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ABSTRACT 

Analytic solutions are employed to investigate potential groundwater transport of tritium from 
a radioactive tracer site near the Project Gnome site in southeastern New Mexico. The tracer test was 
conducted in 1963 and introduced significant quantities of radionuclides to the transmissive and 
laterally continuous Culebra dolomite. Groundwater in the Culebra near Gnome travels toward a 
regional discharge point at the Pecos River, a distance of about 10 to 15 km, depending on flow path. 
Groundwater transport of radionuclides from the Gnome site is therefore of interest due to the 
proximity of the accessible environment and the 31-year time period during which migration is 
likely to have occurred. The analytical stochastic solutions used incorporate the heterogeneity 
observed in the Culebra by treating transmissivity as a spatially correlated random field. 

The results indicate that significant spreading of tritium will occur in the Culebra dolomite as 
a result of the combination of relatively high transmissivity, high spatial variability, and high spatial 
correlation of transmissivity. Longitudinal spreading may cause a very small fraction of tritium mass 
to arrive at the Pecos River within the 31 years since the tracer test. However, dilution and transverse 
dispersion will act to distribute this mass over a very large volume, thereby reducing groundwater 
concentrations. Despite the high degree of spreading, the calculations indicate that most of the 
tritium remains near the source. At present, the center of mass is estimated to have moved 
approximately 260 m downgradient of the test location and about 95 percent of the mass is estimated 
to have remained within about 1 km downgradient. 
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INTRODUCTION 

Radioactive tracer studies were conducted by the U.S. Geological Survey (USGS) at the 
Project Gnome site, approximately 48 km southeast of Carlsbad, New Mexico, as part of the U.S. 
Atomic Energy Commission's efforts to characterize groundwater transport of radionuclides in 
fractured rocks. All testing was conducted in February and March of 1963 in the Culebra Dolomite 
member of the Permian-age Rustler Formation. Approximately 20 Curies (Ci) of tritium (3H), 10 
Ci of cesium-137 ( 1 3 7Cs), 10 Ci of strontium-90 (90Sr), and4 Ci of iodine-131 ( 1 3 1I) were injected 
in a discharging-recharging well couplet. There was no reported attempt to remove these tracers 
from the Culebra Dolomite subsequent to the completion of testing so the radionuclides have been 
subjected to transport by groundwater during the 31 years since the tests. The groundwater hydraulic 
gradient near the Gnome site is directed southwest toward a regional discharge point at the Pecos 
River, therefore, the potential for groundwater transport of radionuclides to the accessible 
environment is of interest. 

The purpose of this study is to investigate potential groundwater transport of the radionuclide 
tritium from the Gnome tracer tests. The objectives are to evaluate the potential for tritium migration 
to points of potential human accessibility and to delineate the area within which tritium migration 
could most readily be characterized through future drilling and sampling programs. Both of these 
objectives are addressed through examination of the hydrogeologic factors important to 
groundwater transport using scoping calculations of tritium travel time and displacement. A 
travel-time approach is utilized to provide first-order approximations of radionuclide arrival times 
at the Pecos River, the assumed point of human accessibility. An analytical solution for the first two 
moments of tritium displacement is used to approximate the outer limits of the spatial distribution 
of tritium in the near field. It is recognized that uncertainty in the values of input parameters will 
influence the travel times and migration distances; therefore, both methods incorporate 
heterogeneity in the flow field by treating transmissivity as a spatially correlated random field. 
Uncertainty in parameter estimation of other hydrogeologic properties is also included in the 
travel-time methodology. 

Hydrogeologic Setting 

Project Gnome was the first nuclear detonation designed for peaceful purposes and the first 
underground event in the Plowshare program to take place outside the Nevada Test Site. The Gnome 
site is located in the northern part of the Permian-age Delaware Basin. The Delaware Basin is 
bounded by the horseshoe-shaped Capitan Reef and contains up to 5,550 m of sedimentary rocks 
that were deposited in a Permian sea. The Project Gnome detonation occurred on 10 December 1961 
with the shotpoint at a depth of 371 m in bedded halite of the Salado Formation (Cooper and 
Glanzman, 1971) (Figure 1). Underlying the shot point are 350 m of Salado evaporites and 490 m 
of Castille Formation evaporites, followed by basin-fill elastics and carbonates. Although the units 
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Figure 1. Cross section through Project Gnome site showing relation of nuclear cavity, drift, 
and shaft to local stratigraphy (after Gard, 1968). See Table 1 for stratigraphic 
descriptions. 

below the shotpoint are important for their oil and gas resources, no potable aquifers are thought to 
occur in them in the vicinity of Gnome (Chapman and Hokett, 1991). Overlying the shotpoint are 
170 m of Salado evaporites, the Rustler Formation, the Dewey Lake Redbeds, and Quaternary 
alluvial deposits. Evaporite dissolution within the Delaware Basin has impacted, and continues to 
impact, basin structure and stratigraphy through the removal of thick sections of evaporites. 
Subsequent differential collapse within the Rustler and lowering of the land surface have created 
surface depressions such as Nash Draw (Gard, 1968) which is to the north and west of the Gnome 
site (Figure 2). 
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Table 1. Generalized Stratigraphic Section of Rocks Exposed in the Gnome Shaft 
(after Gard, 1968). 

Age Unit Lithology 

Recent 

Pleistocene(?) 

Late Permian 

Alluvial bolson deposits 

Gatuna Formation 

Dewey Lake Redbeds 

Rustler Formation; 
Forty-niner Member 
Magenta Member 
Tamarisk Member 
Celebra Dolomite Member 
Lower member 

Salado Formation; 
Leached member 
Unleached part 

Unconsolidated sand 

Friable sandstone and conglomerate 

Thin-bedded siltstone 

Chiefly gypsum and anhydrite 
Silty dolomite 
Chiefly anhydrite and gypsum 
Dolomite 
Chiefly clay and silt, with some 
gypsum and anhydrite 

Chiefly claystone and siltstone 
Chiefly impure halite, with some 
anhydrite, polyhalite, and siltstone. 

The 110-m-thick Rustler Formation is predominantly composed of gypsum and anhydrite and 
generally has very low transmissivity. However, three units within the Rustler have been identified 
as aquifers: the Magenta dolomite, the Culebra dolomite, and a layer of dissolution residue at the 
base of the Rustler and the top of the Salado. Though both dolomite units are vuggy and fractured, 
the Magenta is above the regional potentiometric surface in the Gnome area (Cooper and Glanzman, 
1971) and so is not considered important to groundwater transport in the vicinity of Gnome. On the 
other hand, the Culebra is very important to groundwater transport at the site because it is a 
widespread, laterally continuous confined aquifer in the Delaware Basin (Gard, 1968). The Culebra 
has been identified in hundreds of drillholes and has a uniform thickness of 9 to 12 m (Gard, 1968). 
Groundwater in the Culebra is believed to be recharged to the northwest and discharges into the 
alluvium adjacent to the Pecos River (Cooper and Glanzman, 1971). Though water quality in the 
Culebra is generally poor due to dissolved solids, it is the only source of water throughout much of 
the area and is used to supply local ranches. The dissolution residue contains brine so is not used as 
a water resource but, like the Culebra, discharges into the Pecos River. Units above the Rustler are 
not considered transmissive and/or laterally continuous enough to be important for groundwater 
transport (Cooper and Glanzman, 1971). 

3 



Figure 2. Relation of Gnome location to dissolution of halite in the upper Salado Formation. 
Nash Draw is the surficial expression of large-scale dissolution. 

