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Abatraat: Io's volcanic   ac t iv i ty   has  been monitored by instruments 

aboard t h e  Gal i leo  spacecraf t  s i n c e  June 2 8 ,  1996.  We present 

results from observations by the  Near-Infrared Mapping Spectrometer 

(NIMS) f o r  t h e  first t e n  orb i t s  of Galileo,' c o r r e l a t e  them w i t h  

r e s u l t s  from t h e  Solid State Imaging System (SSI) and from ground- 

based  observations, and  compare them t o  what was  known about Io's 

volcanic   ac t iv i ty  from observations made during the  two Voyager 

fly-bys i n  1979.  A t o t a l  of 6 1  act ive  volcanic  centers have been 

iden t i f i ed  from  Voyager,  ground-based, and Galileo  observations. O f  

these, 4 1  are hot   spots  detected by NIMS and/or SSI .  Another 25 

locations were ident i f ied  as   possible   act ive  volcanic  centers, 

mostly on the  bas i s  of observed  surface  changes. The d i s t r ibu t ion  

of act ive  volcanic  centers on the surface  does  not show any c l ea r  

cor re la t ion  wi th  latitude,  longitude,  Voyager-derived  global 

topography, o r  w i t h  heat  f l o w  pat terns   predicted by the  

asthenosphere and  deep  mantle t i d a l   d i s s i p a t i o n  models. Hot spots  

a re   cor re la ted  w i t h  sur face   co lors ,   par t icu lar ly  dark and red 

deposi ts ,  and general ly   ant i -correlated wi th  white, SO,-rich areas .  

Surface  features  corresponding  to the hot  spots,   mostly  calderas  or 

flows, were iden t i f i ed  from Gali leo and Voyager images. Hot spot  

temperatures obtained from both NIMS and SSI are consis tent  w i t h  

s i l i c a t e  volcanism, which appears t o  be widespread on Io. Two types 

of ho t   spot   ac t iv i ty   a re   p resent :   pers i s ten t - type   ac t iv i ty ,   l as t ing  

from  months t o   y e a r s ,  and sporadic  events, which may represent  

either shor t - l ived   ac t iv i ty   o r   low- leve l   ac t iv i ty   tha t   occas iona l ly  

f l a r e s  up. Sporadic  events  are  not  often  detected, bu t  may  make an 

important  contribution  to Io's heat  flow and resurfacing.  
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Pers is tent   hot   spots  and ac t ive  plumes are  concentrated  towards 

lower la t i tudes  and t h i s   d i s t r i b u t i o n  favors the  asthenosphere 

rather  than  the  deep  mantle  tidal  dissipation  model. 
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1. Introduction 

One of t h e  major objectives of the Galileo mission is t o  study 

Io's vo lcan ic   ac t iv i ty  and how it varies w i t h  t i m e .  Active 

volcanism  on Io  was discovered from images and infra-red 

measurements taken by the Voyager 1 spacecraf t   dur ing its f lyby of 

t he  Jupi te r   sys tem  in  1979 [e.g. Smith e t  a l .  19791. Four  months 

la ter ,  the Voyager 2 f lyby   revea led   tha t  some major changes had 

taken  place on Io,  including the  apparent  shut-off of the Pele 

plume and the  f i l l i n g  of the  f a l l o u t   r i n g  around Pele. Analysis  of 

Voyager 1 I R I S  data [Pearl and Sinton 1982, McEwen e t  a l .  1992a, 

1992bl showed a t  least 22 hot  spots  over  about a t h i r d  of t h e  

surface.  The cameras (ISS) aboard the  t w o  Voyager spacecraf t  

detected a t o t a l  of 9 active plumes [Strom e t  a l .  1981, McEwen e t  

a l .  19891. A l l  of t h e  plume sites t h a t  were also observed by IRIS 

showed the presence of hot   spots .  

Since Voyager, Io's a c t i v i t y  has been  monitored by 

observations from ground-basedtelescopes [e.g. Veeder e t a l .  1994,  

Goguen e t  a l .  1988 Spencer e t  a l .  1997al. Hot spot   detect ions from 

ground-based observations were summarized by Spencer  and  Schneider 

[1996] and  Spencer e t  a l .  [1997a]. 

The Galileo mission has providedthe  unprecedented  opportunity 

t o  monitor t h e  a c t i v i t y  of Io 's  volcanoes from J u p i t e r  o rb i t .  

During its two-year  primary  mission, from December 1995 t o  December 

1997,  Galileo has encountered Ganymede, Ca l l i s to ,  and  Europa. The 

spacecraf t  has come no closer t o  Io  than 120,000 km during  each 

orb i t ,  except a t  Jup i t e r  O r b i t  Inser t ion  ( J O I )  when no remote 

sensing  observations were taken.  Closer  ranges are planned  during 
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t he  Galileo Europa  Mission (GEM),  including two close  f ly-bys of I o  

a t  the  end of t h e  mission i n  1999. The Near-Infrared Mapping 

Spectrometer (NIMS) has  observed  Io a t  l e a s t  twice during  each of 

Ga l i l eo ' s   o rb i t s ,   s t a r t i ng  on June 2 8 ,  1996. The main object ives  of 

the N I M S  observations of Io  a r e  (i) to   i nves t iga t e  t h e  d i s t r ibu t ion  

and temporal   var iabi l i ty  of hot   spots  on Io 's   surface [Lopes- 

Gautier e t  a l .  1997aJ and (ii) t o  determine Io 's   surface 

composition and the  d i s t r ibu t ion  of SO, on the  surface  [Carlson e t  

a l .  1997 1 .  

The Sol id  State Imaging  System (SSI)  aboard  Galileo is 

invest igat ing Io's geologic  features,  plume ac t iv i ty ,   sur face  

colors ,  and high-temperature  hot  spot  activity [McEwen e t  a l .  1997, 

1998a,b;  Carr e t  a l .  1998, Simonelli e t  a l .  1997; Geissler e t  a l . ,  

Icarus, i n  press ] .  SSI's  spa t i a l   r e so lu t ion  is 50 times t h a t  of 

N I M S ,  enabling it t o  detect smaller hot spots  than N I M S  can, as  

long  as the  temperatures of these hot   spots   a re   suf f ic ien t ly   h igh  

t o  be detectable   using  the camera. SSI can detect hot  spots  having 

a m i n i m u m  temperature of 700 K if the  p ixe l  is fi l led [McEwen e t  

a l .  19971. The NIMS wavelength  range, from 0.7 t o  5 . 2  micrometers, 

enables it to   de tec t   cooler   ho t   spots   than  SSI,  down t o  180 K i f  

the  hot  spot fills a NIMS pixel  [ Smythe e t  a l .  1995 1 .  A l l  of the 

N I M S  p i x e l s   i n  t h e  observations obtained so f a r  are greater than  

14 ,884  km2, s igni f icant ly   l a rger   than   ho t   spot   a reas ,  which a r e  

typical ly   only a f e w  square  kilometers  [Lopes-Gautier e t  a l .  19971. 

The coolest  temperatures  obtained from  a s ing le  black-body f i t  t o  

NIMS data  have been about 300 K .  

The combination of NIMS and SSI observations is of great  value 
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f o r  t h e  study of Io's volcanic   ac t iv i ty .  The t w o  instruments 

provide complementary data for   inves t iga t ing  the r e l a t ionsh ip  

between ho t   spo t   ac t iv i ty ,  plume a c t i v i t y ,  and surface  geology. We 

present here t h e  r e s u l t s  of the  NIMS search f o r  new and recurrent  

ho t   spots  on Io from observations  taken  during  Galileo's first t e n  

o r b i t s .  We combine t h e  NIMS resul ts   wi th  those from the SSI 

observations [McEwen e t  a l .  1997, 1998aJ,  those from  ground-based 

observations  obtained  during and p r i o r   t o  t h e  Galileo mission 

[summarized i n  Spencer e t  a l .  1997a1, and those  obtained from 

Voyager data [Pearl and Sinton 1982 , McEwen e t  a l .  1992a,b]. The 

combination  of these data sets provides  our most complete view t o  

da t e  of t he   g loba l   d i s t r ibu t ion  and  temporal v a r i a b i l i t y  of Io's 

hot   spot   ac t iv i ty .  

2 .  Io Observations by Galileo #I= and 881 

The NIMS instrument has been described previously by Carlson 

e t  a l .  [1992]  and Smythe e t  a l .  [1995]. NIMS includes a 

spectrometer  with a scanning  grating and spans  the  wavelength  range 

0 . 7  t o  5 . 2  micrometers,  therefore  measuring  both reflected sunl ight  

and thermal emission. NIMS forms spectra  wi th  1 7  de t ec to r s  i n  

combination  with a moving grat ing.  The 17  wavelengths  obtained  for 

each gra t ing   pos i t ion  are acquired  simultaneously,  thus  providing 

a "snapshot"  spectrum  of the  target .   Spectra   obtained  for  d i f f e r e n t  

gra t ing   pos i t ions  are not located prec ise ly  on t h e  same spot  on the  

planet,  because of  motion of t h e  f ield of  view r e l a t i v e   t o  t h e  

surface  during the time between gra t ing   s teps  ( 0 . 3 3  seconds). This  

motion  has  implications  for t h e  ana lys i s  of NIMS data, such a s  the  
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variance  of  hot  spot  temperatures measured [Lopes-Gautier e t  a l .  

19971. 

N I M S  has observed Io a t  least twice per   orbi t   dur ing  Gal i leo 's  

o r b i t s  G 1  through C 1 0 ,  corresponding to   t he   pe r iod  from June 28 ,  

1996 t o  September 2 0 ,  1997. Most observations were taken  within one 

t o  three days of closest  approach i n  each   orb i t ,   cover ing   a l l  

l a t i t u d e s  and either the  whole d i s k  o r   p a r t  of t h e  disk.  The N I M S  

global  coverage  of Io  i n  t hese   o rb i t s  had spa t i a l   r e so lu t ions  

t y p i c a l l y   i n  t h e  range 200-500 km/pixel. The h ighes t   spa t i a l  

resolut ion w a s  obtained on the  anti-Jovian  hemisphere (122 

km/pixel) , while the poores t   spa t ia l   reso lu t ion  was on the  Jupi ter-  

facing  hemisphere  (for the swath 35OW-0-40W the resolut ion was, a t  

best, 516 km/pixel). Often,  N I M S  has  taken  pairs of observations 

c lose   toge ther   in  time, one covering Io's dayside and the  other  

Io's n ights ide ,   to   permi t  a more sens i t i ve   ga in   s t a t e  can be used 

f o r  t he  nights ide.  Most observations are taken  using from 102 t o  

408 wavelengths. A small number of N I M S  Io  observations  taken 

during the  first f e w  o r b i t s  re turned  fewer  than 1 0 2 '  wavelengths, 

and a re   ha rde r   t o   i n t e rp re t .  The high  radiation  environment  near 

Jupi te r   causes   no ise   sp ikes   to  be introduced i n  t he  data, which 

must be removed before  data  analysis.  The higher the number of 

wavelengths  returned, the  eas i e r  it is t o   i d e n t i f y  and remove the  

radiation-induced noise .  

The Gal i leo SSI instrument  has been described by Belton e t   a l .  

119921 and by Klaasen e t  a l .  [1997]. McEwen e t   a l .  [1998a] 

summarized observations  taken  during t h e  first 1 0  o r b i t s  of Galileo 

and t h e  major r e s u l t s  from t h e  observing campaign. O f  pa r t i cu la r  
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interest t o   t h i s  paper  are SSI's  eclipse  observations,   taken when 

Io is i n  J u p i t e r ' s  shadow. Long-exposure  images a re   t aken   t o  

search  for  high-temperature  hot  spots and d i f f u s e  atmospheric/plume 

glows. U s e  of SSI's c l e a r  (CLR) and l-micrometer (1MC) filters on 

t h e  same observation  allows  hot  spot  temperatures  to be estimated 

[McEwen e t  a l .  1998bl. Eclipse  observations were obtained by SSI i n  

o r b i t s  G 1 ,  E 4 ,  E 6 ,  G 7 ,  G 8 ,  C9,  and C 1 0 ,  and E l l .  

