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✦ Cosmic Dust Analyser (CDA) 
detection principle: 
                           impact-ionization

❖ Composition

❖ Dust mass/size 

⇠ md · v3.5d
plasma  

production

✤ μm (10-6 m) and ➚ 
✤ sub-μm 
✤ nanometer (10-9 m)

➔ Dynamics

✤ Time-of-flight Mass Spectrometer 
✤ elementary composition

 

ಃ二章、運動方程式 

The Equation of Motion 

2-1 運動方程式—ཷᇥ 

Introduction to the Equation of Motion 

運動方程式，顧Ӝ思義，計算物體運動之方程式是也。୷本上，我們٩ൻ粒子模

ᔕ( Particle Simulation )的方式，以運動方程式來ඔ述該物體所受各種作用之加速

度，ଛ合上初ۈ給定的速度與位置，再藉由ᑈ分加速度得出速度、ᑈ分速度得到

位置，而算出每個時間點，該物體之位置、速度、與加速度。 

ӵ同 M. Horanyi、D. Hamilton ฻人( Horanyi et al. 1992, Hamilton 1993 )，以下我

們討論 E 環塵埃於土星磁球層中所受到的：土星重力(֖重力高໘項)、羅倫茲力、

以及太陽輻射壓力(見კ 2.1)，٩此計算 E 環塵埃軌道。 

 

 

კ 2.1、E 環塵埃於土星磁球層中，所受各種作用力之Ң意კ。 

 28

md: dust mass,  vd: impact speed



❖ Composition

❖ Dust mass/size 

✤ ToF Mass Spectrometer 
✤ elementary composition

✤ μm (10-6 m) and ➚ 
✤ sub-μm 
✤ nanometer (10-9 m)

with longer, some with shorter lifetimes [Öpik, 1976]. For any initial
grain size, Tl < 50 years. For a0 > 1 mm the lifetime decreases with
increasing initial particle size, owing to the decreasing ability of the
orbital perturbations to change the grain’s orbit. The bigger the grain,
the more closely its orbit follows the orbit of its parent moon,
increasing the probability of recollision. On the other end of the size
distribution, the smaller the grain, the faster its sputtering erosion
becomes. Figure 3 shows the calculated lifetimes of dust particles
originating from Enceladus and Tethys. Tl does depend on Saturn’s

orbital phase (Figure 3). The average properties of the ring are
calculated using the seasonally averaged lifetimes. From the detailed
trajectories and the estimated average lifetimes, Tl; we can now
construct the spatial and size distributions of dust in the E ring.

6. Spatial Structure of the E Ring

[20] From the integration of each initial grain size a0 and moon
of origin (m = 1–4) (for t < !Tl;), we created number density

Figure 2. The history of the osculating orbital Kepler elements: (a) semimajor axis, (b) eccentricity, (c) inclination
for a dust grain with initial radius am0 = 1.4 starting from Enceladus. (d) The probability of a collision with any of the
moons in a time step of dt = 10 days, (e) the cumulative probability of collision, and (f) the charge-to-mass ratio.
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Mass spectra of salt-poor & salt-rich ice grains



❖ Composition

❖ Dynamics 
✤ μm (10-6 m) and ➚ 
✤ sub-μm 
✤ nanometer (10-9 m)

from E ring to Enceladus

Bursting bubbles

Henri Lhuissier1 and Emmanuel Villermaux1,2

1IRPHE, Aix-Marseille Université, 13384 Marseille Cedex 13,
France
2Institut Universitaire de France, France
!Received 28 May 2009; published online 11 September 2009"
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A young bubble is a piece of bare spherical liquid shell
of radius R, with uniform thickness h, formed from an air
volume rising underneath a water pool. It bursts by nucleat-
ing a hole, opening at the constant tangential velocity
V=%2! /"h balancing inertia with surface tension forces, and
collecting liquid in its rim. The centripetal acceleration
#=V2 /R exerted on the rim perpendicular to the shell surface
induces its Rayleigh–Taylor destabilization whose wave-
length $!&%! /"# scales as the geometrical mean of the
only two lengthscales characterizing the bubble,

$! & %Rh . !1"

Examples shown here include: #Fig. 1!a"$ a snapshot of
the rim instability and ligaments expulsion from the full

bursting sequence #Fig. 1!b"$ of a R=10 mm radius bubble.
%t=2 ms between frames. Two water bubbles with distinct
thicknesses h lead to different wavelengths $!: #Fig. 1!c"$
R=14 mm, %t=5 ms between frames and $!=2 mm; and
#Fig. 1!d"$ R=11.5 mm, %t=1.33 ms between frames and
$!=0.8 mm.

Ligaments emerge from the rim unstable crests and are
stretched by centrifugation. They ultimately break by a cap-
illary instability setting the resulting drop size distribution in
the spray, as seen in Fig. 1!e". The distribution width is fixed
by the relative ligament radius corrugations.1 The drops thus
formed are called “film drops.”2 They originate in nature
from bubbles entrained below breaking waves,3 and are be-
lieved to contribute significantly to the net water evaporation
from the sea.4

1E. Villermaux, “Fragmentation,” Annu. Rev. Fluid Mech. 39, 419 !2007".
2D. C. Blanchard and L. D. Sysdek, “Film drop production as a function of
bubble size,” J. Geophys. Res. 93, 3649, DOI:10.1029/JC093iC04p03649
!1988".

3G. B. Deane and D. Stokes, “Scale dependence of bubble creation mecha-
nisms in breaking waves,” Nature !London" 418, 839 !2002".

4E. L. Andreas, J. B. Edson, E. C. Monahan, M. P. Rouault, and S. D.
Smith, “The spray contribution to net evaporation from the sea: A review
of recent progress,” Boundary-Layer Meteorol. 72, 3 !1995".