The degree of halite dissolution below the Culebra dolomite has been recognized as an 
important factor to groundwater flow and transport in the Culebra. Evidence from the Waste 
Isolation Pilot Plant (WIPP), which is approximately 9 km northeast of Gnome, suggests that when 
halite is removed by dissolution, stress is increased in the more competent overlying dolomite beds 
and they tend to fracture (Snyder, 1985; Lowenstein, 1987). The amount of halite dissolution below 
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the Culebra dolomite has been observed to increase from east to west in the vicinity of Gnome. This 
trend is accompanied by a coincident increase in Culebra transmissivity across the area, presumably 
as a result of increased fracturing in the dolomite (Haug et al., 1987). As a result, Culebra 
transmissivity tends to increase downgradient (southwest) across the area, although much of the 
transmissivity data exist northeast of Gnome where the amount of halite dissolution is less and 
Culebra transmissivity is lower. This analysis focuses on the region in which dissolution of halite 
in the lower Rustler/upper Salado results in higher Culebra transmissivity. 

Tracer Test Description 

The tracer test conducted at the Gnome site was designed to obtain values of the dispersion 
coefficient and effective porosity to improve understanding and prediction of radionuclide transport 
in a fractured-rock aquifer similar to aquifers present at the Nevada Test Site. The two-well 
recirculating tracer test followed the method described by Grove and Beetem (1971) in which one 
well discharges from the aquifer and the second injects the water and tracer pumped from the first. 
When this system reaches steady state, the associated streamline arc lengths and travel times between 
the two wells can be calculated. The streamtubes formed by adjacent streamlines can be considered 
dispersion columns of known length and simulated breakthrough curves can be generated based on 
selected combinations of dispersion coefficient and effective porosity. Injecting a tracer into the 
steady-state flow field via the injection well, measuring tracer concentrations at the discharging 
well, and comparing the measured tracer breakthrough to the simulated breakthrough curves provide 
estimates of dispersion coefficient and effective porosity. 

Two wells were drilled and constructed for the tracer test. Well USGS-8 is approximately 915 
m west of Project Gnome ground zero and well USGS-4 is 38 m due west of USGS-8, although 
deviation from the vertical in USGS-4 causes the wells to be separated by approximately 55 m at 
depth. (Beetem and Angelo, 1964). Both wells are uncased throughout the 10.4-m thickness of the 
Culebra dolomite. A 15.24-cm-diameter steel pipe connected the injection well (USGS-8) to the 
discharge well (USGS-4). In the first phase of the test (9-15 February 1963), the discharge well was 
pumped at 168 L/min until the discharge and recharge pressure responses indicated that flow 
conditions between the wells were approaching steady state. Slugs of the conservative tracers tritium 
and fluorescein (unknown quantities) were then added to the injection line to determine their dilution 
factors, and pumping continued for seven days while samples were collected from the discharge line. 
The pump was shut off and fluid pressures allowed to recover for two weeks prior to the initiation 
of the second phase of testing. The pump was started for the second phase on 21 February 1963 and 
steady-state conditions reestablished, followed by the addition of slugs of 18.5 Ci of 3H, 10 Ci of 
1 3 7Cs, 10 Ci of 9 0Sr, and 4 Ci of 1 3 1 I to the injection line. Pumping continued for 16 days while 
samples were collected from the discharge line. The test was terminated on 9 March 1963 after the 
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breakthrough curves were determined to be sufficiently developed for the analysis. Subsequent to 
the test, the discharge/injection pipe system was dismantled, the pump in USGS-4 was pulled, and 
the site surface cleaned up. There are no records of efforts to remediate the Culebra dolomite and 
the radioactive tracers therein. This study takes a conservative approach and assumes that the tracers 
were not removed after the test and, therefore, were free to be transported by groundwater. If some 
portion of the tracers was in fact removed, the magnitude of mass transported downgradient would 
be less that that estimated here. 

METHODOLOGY 
Subsurface porous media often display a large degree of variability in geologic properties 

which reflects the heterogeneity of most geologic formations. As a result, the hydrogeological 
parameters used to describe the medium, such as hydraulic conductivity and porosity, can also be 
highly variable. Successful predictions of the transport of solutes by groundwater have been found 
to depend most heavily on adequate characterization of hydraulic conductivity due to its high 
variability and strong influence on subsurface flow. The magnitude and variability of hydraulic 
conductivity controls the magnitude and variability of groundwater velocity which, in turn, causes 
the advection and dispersion of solute mass in groundwater. 

Numerous studies of the spatial variability of hydraulic conductivity have concluded that it is 
generally log-normally distributed in natural hydrogeologic formations (Freeze and Cherry, 1979; 
Hoeksema and Kitinidis, 1985). In this report, transmissivity is used instead of hydraulic 
conductivity because most of the available hydraulic testing data correspond to tests that were 
conducted over the entire thickness of the CulebraDolomite and because the thickness of the Culebra 
is relatively uniform over the study area. Thus, the natural logs of the measured transmissivity values 
can be described by a normal distribution with mean \iinT and variance 0'2inr. The variance represents 
the degree of variability of T in space and may range from near zero for homogeneous deposits, to 
five or higher for extremely variable porous media (Hoeksema and Kitinidis, 1985). Unless 
specified otherwise, the term variability will be used in this report to refer to the spatial variability 
of transmissivity. 

Because transmissivity is distributed in space, it usually has some degree of spatial correlation. 
The negative exponential function is often employed to describe the transmissivity correlation 
structure because it has been found to correspond to log hydraulic conductivity data and is easy to 
use (Hoeksema and Kitinidis, 1985). The spatial correlation is then a function of the distance 
between data points and the correlation length of transmissivity, A, which represents the distance at 
which correlation between data points ceases. The higher the value of X, the greater the spatial 
continuity of transmissivity. Unless specified otherwise, the term correlation will be used in this 
report to refer to the spatial correlation to transmissivity. 
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If the log-normal distribution and the negative exponential covariance function are assumed, then a 
heterogeneous, isotropic transmissivity field can be statistically characterized by three parameters: 
fAln7'>o"2ln7,> andA. Variability at a scale shorter than the sampling interval, as well as measurement 
uncertainty, is termed the nugget effect and is part of the total variability described by o2\n T-

The methods utilized in this report to investigate potential groundwater transport of tritium 
away from the Gnome site follow the Lagrangian concept of particle displacement in heterogeneous 
porous media developed in a series of papers by Dagan (1982,1984,1987). This approach treats the 
solute as a collection of particles transported by groundwater under advection, dispersion, and other 
chemical and physical processes and results in first-order approximations of solute behavior. The 
first method used here is a travel-time technique which provides approximations of tritium arrival 
times and mass at the Pecos River. The second method is an analytical solution for the first two 
moments of tritium displacement in space. These moments describe the mean location of the tritium 
mass (the center of mass) and the spreading of that mass about the mean location. The following is 
a general description of these methods. The reader is referred to Appendix A for a more detailed 
treatment of the theory. 

Groundwater velocity is related to the transmissivity field through a modified form of the 
Darcy equation, U = TgJ/bn, where U is the mean groundwater velocity, Tg is the geometric mean 
of transmissivity, J is the mean hydraulic gradient, n is the mean effective porosity, and b is the mean 
aquifer thickness. If the parameters on the right-hand side of the modified Darcy equation are 
log-normally distributed, then"so is U and the estimate of the mean velocity is nin u = VLinT + Mn J 
- V-\nb - V-\nn- The variance of U, o2^ u, is the sum of the variances of In T, In J, In b, and In n (and 
possible correlations between these parameters), and represents the magnitude of the uncertainty in 
the estimate of U contributed by the estimation errors of T, J, b, and n. 

