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Materials and Methods 

 

1. Analysis of INMS background in the E21 flyby data 

 

1.1. Instrumentation 

 

During a flyby, neutral gas enters both the closed and open source regions of the 

INMS instrument (Fig. S1). In the closed source (CS) inlet, the ambient gas enters and 

impacts the CS antechamber as a molecular beam at the ram speed. In the antechamber, 

the gas is isotropized, thermalized, and transmitted to the CS ionization region, and then 

ionized if the CS filament is turned on. In the open source (OS), the molecular beam 

traverses the source without impacting the internal ionizer surfaces. If the OS filament is 

turned on, the molecular beam is partially ionized in the OS ionization volume (the 

volume occupied by the filament electrons). The ions are guided by a series of ion optics 

that reject thermally ionized gases through biasing of the ion fore optics, and select the 

desired mass and velocity combination using a quadrupole switching lens. During the 

E21 flyby, the velocity filter values were selected to scan the range of velocity 

distributions of the gas. 

The quadrupole switching lens can be set to analyze either the open or closed 

source ion beam, and can switch between OSNB and CSN operating modes as 

commanded every 2.314 seconds. There are additional ion optical elements downstream 

of the quadrupole switching lens that direct gas into the quadrupole mass analyzer: a 

mass filter that transmits the selected mass ions to the channel electron multiplier (CEM) 

where data are acquired. 

 

1.2. Determination of background sources 

 

The INMS mass 2 OSNB signal observed in Enceladus’ plume is produced from H2 

present in the plume as well as a background signal that must be subtracted. We 

investigate a number of background sources, including: i) dissociative ionization of the 

H2O beam in the OS forming H2
+ (section 1.2.1); ii) ion leakage of H2

+ ions generated 

from neutral H2 and H2O in the CS (section 1.2.2); iii) background from thermalized H2 

and H2O in the instrument (section 1.2.2); and iv) radiation (section 1.2.3). We estimated 

expected background signals using results from laboratory measurements on the INMS 

Refurbished Engineering Unit (REU), together with the CSN and OSNB signals acquired 

during the E21 flyby. 

 

1.2.1. Dissociative ionization of the water beam in the open source 

 

Electron impact ionization of H2O creates ions with excess internal energy, 

resulting in dissociation (fragmentation) of the molecule to create smaller ions. For H2O 

the fragments include OH+, H+, and H2
+, while for the deuterium isotopologue of water, 

HDO, the dissociation products include OD+, D+, and D2
+. Both H2

+ and D+ from 

dissociative ionization of the water molecular beam in the OS contribute to the 

background signal at mass 2. The fragments are produced in the OS ionization region 

with the 8.5 km s-1 velocity of the molecular beam, plus any excess translational kinetic 
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Fig. S1. Diagram of the INMS instrument. INMS has inlets for gases into closed and 

open ion sources (solid arrows). The dashed arrows indicate the subsequent paths of the 

ions created by ionization in the closed or open sources. 
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energy from the dissociative ionization process. However, published data on the H2
+ 

energy distribution from H2O electron impact dissociative ionization may not exist. We 

therefore considered two limiting cases: i) ‘cold’ H2
+ with <0.1 eV excess energy which 

(to good approximation) retains the 8.5 km s-1 (0.75 eV for H2) forward-directed beam 

velocity; and ii) ‘hot’ H2
+ with several eV or more (much faster than 8.5 km s-1), and 

therefore approximately isotropic in the INMS frame of reference. Case i yields a larger 

estimated background signal than Case ii, since forward-directed ions have a greater 

probability of transmission through the instrument. We consider both cases below, 

including the additional minor contribution of D+ fragments to the signal. The signal 

obtained from Case i is used as a conservative estimate for the contribution from 

dissociative ionization to the total background signal, which is subsequently used in the 

estimation of the H2/H2O ratio in the plume. 

 

1.2.1.1. ‘Cold’ H2
+ 

 

‘Cold’ H2
+ ions (Case i above) are created in the OS with approximately the same 

velocity distribution as the H2O in the molecular beam. We therefore estimated the mass 

2 background using the mass 18 OSNB signal of H2O+ from H2O ionization, after 

applying factors for i) the relative cross sections for making H2O+, H2
+, HDO+, and D+ 

from electron impact of H2O and HDO; and ii) the ‘geometrical effect’, discussed further 

below and (more extensively) in section 2.3. 

 McConkey et al. (37) provide the latest review of dissociative ionization of water, 

including cross sections for all dissociative ionization processes as a function of electron 

energy. INMS ionizes material with 70 eV electrons. We examine the range of electron 

impact energies from 60 to 80 eV for H2
+ relative to that of H2O+. We find the following 

in Table 14 of (37): i) At 60 eV, H2
+/H2O+ is 5.32×10-4; ii) at 70 eV, H2

+/H2O+ is 

5.43×10-4; and iii) at 80 eV, H2
+/H2O+ is 4.81×10-4. The spread in these values is smaller 

than the estimated laboratory uncertainty for the H2
+ measurement of ±16%. We adopt 

(5.43±0.93)×10-4 for the ratio of H2
+/H2O+. 

We also include a small contribution to the mass 2 channel from D+ produced by 

dissociative ionization of HDO with 70 eV electrons. The amount of D+ produced can be 

expressed as D+/H2O+ = (D+/HDO+)×(HDO+/H2O+). The ratio of (D+/HDO+) = 

0.110±0.007, which accounts for D+ production from HDO being half that of H+ from 

H2O (37). The ratio (HDO+/H2O+) = (6±2)×10-4 can be obtained from the previously 

reported D/H ratio (19). Using these values, we calculate D+/H2O+ = (0.66±0.22)×10-4. 

This can be compared to H2
+ production from H2O, which gives H2

+/H2O+ = 

(5.43±0.93)×10-4 (37). Therefore, the relative contributions to mass 2 from this source of 

background are ~89% from H2
+ and ~11% from D+ leading to a total ratio of 

(6.1±0.9)×10-4. 

The velocity scans adjust the OSNB ion transmission relative to both the position 

on the surface of Enceladus and the velocity distribution of the outflowing gas. The H2
+ 

formed from dissociative ionization has the same velocity distribution as the H2O+, but 

the OSNB transmission differs between the two as a function of energy and position 

within the ion source region. Therefore, a ‘geometric’ factor is applied to correct for the 

lower OSNB transmission of mass 2 relative to mass 18 in the part of the gas velocity 

space that corresponds to molecules arriving from the direction of the Enceladus tiger 
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stripes (owing to the wider velocity bandpass at mass 2 than at mass 18; see sections 2.2 

and 2.3). 

On the basis of the INMS ray tracing and Enceladus plume modeling discussed in 

section 2, we estimated that the geometric factor increased during the velocity scans in a 

sawtooth fashion as the scans repeated from ~0.015 to ~0.65 (±50%) relative to the signal 

of counts obtained by interpolating between the maxima in the OSNB mass 18 signal 

during the scans (Fig. S2; see section 2.2 for the estimation of the OS sensitivity function 

from ray tracing, and section 2.3 for further discussion of the mass 18 behavior during the 

velocity filter scans). 

Accordingly, we estimated the H2
+ background by i) interpolating between the 

mass 18 OSNB maxima as shown in Fig. S2; ii) applying the combined (H2
++D+)/H2O+ 

dissociative ionization ratio of (6.1±0.9)×10-4; and iii) scaling by the sawtooth geometric 

factor. 

 

 
 

Fig. S2. Mass 18 OSNB raw and interpolated signal. Mass 18 (H2O) counts observed 

during OSNB mode are shown in black. Velocity-scan-corrected mass 18 counts used in 

the background analysis are shown in red. 

 

1.2.1.2. ‘Hot’ H2
+ 

 

In the opposite limiting case of ‘hot’ H2
+ generation from the molecular beam at 

several eV energies (much higher than the 8.5 km s-1 beam velocity), the ions have an 

approximately isotropic velocity distribution in the INMS reference frame. We therefore 

neglected the beam velocity in this case, and estimated the contribution of hot H2
+ from 

dissociative ionization of the H2O beam in the OS by taking into consideration only beam 

density, which is equal to the density of the ambient gas measured by the CS at mass 18 

(Fig. S3). Following (21), the relationship between ambient density and CSN counts is 
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where na is the ambient gas density, DCS is the CS ram factor, Ta and T0 are the ambient 

gas temperature and room temperature, s is the species-dependent calibration sensitivity 
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[2.87×10-10 m3 s-1, including the factor 1.55 sensitivity reduction discussed by (21)], and 
CSN

mX 18  is the CSN count rate (counts per IP divided by the 0.031 sec integration time). The 

adsorption correction A  was not included by (21), who restricted their analysis to volatile 

gases. Water adsorption in the instrument introduces a time distortion in the CSN mass 

18 signal that lowers the measured peak density near closest approach, which we have 

corrected here by setting A  = 1.5±0.3 [based on the results of (38)]. Additionally, the 

CSN measurements have coarser time resolution than the OSNB data, with CSN mass 18 

counts measured only at -2.45 and +3.37 sec from closest approach, which is about 6 sec 

apart (Fig. S3). Accordingly, we approximated the time evolution of the H2O density by 

interpolating the mass 18 maxima of the OSNB velocity scans (Fig. S2), and then scaling 

to the absolute density measured by the CS between -2.45 and +3.37 sec (Fig. S3). The 

proportionality factor between the H2O density and the OSNB mass 2 signal due to water 

is the product of several factors 
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where I = 1.88×1014 electrons s-1 is the OS filament emission flux (30 µA emission 

current),   ~ 0.1±0.03 is an ionizer efficiency factor given by the fraction of the 

ionization volume intercepted by the molecular beam, and   is a transmission efficiency 

factor estimated from laboratory experiments (section 1.2.2.2) for H2
+ transmission from 

the filament ionization region to the detector, which includes the effect of the ion optics, 

velocity filter, and quadrupole mass filter. 

The contribution to the mass 2 OSNB signal from D+ via dissociative ionization 

of HDO in the molecular beam is given by 
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where  = (6±2)×10-4 is the observed Enceladus plume HDO/H2O ratio (19), and 
HDO

D  = 1.4×10-17 cm2 is the D+ production cross section from electron impact of HDO at 

70 eV. 

We estimated the factor γ ~ 0.1 from the ratio of the molecular beam 0.81 mm2 

cross section area (10.2 mm diameter) to the estimated OS ionization region, which is 

9±3 mm2 in total cross section area perpendicular to the beam (the product of the 2.9±0.9 

mm estimated filament slit length and the 3.1 mm OS ionizer depth). 

Substituting Eq. S2 into Eq. S1, we obtain the relationship of the CSN H2O+ 

signal to the mass 2 OSNB signal 
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Fig. S3. Interpolated mass 2 and mass 18 spectra from the closed source. CSN data 

for mass 2 (A) and mass 18 (B) are shown as black points. INMS can only operate in one 

mode (CS or OS) at a time. To estimate the background during OSNB mode that could be 

caused by leakage from the CS, the CSN counts needed to be interpolated. With the 

exception of one H2 data point (gray lines), all data were used in the interpolation (red 

lines). The single H2 spike that was not used is characteristic of an ice grain in the CS, 

and the signal is expected to have returned to the reduced level by the time OSNB mode 

began operating again. 

 

We eliminate the aT  dependence by noting that the product aCS TD  is approximately 

independent of aT  in the limit of high (suprathermal) spacecraft speeds as at E21. Using 

the expressions of (21) (see their Eqs. A13-14 and C1-C3), we can write in the high-

speed limit 
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where u and m are the spacecraft speed and H2O molecular mass, and the factor 0.7 

corrects for thermalized gas leakage out of the instrument [this is the factor R0+R2R1 from 

(21)]. Therefore, at the high E21 spacecraft speed (8.5 km s-1) we can approximate Eq. S4 

by 
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where 0/uu  is the ratio of the spacecraft speed u to the most probable speed 

mkTu /2 00   of room-temperature gas molecules. With u = 8500 m s-1 and u0 = 519 m 

s-1 for H2O at room temperature, we have   = 16.4. 

We calibrated the transmission efficiency   on the basis of laboratory 

experiments on the REU, described in section 1.2.2, in which the ratio of H2O+ CSN 

counts to those of H2
+ in OSNB mode were measured at the E21 voltage settings during 

exposure of the INMS to thermal H2O gas. In the laboratory, Ta = T0 (the ambient gas is 

at room temperature), DCS = 1 (no ram factor), A = 1 (no sticking correction; the H2O 

exposure is long enough for water adsorption/desorption in the instrument to equilibrate), 

and   = 1 (the thermal gas occupies the entire OS ionization volume). Inserting these 

values into Eq. S4, we solved for 0 , which is the transmission efficiency under the 

conditions of the experiment during which ions are created in the OS from the entire 

ionization volume 
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where 0 = 3.08×10-4 is the HDO/H2O ratio of the experimental H2O source. With the 

values of I, 
OH

H

2

2 , and 
HDO

D  given above, and the ratio CSN

m

OSNB

m XX 182 /  = (8.1±0.4)×10-6 

measured in the laboratory experiment (Table S1, section 1.2.2), Eq. S7 yields 0 = 

(5.8±0.3)×103 s m−2. 

To estimate   (the in-flight transmission efficiency), we considered two limiting 

cases for the relationship of   to 0 : i) thermal gas ionized outside the molecular beam 

ionization volume, i.e., away from the OS center axis, is not transmitted at all, such that 

00 10~/   ; or ii) the thermal and molecular beam transmission factors are equal, 

i.e., 0  . This gives a range 
43 108.5108.5    for the in-flight transmission 

efficiency. 

Accordingly, for the present case of ‘hot’ H2
+ the predicted OSNB mass 2 counts 

from dissociative ionization of the water molecular beam in the OS has an order of 

magnitude uncertainty. From Eq. S6, we have 

 

.       (S8) 

 

Therefore, even at the peak 1.25×105  counts per IP near closest approach (Fig. S3), 

the estimated hot H2
+ OSNB background from dissociative ionization of the H2O beam is 

only 0.004 to 0.04 mass 2 counts per IP; i.e., one to two orders of magnitude below the 

estimated mass 2 counts for the ‘cold’ H2
+ upper limiting case. The latter ‘conservative’ 

case is the one plotted in Fig. S4. 
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Fig. S4. Comparison of individual background sources to mass 2 signal. The 

expected counts per IP for the four sources of background during the E21 flyby are 

shown in comparison to the mass 2 OSNB signal in black. The summed background is 

displayed in Fig. 2. 

