Article

Detection of phosphates originating from
Enceladus’socean

https://doi.org/10.1038/s41586-023-05987-9

Received: 26 July 2022

Accepted: 21 March 2023

Published online: 14 June 2023

Open access

M Check for updates

Frank Postberg'™, Yasuhito Sekine??, Fabian Klenner', Christopher R. Glein® Zenghui Zou',
Bernd Abel®?, Kento Furuya? Jon K. Hillier', Nozair Khawaja', Sascha Kempf’, Lenz Noelle',
Takuya Saito®, Juergen Schmidt'®, Takazo Shibuya®, Ralf Srama'® & Shuya Tan?

Saturn’s moon Enceladus harbours aglobal'ice-covered water ocean?. The Cassini
spacecraftinvestigated the composition of the ocean by analysis of material ejected
into space by the moon’s cryovolcanic plume*. The analysis of salt-rich ice grains by
Cassini’s Cosmic Dust Analyzer'® enabled inference of major solutes in the ocean
water (Na*, K*, CI", HCO,", CO,*) and its alkaline pH*". Phosphorus, the least abundant
of the bio-essential elements ™, has not yet been detected in an ocean beyond Earth.
Earlier geochemical modelling studies suggest that phosphate might be scarcein the
ocean of Enceladus and other icy ocean worlds™'¢. However, more recent modelling of
mineral solubilities in Enceladus’s ocean indicates that phosphate could be relatively
abundant”. Here we present Cassini’s Cosmic Dust Analyzer mass spectra of ice grains
emitted by Enceladus that show the presence of sodium phosphates. Our observational

results, together with laboratory analogue experiments, suggest that phosphorus
isreadily available in Enceladus’s ocean in the form of orthophosphates, with
phosphorus concentrations at least 100-fold higher in the moon’s plume-forming
ocean waters thanin Earth’s oceans. Furthermore, geochemical experiments and
modelling demonstrate that such high phosphate abundances could be achieved in
Enceladus and possibly in other icy ocean worlds beyond the primordial CO,
snowline, either at the cold seafloor or in hydrothermal environments with moderate
temperatures. In both cases the main driver is probably the higher solubility of
calcium phosphate minerals compared with calcium carbonate in moderately alkaline
solutions richiin carbonate or bicarbonate ions.

Enceladus’s global oceanlies underanice crustand above arocky core
where tidal dissipation'®" is suspected to drive hydrothermal activ-
ity**. There are several lines of evidence describing how volatile® and
dissolved materials®**" from the rocky core are either emitted by the
plumeinthegas phaseorincorporatedintoice particles, respectively.

Cassini’s Cosmic Dust Analyzer (CDA) recorded time-of-flight (ToF)
mass spectrawith a mass resolution of m/Am =10-50 (refs. 10,20) for
cations generated by high-velocity impacts of individual grains onto
theinstrument’srhodiumtarget. The E-ring of Saturnis formed by ice
grains escaping Enceladus’s plume into orbits around Saturn?, and
hence the analysis of these grains by CDA provides importantinsights
into the composition of the subsurface ocean—including arich variety
of organic compounds®°—with much better statistics compared with
data from the rare occasions when Cassini traversed the plume itself.

In a previous analysis it was shown that a fraction of these ice
grains, called Type 3 particles, contain salts at significantly higher
concentrations than all other ice grainsin the plume and the E-ring®"..
By co-addition of spectrafrom 107 individual detectionsin the E-ring,

average salt concentrations of 0.5-2.0% by weight (around 0.07-
0.30 M) have been deduced for Type 3 grains, with NaCl, NaHCO;,
Na,CO; and KCl as the most abundant constituents. Because it was
inferred that these grains are derived from aerosolized ocean water?,
the salt chemistry of the plume and E-ring grains would reflect that
of the ocean.

Phosphorus is an element essential for planetary habitability>™,
buttodateithasnotbeendetectedinanoceanbeyond Earth. Previous
geochemical modelling suggested that phosphate might be scarcein
the ocean of Enceladus and other icy ocean worlds™'®. However, more
recent modelling of mineral solubilities in Enceladus’s ocean suggests
that phosphate could be relatively abundant (roughly 107-102 M),
depending on the compositional characteristics of the ocean such as
its pH and carbonate content, as well as on attainment of certain chemi-
cal equilibria between ocean water and seafloor alteration minerals”.

In this work we present CDA mass spectra of a population of E-ring
ice grains that show the presence of sodium phosphates. We then per-
form laboratory analogue experiments to quantitatively establish
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Fig.1|CDA cationspectrum co-added from nine baseline-corrected
individualicegrainspectra. The masslines signifying a high-salinity Type 3
spectrumareNa* (23 u) and (NaOH)Na* (63 u) with secondary Na-rich signatures
of (H,0)Na* (41u) and Na," (46 u). Sodium phosphates are represented by
phosphate-bearing Na-cluster cations, with (Na;PO,)Na* (187 u) possessing

the highestamplitude in each spectrum followed by (Na,HPO,)Na* (165 u) and
(NaPO;)Na* (125 u). Thefirst two unlabelled peaks at the beginning of the
spectrumareH'and C', stemming from target contamination®. a.u., arbitrary
units.

that Enceladus’s oceanis richin dissolved phosphate. Lastly, we show
through water-rock alteration experiments and complementary
chemical speciation calculations that phosphate-rich fluids are an
inevitable outcome of alkaline and carbonate-rich ocean water react-
ing with unaltered carbonaceous chondritic rock.

Results

We conducted acomprehensivesurvey of 345 Type 3 particles (Methods,
Extended Data Table 1). Our analysis led to the detection of arare sub-
type (nine particles; Methods, Extended Data Table 2) whose spectra
show highly significant features of phosphate species: in addition to
the defining mass spectral peaks of Na-salt-rich water ice grains at 23
and 63 u (ref. 3), there were peaks corresponding to molecular masses
0f125,165 and 187 uforming a pattern we found to be unique to sodium
phosphates at high concentrations within these ice grains (Fig.1and
Methods).

To obtain a quantitative assessment of the composition of these
phosphate-bearing ice grains, an analogue experiment was used to
simulate theimpactionization of ice grains viaalaser pulse targetinga
micrometre-sized water beam®. This technique, laser-induced desorp-
tion of ions and ionic aggregates®, has previously reproduced accurate
CDA ice grain spectra®®. Despite the higher amplitude of the (Na;PO,)
Na' peak compared with that of (Na,HPO,)Na’, the peak pattern can
best bereproduced by dissolving Na,PO,and Na,HPO, at aninverse salt
molar mixing ratio between the two salts of 1:2.5-1:25 (Fig. 2), indicating
the dominance of monohydrogen phosphate (Na,HPO,) over phosphate
(Na;PO,) inthese ice grains. The dominance of Na,HPO, is substanti-
ated by the presence of (NaPO,)Na* (125 u), acharged molecular meta
phosphate aggregate (Methods, Extended Data Fig. 4) that formed
from Na,HPO, in our analogue experiments, but not from Na,PO,
alone (Methods, Extended Data Figs.1and 2). With the molar ratio of
Na,HPO,:Na,PO, kept above 2.5:1.0, a concentration ranging from 0.05
to 0.60 M of total phosphate salts then gave a close match with CDA
spectra of phosphate-rich grains (Methods).

We also tested for the presence of phosphites (for example, Na,HPO,,
where Phasan oxidation state of +lllcompared with +Vinthe orthophos-
phates Na;PO, and Na,HPO,). Because the acid dissociation constant
(pK,) of H,PO; is about 6.2 at O °C (ref. 24), this species is unlikely to
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Fig.2|Spectrum from the LILBID analogue experiment reproducing the
featuresinthe CDA spectrum. Anaqueous solution of 0.420 MNa,HPO, and
0.038 M Na,PO, was used. All major characteristics of the CDA spectrum of
phosphate-richgrains (Fig. 1) are reproduced at the higher mass resolution of
thelaboratory mass spectrometer (roughly 700 m/Am). Note: this solutionis
notequivalenttotheinferred ocean concentration. To derive the latter
quantity, the concentration determined in these P-rich grains must be
averaged over the entire dataset of salt-richice grains (see below).

berelevant to Enceladus’s alkaline ocean®", Raising the concentration
of Na,HPO,in the phosphate mixture to5 mMand above led to aclear
mass line at 149 u due to (Na,HPO;)Na* (Methods and Extended Data
Fig.3).However, this peak was not observed in CDA spectra (5.7-5.8 pis
in Fig. 1), thus providing an upper limit on phosphite concentrations
in these ice grains that is one to two orders of magnitude below the
required phosphate concentration.

