
MNRAS 527, 8131–8139 (2024) https://doi.org/10.1093/mnras/stad3621 
Advance Access publication 2023 No v ember 24 

Radial compositional profile of Saturn’s E ring indicates substantial space 

weathering effects 

Lenz N ̈olle, 1 ‹ Frank Postber g, 1 J ̈ur gen Schmidt, 1 , 2 Fabian Klenner, 3 Nozair Khawaja , 1 Jon Hillier, 1 

Sascha Kempf, 4 Sean Hsu 

4 and Ralf Srama 

5 

1 Institute of Geological Sciences, Freie Universit ̈at Berlin, Malteserstraße 74-100, D-12249 Berlin, Germany 
2 Space Physics and Astronomy Research Unit, University of Oulu, P.O.Box 8000, FI-90014 Oulu, Finland 
3 Department of Earth and Space Sciences, University of Washington, 4000 15th Avenue NE, WA 98195 Seattle, USA 

4 Laboratory for Atmospheric and Space Physics, University of Colorado, 1234 Innovation Dr, CO 80303 Boulder, USA 

5 Institute of Space Systems, University of Stuttgart, Pfaffenwaldring 29, D-70569 Stuttgart, Germany 

Accepted 2023 No v ember 20. Received 2023 July 26; in original form 2023 November 20 

A B S T R A C T 

Saturn’s large and diffuse E ring is populated by microscopic water ice dust particles, which originate from the Enceladus 
plume. Cassini ’s Cosmic Dust Analyser sampled these ice grains, revealing three compositional particle types with different 
concentrations of salts and organics. Here, we present the analysis of CDA mass spectra from several orbital periods of Cassini , 
co v ering the re gion from interior to Enceladus’ orbit to outside the orbit of Rhea, to map the distribution of the different particle 
types throughout the radial extent of the E ring. This will provide a better understanding of the potential impact of space 
weathering effects on to these particles, as the ice grains experience an increasing exposure age during their radially outward 

migration. In this context, we report the discovery of a new ice particle type (Type 5), which produces spectra indicative of 
very high salt concentrations, and which we suggest to evolve from less-salty Enceladean ice grains by space weathering. The 
radial compositional profile, now encompassing four particle types, reveals distinct radial variations in the E ring. At the orbital 
distance of Enceladus our results are in good agreement with earlier compositional analyses of E ring ice grains in the moon’s 
vicinity. With increasing radial distance to Saturn ho we ver, our analysis suggests a growing degree of space weathering and 

considerable changes to the spatial distribution of the particle types. We also find that the proportion of Type 5 grains – peaking 

near Rhea’s orbit – probably reflects particle charging processes in the E ring. 

Key words: astrochemistry – methods: data analysis – planets and satellites: individual: Enceladus – planets and satellites: 
rings. 
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.  I N T RO D U C T I O N  

aturn’s diffuse E ring is one of the largest known planetary rings
n the Solar system. It spans radially from at least 2.5 R Saturn (Linti
t al., in preparation; Saturn equatorial radius R Saturn = 60 268 km),
ncompassing the orbits of the icy moons Mimas, Enceladus, Tethys, 
ione, and Rhea, and extending at least to Titan’s orbit at about 20
 S (Kempf et al. 2008 ; Srama et al. 2011 ). Besides that, it extends

housands of kilometers v ertically a way from the equatorial (ring)
lane (Nicholson et al. 1996 ; de Pater, Martin & Showalter 2004 ;
orco et al. 2006 ; Kempf et al. 2008 ). Enceladus was an early
andidate as the main source of the E ring, as the ring’s edge-
n brightness profile peaks near the moon’s mean orbital distance 
Baum et al. 1981 ; Showalter, Cuzzi & Larson 1991 ). Now known
o be primarily composed of μm to sub- μm sized water ice dust
Hillier et al. 2007a ; Postberg et al. 2008 ), nearly 40 years ago the
hotometric properties of the ring were found to be a good match to
pherical ice particles with a narrow size distribution, for which 
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cryo)volcanic liquid water emission was suggested as a source 
Pang et al. 1984 ; Showalter et al. 1991 ). Later observations with
he instruments onboard the Cassini orbiter ultimately confirmed 
his, when cryo-volcanoes along the so-called tiger stripes fractures, 
ross cutting the icy crust at the south polar terrain of Enceladus,
ere disco v ered (Dougherty et al. 2006 ; Porco et al. 2006 ; Spahn

t al. 2006a ). A plume of gas and water vapour (Dougherty et al.
006 ; Hansen et al. 2006 ; Waite et al. 2006 ) is ejected from the tiger
tripes into space, carrying the microscopic water ice particles (Porco 
t al. 2006 ; Spahn et al. 2006a , b; Hillier et al. 2007a ; Schmidt et
l. 2008 ). Most of the emitted grains fall back on to the surface of
nceladus (Kempf, Beckmann & Schmidt 2010 ) while a substantial 
art ( ≈10 per cent) escapes the moon’s Hill sphere, forming and
ustaining the E ring (Spahn et al. 2006a , b ; Kempf et al., 2010 ,
018 ). The disco v ery of salts in about 10 per cent of these E ring
ce particles (Postberg et al. 2009a ) and in an even larger proportion
f plume grains (Postberg et al. 2011 ) indicates the existence of a
ubsurface ocean, the source of the water ice grains and vapour,
eneath Enceladus’ ice crust. 
The Cassini spacecraft, launched in 1997, was a flagship mission 
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Figure 1. Schematic cross section of the CDA dust analyser subunit 
(Postberg et al. 2006 ). Depicted are its different parts and the attached charge 
amplifier channels. 
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gency (ASI), with the goal of investigating the Saturn system. After
ts arri v al on 2004 July 1, it operated until 2017 September 15, when
t plunged into Saturn’s atmosphere. One of its instruments was the
osmic Dust Analyser (CDA), an impact-ionization dust detector,
esigned to examine the properties of planetary , interplanetary , and
nterstellar dust particles in the Saturnian system (Srama et al.
004 ). For this purpose, it had multiple subsystems to determine
ust particle masses, surface charges, impact v elocities, flux es, and
ompositions. The latter was determined by CDA’s chemical analyser
CA) subunit, a linear impact ionization time of flight mass spec-
rometer, which produced basic chemical analyses of the material
rom impacting dust particles (Srama et al. 2004 ; Postberg et al.
009b ). 
During Cassini ’s numerous orbits passing through the E ring, the