3.  Detection of H o t  Spot8 

The de tec t ion  of hot   spots  by N I M S  during  the first four 

Gal i leo   o rb i t s  ( G l ,  G 2 ,  C 3 ,  and E4) was discussed by Lopes-Gautier 

e t  a l .  [1997a]. H e r e  w e  update t h e  previous  study t o  include NIMS 

r e s u l t s  from the   Ga l i l eo   o rb i t s  E6,  67, G 8 ,  C 9 ,  and C10.  

The NIMS search  for   hot   spots   consis ts  of  a pixel-by-pixel 

analysis  of each observation. A pixe l  is considered to   con ta in  a 

hot   spot  when the  posi t ive  s lope of t h e  spectrum between 3 . 5  and 5 

micrometers is grea te r   than   tha t  of a l l  surrounding pixels .  

However, t h e  p ixe l s  ident i f ied as   ho t   spots   in  t h i s  search do not 

account f o r  a l l  of t h e  thermal emission that  N I M S  detects from Io,  

as   discussed by Lopes-Gautier e t  a l .  [1997a]. A pixel-by-pixel 

thermal map of a N I M S  observation  of  Io 's   nightside  during the 

first o r b i t  [Smythe et  a l .  19971 shows other  NIMS p i x e l s   t h a t  have 

significant  thermal  output  based on their increasing  radiance from 

3 t o  5 micrometers.  These  pixels  are  not listed a s  p ixe l s  

containing hot spots  i n  our search because they  f a l l  i n  one of t w o  

categories .  The first is when the  thermal s igna l  is r e l a t ive ly  

weak, t h a t  is, the   l oca l  maximum is less than 5% grea ter   than   tha t  
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of the  surrounding  pixels. This  probably  represents  hot  spots t h a t  

are r e l a t i v e l y  small or cool, and fur ther   analysis   and/or  

independent  measurements are needed before  they  can be ident i f ied 

as  hot   spots .   In  the second  category are the  cases where a p ixe l  

has a s i g n i f i c a n t  thermal s igna l  between 3 and 5 micrometers, but 

the  output  is less than   tha t  from neighboring  pixels which were 

iden t i f i ed  as  hot   spots .  Th i s  may represent  adjacent  hot  spots t h a t  

cannot be fu l ly   reso lved  a t  t he  ava i l ab le   spa t i a l   r e so lu t ion ,   o r  

energy  that  is d i s t r ibu ted  between pixels  because of the 

instrument's  point-spread  function  [Carlson e t  a l .  19921.  A l l  

temperature-area  calculations done so fa r  show t h a t  Io's hot   spots  

are sub-pixel a t  N I M S  spatial  resolutions.  Pixel-by-pixel  thermal 

maps using the method explained by Smythe e t  a l .  [1997,   19991 w i l l  

c l a r i f y  the  exis tence of ho t   spots   in  the two categories  above. The 

hot   spot   de tec t ions   g iven   in  t h i s  paper  should, therefore, be 

considered as  the  minimum number of ho t   spots  detectable from N I M S  

data. I n  terms of power output measured  from N I M S  nights ide data 

[Lopes-Gautier e t  a l .  1999 3 ,  the  majority  of  hot  spots detected 

f a l l   i n   t h e   r a n g e  10" t o  10'' Watts. 

The pos i t i ons  of hot  spots  observed by N I M S  i n   o r b i t s  G 1  

through C 1 0  are listed in  Table  1. Also listed on Table 1 are: (i) 

pos i t ions  of ho t   spots  and plume sites detected from SSI ec l ip se  

data; (ii) pos i t ions  of hot   spots  detected by Voyager I R I S  and from 

ground-based  observations and their poss ib le   cor re la t ion  with N I M S  

and SSI hot   spots ;  and (iii) pos i t ions  and types of f ea tu res  on the  

su r face   t ha t  w e  i n f e r  t o  be t h e  sources of the  thermal emission 

detected by N I M S ,  SSI,  I R I S ,  and  ground-based observations. The hot 
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Spot   la t i tudes and longitudes  obtained from NIMS data  were 

determined from the  highest   spat ia l   resolut ion  observat ions 

available  for  each  region. The coordinates are the cen t r a l  

coordinates of t h e  NIMS pixels  containing each hot   spot .   Errors  

listed correspond t o   h a l f  a NIMS f ie ld  of  view (i.e. half  the  p ixe l  

s i z e ) .  The corresponding  positions  derived from SSI hot   spot  

detect ions [McEwen e t  a l .  1997, 1998a1, when avai lable ,  are more 

precise  because  of the h igher   spa t ia l   reso lu t ion  of the  camera. 

Errors i n  l a t i t u d e  and longi tude  for  SSI hot   spot   pos i t ions   a re  

usual ly  less than 1 degree [McEwen e t  a l .  19971. The posi t ions of 

volcanic centers iden t i f i ed   a s  t h e  source  areas   for   individual   hot  

spots  were taken from SSI images t h a t  show these sur face   fea tures  

i n  d e t a i l .  I n  a l l  cases,  these fea tures   a re   loca ted  wi th in  t he  

error limits of t h e  posit ions  derived from NIMS data.  The volcanic 

centers   consis t  of calderas,  flows,  and/or plume deposi ts ,  and i n  

every case show the  presence of low-albedo mater ia l .  

A t o t a l  of 37 hot   spots  have  been detected by NIMS, including 

2 2  t h a t  were not  known from  Voyager o r  ground-based  measurements. 

Most of these hot   spots  were detected by NIMS i n  the  anti-Jovian 

hemisphere, which w a s  observed by Voyager a t  l o w  s p a t i a l  

resolut ion.  The anti-Jovian  hemisphere is also  poorly  observed from 

the ground,  but it is where the NIMS spa t i a l   r e so lu t ion  is highest ,  

due t o  t he  configuration of Gal i leo’s   orbi ts .  SSI detected hot  

spots  a t  18 locat ions during o r b i t s  G 1  through C 1 0 .  T h i s  number is 

a minimbm because (i) some bright   pixels  seen i n  SSI ec l ipse  images 

have  not  yet been confirmed t o  be hot  spots  (Table 2 )  and (ii) t h e  

h o t   s p o t s   a t  three of these locations  span  multiple  hot  spots. For 
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the  purpose of t h i s  analysis ,  we have t r ea t ed  t h e  following 

mult iple   hot   spot  complexes as   s ing le   vo lcanic  centers: Kanehekili 

N&S, Isum N&S, P i l l a n  and P i l l an  NCS. The reason is t h a t  most  of 

the  monitoring  observations  are from NIMS and so f a r  it has  not 

been poss ib l e   t o   r e so lve  the mult iple  components seen by SSI i n  t h e  

NIMS observations.  Treating these as   s ing le   vo lcanic  centers 

s impl i f ies  the  analysis .  A t o t a l  of 14 hot   spots  were detected by 

both NIMS and S S I ,  often i n  observations  taken  during d i f fe ren t  

o rb i t s .  

Lack of de tec t ion  of an SSI hot   spot  by NIMS is most l i k e l y  

due t o  50 times lower spa t i a l   r e so lu t ion  of NIMS o r  else the  

temporal   var iabi l i ty  of some hot   spots .  An example of t h e  l a t t e r  is 

probably the  Reiden  hot  spot detected by SSI dur ing   orb i t  G 1 .  NIMS 

did not  observe the Reiden Patera  region  during G 1 .  However, 

observations i n  severa l   o ther   o rb i t s ,  a t  resolut ions down t o  122 

- /pixel ,   have  fa i led  to  detect t h i s  hot  spot,  but  have detected 

a l l   o t h e r s  shown i n  the  same SSI G 1  image. Since Reiden has  not 

been observed a s  a hot   spot  by SSI i n  later o r b i t s ,  it is l i k e l y  

that  t he  a c t i v i t y  there either stopped a f t e r  t h e  G 1  observation by 

SSI,  o r  waned t o  l eve l s  below the  s e n s i t i v i t y  of either instrument. 

Al te rna t ive ly ,   the  SSI hot  spot  could  have been spurious,  although 

it is unl ike ly   tha t   no ise  would m i m i c  t he  same shape as the smear 

e l l i p s e .  

Lack of de tec t ion  of a NIMS hot   spot  by SSI is most l i k e l y  due 

t o  the lack of  a significant  high  temperature component (above 7 0 0  

K )  , and hence of significant  energy a t  1 micrometer. These llcoolerll 

hot  spots  include  Hi ' iaka,  which was discovered from ground-based 
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observations  [Spencer e t  a l .  1997al and Malik, first seen as  a hot 

spot by NIMS i n  orb i t  G 1 .  

A t o t a l  of 6 1  act ive  volcanic   centers   are  listed in  Table  1, 

plus  two o the r s   t ha t   a r e   ho t   spo t s  ident i f ied  from IRIS data, but 

have unce r t a in t i e s   l a rge  enough t h a t  more than  one  candidate s i te  

is listed (Mithra  or Pyerun and Shakura o r  Daedalus) . Table 2 lists 

an  addi t ional  25 sites t h a t  we cons ide r   l i ke ly   t o  be ac t ive  

volcanic   centers ,   but   have  yet   to  be confirmed. The a c t i v i t y  a t  

these sites is suggested by one or more of t he  following: (i) 

surface  changes detected by comparing SSI and Voyager images; (ii) 

f a i n t  glow i n  an SSI ec l ip se  image,  which suggests a region  of 

degassing  or a . fa in t  hot  spot ,  (iii) presence of reddish materials 

tha t  are thought t o  be ind ica t ive  of recent a c t i v i t y ,  ( iv)  presence 

of a plume-type deposit ,  (v) poss ib le   ident i f ica t ion  of a hot  spot 

detected by ground-based  observations,   (vi)   possible  identification 

of a site where changes were reported by observations from t h e  

Hubble Space  Telescope  [Spencer e t  a l .  1997bl.  

The i d e n t i f i c a t i o n  of  volcanic centers on the  surface 

corresponding t o  hot   spots  detected by ground-based  observations 

can be problematic  because  of  the large uncertaint ies   associated 

with t h e  pos i t i ons  of ho t   spots   in  these observations. Table 3 

lists observations by Spencer e t  a l .  [1997a] during 1996 and 1997,  

w i th  poss ib le   ident i f ica t ions  based on data from Voyager and 

Gal i leo.   Surface  locat ions  for  two outbursts  observed on I o  between 

Voyager and Galileo (summarized by Spencer and Schneider 1996) have 

been obtained. An outburst  observed on November 6 ,  1979 [Sinton 

19801 has a location  consistent  with S u r t ,  while an  outburst 
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detected on September 1, 1990 [Blaney e t  a l .  19951 was most l i k e l y  

from Loki. Other reported  outbursts  have loca t ions   t ha t   a r e   t oo  

unce r t a in   fo r   i den t i f i ca t ion   t o  be attempted,  although  Kanehekili 

would be cons i s t en t   a s  t he  s i te  of outbursts  detected i n  1986 and 

1989 [Johnson e t  a l .  1988,  Veeder e t  a l .  19941.  

4 .  Distribution of hot spots on the surfaoe 

The hot   spots  detected by N I M S  and SSI,  together  w i t h  hot 

spots  observed from t h e  ground by Spencer e t  a l .  [ 1997al during 

1995 and 1996 a r e  shown superimposed on a global  mosaic of SSI 

images of Io  (Fig.  1 ) .  The "Galilee-era" view of t h e  d i s t r ibu t ion  

of hot   spots  on I o  can be compared with the Voyager-eratl  view, on 

which hot   spots  detected from IRIS data are   p lo t ted .  It is c l ea r  

that  many more hot   spots   are   present  on Io than was  known from 

analysis  of t h e  limited-coverage Voyager I R I S  data ,  which revealed 

22 hot  spots  over  about 30% of Io 's   surface.  We note   tha t   Gal i leo  

has  not detected a c t i v i t y   a t  1 0  of these 22 hot   spots  (Nusku, 

Mbali,  Uta,  Pyerun/Mithra,  Viracocha,  Ulgen, Aten, Mazda, N e m e a ,  

and Creidne) . SSI detected surface  changes a t  Aten  and Creidne, 

perhaps due t o   a c t i v i t y   o c c u r r i n g  between Voyager  and Galileo 

observations. The hot   spot  Ulgen may have been detected by N I M S ,  

but  even i n  the  current  highest   resolution  observations by N I M S ,  

t h e  p ixe l  s i z e  is still too  large  to   enable   us   to   confident ly  

dis t inguish it from t h e  Babbar hot   spot .  

