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Abstract The radon, methane, and carbon di-
oxide concentrations have been measured in
water which has percolated through granitic
rock under triaxial stresses ranging from 0.1
to 0.95 of the fracture stress. V¢ simul-
taneously measured the permeability and por-
osity (hence hydraulic radius) of each sample.
The first series of experiments were on seven-
teen initially dry rock samples. The radon
concentration in the first 3 gmn of water col-
lected varied by a factor of 10, but was not
correlated with stress. A good correlation
was found between radon and permeability;
rocks having high permeabilities tend to re-
lease less radon. In a second series of
experiments, rock samples were saturated under
stress, equilibrated for one month, then
restressed and measured. These samples pro-
duced between 2 and 10 times more radon than
initially dry rocks having the same perme-
ability. In a third series of experiments,
multiple successive water fractions were samp-
led. V¢ found that most of the radon is re-
moved with the first pore volume collected,
while methane extraction requires several pore
volumes. An experiment in which the stress
was changed during a run produced an increase
in CHy but no increase in Rn222, These re-
sults are interpreted in terms of a numerical
model for flow and gas extraction from a
microcrack network.

Introduction The physical properties of radon
gas (Rn?2¢) make it an ideal natural tracer
for detecting changes in the fracture networks
which permeate natural rock masses. As an
intermediate daughter in the U238 decay
series, Rn222 js constantly being generated in
uranium bearing rocks. Formed by alpha-decay
of the radium ?Razze) parent, the radon atom
has a recoil energy of about 100 KeV; suffici-
ent energy to travel hundreds of lattice
spacings upon formation. While most of these
atoms lodge within the interior of a grain,
some end up in the network of microcracks (and
macrocracks) which permeate a rock mass, and
may thereby enter the groundwater. The amount
of radon dissolved in groundwater is thus pri-
marily a function of the concentration and
spatial distribution of radium within the rock,
and the porosity and permeability of the frac-
ture network. Changes in the fracture network
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may change the ground water radon concentra-
tions observed at a sampling site in two ways;
(1) directly, by changing the number of radon
atoms which enter the groundwater, and (2)
indirectly by changing the transport of radon
from the site at which it is created to the
sampling site.

The relatively short half-life of Rn222

(T, = 3.825 days) assures a short term causal
refationship between changes in the fracture-
network morphology and the resultant variation
i n groundwater radon. Because radon is an
inert gas, it does not readily enter into
chemical combination and its high solubility
in water (22.4 cm3 per 100 cm® H,0 at 25°C and
one atmosphere) means that, in the presence of
groundwater, most radon will be dissolved
rather than adsorbed to the walls of the frac-
ture network. The physical mechanisms by
which radon is generated and transported are
discussed i n more detail by Tanner (1980).

Two applications in which groundwater radon
has been monitored are earthquake prediction
and geothermal reservoir engineering. The
build-up of tectonic stress preceding an
earthquake might be expected to change the
morphology of a fracture network by creating
and opening cracks parallel to the maximum
principal stress while closing orthogonal
cracks. In the laboratory, the crack opening
process dominates when the differential
stress, o3-o3 is greater than approximately
one-half of the fracture stress ard the rock
actually increases in volume. Laboratory
studies of this "dilatancy" phenomenon are
reviewed by Brace (1978) and Byerlee (1978).
Field observations of groundwater radon vari-
ations associated with earthquakes are sum-
marized by Hauksson (1981) and Teng (1980).
The withdrawal of water and heat from a geo-
thermal reservoir might also be expected to
change the morphology of the fracture network
through the combined effects of thermal con-
traction and variations in pore pressure. The
associated change in radon concentration could
serve as a useful tool for nonitoring reser-
voir development. Radon measurements in geo-
thermal systems are discussed by Stoker and
Kruger (1975).




