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Abstract Since volcanic activity was first discovered on lo from Voyager images in 1979, changes on Io's
surface have been monitored from both spacecraft and ground-based telescopes. Here, we present the highest
spatial resolution images of Io ever obtained from a ground-based telescope. These images, acquired by the
SHARK-VIS instrument on the Large Binocular Telescope, show evidence of a major resurfacing event on Io's
trailing hemisphere. When compared to the most recent spacecraft images, the SHARK-VIS images show that a
plume deposit from a powerful eruption at Pillan Patera has covered part of the long-lived Pele plume deposit.
Although this type of resurfacing event may be common on Io, few have been detected due to the rarity of
spacecraft visits and the previously low spatial resolution available from Earth-based telescopes. The SHARK-
VIS instrument ushers in a new era of high resolution imaging of Io's surface using adaptive optics at visible
wavelengths.

Plain Language Summary A new instrument, called SHARK-VIS, on the Large Binocular
Telescope in Arizona, has obtained high spatial resolution, visible wavelength images of lo, the highly volcanic
moon of Jupiter. Large multicolored plume deposits were imaged, revealing where the red deposit from a
volcano named Pele was covered by another plume deposit from another volcano, named Pillan Patera, the site
of a powerful eruption in 2021. SHARK-VIS ushers in a new age in planetary imaging.

1. Introduction

Io is a highly volcanic world which sometimes exhibits large-scale surface changes (Davies, 2007; de Pater
et al., 2021; Lopes et al., 2023). Io's volcanism is driven by strong tidal heating, induced by the Laplace (4:2:1)
orbital resonance among lo, Europa, and Ganymede (Peale et al., 1979). That Io is currently volcanically active
was discovered by the imaging of giant volcanic plumes of gas and dust by Voyager I (Morabito et al., 1979;
Smith et al., 1979). Subsequently, hundreds of active volcanoes have been identified via thermal emission
observed in the infrared, and through the presence of surface changes, like plume deposits, at visible wavelengths.
Plume deposits around the larger volcanoes can produce large-scale, multicolored, albedo changes that dominate
the local landscape. On occasion, it is only the presence of the deposits that reveal that an eruption had taken place.
The large Pele-type plumes (McEwen & Soderblom, 1983) have a high exit velocity (>1 km/s), can reach heights
of over 300 km, and are difficult to image directly. The deposits from this plume type are annular, can be over
1,000 km in diameter, and are red in color, the result of the presence of short-chain (S; and S,) sulfur allotropes.
As these allotropes change to yellow cyclo-octal (Sg) sulfur under Io surface conditions in a few months, these
large plume deposits are therefore ephemeral, as has been seen at Surt (335°W, 42°N) and South of Karei (13°W,
12°S) (Davies, 2007; Geissler et al., 2004).

CONRAD ET AL.

1 of 10


https://orcid.org/0000-0003-2872-0061
https://orcid.org/0000-0002-0983-8040
https://orcid.org/0000-0001-9539-2112
https://orcid.org/0000-0002-0666-3847
https://orcid.org/0000-0002-4278-3168
https://orcid.org/0000-0003-1747-8142
https://orcid.org/0000-0002-9068-3428
https://orcid.org/0000-0002-2264-8698
https://orcid.org/0000-0003-1033-1340
https://orcid.org/0009-0003-7811-1683
https://orcid.org/0000-0002-2179-2268
https://orcid.org/0000-0002-2314-7289
https://orcid.org/0000-0002-7579-2829
https://orcid.org/0000-0002-0696-1780
https://orcid.org/0000-0002-9580-5615
https://orcid.org/0000-0002-6802-7889
https://orcid.org/0000-0002-7930-9347
https://orcid.org/0000-0001-9773-2651
mailto:aconrad@lbto.org
https://doi.org/10.1029/2024GL108609
https://doi.org/10.1029/2024GL108609
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL108609&domain=pdf&date_stamp=2024-06-04