 

1.2.2. Laboratory calibration experiments: Ion leakage and thermal background 

 

Two additional types of background contribute to the mass 2 signal in Cassini 

INMS: ion leakage and thermal background. Ion leakage is the small portion of ionized 

gas from the CS that “leaks” through the electrostatic barrier of the quadrupole switching 

lens when it is set to measure H2
+ in OSNB mode, and can originate from either electron 

impact on H2 or dissociative ionization of H2O in the CS. Thermal background refers to 

thermalized H2 or H2O background in the instrument that leaks into the OS ionization 

region [see (21) for an analysis of the gas conductances inside INMS]. Although the ion 

optics are designed to reject this thermal contribution, a small portion leaks through the 

quadrupole switching lens into the quadrupole analyzer. Both ion leakage and thermal 

background were quantified by making laboratory measurements using the INMS 

Refurbished Engineering Unit. 

We base estimates for ion leakage and thermal background on modifications of 

the same basic experimental procedure. We warmed the filaments for ~12 hr to eliminate 

outgassing in the source, and configured the INMS REU optics to the flight settings of 

E21. The REU OSNB velocity compensation optics were configured to screen out 

thermal gas and admit only H2 traveling at 8.5 km s-1 (0.75 eV). With the calibration 

chamber at base pressure, we recorded a series of background mass scans for both CSN 

and OSNB modes. Each scan covers mass-to-charge (m/z) ranges 1-8 and 12-23 and is 

comprised of integral mass “samples”, each of which has a 1000 ms integration period. 
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Following the background scans, we introduced a test gas mixture into the 

calibration chamber (20% H2/noble gas mixture – for safety – in the H2 experiments, and 

H2O gas generated by a helium sparged water vapor inlet in the H2O experiments), and 

stabilized the pressure at 1.2×10-7 Torr by regulating the flow of gas from the inlet 

manifold. We chose these conditions to simulate the CS gas density in flight. Preliminary 

calibration measurements with H2O indicated that this density yields approximately the 

same number of mass 18 counts per IP as observed during the E21 flyby. 

To quantify the ion leakage and thermal background within the instrument, we 

recorded a series of data sets consisting of 20 mass scans each by alternating the REU 

operating mode between CSN and OSNB with the unit programmed to switch modes at 

the start of each new data set. We configured the main sensor ion optics to nominal flight 

unit specifications for CSN, and set the OSNB mode velocity scan parameters (Vcmp) to 

correspond to E21 telemetry data to simulate instrument operations near closest approach 

(8.5 km s-1). For each data set, we summed the ion counts for each mass across the scans 

and subtracted the background from the total counts. We calculated the leakage ratio as 

the average OSNB counts per sample divided by the average CSN counts per sample. We 

computed the statistical uncertainty of the parent population’s leakage ratio from the total 

counts for each mode in each experiment using a Poisson distribution. Details pertaining 

to the ion leakage and thermal background REU experiments are provided in sections 

1.2.2.1 and 1.2.2.2, respectively. 

Using the leakage ratios from the laboratory experiments (Table S1) and the 

correction factors for the thermal background (section 1.2.2.2), background signals from 

ion leakage and thermal background were calculated for the E21 flyby data. To determine 

the expected background signal from ion and thermal background of H2 and H2O, the 

corresponding leakage ratios were multiplied by the interpolated CSN counts (following 

the interpolation procedure described in section 1.2.1.2). The resulting expected 

background signals from ion and thermal leakage are plotted in Fig. S4. 

 

Table S1. Summary of results from INMS REU. Laboratory experiments with the 

INMS REU were performed to determine the rates of ion and thermal leakage within the 

instrument. Figure S4 shows the resulting background signal for each source during the 

E21 flyby. 

 

Background source  

(type of leakage) 

Observation 

modes 

Number of 

samples 

Average 

counts 

Ratio of 

OSNB:CSN 

Ratio 

uncertainty 

H2
+ from thermal 

H2 background 

OSNB – H2 600 33.6 
3.24×10-4 2.28×10-6 

CSN – H2 345 103934.8 

H2
+ ion leakage 

from H2 

OSNB – H2 160 0.05 
5.27×10-7 1.86×10-7 

CSN – H2 160 94820.1 

H2
+ from thermal 

H2O background  

OSNB – H2 320 1.23 
7.61×10-6 3.95×10-7 

CSN – H2O 320 161718.5 

H2
+ ion leakage 

from H2O 

OSNB – H2 320 0.08 
4.63×10-7 9.0×10-8 

CSN – H2O 320 18654.8 
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1.2.2.1. Ion leakage 

 

To measure the background signal from ion leakage out of the CS, we configured 

the REU with the OS filament off (such that gas in the OS was not ionized) and the CS 

filament on (generating ions in the CS ionization region). With the filaments in this 

arrangement, ions detected by the CEM detectors during testing can only have originated 

from the CS, since neutral gas in the OS was not ionized and thus cannot be transmitted 

through the instrument. To be detected, an ion must exit the CS, transit the switching-lens 

potential barrier, and arrive at the CEM detectors. By comparing the number of detected 

ions during CSN mode and those that were observed during OSNB mode, we obtained an 

estimate (Table S1) for the proportion of ions recorded during OSNB mode that actually 

originated from neutral gas ionized in the CS. 

 

1.2.2.2. Thermal background 

 

Thermal background is defined as the proportion of neutral thermal gas (ambient 

gas thermally equilibrated after entering the instrument through either the OS, CS, or 

INMS vent apertures) that contributes to the INMS signal while it is operating in OSNB 

mode. For these experiments, the sensor was configured with the OS filament on and the 

CS filament off. To be detected, neutral molecules must diffuse from other parts of the 

instrument into the OS ionization region. The results of these experiments include 

hydrogen molecules that enter through the OS and CS plus residual gas internal to the 

instrument. The detected ions can only originate from ionization in the OS, after which 

they are steered through the instrument by the quad switching lenses and counted by the 

CEM detectors. 

In contrast to the laboratory experiments in which the gas densities in the OS and 

CS differed only by a source temperature factor (TCS/TOS)1/2 (with the whole INMS 

immersed in thermal gas), the in-flight densities differ by (TCS/TOS)1/2(DOS/DCS) (with D 

the source ram factor) since ram flux arriving at the CS and OS competes with gas 

leakage out of the instrument to space (21). A correction to the laboratory CSN/OSNB 

ratios that takes into consideration the gas conductances and leakage paths through the 

instrument is therefore necessary to estimate the corresponding ratios in flight. There are 

two cases: i) H2O thermal background resulting from water ram flux entering the 

instrument through the CS and OS; and ii) H2 thermal background mostly produced by 

H2O-Ti0 reactions from ice grain impacts in the CS gas inlet antechamber [(19); although 

the H2 background also includes a smaller native H2 component entering the 

antechamber, section 3.2]. 

For Case i, vapor (i.e., H2O) entering the CS and OS, (21) gives a value of 

DOS/DCS = 2.1 in the limit of high spacecraft speed and small ram angle as at E21. 

However, (21) applied a simplified approach to the analysis of the OS density that 

assumed that all gas entering the OS is thermalized by wall collisions and then escapes 

the OS with a low (0.17 mm2) effective area. This approach is acceptable for most INMS 

pointing directions [e.g., the T85, T88, and T96 Titan flybys analyzed by (21)], but over-

estimates the OS density at small ram angles (a few degrees or less) and high 

(suprathermal) ram speed. Under these conditions, the collimated molecular beam is 

transmitted completely through the OS without thermalizing wall collisions. To treat this 
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special case, we modified the model of (21) by negating the contribution of the molecular 

beam to the OS density. We did this by reducing the top plate aperture effective area A60 

in their Eq. A.29a by 70%, which is the fraction of the incoming flux in the molecular 

beam according to Monte Carlo simulations (21). We ignored the negligible (~0.6%) 

fraction of the molecular beam flux that diffuses back into the OS after transiting the OS 

and thermalizing in the INMS Ion Source Enclosure. The modified calculation yields an 

estimated ratio of DOS/DCS = 1.04±0.26; that is, relative to the CS density, the in-flight 

OS thermal H2O density is a factor 1.04±0.26 times the laboratory OS density. We 

therefore apply a correction factor 1.04±0.26 in converting the laboratory ratios of OS to 

CS H2O counts to those expected in flight. 

We approximated Case ii, vapor produced only in the CS (i.e., H2), by negating 

all gas conduction pathways that convey gas into the instrument via the OS or the INMS 

vent [setting A40 = A50 = A60 = 0 in Eqs. A.10 of (21)], leaving leakage out of the CS as 

the only gas source through the instrument to the OS. In this special case [owing to the 

small conductance in/out of the OS relative to that of the vent; see Table 1 and Fig. 4 of 

(21)], the modified calculation gives DOS/DCS = 0.033±0.008; i.e., with respect to the CS 

H2 density, the in-flight OS H2 density is only a fraction 0.033±0.008 of the laboratory 

OS density. Accordingly, we applied a factor 0.033±0.008 in converting laboratory 

OSNB/CSN H2 counts to those anticipated in flight. 

 

1.2.3. Radiation 

 

Based on analyses of past INMS data (39), radiation noise is expected to be 

approximately 0.1 counts per IP. This background source should also be removed from 

the E21 mass 2 OSNB signal, and is plotted in Fig. S4 along with the other background 

sources. 

 

2. Using INMS ray tracing simulations and plume models to determine the H2 to H2O 

ratio from the E21 flyby 

 

2.1. Introduction 

 

The determination of the INMS OS response to the measured H2 and H2O gas 

densities during the E21 flyby requires: i) understanding the velocity phase space 

response of the instrument to the incoming gas; and ii) applying this response to the 

phase space distribution of the gas, which we have estimated from previous observations 

of the plume structure during flybys at altitudes near 75 km. In section 2.2, we review the 

ray tracing of the instrument response performed to understand the phase space response 

of the instrument. In section 2.3, we describe the plume modeling that is used to 

reproduce the E21 data set as closely as possible. In section 2.4, we derive the H2/H2O 

ratio based on the modeled results from section 2.3. 

 

2.2. Ray tracing the open source response 

 

Since H2 at 8.5 km s-1 enters the OS at an energy of only 0.75 eV, which is too low 

to easily reproduce in the calibration laboratory, we determined the dependence of the 
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INMS OS sensitivity function on molecular mass and velocity using the ion optics 

software simulator SIMION (40). An understanding of this dependence allows modeling 

of the INMS OS in its E21 operational configuration. These simulations of the charged 

particle trajectories were then verified and validated against laboratory measurements for 

molecular nitrogen at higher energies. 

We modeled the entire traversal of the ions through the instrument, from the OS 

entrance aperture where they start as neutrals, through the ionizer and the quadrupole 

switching lens (QL for quad lens; Fig. S1), and then through the quadrupole mass 

analyzer [including ion transmission through the time dependent radio frequency (RF) 

field in the analyzer]. Since the E21 velocity filter scans were performed by adjusting the 

QL voltages as a function of time, we performed multiple SIMION simulations each with 

different QL voltage settings corresponding to the instrument configuration for a 

particular velocity compensation value (Vcmp). Simulations were performed to correspond 

to each of the Vcmp values in the velocity filter scans around closest approach (each 

unique QL configuration used in flight within ±3 seconds of E21 closest approach was 

simulated) to capture the evolution of the sensitivity function during the scans, as 

described below. 

The INMS OS and quadrupole mass sensor cross-section is shown in Fig. S5A. 

This figure shows the major ion optical components modeled by SIMION. The entry 

angle definitions and cylindrical coordinate system are shown as they were modeled. 

These coordinates were later converted to the spacecraft frame of reference. The model 

was constructed using the available dimensions for the ion source, transfer optics, and 

quadrupole mass filter to create a full three-dimensional, finite difference model using 

SIMION’s solid geometry language. The finite difference model was built using four 

independent sections (each with a density of 0.08 mm/grid unit) that were assembled by 

carefully matching the boundary conditions at the interfaces of the sections. The first 

section treats the open ion/neutral source, entrance deflectors, top plate aperture, 

ionization region, and transfer optics. These elements are arranged in front of the QL and 

are used to multiplex the two open and closed ion sources shown in Fig. S5B. The second 

section consists of the QL (velocity filter) and its housing. The third section is a 

construction of the exit transfer optics including the split plates and exit nozzle. The 

fourth section consists of the BS (beam shaping) lens and the quadrupole mass filter, 

which is comprised of a set of four hyperbolic rods and a detector plane.  
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Fig. S5. Diagram of INMS optics. A: An overview of the optics for both the CS and OS 

in Cassini INMS. 
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Fig. S5 (Cont’d). Diagram of INMS optics. B: Zoomed-in image of Cassini INMS OS 

and transfer optics. The transmitted distribution of neutrals is shown in yellow. 

 

The model electrode potentials were defined and adjusted via a custom program 

written in Mathematica using the SIMION command line interface (available upon 

request due to ITAR restrictions), while the dynamics of the quadrupole mass analyzer, 

RF frequency, RF and direct current (DC) voltage amplitude, phase and quadrupole DC 

offset were calculated using a custom-written Lua code (included in other Supplementary 

Materials). Mass selection was performed by varying the RF potential to satisfy the 

relation 

 

2
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/
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m z

f


 ,         (S9) 

 

where m/z is given in u, Urf represents the RF peak-to-peak amplitude in volts, and f 

stands for the frequency of the RF in MHz. The mass analyzer quadrupole rod set in 

Cassini INMS operates at two RF frequencies: 3.57 MHz for 1 to 8 u, and 1.64 MHz for 

12 to 99 u. These values were verified using measurements performed on the laboratory 

REU. We performed computational experiments by reading the E21 voltage settings 

directly into the simulation program, which assigned static and dynamic voltages to the 

SIMION model. Ion and neutral Monte Carlo particle distributions were generated by the 

software and loaded into SIMION, and then ray traced through the optics. 

