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ABSTRACT
Significant natural airflow occurs in two boreholes tapping unsaturated,
fractured tuff at the Apache Leap Tuff Site near Superior, Arizona. Flow rate and
direction through the more productive hole and atmospheric pressure and
temperature were monitored during periods from December 1987 through June 1988.
A strong correlation between flow velocity and atmospheric pressure exists at time
scales of minutes to months, while the effect of temperature on flow is manifested
by a seasonal reversal in net flow direction. Net outward flow occurs in winter,
reversing to net inward flow by late spring. The observed flow pattern is consistent
with that observed at Yucca Mountain, Nevada, which is similar both lithologically
and topographically to the Apache Leap Site. The effect of natural airflow on
moisture distribution and gaseous radionuclide transport within the tuff should be
considered in assessing the suitability of similar sites for high-level waste disposal.
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CHAPTER ONE

INTRODUCTION
Topographically-induced convective air circulation through fractured rock is
similar in principle to the natural air movement arising in underground mines,
exploited historically for purposes of mine ventilation. Described as early as 1556
by Agricola, this air circulation results from the combined effects of temperatureinduced density differences between atmospheric air and air at depth in the mine
workings, and differences in elevation between mine outlets to the surface. In
general, the flow pattern is seasonally dependent, with air circulating from outlets

of lower to higher elevation in winter, and from outlets of higher to lower elevation
in summer (Sanford, 1972).
Similar pheneomena have been observed in dry wells tapping permeable
fractured rock layers in areas of topographic irregularity. In his presentation on
convective transport in the vapor phase at the University of Arizona in 1986, Doral
Kemper described airflow through a well which resulted from this effect. Located
along the Snake River Gorge in Idaho, the well extended to a depth of 30 m in
unsaturated, permeable basalt. During a 70-day observation period beginning in
January, the well exhausted air continuously at an average rate of 3 m/s and an

average temperature of 10°C. This was sufficient to heat a greenhouse placed over
the borehole during the winter months. Although wells tapping permeable layers in
unsaturated rock or soil have been observed to breathe substantially due to diurnal

changes in atmospheric pressure (Ferris, 1962), the net directional air movement
resulting from this effect should average to near zero over a day's time. The
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continuous outflow described by Kemper must result from a convective mechanism
similar to that observed in mines.
Kemper's observation led to concerns over possible similar air circulation at
Yucca Mountain, Nevada, which is a targeted high-level waste repository. The
suitability of the site for the storage of waste could be affected if significant
convective air movement were present. Observation of airflow by Weeks (1987) in
two boreholes located near the crest of Yucca Mountain confirms the existence of
the phenomenon. The holes exhausted air nearly continuously at rates averaging 3
m/s during a 10-day observation period in February 1986. In the summer, the flow

pattern reversed with the wells taking in air except during periods of rapid
barometric pressure drop, at which time air was exhausted.
This flow behavior was described by Weeks (1987) as arising from a
topographic effect, enhanced by the proximity of the wells to the escarpment at
Yucca Mountain. The topography allows convective movement of air to occur in
response to seasonal, temperature-induced density diffences between air within the
rock formation and the atmosphere. In the winter, air within the rock is warmer,
moister and less dense than cold, dry, atmospheric air, so that a vertical column of
air along the mountain front outweighs a corresponding column of air within the
formation. A pressure difference along a flow path from the top of the borehole to
its intersection with permeable rock layers and out to the mountain front would
therefore be developed. During the winter months, this pressure difference should
result in a net directional movement of air along this flow path, with air entering the
permeable layers along the mountain front, traveling laterally to the well bore and
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rising through the well to exhaust at the mountain crest. In the summer, air

circulation should occur in the opposite direction.
Kipp (1987) carried out a two-dimensional simulation based on finite
difference solutions to the coupled equations of moisture-saturated air flow and heat

transport for the Yucca Mountain site. Results indicated the development of similar
flow patterns in the absence of boreholes. In the winter, air drawn in along the
lower half of the mountain front rises in an arcuate path through the fractured rock
to exhaust at the mountain crest. In the summer, the circulation reverses with air
drawn in along the crest of the mountain moving along a similar flow path to
exhaust along the lower half of the mountain front. This seasonal reversal of the

circulation pattern is very similar to that described by Sanford (1978) for underground mine workings.
Superimposed on the convective effect is a barometric effect, which influences

air movement in response to changes in atmospheric pressure. In order to restore
equilibrium in the rock formation gas column after the onset of a change in
atmospheric pressure, an exchange of air between the atmosphere and rock

formation is required. An atmospheric pressure change is transmitted down a well
bore essentially instantaneously, so that if the borehole is open to unsaturated,
permeable rock, it will serve as an efficient conduit for pressure change and air
movement as the system equilibrates. Therefore, uncased boreholes intersecting
permeable rock will take in air for a time when an increase in barometric pressure
occurs and exhaust air with a decrease in pressure (Weeks, 1987).
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The physical consequences of natural airflow at Yucca Mountain have
important implications regarding the suitability of this site as a high-level waste
repository. Three of the most important consequences discussed by Weeks are (1)
drying of the rock beneath the hillcrest which would reduce infiltration and deep
percolation of precipitation, (2) enhancement of natural convective flow as a result
of heat generated by the stored wastes, and (3) much more rapid transmission of
gaseous radionuclides to the surface than would occur from diffusion processes
alone.
To better understand natural airflow and assess the implications for highlevel waste storage, the present study at the Apache Leap Tuff Site was implemented
in January 1987. The work is part of ongoing research at the University of Arizona
into flow and transport phenomena in unsaturated, fractured rock as it pertains to
waste disposal. Because the Apache Leap Tuff Site is similar both lithologically and
topographically to Yucca Mountain, results from the present study should contribute
directly to a more thorough understanding of the phenomena and related consequences at Yucca Mountain.
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CHAPTER TWO
SITE DESCRIPTION

2.1 General
The Apache Leap Tuff Site is situated within the Central Highlands Province
of Arizona, a tectonically and topographically distinct region which separates the
Colorado Plateau Province to the northeast from the Basin and Range Province to
the southwest. The Site, located approximately 2.7 km east of the town of Superior
at an approximate elevation of 1270 m, is underlain by the gently east-dipping
erosional surface of the Apache Leap Tuff. The Tuff derives its name from a steep,

600 m west-sloping escarpment known historically as the Apache Leap, located
approximately 0.9 km west of the Site. Another escarpment, which defines the
southern wall of Queen Creek Canyon, lies 0.9 km to the north of the Site (see
Figure 2.1).

Three parallel sets of three coplanar holes drilled on 10-meter centers have
been installed at the Site. Holes within each set plunge uniformly east or west at