Interpretation of field anomalies requires
three basic sets of information: (1) a thor-
ough understanding of the subsurface hydro-
logy (reservoirs, permeabilities, and pres-
sures), (2) a detailed knowledge of the sub-
surface geology (rock types and uranium con-
centrations), and (3) empirical relationships
between changes in stress, the resulting
changes in fracture permeability, and the
associated release of radon (and other gases)
into the ﬂroundwater (as a function of rock-
tyFe) The laboratory measurements reported
below were designed to explore relationships
required in step (3) above. V¢ have focused
on the relationships between differential
stress, permeability, and the release of radon
and methane to water percolating through the
natural fracture network in granitic rock.

Previous Laborat%ry Srt]udieg of Radon Fn?agation
and Transgort There have been several labor-
story studies of radon emanation from rock
surfaces. Chiang et al. (1978) demonstrated
that radon emanation is proportional to sur-
face area by measuring the radon emanated from
a number of rock samples having the same
volume but different surface areas. The re-
lation between stress and radon emanation has
been studied by the Group of Hydrochemistry
of the Peking Seismological Brigade (1977),
Holub and Brady (1981), and Jiang and Li
{1981). In each of these experiments, air was
circulated around the rock sample gor throu h
holes bored in the sample in the 1977 study?
al; uniaxial stress was applied. Radon levels
in this circulating air were continuously
monitored. In the two Chinese experiments
only small increases in radon were observed
during the uniaxial Ioadin%. Holub and Brady
('1981(5J observed a large (50%)temporary in-
crease in radon at about half the breaking
strength of the sample, presumably due to the
opening of axial microfractures at the onset
of dilatancy. In all three experiments, the
radon level increased by a factor between two
and ten upon failure, probably reflecting the
large increase in surface area directly acces-
sible to the circulating gas.

The fundamental difference between these
studies and our experimental work described
below is that the above studies measured radon
emanation from the surface of rock samples
while we measured the radon released to water
percolating through the microfracture system.
¥ are thus able to look for quantitative
correlations between radon release and stress,
permeability, porosity, hydraulic radius, and
crack surface area.

Experimental Apparatus The experimental ap-
Baratus IS shown schematically in Figure 1
elow. The triaxial pressure vessel is
standard except for an outlet at the base to
allow sampling of the pore water.
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A cylindrical granite sample (two inches in
diameter by four inches long) is loaded in the
triaxial cell which i s placed between the an-
vils of a 160,000 pound hydraulic press. This
uniaxial stress is sufficient to cause failure
of the samples under our nominal 200 bar con-
fining pressure.

Confining pressure, o3, and flow pressure, pf,
are generated by air-driven hydraulic pumps
with special stainless steel valve isolation
chambers to maintain water purity. Radon free
distilled water is flowed through the sample
at constant flow pressure pf of 100 bars. A
one millimeter thick layer of 200 mesh ZrC
Powder spreads the water at p¢ over the entire
op surface area, A, of the sample. The lower
surface of the sample i s maintained at p=c
since ve are sampling into a vacuum. The
base-plate has a pattern of radial and circum-
ferential grooves which channel the flow water
into the collection outlet hole. By measuring
the amount of water as a function of time, the
flow rate, q{cm3/sec), is determined. Darcy's
law may then be used to calculate the sample
permeability, k {(cm?), according to

k=-Qu]/Apf

where 1 is the sample length in en and v is
the water viscosity in dynes sec/cm®, V¥ have
been working at low values of the confining
pressure (o3 nominally 200 bars). The func-
tions of the confining pressure are (1) to
seal the rubber sample jacket thus confining
the fracture fluid within the sample, and (2)
to maintain sample integrity at high values
of uniaxial stress.

(1)

Granite Samples Approximately twenty feet of
granite core was supplied by the USGS. The
core is from the depth range 425-445 feet in
the Sierra Nevada batholith, is very fresh,
and appears both compositionally and mechani-
cally uniform over its entire length. Radio-
genic analysis of six samples (chosen as
representing extremes in observed radon pro-
duction as discussed below) showed U238 con-
centrations between 2.50 and 3.10 ppm. Ura-
nium concentration was uncorrelated with Rn?22
concentrations observed in the percolating
water.



