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Abstract. Natural mineral samples often contain small volumes of trapped fluid material. They carry informa-
tion about the history of the host mineral and its environment, and for this reason are used by geoscientists.
Physicists and physico-chemists have successfully harnessed water inclusions in quartz to bring liquid water
to a metastable state, at a pressure well below its equilibrium pressure with vapor. The pressure can reach
negative values as large as —140 MPa, which exceeds by far the limits of other techniques, and approaches
the theoretical threshold for spontaneous nucleation of a vapor bubble. This has enabled a deeper under-
standing of nucleation and of the anomalies of water. In turn, the optical techniques developed to study wa-
ter’s properties have recently found a new application in the reconstruction of palaeotemperatures in surface
processes. I review here some aspects of fluid inclusions, these fascinating objects at the crossroads between
disciplines.

Résumé. Les échantillons de minéraux naturels contiennent souvent de petits volumes de matiere fluide
piégée. Ils transmettent des informations sur I'histoire du minéral hote et de son environnement, ce qui
leur vaut d’étre utilisés par les géologues. Les physiciens et physico-chimistes ont réussi a exploiter les
inclusions d’eau dans le quartz pour porter 1'eau liquide dans un état métastable, a une pression bien
inférieure a sa pression d’équilibre avec la vapeur. La pression peut atteindre des valeurs négatives aussi
élevées que —140 MPa, ce qui dépasse de loin les limites des autres techniques et s’approche du seuil
théorique de nucléation spontanée d’'une bulle de vapeur. Cela a permis de mieux comprendre la nucléation
etles anomalies de I'eau. A leur tour, les techniques optiques développées pour étudier les propriétés de 1'eau
ont récemment trouvé une nouvelle application dans la reconstruction des paléotempératures des processus
de surface. Je passe ici en revue quelques aspects des inclusions fluides, objets fascinants au carrefour des
disciplines.
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1. Introduction

Pluridisciplinary approaches have long been recognized as fruitful ways to perform research.
The purpose of this article is to tell a story about how the fields of geosciences and physics
have experienced cross-fertilization, thanks to a tiny, but powerful, tool: fluid inclusions in
minerals. I will first introduce the topic of negative pressure in water (Section 2), which is an
example of metastability: liquid water can be observed at temperature and pressure conditions
at which it is not the most stable state. Section 3 presents fluid inclusions in minerals, well known
to geoscientists, and Section 4 explains how physicists and physico-chemists have brought
them into their field for studying the properties of metastable water. Finally, in Section 5, I will
present our recent trip back to geosciences, bringing along a new thermometer to constrain past
temperatures.

Before starting our journey, a disclaimer: I am not a geoscientist. I benefit from the collabora-
tion with colleagues in geosciences. I apologize in advance for the very basic survey I will give of
geological topics. I invite the reader to consult the cited reviews for more authoritative accounts.

2. Negative pressure in water

I give here a brief introduction to the topic of water at negative pressure.

2.1. What is negative pressure?

When I talk about negative pressure in a liquid, I often get the following question: “Pressure
cannot be negative, so you're talking about relative pressure, right?” Pressure in a gas cannot
be negative indeed, because the gas atoms or molecules are so far apart that they cannot resist
mechanical tension. But the molecules in a liquid or in a solid are much closer. Their mutual
attraction is responsible for the cohesion of these materials. This appears natural when talking
about a solid: one can pull on both ends of a stick quite hard before it breaks. The situation,
although less common, is similar in a liquid. So, no, I am not talking about relative pressure,
but about absolute negative pressure, when the liquid experiences mechanical tension. This
statement becomes much less shocking when thinking in terms of density. Density of water at
ambient pressure and temperature is around 1000kgm™~. When the pressure goes negative, the
density simply decreases, by as much as 9 % (see Section 4.2), which corresponds to an average
distance between molecules increased by around 3 %.

In fact, you may walk close to negative pressures everyday without knowing it. Trees indeed use
negative pressure to pull the sap up their trunks. The ascending sap (nearly pure water) forms a
continuous liquid column from the roots to the leaves. Hydrostatics teaches us that the pressure
in water decreases by 0.1 MPa for every 10m ascent, so that the sap pressure is indeed negative
in tall trees! Of course, the details are more complicated, and other parameters (drought, vessel
diameter, etc...) must be taken into account, see Refs. [1, 2] for reviews.

