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.1 Abstract.

A synthetic pure water fluid inclusion presenting a wide temperature range of metastability
(Th - Tn= 50°C; temperature of homogenization Th = 144°C and nucleation temperature of
Tn = 89°C) was selected to make a kinetic study of the lifetime of an isolated microvolume of
superheated water. The occluded liquid was placed in the metastable field by isochoric
cooling and the duration of the metastable state was measured repetitively for 7 fixed
temperatures above Tn. Statistically, measured metastability lifetimes for the 7 data sets

follow the exponential Reliability distribution, i.e., the probability of non nucleation within
time t equalse™ . This enabled us to calculate the half-life periods of metastabiliy each

of the selected temperature, and then to predattany temperature T > Tn for the considered

inclusion, according to the equatiofs) = 22.1« e'***“T

, (AT =T - Tn). Hence we conclude

that liquid water in water-filled reservoirs with an average pore=sit6' pnt can remain
superheated over. geological timelengths )0 when placed in the metastable field at 24°C
above the average nucleation temperature, which often corresponds to high liquid tensions (

-50 MPa).
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[.2 Introduction

Any liquid can experience three thermodynamicestatvith regard to the phase
diagram: stable, metastable, and unstable. Wheasta¢lie with respect to its vapour, the so-
called superheated liquid persists over the malelestvapour owing to the nucleation barrier
related to the cost to create the liquid-vapoueriiace. Practically speaking, a superheated
liquid undergoes any P-T conditions located betwibensaturation and the spinodal curves
(Fig. 48). It should be noted that the term “supathng” does not refer to a particular range
of temperature, and goes down to temperatures én mnielting area. This superheat
metastability gives to the liquid a certain “ovatstity feature” with respect to vapour.
Indeed, geologists have long observed that liquatewdisplays such overstability in certain
low and high temperature contexts. For instance, sihil capillary wate(Pettenatiet al.,
2008)or the water state in very arid environments tike Mars surfacéMeslin et al., 2006;
Jougletet al.,2007)are natural examples of low T superheated liquatestwhereas certain
continental and submarine geyséRamboz and Danis, 199®r the deep crustal rocks

(Shmulovich and Graham, 200¢gn also generate high T superheated solutions.
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Figure 43 : Pure water phase diagram in (P,T) canades calculated from the IAPWS-95 equation of
state (Wagner and Pruss, 2002¢xtrapolated at negative liquid pressures in sliperheat domain.
The outer lines starting from the critical point earthe thermodynamic limits of metastability
(spinodal). The dotted line is one of the propokiegtic metastability limi{Kiselev and Ely,2001)
(see text). Three isochoric lines (950, 900 and &5®°) are also calculated by extrapolation of the
IAPWS-95 equation.
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The shape of the pure water spinodal has long beematter of debate in the physics
community. To date, three competing scenarios aspgsed, one with the retracing shape
towards positive pressure at low temperaturesiwioeothers with a monotonous decreasing
shape. The first model relates to the stabilitydimonjecture(Speedy, 1982pased on
experimental data on supercooled water. It candmeodistratedDebenedetti and D’Antonio,
1986) that the retracing shape corresponds to the etgos of the spinodal curve with the
Temperature of Maximal Density (TMD) line. The secqrdposed scenario derives from
molecular simulationPoole et al., 1992) and predicts a constant positive slope, hence a
spinodal monotonously extending towards negativesqures. That thermodynamically
implies that this is the TMD the slope of which ngas from negative to positive slope. The
experimental data previously mentioned are hererpnéted as related to the presence of a
second critical point at low temperature and pesipressuréPooleet al., 1992; Mishima.
and Stanley, 1998 he third proposition is the singularity-free hyjpesis(Sastryet al.1996)

, associating a non-retracing spinodal with therynaghic divergences. In this model, all the
polyamorphic transitions of liquid water at low teenature are just relaxation phenomena
and not real phase transitions, referring expliciti that respect to the percolation model
(Stanley and Teixeira, 198dj is worth noting that most equations of st&#©§) like the van
der Waals equation or the IAPWS-95 EQOS result in¢ti@cing behaviour when extrapolated
in the metastable field (Fig. 48). Obviously, tigsnot at all an argument in support of the
latter conception. However, we want to highlighattbur experimental investigations are not
concerned for the time being with the low tempematsuperheating region, so that our
calculations are not influenced by this debate. pileblem of the extrapolative capability of
the IAPWS-95 equation remains but seems to bef@atisenough as already discussed

elsewherdSpan and Wagner, 1993)

.3 Scientific context

The chosen experimental technique to investigatentastability liquid field is to submit to
heating-cooling cyclemicrometric volumes of fluid trapped in a solidgraent(Shmulovich.

et al., 2010) This method allows measurement of the nucleatiotpégature (Tn) of every
fluid inclusion (IF) in the host crystal, whichas evaluation of the extreme metastability that

the given intracrystalline liquid can undergo befdsreaking instantaneously (over the
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experimental time, this occurs within some tenthse€onds). By this method, the extreme
tensile strength of one specific liquid (pure wataqueous solutions...) can be directly
recorded. Previous measurements provided evidethzswater and in general aqueous
solutions can reach very high degrees of metagialfiension reaching hundreds of MPa)
(Roedder, 1967; Alvarenget al.1993) As a matter of fact, every inclusionnist (geosigi
dealing with fluid inclusions) is faced to the sthpEmating ability of these micrometric fluid
systems, which appears in general as a nuisant@m@vents further measurements of phase
equilibria. On the other hand, a superheated ligxideriencing properties in the stretched
state (negative pressure domain) displays spedHiermodynamic properties. Hence
distinctive solvent properties can be expectedamspared to bulk water. As an example, in
the Red Sea, the abnormal thermal balance of thentfs Il Deep lower brirfehas been
accounted for by an influx of hypercaloric supetbdarinegRamboz and Danis, 1990)

As noted above, a metastable liquid can be supttido a very high degree before
nucleating a vapour instantaneously. In kinetim&grthis means that the nucleation energetic
barrier is of the same order of magnitude as tlenhl energy kT of the system. This
spontaneous nucleation limit is sometimes calledkihetic spinodaléKiselev and Ely,2001)
(Fig. 48). When one goes towards PT pairs greatar those of the kinetic spinodal, the
nucleation barrier becomes greater than the theemalgy and the lifetime becomes longer.
Generally speaking, the Classical Nucleation ThéGINT) tells us that the nucleation rate of

vapour bubble follows an Arrhenius lg®ebenedetti, 1996)

J=1J, xe (1)
where J is the number of nuclei per unit volumeyret time, J,is a kinetic pre-factor, fs
the nucleation energy barrier related to the enefgyterface creation.

The nucleation barrier is easy to formulate considethat the created gas-liquid interface
related to bubble nucleation increases the systeengg by 4tr’y (r is the radius of the
spherical bubble, anglis the liquid-vapour surface tension), while themation of the most
stable phase provides bulk energy @/AP, with AP = Riqup — Rarour). According to the

CNT, the competition between these two oppositeceffeesults in an energy barriep E
(Debenedetti, 1996)

, _ lénys
AF* =38P (2)

Ey is reached when the spherical bubble reachesieatradius ¢ = % .
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According to (1), P, the probability of nucleationa volume V and during a given timelength
tis:

P=1-&" 3)
Nucleation is assumed to occur when P = 0.5. Ttlenhalf-life periodt (median value of
duration) required to get at least one vapour rusie :

_ L@
JV

T

(4)

Thus, the time necessary to create a bubble nudteus/ersely proportional to the fluid
volume. In other words, if one second is sufficientreate one nucleus in a volume of 1 litre,
more than 11 days are required in a volume of 2 n8mtistically, almost 32 000 years are
necessary to do so in a volume of 1Q@¢, a typical size for interstitial pores in mostural
porous media. This calculation is made at constanahely for a given value ofyFi.e., at
constant metastable “intensity” and heterogeneaowteation conditions (due to impurities in
the liquid or to solid surface singularities). Thas,constant physico-chemical conditions,
nucleation is an event that becomes rarer as ti@ ¢ontainer is smaller. This is why saill
scientists recently proposed that capillarity caeuo without meeting the Young-Laplace
condition, and so capillary water and its specigbesheating properties can occur in the
whole range of microporosity, thus affecting ratleege amounts of soil water

The consequences of superheating in natural systeengvice. In contexts of high thermal
anomalies (geyser, phreato-magma), the changés ifluid properties at the nucleation event
(relaxation of the superheating features) may hdsaestic physical consequences: rapid
volume changes at the phase transition, potentadyompanied by deep changes in fluid
speciation. This implies explosivity and massiveids@irecipitation (or massive dissolution
depending on the role of superheating on the rotktisn equilibria). In dry environments,
superheating is a long-lived process controlled thg aridity of the atmosphere (soll
capillarity). The rock-water-gas interactions thuwalve a superheated liquid component
which modifies the chemical features of the redidsolutions (Pettenatiet al., 2008)
Whatever the superheating context, once a natysa® becomes metastable, its effective
influence will depend on the duration of the methlt state, as both chemical and heat

exchanges also require long time to be fully aakikev
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.4 Samples.

The fluid inclusion chosen in this study was s&lda@mong the ones previously synthetized
to investigate the extreme tensile strength ofiigudepending on composition and derSity
Our experimental procedure is similar to that addph a previous papéfakahashet al.,
2002) The selected inclusion was placed in a superhesatel at a given T > Tn by isochoric
cooling, then we waited for the bubble to nucle&gterent intensities of liquid stretching
were tested, as the same experiment was perfortnéddédferent temperatures above Tn.
Note that Tn fixes the maximum stretching intensitistainable by the selected inclusion.
According to the CNT and as confirmed by previousesinentyTakahashi et al., 2002the
distribution of metastability lifetimes is expecteddisplay an exponential decrease.

The chosen fluid inclusion (N31-7) is located in B04um-thick quartz fragment and is
located 77 pm-deep below the crystal surface. guise big, 64-um long and 20 pm-wide
(estimated volume: 8600 umi) with a long appendix indicating a process of regldown
(Fig. 49).

A
v

64pum

Figure 44 : Microphotograph of the studied pure gratynthetic fluid inclusion (x50).
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Figure 45 : Properties of sample N31 pure wateidflimclusions. Figs 50a and 3b: Distribution of Th
and Tn measurements. Fig. 50c: PT conditions ofeation of sample N31 inclusions (triangles),
with the average corresponding isochore (d = 9251 extrapolated in the metastable field. The PT
pure water phase diagram, the isochore and datatgare calculated after IAPWS-95 EQ8agner
and Pruss, 2002)The dark areas and arrow indicate the positiorthaf studied n°31-7 inclusion (see
text).

This inclusion belongs to quartz sample N31, whightains pure water synthetic inclusions
with an average density of 925 kg’niNote that as quartz is incompressible below 30€&i€
PT path followed by the inclusion fluid at changihgs isochoric (constant volume, constant
density). The average isochoric PT path of samplan8llisions is shown in Figure 50,
together with their representative points at Tn. ifternal pressure at Tn is calculated from
the density-Tn measurements on extrapolating theNl8M5 “official” pure water EOS
(Wagner and Pruss, 2002)his equation also allows to derive the thermodyisafiuid
properties of pure water at given P-T pairs (seeresiceShmulovichet al., 2009 for more
details).

1.5 Experimental procedure

Sample 31 quartz fragment was placed on a Linkaatirigecooling stage mounted on a
Olympus BHS microscope. Its temperature was alloteedary (Fig. 51). Phase changes in
the inclusion were observed with a x50 LWD objeetand were recorded using a Marlin

black and white camera (CMOS 2/3" sensalb pictures/s).
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1.5.1 Microthermometry

The key characteristics of the studied N31-FI7dfimiclusion are the homogenization and the
nucleation temperatures (Th and Tn, respectively)isThe disappearance temperature of the
last drop of vapour in the cavity (at Th, the saioraconditions are met). Tn (Tn < Th) is the
measured temperature when the trapped metastgbid becomes diphasic (it marks the end
of the stretched metastable state). Th and Tn weesuned, in that order, in the course of
strictly temperature-controlled heating and coolaygles (Th: path 1 to 4; Tn: path 4 to 6,
Fig. 51).

