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ABSTRACT

Borehole UZ6S, on the crest of Yucca Mountain,
Nevada Test Site, has exhaled approximately
10° m of gas annually during winter months for
three successive years. The flow arises from
thermal-topographic effects. The average
composition of the exhausted gas is: N 2 - 78%,
0 2 - 21%, Ar - 0.94%, C0 2 - 0.125%, and CH4 -
0.2 ppmv. The C0 2 has the following isotopic
signature: **C - 108.5 percent modern carbon
(pmc), and S13C - -17.1 permil. In the thirty-
month observation period, there has been a net
flux to the atmosphere of approximately 40 m
of liquid water and 1150 kg of carbon. The gas
flowing frcm UZ6S appears to originate in the
soil and/or shallow unsaturated zone at Yucca
Mountain crest.

INTRODUCTION

Substantial airflow has been observed in
two deep boreholes tapping unsaturated
fractured tuffs near the crest of Yucca
Mountain, Nevada Test Site (NTS), Nevada.
Preliminary observations on the magnitude of
the flow, and concepts regarding its origin,
have been presented by Weeks. The airflow
appears to be the result of two primary
mechanisms: 1) a barometric component arising
from the fact that pressure in the rocks at
depth requires some time to equilibrate with
that in the atmosphere following an atmospheric
barometric change, and 2) a topographically
driven circulation arising from density
contrasts due to temperature and humidity
differences between an air column in the
fracture;" rock, and an equivalent air column in
the atmosphere adjacent to the mountain. The
interplay between topographic and barometric
ef'ctcs appears adequate to explain circulation

observed in summer, but the high-velocity
nearly continuous air exhaust observed in the
winter, particularly at borehole UZ6S, seems to
exceed that which can be explained by these two
mechanisms.

In this paper we present chemical and
isotopic data from: a) samples collected durinf
the end of the winter exhalation cycle at UZ6S
in March 1987, 1988, and 1989, and b) samples
collected from a series of shallow boreholes
drilled on the crest of Yucca Mountain for
neutron logging. We also present two years'
additional observations of flow at UZ6S,
including its distribution with depth in the
borehole. The combined data on gas flow and
chemistry permit inferences to be drawn as to
the origin and geochemlcal reactions of the
gases in the deep boreholes.

SITE AND BOREHOLE DESCRIPTION

Yucca Mountain is a north-south trending •-.
ridge of shallowly eastward-dipping Tertiary
volcanic rocks. Its western margin comprises a
steep scarp rising about 250 • above the
Solitario Canyon floor. The east flank is a
highly dissected dip slope merging into Jackass
Flat. Two boreholes, UZ6 and UZ6S (Fig. 1),
have been drilled at the crest of Yucca ..
Mountain, and at present remain open through •
thick sections of unsaturated fractured rock.
A detailed geologic map of Yucca Mountain is
presented by Scott and Bonk. At the borehole
locations, Yucca Mountain Is capped by 125 m of
highly fractured welded tuff (Fig. 2) of the
Tiva Canyon member of the Paintbrush Tuff.
These tuffs constitute the Tiva Canyon welded
hydrologic unit of Montazer and Wilson. This
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FIGURE 1. Index nap and location of boreholes.

Is underlain by about 30 a of sparsely
fractured nonweldad and bedded tuff overlying
•bout 300 a of highly fractured aoderately to
falsely welded tuffs of the Topopah Springs
•lded unit.

; Borehole UZ6 was drilled using a reverse
air vacuum method to a depth of 575 m.
:l«c*use 200 m of fractured rock capped by UZ6
tilt at an altitude below the floor of Solitario
Canyon (Fig. 2) , barometric effects can
omrwhelm the topographic effects, leading to
'cyclic circulation of atmospheric air in UZ6
•ten in aid-winter.

Borehole UZ6S was drilled to a depth of
158 a by an 0dexa system and has 1 a of 20 cm
tO surface casing. Flow in U26S reverses
frequently during the summer as documented by
both physical and chemical measurements.
Boring the winter months (roughly November to
April) flow out of UZ6S is essentially
continuous. The chemical and Isotopic
composition of gases froa the winter exhalation
cycle at UZ6S are the principal subjects of
this paper.

Approximately 90 shallow (10 m to 15 m)
boreholes have been drilled in the vicinity of

jTucca Mountain for purposes of neutron logging.
Lllne of these neutron holes near the crest of

jrTJse of brand names in this report is for
-identification purposes only and does not
Lconstitute endorsement by the U.S. Geological
Survey.

Yucca Mountain (N71-N76, NS3-N95, Fig. 1) were
sampled during the course of this study to
provide information about the composition of
shallow unsaturated-zone gases. The neutron
holes are steel cased (IS cm ID) to within
about 0.5 a of the bottom of the borehole, and
should represent point sources of relatively
shallow unsaturated zone gas.

METHODS

A. Physical Measurements.

1. Surface flow at UZ6S.
Topographically-affected airflow in UZ6S was
first recognized and measured In February,
1986. Additional instantaneous flow
measurements were obtained during March, May,
July, September, November, and December, 1986,
and March, June, July, November, and Deer ,iber.
1987, using a manually-read hot-wire
anemometer. In December 1987, a propeller
anemometer that generates a direct-current
voltage signal proportional to flow velocity
was installed 30 cm below the casing top at
UZ6S to continuously record the flow rate.
Voltages were recorded with a digital data
logger.

On November 10, 1988, a factory-calibrated
hot-wire anemometer was permanently installed
at UZ6S to record the mass flow rate of air in
the borehole. The anemometer probe was
installed through a 6 ma hole drilled in the
side of the casing about 0.45 m below the top
of the casing. Since November 1988. continuous
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FIGURE 2. Ease-vest generalized cross-section of Yucca Mountain
at the site of boreholes UZ6S and UZ1.

simultaneous readings have been recorded using
both the hot-wire and the propeller
anemometers. Following installation of the
hot-wire anemometer, the main use of the
propeller anemometer is to determine flow
direction and thus condition the hot-wire
anemometer signal. The use of dual anemometers
also provided backup in the event of
malfunction of either. Continuous flow record
is available for 272 days between December 17,
1987. and Nay 17, 1989. The largest period of
missing record Is from December 31, 1987, to
April 27, 1988.