We now follow the approach established in Postberg et al.?, which
assumes that the total ensemble of salt-rich grains emitted currently by
the plumeisthebest representation of the composition of the source
water. Thus, to infer the concentration in the ocean we calculate the
average phosphate concentration in all Type 3 grains. We ‘dilute’
the concentration in the nine spectra of the new phosphate-bearing
subtype (2.6 + 0.9% by number) with the 336 spectra of other Type 3
grains—which are mostly dominated by NaCl or Na,CO, (ref. 3)—and do
not show phosphates at detectable concentrations ([XPO,*>] < 5 uM).
Including the £0.9% s.e.m. from counting statistics and the inferred
concentrations of total dissolved phosphate ([XPO,*>"]1=0.05 - 0.60 M;
[XPO21=[PO,]1+[HPO,*]+[H,PO, ], where [X] denotes the molar
concentration of species X), this yields a phosphate concentration
range of 0.8-21 mM for the Enceladean ocean. From our analogue
experiments, the upper limit inferred from the nondetection of
phosphites lies at least one order of magnitude below phosphate
concentrations. This indicates a clear predominance of orthophos-
phates as the most abundant P-bearing species in the Enceladean
ocean.

Tointerpret the CDA detection of phosphates we performed hydro-
thermal laboratory experiments with powdered samples from a car-
bonaceous chondrite (Jbilet Winselwan (CM-2 type))* as ananalogue
of Enceladus’s core material®®. The main purpose of the hydrothermal
experiments was to elucidate the geochemical controls on phosphate
solubility under conditions relevant to Enceladus. The chondritic
material was exposed to two different Na-carbonate-enriched solu-
tions (Run no. 1: initial ZCO, = 0.2 M; Run no. 2: initial XCO, =1.0 M),
where the total dissolved inorganic carbon concentration is given by
2C0,=[CO,,,] + [HCO;]+[CO,*1+[NaCO; ]+ [NaHCO,]. The start-
ing solution also contained 0.5 M XNH; = [NH, ] + [NH,"], a plausi-
ble concentration for Enceladus’s ocean®. An elevated temperature
(150 °C) was used in the experiment to accelerate reaction rates.
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Fig.3|Phosphate concentrations derived from hydrothermal experiments.
Experimental results (squares for Run no.1and circles for Runno. 2, see text)
of Pconcentrationsin hydrothermal fluids at 150 °Cand 30 MPaare shownasa
function of XCO, concentration. Numbers attached to data points are calculated
insitu pH (Methods) and reaction timesin hours. Solid and dashed curves
represent results from thermodynamic equilibrium calculations (Methods) for
hydroxyapatite-calcite and whitlockite-calcite buffer systems, respectively,
evaluated at different pH values.

This allowed us to study key aspects of the water-rock interactions
occurring in Enceladus at time scales accessible in the laboratory of
up to about 1,000 h. Fluid samples were collected periodically from
the reaction cell during the experiments to determine pH and fluid
composition, including the concentrations of P and XCO, (Methods).
The initial [XCO,] adopted for Run no. 2 (1.0 M) was higher than the
valueinferred for the Enceladean ocean®?, but a large fraction of initial
YCO, was removed during the experiments via formation of carbon-
ate minerals (Methods), leading to more realistic levels of carbonate
species (Fig. 3).

Our experiments show that the dissolved phosphate concentration
increases withinsitu measured XCO, (Fig. 3). This happens because an
increase in CO,* concentration (or, more correctly, aqueous activity)
leads to dissolution of Ca phosphate minerals with the formation of sta-
ble Ca carbonates (thatis, calcite)”**, In comparison with thermody-
namicequilibrium predictions, we find that the hydroxyapatite-calcite
buffer system (hydroxyapatite + 5CO,” + H* « calcite + 3PO,* + H,0) s
generally applicable to our experimental results (Fig. 3). Therelevance
of this buffer is further supported by chemical analysis of the solid
residues after Runno. 2, which demonstrates the presence of coexisting
Caphosphate with high Ca:Pratios (probably a mixture of hydroxyapa-
tite and Ca-/Mg-whitlockite) and calcite (Methods, Extended Data
Figs.5-7,Extended Data Table 4). One data pointin Fig.3 (XCO,=0.01M
inRunno.1) lies significantly above the hydroxyapatite-calcite buffer,
appearing to be more consistent with the whitlockite-calcite buffer
(whitlockite (B-Ca,(PO,),) + 3C0O,* « calcite + 2PO,*). We suspect that
this change inbehaviour is due to unusually high concentrations of Ca**
and Mg?'inRunno.1(0.8 and 0.3 mM, respectively; Methods, Extended
DataFig. 8, Extended Data Table 3), which may promote the precipita-
tion of whitlockite™. This interpretation is supported by an electron
probe microanalysis of the solid residue (Methods, Extended Data
Table 4). Alternatively the CM chondrite, Jbilet Winselwan (Extended
Data Figs. 9 and 10), used in our experiments is known to contain
impact-induced, thermally metamorphosed materials®, which could
make some of the results less relevant to Enceladus. By contrast, buffer
systemsinvolving other phosphates (for example, Mg-whitlockite and
merrillite) and carbonates (for example, dolomite) cannot explain the
experimental results (Methods).

Figure 4ashows the modelled 2PO,* asafunction of CO, for water-
rock interactions adopting the two buffer systems inferred from our
high-temperature experiments, but now transferred to conditions
corresponding to the cold seafloor of Enceladus (0.1°C and 8 MPa).
The P concentrations determined from the CDA measurementsin this
work (ZPO,* = 0.8-21 mM), the independently derived constraint on
¥C0,(0.04-0.20 M)*?, aswell as an alkaline pH (9.0-10.5)>*, are all fully
consistent with these two buffer systems. The hydroxyapatite-calcite
bufferisapplicable for the entire range of .CO, (Fig. 4a), corresponding
to 2PO,* of about 0.8-12 mM. The whitlockite-calcite buffer is appli-
cable for low £CO, of about 0.04-0.07 M corresponding to 2PO,* in
therange of about 7-21 mMat 0.1°C.

Figure 4b shows the temperature dependence of PO, in fluids
controlled by the hydroxyapatite-calcite buffer. The effects of colder
fluids, as used in the experiments, down to oceanic temperatures near
0 °C can be seen. The phosphate concentration increases with lower
temperature at constant pH because hydroxyapatite (and other reac-
tants) becomes less stable relative to calcite (and other products) at
lower temperatures. Toachieve PO,* in the range 0.8-21 mM, as con-
strained by the CDA measurements, the temperature of the water-rock
reactions that provide phosphate in Enceladus would need to be
80°Corlessifthe pHis 9.5, and below 65 °C if the pH is 10.5 (Fig. 4b).
Higher-temperature fluids could contain sufficient phosphate only
if the fluid pH were lower. If the whitlockite-calcite buffer controls
YPO,* inEnceladus’s ocean, the temperature could be as high as around
180 °C (Extended Data Fig. 11) for a maximum XCO, of 0.2 M. In the
case in which high-temperature interactions with seafloor rocks pro-
vide the oceanic phosphate, its concentration in the fluids should be
preserved on cooling to near subzero temperature within the cold
ocean. This scenario would, however, be relevant only if the time scale
of cycling the oceanthrough hydrothermal systemsis shorter than that
of low-temperature dissolution of phosphate minerals at the seafloor.