The travel-time method describes particle movement by particle arrival time at a plane 
perpendicular to the direction of mean flow. This arrival time t is defined at a distance L from the 
injection point in a steady-state, spatially variable velocity field having mean velocity U. Aquifer 
heterogeneity is included and represented by the variance of log-transmissivity o2\n j , and the 
transmissivity integral scale X. The combination of the spatial variability of aquifer properties and 
the uncertainty in the estimates of these properties means that the arrival time at L, t(L), is a random 
function described by a probability density function (pdf). In the case of pure advection, the travel 
time to the distance L from the source is given by t(L)=LIU, which can be described by a travel-time 
pdf of log-normal form that is modified to account for radioactive decay of tritium. The travel-time 
distribution is therefore a result of the variability in the mean velocity U caused by uncertainty in 
the estimates of the parameters of the Darcy equation and the spatial variability of transmissivity. 
As will be seen later, radioactive decay also plays an important role in the distribution of tritium 
travel times. 
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The travel-time method is important because it can be used to describe solute mass flux as a 
function of time at a given distance where exposure or access to groundwater is possible. This 
approach is particularly applicable to problems that involve risk assessment at the accessible 
environment (Andricevic et al., 1994). The second method utilized here, the analysis of tritium 
spatial moments, describes the movement of tritium mass in space at given times and is most useful 
for studying the transport of the bulk of the tritium mass. Ensemble averages of these spatial 
moments can be made by averaging many stochastic realizations of the plume created numerically 
by the particle tracking random walk (PTRW) method but the computer- and data-intensive nature 
of that method was not considered appropriate for this study. Dagan (1989) presented an analytical 
solution for the first two moments of displacement of a nonreactive solute in a heterogeneous aquifer 
from an instantaneous point source. Like the travel-time approach described above, this solution 
represents the spatially variable transmissivity field as a two-dimensional field that can be 
statistically characterized by \i\nT, cf2inr> a n d »̂ with a log-normal distribution of transmissivity. 

The first moment of displacement describes the mean location (center of mass) of the tritium 
and is simply a linear function of time, XL = Ut. The second moments describe the spreading of mass 
about the mean location. For the two-dimensional case, the spreading is described in the direction 
of mean groundwater flow (longitudinal spreading) and perpendicular to the mean groundwater 
flow (transverse spreading). Unlike the travel-time method, uncertainty in the parameters of the flow 
equation are not directly incorporated in the calculation of the spatial moments; therefore, tritium 
spreading will be slightly underestimated by this method. 

It should also be noted that Dagan's original development of the Lagrangian concept of particle 
displacement in heterogeneous porous media assumed a variance of transmissivity that is lower than 
the variability often observed in the field. In recent years, however, extensive numerical simulations 
have shown that Dagan's solution is very robust with respect to the variance (for example, see 
Tompson, 1993). As will be discussed later in this report, the available data suggest that the 
variability in transmissivity in the vicinity of Gnome is very high. This will not seriously impact the 
validity of the results because the intent was to provide only first-order approximations of tritium 
transport. In addition, any study of contaminant transport at Gnome is limited from the start by the 
lack of hydrogeologic data in the vicinity of the site, such that the results are probably more strongly 
influenced by data limitations. Note that parameter values and results presented here are reported 
to three significant figures to be consistent with the data. This does not suggest that the results are 
accurate to this level. 

APPLICATION AND RESULTS 

This analysis focuses on transport of radionuclides in only the Culebra dolomite because this 
was the unit at the Gnome site in which radioactive tracers were known to be directly injected. As 
a result of the low permeability of the evaporites that bound the Culebra dolomite above and below, 
it is assumed that the radionuclides have remained confined to the dolomite. Therefore, the 
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dissolution residue at the base of the Rustler Formation is not considered important to the transport 
of radionuclides away from the tracer site and is not included in this analysis. Groundwater transport 
of radionuclides from the Project Gnome nuclear cavity and underground workings is not 
specifically included here because of great uncertainties in the radioactive source term and 
mechanisms of release to the Culebra dolomite. Also, because the radionuclides from the tracer test 
were injected directly into the aquifer (rather than radionuclides from the nuclear cavity migrating 
through the chimney, shaft, or boreholes to the aquifer), tracer test material is believed to present 
the greatest potential for off-site transport of radionuclides through the Culebra (Chapman and 
Hokett, 1991). 

The hydrogeologic parameters required for the analysis, and how their values were estimated, 
are discussed in the following sections, followed by a discussion of the results. The values used in 
the analysis are presented in Table 2. The primary sources of data included hydrogeologic reports 
prepared for Project Gnome, reports presenting the results of the radioactive tracer studies, and site 
characterization reports for WIPP. 

Table 2. Values of Input Parameters. Data values and their sources are discussed in the text. 
Parameter Value 

Transmissivitv. T 7/Dataset3 rDataset2 Well USGS-1 
Average, Xj (m2/s) 4.93X10-4 2.91X10"4 5.50X10-4 

Geometric mean, Tg (m2/s) 1.43X10-4 5.33xl0"5 5.48X10-4 

Mean, \i\nT (In m2/yr) 8.41 7.43 9.76 
Variance, a 2 i „ r 5.0 5.5 5.0 (assumed) 
Transmissivitv Correlation Scale. X Cm") 

6000 
Porositv. n 
Average, Xn 0.15 
Mean, |Xjn„ -1.90 
Variance, a 2 i n n 0.06 
Hvdraulic Gradient. J 
Average, Xj 2.27xl0-3 

Mean, \i\nj -6.09 
Variance, a2\aj 0.0 
Aquifer Thickness, b 
Average, Xt (m) 8.12 
Mean, Mn& 2.08 
Variance, o2\nb 0.03 
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Horizontal groundwater flow within the Culebra dolomite is assumed to be the primary 
pathway for transport of the radionuclide tracers to the accessible environment. Because the unit is 
relatively horizontal and of uniform thickness (Cooper and Glanzman, 1971), it is assumed that flow 
and transport within it is two dimensional and horizontal. Isotropic conditions are also assumed to 
simplify the analysis, although little information is available on fracture orientations and related 
groundwater flow directions. Likewise, the Culebra is simulated as a single-porosity system with 
porosity equal to the combined matrix and fracture porosity. Groundwater in the Culebra dolomite 
is accessible to the surface environment as regional discharge in alluvial deposits adjacent to the 
Pecos River, approximately 11.3 km downgradient from the tracer test site. Several wells also access 
the Culebra in the region between the tracer test site and the Pecos River, although not directly 
downgradient. 

Hydraulic Gradient 

The hydraulic gradient required for this analysis can be arrived at by several methods. Local 
values include 4.2xl0"4, based on water-level measurements in Gnome test holes USGS-1 and 
USGS-4 (Cooper and Glanzman, 1971), and 5.6X10*4, based on water levels in nearby but 
upgradient wells (H-7 and USGS-8) reported in Cauffman et al. (1990). A regional gradient of 
2.56x10"3 was suggested by Cooper and Glanzman (1971), but the area included in the region was 
not defined. Because the present study focuses on transport on the scale of kilometers, specifically 
between Gnome and the Pecos River, the hydraulic gradient used here is based on the head difference 
in the Culebra dolomite between Gnome and the nearest postulated point of discharge to the Pecos 
River (Figure 3). Based on a head difference of 25.6 m over a distance of 11.3 km, the hydraulic 
gradient is estimated to be 2.27xl0"3. The uncertainty in the estimate of hydraulic gradient is 
assumed to be zero. 

Porosity 

Despite its fractured structure, the Culebra dolomite is simulated here as a single-porosity 
system with porosity equal to the combined matrix and fracture porosity. This approximation is 
based on the work of Reeves et al. (1987), who concluded that transport times from WIPP in the 
Culebra dolomite can be approximated using this assumption. Flow modeling studies at WTPP have 
also been based on this assumption (LaVenue et al., 1990). 

