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ABSTRACT

The Bullion site in Area 20 of the Nevada Test Site has been selected for an intensive study

of the hydrologic consequences of underground testing, including subsequent radionuclide
migration. The bulk of the chimney and cavity lie in zeolitized tufts of low hydraulic

conductivity, while the base of the cavity may extend downward into more conductive rhyolite
flows. A mathematical analog to the Bullion setting is used here to estimate expected

radionuclide migration rates and concentrations. Because of a lack of hydrologic data at the site,
two contrasting scenarios are considered. The first is downward-transport, in which downward
hydraulic gradients flush chimney contents into the conductive underlying units, enhancing

migration. The other is upward-transport, in which upw,'u'd gradients tend to drive chimney
contents into the low-conductivity zeolitized tufts, discouraging migration. In the

downward-transport scenario, radionuclide travel times and concentrations are predicted to be
similar to those encountered at Cheshire, requiring approximately 10 years to reach a proposed

well 300 m downgradient. The upward transport scenario yields predicted travel times on the
order of 2,000 years to the downgradient well. The most likely scenario is a combination of these

results, with vertical movement playing a limited role. Radionuclides injected directly into the
rhyolites should migrate laterally very quickly, with travel times as in the downward-transport

scenario. Those in the zeolitized tuff-walled portion of the chimney should migrate extremely
slowly, as in the upward-transport scenario.
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PREFACE

This report was originally prepared in ttle Fall of 1990 to support planned drilling of a

downgradient hydrologic monitoring hole at the Bullion site. Rough predictions of anticipated

travel times for contaminants were needed to determine the optimum monitoring location.

Subsequent loss of access to a postshot hole to be used for cavity monitoring (U20bd-PSaa)

made the Bullion site less desirable for downgradient monitoring. As a result, the report was not

completed at that time.

Since the initial preparation of this report, the mathematical solutions have been refined

and their application reported on in several papers (Brikowski, 1992a; Brikowski, 1992b;

Brikowski, 1991a). The present report contains information useful to any further investigations

at the Bullion site and, therefore, it has been released for publication. The interested reader is

referred to Brikowski (1991b) in particular for estimates of tritium plumes at this site.



INTR()I)UCTI()N

Estimates of likely concentrations and rates of migration of radionuclides irl

groundwater at the Bullion site are developed in this report. The Bullion device was

detonated in 1990 apploximately 50 m below tile water table, and the site has been proposed

For a "cradle to grave" study of radionuclide migration related to underground testing.

Predictions of radionuclide migration are needed for the planning of future observations and

experiments at this site; however, inaking accurate predictions is difficult because of lack of

site-specific hydrologic information. For this reason, the relative effects of various factors

are emphasized here rather than precise estimates of travel time and concentrations.

Stratigraphic and geometric information (e.g., cavity location, etc.) at the site are

relatively well established. Relatively unknown are the distribution of hydraulic conductivity

and hydraulic head. Best estimates for these parameters based on the collective opinion of

Nevada Test Site (NTS) geologists, and on limited data available nearby, suggest that the

geologic units forming most of the cavity and chimney walls are significantly less permeable

than underlying units. A small, upward-directed head gradient is probable, which should

serve to contain most of the dissolved radionuclides in the less conductive rocks. Those

radionuclides emplaced directly in the underlying permeable unit should migrate rapidly

away from the site. Two scenarios are considered here based on direction of water movement

in the chimney. One is "downward-transport," in which a downward--directed gradient

encourages migration of chimney contents into the underlying conductive units, and the

other is "upward-transport," in which a small upward gradient and low conductivity of

chimney wall rocks limits radionuclide migration. The likelihood of either scenario is

unknown, although the upward-transport scenario is favored by the conventional wisdom

regarding Pahute Mesa hydrology.

Hydrologic predictions can be made using numerical techniques or analytic (exact

mathematical) solutions. In the case of a poorly characterized setting such as the Bullion site,

analytic solutions are preferred since results can be expressed as functions of one or more of

the unknown parameters. A disadvantage of this approach is that a greatly simplified view of

the system is often required. Numerical models demand little simplification, but require

specific values for ali parameters, and are of limited use when input parameters are highly

uncertain. Analytic solutions are used below to estimate radionuclide travel times and

concentrations expected in a proposed downgradient well at the Bullion site.