The locat ions of act ive  volcanic  centers listed i n  Table 1 can 

be used to   search   for   poss ib le   cor re la t ions   wi th   l a t i tude ,  

longitude,  or  topography, which may have  important  implications f o r  
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t h e  mechanism of heat   d i ss ipa t ion  on Io.  The active volcanic 

centers  used for  t h e  following  analysis are from Table 1. Since two 

Voyager hot spo t s  had uncertain  identifications  (Shakura/Daedalus 

and  Mithra/Pyerun), w e  have  included  both  possibi l i t ies   in   our  

analysis.  Daedalus is known t o  be a hot   spot  from Galileo data ,   but  

Shakura  and  one of Mithra/Pyerun may be spurious  data  points.  

4 . 1 .  Distribution  with  ht i tudo m d  longitude 

The d i s t r i b u t i o n  of active volcanic centers  (from Table 1) 

shows no obvious  correlation w i t h  l a t i t u d e  or longitude, as 

i n d i c a t e d   i n   t h e  histograms in   F igure  2 .  This  agrees with McEwen's 

[1995]  e a r l i e r   s t u d y  from Voyager data. Carr e t  a l .  [1998]  plo t ted  

the  d i s t r i b u t i o n  of calderas and other sur face   fea tures   in te rpre ted  

as  volcanic   centers  and also  concluded  that  t h e  d i s t r i b u t i o n  w a s  

uniform,  except  for  an  apparently somewhat lower dens i ty  a t  high 

l a t i t udes .  We note  from Figure 2 t h a t  there is an  apparently lower 

concentration of active volcanic   centers  between l a t i t u d e s  2 0  S and 

3 0  S ,  and 0 t o  10 N ,  but   the   p resent  data are n o t   s u f f i c i e n t   t o  

establish  whether these departures from an  uniform  distribution are 

s ign i f i can t .  

A fac tor   tha t   needs  t o  be taken  into  account when considering 

the  Galileo data is t h e  spacecraft  viewing  geometry. H o t  s p o t s   a t  

l a t i t u d e s  over 45 degrees are viewed by Gal i leo a t  lower s p a t i a l  

reso lu t ions   than  t h e  equator ia l   regions and a re   t he re fo re  l i k e l y  t o  

be harder t o  detect (the sub-spacecraft  point of a l l  N I M S  

observations  and SSI ecl ipse  observat ions is near the  equator) .   In  

addi t ion t o  lower resolut ion,  there is the  possible  effect of 
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topography.  For  example, a lava  lake i n  a caldera  w i l l  be 

increasingly  obscured by the caldera  wall   at   higher  emission 

angles. The obscuration w i l l  depend on t h e  depth and the  diameter 

of the caldera ,  and the  emission  angle. A more s u b t l e  topographic 

effect involves  molten material a t  the bottom  of incandescent 

cracks. Hot spots  surrounded by extensive hot lava f l o w s ,  or  

erupt ing  high  f i re   fountains ,   could be detected a t  higher  emission 

angles. 

I n  many N I M S  observations, we have  noticed  that  hot  spots  can 

be detected near Io 's  limb, ind ica t ing   t ha t   t he  effect of  viewing 

geometry  (emission  angle) may not be subs tan t ia l .  The emission 

angle  for  each  pixel is defined a s  t he  angle between t h e  observer 

(spacecraft) and t h e  normal t o  a plani todet ic   surface.  W e  have 

examined the viewing  geometry e f f e c t  i n  Figure 3 ,  where data  from 

f i v e  NIMS observations (between o r b i t s  G 2  and E 4 )  were plot ted.  

These observations w e r e  a l l  taken a t   s p a t i a l   r e s o l u t i o n s  from 122 

t o  350 -/pixel. They were a l l  taken i n  reflected sunl ight ,  

therefore  w e  have  estimated the 5 micrometer f l u x  for   ind iv idua l  

hot   spots  by subtract ing the  5 micrometer  flux of a nearby I8coldl1 

pixel .  While t h i s  is a crude method t o   o b t a i n  the  f lux   fo r   ho t  

spots,  because  of  possible  differences i n  albedo between the   ho t  

spot  and t h e  v9cold88  pixel (which may still contain a small amount 

of thermal  energy), it is sa t i s fac tory   for   assess ing  the effect of 

emission  angle  (and t h u s  viewing  geometry) on the   b r ightness  of hot 

spots  i n  general .  The effect of emission  angle is pa r t ly  

i l lus t ra ted  by t h e  changes i n  t h e  f lux  of Prometheus and Pele, 

though it is l i k e l y   t h a t  some temporal  variation i n  the f l u x  a l s o  
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occurred. While emission  angle  clearly has an effect, Figure 3 a l s o  

i l l u s t r a t e s  t ha t  t h e  hot spots  detected by NIMS are s u f f i c i e n t l y  

b r igh t   t ha t   t hey  can still be detected a t  high  emission  angles. 

There is no clear cor re la t ion  between the number of hot spots  

detected by NIMS and  emission  angle. 

We consider t h a t  it is unl ikely t h a t  there is a large number 

of hot  spots  undetected by NIMS a t  high l a t i t u d e s  o f  comparable 

br ightness  t o  the hot spots  shown in   F igure  3 .  However, t h e  

de tec t ion   of   ho t te r  material by both NIMS and SSI is probably more 

sensit ive t o  t h e   e f f e c t  of small-scale topography  (and  hence 

emission  angle). Hotter material is more l i k e l y  t o  be located 

ins ide  cracks rather than on t h e  flow surface,  and thus  be obscured 

a t  high emission angles. 

The d i s t r i b u t i o n  of active volcanic  centers wi th  longitude 

(Fig.  2 )  also appears  uniform when a l l  the  hot spot   detect ions by 

t h e  different   inst ruments  are combined. NIMS observations have 

h ighe r   spa t i a l   r e so lu t ion  on the anti-Jovian  hemisphere  and t h i s  is 

reflected i n  the  r e l a t i v e l y  l o w  number of hot spo t s  detected 

between longitudes of about 3 2 0  W and 3 0  W .  SSI imaged these 

long i tudes   i n   ec l ip se  several times during the Galileo t o u r  [McEwen 

et  a l .  1998a], and Voyager IRIS obtained more complete coverage on 

t h e  Jupiter-facing  hemisphere, which is also the  preferred 

hemisphere fo r  ground-based observations. The complementary 

coverage of NIMS, SSI ,  and IRIS gives us  confidence t h a t  w e  have a 

reasonable  sample of t h e  number of hot  spots   present  a t  a l l  

longitudes.  It is, however, poss ib le   tha t   addi t iona l   ho t   spots  w i t h  

temperatures below the SSI limit of 700  K are present  on the  
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Jupiter-facing  hemisphere, and have  not been detected by NIMS due 

t o  poor spa t ia l   reso lu t ion   a t   those   longi tudes .  A possible 

departure from the  apparently  uniform  distribution i n  longitude may 

be implied by the  detect ion by SSI of  a field of about 26  bright  

spots  near the  sub-Jovian  point a t  +/- 15 degrees   la t i tude,  +/- 3 0  

degrees  longitude [McEwen e t  a l .  1998al. It is not   c lear  from the 

c u r r e n t  SSI images whether these are hot  spots,   excited  gases 

concentrated near vents,  or both. McEwen e t  a l .  [ 1998al a l so  

reported a d i f f u s e  glow over t h i s  region, and over a region of 

s imi la r  s i z e  near the anti-Jovian  point which may suggest   that  a 

s imilar  field of bright   spots  is present there. NIMS has  not 

detected a concentration of hot  spots  near t he  anti-Jovian  point,  

even  though the  spa t i a l   r e so lu t ion  of NIMS is highest  on t h a t  

hemisphere. W e  cannot   rule   out   that  hot vents may e x i s t  near t h e  

ant i -Jovian  point   that  are simply  too  small i n  a r e a   t o  be 

detectable  with the avai lable  measurements. 

4 . 2 .  Distribution of active  volcanic  oenters and relation  to  t idal 

heating models 

Hot spots  are manifestations of 10's mechanism of ' in te rna l  

heating and heat t ransfer .  Most of I o f  s heat f l o w  is radiated a t  

wavelengths  longer  than 10  micrometers  (e.g. Veeder e t  a l .  1 9 9 4 ) ,  

beyond the  range of  what NIMS and SSI can  observe. However, t h e  

d i s t r ibu t ion   of  hot spots  on the  surface seen by t h e  t w o  

instruments is useful   for   constraining models of internal   heat ing.  

If w e  

magma 

assume t h a t  these  hot 

t o  10's surface,   than 

spots  represent the major 

they would geographically 

pathways of 

r e f l e c t   t h e  
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d i s t r i b u t i o n  of t h e   t o t a l  heat flow. 

Two major models have  been  proposed f o r  the d i s s ipa t ion  of 

t i da l   hea t ing  on Io. Both models assume that   convect ion is t h e  main 

mode of   heat   t ransfer   within Io, but d i f fer  on where the  t i d a l  

heating  predominantly  occurs [Segatz e t  a l .  1988, Ross e t  a l .  1990, 

Gaskell e t  a l .  19881. If heating  occurs  mainly  in  an  asthenosphere 

about 100 km th ick ,  convection  should  occur  globally, w i t h  cen ters  

of  upwelling  and  downwelling  separated by a f e w  hundred  kilometers. 

I n  the second  model, t i da l  heat ing  occurs   in  t he  deep  mantle  and 

r e s u l t s   i n  larger-scale convection,  perhaps with a r e l a t i v e l y  small 

number of  mantle plumes  spaced  widely  apart. The deep mantle model 

p red ic t s  greater heat  dissipation  (and  higher  concentration of hot  

spots)  towards t h e  poles. It is l i k e l y  t h a t  some t i d a l  heating  does 

occur  both  in  the  deep  mantle  and  in  the  asthenosphere,  thus a 

combination of the two models,  such as  the 2 / 3  asthenosphere  and 

1 / 3  mantle  heating model [Ross e t  a l .  1990,  Schubert e t  a l .  19983, 

may be t h e  most realist ic scenario.   In t h i s  paper, w e  consider  only 

t h e  two end-member models, as  the   d i f fe rence  i n  the  heat   f low . 

pa t t e rns  a t  the  surface  predicted by these t w o  models is the  most 

pronounced  and may be reflected i n  the  d i s t r i b u t i o n  of volcanic 

centers .  

An earlier attempt to   u se   spacec ra f t  data t o   d i s t i n g u i s h  

between these models w a s  made by Gaskell  e t  a l .  [ 1 9 8 8 ] ,  using t h e  

shape and large-scale  topography  of I o  determined from Voyager 1 

images. They suggested t h a t  t h e  broad  topographic swells revealed 

i n  t h e  global  topography  could be due t o  isostat ic  responses t o  

thermal changes i n   t h e  lithosphere-asthenosphere system.  In t h e  
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simplest   picture,   increasing  the  heat  f low  converts the basal 

l i thosphere  into  lower-density  asthenosphere,   result ing i n  

i sos t a t i c   up l i f t .   Gaske l l  e t  a l .  argued t h a t  i f  large-scale 

topography is positively  correlated  with  heat  flow,  then the  global 

pa t t e rn  of basins and swells suggests tha t  t i da l  diss ipat ion  occurs  

mostly  in t h e  asthenosphere. McEwen [1995]  found no cor re la t ion  

between Voyager-detected  hot  spots and  topography, bu t  argued that  

the d i s t r i b u t i o n  of SO,-rich areas  on the surface  supported the 

asthenosphere model. 