DA recorded hundreds of thousands of mass spectra of the ring’s icy
ust particles. Previous analyses of these mass spectra revealed three
ain compositional classes of icy dust particles in the E ring, which

ll are proposed to originate – directly or indirectly – oceanic water
nside the tiger stripe fractures. The first and most abundant particle
ype (i. e. Type 1) is one of almost pure water ice with only minor
races of salts (Postberg et al., 2008 , 2009a ). This type of particle
s presumably formed by the condensation and freezing of water
apour in the ice vents, within the crust of Enceladus beneath the tiger
tripes (Postberg et al. 2018b ; Cable et al. 2021 ). The second particle
ype (Type 2) describes ice particles with a detectable content of
rganic substances (Postberg et al. 2018a ; Khawaja et al. 2019 ). For
his population, two different formation mechanisms are currently
onsidered to be at work in parallel: adsorption of volatile, low-
ass organics on to Type 1 ice particles and refractory organic spray

roplets, rich in high-mass organics produced by b ubble b ursting at
he ocean water surface, that are subsequently enveloped by ice from
ondensing water vapour in the ice vents (Postberg et al. 2018b ;
able et al. 2021 ). The third type (Type 3) are water ice particles

trongly enriched in salts (Postberg et al. 2009a ). These likely form
y freezing of oceanic water droplets, produced by turbulence of
he w ater surf ace (Postberg et al. 2009a ; Cable et al. 2021 ). These
roperties are summarized in Table S1 . 
So far, the proportions of these three compositional types have only

een investigated for Enceladus’ plume (Postberg et al. 2011 ) and
he inner E ring (Postberg et al. 2009a ). In this work, we present the
rst, comprehensive, radial compositional map through the E ring,
ased on Cassini CDA data from se veral lo w inclination, equatorial
 ring plane passages. We also aim to find compositional evidence
f alteration of these icy dust particles with radial position, by e.g.
pace weathering effects. During the dust particles’ lifetimes of up
o more than one century (Hor ́anyi, Juh ́asz & Morfill 2008 ) they
lowly migrate outwards, increasing their semimajor axes, due to
o-rotational drag from the Saturnian plasma (e.g. Dekarev et al.
998 ). This statistically links the particles’ ages to their average
istance to Saturn upon detection, making a radial, compositional
ap a promising target to look for the impact of space weathering.
urthermore, we discuss a newly disco v ered E ring particle type
ith respect to its mass spectral and dynamic properties, to infer

ts spatial origin and formation mechanism as well as its possible
ink to space weathering processes. In this context, we present the
esults of a dedicated laboratory analogue measurement campaign
ith the laser-induced liquid beam ion desorption (LILBID) time-of-
ight mass spectrometer at Freie Universit ̈at Berlin. By comparing

hese LILBID analogue spectra with the respective CDA spectra, as
imilarly done before for the main particle types (e.g. Postberg et
l. 2009a ), we are able to put first constraints on the exact particle
omposition of this new type. 
NRAS 527, 8131–8139 (2024) 
.  INSTRU MENTS  A N D  DATA  ANALYSI S  

.1. Analysis of CDA mass spectra 

he CDA instrument and its various parts have been described in
etail by Srama et al. ( 2004 ). Here, we focus on CDA’s dust analyser
DA) unit (Fig. 1 ) and in particular the CA subsystem, a simple,
mpact-ionization, linear time-of-flight mass spectrometer. Positive
ons, generated during hypervelocity dust particle impacts on the
hodium CA target (CAT; see Fig. 1 ), are accelerated towards the
ultiplier (MP) by the strong electrostatic field between the CAT

nd the accelerator grid. The majority of the subsequent path to the
P is in a low-field drift region, causing the ions’ separation based

n their mass-to-charge ratios ( m/z ). Ion arri v al times (t i ) are related
o their masses ( m i ) via the relation t i = a 

√ 

m i + t 0 , where a, the
stretch’ parameter is related to the instrument field configuration
nd geometry and t 0 , the ‘shift’ parameter, is related to instrument
riggering, as will be discussed below. 