an angle of 45 degrees with the horizontal, and each set of holes is separated by 5
m. The unequal length of the holes in each set, 15 m, 30 m, and 45 m, results in the
vertical projection of the bottom of each hole to the same point at the surface. Xand Y-series holes plunge west, while Z-series holes plunge to the east. Each hole
is cased to a depth of approximately 1.2 m. A 50 m x 30 m plastic sheet covering
the area centering on the boreholes was installed to prevent exchange of water with
the atmosphere (see Figure 2.2.).
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Borehole configuration at the Apache Leap Tuff Site (from Yeh et
al., 1988).
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2.2 Geology
The tuff exposed at the Site is part of an areally extensive sequence of
consolidated volcanic ash flows which have a local thickness of approximately 350
meters. Dipping gently to the east by 10-20 degrees, the tuff unconformably overlies
a thick sequence of Paleozoic and Pre-Cambrian sedimentary rocks dipping up to 50
degrees to the east. Late Paleozoic carbonate rocks make up the portion of the
sedimentary sequence lying immediately beneath the tuff. Tilting and thrusting of
the sedimentary sequence in late Mesozoic to early Tertiary time was followed by
a long period of erosion before extrusion of the Tuff in the mid-Tertiary. Another
period of erosion was followed by Basin and Range-type deformation in the late
Tertiary.
The Tuff is described by Peterson (1967) as an "ashflow sheet made up of a
number of separate ashflows that in most places cannot be individually recognised",
but which represent a single cooling unit. The majority of the exposed rock is
welded to some degree, but non-welded air-fall tuff occurs locally. Peterson has
divided the sheet into five distinct lithologic units: (1) a lower non-welded to partly
welded tuff, (2) a vitrophyre composed mostly of volcanic glass, (3) a brown denselywelded tuff exhibiting extensive devitrification, (4) a grey unit of partially-welded tuff
with abundant flattened pumice fragments, and (5) an upper white unit of partiallywelded to non-welded tuff. Composition and relative abundance of plagioclase,
quartz, and biotite phenocrysts classifies the rock as a dacite, although whole-rock
chemistry indicates a true quartz-latite composition.
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The source of the Tuff is uncertain, but a small cauldron located a few miles
north of Superior is believed by Peterson (1967) to be the source of at least a
portion of the deposit. Age of the Tuff can be inferred from field relationships as
mid-Tertiary. Potassium-Argon ratios in biotite from samples of the Tuff near
Superior indicate a mid-Miocene age of 19-20 million years (Peterson, 1967).
Structural deformation of the Tuff is limited to minor eastward tilting, minor
faulting, and extensive jointing. Tilting is the result of late-Tertiary tectonic activity
broadly known as Basin and Range-type deformation, which is responsible for the
recent uplift of most mountain ranges in central and southern Arizona. Faulting, as
noted by Peterson, is confined to a single set of north- to northwest-trending faults
along which the southwest side is generally downdropped. These faults offset older,
pre-Tertiary east-trending faults that cut the underlying sedimentary sequence.
Jointing of the Tuff has been extensive. Peterson has recognized two principal
steeply-dipping sets of joints that intersect at angles of from 60 to 90 degrees. Major
joints identifiable at the Site dip steeply and trend in a northerly direction. The
extensive nature and continuity of these joints suggest a tectonic origin. A third set
of joints have formed parallel to the bedding of the Tuff and probably result in part
from erosional off-loading stresses.

2.3 Hydrology
Yeh et al. (1988) have estimated the average annual precipitation at the Site
as 538 mm. This is based on historical rainfall records (dating back 61 years) at the
town of Superior and from records of rainfall between 1974 and 1984 at the Magma
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Mine #9 shaft, located 0.7 km north of the Site. Most rainfall occurs during two
periods, from mid-November to late March, and from mid-July to late September.
Summer thunderstorms are characterized by high intensity and short duration during
periods of high temperature and evapotranspiration demand, while winter storms are
less intense, of longer duration, and occur at times of lower temperature and
evapotranspiration demand. Most recharge in the area is believed to result from
stream-bed infiltration through fractures intersected by ephemeral streams during the
winter months when the streams flow intermittently.
Ground-water levels at the Site (according to Yeh et al., 1988) have been
considerably affected by mine de-watering at the Magma Mine, the workings of
which extend through large areas of the sedimentary sequence and extend to depths

of up to 1500 meters below the Site. The regional water table no longer intersects
the Tuff so that, except for possible locally perched water, the Tuff is unsaturated.

2.4 Comparison to Yucca Mountain
The regional setting of the Apache Leap Tuff is similar in many respects to
that of Yucca Mountain, Nevada. Both are underlain by eastward-dipping,
consolidated ashflow tuff units, are located within 1 km to the east of a steep,
westward facing escarpment, and are placed at similar elevations. The two settings

are, of course, not similar in detail. The Yucca Mountain Site differs from the
Apache Leap Site in the following features:

19

(1)

The presence of at least an 800-meter thickness of tuff as

compared to approximately 350 meters at the Apache Leap
Site.
(2)

A volcanic section composed of at least seven lithologically
distinct units of alternating welded and non-welded tuff

representing separate cooling units, as compared to three major
gradational units forming a single cooling unit at the Apache
Leap Site.
(3)

Vertical boreholes extending to depths of 158 and 575 meters
as compared to angle holes reaching a maximum vertical depth
of approximately 32 meters at the Apache Leap Site.

(4)

Location of boreholes within 250 meters of the west-facing

escarpment as compared to a distance of 900 meters for

boreholes at the Apache Leap Site.
(5 )

The presence of only one major escarpment near the Site as

compared to the presence of two major escarpments at the
Apache Leap Site.
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CHAPTER THREE
THEORETICAL CONSIDERATIONS
In general, movement of air through the Apache Leap Tuff should depend
on pressure differences between the vertical atmospheric pressure gradient along the

mountain front and the vertical atmospheric pressure gradient within the formation.
Assuming an ideal, compressible gas, steady state conditions, and one-dimensional
flow, the following equation should serve as a first approximation to flow behavior
(Collins, 1961):

V = -1/2 K(132 2 - P 1 2 )/PL

(3.1)

where:
P = average pressure during the measurement interval
L = length of flow path
P„ P, = pressures at beginning and end of flow path
K = constant related to permeability to flow in the formation (and boreholes)
V = flow velocity

A simplification may be performed by replacing the average pressure P by P,

(Rouse, 1946):

V = -K(1322 - P 1 2 )/2LP,

(3.2)
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For small pressure differences, gas compressibilty can be ignored without introducing
significant error. Under these conditions, Equation 3.2 reduces to:

V = -KAP/L (3.3)

which is the simplest form of Darcy's Law for incompressible gas flow through
porous media. The equation will serve equally well for horizontal or vertical flow

due to negligible gravitational effects.
Percent error introduced by using Equation 3.3 instead of Equation 3.2 is
approximately 2.5% for a 5.0% variation in total pressure through the system, which
is acceptable for the present study. The maximum error actually introduced by using
Equation 3.3 will be less than 2.5% because the maximum pressure variation within

the system due to combined elevation, barometric, and temperature effects is less
than 4.0%.
According to Equation 3.3, the sign of AP will determine the direction of flow
through the crest of the formation, where the boreholes at the Site are located. If
AP is positive, air should move vertically downward into the formation (and into the

boreholes), while if AP is negative, the opposite should occur. Figure 3.1 displays
a qualitative illustration of the relative pressure regime during these two flow states.
Note that AP refers only to the difference in air pressure between points at the same
elevation and does not include pressure differences arising due to differences in
elevation between the points.
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I =Atmospheric pressure during inflow
2 =Formation pressure
3 =Atmospheric pressure during outflow

I

PRESSURE

Figure 3.1

--I-

Qualitative illustration of pressure regime during inflow and outflow
periods. (Formation pressure regime is considered constant).
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Assuming K does not change with time or flow direction, factors influencing
AP will be responsible for most airflow variation. The two major factors are
atmospheric (or barometric) pressure and temperature.
Changes in atmospheric pressure will have a direct influence on AP. Because
pressure changes at the surface are transmitted to points at depth in the formation
slowly due to media resistance to flow and gas compressibility (Ferris et al., 1962),
changes in formation pressure will lag changes in atmospheric pressure. If this lag
is large, one could assume as a first approximation that over short time periods, the
formation pressure remains relatively constant. Over longer time periods then, the
formation pressure should deviate only slightly from the average atmospheric
pressure, assuming the average atmospheric pressure remains constant. These
assumptions do not seem unreasonable considering that flow velocities developed
through boreholes at the site are quite small, as will be seen in the following section.
The low flow velocities indicate a large resistance to flow, which, if combined with
a large formation storage capacity, would greatly delay pressure response in the
formation. Under these conditions, change in AP will be nearly equal to the change
in atmospheric pressure, and airflow velocity will be inversely proportional to
atmospheric pressure.
Differences in temperature between the atmosphere and formation gas will
also affect P. The temperature-induced pressure difference is related to the
difference in average density between a vertical column of air along the mountain
front and a vertical column of air within the formation. AP is the difference in
pressure between the bottom of each column which depends on the average
temperature of each column. Using the equation of Sanford (1982), Weeks (1987)
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expressed the average seasonal pressure differences arising from the temperature
effect at Yucca Mountain as:

AP = - P, (exp (-gAZ/R aTi ) - exp (-gAZ/R.T.))

