lack  e t  al., 1979). 
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2. Phase e f f e c t s .  B r i g h t  and dark s t reaks both reverse c o n t r a s t  
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A POSSIBLE SOURCE FOR THE MARTIAN CIRCUMPOTAR DUNE MATERIAL 

R. Stephen Saunders, Bruce Banerdt , Jet Propulsion Laboratory, Pasadena, 
CA.; Steve Sutton, Universi ty  of Michigan; Frazer  Fanale, Universi ty  of 
H a w a i i ;  Eric Laue, James Stephens, Jet Propulsion Laboratory, Pasadena, 
CA. 

The proper t ies  of freeze-dried d i l u t e  d ispers ions  of dust  i n  water 
are of considerable  i n t e r e s t  i n  s tud ie s  of sedimentary processes i n  the  
polar  regions of Mars. The formation of a "rind" residue due t o  the  
sublimation of water ice containing various amounts of c lay  may be an 
important s t e p  i n  these  processes. Such phenomena may occur as the  
r e s u l t  of seasonal  o r  long term (c l ima t i c )  sublimation of d i r t y  ice caps 
on Mars. 

We have attempted t o  s imulate  the  development and d i s rup t ion  of 
dust  res idues on the  su r face  of ice-dust mixtures as a r e s u l t  of 
p r e f e r e n t i a l  ice sublimation. These s imulat ions were achieved by a 
va r i e ty  of experimental approaches, including t h e  simultaneous spraying 
of 100 micron water d rop le t s  and 0.1 micron montmoril lonite gra ins  i n t o  
l i q u i d  n i t rogen  and the  f i n e  spraying of various concentrat ions ( lo%,  
1%, and 0.1%) of t he  same s i l i c a t e  i n  l i qu id  water i n t o  l i qu id  
nitrogen. Sublimation of t he  n i t rogen  and the  water produced ice- f ree  
r inds  i n  t h e  form of l a rge  cohesive agglomerates of ind iv idua l  c lay 
particles, and i n  some cases a continuous cohesive c rus t .  Scanning 
e l ec t ron  microscope observat ions reveal  t h a t  t h e  material formed by 
freeze-drying t h e  0.1% suspension does not r e t a i n  the  o r i g i n a l  sphe r i ca l  
shape of the  sprayed drople t s ;  ins tead  it  cons i s t s  of a uniform, open, 
f i lamentary network. 

" I  

When t h i s  material i s  placed i n  a tumbler, i t  breaks up i n t o  
s m a l l e r  particles with a d i s t r i b u t i o n  of s i z e s  which are st i l l  
considerably l a r g e r  than  the  o r i g i n a l  submicron c lay  particles (about 2 
mm) and have an extremely low dens i ty  (<0.1 gm/cm3) ( see  f igu re ) .  These 
aggregates d i f f e r  from those discussed by Greeley (1979) i n  severa l  
respects .  They have a very open, porous s t r u c t u r e  r e su l t i ng  i n  low 
dens i ty ,  as opposed t o  Greeley's "popcorn ball ' '  s t ruc tu re .  Also, 
e l e c t r o s t a t i c  charging does not appear t o  be important as a binding 
force ,  s ince  the  particles were s tudied at length  i n  an SEM without 
de tec tab le  d i s rup t ion  o r  charge build-up. 

We suggest t h a t  the  martian circumpolar dune f i e l d s  may have been 
formed by depos i t s  of t h i s  type of material t ranspor ted  from the  polar  
deposi ts .  W e  propose the  following scenario.  Fine dust  particles are 
deposited i n  the  polar  cap. Pr imari ly  by ac t ing  as nucleat ion centers  
f o r  condensation of water and carbon dioxide and p rec ip i t a t ing  out  of 
t h e  atmosphere i n  the  form of "d i r ty  snow". This r e s u l t s  i n  an in t imate  
mixture of f i n e  particles and ice. When the  cap la ter  sublimes, these  
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particles form a f l u f f y  r ind on top of the  receding ice surface.  The 
r ind  is d is rupted  by wind and comminuted i n t o  roughly sand-sized 
particles. These p a r t i c l e s  have a high s a i l  area t o  mass r a t i o ,  and can 
be e a s i l y  moved and formed i n t o  dunes by the  r e l a t i v e l y  s luggish  polar  
winds. The material may later become immobilized by co l lapse  of the  
particles due t o  the  bur ia l .  

While the  s t r eng th  of the  i n t e r - p a r t i c l e  bonds appears t o  be only 
moderate, t h e  s u r v i v a b i l i t y  of the  aggregates is enhanced both by their 
low dens i ty  (hence low impact momentum) and the  shock absorbing 
c h a r a c t e r i s t i c s  of t he  f i lamentary s t ruc tu re .  W e  are cu r ren t ly  
inves t iga t ing  the  s t r eng th  of these  particles v i a  compressibi l i ty  and 
long-term comminution experiments, as w e l l  as r e f in ing  our production 
methods i n  order  t o  more c lose ly  s imulate  mart ian conditions.  
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Figure:  P a r t i c l e  formed by f r eez ing  a 1% suspension of montmori l loni te ,  
subliming it  i n  a vacuum, and tumbling t h e  r e s idue  f o r  1 /2  hour. 
P a r t i c l e  diameter i s  about 5mm and i t s  dens i ty  i s  0.03 gm/cm3. 
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VELOCITIES OF WINDBLOWN PARTICLES IN SALTATION: VENUS, EARTH, AND MARS 
Ronald Greeley, Department of Geology, Arizona State University, Tempe, AZ 85287 

Aeolian (wind) processes occur on all terrestrial planets except Mercury and to varying 
degrees are responsible for surface modification through erosion and deposition. In order to 
assess such factors as rates of transportation and erosion by windblown grains, knowledge of 
particle velocities as functions of such factors as wind speed is required for the diverse environ- 
ments found on the planets subject to aeolian processes (Table 1). 

Particle velocities have been determined in environmental wind tunnels capable of simula- 
ting aeolian processes on Earth, Mars, and Venus (Greeley et al., 1981, 1982). Particles of a 
given composition and size were placed in the tunnels and subjected to various wind speeds 
above threshold. For Earth and Mars simulations, particle velocities were measured directly 
using a velocimeter (Greeley et al., 1983) positioned at specific heights above the surface; 
approximately 200 velocities were determined at each height. The particles used were in a 
narrow size range and were subjected to a steady wind. Figure l a  shows a typical distribution 
of velocities measured at a single height; the wide range in speeds iaa reflection of grains in 
different parts of their saltation trajectory. White (1 979) has demonstrated that particle veloc- 
ity should increase throughout the trajectory on Earth and Mars, reaching a maximum upon 
impact with the surface. In some experiments, however, some particles travel at speeds in 
excess of the wind speed, which is attributed to acceleration resulting from intergrain colli- 
sions and elastic rebound. Figure 1 b shows the general increase in particle speed with height 
which reflects the general increase in wind speed through the boundary layer above the surface. 
In addition, grains reaching greater heights in their saltation trajectory are in flight longer and 
can be accelerated to a greater speed than grains on short trajectories. 

Figure I C  shows velocities at a single height for two sizes of particles as functions of wind 
speed. Smaller particles travel at higher velocities than larger particles, which may be attributed 
to a better “coupling” between the wind and the smaller particles owing to their larger cross- 
sectional area-to-mass ratio. However, despite a wide range in freestream wind speeds, the 
average particle velocity remains remarkably constant. 

Velocities of windblown grains were also determined using high-speed motion pictures in 
a field experiment on Earth and in wind tunnel simulations for terrestrial and Venusian environ- 
ments. Using filming rates up to 10,000 frames per second enabled individual grains to be 
photographed to determine their velocities and trajectories. Although few experiments have 
been run using this technique, results from the field experiment are closely matched by results 
obtained from the wind tunnel and give confidence in the simulations. The filming technique 
has also been applied to the analyses of particle velocities from experiments run in the Venus 
Wind Tunnel. Although the absolute velocities are very low (a reflection of the low threshold 
wind speeds on Venus), it was found that the particles achieve very nearly the same velocity as 
freestream wind speed. 

Comparisons of results for Earth, Mars, and Venus reveal some remarkable differences. As 
shown in Figure 2, most particles achieve speeds nearly equal to freestream wind speed on 
Venus, but seldom achieve half the wind speed on Mars; Earth cases are of intermediate values. 
This is attributed to the differences in atmospheric density and to the threshold wind speeds 
among the three planetary environments (Table 1 ). Particles are more easily moved in the dense 
Venusian atmosphere than on Mars; consequently, threshold speeds are very low, and for the 
range of wind speeds in which most movement is presumed to occur (just above threshold 
speeds), the grains need not be moving very fast to achieve 100% of the wind speed. Conversely, 
particles on Mars must accelerate very rapidly to achieve the speed of the high winds required 
for threshold, and despite the fact that saltation path lengths are long on Mars (White, 1979), 
most grains fall to the surface before achieving even 50-60% of freestream wind speed. 
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These results imply that aeolian abrasion should be most effective on Mars, least effective 
on Venus, and would be intermediate on Earth, all other factors such as supply of windblown 
materials, being equal. However, as has been demonstrated for Mars (Greeley et al., 1982), 
analyses of wind abrasion and erosion is a complex phenomenon which involves many para- 
meters, each of which must be assessed individually and in the context of the whole system. 
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Figure 1. a) Distribution of particle velocities for 350 pm quartz grains subjected to a freestream wind speed 
of 10.22 mls, measured at a height of 16.1 cm (Earth simulation); b )  velocities of  350 p particles 
subjected to a freestream wind speed of 16.5 mls in a martian simulation; c )  particle velocities for 
two particle sizes as a function of freestream wind speed. 
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Table 1. Aeolian Parameters, Earth, Mars, and Venus 

VENUS EARTH MARS 

Atmospheric surface pressure 
(millibars) 

Atmospheric composition 
(principal) 

Surface temperature 
(average) 

Surface gravity 
(Earth = 1) 

Minimum threshold wind speed 
(cmlsec) 

Optimum particle size 
ozm) 

90,000 

co2 

480°C 

.88 

2.2 

115 

1,000 

N2 302 

22°C 

1 

20.5 

75 

6 

co2 

-23°C 
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Figure 2. Particle velocities in Earth, Mars, and Venus simulations 
normalized to freestream wind speed. 
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DESERT PAVEMENT STUDY AT AMBOY, CALIFORNIA 
Steven Williams and Ronald Greeley, Department of Geology, Arizona State University, Tempe, A 2  85287 

Desert pavement is a general term describing a surface that typically consists of a thin 
layer of cm-sized rock fragments set on top of a layer of finer material in which no fragments 
are found (Cooke and Warren, 1973). The concentration of fragments can be very high, 
sometimes with the fragment edges interlocking. Desert pavements are common and are often 
known by local names, including gibber plains (Australia), hammada (Middle East), reg (Middle 
East), and sai (central Asia). Three mechanisms for desert pavement formation have been 
suggested (see Cooke and Warren, 1973, for summary). The first is purely aeolian in which 
fine particles are deflated by wind from a surface, leaving fragments which form an armored 
surface (Blake, 1904; Gilbert, 1875; Symmons and Hemming, 1968). The second mechanism 
requires the upward migration of rock fragments from within the soil layer, driven by cycles 
of freezing and thawing or cycles of wetting and drying (Springer, 1958; Inglis, 1965; Cooke, 
1970). The third mechanism of pavement formation is the removal of fine particles from a 
surface by sheet wash (Sharon, 1962). 

An understanding of desert pavement is important to  planetary geology because they may 
play a major role in the formation and visibility of various aeolian features such as wind 
streaks, which are important on Mars (Thomas et al., 1981; Veverka et al., 1981 ; and others) 
and may be important on Venus. As a part of this study, an experiment has been underway 
since 1978 in the Mojave Desert near Amboy, California. The Amboy site was s’elected 
because it has well developed pavement surfaces, is the site of a wind streak, and has been used 
for martian planetary studies (Greeley et al., 1978). Two sites were selected for analysis, one 
inside the wind streak and one upwind of the streak. In each site, two 3 m2 plots were pre- 
pared, one in which the desert pavement surface was removed by gentle raking and one in 
which the rock fragments were trampled into the subsurface layer. The sites have been moni- 
tored about five times each year to determine the rate of reestablishment of the pavement 
surface. It was found that the trampled surfaces were restored very quickly-on the order of 
months- but the raked surfaces have had no restoration of fragments except near the margin 
of the plot where a few fragments were transported into the raked area by sheet wash. There 
was no observed difference in the rate of reestablishment of the pavement between the site in 
the streak and the site upwind of it. 

Results of the field studies enable assessment of the three methods of desert pavement 
formation. It was observed that aeolian activity can restore a pavement in a few weeks if the 
rock fragments are near the surface. However, two observations argue against aeolian activity 
as the sole agent of pavement formation: 1) an aeolian origin does not explain the presence 
of a fragment-depleted subsurface zone and 2) the concentration of fragments observed on the 
surface is greater than that required for the surface to be armored. Chepil (1950) showed 
that an inter-fragment spacing of -5 times the fragment diameter was sufficient to prevent 
material in saltation from striking between the fragments, yet spacings observed on pavements 
are much smaller. These two objections do not apply to the fragment migration model of 
pavement formation. However, this process operates much more slowly-if at all-having 
brought no fragments to the surface of the raked plot in four years. Furthermore, neither 
mechanism can explain the interlocking of fragment edges, although some interlocks could 
possibly be formed as new fragments emerge among fragments already on the surface. The 
sheet wash mechanism could explain how the fragments move relative to  one another, forming 
interlocks, but it fails to account for the fragment depleted layer. Sheet wash probably does 
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remove very fine particles from the surface, as there are a few well developed small playas in 
depressions in the wind streak zone. It must be concluded that, in general, no one mechanism 
is exclusively responsible for the formation of desert pavement; rather it is probably a combin- 
ation of the three mechanisms acting together which produces a pavement surface, with the 
relative importance of each mechanism being controlled by the specific environment involved. 

The probable sequence of events for the formation and evolution of a typical desert pave- 
ment surface, based on this experiment and the work of others, is as follows. Starting with a 
layer of surface material consisting of both f i e  particles and rock fragments, aeolian defla- 
tion will rapidly erode the surface until an armored lag is developed, after which aeolian pro- 
cesses become less important. The concentration of fragments then slowly increases as new 
fragments are brought to the surface from the subsurface and as fragments move downslope 
by sheet wash. Sheet wash would be responsible for removing very fine particles from the 
surface and for moving the fragments relative to one another, forming interlocks. 
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Wind Erosion and Dune Formation on High Frozen B l u f f s  

e W. M. Marsh, Research and C m u n i t y  Science Department, University of 

B. D. Marsh, Deparlment of Earth and Planetary Sciences, Johns Hopkins 
Michigan, Fl int ,  M I  48503 

University, Baltimore, MD 21218 

Frost penetration increases upslope on barren, windswept bluffs 
i n  cold environments. Along the south shore of Lake Superior, near 
t h e  brow of 100 m high b l u f f s  it t y p i c a l l y  exceeds 5 m. Frost 
increases the shear strength of damp sand to a level camparable to 
tha t  of concrete, making winter slopes highly stable despite 
undercutting by waves and ground-water sapping along the footslope. 
Sublimation of interpar t ic le  ice i n  the slope face increases w i t h  wind 
speed and lower vapor pressures. The cold and dry winter winds of 
Lake Superior ablate these slopes through loss  of binding ice. Emen 
and Lindley (1977) show tha t  wind speed on such slopes increases 
three-fold from the toe to crest. Wind erosion on Lake Superior 
bluffs is focused along the brow and appears to increase l inearly w i t h  
slope height. Most wind erosion occurs i n  the cold season, November 
through March. Wind erosion rates, based on measurements of sand 
accumulation on the forest floor downwind of the brow, show most 
airborne sand f a l l s  ou t  w i th in  several meters of the brow, 'forming a 
berm 1-3 m high af ter  many years.  The s p a t i a l  p a t t e r n  of sand 
deposition, however, varies considerably over distances of several 
hundred meters along the top bluffs  in  response to f ros t  conditions 
and the build-up of gravel lag on the slope face, sand exposure from 
mass movements, and local aerodynamics of t he  crest slope. The 
formation of perched sand dunes i n  the Great Lakes region is clear ly  
related to wind erosion of sand from high bluffs in  winter.  The 
nourishment of dune f ie lds  such as the Grand Sable and Sleeping Bear 
are d i rec t ly  dependent on maintenance of devegetated f luf f  faces and 
thus i n  turn to wave action, sapping, mass movemnts, and high levels  
of aerodynamic and thermal stress. Based on masurments a t  several 
sites, over the past 10 years, a 7 km sfretch of bluff a t  the Grand 
Sable Dunes annually yields about 7,000 m of sand to the dune system. 
Broadly similar processes may operate on Mars. 
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Chapter 7 

FLUVIAL PROCESSES AND LANDFORM DEVELOPMENT 
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FLUVIAL EROSION OF IMPACT CRATERS: EARTH AND MARS 

Victor  R. Baker, Department of Geosciences and Department of P l ane ta ry  
Sciences,  Univers i ty  of Arizona, Tucson, Arizona 85721 

Geomorphic s t u d i e s  of impact s t r u c t u r e s  i n  c e n t r a l  A u s t r a l i a  are be- 
ing  used t o  understand t h e  complexi t ies  of f l u v i a l  d i s s e c t i o n  i n  t h e  heav- 
i l y  c r a t e r e d  t e r r a i n s  of Mars (Figure 1). A t  Henbury, Northern T e r r i t o r y ,  
approximately 12 small me teo r i t e  craters have i n t e r a c t e d  wi th  a semiar id  
drainage system (Figure 2) .  The d e t a i l e d  mapping of t h e  geologic  and 
s t r u c t u r a l  f e a t u r e s  a t  Henbury (Milton, 1968) allowed t h i s  s tudy t o  con- 
centrate on degrada t iona l  landforms. The breaching of crater r i m s  by 
g u l l i e s  ( c r a t e r s  3 and 4) w a s  f a c i l i t a t e d  by the  northward movement of 
sheetwash a long  an ex tens ive  pediment su r face  extending from t h e  Bacon 
Range (Figure 2 ) .  South-facing c r a t e r  r i m s  have been p r e f e r e n t i a l l y  
breached because g u l l i e s  on those  s i d e s  were a b l e  t o  t a p  the  l a r g e s t  
amounts of runoff .  A t  crater 6 a probable  rim-gully system has captured  
t h e  headward reaches  of a pre-impact stream channel. The i n t e r a c t i v e  
h i s t o r y  of impacts and drainage development i s  c r i t i c a l  t o  understanding 
the  r e l a t i o n s h i p s  i n  t h e  h e a v i l y  c r a t e r e d  uplands of Mars (Mars Channel 
Working Group, 1983). 

Whereas Henbury craters are younger than 4700 y r s .  B.P. (Milton, 
1968), t he  Gosses Bluff s t r u c t u r e  formed about 130 m i l l i o n  y e a r s  ago 
(Milton et  al . ,  1972).  The b lu f f  i s  e s s e n t i a l l y  an etched c e n t r a l  peak 
composed of r e s i s t a n t  sandstone u n i t s .  Post-impact e ros ion  has removed 
much of t h e  less r e s i s t a n t  b recc ia t ed  sandstone and s i l t s t o n e  a s soc ia t ed  
wi th  the  o r i g i n a l  crater form. An e ros ion  su r face  w a s  c u t  ac ross  t h e  
b lu f f  i n  Cretaceous t i m e ,  and a long  h i s t o r y  of degradat ion followed i n  
the  Te r t i a ry .  Elements of a mid-Tertiary e r o s i o n a l  level,  common 
throughout t he  reg ion ,  are a l s o  preserved on t h e  s t r u c t u r e .  The phased 
exposure of r e s i s t a n t  rock units comprising t h i s  impact s t r u c t u r e  s e e m s  
t o  be a u s e f u l  analog t o  the  degradat ion of Martian craters. 
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THE 19 MARCH 1982 ERUPTION AND LAHAR AT MOUNT ST. HELENS: 
IMPLICATIONS FOR MARTIAN OUTFLOW CHANNELS? 

Gary L. Beach 
U.S. Geological Survey 

Cascades Volcano Observatory 
5400 MacArthur Blvd. 

Vancouver, Washington 98661 

A s m a l l  explos ive  e rup t ion  o f  Mount S t .  Helens on 19 March 1982 se t  
i n t o  motion an unusual ly  complex series of geomorphic and hydrologic  
processes  t h a t  had n o t  prev ious ly  been descr ibed i n  t h e  l i t e r a t u r e .  This 
event w a s  unusual i n  t h a t  a l a t e r a l l y - d i r e c t e d  e rup t ion  dis lodged and 
mobilized a th i ck  snowpack from t h e  surrounding c r a t e r  f l o o r  and wal l s ,  
r e s u l t i n g  i n  t h e  formation of a temporary lake.  
t h i s  self-impounded l ake  spawned a series of  d e s t r u c t i v e  d e b r i s  
avalanches and d e b r i s  flows t h a t  moved r ap id ly  down the  volcano’s  nor th  
f lank  and i n t o  t h e  North Tout le  River va l l ey .  

Prel iminary i n t e r p r e t a t i o n  of a i r  photos taken on 23 March suggests  
t h a t  t he  e rup t ion  began with a l a t e r a l  b l a s t  from t h e  southern  base  of 
the composite lava  dome, o r  from the  nearby c r a t e r  f l o o r .  The i n i t i a l  
explosion hur led  j u v e n i l e  pumice and l i t h i c  blocks from t h e  dome onto and 
over t he  the  600 meter high south c r a t e r  w a l l .  The b l a s t  generated a 
pumice, i c e ,  and l i t h i c  block avalanche which cascaded down the  c r a t e r  
wa l l ,  then separa ted  i n t o  two lobes when it  impinged on the  l ava  dome 
below. The avalanche incorporated more juven i l e  pumice, snow, and t a l u s  
blocks from the  c r a t e r  f l o o r ,  and ex i t ed  the  inner  crater  through a 
breach formed by t h e  l a r g e  18 May 1980 l a n d s l i d e  and erupt ion .  The two 
lobes of t he  d e b r i s  avalanche coalesced about 400 meters no r th  of the  
dome, and t r a v e l l e d  a t  l eas t  6 k i lometers  t o  t h e  v a l l e y  below. The 
dynamic c h a r a c t e r i s t i c s  of the avalanche suggest  t h a t  i t s  movement w a s  
rap id  ( t e n s  of meters per  second) ,  causing only minor e ros ion  of  
pre-ex is t ing  landforms near  i t s  margins. 

Within minutes of t h e  i n i t i a l  b l a s t ,  a crescent-shaped l a k e  formed 
r ap id ly  on the south c r a t e r  f l o o r ,  fed  by snow and i c e  m e l t  caused by t h e  
e rupt ion .  Evidence f o r  t h i s  temporary lake inc ludes  s t r a n d l i n e s  of 
pumice accumulations and mudlines i n  remaining snow cover.  Catas t rophic  
release of  t h e  self-impounded l a k e  discharged a f lood of w a t e r  and 
suspended pumice through o u t l e t s  east  and w e s t  of t h e  dome, i n c i s i n g  deep 
g u l l i e s  i n  the  process.  The r e s u l t i n g  d e b r i s  f lows, moving over  
e s s e n t i a l l y  the  same course as the  ear l ie r  d e b r i s  avalanche,  eroded and 
incorporated d e b r i s  from t h e  i n i t i a l  avalanche and from underlying 1980 
p y r o c l a s t i c  flow depos i t s .  Prel iminary a n a l y s i s  sugges ts  t h a t  t he  
rapidly-draining lake then  fed a second, smaller d e b r i s  f low before  
r e l a t i v e  calm re turned  t o  the  crater.  

been discussed as a poss ib l e  mechanism t o  expla in  a class of outflow 
channels on Mars. The 19 March 1982 e rup t ion  of  Mount S t .  Helens 
provides a unique opportuni ty  t o  s tudy the  depos i t s  and landforms c rea t ed  
by such an  event ;  a more d e t a i l e d  f i e l d  s tudy and examination o f  Viking 
photographs of mart ian outf low channels i s  c u r r e n t l y  underway. 

Catas t rophic  release of 

Catas t rophic  r e l e a s e  of v o l a t i l e s  mobilized by vo lcan ic  a c t i v i t y  has  
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DRAINAGE EVOLUTION IN THE DEBRIS AVALANCHE DEPOSITS NEAR 

Gary L. Beach and Dan Dzurisin, U.S. Geological Survey, Vancouver, WA 98661 

The 18 May 1980 eruption of Mount St, Helens was initiated by a 
massive rockslide-debris avalanche which completely transformed the upper 
25 km of the North Fork Toutle River valley. The debris was generated by 
one of the largest gravitational mass movements (2.3 km3) ever recorded 
on Earth (Lucchitta, 1978; Voight and others, 1981). Moving at an average 
velocity of 35 m/s, the debris avalanche buried approximately 60 km2 of 
terrain to an average depth of 45 m with unconsolidated, poorly sorted 
volcaniclastic material, all within a period of 10 minutes (Voight and 
others, 1981). Where exposed and unaltered by subsequent lahars and 
pyroclastic flows, the new terrain surface was characterized predominantly 
by hummocks, closed depressions, and the absence of an identifiable 
channel network. 

Following emplacement of the debris avalanche, a complex 
interrelationship of fluvial and mass wasting processes immediately began 
operating to return the impacted area t o  an equilibrium status through the 
removal of material (potential energy) and re-establishment of graded 
conditions (Schumm, 1977). In an attempt to chronicle the morphologic 
evolution of this unique environmental setting, a systematic series of 
interpretative maps of several selected areas is being produced. These 
maps document the rate and character of active geomorphic processes. The 
simplified maps shown in Fig. 1 illustrate the dramatic changes that have 
occurred in one small area during a six month interval. 

Initial erosion of the debris avalanche proceeded principally through 
the development of incipient channels and the secondary mass movement of 
material downslope, as voids were filled and rafted glacial ice blocks 
melted. In the summer of 1980, the first channels were formed by surface 
water discharging onto the debris deposits from groundwater seepage and 
springs situated along the valley sidewalls. As impounded lakes along the 
debris avalanche margins filled, overflowed, and breached, channels were 
rapidly incised until a new temporary base level was reached at a lower 
elevation within the valley floor. Fig. la shows a lake formed in this 
manner for which there is no surface outlet. When the storage capacity of 
this lake was eventually exceeded, it breached and set into motion a 
chain-reaction of surface water movement, channel development, and 
sediment transport. 

Channels and gullies on the debris avalanche during 1980-81 were 
typically steep-walled, trapezoidal-shaped, 3-50 m deep and 30-120 m 
wide. These average dimensions have continued to increase, though at a 
declining rate, since the winter of 1981. The slope angle of channel 
walls is commonly 30-45O, but may be as steep as 70' (Lehre and 
others, 1982). Channels have been observed to widen by bank undercutting 
and failure during high discharge conditions; with slumps, debris slides, 
and debris falls common (Fig.lb). Bank recession is most rapid where 
anastamosing braided channels fill the floodplain channel (Fig. IC). 
Between September and November 1980 (Fib, lb and IC), the established 
floodplain more than doubled in width in response to runoff generated by 
the first fall storm events. 

MOUNT ST. HELENS, WASHINGTON 
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The maps in Fig. 1 indicate the rapidity with which a drainage network 
system can evolve following a major disturbance. The various events that 
transpired in response to a multiplicity of erosional and depositional 
processes can be briefly summarized at roughly two month intervals, as 
follows: (1) the lake filled to capacity and then breached westward at 
the downslope low saddle point; (2) as the lake drained (rapidly at first 
and then more slowly), a floodplain was established and an integrated 
channel network developed; (3) back-wasting of the channel slopes and 
removal of displaced sediment through suspended and bedload transport 
accelerated in direct response to surface runoff events; (4) rapid lateral 
widening of the floodplain resulted in the removal of hummocks and the 
filling of depressions; and (5) periods of degradation and aggradation 
frequently alternated as evidenced, in part, by multiple terrace deposits 
above the active channel floor. 

One interesting process observed throughout the debris avalanche area 
concerns the contributions apparently made by groundwater sapping. In 
Fig. Id, a number of springs are shown emanating from the base of a ridge 
southwest of the active floodplain. The slope above the in-filling pond 
is experiencing retrograde backwasting as the debris at the base 
super-saturates, liquifies, loses toe support and thereby contributes to 
the failure of a debris slab. Groundwater sapping has been observed not 
only in depression ponds, but also along active channels whenever the 
groundwater seepage plane is slightly elevated above the surface water 
level. Recent interest in this process, especially as it relates to the 
development of channels on Mars, has been expressed by Laity and Saunders 
(1981), Higgins (1982) and others. 
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FLUVIAL DRAINZXX SYSTENS: 
QUADRANGLES, iW 

MGARITIFEII. SINUS AND A(;YRE (NC, NE) 

, Jon C., and GRANT, , Dept. of Wlogy, univ. of 
e Island, Kingston, RI 0288 

internal drainage. 
Vallis (H, Figure l), extends along a north-south axis at 22OW and opens 
northward tmard outflaw channels south of IWcpritifer Chaos. 

An intdiate-scale fluvial basin containing h r a  

Stereo-pair mapping has been extended further to the east, in Mc-19 NE, SE, 
and K-26 NE, to investigate sources of outflaw to the Ares Vallis system. 
The direction of flaw in the channel at the northeast quadrant of the 
Ladon Basin (N, Figure 1) is unresolved at present because of the poor 
quality of hges available to form stereo pairs. 

However, an easterly drainage basin boundary running north-south along 
longitude 9OW, and &ding westward at latitude 32-35*S, encloses a 
series of longitudinal drainage systems, the mrphology of which were dis- 
cussed by Pieri (1980) and Baker (1982). Both the Parana Valles-Uire 
Vallis system (P, L, Figure 1) and the Samara Valles system (S, Figure 1) 
appear to drain in a northwesterly direction. The Samara flaws to the 
Himradrainage basin, and the Parana-mire to the northeast Ladon channel 
area. 
established. 

Internal boundaries betwem the two large systems have not yet been 

If these two large systems are through going as suggested, and a northeast 
flaw direction for the Ladon channels is established; then a substantial 
source area for early Ares outflaw will have been identified. 
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Figure 1. V i k i n g  Orbiter msaic of part of the Margaritifer Sinus (K-19) 
and A g y r e  (MC-26) Quandrangles showing selected drainage basin boundaries. 
See text for detai ls  (Mosaic 211-5821). 

183 



I' 

184 



FREEZING OF MARTIAN STREAMS UNDER DIFFERENT CLIMATIC CONDITIONS. 

Michael H. Carr, U.S. Geological Survey, Menlo Park, CA 

The valley networks of Mars are widely believed to have formed at a 
time when climatic conditions on the planet were significantly different 
from those that currently prevail. This view arises from the following 
observations: (1) the valleys form integrated branching networks which 
suggests fluid drainage, and water is the most plausible fluid, (2) the 
present atmosphere contains only minute amounts of water, (3)  the 
networks appear to be more akin to terrestrial valleys that are eroded 
by streams of modest discharges than features that form by catastrophic 
floods, and ( 4 )  small streams of water will rapidly freeze under present 
climatic conditions. This study examines what can be inferred about 
climatic conditions at the time of formation of the valleys on the 
assumption that they were cut by running water. 

The problem of valley formation can be divided into two parts: (1) 
initiation of flow at the surface, and (2) sustaining the flow long 
enough to perform the erosion required. Only the second part of the 
problem is discussed here. How flow might be initiated under different 
climatic conditions will be examined at a future date. The freezing of 
a stream can be considered as a three-stage process (figure 1). In the 
first stage the stream cools to the freezing temperature. Second, ice 
accumulates within the stream but fails to form a continuous cover 
because of turbulence. Third, a continuous ice cover forms. The rate 
at which streams on Mars cool, freeze, and pass through each stage was 
calculated for a variety of climatic conditions that would result from 
thickening of the C02 atmosphere. 

Normally as a stream freezes the discharge in the trunk channel 
falls because freezing of the tributaries cuts off the water supply. 
However, if flow is sustained, such as from a spring, partial damming of 
the stream by ice causes repeated diversion of the flow out of the 
stream channel and over the adjacent terrain to form ice sheets or 
icings. A spring fed stream on Mars might therefore consist of a long- 
lived segment in which the stream is cooling down to where sufficient 
ice accumulates to form a continuous cover, and a relatively short lived 
segment where formation of a continuous ice cover soon leads to creation 
of an icing. The time taken for such a stream to accumulate enough ice 
to form a cover and the time taken for it to freeze solid once the cover 
formed were calculated. The distance the water travels from its source 
to where an icing would form is also calculated for various slopes and 
initial stream temperatures by means of empirical hydraulic relations 
appropriately modified for Mars. 

For uncovered streams calculation of cooling and freezing rates is 
relatively simple. Heat gained by incident radiation and frictional 
head loss  is offset by re-radiated energy, conductive losses to both the 
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walls and the atmosphere, evaporative losses, cooling and freezing. For 
ice covered %streams the surface temperature of the ice was determined 
from the heat balance at the surface. The freezing rate was then 
computed by balancing the heat gained by the stream by friction and 
penetration of radiation through the ice against heat losses by 
conduction into the walls and through the ice. The ice thickness was 
increased incrementally and the calculations repeated to derive a growth 
rate. Details of the method are given in Carr (in press). The 
technique used was similar to that used by Wallace and Sagan (1979) 
except that conduction to the atmosphere and ground and frictional heat 
were taken into account, visible and infrared radiation were treated 
separately, empirically derived adsorption coefficients were used for 
the ice, and ground and atmospheric temperatures were changed for the 
different atmospheric pressures, according to models of Pollack et al. 
(1979) and Cess et al. (1979). 

Figure 2 shows times taken for streams 1 m deep and 30 cm deep to 

Figure 3 shows the distances travelled by water in a stream 
freeze solid assuming that the initial temperature of the stream was 
273OK. 
before flow is arrested by formation of a continuous ice cover and the 
consequent creation of an icing. The results indicate that the cooling 
and freezing of a stream on Mars is not strongly dependent on 
atmospheric pressure, particularly if wind is significant. Indeed, if a 
stream 1-2 m deep and 5°K above freezing can be initiated it can travel 
for distances comparable to the length of many of the observed valley 
networks, even under present climatic conditions. Thus clues concerning 
former climatic conditions are more likely to be found in the mechanisms 
of stream initiation than in the means of sustaining the flow. 
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Fig.  2. Times taken t o  f r eeze  
1 m and 30 cm deep streams 
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tern e r a t u r e  w a s  i n i t i a l l y  a t  
278 K. The th ree  curves f o r  
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DARK STREAKS ON TALUS SLOPES, MARS 
H .  M. Ferguson and B. K.  Lucchitta, U.S. Geological Survey, F lags ta f f ,  Arizona 
86001 

High-resolution pictures of ta lus  slopes on Mars show small, dark streaks 
t h a t  characteristically widen downward (Fig.1). These-streaks are different 
from the t h i n  and even streaks of various albedos t h a t  stream from c l i f f s  on 
talus slopes, b u t  gradat ions between the two streak types occur and not a l l  
streaks can be classified w i t h  confidence. In order t o  study the nature and 
or igin of the small, widening, dark streaks, we surveyed a l l  V i k i n g  pictures 
w i t h  a resolution of less t h a n  100 m/pixel. To date we have located several 
hundred streaks, b u t  only few are of h i g h  enough resolution t o  be confidently 
identified as widening downwards. We measured the approximate dimensions of 
the streaks, noted their shapes, numbers, pos i t i on ,  and spacing on slopes, 
plotted them on a topographic map C11, and studied their relation t o  
topography, geologic units, and regions of distinct thermal inertia and  
albedo. We also noted the season a t  which images containing streaks were 
acquired and the direction of illumination. Albedo measurements are i n  
progress. Several streaks can be seen stereoscopically, b u t  none are observed 
on color images. 

h i g h  resolution (less t h a n  50 m/pixel). A l l  emanate from p o i n t  sources, and 
trend downslope. Some are diverted by obstacles i n  their paths. A few extend 
across valley floors t o  a maximum distance o f  about 100 m. The streaks have 
oblong, oval, o r  fan shapes. They are generally about 50 m wide ( ranging  from 
about  20 t o  250 m )  and about  1,000 m long (ranging from 200 t o  2,500 m ) .  They 
occur either singly or  i n  clusters t h a t  are spaced regularly or irregularly on 
steep slopes. As many as about  30 have been detected inside some craters of 
a b o u t 1 5  km diameter. Most are seen on the illuminated side of craters, b u t ,  
where h i g h  s u n  angles permit, they also appear on the shadowed side; 
apparently they are not control 1 ed by direction of i 11 umi nation or  exposure. 

Albedos vary from medium dark t o  very dark.  Medium-dark streaks measured 
inside a crater are about  10% t o  15% darker t h a n  adjacent talus (P .  A. Davis, 
oral communication) ; very dark streaks, therefore, have more pronounced a1 bedo 
contrasts. Because medium-dark streaks appear more diffuse t h a n  very dark 
streaks, which have sharply delineated boundaries, medium-dark streaks are 
best explained as  degraded very dark streaks. The degradation mechanism i s  
not  known, b u t  could have been blanketing by light-colored wind deposits. 

A l l  small dark streaks are found on scarps w i t h  smooth, steep slopes best 
interpreted as talus slopes; most are on the inside walls of craters. They 
occur dominantly i n  the equatorial area (*15" l a t . )  except for streaks on the 
aureole of Olympus Mons ( l a t  28" N,). W i t h i n  the equatorial area the streaks 
occur i n  clusters i n  the Mangala Vallis and Arabia areas; questionable ones 
occur i n  Amazonis P l a n i t i a  and nor th  of Hebes Chasma. Even though gigantic 
talus slopes exist i n  the Valles Marineris, none of the small streaks have 
been detected on very h i g h  resolution images i n  t h a t  area. 

The streaks appear t o  be restricted neither t o  specific elevations nor  
specific geologic units on the geologic map of Mars [e]: They occur a t  
elevations ranging from 0 t o  10 km above the Martian datum plane, and i n  
regions underlain by ancient highland materials, plateau materials, and 
possible volcanic materials, such as a caldera i n  Amazonis Planitia ( l a t  8" 
N., long 141") and on the aureole mountains of Olympus Mons. However, they do 
appear t o  correlate w i t h  certain types of surficial materials: a l l  streaks 

The streaks are very small and can be detected only on images o f  very 
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occur i n  areas of h i g h  albedo and low thermal inerti'a on the pertinent 
published maps 11, 31, which suggests the occurrence i n  surface layers of fine 
grain size. Many images w i t h  streaks were acquired dur ing  the extended 
mission i n  late northern spring t o  early summer (Ls 80 t o  Ls 1301, and dur ing  
evening i l luminat ion  (from the west). - In  the past, only the streaks on the aureole of Olympus Mons have been 
studied. Morris 141 interpreted them as t a lus  streaming from dark rock 
outcrops. 
by lighter, wind-blown dus t .  
type of streak represents merely ta lus  shed from rocks. Talus from dark 
layers forms t h i n  streaks o r  is  V-shaped, the V p o i n t i n g  toward the valley 
f loor .  Talus from isolated outcrops also forms uniformly t h i n  streaks. By 
contrast, the dark streaks here discussed emanate from p o i n t  sources and f a n  
o u t  downward. A part icular ly  dark and wide streak near Mangala Vallis ( l a t  
11" S., long 157") was analyzed i n  detail for  volumetric considerations. I t  
widens t o  250 m,  500 m below i t s  p o i n t  source, and extends another 500 m down 
slope at250-m width.  I f  this streak c nsisted of dark material only 10 cm 
t h i c k ,  i t  would contain nearly 20,O 0 m of material. In order t o  supply this 
amount of material, an outcrop 10 m i n  p l a n  would have t o  have been 200 m 
h i g h  before collapse. Such a spire i s  unrealistic as a source outcrop on a 
smooth talus slope where no other c l i f f s  are observed. Furthermore, i n  order 
t o  effectively blanket an underlying rough talus slope, this dark streak i s  
probably thicker t h a n  10 cm; such a thickness would imply t h a t  the source 
outcrop was of even greater height. T h u s  the material forming t h i s  streak was 
most likely n o t  derived from a single outcrop, b u t  must have had a 
contribution from elsewhere. Other streaks w i t h  less extreme dimensions also 
fan o u t  downwards, implying similar source relations. Fan-shaped debris 
aprons on Earth occur below chutes, where debris i s  fed from above and 
funneled th rough ,  o r  below t r ibu tary  valleys w i t h  large intake areas. 
Similar i ly ,  the fan-shaped streaks on Mars require an add i t iona l  supply; this 
supply appears t o  have been fed t o  the t a l u s  slope from a source area behind 
the scarp walls. 

Several observations suggest t h a t  the material forming the dark  streaks 
once flowed: i t  i s  fed t h r o u g h  a p o i n t  source, trends downhi l l ,  i s  diverted 
around obstacles, and extends 1 oca1 ly  onto Val 1 ey floors. These 
considerations eliminate an eolian agent. 
or ig in  are lava o r  fluidized debris. 
none of the streaks extend f a r  across adjacent floors or form sizable pools a t  
the bottom of slopes. 
debris emerging from a p o i n t  source i n  the wall is difficult t o  envision; the 
debris was more likely wet and flowed from the source like a spring. The lack 
of pooling of debris on the f loor  and the limited length of the streaks 
suggests t h a t  the postulated l i q u i d  evaporated rapidly, and t h a t  the flow was 
an event of short duration. The lack of collapse structures or sapping  
features on the wall above the streaks also suggests t h a t  the flowing debris 
was small i n  volume and flow time brief. 

of streaks mainly i n  the equatorial belt, where temperatures may rise t o  above 
freezing (maximum diurnal temperatures t o  290" K dur ing  the primary mission 
according t o  Kieffer e t  a l . ,  [SI. 
h i g h  albedo and low thermaT inertia also supports our hypothesis t h a t  the 
debris may have been wet: 
may have prevented desiccation of the ground C71; w i t h o u t  blankets, 
desiccation occurs i n  equatori a1 areas dur ing  present-day atmospheric 
condi t ions  181. 

Tanaka C5I envisioned fresh t a l  us shed across ol der t a l  us bl  anketed 
We disagree w i t h  the interpretations t h a t  this 

8 9 

Remaining possibilities for streak 
Lava is  an unlikely candidate because 

Fluidized debris could have been wet or dry, b u t  dry 

T h a t  the debris may have been wet is  further indicated by the occuvrence 

The restriction of the streaks t o  areas of 

the presence of fine debris blankets a t  the surface 
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The age of the s t reaks cannot be established firmly by counting 
superposed craters because o f  the small size of the streaks and their 
occurrence on steep scarps where craters are not  retained. 
very dark streaks suggests t h a t  they are young. 
and season a t  which the pictures were taken reached no higher t h a n  270" M 
during the primary mission [SI; t h i s  maximum precludes f lu id iza t ion  by l i qu id  
water, b u t  permits f lu id iza t ion  by brines. 
preclude the poss ib i l i ty  t h a t  the dark streaks are formed by l i q u i d s  seeping 
from the walls today. On the other hand, the streaks observed may be stains 
resul t ing from sa l t  deposits a f t e r  l iqu ids  evaporated, such as tufa  deposits,  
sinter, or manganese stains i n  a r id  regions on Earth. The causes of low 
albedo of the streaks or stains is a question t h a t  has not y e t  been 
explored. 

is compatible w i t h  an interpretat ion of their or igin as eruptions of small 
masses of wet debris i n  places where steep walls intersect aquifers  or where 
seasonal equatorial warming permits the local melting of ground ice. 

The crispness of 
Temperatures f o r  the l a t i t u d e  

O u r  observations thus do not 

In summary, the observation of small dark streaks on talus slopes on Mars 
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Fig. 1. Small dark streaks on crater rim i n  Arabia, l a t  9" N., long 321", 
Viking Orbiter 1 image 713A57. 
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Q u a n t i t a t i v e  - and Experimental Modelling of Sapping Networks. 
Alan D. H o w a r d  and Craig Kochel, Department o f  Environmental 
Sciences, Universi ty  of Virginia ,  C h a r l o t t e s v i l l e ,  VA 22903. 

Development of d r a i n a g e  ne tworks  b y  e r o s i o n  b y  emergent  
g roundwate r  ( s a p p i n g )  i s  b e i n g  model led by a combina t ion  of 
l a b o r a t o r y  e x p e r i m e n t s  and t h e o r e t i c a l  model l ing .  R e s u l t s  o f  
pre l iminary  analog expermiments i n  a sapping box are being repor- 
t ed  i n  Kochel e t  al. (1984). Miniature drainage networks formed 
i n  fine-grained s e d i m e n t s  (e.g. Figure 1) share many morphologic 
c h a r a c t e r i s i c s  of Martian and terrestrial  networks suspected t o  
be formed by sapping processes. These s i m i l a r i t i e s  include low 
dimensionless drainage d e n s i t y ,  t h e a t e r - h e a d e d  v a l l e y  t e r m i n a -  
t i o n s ,  b road ,  f l a t - b o t t o m e d  v a l l e y  f l o o r s ,  and s tubby  t r i b u -  
t a r i e s .  A l a r g e r  and b e t t e r  i n s t r u m e n t e d  sapping  box h a s  been  
constructed t o  f u r t h e r  explore the processes  of sapping and the 
morphology of r e s u l t i n g  networks. The experiments t o  be conduc- 
t e d  i n  t h e  sapping  box w i l l  i n v e s t i g a t e  t h e  roles  of s e v e r a l  
f a c t o r s  i n  c o n t r o l l i n g  network morphology, including: 1) va r i a -  
t i o n s  i n  flow rates; 2) e f f e c t s  of sur face  morphology; 3) e f f e c t s  
of  v a r y i n g  cohes ion ;  3 )  s t r u c t u r a l  i n f l u e n c e s ,  such as l a y e r i n g  
and f r a c t u r i n g ;  and 4) sapping  development  th rough  ground ice  
melting. 