(b)(a)

(d)

(e)(c) λ⊥

λ⊥

FIG. 1.

PHYSICS OF FLUIDS 21, 091111 !2009"

1070-6631/2009/21!9"/091111/1/$25.00 © 2009 American Institute of Physics21, 091111-1
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✤ Heavier, salt-rich grains formed from frozen droplets.

✤ Smaller, salt-poor 
grains formed from 
vapor condensation.

Schmidt et al., 2008
Postberg et al., 2009
Postberg et al., 2011

Matson et al., 2012



❖ Composition

❖ Dynamics 

Nanodust Stream Particles

• impact speed > 70 km/s 
• impact rate is correlated with 
solar wind activities

In contrast to the water-rich system, 
they are 
• silicon-rich 
• extremely metal-poor

Kempf et al., 2005
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dust clouds around the icy moons Dione and Rhea. To overcome
Saturn’s gravity, the charge-to-mass ratioQ/m of the grain has to be
sufficiently large. This constraint sets an upper limit on the radius of
a grain escaping from the inner saturnian system. There is also a
lower size limit, asQ/m has to be sufficiently small that grains do not
circle along a magnetic field line and become tied to Saturn’s
magnetic field. Grains of appropriate size leave Saturn’s magneto-
sphere at the speed (in km s21)

ve < 35 L* 2
1

2

! "1=2 RS

R

! "1=2

where L* < 542 (Rd)
22 (F) (1 2 [R/20RS]) is the ratio of the force

due to the co-rotational electric field to the force due to Saturn’s
gravity, F is the average surface potential of the grain (in V), and Rd

is the grain radius (in nm). The dust is assumed to consist of water
ice (density 103 kgm23). The charge of a grain in space, in general,
results from the competition between various charging processes,
including the collection of electrons and ions, and the emission of

photo and secondary electrons. Using a model of the plasma
parameters in Saturn’s magnetosphere based on the Voyager
measurements12, the equilibrium surface potential of grains can
be calculated. There are two regions where the surface potential of a
dust particle is expected to be positive (lower panel of Fig. 3) and
which could be the source regions of the ejected stream particles: (1)
at the outskirts of the A ring, where owing to absorption by the rings
the plasma density remains very low and photo-emission due to
solar ultraviolet radiation dominates charging; and (2) beyond the
orbit of the moon Dione at R ¼ 6.3RS. Grains starting from within
the second region must be very tiny (Rd , 3 nm) to gain impact
speeds faster than 70 km s21 (upper panel of Fig. 3).

Outside Saturn’s magnetosphere, the dynamics of the grains are
governed by the interaction with the interplanetary magnetic field
(IMF) convected by the solar wind. At large solar distances the
azimuthal component of the IMF dominates, and thus the out-of-
ecliptic component of the dust velocity should be affected most. As
the inertial spacecraft velocity of about 10 km s21 is small compared
with the dust speed, the deviation of the impact direction from

    

Figure 2 Comparison between typical signals caused by saturnian and jovian stream

particles and by the fastest calibration impact. The CDA impact detection is primarily

based on the analysis of the plasma generated by the particle impact onto a

hemispherical target. After the separation of the plasma constituents within an electric

field between the impact target and the ion grid, the evolution of the plasma charges are

monitored by low-noise integrating charge amplifiers. In contrast to the CDA’s

progenitors on the Galileo and Ulysses spacecraft, the full impact signals (rather than a

few characteristic parameters) are transmitted to Earth, allowing a highly reliable easy

distinction between noise events and genuine impacts. The rise time of an individual

plasma charge signal is a measure of the impact speed, while the total plasma charge

depends upon both the impact speed and the dust mass. The upper row shows the

evolution of the impact plasma electrons collected at the impact target, while the lower

row shows the evolution of the plasma ions collected at the ion grid. The speed of the

fastest calibration impact (right column) recorded at the Heidelberg dust accelerator

facility was 63 km s21 (mass, 2 £ 10218 kg). Note that the amplitude of the calibration

impact is about four times larger than that for the stream particle impacts, which indicates

that the dust grains are tiny.

 

 

 

 

 

 

       

Figure 1 Impact rate registered by the cosmic dust analyser (CDA) between 10 January
and 6 September 2004. Between 20 June and 1 July, embracing Cassini’s insertion into

its orbit about Saturn (Saturn orbit insertion, SOI) the instrument was powered off

(marked by the vertical stack of bars). The upper scale gives Cassini’s distance to Saturn

in R S. In total, 1,409 impacts were detected (before SOI, 546 impacts; after SOI, 863

impacts). All of them showed the characteristic features of a high-velocity impact by a tiny

dust particle. Note that owing to Cassini’s highly irregular attitude profile, the observed

flux onto the CDA does not necessarily represent entirely the dust environment during this

period.

letters to nature

NATURE | VOL 433 | 20 JANUARY 2005 | www.nature.com/nature290
© 2005 Nature Publishing Group 

 



❖ Composition

❖ Dynamics 

Nanodust Stream Particles

➡ radii of a few nm 
➡ dust-solar wind interactions 
provide constraints on their 
ejection speeds & mass/size

In contrast to the water-rich system, 
they are 
➡ rock-related 
➡ not typical rock-forming minerals
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szðtÞ # vex sin ht $
1
2

Q d

md
vswBtt2; ð1Þ

where md and Qd are the dust mass and the charge on the grain,
respectively. Thus, the charge-to-mass ratio of a stream particle reg-
istered at the spacecraft location ðsy; szÞ is

Q d

md
¼ 2v2

ex cos h
Bt & vsw & sy

sin h$ sz

sy
cos h

! "
: ð2Þ

Fig. 5 shows the dependence of the grain size sd ¼ Qd=4p!0/d on vex

and h, where we assumed a constant electrostatic surface potential
of /d ¼ þ5V , which is typical for interplanetary conditions
(Horányi, 1996; Kempf et al., 2004). By comparing the impact sig-
nals of saturnian stream particles with the signals of the fastest
calibration impact recorded at the Heidelberg dust accelerator facil-
ity, Kempf et al. (2005a) showed that the impact speed of these
grains exceeds 63 km s$1. This suggests that the typical Qd=md of
stream particles registered during the ‘‘quiet period” ranged be-
tween 1650 and 25,000 C kg$1 (including the 10% factor introduced
by the simplified geometry) corresponding to grain sizes between
2.3 nm and 9.0 nm, provided that the grains escaped from the satur-

nian system on trajectories closely aligned with the ring plane
ð$10( 6 h 6 þ10().