Given the consistency of the measured XPO,*", XCO, and pH of
Enceladus’s ocean, we suggest that thermodynamic equilibrium
between Ca phosphate (for example, hydroxyapatite) and calcite is
probably achieved in both the cold global ocean and hydrothermal
fluids of moderate temperature.

Discussion

The CDA detection ofice grains with high concentrations of orthophos-
phates indicates that phosphorus is readily available at the top of
Enceladus’s ocean (that s, the plume source region). Even with a con-
servative margin, our estimate indicates concentrations in the order
ofatleast hundreds of micromolar, several 100-fold the average phos-
phate abundancein Earth’s oceans®. The heterogenous distribution of
saltsinthe emitted ice grains might suggest some level of heterogeneity
in the ocean and that actual concentrations could be locally higher
or lower than the bulk number calculated in this work. Alternatively,
yet unknown mechanisms might separate different salts when ocean
material is transported upwards in the vents. However, even without
knowing the details of the subsurface processes, we assume that the
total ensemble of salt-rich grains emitted by the plumeis areasonable
representation of the average ocean composition near its surface.

A phosphate:phosphite ratio of at least around 10:1, as implied by
our results, is consistent with the much greater thermodynamic sta-
bility of phosphates relative to phosphites under Enceladean ocean
conditions”. Inaddition, the nondetection of phosphites suggests that
aqueous alteration of iron phosphides (the most probable accreted
form of P) is no longer a significant source of P for Enceladus’s ocean.
This process would produce metastable phosphites®. The inferred
lack of contemporary alteration of phosphides is consistent with the
presence of a low-density rocky core that has already experienced
extensive water-rock interaction*#3*%, Phosphites could have been
produced when accreted phosphides first reacted with liquid water,
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Fig.4|Comparison of observed and calculated concentrations of ZPO,>
influids affected by water-rock reactions within Enceladus. a, Relation
betweenXPO,* and 2CO,at atemperature of 0.1°C for the hydroxyapatite-
calcite buffer system (solid lines) and the whitlockite-calcite buffer system
(dashed lines). Constraints on XCO, obtained in previous studies** are

butthen might have been cycled through hydrothermal systems where
they would have been converted to more stable phosphates.

The time scale of our experiments is much shorter than those of
water-rock reactions in Enceladus, giving rise to uncertainties in the
exact phosphate/carbonate minerology inside the icy moon. Recent
work" estimated [£PO,*>]in Enceladus’s ocean at low temperatures,
asachieved by interactionsinvolving thermodynamically stable phos-
phate and carbonate minerals (for example, merrillite and dolomite).
Theupper end of the predicted range from that study also agrees with
the ocean concentration of phosphates (0.8-21 mM) derived here if
the ocean pHis 8.0-10.5. This is consistent with the range of 9.0-10.5
adoptedinthiswork.Anotabledifferenceisthatthe rangegivenbyref.17
also permitted [ZPO,*]to reach much lower values—specifically at pH
above 10.0—than those based on the hydroxyapatite-calcite buffer in
Fig.4a.The probablereason for thisisthat, under the strongly carbon-
ated conditions modelled by ref. 17, hydroxyapatite was more soluble
and thus merrillite took over the role of the P-controlling phosphate
mineral. Itis important to note that both systems produce results in
good agreement with the CDA measurements and, in both cases, the
driver enabling the abundant availability of phosphate is the high
observed concentration of dissolved carbonate species, which shift
phosphate-carbonate mineral equilibria toward dissolution of solid
phosphates into Enceladus’s ocean.

Anearlier study by Lingam and Loeb" suggested that the availability
of phosphorus would be the bottleneck of bio-essential elements on
Enceladus and other icy ocean worlds with potential hydrothermal
activity and withoutdryland. Steady-state concentrations “likely lower
thanthe corresponding value on Earth by afew orders of magnitude”™
would markedly reduce the prospects for life. Indeed, of the six ele-
ments—C, H, N, O, P and S—that are generally considered to be critical
ingredients for life based on water and organic chemistry’, phosphorus
is cosmochemically the least abundant and has not previously been
detected at any of the ocean-bearing moons in the Solar System. How-
ever, the results presented here demonstrate that Enceladus instead
has a high availability of dissolved P, which is thus extremely unlikely
tobealimiting factorinthe survival of putative life on Enceladus—and
perhapsalsoon other ocean worlds that reside beyond the CO,snowline
intheSolar System (that s, the distance from the Sun beyond which CO,
isinasolid (icy) state and is available as a planetary building material).
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indicated by the blue shaded area. The area highlighted in pink represents the
range of 2PO,> constrained in this study from CDA data. b, Dependence of
PO, ontemperature for the hydroxyapatite-calcite buffer and different
values of pH and £CO,. A similar diagram for the whitlockite-calcite buffer can
befoundin Extended DataFig.11.

These wider implications are based on the fact that interactions
between chondritic rocks and CO,-rich fluids at a water:rock (W:R)
ratio of around 1.0 would lead to a pH of about 10.0 (refs. 16,36), in
which dissolved phosphate concentrations tend to maximize" (Fig. 5).
Thisis supported by recent findings for asteroid Ryugu, whose parent
body is thought to have formed beyond the CO, snowline®. Given the
high solubility of Na-bearing phosphate?, its common occurrence
in Ryugu samples is qualitatively consistent with our conclusion of
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Fig. 5| Sensitivity of ZPO,> of the hydroxyapatite-calcite buffer system
topHand XCO,at0.1°Cand 8 MPa. The case of XCO,=0.2 M (red curve)
corresponds to the ocean water of Enceladus® and, perhaps, toicy bodies
beyond the CO,snowline that originally contained CO,ice. The typical pH of
such XCO,-richseawateris around 9.0-11.0 at W:R of approximately 1.0, owing
to high concentrations of dissolved carbonates'***. The case of 2CO, = 0.01M
(purple curve) might correspond to ocean water of icy bodies within the CO,
snowline that originally contained no CO,ice. According toref.16,XCO,in fluid
becomesintheorder of 0.01 M by interactions between Clchondritic rocks and
purewaterat25°C,around 1 barand W:R approximately1.0. The typical pH of
such CO,-poorwater would be around 11.0-13.0 (refs.16,36). Red and blue
shaded areas denote probable pH ranges for waters of icy bodies beyond and
within the CO,snowline, respectively'®.



phosphate-rich waters beyond the CO, snowline. Enceladus’s ocean
could be a harbinger of high phosphorus availability in subsurface
oceans across most of the outer Solar System. On the other hand, if
anicy body formed within the CO, snowline both low [XCO,] and high
pH (approximately 13.0 at W:R around 1.0)'**¢ would probably limit
dissolved phosphate concentrations (Fig. 5).

The stark contrast between earlier modelling and our results might
be due to modelling assumptions that were based on scaling fluxes of
the P cycle on the modern Earth to Enceladus®, not considering the
fundamental differences between Earth and ocean-bearing moons.
The most important differences are the much higher concentration
of carbonate species in alkaline ocean water and the probable pres-
ence of unrecycled, equilibrated rocks at the seafloor of Enceladus?**®
versus continuous production of more reactive seafloor basalts on
Earth. Regardless of these theoretical considerations, with the finding
of phosphates the ocean of Enceladus is now known to satisfy what is
generally considered to be the strictest requirement of habitability.
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Methods

CDA data analysis

Short description of the CDA chemical analyser subsystem. The
chemical analyser is the subsystem of the CDA™ that provides compo-
sitional information about an impacting dust particle. Depending on
the trajectory of the particle, it either hits the central rhodium target
(chemical analyser target (CAT), diameter 0.17 m), the surrounding
gold target (diameter 0.41 m) or theinner wall of the instrument. This
work deals only withimpacts on the CAT. If a dust particleimpacts the
CAT with sufficient energy, it is totally vaporized and partly ionized,
forming an impact plasma of target and particle ions together with
electrons, neutral molecules and atoms. The instrument separates this
plasma, the positive component of whichis linearly accelerated towards
amultiplier about 19 cm away, used to generate a ToF spectrum. The
spectrometer is sensitive to positive ions only. The mass resolution
(m/Am), derived from laboratory experiments with the instrument,
depends onthe atomic masses of theions. At1u,m/Amis10, increasing
to30 m/Amat100 uand up to 50 m/Amat190 u, although these values
vary markedly withimpact conditions.

