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Particle properties of individual fissure eruptions within Enceladus’ plume have been analyzed using high
spatial resolution Visible and Infrared Mapping Spectrometer (VIMS) observations from the Cassini mis-
sion. To first order, the spectra of the materials emerging from Cairo, Baghdad and Damascus sulci are
very similar, with a strong absorption band around 3 pm due to water-ice. The band minimum position
indicates that the ice grains emerging from all the fissures are predominantly crystalline, which implies
that the water-ice particles’ formation temperatures are likely above 130 K. However, there is also evi-
dence for subtle variations in the material emerging from the different source fissures. Variations in the
spectral slope between 1-2.5 um are observed and probably reflect differences in the size distributions of
particles between 0.5 and 5 um in radius. We also note variations in the shape of the 3 um water-ice ab-
sorption band, which are consistent with differences in the relative abundance of > 5um particles. These
differences in the particle size distribution likely reflect variations in the particle formation conditions
and/or their transport within the fissures. These observations therefore provide strong motivation for de-
tailed modeling to help place important constraints on the diversity of the sub-surface environmental
conditions at the geologically active south-pole of Enceladus.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Enceladus’ plume represents a direct sample from the moon’s
interior and therefore holds clues to the internal processes and the
evolutionary history of this geologically active icy body. Enceladus’
plume has been the focus of intense scientific analyses ever since
it was discovered by the NASA-ESA Cassini mission (e.g. Dougherty
et al,, 2006; Spencer et al., 2006; Porco et al., 2006; Spencer and
Nimmo, 2013). A diverse suite of instruments covering a wide
range of the electromagnetic spectrum, as well as multiple in-situ
measurements, have been employed in characterizing the plume’s
structure, composition, and the nature of its subsurface source (e.g.
Waite et al., 2006; Hansen et al., 2006; Hsu et al,, 2015; Ye et al,,
2016). These observations have been complemented by theoretical
modeling to understand the origin and character of the plume (e.g.
Kiefer et al., 2006; Schmidt et al., 2008; Ingersoll and Ewald 2011)
including the effects of tides, the presence of a global or regional
ocean and the possible role of an impact event in initiating the
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plume activity at the south pole (e.g. Collins and Goodman, 2007;
Nimmo et al., 2007; Hurford et al., 2007; Smith-Konter and Pap-
palardo, 2008; less et al., 2014; Nimmo et al., 2014; Roberts and
Stickle, 2014; 2015).

Enceladus’ plume is dominated by water vapor and ice grains
and arises from individual eruptions along the four so-called “tiger
stripe” fractures, named Damascus, Baghdad, Cairo and Alexandria.
The water vapor composition of the plume was confirmed on the
basis of in-situ measurements by the lon and Neutral Mass Spec-
trometer (INMS) (Waite et al., 2006) and remote measurements by
the Ultra-violet Imaging Spectrometer (UVIS) (Hansen et al., 2006).
The particle component of the plume was based on the dust detec-
tion by the Cosmic Dust Analyzer (CDA) (Spahn et al., 2006; Post-
berg et al., 2008) as well as the Imaging Science Sub-system (ISS)
(e.g. Porco et al., 2006). The dominantly water-ice composition of
the plume particles was subsequently revealed by the Visual and
Infrared Mapping Spectrometer (VIMS) instrument (Hedman et al.,
2009) and the CDA instrument (Postberg et al., 2011). Analysis of
the water-ice particles in the plume at different altitudes (50 km
and above) by VIMS also revealed that there is a paucity of >3 pm
particle sizes, especially at higher altitudes (Hedman et al., 2009).
VIMS data is particularly valuable for investigations of the plumes’
particle content because it can observe the light scattered by the
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plume particles over a broad range of wavelengths simultaneously,
which places strong constraints on the particle size distribution.
This is in contrast to the limited spectral range of ISS, which makes
characterizing the physical and light-scattering properties of the
grains more challenging (e.g. Ingersoll and Ewald, 2011; Dong et al.,
2015; Gao et al., 2016). However, VIMS has a much lower spatial
resolution than ISS (typically VIMS pixel sizes are 0.5 mrad) and
so most of the time, it cannot discern the material launched from
specific locations. Still, there are at least three sets of observations
where VIMS has resolved individual fissure eruptions within the
plume.

Here, we utilize these highest spatial resolution observations
from the VIMS instrument to examine the properties of the mate-
rials erupting from individual source fissures (i.e. the tiger stripes
fractures). This paper focuses on generating robust average spec-
tra of the material coming from the individual fissures, identifying
interesting spectral features and comparing these data with pre-
liminary model spectra to identify potentially informative mate-
rial properties. Fitting the observations to specific models in order
to obtain quantitative estimates of the particle properties will re-
quire further analysis and so will be the subject of a separate pa-
per. The general motivation for this work is to address the follow-
ing questions: What is the compositional character of the plume
across the individual source regions (fissures)? Are the properties
of the water-ice particles similar along all the sources? If not, how
do they differ and what could be the possible causes and implica-
tions?

