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1 INTRODUCTION

SUMMARY

A set of uniaxial compression tests of granite specimens taken from five localities across
Japan was conducted to identify the factors controlling the quantity of radon (Rn) emission
(sum of *?’Rn and ?*°Rn) during compression and failure. An «-scintillation detector and a
gas flow unit were installed with a testing machine to enable continuous measurement of Rn
emissions. Common to all specimens, Rn emissions remained at or slightly declined from
the background level after the start of loading; this is similar to the natural phenomenon of
decline in groundwater-dissolved Rn before an earthquake. Closure of original microcracks is
the most likely cause of the initial Rn decline. Then, Rn emissions begin to increase at 4657
per cent stress level to the uniaxial compressive strength, and continue to increase even after
the failure of specimen. This commencement stress level is close to the general stress level
at outbreak of acoustic emissions caused by the development and connection of microcracks.
The Rn increase after failure is similar to a phenomenon observed in aftershocks, which may
originate from the enhancement of Rn emanations from grains due to the large increase in
total surface area and stress release. In addition to the initial radioelement content in rock, the
failure pattern (conjugate shear versus longitudinal tensile type), compressive strength, and
grain size are possible control factors of the maximum quantity of Rn emissions induced by
failure. This maximum may also be affected by the development velocity of the emanation
area, which is related to the Rn emanation fraction, associated with the fragmentation. In
addition to the magnitude of an earthquake and its hypocentre distance to Rn detectors, the
magnitude of increase in Rn concentration in soil gas and groundwater before, during, and
after an earthquake in crystalline rocks depends on the intrinsic radioelement content, the
mineral texture, and the mechanical properties of rocks. Rock fracturing and failure do not
necessarily induce increase in Rn emission due to these rock properties, which can be used to
understand the sensitivity of Rn concentration in soil gas or groundwater in connection with
an earthquake.

Key words: Fracture and flow; Earthquake interaction, forecasting, and prediction; Fractures
and faults.

thorium (**>Th) series. The half-life of *’Rn (3.58 d) is 6000 times
longer than that of 22°Rn (53.4 s).

Radon (Rn) has been the most commonly examined radioelement
in investigations of fracture-related structures and geodynamics in
the Earth’s crust. Two abundant isotopes are used in Rn applica-
tions: 22?Rn generated in the uranium (**U) series, and 2?°Rn in the
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The pervasive use of Rn is due to its peculiar properties as an inert
gas that migrates in the crust during its half-life and is detectable at
low concentration. Representative applications include: change in
Rn concentration in soil gas and dissolved in groundwater before,
during, and after earthquakes (e.g. Wakita 1996; Inan et al. 2008;
Cicerone et al. 2009; Jordan et al. 2011), fault localization from
Rn concentration enhancement (e.g. Neri ef al. 2011; Wang et al.
2014), delineation of fault geometry by a combination of spatial Rn

© The Authors 2015. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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Figure 1. Sampling places and photos of granite specimens. Mineralogical features such as mineral composition, grain size and development of microcracks

are shown in the parallel and crossed-Nicol photos of thin-sections.

concentration and numerical simulation of Rn transport (Koike ez al.
2009), Rn concentration change induced by eruption (e.g. Connor
et al. 1996; Neri et al. 2006; Cigolini et al. 2007), and use of Rn as a
tracer of temperature and pressure changes in geothermal reservoir
(Koike et al. 2014a). One recent finding is a strong correlation
between Rn concentration in soil gas and the cumulated energy
of nearby and recent earthquakes, ascribed to the increase in pore
pressure around the Rn source at depth that is caused by frequently
induced strain (Koike et al. 2014b). Rn changes associated with
earthquakes have been observed in many areas since the 1950s
(e.g. Scholz et al. 1973), and there is a controversial expectation,
unproven, that Rn is a precursor indicator of earthquake.

Continuous measurement of Rn concentrations in soil gas and
groundwater has been possible since the 1990s, and deployed de-
tectors have characterized the Rn concentration changes associated
with earthquakes for decades across Japan and elsewhere. From
many global observations, coseismic enhancement of Rn concentra-
tion is seen to be a common phenomenon, while Rn concentrations
before earthquakes have been variable, including measurements that
are unchanged, increased or decreased. Characteristics of coseismic
Rn enhancement also differ between occurrences, including timing,
amount and spatial distribution of the increase.