Acquisition of aspectrum canbe triggered by charge thresholds being
exceeded on either the target or the multiplier ion detector (when a
certainabundantion species arrives there, typicallyH", H,0" or Na*).In
the case of amultiplier-trigger, the spectrashow only ions with masses
higher thanthe triggeringion species; the triggering species and those
withlower masses do not appearinthe spectrum. For this work, all P-rich
spectraweretriggered byimpact. The spectraare logarithmically ampli-
fied, digitized at eight-bit resolution and sampled at 100 MHz for a period
of 6.4 ps after the trigger. The recording period of the high-rate sampling
modeallows the detection of ions with mass of up to 185-200 u, assuming
thatinstrument recording is triggered by the impact itself.

Because ToF is proportional to the square root of the mass:charge
ratioofions, its spectrumin anideal case also represents amass spec-
trum for identical ion charges. The ions created by impact ionization
in the impact speed regime considered here (roughly 10 km s™) are
almost exclusively singly charged. Unfortunately, ToF is also influ-
enced by the broad distribution of initial ion velocities, slightly varying
flight paths and plasma-shielding effects*’. For that reason, species of
identical mass are distributed over arange of sampling points and the
mass resolution drops below integer values, usually at 20-30 u and
above. Therefore, we prefer to show original CDA spectra with anx axis
showing ToF rather than mass; the latter could mislead the reader to
intuitively assume an unrealistically high accuracy.

For a detailed description of the instrument see ref. 10; the calibra-
tion routine is described in refs. 6,20. For the dataset in this work the
mass calibration was generally done using sodium (Na*) and sodium
hydroxide ((NaOH)Na") mass lines as reference and a stretch factor
ofa=473ns.

CDA dataset. All data used for this work are listed in Extended Data
Tableland, like all CDA data, are archived on the Small Bodies Node of the
Planetary Data System (PDS-SBN), at https://sbn.psi.edu/pds/resource/
cocda.html. We used 15 time periods between 2004 and 2008 covering
times of CDA pointing that were favourable for the detection of E-ring
dust. Times this early inthe Cassinitour were chosen because CDA con-
tamination fromsalts deposited onthe CDAimpact target during deep
Enceladus plume crossings was then negligible®. Within these periods
atotal of 7,353 spectrafrom E-ring grains were recorded. A Lee filter was
applied to the spectra to improve signal to noise. Of these spectra, 962
have been categorized as Type 3 (Extended Data Table1).

Fromthis set of Type 3 spectra, nine stand out as belongingto apre-
viously unknown subtype with a unique pattern of three peaks of m/z
above 120 u; these are the P-rich spectra discussed above. Individual
eventsare listed in Extended Data Table 2. Remarkably, all these spectra
weretriggered on the instrument by the impact charge of the particle

whereas only 36% of all Type 3 spectrain the dataset were triggeredin
this way (Extended Data Table 1). The remaining 64% of Type 3 spec-
tra were triggered by a particular ion species reaching the multiplier
(Methods). By applying binomial statistics, we get a probability that all
P-rich spectra were impact charge triggered by chance of only 0.01%.
Therefore, we assume a systematic effect in spectral recognition for
P-richgrains. Indeed, itis plausible that the spectrum of a P-rich grain
is not identified as Type 3 if it is triggered by an ion species at the
multiplier. Type 3 spectra are in most cases triggered by Na*, which is
then missingin the spectrum. However, without the Na*lineandin the
absence of other typical Type 3 features such as (NaCl),Na*or (Na,CO,)
Na’, P-rich spectra are not identifiable as being Type 3 following the
criterianormally used, which focus on spectradominated by chloride,
carbonate and hydroxide peaks>".

We therefore used only those 345 spectra of the dataset that—like
the new phosphate-rich spectra—have been triggered by impact
(Extended Data Table 1) as areference to calculate the frequency of
the new phosphate-bearing subtype within the family of Type 3 grains
and, with that, the average phosphate concentrationinsalt-rich Type 3
grains. Itis noteworthy though, thatevenin the unlikely case that there
was no such systematic selection effect and we use the entire dataset for
theinference of average phosphate concentration, the lower limit will
stillbe 2PO,*” above 0.3 mM, more than100-fold the mean concentra-
tionin Earth’s oceans, and the conclusions of this work are unaffected.

Laboratory methods simulating CDA mass spectra
Identification of sodium phosphates. The largest peaks in all nine
CDAsspectraalways appear at23and 63 u, indicative of Na*and (NaOH)
Na* cations that are the defining features in all salt-rich spectra from
grains emitted by Enceladus (Type 3; ref. 3), thus these spectra contain
sodiumsaltsin an alkaline matrix. We used the other three characteristic
peaks, at125,165and 187 u (allowing adivergence of +1 u that reflectsthe
mass uncertainty of CDA”°), to perform arigorous database search—
in both our own database base* as well as several external databases
(forexample, NIST Chemistry WebBook, MassBank North America and
MassBank North Europe (https://massbank.eu/MassBank)). We found
phosphates to be the only possible class of Na-rich compounds that
produce apatternthatisinevenremote agreement with the observed
cationic peak pattern. After that we widened the accepted mass range
to +2 u away from the observed masses and relaxed the restriction
to Na-rich compounds to determine whether there are other species
(without sodium) formingacharacteristic mass line pattern similar to
the three masslines (125,165 and 187 u). The only match remotely close
was methyl-2,2-dimethyl-3-(2,2-dichloroethenyl) cyclopropanoate,
showing prominent peaks at m/z 61(-2), 127(+2), 163(-2) and 187.
The mass spectrum can be found at ref. 42.

It is questionable whether a sufficient concentration of this type
of chlorinated organic ester would be stable in Enceladus’s alkaline
ocean. Even if we assume that this unlikely substance could be mixed
withsodiumsaltsinanicegrain, the spectrum has additional features
not matching the CDA spectrum—most prominently a peak at m/z 91,
whichis absent in all nine CDA spectra. Similarly, any combination of
exoticorganiccompounds we found that remotely reproduces the five
prominent CDA peaks does have anumber of additional peaks that are
absent in CDA spectra.

In conclusion, sodium phosphates are the simplest and—to the best
of our knowledge—the only explanation for all the peaks observedin the
CDAspectra (Figs.1and 2). These salts have already been predicted tobe
relatively abundantin Enceladus’s ocean based on recent geochemical
modelling?”, and the observed peak pattern canbe readily reproduced
in mass spectra from our analogue experiment, as described in the
following section.

LILBID experiments simulating CDA spectra. We used the laser-
induced liquid beamion desorption (LILBID) facility at Freie Universitit
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Berlin to simulate CDA spectra. The experimental setup is described
in detail in ref. 22 and here we provide only a brief overview. A
micrometre-sized water beamis irradiated by a pulsed infrared laser
(20 Hz, 7 ns pulse length) at awavelength of 2,840 nm and variable laser
energy. Onabsorbing thelaser energy, the water beam explosively dis-
persesintoneutraland charged macroscopic, molecular and elemental
fragments. Cations or anions, depending on the instrument polarity,
are accelerated and analysed in a ToOF mass spectrometer. Detected
signals are amplified, digitized and recorded with a LabVIEW-controlled
computer. Typically 300-500 individual spectra are co-added and
averaged during one effective measurement. The laboratory setup is
calibrated before every measurement using a 10°° M NaCl solution®.
Therecorded mass spectrashowed amass resolution of 600-800 m/Am
(full-width at half-maximum).

Asdiscussedin Methods, we found phosphates to be the only Na-rich
compounds thatarein even remote agreement with the observed cati-
onic peak pattern. Because the appearance of certain peaks and their
amplitudes are very sensitive to the phosphate species used and their
concentrations, we individually tested a variety of combinations of
aqueous solutions of Na,PO,, Na,HPO,, NaH,PO, and Na,HPO,, as well
as mixtures of these compounds at different concentrations with the
goal of reproducing the CDA peak pattern. Concentrations were varied
between 0.01 M and about 5 M for NaH,PO,, 0.5 M for Na,HPO, and
1.5Mfor Na,PO,.

