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Abstract To understand the fundamental chemical
processes of fluid–rock interaction during the pulveri-
zation of quartz grains in fault zones, quartz grains were
crushed within pure water. The crushing experiments
were performed batch style using a shaking apparatus.
The crushing process induced a decrease in pH and an
increase in hydrogen gas with increased shaking dura-
tion. The amount of hydrogen ions generated was five
times larger than that of the hydrogen gas, which was
consistent with the amount of Si radicals estimated from
electron spin resonance measurements by Hochstrasser
and Antonini (1972). This indicates that hydrogen gas
was generated by consuming most of the Si radicals. The
generation of hydrogen ions was most likely related to
the presence of silanols on the newly formed mineral
surface, implying a change of proton activities in the
fluid after pulverization of quartz.
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Introduction

Chemical reactions, including fluid–rock interactions,
are recognized as important in controlling the dynamic
behavior and the deformation process of fault zones
(Wintch et al. 1995; Stünitz and Tullis 2001). In the
brittle regime, measurements of anomalous concentra-
tions of gases and chemical elements along active faults
provide evidence of water-rock interaction resulting
from the pulverization of rocks (e.g. Wakita et al. 1980;
Kennedy et al. 1997; Ito et al. 1999; Kharaka et al.

1999; Tanaka et al. 2001a). One of the characteristic
products is hydrogen gas, which has been detected and
associated with fault activities since Wakita et al. (1980)
found hydrogen anomalies along an active fault with
occurrence of earthquakes. Kita et al. (1982) performed
experiments confirming that the hydrogen gas was gen-
erated by crushing quartz and granite under water-sat-
urated conditions, and explained that the generation of
hydrogen gas was due to the radical reaction between
water molecules and active �Si� sites on the new fracture
surfaces of quartz. This phenomenon is related to the
stress corrosion process proposed by Freiman (1984)
(see Wakita 1994; Ito et al. 1999). Another characteristic
product detected in the fault zone is submicron-sized
low-strength materials, such as amorphous material and
clays, which seem to be formed at disequilibrium con-
ditions of temperature, pressure and fluid composition
(Chester et al. 1993; Evans and Chester 1995; Tanaka
et al. 2001a,b; Tanaka 2003). Mineral reactions that
form clays from primary minerals generally progress
with increase of hydrogen ion activities. Thus Tanaka
(2003) considered whether hydrogen ions in fluids would
be generated by activated crushed surfaces and con-
firmed, using a triaxial apparatus, that chemical reac-
tions between crushed quartz and pure water produce
hydrogen ions.

When the atomic bonds of SiO2 are destroyed by
grain crushing, two types of surface sites are produced
(Fubini 1998): one is due to homolytic cleavage resulting
in dangling bonds, �Si� and �SiO�, which are detected
using electron spin resonance (ESR) (Schrader et al.
1969; Hochstrasser and Antonini 1972); the other site is
due to heterolytic cleavage that leads to surface charges,
�Siþ and �O� Si� (Fig. 1). Once these species are
formed, they either recombine with each other to form
siloxane bonds (�Si–O–Si�) or react with atmospheric
components such as water molecules. According to the
molecular dynamics simulations, the first of these pro-
cesses is completed within a few picoseconds at ambient
temperatures (Levine and Garofalini 1986; Koudriach-
ova et al. 2000). Then, if water molecules are present, the
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siloxane bonds react to form silanols (�SiOH) (Levine
and Garofalini 1986; D’Souza and Pantano 1999). The
second of these processes also leads to reactions with
water molecules to form silanols (Schrader et al. 1969):

� Si � þH2O!� SiOHþH� ð1Þ

� SiO � þH� !� SiOH ð2Þ

� Siþ þ� O� Si � þH2O! 2 � SiOH : ð3Þ
Because �SiO� is relatively stable up to 200 �C (Kita
et al. 1982), reaction (2) is slower than reaction (1) at
low temperatures. Thus the H� generated by reaction (1)
is the most probable source of hydrogen gas by the
reaction, H � þH� ! H2 " (Kita et al. 1982). However,
the mechanism of the mechanochemical hydrogen ion
formation has not been explained.