Similar to arod, there is a limit to the mechanical tension in a liquid, which is called the tensile
strength. However, in a liquid, the failure mechanism is different: a vapor bubble appears, rather
than a crack. The simplest theory for the tensile strength of a liquid is presented in the next
Section.
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Figure 1. a) Work W (R) required to form a bubble in a liquid at negative pressure as a func-
tion of its radius R; the maximum Ejy, is reached at the critical radius R.. b) Cavitation pres-
sure in water as a function of temperature. The dash-dotted blue curve shows the equilib-
rium vapor pressure from the triple point T to the critical point C. The dotted red curve is
the prediction from classical nucleation theory. The symbols show the experimental val-
ues for acoustic cavitation (empty black circles) [3] and for fluid inclusions in quartz (filled
green diamonds) [4]. Adapted from Ref. [5].

2.2. Classical nucleation theory

I will give here only a brief summary of the results of classical nucleation theory, and refer
the reader to Refs. [5-8] for detailed accounts. Consider a liquid at temperature T and at large
negative pressure P below the saturated vapor pressure Pg,(T). Neglecting Pg,(T) < —P, the
minimum work required to create a vapor bubble of radius R is:

_4 3 2
W(R)—gnR P+4nR°o (1)

where o is the liquid-vapor surface tension. The first term is an energy gain corresponding to the
replacement of a volume of liquid by a more stable vapor phase, and the second term is an energy
cost associated with the creation of a liquid-vapor interface. W (R), displayed in Figure 1a, shows
a maximum at the critical radius R. = 20/R, defining the energy barrier:

B 167 o3

b= 3 2 )
This explains why the liquid can remain metastable: bubbles with radius less than R. will
disappear. If the bubble radius exceeds R, it will then grow spontaneously, terminating the
metastability of the liquid. This process, known as nucleation, is typical of first-order phase
transitions, because of the existence of a surface tension o. In the present case of liquid to vapor
nucleation, it is also called cavitation. Cavitation will occur during an observable time when E},
becomes of the order of a few tens of the available thermal energy kg T, where kg is Boltzmann’s
constant. Figure 1b shows the cavitation pressure predicted for water [5], around P = —150 MPa
at room temperature. This extreme negative pressure results from the large surface tension of
water, due to its hydrogen bonds which make it a highly cohesive liquid. Also shown in Figure 1b
are two sets of experimental data discussed in the next section.

2.3. Tensile strength of water

I have written an in-depth review of cavitation in water in this journal [5]. I will not repeat it
here, but I cannot resist mentioning who first observed cavitation in water at negative pressure:
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Figure 2. A sketch of Huygens’' experiment [9-11]. A Torricellian experiment is prepared:
a tube open at one end is filled with water, and the open end immersed in water in a
container. Water remains in the tube because of the atmospheric pressure outside (a). After
evacuating the surrounding air with a pump, the water level in the tube remains unchanged
(b), so that water at the top is stretched. If a bubble enters the tube from its lower end, it
moves upwards, expands, and the water level drops (c).

Christiaan Huygens. Among the very first members of the French Academy of Sciences (funded in
1666), Huygens performed his experiment in December 1661; see Ref. [9] for the original article
in French, Ref. [10] for a partial English translation, and Ref. [11] for the fascinating full story.
Huygens’ experiment is sketched in Figure 2. A tall tube open at one end is filled with water and
placed vertically with its mouth in a low-profile container, also filled with water (Figure 2 a); the
atmospheric pressure prevents the liquid from falling. The setup is placed in a vacuum pump.
When air is evacuated, one would expect the water level in the tube to drop to the same height
as the water in the outer container. Yet, to Huygens’ surprise, the level in the tube remained
unchanged (Figure 2b). From hydrostatics, liquid water at the top is thus at a pressure lower than
the saturated vapor pressure, and even negative for a long enough tube. Only when a bubble is
placed at the lower end of the tube, it moves upwards and suddenly expands to nearly occupy the
full length of the tube, making the water drop (Figure 2c).

Many experiments, described in Refs. [5, 12], were performed since. For instance, negative
pressures were generated by cooling water at constant volume (see also Section 4.1), or using
the centrifugal force when spinning a tube, or focusing an acoustic wave. Our results with the
latter technique [3, 13, 14] are displayed in Figure 1b. All these experiments obtained cavitation
pressures near —30MPa at room temperature.