! =
[ Critical point
1 2 g Th =144.4°C
——
Temperature
- DT
6
f T R0,
® 7: T~89°C

Figure 46 : PT pathways followed by a fluid inclusiheated from ambient conditions (path 1 to 4)
then further cooled. Photomicrographs show the sssive occluded fluid states observed. The bold
curve is the saturation curve and the stars qutlitdy represent the seven temperature steps chosen
for the kinetic study.

Tableau 8 : Rate-controlled sequences of heatird) @vling chosen for Th and Tn measurements.
First, heating along the liquid-vapour curve (dig@inclusion), then isochoric heating followed by
isochoric cooling down (single-phase inclusion).

. Cooling cycle (Tn
Heating cycle (Th measurement
measurement)
25 - 130- 150-
T range (°C) 140-150 160-105| 105-80
130 140 160
Th=144.
Tn=89
4
Heating/cooli
ng rate 30 10 2 10 30 2
(°C/mn)
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Table 8 summarizes the rates of temperature chdragevere adopted all along the kinetic
study. A cooling rate of 2°C/min was chosen to meadn as it is offers the best conditions

to observe bubble nucleation.

[.5.2 Kinetic measurements

Consisted in placing inclusion N31-FI7 in the ns¢ahble field. The procedure was the same
as for Tn measurements except that, during coollmgjnclusion was stabilized at 1°, 1.3°,
2°, 3°, 3.5° 4° and 5°C above Tn, successivelygdtay. 51). The inclusion was thus kept
metastable at 7 fixed temperatures between 90adt94i4°C. For each given temperature, the
duration of metastability was measured repetitielgtween 5 and 16 metastability lifetime
measurements). The beginning of the temperaturevaisptaken as the starting point of the
experiment (time 0). Between each set of kineti@sneements at a fixed temperature, we

checked that Th and Tn had not changed significantly.

.6 Results

1.6.1 Microthermometry

At the start of the study, Th and Tn measuremenigsadfision N31-FI7 were repeated 11
times, following the T procedure summarized in TahldMeasured Th and Tn were 144.4°
and 88.8°C respectively, with a repeatability of2°@ for Th and of £ 2.3°C for Tn. Thus the
measured range of metastability for inclusion N31-Was 54.6° + 3.3°C (Table. 9),

corresponding to internal P conditions of — 84 MBa.

Tableau 9 : Repetitive cycles of Th and Tn measemésn

TCC)| 1 2 3 4 5 6 7 8 9 10| 11

Th | 144.4) 144.4| 144.4| 144.2| 144.2| 144.2| 145.1| 145.1| 144.4| 144.4| 144 .4

Tn 89.8| 898/ 865 86.% 870 87p 815 898 91.2 28787.2

Th-
Tn

54.6 | 54.6| 579 579 57.246.7 | 56.6| 55.3 53.2 57.2 57.2
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We observed more than 50 vapour nucleation eventisel IF, which enabled us to identify
the main stages of nucleation. The two-phase stfnlation was recovered within about 1/3s
(5 to 6 images with our camera). In general, nuaastarted in the broadest part of the
inclusion by foam, a milky cloud a little more coadted than the liquid. Then, a burst of tiny
bubbles, taking birth in the inclusion appendixyaded the whole cavity (Microphotograph
N31-FI7, Fig. 49).

[.6.2 Kinetic results

Figure 52 shows the distribution of kinetic meameats for 7 temperature steps between
90.4° and 94.4°C (duration times in logarithmiclega
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Figure 47 : Distribution of the measured metastipilifetimes (s) of inclusion N31-Fi{fogarithmic
scale) for 7 temperature steps above Tn.

.7 Interpretation of the kinetic data sets

Let Tsep be the temperature above Tn at which inclusion R@1l4s stabilized in the
metastable liquid state. Let lve the time at which the temperature step begins faken as
0). Let { be the timelength elapsed betwegrand the vapour nucleation event (t > 0). The
variable tis continuous and characterized by a density phibtyatunction f(t) such that:
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jo f(t)dt =1
According to the Classical Nucleation Theory, th@etgive formation of nuclei in a
metastable liquid can be considered as a sequénndependent events and the distribution
of metastable lifetimes shows an exponential dsergze also Takahashi &t, 2002) This
implies that the density probability function f@ the nucleation event is:
f(t)=Axe™ (5)
where is the exponential decay constant andtthé mean life of the metastable state.

The probability that the vapour bubble nucleatesiwitimelength t is thus:
P(Et) = EAe‘”‘dt =1-e™ (Exponential Failure distribution)  (6)

The probability of non nucleation of the vapour bleblithin timelength t is

P(E>t) =e™ (Exponential Reliability distribution) (7)

Calculation of the decay raté and half-life periodr at a fixed temperature stept each
temperature step, we have built the exponentiality distribution, i.e., the probability of
the non nucleation event within timelength t (P(E3the Ln[P(E>t)] were plotted versus
timelength t and the data were fitted by a strailyi passing by the origin (Fig. 53;
correlation coefficients of the fits ranging betwe®84 and 0.99, Table 10).

0.2 4 2000 4000 6000 8000 10000 12000
0.4
0.6 4
-0.8 R?=1

LN(probability)
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164
-1.8

time (s)

Figure 48 : Observed Fiability law at the tempenatstep T = 94.4°C.
Hence we derived the exponential decay constaids the 7 T-steps considered (Table 10).
The half-life periodr at each T step was then calculated as follows:

I= Ln(2) ®)

A
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Tableau 10 : Exponential decay constaatsalculated from the reliability distributions obrsed at
each temperature step, and: half-life periadelated. R is the correlation coefficient of theehr fit
of the data (see text). Number between bracketsmber of t measurements.

Temperaturg Exponential Fiability mode
(°C) A R. T
90.4 (5) 0.0169 0.84 40.9
90.7 (5) 0.0046 0.94 149.5
91.4 (5) 0.0021 0.90 322.9
92.4 (16) 0.0024 0.99 286
92.9 (10) | 0.00068 0.93 1025
93.4 (10) | 0.00059 0.97 1166
94.4 (5) 0.000147 0.99 4702.]«

On Figure 54, the calculatadare plotted as a function AfT, the temperature distance to Tn
(i.,e. T-Tn). Thet values decrease exponentially as a functiod\df with a fitted decay
constant close to 1. Due to the fact that thedifiee-exponential factor is different from 1, we
calculate a half-life period at Tn of about 22s éast of 0. On account of the heating rate
adopted close to Tn (see Table 8), this indicatdstiieanucleation event started on average
0.7°C before the beginning of the temperature shapng cooling, our chosen time zero.
Given that the measured variability on Tr=i2.3°C (Table 9), these results corroborate our
choice of placing the starting point of the kinstexperiment at around the beginning of the

temperature step, rather than at Th, as previouslygsed Takahashet al.,2002)
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Figure 49 : Inclusion N31-FI7: Half-life period ahetastability as a function of the intensity of
superheating (T-Tn). Tn corresponds to the maxint@gree of metastability sustainable by the
inclusion.

1.8  Geological implications

Our data show that at a temperature of 24°C aboyanccluded liquid with a volume of
10* un, undergoing a tension ef-50 MPa, can sustain such a high superheateddstitey
10" seconds. A first consequence is that the halfdifieation of metastability of such a
system, one order of magnitude larger than onaamilfears, is quite relevant to geological
timescales. Secondly, it has been recently indicaitet the changes in water properties
related to superheating significantly influence tbek-water-gas equilibria as soon as the
tensile strength of the liquid reaches -20 MPattenatiet al., 2008) Thus, our data prove
that the metastability of micrometric fluid volumissindeed a process of major geochemical
importance.

As a conclusion, this paper, together with a camgraone, firstly highlights that fluid
inclusions are very adapted to the experimentalystf superheated solutions at the pum- to
mme-scale, both from the metastable intensity amgktics points of view. In addition, we
previously showed that aqueous fluids appear terfigat easily since all the 937 inclusions
studied, containing pure water and various aqueoligions, displayed superheating, some to
very high degrees up to -100 MPa. The major pointthi$ paper is to give the first
quantitative proof that microvolumes of highly stpeated water can sustain this stretched
state for a very long time, infinite at the humaale. The fact that superheating modifies both

the thermodynamic and solvent properties of wadesrdiready been assesgktircuryet al.,
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2003, 2004; Lassirt al, 2005) It is here illustrated that such changes canigteaver
geologically-relevant timelengths, large enough doperheated fluids to become a possible

controlling parameter of the evolution of natungtems.
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[1.1 Introduction

Metastability is the persistance of a phase (stfidjd or gas) in the stability field of another
phase. Liquid, solid or gas metastability is pdssibecause the attainment of equilibrium
between any two of these phases requires the @neatian interface, which has an energy
cost. Metastability is therefore a process corgrbldy a barrier of enerdipebenedetti, 1996;
Balibar and Caupin, 2002) specific feature of metastable phases comp@rsthble ones is
that their duration of life is limited. Metastalpp@ases return to equilibrium by relaxation. A
metastable liquid persisting in the stability fietlvapour, or a metastable vapour persisting
in the stability field of liquid are called supedted. A stretched liquid is a particular kind of
superheated liquid, which is at a pressure belewotresponding vapour pressure at a given
temperature. The spontaneous formation of cavitiestrietched liquids is called cavitation.
Both theoretical arguments and experimental evidershow that superheated liquids can
exist under absolute negative pressueeg., Briggs, 1950; Apfel, 1972; Blander and Katz,
1973; Greeret al., 1990; Alvarengaet al., 1993; Imre et al. 1998; Schmuloviehal.,2009)
Metastable liquids, like solids - condensed phasggneral - can undergo pressufiesre et

al., 1998) The reason why liquids can be superheated antkeughses, can be stretched or
only with flow is that they were characterized lphesive forces. Energetic and structural
considerations show that intermolecular attractorees become predominant over repulsive
ones in liquids under tensighmre et al., 1998)

The existence of metastable liquids was first regublly Huygens in (1662), even before the
concept of barometric pressure was discovered.r Aféeng forgotten for two centuries,
metastability was rediscovered in thethleentury and the tensile strength of metastable
liquids was first measured (sEells, 1983for a summary of early observations of metastable
liquids). The development of the pioneer equatiorstate ofVan der Waals (1873yas a
decisive step for interpreting fluid metastabil{tgells, 1983) Being both simple and built
with physically significant parameters, this eqoatiis still the basis for explaining why
liquids can be stretched and why vapours cannal tarcalculate the superheating limits of
liquids (Eberhart; 1973, 1974; Blander and Katz, 1975; letral., 1998) In the 30’s to day,
the Classical Nucleation Theory (CNT) developed antleelynamic and kinetic approach of
homogeneous nucleation to compute metastabilétimifes, valid from the molecular to

macroscopic scales. Since the 1950's, both expetainand theoretical efforts to investigate
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and theorize liquid metastability have been comus) particularly prompted by the
development of industry and technology. The explosivof relaxation processes in
metastable liquids can cause strong damages irde wvariety of industries like underwater
equipment, beverage industry, metallurgy, cryogehie industry, power cyclegFisher,
1976; Blander and Katz, 1973; Baidakov and Skrid®92; Nemec; see also the review in
Debenedetti, 1996, chapter 1 and references theldidespread natural liquid metastability
can also threaten the life of human beings eitirectly (e.g., the nucleation of gas bubbles in
blood: Swanger and Rhines, 1972he role of aerosols in concentrating atmospheric
pollutants) or indirectly, like the highly destriwe phreato-magmatic or metastable geyser
explosions occurring in volcanic settings or geotie areas(El Mekki et al., 2010)
Contrasting with the many negative impacts of ntatds liquids on human activities, is the
fact that tensile aqueous liquids control many m$asle aspects of the biology of living
organisms. Some examples are the succion of sagr uadsion towards the top of trees
(Tyree and Zimmermann, 2002; Pokmah al., 1995) the snappping shrimp@lpheus
heterochaelisvhich generates sountly provoking the nucleation of water. More esséntia
the existence of life is the fact that water inlcaonsists of confined metastable clusters
markedly distinct from bulk water and plays a sfigiant role in the coding of information by
proteins (e.g., Ball, 2006) The exploitation of negative pressure in liquids industrial
purposes is now progressively developing as tedgyak improving and new environmental
challenges are faced. For example, after the ushgeany widely used solvents has been
banned by the Montreal protocole, environmenta&mily superheated water extraction has
replaced the classical solvent extraction techno{egy., Smith et al, 2002)

We here report on a set of kinetic data on temgiter in four synthetic fluid inclusions. They

were chosen for being contrasted in volume, shagresity, chemistry and.R(Table 1).