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL108609

An exception to the short-lived nature of the giant plume deposits is Pele. First observed by Voyager I in 1979
(Smith et al., 1979), Pele's plume deposit is continually being renewed by degassing from a persistent lava lake
(Davies et al., 2001) at 255.6°W, 18.4°S, a location on Io's trailing hemisphere. The resulting plume deposit is
over 1,200 km across. Close to the center of the plume deposit, around the lava lake, darker material is deposited,
likely clasts of silicate lava caught in the gas stream which detrain from the gas flow as the gases expand. The Pele
lava lake at the center of the plume deposit is a long-lived thermal source, although it has diminished in strength
over the past decade (Davies et al., 2001; de Kleer & Rathbun, 2023; de Pater et al., 2016). Whether the amount of
material being ejected has also diminished in strength has been an unanswered question as the last time this area of
Io was imaged at visible wavelengths was in 2007 by New Horizons (Spencer et al., 2007) (see also NASA
Photojournal image PIA09355).

Notably, in 1997 during the Galileo mission, a dark, likely silicate-rich deposit with a relatively narrow, higher-
albedo aureole originating from a nearby eruption at Pillan (245°W, 11°S) covered a portion of Pele's red ring.
Over the next 4 years, instruments on Galileo watched as the thermal emission from the Pillan eruption waned
(Davies et al., 2001) and the dark Pillan deposit was mostly erased by the continuing deposition of material from
the Pele plume (Davies et al., 2001; Keszthelyi et al., 2001; Turtle et al., 2004).

Now, over 25 years later, a similar resurfacing event has been detected by SHARK-VIS (Pedichini et al., 2022) at
the Large Binocular Telescope (LBT), one of the first visible light, diffraction limited imagers operating on an 8—
10 m telescope in the Northern Hemisphere.

2. Observations
2.1. Adaptive Optics at Visible Wavelengths

Adaptive Optics (AO), the technology that employs a deformable mirror to compensate for atmospheric
distortion, has been in use on large telescopes for over 25 years (Lai et al., 1997). Until recently, however, the
science path for the system has been restricted almost exclusively to infrared wavelengths. Thanks largely to two
emerging technologies, high density deformable mirrors and fast visible light detectors with low read out noise, a
higher resolution era is emerging for large telescopes equipped with imagers optimized for visible AO.

While there will always be a need for infrared images of Io, particularly at L (3.8 pm) and at M (4.8 pm) bands, to
detect thermal emission from active volcanoes, visible-light images are essential to “see” the landscape, that is,
identify locations of eruptions and associated features such as plume deposits. As shown in this paper, such
images can now be obtained at high spatial resolution from ground-based telescopes on Earth with a spatial
resolution of approximately 80 km at 550 nm. Hitherto visible-light images could only be obtained by spacecraft,
or with the Hubble Space Telescope (HST) (Spencer et al., 1997); the spatial resolution of the latter images are,
however, roughly a factor of 3 lower than the images obtained with SHARK-VIS on the LBT, due to the dif-
ference in aperture size.

2.2. SHARK-VIS on the LBT

SHARK-VIS saw first light at LBT on 2 October 2023. The instrument shares the center-bent Gregorian focus on
the right-hand (DX) side of the LBT with the Large Binocular Telescope Interferometer (Ertel et al., 2020; Hinz
et al., 2016), where it picks up the visible light from the direct beam using a deployable dichroic. The remaining
red-visible and infrared light is transmitted to the LBTI and the shared wavefront sensor (Bailey et al., 2014)
which has recently received the Single-conjugated adaptive Optics Upgrade for the LBT (Pinna et al., 2016).
SHARK-VIS is an imager operating in the 400-1,000 nm wavelength range and delivers spatial resolutions down
to ~15 mas (at 550 nm), which in the infrared bands will be achieved only by future extremely large telescopes
(ELTs). With a plate scale of 6.5 mas/pixel, SHARK-VIS provides slight oversampling of the Nyquist frequency
for this resolution.