In Section 2, we discuss the methods used for data reduction,
background removal as well as details of the spectral modeling.
In Section 3, we highlight interesting spectral characteristics of
the plume as observed in VIMS observations and compare these
with the low spatial resolution observations. Section 4 describes
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our first order interpretations of the spectral features and discusses
further constraints obtained from spectral modeling. In Section 5,
we describe the implications of our observations and modeling for
the understanding of Enceladus’ plume. In Section 6, we summa-
rize the major results.

2. Data and methods
2.1. Observations and primary data reduction

This investigation makes use of three high spatial resolution
VIMS observations obtained at high phase angles (> 140°) and at
distances between ~12,000 km and ~42,000 km from the center of
Enceladus (corresponding to typical spatial resolutions between 6
and 24 km/pixel for VIMS) obtained between November 2009 and
August 2010 during Cassini orbits (“Revs”) 121, 131 and 136 (Fig. 1,
Table 1).

In its standard imaging mode, VIMS uses two co-aligned instru-
ments to acquire a series of visible and near-infrared spectra cover-
ing a scene. For this particular study, we focus our attention exclu-
sively on the near-infrared data obtained by the VIMS-IR channel,
which consists of a one-dimensional InSb array that can simulta-
neously measure the brightness of a given location in 256 wave-
length bands between 0.85 and 5.2 pm. A two-axis scan mirror sys-
tem allows this instrument to view a series of up to 64 x 64 loca-
tions in the sky to produce an image (see Brown et al.,, 2004 for
more details about the instrument). We do not use data from the
shorter-wavelength VIS channels primarily because of their lower
signal-to-noise. It is challenging to co-align the visible and near-
IR components of the faint plume observations, especially the high
spatial resolution observations analyzed in this study. Further, we
have restricted our analysis to 4 um within the near-IR observa-

Fig. 1. High resolution VIMS maps of Enceladus’ plume highlight spatially resolved eruptions along the tiger stripe fractures. All the maps are presented in the form of
brightness images at 0.93 um, and are oriented so the Enceladus’ south-pole points downwards. (a) Map based on the spectral cubes from Rev 121 (The full map has been
cropped for clarity). (b) Map from Rev 131 (c¢) Map from Rev 136. The material erupting from the individual tiger stripes is indicated with colored arrows. The bright
crescent above the plume in (a) and (c) corresponds to the illuminated disc of Enceladus. Each image has been individually contrast stretched to highlight the fissure
eruptions. (d) Geological context for the fissure eruptions is provided by this south polar mosaic of Enceladus based on ISS images (Image Source: http://ciclops.org/view/
2441|The_Enceladus_Atlas). The fissures (from right to left) are Damascus, Baghdad and Cairo. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Table 1

The list of individual VIMS observations that were utilized to obtain the three spectral cubes in this study and shown in Fig. 1.
For each set of cubes, the average distance between the spacecraft and Enceladus is provided along with the phase angle (Sun-
Enceladus-Spacecraft angle) and orbital phase (angle between Enceladus’ observed position and its orbital pericenter).

Spectral cubes from Rev 121

Spectral cube from Rev 131 Spectral cubes from Rev 136

V1637460963
V1637460999
V1637461036
V1637461144
V1637461246
V1637461348
V1637461450
V1637461544
V1637461638
V1637461728
V1637461756
V1637461846
V1637461907
V1637461968
V1637462045
V1637462106
V1637462167
V1637462228
V1637462289
V1637462350
12,000 km
144

143°

Component files

Spacecraft-Enceladus distance
Phase angle
Orbital phase

V1652853941 V1660424651
V1660425166
V1660425771
V1660426015
V1660426374
V1660426972
V1660427216
V1660427573
V1660427817
V1660428174
V1660428418

17,000 km 42,000 km
156° 154°
90° 42°

tions (instead of utilizing the full range extending to 5.2 pm) as the
noise level increases dramatically at longer wavelengths. We have
also removed data corresponding to known hot channels (1.24 pm,
133 um, 3.23 um, 3.24 um, 3.83 um) and IR focal plane blocking fil-
ters (1.6-1.67 pm, 2.94-3.01 pm and 3.83-3.89um) (Brown et al.,
2004; Nicholson et al., 2008). The wavelength uncertainty associ-
ated with VIMS near infrared wavelengths is less than 10 nm or
0.01 pm [Roger Clark, pers. comm.]. As a result, the horizontal er-
ror bars in the spectral plots would be comparable to the size of
the symbols in the plot.

