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During Cassini’s Grand Finale, the spacecraft flew between Saturn’s upper atmosphere and its innermost ring, the D ring. Throughout these final orbits, Cassini 
encountered material flowing from the D ring into Saturn’s at-mosphere. Here, we present a compositional analysis of this material using data collected by 
Cassini’s Ion Neutral Mass Spectrometer. We confirm the identification of CH4, CO2, CO, N2, H2O, NH3, and organics in the ring material, and provide upper limits 
for organic compounds of interest. The H/C, O/C, N/C, and S/C ratios of ring material are constrained using three different kinds of model spectra: automated fits, 
hand fits of inorganics þ hydrocarbons, and hand fits of inorganics þ organics with priority given to O-, N-, and S-bearing organics. Additionally, we compare data 
from the final plunge to earlier orbits, and find that ring material can be divided into gas and dust constituents, with CO2 at the volatility boundary between the 
two phases. At increasing dis-tance above the equatorial plane, the gas/dust molar ratio increases.   

1. Introduction

Constraining the composition of Saturn’s ring rain1 yields insight
into the origin and evolution of the rings, as well as the effects on Sat-
urn’s atmospheric chemistry. Remote sensing observations of Saturn’s 
rings provide spatially resolved compositional constraints for Saturn’s 
main A, B, and C rings. These data suggest that water is the dominant 
constituent (Clark and McCord, 1980; Pilcher et al., 1970), and that the 
redness of the rings requires the presence of either organic material, 
frequently modeled using tholins as an analog (Cuzzi and Estrada, 1998; 
Cuzzi et al., 2018; Nicholson et al., 2008), or opaque minerals such as 
metallic iron or hematite (Clark et al., 2012). 

Voyager data show that the A and B rings are both redder than the C 
ring, while the C ring has a darker spectrum (Estrada and Cuzzi, 1996). 
Subsequent modeling (Cuzzi and Estrada, 1998) of the anticipated 
spectral evolution of the rings due to influx of carbonaceous meteoroids 

suggested that these heterogeneous compositional characteristics may 
be explained by the presence of intrinsic, red organic material (spec-
trally similar to tholin), and the addition of dark, neutral carbonaceous 
material (spectrally similar to amorphous carbon). 

Comparative analysis of VIMS mosaics of the rings supported the 
modeled compositional heterogeneity, with an enhanced concentration 
of the “broad-band” and “UV” absorbers, which may be organic, in the C 
ring (Hedman et al., 2013). Filacchione et al. (2014) analyzed the VIMS 
spectral slope between 0.35 and 0.55 μm, which is indicative of 
intraparticle-intramolecular mixing of the darkening agent, and the 
slope between 0.55 and 0.95 μm, which indicates mixing of darkening 
materials at the grain size scale, as a function of radial distance from 
Saturn in the rings. They found that the C ring spectral features were 
consistent with an enhancement relative to the A and B rings of dark-
ening material at the grain size scale. 

Ciarniello et al. (2019) performed spectral modeling of the rings, and 

* Corresponding author.
E-mail address: kmiller@swri.edu (K.E. Miller).

1 The phrase “ring rain” has been used in two different ways: (1) to refer only to material flowing from the main rings along magnetic field lines; and (2) to refer to 
all material flowing from the rings into Saturn’s atmosphere. We use the term in the second sense. 
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found that the spatial distribution of the spectral characteristics are 
consistent with an intrinsic tholin-like material and an extrinsic dark-
ening material. Both components were more abundant in the C ring than 
in the A or B rings, with a maximum total of approximately 10% by 
volume non-icy material. Model fits to HST-STIS data yield similar 
organic content (Cuzzi et al., 2018). For an upper limit organic density 
of 2.2 g cm�3 and ice density of 0.93 g cm�3, this is equivalent to 
approximately 20% by mass organic material. 

While infrared and shorter wavelengths only probe the ring particle 
surface, microwave radiation penetrates to much greater depths. Zhang 
et al. (2017a, 2017b) utilized this property to study the bulk composi-
tion of the ring particles with Cassini microwave observations. They 
reported 1 to 2% by volume non-icy material for most regions in the C 
ring, with up to 11% non-icy material in the middle C ring (Zhang et al., 
2017b). They suggested that silicates are the candidate material that 
best fit data in the visible and near-IR regions at the abundances sug-
gested by data at longer wavelengths. In contrast, microwave data from 
the A and B rings are consistent with 0.2 to 0.3% by volume non-icy 
material (Zhang et al., 2017a). These studies strongly suggest that the 
C ring has a higher proportion of non-icy material than the A and B rings 
do. 

The Cassini mission provided remote sensing constraints on the D 
ring as well. Spectra from the D ring indicate the presence of water ice in 
the D72 and D73 ringlets as well as a red slope; methane was not 
identified (Hedman et al., 2007). Bright clumps in the D68 ringlet 
interior to D72 and D73 have been identified as the possible source for 
the material measured during the Grand Finale (Hedman, 2019; Waite 
et al., 2018). Most of the material in the D ring, and especially in D68, 
may be comprised of sub-10-μm particles (Hedman et al., 2007). Later 
model fits to the D68 scattering phase function suggest the particle size 
distribution is dominated by grains between 5 and 390 μm (Hedman and 
Stark, 2015). Notably, the model fits suggest water ice fractions <30% 
by volume, and the single best fit corresponds to a composition of 10% 
water and 90% iron-rich orthopyroxene by volume (Hedman and Stark, 
2015). If we assume 10–30 vol% water with the remainder corre-
sponding to ferrosilite (density ~3.95 g cm�3), this corresponds to 3–9% 
water and 91–97% silicate by mass. Remote sensing constraints could 
therefore suggest that D68 is water-depleted relative to the main rings. 
However, it is also possible that irregularly shaped particles, which were 
not accounted for in the Hedman and Stark (2015) model fits based on 
spherical particles, caused the non-icy fraction of the grains to be 
overestimated. 

For its Grand Finale, Cassini completed 22 orbits that took the 
spacecraft between Saturn and its rings, resulting in unprecedented in 
situ data on the chemistry of this region. These orbits followed a tra-
jectory from north to south across the ring plane, with a closest approach 
at approximately 6� S latitude for the final five orbits (288-292). During 
these maneuvers, the spacecraft encountered material concentrated at 
the equator and flowing in to Saturn’s atmosphere (Waite et al., 2018), 
as well as silicate and ice grains with larger sizes (Perry et al., 2018) and 
a broader latitudinal spread (Hsu et al., 2018). This material is hy-
pothesized to originate from the rings, and to flow into the atmosphere 
from the D ring via collisional momentum transfer with Saturn’s 
extended atmosphere (Mitchell et al., 2018; Perry et al., 2018). In situ 
measurements in Saturn’s upper atmosphere of material from the D ring 
are consistent with the presence of abundant (~35% by mass) organic 
material in nanometer-scale particles measured by Cassini’s Ion Neutral 
Mass Spectrometer (INMS) (Waite et al., 2018). The calculated influx 
rate for the smallest particles is on the order of 104 kg/s, which would 
imply depletion of the D ring on timescales of 103–104 years if contin-
uous (Waite et al., 2018). 

Here, we report constraints from INMS on the composition of these D 
ring nanoparticles and their associated volatiles. In Section 2, we present 
compositional constraints from the ring-crossing orbits. The natural 
mixture of compounds encountered produces a complex mass spectrum. 
In addition to ionization fragmentation that occurs in the electron 

impact ion source in all INMS datasets (hereafter referred to as “ioni-
zation fragmentation” or “electron impact ionization fragmentation”), 
the high velocity of Cassini relative to the ring material during the Grand 
Finale resulted in impact fragmentation of nanoparticles in the ante-
chamber leading to the ion source (hereafter, “impact fragmentation”). 
In recognition of these effects, we present both the molecular com-
pounds identified from the spectra as well as the elemental ratios 
calculated from the model fits, which are still characteristic of the 
original ring material even in the case of possible chemistry inside the 
antechamber. In Section 2.1, we briefly describe the data processing and 
instrumental effects that are important to interpretation, namely 
adsorption and chemistry that may have occurred in the instrument due 
to the high velocity of the spacecraft. We then present the results of 
spectral deconvolution, including both identifications of molecular 
compounds and elemental ratios, in Section 2.2. The implications are 
discussed in Section 2.3, as well as constraints on impact fragmentation 
effects. 

The trajectory of the Cassini spacecraft took it through the ring plane 
for its last complete orbits (288-292) before the final plunge (293). 
Simultaneous changes in altitude and latitude make study of the sepa-
rate effects of these two variables on the dataset challenging. However, 
for the final plunge (293), the spacecraft terminated its orbit at 
approximately 11�N, and did not cross the ring plane. This change in 
trajectory allows us to test for latitudinal dependence in the composition 
of the inflowing material. In Section 3, we compare the ring-crossing 
orbits with the final plunge to study the effect of latitude. The meth-
odology behind analysis of the latitudinal dependence is described in 
Section 3.1. Since the descent of the spacecraft during the final plunge 
was more rapid than the inbound descent for other orbits, modeling of 
adsorption effects is necessary to interpret comparisons between the 
orbits. This work is described in Section 3.2, while results are described 
in Section 3.3. Implications are discussed in Section 3.4. Finally, we 
present a summary of our conclusions in Section 4. 

2. Compositional constraints

2.1. Data processing 

The current study utilizes data from the closed source neutral (CSN) 
mode of INMS (Waite et al., 2004). Use of the closed source is necessary 
for the present analysis because of the CSN higher sensitivities as well as 
the limitations that the high velocity of the spacecraft places on the 
measurable energy range for the open source. Furthermore, open source 
neutral (OSNB) data were only obtained on orbit 291, and ring material 
was not detected above the background level. While use of the closed 
source data is necessary for these reasons, CSN data require significant 
processing because of interactions between the analyte and the closed 
source antechamber. Previous work identified both the adsorption of 
analyte molecules to the walls of the antechamber and the reaction of 
oxygen bearing compounds such as water with ice-grain-sputtered ti-
tanium (Magee et al., 2009; Teolis et al., 2010; Waite et al., 2006). These 
phenomena affect a range of molecules, but are particularly important 
for O-bearing molecules such as water, which is the most affected 
compound. The time-dependent signal for affected compounds appears 
delayed relative to other compounds (see Fig. S1), which without 
correction during data processing and analysis may result in artificially 
reduced mixing ratios for these “sticky” molecules near periapsis. 

To mitigate the effects of this timing lag on calculation of the true 
mixing ratios, integration over the closest approach time segment is 
required. This integration requires the assumption that the ring inflow 
composition is essentially constant as a function of altitude, latitude, and 
time. While latitudinal effects on composition have been identified (see 
Section 3), the first order assumption of a constant composition is 
reasonable because the integrated spectrum is strongly dominated by 
the signal at closest approach (CA), which was relatively close to the ring 
plane and therefore is less compositionally fractionated. We create an 
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integrated spectrum for each flyby using the average signal for each 
mass over the full time period for which the 18 u signal (dominated by 
water, which exhibits the strongest adsorption effects) is above the 
background levels. Creation of the integrated spectra incorporates 
several data processing steps, including subtraction of the background 
and radiation counts (Perry et al., 2010), and is based on methods 
established for INMS Titan data (Magee et al., 2009). A detailed 
description of the data processing is provided in the Supplement. For this 
study, integrated spectra were generated for Proximal orbits 290 
through 293 (hereafter ProxXXX). While the spacecraft trajectories in 
Prox288 and Prox289 were similar to those in Prox290 through 292, 
integrated spectra cannot be created for these orbits. In Prox288, 
incorrect coadding of data after the CA time window prevents calcula-
tion of an integrated spectrum. (However, Prox288 data during CA are 
appropriate for other analyses that do not require an integrated spec-
trum.) For Prox289, only a limited subset of masses was measured. 

Ionization fragmentation results from decomposition of the parent 
molecule following the input of excess energy by the ionization process. 
Thus, electron impact ionization leads to the formation and detection of 
multiple masses from a single molecular analyte. The mass and relative 
intensity of the daughter fragments create a pattern that can be used as 
an identifier for the parent molecule. However, measurement of a 
complex natural environment without previous separation of com-
pounds leads to superposition of these different daughter fragments, 
requiring deconvolution during data analysis for identification of the 
parent compounds. 

For the present work, mass spectral modeling to deconvolve the 
ionization fragments was performed using a combination of 

fragmentation patterns from the INMS calibration unit and the NIST 
mass spectral library (see Acree and Chickos, 2019) for the remaining 
species. While NIST fragmentation patterns are not an exact description 
of INMS ionization responses, the similar electron impact ionization 
energies used (71 eV for INMS and 70 eV for NIST) make the NIST 
spectra a plausible proxy when calibrated values are not available 
(Magee et al., 2009). 

Two different fitting methods were utilized here: “hand fits” and 
“auto fits.” These methodologies differed in the criteria used for 
selecting the order of addition for each compound, which determines 
prioritization for attribution of the signal. For the hand fits, the order of 
compounds was selected within the context of knowledge of the envi-
ronment sampled by the spectra. The hand fits were further divided into 
two categories that were designed to produce endmember models in 
terms of elemental ratios: hydrocarbons (HC) and O-,N-,S-rich (ONS). 