The spatial resolution given above (~15 mas at 550 nm), is computed as follows: The entrance pupil of the AO
system reduces the 8.4 m LBT aperture to 8.25 m. The full width half max (FWHM) of the Airy disk is then
1.03 X A/D = 14.2 (~15) mas for A = 550 nm.
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Table 1
Observing Parameters for the LBT SHARK-VIS Observation of Io

Exposure time

uT Filter A (nm) No of frames® Total (s) Per frame (ms)

23 November 2023°:

7 hr 11 min 16.5 s \% 495-605 1,000 10.0 10

7 hr 13 min 40.5 s I 685-825 1,000 10.0 10

7 hr 16 min 00.5 s R 552-687 1,000 10.0 10
10 January 2024

2 hr 31 min 23:4 s v 495-605 1,000 5.0 5

2 hr 30 min 48:3 s I 685-825 1,000 5.0 5

2 hr 30 min 18:1 s R 552-687 1,000 5.0 5

“Number of selected frames (using the criteria given in Section 2.3). The total number of frames collected were 12,000 and
24,000 for 23 November and 10 January, respectively. The Ephemerides are obtained from JPL's HORIZONS system: https://
ssd.jpl.nasa.gov/horizons/app.html#/. °The observer-target (A) and heliocentric (r) distances; Io's diameter (D); the
sub-observer W. longitude (4,) and latitude (6); and the sub-solar W. longitude (1) and sub-solar latitude () are: A = 4.052
AU, r=4.977 AU, D = 1.24", 2 ~ 264°, 0, = 3.30°, A5 ~ 260°, 65 = 3.13°. “A = 4.619 AU, r = 4.986 AU, D = 1.09",
Ag ~ 273°, 0 = 3.03°, A5 ~ 262°, 5 = 3.14°.

The LBT AO system delivers this level of performance in ideal atmospheric conditions for targets within 40° of
zenith (1.3 airmass or less). For the observations reported here, the achieved spatial resolution was ~24 mas (as
described in Section 2.4 below).

SHARK-VIS is equipped with an Andor Zyla 4.2 PLUS sCMOS science camera that can operate at a frame rate
up to 1 Khz with a relatively low readout noise; this makes it possible to employ a fast imaging approach that helps
freeze both atmospheric turbulence and telescope vibrations and allows for both post-facto registration and
advanced processing of the frames with a significant improvement of the image sharpness (Hope et al., 2022;
Pedichini et al., 2017; Stangalini et al., 2017). SHARK-VIS has a wide-band atmospheric dispersion corrector
(ADC) enabling the use of 150 nm wide-band filters from 500 to 1,000 nm and 50 nm wide bands in the range
400-500 nm while covering zenith angles up to 40°.

2.3. Acquisition and Data Reduction

We observed Io with SHARK-VIS on UT 23rd November 2023 and UT 10th January 2024, taking data in each of
3 filters, as tabulated (together with the relevant ephemerides) in Table 1. Both November and January obser-
vations consisted of a sequence of 2 min of short exposures for each filter (10 and 5 ms), respectively, which were
corrected for darks and the flat field. During processing, the frames were ranked for sharpness, based on the
maximum spatial frequency above the noise level in the power spectra; the 1,000 best frames were selected,
whose average UT is reported in Table 1. The frames were then de-rotated to sky orientation by correcting for the
parallactic angle (due to the fact that SHARK-VIS does not have a mechanical de-rotator). As a final step, the
center of the body was measured in each frame by fitting a circle to the object's limb, found as the maximum
gradient locus in all directions from the image baricenter outwards, and the frames were co-registered via Fourier
shifting, then average stacked, and finally oriented to have Io's North pole pointing upwards, based on JPL's
HORIZONS ephemerides (https://ssd.jpl.nasa.gov/horizons/app.html#/). The resulting images are shown in the
first two rows of Figure 1. The January images are more detailed, even though the apparent diameter of Io was
larger in November. This is because, due to a technical problem, data collected during the November run suffered
from an imperfect correction of non-common-path aberration by the AO system. The three filters were also
combined to form the tri-color images shown in Figure 2, where the I, R, V bands have been rendered as RGB
respectively. Image stretching and saturation have been slightly enhanced to improve the visibility of faint
morphological structures on the satellite's surface. As a result of this processing, the colors produced are different
from the colors seen in Galileo images (Figure 2 top center panel) and Voyager images, which were also not true
color. The annular Pele plume deposit, however, still appears red in the SHARK-VIS images since it is less
absorbing in the I-band (Figure 1).
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lo: LBT/SHARK-VIS 23 November 2023