Both anemometer sensors are centered in
the casing, and hence measure maximum, or near-
maximum velocities. Because the primary
purpose of the flow-raft measurements is to
determine the volume of gas movement into or
from the well, air velocity has been corrected
for hole diameter nonurifora flow, temperature,
and pressure effects.

2. Flow measurement at depth. The
distribution of flow with depth was measured
during site visits in December 1987, March and
September, 1988, and in January 1989. During
the March 1988 visit, flow was recorded at
about 1300, 1700, and 2300 on March 2; and at

0400, 0800, and 1200 on March 3 to determine
diel variation.

Depths for flow measurement were selected
from a caliper log of the borehole to be in
smooth sections of uniform diameter. Because
the well bore is quite rugose, only a limited
number of measurement stations, at nonuniform
depth intervals, *ere selected. The measured
velocities were corrected for hole diameter to
obtain volumetric )',as fluxes. Flow
measurements were cbtained in the casing and at
the selected depth* by lowering a propeller
anemometer downhol*. At a depth of 32 «, the
propeller stalled from lack of gas flow.
Measurements were repeated at each station as
the anemometer was withdrawn, ending with a
final measurement in the casing.

3. Temperature-depth profiles.
Temperature logs, consisting of continuous
temperature records with depth, were obtained
in UZ6S in September and December 1966;
December 1987; February and September, 1988,
and January and April, 1989. These temperature
measurements were made using a thermistor probe
operated from a geophysical logging truck.
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4. Temperature and relative humidity
at UZ6S. Continuous measurements of gas
temperature and relative humidity at a depth of
1 • in UZ6S commenced on September 16, 1986,
using a probe that measures temperature with a
thermistor, and humidity with a chemically
treated chip that varies in electrical
capacitance as humidity changes. The relative
humidity probe functions well in summer, but
tends to malfunction when water-saturated;
banco the probe provided -little winter record.
In December 1987, the relative humidity probe
was replaced with two copper-constantan
thermocouples, one dry, and the other equipped
with a wick and reservoir to provide a wetbulb

'temperature. The wetbulb-dry bulb system works
•all in winter. The near-surface temperature
•ad relative humidity data for UZ6S are
available for all periods of continuous-flow
record.

5. Barometric pressure. Barometric
pressure was measured with a digital barometer
starting in July 1986. Simultaneous barometric
pressure readings are available for all periods
of continuous-flow record.

6. Micrometeorology. Air
temperature, relative humidity, wind speed and
wind direction are measured at a station about
200 m NNE of UZ6S, and at a station on the
southwest flank of Yucca Mountain at an
altitude about 100 m below that of 1IZ6S.
Details of the measurements are not given here.

B. Chemical Sampling and Analytical
Techniques.

1. Sample collection techniques. Gas
samples were collected through 32 mm ID nylon
tubing connected by silicon© tubing to
peristaltic pumps. For the downhole UZ6S and
UZ6 sampling, a sample string was constructed
of individual nylon tubes hung to the depths
• listed in Fig. 4 and Tables 2 and 3. Samples
of atmospheric air were also collected by
I peristaltic pump near UZ6S and UZ1 for chemical
and isotopic analysis.

The neutron holes were sealed with plastic
eaps with an outlet for evacuating the borehole
. and a second fitting connected to a sampling
tube hanging about 1.5 m into the casing.
Samples were collected by peristaltic pump.
Mr in some of the neutron holes flowed
ilmilarly to that in UZ6S; these neutron holes
•ere sampled immediately after capping,
fcutron holes that were not flowing were
•vacuated with a vacuum pump until methane
concentrations decreased to less than 0.2 ppmv
»r stabilized with time.

From the downstream side of the
Peristaltic punps, all of the above samples
"ere treated in various ways, described
•hortly, depending on the analysis desired.

Samples of shallow soil CO2 were collected
by using a 2 m diameter inverted plastic
container as a flux chamber. Vegetation was
stripped from the area to be sampled and the
edges of the inverted container were buried to
a depth of 10-15 cm and sealed with soil. Six
pyrex trays containing about 1 cm of 5 N KOH
for COi collection were placed under the
container before sealing. The system was left
for three days, and the trapped potassium
bicarbonate was retrieved for C and C
analysis at the Southern Methodist University
(SHU) Radiocarbon Laboratory. These samples
are referred to as "surface samples". Surface
samples were collected from soils in the
vicinity of boreholes UZ6S and UZ1.

2. Gas chromatographic (GC) analysis.
For CO2 and CH4 concentrations, samples were
collected from the peristaltic pumps in 10 cm
glass pharmaceutical syringes fitted with 3-way
polypropylene stopcocks. The syringes were
flushed five times, and a 10 cm sample of gas
was then collected. For each analysis, samples
were collected in triplicate. Samples were
analyzed for CO2 and CH4 at Test Cell "C", NTS,
with a GC equipped with a methanizer and flame
ionization detector, using a Poropak Q column
operated at 50*C or 70*C. Analytical precision
was 1% of the amount present for CO2, and

0.1 ppmv for CH4.

In the early phases of the study,
additional single samples were also collected
in double-stopcock, O-ring, 50 or 100 cm glass
gas bulbs and analyzed at the U.S. Geological
Survey in Res ton, VA, for N2, 02, and Ar.
Analyses were done by thermal conductivity CC
using a 50 ft column of 5A molecular sieve at
0*C. Analytical precision (relative to the
amount of gas present) is 0.1% for N2, 0.3% for
02, and 1% for Ar.

3. Carbon-13 analysis. Samples for
13C analysis were collected directly in 500 -n3

double-stopcock (O-ring) Pyrex gas sampling
bulbs, and analyzed in the USGS Reston Stable
Isotope Laboratory. Laboratory precision is
+ 0.05*/« (penail).

14,
4. Carbon-14 analysis. Samples for

C analysis were collected by purging the gas
through 5N KOH solution in specially-designed
glass sample collectors. Collection times of
three to seven days, depending on the CO2
concentration in the gas, were required for
collection of optimal amounts of CO2 for C
analysis. The C analysis was performed by
standard benzene-synthesis and scintillation
counting techniques by -he SHU Radiocarbon
Laboratory. A C analysis was performed on an
aliquot of each CO2 sample analyzed for C.
These C data provide a check on the possible
fraccionation effects that could be associated
with the C sample collection, and also
provide a secondary source of C data for
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samples that were not analyzed by the direct
collection method.

