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We investigate deformation mechanics of fracture networks in unsaturated fractured rocks from subsurface conventional
detonation using dynamic noble gas measurements and changes in air permeability. We dynamically measured the noble gas
isotopic composition and helium exhalation of downhole gas before and after a large subsurface conventional detonation. These
noble gas measurements were combined with measurements of the subsurface permeability field from 64 discrete sampling
intervals before and after the detonation and subsurface mapping of fractures in borehole walls before well completion. We saw
no observable increase in radiogenic noble gas release from either an isotopic composition or a helium exhalation point of view.
Large increases in permeability were observed in 13 of 64 discrete sampling intervals. Of the sampling intervals which saw large
increases in flow, only two locations did not have preexisting fractures mapped at the site. Given the lack of noble gas release
and a clear increase in permeability, we infer that most of the strain accommodation of the fractured media occurred along
previously existing fractures, rather than the creation of new fractures, even for a high strain rate event. These results have
significant implications for how we conceptualize the deformation of rocks with fracture networks above the percolation
threshold, with application to a variety of geologic and geological engineering problems.

1. Introduction

Measuring and understanding deformation, strain, and frac-
turing in rocks with preexisting fracture networks is impor-
tant for a variety of applications in earth sciences including
earthquake monitoring, slope and tunnel stability, nuclear
waste isolation, and unconventional oil and gas production.
However, complex deformation mechanics and the inherent
difficulty of instrumenting subsurface locations result in large
uncertainty in the mechanics of subsurface fracture network
deformation. Innovations in measurement and interpreta-
tion methods are needed to better measure, monitor, and
predict fracture network deformation mechanics.

Radiogenic noble gases are produced by radioactive
decay of naturally occurring U and Th in crustal materials.
These gases accumulate in minerals grains, intergranular
boundaries, and pore fluids of crustal rocks [1]. These nobles

gases are likely released as a result of episodic fracturing and
brittle deformation in the subsurface [2, 3]. Recent research
has shown that radiogenic noble gases released from rocks
as they are deformed can be observed [4–8]. Thus, monitor-
ing noble gas release and isotopic composition could provide
a new method of measuring and inferring subsurface defor-
mation mechanics.

Noble gas emissions and their relationship to crustal-
scale deformation have been studied for many years. There
is a clear relationship between noble gas signatures, tectonics,
deformation, and fracturing at the crustal scale [2, 3]. Helium
isotope composition in the Basin and Range is correlated to
tectonic velocity and provides a qualitative estimate of deep
crustal permeability due to fracturing [9]. Signatures of man-
tle helium can be found throughout the tectonically active
western U.S., indicating pervasive fracturing and faulting in
the deep crust to deliver mantle helium to the shallow crustal
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system [10]. Radon anomalies have been reported before
earthquakes [11–13]. Postseismic changes in helium isotopic
composition have been observed in spring water [14]. Radon
and thoron in soil gases have been observed to be affected by
seismicity [15]. However, the radon and thoron signatures
are not consistent between sites, sometimes decreasing [12]
or sometimes increasing [16, 17] before events. The differ-
ences in noble gas signatures prior to seismic and volcanic
events are likely due to different stress, strain, and deforma-
tion mechanics prior to and during events [18].

Under uniaxial compression, radon exhalation rates have
been shown to decrease during the initial compressional
phase, increase as a result of microfracturing during later
elastic compression, and show a long-term increase after
specimen failure and macrofracturing [18–21]. Radiogenic
4He and 40Ar release has been shown to be highly sensitive
to triaxial deformation [4, 5] and show a similar pattern to
Rn, with (1) constant or slightly lower gas release during ini-
tial compression, (2) increasing gas release after reaching
around 1/3 of the ultimate yield stress due to microfracture
during compression, and (3) rapidly increasing gas release
just before and during macrofracture, subsequently dropping
after macrofracture [5, 7]. The gas release signal size has been
shown to change as a function of rock type and as a result of
deformation style [4–6]. These noble gas release signals have
been used to infer changes in rock flow and transport proper-
ties due to fracture creation at the lab scale, using dynamic
fracture flow models and matching to 4He release signals [7].

Dynamic changes in radiogenic noble gas release have
been observed in carefully controlled field settings. Rapid
changes in stress due to fluctuations in the hydrologic load
caused by large, rapid reservoir level fluctuations have been
shown to result in fluctuations in radon concentration in tun-
nels beneath the reservoir [22]. Recently, increases in 4He
and 40Ar in fracture fluid were observed in a carefully con-
trolled hydraulic fracturing experiment in Switzerland pro-
viding the first observations of 4He and 40Ar release in the
field at the scale of ~10m from individual defined and con-
trolled hydrofracturing events, indicating that noble gases
can be used to sense fracturing in field settings [8]. To date,
however, experiments of deformation in fractured media
with a preexisting fracture network are nonexistent, and little
is known about how the degree of preexisting fracture con-
nectivity or the style and type of fracturing and strain accom-
modation would affect the noble gas signal.