For the spectra considered in this work, recording of a mass
pectrum was triggered only when the signal of one of two charge
mplifier channels (Fig. 1 ; QC at the CAT or QM at the MP)
xceeded a preassigned threshold. Thus, we distinguish different
ases: (a) impact trigger – the impact signal, measured by the QC
hannel, exceeded the assigned QC trigger threshold; (b) line trigger
here the first ion species, arriving at MP, created a signal strong

nough to exceed the trigger threshold of the QM channel. This
appened either when the impact signal was too weak to exceed
he QC trigger threshold or by design, when the QC channel was
ot enabled as a trigger. In case (b) spectrum recording started after
 delay corresponding to the time-of-flight (ToF) of the triggering
on species. This time delay is represented by t 0 (shift parameter)
nd its value, which varies from spectrum to spectrum, reflects the
espective trigger types. t 0 values of 0 to −0.4 μs are characteristic
or an impact trigger, whereas t 0 values of around −0.5 μs and
maller are typical for line triggering, in most cases corresponding
o the ToF of the triggering ion species. Typical triggering ion
pecies are 1 H 

+ ( m/z ≈ 1 u; t 0 ≈ –0.48 ± 0.05 μs), [ 1 H 3 
16 O] + 

 m/z ≈ 19 u; t 0 ≈ −2.05 ± 0.1 μs) or 23 Na + ( m/z ≈ 23 u; t 0 ≈
2.25 ± 0.1 μs). Due to an instrument incident in autumn 2008,

ossibly linked to the fast, deep dive through the Enceladus plume
uring the E5 flyby (see Postberg et al. 2011 ), the QC channel

https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stad3621#supplementary-data
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xperienced a massive sensiti vity loss, ef fecti vely rendering impact- 
riggered spectra impossible. Since then, the line triggering is the 
nly rele v ant CDA CA trigger mechanism for E ring ice grains.
he stretch parameter a is defined by the instrument’s geometry and 
eld strengths. Previous works with CDA spectra suggest values 
etween approximately 470 and 480 ns, with about 477 ns being 
he theoretical value for the nominal instrument voltages and zero 
nitial energy ions. Here, a cross-correlation approach was used to 
etermine the exact values of t 0 and a, adapted from Postberg et
l. ( 2006 , 2008 , 2018a ). We refer to these publications for further
etails about the mass spectrum generation and calibration process. 
ollowing the individual calibration, the mass spectra are classified 
ased on the presence and/or absence of mass lines of characteristic 
on species, based on the results from previous analyses of CDA 

ass spectra (Table S1 ). 
For the radial compositional mapping of the E ring, only CDA 

pectra were considered, that were recorded during periods when 
assini passed though the E ring close to Saturn’s equatorial ring 
lane (RPL, | d RPL | < 0.1 R Saturn ; Table S2 ). This geometrical
onstraint was chosen to a v oid introducing bias to the inferred radial
ompositional profile by possible vertical, compositional variations 
f the ring. A potential remaining bias is the periodic change 
n CDA’s boresight (CDA–BS). Depending on whether CDA was 
he prioritized instrument or whether other instruments were given 
riority for their observations, CDA pointed into different directions 
uring Cassini ’s orbits. This resulted in frequent situations in which 
he angular distance between the CDA–BS and the reference influx 
irection for dust particles on circular orbits, called Dust–RAM, 
as larger than the aperture angle of the CAT subsystem of ± 28 ◦

relative to CDA–BS; Srama et al. 2004 ). In such cases, the CAT
as insensitive to the E ring particles with low to moderate orbital

ccentricities, rele v ant for our analysis. Thus, all sections of the
elected orbital periods during which the angle between the CDA–BS 

nd Dust–RAM was > 25 ◦ are not considered for the spatial analysis,
o reduce any bias introduced by dynamically different particles on 
ighly eccentric orbits. Thus, from the 7536 actual spectra, found 
n the analysed periods (Table S2 ), 6370 are considered for the
adial E ring mapping in this work. To produce the radial profile
or the mapping, the spectra were sorted with respect to Cassini ’s
istance to Saturn at the moment of their detection. Starting at 
he lower distance limit, they are grouped into overlapping bins 
50 per cent o v erlap) with a constant number of spectra per bin for
omparable statistical error margins. Then, the spectral proportions 
nd corresponding statistical errors are calculated for each spectral 
ype and bin. A bin size of 720 spectra/bin has been selected for the
adial mapping to achieve a good compromise between number of 
ins (spatial resolution) and sample size per bin (statistical error). 

.2. Laboratory analogue measurements 

o investigate the composition of the new particle type (see Section 
.1 ), analogue measurements with the LILBID time-of-flight mass 
pectrometer at Freie Universit ̈at Berlin (Germany) of multiple, 
ighly concentrated NaCl–KCl–H 2 O mixtures were conducted. For a 
etailed description of the instrumental set-up, the working principle 
s well as the comparability with CDA’s CA subsystem we refer
o Klenner et al. ( 2019 ). All NaCl–KCl solutions were prepared
ith doubly distilled and deionized H 2 O (18.2 MW ‘Milli-Q’) and 

he molar ratio of NaCl/KCl was adjusted to mimic 23 Na + / 39 K 

+ 

eak amplitude ratios of around 2–3. Overall salt concentrations 
 = c NaCl + c KCl ) of 1, 2, and 4 mol L 

−1 were used to study the
ffect of growing salt concentrations. The spectrometer uses delayed 
on extraction to simulate different CDA particle impact speed 
onditions, with a lower delay time corresponding to a higher impact
peed and higher delay times corresponding to lower impact speeds 
Klenner et al. 2019 ). Thus, to take into account the impact speed
ariations of our data (Table S2 ), ion extraction delay times of 4.9
nd 5.1 μs were chosen. Because a single spectrum record from one
aser shot on to the water beam exhibits a relatively high level of
ackground noise, the instrument software co-adds a preset number 
f such single spectra to produce the final spectrum with a distinctly
igher spectral S/N . For a good compromise between the degree of
/N enhancement and the accompanying increase of the measurement 
ime/required sample volume, the number of single spectra to co-add 
as set to 300 spectra per measurement. 