The mechanics of sapping of fine-grained sediments have been 
inves t iga t ed  i n  experiments i n  a two-dimensional sapping chamber 
(Fig. 2) and through development of a t h e o r e t i c a l  model. R e s u l t s  
of extensive tests on sapping erosion of fine-grained, cohesion- 
less sediment ( H o w a r d  and McLane, 1983; Kochel e t  al . ,  1984) have 
been  a n a l y s e d  wi th  a t h e o r e t i c a l  m o d e l  of  t h e  mechanics  o f  
sapping erosion and t ranspor t .  Figure 3 i l l u s t r a t e s  a cohesion- 
l ess  p a r t i c l e  l y i n g  on t h e  s u r f a c e  of a s e d i m e n t a r y  d e p o s i t  and 
subjec ted  t o  g r a v i t y  ( F  ) ,  f l u i d  drag  due  t o  s u r f a c e  water  f l o w  
( F w ) ,  and f l u i d  d rag  du% t o  emergent  groundwater  seepage  ( F s ) .  
I f  it is  assumed t h a t  1) a l l  f o r c e s  ac t  th rough  the p a r t i c l e  
c e n t e r ,  2 )  s u r f a c e  f l u i d  l i f t  f o r c e s  are  n e g l i g i b l e ,  3) t h e  
su r face  f l u i d  drag is  propor t iona l  t o  t h e  p a r t i c l e  sur face  a rea  
and the  shear  stress, 4) t h e  seepage force  is  propor t iona l  t o  t h e  
p a r t i c l e  volume and t h e  h y d r a u l i c  g r a d i e n t ,  and 5 )  t h a t  t h e  
hydraul ic  grad ien t ,  I, is  given by ( H o w a r d  and McLane, 1981): 

t h e n  t h e  b a l a n c e  of t o r q u e s  a t  t h e  i n i t i a t i o n  of movement i s  
given by: 

T + C1 d S i n ( @ )  f l  + Tan(Bf?) Tan(M)]- C2 d S i n  (0(--8)/Cos(O<) = 0 

where T i s  the shear stress exe r t ed  b y  t h e  s u r f a c e  f low,  d i s  the 
The capac i ty  of 

and 
p a r t i c l e  diameter, 
t h e  f l u i d  t o  t r a n s p o r t  se i m e n t  1s related t o  t h e  degree by w h i c h  
t h e  a p p l i e d  forces exceed t h e  t h r e s h o l d  o f  m o t i o n .  The ra te  of 
sediment  t r anspor t ,  qs, a t  and b e l o w  t h e  sapping face is assumed 

and C2 are constants .  
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t o  be a power f u n c t i o n  o f  the  v a l u e  ( R )  of the  l e f t - h a n d  s ide of 
the above equat ion:  

The r a t e  of e r o s i o n  of t h e  slope e q u a l s  the  downs lope  r a t e  of 
change  of qs. A n a l y s i s  of the  f l o w  t a n k  e x p e r i m e n t s  s u g g e s t s  a 
v a l u e  o f  a b o u t  2.5 fo r  the e x p o n e n t  m, w h i c h  i s  i n  a g r e e m e n t  w i t h  
p u b l i s h e d  t r a n s p o r t  r e l a t i o n s h i p s  f o r  c o h e s i o n l e s s  s e d i m e n t  
t r a n s p o r t .  Local v a l u e s  of the s u r f a c e  f l u i d  stress w e r e  e s t i -  
mated  f r o m  the  discharge and sur face  g r a d i e n t  u s i n g  a n  assumed 
Manning's n of about  0.015, which is c o n s i s t e n t  w i t h  measurements 
made of f l o w  r e s i s t a n c e  i n  shal low f l o w s  o v e r  smooth slopes. 
D i s c h a r g e s  and s e e p a g e  a n g l e s  w e r e  c a l c u l a t e d  u s i n g  f i n i t e -  
e lement  f l o w  s imula t ion .  The success ive  changes occur ing  du r ing  
the expe r imen ta l  sapping e ros ion  runs are be ing  modelled numeri- 
c a l l y  b y  c a l c u l a t i n g  loca l  s u r f a c e  e r o s i o n a l  r a t e s  u s i n g  the  
above equa t ions  w i t h  the f l o w  n e t  be ing  r e c a l c u l a t e d  as e r o s i o n  
p rogres ses .  F igu re  4 shows a p r e l i m i n a r y  v e r s i o n  of these simu- 
l a t i o n s .  T h e  numbers  i n d i c a t e  the  elapsed t i m e ,  i n  s e c o n d s ,  
s i n c e  i n i t i a t i o n  of sapping e r o s i o n  due t o  groundwater  f l o w  f r o m  
the l e f t .  The sol id  l i n e s  i n d i c a t e  the observed slope conf igura-  
t i o n s  ( n o t e  the angle-of-repose slopes above the sapping face and 
t h e  f l u v i a l  t r a n s p o r t  s lopes below the s a p p i n g  face)  and the 
dot ted l i n e s  are the predicted s u r f a c e  p o s i t i o n s  a t  the i n d i c a t e d  
t i m e s .  The s u c c e s s i v e  divergence from the t r u e  s u r f a c e  configu-  
r a t i o n  i n d i c a t e s  that  ad jus tmen t s  w i l l  be necessa ry  t o  the model 
p a r a m e t e r i z a t i o n .  W e  a re  p r e s e n t l y  r e f i n i n g  the  model  t o  
i n c r e a s e  i t s  a c c u r a c y  i n  p r e d i c t i n g  the  e x p e r i m e n t a l  r e s u l t s .  
Even tua l ly  we p l an  t o  g e n e r a l i z e  the model t o  three dimensions t o  
predict  the d ra inage  network characterisics tha t  w i l l  r e s u l t  from 
groundwater  e ros ion ,  using our  sapping t ank  exper iments  f o r  model 
v e r i f i c a t i o n  and c a l i b r a t i o n .  
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---Studies:- andlllaska 
Michael C. Malin, Department of Geology, Arizona State University, 
Tape, AZ 85281 

As noted in a companion abstract, field studies of terrestrial land- 
forms and the processes that shape them have provided new directions to 
study of planetary features. Investigations discussed in this abstract 
address principally mudflow phenanena and drainage developnent, 

At the Valley of 10,000 Smokes (Katmai, AK) and Mount St. Helens, 
W, studies of the developnent of erosional landforms (in particular, 
drainage) on 'fresh, new' surfaces has permitted analysis of the result 
of competition between geanorphic processes. Of specific interest is the 
developnent of stream pattern as a function of the competition between 
perennial seepage overland flow (from glacial or groundwater sources), 
ephemeral overland flow (from pluvial or seasonal melt sources), and 
ephemeral/perennial groundwater sapping, as a function of time since ini- 
tial resurfacing, material properties, and seasonal/annual environmental 
conditions. 

Washinaton 

At Mount St, Helens, drainage developed in the pyroclastic plains 
north of the mountain in three stages. First, short duration enhancement 
of runoff from perennial sources of water (principally glaciers) caused 
by thermal effects of volcanic eruptions established an extremely sparse 
network of drainage channels, narrow and deeply cut into the relatively 
soft pyroclastic materials. This system closely mimiced the location of 
pre-eruption drainages (even though over a landscape covered by as much 
as 100 m of material), suggesting that perennial seepage runoff was the 
principal force that determined earlier drainage developnent, At this 
time, ephemeral runoff from rainfall formed extremely shallow, very long, 
parallel rilles (mostly by mobilization of surficial pumice), and sapping 
processes were confined to the upper soil (primarily in the 'blast depo- 
sit' formed during the 18 May 1980 eruption). The second stage occurred 
after the major pyroclastic events had ceased, when thermal events were 
localized within the crater by dome growth and domerelated ash events. 
These events dramatically emphasized ephemeral runoff, and cambined with 
rainfall and seasonal runoff from snmlt, led to an increase of 
drainage density and the developnent of a broader range of network type. 
Highest order streams were still dominantly channels formed by perennial 
runoff, but networks developed many lower-order tributaries through 
ephemeral flow. Sapping occurred in areas where water movement within 
the pyroclastic plains caused local saturation, or where such water 
reached the surface along compositional planes and under some hydrostatic 
head. both forms of drainages have now become well entrenched 
in the Wroclastic material, and the processes are nuw competing for the 
remainder of the draina e surface area. Bedrock springs, similar to 
those common on the low hi ic Is that surround the volcano and that were 
active shortly after the 18 May eruption, are ncw found on the northern 
slopes of the volcano. 

Finally, 

These are creating new channels much like those 
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formed earlier by glacial meltwater runoff, and represent yet another 
form of drainage developnent on the plains. 

AkG!B 

In thevalley of 10,000 Smokes, events similar to those that 
occurred at Mount St. Helens have led to results in sane ways similar, 
and in other ways dissimilar to those just described, Again, perennial 
runoff of glacial meltwater, enhanced by the thermal effects of tephra, 
rapidly established streams in locations similar to their pre-eruption 
sites (Le., the Lethe and Knife rivers) , Rapid and continued incision 
of these streams was limited by the induration of the welded portion of 
the ash flow within the Valley (the downward propagating 'wave' of stream 
incision met the upward propagating 'wave' of hardening tuff). Sapping 
appears to have played a more limited role in the evolution of drainage 
in the Valley, perhaps owing to the differences in induration of the var- 
ious airfall and ash flow deposits, the declivity of the terrain, and the 
nature of groundwater supplies and their recharge cycle. 

These studies suggest that martian valley formation may be much more 
complicated than earlier surmised based on our work on the Colorado Pla- 
teau (1). In particular, we are currently developing criteria by which 
the various contributions of these competing processes may be deciphered, 
These criteria include statistical analyses of network pattern parame- 
ters, small-scale morphologic characteristics of channel and valley walls 
and floors, and topographic analysis of longitudinal and transverse pro- 
files. These criteria are concurrently being applied to martian valley 
networks, in particular those in the Margaritifer Sinus region. 
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A REGRESSION MODEL FOR THE TEMPORAL DEVELOPMENT OF SOIL PIPES AND 
ASSOCIATED GULLIES I N  THE ALLUVIAL-FILL VALLEY OF THE R I O  PUERCO, 
CENTRAL NEW MEXICO 

Christopher D. Condit and Wolfgang E. Elston; Department of Geology, 
University of New Mexico, Albuquerque, NM 87131 

On Mars, the  a s soc ia t ion  of gu l l i ed  escarpments and chaot ic  t e r r a i n  
is evidence f o r  f a i l u r e  and scarp  retreat of poorly consolidated materials. 
Some martian g u l l i e s  have no sur face  o u t l e t s  and may have drained through 
subterranean channels. Similar  f ea tu re s ,  though on a much smaller scale, 
can be seen i n  alluvium along terrestrial r i v e r  banks i n  semiarid regions,  
such as the  Rio Puerco Valley of c e n t r a l  New Mexico. Many of the  escarp- 
ments along the  Rio Puerco are developing through formation of co l lapse  
g u l l i e s ,  which d ra in  through s o i l  p i p e s  (Fig. 1). Gully development can 
be monitored on aerial photographs taken i n  1935, 1962, and 1980. A re- 
gression model has been developed t o  quant i fy  gul ly  evolut ion over a known 
t i m e  span. 

S o i l  p i p e s  and t h e i r  assoc ia ted  co l lapse  g u l l i e s  make recognizable 
s igna tures  on the  a i r  photos. The areal extend of t h i s  s igna tu re  can b e  
normalized t o  the  sca rp  length of  each pipe-gully system, which makes com- 
par isons between systems possible .  The t e r m  Y = area / length ,  when com- 
bined with the  d i f f e rence  i n  years  (X) between r e p e t i t i v e  photos of a 
given scarp, generates a da ta  base f o r  regression ana lys i s  of change 
through t i m e .  The b e s t  least-squares regression model f o r  42 scarps from 
the  Rio Puerco i n  c e n t r a l  New Mexico r e s u l t s  i n  the  equation Y=0.43#*83. 
The de r iva t ive  of t h i s  equation, dy/dx=O. 36X-0.17, i nd ica t e s  t h a t  pipe- 
gul ly  systems i n  t h i s  area grow a t  a decreasing rake. Quant i ta t ive  ap- 
p l i c a t i o n  of t h i s  model t o  the  Rio Puerco supports  t h e  suggestion t h a t  the  
a l luv ia l  f i l l  w a s  i nc i sed  over the  l as t  100 years .  The success of t h i s  
s i m p l e  model o f f e r s  t he  p o s s i b i l i t y  of da t ing  a l l u v i a l  sur faces  within a 
p a r t i c u l a r  c l ima t i c  zone and of p red ic t ing  the  ex ten t  of f u t u r e  develop- 
ment of a pipe-gully system. 
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Figure 1.  Gully system in  alluvial escarpments along the Rio Puerco, 
New Mexico. 
B - gully and escarpment controlled by a fence, not a tectonic lineament. 

A - gully without surface outlet draining into a s o i l  p i p e .  
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EXPERIMENTS EXAMINING THE SHAPES OF ISOLATED BARS IN COMPARISON WITH 
THOSE OCCURRING IN BRAIDED RIVERS 

Komar, Paul D.  , School of Oceanography, Oregon State University, 
Corvallis, Oregon 

Sand bars and islands within braided rivers have character is t ic  rhomboid 
or diamond shapes, often becoming very complex i n  form as the density of 
islands increases [see, for  example, Krigstrom (1962) , Collinson (1970), 
Rust (1972) and  Cant (1978)l. Similar forms are  observed in the martian 
outflow channels where the islands occur in groups (Trevena and Picard, 
1978). This contrasts with the more isolated martian islands which have 
a i r fo i l  shapes, as do isolated streamlined islands in rivers and in the 
Channeled Scabland. These observations indicate that  the b a r  and island 
forms are  controlled by the density of the islands, with increasing island 
interaction and flow modification as the density increases. As a contin- 
uation of my previous flume experiments on the shapes of isolated islands 
(Komar, in press) ,  I have begun a new ser ies  of experiments t o  investigate 
the modifications produced by a proqressive increase i n  island density, 
f ina l ly  leading t o  a t rue braided system. 

My previous experiments were larqely with "cohesive" islands composed 
of sand and clay, the objective beinq t o  focus mainly on the erosive 
landforms such as those observed in the martian channels. The present 
experiments, however, are employing pure sand where deposition plays 
a more important role. This ser ies  o f  experiments began with an isolated 
sand island to  see how i t  i s  modified by  the flow in the absence of other 
nearby islands. The ini t ia l ly-circular  island, extending above the water 
surface, quickly eroded on i t s  upstream side,  the eroded sand depositing 
in the island lee t o  f i l l  i n  the wake, thereby forming an overall streamlined 
shape. In i t i a l ly  there was a lee  V-wave, also observed i n  my previous 
experiments, which modified the downstream point of the depositional zone, 
b u t  once the island had eroded down, leaving a submerged sand  bar, t h i s  
V-wave disappearedso t h a t  the deposit formed a single downstream point. 
The b a r  f lattend o u t  suff ic ient ly  t h a t  no hydraulic j u m p  occurred over i t s  
t o p  such as those observed in the previous experiments with submerged 
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cohesive i s lands .  

near- ideal  a i r f o i l  shape, t h e  c l o s e s t  agreement found i n  any o f  my 

experiments. The main d i f f e r e n c e  f rom t h e  a i r f o i l  form was t h e  

I n  i t s  f i n a l  form the  main body o f  t h e  bar  had a 

presence o f  a l i n e a r  shoal extending downstream from t h e  i s l a n d ' s  

po in ted  l ee ,  j u s t  as observed on many s t reaml ined i s lands  and bars i n  

a c t i v e  r i v e r s .  The upstream s ide  was w e l l  rounded, n o t  be ing diamond 

shaped as observed f o r  i s l ands  w i t h i n  bra ided r i v e r s .  

Th is  experiment w i t h  a s i n q l e  sand i s l a n d  was fo l l owed  by runs where 

t h e  flume conta ins  several  i s l ands  arranged i n t o  pa t te rns  j u s t  as found 

i n  a bra ided system, b u t  w i t h  the  i s lands  g iven i n i t i a l l y  rounded 
shapes. 

was apparent t h a t  the  dense p a t t e r n  o f  i s l ands  was i n  t u r n  c o n t r o l l i n g  
t h e  f low,  f o r c i n g  i t  i n t o  a se r ies  o f  channels c h a r a c t e r i s t i c  o f  
bra ided r i v e r s .  

Again the  i s lands  were r a p i d l y  mod i f ied  by t h e  f low,  b u t  i t  

The i s lands  a l so  developed diamond shapes. 
Thus f a r  these experiments have been o n l y  q u a l i t a t i v e ,  t h e  purpose 

being t o  assess whether more d e t a i l e d  analyses are  warranted. My 
i n t e n t i o n  now i s  t o  conduct a more thorough ser ies  o f  experiments w i t h  

a range o f  i s l a n d  dens i t i es ,  documenting t h e  e f f e c t s  on t h e  water f low,  
t h e  pa t te rns  o f  sand exchange between is lands ,  as w e l l  as the  mod i f i ca-  

t i o n s  and f i n a l  shapes o f  t h e  i s lands .  
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THE EROSION OF STREAMLINED ISLANDS, LONGITUDIUAL GROOVES AND SCOUR MARKS: 

IMPLICATIONS TO THE O R I G I N  OF THE MARTIAN OUTFLOW CHANNELS 

Kopar, Paul D. , School o f  Oceanography, Oregon Sta te  Un ive rs i t y ,  

Corval 1 i s  , Oregon 97331 

The mar t i an  ou t f l ow  channels have sparked considerable i n t e r e s t  s ince  

t h e i r  d iscovery  and a wide v a r i e t y  o f  imag ina t ive  hypotheses t o  account 

f o r  t h e i r  o r i g i n :  ca tas t roph ic  water f l oods  (Baker and M i l t o n ,  1974; 

Baker, 1978, 1982) , s t r u c t u r a l  c o n t r o l  (Schumm, 1974) , l a v a  f lows 

(Schonf ie ld ,  1976; Cut ts  e t  a l . ,  1978), wind eros ion  (Cut ts  and Rlas ius,  

198 l ) ,  deb r i s  flows (Nummedal and P r i o r ,  1981), and g l a c i a l  e ros ion  
(Lucch i t t a  e t  a l . ,  1981). 

l a r g e  channels r e s u l t s  f rom the  d i f f e r i n g  i n t e r p r e t a t i o n s  g iven t o  the  

landforms associated w i t h  the  ou t f l ow  channels. I n  an at tempt  t o  he lp  
l i m i t  t h e  poss ib le  mechanisms o f  channel erosion, I have undertaken more 

d e t a i l e d  s tud ies  o f  t h ree  o f  t h e  channel fea tures ;  t h e  s t reaml ined 
is lands,  l o n g i t u d i n a l  grooves and scour marks. 

My analyses o f  t he  s t reaml ined i s lands  have been completed and t h e  

r e s u l t s  presented as two jou rna l  papers (Komar, i n  press; i n  rev iew) .  
This  examinat ion invo lved a comparison o f  t h e  mar t i an  stream1 ined i s lands  

w i t h  var ious  s t reaml ined landforms on ea r th  i n c l u d i n g  those found i n  the  

Channeled Scabland (Baker, 1978; Baker and Kochel, 1978), i n  l a r g e  r i v e r s ,  

g l a c i a l  druml ins and deser t  yardangs. The comparisons inc luded s t a t i s -  
t i c a l  analyses o f  t he  landform lengths  versus widths and p o s i t i o n s  o f  

maximum width,  and an examination o f  t he  degree o f  shape agreement w i t h  
the  qeometric lemniscate which was i n  t u r n  demonstrated t o  correspond 

c l o s e l y  w i t h  t r u e  a i r f o i l  shapes (Joukowski Sect ions) .  The analyses 

showed t h a t  the  shapes o f  t h e  mar t ian  i s lands  correspond c l o s e l y  t o  the  

s t reaml ined i s lands  i n  r i v e r s  and t h e  Channeled Scabland. Drumlins on 

t f ie  o the r  hand tend t o  be more e l l i p t i c a l  and t h e i r  dimensions show a 

much smal le r  c o r r e l a t i o n  than f o r  t h e  water-formed islands.. I n  add i t i on ,  
eros ional  rock  " i s l ands"  formed by g l a c i e r s  a re  very  much d i f f e r e n t  i n  

shape, qenera l l y  be ing po in ted  a t  bo th  ends w i t h  t h e  predominant p o i n t  

This  d i v e r s i t y  o f  proposed o r i g i n s  f o r  these 
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forming on i t s  upflow side. 
width rat ios  with very large values occurring (Ward, i n  review). 
of these shape analyses support a water-erosion hypothesis for  the 
martian streamlined islands and hence for  the outflow channels. I t  
i s  also of in te res t  that  the water-formed streamlined islands on 

Yardangs have a wide range of length to  
All 

averaqe have length t o  w i d t h  ra t ios  of 3 t o  4 ,  and a reanalysis of 
the d r a g  on a i r f o i l s  shows t h a t  this shape minimizes the flow drag .  
This further implies that  the f luid which eroded the martian channels 
must have been fu l ly  turbul ent. 

longitudinal grooves observed in the outflow channels. Thompson (1979) 
provides the only previous examination o f  the mechanism of formation. 
His ins tab i l i ty  analyses suggest a hiqh viscosity for  the flows, in 
the range of debris flows rather than water. 
assumes a basal s l i p  velocity and makes other simplifying assumptions 
so t h a t  the resul ts  are questionable when applied t o  the flow of water. 
My attention instead has focused primarily on actual observations o f  

secondary flows in rivers which could form longitudinal bed features. 
Sec0ndar.y helical flows in rivers were f i r s t  noted independently by 
Stearns and Moller in 1883 as the cause of the depression of the 
maximum velocity of the river away from the water's surface and  for  
the occurrence of parallel l ines  of floating debris on the r iver .  
These helical secondary currents combine with the main r iver  flow t o  
produce rows of spiral circulation of the water as i t  travels along 
the channel. Studies by Vanoni (1946) and C h i u  and McSparran (1966) 
have demonstrated the importance of helical flow t o  the control of 
sediment transport and deposition i n  r ivers and flumes. 
helical "cel ls"  present in a river cross-section may vary from two t o  
perhaps a dozen o r  more, the number increasing as the w i d t h  t o  depth 
proportions of the r iver  increase. 
r ivers suggests a possible role in the formation of the martian 
qrooves, and the dependence of the helical flow on the depth may 
provide a key t o  evaluations o f  the depth of the martian flows from the 
observed groove spacings. This possibil i ty i s  now under investigation-. 

The focus of my study has now turned to  the o r i g i n  of the para l le l ,  

His analysis,  however, 

The number of 

Their occurrence i n  t e r r e s t r i a l  
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SMALL-SCALE POLYGONS ON MARS 
Baerbel K. Lucchi t ta ,  U.S. Geological Survey, F lags t a f f ,  Arizona 

Polygonal - f r ac tu re  pa t t e rns  on the marti an surface were discovered on 
V i k i n g  Orbiter images. 
those of known pat terned ground on Earth c1, 21. New observat ions show, 
however, t h a t  polygons e x i s t  on Mars t h a t  have diameters s imi l a r  t o  those of 
ice-wedge polygons on Earth (genera l ly  a few meters t o  more than 100 m, 
C31): Evans and Rossbacher C41 noticed networks of polygons out l ined  by 
ridges i n  the smooth p l a ins  material  of Lunae Planum ( l a t  17"N, long 56"W), 
and Brook C5l discovered 1 ight-colored polygonal networks on a layered 
tableland ( l a t  23"N, long 35"W) near the V i k i n g  1 Lander Site. 

Another area underlain by small-scale polygonal ground C6l occurs on a 
platform i n  Deuteronilus Mensae, near l a t  47"N, long 346"W. An example is  
shown i n  figure 1. The polygons measure 50-300 m i n  diameter, b u t  smaller  
ones may a l s o  exist loca l ly ;  f a i n t  networks can be detected down t o  the limit 
of reso lu t ion  of the pictures. The i n t e r i o r s  of these polygons a r e  dark, 
s i m i l a r  t o  the polygons observed by Brook C51. The polygons occur mostly on 
level ground b u t  a r e  a l s o  found on the s loping rim of a c r a t e r  (8 km diam.), 
where the 1 ight-toned network can be c l e a r l y  identified a s  1 inear  depressions 
o r  cracks. Frac tures  p a r a l l e l  t o  the s lope  a r e  emphasized, s imi l a r  t o  what i s  
observed on some t e r r e s t r i a l  polygons C31. No up tu rned  margins a r e  v i s i b l e ;  
i t  appears t h a t  most of the polygons a r e  f l a t  o r  h i g h  centered. In some cases  
the pat terned ground d isso lves  i n t o  a f ie ld  of dark spots  o r  low ,hummocks on a 
l igh ter - toned  background. 

Most l a rge  
polygons on the Earth a r e  unsorted; they may be more than 100 m i n  diameter, 
have cracks a s  much a s  30 m deep, and occur i n  wel l -sor ted fines, sand, 
gravel ,  o r  poorly sor ted  g l ac i a l  depos i t s  C31. Pa t t e rns  may be dominated by 
orthogonal i n t e r s e c t i o n s  (random or  or ien ted  orthogonal systems) o r  by 
t r i r a d i a l  120" i n t e r s e c t i o n s  (nonorthogonal system) C71. Apparent influence 
on the shape of the polygons on Mars by subparal le l  l i n e a r  s t r u c t u r e s  resulted 
i n  a network pa t t e rn  most compatible w i  t h  the random-orthogonal cl ass.  

Unsorted olygons can be formed by des icca t ion ,  thermal cont rac t ion ,  or  
phase changes F7, 31. An o r ig in  of the martian polygons by cont rac t ion  of 
cool ing volcanic mater ia l s  i s  implausible because polygons occur on impact 
c r a t e r  rims superposed on the pat terned p la ins .  

desiccat ion polygons a r e  commonly small ,  whereas the polygons on Mars a r e  
large.  However, the common occurrence of desiccat ion polygons on the  Earth i n  
t h i n  l aye r s  of mud predisposes cracks t o  be limited t o  shallow depths and 
polygons t o  small s izes .  By con t r a s t ,  desiccat ion on Mars may have a f f ec t ed  
mater ia l s  t o  considerable  depth,  the desiccat ion being caused by seasonal o r  
s ecu la r  c l imat ic  cycles.  
desiccat ion on Mars, the polygons m i g h t  have grown commensurately l a r g e r  than 
those on the Earth. 

Recent seasonal des icca t ion  t o  the depths  required t o  form polygons 50- 
300 m i n  diameter is unlikely a t  the l a t i t u d e  of Deuteronilus Mensae, where 
the newly discovered pa t te rned  ground i s  s i tua t ed ,  because water there i s  i n  
equilibrium w i t h  the atmosphere yea r  round and may rynaig i n  the ground below 
about 1 m depth C8l. During astronomic cycles of 10 -10 years ,  however, 

The polygons a r e  2-20 km i n  diameter, much l a r g e r  than 

T e r r e s t r i a l  pat terned ground may be sor ted  o r  unsorted C31. 

An o r ig in  by desiccat ion presents some d i f f i c u l t i e s .  On the Earth, 

Since t h i c k  l aye r s  may t h u s  have been a f f ec t ed  by 
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result ing i n  a temporary h i g h  obliquity of Mars' rotational axis, the ground 
m i g h t  have possibly warmed to  suff ic ient  depth for  large-scale desiccation. 
However, He1 fenstein C9l calculated tha t  these climatic cycles have 1 arge 
e f fec ts  near the poles b u t  only negl ig ib le  effects near l a t  45", and so 
fractured ground near this la t i tude  would probably not be affected much by 
secular climatic cycles. 

An origin of the martian polygons as thermal-contraction cracks i n  ice- 
rich ground appears t o  be compatible w i t h  the observations. The seasonal 
temperature change i n  the area discussed is substantial. The mean diurnal 
temperature ranges from -50°C i n  the summer t o  -110°C i n  the winter dur ing  a 
martian year, a drop of 60°C [lo]. The amount of this drop is more than 
adequate to  i n i t i a t e  thermal contraction i n  ice-rich ground. That ice exists 
i n  the ground i n  the area is  suggested by the local disintegration of the 
polygonal network into f i e l  ds of hummocks. T h i s  disintegration i s  simi 1 a r  t o  
the collapse of ice-rich ground on the Earth, where polygons disintegrate into 
fie1 ds of baydjarakhs. 

Another question is  whether the fractures on Mars are f i l l ed  by ice 
wedges or sand wedges. The climate on Mars is extremely dry; only very few t o  
about 30 precipitable microns of water exist a t  this la t i tude  C111. Wind- 
dr iven material, however, is  ubiquitous and would readily f i l l  cracks. The 
lighter tone of the polygonal network is  compatible w i t h  i n f i l l i n g  by d r i f t :  
sand wedges, therefore, are plausible. On the other hand, as seen a t  the 
V i k i n g  2 Lander site, waterfrost is precipitated i n  winter on Mars C121, and 
may be redistributed by the wind. Crystals may grow i n  cracks. Overall, the 
fractures may be f i l l ed  by a combination of dirt  and ice. 

are r e l i c s  from the past. 
origin. 
forming ice wedges), the locally disintegrating ground, and a few possible 
superposed rayed craters  indicate that  the polygons are not forming a t  the 
present. 

I t  is  d i f f i cu l t  t o  ascertain whether the polygons are forming today or  
The crispness of some cracks suggests a recent 

On the other hand the absence of up tu rned  edges (indicating actively 
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FIGURE 1 ( a )  - Polygonally f r ac tu red  ground i n  Deuteronilus Mensae, Mars. 
Polygons occur on f l a t  t e r r a i n  and on s lopes of an anc ien t  impact c r a t e r  
rim. Center of picture is  a t  l a t  46.7ON, long 
346.1OW. V i k i n g  Orbiter frame 458B67. Orientat ion and s c a l e  same a s  i n  
( b ) .  
( b )  - Sketch map of polygons shown i n  ( a ) .  
diameter. 
c r a t e r  rim crests of l a rge  subdued c ra t e r s .  

I l luminat ion i s  from bottom. 

Polygons a r e  about 50-300 m i n  
S t i p p l e d  a reas  denote impact c r a t e r s  and their e j e c t a ,  dashed 1 ines 
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PERMAFROST ON MARS: DISTRIBUTION, FORMATION, AND GEOLOGICAL ROLE 
Dag Nummedal , Department of Geology , Loui si ana State University , Baton 
Rouge, LA 70803. 

The morphology 0.f channels, valleys, chaotic and f re t ted  terrains  
and many smaller features on Mars i s  consistent w i t h  the hypothesis 
t ha t  localized deterioration of t h i c k  layers of ice-rich permafrost 
has been a dominant geologic process on the Martian surface. Such ground 
ice deterioration has given r i s e  t o  large-scale mass movement , including 
s l i d i n g ,  slumping and sediment gravity flowage, perhaps also catastrophic 
floods. In contrast t o  Earth, such mass movement processes on Mars lack 
effective competition from erosion by surface runoff. Therefore , Martian 
features due t o  mass movement have grown t o  reach immense s ize  without 
being greatly modified by secondary erosional processes. 

The V i k i n g  Mission to  Mars i n  1976 provided adequate measurements of 
the relevant physical parameters t o  constrain models for  Martian perma- 
f ros t .  

The mean annual surface temperature on Mars is  everywhere below 273 K. 
T h u s ,  permafrost i s  global. The lower boundary of the permafrost layer 
i s  controlled by the geothermal heat f l u x .  
present r a t e  of  heat production on Mars by assuming tha t ,  i n  b u l k ,  the 
planet had the same ~ O K ,  232~h,  23811, and 23511 concentrations as  chon- 
dr i tes .  Based on this he found a near-surface heat f lux of 29.3 ergs/ 
cm*/s. Assuming perfect temperature equi 1 i bri um w i t h  the atmosphere 
Fanale's model showed tha t  the 273 K isotherm would be encountered a t  a 
d e p t h  of 1 km a t  the equator, a t  2 km a t  40" la t i tude and a t  greater 
depths  a t  higher la t i tudes.  These numbers probably give the maximum 
thickness of the global permafrost. 
heat flux of  35 ergs/cm2/s. This h igher  value would correspond to  a 
steeper temperature gradient and somewhat thinner permafrost zone than 
the one calculated by Fanale (1976). 
computed the permafrost distribution based on this revised heat f l u x  
Val ue. 

graph is  based on the currently observed Martian climate. 
temperature regime , however, i s  variable. The depth penetration of the 
thermal wave corresponding t o  these temperature variations depends on 
the wave frequency. The daily thermal wave probably affects  only the 
upper few centimeters, the annual changes the upper 1-10 m. These fluc- 
tuations produce a layer which is subject t o  alternating ice formation 
and desiccation on an annual basis. In mid-latitudes t h i s  layer is  from 
10 cm to  1 m thick,  i n  the equatorial zone i t  extends down to  10 m 
(Farmer and Doms, 1979). Temperature changes on time scales of 105-106 
years should penetrate t o  depths  of a few hundred meters t o  1 km. Tem- 
perature changes over geologic time scales of bi l l ions to  years may af- 
fec t  the en t i r e  regolith (Table 1). 

Prior to  the Mariner 9 mission i n  1971-1972 Mars was considered a 
planet greatly impoverished i n  water. Morphological evidence fo r  flow- 
i n g  water i n  the form of large channels, discovered by Mariner 9 (Mc- 
Cauley e t  a l .  1972) completely changed tha t  perception. As stated by 

Fanale (1976) determined the 

Toksoz and Hsui (1978) calculated a 

Rossbacker and Judson (1981) have 

The global permafrost distribution discussed i n  the preceding para- 
The Martian 
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Pollack (1979), "Water is the only plausible, cosmically abundant sub- 
stance that meets all the morphological constraints imposed by the many 
channels on Mars." Water is probably present in frozen interstitial form 
in the permafrost zone, some is tied up in the polar caps, and some is 
tied up in hydrated minerals or adsorbed onto clay particles in the rego- 
lith. 

The temperatures on Mars suggest thick global permafrost. Models for 
planetary evolution indicate abundant water. Consequently, a most reason- 
able conclusion is that the Martian regolith contain large amounts of ice- 
rich permafrost. In all probability, additional water is available in the 
liquid phase in pore spaces beneath the ice-rich zone. 

The presence of thick global permafrost underlain by a high-pressured 
zone of liquid water is consistent with the two principal models proposed 
for the origin of the large Mars outflow channels (for details see: Mars 
Channel Working Group, 1983). Carr (1979) suggested that venting of sub- 
surface water reservoirs through fracture of the ground ice seal might be 
a mechanism for the release of vast floods. Carr's (1979) proposal calls 
for a regional system of confined aquifers. These were created by the 
progressive downward freezing of ground ice during a period of cooling 
climate. Liquid water between this freezing front and the base of the 
porous regolith would gradually increase in pressure. In region down- 
slope of high potential head differences the artesian pressure could have 
exceeded the lithostatic pressure, fractured the ground ice seal , and 
caused water to rush to the surface at enormous discharge rates. 

idated materials to explain the Chryse channels and associated chaos. Li- 
quefaction in unfrozen terrain is normally limited to very fine-grained 
materials where internal pore water pressure can reach the vertical con- 
fining pressure without substantial fluid leakage. In permafrost terrain, 
however, an ice-rich cap may provide the necessary seal such that even 
gravels may become liquefied (Finn et al. 1978). In fact, Carr's (1979) 
proposed system of confined aquifers is likely first to reach an internal 
pressure adequate for 1 iquefaction of unconsolidated materials before the 
artesian pressure can rupture the overlying seal. 
sitive subpermafrost layer was formed, a seismic shock (internal or im- 
pact) could have triggered the liquefaction, with consequent collapse and 
fluid release. 

It is now generally recognized that ice-rich permafrost is responsi- 
ble for the abundant "cold-region" morphologic features seen in Viking 
images (Lucchitta, 1981). This study indicates that some of the large- 
scale Mars outflow channels also derive from the failure of a permafrost 
seal. This seal probably overlies water-saturated unconsolidated mate- 
rial subject to liquefaction in response to impacts or internal seismic 
events. 

Nummedal (1978, 1983) called for liquefaction of subsurface unconsol- 

Once such a highly sen- 
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TABLE 1 Climatic changes on Mars: 
Penetration of the Associated Thermal Wave 

Factors, Time Scales, and Depths of 

Time scale Cause Penetration 
Depth of 

Thermal Wave 

Daily 
Year 

105- 106 years 

Planetary Rotation 
Orbital revolution 
Ob1 iqui ty and 
eccentricity varia- 
ti ons 
Pol ar wandering 
Greenhouse effect 
Sol ar 1 umi nos i ty 

t 
9 1-4 x 10 years 

cm 
1-10 m 

km 
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GLACIAL AND PERIGLACIAL LANDFOFWS IN DENMARK: SCANDINAVIAN 

Lisa A. Rossbacher, Dept. of Geology, Whittier College, 
Whittier, California 90608 (spring 1984: Dept. of 
Physical Geography, Univ. of Uppsala, Box 554, 
5-751 22 Uppsala, Sweden) 

ANALOGS FOR MARTIAN FEATUTES 

The geomorphology of Denmark is dominated by glacial 
deposits, including both end moraines and ground moraines. 
Many of these features have morphologies similar to 
features observed on Mars. 

A characteristic landscape complex in Denmark is a 
series of irregular mounds or parallel curvilinear ridges 
that outline the former ice margin. Many of these resemble 
curvilinear features on Mars, and the Danish landforms 
occur at a similar scale (Rossbacher and Judson, 1981; 
Rossbacher, in press). Some of the prominent moraine 
ridges in Denmark stand 50-100 m above the surrounding 
topography and can be traced for several km. Where the 
ice margin oscillated, parallel-hill moraine landscapes 
developed. The highest point in the country (173 m) is 
atop a moraine that probably reflects a long still-stand 
of the Scandinavian ice sheet during the Weichsel (WGrm) 
maximum (Schou, 1949; Embleton and King, 1968, p. 351; 
Nielsen, 1979; Kriiger, 1983). Pre-World War I1 aerial 
photographs taken by the Royal Danish Flying Corps show 
that these high-standing end moraines used to cover more 
of Denmark's landscape; many Pleistocene moraines have 
been mined for fill or removed for crop cultivation (Schou, 
1949). Some of the conditions of emplacement for these 
landforms can be inferred from their morphology. Similar 
configurations often characterize margins of modern ice 
caps that terminate in areas of low relief (Krcger and 
H u m l u m ,  1981). Subglacial topography also controls the 
ice flow; relief in the substratum of more than one-tenth 
the ice thickness can divert ice flow to create lobes that 
deposit curvilinear end moraines (Kriiger, 1981). 

Another distinctive landform in Denmark is the hummocky 
moraine landscape found in parts of Sjaelland (Schou, 1949; 
Rasmussen, 1968). Although their size is smaller, these 
areas resemble the hummocky terrain associated with some 
of the curvilinear features in the northern plains of 
Mars (Rossbacher, 1983, in press). The hummocky Danish 
terrain is probably caused by the melting of masses of 
dead ice left during glacial retreat. Similar landscapes 
have been observed developing during retreat of smaller 
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ice  caps i n  Scandinavian mountains and i n  Greenland 
(Schou, 1 9 4 9 ) .  

This study of terrestrial  analogs i n  Denmark i s  
continuing and w i l l  inc lude  f i e l d  work, l i t e r a t u r e  searches,  
and in spec t ion  of h i s t o r i c a l  aer ia l  photographs. This  
p r o j e c t  w i l l  also include analogs i n  o the r  p a r t s  of 
Scandinavia. Subjec ts  f o r  f u t u r e  study inc lude  t h e  
Salpausselkz moraines, which extend f o r  more than 300 km 
across  southern Finland (Embleton and King, 1968, p. 344; 
Punkari, 1982) ,  ice-cored moraines t h a t  are c u r r e n t l y  
forming i n  northern Norway and Sweden ( Q l s t r e m ,  1 9 6 4 ) ,  and 
some l a r g e  p e r i g l a c i a l  dune complexes i n  Sweden (Sundborg, 
1955; SeppglB, 1 9 7 0 ,  1 9 7 1 ) .  This work should provide a 
group of poss ib l e  t e r r e s t r i a l  analogs f o r  Martian f e a t u r e s  
from a region t h a t  has not  been considered c l o s e l y  before.  

e 
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CURVILINEAR GROUND ON MARS: THE $EARCH FOR TERRESTRIAL 
ANALOGS 

L i s a  A. Rossbacher, Dept. of Geology, Whi t t i e r  College,  
Whi t t i e r ,  Ca l i fo rn ia  90608 (spr ing  1984: Dept. of 
Physical  Geography, Univ. of Uppsala, Box 554, 
S-751 22 Uppsala, Sweden) 

Curvi l inear  f e a t u r e s  on Mars have dimensions ranging 
from 0.5  t o  18.6 km i n  length  and 0.2 t o  2.0 km i n  width; 
these landforms can occur as curving r idges  and t roughs,  
r i m l e s s  a r c u a t e  depressions,  o r  f e a t u r e s  wi th  no apparent  
r e l i e f .  The Martian c u r v i l i n e a r  ground has a r e l a t i v e l y  
c o n s i s t e n t  r e l a t i o n s h i p  t o  both reg iona l  and l o c a l  
geomorphology. These landforms are one of a s u i t e  of  
f e a t u r e s  t h a t  occur near t he  base o f  t h e  reg iona l  s lope  
t h a t  marks t h e  t r a n s i t i o n  from the  c r a t e r e d  uplands t o  
the  northern p l a ins .  T h e  c u r v i l i n e a r  f e a t u r e s  occur 
pr imar i ly  on one of  four  photogeologic map u n i t s  i d e n t i f i e d  
on t h e  northern p l a ins .  

Based on morphologic s imi la r i t i es ,  numerous t e r r e s t r i a l  
analogs have been proposed f o r  these Martian f e a t u r e s .  
These inc lude  g i l g a i ,  backwasting scarps ,  s o l i f l u c t i o n  
lobes ,  ice-cored ridges, and g l a c i a l  moraines. Process 
models f o r  t h e  o r i g i n  of the  c u r v i l i n e a r  ground suggest  
t h a t  i t s  formation probably involved seve ra l  processes ,  
including sca rp  retreat by backwasting. I n  p a r t ,  t h i s  
occurs through sublimation of ice  from t h e  s u b s t r a t e  
which allows p a r t i c l e s  t o  be removed by wind or mass 
movement. Evidence based on c l i m a t i c ,  geologica l ,  and 
geochemical d a t a  supports  t he  conclusion t h a t  a t  least  
some of t h e  c u r v i l i n e a r  f e a t u r e s  w e r e  created by t h e  
a c t i v i t y  of  i n t e r s t i t i a l  o r  segregated w a t e r  ice. The 
probable s i g n i f i c a n c e  of w a t e r  ice i n  t h i s  region of t h e  
p l ane t  suggests  t h a t  ice might also have been active i n  
t h e  formation of o t h e r  la rge-sca le  geomorphic f e a t u r e s  
on Mars. 
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J. L. Gooding, Planetary Materials Branch, NASA/Johnson Space 
Center, Houston, TX 77058 USA. 

Introduction. Paral le l  studies of Martian geomorphic 
features and their analogs on Earth continue to  be f ru i t fu l  i n  
deciphering the geologic history of Mars. In the context of 
rock weathering, the Earth-analog approach i s  admirably served 
by the study of meteorites recovered from ice sheets i n  
Antarctica (1). Among those meteorites are a variety of mafic 
and ultramafic igneous rocks, breccias, and clast-laden impact 
me1 t-rocks tha t  should be expected to  resemble the 1 i tho1 ogies 
exposed a t  the Martian surface, e i ther  as lava flows or as 
c ra te r  ejecta. In f ac t ,  some evidence exists to  support the 
notion tha t  members of the shergotti te-nakhl i te-chassignite 
(SNC) suite of meteorites are l i t e r a l l y  samples of Mars tha t  
were ejected by major impact events (2,3). To date, two 
SNC-group members have been identified among meteorites 
recovered from Victoria Land, Antarctica. Because Antarctic 
meteorites have been exposed to  a low-temperature weathering 
environment for  times on the order of 104-106 y r  (11, they have 
recorded weathering features tha t  might  develop only on 
geologic timescales and, consequently, may contain information 
not obtai nab1 e i n  the timescal es  of 1 aboratory experiments 
i ntended to  simul a te  Marti an weathering. Accordingly , di rec t  
petrological study of weathered Antarctic meteorites should be 
an indispensable part  of the total  e f fo r t  t o  understand rock 
weathering on Mars. 

Mars-Anal ogous Features of Antarctic Meteorites. The 
weathering environment of Victoria Land possesses several 
Mars-like- a t t r ibutes .  For example, the Allan Hills ( A L H )  and 
Elephant Moraine (EET)  areas, which have yielded many 
meteorites, are characterized by maximum daily a i r  temperatures 
of %260 K i n  austral summer and typical wind speeds of 5-10 
m/sec w i t h  gusts t o  > 30 m/sec. Precipitation of atmospheric 
water is probably limited t o  a few centimeters of snow per year 
and, i n  f ac t ,  the ice  f i e lds  most l ikely show net loss  of water 
th rough  sublimation and wind erosion by dust-sized ice 
par t ic les  (4). Some Antarctic stony meteorites display 
incipient wind sculpturing and evidence fo r  mass loss by 
spalling. The  most conspicuous results of chemical weathering 
are spots and zones of reddi sh-brown, hydrous Fe-oxi de "rust" 
and surface or near-surface deposits of s a l t s  (5) .  Rust forms 
by al terat ion of FeS and primary Fe-oxide minerals (and, 
especially, from Ni-Fe metal i n  chondrites), probably 
accelerated i n  many cases by films of 1 i q u i d  water devel oped on 
the hygroscopic mineral lawrencite, FeC1, - Rust is  
character is t  cal ly  rich i n  S and C1 (5) and s a l t s  are dominated 
by hydrous Mg-carbonates and Mg-sulfates (6). Both rust and 
s a l t s  common y occur i n  fractures and undoubtedly contribute to  
crack growth and disintegration of the rocks. 
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Study P 1 an and P re1 i m i  nary Resul ts. The  fo l l  owing 
achondritic meteorites are currently being studied as analogs 
of weathered Martian rocks: ALHA77256 (diogeni t e )  , EETA79001 
(shergot t i te)  , EETA79002, 79004, and 79005 (eucrites).  In 
addition, the non-Antarctic diogenite Johnstown, and rust 
samples from the non-Antarctic octahedri t e s  Canyon Diabl o and 
Cranbourne, and various t e r r e s t r i a l  minerals are being used as 
reference test materials. Weathering features are being 
documented petrographically by optical and scanning electron 
microscopy and weathering products are  being further 
characterized by x-ray diffractometry, electron microprobe 
analysis, and different ia l  scanning calorimetry. 

Four of the f ive  Antarctic meteorites being studied contain 
rust and EETA79005 further possesses a conspicuous, dark 
weathering r i n d  on one side. Secondary minerals (rust and 
s a l t s )  occur both on the surfaces and in te r iors  of some of the 
samples and textural evidence indicates tha t  such secondary 
mineralization has contributed to  physical weathering (by sa l t  
r i v i n g )  of the rocks. Several different  rust morphologies 
occur and emphasis i s  being placed on identifying the phase 
composi t ions of the various rust occurrences. One SNC-group 
meteorite, EETA79001, is  the most popular candidate for  a rock 
possibly ejected from Mars by impact cratering (3) b u t  i s  also 
comparatively f ree  o f  t e r r e s t r i a l  ly-formed rust. Nonetheless, 
i ts  weathering features are being carefully s tudied  and 
parti  cul a r  a t ten t i  on is being paid t o  possible evidence for  
"pre- terrestr ia l  weathering". Indeed, a thorough understanding 
of t e r r e s t r i a l  weathering features of the meteorites is a 
prerequisite fo r  identifying possible "Martian weathering" 
features ( i f  such features exist) tha t  m i g h t  be postulated t o  
occur i n  some SNC meteorites. 