Tableau 11 : Fluids inclusions descriptions and nmithermometric measurements.

sample |  composition khape density Th(C) TH(T) Th| -Tn(C) |Pn (MPa) volume (um3)
N31-FI6 pure water tubular 0.925 140.3 56.8 83.5 -115 578
N31-FI26 pure water round 0.929 136.6 64.1 72.5 -102 382
N16-FI11 1M H;O-CacCl2 tubular 0.964 204.8 153.7 51.1 -88 3690
N50-FI1  0.2M H,O-NaHCO3 tubular 0.800 283.7 262.2 22 -17.4 9047

The fluid inclusion methodology consists in placimgcrovolumes of fluids trapped in a
crystal on a microthermometric stage and lettingnthevolve along isochoric P-T paths by

monitoring temperature The mineral inclusion metl®garticularly suitable for studying
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tensile water as it allows very easy microscopisenbation of metastable fluids over a wide
range of negative pressures and over consideraleds of time(see Imreet al.1998) It
also yields reproducible nucleation (or cavitatidenperatures (Tn) at controlled cooling
rates (dynamic measuremenBhmulovichet al., 2009; EI Mekkiet al., 2010. Nucleation
pressures (R) in Fl rely on the extrapolation of isochores ithe negative pressure domain
using EOS. FI yielded the most extreme tensile gtrenever reported for water, starting
with the first account bjroedder (19670f highly tensile solutions in nature around -90aP
(see the review on cavitation pressure in supeecbahd superheated water Bgrbert et al.
2006). Recently, Schmulovich et al. (2009nvestigated in detail the effect of solution
chemistry on the tensile strengths of intracrystalivater using synthetic Fl. Despite the fact
FI are particularly suitable for measuring the tiifees of tensile water, only two sets of
kinetic data have been reported so Ereng et al. (1991¢alculated a rate of 2.4 fam=.s*

in one pure water synthetic Fl ai,f>= -140 MPaTakahashi et al. (2002heasured lifetimes
of tensile water inwo natural FI and deduced nucleation rates aral®fdm>s® which
changed by more than one order of magnitude irPtherange 16 - 16.7 MPa. The present
kinetic report is part of a larger study which,asvhole, concerned seven fluid inclusions.
Kinetic measurements were static and consisted lacing the occluded liquid in the
metastable field by isochoric cooling and in mesmurthe duration of metastability
repetitively for 5 to 7 fixed temperatures above thucleation. In some inclusions of the
studied setthe mean lifetimes of metastability either inceshor decreased with time,
indicating renewal or fatigue types of behavioespectively. The four presently selected FlI
showed a stationary type of behaviour, i.e., theamkfetimes of metastability remained
constant with time. Preliminary kinetic data ondiém water in one additional pure water
inclusion (d=925 kg iM; P.ay~ -85 MPa) with stationary failure distributions wealready
published elsewher@l Mekki et al.,2010) In this paper, following the approach of Caupin
(2005), we paid a special attention to the accurdayucleation statistics (see chapitre | in
this volume). Indeed, accurate kinetic data aregemeguisite to our objective, which is to
evaluate the pertinence of aqueous fluid metagtgloNer geologically-relevant timelengths.
This requires extrapolation of tensile water lifetBnmeasured in the laboratory owe©
orders of magnitude! This paper mainly discusseticst@lure measurements in terms of a
generalized kinetic law of tensile water in Fl.drtompanion paper, we shall discuss in more
detail the controlling parameters of metastabitityndividual FI and the consistency between
Tn and lifetimes measurements, e.g., between dynanucstatic measurements on Fl-hosted

tensile water
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1.2 Prerequisite to metastability

[1.2.1 Thermodynamics

The thermodynamic features of superheated water weleulated by extrapolating the
Equation of State (EOS) of water at pressure belevs#tturated pressure. The problem of the
extrapolative capability of the IAPWS-95 equatiemains but seems to be satisfying enough
as already discussed elsewh&pan and Wagner, 1993; Shmuloviehal., 2009) By this
way, we can extend the phase diagram of water dinuju the metastable fields
(supersaturated vapor, superheated, streched peccsoled liquid).

It is worth noting that most equations of state §@Oke the van der Waals equation or the
IAPWS-95 EOS result in the retracing behaviour wka&trapolated in the metastable field
(Figure 55.
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Figure 50 : Pure water phase diagram in (P,T) cdnedes calculated from the IAPWS-95 equation of
state (Wagner and Pruss, 2002), extrapolated attreg liquid pressures in the superheat domain.
The outer lines starting from the critical point neethe thermodynamic limits of metastability
(spinodal). The dotted line is one maximum lineleaton. Three isochoric lines (935, 925, 900,
882.5 kg rif) were also calculated by extrapolation of the AR5 equation.
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[1.2.2 Kinetics

A metastable system has no thermodynamics stabllitg return in the balance requires the
system to reach a minimum absolved energy correbpgrto the thermodynamics balance
state and thus to supply an activation energy. [Hsisone is a barrier of energy necessary for
the starting up of a chemical process of nucleafidre variation of the speed of a chimical
reaction according to the temperature can be destrby the law of Arrhenius, which is
compatible with the theory of collision and withethsterique” effect (every atom occupys

one space and the link between spaces makes aczrsadif the energy) and we can write:

dLnK _ E,
dT _RT (1)

K, the speed coefficient, T, the temperature in KelRR, the constant of perfect gas is equal

to 8.314 J.mol-1. K-1 and Ea the energy of activagiven in KJ.mol-1.

We limited temperature interval and we suppose Haats independent from the temperature
then we can integrate the law of Arrhenius:

K =Zp.explc2) (2)

Z is the collision frequency, the “stérique” fagttihese two parameters constitute the pre-
exponential factor. This law shows that the valu&afas the dominating importance on the
speed of the reactions. Then we can say that tletiora having the most low Ea are the
fastest and conversely those who have the higheatdethe slowest and it is the case in the
metastable systems.

As noted above, a metastable liquid can be suathig traction to a very high degree before
nucleating a vapour instantaneously. In kinetimtgrthis means that the nucleation energetic
barrier is of the same order of magnitude as tleenthl energy kT of the system. This
spontaneous nucleation limit is sometimes calledkthetic spinodafKiselev and Ely, 2001)
When one goes towards PT pairs greater than thosfeedfinetic spinodal, the nucleation

barrier becomes greater than the thermal energyrenkifetime becomes longer.

[1.3 Classical nucleation theory

The classic theory of homogeneous nucleation wasldeed byVolmer and Weber (1926)
and formulated byDoring ( 1937 ) This theory connects the nucleation rate of wita t

properties of surface and interface of volatilaiigyin touch with the host substratum and in
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the metastability degree (Blander and Katz, on 19YBe CNT includes two aspects (i) an
energy aspect and ii) a statistical aspect. (i) flfs¢ point of this theory is the calculation
with constant and minimal and reversible workingperature form a bubble of vapor in a
homogeneous liquid phagédbraham, on 1974; Blander and Katz, on 197AB)hen this
minimal work is realized in temperature and voluceastant the formation of vapor in the
liquid is equal to the variation of free energyH#lmoltz AF (Hirth and al ., on 1970)

When a new vapor phase is formed in the liquidrettae two contributions in the system
change. At first time, the energy decreases bectigsenergy by unit of vapor volume is
more low than the liquid, then it increases exeedgithe interface train between the liquid
and the vapor. Thus we have a competition betweewalume and the surface which have
an free energy with opposite sign. This competitiesults a finished maximum by energy
(Debenedetti, on 1996, Baidakov, on 19@/Hhen the radius bubble reaches its critical value.

(rc = % follow the Young-Laplace low)Then it decrease. The nucleation barrisf)(is

easy to formulate considering that the createdligagl interface related to the nucleation
bubble increases the energy system ty\AR is the radius of the spherical bubble, aris
the liquid-vapour surface tension), while the fotima of the most stable phase provides bulk
energy.(4/3r°AP, WithAP = Riqup — Riarour)-

_ 167°
AF =23 F ©)

i) The statistical aspect of the CNT concerns thelgation rate. The nucleation rate can be

seen as a flow of distribution of nucleus at cailtisize or as a product of a well-balanced
concentration of the criticizes nucleus size nsTdistribution also follows the Arrhenius law
(e.g. Blander and Katz, on 1975; Cole, on 1976)

n=ng exp(—% (4)

No is the concentration of molecules in the liqitirth and al ., on 1970)This relationsheep
(of n) expresses a probability of formation of raud is can be substituted for an equation of
nucleation rate by unit of time and unit of volu(eey. Debenedetti, on 1996)
AF *
o 5
3=3"x¢ KT (5)

whered is the number of nuclei per unit volume per uimte; k the Boltzmann constant , T
the temperaturel’ is a kinetic pre-factor. Le calcul d&%est trés difficile(Maris, 2006)mais

il existe deux methodes possibles pour son estimatia premiéere
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Jo=1f/V, (6)
f a frequency factor (equal to kT/h, , h, the Planchktant), and ¥Ythe volume of the critical
nucleusg(Fisher, 1948; Turnbull, 1949, Maris, 2006)
La deuxieme méthode.g Blander and Katz, 1975 ; Cole, 1976 ; Takahetsai.,2002)
J%=N(y/ mB)"? 7 (
Where N is the density numbgis the liquid-vapour surface tension, B=1 for natien.
According to the Reliability law, P, the probabilibf nucleation in a volume V and during a
given lifetime tis:

P=1-¢" (8)
When P = 0.5, half of the nucleation events hawauwed. The value of t for P=0.5 is the
half-life periodt, or median time:

_Ln@@
== 9)

Thus, the time necessary to create a bubble nudteussersely proportional to the fluid
volume. In other words, if one second is sufficientreate one nucleus in a volume of 1 litre,
more than 11 days were required in a volume of nS8ttistically, almost 32 000 years
were necessary to do so in a volume of 1008, a typical size for interstitial pores in most
natural porous media. This calculation is made ast@nt], namely for a given value &,

l.e., at constant metastable “intensity” and hejengous nucleation conditions (due to
impurities in the liquid or to solid surface singrities). Thus, at constant physico-chemical
conditions, nucleation is an event that becomes i@s the fluid container is smaller. This is
why soil scientists recently proposed that capilfatan occur without meeting the Young-
Laplace condition, and so capillary water and jiscsal superheating properties can occur in
the whole range of microporosity, thus affectinthea large amounts of soil wat@Pettenati

et al.,2008)

The consequences of superheating in natural systemestwice. In contexts of high thermal
anomalies (geyser, phreato-magmatism), the changée fluid properties at the nucleation
event (relaxation of the superheating features) hewe drastic physical consequences: rapid
volume changes at the phase transition, potentadtyompanied by deep changes in fluid
speciation. This implies explosivityhiery and Mercury, 2009a and Bhd massive solid
precipitation (or massive dissolution dependingtbe role of superheating on the rock-
solution equilibria; see alsehmulovichet al.,2009) In dry environments, superheating is a

long-lived process controlled by the aridity of taBmosphere (soil capillarity). The rock-
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water-gas interactions thus involve a superheaiguidl component which modifies the
chemical features of the resident solutighkercury and Tardy, 2001; Mercust al., 2003,
2004; Lassiret al., 2005; Pettenatt al., 2008) Whatever the superheating context, once a
natural system becomes metastable, its effectieeimce will depend on the duration of the
metastable state, as both chemical and heat exebaslgo require long time to be fully
achieved.