For the auto fits, compounds were categorized into one of two lists, 
which were randomly sampled by a fitting routine. The first list con-
tained the compounds identified in Waite et al. (2018), which can be 
included in the model with a high degree of certainty: CH4, CO2, CO, N2, 
H2O, and NH3. The second list contained all molecular compounds in the 
NIST spectral library with a mass <100 u, in total 1996 compounds. 
Auto fit models excluded 1 u because of the possible contributions of the 
zero blast, which is a common problem in quadropole mass spectrom-
eters. Further details on the fitting routines as well as on subsequent 
conversion from counts to number densities are provided in the 
Supplement. 

Fig. 1. Comparison of integrated spectra for Prox290, Prox291, and Prox292 scaled to 2 u. All three spectra were collected over similar altitudes, latitudes, and local 
time of day, as shown by the inset. In general, Prox290 and Prox292 are nearly identical within error, while Prox291 differs. 
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2.2. Results 

A side-by-side comparison of the full integrated spectra (inbound and 
outbound) for Prox290, Prox291, and Prox292 is presented in Fig. 1. 
Spectra have been scaled to match at 2 u. Spectra in Fig. 1 show complex 
chemistry in the region sampled, with signal detected across the full 
range of masses measured (1 u to 99 u). While the general shape of the 
spectra from all three orbits is similar, Prox291 noticeably differs from 
Prox290 and Prox292 at several masses, suggesting some variability in 
the ring material composition. Since all three of these orbits had similar 
altitude and latitude profiles (see Fig. 1 inset), and were all collected at 
approximately noon local time, these differences are likely due to either 
longitudinal or temporal variation. Orbits were separated from one 
another by ~6.5 days, and were collected at different longitudes (given 
for CA in east longitude): 160� for Prox290, 326� for Prox291, 130� for 
Prox292, and 306� for Prox293 (the final plunge). 

Hand fit model spectra using both the HC and ONS methodologies 
were produced for Prox290 through Prox292, for a total of six hand fit 
model spectra (Fig. S2). Based on these model spectra, overall ranges in 
elemental ratios and mixing ratios were calculated for the sampled 
material from the D ring. The ten compounds with the highest average 
mixing ratios from these fits are summarized in Table 1. These com-
pounds include a mixture of inorganic volatiles such as NH3, CO, and N2, 
as well as organic compounds, most with molecular masses below 60 u. 
A more complete list of mixing ratios for the hand fit compounds is re-
ported in Table S4. Note that O-, N-, and S-bearing organics were 
intentionally excluded from three of the model fits (the HC models). 

In addition, 6000 auto fit spectra were generated for each integrated 
spectrum. The most abundant compounds for auto fits are summarized 
in Table 2. Similar to the hand fit models, these fits include a mixture of 
inorganic and organic compounds dominated by light molecules. 
Hydrogen, helium, water, methane, and ammonia are identified in Ta-
bles 1 and 2 as amongst the most abundant compounds for all model 
spectra. The mixing ratios calculated by each fit method are similar for 
all compounds, with the largest difference of ~25% for ammonia. These 
same five compounds are also identified as having high fit frequencies 
for the auto fits. Mixing ratios reported in Tables 1, 2 and S4 are with 
respect to the bulk composition measured by INMS. These tables report 
the preferred mixing ratio values for the exosphere composition, 
including constituents from Saturn’s atmosphere below as well ring rain 
from above, and account for adsorption effects in the INMS closed 
source. 

For comparison to compositional data given in Waite et al. (2018), 
Table 3 provides the mass percentages from the auto fits with respect to 
the hypothesized ring material (i.e. excluding H2 and He). Since the 
“organic” category in Waite et al. (2018) included all counts that were 
not attributed to other compounds, we assume the same weight percent 
of organics here. Similar to Waite et al. (2018), these mass percentages 
are calculated using diffusion cross sections from the average auto fit 
mixing ratios. While the mixing ratios provide a measurement of the 
average composition of atmosphere plus ring particles, the mass 

percentages account for fractionation in the atmosphere of the ring 
particle constituents and provide more accurate constraints on the 
composition of particles in the D ring. The CO2 abundances from both 
this work and Waite et al. (2018) are the same within uncertainty. CH4 
and H2O are both reduced in this analysis, while CO þ N2 and NH3 are 
greater. 

Elemental ratios for the ring particles were calculated from mixing 
ratios from the model fits according to three categories: the bulk 
composition that includes both inorganic (NH3, H2O, etc.) and organic 
compounds, the organic composition (here defined as compounds with 
both C and H), and the organic composition excluding CH4. In each 
category, a single ratio was calculated for each model hand fit; all 
together, six ratios were calculated in each category from the hand fits. 
These fits are shown in Fig. 2. Solar ratios (Asplund et al., 2009) are also 
shown for comparison. For the H/C ratio, these fits range between 2 and 
3 for all orbits, nearly independent of the category (bulk versus organics 
versus non-methane organics) or the fitting endmember (ONS versus 
HC). The O/C ratios are slightly enhanced for Prox291 (0.1 to 0.4) across 
all categories as compared to Prox290 and Prox292 (0.1), which are 
equivalent to one another. Bulk N/C ratios for the ONS fits (0.1 to 0.2) 
are enhanced for all orbits compared to the HC fits (<0.1). Note that the 
HC fits do not include O or N in organics, and so the two fits cannot be 
compared in these categories. In all cases, the S/C ratio is zero within 
error. Although the inclusion of sulfur species contributes to the fit of 
certain regions of the mass spectra (e.g. H2S for masses 32 u to 36 u), the 
resulting mixing ratios are very low. Alternatively, masses from 32 u to 
34 u could plausibly be fit by phosphine (PH3), which has previously 
been reported in Saturn’s atmosphere (e.g. Fletcher et al., 2009). 

The elemental ratios calculated from the auto fits were binned by 
frequency into 50 equally sized bins. Results are summarized as fre-
quency curves in Fig. 2. The elemental ratios for the bulk composition 
from the auto fits span a broad range: from approximately 2 to 25 for H/ 
C, from <1 to 6 for O/C, and from <1 to 10 for N/C. Organic distribu-
tions are less broad, but still show variation, especially for the H/C ratio, 
which ranges from 1 to 4. The O/C ratio ranges up to approximately 0.5, 

Table 1 
Summary of ten most abundant compounds in hydrocarbon and ONS hand fits.   

Hydrocarbon fits ONS fits 
Compound Formula Average mixing ratio Compound Formula Average mixing ratio 

1 Hydrogen H2 0.998 Hydrogen H2 0.998 
2 Isobutane C4H10 6.1 � 10�4 Isobutane C4H10 5.0 � 10�4 

3 Water H2O 3.6 � 10�4 Water H2O 3.6 � 10�4 

4 Helium He 2.4 � 10�4 Helium He 2.4 � 10�4 

5 Methane CH4 2.3 � 10�4 Methane CH4 2.2 � 10�4 

6 Ammonia NH3 1.5 � 10�4 Propargyl alcohol C3H3OH 1.5 � 10�4 

7 Ethane C2H6 5.8 � 10�5 Ammonia NH3 1.5 � 10�4 

8 Propane C3H8 5.4 � 10�5 Nitrogen N2 1.2 � 10�4 

9 1-Hexyne C6H10 5.0 � 10�5 Hydrogen cyanide HCN 5.3 � 10�5 

10 1,5-Hexadiene C6H10 3.9 � 10�5 Formaldehyde H2CO 3.8 � 10�5

Table 2 
Top compounds in auto fits by mixing ratio. Note that mixing ratios are averaged 
over all fits in which the compound was included and are therefore not neces-
sarily additive. The frequency refers to the fraction of all auto fits in which the 
compound was included.   

Compound Formula Average mixing ratio Frequency 
1 Hydrogen H2 0.999  1.00 
2 Water H2O 3.6 � 10�4 1.00 
3 Helium He 2.4 � 10�4 1.00 
4 Ammonia NH3 2.1 � 10�4 0.39 
5 Methane CH4 2.0 � 10�4 0.66 
6 Nitrogen N2 2.0 � 10�4 0.36 
7 Carbon Monoxide CO 1.9 � 10�4 0.36 
8 Hydrogen Cyanide HCN 6.9 � 10�5 0.13 
9 Formaldehyde CH2O 2.0 � 10�5 0.12 
10 Nitric oxide NO 1.4 � 10�5 0.17  
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and the N/C ratio extends as high as 1.4. With the exclusion of methane, 
the H/C distribution becomes much narrower, from 1 to approximately 
2.4. The overall range of the O/C distribution does not change, but the 
peak becomes broader. The N/C range increases with removal of 
methane. The distribution of these auto fit ratios overlaps with the hand 
fit ratios, although in some cases the most frequent ratio differs from that 
calculated using the hand fit models. 

2.3. Discussion 

2.3.1. Fitting methodologies 
Comparison of the hand fits and auto fits suggests that both methods 

have complementary strengths, and careful analysis within scientific 

context is required for interpreting the model fits. For example, the hand 
fit method allows adjustment of the abundance of a given compound as 
the model develops, which is presently not included in the auto fit 
methodology. The hand fits also give preference to compounds that have 
been selected as scientifically probable based on other environmental 
constraints, and may introduce some bias towards confirmation of pre-
vious results or expectations. 

The auto fits allow a much more inclusive library to be tested, and 
the method is suitable for creating enough models to look for trends. 
However, the auto fit method is biased towards inclusion of compounds 
with fragmentation patterns that have few major peaks, regardless of the 
plausibility of their existence in the environment being sampled. For 
example, the noble gases had to be excluded from the auto fitting library 

Table 3 
Mass percentages for ring particles calculated from auto fits. All values are in weight percent of the ring material. Values have been adjusted to account for the 
fractionating effects of diffusion through Saturn’s atmosphere. Totals are normalized to maintain the 37 wt% organic content reported in (Waite et al., 2018).   

CH4 CO2 CO N2 H2O NH3 Organics* 
This paper 9.0 � 0.1% 0.4 � 0.001% 15.7 � 0.1% 16.4 � 0.1% 17.9 � 0.1% 3.6 � 0.03% 37 
Waite et al., 2018 16 � 3% 0.5 � 0.1% 20 � 3% 24 � 5% 2.4 � 0.5% 37 � 5%  

Fig. 2. Elemental ratios for hand fits (symbols) and auto fits (lines) to integrated spectra shown in Fig. 1. The y-axis shows the number of auto fits corresponding to 
the elemental ratios for each curve. The symbols in the plots above share the same x-axis as the curves, but each symbol represents a single fit. The vertical offset of 
the symbols is for clarity only. Solar values are from Asplund et al. (2009). 
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because each compound has only one peak, making them very weakly 
constrained. When noble gases were included, they were all identified in 
100% of the fits despite the scientific improbability of the retention of 
such volatile, noble compounds in the ring material. This result reflected 
the inherent bias of the auto fitting method. We conclude that use of 
both hand fitting and auto fitting methods with careful comparison at 
the end is ideal. 

2.3.2. Impact fragmentation 
During the proximal orbits, the spacecraft velocity relative to the 

ring particles and co-rotating atmosphere was on the order of 30 km s�1, 
equivalent to roughly 5 eV of energy per nucleon (Waite et al., 2018). 
Thus, material streaming into the INMS closed source had a high-energy 
interaction with the instrument antechamber wall prior to electron 
impact ionization in the closed ion source and subsequent mass analysis 
and detection. As a result, the possibility that some observed compounds 
could be products from impact fragmentation of larger organic com-
pounds in the antechamber must be examined. Candidates for the larger 
compounds include the tholin-like materials that are suggested by 
remote observations (Cuzzi and Estrada, 1998; Cuzzi et al., 2018; 
Nicholson et al., 2008) or the 8000 u to 40,000 u particles detected by 
MIMI (Mitchell et al., 2018), which are not compositionally constrained 
by MIMI data but are spatially correlated with the INMS data (Perry 
et al., 2018; Waite et al., 2018). 

Given that INMS measured volatile compounds with masses up to 99 
u, it is clear that molecular fragments rather than atoms reached the 
INMS ion source. Studies of surface-induced dissociation suggest that 
~25% of the energy of collision partitions towards internal energy of the 
molecule (de Maaijer-Gielbert et al., 1998). These experiments resulted 
in impact fragmentation of compounds into fragments with a range of 
masses (de Maaijer-Gielbert et al., 1998; Rakov et al., 2002). Experi-
mental impact fragmentation studies of fragment abundance as a func-
tion of collisional energy indicate that while some fraction of the parent 
molecule may remain unfragmented at low impact energies (e.g. below 
40 eV), at higher collisional energies the molecular abundance drops to 
negligible amounts (de Maaijer-Gielbert et al., 1998; Rakov et al., 2002). 
These results are supported by theoretical calculations of impact frag-
mentation, which suggest velocity-dependent fragmentation products 
(V�ekey et al., 1995; Jaramillo-Botero et al., 2012). The three order of 
magnitude decrease in counts from m/z ¼ 10–20 u to m/z ¼ 90–99 u 
(Fig. 1) suggests that most of the molecular impact fragments produced 
were in the mass range measured by INMS, and higher masses only 
accounted for a small portion of the total fragments (Waite et al., 2018). 
The average pre-impact mass for the source material measured by INMS 
may be on the order of 200 to 500 u (see Section 3.2 in Perry et al., 
2018). 