To simulate ionization of neutral particles beaming into the INMS OS in OSNB 

mode, a flat (uniform) neutral particle distribution in energy and angle is first generated 
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to ensure that the angular acceptance space of the INMS analyzer is filled. After passing 

through the outer and inner apertures (top lens apertures in Fig. S5B), the transmitted 

distribution of neutrals is collected at the ionization region of the open ion source. This 

distribution of neutral particles entering the ionization region represents the minimum 

and maximum angular acceptance beaming into the ionization region through the 

apertures. The simulation code then changes the distribution of neutral particles to ions 

by switching the charge state to +1. This new ion distribution, which has an initial set of 

entry position, velocity, and direction parameters, is traced through the rest of the INMS 

optics using the E21 OS voltage parameters. To realistically model the quadrupole mass 

filter transmission, the simulation program scrambles the ion time-of-birth between 0 and 

f -1. This scrambling ensures that the ions do not all arrive at the same phase of the RF 

during the simulation. 

Figure S6 shows an example simulation of INMS operation in OSNB mode. The 

ion starting position is the ionization volume of the OS. Two ion populations are 

simulated: H2
+ and H+. The mass analyzer RF/DC was set to transmit m/z = 2 u, 

simulating H2
+ ions. It can be seen that m/z = 1 u is quickly filtered out near the front of 

the quadrupole rod set while transmitting H2
+ ions to the detector. In Figs. S7 and S8, we 

show the OS sensitivity function for low-energy H2 during the E21 velocity filter scan for 

a single QL voltage generated by matching the digital-to-analog converter (DAC) settings 

to the OSNB mode settings used in flight for E21. Figure S7 shows the sensitivity as a 

function of azimuth (φ) and elevation angle (θ) for a single DAC setting of the QL 

voltage scan, where we have integrated over φ and θ. In Fig. S8, we integrate over θ to 

highlight the energy dependence of the sensitivity function. The energy distribution 

appears bimodal due to the poor DAC resolution at the low energy range of the QL used 

on INMS. In neutral mode operation, OS focusing lenses 1 and 2 (OL1, OL2) are 

programmed to discriminate between gas particles that have thermally accommodated to 

the ion source walls and the direct beaming components at spacecraft energies. When gas 

particles are ionized at spacecraft thermal energies, the potential barrier set up between 

OL1 and OL2 lens elements rejects transmission and focusing of these ions into the 

analyzer. In the simulation, these values are set to the same potential as the flight unit, 

and we observe a sharp cut-off for particle energies below this threshold. 
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Fig. S6. Simulations of H2
+ and H+ transmission in OSNB mode. A: Cut-away view of 

the INMS SIMION simulations for H2
+ (red) and H+ (blue) transmission run with a 3.67 

MHz RF frequency, with the RF/DC ratio optimized to transmit H2
+ ions. B: Zoomed-in 

view of panel A. 
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Fig. S7. Response of OS sensitivity to azimuth and elevation angle. Simulated cross-

sections of the azimuth-elevation angular response for H2 using OSNB E21 parameters 

for a single QL switching lens voltage, which is set by DAC values used on E21. The 

color bar gives binned counts. 
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Fig. S8. Response of OS sensitivity to energy and elevation angle. Simulated H2
+ 

elevation angle (θ) response as a function of energy illustrating the energy dependence of 

the sensitivity function. The color bar gives binned counts. This figure along with Fig. S7 

define the complete energy-angle response of the sensitivity. 

 

2.3. Modeling E21 plume outflow 

 

We estimated the OSNB sensitivity to the plume gas by comparing the OS 

sensitivity function from the ray tracing simulations (Figs. S7 and S8; section 2.2) to an 

outflow model of the plume density spatial and velocity distribution using MATLAB 

(included in other Supplementary Materials). The model was fit to i) Cassini Ultraviolet 

Imaging Spectrograph (UVIS) measurements of the plume H2O column density (24); and 

to ii) INMS measurements of the CO2 density, as measured in CSN mode along the 

trajectories of the low-altitude E14 (99 km altitude), E17 (74 km altitude), and E18 (74 
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km altitude) flybys. For INMS, CO2 was modeled since it does not stick to the instrument 

walls and therefore tracks the plume density more accurately than H2O (38). 

We modeled the plume source as either uniformly distributed along the tiger 

stripes, or as consisting of multiple jets with source locations and jet pointing directions 

as estimated from imaging (41). We approximated the jet velocity distribution as a sum 

of drifted Maxwellians (simulating a distribution of gas bulk velocity). The Maxwellian 

approach allows the gas density and velocity distributions to be approximated by an 

analytical function of distance from the plume source and angle from the jet center axis 

(42), enabling computationally fast iterations through the plume parameter space which 

consists of source locations, rates, Mach numbers, and jet pointing directions. These 

parameters were optimized to match i) the modeled gas distribution with the observed 

CO2 distributions along the individual INMS flyby trajectories; and ii) the modeled 

column density profile with the H2O distributions observed along the occultation line of 

sight from each of the individual UVIS occultations. Assuming as an approximation that 

all gas species are ejected from the plume with equilibrated temperatures and bulk 

velocities, we extrapolated the density and velocity distributions of different species, 

including H2, with lighter species having a greater thermal velocity spread. 

The OS sensitivity function gives the distribution of velocities accepted and 

detected by the instrument, which we translated into the Enceladus velocity reference 

frame and mapped onto Enceladus’ surface by approximating the molecular paths as 

straight lines (hence neglecting gravity and intermolecular collisions), and considering 

the source locations along the tiger stripes (Fig. S9). Using the source rate, bulk velocity, 

and Cassini’s position relative to the source location and jet center axis, we estimated the 

signal from each source. By summing the signals from all modeled sources, we estimated 

the total OS signal versus time, taking into consideration the change of the OS sensitivity 

function during the velocity filter scans as well as the spacecraft ram angle, velocity, and 

position versus time. 

The predicted and observed responses of the H2O signal to the velocity filter scans 

are in approximate agreement (Fig. S10); the model predicts both the approximate shape 

and amplitude of the peaks and their correspondence with the velocity filter scans. The 

maxima in H2O observed near closest approach on each scan can be understood by 

translating the velocity filter scans, which are programmed to increase monotonically, 

into Enceladus’ reference frame by adding the spacecraft velocity vector. In the 

Enceladus frame, the velocities accepted by the OS do not increase monotonically over 

the course of a single 1.3 sec scan. Instead, the accepted velocities first decline, reach a 

minimum, and then increase. These minima are approximately coincident with the peaks 

of H2O signal (Fig. S10), indicating that INMS is scanning the downward sloping, high 

speed tail of the H2O velocity distribution. This effect is also partly due to the projection 

(near minimum Vgas) of the OS sensitivity function to the jet sources closest to (i.e., 

directly below) Cassini. 
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Fig. S9. Mapping of the gas source. A: Diagram showing the effect of the velocity filter 

scans and the translation of the OS velocity filter setting into the Enceladus reference 

frame by vector addition of the spacecraft velocity. The velocity filter is set to accept the 

velocity vector labeled Vcmp (solid red arrow) tilted by a 3° ram angle (exaggerated in the 

diagram) to the spacecraft velocity vector (labeled Vsc; solid green arrow). The difference 

between Vcmp and Vsc yields the velocity vector, Vgas (solid blue arrow) in the Enceladus 

reference frame. The dashed arrows show the effect of the velocity filter scans on the 

vector addition. It can be seen that the scans shift both the magnitude of the Vgas vector 

accepted by the OS and the surface location to which the vector projects. 

B: Diagram showing the effect of the wide velocity bandpass (in velocity space) of the 

OS sensitivity function (represented in the diagram by the gray oval). The OS in reality 

accepts a wide range of velocities below and above the velocity filter setting, which 

project to a continuum of Enceladus surface locations. 
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C: Projection (green smudge) of the OS sensitivity function (H2O shown) from the ray 

tracing (Figs. S7 and S8) onto Enceladus’ surface. Red dots denote the tiger stripe 

sources from (41), the yellow line traces the E21 trajectory (with Cassini moving toward 

the bottom of the diagram), and the red, yellow, and blue axes are the spacecraft x, y, and 

z coordinate system (drawn from Cassini’s position in the diagram). 

 

 
 

Fig. S10. Modeling of the plume H2O OSNB signal. Observed (black circles) and 

simulated (red solid line) H2O counts per INMS IP (31 ms) versus time from closest 

approach. A simulated OSNB H2O profile for E21 was produced by modeling the 

Enceladus plume with 85 K H2O vapor using INMS CSN density data from the E18 

flyby, with tiger stripe jet sources from (41). The green dashed line shows the value of 

the instrument velocity filter (Vcmp) setting. The spacecraft speed is 8.5 km s-1. The blue 

dotted line shows the magnitude of the velocity filter vector after translation to the 

Enceladus frame of reference (Vgas; with 0-1.5 km s-1 plot scale labeled in blue text). 

 

The H2O signal is best modeled by water vapor at 85±30 K (Fig. S11), which 

requires a ~0 to ~2 km s-1 range in water vapor bulk velocity when assuming a jet Mach 

number range of 0 to 8, as predicted by the plume outflow model. As can be seen in Fig. 

S10, the modeled peak amplitudes and positions do not agree exactly with the data, 

reflecting a combination of modeling uncertainty and possible temporal changes in the 

plume between previous Enceladus flybys and E21. Other secondary factors influencing 
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the change of H2O signal during a scan include the changing relative sensitivity to 

different tiger stripe locations during a scan as the sensitivity function’s surface 

projection sweeps across the tiger stripes, and the changing fraction of the sensitivity 

function that does not map to any tiger stripe (a phenomenon which we designate the 

‘geometrical effect’). As shown in Figs. S10 and S11, the maxima also exhibit variability 

between consecutive velocity scans as a result of spatial structure (indicative of discrete 

vapor sources or jets) of the plume vapor density along Cassini’s trajectory. 

 

 
 

Fig. S11. Effects of H2O vapor temperature on OSNB data near closest approach. 

Same as Fig. S10 near closest approach (dots: H2O OSNB data), but on a logarithmic 

scale and with different model values (lines) for the H2O vapor temperature. The data are 

consistent with H2O vapor at 85±30 K, corresponding to a bulk velocity distribution in 

the range ~0 to 2 km s-1. 

 

2.4. Estimating the magnitude and uncertainty in the H2 to H2O ratio 

 

The H2 signal response is less sensitive than H2O’s to the velocity scans for two 

reasons: i) the velocity acceptance for H2 is much wider than that for H2O (~5.3-9.7 km 

s−1 vs. 7.0-9.0 km s-1, respectively; section 2.2); and ii) the H2 velocity distribution is 

broader than that of H2O and therefore has a shallower slope. As a result, for a 
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collisionless model the H2 signal is predicted to exhibit a sawtooth pattern corresponding 

to the velocity filter scans (Fig. S12). This response is dictated by the geometrical effect; 

that is, it is dominated by the fraction of the sensitivity that maps to the tiger stripes 

(which as it happens, increases during each scan). 

 

 
 

Fig. S12. Comparison of E21 modeled profiles and observed signal. A: The velocity 

filter setting varied between -1 and +1 km s-1 relative to the spacecraft speed of 8.5 km s-1 

near closest approach. Modeled fits to the H2O (B) and H2 (C) gas distributions were used 

to derive the H2 to H2O ratio in the plume gas. The velocity filter setting (A) shows the 

sawtooth scans. For H2, we compared the OSNB background-subtracted counts (black 

squares) near closest approach to two models: a collisionless model (purple circles), 

which assumes direct H2 flux from the tiger stripes to the spacecraft, and a model of an 

isotropic H2 distribution (blue triangles) that may result from intermolecular collisions in 

the plume. 

 

A major difference between H2O and H2 is the effect of intermolecular collisions 

on the directionality of the molecular flux reaching Cassini INMS. Nearly all such 

collisions involve at least one H2O molecule, since H2O is the most abundant plume 

species (Table 1). Intermolecular collisions are in principle important because the mean 

free path (mfp) in the plume is only ~10 km, which is less than the 49 km closest 

approach altitude of the E21 flyby. Yet, in a binary H2O-H2O collision where both 

particles have equal mass, momentum conservation does not allow for H2O to be 

scattered toward Cassini with a high scattering angle. Accordingly, even the scattered 

H2O flux will arrive at Cassini from approximately the direction of the Enceladus tiger 
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stripes, and thus the H2O velocity distribution seen by Cassini is well-approximated by 

the model of a collisionless plume. On the other hand, in an H2-H2O collision, the 

unequal masses allow for high H2 scattering angles. Therefore, unlike H2O, the H2 flux 

should appear to be highly isotropic given Cassini’s altitude of ≥49 km, which 

significantly exceeds the ~10 km mfp. 

In Fig. S12, we predict the OSNB signal response to an isotropic H2 velocity 

distribution. We have convolved the OS sensitivity function with an isotropic Maxwellian 

for an H2 velocity distribution corresponding to 150 K and shifted in velocity space by 

the spacecraft speed. By making the distribution isotropic, we have removed any 

correlation of the H2 velocity distribution with the tiger stripe source locations, aside 

from a scale factor associated with the H2 density. The modeled H2 signal is smooth, 

evolves in accordance with the plume gas density along Cassini’s trajectory, and exhibits 

little response to the velocity filter scans. The data are consistent within statistical error 

with both the collisionless and isotropic models, but the short (~10 km) H2 mfp makes the 

isotropic model more plausible. The model does not reproduce the “random” variability 

in the H2 signal, which is attributable below 10 counts per IP to statistical noise. Using a 

scaling factor, we adjust the model to correspond to the average of the background-

subtracted H2 signal observed within ±3 sec of closest approach. This model yields an 

estimated H2 mixing ratio in the plume of 0.9% with an uncertainty of ±0.5% (Fig. S12). 

This is a conservative estimate, since we have not included the large H2 spikes above 10 

counts per IP in the model. The spikes may be attributable to spatial variability in H2 

backscattering and/or H2 gas density along Cassini’s trajectory, which are not considered 

in the isotropic model. 