.  RESULTS  

.1. A new compositional type 

he compositional analysis of CDA mass spectra from the selected 
eriods (Table S2 ), revealed a new compositional type of E ring
articles. In contrast to the three main types (Table S2 ; Fig. S1 a–c),
he characteristic spectral features of this type consist of only two
eaks ( S/N � 3 σ noise , σ noise → uncertainty based on the individual 
pectral background noise), we call main peaks , corresponding to 
he mass lines 23 Na + and 39 K 

+ , and which indicate a salt-related
omposition. Other prominent mass lines, indicative e.g. for water 
re missing. Thus, extending the existing classification of three E 

ing ice particle types (Table S1 ) as well as a fourth type of non-
 ring mineral dust (Altobelli et al. 2016 ; Fischer et al. 2018 ), we
ame this type ‘Type 5’. In total, 180 spectra of this type have been
dentified (without BS filtering), which can be separated into two 
ubpopulations based on the trigger case. Those with both main 
eaks (Fig. 2 a) present (31 spectra) are subsequently referred to as
early triggered’ ( t 0 > −2 μs). The remaining 149 were line triggered
n 23 Na + , only show the 39 K 

+ mass line (Fig. 2 b) and are called ‘late
riggered’ ( t 0 < −2.15 μs). 

Tiny spectral signatures ( S/N < 3 σ noise , Fig. S2 ), subsequently
eferred to as minor peaks , can be observed occasionally. Most minor
eaks correspond to salt–cluster mass lines typically observed in 
DA spectra of salt-bearing ice particles (Type 3; see Tables S1
nd S3), further constraining the possible particle composition to a 
ombination of salts and water ice. Impact speed dependent changes 
f the spectral appearance have not been observed as well as mass
ines from the CA target material rhodium ( 103 Rh + , m/z = 103 u)
r CA target contaminants like carbon ( 12 C 

+ , m/z = 12 u). These
ass lines typically occur in CDA mass spectra recorded at impact

peeds exceeding 9 km s −1 (Postberg et al. 2009b ) and thus their
bsence restricts the impact speed to this upper limit. Since this
peed limit is in good agreement with the predicted Kepler–RAM 

peeds (Tables S2 and S4 ), Type 5 particles must exhibit comparable
article dynamics to the other E ring ice particles and thus their origin
ust be located inside the E ring. 
As a next step, the 23 Na + / 39 K 

+ peak amplitude ratios were
etermined from early triggered spectra of sufficient spectral quality 
Fig. 3 ). From the 31 early triggered spectra 15 – defined here
s the Type 5 archetypes – are qualitatively good enough to be
onsidered for this approach (see Table S4 ). Except for two outliers,
he archetype spectra exhibit 23 Na + / 39 K 

+ peak ratios < 3, with the
 v erall av erage 23 Na + / 39 K 

+ peak ratio being located at 2.4. This
evel is more than one order of magnitude lower than in Type 3,
hat typically exhibit 23 Na + / 39 K 

+ peak amplitude ratios of > 100
Postberg et al. 2009a ). 
MNRAS 527, 8131–8139 (2024) 
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(a)

(b)

Figure 2. Type 5 example spectra: (a) Early triggered ( t 0 > −2 μs); (b) Late 
triggered ( t 0 < −2.15 μs). 

Figure 3. Distribution of the 23 Na + / 39 K 

+ peak amplitude ratios for the 15 
archetype spectra of Type 5. Bin size = 0.5. 
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Figure 4. Peak amplitude ratios of 23 Na + /[ 23 Na 35 Cl] 23 Na + derived from 

LILBID measurements of NaCl–KCl–H 2 O mixtures with a molar NaCl/KCl 
ratio of nine for different o v erall salt concentrations, measured at delay times 
of 4.9 and 5.1 μs. The depicted error bars represent the statistical error, 
since each measurement point has been derived from a spectrum itself being 
composed of 300 averaged spectra. 

Figure 5. Profile of the relative frequency distribution of Type 5 along the 
radial extent of the E ring. The grey shaded area states the standard error of the 
mean: SEM = 100 ∗ √ 

p Type ∗ ( 1 − p Type ) /n tot , with p Type = n Type /n tot , 
where n Type here is the number of Type 5 detections in the respective bin 
and n tot is the preassigned bin size of 720 spectra bin −1 . The dashed lines 
mark the mean orbital distances of the icy moons Enceladus (En), Tethys 
(Th), Dione (Di), and Rhea (Rh). 
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LILBID analogue experiments (Klenner et al. 2019 ) with highly
oncentrated salt-water solutions were conducted to constrain further
he actual composition of the grains which produce Type 5 spectra.
he 23 Na + / 39 K 

+ peak amplitude ratios observed in Type 5 spectra are
eproduced best by a molar NaCl/KCl ratio of around 3–10 (see Fig.
3 ). The 23 Na + /[ 23 Na 35 Cl] 23 Na + peak amplitude ratio shows a clear

ncrease with increasing o v erall salt concentration (Fig. 4 ). Based
n this trend, the almost complete absence of the [ 23 Na 35 Cl] 23 Na + 

ass line in Type 5 spectra, except the rare occurrence as a minor
ass line, suggests an o v erall salt concentration in the ice particles

f > 4 mol L 

−1 . 
NRAS 527, 8131–8139 (2024) 
Unfortunately, higher salt concentrations cannot be measured with
his analogue experiment due to the incipient precipitation of ice and
alts at the instrument nozzle outlet that blocks the water beam.
o we ver, e ven this lo wer limit would be a salt concentration at least
ne order of magnitude higher than the salt concentrations inferred
or Type 3 particles ( ≈ 0.2–0.3 mol L 

−1 of salts; Postberg et al.
009a ). We also see (Fig. 4 ), that the LILBID delay time and thus the
article impact speed on to CDA–CAT, clearly affects the resulting
eak amplitude ratio, indicating that the impact speed also plays an
mportant role in the formation of Type 5 spectra. 