To simulate at a laboratory scale the Rn concentration change
induced by strain enhancement, microcracking and failure of intact
rock, four types of geo-materials have been used as specimens
for uniaxial or triaxial compression tests, including granite (Holub
& Brady 1981; Katoh et al. 1984, 1985; Hishinuma et al. 1999;
Nicolas et al. 2014) and low porosity lava (Mollo et al. 2011) as
crystalline rock, lithophysae-rich tuff as porous media (Tuccimei
et al. 2010) and concrete as a fault-zone materials model (King &
Luo 1990). The following phenomena were observed common to

these four geomaterials: Rn decline by closure of pores and pre-
existing microcracks at low stress levels; large Rn enhancement
by development of micro- and macrocracks; and continuation of
Rn increase after failure, caused by increase in emanation area in
the fragmented specimens. However, reasons for the variable pre-
earthquake patterns and coseismic enhancement quantities have not
been clarified by these experiments.

Granite is the most common rock type in the surface geology
and basement of Japan. Because of its brittleness, many earth-
quakes with different magnitudes have occurred in granitic areas
(e.g. Asaue et al. 2007; lidaka et al. 2009), which means that Rn
emissions in the upper crust of Japan are typically the product
of releases from granite. Granite as a class has a variety of min-
eral compositions and grain sizes, mechanical properties such as
strength and toughness, and content of radioelements. Although the
Rn studies based on compression of specimens have accumulated,
the effects of the mineralogical and mechanical properties of gran-
ite on the Rn emission quantity have not been sufficiently clarified.
Consequently, this study was designed to use a set of granite spec-
imens taken from different places in Japan to elucidate the effects
and the control factors of variable granite properties on the Rn
quantity released by uniaxial compression testing. The results con-
tribute to explanation of variable Rn properties in connection with
earthquake, and show the conditions for emergence of precursory
Rn anomaly in soil gas and groundwater.

2 GRANITE SAMPLES

Five types of granite from areas across Japan were selected for the
present experiments (Fig. 1): Oshima granite (OM) from Yamaguchi
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prefecture in southwest Japan; Rokko granite (RK) from Hyogo
prefecture in west Japan; Toki granite (TK) and Funatsu granite
(FT) from Gifu prefecture in central Japan; and Inada granite (ID)
in Ibaraki prefecture in east Japan. Geological ages of the granites
are FT: Triassic to Jurassic; OM and TK: Late Cretaceous; RK:
Latest Cretaceous; and ID: Early Paleogene. FT was sampled from
an outcrop near a representative active fault, Atotsugawa Fault, in
Japan. Three other granites (OM, RK and ID) were intact blocks
cut from quarries. Only TK originated from a drill core, collected
in the pilot investigation for an air exchange shaft construction at
the Mizunami Geological Center; the TK from 105 to 105.2 m in
the core was used for the compression test to avoid the effects of
weathering, faulting, and chemical alteration. The granites were
regulated into test pieces cylindrical in shape with diameters 5 cm
and heights 10 cm except for FT. To select an intact part of the
core without visible cracks, the test piece of FT was smaller, with a
diameter of 3.5 cm and height of 7 cm. Bulk rock densities of the
five granites are almost identical, around 2.6 g cm~> (Table 1).

First, for characterization prior to compression testing, gamma-
ray intensities of the specimens were measured by a Germanium
semiconductor detector (GMX-25190-P: EG&G ORTEC) to esti-
mate the original abundance of radioelements in the rocks by se-
lecting two y-decay nuclides, ?Ra (parent of *’Rn) and 2'*Pb (a
daughter product of >2°Rn). Their y-ray intensities (Bq/g) are ex-
pressed as Iy and Ip15. Under equilibrium conditions, /5,5 and 1),
can be regarded as proportional to the total contents of the 23U
and 2*2Th series nuclides, respectively. Details of the measurement
method, and transformation from the raw data to y-ray intensity
are described in Koike er al. (2014b). The I, and 1, values were
averaged for multiple specimens of OM, TK and ID. As shown in
Table 1, the five granites can be classified into three groups by the
similarity of I, and 7,1, values: OM and ID for the weakest in-
tensities, RK and FT for middle-value intensities, and TK for the
strongest intensities, which were three times greater than the weak-
est group. Clearly, the contents of radioelements differ significantly
with the locality.