Analysis of core samples from the Culebra dolomite at and near WIPP are reported by Kelley and 
Saulnier (1990). Helium porosity determinations on 79 cores from 21 wells resulted in an arithmetic 
mean and standard deviation of 0.15 and 0.05, respectively. Results of water-resaturation-porosimetry 
showed a near 1:1 correlation with the results of the helium-porosity determinations. Although 
increasing halite dissolution westward from WIPP suggests higher fracture porosity, analysis of the 23 
cores from wells in the region of dissolution resulted in the same mean porosity but a slightly lower 
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Figure 3. Potentiometric surface in the vicinity of Gnome (after Cooper and Glanzman, 1971). 
The nearest postulated point of groundwater discharge to the Pecos River is 11.3 km 
southwest of Gnome. 

standard deviation of 0.045. Analysis of block samples of Culebra dolomite collected during Gnome 
shaft excavation resulted in an estimate of effective porosity of 0.10 (Cooper and Glanzman, 1971), 
although the methods of analysis, the number of porosity tests conducted, and the range of porosity 
values were not reported. Based on the results of the recirculating tracer test at Gnome, Grove and 
Beetem (1971) calculated an effective porosity of 0.12. The mean porosity determined from the WIPP 
studies, 0.15, is used in this analysis. An error in the porosity measurements of +/- 25% is assumed, 
leading to an uncertainty in the log-porosity estimate of 0.06. 
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Thickness 

The distribution of log-thickness was based on WIPP-related data reported in Cauffman et al. 
(1990). Analysis of the untransformed data from all locations (41 points) and locations within the 
region of halite dissolution (20 points) resulted in arithmetic means of 7.57 and 7.78 m, respectively. 
A slight trend of increasing Culebra thickness was observed from northeast to southwest across the 
site; therefore, the higher mean log-thickness was used in the analysis. Uncertainty in the estimate 
of log-thickness for both data sets is 0.03, the variance about \L\nb-

Transmissivity 

Three sets of transmissivity data for the Culebra dolomite in the vicinity of Gnome were evaluated 
by variogram analysis (the data are presented in Appendix B and the variograms in Appendix C). Note 
that these data are based on hydraulic tests specially designed to estimate T of the Culebra, which was 
isolated for testing through the use of inflatable packers. Dataset 1 incorporated all 41 rvalues reported 
for the vicinity of WIPP (Cauffman et al., 1990). Dataset 2 includes only the 20 T values greater than 
l.OxlO"6 m2/s, which was suggested by Lappin (1988) as being indicative of fractured Culebra dolomite 
and roughly coincides with the region of halite dissolution. Dataset 3 includes only the 11 T values 
located in the region of halite dissolution as defined by Snyder (1985). The well locations and their 
relation to hydrogeologic features are shown in Figure 4. Results of statistical and variogram analysis 
of the log-transformed data sets are presented in Table 3. These analyses demonstrate that the mean value 
of T (wirir) increases significantly as the included data points are progressively restricted to the region 
of halite dissolution. Because groundwater flow in the vicinity of Gnome is directed toward the west 
and southwest, in the direction of increasing halite dissolution, the highest mean value of Culebra T is 
used in the travel-time analysis. Using high rvalues results in relatively higher mean groundwater flow 
velocities, leading to more conservative estimates of contaminant transport. Note that the mn 7 value of 
9.76 for well USGS-1, which is located at Gnome, is at the high end of the range of transmissivities 
in the region of halite dissolution (Table 2). Although this single value cannot represent the range of 
transmissivities in the area of investigation, it is included in the analysis to investigate the implications 
of very high groundwater velocity. 

Table 3. Results of Variogram Analysis of Log-Transmissivity Data 
Dataset 1 Dataset 2 Dataset 3 

Description All data points T> lO"6 m 2/s Region of halite dissolution* 
Number of points 41 20 11 
Mean, \n\nT (In m 2/yr) 4.55 7.43 8.41 
Variance, cr 2i nr 16.5 5.5 5.0 
Correlation Scale, X (m) 12,000 6,000 6,000 

*As defined by Snyder (1985) 

12 

file:///L/nb-


N 

34-

32 

. - • \ 
3 3 \ l 

' / 035 

/ 
,41 

^ 

31 • ' ' I 20<?2g>14| 
\ / | i ^ 1 ^ i s j o 2 3 

* 40 V ^ o . n 1 R 37 V , ° 1 6 

• 39 
GNOME 

W 

f 

22 

0 12 

Eastward limit of 
upper Salado dissolution 

.•.9 . . . 
• 38 

'10 

• . \ 

LEGEND 
• Well with T>10- 6m 2/s 
O Well with T<10- 6m 2/s 

Figure 4. Locations of wells in the vicinity of Gnome used for analysis of the transmissivity 
field. Well numbers refer to data presented in Appendix B. Three datasets were 
analyzed: Dataset 1 includes all 41 wells shown, Dataset 2 includes only the 20 wells 
having rvalues greater than 10"6 m2/s (dark circles), and Dataset 3 includes only the 
11 wells located in the region of dissolution in the upper Salado Formation (to the left 

13 



It is noteworthy, particularly for Dataset 1, that no nugget effect was identified in the T fields. 
Fractured rocks often exhibit significant nugget effect as a result of small-scale variability 
(Hoeksema and Kitanidis, 1985). For example, if two boreholes are drilled in near proximity in a 
fractured aquifer it is unlikely that both would intersect the same fractures in such a way that the 
observed transmissivities would be the same. The lack of a nugget effect in Datasets 2 and 3 was 
not surprising because the minimum well spacing (approximately 1.5 km) in the region of halite 
dissolution is too large to adequately characterize small-scale fluctuations. However, absence of a 
nugget effect causes all observed variability in the r field to be classified as correlated variance (the 
"sill" on the variograms in Appendix C), which produces the variability in the groundwater velocity 
field. If a portion of the observed variability is actually nugget, as is often the case in fractured rocks, 
both the correlated variance in Zand the resultant variability in the velocity field would be reduced. 

The very high variability observed in Dataset 1 is a result of the wide range in rvalues that 
exists across the vicinity of the WIPP site. This variability is lower in Datasets 2 and 3 because the 
range in Tis reduced by including only subsets of Dataset 1. The variance estimated from Datasets 
2 and 3 (a value of 5.0) was used for the log-transformed r field. Although this value is higher than 
the mean value of total variance of T for consolidated rock aquifers (3.48) reported by Hoeksema 
and Kitanidis (1985), it does fall within their total range (0.034 to 16.3). Also, because a nugget 
effect was not identified in Datasets 2 and 3, all the observed variability is assumed to be spatially 
correlated. 

The uncertainty in the estimate of log-T is a function of the variability between the means of 
the stochastic realizations of the T field. This uncertainty was calculated analytically from (A.6) to 
be approximately 1.0 for all cases. 

Spatial Correlation Scale 

The correlation scale of transmissivity (6,000 m) was estimated from the variogram analysis 
of Datasets 2 and 3. This value falls within the total range of correlation scales of Tfor consolidated 
rock aquifers (1,400 to 44,700 m) reported by Hoeksema and Kitanidis (1985), though it is 
somewhat less than their estimated mean value of 17,400 m. It should be noted, however, that 
calculation of correlation scale is strongly influenced by the scale of the investigation, the spacing 
of the data points, and the interpretation of the variograms, and therefore must be considered 
approximate. 

Mean Groundwater Velocity 

The mean groundwater velocities, U, estimated from equation (A.2) are 8.36,3.28, and 32.2, 
m/yr for Datasets 3 and 2 and well USGS-1, respectively (Table 1). Velocities from Datasets 3 and 
2 are within the range of velocities (2 to 10 m/yr) calculated for the Culebra dolomite in the Gnome 
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area using a three-dimensional finite-difference groundwater flow model of the WIPP area 
(LaVenue et al, 1990). By incorporating the uncertainties in the estimates of the hydraulic 
parameters through relation (A.5), the distribution of uncertainty in U at any given point in the 
domain can be calculated (Figure 5). Although low velocities are most probable, the strong tailing 
toward high velocities suggests that relatively high velocities are also possible. For the most 
probable case (Dataset 3), velocities at least as high as 30 m/yr appear to be a significant component 
of the velocity distribution. This velocity distribution fits the conceptual model of flow in fractured 
media in which groups of fractures form preferred pathways of flow. Channelization of flow in these 
preferred pathways contributes to the high-velocity component of the groundwater flow velocity 
distribution. 