I: 685-825 nm R:552-687 nm V: 495-605 nm

lo: LBT/SHARK-VIS 09 January 2024
I: 685-825 nm R:552-687 nm V:495-605 nm

lo: LBT/SHARK-VIS 09 January 2024, Kraken deconvolved
I: 685-825 nm R: 552-687 nm V: 495-605 nm

.
- i

Figure 1. Images of Io obtained with SHARK-VIS on the LBT in November 2023 and January 2024. The images are re-
scaled to Io's apparent diameter. The third row shows the Kraken deconvolved images from January 2024. The filter used is
shown on each image. Io North is approximately up.

2.4. Multi-Frame Blind Deconvolution

A 5 ms frame sequence like that acquired from SHARK-VIS contains more information than can be retrieved by
simple shift-and-add stacking. In fact, the frame-to-frame PSF diversity can be exploited to jointly estimate the
instantaneous wavefront and reconstruct the brightness distribution of the object at a nearly diffraction limited
resolution. To realize this approach, we applied Kraken multi-frame blind deconvolution (Hope et al., 2022; Leist
et al., 2024) to the 250 sharpest frames of the January acquisition, which produced a much more detailed view of
Io in all the three bands (Figure 1 bottom panel), and in the corresponding color composite (Figure 2 bottom left
frame), at a FWHM resolution of 3.63 pixels (i.e., 24 mas for the plate scale of SHARK-VIS), as computed from
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LBT: 23 Nov. 2023 Voyager/Galileo LBT: 10 Jan. 2024

.

W LBT: 10 Jan. 2024, Kraken deconvolved
LBT: 10 Jan. 2024, Kraken deconvolved

45

360 315 270 225 180
W. longitude (deg)

Figure 2. The SHARK-VIS detection image on 23 November 2023 (upper left), on 10 January 2024 (upper right), and the reprojection of the Voyager and Galileo
spacecraft-derived Io photomosaic for 10 January 2024 (center) (Becker & Geissler, 2005). Labels to Pele, Pillan Patera and Loki Patera are shown on the upper left
image. The bottom row shows the Kraken-deconvolved image from 10 January 2024 on the left; the bottom right map shows this image reprojected onto equirectangular
(approximate) longitude-latitude coordinates. All images have been rotated so Io North is up. No detectable change to the Pillan plume deposit has occurred during the
50 days separating the two observations.

the maximum frequency of its power spectrum. For Io's distance in January (see Table 1), a single SHARK-VIS
pixel spanned ~22 km. The achieved spatial resolution on the surface of Io is therefore ~80 km.

3. Results: A Resurfacing Event at Pillan Patera

As seen in the left- and right-hand panels of Figure 2, and with more details in the bottom panels, the red annular
deposit centered on Pele is missing a segment. Abouti of the ring is obscured by a high albedo deposit with a low
albedo center. The bright deposit is likely SO, ice, which is ubiquitous on Io and a common component of
volcanic plumes and plume deposits. The previous most recent high resolution visible imaging of the area was
performed during an Io fly by by the New Horizons spacecraft in 2007 (see above), at which time the ring was
intact. Additionally, there is a dark area centered on nearby Reiden Patera, another volcano active during the
Galileo and Juno epochs (Davies et al., 2024; Veeder et al., 2015). Another dark area is seen at Ra Patera, the site
of an extensive resurfacing event imaged by Galileo (Geissler et al., 2004). Ra Patera was imaged by JunoCam
during Juno orbit PJ58 on 2 March 2024 (e.g., image JNCE_2024034_58C00026_VO01). The patera exhibits a
reddish rim and dark floor with associated extra-patera dark flows. Taken together, these dark features are
consistent with the SHARK-VIS imagery. Such low albedo areas are expected from recent or ongoing silicate
volcanism.
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Figure 3. Four images following the 1997 Pillan eruption which show the plume deposit covering a portion of Pele's red ring for over 2 years. April 1997 (left): pre-
eruption. September 1997 (middle left). The eruption may have started in May but only peaked in June (Davies et al., 2001), and then steadily decreased in thermal
emission over the next few years. July 1999 (middle right): the Pele plume deposits had begun burying the Pillan deposits, but there is still evidence of an interaction
between the Pele plume and degassing from the Pillan eruption site and/or emplaced flows. December 2000 (Galileo orbit 29): the Pele plume has completely recovered.
(Image credits: both NASA/JPL/University of Arizona. The three left panels are from https://photojournal.jpl.nasa.gov/catalog/PIA02501. The right panel is from
https://photojournal.jpl.nasa.gov/catalog/PIA02588).

