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the nearly total disappearance of its ionic characteris-
tics: that means the severe drop of solubility constants. 
At the same time, the already low viscosity decreases 
too: SCW intrudes easily into new fissures. When the 
microcracks tend to close, SCW reacquires adequate 
ionic characteristics for the rise in density (isothermal 
pressurisation); hence, an intense water rock interac-
tion starts with freshly opened surfaces. This process 
influences actively the subcritical crack growth too, 
again with differences between liquid and SCW: last 
one participates only when reacquires density. Summa-
rising, it is likely that water plays a fundamental and 
active role in determining the rock weakening, once 
earthquake preparation process begin with the develop-
ment of microcracks are forming, perhaps playing an 
active role in determining the main rupture. With dif-
ferent modalities according to its aggregation state.

Keywords Earthquake chemistry · Preseismic 
scenario · Water molecular structure · Microfracturing · 
Rock weakening · L’Aquila earthquake example

1 Introduction

According to most models, the opening of micro frac-
tures represents the initial stage of the earthquake prepa-
ration process leading to a main rupture. The opening of 
microfractures is normally observed in laboratory dur-
ing triaxial tests on specimens usually made of homo-
geneous material (cf. Brace et  al. 1966 and Cook  
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1970). According to Nishiyama et al. (2002) and refer-
ences therein, “the deformation and failure of rocks is a 
culmination of the progressive development of micro-
crack”. Laboratory tests point out that the evolution of 
microcracks is a multistep process made by germina-
tion, expansion, evolution and coalescence (Zhao et al. 
2019; Kandula et al. 2019; Lockner et al. 1991). Grain 
size of the rock has an important effect in determin-
ing the path and behaviour of the crack development, 
only once microfracturing has started (Eberhardt et al. 
1999). Jouniax et al. (2001), however, report that, after 
the closure of cracks already present, new crack occurs, 
generally associated to pre-existing intergranular ones; 
when stress rises, at more than 50% of peak stress, new 
transgranular cracks appear. The same authors report 
the interpretation of acoustic emission as being linked 
to “atomic bond breaking”. Laboratory data highlight 
the increase of permeability during the development 
of microcracks (Oda eta al. 2002; Popp et  al. 2001), 
up to a five-order magnitude increase at 99% of peak 
stress (Homand et  al. 2000). In detail, authors report 
permeability values quite constant between 0 and 60% 
peak level, (<  10−21  m2 to 3 ×  10−20  m2), then an abrupt 
increase (e.g. at 80%  10−19   m2, at 90%  10−18   m2). 
Temperature has a direct correlation with the develop-
ment of porosity (Violay et al. 2017) and permeability 
(Feng et al. 2018) as well. In a similar manner a vol-
ume of crustal rock subject to a tectonically induced 
differential stress, although large lateral and vertical 
heterogeneities may complicate the pattern, should 
develop microcracks, which may facilitate deforma-
tion and eventually faulting (see Kandula et  al. 2019 
and references therein). In pointing out the influence 
of crustal heterogeneities, Main et al. (2012) published 
a detailed and comprehensive review of the dilatancy, 
i.e. the volume increase of a portion of rock during 
microfracturing, when subjected to a differential stress. 
They focus on the local scale dimension of the dilatant 
region, rejecting the formerly believed large-scale dila-
tant region. They conclude that the dilatant small-scale 
region is localised in proximity of the nucleation zone, 
or that dilatancy coincides with the nucleation zone, 
estimated to be in the order of hundreds of meters.

In this framework, the research on the crustal fault-
ing process has focused the attention on the role of 
water, as reported in Proctor et al. (2020), and more 
extensively in Yamashita and Tsutsumi (2018) and 
references therein. They focus principally on the 
physical capabilities of the water: in particular on its 

role in transferring stress by varying pressure equilib-
ria so to change the effective stress and, consequently, 
to trigger earthquakes. Starting from this main mech-
anism, they analyse and report all possible model and 
consequences derived by pressure variability. Then, 
in pointing out the permeability variations and fault-
ing valve mechanism, they mention a chemical aspect 
involving fluid flow and mineral deposition during the 
drop of pressure. Here and in general, the chemistry 
of the water is scarcely present in studies of the earth-
quake preparation process. Indeed, just few models, 
e.g. Heinicke et al. (2009) consider the active chemi-
cal role of water in triggering seismic swarms due to 
mineral alteration driven by acid  CO2-rich fluids.

Observing that most of models function only if 
there is free water, Yamashita and Tsutsumi (2018) 
affirm that the presence of water at depth is ubiqui-
tous. Actually, there is no assurance that water at 
depth is present everywhere: surely it has been found 
as a free phase with variable amounts of hydrogen, 
methane and  CO2 in the boreholes of Kola (around 
12  km depth, Kozlovsky  1987), and KTB (9  km 
depth, see e.g. Smithson et al. 2000).

Therefore, assuming the presence of water in active 
tectonic areas, the fluid pressure can vary in time dur-
ing tectonic loading. As an example, Zhu et al. (2020) 
suggest that during inter-seismic periods a complete 
cycle with a pressure decrease and an increase may 
occur. Specifically, after the drop of pressure in the 
first opening of microcracks, a pore pressure increase 
may take place during the nucleation process of a 
main shock (Sibson 1991; Doglioni et al. 2014).

Specifically, a consequence never taken into con-
sideration is that the opening of microcracks creates 
perturbations in the water–rock equilibrium, being a 
depressurisation. This induces physical and chemical 
changes in the fluids both at macro and at molecular 
scales, varying all the chemical relationship between 
water and solids. In general, these pressure variations 
act on chemical characteristics of the waters and on 
the whole water–rock system, varying therefore their 
mutual relationships. At the same time, the opening 
of microcracks offers new rock surfaces, available for 
relationship with the destabilised water.

The present work wants to fill a gap, by integrating 
water chemistry with physical models. It starts with 
the description of water molecular characteristics, 
from standard to thermodynamic conditions typical 
of middle crustal depth, where water could be in its 
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supercritical aggregation state. Then, are summarised 
some highlights on the solubilisation mechanisms of 
three main mineral classes and on subcritical crack 
growth in quartz and silicate, both in the liquid and 
supercritical phase. All these preliminary analyses 
concur in the comprehension of the model, first by 
outlining a water phase diagram adjusted to a crustal 
profile with the presumed temperature and pressure 
values relative to each depth. These are the basis for 
the description of the behaviour of different waters 
subject to isothermal pressure variations happening 
during the earthquake nucleation process, generally 
leaving out its ionic content. These approximations 
are necessary to highlight how pressure variations 
alone can induce changes on the  H2O molecular 
structure, changing its solvent capability and in turn 
directly influencing rock shear resistance.

2  Main properties of water

Water is a powerful polar fluid, able to interact with 
most ionic substances at standard conditions. Among 
natural liquids, it has the highest dielectric coeffi-
cient (close to 80 � at standard conditions, decreasing 
to 55 � near 100 °C; Malmberg and Maryott, 1956), 
and a high dipole moment. It has a H–O–H bond 
angle between 104.5° and 105°; that allows to bind 
to other water molecule through hydrogen bonds: 
one hydrogen of a water molecule, site of positive 
partial charge, binds the oxygen of a neighbouring 
water molecule, site of the negative partial charge. 
The energy of this intermolecular bond, which is only 
about 20 times smaller than the pure covalent bond 
(Stumm and Morgan 1996), arises from 90% electro-
static and 10% covalent nature (Isaacs et al. 2000). At 
standard conditions the configuration is a continuous 
and infinite network of molecules joined by hydro-
gen bond; the number of hydrogen bonds (NHB) is at 
its maximum close to 4 with a near-tetrahedral con-
figuration. A model proposed by Kalinchev and Bass 
(1997) suggests that an average value of the water 
hydrogen bonds at 25 °C is 3.19 NHB with the follow-
ing speciation: 0.2% monomers, 11% and 22% dimers 
and over 70% molecules with coordination 4 (Fer-
nandez-Serra and Artacho 2004). The hydrogen bond 
enthalpy is around 23 kJ/mol (Suresh and Naik 2000), 
with a vaporisation enthalpy of 44 kJ/mol.

With increasing temperature, this network starts to 
become a cluster of short-living hydrogen bonds, being 
continuously destroyed and restored (Ved’ et al. 2010). 
Above around 200  °C the tetrahedral structure disap-
pears, remaining a linear one (Jedlovsky et al. 1998). 
Close to the subcritical/supercritical transition region, 
the NHB is extremely low (Fig. 1); here takes place the 
destruction of the infinite-bonded hydrogen clusters 
(Petrenko et al. 2012) reaching, at low density, a value 
of NHB below 1 and not stable (Nakahara et al. 2001).

According to Galli and Pan (2013), there is no 
consensus on the structure of the water in the super-
critical field. Apparently, only 15–20% of hydrogen 
bonds persist, generally up to 600 °C and 134 MPa. It 
seems that the network is highly distorted, with local 
zones of well-defined HB with non-HB regions. The 
formation of HB regions is density dependent that is 
they are regulated and influenced directly by pressure 
at fixed temperature (Bruni et  al. 1996). Since there 
is a direct correlation between the formation of local 
clusters of hydrogen bonds in the supercritical state 
and density, density will be used as a useful macro-
scale parameter for describing the average state of the 
intermolecular distances per unit volume.