At room temperature, there is therefore a large discrepancy between the threshold observed
by different techniques (= —30MPa), and the theoretical prediction (= —150 MPa, see Section 2.2).
We shall see that fluid inclusions in minerals, present in Nature (see Section 3.1), have been used
to mend this gap and bring water to the theoretical limit (Section 4).

3. Fluid inclusions in minerals

This section gives a brief introduction to fluid inclusions (Section 3.1) and some of their notable
uses in Geosciences (Section 3.2). For much more details, the reader is referred to specialized
reviews [15-17].
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Figure 3. a) Petroleum inclusions (yellow) in a quartz crystal. b) A crowded fluid inclusion
containing an aqueous solution, a gas bubble, and four minerals: halite, sylvite, gypsum,
and hematite. ¢) Boat-shaped fluid inclusion left behind a quartz (q) solid inclusion formed
inside fluorite (f) [18]. d) Bird’s head-shaped fluid inclusion in fluorite [18]. ) Two-phase
(liquid + vapor) fluid inclusion that trapped an air bubble of the 84-million-year old
atmosphere. f) 34,000-year-old yellow algal cells in a fluid inclusion in halite from the
Death Valley Core [19]. Credits: (a) Luciana Barbosa, licensed under CC By-SA 3.0; (b-e)
U.S. Geological Survey; (f) Tim Lowenstein and Michael Timofeeff.

3.1. Wonders of Nature

Fluid inclusions are ubiquitous in minerals, being present in all kinds of rocks (sedimentary,
metamorphic, and magmatic). Additionally, most ore deposits result from the precipitation of
minerals from fluids in Earth’s crust. Droplets of the mother liquid may be trapped during
crystallization, forming primary inclusions. Secondary inclusions can form later, during healing
of cracks in the original crystal.

Being so ubiquitous, it is not a surprise that fluid inclusions were already documented by
Pliny the Elder 2000 years ago; see Refs. [15, 20, 21] for historical milestones. I will just add here
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that Déodat de Dolomieu communicated in 1792 [22], 3 years before his election at the French
Academy of Sciences, the observation in Florence of yellowish inclusions in quartz (similar to
Figure 3 a) by his friend M. Fontana, who opened them and recognized the smell and flammability
of petroleum.

Even away from the academic context, fluid inclusions have an aesthetic appeal. They may
contain more than two phases (Figure 3b), or adopt funny shapes (Figures 3¢ and d). They may
be very old, e.g. dating from the dinosaurs era (Figure 3 e), and even contain fossils (Figure 3f; see
also Section 3.2).

One particularly awe-striking phenomenon observable in fluid inclusions is the “perpetual”
Brownian motion of some bubbles. This has been best described by the pioneer of the use of
fluid inclusions in modern geology, Edwin Roedder. In his words [23]: “When the bubble is small
enough to respond to statistical irregularities in the number of molecules striking it, and is free
of the inclusion walls, it can be seen to wander continuously in a jerky Brownian movement. It is
fascinating to watch such a bubble under the microscope and to think that it has been nervously
pacing its cell for perhaps a billion years.”

3.2. Examples of use in Geosciences

Fluid inclusions are not only fascinating natural objects. They have been used for practical
purposes. By preserving information since they formed, they serve as clues for the geologist
who “works like a detective in attempting to reconstruct the events of the remote past from
the evidence of the present” [23]. The first among these detectives was H.C. Sorby: in his 1858
article [24], he made the connection between the homogenization temperature of the fluid
inclusion (at which the bubble disappears) and the formation temperature. Even if Sorby’s
heritage has known ups and downs [20, 21, 25], fluid inclusions are still nowadays a major tool
for geoscientists.

Any study of fluid inclusions relies on three fundamental assumptions: (i) consistency of vol-
ume ; (ii) consistency of composition ; and (iii) fluid initially trapped in a homogeneous state. In-
formation that can be obtained from fluid inclusions falls in three broad categories. The first cov-
ers physico-chemical parameters [26]: composition (salinity, gas content), density, temperature
and pressure of formation (using an equation of state and calculated isochores). The second re-
lates to the origin of water, as deduced from the nature and concentration of the major molecules
and on the isotopic composition (mainly §'80 and §D). The third category encompasses the pro-
cesses responsible of mineral deposition: boiling, cooling, effervescence, mixing of fluids of dif-
ferent origins, dilution. .. Fluid inclusions thus provide major input in the study of gem [27] and
ore [28] formation, with obvious implications for the search of their deposits. More information
about the uses of fluid inclusions can be found in specialized works [15]. For the sake of illustra-
tion, I have chosen here four examples which, albeit not among the most common studies, lead
to particularly striking results.