We can  use  the combined Galileo, Voyager,  and other   data  on 

act ive  volcanic   centers  on I o  (Table 1) t o  re-examine t h e  r e l a t i o n  

between act ive  volcanic   centers  and topography. The best complete 

global  topography of Io  a v a i l a b l e   t o  date is still the  map by 

Gaskell e t  a l .  [1988] based on Voyager data .  The d i s t r i b u t i o n  of 

act ive  volcanic   centers  from Table 1 is p lo t ted  on Gaskell e t  a l .  ' s  

topographic map i n  Fig. 4a. A p l o t  of the  number of act ive  volcanic  

c e n t e r s   r e l a t i v e   t o  the map's e levat ions and areas  [Fig.  4b] f a i l s  

t o  show any s ign i f i can t   co r re l a t ion  between t h e  locat ions of ac t ive  

volcanic   centers  and  topography. We note, however, t h a t   t h e  p l o t  i n  

Fig. 4b is skewed towards  lower  elevations,  implying a possible  

( b u t   n o t   s t a t i s t i c a l l y   s i g n i f i c a n t  from the   ava i lab le  data) higher 

concentration of act ive  volcanic  centers a t  lower elevat ions.  This  

is t h e  opposite of  what might be expected from t h e   i s o s t a t i c   u p l i f t  

from the   as thenosphere   t ida l   d i ss ipa t ion  model. 

More r ecen t   r e su l t s  on Io's topography from Thomas e t  a l .  

[1998] ,  obtained from limb measurements made by Gal i leo SSI,  show 

some disagreement  with  Gaskell e t  a l .  ' s  map. For  example, Thomas e t  
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a l .  [1998]  did  not  confirm  the  pattern of longitudinal swells 

inferred by Gaskell et a l .  [1988] and Ross e t  a l .   [1990] ,  which was 

used t o  support  the  asthenosphere t ida l   d i s s ipat ion  model. I t  is 

c l ear   that   the   re la t ion  between locations of act ive   vo lcanic  

centers and topography  needs to  be  re-examined  once improved global 

topography becomes avai lable .  

The spatial   separation between act ive  volcanic  centers  may 

help t o  d i f f e r e n t i a t e  between the  asthenosphere and deep  mantle 

models [McEwen et al.  1998al.  In  the  asthenosphere  model,  hot  spots 

are  expected t o  be  uniformly  distributed on the  surface,  separated 

a t   i n t e r v a l s  of several hundred kilometers,  perhaps  with  a 

preference for l o w  lat i tudes .   In   the  deep-mantle  model, the  centers  

of upwelling are further  apart, and w e  might expect t o   f i n d  

concentrations of hot   spots   in  regions  that  would be  widely 

separated from one  another. Our data from Table 1 shows that   the  

spacing between  major hot  spots  ranges from about 150 km t o  about 

700 km, with most hot  spots  being  separated by about 200-400 km. 

The dis tr ibut ion is therefore more consistent  with  the 

asthenosphere  model, i n  agreement with  the  conclusions by McEwen et 

a l .  [1998a] and Carr et a l .  [1998] based on imaging data  alone. 

We can  examine the   overal l   spat ia l   d is tr ibut ion of ac t ive  

volcanic  centers on the   surface   in   re lat ion t o  the  predicted  heat 

flow surface  patterns  of  the two major models.  According t o  Ross e t  

al .   [1990],   although  heat  transfer  processes w i l l  ttsmear't the 

inter ior   heat ing   d is tr ibut ions  by the  time the  thermal  energy 

appears at  the  surface,   the  signatures  should be evident  in  the 

surface  heat flow and the  location  of  volcanoes and hot   spots .  We 
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can tes t  th i s   p red ic t ion ,  i n  p a r t , ' b y   p l o t t i n g  t h e  d i s t r i b u t i o n  of 

act ive  volcanic  centers over the heat  f low  patterns  (Fig.  5 )  

predicted by the  two major  models  [from Ross e t  a l .  19901. While 

t h e  locat ions of t h e  act ive  volcanic  centers do not   appear   to  

co r re l a t e  well with  the  predicted  heat  f low  patterns from either 

model, it is more consis tent  with the asthenospheric model because 

of t h e  apparently  uniform  distribution of act ive  volcanic  centers 

with  longitude and l a t i t ude .  

Although the   g loba l   d i s t r ibu t ion  and typ ica l   separa t ions  of 

act ive  volcanic  centers on Io are   cons is ten t  wi th  t h e  asthenosphere 

model, measurements of volcanic  heat  flow from individual   hot   spots  

a t  a range  of  wavelengths  are needed f o r  more conclusive  evidence. 

Volcanic  heat  flow  has been measured by NIMS i n  t h e  0 . 7  t o  5 . 2  

micrometer  range. Thermal maps  made from NIMS nights ide data, using 

the method of Smythe e t  a l .  [ 1997,  19991 w i l l  be important  for 

determining  patterns of volcanic  heat  flow. To the ex ten t   t ha t  the  

volcanic   heat   f low  a t  these wavelengths is correlated w i t h  t o t a l  

surface  heat  f low, these measurements may provide a s t ronger   basis  

for   d i scr imina t ing  between t i d a l   d i s s i p a t i o n  models than  the 

d i s t r ibu t ion  of act ive  volcanic  centers. 

5 .  Correlation between active  volcanic  centers and surface  features 

The locat ion of  enhanced thermal  emission detected by both 

NIMS and SSI can be correlated wi th  features  on t h e  surface imaged 

by SSI .  Tables 1 and 2 show t h e  correlat ion between act ive  volcanic  

centers  and fea tures  on t h e  su r face   t ha t  w e  consider   to  be 

candidate  vent  regions. The l a t i t u d e s  and longitudes  given are' 
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approximately  those of t h e  center of t h e  surface features. The most 

common surface  feature  is a patera   (usual ly  a ca lde ra ) ,  b u t  other  

fea tures   inc lude   f luc t i   ( f lows)  and fissure-like features. A sample 

of sur face   fea tures  is shown i n  Figure 6 .  

Io  presents  a var ie ty  of surface  colors ,  which a r e  described 

i n  detai l  by McEwen e t  a l .  [1998a] and Geissler e t  a l .  [ Icarus ,  i n  

press]. The r e l a t i o n  between t h e  act ive  volcanic  centers (Table 1) 

and surface  colors  is shown i n  Figure 7, a map of the four major 

co lo r   un i t s  on Io. Red and orange  materials  dominate the dark  polar 

regions of Io  and are found a t  lower l a t i t u d e s  i n  i so la ted   b r ight  

deposits;  yellow and yellow-green  materials, and white and grey 

mater ia ls ,  are mostly  found a t  low l a t i t udes ;  and low albedo 

materials  occur  mostly i n  many small   spots marking t h e  locat ions of 

ac t ive   ca lderas  [Geissler e t  a l . ,  Icarus, i n  p ress ] .  SSI results 

[McGwen e t  a l .  1998a, Geissler e t  a l . ,  Icarus,  i n  press]  have 

confirmed t h e  suggestion from  Voyager observations  [Pearl  and 

Sinton 1982,  McEwen e t  a l .  19951 tha t  ho t   spots   a re   assoc ia ted  wi th  

low-albedo mater ia ls .  Note that  t he  map i n  Figure 7 does  not show 

a l l  of t he  low-albedo features ,   s ince some are too   sma l l   t o  be 

shown a t  t h e  scale of t he  map. 

5 . 1  ReU d8pOSitS 

R e d  depos i t s   a re  commonly associated with hot  spots  [Spencer 

e t  a l .  1997b; McEwen e t  a l .  1998a, Geissler e t  a l . ,  Icarus,  i n  

press] .  Most regions  that   present  red mater ia l s  have been 

iden t i f i ed  as   ho t   spots  or  regions of surface  changes [Geissler e t  

a l . ,  Icarus,  i n  press] .  The red deposi ts  may be f a l l o u t  from 
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Plumes, poss ib ly   f ine   d rople t s  that  were rapidly  quenched, as  

suggested by Moses and Nash [1991]. They appear t o  fade w i t h  t i m e  

and t h e i r   s p e c t r a l   p r o p e r t i e s  (as revealed by HST and Galileo SSI 

observations) are consistent  with metastable short-chain S , / S ,  

molecules mixed with elemental   sulfur or  other sulfurous materials 

[see summary by Spencer e t  a l .  1997bJ. N I M S  observations  obtained 

up t o  now cannot   spa t ia l ly   reso lve  the  red deposi ts   except   for  

those i n  t he  ring  surrounding Pele. Carlson e t  a l .  E19971 reported 

the presence of a 1 . 2 5  micrometer  absorption  feature, which may be 

due t o  iron-containing minerals, nearly  everywhere on Io 's  surface,  

but   not  on t h e  red ring  surrounding Pele. Carlson e t  a l .  suggested 

tha t  t h e  red deposi ts ,  which may be s u l f u r  from plume f a l l o u t ,  

could be covering the  iron-containing  deposits on the surface.  

The inventory of hot   spots  and plume sites presented  in  Table 

1 allows u s   t o   f u r t h e r   i n v e s t i g a t e  t h e  cor re la t ion  between red 

materials, hot spots ,  and plume sites. I n  Table 1, w e  have 

iden t i f i ed  59 hot   spots  from  Voyager, Galileo, and  ground-based 

data. Thirty-nine  percent of these hot   spots  have red deposi ts  

associated wi th  them (23/59) .  If red deposits are indeed t h e  r e s u l t  

of plume a c t i v i t y ,  t h i s  may poss ib ly   r e f l ec t  a lower limit of how 

of ten  plume and ho t   spo t   ac t iv i ty  are associated.  

Plume a c t i v i t y  is perhaps  only  found a t  hot  spots ,   but  t h e  

reverse is probably  not  true.  Plumes have  not been detected a t  most 

hot  spots,   though  they  could  occur  sporadically.  Long time 

i n t e r v a l s  between plume ac t iv i ty ,   o r   very  short  durat ions,  would 

make d e t e c t i o n   d i f f i c u l t .  There are only two known plume sites 

where hot   spots  have so f a r   n o t  been detected: Ra, observed by SSI 
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i n  G I ,  and Masubi, observed by Voyager. The lack of detec t ion  of a 

h o t   s p o t   a t  Masubi may well have been due t o   t h e  poor resolut ion of 

IRIS a t   t h a t   l o c a t i o n .  Masubi may have  faded since Voyager, a s  no 

plume or   hot   spot   has  been detected there by Gali leo up t o   o r b i t  

C 1 0 .  N o  hot   spot   has  been detected a t  R a  by either NIMS or SSI,  

even  though  both instruments have viewed t h e  locat ion i n  several  

observations a t   d i f fe ren t   geometr ies .  The lack of detect ion of a 

hot  spot  could be due t o  tempora l   var iab i l i ty ,   to   re la t ive ly   cool  

temperatures making it u n l i k e l y   t o  be detected by SSI ,  and t o  the 

poor  Spatial   resolution of NIMS a t  the longitude of R a  (325  W )  . R e d  

depos i t s   a re   no t  seen by Galileo SSI a t  either Masubi o r  Ra. 