In order to identify the source of Type 5 particles, we conduct
 radial mapping of the type’s frequency relative to the other E
ing ice particles (Fig. 5 ). From the o v erall 180 identified spectra of
ype 5, 142 are considered for this mapping due to the limitation
f the CDA–BS (see Section 2.1 ). Unexpectedly, the Type 5 particle
roportion has a sharp maximum ( ≈7 per cent) at distances between
 and 8.5 R Saturn . They are least frequently detected ( < 0.5 per cent)

https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stad3621#supplementary-data
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Figure 6. Sum-spectra of NaCl-rich Type 3 for the two distance regimes of 
4–6 R Saturn (23 spectra, blue line) and 7–9 R Saturn (11 spectra, orange line) 
from Saturn. 
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Figure 7. Profile of the relative spectral frequency distribution of all particle 
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Figure 8. Profile of the relative spectral frequency of the Type 2–HMOC 

subtype along the radial extent of the E ring (based on data from Postberg et 
al. 2018a ). 
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t the orbital distance between 4 and 5 R Saturn , just outside the orbit
f Enceladus (3.95 R Saturn ), which marks the densest region of the E
ing. As we will discuss later in detail (see Section 4.1 ), this argues
gainst a direct Enceladus origin of this very salty, compositional 
ype. Instead, they could represent old, heavily space weathered Type 
 particles, accumulating in the E ring near the orbit of Rhea. 

.2. Analysis of Type 3 spectra 

o further investigate this hypothesis and take into account our 
aCl-based laboratory results, we analyse the sum-spectra of NaCl- 
ominated ∗ Type 3 CDA spectra (Fig. 6 ), obtained in two sep-
rate E ring regions at distances of 4–6 R Saturn (inner) and 7–9
 Saturn (outer) from Saturn. A distinct trend is apparent for the 
a + /[NaCl]Na + peak amplitude ratio, with the ratio in the inner 

egion (3.4 ± 0.7) being only about half of the ratio that is found
n the outer region (6.7 ± 2.0). From the experimental results 
Fig. 4 ), showing 23 Na + /[ 23 Na 35 Cl] 23 Na + peak ratios increasing
ith o v erall salt concentrations, we therefore infer that the salt-

oncentrations in Type 3 particles increase with radial distance from 

aturn. This supports the hypothesis that Type 5 particles evolve 
rom Type 3 particles. Interestingly, the Na + /K 

+ peak amplitude 
atios of 178.1 ± 37.1 (inner) and 73.9 ± 22.3 (outer) for these 
ype 3 spectra indicate a distinct, distance-dependent increase of the 
otassium signal, whereas the Na + /[NaOH]Na + amplitude ratios of 
.0 ± 0.6 for the inner region and 3.0 ± 0.9 for the outer show no
lear trend. 

.3. Spatial E ring analysis 

he spectral frequency profile of the other spectral types of ice 
articles (Fig. 7 ) shows distinct changes from the densest regions 
f the E ring to the thinner, outer part. Just outside the orbit of
nceladus the original Types 1, 2, and 3 are in good agreement with

he proportions found in the E ring close to the Enceladus plume
Postberg et al. 2011 , 2018b ; Fig 7 blank symbols). Type 1 is then
ontinuously more frequently detected with increasing distance from 

aturn from ≈55 per cent at 4 R Saturn to almost 80 per cent in the
uter E ring. The relative frequency of Type 2 declines with distance
o Saturn from almost 30 per cent to a minimum ( ≈8 per cent) at
round 8–9 R Saturn . The Type 3 proportion first grows to a frequency
aximum ( ≈22 per cent) at around 6 R Saturn , near the orbital distance
f Dione and then drops again continuously to about 9 per cent in the
uter E ring. Outside 12 R Saturn the spectral frequency trends of all
article types plateau. 
Similarly, we analyse the radial distribution of the relative fre- 

uency of the Type 2–HMOC subtype, in which complex refractory 
rganics are present (’High-Mass Organic Cations’; Postberg et al. 
018a ), along the radial extent of the E ring (Fig. 8 ). Here we observe
gain a declining trend, as with the distribution of the general Type
. From the orbital distance of Enceladus out to 12 R Saturn the relative
requency of Type 2–HMOC drops by a factor of about 10. 

.  DI SCUSSI ON  

.1. Origin of Type 5 grains 

ur work revealed a characteristic set of properties for Type 5
articles: Indications for a salt/water ice composition (Fig. 2 and 
ables S2 and S3 ) with very high salt concentrations ( > 4 mol L 

−1 ),
MNRAS 527, 8131–8139 (2024) 
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M