 

3. Gaseous plume composition from INMS 

 

3.1. E14, E17, and E18 as context for E21 

 

Enceladus flybys E14 (2011-274), E17 (2012-087), and E18 (2012-105) provided 

the INMS instrument with its most robust CSN data sets. The trajectories of all three 

flybys followed a nearly identical path through the plume source region perpendicular to 

Enceladus’ south pole at nearly the same spacecraft velocity (~7.5 km s-1) relative to the 

moon within a relatively short time span (a few months). These conditions allowed INMS 

to gauge its precision in measuring the plume composition, which we assume to be 

effectively constant given the measurement conditions and a persistent plume. The 

consistency of these conditions was in contrast to the very different measurement 

conditions of the previous flybys E3 (2008-072) and E5 (2008-283), which had 

trajectories following the outgoing plume gas at significantly higher spacecraft velocities 

(~14.4 km s-1 and ~17.7 km s-1, respectively). 

We found that the accumulated plume mass spectra show a significant velocity-

dependence in the measured composition. At high spacecraft velocity, this manifests in a 

larger proportion of plume material that we attribute to complex organic species (C2HX, 

C3HX, etc., as well as possible O- and N-bearing compounds). We hypothesize that this 

velocity-dependent change in composition is the result of energetic impacts of incoming 

ice grains and heavy organic molecules on the CSN antechamber. The impacts result in 

fragmentation of the incoming material and the release of raw titanium that alters the 
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gaseous composition that is transmitted to the INMS detector. These effects appear 

clearest in the case of increased H2 production via H2O reaction with Ti0, which is 

released in greater quantities at higher velocities (19). Impact chemistry appears to be 

responsible for the differences in the observed plume composition between the fast (E3 

and E5) and slow (E7, E14, E17, E18, and E21) flybys. Since the E14, E17, and E18 

flybys share the lowest plume encounter velocity, these data represent the least-altered 

plume composition and can be considered as the most representative CSN measurements 

of the true composition. 

Owing to the velocity effect and trajectories that provided longer periods of 

exposure to plume material, the signal-to-noise ratio for most mass channels was found to 

be lower during the E14, E17, and E18 flybys when compared to the faster E3 and E5 

flybys. For the low velocity flybys, mass channels above m/z = 50 u are populated only 

by counts due to noise. In contrast, E5 showed clear evidence of organic species as 

complex as C6H6 [masses 60-80 (19)]. However, we found that the accumulated plume 

mass spectra for E14, E17, and E18 are remarkably consistent when normalized to mass 

18. Taking into account both the measurement uncertainties for each flyby and the 

variability between the three low-velocity flybys yields a total uncertainty of ~30% for 

the majority of the mass channels. Due to the consistency of the plume encounter 

conditions and observational data, we combine the accumulated plume mass spectra from 

E14, E17, and E18, and analyze the summed spectrum as representative of the plume 

composition. 

 

3.2. Major identified plume species from the closed source 

 

To provide a point of comparison for CSN measurements from E21, which are less 

frequent and therefore more uncertain, we describe the determination of the major 

volatile content of the plume for the combined mass spectrum of E14, E17, and E18. 

Mixing ratios are determined from measurements obtained throughout the flyby and 

during desorption of plume material. We use the term “anchor mass” to denote a mass for 

which a single given species provides a critical amount of the total observed signal; the 

number of counts at the anchor mass(es) predominantly determines the derived density of 

that species. The anchor mass is always related to a major fragment ion created by 

electron-impact dissociation of the species, though the parent ion may not be represented 

in the list of anchor masses. For example, the abundance of CH4 is determined primarily 

from its mass 15 and 13 fragment ions, and not its parent ion at mass 16. 

Major species are defined as those for which very little ambiguity in composition 

exists for the accumulated mass spectra of the plume. In other words, there are no other 

species that can replace the contributions of major species while still fitting the observed 

spectrum. Below is a summary of our derivation of the abundances of these species from 

the observed spectrum via anchor masses, in the order in which they are modeled. 

H2O dominates the signal at masses 18 and 17 (100% and 95% of the signal, 

respectively), and contributes around 45% of the signal at mass 16. H2O also contributes 

to masses 19 and 20 through its heavy isotopologues. 

CO2 dominates the signal at mass 44, and its doubly-charged parent ion is observed 

at the typical level at mass 22. CO2 also contributes ~7% of the signal at mass 28 by 

dissociation to CO. 
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CH4 is determined primarily from masses 15 and 13, for which it contributes 90% 

of the total signal at both masses. However, CH4 cannot account for the entire signal at its 

parent ion mass of 16. 

NH3 is determined from residual mass 16, where it contributes ~35% of the total 

signal. H2O, CH4, and CO2 together do not adequately account for the total mass 16 

signal. Since CH4 is not produced as a major fragment of heavier hydrocarbons, other 

candidate hydrocarbons do not significantly impact the signal at mass 16. Likewise, other 

oxygen-bearing species can contribute only minimally via dissociatively-produced O+ 

ions. The significant residual at mass 16 implies a lack of ambiguity in the detection of 

NH3, though the reliance on a lower proportion of the total signal at its anchor mass is 

reflected in a larger uncertainty in the abundance. 

H2 accounts for ~80% of the total signal at mass 2. The other primary contributor at 

mass 2 is dissociation of H2O, which is responsible for ~18% of the total signal. All other 

H-bearing candidate species can provide only minor contributions to the mass 2 signal. 

Most of the CSN mass 2 signal must be from H2 that is native to the plume, or produced 

by the reaction of H2O with the titanium antechamber (19). Since the derived mixing 

ratio of H2 from the open source (~0.9%; Table 1) is much lower than that from the 

closed source (~15%; Table S2), we deduce that the dominant source of H2 for the CS is 

H2O-Ti0 impact chemistry. This means that the native H2O abundance can be recovered 

as the sum of the CSN abundances of H2O and H2 (19). 

The results of forward modeling (19) to fit the summed mass spectrum are provided 

in Table S2. We find consistency in terms of the major plume composition measured by 

CSN between the E14, E17, E18, and E21 flybys. This suggests that there is nothing 

unusual about the E21 data, which provides confidence that we can combine them with 

the more plentiful measurements from E14, E17, and E18 to obtain a more complete 

understanding of the plume composition. Table 1 was made by combining CSN results 

from Table S2 with the H2 mixing ratio from OSNB (section 2.4). 

 

Table S2. Major volatile content of the Enceladus plume from the closed source. The 

derived compositions are based on CSN observations from E14, E17, E18, and E21. The 

number of counts at the anchor masses and other significant masses were used to 

determine the species abundances. The ranges in the E14, E17, and E18 values account 

for both measurement accuracy and variability between the three flybys. For E21, the low 

sampling frequency for CSN measurements during the flyby precludes accurate 

uncertainty estimation. 

 

Chemical species H2O CO2 CH4 NH3 H2 

Anchor masses 18, 17 44 15, 13 16 2 

Other significant 

masses 
19, 20 22, 28 16 17 - 

Volume mixing ratios 

(E14, E17, E18) 
>84% 0.3%-0.8% 0.1%-0.3% 0.4%-1.3% 12%-18% 

Volume mixing ratios 

(E21) 
>90% 0.3% 0.3% 0.7% 9% 
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3.3. CSN observations used in testing the origin of H2 

 

We report upper-limit constraints on the plume abundances of 4He, 36Ar, and O2 

from the combined E14, E17, and E18 CSN mass spectrum. 4He and 36Ar produce their 

primary signals at masses 4 and 36, respectively. Neither of these mass channels 

displayed any clear signal above noise levels during the plume crossings. Both doubly-

charged ions 4He++ (m/z = 2 u) and 36Ar++ (m/z = 18 u) would be masked by the dominant 

signals of H2 and H2O, respectively. Thus, only upper limits can be derived for 4He and 
36Ar based upon the sum of the background noise during the nominal signal summation 

period (±1000 sec of closest approach). The upper limits for 4He/H2O and 36Ar/H2O are 

found to be <0.006% and <0.0004% by volume, respectively, in the plume gas. No other 

candidate species produce signal at mass 4, and only minimal signal can be expected at 

mass 36 from minor species that may be present above noise levels (C3H4 can produce 

the most signal, but <30% of the summed background noise). 

Determining an upper limit for O2 requires a more in-depth analysis. We found that 

mass 32 exhibits a very small increase in counts within ±100 sec of the plume crossing. 

This increase could be attributed to incoming plume gas but is not a clear detection. Mass 

32 also shows a distinct increase in signal that peaks hundreds of seconds after the plume 

encounter, and decays at a very slow rate before returning to background levels after two 

hours. This post-plume signal increase and resilient signal tail is interpreted as an artifact 

that is thought to be related to surface processes in the CS antechamber, as previously 

discussed for H2O and H2 (19). 

The proposed artifact interferes with the nominal signal summation period. To 

isolate any native mass 32 signal, we use an abbreviated summation period of within 

±100 sec of closest approach for mass 32 only. This period appears to be outside the 

influence of the artifact, and includes the period over which the vast majority of observed 

plume gas enters the instrument. To correct for an underestimation of signal due to the 

shorter summation period, we multiplied the summed mass 32 signal by a factor of 2.5. 

This factor was determined by comparing summed signals for unpolluted masses of 

similar signal quality (i.e., those that show plume-related signal at low counting rates but 

also include substantial noise; e.g., mass 40), and it provides a conservative upper limit 

on the magnitude of increase in summed signal from the abbreviated (±100 sec) to the 

nominal (±1000 sec) summation periods. For the corrected mass 32 summed signal, we 

find that CO2 would provide ~30% of the signal, and CH3OH (methanol) could provide 

up to 25%. This leaves O2 to provide about 45% of the mass 32 signal, corresponding to 

an O2/H2O number ratio of ~0.004%. However, we consider this to be an upper limit for 

native O2 in the plume rather than a firm detection, owing to the poor evidence for 

plume-related signal above noise. Also, we cannot rule out the possibility of catalytic 

conversion of a very small amount of plume H2O to O2 on the walls of the instrument’s 

antechamber. 

We also searched for non-plume H2 and O2. The E13 flyby (2010-355) provided 

low-altitude observations over Enceladus’ northern hemisphere away from the south 

polar plume. This flyby had a closest approach altitude of ~48 km at ~60° N with a 

relative velocity of ~6.2 km s-1. It is the only close flyby away from the plume with 

proper pointing for the INMS instrument. During this flyby, the CSN measurements 

appeared to only detect a distribution of ice grains. Masses 18 and 17 (H2O) showed a 
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visible increase above background levels as Cassini approached Enceladus’ northern 

surface, along with sharp signal spikes indicative of grains. Some other mass channels 

also showed signal spikes associated with the inferred grains, but no masses other than 18 

and 17 displayed a detectable signal increase above background levels as a function of 

altitude. Because neither mass 2 nor mass 32 showed evidence of an altitude-dependent 

change in signal during the E13 flyby, we conclude that there is no detectable surface-

derived H2 or O2 in the north. 

 

3.4. Upper limits on N2 and CO from OSNB observations 

 

We discuss using the OSNB signal at mass 28 as a means of setting upper limits on 

N2 and CO in the Enceladus plume. There were no OSNB counts above the background 

for molecules with m/z = 28 u. However, there were OSNB counts for mass 44 (Fig. 1), 

consistent with the CO2 mixing ratio derived from CSN mode (Table S2). This 

consistency shows that species native to the plume gas produce signal in both modes. 

Therefore, the lack of counts at mass 28 in the open source implies that a large part of the 

signal seen in CSN mode at mass 28 (14, 19) must arise from a chemical source in the 

CS, such as fragmentation of large organic molecules or materials embedded in ice 

grains. 

Based on the CSN peak count rates of 4000 at 28 u and a CSN/OSNB ratio of 400 

to 500, the expected peak OSNB count rate near closest approach for 28 u would be 8 to 

10 counts per IP at each IP in which the velocity compensation settings were optimized 

for the detection of slow, near-vertical-velocity molecules. These are the same velocity 

compensation settings that correspond to the maximum count rates for OSNB 

measurements of H2O and CO2. Using the peak OSNB H2O count rate of 2000 and a 

conservative value of 1 count per IP as an upper limit for OSNB 28 u measurements, the 

upper bound for vapor molecules with a mass of 28 u is 1/2000 = 0.05% of the H2O 

number density. In other words, because no OSNB mass 28 was detected above 

background (the background rate corresponds to a fraction of 1×10-4), there is only a 5% 

probability that the number density of mass 28 species is as high as 5×10-4 with respect to 

H2O. This limit is less than 10% of the mixing ratio derived from CSN measurements 

(~0.009), and indicates that more than 90% of the CSN counts at 28 u do not come from 

native 28 u species. The combined mixing ratio of N2+CO+C2H4 is <5×10-4 from INMS, 

which is consistent with (24, 43). 

 

Supplementary Text 

 

4. Assessment of natural sources of H2 in the plume 

 

We have identified two general types of sources of H2 on Enceladus. The first is 

primordial H2 from the solar nebula, which can be hypothesized to have accreted directly 

as a gas or trapped in water ice. The second is production of H2 on Enceladus. We discuss 

formation of H2 via pyrolysis of organic materials and cracking of NH3. We also consider 

conversion of H2O to H2 (plus a form of O) via radiolytic reactions on the surface or in 

the rocky core, via tectonic processes in the ice shell, or via coupling to the oxidation of 

reduced minerals in geochemical (e.g., hydrothermal) environments. Finally, we discuss 
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storage vs. active production of H2 in the rocky core of Enceladus. In this section, we 

present arguments and models that can be combined with the INMS data to constrain the 

source of H2 in Enceladus’ plume. 

 

4.1. Mechanisms of obtaining primordial H2 

 

4.1.1. Gravitational capture of nebular gas 

 

If it formed before the dispersal of the solar nebula, Enceladus might have 

captured gas that was mostly molecular hydrogen (44); it does not matter to this argument 

whether the gas was captured from a subdisk around Saturn or the solar nebula itself. 

However, this hypothesis is inconsistent with the low mass of Enceladus. Put simply, 

Enceladus is too small to have captured gas from the solar nebula (45). Even Titan, which 

is ~103 times more massive than Enceladus, could not capture and retain primordial H2. 