How well do  plumes  and red depos i t s   cor re la te?  Plumes have 

only been observed by SSI a t  5 ( 6 ,  i f  w e  include the marginal 

i den t i f i ca t ion  of a plume a t  Culann)  of the  23 hot   spots   associated 

with red deposi ts  (22  o r  2 6 % ) ,  b u t   t h i s  is a higher  occurrence  than 

plumes observed by Gal i leo   a t   ho t   spots   no t   assoc ia ted  wi th  red 

deposi ts  ( 3  plumes detected a t  36 hot   spots ,   o r  8%) . W e  do not 

include Voyager observed plumes because re,d deposits  cannot be 

i d e n t i f i e d   r e l i a b l y  from Voyager ISS data [Geissler e t  a l . ,  Icams,  

i n  press] .  While it can be argued t h a t  red depos i t s   a re  the r e s u l t  

of plume a c t i v i t y ,  and t h a t  plumes were a t  one t i m e  p r e s e n t   a t  t h e  

act ive  volcanic  centers now showing red deposi ts ,  it is c l e a r  t h a t  

a t   l e a s t  a f e w  plumes  have  not  produced red deposits.   Bright white  

deposits  surround some plumes sites (e.g. Prometheus) and may be 

produced by plumes containing  pure SO,.  Diffuse  dark  deposits found 

a t   o t h e r   s i t e s   ( e . g .   P i l l a n )  may r e p r e s e n t   s i l i c a t e s  i n  the plume. 

What is t h e  lifetime of red deposits?  Observations by Spencer 
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e t  a l .  [1997b] using HST showed that  the  b r i g h t   s p o t   a t  R a  Patera 

persisted  for  longer  than one year. If w e  pos tu la te   tha t   red  

deposi ts ,  plume a c t i v i t y ,  and hot   spots   a re   assoc ia ted ,  w e  can use 

t h e  Galileo N I M S  and SSI da ta   to   fur ther   cons t ra in  t h e  lifetime of 

t he  red deposi ts .  One s t r i k i n g  example is Tohi l   Pa te ra   (a t  26S, 

158W), which is surrounded by red deposi ts .  SSI has  not  detected a 

hot   spot ,  plume, or   sur face  change a t  Tohil  during t h e  Galileo 

mission. Voyager IRIS a l s o  did not detect a hot   spot  a t  Tohil ,  bu t  

t h i s   cou ld   ea s i ly  be due t o   t h e  poor spa t i a l   r e so lu t ion  of I R I S  

over t h i s  hemisphere. N I M S  has  observed t h i s  region a t  l e a s t  once 

per   o rb i t   (except   o rb i t  E 4 ) ,  detec t ing   ho t   spots   a t   reg ions   nearby  

(such  as Shamash and Culann)  but  not a t  Tohil. While it cannot be 

ru led   ou t   tha t   Tohi l  is a f a in t   ho t   spo t  below t h e  reso lu t ion  limit 

of both N I M S  and SSI, it can safe ly  be said  that   Tohi l   has   not  had 

a c t i v i t y  a t  a comparable  level t o   t h a t  of other   hot   spots  i n  the 

region since Gal i leo  begun observing i n  June 1996.  It has possibly 

not been a c t i v e  a t  a l l  during t h i s  t i m e .  The lack of a c t i v i t y  would 

imply t h a t   t h e  lifetime of t h e  red deposi ts  can be a t  l e a s t  18 

months. 

5.2 .  White deposits 

Active  volcanic centers are   general ly   ant i -correlated wi th  

large  areas  of br ight  white deposi ts .  A s  Figure 7 shows, t he  

surface of I o  has large  regions  that  are predominantly wh i t e  and 

mostly  occur a t  low la t i tudes .  These regions were first seen on 

Voyager images  and interpreted by Smith e t   a l .  [ 19793 t o  be r i c h  i n  

SO, f r o s t   o r  ice. N I M S  spec t ra l  mapping from an observat ion  that  
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included  the  bright  white  equatorial   regions of Colchis Regio 

(centered a t  about 210 W )  and p a r t  of Bosphorus  Regio (centered a t  

about 120 W )  showed t h a t  these areas  have extensive  snowfields of 

SO, with   l a rger   par t ic les  ( >  250 micrometers i n  diameter)  beneath 

smaller   par t ic les ,   whi le  the pervasive  covering of SO, elsewhere has 

smal le r   charac te r i s t ic   g ra in  s i z e s  [Carbon e t  a l .  19971. 

The iden t i f i ca t ion  of higher  concentrations of SO, f r o s t  i n  t h e  

bright  white  areas,  which are   ant i -correlated  with  hot   spots ,  is 

consis tent  with these  areas  being  colder  than the  surrounding 

regions where hot   spots  are located.  Volcanic  activity  supplies SO,,  

which condenses i n  reg iona l   co ld   t raps   tha t   sus ta in  SO, snowfields, 

a s  discussed by Fanale et  a l .  [1982] and Kerton e t  a l .  [ 19961. A 

par t i cu la r ly  good  example of the ant i -correlat ion between hot   spots  

and br ight  white areas  is Bosphorus  Regio.  Lopes-Gautier e t  a l .  

[1997a]  presented a NIMS 5-micrometer map from  a nights ide 

observation  of Bosphorus  Regio. The map shows tha t   p ixe l s   l oca t ed  

i n  t he  center of  Bosphorus  Regio (corresponding t o   t h e   b r i g h t  white 

area)  have no detectable  thermal s igna l ,  while the  pixels   located 

i n  surrounding Bosphorus  Regio show signif icant   thermal   s ignal  and 

form a hot  spot "r ing of fire". 

While the   an t i -cor re la t ion  between hot  spots and cold SO, 

snowfields  (bright white areas)  is t o  be expected, it is not   c lear  

why the  br ight  whi te  areas  occur  geographically where they  do. 

Voyager data  suggest that  SO, is concentrated  in  equatorial  

topographic basins  [McEwen 19953. However, as discussed  previously, 

topography from SSI data  has  not  confirmed the exis tence of these 

basins  [Thomas e t  a l .  19981. 
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6 .  Hot Spot Aativity 

A summary of Gali leo 's  detections of ho t   spo t   ac t iv i ty  i n  

d i f f e ren t  o r b i t s  is given i n  Table 4 .  Lack of detect ion of  a hot 

spot  by SSI o r  NIMS does  not  necessarily mean t h a t  the hot   spot  was 

not   ac t ive  a t  the  time of the  observation,  but rather t h a t  the 

leve l  of a c t i v i t y  was below the   de tec t ion  limits f o r   t h e  

instruments.  This  could mean temperatures  too low, o r   s p a t i a l  

extent   too small, t o  be detectable by either instrument. 

It  is clear tha t  the  spa t i a l   r e so lu t ion  of NIMS observations 

is a s t rong   fac tor  i n  whether or not  hot  spots can be detected.  

Another f ac to r  is whether t he  observation is o f  Io's dayside  or 

nights ide,  as  t h e  so l a r  component masks f a i n t  ho t  spots. Figure 8 

shows a p lo t   o f  the highest resolut ion NIMS observation i n  each 

o rb i t   aga ins t  t h e  number o f  hot   spots   detected i n  each o f  those 

observations. NIMS detected fewer  hot  spots i n  o r b i t s  G7 and G 8 ,  

where the   r ange   t o  Io was la rges t ,   than  i n  o the r   o rb i t s ,  

pa r t i cu la r ly  C 3 ,  the   c losest   approach  to  Io during  the G1-C10 

period.  Therefore, t h e  gaps i n  hot   spot   detect ion by NIMS shown i n  

Table 4 may not  reflect halts i n  ac t iv i ty ,   bu t   ac t iv i ty  below t h e  

detect ion a t  t h e  NIMS spa t i a l   r e so lu t ions   a t   each   pa r t i cu la r   o rb i t .  

More ho t   spo t   ac t iv i ty  may be detected when pixel-by-pixel  thermal 

maps of NIMS observation  are  completed. 

The combination of NIMS, SSI ,  ground-based, and  Voyager data  

show t h a t  some hot   spots   appear   to  be pe r s i s t en t ly   ac t ive ,  while  

t h e  ac t iv i ty   a t   o the r   ho t   spo t s  may cons is t  of sporadic o r  short-  

l ived  events.  
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6 . 1 .  P O r 8 h t O n t  hot 8 p o t . t  

An important and somewhat su rp r i s ing   r e su l t  from the Galileo 

observations is t h a t  many of Io's hot   spots  are act ive  over   per iods 

of t i m e  ranging from months t o  years. It w a s  known from  ground- 

based observations that  Loki is a pe r s i s t en t ly   ac t ive   ho t   spo t ,  and 

tha t  a f e w  others  such as Kanehekili and Hi'iaka are of ten  active. 

The Galileo observations show t h a t  numerous o ther   ho t   spots  on I o  

a l s o  f a l l  i n t o  t h i s  category.  Although the  lack of continuous 

temporal  coverage  introduces some uncertainty on whether  these  hot 

spots  were a c t i v e  between consecutive  detections, t he  Gal i leo 

observations show t h a t  t h e  a c t i v i t y  a t  these hot spots  w a s  either 

continuous (a s ingle   erupt ion)   or   consis ted of frequent,  

intermit tent   events .  

The hot  spot detections by Galileo are listed i n  Table 4 .  For 

each hot   spot ,  w e  list whether  they were observed by e i t h e r  NIMS o r  

SSI i n  any  given  orbit  from G 1  through C 1 0 ,  whether  they were 

detected by ei ther   instrument ,  and whether they had been  previously 

detected by Voyager or ground-based  observations. We do not  include 

the  following active volcanic centers i n  t h i s  temporal  analysis: 

hot   spots   not  detected by Galileo,  plume a c t i v i t y ,  and t h e  marginal 

detect ion  of  Karei by SSI. The t o t a l  number of hot  spots  considered 

i n  Table 4 is therefore  40.  

We note t h a t  8 hot   spots  were ac t ive   for   per iods  of time 

ranging from 3 months t o  1 year. These hot spots a r e  Maui, 9606W, 

Volund, F o ,  Sethlaus,  Rata,  Kurdalagon, 9 6 1 1 A ,  Babbar, and 

Amaterasu. A t o t a l  of 2 2  hot  spots were act ive  over  timescales 

longer than  1 year.  Table 5 shows how often these 22  hot   spots  w e r e  
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observed and detected by NIWS and SSI.  For each  hot  spot, w e  give 

the percentage  of t h e  number of Gal i leo   o rb i t s  i n  which it was 

detected, out of the  number of Gal i leo   o rb i t s  i n  which it was 

observed.  Seven of the   hot   spots  w e r e  detected i n  100% of t h e  

o r b i t s  i n  which they were observed, showing t h a t  a t  least a t  these 

loca t ions   ac t iv i ty  was most l ikely  continuous.  O f  these 7 hot 

spots ,  5 w e r e  detected by Voyager i n  1979 (Pele, Marduk, Isum, and 

Amirani, and t h e  Prometheus  plume) Hi'iaka,  Kanehekili, and 

possibly Mulungu were detected from ground-based observations i n  

t h e  years  between Voyager and Galileo. It is l i k e l y  t ha t  a c t i v i t y  

a t   t hese   ho t   spo t s  (and  possibly  others  not  observed by Voyager 

IRIS) has  persisted  over  several   years,  and perhaps some of them 

have been continuously  active  during  the 17  years between Voyager 

and Galileo.  

Is there a correlat ion between pers is tency of hot  spot 

a c t i v i t y  and plumes? W e  f ind  t h a t  most of t he  known plumes t h a t   a r e  

associated  with  hot   spots  ( i .e.  excluding Ra and  Masubi) were 

observed a t   t h e  most pers i s ten t   ho t   spots  listed i n  Table 5 (9 /12  

or 75%).  The only plume sites which do not  coincide with the  hot  

spots i n  Table 5 are the  Voyager-observed  plumes Maui and Volund, 

and the  Galileo-observed  Acala. O f  these, Acala is t h e  only  hot 

s p o t   t h a t  was not  observed  to be active  over  t imescales of a t   l e a s t  

3 months. Red depos i t s  are prominent a t  50% of the  pe r s i s t en t  hot  

spots  listed i n  Table 5 .  

While pe r s i s t en t ,  the leve l  of a c t i v i t y   a t  t h e  hot   spots  i n  

Table 5 can vary  s ignif icant ly  from o r b i t   t o   o r b i t .  The major 

changes detected by N I M S  have been a t  Malik,  Loki, and Pi l lan .  
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Malik brightened  between orb i t s  G 1  and G2, indicating an increase 

i n  temperature of a t   l e a s t  400 K (Lopes-Gautier et  a l .  1997b). 