Imp1 ications for  Martian Geology. Enrichment of Antarctic 
m e t e 1  an i s  qua i ta t ive ly  consistent w i t h  
observed properties of Martian surface f ines  and the abundance 
of Mg-sul fa tes  among Antarctic meteorite s a l t s  para1 le1 s the 
currently favored inference tha t  Mg-sulfates are the principal 
car r ie rs  of S i n  Martian fines (7).  Phase identification of 
rusts and s a l t s  should lend clues to  possible ident i t ies  of 
hydrous phases tha t  may be important parts of the 
vol a t i  1 e/regol i t h  system and the total  vol a t i l e  inventory on 
Mars. Macrosc.opic and microscopic weathering textures of 
meteorites might  y ie ld  morphological c r i t e r i a ,  based on 
features accentuated by weathering, for  recognizing and 
classifying major rock types observed i n  V i k i n g  lander (and 
future) imagery of the Martian surface. Most importantly, 
should some SNC-group meteorites prove to  be of Martian origin, 
any r e l i c t  weathering features tha t  may be preserved i n  them 
will become immediately and direct ly  important i n  understanding 
vol ati le/rock interactions as a c r i t i ca l  portion of Martian 
geologic h i  story. 
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Fig.  1. Morphologies of rust on Antarctic stony meteorites 
revealed by scanning electron microscopy (scale bars = 10 Fm) . 
( a )  fractured mamillary and botryoidal growths on surface o f  
brecciated eucrite EETA79004. Note secondary mineral deposit i n  
f racture  (arrow). (b)  bl aded, fibrous growth on "weathering 
r i n d "  surface of brecciated eucrite EETA79005. In both ( a )  and 
( b ) ,  spall ing of rust would produce free particles i n  the 
silt-sized range t h a t  is characteristic of surface f ines  a t  
both Vik ing  l and ing  sites on Mars. 
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SALTS IN THE DRY VALLEYS OF ANTARCTICA - -  
E.K. Gibson, Jr.,  SN4/NASA JSC, Houston, TX 77058 
B.J. Presley, Dept. of Oceanography, Texas A&M Univ., College Stat ion,  TX 
J. Hatfield, Dept. of Geology, Utah St.. Univ., Logan, UT 

The Dry Valleys of Antarctica a re  examples of polar deserts which are rare  
geological features on the Earth, Such deserts typically have h i g h  s a l in i -  
ties associated w i t h  their closed-basin waters and on many sur f ic ia l  ma- 
t e r i a l s  throughout them (F igs .  l , Z ) .  W i t h i n  the Dry Valleys of Antarctica 
there are  numerous sa l ine  water bodies which range i n  surface area from a 
few 100 m t o  a few km . These closed-basins have compositions which range 
from enrichments i n  Na and C1 t o  those enriched i n  Cay Mg, and C1. The few 
fresh water bodies gsnerally a re  temporal and small i n  area and are  rela- 
t ive ly  enriched i n  Na , SO$- , and HCO; (Harris,  1981). A l l  of the waters 
associated w i t h  the Dry Valley lakes are typically depleted i n  oxygen-18 
and deuterium (Stuiver e t  a l . ,  1976; Matsubaya e t  a l , ,  1979). Soluble 
s a l t s  comnon i n  the .surface materials are  typically ca l c i t e ,  thenardite, 
ha1 i te  , and gypsum ( N i  shiyama, 1979 1. 

In common w i t h  s o i l s  from other a r id  p a r t s  of t h e  world, soluble s a l t  con- 
centrations are  charac te r i s t ic  of Dry Valley s o i l s  (Fig. 3 ) .  The or igins  
of the water-soluble ions forming the salts is controversial; proposed or i -  
gins include chemical weathering of rocks, hydrothermal f l u i d s ,  marine 
aerosols,  and the evaporation o f  water from yarine incursions (Gibson e t  
a1 . , 1983). Ratios of Na+/Cl', Mg2+/SO:-, Na /SO,", and CL-/SO$' , which  
a re  uniform regardless of s i t e  location and similar t o  those of sea water 
suggest t h a t  Na*, SO,?-, and CL- are  of marine origin. Pastor and Bockheim 
(pers. written comm., 1980) concluded, however, t ha t  the less abundant ions 
Caz+, Mg2+ and K" were derived mainly from rock weathering because r a t io s  
of Mgzt/Ca4+, Mg2+/K+, and Ca*'/K+ resenbl e those fo r  the 1 i thosphere. 

In order t o  examine the possible sources fo r  the s a l t s  observed i n  associa- 
t ion w i t h  the s o i l s  i n  the Dry Valleys, we have measured the chloride and 
bromide concentrations of the water leachates from 58 s o i l s  and core sam- 
ples. To our knowledge, there are no previously reported bromide analysis 
of Antarctic so i l s .  I t  is well known t ha t  the bromide and chloride have 
s imilar  geochemical a f f i n i t i e s  , b u t  bromide undergoes chemical fraction- 
ation from the chloride d u r i n g  evaporation of brines. For example, a s  NaCl 
precipi ta tes  from a brine, bromide is concentrated i n  the residual liquor. 
Thus ,  du r ing  an early-stage evaporite sequence, the precipi ta te  i s  enriched 
i n  chloride and the residual solution enriched i n  bromide. I f  the sources 
of the s a l t s  w i t h i n  the Dry Valleys were related t o  a seawater history,  i t  
is  believed tha t  the s a l t s  w i t h i n  the soils would be enriched i n  chlorine, 
because seawater is  rarely evaporated t o  the extreme needed t o  prec ip i ta te  
bromide-bearing phases. 

The Cl/Br r a t i o  fo r  seawater is  289 and r a t io s  measured for  most of the 58 
soils studied (grea te r  t h a n  85% of the s o i l s  studied) was larger  than the 
seawater r a t i o  ( r a t i o s  typical ly  were greater than 1000 and ranged up t o  
50,000), The enrichment i n  C1 re la t ive  t o  Br is  strong evidence t h a t  the 
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s a l t s  present w i t h i n  t h e  s o i l s  were derived from seawater during ordinary 
evaporation processes, and not from the deposition of C1 and Br from aero- 
sols or from rock weathering a s  has often been suggested. Aerosols derived 
from seawaters would result i n  the deposition of ha l ides  i n  the expected 
sea water r a t t o  of 289. The  s a l t s  w i t h i n  the valley s o i l s  were f o r  the 
most par t  derived from evaporation of sea waters which had invaded the 
valley networks during e a r l i e r  times. The only evidence f o r  deposition by 
aerosols was found i n  t h e  top 1 cm a t  the soi l  p i t  on Prospect Mesa i n  
Wright Valley. T h i s  ancient top cm of soi l  showed a Cl/Br r a t i o  o f  223 b u t  
imnediately below (2-4cm depth) the r a t io  increased to  greater than 25,000. 

The chemical composition of the brines associated w i t h  the Dry Valley ponds 
(especially Don Juan Pond, F igs .  2,3) is controlled by phase relat ions i n  
the aqueous system CaC12-NaC1, fo r  which the important sol id  phases are  
an ta rc t i c i t e ,  h a l i t e ,  hydrohalite, and i ce  (Harris, 1981 1. Evaporation - 
which forces the precipi ta t ion of an ta rc t i c i t e  and ha l i t e  - and di lut ion 
by ground waters control the chemistry of the ponds dur ing  the austral  sum- 
mers. The chemistry of theoponds a re  res t r ic ted  by the depressed winter 
temperatures of -50 t o  -60 C. Groundwater brines are  less sal ine,  b u t  
otherwise s imilar  i n  composition t o  the brines i n  the ponds (Harr is ,  1981). 
During the austral  sumners, the groulbd water temperatures a re  near the mean 
annual a i r  temperature of -17 t o  -18 C. During the summer, the concentra- 
t ions of species. i n  the solutions are such tha t ,  a t  these temperatures, the 
ground water i s  a t  o r  near equi l ibr ium w i t h  ice. I t  i s  c l ea r  t h a t  an un- 
derstandi ng o f  t h e  behavior of brines , evaporation processes , a1 ong w i t h  
the movement of ground waters will play an important role  i n  our develop- 
ment of regolith models f o r  processes operating on the Martian surface. 
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1 F i g .  
Fork on r i g h t .  View is to  west from south shore Lake Vanda 

North 

F ig .  2 .  Don Juan Pond, South Fork, Wright Valley, Antarct ica .  View 
is nor theas t  across  upper f lanks  of pond. S a l t  deposi ts  occur between 
debr i s  boulders on f l o o r  o f  pond. 

F ig .  3. 
of photo a r e  A n t a r c t i c i t e  (CaC72-6H20). Sca le  i n  center i s  2" square.  

S a l t  depos i t s  i n  Don Juan Pond. Large c r y s t a l s  across  center 
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MRTLTIPROCESS EVOLUTION OF LANDFORMS 
TO MARS 
C. S .  Breed, J. F. McCauley, and M. 
Flagstaff, AZ 86001 

IN THE KHARGA REGION, EGYPT--APPLICATIONS 

J. Grolier, U.S. Geological Survey, 
e 

In order to understand better the polygenetic evolution of landforms on 
the martian surface, field studies were conducted in and around the Kharga 
Depression, Egypt [l]. The Kharga region, on the eastern edge of Egypt's 
Western Desert, has been subject to erosion under mostly hyperarid climatic 
conditions, punctuated by brief pluvial episodes of lesser aridity, since 
early Pleistocene time. The region contains numerous landforms analogous to 
features on the martian surface: yardangs carved in layered surficial deposits 
and in bedrock, invasive dune trains, wind-modified channels and interfluves, 
and depressions bounded by steep scarps (figs. 1, 2). Like many of the 
topographic depressions on Mars, the Kharga Depression has been invaded by 
crescentic dunes. In Egypt, stratigraphic relations between dunes, yardangs, 
mass-wasting debris, and wind-eroded flash-flood deposits record shifts in the 
relative effectiveness of wind, water, and mass-wasting processes as a 
function of climate change. 

The "semi-playa" deposits [2] on the floor of the Kharga Depression 
(fig. 3a) consist partly of sediments transported by running water from 
springs or precipitation and partly of windblown debris that accumulated in 
shallow lakes during pluvial episodes. Rates of deflation of these layered 
deposits can be established by stratigraphic relations and datable artifacts 
in localities such as Gala Hill [3], an exhumed sandstone yardang several 
hundred meters long (similar to the ridges shown in figure 3b). Gala Hill is 
mantled by remnants of wind-eroded lake beds lying 80 m above deposits of 
equivalent age on the surrounding deflated plains. 
the floor of the Kharga Depression are eroded to fleets of aligned "mud 
yardangs", whose history may be analogous to that of wind-eroded layered 
deposits on chasma floors in the Coprates region, Mars (fig. 2b) [4]. 

The semi-playa deposits on 

The fretted cliffs that bound the Kharga Depression to the north and east 
(fig. 1) are dissected by dry stream valleys enlarged and modified by mass 
wasting, sapping, and wind erosion. Traces of gullies on cliffs below the 
thick caprock of the adjacent Limestone Plateau indicate artesian outflow of 
groundwater there under less arid conditions. Dated spring deposits [5] and 
evidence of cliff-sapping occur at the contact of the caprock with the 
underlying shales and sandstones. The artesian sapping of the cliffs that 
bound the Kharga Depression provides a model for the mechanism of scarp 
retreat along the plateadplains boundary on Mars and also suggests a 
mechanism for formation of scarps on Io [6]. 

The crystalline limestone caprock north and east of Kharga has been 
eroded by wind into one of the largest arrays of bedrock yardangs on Earth 
[7] .  The imprint of wind erosion on the plateau has nearly obliterated 
evidence of former streamcourses and traces of a relict karst topography [5] 
of probable pre-Pleistocene age. Along the base of the plateau scarps, 
interfluves between dry, sand-choked valleys have been wind-streamlined to 
elongate, kilometer-size sandstone yardangs and have lost much or all of their 
fluvial character (figs. 1, 3b). The orientations of hills between washes, now 
dry, that once flowed into the depression from the east scarp, in courses 
normal to the prevailing wind direction (fig. lb), bear little or no relation 
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to the valley networks that carved them; these interfluves are now eroded to 
narrow ridges aligned parallel to the wind but normal to the direction of 
former streamflow (fig. lb). Such remodeling by wind of water-laid deposits, 
stream valleys, and interfluve slopes in Egypt has implications for the 
interpretation of landforms on the surface of Mars (fig. 2), where much longer 
periods of hyperaridity and associated wind erosion and deposition have 
undoubtedly also modified the shape characteristics of fluvial channels, 
valley networks, and associated deposits. 
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Figure 1. Landsat images of the 300-m-high scarps that bound the north (a) 
Interfluves (curved arrows) and east (b) sides of Kharga Depression. 

along the lower slopes of the scarps are eroded by the strong north wind 
to kilometer-scale sandstone yardangs. 
hills are aligned normal to drainage lines (straight arrows) that issue 
from the base of the caprock. 

Along the east scarp (b) these 
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Figure 2. Remodeling by wind has carved yardangs (arrows) on scarp slopes (a) 
and on former interfluves and surficial deposits on chasma floors (b) in 
the Coprates region, Mars. 

Figure 3 .  a) Decameter-scale yardangs carved in semi-playa deposits on the 
floor of the Kharga Depression; b) aerial view of kilometer-scale 
sandstone yardangs and eroded surficial deposits in the Kharga 
Depression. 
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INVERSION OF TOPOGWPHY I N  MARTIAN HIGHLANDS TERRAINS 

R. A. D e  Hon, Department o f  Geosciences, Northeast  
Louisiana Universi ty ,  Monroe, LA 71209. 

Mars d i s p l a y s  a d i v e r s e  physiography which r e f l e c t s  a 
complex h i s t o r y  of s u r f i c i a l  processes.  Layered d e p o s i t s  
and e ros iona l  landforms a t tes t  t o  a m o r e  va r i ed  set of 
geologic  agents  than t h e  impact and volcanic  processes  
t h a t  dominate 
One unique f e a t u r e  on Mars i s  the presence of " r i n g  
furrows" which are apparent ly  produced by invers ion  of 
topography a t  t h e  r i m s  of p a r t i a l l y  buried craters. 

o t h e r  p l ane ta ry  bodies without atmospheres. 

Ring furrows are f l a t - f loo red  t renches ,  c i r c u l a r  i n  plan 
view, forming r i n g s  7 t o  50 km i n  diameter. The moat i s  
on t h e  order  of 0.5 km deep and 2 t o  1 0  km wide, and it 
surrounds a f l a t  topped c i r c u l a r  m e s a  o r  p l a t eau  t h a t  is 
5 t o  4 0  km across. The c e n t r a l  p la teau  i s  a t  t h e  same 
e leva t ion  or l o w e r  than t h e  surrounding p l a i n  ou t s ide  t h e  
r ing .  A t y p i c a l  example of a r i n g  furrow is  found i n  t h e  
S y r t i s  Major Quadrangle (MC-l3SW, Viking Orb i t e r  frame 
373872) a t  3-5ON; 308-31OoW (Fig. 1-11. 

Ring furrows t y p i c a l l y  occur i n  t h e  highlands a s soc ia t ed  
wi th  c r a t e r e d  p l a t eau  materials. 
materials are i n t e r p r e t e d  as anc ien t  lava flows (1) over- 
l y ing  o l d e r  c r a t e r e d  t e r r a i n s .  The th ickness  of t h e  
flows i s  q u i t e  v a r i a b l e  but  averages 800 m ( 2 ) .  Most of 
t h e  r i n g s  are i n  or near reg ions  of younger su r face  
modif icat ion by channel d i s s e c t i o n  o r  on t h e  edge of 
chao t i c  t e r r a i n  (Fig. 1-2) .  The o u t e r  w a l l  of many of 
t h e  r i n g s  i s  breeched by v a l l e y  drainage (Fig. 1-2) o r  
open t o  lower su r faces  (Fig. 1-1). 

The c r a t e r e d  p l a t eau  

The occurrence of s eve ra l  v a r i a t i o n s  of seemingly s i m i l a r  
landforms suggests  t h a t  r i n g  furrows are simply one form 
i n  a progression of forms. I n  some reg ions ,  c i r c u l a r  
segments of channels and a r c u a t e  channel p a t t e r n s  
d e l i n e a t e  incompletely i s o l a t e d  c i r c u l a r  p l a t eaus  (Fig. 
1-4 and Ref. 3 ) .  I n  o t h e r  a reas ,  i s o l a t e d ,  smooth topped 
p l a t eaus  surrounded by degraded p l a i n s  (Fig. 1-5) appear 
t o  r ep resen t  an advanced stage of development. 

The c i r c u l a r  na tu re  and s i z e  range of r i n g  furrows tend 
t o  suggest t h a t  t h e s e  f e a t u r e s  are r e l a t e d  t o  craters 
p a r t i a l l y  buried by younger lava flows. The r i n g s  have 
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been formed by p r e f e r e n t i a l  removal of t h e  exposed c r a t e r  
r i m s .  Ground ice decay, sapping, o r  f l u v i a l  e ros ion  
removed t h e  less r e s i s t a n t ,  porous ma te r i a l  of crater 
r i m s  while leaving t h e  more r e s i s t a n t  volcanic  flow 
ma te r i a l ,  D i f f e r e n t i a l  e ros ion  has thus  l e d  t o  a r e v e r s a l  
of topography i n  which t h e  o r i g i n a l  p o s i t i v e  r e l i e f  of t h e  
r i m  is  reduced t o  a negat ive r e l i e f  f ea tu re .  

+ I 

- 
100 km 

Figure 1. Inversion of 
topography a t  
crater r i m s .  
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THE CORFU LANDSLIDE: ANALOG TO GIANT LANDSLIDES ON MARS 

Sco t t  W. L e w i s  and Victor  R. Baker, Department of Geosciences, Universi ty  
of Arizona, Tucson, Arizona 85721 

A s  an  analog t o  t h e  g r e a t  l a n d s l i d e s  of the Valles Mariner is ,  Mars, 
we have made a d e t a i l e d  s tudy of t he  Corfu Landsl ide in south-central  
Washington. This  p r e h i s t o r i c  s l i d e  i s  loca ted  on the nor the rn  f l a n k  of 
t he  Saddle Mountains, southwest of Othe l lo ,  Washington. The s l i d e  covers  
a 13 km2 area centered  on s e c t i o n  11 of T.15N., R.27E,, W i l l a m e t t e  
Meridian, ad jacen t  t o  t h e  Corfu townsi te .  
is  involved i n  s l i d i n g  t h a t  was probably i n i t i a t e d  by Missoula f looding  
through t h e  Channeled Scabland. 

workers, who have shown t h a t  t h e  Saddle Mountains i s  an asymmetrical a n t i -  
c l i n e  which varies i n  c h a r a c t e r  along i t s  length .  However, none of t h e s e  
previous s t u d i e s  have d e a l t  wi th  the  d e t a i l e d  geology of t h e  Corfu Land- 
s l i d e .  Moreover, many o the r  l a r g e  l a n d s l i d e s  a s s o c i a t e d  wi th  a n t i c l i n a l  
r i dges  occur i n  the  reg ion ,  bu t  none have been s tud ied  i n  d e t a i l .  A de- 
t a i l e d  a n a l y s i s  is  necessary  t o  understand the a s s o c i a t i o n  of t h e  s t ruc -  
t u r e s  wi th  t h e  l a n d s l i d e s ,  as w e l l  as t o  add Lnformation t o  the  geologic  
h i s t o r y  of t he  Yakima Folds .  

The d e t a i l e d  a n a l y s i s  of t h e  Corfu Landsl ide requi red  geologic  map- 
ping a t  a l a r g e  scale. This  mapping revea led  many important a s p e c t s  
about t he  evolu t ion  of t h e  l ands l ide .  The s l i d e  is b e s t  descr ibed  as 
compound-complex. A t  least  24 sepa ra t e  l a n d s l i d e  p u l s e s  occurred be- 
tween about 6000 and 12,000 y e a r s  be fo re  p re sen t .  This  i s  demonstrated 
by s t r a t i g r a p h i c  r e l a t i o n s h i p s  between the s l i d e  material and over ly ing  
depos i t s  of d i agnos t i c  vo lcanic  ash  f a l l s  from Cascade volcanoes.  
lective e ros ion  of some, b u t  n o t  a l l  of the s l i d e  d e p o s i t s  i n d i c a t e s  that 
a t  least  one and poss ib ly  as many as t h r e e  c a t a s t r o p h i c  f loods  occurred 
between per iods  of l ands l id ing .  

t r o l l e d .  The s l i d i n g  su r face  i n  almost every case occurs  along t h e  s a m e  
s t r a t i g r a p h i c  horizon:  t h e  Mabton in t e rbed  between t h e  Saddle Mountains 
Basalt above, and the  Wanapum Basalt below. 
f a u l t  is  p resen t  a long  t h e  top of many of t he  s l i d e s  and seems t o  have 
provided a break from which t h e  rocks could s l i d e  away. 
movement w a s  t o  the  n o r t h  i n  a l l  cases. However, t h e  s t y l e  of s l i d i n g  
w a s  v a r i a b l e .  Some e apparent ly  q u i t e  r a p i d ,  wh i l e  o t h e r s  may have 
been very slow. 

i n i t i a t i o n  of t h e  Corfu l ands l id ing :  1) A s l i p  su r face  w a s  p re sen t  a t  
the  r i g h t  o r i e n t a t i o n ;  2) Glacial f looding  undercut t h e  s lope ;  3)  Wetter 
c l ima t i c  cond i t ions  p reva i l ed  during t h a t  t i m e  pe r iod ;  and 4) Some seis- 
mic v i b r a t i o n s ,  known t o  occur l o c a l l y ,  probably ac t ed  as a t r i g g e r .  
These f a c t o r s  show t h a t  s p e c i a l  cond i t ions  w e r e  r equ i r ed  i n  conjunct ion 
t o  produce l a n d s l i d i n g .  S tud ie s  i n  p rogres s  of t he  Valles Mar iner i s  
suggest  t h a t  t h e  s a m e  f a c t o r s  probably con t r ibu ted  t o  l a n d s l i d i n g  the re .  

Approximately 1 km3 of material 

The geology of t h e  Saddle Mountains h a s  been s tud ied  by va r ious  

Se- 

Each of t h e  ind iv idua l  s l i d e s  appears  t o  have been s t r u c t u r a l l y  con- 

A prev ious ly  unmapped t h r u s t  

The d i r e c t i o n  of 

It is concluded t h a t  t h e r e  were fou r  primary f a c t o r s  involved i n  t h e  
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Planetarv-uStudles. ' * Ia&and&Antarctica 
Michael C. Malin, Department of Geology, Arizona State University, 
Tesnpe, Az 85287 

Field studies of terrestrial landforms and the processes that shape 
them have provided new directions to study of planetary features. These 
studies, conducted in Alaska, California, Utah, Washington and Iceland 
(under NASA sponsorship), and in Antarctica (under NSF sponsorship), have 
investigated physical and chemical weathering mechanisms and rates, eoli- 
an processes, mudflow phenomena, drainage development, and catastrophic 
fluvial and volcanic phenomena. In this abstract, research in Iceland 
and Antarctica is discussed. In a contpanion abstract, research in Alas- 
ka, California, and Washington is discussed. 

J!2ekmd 

Continuing investigations in Iceland fall in three main catagories: 
1) catastrophic floods of the Jokuld 5 Fjollum, 2) lahars associated 
with explosive volcanic eruptions of Askja caldera, and 3) rates of eoli- 
an abrasion in cold, volcanic deserts. 

The largest river in Iceland, the Jokulsd 6 Fjollum, has been 
subjected to repeated but irregularly timed floods of pormous magnitude. 
~n especially large flood sane 2500 years ago created Asbyrgi, a 100 m 
high cataract, and Vesturdalur, a scabland/canyonland region similar in 
scale to the scablands in Washington state, though not as areally exten- 
sive (1,2,3). The magnitude of this flood, estimated by hydraulic 
equations (Chezy and Manning) exceeded 400,000 cubic meters per second 
(cms) (2). Based on channel, cataract, and plunge pool geometry, a simi- 
lar estimate (-350,000 cms) was obtained (4 ) .  Bed-load caliber and 
deposit location and geometry can be used to estimate velocities of flow 
and duration of 'maximum' discharge. Preliminary estimates of these 
values are 10 dsec and -40 hours. Current mapping and granulmetric 
analyses are aimed at determing the distribution in time and space of the 
flood effects. The developnent and use of these techniques, and their 
calibration against knuwn, historic floods is aimed at application to 
potential observations of the Mars Geoscience/Climtology Orbiter 

Lahars generated by explosive historic and prehistoric eruptions of 
Askja Caldera have surface morphologies and distribution characteristics 
difficult to distinguish in aerial photography from basaltic lava flows. 
This results in part from incorporation into the lahars of coarse basal- 
tic debris, that, owing to the physical properties of the mudflows, 
Ifloats' at the surface, and in part from the inundation of the entire 
area by fine basaltic tephra (silt- to sand-sized ash), greatly subduing 
primary morphology and covering much of the surface roughness charac- 
teristics of real lava flows. Continuing analyses of these flows, and 
similar studies at Mount St. Helens and Lassen Peak, are permitting cri- 
teria to be established that separate different types of flows, specify 
their physical properties (in particular their water content), and allow 
lithologic and environmental factors governing their appearance to be 
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separated. Landforms on Mars, in particular those associated with sever- 
al of the large Tharsis and Elysium volcanoes, and especially associated 
with debris movements within canyons, chaotic terrain, fretted terrain, 
and channeled terrain, are under similar analysis. 

Eolian abrasion is considered one of the most important processes on 
Mars (5). Laboratory and wind tunnel studies have provided great insight 
into martian applications (51, but have lacked significant field verifi- 
cation. This study is aimed at verification through micro-analysis of 
situ abrasion of known standard materials. Preliminary results have been 
report elsewhere (6). A detailed analysis of the initial results of the 
short term experiment has been prepared and submitted for publication 
(7). These observations have led to two new models for application to 
Mars. A technique for estimating long-term changes in atmospheric pres- 
sure (climatic change) from the distribution of surface debris has been 
developed. This model assumes that the martian surface reaches equili- 
brium between net deposition and nettransport on a timescale short 
relative to climate change and the introduction of new wind-transportable 
material. If this model is correct, then the limited abrasion of martian 
surface materials noted by many investigators (e.g., 5,8) results from 
limitations in the supply of abrading material and in the capability of 
the surface to allow transportation rather than from burial, impact of 
soft materials, or the absense of strong, debris-transporting winds. 

mtarctxa 

The ice-free valleys of Antarctica, in particular those in South 
Victoria Land, have much is common with the surface of Mars. These val- 
leys have been the site of several comparative studies, exploiting 
biological (e.g., 9,10), geological (e.g., 11,12), and environmental sim- 
ilarities. A National Science Foundation project to determine the 
present rates of physical and chemical weathering, and to examine land- 
form evolution in the harsh Antarctic environment was initiated during 
the 1982-1983 austral summer season. In part this project builds on 
experience in Iceland outlined above. Using similar techniques, abrasion 
processes in a region of extreme cold (<-75C) and high winds (> 250 
km/hr) are under study. Mass movements, in particular apparently slow 
movements of unconsolidated material, are also being studied. 
Preliminary results suggest little contemporary activity. Rather, abra- 
sion and mass movements seem to date from periods of past glacial 
retreats, when liquid water was more abundant and available to partici- 
pate in reworking fines (as a source for abrading material) and to 
saturate the ground (thus facilitating slope creep and drbris flows). 

In addition to providing independent support for the application of 
the Iceland findings to consideration of the martian erosional system, 
the Antarctic observations also provide analogies to other martian phe- 
nomena. For example, a family of sand dunes in Victoria Valley (13-15) 
are stabilized by the incorporation of snow as beds. The dune crests 
appear to migrate slowly westward under summer easterly winds, but to 
reverse their direction during the winter. The location of the dunes 
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in the easternmost portion of the valley suggest a net eastward migra- 
tion, but parts of the dunes seem to complete the seasonal cycle with a 
slight net westward displacement (< 1 m/yr). However, the majority of 
the dune mass is unmoving under present climatological conditions. These 
dunes are direct analogs to the martian north polar dunes (which appear 
to display similar behavior), and possibly, to the polar layered terrain. 
Studies of these dunes will help determine the minimum volatile 'cement' 
needed to hold dunes fixed, the nature of volatile migration within such 
dunes, and the climatological dependence of these phenomena, Another 
study in Antarctica addresses the formation of pits in massive rocks. 
This is a continuing problem in studies stones in the Viking lander 
images, and the Antarctic research may provide clues to the nature of 
such pitting processes, their rates of attack, and controlling factors. 

These field studies provide a means of calibrating m y  diverse and 
competing processes under known conditions, and allow for informed, 
though speculative, extrapolation to alien environments, Much of the 
work is geared tawards field observable factors khat may be addressed 
through future planetary missions, in particular geoscience orbiters, 
rovers and sample returns. These studies also permit specific questions 
to be developed as geological objectives for such future missions to Mars 
and the other terrestrial planets. 
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SCARP DEVELOPMENT IN THE VALLES MARINERIS 
P. C. Patton, Department of Earth and Environmental Sciences, 
Wesleyan University, Middletown, CT 06457 

The scarps along the margins of the Valles Marineris display 
a complex assemblage of forms that have been related to a vari- 
etyofmass wasting and sapping processes. 
include catastrophic landslides similar to large rock avalanches 
recognized on earth (Lucchitta, 1978a) to small scale slumps and 
retrogressive slides, talus. cones (Sharp, 1973; Blasius and 
others, 1977; Lucchitta, 1978b) and small enclosed pits of 
probable subsidence origin (Baskerville, 1982; Steiner and 
others, 1982). In many instances modification of the scarps 
has resulted in the development of spur and gully topography 
(Lucchitta, 1978b). Sapping features include the branching 
theatre-headed valleys prominent in Ius Chasma and smaller 
unbranched features throughout the Valles Marineris (Laity and 
Saunders, 1981; Kochel and Capar, 1982). Many of the slope 
forms are associated with tectonic features with some forms 
preferentially developed along structural features while other 
slope forms appear to be modified by later structural elements. 
Examples of the former include the theatre-headed valleys 
(Kochel and Capar, 1982) while examples of the latter are the 
fault scarps that terminate the spur and gully topography 
(Blasius and others, 1977). The lack of craters on the floor 
of the Valles Marineris is significant and indicates that re- 
surfacing of the floor has been an ongoing process throughout 
the evolution of the canyon system. The bulk of the sediment 
has probably been derived from the adjacent slopes, although the 
rates and processes of sediment transport have probably varied 
through time. The investigation of the slope forms within the 
Valles Marineris is of value in determining both past andpresent 
surficial processes acting on the martian landscape as well as 
the relative importance of structure and lithology on martian 
landform development. 

have demonstrated that within a given chasrna, such as Candor 
Chasma, an evolutionary sequence of scarp forms can be observed 
(Patton, 1981, 1982) which reflects increasing regolith storage 
on the scarps with time. The general pattern of scarp evolution 
also suggests that dry mass wasting processes are the most 
significant in creating the spur and gully topography, However, 
when the spur and gully topography is analyzed on a regional 
basis throughout the Valles Marineris, the variations inmorphology 
observed over small areas are obscured by the greater regional 
variability. This is partly the result of resolution of the 
scarp morphology which varies throughout the 
result of differences in scarp lithology and the relative impor- 
tance of processes other than dry mass wasting in controlling 
slope' form. 

Mass wasting forms 

For example, detailed studies of the spur and gully topography 

system but also the 
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Because the Valles Marineris transects three geologic 
provinces distinct in terms of the age of surficial material 
and in the thickness of stratigraphic units (Scott and Carr, 
1978; DeHon, 1982) it is likely that there should be xecog- 
nizable differences in the scarps developed on these materials 
throughout the chasmata. In addition, regardless of the 
tectonic model one accepts for the Tharsis region (Wise and 
others, 1979; Plescia and Saunders, 1982; Solomon and Head, 
1982) it is clear that the region has had a complex structural 
history with deformation varying in time and space. 
more, the combined evidence suggests that the structural 
evolution of the Tharsis region and therefore the Valles 
Marineris spanned a long time period of martian history 
(Plescia and Saunders, 1982). Therefore one should not expect 
the tectonically created scarps in the Valles Marineris to be 
equivalent in age. 

In order to evaluate the regional variation in scarp form 
and the influence of time and structure on scarp development 
geomorphic mapping and morphometric analysis of geologically 
distinct regions of Valles Marineris is being undertaken. Areas 
being analyzed include 1) Noctis Labyrinthus where it cross 
cuts the Syria Planum flow unit 2 (Scott and Tanaka, 1981) as 
this graben system is apparently related to the latest period 
of tectonic activity in the Tharsis region (Plescia and 
Saunders, 1982); 2) the eastern end of Ius at the transition 
between the cratered plains and the ridged plains of the Sinai 
Planum (McCauley, 1978); 3) Candor Chasma within the ridged 
plains; and 4) the eastern end of the Valles Marineris that 
cuts the cratered plateau material. These scarp segments 
display variations in the degree of development of spur and 
gully topography, the number and density of apparent sapping 
features and the frequency of large scale landslides which 
reflect the age, geology and processes of slope development 
throughout the Valles Marineris. 
should provide more information on the geologic evolution of 
the Valles Marineris as well as new insight into the relative 
importance of different processes in the development of the 
scarp forms. 

Further- 

This regional analysis 
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GEOMORPHIC CLUES TO THE MARTIAN VOLATILE INVENTORY: 11. LANDSLIDES 

David P i e r i ,  Jet Propuls ion Laboratory,  Pasadena, CA 
Ann Kirkpatrick*, Universi ty  of Colorado, Boulder, CO 
*NASA Summer I n t e r n  

I n  an attempt t o  b e t t e r  understand t h e  h i s t o r y ,  d i s t r i b u t i o n  and 
amount of v o l a t i l e s  i n  t h e  martian subsurface,  as w e l l  as r e l a t e d  
impl ica t ions  f o r  t h e  paleo-climate of Mars, we are looking at the  in t e r -  
r e l a t ionsh ips  between four  major classes of landforms: (1)  va l l ey  net- 
works, (2 )  outflow channels, ( 3 )  f low-ejecta  blankets ,  and ( 4 )  land- 
s l i des .  I n  t h i s  contex t ,  we have begun d e t a i l e d  mapping of w e l l -  
expressed ind iv idua l  l ands l ides  t o  assess geomorphic c o n s t r a i n t s  on 
candidate  phys ica l  models f o r  t h e i r  emplacement, with a goa l  of 
i n f e r r i n g  q u a n t i t a t i v e l y  the  degree of p a r t i c i p a t i o n  of v o l a t i l e s  i n  t h e  
l ands l ide  formation process. 

From terrestrial experience,  l a n d s l i d e  f a i l u r e s  t y p i c a l l y  occur i n  
th ree  modes: f a l l s  and topples ,  s l i d e s  ( r o t a t i o n a l  and t r a n s l a t i o n a l )  
and flows (Varnes, 1958, 11,,978), and any s l i d e  may involve one o r  more 
modes. F a l l s  and topples  occur i n  h ighly  f r ac tu red  rock along a 
d i scon t inu i ty  p a r a l l e l  t o  c l i f f  faces ,  leaving s t eep  f r e e  faces  and 
t a l u s  a t  t he  base,  with water playing a weathering r o l e  (Brunsden, 
1979). Rota t iona l  s l i d e s  occur i n  th i ck ,  homogeneous ,. cohesive 
materials (e.g., c lays) ,  with a s t e e p  U-shaped head scarp with slump 
blocks t i l t e d  back, undis tor ted  f a i l e d  mass, tens ion  cracks at  the  f o o t ,  
and bulging a t  t h e  t o e  (Brunsden, 1979; Rib and Liang, 1978). 
T rans l a t iona l  s l i d e s  have d i s c o n t i n u i t i e s  which occur p a r a l l e l  t o  s lope  
surf  aces (e.g., bedding planes,  bedrock-slope debr i s  i n t e r f a c e ) ,  are 
associated with a high water t a b l e ,  may develop i n t o  avalanches i f  
s lopes are s t e e p  enough and water abundant (e.g., mudslides), and 
cons i s t  of an upper supply area, a c e n t r a l  neck with shear  sur faces ,  and 
a bulbous lobated t o e  with r a d i a l  and t ransverse  cracks (Brunsden, 
1979). Flows involve loose  debr i s ,  weak weathered rock, may begin as 
heavi ly  laden streams following e x i s t i n g  drainageways where material i s  
picked up i n  long neck areas and deposited downslope as long narrow 
lobes with coa r se r  la teral  levees  (Varnes, 19781, with depos i t s  
genera l ly  smoother than  those of s l i d e s  and with r a d i a l  flow l i n e s  
usua l ly  present  (Rib and Liang. 1979). Complex s l i d e s ,  which begin as 
l a r g e  rock fa l l s  o r  s l i d e s ,  d i s i n t e g r a t e ,  and cover l a r g e  areas, and seem 
t o  t r a v e l  f a r t h e r  than  predicted by t h e  enegy generated during t h e i r  
f a l l ,  have been in t ense ly  s tud ied  (e.g., Shreve, 1966, 1968; Kent, 1966; 
Hsu, 1975; Melosh, 1983) but remain poorly understood. Almost a l l  
v a r i e t i e s  of l a r g e  scale morphologies descr ibed i n  terrestrial l ands l ide  
experience can be found i n  martian l ands l ides  as seen i n  the r i c h  Viking 
d a t a  set (Lucc i t ta ,  1978, 1979). 
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Eight  l ands l ide  loca l e s  were se l ec t ed  i n  Valles Marineris f o r  
preliminary geomorphological mapping. W e  aimed f o r  a representa t ive  
sample,  however, many areas of Valles Marineris are not covered by high 
r e so lu t ion  imaging. I n  the mapped s l i d e s ,  four  main s u i t e s  of 
morphological f e a t u r e s  were iden t i f i ed .  I n  four  order  outward from the  
head scarp they are: 

Large r idges  i n  head area, t ransverse  t o  movement d i r ec t ion ,  
probably slump blocks o r  pieces  of w a l l  t h a t  f e l l  o r  toppled, 
possibly backward ro ta ted ,  

Smaller r idges ,  convex toward d i s t a l  edge of s l i d e s ,  many with 
loba te  pa t t e rn ,  some possibly s tep- l ike  scarps  r a t h e r  than r idges ,  

Thin, sheet- l ike deb r i s  cover, forms d i s c r e t e  fan-shaped lobe with 
edge scarps unconfined, 

Low t ransverse ,  continuous r idges (poss ib ly  fo lds )  found a t  d i s t a l  
edge of s l i d e s  where debr i s  appears t o  have encountered 
obs t ruc t ions  (e.g., opposing canyon wa l l s ) ,  but not a l l  confined 
s l i d e s  exh ib i t  t h i s  fea ture .  

Any one l ands l ide  may possess a l l  o r  some of these  f ea tu res ,  any 
s l i d e s  i n  Tithonium and Ius  Chasmas (western Valles Marineris)  are 
usua l ly  more complex and show more va r i e ty  than Coprates, C a p r i ,  and 
Gangis Chasmas ( eas t e rn  Valles Marineris) .  These d i f fe rences  may be 
r e l a t ed  t o  the  topographical and s t r u c t u r a l  d i f fe rences  between the  two 
areas: western Vallis  Marineris has g rea t e r  r e l i e f  (3-7 km) with gu l l i ed  
and ridged canyon w a l l s  and more shallow graben-like s t r u c t u r e s  on the  
adjacent plateau sur f  aces while i t s  e a s t e r n  counterpar t  has fewer 
graben, canyon w a l l  r e l i e f  i s  lower (1-2 km), and there  i s  less gul ly  
and r idge  topography. S l ides  i n  t h e  e a s t  t yp ica l ly  lack head scarps ,  
l a rge  slump blocks and sheet- l ike deb r i s  lobes predominate, and the re  
are t y p i c a l l y  smaller i n  area and volume. W e  have begun t o  pose 
physical  models of l ands l ide  emplacement which w i l l  eventual ly  u t i l i z e  
preliminary q u a l i t a t i v e  and q u a n t i t a t i v e  observat ions of ours and o the r s  
(e.g., Lucc i t t a ,  1978, 1979) as boundary conditions.  

W e  hope t h a t  i n  the  f u t u r e  we can compare estimates of subsurface 
l i t h o l o g i c  charac te r  and v o l a t i l e  content i n fe r r ed  from q u a n t i t a t i v e  
modeling of both rampart e j e c t a  and l ands l ide  emplacement processes t o  
t h e  d i s t r i b u t i o n  and morphologic s t y l e  of both nearby va l ley  networks 
and outflow channels. 

Brundson, D., 1979, Mass movements, i n  Embleton, C. and Thornes, J. B., 
Process Geomorphology, Halsted Press.  
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TEMPORAL AND SPATIAL DISTRIBUTION OF EXHUMED TOPOGRAPHY 

Dal las  D. Rhodes, Dept. of Geology, Whit t ier  College,  
W h i t t i e r ,  Ca l i fo rn ia  90608 (spr ing  1984: Dept. of  
Physical  Geography, Univ. of Uppsala, Box 554, 
5-751 22  Uppsala, Sweden) 

The condi t ions  requi red  f o r  exhumation and t h e  s p a t i a l  
d i s t r i b u t i o n  of the  exhumed f e a t u r e s  are related. T h e  
exhumation of topographic forms occurs  because t h e r e  i s  
a change i n  environment or  base l e v e l ,  caused by e i t h e r  
t e c t o n i c  o r  e u s t a t i c  condi t ions ,  t h a t  causes  t h e  loca t ion  
of t h e  buried f e a t u r e s  t o  undergo n e t  erosion,  I n  a 
general  sense,  climate and geomorphic processes  are 
l a t i t u d i n a l l y  d i s t r i b u t e d ,  and c l imate  change tends t o  
s h i f t  t h e  c l i m a t i c  b e l t s  l a t i t u d i n a l l y  (Bedel, 1968).  
Perhaps the  g r e a t e s t  chance f o r  exhumation, o r  b u r i a l ,  
of a landscape by t e r r e s t r i a l  processes  e x i s t s  near t h e  
boundaries of t h e  c l ima t i c  b e l t s .  These loca t ions  a r e  
l i k e l y  because t h e  most severe  denudation occurs where 
d r a s t i c  c l i m a t i c  change l eads  t o  d isequi l ibr ium between 
geomorphic f e a t u r e s  and processes ,  r e s u l t i n g  i n  
acce lera ted  erosion.  

The v a s t  major i ty  of t h e  sampled exhumed landforms are 
loca ted  i n  t h e  northern hemisphere wi th in  Bedel ' s  zone of 
ex t r a - t rop ica l  v a l l e y  formation. A s  a r e s u l t  of P le i s tocene  
c l ima t i c  change, t h e  boundaries of t h i s  zone must have 
s h i f t e d  northward t o  the i r  present  p o s i t i o n s  s i n c e  t h e  
l a s t  g l a c i a l  maximum. During t h e  P le i s tocene ,  these middle 
l a t i t u d e s  w e r e  subjected t o  a number of climatic changes. 

hemisphere and from t r o p i c a l  a r e a s  are notably few i n  
number. It is  poss ib l e  t h a t  t h i s  sample of exhumed f e a t u r e s  
is biased i n  t h a t  the  geomorphology of t h e  southern 
hemisphere and t h e  t r o p i c a l  regions has no t  been as  
ex tens ive ly  s tud ied  as has t h a t  of t he  northern middle 
l a t i t u d e s  (Thomas, 1 9 7 4 ) .  

comparatively l i t t l e  land a r e a  wi th in  Bedel ' s  zone of 
e x t r a - t r o p i c a l  v a l l e y  formation, which conta ins  most of 
t h e  examples of exhumed topography i n  t h e  northern 
hemisphere. 

The only examples of r e su r rec t ed  landforms t h a t  occur 
wi th in  Bedel ' s  t r o p i c a l  zone a r e  loca ted  near t h e  boundary 
of t h i s  zone, where climate may have changed during the  
P le i s tocene .  I n  t h e  i n t e r i o r  of t h e  t r o p i c a l  zone, climate 
has not  var ied  markedly s i n c e  t h e  end of t h e  P le i s tocene  
and e s s e n t i a l l y  t h e  same processes a c t i v e  today may have 
been a t  work f o r  s e v e r a l  m i l l i o n  years  (Bedel, 1968). 

Examples of r e su r rec t ed  landforms i n  t he  southern 

I n  t h e  southern hemisphere, t h e r e  i s ,  however, 
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Given t h i s  long per iod of t r o p i c a l  condi t ions ,  t h e  in t ense ,  
deep chemical weathering c h a r a c t e r i s t i c  of  such climates 
may have sof tened t h e  undermass of buried landforms and 
thereby destroyed t h e  c o n t r a s t  i n  e ros iona l  r e s i s t a n c e  
necessary f o r  exhumation, 

t h e  l o c a t i o n s  of exhumed landforms are tenuous. I n  genera l ,  
it is  poss ib l e  t o  say t h a t  exhumed f e a t u r e s  do not  occur 
i n  c u r r e n t l y  a c t i v e  orogenic b e l t s .  Furthermore, 
epiorogenic u p l i f t  should promote exhumation due t o  
lowered base l e v e l s  and, consequently, increased erosion.  
S imi l a r ly ,  p a s t  per iods  of lowered sea l e v e l  may have been 
t i m e s  of exhumation. However, c l i m a t i c  v a r i a t i o n  may 
e i t h e r  temper o r  enhance any of t h e s e  condi t ions  (Melhorn 
and Edgar, 1975) 

have been exhumed during t h e  l a t e  T e r t i a r y ,  although the 
landforms themselves vary i n  age from Precambrian t o  
Pleis tocene.  Landscapes have probably been c rea t ed  and 
buried during a l l  per iods  of Earth h i s t o r y ,  but  some 
s t u d i e s  have suggested t h a t  t h e r e  have been d i s t i n c t  
per iods of e ros ion  during which landscape formation was 
widespread (Gorelov e t  a l . ,  1 9 7 0 ;  King, 1967;  Martin, 1966,  
1968; Melhorn and Edgar, 1975; Sloss, 1 9 6 3 ) .  

Melhorn and Edgar (1975) reviewed t h e s e  earlier s t u d i e s  
and combined t h i s  work w i t h  Sloss and Speed's ( 1 9 7 4 )  model 
of plate-spreading-rate-controlled sedimentation. Melhorn 
and Edgar t e n t a t i v e l y  concluded t h a t  since t h e  J u r a s s i c ,  t h e  
per iod f o r  which t h e r e  i s  any information on spreading 
r a t e s ,  four  long per iods  of world-wide e ros ion  have occurred. 
These per iods  w e r e  long enough f o r  ex tens ive  e ros ion  surfaces  
of low relief t o  form. However, they a l so  recognized t h a t  
reg iona l  d i f f e r e n c e s  i n  climate, l i t ho logy ,  or  base l e v e l  
could in f luence  t h e  rate and manner of denudation. 

no t  equal ly  d i s t r i b u t e d  through geologic  t i m e .  Most of 
the  exhumed f e a t u r e s  w e r e  c r ea t ed  during e i t h e r  t h e  
Precambrian or t h e  T e r t i a r y ,  per iods which have been 
commonly cited as episodes of s i g n i f i c a n t  landform 
development. Few examples of r e su r rec t ed  topography d a t e  
from t h e  Paleozoic or Mesozoic e ros iona l  episodes.  The  
pauci ty  of exhumed landforms of these ages may be a 
v e s t i g e  of t h e  sampling, o r  t h e  f e a t u r e s  may a c t u a l l y  be  
rare d a t i n g  from those  t i m e s .  

Corre la t ions  between p a r t i c u l a r  t e c t o n i c  condi t ions  and 

V i r t u a l l y  a l l  of t h e  r e su r rec t ed  f e a t u r e s  exposed today 

The ages of exhumed landforms sampled i n  t h i s  study a r e  
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A TECTONIC GEOMORPHOLOGICAL CLASSIFICATlON 
MRINEWIS 

OF THE WALLS OF VALLES 

John B. Spencer, Lunar and Planetary Lab., University of Arizona, 
Tucson, A2 85721 

This study has attempted to develop a geomorphic classification 
scheme for the canyon walls of Valles Marineris.analagous to that 
devised by Bull (1977) to evaluate the relative tectonic activity of 
terrestrial mountain fronts. In this way it was hoped that the 
relative intensity of tectonism in various parts of the Valles 
Marineris system could be systematically mapped, providing useful 
information about the origin of the system as a whole. 