(3.4)

where:
AP = pressure difference, Pa

P, = atmospheric pressure at outcrop base, Pa
g = acceleration due to gravity, m/s
AZ = difference in altitude between outcrop and top of well casing, m

R a = air specific gas constant, J/kg K
'I', = virtual temperature of formation gas, K
Ta = virtual temperature of atmospheric air, K

assuming separate isothermal profiles in the atmosphere and formation gas. Virtual
temperature is the temperature at which air with a given water content would have
the same density as dry air.
According to this equation, AP will be negative when formation temperature
exceeds atmospheric temperature, thus driving air out along the crest of the
formation, and positive when formation temperature is less than atmospheric
temperature, causing air to be taken in along the the crest of the formation.
The superimposition of the temperature and barometric effects on AP should
determine the velocity of airflow through boreholes at the Site. lithe previous
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assumptions about changes in formation pressure are valid, and if one assumes that
formation temperature below the first few meters remains relatively constant
throughout the year, then one should expect, in general, to see an inverse correlation
between airflow velocity and both atmospheric pressure and temperature.
Because average atmospheric temperature varies seasonally, the average
temperature difference between the formation gas and atmosphere should vary
seasonally, thus adding a seasonal directional component to P. Conversely, a
directional component would not be expected from any seasonal variations
developed in atmospheric pressure. Therefore, a seasonal reversal in net airflow
direction between winter and summer due to the seasonal temperature effect should
occur, with average net outward flow in the winter and average net inward flow
through the boreholes in the summer.
Table 3.1 illustrates some sample calculations for AP due to the seasonal
temperature effect, based on temperature and relative humidity measurements at the
Apache Leap Site. Values of temperature are the average values for data sets listed
in Section 5.3.1 converted to virtual temperature. The formation temperature of

25°C is an average virtual temperature for the formation gas column, based on
estimates of the geothermal gradient derived from borehole temperature measurements at the Site. All conversion of air temperature to virtual temperature was
based on tabulated values in the Smithsonian Meteorological Tables (List, 1966).

AZ was chosen as 200 m because this is the approximate elevation difference
between the Site and the base of Queen Creek Canyon to the north, as well as
between the Site and the base of the Tuff outcropping along the Apache Leap
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Table 3.1.

Pressure difference AP due to temperature effect (from Equation 3.4).
(Temperatures are virtual temperatures).

Formation
Time Period Average Atmospheric
Temperature
(°K)
Temperature (°K)
(Day of Year)

AP
(Pa)

364-7

284

298

98

76-83

293

298

34

103-110

292

298

41

133-141

303

298

-34

146-153

300

298

-13

153-161

304

298

-39

P1 = 88.5 kPa
Z = 200 m
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escarpment to the west. Presumably, no significant airflow will occur due to the
topographic effect below this elevation.
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CHAPTER FOUR
PRELIMINARY OBSERVATION OF AIRFLOW

4.1 General
The initial investigation of airflow at the Apache Leap Site began in early
1987. To determine which (if any) of the nine boreholes had significant air
movement, plastic bags were secured over the casings of each hole and observed for
several hours for the occurrence of any volume change. These observations
consistently showed that only two holes, Z-1 and Z-3, produced any significant air
movement. Spot checks throughout 1987 indicated that these holes took in or
exhausted air for considerable periods of time, and that the holes demonstrated the
same direction of air movement relative to each other during each observation
period.

The source of the airflow through Z-1 and Z-3 was believed to be a large,
nearly vertical fracture intersected by both holes, which was discovered while
conducting water injection tests. Several liters/min of water could be injected into
this fracture where it intersected Z-1 and Z-3 without reaching saturation. Rates of
water injection for other fractures intersected by Z-1 and Z-3 and by the other seven
holes at the Site were several orders of magnitude less. This evidence strongly
suggested that the productive Z-1/Z-3 fracture served as a conduit connecting the

boreholes to an extensive volume of porous tuff capable of exchanging gas with the
atmosphere.

The rate at which this exchange took place was estimated for the purpose of
obtaining a suitable flowmeter to monitor the air movement more precisely. The
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estimation was easily made by securing one of the plastic bags of known volume over
the borehole and measuring the time for an empty bag to fill or a full bag to deflate,
depending on the direction of the air movement. The flow rate was then calculated

as volume/time, and the flow velocity calculated by dividing by the borehole crosssectional area. Measurements were made several times throughout 1987. The flow
velocity for Z-1 was found to range from approximately 0-2.5 m/min. In general, the

flow rates for Z-3 were approximately 1/3 those of Z-1, so that Z-1 was targeted for
a more extensive study.

4.2 Relation to Pressure and Temperature
Using the air-bag method to estimate flow rate and direction, observations of
Z-1 airflow were made hourly over a 24-hour period during June 1987. The
temperature and atmospheric pressure were also monitored using a simple mercury
thermometer (housed in a shady area several feet from the ground) and a
barometric altimeter. These observations suggested that the flow rate (with inflow
considered a negative quantity) was inversely proportional to atmospheric pressure

and related in no obviously consistent way with temperature. An additional 8-hour
observation period in August 1987 demonstrated similar results. Based on these
observations, a detailed study of airflow through borehole Z-1 was implemented in
the latter part of 1987. The study was designed to determine the relationship of flow
rate and direction to atmospheric pressure and temperature at the Site by recording
these variables as continuously as possible for a 6-month period. In addition to
making measurements at the Apache Leap Site, pressure and temperature were to
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be monitored at the base of the Apache Leap Tuff in Queen Creek Canyon. This
would allow correlation of Z-1 airflow to pressure and temperature differences
between the crest and base of the escarpment which might have some as yet
unforeseen relationship to airflow, as well as provide a check on measurements.
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CHAPTER FIVE
METHODS

5.1 Apparatus
To measure air temperature and to house recording instruments precisely, two
weather stations were constructed. These consisted of white, 0.6 m square boxes
with louvered sides, which stood 1.2 m from the ground surface. One station was
placed near borehole Z-1 at the Apache Leap Site, and the other was placed near
the base of the Tuff at the Queen Creek Site, located approximately 1.5 km west of
the Apache Leap Site in Queen Creek Canyon.
The recording device used for each station was a Campbell Scientific
Micrologger. This device allows programming the frequency at which sensor voltages
are sampled (up to six times/minute) and the length of time over which these values
are to be averaged to define a data point. A 10-minute average of samples taken
at 10-second intervals was chosen. Because two of the devices can be easily
synchronized, values recorded at the Apache Leap Site could be matched in time to
values recorded at the Queen Creek Site to within a few seconds. This allowed
determination of differences between the two sites at any given time. Because the
micrologger accepts voltages in the range -.2 to 2.5 volts only, voltage divider
circuitry was set up to reduce sensor output ranges to 0.0-2.5 volts.
Surface air temperature was recorded with an Omega thermistor, number
44007 (Omega Inc., Stamford, CN.). The thermistor was connected in series with
a 5000-ohm resistor and a constant 2.0-volt source. Voltage across the resistor was
recorded, from which the thermistor resistance and associated temperature could be
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calculated. Conversion of thermistor resistance to temperature values was based on
manufacturer's calibration data, which were verified with a mercury thermometer
over a selected range of temperature. Based on the calibration and conversion
method used, the accuracy of reported temperatures is approximately 0.25°C.
Pressure transducers used were Microswitch model 142PC15a, which have a
manufacturer-specified range of 0.0-10.3 kPa and a full-scale repeatability of
approximately 0.12 kPa (Microswitch Division of Honeywell Corp., Freeport, IL.).
The linear output of these devices is proportional to the input voltage; therefore, the
use of a constant voltage source to power the device was necessary. An 8-volt