Pillan  brightened between orb i t s  G 7  and C9, accompanied by the 

appearance of a plume  and a dramatic  change in  surface appearance 

observed by SSI [McEwen et a l .  1998a). The Loki brightening between 

E6 and G 7  was first reported by Spencer et a l .  [1997a] from ground- 

based  observations. The brightening was c l ear ly   s een   in  a 

comparison  between NIMS images from E6 and G 7  ( F i g .  9 )  . In  67, NIMS 

observed Loki i n  darkness. NIMS data  taken on Io's nightside was 

f i t  t o  a Planck function t o  y i e l d  a best-f i t   black body,  temperature 

for  the  spectra from each p ixe l  (see Lopes-Gautier et a l .  1997a and 

Davies et a l .  1997 for a description  of  the method) . The 

temperature and area  obtained were compared t o   t h e  ground-based 

measurements (Figure l o ) ,  indicating good agreement. 

L e s s  dramatic  changes i n   a c t i v i t y  were a l s o  observed by NIMS 

for other  hot  spots [Lopes-Gautier et a l .  19991 , with some hot 

spots  brightening i n  terms of power output (e.g. Tupan between G 1  

and C 9 )  and some fading (e.g.  Al t j i rra  from G 1  t o  E l l ) .  I t  is 

possible   that   there  are  overal l   trends of brightening and fading 

for a l l  of Io's persistent   hot   spots  and these may be  revealed by 

further  analysis  of NIMS data from a l l  orb i t s .  

6 . 2  Sporadic events 

Hot spots   that  were detected less often  than  those  in  the 

persistent  category may represent sites of sporadic,  short-lived 

events .   Alternatively,   these  hot   spots  may a l s o  be pers i s t ent ly  

ac t ive ,  but t h e i r   a c t i v i t y  may normally  be a t  lower levels than  can 
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hot  spots  observed by Ga l i l eo   t ha t   a r e  i n  t h i s  category. The 

observed a c t i v i t y   a t   t h e s e  9 hot  spots  has  lasted  under 3 months. 

I n  the  case of t h e  Reiden ho t   spo t   t ha t  was only detected i n  the 

first o r b i t ,  G 1 ,  there is uncertainty t o  the  durat ion of t h e  ac t ive  

phase,   because  activity  during  the  previous months was not known. 

Similar1y;the  duration of ac t iv i ty   for   ho t   spots   on ly  detected i n  

C 1 0  cannot be cons t ra ined   un t i l   ana lys i s  of later o r b i t s  is done. 

These hot   spots  are Shamshu, ( 3 N ,  76W), and S .  Sigurd. 

The 5 hot   spots  where a c t i v i t y  may indeed  have been short-  

l ived  are:  t h e  SSI-detected hot   spot  a t  ( 6 5 N ,  141W), ' Lei-Kung, 

Svarog,  Daedalus, and Acala.  Svarog,  Daedalus, and Acala were 

detected by Voyager IRIS, therefore  w e  know t h a t   a c t i v i t y   a t   t h o s e  

sites re-occurs  over  timescales of years,  even i f  individual  events 

are short   l ived.  It is l i k e l y  tha t  the  s ingle  N I M S  detection of 

Lei-Kung reflects normally low l eve l s  of ac t iv i ty   r a the r   t han   sho r t  

duration,  because Lei-Kung was detected only  during the  highest  

resolution  observation by N I M S .  Observations by NIMS a t  equal  or 

higher   spat ia l   resolut ion,   p lanned  during GEM, w i l l  better 

cons t ra in   the   na ture  of t h i s   ho t   spo t .  SSI observations of hot 

spots  are l i k e l y   t o  show more var ia t ion  than those by NIMS, because 

SSI detects only t h e  hotter mater ia l  ( >  700 K )  from f re sh ly -  

emplaced lavas .  This material  is more temporally  variable  than. t h e  

lower  temperature  materials, from cooling  lavas,   that   can be 

detected by NIMS. 

While a t  most 5 of the Galileo-observed  hot  spots  could be 

character ized  as   sporadic   events ,   several  of the hot   spots   detected 
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from the ground by Spencer et a l .  during  the  Galileo  monitoring 

phase  (Table 3 )  appear t o  be short-l ived events. Galileo  has not 

d e t e c t e d   a t   l e a s t  9 of  these ground-observed hot   spots  (see Tables 

1 and 3 ) .  Three of these 9 hot  spots were observed by Spencer et 

a l .   p r i o r  t o  t h e   s t a r t  of the main Galileo  monitoring campaign on 

June 28,  1996, and s i x  were observed  during  the  Galileo campaign. 

The 9 5 0 3 A  event was an outburst and the  hot   spot   persisted  for 

several  months.  Outbursts are  rare  events  [Spencer and Schneider 

19961 and should  be  considered  separately from either  long-l ived or 

sporadic  act ivity.  For the  purposes of t h i s   a n a l y s i s ,  w e  do not 

include 9503A a s  a sporadic  event  since it was observed more than 

once by Spencer et a l .  [ 1997al over a period of several  months. The 

9 5 0 7 A  and 9 5 0 8 A  events were a l s o  observed more than  once from the  

ground, and 9 6 0 8 A  is possibly  the same hot   spot   as  9 5 0 8 A .  W e  

consider  the  other 5 hot   spots  (9606E,  9606F,  96066, 9606J, 9 6 1 0 A )  

t o  be  possible  sporadic events. 

The hot   spots  96063,  F ,  G ,  and J were observed on June 2 ,  

1996.  NIMS and SSI observed Io  on June 28 and 29,  but  the 

observations  did  not cover the  longitudes of these  hot   spots .  The 

first opportunity  Galileo had t o  detect  96063, G ,  and J was during 

a NIMS observation  taken i n  orb i t  62  on September 7 ,  1996.  The 

first Galileo observation of the 9606F location was an e c l i p s e  

image taken by SSI during  orbit E4 on  December 17 ,  during which the 

longitudes of 96063, F ,  and G were a l s o  observed. We can  infer  that 

t h e   a c t i v i t y  of 96063, G, and J waned t o   l e v e l s  below detect ion by 

NIMS and SSI 

i n  6 months 

i n  3 months or less, whi le   the   act iv i ty   a t  9606F waned 

or less. Because of  the  lack  of  Galileo  observations 
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p r i o r  t o  June 2 ,  1996,  cons t ra in ts  on t h e   t o t a l   d u r a t i o n  of 

a c t i v i t y  a t  these  hot   spots   cannot  be obtained from Gali leo data. 

Therefore, it is not clear tha t   t hese  are sporadic  events  according 

t o  our   def ini t ion.  However, lack of detect ion by Galileo  during 

subsequent  orbits,  and by ground-based observations a t  any  other 

t i m e ,  implies t ha t  they may indeed have been short-l ived. 

Only one hot   spot ,  9610A, w a s  detected from the  ground  between 

Gal i leo   o rb i t s .  L i m i t s  on the  durat ion of a c t i v i t y  of t h i s   h o t   s p o t  

( a t  least a t  l e v e l s  t h a t  can be detected by Galileo)  can be 

obtained by us ing   the  dates of the  Galileo  observations.  9 6 1 0 A  w a s  

observed from t h e  ground on October 1, 1996.  N I M S  observations 

covering t h e  same longitude taken on June 28 ,  1996,  and on Apri l  3 ,  

1997,  failed t o  show t h e  hot spot ,  as  did an SSI ec l ip se  

observation on December 17 ,   1996 .  The duration of t h e   a c t i v i t y  was 

therefore  under 6 months. However, the   h igh   la t i tude  of 9610A (70  

+/- 1 5 )  makes it somewhat less l i k e l y   t o  be detected than  low 

la t i tude   events .  It  is poss ib l e   t ha t   t he   ho t   spo t   pe r s i s t ed   fo r  

longer,  but t h e  a c t i v i t y  detected by Spencer e t  a l .  corresponded t o  

a phase when high f i re  fountains were ac t ive ,   thus  making t h e  event 

p o s s i b l e t o  detect by observations which are e s sen t i a l ly   equa to r i a l  

[Stansberry e t  a l .  19971.  

The fact  t h a t  5 possible  sporadic  events were detected by 

ground-based  observations, compared with t he  same  number observed 

by Gal i leo,   s t ressesthe  importance of  ground-based  observations t o  

monitor   Io 's   act ivi ty .  It is clear t h a t  understanding the frequency 

and  magnitude  of sporadic  events 

of Io  volcanism, and t h a t  can 

is essential for  our  understanding 

only be accomplished by frequent 
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monitoring. Once the Galileo  mission is over,  ground-based 

observations w i l l  be t h e  primary  remaining  resource  for  continuing 

to   bu i ld   our  knowledge  of the  frequency of sporadic  events.  

7 .  S u m m a r y ,  aonalu8ion8 8nd futuro work 

The comparison between Galileo NIMS and SSI data from n i n e  

Gal i leo   o rb i t s  with those taken from ground-based te lescopes and by 

Voyager IRIS has revealed new ins igh t s   i n to  Io's global 

d i s t r ibu t ion  of  volcanism, t h e  cor re la t ion  of hot   spots  w i t h  

sur face   fea tures ,  and the  temporal  behavior  of  hot  spots. Below w e  

discuss  our  f indings and  what they may imply t o  Io's heat  flow 

models. 

(i) Hot spots and surface  features 

The comparison of hot  spot   locat ions with sur face   fea tures  has 

shown t ha t   nea r ly  a l l  hot   spots   are   associated w i t h  low-albedo 

features .   This   correlat ion had already been reported from SSI data  

[McEWen e t  a l .  1998a, Carr e t  a l .  1998, Geissler e t  a l . ,  Icarus, i n  

press] .  Here w e  f i n d   t h a t  it a lso   ho lds   for   addi t iona l   ho t   spots .  

The most common surface  feature   associated  with  act ive  volcanic  

centers detected by NIMS and SSI is ca l led  a patera   (usual ly  a 

caldera), but others include f l u c t i ,  and f i ssure- l ike  features. 

Carr e t  a l . ' s  [1998]  i den t i f i ca t ion  of volcanic centers based 

on morphology  and albedo may provide an important  tool  for 

assessing t h e  number and d i s t r ibu t ion  of llsporadicll  type hot spots ,  

i f  w e  assume t h a t  the  volcanic centers not y e t  i den t i f i ed  as  ho t  

spo t s   a r e  sites of  sporadic  events. The s i z e  and morphology of 
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sur face   fea tures  still need t o  be correlated w i t h  hot spot  type 

based on their temporal  behavior  (persistent  or  sporadic),  and 

temperatures measured by NIMS and SSI.  

(ii) H o t  apota, plum. rativity, rnd red dapoaits 

Our analysis  supports t h e  conclusions of Spencer e t  a l .  

[ 1997bl , McEwen et  a l .  [ 1998al and Geissler et  a l .  [Icarus,  i n  

press]  t ha t  red deposi ts  are associated with act ive  volcanic  

centers and are poss ib ly   the   fa l lou t  from  plumes. We f i n d   t h a t  39% 

of known hot  spots  have red deposits  associated with them. Active 

plumes have been observed by G a l i l e o   a t  2 2  t o  26% of these hot 

spots ,  and a t  only 8% of the  hot   spots   not   associated  with  red 

deposits.  While it is p laus ib l e   t ha t  plumes were a t  one time ac t ive  

a t   a l l  the  hot   spots   current ly  showing red deposi ts ,  it is a l s o  

c l e a r  tha t  a f e w  plumes have not produced red deposi ts .  

R e d  depos i t s   a re   thought   to  be t r ans i en t  and t o   f a d e  with 

time. Our ana lys i s  shows t h a t  red depos i t s   a re  seen a t  some sites 

where no volcanic   ac t iv i ty   has  been detected by Gal i leo,   notably  a t  

Tohil   Patera,  which has been  observed  often by NIMS a t  the   h ighes t  

spat ia l   resolut ion  obtainable   during the main Galileo  mission. The 

lack of a c t i v i t y  indicates tha t  red deposi ts  las t  f o r  a t  l e a s t  18 

months. 