1.4 Samples

Two of the Fl-rich quartz samples selected for #tigly were synthetized following the SFI
experimental technique described 8gmulovich and Graham (2004nhd were previously
studied byShmulovich et al. (2009)Sample N50 containing 2@ - 0.2M NaHCQ FI is
presented here for the first time. It is a quaregacrystal which was originally synthetized
for performing neutron diffraction analyses of nstédle liquid water, A specific feature of

this crystal is to present a wide outer growth al&r@long the c-axis, with a high FI density.

Four inclusions were selected in these 3 quarsplaying different chemistries (pure water
and aqueous solutions) and variable densitiegréiit volumes and shapes, and also variable
tensile limits in the range 17 to 115 MPa (3aéle §.

[1.4.1 Pure water Inclusions

We chose two pure water Fl in quartz fragment N@ithetized at 750 MPa, 550°C for 13
days. This fragment is approximately 450um-thick @mim-wide. The selected inclusions
were located ~ 80um-deep from one crystal faces 15-a 20pum-long and 4pm-wide tube
(fig.2a), with a volume of 570 uin IF-26 is rounded and its volume is smaller (Elig;
Table §
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Figure 51 Microphotographs of the pure water (a andand aqueous solution (c) dilute 1 mottkg
CaCl, and 0.2 mol.kg NaHCQ, synthetic fluids inclusions a:N31-Fl 6 (x50)andNiB1-FI 26 (x80)
and c:N16-FI 11 (x50) and d:N50-FI 1 (x32).

Il.4.1.a 1M H20- CaCl2 FI

SampleN16 was synthetized at 750 MPa, 650°C for 8 daythénpresence of a.B@-1M
CaCl solution. The selected N16-11 FI is tubular (Fig.Rablel) and located 130um-deep
into the 380 pum-thick quartz host.

11.4.2 H,0O- 0.2M NaHCO;Fl

Sample N50 was synthetized at 750 MPa, 700°C, 3addls in the presence of atH- 0.2M
NaHCG; solution. It was part of a originally pluricentimietquartz monocrystal from which
a ~1 cm - thick isometric fragment was first sardpl€he crystal core contained scattered
elongate to more isometric secondary Fl with evigsnof ‘necking down’ (Fig.56d, 56e).
The newly-formed growth zones contained a densearktef pseudo-primary FI distributed
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in 3 levels over the whole crystal thickness. Thgsta growth zones displayed high
liquid/solid ratio, with huge, tubular FI displagrvariable lengths and widths (between 50 to
300 um and 5 to 50 um, respectivelyg. 56). All FI, whatever was their location in the
crystal, displayed the same degree of fill ~80 wwu% (Fig.56d, 56e, 56f). The kinetic
measurements on inclusion N50-FI 1 were performe@o1 x1 mm quartz prism. This FI
was tubular, 12 pm-wide and 80 pm-long (bulk volum8000 pr), located ~50um deep
into the crystalig. 56d).

1.5 Methods

The chosen experimental technique to investigatdigjued metastability field is based on
fluid inclusions. It consists in submitting microtme volumes of fluid trapped in a

monocrystal, quartz in our case, to heating-cootyjes(e.g. Shmuloviclet al.,2009).

11.5.1 Microthermometry

Apparatus, The selected quartz fragments were placed o060au2n-thick 1.6 cm- wide
rounded glass window lying on the silver block lod LLinkam heating-cooling stage, with the
selected FI always placed as close as possible finensilver block . Phase changes in the
inclusions were observed using an Olympus BHS mape equipped with a x50 LWD
Olympus objective. Temperature was measured usicigss B Pt 100 thermistance, which
has an intrinsic precision of 0.15° to 1.35°C betw@° and 600°C. Temperature was sampled
~ every 400 ms by a Eurotherm 902 controller whithwas analogic output. The temperature
cycles of the stage (heating-cooling rates and ésatpre steps) were controlled using a
Labview computer progrargsee El Mekkiet al,2010 for more detailsPhase changes were
recorded using a Marlin black and white camera (GVRIB" sensor, 1280 x 1024 pixglat

a rate of ~ 13 frames/s, limited by the data trassion rate between the controller, the
computer and the stage. Temperature and time weéegrated on the video image. The
images were commonly compressed using the MPG4ccobeééore storage on the PC.
Sometimes, the images were stored without compnessithe vicinity of Tn in order not to
degrade the image information. All T measurementseweade by going through the video
tape. Given that the heating or cooling rates amdee measuring the phase changes were
slow (~ 1°C or 2°C/mn), temperature remained unghdrwithin £ 0.1°C over 3 to 4 images

and the change occurred within one image on teoviage.
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[1.5.2 Calibration

The stage was calibrated between -56.6° and 5734 & reference temperatures. The
standards used were natural and synthetic FI (mgefioint of CQ at -56.6°C; melting point
of ice : 0°C); ceramics (solid — solid transiticats37° and 47°C in CsPh{nd at 180°C in
Pls(PQy)2;salt: B/y — a transition at 147°C in Agl and subsequent melah§57°C;mineral :

a / B transition in quartz at 573°C. Based on calibratitthe precision on the measured

temperatures is around +1°C over 50° to 60(BMekki et al.,in prep)

[1.5.3 Th and Tn measurement.

The homogenization and nucleation temperatures Weyecharacteristics of the studied FlI
(Th and Tn, respectively). Th is the disappearance¢eature of the last drop of vapour in
the cavity (at Th, the saturation conditions are)miat (Tn < Th) is the measured temperature
when the trapped metastable liquid becomes diph@simarks the end of the stretched
metastable state).

In order to carefully select the inclusions for édic studies based on their volume, shape,
position in the crystal and metastabilty range,uat®® FI per sample were measured in each
of the studied samples. Every measured Fl was jptgdecated in the crystal in terms of XY
and Z, the latter parameter being measured reladiaecarefully identified crystal face.

The FI were heated at 30°C/mn up to Th-30°C. The mgatite was then decreased at 20°,
10°, 5° or 2° C/mn when Th-20°, Th-10°, Th-5° weractead, respectively. Th was then
measured at a fixed heating rate of 1°C/mn (Th nreasent : path 1 to Fig. 57).

Tn measurement (paths 1 to 4 and 4 t6i§, 57). After having reached Th, the Fl is further
heated by 5°C along the isochore, in order to tiresany micro to nano bubble that could
have remained attached on the FI wall. The effigievfcthis procedure to limit subsequent
heterogeneous nucleation was demonstratedhme et al. (1988and later recommended by
Imre et al. (1998)The FI was then cooled from Th+5° C to ~ 15°C abbweat 10°C/mn.
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Figure 52 : PT pathways followed by a fluid inclusiheated from ambient conditions (path 1 to 4)
then further cooled. Photomicrographs show the sssive occluded fluid states observed. The bold
curve is the saturation curve and the stars qutlitdy represent the temperature steps choserhfor t
kinetic study.

The Tn values of inclusions N31-6, N31-26 and N16a&te measured at a rate of 2°C/mm
and that of FI N50-1 was measured at 5°C/mn. Weandothat Tn measurements were
unchanged and reproducible for any cooling rats tasn 5° C/mn. The breaking of the

metastable liquid was observed to occur within s0.5

[1.6 Kinetic study

Two stages were mobilized night and day for thiglgtdor about one year and 6 months,

respectively.

[1.6.1 Lifetime measurements

The procedure was the same as that for Tnh measurerecept that, during cooling, the

inclusion was stabilized at 4 to 5 different tengteres above Tn (paths 1 to 4 then 4 to 5,
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Fig. 57). The inclusion was thus kept metastable at eacthede temperature steps until
nucleation occurred. The lifetime of metastabilitgsvnoted. The starting point of each
experiment was determined on the video tape astrdresition point between the rate-
controlled cooling path and the stabilized tempegastep. Given our slow cooling rates (2°
to 5°C/mn), temperature was stabilized within ~1 (h®r 2 images). Between each kinetic
data set, Th and Tn were measured again in ordehéckcthat the FI had not been

significantly changed (5 Th -Tn measurements at timenmam).

11.6.2 Optimisation of the number of lifetime measurementsat each T-step

Let A=J.V andt be the mean metastability lifetime=(/A, then a confidence interval can be

calculated under the exponential hypothesis wighkthi-square distribution:
VA0 X5 o <UA<UA2N] X5soaro ©)

where n is the number of experiments aﬁldrepresents observed values ands the
exponential decay constant. We shall further seefaaient resampling method that still
gives more reliable confidence intervals.The thecsietmeantime confidence interval as a
function of the number of experiments n has beedeited in the case of exponential decay
using equation (9) Kig. 58. This interval is dissymmetric and becomes tighasr n
increases. The experimental effort is very efficigptto n=15, efficient from 15 to 30. Larger
n may have utility up to 60, depending on the kif@xperiments, but about 25 observations

were necessary to get precise enough intervals.

O TINF
X TSUP

Figure 53 : 95% confidence interval of the estindateean lifetime t in function of the number of
experiments (exponential distribution). Case t=1répresented; other values were deduced by a
multiplicative factor t.

158



Chapitre V : Durée de vie de la métastabilité

11.6.3 Statistical tests of nucleation rate stationarity

[1.6.3.a Moving Average (MA) visual test

We used a weighted six points MA smoothing to chedually that the mean lifetime
remained stable during the overall experimentaktibata were kept in experimental order
and the weigths are (1, 2, 4, 4, 2, 1). If the eatbn rate seemed to vary, the following tests

were performed:

[1.6.3.b -Non parametric Kolmogorov-Smirnov (K-S) test.

Data in experimental order were partitioned imo sub-series (T1 and T2). Then the K-S
test calculated the differences between the two utatime histograms and gave the
probability p for equality (no difference) A p-valuw 5% means that the difference between
T1 and T2 cannot be proven, whereas a p-value < S5&ngnthat there is a significant
difference between T1 et T2 cumulative curves.

11.6.3.c Fisher test on ratios of mean lifetimes or nucleai rates

This is a more efficient test than K-S to test ratibn rate stationarity. When experimental
lifetimes are exponentially distributed, the medetime follows a Gamma distribution which

is closely linked to Khi-2. Then the ratio of two ame lifetimes follows a Fischer F

distribution. Because F is symmetric we indiffehgnised T2/T1:"1T1MT2 or T1/T2. The test

is bilateral and gives a probability value for égyaof T1 and T2. If p < 5%, then T1 and T2
differ significantly. IF p > 5%, the difference beten T1 and T2 cannot be confirmed and we

admit that the lifetime is stationary.

11.6.3.d Test of Weibull against Exponential distribution.

Weibull is a larger model than the exponential ombere the rate increases or decreases
during observation time, depending on a form patamé&xponential is a special case when
the form parameter is fixed to 1. In this case,kelihood Ratio Test can be driven. Given
LLe and LLw the respective Log-Likelihoods of the tmodels, the difference 2*(LLw-LLe)

is Khi-2 distributed with one degree of freedom. dézide that Weibull better describes the
data when 2*(LLw-LLe) exceeds Khi-2(0.95,1)=3.84.
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When the experimental data sample successfully ieatigh these tests, the nucleation rate

was considered as stationary.

[1.6.4 Statistical methods of estimation

11.6.4.a Maximum Likelihood estimation.

It is a popular statistical method used for fitteng underlying statistical model to data, and to
provide estimates for the model's parameters. dnctise of the Survival law, the Likelihood
function is equal to the joint probability of theserved survival times. Parameters are tuned

so that this probability is maximised (in practitieg log-likelihood is maximised).

[1.6.4.b Linear regression estimation of.

Various linearization techniques exist like protifpplots. They are used to visually check
the model or to give pre-estimates of the parammefeig. 59 g and h represent Cox diagrams

given by Systat)

11.6.4.c Model estimation of confidence intervals.