RESULTS

A. Flow.

1. Measured surface flow at UZ6S.
Various attempts were made to relate the
continuously-measured flow rates to air
temperature and barometric pressure using time
series analysis and regression analysis, both
for an understanding of mechanisms, and to
provide flow estimates for periods for which
direct flow measurements are missing. Attempts
to determine transfer functions in frequency
domain that would allow the prediction of flow
from the air temperature and barometric records
were not successful. However, a crude low-pass
filter, achieved by taking 10-day block
averages of air temperature, flow rate, and
barometric pressure, was sufficient to average
the diurnal barometric effects to zero, and
resulted in data that gave a least squares
linear regression equation, for the period of
continuous flow record, of

FV - 3.54 - 0.149 T, (1)
where

FV - flow velocity, averaged over
the borehole area: (+) out of
borehole: (m/s),

and T - ten-day average temperature (*C).

The regression analysis gives a value of r —
0.977, and Is based on data that include all
but the most extreme anticipated temperatures
at Yucca Mountain. Thus, the regression
equation should provide reasonably reliable
estimates of long-term average airflow in well
UZ6S where direct records are missing.

Upon its completion in June 1983, UZ6S was
equipped with a loose-fitting metal cap that
impeded, but did not prevent, airflow in the
well. This cap remained in place except when
removed for short periods to make measurements
and obtain samples until September 13, 1986.
Since that tine, the borehole has remained open
to circulation of air. To estimate both the
total temperature-induced gas circulation and
the net gas discharge from UZ6S for the period
October 1986 to March 1989, average monthly air
temperatures were computed from the weather
records for the UZ6S weather station. These
temperatures were used in eq. (1), established
for the period of flow record, to compute mean
monthly flow velocity and volumetric flow. The
results are presented in Table 1.

These results show a net discharge of gas
from UZ6S for the period October 1986 through
March 1989, of approximately 3x10° m3. The
discharging gas tends to be water-vapor
saturated during winter. In summer, rock gas
draining from the outcrop in response to air

entering UZ6S will also become saturated along
its flow path. This gas will transport water
in amounts cotresponding to saturation with
water vapor at the ambient rock temperature,
which is approximately equal to the mean annual
air temperature, and UZ6S borehole temperature,
of 17*C. The total monthly discharge of water
vapor arising from the borehole-induced
topographic circulation was computed by the
equation:

TVD - |FLOW|(14.5 - p v ) , (2)
where

TVD - total monthly water vapor
discharge: (m H2O1jn),

FLOW - monthly gas discharge: (m3xl0"6),
and p v - mean monthly atmospheric water

vapor density, computed from
weather station data, (g-j Q/H ).

Monthly values of the parameters in eq. (2) for
the period of study are presented in Table 1.
There is a net discharge of approximately 40 m
of liquid water from UZ6S during the period of
study.

2. Flow Measurements at depth. The
results of the downhole flow measurements are
shown in Fig. 3. No data below 32 m are
available because the flow was too low to
maintain propeller rotation in the anemometer.
Fig. 3 shows that the flow from UZ6S is
predominantly shallow, with about 80% of the
formation gas entering the borehole above 32 m.

B. Chemistry.

1. Major atmospheric gases. All
samples of gases from UZ6S, UZ6, and the
neutron holes collected to date show
concentrations of 02, N2. and Ar that are
identical to the concentrations of these gases
in atmospheric air to the limits of precision
of the analyses. During the early phases of
the study, samples were collected for major gas
analysis during each sampling trip from all of
the open boreholes sampled. As data
accumulated showing no deviation from
atmospheric concentrations, the sampling for
the major gases was suspended. At present
major gas analyses are performed only when new
boreholes are sampled, and as occasional spot
checks during routine sampling programs.
Individual data for the major atmospheric &ases
are not presented in this paper.

2. CO2 and CH4: Basic concepts. The
abundances of the minor gases in UZ6S are a
function of the airflow regime on the mountain.
Compositions of gas during, or shortly after,
inhalation cycles show chemistry varying from
atmospheric (CO2 - 0.035%, CH4 - 1.7 ppmv) to
gases with CO2 concentrations of 0.13% and
essentially zero CH4 (summer data are not
presented in this paper). These changes are
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TABLE 1. ESTIMATED FLOW OF GAS AND WATER VAPOR FROM BOREHOLE UZ6S, BASED ON
REGRESSION OF FLOW AGAINST AIR TEMPERATURE.

Average Monthly
Temperature

(*C)

Net Monthly
Gas Flow

(m3xl<r6)a

Average Monthly
Atmospheric H2O
Vapor Density

(gH2o/n >

Monthly Water
Vapor Discharge

(m3 H 2 0 U q )
b

Year/Month

1986
0
N
D

Meanm/sums

1987
J
F
M
A
M
J
J
A
S
0
N
D

1988
J
F
M
A
M
J
J
A
S
0
N
D

198?
J
F
M

14.6
10.0

10.1°

3.
5.
7.
16.
18.
25.
24.
26.
23.
18.
8.

7
8
3
0(240)c

0
6(6)c

5(7)c

4
4
4
1

-1.2
14.

3.
8.
9.
12.
17
23
28
26
22
21
9

90m

.7

.8

.8

.7

.6

.6

.8

.0

.4

.0

.1

15

4
5

.70*

.4

.4

1LA
7. 1

0.
0.
09
15

0,20
0.

0.
0
0,
0
0
0
0
0
0
0
0

44s

.23

.20

.18

.08

.05

.04

.03

.05

.02

.05

.17

3.4
2.8

1.08s

0.23
0.17
0.15
0.12
0.06
-0.02
-0.C8
-0.05
0.00
0.01
0.16
0.22
0.97s

0.22
0.21

2.9n

2.1
2.6
3.2
3.4
4.5
3.3
4.0
4.8
3.6
4.6
4.3

1 J L-3.6n

2.8
2.7
2.5
3.9
3.0
3.5
3.9
6.4
4.1
3.7
3.5

3.6m

3.4
2.7

1.
1.
0
8

IA
5.

2.
2.
2.
0.
0.
-0.
-0.
-0.
-0.
0.
1.