Dowpak voltage regulater was chosen. Because even slight changes in source voltage
would affect output, the source voltage was also recorded by the Micrologger in
order to later correct for any input variations. The pressure transducer output was
further corrected for temperature at the Site. All corrections and conversions were
based on manufacturers' calibration data for the particular devices used. A mercury
barometer used to test the manufacturers' calibration indicated that the accuracy for
both devices was approximately 0.5%. A stability test showed that the difference in
reading between the two devices over the normal range of atmospheric pressure
change did not vary by more than approximately 40 Pa. This can be taken as the
actual repeatibility or precision of relative pressure readings for both devices under
experimental conditions.
The flowmeter chosen was a Kurz mass flow meter number 435-DC-0, which
has a manufacturer-specified repeatability of approximately 0.075 m/min and a
linear voltage output of 0-5.0 volts DC over a range of 0.0-30.5 m/min. Accuracy
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of the device over this range is approximately 0.15 m/min. (Kurz Inc., Monterrey,
CA.) To minimize fluctuations by surface winds and to reduce any possible
temperature effects, a probe was designed for the flowmeter sensor in order that it
could be lowered into the hole, just above the productive fracture set. The

flowmeter was factory-calibrated using the length of cable necessary to lower the
sensor down the hole. The probe was constructed out of a 1.5-m length of 9-cm
outer diameter PVC pipe, which could be lowered down the 10-cm diameter

boreholes. The sensor, which must be perpendicular to the direction of flow, was
mounted perpendicular to the long axis of the probe. Ends of the probe were
smoothed to minimize turbulence. In general, the probe was designed to have a
minimum effect on flow through the borehole (see Figure 5.1.)
Because the flowmeter was direction-insensitive, a method was needed to
determine flow direction at any given time. Two devices were chosen for this
purpose: a relative humidity sensor and a thermistor. Both were mounted at the

downhole end of a 1.4-m length of 9-cm outer diameter PVC pipe, the upper end
of which was attached flush with the top of the borehole casing. Because outflowing
air was always observed to have a relative humidity >75% and because relative
humidity of air at the site is rarely >25%, one could be certain that a relative
humidity reading of >75% indicated outflow and that <25% indicated inflow. The

thermistor (located adjacent to the relative humidity sensor in Figure 5.1) was used
to record temperature of air flowing into or out of the hole. When air was flowing
into the hole, downhole temperature fluctuations should match fluctuations of
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Experimental setup to measure airflow rate and direction through
borehole Z-1.
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surface air temperature; therefore, downhole temperature should correlate well with
surface temperature during a period of inflow and poorly during a period of outflow.

5.2 Data Recording
Equipment was installed at the Apache Leap Site on December 20, 1987. An
experiment with the flowmeter in November had indicated the optimum downhole
depth for the flowmeter probe to be approximately 12 m (corresponding to a vertical
depth of 8.5 m below the surface). This depth was considered optimal because it
was far enough above the productive fracture to allow some stabilization of flow
before reaching the flowmeter sensor, and far enough down-hole for wind and
temperature effects to be minimized. The experiment indicated the intersection of
the productive fracture with borehole Z-1 at a downhole depth of approximately 14
m. (When the bottom of the flowmeter probe was lowered below 14 m, flow values
became erratic and nearly zero). The probe remained at the 12 m downhole depth
for the remainder of the study period.
Data were recorded as continously as possible from December 20, 1987
through June 15, 1988. Due to equipment downtime and other problems,
unavoidable gaps in the data record occurred. Data at the Queen Creek Site were
recorded occasionally beginning in March 1988 through June 1988. Data collection
problems, which were encountered during the night at the Queen Creek Site, were
probably related to moisture condensation during the evening and early morning
hours. Steps taken to improve this situation were only moderately successful,
however.
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5.3 Data Analysis
Initial processing of data was performed on a Burroughs A-15 mainframe.

Raw sensor output voltages were plotted to determine quality of the data, as well
as to gain a feeling for data interrelationships. Values of obvious poor quality were

edited out before further processing.
Raw voltage data were then converted to the physical quantities represented.
Converted data were plotted to check for any obvious errors introduced during the
conversion process.

5.3.1 Data Sets
From the total of useful data collected, six data sets covering 7-10 day periods
each were selected for analysis. The selected sets contained all pertinent information: airflow, barometric pressure, air temperature, and directional information
(relative humidity and/or temperature readings near the top of borehole Z-1). Each
data set represented a nearly continuous record of points recorded at 10-minute

intervals (which, as described previously, represent 10-minute averages of 10-second
samples). Some gaps occur in these data sets, but not more than one gap of a few
hours time occurs in any one set.

Selected sets cover the following time periods:
(1) Day 364, 1987 - day 7, 1988 (December 30-January 7)
(2) Day 76-83, 1988 (March 16-23)
(3) Day 103-110, 1988 (April 12-19)
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(4) Day 133-141, 1988 (May 12-20)
(5) Day 147-153, 1988 (May 26-June 1)
(6) Day 153-161, 1988 (June 1-9)

Copies of these data sets can be obtained from the Laboratory for the Study
of Unsaturated Media, Department of Hydrology and Water Resources, University
of Arizona, Tucson, Arizona. Data files are stored in Ascii format on floppy diskette
and are named according to the time period covered. For example, the data set
ending Julian day 83, 1988 has file name ALJD83.DAT, indicating "Apache Leap
Julian Day 83". Each file contains eight real format fields which represent time
(Julian day), barometric pressure (Pa), air temperature (°C), downhole temperature
(°C), airflow rate (m/min), minimum flow rate for the 10-minute interval (m/min),
maximum flow rate for the 10-minute interval (m/min), and relative humidity (%),
corresponding to the FORTRAN format (F10.4, F10.1, 2F8.2, 3F8.3, F8.1). A
constant value for a field in a given data set indicates that the value was not
recorded during that time period.
The airflow value in the raw data sets represents the absolute value of flow
without regard to direction. In order to place a sign on the flow (with negative
quantities indicating inward flow), the relative humidity near the top of Z-1 was used
as a directional indicator. The downhole temperature was not useful as a directional
indicator, as was initially hoped. This is probably due to the fact that flow rates
were so small that downhole temperature fluctuations follow those at the surface
very well regardless of flow direction.
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Using the relative humidity near the top of Z-1 to determine direction, the
following data subsets were generated:

(1)

Directional Airflow: Includes all records from the raw data sets
with relative humidity readings >75% and <25%. Flow values
associated with a relative humidity >75% remain positive
quantities, while values associated with a relative humidity
<25% were given a minus sign. All records of raw data with

a relative humidity > 25% and <75% are excluded from these
data sets.

(2)

Outflow: Includes all records from the "directional" data sets
with a flow value >0.0.

(3)

Inflow: Includes all records from the "directional" data sets with
a flow value <0.0.

(4)

Continuous Outflow: Includes subsets of the raw data which
represent periods of continuous outflow. Very short periods of
inflow or oscillatory flow may be included in order to produce

a continuous time series.

(5)

Continuous Inflow: Includes subsets of the raw data which
represent periods of continuous inflow. Short periods of
outflow or oscillatory flow may be included in order to produce

a continuous time series.
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Each time period (as noted above), therefore, has an associated raw data set which
contains the absolute value of flow, and "directional", "inflow", "outflow", and one or
more "continuous inflow" and "continuous outflow" data sets which contain flow
velocity. The winter data set is an exception, because no inflow values were
measured.
The "directional" data sets were then used to construct "average" data sets.
The latter include the average values of pressure, temperature, and flow velocity
from the six selected time periods for use in analysis of the seasonal behavior of
the system.
In addition, Queen Creek data sets were merged with Apache Leap Site data
sets where congruence in time occurred. These "merged" data sets included
pressure, temperature, and airflow values from the Apache Leap Site, pressure and
temperature values from Queen Creek Site, and the difference in pressure and
temperature values between the two sites.
Queen Creek pressure and temperature were then plotted with Apache Leap
pressure and temperature (after removal of level shifts due to elevation difference)
as a check on data accuracy and consistency. Differences in pressure and temperature between the two sites were also plotted against Z-1 airflow to see if any
relationship was evident.