Here, we report on an investigation of noble gas release
before and after a large-scale deformation event due to sub-
surface detonation. Observations of noble gas isotopic sig-
nals, 4He exhalation, and subsurface permeability are
combined and interpreted to infer fracture network deforma-
tion characteristics. This paper describes the second field
experiment of noble gas release during deformation after
Roques et al. [8], with a significantly different deformation
mechanism, strain rate, and preexisting fracture network.
We use noble gas release as a novel indicator to interpret
deformation mechanics in rocks with preexisting fracture
networks above the percolation threshold and provide
important evidence for conceptualizing the deformation of
fractured rock networks. The observations here can be used

to further understand noble gas release from deformation
in the field and lead us one more step toward the use of noble
gas release as a signal to trace mechanical deformation in
geological settings.

2. Study Site

The study was located within the Energetic Materials
Research and Testing Center (EMRTC) in Socorro, NM
(34°03′32.6″N 106°57′22.7″W), and was chosen for the abil-
ity to utilize explosive materials, accessibility, availability of
power and water, and a characterized lithology. Figure 1
shows the location of the Blue Canyon Dome (BCD) testbed
in relation to the EMRTC test site and the state of New Mex-
ico. The study site is located in the Rio Grande Rift tectonic
province at ~1860m above sea level (~427 vertical meters
above the Socorro valley) on the shoulder of Blue Canyon
Dome rhyolite flow, which is an 11 Mya Dacite member of
the Socorro Peak Rhyolite. Boreholes were drilled in an unde-
veloped area on a flat ridge to the south of the peak, where no
preexisting boreholes exist. Experimental boreholes were
drilled primarily in the Luis Lopez Formation, which consist
of rhyolitic volcanics of the ~30 Mya Mogollon-Datil volca-
nic field (Chamberlin 1999, Chapin 2004). Borehole logs
indicate that 10m of Miocene fanglomerate derived from
Mogollon-Datil volcanics overlays the Oligocene welded rhy-
olitic tuff. The welded tuff extends below the maximum bore-
hole depth of 76m to a depth of at least 121m below the
ground surface. Outcrops of the Miocene fanglomerate
deposits are exposed on the north side of the ridge, just
downslope of the drilling area, and show significant fractur-
ing at near vertical and horizontal orientations with an
approximate spacing of ~0.5m (Figure 2). These outcrop
fracture patterns appear to be consistent with the predomi-
nant subsurface fracture orientation in both the fanglomerate
and rhyolitic formations from borehole camera observations.

The climate of the area is classified as a cold arid steppe
[23]. The mean annual precipitation at Socorro for the last
30 years is ~22.9 cm, with the majority of precipitation falling
during July-October as afternoon thunderstorms. The moun-
tains above Socorro receive more moisture than the adjacent
valleys [24]. Wells drilled at the site are completed in the
vadose zone (i.e., above the local water table at the site).

Previous laboratory experiments on samples of the Blue
Canyon Dome rhyolite have shown reproducible, consistent
radiogenic helium release as a result of deformation [25].
Helium release is dependent upon the initiation of new frac-
turing and is only observed when the deformation is suffi-
cient to cause an increase in acoustic emissions [25]. These
laboratory experiments indicate that radiogenic gases should
be released from deformation causing the creation of new
fractures in the Blue Canyon Dome rhyolite.

3. Testbed Configuration

The experiment utilized 9 new boreholes, each drilled with an
air-powered hammer drill with a configuration shown in
Figure 3. The ground zero (GZ) borehole, which is used for
the explosions, is 25.4 cm in diameter, 76.2m in depth,
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steel-cased to 24.4m, and topped with a Class 1500 flange
tree. The other 8 observation boreholes are all 15.24 cm in
diameter and cased to 6.1m with PVC. There are four mon-
itoring boreholes at a radius of 4.6m from the GZ borehole
along cardinal directions (dubbed N, E, S, and W) and
another set of 4 at a radius of 7.6m, rotated 45 degrees from
the first set (dubbed NE, SE, SW, and NW).

The eight boreholes surrounding GZ (N, NE, E, SE, S,
SW, W, and NW) were completed with eight discrete gas
sampling locations in each well. Discrete intervals were cre-
ated by pouring repeated layers of grout, sand, and epoxy
(Figures 3 and 4); depths reported are approximate. Individ-
ual 0.635 cm diameter nylon tubing was terminated with a
15.24 cm screened, 0.635 cm diameter, soil vapor sampler
from Geoprobe (Figure 4) that was run to each coarse sand
sampling interval. Each sand layer was capped with 25.4 cm
of rubberized epoxy, and then the borehole was filled with
grout to the next sampling point to isolate each location.
Gas sampling tubes consisted of 0.635 cm nylon tubing with
stainless steel Swagelok fittings. Each gas sampling interval
also included an additional “downgoing” gas tube which
allowed for both induced pressure gradient and recirculated
no pressure gradient sampling (Figure 4).

The deformation source was a conventional chemical
explosive. The GZ borehole was filled with water to the sur-
face the day before the shot and maintained full until the det-
onation by continuously pumping ~38 slpm into the
borehole. The explosive package was strung using a wireline
at a depth of 59.1m, the well tree was sealed, and the package
was detonated in the water-filled shot hole. The 20.2MJ det-

onation generated high shock pressures causing explosive
container fragmentation along with adjacent rock crushing
at the wellbore wall. The explosion pressurized water in the
shot hole, and gas was generated during the explosion that
added to the water pressurization. The expected elastic radius
was ~5m, meaning that all borehole sampling regions within
this radius were expected to be in the zone of rock failure and
permanent deformation.