The Coprates NW guadrangle was chosen for detailed study, as it is 
the region of the canyons that has the most complete mapping and 
photographic coverage. Sources of data included the U.S.G.S. 1:2 
million photomosaic, shaded-relief map, and topographic map for the 
HC-18 NU sub-quad. The detailed mapping was mostly performed using 
Viking 1 imagery from orbits 910 thru 929, supplemented by pictures 
taken during orbits 57, 59, 62 thru 66, 79, and 91. All this imagery 
has a resolution of 50 80 metres per pixel, with a variety of 
illumination angles and some stereo coverage. Low-resolution stereo 
coverage from Viking 1 orbits 608, 645, and 682, and very high 
resolution swaths taken on orbits 937, 938, 9 7 6 ,  and 815 were also 
valuable. 

As is the case with terrestrial mountain fronts, the morphology of 
the base of the front provided the most useful indicators of the 
degree of tectonic activity. A well developed fault scarp at the wall 
base indicates a tectonically active region, and an irregular, 
embayed, wall suggests an inactive area. Hore accurately, wall 
morphology records the relative importance of tectonic and erosional 
processes, and in using morphology to map rates of tectonism it must 
be assumed that wall degredation rates are roughly comparable in 
different parts of the canyon system. As the erosional process that 
is degrading the canyon walls is unknown this may not be a good 
assumption. Four major classes of wall were established, as described 
below: 
Class 1 Class 1 walls have a distinct linear scarp, presumably a 
fault scarp, at their base. Such scarps, which were recognised by 
Blasius et al. (19771, indicate a relatively tectonically active 
canyon wall. 
Class 2 Here there is no fault scarp, but the wall base is still very 
linear and well-defined, being marked by an abrupt break-in-slope 
rather than a discrete scarp. These walls are interpreted as being 
tectonic scarps in which the most recent fault scarp has been 
destroyed or buried by erosion. 
Class 3 These walls have bases that are linear on a large scale (s 
20h) but have either no well-defined base, or a base that is sinuous 
on a small scale. More extensive erosion since the most recent 
faulting than in class 2 walls is inferred, some retreat of the wall 
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having occurred to destroy the small-scale linearity of the base. 
Class 4 These walls have an irregular base even at large scales. 
Such walls probably result from extensive erosion and retreat of an 
originally linear tectonic front, though it is also possible that they 
result from a non-tectonic process producing wal2s with initially 
irregular morphology. The coalescing pits of Tithonia Catena may 
represent an early stage of such a non-tectonic process. 

In many cases the base of the original canyon wall is invisible, 
being buried by intra-canyon sediments or landslide debris. In these 
cases a wall class using the above scheme cannot be assigned. 
Intra-canyon sediments were identified in this study using stereo 
imagery and the topographic map wherever possible, supplemented by the 
monoscopic data. Such sediments are very extensive, as has been noted 
by previous workers (e.g. Blasius et. al. 1977). On the south side of 
the East Candor Chasma they attain a thickness of 5 km, burying the 
southern canyon wall up to half its height, and their presence there 
may account for some of the morphological differences between the 
north and south walls of East Candor that were noted by Patton (1982). 

The accompanying map summarizes the results of this study in 
greatly simplified form. The 4 classes of wall are shown, as are 
regions where a class cannot be assigned owing to the presence of 
intra-canyon sediments, landslides, or landslide debris. Apparent 
fault scarps that occur on the canyon floor rather than at the wall 
base are also shown, though the numerous graben present on the plateau 
surrounding the canyons have been omitted. 

The most striking feature is the concentration of active tectonic 
features within Ius Chasma, and to a lesser extent in Tithonium 
Chasma, and along the north walls of Coprates and East Candor. These 
canyons are also the most linear of the Valles Hafineris system, and, 
in the case of Ius and Coprates, the most easily explained as simple 
(if extremely large) graben produced largely by extensional faulting. 
Tithonium and East Candor have blunt terminations that argue against 
an origin as simple graben. 

The irregular Hebes, Ophir, and Helas Chasmas have walls that are 
dominantly of class 3 and 4, implying an origin largely by processes 
other than faulting, or extensive erosion since the most recent 
faulting episode. Hebes, however, has some quite fresh tectonic 
features at its east end, which is surprising considering its 
closed-depression, ungrabenlike shape. These apparent tectonic 
features take the form of large arcuate inward-facing scarps in the 
floor of Hebes, running parallel to the canyon rim, that show an 
intriguing resemblance to ring-faults associated with volcanic caldera 
collapse elsewere on Mars and on Earth. The possibility the Hebes 
Chasma contained a volcanic source for the layered deposits currently 
present within the canyon was suggested by Peterson (19811, and the 

. presence of the arcuate scarps invites speculation that Hebes might be 
a single enormous volcanic caldera of unique type, Such a hypothesis 
would help solve the otherwise embarassing problem of what happened to 
the material formerly occupying the canyon (it was erupted), but the 
gross similarity of Hebes and the other canyons, most of which are 
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clearly not volcanic in origin, argues against the caldera idea. The 
problem may not be resolvable with current data. 
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THE OPPOSITION EFFECT 

Bruce Hapke 
Department of Geology and Planetary Science 

University of P i t t sburgh  
Pittsburgh, PA 15260 

The problem of r a d i a t i v e  t r a n s f e r  i n  a medium of 1arge)randomly- 
spaced particles is considered i n  t h e  case where the  p a r t i c l e s  are c lose  
together.  The ex t inc t ion  of a layer  of thickness z containing n p a r t i c l e s  
p e r  u n i t  volume with cross-section u is  given by exp [ln(l-F) n (5 z/F], 
where F is the  f r a c t i o n a l  volume occupied by s o l i d  particles.  When F <<1 
t h i s  reduces t o  the commonly used form exp (-noz). The opposition e f f e c t  
is reconsidered i n  l i g h t  of t h i s  r e s u l t ,  and a new a n a l y t i c  expression is 
derived which is more rigorous than ones which have been previously ava i l -  
able.  The amplitude of t he  OE is cont ro l led  by 2 f ac to r s :  t he  r a t i o  of 
single-to-multiplescattering and the  r a t i o  of surface-to-volume-scatter- 
ing from a s i n g l e  p a r t i c l e .  The angular width of t he  OE is  dependent on 
3 fac tors :  t he  poros i ty  l-F, t he  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  and t h e  
manner i n  which n changes from close-packed a t  depth t o  zero a t  t he  mean 
surface.  
t i ons ,  including those by Oetking (1966), and f i t s  astronomical da ta  w e l l .  
The very narrow OE of t he  Uranian satell i tes (Brown 6 Cruikshank, 1983) can 
be understood i f  t he  density of s c a t t e r e r s  near t he  o p t i c a l  sur face  
decreases from close-packed t o  zero over a d is tance  of t h e  order of 30 t i m e s  
t h e i r  mean s i z e .  

The new model explains a number of heretofore-puzzling observa- 
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B.R. Hawke, P.G. Lucey, and T.B. MCCOrd, Planetary Geosciences Div., Hawaii 
Ins t .  of Geophysics, Univ. of Hawaii, Honolulu, H I ;  C.M. P i e t e r s  and J.W. 
Head, Dept. of Geological Sciences, Brown Univ., Providence, RI .  

Introduction: The Aristarchus Plateau i s  one of the most geologically 
complex regions of the Moon and exhib i t s  a number of spectral  and geochemi- 
c a l  anomalies. The plateau i s  an elevated c r u s t a l  block blanketed by vary- 
ing thicknesses of dark mantling mater ia l  of probable pyroclast ic  o r i g i n  
and dissected by large sinuous r i l l e s .  Aristarchus c r a t e r  s t raddles  the  
plateadmare boundary. Although t h i s  region has been the  subject of 
numerous geological and remote-sensing investigations'-', s ign i f icant  qaes- 
t ions  concerning the composition, or igin,  and evolution of the observed 
geologic u n i t s  remain. The purpose of t h i s  study was t o  use a var ie ty  of 
v i s i b l e  and near-infrared spec t ra l  data  t o  inves t iga te  the composition and 
d i s t r i b u t i o n  of surface material  i n  the Aristarchus region. It was ant ic i -  
pated t h a t  the r e s u l t s  would have important implications f o r  1) the  compo- 
s i t i o n  and s t ra t igraphy of the lunar c rus t ,  2)  the nature of Imbrium e j e c t a  
and pre-Imbrium material ,  3) the s t ra t igraphy of the Aristarchus t a r g e t  
s i t e ,  4 )  t h e  impact crater ing process, and 5 )  the  composition of the dark 
mantling material .  

llethod: An ear ly  s t e p  i n  the project  was the production of multispec- 
t r a l  r a t i o  images (.40/.56pm and .95/.56pm) and a var ie ty  of spectral  u n i t  
maps. The techniques used i n  the preparation of the products a s  well  as 
the preliminary in te rpre ta t ions  have been previously discussed . N e a t  
infrared ref lectance spectra (.6-2.5pm) for  the Aristachus region were 
obtained using the 2.2m W telescope a t  the Mauna Kea Observatory. Most 
spectra were obtained during periods of exceptional "seeing" ( . 5  arcsec) a t  
Mauna Kea and a r e  of very high qual i ty .  The- spectra w y e  reduced and 
analyzed following the procedure described by McCord e t  a l .  . The spectra 
most important f o r  the understanding of the Aristarchus region a r e  
presented i n  Figure 1. 

Results: The spectra obtained f o r  the central  peak, southern f loor ,  
southwestern wall ,  eastern wall, and northwestern wall  of Aristachus c r a t e r  
share generally s imilar  spectral  charac te r i s t ics .  These spectra  exhibi t  
shallow continuum slopes, r e l a t i v e l y  strong feldspar  bands, pyroxene bands 
stronger than those typ ica l ly  seen i n  the spectra  of f resh  highland 
features ,  and pyroxene band centers  near 1pm suggesting the  dominance of 
Ca-rich clinopyroxene. These c h a r a c t e r i s t i c s  indicate  t h a t  Aristarchus 
c r a t e r  material  has a feldspar-rich highland composition, with an unusual 
pyroxene assemblage dominated by clinopyroxene. These spectrg can be 
divided i n t o  two classes .  The southwest and northwest wal l  spectra have 
stronger pyroxene and feldspar  bands and somewhat s teeper  continuum slopes 
than the f loor ,  peak, and eas t  wall  spectra. This may be indicat ive of 
e i t h e r  compositional or grain s i z e  differences.  These differences may be 
a t t r i b u t a b l e  t o  minor var ia t ions  i n  the highland composition of the t a r g e t  
s i t e  or t o  d i f f e r i n g  amounts of impact melt i n  the various port ions of the 
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c r a t e r  i n t e r i o r .  It seems l i k e l y  t h a t  the Th high centered on the c r a t e r  
i s  associated with one or both of the compositions i d e n t i f i e d  i n  the c r a t e s  
i n t e r i o r .  

The spectrum of Aristarchus A, a b r ight  c r a t e r  i n  rugged t e r r a i n  
northwest of Aristarchus, i s  q u i t e  s imilar  t o  the southwest and northwest 
wall spectra and indicating t h a t  both Aristarchus and Aristarchus A have 
excavated a regional compositional uni t .  Aristarchus c r a t e r  has exposed 
material  s imilar  t o  t h a t  present under a t  l e a s t  port ions of the dark mantle 
deposit on the  plateau. The spectrum of the south r i m  of Aristachus i s  
qui te  d i s t i n c t  from those of other  c r a t e r  uni ts .  It has a broad, shallow 
band centered j u s t  beyond one micrometer eliminating typical  pyroxene 
assemblages as i t s  major mafic component. A s imilar  spectrum was obtained 
f o r  Herodotus X, a mountain on the plateau 200 B;m from Aristachus. .  The 
spectral  c h a r a c t e r i s t i c s  of both the Aristarchus south r i m  and Herodotus X 
could be explained by the presence of material  r i c h  i n  ol ivine.  We suggest 
t h a t  t h i s  material  was derived from a deep-seated l a y e r  t h a t  was exposed by 
the Aristarchus impact, and which a l so  formed the pre-Imbrian c r a t e r  of 
which Herodotus X i s  p a r t  of the  r i m .  

The pos i t ion  of Aristarchus on the  p la teadmare  boundary r a i s e s  ques- 
t i o n s  concerning compositional var ia t ions  i n  c r a t e r  e jec ta  deposits.  One 
spectrum of a dark e j e c t a  deposit  on the  mare side of the boundary was 
taken which i s  very mare-like. The continuum slope is somewhat shallow for  
f resh  mare material ,  but i s  ident ica l  t o  a small c r a t e r  i n  the mare ( A r i s -  
tarchus C)  t o  the north of the plateau. This suggests mare b a s a l t  was 
included i n  Aristarchus e j e c t a  a t  l e a s t  t o  the northeast .  No other  spec- 
trum taken i n  the c r a t e r  i n t e r i o r  i s  s imilar  t o  a mare spectrum indicating 
l i t t l e ,  i f  any, mare b a s a l t  was present i n  the material  which was shock 
melted t o  produce the Aristachus impact melt. 

The dark mantle blanketing the region has unique spectral  characteris-  
t i c s .  I t s  spectrum, "A" i n  Figure 1, has a very s teep continuum slope and 
a g r y  shallow, broad band centered beyond 1pm. This band may be due t o  
Fe absorptions i n  pyroclast ic  glass .  

References: 1) S. Zisk, e t  a l . ,  1977, The Moon, 17, 59; 2)  H.J. Moore, 
1965, U.S. Survey Geol. Inv. Map 1-465; 3) E.L. Haines, 1978, Proc. Lunar 
Planet. Sci. Conf. 9th, 3285; 4) M.I. Etchegaray-Ramirez, e t  ax., 1982, 
Proc. Lunar Planet. m. Conf. 13th, 529; 5) D.W. Davies, e t  a l . ,  1979, -- Proc. Lunar Planet Sci. Conf. lo th ,  1819; 6) J.E. Guest, 1973, Geol. Soc- 
__. h e r .  - * # -  Ball  84, 2873; 7) P.G. Lucey, e t  a l . ,  1982, LPSC X I I I ,  678; 8 )  T.B. 
McCord, e t  a l . ,  1981, JGR, a, 10883. 
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A Case f o r  O l iv ine  on Mars. R. Huguenin, L. Vale, and D. McInt i re ,  
Remote Sensing Center - Hasbrouck, UMassachusetts, Amherst 01003. 

It w a s  noted i n  earlier papers  t h a t  Mars dark  area r e f l e c t a n c e  
s p e c t r a  con ta in  abso rp t ion  f e a t u r e s  t h a t  po in t  t o  t h e  p o s s i b l e  ex i s t ence  
of mafic s i l i ca te  minera ls  on t h e  s u r f a c e  (McCord e t  a l ,  1977; Huguenin 
e t  al ,  1977). Regional v a r i a t i o n s  i n  absorp t ion  band p o s i t i o n s  and 
s t r e n g t h s  suggested t h a t  t h e r e  were r eg iona l  v a r i a t i o n s  i n  t h e  rock types  
of t h e  areas measured. 
absorp t ion  bands suggested t h a t  o l i v i n e  (and/or mafic  g l a s s )  may b e  a 
dominant phase and t h a t  high-calcium pyroxenes may b e  more abundant than  
low-calcium pyroxines (Huguenin et a l ,  1978). A few areas had absorp t ions  
that suggested t h a t  low-Ca pyroxenes and high-Ca pyroxenes, r a t h e r  than  
o l i v i n e ,  may b e  dominant phases. 
and M a r g a r i t i f e r  Sinus quadrangles between 0 and 900 W l ong i tude  and 
from 0 t o  30°S l a t i t u d e .  

Spec t ra  of new areas from another  p a r t  of t h e  p l ane t  were measured 
during 1978 and 1980, and they  showed genera l  s imilar i t ies  t o  t h e  earlier 
s p e c t r a  (Singer  e t  a l ,  1979). I n  a subsequent i n t e r p r e t a t i o n  of a 1978 
spectrum, Singer  (1981, 1982) concluded t h a t  only pyroxene bands con t r i -  
buted t o  t h e  absorp t ions  i n  t h e  new areas. Noting similarities t o  t h e  
earlier s p e c t r a ,  he  then  extended t h i s  i n t e r p r e t a t i o n  t o  cha l lenge  our  
proposal  t h a t  o l i v i n e  may b e  a dominant phase on Mars. H i s  i n t e r p r e t a t i o n  
a l s o  challenged an  earlier i n t e r p r e t a t i o n  by Adams and licCord (1969) t h a t  
dark  area s p e c t r a  w e r e  s i m i l a r  t o  l abora to ry  s p e c t r a  of oxidized o l i v i n e  
b a s a l t .  

proposals  t h a t  o l i v i n e  may be  an  important phase on Mars. The a n a l y s i s  
i s  based on t h e  s i m i l a r i t y  of t h e  l abora to ry  r e f l e c t a n c e  spectrum of 
ALHA 77005, a me teo r i t e  proposed t o  b e  from Mars, and t h e  t e l e s c o p i c  
spectrum of a da rk  area n o r t h  of Hellas on Mars (1SoS, 3OOOW). This  is 
t h e  same spectrum analyzed by Singer  (1981, 1982), b u t  t h e  approach and 
r e s u l t s  are d i f f e r e n t .  

The Mars spectrum is  shown i n  F igure  1, which w e  publ ished i n  1979 
(Singer e t  a l ,  1979). 
( s o l i d  l i n e )  t h a t ,  when d iv ided  i n t o  t h e  Mars spectrum, reveals t h e  ab- 
so rp t ion  f e a t u r e  produced by the s u r f a c e  rocks and s o i l  (Singer et a l ,  
1979). 
F igure  2. 

For many of the areas, relative s t r e n g t h s  of 

Analyses w e r e  cen tered  i n  t h e  Coprates 

I n  t h i s  paper w e  r e p o r t  a new a n a l y s i s  t h a t  suppor ts  t h e  earlier 

Also shown i n  Figure  1 is a continuum spectrum 

The Mars spectrum wi th  t h e  continuum div ided  ou t  i s  shown i n  
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The contimuum is very similar to that of photooxidized magnetite, 
published by Huguenin (1973a), For the photooxidized magnetite the 
spectrum characteristics were produced by thin (1-3um) layers of ferric 
oxide on the substrate grains. For Mars the continuum may similarly 
re resent an optically thin Fe3+-bearing layer on the surface rocks and/or 
Fe3+ in dust suspended in the atmospheric column above the surface. 

The Mars spectrum with the continuum divided out (Figure 2) has 
been reformatted, with the abscissa ranging from 0.8-1.25um and linear 
in energy (rather than wavelength) and the ordinate scale made propor- 
tional to absorption strength, 
included in Figure 2, is discussed below. 

instrument used to measure the Mars spectrum in Figure 1, is shown in 
Figure 3 (the spectrum was measured and provided to us by L. McFadden). 
It is presented in the same format as the Mars spectrum in Figure 2. 

A gaussian fit to the Mars spectrum, 

A reflectance spectrum of &HA 77005, measured with the same 
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Figure 3 

From the mineralogical analysis of ALHA 77005 (McSween et al, 1979; 
Wood and Ashwal, 1981), absorption band positions and half-widths were 
determined for the constituent minerals in ALHA 77005. Gaussian fits 
to laboratory spectra of representative minerals were used to determine 
half-widths and gross positions for the bands, and the technique of 
Adams (1975) was employed to refine the band positions. 
phases and their corresponding seven absorption bands are listed in Table 
I. Using these seven bands with their characteristic positions and 
half-widths, we adjusted individual band strengths to obtain a best fit 
to the meteorite spectrum. 

The constituent 

The result is shown in Figure 3. 

TABLE I: hLHA 77005 Absorption Bands 

Band Designation Mineral Wavelength (nm) 

1. Olivine (Po7 4 1274 (7846cm-l) 
2. Olivine (Fo74 + Glass 1036 (9646cm-l) 
3. *Augite (Band la) 970 (10300~m-'~) 
4 .  Pigeonite 921 (10850~m'~) 
5. Ferric Oxide f Olivine (Fo74) 862 (11600~m-~) 
6. ;*Augite (Fe2+ + Fe3+) charge 789 (12665cm-'1 

7. "Augite (Rand lb) 1151 (8687cm-I) 
transfer 

*Augite with composition Wo35En50Fsl~ would be expected to have two 
Fe2+ bands near lOOOnm and a charge transfer band near 794nm (Adams, 1975) 
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Using the same seven band positions and appropriate half-widths, 
we again adjusted absorption strengths to obtain a best fit to the Mars 
spectrum. 

Comparison of the results reveals notable similarity. In Table I1 
the gaussian strengths for the seven bands, normalized to pigeonite (Band 
41,  are compared for the two fits in Figures 2 and 3. 

The result is shown in Figure 2. 

TABLE 11: Relative Gaussian Band Strengths for Nars 
and ALHA 77005 

Mineral Bands 

Olivine/pigeonite 
Olivine + Glass/pigeonite 
Augite (la) /pigeonite 
Augite (lb)/pigeonite 

Ferric Oxide + Olivine/pigeonite 3.07 
Augite (ch.tr.)/pigeonite 1.90 1.47 

1.19 

Relative Gaussian Band Strengths 
Mars ALHA 77005 

1 1.26(Av) 1.16 1*931 2.21(Av) 1.36 2.48 
1*461 1.18(Av) o*67) 1.17 .923(Av) 0.90 

- 

First, note the similarity of the augitelpigeonite average band 
strengths for ALHA 77005 (.923) and Mars (1.18). They are both close 
(within 8-18%) to 1.0. Note also that the ratio of the charge transfer 
band to the average electronic transition band strengths for the augite 
are similar to within 2% for Mars (1.90/1/18 = 1.61) and ALHA 77005 
(1.47/.923 = 1.59). 
simply to generate a best fit to the spectra and were otherwise uncon- 
strained, these similarities are striking. They suggest that the 
relative abundances and compositions of pyroxenes in the Mars area may 
be quite similar to those in ALHA 77005. 

Second, note the similarity of the ratios of the strengths of the 
olivine + glass vs. the olivine bands for ALHA 77005 (1.36/1.16 = 1.17) 
and the Mars area (2.48/1.93 = 1.28). They are the same to within 9%, 
even though the average olivinejpigeonite band strengths are a factor 
of 1.8 higher for the Mars area (2.21) than for ALHA 77005 (1.26). The 
ratios of these two band strengths (band 2/band 1) for the meteorite 
and the Mars area are similar to that for the laboratory spectra of 
olivine of similar composition, and this suggests that olivine dominates 
over glass in controlling the strength of band 2 in the spectra of both 
ALHA 77005 and the Mars area. This is consistent with the modal analyses 
of ALHA 77005, and it supports the proposed existence of possibly 
abundant olivine in the Mars area. Indeed, olivine is the dominant phase 
(52%) in ALHA 77005 (Wood and Ashwal, 1981), and for the Hars area the 
relative olivine band strengths are nearly twice as great as for ALHA 
7 7005. 

A third point to note is that the Fe2O3 + olivine band near 862nm 
is of comparable strength to the other two olivine bands in ALHA 77005. 

Considering that band strengths were adjusted 
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This is  observed i n  laboratory spec t r a  of o l i v i n e s  of comparable com- 
pos i t ion ,  and it  suggests t h a t  FegO3 may have contributed very l i t t l e  
t o  t h e  s t r eng th  of t h i s  band i n  ALBA 77005 (which would be  cons is ten t  
with modal analyses of t h e  meteorite),  
o l iv ine /p igeoni te  relative band s t rength  is a f a c t o r  of 2 - 6  higher than 
f o r  ALWA 77005. This can b e  a t t r i b u t e d  t o  expected contaminant dus t  i n  
t h e  sur face  s o i l s  of t h e  Mars area (McCord et a l ,  1977; Huguenin et a l ,  
1977, 1978; Singer e t  a l ,  1979), 

minerals i n  Table I with band pos i t ions  derived from t h e  McCord e t  a1 
(1977) spec t r a  of Mars areas (Huguenin e t  a l ,  1977, 1978). W e  deduced 
t h e  presence of o l i v i n e  and/or g l a s s  with a band near 1.05ym, wi th in  
2% of t he  corresponding band pos i t i on  (band 2) i n  Table I (band 1 w a s  
beyond t h e  range of t h e  telescope spec t ra ) .  W e  deduced t h e  presence 
of high-calcium pyroxenes i n  t h e  Mars areas with band pos i t ions  varying 
from region t o  region, bu t  generally i n  t h e  range 930-10O0nm0 
corresponding band pos i t i on  i n  Table I is i n  the  middle of t h i s  range 
a t  970nm (band 3). 
i n  t h e  Mars spec t r a  between 600-77Onm. 
i n  Table I, and it l ies only %3% longer i n  wavelength near789nm 
deduced t h e  presence of low-calcium pyroxenes i n  t h e  Mars spec t ra  with 
bands centered between 900 and 930nm. Again such a band e x i s t s  i n  Table 
I near 921nm f o r  p igeoni te  (band 4) ,  W e  deduced t h e  presence of Fe3+ i n  
t h e  Mars s o i l  wi th  a band near 870nm, and a corresponding band e x i s t s  i n  
Table I near 862nm (band 5 ) ,  only ~ 1 %  shor t e r  i n  wavelength. 
bands l i s t e d  i n  Table I t h a t  were not deduced from t h e  earlier Mars 
spec t ra ,  v i z  bands 1 and 7 ,  are beyond t h e  wavelength range of t h e  earlier 
Mars spectra (300-11OOnm). I n  addi t ion  t o  derived band pos i t ions  w e  
deduced from band depths i n  t h e  Mars spectra t h a t  opaques occupied less 
than 1 0 w t %  of t h e  su r face  s o i l s ,  For ALHA 77005 and t h e  o ther  SNC 
meteorites proposed t o  be  of candidate Martian o r ig in ,  opaques w e r e  less 
than 4% of t h e  mass by weight. W e  a l s o  predicted t h a t  s u l f i d e  may be  
present ,  based on co r re l a t ions  between albedo and in fe r r ed  mafic s i l i c a t e  
abundance r a t i o s .  T r o i l i t e  w a s  indeed present a t  levels up t o  4wt% i n  
SNC meteorites,  

A f i f t h  po in t  i s  t h e  agreement between t h e  in fe r r ed  relative band 
s t r eng ths  derived from the earlier Mars spec t r a  (Huguenin et a l ,  1978) 
and those derived he re  f o r  ALHA 77005 and t h e  newer Mars a reao  

pr imi t ive  rock types, derived from t h e  Mars dark area spec t r a ,  analyses 
of Viking XRF da ta ,  and mantle thermal models (Smyth e t  a l ,  1978) are 
s i m i l a r  t o  proposed source rock pe t ro logies  f o r  ALHA 77005 and t h e  o ther  
candidate Mars meteorites.  
pr'imitive Mars rocks (planetwide average) i s  shown i n  Table I T I .  

For t he  Mars area, t h e  Fez03 + 

The fou r th  point is t h e  s i m i l a r i t y  of band pos i t i ons  f o r  ALHA 77005 

The 

W e  deduced t h e  presence of charge t r a n s f e r  bands 
A corresponding band again e x i s t s  

W e  

The only 

A s i x t h  poin t  of s ign i f i cance  is t h a t  pe t ro logic  models f o r  Martian 

Our derived parent normative mineralogy f o r  
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Mineral 

Ol iv ine  
Diopside 
P lag ioc la se  
Orthoclase 
Magnet i t  e 
Nephline 

TABLE 111: Normative Mineralogy of P r i m i t i v e  Martian 
Source Rock (Planetwl.de Average) 

Composition Weight Percent  

37-38% 
20-29% 
20-32% 
0 , 6-1,4% 
4.4-7% 
2 5-5% 

It w a s  proposed by McSween et  a1 (1979) t h a t  the pa ren t  €or  ALHA 
77005 and t h e  o t h e r  candida te  Mars me teo r i t e s  w e r e  probably p lag ioc lase-  
bear ing  p e r i d o t i t e s ,  c o n s i s t i n g  dominantly of o l i v i n e  wi th  smaller 
amounts of pyroxene and p lag ioc lase .  This i s  c o n s i s t e n t  w i t h  ou r  model 
i n  Table 111, Most s t r i k i n g ,  however, w a s  t h a t  p l a g i o c l a s e  composition 
f o r  the me teo r i t e  pa ren t  w a s  proposed t o  b e  41150-70, e s s e n t i a l l y  t h e  
same as our  der ived  p l a g i o c l a s e  composition of Ango i n  Table  111 f o r  
t h e  Mars parent .  

mineralogic  assemblage t o  t h a t  i n  t h e  Mars area nor th  of H e l l a s .  The 
spectrum of t h i s  area is  similar t o  s p e c t r a  of several o t h e r  areas 
measured dur ing  t h e  earlier oppos i t ions  (McCord et a l ,  1977), and hence 
ALHA 77005 may b e  s i m i l a r  t o  s u r f a c e  rocks i n  several reg ions  of t h e  
p lane t .  
and those  der ived  earlier from t h e  Mars s p e c t r a  provide good suppor t  
f o r  our  o r i g i n a l  i n t e r p r e t a t i o n s  , p a r t i c u l a r l y  t h e  i n t e r p r e t a t i o n  t h a t  
o l i v i n e  may be  a n  abundant component i n  some of t h e  s u r f a c e  reg ions ,  

These s ix  p o i n t s  suggest  t h a t  ALHA 77005 may have a s i m i l a r  

The agreement between t h e  mineral  assemblage of ALHA 77005 

Acknowledgement, This resea rch  w a s  supported by NASA g r a n t s  NSF 7405 
and NAGW 440. 

References.  Adams, J O B , ,  i n  I n f r a r e d  and Raman Spec t ra  of Lunar and 
Terrestrial Minerals,  Academic P res s ,  NY, 1975, pp 91-115; Adams, JOB. 
and T.B. McCord, J. Geophys. Res . ,  74, 4851, 1969; Huguenin, R,L., J, 
Geophys, R e s , ,  78, 8481, 1973; Huguenin, R.L., Adams, J . B , ,  and McCord, 
T.B,, Lunar Science V I I I ,  478, 1977; Huguenin, R . L ,  Head, Jaw., and Xc 
Getchin,  T.R,, NASA Tech Mem TM79729, 118, 1978; McCord, T.B., Huguenin, 
R.L., Mink, D., and P i e t e r s ,  C., I ca rus ,  2, 25, 1977; McSween, H.Yo e t  
a l ,  Ear th  Plan. Sc i .  Letters, 45, 275, 1979; Singer ,  ROB.,  Ph,D. Disser- 
t a t i o n ,  MIT, 1981; Singer ,  R.Bo, J. Geophys. R e s .  ( i n  Press), 1982; 
Singer ,  R.B., NcCord, TcB.,  Clark,  R.No, Adams, J.B., and Huguenin, RoL., 
J. Geophys. R e s , ,  84, 8415, 1979; Smyth, J.R., Huguenin, R * L O ,  and M c  
Getchin, T.R,, Lunar Plan,  S c i  I X ,  1077, 1978; Wood, C.A. and Ashwal, 
L,D., Proc,  Lunar P lane t  Sci.  12B, 1359, 1981. 

258 



!' 
1 -  

i 
J 

GALILEAN SATELLITE MULTISPECTRAL DATA BASE PRODUCTION 

Principal Investigator:  T.V. Johnson (JPL) 
Co-Investigators: J.A. Mosher( JPL), L.A. Soderblom( USGS Flagstaff)  

We are producing a photometrically and  geometrically reduced da ta  base 
for the Galilean Satellites us ing  Voyager imaging data. The basic data 
set used is essentially a l l  the useful s a t e l l i t e  images returned by 
Voyager. Each frame has been radiometrically ca l ibra ted  and many have 
been projected in to  cartographic formats. 
h i g h  resolution frames a r e  being made f o r  each s a t e l l i t e .  These 
mosaics cons i s t  of registered d ig i t a l  images w i t h  i n t ens i ty  values 
scaled through a traceable ca l ibra t ion  procedure to  normal albedo 
values. Many o f  t h e  mosaics a r e  be ing  made i n  two versions. One 
version is  a albedo version and the second is a maximum discrimination 
version i n  wh ich  l a rge  var ia t ions i n  brightness across the picture a r e  
suppressed. 

Mosaics o f  low, medium and 

These databases a r e  be ing  used by many groups studying the geochemistry, 
geology, and surface/atmosphere in te rac t ions  of the *satel  1 ites. 
B.  Luchitta (USGS Flagstaff)  has d i s t r i b u t e d  photographic copies of the 
completed d ig i t a l  mosaics to the geologists who a r e  preparing geologic 
maps of  the s a t e l l i t e s .  
some of the mosaics t o  study the color  and photometry of  the s a t e l l i t e s .  
M. E .  Davies is  leading an e f f o r t  t o  compile an a t l a s  o f  s a t e l l i t e  
pictures. T h i s  a t l a s  will a l so  contain the computer mosaics. 

T. B .  McCord's (U o f  Hawaii) group is u s i n g  

Future work will include completing the mosaics, geometrically correct-  
i n g  every individual frame, and d i s t r i b u t i n g  the data t o  regional data 
centers. Below is a tab le  l i s t i n g  the s t a tus  of the mosaics. 

HIGH RESOLUTION MOSAICS (NARROW ANGLE CAMERA) 

Object Picture # Range # Frames Status  

IO 1639024-1 639236 51 Done 
Europa 2065139-2065223 12 Not Startdd 
Ganymede 1640422-1 64071 1 51 Done 
Ganymede 206351 7-2064055 100 Done 
Call i s t o  164241 6-1 64281 7 68 Almost Done 
Call i s t o  2061 609-2061 741 17 Done 
Call i s to  2061 832-2061 921 10 Not Star ted 

MEDIUM RESOLUTION MOSAICS (NARROW ANGLE CAMERA) 

IO 1637748-1 637756 5 Not Star ted 
Call isto 1642121 -1 642228 20 Done 
Cal l i s to  2060621-2060653 9 Not Star ted 
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Gb jec t 

IO 
IO 
Europa 
Ganymede 
Ganymede 
Call i s to  
Call isto 

IO 
IO 
Europa 
Ganymede 
Ganymede 
Call  i s t o  
Call isto 

i 

MULTISPECTRAL MOSAICS ( NARROW ANGLE CAMERA) 

Picture # Range # Frames 

1638209-1 638239 16 
1638850-1 639020 46 
206491 0-2065007 20 
16401 32-1 640420 85 
2063059-20631 33 18 
1641 752-1 641 908 39 
2061 330-2061 436 18 

MULTISPECTRAL MOSAI CS ( W  I DE ANGLE CAMERA) 

163921 6-1 639243 12 
1637429-1 6391 55 37 
206501 2-2065233 25 
16401 41 -1 640557 40 
206351 9-2064042 48 
1641 753-1 64281 0 42 
2060627-2061 926 33 

S t a t u s  

Done 
Done 
Not S t a r t e d  
Done 
Done 
Not S t a r t e d  
Not S t a r t e d  

Done 
Not S t a r t e d  
Not S t a r t e d  
Not S t a r t e d  
Not S t a r t e d  
Not S t a r t ed  
Not S t a r t e d  

I 
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MULTI-IMAGE PHOTOMETRIC SOLUTIONS FOR THE GALILEAN SATELLITES 
<Survey , 
Flags t a f f ,  AZ 86001 

The commonly used method t o  determine the limb-darkening of a planet or 
moon is t o  f i t  a so lu t ion  th rough  many points on a s i n g l e  image. T h i s  method 
requi res  the assumption t h a t  variations i n  normal albedo ( A n )  are random w i t h  
respect t o  photometric coordinates. However, systematic variations i n  
brightness are common on planetary bodies: Ganymede has b r igh t  poles, Io has 
dark poles, and most of the Galilean and Saturnian moons show rotat ional  
variations,  r e s u l t i n g  i n  systematic errors i n  single-image, limb-darkening 
f i t s .  Furthermore, d i f f e r e n t  surface materials may have d i f f e r e n t  photometric 
behavi ors. 

The method described here u t i l i z e s  two images of the same region on a 
p lane t ,  acquired i n  the same wavelength range (XI, w i t h i n  a few degrees of the 
same phase angle (a) ,  but acquired a t  d i f f e r e n t  i l lumination and viewing 
conditions. The two images are f i r s t  geometrically r eg i s t e red  i n  simple 
cyl indr ica l  format. A limb-darkening factor i s  computed f o r  each pixel p a i r  
and o u t p u t  as a d i g i t a l  image. Systematic t rends  w i t h  photometric coordinates 
across this image ind ica t e  either a ca l ibra t ion  error or inappropriateness of 
the particular photometric function. 
photometric function w i t h  a single limb-darkening f ac to r ,  such as the Minnaert 
function or the function which  combines the Lonnnel-See1 i g e r  and Lambert 
functions. suggested by Burat t i  e t  a l .  c11. By so lv ing  for many pa i r s  of 
images, the limb-darkening f a c t o r  as a function of a and X may be 
determined. A i s  determined by comparing the disk-integrated phase function 
w i t h  the 1 imb-aarkening cor rec ted  phase function. New global mu1 t i s p e c t r a l  
mosaics of An have been produced f o r  Europa, C a l l i s t o ,  and Io. 

Two-image 1 imb-darkening solut ions have been determined f o r  1 Voyager 
image pair  on Ganymede, 16 image pairs on C a l l i s t o ,  44 pairs on Europa, and 19 
pairs on Io. Results f o r  Ganymede and Ca l l i s to  are consistent w i t h  lunar-like 
scattering C2,31. Sca t t e r ing  on Europa i s  very uniform as a function of 
surface materials and wavelength A, and can be described by the Minnaert 5 
f a c t o r  as a function of ghase angle (a):  
0.000012a3, for a from 3 t o  30°, w i t h  a co r re l a t ion  coefficient of 0.94. 
Europa's disk-integrated phase function (geometric albedo ( p )  vs. a), is 
linear f o r  a 3" t o  30" and varies w i t h  X: 
= 0.66 - 0.0070aY p(.48pm) = 0.55 - O.O061a, p(.41pm) = 0.44 - O.O054a, 
p(.35pm) = 0.30 - 0.0046~(, as determined from 34 Voyager images a t  each x and 
normalized by the ro ta t iona l  l i g h t  curve, w i t h  co r re l a t ion  coe f f i c i en t s  from 
-0.93 t o  -0.97. The systematic var ia t ion of slope w i t h  X is consistent w i t h  
the same K(a) f o r  each x and increasing p a t  longer wavelengths. 

T h i s  method can be used for any 

K(a) = 0.64 - 0.005a + 0.00066a - 

p(.59pm) = 0.69 - O.O081a, p(.54pm) 

The limb-darkening of Io varies s t rongly  w i t h  x a t  low phase angles (a 3" - 15"): 
0.52 + O.O05a, K(a,.4lpm) = 0.49 + O.O06a, K(a,.35pm) = 0.44 i= 0.009a. K a l s o  
varies w i t h  surface materials on Io; conspicuous i n  the K images are higher 
values f o r  Bactria Regio (45"S., 125"W.) and Nina Patera (40"S., 165".W). The 
brown po la r  materials have a uniform limb-darkening, and the normal albedo 
systematically darkens w i t h  increas ing  l a t i  tude. W i t h  increasing phase angle, 
Io becomes redder and darker, e spec ia l ly  the reddest materials such as the 

K(a,.59pm) = 0.55 + 0.005aY K(~(,.54pm) = 0.53 + O.O05a, K(a,,48pm) = 
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lava flows i n  the south po la r  region. Both the blueing towards the l imb a t  
low phase angles and the reddening a t  h igh phase angles are consistent w i t h  
the laboratory resu l ts  f o r  powdered s u l f u r  C41 
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RAPID EXTRACTION OF RELATIVE TOPOGRAPHY FROM VIKING ORBITER IMAGES 11. - 
APPLICATION TO IRREGULAR TOPOGRAPHIC FEATURES 
PO A. Davis and L. A. Soderblom, U.S. Geological Survey, F l ags t a f f ,  AZ 
86001 

INTRODUCTION: The number of s t e r e o  images of t h e  mart ian su r face  is q u i t e  
small: thus an a l t e r n a t i v e  method t o  s t e r e o  photogrammetry must b e  devised 
f o r  topographic ex t rac t ion .  
r e l i a b l e  photoclinometric methods t o  estimate t h e  topography of craters 
from Viking Orbi te r  images [1 ,2 ,3] .  W e  have devised two photoclinometric 
methods t o  determine crater-form topography 141. The f i r s t  method, termed 
the r a t i o  method o r  Method I, is t h e  most r e l i a b l e  and p rec i se  of t h e  two 
i n  t h a t  i t  compensates f o r  changing albedo within the  p r o f i l e  by r a t i o i n g  
t h e  respec t ive  picture-element (p ixe l )  b r ightness  va lues  along two p r o f i l e  
d i r ec t ions  that have symmetric topography and albedo. Hence, t h e  
mul t ip l i ca t ive  e f f e c t  of albedo i n  the  photometric funct ion cance ls  ou t ,  
leaving s lope  as the  only unknown. The second method, t h e  f l a t - f i e l d  
method o r  Method 11, is less r e l i a b l e  because it uses only a s i n g l e  
p r o f i l e  on the  assumption t h a t  albedo along the  p r o f i l e  is constant.  
t h i s  method, t h e  combined e f f e c t s  of s o l a r  f lux ,  albedo, and camera 
s e n s i t i v i t y  are replaced by an estimate of t he  f l a t - f i e l d  br ightness  t h a t  
is derived from areas within the  image where the  s lope  is negl ig ib le .  
advantage over Method I is t h a t  i t  does not  requi re  any form of 
topographic symmetry and is the re fo re  usefu l  i n  ca l cu la t ing  t h e  r e l a t i v e  
he ights  of such i r r e g u l a r  f ea tu re s  as indiv idua l  scarps.  

Over t h e  pas t  t h ree  years  we have developed 

In  

Its 

The above methods compensate f o r  t he  e f f e c t s  of atmospheric 
s c a t t e r i n g  by sub t r ac t ion  of a haze value from a l l  br ightness  values  along 
t h e  designated p ro f i l e s .  This haze value is most accura te ly  obtained from 
shadows wi th in  t h e  image o r  through c a l i b r a t i o n  on known topography. 
above methods a l s o  compensate f o r  geometric d i s t o r t i o n s  of t he  imaged 
surface,  introduced by obl ique viewing angles ,  by applying an i t e r a t i v e  
matr ix  transformation t o  the  image coordinate  system, u t i l i z i n g  the  most 
recent  estimate of each pixel ' s  r e l a t i v e  he ight ,  which is obtained from 
t h e  photometric i n t eg ra t ion  [3] .  W e  have found a modified Minnaert 
photometric funct ion t o  be appl icable  t o  Mars. Solut ions obtained by 
these  methods are poss ib l e  because t h e  user  i m p l i c i t l y  designates  t h e  
upslope o r  downslope d i r e c t i o n s  f o r  t he  p ro f i l e s .  The most accura te  
so lu t ion  f o r  t he  r a t i o  method is obtained when the  two r a d i a l  p r o f i l e  
d i r ec t ions  are designated i n  opposing d i r ec t ions  wi th in  th.e maximum 
s c a t t e r i n g  plane. 

The 

The photoclinometric techniques described above have been t e s t e d  t o  
our s a t i s f a c t i o n  [3,4] and are now being used i n  seve ra l  c r a t e r  s tud ies .  
However, another equal ly  in t r igu ing  photoclinometric problem s t i l l  exists: 
t h e  ex t r ac t ion  of r e l a t i v e  topographic d a t a  f o r  i r r e g u l a r  f e a t u r e s  such as 
e j e c t a  blankets ,  l ava  flows, graben and r idge  scarps ,  dune forms, and 
s t r a t i f i e d  materials such as polar  deposi ts .  
f o r  such f e a t u r e s  would allow inferences t o  be made concerning ta rge t -  
material p rope r t i e s  of c r a t e red  t e r r a i n  (as  w e l l  as p r o j e c t i l e  ve loc i ty ) ,  
rheology of lava flows, geophysical condi t ions f o r  graben and wrinkle- 
r idge  formation, physical  cha rac t e r  of s t r a t i f i e d  depos i t s ,  and e o l i a n  
e ros ion  and deposit ion.  

Topographic da t a  obtained 
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Howard -- et al. [5] presented a photoclinometric technique f o r  
topographic ex t r ac t ion  f o r  the  martian polar  regions.  
requi res  t h a t  t h e  su r face  albedo remain cohstant wi th in  the  designated 
p r o f i l e ,  and it does not  co r rec t  f o r  obl ique viewing geometry. It f u r t h e r  
requi res  a measure of t he  f l a t - f i e l d  br ightness ,  which necess i t a t e s  t he  
presence wi th in  o r  near t h e  dis ignated p r o f i l e  of an area t h a t  has  
neg l ig ib l e  slope. Unfortunately,  some of t he  more i n t e r e s t i n g  problems on 
Mars involve t h e  de l inea t ion  of s t r a t i f i e d  depos i t s ;  t he  mere presence of 
s t r a t i f i e d  depos i t s  i nd ica t e s  varying albedo, and precludes the  use of 
t h e i r  technique. 

Their method 

METHOD: 
f ea tu res ,  we have a l t e r e d  the  algorithms t h a t  w e  developed f o r  crater-form 
topography, but  we  s t i l l  u t i l i z e  the  bas i c  concepts t h a t  allow topographic 
ex t r ac t ion  of t e r r a i n  of v a r i a b l e  albedo. W e  have devised two add i t iona l  
methods f o r  i r r e g u l a r  topography: t he  f i r s t ,  Method IIa, is a more 
v e r s a t i l e  vers ion  of t h e  f l a t - f i e l d  method developed f o r  crater-form 
topography; t h e  second, Method 111, u t i l i z e s  the  b a s i c  concept of p r o f i l e  
symmetry developed f o r  Method I. 

In order  t o  der ive  relative topographic da t a  f o r  i r r e g u l a r  

Both new methods u t i l i z e  two p r o f i l e  d i r ec t ions  whereby t h e  s t a r t i n g  
pos i t i ons  of t he  two p r o f i l e s  can be e i t h e r  t h e  s a m e  po in t  o r  e n t i r e l y  
d i f f e r e n t  po in ts ,  as long as downslope o r  upslope d i r ec t ions  can be 
designated f o r  t he  p r o f i l e s .  Method I ( the  r a t i o  method f o r  crater-form 
topography) cur ren t ly  uses the  same s t a r t i n g  pos i t i on  f o r  both r a d i a l  
p r o f i l e s ;  Method I1 [ 3 , 4 ]  w a s  previously un id i r ec t iona l ,  as i n  t h e  
technique of Howard et al. 151. 

Method IIa u t i l i z e s  two p r o f i l e  d i r ec t ions  t h a t  can have t o t a l l y  
d i f f e r e n t  s t a r t i n g  and ending poin ts  as long as t h e  t o t a l  change i n  
e leva t ion  within both p r o f i l e s  ks the  same and the  albedo is constant.  
Method IIa iterates through f l a t - f i e l d  br ightness  va lues ,  s t a r t i n g  with a 
seed value,  t o  f ind  the  f l a t - f i e l d  value t h a t  produces the  same t o t a l  
change i n  height  f o r  both p r o f i l e s .  
more constrained than Method 11. 