Next, grain size and content ratio of coloured minerals (typically
biotite, amphibole, and pyroxene) were measured using parallel-
and crossed-Nicols thin-section images. Parts of these thin-sections
are shown in Fig. 1. As described below, Rn emanation fraction
varies with grain size and mineral species. Importance of coloured
minerals is supported by that zircons and monazites with high ra-
dium concentrations are included in biotites (Nicolas ez al. 2014).
Although the mean grain sizes are not largely different among the
five granites, recognizable features from Table 1 are summarized
as follows: the mean grain size of ID (2.3 mm) is slightly larger
than the other granites (2—2.1 mm) and that of OM is the smallest
(1.5 mm). OM has the largest content ratio of coloured minerals
(11.1 per cent), whereas the coloured minerals comprise an ex-
tremely small fraction in RK (1.7 per cent). Microcracks are well
developed in the quartz grains of FT (Fig. 1), which may be related
to the fact that FT is the oldest granite and subjected to repeated
and variable tectonic stresses over time.

3 EXPERIMENTAL PROCEDURES

The experimental system was composed of a material testing ma-
chine (MTS810), a self-made cell unit for uniaxial compression
of specimens, a portable «-scintillation detector (AB-5: Pylon
Electrics) for continuous measurement of the Rn concentration be-
fore, during, and after the loading, and, a data logger (Fig. 2). The

Table 1. Specifications of granite specimens. Selected mineralogical and mechanical properties with respect to mineral texture, y-ray intensity, rock strength and failure, and Rn increase are summarized.

Stress level at Rn increase
start/compressive strength
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compressive
strength (MPa)
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Figure 2. Outline of experimental system. The system is composed of a material testing machine, a cell unit for uniaxial compression of a specimen, a portable
a-scintillation detector to continuously measure Rn from specimen, a flow monitor, and a data logger.

testing machine increases the load by controlling increment per unit
time at the planned value. The cylindrical cell unit, composed of
acrylic board on the side and high carbon steel (JIS S55C) disc cap
on the top and bottom ends, was fully confined by filling the gap
between the board and disc with the O-ring shaped gum, so as not
to leak the gas.

The total number of « particles per minute (cpm) emitted from
the specimen, resulting from the decays of 2>*Rn and >*’Rn and their
daughter nuclides, 2'*Po (half-life: 186 s) and 2'°Po (0.158 s), were
counted successively. Gas flow in the cell unit was generated from
the inlet and outlet made in the upper and lower parts of the cell,
respectively, and the flow was fixed at 0.4 L min~' using the pump
installed in the detector. Because Rn is about 7.5 times heavier
than air given its density of 9.73 g L=! at 0 °C and 101.325 kPa,
the location of the outlet was designed so that Rn could flow out
efficiently from the cell. Most « particles probably originated from
the decay of ??Rn because of its longest half-life, but this detector
did not differentiate the separate contribution of each nuclide. Then,
the o particles cpm was simply termed Rn count by assuming that
this count was proportional to the true Rn concentration.

Each experiment started with measurement of the background
Rn count under constant flow circulation and unloading conditions.
After the background counts became stable, compression of the
specimen was started and the Rn counts were measured successively
with the displacement and stress of the specimen. Recording of the
Rn counts was continued after failure of the specimen. All tests
were conducted at room temperature.

4 RESULTS

To characterize temporal change in the Rn counts in detail, and to
avoid sudden failure of the specimen soon after the start of loading,
the tests were implemented under loading control conditions such

that the load on specimen was set to increase gradually and linearly
at 0.5 kN min~'. The Rn counts were summed successively during
5 min to enhance S/N ratio. Nevertheless the series of total count
per 5 min fluctuated largely. The counts were then smoothed by a
polynomial to delineate a trend in the count changes. The raw count
data and the trend curve are superimposed on the stress change in
Fig. 3. Time to failure from the start of loading, and the uniax-
ial compressive strength (UCS), were widely different among the
five granites, from 4 to 13.8 hr and 146 to 260 MPa, respectively
(Table 1). OM took the maximums of both the attributes. Failure
patterns were roughly grouped into conjugate shear failure type
(samples of OM and ID), and tensile failure type with developing
longitudinal cracks (samples of RK, TK and FT; Fig. 3).