We found that a mixture of Na;PO, and Na,HPO, most closely repro-
duced the CDA peak pattern of P-rich spectra (Fig.1), whereas spectra
of the pure substances always exhibited differences (Extended Data
Figs.1and 2).

We also tested for the presence of phosphites (using Na,HPO;,
in which P has an oxidation state of +11I) and hypophosphite (using
NaH,PO,, inwhich P has an oxidation state of +I). Both substances cre-
ated mass lines not in agreement with CDA observations: (Na,HPO,)
Na* (149 u) for phosphite and (NaH,PO,)Na* (111 u) for hypophosphite.
For phosphite we inferred an upper limit concentration of 5 mMto be
in agreement with the absence of a mass line at 149 uin CDA spectra
(Extended DataFig. 3).

The phosphate salts used in our experiments were:

» Na;PO,: Sigma-Aldrich, 96% purity

« Na,HPO,: Roth, over 99% purity
 NaH,PO,+2H,0: AppliChem, over 98% purity

» NaH,PO,°5H,0: Sigma-Aldrich, over 98% purity
« NaH,PO,°H,0: Sigma-Aldrich, over 99% purity

Theoretical considerations regarding the observed characteristic
pattern of phosphate ions. We observed the peak sequence at masses
187,165 and 125 u as a characteristic pattern indicating the presence
of phosphorus (P) salts in Enceladus’s ice grains, present in all nine of
theindividual CDA ice grain spectra. Phosphate-containing salts from
the solvation and extraction of minerals at a basic pH value produced a
number of anion species in solution that are coupled through a multi-
step acid-base thermodynamic equilibrium and proton exchange—for
example, PO,*” « HPO,* < H,PO, . For the given high salt concentra-
tions, abundance of counter cations are close to anion abundancesin
solution (Na,PO,%™"). Afterice grain impact, ionic aggregates showed
additional clustering with abundant cations such as Na* resulting in
characteristic mass peaks due to speciesincluding (Na,HPO,)Na*"and
(Na;PO,)Na*. Owing to the basic pH of the solution forming the ice
grains (or theliquid desorption matrix of the laboratory experiment),
these two species are expected.

However, we did not detect a (NaH,PO,)Na* adduct in CDA spectra
butrathera(NaPO,;)Na*peakat125 u,acharged molecular aggregate of
ametaphosphate with phosphorusin the same oxidation state (+V) as
the other orthophosphates. We attribute the absence of (NaH,PO,)Na*
and the appearance of (NaPO;)Na® instead to an elimination reaction
during desorption (LILBID) or particle impact (CDA):

NaH,PO, + heat/energy > NaPO, + H,0, followed by the addition
ofNa'.

Thefact thatthe (NaPO;)Na* peak at 125 uis formed from hydrogen
phosphates (linked viaanacid-base equilibrium) inour analogue exper-
iments, but not from Na,;PO, alone, supports this picture. However, it
should be noted that we could produce a (NaH,PO,)Na* peak (143 u)
if high concentrations (over around 0.05 M) of NaH,PO, or Na,HPO,,
(Extended Data Fig. 2) were used in the laboratory experiments or if
the pH value of the solution was forced below about 9.0. We then find
aclear correlation of the amplitudes of dihydrogen phosphate (143 u)
with metaphosphate (125 u). Inthe CDA datathe 143 u peak appears to
be below the noise level of the detector. In our laboratory spectra the
125 umetaphosphate peakis generally three- to fivefold more intense
anditisthereforelikely that small amounts of (NaH,PO,)Na* (143 u) were
buried in the noise of the CDA spectrum. Such a signature was indeed
tentatively observed in one of the nine spectra (event 3 in Extended
Data Table1).

Totest these ideas we calculated the thermochemical properties of
the water elimination of NaH,PO, + heat/energy > NaPO; + H,0 with
the Jaguar quantum chemistry programme package at the PBEO-D3/
6-311+G(d,p)/PBE level of theory. Two variants have been calculated:
(1) with Na* as a counter ion and (2) without Na* (involving a H,PO,~
anion). The reaction is slightly endergonic in the gas phase and even
more favoured in/with water. The barrier of the concerted elimination
reaction appears to be low if water molecules are involved. One may
even consider it to be a water-assisted reaction, in particular for the
case of Na" as counter ion (Extended Data Fig. 4).

Hydrothermal experiments and calculations of chemical
equilibria
Experimental methods and procedures. Hydrothermal experiments
were performed with a Dickson-type hydrothermal apparatus (Toyo
Koatsu Co. Ltd) used ina previous study*. In this apparatus, water-rock
reactions occurinaflexiblereactioncell that comprises agold bag with
atitanium head. The flexible reaction cell was connected to a stainless
steel sampling tube with a gold-coated inner wall, to avoid catalytic
reactions. The reaction cell was heated at 500 °C for 3 hiin air before
each experiment to remove potential contamination by organic matter.
The reaction cell was placed in a stainless steel autoclave, which was
held at apressure and temperature of 30 MPaand 150 °C, respectively,
during the experiments. The reaction cell was pressurized by the addi-
tion of surrounding water into the autoclave using a hand pump. The
autoclave was heated with an external heater. Due to the flexibility of
the gold bag, the reaction cell deforms plastically without fracturingin
response to the addition of surrounding water. This allowed us to under-
take online sampling of fluid without significant changes in pressure.
The starting rock material was prepared by powdering a few pieces of
the commercially availablebilet Winselwan carbonaceous chondrite
(CM-2type)*inan agate mortar. The starting solutions were prepared
by dissolving NaHCO; powder and NH; solution in ultrapure water such
that the initial ZCO, was 0.2 M for Run no.1and 1.0 M for Runno. 2,
and XNH; was 0.5 M. One way to achieve high XCO, in an Enceladus
experiment is to introduce gaseous CO, in the reaction cell and dis-
solve it by pressurization. However, this is technically challenging in
our experimental system and we cannot control the [XCO,] and pH of
the starting fluids. Therefore, we achieved high XCO, by the addition
of NaHCO; powder. We added 1.0 M Na in Run no. 2, higher than Na
concentrations in Enceladus’s ocean’. If Na phosphate (for example,
Na struvite) had precipitated in such Na-rich fluids of Run no. 2, this
would have affected the buffer system that controls XPO, in fluids.
Although the temperature and pressure dependences of the thermo-
dynamic constants of Na struvite have not been experimentally deter-
mined, the saturation index (log([Na*][Mg? 1[HPO,* 1/Kya-struvice), Where
Kya-sruvice denotes the equilibrium constant from ref. 17 of Na struvite
at1barand 25 °C, is calculated to be below -1.6 using the measured
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Na, Mg and PO, concentrations and in situ pH. Because the fluid Mg
concentrations of Run no.2 were below the detection limit (Extended
Data Fig. 8b), Na struvite was likely to have been undersaturated in
the experiment. The presence of Casulfatein the starting rock materi-
als (CM chondrite) also does not affect our conclusion regarding the
hydroxyapatite-calcite buffer system. If the hydroxyapatite-gypsum
(or hydroxyapatite-anhydrite) buffer controls 2P0, [ZPO,*]
should dramatically increase with [SO,> ]; however, this did not occur
(Extended Data Table 3). The initial amounts of starting rock powder
and solution were around 7 g and 10 ml, respectively. In each experi-
ment we collected several aliquots (about 1.2 ml) of fluid for analysis.
Assuch, water:rock mass ratios inthe reaction cell changed fromaround
1.4-0.9 due to the removal of multiple fluid samples.