Density, the result of intermolecular distances, is 
a function of temperature and pressure. In the liquid 
state, density values have a limited range. Approach-
ing subcritical and supercritical state, at constant 
pressure, density starts to vary more significantly; 
near the critical point there’s a sharp decrease in den-
sity down to close to 0.1 g/cm3. Beyond this transition 
zone, and in the supercritical state, small isothermal 
variations of pressure yield substantial changes in 
density (Fig.  2). These changes have a fundamental 
impact on the solvation properties of supercritical 
water (SCW). In the gas-like domain (i.e. low den-
sity), water molecules hardly form hydrogen bonds. 
Toward the liquid-like domain (i.e. medium high 
density) through isothermal pressure increases, the 
formation of HB clusters (NHB approaching 2) creates 
a highly reactive fluid: the oxygen in the water has 
an “unsatisfied” partial negative charge that locally 
makes it extremely attractive for cations.

Several factors determine the solubility of min-
erals in water. Hydration is a shielding action that, 
through the formation of a shell of water molecules, 
locally neutralises ions in solution; the tendency to 
bind ions with counter charges, mostly the origi-
nal with which they were bound in the solid phase, 
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is therefore prevented. The dielectric constant is a 
qualitative measure of this shielding ability. Water 
with a high dielectric value has molecules that are 
able to solvate and surround ions avoiding that 
opposite charged ions attract each other again.

Yoshii et  al. (2001) started from the equation of 
the dielectric constant ( � ) dividing it into two dis-
tinct factors: the squared average of molecular dipole 

moment and the orientational correlation that can be 
calculated as

where N is the number of molecules, k is Boltz-
mann constant, T is absolute temperature, V is vol-
ume, �i is the dipole moment vector of molecule i, 
and GK, is the orientational correlation given by

Equation (1) shows the known general weakening 
of the dielectric constant with increasing tempera-
tures and the direct correlation of the two factors with 
the dielectric constant.

Equation  (2) assumes the value of unity for no 
intermolecular orientational correlation. Density acts 
on both factors of the dielectric constant with differ-
ent extent: on the molecular moment factor acts caus-
ing or removing induced dipole moment up to the 
extreme low value close to the water gas phase; on 
the GK with more extent, acting on the structuration 
and orientation on the molecules. In a simulation the 
same authors observed the behaviour of water: first, 
at constant density over a wide range of temperature 

(1)� − 1 =
N

3kTV
⟨�2

i
⟩GK

(2)GK =

∑
i

∑
j⟨�i ∗ �j⟩
N⟨�2

i
⟩

Fig. 1  Number of hydrogen 
bonds of a water molecule 
as a function of density 
(Kalinichev and Bass, 
1997). Blue circles are 
liquid and subcritical water 
data, at relatively low 
pressure; red triangles are 
supercritical water data; 
blue and red curves are 
the polynomial fit of each 
group. Note that liquid 
and supercritical waters 
appear to have a divergent 
behaviour at medium/high 
density (lower crustal water 
density)

Fig. 2  Relationship between pressure and density for various 
isotherms: black, 300 °C; purple, 400 °C, blue, 500 °C, green, 
600 °C (modified after Sakuma and Ichiki 2016)
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(from 27 to 427 °C), and then along the 427 °C iso-
therm (Table 1). Results show that at gas-like density, 
the contribution to the dielectric constant is due only 
to the single molecular dipole moment ( � = 1.87 D), 
a value close to the value found in gaseous state 
( � = 1.85  D), with no contribution due to induced 
dipole. Here, SCW has no more structured water. In 
other words, the factor of the field due to the struc-
tured water molecules is absent. A water molecule is 
not any longer forced to bind with its neighbouring 
molecule, being the intermolecular forces lower than 
the kinetic ones (Nakahara et al. 2001). In this case, 
its chemical behaviour becomes similar to the vapour.

At liquid-like density and temperature constant at 
427 °C, instead, the SCW is structured with a dielec-
tric constant slightly smaller than that at 327 °C. This 
is a consequence of the formation of the local clus-
tering network of hydrogen bonds between molecules 
becoming therefore a heterogeneous fluid made of 
finite clusters of bonded and free water molecules 
(Gorbaty et  al. 2017), which makes the liquid-like 
behaviour similar to the liquid one. High-density 
SCW represents a water that has polar properties: salt 
solubilisation, acid–base dissociation and water self-
dissociation (Kritzer 2004).

In the density range from gas-like to 0.9  g/cm3 
(see Sakuma et al. 2013) supercritical water is highly 
compressible: little pressure variations produce rapid 
density variations. Consequently, by isothermally 
varying pressure, the ionic character can vary from 
gas-like density, with little or no ionic properties, to 
liquid-like density that has most of the ionic proper-
ties: that means that these chemical properties are 

tuneable by varying pressure at constant temperature. 
Above 0.9 g/cm3 the compressibility becomes lower, 
since “at higher pressures, the structure of the fluids 
is similar to the closest packing of  H2O molecules, 
and the pressure gradient of the density is lowered. 
The low isothermal compressibility was ascribed 
to the stiffness of the  H2O molecules” (Sakuma and 
Ichiki 2016).

3  Liquid and supercritical water–rock 
interaction: rock weakening

The water–rock interaction is a mutual relationship 
regulated by numerous factors; among others tem-
perature and, when the water is in supercritical phase, 
pressure. In disequilibrium conditions, this interac-
tion results in a flux between solid and fluid phases, 
which includes solubilisation (secondary), minerali-
sation and/or simply ion exchange. With increasing 
temperature, if the lattice energy of ionic compounds 
in the solid-state decreases, and if the hydration 
enthalpy is equal or remains even slightly higher than 
the lattice energy, ions dissolution occurs with water 
molecules surrounding and shielding them.

Below there is a summary of common crustal-min-
erals solubilities, highlighting the density-solubility 
correlation experimentally found and/or calculated 
with SCW, assuming that the solubility behaviour of 
rocks can be compared to the known solubility behav-
iour of specific minerals.

Table 1  Dielectric 
characteristics of water for 
N = 10,648 molecules at 
various temperatures, with 
fixed density, and at fixed 
temperature of 427 °C with 
decreasing density (from 
Yoshii et al. 2001)

Dielectric constant ( ε) Dipole 
moment ( μ)

Density (g/cm3) Temperature 
(°C)

GK

Constant density conditions
73 2.6 1 27 3.1
56 2.44 1 127 3.57
40 2.37 1 227 3.33
29 2.33 1 327 2.97
Isothermal conditions at 427 °C
21 2.30 1 427 2.54
12 2.15 0.66 427 2.56
4.3 2.02 0.33 427 1.69
1.4 1.89 0.066 427 1.14
1.2 1.87 0.033 427 1.08
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3.1  Quartz

SiO2 is the mineral with the highest covalent charac-
teristics among silicates and at the same time is the 
last silicate that precipitates with decreasing P and 
T conditions. The solubility of Quartz in water is a 
direct function of temperature becoming extremely 
low at standard conditions. Because of this, it is 

commonly used as a geothermometer in geothermal 
exploration (Fournier  1977). Fournier and Potter 
(1982) analysed the quartz solubility from ambient to 
supercritical environment, pointing out its direct rela-
tionship with SCW density (see Fig. 3A).

Sverjensky et al. (2014) measured quartz, enstatite, 
forsterite and corundum solubility, and aqueous sil-
ica speciation over a wide range of pressures and 

Fig. 3  Solubilities in 
supercritical water of three 
different mineralogical 
species as a function of 
density. A  SiO2 concentra-
tion in water as a function 
of SCW density at two dif-
ferent isotherms. Quadratic 
fitting extrapolated from 
Fournier and Potter (1982). 
B Solubility of NaCl as a 
function of SCW density 
(Mantegazzi et al. 2013; 
Voisin et al. 2017). C 
Solubility of Calcite versus 
SCW density, calculated 
according to Eq. 3, along 
two isotherms
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temperatures. In particular they analyse water silica 
speciation in relation to both systems, quartz–water 
and (orthoenstatite + forsterite)–water. At low densi-
ties, the dimer form  Si2O(OH)6 aq prevails, in both 
systems; at increasing densities the monomer form of 
Si(OH)4 aq prevails. According to the above authors, 
density variations in the highly compressibility field 
produce extremely rapid variations: at low pressures 
and 600 °C (low density), the dimers are around 85%. 
At about 400  MPa the percentages of both forms are 
equal. Above 900 MPa the dimers become only 40%. 
For speciation in the (orthoenstatite + forsterite)-water 
system variations in the highly compressibility field are 
more rapid. The monomeric form prevails in the liquid-
like density field of SCW, just as in the liquid phase.

3.2  Sodium chloride

NaCl and in general halide alkaline and alkaline-earth 
compounds are mostly ionic solids (around 73% of 
ionic character); their solubility correlates directly 
with the temperature of the aqueous liquid phase. 
However, in near critical and supercritical fields, the 
density becomes a primary factor in determining sol-
ubility (Fig. 3B).

The solute–solvent relationship in the supercriti-
cal phase is indeed different. The forms of solvation 
and ion pair association of halides have been studied 
in SCW (Cochran et al. 1992; Duan et al. 2006; Lee 
and Cummings 1999; Balbuena et al. 1996) also close 
to the critical pressure at low density (Keshri et  al. 
2016; Chialvo et  al. 1995). The speciation between 
these two forms is again a function of density and 

the dielectric constant. Chialvo and Simonson (2003) 
modelled the behaviour of NaCl as electrolyte con-
cluding that in diluted solutions it goes from weak- no 
dissociation ( � = 0) to moderately-strong dissociation 
( � = 1), having a dielectric constant from 1 to 20 � , 
respectively. In fact, at 427 °C and density = 1 g/cm3 
(Table 1), the dielectric constant equals 21 � ; at these 
conditions, the formation of hydration shells around 
ions is plausible thanks to a dielectric field that has 
sufficient strength to solvate ions.