SETTING

The Bullion test was detonated June 13, 1990, beneath Pahute Mesa in Area 20 of the

NTS (see Figure 1 for location). The device was emplaced 50 m below static water level at a

depth of 674 rn (see cross section, Figure 2; location of cross section given in Figure 3). This









location is within the Undifferentiated Tufts and Rhyolites of Area 20 (referred to as

zeolitized tufts in this report, Trab in Figure 2). Assuming a typical cavity radius of 60 m,

the cavity would extend upward into the Paintbrush Tuff (Tp), and the chimney into the

Rainier Mesa Tuff (Tmr, Figure 4). Part of the cavity, as well as shot-generated fractures,

would extend into the underlying lavas of Area 20 (referred to as rhyolite flows in this

report, Trau in Figure 3).

Cavity radius can be estimated in another way. A "maximum credible radius" can be

determined from the depth of burial (DOB) of the test using expressions in Glasstone and
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Figure 4. Cross Section Showing Location and Stratigraphic Setting of Approximate
Cavity and Chimney at Bullion. Dashed circle is approximate extent of
heavy fracturing. Geologic base from Site Characteristics Report.



Dolan (1977). This radius is given by 0.0875 • DOB (see Brikowski, 1991b). The maximum

credible cavity radius at the Bullion site is 59 m.

Parameters needed for prediction of radionuclide migration include the hydrologic

characteristics of the site (hydraulic conductivity, porosity, and head distributions), distribution

of the initial radionuclide source, and nature of the thermal and pressure pulses from the test.

Since all of these parameters have yet to be measured at the site, predictions must be made with

"best guess" values. The data used in constraining these values are summarized below. Since the

analytic solution used in making the predictions treats steady isothermal flow, only conductivity and

head distributions need to be specified.

ttydraulic Conductivity

At the Bullion site, zeolitized tufts comprise most of the walls of the chi', :',"cyand cavity.

Tile Trab unit encountered in the emplacement well is described as 80 to 90 percent zeolitized

(Lawrence Livermore National Laboratory, 1990). For this reason, it is expected to have a very

low conductivity. A mean value Ibr hydraulic conductivity from 34 core samples of zeolitized

m 0_8 m
tuff from the NTS has been reported at 2 x 10-3 _ (or 2.3 x 1 s-"_;Borg et al., 1976, p. 30).

Most fractures in this unit are likely to be filled with zeolites as well and, therefore, values

measured on recovered cores probably reflect the true bulk conductivity of the rock.

A relatively safe assumption is that the rhyolite flows are more conductive than the

zeolitized tufts at the Bullion site. The underlying rhyolite flow units (Trau) are generally highly

fractured and quite conductive (Blankennagel and Weir, 1973). About 2.5 km southwest of

Bullion at UE-20a#2, some 650 m of this unit were encountered, with three principal permeable

zones occurring, presumably related to the presence of conductive fractures (Drellack, 1987).
Ill 2

Pumping tests of well UE-20a#2 yielded a transmissivity of 3.11 x 10-3 s-_ (reported as 18,000

gal. Blankennagel and Weir, 1973). For a pumped zone 742 m in height, this corresponds today ft'
m na

a conductivity of 3.49 x 10-.6s-_ (4.66 x 10-6 s-_ if Trau is considered to be the only flow unit).

The mean value measured by Blankennagel and Weir (1973) for transmissivity of rhyolite flows
naz naz

on Pahute Mesa was 4.63 x 10-3 _-, with a range of 1.97 x 10-4 to 2.01 x 10-2 s-_ (Borg et al.,

1976, p. 35).