Thus Method I Ia  is quan t i t a t ive ly  

Method 111 is b a s i c a l l y  designed f o r  f ea tu re s  whose topography and 
albedo, along two p r o f i l e  d i r ec t ions ,  are roughly symmetric, even though 
t h e  topography is genera l ly  i r r e g u l a r  ( f o r  example, two s i d e s  of a 
spur) .  As i n  Method I, r a t i o i n g  respec t ive  pixel-brightness values  of t he  
two p r o f i l e s  w i l l  produce a so lu t ion  f o r  p ixe l  s lope  t h a t  is independent 
of albedo. I n  order  t o  in su re  t h a t  t h e  downslope o r  upslope d i r e c t i o n  is  
u t i l i z e d  f o r  both p r o f i l e  d i r ec t ions  when a common poin t  is des i red  f o r  
t h e i r  s t a r t i n g  pos i t ion ,  t h e  user  estimates a l o c a l  tangent t o  the  r i m  of 
t h e  i r r e g u l a r  f e a t u r e  a t  two loca t ions  by designat ion of two poin ts  along 
the  r i m  a t  t h e  two loca t ions .  Method 111 then ca l cu la t e s  t h e  p r o f i l e  
d i r ec t ions  and the  s t a r t i n g  point  by t h e  perpendicular b i sec t ion  of t he  
two tangent l i n e  segments. 

I n  both methods, a f t e r  t he  e leva t ions  along t h e  p r o f i l e s  are obtained 
by in t eg ra t ion  of t h e  photometric funct ion,  a matrix transformation i s  
appl ied t o  the image coordinates  of each p i x e l  wi th in  each p r o f i l e ,  
u t i l i z i n g  each pixel ' s  i n t e g r a l  height ,  t o  produce a pro jec t ion  of each 
p r o f i l e  l i n e  onto t h e  surface.  Pixel-brightness values  are then resampled 
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along the  projected t r a c k  of each p r o f i l e  t o  
height  value f o r  each p i x e l ,  and t h e  process 
process terminates  when the  i n t e g r a l  he ights  

determine a more c o r r e c t  
is  repeated. The i t e r a t i o n  
of two consecutive i t e r a t i o n s  

do not change by more than 2 percent of t h e  image reso lu t ion .  
IIa, an add i t iona l  cons t r a in t  f o r  convergence is required,  i n  t h a t  t he  
i n t e g r a l  he igh t s  of both p r o f i l e s  must not  d i f f e r  by more than 2 percent 
of t he  image reso lu t ion .  

RESULTS: 
preliminary test da ta  f o r  grabens and v a l l e y  scarps  i n  t h e  Ti thonia  Chasma 
and Olympus Mons regions [6,71 i n d i c a t e  a p rec i s ion  f o r  both Method IIa 
and 111 of 10-20 percent ;  i n  some instances,  t he  p rec i s ion  has reached 5 
percent.  
increase  p rec i s ion  t o  b e t t e r  than 10 percent  i n  a l l  cases.  

For Method 

Both new methods are cu r ren t ly  i n  the  development s tage ,  bu t  

Development of t hese  two methods w i l l  continue i n  order  t o  
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THERMAL INFRARED ANALYSIS OF VOLCANIC SURFACES: MARS AND HAWAII 
James R. Zimbelman, Department of Geology, Arizona State University, Tempe, Arizona 85287 

Thermal infrared measurements of a planetary surface indicate the surface temperatures 
through the amount of energy they emit. The variation of surface temperatures is governed by 
the thermal inertia, a measure of how rapidly or slowly the temperature changes throughout 
the day. Thermal inertia is related to the particle size and porosity of the surface (1,2), which 
should be related to the geologic history of the surface. Global mapping by the Viking Infrared 
Thermal Mapper (IRTM) revealed that the Tharsis volcanoes were situated within a vast area of 
low thermal inertia material, implying very fine particle size or very high porosity, with the 
volcanoes having the lowest thermal inertias (2,3,4). This work involves the use of high spatial 
resolution IRTM data to examine the volcanoes in more detail. 

Figure 1 shows the longitudinally averaged thermal inertias for a sequence that crossed 
Ascraeus Mons through the summit caldera, providing profiles of the volcano. Globally mapped 
thermal inertias display a trend of decreasing values with increasing elevation and this is attri- 
buted to three atmospheric effects: 1 ) decreasing thermal conductivity of particulate materials 
with decreasing atmospheric pressure (1,2), 2) decreasing atmospheric thermal radiation with 
increasing elevation (9, and 3) decreasing dust opacity with increasing elevation (5). The 
sequence used for the data in Figure 1 were collected in a relatively dust-free period; line b in 
the figure shows the thermal inertia values that result from the other two effects (see ref. 6 for 
details). The basal shield thermal inertia is considerably larger than that of the surrounding 
plains with the thermal inertia gradient located on the geologic contact between these units. 
This contrast may be related to  differing lava flow characteristics between the shield lavas and 
the flood lavas of the plains. Thermal inertia decreases from the base toward the summit but 
levels off at a value consistent with the surrounding plains when less than half way up the 
volcano. The zone of this “leveling off” corresponds with the lower limit of the dark collar 
zone for the Tharsis volcanoes (7) and also with a general change in surface morphology; above 
this_ zone morphologies are very sharp and distinct in high resolution photos while below this 
area the morphology is generally subdued. The highest thermal inertias in the summit area 
correspond t o  caldera walls where large blocks or rock outcrop would be more likely. The other 
Tharsis shield volcanoes have thermal trends similar to that of Ascraeus Mons but the Elysium 
volcanoes and the highland patera appear to lack the properties contrast with the surrounding 
units. Future effort will be centered on these older volcanic features. 

Lava flow surface textures can produce roughness elements at many scales, including rough- 
ness ranging from to 10 m in scale-the range that contributes to thermal infrared emis- 
sions (8). Hawaiian lavas provide a variety of flow types and ages on which to evaluate rough- 
ness scales and their potential contribution to thermal emissions. Pahoehoe flows gradually 
loose surface glassy zones and flow textures (e.g. ropes) through weathering with increasing 
age but with relatively little changes over distances of a meter or more. Aa flows loose mm- 
sized glassy spines with increasing age but also the m-scaled chaotic placement of clinkers 
becomes more subdued as clinkers are worn down or sediments settle among them. Thermal 
infrared images of the 1823 flow on Kilauea’s southwest rift zone show lower thermal inertias 
near the vent area where shelly pahoehoe is common while individual channelized aa flows with 
abundant broken pahoehoe slabs are higher thermal inertia. The increase in aa flows to the 
southeast leads to a general trend of increasing thermal inertias from near vent to distal areas. 

Martian shield volcanoes have thermal inertias equal to or higher than their surrounding 
plains when atmospheric effects are removed from the data. The general increase in thermal 
inertias away from the summit calderas is consistent with the trend of the Hawaiian 1823 flow 
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and may be related to changing lava properties away from the summit. The potential contribu- 
tion of roughness to thermal emissions from volcanic surfaces may aid in the differentiation of 
flow characteristics but it also will complicate the interpretation of thermal inertias in terms of 
particle size. 
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Figure 1. Longitudinally averaged thermal inertias for Ascraeus Mons. Data are from orbit 543 of spacecraft I, 
around local midnight, with a spatial resolution of -11 km2 (2 by 5.5 km) for each measurement. 
Data were binned by 0.1" in longitude and the standard deviation determined for each bin. a) Ob- 
served thermal inertias (units of l P 3  cal cmq2 sec-1'2 K-' ). b)  i%ermal inertias corrected for eleva- 
tion-dependent properties of the atmosphere. 
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PROGRESS REPORT: RADAR BACKSCATTER MODELLING 
Gerald 6. Schaber, Richard C. Kozak, and Robert L. Gurule; U.S. Geological 
Survey, F1 ags ta f f ,  AZ 

Death Val l e y  and Nor thern Arizona Research 

t o  handle the  vast amounts o f  data and ca l cu la t i ons  requ i red  f o r  c o r r e l a t i o n  
o f  radar cross-section and d i g i t a l  t e r r a i n  data. The Te r ra in  Analys is  
software package comprises 21  programs w r i t t e n  and mod i f ied  over t h e  pas t  
decade f o r  use i n  empi r i ca l  mode l l ing  of radar  backscat ter  from na tu ra l  
t e r ra ins .  Two problems were addressed i n  t h e  most recent  mod i f i ca t ion :  
i n e f f i c i e n t  and very j o b  s p e c i f i c  nature o f  the  program; and t h e  conversion o f  
t he  system-speci f i c  switches i n t h e  For t ran  code, which was o r g i  nal l y  w r i t t e n  
t o  operate on the  Modcomp 11/25. The l a t t e r  problem was cor rec ted  by 
a l t e r a t i o n  o f  I/O statements i n  t h e  code, thus a l l ow ing  t h e  Te r ra in  Analys is  
programs t o  be run on the  much f a s t e r  DEC PDP VAX 11/750 r e c e n t l y  i n s t a l l e d  a t  
t he  USGS F l a g s t a f f  f a c i l i t y  by the  Branch o f  Astrogeology. 
completed r e s t r u c t u r i n g  o f  t he  program t o  make i t  more widely  usable, more 
f l e x i b l e ,  and eas ie r  t o  read and modify. Res t ruc tur ing  consis ted c h i e f l y  of 
breaking the  programs down i n t o  component subroutines, and c r e a t i n g  a main 
c a l l i n g  program s p e c i f i c  t o  our needs, f ree ing  t h e  r e s t  o f  t h e  code t o  be more 
usable t o  others. We a l so  added documentation, as the  o r i g i n a l  documentation 
was very sparse. 

A major area o f  progress has been the  mod i f i ca t i on  o f  sof tware necessary 

the  

I n  August, we 

Another area o f  progress invo lved w r i t i n g  a program t o  t e s t  t h e  Johnson 
Space Center four-band scatterometer data f o r  spurious s ignal  data, caused by 
excessive a i r c r a f t  r o l l  / p i  t c h / d r i f t ,  e l e c t r i c a l  surges, o r  some o the r  system 
g l i t ches .  The r a w  s igna l  data has been reduced by JSC f o r  about one-half hour 
o f  data over both the  Death Va l ley  and nor thern Arizona s i t es ,  which cover 14 
d i f f e r e n t  s u r f i c i a l  deposi ts  o f  Quaternary-Ter t iary  age, ranging from a b locky 
andesite f low t o  s t a b i l i z e d  l i n e a r  dunes t o  eroded massive h a l i t e  deposits. 
Time-history p l o t s  o f  t h e  scatterometer data have been generated f o r  t h e  
nor thern Arizona scatterometer data, and w i l l  be completed s h o r t l y  f o r  t he  
Death Va l ley  data. A simple s t a t i s t i c a l  program t o  analyze t h e  scatterometer 
data i s  near ly  complete, and w i l l  p l o t  r e t u r n  radar  cross sec t ion  against  
parameters such as p o l a r i z a t i o n ,  inc idence angle, and wavelength, as w e l l  as 
p rov id ing  s t a t i s t i c a l  in format ion.  F i ve  p a i r s  o f  s tereo a i rphotos  (1:3000 
scale) from t h e  nor thern  Arizona s i t e ,  each represent ing a s u r f i c i a l  u n i t ,  
were se lected f o r  photogrammetric reduc t ion  to '  two-dimensional p r o f i l e s ,  f 
which t h e  d i g i t a l  data w i l l  a c t  as i n p u t  t o  the  Te r ra in  Analys is  programs. 
Nine Death Val 1 ey geol og ic  u n i t s  have a1 ready been topographical ly  reduced 
r e f l e c t  m i l l i m e t e r -  t o  hundred-meter slope lengths; these data w i l l  be run  
through the  rev ised T e r r a i n  Analys is  programs by t h e  end o f  September 1983 
t h e  purpose o f  ob ta in ing  s p a t i a l  frequency in fo rmat ion  on r e l i e f ,  i n  a d d i t  
t o  slope information. 

om 

t o  

f o r  
on 

A ca ta log  o f  our extens ive terrain-roughness s t a t i s t i c s  and c a l  ibrated,  
four-frequency, m u l t i - p o l a r i z a t i o n  scatterometer data i s  c u r r e n t l y  be ing 
prepared f o r  p u b l i c a t i o n  a t  t he  request  o f  many members o f  t h e  radar-geology 
community. The ca ta log  w i l l  support t h e  maintainance o f  Death Va l l ey  as a 
radar  backscat ter  c a l i b r a t i o n  "super s i t e "  f o r  a1 1 f u t u r e  a i rborne  and 
spacecraf t  (e.g., SIR-B) missions. This  document w i l l  be submitted i n  FY 84 
f o r  p u b l i c a t i o n  as a NASA Special Report. It w i l l  a l so  conta in  simple 

268 



correlation graphs and tabulat ions of a wide variety of radar cross-section 
and terrain-roughness parameters for  use i n  radar backscatter modelling and/or 
cal i bration by the radar-geol ogy community a t  large. 

Radar Penetration Research i n  Arid Terrains 

modelling, we continue t o  make significant progress on our  analysis of 
subsurface radar backscatter. This new aspect of the project was spurred by 
our discovery of significant backscatter from below several meters of sand 
sheet, dunes and d r i f t  sand i n  the Eastern Sahara of Egyp t  and Sudan a s  
portrayed on the SIR-A images c11. The results of our NASA-funded (Planetary 
Geology Program) radar backscatter research over the years has proven t o  be 
invaluable i n  assessing the radar physics involved i n  the Sahara subsurface 
returns. 

In conjunction w i t h  our ongoing studies on surface radar backscatter 

During our March 1983 expedition in to  the Eastern Sahara, tes t  p i t s  were 
dug through sand-covered terrains representing numerous types of SIR-A image- 
response f o r  the purpose of defining the depth and character of subsurface 
interfaces responsible for  either backscatter or specul a r  response. 
sandstone bedrock surfaces a t  depths of about  1 m were found t o  be responsible 
for  the brightest SIR-A returns, whereas irregular, very dense, CaC03-cemented 
sand interfaces (characterizing an a b r u p t  dielectric discontinuity) a t  depths 
of 1 t o  1.5 m were responsible for the intermediate grey tone returns. The 
weakest responses, which delineated the extent of the ancient river valleys 
described by [11, are caused by smooth surface specular reflection and 
dissipation of the radar energy a t  depth w i t h i n  a deep sand f i l l  i n  the 
absence of a effective radar interface (dielectric discontinuity). 

Our SIR-A discoveries i n  the Sahara have spurred a considerable interest 
i n  re-examining the Seasat L-band radar images for  evidence of penetration, 
especially i n  deserts of the southwestern United States. A number of 
previously overlooked indicat ions of penetration i n  the Seasat da ta  have been 
reported by several groups (JPL and others). We re-examined the Seasat images 
of Death Valley for  evidence of penetration of the sand sheet and dunes 
(linear and complex) north of Cottonball  Basin. Clear evidence of substantial 
penetration on these sand deposits was indeed discovered by comparing the 
Seasat L-band images w i t h  in-hand aerial photography, Landsat and X-band radar 
images. An analysis of these new results i s  underway and will be published i n  
a formal paper t o  be submitted during FY 84. 

B1 ocky 

Reference 

[l] McCauley, J. F., Schaber, G. G., Breed, C. S., Grolier, M. J., Haynes, C. 
V.,  Issawi, Bahay, Elachi, Charles, and Blom, Ron, Subsurface 
valleys and geoarcheology of the Eastern Sahara revealed by Shuttle 
Radar: Science 218, 4576, 1004-1020, 1982. 
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PINACATE-GRAN DESIERTO REGION, MEXICO - SIR-A DATA ANALYSIS 
P. Christensen, R. Greeley, J. McHone, Y. Asmerom, and S. Bamett, Deparbnent of Geology, Arizona State 
University, Tempe, AZ 85287 

Northwest Sonora is dominated by the interplay of volcanic, aeolian, and fluvial processes. 
Radar images (SIR-A) from the shuttle spacecraft Columbia were used to assess the radar 
“returns” of terrain shaped by these processes. SIR-A data were compared with Seasat data 
(similar to SIR-A, but obtained at a lower incidence angle) and images from Landsat, Skylab, 
and aircraft. 1) sand dunes are 
poorly imaged by SIR-A, in contrast to Seasat, evidently a consequence of the greater SIR-A 
incidence angle; star dunes are visible only as small bright spots representing merging “arms” 
at dune apices which may act as corner reflectors; 2) desert grasses and bushes (-2 m high) 
have little effect on radar brightness. Only larger trees with woody trunks X.5 m across are 
effective radar reflectors; their presence contributes to radar bright zones along some arroyos, 
3) radar brightness of lava flows decreases with surface roughness and presence of mantling 
windblown sediments and weathering products; however, old uplifted (faulted) flows are of 
equal brightness to fresh, unmantled aa flows, and 4) maar craters display circular patterns of 
varying radar brightness which represent a combination of geometry, slope, and distribution of 
surface materials (ejecta, etc.); furthermore, some radar-bright rings in the Pinacates resemble 
craters on radar but are observed to be playas encircled by trees. These results place con- 
straints on radar interpretation of desert terrains and demonstrate the importance of radar 
incidence angle in the discl-imination of dunes. 

Field studies and photointerpretation yield the following: 
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RADAR-VISIBLE WIND STREAKS IN THE ALTIPLANO OF BOLIVIA 
Ronald Greeley, Philip Christensen, Department of Geology, Arizona State University, Tempe, A 2  85287, and 
Raul Carrasco, Seivicio Geologic0 de Bolivia, La Paz, Bolivia 

In the fall, 1981, the Shuttle Imaging Radar (SIR-A) experiment obtained a 50 km wide 
radar image across the Andes of Chile and Bolivia. The Altiplano is an interior valley within 
the Andes and is more than 800 km long, up to 220 km wide and stands at an elevation of 
about 3600 m. Bordered by silicic volcanic rocks on the east, 
sedimentary rocks on the west, the valley has been partly filled WI 

clastics, and glacial materials. Isolated knobs that are erosion 
or of folded rocks occur in several areas of the Altiplano. 
obstructions to the prevailingly westerly winds and result in the formation of wi 
some of which are as long as 15 km and are visible on both optical and radar imag 
The optically-visible streaks occur in the immediate lee of the knobs, whereas the radar-visible 
streaks occur in the zone downwind between the knobs. In June, 1983, a field study was 
conducted in order to: 1) determine the reason(s) for the “offset” between the radar- and 
optically-visible streaks, 2) assess the physical properties of the surface where the streaks occur, 
and 3) to obtain concurrent wind velocity profiles for areas inside and outside the radar-visible 
streak. Wind measurements were made using two portable meteorological towers, each 5 m 
high and outfitted with 3 anemometers. Concurrent recording of wind velocity for all 6 anemo- 
meters enabled the derivation of wind friction speeds (U,) for the two locations for comparison 
of the potential for particle movement. Secondary objectives of the field trip included analyses 
of the radar image for the general volcanic terrain and examination of Culloma Crater, a possible 
impact structure. 

Aerial reconnaissance and field studies showed that the optically-visible streaks consist of 
a series of small (<lo0 m wide) barchan and barchanoid dunes, intradune sand sheets, and sand 
hummocks (large shrub-coppice dunes) up to 15 m across and 5 m high. On Landsat images 
these features are poorly resolved but combine to form a bright streak. On the radar image, 
this area also appears brighter than the zone of the radar-dark streak; evidently, the dunes and 
hummocks serve as radar reflectors. The radar-dark streak consists of a relatively flat, smooth 
sand sheet which lacks organized aeolian bedforms, other than occasional ripples. Wind velocity 
profiles show a greater U, value in the optically-bright streak zone than in the radar-dark 
streak. We infer that sand forms a sheet throughout the area and that turbulence generated in 
the wake of the knobs is sufficient to organize the sand into dunes, hummocks, and active 
sand sheets; winds outside the knob-wake zone are insufficient to organize the sands into large 
bedforms such as dunes; rather, the sand accumulates as a flat deposit which is a poor radar 
reflector and hence is dark. 

Analyses of the Altiplano streaks and radar visible streaks in other areas (Greeley et al., 
1983) demonstrate the potential for the detection of wind-related streaks by radar images of 
Venus. Terrestrial radar-visible streaks are well within the resolution range of the Venus Radar 
Mapper; should aeolian processes operate on Venus as predicted (Sagan, 1975 and others) and 
generate wind streaks associated with topographic features, then their detection and analysis 
could enable near surface atmosphere circulation patterns to be derived and would contribute 
to the understanding of general Venusian surface processes. 

The study was supported by the Planetary Geology Program, NASA, and by Contract 
956428 from the Jet Propulsion Laboratory for SIR-A data analyses. We acknowledge with 
gratitude the cooperation and field support provided by Servicio Geologicio de Bolivia 
(GEOBOL). 
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Greeley, R., Y. Asmerom, S. Barnett, 1983. Radar signatures of wind streaks: Beliminav SIR-A analy 
Lunar Planet. Sci. 14, Houston, 259-260. 

Sagan, C., 1975. Windblown dust on Venus, J.  Amos. Sci. 32,1079-1083. 

Figure 1. SIR-A image of part of the Altiplano of Bolivia showing bright zone and radar dark streak ass 
ated with volcanic bedrock knobs. Prevailing winds are from the west (left). Area shown is ab 
20 km by 30 km. 

Isis, 

oci- 
'OU t 

272 



THE CASE FOR AEOLIAN CONTROL OF METER-SCALE SURFACE TEXTURE ON MARS 
Richard A. Simpson and G. Leonard T y l e r  

Center f o r  Radar Astronomy, Stanford, CA 94305 
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Mars i s  our  best  candidate f o r  t h e  study o f  e x t r a t e r r e s t r i a l  aeo l i an  e f -  
fec ts .  With t h e  poss ib le  except ion o f  Venus (Greeley, EOS, 63, 1021, 1982) 
and T i t a n  t h e r e  appear t o  be no o ther  bodies i n  t h e  s o l a r  system capable o f  
suppor t ing aeo l i an  features.  
o f  subsequent c r a t e r i n g  p lay  key r o l e s  i n  determin ing sur face tex tu re .  A t  
sca le  s izes  o f  0.1-10 meters, however, t h e r e  i s  a growing body o f  evidence 
t h a t  wind i s  t h e  dominant force.  I n  t h i s  paper we d iscuss t h e  evidence (both 
d i r e c t  and i n d i r e c t )  which i m p l i e s  t h a t  meter-scale sur face  t e x t u r e  on Mars i s  
c o n t r o l l e d  by t h e  wind. 
these scales, r a d i o  s c a t t e r i n g  da ta  can prov ide  i n s i g h t  on aeo l i an  a c t i v i t y  
a v a i l a b l e  f rom no o ther  source. 

The o r i g i n  o f  Mars sur face u n i t s  and t h e  ex ten t  

Since radar  i s  un ique ly  s e n s i t i v e  t o  s t r u c t u r e  on 

, 

S y r t i s  Major i s  a mar t ian  p l a i n ,  r e c e n t l y  resur faced by low v i s c o s i t y  ba- 
s a l t s  (Meyer and Gro l i e r ,  USGS map 1-995, 1977). 
pear t o  be q u i t e  smooth (Simpson e t  a l . ,  Icarus, 49, 258, 1982), even by mar- 

The basa l t s  themselves ap- 
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f a c t ,  i n d i c a t e  t h a t  t h e  l i m i t i n g  s i z e  i s  somewhat l a rge r .  
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Using medium r e s o l u t i o n  o r b i t a l  images f rom Viking, Simpson et a l .  
(Icarus, 49, 258, 1982) have obta ined c r a t e r i n g  s t a t i s t i c s  (Fig. 3) from Syr- 
t i s  Major f o r  comparison w i t h  radar  roughness estimates. The c r a t e r i n g  data 
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a r e  s i m i l a r  i n  d i s t r i b u t i o n  t o  those found i n  l una r  h igh lands where t h e  scat -  
t e r i  ng behavior i s i ndependent o f  observing wave1 ength ( S i  mpson and Tyl er, 
I E E E  Trans., AP-30, 438, 1982). I n  S y r t i s  Major  t h e  opposi te  was found -- 
t h a t  i s ,  S y r t i s  Major i s  one o f  a very few regions on Mars where a wavelength 
v a r i a t i o n  can be detected. The conclus ion i s  t h a t  t h e  c r a t e r i n g  which can be 
observed from o r b i t  ( c r a t e r  diameters o f  100 m and more) does n o t  c o n t r o l  t h e  
sur face t e x t u r e  on smal ler  scales -- t h e  scales impor tant  t o  r a d i o  wave sca t -  
t e r i ng .  
t h i s  r e s u l t  extends t h e  range o f  v a l i d i t y  t o  l a r g e r  diameters. 

Th is  was t h e  r e s u l t  expected from t h e  a b l a t i o n  hypothesis (above) b u t  

Aeol ian Smoothing o f  Ancient Cratered T e r r a i n  

I n  t h e  l una r  case c ra te red  h igh lands a r e  among t h e  roughest 
Approximately h a l f  o f  Mars' sur face i s  covered by what appears t o  be o l d  

c ra te red  crust .  
sur face u n i t s  s tud ied  by radar  (Simpson and Ty ler ,  I E E E  Trans., AP-30, 438, 
1982). On Mars, however, t h e  c ra te red  t e r r a i n  e x h i b i t s  in te rmed ia te  values o f  
roughness, w i th  values as low as Q - 2.5' 
evidence f o r  aeo l i an  m o d i f i c a t i o n  o f  these anc ient  c ra te red  surfaces i s  l i m i t -  
ed -- dune f i e l d s  w i t h i n  c r a t e r  rims, f o r  example (Carr, The Surface o f  Mars, 
1982). 
8131, 1979), bu t  these may be so t h i n  t h a t  they  a re  i n v i s i b l e  a t  r a d i o  wave- 
lengths  and a re  no t  l i k e l y  t o  be f a c t o r s  i n  determin ing meter-scale roughness. 
The V ik ing  lander  images prov ide  a d d i t i o n a l  evidence f o r  l o c a l  aeo l i an  a c t i v i -  
ty ,  a l b e i t  a t  on ly  two spots. 
s igns  o f  recent  vo lcan ic  a c t i v i t y ,  i t  i s  f a i r  t o  assume t h a t  aeo l ian  eros ion  
and depos i t ion  have p layed t h e  major r o l e  i n  mod i fy ing  t h e  sur face on scales 
o f  a few meters. 
a f t e r  t h e  l a r g e  impact events and now has a more subdued tex tu re ,  aeo l ian  pro- 
cesses ev iden t l y  have done more t o  smooth t h e  sur face  than roughen i t  i n  these 
areas. 

rms i n  some cases (Fig. 4). The 

Wind s t reaks  are  common i n  some areas (Thomas and Veverka, JGR, 84, 

Since t h e  anc ien t  c ra te red  t e r r a i n  shows few 

Because most o f  t h e  c ra te red  t e r r a i n  was presumably rough 

MARS LATITUDE (OS) - - 
Fig. 4 - R e l a t i v e l y  modest values 

o f  rms roughness i n  mar t ian  c ra te red  
t e r r a i n .  Comparable sur faces on t h e  
moon would be t w i c e  as rough on scales 
o f  a few meters. We i n f e r  t h a t  aeo l ian  
processes have smoothed t h e  mar t ian  
c ra te red  t e r r a i n  a t  smal l  scales. 
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Conclusions 

The o r i g i n  o f  Mars sur face u n i t s  i s  obv ious ly  impor tant  i n  determin ing 

But evidence now po in ts  toward 
t h e i r  meter-scale roughness. Likewise, c r a t e r i n g  must be considered i n  d i s -  
cuss ing t h e i r  e v o l u t i o n  over  geolog ic  t i m e .  
aeo l i an  eros ion  and depos i t ion  as t h e  dominant processes i n  mod i fy ing  sur face 
t e x t u r e  on dimensions o f  10 cm t o  100 m. 
un iquely  s e n s i t i v e  t o  roughness i n  t h i s  sca le  range, radar  o f f e r s  t h e  poten- 
t i a l  f o r  g lobal  mon i to r ing  of aeo l i an  processes on p lanets  l i k e  Mars. 

Since r a d i o  wave s c a t t e r i n g  i s  
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IS THERE W A R  EVIDENCE FOR LIQUID WATER ON MARS? 
L. E. Roth, Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, California 91109. 

Let a smooth, homogeneous dielectric be illuminated with microwave radiation. 
At normal incidence, the strength of the reflected signal is determined by 
the dielectric constant of the material. The higher the dielectric constant, 
the stronger the echo, the higher the reflectivity. Detection of liquid 
water is predicated upon the fact that belowU5 GHz (P, L, S bands) the liq- 
uid water has a dielectric constant substantially higher than any known rock 
( E Y  80 vs. 2(,€615). Accordingly,free water dispersed in clayslsoils would 
cause the dielectric constant of the host material to increase. For in- 
stance, anu2.5% increase in volumetric water content would raise the di- 
electric constant of most soils from ~3.5 tod4.2 (Birchak's mixing formula 
(l)), accompanied with an increase in reflectivity from.v.09 to &.12 (Fres- 
nel's formula). Refzectivity changes of this magnitude, higher values deep- 
er into the local summer,have been noted in the Goldstone Mars S-band data 
(2) (Fig. l), taken in the general area of Syria Planum ('Solis Lacus radar 
anomaly' (3,4)). The observed trend, coupled with an extraordinary radar- 
smoothness of the target led to a suggestion that ground moisture might be 
present (3,4). 

This is an attractive hypothesis since, in addition to the standard require-. 
ment that the reflecting surface be smooth in order to minimize dissipation 
of incident power through diffuse scattering, it rests on one assumption on- 
ly, viz. that on the penetration-depth scale, the dielectric constant be an 
isotropic quantity. In other words, the planet's surface should have no ver- 
tical structure. This assumption assures that the returned power is not en-- 
hanced/diminished by internal reflections and that the Fresnel's formula 
holds. This allows a straightforward interpretation of reflectivity varia- 
tions in terms of the variations in dielectric constant. 

The difficulty with the assumption of a homogeneous Mars is that, given our 
present knowledge, it can neither be confirmed nor refuted. The initial in- 
terpretations of the lunar reflectivity observations rested also on the as- 
sumption of a homogeneous moon (5). However, parallel with the realization 
that the lunar cross-section was not frequency-independent, alternative in- 
terpretations based on two-layer models were proposed (5, 6, 7). We report 
here some results of modeling exercises based on the early lunar two-layer 
models. The goal of the exercises was to simulate the behavior of radar re- 
flectivity, at S-band ,over Solis Lacus , without manipulating the dielectric 
constant of the base layer (i. e. without adding 'moisture'). The results 
are summarized in Figs. 2a and 2b. Fig. 2a. Light line; reflectivity of a 
configuration consisting of a variable-dielectric-constant substrate 
ranging between 2.8 and 6.5) covered with a uniform -thickness layer of dust 
(E* 2.6). Heavy line: reflectivity of the same configuration after removal 
of .10 to .15 cm of dust. Fig. 2b. Light line: reflectivity of a configura- 
tion consisting of a uniform-dielectric-constant substrate ( E =  5.5) covered 
with a variable-thickness layer of dust (h ranging between .85 and 1.00 cm). 
Heavy line: reflectivity of the same configuration after removal of .IO to 
.15 cm of dust. 

(6 
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It is probably a safe assumption that much, if not all, of the planet's sur- 
face is coated with a dust veneer of unknown, perhaps seasonally variable 
thickness. By slightly varying the thickness of this veneer it is possible 
to imitate the observed seasonal reflectivity changes to any degree of ac- 
curacy. It can also be demonstrated (not shown here) that an increase in 
the dielectric constant of the base layer due, possibly, to permafrost melt- 
ing, may result, depending on the dust layer thickness, in a decrease in 
reflectivity, in contrast to the homogeneousplanetmodel which would pre- 
dict a reflectivity increase. Wavelength is a parameter in the layered 
models. At S-band, the calculated reflectivity is more sensitive to surface 
layer thickness than at L-band. Simultaneous observations at different wave- 
lengths might separate the surface effects from the subsurface ones. 

The following, tentative conclusions can be stated: (a) The homogeneous- 
planet model has to be approached with caution. 'The use ofcFresnel's for- 
mula] for surfaces that deviate significantly from lhomogeneous) model is 
suspect' (8); (b) The layered-planet model has to be approached with the 
same caution (9). Purely computational results on ideal, planar configura- 
tions may have little bearing on reality; (c) Because of the uncertainties 
associated with both models, this writer's answer to the question posed in 
the title is a qualified 'not yet'. 

More sophisticated, explicit, rather than iterative (10) multi-layer models 
involving dust, duricrust, mollisol, and permafrost are currently under 
study. It is anticipated that a paradoxical situation will be reached when 
each improvement in the model will introduce additional ambiguities into 
the data interpretation. 

References: (1) Wang, J. R., Schmugge, T. J. (1980). IEEE Trans. R. Sens. 
GE-18, 288-295. (2) Downs, G. S., Reichley, P. E., Green, R., R. (1975). 
Icarus 26, 273-312. (3)Zisk, S. H., Mouginis-Mark, P. J. (1980). Nature 
- 288, 73c738. (4) Zisk, S. H., Mouginis-Mark, P. J. (1981). LPS XII, 1239- 
1241. (5) Hagfors, T. (1965). In Hess, W. N., Menzel, D. H., O'Keefe, J. A*, 
Eds. The nature of the lunar surface. The Johns Hopkins Press. (6) Giraud, 
a. (1965). J. Res. NBS, Ser. D, 1677-1681. (7 )  Hagfors, T. (1967). Radio 
Sci. 2, 445-455. (8) Muhleman, D. O., Goldstein, R., Carpenter, R. (1965). 
IEEE Spectrum, 44-55. (9) Zisk, S. H., Mouginis-Mark, P. J., (1981). In 
Papers submitted to 3rd Int'l Coll. on Mars, 294-296. (10) Ward, S. H., 
Jiracek, G. R., Linlor, W. I. (1968). J. Geophys. Res. - 73, 1355-1372. 

Figures captions: 
Fig. 1 .  Smoothed radar reflectivity over Solis Lacus. Running averages, bins 
of 7. Shown is one pair of scans along virtually identical latitudes. Light 
line: 24/9/71, -15.93'. Heavy line: 6/10/73, -15.94'. Latitudes referred to 
the 6.1 mbar areoid. L is sun's areocentric longitude. L =270° corresponds 
to the summer solstice in the S hemisphere. S S 

Fig. 2. Simulated radar reflectivity over Solis Lacus. See text for details. 
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HYPSOMETRIC STUDIES OF MARS 

Pamela L.  Blake', P e t e r  J. Mouginis-Mark' and Stan ley  H. Zisk2 
1. Plane tary  Geosciences Divn., H a w a i i  I n s t i t u t e  Geophysics, Univ. H a w a i i  
Honolulu, H I  96822; 2. NEROC Haystack Observatory,  Westford MA 01886. 

Hypsometric ana lyses  of p l ane ta ry  topography have been conducted i n  
t h e  p a s t  i n  o rde r  t o  assess modes of c r u s t a l  formation and m ~ d i f i c a t i o n l - ~ .  
This  approach can a l s o  be app l i ed  t o  more l i m i t e d  areas of a p l a n e t ' s  
su r f ace4 ,  where t h e  smaller d i v e r s i t y  of t e r r a i n  types permi ts  a more 
d i r e c t  c o r r e l a t i o n  between hypsogram shape and s u r f a c e  geomorpholo y.  W e  
have been using d a t a  der ived  from Earth-based radar  measurements5 , g  t o  
explore  t h e  u t i l i t y  of t h i s  type  of r eg iona l  a n a l y s i s  and t o  develop 
c r i t e r i a  f o r  t h e  i n t e r p r e t a t i o n  of hypsometric d a t a  f o r  p l a n e t s  where no 
v i s u a l  images are a v a i l a b l e .  

The a l t i t u d e  d a t a  used f o r  t h i s  a n a l y s i s  w e r e  der ived  from t h e  12.6 
cm rada r  measurements obtained a t  JPL's Goldstone F a c i l i t y  during Mars 
oppos i t ions  i n  t h e  decade 1970-1980. The d a t a  set c o n s i s t s  of approxim- 
a t e l y  45,000 e l e v a t i o n  measurements covering most of t h e  circumference 
of t h e  p l ane t  i n  t h e  l a t i t u d e  bands 14.5"-22.OoS, 2.4"-6.9"S, 4.0°-12.6"N 
and 20.0°-23.00N. Data r e s o l u t i o n  is  10-30 km i n  longi tude  and 80-120 km 
i n  l a t i t u d e ,  wi th  t h e  h ighes t  number-density of measurements l oca t ed  south  
of 14"s. I n  o rde r  t o  s t anda rd ize  t h e  s p a t i a l  r e s o l u t i o n  and numerical  
s i g n i f i c a n c e  of each he ight  estimate f o r  an area, w e  have appl ied  an 
averaging func t ion  t o  t h e s e  d a t a  t o  g ive  e l e v a t i o n  estimates f o r  2" x 2" 
l a t i t u d e / l o n g i t u d e  sample b ins .  Such an averaging technique provides  a 
t o t a l  of 1060 2" x 2" b i n s  conta in ing  d a t a  i n  t h e  southern  hemisphere and 
332 2" x 2" b i n s  i n  t h e  no r the rn  hemisphere. Approximately 14% of t h e  
p l a n e t ' s  su r f ace  i s  included i n  t h i s  averaged form of t h e  e l e v a t i o n  da ta .  

Close examination of t h e  radar-derived hypsogram f o r  Mars (Figure 1) 
shows t h a t  t h e  unimodal d i s t r i b u t i o n  of e l eva t ions  con ta ins  s e v e r a l  second 
o rde r  peaks and is  skewed toward a modal e l e v a t i o n  of about 3.5 km above 
t h e  6.1 mb datum. Ind ie idua l  topographic f e a t u r e s  can be recognized from 
t h i s  hypsogram, bu t  such i n t e r p r e t a t i o n s  are based on t h e  known s u r f a c e  
morphology t h a t  has  been determined from spacec ra f t  images. It is not  y e t  
known how, f o r  example, c r a t e r e d  t e r r a i n ,  r eg iona l  s lopes  o r  o t h e r  morph- 
o l o g i c a l  f e a t u r e s  could be i d e n t i f i e d  us ing  t h e  hypsogram i f  no images 
w e r e  a v a i l a b l e  f o r  "ground-truth". Accordingly, w e  hope t o  address  some of 
t h e s e  i s s u e s  by s tudying  t h e  hypsogram i n  g r e a t e r  d e t a i l .  

I f  only random processes  ope ra t e  t o  a l te r  smooth s u r f a c e  u n i t s ,  t h e  
shape of t h e  hypsogram can be  assumed t o  be Gaussian around t h e  mean (and 
modal) e l eva t ion .  I n  r e a l i t y ,  r eg iona l  s lopes  o r  non-uniform l a rge - sca l e  
geologica l  processes  (e .g . ,  c r a t e r i n g ,  canyon formation o r  cons t ruc t iona l  
volcanism) produce asymmetries i n  t h e  hypsogram. Thus t h e  shape of t h e  
curve ( t h e  d i spe r s ion  of t h e  d a t a  i n  a l t i t ude - space ,  and t h e  skewness, 
k u r t o s i s  and s tandard  dev ia t ion  of t h e  Gaussian d i s t r i b u t i o n )  can  be 
i n t e r p r e t e d  i n  t e r m s  of s u r f a c e  processes .  

l a r g e  ( g r e a t e r  than  50 km diameter) impact craters p l ay  i n  in f luenc ing  t h e  
shape of a hypsogram. I n  a d d i t i o n  t o  i n v e s t i g a t i n g  t h e  topography of reg ions  
w i t h  d i f f e r e n t  numbers o f  craters wi th  d i f f e r e n t  degrees  of p re se rva t ion ,  

Our most r ecen t  s t u d i e s  have focused on i n t e r p r e t i n g  t h e  r o l e  t h a t  
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our  e f f o r t  i s  a l s o  d i r e c t e d  toward i n v e s t i g a t i n g  how a rada r  system would 
smooth ind iv idua l  e l e v a t i o n  estimates over  t h e  s i z e  of t h e  r ada r  foo t -p r in t  
f o r  d i f f e r e n t  types of  t e r r a i n .  W e  b e l i e v e  t h a t  t h e  topographic e f f e c t s  of 
va r ious  s i z e s  of craters w i t h  d i f f e r e n t  degrees  of p re se rva t ion  can be  
assessed  by t h i s  method. Using a series of numerical  s imula t ions  u t i l i z i n g  
morphometric d a t a  f o r  mart ian impact craters7 ,8 as t h e  primary d a t a  inpu t ,  
w e  are es t ima t ing  t h e  r e s u l t a n t  e l e v a t i o n  measurement f o r  t h e  r ada r  system 
by t e s t i n g  var ious  d i spe r s ion  p a t t e r n s  f o r  t h e  r ada r  echo from undulat ing 
t e r r a i n s .  Once t h i s  t a s k  has  been completed, we  i n t end  t o  i n v e s t i g a t e  t h e  
hypsometric p r o p e r t i e s  of s lop ing  s u r f a c e s  and t e c t o n i c  f e a t u r e s ;  t h e s e  
c r i t e r i a  w i l l  subsequent ly  be appl ied  t o  the  i n t e r p r e t a t i o n  of o t h e r  
p l ane ta ry  su r faces  such as Venus. 
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CORRECTION AND GEOLOGICAL ANALYSIS OF LUNAR 3.8 CM W A R  DATA 

P. E. Clark (Murray State U.) and T. W. Thompson (JPL) 

Earth-based radar observations of the moon have been taken at many wave- 
lengths during the last ten years - at 3.8 cm (l), 70 cm ( 2 ) ,  and most recently, 
7.5  m ( 3 ) .  
form, so that it is possible to derive both topographic and local surface 
roughness from the data. 

Radar returns have been collected in both polarized and depolarized 

Until recently, work with 3.8 cm radar data had consisted of qualitative 
correlation of photographic and thermal IR data ( 4 )  with individual depolarized 
radar data frames (local surface roughness) at different wavelengths ( 5 , 6 , 7 ) .  
These studies provided results which demonstrated that the relationship between 
surface roughness (measured by either thermal emission or radar reflectivity) 
at different wavelengths can be used as an index of a crater's state of degrada- 
tion (age). However, systematic studies of craters, or other local terrane 
features, as well as regional or global studies of major terranes (involving a 
number of data frames), cannot be done until individual frames are calibrated, 
geometric distortion is removed, and corrected frames are mosaicked. 

At this point, a number of 3.8 cm radar frames have been calibrated, and 
corrected for geometric distortion. Calibration was accomplished empirically, 
by histogram fitting, because no instrument background data is available. Then 
data were corrected for geometric distortion by: 1) redetermining position of 
individual frames using most accurate recent lunar ephemerides; 2 )  reprojecting 
frames into simple cylindrical standard map projection; 3 )  
catalogue of  lunar craters ( 8 )  to determine the exact positions of features 
identifiable on radar frames, and then correcting for apparent distortion (mis- 
placement of features in frames) by resampling using a different bilinear inter- 
polation derived for each of the parallelopideds of the set defined for each 
frame. A hardcopy set of corrected frames has now been produced. We are pre- 
sently attempting to produce a mosaic of such corrected frames. The resulting 
mosaic will be used to show the systematic relationship between photographic 
thermal IR and radar data at different wavelengths in a region dominated by 
both mare and highland terrain. 

using most recent 
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MAPPING AND GMlLOGICAL ANALYSIS OF MERCURY RADAR DATA f 

P. E. Clark  (Murray S t a t e  Univ.) ,  M. E. S t r o b e l l  and G. G.  Schaber (USGS), 
R. F. Jurgens and G. S. Downs (JPL) 

Although many r ada r  p r o f i l e s  and images of t h e  area w i t h i n  20' of Mercury's 
equator  had been obtained from 1971 t o  1981, a t  both Goldstone and Arecibo r ada r  
f a c i l i t i e s ,  s u r p r i s i n g l y  l i t t l e  geo log ica l  a n a l y s i s  had been done wi th  t h e s e  d a t a  
u n t i l  r e c e n t l y  (1 ,2 ,3) .  Topographic p r o f i l e s  and r ada r  roughness r e f l e c t i v i t y  
images which can  be der ived  from t h e s e  d a t a  w i l l  be  c r u c i a l  i n  completing the  geo- 
l o g i c a l  mapping of Mercury now underway a t  t h e  U.S. Geological  Survey (4,5,6) .  
Earth-based r ada r  observa t ions  of Mercury and t h e  o the r  terrestrial p l a n e t s  as 
w e l l  are a p o t e n t i a l l y  very  va luab le  t o o l  i n  the  de te rmina t ion  of t h e  phys ica l  
na tu re  of t h e i r  su r f aces .  Processing of a v a i l a b l e  r ada r  d a t a  must b e  completed 
t o  e s t a b l i s h  any sys temat ic  r e l a t i o n s h i p  between r ada r  r e f l e c t i v i t i e s  and roughness, 
dens i ty ,  d i e l e c t r i c  cons tan t ,  and o the r  r e l a t e d  geo log ica l  parameters.  S p e c i f i c  
t a s k s  accomplished f o r  t h e s e  purposes inc lude  t h e  fol lowing.  

(1) Documentation w a s  l oca t ed  and searched t o  e s t a b l i s h  t h e  type and quan t i ty  of 
Goldstone 12.5 c m  r ada r  observa t ions  which w e r e  a v a i l a b l e  f o r  Mercury. Data 
has been c o l l e c t e d  during approximately 50 observa t ion  per iods  from 1971 t o  
1981. Each observa t ion  per iod c o n s i s t s  of l a r g e  numbers of c o l l e c t e d  spec t r a .  
About ha l f  of t he  d a t a ,  c o l l e c t e d  dur ing  1972 and 1973, have been processed, 
bu t  without  adequate documentation. We chose t o  begin  sys temat ic  processing 
on 1974 da ta ,  due t o  i t s  r e l a t i v e l y  good documentation and q u a l i t y .  

(2) W e  at tempted t o  e s t a b l i s h  a s tandard ized ,  well-documented procedure f o r  pro- 
cess ing  and a n a l y s i s  f o r  a l l  Goldstone earth-based observa t ions  of Mercury, 
by s t a r t i n g  t h i s  e f f o r t  w i th  t h e  r e l a t i v e l y  well-documented, high-qual i ty  
r ada r  observa t ions  of 1974. S teps  included: 

Pre l iminary  processing - t ape  conversion and d a t a  t r a n s l a t i o n ;  

Ephermerides de te rmina t ion  - l o c a t i o n  of area of d e t e c t i o n  on 
p l a n e t  from celestial  mechanics cons idera t ions ,  incorpora t ing  
s tandard set of ephemeris programs; 

Display of measured r e f l e c t i v i t i e s  i n  de lay  and frequency coor- 
d ina  tes as received by the  instrument;  

Mapping and d i s p l a y  of r e f l e c t i v i t i e s  i n  p l ane ta ry  coord ina tes  
( longi tude ,  l a t i t u d e ) ;  

Correc t ion  - removal of n o i s e  and normal s c a t t e r i n g  func t ion  
from da ta ;  

Ca l ib ra t ion ,  r e g i s t r a t i o n ,  and combining of i n d i v i d u a l  d a t a  runs  
wi th  overlapping coverage f o r  image enhancement; 

Product ion of topographic ( r e f l e c t i v i t y )  p r o f i l e s  a long doppler 
equator  ; 

Removal of twofold ambiguity from r e f l e c t i v i t y  maps; 

Accurate de te rmina t ion  of Mercury's s p i n  axis. 
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Work on i t e m s  (a) through (b) has  been completed. W e  are i n  t h e  process  of 
producing hardcopy of i nd iv idua l  d a t a  frames processed through Step  ( e ) .  I n  re- 
gard t o  Step ( f ) ,  prel iminary work has  shown t h a t  t h e  s i g n a l  t o  no i se  r a t i o  of 
d a t a  i s  no t i ceab ly  enhanced when frames from ha l f  of a n  observa t ion  per iod 
(approximately 10) are simply averaged toge ther ,  even wi thout  a d j u s t i n g  f o r  t h e  
s l i g h t  s h i f t s  i n  longi tude  of t h e  subradar  p o i n t  from frame t o  frame. Fur the r  
work i s  being done t o  c a l i b r a t e  and r e g i s t e r  series of overlapping frames taken 
during each observa t ion  per iod.  Work has  been i n i t i a t e d  on developing and re- 
v i s i n g  e x i s t i n g  sof tware  t o  create topographic p r o f i l e s  from each observa t ion  
per iod of 1974 (Step g) , t o  remove twofold ambiguity from t h e  r e f l e c t i v i t y  maps, 
and t o  determine Mercury's s p i n  a x i s  (and hence exac t  l o n g i t u d i n a l  and l a t i t u -  
d i n a l  coord ina tes ) .  On the  bases  of our  pre l iminary  c a l c u l a t i o n s  and our  a b i l -  
i t y  t o  match f e a t u r e s  on der ived  r a d a r  r e f l e c t i v i t y  maps wi th  known geo log ica l  
f e a t u r e s ,  t he  s p i n  axis has a l r eady  been determined s u r p r i s i n g l y  a c c u r a t e l y  a t  
the  l e v e l  of t h e  s p a t i a l  r e s o l u t i o n  of t h e  Mercury r a d a r  da t a .  