2s

9
4
0
9
5
4
3
5
2
5
.7

1x0
14.

2
2

r-l
i-l

0
-0
-0
-0
0
0
0

,3s

.7

.0

.8

.3

.7

.2

.8

.4

.0

r-l

.2
-L.6
12

2
2

.8s

.4

.5

0.66s 2.9m 6.4s

Positive for flow out of the borehole; negative for flow into the borehole.
Positive for discharge from borehole; negative for discharge from outcrop.

c( ) represents hours of missing temperature record.
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FLOW LOG, WELL UZ6S, MARCH 1988

0 10 20 30
DEPTH, IN METERS

FIGURE 3. Fraction of total flow from
UZ6S as a function of depth in borehole.

too snail to produce detectable changes in the
najor gas chemistry. During these mixing
cycles, CO2 and CH4 varied systematically and
inversely in a manner consistent with mixing of
atmospheric air with varying proportions of
formation gas, and in fact, gas composition, as
well as physical measurements could be used to
infer the direction of airflow under variable
conditions.

The neutron holes are also subject to
influx of atmospheric air. However, the flow
regime at the neutron holes was not studied in
detail. Rather, their primary function in this
study was to provide baseline geochemical data
for identification of possible sources of gas
to UZ6S. Thus, regardless of the sampling
time, and the flow regime, the neutron holes
were evacuated, if necessary, until formation
gas was obtained from them, as evidenced by
constant gas composition, or lack of CK4.

3. UZ6S geochemistry. Concentration
data for CO2 and CH4 are too numerous to
tabulate here; data from all winter UZ6S
samples are presented, with ± la error bars, in
Fig. 4. Numbers of samples from each depth for
each year range from 5 to 25, averaging about
10. All carbon isotope data collected from
UZ6S are presented in Tables 2 and 3.

In spite of the frequent summer flow
reversals at UZ6S, the borehole data from 3 m
and 6 m show that by the end of the annual
winter exhalation cycle, for three successive
years, the composition and isotope chemistry of
che gas exiting UZ6S at the surface Is quite
constant. UZ6S gas contains less than 0.2 ppnrv
CH^, between 0.12 and 0.13% CO2, has a «13C -
-17.15 ± 0.2*/= (based on the direct gas
analysis), and a 14C content of 108 ± 0.5 pmc

for three successive years, in spite of the
fact that roughly 10 m /yr of gas are exhaled
from the borehole. Within this generally
constant composition, there is a slight shift
with time, mostly in 1989, toward slightly
higher CH4 and lower CO2 concentrations
(Fig. 4).

Fig. 4 and Tables 2 and 3 also show that
the gas composition and isotope chemistry as a
function of depth in the borehole were nearly

CO2 VOLUME. IN PERCENT

0.05 0.1 0.15

400

500

1989
"1987

CH4

0.5

20

40

60 8
ui

80

100

120

140

CH4 ppmv

FIGURE 4. Mean concentrations of CO2 and
CH4 in borehole UZ6S. Error bars represent
± la; upper - 1987, center - 1989, lewer -
1988. Numbers of samples from each depth
range from 4 to 25, averaging about 10.

constant to a depth of 107 m in 1987 and 1988,
with CO2 concentrations decreasing slightly
with depth to 122 m. In 1989 there is a small
but definite shift at all depths, moat
pronounced at 30 m, to higher CH4 and lower CO2
concentrations. At the 30 m sampling depth,
gas compositions began to change discemably in
1988. Samples collected from 3/8/88 to 3/10/88
showed compositions similar to those observed
in March 1989 (this event is largely obscured
by the data averaging used in Fig. 4). The
remainder of the 30 m 1988 samples, through
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TABLE 2. CARBON-13 CONTENT*
1 OF OPEN-BOREHOLE GAS SAMPLES AT YUCCA MOUNTAIN

Collection Dace and Method

Atmosphere
Surface Soil

Gas

Borehole/desth
UZ6S

3.
6.
12.

18

30

61
106

121

137

UZ6

0a (10ft)
la (20ft)
2B (40ft)

.3a (60ft)

.5a (100ft)

.0a (200ft)
-7a (350ft)

.9a (400ft)

.2a (450ft)

3/20/87-
4/05/87

KOH

-21.35
-16.63*
-14.62f

-17.52
-17.50
-17.41

-17.01

-16.86
-16.56

-16.51

-16.72

Annulus 3.0a (10ft)
549a (1800ft)

Neutron Holes
N71
N72
N73
N74
N75
N76
N93
N94
N95

15.8a (52ft)
9.2a (30ft)
9.2a (30ft)
11.3a (37ft)
11.3B (37ft)
10.7a (35ft)
12.2a (40ft)
9.2a (30ft)
6.1a (20ft)

-18.10

12/05/87
12/15/87

&&S

-17.
-16.

-16.

10
80

75

lost

-17

-13
-17
-18
-17
-17
-16
-17
-17

.35

.40

.80

.30

.45

.35

.95

.25

.75

£§.

-8.

-17.
-17.
-17.
-17.
-16.
-16.
-17.
-15.
-17.
-16.

3/10/88-
3/25/88
sb KOH

65

15
20
00
108
95
958
20
458
00
,90

-16.708
-16
-16
-17
-17

-18
-18

.45

.708

.45

.408

.35

.50
lost
-17.15
lost
-17
-17
-17
-17

.05

.25

.70

.60

-17.

-16.

-14.

-18.
-17.

-17.

-17.

-19
-19
-16
-18
-17
-16
-19
-18
-18

30

38

76

06
53

51

08

.40

.00

.41

.18

.10

.61

.42

.98

.39

3/20/89-
3/29/89

j>asc KOH

-17.25
-17.10

-16.85

lost

-16.70
-16.60

-16.30

lost
-17.60

-18.50
-18.15
lost
-17.40
-16.00
-17.10
-17.15
lost
-17.55

-13.

-17.
-17.

-17.

-15.

-16.
-16.

-15.

-17.