Note from the trend curves that the Rn counts of four granites
(OM, RK, TK and FT) decrease slightly from the background level
after the start of loading and then, increase at 46—57 per cent stress
level to UCS, except for granite ID. To check the decrease in more
detail, only the count data under loading were selected and approx-
imated by polynomials of the same order as all the count data in
Fig. 3 (9th order). Fig. 4 highlights that the polynomial regression
curves have a better fit to the original Rn counts than to the counts
for all the data. Using the regression curves, the decreases in the Rn
counts after the start of loading were roughly estimated from the
difference between the maximum and minimum of the polynomial
curve of the Rn counts before the increase (the two short bars in
Fig. 4). The estimations were 15 per cent (OM), 12 per cent (RK),
8 per cent (TK) and 30 per cent (FT). Because cracks in a speci-
men can be paths of Rn emanation from the grain surfaces and of
Rn migration, closure of microcracks is the most rational cause for
the initial decrease, as noted by previous researchers cited above.
This decrease is analogous to the decline in groundwater-dissolved
Rn in near-field sites before the M = 7 [zu-Oshima earthquake in
Japan (Wakita et al. 1980) and the three earthquakes in Taiwan (Kuo
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Figure 3. Rn counts with progress of uniaxial compression and their trend curve by polynomial approximation, overlaid on change in compressive stress
(broken line). Rn counts correspond to the total number of « particles per 5 min resulting from the decays of >>Rn and *?°Rn and their a-decay daughter
nuclides, but most are probably originated from 22>Rn because of its longest half-life.

et al. 2009, 2013), for which the decline began around 2 months
prior to the earthquakes. A similar case is a pre-seismic sharp drop
of Rn in the borehole air which was observed few days before an
earthquake M = 4.9 in India at a borehole located 60 km from the
epicentre (Choubey et al. 2009). A sharp drop was also observed
in groundwater-dissolved Rn in a near-field site 7 d before the M =
7.2 Kobe earthquake in Japan (Igarashi ef al. 1995).

The stress level at the commencement of Rn count increase
(around 50 per cent of UCS) corresponds with an increase in mi-
crocracking within a specimen (Holub & Brady 1981; Li et al.
2003). Through a uniaxial compression test and scanning electron
microscopic (SEM) observation, Li ef al. (2003) found that signif-
icant stress-induced cracks start to appear in quartz grains when
the applied load attains around 50 per cent of peak stress. These
cracks extend rapidly in quartz grains with increasing stress, and
align nearly along the loading direction. Therefore, the increase of
Rn counts can be ascribed to the enhancements of the numbers and
connectedness of micro- and macrocracks (Nicolas ef al. 2014).
The enhancements also extend the rock surface area with increas-
ing stress, which can release Rn atoms enclosed in minerals and
extrude them as interpreted by Holub & Brady (1981).

The most remarkable feature in the curves of Fig. 3 is that the Rn
counts continue to increase even after failure, except for granite ID.
The counts reached maximums at 7 hr after the failure in the cases
of OM and FT. This increase phenomenon after failure confirms
the findings of preceding studies cited above. Fragmentation of
the specimen by failure results in greatly increased rock surface
area, which can promote further Rn emanation and migration, and
consequently the Rn count is increased. Similar to the present result,
enhancements of Rn concentration in soil gas and groundwater in

aftershocks have been observed in the near-field and far-field sites
of the 2008 M = 8.0 Wenchuan earthquake (Ren et al. 2012), a
far-field site of the 2011 M = 9.0 Tohoku earthquake (Tsunomori
& Tanaka 2014), and in the abovementioned earthquakes in Taiwan
and India (Choubey et al. 2009; Kuo et al. 2009, 2013).

5 DISCUSSION

To correct for the difference in volume between FT and the other
samples, the converged count after failure minus the averaged back-
ground count in Fig. 3 was divided by the volume of specimen and
termed the gross count increase (GCI). GCI is compared with /556 to
clarify the correlation between the 2°Ra content and the maximum
quantity of Rn emission by failure (Fig. 5a). Because GCI and /556
of granite TK are extremely larger than the others, a strong corre-
lation seems to hold between them (linear correlation coefficient
R = 0.97). Despite this bias and the limited number of data, the
present result supports a general interpretation that rocks with high
radioelement contents induce large Rn emission by fracturing and
failure (e.g. Katoh ef al. 1984, 1985).