Hydraulic conductivity of the overlying Paintbrush unit (Tp) is uncertain. This unit is

described as 75 to 90 percent zeolite, with secondary silica visible in pores (Lawrence

Livermore National Laboratory, 1990). Since the unaltered unit is generally composed of

unwelded, airfall tufts, it is likely to be relatively unfractured and have low conductivity even
when fresh.



l lvdraulic conductivity within the chimney is unknown. The bulking properties of most

Pahute Mesa units suggest conductivity will increase over that ill the wall rocks. At tile Faultless

underground test site, the presence of a small layer of unwelded tuff, similar to tile Paintbrush,

appeared to significantly impede flow through the chimney (Thordarson, 1987). The

conductivity of puddle glass may also be a factor, since ii could isolate the base of the cavity from

the surrounding rhyolite lavas. The hydrologic effect of this glass is entirely unknown.

! lydraulic Potential

The distribution of head in the vicinity of Bullion is not well known. Measurements of

static water levels in nearby wells suggest that the regional (horizontal) head gradient is low.

Between wells U-20a and U-20bd, a southwestward gradient of magnitude 0.018 is observed.

Upward vertical gradients were observed in U-20a, with magnitude 0.018, between conductive

zones in the rhyolite flow (Trau) unit and between the rhyolite flows and overlying zeolitized

tuff (Trab) (Blankennagel and Weir, 1973). Throughout Area 20, upward vertical gradients are
common.

In some cases, the variation of head with depth can be determined from water level

variations observed during drilling; unfortunately, at U-20bd the introduction of drilling fluids

may have strongly influenced water levels. Considered independently, water level records for

the well U-2Obd are indicative of decreasing head with depth (Figure 5). In particul,'u', the period

from 80 to 100 Julian days suggests water level equilibration at an elevation around 1,380 m,

with a well bottom elevation of 1,340 m. After deepening the weil, the standing water level

decreased to 1,356 m. Much of the fluid that reentered the well after blowing out appeared to

be drilling fluid (McKinnis, personal comm.) and, therefore, the water level at 100 Julian days

may represent substantially greater-than-equilibrium values. The low conductivity of the

zeolitized tufts should tend to keep drilling fluids in the vicinity of the weil, allowing head to

increase locally. The rhyolite flows are more likely to dissipate any drilling effects, and the low

and constant standing water level after hole deepening may reflect the proximity of the rhyolite

flows. A non-equilibrium interpretation of this data is supported by the fact that the observed

water-level changes indicate an upward gradient of 0.45, much larger than typical NTS values.

Porosity

An important factor in determining the infill time and dissipation of temperature and

concentration anomalies is the porosity in the near-field environment. Total porosity of the

stratigraphic units is well known for the preshot environment, and approximations for the

postshot are possible. Lawrence Livermore (1990) gives average total porosities of 45 volume

percent in the Tp and Trab. The porosity declines to 25 percent in the rhyolite flows. Effective,





or flow porosity, will be considerably smaller. Estimates for the Yucca Flat area are ().1 to 1

percent tor zeolitized tuff (corresponding to the Paintbrush and Area 20 turfs) (Garber, 1971).

Izl the chimnev rubble, effective porosity can increase by an order of magnitude, and Gather

( 1971) reports chimney effective porosities of 5 to 8 percent for zeolitized ash-flow tuff, and

1 to 3 percent for bedded tuff (analogous to the Tp unit). An estimated mean value of effective

porosity in Pahute Mesa chimneys is 15 percent (Fenske, 1969).

Distribution of Dissolved Radionuclides

The Bullion chimney intersects two distinctly different hydrostratigraphic units and,

therefore, radionuclides in the lower part of the chimney may have a different fate than those

in the upper part. For this reason, the distribution of radionuclides in the chimney mar be

important in predicting observed concentrations away ft'ore the chimney.

Very little data are ,available on the distribution of radionuclides within cavities and

chimneys. Thord_u'son (1987) provides some indication of the distribution of tritium with depth

in the Faultless chimney (Figure 6). Conflicting trends are present _n the Faultless data.

Concentrations at any depth remained relatively constant with time while the chimney filled

with water, although other time-series data suggest irregular periods of rising hot water or

descending cold water, perhaps indicating sluggish convection in the chimney. Water appeared

to perch within the chimney near a depth of 700 m, the approximate location of the sharp jump

in tritium concentrations (Figure 6).