Ion pairing models describe ion associations: from 
the CIP (contact ion pair) configuration to SSIP (sol-
vent separated ion pair) as a transition from real ion 
pairing to ions shielded by a single shell of water mol-
ecules (Fig.  4). Sakuma and Ichiki (2016), analysing 
the “structure of hydrated  Na+ and  Cl− and Na − Cl  
ion pairs”, showed that the “hydration number increased 
with increasing pressure and decreasing temperatures”. 
This confirms the existence of a relationship between 
dielectric constant and temperature/pressure condi-
tions (Sakuma et  al. 2013): as the density decreases, 
the dielectric constant drops rapidly to its lowest value 
of 1.2 � , with ions that are no more shielded (going 
beyond CIP—contact ion pair—formation, see Fig.  4) 
and that constitute the nucleation centres of mineral 
precipitation.

Walther (1986) analysed the behaviour of alkali 
and alkaline-earth metals in SCW and ion exchange 
between host rocks (mainly metapelitic mineral 
assemblage) and fluids (mainly  H2O). This author 
shows how the solubility increases by two orders of 
magnitude, from 100 to 300  MPa, with isothermal 
compression. Total solubility is therefore related. 

Fig. 4  Water structures with ionic solutes:  Na+Cl− hydration 
scheme. (1) CIP structure. Ions are in close contact, and only 
one shell of water molecules surrounds the ions couple. Low 
water density. (2) SSIP structure has only one hydration shell 
surrounding each ion but. Slightly higher water density. (3) 

Classic solvation: each ion has two hydration shells. Medium–
high water density (modified from Chialvo et al. 1995). Going 
from left to right it is shown the variations in the hydration 
structure with increasing density
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Effectiveness of bulk solubility process is linked 
to the solute stability in SCW and to the solvation 
mechanism. As already seen in the case of  SiO2, 
also in NaCl (ionic solute) the solubility seems to be 
related to the density. At low density, the solubility is 
extremely low.

NaCl apparently follows the same scheme of  SiO2. 
In fact, Oelkers and Helgeson (1993) report formation 
of a polyatomic clusters at low density with solubil-
ity values approaching zero. Instead, at high density 
salt dissociation is complete (Fig. 4). At 400 °C and 
at pressure of 0.5 GPa (density = 1.040 g/cm3), Man-
tegazzi et  al. (2013) report concentration of 3  M of 
NaCl, equal to 17.5%w/w. For comparison, seawater 
averages around 3.5%w/w and at standard conditions 
NaCl solubility is 6 M.

3.3  Calcite and carbonates

The fate of carbonates is similar to that of other inor-
ganic solutes: solubility is correlated with SCW den-
sity. Based on experimental data for Calcite, Caciagli 
and Manning (2003) propose the following equation 
between 400 and 750 °C and 100–1600 MPa, with a 
mean standard deviation of 10% (Fig. 3C):

where T is the temperature and �H2O is the SCW 
density.

Calcite hydration process is a little more compli-
cated than quartz and sodium chloride, since its sol-
vation involves stoichiometric equilibria that include 
other molecules. Among other,  CO2 is believed to be 
one of the most important. Nevertheless, in an experi-
ment, Fein and Walther (1987) measured calcite solu-
bility in pure, decarbonated water, finding that the log 
of Ca molality in equilibrium with calcite equals − 3.75 
at 200 MPa and 500 °C ( �H2O = 0.69 g/cm3). Solubility, 
in this case, plausibly could follow the reaction:

The high grade of water dissociation yields 
hydroxyl and hydrogen ions that constitute major 
components in SCW: their high concentration is suf-
ficient for the occurrence of reactions [4]. Therefore, 
calcite dissolution is possible in absence of  CO2, i.e. 
without the need of acid water.

(3)
logmCaCO3

= −3.95 + 0.00266T + (32.8 − 0.028)logρH2O

(4)
CaCO

3
+ OH− + H+ + H

2
O = CaOH+ + HCO−

3
+ H

2
O

Indeed, the presence of  CO2 could change calcite 
solubility: while up to a  CO2 molar fraction of 0.05 
its solubility increases, at higher  CO2 concentrations 
the solubility is apparently hindered. Pan and Galli 
(2016) modelled the SCW and supercritical  CO2 
coexistence during  Na2CO3 dissolution at upper-
mantle/lower-crust conditions. They observe that no 
 CO2(aq) is present in the final solution. Carbon bear-
ing species are carbonate and bicarbonate ions. In 
extreme conditions, even in a  CO2 injection in SCW, 
the same authors find that, at 11  GPa and 727  °C, 
carbon dioxide becomes immediately speciated in 
 HCO3

− (80%),  CO3
2− and perhaps  H2CO3.

CO2 solubility in water is a direct function of 
pressure and an inverse function of temperature up 
to 100°. With 100° < T < 250°, and with P > above 
10 MPa, the relationships between T and  CO2 solu-
bility becomes direct. On the 250  °C isotherm, the 
dependence with pressure become prevalent. The 
increase of pressure from 140 to 160  MPa pro-
duces a solubility increase in the order of 1  mol/kg 
(Hangx 2005).

3.4  Subcritical crack growth and rock weakening

The creation of new microcracks in the dilatant region 
offers existing waters new rock surfaces where new 
interactions can begin. Classic solvation has already 
been illustrated in three cases of different miner-
als with a dedicated focus on supercritical water and 
density variations: this kind of relationship is surely 
one of the principals that begins, subordinating even-
tual mass transfer principally to saturation indexes. In 
each new or reactivated micro crack, the tip consti-
tute a zone of weakness, even though, soon after the 
cracking, the stress level acting on the tip decrease 
immediately. Nevertheless, cracks continue to grow, 
even if the stress level is nominally below the critical 
threshold of rupture.

The real origin of the subcritical crack growth, 
defined as a slow propagation of a fracture, is unknown. 
Diverse theses have been proposed, most of which, 
based on experimental results, require the presence of 
the water. Among these, Anderson and Grew (1977 
and references therein) explain the slow crack propaga-
tion with the mechanism of the stress corrosion, i.e. the 
cracks grow in presence of a reactive chemical envi-
ronment in proximity of the crack tips that reduces the 
energy requirements of cracks’ growth.
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Parks (1984) suggests that the fracture of a quartz 
crystal produces a break in the Si–O–Si bonds: 
roughly Si–O on one side and Si on the other. This 
fracture produces unbalance charges at freshly 
opened surface at crack tip and more specifically 
negative charges in O still bonded with a Si, and 
positive charges in the remaining Si. These “dan-
gling” bonds are highly reactive, and prone to link 
counterions to achieve again electroneutrality. In the 
Earth crust, water is in general the first charge sup-
plier, with its variable concentration of hydrogen and 
hydroxyl ions. Thus, the presence of aqueous fluids 
has a substantial effect on the weakening of quartz 
(Dunning et al. 1984), facilitating crack propagation. 
The cited references also suggest that this weakening 
effect due to chemical reaction should occur also on 
polycrystalline natural rocks. Michalske and Freiman 
(1982) give a chemical and molecular explanation 
of this weakening. They report that the presence of 
water in the crack tips is the principal mechanism of 
chemical corrosion stress in silica; according to their 

model, environmental liquid water—i.e. well below 
critical temperature—can react, at the crack tip, with 
the (stress) strained bridging  Obr (Si–Obr–Si). These 
links develop by establishing a hydrogen bond with 
the bridging-silica oxygen, and through interaction 
between lone pairs of water’s oxygen and Si atom, 
forming, at the end, Silanols (Si–O–H) groups (see 
Fig. 5). These groups are the responsible of the weak-
ening of the crack tip and process zone, by having a 
lower surface energy (e.g. Parks  1984; Kronenberg 
1994). Summarising, this process facilitates crack 
propagation at (not quantified) low stress intensity, 
over ultra-low and low velocity ranges, from  10−9 to 
 10−2 m  s−1 (Michalske and Freiman (1982).

The model highlights two apparently second-
ary mechanisms but it contains two key points used 
by subsequent research. The first: strained bonds. 
In a simulation carried out by Rimsza et  al. (2018), 
it is highlighted how the strained bonds are local-
ised not only at the crack tip but also far from it. 
Some numbers. In their simulation, the crack tip 

Fig. 5  Model proposed by Michalske and Freiman. a  H2O 
molecule going toward the crack tip. b formation of a hydro-
gen bond between a hydrogen of  H2O and (lower in the figure) 
the oxygen of the quartz. c replacement of the hydrogen bond 
formed in b with a O–H bonding, creation of a bond between 

oxygen of the water with the (upper) silica and creation of 
hydrogen bonding of the (lower) hydrogen with the (upper) 
oxygen, formerly belonging to the same  H2O molecule and d 
disrupting of hydrogen bond and creation of two new silanols 
(SiOH). Redrawn and modified from Kronenberg (1994)
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radius was observed to be 0.5 nm, and the extension 
of the strained bonds is close to 7  nm. The second. 
The water molecule that establishes a bond with the 
oxygen bridge (Si–Obr–Si), dissociates into  H+ and 
 OH− in the central and final stages of this process. 
As reported by Kronenberg (1994) water and dissoci-
ated components are likely to penetrate quartz struc-
ture, up to 7 angstroms below the fracture surface 
(Mahadevan and Garofalini  2007) and subsequent 
local silanol formation through, in case of an entire 
water molecule, “dissociative chemisorption”. The 
role of the water in this process lowers the fracture 
toughness by about 25% in the entire fracture process, 
“either on surface or in the bulk” thus “allowing for 
fracture at lower strain”, (Rimsza et al. 2018).