The flight time of these particles in the solar wind is less than 3
days, which is comparable to the time for a 9.0 nm dust grain to
collect a single solar wind electron (assuming plasma density of
5) 104 m$3 and a temperature of 1 eV) and to emit a single
photo-electron produced by the solar UV. This corresponds to a
3% effect for the Q d=md of 9.0 nm grains and to a 20% effect for
2 nm grains. Nevertheless, the charging time, proportional to in-
verse square of the grain radius, for 2 nm grains is much longer
than the 3 day flight time. The assumption of a constant grain
charge is justified for grains with 3 day flight time through the so-
lar wind.

4.3. Stream-particle dynamics inside CIR compression regions

During recent years, the close connection between CIR travers-
als of the observing spacecraft and periodic stream-particle impact
bursts – the so-called streams – has become an accepted view
(Kempf et al., 2005a; Krüger et al., 2006; Flandes and Krüger,
2007). CDA observed the strongest stream particles–CIR interac-

Fig. 4. Sketch of the observational geometry during the IMF ‘‘quiet period” from day 154 to 160 of 2004, projected onto a plane parallel to Saturn’s rotation axis and
perpendicular to the solar wind flow direction projected onto the ring plane (y–z plane of the KPS reference frame). The Sun is in +x–z plane and * 27! below the ring plane.
The IMF points in $y direction. The corresponding induced electric field Ec points in $z direction, bending the particle’s trajectory toward the spacecraft. Cassini’s distance to
Saturn was about 250RS (*15) 106 km), sy and sz are the coordinates of the spacecraft location in this frame. The broken line illustrates a sample trajectory of a stream
particle, which escaped from Saturn’s magnetosphere at an angle h to the ring plane.
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velocity of each particle at its closest approach to Saturn is
their ejection velocities (vex). Thus we can transform our
solutions from the frame of vimp in Figure 3d to vex.
Figures 3c–3f show the results of the backward simulation.
In Figure 3c, the number of impacts with solutions in each
vex − Qd/md bin is counted and normalized to the total
number of selected impacts (shown in percentage). This plot
basically shows the likelihood of stream particles’ initial
dynamical properties. Similar to Figure 3b, high likelihood
bins (>60%) concentrate along the belt across bottom
middle to the upper right corner. Figures 3d and 3e show
histograms of Qd/md and vex separately. The simulations
suggest that the Saturnian stream particles in general have

Qd /md greater than 1000 Ckg−1 (smaller than ∼11 nm) with
ejection velocity between 50 to 200 kms−1. This agrees
with the estimates by Hsu et al. [2010a, 2010b].
[35] Before going further to the backward tracing results, a

few remarks should be made concerning the stream particle
ejection process. As described before, positively charged
particles with proper sizes can acquire enough energy from
the outward pointing Ec to overcome the gravitational force
and finally escape from the system. Therefore, the equation of
energy conservation can be written as

1
2
md v2ex ¼ "GMSmd

2r0
þ
Z rms

r0
fco $ Qd $ Ec dr: ð4Þ

Figure 3. (top) Statistics of solutions and (middle and bottom) results from the backward simulation.
(a) Number of solutions as function of angular separation between particles’ initial velocity vectors and
Saturn direction. In total 188,552 solutions are selected. (b) The number of solutions of each charge‐to‐
mass ratio‐impact velocity gird. The maximal number of solutions in one single bin is 1551. (c) After
filtering out the IMF influence, Figure 3b is transformed into Figure 3c, which shows the likelihood of
the charge‐to‐mass ratios and the ejection velocities of detected stream particles. (d, e) The likelihood
of stream‐particle charge‐to‐mass ratios and ejection velocities. Figure 3e shows the most probable
acceleration‐starting location, or we called the “ejection region” of Saturnian stream particles. Vertical
dashed lines mark the outer edge of the A ring and orbits of the icy satellites. The shaded region repre-
sents the variation by adopting different selection criteria. In general, the ejection region is located
between the orbits of Dione and Rhea. Vertical axes at the right are the number of events for cases
with gCDA 60° and 80°, respectively.
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❖ Composition

❖ Dynamics 

Nanodust Stream Particles
In contrast to the water-rich system, 
they are 
➡ rock-related 
➡ Si:O ratio is consistent with SiO2
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➡ radii ranging from 2 to 8 nm 
➡ originate from the E ring region 
further outward from the orbit of 
Enceladus, where grain 
preferably charged positively