Ice cores drilled in Antarctica [29], Greenland [30], and high mountain glaciers provide a
wealth of information about past temperatures and atmospheric composition. This informa-
tion is contained in the ice, through its deuterium fraction, its dust content (desert aerosols),
the concentration of sodium (marine aerosol) [29,31]. But part of it also comes from the air bub-
bles trapped inside ice after compaction of the initially porous top snow layer (firn) (note that,
here, the trapped fluid is a gas, not a liquid). Analysis of the greenhouse gases (carbon dioxide
CO,, methane CHy) content of the trapped air bubbles has demonstrated that “Present-day at-
mospheric burdens of these two important greenhouse gases seem to have been unprecedented
during the past 420,000 years” [29]. Analysis of ice cores revealed rapid warming events, known
as Dansgaard-Oeschger (DO) events, occuring over only a few decades [31]. The ratio of nitrogen
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isotopes from the trapped air was used to reconstruct Greenland’s surface temperature for the
whole last glacial period, from 120 to 10 kyr ago [30], revealing temperature rises from (5 + 3) to
16.5 +3.0)°C, which corresponds to extreme warming rates.

Past temperatures are also available from the fluid inclusions in speleothems (stalactites and
stalagmites formed in caves). The ratio of hydrogen isotopes from the included water is converted
into the cave air temperature. For instance, a recent study of the Milandre Cave in Switzerland [32]
yields a continuous record over the past 14,000 years with a 10-20 years sample resolution. This
record resembles Greenland and Mediterranean sea surface temperature trends, confirming that
Europe had been cooling for the last ca. 8,000 years.

Another testimony from fluid inclusions is about seawater chemistry. Marine halites (sedi-
ments made of table salt) are deposited by seawater evaporation. Analysis of the brine trapped
in halite constrains the ionic content of seawater. For instance, the Mg?*/Ca?* ratio has been re-
trieved across the whole Phanerozoic (the last 541 million years), revealing fluctuations “in phase
with oscillations in seafloor spreading rates, volcanism, global sea level, and the primary min-
eralogies of marine limestones and evaporites” [33]. A threefold increase in Ca?* concentration
has been observed during the Early Cambrian (ca. 515 million years ago) [34], which may have
been the cause of the sudden onset of biomineralization, and played a role in the major evolu-
tionary change known as the “Cambrian explosion”, when the major phyla of today’s pluricellular
organisms emerged.

Fluid inclusions do not only preserve physical information, but also organic compounds, mi-
croorganisms, and even life. Indeed, microorganisms can be seen inside fluid inclusions in rock
salt (see for instance Fig. 3 f), some as old as 830-million-year [35]. Bacteria could be recovered
from fluid inclusions, and their DNA sequenced: e.g. ribosomal DNA of a 250-million-year-old
specimen [36], or complete genome for a 123-million-year-old one [37]; the cells could even be
cultured and multiplied. Such discoveries are not without controversy, about possible contami-
nation and the surprising preservation of DNA for such long period of times [19]. Still, suitable
sterilization protocols have been demonstrated [38], and half-a-million-year-old bacteria from
the permafrost show evidence for active DNA repair [39]. This gives confidence in results ob-
tained from fluid inclusions following the best practices. Extending the time travel to as far as
3.5-billion-year in the past, the primary ingredients for life (small molecules such as hydrogen
sulfide, carbonyl sulfide, methane, acetic acid...) have been detected in fluid inclusions in Aus-
tralian rocks [40]. Based on the successful achievements on Earth, it is now envisioned to search
for past life on Mars by examining fluid inclusions in its sediments [41].

4. Fluid inclusions: a tool for studying stretched water

Extensively used by geoscientists, inclusions are also intimately linked to the study of water. Ice
exists among various possible crystalline phases: 19 ice polymorphs are known to date [42]). Two
of them, ice VI and VII, stable at high pressure, exist in the deep Earth. They have also been
found at the surface, preserved as solid inclusions in diamond [43, 44]. In this section, we focus
on fluid inclusions, which have become a device to bring water to negative pressure, and study
its properties. We first explain the principle of the Berthelot tube, which allows stretching water
(Section 4.1), and we present the first uses of fluid inclusions as microscopic Berthelot tubes
(Section 4.2). Then we describe recent achievements in the statistics of nucleation (Section 4.3)
and the equation of state of stretched water (Section 4.4).