(3)  I n  c o l l a b o r a t i o n  wi th  co l leagues  a t  t h e  U.S. Geological  Survey ( 4 , 5 , 6 ) ,  and 
on the  b a s i s  of a n a l y s i s  of a v a i l a b l e  p r o f i l e s  and r e f l e c t i v i t y  maps, w e  
have made t h e  fol lowing determinat ions:  

(a )  C o r r e l a t i o n  between r a d a r  and geo log ica l  f e a t u r e s  on t h e  1:5 m i l l i o n  
Mercury maps, H-6, H-6, and H-8, and on the  1:15 m i l l i o n  map are 
gene ra l ly  q u i t e  good. Overlapping po r t ions  of Goldstone r ada r  pro- 
f i les agree  w e l l .  I n  add i t ion ,  w e  have found good c o r r e l a t i o n  between 
the  one Arecibo r ada r  p r o f i l e  which w e  managed t o  obtain,  and Gold- 
s tone  r ada r  p r o f i l e s  of t he  r eg ion  (H-8 and w e s t  near C a l o r i s ) .  

(b) Systematic  e l e v a t i o n  and roughness d i f f e r e n c e s  between major t e r r a n e s  
are q u i t e  no t i ceab le  on Mercury, though smaller i n  magnitude than 
analogous d i f f e r e n c e s  on t h e  moon. Extensive mare-like smooth p l a i n s  
u n i t s  are low i n  e l eva t ion ;  smooth p l a i n s  around C a l o r i s  Basin are 
more than 2 km lower than ad jacent  material, A volcanic  o r i g i n  is 
i n f e r r e d  f o r  t h e  u n i t .  

(c )  Craters, r i d g e s  and sca rps  along t h e  r ada r  t r a c k  have d i s t i n c t i v e  
s igna tu res .  Ridges and sca rps  reach  he lgh t s  of almost 1 km. Crater 
depth-to-diameter r a t i o s  appear t o  b e  much lower on Mercury than  on 
t h e  moon; depth-to-diameter r a t i o s  are  1:90 f o r  t h e  f r e s h  bas in  Mo- 
z a r t  (280 km diameter)  and t h e  crater T i t i a n  (185 km diameter) .  

(d) Radar p r o f i l e s  of t h e  unimaged r eg ion  southwest of C a l o r i s  bas in  re- 
veal h igh  areas which may be  s t r u c t u r a l  r i n g s ,  and a low area which 
may b e  another  bas in .  

(e) I t  appears  t h a t  the  ex tens ive  s u r f a c e  hea t ing  of Mercury may b e  re- 
spons ib l e  f o r  t h e  r e l a t i v e l y  subdued topography of Mercury, due t o  
ex tens ive  p l a s t i c  def orna t ion .  

Act ive  c o l l a b o r a t i o n  by our i n t e r d i s c i p l i n a r y  team on t h e  r a d a r  geology of 
Mercury has  proved t o  be q u i t e  f r u i t f u l  and w i l l  cont inue  t o  provide more d e t a i l s  
on the  na tu re  and o r i g i n  of Mercury's su r f ace ,  and t h e  r e l a t i o n s h i p  between t h e  
su r faces  of Mercury and t h e  o t h e r  terrestrial p l ane t s .  

285 



REFERENCES 

(1) S. Zohar and R. M. Goldstem, 1974, 1974, Astron J, 2, pp. 85-91. 

(2) R. F. Jurgens,  1980, pe r sona l  communication, from S. Zohar unpublished 
r e p o r t  of 1974. 

(3) P. E. Clark,  1983, Lunar and P l a n e t a r y  Sc ience  X I V ,  pp. 119. 

(4) P. E. Clark,  G. G. Schaber, M. E. S t r o b e l l ,  R. F. Jurgens and G. S. D o w n s ,  
1983, DPS Abst rac ts .  

(5) M. E. S t r o b e l l ,  P. E. Clark,  G. G. Schaber, R. F. Jurgens,  1983, GSA 
Abs t r ac t s .  

(6) P. E. Clark, M. E. S t r o b e l l ,  G. G. Schaber, R.  F. Jurgens and 6. S.  D o w n s ,  
1983, i n  prepara t ion .  

(7) D. E. Campbell, 1982, pe r sona l  communication. 

286 



MERCURY: TOPOGRAPHIC AND GEOLOGIC DATA FROM EARTH-BASED RADAR OBSERVATIONS * 

St robe l l ,  M. E . ,  U.S. Geological Survey, Flagstaff ,  AZ; Clark, P. E . ,  Murray 
S ta t e  University, Murray, K Y ;  Schaber, G. G. , U.S. Geological Survey, 
Flagstaff ,  AZ and Jurgens, R. F. and Downs, G. S., Je t  Propulsion Laboratory, 
Pasadena, CA 

million scale geologic maps of the equatorial zone quadrangles of Mercury 
(H-6, H-7 and H-8) t o  Earth-based elevation prof i les  and surface r e f l ec t iv i ty  
maps of Mercury obtained i n  the ear ly  1970's a t  the Arecibo (PR)  and Goldstone 
(CAI  radar f a c i l i t i e s .  These data consist of 23 Goldstone images and prof i les  
of polarized return da ta  a t  12.5-cm wavelength [1,21 and one Arecibo profile 
C31. Radar data w i t h  150-m vertical accuracy and 10- t o  20-km horizontal 
resolution are avai lable  f o r  areas between latitudes 13" N. and 11" S. 
general, these da ta  sets show excel 1 ent correl at ion between: 
elevation and roughness differences t h a t  are ref lected by mapped geologic 
contacts; ( 2 )  mapped ridges and scarps t h a t  display d i s t inc t ive  radar 
signatures; and (3) posit ion and morphology of crater-and-basin topographic 
elements. 
beyond the area imaged by Mariner 10 cameras. Overlapping portions o f  seven 
radar prof i les  and images correlate well. The elevation prof i les  have 
confirmed t h a t  l a rge  areas of smooth p l a ins ,  which  resemble lunar  mare units, 
commonly occur i n  areas of low elevation; their location supports the 
hypothesis t h a t  smooth p l a i n s  may be of volcanic or igin C41. 
area of smooth plains surrounding the 1300-km-diameter Caloris Basin, as  seen 
by radar i n  the H-6 quadrangle i s  more t h a n  1 km lower t h a n  adjacent cratered 
p l a i n s  material. Ridges and scarps along the radar tracks are as  much as 
900 m high. The large, re la t ive ly  fresh craters Mozart (280 km diam.) and 
Ti t ian  (120 km diam.) have very low depth-to-diameter ratios of .007 and .008, 
respectively. The old crater Thokar and an o l d  C1 crater south of crater 
Lermontov show ra t ios  of .009. 
elevated and depressed zones ident i f ied  from radar profiles are probably 
associated w i t h  Caloris r i n g  structures. 
between the basin rings and inter-r ing lows. 

Signif icant  new geologic information has been revealed by comparing 1:5 

In 
(1) re1 a t i  ve 

Inferences can a l so  be drawn about  topographic and geologic terrain 

An extensive 

In the unimaged area west of long 190°, 

Elevation differences are about  3 km 
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ELYSIUM REGION, MARS: CHARACTERIZATION OF TECTONIC FEATURES. 

J. Lynn Ha l l  and Sean C. Solomon, Dept. o f  Ear th  and Planetary  Sciences, 
M.I.T., Cambridge, MA (72139; James W. Head, nept. o f  Geological Sciences, 
Brown Un ivers i ty ,  Providence, R I  02912; and Peter 3. Mouginis-Mark, Planetary 
Geosciences D iv is ion ,  Hawaii I n s t i t u t e  o f  Geophysics, U n i v e r s i t y  o f  Hawaii, 
Honolulu, H I  96882. 

on Mars L1,ZJ. It cons is ts  o f  a broad dome, 2400 by 1700 km, on top  o f  which 
s i t  t h ree  volcanoes: Elysium Mons, Hecates Tholus and Albor Tholus [Z]. The 
Elysium prov ince has both a topographic r i s e  and a broad p o s i t i v e  f r e e - a i r  
g r a v i t y  anomaly [3]. On t h e  bas is  o f  c r a t e r  dens i t ies ,  t h e  surfaces o f  both 
t h e  p l a i n s  and t h e  sh ie lds  o f  Elysium are o lde r  than t h e i r  Tharsis counter-  
p a r t s  [2,4], w i t h  the  surfaces o f  t h e  volcanoes being about 1 bey. old. 

I n  t h i s  paper we i d e n t i f y  and charac ter ize  the  t e c t o n i c  features of t he  
Elysium region. 
photomosaics (Elysium quadrangle, and po r t i ons  o f  Amenthes and Cebrenia 
quadrangles); V i k ing  O r b i t e r  photographic data were used i n  i n d i v i d u a l  cases 
t o  a s s i s t  i n  i d e n t i f i c a t i o n .  
fea tures  can then be used, i n  conjunct ion w i t h  est imates o f  the  mass o f  t he  
vo lcan ic  load obta ined from g r a v i t y  model l ing,  t o  cons t ra in  the  th ickness o f  
t h e  e l a s t i c  l i t hosphere  i n  t h e  region. 

The p r i n c i p a l  physiographic features o f  t he  Elysium region are shown i n  
F igure  1. These fea tures  can be grouped i n t o  f i v e  categor ies:  

(1)  Elysium Mons concent r i c  f ractures.  An extens ive set  o f  concentr ic  
graben almost e n t i r e l y  e n c i r c l e s  Elysium Mons a t  d is tances o f  approximately 
100 t o  450 km from the  c e n t r a l  caldera. The two most d i s t a n t  f rac tu res  cu t  
across the  s h i e l d  o f  Albor Tholus, t he  southernmost s h i e l d  o f  t he  group, and 
disappear i n t o  t h e  vo lcan ic  p l a i n s  t h a t  surround the  sh ie ld .  Some o f  the  
f r a c t u r e s  are  q u i t e  f resh  i n  appearance, wh i l e  others appear t o  have been 
mantled by subsequent vo lcan ic  o r  aeol ian a c t i v i t y .  Di f ferences i n  appearance 
o f  t he  graben cannot be completely a t t r i b u t e d  t o  d i f fe rences  i n  ages o f  the  
f rac tu res ,  but  may a l so  be due t o  the  asymmetric geometry o f  t he  mant l ing  
mater ia l .  The presence o f  concent r i c  f rac tu res  i nd i ca tes  t h a t  t he re  has been 
f a i l u r e  o f  t he  e l a s t i c  l i t hosphere  under the  load imposed by the  Elysium Mons 
s h i e l d  [53, and t h e i r  l oca t i ons  can be used t o  cons t ra in  the  th ickness of the  
l i t hosphere  a t  t h e  t ime o f  f r a c t u r i n g  [6,7]. 
f rac tu res  around t h e  o ther  two sh ie lds  i s  inconclusive,  s ince both Hecates 
Tholus and Albor Tholus are  surrounded by r e l a t i v e l y  young lava p l a i n s  
o r i g i n a t i n g  a t  o r  near Elysium Mons [SI. Any e a r l y  episodes o f  f r a c t u r i n g  
would l i k e l y  have been obscured by these l a t e r  flows. 

(2) Narrow l i n e a r  depressions. 
t rend. 
t e c t o n i c  i n  o r i g i n .  

(3)  Wide depressions. 
Although of these features may be exc lus i ve l y  f l u v i a l  o r  eros ional  i n  
o r i g i n ,  others,  p a r t i c u l a r l y  t h e  concentr ic  depressions SE o f  Elysium Mons, 
a re  almost c e r t a i n l y  t e c t o n i c  i n  o r i g i n .  
by vo lcan ic  a c t i v i t y  (as was t h e  case i n  Elysium, where f rac tu res  are i n  
places p a r t l y  covered by younger lava  flows), eros ional  processes could have 
mod i f ied  t h e  graben t o  produce the  features observed. 

l y  i n  the  Elysium Fossae reg ion  NW of Elysium Mons. 
o r i g i n a t e  i n  t h e  wide l i n e a r  depressions [SI, which suggests some t e c t o n i c  
c o n t r o l  of t he  vo lcan ic  h i s t o r y .  
ous r i l l e s  [SI and are thought t o  be the  r e s u l t  o f  eros ional  processes [la]. 

In t roduc t ion .  The Elysium region i s  t he  second l a r g e s t  vo lcanic  center  

I d e n t i f i c a t i o n  o f  features was made us ing  USGS c o n t r o l l e d  

The pos i t i ons  and o r i e n t a t i o n s  o f  t e c t o n i c  

The absence o f  concentr ic  

Most o f  these features have a NW-SE 
T m o r i t y  of these features are i n t e r p r e t e d  as being f rac tu res ,  and 

These a l so  have a predominantly NW-SE t rend. 

If format ion o f  graben was fo l lowed 

(4)  Sinuous depressions. These a re  found throughout Elysium, most notab- 
Many o f  these features 

These features c l o s e l y  resemble l una r  s inu-  
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( 5 )  Ridges. There i s  a system of r idges  on t h e  eastern edge of Elysium 
These P l a n i t i a ,  genera l l y  concent r i c  t o  t h e  center  o f  t h e  topographic  r i se .  

r idges,  which l i e  i n  t h e  t e r r a i n  between t h e  Elysium and Tharsis regions, 
resemble i n  appearance both l una r  mare r idges  and t h e  r idges  o f  t h e  east 
Thars is  system. 
compression of near-surface ma te r ia l  [5,11,12]. 

reg ion  i n d i c a t e  a reg iona l  s t ress  f i e l d  w i t h  l e a s t  compressive s t ress  o r ien ted  
NE-SW. 
over Elysium P l a n i t i a ,  s i m i l a r  t o  t h a t  which l e d  t o  r a d i a l  f r a c t u r i n g  i n  
Thars is  [5,13,14]. 
prominent i n  l o c a t i o n s  where t h e  l o c a l  s t ress  f i e l d  adds c o n s t r u c t i v e l y  t o  t h e  
reg iona l  f i e l d .  Fu ture  work w i l l  be d i r e c t e d  towards determin ing t h e  r e l a t i v e  
c o n t r i b u t i o n  t o  t h e  reg iona l  s t ress  f i e l d  o f  la rge-sca le  l oad ing  i n  t h e  
Elysium and Tharsis provinces. 

BGSA, 88, 908. 131 W.L. Sjogren ( 1 9 7 9 ) X i e E e ,  203, 1006. 
X R . X  Saunders (1979) PLPSClfl, 2841. ' m S . C . S o l o m o n  and J.W. Head (1982) 
- JGR, 87, 9755. [6] S.C. Solomon e t  a l .  (1979) NASA TM 80339, 60. [7] R.P. 
ComerTt  a l .  (1979) PLPSC10, 2441. [a] S.H. B r ~ ( 1 9 8 o ) , n p u b l i s h e d .  
[9] M.H. Carr  ( 1 9 8 1 ) f h e r f a c e  o f  Mars, Yale. 
S.H. Brown (1981) L P S m ,  729. [m. Solomon and J.W. Head (1979) JGR, 
84, 1667. [12] S.C. Solomon and J.W. Head (1980) RGSP, 18, 107. [13] m. 
E l l e m a n n  and D.L. Tu rco t te  (1982) - -  JGR, 87, 9793. mJ K B .  Banerdt e t  a l .  
(1982) JGR, 87, 9723. 

Ridges such as these are  taken t o  be evidence o f  ho r i zon ta l  

The l i n e a r  fea tures  t r e n d i n g  NW-SE through t h e  Elysium Conclusions. 

These fea tures  may be t h e  r e s u l t  o f  la rge-sca le  l i t h o s p h e r i c  load ing  

The f a i l u r e  fea tures  around Elysium Mons are most 

References: [l] M.H. Carr (1973) JGR, 78, 4049. [21  M.C. Ma l in  (1977) 
[4] J.R. P lesc ia  

[ l o ]  P.J. Mouginis-Mark and 

- -  

240' 220° 200° 1 80° 

-- Fig. 1. Physiographic fea tures  o f  t h e  Elysium region. EM = Elysium Mons; 
AT = Albor Tholus; HT = Hecates Tholus; HF = Hephaestus Fossae; EF = Elysium 
Fossae; CR = Cerberus Rupes. 
beaded l i n e  = narrow depression; c losed l i n e  = wide depression; dashed 
l i n e  = sinuous depression; do t ted  l i n e  = edge o f  vo lcan ic  sh ie ld ;  notched l i n e  
= ridge. Some d e t a i l  has been l o s t  i n  reduct ion.  Prepared on base map 
1-1321, us ing  USGS photomosaics and VO photographs. 

S o l i d  l i n e  i n d i c a t e s  EM concent r i c  f ractures;  
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ANCIENT VOLCANO-TECTONIC STRUCTURES OF THE OLYMPUS MONS REGION, MARS 
E l l io t  C. Morris, U.S. Geological Survey, Flagstaff ,  Arizona 86001 

Two old volcano-tectonic col lapse structures are  exposed north and 
northeast of the huge shield volcano, Olympus Mons. They a re  semicircular and 
were probably low shield volcanoes s imilar  t o  Alba Patera, bu t  whose central  
portions have subsided o r  collapsed. They form the basement upon which  
younger vol cani c materi a1 s of A1 ba Patera and 01 ympus Mons have been empl aced. 

The oldest  structure, Acheron Fossae ( f ig .  1) is over 700 km across and 
i s  north of Olympus Mons. I t  has a surface of considerable relief broken by 
graben and extensive en echelon and paral le l  fractures and f a u l t s  w i t h  varied 
displacements [l]. Acheron Fossae i s  the mos densely cratered i n  the Olympus Mons region (4,000-5,500 c ra t e r s  >1 km/ lO  6 1  km ); most c ra t e r s  postdate the 
fracturing. The s t ruc ture  must have formgd very ear ly  i n  martian time. 

( f i g .  2)  , northeast of Olympus Mons 
[2,3]. Where exposed, i t  i s  cut by a series of arcuate grabens tha t  become 
c loser  spaced toward i t s  center. The radi i  of the f rac tures  indicate  tha t  the 
s t ruc ture  may be a t  l e a s t  250 km across and centered beneath the Olympus 
Plains. Lava flows appear t o  have issued from some of the arcuate f rac tures  
and t o  have flowed rad ia l ly  away from the center of Halex Fossae. 
Halex Fossae, material of the same age as Halex Fossae overlaps Acheron 
Fossa$. p e  density of c r a t e r s  on the Halex Fossae material (3,200-4,400 > 1 
k m / l O  km ) indicates an old age f o r  i t s  formation b u t  one younger than t h a t  
of Acheron Fossae. These two ancient volcanic-tectonic s t ruc tures  a re  
evidence t h a t  the Olympus Mons region has been the locus of major volcanism 
over much of martian history.  

The second s t ruc ture  is  Halex Fossae 

North of 
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293 



I 

U 
I' 

Figure 1. Acheron Fossae north of Olympus Mons (centered a t  38' N., 
135' W.) .  
pla ins  material (ps), and i ts  eas te rn  edge covered by Alba Patera 
flows (ap). The cent ra l  area i s  a shallow basin mantled by eo l ian  
material (afm) and the southern half  is buried by the aureole 
deposits of Olympus Mons (oa).  Fields of small volcanic domes and 
cones (vu) occur along the western and northern margins and a 
linear volcano (vu) 180 km long t rends  northeast .  Faulting has 
been most intense i n  i t s  eas te rn  pa r t  and has been the center f o r  
eruption of young lava flows (op) t h a t  have buried pa r t s  of i t s  
eas te rn  margin. 

The western and northern margins a re  buried by young 

Distance across picture about 900 km. 

Figure 2. &lex Fossae northeast  of Olympus Mons (centered a t  27.5' N., 126' 
W . ) .  The structure i s  pa r t ly  buried by Alba Patera flows ( ap ) ,  
Olympus Plains flows (op),  and aureole deeos i t s  (oa) of Olympus 
Mons. Several small volcanic cones (vu) = 2 km across a re  present 
i n  the f l o o r .  
by X. Arrows ind ica t e  d i r ec t ion  of flow. Flow f ron t s  a r e  
accentuated by heavy l i n e s .  Distance across picture about 260 km. 

I 

The probable center of the s t r u c t u r e  is indicated 
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MARS PAL EOST RAT I GRAPH Y 
David H. Scot t ,  U.S. Geological Survey, F l ags t a f f ,  AZ 86001 

recognized t o  some degree from geol ogic  mapping us ing  Mari ner Images. 
Correlat ion c h a r t s  showing the map units and their pos i t ion  i n  
however , d i  spl ayed 1 i t t l  e discr iminat ion i n  their v e r t i c a l  range of 
occurrence, a s  shown, f o r  example, on the 1:25 mil l ion  scale geologic map of 
Mars El]. A more detailed t ime-strat igraphy is currently being developed as 
Viking geologic mapping of the p lane t  progresses. 

As i n  many places on Earth, anc ien t  rocks on Mars a r e  s t r u c t u r a l l y  
deformed and probably metamorphosed by a va r i e ty  of processes. 
prominent peaks, mountains, and highland complexes t h a t  are r e l a t i v e l y  
r e s i s t a n t  t o  erosion. Their old age (Noachian System) is subs tan t ia ted  by 
s t r a t i g r a p h i c  r e l a t i o n s  and supported by c r a t e r  counts. Rugged groups of 
mountains along the southern end of C l a r i t a s  Fossae a r e  believed t o  be among 
the o l d e s t  rocks on Mars. Other anc ien t  occurrences form the rim of Acheron 
Fossae and a l s o  p ro jec t  as prominent r idges  and mountains above the p la teaus  
of Tempe Terra and Lunae Planum. 

The youngest martian mater ia l s  (Amazonian System), a s ide  from t h i n  
ephemeral eo l ian  depos i t s ,  c o n s i s t  of lava and py roc la s t i c  flows around and i n  
the v i c i n i t y  of Tharsis  Montes, and of v a s t  dune fields i n  the polar  regions. 

Between these o ld  and young end members l i e  the majori ty  of rock units, 
which form the southern highlands and northern lowland p la ins ;  they c o n s i s t  of 
a varied and widespread assemblage of volcanic materials, impact brecc ias ,  
channel and f loodplain deposi ts ,  and 1 ayered depos i t s  of a1 1 uvial  , eo1 ian , o r  
volcanic or ig in .  These rocks belong l a rge ly  t o  the Hesperian System and have 
an intermediate  s t r a t i g r a p h i c  pos i t ion  somewhat s imi l a r  t o  t h a t  of the Imbrian 
and Erastothenian Systems on the Moon; the youngest and o l d e s t  martian rocks 
correspond w i t h  the luna r  Copernican and pre-Imbrian ages, respectively. 

The geologic time s c a l e  of Figure 1 reflects our present  concept of 
c o r r e l a t i o n s  between t ime-s t ra t igraphic  systems on Earth, Moon, and Mars. 
Although mater ia l s  and events on the Mars column a r e  ind ica ted  by arrows a s  
discrete poin ts  i n  time, most extend over r e l a t i v e l y  long periods. 

The r e l a t i v e  time of emplacement of some major rock u n i t s  on Mars was 

They appear a s  
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GEOLOGIC TIME SCALE 

T i m e  b e f o r e  p r e s e n t  EARTH 
( b i l l i o n s  o f  y e a r s )  

I 

1 .I 

2.( 

3.1 

4.' 

4. 

MOON 

PALEOZOIC 

4 C o p e r n i c u s  

NECTARIAN 

PRENECTARIAN 

MARS 

Olympus Mons 

D e c r e a s e  in 

Major t e c t o n i c  

a s e m e n t  rocks 

Figure 1 .  Hypothetical correlation between time-stratigraphic 
systems on Earth, Moon, and Mars 
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VALLES MARINERIS LAYERED DEPOSITS: 
David H. Scott and Manci E. Witbeck, U.S. Geological Survey, Flagstaff, AZ 
86001 

IMPLICATIONS OF ORIGIN 

Layered deposits w i t h i n  Valles Marineris and i ts  associated system of 
canyons (F ig .  1) have been considered t o  consist of two different rock 
types: (1) thick, competent, cliff-forming, l i g h t  and dark bedded material i n  
canyon walls, and (2) relatively t h i n ,  al ternating series of l i g h t  and dark 
layered material, both horizontal and inclined, tha t  form rounded hills and 
large flat-topped mesas rising above the canyon floors [l]. The dissimilari ty 
i n  appearance between canyon wall and floor materials, as well as their 
contrasting patterns of erosion, has been considered strong evidence tha t  
the i r  modes of o r ig in  were different  121. 

Most workers agree tha t  the wall rocks are volcanic flows probably 
derived from Tharsis Montes and other volcanic sources i n  the region [1,31. 
However, several hypotheses have been advanced t o  account for the 
softer-appearing, fine1 s t r a t i f i e d  f loor  deposits. Chief among them was the 
proposal by McCauley [l !i t ha t  the floor deposits were waterlaid sediments tha t  
accumulated i n  large lakes w i t h i n  the canyons; their deposition was followed 
by episodes of catastrophic draining from place t o  place i n  the canyon 
systems. Materials eroded from canyon walls and eolian material were the 
source of the sediments. McCauley stated tha t  no other process could explain 
the horizontal a t t i tude  and la teral  continuity of individual beds, especially 
as there were no obvious volcanic sources on chasma floors. 

On the other hand, Peterson [41, i n  her studies of the central plateau o f  
Hebes Chasma, found i t  d i f f i cu l t  t o  ascribe such processes t o  Hebes Chasma, 
which is an enclosed basin. Also, the plateau i n  Hebes, as well as layered 
plateaus w i t h i n  some other canyons of Valles Marineris, is  a t  about the same 
elevation a s  the plains surrounding the Valles Marineris canyon system 151. 
These conditions would imply sedimentary i n f i l l i n g  of a vast lake t o  i t s  brim, 
followed by removal of water and re-excavation of the basin. Peterson [4] 
proposed a pyroclastic theory of origin: the inf i l l ing  of the chasma during 
i t s  formation by ash-flow tu f f s  from sources beneath the f loor  or w i t h i n  the 
Tharsis region. According to  this hypothesis, i n f i l l i n g  of the chasma was 
followed by continued collapse of the chasma walls and eventual isolation of 
the central pl  ateau. 

In early investigations of Valles Marineris from V i k i n g  pictures, Malin 
[6] had also considered improbable the f i l l i n g  of large martian canyons nearly 
t o  the i r  brims. Malin suggested tha t  the mesas w i t h i n  the canyon were simply 
isolated remnants of the adjacent plateau material . Moreover, Blasius and 
others [2] showed tha t  some layered l i g h t  and dark materials on the canyon 
floor could be traced i n t o  the main walls of the canyons, indicating tha t  not 
a l l  layered material was emplaced a f t e r  canyon formation. Table 1 summarizes 
some of our own and ea r l i e r  workers' observations, evidence, and assumptions 
regarding the various or i  ins of canyon f loo r  layered deposits. These 
summaries favor either (1 B accumulations of c la s t i c  sediments i n  former large 
bodies of water or  (2)  i n  situ remnants of adjacent plateaus, now separated 
from thei r parent bodi e r  - 

Based on our present geologic mapping of Valles Marineris us ing  V i k i n g  
Images, we favor the concept tha t  the larger and thicker accumulations of 
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layered depos i t s  occurring i n  Hebes, Ophi r ,  Candor, and Melas Chasmata are 
p a r t  of the or ig ina l  canyon wall mater ia ls .  In places they may have been 
d issoc ia ted  from the walls by f au l t i ng .  Their surfaces  are deeply d issec ted  
and scoured i n t o  smooth s t reamlined shapes characteristic of erosion by 
flowing water. Evidence of water erosion occur i n  various places throughout 
the canyons, and we do not d i spute  the former presence of l a r g e  bodies of 
water. They probably did not ,  however, survive long enough t o  become 
receptacles for th ick  accumulations of sedimentary material 
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Figure 1. Index map showing locations of general ly  acknowledged layered  
depos i t s  ( s o l i d  black) and poss ib le  layered depos i t s  (lines) i n  
Valles Marineris. Letters r e f e r  t o  approximate locations of Viking 
images i l l u s t r a t i n g  examples i n  Table 1. 
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TABLE 1 

Evidence Supporting Possible Origins of Canyon Layered Deposits 

Secondary Deposits (Lake 
Beds) 

1. Distinct difference i n  erosional 
s ty l e  between canyon walls and in te r ior  
plateaus, i.e., spur-and-gul l y  versus 
fine rilles (A.  Viking Image 66A28) 

2. Cyclic bedding seen on slopes of 
in te r ior  plateau b u t  not commonly seen 
i n  canyon walls ( B .  V i k i n g  Image 
907A05 1 

3. Large t e r r e s t r i a l  basins f i l l  by 
subsidence of basin floor i n  response 
to  depositional load of i n f i l l i n g  
sediments, bui 1 d up thick deposits i n  
re1 a t i  vely shall  ow water 

4. Overlap of highly eroded in te r ior  
remnants of the plateau by the layered 
material s indicates 1 ayered materia? s 
postdate plateau rocks C71 

5. Landslides well-developed i n  canyon 
walls, in te r ior  plateaus do not form 
landslides; eo1 fan erosion commonly 
associated w i t h  in te r ior  deposits, not 
common i n  canyon walls, indicates  
differences i n  cohesion of materials 
(Lucchitta, 1982, Transcript of oral 
presentation a t  PGPI) 

Primary Material (Canyon Hal 1 
Equi  walent) 

1. Spur-and-gul ly develops where 
canyon walls undis turbed  by slides, and 
r e t r ea t  by slow mass-wasting produces 
gentle slopes; t h u s  erosion o f  in te r ior  
plateaus may be occurring too f a s t  t o  
form spur-and-gul ly  topography 

2. Layers best developed i n  lower 
sof ter  parts of canyon walls b u t  mostly 
covered by ta lus  and landslides; layers 
observed where flood drainage and 
erosion have been severe, exposing 
lower wall section ( C .  V i k i n g  Image 
914A10) 

3. Inter ior  plateaus i n  Hebes and 
possibly i n  Gangis (Blasius and others 
19771, close to  elevation of 
surrounding canyon rim; hard to  expl a i  n 
f i l l i n g  to  brim, t h e n  re-excavation of 
"moat" several km deep ( D .  V i k i n g  
Image 645A60) 

4. Layered deposits can be traced to  
canyon wall a t :  ( a )  west end of Ophi r  
Chasma (E.  V ik ing  Image 917A09); (b)  
north wall of Coprates Chasma (F. 
V i k i n g  Image 80A02, 912A17); (c) base 
of wall spur, south Melas Chasma (G. 
Vik ing  Image 91A05); ( d )  dark layer 
observed near base of wall i n  e a s t  
Candor Chasma, similar dark layer near 
base of in te r ior  deposit (H. V i k i n g  
Images 80A05, 80A07) 

5. Differences i n  height and slope 
steepness between canyon walls and 
in te r ior  plateaus may account for  
erosional differences 
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F '  
COMPRESSIONAL FEATURES IN THE THARSIS 
EXTENT OF DEFORMATION 
Thomas R. Watters and Ted A. Maxwell, 

REGION OF MARS: I. GEOGRAPHIC 

National Air and Space Museum, 
Smithsonian Institution, Washington, D.C. 20560 

Studies of the stratigraphy of southwest Coprates have led to further 
constraints on both the geographic extent and the relative age of the 
major compressional ridge forming events in the Tharsis region of Mars. 
Southwestern Coprates is characterized by curvilinear ridges that are 
regularly spaced, suggestive of harmonic folding (Saunders and Gregory, 
1980; Watters and Maxwell, 1982). The western edge of the ridged plains 
unit of Coprates is marked by volcanic flow fronts. Some of these flows 
are present in the inter-ridge plains where ridges are partially to 
completely obscured by flow lobes. In an enhanced Viking Orbiter image, 
a ridge can be seen completely surrounded by a flow with only a small 
portion of the ridge crest still exposed (Fig. 1). Comparison of 
partially buried ridges on the western edge of the ridged plains unit to 
those in central Coprates suggests that flooding of the inter-ridge 
plains does not exceed a few hundred meters. 
relationship between the flow units to the west and the ridged plains 
indicates that the deformational events in this region predates the 
emplacement of the younger units. 

et al. (1980) a cross-section of the area was constructed (Fig. 2). The 
cross-section shows the thickening volcanic sequence of the Syria Planum 
flow units (AHsp) to the west (1800-2400 cumulative crater density, 
number of craters larger than 1 km diameter/lO 6 km; Scott, 1981). 
units are underlain by the ridged plains units (Hprg; Scott and Carr, 
1978; 5000-12000 cumulative crater density range; Wise et al., 1979) that 
are probably emplaced on a thick regolith inter-mixed with pyroclastic 
units. 
(HNht; Scott, 1981). The presence of embayed and buried ridges in 
southwest Coprates and the complete absence of compressional ridges on 
the stratigraphically younger Syria Planum flow units indicates that the 
deformation event that generated the ridges occurred after the 
emplacement of the ridged plains units and did not extend beyond the 
emplacement of the Syria Planum flows. This basic stratigraphy is 
repeated north of Coprates in the northwest Lunae Palus region. Here 
ridges are present less than 20 km from the contact between the ridged 
plains units and the Alba Patera flow unit (AHap; 2400-3200 crater 
density range; Scott et al., 1981). As in southwest Coprates, no ridges 
occur on the stratigraphically younger units to the west. 

1100 km and as distant as 5100 km from the regional topographic center 
(near northern Syria Planum, corresponding to the highest point in the 
Tharsis region, excluding the major volcanoes). A histogram plot of 
frequency (heavy line) and cummulative length (thin line) of rid e 
segments versus distance from the regional topographic center (7 S, 103O 
Q) indicate peaks at 2600 and 2500 km respectively (Fig. 3). These 
points reflect ridge densities in central Coprates and Lunae Palus and 
may be interpreted as representing the areas of peak compressional 

The morphological 

Using topographic profiles attained from radar altimetry data by Roth 

These 

The regolith lies on the ancient heavily cratered Terra Material 

Evidence of compressional deformation in Tharsis is found as close as 

8 
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deformation in the Tharsis region. 
outermost extent of Tharsis compressional deformation, the inner extent 
cannot be determined because, as is the case of SW Coprates, ridges have 
been buried by volcanic flows. 
Coprates represent the innermost observable extent of compression. 
However, the sharp decrease in cumulative ridge lengths between this 
area and NW Lunae Palus, which has a similar stratigraphy, may reflect 
the extent to which the ridged plains units have been buried by more 
recent volcanic flows or obscured by other resurfacing processes. 
addition, the complementary region (corresponding to central Coprates and 
Lunae Palus) of peak compressional deformation at approximately 2500 km 
west of the topographic center is buried by the recent flows of the major 
Tharsis volcanoes. These stratigraphic observations suggest that the 
observed compressional features may represent only a fraction of the 
total compression that occurred in the Tharsis region. 

Although it is possible to assess the 

The partially buried ridges of western 

In 
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COMPRESSIONAL FEATURES IN THE THARSIS REGION OF MARS: 11. ORIENTATIONS 
AND TIMING OF DEFORMATION. 
Thomas R. Watters and Ted A. Maxwell, National Air and Space Museum, 
Smithsonian Institution, Washington, D.C. 20560. 

The Tharsis ridge system appears to form a great circle around the 
major volcanoes. The roughly circumferential orientation of these ridges 
could be interpreted as the formation of a ridge system in response to a 
single stress field with a center near Pavonis Mons. Wise et al. (1979) 
plotted the perpendiculars to strikes of ridges on the eastern flanks of 
Tharsis as great circles on the upper hemisphere of an equal area net. 
Based on 66 intersections of the great circles, they observed that the 
ridge system was not concentric to a single point but to a broadly 
elliptical area whose long axis was subparallel to the volcanic line 
formed by Olympus and Pavonis Mons. 

In order to further test for circular symmetry and possible other 
influences on ridge orientations, normals to vector means of ridge 
orientations were calculated using over 1850 digitized ridge segments 
sampled in 10 degree boxes (Fig. 1). Orientations of individual ridge 
segments were weighted by their lengths, and the magnitudes of normals to 
vectors means were weighted by cummulative length of the ridge segments. 
As illustrated in Figure 1, cummulative length is represented by line 
lengths, and double width lines represent 4 times the vector magnitude of 
single thickness lines. Normals to vector means with magnitudes less 
than 100 km are not shown. Assuming a single fold origin for ridges, the 
resulting plot shows compressive stress trajectories for the ridges in 
the Tharsis region. The averaged compressive stress orientation around 
Tharsis confirm the suggestion by Wise et al. (1979) that the ridge 
system is not concentric to any single point. In general, ridge 
orientations in southern Tharsis indicates a stress center in a broad 
area near Syria Planum. Orientations in northern Tharsis indicate stress 
centers in a zone between Olympus and Ascraeus Mons. Overall, this data 
indicates a zone of stress centers that trend roughly parallel to a line 
north of Olympus Mons, through Pavonis Mons to Syria Planum. In contrast 
to the findings of Wise et al. (1979), the zone indicated here extends 
north of Olympus Mons rather than south. 

Models for the origin of the stress responsible for the tectonic 
features in the Tharsis region must be sensitive to the relative timing 
of the tectonic events. Those models invoking loading of the lithosphere 
by the Tharsis volcanic pile (Solomon and Head, 1982; Willemann and 
Turcotte, 1982) suggest that the compressional ridges formed as a long 
term viscoeleastic response of the ridged plains units to this load and 
that compressional deformation was late in the tectonic history of the 
region. 

In an effort to assign a relative age to the compressional ridge 
forming events, Watters and Maxwell (1983), examined ridge-fault 
crosscutting relationships on the ridged plains units in the Tharsis 
region. 
were roughly coincident with, and in some cases prior to the period of 
extension that generated the faulting of the ridged plains of Coprates, 
Lunae Palus, Tempe, and Memnonia regions, and the rifting of Valles 
Marineris. The presence of partially buried ridges in southwest Coprates 

They concluded that the major compressional ridge forming events 
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and the absence of observable compressional deformation on any 
stratigraphically younger unit west of the ridged plains units of 
Coprates or Lunae Palus suggport these findings and suggest that ridge 
formation occurred during an isolated period in the tectonic history of 
Tharsis (between 5000-12000 cummulative crater density). Further, the 
regicnal stress trajectories predicted by a flexural loading model do not 
fit the observed locations or the principal compressive stress 
orientations of the ridges (compare Fig. 1 with Fig. 3c in Banerdt et 
al., 1982). 

A model involving one or more isostatically compensated uplifts of 
the crust followed by relaxation generating a period or periods of 
regional compression is favored here and in the work of Watters and 
Maxwell (1983). Uplift with a net volumetric expansion of the crust as a 
result of partial melting coupled with solidification of low pressure, 
low density mineral assemblages (Finnerty and Phillips, 1981) could 
generate such tectonic activity. The observed zone of compressional 
stress centers (Fig. 1) may represent the non-symmetric relaxation of the 
uplifted crust along a northwest trending axis or several 
uplift-relaxation cycles along the same axis. Regional stress 
trajectories predicted by isostatic models agree well with the observed 
principal stress orientations. Deviations between the observed and 
predicted stresses are greatest within approximately 1700 km of the 
topographic center. Banerdt et al. (1982) suggested that the evolution 
of the Tharsis region progressed from isostatically-compensated uplift to 
flexural loading. If this is the case, then the findings presented here 
suggest that the ridges formed during the isostatic stage and not during 
the period dominated by flexural loading. 
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INTERPRETATION OF PLANETARY STRESS SYSTEMS: DETERMINATION OF TECTONIC OVER- 
PRINTING I N  NORTHWEST WYOMING 

Remote Sensing Center,  Univ. of Mass., Amherst, Mass. 01003 

S t r u c t u r a l  and t e c t o n i c  i n t e r p r e t a t i o n s  of p l ane ta ry  s u r f a c e s  r e l y  s t rong ly  
on v i s u a l  de te rmina t ion  of r eg iona l  s t r u c t u r a l  g ra in .  This  g r a i n  can be very  
complex and confusing, and s o r t i n g  o u t  of d i s c r e t e  t r ends  i n  time and space 
is  of utmost importance. This  s tudy  i s  a test of some of t hese  techniques 
appl ied  t o  a " w e l l  known" area having several d i s c r e t e  s t r u c t u r a l  g r a i n s .  

I n  t h e  Big€;orn Basin r eg ion  of Wyoming, a l a r g e l y  overlooked N l O E  
s t r u c t u r a l  g r a i n  has  been v e r i f i e d  w i t h  d e t a i l e d  s t r u c t u r a l  a n a l y s i s  and 
i n d i c a t e s  a s i g n i f i c a n t  change i n  stress o r i e n t a t i o n  a t  t h e  end of t h e  
Laramide orogeny. 

of Laramide s t r u c t u r a l  g r a i n s  d i f f e r e n t  from t h e  t y p i c a l  p a t t e r n  o f  Kuch of 
t he  rest of t h e  Wyoming Province.  A bimodal s i z e  d i s t r i b u t i o n  of major and 
minor s t r u c t u r e s  of 'If irst order"  and "second order"  r e s p e c t i v e l y  (Thorn, 1955) 
is w e l l  recognized i n  t h e  region.  The "minor" s t r u c t u r e s  b e s t  known as t h e  
"basin an t i c l ines" ,  tend t o  have s t r u c t u r a l  r e l i e f  of about a thousand meters, 
whereas t h e  "major" s t r u c t u r e s ,  l i k e  t h e  Beartooth and Bighorn Ranges, have 
s t r u c t u r a l  r e l i e f  as w e l l  as map dimensions approaching a n  o rde r  of magni- 
t ude  l a r g e r .  The minor s t r u c t u r e s  of t h e  Bighorn Basin tend t o  be  o r i en ted  
sub-pa ra l l e l  t o  t h e  NW g r a i n  of t h e  bas in  axis and t o  be asymmetric, w i t h  
s t e e p  limbs of a n t i c l i n a l  s t r u c t u r e s  on t h e  s i d e s  away from t h e  b a s i n  a x i s .  
The major ranges a l s o  inc lude  NW t rending  elements i n  t h e i r  s t r u c t u r a l  g r a i n  
but  are much more i r r e g u l a r  i n  t h e i r  l o c a l  and i n  t h e i r  o v e r a l l  g r a i n .  This  
is  p a r t i c u l a r l y  t r u e  of t h e  eastern p o r t i o n  of t h e  Beartooth Range, whose 
f r o n t  t r ends  N l O E ,  p a r t i a l l y  c l o s i n g  t h e  end of t h e  Bighorn Basin.  The N-S 
g r a i n  seems p a r t i c u l a r l y  s t rong ly  developed i n  t h e  no r the rn  Bighorn Basin 
reg ion  (Fig.  l), where t h e  Dead Indian  Monocline cont inues  t h e  t rend  of t h e  
Beartooth f r o n t .  The N-S g r a i n  i s  a l s o  ev ident  i n  t h e  Oregon Basin area, 
t h e  western p o r t i o n  of t h e  L i t t l e  Sheep Mountain area, and i n  t h e  major 
f a u l t s  bounding p a r t s  of t he  Pryor Mountains (Fig.  1 & 2 ) .  

f o l d s  wi th  axes s t r i k i n g  about  NlOE and plunging about 30° t o  t h e  south  
(Wise, 1957, 1958; and Foose, Wise and Garbar in i ,  1961).  The t r ends  and t i m e  
sequence of t h e  minor s t r u c t u r e s  are s i m i l a r  t o  those  of t h e  l a r g e r  s t r u c t u r e :  
NW-trending f o l d s  and t h r u s t s  w e r e  ove rp r in t ed  and d i s r u p t e d  by s t r u c t u r e s  
inf luenced  by younger t r ends  of Beartooth f r o n t a l  s t r u c t u r e s  (Wise, 1983) 
(Fig.  2 ) .  It i s  i n t e r e s t i n g  t o  no te  that t h e  main N l O E  Beartooth f r o n t a l  
t rend  cont inues  south  as t h e  Dead Indian  Monocline, t he  d i p s  of which s teepen  
sha rp ly  i n  t h e  middle and upper Mesozoic l e v e l s ,  presumably the  e f f e c t  of a 
deeply buried basement l i p  marking t h e  edge of t h e  less u p l i f t e d  segments. 

ed by Laramide f o r c e s  (Al l i son ,  1983).  Detai led p a l e o s t r e s s  a n a l y s i s  a long 
the  Tensleep F a u l t  c l e a r l y  shows two phases of deformation. S t y l o l i t e s ,  
s l i c k e n s i d e s ,  f a u l t s ,  f o l d  axes ,  plumose s t r u c t u r e s ,  and j o i n t s  show a s t rong  
NE-SW compression (Figs .  3 & 4 )  which produced a NW-trending g r a i n .  A l a t e  
Laramide (? )  WNW-directed compression i s  ind ica t ed  by o t h e r  sets of j o i n t s  
and plumose s t r u c t u r e s  w i t h  a s soc ia t ed  NNE-SSW extens ion  shown by gypsum veins  
and f i b e r s  (Figs .  3 & 4 ) .  This  r e s u l t e d  i n  f e a t u r e s  wi th  a t rend  similar t o  

Wise, Donald U., and Al l i son ,  M. Lee ,  Dept. of Geology & Geography and 

The Bighorn Basin reg ion  and its surrounding ranges con ta in  a h ie rarchy  

The l a rge - sca l e  p a t t e r n  of t he  Precambrian rocks is t h a t  of broad, open 

The Tensleep Fau l t  is  a Precambrian f r a c t u r e  (Palmquist ,  1967) r e a c t i v a t -  
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t h e  Beartooth Front .  
upthrown b lock  on t h e  no r th  s i d e  of t h e  Tensleep Fau l t .  

regards  t o  basement f r a c t u r e s  of o t h e r  o r i e n t a t i o n s  due t o  i t s  favorable  300 
angle  t o  t h e  NE-SW compression. 
r e s u l t .  The la ter  WNW compression should have produced a minor component of 
r i g h t  s l i p s  and may account f o r  the clockwise r o t a t i o n  of gypsum f i b e r s  i n  
veins a long  t h e  f a u l t  (Fig.  4 ) .  

r e o r i e n t a t i o n  d i r e c t i o n s  of Laramide compression are n o t  new ideas .  
t h e  la te  s t a g e  stresses are usua l ly  thought t o  have been N-S compression 
perpendicular  t o  f e a t u r e s  l i k e  t h e  O w l  Creek Mountains. The d a t a  presented  
above sugges t  t h a t  t h e  main Bighorn Basin NW-SE t r end  w a s  w e l l  e s t a b l i s h e d  a t  
least i n  t h e  nor thern  p a r t  of t h e  b a s i n  be fo re  i ts  d i s r u p t i o n  by WNW compres- 
s i o n  wi th  t h e  rise of t h e  e a s t e r n  Beartooth Block and deformation ac ross  t h e  
Tensleep F a u l t .  