Hsu et al., 2015

Extended Data Figure 3 | Stream particle emission patterns. a, Ejection
region (ER) profiles, derived from the nanodust and solar wind measurements
(blue)7 and the ejection model (red), both peak at 7–9RS. The uncertainty
of both profiles stems from the adopted co-rotation fraction of Saturn’s
magnetosphere (80–100%), which determines the electromagnetic acceleration
amplitude. The location of the outer rim of Saturn’s A ring and the orbits of icy
satellites are marked by grey dashed lines. b, Latitudinal-dependent ejection

pattern. Scatter and binned stream particle rates (normalized to 25RS distance)
are shown in blue squares and crosses, respectively. The vertical length of the
crosses represents the standard deviation of the stream particle rate in the
corresponding bin. Our model (red) reproduces the measured trend.
c, d, Modelled patterns assuming direct ejection from Enceladus. While the ER
profile is similar, these particles are only ejected along the ring plane.
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negative positive

grain charge polarity

http://en.wikipedia.org/wiki/Feldspar
http://en.wikipedia.org/wiki/Pyroxene


Saturn

co-rotation E field

Enceladus

E ring

Plasma 
sputtering 
erosion

nanosilica 
particle

E ring ice grain

cold, dense plasma in 
the vicinity of 

Enceladus leads to 
negative grain charge

hot, tenuous plasma 
at the outer part of 
the E ring leads to 

positive grain charge

Summary 
Saturnian stream particles are nano-phase 
silica inclusion in E ring ice grains 
ultimately originating from Enceladus

differential erosion



Nano-silica Dust Stream Particles

• nano-phase SiO2 
➔ top-down or bottom-up formation? 

• radius ranging from 2 to 8 nm 
➔ a narrow size range 

• originating from Enceladus as E ring ice grain inclusions  
➔ pre-exist in the source of the plume, i.e., within Enceladus

Formation & Implications

hameed.deviantart.com

fragmentation?



• Spontaneous, homogenous nucleation of nano-phase silica colloids 
occurs when the super-saturation is achieved when the solution pH and/
or temperature change. 

• SiO2 is an indicator of hydrothermal reactions on Earth & Mars.

Nano-Silica 
silica-water system

Blue Lagoon, Iceland

Clara_Zaph4 Mini-TES target] had 72.4 weight
percent (wt %) SiO2 (table S1). Light-toned soils
exposed by the rover’s right front wheel (Kenosha
Comets and Lefty Ganote) (Fig. 2B and fig. S2)
had SiO2 concentrations of 90.1 and 74.6 wt %,
respectively. Two rock samples (Innocent Bystander
and Norma Luker) (Fig. 2B and fig. S3) with,
respectively, 63.1 and 69.2 wt % SiO2 were rock
fragments several centimeters in size that were
created by breaking an outcrop with the rover’s
right front wheel. The high-silica measurements
were made on the freshly broken surfaces, dem-
onstrating that the silica is presentwithin the rock to
a depth of at least several centimeters. Microscopic
Imager images of all outcrop targets show varying
degrees of soil contamination, so these SiO2 con-
centrations should be regarded as lower limits.

The APXS sampling depth is ~5 to 10 mm in
rock for low–atomic number elements such as Si
and 50 to 100 mm for higher–atomic number
elements (11). This depth dependence can be used
to investigate whether high-Si targets have a thin
cover of soil. Compared with typical soils at the
Spirit site, the light-toned soils are enriched in Si,
Ti, Cr, and Zn (Fig. 4). Most other major ele-
ments, however, follow an exponential downward
trend in relative abundance with rising element
atomic number. This trend is a clear indicator that
soil grains are mixed into the surface of the silica-
rich material. On the basis of MB measurements
and the Mg/Al ratio in APXS data, we estimate
that soil contaminates ~30%of theKenoshaComets
target. (A small quantity of an alteration product
could also be present.) Removing the contami-
nants leads to an inferred composition of ~98wt%

SiO2, ~1.5 wt % TiO2, ~0.4 wt % Cr2O3, ~200
parts per million (ppm) Ni, and ~330 ppm Zn.

APXSdata also show that this soil target is rich
in Si to a depth of at least 300 mm by comparing
the ratios of the Compton and Rayleigh scatter
peaks of the primary excitation radiation for x-ray
fluorescence. The cross sections responsible for
these two peaks have different atomic-number
dependencies (including a large dependency on
oxygen), and they originate from depths of as
much as 300 mm. The scatter peaks ratio is nearly
a factor of 2 different than it is for typical soils but
is consistent with the scatter peak of a pure SiO2

sample measured by the flight instrument during
APXS instrument calibration (fig. S4).

Further evidence that the material is rich in
SiO2 to at least a few hundred micrometers is
provided by nearly featureless Mössbauer spec-
tra. TheMB instrument samples to a few hundred
micrometers (22) and only detects minerals that
contain Fe. Thematerial is therefore Fe-poor over
at least this depth range.

The light-toned soils were mixed by the ac-
tion of the rover wheels to a depth of a few cen-
timeters, so the APXS and MB results imply that
the soil is silica-rich to at least this depth. Ad-
ditionally, because MI images show that they are
dominated by grains much smaller than a few
hundred micrometers in size, the APXS and MB
data also demonstrate that these are not grains of
typical martian soil coated with silica.

We interpret the silica-rich materials identi-
fied by Spirit to have formed under hydrothermal
conditions, because they are found in close asso-
ciation with volcanic materials [e.g., Home Plate

(5)] and, in some cases, are intimatelymixedwith
ferric sulfates that are also probably of hydro-
thermal origin (6). Origin in a lacustrine evapo-
ritic setting is unlikely given the complete lack of
evidence for standing or flowing surface water at
the Spirit site (24).

On Earth, a range of processes can produce
high concentrations of opaline silica in hydro-
thermal settings. These processes result from the
high solubility of silica in aqueous systems under
warm and alkaline conditions (25) butmuch lower
solubility at low pH. At one extreme, abundant
hot neutral-to-alkaline groundwaters dissolve
silica from subsurface rocks and then precipitate
it when they reach the surface and cool and
evaporate, forming sinter deposits. At the other
extreme, very low pH waters are formed by
condensation of water vapor and acid gases,
typically in volcanic settings and at low water/
rock ratios. These acid condensates interact with
precursor rock like basalt, leaching awaymost min-
erals but leaving the most insoluble constituents—
notably silica—behind (26). As an intermediate
case, hydrothermal sinter deposits can also form
at pH 2 to 4 and high water/rock ratios (27).