While Titan’s atmosphere contains H2, it is not primordial but instead a product of CH4 

photochemistry as evidenced by its supersolar D/H ratio (46), and the presence of 

hydrocarbons with a lower H/C ratio than CH4 (e.g., C2H6, C2H2) that requires 

photochemical production of H2 to achieve a mass balance of hydrogen. Also, the lack of 

detection of helium in the plume at Enceladus is inconsistent with a primordial origin of 

H2. Gravitational capture of nebular gas would result in a Solar System ratio of 4He/H2 ≈ 

0.2 (44). For an H2 mixing ratio of 0.4-1.4% in the plume gas (Table 1), the 4He mixing 

ratio would be 0.08-0.28%, which exceeds by over one order of magnitude the upper 

limit (<0.006%) from INMS (section 3.3). The implication is that at most 7.5% of H2 in 

the plume could be accreted as gas. We conclude from these two independent lines of 

evidence that the observed H2 was not gravitationally captured from the solar nebula. 

 

4.1.2. Trapping in cold amorphous ices 

 

Enceladus could have obtained primordial H2 if its icy building blocks formed at 

very low temperatures, as amorphous water ice can trap H2 below 20 K (29). However, 

there are several concerns regarding this mechanism as a source of present-day H2. First, 

there is a lack of empirical analogues among comets. Current cometary observations do 

not indicate that such cold planetesimals existed in the outer Solar System. Nuclear spin 

temperatures derived from ortho/para ratios of cometary H2O and NH3 all exceed ~20 K 

(47). Moreover, known comets are depleted relative to the solar composition in various 

species (e.g., 36Ar, N2) that are less volatile than H2 (28, 48). The cometary observations 

also suggest clathrate hydrates rather than amorphous ices as the carriers of these 

volatiles (49), and clathrates are less effective carriers of H2 (22). 

There is also a problem of retaining primordial H2 to the present day because ice 

is not a robust storage medium for H2. Amorphous ice releases H2 when heated: 67% is 

lost between 16 and 35 K, 11% between 35 and 85 K, and 22% between 85 and 150 K 

(29). For comparison, subsolar surface temperatures on Enceladus are ~80 K (50), and 

the bottom of the ice shell is bounded by a liquid water ocean at ~270 K (11, 25). Any 

accreted H2 should be expelled from the ice by degassing as the amorphous ice converts 

to crystalline ice. Even in the upper layers of the ice shell where some amorphous ice 

might linger (51), exposure to vacuum in pores may cause outgassing of any remaining 
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H2. To persist in the crust, H2 would need to be stored as a clathrate hydrate, and the 

formation of H2 clathrate requires high pressures of H2 [>1000 bar; (22, 23)]. However, 

pressures in the ice shell cannot be so high because of the small size of Enceladus. The 

lithostatic pressure ~20 km below the surface, corresponding to the base of the ice shell 

in the model of (11), is only ~20 bar. 

Alternatively, one can imagine trapping of H2 at lower pressures in multi-guest 

clathrates stabilized primarily by CH4 and/or CO2, two of the major non-water species in 

the plume (Table 1). However, clathrates have a strong preference for CH4 and CO2 over 

H2. To assess the potential contribution of H2 from multi-guest clathrates, we consider the 

experimental results of (52), which show that H2 only occupies between 0.3 and 2.3% of 

small cages depending on the temperature, total pressure, and composition of the system. 

In the case of Structure I clathrate (the most stable form for CH4 and CO2), there are 2 

small cages for every 6 large cages (53). Assuming a large cage occupancy of 95% and a 

small cage occupancy of 0-30% for CH4+CO2 (53), the gas mixture released by 

dissociation of this clathrate would have an H2/(CH4+CO2) ratio of (1-8)×10-3. In the 

more favorable case of Structure II clathrate (16 small cages and 8 large), this ratio would 

be (0.4-5)×10−2. The Enceladus plume was observed to have an H2/(CH4+CO2) ratio 

ranging from 0.4 to 3.5 (Table 1), significantly higher than the range of values predicted 

for multi-guest clathrates. Even Structure II clathrate could contribute at most ~13% of 

the observed H2. Whether such a clathrate reservoir exists in the icy crust (54), it is not 

the main source of H2 measured by INMS in the plume. 

 If primordial H2 were somehow accreted and retained by Enceladus anyway, the 

plume would contain significant amounts of other primordial volatiles. We develop a 

simple model that quantifies this scenario. At temperatures low enough to trap H2 in 

amorphous ice [<20 K (29)], primordial Ar, CO, and N2 would be fully accreted (55). We 

can estimate their abundances relative to trapped H2 by adopting an endmember model of 

a kinetically inhibited solar nebula, where the bulk composition is assumed to be solar 

(Table S3), and all of the carbon and nitrogen are in CO and N2, respectively (56). 

Magnesium and silicon are included because they are the most abundant sinks of oxygen 

among the rock-forming elements. The speciation of oxygen determines the abundance of 

H2O via: Ototal = H2O + CO + MgO + 2SiO2. The abundance of trapped H2 can be 

estimated by assuming that the H2/H2O ratio could be as high as 0.63 (29). Using this 

value, we calculate mixing ratios of 36Ar, CO, and N2 that would be observed in the 

plume if the H2 were acquired by trapping in amorphous ices (Table S4). 

 

Table S3. Solar system abundances of volatile elements and oxide-forming metals. 

Data are taken from (44) and reported with respect to 106 atoms of Si. 

 

Element Symbol Molar abundance 

Argon-36 36Ar 8.671×104 

Carbon C 7.079×106 

Magnesium Mg 1.020×106 

Nitrogen N 1.950×106 

Oxygen O 1.413×107 

Silicon Si 1.000×106 
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Table S4. Volatile content of <20 K amorphous ice vs. INMS observations of 

Enceladus’ plume. Expected abundances of key volatile species in the Enceladus plume 

if H2-bearing amorphous ices had been accreted are compared to upper limits from INMS 

(sections 2.4, 3.3, and 3.4). 

 

Species 

Relative molar 

abundance in cold 

amorphous ices * 

Mixing ratio in plume 

for cold amorphous 

ice model 

Observed mixing 

ratio in plume 

36Ar >0.034 >0.01% <0.0004% ‡ 

CO >2.79 >1% <0.05% § 

N2 >0.38 >0.15% <0.05% § 

H2 1 0.4-1.4% † 0.4-1.4% § 

 
*Based on experimental trapping of H2, and complete condensation of the other species 

from a solar composition gas; †Set to the observed range to enable scaling for the other 

species; ‡, From the closed source; §From the open source. 

 

The predicted mixing ratios for 36Ar and CO are significantly higher than the 

upper limits derived from INMS data. The predicted mixing ratio for N2 may be 

somewhat higher than its upper limit, depending on the value of the H2 mixing ratio 

(Table S4). However, the accretion model abundances would be increased if H2 trapping 

were less efficient than the assumed maximum, which would lead to larger discrepancies 

between this model and the detection limits. The upper limit on the abundance of 36Ar in 

the plume (<0.0004%; section 3.3) implies that an accreted ice source could provide to 

the plume an H2 mixing ratio of <0.01%, based on 36Ar/H2 >0.034 for such a source 

(Table S4). We conclude that the source of H2 in the plume is not primordial H2 that was 

trapped in amorphous ice. 

 

4.2. Mechanisms of producing H2 on Enceladus 

 

4.2.1. Generation of H2 via pyrolysis of organics 

 

We attempt to constrain the amount of H2 that could be formed from heating 

accreted organic matter in Enceladus’ rocky core. We consider insoluble organic matter 

(IOM) in carbonaceous chondrites as a potential analogue of primordial organic matter on 

Enceladus. We find that the most relevant available data are from (57), who performed 

dry pyrolysis experiments of IOM from the Murchison CM2 meteorite. We are not aware 

of any reports of H2 yields from hydrous pyrolysis experiments, which could be more 

relevant to Enceladus. Okumura and Mimura (57) measured the yield of H2 as a stepwise 

function of temperature. The integrated yield of H2 up to the temperature (T in K) of 

interest from their experiments can be represented by the equation 

 

2mol H 4023
log 3.95

kg IOM T

 
  

 
,       (S10)  
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from 623-1073 K (350-800°C) with an accuracy to within a factor of ~2. Their starting 

IOM had an organic bound hydrogen content of 30 moles per kg of IOM (57), so the 

fraction (f) of the initial organic H that is converted to H2 can be expressed as 

 

4023
log 2.78f

T
  ,         (S11) 

 

which ranges from 0.02-10% between 623 and 1073 K. Similarly, (58) reported H2 yields 

of ~4 mg per gram of organic carbon from vacuum pyrolysis experiments of Murchison 

and Orgueil (CI1) at 600°C. For IOM containing 67 wt. % C and 3.5 wt. % H [the 

average of Murchison and Orgueil; (59)], the corresponding yield of H2 is ~8%. This falls 

within the previous range. 

It is not straightforward to apply these results to Enceladus because the 

experiments were performed at high temperatures over timescales of minutes at most. In 

contrast, on Enceladus such pyrolytic processes may occur at lower temperatures but 

potentially over much longer timescales, such as millions to billions of years. Because of 

these uncertainties, it is most conservative to adopt the full lab-based production 

efficiency of 0.02-10% for H2 as a possible range. 

To calculate the total amount of H2 that could be generated from pyrolysis of 

primordial organic matter, an estimate is needed for the accreted mass of IOM on 

Enceladus. The mass of rock in Enceladus’ core has been estimated to be 6.3×1019 kg 

(Table S9, section 4.2.5). If the rock is assumed to contain a percentage of organic carbon 

in IOM similar to that in CI chondrites (the most organic-rich meteorites), there would be 

~2 wt. % Corganic in the rock (59), equivalent to ~4 wt. % IOM. Therefore, for a CI 

chondrite-like content of IOM, the accreted inventory of IOM on Enceladus would be 

~2.5×1018 kg containing ~7×1016 kg (~7×1019 moles) of organic hydrogen. We also 

consider an abundance of ~70×1019 moles of Horganic to account for the possibility that 

Enceladus may be more like comets in terms of the accreted organic inventory (60). 

Using the above ranges for the amount of organic H and the production efficiency of H2 

from organic H, it is found that (0.07-350)×1017 moles of H2 could be produced from 

accreted organic matter on Enceladus. This has the potential to sustain the present 

outgassing rate of H2 in the plume ([1-5]×109 mol H2 yr-1) for up to ~30 Gyr (i.e., much 

longer than the age of the Solar System). Thus, organic pyrolysis can be a robust source 

of H2. 

 

4.2.2. Cracking of NH3 

 

To assess the possible role of cracking of NH3 in the production of H2 inside 

Enceladus, we consider the following net reaction 

 

2NH3(aq) → N2(aq) + 3H2(aq),       (S12) 

 

which yields 3 moles of H2 for every mole of N2. From open source observations, the 

upper limit for the mixing ratio of N2 in the plume gas is <0.05% (section 3.4). If all of 

this N2 were derived from NH3, the maximum contribution of H2 to the plume from Rxn. 

S12 would be 0.15%. However, the observed mixing ratio of H2 in the plume is 0.4 to 
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1.4% (Table 1). This suggests that less than half of the H2 [and probably much less if 

Rxn. S12 is kinetically inhibited; (16)] can be derived from the thermal decomposition of 

NH3. The presence of a significant amount of NH3 gas in the plume (Table 1) also seems 

to argue against the occurrence of appreciable depletion of NH3 by Rxn. S12. Hence, 

cracking of NH3 is not supported as an important source of H2 for the plume. 

 

4.2.3. Radiation-induced decomposition (radiolysis) of water 

 

We investigate whether production of H2 by radiolytic reactions on the surface or 

in the core of Enceladus could explain the observations of H2 in the plume. 

 

4.2.3.1. Water ice on the surface 

 

Radiolysis of water ice on the surface of Enceladus can produce H2 in two 

different ways. The first is dissociation of H2O to O2 and twice as much H2. The second is 

hydrogen peroxide formation caused by penetration of energetic electrons 

 

2H2O(s) → H2(g) + H2O2(s),        (S13) 

 

with the possibility of H2O2 being transported down into Enceladus’ ocean and 

dissociating there into additional O2 + H2 (0.5 O2 + H2O more likely). 

To estimate the rates of production from these processes in moles per year, we 

used the model detailed in the supporting online material for (61), considering an ambient 

plasma density of 70 water group ions cm-3 at an equivalent temperature of 35 eV. The 

radiolytic yields are derived from laboratory experiments (61 and references therein). The 

presence of refractory impurities can inhibit surface O2 and H2 production (62), but to 

obtain an upper limit on the rates of O2 and H2 formation we considered the case of 

nearly pure H2O ice on Enceladus’ surface (51). 

We calculate a global rate of production of H2 of ~6×107 mol yr-1 due to H2O 

dissociation in Enceladus’ surface ice. Another ~2×107 mol yr-1 should be produced in 

the process of peroxide formation, and as a limiting case another ~2×107 mol yr-1 could 

be produced if all of the peroxide were cycled down into Enceladus’ ocean and 

subsequently dissociated. The total of ~1×108 mol yr-1 is at least one order of magnitude 

below the (1-5)×109 mol yr-1 required to account for 0.4-1.4% H2 in the plume gas (Table 

1). The amount of H2 produced in just the south polar region (southward of 50° S) should 

be approximately one order of magnitude less than the global rate (based on surface 

area), which makes this mechanism even more discrepant. 

An additional inconsistency with radiolysis of surface ice as a primary source of 

the observed H2 is that this process would not be expected to produce an enhancement in 

the density of H2 at the plume. Instead, a more globally homogeneous distribution of H2 

would be expected, as the whole surface is exposed to radiation. However, INMS 

detected H2 only in the plume, and not elsewhere over Enceladus (section 3.3). Lastly, if 

the observed H2 were derived from radiolysis of water ice, then the plume should have an 

O2/H2 ratio of ~0.4-0.5, equivalent to an O2 mixing ratio of 0.15-0.7% (for an H2 mixing 

ratio of 0.4-1.4%; Table 1), which is much higher than the observational upper limit of 

0.004% for O2 (section 3.3). There are no instrumental effects that would prevent the 



 

 

35 

 

detection of O2 if present, as evidenced by the previous detections of O2 at Rhea and 

Dione (62). Hence, surface ice radiolysis is an insignificant contributor to the detected H2 

in the plume. 