The SHARK-VIS images of Pele and Pillan Patera are reminiscent of an image obtained in September 1997 by the
Solid State Imaging experiment (SSI) (Belton et al., 1992) on the Galileo spacecraft, which showed that Pele's
ring was partly covered by a plume deposit from a powerful, voluminous eruption originating to the northwest of
Pillan Patera (see Figure 3) (Geissler et al., 2004). The Pele deposit had partially recovered by July 1999, slightly
less than 2 years after the Pillan deposit formed. By late December 2000 the Pele plume deposit had completely
recovered (Turtle et al., 2004).

The most likely source of the material that is covering the Pele plume deposit as seen in the SHARK-VIS images
is another powerful eruption near Pillan Patera (244°W, 12°S, as indicated in Figure 2 upper left panel). In the
following text we examine when such an eruption was most likely to have taken place.

Examination of observations of Io in the infrared from different observation systems, both telescopes (Gemini,
Keck, IRTF) and spacecraft (Juno), allow a timeline of events to be compiled. Table 2 provides an eruption
history for Pillan Patera spanning 3 years prior to, and just beyond, the SHARK-VIS detection. Keck and Gemini
images documenting the non-detections in Table 2 are shown in Figure 4; the upper limit values are based upon
prior observations with these instruments (de Kleer & de Pater, 2016; de Pater et al., 2016). Recent Juno JIRAM
infrared data analysis shows 4.8-pm thermal emission from an active, volcanic source, albeit at a relatively low
level (average 4.46 GW/pm), emanating from Pillan Patera (Davies et al., 2024). There are no other thermal
sources detected by JIRAM between 2017 and early 2023 close to the location of the black deposit identified in
Figure 2. On 13th August 2021, an extremely powerful eruption, designated as an “outburst” event, was detected
at or near Pillan Patera by the InfraRed Telescope Facility (IRTF) (Tate et al., 2023). This eruption is the most
likely source of the material that covers the Pele ring, and that is seen in the SHARK-VIS images 2 years later.

The IRTF images were obtained in L and M bands, where the thermal hot spot emission clearly stands out above
the solar reflected light. Two weeks later, on August 27, the emission had subsided considerably (Tate
etal., 2023), while 3 weeks earlier, on July 21, no emission was detected from Pillan Patera by the Keck telescope
(see Figure 4). The event was not observed at its height by other groundbased telescopes nor by instruments on
Juno, but is bracketed by both JIRAM and Keck observations. Also, the S+ torus and Na nebula seem quiescent
during this event (Morgenthaler et al., 2024). The event in the Pillan Patera vicinity was powerful, but short-lived.

JunoCam, the visible wavelength imager on the Juno spacecraft (Hansen et al., 2017), has obtained a number of
images of o, mostly from a high-latitude, sub-spacecraft vantage point, and at moderate- to high-phase angles
(Ravine et al., 2024). Observation opportunities are necessarily limited by the spacecraft trajectories, with Juno in
a highly inclined orbit around Jupiter. While JunoCam has returned high spatial resolution images of mainly Io's
northern hemisphere (https://www.missionjuno.swri.edu/junocam), it had not, at the time of the SHARK-VIS
observations, imaged all of the Pele plume deposit. Coverage was limited to the western and northern portions
of the plume deposit. As discussed below, on 9 April 2024 (PJ60) JunoCam did capture the entire Pele deposit; the
combination of coverage from Juno and SHARK-VIS proving to be highly complementary.
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Table 2
Observations of the Pillan Patera and Pele Regions From Early 2021 Through Early 2024, Encompassing the Major 2021 Eruption at Pillan Patera and the 2023-2024
SHARK-VIS Observations