Rn222 Measurement Techniques Water samples
were collected in evacuated pyrex test-tubes
sketched below. Typical water samples were
between 2 and 10 ml.
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Radon was extracted from the water using re-
circulating helium as a carrier (e.g. Key et
al., 1979). Radon was separated from the He
carrier by two stages of liquid nitrogen cold-
trapping. A drying column I?CaSOuAscarite%
was used to separate €0, and H,0 from Rn22
which was subsequently transferred to a scin-
tillation cell. Radon gas levels were measur-
ed by counting scintillations associated with
its a decay. The overall detection efficiency
is about 80%as established by analyzing Ra22%
standard solutions. The background level is
0.7 cpm (counts per minute)*; our experimental
measurements are always at least a factor of
four above this limit. Note that radon dpm
(disintegrations per minute) reported below
are less than the total observed ¢pm since the
two a]gha emitting daughters of Rn222 (po218
and Po?1%) are detected with the same effici-
ency as their parent.

CH, and CO, Measurement Techniques Before
radon was extracted from some water samples,
small {~ 1 cc) aliquots of the gas phase in
the sample container were drawn into glass
syringes through a rubber septum. These sam-
ples were injected into a gas chromatagraph
equipped with flame ionization and thermal
conductivity detectors. CH, was isolated from
other gases on a molecular sieve #5A column
and €O, was isolated on a silica gel column.
This sampling technique resulted in contami-
nation of the sample with air, and typically
50-70%of the CH, and CO, peaks observed were
due to this contamination. However, clearly
detectable amounts of these two gases were
released in most experiments. Analytical pre-
cision for duplicate analyses was about 8%.
Blanks were run on the water before it passed
through the rock to ensure that this was not a
significant source of contamination. The
total quantity of gas released from each sam-
ple was calculated by assuming equilibrium
exists between liquid and gas in the sample
container, knowing the volume of the gas and
liguid phases in the container, and correcting
for contamination from air (which was esti-
mated from the 0, content).

Experimental Procedures and Results Two
series of experiments were run: experiments
on initially dry rocks where a single water
sample was collected, and experiments on dry
and initially saturated rocks where sequential
water samples were collected. In this second

*1 Curie=2.2 x 1012 cpm

series the concentration of CH, and CO, were
measured in addition to Rn222,

In the initial series of experiments, a dry
rock was jacketed and stressed axially to oy,
under a confining pressure of o03. An evacu-
ated sample collection vessel was then attach-
ed to the collection port in the baseplate,
and a flow pressure, pf, was established at
the upper end of the sample at time t=o. The
time at which the first drop of water appeared
at the baseplate, tf, was recorded, as was

the time, tg, when the sample bottle was
sealed and removed. As discussed above,
At=tg-tg and the total volume were used to
find the sample permeability. V& show below
that tf may be used to find the sample porosity
once the permeability i s known.

The sealed sample vessel was then attached
directly to the radon extraction apparatus and
the radon concentration determined as discussed
above. Following the radon extraction, o; was
increased slowly (40 bars/min) and the fracture
stress, o, was recorded.

The results of this first series of experiments
are plotted as open circles in Figures 3-5.
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Figure 3 shows sample permeability, k, as a
function of stress. Although the data scatter,
they are consistent with a slight decrease in
k with increasing o; to approximately oi=o¢/2,
followed by a more rapid increase in k as o;
approaches aof (as documented by Zoback and
Byerlee (1975) at higher confining pressures).
Our scatter is due to the fact that each data
point represents a different rock, whereas
Zoback and Byerlee measured k as a function

of o; on one sample. Figure 4 shows radon con-
centration in the first three grams of water
collected as a function of the differential
stress, o1-03. Note that there is no obvious
relation between stress and radon. If the
radon concentration is plotted as a function of
the differential stress normalized to the frac-
ture stress, (o1-03)/of, there is still no
obvious correlation.
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Figure 5 shows that radon concentration tends
to decrease with increasing permeability.