 

4.2.3.2. Liquid pore water in the rocky core 

 

We also need to consider radiolysis of liquid water in the subsurface by the decay 

of long-lived radioisotopes as a possible source of H2. Because Enceladus' core is likely 

to be quite porous (Table S9, section 4.2.5), large amounts of water can be expected to be 

in contact with rocks. This would expose water molecules to alpha and beta particles, and 

gamma rays generated from the decay of long-lived radioisotopes that would be present if 

the core’s composition is approximately chondritic. Below, we estimate the production 

rate of radiolytic H2 in Enceladus' core. 

This is done using the method of (32), which was developed for applications to 

Earth. In this method, the energy Di,k deposited in water (as opposed to that absorbed by 

rock particles) can be computed via 
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where i designates the type of particle emitted (alpha, beta, gamma), and k the 

radionuclide of interest; ρr is the grain density of the rock (g cm-3), and Ak the activity of 

radionuclide k (decays s-1 g-1 of rock), which is the product of the number of atoms of 

radionuclide per gram of rock times the decay constant; ΣEi,k represents the summed 

energy of particles i emitted by the whole decay series of radionuclide k [MeV; calculated 

by (32)], φ the porosity, and Si the stopping power [for adopted values and details, see 

(63)]. 

The total yield of H2 accounting for all types of decay i is given by 

 

,

,

i k i

i k

Y D G ,          (S15) 

 

where Gi is defined as the H2 yield per unit of energy for decay type i [molecules MeV-1; 

values taken from (64, 65)]. As for cases on Earth, we considered the decay of 40K, 232Th, 
235U, and 238U, using present-day CI chondritic abundances [respectively 94, 44, 0.086, 

and 12 µg kg-1 of rock; (44)], where the values have been scaled to be consistent with the 

densities of the model hydrous rocks described in section 4.2.5. We also adopted bulk 

values for the porosity (27%) and grain density (3.0 g cm-3) that are consistent with 

endmember models of a fully hydrated rocky core (Table S9, section 4.2.5). We assumed 

that the radioisotopes are predominately present in rocks rather than dissolved in 

Enceladus’ ocean. This is supported by the low K content of salt-rich plume particles (25, 

26). No analytical data are available for U and Th in the ocean, but Th minerals are 

generally insoluble in liquid water, and U minerals are insoluble under non-oxidized 

conditions (66). The detection of H2 and the lack of detection of sulfate salts in the plume 

support the interpretation of non-oxidized conditions inside Enceladus (15). Using the 
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above model of radiolysis, we obtain a production rate of (1-3)×108 mol H2 yr-1 for the 

whole core of Enceladus, which is less than the value ([1-5]×109 mol H2 yr-1) implied by 

the observations of H2 in the plume. 

In addition, not all of the radiolytically produced H2 would be outgassed if a 

significant volume of the core is impermeable. To explore this possibility, we calculated 

the characteristic length scale for diffusion as 

 
1/2( )L Dt ,          (S16) 

 

where D denotes the diffusion coefficient and t time. Because the core is inferred to be 

rich in wet phyllosilicates (section 4.2.5), we adopted a diffusion coefficient for H2 in 

water-saturated clay [D ≈ 5×10-10 m2 s-1; (67)]. For the most conservative case of t = 4.56 

Gyr, we find L ≈ 10 km, which is small compared to the dimensions of the core [~190 km 

radius; (10)]. This implies limited diffusive transport of H2, consistent with estimates of 

low permeability for aqueously altered carbonaceous chondrites (68) as possible 

geochemical analogues of Enceladus’ core (69). If it is assumed that only the top 10 km 

of the core is in diffusive steady-state with radiolytic production of H2, then the release 

rate from the core can be approximated as (1.5-4.5)×107 mol H2 yr-1. Altogether, our 

estimates suggest that at most only a minor fraction (e.g., <10%) of the observed H2 can 

be formed by contemporary radiolysis in the subsurface. 

 

4.2.4. Cataclastic formation of H2 

 

Recent experiments suggest that H2 can be produced by comminution (e.g., 

grinding) of silicate minerals in the presence of water in regions of shearing (30), such as 

active fault zones. Here, we investigate the possible contribution of this process to the 

production of H2 at Enceladus. In extension fault zones (70) the large faults accommodate 

the bulk of the strain (71, 72), while most of the observable fractures reside in strain 

shadows and are inactive (73, 74). We therefore assume in the following calculation that 

the active tiger stripes contribute the majority of H2 potentially produced by a 

comminution mechanism. This assumption of locally produced “tectonic H2” is in 

keeping with the localized nature of INMS observations of H2 in the plume. 

Hsu et al. (13) reported the detection of silica particles between 6 and 9 nm in 

radius. They proposed that those particles are embedded in ice grains ejected from 

Enceladus. For the present calculation, we assume that the reported range in size is 

representative for silica particles that may be loaded into ice in the south polar region by 

plume fallout. Based on a density of 2.1 g cm-3 for amorphous silica, we calculate a 

specific surface area for spherical particles between 160 and 240 m2 g-1. Telling et al. 

(30) used their experimental data to derive the following linear relationship between H2 

production (H2, in nmol g-1) and molar silica surface area (SA, in m2 g-1) 

 

 2 15.34 0.19H SA   .        (S17) 

 

It should be noted that silica particles from Enceladus have molar silica surface areas 

approximately two orders of magnitude larger than those from (30). Nevertheless, in the 

absence of more appropriate data we assume a linear extrapolation of Eq. S17, and 
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calculate an H2 production between 2400 and 3700 nmol H2 per g SiO2. To account for 

possible non-linear behavior beyond the experimental data range in the relationship 

between H2 production and molar silica surface area, we consider the expanded range 

2400 to 37000 nmol H2 per g SiO2. 

To convert this quantity to a rate, we assume that Si-O bonds are a reactant in the 

production of H2 (30), and that deposition and consumption of Si-O bonds may be in a 

steady state (75). The model of (13) suggests that ice erupted and emplaced onto the 

south polar region may contain 150 to 3800 ppm SiO2. For a water ice deposition rate in 

the tiger stripe region of order 1 to 10 kg s-1 (76), the corresponding annual deposition is 

(3-30)×1010 g of ice per year. This suggests concurrent deposition of (4.5-1100)×106 g of 

silica per year. Using a conservative range for H2 production per mass of SiO2 (see 

above), we estimate an H2 production rate between 11 and 42000 mol yr-1, which is 

negligible compared to the observed rate of (1-5)×109 mol yr-1 in the plume. We conclude 

that comminution is not a significant source of H2 on Enceladus, because there is simply 

not enough silicon-bearing material (by several orders of magnitude) that is subjected to 

fault activity in the tiger stripes. 

 

4.2.5. Aqueous oxidation of reduced minerals 

 

Estimates for the magnitude of global H2 production on Earth via aqueous 

alteration of rocks (e.g., serpentinization) are commonly based on models of 

representative reactions (31, 77). Similarly, we develop a mass balance model as a first-

order constraint on the amount of H2 that could be produced by water-rock reactions 

inside Enceladus. The problem can be broken down into two parts. First, we need to 

estimate the H2 yield per kg of rock for representative geochemical reactions in 

Enceladus’ rocky core (which are dependent on its mineralogy). Second, estimates need 

to be made for the total mass of rock inside Enceladus, which imposes a limit on the 

amount of H2 that can be produced for the bulk body. 

To simplify modeling of the mineralogy of Enceladus’ core, we restrict ourselves 

to the Mg-Si-Fe-S-O-H system, which includes the most abundant rocky elements in 

chondritic material, and allows silicate hydration to be considered. We assume that the 

relative abundances of Mg, Si, Fe, and S are solar or CI chondritic (the adopted elemental 

composition is given in Table S5). We define four model rock mineralogies, each of 

which consists of some of the normative minerals given in Table S6. The selection of 

these minerals is guided by observations of chondritic meteorites (78), interplanetary dust 

particles (79), and cometary dust (80). The normative minerals are components of 

endmember-type models of possible rocks on Enceladus. The model rocks that are 

considered are termed accreted anhydrous rock (AAR), metamorphosed anhydrous rock 

(MAR), reduced hydrous rock (RHR), and oxidized hydrous rock (OHR). The minerals 

in each rock are listed in Table S7. Because each rock is assumed to contain only four 

representative minerals (the minimum number of minerals to obtain a normative 

mineralogy), it is simple to calculate the proportions of each mineral that satisfy mass 

balances for Mg, Si, Fe, and S. 
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Table S5. Solar system abundances of the most abundant rock-forming elements 

(excluding oxygen). Data are taken from (44) and reported with respect to 106 atoms of 

Si. 

 

Element Symbol Molar abundance 

Iron Fe 8.380×105 

Magnesium Mg 1.020×106 

Silicon Si 1.000×106 

Sulfur S 4.449×105 

 

Table S6. Minerals included in the mass balance model. The molar masses (µ) and 

densities (ρ) for minerals in normative models of past/present rocks on Enceladus are 

provided. A talc endmember is used to represent saponites for compositional modeling of 

simplified systems (16), but the talc/saponite component is assumed to have a saponite 

density based on the occurrence of saponite in potential chondritic analogues of 

Enceladus (69, 91). Mineral densities at 25°C and 1 bar are taken from (103). 

 

Mineral Abbreviation Formula µ (g mol-1) ρ (g cm-3) 

Chrysotile Ctl Mg3Si2O5(OH)4 277.09 2.56 

Enstatite En MgSiO3 100.38 3.19 

Fayalite Fa Fe2SiO4 203.78 4.39 

Forsterite Fo Mg2SiO4 140.68 3.27 

Greenalite Gre Fe3Si2O5(OH)4 371.74 3.23 

Iron metal Fe-met Fe0 55.85 7.87 

Magnetite Mag Fe3O4 231.55 5.20 

Pyrrhotite Po Fe0.875S 80.94 4.62 

Talc/Saponite Tlc/Sap Mg3Si4O10(OH)2 379.24 2.30 

Troilite Tro FeS 87.92 4.85 

 

We consider four types of geochemical reactions that could lead to the production 

of H2 inside Enceladus (Table S8). In these reactions, the model rocks are transformed 

into more oxidized rocks, with retention or mass balance of Mg, Si, Fe, and S in rocks. It 

is assumed that magnetite is the terminal form of oxidized iron, because further oxidation 

of magnetite to hematite/ferric oxyhydroxides is a negligible source of H2 that would not 

be expected to lead to detectable H2 in the plume, as a result of the low equilibrium H2 

fugacity (81). The amount of H2O in each reaction is determined from an oxygen mass 

balance, and the theoretical yield of H2 is calculated from a hydrogen mass balance. This 

sets the stoichiometry of the reaction, which can be used to compute the number of moles 

of H2 per kg of reactant or product rock (Table S8). 
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Table S7. Mineral abundances in model rocks. Model rocks shown here represent 

possible compositions on Enceladus, and are assumed to contain solar abundances of the 

major rock-forming elements. Only one non-sulfide iron-bearing mineral is considered in 

each rock. Multiple ferromagnesian solid solutions may be present in reality. 

 

Rock type: 
Accreted 

anhydrous rock 

Metamorphosed 

anhydrous rock 

Reduced 

hydrous rock 

Oxidized 

hydrous rock 

Abbreviation: AAR MAR RHR OHR 

Mineral Wt. % Vol. % Wt. % Vol. % Wt. % Vol. % Wt. % Vol. % 

Chrysotile - - - - 48.86 57.17 27.53 32.30 

Enstatite 60.63 72.47 31.48 36.79 - - - - 

Fayalite - - 26.98 22.92 - - - - 

Forsterite 1.73 2.02 20.29 23.14 - - - - 

Greenalite - - - - 29.75 27.59 - - 

Iron metal 13.53 6.56 - - - - - - 

Magnetite - - - - - - 19.11 11.04 

Pyrrhotite - - 21.25 17.15 19.27 12.49 19.87 12.92 

Talc/Saponite - - - - 2.12 2.76 33.49 43.74 

Troilite 24.11 18.95 - - - - - - 

ρ (g cm-3) 3.81 3.73 2.99 3.00 

 

Table S8. Oxidation reactions of Enceladus model rocks. Past/present H2-producing 

geochemical reactions on Enceladus are given, based on transformations of representative 

mineral assemblages. The stoichiometric coefficients (in moles) are normalized to an 

initial mass of 1000 g of accreted anhydrous rock. Definitions of abbreviations for 

minerals and rocks are given in Tables S6 and S7, respectively. The rock masses in these 

models are: AAR = 1000 g, MAR = 1044 g, RHR = 1152 g, and OHR = 1117 g. 

 
Abbreviated reaction Reactants Products 

AAR + H2O → RHR + H2 
6.04 En + 0.12 Fo + 2.42 Fe-met + 

2.74 Tro + 8.74 H2O 

0.06 Tlc/Sap + 2.03 Ctl + 0.92 Gre 

+ 2.74 Po + 2.77 H2 

AAR + H2O → MAR + H2 
6.04 En + 0.12 Fo + 2.42 Fe-met + 

2.74 Tro + 2.77 H2O 

3.27 En + 1.51 Fo + 1.38 Fa + 2.74 

Po + 2.77 H2 

RHR → OHR + H2O + H2 
0.06 Tlc/Sap + 2.03 Ctl + 0.92 Gre 

+ 2.74 Po 

0.99 Tlc/Sap + 1.11 Ctl + 0.92 Mag 

+ 2.74 Po + 1.84 H2O + 0.92 H2 

MAR + H2O → OHR + H2 
3.27 En + 1.51 Fo + 1.38 Fa + 2.74 

Po + 4.13 H2O 

0.99 Tlc/Sap + 1.11 Ctl + 0.92 Mag 

+ 2.74 Po + 0.92 H2 

 

To estimate the amount of rock inside Enceladus, we adopt the internal structure 

model of McKinnon (10). The density of the rocky core from this model (2.45±0.1 g 

cm−3) is significantly lower than those of AAR and MAR, but not much lower than those 

of RHR and OHR (Table S7). Owing to its apparent low density, the core should not be 

composed of more than a minor fraction of anhydrous rock, consistent with laboratory 

experiments (82) and observations of carbonaceous chondrites (83), which demonstrate 

that silicate hydration (e.g., serpentinization) is geologically rapid. Geophysical modeling 

also suggests that Enceladus’ entire core may be accessible to ocean-derived fluids, 

which would promote the hydration of silicate minerals (84). We can expect Enceladus’ 

core to be extensively (but not necessarily completely) altered. 