The enrichment of Ti (and Cr) in the silica-
rich materials discovered by Spirit may provide a
constraint on their origin. Like silica, titanium
dioxide is relatively insoluble at low pH.A straight-
forward explanation for our observations there-
fore is that acid-sulfate low pH waters dissolved
basaltic precursor materials, concentrating the high-
ly insoluble silica (probably as opal-A) and titanium
dioxide (probably as anatase). Based on the com-
position of relatively unaltered basalts at Gusev,

Fig. 2. (A) Navcam image acquired within the Eastern Valley, looking to
the southeast and showing the nodular outcrop target Kobal that was
examined with Mini-TES. The Tyrone area is shown before Spirit traversed there
and exposed light-toned soils with its wheels. Navcam frame 2N195257205

acquired on sol 776. (B) Navcam image acquired in the Eastern Valley,
looking west, showing the trench that was excavated by the front wheel and
outcrops examined by the rover. Navcam frame 2N233253342 acquired
on sol 1204.

www.sciencemag.org SCIENCE VOL 320 23 MAY 2008 1065
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Nano-Silica 
(1) Stability vs. pH

PREPARATION OF PSA

Solutions of PSA can be prepared by adding a thin stream
of sodium silicate solution with SiO2:Na2O ratio of
3.25:1.0 into the vortex of a violently stirred solution of
H2SO4 kept at 0–58C, and stopping the addition when
the pH rises to about 1.7. Polysilicic acid solutions can
be made continuously by bringing together solutions of
sodium silicate and acid in a zone of intense turbulence
and in such proportions that the mixture has a pH about
1.5–2.0.

Solutions free from the sodium salt can be obtained by
hydrolyzing methyl or ethyl silicate in water at pH 2 with a
strong acid as a catalyst for hydrolysis and temporary
stabilizer for the silicic acid.

Our preferred method for the preparation of PSA is by
deionization of a sodium silicate solution with an ion
exchange resin at room temperature. In this way the PSA
solution is substantially free of electrolytes and therefore
more stable.

The pH is ca. 3.0 and the medium particle size is 20 A
as calculated from the specific area obtained by Sears tita-
tion. Long exposure to fresh, strong ion exchange resin
tends to lower the pH but the time required to reach pH
values near 2 makes it impractical to use this procedure
as a technique to stabilize the PSA. These facts are very
important in view of the use of PSA in the preparation
of catalyst/PSA products in an industrial scale.

After the first two Elan campaigns Rob Orlandi con-
cluded that it would be necessary to improve the stability
of the PSA made by ion exchange in order to obtain attri-
tion resistant catalysts. Based on preliminary work done
by John Orlan at the East Chicago Laboratory, we
found that at pH 3 PSA solutions of 5 w/o SiO2 could
be stabilized by lowering the pH to pH 1.9–2.1. We
can understand this behavior of PSA if we look at the
stability curve of colloidal silica. See Figure 4.1.

below shows the stability of PSA as
estimated by Brookfield viscosity measurements at silica
concentrations between 4 and 8 w/o, and 6, 21, and
358C temperatures. Twenty-one degrees centigrade are
considered “room temperature.” Six degrees is an example
of levels of stability obtained by refrigeration. Thirty-five
degrees centigrade are presented as an example of a plant
in the summer without air conditioning.

APPENDIX I: PREPARATION OF
PSA 5% SiO2

MATERIALS

(1) Deionized or distilled water
(2) DuPont JM grade sodium silicate: 29.6 w/o

SiO2, 9.1% Na2O, 3.25 ratio
(3) Dowex grade HCR-W2-H ion exchange resin

(1.8 equivalents/l)
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FIGURE 4.1 Effect of pH on the stability (gel time) of the colloidal silica–water system. Thick solid lines represent experimental
results [3]. Shaded areas and white area in between are approximate zones corresponding to behavior predicted by the DLVO
theory [7,26], some in contrast with experimental, results: minimum stability predicted at pH around 2–3, increasing stability
predicted at pH between 3 and 6–8, and maximum stability predicted at pH higher than 8. (Reproduced with permission from
reference 1.)
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Table 4.1

Bergna and Roberts, 2006

Nano-silica are stable @ pH 7-10.5



Nano-Silica 
(2) Stability vs. Salinity

Allen and Matijevic, 1969

Nano-silica  
  are stable @ <1.5-4% of NaCl  
  ⟹ brine phase 
  ⟹ currently produced 
        than preserved over geological  
        time scale

STABILITY OF COLLOIDAL SILICA 291 

isoelectric points of silica sols and gels 
collected by Parks (17). I t  is, therefore, 
obvious that,  over the entire pH range 
above 1.6, the sols will be negative and 
cations will act as counterions. 

Figure 3 illustrates the dependence of the 
Rayleigh ratio of a Ludox HS sol on the 
concentration of NaC1 over a narrow range 
of pH. The dotted straight line accompany- 
ing each curve gives the pH as a function of 
the sodium chloride concentration. High 
Rayleigh ratios denote systems which have 
undergone coagulation. The shaded symbols 
represent systems which hsve coagulated 
and settled but  which were redispersed by 
shaking immediately prior to the Rayleigh 
ratio measurement. The c.c.c, are indicated 
by arrows. 