Whatever i t s  cause,  t h e  younger NNW compression u p l i f t e d  and o v e r t h r u s t  
t he  e a s t e r n  Beartooth Front/Dead Ind ian  Monocline t o  produce its N l O E  s t r i k e .  
Associated s t r u c t u r e s  probably modified t h e  deeper p o r t i o n s  of Oregon Basin 
t o  produce t h e  N-S elements i n  t h a t  s t r u c t u r a l  g ra in .  Depending on t h e  
magnitude of f r o n t a l  displacement,  t h i s  i n t e r p r e t a t i o n  would leave t h e  former 
f l o o r  of t he  Bighorn Basin u p l i f t e d  on top of t h e  Beartooth Block poss ib ly  
modified as the  Cooke Ci ty  Sag (F igs .  1 & 2). 

t h e  imp l i ca t ion  of a complex and evolving basement an i so t ropy  which must be 
taken i n t o  account i n  any arguments about mechanics. 
Laramide s t r u c t u r e s ,  dismembered and u p l i f t e d  onto  t h e  ranges,  can be  
examined both as samples of s t r u c t u r a l  s t y l e s  less a c c e s s i b l e  f o r  s tudy  i n  the  
deeper bas ins  as w e l l  as c l u e s  t o  s t r u c t u r e s  l e f t  behind o r  beneath t h e  over- 
t h r u s t  range f r o n t s .  Even i n  w e l l  s t u d i e d  reg ions  s i g n i f i c a n t  s t r u c t u r a l  
g ra ins  have been overlooked. This  emphasizes a;jain t h e  c a r e  requi red  i n  
deciphering t h e  h i s t o r y  of any p l ane ta ry  su r face .  

Fold a x i s  o r i e n t a t i o n s  were p a r t l y  c o n t r o l l e d  by t h e  

The Tensleep Fau l t  could have been p r e f e r e n t i a l l y  r e a c t i v a t e d  wi th  

L e f t  ob l ique  s l i p  would be expected as a 

The dichotomy between major and minor s t r u c t u r e s  and the  p o s s i b l e  
However, 

A t i m e  sequence of such s t r u c t u r e s  of va r i ed  o r i e n t a t i o n  carries wi th  i t  

I n  a d d i t i o n ,  earlier 
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THE GALILEAN SATELLITE GEOLOGICAL MAPPING PROGRAM, 1983. 
B. K. Lucchitta, U.S. Geological Survey, F lags t a f f ,  Arizona 86001 

The Gal i 1 ean Sate1 1 i t e  Geol ogi cal Mapping Program was establ i shed t o  
i 11 umi nate detai 1 ed geol ogic re1 a t i  ons on the four 1 arge satel 1 i tes of 
Jupiter. 
universities, research institutes, and government offices i n  the United 
States, England, Germany, and I ta ly .  A total of 24 researchers have been 
assigned t o  map 10 quadrangles on Ganymede, 15 t o  map 6 quadrangles on Io, and 
3 t o  map 2 quadrangles on Europa. All maps are a t  a scale of 1:5 million 
except for three of the Io maps, where high-resolution pictures permitted 
compilation of selected areas a t  larger scales. 

During 1983, base materials were produced as planned and the fol lowing 
were sent t o  the mappers: Europa Je3 and Je4; Io Ji2, Ji3, J i4 ,  Ji2a, J iEb,  
and Ji2c; and Ganymede 593, 597, Jg8, and Jg9. Additionally, final brown-line 
cronaflexes were distributed for Europa Je3 and Je4. Ozalids of all  completed 
quadrangle bases were made avai 1 ab1 e t o  a1 1 mappers of respective satel 1 i tes, 
as were color images prepared by the Je t  Propulsion Laboratory i n  Pasadena, 
CA, and by the U.S.G.S. Image Processing Facility i n  Flagstaff, AZ. Two 
geologic maps of high-resolution areas on Io  have been completed and were 
submitted f o r  review. Two meetings were convened: one i n  Reston, VA, i n  
January 1983, i n  conjunction w i t h  the Planetary Geology Principal 
Investigators Meeting, t o  discuss progress of the program i n  general; and 
another i n  Flagstaff, AZ, i n  September 1983, t o  discuss specific mapping 
problems on Io and Europa. 

Problems on Io pertain mostly t o  the absence of identifiable datum planes 
across the planet, and t o  the probable young age of the units. 
relations can be established only on a local basis. Flow units and plateau or 
plains  units will be mapped by their surface expression and placed in to  an 
approximate overall age sequence. Local age sequences within flow or p l a i n s  
units may be given numerical symbols t h a t  express their sequence, b u t  these 
numerical identifiers will no t  necessarily correlate across the entire map. 
Mountain materials, on previous maps considered t o  be o ld ,  emerged as locally 
younger t h a n  plains or  plateau materials. Units t h a t  have changed between the 
two spacecraft encounters and t h i n  deposits will be portrayed by insert maps 
or overlays. 

Europa consists of few material u n i t s .  Subdivisions may have t o  be based 
on different structural styles or  density of fracture patterns. These 
subdivisions may be outlined as structural provinces and identified by 
symbols; insert maps will portray the different lineation sets. 

I n d i v i d u a l  structural sets on the grooved terrain of Ganymede will be 
outlined by structural symbols and other symbols will be added w i t h i n  the se t  
boundaries t o  indicate trend and density of grooves. Smooth terrain units 
will be mapped separately. Crater-floor materials may be categorized by the 
presence of f l a t  floors, peaks, or pits ,  or  by domes containing central 
depressions. More specific problems will be discussed a t  a meeting scheduled 
a t  the Lunar and Planetary Institute i n  March, 1984. 

The program involves about 40 investigators from various 

Superposition 
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RELATldNSHIPS AND TECTONICS OF Tlik 
Jg-7 QUAUiiANGLE OF GANYA4EI)E 

Marvin F. Glotfelty Charles Us. Barnes 
Professor of Geology 

Borthern Az. Univ. Northern AZ. Univ. 
Flagstaff ,  AZ. Flagstaff, AZ. 

Department of Geology 

Units and Symbology 

Cra te rs  within t h e  Ganymede Jg-7 quadrangle were divided into seven mappable 
units. The units represent: 1) irregular or elongate craters ,  2) c r a t e r s  with dark ejecta, 
3) palimpsests, 4) secondary craters ,  5 )  and c r a t e r s  of young, mature, and old age  
(mapped as C3, C2, and Cl ,  respectively). Symbols used for c r a t e r  floors include: 1) 
flat floors, 2) floors with pits, 3) floors with a central  dome or peak, 4) and floors with 
a central  dome and pit. 

Grooved terrains were divided into f ive mappable units. Three units of light 
grooved material represent small, medium, and large grooves, which a r e  arbitrari ly 
divided. The other two units of grooved terrain represent dark grooved material, and 
ret iculate  grooves. 

Two units of ungrooved dark terrain and two units of ungrooved light terrain 
were defined. In Galileo Regio, two units were defined representing large furrowed 
grooves, and smaller grooves which a r e  orthogonal to t h e  furrowed grooves. Large 
sinuous scarps which resemble high angle faults a r e  represented by a heavy line with 
dots. 

Boundary Relationships 

The groove sets in t h e  southern half of Jg-7 exhibit complex cross-cutting 
relationships arid a r e  most of ten  bounded by a large prominent solitary groove and 
scarp. The furrowed grooves in the north half of the  rnap a r e a  occur as gently a rcua te  
ridges, and trend in two orientations. The dominant set trends N N E ,  and cuts the minor 
set, which trends N&. Both sets of furrowed grooves a r e  in most cases c u t  by smaller 
secondary grooves, but cross-cutting relations become vague in some areas. These 
grooves a r e  generally orthogonal to, and superimposed upon t h e  larger furrowed 
grooves. The boundary between the  lighter grooved terrain to t h e  south, and Galileo 
Regio to t h e  north is an  abrupt scarp of considerable relief, with t h e  grea te r  elevation 
to t h e  north. Cra te rs  a r e  most abundant in Galileo Regio, and in all but a few cases, 
crosscut all other  features.  There a r e  cases, however, where all of t h e  groove types 
c u t  ejecta blankets, rims, and floors of craters .  The furrowed grooves and secondary 
grooves in Galileo Regio a r e  in abrupt contac t  with surrounding ungrooved materials. 
This contac t  is delineated by a sharp change in relief, ra ther  than a difference in 
albedo or surface texture.  The groove sets in the  southern terrain bound ungrooved 
inaterials e i ther  very abruptly across a prominent solitary groove, or very 
gradationally, in which case boundary lines a r e  arbitrary. 
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Sequence  of Even t s  

A f i v e  stage sequence  of even t s  has  occur red  in t h e  Jg-7 quadrangle  of 
Ganymede. The  f i r s t ,  and oldest stage was  t h e  formation or deposi t ion of t h e  smooth 
dark  areas and  hummocky t e r r a ins  with Gal i leo Regio. The  age of t h e s e  units is 
ev idenced  by crater flux, as well as by crosscut t ing  relat ions.  The  high c r a t e r  dens i ty  
in th i s  t e r r a in  sugges ts  t h a t  t h e  c r e a t i o n  of t h e  t e r r a in  dates f rom t h e  heavy terminal  
Dombardrnent phase  of so la r  sys tem evolut ion t h a t  ended  abou t  5 b.y.a. (5hoemaker and  
Wolfe, 1981). 

In t h e  second stage, t h e  l a rge  fur rowed grooves in Gal i leo Regio formed. This 
occurred  e i t h e r  as a single  e v e n t  in t ime,  with t h e  NNE-trending grooves  forming 
dominantly over  t h e  NQ-trending grooves, or as t w o  events ,  t h e  NNE-trending grooves 
forming a f t e r  t hose  t rending northwest ,  and  cu t t i ng  them. Soon a f t e r  or 
peneconteinporaneous with t h e  format ion  of t h e  la rge  fur rowed grooves was  t h e  
format ion  of smaller secondary  grooves. 

The end  of t h e  second stage rep resen t s  t h e  t ime at which t h e  boundary be tween  
the  t w o  geological provinces  of Jg-7 was de l inea ted .  A very  la rge  unconformity ex is t s  
here; this sugges ts  t h a t  a subs tan t ia l  period of t ime may h a v e  e lapsed  be tween  t h e  
second and th i rd  stages. 

The th i rd  stage began  with t h e  formation of l a rge  sinuous escarpments  which 
bounded and c u t  i n to  t h e  nor thern  dark  terrain.  These  sinuous sca rps  a r e  similar to 
those  formed by  high-angle faul t ing,  and  in almost all cases t h e r e  is a la rger  change  in 
e leva t ion  across thein. 

In t h e  fou r th  stage, blocks of older ,  da rke r  mater ia l  f au l t ed  or r i f t ed  off in 
polygonal llislands." Groove sets in t h e  southern half of t h e  map a r e a  a r e  in some 
locat ions observed to be composed of small grooves symmetr ical ly  o r i en ted  a b o u t  a 
prominent c e n t r a l  groove. This sugges ts  a r i f t ing  mechanism, which may also be 
responsible for  t h e  displacement  of blocks of da rk  t e r r a in  away  from Cal i leo  Regio. 

5tage f ive,  which probably occurred  at t h e  same tirne as stage four ,  is 
represented  by t h e  format ion  of groove sets in t h e  southern  light-colored t e r r a in  of 
3g-7. Dark and light groove  sets formed by t h e  same, or  similar processes. Where 
groove sets g rade  in to  smooth mater ia ls ,  t h e  intensi ty  of processes  which formed t h e  
grooves geometr ica l ly  decreased .  

C r a t e r  formation,  a l though of var iab le  flux, was  a cont inuous process  f rom 
pre-s tage one  to present .  Furrowed grooves in Gal i leo Regio show less  fading due  to 
viscous re faxa t iona l  f low t h a n  old c r a t e r s ,  and thus  were  probably ac t ive ly  forming at 
leas t  from stage t w o  until t h e  t ime  of ma tu re  (G2) c ra t e r s .  
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Genet ic  Mechanisms 

The model proposed by Fink (1983) which proposes crustal  thinning and ductile 
necking as a mechanism for groove formation is consistent with observations made in 
this study. The formation of grooves must be limited to processes which will vertically 
propagate fractures.  All types of grooves of Jg-7 (Le,, furrowed grooves, secondary 
grooves, and groove sets in light terrain) a r e  observed to c u t  ejecta blankets, rims, and 
floors of c r a t e r s  in some locations. 

C r a t e r s  superimpose grooves almost everywhere, so where grooves do c u t  them, 
a syn-impact or post-impact genesis is probable. The relatively thin ejecta blanket may 
have draped over preexisting grooves, but the  appearance of grooves on the  rim and 
floor of c r a t e r s  necessitates syn-impact of post-impact formation, or propagation of 
the grooves frotn depth. 

These grooves must. be very high angle features,  because t h e  c r a t e r s  c u t  by a 
single groove show no extensional or compressional deformation. Because grooves which 
c u t  c ra te rs  a r e  few, they a r e  probably t h e  products of reactivation or propagation of 
the s t ructural  set t ing which initially formed the  grooves. 
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GEOLOGIC MAPPING OF IO QUADRANGLE JI3 
Elbert A. King, Dept. Geosciences, Univ. Houston, Texas 

ABSTRACT - A photogeologic map of Io Quadrangle Ji3 is being 
compiled from interpretation of images of Io obtained by Voyager 
I and Voyager 11 in collaboration with C. Wood and R. S. U. 
Smith. All relevant images have been obtained and evaluated. A 
preliminary map version has been completed by mapping on 
individual images and this version is now being compiled on the 
quadrangle map base recently received from the USGS, Flagstaff, 
Arizona. It is anticipated that the mappers will meet within the 
next weeks or months to compare preliminary map versions, discuss 
discrepancies, resolve problems and to arrive at the final map 
version which will be inked on the USGS base map and submitted to 
the USGS for criticism, review and eventual publication together 
with an interpretive text. 
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Je3  QUADRANGLE, EUROPA: PRELIMINARY GEOLOGIC DESIGNATIONS 

David P i e r i ,  Jet Propuls ion  Laboratory,  Pasadena, CA 91109 
Konrad H i l l e r ,  DFVLR, Munich, FRG 

W e  have a r r ived  a t  prel iminary assignments of t e r r a i n  u n i t s ,  
c l a s s i f i c a t i o n  of l ineaments,  and have de l inea ted  impact craters as w e l l  
as depress ions  which are candida te  impact craters f o r  our geologica l  map 
of t h e  Je3 quadrangle of Europa. I n  add i t ion ,  we have designated 
s e v e r a l  s t r u c t u r a l  provinces  as de l inea ted  by l ineament s t y l e .  Two of 
t h e  outs tanding mapping problems which remain are (1) t h e  deciphering of 
d e t a i l e d  l ineament formation sequences, and (2) the c l a s s i f i c a t i o n  of 
lineament materials. 

a. TERRAIN UNITS: 
We have de l inea ted  four  major t e r r a i n  u n i t s  i n  t h e  J e 3  quad- 

rangle .  These are: (i) dark p i t t e d  material (rnpd), ( i i )  dark  
l i n e a t e d  p l a i n s  ( p l d ) ,  (iii) b r i g h t  l i n e a t e d  p l a i n s  ( p b l ) ,  ( i v )  dark 
s p o t s  (sd).  

We w i l l  d i s cuss  them i n  turn:  
mpd -- This  u n i t  i s  equiva len t  t o  t h e  dark mott led t e r r a i n  of 

Lucch i t t a  and Soderblom (1982). These reg ions  are cha rac t e r i zed  by 
somewhat lower albedo than  surrounding b r i g h t  p l a i n s  u n i t s  and by 
ubiqui tous mott led appearance due t o  small-scale (<lo0 km2) albedo 
v a r i a t i o n s  and by t h e  occurrence of s m a l l  depressions throughout t h e  
un i t .  Lineaments do not  appear t o  t r a n s e c t  t h i s  u n i t  i n t a c t .  Where 
major a rcua te  l ineaments  e n t e r  t h e  mpd u n i t ,  they usua l ly  disappear .  I n  
some cases, however, t h e  b r i g h t  medial  lineament s t r i p e  does appear 
i n t a c t  i n t o  t h e  mpd u n i t .  It i s  unc lear  at t h i s  s t a g e  of mapping 
whether t h e  l a r g e  a rcua te  l ineaments emerge again a t  t h e  d i s t a l  border  
of t h e  mpd t e r r a i n .  I n  addi t ion ,  t h i s  u n i t  is  cha rac t e r i zed  by t h e  
occurrence of numerous t h i n  f l e x i .  A s  L u c c i t t a  and Soderblom (1982) 
p o i n t  out ,  t h e  occurrence of f l e x i  p r e f e r e n t i a l l y  i n  t h i s  u n i t  may w e l l  
be due t o  t h e  h igh  phase angle  at which much of t h i s  u n i t  is 
i l lumina ted .  

pld -- These are t h e  dark gray p l a i n s  u n i t s  of L u c c h i t t a  and 
Soderblom (1982). We f e e l  more comfortable wi th  an  albedo/morphological 
des igna t ion  r a t h e r  t han  a co lo r ime t r i c  one. The mld u n i t  i s  charac te r -  
i zed  by a 10 t o  15% lower albedo as compared t o  b r i g h t e r  surrounding 
u n i t s  and are c h a r a c t e r i s t i c a l l y  t r ansec ted  by d i sce rnab le  l ineaments,  
t h e  r e l a t i v e l y  small ( t y p i c a l l y  <lo4 km2 i n  area) and appear d i s t i n c t l y  
i n  two major areas where high r e s o l u t i o n  coverage is  ava i l ab le .  

pbl -- These u n i t s  are equiva len t  t o  t h e  b r i g h t  p l a i n s  u n i t  of 
Lucch i t t a  and Soderblom (1982). They are cha rac t e r i zed  by t h e  h ighes t  
r eg iona l  albedo of any u n i t  on t h e  p lane t .  

sd -- This  u n i t  corresponds t o  t h e  "brown spots"  of L u c c h i t t a  and 
SoderKom (1982). There are major occurrences of t h i s  type of t e r r a i n  
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surrounded by b r igh t  p l a ins  uni t s .  

boundaries between b r igh t  p l a ins  and dark p i t t e d  t e r r a i n .  

b. STRUCTURAL PROVINCES. We have de l inea ted  f i v e  types of transcendent 
s t r u c t u r a l  provinces, pr imari ly ,  but  not exclusively,  expressed wi th in  
t h e  br ight  p l a ins  un i t s :  ( i )  a - l i nea t ed  p l a ins  with a rcua te  l ine-  
a t ions ,  ( i i )  = - l i nea t ed  p lx ins  with conchoidal l i nea t ions ,  (iii) 
- com - l i nea t ed  p l a ins  with comminuting l i n e a t i o n s ,  ( i v )  2 - l i nea t ed  
p l a ins  with polygonal l i nea t ions ,  (v) 
- (a )  -- This province includes most-of the  g rea t  a rcua te  lineaments 

on Europa. It appears mainly wi th in  apparently smooth b r igh t  p l a ins ,  
although b r igh t  medial r idges  wi th in  the  arcuate  lineaments may possess 
r e l i e f .  It i s  adjacent  t o  and may embay mld occurrences. 

(con) -- This province i s  loca ted  near the  ant i - jovian point on 
Europa and i s  character ized by broad wedge-shaped conchoidal lineaments 
and the  p l a ins  u n i t s  which conta in  i t  appear smooth. 

(cam) -- This  province i s  charac te r ized  by an abundance of micro- 
lineaments which subdivide the  t e r r a i n  and give i t  a comminuted o r  
crushed appearance. It i s  a l so  smooth and contains  the  ant i - jovian 
point on Europa. 

(p) -- This  province contains  ubiquitous s t r a i g h t  lineaments which 
j o i n  i n  a polygonal pa t te rn .  It appears smooth. 
- ( r )  -- This province c o n s i s t s  of f l e x i  o r  cycloid r idges  

ubiquitously emplaced i n  b r igh t  p l a ins  u n i t s  and t o  a much l e s s e r  ex ten t  
i n  dark p i t t e d  material. A s  has been mentioned, i t  i s  poss ib le  (and 
perhaps l i k e l y )  t h a t  t hese  r idges  occur i n  a l l  u n i t s  but are w e l l  
expressed only at high phase angles. 

I n  some cases, series of brown spots  
~ seem t o  exist as extensions of dark lineaments as they transcend 

r - l i nea t ed  p l a ins  with ridges.  

c. LINEAMENTS. W e  have del ineated severa l  d i f f e r e n t  lineament types 
bas i ca l ly  using the  scheme of P i e r i  (1981): 

a rcua te  lineaments ( P i e r i  Type 3 )  -- These are t h e  broad circum- 
Europa lineaments which are prominent even on low reso lu t ion  images of 
Europa. They are t y p i c a l l y  5 t o  10 km wide and possess a medial white 
s t r i p e .  They appear t o  be among the  f r e s h e s t  of the  l ineaments,  
although i f  t he  P i e r i  Type 1 lineaments are regrouped i n t o  t h i s  family,  
t h e  group would probably be considered t o  span a wider range of 
degradation states. 

ii, conchoidal lineaments ( P i e r i  Type 2 )  -- These lineaments 
cons i s t  of sho r t  wedge-shaped t o  curved markings producing a curved-to- 
polygonal lineament set which occurs near t he  ant i - jovian point.  These 
lineaments can be broad (10-20 km wide) and exh ib i t  s t r u c t u r e  wi th in  the  
marking t h a t  can be t ransverse  t o  t h e  lineament t rend.  

i. 

iii. comminuting lineaments ( P i e r i  Type 5) -- These are among t h e  
smallest of t h e  lineaments. They occur at and around the  ant i - jovian 
point as seen i n  t h e  high r e so lu t ion  mosaic. They g ive  an appearance of 
i n t ense  f r ac tu r ing  t o  t h e  poin t  of increasing the  albedo of t h e  a f fec ted  
area. 
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iv .  polygonal l ineaments  ( P i e r i  Type 4 )  -- This  type of l ineament 
occurs  unbiqui tously i n  several areas and c o n s i s t s  of s t r a i g h t  segments, 
very t h i n  without a whi te  medial  and, subdividing smooth high-albedo 
zones and t y p i c a l l y  c ros s ing  a rcua te  l ineaments a t  very h igh  angles.  

v. r i dges  ( P i e r i  Type 6 )  -- These l ineaments  are t h i n  p o s i t i v e  
a rcua te  topographic  f e a t u r e s  which appear a t  very h igh  phase angles  and 
may be ubiqui tous  t o  all t e r r a i n s  on Europa. 

vi .  bands -- These are broad f a i n t  markings d i s t ingu i shed  by t h e  
l a c k  of a white medial  s t r i p e  and t h e  presence of dark s p o t s  wit,hin t h e  
lineament. They are rare with only two d e f i n i t e  occurrences.  They are 
equiva len t  t o  t h e  "gray bands" of L u c c h i t t a  and Soderblom (1982). 

d. DEPRESSIONS: IMPACT CRATERS AND IMPACT CRATER-CANDIDATES 

W e  have de l inea ted  two groups of depress ions  on Europa, those  which 
can be i d e n t i f i e d  as impact craters and those  which cannot. 

1. impact craters -- These have been i d e n t i f i e d  by s e v e r a l  authors  
(Smith e t  al . ,  1979 and Lucch i t t a  and Soderblom, 1982). There are about 
a half-dozen of t h e s e  f e a t u r e s  showing clear r i m s  and i n  s e v e r a l  cases, 
ejecta depos i t s .  Two kinds of ejecta are recognized: b r i g h t  ejecta 
surrounding a dark crater r i m  and dark ejecta surrounding a b r i g h t  
crater. Dark ejecta occurs  around a prominent crater loca ted  i n  t h e  mld 
u n i t  while b r i g h t  ejecta occurs  around seve ra l  prominent craters i n  t h e  
mpd t e r r a i n .  

2. impact crater candida tes  - and i r r e g u l a r  depress ions  -- There i s  
another  class of quas i - c i r cu la r  depress ions  which e x i s t  on s e v e r a l  types 
of t e r r a i n  and are p a r t i c u l a r l y  well-expressed a t  high phase angles  near  
t h e  te rmina tor .  These may o r  may not  be remnant impact craters. Away 
from t h e  te rmina tor  t h e s e  p i t s  may be expressed as s m a l l  dark spots ,  bu t  
t h i s  a s s e r t i o n  is specu la t ive  a t  t h i s  t i m e .  

\ L u c c i t t a ,  B. K. and L. A. Soderblom, 1982, Geology of Europa i n  
S a t e l l i t e s  of J u p i t e r ,  pp. 521-555, Morrison, ed., The Univers i ty  of 
Arizona Press ,  Tucson, 972 pgs. 

P i e r i ,  D. C., 1981, Lineament and polygon p a t t e r n s  on Europa, Nature, 
-9 289 pp. 17-21, 

Smith, B. A. and t h e  Voyager Imaging Team, 1979, The Ga l i l ean  satel l i tes  
and J u p i t e r :  Voyager 2 imaging sc ience  r e s u l t s ,  Science 206, pp. 
927-950, 
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GEOLOGIC MAPPING, MARS: 
David H. Sco t t ,  U.S. Geological Survey, F lags t a f f ,  Arizona 86001 

PROGRESS AND HIGHLIGHTS 

Geologic mapping of Mars from V i k i n g  images has been completed i n  the 
north polar  and western regions of Mars. T h i s  work has been tied along common 
borders w i t h  the mapping currently i n  progress i n  the eas t e rn  equator ia l  
region by Greeley and Guest. Among the more s i g n i f i c a n t  results previously 
reported a r e  studies of the pa leos t ra t igraphy o f  Tharsis  lava flows [I] and of 
the time of occurrence of water f looding i n  Kasei channel r e l a t i v e  t o  Thars i s  
volcanism 21, the recogni t ion of probable ign imbr i te  fields covering some 2 

discovery of groups of volcanoes sca t t e red  i n  a broad a r c  across  the southern 
highlands [4], and the i d e n t i f i c a t i o n  of river-meander relics throughout l a r g e  
a reas  of the northern lowlands [SI. 
t o  da te  include the following: 

d i f fe rences  i n  morphology and a r e  l a t e r a l l y  gradat ional  i n  places.  In some 
areas  they cannot be d i s t ingu i shed  by physical appearance alone nor are they 
separated by discrete boundaries. 
contacts"  a r e  drawn primari ly  on the bas i s  of crater-count  data. A computer 
program has been designed t o  p lo t  curves f o r  c r a t e r  s ize- f  requency 
d f s t r i b u t i o n s  f o r  selected crater diameters. These curves can be p lo t t ed  
rap id ly  and allow better q u a n t i t a t i v e  judgements t o  be made f o r  p lac ing  
boundaries between map u n i t s .  

2. A problem encountered i n  a l l  p lanetary geologic mapping is the 
nomenclature used t o  describe mater ia l  units. Adjectives commonly employed t o  
describe the var ied sur faces  include: smooth, hummocky, rough, f r ac tu red ,  
h i l ly ,  dark, etc. As more and more units a r e  recognized, these terms become 
increasingly d i f f i cu l t  t o  follow and the geologic picture is blurred by 
terminology. Although the use of such terms is st i l l  necessary i n  the mapping 
of Mars, our geologic knowledge has progressed t o  the ex ten t  t h a t  group, 
formation, and member names can be appl ied t o  many rock units. Consequently 
the explanation accompanying the Viking geologic map of Mars will more nearly 
resemble those of t e r r e s t r i a l  geologic maps and will be more comprehensible t o  
most geol ogi sts. 

In conjunction w i t h  the geologic mapping of Mars, g rav i ty  data  
acquired by the V i k i n g  o r b i t e r s  is being s tudied  t o  determine the presence, 
type, and magnitude of anomalies assoc ia ted  w i t h  sur face  f ea tu res  having a 
wide va r i e ty  of size ranges. The studies a r e  s imi l a r  t o  some of those made 
for lunar  grav i ty  anomalies. They will allow models t o  be made of c r a t e r s ,  
volcanoes, and canyons involving such va r i ab le  parameters a s  density, 
topography, and subsurface structure. Results should provide information on 
the s i z e  and r e l a t i v e  age of f ea tu res  compared t o  their gravi ty  response and 
their possible  i s o s t a t i c  adjustment. 

4. The Vik ing  geologic mapping of Mars has d isc losed  several  l o c a l i t i e s  
where p a r t i c u l a r  combinations of rock units having a wide range of ages and 
1 i tho1 ogies  are exposed i n  close proximity . These areas  of fer optimum 
oppor tuni t ies  for any future missions t o  Mars designed to  obta in  sur face  
samples from a va r i e ty  of rocks c lose  t o  the t a r g e t  site. Some of the more 
favorable  sites include the following: 

1. Olympus Mons basal scarp  and ad jacent  terrain (MC-9SW). Specific 
loca t ion :  14'N =, 131.5 'W o r  18-N * ¶  .5'W. The sample suite includes (1) 
t a l u s  from scarp face; (2) post-scarp lava flows from Olympus Mons; (3) lava 
flows from fissures i n  p l a ins  t h a t  overlap Olympus Mons flows. The rock 

mi l l ion  km !i between p la ins  and highlands west of Tharsis  Montes C31, the 

Some o f  the developments of the mapping 

1. Pla ins  u n i t s  i n  the northern lowland region of Mars show subtle 

In such areas  a r b i t r a r y  " s t a t i s t i c a l  

il 

3. 
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types/ages are # (1) talus ,  highland fractured basement (very old),  or 
lava/pyroclastic material forming aureole (old);  (2 )  Olympus flows, basal t i c  
lavas (very young); (3)  plains flows, basal t ic  lavas (among youngest flows on 
Mars). Factors affecting accessibi l i ty  are  re la t ively f l a t  topography; 
elevation about 2-3 km above datum. 

2. Kasei Vallis floodplain - Tharsis Montes lava flows (MC-1OAIW). 
Specific location: ( 5  everal other locations occur i n  same 
area.) The sample suite includes (1) pre-channel basement; (2)  channel- 
floodplain material; (3) lava flows from Ascraeus Mons. The rock types/ages 
are  (1) breccias or volcanic materials forming lower rock sequence of Lunae 
Planum (old);  (2 )  floodplain and eolian deposits (young t o  very young); (3) 
basal t i c  lava flows, post-channel (very young). Factors affecting 
accessibi l i ty  are re la t ively f l a t  s i te b u t  criss-crossed i n  places by wind- 
eroded j o i n t  sets; elevation -2-3 km. 

3. Clari tas  Fossae highlands - Syria volcanic flows (MC-17SE). Specific 
location: peripheral t o  highland basement outcrop centered near 28.boS., 
1 0 1 O W .  Sample suite: (1) highly fractured highland rocks, l i t t l e  or no 
resurfacing; (2)  lava flows of Syria Planum. The rock types/ages are: (1) 
basement, ancient crustal rocks tha t  underlie a l l  others i n  region; (2 )  
basalt ic lava flows (intermediate t o  young age) . Factors affecting 
accessibi l i ty  are re la t ively f l a t  s i te around base of highland outcrop b u t  
highly faulted and fissured i n  places. 

location - / . S " S . ,  15b-W Sample suite: (1) a1 1 uvi a1 channel and eo1 i an 
deposits; (2) highland cratered terrain;  ( 3 )  ash-fl ow tuffs  (postulated) . 
The rock types/ages are: (1) river and wind deposits, probably intermixed 
(very young-young) ; (2 )  pre-channel f loor  materi a1 and/or cratered highl and 
blocks from channel walls (very old);  ( 3 )  material resgmblang nonwelded ash 
flows, part  of an extensive deposit covering about 2x10 km (very young). 
Factors affecting accessibi l i ty  are f l a t  s i te around mouth of dis t r ibutary 
channel; area to  be investigated for  a l l  u n i t s  w i t h i n  r ad ius  of about 20-30 
km; elevation 1-2 km. 

5. Highland-lowland boundary and ash-flows(?) (MC-16NW) . Specific 
location: 11's - 9  11 3-W. Sample suite: (1) d ensely cratered h i  ghl and 
material-; (2 )  lava plains (ridged), lowland material ; (3)  ash-flow 
tuffs(?)  The rock types/ages are (1) breccias or lava flows (very old);  (2 )  
basal t ic  lava flows (mare type?); ( 3 )  f e l s i c  pyroclastic rocks. Factors 
affecting accessibi l i ty  are f l a t  area and relatively smooth lava plains; 
elsewhere, rol l ing t o  rough terrain;  elevation -1 km or  less. 

6. Fractured highlands, Olympus Mons aureole (MC-9-SW) e Specific 
location: 1Z-N 9, 125 .5'W. Sample suite: (11 b asal aureole of Olympus Mons; 
(2)  fractured highlands; (3)  plains lava flows. The rock types/ages a re  
(1) pyroclastic material o r  lava flows of possible felsic composition 
(intermediate age); (2)  breccias or lava flows (old age); (3)  basal t ic  lava 
flows (very young age). Factors affecting accessibi l i ty  are f l a t  lava plains 
between outcrops of aureole and h i g h l  and materials; elevation -3-4 km. 

near 82OFT., SS'W . Sample suite: (1) polar perennial ice cap; (2 )  layered 
deposits; (3)  patterned plains (polygonal ). The rock types/ages are (1) 
water ice  ( very young?) ; ( 2 )  cycl ic eo1 i an beds (very young) ; (3)  
(old). Factors affecting accessibi l i ty  are  f l a t  t o  rugged topography; 
elevation -1 km. 

- 20'~ 0 ,  11.5 w. 

4. Mangala Vallis  distributary - ash-flow tu f f ( ? )  (MC-16NE). Specific 

7. North polar region - Borealis Chasma (MC-1A). Specific location: 

1 ava f l  ows 
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Viking High-Resolution S tudies  of Mars 
Harold Masursky, D. H. Scot t ,  E. C. Morris, M. E. S t robe l l ,  and A. L. D i a l ,  
Jr- ;  U.S. Geological Survey, F l ags t a f f ,  Arizona 

Several  Mars areas are being s tudied  as p o t e n t i a l  f u t u r e  rover and 
sample-return sites i n  order  t o  def ine  l o c i  where complex geologic r e l a t i o n s  
occur i n  r e s t r i c t e d  areas. 
area, the  southeastern scarp of Olympus Bbns, t he  Mangala Valles, and t h e  
Kasei Valles a t  a meeting of t h e  Solar  System Exploration Committee a t  
Snowmass, Colorado, in August. This committee has accepted, as t h e  highest  
p r i o r i t y  f u t u r e  l a r g e  mission, a Mars Sample Return with rover. Three 
add i t iona l  sites, a t  Lunae Planum, Candor Mensa, and Chasm Boreale w e r e  no t  
discussed a t  t h e  Snowmass meeting, but t h e i r  s t a t u s  is reviewed here. 

Preliminary r e s u l t s  w e r e  presented of t h e  Memnonia 

In t he  Memnonia region, anc ien t  heavi ly  c ra t e red  t e r r a i n ,  c r a t e red  p l a i n s  
of intermediate  age, and an uncratered very young and heavi ly  wind grooved 
u n i t  are juxtaposed. 
volcanic  rocks. This t e r r a i n  may account f o r  t he  pecul ia r  radar -sca t te r ing  
c h a r a c t e r i s t i c s  i nd ica t ing  extremely rough t e r r a i n  reported by [1,2]. A 
1:500,000 scale cont ro l led  photomosaic is ava i l ab le  of t h e  area, and provides 
t h e  base f o r  a preliminary geologic map (Fig. 1) [31. Topographic and more 
de t a i l ed  geologic maps w i l l  be completed i n  1984. 

This last u n i t  may cons i s t  of poorly consol idated young 

. 

The southeastern p a r t  of t h e  Olympus Mons area contains  volcanic  flow 
The o ldes t  u n i t s  of probable b a s a l t i c  composition t h a t  are of t h ree  ages. 

rocks are exposed i n  t h e  c l i f f s  of t he  scarp.  Younger flows cascade over t h e  
scarp and flow out onto surrounding p la ins .  The youngest flows emerge from 
f i s s u r e s  t o  t h e  north,  overlap t h e  o lde r  flows, and cover t h e  p l a ins  un i t s .  
Planimetr ic  and topographic maps of t h e  area are ava i lab le ,  and a preliminary 
geologic map has been compiled [4]. An add i t iona l  cont ro l led  photomosaic and 
a more de t a i l ed  geologic map w i l l  be compiled t h a t  w i l l  incorporate  a s t r i p  of 
very high r e so lu t ion  photos taken on t h e  next-to-last  day of t h e  Viking 
mission. These photos show d i s t i n c t  e longate  lava flows. 

The Mangala Valles conta in  anc ien t  c r a t e red  t e r r a i n ,  c r a t e red  p l a i n s  of 
intermediate  age, channel depos i t s ,  and young volcanic  depos i t s  t h a t  o v e r l i e  
t h e  channel deposits.  
deposit ion.  W e  have not y e t  loca ted  a s i n g l e  s i t e  t h a t  contains  a l l  four  
geologic u n i t s  i n  juxtaposi t ion.  Uncontrolled photomosaics of high-resolution 
Viking photographs have been compiled of t h e  area, and a geologic sketch map 
has been drawn. Controlled photomosaics, topographic maps, and d e t a i l e d  
geologic maps w i l l  be made- 

All u n i t s  are highly modified by eo l i an  erosion and 

In t h e  Kasei Valles site, anc ien t  c r a t e red  t e r r a i n ,  intermediate-age 
c ra t e red  p l a ins ,  channel deposi ts ,  and young volcanic  depos i t s  occur. The 
cr i t i ca l  outcrops are spread over a considerable  area. 
photomosaics are cu r ren t ly  a v a i l a b l e  and a geologic sketch map has been 
completed [31. 
made. 

Two 1:500,000 scale 

Additional photomosaics and a d e t a i l e d  geologic map w i l l  be 

Although t h e  Lunae Planum area w e s t  of t he  Chryse Basin has many 
well-developed stream channels, it does not  s e e m  t o  have young volcanic  
depos i t s  that o v e r l i e  t hese  channels and their deposits.  
would be d i f f i c u l t  t o  da te  the  channel episodes from returned samples. 

For t h i s  reason i t  
A 1:5 
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m i l l i o n  scale shaded-relief map of t h e  Lunae Planum area is a v a i l a b l e  and 
1:500,000 scale maps w i l l  be  made t h i s  coming year .  
geologic  area w i l l  be  s t u d i e d  i n  d e t a i l  t o  d e f i n e  t h e  l a r g e s t  v a r i e t y  of 
u n i t s  . 

The most f avorab le  

I n  t h e  Candor Mensa area, layered  depos i t s  unde r l i e  t h e  mesa and ad jacen t  
areas bu t  are no t  an obvious p a r t  of t h e  s t e e p  w a l l  of Candor Chasma. 
s t i l l  is  unce r t a in ty  as t o  whether t h e  layered  depos i t s  are unconformably 
deposi ted w i t h i n  t h e  canyon o r  are p a r t  of t h e  normal canyon sequence. 
layered  depos i t s  may con ta in  s o i l  horizons t h a t  were formed during several 
f l u v i a l  episodes.  It may be  p o s s i b l e  t o  d a t e  r ad iomet r i ca l ly  t h e  r e tu rned  
samples from the underlying and over ly ing  vo lcan ic  rocks and from these ,  t o  
d a t e  t h e  f l u v i a l  episodes of t h e s e  horizons.  Six con t ro l l ed  photomosaics of 
t h e  genera l  reg ion  are completed and two geologic  ske tch  maps showing 
a l t e r n a t i v e  geologic  r e l a t i o n s  were prepared f o r  earlier rover  traverse 
s t u d i e s  [21. Contour maps and d e t a i l e d  geologic  maps of t h e  m e s a ,  which lies 
wi th in  one quadrangle,  w i l l  be  made. Also, D. H. Sco t t  and N. E. Witbeck are 
compiling a r eg iona l  geologic  map of t h e  e n t i r e  Valles Mariner is  canyon 
reg ion ,  and B. KO Lucch i t t a  and H. M. Ferguson w i l l  map t h e  areal block of s i x  
con t ro l l ed  photomosaics. 

There 

These 

Pre l iminary  s t u d i e s  have a l s o  been made of the southern  end of Chasma 
Boreale near  t h e  edge of t h e  permanent nor th  p o l a r  ice depos i t s .  Ice, layered  
t e r r a i n ,  and e o l i a n  sand dunes and s h e e t s  are w e l l  developed i n  a small 
area. Detai led p lan imet r ic ,  topographic,  and geologic  maps w i l l  be  made of 
t h i s  area. 
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GEOLOGIC MAPPING I N  THE CYDONIA REGION OF MARS 
WITBECK, N. E., U.S. Geological Survey, Flagstaf f ,  Arizona 86001 and Underwood, J. R., Jr., 
Kansas State University, Manhattan, Kansas 

The Cydonia region on Mars, which includes the approximate area bounded by l a t  30°-500 N. 
and long Oo-30° W, (Fig. la), l i e s  along the  east margin of Ac ida l ia  P lan i t ia ,  t he  largest area 
o f  low albedo I n  the  martian northern hemisphere. Two major physiographic provinces occur i n  
t h i s  region: a high-standing, heavi ly cratered plateau t o  the south and low-lying, l i g h t l y  
cratered p la ins t o  the north, 

character is t ics  are summarized I n  Table 1, The surface o f  the plateau, interpreted as composed 
of t h e  oldest un t t s  I n  the area on the basis of  t he  abundance of  large impact craters  (Fig. l b ) ,  
marks the northern extent of  the ancient southern highlands. 
plateau remnants occurs throughout t h e  lower plains region, suggesting t h a t  the plateau once 
extended over much o f  t he  region. 

Most of  the p la ins u n i t s  appear t o  have formed a f t e r  the r e t r e a t  of  the plateau; they 
represent a complex h i s to ry  o f  depositional and erosional events t h a t  created varied landforms. 
The two most unusual landforms seen on t h e  p la ins I n  t h i s  region are the polygonal f rac tu re  
pat tern and the small (<l km) cratered domes. 

Patterned ( f ractured) t e r r a i n  has been the subject of  controversy since i t s  discovery during 
the  ear ly  stages o f  t h e  Vik ing Mission. Proposed mechanisms Include: permafrost a c t i v i t y  !1,21, 
desiccation of  water-saturated sediments 131, contract ion of  cool ing lavas I3,41, and tecton ic  
deformation I51. None o f  t he  proposed mechanisms o f f e r s  an adequate explanation, and It may be 
t h a t  the troughs were formed by more than one process. The o r i g i n  of  t h e  small cratered domes i n  
the Cydonia region has also been the subject o f  controversy, Both volcanlc and nonvolcanic 
o r i g ins  have been suggested f o r  these landforms; however, we favor the  volcanic hypothesis, (For 
fur ther  discussion see Witbeck and Underwood I61.1 

old, heavi ly cratered plateau material. 
r e t r e a t  t h a t  l e f t  only remnants of  the plateau throughout the plains. The topographically lower 
p la ins were then resurfaced wi th  volcanic, eollan, and possibly a l l u v i a l  materials. Some o f  t h e  
material eroded from the plateau may have been redeposited i n  the  p la ins region. The f racture 
pattern may have developed a t  about the  same time. 
cratered domes, /.e., cinder cones o r  pseudocraters, throughout the  region. Volcanic a c t i v i t y  
declined a f t e r  t he  extrusion of the lava flows I n  the northwestern p a r t  of  the region, which 
produced young mottled p la ins material. 
References 

Several mappable geologic u n i t s  have been defined i n  the Cydonia region. U n l t  

Knobby t e r r a i n  material t h a t  may be 

The decipherable geologic h l s to ry  of  the Cydonia reglon begins wi th  the emplacement o f  the 
This deposition was followed by erosion and scarp 

Next, volcanlc a c t i v i t y  formed many small 
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Figure 1. a,) 
l i s t e d  i n  Table 1. Uni ts are c l a s s i f i e d  by systems established by Scott  and Carr 
171. C re fe rs  t o  wel l  preserved crater  material, C re fe rs  t o  s l i g h t l y  degraded 
c ra te r  material, b.) Crater size-frequency d fs t r l bu t i ons  fo r  selected units, Syr ia  
Planum and Tharsis Montes curves from Scot t  and Tanaka I81 are shown f o r  comparison. 

Geologic sketch map of  t he  Cydonia region of  Mars. Un i t  symbols and names are 
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Table 1 

Pla ins Uni ts  

AHpm 

AHPP 

AHps 

HPV 

HPf 

ANk 

Npld 

Nplc 

YOUNG MOTTLED PLAINS MATERIAL - Low albedo; r e l a t i v e l y  smooth dark p la ins material; 
several lobate escarpments and small (4 km) cratered domes; escarpment commonly marks 
boundary wi th  dissected plateau material; (Vik ing image 35A41). Interpretat ion:  
Young volcanic flows 
PATTERNED PLAINS MATERIAL - Intermediate albedo; smooth p la ins cu t  by troughs several 
hundred meters wide, <5 km long; gradational boundary wi th  other p la ins units; (Vik ing 
image 597A05). Interpretat ion:  Eol ian and possible volcanic materlal; f ractures may 
be r e s u l t  of permafrost, volcanism, desiccation, or  tecton ic  a c t i v i t y  
SMOOTH PLAINS MATERIAL - Varied albedo; smooth, r e l a t i v e l y  featureless p la ins 
materlal; large c i r c u l a r  features out l ined by knobs; cratered domes common near 39' 
N. 9 12'; gradational boundary wi th  p la ins units; escarpment marks boundary wi th  
plateau; (Vik ing image 558A07). Interpretat ion:  Eol ian and possible volcanic 
material blanketlng older, cratered surface 
VARIEGATED PLAINS MATERIAL - Varied albedo; smooth featureless plains; scattered 
cratered domes; streamlined remnants near boundary wi th  cratered plateau unit; 
escarpment marks boundary wi th  lower f ractured plains uni t ;  (Vik ing image 36A44). 
Interpretat ion:  Volcanic, eolian, and a l l u v i a l  p la ins 
FRACTURED PLAINS MATERIAL - Intermediate albedo; smooth p la ins cut  by troughs up t o  2 
km wide, 20 km long, 5-10 km apart; wider troughs have f l a t  f loors; cratered domes 
common; gradational boundary wi th  patterned mottled plalns; escarpment marks boundary 
w i th  higher variegated plains; (Vik ing image 32A36). Interpretat ion:  Old u n i t  
underlylng plateau materials exposed by scarp r e t r e a t  191, resurfaced by young 
volcanic material; f ractures r e s u l t  of tectonism, volcanism, permafrost, or 
desiccation 
PATTERNED MOTTLED PLAINS MATERIAL - Low albedo p la ins wi th  high-albedo c ra te r  ejecta; 
in tercrater  region cut  by troughs <1 km wide, <IO km long; cratered domes common; 
gradational boundary wi th  other p la ins units; (Vik ing Image 32A18). Interpretat ion:  
Volcanic plains; e jecta blankets r e s u l t  of Impact excavating material of high albedo; 
troughs are volcanic, tectonic, permafrost, o r  desiccation features 

Plateau Uni ts  

KNOBBY TERRAIN MATERIAL - I r regular  h i l l s  or  knobs, l oca l l y  forming c i r c u l a r  pattern; 
some have summit craters; (Vik ing image 70A09). Interpretat ion:  Erosional remnants 
of  higher surface; crater  rims o f  buried surface; l oca l l y  may be volcanic cones 
DISSECTED PLATEAU MATERIAL - intermediate t o  high albedo; smooth surface cut by 
numerous fractures; large, c i r c u l a r  out l ines common; escarpment commonly marks 
plateau-plains boundary; (Vik ing image 670816). Interpretat ion:  O u t l i e r  o r  remnant 
o f  cratered plateau; c i r c u l a r  features are o l d  craters; subsequently disrupted by 
fau I t ing 
CRATERED PLATEAU MATERIAL - Intermediate albedo; heavi ly cratered; rough in tercrater  
surface; escarpment commonly marks boundary wi th  lower plains; (Vik ing image 
561A07). Interpretat ion:  Ancient crusta l  deposits p a r t l y  resurfaced by volcanic and 
eol ian material 
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VOYAGER CARTOGRAPHY 

R. M e  Batson, U.S.Geologica1 Survey, F l a g s t a f f ,  AZ 86001 

The Jovian  and Sa turn ian  sa te l l i t es  are being mapped a t  several scales 
from Voyager 1 and 2 da ta .  Details of t h e  Ga l i l ean  s a t e l l i t e  mopping 
program were g iven  by Batson and o t h e r s  [l].  The Sa tu rn ian  s a t e l l i t e  
mapping p l an  and o t h e r  d e t a i l s  of  methods used i n  Voyager car tography w e r e  
descr ibed  by Batson and o t h e r s  [2 ,3] .  