In general, the Faultless chimney seemed to be characterized by downward movement of

water during filling, implying filling from above. The Bullion chimney seems likely to fill from

below since that is the location of the most conductive units. In such a case, radionuclides are

likely to be more evenly distributed in the chimney than observed at Faultless. For the purposes

of this study, concentrations at the base of the chimney will be assumed to equal values observed
p.Ci, _Ci

at Cheshire seven months after detonation (2.0 T_T), decreasing linearly to 0.2 _ at the

standing water level in the chimney (Erikson, 1990).

ANALYTIC SOLUTIONS

Given the above information, we seek constraints on the rate of travel, concentration, and

total amount of tritium that may escape from the Bullion chimney. Analytic solutions describing

groundwater flow through test chimneys can be used to provide some of these constraints

(Brikowski, 1991a). This type of solution is particularly useful in cases where parameter values

are poorly known because relative impacts of changes in parameter wtlues are easily determined.

The solutions used below describe only water movement and mixing in the geometry shown in

10
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Figure 7, and do not explicitly treat transport processes. In addition, the solutions assume steady

isothermal flow and, therefore, apply to the natural system only after the cavity has filled with

groundwater and cooled to near-background temperatures. This geometr T considers the

chimney to be a permeable cylinder that connects two tabular aquifers.

Equations are presented below that express the total groundwater flux in the aquifers and

the fraction of that water that has passed through the chinmey. This fraction can be interpreted

as the dilution expected as a result of mixing of wamr that has flowed through the chimney with

water that has flowed only through the aquifer. Such a dilution factor can be used to constrain

expected radionuclide concentrations. Given assumptions about the thickness of the aquifers,

the total flux can be used to estimate groundwater velocity and thereby constrain radionuclide

travel times. The major influences on radionuclide migration at the Bullion site are expected to

be conductivity of the zeolitized ruffs and the direction and magnitude of vertical hydraulic

gradients. The analytic solutions include these parameters explicitly, and can be used to examine

the impact of variability in the parameters on predictions of groundwater movement and

radionuclide migration.

Chimney

Figure 7. Geometry of Flow System Treated by Analytic Solution.
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The steady-state distribution of head and flux in this idealized geometry (Figure 7) has

been described by Brikowski (1991a). Head in each of the aquifers is expressed as a function

of position, and flux through the chimney Qc as a function of head gradients and problem

geometry. These solutions can be rearranged to obtain the ratio of chimney flux to total flux in

the aquifer at any point downgradient from the chimney.

Given expressions for the head hi(x,y) at any point in each aquifer (Brikowski, 1991a, p.

15), groundwater flux in the aquifer can be expressed as Qi = -Ti_Thi•The x-components of this

flux at any point (x,y) in Aquifers 1 and 2 can be written as:

x
Ql(x'Y) = - T1 ' Wl - (at +t'_2+ (_c) x2 + y2 (l)

Q2(x'Y) = - T2 ' W2 + (c_t + c_2 + Rc) x 2 + y2 (2)

The Ri are aquifer parameters representing the flow path length divided by transmissivity

of each part i of the geometry, 1_is a description of the net head loss across the system, W is the

head gradient in the x-direction. See Table 1 for further explanation of symbols.

TABLE 1. LIST OF SYMBOLS

Symbol Name Units

B x-boundary of aquifer m

h hydraulic head m

K hydraulic conductivity m/sec

Q specific discharge m3/sec
r radial coordinate m

T transmissivity m2/sec
x, z cartesian coordinates m

z elevation of top aquifer m

W horizontal head gradient

Ahz vertical head difference m

Subscripts Meaning

i ith aquifer
c chimney
x in the horizontal direction

z in the vertical direction

13



_z,-z2-- 0-2 -- * 2
_ l 2hT1 2hT2 Kc_rc

13= 2rc(W 1-w 2)+Ahz

where Ahz is the vertical head difference (preshot) between the aquifers. Directly downgradient,

eqs. (1) and (2) describe the total flux in the system (y-component of flux is 0).