4. Measurement Methods

Prior to borehole completion, borehole cameras were used to
take a video of the entire borehole length and visually log
each borehole. Borehole recordings were used to visually
map lithology and fracture location and orientation. Exam-
ples of identified fractures are shown in Figure 5. Fracture
depth, orientation, and approximate fracture density were
recorded for each borehole.

We measured air yield as a proxy for subsurface gas per-
meability in each discrete sampling interval. Air yield was
measured by pumping each interval with a diaphragm gas
pump at 32 standard L/min and measuring the resulting flow
rate using thermal conductance air flowmeters. We utilized a
bank of mass flow meters with maximum flow rates of 10, 50,
500, 4000, and 20,000 standard cm3/min (sccm) (Figure 6).
Each interval was pumped until the air flow reached a steady
state, usually taking around 1 hour to stabilize. The flow rate
was logged using the flow meter with a midrange closest to
the measured value.
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Figure 1: Map of the study area location.
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To sample in situ dynamic noble gas isotopic signals, a
high-flow diaphragm pump (the same pump used for air
yield measurements) was used to pump air from 8 different

sample ports in parallel to a mass spectrometer system
located in an air-conditioned portable laboratory trailer
roughly 40m away from the well nest. Tubing for the gas

Figure 2: Outcrop of metasomatized fanglomerate exposed 100m downslope of the testbed site.
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delivery system from the borehole manifold to the pump
above ground was 0.3175 cm nylon to increase fluid velocity
and decrease instrumental response time. Sample port loca-
tions and depths for all sampled intervals are given in
Table 1. The gas delivery system could be intermittently
switched to pump directly from the atmosphere using man-
ual valves at a tee located near the well manifold. Gas exhaust
from the delivery pump was not connected to the downgoing
recirculating tube; thus, the sampling interval was underpres-
sured with respect to the surrounding reservoir during sam-
pling. In this configuration, the induced pressure gradient
caused subsurface gas to flow toward the sampling locations.

Figure 7 shows a schematic of the sampling apparatus for
measuring in situ downhole noble gas isotopic composition.
A water trap volume, cooled to -30°C, was put on the gas
delivery line to reduce the risk of water from the detonation
entering the mass spectrometer and as an initial drying stage
to reduce the water vapor pressure in the gas stream. Gas
from the delivery tube was sampled by the mass spectrometer
system via a vacuum leak valve. A cold finger located near the
leak inlet, cooled to liquid nitrogen temperature, was used as
a vapor pump to reduce the partial pressure of water vapor in
the mass spectrometer. The leak valve inlet was adjusted until
the internal pressure was around 5 × 10−5 mbar as measured
by the hot cathode gauge in the mass spectrometer vacuum
chamber. The gas delivery pump was put downstream of
the gas inlet to reduce pressure at the mass spectrometer
inlet, thus decreasing the inlet response time. The inlet pres-
sure was generally between 300 and 400mbar. Assuming
laminar flow, 150m of 0.635 cm tubing, and our pumping
speed of 32,000 sccm, we calculate a mean travel time of
~10 seconds from the tubing inlet to our pump using the
Hagen-Poiseuille equation. Assuming an internal volume of
1 cm3 for the leak valve, a steady mass spectrometer chamber
pressure of 1 × 10−5 mbar, a steady inlet pressure of
400mbar, and steady-state gas flow, we calculate the resi-
dence time in the leak valve inlet to be ~3 minutes. Thus,

our system measures the average gas composition being
pumped over a 3-minute interval. The mass spectrometer
used for the analyses was a Pfeiffer HiQuad™ 300 with a
crossbeam source and electron multiplier.

All masses analyzed were detected using the electron
multiplier. All masses analyzed were within the operable
range of the electron multiplier. Given the small variation
in gas composition from atmospheric composition, the elec-
tron multiplier is expected to be approximately linear and
sensitive to detecting differences from atmospheric gas com-
position [26]. The ion source and mass spectrometer detector
settings were tuned in the field before the start of analyses. A
mass scan after in-field tuning is shown in Figure 8. The
important peaks for this paper are at mass 4 (4He) and at
mass 36 (36Ar). An atmospheric standard was run at the
beginning of each day and/or before and after each downhole
sample. Downhole samples were run for (1) background sub-
surface gas preshot, (2) subsurface gas during the shot, and
(3) subsurface gas postshot. The subsurface samples were
pumped for a minimum of 4 hours and a maximum of nearly
21 hours.

Two background measurement sequences were made.
On August 26th, 2019, an initial standard was run, followed
by a downhole measurement and finally a final atmospheric
standard. On the 27th, a background measurement sequence,
identical to the previous day, was made, but downhole gas
was collected continuously during a small test shot, where
an insignificant amount of explosive was detonated to test
system functioning and provide a dress rehearsal for site
safety protocols.