4.1. The Berthelot tube method

In 1850, Berthelot discovered a way to stretch a liquid by nearly-isochoric cooling, which was
presented at the French Academy of Sciences, in the session held on June 24, 1850 [45]; the full
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Figure 4. a) Original tube (A) used by Marcellin Berthelot [45]. b) Principle of the Berthelot
tube method.

memoir was published in October 1850. Figure 4a shows a sketch of Berthelot’s setup to fill a
thick-walled tube with a liquid under its vapor pressure, before sealing it with a flame. Figure 4b
explains the method. Initially, the liquid is in equilibrium with a small vapor bubble in a closed
container. Warming along the liquid-vapor equilibrium (blue curve joining the triple point T to
the critical point C), the bubble shrinks until it disappears at temperature T}, from which the
density p of the liquid filling the container is determined. Then, upon cooling, the bubble does
not reappear immediately, so that the liquid now occupies a larger volume than when the bubble
was present: the liquid is stretched, and may reach negative pressure. For a perfectly rigid vessel,
the liquid would follow an isochore (green curve); thermal expansion and elastic deformation
may cause the exact path to deviate from a strict isochore. If the tension becomes large enough,
avapor bubble nucleates at T¢4y and the system goes back to liquid-vapor equilibrium. Berthelot
estimated P.;y = —5MPa at 18°C. We will not review all subsequent attempts (see Ref. [5]), but
jump to the noteworthy work by Henderson and Speedy, who provided a direct determination of
the line of density maximum of water at negative pressure [46]. They improved a setup first used
by Meyer [47], in which the container is given the shape of an helix, becoming a Bourdon gauge:
the degree of winding or unwinding of the helix gives (after calibration) the pressure in the liquid.
The maximum tension is reached when the thermodynamic path crosses the line of density
maximum of water, which is at 4°C at ambient pressure. With the Berthelot-Bourdon method,
the density maximum was found to occur at 8.3°C at —20.3 MPa. Unfortunately, all attempts with
these still relatively large Berthelot tubes reached less negative values than (or at best similar to)
acoustic methods, thus falling short of the large negative P,y theoretically predicted (Figure 1b).

4.2. Fluid inclusions as microscopic Berthelot tubes

Roedder noticed the large degree of supercooling that could be reached in fluid inclusions [48].
Based on a first observation by John P. Creel of ice crystals above 0°C, Roedder also followed
ice-liquid equilibrium at negative pressure. He observed ice at 6.5°C, at which he estimated the
negative pressure to exceed —-90 MPa [49]. The record was only recently beaten by Qiu et al. who
observed ice melting at 6.8°C [50].

Thus, water in fluid inclusions seems to be the sample of choice for approaching the theoret-
ical limit for cavitation (Section 2.3). This was conjectured by Angell et al., who indeed observed
extreme tensions first in salty solutions [51] and then in pure water [4]. The pressure, estimated
from the density obtained from the homogenization temperature and from the cavitation tem-
perature, are shown in Figure 1b. For the best samples, the results do indeed follow the theoretical



Frédéric Caupin 79

a 1 b 100
Al
0.8 ~
2 g 10
B8 g
_§ 0.6 M
(o}
& PR
—= 04 Z
W
2 =
> =01
5 02 '
75
0 = . L 0.01

328 332 336 340 324 328 332 336
Temperature (K) Temperature (K)

Figure 5. a) Survival probability X of the metastable liquid in the fluid inclusion (inset)
when cooling at three different rates (r =2, 5, and 10 K min~! shown with purple squares,
green crosses, and red circles, respectively). b) When plotting —rInZ/In2, the three sets of
data collapse, as expected from nucleation theory [53].

prediction, and pressures beyond —120 MPa are within reach. The technique has been extended
to solutions by preparing synthetic inclusions containing various salts, in which large tensions
are also obtained [52].

4.3. Statistics of bubble nucleation

Angell et al. [4] measured the cavitation temperature T, in many inclusions. The various liquid
density used yielded a large range of T¢,y values. Even in a given sample containing several
inclusions with the same liquid density, various values of T¢,, were observed, with only some
close to the predicted nucleation limit.