Pillan, spectral radiance M-band, GW/pm Pele, spectral radiance M-band, GW/pm Date year month day Juno orbit, or telescope
2.191 10.9 21 February 2021 PJ32i
3.364 11.7 15 April 2021 PJ33

<3 8715 21 July 2021 Keck

527 + 118 L-band 13 August 2021 IRTF
Faint L-band, some M-band 27 August 2021 IRTF
>23.371 9.9 16 October 2021 PJ37i

<9 L-band <9 L-band 15 December 2021 Gemini-N
16.537 10 24 February 2022 PJ40

<9 L-band <9 L-band 01 June 2022 Gemini-N
<9 L-band <9 L-band 06 June 2022 Gemini-N
<9 L-band <9 L-band 08 June 2022 Gemini-N
8§+1 10+ 1.5 16 August 2022 Keck

<3 Faint, on limb 02 December 2022 Keck
2.097 01 March 2023 PJ49
0.882 44 16 May 2023 PI51

<4 L-band 5.2 £ 0.6 L-band 13 June 2023 Keck

<3 104 = 1.5 18 June 2023 Keck

<3 14 +2 11 July 2023 Keck

<3 11+14 12 August 2023 Keck
Visible wavelengths 23 November 2023 LBT/SHARK-VIS
<3 10+£2 23 December 2023 Keck

Visible wavelengths

JunoCam

24 January 2024
09 April 2024

LBT/SHARK-VIS
PJ60

Note. IRTF-derived spectral radiances are from Tate et al. (2023). Note that the positions in Tate et al. (2023) are £10°. The thermal emission estimate for 2021 August
13 has been corrected for emission angle and converted to GW/pm. All Keck observations have been corrected for the emission angle. The data from Juno JIRAM are
from Davies et al. (2024).

4. Discussion

The resurfacing scenario that occurred 25 years ago was likely similar to what took place recently, with some
important changes. As seen with SHARK-VIS about 2 years after the Pillan outburst, the Pele plume deposit was
not repaired as it was after the 1997 Pillan eruption. We note that the plume deposit restoration timeline depends
on the effusive volcanic activity within Pillan Patera and the recent rate of degassing, the level of volcanic activity
at Pele, and the continuation of sulfur supply to the Pele plume.

Assuming that the Pillan Patera plume deposit was likely initially laid down in August 2021 by the outburst eruption
(see Table 2), the Pillan Patera eruption deposits persisted for at least 29 months (to January 2024). The plume
deposit laid down in 1997 had mostly been buried after 2 years (Turtle et al., 2004). That the new deposit was
apparently longer lasting than the 1997 deposit might be the result of less volcanic activity at Pele at present than
during the Galileo era. The drop in activity manifested as a ~75% drop in total thermal emission after the Galileo
mission from 280 GW (Davies et al., 2001) to 60 GW (Davies et al., 2023; de Kleer & Rathbun, 2023; de Pater
etal.,2016; Rathbun etal.,2014). A lower volumetric lava effusion rate might also suggest a similar decrease in gas
emission volume (Davies, 2007). The plume resurfacing rate at Pele during the Galileo epoch was estimated at
0.6 mm/yr (Davies, 2007; Zhang et al., 2003), and may for recent years have been only a quarter of this.