In this paper, we present procedure details and
quantitative results of crushing experiments under
argon-filled conditions at ambient temperature and
pressure. The relationships among the generated
hydrogen ions, hydrogen gas and the newly generated
quartz surface areas are discussed.

Experimental procedure

Experiments were performed following methods of Kita et al.
(1982) using a special ball mill (Fig. 2) made of alumina ceramic
and a shaker, which moved the ball mill up and down with 50-mm
amplitudes and 280 rpm (Miyamoto Riken MW-LWR) at room
temperature (25 �C) and pressure. Alumina ceramic was used for
the mill because of its rigidity and relatively low chemically reac-
tivity with water. The volume of the mill is approximately 100 ml.
Single crystals of Brazilian quartz were used as a starting material
for the experiments. The crystals were crushed in an iron mortar
and sieved, selecting the fraction between mesh sizes 0.15 and

0.512 mm. To purify the samples, a magnetic separator was used to
remove iron fragments from the mortar and minor components
such as opaque inclusion minerals in single crystals. Before the
experiments were initiated, the purity of the samples was checked
by X-ray diffraction, and the samples were washed in deionized and
distilled water (hereafter referred to as pure water) using an
ultrasonic cleaner until the water became clear. The pH of pure
water (equal to 7.0 ± 0.1) was realized by bubbling the pure water
with high-purity argon gas (99.995%) in a glove box (UNICO UN-
650F), which was filled with the same high-purity argon gas and
used in all the experiments. Five-g samples of quartz were com-
bined with 15, 5 and 3 g of the pure water, referred to as 5/15, 5/5
and 5/3 samples, based on their quartz/water ratios. Each quartz
sample immersed in pure water was crushed by moving a 1.5-cm-
diameter alumina ball in the mill. Sample preparations and pH
measurements were performed in a glove box to exclude oxygen
and carbon dioxide to <100 ppm and thus prevent oxidation of
samples and water. After the crushing procedure, the fluid was
separated into a polyethylene tube inside the glove box and then
centrifuged before measuring pH. Gas samples were taken through
a rubber septum, which was fixed within a Swagelok male con-
nector (P-NPT-200–1-2) at the top of the mill using a gas-tight
microsyringe.

Results

pH and hydrogen gas variations

pH was measured with an ORION 250 A pH meter and
a Ross pH electrode connected to a personal computer.

Fig. 1 Two types of bond breakage during quartz surface
formation and reactions with water that follow at 25 �C

Fig. 2 Schematic drawing of crushing mill used in the experiments.
Pure water (15 g, 5 g, 3 g), an alumina ball (1.5 cm in diameter)
and quartz samples (5 g) are put together in the mill under an
argon-filled condition. To take gas samples using a gas-tight
microsyringe, a rubber septum is fixed within a Swagelok male
connector at the top of the mill
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The pH data were recorded at 5 s intervals. Experi-
mental results show that pH decreases with increased
shaking duration for all of the quartz/water ratio
experiments (Table 1; Fig. 3a), indicating an increase in
hydrogen ions. The decrease in pH is larger as the
quartz/water ratio is decreased.

Hydrogen gas was measured by a gas chromatograph
(Yanako G2700) with a column filled with molecular
sieve 5 A and with using argon as a carrier gas. The
amount of hydrogen gas also increased with as shaking
duration was increased (Table 1; Fig. 3b). More
hydrogen gas was generated with the 5/15 than the 5/5
and 5/3 quartz/water ratios. The amount of hydrogen
gas measured was 1.3 · 10)9 to 1.1 · 10)8 mol per unit
gram of quartz. The values are consistent with those
observed by Kita et al. (1982) at room temperature.