We decided to use a complementary approach. Instead of measuring many inclusions once,
we selected one good fluid inclusion (reaching an extreme cavitation pressure), and measured
its Tcay 166 times [53]. As cavitation is a stochastic phenomenon, the distribution of T,y shows
a finite width, even for the same inclusion (see Figure 5a). The average T,y also shows a
dependence on the cooling rate. We found that the detailed T,y distribution showed a shape
and a cooling rate dependence following expectations from nucleation theory (Figure 5b). This
allowed us to provide a new piece of information about cavitation in water. The nucleation rate
derived from the measured distribution was analyzed thanks to the nucleation theorem [54]
to obtain the size of the critical bubble involved in nucleation. Our estimate is around 5nm?3.
This nanoscopic size is in line with theoretical predictions. It is remarkable that measurements
based on observations made with an optical microscope and a standard camera are able to give
information about a nanoscopic event occurring in less than a nanosecond.

4.4. The equation of state at negative pressure

After learning about the limit at which liquid water breaks, we started to measure its properties
before it breaks. While the confined nature of a fluid inclusion does not allow to easily insert
a sensor, it provides the only method able to approach the homogeneous cavitation limit (see
Section 2.3). We had therefore to resort to a non-intrusive technique. Quartz being transparent,
an optical technique was in order. High pressure scientists meet the same constraints when they
want to determine properties of substances brought at extreme pressures in the diamond anvil
cell. They often resort to Brillouin spectroscopy to locate phase transitions or obtain equations of
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Figure 6. a) Fluid inclusions for the equation of state of water at liquid-vapor equilibrium
(bubble present, left) and at negative pressure (homogeneous liquid, right) [57]. b) Re-
markable lines in the phase diagram of water, from a two-state model [58]. The black
line shows the putative liquid-liquid transition, terminating at a liquid-liquid critical point
(black disc). The short-dashed black curve shows the line of homogeneous ice nucleation
[50,59-61]. The lines of maxima and minima for the model are shown with solid and dashed
curves, respectively, for density (brown), isothermal compressibility (green), and sound ve-
locity (orange) extrema along isobars. The symbols show the corresponding experimental
extrema reported by Holten et al. [57] for density (brown squares), isothermal compress-
ibility (green discs), and sound velocity (orange triangles).

state; see e.g. Refs. [55] and [56], respectively, for examples with water. Brillouin light scattering
is the inelastic interaction between light and matter. A laser passing through the liquid can
absorb or generate density waves; the photons thus gain or lose energy, respectively, which
reflects in a shift in the light frequency, proportional to the sound velocity in the liquid. The
shift is tiny, typically a few parts per million, but can be accurately measured with a Fabry—
Pérot interferometer. Using systematic measurements at various pressures and temperatures,
thermodynamic integration allows the calculation of the density, thus yielding a non intrusive
way to measure an equation of state. This approach has been used for instance on aqueous NaCl
solutions to 1073K and 4.5 GPa [56].

Alvarenga et al. [62] made an early attempt to apply the Brillouin technique to water inclusions
in quartz. While their study confirmed the order of magnitude of the pressure obtained by
Angell based on an extrapolated equation of state, they did not try to derive an experimental
one. We decided to build a Brillouin micro-spectrometer to tackle this question. In a series of
works [57, 63, 64], we obtained the sound velocity in metastable fluid inclusions (some of them
are shown in Figure 6a). Our study revealed new anomalies of the sound velocity in cold stretched
water. The sound velocity departs significantly from the extrapolation of the equation of state
based on positive pressure data [65]. We were able to follow the line of density maximum: the
temperature at which the maximum density is reached monotonically increases from 4 to 18°C
when the pressure decreases from ambient to —137 MPa [57].

We also discovered a new anomaly at low temperature and large negative pressure: the ex-
istence of isothermal compressibility maxima along isobars. This is of utmost importance in the
debate about the origin of water’s anomalies. First based on molecular dynamics simulations [66],
it has been proposed that supercooled water could exist as two distinct liquid phases. This sur-
prising phenomenon is known as liquid polyamorphism. The two putative liquids would coexist
along a first-order transition line, terminating at a liquid-liquid critical point. This second critical



Frédéric Caupin 81

point (in addition to the usual one terminating the liquid-vapor transition) would be the com-
mon origin for the anomalies of water (see Ref. [67] for a review of this and other scenarios). Ob-
servation of the two liquids for a short duration has been recently reported [68]. The existence of
isothermal compressibility maxima along isobars is a necessary but not sufficient condition for
the liquid-liquid critical point to exist. Our results at negative pressure are thus consistent with
such a critical point, although they do not definitely prove its existence.