Remarks following an experiment conducted on 
andesite and granite, suggest that temperature has a 
positive correlation with subcritical crack growth too 
(Nara et al. 2012).

4  The chemical role of liquid and supercritical 
waters in earthquake preparation process

This conceptual model has two assumptions: water 
is at hydrostatic pressure (understanding, below any 
given depth, water could be at lithostatic pressure) 

and only water chemistry is considered (the ionic 
content of water may be neglected for the purposes 
of a general discussion). It starts from a static situa-
tion by merging a generic earth crust profile with the 
water state diagram. Depth-pressure relationship is the 
hydrostatic pressure; temperature values are extrapo-
lated considering two different geothermal gradients: 
one of 25 °C/km and the second of 40 °C/km.

The analysis of the steady state situation evidences 
some edges. The first is what here is defined the critical 
depth. Water, if present, is in its supercritical state beyond 
this depth. This edge separates two different ways for 
water to relate itself with surrounding environment. The 
liquid way is sufficiently known, while the supercritical 
has been poorly investigated in earth sciences; its behav-
iour is mostly inferred from laboratory experiments.

The second edge indicates the brittle ductile transi-
tion line, as reported in Fig.  6. Maximum reachable 
value is around the 500  °C isotherm, considering a 
tectonic strain rate around  10−14   s−1, assuming the 
values reported in Violay et al. (2017).

Then, a dynamic system points out transforma-
tion occurring at depth before the main rupture. The 
opening of microcracks is the starting point of these 
deep transformations that translates in fluid chemis-
try modification, even with the separation of other 

Fig. 6  State diagram of 
water merged to a general 
crustal section. Water 
pressure is assumed to be 
hydrostatic at equilibrium. 
Dashed lines represent 
SCW density, bold polygon 
evidences the area where, 
at equilibrium, are located 
points with SCW prone to 
be subjected to the pressure 
cycle due to earthquake 
preparation process. The 
opening of a microcrack 
produces a vertical upward 
movement in the pressure 
values and so, as it is vis-
ible, a rapid lose in density. 
Reapplication of pressure 
is a downward movement, 
i.e. a compression where 
SCW acquire again high-
density values. BDT is the 
brittle-ductile transition line 
(Violay et al. 2017)
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chemical phases, and especially in the case of SCW, 
in a substantial decrease of rock resistance.

Hypocentral depths are variable. As an exam-
ple, Chiarabba et  al. (2003) affirm that in northern 
and southern Apennines (Italy), the NW-striking 
segments are confined within the upper 6–8 and 
12–15  km of depth respectively. Present model 
assumes a maximum hypocentral depth of about 
20 km. If water is present and assuming that it is in 
equilibrium with T-P conditions, then it is helpful in 
differentiating two distinct zones:

Below water critical point (T < 373 °C)
Above water critical point (T > 373 °C)

The critical depth is the divide between these two 
domains, a boundary between two different physi-
cal, chemical, and probably rheological domains, 
identified as the depth beyond which water is in the 
supercritical state. This depth is a function of the 
local geothermal gradient crossing the critical tem-
perature isotherm (see Fig. 6).

In the earthquake preparation process, the opening 
of microcracks produces a depressurisation on the 
locally present free water. Subsequent pressure re-
equilibration closes the pressure cycle on water. This 
cycle can have consequences on the solvent capacity 
of water, especially on freshly opened crack faces, 
that, through coalescence, may become a microf-
racture interconnected network. These water–rock 
interactions at seismogenic depth do play a role in 
host-rocks weakening that could lead to rupture. This 
mechanism may occur with relevant differences as a 
function of the water aggregation phase.

This mechanism occurs with relevant differences 
in relation to the critical depth and the associated 
aggregation phase of the water.

4.1  Below the critical point of water: liquid phase

Below the critical point, water compressibility is low, 
since, even close to subcritical conditions, the water 
density is close to 0.8 g   cm−3 at 250–300 °C and at 
relatively low pressure around 10 MPa. In liquid field, 
water–rock interaction is mainly governed by tem-
perature. Few published data discuss mineral solu-
bilities as a function of pressure in liquid water; most 
of these data come from low-temperatures oceano-
graphic studies. As an example, a pressure variation 

from 1 to 1000 bar produces only an eightfold vari-
ation in solubility of halides and carbonates, while 
corresponds to an even lower variation in solubility 
of quartz and silicates (e.g. Millero 1982; Macdonald 
and North 1974).

Therefore, if there is no liquid/vapour phase tran-
sition, pressures correlate weakly with ion solubil-
ity. Pressure has instead appreciable effects in the 
separation of pressure sensitive fluids like gases 
(e.g.  H2,  CH4) and supercritical  CO2 (Portier and 
Rochelle 2005) now free to migrate elsewhere much 
more effectively than water (regarding the behaviour 
of supercritical  CO2-water see e.g., Bahadori et  al. 
2009; Pruess 2005). The removal of  CO2 from the 
liquid solution changes all aqueous equilibria, while a 
bi- or multiphasic system is created. Here, in addition 
to water, the fracture network could become occu-
pied by  scCO2 that, according to Criscenti and Cygan 
(2012), can transport aliquot of some major ionic ele-
ments through a partition process. In some cases,  H2 
development occurs. Leaving aside serpentinisation 
reactions, hydrogen formation could be related to the 
contact between newly pulverised saturated igneous 
rocks and waters (e.g. Sugisaki et al. 1983). Authors 
observe in laboratory experiment the formation and 
the quantity of formed  H2 in contact between pulver-
ised rocks (peridotite > biotite > granite) with distilled 
water, reaching concentration close to 3% of  H2.

If the water in the new P–T state falls into the 
vapour field instead, water distillation may occur, 
with associated solute precipitation. The vapour 
phase could migrate easily and the successive 
increase of pressure yields again a liquid, aggressive 
phase. In these conditions, water can establish inten-
sive water–rock interactions. A simulation conducted 
with phreeqc (Charlton and Parkhurst 2011; Parkhurst 
and Appelo 2013) between hot pressurised water with 
low ionic strength and granite, points out the low-
pressure dependence in water rock interaction, and at 
the same time the possible secondary mineral forma-
tion, even at high temperature (300 °C), most of them 
are clayey minerals and/or minerals with OH groups.

4.2  Above the critical point of water: supercritical 
phase

Above the critical point of water, the pressure cycle, 
acting on the highly compressible SCW makes the 
fluid vary its chemical properties. This process may 
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be described in three stages. A similar scenario could 
be reasonably applied even to the liquid phase, if and 
only when the liquid water undergoes to vaporisa-
tion during the opening of microcracks. Here is as 
follows.

4.2.1  First stage

This stage begins at equilibrium. The net chemical 
exchange between the two parts in SCW–rock inter-
action is equal to zero. The local values of tempera-
ture and pressure could be extrapolated respectively 
from local geothermal gradient and from depth, with 
the hypothesis that the pressure is hydrostatic. Depar-
tures from hydrostatic pressure is due to the continu-
ous tectonic load acting on the rock interested and on 
free water. Here starts the pressure cycle described as 
follows.

4.2.2  Second stage

In response to the continuing tectonic load, microc-
racks may open, causing the drop in fluid pressure. 
This decompression has consequences on  NHB and 
on density. In this stage, SCW could lose all the polar 
properties that normally characterise liquid water 
and dense SCW. So, no acid/base dissociation, no 
self-dissociation (eventual pH speculation does not 
make any sense), low dielectric value, no possibility 
therefore to solvate minerals. Gaseous components 
previously dissolved in SCW separates and a bi-mul-
tiphasic system develops, with different migration 
modalities. Variation of water chemistry if  CO2 is 
involved. In any case, all the solutes precipitates rap-
idly passing through ion pair association (chlorine) or 
dimer formation (quartz).

SWC, thanks also to its low viscosity, low density, 
and thanks also to the absence of surface tension, can 
easily migrate, adhere (i.e. wettability) and permeate 
tiny and freshly opened fissures that normally are a 
barrier for standard water to penetrate, following the 
geometry of the crack network.

4.2.3  Third stage

Due to continuing deformation due to constant tec-
tonic load, the pressure of the fluids contained in 
the micro-fractures system begins to rise, switch-
ing back the polar attributes of the water molecules 

network. Due to rising  NHB and density, the SCW 
starts again to behave as an ionic solvent, and, being 
now strongly undersaturated, is avid and rapid in 
solvating minerals all along the micro-fractures sys-
tem, even in new freshly opened fractures. Eventual 
other residual fluid phases present could be reab-
sorbed in the SCW. In other words, as the fluid pres-
sure increases, minerals solubilities rise, in some 
cases exponentially, with increasing density (cf. 
Figure  3). Some chemical processes that may take 
place are: mineral dissolution in the newly opened 
surfaces, quartz and silicate permeation and weak-
ening for increased subcritical crack growth and 
hydrogen penetration, and eventual acid shift in case 
of  OH− subtraction by secondary clayey minerals 
(such as illite, smectite and chlorite).

4.2.4  Rock weakening

The consequence of the described interaction between 
SCW (and liquid water if undergoes to vaporisation) 
and host rocks is the chemical contribution to a gen-
eral weakening of the portion of rock interested by the 
microcracks and earthquake preparation process. If the 
cycle of pressure happens entirely during the earth-
quake nucleation process, this could be a key factor 
leading to the triggering of a main shock at a smaller 
stress level compared to that needed for the unal-
tered rock, being now the rock resistance dramatically 
reduced thanks to the chemical action. Summarising, 
the chemical contribution to the rock weakening is due 
to two parallel causes triggered by the cycle of pressure.