The entire coagulation boundary for NaC1 
as a function of pH is given in Fig. 4 for one 
hour and 24 hours after mixing. Ludox HS 
and AM sols exhibited identical behavior. 
In  the case of Ludox AM both of the tech- 

° o LUDOX COLLOIDAL SILICA 
.4. OA[a 0.2 gm/lOOcc _ _  

O 0.4 gm/lO0 cc 
2 gm/lOOcc 

25°C .2 

I~ COAGUL!TION 

o- 

:°'°:,n," o o 

: '  , - w  
6 7' 8 9 I0  II 12 

pH 

FIG.  ~i. C r i t i c a l  c o a g u l a t i o n  c o n c e n t r a t i o n s  o f  
NaC1 for Ludox silica as a function of pH at 1 and 
24 hours after mixing. 
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FIG. 5. Critical coagulation concentrations of 
LiC1, NaC1, KC1 and CsC1 for Ludox AM silica as 
a function of pH 1 hour after the addition of the 
salt. The limit of stability of the sol in NaOtt 
solution is indicated by the arrow. The sols are 
coagulated above the solid lines. 

niques for determining the c.c.c, were 
employed and the results are in good agree- 
ment. In addition the coagulation bounda W 
was found to be i~tdependent of the concen- 
tration of the sol in the range 0.2-2 gm/100 
ml. The adjustment of the pH with NaOH 
introduced Na + ion into the system; how- 
ever, the correction for this is negligible at 
pH < 11.5. 

Figure 5 presents a comparison of the log 
c.e.e.-pH curves for Ludox AM in the 
presence of LiC1, NaC1, KC1, and CsC1. 
For each electrolyte, coagulation occurs 
above the solid line. The data represented by 
open symbols were obtained adjusting the 
pH with NaOH or HC1. The arrow denotes 
the limit of stability of the sol in NaOH 
solution in the absence of any other elec- 
trolyte. The shaded symbols refer to runs 
made with KCI in which K O H  was used to 
adjust the pH. Within the experimental 
error these are in good agreement with 
points from the runs in which NaOH was 
employed. 

Journal of Colloid and Interface Science, Vol. 31, No. 3, November 1969 



Nano-Silica 
(3) Formation vs. Rock Composition
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Si-poor rock composition 
(Mg/Si ~1; ex. pyroxene)

⟹ sufficient dissolved silica 
to form colloids after cooling

⟹ in good agreement with 
an undifferentiated, porous 
core
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Supplementary Fig. 2. Schematic diagram of the steel-alloy autoclave and flexible gold reaction cell used 

in the experiments. 

 

2. Experimental data 

 

The time variations in dissolved elements and gas species (Mg, Fe, Si (=ƩSiO2), Na, K, Ca, Al, 

∑CO2, and H2 in mmol/kg H2O), pH at room temperature, and calculated in-situ pH at the termination of 

the experiments are summarized in Supplementary Table 2. The methods to calculate in-situ pH is shown 

below in Sec. 4. 

Supplementary Fig. 3 shows the variations in dissolved species in the fluid samples for the opx and 

olivine experiments. These results indicate that the abundances of dissolved element reached steady states 

within a few month of reaction time, except ƩSiO2 in the olivine experiment at 200°C and the opx 

experiment at 120 and 200°C. The reason for the gradual decreases in ƩSiO2 in the experiment could be 

caused by the slow formation of alteration minerals, such as serpentine, brucite, and saponite/talc at lower 

temperatures. Because of the slow formation rates, ƩSiO2 may not have been controlled by chemical 

equilibrium between these alteration minerals in the beginning of the experiments. Nevertheless, our results 

show that the ∑SiO2 levels seem to reach steady states in several months of reaction time (Supplementary 

Fig. 3), which are determined by chemical equilibrium of the reactions between these alteration minerals. 

Furthermore, Fig. 3b shows that the measured ƩSiO2 values reached in a relatively short time (within a few 

months) the equilibrium levels in response to a change in temperature from 120°C to 200°C. These results 

suggest that, in geological timescale, ∑SiO2 in Enceladus’ fluids would have been reached chemical 

equilibrium of the reactions of alteration minerals. 

The variations in dissolved gas species in the opx experiment at 120 and 200°C and in the olivine 

experiment at 200°C are shown in Supplementary Fig. 4. Compared with the results at 300°C (Fig. 2), 

dissolved H2 concentration was low and increased abruptly and intermittently in the olivine experiment at 

Hydrothermal experiments 
mimicking Enceladus’ conditions

Si-rich (chondrite-like) 
Si-poor (Earth’s mantle-like)

Hsu et al, 2015

Si-rich (primitive rock) 
Si-poor (differentiated rock)



Nano-Silica 
(3) Formation vs. Rock Composition
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Image of nano-silica formed in 
hydrothermal experiments.
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Nano-Silica 
(4) Formation vs. Ocean Temperature

๏ Equilibrium scenario
✦ Hydrothermal fluid, ocean, & ice shell 

are close to chemical equilibrium. 
✦ Water composition is mostly governed 

by rock-water interactions.
✦ pH of hydrothermal fluid increases upon 

cooling (e.g., pH from 9 to 10, 195°C).

๏ Disequilibrium scenario
✦ e.g., terrestrial hydrothermal vents
✦ Hydrothermal fluid in strong 

disequilibrium with ocean & ice shell.
✦ pH might drop upon cooling  

(e.g., pH from 9 to 8.5, 140°C)

Sekine et al, 2015

Porco et al, 2014



Nano-Silica 
(5) Stability over Time

❖ Colloidal particles initially form with 2-4 nm radii, then grow slowly by 
Ostwald ripening.