We have combined our data at negative pressure with literature values at positive pressure in
a comprehensive fit of thermodynamic data for water [58]. We adopted a two-state description
of water, as a non-ideal mixture of two interconverting species (see Refs. [69, 70] for reviews).
Depending on the degree of non-ideality, such a model may predict that water separates in two
distinct liquid phases at low temperatures. Our fit with the two state model [58] places the critical
coordinates at 218 K and 72 MPa. Figure 6b displays the observed lines of anomalies in water,
their extrapolation, and the predicted liquid-liquid transition.

We recently started to apply the Brillouin method to salt solutions [71], in order to measure
the effect of solutes on water’s anomalies.

5. Back to Earth: palaeotemperature

The day I started writing this article, Thomas Pesquet came back to Earth after 199 days in the
International Space Station!. It's now time for me to explain how, more modestly, after 10 years
spent in the depths of the properties of water at negative pressure, I tried to emerge back to more
earthly matters.

5.1. The problem with evaporites

An evaporite is a sedimentary rock that originates from evaporation of a saline water reservoir
in a closed basin. They are ubiquitous on Earth, being found over a broad range of latitudes
and altitudes [16]. Evaporites deposited throughout Earth history, from at least 1 billion year
ago [72] until today (e.g. in the Dead Sea). The evaporitic crystals often contain fluid inclusions.
If primary and intact, reading the entrapment temperature from the fluid properties would
offer an invaluable testimony about past temperatures. Attempts in that direction have been
made, based on the homogenization temperature Tj (Section 4.1): if the fluid was trapped
near ambient pressure, when the crystal closed around a cavity filled with liquid, the vapor
bubble in the fluid inclusion should disappear at the entrapment temperature. One common
issue is the absence of bubble in the fluid inclusion in low temperature geological environment
(e.g. ambient conditions). The liquid may have cooled since entrapment, reaching a metastable
state, but only a mild one, so that bubble nucleation is unlikely to occur, even over geological
times. This renders microthermometry useless, as determining T}, requires a bubble. Researchers
noticed that cooling the sample to low enough temperatures, e.g. in a freezer, made the bubble
appear in some inclusions, thus giving a new hope to get results from microthermometry [73].
Unfortunately, in a detailed study of synthetic and natural NaCl crystals grown at a known
temperature, Lowenstein et al. [74] have shown that Tj, obtained after cold treatment have erratic
values, biased towards low temperatures. This is likely due to irreversible deformation of the fluid
inclusion during the temperature cycle [75]. Lowenstein et al. suggested to use the maximum
observed Tj, as a proxy for the actual entrapment temperature. But the result may change if more
inclusions are measured, and the number of possible measurements is itself limited by the fact
that only a fraction of the inclusions show a bubble after cooling. Since then, fluid inclusions

Thttps://www.nytimes.com/2021/11/09/science/spacex-nasa-water-landing.html
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a AfB A

Figure 7. a) Principle of the reconstruction of entrapment temperature from Brillouin
spectroscopy. The Brillouin frequency shift A fg is measured as a function of temperature
T in the monophasic inclusion (green solid curve) and, after nucleating a bubble using
a large thermal excursion, along liquid-vapor equilibrium (blue dashed curve); the two
curves cross at Ty, which corresponds to the entrapment temperature for samples grown
at pressures near ambient. b) Examples of fluid inclusions in halite from the Dead Sea.

have been used in palaeotemperature studies, but without a clear consensus about the best data
analysis (see Ref. [75] and references therein).

An additional complication has been pointed out [76-79]. The bubble surface being curved,
the pressure in the vapor is higher than in the liquid, because of the Laplace pressure jump
AP due to surface tension o: AP = 20/R for a spherical bubble with radius R. The smaller the
bubble, the larger AP, so that the observed Tj, is lower than if surface tension could be neglected.
Moreover, the energy cost associated with the liquid-vapor interface (47 R%0) is sometimes larger
in absolute value than the gain in energy associated with releasing the tension in the liquid.
In that paradoxical case, even if a bubble appears, it will immediately disappear and the fluid
inclusion will remain permanently filled with liquid. This precludes any measurement of Tj,.