The second term in eqs. (1) and (2) represents the contribution to the total flux from

groundwater passing through the chimney (Qc). The ratio of this term to the total flux Qi in the

ith aquifer gives the fractional concentration of "chimney water" in that aquifer at any point

downgradient from the chimney. Note that these fonnulas give meaningful (non-negative)

fractions only when the point (x,y) lies downgradient from the chimney, and are undefined at

(0,0). The chimney contribution in each aquifer can then be expressed as:

Q__ [3x

QI 4_tBT1 Wl (frc + _1 + _2) (x2 + y2) _ _x (3)

Qc_ Ix

Q2 4_BT 2 W2 (cre+ ot1 +a2) (x2 + y2) _ 13x (4)

PROCEDURE

Estimates or constraints are sought on the anticipated time of arrival and the concentration

of radionuclides at the site of a proposed downgradient borehole. Because of the lack of

hydrologic information at the site, a variety of migration scenarios can be envisioned. The most

influential hydrologic unknowns at the Bullion site are the direction of vertical hydraulic

gradients and the permeability of the hydrostratigraphic units.

In applying the analytic solutions described above, the Bullion site will be assumed to have

two principal "aquifers"; one of low permeability in the zeolitized tufts (Aquifer 1) and the other

of high permeability in the rhyolite flows (Aquifer 2). These aquifers are presumed to be in

hydrologic communication via the collapse chimney (i.e., chimney has relatively high vertical

permeability).

Two basic scenarios are identified here depending on the direction of vertical gradient.

These are _he"downward-transport" (Figure 8) and "upward-transport" (Figure 9) scenarios,

both assuming low conductivity in the zeolitized tufts. The unlikely combination of high

conductivity in the zeolitized tufts with downward gradients is included as a "worst-case." The

14



Downgradient Well
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Figure 8. Downward-Transport Scenario for Groundwater Movement and Radionuclide
Migration at Bullion.
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Downgradient Well
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Figure 9. Upward-Transport Scenario for Groundwater Movement and Radionuclide
Migration at Bullion.
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case where Aquifers 1 and 2 have similar high conductivity with an upward gradient is

essentially identical to tile Cheshire case (see Validation section), and is not considered

separately for Bullion. The rhyolite flows are likely to be highly conductive and are assumed
so in each of the scenarios below.

Given the available infomlation discussed above, appropriate parameter values were

selected for each scenario (Table 2). For the aquifer receiving the discharge from the chimney,

the chimney contribution, total flux, and contaminant velocity Vpore were computed for each

scenario (Table 3). In addition, computations were carried OUt for the Cheshire site, where

downgradient observations have been made of radionuclide migration.

To compute a value for travel time, the reciprocm of pore velocity must be integrated over

the path taken by the dissolved species. The particle or pore velocity Vpore is equal to the flux

Q in the aquifer divided by the cross-sectional area (B, assuming a unit width) and the porosity.

This integral is difficult to compute and in this study, a constant aquifer flux value equal to that

calculated at the well will be assumed. This will give a minimum estimate of the travel time since

actual velocity decreases away from the weil. The proposed observation well is assumed to be

located immediately downgradient from the chimney (y = 0) at a distance x = B (see Table 2).

Along this path, the chimney contribution to aquifer flux varies as I (see eqs. 1 and 2). Aquifer

TABLE 2. INPUTS: PARAMETER VALUES USED IN FLUX COMPUTATIONS.
CHIMNEY RADIUS rc IS APPROXIMATE.

Bullion

Parameter Cheshire Downward Upward Worst Units

T! 2.33 x 10.4 1.15 x 10--6 1.15 x 10-6 2.33 x 10--4 m2/sec

T2 ....9 33 x 10.4 2.33 x 10-4 2.33 x 10.4 ? 33 x 10--4 m"/sec

Kc 4.66 x 10--6 1.0 x 10-7 1.0 x 10-7 4.66 x 10.-6 m/sec

rc 100 70 70 70 m

B 305 300 300 300 m

z: 1250 1350 1350 1350 m

Z2 900 1230 1230 1230 na

Wl, W 2 0.02 0.02 0.02 0.02

Ahz --0.02 0.02 -0.02 0.02

17



TAI_LE 3. RESULTS" CIIIMNEY CONTRIBUTI()N AND T()TAL F'LUX F()R
BULLION SCENARIOS.