Standard calibration routines were used to convert the raw data
numbers into I/F, a standard measure of reflectance (the specific
flux calibration being RC17, see Clark et al., (2012)). However, since
the plume extends beyond Enceladus’ surface, we cannot use stan-
dard tools like Integrated Software for Imaging Spectrometers (ISIS)
to geometrically align and correct these data. Instead, we compute
the instrument’s line of sight for each pixel in each cube using the
appropriate SPICE kernels (Acton, 1996). This line of sight is pa-
rameterized by two spatial coordinates (x and y) as illustrated in
Fig. 2. The coordinates specify the location where the line of sight
passes through the plane containing Enceladus’ spin axis. In this
frame of reference, north-pole is the positive y-axis and the south
is the negative y-axis. Note that this plane is orthogonal to the line
of sight’s projection onto Enceladus’ equatorial plane (Hedman et
al., 2013). This reference frame is also used to estimate the plume’s
phase angle and its distance from the spacecraft.

The high-resolution data analyzed in this study were obtained
during relatively close approaches to Enceladus, and so the obser-
vation geometry changes significantly over the several minutes re-
quired to take a single spectral cube. Hence, to facilitate the inter-
pretation of these data we interpolated and re-projected the spec-
tral data from each observation sequence onto a uniform grid of x
and y values and have created a single spectral map of the plume
from a given set of coordinated observations. Two of these maps
(Fig. 1a, 1c) were generated from multiple cubes, while one map
(Fig. 1b) was derived from a single cube covering the three tiger
stripes. For convenience, the mosaicked spectral cubes are labeled
using the associated Rev number (a number designating Cassini’s
orbit around Saturn when the observations were taken) of the ob-
servations.

Cassini|
Vinad

Fig. 2. Spatial reference framework for Enceladus’ plume. The orthogonal axes X
and Y lie in the plane that contains Enceladus’ spin axis.

2.2. Background removal

While the plume material can be clearly seen in Fig. 1, the
very low signal levels (peak I/F ~ 0.001) mean that careful back-
ground removal procedures are needed to obtain useful spectra.
There are two main sources of the background: a) Instrumental
and b) the E-ring. The E-ring consists of plume particles that es-
caped the moon’s gravity and have gone into orbit around Saturn
(e.g. Kempf et al., 2008; 2010). The E-ring is visible as a bright
background in all the relevant VIMS datasets and has a spectral
shape making it more challenging to remove. Since both the plume
and the E-ring contain small water-ice particles, their spectra have
similar basic shapes but there are known differences in their par-
ticle sizes (Spahn et al., 2006; Postberg et al., 2008; Hedman et al.,
2009) which should impact the detailed spectral character.

We decided to subtract the background after the spectral cube
mosaics were generated (instead of subtracting backgrounds from
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Table 2

Regions selected for image-based background subtraction. The table provides the number of samples (x) and the number of lines (y) used for obtain-
ing the average spectrum of each of the selected background regions in the three spectral mosaics. The notes refer to the color code used for the
representation of different regions on the image cubes (see Figs. 3, 5, 9 and 10).

Spectral cube source Revs Background location X range(Samples) Y range(Lines) Notes
121 Bottom region 69:89 92:100 Yellow
Proximal region to plume 31:51 43:60 Brown
83:94 52:63
120:133 53:64
131 Dark disc 15:19 13:15 Magenta
Extended dark disc 20:30 12:15 Teal
Proximal region to plume 18:20 20:24 Brown
26:28 20:24
34:35 20:24
43:43 20:24
Left region 7:8 22:36 Yellow
136 Bottom region 25:56 75:78 Brown
Left region 12:13 36:58 Yellow
Top region 35:53 20:22 Teal

individual cubes). This was found to be a more practical approach
considering the very small size of the individual spectral cubes
from Revs 121 and 136. We computed the background for each
spectral cube (Fig. 3) by selecting a region outside of the fissure
eruptions and subtracting its average value from the entire mo-
saic/spectral cube. The standard deviation of the I/F values (at var-
ious wavelengths) for the selected background region was used as
an estimate of the uncertainty for the spectral measurements. It
should be noted that the background varies spatially, so we esti-
mated the background using multiple locations and compared the
background-removed spectra to make robust inferences. The de-
tails of the regions selected for estimating the background in all
of the analyzed spectral cubes are provided in Table 2.

2.3. Mie-theory-based spectral modeling

We have compared the VIMS data with selected model spectra
in order to explore potentially interesting spectral features. How-
ever, the low signal-to-noise properties of our data complicates ef-
forts to fit them with models and to extract quantitative informa-
tion. Accordingly, we use the model spectra for qualitative com-
parisons in this work. The model spectra were computed using a
publicly-available Mie scattering code (source: http://eodg.atm.ox.
ac.uk/MIE/mie_single.html). While Mie-theory calculations are only
strictly valid for perfect spheres, they are still useful for exploring
how parameters such as grain size, temperature of formation and
ice phase (crystalline vs amorphous) affect the observed spectra.
The code is inherently capable of generating a spectrum based on
a single particle size. We added a peripheral code (wrapper) to this
program to enable computation of the spectra for a particle size dis-
tribution in order to simulate the spectrum of the plume. The par-
ticle size distribution is based on a smooth interpolation between
four discrete particle sizes provided by the user, similar to the one
used by Hedman et al., (2009). The specific particle sizes used in
the spectral modeling as well as the weighting scheme are dis-
cussed under spectral modeling results. We use optical constants
of crystalline and amorphous ice from Mastrapa et al., (2008, 2009)
in our spectral modeling effort.