5.2. The Brillouin palaeothermometer

How can we overcome the limitations listed in the previous section? To nucleate a vapor bubble
without the need for a freezer, Kriiger et al. have used focused femtosecond laser pulses [80].
They applied this technique to perform microthermometry on inclusions in stalagmites [78] and
gypsum [81]. After correction of the Laplace pressure effect, the Tj, for inclusions in stalagmites
was found to agree with the monitored cave temperature in which they grew. However, the
Laplace correction requires an accurate measurement of the bubble volume and theoretical
modeling; it also assumes the surface tension of pure water and neglects thermal fluctuations
that can make the bubble disappear at even lower temperature. In cases where the bubble is
always unstable (see Section 5.1), the technique simply does not work.

We have proposed another method based on Brillouin spectroscopy (see Section 4.4), whose
principle is illustrated in Figure 7 a. The Brillouin frequency shift A f is proportional to the sound
velocity in the liquid, which depends on its composition, and also on the temperature T and pres-
sure path followed by the fluid. When the fluid inclusion is monophasic (filled with liquid), the
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liquids follows a quasi-isochore (nearly constant volume). When a bubble is present (biphasic in-
clusion after cavitation), the system is at liquid-vapor equilibrium. The two corresponding curves
for A fg(T) cross when the monophasic fluid inclusion reaches the temperature at which it would
be in equilibrium with vapor. We thus identify the intersection of the two A fg(T) curves as Tj,.
For fluid inclusions in quartz, bubble nucleation occurs systematically at low enough fluid den-
sity, and yields reproducible T}, values with microthermometry. We thus first tested the Brillouin
method on quartz samples, and found an excellent agreement with microthermometry [82].

For halite, as explained in Section 5.1, bubbles are more difficult to obtain. We implement the
method as follows. We first measure A fg(T) in the monophasic inclusion, in a small temperature
range around the expected entrapment temperature, thus avoiding any plastic deformation.
Then, we trigger bubble nucleation. We found for halite a way to systematically obtain a bubble,
by warming the sample up to 130°C. The large pressure increase in the inclusion induces its
irreversible expansion, so that the mechanical tension that builds up when cooling the liquid
to room temperature is now large enough to trigger bubble nucleation. The sample is obviously
damaged, but this is not an issue, as the measured A fg(T) still follows the same liquid-vapor
equilibrium curve, even if the total inclusion volume is larger.

We tested the method on lab-grown samples, made by evaporation of solutions of NaCl in ul-
trapure water under controlled temperature. The Brillouin technique recovered the growth tem-
perature within better than 1°C, provided that small and isolated inclusions were selected [75].
Indeed, the elastic limit of the salt crystal is much less than for quartz, and large inclusions or
inclusions close to others or to the crystal surface easily deform, even in the first measurement
step involving only moderate departure from the growth temperature. The Brillouin method also
presents a significant advantage over microthermometry: as the bubble appearance occurs sys-
tematically, good statistics can be obtained, and the average of measurements used, instead of
the maximum value of a small set of microthermometry data.

We are now using the Brillouin palaeothermometer on an evaporitic sequence of a sedimen-
tary core retrieved in the modern Dead Sea Basin (Figure 7b), that encloses a succession of
glacial-interglacial cycles covering the last 200,000 years. We believe our data will provide new
insight on the climate during the last Interglacial [75, 83]. Halite layers in the sedimentary core
exhibit a fine structure with an alternation of coarse and fine crystals layers. By analogy with the
modern halite precipitation mechanism [84], coarse layers correspond to crystals growing at the
lake bottom during spring to late summer, and fine layers to cumulate halite precipitating in the
whole water column mainly during winter, and to a minor extent during summer. By sampling
crystals at different heights in a given coarse layer, we resolve temperature changes during the
layer growth. We have thus revealed a recurring increase of entrapment temperatures for three
consecutive years (ca. 130 kyr ago) by 3.0, 4.6, and 1.5°C, respectively [85]. This is between 1 to
3 times the measured modern temperature change of the lake bottom, 1.5°C for the 1996-2010
period.

6. Conclusion

Stretched water, known to Huygens and studied by Berthelot, can still bring about new discover-
ies. Thanks in particular to Austen Angell, fluid inclusions, which are tools familiar to geoscien-
tists, have been turned into the only tractable method to bring water close to its homogeneous
cavitation limit. We have heavily relied on it to study the anomalies of water. We thus determined
the line of density maxima down to —137MPa, and provided the first evidence for a maximum of
isothermal compressibility along isobars.

After borrowing their tool, it was natural to give it back to geoscientists, with a thank-you
bonus. This lead us to develop a new method for palaeotemperature reconstruction from fluid
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inclusions. We hope we have brought again into light these silent witnesses of the past climate,
and found a way to make them tell their story.
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