Figure 9. Simple idealized schematic on how the Type 5 particles possibly 
form from Type 3 particles via erosion by plasma sputtering (arrows). The 
ongoing bombardment by ions and electrons continuously erodes the salt- 
poor ice shell (red) while the salt-rich ice core (grey) is mostly unaffected. 
Since the absolute amount of salt remains about constant or is remo v ed more 
slowly than the ice, salt concentrations increase throughout the process and 
eventually suppress other mass lines in the spectra, producing the reported 
spectral appearance of Type 5. 
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ikely originating from inside the E ring with an increased probability
f detection far outside the orbit of Enceladus (Fig. 5 ). Thus, we
uggest here that Type 5 particles represent extremely salt-rich water
ce particles, secondarily formed inside the E ring o v er time. The

ost likely predecessor particles are the salt-bearing Type 3 particles,
jected by Enceladus (Postberg et al. 2009a , 2011 ). Plasma sputtering
ould be the responsible transformation mechanism to erode E ring
articles (Jurac et al. 2001a ; Jurac, Johnson & Richardson 2001b ;
ohnson et al. 2008 ; Hsu et al. 2011a , b, 2015 ). During the formation
f Type 3 particles, ice and salt are likely separated by the freezing
rocess and it is possible that salts accumulate preferentially in the
article core. The continuous erosion of the salt-poor shell by plasma
puttering (Fig. 9 ), preferentially removing the water ice, would
onsequently lead to an increasing salt concentration o v er time. Ev en
f the salt is not accumulated around the centre but elsewhere in
he particle (e.g. in the form of salt veins) an increase of the salt
oncentration o v er time is still possible when considering different
puttering rates of water ice and salt. As discussed by Hsu et al.
 2011b ) for Saturnian stream particles, water ice exhibits several
imes higher sputtering rates than silicate (Tielens et al. 1994 ; Guillet,
ones & Pineau Des For ̂ ets 2009 ). Based on this, salts, as another
ineral component, can be assumed to be also more resistant against

puttering than water ice, which again would result in a preferential
rosion of the water ice, causing an increase of the salt concentration
 v er time. 
Such a correlation of particle age and salt concentration is also

upported by our observations in the NaCl-rich Type 3 spectra
t different distances to Saturn (Fig. 6 ) in combination with our
aboratory results of different salt concentrations (Fig. 4 ). The NaCl-
ich Type 3 particles from larger distances to Saturn tend to be
lder than those found at lower distances, due to the outwards-
irected particle migration, driven by plasma drag (Dikarev & Krivov
998 ). Our results (Figs 4 and 6 ) suggest that salt concentration
n Type 3 particles grows with distance to Saturn and thus age.
he actual transition to Type 5 would then take place when the
alt concentration has grown beyond a concentration threshold, that
ltimately causes the suppression of salt cluster-related mass lines.
he remaining elemental mass lines of 23 Na + and 39 K 

+ then produce
he characteristic spectral appearance of Type 5. 

It is also important to point out, that the observed delay time
ifferences in our laboratory results (Fig. 4 ) indicate that – in addition
NRAS 527, 8131–8139 (2024) 
o high salinity – higher impact speeds suppress the formation of salt
luster ions (here [ 23 Na 35 Cl] 23 Na + ). This conclusion is based on
he reverse correlation of LILBID instrumental delay time and CDA
mpact speed (Klenner et al. 2019 ) and could ultimately result in
he enhancement of Type 5 spectral characteristics from ice particles
hat would produce Type 3 spectra at lower impact speeds. Hence, in
uture CDA spectra revisions we expect to see a relatively higher
roportion of Type 5-like spectra in CDA data from high-speed
nceladus plume flybys (e.g. E5; Postberg et al. 2011 ) or during
igh-speed passages of the inner E ring (Linti et al., in preparation)
ompared to those of low speed plume flybys (e.g. E17; Postberg et
l. 2018b ). 

Ho we ver, if Type 5 really stems from Type 3 and only water
ce is eroded in the process of transformation, both types should
how comparable ratios of sodium and potassium salts and thus
3 Na + / 39 K 

+ peak amplitude ratios. But as reported earlier, the Type
 archetypes (early triggered and a good spectrum quality) mostly
xhibit moderate ratios ( < 3; Fig. 3 ), while the vast majority of Type
 spectra is dominated by sodium salts and on average exhibits
ery high 23 Na + / 39 K 

+ peak amplitude ratios of about 100 and larger
Postberg et al. 2009a ). We suggest here two scenarios that may
xplain this discrepancy. 

First, we cannot rule out that besides the water ice also parts of
he salts are eroded. For example if the assumed salt-rich ice core
f Type 3 particles is not compositionally homogeneous but exhibits
 further stratification into a sodium-rich subshell and potassium-
ich core, parts of this subshell could also be eroded by the plasma
puttering. This would result in a loss of sodium salts relative to the
otassium salts, causing the observed reduction of the 23 Na + / 39 K 

+ 

eak amplitude ratio. In this context, also the preferred erosion of
odium o v er potassium, as pointed out by Johnson et al. ( 2002 ) based
n sputtering of Na and K on Europa’s icy surface, could be a possible
xplanation. 

The second explanation is an observational bias, in which spectra,
ith a relatively strong 39 K 

+ mass line, were preferentially identified
s Type 5. Type 5 spectra, produced by grains with 23 Na + / 39 K 

+ peak
mplitude ratios typical for Type 3, would consist of a single peak,
he mass line 23 Na + , which in the case of line triggering would even
e truncated. This reduced the chance that the spectra were identified
s valid spectra by CDA’s onboard software and transmitted to Earth.
oreo v er, ev en if transmitted, the calibration of single peak spectra

s generally difficult without at least one second point of reference.
 or e xample the numerous line-triggered and thus single peak Type
 spectra in this work, just showing the 39 K 

+ mass line, could only be
dentified as 23 Na + -triggered, based on the shift parameter exhibiting
 t 0 value of around −2.25 μs (see Section 2.1 ), when the single peak
s assigned to the mass 39 u. For spectra with 23 Na + being the actual
ingle peak, this approach would not work ho we ver. Hence, it is
ikely that CDA spectra of Na-dominated ‘Type 5-Na’ grains are
uch more abundant in reality than the K-rich Type 5 population of

his work. They do not show up in the Type 5 data set because the
are cases dominate, that exhibit sufficient potassium to allow a mass
alibration. We conclude that the Type 5 spectra rich in both Na and
 salts reported here, are likely to be the ‘tip of the iceberg’ of a much
ore numerous, very high salinity E ring population, dominated by

odium salts. 