Bullion

Parameter Cheshire Downward Upward Worst Units
{)c
Q--7 ().0103 0.00099 (). 165 0.070

Q_ 5.19 x 10-6 4.60 x 10-6 2.75 x 1()-8 4.95 x 10-6 m3/sec

Vpore 1.04 x 10-6 9.20 x 10-7 5.50 x 10-9 9.90 x 10-7 nVscc

tarrival 9.14 10.33 1,728 9.60 vr

i = 2 for downward-transport

i = 1 for Cheshire and upward-transport case

Vpore computed assunaing 50-m-thick aquifer and effective porosity of 10 percent
tarrival is time of first arrival at downgradient hole.

flux varies by a factor of four between the chimney and observation well and, therefore, the error

in estimated travel time introduced by the assumption of constant velocity will be less than or

equal to 25 percent.

Predicted arrival times at the downgradient well are summarized for each site at the bottom

of Table 3. Scenarios in which radionuclides move primarily in the rhyolitic flows result in

predicted arrival times of about 10 years to the downgradient weil. Arrival times are two orders

of magnitude larger for flow in the tufts, reflecting their lower permeability.

Validation

The Cheshire site offers a unique opportunity to test this approach. At that site,

radionuclides were found to have migrated from the chimney into an upper aquifer. The point

of highest concentration had moved beyond a downgradient observation weil, a distance of 305
m

na in 11 years, implying a minimum velocity of 8.8 x 10-7 _. A probable naaximum vclocity
na

is 1.2 x 10-6 s-_, assuming first arrival of contamin:mts to have taken piace at eight years.

Application of eq. (1), given the parameters listed in Table 2, predicts a flux at the downgradient
m3

well of 5.19 x 10-6 T-_" Aquifers at Cheshire (actually fracture zones) were reported to be
Ili

approximately 50 m thick. This would yield a groundwater velocity of 1.04 x 10-6 _ (Table

3), similar to the velocity implied by downgradient observations at Cheshire. This is

encouraging, even with the greatly simplified depiction used here and the average rock

properties discussed above, computed values for velocity and travel time at Cheshire are

18



consistent with available field observations. Predictions of concentration (tid not fare as weil,

possibly a result of the assumption of complete mixing in these solutions, the ignored effects of

Ti

thermal input (Brikowski, 1989), or to overestimation of T-_2"Initial concentrations of tritium in

tile Cheshire cavity were 2.0 laCi;. --fffi- 11 years after the Cheshire event tritium concentrations of 0.6

!tCi (decay corrected) were found in the downgradient weil, ,'tdilution of 30 percent (Erikson,ml

1990). Computations using eq. (3) predict a one percent dilution factor at the downgradient weil,

an order of magnitude lower than observed (Table 3).

Predictions

The most reliable aspect of the results presented iq Table 3 are their relative magnitudes.

The procedure discussed above attempts to constrain a transient chemical transport process

using a description of steady groundwater tlow. This is not unreasonable, if groundwater

velocities are reduced by an order of magnitude, chemical mmsport rates are likely to be reduced

by a similar amount; however, knowledge of the velocities alone is not enough to produce an

accurate prediction of transport rates. Groundwater fluxes for the Bullion "upward-transport"

scenario are predicted to be two orders of magnitude lower than at Cheshire (Table 3). Assuming

effective porosity does not vary between the two sites, groundwater velocities will also be two

orders of magnitude lower, and travel times for conservative species will be increased by the

same factor. This prediction is based solely on the anticipated relative effect of reduced

groundwater fluxes in the upper aquifer. The implied travel time for radionuclides to arrive at

the downgradient well in the "upward-transport" scenario is approximately 2,000 years.

In the "downward-transport" scenario, travel times to the downgradient well should be

similar to those observed at Cheshire (approximately 10 years). Radionuclide concentrations in

this case are predicted to be an order of magnitude lower than those observed at Cheshire,

because !ess flux occurs through the chimney. Travel times are similar because conductivity in

the rhyolite flows is assumed identical to Cheshire in this scenario. Results for the "worst-case"

scenario predict similar fluxes and travel times but higher concentrations since high

conductivity in the upper aquifer allows more water to move through the chimney.