3. Spatially resolved VIMS observations of tiger stripes
eruptions

Most of the plume spectral observations by VIMS have been ob-
tained at low spatial resolution where individual fissures cannot be
sampled (see an example of bulk plume spectrum in Fig. 4a). The

spatially resolved VIMS observations of the tiger stripes eruptions
provide a unique opportunity to understand the contribution of in-
dividual fissure eruptions to the bulk plume spectra, as illustrated
in Fig. 4b and c. In general, the high resolution data are consistent
with the low spatial resolution observations but many subtle dif-
ferences in the spectral slope and the shape of the 3 um absorp-
tion band, observed between the individual fissure observations
(Fig. 4c), are smeared and sometimes erased in the bulk plume
spectra extracted from the same observations (Fig. 4b). These sub-
tle spectral differences hold important clues about the plume prop-
erties and can be spectrally modeled to extract parameters such as
crystallinity (amorphous vs crystalline) and band shape.

In all the three high spatial resolution VIMS spectral mosaics,
we were able to easily identify and analyze the erupting mate-
rial along Damascus, Cairo and Baghdad sulci (Fig. 1). However,
jets over Alexandria could not be identified, possibly due to the
relatively less intense particle eruptions there (Spitale and Porco,
2007; Porco et al., 2014). The results presented below are based
on the collective insights gained from the analyses of the three
spectral cubes. It should however be noted that the quality of data
varies between the cubes. The spectral cube from Rev 131 exhibits
the best quality spectral data and therefore has been used to iden-
tify and characterize the spectral trends across the three fissure
eruptions. Spectral cubes from Revs 121 and 136 have relatively
higher level of noise and were therefore used to only validate the
observations from the Rev 131 cube. An average spectrum for each
tiger stripe was computed by averaging over a selected set of pix-
els in each map (see Table 3).

We report three principal observations about the spectral char-
acter of the water-ice particles along the individual source fis-
sure eruptions: (1) consistent band minimum position, (2) short
wavelength (1-2.5 um) spectral slope variations and (3) 3 pum band
shape variations.

3.1. Consistent band minimum position

The band minimum position of the strong water-ice absorption
band is observed to occur consistently long-ward of 2.8 um across
eruptions from all the three source fractures: Damascus, Cairo and
Baghdad, and is independent of the chosen background (Fig. 5).
The position of the band minimum is illustrated for one set of
spectra (from Rev 131) in Fig. 4b and c using polynomial fits (order
6) to the water-ice band. This observation is also validated by the
spectral cubes from Revs 121 and 136 (see Appendix). In addition,
our recent analysis of more than 30 low spatial resolution VIMS
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Table 3

Regions selected for sampling of the fissure eruptions. The table provides the number of samples (x) and the number of lines (y) averaged to obtain
the spectra over each of the fissure regions (Cairo, Baghdad and Damascus) in the three spectral image cubes. The notes refer to the color code used
for the representation of different regions on the image cubes in Figs. 5, 9 and 10.

Spectral cube source Revs Plume region X range(Samples) Y range(Lines) Notes
121 Cairo 62:68 47:52 Red
Baghdad 102:108 48:53 Green
Damascus 140:152 47:52 Blue
131 Cairo 22:24 20:21 Red
Baghdad 30:32 20:21 Geen
Damascus 38:41 20:21 Blue
136 Cairo 26:30 35:36 Red
Baghdad 33:36 35:36 Green
Damascus 43:45 35:36 Blue
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04 « VIMS Spectrum
02 4 —Crystalline Fit
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0003 + Plume Average
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o
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(Spectra offset for clarity)

Wavelength (microns)

Fig. 4. Spectral comparison of the low spatial resolution plume observations and
spatially resolved spectra of individual fissure eruptions. (a) Low resolution VIMS
observation (black circles) of the plume (spectral cube 3 from Hedman et al,
2009). The spectra was sampled at an altitude of about 40 km above the surface.
Mie-theory-based modeling favors a crystalline nature (magenta spectrum) for the
plume water-ice particles instead of the amorphous nature (orange spectrum). Note
that the model spectra have been scaled to match the brightness levels of the ob-
servations. The brightness in this case is horizontally integrated. (b) A simulated
low resolution observation generated by averaging the high spatial resolution ob-
servations (from Rev 131) shown in c. (c) Spectra from the same spectral cube as
in (b) but representing the spectral character of the individual tiger stripes. Note
that many spectral features observable here are either subdued or erased in the av-
eraged spectra shown in (b). The dotted line at 2.85 pm is provided as a common
reference to enable comparison of band minimum position across different spectra
in various spectral plots in the figure. Polynomial fits (order 6) to the water-ice ab-
sorption band near 3 pm are overlain on the high spatial resolution spectra to indi-
cate their approximate band minimum positions. Vertical error bars are a measure
of statistical errors derived from the scatter in the data from background regions.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

spectral observations of the plume further confirms this spectral
character for the bulk plume material (namely, water-ice band
minimum position beyond 2.8 pm) (Dhingra et al., 2015). This spec-
tral property is an evidence for the dominantly crystalline char-
acter of the water-ice particles and has been effectively demon-
strated by spectral modeling (see Vahidinia et al., 2011 and Section
4 below). The crystalline character of the water-ice particles has
implications for their formation mechanism and subsurface envi-
ronmental conditions (see Section 5).