Also note from Figure 5 that due to the log-normal velocity distribution, the mean value of U 
does not coincide with the most probable velocity. For Dataset 3, U is 8.36 m/yr, but the most 
probable velocity is approximately 3.5 m/yr. 

Travel-Time Distributions 
The travel-time distributions incorporate both uncertainty in the estimates of the hydraulic 

parameters in the Darcy equation and the spatial variability observed in the transmissivity field. The 
travel-time curves are pdfs and are presented in terms of tritium mass passing the control plane per 
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— - U=32.2 m/yr (T from USGS-1) 
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Figure 5. Distribution of uncertainty in mean advective groundwater velocity, U. 
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year after the tracer tests. The travel-time pdfs for tritium and the water mass alone, both simulated 
under the conditions of the best estimates of all parameters, are compared in Figure 6. Note that the 
peak of the tritium pdf corresponds to a considerably shorter travel time than the peak of the water 
mass pdf; 11 years for the tritium and 70 years for the water mass. This is because long groundwater 
travel times allow more time for tritium to decay at its relatively short half-life of 12.4 years. 
Therefore, due to radioactive decay, the bulk of the tritium mass decays in the time required to travel 
11.3 km and only a fraction of the total tritium mass reaches the accessible environment. For the 
purpose of this report, radioactive decay is said to remove the longer times from the travel-time 
distribution. The remaining travel-time distributions presented here incorporate tritium radioactive 
decay and are calculated for a control plane at the Pecos River, a downgradient distance of 11.3 km. 

The pdfs presented in Figure 6 also clearly illustrate the variability in estimates of travel time 
and migration distance caused by uncertainty and spatial variability in the input parameters. These 
factors lead to downgradient spreading of tritium from the center of mass, causing the tritium to be 
transported farther than predicted by the mean advective flow velocity. Note that a mean advective 
flow velocity, U, of 8.36 m/yr causes the center of mass to migrate only 260 m in 31 years. However, 
the travel-time calculations suggest that some mass will have arrived at the Pecos River before this 
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Figure 6. Travelrtime distribution at the Pecos River with and without radioactive decay of 
tritium. The travel times without decay represent advection of the water mass. 
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time as indicated by the leading edges of travel-time curves in Figure 6. By the time the center of 
mass arrives at the Pecos River (1,300 years), virtually all mass will have been lost to radioactive 
decay. 

The sensitivity of the travel-time pdf to an approximate one order-of-magnitude range in In T 
is shown on Figure 7. The low extreme of the range represents the mean of wells in the vicinity of 
WIPP having transmissivity values greater than l.OxlO"6 m2/s, while the high extreme represents 
the value estimated at well USGS-1 by Cooper and Glanzman (1971). The best estimate represents 
the mean of In T in the region of halite dissolution. The order-of-magnitude range in In T leads to 
a range in arrival times of 6 to 15 years for the peak tritium mass at the Pecos River, with the shortest 
peak arrival time corresponding to the highest 71 The range in In T also results in a range in mass 
arriving at the Pecos River of over one order-of-magnitude. These very short travel times result from 
the removal of long travel times by radioactive decay and the combination of the spatial correlation 
scale and high variability assigned to the T field. As discussed above, the high variability in T 
produces a highly variable groundwater velocity field with a significant component of high 
velocities. Because the Culebra dolomite demonstrates important spatial correlation, regions of high 
velocity are "persistent" in the velocity field, contributing to the relatively short travel times 
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Figure 7. Sensitivity of the travel-time distribution at the Pecos River to log-transmissivity, 
In T. Source mass is 20 Ci of 3H. 
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estimated here. It should also be noted that the relatively high mass and low travel times produced 
by the highest Tare a result of the combination of the high Testimated at USGS-1 and the high spatial 
variability in T. The transmissivity estimated at USGS-1 falls near the upper extreme of the 
transmissivity distribution, and therefore represents only a single point on the distribution, not the 
mean. Assuming that this value is the mean, and including the high spatial variability, results in a 
velocity distribution that includes very high, and probably unrealistic, groundwater velocities. This 
value was included here not to predict likely travel times but to demonstrate how travel times are 
affected by values of transmissivity chosen for the analysis. Rather, the distribution of transmissivity 
in the Culebra dolomite in the region of halite dissolution is best represented by the observed mean 
of In r(ninr=8.41) in conjunction with its observed spatial variability. 

Sensitivity of the travel-time pdf to spatial variability in T was investigated by varying the 
value of a 2 i n T- The probable maximum range of correlated variability is based on the variability in 
In Treported by Hoeksema and Kitanidis (1985) for consolidated aquifers. An estimate for a of 1.29 
was obtained from the reported range of 0.0 to 5.17 (a» l/4[range]), resulting in a range of 
variability (o2\nT ± 2a) of 2.41 to 7.58. Uncertainty in the estimate of o2\nT for the Culebra dolomite 
in the area of halite dissolution was estimated from Dataset 3 and relation (A.6). This uncertainty 
is 1.39 and results in an estimated range of a ^ r between 3.61 and 6.39. Note that the upper limits 
of both of these ranges in a2in j lie above the maximum variability reported by Hoeksema and 
Kitinidis (1985), and that the correlated variance estimated from the WIPP data in the area of halite 
dissolution is also very near this maximum. Therefore, variability is much more likely to be lower 
than that used in this study, rather than greater. Increasing variability above the best estimate of 5.0 
did not have a significant impact on the arrival time or magnitude of the peak mass (Figure 8). As 
variability decreases, the peak of the travel-time pdf is shifted toward longer times and the maximum 
mass reaching the control plane declines. This is because reducing the variability progressively 
removes the extreme values from the velocity distribution that in turn lead to extreme values of 
travel-time. For a rapidly decaying species such as tritium, the long travel times are removed by 
decay so it is primarily the short travel times that are impacted by reducing variability (Figure 8). 
At 31 years, changing a 2 ^ through the maximum probable range caused about a 2 times change 
in mass. By virtually eliminating spatial variability, the mass was reduced by over an order of 
magnitude, although this case is highly unlikely considering the variability in transmissivity 
observed in the Culebra dolomite. 

The value of the spatial correlation scale was varied through similarly estimated appropriate 
ranges. The maximum probable range was estimated from the variability of T correlation scale 
reported by Hoeksema and Kitinidis (1985) for consolidated aquifers. This range caused the 
estimated minimum A for the Culebra to be less than zero, so the minimum reported value of 1.45 km 
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Figure 8. Sensitivity of the travel-time distribution at the Pecos River to correlated spatial 
variability, a2^- Source mass is 20 Ci of 3H. 

was utilized in the sensitivity analysis. The maximum value was estimated to be 27.6 km. A second 
range for A of 3.5 to 8.5 km was estimated through inspection of the transmissivity variograms for the 
Culebra dolomite. Reducing the correlation scale causes the travel times to increase and the maximum 
mass to be reduced (Figure 9) as a result of the decreased spatial persistence of T, and therefore U. 
Variation of X through the range representative of the Culebra resulted in a range of mass at 31 years 
that was similar to the range observed for variance, indicating that these parameters are of similar 
importance to transport in the Culebra dolomite. Variation through the maximum probable range of X 
resulted in an almost order-of-magnitude change in mass at 31 years, indicating that spatial correlation 
is particularly important when spatial variability is high. 