5.3.2 Statistical Analysis
Statistical treatment of the data was guided by theoretical considerations in
conjunction with relationships between variables which were obvious from plots of
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the raw data. These analyses were designed to quantify some of the basic data
characteristics.
Statistical and spectral analysis of pressure, temperature, and airflow for each

data set was performed using Systat, an interactive, microcomputer-based software
package. The analyses included:
(1)

Calculation of minimum, maximum, average, and standard
deviation.

(2)

Calculation of the Pearson Correlation Matrix.

(3)

Generation of linear regression and multiple linear regression
equations treating airflow as a function of pressure and
temperature. Coefficients for the following equations were
calculated using a least squares estimator:
(A) Velocity = constant + a (Pressure)
(B) Velocity = constant + a (Pressure) + b (Temperature)

(4) Fourier decomposition of the raw, continuous data, and
tabulation of period and magnitude of waveform components.
Because Systat uses ta fast Fourier transform algorithm requiring

a series of data points equal to a power of 2, data sets were
truncated to 1024 cases.
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CHAPTER SIX
RESULTS
6.1 General
From theoretical considerations, the following features are expected:
(1)

Generally negative correlation between atmospheric pressure
and flow velocity.

(2)

Generally negative correlation between temperature and flow
velocity.

(3)

Flow reversals from outward flow to inward flow accompanied

by an increase in pressure and vice versa.
(4)

A short period of zero flow magnitude during a reversal event.

(5)

Net movement of air outward during winter and spring,

switching to net inward movement of air by late spring to early
summer.

The raw data indicate the following:

(1)

Generally good negative correlation between pressure and
outflow velocity in nearly all cases.

(2)

A somewhat poor positive correlation between pressure and

inflow velocity in nearly all cases.

(3)

Poor correlation between flow values and temperature except
on a seasonal basis. Sense of correlation is negative between
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temperature and outflow velocity and positive, in general,
between temperature and inflow velocity.
(4)

Flow reversals accompanied by changes in barometric pressure
as expected.

(5)

A consistent decrease in average magnitude of flow values
during periods of inflow.

(6)

A generally smooth transition of recorded flow magnitude
between inflow and outflow values during a reversal, without
reaching zero.

(7)

A reversal in seasonal net movement of air as expected.

(8)

"Hysteresis" in the relationship between barometric pressure
and outflow velocity in some of the late spring data sets.

Features (2) and (5) do not fit the theoretical model, but plausible reasons for this
behavior exist and will be discussed in Chapter Eight.
Feature (6) is readily explainable in terms of the oscillatory motion of air
during flow reversals observed in the field. Air bags indicate alternate inflow and
outflow of air over a short time period (from a few seconds to a few minutes) at the
time of a reversal, which will integrate to a positive flow value on the flowmeter.
Because inflow rates are on the average less than outflow rates, this integration
leads to flow values whose magnitude is an average of the higher and lower rates,
creating a relatively smooth transition. (This behavior also leads to features in the
data called "partial reversals", which will be discussed in Chapter Seven).
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Feature (8) is probably the direct result of significant changes in formation
pressure under certain conditions. This indicates that the assumption of relatively
constant formation pressure is often poor, reducing the generally good correlation

between outflow velocity and barometric pressure. (Evidence supporting this
explanation of the effect will be presented in Section 6.2.3).
Figures 6.1 through 6.6 are plots of airflow versus barometric (or atmo-

spheric) pressure for the directional data sets, which serve to illustrate some of the
features discussed above. (Recall that transitional values of flow during a reversal
are not included in these data sets).

6.2 Results of Statistical and Spectral Analyses

6.2.1 Outflow
In general, the best correlation between flow velocity and atmospheric
pressure occurs during periods of outflow. Pearson correlation coefficient r ranges

from -0.590 to -0.838 (for "outflow" data sets), averaging -0.752, and from -0.713 to
-0.882 (for "continuous outflow" data sets), averaging -0.796. Very poor correlation

between temperature and outflow velocity is developed, although the correlation
coefficient is usually negative. Values of the correlation coefficient range from

- 0.378 to 0.235, averaging -0.068. The coefficient is negative in four cases and
positive in the remaining two cases (see Figures 6.1-6.6.)
The negative correlation between pressure and outflow velocity was expected.
A period of outflow arises when a level shift between the formation pressure
gradient and the corresponding atmospheric pressure gradient creates a negative
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Z-1 airflow velocity versus barometric or atmospheric pressure, day
364, 1987-day 7, 1988. Outflow values from all data sets fall within
the depicted outflow envelope.
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Z-1 airflow velocity versus barometric or atmospheric pressure, day
76-83, 1988. Outflow values from all data sets fall within the depicted
outflow envelope. Inflow values from all data sets fall within the
depicted inflow envelope.
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Z-1 airflow velocity versus barometric or atmospheric pressure, day
103-110, 1988. Outflow values from all data sets fall within the
depicted outflow envelope. Inflow values from all data sets fall within
the depicted inflow envelope.
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Z-1 airflow velocity versus barometric or atmospheric pressure, clay
133-141, 1988. Outflow values from all data sets fall within the
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the depicted inflow envelope.
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Z-1 airflow velocity versus barometric or atmospheric pressure, day
146-153, 1988. Outflow values from all data sets fall within the
depicted outflow envelope. Inflow values from all data sets fall within
the depicted inflow envelope.
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Figure 6.6

Z-1 airflow velocity versus barometric or atmospheric pressure, day
153-161, 1988. Outflow values from all data sets fall within the
depicted outflow envelope. Inflow values from all data sets fall within
the depicted inflow envelope.
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pressure difference, P. This results in movement of air out of the formation,
causing air to exhaust from the borehole. The magnitude of the flow should be
proportional to the pressure difference. A drop in atmospheric pressure during
outflow should increase the magnitude of the pressure difference, resulting in a
corresponding increase in the magnitude of flow velocity, whereas an increase in
pressure will cause a corresponding decrease in magnitude of flow velocity. This is
precisely the relationship observed in the data. The relatively high values of the
correlation coefficient r indicate that the assumptions made in the theoretical
section are generally valid.
The negative correlation between outflow velocity and temperature is also
expected. The pressure difference developed between the atmospheric pressure
gradient and the formation pressure gradient depends directly on the temperature
difference between the two. During a period of outflow, an increase in temperature
would reduce the magnitude of the pressure difference, thus reducing the magnitude
of the outflow velocity. Likewise, a decrease in temperature should increase the
magnitude of the outflow velocity. The sense of correlation between outflow
velocity and temperature is generally as expected, but the inconsistent sign and small
values of r preclude the importance of temperature variations on outflow velocity,
at least on a scale of hours.

6.2.2 Inflow
Periods of inflow show generally poorer correlation between flow velocity and
pressure, and in the opposite sense. The correlation coefficient is usually positive
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for inflow velocity, which is the opposite found for outflow. Values of r between
pressure and inflow velocity range from -0.186 to 0.686, averaging 0.425 for "inflow"
data sets, and from -0.237 to 0.828, averaging 0.515 for "continuous inflow" data
sets (see Figures 6.1-6.6). The correlation between temperature and inflow velocity
is substantially better than for outflow, and, as with pressure, is in the opposite
sense. Correlation coefficients between inflow velocity and temperature range from

0.059 to 0.451, averaging 0.339 for "inflow" data sets, and from 0.423 to 0.755,
averaging 0.579 for "continuous inflow" data sets.
From theoretical considerations, the same sense of correlation for inflow and
outflow velocity with respect to pressure and temperature is expected. An increase
in atmospheric pressure during inflow should increase the magnitude of the pressure
difference between the atmospheric pressure gradient and the formation pressure
gradient, thus increasing the magnitude of the inflow velocity. Similarly, a decrease
in pressure should result in a corresponding decrease in magnitude of inflow
velocity. With temperature also, an increase should result in a larger pressure
difference which should increase the magnitude of inflow velocity, while a decrease
in temperature should result in a reduced pressure difference, thus reducing the
magnitude of inflow velocity. The data do not exhibit these expected characteristics
except in certain isolated cases.
In addition to these anomalies, flow rates are consistently lower during
periods of inflow than during periods of outflow. Average flow values from
"outflow" data sets range from 2.048 m/min to 3.275 m/min, averaging 2.50 m/min,
and from "continuous outflow" data sets, range from 2.011 m/min to 3.704 m/min,
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averaging 2.68 m/min. Average flow velocities from "inflow" data sets range from