3.2. Short wavelength (1-2.51m) spectral slope variations

Subtle differences in the spectral slope between 1-2.5um can
be observed in Fig. 5 (namely, 5¢, 5d and 5 g) for the water-ice par-
ticle eruptions along the three source fissures. The spectral slope
for Damascus is distinctly redder while spectral slope of the parti-
cle eruptions over Cairo is almost flat. These differences are inde-
pendent of the chosen background. We note that the absolute mag-
nitude of the spectral slope differences vary when compared with
the observations from cubes from Revs 121 and 136. In principle,
spectral slope differences could reflect subtle variations in the E-
ring and instrumental backgrounds across fissures. However, since
the relative slope differences are still maintained across different
chosen backgrounds and are also noted in different observations,
they are more likely to reflect real differences in the character of
the three fissure eruptions.

We also carried out a quantitative assessment of the slope vari-
ations between the three fissure eruptions to obtain a first order
constraint on their magnitude. A linear fit was applied to each
of the spectrum between 1-2.45pm to extract the spectral slope.
Subsequently, residuals between the linear fit and the data were
used to estimate the uncertainty associated with the slope (Table
4). Finally, the I/F values (derived from the linear fit) for all the
three fissure eruptions were normalized to unity at 1 pm (Fig. 6) to
enable a direct comparison of the slope differences at short wave-
lengths (1-2.45 um).

Another interesting observation is the steep change in slope,
in the form of a sharp peak, near the short wavelength edge of
the strong 3 um water-ice absorption (2.4-2.6 um). This feature is
prominently observed in the spectra from Damascus and Baghdad
but is absent in the spectra from Cairo eruptions (see the dot-
ted box in Fig. 5d, f, and h). This observation is independent of
the background correction. One possible explanation for this sharp
peak is that it might be arising from the strongest H,O gas emis-
sion feature (v3) at 2.69 pm, which is superposed on the water-ice
absorption band (e.g. Crovisier, 1984; Bockelée-Morvan et al., 2015;
Debout et al., 2016; Gianrico Filacchione and Allesandra Migliorini,
Pers. comm.). In view of the limited data and information, this ob-
served feature could also have some other origin and so the de-
tailed analysis of this feature must be the subject of future work.
Still, the fact that the occurrence of this feature varies among the
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Fig. 5. Spectral character of the eruptions along Baghdad, Cairo and Damascus sulci. Brightness image (0.93 pm) from spectral cube from Rev 131 showing regions sampled
for (a) background removal and (b) fissure eruptions. (c) Plume spectra based on background subtraction using the extended dark disc. (d) Same spectra offset for clarity.
(e) Plume spectra based on background subtraction using the proximal regions. (f) Same spectra offset for clarity. (g) Plume spectra based on background subtraction using
the dark disc. (h) Same spectra offset for clarity. The magenta dotted line indicates the approximate band minimum position and highlights the crystalline character of the
water-ice grains. The orange arrow shows the inflection in Cairo spectrum. Spectra from Damascus and Baghdad seem to lack this feature. The dotted box around 2.6 pm
highlights a spectral peak, observed in the case of eruptions along Damascus and Baghdad but not at Cairo. Errors on the data points are the same as those shown in
Fig. 4c, and are not included for the sake of clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Table 4
Estimated short wavelength (1-2.5um) spectral slope and associated uncertainties for the individual fissure eruptions

shown in Fig. 5 (spectra in 5c).

Fissure eruption  Spectral slope + Error  Offset + Error (Spectral slope + Error) | Estimated brightness at 1 pm
Cairo (10+£4) x 107 (171£7) x10°>  0.0554+0.021
Baghdad (25+4) x 10-° (257+£6) x10~>  0.0890+0.012
Damascus (58 +£5) x10> (187+8) x10°>  0.2376+0.019

tiger stripe fissure eruptions, provides further evidence for spectral shapes characterized by a smoothly transitioning (gently sloping)
differences within the plume. band that exhibits relatively steeper slope at shorter wavelengths
but gentler slope at longer wavelengths. Particle eruptions along
the Cairo fracture however, seem to display an inflection around
3.2um (orange arrow in Fig. 5d), which is not observed in erup-
tions over Damascus or Baghdad. As a result, the absorption band
at Cairo is wider (has larger band area) and is more asymmetric.