Uncertainty in the estimate of mean velocity was investigated by varying the value of cri n u 
through a hypothetical range of magnitude similar to that utilized in the sensitivity analysis of spatial 
variability. Recall that this parameter represents the sum of the uncertainty in the estimates of all the 
parameters of equation (A.2), not their spatial variation. The best estimate of o2^ u was calculated 
from (A.4) to be 1.08, with the uncertainty in the estimate of In Tthe dominant contributor. The range 
in o2in u was then assumed to be 0.01 to 2.5. Uncertainty in the estimate of mean velocity appears 
to have an important impact on peak mass and arrival time (Figure 10), though the arbitrarily chosen 
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Figure 9. Sensitivity of the travel-time distribution at the Pecos River to spatial correlation 
scale, X. Source mass is 20 Ci of 3H. 

range may be excessive at the upper extreme because spatial variability was already assumed to be 
very high. To elaborate, small-scale variability (nugget effect) or uncertainty in the estimate of In 
T was assumed negligible because it could not be identified in the available dataset. Therefore, the 
total variance is assumed to be composed entirely of the spatially correlated variability (d 2!^=5.0) 
and assuming an uncertainty in In U of 2.5 would increase the total variance well beyond the range 
observed in the field. 

The maximum mass reaching the Pecos River per year corresponds to the peak of the 
travel-time pdf . Based on the best estimates of the parameters presented above, this is approximately 
4.5xl0"3 Ci, or about 0.02 percent of the total mass injected during the tracer tests. At the present 
time (31 years), approximately 0.01 percent of the total mass is reaching the Pecos River annually. 
Estimates of the concentrations of tritium in groundwater at the Pecos River corresponding to these 
mass estimates would be highly uncertain because the volume of groundwater over which the mass 
is distributed is unknown. The groundwater volume is a function of tritium spreading and dilution, 
both of which are highly uncertain at the distance of the Pecos River, and therefore was not addressed 
in this study. 
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Figure 10. Sensitivity of the travel-time distribution at the Pecos River to uncertainty in mean 
velocity, G2inu- Source mass is 20 Ci of 3H. 

Spatial Moments 

An analytical solution for the first two moments of tritium displacement was used to estimate 
the outer limits of tritium spatial distribution to investigate the near-field behavior of tritium 
migration. Like the travel-time method applied above, this approach incorporates heterogeneity in 
the flow field by treating transmissivity as a spatially correlated random field. However, uncertainty 
in estimation of the parameters of the flow equation are not incorporated; as a result, the spatial 
moments will underestimate the tritium spreading. 

Equations (A. 12) and (A. 13) provide a method of analytically determining the second 
moments of tritium displacement to define the outer limits within which all possible realizations of 
the migrating tritium are located. At any given time, these limits are represented as ellipses centered 
at the point defined by the first moment (center of mass), and having coordinate axes defined by the 
second moment (spreading). Note that these ellipses represent ensemble, large-scale transport 
behavior for comparison purposes only; they do not express the actual distribution of mass within 
individual realizations of tritium transport. 
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Figure 11. Spatial moments of tritium displacement at 11,31, and 100 years after the tracer test. 
Spatial moments are expressed as + two standard deviations of spreading about the 
center of mass, which is 90 m downgradient at 11 years, 260 m at 31 years, and 830 m 
at 100 years. 

Tritium spreading is expressed as the square root of the second moment in each coordinate 
direction, corresponding to one fourth of the coordinate axes of the ellipses. The axes of the ellipses are 
then each of length ±2a about the center of mass and, therefore represent the outer limits of 95 percent 
of the tritium mass in these coordinate directions. Assuming a standard normal distribution of mass, 95 
percent of the mass will be contained in the ellipse having these dimensions. Figure 11 shows the outer 
limits of 95 percent of the tritium mass at 11,31, and 100 years. Again, though the magnitude of tritium 
displacement can be approximated by its spatial moments, the actual distribution of mass within the 
limits of the elliptical area defined by these moments cannot be ascertained. The tritium is likely 
concentrated in preferred pathways of migration, such as connected systems of fractures, and therefore 
estimation of concentrations within the outer limits cannot be justified. 

For comparison purposes, the farthest downgradient outer limit is defined here as the tritium 
"leading edge" and is represented by the point that is 2a downgradient from the center of mass at 
a given time. In this way, about 95 percent of the tritium mass is behind the leading edge. The 
relationships of the spatial moments of tritium distribution to the geography in the Gnome vicinity 
are shown for 31 and 100 years in Figure 12. At the present time (31 years), it is estimated that the 
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Figure 12. Relation of tritium displacement to geography in the vicinity of Gnome. The 
ellipses correspond to the 31- and 100-year spatial moments shown in Figure 11. 
The direction of mean groundwater flow at Gnome is assumed to be to the west 
(Cooper and Glanzman, 1971). 

leading edge is about 1000 m downgradient of the tracer site and that the center of mass (defined 
by Ut) is located approximately 260 m downgradient. The likelihood of a monitoring well 
intercepting measurable concentrations of tritium in the groundwater is highest within this.area. 
However, because the distribution of tritium is unknown and probably highly nonuniform, the 
likelihood of an individual well detecting measurable concentrations is unknown. By 100 years, the 
leading edge is estimated to have moved to about 3 km downgradient and the center of mass to about 
830 m downgradient. 

The outer limits of most of the tritium mass and the location of the tritium center of mass over 
time are shown in Figure 13, although it should be noted that the log-log scale of this plot 
de-emphasizes the more rapid increase in longitudinal spreading of the solute mass with respect to 
transverse spreading. Due to increasing longitudinal spreading with time, the leading edge covers 
the 11.3-km distance to the Pecos River in approximately 350 years. Of course, most of the tritium 
mass will be lost to radioactive decay during that time period. The difference between the 350-year 
leading edge arrival time indicated by the spatial moments and the 11-year peak of the travel-time 
pdf results from three factors. First, the spatial moment analysis does not account for uncertainty 
in parameter estimates so the moments of displacement are underestimated. However, parameter 
uncertainty is minimal compared to the very high spatial variability incorporated in this analysis so 
the magnitude of the underestimates should be very small. Secondly, the travel-time analysis 
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Figure 13. Tritium displacement verses time represented by the location of the leading edge, 
width, and center of mass. The distances to the leading edge and center of mass are 
measured from the source. 

accounts for radioactive decay of the tritium mass and this decay removed the longer times from the 
travel-time distribution. The 11-year travel-time peak represents the time at the Pecos River when, 
due to the longer groundwater travel times, tritium decay begins to reduce the tritium mass that 
reaches the river each year. In contrast, the spatial moment analysis does not account for the effects 
of radioactive decay during transport because the displacement of mass is not affected by decay. 
Finally, each method of analysis defines the leading edge in a different way. The analysis of spatial 
moments focused on the near field so the leading edge was defined as 2a of spreading downgradient 
from the center of mass, thereby incorporating an area encompassing about 95 percent of the tritium 
mass. The highly heterogeneous log-normally distributed flow field suggests that the remaining 5 
percent of the mass is spread over a very large area. In contrast, the travel-time analysis focused on 
a long distance (11.3 km), and very early arrival times, so the leading edge was defined as the peak 
of the travel-time pdf. As a result, the leading edge corresponded to only a few hundredths of a 
percent of the source mass passing the control plane. The leading edge defined by the spatial 
moments is more useful for monitoring purposes. This is because it defines the geographic area 
where the bulk of the mass resides and therefore where the concentrations of tritium in groundwater 
are most likely to be detected. 
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The sensitivity of the estimates of the spatial moments to the values of the input parameters 
is useful for understanding the relative importance of the parameters to tritium migration. The results 
are presented in Figures 14 through 16 as the distances on the coordinate axes of the outer limits of 
the mass. The downgradient distance represents the distance from die source to the leading edge, 
as defined by the sum of the distance to the center of mass and 2a of spreading. The width represents 
4a of spreading perpendicular to the mean flow direction (i.e., the transverse width of the ellipses 
shown in Figure 11). The parameter values were the same as those used in the travel-time analysis. 
Each varied parameter was adjusted through ranges at least as large as the ranges used in the 
travel-time sensitivity analysis. 