❖ nano-silica with radii of < 10 nm implies:
❖ they have likely formed recently (within 1 year)
❖ fast upward transport likely due to large scale convection 
❖ likely no strong disequilibrium between hydrothermal sites and ocean

Porco et al, 2014

Ostwald ripening
www.lsinstruments.ch

http://www.lsinstruments.ch


silica stream particles—in fact have the same origin but probe the con-
ditions of the subsurface water of Enceladus at different depths: the
silica nanoparticles probe the pH, salinity and water temperature at the
bottom of Enceladus’ ocean, while the micrometre-sized ice dust grains
reveal composition and thermal dynamical processes at near-surface
liquid plume sources and in the vents1,2,23 (Fig. 3). The current plume
activity is probably not superficial but a large, core-to-surface-scale pro-
cess. The low core densities implied by Cassini’s gravitational field mea-
surements3 as well as the low pressure of the mantle resting on the core25

are in good agreement with a porous core. This would allow water to
percolate through it, providing a huge surface area for rock–water in-
teractions, and the high temperatures (.90 uC) implied by our obser-
vations might occur deep inside Enceladus’ core.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 3 | A schematic of Enceladus’ interior. The internal structure and
conditions of Enceladus beneath its south polar region derived from this and
previous work. The main components (core, subsurface ocean, ice crust and
plume) are shown left to right; top row gives temperature and chemical

properties of each component, middle row shows schematic structure, and
bottom row gives physical properties. Distances labelling the grey line below the
middle row are distances from the centre of Enceladus towards its south pole
(not to scale).

60 600 6,000
1016

1017

1018

10 1001

Abundance of nanosilica (p.p.m.)

Abundance of nanosilica (mM)

S
tr

ea
m

 p
ar

tic
le

 p
ro

du
ct

io
n 

ra
te

 (n
um

be
r p

er
 s

ec
on

d)

Low
er lim

it

8.3 × 1017

Model

CDA observation

Slope 5.4

Slope 4.8

Figure 4 | Concentration of silica nanoparticles in E-ring grains. The mass
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that the stream particle release rate is directly proportional to the E-ring
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the larger the total surface area of E-ring grains and thus the higher the
production rate of silica nanoparticles. The lower limit for the nanosilica mass
fraction is ,150 p.p.m. (equivalent to 2.5 mM shown in the lower x axis)
with m 5 5.4 (yellow dashed line)24.
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silica stream particles—in fact have the same origin but probe the con-
ditions of the subsurface water of Enceladus at different depths: the
silica nanoparticles probe the pH, salinity and water temperature at the
bottom of Enceladus’ ocean, while the micrometre-sized ice dust grains
reveal composition and thermal dynamical processes at near-surface
liquid plume sources and in the vents1,2,23 (Fig. 3). The current plume
activity is probably not superficial but a large, core-to-surface-scale pro-
cess. The low core densities implied by Cassini’s gravitational field mea-
surements3 as well as the low pressure of the mantle resting on the core25

are in good agreement with a porous core. This would allow water to
percolate through it, providing a huge surface area for rock–water in-
teractions, and the high temperatures (.90 uC) implied by our obser-
vations might occur deep inside Enceladus’ core.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 3 | A schematic of Enceladus’ interior. The internal structure and
conditions of Enceladus beneath its south polar region derived from this and
previous work. The main components (core, subsurface ocean, ice crust and
plume) are shown left to right; top row gives temperature and chemical

properties of each component, middle row shows schematic structure, and
bottom row gives physical properties. Distances labelling the grey line below the
middle row are distances from the centre of Enceladus towards its south pole
(not to scale).
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Figure 4 | Concentration of silica nanoparticles in E-ring grains. The mass
fraction of silica nanoparticles in E-ring ice grains is estimated by comparing
the production rates derived from the dynamical model (sloping red lines)
and CDA measurements (blue horizontal line and shaded region). We assume
that the stream particle release rate is directly proportional to the E-ring
sputtering erosion rate. The steeper the power-law size distribution slope (m),
the larger the total surface area of E-ring grains and thus the higher the
production rate of silica nanoparticles. The lower limit for the nanosilica mass
fraction is ,150 p.p.m. (equivalent to 2.5 mM shown in the lower x axis)
with m 5 5.4 (yellow dashed line)24.
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Fig. 2. Sealloor photograph of location C. covering about 8 m e. The heaps of hydrothermal products consist mainly of silica and 
subordinate Fe-Mn crusts. The light colored sediments in between are locally stained by dark Mn oxyhydroxide precipitations. 

ing navigation systems were available: (1) GPS 
satellite navigation and (2) ATNAV transponder 
navigation for the ship and (3) a Honeywell RS 
904 ultra-short-base positioning system for the 
towed vehicles. The accuracy of the sample loca- 
tion is estimated at 75 _+ 25 m. 

Bathymetric mapping was carried out using a 
Seabeam system. Usually, maps at a scale of 
1:10,000, showing 5 m contour intervals, were 
produced for the detail survey areas. In addition, 
fault scarps could be mapped using a stabilized 20 
kHz narrow-beam echo sounder. 

Based on bathymetric maps, combined televi- 
sion and photo profiles were run, employing the 
Preussag Ocean Floor Observat ion System 
(OFOS). Location C was identified on OFOS-pro- 
file SO 39-11 OFOS on August 31, 1985. Several 
profiles were subsequently run in the area. At 
station SO 39-124 GTVC, 350 kg of silica chimney 
fragments and oxides were recovered from loca- 
tion C, using a positioned and TV-guided grab. 
The coordinates of the station are: 0°46.08 'N,  
85°53.46'W, 2603 m water depth. 

3.2. Analysis 
The mineralogy of the samples has been de- 

termined by X-ray diffractometry (XRD), scan- 

ning electron microscopy (SEM) and optical mi- 
croscopy using polished thin sections. X-ray dif- 
fraction analyses were performed on washed (dis- 
tilled water), salt-free samples, employing a Sie- 
mens D 500 diffractometer utilizing C u - K ,  radia- 
tion. For scanning electron microscopy a Cam- 
bridge instrument was available to determine 
crystal morphologies. A Philips PW 1400 X-ray 
fluorescence spectrometer (XRF) was used for 
chemical analyses. Major element composition was 
determined on washed (distilled water), dried 
( I I 0 ° C ,  24 h) and ignited (1000°C. 2 h) material, 
fused to glass discs incorporating Li-tetra and 
-metaborate (rock to flux ratio 1:10). Analyses 
were recalculated with the determined loss on 
ignition (LOI) and refer to the dried (110°C) 
sample. Trace elements were determined on 
pressed powder pellets. Gold was detected in two 
samples by atomic absorption spectrophotometry 
(AAS) after preconcentration and complexing with 
MIBK. 