The first cause is the rock solubility. Specifically, 
in the case of SCW, the pressure variations could be 
seen as an effective tuner of solubility by varying 
SCW electrostatic and molecular properties. In some 
cases, these mineral solubility variations are exponen-
tial. In absolute terms, quartz solubility is even higher 
in liquid-like density of SCW than in liquid water. 
Here, it is arguable the meaning of the critical depth: 
it indicates a net border between two possible solvent 
and distinct behaviour in water–rock interaction. If 
liquid water has the possibility to weaken rock, SCW 
do it, effectively and even rapidly. In this respect, an 
experiment, carried by Takahashi and Hashida (2004), 
helps to better understand the divide existing in the 
water–rock interaction between the liquid and SCW 
field. They performed a triaxial shear deformation test 
with a granite specimen and water up to 600 °C and 



J Seismol 

1 3
Vol.: (0123456789)

150  MPa. The results show a net and rapid strength 
decrease as the water temperature is equal or above 
critical value. Optical inspection around fracture sur-
face reveals crack density values sharply higher in 
supercritical water rather than in liquid one, with a net 
and substantial increase in permeability.

Second general effect of the cycle of pressure 
applies principally to quartz and silicate in general, 
namely the subcritical crack growth. Neglecting as 
a first approximation the (existing) influence of the 
ionic content of water, subcritical crack growth is 
transversal to the water aggregation state. Moreover, 
the high concentration of  H+ and  OH− ions, due to 
high temperatures, could eventually speed up this 
process, according to the dissociative chemisorp-
tion model (Mahadevan and Garofalini  2007). New 
and strained silicate surfaces offer to the water and to 
its dissociated components reactive sites for silanol 
(SI–O–H) formation, a structure that weakens the 
superficial strata of silicates, permitting an easier 
crack propagation and a higher number of fracture 
events (Rimsza 2018).

5  L’Aquila earthquake example

As a preliminary example, it is possible to apply this 
model, or part of it, to the Mw 6.3 L’Aquila earth-
quake of 2009, April 6th. The role of the fluids in 
this event has been extensively ascertained and high-
lighted (e.g. Savage 2010 and references therein). In 
detail, Di Luccio et  al. (2010) explain the observed 
Vp/Vs variations with the action of moving deep flu-
ids, capable to vary the effective pressure acting on 
rocks. Thus, they assign to the fluids a primary role 
in the reactivation of old cracks and in the activation 
of new ones during main shock nucleation process. 
Based on a similar dataset of negative and positive 
variations in the velocity ratio, Lucente et al. (2010) 
provide an articulated picture based on dilatancy and 
related fluid diffusion mechanism, occurred before 
the main shock, with an acceleration of events just 
one week before the main shock and testified by the 
most intensive foreshock seismic activity. Chiodini 
et al. (2020) explain the role of these  CO2-rich fluids 
and their deep origin. Thanks to the  CO2 isotopic sig-
nature, they demonstrated the relationship of higher 
deep  CO2 discharge at surface for the event that struck 
L’Aquila. The explanation they give focuses on a 

thermal mechanism of  CO2 release from the subduc-
tion zone into deep reservoirs in the crust. The high 
pressure reached by the continuous production of  CO2 
should push it towards the surface aquifers. During 
earthquakes, then, the mechanical shaking triggers 
the release of unstable quantities towards the surface, 
“such as a shaken bottle of a carbonated drink”.

The complex sequence of dilatancy and fluid diffu-
sion offers instead a basis that may explain the men-
tioned cracking with the chemical action described 
in the present model. The involved fluids are satu-
rated with  CO2 in a carbonatic system. The following 
equation describes the general chemical equilibrium:

At depth, the pH of  CO2 saturated water could 
reach values well below 4 units (Haghi et al., 2017) 
and, at these values, the solubility of carbonates is 
extremely high. The dilatancy phase breaks the equi-
librium: it allowed the separation of  CO2 according 
to the new pressure conditions. Consequently, the 
precipitation of  CaCO3 occurs since the fluids tends 
to reach the new chemical equilibrium (Eq.  5 pro-
ceeds to the left side). Separated  scCO2 and produced 
water vapour are the first phases free to migrate else-
where, mainly for a lower viscosity than liquid water 
(the presumable aggregation phase of water in this 
event), in new created voids and come into contact 
with newly fractured carbonate formations.

Then, the presence of detected highly pressur-
ised fluids occurred at least 8  days before the main 
event (Sugan et al. 2014), testify a (re)pressurisation 
of the fluids in the system. Water vapour can con-
dense again into flowing liquid water. The mixture is 
now undersaturated in ions and, if it still contained 
adequate concentrations of reactive  CO2, definitely 
acid. These were the perfect conditions to solubi-
lise quickly the new calcareous surfaces, especially 
at the crack tips. The present model also provides a 
different explanation on  CO2 discharge at surface. 
As already mentioned, deep  CO2 is in supercritical 
state  (scCO2) and is highly compressible; its solubil-
ity in water is an inverse function of salinity, a direct 
function of pressure; in a minor extent it is a direct 
function of temperature for P > 15 MPa (Spycher and 
Pruess 2010). Starting from an equilibrium condition 
of 150 °C and 60 MPa, a depressurisation of 10 MPa 
produces the release of about 20  g of  scCO2 per 

(5)H
2
O + CO

2(sc) + CaCO
3
↔ Ca2+ + 2HCO

3
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1000 g of  H2O (Rochelle and Moore 2002; Spycher 
and Pruess  2010). Based on this simple considera-
tion, the presented model explains fluids separation 
during the dilatancy phase. As soon as excess  scCO2 
has been released, a bi or multiphasic system may 
had developed with significantly amount of separated 
 scCO2; then, due to a better buoyancy,  scCO2 over-
whelmed water. Once created the sufficient perme-
ability,  scCO2 could have found the route path to sur-
face, entering in its gaseous phase at shallow depth.

Further and more detailed investigations how-
ever are needed for a complete application of present 
model to this case.

6  Conclusion

This work defines for the first time the chemical 
mechanisms that take place in the hypocentral zone 
during the earthquake preparation process, start-
ing from the analyses of the modifications of water 
properties due to equilibria perturbation at molecular 
scale, and the relative consequences on surrounding 
rocks.

This model overcomes the general conception 
of other models based on the notion that water is 
only a physical agent (e.g. Miller 2013; Yoshida and 
Hasegawa  2018) by integrating them, and giving 
the whole phenomenon of the earthquake prepara-
tion process a wider and more complete dimension. 
For instance, it explains the chemical deposition in 
fault zones described also in Yamashita and Tsutsumi 
(2018), it contributes to a much broader framing of 
what it was observed by Heinicke et al. (2009) and, as 
reported in the discussion, presents a broader, working 
hypothesis on the long and complex preparation phase 
of the L’Aquila earthquake, based on the active role of 
the chemical action of the fluids present at depth.

The main outcomes of the present work are:

a. The opening of micro fractures triggers an almost 
irreversible process on the water–rock system;

b. Due to solubility product variations and to sub-
critical crack growth, the rock resistance under-
goes to significant modifications; this is true 
especially in case of supercritical water;

c. The chemical differentiation of waters occurs in 
the earthquake nucleation zone even with phase 
separation and chemical modification;

d. Thanks to its high compressibility, supercritical 
water responds easily to pressure variations by 
varying its density. The zone of interest of SCW 
in the present model is delimited by critical tem-
perature line as lower limit, and BDT line as upper 
limit.

It seems evident that the presence of water at depth 
is a powerful destabilising factor. Once the micro-
fracturing has begun, the chemical action of water 
could become of primary importance in causing fur-
ther weakening of the rocks involved in the earth-
quake preparation process, up to the main shock. This 
model intends to place another brick in the study of 
the earthquake preparation process, by integrating 
physical models highlighting the important chemical 
role of the two kinds of Waters examined: liquid and 
supercritical.

Acknowledgements I would thank my colleagues Dr. Maria 
Luisa Carapezza, Dr. Cesidio Bianchi, and Prof. Franco Bar-
beri for encouragement and precious hints, and Dr. Andrea 
Borgia for numerous suggestions. I am really grateful to four 
anonymous reviewers, whose suggestions helps me in improv-
ing present work, and to the colleagues of the INGV library for 
the precious support, in particular to Dr. Gabriele Ferrara for 
his patience.

I know that it is unusual, but here in acknowledgment sec-
tion, I would thank from the deep of the heart my son, “mein 
täglich Fels”, Mattia, whose pure smile supports me every 
moment, especially in these hard times.

Funding Open access funding provided by Istituto Nazionale 
di Geofisica e Vulcanologia within the CRUI-CARE Agree-
ment. This research did not receive any specific grant from 
funding agencies in the public, commercial, or not-for-profit 
sectors.

Data availability Data are obtained from published papers 
cited in the figure captions and from the National Institute of 
Standards and Technology.