The drop in INMS counts as a function of mass does not rule out the 
possibility that the fragments measured by INMS consisted of only the 
most labile components that broke off of larger residues, though. While 
the MIMI measurements of 8000 u to 40,000 u particles support the 
presence of heavier materials, MIMI reported a mass influx rate on the 
order of 5 kg/s (Mitchell et al., 2018), much lower than the 104 kg/s 
influx reported by INMS (Waite et al., 2018). This steep drop in influx 
rates (Perry et al., 2018) may suggest that the INMS data are represen-
tative of the major component of the inflowing ring material. However, 
it is possible that heavier materials that were invisible to INMS were 
present in the influx. 

While impact fragmentation may be the source for the heavier 
compounds detected by INMS (100 u > m/z > 28 u), the spatial distri-
bution for lighter compounds attributed to CH4 and N2 þ CO differs from 
that of the heavier organics, suggesting different source populations (see 
Section 3). While CH4 and N2 þ CO mixing ratios are constant at high 
latitudes, the heavy organics are depleted. This latitudinal dependence 
strongly suggests that the lighter compounds are not a product of impact 
fragmentation of the heavy organics. Instead, these compounds suggest 
the presence of latitudinally fractionated, volatile ring material. 

2.3.3. Primary origin of compounds in the INMS antechamber 
Although the latitudinal fractionation of the ring material supports 

the presence of light gases in the natural environment, it is important to 
consider whether these compounds could form inside the INMS ante-
chamber. To test the probability of formation of a given type of bond (e. 
g. X-H, X-N, X-O), we consider the simplified case where all mass is
present as atomic constituents, with the composition including both ring 
material and Saturn atmosphere calculated from the average of the hand 
fit model spectra. This average composition in molar percentage corre-
sponds to 99.73% H, 0.01% He, 0.21% C, 0.03% O, 0.02% N, and 
negligible S. 

A given tracer particle X should have ~120 collisions from the time it 
enters the INMS antechamber until it reaches the ionization region 
(Teolis et al., 2010); since molecules thermalize inside the chamber 
within the first couple collisions, this value is nearly independent of the 
spacecraft velocity. The coverage of external material on the ante-
chamber walls is actually only a few percent, from our collision models 
of the antechamber. At the low densities found in the antechamber, 
these collisions should all be with the chamber walls (Teolis et al., 
2010). As a conservative case, we instead assume that each of those 120 
collisions is with an atom adsorbed to the instrument walls. We further 
assume that these adsorbed atoms have the average composition given 
above, which suggests that 119.7 of these collisions between the tracer 
particle and adsorbed atoms would be with an H atom, 0.2 collisions 
would be with a C atom, and the remainder would be with an N, S, or He 
atom. 

Assuming a tracer population that has the same average composition 
given above for the adsorbed material, on the order of 10�6 out of 120 
collisions would be between an N tracer atom and an adsorbed N atom, 
10�4 out of 120 collisions would be between two C atoms, and ~10�4 

out of 120 collisions would be between C and O. This suggests a very low 
probability for formation of heteroatoms or carbon chains via collisions 
in the antechamber, even assuming that each collision resulted in bond 
formation. (This is also improbable, since only those events that have 
both the required orientation for reaction and collisional energy that 
exceeds the activation energy will lead to bond formation.) Instead, 119 
of these 120 collisions would be between two H atoms, suggesting that 
most collisions may simply result in formation of molecular hydrogen. 
The low rate of C–C collisions strongly suggests that compounds with 
masses >16 u are either endogenous to the ring material or are frag-
ments of larger compounds endogenous to the rings. This is supported by 
the low frequency of C–C collisions estimated here (10�4C-C collisions 
out of 120 total collisions gives a frequency of ~10�6). The average 
mixing ratio for C2H6 from the hand fits is 4.5 � 10�5, 1.5 orders of 
magnitude greater (Table S4). That of C3H8 is similar (4.3 � 10�5), while 
the probability of a C2–C collision should be much lower. We conclude 
that secondary formation of molecules in the antechamber via recom-
bination is not a dominant process. 

2.3.4. Identification of compounds 
As expected, H2 has a mixing ratio >0.99 in all spectra. The majority 

of H2 is derived from Saturn’s atmosphere, although a small contribu-
tion (<1%) is due to fragmentation of water and other H-bearing com-
pounds. He, Saturn’s other major atmospheric constituent, is 
consistently detected, although the mixing ratios are modest at these 
high altitudes [(2–3) � 10�4]. The He mixing ratio at these altitudes, 
which differs from Saturn’s bulk He mixing ratio, is comparable to the 
mixing ratios of other abundant compounds from the ring material, 
including water, methane, and ammonia. 

Above the homopause where these data were collected, all masses 
>4 u are from infalling ring particles. While isobutane shows up in 
Table 1 with a higher average mixing ratio in the hand fits, this average 
is dominated by the organic-rich spectrum in Prox291. Isobutane mixing 
ratios range from 0 to 10�3 (see Table S4), and this variability as well as 
the low frequency of isobutane in auto fits indicates that isobutane is 
representative of an overall organic-rich composition but should not be 
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interpreted as a high abundance of isobutane specifically. 
Water is therefore the most abundant single non-atmospheric com-

pound, with a mixing ratio range of (1–6) � 10�4. Water comprises 
nearly 18% by mass of the infalling ring material measured by INMS 
(Table 3). However, remote sensing observations of the main rings have 
suggested a composition that is �80% by mass water (Clark and 
McCord, 1980; Pilcher et al., 1970; Poulet et al., 2003). Furthermore, 
near the ring plane, 70 to 90% of the larger charged particles detected by 
CDA (Hsu et al., 2018; Perry et al., 2018) were dominated by water ice 
(Hsu et al., 2018). INMS results therefore suggest a much lower relative 
abundance of water than the main rings or the material detected by 
CDA. 

The INMS water abundance exceeds spectral modeling of the 
composition of the D68 ringlet (3–9% water by mass; Hedman and Stark, 
2015). The spectral modeling fits, which assumed spherical ice particles, 
may underestimate the water abundance. The majority of the images 
used for this spectral modeling were captured before 2014, which is 
when the bright clumps in D68 became visible (Hedman, 2019). The 
increase in water content may therefore be related to exposure of fresh 
material. Alternatively, the INMS ring material is nanosized (Perry et al., 
2018), which is smaller than the grain size distributions from the 
spectral modeling (Hedman and Stark, 2015); it is possible that the D68 
material may be compositionally fractionated by size due to differences 
in the material strength of water and silicates, which were the other 
dominant component via remote sensing. The same material strength 
consideration could also apply to organics. 

Volatile non-water species are dominated by organics, especially 
methane, which has a mixing ratio of (2–3) � 10�4. (INMS does not 
detect silicate grains or other refractory compounds that remain in the 
solid phase in the antechamber.) Also present in the model spectra (hand 
fits þ auto fits) are NH3 [(0.9–2) � 10�4], N2 [(0.03–2) � 10�4], CO 
[(0.002–2) � 10�4], and CO2 (3 � 10�9–6 � 10�6). Other notable 
compounds include glycine and methanol, which are both constituents 
of the model hand fit spectra but are not frequently included compounds 
in the auto fits. When fit separately to the spectra to remove contribu-
tions from other species and constrain the maximum abundance, the 
mixing ratios of glycine and methanol are still relatively low [(2–6) �
10�5 and (0.7–4) � 10�6 respectively]. In the case of glycine, the fit is 
constrained primarily by mass 75 u (as well as 46 u for Prox292), while 
methanol is constrained by 32 u. Upper limits for these compounds are 
provided in Table 4. 

Masses above ~70 u were generally poorly fit by the model spectra. 
Signal at these high masses may include contributions from ionization 
fragments of parent species with primary masses that exceed the INMS 
mass range (up to 99 u). These compounds can be partially fit based on 
their fragments with masses <100 u; compounds used for the present 

work are listed in Table S2. However, the fits become increasingly 
degenerate as information about the molecular ion and heavier frag-
ments is lost. 

Overall, mixing ratios for individual compounds are very similar 
between the hand fits and the auto fits, suggesting robust values for the 
most abundant compounds that are independent of the fitting method-
ology used. Similarly, the mass percentages calculated for the ring ma-
terial (Table 3) are generally in agreement with the values reported in 
Waite et al. (2018), with some exceptions. Mass percentages calculated 
in this work are more abundant for CO þ N2 than Waite et al. (2018) 
[32% versus 20%]. However, this is likely due to complete assignment of 
the 28 u peak to inorganic compounds in the auto fits used for this 
calculation, whereas Waite et al. (2018) assigned approximately 30% of 
28 u counts to C2H4 based on constraints for CO and N2 at 12 u and 14 u. 

The attribution of a portion of the 28 u counts to organic constituents 
is consistent with the hand fit models. The N2 and CO abundance ranges 
in the hand fits are (0.032–1.4) � 10�4 and (0.023–7.1) � 10�5 

respectively (Table S4). The upper end of these ranges agrees with the 
auto fit average values of 2.0 � 10�4 and 1.9 � 10�4 for N2 and CO. The 
lower end reflects contributions of organic compounds at 28 u. The 
weighted residuals for the hand fits are lower on average than those of 
the auto fits (<0.5 versus ~2), and the more complete assignment of 
counts in the hand fits may account for the increased organic attribution. 
The detection at high altitudes of 28 u (Perry et al., 2018; Waite et al., 
2018) is likely due to this mixture of organic and volatile sources, with 
the more refractory organic components contributing to the equatorial 
offset of the counts from the density profile of the spacecraft orbit. 

The lower abundance of water in the ring material in this work 
(Table 3) as compared to Waite et al. (2018) may be partially explained 
by the corresponding increase in NH3, which leaves fewer residual 
counts at 17 u for the water fragment at the same mass. However, it is 
likely that organic ionization fragments in the auto fits further constrain 
water. This is consistent with the lower CH4 abundance in this work, 
which may also be due to allocation in the auto fits of the 16 u and 15 u 
counts to NH3 and organic compounds. We suggest that the true abun-
dance of these compounds likely falls within the ranges shown in 
Table 3. 

2.3.5. Elemental ratios 
The interplay between CH4 abundance and the abundance of other 

organics in the auto fits is also visible in the elemental ratios (Fig. 2). The 
H/C ratio of the organics displays clear populations of fits in all three 
proximals, with one population clustering between H/C ¼ 3.0–3.5, and 
the other main population at H/C ¼ 1.0–2.0. The first population sug-
gests fits where CH4 abundances dominate the 16 u counts, while the 
second may be related to fits in which the 15 u and 16 u counts are 
largely attributed to fragments from larger organics. There is a slightly 
higher frequency of fits with high methane abundance, and the different 
latitudinal distribution of methane with respect to higher masses (Sec-
tion 3) still suggests the presence of methane as an abundant compound. 

The broad range of bulk ratios in the auto fits in comparison to the 
hand fits is likely a product of the fitting methodology. The auto fits 
preferentially include light inorganic compounds such as NH3 and N2. 
On average, these fits only include approximately 30 compounds and 
have higher residuals than the hand fits. Therefore, organics, which are 
the main C-bearing compounds, are included at lower rates, resulting in 
H-, O-, and N-rich auto fit models. Broadening of the O/C and N/C peaks 
in the non-methane organics category is further illustration of this effect, 
and results from removal of C rather than addition of O or N. The visible 
shift to lower H/C ratio for Prox291 in both the organic and non- 
methane organic categories is consistent with the higher count rates 
for this orbit for masses >50 u (Fig. 1), and suggests a more organic-rich 
(i.e. C-rich) composition. This may be related to the longitudinal posi-
tion of the orbit with respect to the D68 bright clumps (Hedman, 2019; 
Waite et al., 2018). 

As discussed in Section 2.3.2, impact fragmentation of the ring 

Table 4 
Upper limits for selected compounds. These values are derived using only a 
partial fit to the spectrum. See Table S5 for further detail.  

Formula Compound Mixing ratio upper limit and corresponding 
proximal 

C4H10 Isobutane 1 � 10�3 (291) 
H2O Water 7 � 10�4 (291) 
CH4 Methane 4 � 10�4 (291) 
NH3 Ammonia 3 � 10�4 (291) 
CO Carbon 

monoxide 
3 � 10�4 (291) 

N2 Nitrogen 3 � 10�4 (291) 
HCN Hydrogen 

cyanide 
2 � 10�4 (291) 

H2CO Formaldehyde 1 � 10�4 (291) 
C4H10 Butane 1 � 10�4 (292) 
H2NCH2COOH Glycine 6 � 10�5 (291) 
C6H6 Benzene 8 � 10�6 (291) 
CO2 Carbon dioxide 6 � 10�6 (291) 
CH3OH Methanol 4 � 10�6 (291) 
O2 Oxygen 2 � 10�6 (291)  
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material was likely relatively efficient. However, if high-mass organic 
residues did remain unfragmented in the INMS antechamber, then the 
expected effect would be reported elemental ratios that are C-poor 
compositions relative to the true bulk material. The residues of complex 
organic material tend to evolve towards lower H/C, O/C, and N/C ratios 
when heated (i.e. C-rich residues), especially in the case of chondritic 
complex organics (Alexander et al., 2007). This fractionation occurs 
through release of more volatile compounds (Wu et al., 2004; Okumura 
and Mimura, 2011; see “van Krevelen diagrams” in Killops and Killops, 
2013). Input of impact energy may result in similar chemical trends as 
those observed via input of thermal energy, leading to some elemental 
fractionation and enhancement of C in the hypothetical organic residues 
that were not measured by INMS. Alternatively, chemical changes on 
rapid impact timescales may be more likely to remove organic side-
chains than slower, thermal processes. Qualitative examination of the 
recommended molecular structure for chondritic complex organics 
(Derenne and Robert, 2010), which may be closer analog material in the 
inner rings than tholins based on remote sensing models of the rings 
(Cuzzi and Estrada, 1998; also Section 1), suggests that the overall trend 
of enhancing C in the unmeasured residue may still be expected in this 
case. The constraints on the elemental ratios presented here, which are 
derived from the impact fragments and volatile components, could 
therefore be an upper limit. 