Airbrush mapping a t  1:5,000,000 i s  w e l l  under way. Two maps of Europa 
(Je-3 and J e - 4 )  are complete and i n  p re s s ,  as  are t h r e e  (J i -2 ,  -3, and - 4 )  
of I o  and f i v e  (Jg-3, -4, -7, -8, -9) of Ganymede. Three Ganymede 
1:5,000,000 scale quadrangles  (Jg-10, -12, and -13) are  i n  compilat ion.  

More than 300 Voyager images of t h e  Jovian  and Sa turn ian  sa te l l i t es  
have been r ad iomet r i ca l ly  processed i n  p repa ra t ion  f o r  ca r tog raph ic  
process ing ,  and more than 100 of t hese  have been geometr ica l ly  transformed 
t o  map p r o j e c t i o n s  f o r  base mosaic compilat ions.  Film and magnetic t ape  
copies  of t h e s e  images have been d i s t r i b u t e d  t o  t h e  Regional P l ane ta ry  
Image F a c i l i t i e s .  
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J-y) ?*# 1 : 2,000,000 SCALE CONTROLLED PHOTOHOSAICS OF MARS . 

R. M. Batson and R. L. Tyner, U. S. Geological Survey, F l a g s t a f f ,  AZ 86001 

Compilation of a series of 140 con t ro l l ed  photomosaics of Mars a t  a 
scale of 1:2,000,000 is i n  progress .  To da te ,  107 mo 
publ ished,  seven are i n  p r e s s ,  and 27 are i n  compilat  
mosaics compiled e a r l y  i n  the  series have been rev ised  by inc luding  higher  
q u a l i t y  images than  were a v a i l a b l e  a t  the  t i m e  of t h e  o r i g i n a l  compilat ion,  
r e s u l t i n g  i n  pub l i ca t ion  of more than 140 map shee t s .  
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REVISIONS OF 1:5,000,000 SCALE MARS MAPS 

R. M. Batson and P. H. Bridges,  U. S. Geological  Survey, F l a g s t a f f ,  A2 
86001 

The 1:5,000,000 shaded r e l i e f  maps of Mars o r i g i n a l l y  compiled from 
Mariner 9 p i c t u r e s  are being upgraded by adding d e t a i l s  v i s i b l e  on Viking 
O r b i t e r  images. This  work is done by modifying t h e  o r i g i n a l  a i rb rush  
drawings; no at tempt  is made t o  r e p o s i t i o n  f e a t u r e s  according t o  t h e  
latest  c o n t r o l  ne t s .  

MC-2, -3, -4, -5, -17, -18, -18, and -20 have been rev ised  and 
published. MC-7, -10, -11, -16, and -23 have been rev ised  and are i n  
press ,  and 14C-6 and -12 are i n  compilation. 
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MARS SPECIAL-SCALE MAPS: THE 1:500,000 SERIES 

R. M. Batson, U. S .  Geological  Survey, F l a g s t a f f ,  AZ 86001 

Control led photomosaics of areas of s p e c i a l  s c i e n t i f i c  i n t e r e s t  on 
Mars are being compiled wi th  h igh- reso lu t ion  Viking O r b i t e r  p i c t u r e s  a t  a 
scale of 1:500,000 on a Hars Transverse Mercator (MTM) system. Areas 
s e l e c t e d  f o r  mapping are based on recommendations by t h e  P lane tary  
Cartography Working Group, which has  recommended compilat ion of s i x  
quadrangles i n  t h e  Valles Mariner is  reg ion ,  18 quadrangles i n  t h e  Lunae 
Palus  region,  and 1 2  quadrangles  i n  t h e  Alba Pa te ra  region.  The s i x  Valles 
Mariner is  quadrangles are complete and i n  p re s s ,  as  are two of t h e  Lunae 
Palus  quadrangles.  A l l  of  t h e  o the r  quads are i n  v a r i o u s  s t a g e s  of 
compilation. 
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MARS COLOR ALBEDO MAPPING 

R. Pf. BATSOIJ, U. S. Geological  Survey, F l a g s t a f f ,  AZ 86001 

Viking O r b i t e r  p i c t u r e s  of Mars taken  from near  ap is w i t h  small 
phase ang le s  are being used t o  compile a v i s u a l  a lbedo of Mars i n  t h r e e  
co lo r s .  Four products  are planned: 1) a pre l iminary  1:15,000,000 a i r b r u s h  
map of a l a r g e  area between t h e  f i f t i e t h  p a r a l l e l s ,  made wi th  p i c t u r e s  
taken through t h e  red f i l t e r ,  and a t  an Ls of 52 through 87 degrees;  2) a 
con t ro l l ed  computer mosaic of t h e  e q u a t o r i a l  zone c o n s i s t i n g  of p i c t u r e s  
taken through t h r e e  c o l o r  f i l t e r s  during Viking 1 o r b i t a l  r evo lu t ions  614 
through 699; 3) a f i n a l  a i r b r u s h  map of t h e  ent i re  p l a n e t  compiled a t  t h e  
1:15,000,000 scale, made wi th  p i c t u r e s  taken  through t h e  r ed  o r  c l e a r  
f i l t e r s ,  and 4 )  a con t ro l l ed  computer mosaic of t h e  b e s t  a v a i l a b l e  c o l o r  
p i c t u r e s  t h a t  show as  much of t h e  p l ane t  as poss ib l e .  

The f i r s t  product  is  i n  p r e s s  [1,21. Color images t aken  dur ing  
r evo lu t ions  583 through 699 have been processed and p ro jec t ed  [31. 
Control led co lo r  mosaics f o r  r evo lu t ions  586 and 614 a r e  complete,  and 
those  f o r  r evo lu t ions  583, 593, 609, 663, 666, 669, 672, 681, 684, and 687 
are i n  progress.. 
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ATLAS OF MARS 

R. M. Batson, U. S .  Geological  Survey, F l ags t a f f  AZ 86001 

A hard-cover a t las  of reduced-scale v e r s i o n s  of a l l  Mars ca r tog raph ic  
products  w i l l  be  publ ished upon completion of t h e  r e v i s i o n s  of t h e  
1:5,000,000 maps, t h e  1:2,000,000 photomosaics, and t h e  Mars c o l o r  a lbedo 
mapping t a sks .  This  a t l a s  w i l l  supercede t h e  e x i s t i n g  A t l a s  of Mars 
prepared by Batson and o t h e r s  [ l l .  Although f u l l - s c a l e  e f f o r t s  i n  
p repa ra t ion  of t h e  a t l a s  w i l l  no t  begin  u n t i l  a l l  of t h e  products  t o  be  
included a r e  e s s e n t i a l l y  complete, p re l iminary  experiments wi th  formats  and 
map p r e s e n t a t i o n  s t y l e  are i n  progress .  
composite images of comparat ively low r e s o l u t i o n  d i g i t a l  c o l o r  mosaics and 
h igh  r e s o l u t i o n  shaded r e l i e f  and/or  photomosaics, and t h e  d e f i n i t i o n  of 
scales and formats  f o r  t h e  p r e s e n t a t i o n  of t h e  maps. I n  a d d i t i o n  t o  these  
experiments,  a new small-scale index map of Mars h a s  been prepared,  showing 
r e l i e f  and a lbedo  a t  r e s o l u t i o n  s u i t a b l e  f o r  page-size pub l i ca t ion .  

This  work inc ludes  making 
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THE CONTROL NETWORKS OF THE SATELLITES OF JUPITER AND SATURN 
Davies, Merton E., The Rand Corporation, Santa Monica, Cal i forn ia  90406 

Geodetic cont ro l  networks are being computed photogrammetrically f o r  t h e  
la rge  satellites of J u p i t e r  and many of t h e  satellites of Saturn using 
p i c tu re s  from the  Voyager 1 and 2 encounters. 
i d e n t i f i e d  on t h e  satellites and t h e i r  coordinates computed by single-block 
a n a l y t i c a l  t r i angu la t ions .  The s t a t u s  of t h e  cont ro l  n e t s  is summarized in 
t h e  following tab le :  

Control po in t s  have been 

Normal Overdeter- 
S a t e l l i t e s  Points P i c tu re s  Measurements Equations minations o(m) 
Jupiter 

I o  640 246 10 92 6 2018 5.41 11.28 
Europa 18 1 120 3804 722 5.27 11.88 
Ganymede 1669 295 172 12 4223 4.08 21.37 
C a l l i s t o  624 255 10220 2013 5.08 15.97 

Mimas 110 32 135 6 316 4.29 13.04 
Enceladus 71 22 1052 2 08 5.06 10.87 
Tethys 11 0 27 924 301 3.07 12.15 
Dione 12  6 28 1322 336 3.93 13.94 
Rhea 352 84 3814 95 6 3.99 11.16 
Iape t us 62 80 1858 364 5.10 12.26 

S a t m  

Coordinates f o r  the  con t ro l  po in ts  on t h e  Galilean satell i tes have been 
reported i n  Davies and Katayama, 1981. 
t r i angu la t ions  are Io ,  1815 km; Europa, 1569 km; Ganymede, 2631 km; and 
Ca l l i s to ,  2400 km. The longitude systems of Europa, Ganymede, and C a l l i s t o  
are defined by c r a t e r s  on t h e i r  surfaces;  because of t h e  extensive volcanism 
on Io,  no f ea tu re  has been chosen f o r  t h i s  purpose on Io. 

The mean r a d i i  as measured by t h e  

Davies, 1983, reported t h a t  t he  shape of Io  was e l l i p s o i d a l w i t h  p r inc ipa l  
axes a = 1820 Itr 3 km, b = 1812 It 3 km, and e = 1812 Itr 3 km. 
a f a l l s  a t  I o  longitude 330' k 10'. 

The major a x i s  

The sur faces  of t h e  Saturnian satellites M i m a s  and Enceladus are e l l i p s o i d a l .  
For Mimas t he  b e s t  f i t  axes are a = 200 km, b = 196 km, and e = 194 km; 
f o r  Enceladus t h e  axes are a = 256 km, b = 250 km, and e = 248 km (see Davies 
and Katayama, 1982). 
Tethys, 524 km; Dione, 559 km; Rhea, 764 km; and Iapetus,  724 km. In t h e  
computation of t h e  con t ro l  n e t s  it is important t h a t  t h e  p i c t u r e s  and poin ts  
completely encircle t h e  body; with flyby missions t h i s  is  sometimes d i f f i c u l t  
t o  achieve because of t h e  g rea t  d i f fe rence  i n  reso lu t ion  between p i c t u r e s  
taken e a r l y  and late in t h e  flyby. 
help f i l l  gaps; thus  t h e  con t ro l  n e t s  of Tethys, Dione, and Rhea contain 
p i c tu re s  from both Voyager 1 and 2 encourters and do e n c i r c l e  t h e  satellites. 
The con t ro l  n e t  of Mimas contains p i c tu re s  taken by Voyager 1 and does 
enc f rc l e  t h e  satell i te,  whereas t h e  c o n t r o l  of Enceladus conta ins  p i c tu re s  
taken by Voyager 2 and does not e n c i r c l e  t h e  satellite. 
Iapetus conta ins  two regions, one from p ic tu re s  taken by Voyager 1 and 
another from p i c t u r e s  taken by Voyager 2. 
it has n o t  been poss ib le  t o  t i e  them photogrammetrically. The con t ro l  
networks of most of t hese  satellites have been published. 

The mean r a d i i  of t h e  o ther  Saturnian satellites are 

Sometimes p i c tu re s  from a second flyby 

The con t ro l  n e t  of 

The regions do n o t  overlap and 
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THE CONTROL NETWORKS OF THE SATELLITES OF JUPITERAAND SATURN 
Davies, Merton E. 
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THE CONTROL NETWORK OF MARS: SEPTEMBER 1983 
Davies, Merton E., The Rand Corporation, Santa  Monica, Ca l i fo rn ia  90406 

S t r i p s  of Viking mapping p i c t u r e s  are being added t o  t h e  planetwide c o n t r o l  
network of  Mars. 
lander  si te east t o  Airy-0, n o r t h  a long  t h e  0' meridian t o  60' i a t i t u d e ,  
southwest through t h e  Viking 1 lande r  s i te  t o  t h e  equator ,  and w e s t  a long  
t h e  equator  t o  180' longi tude .  Everywhere a long  t h e s e  s t r i p s ,  o ld  p o i n t s  
are incorpora ted  i n  t h e  measurements t h u s  a s su r ing  that t h e  s t r i p s  and 
planetwide n e t  make up a s i n g l e  l a r g e  d a t a  set. 
much denser  i n  t h e  areas covered by t h e  s t r i p s  than  i n  those  r eg ions  n o t  
covered by s t r i p s  and as  they  are usua l ly  a s s o c i a t e d  wi th  smaller craters 
t h e i r  coord ina tes  w i l l  be more accu ra t e .  Within t h e  s t r i p s  t h e  s tandard  
e r r o r  of t he  coord ina tes  of t h e  c o n t r o l  p o i n t s  i s  est imated t o  be less 
than 3 km and t h e  e r r o r  i n  longi tude  of a few p o i n t s  nea r  Airy-0 is less 
than 40 m. 

These h igh  r e s o l u t i o n  s t r i p s  run from t h e  Viking 1 

The c o n t r o l  p o i n t s  are 

The h o r i z o n t a l  coord ina tes  of t h e  c o n t r o l  p o i n t s  on Mars have been updated 
with a s ingle-block planetwide a n a l y t i c a l  t r i a n g u l a t i o n  computed i n  
September 1982. 
year .  
p i c t u r e s .  
overdetermination f a c t o r  w a s  2.48 and 19139 normal equat ions  w e r e  solved. 
The s tandard  e r r o r  of measurement w a s  18.06 urn. 
Viking 1 lander  si te w a s  47?962 and t h e  l a t i t u d e  22P480. The l a t i t u d e  of 
Airy-0 w a s  -5352.  
in t h e  J o m a Z  of Geophysical Research. 

Coordinates of t h e  po in t s  w i l l  be  publ ished la ter  t h i s  
The computation contained 47524 measurements of  6853 p o i n t s  on 1811 

These comprised 1054 Mariner 9 and 757 Viking frames. The 

The longi tude  of t h e  

A r e p o r t  has  been w r i t t e n  and accepted f o r  pub l i ca t ion  
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T O P O G R A P H I C  M A P P I N G  OF M A R S :  1:2 MILL ION S E R I E S  
Sherman S .  C .  Wu a n d  F r a n c i s  J .  S c h a f e r ,  U.  S .  G e o l o g i c a l  S u r v e y ,  
F l a g s t a f f ,  A r i z o n a  86001 

A f t e r  c o m p l e t i o n  o f  13 o f  t h e  80 quads  o f  t h e  Mars  1:2 
m i l l i o n  s e r i e s  c o n t o u r  maps, c o m p i l a t i o n  was h a l t e d  due t o  
t o p o g r a p h i c  d i s a g r e e m e n t  b e t w e e n  t h e  c o m p i l e d  maps and  E a r t h -  
b a s e d  r a d a r  e l e v a t i o n  o b s e r v a t i o n s .  The Mars  m a p p i n g  t a s k  i s  
e n t i r e l y  d e p e n d e n t  on t h e  p l a n e t - w i d e  c o n t r o l  n e t w o r k .  The 
c u r r e n t  Mars c o n t r o l  n e t  i s  d e r i v e d  f r o m  a b o u t  800 V i k i n g  o r b i t a l  
p h o t o g r a p h s  w i t h i n  t w o  b e l t s ,  e q u a t o r i a l  a n d  p o l a r ,  c o v e r i n g  
a b o u t  70% o f  t h e  m a r t i a n  s u r f a c e  [l]. T h i s  n e t  w i l l  p r o d u c e  
a b o u t  5,000 g r o u n d - c o n t r o l  p o i n t s ,  70% o f  w h i c h  w i l l  h a v e  t h e  
same l o c a t i o n s  a s  t h o s e  p r o d u c e d  f r o m  D a v i e s '  p r i m a r y  Mars  
c o n t r o l  n e t  [2] .  The p u r p o s e  o f  s e l e c t i n g  t h e s e  3,500 i d e n t i c a l  
p o i n t s  i s  t o  t i e  t h e  new c o n t r o l  n e t  t o  D a v i e s '  h o r i z o n t a l  
p o s i t i o n s  and  t o  i m p r o v e  D a v i e s '  e l e v a t i o n s .  P r i m a r y  c o n t r o l s  
f o r  t h e  new n e t  a r e :  1) camera  p a r a m e t e r s  f r o m  t h e  S E D R  
( S u p p l e m e n t a r y  E x p e r i m e n t  D a t a  R e c o r d ) ,  2 )  a b o u t  1,000 g r o u n d -  
c o n t r o l  p o i n t s  f r o m  E a r t h - b a s e d  r a d a r  o b s e r v a t i o n s ,  a n d  3) 400 
p o i n t s  f r o m  o c c u l t a t i o n  measuremen ts  f r o m  b o t h  M a r i n e r  9 (250 
p o i n t s )  a n d  V i k i n g  (150 p o i n t s )  m i s s i o n s .  I n  t h e  a d j u s t m e n t ,  
h e a v y  c o n s t r a i n t s  a r e  a s s i g n e d  t o  t h e  e l e v a t i o n s  o f  t h e  r a d a r  and  
t h e  o c c u l t a t i o n  p o i n t s .  

C o m p l e t i o n  o f  t h e  Mars  p l a n e t - w i d e  c o n t r o l  n e t w o r k  w i l l  
e n a b l e  t h e  more  a c c u r a t e  c o m p i l a t i o n  o f  t h e  M a r s  1:2 m i l l i o n  
s e r i e s  maps, a n d  w i l l  p r o v i d e  d a t a  f o r  c o m p l e t i n g  r e v i s i o n  o f  t h e  
Mars g l o b a l  t o p o g r a p h i c  map (1:15,000,000). The d a t a  f r o m  t h e  
new n e t  w i l l  a l s o  b e  u s e d  t o :  1) i m p r o v e  t h e  h o r i z o n t a l  
l o c a t i o n s  o f  o c c u l t a t i o n  p o i n t s  o f  b o t h  t h e  M a r i n e r  9 a n d  V i k i n g  
M i s s i o n s  [3,4]; 2) c a l i b r a t e  l o c a t i o n s  o f  E a r t h - b a s e d  r a d a r  
p r o f i l e s  [SI; 3) a d j u s t  t h e  i n t e r n a l  c o n s i s t e n c y  o f  camera  
p o s i t i o n s  and o r i e n t a t i o n s  i n  t h e  SEDR; a n d  4 )  t i e  t o  t h e  c o n t r o l  
n e t  t h e  d e t a i l e d  l o c a l  t o p o g r a p h i c  maps a t  1:500,000 s c a l e  
c o m p i l e d  f o r  s c i e n c e  s t u d i e s  o f  p o s s i b l e  f u t u r e  l a n d i n g  s i t e s .  
I n  f a c t ,  t h e  a d j u s t m e n t  f o r  i n t e r n a l  c o n s i s t e n c y  o f  t h e  cameras  
i s  t h e  o n l y  means by  w h i c h  t h e  V i k i n g  o r b i t a l  p h o t o g r a p h s  c a n  b e  
u s e d  t o  e s t a b l i s h  s t e r e o  m o d e l s  on  t h e  a n a l y t i c a l  p l o t t e r  f o r  
p h o t o g r a m m e t r i c  compi  1 a t i  on [SI. 

The Mars  c o n t r o l  n e t w o r k  i s  p r o c e s s e d  t h r o u g h  a b l o c k  
a d j u s t m e n t  o f  a n a l y t i c a l  a e r o t r i a n g u l a t i o n  u s i n g  t h e  U .  S .  
G e o l o g i c a l  S u r v e y ' s  G I A N T  ( G e n e r a l  I n t e g r a l  A n a l y t i c a l  
T r i a n g u l a t i o n )  p r o g r a m .  The c o m p u t e r  p r o g r a m  has  been  
i m p l e m e n t e d  on t h e  V A X  c o m p u t e r  i n  F l a g s t a f f .  The p r o c e s s i n g  o f  
t h e  Mars  c o n t r o l  n e t w o r k  w i l l  b e  c o m p l e t e d  b y  t h e  end  o f  f i s c a l  
y e a r  1983. 
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TOPOGRAPHY OF MARS DERIVED FROM HIGH-RESOLUTION IMAGES 
Sherman S. C. Wu and Br ian  A. S k i f f ,  U. S. Geological Survey, F lags ta f f ,  
Arizona 86001 

High-resolut ion V ik ing  O r b i t e r  images o f  Mars a re  being used t o  compile 
topographic maps o f  fea tures  o f  spec ia l  geologic i n t e r e s t  and o f  areas t h a t  
are t h e  subject  o f  f u t u r e  miss ion planning. Maps a re  compiled a t  t h e  l a r g e s t  
scales t h a t  can be supported by a v a i l a b l e  images. Completed maps o f  t h i s  type  
inc lude those o f  Ars ia  Mons, Olympus Mons [l], Canyonland [2], a few maps 
covering t h e  po la r  caps [3], and several maps o f  vo lcan ic  features and impact 
craters .  
poss ib le  f u t u r e  rover  missions. 
t h e  two po la r  caps are being compiled t o  support c l ima te  studies. 

A d e t a i l e d  contour map o f  Candor Chasma i s  being compiled t o  support 
Deta i led  topographic maps o f  t h e  regions of 

D i g i t a l  e leva t i on  data a re  c o l l e c t e d  simultaneously w i t h  compi la t ion  o f  
h igh- reso lu t ion  contour maps on t h e  a n a l y t i c a l  p l o t t e r .  
merged w i th  image data f o r  t h e  product ion o f  orthophoto mosaics, shaded r e l i e f  
maps, and perspect ive views inc lud ing  syn the t i c  s te reo  [4,5,6]. These 
techniques were app l ied  t o  t h e  Olympus Mons map [7], us ing  d i g i t a l  e leva t i on  
data together  w i t h  V ik ing  O r b i t e r  photograph 646A28 t o  make ob l ique 
perspect ive views. F igure 1 cons is ts  o f  monoscopic views o f  Olympus Mons 
viewed from due east  (a), due west (b), and stereoscopic views from due n o r t h  
(c), and from t h e  southeast (d). 
i n te rp re ta t i on .  
Mons have been processed f o r  a f i l m  by t h e  J e t  Propuls ion Laboratory f o r  
' ' tour ing"  Olympus Mons. 

These data can be 

These images are  va luable t o o l s  f o r  geolog ic  
I n  fac t ,  w i t h  t h i s  technique, d i g i t a l  t e r r a i n  data o f  Olympus 
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Fig. l a  - Viewing f rom the e a s t  

F ig  l b  - Viewing f rom t h e  west 

34 2 



Fig. IC - Viewing from t h e  n o r t h  

Fig. I d  - Viewing from t h e  southeast 

F igure  1 - Perspect ive views o f  Olympus Mons, P i c tu res  were generated by 
three-dimensional t rans format ion  o f  d i g i t a l  image processing o f  V i k ing  
O r b i t e r  photograph 646A28. The t rans format ion  was c o n t r o l  l e d  by d i g i t a l  
e leva t i on  data c o l l e c t e d  a t  t h e  t ime o f  compi la t ion  o f  t h e  map. Viewing 
angle i s  25" from t h e  horizon. 
applied. 
respec t ive ly ;  c and d a r e  stereoscopic views from due n o r t h  and from t h e  
southeast. 
l e f t  and t h e  r i g h t  p ic tu res ,  

A 5X v e r t i c a l  exaggerat ion has been 
Figures a and b a r e  monoscopic views from due east and due west, 

Both s te reo  p a i r s  have 5" separat ion i n  azimuth between t h e  
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P L A N E T A R Y  ELEVATION R E F E R E N C E  SYSTEMS 
Sherman S .  C .  Wu, U. S .  G e o l o g i c a l  S u r v e y ,  F l a g s t a f f ,  Arizona 8 6 0 0 1  

Because none  of  t h e  k n o w n  p l a n e t s  i n  t he  S o l a r  S y s t e m ,  o t h e r  
t h a n  E a r t h ,  have l a r g e  b o d i e s  of w a t e r ,  i t  i s  n o t  p o s s i b l e  t o  use 
a sea- level  r e f e r e n c e  f o r  t h e i r  t o p o g r a p h i c  da tums .  One of  the 
a l t e r n a t i v e  m e t h o d s  i s  t o  d e f i n e  a da tum on t h e  b a s i s  o f  a 
p l a n e t ' s  g r a v i t y  f i e l d .  By u s i n g  Mariner 9 r a d i o - t r a c k i n g  d a t a ,  
t h e  t o p o g r a p h i c  da tum o f  Mars was d e f i n e d  by i t s  g r a v i t y  f i e l d  
c 1 , 2 1  d e s c r i b e d  i n  terms o f  f o u r t h - o r d e r  a n d  f o u r t h - d e g r e e  
sphe r i ca l  harmonics combined  w i t h  a 6 . 1 - m i l l i b a r  pressure s u r f a c e  
w i t h  a mean r a d i u s  o f  3 , 3 8 2 . 9  km C3-61. A l l  Mars maps o f  v a r i o u s  
s c a l e s  h a v e  been  c o m p i l e d  u s i n g  t h e  t o p o g r a p h i c  da tum d e f i n e d  by 
t he  g r a v i t y  f i e l d  o f  Mars. 

B a s e d  on L u n a r  O r b i t e r  IV t r a c k i n g  d a t a  and  l a s e r  r a n g i n g  
d a t a ,  a new t o p o g r a p h i c  da tum o f  t h e  Moon h a s  been d e f i n e d  u s i n g  
t h e  l u n a r  g r a v i t y  f i e l d  C71,  d e s c r i b e d  i n  terms o f  s p h e r i c a l  
harmonics o f  f i f t h - o r d e r  a n d  f i f t h - d e g r e e  a n d  w i t h  s i x t h - o r d e r  
s e c t o r i a l  terms [ 8 , 6 , 9 1 .  T h e  mean r a d i u s  u s e d  t o  d e f i n e  t he  
da tum i s  1 7 3 8  km.  B a s e d  on t h i s  newly d e f i n e d  t o p o g r a p h i c  da tum,  
a new g l o b a l  t o p o g r a p h i c  map of t h e  Moon i s  u n d e r  c o m p i l a t i o n .  

A q u e s t i o n  h a s  a r i s e n  i n  the m a p p i n g  community a s  t o  whether 
i t  i s  w o r t h w h i l e ,  f o r  purposes o f  mapping  t he  p l a n e t s ,  t o  use a 
complex g r a v i t y  s u r f a c e  a s  o p p o s e d  t o  u s i n g  a t r i a x i a l  f i g u r e  o r  
even s i m p l y  a s p h e r o i d a l  f i g u r e ,  a s  i s  t h e  case  f o r  t e r r e s t r i a l  
mapp ing .  Because t h e  purpose o f  p l a n e t a r y  mapping  i s  t o  p r o v i d e  
t o p o g r a p h i c  i n f o r m a t i o n  f o r  p l a n e t a r y  s c i e n t i f i c  s t u d i e s  and  f o r  
t h e  s u p p o r t  o f  p l a n e t a r y  mission p l a n n i n g  a n d  o p e r a t i o n s ,  I 
c o n s i d e r  t he  use o f  g r a v i t y  p o t e n t i a l  t he  most a p p r o p r i a t e  method 
f o r  e l e v a t i o n  r e f e r e n c e .  F o r  example,  i t  i s  o f  v i t a l  importance 
t o  such s t u d i e s  t o  k n o w  t h e  d i r e c t i o n s  o f  s lopes  on p l a n e t a r y  
s u r f a c e s ,  e s p e c i a l l y  i f  a l a n d i n g  mission i s  p r o p o s e d .  I n  o r d e r  
t o  t e s t  t he  use o f  g r a v i t y  f i e l d s  f o r  d e f i n i n g  t o p o g r a p h i c  d a t u m s  
o f  p l a n e t a r y  b o d i e s ,  I have d e v i s e d  t h e  f o l l o w i n g  method t o  
compare the  t o p o g r a p h i c  da tum d e f i n e d  by t r i - a x i a l i t y  a n d  t h a t  
d e f i n e d  by g r a v i t y .  

T o p o g r a p h i c  da tums  d e f i n e d  by t r i - a x i a l i t y  a r e  computed  by:  

1 2 9 + 5 s in  2 J, 1'/2 = I / [  2 cos 
Re 

R P  

Where Re i s  t he  r a d i u s  a l o n g  t h e  e q u a t o r  o f  t h e  p l a n e t  and  i s  
d e t e r m i n e d  by,  

C O S  2 (x-x,) sin 2 ( A - x ~ ) ~ , , ~  
R e  = 1 / [  + 

A 2  B 2  
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x i s  t h e  l o n g i t u d e  o f  i n t e r s e c t i o n  i n t e r s e c t e d  by t h e  l o n g e r  
a x f s  A o f  t h e  m a j o r  axes  and 
i s  c o n v e r t e d  from g e o d e t i c  l a t i t u d e  (b a s :  

JI i s  t h e  g e o c e n t r i c  l a t i t u d e  w h i c h  

A a n d  B a r e  t h e  semi-major axes and C i s  t h e  semi-minor a x i s  o f  
t h e  p lane t - .  

From t h e  g r a v i t y  d e r i v a t i o n s ,  A, B, and C o f  b o t h  Mars and 
t h e  Moon h a v e  been computed [6] a s ,  r e s p e c t i v e l y ,  A=3,394.6 km, 
B=3,393.3 km,  C=3,376.3 km a n d  A = l ,  738.299 km, B = l ,  738.182 km, 
C=l,737.649 km.  The  t o p o g r a p h i c  d a t u m s  o f  Mars a n d  t h e  Moon were 
t h e n  computed from t h e i r  t r i - a x i a l i t y ,  u s i n g  t h e  above  t h r e e  
e q u a t i o n s ,  f o r  5" increments i n  b o t h  l o n g i t u d e  a n d  l a t i t u d e .  
Differences between t h e  t o p o g r a p h i c  d a t u m s  d e f i n e d  by g r a v i t y  and 
t r i - a x i l i t y  were o b t a i n e d  by s u b t r a c t i n g  t h e  d a t u m s  d e f i n e d  by 
t r i - a x i a l i t y  from t h o s e  d e f i n e d  by g r a v i t y .  As shown i n  f i g .  1, 
t h e  d i f f e r e n c e  between t h e s e  two s y s t e m s  r a n g e s  from +435 m t o  
-592  m f o r  Mars; f o r  t h e  Moon i t  ranges  from +331 m t o  - 2 1 2  m .  
These t w o  r a n g e s  represent  one c o n t o u r  i n t e r v a l  on each  o f  t h e  1 
km i n t e r v a l  g l o b a l  map o f  Mars and t h e  500 m i n t e r v a l  g l o b a l  map 
o f  t h e  Moon. Therefore, t o p o g r a p h i c  d a t u m s  of  Mars a n d  t h e  Moon 
s h o u l d  c o n t i n u e  t o  be d e f i n e d  by t h e i r  g r a v i t y  f i e l d s .  
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F i g u r e  1 - C o n t o u r  maps o f  d i f f e r e n c e s  b e t w e e n  t o p o g r a p h i c  da tums  
d e f i n e d  b y  g r a v i t y  f i e l d  and t r i - a x i a l i t y .  
D i f f e r e n c e s  a r e  compu ted  by  s u b t r a c t i n g  t h e  t o p o -  
g r a p h i c  da tum o f  t r i - a x i a l i t y  f r o m  t h e  da tum b a s e d  on 
g r a v i t y  f i e l d .  Maximum d i f f e r e n c e  b e t w e e n  t h e s e  t w o  
s y s t e m s  r a n g e s  f r o m  +435 m t o  - 5 9 2  m f o r  Mars  ( a )  and 
r a n g e s  f r o m  + 3 3 1  m t o  - 2 1 2  m f o r  t h e  Moon ( b ) .  
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( a )  S p e c i a l  c a s e :  V e r t i c a l  p l a n e s  o f  b o t h  r a d a r  l o o k s  a r e  
c o i n c i d e n t .  

( b )  G e n e r a l  Case: Vert ical  p l a n e s  o f  b o t h  r a d a r  l o o k s  a r e  n o t  
c o i n c i d e n t .  

Figure 1 - S o l u t i o n  of  r a d a r - l a y o v e r  p r o b l e m .  (SI and  S2 a r e  two  
s t a t i o n s  a l o n g  r a d a r  p a t h s  P and  P2, from w h i c h  g r o u n d  p o i n t  
G i s  m e a s u r e d  and  r e c o r d e d .  ‘8 
d e p r e s s i o n  a n g l e s  and  r a n g e s ,  + L s $ k t i v e l y ,  o f  r a d a r  s t a t i o n s  

and  R1, R 2  are  

s1 and S*.) 
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R A D A R G R A M M E T R Y  FOR THE VENUS R A D A R  M A P P E R  
Sherman S.C. Wu, U.S. G e o l o g i c a l  Su rvey ,  F l a g s t a f f ,  A Z  86001 

For  t h e  Venus R a d a r  Mapper ( V R M )  m i s s i o n ,  t h e  P h o t o g r a m m e t r y  
S e c t i o n  of  t h e  Branch  o f  A s t r o g e o l o g y ,  U. S. G e o l o g i c a l  Su rvey ,  
a t  F l a g s t a f f ,  A Z ,  h a s  been c o n t i n u i n g  t o  conduct  r e s e a r c h  and  
d e v e l o p m e n t  i n mappi ng, u s i n g  si de-1  o o k i  n g  r a d a r  i m a g e s .  The 
s t u d i e s  of  s t e r e o  r a d a r - m a p p i n g  p r o b l e m s  h a v e  a d v a n c e d  t o  a p o i n t  
where d e r i v a t i o n  o f  t o p o g r a p h y  and r e s o l u t i o n  o f  t h e  r a d a r -  
l a y o v e r  r e d u n d a n c y  c a n  be m a t h e m a t i c a l l y  s o l v e d  s i m u l t a n e o u s l y .  
The  p r o b l e m  o f  r a d a r - l a y o v e r  g e o m e t r y  h a s  b e e n  p r e v i o u s l y  d e f i n e d  
and t h e  g e n e r a l  c o n c e p t  o f  t h e  s o l u t i o n  repor ted  [l]. R e s e a r c h  
h a s  p r o g r e s s e d  t o  a p o i n t  where a p r a c t i c a l  geometric s o l u t i o n  
h a s  been a c h i e v e d .  The  s o l u t i o n  i n v o l v e s  two  e q u a t i o n s ,  (1) and  
( Z ) ,  e a c h  o f  w h i c h  represents  a s p h e r e  ( o r  a c i r c l e ) ,  and r e l a t e s  
t h e  r a d a r  s t a t i o n  and r a d a r  r a n g e  t o  a g r o u n d  p o i n t  i n  e a c h  of  a 
p a i r  of o v e r l a p p e d  r a d a r  i m a g e s  [Z], s u p p l e m e n t e d  by a s p e c i f i c  
p r o j e c t i o n  and  r o t a t i o n .  

As shown i n  F ig .  l a ,  SI and S2 a r e  r a d a r  s t a t i o n s  i n ,  
r e s p e c t i v e l y ,  r a d a r  p a t h s  P 1  and P 2 ;  R1 and R 2  a r e  r a n g e s  o f  
g r o u n d  p o i n t  G m e a s u r e d  n o r m a l l y  t o  t h e  r a d a r  p a t h s ,  
r e s p e c t i v e l y ,  f r o m  S and  S . E q u a t i o n s  (1 )  and ( 2 )  represent 
two spheres b u t  e q u a i i o n s  ( $ )  and ( 5 )  represent  o n l y  2 c i r c l e s  
w h e n  H G ,  t h e  e l e v a t i o n  o f  g r o u n d  p o i n t  G,  i s  d e t e r m i n e d  i n  terms 
o f  f l i g h t  h e i g h t s ,  r a n g e s  and  d e p r e s s i o n  a n g l e s  a s  i n  e q u a t i o n s  
( 3 1 ,  (61,  and ( 7 ) .  

H G  - H1 = R1 s in e l  H G  - H2 = R 2  s i n  e 2  

Where, e l  = 900 - ( a  + 61, 

2 

d 2  - R 2  1 
-1 ( R 1  2 + 

2Rld a = C O S  

-1 b a - -  - s i n  -1 A H  
d f.3 = c o s  

2 112 d = (*HZ + b ) 
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A H = H ~ - H ~  

O 2  = - A0 ( 7 )  

By s o l v i n g  s i m u l t a n e o u s  e q u a t i o n s  ( 4 )  a n d  (5), i .e . ,  by  
d e t e r m i n i n g  g r o u n d  c o o r d i n a t e s  X G  a n d  YG o f  a g r o u n d  p o i n t ,  a n d  
c o m b i n i n g  w i t h  t h e  e l e v a t i o n  HG,  w h i c h  i s  o b t a i n e d  by  t a k i n g  t h e  
a v e r a g e  o f  t h e  two e q u a t i o n s  i n  ( 3 ) ,  t h e  p l o t t e r  c o m p u t e r  wi l l  
command t h e  p l a t e  s t a g e  h o l d e r s  t o  d i s p l a c e  r a d a r  i m a g e s  a s  
t h o u g h  t h e  i m a g e s  were t a k e n  by c o n v e n t i o n a l  a e r i a l  p h o t o g r a p h y ,  
so t h a t  t h e  s t e r e o  model  c a n  be r e t a i n e d  f o r  p h o t o g r a m m e t r i c  
m e a s u r e m e n t s .  

In t h e  g e n e r a l  c a s e ,  t h e  t w o  v e r t i c a l  p l a n e s  o f  t h e  t w o  
r a d a r  l o o k  d i r e c t i o n s  d o  n o t  c o i n c i d e ,  a s  shown i n  f i g .  l b .  T h e n  
t h e  s o l u t i o n  t o  t h e  r a d a r - l a y o v e r  p r o b l e m  i s ,  f i r s t ,  t o  p r o j e c t  
t h e  p l a n e  S2BG n o r m a l l y  o n t o  p l a n e  S AG,  s o  t h a t  t h e  v e r t i c a l  
p l a n e  S2BG i s  i n  t h e  v e r t i c a l  p l a n e  k l A G ,  b e c o m i n g  p l a n e  
S1AB'GS2'. 

( 8 )  
RE' = (R2 2 - hY2,1/2 

I f  t h e  model  c o o r d i n a t e  system i s  r o t a t e d  t o  t h e  P S 
s y s t e m ,  t h e n  Y Z i  = Y 2  - A Y ,  = H2, a n d  b = A X  = X 2  k,. The 
r e s t  o f  t h e  p a r a m e t e r s  a r e  d e  e r m i n e d  by  u s i n g  t h e  s a m e  
p r o c e d u r e s  a s  a r e  used i n  t h e  s p e c i a l  c a s e  ( c o p l a n e a r i t y  o f  S1, 
S2 a n d  G).  

i s  t o  implement t h e s e  a l g o r i t h m s  on t h e  a n a l y t i c a l  p l o t t e r s  i n  
o r d e r  t o  h a n d l e  map c o m p i l a t i o n  u s i n g  r a d a r  i m a g e s .  T h i s  s t e p  
wi l l  b e  f o l l o w e d  by  a n  e r r o r  a n a l y s i s  w h i c h  w i l l  determine t h e  
r a n g e  o f  r a d a r  o b s e r v a t i o n  g e o m e t r i e s  t h a t  c a n  b e  u s e d  t o  
de te rmine  t o p o g r a p h y  r e l i a b l y  f o r  g i v e n  u n c e r t a i n t i e s  o f  
s p a c e c r a f t  l o c a t i o n .  

B a s e d  on t h i s  s o l u t i o n  o f  t h e  r a d a r  g e o m e t r y ,  t h e  n e x t  s t e p  
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( a )  S p e c i a l  c a s e :  V e r t i c a l  p l a n e s  o f  b o t h  r a d a r  l o o k s  a r e  
c o i n c i d e n t .  

( b )  G e n e r a l  Case:  V e r t i c a l  p l a n e s  o f  b o t h  r a d a r  l o o k s  a r e  n o t  
c o i n c i d e n t .  

Figure 1 - S o l u t i o n  o f  r a d a r - l a y o v e r  p r o b l e m .  (SI and  S2 a r e  two 
s t a t i o n s  a l o n g  r a d a r  p a t h s  P 1  and  P2, from w h i c h  g r o u n d  p o i n t  

d e p r e s s i o n  a n g l e s  and  r a n g e s ,  7’ esp 2, c t i v e l y ,  o f  r a d a r  s t a t i o n s  
G i s  m e a s u r e d  and  r e c o r d e d .  and  R1, R2 a r e  

s1 and  S2. )  
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PLANETARY NOMENCLATURE 
Masursky, Harold, Strobell, M. E.,  and Beer, K. E.; U.S. Geological Survey, 
F lags t a f f ,  Arizona 

Activity level i s  now very h i g h  i n  planetary nomenclature as  the fu l l  
flood o f  new planimetric, topographic, and geologic maps flows through the 
system. We have now named more t h a n  3600 features on planetary bodies. A t  
the last  meeting of the International Astronomical Union we named 241 new 
features on Mars and outer planet satellites, five new small satellites of 
Jupiter and Saturn and four new gaps i n  Saturn's rings (Fig.  11, and 66 
addi t iona l  features on Venus (Fig.  2 ) .  

names t o  features on a b o u t 8 0  maps and have introduced two new names for  
geomorphic features: l'facul a" (p lu ra l  , ''faculae") for b r i g h t  spots and 
"lapsus" ( p l u r a l ,  "1 apsiis'') for  lands1 ides. 
following newly named features: 
on three Io  maps, 34 features on four Ganymede maps, and 14  features on two 
Europa maps. 
nomenclature on about  10 new revised maps of Mars a t 1 : 5  million scale, 20 
1:2 mil l ion scale mosaic maps, and a t  least 12 and possibly as many a s  28 
1:500,000 scale maps. Eleven more maps of Ganymede, scale 1:5 mi l l ion ,  will 
be processed fo r  nomenclature. Planetwide maps of Io  and Europa a t  a scale of 
1:15 mil l ion also will be processed. 

Geologists using these base maps for their studies are becoming much more 
active i n  the nomenclature process. As i s  true i n  terrestrial geographic and 
geologic nomenclature, even very small or large features w i t h  l i t t l e  
topographic expression can be named; i n  planetary nomenclature, this phase i s  
adjudicated by t h $  I.A.U. 
geologists for nearby geologic or  s t ra t igraphic  formations or structures. 
During the last  few weeks we have received requests for names for 33 craters 
on Mercury and 30 features, largely paterae, on Io. 
planetary maps are compiled by geologic mappers, we probably will receive 
additional requests. 

The Mars nomenclature has been reviewed thoroughly d u r i n g  the preparation 
of the name plate for  the new 1:15 million-scale map (shaded relief and albedo 
versions). A l l  features named on maps a t  1:2 mi l l i on  scale and smaller are 
shown on the 1:15 mi l l ion  scale maps; named features on very large scale 
landing-site maps (1:l mill ion and larger) cannot be shown. In  add i t ion  t o  
these maps, work will be completed on a comprehensive gazetteer t h a t  will give 
latitude, longitude, map numbers, and a brief description of every named 
planetary feature, 1 isted i n  three different ways. This document probably 
will be printed a s  a NASA Special Publication. 

In the past 12  months we have processed and applied more t h a n  100 new 

Specific assignments include the 
34 t h a t  appear on 28 Mars maps, 19 features 

In FY 84 we expect t o  process and complete the martian 

The name of the feature can then be used by 

As other high-resolution 
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Figure 1 shows the corrected new nomenclature for the Saturn ring gaps. 
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the current version o f  the Venus altimeter map 
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CONCLUSION OF THE V I K I N G  LANDER IMAGING INVESTIGATION 

Stephen D. Wall, Jet Propulsion Laboratory 

Contact w a s  l o s t  with the  Mutch Memorial S t a t i o n  (MMS), formerly 
t h e  Viking I lander ,  i n  la te  1982. Despite considerable  e f f o r t s  t o  
rega in  communications, t he  lander  remained s i l e n t ,  and the  end of the  
mission w a s  declared i n  the  spr ing  of 1983. A t o t a l  of 2498 camera 
events  (images, rescans,  e tc . )  were taken by the  MMS cameras over a 
period of almost 8 e a r t h  years. 

A l l  imaging d a t a  from the  lander  have completed standard processing 
by IPL. EDR tapes  and photoproducts and TDR photoproducts w i l l  be 
d i s t r i b u t e d  t o  Regional Planetary Imaging Fac i l i t i es  (RPIFs) t h i s  
year. A summary of a l l  sur face  changes observed over t h e  8-year period 
i s  i n  prepara t ion  (Arvidson e t  al., "Three Mars Years: Mutch Memorial 
S t a t i o n  Imaging Observations," m, i n  press ) .  Images of t h e  
su r face  are a l so  being used t o  i n f e r  atmospheric o p t i c a l  depth by 
ex t r ac t ing  sur face  and sky radiance and f i t t i n g  these  observations t o  a 
computer model, leaving the  o p t i c a l  depth as a f r e e  parameter. The 
previous record of d i r e c t l y  measured o p t i c a l  depths w i l l  thus be 
extended t o  cover t h e  e n t i r e  Viking mission dura t ion  f o r  lander  1. 

The f i n a l  lander  EDR catalogue w i l l  be published i n  e a r l y  1984. It 
w i l l  include all previously uncatalogued images from both the  MMS and 
Viking I1 lander  and w i l l  conclude t h e  series of catalogues of t h e  
Viking lander  Imaging Inves t iga t ion .  The catalogue w i l l  include a 
reproduction of each camera event along with numerous sor ted  l i s t i n g s  t o  
a id  inves t iga to r s  i n  f ind ing  images, and a complete explanat ion of t he  
da t a  set and how t o  use it .  I n  addi t ion,  the  RPIF image r e t r i e v a l  
system (BIRP) w i l l  be updated t o  include a l l  Viking lander  imagery. 

This work i s  supported by t h e  NASA Mars Data Analysis Program and 
by t h e  Viking Pro jec t  . 
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