The collected fluid samples were analysed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES: SPS5510, Hitachi
High-Tech) for dissolved Na, K, Mg, Ca, Si and Al content; by ICP mass
spectrometry (ICP-MS: Agilent 8000) for dissolved Fe content; by
ion chromatography (ICS-1600, DIONEX) for dissolved Cl and SO,
content; and by gas chromatography (GC-2010, Shimadzu) for XCO,
content (Extended Data Table 3). 2PO,* content was analysed by
both tandem ICP-MS (ICP-MS/MS: Agilent 8000, Agilent) and ion
chromatography. The former methodology quantified dissolved
total P in fluids at high sensitivity, including phosphate and poten-
tially phosphite, whereas the latter directly measured PO,*> with
moderate sensitivity. The results of the two analyses showed that,
basically, all dissolved total P in the fluids was phosphate (Extended
DataTable 3). As such, we used ICP-MS/MS results to quantify XPO,*
inthe fluid samples. In situ pH values at 150 °C during the experiments
were calculated using the geochemical code PHREEQC v.3 (ref. 44),
based onthe measured pH at 25 °C and dissolved elements, molecules
(phosphate and sulfate) and XCO, in the diluted fluid samples. To
calculate the in situ pH of the alkaline, Na-carbonate-rich fluids, we
constrained the charge balance from the measured pHat 25 °Cintwo
ways. First, Nawas used to compensate for charge imbalance due to
analytical uncertainties. Second, XCO, was used to compensate for
charge imbalance. We adopted the median value between the two
values as the in situ pH, and the difference between the median and
upper/lower values as the error. We also conducted mineralogical
and chemical analyses of solid residues after the experiments using
an X-ray diffraction spectrometer (XRD: MiniFlex600, Rigaku) and a
scanning electron microscope with an electron probe microanalyser
(EPMA:JXA-8530F, JEOL).

TheZPO,* concentrations controlled by the hydroxyapatite-calcite
and whitlockite-calcite buffer systems were calculated with the equilib-
rium constants obtained from the SUPCRT92 programme™. In the cal-
culations, the thermodynamic properties of whitlockite (B-Ca,(PO,),)
and hydroxyapatite were taken from Robie et al.*.

Elemental composition of carbonate and phosphate. Extended Data
Figs.5and 6 show typical secondary electron microprobe images and
elemental mapping for thick sections of solid residues after the experi-
ments (Runnos.1and2).Inthesolid residues we found large grains of
precipitated Ca carbonate (CaCO;, size over 100 pm; Extended Data
Fig.5and Extended Data Table 4). Because the typical size of Ca carbon-
ateinthesample before the experiments was 10 pm or less (Extended
DataFig.7), thelarge Cacarbonate grains found after the experiments
are highly likely to have been precipitated during the experiments
through XCO, sequestration. This view is supported by decreases in
YCO,influids (Extended Data Fig. 8). Our XRD analysis shows that the
precipitated Ca carbonates are most likely calcite inboth of the experi-
ments (Run nos. 1and 2; Extended Data Fig. 10).

Toinvestigate the composition of the phyllosilicate phase before and
after the experiments, we performed EPMA analysis for the phyllosili-
cate matrix around Ca phosphate grains. Extended Data Fig. 9 shows
aternary diagram with the results of EPMA analysis for phyllosilicate,

Caphosphate and Fe oxides in the samples before and after the experi-
ments. Phyllosilicates in the starting materials were mostly serpentine;
however, mixtures of serpentine and saponite appeared in the samples
after the experiments. Extended DataFig. 9 indicates alinear trend of a
mixingline of the compositions between Ca phosphate and serpentine
(and saponite mixtures).

Extended Data Table 4 presents the results of spot analysis for Ca
phosphate and carbonate found in the solid residues after the experi-
ments of Runnos.1and 2. At the micrometre scale, Ca phosphate min-
erals usually coexist with other secondary minerals such as serpentine
and saponite (Extended Data Fig. 6), and thus the results of the spot
analysis might not be explained by the simple chemical composition
ofanalteration mineral. Asreported in Extended Data Table 4, Grain C
with the highest P content had high total mass fractions of around
95-100 wt%, suggesting that the contribution of calcite to Ca:P atomic
ratios is small (less than 2-3% of Camole abundance), whereas serpen-
tine and saponite would coexist with Ca phosphate of Grain A, Vein B
and Grain D. These hydrated secondary minerals can reduce the total
mass fractions of spot analyses by 5-10% owing to the presence of H,0
and OH. Because the total mass fractions for Grain A, Vein Band Grain D
are also high in general (over 87 wt%; Extended Data Table 4), calcite
is presumed to be rare in Ca phosphate grains, suggesting that the
contribution of calcite to Ca:P ratios is small.

Grain Cof Runno. 2 has very high P:Siratios (Extended Data Table 4c).
The measured Ca:P mole ratios are 1.32-1.37. Grain D of Run no. 2 has
relatively high P:Si ratios, above 1.0 (Extended Data Table 4d). The
Ca:P mole ratios of Grain D range from 1.29 to 1.34. The Ca:P ratios
of hydroxyapatite, whitlockite [3-Ca,;(PO,),] and Mg-whitlockite
[CapMgH(PO,),] are1.67,1.50 and 1.29, respectively. Ca phosphates
collected after Run no. 2 (Grains C and D) are inferred to consist of
mixtures of multiple Ca phosphates. Due to the trace amounts of Ca
phosphates in the solid residues, these could not be identified in the
XRD spectra (Extended Data Fig. 10)

In Ca phosphate grains of Run no. 1 (Grain A and Vein B), P:Si mole
ratios are generally low (roughly 0.1-1.0) (Extended Data Table 4a,b),
suggesting that Ca phosphates coexist with serpentine and saponite.
Thereisarelatively wide variationinthe Ca:P moleratios of Grain Aand
Vein B, from approximately 1.1to 1.5 (Extended Data Table 4a,b). A high
Ca:Pratioof around1.5requires the presence of hydroxyapatite and/or
whitlockite. To explain the low Ca:P ratios (below 1.29) of the analysed
spots on Grain Aand Vein B, the presence of Ca-poor phosphate, such
as NH,MgPO,, would be needed.

Our results showing high C:Pratios (1.32-1.37) for Runno. 2 and low
Ca:Pratios (1.25-1.27) for Run no. 1are consistent with our interpreta-
tion of the buffer system that controls YPO,>” concentrations in the
fluid samples. The Ca phosphate grains (C and D) of Run no. 2 contain
high fractions of phosphate with high Ca:P, such as hydroxyapatite.
This observation is consistent with the control of 2PO,* concentra-
tionsin fluid samples of Run no. 2 by the hydroxyapatite-calcite buffer
(Fig. 3). In contrast, the observation of Ca phosphate grains with low
Ca:P for Run no. 1 (for fluid with XCO, = 0.01 M and reaction time
1,000 h) is consistent with the control of ZPO,*” concentrations by
Ca phosphate with lower Ca:P ratios, such as whitlockite, rather than
control by hydroxyapatite (Fig. 3). This fluid sample was collected in
the final sampling of Run no. 1 (Extended Data Fig. 8a), and the solid
residue was collected after this final sampling. We consider that Ca
phosphate with relatively low Ca:P, such as whitlockite [3-Ca;(PO,),],
Mg-whitlockite and NaMgPO,, would have been precipitated before
the final sampling in response to an increase in Mg concentration in
the fluid (Extended DataFig. 8), and that the whitlockite-calcite buffer
would have controlled the P concentration of the fluid at the end of
experimental Runno. 1.