.2. Implications for E ring dynamics 

 remarkable finding is that the peak in the relative frequency of
ype 5 particles lies between the orbits of Dione and Rhea (Fig. 5 ).
ince we have no indication of other sources for salt rich dust in this
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 ring region, these grains probably still originate from Enceladus. 
s previously mentioned, we suggest that during the time spent in the

ircumplanetary environment the nearly pure ice mantles of the Type 
 grains are increasingly eroded by sputtering due to magnetospheric 
lasma (Fig. 9 ). Simultaneously, the drag e x erted by the plasma will
ransport the grains radially outw ard, aw ay from Enceladus (Dikarev 
 Krivov 1998 ), such that grains in more distant orbits from their

ource will tend to be older. Thus, with increasing distance from
nceladus, an increasing fraction of the Type 3 particle population 

s indeed expected to turn into Type 5 (Fig. 7 ). 
The time per radial distance that a grain is exposed to plasma

puttering will be increased if the outward orbital migration of dust
articles is slowed down by other dynamical processes. One such 
rocess has been described by Mitchell, Colwell & Hor ́anyi ( 2005 ).
n the E ring, dust particles are subject to charging, by collisions with
lectrons and ions from magnetospheric plasma, including the effect 
f secondary electron emission, and photo emission due to Solar UV. 
s a result, grains acquire a ne gativ e charge within approximately
–8 R Saturn from Saturn and a positive charge radially outward from
his distance (Horanyi, Burns & Hamilton 1992 ; Kempf et al. 2006 ).
 minimum of the ne gativ e charge, and thus the equilibrium potential
 , has been measured at an approximate orbital distance of 7 R Saturn 

Kempf et al. 2006 ). As outlined by Mitchell et al. ( 2005 ), owing
o the finite charging times (the time that it takes a grain to acquire
he equilibrium potential), a charged grain on an eccentric orbit can 
xchange energy with the magnetospheric, corotational electric field. 
n particular, in regions where d � 

d r < 0 (i.e. roughly inside 7 R Saturn )
he grain will gain energy leading to an increase of its semimajor axis.
n regions where d � 

d r > 0 (outside 7 R Saturn ) the grain loses energy
nd the semimajor axis decreases. Thus, when acting on top of other
ynamical processes induced by perturbations from solar radiation, 
lasma drag as well as the planetary magnetic field and higher-order 
ravity (Horanyi et al. 1992 ; Dikarev & Krivov 1998 ), this effect
ay lead to a slo wdo wn of the outward orbital migration of E ring

ust and with that to longer orbital residence times in the region
etween 7 R Saturn and 8.5 R Saturn . Since Type 5 presumably evolves
ia the process of plasma sputtering from Type 3 particles, longer 
esidence times in this region of the E ring should result in relatively
ore Type 5 particles evolving locally than in other ring regions, 
hich is in good agreement with our results (Fig. 5 ). Therefore,

his mechanism should be the reason for the Type 5 frequency peak
etween 7 and 8.5 R Saturn . The frequency decrease of Type 5 at
istances larger than 8.5 R Saturn from Saturn (Fig. 5 ) can also be
xplained by this mechanism. When finally migrating out of the 7–
.5 R Saturn region, the Type 5 particles, already being smaller due to
heir sputtering-dri ven e v olution from Type 3, ha ve been eroded to
ven smaller sizes, if not completely. This increases the chance that 
he y hav e declined below the detection threshold of CDA’s CA for
he encountered impact speeds of around 6–8 km s −1 (Table S2 ) and
hus being invisible for CDA. Moreo v er, smaller particles become 
ncreasingly susceptible to orbital perturbations by the Lorentz-force, 
ventually pushing the particles out of the Saturn system, as described
or Saturnian stream particles (Hsu et al. 2011b ). In addition to that,
articles e xhibit relativ ely short orbital residence times (compared 
o the 7–8.5 R Saturn region). Thus, the outer E ring region can be
xpected to produce only few new Type 5 particles, sufficient to 
ustain the particle population at the observ ed low-frequenc y lev el
Fig. 5 ) but not enough to compensate the losses by sputtering. 
.3. Weathering of Type 1, 2, and 3 grains 

or the Type 5 grains we have suggested plasma sputtering acting in
ombination with the E ring particle dynamics as an explanation for
he observed radial spectral frequencies profile. Another process ca- 
able of altering the grain composition is photochemical degradation. 
hese weathering processes, plasma sputtering, and photochemical 
egradation, affect the three main particle Types (1–3) differently, 
o that their action may contribute to or even explain the observed
adial changes of the spectral frequencies of E ring grains. 

For Type 2 particles we expect photochemical degradation to play 
 more important role. The organic molecules in Type 2 particles,
ypically either embedded in the centre (HMOC case; see Postberg 
t al. 2018a ) or adsorbed on to the surface or near surface (Khawaja
t al. 2019 ), are susceptible to degradation/fragmentation by solar or
osmic radiation (e.g. Allamandola, Sandford & Valero 1988 ). Thus, 
he ongoing radiation exposure is expected to continuously fragment 
rganic molecules into successively smaller and thus more volatile 
pecies. This fragmentation proceeds until the molecules are so small 
e.g. CH x , CO, CN, OH or NH y ; Fig. 10 ), that they can escape the
articles as volatiles. If sufficient organic fragments are remo v ed
rom the ice particle, the grains’ o v erall organic content drops below
he CDA detection threshold and the resulting spectra are identified 
s Type 1. Such a transformation of Type 2 particles into secondary
ype 1 is in good agreement with the opposing frequency trends of
ypes 1 and 2 along the radial extent of the E ring, as well as the
ecline in the relativ e frequenc y of Type 2–HMOC particles (Fig. 8 ).
hile the Type 2 population decreases with time, due to both plasma

puttering erosion and transformation into secondary Type 1, Type 
 can compensate losses from sputter erosion by replacement with 
ransformed Type 2 particles. 