-17
-17

-19
-17
-17
-17
-16
-18
-18
-17
-17

18

08
15

32

19

71
27

96

.13

.71

.85

.00

.94

.43

.48

.69

.21

.40

.97

.90

aData entries are,6 C (permil), relative to the PDB standard.
"Collection date: 3/02/88
^Collection date: 3/24/89
Tfean of 14 samples (standard deviation - 0.25) collected during the months of
March, April, and May froa 1984 through 1989; 8 samples by direct gas
collection, 6 by KOH.
^Sample collected near borehole UZ1 in April 1984.
fSample collected near borehole UZ1 in April 1985.
^Collection date: 3/10/88

V22/88, were indistinguishable froa the 1987
•••pies, but in March 1989 the gas chemistry at
"» 30 m level shows a definite change.

The 3/10/88 and March 1989 1 3C samples
•how a «

 JC maximum at 30 m, superimposed on a
S«neral trend with depth, to 122 m, of slightly
increasing iJC content, with a net increase
*lth depth of about 0.5'/«- A slight maximum
"» the C content at 30 m is observed in all

three years, superimposed on a general decrease
in 14C with depth. The greater variability
observed with time at the two deepest UZ6S
sampling depths is difficult to interpret,
because of the absence of flow data below 32 m
and the fact that the deepest part of the
borehole occurs in bedded tuff.

Excluding the above changes, the data show
that most of the gas entering UZ6S at depth
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TABLE 3. CARBON-14 CONTENTa OF OPEN-BOREHOLE GAS SAMPLES AT YUCCA MOUNTAIN

Collection Date

Atmosphere

Surface Soil Gas

Borehole
UZ6S

3
6
12
18
30
61
106
121
137

.9m

.lm

.2m

.3m

.5m

.0m

.7m

.9m

.2m

and deDth

(10ft)
(20ft)
(40ft)
(60ft)
(100ft)
(200ft)
(350ft)
(400ft)
(450ft)

UZ6
Annulus 3.0m (10ft)
549m (1800ft)

Neutron Holes
N71 15
N72 9
N73 9
N74 11
N75 11
N76 10
N93 12
N94 9
N95 6

8a (52ft)
2a (30ft)
2a (30ft)
3a (37ft)
3a (37ft)
.7a (35ft)
.2m (40ft)
.2a (30ft)
-la (20ft)

3/20/87-
4/05/87

123.
123.
121.
125.

7 ±
0 ±
4 ±
6 ±

124.4 +

121.
124.
124.

108.
108
107
109

110
109
99
98

55

1 ±
3 +
4 +

.8 ±

.2 ±

.5 ±

.0 ±

.5 ±

.3 +

.4 ±

.8 ±

.2 ±

1.
1.
1.
1.
1.

0.
0.
1

0

0
7
0.
0b

8C

5,
4b

.8°

.4
0.4
0
0

0
0
0
0

0

.4

.4

.4

.4

.4

.3

.3

3/10/88-
3/25/88

108.
108.
112.
111.
109.
101.
94.

115
112
116
111
117
107
119
116
111

7
3
6
4
5
7
6

.1

.1

.u

.3

.5

.9

.3

.0

.6

± 0.
± 0.
± 0.
+ 0.
± 0.
+ 0.
± 0.

± 0
± 0
± 0
± 2
± 0
± 0
± 0
± 0
± 0

4
4
6
4
4
4
4

.4

.5

.6

.3

.6

.3

.4

.4

.4

3/20/89-
3/29/89

121.

118.

108.
107.
106.
110.
109.
108.
103.
92.

97.
43

112
114
114
no
115
102
117
114
110

1

8

6
2
7
8
5
6
0
.2

.9

.7

.7

.1

.3
5
.6
.0
.7
.2
.0

± 0.

± 0.

+ 0.
± 0.
± 0.
+ 0.
± 0.
± 0.
± 0.
± 0.

± 0
± 0

± 0
± 0
± 0
± 0
± 0
± 0
± 0
± 0
± 0

7

5

7
4
4
6
4
.4
6
.4

.4

.4

.5

.9

.5
5
.5
.9
.5
.5
.5

aData entries are percent modern carbon(pmc) ± Iff counting statistics,
relative to the NBS oxalic acid standard.

bCollection date: April 1984; samples collected near borehole UZ1.
Collection dute: April 1985; samples collected near borehole UZ1.

varies little in composition to date, with CO2
chemistry defined by: 0.10% < COj < 0.13%-
17.5*/= < tUC <-16.5'/-.; and 105 pmc < 1 4C

< 112 pmc for three consecutive years.

4. UZ6 geochemistry. Because
barometric effects predominate at UZ6 even
during the winter, air exiting UZ6 always
represents some mixture of air and formation
gas. Thus no attempt at detailed Isotoplc
sampling was made at UZ6. Ths only isotopic
data that were collected (Tables 2 and 3) were
from the 549 m depth and from the casing
annulus, which draws from a shallow, but

unknown depth. The particular results of
interest at 0Z6, because of their possible
implication regarding flow systems. Is that the
C content of the 549 a sample is only about

55 pne In 1987 and 44 pmc in 1989.

5. Neutron hole geochemistry.
Examination of Tables 2, 3, and 4 shows that
the neutron hole gas composition and Isotopic
signature are generally constant in March from
year to year, although the CO2 contents of the
neutron holes exhibit sore variability among
boreholes than is seen In the UZ6S gases.
Based en the data obtained by direct gas
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TABLE 4. C02 AND CH4 CONCENTRATIONS
IN NEUTRON HOLES AT THE CREST OF
YUCCA MOUNTAIN*

Borehole CO2
D

N71
N72
N73
N74
N75
N76
N93
N94
N95

0.168
0.131
0.121
0.120
0.103
0.113
0.112
0.128
0.128

± 0.005
± 0.014
± 0.016
± 0.008

0.05
0.16
0
0

± 0.07
+ 0.11

15 ± 0.11
09 ± 0.10

± 0.015 0.14 ± 0.11
± 0.005
± 0.012
± 0.009
± 0.007

0.
0.
0,
0.20 ± 0.13

19 ± 0.12
08 ± 0.07
15 ± 0.17

"Mean values ± 1(7 for all samples
collected in March 1987, 1988, and
1989.
Data are in volume %.

cData are in ppnv.

collection, the 6 C of neutron hole CO2 is
•bout 0,5*/,, lighter than gas from the upper
30 m of UZ6S, and about 1*/. lighter than gas
from 107 a and 122 • at UZ6S. The C contents
of the neutron hole gases average about 5 pnc
•or* aodern than the shallow UZ6S gases, and
urn correspondingly sore modern than the deeper
'.Q26S gases. The cause of the change in carbon
isotopes at S76 in 1989 is unknown.