3.3. 3-Micron band shape variations

We also note subtle differences in the shape of the 3um ab-
sorption band across Damascus, Baghdad and Cairo sulci (best il-
lustrated in Fig. 5d) with the former two having similar band
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Fig. 6. Estimated short wavelength (1-2.5 um) spectral slope differences between
individual fissure eruptions, shown in Fig. 5 (spectra in 5c). The I/F values have
been scaled to unity at 1um to enable direct comparison of the slope differences
(without being affected by different offsets).

The shape of this inflection feature in the Cairo spectrum de-
pends on the type of background subtraction that has been ap-
plied. The inflection is observable when either the extended dark
disc or proximal regions are used for background subtraction (Fig.
5d, and f). However, no observable inflection is observed when
dark disc region based background subtraction is carried out. The
spectral cubes from Revs 121 and 136 (see appendix) are too noisy
around 3.2 pm to provide additional information about this partic-
ular observation. This highlights the challenge faced in the identifi-
cation of such subtle spectral features in noisy spectra. Meanwshile,
in a separate analysis of low spatial resolution observations of the
plume, where individual fissure eruptions cannot be resolved, we
have also observed a similar inflection around 3.2 pm in many ob-
servations (Dhingra et al., 2015, 2016). In view of the repeated oc-
currence of the 3.2 um feature in numerous observations at differ-
ent spatial resolution, we have carried out spectral modeling (see
Section 4.2) to explore the potential cause of this feature.

4. Interpretation of spectral features

In order to better constrain our spectral observations of the
water-ice eruptions, we modeled the contribution of various
physical parameters to the water-ice spectrum. The wavelength
range of VIMS is similar to the size range of the water-ice par-
ticles in the plume and therefore it requires the modeling to
be carried out within the framework of the Mie theory (e.g.
Brown et al., 2008,2016). The physical parameters considered in
the modeling include particle size distribution, temperature of for-
mation and amorphous vs crystalline phase of water-ice. Following
Hedman et al., (2009), we assume that the particle size distribu-
tion has the form dn/ds=s—3 W(s), where W(s) is a weight func-
tion that smoothly interpolates between a set of specified particle
sizes. For the high-phase-angle observations considered here, there
is a rather direct relationship between the observed brightness
trends and particle size, and so varying W(s) has relatively pre-
dictable and direct effects on the modeled spectra. The modeling
results have subsequently been compared with the observations in
Section 5.

4.1. Effect of crystalline vs amorphous phase on the position of band
minimum

The position of the 3 um band minimum is sensitive to whether
the water-ice is crystalline or amorphous (e.g. Mastrapa et al.,

25 -
20 S
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] Ice |
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0 +——— ey
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Fig. 7. Spectral modeling of water-ice phases. Model spectra of amorphous and
crystalline ice show differences in the band minimum position with ice phase and
at different temperature. However, note that the relative differences in the band
minimum position between crystalline and amorphous ice is still maintained high-
lighting the utility of this parameter in distinguishing between the two phases of
ice. We used weighting values of 0,1,1,0 for the particle sizes 1, 2, 3 and 4 pm re-
spectively, following the procedure of Hedman et al.,, (2009). The phase angle was
160°.

2009). We evaluated the spectral character of the ice phases (crys-
talline and amorphous) at different temperatures. In general, the
band minimum position of amorphous water-ice occurs at shorter
wavelengths compared to the crystalline ice (Fig. 7). We note that
there is also a detectable change in the band minimum position of
amorphous ice with respect to temperature (15 - 120 K). The band
minimum position shifts to longer wavelengths with an increase
in temperature, consistent with previous work (e.g. Mastrapa et al.,
2009). In contrast, the shift in band minimum for crystalline water-
ice does not vary much over the same temperature range.

Based on this spectral modeling, there is a difference of ~50 nm
between the band minimum position of crystalline and amorphous
ice phases, which can be easily resolved by Cassini VIMS obser-
vations with sampling of 16.6 nm. It should be noted that for the
small grains that dominate the plume signal, crystallinity is by far
the most important parameter, with particle size and temperature
being secondary (e.g. Vahidinia et al., 2011). This is in contrast to
the scattering signal from larger particles (where particles are sev-
eral times the interacting wavelength), in which case, all the three
parameters can significantly affect the location of the band mini-
mum.

4.2. Effect of particle size on band shape and spectral slope

We used different particle size distributions (see Table 5) to
evaluate their effect on the shape of the 3 um water-ice absorption
band for the case of crystalline ice. As explained earlier, the parti-
cle size distribution used in the modeling has the form dn/ds=s"3
W(s), where W(s) is a weight function. We used weighting values
of 0,1,1,0 for four specified particle sizes. The factors like [0, 1, 1, 0]
are multiplicative in nature, on top of an s—3 power law, which
is then interpolated at intermediate particle sizes. The obtained
model size distribution has a peak near the median of the spec-
ified particle sizes, and a width given by the difference between
the second and third particle sizes.