Considering an imperceptible recoil distance of Rn, around just
0.1 um in rocks in the bulk density range of this study (Tanner
1980), the distribution style of radioelements in minerals, such as
concentrated near the grain boundaries or scattered in the grains, is
a possible factor affecting the Rn emanation quantity to the cracks
and fractures. Furthermore, the facts that granites TK, FT and RK
were of the tensile failure type and had large GCI are noteworthy
(Fig. 5a). Apparently, tensile failure can generate significant space
accompanying the many longitudinal cracks, and release stress for
the migration of Rn. The failure pattern (whether conjugate shear
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or tensile) may relate to the UCS, given that the UCS values of
the three tensile-failure granites are smaller than those of the two
conjugate shear-failure granites, ID and OM (Table 1). Although the
correlation is weak (R = —0.63), GCI roughly shows an increase
with decreasing UCS (Fig. 5b). Therefore, granite with lower UCS
presumably tends to provide a condition for greater Rn emissions
associated with the failure. The effect of difference in failure pattern,
and the more reliable index of UCS on the Rn emission quantity,
are new findings. In the case of soil gas near the ground surface,
correlation between Rn concentration and 7y is generally weak,
and ascent gas velocity for Rn transport becomes the dominant
factor of the soil Rn concentration, as demonstrated by Koike et al.
(2014b).

Although the I,y values of OM and ID are close to each other,
the large difference in Rn emission by compression must be ex-
plained. The absence of Rn emissions from the ID granite is the
same result as uniaxial compression testing by Katoh et al. (1984).
Two mineralogical properties, grain size and mineral composition,
are indicated as the plausible cause of absence of Rn emission in the
ID granite, as Rn emanation fraction (F), a ratio of Rn atoms that
diffuse from the inside of minerals to pore space, is related to these
properties. The moisture content in porous media has been demon-
strated to have a large effect on F' (Nazaroft 1992). To eliminate this
effect, all pores are regarded to be dry in the following discussion.

Assuming simply that rock is composed of spherical grains with
the same diameter (d pm), the total crack surface area is proportional
to squared d: smaller d makes a larger surface area. Under this
assumption, and another assumption that Ra exists only on the
grain surface, F in this single-gain model is given as (Morawska &
Phillips 1993):

F—l 1 * 1
-3 (1+3). M

where A (um) is recoil length of Rn in the grain. F decreases with
increasing d but reaches a constant value of 0.5 for large d (Sakoda
et al. 2011). Accordingly, F is a function of only grain size for the
fixed A: larger grain size has smaller F' and reduces Rn emission.
The grain size of granite ID is slightly larger than the others in this
study on average (Table 1), and is therefore predicted by eq. (1) to
have lower Rn emission. However, the relationship between GCI
and the mean grain size becomes meaningless for all the specimens
(R is almost zero). The effect of grain size should be studied further
by testing granite specimens with different mineral textures.

F is also variable with mineral species. F' values of the chief
granite-forming minerals were measured by Sakoda et al. (2011)
with results of: quartz, 0.046; plagioclase, 0.0185; hornblende,
0.0342 and biotite, 0.028—0.066. These values suggest that coloured
minerals have larger F values, however, the F' values of these min-
erals cannot be precisely compared with each other because their
grain sizes are not the same. In fact, the content rates of coloured
minerals of the five granites of this study (Table 1) are not corre-
lated with GCI (R is almost zero). For example, GCI of OM is the
second smallest despite the highest content of coloured minerals.
The effect of mineral composition on the quantity of Rn emission
is uncertain with the present data, but further examination could be
useful.