Chemical equilibrium considerations regarding phosphate buff-
ering systems. Extended Data Fig. 11 shows the calculated results of



[ZPO,*]in fluids as a function of temperature for different pH and
[XCO,] values, assuming the whitlockite-calcite buffer system (see
aboveforthe equation). Although our experimental data suggest that
the whitlockite-calcite buffer could have controlled XPO,* concentra-
tionsin thefluid at the end of Runno.1, we consider that this could have
beenanexperimental artefact reflecting transient states of supersatu-
ration of Mg-bearing phases. In the experiments, the dissolution of
anhydrous primordial minerals (for example, olivine and pyroxene)
would have provided Mg and Ca for the fluids. These Mg and Caions
would have been removed by reactions with CO,*", forming carbon-
ate minerals (Extended Data Fig. 5). However, at the end of Run no. 1,
¥CO,inthe fluids was depleted (Extended Data Fig. 8) owing to CO,
sequestration via carbonate mineral formation; therefore, dissolved
Mg and Caconcentrationsincreasedin the fluids (Extended DataFig. 8).
Inlonger-period reactions, excess Mg and Ca ions would have been
consumed through the formation of serpentine and saponite. Thermo-
dynamicequilibrium calculations show that Mg and Ca concentrations
influids thatinteract with carbonaceous chondritic rocks are typically
low (0.001-0.010 mM each) in alkaline fluids (pH over 9.0) in the pres-
ence of serpentine and saponite®*¥. In Enceladus, water-rock reactions
would be driven closer to acid-base equilibrium because the reactions
canoccurover much longer time scales than apply in our experiments.
Ifthe ocean of Enceladus were consistent with the expectation of low
Mg and Ca concentrations (for example, under 0.1 mM each), then
YPO,* in fluids in contact with chondritic rocks would be controlled
by the hydroxyapatite-calcite buffer system.

In this study, we considered hydroxyapatite and whitlockite
[B-Ca,(PO,),] as phosphate minerals of buffer systems that control
[ZPO,*Tin fluids. However, previous work has suggested the possi-
bility of the occurrence of other phosphate minerals in water-rock
reactions in Enceladus”, including Mg-whitlockite and merrillite.
Using the equilibrium constants of dissolution of Mg-whitlockite and
merrillite at 1 bar and 25 °C (ref. 48), and assuming [Mg*] as roughly
10°M in the fluid samples (Extended Data Table 3), 2PO,* values
controlled by the Mg-whitlockite-calcite and merrillite-calcite buffer
systems (that is, 6 x 10~ and 7 x 107° M, respectively, for XCO,=0.1
M) are about 1/30 to 1/250 that of the hydroxyapatite-calcite buffer
(thatis, 2 x107® M for 2CO, = 0.1 M). Although the temperature and
pressure dependences of the thermodynamic equilibrium constants
of both Mg-whitlockite and merrillite are unknown, the observed
YPO,* valuesinourexperiments are unlikely to be explained by these
buffer systems.

We also assumed that calcite is the carbonate mineral phase for
the buffer system, but dolomite is usually more abundant than cal-
cite in CI chondrites®. However, 2P0O,*> values controlled by the
hydroxyapatite-dolomite buffer are orders of magnitude higher than
those controlled by the hydroxyapatite-calcite buffer for 2CO,=0.1M
and the typical Mg concentration in our experiments ([Mg?]=10 M™).
Therefore, we conclude also that the hydroxyapatite-dolomite buffer
may not explain the observed PO,* in our experiments.
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Extended DataFig.1|LILBID spectrumofa0.1Msolution ofNa,PO,. The
(NaPO;)Na*peak (125u) cannot be reproduced with sufficient amplitude and
theratio of (Na;PO,)Na* (187 u) to (Na,HPO,)Na* (165 u) is too high compared

with CDAspectra. Boththese disagreements disappear if sufficient amounts of
Na,HPO,are added to the solution.
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Extended DataFig.2|LILBID spectrumofa0.1MsolutionofNa,HPO,.Amass  notpresentinamixtureof Na,HPO,and Na,;PO, (Fig. 2). This motivates our
lineat143 u ((NaH,PO,)Na") appears, whichis notapparentin CDAspectraexcept  conclusiononamixture of the two orthophosphatesin theice grainsfrom
tentatively inspectrum #3 of Extended Data Table 2. This signature at 143 uis Enceladus analysed by CDA.
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Extended DataFig.3|LILBID spectrumwith a 0.5 M phosphate concentrations below 0.005M. Note, the CDA detection limit of phosphitein
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onlybecomes undetectablein phosphate-bearing CDA spectraat phosphite



(a)-Reaction NaH,PO, --> NaPO; + H,0
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Calculated at PBE0O-D3/6-311+G(d,p)/PBE level of theory.

Extended DataFig. 4 |Jaguar quantum chemistry program package at the The presence of water significantly reduces the meta phosphate formation
PBEO-D3/6-311+G(d,p)/PBE level of theory of the eliminationreactionfrom  barrier, specifically in the case with Na*.
dihydrogen phosphateleading to the observed metaphosphate species.
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Extended DataFig. 5| Typical Backscattered Electrons (BSE) SEM images were absent from the sample before our experiments (Extended Data Fig. 7).
and elemental mapping for solid residues collected after experiment XRD analysis (Extended Data Fig.10) shows that the precipitated Ca carbonates
Run #1. The presence of large Ca carbonate grains (>100 pm) indicates the aremost likely calcite.

formation of calcite during the experiment. Such large Ca carbonate grains



serpentiné—sagoﬁjt

lom JEOL  2022/05/10

— 10w JEoL - 2022/05/10
x 2,000 15.0xv_conpo__NoR WD 11.4mm 14:04:54 x 2,000

15.0xv_conro__woR W 11.4mm 14:13:31

Extended DataFig. 6 | (a) Typical Backscattered Electrons (BSE) SEM
images and elemental mappingresults for Caphosphate mineralsinthe
solid residues collected after experiment Run #1. Phosphate-rich grains
with asize of several micrometres and veins with awidth of several
micrometresand length of -100 pm are seen near alarge serpentine grain. In
additionto CaandP,Naisenriched in Caphosphate minerals. Close-up images
of phosphate minerals (the bottom two images) indicate that Ca phosphate
coexists with other minerals (e.g., serpentine and saponite). (b) Same as

£ e
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Extended DataFig. 6a, but for experiment Run #2. Phosphate-richgrainswitha
size of several micrometres are observed (see the bottom two SEM images for
close-up views of phosphate minerals). Close-up images of Grain D indicate that
Caphosphate minerals coexist with other minerals, whereas the surface of
Grain Cexhibits relatively uniform composition. The chemical compositions of
Caphosphate (Grain A and Vein B) revealed by microprobe spot analysis are
summarizedin Extended Data Table 4. XRD analysis (Fig. 10) shows that the
precipitated Cacarbonates are most likely calcite.
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Extended DataFig.7| Typical SEMimages and elemental mappingresults of carbonaceous chondrite samples before the experiments. The size of Ca
carbonate grainsis typically -10 pmor less.
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Extended DataFig. 8| Temporal variationsin the concentrations of
selected elements (Na, K, Si, Mg, Ca, and P) and dissolved total inorganic
carbon (£C0,). Results for (a) Run#1and (b) Run #2 are shown. The arrows for
Mg concentrations at 650 and 1000 h of reaction time for Run #2 indicate that
the concentrations were less than the detection limit (0.036 mM). The
measured dataand calculated in situ pH of fluids are summarized in Extended

DataTable3.The decreasesin 2CO,inboth experiments over time were caused
by the formation of carbonate minerals (i.e., calcite), as confirmed by
microprobe and the results of XRD analysis shown in Extended DataFigs. 5

and 10, respectively. Where no error bars are shown, the analytical errorsare
smaller than the data points. Allmeasured data, analytical errors, and
calculated insitu pH of fluids are summarized in Extended Data Table 3.
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Extended Data Table 1| CDA set of Type 3 spectra used for this work