Surface area of quartz

The Brunauer, Emmett and Teller (BET) method was
adopted for precise measurements of the net surface area
of crushed quartz grains (Brunauer et al. 1938; Adam-
son 1990). These measurements were performed with a
Coulter SA 3100 Surface Area and Pore Size Analyzer
using argon gas. The initial value of the net surface area
(0.038 m2g)1) corresponds to grain sizes between 0.5 and
0.15 mm (e.g. Rimstidt and Barnes 1980).

Following the crushing procedure, each sample was
placed in a centrifuge at 5000 rpm for 20 min to remove
the supernatant fluid, and then dried at 80 �C. The re-
sults show that net surface area increased with increased
shaking duration (Table 1; Fig. 3c), corresponding to
the introduction of finer grains generated by crushing.
The results are consistent with the grain size reductions
from experimental fragmentation and natural fault
movements reported by Biegel et al. (1989) and Turcotte
(1997).

Discussion

Mechanisms of hydrogen-gas and hydrogen-ion
generation

The quantities of hydrogen atoms measured during the
experiments, both hydrogen ions (H+) and hydrogen
gas (H ¼ 2 · H2), are plotted against the new surface
area (taking the difference between final and initial
surface area measurements; Fig. 4). Amounts of both
H+ and H are approximately proportional to the newly
formed surface area.

The quantities of H+ and H per unit new surface area
are 9 · 10)8 mol m)2 and 1–2 · 10)8 mol m)2, respec-
tively. This implies that five to ten times as many H+

ions are generated as H emitted in the form of hydrogen
gas. In order to compare the amounts of both types of
hydrogen with the number of broken Si–O bonds on the
new surface, the total number of unsatisfied Si ligands
on the new surface (N) is estimated from:

N ¼ NSi � S ¼
NA

tSiO2

� �2=3

� S ; ð4Þ

where NSi is the number of Si per unit surface, S is the
total, newly formed surface area, NA is Avogadro’s

Table 1 Experimental data of pH, H2 and specific surface area for
each quartz/water ratio examined

Qz/water Duration
(h)

pH H2

(ppm)
Surface area
(m2 g)1)

5 g/15 g 0.5 5.02 3.76 0.437
1 4.73 6.33 0.563
1.5 4.61 9.18 0.72
2 4.6 13.31 0.859

5 g/5 g 0.5 4.52 3.00 0.433
1 4.22 3.67 0.653
1.5 4.14 5.07 0.917
2 3.92 6.63 1.124

5 g/3 g 0.5 4.34 1.43 0.324
1 4.12 3.37 0.596
1.5 3.99 3.75 0.857
2 3.75 5.92 1.087

Fig. 3a–c Changes in pH (a), hydrogen gas (b), and specific surface
area (c), as a function of shaking duration. Amounts of hydrogen
gas and specific surface area increase with increased shaking
durations, while pH decreases with increased shaking times
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number and tSiO2
is the molar volume of the quartz (Tuel

et al. 1990; D’Souza and Pantano 1999). Substituting
2.65 g cm)3 as the quartz density (Deer et al. 1992), NSi

is 8.9 · 1018 sites m)2. Thus, the specific surface area is
converted to the number of the unsatisfied Si bonds
(shown on the upper X axis in the Fig. 4). The number
of hydrogen atoms is displayed on the right side of the Y
axis in the Fig. 4. The number of hydrogen ions and
hydrogen atoms (in the form of H2) is 0.6 and 0.1% of
the unsatisfied Si ligands, respectively.

To quantify the contribution of Si radicals to the
generation of H+ and H, the number of Si radicals is
estimated from the value of paramagnetic spin (1.4 ·
1016 sp m)2) determined by the ESR measurements of
crushed quartz in ultra high vacuum (Hochstrasser and
Antonini 1972). Assuming a linear relationship between
the surface area and the number of Si radicals, we show,
in Fig. 4, a dashed line constrained by the ESR mea-
surements.