DISCUSSION AND INTERPRETATION

The topics of primary interest are: A)
. die aechanism(s) producing the abundant flow in
the open boreholes, B) the geochemical origin
'end age of the UZ6S gases, C) the inplications
of the observed flow and chemistry with respect
to geocheaical studies at Yucca Mountain, and

: 9) inferences that can be drawn regarding the
'natural circulation of gas at Yucca Mountain in
the absence of open boreholes.

• A. Flow.

; Because of the topographic and
geologic setting of these wells, they are, as

;- anticipated, subject to circulation arising
froej a thermally driven topographic effect.

; The Initial observations and interpretation of
, flow at UZ6S and UZ6, based on data froa 1986,
«• presented by Weeks. In that paper, the
usentially continuous winter-season exhalation
horn UZ6S (Table 1) is explained as arising

: froa a topographic effect, in which the column
°f cooler dry atmospheric air extending from
outcrops in the valley upward to the hillcrest
*utn«ighg the column of warm, moist air
•Mending from the same outcrops through
fractured rock to the base of the borehole and
"P through the open borehole to the hillcrest

(Fig. 5). At Che UZ6S wellhead, the calculated
difference between atmospheric pressure and the
pressure in the borehole at the top of the
casing, assuming separate isothermal profiles
in the atmospheric air column and in the
fractured rock - borehole gas column, is given
by the equation

AP - (exp
-gAZ -gAZ

- exp ), (3)

where
AP -
?l -

g -

AZ -

Tgv -

and

pressure difference: (Pa),
atmospheric pressure at
outcrop: (Pa),
acceleration due to
gravity: (m/sz),
difference in altitude
between outcrop and top
of well casing: (m) ,
air-specific gas
constant: (J/kgK)
virtual temperature of
soil gas: (K),
virtual temperature of
atmospheric air: (K).

The virtual temperature is defined as the
temperature at which dry air would have the
same density as air with its prevailing
moisture content and temperature. To a first
approximation, the temperature and virtual
temperature of low-humidity air are the same.

P1TAVJ

FIGURE 5. Sketch illustrating the topo-
graphic effect on convective air flow. P2ŷ
and P2y are the atmospheric and borehole
exponential terms, respectively, in ?q. (2).

According to this theory, the pressure
differential, and hence flow, should be zero
when the virtual temperatures of the air and
rock gas are equal. The winter gas discharging
from UZ6S has a wellhead temperature of about
17°C. Repeated temperature logs, even during
periods of air inflow, show temperatures at
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depth in UZ6S ranging between 16*C and 18°C.
The virtual temperature of water-vapor
saturated air at 17°C and 85 kPa is 19.5°C.
Thus, from eq. (3), at atmospheric air
temperatures (= virtual air temperatures)
> 19.5"C flow should be into the borehole.
However, from eq. (1), flow is observed to be
zero at an air temperature of 23.8"C, and out
of the borehole at lower atmospheric air
temperatures. Thus there is a discharge of gas
from UZ6S between 19.5'C and 23.8*C and a
substantially greater net discharge at all
temperatures < 23.8'C, thai, is predicted by eq.
(3). This excess net discharge is equal to
the temperature difference between 19.5°C and
23.8"C multiplied by the slope of the flow-
temperature relationship, and is about

6x10 nr/y. The cause of this discrepancy
between observation and theory is unknown.

Topographically induced circulation of air
in wells may occur simultaneously with
barometrically Induced circulation. The
transmission o£ an atmospheric pressure change
at land surface through the unsaturated zone to
a point at depth is delayed by the
compressibility of the gas and the resistance
to flow imposed by the medium10 (Fig. 6).
Thus, an uncased well bore (or a well with
slotted casing above the water table) will tend
to intake air during a period of rising
barometric pressure, and to exhaust air during
a period of falling barometric pressure.

'-\ 1 1 1 I J 1
t&BP)

mfinmgbed

Fractured Rock

Clung* n torruaon
a> p m s n du* to ABP

Water Table

FIGURE 6. Sketch Illustrating the effect of
barometric pressure changes on air flow in
boreholes open to the atmosphere-''

Substantial quantities of water vapor and
CO2 are discharged from UZ6S. The total vapor
discharge suimed over the 30 month data-
analysis period (Table 1) is about 40 or of
liquid water. Although this is a large volume
of water, net drying of the rocks in the
vicinity of UZ6S is limited. Forty m of water
is equivalent, for example, to an annual
infiltration of only 0.4 mm/yr over a circular
area of 100 m radius around UZ6S. The mean CO2
content of air discharged from the well during
winter is about 0.125% by volume (Fig. 4),
whereas air entering has a CO2 content of
0.035%. Hence, the discharged air is enriched
in COo by 0.090%. For a mean annual discharge
of 10s m of air, this translates into a net
discharge of carbon of 380 kg/yr ( = 3.2x10*
mol/yr), or about 1150 >^ for the 30-monih
, , lou. Fi r & SOII-CO2 production rate of 10
mol/mz/yr, typical of this climate and
vegetation , this is equivalent to the annual
CO2 productivity over a circular area of about
35 m around UZ6S.

Flow at UZ6S occurs primarily at shallow
depths. Fig. 3 shows that =» 50% of the UZ6S
gas enters the borehole at depths above 20 m,
» 30% between 20 and 32 m, with the remaining
20% entering the borehole below 32 a. No
anomalies in the physical measurement* at UZ6S
have been noted to date that coincide with the
observed shift in gas composition at 30 • In
1988 and 1989.

B. Geochenlcal Origins of UZ6S Ga*.

The postulated origin of the UZ6S gas .
is based on inferences that can be drawn fros
the abundance of CO2 and CH4 (primarily by
virtue of its near absence), and the Isotopic
signature of the carbon In the COj. The
potential sources of carbon At Yucca Mountain
are atmospheric air, soil and/or shallow
unsaturated-zone gas, gas from deeper in the
unsaturated zone, fracture-filling carbonate
minerals and dissolved COj In the unsaturated-
zone pore waters, and CO2 that might arrive at
UZ6S by upward transport from the saturated-
zone groundwaters. The geochemlcal
characteristics of each of these potential
sources, to the degree to which they are known,
are listed below.

s

Correlation analyses of flow and
barometric pressure data confirm that short-
term variations in flow rate result from
barometric changes. On an hourly basis, about
50% of the variation in flow at UZ6S is
accounted for by barometric pressure changes.
However, on a daily basis, barometric changes
explain only 6% of the flow variation. For
10-day averages, the correlation coefficient
between flow and barometric pressure change is
zero, confirming that barometrically induced
inflow and outflow equalize over time.

