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Io – the post-Voyager view

- Volcanically active - ~20 thermal sources identified (Pearl/Sinton/McEwen)

- High resurfacing rate

- Dramatic changes on the S, SO2-rich surface seen

-    Multi-coloured lava flows within and outside of paterae... S volcanism?

-    Strong indications of silicate surface structures (Clow and Carr, 1980, Carr, 1986)

-    IRIS spectra and subsequent modelling suggested silicate temperatures
- Loki Patera, Pele (Carr/Howell)

- A new appreciation of the role and importance of orbital resonances and tidal heating 

- Ground-based and Hubble telescope observation cadence increased 
(Sinton/Johnson/Veeder/Blaney/Goguen/Spencer/Howell/Mackintosh et al.)



1986, 1990 Io Outbursts



1986, 1990 Io Outbursts



1986, 1990 Io Outbursts



https://pds-imaging.jpl.nasa.gov/data/individual_investigation/go_nims_encounter_guide

https://pds-imaging.jpl.nasa.gov/data/individual_investigation/go_nims_encounter_guide
https://pds-imaging.jpl.nasa.gov/data/individual_investigation/go_nims_encounter_guide
https://pds-imaging.jpl.nasa.gov/data/individual_investigation/go_nims_encounter_guide


JOI – 7 December 1995

AP Photo/Kevork Djansezian



Io observations - Galileo Prime Mission

First 11 orbits:  June 1996 (G1) - November 1997 (E11)

 - global observations, at relatively low spatial resolutions
  ~5-20 km/pixel (SSI); 122 to 725 km/pixel (NIMS)

 - allowed monitoring of Io’s volcanism and surface changes (Keszthelyi/McEwen)

 - hot spot identification and modelling of NIMS hot spot spectra (Lopes/Davies)

 - SO2 mapping (Carlson/Doute) 

 - comparison with Voyager and Hubble data (McEwen/Spencer)



G1INNSPEC01, 28 June 1996. NIMS, 4.8 μm.           Davies (2007) after Lopes et al. (1997)
Davies et al. (1997) GRL

McEwen et al. (1997) GRL





Io observations - Galileo Europa Mission (GEM) + extension 

Dec 1997 (E12) to May 2000 (G28)

 - Context imagery campaign in the lead up to close Io flybys – 
  C21, June 1999:  SSI, 1.3 km/pixel;  NIMS, 65 km/pixel

 - The highlight was to be I24, 11 October 1999 – first close flyby since J0

 High-spectral resolution NIMS data of Io for the first time



I24, 11 October 1999

- Spacecraft went into safe mode

- The NIMS grating stuck

- SSI impacted by radiation... 

      ...but some data recovered – see Keszthelyi et al. (2001)

I25 – another safing led to data loss, but SSI captured the Tvashtar eruption

I27 – included PPR thermal profiles (Rathbun/Spencer)



Keszthelyi et al. (2001)

Galileo SSI – I25 – November 1999

1 km-high lava fountains

25-km long fissure 

Giant plume

I27 data showed these fountains 
fed a large lava flow

Very terrestrial-like



Galileo Millennium Mission (GMM) Io observations

- December 2000 (G29) through June 2002 (I33)
 
 - G29 Joint observations with Cassini

 - I31  NIMS, PPR, SSI

 - I32  NIMS, PPR, SSI

 - I33  NIMS, SSI data lost (sub-jovian) – only PPR data returned

 - A34 Cancelled (but the Encounter Guide and notes are now on the PDS)



July 1999

June 1997

Patera



100 km





Williams et al. (2005) Icarus

Williams et al. (2011) Icarus



Veeder et al. (2012)  Icarus

Davies (2003) GRL

50 km



Fig. 4. Map of nighttime I27 and I25 (north and west of white line) TB in PPR’s wide-open filter superimposed 

on an SSI map of Io. Contour interval is 2.5 K below 110 K, 20 K above. Notable hot spots include Loki (L), 
Amaterasu (A), Daedalus (D), Pillan (P), Pele (Pe), Babbar (B), Marduk (M), Lei-Kung Fluctus, and many other 
fainter sources. Apparent high temperatures near the north pole, and possibly the low temperatures near 

170°W, 40°N and 170°W, 30°S, may be spurious edge effects.

PPR 

Map of Io’s background temperature

Determined thermal emission at long 
wavelengths and from low-T sources

Estimated thermal inertia

Warm poles

See Rathbun/Spencer papers

Spencer et al. (2000) Science
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Galileo SSI observation, 2001

Radebaugh et al. (2004) Icarus

Pele

Davies et al. (2001) JGR

Many lava lakes, in Io’s 
paterae? (Lopes et al., 
2004) 





1996 Sept 6 (G2)
1997 May 7 (G8)

Erebus 2005 Dec 12

1997 Sept 17 (C10)
1998 May 31 (E15)
1998 July 20 (E16)
1999 May 2 (C20)

Davies et al. (2008) JVGR



Eruption style and thermal “signature”

Davies et al. (2010, 2017)





Io volcano distribution ranked by thermal emission

180° W
Veeder et al. (2012)
Davies et al. (2015)