Under the exponential distribution of lifetimestheoretical interval of the mean lifetime can
be estimated with the Khi-2 distribution equati®.(
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Figure 54 :.Statistical tests. Fig 6a: Le « smoathk» c’est une Moyenne Mobile pondérée faite sur
six valeurs pour vérifier si la moyenne varie awisode temps. Fig 6b: Kolmogorov-Smirnov Test
Statistic. Fig 6¢: Fisher test statistic. Fig 6dn bootsrap pour toute la série de meure. Fig 6a: U
bootsrap pour la moitié de la série. Fig 6f; Undbsrap pour I'autre moitié des mesures de la série
Fig 5g: Ajustement de la fonction exponentielley 6§: Ajustement de la fonction weibull.
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[1.6.4.c.1 Bootstrap method for estimates and confidence inteals

It is a special case of Monte Carlo simulation. Tinst underlying principle is that the
sample of measurements is the best representatomawve of the distribution law. The
second is that these measurements are equiprobatlgherefore exchangeable between
them. Bootstrapping is very useful when the prolighdistribution is unknown or differs
more or less from the theoretical one. It is esghcefficient in the case of small sample
sizes. In the latter case, the bootstrap distidouts complete but the number of simulated
samples increases very quickly with 1)(rOtherwise it creates a large number of simulated
samples by random sampling with replacement. AdednBoostrap methods add a bias
correction of the estimates under the unknownitigiion. In our case, let n be the number of
measured lifetimes. n random sampling with replaa@mwere performed and a mean lifetime
was calculated. This procedure was repeated 10i0@3.t The mean value of the Boostrap
distribution yields an optimized value ofAlMwhereA is the decay constant of the Survival
law. The 95% confidence interval is defined by th&es which limit 2.5% of the histogram

surface area to the left and to the right.

1.7 Results

11.7.1 Microthermometry

Our Th-Tn measurements on samples N3land N16 wesastem with the ones published
by Shmulovichet al. (2009) Th and Tn were interpreted in terms of density tertile
strength, respectively, referring to the same EQS3ha& ones used b$hmulovichet al
(2009. The IAPWS-95 “official” pure water EOS was us@®¥agner and Pruss, 2002)
Density - tensile strength calculations for thgOHCaC} synthetic FI was based on the
software  available at the Duan Research  Group :(itipw.geochem-
model.org/models/h20_cacl2/index.htm, detailDwman and Mao (2006)On Figure 3, the
reference spinodal curve for the latter Fl is thlapure water displaced at constant shape in
order to fit with the critical point of a #-1M CaC} solution (Shibue, 2003)
Microthermometric measurements in thg2H 0.2M NaHCQFI-1 were interpreted referring

to the IAPWS-95 pure water EOS for lack of more appate volumetric data.
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11.7.2 Samples

N31 Th’s measured on 20 Fl were between 136° and 148the interpreted metastability
range was between -38 and -115 MPa (52° < Tn < 1)165i§. 56). Th's on these pure water
synthetic inclusions define an average density2% By m®. The tubular larger volume IF-6
inclusion displayed a similar tensile strength lagt tof the rounded smaller volume IF-26,
namely -115 and -102 MPa, respectively (Fig.Zaable 1). Inclusion N31-6 enlarges the
range of tensile strengths reported for pure watédrom sample N31 byshmulovichet al
(2009)

Sample N16The 20 FI measured in this sample yielded 187° < P00.7 °C, 145.1°< Tn <
152.4°C). These results fix the average fluid dgnisitthis sample at 964 kg fand the
range of tensile limits between -58 and -92MPapeesvely. FI-11 chosen for kinetic
measurements is a large tube with sharp anglea antlime of 3700 pfnlts tensile strength,
was deduced at -80 MPa from its measured Tn at AG3iiAtermediate between that of the
pure water Fl and of the-B - 0.2M NaHCQFI.

Sample N50This sample with bD-0.2M NaHCQ FI is studied here for the first time. It
yielded higher Th- and Tn-values than any other sarsghthetized byshmulovichet al
(2009) Its Th's and Tn’s, ,(283.7°<Th<283.9°C; 262.1°< TGE2A°C) characterize an
average fluid density of 800 kghand a range of metastabilty between -16 and -2&.MRe
selected inclusion N50-FI 1 has the lowest deraity tensile strength of the 4 FI studied in
this paper Table 1).
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Figure 55 : Properties of samples 31 pure wated 46 dilute 1mol.k§ CaCl fluid inclusions. Figs
3a and 3b: Distribution of Th and Tn measuremerftssample 31 inclusions. Figs 3c and 3d:
Distribution of Th and Tn measurements of samplend¢kisions. Fig. 3e: PT conditions of nucleation
of samples 31 inclusions (triangles) and N16 (eis3] with the average corresponding isochore (d =
925 kg i) for pure water and the average corresponding fewe (d = 964 kg ) for CaCh
extrapolated in the metastable field. The PT puatewphase diagram, the isochore and data points
were calculated after IAPWS-95 EOS. The thermodimapinodal of CaGl (The dotted line) is
calculated afteiShibue (2003)The dark wereas and arrow indicate the positibthe studieds N31-6
and 26 and N16-11 inclusions.
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[1.7.2.a Description of nucleation processes.

Nucleation is a very complex and quick process oouy within about 1/3s corresponding to
about 5 or 6 images on our Marlin camera. The ntiolegrocess was recorded at least 130
times in the 4 selected Fl. Based on a synthesal alur observations during dynamic and
static measurements, we can say that nucleatidm & always marked by a rapid ‘jerk’ on
the video image accompanied by a short perturbaifotine temperature-recording device.
Then, bubbles most generally coalesce in the nastopaet of the cavity. In negative crystal-
shaped FI, bubble movement and coalescence isotledtrby crystal edges. About 50
nucleation sequences were recorded with a highdspaera (200 images/s). The onset of
nucleation was never observed even on recording & 900 images/s with a restricted field
of view. When nucleation occurred at T>Tn, the nuad@aprocess was all the shorter and the

more limited in extent in the cavity volume as temgture was far from Tn.

[1.7.2.b Th and Tn reproducibility

Measurement reproducibility was as the whole gedathin a few tenths of degrees. This is
particularly true for the 4 selected Fl, for whiwk have more than 30 Th et Tn measurements
A shift in Tn was only recorded once in sample N316FThis sample was continuously
maintained in the metastable liquid field for abouoe year, starting with experiment on FI 7
in February 2008El Mekki et al, 2010)and continuing by experiments on FI 6, then FI 26
and back to FI 7 from July to February 2009. Tn lif6 fvas measured at 52.1°C repetitively
in winter 2006, winter 2007. During kinetic expeants on FI 7, FI 6 was superheated for 6
months 30°C above its Tn. In July 2008, its nucteatiemperature had shifted by 4.7°C
corresponding to a 3.7MPa decrease of its tensi. |Its Tn subsequently remained
unchanged (56.8°C).

[1.7.2.c Explosivity

We here report about an unconventional kineticeerpent on metastable liquid water in a —
1 cnt -sized N50 quartz fragment. which probably leadh first explosive accident ever
occurred with a microthermometric stage. The chgeeam volume was that required for a
neutron diffraction study of tensile water in inglons. A preliminary microthermometric
study was necessary to measure the Th's and Tn’BeofL, and to evaluate the range of
tensile strengths of trapped liquid water and iitstimes. In order to determine the latter

parameters, the prism was directly placed on tlerdblock of the stage. A 200 um- long and
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20um-wide FI exhibiting a Th at 298°C and Tn at’Z3@ensile strength ~ - 17 MPa) was
placed at a tensile strength of MPa (Tstep= 288M0) a first lifetime of about 16 hours was
measured The second kinetic measurement, requirgdtenance of the experiment
overnight for lack of nucleation. The next mornimgg found that the sample and the glass
window were fragmented into pieces, the thermistaacd the ceramics had molten, the
temperature controller was damaged. Probably,atgelvolume of liquid water insufficiently
confined into quartz was the cause of the explobeaviour of metastable water in this
sample. Also, it is possible that quartz has aelesssistance to traction around large FI*10

.

[1.8 Kinetic results

[1.8.1 Statistical treatment of lifetime series

Let Tsep be the temperature above Tn at which an inclussostabilized in the metastable
liquid state. Letgbe the time at which the temperature step begjins taken as 0) and* ty

the time at which the vapour nucleation event aecluet t = ¢ty be the metastable state
lifetime. The variable t is continuous and charazeést by a density probability function f(t)

such that:

ﬁfut)m=1 (10)

According to the Classical Nucleation Theory, th@etgive formation of nuclei in a
metastable liquid can be considered as a sequénondependent events and the distribution
of lifetimes shows an exponential decregsee also Takahaséi al.,2002)

This implies that the density probability functid) fof the nucleation event is:

f(t)=Axe™ (11)
where is the exponential decay constant.

If X is an exponential random variable, the probgbithat the vapour bubble nucleates

within lifetimet is:
P(X<t)= J';/]e‘”xdx =1-e™ (Exponential Failure distribution) (12)

The probability of non nucleation of the vapour biebhithin lifetimet is thus:

P(X >t) = e™ (Exponential Reliability (or Survival) distributipn (13)
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The exponential distribution has some major featukédse the radioactive decay rate, the
nucleation rate is constant. The lifetime t doesdeygend on what happened before, i.e. the
resistance to nucleation of a bubble at tigy@des not depend on its resistance history before
to. The nucleation is a process “without memory”. Tilyige of behaviour corresponds to the
stationary hypothesis of the CNT. After reviewingrngokinetic behaviours of inclusions, it
was deduced that the exponential distribution ef etastability is not always verified. In
one case, we observed an increase and in anotldecraase of the lifetime along the
successive experiments. For materials reliabilitgorresponds to improvement or fatigue,
l.e. the lifetime depends on history. The widely dud&'eibull distribution has a second
parameter that measures this fatigue. The randomblarX follows a Weibull distribution of
second paramet@ if X is exponentially distributed®< 1corresponds to improvemeft>1
corresponds to fatigue.

We used SYSTAT 12 statistical software to check tkporential distribution of our
experimental data. A series of tests were appbedlltkinetic data sets of every studied FI.
They were illustrated on Figure 6, with the statetireatment of kinetic data at$=152.2°C

of inclusion N16-FI 11

11.8.2 Statistical tests for stationary nucleation

The consistency of all lifetime data sets to an eeptial decay law was verified on statistical
grounds for the four selected Fl. For examgieetic data of inclusion N16-FI 11 best
fitted the exponential decay law, as illustratedragure 6 for the 152.2°Cgf, Smoothing of
the data (continuous curvgjg. 59) only showed random fluctuations and no increase
decrease of the duration of life with time .Alsbese kinetic data near perfectly fit with the
cumulative distribution function of an exponentiaw. The calculated p-value of the
Kolmogorov-Smirnov test ~ 0.6 means that there @086 chance to be wrong on stating that
this data set is not stationary. The survival pfotstwo sub-series of the considered N16-FI
11 Tsep appear visually coherent as their distributionscfions overlap Kig. 55¢). The p-
value of 9% and the value of 14%, show that the subseries cannot be discriminated
Figures. 6d, 6e and 6f illustrate the results ef Monte Carlo simulations on the entire data
set. The slight dissymmetry to the right of the nitisitions is characteristic of the Gamma
law. In the case of inclusion N16-FI 1, the fita@xponential distribution is perfeéig. 59)

whereas the fit to a Weibull distribution is of des quality Fig. 5%) All lifetimes series
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collected on our four FI have been shown to be isterg with an exponential decay law and

and stationary.

[1.8.3 Mean lifetimes and nucleation rates.