The results suggest that tritium displacement is more sensitive to the magnitude of 
transmissivity, and therefore groundwater flow velocity, than to transmissivity variability and 
spatial correlation. This indicates that during the 31-year period of transport, the bulk of the tritium 
has not moved far enough to intercept all the variability in the transmissivity field or be influenced 
by spatial persistence of high values of transmissivity. Note, however, that adjustment of X through 
the range of about 20 to 300 m causes the greatest change in spatial moments (Figure 15). This results 
from the center of mass moving a distance that is several times these values of the correlation scale 
over the 31-year period of transport and thus intercepting a significant portion of the variability in 
the flow field. As A, is increased beyond about 1000 m, changes in spreading are minimal. 
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CONCLUSIONS AND RECOMMENDATIONS 

The objective of this scoping study was to investigate groundwater transport of tritium away 
from radioactive tracer tests conducted in 1963 in the vicinity of Project Gnome. The scoping 
calculations provide an assessment of the factors important to groundwater transport at the Gnome 
site. Both the travel-time method and the spatial moments method utilized here incorporate 
heterogeneity in the Culebra dolomite aquifer by treating transmissivity as a spatially correlated 
random field. The travel-time approach also incorporates uncertainty in parameter estimation. 
Because little hydrogeologic data were available downgradient from Gnome, most of the data used 
in the analysis originated from investigations at the WIPP site, which is located approximately 9 km 
to the northeast and hydraulically upgradient. 

The results indicate that significant spreading of tritium will occur as a result of the 
combination of relatively high transmissivity, high spatial variability, and high spatial correlation 
of transmissivity of the Culebra dolomite. Li particular, longitudinal spreading causes a very small 
fraction of tritium mass to arrive at the Pecos River within 30 years of the tracer test. However, 
dilution and transverse dispersion will act to distribute the tritium mass over a large volume of 
groundwater, thereby reducing groundwater concentrations. Realistic estimates of these 
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Figure 16. Sensitivity of tritium displacement to correlated spatial variability, o2in j , 
att=31 years. 

concentrations must incorporate dilution and dispersion but these processes are very difficult to 
characterize, particularly at the leading edge, and thus were not attempted in these scoping 
calculations. Despite the distant transport of a very small fraction of tritium mass, the bulk of the 
tritium remains near the source. At the present time (31 years after the tracer test), the center of mass 
is estimated to have moved approximately 260 m downgradient of the test location and about 95 
percent of the mass is estimated to have remained within 1 km downgradient. 

Verification of the mechanisms contributing to tritium migration and spreading will require the 
collection of additional field data, particularly near the source. Drilling efforts downgradient of the 
tracer test site would supplement the existing database and, more importantly, provide critical 
information on the hydraulic and transport characteristics in the area where transport occurs. For 
example, the sensitivity of these calculations to the mean, total variability, and spatial correlation 
of transmissivity suggest that these parameters should be better defined for the downgradient area 
of transport. If possible, the transmissivity nugget effect should be addressed and characterized. 
Monitoring wells sited within 1 km downgradient of the site should assist in defining the near-field 
geometry of the tritium plume, while wells sited approximately 1 km or more downgradient should 
provide information near the leading edge of the plume. Investigation of radionuclide distribution 
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between the water, rock matrix, and fractures downgradient of the source will provide invaluable 
information on the transport and fate of radionuclides in fractured rock under natural hydraulic 
gradients. 

To improve the description of radionuclide migration at the Gnome site, groundwater transport 
of sorbing radionuclides should also be investigated. Groundwater dilution of the radionuclide mass 
should be investigated and included during the site investigation. Characterization of dilution effects 
would allow realistic estimates of radionuclide concentrations in groundwater. 
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APPENDIX A 

DESCRIPTION OF TRAVEL-TIME AND SPATIAL-MOMENTS METHODS 
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The travel-time methodology applied here follows the Lagrangian concept of particle 
displacement in heterogeneous porous media developed by Dagan (1982,1984,1987), Dagan and 
Nguyen (1989), and Shapiro and Cvetkovic (1988) where the solute is represented as a collection 
of particles transported by groundwater under advection, dispersion, and other chemical and 
physical processes. The particle movement can be described by its arrival time at a plane 
perpendicular to the direction of mean flow. This arrival time t is defined at a distance L from the 
injection point as (Shapiro and Cvetkovic, 1988) 

KD = j ^ (A.!) 

where V(x\) is the velocity in the mean flow direction. This study assumes a steady-state velocity 
field V(x), in the space coordinate x, which satisfies both the Darcy and the continuity equations. 
V(x) is the sum of the ensemble average vector of the velocity field U and a random fluctuation v(x) 
that depends only on the distance between the points. The combination of the spatial variability of 
aquifer properties and the uncertainty in the estimates of these properties means that the arrival time 
at L, t(L), is a random function described by the probability density function (pdf) p[tJL]. 

The mean groundwater velocity, also referred to as the average linear velocity, is generally not 
directly measured but rather estimated from both the field data and the modified Darcy equation, 
which in two-dimensional form is 

U = ^ (A.2) 
on 

where Tg is the geometric mean of transmissivity, / is the mean hydraulic gradient, n is the mean 
effective porosity, and b is the mean aquifer thickness. 

Because transmissivity is generally assumed to be log-normally distributed in bedrock aquifers 
(Hoeksema and Kitinidis, 1985; Dagan, 1989), In T(x) is distributed normally with mean [ifo 7, 
variance a2in 7-, and a prescribed correlation structure. If the negative exponential function is 
assumed for the correlation structure of T(x) (Hoeksema and Kitinidis, 1985), the covariance 
function of an isotropic T field is described by 

*in T<S) = C0d(h) + o\ rexp[ - | ] (A.3) 

where Co > 0 is the nugget variance, b(h) is the Kronecker delta that is 1 if h = 0 and 0 for all other 
cases, h is the distance between data points, and X is the correlation length of In T(x). Thus, the 
random T field is statistically characterized by three parameters: [% T, <J2in r. and X. The nugget 
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variance represents small-scale variability (scale shorter than the sampling interval) as well as 
measurement uncertainty and is distinct from the variability attributed to spatial separation. 

If all the parameters on the right-hand side of (2) are log-normally distributed, then so is U, 
such that the first two moments of the mean velocity estimate are 

0 2ln U = Cf2lnr + Cf2ln/ + o\b + o\n (A.5) 

Correlations between terms in equation (A.5) are neglected because little data are available to justify 
choice of values and because these terms are small compared to the overall uncertainty (Andricevic 
et al., 1994). The magnitude of the uncertainty in the estimate of U, o'2in u, therefore, depends on 
the estimation error of T, J, b, and n. The number of measurements used to estimate some of the 
parameters, particularly [Xinj, will affect the variance of estimation (i.e. cr2inr) through the estimation 
technique directly (e.g., maximum likelihood, non-linear regression) or by scaling the population 
variance with the number of measurements N if data are independent, or if the data are spatially 
correlated, by 

_ <r2 

VarCX,,, T) = -jf- [1 + Q(N - 1)] (A.6) 

where Q is the averaged spatial correlation between the data points given by 

g = e x p [ - | ] (A.7) 

In the case of pure advection, the travel time to the distance L from the source is given by t{L) 
= LIU, which can be described by the travel-time pdf of the log-normal form 

,— , (In t — u,n ,) 2 

p[t;L] = (faotof)-1 exp[- *** 3 (A.8) 

where \i\nt = In L -1%u and a 2 ^ = a2in u- This travel-time distribution is essentially the ensemble 
mean solution (because only the mean velocity is used as the transport mechanism) together with 
the uncertainty in the mean velocity estimate. By considering the uncertainty in the mean velocity 
(estimated through equation (A.5)) the shape of the travel-time pdf is a direct result of the variability 
in the estimated mean velocity U, but does not incorporate spatial variability in the flow field. 