2.3.6. Implications for origins and relationship to the main rings 
Overall, the hand fits suggest the ring particles measured by INMS 

have depleted O/C, N/C, and S/C ratios relative to the solar values 
(Asplund et al., 2009). The auto fit elemental ratios include the possi-
bility of solar ratios, although the most frequent ratios are still depleted. 
(The exception is the N/C ratio for non-methane organics, which agrees 
well with the solar ratio for the auto fits.) The D ring may be supplied by 
the C ring (Waite et al., 2018), which the model of Cuzzi and Estrada 
(1998) suggests is darker and less red relative to the A and B rings 
because the same volume influx of meteoroid impactors, which are 
enriched in carbon relative to the endogenous icy ring material, would 
have a larger effect on the more diffuse C ring than on the dense A and B 
rings. It is possible that an influx of similar particles has also enriched 
the C-content relative to the main rings of the D ring particles measured 
here. Such a mechanism would be expected to enhance the silicate 
content of the D ring as well. These refractory grains would not be 
detected by INMS, but may be consistent with the silicate nanograins 
measured by CDA (Hsu et al., 2018). The N/C ratio reported here 
overlaps with ranges reported for laboratory production of tholin films 
(but not grains) in simulated Titan conditions (Carrasco et al., 2016). 
Titan tholins have been used as spectral analogs to reproduce the red 
slope of Saturn’s rings between 0.3 and 0.7 μm (e.g. Poulet and Cuzzi, 
2002). 

Previous searches of the A, B, and C rings in the near-infrared for 
non-water ices, including CH4, CO, N2, NH4OH (hydrated ammonia) and 
methanol, did not identify spectral features associated with these com-
pounds (Poulet et al., 2003). A possible feature from CH4 was reported at 
1.73 μm, but methane bands at 2.20, 2.31, and 2.37 μm were not 
detected (Poulet et al., 2003). Similarly, methane was not detected in 
remote sensing of the D ring (Hedman et al., 2007). Retention in the 
rings of highly volatile species like N2, CO, and CH4 on long time scales is 
not expected. To test the possibility of an endogenous origin, we 
approximated the diffusion of methane ice from the interior of a ring 
particle through a 2 m thick lag deposit for a 2 m thick methane ice layer 
using the method described in Schorghofer (2008) and vapor pressure 
values from Prydz and Goodwin (1972). Using temperatures between 50 
and 100 K (Tseng et al., 2010; Filacchione et al., 2014), estimated po-
rosities between 0.05 and 0.5, and tortuosity between 2 and 3 we find 
retention timescales on the order of thousands of years. We conclude 
that volatiles detected by INMS must have a geologically recent origin. 

A more likely explanation than retention of volatiles in the rings may 
be collisional decomposition of refractory organics and/or deposition of 

volatile material in the D ring. Alternatively, it is possible that collisional 
exposure of more refractory complex organics, followed by UV photol-
ysis reactions (Baratta et al., 2019; Moores and Schuerger, 2012) or ion 
irradiation (Moroz et al., 2004) might produce more volatile com-
pounds. Consideration of the time evolution of the bright clumps in the 
D68 ringlet suggests processing subsequent to collisions between ring 
material may be more likely than the introduction of exogenous material 
(Hedman, 2019). 

3. Latitudinal dependence

While the final five orbits all had CA points at latitudes of approxi-
mately 6�S, Cassini’s final plunge (Prox293) terminated at a latitude of 
11�N. This configuration of orbits provides a unique opportunity to 
understand the degree of association between different compounds 
measured by INMS. We hypothesize that the Grand Finale dataset in-
cludes signal from two primary phases for ring components: gaseous 
volatiles such as CH4 and solid nanograins (Waite et al., 2018). To test 
this hypothesis, we have compared data from Prox293 to Prox290, 
Prox291, and Prox292. Our assertion is that “volatiles,” aka species that 
are in the gas phase and travel as molecules with total masses in the 
range of tens of amu, should be present at higher latitudes than nano-
grain species, which may travel in the solid phase as a conglomeration of 
different compounds with a subsequent mass on the order of thousands 
of amu or more (Mitchell et al., 2018). Therefore, if this hypothesis is 
correct, the mixing ratios of refractory compounds should be depleted in 
the final plunge relative to the other proximal orbits. 

3.1. Data processing 

For each orbit, we created an integrated spectrum that only included 
inbound data up to CA following the method outlined in Section 2.1. 
These inbound-only spectra provide a closer correspondence between 
Prox290-292 and Prox293, for which no outbound data exist due to 
Cassini’s continued descent into Saturn’s atmosphere. Since outbound 
data (which include the desorption tails from water, Fig. S1) were 
excluded, the absolute mixing ratios calculated from these analyses 
underestimate the water abundance; however, these analyses are 
effective for testing for qualitative differences between the two types of 
orbits. 

We identified key tracer masses for six molecular categories. When 
possible, the highest-intensity ionization fragment mass was used. In 
some cases, interferences from other compounds required special pro-
cessing or selection of a different mass, as noted below. The tracer 
masses used were: methane (15 u; water has an interference at 16 u), 
ammonia (17 u, which we modify by subtracting the 17 u ionization 
fragment from water), water (18 u), carbon dioxide (44 u), organics (56 
u), and mass 28, which includes contributions from CO, N2, C2H4, and 
fragments of other organics. For organics, we use 56 u as the tracer mass 
because it does not include contributions from inorganic fragments and 
has relatively high signal in all orbits. 

While not strictly required for comparison of the proximal abun-
dances, conversion from counts to densities gives an approximation of 
the mixing ratio. For this conversion, we use sensitivity factors (“s”) 
listed in Table S2 for ammonia, water, and carbon dioxide, as well as the 
methane sensitivity factor in Table S2 scaled for 15 u. For both organics 
and mass 28, we use sensitivity factors that are linear combinations 
weighted by the abundances of the main contributing species as deter-
mined from hand fits of the integrated spectra (see Section 2). For 56 u 
[s ¼ (3.4 � 1.7) � 10�4], these species are 2-propen-1-amine, 2-pro-
penal, 1-hexene, and cyclohexene. For mass 28 (s ¼ 6.4 � 10�4 � 3.7 �
10�7), we use a combination of N2, CO, and C2H4. Conservatively, 
variation in sensitivity factors of compounds with molecular masses 
<100 u result in at most a factor of four difference in the calculated 
densities. While the sensitivity factors chosen have a minor impact on 
the absolute mixing ratios reported, the relative relationship between 
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orbits is not affected since the same sensitivity factors were used to 
process all four datasets. 

3.2. Modeling of adsorption effects 

In the comparison of mixing ratios for orbits that crossed the ring 
plane (Prox290-292) to the final orbit (Prox293), which did not cross the 
ring plane, only inbound data were used to make the data sets more 
similar. This data processing reduces the effects of adsorption, which 
depends on temperature, time, and surface coverage. However, the time 
duration of Prox293 is shorter than that of the other orbits used for 
comparison. Since the primary effect of adsorption is a time delay in 
detection of sticky species, this difference in duration could in effect still 
result in a reduction in the signal for sticky species compared to the 
inbound-only integrated spectra from Prox290-292. These sticky species 
include water and ammonia (Table S1), which are the two compounds 
that show the greatest apparent depletions in Prox293 (Fig. 3). 

Therefore, to determine whether these depletions can be fully 
explained by instrumental effects or indicate real compositional differ-
ences, we used the Simulator for Chemical Reactions in A Mass spec-
trometer (SCRAM) (Bouquet, 2018). This model simulates the effects of 
adsorption and desorption of compounds inside INMS by tracking the 
time evolution of surface and gas populations. The surface population of 
compound i at each time interval τ is given by Nad,i, equal to 
Nad;i ¼ AτDið1� θÞPiJiχ i; (1)  

where A is the surface area of INMS, Di is the sticking coefficient for 
compound i, θ is the fractional surface coverage, P is the partial pressure 
of compound i, and χi is the mixing ratio of compound i. We use a value 
of τ ¼ 10�5 s throughout our simulations. Ji is given by 

Ji ¼
ci

4kBT
; (2)  

and is a function of the thermal speed (ci) and temperature (T). 
Contemporaneous to calculation of the surface population, the gas 
population (Ndes,i) is also tracked via the equation 

Ndes;i ¼ �Nad;iv0τe

�

�Edes;ið1�αθÞ=RT

�

; (3)  

where Nad,i is the number of adsorbed molecules of compound i. 
Desorption is dependent on the desorption energy of compound i (Edes,i) 
as well as the characteristic vibration frequency of the surface (ν0). The 
value of Edes is itself a function of the surface coverage (θ), consistent 
with previous studies of the INMS antechamber properties (Teolis et al., 
2010). Here, we vary the desorption energy as a Temkin isotherm. The 
Temkin factor α is between 0 and 1, with higher values indicating 
greater repulsion with increased surface coverage between adsorbed 
molecules. Values used in the present work are summarized in Table 5. 
The surface is assumed to be fully oxidized, so that the values chosen 
reflect interactions with TiO2. Finally, for each time interval, the gas 
population is translated into counts following the equations described in 
Teolis et al. (2015), and the model output counts are compared to the 
INMS signal. 

The input values for the model are the density as a function of time, 
calculated from INMS counts data using the method in Teolis et al. 
(2015), and the mixing ratios of the compounds of interest. Our initial 
mixing ratios were calculated by fitting the inbound-only integrated 
spectrum, as described in Section 2. These values were then adjusted and 
the model outputs reproduced in an iterative fashion to reduce differ-
ences between the model output and the measured counts. 

3.3. Results 

Inbound-integrated mixing ratios for Prox290 and Prox292 are 

indistinguishable from one another in all six chemical categories 
explored (Fig. 3), consistent with the mass-by-mass comparison shown 
in Fig. 1. Prox291 has similar mixing ratios to the other full orbits 
(Prox290 and Prox292) for CH4, 28 u, and CO2. However, it is enriched 
in NH3 and water relative to Prox290 and Prox292. Prox291 may also be 
organic-rich, which would be consistent with the increase in signal 
observed at high masses in Fig. 1. However, any increase in organic 
content relative to Prox290 and Prox292 still falls within the associated 
uncertainty. 

Prox293, the final plunge at 11�N latitude that did not cross the 
equatorial plane, has the same mixing ratio of CH4 and 28 u as the ring- 
plane-crossing orbits that have CA at 6�S latitude. However, the mixing 
ratios of NH3, water, and organics are reduced relative to the full orbits. 
CO2 may also be depleted in Prox293 relative to the full orbits, though 
the CO2 data points are within uncertainty of one another. 

To discriminate between instrumental and compositional effects, we 
used the SCRAM model (Section 3.2) to test the null hypothesis that all 
apparent differences between Prox293 and Prox290-292 were solely due 
to instrumental effects. If true, then modeling of the same input mixing 
ratios should produce equally good fits to the counts data for both 
Prox293 and a ring-plane-crossing orbit. We modeled two compounds: 
H2, which was chosen as the dominant atmospheric constituent, and 
CO2, which defines the cut-off between compounds with and without an 
apparent depletion in Prox293. H2 was selected to represent non-sticky 
compounds, while CO2 represents sticky compounds (see Table S1). To 
represent the ring-plane-crossing orbits, we selected Prox292 because it 
appears to have the lowest mixing ratios of those orbits. Therefore, 
testing for differences in CO2 between Prox292 and Prox293 gives the 
most conservative result. 

Model results are shown in Fig. 4. For both Prox292 and Prox293, H2 
has a mixing ratio >0.99 calculated from the data. The resulting H2 
counts profiles are reproduced well by the model output. The model 
output for CO2 also reproduces the data in Prox292 well. However, the 
same input mixing ratio over-predicts the CO2 counts compared to the 
data from Prox293. These results suggest that the modeled instrumental 
effects, namely adsorption and desorption inside INMS, do not fully 
explain the observed CO2 depletion in Prox293. Were instrumental ef-
fects the only cause of the observed depletion, then the model output in 
Fig. 4d should match the data. Therefore, we reject the null hypothesis, 
and we conclude that there is a real compositional difference between 
Prox292 and Prox293. 