The change of Rn counts with time in the interval between the
commencement of count increase and failure can be approximated
by a line (Fig. 3). Considering this trend, the gradient of the line
(count in 5 min hr~'), termed count increase ratio (CIR), is cor-
related with GCI (Fig. 6). CIR was normalized to the volume of
specimens in the same manner as GCI. Because F is enhanced by
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Figure 6. Relationship between GCI and the count increase ratio per unit
time and unit volume (CIR). CIR is regarded to have a relationship with
development velocity of total crack surface area, that is, Rn emanation area.

increasing the total crack surface area (as shown above), CIR is
regarded to be related to development velocity of this area, that is,
the Rn emanation area. Three granites of this study, TK, RK and FT,
which have relatively large GCI, are confirmed to also have large
CIR. Therefore, an additional control factor for the quantity of Rn
emission with failure may be a failure progress property of rock:
one possibility is development velocity of the total crack surface
area, as the present CIR indicates. Higher development velocity
of the emanation area can induce larger Rn emission during unit
time. Well-developed rock fracturing in a short time would then
induce blow-off of Rn atoms, and consequently enhance the total
Rn emissions. According to this mechanism, Rn emission per unit
rock volume associated with a creep fault movement is most likely
low.

Concluding our interpretations based on the results of the current
experiments and those of Koike et al. (2014b) on active fault areas
accompanying microseismicity, Table 2 summarizes the mineralog-
ical and mechanical conditions of crystalline rocks for controlling
the change in Rn concentration in soil gas or groundwater at early
pre-earthquake stage, and the quantity of Rn increase at pre-failure
and post-earthquake stages. The enhancement of ascent gas velocity
for Rn transport is required for the large increase of Rn in soil gas in
the latter two stages. Because the Rn diffusion coefficient decreases
with increasing soil water saturation fraction (Nazaroff 1992), the
condition that the soil is not saturated with water up to the near sur-
face is also necessary. Although changes in Rn gas concentrations
over 200 per cent have been observed at several distant locations
(exceeding 300 km) from earthquakes (Cicerone et al. 2009), an
absence of coseismic Rn change has also been reported for some
earthquakes and locations (e.g. Wakita 1996). Table 2 can be used
for understanding the cause of these and other remarkable or un-
clear responses of Rn emission in conjunction with earthquakes, at
observation sites in crystalline rocks such as granite.
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Table 2. Conditions on difference in Rn change before and after earthquake. Mineralogical and mechanical conditions for controlling the change in Rn
concentration in soil gas or groundwater at early pre-earthquake stage and the quantity of Rn increase at pre-failure and post-earthquake stages are presumed
to interpret the difference in Rn responses depending on earthquakes and observation sites.

Early pre-earthquake response

Rn change Stress condition Crack condition
Decline Strongly compressed area Closure
Increase Dilatancy area by tensile stress Opening
Pre-failure and Post-earthquake responses
Radionuclide Failure progress Ascent gas velocity
Rn change content Grain size velocity Break pattern in shallow crust
Large increase Large Small High Heavy fracturing for High
large emanation area
Small or no increase Small Large Low Minor and/or regular Low

fracturing for enhancing
emanation area

6 CONCLUSIONS

Through a set of uniaxial compression tests of granite specimens
and continuous measurement of Rn emissions from the specimens,
the main results of this study are summarized as follows.

(1) As found in previous studies, Rn emissions began to increase
at 4657 per cent stress level to the uniaxial compressive strength
and continued to increase even after the failure of specimens. The
commencement implies the development of microcracks and con-
current formation of Rn transport paths to the rock surface. Failure
enhances the total rock surface area and the Rn emanation from
grains and migration, which is accordant with a phenomenon of Rn
concentration enhancement in aftershocks, globally observed.

(2) Generally, radioelement content in granite is a main factor for
the total increase in Rn emission by failure. Grain size and uniax-
ial compressive strength associated with failure pattern (conjugate
shear or longitudinal tensile type) are likely other control factors.
Tensile failure type with lower compressive strength generates abun-
dant space and stress release, and smaller grain size enhances the
Rn emanation fraction, which together contribute to increased Rn
emission and migration.

(3) Development velocity of the emanation area accompanying
the rock fragmentation also has potential to control the total in-
crease in Rn emission by failure, because the Rn emanation may be
proportional to the area.

(4) In addition to the magnitude of an earthquake and its hypocen-
tre distance to Rn detectors, the magnitude of increase in Rn con-
centration in soil gas and groundwater before, during, and after an
earthquake in crystalline rocks depends on the intrinsic radioele-
ment content, the mineral texture, and the mechanical properties of
rocks.
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