The second set of experiments were designed to
see if saturated rocks yield more radon than
those which are initially dry. Several rock
samples were stressed and saturated as above
until the first drop of water was observed.
They were then removed from the apparatus and
stored under water for approximately one month
to allow radon to establish an equilibrium
concentration. They were then restressed and
several successive water samples were col-
lected. Sequential sampling experiments were
also performed on two initially dry rocks for
comparison.

The radon concentrations measured in the first
three grams of water collected during these
runs are plotted as open triangles in Figures
3-5. In Figure 5 it Is apparent that, at a
given permeability, the presence of water in
the fracture network increases the radon re-
lease by a factor between two and ten.
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The results of the sequential sampling experi-
ments are given in Figures 6 and 7 for radon
and Figure 8 for nethane.

In Figure 6, the total radon is plotted as a
function of the total water collected. The
solid curves are calculated from a crack model
discussed below. The dashed curves are
sketched through data sets which could not be
fit to the model.
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Figure 7 shows the radon concentration which
would be measured if the experiment were stop-
ped after the total amount of water shown on
the abscissa had been collected.

Note that four of these multiple sample runs
were o the same rock (435-3D). This rock
was initially saturated, equilibrated, and
then restressed to a differential stress of
141 MPa. Three successive water samples were
collected. The stress was then increased to
193 MPa and a fourth sample was collected.
This fourth point, the solid triangle in
Figures 6 and 7, is on trend with the previous
three points and shows no significant increase
in radon following the stress change. The
rock was then removed from the apparatus, re-
equilibrated under water, and restressed to
193 Mpa. The four, sequential, water samples
collected at this stress contained slightl
more radon (much less than a factor of two
than the 141 MPa run. The rock was removed,
re-equilibrated, and then stressed to 244 MPa.
Four samples were again taken, but this time
an unusually low radon concentration was
measured. The sample was observed to have
developed a through-going, extensive fracture
zone. Because the low radon level for this
run is due almost entirely to the low concen-
tration in the first sample collected, the
rock was re-equilibrated and rerun at 244 MPa
as a check. Again, the radon concentration in
the first sample was anomalously low when
compared with the other multiple sample runs.

In Figure 8, the total methane released is
plotted as a function of the total water col-
lected.
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Note that the general shape of these curves is
similar to the radon curves in Figure 6, but
there are significant differences. More total
water flow was required to extract all the
available CHy: in fact, some rocks released
almost no methane to the first few grams of
flow water. Also, the rock which was run at
three different stresses (435-3D) released
more methane at higher stresses. Even the
stress change from 141 MPa to 193 MPa during
the first run produced an increase in CHy,
concentration, while the Rn222 concentration
was unaffected.

Carbon dioxide was more erratic than methane
or radon when plotted as a function of total
water collected. There was no apparent cor-
relation between CHy, C0,, and Rn222, Our
interpretation of these results is that each
of these gases must occupy different positions
inthe rock.

Sample Porosity and Hydraulic Radius The
porosity of the sample under stress may be cal-
culated from tg, the time it takes to fill the
initially dry rock with water. Following Brace
et al. (1968) we approximate the flow law as
d%p/dx2 = 0. Hence dp/dx = f(t), i.e. the
pressure gradient i s approximated by a linear
gradient which changes with time. Brace et al.
(1968) have shown that transients due to %e—
neglected terms are on the order of 10-30 sec.
Since it takes at least an hour for our sam-
ples to fill, the linear gradient should be

a good first approximation.

As water is pumped into the rock at a constant
back-pressure, Pf> the water front will advance
in the axial z direction at a rate

dz/dt = q/nA (2)

where n is the porosity.
(1) for q gives

Using Darcy's law
dz/dt = - kpg/unz (3)
which may be integrated to yield

n = 2kpste/ul? (8)

Once the porosity and permeability are known,
the hydraulic radius, m, may be found (m is
defined as the volume of the cracks divided by
their surface area). For intact rock, Brace
(1978) gives

k = m®n3/ke (5)

where k is a geometrical factor between 2 and
3, while for dilatant microcracks in low poros-
ity rock, permeability in the direction of the
microcracks has the form

k = m2n/Ke (6)

For our samples the above analysis yielded
porosities in the range 0.2% to 10%. Plotting
porosity as a function of permeability yields
k proportional to n%, between the n3 depend-
ence of (5) and the linear dependence of (6).
The implication is that the microcrack orien-
tations are somewhere between random and ver-
tical. The observed radon release did not
correlate with pore volume , hydraulic radius,
or crack surface area.