Helium exhalation was measured from a single low-
permeability interval near the detonation location (East, Lift
7). Exhalation was characterized by the produced helium
flow rate during vacuum pumping as measured by a Leybold
helium leak detector after [7] (Figure 9). Similar to the quad-
rupole gas delivery system, gas was transported from the
wellhead to the leak detector using 0.3175 cm nylon tubing.
A water trap at -50°C was kept in line to prevent water con-
tamination to the leak detector. The helium flow rate mea-
sured by the leak detector was logged at 1Hz, providing a
high-resolution record of helium production.

We collected 12 discrete gas samples from the pump dis-
charge for comparison with our real-time dynamic measure-
ments. Samples were collected in 0.95 cm diameter soft
copper tubes, 30 cm in length (internal volume = 21 cc), and
sealed with refrigeration clamps. Gas from the pump dis-
charge was allowed to flow through the tube for at least one
minute. After this time, a secondary vent valve was opened
on the upstream side of the copper tube, with sample gas
flowing through both discharge vents; the downstream cop-
per tube clamp was closed first, diverting all pump discharge
to the secondary outlet. Finally, the upstream clamp was
closed isolating the sample in a helium leak-tight vessel. This
sampling procedure allowed us to collect sample gas at a
pressure slightly above the ambient atmospheric pressure,
with no atmospheric contamination, while at the same time
keeping the pumping speed constant for dynamic gas sam-
pling. Discrete samples were then analyzed for noble gas iso-
topic composition using static mass spectrometry by the
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Earth and Planetary Sciences Department Volatiles Labora-
tory at the University of New Mexico.

5. Results

Separate lab measurements were made to determine the
helium permeability (k at 1.38MPa confining pressure) and
basic mechanical properties (unconfined compressive
strength (UCS), density (ρ), tensile strength (σT), Young’s
modulus (E), and Poisson’s ratio (μ)) of the rhyolite and
grout (Table 2). The rhyolite is stiff and has high strength,
and its matrix is lowk, whereas the grout is soft and weak
and has low permeability and high electrical resistivity. The
low matrix permeability implies that flow measurements
made are dominated by fracture aperture and connectivity.

5.1. Noble Gas Isotope Results. For the quadrupole analysis,
the primary goal was to assess dynamic changes in the rela-
tive concentration of 4He in gas pumped from underground.
We quantify the relative concentration of 4He in the gas

phase using an atmospheric normalized fractionation factor:

F 4He
� �

=
I 4He
� �

/I 36Ar
� �� �

samp

x 4Heð Þ/x 36Arð Þð ÞATM
: ð1Þ

where IðiXÞ is the measured intensity of the isotope iX on the
quadrupole, and xðiXÞ is the known mole fraction of the iso-
tope iX in the atmosphere. 36Ar was used to normalize as it
has a purely atmospheric source and should not be affected
by geogenic gas release.

The “intensity” measured by the quadrupole is the cur-
rent generated at the detector due to the impingement of ions
at the mass to charge ratio allowed through the mass filter.
Given a perfect mass spectrometer, the ratio of measured
intensities should be equal to the ratio of mole fractions in
the gas sample. However, ionization competition or incom-
plete ionization of all molecules will have a larger effect on
lower-concentration gases. If absolute concentration mea-
surements are required, upstream mass separation is
required to reduce ionization competition; however, relative
changes in the amount of 4He can be accurately assessed
via the fractional factor.

Figure 10 shows the dynamic Fð4HeÞ for the background
well gas measurement sequence. An initial atmospheric stan-
dard was run, followed by the inlet of gas pumped from
underground and then a final atmospheric standard. Fð4He
Þ for the initial standard was relatively constant with a
median value of 0.53. After the atmospheric standard, the
inlet was changed to the well manifold and underground
gas was pumped for ~4 hours. After ~1 hour, a systematic
rise in Fð4HeÞ was seen until stabilization at 0.72. The
median value for the entire background measurement was
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Figure 4: Close-up of the discrete sampling interval setup (top) along with a photo of the soil vapor implant (bottom).
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0.69. The subsequent ending air standard stayed constant
over the measurement interval with a median value of 0.73.

Figure 11 shows whisker boxes summarizing the statistics
of the entire time series for each measurement interval
shown in Figure 10. The instrumental drift, likely caused
by fairly large temperature variation in the trailer over
the day and differences in the instrumental sensitivity at
different masses, is represented by the change in the atmo-
spheric standards. The median measurement of the back-
ground in the sample intervals falls within the drift
measurement, and the well gas appears to be indistin-
guishable from atmospheric air. Indeed, after leveling near
an Fð4HeÞ of 0.73, the switch between well gas and atmo-
sphere produced no change in observable gas composition.
The instrumental drift could be explained by temperature

variations in the laboratory trailer and in the ambient tem-
perature outside. The change does appear to mostly occur
within 1.5 hours from 13:00 to 14:30.