 

 

40 

 

We consider an endmember model in which the core is composed of hydrous rock 

and pore water. The latter needs to be present because the core is apparently less dense 

than the hydrous rocks in Table S7. Otherwise, for the rocks to be less dense than 

computed, sulfide minerals would need to be oxidized to sulfate salts (e.g., MgSO4), 

which have not been detected at Enceladus (25, 26). Calculated masses of water and rock 

in a porous, fully hydrated core are given in Table S9 for RHR and OHR, which have 

almost identical densities. This leads to a common mean porosity of ~25-30%, which 

could be expected for a small body (85). Some anhydrous rock could be added to the 

model if additional porosity is assumed, but a substantial anhydrous component can be 

excluded because the combination of abundant anhydrous rock and high fluid-filled 

porosity would be geochemically unstable with respect to silicate hydration over geologic 

time. 

 

Table S9. Inferred physical properties of Enceladus’ core. Mass and volume 

properties of Enceladus’ core are calculated for two endmember compositions of hydrous 

rock (Table S7). The core is assumed to consist of hydrous rock and liquid pore water, 

and its properties are calculated to be consistent with the model of (10). 

 

Core property 
Reduced 

hydrous rock 

Oxidized 

hydrous rock 

Density of rock (kg m-3) 2990 3000 

Density of water (kg m-3) 1000 1000 

Core density (kg m-3) 2450 2450 

Core porosity 27% 28% 

Core radius (km) 190 190 

Core volume (m3) 2.87×1016 2.87×1016 

Core mass (kg) 7.04×1019 7.04×1019 

Mass of rock (kg) 6.26×1019 6.25×1019 

Mass of pore water (kg) 7.80×1018 7.90×1018 

 

Table S10 provides results that can be used to assess scenarios of present and 

integrated production of H2 for three geochemical net reactions. The formation of MAR 

from AAR (Table S8) is not considered in Table S10, because this reaction may not be a 

significant source of H2 in a core that is rich in hydrous rock [although it could be 

relevant to the early history of Enceladus if dehydrating conditions prevailed; (86)]. If 

AAR oxidation does not terminate at RHR but goes all the way to OHR, then the yields 

for AAR → RHR and RHR → OHR should be summed. 

 The upper limit for the amount of H2 produced by aqueous alteration is ~2×1020 

moles (Table S10). The results in Table S10 indicate that even slow reaction rates can 

account for the emission rate of H2 in the plume. This can be illustrated by determining 

how long it would take to react a relatively small mass of rock (1% of the core’s mass) at 

the required rates. This mass of reactant rock could support H2 production at today’s rate 

for geologically significant periods of hundreds of millions to potentially billions of 

years, depending on the particular reaction (Table S10). Aqueous oxidation of accreted 

anhydrous rock is a potent source of H2, but even rocks that were previously partially 

oxidized, such as reduced hydrous rock, have the potential to generate sufficient H2. This 
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is a consequence of the high abundance of iron in chondritic material (Table S5). A large 

amount of reactant rock is not needed to explain the observation of H2 in the plume, and 

indeed a small to moderate amount (~2-40% of the core’s mass, depending on the value 

of the H2 mixing ratio) would be able to sustain the present level of H2 release over the 

history of the Solar System (4560 Myr). 

 

Table S10. Timescale and H2 yield for model water-rock reactions. Rate-related data 

and theoretical yields of H2 are provided for some water-rock oxidation-reduction 

reactions of relevance to Enceladus. 

 

Abbreviated 

reaction * 

Reaction rate of rock (kg yr-1) 

to match observed H2 † 

1% Depletion 

time (Myr) ‡ 

Maximum yield 

of H2 (mol) § 

AAR + H2O → 

RHR + H2 
(0.4-2)×109 400-1900 1.5×1020 

RHR → OHR 

+ H2O + H2 
(1-6)×109 100-600 0.5×1020 

MAR + H2O 

→ OHR + H2 
(1-6)×109 100-600 0.5×1020 

 
*See Table S8; †For (1-5)×109 mol H2 yr-1 equivalent to 0.4-1.4% H2 in the plume gas 

(Table 1); ‡The duration to react a mass of rock equal to 1% of the mass of the core 

(7×1017 kg; Table S9) at the calculated reaction rate; §For complete conversion of the 

reactant rock in the whole core. 

 

The actual yield of H2 from AAR oxidation to RHR should be similar to the 

theoretical yield (Table S10). This is because metallic iron is unstable in the presence of 

liquid water at sub-kbar pressures (81), and Enceladus’ core does not appear to be dense 

enough to permit a large amount of AAR to be present (10). This establishes a lower limit 

of ~1.5×1020 moles for the amount of H2 generated by water-rock reactions. All of the 

metallic iron accreted by Enceladus could have been oxidized during past hydrothermal 

processing (81), or a small fraction may remain and is reacting today. 

For the reactions in Table S10 with ferrous iron-bearing reactants, the actual 

yields could be lower than the theoretical yields because ferrous iron in the reactants can 

avoid oxidation to magnetite if ferrous iron-bearing minerals are stable under conditions 

in the core. Assuming that the oxidation of rock is irreversible, the progress of these 

reactions on a global scale can be envisioned to depend on the total amount of fluid 

cycled through the core; and geochemical factors such as temperature (2), and the 

abundances of carbonate and aluminum (87, 88). While it is a complex problem to predict 

the extent of reaction progress, revisiting the previous example provides insight into the 

robustness of ferrous iron oxidation as a source of H2. If only 1% of the FeO component 

of rock were oxidized to Fe3O4, then the yield of H2 would still be ~5×1017 moles, which 

is enough to sustain the observed release rate of H2 for hundreds of millions of years 

(Table S10). Unless the extent of reaction progress is miniscule, ferrous iron oxidation 

can be a geologically significant source of H2 on Enceladus. 

  



 

 

42 

 

4.3. Stored vs. actively produced H2 from the core 

 

We consider the possibility that the observed H2 was produced previously, but has 

been stored in Enceladus’ core. In this scenario, one can imagine that “old H2” is being 

released perhaps episodically by transport through fractures that may form as a result of 

tidal stresses. Previously, we calculated a relatively short length scale for diffusion of H2 

through the core (L ≈ 10 km; section 4.2.3.2). If the core is impermeable, it could 

accumulate H2 over time from organic pyrolysis (max yield = 3.5×1019 mol; section 

4.2.1), pore water radiolysis (integrated yield over 4.56 Gyr = 3×1018 mol; section 

4.2.3.2), or mineral oxidation (max yield = 2×1020 mol; section 4.2.5). These values 

imply that mineral oxidation has the greatest potential to provide H2 for the plume. 

Decomposition of NH3 could also contribute to the inventory of H2 in the core, but this 

mechanism of H2 production is inconsistent with the non-detection of N2 in the plume 

(section 4.2.2). 

As an initial attempt at addressing the question of whether H2 in Enceladus’ 

plume might come from seepage from a stored reservoir, we consider Kidd Creek mine in 

the Canadian Shield as a model for long-term storage of reduced gases in a water-rock 

system. Kidd Creek is chosen because it hosts fluids that have been trapped in fractured 

rocks for over a billion years [reported to be the oldest water on Earth; (89)], providing 

focus on the temporal aspect of the problem. These fluids have an H2/CH4 ratio of ~0.05, 

which may reflect the consumption of H2 during the abiotic synthesis of CH4 (33). This 

process may be facilitated by the long timescale of water-rock interaction. The Enceladus 

plume has a much higher H2/CH4 ratio (~1-14; Table 1), which suggests that the input of 

stored H2 to the plume should be minimal if Kidd Creek fluids are applicable as terrestrial 

geochemical analogues of stored gas on Enceladus. Kidd Creek exemplifies the concept 

that fluids stored in rocks for long durations should have low H2/CH4 ratios. This notion 

is also supported by the lack of geochemical evidence for the active synthesis of CH4 at 

hydrothermal vents (90), where the timescale of water-rock interaction during fluid 

circulation may be too short to allow appreciable synthesis of CH4. 

Kidd Creek can be considered an analogue that provides useful insight rather than 

an exact match for the core of Enceladus. Indeed, Enceladus’ core is likely to be 

compositionally different from Kidd Creek because of their different geochemical 

histories. On the other hand, probable greater abundances of both carbon reactants [e.g., 

carbonate minerals and organic matter, as in carbonaceous chondrites and comets; (60, 

91)] and transition metal catalysts of carbon hydrogenation [e.g., metallic nickel; (92, 

93)] may enhance CH4 synthesis while fluids are stored in the core. Given these factors, it 

seems unlikely that similarly aged fluids on Enceladus would have a higher H2/CH4 ratio 

than the Kidd Creek value [~0.05; (33)], which could be considered a provisional upper 

limit for Enceladus. While circumstantial, this argument bolsters the view that the 

majority of H2 in the plume does not derive from a stored reservoir in the core, although 

the existence of such a reservoir is not to be excluded. 

For a Kidd Creek-like gas to be a major contributor of H2 to the plume, a second 

source or process inside Enceladus that increases the H2/CH4 ratio by adding H2 or 

removing CH4 would need to be invoked. For the case of H2 addition, we can set an 

upper limit on the contribution of H2 to the plume by assuming that all of the CH4 in the 

plume is derived from stored gas. For the lower limit of H2/CH4 ≈ 1 in the plume (Table 
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1), the corresponding upper limit on the contribution of Kidd Creek-like gas is only ~5% 

of the total observed H2. Therefore, an added (e.g., mineral-derived) source of H2 would 

have to be the dominant source of H2 (see below). The H2/CH4 ratio could also be 

increased if CH4 is physically or chemically removed from a source fluid prior to 

outgassing. Oxidative chemistry is unlikely to increase the H2/CH4 ratio because H2 is 

more reactive than CH4. Clathrate hydrates can preferentially remove CH4 over H2 from a 

fluid (22, 94), but the fugacity of CH4 in Enceladus’ ocean may be too low to allow CH4 

to be incorporated into clathrates if they are being formed. A CH4 fugacity between ~20 

µbar and ~0.01 bar is inferred (Table S11, section 5.1), which is more than three orders of 

magnitude below the saturation fugacity of CH4 clathrate at 273 K [~24 bar; (22)]. Thus, 

clathrate formation is unlikely to serve as a sink of CH4. We conclude that the H2/CH4 

ratio of the plume does not support a stored reservoir in Enceladus’ core as a primary 

source of H2 for the plume. 

In contrast, there are many possible scenarios involving active production of H2 in 

Enceladus’ rocky core that could explain the H2/CH4 ratio in the plume. Let us consider a 

case where H2 is being produced by hydrothermal processing of rocks (13) resembling 

carbonaceous chondrites or refractory cometary material. In this case, both organic 

pyrolysis and mineral oxidation can be robust sources of H2 (sections 4.2.1 and 4.2.5). 

Pore water radiolysis may play a minor role but is disregarded here to simplify the 

discussion (section 4.2.3.2). Because minerals and organics are likely to be intermixed in 

these types of rocks, an H2/CH4 ratio derived from them could reflect contributions from 

both sources, depending on the current state of these materials and the conditions (e.g., 

temperature) to which they are subjected. To illustrate the concept of the plume as a 

mixture, we assume that fluid-mineral reactions yield H2/CH4 → ∞ (pure H2 

endmember), consistent with kinetically inhibited synthesis of CH4 over short timescales 

(95). We further assume H2/CH4 ≈ 1 as a representative value for organic pyrolysis, based 

on stepwise heating experiments of Murchison IOM (57). Also, one can envision the 

existence of additional sources (perhaps spatially separated) that provide low H2/CH4 

ratios (e.g., ~0 as an endmember) to the mixture before it erupts to produce the plume. 

This category may include clathrate hydrates in the ice shell (section 4.1.2), CH4-rich 

fluids stored in the rocky core (see above), or methanogenic microorganisms (17). 

The proposed mixing model does not provide a solution that uniquely satisfies the 

observed H2/CH4 ratio ≈ 1-14 (Table 1), because the system is underdetermined based on 

present data. However, it can be deduced that there is a large range of circumstances 

under which active production of H2 can achieve consistency with the observational 

constraint (e.g., ~80% of the H2 from mineral oxidation and ~20% from organic 

pyrolysis). Two additional general inferences are that organic pyrolysis by itself may be 

sufficient if H2/CH4 ≈ 1; or input of H2 from mineral oxidation may be required if H2/CH4 

> 1. It is notable that high H2/CH4 ratios are characteristic of fluids derived from active 

hydrothermal processing of ultramafic rocks on Earth, such as at Lost City where H2/CH4 

≈ 9 (34), although the geophysical setting of this activity (e.g., plate tectonics) is 

fundamentally different from Enceladus. 

The hypothesis of active production of H2 in the core of Enceladus can be 

consistent with the H2/CH4 ratio in the plume. A mixing model may be necessary, but this 

is not a great demand to place on a geologically active body, where mixing may be 

unavoidable [as in hydrothermal vent fluids on Earth; (90)]. Contrast this state of affairs 
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with the above model of stored H2, for which there is no apparent and non-contrived way 

to reconcile the H2/CH4 ratio. Overall, this analysis favors actively produced over stored 

H2 to explain the observations of H2, because the latter appears inconsistent with the 

H2/CH4 ratio in the plume, whereas the former permits consistent possibilities in terms of 

plausible processes. 

 

5. Thermodynamic analysis of volatile species 

 

5.1. A model for ocean composition from the plume 

 

 Our goal is to develop a model that allows the dissolved gas composition of 

Enceladus’ ocean to be estimated from the abundances of gases in the plume. We focus 

on CO2, CH4, and H2 because they are key to quantifying the degree of disequilibrium 

between CO2-CH4. It is assumed that the proportions of these species in the plume gas are 

the same as in ocean water. This assumption requires minimal fractionation among these 

species during the outgassing process from ocean to plume (see below). The ratios of 

concentrations in the ocean are taken to be equal to the ratios of number densities of 

CH4/CO2 ≈ 0.4 and H2/CO2 ≈ 1.6 in the plume (Table 1). To convert such ratios to 

concentrations, we require the absolute concentration of one species in Enceladus’ ocean. 