The chemical and isotopic characteristics
of atmospheric air as measured at Yucca •
Mountain are shown in Tables 2 and 3 and
Fig. 4. (N2. O2, and Ar concentrations, not
shown, are indistinguishable from air). The
"surface" soil gas samples, representing the
shallowest gases in the soil system for which
C data exist, have a C content equal to, or

slightly less than, that of air, but greater
than that of the neutron holes. The slight
decrease with time of UC in the air and
surface samples is presumed to represent
gradually decreasing atmospheric C. * The
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*3C content of the surface samples is quite
variable, for unknown reasons.

Shallow unsaturated-zone gas in the UZ6S
flow system is represented by the chemistry of
the gas samples from the neutron holes.
Additionally, neutron-hole gas is presumed to
represent a time-integrated sample, over a few
years to a few tens of years, of the CO2
chemistry of Yucca Mountain soil/root-zone gas.
Studies at other locations ,15 show that in
uniaturated porous media the gas chemistry at
depths of a few tens of feet represents an
average of the seasonal concentrations observed
in the soil zone, the average CO2 content of
soils.at a site on Jackass Flat, NTS, studied
by the authors is very similar to the CO2
content of neutron-hole and UZ6S gas. Studies
of soil gas and its carbon isotope
characteristics at areas near the NTS i Z l i b

show, at elevations corresponding to those at
Yucca Mountain, CO2 concentrations and £ C
values similar to those at Yucca Mountain
(•ethane concentrations were not measured in
these studies).

A significant difference between soil gas
and neutron-hole gas is noted in the
concentrations of CH4. All soil gases sampled
on and near Yucca Mountain show CH4
concentrations that axe depleted relative to
•ir, but still greater than 0.5 ppmv. In
contrast, neutron-hole and UZ6S gases generally
show CH4 concentrations near zero, suggesting
that methane consumption occurs in the sub-soil
uniaturated zone, as well as in the soil zone.

The available data on deep unsaturated-
zone gas at Yucca Mountain consist of the 1987
and 1989 samples at 549 m from UZ6 and of data
froa borehole UZ1 1 7 to a depth of 365 m, which
it roughly equivalent stratigraphically to a
dapth of 400 m at UZ6. In both boreholes, the

concentration and
I

* CC signature are similar
to UZ6S gas. An important difference is
obierved in the 1 4C content, however, in that
the deep gas samples from UZ6 and UZ1 all have
14C contents < 55 pmc. Preliminary carbon
lcotope data are available from two pore water
ucples In bed tuffs underlying the Tiva Canyon
•t borehole UZ4, at the base of Yucca Mountain
•HE of UZ6S.18 The 1 4C contents are 89 pmc and
55 pmc from samples at 97 m and 104 m, and are
thus qualitatively consistent with the UZ1 gas
<J«a. At the same depths, «13C - -20.0V» and
•26.7*/<o. If there has beeii no fractionatlon
tyring squeezing, these are among the lightest
I C's observed at Yucca Mountain.

The isotopic composition of fracture-
filling carbonates from Yucca Mountain cores
!•*•, been studied by Szabo and Kyser. " The
fk C values for these carbonates ranges from
•**/« to -8*/«,. Ages of carbonate minerals
eitinated by uranium-series dating range from

Data on groundwater chemistry in the
vicinity of Yucca Mountain show that
dissolved CO2 in the ground water ranees from 1
to 3 mmol/1 (as bicarbonate), with 6 C values
of -5*/« to -ll'/m. and 1 C contents all less
than 25 pmc.

There are no data on dissolved CO2
concentrations from unsaturated-zone pore
waters at Yucca Mountain. Using cation-anion
balances with data from UZ4 and UZ5 bedded tuff
pore waters obtained by triaxial compression,
the concentration of dissolved CO2, as
bicarbonate, can be inferred to be low--about
1-2 mmol/1 This value is consistent with
calcite equilibrium at the ambient UZ6S CO2
pressures and pH values of some saturated-zone
groundwaters, and it is consistent with
simplistic calcite equilibrium calculations
assuming that calcite is the only source of
dissolved calcium and bicarbonate available to
the UZ6S pare waters. Further evidence for an
approach to equilibrium is provided by the C
data. Given that «13C - -17.1*/« for UZ6S
C02(g)the 13C fractionation factors 2 forthe 13C fractionation factors 2 for
CO2(g) - HC03" - CaCO3 predict S

13C values at
equilibrium of approximate.1/ -8.5*/«i for HCO3'
and -6.3*/,, for CaCOj, consistent with the
observed values. If these carbonates are
isotopically similar to UZ6S carbonates, C
isotopic equilibrium at UZ6S is suggested.
However, confirmation of chemical and isotopic
equilibrium can only be obtained by acquisition
of pH, HCO3", 13C and 1 4C data from UZ6S pore
waters and carbonate minerals.

The above data, used with some simple
chemical and Isotopic mass balance
considerations, lead to some important
conclusions regarding the origin of the UZ6S
gases, and the flow in the system. These
calculations are based on the bulk composition
of the gas leaving UZ6S, that is, the gas as
represented by the 3 m and 6 m sampling
intervals. This gas has the following average
characteristics: CH4 - 0.1 pomv; CO2 - 0.125%;
carbon-14 - 108.5 pmc; and «13C - -17.15V»-
The following conclusions can be drawn.

1. Direct advective input of
atmospheric air, without reaction, is not the
primary source of UZ6S gas. UZ6S gas contains
little or no methane, and roughly three times
the concentration of CO2.8S air (with a
significantly different 1 3C signature), and
thus must be derived principally from reactions
taking place in the soil/root zone, the shallow
unsaturated zone, or deeper in the rock-water
system. The concentrations of the major
atmospheric gases at UZ6S are not significantly
altered by these reactions.