-0.909 m/min to -1.160 m/min, averaging -1.01 m/min, and for "continuous inflow"
data sets, range from -0.831 m/min to -0.994 m/min, averaging -0.929 m/min. (see
Figures 6.1-6.6). These values vary little with time of year, so that a seasonal effect
related to temperature does not seem to be a factor in this phenomenon.
This behavior, combined with the general reversal in correlation sense
between inflow velocity and both pressure and temperature, indicates the presence
of a number of factors complicating the behavior of Z-1 airflow such that the data
do not follow the predictions of the simple theoretical model. Reasons for this
diversion from predicted behavior are discussed in Chapter Seven.
An interesting consequence of these features of inflow is that the reduction
in average flow rate and reversal of correlation sense result in a generally good
negative correlation between magnitude of flow (non-directional) and atmospheric
pressure in the raw data sets. The correlation coefficient r ranges from -0.504 to

- 0.839, averaging -0.746. Similarly, the correlation between airflow and pressure in
the "directional" data sets is negative and generally good, ranging from -0.700 to

- 0.838, averaging -0.771. The correlation here is a direct result of the lower average
flow magnitudes in addition to the lower average pressures extant during inflow
periods, which overcome the positive correlation sense between pressure and inflow
that dominates the "inflow" data sets. Although the correlation seems very good,
it is not useful as a predictor of flow behavior.
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6.2.3 Effect of Change in Formation Pressure
As noted previously, the good negative correlation between outflow velocity
and atmospheric pressure indicates that the assumption of very slow response of
formation pressure to changes in atmospheric pressure is in general a good
approximation. However, the presence of "hysteresis" in the correlation diagrams of

airflow velocity versus pressure shows that the assumption is poor during periods of
extended, large changes in atmospheric pressure. Note the "horseshoe-shaped" curve
in the outflow portion in Figures 6.4 and 6.5. In both cases, this effect arose during
a period of outflow in which a rapid drop in atmospheric pressure occurred over a

significant period of time. The period of outflow was isolated in each case, and a
least squares linear trend in atmospheric pressure during that time period was
removed. This eliminated the horseshoe shape from the graph and significantly
improved the correlation coefficient r (see Figures 6.7 and 6.8). For the period of
continuous outflow from day 138-140, correlation coefficient r increased from -0.542
to -0.833, and for the period covering day 150-151, r increased from -0.765 to -0.866
with removal of the linear trend. When pressure trends were removed from other
"continuous outflow" data sets, the correlation was generally reduced, probably
indicating negligible changes in formation pressure during these time periods.

6.2.4 Seasonal Behavior
While the relationship between temperature and airflow velocity is poor on
a scale of hours, there appears to be a fairly good, negative correlation between

temperature and flow velocity on a seasonal scale, as well as a very good negative
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correlation between atmospheric pressure and flow velocity. Using the average

values of pressure, temperature, and airflow velocity from the "directional" data sets,
correlation coefficient r between temperature and airflow velocity is calculated as

-0.66, and between pressure and airflow velocity as -0.90 (see Figure 6.9). Although
these values are suspect because they are based on data sets with only six data

points, the results are significant in that seasonal temperature variation appears to
affect the net movement of air through the borehole. In winter and spring, the
average net movement is outward, while by late spring, the net movement begins to
reverse inward. This is precisely what is expected from theoretical considerations
and is consistent with observations at Yucca Mountain. Figure 6.9 clearly demonstrates, however, that atmospheric pressure effects on flow behavior dominate those
produced by temperature, even at the seasonal scale.

6.2.5 Queen Creek Data Sets

Data of interest at Queen Creek were that which were recorded in congruence with Apache Leap data. Three data sets containing both Apache Leap and
Queen Creek data were generated and cover the following time periods:
(1)

Day 76-83, 1988 (March 16-23)

(2)

Day 146-153, 1988 (May 25-June 1)

(3)

Day 153-161, 1988 (June 1-June 9)

Most of these data sets contain large gaps during the evening hours related to
problems with moisture condensation at the Queen Creek Site, which interfered with
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data dumping. The usefulness of these data sets is predominantly as a quality

control device for pressure and temperature readings at the Apache Leap Site. One
should expect very high correlation between pressure and temperature readings at
the two sites (disregarding level shifts present). Indeed, correlation coefficients

between pressure and temperature at the two sites range from 0.95 to 0.99,
indicating the absence of major equipment problems or measurement error.
The ostensible purpose of collecting the Queen Creek data was to test for

any clear relationship between Z-1 airflow and the difference in pressure and
temperature readings between the top and base of the Apache Leap Tuff. The
results show no significant correlation. Values of the correlation coefficient between
pressure difference and Z-1 airflow velocity range from -0.125 to 0.135, averaging

-0.021, and between temperature difference and airflow velocity from 0.044 to 0.185,
averaging 0.085. This indicates that perturbations in the pressure and temperature
versus elevation functions along the mountain front during the measured time

periods have no significant effect on airflow along the mountain crest.

6.2.6 Linear Regression
Simple and multiple linear regression equations calculated for outflow as a

function of pressure and as a function of both pressure and temperature are
summarized in Table 6.1. Calculated constants and coefficients for the independant
variables are listed, as well as the squared multiple Pearson correlation coefficients
for each model. Note that in almost all cases, the correlation is improved by

including temperature in the multiple regression equation (although the sign of the
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Table 6.1.

Multiple linear regression equations for outflow. Velocity = c +
a (pressure) + b (temperature).

Day of Year

N

c

364-07

1233

166.1
167.4

-0.00191
-0.00193

0.00182

0.703
0.732

132.2
123.5

-0.00151
-0.00141

0.00189

0.553
0.579

151.0
168.7

-0.00173
-0.00195

0.00094

0.522
0.682

155.3
194.8

-0.00178
-0.00226

0.00284

0.349
0.371

155.3
194.8

-0.00178
-0.00226

0.00469

0.686
0.808

182.1
182.7

-0.00209
-0.00209

0.00322

0.624
0.648

76-83
103-110
133-141
146-153
153-161

313
857
677
433
246

a

b

(Multiple r) 2
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temperature coefficient is positive). The significance of this is uncertain without a
more detailed analysis, but does not seem unusual considering the existence of lowlevel correlation between airflow and temperature. The increased value of r
indicates that temperature is significant in the regression equation when included
jointly with pressure.
Table 6.2 summarizes linear regression equations calculated for inflow data
sets. Note that here as well that correlation increases when temperature is brought
into the regression equation. Note also that values of constants and coefficients in
the equations show greater variability than in the outflow equations. To get a
measure of this variability, one can look at the basic statistics for the constants and
coefficients to define an "average" equation for airflow, using the standard deviation
as a measure of the variability in the parameters. The results are summarized in
Tables 6.3 and 6.4.
The "average" equation clearly shows the greater variability of inflow
behavior compared to outflow. Standard deviations for coefficients in the inflow
equation are nearly equal to the coefficients themselves. In the case of outflow, the
standard deviations are only about 25% of the coefficient values. This emphasizes
once again the difference in behavior between inflow and outflow through Z-1.

6.2.7 Fourier Analysis
Fourier decomposition of the raw data illustrates the basic similarity between
the pressure and airflow waveforms and a basic difference between airflow and
temperature waveforms. The period/magnitude data from the decomposition of the
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Table 6.2.

Multiple linear regression equations for inflow. Velocity = c +
a (pressure) + b (temperature).

Day of Year

N

76-83

260

c
68.64
37.48

(Multiple r) 2

a

b

-0.000805
-0.000455

0.0495

0.034
0.214

0.00174
-0.0244

0.385
0.551

103-110

13

-151.1
-226.6

-0.00174
0.00262

133-141

107

-167.8
-229.4

0.00194
0.00266

-0.0304

0.453
0.471

-97.5
-94.5

0.00112
0.00109

0.00243

0.338
0.338

-208.0
-197.8

0.00240
0.00227

0.0349

0.471
0.620

146-153
153-161

420
671
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Table

6.3.