The computed model spectra reveal several interesting trends.
Relatively fine-grained and narrow particle size distribution gener-
ally gives rise to gently sloping wings in the interior of the 3 pm
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Table 5

The parameters used in generating the spectra in Fig. 8 to illustrate the effect of grain size on the shape of 3 pm band. Paucity of grain sizes less than
2pm (#6, #7, #8) seem to have a dramatic effect on the shape of the 3 um band, especially at longer wavelengths. W(s) is a weight function that

specifies the shape of the particle size distribution.

Spectra Particle radius (microns) Distribution (Weight) Comments

1. 1,25 8 0,110 Small + Large particle sizes, Wider range

2. 1,2,4,6

3. 13,67

4. 1,234 Small Particle sizes, Narrower range

5. 1,2, 25,35

6. 2,4,6,7 Increasingly larger particle sizes, Wide range
7. 2,579

8. 3,6,8, 10

30 -

N
o
1

Brightness

[y
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1

2 2.5 3 35 4
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Fig. 8. Assessment of the particle size effects on the shape of 3 um water-ice ab-
sorption band for crystalline ice. We used weighting values of 0,1,1,0 for each group
of selected particle sizes following the procedure of Hedman et al., (2009). The
spectra correspond to a formation temperature of 100K and scattering angle of 20°
(phase angle of 160°). The particle sizes used for each of the spectra are provided in
Table 5 below. Spectra over the entire wavelength range (1-4 um) are presented in
the supplementary figure S1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

absorption band at both short and long wavelengths (Fig. 8, #4,
#5). These absorption band slopes on both sides become increas-
ingly steep with the addition of larger grain sizes, making the ab-
sorption band relatively narrow but only up to a certain threshold
(Fig. 8, #1, #2, #3). For even larger particle sizes, the long wave-
length wing becomes increasingly flatter in slope, in contrast to
the still steep slope of the short-wavelength section of the absorp-
tion band (Fig. 8, #6, #7, #8). In addition, an inflection between
3.2-3.3um becomes increasingly prominent, making the absorp-
tion band very asymmetric and distorted. Although not an exact
match, this inflection closely resembles our earlier observations of
such a feature in the VIMS spectra of Cairo eruptions (marked by
orange arrow in Fig. 5d, f, and h).

We also note slope differences immediately outside of the ab-
sorption band (i.e. the absorption band wings) that could be useful
in interpreting remotely obtained spectral data. Smaller particles
with a narrow range have a flatter trend at shorter wavelengths
(<2.6pm) and a steeper trend immediately outside the absorption
band at longer wavelengths (> 3.5 um) (Fig. 8; spectra #4, #5). The
trend is reversed with the addition of slightly larger particles. The
slopes become steeper at shorter wavelengths outside of the ab-
sorption band while the flatter trend is observed at longer wave-
lengths. It should be noted that these trends are based on a lim-
ited set of iterations and many other possibilities may exist. How-

ever, the trends provide a fair idea about the nature of changes
that take place with differences in the particle size distributions
and are therefore very helpful in the interpretation of VIMS obser-
vations made here.

In the context of VIMS observations, the short-wavelength (1-
2.5um) spectral slope differences between the fissures eruptions
(Damascus having a distinctively redder slope compared to Cairo)
are interpreted to be due to the corresponding differences in their
respective particle size distributions. It should be noted here that
although VIMS has so far only detected water-ice particles in the
plume, there is evidence for the presence of organic particles in
the plume from other instruments (e.g. Postberg et al., 2011). Ac-
cordingly, apart from the water-ice particles, these organic parti-
cles may also have a role to play in the observed spectral slope
variations between individual fissure eruptions.

5. Discussion

The analyses of spatially resolved eruptions along individual fis-
sures have provided new insights about the character of Enceladus’
plume. This information has important implications for the under-
standing of subsurface environmental conditions as well as their
variability along the source fissures.

5.1. Dominantly crystalline character of the water-ice particles

The spectral analysis of water-ice particles along different
source fissures and across multiple observations suggest a domi-
nantly crystalline character based on the 3 pm band minimum po-
sition (Figs. 5, 7, 9 and 10). Our modeling results for the water-ice
particles (under a variety of conditions) further constrain the crys-
talline character of water-ice, indicating that the band minimum
position of crystalline ice is always located long ward in wave-
length (>2.8pum) with respect to the amorphous ice. The crys-
talline nature of the ice places constraints on the formation con-
ditions of the ice particles. The ice grains are thought to form by
some combination of vapor condensation (Schmidt et al., 2008)
and flash freezing of liquid droplets (e.g. Porco et al., 2006; Post-
berg et al., 2011). Crystalline ice is only expected to form from con-
densing vapor at temperatures above 130K (e.g. Hobbs, 1974), al-
though it can form at lower temperatures if the gas flux is suffi-
ciently low or the pressure is high (Kouchi et al., 1994). The gen-
erally warmer temperatures (> 130K), required for the formation
of crystalline ice, are consistent with the VIMS-based temperature
measurements (~ 200K) along one of the tiger stripe fractures,
using spatially resolved thermal emission at near infrared wave-
lengths (Goguen et al., 2013).