Oxygen was extracted from silicate samples by 
the BrF 5 method of Clayton and Mayeda [8] after 
heating for 2 h at 150 °C  for dehydration prior to 
fluorination. ~SO/t60 isotope ratios were de- 
termined using a VG Micromass 602 D mass 
spectrometer, and are reported in the conventional 

Herzig et al., 1988

Galapagos Spreading Center
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Fig. 1. A relation between [
∑

CO2] and pH buffered by the mineral assemblage
of plagioclase + epidote + calcite at 350 ◦C (solid line) along with 300 ◦C and 400 ◦C,
500 bar (broken lines). In this system, pHin situ increases with increasing [

∑
CO2].

The [
∑

CO2] in an Archean hydrothermal fluid is estimated to be at least 0.2 mol/kg
(see text), representing a pH of >10. General modern basalt-hosted hydrothermal
fluids have [

∑
CO2] up to 0.02 mol/kg (e.g., Merlivat et al., 1987; Charlou et al.,

2000) and pHin situ around 5 (Seyfried et al., 1991; Ding et al., 2005). Note that the
pH of modern hydrothermal fluid is buffered by calcite-free mineral assemblage.

of the Archean high-temperature hydrothermal fluid in this cal-
culation. This value also provides a minimum pHin situ in this
calculation.

4. Thermodynamic calculations and results

The relationship between [
∑

CO2] and pH of a hydrother-
mal fluid and the pH effects on aCa2+, [

∑
SiO2], and [Fetotal] at

300–400 ◦C and 500 bar were calculated by solving simultaneous
equations including definitional equations for equilibrium con-
stants of chemical reactions (Appendix A). Activity coefficients of
the chemical species were assumed to be unity.

4.1. In situ pH and Ca concentration

The relationships among [
∑

CO2], aCa2+, and pH were calculated
on the basis of the equilibrium among plagioclase, epidote, calcite,
and CO2-bearing fluid (Appendix A). In this mineral-buffered sys-
tem, the minimum pHin situ depends on [

∑
CO2], while the [

∑
CO2]

of a hydrothermal fluid in the early Archean is considered to be at
least 0.2 mol/kg (see above). This condition gives highly alkaline
pHin situ (>10) because the presence of calcite keeps aCa2+ very low
as opposed to the modern equivalent (Figs. 1 and 2).

4.2. SiO2 concentration

We calculated the relationship between pHin situ and total SiO2
concentration (aSiO2(aq) + aHSiO3

−) ([
∑

SiO2]) in the hydrothermal
fluids, assuming equilibrium with quartz (Appendix A). Because the
increasing pH elevates the proportion of HSiO3

−, the [
∑

SiO2] is
elevated by the increasing pH with a constant temperature (Fig. 3).
Thus, this process could generate more than 0.06 mol/kg of [

∑
SiO2]

in the Archean hydrothermal fluid, which is at least 3–4 times
higher than the [

∑
SiO2] values in many modern hydrothermal

fluids.

4.3. Fe concentration

Concentrations of iron species can be calculated assuming
equilibrium between hydrothermal fluid and magnetite under a

Fig. 2. The effect of pH on aCa2+ and total calcium concentration
(aCa2+ + aCaOH+ + aCaCl+ + aCaCl2(aq)) ([Catotal]) in a hydrothermal fluid at high
temperatures and 500 bar. The aCa2+ has a negative correlation with pH because
aCa2+/a2H+ ratio is buffered by the mineral assemblage of plagioclase + epidote. For
comparison, compositions of modern high-temperature hydrothermal fluids are
also plotted (Ding and Seyfried, 1992; Ding et al., 2005, and therein).

Fig. 3. The effect of pH on [
∑

SiO2] in a hydrothermal fluid at high temperatures

and 500 bar. The [
∑

SiO2] increases with increasing pH at a constant temperature
because the increasing pH elevates the proportion of HSiO3

− .

given aH2 condition. While aFe2+ is buffered by the presence of
magnetite in the system, activities of Fe-chloride complexes and
FeOH+ depend on aCl− and pHin situ, respectively. The calcula-
tions were conducted assuming chlorine-free and chlorine-bearing
solutions, and a given aH2 buffered by mineral assemblage of
pyrite–pyrrhotite–magnetite (Appendix A). The total iron concen-
tration (aFe2+ + aFeOH+ + aFeCl+ + aFeCl2(aq)) ([Fetotal]) in an alkaline
hydrothermal fluid at high temperatures is calculated to be
clearly lower than that in modern high-temperature hydrothermal
fluids (Fig. 4). The compositional variation of present-day high-
temperature hydrothermal fluids falls almost within the range
between chlorine-free and chlorine-bearing systems. This supports
the assumptions of this calculation.

5. Discussion

5.1. Highly alkaline hydrothermal fluid in Archean basalt-hosted
hydrothermal system

The results of the calculation indicate that pH of high-
temperature hydrothermal fluid is elevated by basalt–water
interaction that includes mineral assemblage of sodic plagio-

Cooling from 
>175 to 40°C

High CO2 
condition



❖ Alkaline hydrothermal vents can support an ecosystem independent of 
sunlight with energy source such as H2 from serpentinization.

❖ Such systems are considered to be good candidates where life first 
emerged on Earth (Martin et al., 2014).

❖ The concept of “Dust Astronomy” proposed by Grün et al., 2001:  
“using dust to study the conditions at their source(s), which cannot be 
probed otherwise” 
can be applied to other active bodies, such as Io, Europa, Triton, …etc.
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