This conclusion is supported by model outputs in Fig. 5, which show 
that when the CO2 mixing ratio (Fig. 5d) or desorption energy (Fig. 5f) 
are adjusted to fit the INMS data from Prox293, the data in Prox292 are 
not fit (Fig. 5c and e). Based on the calculated χ2 values for these models, 
the best fits for Prox292 and Prox293 are shown in Fig. 5a and f with CO2 
mixing ratios of 2 � 10�5 and 7 � 10�6 respectively. Since the difference 

Table 5 
Constants used in SCRAM model.  

Variable Description Value 
A INMS surface area 1.04 � 10�3 m2 

τ Time interval 10�5 s 
kB Boltzmann constant 1.38 � 10�23 m2 kg s�2 K�1 

T Antechamber temperature 298.15 K 
ν0 Surface vibration frequencyb 1013 s�1 

Variable Description Value, H2 Value, CO2 

Edes, i Desorption energy of species i 48,100 J mol�1 
a 

36,700 J mol�1 
c 

χi Mixing ratio 0.99925737 1.65 � 10�6 

Di Sticking probability for 
compound ic 

0.1 0.98 

α Temkin factor 0.50b 0.69c

a Brown and Buxbaum (1988). 
b Estimated. 
c Lin et al. (2012). 
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in CO2 between Prox292 and Prox293 is the minimum difference 
observed of all the compounds compared in Fig. 3, we further conclude 
that the depletions in water and ammonia are also likely due to 
compositional differences at greater latitudes from the ring plane. 
Compositional differences are dependent primarily on latitude rather 
than altitude, as Prox293 is depleted in ammonia, water, and organics 
for altitudes below 2300 km (Fig. 6). 

3.4. Discussion 

The latitudinal extent of the compounds investigated here is 

correlated with volatility, suggesting that differences may be related to 
the presence of each compound in either the solid phase or the gas 
phase. Sublimation curves for pure species are shown in Fig. 7. For the 
range of pressures between the inner edge of the D ring (~10�10 bar) to 
the lowest altitudes for Prox290 through Prox292 (~1500 km, or 10�4 

bar), CH4 and mass 28 species (N2 and CO) sublimate at much lower 
temperatures than CO2, which may be depleted in Prox293, and NH3 
and water, which are depleted in Prox293. Curves for ethane (C2H6, 30 
u) and benzene (C6H6, 78 u) are provided in Fig. 7 for comparison to the
ring organics. Environmental conditions therefore favor sublimation of 
highly volatile compounds like CH4, but not sublimation of more 

Fig. 3. Comparison of mixing ratios for orbits that crossed the 
ring plane (Prox290-292) and the final plunge (Prox293), 
which terminated at 11�N latitude. The final plunge is 
depleted in ammonia, water, and organics relative to the other 
orbits. Compounds are listed in order of decreasing volatility 
from left to right (see Fig. 7). Note that mixing ratios are 
approximate for two reasons: (1) adsorption effects can only be 
partially accounted for in Prox293, which does not have 
outbound data; and (2) sensitivities are estimated as described 
in Section 3.1. The analysis shown here is for the inbound- 
integrated spectra, and apparent differences for Prox290-292 
from the mixing ratios in Tables 1 and 2 are due to adsorp-
tion effects.   

Fig. 4. Comparison of SCRAM model output using values in Table 5 with INMS data (shown with error bars) for Prox292 and Prox293. The model outputs reproduce 
both the H2 (a) and CO2 (b) data well for Prox292. For Prox293, the H2 model outputs and data agree (c), but CO2 data are depleted relative to the model outputs (d). 
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refractory compounds like CO2. These results are consistent with our 
hypothesis that the ring material is comprised of both gas-phase and 
solid-phase components. CO2 exhibits some depletion in Prox293 but 
still falls within the bounds of uncertainty, which further suggests that 
the division between volatile and refractory species in this context may 
be approximately the sublimation vapor pressure of CO2. The gas-phase 
compounds may form part of the inner ring atmosphere (Johnson et al., 
2006; Tseng et al., 2010), although the volatility of these compounds 
suggests they may be transient and related to collisions, as discussed in 
Section 2.3.6. 

Our results can be used to infer the gas to dust molar ratio of the 
infalling material. From Fig. 3, we see that 28 u and CH4 are primarily 
volatile. Making the simplifying assumption that 28 u and 15 u are 
completely volatile, the volatile mixing ratio is approximately 4 � 10�4. 
CO2, NH3, organics (~56 u), and H2O are the other most abundant 
compounds, and comprise the “dust” component. In this case, Fig. 3 
shows that the dust mixing ratio is approximately 3 � 10�4. This sug-
gests a gas to dust ratio of the infalling material close to unity. The 
mixing ratios shown in Fig. 3 are not corrected for adsorption effects, 
and the preferred values are therefore in Tables 1 and 2. This distinction 
is less important for the volatile compounds defined here (28 u and 15 
u), because these masses do not show strong adsorption effects. How-
ever, the “dust” component here is an underestimate for this reason. 
Performing a similar analysis on the auto fit average values, Saturn’s 
atmosphere is defined as H2 þ He (Mixing Ratio, MR ¼ 0.999). Inflowing 
gas is defined as methane, carbon monoxide, and nitrogen (MR ¼ 5.94 
� 10�4). The remaining compounds are defined as dust (MR ¼ 7.98 �
10�4). This suggests a gas to dust ratio of 0.74. If this analysis is reframed 
slightly to consider a cometary context where CO2 and H2O would be 
volatile, then the result is a volatile/refractory molar ratio of 2.24. Since 
the INMS measurements of dust include only the fraction that was 
volatilized in the instrument antechamber, these estimates on the gas to 

dust ratio are upper limits. 
Previous results from the high-altitude and mid-altitude orbits sug-

gested an offset from the atmospheric profile towards the equatorial 
plane for the 28 u counts (see Fig. 1 in Perry et al., 2018 and Fig. 4 in 
Waite et al., 2018). This has been interpreted as association of 28 u with 
larger nanoparticles rather than as gaseous molecules, which would be 
expected to couple with the atmosphere and therefore follow the same 
profile. The auto fits produced in this study (see Section 2) are consistent 
with contributions at 28 u from N2 and CO, which are both volatile 
compounds (Fig. 7) that should couple with the atmosphere. However, 
the hand fits generated in this study suggest that approximately 30% of 
the low-altitude counts at 28 u may be due to organics based on con-
straints at 12 u on CO and at 14 u on N2. These organic contributions 
may include C2H4 and ionization fragments of larger compounds. 
Therefore, this refractory component may lead to the previously 
observed high-altitude offset. Similarly, for 44 u the most probable fits 
are CO2, C3H8, and organic fragments. The attribution to CO2 is limited 
by the doubly-ionized peak at 22 u, which has very few counts in the 
spectra. This contributes to the relatively low CO2 abundances reported 
in Tables 1 and 2. Attribution to organic compounds of a portion of the 
44 u counts in the high-altitude data shown in Perry et al. (2018) would 
be consistent with attribution of a portion of the 28 u counts to an 
organic constituent. 

4. Conclusions

During the Grand Finale, Cassini INMS made in situ measurements of
material flowing in to Saturn’s upper atmosphere from the D ring. These 
data reveal complex mass spectra, with signal across the full INMS mass 
range from 1 u to 99 u. Model fits to the data are consistent with an 
organic-rich composition, confirming earlier remote sensing spectral 
models that incorporate organics into ring particles in the main (A, B, 

Fig. 5. Changes in the CO2 mixing ratio (MR) or desorption energy to fit the INMS data from Prox293 result in poor fits for Prox292. χ2 goodness-of-fit values are 
included for each model. Note that the degrees of freedom differ between Prox292 and Prox293 (331 and 172 respectively), and the χ2 values should not be compared 
between the two proximal orbit datasets. 
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and C) rings (e.g. Ciarniello et al., 2019; Cuzzi et al., 2018; Filacchione 
et al., 2014; Hedman et al., 2013). These previous studies generally 
show an increase in non-icy material in the diffuse regions of the rings 
relative to the A and B rings, which may be consistent with relatively 
high organic abundances in the D ring relative to the bulk rings. How-
ever, these INMS results showing >70% by mass non-icy material exceed 

remote sensing maxima. It is possible that the difference is related to 
exposure of fresh, relatively volatile material in the D68 ringlet, or to the 
small size of the particles measured by INMS (Perry et al., 2018). Ulti-
mately, the reason for the high organic abundance remains an open 
question. 

Our analyses confirm the abundances of CH4, CO2, CO, N2, H2O, and 

Fig. 6. Comparison of mixing ratios of CH4, NH3, H2O, CO2, and organics as a function of altitude. Values shown are for inbound trajectory only; apparent differences 
in mixing ratio for Prox290-292 from the values listed in Tables 1 and 2 are an artifact of adsorption effects. 

Fig. 7. Sublimation curves for pure compounds. Functions are taken from Fray and Schmitt (2009).  
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NH3 previously reported (Waite et al., 2018), suggesting that these 
values are robust and independent of the fitting method used. Com-
parisons to experiments suggest that most material that entered the 
INMS antechamber would have dissociated into molecular fragments; 
however, it is possible that some residues may have been too refractory 
for detection by INMS. Differences in the latitudinal distribution of light 
volatiles (CH4, N2, and CO) compared to heavier organics suggests that 
these compounds were endogenous to the ring material. Recombination 
in the instrument antechamber is rejected as an alternate method of 
forming these compounds. Elemental ratios calculated from these fits 
indicate that the D ring particles are C-rich relative to solar values, and 
especially depleted in S. The data support inclusion of some O- and N- 
bearing organics. 

Latitudinal effects on the ring material composition indicate the 
presence of two phases: gaseous and solid material. This division is ac-
cording to sublimation temperature, with the vapor pressure of CO2 
falling in between the two categories. Volatile material is enhanced 
relative to refractory material at latitudes away from the equatorial 
plane where the material is sourced. We calculate a gas to dust molar 
ratio for the ring material close to unity. 
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Supplementary Text 

Generation of Integrated Spectra 

To integrate the spectrum over the full time for which water counts are above the 

background level, both full-rate data near CA and coadded data from further away are included. 

Initial adjustments are necessary to account for detector saturation, deadtime, and coadd rate 

(Magee et al., 2009). Saturation of the high sensitivity (C1) detector is observed at count rates 

greater than 105 counts per integration period (IP, 31 ms). For mass 2 u, these count rates 

correspond to altitudes below ~2200 km (all altitudes are referenced to the 1 bar pressure level 

reported by NAIF). Saturation is not observed for other masses in the Grand Finale dataset. 

When saturation occurs, data from the low sensitivity (C2) detector must be used instead. We 

have used a correction factor of 2925±200, determined via analysis of the C1/C2 ratio at count 

rates of ~104 counts/IP observed during the Grand Finale orbits. In addition, we have corrected 

data points with count rates between 104 and 105 counts/IP using a deadtime of 32.6 ns and an 

assumed 20% deadtime error (Magee et al., 2009). Finally, coadded data are adjusted to their 

full-rate equivalent by dividing the adjusted signal by the coadd number (Waite et al., 2004). 

 Once data have been corrected for saturation, deadtime, and coadd rate, the radiation and 

outgassing background levels are subtracted from each data point. Detailed descriptions of this 

process are provided in Perry et al. (2010). Briefly, radiation levels are determined as a function 

of time by monitoring signals at masses with the lowest count rates (including 5 u, 6 u, and 7 u), 

where no real signal is expected or observed. Since radiation effects are independent of mass, the 

average counts in these channels can be subtracted for all other masses. Outgassing backgrounds 

are determined by monitoring the signal at each mass channel in the time period beginning a few 

hours before CA and ending approximately 8 minutes before CA, when the 2 u signal begins to 

rise. Since outgassing decay is affected when the INMS filament is turned on (Perry et al., 2010), 

the time periods corresponding to tens of hours before each CA were checked to ensure that the 

background values used represent equilibrium values. In the case of Prox290 and Prox292, the 

filament was left on continuously. In Prox291, the filament was switched on and off during the 

course of the orbit, leading to some discontinuities in the outgassing background. However, this 

signal was stable for the time periods directly preceding and following CA, and so the average 

preceding signal was utilized as the outgassing background. We estimate that this simplification 

may introduce error in the outgassing background of less than 10%.  

 Following background subtraction, data points contaminated by Cassini’s thrusters were 

removed and replaced by an interpolated signal. Only mass 2 u and 28 u signals were effected, 

corresponding to H2 and N2, respectively, derived from the hydrazine (N2H4) fuel used by the 

spacecraft (Magee et al., 2009; Teolis et al., 2015). For times within 200 s of CA, anomalous 28 

u data points were removed by hand; we identified 2 such points in each of Prox290 and 

Prox291.  In Prox292, our analysis of the CA time period did not indicate any signal that 

deviated from the smooth curve associated with the spacecraft trajectory through Saturn’s upper 

atmosphere. With the exception of these few outlier points that were removed, it is generally 

difficult to differentiate between what may be natural variability in signal and what may be 

thruster contamination; however, careful inspection suggests that the effects of residual thruster 

contamination would be well within the uncertainties of the reported data. In the time period 
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following return of the 2 u signal to background levels, thruster firings are visible in each of the 

proximal orbits analyzed. These events were identified by hand, and the increased counts were 

replaced by interpolating with a linear fit to the data points preceding and following the event.  