Declarations 

Competing interests I affirm that no competing interests 
exist, nor conflict of interest of any kind.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 



J Seismol 

1 3
Vol.: (0123456789)

in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Anderson OL, Grew PC (1977) Stress corrosion theory of 
crack propagation with applications to geophysics. Rev 
Geophys Space Phys 15(1):77–104

Bahadori A, Vuthaluru HB, Mokhatab S (2009) New correla-
tions predict aqueous solubility and density of carbon 
dioxide. Int J Greenhouse Gas Control 3(4):474–480. 
https:// doi. org/ 10. 1016/j. ijggc. 2009. 01. 003

Balbuena PB, Johnston Keith P, Rossky Peter J (1996) Molecu-
lar Dynamics Simulation of Electrolyte Solutions in Ambi-
ent and Supercritical Water 1 Ion Solvation. J Phys Chem 
100(7):2706–2715. https:// doi. org/ 10. 1021/ jp952 194o

Brace WF, Paulding BW Jr, Scholz CH (1966) Dilatancy in 
the Fracture of Crystalline Rocks. J Geophys Res Atmos 
71:16. https:// doi. org/ 10. 1029/ JZ071 i016p 03939

Bruni F, Ricci MA, Soper AK (1996) Unpredicted density 
dependence of hydrogen bonding in water found by neu-
tron diffraction Phys. Rev B 54:11876. https:// doi. org/ 10. 
1103/ PhysR evB. 54. 11876

Caciagli NC, Manning CE (2003) The solubility of calcite in 
water at 6–16 kbar and 500–800 °C. Contrib Mineral Pet-
rol 146(3):275–285

Charlton SR, Parkhurst DL (2011) Modules based on the geo-
chemical model PHREEQC for use in scripting and pro-
gramming languages. Comput Geosci 37:1653–1663

Chialvo A., PT. Cummings, HD. Cochran JM. Simonson RE. 
Mesmer (1995).  Na+Cl− ion pair association in super-
critical water. J Chem Phys 103 9379; https:// doi. org/ 10. 
1063/1. 470707

Chialvo A, Simonson JM (2003) Aqueous  Na+Cl− pair asso-
ciation from liquid like to steam like densities along near-
critical isotherms. J Chem Phys 118(17):7921–7929. 
https:// doi. org/ 10. 1063/1. 15640 52

Chiarabba C, Jovane L, DiStefano L, R. (2005) A new view of 
Italian seismicity using 20 years of instrumental record-
ings. Tectonophysics 395(3–4):251–268. https:// doi. org/ 
10. 1016/j. tecto. 2004. 09. 013

Chiodini G., Cardellini C., Di Luccio F., Selva J., Frondini F., 
Caliro S., Rosiello A., Beddini G. Ventura G. (2020) Corre-
lation between tectonic  CO2 Earth degassing and seismicity 
is revealed by a 10-year record in the Apennines, Italy. Sci 
Adv 6(35) https:// doi. org/ 10. 1126/ sciadv. abc29 38

Cochran HD, Cummings PT, Karaborni S (1992) Solvation 
in supercritical water. Fluid Phase Equilib 71(1–2):1–16. 
https:// doi. org/ 10. 1016/ 0378- 3812(92) 85001-O

Cook NGW (1970) An experiment proving that dilatancy is 
a pervasive volumetric property of brittle rock loaded to 
failure. Rock Mech 2:181. https:// doi. org/ 10. 1007/ BF012 
45573

Criscenti LJ, Cygan RT (2012) Molecular simulations of car-
bon dioxide and water: cation solvation. Environ Sci Tech-
nol 2013 47(1):87–94. https:// doi. org/ 10. 1021/ es301 608c

Di Luccio F, Ventura G, Di Giovambattista R, Piscini A, Cinti 
FR (2010) Normal faults and thrusts reactivated by deep 
fluids: The 6 April 2009 Mw 6.3 L’Aquila earthquake, 
central Italy. J Geophys Res 115:B06315. https:// doi. org/ 
10. 1029/ 2009J B0071 90

Doglioni C, Barba S, Carminati E, Riguzzi F (2014) Fault on–
off versus coseismic fluids reaction, Geoscience Frontiers, 
5(6). ISSN 767–780:1674–9871. https:// doi. org/ 10. 1016/j. 
gsf. 2013. 08. 004

Duan J, Shim Y, Kim HJ (2006) Solvation in supercriti-
cal water. J Chem Phys 124:204504. https:// doi. org/ 10. 
1063/1. 21940 12

Dunning JD, Petrovski D, Schuyler J, Owens A (1984) The 
effects of aqueous chemical environments on crack prop-
agation in quartz. JGR Solid Earth 89(B6):4115–4123. 
https:// doi. org/ 10. 1029/ JB089 iB06p 04115

Eberhardt E, Stimpson B, Stead D (1999) Effects of grain size 
on the initiation and propagation thresholds of stress-
induced brittle fractures. Rock Mech Rock Eng 32:81–99. 
https:// doi. org/ 10. 1007/ s0060 30050 026

Fein JB, Walther JV (1987) Calcite solubility in supercritical 
 CO2-H2O fluids. Geochim Cosmochim Acta 51(6):1665–
1673. https:// doi. org/ 10. 1016/ 0016- 7037(87) 90346-2

Feng Z, Zhao Y, Zhang Y, Wan Z (2018) Real-time perme-
ability evolution of thermally cracked granite at triaxial 
stresses. Appl Thermal Eng 133(25):194–200. https:// doi. 
org/ 10. 1016/j. applt herma leng. 2018. 01. 037

Fernández-Serra MV, Artacho E (2004) Network equili-
bration and first-principles liquid water. J Chem Phys 
121(22):11136–11144

Fournier RO (1977) Chemical geothermometers and mixing 
models for geothermal systems. Geothermics 5(1–4):41–
50. https:// doi. org/ 10. 1016/ 0375- 6505(77) 90007-4

Fournier FO, Potter RW (1982) An equation correlating the sol-
ubility of quartz in water from 25° to 900°C at pressures up 
to 10,000 bars. Geochim Cosmochim Acta 46(10):1969–
1973. https:// doi. org/ 10. 1016/ 0016- 7037(82) 90135-1

Futera Z, Yong X, Pan Y, English Tse JS, NJ. (2017) Forma-
tion and properties of water from quartz and hydrogen 
at high pressure and temperature. Earth Planet Sci Lett 
461(1):54–60. https:// doi. org/ 10. 1016/j. epsl. 2016. 12. 031

Galli G, Ding Pan D (2013) A closer look at supercritical 
water. ProcNational Acad Sci 110(16):6250–6251. https:// 
doi. org/ 10. 1073/ pnas. 13037 40110

Gorbaty Y, Galina V, Bondarenko V (2017) Transition of 
liquid water to the supercritical state. J Mol Liquids. 
239:5–9. https:// doi. org/ 10. 1016/j. molliq. 2016. 06. 040

Hangx S.J.T. (2005) Behaviour of the  CO2-H2O system and 
preliminary mineralisation model and experiments. 
Deliverable WP 4.1–3–05 from CATO Workpackage 
WP 4.1, Shell contract 4600002284.

Heinicke J, Fischer T, Gaupp R, Götze JJ, Koch U, Konietzky 
HH, Stanek K-P (2009) Hydrothermal alteration as a trig-
ger mechanism for earthquake swarms: the Vogtland/NW 
Bohemia region as a case study. Geophys J Int 178(1):1–
13. https:// doi. org/ 10. 1111/j. 1365- 246X. 2009. 04138.x

Homand F, Hoxha D, Belem T, Pons MN, Hoteit N (2000) 
Geometric analysis of damaged microcracking granites. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijggc.2009.01.003
https://doi.org/10.1021/jp952194o
https://doi.org/10.1029/JZ071i016p03939
https://doi.org/10.1103/PhysRevB.54.11876
https://doi.org/10.1103/PhysRevB.54.11876
https://doi.org/10.1063/1.470707
https://doi.org/10.1063/1.470707
https://doi.org/10.1063/1.1564052
https://doi.org/10.1016/j.tecto.2004.09.013
https://doi.org/10.1016/j.tecto.2004.09.013
https://doi.org/10.1126/sciadv.abc2938
https://doi.org/10.1016/0378-3812(92)85001-O
https://doi.org/10.1007/BF01245573
https://doi.org/10.1007/BF01245573
https://doi.org/10.1021/es301608c
https://doi.org/10.1029/2009JB007190
https://doi.org/10.1029/2009JB007190
https://doi.org/10.1016/j.gsf.2013.08.004
https://doi.org/10.1016/j.gsf.2013.08.004
https://doi.org/10.1063/1.2194012
https://doi.org/10.1063/1.2194012
https://doi.org/10.1029/JB089iB06p04115
https://doi.org/10.1007/s006030050026
https://doi.org/10.1016/0016-7037(87)90346-2
https://doi.org/10.1016/j.applthermaleng.2018.01.037
https://doi.org/10.1016/j.applthermaleng.2018.01.037
https://doi.org/10.1016/0375-6505(77)90007-4
https://doi.org/10.1016/0016-7037(82)90135-1
https://doi.org/10.1016/j.epsl.2016.12.031
https://doi.org/10.1073/pnas.1303740110
https://doi.org/10.1073/pnas.1303740110
https://doi.org/10.1016/j.molliq.2016.06.040
https://doi.org/10.1111/j.1365-246X.2009.04138.x


 J Seismol

1 3
Vol:. (1234567890)

Mech Mater 32:6. https:// doi. org/ 10. 1016/ S0167- 6636(00) 
00005-3

Isaacs ED, Shukla A, Platzman PM, Hamann DR, Barbiellini 
B, Tulk CA (2000) Compton scattering evidence for cova-
lency of the hydrogen bond in ice. J Phys Chem Solids 
61:403–406

Jedlovszky P, Brodholt JP, Bruni F, Ricci MA, Soper AK, Val-
lauri R (1998) Analysis of the hydrogen-bonded structure 
of water from ambient to supercritical conditions. J Chem 
Phys 108:8528. https:// doi. org/ 10. 1063/1. 476282

Jouniaux L., Masuda K., Lei X., Nishizawa O., Kusunose K., Liu 
L. Ma W. (2001) Comparison of the microfracture localiza-
tion in granite between fracturation and slip of a preexisting 
macroscopic healed joint by acoustic emission measure-
ments. J Geophys Research, Am Geophys Union, 106, B5 
(B5), pp.8687–8698. https:// doi. org/ 10. 1029/ 2000J B9004 11.