Average regression equations for outflow. Airflow

= c + a (pressure)

+ b (temperature).

Standard

C

a

Standard

Deviation

Deviation

145.4

33.52

-0.00167 0.00390

155.2

38.35

-0.00179 0.00448

Table

6.4.

b

Standard

Deviation

.00225

.000852

Average regression equations for inflow. Airflow

= c + a (pressure)

+ b (temperature).

C

Standard

Deviation

a

Standard

Deviation

b

Standard

Deviation

111.2

108.0

0.00128 0.00125

142.0

114.4

0.00164 0.00133 0.00641 0.0353
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winter data set (day 364, 1987-day 7, 1988) are listed in Table 6.5. Note that
pressure, temperature, and airflow data all have strong components with period
equal to approximately one day, while only airflow and pressure data have strong
components with period equal to approximately 1/2 day. Information regarding
components with period greater than about one day appears to be lumped into a
peak at period 3-4 days in all of the data. Continuous data over longer time
intervals would be needed to resolve this low frequency information.
These results illustrate further the close association between airflow and
pressure which has been demonstrated in the preceeding sections and the poor
association between airflow and temperature at small time scales.
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Table 6.5. Period and magnitude of component waveforms. Data mean removed

(day 364, 1987-day 7, 1988).

Magnitude

Period
(days)

Airflow
(x102)

Pressure

(x10)

Temperature
(x10)

7.1
3.6
2.4
1.8
1.4
1.2
1.0
0.88
0.78
0.71
0.65
0.59
0.55
0.47
0.44
0.42
0.39
0.37
0.35

4.5
18.6
12.3
6.3
2.6
1.3
3.0
6.9
3.8
2.0
1.8
0.4
3.2
3.7
10.0
2.4
1.4
1.0
1.9

45.4
96.2
52.7
27.4
6.2
5.8
6.3
20.0
10.7
3.5
7.1
3.4
9.9
11.8
22.4
4.6
5.9
3.3
8.3

1.4
17.1
8.8
5.7
1.5
3.0
5.2
9.8
9.1
5.3
3.0
1.9
1.8
0.81
3.9
1.3
0.91
2.7
2.0
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CHAPTER SEVEN
ADDITIONAL CHARACTERISTICS OF THE DATA

7.1 Flow Reversals
Reversal of flow direction should occur when the pressure difference between
the atmospheric pressure gradient and the formation pressure gradient reaches zero.
One would generally expect a reversal from outward to inward flow during a time
of rising atmospheric pressure and a reversal of the opposite sense during a time of
decreasing atmospheric pressure. Every instance of flow reversal in the data
demonstrates this behavior. There are also instances of "partial reversals", which
are defined by the following features: (1) during inflow, an increase in relative
humidity near the top of Z-1 by 10-20% accompanied by a similar increase in flow
magnitude, or (2) during outflow, a decrease in relative humidity near the top of Z-

1 by 10-20% accompanied by a similar decrease in flow magnitude. These
phenomena are also accompanied by changes in barometric pressure in the same
sense that full reversals are.
These "partial reversals" are believed to result from two effects: (1) an
oscillation of flow direction similar to that observed during a full reversal (presumably at a time when the formation pressure and atmospheric pressure are nearly in
equilibrium, and (2) slow response of the relative humidity sensor to the reversal in
flow direction, causing a full reversal of short duration to appear as an oscillation.
Whether some of these features are full reversals of short duration or simply result
from oscillation cannot be resolved from the existing data. However, they are useful
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indicators of times at which the formation pressure is nearly in equilibrium with
atmospheric pressure.
In general, flow reversals and partial reversals occur only at certain times of

day. This is not surprising, considering the dependence of airflow on atmospheric
pressure, which demonstrates regular periodicity. Reversals from outflow to inflow

occur most often during mid to late morning and in the late evening, between the
hours 4-12 and 18-22. Reversals from inflow to outflow occur most often in the very
early morning and early afternoon, during the hours 1-5, and 10-17. "Partial
reversals" during inflow occur in general during early-late morning and very late
evening, during the hours 3-11 and 18-24. "Partial reversals" during outflow occur,
in general, at these same times.

7.2 Duration of Flow States
The length of time during which air is exhausted or taken into Z-1 more or

less continuously is strongly dependent on broader changes in atmospheric pressure.
For example, in the data set covering day 76-83, a period of mostly inflow persisting
for approximately two days is succeeded by a period of general outflow lasting

approximately three days. The inflow period occurs during a time of higher average
atmospheric pressure (approximately 86.5 kPa) than the period of inflow (approximately 86.1 kPa). The data set covering day 133-141 contains a period of
alternating inward and outward flow at an average atmospheric pressure of
approximately 86.0 kPa, lasting for about 2.5 days, followed by a period of steady
outflow at an average pressure of approximately 85.5 kPa, persisting for about 2.5
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days. In the data set covering day 146-161, one observes a period of general outflow
for 3.5 days at an average pressure of approximately 85.6 kPa, followed by a 4.5-

day period of general inflow at an average pressure of approximately 86.1 kPa. This
in turn is followed by a 1.5-day period of outflow at an approximate average pressure
of 85.9 kPa, in turn followed by a 3-day period of inflow at an approximate average
pressure of 86.35 kPa.

7.3 Effect of Temperature
Although the correlation of average value of atmospheric pressure during a
flow state seems adequate to explain the general pattern of flow behavior in some
data sets, it is inadequate to explain periods of sustained outflow occurring in data
sets covering day 364, 1987-day 7, 1988 and day 103-110, 1988. In both cases,

outflow is maintained for >90% of the time period. While average atmospheric
pressure is relatively low during these periods, 85.68 kPa for the winter data set, and

85.7 kPa for the spring data set, it is unlikely that the low pressure alone can account
for the sustained outward flow, especially since the pressure curves do not display
a decreasing trend. Convective circulation due to the topographically-induced

temperature effect is probably responsible for this behavior. If we assume the
formation pressure is roughly equal to the average atmospheric pressure during the

time periods in question, we can estimate the magnitude of the pressure difference
AP contributed by the temperature effect by observing what rapid change in

barometric pressure is necessary to produce oscillatory motion (a "partial reversal").
For the winter set, a change in atmospheric pressure of approximately 100 Pa is
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sufficient to produce a "partial reversal", and for the spring set, a change in pressure
of approximately 60 Pa is required. These values are close to the calculated values
of 98 Pa and 41 Pa shown in Table 3.1. Because these pressure differences are close

to the sensitivity of the pressure transducers, better estimates cannot be obtained
from the existing data.
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CHAPTER EIGHT
DISCUSSION
The foregoing analysis of the data has demonstrated that gas circulation
through borehole Z-1 depends strongly on atmospheric pressure and, to a lesser
extent, on temperature. Good correlation is developed between outflow velocity and
atmospheric pressure in all data sets. In addition, good correlation exists between
atmospheric pressure and flow direction and between average pressure and duration
of flow state in many data sets. The correlation between flow velocity and pressure
(with the exception of inflow) appears to be independent of time scale, as it has
been shown to persist over time scales of minutes to months.
Conversely, the correlation between flow velocity and temperature is strongly
scale dependent, as the correlation does not generally become significant until
seasonal variations are examined. This would suggest that the effects of daily
temperature variations on AP (Equation 3.3) are much less significant than those
produced by variations in atmospheric pressure. A quick calculation will serve to
illustrate. Using Equation 3.4, the pressure difference AP produced by a daily
atmospheric temperature variation of 12°C about a formation temperature of 25°C
is 85 Pa. Assuming that this difference occurs over a 12-hour period, a pressure
gradient of 7 Pa/hr would be developed. Because daily atmospheric pressure
variations on the order of several hundred Pa commonly give rise to pressure
gradients of 50-70 Pa/hr, it is clear that changes in AP due to barometric effects will
almost always outweigh those produced by temperature variations by a factor of 8-