(iii) Hot spots and SO,-rich regions 

H o t  spots  are general ly   ant i -correlated wi th  br ight  whi te  

deposi ts ,  which a r e  known t o  be regions of high  concentrations of 

SOz f r o s t  and low temperatures  [e.g.  Carlson e t  a l .  1 9 9 7 ) .  A 
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p a r t i c u l a r l y   s t r i k i n g  example of t h i s  an t i -cor re la t ion  is Bosphorus 

Regio, which a NIMS thermal map shows t o  be a cold  region 

surrounded by a r ing  of hot  spots.  While the  an t i -cor re la t ion  

between hot   spots  and cold SO, snowfields is expected, and supports 

the  regional   cold- t rap model of Fanale e t  a l .  [1982] ,  t h e  

geographical   d is t r ibut ion of the   snowfields   has   yet   to  be 

explained.  Galileo SSI r e s u l t s  [Thomas e t  a l .  19983 do not  support 

the exis tence of equatorial   basins  suggested from  Voyager data  

[Gaskell e t  a l .  1988,  McEwen 19951,  which were in te rpre ted  from 

Voyager t o  be SO2-rich. Future work involving  global  thermal maps 

from N I M S  da ta  and a global  topographic map f r o m  SSI data  should 

c l a r i f y  i f  the cold,   br ight  white regions and local  concentrations 

of hot  spots  (such as t h a t  around  Bosphorus  Regio) reflect t h e  

d i s t r i b u t i o n  of internal   heat ing.  It  is a l so   poss ib l e   t ha t  t h e  

d i s t r i b u t i o n  of hot   spots  and co ld   reg ions   re f lec t   loca l  

d i f f e rences   i n   c rus t a l   t h i ckness  [Ross e t  a l .  19901.  

( iv)  Temporal behavior of hot spots 

Io 's  hot  spots  can be pers is tent ly   act ive  over   t imescales  of 

months to   yea r s .  Our r e s u l t s  show tha t  8 hot  spots were act ive  over  

timescales of 3 months t o   a t   l e a s t  one  year, whi le  t h e  a c t i v i t y   a t  

2 2  hot  spots lasted for  longer  than one  year,  possibly much longer. 

Sporadic  events  also  occur,  and may represent   short- l ived  act ivi ty  

o r   a c t i v i t y  t ha t  is mostly a t   l e v e l s  below t h e  detect ion limits of 

the  instruments. The contribution of these two types of a c t i v i t y   t o  

Io ' s  global  volcanism  has y e t  t o  be assessed.  Galileo  data show 

t h a t  5 hot   spots  may have been sporadic, while  ground-based 
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observations  reveal 5 other   ho t   spots   tha t  may a l s o   f a l l  i n  t h i s  

category. 

It is poss ib l e   t ha t   a l l   ho t   spo t s  on Io  are long-lived, bu t  

ac t iv i ty   a t   t he   " sporad ic"  sites is normally a t   l e v e l s   s u f f i c i e n t l y  

low so that   they  cannot  be detected by Galileo's  instruments. 

Since a c t i v i t y  a t  a hot   spot  may always be p r e s e n t   a t   l e v e l s  below 

detect ion,  it is no t   p rac t i ca l   t o   a t t empt   t o  differentiate between 

t h e  two categories  of hot   spots  i n  terms of actual   durat ion o f  a l l  

a c t i v i t y .  However, t h e  two types of hot   spots  are c l ea r ly   d i f f e ren t  

i n  terms of durat ion o f  the   v igorous   ac t ive   phase   that  can be 

detected by G a l i l e o .  An important  question is whether t he  

'@persistent11  (or  vigorous) and "sporadic@@  (short-l ived  or  normally 

low-level)  types of a c t i v i t y  imply d i f f e ren t  types of volcanoes on 

Io,  perhaps  in terms of r a t e  of magma supply, i n t e r n a l  plumbing, o r  

magma composition. If so,  morphological differences may be present,  

but these are hard   to   charac te r ize  a t  present  because of t h e  small 

number of "sporadic"  type  hot  spots known. 

An important  question  raised by t h e  temporal  behavior of hot 

spots  is: s ince   l eve ls  of a c t i v i t y   a t   a l l   h o t   s p o t s  can f a l l   t o  

leve ls   tha t   cannot  be detected by the  current ly   avai lable  

instruments, how  many more ac t ive   ho t   spots   a re   there  on Io? Would 

their number and d is t r ibu t ion   s ign i f icant ly  change  our  current 

results? 

Although the  hot   spots  i n  the  @1persistent81  category  are 

c l ea r ly  more l i k e l y  t o  have been detected i n  t h e  current   data  set 

than  hot  spots i n  t h e  "sporadic1'  category, it is doubtful t h a t  w e  

have d e t e c t e d   a l l  of the  pers is tent   hot   spots .   Apart  from 
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cons t r a in t s  imposed by the re la t ive ly   shor t   dura t ion  of Galileo's  

monitoring  phase and by the  wavelength  range of t h e  instruments, 

t h e r e  are also  observat ional   constraints .  The bulk of the Gal i leo 

monitoring  observations were carried out  by NIMS, and NIMS 

observations had pa r t i cu la r ly  l o w  spa t i a l   r e so lu t ion  f r o m  

longitudes 35OW-0-40W. Therefore, it is no t  su rp r i s ing   t ha t  no 

"pers is tent"   hot   spots  were observed  within  those  longitudes. It is 

thus   poss ib le  t ha t  a greater number of hot   spots   in  t h i s  category 

are present   c lose  to   the  sub-Jovian  point .  

"Sporadic1' events are c l e a r l y  less l i k e l y   t o  be detected, 

either because of their shor t   dura t ion   or   because   the   ac t iv i ty  is 

a t  normally a t  l o w  l eve l s  and only  occasionally f lares up. An 

important  conclusion drawn fromthe  temporal  analysis is t h a t  these 

'@sporadic@'  events  do  occur on Io, and  can  go largely  undetected 

because the  frequency of monitoring has been mostly on the scale of 

severa l  months. The d i s t r i b u t i o n  of t he  l lsporadicll   hot  spots is 

therefore   l a rge ly  unknown, as is their relative con t r ibu t ion   t o  

Io's heat flow. The conclusions drawn from our   current  set of 

observations are based la rge ly  on the  d i s t r i b u t i o n  of pers i s ten t -  

type  hot  spots.  

(v i )  Implication of temporal  bohavior of hot spots  to  global 

distribution and to  Io's heat flow 

The combination of NIMS, SSI,  ground-based,  and Voyager I R I S  

data shows tha t  there are a t  least  6 1  hot   spots  on Io, plus  2 plume 

sites where no hot   spot   has   yet  been detected. An addi t iona l  25 

probable  active  volcanic centers were ident i f ied  on the  basis of 



surface  deposits,   surface  changes,  or poss ib le   ident i f ica t ion  by 

ground-based o r  Hubble Space  Telescope  observations.  Galileo 

observations  have shown  many  more hot   spots  on Io   t han  was known 

from t h e  limited coverage  of Voyager I R I S  o r  from  ground-based 

data ,  though it is l i k e l y  tha t  numerous other hot  spots remain t o  

be found. 

It  is important t o   n o t e   t h a t  N I M S  and SSI cannot detect 

r e l a t i v e l y  low-temperature  hot  spots  (below  about 200 K )  t h a t  may 

make an  important   contr ibut ion  to   the  diss ipat ion of Io ' s   i n t e rna l  

heat. It is not,  however, unreasonable t o  assume tha t  the  heat  flow 

d i s t r ibu t ion  a t  Io's surface may be propor t iona l   to  t h e  heat  flow 

detected by NIMS and SSI.  Therefore,   the  hot  spots detected by 

these instruments,   plus  those detected by Voyager and  ground-based 

observations,  may w e l l  reflect the  first-order, overa l l  

d i s t r ibu t ion  of  heat  flow on Io's surface.  A s  Ross e t  a l .  [1990]  

stated, "although  heat  transfer  processes w i l l  "smear" t h e   i n t e r i o r  

hea t ing   d i s t r ibu t ions  by t h e  time the  thermal  energy  appears a t   t h e  

surface,  t h e  signatures  should be evident i n  the  surface heat flow 

and locat ions of volcanoes and hot  spots". 

Our ana lys i s  shows t h a t  t h e  d i s t r ibu t ion  of ac t ive   vo lcanic  

centers  (hot  spots plus  two plumes sites) appears t o  be f a i r l y  

uniform  with  respect t o   l a t i t u d e  and longitude. No corre la t ion  wi th  

global  topography  (derived from  Voyager data)  has been found,  but 

t h i s  r e s u l t  w i l l  need t o  be re-examined when improved models of 

topography become available.  The g loba l   d i s t r ibu t ion  of a l l  

detected act ive  volcanic  centers is not well cor re la ted  wi th  

predict ions of surface  heat  f low  patterns  derived from the  
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asthenosphere  and  deep  mantle t i d a l  d i ss ipa t ion  models [Segatz e t  

a l .  1988,  Ross e t  a l .  19901.  The typical   separat ions between ac t ive  

volcanic   centers  and the  apparent deficit of centers  a t  high 

l a t i t u d e s  are consistent  with  the  asthenosphere model. 

We can  fur ther  examine how the d i s t r i b u t i o n  of act ive  volcanic  

centers  may reflect in te rna l   hea t ing  mechanisms by t ak ing  i n t o  

account  the  differences between the  volcanic   centers .  The most 

obvious  differences are (i) power output  of  hot  spots, (ii) 

presence  of  plumes,  and (iii) persis tency of a c t i v i t y .  The effect 

of t h e  first f a c t o r ,  power output, on the g loba l   d i s t r ibu t ion  of 

ho t   spots  is being examined by Smythe et  a l .  [1999] .  We note  here 

t ha t  t he  o v e r a l l   d i s t r i b u t i o n  of hot   spots  is not  necessarily 

correlated w i t h  t h e  d i s t r i b u t i o n  of power output on the surface.  

For  example, t h e  output from  Loki has been much higher  than t h a t  

measured a t  any  other  hot  spot.  

The second  factor,  presence of  plumes, can be examined using 

data   pr imari ly  from Galileo SSI. A series of plume monitoring 

observations  have been conducted by SSI [McEwen e t  a l .  1998al and 

r e s u l t s  showed t h a t  active plumes are indeed  concentrated  towards 

the equator ia l   regions.  The t h i r d  fac tor ,   pers i s tency  of a c t i v i t y ,  

can be examined using the  data presented i n  t h i s  paper. Figure 11 

shows the  d i s t r i b u t i o n  of hot   spots   overlaid on the heat flow 

pa t te rn   p red ic ted  by t h e  asthenosphere t i d a l  heating model, w i t h  

the loca t ions  of plumes and pers is tent   hot   spots   highl ighted.  It is 

clear t h a t  both plumes and pers i s ten t   ho t   spots  are concentrated 

towards lower l a t i t u d e s .  A l l  pers i s ten t   ho t   spots  are located a t  

l a t i t u d e s  lower than 50 degrees,   in  regions where t h e  predicted 
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heat  flow on the   su r f ace  is greater   than 1 W m-2. 

Th i s  resul t   provides  added support   for t he  asthenosphere 

model, because  persistent  hot  spots are l i k e l y  t o  represent  t h e  

current  major  pathways of magma from Io's i n t e r i o r   t o  the surface.  

The predominance  of plumes near   the  equator   could  ref lect  a 

co r re l a t ion  between plumes  and pe r s i s t en t  hot  spots ,   bu t  may a l so  

be an  independent  sign of v igorous ,   pers i s ten t   ac t iv i ty  on Io 

occurring  mainly a t  lower l a t i t udes .  However, ou r   r e su l t s  on the 

d i s t r i b u t i o n  of known hot  spots  can  only  provide  strong  evidence 

favoring a p a r t i c u l a r  model i f  w e  accept the premise  that  t h e  hot 

spots  detected by Galileo,  ground-based  instruments,  and Voyager 

IRIS are representa t ive  of t h e  g loba l   d i s t r ibu t ion  of a l l  ho t   spots  

on Io,  including low temperature thermal anomalies. 