Kalinichev AG, Bass JD (1997) Hydrogen bonding in super-
critical water. 2. Computer simulations. J Phys Chem A 
101(50):9720–9727. https:// doi. org/ 10. 1021/ jp971 218j

Kandula N., Cordonnier B., Boller E., Weiss J., Dysthe D.K., 
and Renard F. (2019). Dynamics of microscale precur-
sors during brittle compressive failure in Carrara marble. J 
Geophys Res Solid Earth, Am Geophys Union, https:// doi. 
org/ 10. 1029/ 2019J B0173 81. hal-02347752

Keshri S, Mandal R, Tembe BL (2016) Solvation structures and 
dynamics of alkaline earth metal halides in supercritical 
water: a molecular dynamics study. Chem Phys 476:80–90. 
https:// doi. org/ 10. 1016/j. chemp hys. 2016. 08. 003

Kozlovsky Y.A. (1987) Gases and organic matter. In: 
Kozlovsky Y.A. (eds) The Superdeep Well of the Kola 
Peninsula. Exploration of the Deep Continental Crust. 
Springer, Berlin, Heidelberg.

Kritzer P (2004) Corrosion in high-temperature and supercriti-
cal water and aqueous solutions: a review. J Supercrit Flu-
ids 29(1–2):1–29. https:// doi. org/ 10. 1016/ S0896- 8446(03) 
00031-7

Kronenberg AK (1994) Hydrogen speciation and chemical 
weakening of quartz. Rev Mineral Geochem 29:123–176. 
https:// doi. org/ 10. 1515/ 97815 01509 698- 009

Lee SH, Cummings PT (2000) Molecular dynamics simula-
tion of limiting conductances for LiCl, NaBr, and CsBr in 
supercritical water. J Chem Phys 112:864. https:// doi. org/ 
10. 1063/1. 480613

Lockner D, Byerlee J, Kuksenko V, Ponomarev A, Sidorin A 
(1991) Quasi-static fault growth and shear fracture energy in 
granite. Nature 350:39–42. https:// doi. org/ 10. 1038/ 35003 9a0

Lucente FP, De Gori P, Margheriti L, Piccinini D, Di Bona M, 
Chiarabba C, Agostinetti NP (2010) Temporal variation of 
seismic velocity and anisotropy before the 2009 MW 63 
L’Aquila earthquake, Italy. Geology 38(11):1015–1018. 
https:// doi. org/ 10. 1130/ G31463.1

Macdonald RW, North NA (1974) The effect of pressure on 
the solubility of  CaCO3,  CaF2, and  SrSO4 in water. Can J 
Chem 52(18):3181–3186. https:// doi. org/ 10. 1139/ v74- 467

Mahadevan TS, Garofalini SH (2007) Dissociative water poten-
tial for molecular dynamics simulations. J Phys Chem B 
111(30):8919–8927. https:// doi. org/ 10. 1021/ jp072 530o

Main Ian G, Bell AF, Meredith PG, Geiger S, Touati S (2012) 
The dilatancy–diffusion hypothesis and earthquake pre-
dictability. Geol Soc. Lond, Spec Publ 367(215–230):9. 
https:// doi. org/ 10. 1144/ SP367. 15

Malmberg CG, Maryott AA (1956) Dielectric constant of water 
from 0° to 100°. J Res Natl Bur Stand 56(1):1–8

Mantegazzi D, Sanchez-Valle C, Driesner T (2013) Thermody-
namic properties of aqueous NaCl solutions to 1073 K and 
4.5 GPa, and implications for dehydration reactions in sub-
ducting slabs. Geochim Cosmochim Acta 121(15):263–
290. https:// doi. org/ 10. 1016/j. gca. 2013. 07. 015

Michalske T. A. and S. W. Freiman (1982) A molecular inter-
pretation of stress corrosion in silica. Nature volume 295, 
pages 511–512 (11 February 1982), :https:// doi. org/ 10. 
1038/ 29551 1a0

Miller SA (2013) Chapter 1 - The Role of Fluids in Tectonic 
and Earthquake Processes Adv Geophys 54 1–46 https:// 
doi. org/ 10. 1016/ B978-0- 12- 380940- 7. 00001-9

Millero F (1982) The effect of pressure on the solubility of min-
erals in water and seawater. Geochim Cosmochim Acta 
46(1):11–22. https:// doi. org/ 10. 1016/ 0016- 7037(82) 90286-1

Nakahara M, Matubayasi N, Wakai C (2001) Y Tsujino (2001) 
Structure and dynamics of water: from ambient to super-
critical. J Mol Liq 90(1–3):75–83. https:// doi. org/ 10. 1016/ 
S0167- 7322(01) 00109-X

Nara Y, Yamanaka H, Oe Y, Kaneko K (2013) Influence of 
temperature and water on subcritical crack growth param-
eters and long-term strength for igneous rocks. Geophys J 
Int 193(1):47–60. https:// doi. org/ 10. 1093/ gji/ ggs116

Nishiyama T., Chen Y., Kusuda H., Ito T., Kaneko K., Kita H 
and Sato T., (2002) The examination of fracturing process 
subjected to triaxial compression test in Inada granite. 
Engineering Geology, 66(3–4): 257–269, ISSN 0013–
7952, https:// doi. org/ 10. 1016/ S0013- 7952(02) 00046-7.

Oda M., T. Takemura and T. Aoki (2002) Damage growth and 
permeability change in triaxial compression tests of Inada 
granite. Mechanics of Materials, Volume 34, Issue 6, June 
2002, Pages 313–331, https:// doi. org/ 10. 1016/ S0167- 
6636(02) 00115-1

Oelkers EH, Helgeson HC (1993) Calculation of dissociation 
constants and the relative stabilities of polynuclear clus-
ters of 1:1 electrolytes in hydrothermal solutions at super-
critical pressures and temperatures. Geochim Cosmochim 
Acta 57(12):2673–2697. https:// doi. org/ 10. 1016/ 0016- 
7037(93) 90383-8

Pan D, Galli G (2016) The fate of carbon dioxide in water-rich 
fluids under extreme conditions. Sci Adv 2(10):e1601278. 
https:// doi. org/ 10. 1126/ sciadv. 16012 78

Parkhurst D.L. and C.A.J. Appelo. (2013) Description of input 
and examples for PHREEQC version 3--A computer pro-
gram for speciation, batch- reaction, one-dimensional trans-
port, and inverse geochemical calculations: U.S. Geological 
Survey Techniques and Methods, book 6, chap. A43, 497 
p., available only at http:// pubs. usgs. gov/ tm/ 06/ a43.

Parks, G. A. (1984), Surface and interfacial free energies of 
quartz, J. Geophys. Res., 89 (B6), 3997– 4008, :https:// 
doi. org/ 10. 1029/ JB089 iB06p 03997.

Petrenko VE, Gurina DL, Antipova ML (2012) Structure of 
supercritical water: The concept of critical isotherm as a 
percolation threshold. Russ J Phys Chem B 6(8):899–906. 
https:// doi. org/ 10. 1134/ S1990 79311 20801 55

Popp T, Kern H, Schulze O (2001) Evolution of dilatancy 
and permeability in rock salt during hydrostatic compac-
tion and triaxial deformation. J Geophys Res: Solid Earth 
106(B3):4061–4078. https:// doi. org/ 10. 1029/ 2000J B9003 81

https://doi.org/10.1016/S0167-6636(00)00005-3
https://doi.org/10.1016/S0167-6636(00)00005-3
https://doi.org/10.1063/1.476282
https://doi.org/10.1029/2000JB900411
https://doi.org/10.1021/jp971218j
https://doi.org/10.1029/2019JB017381
https://doi.org/10.1029/2019JB017381
https://doi.org/10.1016/j.chemphys.2016.08.003
https://doi.org/10.1016/S0896-8446(03)00031-7
https://doi.org/10.1016/S0896-8446(03)00031-7
https://doi.org/10.1515/9781501509698-009
https://doi.org/10.1063/1.480613
https://doi.org/10.1063/1.480613
https://doi.org/10.1038/350039a0
https://doi.org/10.1130/G31463.1
https://doi.org/10.1139/v74-467
https://doi.org/10.1021/jp072530o
https://doi.org/10.1144/SP367.15
https://doi.org/10.1016/j.gca.2013.07.015
https://doi.org/10.1038/295511a0
https://doi.org/10.1038/295511a0
https://doi.org/10.1016/B978-0-12-380940-7.00001-9
https://doi.org/10.1016/B978-0-12-380940-7.00001-9
https://doi.org/10.1016/0016-7037(82)90286-1
https://doi.org/10.1016/S0167-7322(01)00109-X
https://doi.org/10.1016/S0167-7322(01)00109-X
https://doi.org/10.1093/gji/ggs116
https://doi.org/10.1016/S0013-7952(02)00046-7
https://doi.org/10.1016/S0167-6636(02)00115-1
https://doi.org/10.1016/S0167-6636(02)00115-1
https://doi.org/10.1016/0016-7037(93)90383-8
https://doi.org/10.1016/0016-7037(93)90383-8
https://doi.org/10.1126/sciadv.1601278
http://pubs.usgs.gov/tm/06/a43
https://doi.org/10.1029/JB089iB06p03997
https://doi.org/10.1029/JB089iB06p03997
https://doi.org/10.1134/S1990793112080155
https://doi.org/10.1029/2000JB900381


J Seismol 

1 3
Vol.: (0123456789)

Portier S, Rochelle C (2005) Modelling  CO2 solubility in pure 
water and Na-Cl type waters from 0 to 300° and from 1 to 
300 bar. Application to the Utsira Formation at Sleipner. 
Chem Geol 217:187–199. https:// doi. org/ 10. 1016/j. chemg 
eo. 2004. 12. 007