Measured mean lifetimes of metastabilty,{ and calculated nucleation rates,{Jat each
Tstep for every studied FI are reportedleble 12 Measured mean lifetimes in the selected
Fl are between - 50 and 63000s. Negative values wietained, corresponding to relaxation
of the tensile liquid occurring during the dynancmoling part of the PT path (path 4 to 5,
Fig. 57). These values were considered to be related tihanphysical process than the one
studied at fixed Tstep>Tn, they were therefore repcas well as the zeros. In every FI, we
tried to measure lifetimes of tensile water as &las possible to Tn. All our data however,
were measured at 0.5°C from Tn or above (N31-FI&b MBO-FI 1,Table 13. For instance,
50 % of measured lifetimes at Tn+ 0.5°C in FI 6 weegative. Closer to Tn, a majority of
data were negative and had to be rejected. Ocadlipnegative times were measured at
Tn+1°C or Tn+2°C. Mean lifetimes in the studied Figad up to 24860 s (7 hours) at 7.5°C
from Tn in N31-FI 6 to 63000s (~17 hours) at 6°@nirTn in N50-FI1. However, due to the
high variability of measured lifetimes, some Flegfively nucleated after one week or more

at similar T-steps. The uncertainties shown in Feglare 50% confidence intervals.
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Experimental data & interpretation CNT model
samples Th Tstep Pstep AT Loy ¥ Jexp JICINT) AF+ELT =
*C) (*C) (MPa) (s} L(mNml) (m.51) (m.51) CNT (CNT)
N31-Fla 140.30 BB -114 .66 1] - TE31 - 1.81E-19 133.55 2.5E+35
Ph 73 -114.19 0.5 192 TE.la Q01E+12 1.a0E-19 13387 QAE+3S
0.36 383 S113 24 1.5 359 T7 o0 4 BRE+12 QE9E-20 13421 1.7E+346
Vim3) [ -108 87 fi 150 Ta Tl 242E+11 TaTE-21 13673 2 1E+37
5.78E-16 643 -107 .22 7.5 242a0 Ta il f.96E+10 2.97E-21 137 68 5.4E+3T
MN31FI 26 Th
138.8 ad.1 -102.41 1] - Ta 2l - 1.26E-18 154.668 21E+43
Ph({MPa) A5 1 -101 41 1 187 Th 5T 1 40E+13 4 51E-20 15569 5.8E+43
0.3z a1 -1o0 32 2 208 T 31 1 26E+13 1.17E-20 15704 2.2E+44
Vi(m3) a7 6 BET 3.5 4000 T373 A 54E+11 3.B2E-30 15777 4 GE+44
3.82E-18 a9 .1 -Ha 87 a la700 a4 1.57TE+11 a.41E-31 15995 4 1E+45
MN16-FI11 Th
1991 149.2 STEO7 1] - 5734 - 1.33E+02 B3T75 2.0E+12
Ph(MPFPa) 151.2 -T4.89 2 412 saEl A 58E+11 1.85E+00 o003 1.5E+14
1.44 152.2 SF33 3 2429 e 52 1.09E+11 1.97E-01 03228 1.4E+15
Vim3) 153.2 7L 4 14550 56 07 1.86E+10 4.31E-02 93 20 5.3E+15
3T7E-15 1552 -REA3 fi A3000 5544 4 Z0E+09 345E-04 0% A3 T7.3E+17
N50-FI1 Th
2837 2622 -17.4 1] - a7 .17 - 501E+05 Ti75 2.2E+02
Ph(MPa) 2.7 -lag 0.5 26 2701 4 2TE+12 3.95E4+04 2029 2.8E4+09
6.782 2632 -16.25 1 a0 26 26 1.12E+12 3.T2E+05 22 66 3.0E+10
Vim3) 837 S157 1.5 24a7 a6l 4 S0E+10 f43E+02 2442 1.7E+11
QE-15 2047 -146a 25| 3Tas2 20 2R 2.95E+09 3.38E+H00 20 AT 3.3E+13

Tableau 12 : Experimental microthermometric measwets on the 4 inclusions, as a function of thestatice” to the Tn value. les données
expérimentales i Tn, Tsep Tstep Tny €S durées de vie expéerimentalésy( et on a déduit un taux de nucléation expéerimendg,avec I'eéquation 15. The
water-vapor surface tensigpfollows the “official” IAPWS equation. Les calculBNT de facteur pré-exponentiel (J°et J°') calcaléec I'équation 6 et 7

respectivement, J selon I'équation 5Adt a partir de I'équation 3. On a calculé ensuite d&ls expérimentaux&F exp) et déduit les rayons critiques selon

la loi de Young-Laplace.Calculations.
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1.9 Interpretation and discussion

Variations of logf) and log(J) as a function AfT i.e., (Tstep-Tn) andP, i.e., (Pn-Pstep) are
shown in figures 61 and 62, respectively. In arieapaper, kinetic data for one FI were
already plotted as a function AT (El Mekki et al.,2010) This is because Tn represents the
tensile limit of every Fl, it is the lower boundan§ the metastability field for the considered
trapped fluid. It separates static from dynamic as&bility measurements. For each Fl,
measured log(and log(J) as a function &T or AP plot along a straight line, a behaviour
already observed over 6°C on a pure wate(BFIMekki et al., 2010) The log f)-AT plot
(Fig. 61) only shows rough uninterpreted data. Also, sitieT's are extensive variables,
(they depend on the FI volume; e daris, (2006), this plot describes each FI individually..
The data of every studied FI plot along a straitgh.|The plot appears fan-like, because the
slope of the straight lines becomes all the steapéehe inclusion fluid is less tensile (N50-FI
1). This means that the lifetime of metastabilitgreases as the fluid is less tensile. Also, the
log (1) at Tn are all the smaller as the slope of thagtitdine is steeper (as the fluid becomes
less tensile). The validity and significance of thameasuredr at Tn, as well as the

controlling parameters of metastability in indivaddr1,will be discussed in a second paper.
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On Figure 8, calculated nucleation rates are pladgie a function oAP, the latter parameter
being derived using the IAPWS-95 or theian and Mao (2006tOS. Note that the J's are
specific variables, since the calculated ratenarenalized per unit volume. The J’s illustrate
the general behaviour of metastable trapped liguidsclusions, independently of the size
and shape of the cavities. The log4P projection more readily illustrates a specifiattee

of the limit of tensile water in FI : the convergenof the J's towards a statistically defined
unique value at Tn. This strongly suggests thatithe bf tensile water in any Fl occurs at a
fixed nucleation rate ~1&m=.s™.

The two FI which showed the most extreme tensilengtths in our selection (-115 for the
pure water N31-FI 6 and -17.4 MPa for the NaH@®aring N50- FI) yielded the flattest and
the steepest line of the log(dP or log(J)AT plots, respectivelyHig. 61). These two FI have
similar shapes, but they have very contrasted vetuand densities. N31-FI(El Mekki et
al., 2010)and N16-FI 11, which exhibit the same tensilergjtle, plot along same line on
Fig. 61, despite the fact they have different chemistfjese water and a 1M Ca3olution,
respectively), different densities and volumes (226 964 kg rif; 8600 and 3700 pin

respectively). These results suggest that the dbéngygparameter of the'% slope is the

tensile strength of the liquid Pn and not density Bl chemistry, even though the lines are
isochoric not strictly isobaric. The slope K of tteaight lines representative of every Fl was
linearly fitted as a function of Pn according tee tequation K= 4.37-0.03*Pn. Note that
previously published lifetimes on pure water Falgo originating from sample N31, fits with
this equation. Thus, a generalized law for nuabeatates of tensile water in quartz-hosted Fl
can be proposed as follows:

Ln J= Ln [J(Tn)] +(4.37-0.03*Pn)*(T-Tn) with J(TA) 10" s> m>and Ln [J(Tn)] ~ 31
The only parameters controlling this kinetic law,atleast within 10MPa from Pn, the P, T
and J at the tensile limit of the inclusion fluith, Pn, J(Tn).
The inset in Figure 8a, reported bgbenedetti (1996, p. 183after calculations bkripov
(1974) can be used as an aid to comment on the_IN§ plot. This inset shows nucleation
rates of diethyl ether projected along isobari@diras a function of T. The lines converge
towards the critical temperature of diethyl etremqund 193.5°C, i.e., towards an invariant
point of the phase diagram. This point is charaoteriby constant P and T, constant J, the
vanishing of the liquid-vapour interface and of te&ated nucleation energy barrier. Big.

61, the J's of metastable water in FI (i;e., alomacksoric lines) converge towards a constant

value of J, P and T at this saturation point arePthes and Tn’s, all different for every FI. On
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the other hand, this convergence point in FI cpmads to a metastability limit and not to an

instability limit: an interface is present, corresgding to a non null energy barrier.

[1.9.1 Comparison between measured mean lifetimes and CNaredictions.

Classical Nucleation Theory still remains a widelsed reference model for metastable
liquids (Xiao and Heyes, 2002; Oxtoby and Kashchiev, 188henedetti, 1996 ; Schmelzer,

2002 : 2005 : Maris, 2006 ;Herbegt al., 2006: Vehkamaki, 2006)n Table 12%were

calculated at Tn and at the different Tsteps for 4hstudied Fl. Surface tensions were
calculated using IAPWS-95 and taking in account toerection for interface curvature
proposed byMelrose (1968) The &nt's were then calculated using the exponential ptefa
proposed byrurnbull (1949, 1950andFisher (1948and hence thecnt werededucedTable
12 shows that the mean lifetimes calculated with @\T, comprised between 3@ 10°s,
are outside the range of experimental data. Weqeesstion why CNT fails to predict our
kinetic data, whereas it was shown to correctlgulake the superheat limit of water at 302°C
measured bySkripov (1974) and also the tensile strength of -140MPa repopyedheng
(1991)in one pure water FI at 45°Caupin and Herbert, 2006} his is because nucleation
pressure is a less sensitive parameter than miegimés for testing the CNT. Indeed, our
experimental nucleation pressures are roughly &xipely calculated with CNT (taking in
account the correction of curved interfataple 13wheras tha’s are widely overestimated.
Surface tension is a critical parameter to accémmliquid metastabiltyBalibar and Caupin,
2002) Besides, calculate@dnr’'s are very dependant on surface tenggee Davittet al., in
prep.) We have therefore tested if CNT predictions arueerental data could be reconciled
on varying they's. The results were shown irable 13 For N50-FI 1, with the lower tensile
limit, CNT, predictions and experimental data areyvelose, there is nearly no need for
adjusting th¢'s. By contrast, the higher the FI tensile limit the more the/s have be
modified for the CNT predictions to fit with the dafTable 13presents the CNT model that
has been successfully fitted on the experimerigalThis model can in turn be validated on
another independent measured parameter, nuclgagssures, which it perfectly reproduces
(Tables 12 and 13). Dawvitt et al. (in prep.),considethe CNT as a priori valid, then fitted

the surface tension of tensile water so as to phpmalculate an experimental Pn. In this
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study, by combining independent dynamic and stagasurements on tensile water, we could

further validate the fitted CNT model on anotherexkpental parameter.

Tableau 13 : Surface tension parametgiesdjusted on experimental mean lifetintesst Tn and every
Tstep for the four Fl. The Table also shows redaled AF*/kT, J values anducleationpressures R,

samples T recalculated y recalculated recalculated JE13 Penr @t Tn
(s) (mN,m‘l) AF KT AF* E-19(J) (m'3.s'1) (MPa)
N31-FI 6 130 60,03 60,17 2,74 1 -119,6
TatTn (s) 192 60,02 60,57 2,76 0,9
130 359 59,96 61,19 2,8 0,5
7150 59,62 64,19 2,98 0,02
24860 59,49 65,45 3,05 0,007
N31-FI 26 36 55,55 58,48 2,72 7,45 -105,7
TatTn (s) 187 55,76 60,13 2,81 1,43
61 208 55,45 60,24 2,82 1,28
4000 55,82 63,19 2,97 0,06
16700 55,63 64,66 3,05 0,01
N16-FI 11 53 51,3 61,39 3,58 0,5 -82,0
TatTn (s) 412 50,5 63,43 3,71 0,06
23 2489 50,37 65,23 3,83 0,01
14550 50,12 67,01 3,94 0,001
63000 49,09 68,48 4,05 0,0004
N50-FI 1 4 24,9 59,87 4,42 3 -24,4
TatTn (s) 26 24,75 61,77 4,57 0,4
4 99 24,55 63,14 4,67 0,1
2467 24,56 66,29 4,91 0,05
37652 24,1 69,08 5,13 0,0003

We can confidently calculate the constant energy’etr% ~ 60 for the formation of critical

nuclei in tensile liquids trapped in Fl. The facistbarrier significantly above zero confirms
our previous statement that nucleation conditionEliare not an instability limitAF*#0).