The number of Si radicals is generally consistent with
the number of hydrogen atoms emitted as hydrogen gas,
suggesting that the hydrogen gas is generated by con-
suming Si radicals. For the quartz/water ratio of 5/15,
the amount of hydrogen in H2 gas matches the number
of Si radicals well. However, for the other quartz/water
ratios, the amount of hydrogen in H2 gas is less than the
calculated numbers of Si radicals. The mismatch
between the hydrogen gas produced and the Si radicals
may be caused by the final pH of the water after
crushing. According to quartz grinding experiments

conducted by Kameda et al. (2003), the amount of
hydrogen gas decreases with increased fluid acidity,
especially below pH 5. These experiments suggest that
the amount of hydrogen in H2 gas also decreases with an
increased quartz/water ratio, as the final pH of the water
is decreased.

Research in the field of material sciences has found
that interaction between H2 and silicon interface results
in the formation of mobile H+ within silicon devices
(e.g. Vanheusden et al. 1997; Lopez et al. 2000).
According to the quantum-mechanical calculations of
Lopez et al. (2000), H+ will be generated due to H2

dissociation initiated by reaction with Si dangling bonds,
or by the reaction of atomic H with neutral O vacancies,
if the electrons can be transferred into the Si conduction
bands. However, in our experiments, H2 exists only after
reaction between water molecules and Si radicals, and
the amount of H2 is too small to react with other Si
radicals. Furthermore, the experimental temperature is
too low to complete the above reactions. Another con-
cern is dissolved silica species that exist as monosilicic
acid in solution. However, monosilicic acid is weak acid
and a stable component only in alkaline solution
(Dietzel 2000) with small dissociation constant
K ¼ 10)9.71 (Faure 1991). Hence, dissolved silica species
are unlikely to make pH decrease.

The formation of H+, thus, is most likely related to
the dissociation of surface silanols (�SiOH), which are
more strongly acid than monosilicic acid (e.g. Iler 1979)
and generated from reactions between water molecules
and the siloxane bonds after the reconstruction process
or from reactions between water and the homolytic and
hetelolytic disconnections of quartz (Fig. 1). The disso-
ciation reaction is a 2-pK model with two consecutive
reactions (and corresponding equilibrium constants):

�SiOHþ2 , �SiOHþHþ ð5Þ

K1 ¼
�SiOHf g � aHþ

�SiOHþ2
� � ð6Þ

�SiOH,�SiO� þHþ ð7Þ

K2 ¼
�SiO�f g � aHþ

�SiOHf g ; ð8Þ

where {�i} stands for surface species i concentration,
and aH+ is the hydrogen ion activity in solution. If it is
assumed that the surface species are composed of
�SiOH and �SiO) (�SiOHþ2 is assumed to exist only at
very low pH) and the equilibrium condition is attained
instantly after crushing, so that –log10K2 ¼ 7 ± 1.0
(as proposed by Hiemstra and Van Riemsdijk 1989
and Sahai and Sverjensky 1997), pH values with
increasing surface silanols can be calculated from
solving four simultaneous equations: Eq. (8), the
dissociation equilibrium of water [H+][OH)] = 10)14,
electrical neutrality V[H+] ¼ V[OH)] + S{�SiO)}
where V and S are solution volume and total surface
area of quartz, respectively, and surface Si amounts

Fig. 4 Relationship between the generated hydrogen ions and
hydrogen atoms of hydrogen gas to newly formed surface areas of
quartz. The upper X axis displays the number of the unsatisfied Si
bonds that is converted from the specific surface area. The right side
of the Y axis shows the numbers of hydrogen atoms. A dashed line
indicates a linear relationship between surface area and the
numbers of Si radicals with the inclination of 1:4� 1016 sp m)2,
which is obtained by the ESR measurements of Hochstrasser and
Antonini (1972)
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{�SiOH} + {�SiO)} = a where a is estimated from
BET surface area after experiments. Most of the exper-
imental data are within the calculated pH range (Fig. 5),
although experimental data with the larger quartz/water
ratio gradually tend to deviate from the centre of the
calculated pH range. From the above results and con-
siderations, we conclude that hydrogen ion generation
originates from the silanols on the new surface of cru-
shed quartz grains.