To obtain a more realistic simulation of groundwater transport, macrodispersion of the solute 
that results from aquifer heterogeneity must be included in the calculations. This can be 
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accomplished by utilizing the travel-time pdf given in (8) but with the first two moments now 
calculated accounting for the spatially variable velocity field. Shapiro and Cvetkovic (1988) 
obtained, for the isotropic case, the mean arrival time {t(L)) = LIU and the arrival time variance for 
large times, L -* °°, as 

o] = 2LXol7[±\2 (A.9) 

This expression, when converted into the log space and used in (A.8), provides the travel-time pdf 
for the spatially variable velocity field, which is described by the mean velocity U, the variance of 
log-transmissivity a 2 i n r, and the transmissivity integral scale, X. 

The travel-time model can be modified to account for radioactive decay of tritium during 
groundwater transport. Radioactive decay is a first-order reaction and can be incorporated in the 
travel-time pdf as 

p[t;L] = exp(- l^t) p[t;L] (A.10) 

where a is the radionuclide half-life, andp[*;L] is the travel-time pdf for the solute given in (A.8) 
which, when incorporating (A.9), accounts for advection and hydrodynamic dispersion. The 
function p [t;L] is the "defective" travel-time pdf in that it does not conserve mass (due to radioactive 
decay) and therefore the total probability is less than one. 

The travel-time analysis described above is important because it can be used to describe solute 
mass flux as a function of time at a given distance where exposure or access to groundwater is 
possible. This approach is particularly applicable to problems that involve risk assessment at the 
accessible environment (Andricevic et al., 1994). On the other hand, analysis of tritium spatial 
moments, which describe displacement of the tritium in space, is most useful for studying the 
behavior of the tritium mass at fixed times. Ensemble averages of these spatial moments can be made 
by averaging many stochastic realizations of the plume created numerically by the particle tracking 
random walk (PTRW) method (Kinzelbach, 1988), but the computer- and data-intensive nature of 
that method was not considered justified for this study. Dagan (1989) presented an analytical 
solution for the first two moments of displacement of a nonreactive solute in a heterogeneous aquifer 
from an instantaneous point source. Like the travel-time approach described above, Dagan's 
solution represents the spatially variable transmissivity field as a two-dimensional random field that 
can be statistically characterized by n^j, o2inT, and X, with a log-normal distribution of T. 
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The first moment of displacement describes the mean location (center of mass) of the tritium 
and is simply a linear function of time (Dagan, 1989). It is calculated from 

XL = Ut (A. 11) 

The second moments describe the spreading of mass about the mean location and can be determined 
for two-dimensional flow from (Dagan, 1989): 

X2 = ofnT*2*0 - 3lnfi> + | - 3£ + 3Bi(- to) + 3e-°(l + ± ) £ - 4$ (A. 12) 

- p - = < r[ln<o - § + E - K ( - o>) " 3e- m ( l + £ ) £ + ^ ] (A. 13) 

where £=0.577... is Euler's number, Ei is the exponential integral function, the subindexes indicate 
the orientation of the second moment (1 is the longitudinal axis, 2 is the transverse axis), and co is 
the dimensionless variable 

Q) = -^ (A.14) 

where U is the mean linear groundwater velocity, t is the time period over which transport is 
occurring, and X is the correlation length of In T. 

Note that parameter estimation uncertainty is not incorporated in the calculation of the spatial 
moments; therefore, tritium spreading will be slightly underestimated. 
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APPENDIX B 

WELL DATA FOR THE VICINITY OF GNOME 
(Compiled from Cauffman et al., 1990) 
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Well No , Culebra Type Avg. of more Culebra 
on Well UTM Coordinates Transmissivity of than 1 test Thickness 

Fig. 4 ID East (m) North (m) (m 2 /s) Test (yes or no) (m) 

1 H-l 613423 3581684 9.36e-07 S no 7.01 
2 H-2 612660 3581652 6.30e-07 S,P,I,D yes 6.10 
3 H-3 613714 3580892 2.46e-06 P,I yes 7.22 
4 H-4 612398 3578484 1.01e-06 P,I yes 7.72 
5 H-5 616888 3584793 9.74e-08 S.P.I yes 7.21 
6 H-6 610595 3584991 3.55e-05 P,I yes 7.01 
7 H-7 608109 3574644 1.54e-03 I yes 11.3 
8 H-8 608668 3563553 8.82e-06 P no 7.92 
9 H-9 613974 3568252 1.25e-04 I yes 9.14 
10 H-10 622967 3572458 7.53e-08 S no 9.45 
11 H - l l 615341 3579124 3.12e-05 S.P.I yes 7.47 
12 H-12 617023 3575452 1.94e-07 S no 8.23 
13 H-14 612341 3580354 3.28e-07 S,D yes 8.23 
14 H-15 615315 3581859 1.32e-07 S,D yes 6.71 
15 H-16 613369 3582212 7.68e-07 S,I,D yes 6.68 
16 H-17 615718 3577513 2.31e-07 S,D yes 7.80 
17 H-18 612264 3583166 1.67e-06 S.P.D yes 7.37 
18 DOE-1 615203 3580333 1.18e-05 P no 7.01 
19 DOE-2 613683 3585294 9.57e-05 P no 6.71 
20 P-14 609084 3581976 2.77e-04 P yes 6.71 
21 P-15 610624 3578747 9.22e-08 S,D yes 6.71 
22 P-17 613926 3577466 1.08e-06 S yes 7.62 
23 P-18 "618367 3580350 7.53e-ll S no 8.53 
24 WIPP-12 613710 3583524 1.08e-07 S no 7.62 
25 WIPP-13 612644 3584247 7.42e-05 P no 7.01 
26 WIPP-18 613735 3583179 3.23e-07 S no 6.40 
27 WIPP-19 613739 3582782 6.45e-07 S no 7.01 
28 WIPP-21 613743 3582319 2.69e-07 S no 7.32 
29 WIPP-22 613739 3582653 3.98e-07 S no 6.71 
30 WIPP-25 606385 3584028 2.88e-04 P yes 7.62 
31 WIPP-26 604014 3581162 1.22e-03 P yes 7.01 
32 WEPP-27 604426 3593079 4.27e-04 P yes 7.92 
33 WIPP-28 611266 3594680 2.07e-05 P yes 7.92 
34 WIPP-29 596981 3578694 1.08e-03 P no 9.14 
35 WEPP-30 613721 3589701 2.50e-07 S yes 6.71 
36 ERDA-9 613696 3581958 5.05e-07 S no 7.01 
37 CB-1 613191 3578049 3.01e-07 S no 7.92 
38 ENGLE 614953 3567454 4.62e-05 P no 6.71 
39 USGS-1 606462 3569459 5.52e-04 P yes 9.75 
40 D-268 608702 3578877 2.04e-06 S no 7.01 
41 AEC-7 621126 3589381 2.80e-07 S no 7.92 

Abbreviations S = Slug test 
P=Pumping Test (Single Well) 
I = Interference Test 
D = Drill Stem Test 
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APPENDIX C 

VARIOGRAMS OF TRANSMISSIVITY IN THE CULEBRA DOLOMITE 
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Theoretical variogram model: 
Type: exponential, nugget: 0.0, sill: 16.5, range: 12,000 m 
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Figure CI. Experimental and theoretical variograms for Dataset 1 (all data points). 

Theoretical variogram model: 
Type: exponential, nugget: 0.0, sill: 5.5, range: 6000 m 
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Figure C2. Experimental and theoretical variograms for Dataset 2 (T values greater than 
10"6 m2/s). 
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Theoretical variogram model: 
Type: exponential, nugget: 0.0, sill: 5.0, range: 6000 m 
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Figure C3. Experimental and theoretical variograms for Dataset 3 (region of halite 
dissolution). 
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