10. Any correlation between flow velocity and variations in atmospheric temperature
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would, therefore, be hidden. Over longer time periods, however, the average
directional component of AP created by the difference in average atmospheric
temperature will produce a significant correlation between airflow velocity and
temperature (as noted in Section 6.4). In addition, during times when atmospheric

pressure remains relatively constant (as in data sets covering day 364, 1987-day 7,

1988, and day 103-110, 1988), the directional component of AP produced by
temperature will manifest itself quite clearly in sustaining a relatively constant flow

direction over periods of 10 days or more.
The generally good correlation between Z-1 airflow velocity and atmospheric
pressure is, as has been noted previously, strong evidence that formation pressure
responds fairly slowly to changes in atmospheric pressure. During periods of
substantial atmospheric pressure change, where formation pressure may also change
substantially, noticeable "hysteresis" develops and the correlation is reduced, but can
be restored by removing a linear trend from the pressure curve over the period in

question. Knowing the relationship between changes in formation pressure and
changes in atmospheric pressure results in improved correlation and allow more
accurate prediction of flow behavior from pressure data. Experiments such as those
performed by Weeks (1978) could be duplicated at the Apache Leap Site in order
to estimate this relationship.

An interesting feature of the pressure/outflow relationship is illustrated by the
outflow envelope drawn in Figures 6.1-6.6. This envelope contains >99.9% of
outflow data points from all data sets. Notice that the envelope develops a curve
at higher flow velocities, a deviation from an apparently more linear relationship
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between pressure and outflow at lower flow velocities. This deviation occurs in a
region where large, sustained pressure gradients result in high outflow rates and
indicates that during these periods, a greater change in flow rate can occur for a
given change in pressure than would occur during periods of less steep pressure
gradients of shorter duration. This effect may indicate a dependence of air

permeability on pressure gradients and/or flow rate under these conditions, creating
a non-linear response of airflow to pressure changes. A possible explanation for this

might be dislocation of water from smaller fractures, which would increase air
permeability and result in greater rates of ouflow through the borehole for a given
pressure change.
The most poorly understood phenomenon in the present study is inflow

behavior. Three features of inflow cannot be accounted for in the simple model
proposed in Chapter Three. These are 1) reversal in correlation sense with respect
to both atmospheric pressure and temperature, 2) reduction in correlation quality
with respect to atmospheric pressure, and 3) reduction in average flow rate by
approximately 1/2 to 2/3. All features (with the exception of those related to
temperature) are illustrated in Figures 6.1-6.6. The lack of colinearity of inflow and
outflow envelopes, the more spherical shape of the inflow envelope, and the rather

large overlaps of pressure regime between the two envelopes are all manifestations
of the above features.
Five possible causes for this behavior are listed below:
(1)

Misinterpretation of data

(2)

"Hysteresis" effects due to variation in formation pressure
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(3)

Instrumentation error

(4)

An air permeability value which decreases with increase in
magnitude of the inflow driving force

(5)

A geometric effect which creates a local reduction in inflow
driving force during a time of globally increasing driving force

Possible cause number 1 may be partly responsible for some of the anomalous
behavior. For example, in the data set covering days 133-141, 1988 (Figure 6.4), one
sees two separate and short duration periods of inflow occurring over quite different
pressure ranges. Because their period is so short, the data might indicate oscillatory
motion rather than steady inflow which would interfere with the correlation and
produce apparent "hysteresis". Something of this sort may also occur in data sets
covering days 103-110 and days 146-153 (Figures 6.3 and 6.5). Some of the spread
in values resulting in poor correlation is undoubtedly due to significant changes in
formation pressure, but why this should be more noticeable during inflow than
outflow is uncertain. The large overlap in pressure regime between inflow and
outflow values from all data sets is almost certainly the result of drift in formation
pressure over long time periods. Note that the overlap between inflow and outflow
values in individual data sets is much less than when all the data are considered.
Possible cause number 3 should have a more profound effect on inflow than
on outflow because of the difference in average flow magnitude between the two
flow states. Inflow values are on the average so small that reduced sensitivity and
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repeatability of the flowmeter sensor to these lower values would tend to spread
values and reduce correlation quality.

Neither of the possibilities discussed above can explain the reversal in
correlation sense, however. Some physical factor must be responsible for creating
a decrease in flow magnitude with an increase in pressure during inflow and vice
versa. Possible cause numbers 4 and 5 would account for this, but physical factors

giving rise to these features can only be speculated.
It seems unlikely that air permeablity would decrease with an increase in the
magnitude of the negative potential difference to the extent of causing a reduction
in inflow rate with increase in driving force. The only situation which could give

rise to such an effect would be a trap-door or ball-valve type effect, where an
increase in pressure tended to create an obstruction to flow proportional to the
pressure increase. The fact that the Z-1/Z-3 fracture set readily drains water in
large quantities does not support this mechanism.
A more promising explanation probably lies with the geometric complexity of
the system. Borehole Z-1 is connected to an apparently large volume of porous tuff
via one large fracture which intersects the borehole near the bottom at a vertical

depth of approximately 10 meters. Borehole Z-3 presumably intersects the same
fracture below Z-1 at a vertical depth of approximately 30 meters. The connection
of Z-3 to this same fracture 20 meters below the connection of Z-1 would have a
direct effect on the pressure difference AP between atmospheric pressure and
formation pressure through Z-1. The transmission of an atmospheric pressure
change to a vertical depth of 30 meters would be more efficient through Z-3 than
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through Z-1 plus 20 meters of resistive fracture. This might complicate the effective
pressure difference driving air through Z-1 during inflow in such a way as to reduce
the effective local driving force while the driving force is increasing globally. Why
this would influence inflow and not outflow is uncertain.
While none of these explanations seem wholly satisfactory, some combination
of these effects may be responsible for the unexpected behavior of Z-1 inflow.
Regardless of the observed inflow peculiarities, their effect on the system seems to
diminish when considering the average behavior of the system, which conforms to
expectation on a seasonal time basis.
As noted in the introduction, the seasonal behavior of the system has
important implications with respect to suitability of similar sites as high-level waste
repositories. The mass movement of air through the formation resulting from the
topographically-induced temperature effect would be an efficient carrier of any toxic
gases present, propelling them upward to exhaust along the mountain crest in winter
and spring and moving them laterally to exhaust along the mountainside in summer
and autumn. In addition, the mass movement of air would affect moisture distribution within the formation, drying out the mountainside in winter while wetting the
mountain crest and creating the opposite effect in summer. In general, atmospheric
pressure variations would have a drying effect, as atmospheric air is alternately
taken in and exhausted from exposed outcrop. The drying effects, while probably
slight, could affect water infiltration rates on a seasonal basis and probably should
be taken into account when modeling.
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An important feature of the present study is that, unlike Yucca Mountain,

boreholes are very shallow and do not conduct significant gas exchange with the
atmosphere except through a single fracture. Because fractures similar to that
intersected by Z-1 and Z-3 would be the major conduits for airflow in the absence

of boreholes, this study provides a more reasonable approximation to flow under
natural conditions. The flow rates encountered here are two orders of magnitude
less than those measured through boreholes at Yucca Mountain and are much closer
to rates predicted by Kipp's 1987 numerical model.
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CHAPTER NINE
CONCLUSIONS
Natural airflow through boreholes at the Apache Leap Tuff Site is similar to
that observed by Weeks (1987) at Yucca Mountain, Nevada. Air movement is
strongly correlated to diurnal variation in atmospheric pressure as well as to seasonal
changes in temperature. In the winter, net air movement is upward, reversing to net
downward movement by late spring. Flow mechanisms are believed to be similar at
both sites.
The results of the present study imply that similar flow behavior can be
expected in any setting which is similar lithologically and morphologically to Yucca
Mountain. Because natural air circulation has important implications regarding
moisture distribution and gaseous contaminant transport in rock formations targeted
as potential high-level waste repositories, further work towards understanding the
details of this phenomenon is essential.
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