After completion of these data processing steps, masses were divided into two categories: 

“sticky” and non-sticky (Fig. S1). To make this division, data from Prox290 were smoothed 

using a moving average with a width of five data points, and the ratio of the inbound and 

outbound counts measured closest to 1750 km in altitude was calculated. Sticky masses were 

defined as those masses that have an outbound/inbound ratio greater than 2, as well as more than 

40 total data points (inbound + outbound). The list of sticky and non-sticky masses is given in 

Table S1. 

The final integrated spectra were generated using two different time windows of 

integration. For sticky masses, the integration window was defined as the time period when 18 u 

was above background. This time period begins approximately 13 minutes before CA and ends 

between 8 and 15 hours after CA. Non-sticky masses were integrated over the time period when 

2 u was above background, from approximately 8.5 minutes before CA to 8.5 minutes after CA. 

To calculate the integrated counts, c, for a given mass i, each measurement, j, of counts/IP at that 

mass was multiplied by half of the time in seconds between the preceding and following 

measurements at that mass. The weighted counts were then summed over the full integration 

time window (Eqn. S1).  

 𝒄𝒄𝒊𝒊,𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 =  ∑ 𝒄𝒄𝒊𝒊,𝒋𝒋 �𝒊𝒊𝒊𝒊,𝒋𝒋+𝟏𝟏−𝒊𝒊𝒊𝒊,𝒋𝒋−𝟏𝟏�𝟐𝟐𝒊𝒊𝒋𝒋=𝟏𝟏    (S1) 

Once the integrated spectra were generated, the number of counts at each mass was reduced by a 

factor of 1000; this step was taken to reduce residuals associated with rounding of large numbers, 

especially counts at mass 2 u. Since mixing ratios are relative, this reduction has no impact on 

the calculated mixing ratios. It is accounted for in calculation of the ring material weight percents 

(Table 3). 

Peak Fitting 

Peaks in the spectra were fit in a linear fashion. For each species added, the maximum 

possible counts generated by dissociative ionization of that compound were determined by 

subtracting the corresponding counts for each ionization fragment mass from the current 

spectrum residual to generate a new minimized residual. Compounds added earlier in this fitting 

process are inherently prioritized for inclusion in the model. This is especially true of compounds 

in the high mass range, which are constrained not only by the residual signal at their main peak, 

but also the residual signal for all ionization fragment peaks at lower masses.  

Hand Fits 

In the hand fits, the fitting order was chosen using the guidelines described below. In the 

present work, two different fitting procedures were applied to the full mass range to constrain the 

ranges in elemental ratios for organic compounds (where organics include any compound with at 

least one C-H bond). In both cases, compounds were selected from a catalog of molecules that 

was developed based on previously observed extraterrestrial volatiles, including Titan (Magee et 
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al., 2009), comets (Altwegg et al., 2017; Bockelée-Morvan, 2011; Le Roy et al., 2015), trans-

Neptunian objects (Hudson et al., 2008), and astronomically relevant ices (Materese et al., 2015). 

Data from the Rosetta mission include ionization fragments measured by the Rosetta Orbiter 

Spectrometer for Ion and Neutral Analysis (ROSINA) instrument (Altwegg et al., 2017). For the 

first type of model fit, only hydrocarbons and inorganic molecules were used (“HC fits”). 

Species were selected from the catalog in order from highest molecular mass to lowest molecular 

mass. The resulting model represents the C-rich end member for the elemental ratios reported 

(H/C, O/C, N/C, and S/C). 

To generate the O-, N-, and S-rich end member ( “ONS fits”), species in the molecular 

catalog were added in order from highest to lowest X/C index, where X represents the sum of all 

non-C atoms. Species with identical X/C indices were further ordered by decreasing molecular 

mass. Not surprisingly, this second approach required more manual adjustment than models 

produced via the first approach, because of the aforementioned difficulties of adding heavier 

species late in the fitting process. Residuals were monitored during generation of the ONS fits, 

and the fit was considered complete once a stable residual was achieved. The hand fit models are 

shown in Fig. S2. 

Auto Fits 

 Auto fits were generated using a two tier system. Tier 1 compounds were H2O, CH4, CO, 

N2, CO2, NH3, H2, and He. These compounds correspond to those identified in Waite et al. 

(2018). Tier 2 compounds include those listed in Table S2, as well as an additional ~1980 

compounds comprising all molecules in the NIST spectral library with a molecular mass < 100 u. 

While it is possible that fragments of heavier compounds are present in the spectrum, a cut off of 

100 amu was selected because it corresponds to the end of the INMS range, and less than ~10 

wt.% of the spectrum is present from 70 u to 100 u, suggesting diminishing importance for 

heavier compounds. 

 For each auto fit model produced, the order of the compounds within each tier was 

shuffled randomly, and compounds were added in a linear fashion from the resulting list, as 

described above. Tier 1 compounds were added first, and then Tier 2 compounds. A tolerance 

was allowed in fitting, so that secondary peaks could exceed the residual within 10% of the 

observed counts. 

Conversion to densities 

Conversion from counts/IP to number densities, which are used to calculate the elemental 

ratios, is done based on procedures outlined by Teolis et al. (2015). The density is related to the 

signal in counts/IP, c, as 𝒊𝒊 =
𝟏𝟏.𝟓𝟓𝟓𝟓𝒄𝒄𝒔𝒔×𝒊𝒊×𝑭𝑭  (S2) 

Here, n is the relative density, s is the sensitivity factor, t is the integration time period 

(0.031 s), and F is the ram factor. The factor of 1.55 corrects for the gain change in the detector 

over the mission lifetime. 
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Sensitivities for uncalibrated species are estimated following the procedure developed by 

Magee et al. (2009), which calculates sensitivity of species j as 

𝒔𝒔𝒋𝒋 = 𝒔𝒔𝑪𝑪𝑪𝑪𝟒𝟒 𝑰𝑰𝒋𝒋𝑰𝑰𝑪𝑪𝑪𝑪𝟒𝟒 � 𝒑𝒑𝒎𝒎𝒊𝒊𝒎𝒎,𝒋𝒋∑𝒑𝒑𝒋𝒋𝒑𝒑𝒎𝒎𝒊𝒊𝒎𝒎,𝑪𝑪𝑪𝑪𝟒𝟒∑𝒑𝒑𝑪𝑪𝑪𝑪𝟒𝟒 � (S3), 

with pj corresponding to the height of each ionization fragment peak relative to the main peak. Ij 

is the ionization cross section of organic species j, calculated based on the method described by 

Fitch and Sauter (1983). A 30% error is assumed for all sensitivity values calculated in this 

manner. All sensitivities are listed in Table S2. 

The ram factor accounts for the effects of the relative velocity and the orientation of the 

closed source inlet relative to the ram direction of the spacecraft on the measured signal, as 

described by Teolis et al. (2015). Since the instrument pointing and relative velocity changed as 

a function of time over the course of the CA time period (especially in Prox290, for which INMS 

was not the prime instrument determining pointing), the inbound ram factor for the weighted 

mean altitude was used for each time-integrated spectrum. Ram factors as a function of altitude 

for the non-sticky integration window are given for each proximal in Fig. S3. This range 

corresponds to the time period when both sticky and non-sticky masses entered the instrument. 

The ram factor at the weighted mean altitude differs by at most 5% from the instantaneous ram 

factor. The mean altitude A was calculated as 𝑨𝑨 = ∑ 𝒊𝒊𝒊𝒊 ×
𝒄𝒄𝒊𝒊�𝒄𝒄𝒊𝒊𝑻𝑻=𝒊𝒊 (S4) 

with ai defined as the maximum altitude for each 100 km altitude bin i, 𝒄𝒄𝒊𝒊�  defined as the total 

counts in altitude bin i, and 𝒄𝒄𝒊𝒊 being the total counts in the integrated spectrum. The ram factor 

was calculated as a function of mass, pointing, and velocity (Teolis et al., 2015) at the calculated 

mean altitude. Ram factors are provided in Table S3. 

Upper Limit Constraints on Compounds of Interest 

For compounds such as glycine or methanol with specific relevance in space science, upper limit 

fits to the spectra were generated (Section 2.3.4). The primary information on the upper limit fits 

presented in Table 4. Table S5 provides additional information, including the main peak of the 

ionization spectrum for each compound, and the mass that provides the upper limit constraint. 

For cases where these two do not match, it indicates that a minor peak in the compound 

ionization spectrum is the reason for the upper limit presented here. To derive a true upper limit 

that accounts for uncertainty, partial fits were calculated with a residual of -10% at the 

constraining mass for the compound of interest and exact fits at the constraining masses for the 

other compounds in the fit. The other compounds in the fit are the species that were included in 

the partial fit. In most cases, these include only He, H2, and water, which are known to be 

present and must be accounted for. In the case of CO, N2, and HCN, experience with 

deconvolving the spectra indicates a high probability of interaction with the CH4 and NH3 

spectra (for example, CH4 has a peak at 12 u, which has implications for the CO peak at 12 u). 
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Since all of the fits suggest that CH4 and NH3 are robust results, they were included in these 

cases. 
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Supplementary Figures 

Fig. S1. Adsorption of compounds to the INMS antechamber walls results in a 

characteristic outbound tail. This tail is due to a time delay for molecules that 

interact with the antechamber wall before reaching the detector, resulting in a 

slower transit to the detector that smears out the signal over a longer time. Here, 4 

u is He, which traces the atmospheric profile and does not display adsorption 

effects. The other atmospheric component is H2 at 2 u; the tail seen at > 500 s is 

due to ionization fragments from water. Mass 15 u corresponds to methane, which 

does not show appreciable adsorption effects. Mass 16 u is a combination of 

methane and water, and 18 u is primarily due to water. Water is the compound that 

is most affected by adsorption effects. Note that the curves shown here are plotted 

with different vertical scales; the 2 u counts are much greater than any of the other 

masses. 
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Fig. S2. Model spectra and residuals from hand fits for Prox290, Prox291, and Prox292. 
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Fig. S3. Ram factors as a function of altitude in km. The inbound data are solid lines, and the outbound data are 

dashed lines. The vertical dashed line corresponds to the ram factor used in calculations (Table S3). 
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Supplementary Tables 

Table S1. Sticky and non-sticky masses 

Sticky masses Non-sticky masses 

17, 18, 34, 39, 40, 41, 42, 43, 50, 51, 52, 53, 54, 55, 56, 

57, 67, 68, 69, 70, 71, 77, 79, 81, 82, 83, 84, 85, 86, 91, 

92 

1, 2, 3, 4, 5, 6, 7, 8, 12, 13, 14, 15, 16, 19, 20, 21, 22, 23, 

24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 35, 36, 37, 38, 44, 

45, 46, 47, 48, 49, 58, 59, 60, 61, 62, 63, 64, 65, 66, 72, 

73, 74, 75, 76, 78, 80, 87, 88, 89, 90, 93, 94, 95, 96, 97, 

98, 99 

Table S2. Compounds in spectral library used for hand fits; REU is the INMS engineering unit 

Name Stoichiometry Molecular mass Spectrum source Sensitivity 

Pentacene C22H14 278 NIST 0.0044242 

Pyrene C16H10 202 NIST 0.00388523 

Anthracene C14H10 178 NIST 0.00311462 

Phenanthrene C14H10 178 NIST 0.00238577 

Biphenyl C12H10 154 NIST 0.00173534 

Quinoline C9H7N 129 NIST 0.00179508 

Isoquinoline C9H7N 129 NIST 0.00194416 

Naphthalene C10H8 128 NIST 0.00270075 

Purine C5H4N4 120 NIST 0.00166553 

Benzofuran C8H6O 118 NIST 0.00174876 

Indene C9H8 116 NIST 0.00175675 

Phenol C6H6O 94 NIST 0.00115683 

Aniline C6H7N 93 NIST 0.00137935 

Toluene C7H8 92 REU 0.000476146 

2,3-Butanedione C4H6O2 86 NIST 0.000391474 

n-Hexane C6H14 86 NIST 0.000134466 

1-Hexene C6H12 84 NIST 0.000213109 

2-Hexene C6 H12 84 NIST 0.000396908 

Cyclohexane C6H12 84 NIST 0.000789826 

1,4-Hexadiene C6H10 82 NIST 0.000337588 

1,5-Hexadiene C6H10 82 NIST 1.39E-05 

1-Hexyne C6H10 82 NIST 8.10E-06 

2-Hexyne C6H10 82 NIST 0.0005089 

3-Hexyne C6H10 82 NIST 0.00053315 

1,3-Hexadiene C6H10 82 NIST 0.000398676 

Pyrimidine C4H4N2 80 NIST 0.00128188 

Pyridine C5H5N 79 NIST 0.00126739 

Benzene C6H6 78 REU 0.000621842 

Carbon Disulfide CS2 76 NIST 0.0013344 

Glycine C2H5NO2 75 NIST 6.14E-05 

Pentane C5H12 72 NIST 0.000152647 

1-Pentene C5H10 70 NIST 0.000388033 

2-Pentene C5H10 70 NIST 0.000440426 

Cyclopentane C5H10 70 NIST 0.00043898 

Furan C4H4O 68 NIST 0.000872231 

1,2-Pentadiene C5H8 68 NIST 0.000317263 

1,3-Pentadiene C5H8 68 NIST 0.000537003 

Pyrrole C4H5N 67 NIST 0.000627725 

1,3-Cyclopentadiene C5H6 66 NIST 0.00107396 
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Sulfur dioxide SO2 64 NIST 0.000719905 