Implications for active fault zones

Natural fault zones are marked by gouges that result
from crushing processes and following alterations. Si
radicals at the freshly produced silicate surfaces are
expected to generate hydrogen gas, which may serve as
an indicator of fault activity (e.g. Wakita et al. 1980;
Sugisaki et al. 1983; Ito et al. 1999). Some of the
hydrogen gas generated may remain in the fracture zone.
Hydrogen gas concentrations have been observed to
increase closer to the fracture zone in the core recovered

from the Nojima fault, which was activated during the
1995 Kobe earthquake, Japan (Arai et al. 2001).

Analyses of mineral assemblages in fault zones
show that mafic minerals, including chlorite, are
commonly depleted and altered to newly recrystallized
clay minerals such as smectites (e.g. Chester et al.
1993; Ohtani et al. 2000; Tanaka et al. 2001b). One of
the reactions that form smectite (Mg-monmorillonite)
and consume chlorite in the presence of hydrogen ions
is as follows:

1:165Mg5Al2Si3O10ðOHÞ8 þ 0:175SiO2ðamorph.Þ
þ 11:316Hþ ! ½Al2:00ðSi3:67Al0:33ÞO10ðOHÞ2�Mg0:167

þ 6:658Mg2þ þ 9:32H2O ð9Þ

(e.g. Faure 1991).
Smectites have extremely low frictional strengths

under water-saturated conditions (Byerlee 1978; Wang
and Mao 1979; Logan and Rauenzahn 1987). Therefore,
if the formation of smectite is accelerated by the increase
of hydrogen ions during coseismic rupturing, the fault
zone will be significantly weakened relative to the host
rocks (Chester et al. 1993; Evans and Chester 1995;
Wintsch et al. 1995; Tanaka et al. 2001b). During
interseismic periods, precipitation of clay minerals and
compaction may seal the gouge, which may play an
important role in generating high pore fluid pressure
within the fault zone (Olsen et al. 1998; Tenthorey et al.
2003). Thus, the presence of hydrogen ions, which can
potentially promote the fluid–rock interactions in fault
zones, affects the mechanical and transport properties
governing seismic activity.

Previously, hydrogen ions were considered to have a
meteoric origin (Wintsch et al. 1995; Tanaka et al.
2001b). Our experimental results show that the newly
formed surface silanols may be a possible source of
hydrogen ions, influencing the fluids that react with
surrounding rocks of the fault zone. However, natural
fault zones are not simplified as fracture zones composed
of single crystals of quartz. In the case of rocks com-
posed of other silicates, cations released during fracture
will affect fluid composition and pH further. The fluid
composition becomes more basic (Saruwatari et al.
2003), but silanols are probably formed on the new
fractured surface of quartz, supplying hydrogen ions
and leading to an exchange with the cations. Our
experimental results and the reactions provide an
example of the more complicated reactions between sil-
icates and fluids that may occur in fault zones.

Conclusions

New surfaces of quartz produced by grain crushing
generate hydrogen ions and hydrogen gas in adjacent
fluids. Hydrogen ions evolved in this manner have
concentrations five to ten times greater than hydrogen in
the form of hydrogen gas, consistent with previous ESR
spin determinations of concentration. Thus, the

Fig. 5 Comparison between experimental determinations of pH
and pH calculated by dissociation equilibrium of silanols for
different values of the equilibrium constant (pK ¼ )log10K2 ¼ 6, 7
and 8) assuming complete silanol formation at the new surface
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hydrogen gas is most likely generated by Si radicals,
while the hydrogen ions may be related to silanols at the
new surface. The hydrogen gas and hydrogen ions are
thus expected as products of crushing and gouge for-
mation during seismic rupture of fault zones. Hydrogen
ions may facilitate further chemical reaction of fluids
with fault rocks to form weaker clay minerals.
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