Finally, we can conclude that, on simply changing\{s, our experimental linear fit of the
J's with T can be made compatible with the CNT modeis is not straightforward as the
theoretical J's are expressed as an exponentelcoimplex function of T. This point will be

justified in part Il paper.
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[1.L10 Conclusions and geological implications

This paper has shown that, with a careful analyficatedure and an appropriate statistical
methodology, microfluidic systems like fluid inclaas can easily provide good quality
kinetic data on tensile water. Nucleation ratesta2.4 16> m’s* were measured for
metastable liquid water at positive pressure atehgperature of 302°C by the pulse heating
method (Skripov, 1974)jThis paper reports measured nucleation rates dfiléemwater in
synthetic FI of~ 10'* m®s™. These values are inconsistent with the rates of B’ m’s*
previously measured in the tensile domain by Takahetsal. (2002) in 2 natural Fl and they
precise the value of 2.4 ¥om®s? calculated with the CNT b¥heng (1991)n one FI at -
140MPa and 45°C. With our set of data, we were @blalidate the CNT model on simply
changing surface tensions. This fact probably imtlyegproves that measured nucleations in
FI were homogeneous, since CNT strictly appliesaimbgenous nucleation. So far, the only
objective criterion we had for homogenous nucleati@s the fact that our Tn measurements
were reproducibléimre et al.,1998)

Our measurements demonstrate that nucleationatf&s are constant in any Fl, whatever its
volume, chemistry and fluid density, and at any<d0t<280° and 17<Pn<115 MPa. Thus,
the fluid inclusion method to study metastabiliéyvariant of the Berthelot’'s method) appears
a constant flux method, in contrast to many othveingch are either high flux or low flux
methodgEberhardt, 1973; Eberhaet al., 1974; Debenedetti, 1996from the constant value

of J at Tn(110** m3.s?, we have calculated, using our fitted CNT modetpastant energy

barrier for tensile water in FI (ﬁf{ of ~ 60, which seems to be valid over the wholeatigg

P domain.

Can metastable water be invoked to interprete seisiata in the middle crust or can it
influence fluid-rock interactions? We then havegteestion the extrapolation of our kinetic
data, measured at up to 7°C of Tn and over timetegtiiG s maximum, to temperatures up
to 50° to 80°C from Tn along the isochore..anditoetengths of 19s (i.e., a century :
environmental conditions) and up*¥® (Imillion years : geological conditions). Catued
nucleation rates of diethyl ester as a functionr aising the CNT model below its critical
temperature can be taken as an aid to answer dlistign. The diethyl ester model predicts
exponentially-shaped isobaric lines over 40°C belbev critical T Fig. 61b). It is possible
that our linear log(J) versus T model becomes espual over a larger T-range.

Approximating an exponential curve by a line shovileld overestimated values of J, and
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hence minimized estimations of mean lifetimes. Tivascan deduce from our kinetic data
that a fluid reservoir with a tensile limit of 10@Pa (Th below 200°C) can sustain , -85.5
MPa over one century minimum (corresponding T= Tn€)5and and -75 MPa over 1
million years minimum (corresponding T= Tn+22°C) pestively. This work therefore
emphasizes that tensile water can be a major dbngrgparameter of geochemical processes.
Then, geochemists should consider attentively thmemaus physical data on superheated
liquid water at positive pressures, which have provts highly changeable hydrophilic-
hydrophobic propertiegLu et al., 2002) Some Raman spectroscopic data have already
confirmed a similar type of behaviour for watertive negative pressure fie{Greenet al.,
1990)
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[11.1 Introduction

Fluid inclusions (FI) are very convenient microflid systems to study confined metastable
water and solutions, based on the same principlihea$ferthelot vase (1850). Recently, a
large set of FI displaying a wide range of densit@65 to 825 g.i#), containing pure water

and moderately to highly saline salt solutionshwiarious cations from Na, Ca and Cs, were
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synthetized specifically for the latter purposefirat paper explored the tensile limits of water
in these FI and determined extreme nucleation press(R.), sometimes still to be
qguantified in the case of CsCl-bearing (Bhmulovich et al., 2009EIl Mekki et al. (2010;
submitted) subsequently continued this exploration of thesile domain of water and
solutions on measuring lifetimes of water underatieg pressure in 5 selected Fl. They were
able to propose an empirical equation for calcatatiucleation rates J in FI within a pressure
range of 10 MPa abovein therange 17-115 Mpa. The papers®lymulovich et al. (2009)
and ElIMekki et al. (2010; submitted)ave exploited two advantages of the FI method: th
capability to allow both dynamic and static meamests, i.e., measurements at controlled
cooling rates and at constant temperatures, ragphctin this regard, it is worth noting that
dynamic and static experiments have given acceslkfferent kinds of parameters so far :
nucleation temperatures (Tn) and pressures (PnQr dh the one hand, lifetimeson the
other hand. Tn, Pn ardare size-dependant since the probability of ntidealepends on the
Fl size(e.g., Maris et al. 2006)n a previous paper, we considered J’'s, whichspeific
guantities, normalized per unit volume. In this g@pve want to consider the metastable
behaviour of each FI individually, and analyze iorendetail the controlling parameters of
metastability in each of them. We shall also jysttie constant nucleation rates at Tn that
were obtained on extrapolating kinetic data totémsile limit Tn for every FI.

[11.2 Methods of estimations of fluid inclusion volumes

The methods for measuring the FI volumes and thdtsesbtained have been presented in

Chapter IV (in French). They will be translated amegrated later in this paper.

[11.3 Results

We summarize the main relationships observed betwée/olumes and their tensile limits.
Negative crystal shaped inclusions will not be od@ed below, because their specific
behaviour is beyond the scope of this paper. OnurEig3, the expected behaviour of
increasing tensile limits of water as the FI volumereases is shown. However, rounded,
tubular and more complex-shaped FI plot along ckfie lines of the logV — Tn-Th plot,

depending on their shapes.
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Figure 58 : Sample N31 pure water fluid inclusiofe@ LogV versus (Th-Tn) plot. Red dots : rounded
Fl. Blue triangles: complex shaped FI with one digien > 10 um. Pink squares: tubular FI with
fixed widths of 5£1um. For the rounded and tubuhrthe diameters and calculated valuesr¢fn)

are indicated for the smaller and larger Fl anddprespectively (in pm and s, respectively)
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Figure 59 :LogV versus (Th-Tn) plot of FI with (Th-Tn)~20W0rresponding to low tensile strengths

~ -35 Mpa. These Fl are characterized by volumé&®,000 um
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On the other hand, for the FI the volume of whisHarger than ~ 10,000 nthe tensile
limit remains low (~ -35 MPa) and independent & F volume Fig. 64).

[11.4 Discussion

[11.4.1 Calculation of T(Tn) from rate-controlled Tn- V measurements.

The formalism used here was establishedShkyipov (1974)to interprete rate-controlled
heating experiments on water droplets in the pasipressure domain, and developed by
Blander and Katz (1974); Eberhart at al. (1975); é»eliti (1996).

Let Np be the density number of water, let N be the nundecritical nuclei in a given
. T » .
volume V. Let the experiment occur at a controhatdzc(lj—t. The decay rate of critical nuclei

during a time interval dt can be expressed asvd]aaccording to the Survival law (or the
Boltzmann equation):

dN=-NoJ V dt (@H)
where J is the nucleation rate.

: : T .
Introducing the constant heating r%éte, it follows:

dN A dt

N, (dT]
dt

Let us integrate relation (2) along a cooling pétbhm room temperature (where the

(2)

probability of nucleation is 0) to Tn (we consideat the fluid cavitates whenN’\l— = 05). We
0

have:

Ln(0.5) =iTjanT 3)

@

dt

El Mekki et al. (submitted) have established thathimi 10 MPa of Tn, J could be
approximated by the relation: Ln (I [J(Tn)] — LT. This approximation was also proposed
by Skripov (1974) Hence

JO(Tn) exp (-LT). It follows :
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=V x J(Tn)
Ln(0.5)= L( de 4)
dt

El Mekki et al. (submitted) determined from thein&iic experiments thal(Tn)in FI was a

1

constant s equal to fon3s®. Hence L, the temperature dependence parameterpea

calculated as a function of the FI volume V andaafunction of the cooling rate of the

experiments (equation (4)) as follows:
V xJ(Tn)xLn2

L= [de (5)
dt

Let 7(Tn) bethe median lifetime of tensile water at Tn. Wediav

Ln2

r(Tn) = W(Tn) ) (6)

The temperature dependence parameter L calculéiesdeguation (5) is shown in Table 1,
together with the experimental L-values taken a&sdlopes of the straight lines Ln(J) versus

(T-Tn) for the 4 FI (not shown). Median lifetimg€Tn) calculated after equation (6) are also
shown together with the experimen®(Tn) -values (taken as the intercepts at T = Tn of the

straight lines Ln 1) versus (T-Tn)). The consistency between measarsad calculated

r(Tn) is quite good whereas the agreement between atddubnd measured L is lesser.

The accuracy on thetn)’s probably relies on two factors: (1) The caltida of 7(TN)
involves J(Tn) and this parameter has been welsttaimed by careful static measurements
(El Mekki et al., submitted)(2) A precise knowledge of Tn is essential fa treatment of
kinetic data as this temperature is the boundatii@metastability field for the considered FI.
The consistency between the two setsZdfiN) is an indirect indication of the proper
evaluation of Tn, the tensile limit of the FI. Thalculation of L by contrast depends on the

cooling rate. Probably the estimation of the stpicameter L referring to a parameter from

dT
the dynamic part of the pa(haj introduces a large uncertainty.
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Tableau 14 : Calculation of the temperature dep&edeparameter L, and of normalized L per unit
volume, where V is the Fl volume.

Fl

Cooling calculated measured
Inclusion  volume . L/V x10™%°
5 Rate L (K" L 7(Tn) 7(Tn) °
number (m°) (s (K™ m™)
S

X106 (s) (s)

5.78 0.03 0.28 0.48 120 130
N31-FI6
N31-FI26 3.82 0.03 0.18 0.48 181 61
N16-FI11 37 0.03 1.80 0.48 19 23
N50-FI1 90 0.08 1.63 0.18 8 4
N50-FI1 90 0.03* 4.35* 0.48* 8 4

°: after EI Mekki et al. (submitted); *: recalcutalt for a cooling rate of 0.03 °C/s

[11.4.2 Parameters controlling the tensile limit of incluson fluids.

A previous paper on the kinetic behaviour of tensilater in FI has shown that the main
controlling parameter of lifetimes of metastabilisythe tensile limit of the inclusion fluid. A

major point to consider therefore is what fixes Bme Tn,z(Tn) characteristic features of Fl.
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Figure 60 : Sample N31 pure water fluid inclusioheg 7(Tn) versus (Th-Tn) plot. Symbols as in
Fig.1. For the rounded and tubular FI, the diamatand calculated values @fTn) are indicated for

the smaller and larger Fl, in um and s, respectivel

Figure 65 allows to visualize how vary the sized ahapes of Fl as they plot deeper in the
tensile field along a single isochore. Tubular,nmded and more complex-shaped FI define
linear trends in the logV — (Th-Tn) diagram, howeak of them whatever their shape, define
a similar range of tensile limits between 37 anl MPa. The volumes of tubular Fl vary in a
small interval compare rounded FI, the volumes bicl vary over 3-4 orders of magnitude
(in log). This is normal as the plotted tubularhifalve a constant section and variable lengths,
whereas the volume of the rounded FI varies asetifin of F. The two lines of rounded and
tubular FI intersect at a point where a tube asgterical FI have the same V~900j=ind
show a similar range of metastability (Th-Tn) ~ @QOAt lower (Th-Tn), for a given tensile
strength, the spherical shape will host a largdume of metastable fluid than the tube.
Beyond the intersection point (Th-Tn), the tubWamill host a larger fluid volume than the
sphere. Let us introduce a dimensionless rafitv’Sto further characterize the inclusion
forms (S and V are the surface area and volumbaethape, respectively). Figure 2 shows
that sphere is a shape characterized by constarft & is also the shape that has encloses the
largest volume in the smallest surface. The linendd by the rounded FI in the logV — (Th-
Tn) diagram (Fig. 66) is a constant/\® line, where one can visualize the effect of the

volume decrease at constani’\&on increasing the tensile strength of the inclusién
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decrease in the FI volume by 1400}awill result in an increase of the tensile strength-14
MPa

1400 - o
1200 | W tubular FI
1000 - ¢ Large FI
(9\
<> 800 - O spherical FI
o
o0 600 -
400 N &
200 - "
O o
0 T T T T
0 20 40 60 80 100

Th - Tn (T)

Figure 61: Dimensionless ratio 8% of the spherical and tubular aqueous Fl as a fiorcof Th-Tn
(°C). S= surface area of the FI; V : cavity volurdéso shown are some representative points of large
tubular FI synthetized at 365°C and 160 MPa iyO-D.5M NaOH solutions.