Peroxide, dimethyl C2H6O2 62 NIST 0.000374008 

1,2-Ethanediol C2H6O2 62 NIST 5.77E-05 

Dimethyl sulfide C2H6S 62 NIST 0.000661385 

Ethanethiol C2H6S 62 NIST 0.00054124 

Dimethyl sulfide C2H6S 62 NIST 0.000686099 

Carbonyl sulfide OCS 60 NIST 0.000652778 

Thiirane C2H4S 60 NIST 0.000442366 

Methyl Formate C2H4O2 60 NIST 0.000285298 

Acetaldehyde, hydroxy- C2H4O2 60 NIST 5.71E-05 

Acetic acid C2H4O2 60 NIST 0.000450759 

Isopropyl Alcohol C3H8O 60 NIST 6.47E-06 

1-Propanol C3H8O 60 NIST 8.80E-05 

Ethane, methoxy- C3H8O 60 NIST 0.000234296 

Formamide, N-methyl- C2H5NO 59 NIST 0.000934019 

Acetamide C2H5NO 59 NIST 0.000629055 

Acetaldoxime C2H5NO 59 NIST 0.000418261 

2-Propanamine C3H9N 59 NIST 4.38E-05 

Propylamine C3H9N 59 NIST 0.000190178 

Ethanamine, N-methyl- C3H9N 59 NIST 0.000496825 

Methylamine, N,N-dimethyl- C3H9N 59 NIST 0.000689887 

Glyoxal C2H2O2 58 NIST 0.000160623 

Ethene, methoxy- C3H6O 58 NIST 0.000312238 

2-Propen-1-ol C3H6O 58 NIST 0.00016792 

Acetone C3H6O 58 NIST 0.000669725 

Propanal C3H6O 58 NIST 0.000610064 

Butane C4H10 58 NIST 0.000128903 

Isobutane C4H10 58 NIST 3.24E-05 

2-Propen-1-amine C3H7N 57 NIST 0.000165755 

1-Butene C4H8 56 NIST 0.000372864 

1-Propene, 2-methyl- C4H8 56 NIST 0.000395214 

2-Propenal C3H4O 56 NIST 0.000366456 

Propargyl alcohol C3H4O 56 NIST 3.17E-05 

Ethyl isocyanide C3H5N 55 NIST 0.000379787 

Propargylamine C3H5N 55 NIST 0.00016343 

Ethenamine, N-methylene- C3H5N 55 NIST 0.0004636 

Propanenitrile C3H5N 55 REU 0.000364843 

1,3-Butadiene C4H6 54 REU 0.000222679 

1-Butyne C4H6 54 NIST 0.000589478 

2-Butyne C4H6 54 NIST 0.00104919 

2-Propynal C3H2O 54 NIST 0.000316051 

Acrylonitrile C3H3N 53 REU 0.000297562 

1-Buten-3-yne C4H4 52 NIST 0.00103497 

Cyanogen C2N2 52 REU 0.000530804 

Propiolonitrile C3HN 51 REU 0.000588022 

Diacetylene C4H2 50 REU 0.000501635 

1,3-Butadiyne C4H2 50 NIST 0.000996116 

Methanethiol CH4S 48 NIST 0.000632834 

Hydroxylamine, O-methyl- CH5NO 47 NIST 0.000805482 

Formic Acid CH2O2 46 NIST 0.000294318 

Ethanol C2H6O 46 NIST 0.000161905 

Dimethyl ether C2H6O 46 NIST 0.000521683 

Nitrogen dioxide NO2 46 NIST 0.000194123 
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Formamide CH3NO 45 NIST 0.000621629 

Methane, Nitroso- CH3NO 45 NIST 0.000363606 

Ethylamine C2H7N 45 NIST 0.000170599 

Dimethylamine C2H7N 45 NIST 0.00055683 

Carbon Dioxide CO2 44 REU 0.00070903 

Acetaldehyde C2H4O 44 NIST 0.000442305 

Propane C3H8 44 REU 0.000511054 

Nitrous Oxide N2O 44 NIST 0.00057864 

Ethylenimine C2H5N 43 NIST 0.000297374 

Propene C3H6 42 NIST 0.000405587 

Ketene C2H2O 42 NIST 0.000436592 

Acetonitrile C2H3N 41 REU 0.000527752 

Methyl isocyanide C2H3N 41 NIST 0.000742877 

Allene C3H4 40 REU 0.000533917 

Propyne C3H4 40 REU 0.000419443 

Hydrogen sulfide H2S 34 NIST 0.000538303 

Oxygen O2 32 NIST 0.000502803 

Methyl Alcohol CH4O 32 NIST 0.000416793 

Methylamine CH5N 31 NIST 0.000406957 

Ethane C2H6 30 REU 0.000693671 

Formaldehyde H2CO 30 NIST 0.000321473 

Carbon Monoxide CO 28 REU 0.000659584 

Nitrogen N2 28 REU 0.000628784 

Ethylene C2H4 28 REU 0.000621343 

Hydrogen Cyanide HCN 27 REU 0.000520338 

Acetylene C2H2 26 REU 0.000881011 

Water H2O 18 REU 0.000434182 

Ammonia NH3 17 REU 0.000477114 

Methane CH4 16 REU 0.000600812 

Helium He 4 REU 0.000120584 

Hydrogen H2 2 REU 0.000365016 

Table S3. Ram factors and ram uncertainties used for integrated spectra 

Prox290 Prox291 Prox292 

Mass 

Ram 

Enhancement Uncertainty 

Ram 

Enhancement Uncertainty 

Ram 

Enhancement Uncertainty 

1 29.83 8.95 29.78 8.93 29.81 8.94 

2 42.14 12.64 42.06 12.62 42.12 12.64 

3 51.57 15.47 51.47 15.44 51.55 15.47 

4 59.52 17.86 59.40 17.82 59.50 17.85 

5 66.53 19.96 66.39 19.92 66.50 19.95 

6 72.86 21.86 72.71 21.81 72.84 21.85 

7 78.69 23.61 78.52 23.55 78.66 23.60 

8 84.11 25.23 83.92 25.18 84.09 25.23 

12 102.99 30.90 102.73 30.82 102.96 30.89 

13 107.19 32.16 106.92 32.08 107.16 32.15 

14 111.23 33.37 110.95 33.28 111.20 33.36 

15 115.13 34.54 114.84 34.45 115.10 34.53 

16 118.90 35.67 118.59 35.58 118.87 35.66 

17 122.56 36.77 122.24 36.67 122.53 36.76 

18 126.11 37.83 125.78 37.73 126.08 37.82 

19 129.56 38.87 129.22 38.76 129.53 38.86 

20 132.92 39.88 132.57 39.77 132.89 39.87 
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21 136.21 40.86 135.84 40.75 136.18 40.85 

22 139.41 41.82 139.03 41.71 139.38 41.81 

23 142.54 42.76 142.15 42.64 142.51 42.75 

24 145.61 43.68 145.20 43.56 145.57 43.67 

25 148.61 44.58 148.19 44.46 148.57 44.57 

26 151.55 45.46 151.12 45.34 151.52 45.46 

27 154.43 46.33 154.00 46.20 154.40 46.32 

28 157.26 47.18 156.82 47.05 157.23 47.17 

29 160.05 48.01 159.59 47.88 160.02 48.01 

30 162.78 48.83 162.32 48.70 162.75 48.83 

31 165.47 49.64 165.00 49.50 165.44 49.63 

32 168.12 50.44 167.64 50.29 168.08 50.42 

33 170.75 51.22 170.23 51.07 170.69 51.21 

34 173.31 51.99 172.78 51.83 173.26 51.98 

35 175.84 52.75 175.30 52.59 175.79 52.74 

36 178.33 53.50 177.79 53.34 178.28 53.48 

37 180.79 54.24 180.24 54.07 180.74 54.22 

38 183.22 54.97 182.65 54.80 183.17 54.95 

39 185.61 55.68 185.04 55.51 185.56 55.67 

40 187.98 56.39 187.40 56.22 187.92 56.38 

41 190.31 57.09 189.72 56.92 190.26 57.08 

42 192.62 57.79 192.02 57.61 192.56 57.77 

43 194.90 58.47 194.29 58.29 194.84 58.45 

44 197.14 59.14 196.54 58.96 197.10 59.13 

45 199.38 59.81 198.75 59.62 199.32 59.80 

46 201.58 60.48 200.95 60.28 201.53 60.46 

47 203.76 61.13 203.12 60.93 203.71 61.11 

48 205.92 61.78 205.27 61.58 205.86 61.76 

49 208.05 62.42 207.39 62.22 207.99 62.40 

50 210.16 63.05 209.49 62.85 210.10 63.03 

51 212.26 63.68 211.57 63.47 212.19 63.66 

52 214.33 64.30 213.63 64.09 214.26 64.28 

53 216.38 64.91 215.68 64.70 216.31 64.89 

54 218.41 65.52 217.70 65.31 218.34 65.50 

55 220.42 66.13 219.71 65.91 220.36 66.11 

56 222.41 66.72 221.69 66.51 222.35 66.71 

57 224.39 67.32 223.66 67.10 224.33 67.30 

58 226.35 67.90 225.61 67.68 226.29 67.89 

59 228.29 68.49 227.55 68.26 228.23 68.47 

60 230.22 69.06 229.47 68.84 230.16 69.05 

61 232.13 69.64 231.37 69.41 232.07 69.62 

62 234.02 70.21 233.25 69.98 233.96 70.19 

63 235.90 70.77 235.13 70.54 235.84 70.75 

64 237.77 71.33 236.99 71.10 237.71 71.31 

65 239.62 71.89 238.84 71.65 239.56 71.87 

66 241.45 72.44 240.66 72.20 241.39 72.42 

67 243.28 72.98 242.48 72.74 243.22 72.96 

68 245.09 73.53 244.27 73.28 245.02 73.51 

69 246.88 74.06 246.06 73.82 246.81 74.04 

70 248.66 74.60 247.83 74.35 248.59 74.58 

71 250.44 75.13 249.60 74.88 250.36 75.11 

72 252.19 75.66 251.34 75.40 252.12 75.64 

73 253.94 76.18 253.08 75.92 253.87 76.16 
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74 255.67 76.70 254.81 76.44 255.60 76.68 

75 257.39 77.22 256.53 76.96 257.32 77.20 

76 259.10 77.73 258.24 77.47 259.03 77.71 

77 260.79 78.24 259.93 77.98 260.73 78.22 

78 262.48 78.74 261.61 78.48 262.42 78.73 

79 264.16 79.25 263.28 78.98 264.09 79.23 

80 265.83 79.75 264.94 79.48 265.76 79.73 

81 267.48 80.25 266.59 79.98 267.42 80.22 

82 269.13 80.74 268.23 80.47 269.06 80.72 

83 270.77 81.23 269.85 80.96 270.70 81.21 

84 272.40 81.72 271.47 81.44 272.33 81.70 

85 274.01 82.20 273.08 81.92 273.94 82.18 

86 275.62 82.69 274.68 82.40 275.55 82.66 

87 277.22 83.16 276.27 82.88 277.14 83.14 

88 278.80 83.64 277.86 83.36 278.73 83.62 

89 280.38 84.12 279.43 83.83 280.31 84.09 

90 281.96 84.59 281.00 84.30 281.88 84.56 

91 283.52 85.06 282.55 84.77 283.44 85.03 

92 285.07 85.52 284.09 85.23 284.99 85.50 

93 286.62 85.99 285.63 85.69 286.54 85.96 

94 288.16 86.45 287.16 86.15 288.08 86.42 

95 289.69 86.91 288.68 86.60 289.61 86.88 

96 291.20 87.36 290.20 87.06 291.13 87.34 

97 292.72 87.82 291.70 87.51 292.64 87.79 

98 294.22 88.27 293.20 87.96 294.14 88.24 

99 295.72 88.72 294.69 88.41 295.64 88.69 
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Table S4. Ranges of mixing ratios measured by INMS for Saturn’s atmosphere (H2 and He) plus 