However, a four-fold increase in thermal output from Pele was detected by JIRAM on 16 May 2023 during the
Juno PJ51 flyby of Io. Both L-band and M-band spectral radiance from Pele exceeded 39 GW/pum, similar to
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Keck & Gemini observations of Pele/Pillan, Lp band

21 july 2021 15 Dec. 2021 1 June 2022

6 Loki P.
Pele ~ @

6 June 2022 8 June 2022 16 August 2022
L

02 December 2022 13 June 2023 18 June 2023
.
@Lokip
Pele
N

11 july 2023 12 August 2023 23 December 2023

Figure 4. Keck and Gemini images of Io in Lp band (3.8 pm) of Pele/Pillan, which show no emission at Pillan Patera or the
immediate surrounding area. Images from 15 December 2021 and from June 2022 are taken with the Gemini telescope. All
other images are taken with the Keck telescope. Images from 2 December 2022, 13 and 18 June 2023 are from the Keck
Twilight Zone website https://www2.keck.hawaii.edu/inst/tda/TwilightZone.html. All images have Io North up, and Pele
has been indicated.

spectral radiance observed during the Galileo epoch, and suggesting a total thermal emission of 294 GW. Activity
as seen by Keck and Gemini (Figure 4) then dropped, with Keck measuring a L-band spectral radiance of
5.2 £ 0.6 GW/pm on 13 June 2023, and 7 + 0.8 GW/pm on 18 June 2023, with a M-band spectral radiance of
10.7 £ 1.5 GW/pm on the latter date. These numbers are typical for all Keck observations in Figure 4. Even with
this apparent resurgence of activity at Pele (albeit temporary), the plume deposit was not restored in its entirety by
the time of the SHARK-VIS observations.

If the deposits imaged by SHARK-VIS around Pillan Patera were indeed emplaced in 2021, then their persistence
reveals a complex interplay of volcanic processes. As noted above, around the dark Pillan Patera deposit in the
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SHARK-VIS images is a bright, high-albedo deposit (Figure 2), likely SO, frost. If the Io surface here is cold
enough for SO, to condense it is also cold enough for plume sulfur to condense. As the rest of Pele plume deposit
is seen, the plume must also be depositing material here, but it is not repairing the red ring. This suggests the
presence of ongoing SO, deposition (the SO, originating from the Pillan Patera eruption) which is burying the
Pele plume deposit faster than it is being emplaced, thus maintaining the gap in the ring seen by SHARK-VIS. The
low albedo deposit centered on Pillan Patera persists probably because the deposition from Pele is landing on a
warm, silicate-rich surface and is not condensing.

By early April 2024, however, the Pele ring appeared to have restored itself entirely. Observations obtained by
JunoCam on 9 April 2024 during orbit PJ60, albeit at high emission angle (e.g., https://www.missionjuno.swri.
edu/Vault/VaultOutput?VaultID=51967&ts=1709753150), cover just enough of Pele's deposit to suggest that
the annular ring was once again complete. If this is the case, either SO, deposition from Pillan Patera significantly
decreased or ceased entirely, or sulfur deposition from Pele increased enough to overwhelm any Pillan Patera
deposition, allowing repair of the contiguous Pele plume deposit. The combination of coverage from Juno and
SHARK-VIS are highly complementary. Without the SHARK-VIS images, this resurfacing event would never
have been detected. With SHARK-VIS we now have the capability to regularly monitor the evolving plume
deposits at Pele and Pillan Patera for years to come, as well as other such events on Io's surface. SHARK-VIS is
available to researchers affiliated with one or more of the LBT member institutions (listed at the end of the
Acknowledgments section below) and to other potential users via director's discretionary time.

5. Conclusions

SHARK-VIS ushers in a new era in planetary imaging. On its very first use imaging lo, SHARK-VIS observed a
major change of volcanic origin on Io's surface, providing vital visual wavelength context for the interpretation of
infrared and other observations by extending contemporaneous coverage of Io. With SHARK-VIS, we now have
the capability to monitor how Io's surface changes and apply what is observed to better understand volcanic
activity at Pele, Pillan, and elsewhere, with implications for the manner and rate of the resurfacing of Io.

Data Availability Statement

The data for this observation are recorded in FITS files as follows. These data are available from Zenodo
(Conrad, 2024).

e For the November observation: 2023_11_22-IRV_centered.fits
o For the January observation: 2024_01_09-IRV_centered.fits
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Erratum

The originally published version of this article contained an error. In Conrad, A. (2024), the URL “https://doi.org/
10.5281/zenodo.11194341” has been updated with the following URL: “https://zenodo.org/records/11493933/
latest.” This may be considered the authoritative version of record.
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