The most probable scenario is a combination of these results. Radionuclides injected into

the rhyolite flow migrate horizontally as in the "downward transport" case, while those in the

chimney above the rhyolite flows migrate horizontally as in the "upward-transport" case. In

effect, the tuff-walled portion of the chimney will act as a dead-end storage reservoir, its

low-permeability sides inhibiting horizontal and vertical flow. Assuming a radionuclide

distribution in the chimney similar to that observed at Faultless, approximately 25 percent of the
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total tritium produced in the test would be found in the rilvolites, and would move rapidly to the

downgradient well in this combined scenario.

Uncertainty

The hydraulic parameters at the Bullion site are particularly uncertain. The equations

developed above can also be used to show the variation of chimney contribution or total flux

with respect to any parameter. As noted above, the most influential parameters at this site are

the transmissivity of upper units, magnitude of vertical gradients, and conductivity of the

chimney.

For the upward-transport scenario, flux in Aquifer 1 and, therefore, travel time, is

primarily controlled by Ti (or alternatively the magnitude of the lateral gradient, Figure 10).

This is not surprising since the bulk of the travel path for radionticlides from the chimney would

be in Aquifer 1. The slope of 1 for the T1 line in Figure 10 indicates that order of magnitude

errors in estimates of Tl will lead to similar errors in flux and travel-time estimates. Errors in

other factors will have little influence, except in the case of unusually large upward head

gradients (_z). Chimney contribution or dilution factor is more sensitive to other factors (Figure

11). High concentrations are found downgradient only when conductivity of the chimney and

upper aquifer are of the same order of magnitude or when vertical gradients are extreme.

In the downward-transport scenario, flux and travel-time estimates will similarly be

sensitive to T2 (not shown) and otherwise are relatively insensitive to parameters other than the

cavity radius and extremes in vertical gradient (Figure 12). The chimney and upper aquifer are

presumed to have equal or smaller conductivity than the lower aquifer and, therefore, have little

effect on fluxes there. In the case of chimney contribution, sensitivity similar to the

upward-transport scenario is seen (Figure 13). Changes in T1 now produce a proportional

increase in contribution since increased flux in the upper aquifer encourages flushing of the

chimney contents downward.

CONCLUSIONS

The expected time required for non-sorbing radionuclides to travel from the Bullion cavity

to a downgradient well 300 m away from ground zero is on the order of 10 years, assuming

injection into the rhyolite flows. Approximately three-quarters of the tritium at the site is

expected to remain in the zeolitized tuff-walled portion of the chimney indefinitely. If strong

upward gradients are present, radionuclides may require up to 2,000 years to arrive at the

downgradient weil.

The predictions presented here are approximate, but kelp to constrain the expected travel

time, and provide an indication of the possible errors related to parameter uncertainty. Further
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predictions should include the effects of infilling of the cavity and thermal input from the test.

Consideration of these processes will require numerical modeling. The uncertainty estimates

presented here can be applied to such modeling results as well and, in fact, may be more useful

than the travel-time predictions included above.

A final caveat is in order. Hydrologic predictions are only as good as the data upon which

they are based. Since minimal hydrologic data are available at tile Bullion site, the accuracy of

the predictions made here must be regarded accordingly. If reliable predictions of radionuclide

migration are desired in the future, there must be a procedure for obtaining hydrologic data (the

vertical distribution of head and hydraulic conductivity) at each site before testing takes piace.

Otherwise, it will be impossible to know in advance ira site is worth monitoring for radionuclide

migration via groundwater, and downgradient wells may yield only uncontaminated samples.

Unfortunately, failure to encounter radionuclides in the downgradient well will not necessarily

constitute proof that transport is negligible at Bullion or any site. The conductivity in the

saturated zone of most of the NTS lies in fractures, which may have limited connectivity in some

directions. Radionuclides could move great distances along one fracture set, and be undetectable

in a neighboring set. While this seems unlikely at the Bullion site, a single downgradient well

will not conclusively demonstrate that transport is negligible even if no radionuclides are
encountered.
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