The S/V? parameter in tubular FI decreases as (Th-Tn) isesaOn figure 2, the line of
rounded FI intersects the line of tubular FI at-{li) ~ 70°C. Hence we conclude that, at
constant tensile strength, the FI shape that hadotiest V2 parameter will contain the
larger volume of metastable fluid. Similarly, anstant volume, it will show a larger tensile
limit. The tubular FI are a case where a small nwudecrease of 45 pninduces a
spectacular decrease of 140 MPa of the tensilagttre However, its ¥V? simultaneously
decreases from 200 to 170: this proves that deagabe S$/V? of an inclusion shape
strongly increases the tensile strength of thelfitihosts. Judging from their characteristic
slope in the logV — (Th-Tn) plot, nearly parallelthat of rounded FI, the complex-shaped FI
should display near constant/®>. Finally, the largest FI, the tensile strengthwdfich is
fixed at ~ 35MPa independently of the FI volume 90 pni, show vertically increasing
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S¥Vv? values. Figures 1 and 2 thus show that when thpesiof a Fl is dominated by its

surface area relative to its volume, the fluidasts will display a low tensile strength.

In Figure 65, the logV — (Th-Tn) plot has been aamed to a log £(Tn)) - (Th-Tn) diagram,
according to equation (6). Figure 6 illustrates thet that(Tn) is a parameter inversely
proportional to volume. In the largest Kiin) are close to O whereas the tubes with a fixed
section of 5 um in diameter, displagrn) > 90, even in the low tensile range, wheTe) in

rounded Fl is near 0.

1.5 CONCLUSIONS

In this paper, we have paid attention to the coeiscy between measurements on metastable

water in Fl at controlled cooling paths (Pn, TTn) ) and the lifetimes measured under static

conditions. We found a good consistency betweerSkigov’'s approach of the dynamic part
of metastability studies (1974) and extrapolatedapaters to Tn deduced from kinetic
measurements at T>Tn. A major point for understagmdhe behaviour of tensile water in
fluid inclusions is to understand the controllingrgmeters of the tensile limit of trapped
water. We have shown that the volume and the sh&gpg controls their tensile limits. A
major stereologic parameter of FI shape is the dgiomless ratio ¥v2. At near constant
volume, increasing this ratio by 15% in tubes iretu@ decrease in the tensile limit of the
hosted fluid by around 21%. By contrast, a muclgdarincrease in the volume of a Fl is
required to induce a similar decrease in the fligidsile limit. Shapes which enclose the
largest volume in the smallest surfaces, like spdegire favourable to increased tensile limits

of the hosted fluid. By contrast, shapes the sarfac which increases more rapidly than
volume, are not favourable hosts for highly tenditiids. The paramet@(Tn), also
characteristic of individual inclusions, is invdgsproportional to FI volume. It amounts to a
few hundreds seconds in 300 }rsized FI. We suggest that higf @) values could be

indicative of capillary forces in Fl. This paranretan be calculated precisely in individual Fl
taking in account the constant nucleation raterabf10* m=.s* kinetic measuremenst (El
Mekki et al., submitted). We showed that the usemathematical morphology computer

programs can help predicting the tensile limit @ftev in individual FI. Some negative crystal

- 185 -



Chapitre V : Durée de vie de la métastabilité

shaped FI may host large volume of fluids with htghsile limits. The tensile strength of
water may increase as the FI volume increases. dtédti@ water in these faceted FI with

edges requires a specific study.
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IV Mesure cinétique dans une inclusion de dislocation

Pour confirmer les résultats obtenus par les mesdeecinétique, on a voulu vérifier le
comportement cinétique des IF qui se trouvent dsmaine métastable restreint, limité par
le domaine critique et la courbe spinodale. Poaligér cette étude, on a choisi une IF a faible
Pn, synthétisée avec une technique différente glle de Kiril Shmulovich. Le but de ce
choix étant de vérifier l'influence de la techniqie synthese sur la gamme de métastabilité et

sur la durée de vie des IF métastables.

IV.1 Cristal utilisé et technique de synthese

Les IF se trouvent dans un quartz synthétique. @ty a été échantillonné a la SICN
(Annency, France). Les analyses de spectrométrienRmontré que ce minéral contient
probablement moins de 300 ppm d’OH dissous danéskeau, ce qui est responsable de son
desséchement.

Ce quartz a été synthétisé par croissance hydrotliera T = 365°C et a P = 160MPa, dans
une solution de 0.5M #-NaOH, autour d’'un germe allongé selon un axe apati
perpendiculairement a I'axe c. Les IF obtenues derforme cylindrique, de grande taille et
allongées suivant une direction proche de I'axees analyses par tomographe ont montré
gue ces IF se sont formées par corrosion du cosutodgues dislocations trés rectilignes
contenues dans le germe, avant que la saturati@oinatteinte dans I'autoclave grace a un
mécanisme évoqué paYilkins et McLaren (1981)La croissance de quartz et le piégeage
des IF ne se réalisent qu'aprés que la saturatimintales conditions de synthese dans
'autoclave. Le fluide ainsi piégé égale a la densiu fluide dans l'autoclavéPécher et
Boullier, 1984)

V.2 Microthermométrie

L’échantillon contenant la section de germe a étépé a 'aide d’'une micro-scie et poli pour
eviter les irrégularités de la surface. Le fragnaatquartz obtenu a une épaisseur moyenne
d’environ 500um et contient des IF tubulaires einge taille. Les volumes de IF sont

importants et variables entre 1.1Xf0et 1.06x10° m®. Ce fragment a été placé dans la
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platine THMS 600 et les Th et Tn ont été mesuréesst le méme protocole utilisé dans ce
travail. Les Th ainsi obtenues sont variables ebdi2 ° et 243°C, tres proche de la valeur de
245°C obtenue paPécher et Boullier (19843lans le méme type d’échantillon. Les Tn
trouvées sur les IF sont variables entre 211° ét32C et les gammes de métastabilité sont
comprises entre 29.6° et 32°C. Les Pn ont été lgasua partir de 'EOS de l'eau pure
(Wagner et Pruss, 2002ar la solution aqueuse occlus dans les IF dsiefaent concentré.
Les Pn ainsi calculées sont comprises entre -313®VIPa. On a réalisé des mesures

microthermométriques extensives sur une IF de chsion (Fig. 67).

Figure 62: Photo de I'lF a 0.5M ¥D-NaOH, synthétisée par corrosion du cceur de digion,
pendant le chauffage ( x32).

Les Th et Tn sont reproductibles et égales a 24#.212.2°C respectivement. La Pn calculée
pour cette IF est de -37.4 MPa. Cette IF a serur péaliser I'étude de cinétique et les temps
de vie ont été mesurés a quatre paliers de températ 1°, 1.5°, 2° et 2.5°C de la Tn.

V.3 Résultats et conclusions

Les résultats obtenus (Fig. 68 et 69) sont en pasecord avec les résultats acquis
précédemment. Cette IF de faible degré de surahaufratiquement le méme comportent
que la N50-IF1 (a -17.4MPa). La cinétique de [I'lle dislocation montre aussi une
convergence vers la valeur de J 2°16°.s* & la Tn. Ceci confirme que la durée de vie dans
les IF ne dépond que son degré de métastabilité. d&dte IF, on a validé la CNT et la Pn de
-37.5 MPa calculée par 'EOS.
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Les gammes de surchauffe obtenues dans les IFstation sont plus importantes que
celles obtenues dans les IF de méme volume, sygdhétpar Kiril Shmulovich. Le N50-1F1
de méme forme et de volume plus petit a une Pnpstise que I'lF de dislocation étudiée.
Trés probablement, le mode de synthese par puitsstecation efface les défauts de surface
et freine la nucléation dans les IF. Le changerdena technique de synthese et de la solution
de fluide occlus n’a aucun effet sur la durée de;\8eul le degré de métastabilité compte,
plus celui-ci est petit plus la durée de vie d¢atdensile dans I'lF est longue et vise versa.

Cette étude fait I'objet d’un article (part Ill) ezours de préparatian

V Cas particulier de la cinétique dans les inclusionffuides

synthétiques

Grace aux mesures de cinétique sans interruptiametraitements statistiques, on a observé
deux cas particuliers dans les IF ou le temps de chiange aux cours de temps (de
I'expérience). Le 1 cas a été suspecté sur le necking down N31(HFRiekki et al., 2010).
Dans la premiere étude, le nombre limité des meséaisées d’une fagcon discontinue (arrét
pendant les nuits et les week end) sur cette IRtrpas permis de remarquer un changement
det au cours de temps, mais, certaines grandes vaeauiia de mesure ont été suspectées.
Apres avoir intégrer les régles statistiques etngba le protocole expérimentale (mesures
sans interrompions), on a repris les mesures siN3l&IF 7. Le % test de la moyenne
glissante obtenu dans la figure 70 (comparé a sregponentiel normal dans la figure 70a)
montre I'augmentation desaux cours de temps. Ce test visuel est suffisant pontrer le
non conformité a la loi de fiabilité. L'IF 7 a ummportement de bonification qui suit la loi
Weibull (Fig. 70b). En revanche, le cristal négai2-IF 7 a HO-0.1M NaOH, lui suit une
loi weibull qui montre une fatigue aux cours de pangFig. 70c).Un article en préparation
est dédié a ces cas particuliers en cinétique &uinsistant sur I'importance de la méthode
expérimentale imposée par les regles statistiques.
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Figure 65 :Le test de la moyenne glissante réalisé sur 25 rasguour un pallier de température
donné ; (a) une moyenne glissante normale (exp@ientsur N16-IF 11 servant de témoin de la

conformité a la loi de survie ; (b) une bonificatidans le necking down N31-IF 7 et (c) une fatigue
dans le cristal négatif N32-IF 7 aux cours de temps
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Chapitre V : Durée de vie de la métastabilité

VI Cas particulier de la cinétique dans une IF naturdé de
I'anhydrite de la Mer Rouge

Une série de mesures microthermométriques a digéé@aur des inclusions fluides naturelles
a 17.8% NaCl. Ces dernieres sont piégées dansistal a’anhydrite provenant de la Mer
décrépitation trés fréquent. Pour éviter ce prokleom a limité les mesures de Th et Tn sur
14 IF ayant un taux de remplissage n’excédant &80~ Les Th et Tn ont été trés peu
variables et de I'ordre de 107.2° et 66°C, resgentent.

500 pm

Figure 66 Inclusions fluides dans un cristal d’anhydrite (Apsovenant de la Mer Rouge.

On a réalisé des mesures de cinétique sur une Ifedéedensité initiale de 1040 kg*ret un
volume de ~1562 ufnPendant un mois de mesure, cette IF a changé 8édTh et Tn (elles
sont devenues plus imortantes), et un trés grambrede mesures non exploitablestdmt

été obtenues. La mesure de la métastabilité aipneségative n’est pas concluante dans les
IF piégées dans des cristaux clivables, car desofisisures se forment facilement et les

crsitaux ne sont plus étanches.
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Chapitre V : Implications de la métastabilité poilg milieu naturel

Smplications de la mélasiabilité pour le

milicu naturel
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