Figure 12 shows the dynamic Fð4HeÞ for the test shot
background sequence. An initial atmospheric standard was
run, followed by the inlet of gas pumped from underground
during the test shot, and then a final atmospheric standard
was run at the end of the day. The Fð4HeÞ for the initial stan-
dard showed significantly more variation than the initial
standard for the background measurement sequence. The
atmospheric Fð4HeÞ bounced around a median value of
0.56. After about 1 hour of the atmospheric inlet, the value
fell to ~0.48 and remained fairly constant. After the switch
to the well gas, the underground gas was pumped for ~4
hours. After ~0.25 hours, a systematic rise in Fð4HeÞ was
seen until stabilization at 0.69. The median value for the
entire test shot measurement was 0.64. The ending air stan-
dard stayed constant over the measurement interval with a
median value of 0.64.

Figure 13 shows whisker boxes for the statistics of the
entire time series of each measurement in the test shot back-
ground measurement sequence. For the test shot sequence,
the median measurement of the wells is slightly higher than
either standard. However, a significant portion of both distri-
butions overlaps, and it appears that once again, the well gas
is indistinguishable from atmospheric air. No major, long-
term changes in gas composition are recorded after the test
shot. There is a short anomaly near 12:00, about 15 minutes
after the test shot, but the abrupt change and lack of long-
term persistence are more indicative of noise. After leveling
near an Fð4HeÞ of 0.6, the switch between well gas and atmo-
sphere produced no large change in observable gas composi-
tion. Much like the previous background gas test sequence,
the change does appear to mostly occur within 1.5 hours
from 10:30 to 12:00.

Figure 14 shows the dynamic Fð4HeÞ for the full explo-
sion well gas measurement sequence. The Fð4HeÞ of the ini-
tial atmospheric standard shows the now typical increase in
Fð4HeÞ beginning about 10:00 with a median value of 0.40.
This value was also lower than those observed for previous

Flow meter bank

Air pump

Wellhead

Figure 6: Photo of air flow sampling equipment and wellhead.

Table 1: Summary of sampled lift location and air flow.

Well
Lift
#

Depth
(m)

Distance
from the GZ
borehole
(m)

Initial
flow
(sccm)

Change
in air
flow
(sccm)

Fracture
observed in
near depth

N 7 53.9 6.94 500 0 No

N 8 59.4 4.61 500 0 No

NE 8 59.4 7.61 700 0 Yes

SE 8 59.4 7.61 100 2000 Yes

S 8 59.4 4.61 <100 6000 Yes

SW 8 59.4 7.61 100 100 Yes

W 7 53.9 6.94 <100 0 Yes

NW 8 59.4 7.61 600 2000 No

Well field

32 stdL/min
air pump

Leak
valve

QuadrupoleVapor
pump

Hot
cathode 

1000 torr
capacitance
pneumometer

Turbo molecular
pump

ATM. inlet

Water
trap

Manifold

Figure 7: Schematic of the dynamic noble gas composition
measurement system.
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measured standards. The second standard, run immedi-
ately after the shot, had a median value of 0.39, similar
to the previous standard. The postshot well gas inlet was
carried out for 21 hours after the shot. The well gas com-
position was relatively constant over the 10 hours, then
dipped and finally climbed from 09:00 to 13:00 the follow-
ing day. The overall mean of the well gas over the 21-hour
period was 0.50. The final ending value was around 0.53.
After switching to the final atmospheric standard, the Fð
4HeÞ value did drop slightly to a value of 0.52 and
remained fairly constant.

Figure 15 shows whisker boxes for the time series of the
initial standard, postshot/no-water trap well gas, and final
atmospheric gas in the pre- and postdetonation measure-
ment sequence. The median measurement of well gas postde-
tonation falls between both standard medians, and a
significant portion of the distributions overlaps. There was
a slight but observable drop in Fð4HeÞ after switching from
the well gas to the atmospheric standard at the end of the
sequence, and the well gas composition does fall above a

rough linear drift estimated by the black line connecting the
standard medians above the 25th percentile (Figure 15).

Argon data show similar trends and patterns to helium.
Figure 16 shows the atmosphere normalized 40Ar/36Ar ratio
(Fð40ArÞ) for the main shot sequence. The data largely track
the changes observed in helium elemental composition. A
small rise in Fð40ArÞ can be seen after the shot. No change
in argon isotopic composition is observed after switching to
the atmospheric standard at the end of the analysis.

Discrete gas sample data are summarized in Table 3. The
average argon concentration (dominantly 40Ar) of discrete
sampled atmospheric standards was 9314 ppm. The back-
ground well gas had an average argon composition of
9424 ppm, and the well gas postshot had an argon concentra-
tion of 9464. The difference between all sample groups is
within the analytical error of 191 ppm. One sample, PS-5,
had a significantly higher Ar concentration, above the detec-
tion limit. Argon 40 to Argon 36 measured in the grab sam-
ples are within analytical detection of the atmospheric
standard except for PS-5.

The average helium concentration for all sampled atmo-
spheric standards was 4.33 ppm. The average helium concen-
tration of downhole gas prior to the shot was 4.2 ppm. The
average concentration of downhole gas after the shot was
3.93 ppm. The difference between the pre- and postshot
downhole gases is within the 0.7 ppm analytical uncertainty.
The downhole gas is 1.02 ppm lower in helium concentration
than the laboratory atmospheric samples and thus slightly
but measurably lower than the local atmosphere.