Previously, (15) used H2O as the reference species for the fugacity, but this required them 

to try to account for a large amount of H2O condensation that occurs during the 

outgassing process. Here, we adopt CO2 as the reference species because it is much less 

condensable than H2O, and more similar in volatility to CH4 and H2. Another reason why 

CO2 is a useful choice is because its absolute concentration can be constrained, by linking 

it to independent measurements of carbonate species in plume particles via carbonate 

equilibria in Enceladus’ ocean. We are not aware of any alternative approaches that could 

provide a more robust means of estimating the dissolved gas composition of Enceladus’ 

ocean from plume gas measurements. 

The concentration of CO2 in Enceladus’ ocean can be estimated using the 

carbonate speciation model of (15). Based on the composition of salt-rich plume particles 

(25, 26), we consider the ocean to have a nominal composition of ~0.1 mol of chloride 

and ~0.03 mol of total dissolved carbonate (TDC = HCO3
− + CO3

−2) per kg of water, with 

Na+ as the most abundant cation. Our perspective is that a pH range of 9 to 11 provides 

the best compromise between published estimates [see Table 1 in (15)]. This is taken to 

be a nominal range rather than hard limits, but one can also consider the implications on 

the degree of disequilibrium between CO2-CH4 for lower and higher pH values in Fig. 4. 

The pH is the key source of potential uncertainty. 

The concentration of CO2 in the ocean is computed for a combination of Cl-TDC-

pH using the model of (15). The concentrations of CH4 and H2 are obtained by scaling 

the concentration of CO2 by the CH4/CO2 or H2/CO2 ratio in the plume. We assume an 

ideal dilute solution such that the activities of CO2, CH4, and H2 are approximately equal 

to their molal concentrations. The fugacities of these species are computed using Henry’s 

law constants (96, 97). The results of the geochemical calculations are given in Table 

S11. They are referred to as apparent quantities because they are derived from modeling 

of plume data, rather than directly measured in the ocean. 
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Table S11. Volatile composition of the ocean source of Enceladus’ plume. Apparent 

molal (mol kg-1 of H2O) concentrations (~activities) and fugacities of key volatile species 

are provided for nominal ocean composition models with a pH of 9 or 11 at 273 K and 1 

bar. TDC refers to total dissolved carbonate. 

 

Ocean 

model: 

0.1 mol Cl−, 0.03 mol TDC, 

1 kg H2O, pH 9 

0.1 mol Cl−, 0.03 mol TDC, 

1 kg H2O, pH 11 

Species 
Molality/ 

Activity 

Fugacity 

(bar) 

Molality/ 

Activity 

Fugacity 

(bar) 

CO2 7×10-5 9×10-4 1×10-7 1×10-6 

CH4 3×10-5 1×10-2 4×10-8 2×10-5 

H2 1×10-4 1×10-1 2×10-7 2×10-4 

 

More generally, the molality of CO2 in Enceladus’ ocean from our geochemical 

model can be expressed as a function of pH via 

 

   
2

2
log 0.1213 pH 0.9832 pH 3.1741COm       ,    (S18) 

 

which reproduces the numerically calculated values to within an accuracy of ~20% from 

pH 7-14. This equation can be used to obtain approximate values for the molalities of 

CH4 and H2 in the ocean by multiplying the molality of CO2 times the CH4/CO2 or 

H2/CO2 ratio in the plume, based on the assumption that these ratios are not significantly 

modified between ocean and plume (see below). In general, our model indicates that 

unlike the plume (Table 1), the ocean may be dilute in volatile gases with respect to H2O, 

because condensation of H2O during transport through the cold crust of Enceladus 

enriches the residual gas in volatiles (15). 

Is it reasonable to assume that volatile ratios in the plume are similar to those in 

the ocean? This seems like a useful step in starting to explore the implications of the 

INMS measurements for ocean chemistry, but we can envision several processes that 

might result in volatile fractionation. First, ocean-derived CO2 (the reference species in 

our model) could be removed from the gas by condensation. Some CO2 probably 

condenses because spectroscopic signatures of CO2 ices are reported in the tiger stripes 

(51). This suggests that the derived quantities for CH4 and H2 in the ocean are upper 

limits, because the ratios of CH4/CO2 and H2/CO2 in the ocean (with more CO2) are lower 

than in the plume. However, chemical affinities depend on logarithmic abundances 

(section 5.2), so this effect may not be significant unless a very large amount (e.g., >99%) 

of ocean-derived CO2 condenses. 

 Another possibility is that there could be non-ocean sources of CO2 and CH4, such 

as dry ice or clathrate hydrates in the ice shell of Enceladus, which contribute to the 

plume (54). The present data are ambivalent regarding the existence of such contributors 

to the plume. If there is an icy source of CO2, then the derived quantities for CH4 and H2 

in the ocean would be lower limits (the ocean could be richer in CH4 and H2 than 

calculated). On the other hand, the ocean may be poorer in CH4 than calculated if there is 

an icy source of CH4 for the plume. If there is an icy source providing both CO2 and CH4, 

then the derived quantities for H2 in the ocean would still be lower limits, but it is not 

possible to determine the effect on the inferred abundance of CH4 in the ocean without 
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information on the CH4/CO2 ratio from the icy source, and the relative contributions of 

icy and ocean sources for the plume. However, icy sources would need to be by far the 

dominant sources of CO2 or CH4 to have a significant impact on calculations of chemical 

affinity, owing to the logarithmic dependence on species abundances (section 5.2). Given 

the above possible competing effects stemming from data limitations, it seems apt to 

preface the derived quantities with the term apparent in recognition of the uncertainties. 

We also address if volatiles could be fractionated during degassing from ocean 

water. Would the proportions of degassed volatiles that go into the plume be similar to 

the proportions originally dissolved in ocean water? This is a kinetic problem, as the 

presence of salts in plume particles demonstrate flash freezing of liquid water droplets in 

the eruption zone (25, 26). To determine if volatile fractionation occurs, we need to 

compare the freezing timescale to the timescales for processes that fractionate volatiles as 

droplets degas and freeze. 

We begin by making an estimate of the freezing time for droplets of ocean water 

that are evaporatively cooled in the subsurface (98). From kinetic gas theory, the net 

evaporative flux (J) of H2O can be evaluated using the Hertz-Knudsen equation 

 

,         (S19) 

 

where ΔP designates the difference between the saturation vapor pressure and the 

ambient pressure of H2O, M = 0.018 kg mol-1, R = 8.3 J mol-1 K-1, and T = 273 K. Taking 

ΔP to be of order 1 mbar (100 Pa), we obtain J ≈ 0.1 kg m-2 s-1. 

 The evaporation rate from spherical droplets with radii of order 1 µm (26) is 

calculated to be ~1×10-12 kg s-1 (based on the surface area of the droplets). Because the 

heat of vaporization of water is approximately 10 times larger than the heat of fusion, 

about 10% of a droplet’s mass will be evaporated, which results in an evaporated mass of 

~4×10-16 kg per droplet. Using this mass and the calculated evaporation rate, we compute 

that it would take ~0.4 ms for a droplet to freeze. Informed by this result, below we 

consider a nominal freezing time of ~1 ms. 

We investigate whether CO2, CH4, and H2 could be physically fractionated as 

these species, which are initially dissolved in ocean water, diffuse through water droplets 

erupted from the ocean. A characteristic length for diffusion in one-dimension can be 

written as 

 

 
1/2

D  ,          (S20) 

 

where D denotes the diffusion coefficient of the species of interest in liquid water at 0°C, 

and τ the freezing time. Equation S20 can be evaluated by adopting the following 

representative values for the parameters: DCO2 ≈ 0.9 µm2 ms-1, DCH4 ≈ 0.9 µm2 ms-1, DH2 

≈ 2.8 µm2 ms-1 (99), and τ ≈ 1 ms (see above). The diffusive length scales are calculated 

to be: δCO2 ≈ 0.9 µm, δCH4 ≈ 0.9 µm, and δH2 ≈ 1.7 µm. These distances are comparable to 

the canonical droplet radius of ~1 µm. Therefore, the droplets can be expected to be 

significantly but not completely degassed of CO2, CH4, and H2 before freezing. 
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The relationship in Eq. S20 can be used to set an upper limit on the magnitude of 

fractionation between gases that diffuse out of droplets, and the initial composition of 

droplets prior to degassing. For an endmember of limited degassing, the ratio of species 

X to CO2 in the degassed fraction is approximately related to the original ocean water 

ratio by 

 

.      (S21) 

 

Evaluations of this expression show that diffusion should not fractionate CO2 and CH4, 

while differential rates of diffusion can enrich the degassed fraction in H2/CO2 by no 

more than a factor of ~2. However, this value corresponds to an upper limit because more 

degassing would decrease the magnitude of the fractionation towards the limit of no 

fractionation for complete degassing. We conclude that a small amount of diffusive 

fractionation could be occurring during the degassing process, but it can be expected to 

be insignificant compared to the much larger effect of pH (e.g., Table S11). 

Next, we consider if the conversion of HCO3
- or CO3

-2 to CO2 during degassing 

from liquid water droplets could fractionate the ratios of CH4/CO2 and H2/CO2 between a 

source fluid and the resulting gas. This would add CO2 to the gas that our model does not 

take into account, and the removal of carbonate-derived CO2 would increase the pH in 

the droplets via CO2-producing reactions such as 

 

HCO3
–(aq) → CO2(g) + OH–(aq),       (S22) 

  

although the increased pH would inhibit further degassing of CO2. It is general 

knowledge in geochemistry that CO2 production from carbonate species is rapid but not 

instantaneous. Could this process contribute extra CO2 to the plume, based on the 

relevant timescales on Enceladus? 

We constrain the timescale for the chemical production of CO2 using laboratory 

rate data reported by (100) that quantify the kinetics of CO2 formation from carbonate 

species. The rate of carbonate species conversion to CO2 can be expressed as 

 

3

[TDC]
[HCO ]eff

d
k

dt

  ,        (S23) 

 

where brackets are used to indicate the molar concentration of the enclosed species, t 

represents the duration of the conversion process, and the effective rate constant is given 

by 

 

,         (S24) 

 

where aH+ stands for the activity of H+. We have adopted the notation of (100) for the 

rate constants kd and kHCO3-. Based on the data of (100), we use representative values of 

kd ≈ 4×103 L mol-1 s-1 and kHCO3- ≈ 1×10-5 s-1 at 0°C. Because there seems to be general 

agreement that the Enceladus ocean has a pH > 9 [see Table 1 in (15)], the first term in 

Eq. S24 is insignificant compared to the second one, and the rate is governed by kHCO3- 

     
2

1/2

2 2degas 0
X / CO / X / COX COD D

3
eff d H HCO

k k a k  
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and generally not sensitive to pH. The chemical lifetime (e-folding time) for CO2 

production from carbonate species can be calculated as τchem = keff
−1 ≈ 30 h. Because this 

is much longer than the estimated freezing time (~1 ms), it is evident that there is not 

enough time for carbonate species to convert to CO2 that contributes to the plume. There 

should not be appreciable chemical fractionation between CO2 and other volatiles during 

degassing, because dissolved CO2 is the only source of CO2 for the plume from the 

ocean. Degassing of this CO2 will not cause a pH increase, because only degassing of 

carbonate-derived CO2 removes negative charge from the solution that must be balanced 

by a pH increase (e.g., Eq. S22). 

 

5.2. Chemical affinity for methanogenesis in the ocean 

 

We calculate the chemical affinity for CH4 formation from CO2 (methanogenesis, 

abiotic or biotic) in Enceladus’ ocean using standard state thermodynamic data, and 

geochemical data from Enceladus. The chemical affinity (A) of a reaction is defined as 

the negative of the change in Gibbs energy with respect to the progress of the reaction 

(101). Thermodynamically favorable reactions have positive affinities, unfavorable ones 

have negative affinities, and reactions at equilibrium have zero affinity. In this work, the 

standard states are the ideal gas at 1 bar and any temperature, a hypothetical one molal 

solution referenced to infinite dilution at any temperature and pressure, and pure liquid 

water at any temperature and pressure (96, 97). 

A net reaction for H2-driven methanogenesis can be written as 

 

CO2(aq) + 4H2(aq) → CH4(aq) + 2H2O(l),      (S25) 

 

and the affinity for this reaction can be computed via 

 

,       (S26) 

 

where R stands for the gas constant (8.31446 J mol-1 K-1), T the temperature of the system 

(taken to be an ocean temperature of 273 K), K the equilibrium constant (dependent on 

the temperature and pressure of the system), and Q the reaction quotient (dependent on 

the composition of the system). The equilibrium constant at 273 K and 1 bar (log K = 

37.44) is computed using the geochemical thermodynamics program SUPCRT92 (102). 

The pressure dependence is neglected here because it is negligible for the case of 

Enceladus’ ocean (e.g., Δlog K = 0.1 from 1 to 100 bar). The equilibrium constant for 

Rxn. S25 is only weakly dependent on total pressure (P) because the change in standard 

volume (ΔV°) for the reaction is small [-50 cm3 mol-1 at 273 K and 1 bar; (102)]. Because 

ΔV° is approximately constant with total pressure between 1 and 100 bar, log K varies 

linearly with total pressure between 1 and 100 bar (102). This linear relationship can be 

extrapolated to obtain log K at zero pressure, which to two decimal places is found to be 

identical to the value at 1 bar. This type of weak pressure dependence is a general feature 

of solution-phase reactions because of the effect of volume 

 

 2.3026 log logA RT K Q 
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.         (S27) 

 

The reaction quotient for Rxn. S25 can be expressed as 

 

,     (S28) 

 

where ai represents the activity of the indicated aqueous species. A species in its standard 

state has an activity of unity by definition. To obtain the required activities, we use the 

geochemical model described in section 5.1. The model indicates that the activity of H2O 

should not be less than 0.99 (dimensionless by convention), so this activity can be 

approximated as unity. Values for the other activities are obtained from the model (e.g., 

Table S11). Once the reaction quotient is computed, Eq. S26 can be evaluated to 

calculate the apparent affinity for methanogenesis in Enceladus’ ocean (see Fig. 4). 

ln o

T

K V

P RT

  
  

 

4 2 2 2
log log 2log log 4logCH H O CO HQ a a a a   
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