5.2. Sub-surface environmental variables are largely spatially uniform

Our spectral models show that relatively small variations in the
mean grain size can produce detectable changes in the spectral
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slopes and band shape. Considering the fact that the plume activ-
ity along the fissures is spread across a very large region (several
tens of kilometers), it is conceivable to have variations in parame-
ters like the vent geometry, sub-surface temperature gradient, sup-
ply from the reservoir and formation path length of these particles
which could potentially lead to differences in the particle proper-
ties (e.g. Schmidt et al., 2008). Hence, it is somewhat surprising
that the spectra of the material emerging from the different fis-
sures are so similar. These observations indicate that any variations
in the physical setting are actually quite modest.

5.3. Evidence for subtle spectral variability

Although the water-ice particle characteristics in the individual
fissure eruptions are relatively uniform, we do note some subtle
(but potentially important) differences based on the analysis car-
ried out so far. The presence of an inflection around 3.2-3.3 pm
in the spectra of the eruptions along Cairo is distinct from the
spectral character of the water-ice particles at Baghdad and Dam-
ascus. Based on our modeling studies, we interpret this difference
in the band shape characteristics to be consistent with the pro-
duction of relatively larger ice particles (>5pum) along the Cairo
fracture. Although it would be desirable to evaluate the spectral
variability with altitude or across any given eruption, the same is
difficult to assess due to signal-to-noise constraints. However, on
the basis of an on-going study, we have also reported band shape
variations in the integrated plume observations obtained at low
spatial resolution (Dhingra et al., 2016), providing independent
evidence for band shape differences in the 2.8 um water-ice ab-
sorption. Since the band shape differences are observable even at
the scale of the entire plume (rather than between individual fis-
sure eruptions contributing to the plume), these differences poten-
tially hold important clues about the inner workings of the plume.
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The band shape differences, together with the observed dif-
ferences in the short wavelength (1-2.5um) spectral slope are
likely linked to the differences in the grain size distribution across
various fissure eruptions. If true, it raises an important question
about the possible cause of these differences in grain size dis-
tribution. It is conceivable that the conditions within each tiger
stripe may be different and may be affecting the particle forma-
tion and transport processes (which would then impact the parti-
cle size). Accordingly, each fissure eruption may need to be treated
(and understood) separately. The exact cause of possibly different
grain size distributions along tiger stripe fissures is however, still
an open question because of our lack of clear understanding about
the formation process of the ice particles in the plume: Are all
ice particles forming directly from liquid water? Are all the parti-
cles individual grains or some of them aggregate together to form
larger particles (e.g. Gao et al., 2016)? Is there a contribution from
the icy walls? If yes, what is the abundance and size distribution of
those particles? Investigation of these different possibilities would
require several focused future studies.

6. Summary and conclusions

This work provides the first near-infrared look into the charac-
ter of eruptions along each of the tiger stripe source fissures. We
utilize the near-infrared range of the VIMS instrument to probe the
spectral character of the water-ice particles in the eruptions and
also model the spectra by varying environmental variables includ-
ing temperature, particle size and distribution. The major conclu-
sions from this study are as follows:

(i) We find that the water-ice particles are dominantly crys-
talline in character and accordingly infer that the subsurface
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formation temperature of these particles is likely greater
than 130K.

(ii) Our analysis highlights the remarkable uniformity in the
character of the water-ice particles which is striking com-
pared to the large spatial extent of the eruptions, and may
indicate that the vents and their immediate subsurface re-
gions have broadly similar properties.

(iii) This work also highlights subtle but important differences in
the spectral properties of water-ice particles erupting from
the tiger stripe fractures. We interpret Cairo’s distinctive
3 um band shape to be consistent with the presence of rel-
atively larger particles (>5um) in the eruptions from that
fissure, and the redder slopes in Baghdad and Damascus,
between 1 and 2.5um, due to the paucity of smaller size
water-ice grains (<2 pm) compared to the larger grain popu-
lation (~2-3 pm) erupting along these fissures. The observed
spectral peak (at 2.6-2.7 um) in the Damascus and Baghdad
eruptions and its absence in Cairo eruptions is another sub-
tle difference that may be important.

This study thus provides several new inputs for modeling the
formation of the giant geysers at Enceladus and in understand-
ing the dominant controls of the formation process of the particle
component of the plume.

7. Appendix

The spectra of the individual fissure eruptions from spectral
mosaics from Revs 121 and 136 (Figs. 9 and 10, respectively) pro-
vide additional support for the observations made based on spec-
tral cube from Rev 131 despite the fact that the two mosaics (#121
and #136) have relatively low signal to noise.
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