Period # | Period from/to | Period from/to | Total Number | Type 3 spectra

(UTC) (SCLK) of Type 3 triggered by
spectra impact

1 2004-10-27 23:50:16 1477613739 40 9
2004-10-28 23:25:50 1477698673

2 2005-03-08 20:03:02 1489004979 94 22
2005-03-10 02:41:35 1489115292

3 2005-06-26 09:35:30 1498471387 45 23
2005-06-26 18:40:44 1498504101

4 2005-09-24 03:12:16 1506224443 78 27
2005-09-25 04:59:27 1506317274

5 2005-10-29 20:56:28 1509312314 122 38
2005-10-30 09:02:39 1509355886

6 2005-11-26 08:29:18 1511686700 51 15
2005-11-26 23:31:28 1511740830

7 2005-12-24 04:19:14 1514090911 120 44
2005-12-25 06:50:35 1514186393

8 2006-01-16 06:21:33 1516085464 16 6
2006-01-18 14:44:13 1516288425

9 2006-02-25 00:58:00 1519522073 193 37
2006-02-26 02:10:00 1519612793

10 2006-03-21 10:14:22 1521629068 89 44
2006-03-22 18:02:44 1521743571

11 2006-12-03 00:24:12 1543798599 34 25
2006-12-03 06:33:08 1543820736

12 2006-12-15 04:41:46 1544850860 4 2
2006-12-15 16:59:56 1544895150

13 2007-05-10 19:14:05 1557517679 34 14
2007-05-10 19:59:44 1557520418

14 2008-05-09 22:56:12 1589067220 39 38
2008-05-10 02:19:47 1589079435

15 2008-11-16 20:59:47 1605562751 3 1
2008-11-16 21:25:45 1605564309

TOTAL 962 345
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Extended Data Table 2 | Events of phosphate-rich ice grain recorded by CDA. Saturn distance is given in Saturn radii
(equatorial radius R;=60268 km)

Event# | UTC SCLK Saturn Radial | Impact Speed
Distance (Rs) | Estimate (km/s)

1 2005-068/21:29:51 1489096588 7.4 8.3

2 2005-267/03:12:50 1506224477 5.2 9.1

3 2005-303/05:51:31 1509344418 6.3 6.8

4 2005-359/04:44:36 1514178834 6.4 6.9

5 2006-057/00:37:39 1519607252 9.3 6.6

6 2006-080/13:54:11 1521642257 11.0 6.7

7 2006-337/00:32:53 1543799120 5.0 12.6

8 2006-337/00:34:46 1543799233 5.0 12.6

9 2007-130/19:38:30 1557519144 4.7 10.3

Since the impact speed onto CDA cannot be measured directly for these grains, the relative velocity of the spacecraft to a circular Keplerian orbit provides a rough estimate.




Extended Data Table 3 | Temporal variations in dissolved species in fluids (in M), with pH at the calculated in-situ pH at 150°C
and 30 MPa

Run #1
Time in situ .
s o 5CO; p PO, Mg ca Na si K Al Fe a SO,
39 e LSEOL s s 14E05  116-04 28601  9.1E-04  18E-03  7.1E-06  5.3E-06 s s
: ' (3E-03) ' ' (4E-06) (2E-05) (2£:02)  (5.5E-04) (2E-04) (4E-06)  (1.3E-06) ' '
b33 102 B6E02 27605 28605 65605 61E05 26601  91E-04 42603 _, .. 17606 34E02 57E02
3 (03)  (26:03) (8E-07)  (L1E05)  (1.4E-05)  (L.0E-05) (26:02)  (5.5E-04) (SE-04) : (4E-08) (3E.04)  (4E-04)
lo7e 105 13E02 LSE05 21605  31E04 76604  24E01 12603 44E03 ..o 31E06 32602 9.0E02
% (02 (2£3)  (2E-07)  (L.5E-05) (7E-05)  (1.2E-04) (2E-02) (7E-04) (5E-04) ' (1E-08) (4E-04)  (SE-04)
Run #2
Time In situ .
e o 5CO; p PO, Mg Ca Na i K Al Fe a SO,
b3, 102 44EOL  25E04  25E04  S6E05  5.8E-05 126400  14E03  56E03 ..o oo 39605 3.2£-02  5.0E-02
2 (05)  (4E02) (9E-06)  (7EO5)  (4E-06)  (2E-06) (2£01)  (7E:04) (12603 <3 (2E-08)  (5E-04)  (1E-03)
102 3.6E-01 19E-04  2.0E-04 3.1E-05 9.9E-01 15603  6.66-03 1305 3.9E-02  8.7E-02
6420 (o5 (56-02)  (4E-06)  (L.OE-04) <37E05 (1E-06) (1.56-01) (8E-04)  (1.4E-03) <3305 (8E-08)  (7E-04)  (1E-03)
101 30601 18E-04  1.9E-04 2.7E-05 9.0E-01  12E-03 65603 70606 3.96-02 1.1E-01
9779 (g5) (6E-02)  (6E-06) (9F-05) < 3-6E-05 (9E-07) (1.4E-01) (6£-04)  (1.3E-03) <3-4E05 (2£:08)  (SE-04)  (9E-04)

Analytical errors are shown in parentheses. For P concentrations, the values of “P” are the results of total dissolved P in fluids measured using a tandem inductively coupled plasma mass spec-

trometer (ICP-MS/MS); and those of “PO,” are the results of 2PO,* measured using ion chromatography (see Methods 3a). In cases where element concentrations were too low to be measured
(i.e., Mg and Al), the upper limits of concentration (detection limits) are given.
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Extended Data Table 4 | Results (mole abundance in mol/kg) of electron probe microanalyzer (EPMA) analyses for Ca
phosphates [Grain A and Vein B for Run #1, and Grains C and D for Run #2 (see Extended Data Fig. 6)], and for Ca carbonate
minerals for Runs #1 and #2

a. Grain A {Run #1) (number of spot analyses = 4)

Si Al Fe Mg Ca Na K P S Ni P/Si Ca/P
A-1 266 027 225 233 432 058 001 327 035 017 1.23 1.32
A-2 251 022 318 201 259 049 001 206 119 0.37 0.82 1.26
A-3 400 042 275 28 279 046 003 246 0.04 0.06 0.61 1.13
A-4 3.84 051 204 265 318 049 0.02 233 010 0.07 0.61 1.37
Mean Ca/P {o) 1.27 {0.10)
b. Vein B {Run #1) (number of spot analyses = 6}
Si Al Fe Mg Ca Na K P S Ni P/Si Ca/P
B-1 454 065 322 326 192 034 003 162 013 0.17 0.36 1.18
B-2 390 041 277 299 280 037 002 230 012 0.12 0.59 1.22
B-3 342 037 379 241 218 026 001 146 036 0.21 0.43 1.49
B-4 447 061 531 293 133 038 002 109 0.07 0.12 0.25 1.22
B-5 568 080 338 349 094 032 004 078 005 0.10 0.14 1.20
B-6 334 041 32 255 234 033 002 202 na 0.47 0.60 1.16
Mean Ca/P {o) 1.25 {0.12)
c. Grain C {Run #2) (number of spot analyses = 3}
Si Al Fe Mg Ca Na K P S Ni P/Si Ca/P
C-1 053 005 100 046 756 061 O 552 0.03 0.03 10.51 1.37
C-2 049 006 075 052 788 101 0O 597 0.01 0.02 12.28 1.32
C-3 050 0.06 077 066 759 121 O 564 0.02 0.01 11.28 1.35
Mean Ca/P 1.34
d. Grain D {Run #2) (number of spot analyses = 2}
Si Al Fe Mg Ca Na K P S Ni P/Si Ca/P
D-1 237 041 226 170 389 062 001 302 037 0.07 1.27 1.29
D-2 1.82 034 237 148 478 097 001 358 0.07 0.04 1.97 1.34
Mean Ca/P 1.31
e. Ca carbonate grains {Run #1) (number of spot analyses = 3}
Si Al Fe Mg Ca Na K P S
E-1 0 0 0.04 <0.01 10.4 0.01 0 0.01 <0.01
E-2 0 0.01 0.06 0.03 10.4 0.02 <0.01 0.01 0.01
E-3 0.09 0.02 0.13 0.38 10.1 0.02 0 0 0.05
f. Ca carbonate grains {Run #2) (number of spot analyses = 3}
Si Al Fe Mg Ca Na K P S
F-1 0 0.01 0.08 0.01 11.01 0.02 <0.01 0.02 <0.01
F-2 0 <0.01 0.15 0.04 10.33 0.02 0 0.03 0.01
F-3 <0.01 O 0.10 0.01 10.75 0.03 <0.01 0.04 <0.01

The mass fractions of Fe and S were calculated assuming their forms of FeO and SO,.
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