(v) Persistent hot spots 

Galileo's long-term  monitoring of hot   spots   can  reveal  

possible  differences among pe r s i s t en t   ho t   spo t s ,  and  changes i n  

their l eve l s   o f   ac t iv i ty ,  t h a t  are important  for characterizing 

Io's predominant  eruption mechanisms. 

SSI and NIMS are a b l e   t o  detect different   phases   (or   possibly 

d i f f e ren t   t ypes )  of  hot  spot  activity.  Both instruments are able t o  

detect bright,  high-temperature  hot  spots  such as Pele and P i l l an .  

These are sites of  very  vigorous  activity where a hot  component is 

being  frequently exposed a t  the  surface.   Possible   scenarios   include 

an overturning  lava lake, or   vents  where a fresh supply of hot 

magma is being  continuously fed t o  t h e  surface.  High temperatures 

measured a t  severa l  of these hot  spots,  such as  P i l l a n  [McEwen e t  
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a l .  1998b], imply t h a t  t h e  magmas are   u l t ramaf ic  i n  composition, 

possibly  analogous  to terrestrial komatii tes.  Our knowledge  of t he  

eruption  processes of komatii tes is limited because  these  eruptions 

komatiites  have  not  occurred on Earth since the Archean. One 

important  consideration  for  modeling the  emplacement  of lava  flows 

on Io is tha t  t e r r e s t r i a l   komat i i t e s   a r e   t hough t   t o  have been 

emplaced as turbulent  flows  [Huppert e t  a l .  1987; Huppert and 

Sparks 19851. The majority of current  lava  flow emplacement models 

are based on the  behavior of laminar flow. 

The longer  wavelength  range of NIMS compared t o  SSI allows it 

t o  detect lower temperature  hot  spots. The l lcoolerll   hot  spots 

detected only by NIMS (e.g.  Hi'iaka and Sigurd) may represent  a 

type  or   s tage of a c t i v i t y  i n  which  a high-temperature component 

(above 700 K )  is ei ther   small  i n  area  or  absent.  This  could be t h e  

case f o r  a lava  lake or flow tha t   has  a re la t ive ly   cool   c rus t   over  

l a rge   pa r t s  of its area.   Al ternat ively,  it is p o s s i b l e   t h a t  t he  

magma being  erupted a t  these hot   spots  is lower i n  temperature, 

perhaps  implying different  composition. W e  expec t   to  be able t o  

c l a r i f y   t h e s e   p o s s i b i l i t i e s  by doing more detailed ana lys i s  of t h e  

shorter  wavelength  data i n  the NIMS spectra .  For  example, f i t t i n g  

2 or 3 temperatures t o  NIMS spectra  [e.g.  McEwen e t  a l .  1998; 

Davies e t  a l . ,  Icarus, submitted] can  reveal high temperature 

components  of . individual  hot  spots,   provided the area is 

s u f f i c i e n t l y   l a r g e   t o  be d e t e c t e d   a t  NIMS spa t i a l   r e so lu t ions .  

Further measurements by SSI w i l l  a l so  search f o r  hot components a t  

d i f f e r e n t  times over the Galileo  observing  period. If high 

temperatures  consistent wi th  ultramafic  volcanism  are  widespread on 
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IO, then  the  crust   could be mafic. If high  temperature  volcanism is 

r e l a t i v e l y  rare, then Io's crust   could be more evolved. 

S ign i f i can t   va r i a t ions   i n  t h e  l e v e l  of a c t i v i t y  of Io's 

**persistentI1 hot spo t s  are known t o  occur. For  example, dramatic 

va r i a t ions   i n   ho t   spo t   ac t iv i ty  a t  Loki  have  been  long known from 

ground-based data. Future detailed ana lys is  of Galileo's  numerous 

observations  of  "persistent"  hot  spots may reveal  br ighten ing  and 

waning pa t t e rns  t ha t  may be indica t ive  of temporal  changes  in the 

rate of magma supply. 

Understanding the  behavior of pers is tent- type  hot   spots ,  

including  their   overal l   erupt ion rates, can give  us  a window i n t o  

the mechanisms involved i n  t he  transfer of magma from Io's inter ior  

t o  the surface.  It is known that  long-lived  eruptions on Earth can 

l a s t  for  decades [e.g. Simkin  and Siebert 19941.  Recent  examples 

f o r  which the  infra-red  s ignature  is well-documented include the 

1983 to   p resent   e rupt ion  of Pu'u 0'0 i n  Hawaii,  dominated by 

numerous lava  flows [e.g. Flynn and Mouginis-Mark 19923 and the 

1984 t o  1995 erupt ion from a dome within the  active crater of 

Lascar, Chi le  [Wooster  and  Rothery 19973.  Much longer timescales of 

vo lcan ic   ac t iv i ty  are known on Earth, up t o  the 2 , 5 0 0  years of 

nearly-continuous  activity a t  Stromboli.  "Steady-statel@  volcanism 

on Earth  occurs when the magma eruption rate is balanced by the 

magma supply rate. Therefore, measurements  of the magma eruption 

rate can be used t o  estimate t h e  minimum magma supply rate [e.g. 

Sigurdsson and MacDonald 1999,  Harris e t  a l .  1999,  Oppenheimer and 

Francis, 19971.  Future work w i l l  take  advantage of t h e  many 

observations  obtained by N I M S  of pe r s i s t en t   ho t   spo t s  t o  measure 
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temporal  variations i n  temperature  and  area, from which a range  of 

eruption rates can be calculated  using  plausible  thicknesses.  These 

values  can  then be used to   e s t ima te  t h e  minimum magma supply rate 

t o   t h e   s u r f a c e  a t  t h e   p r e s e n t   s t a t e  of Io's volcanism. 

Further  observations by Galileo during t h e  Gal i leo Europa 

Mission (1998-2000) and from  ground-based telescopes w i l l  continue 

t o   b u i l d  up our knowledge  of t h e  types and  temporal  variabil i ty of 

hot spots  on Io,  Since  Galileo w i l l  make f e w  observations of Io  

during most  of GEM, ground-based  observations w i l l  cont inue   to  be 

e s sen t i a l   fo r   con t inu ing  the study  of the temporal   var iabi l i ty  of 

Io's hot  spots.   Galileo w i l l  obtain  very  high  spat ia l   resolut ion 

observations  of  Io a t  the end of GEM (down t o  200 m/pixel  for N I M S  

and  about 5 m/pixel   for  S S I ) .  Areas  targeted  include  inferred 

locat ions of vo lcanic   th roa ts ,   ac t ive  plumes,  and  samples of red 

and dark materials. Although the temporal  coverage w i l l  be small ,  

these  Galileo  observations will, f o r   t h e   f i r s t  time, show d e t a i l s  

of the morphology,  thermal  structure  and  composition  of Io's ac t ive  

volcanic   centers ,  
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FIGURE CAPTION8: 

Figure 2 :  Dis t r ibu t ion  of active volcanic   centers  (from Table 1) 

with l a t i t u d e  (above) and longitude (below) The dashed l i n e  

represents  t h e  expected r e s u l t  for  a uniform areal d i s t r i b u t i o n  of 

hot   spots   wi th   l a t i tude .  The higher number of Voyager I R I S  hot  

spots  a t  high l a t i t u d e s  on the  southern  hemisphere  than on the 

northern reflects t h e  geometry of t h e  Voyager fly-by. 

Figure 3:  Hot spots detected during f ive  NIMS observations between 

o r b i t s  G2 and E4.  A l l  observations w e r e  t aken   i n  reflected 

sunl ight .  The 5-micrometer f l u x  for  individual  hot spots  is 

estimated by subtract ing t h e  5-micrometer f l u x  from a nearby  llcoldll 

pixel .  The f l u x  is plot ted  against  the emission  angle for  each hot  

spot i n  order t o  assess the  effect of viewing  geometry. There is no 

clear co r re l a t ion  between number of hot spots  detected and  emission 

angle. The effect of emission  angle is p a r t l y   i l l u s t r a t e d  by the 

changes i n  t h e  5-micrometer br ightness  of Prometheus  and Pele, 
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though it is l i k e l y  that  actual  changes i n  the  f lux  a lso  took 

place. 

Figure 4b: Comparison  of d i s t r ibu t ion  of act ive  volcanic  centers 

and area with e levat ion.  Dashed l ine :  re la t ionship  between area and 

elevat ion,  from Gaskell e t  a l .  [1988] .  Solid l i n e :  d i s t r i b u t i o n  of 

act ive  volcanic   centers  wi th  e levat ion.  

Figure 5 :  Plo t s  of d i s t r ibu t ion  of active volcanic  centers (from 

Table 1) plotted  over the heat  f low  patterns  predicted by Ross e t  

a l .  [1990] .  Top: Deep-mantle  model. Bottom: Asthenosphere model. 

Heat  flow  contours i n  W m-2. 

Figure 6 :  Surface  features   associated w i t h  act ive  volcanic  centers. 

Images  of Loki,  Amaterasu,  Babbar, Mbali, Karei,  Daedalus,  Pele, 

P i l l an ,  Creidne, Acala, and Euboea are from  Voyager, o thers   a re  

from Gali leo SSI .  Spat ia l   resolut ion is 2 km/pixel i n  a l l   c a s e s .  

A l l  a re   s imple  cyl indrical   project ion,   c lear  f i l t e r  images. 

Figure 7:  Active  volcanic centers (from  Table 1) plo t ted  on map of 

Io's major  color u n i t s  [from Geissler e t  a l .  19981.  Black 

corresponds t o  low-albedo areas,   dark  grey  to  red/orange  areas,  
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l ight   grey to  yellow/green  areas and white t o  white/ l ight   grey 

areas. The imaging  data  used to  make these maps has poorer 

resolution (and therefore more uncertainties)  in  the  sub-Jovian 

hemisphere,  centered on 0 degrees  longitude.  This  uncertainty is 

probably  responsible for hot  spots between 0 and 60 degrees being 

cons is tent ly  t o  the  left of low-albedo  areas. 

Figure 8: Plot showing NIMS spat ia l   reso lut ion of the closest 

approach observation  in  each orbit against   the number of hot   spots  

detected i n  each of those  observations. 

Figure 9:  The  brightening of Loki during 1997 observed by NIMS 

during  Galileo orbits E6  and G 7 .  Loki is seen  in   dayl ight   in  E 6 ,  

near  the  terminator  in 6 7 .  Both maps a r e   a t  2 .9564  micrometers.  In 

E 6 ,  the   s igna l  from Loki a t   t h i s  wavelength is not   s ign i f i cant ly  

above the  background,  though t h e   s i g n a l   a t  wavelengths  longer  than 

3 . 5  micrometers is. After the  brightening, Loki can  be seen c l ear ly  

above the  background i n  the 2 .9564 map from the  G 7  observation. 

Figure 10: Ground-based data by J. Spencer. and colleagues 

(diamonds) show the variat ion  in  the 3 . 5  micrometer brightness of 

Loki from 1995 t o  1997. NIMS observed Loki i n  darkness  during orbit 

G 7  and a single-temperature f i t  t o   t h e  NIMS data   ( s ingle   as ter isk)  

y i e l d s  T = 500 K ,  Area = 1539 km2, consistent  with  the  trend  seen 

by the ground-based observations. 

Figure 11: Locations  of  hot  spots  plotted  over  the  heat  flow 
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patterns  predicted by the  asthenosphere model [Ross et a l .  19901. 

Pers i s t ent   ho t   spot s   ( f i l l ed  orange circles) and ac t ive  plumes 

(blue circles) are marked. Contours are   in  W m-*. A l l  pers i s tent  hot 

spots  and a c t i v e  plumes are  located  within  the 1 W N 2  regions and 

a l l   are   l oca ted  at  lat i tudes  lower  than 50 degrees. 
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