What we learned from Galileo

• Numerous surface changes seen, but not as much as expected (Geissler et al., 2004) 

• Silicate volcanism dominates (Davies, 2007)

• Heat pipe volcanism likely advection mechanism (Moore, 2001)

• Io’s diverse volcanic eruptions and lava products behave like Earth’s for the most 
part, and are broadly basaltic-like... except for scale

• Secondary S, SO2 volcanism likely (e.g., Lopes et al., 2001; Williams et al., 2001) 

• Magnetometer data suggested the presence of a magma ocean (Khurana et al., 2011)



• Volcanic centers and mountains 
- A preponderance of volcanic activity is located within paterae (Veeder et al., 2012)

 - Volcanic centers exhibit a strong preference for formation adjacent to mountains 
      (Radebaugh et al. 2001; Schenk et al. 2001; Jaeger et al. 2003)

 - On a global scale, there may be subtle variations in the concentrations of mountains 
   and volcanoes (Schenk et al. 2001; Kirchoff et al. 2011)

• Volcano clusters and heat flow distributions 
 - Generally agreed with heat flow patterns predicted by asthenospheric-dominated tidal 
   heating models (Tackley et al. 2001; Veeder et al. 2012; Beuthe 2013; Hamilton et al. 2013; Davies et al. 2015) 

See review in Hamilton et al. (2025), PSJ

What we learned from Galileo



Longitudinal distribution of volcanic thermal emission from all sources

Io total heat flow:        105 ± 12 TW
                                              (Veeder et al., 1994)

Juno new detections:              1.3 TW

Hot spot heat flow:                  58 TW

Io, unmapped:                ~47 TW
Earth:                         47 ± 2 TW
                  (Davies and Davies, 2010)

Asthenospheric tidal heating

Davies et al. (2024) PSJ

Inc. Juno 
data





What we have learned since Galileo
Keck - 15 August 2013 – 2.2 µm

de Pater et al. (2014) Icarus 

See papers by de Pater/de Kleer/Marchis/Cantrall et al.

• AO observations: improvements in technology – Keck, SHARK-VIS

         - better spatial, spectral, temporal coverage of volcanic activity

• Juno has filled in gaps in polar coverage allowing global accounting 

     of active volcanism for the first time

• Io’s polar volcanoes are, on average, less energetic than at lower latitudes; 
favours asthenospheric/global magma ocean models, although correlations 
are not strong (Davies et al., 2024) 

• Juno data do not support a global magma ocean (with caveats) (Park et al., 
2024) 

• Regions of Io appear to undergo increases in activity, suggesting regional 
controls are in effect (de Kleer et al., 2019; Davies and Veeder, 2023)



What we have learned since Galileo

Davies et al. (2025) PSJ
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What we have learned since Galileo

• AO observations: improvements in technology – Keck, SHARK-VIS

         - better spatial, spectral, temporal coverage of volcanic activity

• Juno has filled in gaps in polar coverage allowing global accounting 

     of active volcanism for the first time

• Io’s polar volcanoes are, on average, less energetic than at lower latitudes; 
favours asthenospheric/global magma ocean models, although correlations 
are not strong (Davies et al., 2024) 

• Juno data do not support a global magma ocean (with caveats) (Park et al., 
2024) 

• Regions of Io appear to undergo increases in activity, suggesting regional 
controls are in effect (de Kleer et al., 2019; Davies and Veeder, 2023)

NASA/JPL-Caltech/SwRI/ASI/INAF/JIRAM
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What we still don’t know

• Heat flow – what is happening at the poles?

• Pattern and magnitude of endogenic heat flow away from hot spots

• Composition of lavas – range?  Distribution?  

• No global magma ocean?  Could be deep/partial/thin? A porous medium? Mushy?

• Thickness of lithosphere?  Does this vary?  

• Size of core?

• What is the relationship between volcanic activity and activity in the tori?

• How to resolve differences in the pattern of observed volcanism and tidal heating models?

• On a local level – what makes Loki Patera persist?



Hamilton et al. (2025) PSJ, after de Kleer et al. (2019) & Breuer et al. (2022)







Voyager-Galileo mosaic (Becker et al., 2005)



End





Backup material



Io volcanoes and heat flow

Davies et al. (2015) Icarus









Image credits: Chuck Carter and James Tuttle Keane / Keck Institute for Space Studies.



Latitudinal distribution of total thermal emission volcanic thermal emission

Davies et al. (2024) PSJ

All available 
data to 2015

All available 
data to 2024



Davies et al. (2006) Icarus

Prometheus – tube-fed lava flows

 

 

Galileo SSI image
McEwen et al. (1998); Keszthelyi et al. (2001)

Landsat 7



Prometheus – tube-fed lava flows

 

 

Breakouts/skylights?
Surface flows

Main vent

NIMS:  24INPROMTH91A      11 Oct 1999
Average spatial resolution: 1.4 km/pixel

Leone et al. (2009) Icarus



NASA Galileo mission – 1995-2003

Visible Infrared

NIMS
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