Models for Radon Release V¢ consider two ex-
treme-case models for the radon extraction
process: (1) a well-mixed reservoir model, and
(2) a pipe-flow model.

In the reservoir model, we assume that
= - 7
an,/V. (N

where ny is the number of accessible radon
atoms in the rock and V¢ is the crack volume.
Using g = dV/dt and ny + ny = No where No is
the total accessible radon and ny is the num-
ber of accessible radon atoms in the flow
water, (2) may be rewritten and solved to give

dnr/dt

n, = No[1-exp(-V/V )] (8)

In terms of radon activity a=an (x=1.26 x 107"
min !

a, = Ro[1-exp(1-V/v )] (9)

Only our dry samples, 435-4D and 435-1Db could
be fit to this model (solid lines in Figure 6).
They both lie on the same curve which is de-
fined by the parameters A = 4.6 dom and V_ =
9.0 cm3. The total radon activity in thes
rocks should be 1.2 x 103 dom (based on 3 ppm
uranium). Hence we are removing about 0.4% of
the available radon. A crack volume of 9 cm?
corresponds to porosity (under stress) of about
4.5%, which seems a bit high.

None of the wet rocks could be fit to this
model because the total radon curves in Figure
6 have too sharp a "knee" for the exponential
form in (9). Such behavior is more typical of
a pipe model which assumes all the radon is in
solution and is simply pushed out by the ad-
vancing flow water with no mixing. In this
case, Figures 6 and 7 should appear as sketched
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The initially saturated samples in Figure 6
look more like (a) above than the smooth curve
predicted by (9). The true situation probably
lies between these two extreme models , i.e.
the water moves through as in a pipe model,
but is continually being fed by side channels
in the crack network thus rounding the sharp
corners in (a) and (b) above.

Summary of Results V¢ can briefly summarize
our interpretation of the results presented
inthe previous section.

a. There was no correlation between radon
released and stress applied to the initially
dry Sampies. Among several possible explana-
ﬁ'gns of this observation are: (1) the new
microfractures opened by the higher stresses
do not connect with the network of fractures
which are carrying the water, and/or they do
not carry a significant fraction of the water
or (2) these new microfractures carry a sig-
nificant fraction of the percolating water
but they do not contain significant radon.
They might not contain radon either because
only pre-existing cracks have had time to
concentrate and trap significant radon, or
because radium is preferentially located as
secondary surface coatings on existing cracks
and this radium is responsible for virtually

all of the observed Rn emanation (Tanner, 1980).

Explanation (1) is consistent with microscopic
observations (Brace, 1977), but not with the
results of the stress change experiment on
sample 435-3D. The observation that Rn did not
change while methane increased in response to
a stress change during the first run on this
sample implies that the flow water "saw" the
new microcracks and removed the methane, but
that there was no radon to be removed.

b. Samples which were saturated with water
teleased more radon than those which were
initially dry. These observations are not sur-
prising in light of Tanner's (1980) discussion
of the role of water as an absorber of the
radon's recoil energy. Thus, the amount of
water and the distribution of this water in the
rock are critical factors controlling radon
release.

c. Permeability and radon release are inversely

correlated. This may be interpreted in two
ways. Either water flows through the rock so
quickly that radon does not have time to dif-
fuse fam side channels, or most of the water
flows through a few, large, main channels
(rather than many small channels) and thus re-

moves a smaller fraction of the accessible radon

atoms produced in the rock.

The hypothesis which is consistent with all our
observations is that most of the observed radon
is derived from radium which has been deposited
on the walls of old microcracks. \¢é are cur-
rently performing a series of experiments to
test this hypothesis.
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