For Type 1 particles, which are almost pure water ice with barely
etectable traces of salts and no traces of organics, we consider that
rosion by plasma sputtering is as well the most rele v ant weathering
rocess (Hsu et al. 2011b ). Photochemical degradation will mostly 
roduce OH, O or H and related ions, which would escape from
he particles as v olatiles, lea ving particle compositions ef fecti vely
naltered. Both processes will thus ef fecti vely lead to a shrinking of
he ice grains without a compositional change that is measurable by
DA. 
MNRAS 527, 8131–8139 (2024) 
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As indicated in the previous section, we expect Type 3 to behave
n a similar way to Type 1, with plasma sputtering being the

ost rele v ant process, especially when considering the proposed
ransformation into Type 5. Photochemical degradation may still
ccur, but as for Type 1, alterations of the water ice fraction of
ype 3 are not expected to produce detectable signatures in the
pectra. Ho we ver, one salt-related modification could be indicated
y the observ ed, apparent constanc y of the [NaOH]Na + mass line
Fig. 6 ). Based on the behaviour of the [NaCl]Na + mass line,
ne would expect [NaOH]Na + to behave similarly and decline as
ell with growing distance. However, NaCl and H 2 O molecules

ould theoretically be subject to photochemical reactions, for
xample: 

 aCl + H 2 O 

+ hv → N aOH + H Cl. 

While producing additional NaOH, potential by-products are
ither volatile and escape the particles (e.g. H, O, or OH) or do
ot show up in the cation mass spectra of CDA due to the ions’
endency to preferably form anions (e.g. Cl or HCl). Hence, such
 photochemistry-driven NaOH replenishment might explain the
ehaviour of the [NaOH]Na + mass line. 
The observ ed frequenc y peak of Type 3 near the orbit of Dione is,

ccording to our current understanding, most likely to be a statistical
ffect, as no sources of salt-rich dust particles are known in this
egion. The absolute number density of all particle types drops
adially outward (Srama et al. 2011 ) but the relative abundance of
ype 2 drops drastically, while Type 3 grows. The number density
f Type 3 therefore decreases more slowly than that of Type 2. We
ropose this happens because the organic bearing Type 2 grains are
ore susceptible to chemical alteration than the salty Type 3 grains.
lternatively, freshly produced Type 2 grains could be generally

arger than Type 3. Since plasma drag induces a slower orbital
igration for larger grains, this implies that a sizeable fraction of
ype 2 remains confined for a longer time to a narrower annular
egion around Enceladus’ orbit. Thus, the relative frequency of Type
 increases between 5 and 6 R Saturn . Further outward, the conversion
rom Type 3 to Type 5 then decreases the Type 3 proportion
gain. 

.  SUMMARY  A N D  C O N C L U S I O N  

ere, we have presented the first comprehensive, compositional
ap of the E ring along its radial extent, based on CDA mass

pectra. Our results show radial changes of the relative particle type
requencies, which we interpret as driven by space weathering effects
ike photochemical degradation and plasma sputtering. This finding is
upported by the disco v ery of a new, e xtremely salt-rich, particle type
Type 5). This type is preferentially detected in the region between
he orbits of the moons Dione and Rhea, presumably forming from
nceladus’ salt-bearing ice particles (Type 3) via plasma sputtering of

he salt-poor ice component. This aspect of the spectral abundance of
ype 5 provides indirect evidence for a particular radial dependence
f the electromagnetic equilibrium potential of the E ring grains,
s it was inferred from direct Cassini measurements in this region.
urther evidence for the chemical (and by inference, spatiotemporal)
volution of E ring grains was found for Type 2. There are indications
or the ongoing transformation of Type 2 particles into Type 1
articles, due to photochemical degradation of enclosed organics
nto volatile molecular fragments capable of degassing from the icy
articles. 
NRAS 527, 8131–8139 (2024) 
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Table S1 : Classification criteria of the three main compositional 
particle types, previously disco v ered in CDA E ring spectral data, 
rele v ant to this work. 
Table S2 : List of selected periods from the CDA data record used 
for the analysis (1 R Saturn = 60 268 km). 
Table S3: List of minor peaks observed in at least two of the 180 
Type 5 spectra. ‘X’ in the peak labels stands for unknown spectral 
feature and the number refers to the mean peak mass [u]. 
Table S4 : Sample from the extended CDA spectra table available in 
full length online ( https:// doi.org/ 10.5281/ zenodo.10 161 282 ). 
Figure S1a–e: Selection of example spectra for the three composi- 
tional main types of ice particles (Table S1 ), including the mentioned 
but not considered mineral dust (Type 4) and stream particles. 
Figure S2: Example Type 5 spectrum illustrating the order of 
magnitude of the minor peaks, only rarely observed in Type 5 spectra. 
Figure S3 : Example spectrum of the measurement of 4 molar salt- 
water mixture with a molar NaCl/KCl ratio of 9 and a delay time of 
5.1 μs. 
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