5.2. Helium Leak Detector. Helium exhalation at the site
before, during, and after detonation is summarized in
Figure 17. The background helium leak rate was steady at 2
× 10−6 ccSTP/s (cm3/sec at standard temperature and pres-
sure) for >24 hours prior to the shot. Immediately after the
shot, the helium leak rate fell to ~ 7 × 10−7 ccSTP/s. Over
the course of the next 19 days, the helium flow rate gradually
rose to ~ 1 × 10−6 ccSTP/s. Short time periods (<1h) of
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extreme variability in recorded data are observable at several
points within the helium exhalation record. Some of these
periods are associated with cleaning and reinstallation of
the inline water trap; some are associated with power outages
and system restarts. There are three other times with extreme
variability in the flow rate recorded in the 5 days after the
shot. One instance occurred during a time when water was
being injected into the GZ borehole to estimate saturated
hydraulic conductivity. The other two times are late in the
record and are not associated with any known measurement

disturbance. However, both these periods are in the after-
noon-evening, during the most likely time period for mon-
soonal thunderstorms in the area. Given the rapid variation
in the flow rate, these periods appear to be noise in the signal,
which could be generated by various mechanisms during a
thunderstorm.

5.3. Air Flow. Changes in measured steady-state air flow are
summarized in (Figures 18 and 19). Prior to detonation, the
steady-state air flow ranged from <0.1 ccSTP/m to

Table 2: Rhyolite and grout properties.

ρ (g/cm3) Apparent gas k (μD) UCS (MPa) E (GPa) μ σT (MPa)

Rhyolite
2.4 Lab dry: ~2 234 58.6 0.20 18

Water saturated: ~0.02

Grout
1.6 Lab dry: 100 8 2.4 0.22 2.3

Water saturated: ~0.1
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Figure 10: Fð4HeÞ time series for the initial atmospheric inlet, background well gas inlet, and final atmospheric inlet. Black vertical lines
indicate the approximate time of the switch to different sample inlets.
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Figure 11: Whisker plots for the initial atmospheric inlet, well background, and final atmospheric inlet. A black line connects the medians of
the two standards.
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3320 ccSTP/m with an overall average flow rate of
276 ccSTP/m. The average value for an individual borehole
from all eight sampling intervals ranged from 56 ccSTP/m
to 682 ccSTP/m. Postdetonation air flow ranged from <
0.1 ccSTP/m to 7500 ccSTP/m with an overall average flow
rate of 924 ccSTP/m. Individual borehole averages ranged
from 400 ccSTP/m to 2200 ccSTP/m. The change in flow for
discrete intervals ranged from -408 ccSTP/m to
6600 ccSTP/m with an average of 667 ccSTP/m. Borehole
average flow rate changes ranged from 81.3 to 1680 ccSTP/m.

Postdetonation changes in air flow are spatially complex,
with some locations recording a drop in air production and
some areas showing large increases in flow. In general, air
flow increases were observed to be more focused at greater
depths, and all flow increases were observed in the southern
half of the well network, predominantly in a southwesterly
direction. Increases in flow appear to have a strong relation-
ship with preexisting fractures. Of the 13 lifts with a reason-
able increase in flow (>900 ccSTP/m), only two did not have
fractures mapped. Of the 8 lifts sampled for changes in noble

gas composition, 4 showed an increase in flow, only one of
which did not have a fracture identified from the borehole
video in the near vicinity.

6. Discussion

As a result of detonation, we see very clear indications of
increased permeability at 13 of the 64 sampled discrete inter-
vals, which provide evidence for the significant deformation
of the fractured media. In contrast to the permeability mea-
surements, we observed little to no indication of increased
radiogenic noble gas release. We observed an overall decrease
in helium exhalation as measured by the downhole helium
leak rate. The noble gas composition of both continuously
measured downhole gases and grab samples of downhole
gas analyzed at an independent lab show no significant
increase in 4He in downhole gas composition before and after
the detonation. These noble gas samples included 4 intervals
which had increases in flow, 3 of which saw increases over
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Figure 12: Fð4HeÞ time series for the initial atmospheric inlet, test shot well gas inlet, and final atmospheric inlet. Black vertical lines indicate
the approximate time of the switch to different sample inlets. A red vertical line indicates the timing of the test shot.
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Figure 13: Whisker plots for the initial atmospheric inlet, test shot well gas, and final atmospheric inlet. A black line connects the medians of
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2000 sccm. Thus, it is clear we sampled noble gas composi-
tion from several locations that saw significant deformation.