Proctor B, Lockner DA, Kilgore BD, Mitchell TM, Beeler NM 
(2020) Direct evidence for fluid pressure, dilatancy, and 
compaction affecting slip in isolated faults. Geophys Res 
Lett 47:16. https:// doi. org/ 10. 1029/ 2019G L0867 67

Pruess K (2005) Numerical studies of fluid leakage from a geo-
logic disposal reservoir for  CO2 show self-limiting feed-
back between fluid flow and heat transfer. Geoph Res Lett. 
32:L14404. https:// doi. org/ 10. 1029/ 2005G L0232 50

Rimsza JM, Jones RE, Criscenti LJ (2018) Chemical effects 
on subcritical fracture in silica from molecular dynamics 
simulations. J Geophys Res: Solid Earth 123:9341–9354. 
https:// doi. org/ 10. 1029/ 2018J B0161 20

Rochelle, C.A. and Moore, Y.A. (2002). The solubility of 
supercritical  CO2 into pure water and synthetic Utsira 
porewater. British Geological Survey Commissioned 
Report, CR/02/052. 23 pp

Sakuma H, Ichiki M (2016) Density and isothermal com-
pressibility of supercritical  H2O–NaCl fluid: molecular 
dynamics study from 673 to 2000 K, 0.2 to 2 GPa, and 0 
to 22 wt% NaCl concentrations. Geofluids 16(1):89–102. 
https:// doi. org/ 10. 1111/ gfl. 12138

Sakuma H, Ichiki M, Kawamura K, Fuji-ta K (2013) Prediction 
of physical properties of water under extremely supercriti-
cal conditions: a molecular dynamics study. J Chem Phys 
138:134506. https:// doi. org/ 10. 1063/1. 47982 22

Savage MK (2010) The role of fluids in earthquake genera-
tion in the 2009 Mw 63 L’Aquila, Italy, earthquake and its 
foreshocks. Geology 38(11):1055–1056. https:// doi. org/ 
10. 1130/ focus 112010.1

Sibson, R.H., (1992). Implications of fault-valve behaviour 
for rupture nucleation and recurrence. In: T. Mikumo, K. 
Aki, M. Ohnaka, L.J. Ruff and P.K.P. Spudich (Editors), 
Earthquake Source Physics and Earthquake Precursors. 
Tectonophyslcs, 211: 283–293.

Smithson SB, Wenzel F, Ganchin YV, Morozova IB (2000) 
Seismic results at Kola and KTB deep scientific bore-
holes: velocities, reflections, fluids, and crustal composi-
tion. Tectonophysics 329(1–4):301–317. https:// doi. org/ 
10. 1016/ S0040- 1951(00) 00200-6

Spycher N, Pruess K (2010) A phase-partitioning model for 
 CO2–brine mixtures at elevated temperatures and pres-
sures: application to  CO2-enhanced geothermal systems. 
Transp Porous Med 82:173–196. https:// doi. org/ 10. 1007/ 
s11242- 009- 9425-y

Stumm W., J. J. Morgan (1996) Aquatic chemistry: chemical 
equilibria and rates in natural waters, 3rd Edition, Wiley 
and sons, ISBN: 978–0–471–51185–4, 1040 pp.

Sugan M, Kato A, Miyake H, Nakagawa S, Vuan A (2014) 
The preparatory phase of the 2009 Mw 6.3 L’Aquila 
earthquake by improving the detection capability of low-
magnitude foreshocks. Geophys Res Lett 41:6137–6144. 
https:// doi. org/ 10. 1002/ 2014G L0611 99

Sugisaki R, Ido M, Takeda H, Isobe Y, Hayashi Y, Nakamura 
N, Satake H, Mizutani Y (1983) Origin of hydrogen and 
carbon dioxide in fault gases and its relation to fault activ-
ity. J Geol 91(3):239–258. https:// doi. org/ 10. 1086/ 628769

Suresh SJ, Naik VM (2000) Hydrogen bond thermodynamic 
properties of water from dielectric constant data. J Chem 
Phys 113:9727–9732

Sverjensky DA, Harrison B, Azzolini D (2014) Water in the deep 
Earth: the dielectric constant and the solubilities of quartz 
and corundum to 60 kb and 1200 °C. Geochim Cosmochim 
Acta 129:125–145. https:// doi. org/ 10. 1016/j. gca. 2013. 12. 019

Takahashi T, Hashida T (2004) Microcrack formation and fracture 
characteristics in granite under supercritical water conditions. 
Elsevier Geo-Engineering Book Series 2(2004):685–690. 
https:// doi. org/ 10. 1016/ S1571- 9960(04) 80119-8

Ved OV, Gurina DL, Antipova ML, Petrenko VE (2010) Hydrogen 
bond and dipole moment in sub- and supercritical water close 
to the saturation curve. Russ Phys Phys Chem A 84(8):1359–
1363. https:// doi. org/ 10. 1134/ S0036 02441 00801 57

Violay M., M. J. Heap, M. Acosta and C. Madonna (2017). 
Porosity evolution at the brittle-ductile transition in the 
continental crust: Implications for deep hydro-geother-
mal circulation. Scie Rep volume 7, Article number: 
7705:https:// doi. org/ 10. 1038/ s41598- 017- 08108-5

Voisin T, Erriguible A, Ballenghien D, Mateos D, Kunegel A, 
Cansella F, Aymoniera C (2017) Solubility of inorganic salts 
in sub- and supercritical hydrothermal environment: Appli-
cation to SCWO processes. J Supercritical Fluids 120(Part 
1):18–31. https:// doi. org/ 10. 1016/j. supflu. 2016. 09. 020

Walther JV. (1986) Mineral solubilities in supercritical  H2O solu-
tions. Pure and Applied Chemistry, Volume 58, Issue 12, 
Pages 1585–1598, ISSN (Online) 1365–3075, ISSN (Print) 
0033–4545, https:// doi. org/ 10. 1351/ pac19 86581 21585.

Yamashita T. and Tsutsumi A. (2018) Involvement of flu-
ids in earthquake ruptures, field/experimental data and 
modeling. Springer, 187 pp, https:// doi. org/ 10. 1007/ 
978-4- 431- 56562-8

Yoshida K, Hasegawa A (2018) Hypocenter migration and 
seismicity pattern change in the Yamagata-Fukushima 
border, NE Japan, caused by fluid movement and pore 
pressure variation. J Geophys Res: Solid Earth 123:5000–
5017. https:// doi. org/ 10. 1029/ 2018J B0154 68

Yoshii N, Miura S, Okazaki (2001) A molecular dynamics 
study of dielectric constant of water from ambient to sub- 
and supercritical conditions using a fluctuating-charge 
potential model. Chem Phys Lett 345(1–2):195–200. 
https:// doi. org/ 10. 1016/ S0009- 2614(01) 00863-6

Zhao D, Zhang S, Wang M (2019) Microcrack growth properties 
of granite under ultrasonic high-frequency excitation. Adv 
Civil Eng 3069029:11. https:// doi. org/ 10. 1155/ 2019/ 30690 29

Zhu W, Allison KL, Dunham EM et  al (2020) Fault valving 
and pore pressure evolution in simulations of earthquake 
sequences and aseismic slip. Nat Commun 11:4833. 
https:// doi. org/ 10. 1038/ s41467- 020- 18598-z

Publisher’s note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1016/j.chemgeo.2004.12.007
https://doi.org/10.1016/j.chemgeo.2004.12.007
https://doi.org/10.1029/2019GL086767
https://doi.org/10.1029/2005GL023250
https://doi.org/10.1029/2018JB016120
https://doi.org/10.1111/gfl.12138
https://doi.org/10.1063/1.4798222
https://doi.org/10.1130/focus112010.1
https://doi.org/10.1130/focus112010.1
https://doi.org/10.1016/S0040-1951(00)00200-6
https://doi.org/10.1016/S0040-1951(00)00200-6
https://doi.org/10.1007/s11242-009-9425-y
https://doi.org/10.1007/s11242-009-9425-y
https://doi.org/10.1002/2014GL061199
https://doi.org/10.1086/628769
https://doi.org/10.1016/j.gca.2013.12.019
https://doi.org/10.1016/S1571-9960(04)80119-8
https://doi.org/10.1134/S0036024410080157
https://doi.org/10.1038/s41598-017-08108-5
https://doi.org/10.1016/j.supflu.2016.09.020
https://doi.org/10.1351/pac198658121585
https://doi.org/10.1007/978-4-431-56562-8
https://doi.org/10.1007/978-4-431-56562-8
https://doi.org/10.1029/2018JB015468
https://doi.org/10.1016/S0009-2614(01)00863-6
https://doi.org/10.1155/2019/3069029
https://doi.org/10.1038/s41467-020-18598-z

	Chemistry in earthquake: the active chemical role of liquid and supercritical waters in microfracturing at depth
	Abstract 
	1 Introduction
	2 Main properties of water
	3 Liquid and supercritical water–rock interaction: rock weakening
	3.1 Quartz
	3.2 Sodium chloride
	3.3 Calcite and carbonates
	3.4 Subcritical crack growth and rock weakening

	4 The chemical role of liquid and supercritical waters in earthquake preparation process
	4.1 Below the critical point of water: liquid phase
	4.2 Above the critical point of water: supercritical phase
	4.2.1 First stage
	4.2.2 Second stage
	4.2.3 Third stage
	4.2.4 Rock weakening


	5 L’Aquila earthquake example
	6 Conclusion
	Acknowledgements 
	References