D ring particles. Values are from fits to the full spectrum and include both hydrocarbon and ONS 

fits where applicable. The “count” column gives the number of spectra that included the 

compound of interest (e.g. a value of 5 means the compound was not used for one of the six 

model spectra produced). For hydrocarbon and inorganic species, a maximum of six spectra were 

possible; for non-hydrocarbon organics, up to three spectra were possible. Averages include only 

non-zero values. 
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Species 

Formula Species Name 

MR 

avg 

MR 

min 

MR 

max 

coun

t 

Species 

Formula Species Name 

MR 

avg 

MR 

min 

MR 

max 

coun

t 

H2 Hydrogen 0.998 0.997 0.999 6 C6H10 1, 4-Hexadiene 

9.2×1

0-7 0 

1.4×10
-6 3 

C4H10 Isobutane 

6.7×1

0-4 0 

9.9×1

0-4 5 C2HCN Propiolonitrile 

8.0×1

0-7 0 

1.6×10
-6 3 

H2O Water 

3.6×1

0-4

1.2×1

0-4

6.4×1

0-4 6 C2H3NCH2 

Ethenamine, N-

methylene- 

7.6×1

0-7 0 

1.2×10
-6 3 

He Helium 

2.4×1

0-4

1.6×1

0-4

2.8×1

0-4 6 C4H4O Furan 

6.9×1

0-7 0 

8.2×10
-7 3 

CH4 Methane 

2.3×1

0-4

1.9×1

0-4

2.8×1

0-4 6 O2 Oxygen 

6.7×1

0-7

1.6×1

0-7

1.2×10
-6 6 

C3H3OH 

Propargyl 

alcohol 

1.5×1

0-4 0 

3.0×1

0-4 3 C3H2O 2-Propynal 

6.4×1

0-7 0 

9.4×10
-7 3 

NH3 Ammonia 

1.5×1

0-4

9.3×1

0-5

2.3×1

0-4 6 C2H5NH2 Ethylamine 

6.0×1

0-7 0 

9.1×10
-7 3 

N2 Nitrogen 

7.6×1

0-5

3.2×1

0-6

1.4×1

0-4 6 C7H8 Toluene 

5.4×1

0-7 0 

1.5×10
-6 3 

HCN 

Hydrogen 

cyanide 

5.3×1

0-5 0 

6.3×1

0-5 3 C3H6O Propanal 

5.4×1

0-7 0 

8.8×10
-7 3 

C6H10 1-Hexyne 

5.0×1

0-5 0 

8.4×1

0-5 3 HCONH2 Formamide 

4.8×1

0-7 0 

8.1×10
-7 3 

C2H6 Ethane 

4.5×1

0-5 0 

6.1×1

0-5 5 H2S 

Hydrogen 

sulfide 

3.5×1

0-7

1.3×1

0-7

7.1×10
-7 6 

C3H8 Propane 

4.3×1

0-5 0 

7.1×1

0-5 4 (CH3O)2 

Peroxide, 

dimethyl 

2.9×1

0-7 0 

4.6×10
-7 3 

H2CO 

Formaldehyd

e 

3.8×1

0-5 0 

7.3×1

0-5 3 C5H5N Pyridine 

2.7×1

0-7 0 

6.0×10
-7 3 

C2H4 Ethylene 

3.2×1

0-5 0 

6.7×1

0-5 3 C4H6 1.3-Butadiene 

2.7×1

0-7 0 

4.5×10
-7 3 

(CH3)2CHOH 

Isopropyl 

alcohol 

2.9×1

0-5 0 

6.1×1

0-5 3 H3COC2H5 Methoxyethane 

2.6×1

0-7 0 

4.9×10
-7 3 

C5H10 Cyclopentane 

2.8×1

0-5

4.9×1

0-6

5.8×1

0-5 6 CH3OH Methanol 

2.0×1

0-7 0 

2.3×10
-7 3 
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C6H10 

1,5-

Hexadiene 

2.7×1

0-5 0 

4.9×1

0-5 5 C5H4N4 Purine 

1.2×1

0-7 0 

2.9×10
-7 3 

C3H7NH2 

2-

Propanamine 

2.6×1

0-5 0 

4.5×1

0-5 3 C6H10 3-Hexyne 

1.1×1

0-7 0 

1.5×10
-7 4 

C5H12 Pentane 

2.6×1

0-5 0 

6.8×1

0-5 4 CH3NO 

Methane, 

Nitroso- 

1.1×1

0-7 0 

3.0×10
-7 3 

CO 

Carbon 

monoxide 

2.5×1

0-5

2.3×1

0-7

7.1×1

0-5 6 C4H4 1-Buten-3-yne 

1.1×1

0-7 0 

2.2×10
-7 3 

CH3CHO Acetaldehyde 

2.3×1

0-5 0 

2.8×1

0-5 3 

C2H5NHC

H3 

Ethylmethylami

ne 

1.0×1

0-7 0 

2.4×10
-7 3 

C6H14 n-Hexane 

2.2×1

0-5 0 

5.7×1

0-5 3 C4H6 2-Butyne 

9.5×1

0-8 0 

2.2×10
-7 3 

CH3CN Acetonitrile 

2.2×1

0-5 0 

3.2×1

0-5 3 C2H5OH Ethanol 

9.5×1

0-8 0 

2.1×10
-7 3 

C4H10 Butane 

1.9×1

0-5 0 

3.7×1

0-5 3 C4H6 1-Butyne 

8.3×1

0-8 0 

1.3×10
-7 3 

C6H12 1-Hexene 

1.6×1

0-5 0 

2.3×1

0-5 3 C4H4N2 Pyrimidine 

7.4×1

0-8 0 

2.0×10
-7 3 

C2H3CN Acrylonitrile 

1.4×1

0-5 0 

4.0×1

0-5 3 C5H8 1.2-Pentadiene 

6.8×1

0-8 0 

1.6×10
-7 3 

C4H8 

1-Propene, 2-

methyl- 

1.3×1

0-5 0 

3.9×1

0-5 5 C9H7N Quinoline 

6.2×1

0-8 0 

1.4×10
-7 3 

C3H5NH2 

2-Propen-1-

amine 

1.2×1

0-5 0 

2.0×1

0-5 3 C5H8 1.3-Pentadiene 

5.3×1

0-8 0 

9.8×10
-8 3 

CH3CN 

Methyl 

isocyanide 

1.1×1

0-5 0 

2.9×1

0-5 3 

HOCH2OC

H Glycolaldehyde 

5.1×1

0-8 0 

1.2×10
-7 3 

C4H8 1-Butene 

1.1×1

0-5 0 

3.2×1

0-5 5 C9H7N Isoquinoline 

4.8×1

0-8 0 

1.0×10
-7 3 

H2NCH2COO

H Glycine 

1.0×1

0-5 0 

1.8×1

0-5 3 C2H4NOH Acetaldoxime 

4.4×1

0-8 0 

6.0×10
-8 3 

C2H4NH Ethylenimine 

8.7×1

0-6 0 

2.5×1

0-5 3 C22H14 Pentacene 

4.0×1

0-8 0 

1.1×10
-7 3 

C2H3COH 2-Propenal 

8.3×1

0-6 0 

1.4×1

0-5 3 C3H9N Trimethylamine 

3.7×1

0-8 0 

7.8×10
-8 3 
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(CH3CO)2 

2, 3-

Butanedione 

7.4×1

0-6 0 

1.2×1

0-5 3 C4H2 Diacetylene 

3.3×1

0-8 0 

4.5×10
-8 3 

CH2CO Ketene 

4.9×1

0-6 0 

1.2×1

0-5 3 CS2 

Carbon 

disulfide 

3.2×1

0-8

6.6×1

0-9

9.3×10
-8 6 

HOC3H5 2-Propen-1-ol 

4.8×1

0-6 0 

6.7×1

0-6 3 OCS 

Carbonyl 

sulfide 

3.0×1

0-8

1.7×1

0-9

7.8×10
-8 6 

C2H2 Acetylene 

4.7×1

0-6 0 

8.4×1

0-6 5 HCOOH Formic acid 

2.8×1

0-8 0 

4.5×10
-8 3 

C5H10 2-Pentene 

4.4×1

0-6 0 

8.8×1

0-6 4 C10H8 Naphthalene 

2.4×1

0-8 0 

3.1×10
-8 3 

CH3CCH Propyne 

4.3×1

0-6 0 

8.8×1

0-6 3 C5H6 

1, 3-

Cyclopentadien

e 

1.9×1

0-8 0 

4.6×10
-8 3 

C3H7OH 1-Propanol 

4.0×1

0-6 0 

8.4×1

0-6 3 C6H7N Aniline 

1.9×1

0-8 0 

5.3×10
-8 3 

OHCH2CH2O

H 

1, 2-

Ethanediol 

3.9×1

0-6 0 

7.4×1

0-6 3 

CH3CONH

2 Acetamide 

1.5×1

0-8 0 

1.9×10
-8 3 

CH2CCH2 Allene 

3.8×1

0-6 0 

8.1×1

0-6 3 (CH3)2NH Dimethylamine 

1.4×1

0-8 0 

1.9×10
-8 3 

C3H6 Propene 

3.7×1

0-6 0 

3.9×1

0-6 3 C4H2 1, 3-Butadiyne 

1.4×1

0-8 0 

1.8×10
-8 2 

C6H6 Benzene 

3.6×1

0-6

1.2×1

0-6

6.6×1

0-6 6 CH3OCH3 Dimethyl ether 

1.4×1

0-8 0 

3.3×10
-8 3 

CO2 

Carbon 

dioxide 

3.4×1

0-6

2.6×1

0-9

5.7×1

0-6 6 C12H10 Biphenyl 

1.3×1

0-8 0 

3.5×10
-8 3 

C5H10 1-Pentene 

3.2×1

0-6 0 

4.5×1

0-6 4 C8H6O Benzofuran 

8.1×1

0-9 0 

2.2×10
-8 3 

C2H5CN Propanenitrile 

3.0×1

0-6 0 

4.0×1

0-6 3 

CH3NHCH

O 

N-

Methylformami

de 

6.6×1

0-9 0 

9.0×10

-09 3 

OHCCHO Glyoxal 

2.8×1

0-6 0 

6.4×1

0-6 3 HCO2CH3 Methyl formate 

6.1×1

0-9 0 

1.3×10
-8 3 

C6H12 2-Hexene 

2.5×1

0-6 0 

5.4×1

0-6 3 C2H4S Thiirane 

5.4×1

0-9 0 

6.9×10
-9 3 

(CH3)2CO Acetone 

2.5×1

0-6 0 

3.0×1

0-6 3 C16H10 Pyrene 

3.7×1

0-9 0 

1.1×10
-8 3 
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C2H5CN 

Ethyl 

isocyanide 

2.1×1

0-6 0 

5.2×1

0-6 3 CH3COOH Acetic acid 

2.7×1

0-9 0 

6.4×10
-9 3 

CH3NH2 Methylamine 

2.0×1

0-6 0 

4.5×1

0-6 3 SO2 Sulfur dioxide 

2.1×1

0-9 0 

3.4×10
-9 2 

C3H3NH2 

Propargylami

ne 

1.9×1

0-6 0 

4.3×1

0-6 3 C14H10 Anthracene 

2.1×1

0-9 0 

5.9×10
-9 3 

C3H7NH2 Propylamine 

1.7×1

0-6 0 

3.2×1

0-6 3 C2H5SH Ethanethiol 

1.9×1

0-9 0 

4.7×10
-9 3 

C6H12 Cyclohexane 

1.5×1

0-6 0 

2.3×1

0-6 5 C2H6S 

Dimethyl 

Sulfide 

1.9×1

0-9 0 

3.1×10
-9 3 

C4H5N Pyrrole 

1.2×1

0-6 0 

1.7×1

0-6 3 C9H8 Indene 

1.2×1

0-9 0 

1.6×10
-9 3 

C6H10 2-Hexyne 

1.2×1

0-6 0 

4.2×1

0-6 4 H2NOCH3 Methoxyamine 

9.7×1

0-10 0 

1.5×10
-9 3 

C2N2 Cyanogen 

1.1×1

0-6

6.6×1

0-8

2.9×1

0-6 6 C6H5OH Phenol 

7.8×1

0-10 0 

1.7×10
-9 3 

C2H3OCH3 

Methoxyethe

ne 

1.0×1

0-6 0 

1.3×1

0-6 3 C14H10 Phenanthrene 

7.2×1

0-10 0 

1.9×10
-9 3 

C6H10 

1, 3-

Hexadiene 

9.7×1

0-7 0 

1.0×1

0-6 3 CH3SH Methanethiol 

5.8×1

0-10 0 

9.7×10
-10 3 
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Table S5. Additional information for upper limit constraints on compounds of interest 

Formula Compound Main ionization 

peak, u 

Constraining 

mass, u 

Other 

compounds 

in fit 

C4H10 Isobutane 43 43 H2, He, H2O 

H2O Water 18 18 H2, He 

CH4 Methane 16 15 H2, He, H2O 

NH3 Ammonia 17 17 H2, He, H2O 

CO
Carbon 

monoxide 
28 

12 (290, 292), 28 

(291) 

H2, He, H2O, 

CH4, NH3 

N2 Nitrogen 28 14 
H2, He, H2O, 

CH4, NH3 

HCN 
Hydrogen 

cyanide 
27 

12 (292), 27 (290, 

291) 

H2, He, H2O, 

CH4, NH3 

H2CO Formaldehyde 29 30 H2, He, H2O 

C4H10 Butane 43 59 H2, He, H2O 

H2NCH2COOH Glycine 30 
46 (292), 75 (290, 

291) 
H2, He, H2O 

C6H6 Benzene 78 

74 (292), 76 

(290), 76+78 

(291) 

H2, He, H2O 

 CO2 Carbon dioxide 44 
22 (290, 291), 46 

(292) 
H2, He, H2O 

CH3OH Methanol 31 32 H2, He, H2O 

O2 Oxygen 32 32 H2, He, H2O 
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