In our experience in the lab, radiogenic noble gas release
is extremely sensitive to rock deformation across a broad
spectrum of rock types and deformation styles [4–7]. These
experiments have shown that when new fractures are being
created as a result of deformation, radiogenic noble gases
are released in significant quantities. Laboratory experiments
using the Blue Canyon Dome rhyolite show consistent and
repeatable radiogenic helium release whenever fracturing
(as indicated by acoustic emissions) is initiated. The release

of noble gases from newly created fractures has recently been
observed in the field at similar scales to our experiment [8].
In this experiment, individual new hydraulic fractures were
created in intact matrix rock through the selective applica-
tion of pressure at a focused location within the matrix alone.
Radiogenic noble gases released from these new fracturing
events were clearly observable in fluid discharge from preex-
isting fractures connected to the newly created fracture at dis-
tances of order 1 to 10m [8]. Given this previous work, the
lack of noble gas release when there is clear evidence of frac-
ture network deformation is puzzling.
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Figure 14: Fð4HeÞ time series for the initial atmospheric inlet, second postshot atmospheric inlet, main shot well gas inlet, and final
atmospheric inlet. Black vertical lines indicate the approximate time of the switch to different sample inlets. A red vertical line indicates
the timing of the shot.
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New laboratory results of fracture network evolution may
provide some insight into the lack of noble gas release. Frac-
tured media can deform in two different ways: (1) creation of
new fractures and (2) strain along existing fractures.
Renshaw et al. [27] show that when fracture networks are
sufficiently connected and have reached the percolation
threshold, the deformation style of the fractured media
changes and permeability of the fractured media can increase

without the creation of new fractures. Before percolation is
reached, fracture networks are dilute and the creation of
new fractures is the main mode of strain accommodation in
the material. However, once the percolation threshold has
been crossed, the fracture network has crossed the critical
fracture density and is well connected and strain is accom-
modated primarily by the deformation of the existing frac-
tures rather than the creation of new fractures [27].
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Figure 16: Fð40ArÞ time series for the initial atmospheric inlet, second postshot atmospheric inlet, main shot well gas inlet, and final
atmospheric inlet. Black vertical lines indicate the approximate time of the switch to different sample inlets. A red vertical line indicates
the timing of the shot.

Table 3: Discrete noble gas sample data.

Sample Date Time Ar (ppm) +/- He (ppm) +/- 40Ar/36Ar +/-

(1) BCD ATM STD 1 8/21/19 09:45 9141.1 186.32 5.36 0.77 289.8 2.69

(2) BCD Well BKG 1 8/21/19 13:45 9391.2 191.41 4.16 0.60 292.9 2.72

(3) BCD ATM STD 2 8/26/19 12:15 9448.8 192.59 3.29 0.47 288.2 2.68

(4) BCD Well BKG 2 8/26/19 15:50 9390.1 191.39 4.17 0.60 291.4 2.71

(5) BCD ATM STD 3 8/26/19 17:28 9352.4 190.62 4.36 0.63 288.9 2.68

(6) BCD Well BKG 3 8/27/19 12:18 9491.3 193.45 3.61 0.52 287.9 2.67

(7) BCD Well PS 1 8/28/19 14:00 9439.6 192.40 3.97 0.57 292.2 2.71

(8) BCD Well PS 2 8/28/19 14:57 9386.2 191.31 4.52 0.65 297.1 2.76

(9) BCD Well PS 3 8/28/19 15:45 9425.6 192.12 4.26 0.61 293.5 2.73

(10) BCD Well PS 4 8/28/19 16:20 9468.1 192.98 3.71 0.53 290.6 2.70

(11) BCD Well PS 5 8/28/19 17:00 9717.3 198.06 2.87 0.41 312.4 2.90

(12) BCD Well PS 6 8/29/19 07:23 9352.3 190.62 4.19 0.60 297.3 2.76

Average STD 9314.1 189.84 4.34 0.09 289.0 2.68

Average BKG 9424.2 192.09 3.98 0.08 290.7 2.70

Average PS 9464.9 192.92 3.92 0.08 297.2 2.76

STD= standard; ATM= atmosphere; BKG = background; PS = postshot.
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Renshaw et al. [27] show that above the percolation thresh-
old, fracture network permeability continues to increase as
a function of dilation of existing fractures rather than the cre-
ation of new fractures.

Our experiment was critically different from that of [8],
in that we deformed the fractured media, rather than the
focused creation of new fractures. Thus, our experimental
design allows for the inference of deformation mechanics of
fractured rocks. The observed increase in permeability, with-
out a coincident noble gas release, provides the first field sup-

port for the conceptual model proposed by [27], in which the
deformation of fracture networks above the percolation
threshold is primarily accommodated by strain on existing
fractures, rather than the creation of new fractures. This
result is consistent with our laboratory observations of the
Kaiser effect in the Blue Canyon Dome rhyolite, which indi-
cates that (1) helium is released whenever new fracturing
occurs but (2) the onset of new fracturing is dependent upon
the prior stress and strain history, and deformation without
fracturing does not result in increased helium release [25].
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Figure 17: Helium flow sequence from the leak detector for preshot (top), shot (middle), and postshot (bottom). Data has been smoothed
with a 12-minute running average filter. Data outliers from data logger disconnection have been removed.
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Figure 18: Postshot flow rate changes for depths 1-4. Red circles indicate stations with fractures within ~0.45m of the station depth, observed
from preshot borehole camera imaging.
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6.1. Limitations and Caveats.We are using our noble gas sig-
nal to distinguish between two conceptual models of defor-
mation in fractured media: (1) deformation by creation of
new fractures and (2) deformation along preexisting frac-
tures. Because we cannot measure the detailed fracture net-
work before and after detonation, we cannot definitively say
how many new fractures were created as a result of the deto-
nation. Our radiogenic noble gas signal can only be used to
infer likely deformation processes. As this methodology is
still relatively new, this inference is subject to increased scru-
tiny. However, we have now tested a variety of lithologies and
ages in the laboratory setting and have found radiogenic
noble release to be a sensitive indicator of new fracture crea-
tion [4–7]. Radiogenic gas release will be dependent upon the
lithology and geologic history and cannot be expected for
every rock type in every setting. However, radiogenic gases
have been found to be released from a variety of different
lithologies [5, 6, 25], and to date, we have not analyzed a
lithology where radiogenic gas release was not measurable
in the laboratory. In addition, new fracture creation has
been linked to radiogenic noble release at similar scales
in the field setting [8], lending confidence to our inference.
Because mapping of 3D fracture networks at the field scale
is not possible and because of the limitations of other geo-
physical methods in detecting preexisting vs. new frac-
tures, noble gases may be one of the only methods
available to distinguish between these two styles of
deformation.