2. A 1 4 C

26,000 yr to > 400,000 yr;
be < 4 pmc.

14 C is thus presumed

UZ6S gas is "young",
content of 100 pmc is defined by a standard for
atmospheric C activity prior to the advent of
atmospheric nuclear weapons testing (pre-bomb);
by definition, any ^*C content of > 100 pmc is
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post-bomb. Because the average C content of
UZ6S gas is 108.5 pmc, the mean mol-weighted
age of UZ6S gas is < 35 yr (post-bomb).
Various scenarios are possible involving thg
interaction between post-bomb atmospheric CO2
and soil-zone CO2, with corresponding
differences in the relative proportions of
possible source-components of UZ6S gas.
However, no matter what model it chosen, the
conclusion is inescapable that UZ6S gas is very
young.

3. Conversely, the contribution of
CO2 to UZ6S gas from deep unsaturated-zone gas,
ground water-derived CO2, and fracture-fill ing
carbonate minerals, taken singly or together,
appears to be small. The average C content
of neutron hole gas (Table 3) is 113.2 pmc. If
UZ6S gas consists of a mixture of neutron-hole
gas and CO2 from a second source, the second
CO2 source can comprise only 5% of the total if
it is "dead" ( *• C - 0 pmc), or 9% of the total
if the second source has C - 50 pmc. Thus
little input of CO2 to the UZ6S flow system
from deep unsaturated-zone gas, dissolved CO2
in groundwaters, or carbonate-derived CO2
appears feasible. The similarity in carbon-13
content between the neutron hole gas and UZ6S
gas, and the difference between both relative
to the S C of fracture-filling carbonates and
groundwater-C02, supports this conclusion.

The role of UZ6S pore waters, in the
absence of data, remains speculative. If the
bulk C content of UZ6S carbonates is near
zero, the gas - pore water - carbonate system
cannot be in C isotopic equilibrium. A •
plausible hypothesis is that the pore water •• C
Is near, or at, isotopic equilibrium with
gaseous CO2, and with a surface layer on the
carbonate minerals; the feasibility of C
isotopic equilibrium is discussed above. Under
these conditions, the pore waters could act,
via equilibrium fractionation, as a source of
CO2 with a UZ6S-gas C and C signature as
long as the amount of CO2 leaving the pore
waters is sufficiently small that the 1 3C
content of the dissolved bicarbonate does not
begin to shift significantly in response to
continued removal of "lighter" CO2. To a first
approximation, fractionation effects on C
would be negligible.

4. There may be little connection
between the shallow and deep parts of the
unsaturated zone in the vicinity of UZ6S and
UZ6. The observed *• C content at 549 m in "JZ6
is less than 55 pmc. Thus, even in this
totally open borehole, the bottom of UZ6 is not
subject to the same degree of Influx of shallow
(or atmospheric) gas as is UZ6S, suggesting
chat there is not open communication of gas
between the shallow and deep systems penetrated
respectively by the two boreholes. This
conclusion is consistent with data obtained
from the instrumented borehole UZ1. At UZ1

the 1 4C content of gases decreases
systematically from >100 pmc at shallow depths
to <50 pmc at a depth of 365 m.

C. Implications for Geochemical Studies .

Deep unsaturated»zone boreholes, if
they have not been naturally flowing for
substantial time periods, must be extensively
pumped before representative geochenical "
samples can be obtained. The observation that
barometric effects can predominate at UZ6, even
in winter when the thermal-topographic drive is
at a maximum, and that substantial downward
flow due to both barometric and thermal-
topographic effects occurs in both boreholes
during the summer, leads to the conclusion that
substantial contamination of boreholes With air
can occur both during and/or after drilling.

On the other hand, the observations at
UZ6S strongly suggest that the Yucca Mountain
unsaturated zone system is much less subject to
disruption than was originally thought. r
Approximately 2x10 a3 of gas were exhausted by':
UZ6S in 1987 and 1988 before definite chemical
changes were observed in 1989, and significant
changes in 1989 were observed only at the 30 •
depth. This implies the existence of a large
reservoir of CO2 of essentially constant
composition in the portion of the shallow Yucca
Mountain unsaturated-zone flow «yste» tapped by
boreholes UZ6S and UZ6. This reservoir could
result from either the buffering of CO2
chemistry by pore waters (volumetrically, the
aqueous CO2 reservoir is nearly 33x the gaseous ',
CO2 reservoir), or by gas flow (with little
pore water interaction) from a large area of
Yucca Mountain, perhaps upward along the •
eastern dip slope. '

D. Inferences regarding natural flow

No data exist to indicate the extent to
which air flows through the fractured rocks of
Yucca Mountain in response to either theraal- •-
topographic or barometric effects in the
absence of boreholes (natural flow).
Barometrically induced flow under natural
conditions is unlikely to extend to a depth of
more than a few meters. However, thermal-
topographic circulation probably occurs, at a '
much reduced rate, even in the absence of open '
boreholes. For example, the presence of post-
bomb C to depths of more than 100 • at the
crest of Yucca Mountain suggests that
significant thermal-topographic circulation
occurs. These data contrast with the data from
UZ1, which show C contents less than 100 pmc
at all depths greater than 30 m. In addition,
steadily flowing fractures heve been observed
by Carr at two limestone ridges located about
35 km SSE of Yucca Mountain.

To test the hypothesis of significant
natural flow, Kipp2 has simulated thermal-
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t* Upographic flow through a highly ideal ized
croas-section of Yucca Mountain, using the
gST computer code. Kipp's resu l t s indicate
that natural flow should occur on a seasonal
baaie. with winter flow entering the Sol i tario
Canyon outcrop (the only outcrop simulated) at
rates of a few m/day, and flow at slower
velocities ex i t ing the outcrop in summer,
areally, the simulated flows Into and out of
the mountain average a few m3/mz/yr. Although
significant, these fluxes simulated for natural
conditions are about f ive orders of magnitude
leas than the flow rates observed at UZ6S.
although th is s implif ied model supports the
Hypothesis of natural thermal-topographic
circulation, much work remain* to be done
before the model can be validated. The
development of physical and/or chemical
techniques to provide direct estimates of the
Magnitude of thermal-topographic c irculat ion
under natural conditions at Yucca Mountain
remains an important unsaturated-zone
research need.
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