One discrete gas sample showed increased argon concen-
tration and a higher 40/36 ratio. Our dynamic sampling did
not show the same increase at this time. The helium concen-
tration in this sample was significantly lower than the atmo-
sphere at 2.8 ppm. It is hard to envision a scenario where
radiogenic argon is released but not helium; thus, we believe
this sample does not represent a radiogenic gas signal.

We were only able to sample 8 discrete locations. It is cer-
tainly possible that newly created fractures were linked to
unsampled locations. To some extent, it is impossible to sam-
ple the entire 3D volume around the detonation, and thus, we
can never rule out new fractures we did not sample. However,
we did sample the nearest location to the detonation, which
would have seen the largest transient stress due to the deto-
nation. In addition, half of our sampled locations saw large
increases in permeability, indicating there was significant
deformation in our sampled zones. We can say that at least
in our sampled area, there was significant deformation with-
out the creation of new fractures.

Due to concerns about the safety of equipment, we did
not run the mass spectrometer during the detonation. It is
possible that radiogenic gas produced was pushed past our
sampling intervals during the detonation and we missed the
signal. In our experience, there are two phases of radiogenic
gas release as a result of fracture—release during fracture
and subsequent increased diffusive exhalation from new frac-
ture walls after fracture [7]. It is highly unlikely that we could
have created any new fractures without some signal of
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Figure 19: Postshot flow rate changes for depths 5-8. Red circles indicate stations with fractures within ~0.45m of the station depth, observed
from preshot borehole camera imaging. “X” marks intervals sampled with the quadrupole MS.
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increased gas exhalation. Our helium leak detector was kept
running throughout the detonation and did not register any
short-lived helium exhalation increase adding to our confi-
dence. Finally, all sample locations were underpressured as
a result of pumping, which would tend to direct any gas from
newly created fractures back toward our sampling locations
even if it was pushed past the sampling location initially.

Due to safety concerns, our detonation occurred in a
water-filled borehole in the vadose zone. Thus, we have two
phases present, complicating the interpretation. However,
before and after detonation, all discrete intervals yielded air
and not water; thus, the system was dominantly unsaturated.
In addition, helium is sparingly soluble; thus, excess helium
released by fracture of rocks would not be expected to be sig-
nificantly attenuated by solution in water. Even if water solu-
tion was a temporary sink of helium, the mechanism would
be similar to sorption and cause retardation of the helium
signal, not complete removal. Once we began pumping,
new gas entering the fractured rock system would be lower
in helium concentration and helium would exsolve. Given
the fact that we pumped air for the entire experiment and
that even after long times we did not measure a helium
increase, we expect that dual-phase effects here were not
significant.

7. Conclusions

We report on a field experiment where we investigate the
release of naturally accumulated noble gases due to large-
scale deformation from subsurface detonation. We show that
radiogenic gas release can provide important and comple-
mentary information on the style and type of deformation
in fractured media at the field scale. We saw observable
increases in gas permeability with an increase in gas yield at
13 of 64 discrete sampling locations. Of those, only two did
not have a preexisting fracture visible by borehole cameras,
indicating that much of the permeability increase occurred
along preexisting fractures. We saw no evidence of an
increase in released radiogenic noble gases in real time and
grab samples. Overall, helium exhalation rates appear to have
remained constant in areas with no fracture permeability, as
our helium leak detector connected to a low-permeability
sample port showed a reduction in helium flow after detona-
tion with the subsequent gradual return to predetonation
values. The lack of radiogenic noble gas generation, little
change in helium exhalation rates, and permeability increases
in locations dominated by preexisting fractures all indicate
that large-scale newly created fractures were not directly con-
nected to our sampling location. In addition, it appears that
the amount of microfracture and volume damage was not
enough to generate an observable radiogenic noble gas signal.
We infer that most of the strain must have been accommo-
dated by the deformation of the existing fracture network,
and newly created fractures were uncommon. These results
have important implications for the broader application of
radiogenic noble gas release as a tracer of mechanical defor-
mation and for the understanding and conceptualization of
deformation in fractured rocks above the percolation
threshold.

Data Availability
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